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Abstract

The complete genomic sequences of a large number of bacteria which are now
publicly available presented the opportunity to investigate the major factors
shaping synonymous codon usage variation within and among these species.
To do this, we analysed synonymous codon usage in forty completely
sequenced bacterial genomes, both inter- and intra-genomically, using
correspondence analysis. Within each genome, we investigated the importance
of various mutational biases, including compositional bias and strand bias, in
shaping differences in codon usage between genes within a particular species.
We found that translational selection plays a crucial role in determining
synonymous codon usage in almost all the genomes investigated. The overall
picture that is emerging from this study is that no one factor but, rather, a
combination of factors influence codon usage in a genome to produce a pattern
that is unique to that species.

Analysis of synonymous codon usage in a combined dataset of all genes from
the forty different species also resulted in some interesting findings. We found
that much of the variation among species is related to genomic G+C content.
We observed a difference in synonymous codon usage between thermophilic
bacteria and non-thermophiles, which is not related to G+C content. This
variation is primarily due to a differing usage of arginine and isoleucine codons

in the two groups.



Résumé

Les séquences complétes du génome d'un grand nombre de bactéries qui sont
présentement disponibles offrent I'opportunité d'étudier le fonctionnement des
principaux facteurs qui déterminent la variation des codons synonymes au sein
et parmi ces espéces. Nous avons eu recours a I'analyse de correspondance
pour comprendre le fonctionnement des codons synonymes de quarante
séquences de génomes bactériens, a la fois au sein de chaque génome et a
travers I'ensemble des génomes étudiés. Au sein de chaque génome, nous
avons déterminé I'importance des différents biais mutationnels, dont les biais
par composition et les biais de brins, en identifiant les réles des codons des
differents génes d'une espéce donnée. Nous avons montré que la sélection
traductrice joue un réle crucial dans la détermination des réles des codons
synonymes chez presque tous les génomes étudiés. L'image d’ensemble qui se
dégage de cette étude est que ce n'‘est pas un facteur unique, mais une
combinaison de facteurs qui aménent un codon a s'exprimer selon un modéle
unique a cette espéce.

L'analyse du réle des codons synonymes de I'ensemble des génes des
quarante espéces étudiées apporte également des données intéressantes.
Nous avons montré que la plupart des variations d'une espéce a l'autre est une
fonction de la teneur en G + C du génome. Nous avons aussi observé une
différence entre les bactéries thermophiles et non-thermophiles, qui n'est pas

fonction de la teneur en G + C du génome. Cette variation est avant tout



attribuable a l'usage différent des codons de I'arginine et de l'isoleucine dans les

deux groupes.
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Introduction

1.1 Background

It has been long established that usage of synonymous codons between
different organisms is non-random and that genes within a particular genome
have a broadly similar pattern of codon usage (Grantham et al., 1980). However,
significant within-species variation is also evident. For instance, in Escherichia
coli, the first species to have its codon usage extensively studied, synonymous
codon usage was discovered to be primarily governed by translational selection
for those ‘optimal’ codons, which most efficiently recognize the most abundant
tRNA species (lkemura, 1981). Since these early studies it has become widely
accepted that highly expressed genes have relatively high frequencies of the
optimal codons, while other genes, expressed at lower levels, have codon usage
patterns that are primarily determined by the mutational bias (G+C bias) of that
particular organism (Bulmer, 1991). This pattern of codon usage has been
reported for a number of prokaryotic genomes, such as Bacillus subtilis (Shields
and Sharp, 1987), Haemophilus influenzae (Mclnemey, 1997) and
Mycobacterium tuberculosis (Andersson and Sharp, 1996a) and also in the
eukaryotes, Saccharomyces cerevisiae (lkemura, 1982), Drosophila
melanogaster (Shields et al., 1988) and Caenorhabditis elegans (Stenico et al.,
1994), aithough the specific optimal codons used differ depending on the

organism.
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Codon usage in organisms with highly biased base contents, such as
Streptomyces (Wright and Bibb, 1992), Mycoplasma capricolum (Ohkubo et al.,
1987) and Micrococcus luteus (Ohama et al., 1990), has previously, been
believed to be determined by mutational bias, with little or no translational
selection. A Similar situation has been reported in the A+T rich genome of
Rickettsia prowazekii (Andersson and Sharp, 1996b). In these species the
mutational bias is so strong that any affect due to translational selection appears
to be swamped.

Until recently, translational selection and mutational bias were believed to
be the most important forces influencing codon usage in prokaryotic genomes,
with factors such as gene length (Eyre-Walker, 1996; Powell and Moriyama,
1997), hydrophobicity (de Miranda et al., 2000) and amino acid conservation (de
Miranda et al., 2000) playing less significant roles. The role of other factors in
shaping codon usage is now becoming evident. In a number of bacterial
genomes, the leading strand of replication has been found to be G+T rich in
comparison to the lagging strand (Perriere et al., 1996; Francino and Ochman,
1997; McLean et al., 1998). This strand specific base composition asymmetry is
commonly referred to as strand bias. Although the mechanisms that create
strand bias are not fully understood, two major hypotheses have been proposed.
The first focuses on replication associated asymmetries (Francino and Ochman,
1997) while the second hypothesis argues that strand mutational biases are
generated primarily during transcription and transcription-coupled repair (Mrazek

and Karlin, 1998).
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Muitivariate statistical analysis of codon usage in Borrelia burgdorferi has
revealed that the genes can be divided into two distinct groups, genes located
on the lagging strand and genes located on the leading strand. Chi-square
analysis revealed that there were significant differences in codon usage
between these two groups, such that leading strand genes used significantly
more codons ending in G or U and lagging strand genes used more codons
ending in A or C leading to the conclusion that strand bias is the major cause of
codon usage variation in this genome (Mcinermey, 1998). Similar results have
been reported for Treponema pallidum (Lafay et al., 1999) and Chlamydia
trachomatis (Romero et al., 2000)

Previous studies of codon usage have tended to focus on single
genomes or even a small subset of genes from one species. The large number
of completely sequenced bacterial genomes now available presented the
opportunity to investigate synonymous codon usage variation in a large number
different species simultaneously. Although our investigations were primarily data
driven, the objective of the study was to provide an overview of synonymous
codon usage variation not only among the genes in each genome but also
among the genomes themselves, by carrying out a muiltivariate statistical
analysis of all the genes from each of the genomes as one data set. Due to the
large size of our data set we hoped to be able to tease out trends in the data
that may have been near impossible to find on a smaller scale or by comparing
one genome at a time. We wanted to uncover the affects that strand bias,

compositional bias and translational selection have on determining synonymous
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codon usage variation within and among each of the forty genomes. We were
also interested in determining what characteristics were responsible for different

bacteria sharing similar codon usage patterns.

1.2 Natural Selection on Codon Usage:

1.2.1 Codon Usage Bias and tRNA abundance

In 1980, Grantham et al discovered that codon choices among genes of
the same genome are non-random. This finding led them to propose the
Genome Hypothesis that “each gene in a genome tends to conform to its
species' usage of the codon catalog” (Grantham et al., 1980). Early studies of
codon usage focused on the E.coli and S.cerevisiae genomes. In these species
a bias towards a subset of codons for each amino acid has been found,
although the subset of biased codons is different in the two genomes. A strong
correlation between the occurrence of these codons and the most abundant
tRNA species was uncovered. This pattern of non-random codon usage
suggested that selection at the level of translation was influencing codon choice
(lkemura, 1981; lkemura, 1982). Since these ‘optimal’ codons were recognized
by the tRNA species present at the highest concentrations, this would improve
the efficiency and speed of translation.

Since these early studies correlations between codon usage and tRNA

abundance have been reported in numerous genomes. in the prokaryotes,
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Salmonella typhimurium and M.capricolum tRNA abundance was quantified by
two-dimensional gel electrophoresis. Synonymous codon choice was correlated
with the relative amount of the isoacceptor tRNAs in these species (lkemura,
1985; Yamao et al., 1991). Analysis of codon usage in the complete genome of
the bacteriophage T7 revealed that codon usage was influenced by host tRNA
abundance (Sharp et al., 1984).

More recently, cellular levels of individual tRNAs have been quantified in
the completely sequenced genome of B.subtilis and again an obvious
relationship between tRNA abundance and synonymous codon choice was
found (Kanaya et al., 1999). Interestingly, tRNA levels were found to be
proportional to the copy number of the respective tRNA genes, demonstrating a
gene-dosage effect on the levels of tRNA. This allowed for the investigation of
codon usage in seventeen other completely sequenced genomes, for which
tRNA levels had not been quantified. Codon usage bias in these organisms was
determined to be related to the level of optimal codon use, predicted by tRNA
gene copy number (Kanaya et al., 1999). In the eukaryotes, D.melanogaster and
C.elegans similar results have also been found (Moriyama and Powell, 1997;

Duret, 2000).

1.2.2 Codon Usage Bias and Expression Level

Following the Genome Hypothesis it quickly became apparent that there

was also considerable variation in codon usage among genes from the same
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genome. Multivariate analysis of thirteen highly and sixteen lowly expressed
genes in E.coli revealed notable variation in codon choice between the two
groups (Grantham et al., 1981). A later study of 83 E.coli genes uncovered a
strong correlation between codon composition and mRNA expressivity, such
that the frequency of optimal codons was higher in genes expressed at high
levels (Gouy and Gaultier, 1982). Another investigation of codon usage in 165
E.coli genes confirmed that there was “a consistent trend of increasing bias with
increasing gene expression level” (Sharp and Li, 1986). Implementation of
factorial correspondence analysis on 780 genes from the E.coli genome
revealed that the genes clustered into three classes (Médigue et al., 1991).
Class one consisted of genes that were lowly expressed, class two consisted of
highly expressed genes, while class three were mostly genes of foreign origin.
Again the highly expressed genes had the highest frequencies of optimal
codons.

An early study of codon usage in 56 B.subtilis genes using
correspondence analysis identified certain genes with a high codon bias. These
genes were the very highly expressed genes (Shields and Sharp, 1987). Since
then the complete genome sequence has become available and
correspondence analysis of codon usage has revealed similar results to E.coli.
There are three categories of genes which correspond to the same classes as
identified in E.coli, lowly expressed genes with low codon bias, highly expressed
genes with high bias, and genes of foreign origin (Kunst et al., 1997; Moszer,

1998). A similar relationship between codon bias and expression level has been
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reported for a number of other prokaryotes, such as Corynebacteria (Malumbres
et al., 1993), Lactobacilli (Pouwels and Leunissen, 1994), M. tuberculosis
(Andersson and Sharp, 1996; Pan et al., 1998), H.influenzae (Pan et al., 1998)
and Mycobacterium leprae (de Miranda et al., 2000).

The relationship between codon bias and gene expression has also been
found in fungi. Cluster analysis of relative synonymous codon usage in 110
S.cerevisiae genes revealed two distinct groups of genes, one of which had the
most extreme codon bias and were highly expressed. Correspondence analysis
of synonymous codon usage in Aspergillus nidulans (45 genes), Candida
albicans (28 genes), and Kluyveromyces lactis (47 genes) identified a single
maijor trend in each of the datasets (Lloyd and Sharp, 1991; Lloyd and Sharp,
1992; Lloyd and Sharp, 1993; respectively). At one end of this trend were the
lowly expressed genes and at the other were the highly expressed genes that
were highly biased towards usage of the optimal codons. Similar analyses in the
eukaryotes, Dictyostelium discoideum (Sharp and Devine, 1989), C.elegans
(Stenico et al., 1994; Duret, 2000), D.melanogaster (Shields et al., 1988),
Plasmodium falciparum (Musto et al., 1999), Giardia lamblia (Lafay and Sharp,
1999) and Entamoeba histolytica (Romero et al., 2000) has also revealed a

correlation between the frequency of optimal codons and gene expression level.

17



1.2.3 Translation Efficiency

The Translational Efficiency Hypothesis proposes that natural selection
favors a codon usage pattern that increases the rate of protein synthesis and
thus a maximal growth rate (Xia, 1998). This model is supported by a number of
different lines of evidence. The correlation between the frequency of optimal
codons and tRNA abundance and the fact that highly expressed genes tend to

"have a higher bias towards using the optimal codons are both evidence of
selection for translational efficiency (see above). Other experimental evidence
has come from a variety of sources.

it was concluded, from investigation of highly expressed coding regions in
the bacteriophage MS2 and in E.coli, that the optimal codons were those that
optimized the codon-anticodon interaction energy and that this was part of a
strategy to maximize the efficiency of translation (Grosjean and Fiers, 1982).
Similarly, it was found that codons that were used very frequently in highly
expressed genes in E.coli select aminoacyl-tRNAs more rapidly than do rarely
used codons (Curran and Yarus, 1989). This suggested that the speed of tRNA
selection was a determining factor in biasing synonymous codon usage.

By inserting synthetic oligonucleotides into a highly expressed gene in
E.coli it was shcwn that the maximum level of translation could be reduced by
unfavorable codon usage (Robinson et al., 1984). A similar experiment in the
lacZ gene of E.coli revealed a reduction in the rate of translation that was

approximately six-fold between the wildtype gene and a gene that was altered to
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use infrequent codons (Sorensen et al., 1989). It has also been determined that
tRNA species that recognize the optimal codons increase in E.coli as growth
rate increases. This is evidence that codon bias towards optimal codons is a
strategy to support a maximal growth rate through translational efficiency

(Emilsson and Kurland, 1990; Dong et al., 1996, Berg and Kurland, 1997).

1.2.4 Translational Accuracy

If selection biases codon usage to enhance translational accuracy then
selection should be more evident at codons encoding amino acids that are
functionally important within a protein (Akashi et al., 1998). In a study of 38
Drosophila genes compared between three species, the frequency of optimal
codons was found to be significantly higher at codons conserved for amino acids
than at nonconserved codons. Furthermore, optimal codons were more frequent
in the conserved zinc-finger and homeodomain regions than in the rest of 28
transcription factor genes (Akashi, 1994). A comparison between 548 genes in
C.elegans and Homo sapiens revealed similar results (Marais and Duret, 2001).
However, in E.coli this pattern of codon usage has not been found (Hartl et al.,
1994).

A positive correlation between synonymous codon usage bias and gene
length in E.coli has been shown in genes of similar expression levels. It has
been proposed that since the cost of producing a protein is proportional to its

length, selection for codons that improve accuracy should be stronger in longer
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genes (Eyre-Walker, 1996). In the eukaryotes, however, the opposite effect has
been found casting doubt on this theory (Duret and Mouchiroud, 1999,

Moriyama and Powell, 1998).
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1.3 Mutational Bias on Codon usage

The G+C content of bacterial genomes is widely known to vary across
taxa. It has been proposed that this compositional bias is due to mutation rates
(G+C to A+T) and (A+T to G+C) that are not equal and are species-dependent
(Sueoka, 1988). G+C content can also vary between genes within the same
genome. This may be due to unequal mutation rates driven by variable of
nucleotide pools during DNA synthesis (Wolfe, 1991) differences in the rate of
DNA damage across species or differences in the rate and efficiency of DNA
repair (Martin, 1995).

Proposals that selection may be responsible for composition bias
(Bernardi and Bernardi, 1986), such that an increase in G+C content would
allow for survival at higher temperatures are no longer widely accepted, since
organisms that live at similar temperatures may have very different G+C

contents (Martin, 1995)

1.3.1 Mutation Selection Drift

As discussed above, highly expressed genes in many species tend to
have high frequencies of optimal codons and thus a highly biased codon usage
pattern. But what of the lowly expressed genes? Lowly expressed genes in
B.subtilis were found to have nucleotide frequencies that were similar among
different codon positions and on complementary strands. It was proposed that in

these genes where transiational selection was relaxed, the codon usage pattemn
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largely reflected the mutational bias present in the genome (Shields and Sharp,
1987). In a study of 145 yeast genes and 339 E.coli genes, weakly expressed
genes also showed the effects of mutational bias-(Bulmer, 1990). To account for
this pattern of codon usage the Selection-Mutation-Drift Theory of synonymous
codon usage was proposed (Bulmer, 1991). This theory posits that codon usage
patterns in unicellular organisms are due to a “balance in a finite population
between selection favoring an optimal codon for each amino acid and mutation
together with drift allowing the persistence of non-optimal codons”. Selection is
likely to be stronger in highly expressed genes because these are transiated
more often (Bulmer, 1991). Patterns of synonymous codon usage consistent
with this theory have been described in the prokaryotes M.tuberculosis
(Andersson and Sharp, 1996a; Pan et al., 1998), H.influenzae (Pan et al., 1998)
and M.leprae (de Miranda et al., 2000); the fungi A.nidulans (Lloyd and Sharp,
1991), C.albicans (Lloyd and Sharp, 1992) and K./actis (Lloyd and Sharp, 1993)
and in the other eukaryotes, C.elegans (Stenico et al., 1994), D.melanogaster
(Shields et al., 1988), P.falciparum (Musto et al., 1999), G./lamblia (Lafay and
Sharp, 1999) and E.histolytica (Romero et al., 2000). The situation in vertebrate
genomes is very different. In these genomes there are large regions of different
base composition, termed isochores and as a result codon usage between

genes is highly variable (For review see Bernardi, 2000).
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1.3.2 Codon Usage in Highly Biased Genomes

In organisms with highly biased base contents, such as the G+C rich
Streptomyces (Wright and Bibb, 1992) or Mycoplasma capricolum (Ohkubo, et
al., 1987) codon usage is proposed to be predominantly determined by
mutational bias, with little or no translational selection. M.capricolum has a
genomic G+C content of only 25% and this bias is so strong that 93% of the
codons end in A or U. In the other extreme Micrococcus luteus has a genomic
G+C content of 74% and 95% of codons end in G or C (Ohama et al., 1990). A
Similar situation has been reported in the A+T rich genome of Rickettsia
prowazekii (Andersson and Sharp, 1996b). In these species the compositional
bias is such that any affect due to translational selection appears to be
swamped. It should be noted that these results are based on the small number

of gene sequences available at the time.

1.3.3 Strand-Specific Mutational Bias

In 1995 the first complete prokaryotic genome sequence of Haemophilus
influenzae was published (Fleishmann et al, 1995). Previous reports of
asymmetric mutational pressure, such that the G+T and A+C contents of one
strand were not equal to 50%, in the SV40 virus, polyomavirus and in the
mitochondrial DNA from a number of eukaryotes, prompted investigation of the
available prokaryotic sequences. In 1996, G+C skew and A+T skew analysis of

the complete H.influenzae genome and the partial genome sequences of E.coli
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and B.subtilis were published (Lobry, 1996a). G+C skew, the quantity (G — C)/(G
+ C), and AT skew, the quantity (A — T)/(A + T), was measured around the three
genomes using a sliding window. All three genomes were found to have
significant switches in G+C and A+T skews at the origin of replication, although
the G+C skew was observed to be considerably stronger than the A+T skew.
The direction of the skew was such that the leading strand of replication was
richer in G+T than the lagging strand. When only the intergenic regions were
considered, where selection pressures should be at a minimum, the intensities
of both the G+C and A+T skews were seen to increase, indicating that the
asymmetric substitution was due to mutation. When coding sequences were
analysed, the intensity of the skews was lower, but were highest at the first and
third codon positions, again suggestive of a mutational bias. The complete
genome sequence of Mycoplasma genitalium became available soon after the
H.influenzae sequence was released and was demonstrated to exhibit a strong
G+C skew and a weaker A+T skew (Lobry, 1996b) This analysis was used to
confirm that the origin of replication was located, as had been predicted,
between dnaA and dnaN (Fraser et al., 1995)

The complete genome sequences of E.coli and B.subtilis were published
the year following Lobry’s analysis (Blattner et al., 1997) (Kunst et al., 1997).
Examination of the complete E.coli genome revealed that the leading strand was
significantly richer in G (26.22%) than C (24.58%) and there was slightly more T
(24.69%) than A (24.52%). A sharp change in the sign of the G+C skew at the

origin and terminus of replication was observed, confirming Lobry’s analysis of
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the partial genome sequence. The publishers of the B.subtilis genome sequence
also reported a similar nucleotide compositional asymmetry between the leading
and lagging strands, and found that the GC skew inverted at the origin of
replication.

G+C skew analysis was also performed on the genomic sequence of the
spirochaete Borrelia burgdorferi, the causative agent of Lyme disease (Fraser,
1997). It was demonstrated that the G+C skew is uniformly negative from 0 to
450kb and uniformly positive from 450kb to the end of the chromosome, the
switch in skew located at the putative origin of replication. Recently, nascent
DNA strand analysis was used to physically map the B.burgdorferi origin to a
240bp sequence between dnaA and dnaN, where the switch in G+C skew
occurs (Picardeau et al., 1999).

To determine how general the asymmetrical strand biases were, 12
complete prokaryotic genomes were analysed, using consistent methods for
each genome to allow for comparisons to be made between them (McLean et
al., 1998). Previous to this, there was little consistency in the G+C skew analysis
of the different genomes. Nine eubacteria, B.subtilis, B.burgdorferi, E.coli,
H.influenzae, Mycoplasma pneumoniae, M.genitalium, T.pallidum, Helicobacter
pylori and Synechocystis sp. and three archaea, Archeoglobus fulgidus,
Methanobacterium thermoautotrophicum and Methanococcus jannaschii, were
analysed. The G+C skew in each genome was evaluated using a large window
size of 300,000 nucleotides and concentrated on the third codon positions,

which are more likely to show mutational influences. A strong G+C skew was
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demonstrated in eight eubacteria, only Synechocystis and the three
archaebacteria did not exhibit one. A strong A+T skew was found in six of the
eubacteria. H.pylori and H.influenzae exhibited a weak A+T skew and
Synechocystis showed none. In all genomes with strong skews the skews
switched sign at the probable origin and terminus of replication, such that the
leading strand was G+T rich in most eubacteria. The only exceptions to this
were M.genitalium and M.pneumoniae which were C+T rich. It was proposed
that the pressure which creates the skew was independent of the pressures that
determine the G+C content, since the two spirochaetes, B.burgdorferi and
T.pallidum, have similar skew patterns, yet have the lowest and highest G+C
contents, respectively, of all the genomes analysed (McLean et al., 1998).
Around the time that the paper above was published, similar analysis was
carried out on ten complete prokaryotic sequences, ten complete herpesvirus
genomes and on other large viral and phage genomes (Mrazek and Karlin,
1998). G+C skew was assessed using a 50kb sliding window, and they reported
similar resuits to McLean et al, as regards the bacterial genomes. The E.coli,
B.subtilis and M.genitalium genomes all exhibited a strong GC skew, the
H.influenzae, H.pylori and M.pneumoniae genomes all showed a marginal G+C
skew, while Synechocystis sp., A.fulgidus, M.thermoautotrophicum and
M.jannashii were observed to have an irregularly fluctuating G+C skew around
the genome. Of the ten complete herpesvirus genomes, only three, HHV6,

HHV7 and HCMV, had a strand compositional asymmetry, which changed at the
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Iytic origin of replication (onlL). A number of other long viral genomes analysed
did not reveal clear strand asymmetry over large portions of the genomes.

Recently, fifteen complete prokaryotic genomes have been analysed for
compositional asymmetry in genes at the level of nucleotides, codons and amino
acids. The same twelve genomes analysed previously (McLean et al., 1998),
and the complete genomes of Aquifex aeolicus, C.trachomatis, and
M.tuberculosis were investigated through the use of a classical statistical tool,
linear discriminant analysis (LDA) (Rocha et al., 1999). A bias acting at the level
of nucleotides, codons and amino acids was demonstrated in nine of the
species. M.jannaschii, M.genitalium and M.pneumoniae revealed ambiguous
plots, while A.aeolicus, A.fulgidus and Synechocystis sp. showed no significant
bias at all. G+C skew has also been reported for the Xyllela fastidiosa genome
(Gautier, 2000).

A new method of detecting G+C skew has been proposed, known as
cumulative G+C skew, which is the sum of the G+C skew in adjacent windows
from an arbitrary start to a given point in a sequence (Grigoriev, 1998). This
method has been demonstrated to reveal polarity switches in G+C skew which
have previously been difficult to detect with the sliding window method, such as
in the M.pneumoniae genome. Analysis of fourteen microbial genomes by this
method, demonstrates a leading strand G+C skew in twelve of the genomes,
with characteristic V-shaped cumulative G+C skew diagrams, indicative of bi-
directional replication between a singular ori and ter. In all twelve cases the

minimum of these diagrams is located at the origin, while the maximum
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coincides with the terminus in eleven cases, the exception being B.subtilis. It is
proposed that local extremities in the cumulative G+C skew diagrams may
represent recent sequence inversions or the integration of foreign DNA into the
chromosome (Grigoriev, 1998). In the archaea conventional G+C skew analyses
have failed to identify strand asymmetry. By applying the cumulative technique
G+C skew has been demonstrated in M.thermoautotrophicum (Grigoriev, 1998;
Lopez et al., 1999), Pyrococcus horikoshii (Lopez et al., 1999), Pyrococcus
abyssi and Pyrococcus furiosus (Myllykallio et al., 2000).

Strand asymmetry has also been reported in organelle genomes. The
two strands of the chloroplast genome of the green alga Euglena gracilis, have
been shown to exhibit a strand asymmetry that switches at the origin of
replication and at a location halfway around the genome, such that the leading
strand is G+T rich (Morton, 1999). Asymmetry has also been demonstrated in
25 complete mammalian mitochondrial genomes, such that the transcribed

heavy strand is G rich compared to the non-transcribed light strand.

1.3.4 Causes of Strand Compositional Asymmetry

Although the mechanisms that create strand compositional asymmetry are a
long way from being completely understood, two papers have reviewed the most
plausible hypotheses (Mrazek and Karlin, 1998) (Francino and Ochman, 1997).
Two principle mechanisms have been proposed to explain strand compositional

asymmetry. The first mechanism focuses on replication associated asymmetries
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while the second hypothesis argues that strand mutational biases are generated
primarily during transcription and transcription-coupled repair.

Mrazek and Karlin (1998) have put forward a number of replication related
theories such as different mutational rates between leading and lagging strands,
enzymological asymmetry and replication fork asymmetry. Repilication itself is an
asymmetrical process, the leading strand being replicated continuously, while
the lagging strand is replicated via short Okazaki fragments (Frank and Lobry,
1999). At least one additional enzyme is required to synthesize the lagging
strand — DNA primase, which is required to synthesis the RNA primers
necessary for the synthesis of the Okazaki fragments. The use of different
enzymes, to synthesize leading and lagging strands, has been proposed to
allow for variation in error rates between strands (Mrazek and Karlin, 1998). In
addition to this, the replication fork is structurally asymmetrical, such that leading
strand replication proceeds by unwinding very short templates, while lagging
strand replication involves the exposure of long single-stranded regions, which
are susceptible to mutation and may facilitate primer-template misalignments
(Francino and Ochman, 1997).

The second major hypothesis is that transcriptional effects can account
for DNA strand asymmetry (Francino and Ochman, 1997). There are two
transcription-dependent processes that could result in different mutation rates on
the transcribed and non-transcribed strands, transcription—coupled repair and
deamination. Transcription-coupled repair is a process that corrects lesions in

the transcribed strand of expressed genes and has been characterised in both

29



prokaryotic and eukaryotic systems (Frank and Lobry, 1999). Bulky lesions,
such as pyrimidine dimers, cause the RNA polymerase to stall on the template
strand. These stalled polymerases are recognized by a transcription-repair
coupling factor, which promotes the activity of nucleotide-excision-repair
enzymes to remove the lesion. This only occurs on the template strand, which
therefore results in an asymmetry between the two strands. In addition to
transcription-coupled repair, another transcription related mechanism,
deamination, can aiso contribute to the strand asymmetry. While RNA is
synthesized on the transcribed strand, a portion of the other strand is single-
stranded and is therefore prone to deamination. C deaminates to U over 100
times faster in single-stranded DNA, contributing to the strand compositional
asymmetry (Francino and Ochman, 1997). In summary, it seems most likely that
both replicational and transcriptional associated mutational pressures lead to the
strand compositional asymmetries that have been observed in the genomes
previously discussed.

if genes were orientated randomly between the leading and lagging
strands, then the asymmetric effects on the coding and non-coding strands
would cancel each other out. It has been observed, however, that the majority of
genes in a genome are located on the leading strand (Brewer, et al., 1988;
MclLean et al., 1998). It has been proposed that there is a selective advantage
for the transposition of genes to the leading strand from the lagging strand, at
the level of replication, since head-on collisions between the RNA and DNA

polymerases results in a slower replication rate in a gene that is transcribed in
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the opposite direction to replication, i.e. genes on the lagging strand (Brewer et
al., 1988; French, 1992). The other selective advantage, at the level of
transcription, is to maintain most of the highly expressed genes on the leading
strand (McLean et al., 1998; Mcinemey, 1998). Replication forks can proceed
passively behind the transcription complex in genes located in the direction of
replication but are disrupted on the lagging strand. Thus, genes that are
transcribed more often have a selective advantage to be located on the leading

strand.

1.3.5 Strand Compositional Asymmetry and Codon Usage Bias

Until recently, the combined influences of G+C base compositional bias and the
effects of translational selection have been considered to be the most important
factors to affect codon usage variation. The first indication that the selection-
mutation model might not be able to always explain the variation in codon usage
in prokaryotes came with the publication of the M.genitalium genome. The G+C
base composition along the genome of M.genitalium varies from an average of
about 17% G+C at one end of the genome to about 34% G+C at the other end,
with an accompanying variation in codon usage (Kerr et al., 1997). It was
suggested this phenomenon was linked to replication.

The first time that strand asymmetry was demonstrated to be the most
important cause of codon usage variation in an organism was in the

B.burgdorferi genome (Mcinemey, 1998). Correspondence analysis (see
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materials and methods section) was performed on the relative synonymous
codon usage (RSCU) values of all the potential and known ORFs in the
B.burgdorferi genome. A plot of the two most important axes after
correspondence analysis resulted in the separation of the genes into two
clusters along axis 1, the axis which explains the most amount of variation in the
dataset. The two clusters divided fhe genes into two groups, genes located on
the lagging strand and genes located on the leading strand. Chi-square analysis
revealed that there were significant differences in codon usage between genes
located on the lagging strand and genes located on the leading strand, such that
leading strand genes used significantly more codons ending in G or U and
lagging strand genes used more codons ending in A or C (Mcinemey, 1998).

A similar analysis was carried out on the genomes of B.burgdorferi and
T.pallidum and it was determined again that the primary influence on codon
usage in these genomes is whether a gene is transcribed in the same direction
as replication, or not (Lafay et al., 1999). Correspondence analysis of RSCU
values for 1881 genes pooled from both species revealed two major trends in
codon usage. Firstly, there was a difference in codon usage between species,
but, more interestingly, the second most significant trend in the dataset was to
separate the genes into two clusters, leading strand genes and lagging strand
genes, in each species. The separation was less pronounced in the T.pallidum
genome, but obvious nonetheless. Chi-square analysis revealed that leading

strand genes utilize significantly more codons ending in G or U, while lagging
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strand genes use more codons ending in A or C, in accordance with the strand
compositional asymmetry.

Linear discriminant analysis has recently been used to demonstrate that
in nine out of twelve complete prokaryotic genomes, the leading strand is biased
towards codons ending in G or U, the most extreme cases being B.burgdorferi,
T.pallidum and C.trachomatis (Rocha et al., 1999). There is also some evidence

of strand asymmetry affecting codon usage in the chloroplast genome of

E.gracilis (Morton, 1999).
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2.0 Materials and Methods

Nucleotide sequences and annotation tables of forty complete bacterial
genomes were downloaded from the National Center for Biotechnology
Information (NCBI) ftp site (ftp://ncbi.nim.nih.gov/genbank/genomes/Bacteria).
The genomic sequences of eight archaeabacteria and thirty-two eubacteria were
used in the analyses: Aeropyrum pernix (Kawarabayasi et al., 1999), Aquifex
aeolicus (Deckert et al., 1998), Archaeoglobus fulgidus (Klenk et al., 1997),
Bacillus halodurans (Takami et al., 2000), Bacillus subtilis (Kunst et al., 1997),
Borrelia burgdorferi (Fraser et al., 1997), Buchnera sp. APS (Shigenobu et al.,
2000), Campylobacter jejuni (Parkhill et al., 2000a), Chlamydophila pneumoniae
AR39 (Read et al., 2000) Chlamydophila pneumoniae CWL029 (Kalman et al.,
1999), Chlamydophila pneumoniae J138 (Shirai et al., 2000), Chlamydia
trachomatis (Stephens et al., 1998), Chlamydia muridarum (Read et al., 2000),
Deinococcus radiodurans (White et al., 1999), Escherichia coli K-12 (Blattner et
al., 1997), Escherichia coli 0157:H7 (Pema et al., 2001), Haemophilus
influenzae (Fleischmann et al., 1995), Halobacterium sp. (Ng et al., 2000),
Helicobacter pylori 26695 (Tomb et al., 1997), Helicobacter pylori J99 (Alm et
al., 1999), Lactococcus lactis (Bolotin et al., 2001), Methanobacterium
thermoautotrophicum (Smith et al., 1997), Methanococcus jannaschii (Bult et al.,
1996), Mycobacterium tuberculosis (Cole et al., 1998), Mycoplasma genitalium
(Fraser et al., 1995), Mycoplasma pneumoniae (Himmelreich et al., 1996),

Neisseria meningitidis MC58 (Tettelin et al., 2000), Neisseria meningitidis
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Z2491(Parkhill et al.,, 2000b), Pasteurella multocida (May et al, 2001),
Pseudomonas aeruginosa (Stover et al., 2000), Pyrococcus abyssi (Heilig,
unpublished), Pyrococcus horikoshii (Kawarabayasi et al., 1998), Rickettsia
prowazekii (Andersson et al., 1998), Synechocytis sp. PCC6803 (Kaneko et al.,
1996), Thermoplasma acidophilum (Ruepp et al., 2000), Thermotoga maritima
(Nelson et al., 1999), Treponema pallidum (Fraser et al., 1998), Ureaplasma
urealyticum (Glass et al., 2000), Vibrio cholerae (Heidelberg et al., 2000) and
Xylella fastidiosa (Simpson et al., 2000). The GenBank accession numbers,
G+C contents and optimal temperatures for the forty species used in the
analyses are shown in Table 1 (see end of this section).

Codon bias was measured using the relative synonymous codon usage
(RSCU) values, which were calculated using the codonW program written by
John Peden, University of Nottingham, which is available at
ftp://molbiol.ox.ac.uk/cu/codonW.tar.Z. The RSCU value for a codon is a
measure of its usage, relative to other codons for the same amino acid. An
RSCU value of one indicates a uniform codon usage, while RSCU values
greater than one represent codons that are used more frequently than the other
codons for a particular amino acid (Sharp and Li, 1987). RSCU has been
regarded as a better measure than raw codon statistics because it is less
susceptible to bias in the data due to varying gene sizes.

Correspondence analysis (Greenacre, 1984), also implemented using the
codonW program, was carried out on the RSCU values for each genome

individually and for all the 84,162 genes from the forty genomes collected into a

35



single data set, to investigate trends in the data that would be difficuit to
determine from single-genome analyses. With such a massive dataset some
sort of multivariate statistical method is required to elucidate trends and common
features from the contingency data. Correspondence analysis is the most
appropriate and regularly used method for this type of data, where the values
are not independent (Shields and Sharp, 1987), (Sharp and Devine 1989),
(Médigue et al., 1991), (Wright and Bibb, 1992), (Andersson and Sharp, 1996),
(Mcinermey, 1998), (Lafay et al., 1999), (Lafay et al., 2000), (Romero et al.,
2000). Correspondence analysis plots codon usage statistics for each gene in
an n-dimensional hyperspace along n orthogonal axes, where n is, in this case,
the number of synonymous codons used, i.e. 59. This results in a ‘cloud’ of
points, which in the absence of any codon usage bias would not be skewed
(Greenacre, 1984). The analysis identifies orthogonal axes through the data
such that axis 1 explains the most variation in the dataset, with subsequent axes
explaining a diminishing proportion of variation. The two axes which account for
the greatest proportion of variation in the dataset, axis 1 and axis 2 were plotted
for each genome and for the combined dataset. All correspondence analyses
plots were graphed with Microsoft® Excel 2000. A Perl program was written to
calculate the third codon position nucleotide content for each gene. Regression
and correlation analyses between axis 1 and base composition at the third
codon positions and axis 2 and base composition at the third codon positions

were performed using the Microsoft® Excel 2000 data analysis tool.
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Table 1. Phylogenetic breakdown, G+C contents, optimal growth temperatures
and GenBank accession numbers for the forty completely sequenced bacteria
used in the analysis. Optimal growth temperature data taken from The DSMZ
database (http://www.dsmz.de/) and the American Type Culture Collection
database (http://www.atcc.org/).

Organism GeC Optimal Growth Temp. Accession No.
Archaes:
Crenarchaeota
Aeropyrum parnix 56.3% so‘cC NC_000854
Euryarchaeota
Archaeoglobus fulgidus 48.5% 85°C NC_000917
Halobacterium sp. 67.9% ar*c NC_002607
Methanobacterium thermoautotrophicum 49.5% 85°C NC_0009186
Methanococcus jannaschii 31.4% 85°C NC_o00809
Pyrococcus abyss/ 44.7% 97°C NC_000868
Pyrococcus horikoshii 42% 95°C NC_o00096?
Thermoplasma acidophilum 46% 59°C NC_002578
Eubacteria:
Aquificales
Aquifex aeolicus 43.4% 95°C NC _000918
Firmicutes
Bacillus halodurans 43.7% 3jo°c NC_002570
Bacillus subltilis 43.5% 30°C NC_000964
Lactococcus lactis 35.4% joC NC_002682
Mycoplasma genitalium 32% ar°c NC_000908
Mycoplasma pneumoniae 40% 3r*c NC_oo00912
Urealplasma urealyticum 25.5% 37r°c NC_002162
Mycobacterium tuberculosis 65.6% ar*c NC _000962
Spirochaetales
Borrelia burgdorferi 28.6% 37°c NC_001318
Treponema pallidum 52.8% 37r°c NC_000919
Thermotogales
Thermotoga maritima 46% 80°C NC_000853
Thermus/Deinococcus group
Deinococcus radiodurans 67% 3o‘c NC_001263/4
Chiamydia
Chlamydia trachomatis 41.3% 37°C NC_oo0t17
Chiamydia muridarum 40.3% ar‘c NC_002182
Chilamydophila pneumoniae CWL029 40.6% 3s°C NC_000922
Chiamydophila pneumoniae AR39 40.6% 35°C NC_002179
Chiamydophila pneumoniae J138 40.7% 35°C NC~002491
Proteobacteria
Rickettsia prowazekii 29.1% 3s5°C Nc_000963
Neisseria meningitidis Z2491 51.8% ar°c NC_002203
Neisseria meningitidis MC58 51.5% 37°c NC_002183
Buchnera sp. 26.3% ? NC_002528
Escherichia coli K12 50.8% ar*c NC_000913
Escherichia coli0157 50.5% 37°C NC_002655
Haemophilus influenzae 38% 37°c NC_000907
Pasteurella multocida 41% 37°c NC_002663
Pseudomonas aeruginosa 66.6% 37°C NC_002516
Xylella fastidiosa 52.7% 28°C NC_002488
Vibrio cholerae 47% 37°c NC_00250516
Campylobacter jejuni 30.6% 37°C NC_002163
Helicobactar pylori 26695 39% 37°c NC_000815
Helicobacter pylori J99 39% 37°C NC_o00921
Cyanobacteria
Synechocystis PCC6803 47.7% 25°C NC 000911
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3.0 Results

The results are divided into two sections. Section 3.1 contains the results
of the intra-genomic correspondence analysis, which permits us to investigate
synonymous codon usage variation within species, allowing us to detect subsets
of genes that vary in synonymous codon usage within a genome. However, this
type of analysis will fail to detect factors that influence synonymous codon usage
in all genes in a genome. Take the B.burgdorferi genome for example. We have
shown, using the intra-genomic analysis, that the major factor influencing codon
usage in this genome is strand bias. However, as we will show in the trans-
genomic analysis, the B.burgdorferi genome as a whole is a very A+T rich
species and as such is biased towards using A or T ending codons. Since this
A+T bias affects all genes within the genome, the effect cannot be detected by
correspondence analysis of synonymous codon usage variation within the
genome. To overcome this problem correspondence analysis was also
implemented on RSCU values for all identified ORFs from each of the forty
genomes as one dataset, consisting of 84,162 coding sequences. This allows
investigation of synonymous codon usage variation among species. These
results are shown in section 3.2. Tabies and figures are located at the end of

each section.
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3.1 Intra-genomic Analysis

Correspondence analysis was implemented on RSCU values for all
identified genes from each of the forty genomes. The two most important axes,
axis 1 and axis 2, generated from the correspondence analysis were plotted for
each of the forty genomes (Appendix Figures 7a — 7jj). Axis 1 is the axis which
accounts for the greatest proportion of variation in the dataset, with each
subsequent axis accounting for a diminishing proportion of variation in the
dataset. To investigate the relationship between nucleotide composition and
synonymous codon usage variation in each genome, A, T, C, G, G+T, G+C and
C+T contents at the third codon positions (A3, T3, C3, G3, GT3, GC3, and CT3)
were calculated using a Perl program. Regression and correlation analyses
were carried out between axis 1 position, and axis 2 position, and base
composition at the third codon positions. This resulted in 560 analyses, the
results of which are summarized in Table 2a and Table 2b (at the end of this
section). To investigate whether translational selection has an effect on each of
the genomes, a subset of highly expressed genes, defined as ribosomal
proteins, elongation factors and ribosomal subunits were highlighted on each of
the correspondence analysis plots. If translational selection is operating on the
highly expressed genes in a genome to select for the optimal codons, then the
highly expressed genes should have a codon usage pattern that varies from the
rest of the lowly or moderately expressed genes. Correspondence analysis will

thus result in the separation of these two groups. To test the statistical
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significance of the separation of the highly expressed genes from the rest of the
genes in the genome, on axis 1 or axis 2, T-tests were performed on the data
(see below).
A sample of four of the genomes investigated, B.burgdorferi, P.aeruginosa,
H.influenzae and R.prowazekii is shown figures 1a-1d (see end of section),
while plots of axis 1 versus axis 2 for the other genomes can be found in the
appendix (Figures 7a — 7jj). The results of correspondence analysis of RSCU
values from the B.burgdorferi genome are shown in figure 1a. This plot reveals
that the genes separate into two distinct categories on axis 1, those located on
the G+T rich leading strand and those found on the A+C rich lagging strand.
Regression and correlation analyses of axis 1 position and base composition at
the third codon positions revealed a strong correlation (r* = 0.86) between axis 1
and GT3 content (Table 2a) while the regression analysis determined that axis 1
was significantly dependent on GT3 content (P <0.0001). Variation on axis 2 in
B.burgdorferi was not significantly related to any of the nucleotide biases
investigated (Table 2b) or to the separation of the highly expressed genes
(Table 3). Variation on axis 2 in the B.burgdorferi genome has previously been
determined to be mainly due to two outliers. These have been identified as
hypothetical proteins in a previous study and probably do not represent real
genes. (Mcinemey, 1998). In B.burgdorferi most of the highly expressed genes
separate on axis 1 along with the leading strand genes.

To investigate the effects of strand bias on synonymous codon usage in

other genomes regression and correlation analyses between axis 1 and axis 2

40



positions and GT3 content were carried out (Tables 2a and 2b). If strand bias is
a major influence on codon usage in a particular genome, a strong correlation
between axis 1 position and GT3 content is expected. Out of the other thirty-nine
genomes analyzed, ten were found to have a correlation between axis 1 and
GT3 content with an r2 > 0.35 (Table 2a). The regression analysis revealed that
axis 1 was significantly dependent on GT3 content in these species (P <0.0001).
A further twelve genomes had a weak correlation (r* <0.2, Table 2a).
Correspondence analysis plots for the C.muridarum and C.trachomatis
genomes clearly show the separation of the genes into two distinct clusters on
axis 1 (Figures 7k and 71). As in B.burgdorferi this separation is related to GT3
content (Table 2a). This leads us to propose that these clusters represent the
distinctive codon usage of genes located on leading strand compared to those
on the lagging strand. The three strains of C.pneumoniae (Figures 7h-j), C.jejuni
(Figure 7g), T.pallidum (Figure 7gg) and X.fastidiosa (Figure 7ijj) all have codon
usage patterns that are related to G+T content (Table 2a) aithough the
separation of genes located on the leading strand from those located on the
lagging strand is not immediately obvious. The highly expressed genes in these
species tend to favor being located on the leading strand. Organisms whose
codon usage is influenced by strand bias are widely distributed across
eubacteria, although this phenomenon is not particularly evident in archaea.
Correspondence analysis of the P.aeruginosa genome is presented in
figure 1b. Genes from this genome cluster together along axis 1 according to

their GC3 content. This resuits in a graph in the shape of a comet consisting of
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the majority of genes and a tail of G+C poor genes behind it. Correlation and
regression analyses between axis 1 position and GC3 content in P.aeruginosa
results in a strong correlation (? = 0.81) and revealed that axis 1 was
significantly dependent on GC3 content (P <0.0001). The highly expressed
genes in the P.aeruginosa genome separate from the majority of genes in the
genome on axis 1 and axis 2. This separation of these two groups was
determined to be statistically significant at the P <0.0001 level on both axes.
Axis 2 variation is not obviously related to any of the nucleotide biases (Table
2b) and appears to be primarily due to the separation of the highly expressed
genes. Axis 1 in another 30 genomes was found to be significantly dependent
on GC3 (P < 0.0001). Of these fifteen had a strong correlation (r* >0.6) between
axis 1 and GC3 (Table 2a).

A plot of axis 1 versus axis 2 for the H.influenzae genome is shown in
figure 1c. In the H.influenzae genome variation in synonymous codon usage on
axis 1 is not well correlated with any of the nucleotide biases investigated. The
major source of variation in this genome is the separation of the highly
expressed genes both on axis 1 and axis 2 from the majority of other genes in
the genome. Again the separation was highly significant on both axes (P<
0.0001). Axis 2 is correlated with GC3 content (r2 = 0.47). In a number of other
genomes axis 1 was not correlated or was very weakly correlated with GC3
content. These include B.burgdorferi, C.muridarum, L.lactis, M.jannaschii,

P.multocida and U.urealyticum (Table 2a). Unlike what was found in the
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H.influenzae genome, axis 2 was also poorly correlated with GC3 content (Table
2b).

A plot of the two most important axes for R.prowazekii (Figure 1d) reveals
that the separation of the highly expressed genes is not obvious in this genome.
The level of significance was only at the P <0.05 level. Furthermore, only very
weak relationships between variation in synonymous codon usage and any of
the nucleotide biases investigated could be found in this genome (Tables 2a and
2b).

The results of correspondence analysis of RSCU values from each of the
other thirty-six genomes are shown in appendix figures 7a — 7jj. These figures
show the highly expressed genes highlighted with respect to the rest of the
genes to determine if an effect of translational selection is evident. The results of
regression analyses between axis 1 and axis 2 positions and the various
nucleotide biases investigated, for each genome, are summarized in table 2a
and table 2b respectively.

A statistically significant separation of the highly expressed genes on
either axis 1 or axis 2 was evident in all but the T.acidophilum genome. On axis
1 a separation of the highly expressed genes that was significant at the P<
0.0001 level was evident in twenty-eight species; A.aeolicus, A.pemix,
B.burgdorferi, B.halodurans, B.subtilis, C.jejuni, C.muridarum, C.pneumoniae
AR39, C.pneumoniae CWL029, C.pneumoriae J138, C.trachomatis,
D.radiodurans, E.coli K12, E.coli 0157, H.influenzae, L.lactis, M.genitalium,

M.jannaschii, M.tuberculosis, P.abyssi, P.aeruginosa, P.horikoshii, P.muitocida,
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Synechocystis sp., T.pallidum, U.urealyticum, V.cholerae and X.fastidiosa. A
separation of the highly expressed genes on axis 1 that was significant at the
P<0.05 level was found in eight species; A.fulgidus, H.pylori 26695, H.pylori J99,
M.pneumoniae, N.meningitidis MC58, N.meningitidis Z2491, R.prowazekii and
T.maritima. A non-significant separation of the highly expressed genes on axis 1
was found in four species; Buchnera sp., Halobacterium sp.,
M.thermoautotrophicum and T.acidophilum.

On axis 2 a separation of the highly expressed genes that was significant
at the P< 0.0001 level was evident in twenty-one species; B.subtilis, Buchnera
sp., C.jejuni, C.muridarum, C.pneumoniae AR39, C.trachomatis, D.radiodurans,
E.coli K12, E.coli 0157, H.influenzae, L.lactis, M.jannaschii, M.pneumoniae,
M.thermoautotrophicum, M.tuberculosis, N.meningitidis MC58, N.meningitidis
22491, P.aeruginosa, P.multocida, Synechocystis sp., and V.cholerae. A
separation of the highly expressed genes on axis 2 that was significant at the
P<0.05 level was observed in ten of the species investigated; A.pemix,
C.pneumoniae CWL029, C.pneumoniae J138, Halobacterium sp., H.pylori J99,
M.genitalium, P.abyssi, P.horikoshii, R.prowazekii and T.pallidum. A non-
significant separation of the highly expressed genes on axis 2 was found in ten
species; A.aeolicus, A.fulgidus, B.burgdorferi, B.halodurans, H.pylori 26695,
M.tuberculosis, T.acidophilum, T.maritima, U.urealyticum, and X.fastidiosa.

Correspondence analysis of RSCU values from each genome also
resulted in some observations that could not be explained and require further

analysis. The results of correspondence analysis of RSCU values from the



A.pernix genome are shown in figure 5a. This plot reveals that variation in axis 1
is primarily due to the separation of genes into two distinct clusters, one of which
contains the majority of genes including the highly expressed ones. The reason
for the separation of these genes has yet to be determined. In the P.abyssi,
T.acidophilum and T.maritima genomes, plots of axis 1 and axis 2 generated
from the correspondence analysis reveals that the genes separate into three
distinct clusters on axis 2 (Figures 7bb, 7ee and 7ff). This pattern is not due to
phylogenetic relatedness, G+C content, G+T content, hydrophaobicity,
expression level, or any obvious functional relationship between the genes

located together.
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Table 2a. A summary of the correlation and regression analyses between axis 1

position and nucleotide content at the third codon positions in forty completely

sequenced bacterial genomes.

~ Organism GT3 | GC3 | C13 A3 T3 G3 | C3

IArchaea:
Crenarchaeota
|Aeropyrum pemix 0.01* 0.44" 0.49 0.01* 0.62"**| 0.61° NS
iEurym:hnou
lArchaeogliobus fulgidus NS 0.72"* NS 0.44* 0.4 0.31" 0.23""
Halobacternium sp. 0.06"** 0.90°* 0.05" 0.71° 0.83""] 0.07°" 0.41™
Methanobacterium thermoautotrophicum 0.06"* 0.65°* 0.01° 0.23"*] 0.46"* 0.22"* 0.5
Methanococcus fannaschii 0.16* NS 0.1 0.14™ 0.15"* 0.005" 0.01"
Pyrococcus abyssi NS 0.63 0.02" 0.22°* 0.45*"* 0.34° 0.3*
Pyrococcus horikoshii NS 0.12"* Q.45 0.37° 0.07*"| 0.07** 0.39"
Thermoplasma acidophilum 0.02" 0.81"* 0.02" 0.41° 0.62"*"| 0.46*" 0.44°
|Eubacteria:
Aquificales

quifex aeclicus 0.15"* 0.65"* 0.005* 0.12* 0.5 0.19°* 047"
Firmicutes
Bacillus halodurans NS 0.35% 0.02* 0.19" 0.08** 0.1 0.23°
Bacillus subtilis 0.02*} 0.78°** NS 0.44° 0.38"" 0.5 0.34"
Lactococcus lactis 0.05 NS Q.16 0.005* 0.01** 0.21* 0.14**
Mycoplasma genitalium NS 0.80* NS 0.35™ 0.35°" 0.55"" 0.68**
Mycoplasma pneumoniae NS 0.71 NS 0.44" 0.35°* 0.55"" 0.53™
Urealplasma urealyticum NS 0.02"* NS 0.01* NS 0.02*" NS{
Mycobacterium tuberculosis 0.1 0.78* 0.05** 0.38* 0.62**| 0.02** 0.39"
Spirochaetales
Borrelia burgdorferi 0.86" NS 0.42™ 0.72* 0.71%* 0.61" 0.70°*
FTmponema pallidum 0.86"* Q.12 g.21 0.1 0.49"* 0.39*" 0.82*"
Thermotogales
Thermotoga maritima 0.15 0.69 NS 0.12** 0.53** 0.19° 0.49"
Deinococcus group
Deinococcus radiodurans 0.18* 0.83* 0.08°** 0.57** 0.72***} 0.02°* 0.52"
Chiamydia
Chlamydia trachomatis 0.64* 0.05 0.33* 0.01* 0.11* 0.54 0.76"*
Chlamydia muridarum Q.77 0.01* .28 0.07"* 0.15 0.59* 0.73"
Chlamydophila pneumoniae CWL029 0.75* 0.12* 0.7 0.08°** 04" 0.38°"" Q.72
Chlamydophila pneumoniae AR39 .65 0.07 0.09"* 0.06""* Q.27 0.37*" 0.63"
|Chiamydophila pneumoniae J138 0.74" 0.13"* 0.07"* 0.08* .41 0.38* 0.73"*
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Table 2a. (Continued)

Organism G13 | GC3 | CT13 A3 T3 G3 C3

Protecbacteria

Rickettsia prowazekii NS 0.01" NS NS NS NS 0.02"
Neisseria meningitidis 22491 0.38 0.82™ 0.22°"| 0.34* 0.75" NS 0.79**|
Neisseria meningitidis MC58 0.37" 0.85™ 0.22* 0.39* 0.75"* 0.02* 0.79°
Buchnera sp. 0.01° NS NS 0.02* NS NS NS
Escherichia coli K12 NS 0.52 0.06" 0.47°" 0.23* 0.14° 0.43*
Escherichia coli 0157 NS .65 0.05"" 0.58** 0.30*** 0.22°* 0.5"
Haemophilus influenzae 0.11*" NS 0.07* NS| NS 0.1° 0.16**
Pasteurella multocida 0.07™ 0.04* 0.04° NS 0.03"* 0.02* 0.14""
Psuedomonas aeruginosa 0.23" 0.81™ 0.08*° 0.53"" 0.72°" 0.02°** 0.53™
Xylella fastidiosa 0.85" 0.31° 0.12* 0.09™ .77 0.28** 0.87"
Vibrio cholerae NS 0.44 0.05" 0.32" 0.13"* 011" 0.33""
Campylobacter jejuni 0.42° 0.04" NS 0.13™ 0.23** 0.24* 0.46"*
Helicobacter pylori 26695 0.02* 0.43°* 0.05" 0.25™ 0.03"" 0.13** 0.21°*
Helicobacter pyloni J99 0.005° 0.40** 0.02° 0.20" 0.07" 0.13*" 0.19°"
Cyanobacteria

|Synechocystis PCC6803 NS 0.75° 0.13 0.60°** 0.25"° 0.22°* 0.58°**

Values shown are r? values from the correlation analysis.

P values are generated from the regression analysis.

*=P<0.01; ** =P<0.001; *** = P< 0.0001; NS = Non-significant.
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Table 2b. A summary of the correlation and regression analyses between axis 2

position and nucleotide content at the third codon positions in forty completely

sequenced bacterial genomes.

Organism GI3 | GC3 | C13 | A3 T3 G3 c3 |

|Archeeas:
Crensrchaeots
|Aeropyrum pernix 0.01 0.40" 0.15 0.48°** 0.07** .02 0.48"*
|Euryarchaeota
lArchaeoglobus fulgidus 0.08° 0.02* 0.22 0.04°°* NS 0.08"** 0.20**
Halobacterium sp. Q.73 0.01°* 0.62*** 0.06°** NS 0.72** 0.40°
Methanobacterum thermoautotrophicum 0.28"* 0.07** 0.12* 037" 0.06*** NS 0.13***
Methanococcus jannaschi 0.14** NS 0.02 0.07*** 0.08* 0.03 0.05*
Pyrococcus abyssi NS 0.01** NS 0.01°** NS NS 0.02*
Pyrococcus honkoshi NS Q.57 NS 0.15° 0.27*° 0.27°* 0.14°*
Thermoplasma acidophium NS .02 NS 0.03°** 0.006° 0.02* 0.008**
Eubacteria:
|Aquificales

quifex seolicus .07 0.02° 0.02*** 0.02° NS 0.10*** 0.01**
Firmicutes
Bacilus halodurans 0.03** Q.17°* 0.04** 0.04* 0.09 0.23" NS
Bacillus subtiis 0.10%**! NS 0.09*** NS 0.002° 0.07** 0.12°
Lactococeus lactis .17 0.07" NS 0.008°** 0.11° 0.02° 0.19%*
Mycoplasma genitafum NS NS NS NS NS NS NS
Mycopiasma pneumoniae NS 0.10°**| 0.02*** 0.03* 0.09"** Q.12* 0.04**
Urealplasma urealyticum 0.07" NS 0.04°* 0.06° 0.04° NS NS
Mycobacterium tuberculosis 0.49° 0.03* 0.17°* 0.23" 0.03°** 0.02* 0.19°"
Spirochaetales
Borrelia burgdorferi NS NS NS NS NS NS NS
Treponema palidum 0.06*** 0.62° NS 0.61° 0.06** 0.27* 0.06°*
Thermotogales
Thermotoga maritima 0.005* NS NS NS 0.007* NS NS
Deinococcus group
Deinococcus radiodurans 0.49** 0.03* 0.50*** 0.04°* 0.01°* 0.63°* 0.26**
Chiamydia
Chiamydia trachomatis NS 0.12° NS 0.05°* 0.01* 0.03*** 0.02"
Chiamydia muridsrum NS 0.05°* 0.02** .02 NS NS 0.04%*
Chlamydophila pneumonise CWL029 0.02* 0.04** 0.05°* 0.10"* 0.01* 0.007* 0.01*
Chiamydophia pneumoniae AR39 0.05* 0.09*** 0.04" 017" 0.01* 0.04°* 0.01*"
Chiamydophiia pneumoniae J138 0.02** 0.05* 0.06"** Q.11° 0.01* 0.008° 0.02°*
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Table 2b. (Continued)

"Organism GI3 | GC3 | cCT13 A3 T3 G3 c3 |
Protecbacteria
Rickettsia prowazeki 0.02°* 0.03"* NS 0.03"** NS 0.04*** NS
Neisseria meningiidis 22491 047 0.06" 0.29" 0.28° NS Q.77 013"
Neissernia meninglidis MC58 048" 0.03 0.26"" 0.25" 0.01" .73 0.13*
Buchnera sp. 0.13* NS 0.04" 0.07°" 0.09"* 0.03** 0.09°*
Escherichia coli K12 0.07* 0.20"** .11+ 0.1 0.17* 0.31 0.003"
Escherichia coll 0157 0.07"* 011" 0.14 0.04°* 0.11 0.25"* NS
Haemophius influenzae NS 047 NS 0.14 Q.17 0.18° 0.21
Pasteureia multocida 0.06"** 0.40°** NS 0.23** 0.07° 0.31* 0.04°**
Psuedomonas aeruginosa 0.003"** 0.05* 0.1 NS 0.1 0.1* NS
Xylelia fastidiosa 0.08*** 045" 0.0t Q.62 0.02°* 0.34"° 0.03"
Vibrio cholerae 0.04** 0.7 0.04"* 0.09** 0.08" 0.23° 0.01**
Campyilobacter jejuni 0.02* 0.09°** NS NS 0.04 NS 0.09°*
Helcobacter pylon 26695 0.07"* 0.02° 0.04* 0.1 NS 0.14*" 0.04"
Helcobacter pylori J99 0.03* 0.03* 0.06°* NS 0.02** 0.12° 0.02**
Cyanobacteria
Synechocystis PCC8803 0.12°* 0.02** 0.35 0.004*° 0.09*** 0.36"** 0.10°"

Values shown are r? values from the correlation analysis.
P values are generated from the regression analysis.

*=P<0.01; ** =P<0.001; *** = P< 0.0001; NS = Non-significant.
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Table 3. P values generated from T-tests comparing the separation of Highly
expressed genes, on axis 1 and axis 2, from the rest of the genes in each of the
forty genomes.

Organism Axis 1 P-value Axis 2 P-value
lArchaea:
Crenarchaeota
Aeropyrum pemix 3.71E-20 6.00E-03
Euryarchaeota
Archaeoglobus fulgidus 2.00E-02 6.00E-02
Halobacterium sp. 7.00E-02 6.00E-03
Methanobacterium thermoautotrophicum 7.50€E-02 7.51E-21
Methanococcus jannaschi 2.44E-26 1.92E-14
Pyrococcus abyssi 2.16E-11 3.53E-03
Pyrococcus horkoshii 4.09€-09 2.50E-03
Thermoplasma acidophium 5.61E-01 2.47€-01
Eubacteria:
Aquificales
Aquifex aeoficus 7.06E-05 1.30E-01
Firmicutes
Bacilus halodurans 2.14E-15 3.68€E-01
Bacillus subtilis 1.356-17 8.18E-15
Lactococcus lactis 9.73E-31 1.80E-18
Mycoplasma genitalum 9.46E-05 4.00E-02
Mycoplasma pneumoniae 7.50€-03 6.26E-07
Urealplasma urealyticum 7.89€-27 5.78E-02
Mycobacterium tuberculosis 5.41E-11 4.17E-01
Spirochaetales
Borreka burgdorferi 2.26E-12 9.25E-01
Treponema palidum 5.90E-09 3.83E-03
Thermotogales
Thermotoga maritima 5.92E-03 7.026-02
Thermus/Deinococcus group
Deinococcus radiodurans 2.18€-17 2.48E-23
Chiamydia
Chlamydia trachomatis 5.64E-06 1.79€-18
Chlamydia muridarum 1.53E-07 7.02E-22
Chlamydophia pneumoniae CWL029 3.72E-06 1.37€-02
Chilamydophia pneumoniae AR39 1.36E-07 1.76E-17
Chlamydophila pneumoniae J138 1.03E-06 2.24E-02
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Table 3. (Continued)

Organism Axis 1 P-value Axis 2 P-value
Protecbacteria
Ricketltsia prowazeki 4.11E-02 2.03e-02
Neisseria meningiidis 22491 1.03E-03 4 44E-24
Neisseria meningiidis MC58 1.31E-02 2.13E-16
Buchnera sp. 6.90E-01 3.28E-10
Escherichia cof K12 2.82E-31 1.22E-31
Escherichia coli 0157 6.24E-18 1.42E-24
Haemophius influenzae 4.45E-29 7.76E-12
Pasteure#a mulfocida 1.51E-32 2.29€-19
Pseudomonas aeruginosa 1.60E-08 1.32E-31
Xylela fastidiosa 1.33E-12 6.01E-01
Vibrio cholerae 5.89E-43 8.31E-30
Campylobacter jejuni 7.09E-08 3.69E-12
Helkicabacter pylori 26695 2.00E-02 2.90E-01
Helicabacter pylori J99 1.68E-04 2.00E-02
Cyanobacteria
Synechocystis PCC6803 1.29€-25 4.57E-14

E=X10
E.G. 2.03E-02 = 0.0203
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Figure 1a. A plot of axis 1 against axis 2 generated from correspondence analysis of RSCU
values from the B.burgdorferi genome. Note the distinct clustering of genes located on the GT-
rich leading strand (open squares) from those located on the AC-rich lagging strand (open
circles). Highly expressed genes are shown in red. The percentage variation explained by each

axis is shown in brackets.
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Figure 1b. A plot of axis 1 against axis 2 generated from correspondence analysis of RSCU
values from the P.aeruginosa genome. Genes with a GC3 content > 80% are represented by
dark blue open diamonds; 80-80% light blue open circles; 70-80% light blue open squares; 50-
70% turquoise open triangles; < 50% green crosses. Highly expressed genes are shown in red.
The percentage variation explained by each axis is shown in brackets.
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Figure 1c. A plot of axis 1 against axis 2 generated from correspondence analysis of RSCU
values from the H.influenzae genome. The highly expressed genes (red dots) separate from the
majority of genes in the genome (black dots). The percentage variation explained by each axis is

shown in brackets.
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Figure 1d. A plot of axis 1 against axis 2 generated from correspondence analysis of RSCU
values from the R.prowazekii genome. Highly expressed genes are shown in red. The

percentage variation explained by each axis is shown in brackets.
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3.2 Trans-genomic Analysis

As previously discussed, the intra-genomic correspondence analysis
permits us to investigate synonymous codon usage variation within species,
allowing us to detect subsets of genes that vary in synonymous codon usage
within a genome. However, this type of analysis will fail to detect factors that
influence synonymous codon usage in all genes in a genome. To overcome this
problem correspondence analysis was also implemented on RSCU values for all
identified ORFs from each of the forty genomes as one dataset, consisting of
84,162 coding sequences. This allows for simultaneous investigation of
synonymous codon usage variation both within and among species.

A plot of axis 1 versus axis 2 generated from the correspondence
analysis is shown in figure 2a (see end of section). Although this graph is quite
complex with a large amount of overlap among genes from different genomes,
one can still get the impression that genes from a particular genome tend to
cluster together. On axis 1 The G+C rich species (Table 1, Materials and
Methods) are located toward one end, the A+T rich species are grouped
together at the other end, and the more G+C neutral species are located along
the center of the axis. Correlation and regression analysis of axis 1 and axis 2
positions and nucleotide content at the third codon positions (Table 4, see end
of section) reveals a strong correlation with GC3 content (r* = 0.95) and the
regression analysis revealed that axis 1 was significantly dependent on GC3

content (P< 0.0001).
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The relative positions of each of the genomes are more clearly observed
by plotting the mean axis 1 and axis 2 coordinates for each genome (Figure 3).
The error bars on figure 3 indicate the 99.9% confidence intervals. This reveals
that the mean positions of all but the most closely related species are
statistically significantly different from each other. Figure 4 also shows a plot of
the mean axis 1 and axis 2 positions for each genome. This figure color-codes
species from the same taxonomic group. From this graph it is observed that
codon usage can be very different in species from the same taxonomic groups.
For example codon usage in the species of proteobacteria is quite divergent,
with the genomes separating right along axis 1. It is also evident that the
eubacteria and archaea do not have distinct patterns of codon usage. In species
that are closely related such as the two E.coli strains, the two N.meningitidis
strains or the Chlamydia, the codon usage patterns are similar indicating that the
codon usage has not yet had enough time to evolve.

Figure 4 also shows a plot of the mean axis 1 and 2 coordinates for a
subset of highly expressed genes (as previously defined) from each genome. T-
tests were carried out to determine if there is a statistically significant separation
of the highly expressed genes from the majority of genes in each of the
genomes (Table 5). A statistically significant separation of the highly expressed
genes on either axis 1 or axis 2 was evident in all but the two H.pylori species.
On axis 1 a separation of the highly expressed genes that was significant at the
P< 0.0001 level was evident in nineteen species; B.burgdorferi, B.subtilis,

C.muridarum, C.pneumoniae AR39, C.pneumoniae CWL029, C.pneumoniae
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J138, D.radiodurans, E.coli K12, E.coli 0157, L.lactis, M.genitalium,
M.tuberculosis, N.meningitidis Z2491, P.aeruginosa, P.multocida, R.prowazekii,
Synechocystis sp., V.cholerae and X.fastidiosa. A separation of the highly
expressed genes on axis 1 that was significant at the P<0.05 level was found in
fifteen of the species investigated; A.aeolicus, A.fulgidus, A.pemix,
B.halodurans, Buchnera sp., C.trachomatis, Halobacterium sp., H.influenzae,
M.pneumoniae, N.meningitidis MCS58, P.abyssi, T.acidophilum, T.maritima,
T.pallidum and U.urealyticum. A non-significant separation of the highly
expressed genes on axis 1 was found in six species; C.jejuni, H.pylori 26695,
H.pylori J99, M.jannaschii, M.thermoautotrophicum and P.horikoshii.

On axis 2 a separation of the highly expressed genes that was significant
at the P< 0.0001 level was evident in twenty-one of the species investigated;
A.aeolicus, A.fulgidus, A.pemix, B.halodurans, B.subtilis, Buchnera sp.,
C.muridarum, C.pneumoniae AR39, E.coli K12, E.coli 0157, H.influenzae,
L.lactis, N.meningitidis MC58, N.meningitidis 26695, P.abyssi, P.aeruginosa,
P.horikoshii, P.multocida, T.acidophilum, T.maritima and X.fastidiosa. A
separation of the highly expressed genes on axis 2 that was significant at the
P<0.05 level was observed in ten species; C.jejuni, C.pneumoniae CWL029,
D.radiodurans, M.genitalium, M jannaschii, M.pneumoniae,
M.thermoautotrophicum, Synechocystis sp., U.urealyticum and V.cholerae. A
non-significant separation of the highly expressed genes on axis 2 was found in
nine species; B.burgdorferi, C.pneumoniae J138, C.trachomatis, Halobacterium

sp., H.pylori 26695, H.pylori J99, M.tuberculosis, R.prowazekii and T.pallidum.

58



Note also the direction of the arrows in figure 3. It appears that much of
the variation between the highly expressed genes and their respective genomes
is along axis 2 and that this variation is in opposite directions in the thermophiles
compared to the non-thermophiles.

The considerable variation on axis 2 provides an interesting insight into
synonymous codon usage variation between species. Figure 2b and figure 4
show the separation of genes from the thermophilic species of bacteria,
A.aeolicus, A.fulgidus, A.pemix, M.jannaschii, M.thermoautotrophicum, P.abyssi,
P.horikoshii, T.acidophilum, and T.maritima from the other non-thermophilic
bacteria. We define bacteria as thermophilic based on their optimal growth
temperature (See Table 1). The separation of the thermophiles from the non-
thermophiies was determined to be significant using T-tests on axis 2 (P <
0.001) but not on axis 1 (P = 0.39).

Regression analysis between axis 2 position and base composition at the
third codon positions did not reveal a strong correlation between nucleotide bias
and the variation in synonymous codon usage between the thermophiles and
non-thermophiles (Table 4). Since nucleotide bias did not seem to be
responsible for the variation between the two groups we decided to investigate
which codons accounted for the variation between the two groups. It is possible
using codonW to specify the particular subset of codons ones wishes to analyze.
Analysis of the two-fold synonymous codons or the four-fold synonymous
codons revealed that the division between the thermophiles and other species

was greatly reduced but not eliminated, indicating that these groups of codons
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accounted for a minor component of the variation in codon usage between these
species (Figures 5a and 5b). Analysis of the six-fold synonymous codons
revealed an even greater separation of the two groups than when all codons
were analyzed (Figure 5c). This suggested that it was variability in six-fold
synonymous codon usage that was mostly responsible for the separation of the
thermophiles from the other species on the correspondence analysis plots.
M.jannashii appears to be the exception to this. When arginine codons were
removed from the dataset of six-fold synonymous codons the division between
the thermophiles and non-thermophiles was greatly reduced (Figure 5d). This
implied that a variation in arginine usage was largely accounted for the
difference in codon usage between the two groups. To determine what the
variation in arginine usage was we compared synonymous codon usage tables
for thermophilic species to those of non-thermophilic species of a similar G+C
content. We found that thermophiles show a strong preference for the AGA and
AGG arginine codons, while non-thermophiles prefer CGC and CGT. This
difference was determined to be statistically significant.

In correspondence analysis the same set of axes used to investigate
variation among genes can also be used to examine variation among codons
(Figure 6). On Axis 1 the codons separate into two groups, those ending in G
and C and those ending in A and T. By comparing this graph to figure 3 which
shows the mean position of each genome on axis 1 and axis 2, it is clear that on
axis 1 the G+C rich species preferentiaily use codons ending in G and C while

the A+T rich species prefer A and T ending codons. On axis 2 it is observed that
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the arginine codons AGG and AGA are preferentially used in the thermophiles,
as was previously described. The non-thermophiles prefer the CGT, CGA, CGC
and CGG arginine codons. We also identify that the ATA isoleucine codon is
preferred by the thermophiles. Together these three codons account for much of

the variation between the thermophiles and non-thermophiles on axis 2.
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Table 4 A summary of the correlation and regression analyses between axis 1
and axis 2 positions and nucleotide content at the third codon positions in the

combined dataset of forty completely sequenced bacterial genomes.

Base Composition Axis 1 Axis 2
A3 0.78** 0.001***
G3 0.62" 0.04***
Cc3 0.85 0.03***
T3 0.78™ 0.11***
GC3 0.95** 0.04***
GT3 0.09* 0.05***
CT13 0.06*** 0.07**

Values shown are r? values from the correlation analysis.
P values are generated from the regression analysis.

*** = P<0.0001
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Table 5. P values generated from T-tests comparing the separation of Highly
expressed genes, on axis 1 and axis 2, from the rest of the genes in each of the
forty genomes in the combined dataset.

Organism Axis 1 P-value Axis 2 P-value
Archaea:
Crenarchaeota
Aeropyrum pernix 2.05E-02 2.00E-20
Eurysrchaeota
Archaeoglobus fulgidus 3.32E-03 8.85E-06
Halobacterium sp. 4.14E-02 3.61E-01
Mathanobacterium thermoautotrophicum 1.58E-01 4.73E-04
Methanococcus jannaschi 4.38€-01 1.72E-03
Pyrococcus abyssi 6.80E-03 2.02E-08
Pyrococcus horikoshii 5.73E-01 2.37E-06
Thermoplasma acidophium 6.18E-03 3.76E-05
FEubacuria:
Aquificales
Aquifex aeclicus 4.20E-02 1.05E-04
Firmicutes
Bacillus halodurans 4.92E-03 5.89E-12
Bac#lus subtilis 8.78€-15 1.16E-13
Lactococcus lactis 1.05E-14 5.91E-06
Mycoplasma genitalium 1.04€E-05 1.72E-03
Mycoplasma pneumoniae 1.39E-02 3.73E-04
Urealplasma urealyticum 8.33e-04 2.94E-02
Mycobactenum tuberculosis 1.02E-11 5.17E-01
Spirochaetales
Borrelia burgdorferi 6.12E-05 5.78E-02
Treponema pallidum 3.47E-02 3.52E-01
Thermotogales
Thermotoga martima 2.08E-02 2.68E-08
Thermus/Deinococcus group
Deinococcus radiodurans 2.67E-14 1.88E-02
Chlamydia
Chlamydia trachomatis 1.33E-02 1.29€-01
Chlamydia muridarum 3.20E-09 2.06E-06
Chlamydophita pneumoniae CWL029 2.07E-12 4.40E-04
Chlamydophia pneumoniae AR39 7.02E-22 4.56E-08
Chlamydophia pneumoniae J138 2.95E-12 3.74E-01
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Table 5. (continued)

Organism Axis 1 P-value Axis 2 P-value
Proteobacteria
Rickettsia prowazeki 2.56E-07 7.02E-01
Neisseria meningidis 22491 4.64E-06 4.44E-21
Neisseria meninghidis MC58 1.22E-04 3.66E-22
Buchnera sp. 3.82E-02 8.40E-08
Escherichia cok K12 1.55€-06 2.82E-07
Escherichia col 0157 8.20E-09 9.44E-16
Haemophilus influenzae 2.18E-02 9.00E-10
Pasteurefa mullocida 2.09e-08 5.08E-10
Pseudomonas aeruginosa 9.40E-11 2.31E-23
Xylela fastidiosa 1.57€-09 1.49€-13
Vibrio cholerae 1.81E-06 1.66E-04
Campylobacter jejuni 7.01E-01 6.27E-03
Helicobacter pylori 26695 4.83E-01 4.90E-01
Helicobacter pylon J99 1.55E-01 8.35E-01
Cyancbacteria
Synechocystis PCC6803 3.00E-19 2.76E-02
E=X10
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Figure 2a. Plot of axis 1 Vs axis 2 generated from cormrespondence analysis of RSCU values
from forty completely sequenced bacterial genomes. Each genome is represented by a different

colour. See Fig. 3 for the mean position of each genome.
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Figure 2b. A plot of axis 1 Vs axis 2 generated from correspondence analysis of RSCU values
from 40 completely sequenced bacterial genomes. Genes from thermophilic bacteria are shown

as orange dots and those from the non-thermophilic species are shown as black dots.
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Figure 4. A plot of the mean axis 1 and axis 2 coordinates generated by correspondence
analysis of RSCU values for each of the forty genomes and the mean axis 1 and axis 2
coordinates of the highly expressed genes from each genome (small red circles). The arrows
link each genome to its subset of highly expressed genes. The percentage variation in the data
explained by axis 1 and 2 is shown in brackets. Eubacteria are shown as square symbolis;
Archaea are shown as black circles. Thermophiles are shown as open symbois; Non-
thermophiles are filled. The eubacteria are colour-coded according to their classification at NCBI
as follows: pink, proteobacteria; blue, firmicutes; orange, Chiamydia; dark green, spirochaetales;
yellow, deinococcus; red, aquificales; turquoise, cyanobacteria; bright green, thermotogales. See

appendix for abbreviations.
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Figure 5a. A plot of the mean axis 1 and axis 2 coordinates generated by correspondence

analysis of two-fold synonymous codons from each of the forty genomes. Eubacteria are shown

as square symbols; Archaea are shown as black circles. Thermophiles are shown as open
symbols; Non-thermophiles are filled. The eubacteria are colour-coded according to their
classification at NCBI as follows: pink, proteobacteria; biue, firmicutes; orange, Chlamydia; dark

green, spirochaetales; yellow, deinococcus; red, aquificales; turquoise, cyanobacteria; bright

green, thermotogales. See appendix for abbreviations.
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analysis of four-fold synonymous codons from each of the forty genomes. Eubacteria are shown
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symbols; Non-thermophiles are filled. The eubacteria are colour-coded according to their
classification at NCBI as follows: pink, proteobacteria; biue, firnicutes; orange, Chiamydia; dark
green, spirochaetales; yellow, deinococcus; red, aquificales; turquoise, cyanobacteria; bright

green, thermotogales. See appendix for abbreviations.
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Figure 5c. A plot of the mean axis 1 and axis 2 coordinates generated by correspondence

analysis of six-fold synonymous codons from each of the forty genomes. Eubacteria are shown
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Figure §d. A plot of the mean axis 1 and axis 2 coordinates generated by correspondence

analysis of six-fold synonymous codons with arginine codons removed from each of the forty

genomes. Eubacteria are shown as square symbols; Archaea are shown as black circles.

Thermophiles are shown as open symbols; Non-thermophiles are filled. The eubacteria are

colour-coded according to their classification at NCBI as follows: pink, proteobacteria; blue,

firmicutes; orange, Chlamydia; dark green, spirochaetales; yellow, deinococcus; red, aquificales;
turquoise, cyanobacteria; bright green, thermotogales. See appendix for abbreviations.
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4.0 Discussion

4.1 Single Genome Analyses

To investigate whether translational selection has an effect on each of the
genomes, a subset of highly expressed genes were highlighted on each of the
correspondence analysis plots. If translational selection is operating on the
highly expressed genes in a genome to select for the optimal codons, then the
highly expressed genes should have a codon usage pattern that varies from the
majority of genes in the genome. Correspondence analysis will thus resuit in the
separation of these two groups. This method of detecting translational selection
has been successfully applied in a number of codon usage studies (Shields and
Sharp, 1987; Sharp and Devine, 1989; Lloyd and Sharp, 1991; Médigue et al.,
1991; Lloyd and Sharp, 1992; Lloyd and Sharp, 1994; Lafay and Sharp, 1999,
Musto et al., 1999; Romero et al., 2000). We use T-tests to test the statistical
significance of the separation of the highly expressed genes from the majority of
genes in the genome. In this study regression analysis between axis 1 position
and GC3 content allowed us to investigate the role of mutational bias in shaping
codon usage variation in these genomes. Since changes in third codon positions
are synonymous there should be no selection operating on them, thus base
composition at these positions should be entirely due to mutational pressures.
Again this method has been widely implemented (Chiapello, 1998; Lafay and
Sharp, 1999; Musto et al., 1999; Romero et al., 2000).

74



Correspondence analysis of synonymous codon usage revealed the
separation of the highly expressed genes from the rest of the genes in the
genome in almost all of the species investigated. This separation was
determined to be statistically significant on either axis 1 or axis 2 or both in ail
genomes except for T.acidophilum. In this species synonymous codon usage
was primarily determined by mutational bias. This does not mean that there is
no selection for optimal codons, only that the effect may be insufficient to be
observed with regard to the first two axes. Regression analysis of axis 1 and
axis 2 position and base composition at the third codon positions revealed
significant and often strong correlations with GC3 content in most of the
genomes investigated. We thus can conclude that synonymous codon usage
patterns within species are due to a balance of selection favoring optimal
codons and mutational bias in almost all of the genomes investigated.

Investigation of synonymous codon usage in B.burgdorferi, C.muridarum,
L.lactis, M.jannaschii, P.multocida and U.urealyticum uncovered evidence for
the effect of translational selection, however the effects of mutational bias were
less obvious. Only very weak correlations between axis 1 or axis 2 position and
GC3 content were found. This is not to say that there is no influence of
mutational bias, as GC3 could be correlated with one of the other 57 less
significant axes. It does mean that mutational bias is not the major factor in
determining synonymous codon usage variation in these species.

Even some of the highly biased genomes appear to be under the

influence of selection. For example P.aeruginosa, which has a GC content of
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66.6% (Table 1), clearly shows a separation of the highly expressed genes from
the rest in the genome. It has previously been proposed, based on a small
sample of genes, that translational selection is not evident in highly biased
genomes (Wright and Bibb, 1992; Ohkubo, 1987). We are now able to show that
with a large enough dataset and effective analysis tools it is possible to detect
selection in biased genomes.

In most G+C rich genomes, such as P.aeruginosa, Halobacterium sp.,
M.tuberculosis and D.radiodurans GC3 content is strongly related to variation in
codon usage. However, in A+T rich species, M.jannaschii, M.genitalium,
U.urealyticum, B.burgdorferi, R.prowazekii, Buchnera sp. and C.jejuni there is
little or no relationship found. In these A+T rich genomes it appears that almost
all the genes have evolved the same base content at the third codon positions.
Why the variation persists in the G+C rich species is unknown.

it has been widely known for the past number of years that there is
asymmetrical bias between the leading and lagging strand of replication in most
eubacterial genomes (Lobry, 1996a; Blattner et al., 1997; McLean et al., 1998).
The bias is such that the leading strand tends to be G+T rich while the lagging
strand is conversely A+C rich. Only recently however, has the effect of this bias
on codon usage been investigated (Mclnerney, 1998; Lafay et al., 1999; Romero
et al., 2000). Although the majority of genomes analysed by us exhibited some
correlation between axis 1 position and GT3 content, synonymous codon usage
in a number of genomes, such as B.burgdorferi, T.pallidum, the Chlamydia

species, the two N.meningitis strains, X.fastidiosa and C.jejuni stand out as
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being the most influenced by strand bias. Statistical analysis between axis 1
position and GT3 content in genomes that resulted in weak correlations cannot
be used as evidence of strand bias, as the correlation could be due to the
influence of the single nucleotides, G or T. Strand bias in the B.burgdorferi,
T.pallidum, and C.trachomatis genomes has previously been shown to be a
primary factor in shaping codon usage in these species (Mclnemey, 1998; Lafay
et al., 1999; Romero et al., 2000). We confirm the resuits of these previous
studies and have found that in a further six species strand bias is also the most
significant factor affecting codon usage variation within these genomes. This
challenges the view that the selection-mutational model is sufficient to explain

codon usage variation in all prokaryotes.

4.2 Multi-Genome Analysis

As previously discussed, correspondence analysis of synonymous codon
usage within species will only detect variation within a genome and will fail to
detect factors that influence synonymous codon usage in all genes in a genome.
To overcome this problem and to provide an insight in synonymous codon
usage variation among the different species of bacteria we analyzed RSCU
values from all forty genomes as one dataset. The separation of the genomes
along axis 1 according to their G+C content and the highly significant regression
between axis 1 and GC3 leads us to conclude that mutational bias is the most

important factor influencing trans-genomic codon usage variation.
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Correspondence analysis of codons revealed that G+C rich species favor G and
C ending codons while A+T rich species favor A and T ending codons. Some
other interesting observations were made from this trans-genomic analysis.
Although it is clear that codon usage varies considerably among species that
belong to the same taxonomic groups, organisms that are closely related, such
as the two different strains of E.coli, do share almost identical patterns of codon
usage, in agreement with previous observations (Sharp et al., 1988). This
indicates that synonymous codon usage evolves over time.

To investigate the separation of the highly expressed genes from the
majority of genes in each genome in this combined dataset, we plotted the mean
axis 1 and axis 2 coordinates of the highly expressed subset relative to the
mean position of each genome. T-tests were again used to determine the
statistical significance of the separation. Using this method we were able to
demonstrate the influence of translational selection in almost all of the genomes
investigated. Only in the two H.pylori species was a non-significant result
obtained.

One of the most interesting findings of this study, demonstrated by the
multi-genome analysis, is the difference in codon usage between the
thermophilic bacteria and the other non-thermophilic species. It has been well
characterized that amino acid substitutions in proteins of thermophiles compared
to species living at moderate temperatures are not symmetrical. Certain amino
acids, such as glutamate, arginine and lysine, are more abundant in the

thermophiles (McDonald et al,, 1999; Haney, et al., 1999; Cambillau et al.,
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2000). In this study we have found that selection also influences codon choice
for the six-fold synonymous amino acids. The difference in synonymous codon
usage between thermophiles and the non-thermophiles is mostly due to a
disparity in arginine and isoleucine usage. Thermophiles show a strong
preference for the usage of AGA and AGG arginine codons and the ATA
isoleucine codon, while non-thermophiles prefer CGC, CGT, CGA and CGG
arginine codons and the ATC and ATT isoleucine codons. Since the group of
thermophilic species includes both eubacteria and archaea the unique pattern of
codon usage is not due to phylogenetic relatedness nor is it due to G+C content,
therefore there must be a common selective pressure on these codons in
thermophiles for thermal adaptation. An explanation of how a subset of codons
could confer a selective advantage for life in extreme temperatures remains
elusive, but perhaps more efficient aminoacyl tRNA synthetases (Cambillau et
al.,, 2000), or more heat stable tRNAs themselves result in this selective

advantage (Hurst et al., 2001).
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5.0 Conclusions

This study of synonymous codon usage within and among forty
completely sequenced bacterial genomes reveals that although certain factors,
such as strand bias, mutational bias or translational selection, may influence
codon choice to a greater or lesser extent depending on the genome in
question, these and other factors working in parallel or in opposition are
responsible for shaping the overall codon usage pattern in a particular species.
Why certain genomes appear to be more influenced by a particular bias than
another remains unknown. These data have implications for algorithms that use
codon usage indices to identify ORFs. Those that do not account for the
variation within and among different genomes will be less effective in identifying
novel genes.

This study indicates that the variation in synonymous codon usage
among the forty completely sequenced bacterial genomes is primarily due
mutational bias. We also find a difference in synonymous codon usage between
thermophilic and non-thermophilic species of bacteria. This variation appears to
be due to alternative usage of synonymous codons, primarily arginine and

isoleucine usage.
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7.0 Appendix

Figure 4 and figure 5 abbreviations (see page 68 and 69): A.per, Aeropyrum pemix; A.aeo,
Aquifex aeolicus; A.ful, Archaeoglobus fulgidus; B.hal, Bacillus halodurans, B.sub, Bacillus
subtilis; B.bur, Borrelia burgdorferi, Buch, Buchnera sp.; C.jej, Campylobacter jejuni; C.pne
CWL029, Chlamydophila pneumoniae CWL029; C.pne AR39, Chlamydophila pneumoniae
AR39; C.pne J138, Chlamydophila pneumoniae J138; C.tra, Chlamydia trachomatis;, C.mur,
Chlamydia muridarum; D.rad, Deinococcus radiodurans; E.col K12, Escherichia coli K-12, E.col
0157, Escherichia coli 0157:H7; H.inf, Haemophilus influenzae; Halo, Halobacterium sp.; H.pyl
26695, Helicobacter pylori 26695, H.pyl J99, Helicobacter pylori J98, L.lac, Lactococcus /actis;
M.the, Methanobacterium thermoautotrophicum; M.jan, Methanococcus jannaschii, M.tub,
Mycobacterium tuberculosis; M.gen, Mycoplasma genitalium, M.pne, Mycoplasma pneumoniae;
N.men M, Neisseria meningitis MC58, N.men 2, Neisseria meningitis 22491, P.mul, Pasteurella
multocida, P.aer, Pseudomonas aeruginosa, P.aby, Pyrococcus abyssi; P.hor, Pyrococcus
horikoshii; R.pro, Rickettsia prowazekii, Syne, Synechocytis sp.; T.aci, Thermoplasma
acidophilum; T.mar, Thermotoga maritime; T.pal Treponema pallidum, U.ure, Ureaplasma

urealyticum; V.cho, Vibrio cholerae; X.fas, Xylella fastidiosa.

Figure 7a - 7jj (below). A plot of axis 1 against axis 2 generated from
correspondence analysis of RSCU values for each of the thirty-six genomes not

previously shown. Highly expressed genes are shown in red.
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Figure 7c. Archaeoglobus fulgidus
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Figure 7k. Chlamydia muridarum
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Figure 7\. Chlamydia trachomatis
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Figure 7m. Deinococcus radiodurans
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Figure 70. E.coli K12
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Figure 7p. Halobacterium sp.
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Figure 7q. Helicobacter pylori 26695
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Figure 7r. Helicobacter pylori J99
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Figure 7s. Lactococcus lactis
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Figure 7t. Methanobacterium thermoautotrophicum
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Figure Tu. Methanococcus jannaschii
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Figure 7v. Mycobacterium tuberculosis
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Figure 7w. Mycoplasma genitalium
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Figure 7x. Mycoplasma pneumoniae
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Figure 7y. Neisseria meningitidis MC58
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Figure 72. Neisseria meningitidis Z2491
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Figure 7aa. Pasteurella multocida
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Figure 7bb. Pyrococcus abyssi
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Figure 7cc. Pyrococcus horikoshii
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Figure 7dd. Synechocytis sp. PCC6803
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Figure 7ee. Thermoplasma acidophilum
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Figure 7f¥. Thermotoga maritima
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Figure 7gg. Treponema paliidum
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Figure 7hh. Ureaplasma urealyticum
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Figure 7ii. Vibrio cholerae
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Figure 7jj. Xylella fastidiosa
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