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RÉSUMÉ 

Les bactéries se prêtent très bien aux analyses phylogénétiques en raison du fait 

que plusieurs génomes ont été entièrement séquencés - et leur nombre continue d'augmenter 

- et leurs génomes sont petits et ne contiennent que peu d'ADN répétitif en contraste avec les 

génomes des eucaryotes. 

La molécule d'ARNr l6S, l'ARN composant de la petite sous-unité du ribosome, a 

été établie comme la macromolécule de choix pour les analyses phylogénétiques et 

l'identification des espèces bactériennes. En dépit de sa position centrale, l'utilisation de 

l'ARNr l6S n'est pas sans inconvénients. En effet, l'évolution d'un seul gène n'est pas 

nécessairement représentative de l'évolution d'un génome entier, des hétérogénéités entre des 

copies du gène d'ARNr l6S - des allèles - ne sont pas exceptionnelles, et des copies 

paralogues peuvent suggérer des phylogénies différentes. De plus, au cours des dernières 

années, des analyses phylogénétiques basées sur des séquences codant pour des protéines 

conservées - telles des gènes de ménage (house-keeping genes) - ont donné des résultats 

discordants. 

Parmi les bactéries, les y-protéobactéries avec 33 génomes entièrement séquencés 

sont les plus étudiées, certainement en raison de leurs importances cliniques et biologiques. 

L'objectif de mon travail a été, d'une part d'étudier l'hétérogénéité des séquences 

des allèles de l'ARNr l6S chez 33 y-protéobactéries et de déterminer si un seul allèle par 

bactérie est suffisant pour établir une phylogénie, d'autre part de construire les arbres 

phylogénétiques de ces 33 y-protéobactéries à partir de l'analyse comparée des séquences de 

certains gènes de ménage à savoir: l'adénylate kinase (adk) , la shikimate déshydrogénase 

(aroE), la glucose-6-phosphate déshydrogénase (gdh) et de leurs séquences concaténées. Ces 

phylogénies seront comparées entre elles et aussi à celle établie à partir du gène de l'ARNr 

l6S. 

Les analyses phylogénétiques ont démontré que la plupart des séquences alléliques 

d'une même souche sont identiques ou quasi identiques et sont regroupées à l'intérieur d'un 

même genre et d'une même espèce. À cause de leurs homogénéités, un seul allèle du gène de 
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l'ARNr l6S n'est pas sans inconvénients. En effet, l'évolution d'un seul gène n'est pas 

nécessairement représentative de l'évolution d'un génome entier, des hétérogénéités entre des 

copies du gène d'ARNr l6S - des allèles - ne sont pas exceptionnelles, et des copies 

paralogues peuvent suggérer des phylogénies différentes. De plus, au cours des dernières 

années, des analyses phylogénétiques basées sur des séquences codant pour des protéines 

conservées - telles des gènes de ménage (house-keeping genes) - ont donné des résultats 

discordants. 

Parmi les bactéries, les y-protéobactéries avec 33 génomes entièrement séquencés 

sont les plus étudiées, certainement en raison de leurs importances cliniques et biologiques. 

L'objectif de mon travail a été, d'une part d'étudier l' hétérogénéité des séquences 

des allèles de l'ARNr l6S chez 33 y-protéobactéries et de déterminer si un seul allèle par 

bactérie est suffisant pour établir une phylogénie, d'autre part de construire les arbres 

phylogénétiques de ces 33 y-protéobactéries à partir de l'analyse comparée des séquences de 

certains gènes de ménage à savoir: l'adénylate kinase (adk), la shikimate déshydrogénase 
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l'ARNr 165 est suffisant pour construire la phylogénie des y-protéobactéries au niveau du 

geme et de l'espèce. 

Les arbres phylogénétiques construits à partir de chacun des trois gènes de ménage - adk, 

aroE et gdh - et des séquences concaténées des trois gènes sont, en général, similaires à 

l'arbre construit à partir du gène de l'ARNr 165, aux niveaux de la famille, du geme, de 

l'espèce et de la souche, avec certaines exceptions. Les gènes de ménage, cependant, 

montrent un plus haut taux de substitutions nuc\éotidiques que le gène de l'ARNr 165. De 

plus, parce que les trois gènes de ménage ont chacun un pourcentage plus bas de similarité de 

séquences que le gène de l'ARNr 165, ils ont montré une meilleure différenciation des neuf 

souches de bactéries entériques Escherichia-Shigella-Salmonella. Ils peuvent 

potentiellement révéler des relations sur des branches plus profondes d'un arbre 

phylogénétique que ne le peut le gène de l'ARNr 165. De plus, puisque ces gènes de ménage 

sont utilisés dans les typages de séquence multi-locus "multilocus sequence typing (ML5T)", 

nous pouvons nous attendre à ce que le nombre de séquences disponibles dans le domaine 

public pour ces trois gènes de ménage augmente rapidement les rendant ainsi d'autant plus 

utiles pour complémenter le gène de l'ARNr 165 dans des études phylogénétiques, ou pour 

certaines autres analyses phylogénétiques très ciblées. 

Mots c\és- y-protéobactéries, gènes de ménage, phylogénie, ARNr 165 



SUMMARY 

Bacteria offer the most opportUnttles for phylogenetic analyses, because many 

genomes have been fully sequenced - and their number is rapidly increasing - and the 

genomes are small and contain little repetitive sequence. 

The 16S rRNA, the RNA component of the ribosome small subunit (SSU rRNA), 

has been established as the macromolecule of choice for single-gene phylogenetic analyses 

and identifications of bacterial species. Despite its predominance in phylogenetic analyses, 

the use of 16S rRNA gene sequences is not without drawbacks. The evolution of a single 

gene may not represent the evolution of an entire genome, heterogeneities between 16S 

rRNA copies, aile les, are not a rare occurrence, and paralogous copies may possibly infer 

different phylogenies. In addition, in recent years, bacterial phylogenetic analyses inferred 

from various conserved proteins (such as house-keeping genes) have given incongruent 

phylogenetic results. 

Among bacteria, the y-proteobacteria are the most extensively studied and contain 

the highest number of fully sequenced genomes - 33 -, certainly because most of them are 

bacteria of clinical or biological importance. 

The purpose of my study was two-fold: first, to study the heterogeneity of 165 

rRNA allelic sequences in 33 y-proteobacteria and determine whether a single aile le could be 

sufficient for inferring phylogenies; second, to construct phylogenies in these 33 y

proteobacteria inferred from nucleotide sequence comparisons of the house-keeping genes 

adenylate kinase (adk), shikimate dehydrogenase (aroE), glucose-6-phosphate dehydrogenase 

(gdh) and their concatenated sequences. These phylogenies were compared to each other and 

further compared to a 16S rRNA gene-inferred phylogeny. 

The phylogenetic analysis reveals that most 16S rRNA allelic sequences from same 

strain are identical or nearJy identical and 16S rRNA allelic sequences are c1ustered within 

genera and species. Because of their homogeneity, a single 16S rRNA allelic sequence is 

sufficient to reconstruct the phylogeny of y-proteobacteria at the genera and species level. 
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Phylogenetic trees inferred from each of the three house-keeping genes adk, aroE 

and gdh, and of the concatenated sequences of ail three genes, are, in general, similar to a 16S 

rRNA gene-inferred tree, at the family, genus, species and strain levels. The house-keeping 

genes, however, show a higher rate of nucleotide sequence substitutions than 16S rRNA gene. 

In addition, because the three house-keeping genes have a lower percentage of gene sequence 

similarity than the 16S rRNA gene, they showed a better resolution for the nine core 

Escherichia-Shigella-Salnwnella enterics. They can possibly probe deeper branches of a 

phylogenetic tree than the 16S rRNA gene. In addition, since these house-keeping genes are 

used in multilocus sequence typing (MLST), it is expected that the number of sequences 

publicly available for these three house-keeping genes will be getting bigger over time 

proving them very useful either at complementing 16S rRNA-inferred phylogenies or for 

specifie, targeted, phy logenetic analysis. 



INTRODUCTION 

Over the last few years, the amount of bacterial DNA and protein sequence 

information available has grown as a result of the increasing development in sequencing and 

cloning techniques. Several bacterial genomes have been sequenced and a large number of 

DNA sequences have been recorded. These data are freely available, and most can be 

downloaded and analysed using the Internet. Gene sequences are collected into the 

International Nucleotide Sequence Database Collaboration (INSDC), which comprises the 

DNA Data Bank of Japan (DDBJ; http://www.ddbj.nig.ac.jp/). the European Bioinforrnatics 

Institute (EBI; http://www.ebi.ac.uk/). and the National Center for Biotechnology 

Information (NCBI; http://www.ncbi.nlm.nih.gov/) in the USA. 

In the last 20 years, the rapid advances in DNA sequencing technology have led to 

major changes in the way that prokaryotes are classified. Sequence analyses of highly 

conserved regions in the bacterial genome, such as the small subunit 16S ribosomal RNA 

genes are now widely used for phylogenetic analysis and species identification. This has also 

led to the discovery of new prokaryotic species. 

The bacteria offer the most opportunities for phylogenetic analyses, because many 

genomes are available - and the number is rapidly increasing - and the genomes are small 

and contain little repetitive sequence (Lerat et al., 2003). Currently, of ail bacterial groups, 

the y-proteobacteria are the most intensively studied and contain the highest oumber of fully 
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sequenced genomes, certainly because most of them are bacteria of clinical or biological 

importance. By mid-2üü4, the genomes had been fully sequenced for at least 33 y

proteobacteria. In this study, therefore, these 33 y-proteobacterial species and strains were 

selected for phylogenetic analysis. 

First, the phylogenetic analysis of the 33 y-proteobacteria was inferred through a 

series of steps as summarized in Fig. 1.1. Here, we used the nucleotide sequences of the 16S 

rRNA gene. We analysed the heterogeneity in 16S ribosomal RNA (l6S rRNA) gene 

sequences of the 33 y-proteobacteria. 

Second, the phylogenetic analysis of the 33 y-proteobacteria was also inferred 

through a series of steps as summarized in Fig. 1.2. Here, we used the nucleotide sequences 

of three house-keeping genes, namely: adenylate kinase (adk); shikimate dehydrogenase 

(aroE); glucose-6-phosphate dehydrogenase (gdh); and the concatenated adk, aroE and gdh 

gene sequences to reconstruct the phylogenies for the 33 y-proteobacteria. These 

phylogenies were compared with the phylogeny inferred from the 16S rRNA gene sequences. 
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Retrieve each of the 33 y-proteobacteria full genome sequence from GenBank 

~ r 

Retrieve the 165 rRNA gene sequences of 175 alleles from each of the 

33 y-proteobacteria 

-using the annotated GenBank 

-using gene names 

-using BlastN 

.., , 
Align the nucleotide sequences of ail 165 rRNA gene using ClustalW 

- Correct manually the alignments or annotations if needed 

.., r 

Construct a phylogenetic tree using the Neighbor-Joining methods 

- Calculate the Bootstrap values 

.., r-

I Root the tree using an outgroup 

., r 
1 

1 

Display the tree using TreeView 

~ r 
1 

Repeat the steps with a single 165 rRNA allele per bacterial strain 

., r 
Look for similarities and differences between aIl trees 

Figure 1.1 -Flow chart of the steps to follow for phylogenetic analysis based on 

165 rRNA 
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Retrieve each of the 33 y-proteobacteria full genome sequence from GenBank 

.,~ 

Retrieve the adk amino-acid sequences from each of the 33 y-proteobacteria 

., r 
Align the amino acid sequences of ail 33 adk protein sequence using ClustalW
 

- Correct manually the alignments or annotations if needed
 

., r 
This corrected alignment is used to collect adk gene DNA sequences 

., ,
 
Align the DNA sequences of ail 33 adk gene sequence using ClustalW 

., r 

Construct a phylogenetic tree using the NJ and ML methods 
- Calculate the Bootstrap values 

.,r 
Root the tree using an outgroup and display the tree using TreeView 

., r 
Compare the house-keeping gene generated tree with the 168 rRNA tree 

., r 
Repeat the steps with aroE, gdh and gdh

1 1 

., r 

Look for similarities and differences between ail trees 1 

Figure 1.2 -Flow chart of the steps to follow for phylogenetic analysis based on 

house-keeping genes 
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We present here the phylogenetic analysis of 33 y-proteobacteria inferred from 

nucleotide sequences comparison of the 16S rRNA gene. Two phylogenies are presented, a 

first one inferred from nucleotide sequence comparisons of ail 175 16S rRNA alleles from 

ail 33 y-proteobacteria, a second one inferred from nucleotide sequence comparisons of a 

single 16S rRNA allele from each of the 33 y-proteobacteria. Both phylogenies are 

compared. Congruencies and differences are discussed (Chapter 1). 

We also present here the phylogenetic analysis of 33 y-proteobacteria inferred from 

nucleotide sequences comparison of three house-keeping genes, adk, aroE and gdh. Five 

phylogenies are presented, inferred from nucleotide sequence comparisons of the 33 adk; 32 

aroE; 31 gdh; the concatenated 31 adk, aroE and gdh sequences; and 33 16S rRNA alleles, 

respectively. Ali phylogenies are compared. Congruencies and differences are discussed 

(Chapter II). 

168 ribosomal RNA gene (168 rRNA) 

Most prokaryotes have three different ribosomal RNAs, the 5S, 16S and 23S 

ribosomal RNA, present in multiple copies. The 5S rRNA and 23S rRNA are the RNA 

component of the ribosome large subunit (LSU rRNA), and 16S rRNA is the RNA 

component of the ribosome small subunit (SSU rRNA). The 5S rRNA has been extensively 

studied, but it is usually too small for reliable phylogenetic inference. The 16S rRNA and 

23S rRNA are sufficiently large to be useful. 
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The 16S rRNA, the RNA component of the ribosome small subunit, has been 

established as the macromolecule of choice for single-gene phylogenetic analyses and 

identifications of species (Lane et al., 1985; Woese, 1987; Woese et al., 1990). The 16S 

rRNA is an essential component of protein synthesis and is present in ail organisms. For 

phylogeny purposes, 16S rRNA sequences have proven useful because the 16S rRNA gene is 

highly conserved throughout bacteria and even very distant bacterial species can be 

compared, and the gene is easy to amplify and sequence using universal pnmers 

(Stackebrandt et al., 1991). It is assumed that the homology between 16S rRNA sequences 

from different bacteria reflects the phylogenetic relationship between these organisms. 

However, the use of 16S rRNA sequences for single-gene phylogenetic analyses 

has sorne lirnits. The copy number of 16S rRNA genes per bacterial genome ranges between 

1 and 15 (Klappenbach et al., 2001). For example, there are seven rm operons in 

Escherichia coli and Salmonella typhimurium (Hill and Hamish, 1981); and 9 or 10 rm 

operons in Bacillus subtilis (Loughney et al., 1983). Heterogeneities between rm operons 

are not a rare occurrence and paralogous copies may infer different phylogenies. In addition, 

16S rRNA gene may undergo occasionallateral gene transfer (LGT) or recombination (Ueda 

et al., 1999; Yap et al., 1999). Finally, 16S rRNA gene sequences may not be adequate to 

analyse phylogenetic relationships between closely related species because its gene is highly 

conserved (Gürtler and Stanisich, 1996; Kolbert and Persing, 1999). 
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In this study, we have studied the heterogeneity in 16S rRNA gene sequences of 

175 alleles from the 33 y-proteobacteria to address these problems (see Chapter 1). A 

phylogenetic tree with ail 175 alleles is presented and clustering at the genus, species and 

strain levels are discussed. 

Molecular phylogenetic studies with house-keeping genes 

Despite the success of rRNA microbial taxonomy, the evolutionary relationships 

between major groups of prokaryotes is still unclear because phylogenetic analysis of single 

gene sequences is insufficient to resolve deep branches (Fitz-Gibbon and House, 1999). 

Several genes have been proposed to complement rRNA genes in bacterial 

phylogenetic analysis. They include atpD (beta subunit of the membrane ATP synthase; 

Ludwig et al., 1993), gyrB (subunit B protein of DNA gyrase, topoisomerase type II; 

Yamamoto and Harayama, 1995), infB (translation initiation factor 2; Hedegaard et al., 1999), 

recA (RecA protein; Gaunt et al., 2001), and rpoB (RNA polymerase beta subunit; Mollet et 

al., 1997) to name a few. These genes are not transmitted horizontally, their evolutionary rate 

is higher than the one of 16S rRNA, and they are present in most bacteria. 

In recent years, multilocus sequence typing (MLST) (Maiden et al., 1998) has been 

developed as a molecular typing method. It is similar to multilocus enzyme electrophoresis 

(MLEE), but characterizes the alleles present at multiple house-keeping genes. Owing to the 



8 

development of MLST within species, large amounts of sequence data have become available 

for a number of pathogens. Maiden and colleagues (1998) have selected six house-keeping 

genes for MLST of Neisseria. The genes selected are abcZ (encoding the putative ABC 

transporter), adk (adenylate kinase), aroE (shikimate dehydrogenase), gdh (glucose-6

phosphate dehydrogenase), pdhC (pyruvate dehydrogenase subunit), and pgm 

(phosphoglucomutase), on the basis that they are unlinked, variations accumulate slowly and 

are likeJy to be selectively neutral, and they are present in many bacteria. With the increasing 

number of research groups using MLST as a typing method, the number of sequences for 

these six house-keeping genes is rapidJy increasing for a wide variety of bacteria. It is worth 

addressing whether these house-keeping genes could be used to complement 16S l'RNA gene 

to infer phylogenies. 

House-keeping genes are a class of highly expressed, highly conversed protein 

encoding genes that show a high degree of codon bias. They evolve more slowly than typical 

protein encoding genes, but more rapidly than l'RNA genes (Bruns et al. 1991). Thus, house

keeping genes are often used to construct gene trees of closely related taxa (Lawrence et al., 

1991). Each house-keeping gene can be analysed separately and the resulting phylogenies can 

be compared to see if they support or conflict with each other. 

Of the six house-keeping genes used in MLST, only three, adk, aroE and gdh, have 

been studied here. The three other house-keeping genes used in MLST, abcZ, pdhC and pgm 

were not universally distributed in our 33 y-proteobacteria and thus proved unfit for our 
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specifie phylogenetic analyses. (see Chapter II). 

Proteobacteria 

Members in the Division Proteobacteria, within the Domain Bacteria, comprise at 

present the largest and phenotypically most diverse phylogenetic Iineage. The proteobacteria 

constitute one of the largest divisions within prokaryotes and form the vast majority of the 

Gram-negative bacteria. In 1988, Stackebrandt et al. named the proteobacteria after the 

Greek god Proteus, who could have many different shapes, because of the great diversity of 

forms found in il. This group of organisms, often referred to as 'purple bacteria and 

relatives', encompasses bacteria with a great diversity of phenotypes, physiological 

attributes, and habitats (Stackebrandt et al., 1988; Gupta, 2000). The proteobacteria contain 

more than 460 genera and encompass a major proportion of the known Gram-negative 

bacteria. As the proteobacteria include a large number of known human, animal and plant 

pathogens, the group is of great biological significance. Proteobacteria have been cIassified 

based on homology of 16S ribosomal RNA or by hybridization of ribosomal DNA with 16S 

and 23S ribosomal RNA (Fox et al., 1980; Woese et al., 1985a; Woese, 1987; De Ley, 1992). 

The division of proteobacteria has been subdivided into five major classes, Œ- (Woese el al., 

1984a), ~- (Woese et al., 1984b), y- (Woese et al., 1985b), 6- and 10- (Fig. 2) 
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Figure 2 ·Phylogenetic tree of the proteobacteria based on 168 rDNA sequences of the 

type strains of the proteobacterial genera 
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Fig. 2 is a simplified phylogenetic tree of the proteobacteria based on the nearly complete 

16S rDNA sequences of the type strains of the type species of the majority of proteobacterial 

genera. The names of the families and major groups are also noted. The 0- and E

proteobacteria classes form the deeper branches of the division; the u-proteobacteria are also 

clearly separated, whereas the closer relationship between the ~- and y-proteobacteria 

lineages may indicate the common origin of the latter groups (Ludwig and Klenk, 2001); 

(adapted from http://l41.150.157.117:8080/prokPUB/chaphtm/379/02_00.htm). 

y (Gamma)-proteobacteria 

The y-proteobacteria, classified on the basis of sequence signatures structural 

differences in the SSU l'RNA (Woese, 1987), include free-living and commensal species, 

intracellular symbionts, and human-, animal- and plant pathogens. 

Most 16S rDNA trees show that the members of the y-proteobacteria represent a 

monophyletic group which includes in fact also the ~ -proteobacteria as a major line of 

descent. The y-proteobacteria are the largest proteobacterial group which comprise at least 

200 genera and 750 species, including several families of utmost biological importance, 

most notably the Coxiellaceae, Enterobacteriaceae, Pasteurellaceae, Pseudomonadaceae, 

Vibrionaceae, Shewanellaceae and Xanthomonadaceae. 
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The y-proteobacteria contain the photosynthetic purple sulfur bacteria together with 

a great number of familiar chemoorganotrophic bacterial groups, such as the 

Enterobacteriaceae, Legionellaceae, Pasteurellaceae, Pseudomonadaceae, Vibrionaceae. 

The class includes sorne important human and animal pathogens. Note that the 

Enterobacteriaceae family has been known since 1937, as a classical phenotypic group 

(Rahn, 1937). The Enterobacteriaceae family is fully supported by modern molecular 

taxonomy. However, the Pseudomonadaceae family differs in that it turned out to be 

phylogenetically extremely heterogeneous, because its members are scattered over the u

proteobacteria, ~-proteobacteria and y-proteobacteria. The genus Pseudomonas is presently 

restricted to ail species phylogenetically which are related to its type species, Pseudomonas 

aeruginosa, a member of the y-proteobacteria. Ail of the other pseudomonads, however, 

which belong to the u- and ~-classes, have been allocated to new genera such as 

Brevundimonas, Sphingomonas, Comamonas, Burkholderia, Ralstonia, etc. 

In this study, the 33 y-proteobacterial species and strains which have been analysed 

here are listed in Tables 1 and 2. These include one Coxiellaceae species, 17 

Enterobacteriaceae strains (encompassing 9 species), three Pastellrellaceae species, three 

Pselldomonadaceae species, one Shewanellaceae species, four Vibrionaceae strains (three 

species), and four Xanthomonadaceae strains (three species). An e-proteobacterium, 

Helicobacter pylori, was also included as an outgroup. 
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Coxiellaceae. A family of Gram-negative bacteria in the order LegioneUales, 

includes the genus CoxieUa. The clinically important LegioneUae occurs in surface water, 

mud, thermally polluted lakes and streams. In addition, it may enter the human respiratory 

tract when water is aerosolised in showers and through air-conditioning systems. LegioneUa 

pneumophila is a pathogen for humans causing pneumonia. An obligate intracellular 

bacterial parasite of small free-living amoebae (previously classified as Sarcobium lyticum; 

Drozanski, 1991) belongs also to the genus LegioneUa (Hookey et al., 1996). 

The genus CoxieUa belongs to the same phylogenetic lineage as the LegioneUae. 

Although phylogenetically distinct, CoxieUa shares similarities in their parasitic lifestyle. 

CoxieUa burnetii, an obligate parasitic bacterium grows preferentially in the vacuoles of the 

host cells, causes Q-fever, a pneumonia-like infection that is transmitted among animais by 

insect bites (e.g., ticks). CoxieUa burnetü occasionally causes disease in humans. 

Enterobacteriaceae. The Enterobacteriaceae family is the best studied group of 

microorganisms. Theil' popularity is of medical and economic importance, because of the 

ease of their isolation and cultivation, rapid generation time, and the ease with which they 

can be genetically manipulated. Enterobacteriaceae are distributed worldwide. They are 

found in water and soil and as normal intestinal flora in humans and many animais. They 

live saprophyticaUy, as symbionts, epiphytes, and parasites. Theil' hosts include animaIs 

ranging From insects to humans, and fruits, vegetables, grains, f10wering plants, and trees. 
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Escherichia coli (Fig. 3) is considered the most thoroughly studied bacterial species. 

The Enterobacteriaceae family includes Escherichia coli, and a multiple of inhabitants of 

the intestinal tract of warm-blooded animais (e.g., Salmonella and Shigella). The 

Enterobacteriaceae comprise a relatively homogeneous phylogenetic group within this large 

cluster. They are mostly facultative anaerobic carbohydrate-degrading microorganisms; and 

some perform a mixed acid fermentation, whereas others carry out the butanediol 

fermentation. The enterics also comprise plant pathogenic bacteria, the plague-causing 

Yersinia pestis, and Photorhabdus, symbionts of entomopathogenic nematodes. 

Enterobacteriaceae live jn the intestinal lumen. An interesting and somewhat 

distant member of the enterics is Buchnera aphidicola, an endosymbiont of aphids 

(Baumann et al., 1995). The symbiotic association between aphids and Buchnera seems to 

be obligate and mutualistic: Buchnera synthesises tryptophan, cysteine and methionine. 

Buchnera supplies these essential amino acids to the aphid host. A parallel evolution of 

Buchnera and aphids seems to have occurred, and Baumann et al. (1998) estimated the 

origin of this symbiotic association at 200-250 million years ago. The correlation of 

sequence diversity of 16S rDNA of symbionts with the age of their hosts has led to the 

calibration of the molecular clock of 16S rDNA in recent organisms (Moran et al., 1993), 

and is assumed to generate 1% sequence divergence within 25-50 million years 

(Stackebrandt, 1995). In addition, the endosymbionts of carpenter ants constitute a distinct 

taxonomie group within the y-proteobacteria and are phylogenetically closely related to 

Buchnera and symbionts of tsetse flies. Comparison of the phyJogenetic trees of the bacterial 
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endosymbionts and their host species suggests a highly synchronous cospeciation process of 

both partners (Sauer et al., 2000). 

Pasteurellaceae. The farnily Pasteurellaceae contain several pathogens of 

vertebrates. They include the following major genera: Pasteurella, Haemophilus and 

Actinobacillus. Organisms of the genus Pasteurella are Gram-negative, non-motile, 

facultatively anaerobic coccobacilli. The Pasteurella is the oldest recognized genus of the 

family Pasteurellaceae consisting of several species. Species of this genus are found in both 

animaIs and humans. The Haemophilus genus represents a large group of Gram-negative 

rods that can grow on blood agar. Haemophilus injluenzae, because of its small genome, 

became the first free-living organism whose entire genome was sequenced (Fleischmann et 

al., 1995). 

Pseudomonadaceae. Two decades ago, the family Pseudomonadaceae contained 

an extremely heterogeneous group of aerobic, rod-shaped and mostly polarly flagellated 

bacteria (Palleroni, 1984). It phylogenetically spread over the a-proteobacteria, ~

proteobacteria and y-proteobacteria. At present, the family is restricted to close 90 

Pseudomonas species. A separate lineage within the y-proteobacteria is formed around the 

type species Pseudomonas aeruginosa. The Pseudomonads of the a-proteobacteria and ~

proteobacteria have been transferred to other genera (Willems et al., 1991; Kersters et al., 

1996; Anzai et al., 2000; Caulobacteraceae, Alcaligenaceae, Comamonadaceae, 

Burkholderia, Oxalobacter and Related Groups). Sorne authentic Pseudomonas species 
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Legend 

Figure 3: Escherichia coli (Colorized low-temperature electron micrograph of a cluster of 

bacteria. Individual bacteria in this photo are oblong and colored brown). 

Taken from the "Tree of Life Web Project. 2006. Proteobacteria. Version 10 March 2006 

(temporary)". http://tolweb.org/Proteobacteria/230212006.03.1O in The Tree of Life Web 

Project, http://tolweb.org 
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Figure 3 -Escherichia coli 
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(e.g., P fluorescens) produce fluorescent pigments. Pseudomonads can grow on a great 

variety of organic substrates, including aromatic hydrocarbons, because sorne of them 

possess efficient oxygenases. Such bacteria play key roles in the purification of wastewater 

and clean-up of oil spills. Sorne of the Pseudomonas species (e.g., P syringae) are plant 

pathogens, whereas P aeruginosa and some other fluorescent pseudomonads can be 

involved in serious nosocomial infections. The free-living nitrogen fixers of the genera 

Azotobacter and Azomonas belong also to this phylogenetic lineage, together with the 

cellulose-degrading Cellvibrio and a few other related genera. 

Shewanellaceae. The family Shewanellaceae, Gram-negative, rod-shaped bacteria, 

is a member of the y-proteobacteria. The genus Shewanella (MacDonel1 and CoJwel1, 1985), 

facultatively anaerobic proteobacteria, associated with aquatic habitats. During the last 

decade, the organisms of this genus have received a significant amount of attention. This is 

because of the important raies in co-metabolic bioremediation of halogenated organic 

pollutants (Petrovskis et al., 1994), destructive souring of crude petroleum (Semple and 

Westlake, 1987) and the dissinùlatory reduction of magnesium and iron oxides (Myers and 

Nealson, 1988). 

Vibrionaceae. Vibrionaceae are facultative anaerobic inhabitants of brackish, 

estuarine and pelagic waters and sediments, and form the dominant culturable microflora in 

the gut of moltuscs, shrimps and fish. This family harbors several pathogens (e.g., Vi brio 

cholerae, the causal agent of cholera) as weil as luminous bacteria (e.g., Photobacterium and 



19 

several Vibrio species), occurring free-living in seawater, as weil as symbionts in the light 

organs of many fish and invertebrates (Dunlap and Kita-Tsukamoto, 2001). Bioluminescent 

bacteria occur also among the genera Photorhabdus and Shewanella. 

Xanthomonadaceae. The plant pathogenic Xanthomonas species, Xylella (a 

phytopathogen living in the xylem of various plants) and Stenotrophomonas, together with 

sorne yellow-pigmented N20-producing bacteria isolated from ammonia-supplied biofilters 

(Finkmann et al., 2000) constitute a clearly separated phylogenetic lineage among the 

Chromatibacteria sensu (Cavalier-Smith, 2002). i.e., the large complex formed by the p

proteobacteria and the y-proteobacteria. Depending on the treeing algorithms used and the 

number of rDNA-sequences included, the Xanthomonads cluster peripheraUy linked either to 

the p-proteobacteria or to the y-proteobacteria (Fig. 2). The first complete genome sequence 

published of a plant pathogenic bacterium (Simpson et al., 2000) was that of Xylella 

jastidiosa, a pathogen causing important diseases in citrus trees, grapevines and other plants. 

Elaboration of the problematic 

Although the 16S rRNA gene has been most used in phylogenetic studies, the 

evolution of a single gene may not represent the evolution of an entire genome. Becallse not 

only 16S rRNA genes may undergo lateral gene transfer or recombination (Reischl et al., 

1998; Ueda et al., 1999; Yap et al., 1999; Scholils et al., 2003) but also because 16S rRNA 

genes are highly conserved, the classification of closely related bacterial species may be 
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problematic (Gürtler and Stanisich, 1996; Kolbert and Persing, 1999). Another problem 

derives from the copy number of 16S rRNA genes in bacteria. Heterogeneities between 

copies are not a rare occurrence and paralogous copies may infer different phylogenies. 

In addition, in recent years, careful alignments and phylogenetic analyses of large 

numbers of conserved proteins (such as house-keeping genes) have given incongruent 

phylogenetic results (Turner and Young, 2000; Parker et al., 2002). The extent of these 

incongruences has led to consideration that there may not be a single tree that can be used to 

represent the history of life. A robust phylogeny based on more genes cou Id then be used to 

reconstruct genome-scale events, including LGT and rearrangements. Thus, gene trees 

reconstructed from a single gene may not infer robust phylogenetic relationships among taxa 

(Li and Gram, 1991). 

The study of two or more housekeeping gene sequences has already been 

recommended for improving the reliability of phylogenetic inference (Yamamoto and 

Harayama, 1998; Stackebrandt et al., 2002) and DNA sequence comparison of house

keepings has been used for phylogenetic analysis of y-proteobacteria (Hedegaard et al., 

1999; Angen et al., 2003). 

In summary, the pUl-pose of my study was two-fold: first, to study the heterogeneity 

of 16S rRNA allelic sequences in 33 y-proteobacteria and determine whether a single allele 

could be sufficient for inferring phylogenies; second, to construct phylogenies in these 33 y
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proteobacteria inferred from nucleotide sequence comparisons of the house-keeping genes 

adenylate kinase (adk), shikimate dehydrogenase (aroE), glucose-6-phosphate 

dehydrogenase (gdh) and their concatenated sequences. These phylogenies were compared 

to each other and further compared to a 165 rRNA gene-inferred phylogeny. 

The following Chapters 1 and Il present first, a "study of the heterogeneity of 165 

rRNA genes in y-proteobacteria - implications for phylogenetic analysis" and second, a 

"phylogenetic analysis of y-proteobacteria inferred from nucleotide sequence comparisons of 

the house-keeping genes adk, aroE and gdh - comparisons with phylogeny inferred from 165 

rRNA gene sequences", respectively. Key points are addressed as follows: 

- Problems associated with incorrect annotations in GenBank. 

- The variation in the number of 165 rRNA alleles in y-proteobacteria. 

- The analysis of the heterogeneity in 165 rRNA gene sequences in y-proteobacteria. 

- The comparison between a phylogenetic tree inferred from 175 165 rDNA allelic 

sequences and 33 165 rDNA allelic sequences in 33 y-proteobacteria. 

- The distribution of house-keeping genes in y-proteobacteria, and the absence of sorne 

house-keeping genes in sorne y-proteobacteria. 

- The phylogenetic analysis based on nucleotide sequences (and to a lesser extent, 

phylogenetic analysis based on amino acid sequences). 

- The discriminatory power of the house-keeping genes among the "core" enterics, the 

percentage sequence similarities, and quantitative data. 
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- The different percentage of nucleotide sequence divergence for aH three house-keeping 

genes, the concatenated sequences and the 16S rRNA gene and quantitative data. 

- Comparisons between phylogenetic tree inferred from house-keeping genes with 

phylogenetic tree inferred from 16S rRNA genes. 
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Summary 

We have analysed the heterogeneity in 165 rRNA gene sequences of 175 alleles 

from 33 strains covering 23 species and 16 genera of the y-proteobacteria deposited in 

GenBank. We show that most allelic sequences from same strain are identical or nearly 

identical. A phylogenetic analysis reveals that allelic sequences are clustered within genera 

and species, except for Escherichia coli and Shigellaflexneri, where they can be intertwined. 

For sorne y-proteobacteria, allelic sequences are even sub-clustered at the strain level. We 

conclude that for the proteobacteria studied, a single 165 rRNA allelic sequence is sufficient 

ta reconstruct the phylogeny of proteobacteria at the genera and species level. Because of 

their homogeneity, different alleles from same strains would yield similar phyJogenies. 
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1. 1. Introduction 

The proteobacteria. formerly known as "purple bacteria and their relatives", are a 

major class of bacteria (Stackebrandt et al., 1988; Holt et al., 1994; Zinder, 1998; Gupta, 

2000). This group of predominantly Gram-negative bacteria contains more than 200 genera 

with a great diversity of phenotypic and physiological attributes. Proteobacteria have been 

classified based on homology of 16S ribosomal RNA or by hybridization of ribosomal RNA 

or DNA with 16S and 23S ribosomal RNA (Fox et al., 1980; Woese, et al., 1985; Woese, 

1987). The class has been divided into five major groups, a-. p-, y-, 0- and E-. The y

proteobacteria include several families of utmost biological significance, several human, 

animal and plant pathogens, most notably the Enterobacteriaceae, Legionellaceae, 

Pasteurellaceae, Pseudomonadaceae, Vibrionaceae, and Xanthomonadaceae. Because of 

their biological importance, the genomes of more than 33 y-proteobacteria have been fully 

sequenced and are freely available in GenBank. 

The 16S ribosomal RNA, the RNA component of the ribosome small subunit, has 

been established as the macromolecule of choice for single-gene phylogenetic analyses 

(Lane et al., 1985; Woese, 1987; Woese et al., 1990). The 16S rRNA is an essential 

component of protein synthesis and is present in ail bacteria. Because it is under highly 

constrainted function, its gene is highly conserved throughout bacteria and even very distant 

bacterial species can be compared. The gene is easy to amplify and sequence using universal 

primers (Stackebrandt et al., 1991). It is assumed that the homology between 16S rRNA 
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sequences from different bacteria reflects the phylogenetic relationship between these 

organims. However, the copy number of 16S rRNA genes per bacterial genome ranges 

between 1 and 15 (Klappenbach et al., 2001). Consequently, one of the premise in 165 

rRNA sequences inferred phylogenies is that a single 16S rRNA allele, anyone, is 

representative of its taxon. Il has long been assumed that the 16S rRNA allelic sequences 

within a bacterial isolate were near1y identical and the homology was governed by concerted 

evolution (Hillis et al., 1991). In the last few years, however, 16S rRNA sequence 

heterogeneities have been reported for some bacteria at the intraspecies or intrastrain levels. 

This is the case for Phormium yellow leaf phytoplasma (Liefting et al., 1996); 

Mycobacterium strain "X" (Ninet et al., 1996); Paenibacillus polymyxa (Nu bel et al., 1996) ; 

Mycoplasma capricolum (Pettersson et al., 1998); Mycobacterium celatum (Reischl et al., 

1998); Escherichia coli (Martfnez-Murcia et al., 1999); Paenibacillus turicensis (Bosshard 

et al., 2002); and Veillonella spp. (Marchand in et al., 2003). In addition, sorne extensive 

studies on Escherichia spp. and Salmonella spp. (Cilia et al., 1996) and in GenBank 

(Clayton et al., 1995; Coenye and Vandarnrne, 2003; Acinas, et al., 2004) have clearly 

shown that intraspecies and intrastrain heterogeneities were more widespread than initially 

thought, that the level of heterogeneity varies among taxa, and that in sorne cases, 16S rRNA 

allelic sequences could differ up to several percents. These raise serious questions regarding 

the bacterial phylogenies inferred from single 16S rRNA allele per taxon. Should some 

paralogous alleles of 16S rRNA gene in a given bacterial strain be more divergent than 

orthologous alleJes in another bacterial strain, comparison of 16S rRNA gene nucleotide 

sequences between different bacterial strains, species or genus could yield erroneous 
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positioning of the taxon on the phylogenetic tree. We report here the analysis of the 

heterogeneity In 16S l'RNA gene sequences of 175 alleles from 33 strains covering 23 

species and 16 genera of the y-proteobacteria deposited in GenBank. A phylogenetic tree 

with al! 175 alleles is presented and clustering at the genus, species and strain levels is 

discussed. 

1. 2. MateriaIs and Methods 

The 33 y-proteobacteria species and strains analysed in this study are listed in Table 

1. They were selected on the basis that their complete genome sequences were freely 

available through GenBank at the National Center for Biotechnology Information (NCBI) 

completed ITÙcrobial genomes database (http://www.ncbi.nlm.nih.gov/genomesIMICROBES/ 

Complete.html; May 2004). These include one Alteromonadaceae species, 17 

Enterobacteriaceae strains (nîne species), one Legionellaceae species, three Pasteurellaceae 

species, three Pseudomonadaceae species, four Vibrionaceae strains (three species), four 

Xanthomonadaceae strains (three species). An €-proteobacterium, Helicobacter pylori, was 

included as an outgroup. 

The GenBank accession numbers of the fully sequenced bacterial genomes are 

given along with the locations of the 16S ribosomaJ RNA (l6S l'RNA) genes as annotated in 

GenBank in Table 1. ln the absence of annotation, BLASTn was used to identify in a target 

bacterial genome the genes and alleles orthologous to a query 16S l'RNA allelic sequence 



Table 1- List of y-proteobacteria species and strains used in this study. Complete bacterial genome GenBank accession number, 
16S rRNA gene name indicated in GenBank, suggested 16S rRNA gene name for discriminating between alleles when necessary, 
locations of the start and end points of the allele as indicated in GenBank, and locations after corrections when necessary are 
presented. 

5pecies 

Gammaproteobacteria 

Alteromonadaceae 
Shewanella oneidensis MR·1 

Enterobacteriaceae 
Blochmannia floridanus 
Buchnera aphidicola str. Bp 
Buchnera aphidicola str. 5g 
Buchnera aphidicola str. AP5 
Escherichia coli K12 

Escherichia coli 01 57:H7 EDL933 

Accession Gene name Gene name Gene name Locations as Locations after 
number in Genebank suggested annotated corrections 

165 rRNA 

NC_004347 165 rRNA Sp16SA 269814-271342 (+) 269805-271347 
Sp16SB 216788-218316 (+) 216779-218321 
Sp16SC 46116-47644 (+) 46107-47649 
Sp16S0 4945901-4947429 (-) 4945896-4947438 
Sp16SE 4691979-4693507 (-) 4691974-4693516 
Sp16SF 4682869-4684397 (-) 4682864-4684406 
Sp16SG 4380831-4382359 (-) 4380826-4382368 
Sp16SH 3738378-3739906 (-) 3738373-3739915 
Sp16S1 2973049-2974577 (-) 2973044-2974586 

NC_005061 165 rRNA 16S rRNA Bflo 616478-618033 (-) 616527-618111 
NC_004545 165 rRNA bP 266932-268450 (+) 266925-268485 
NC_OOO061 165 rRNA rrs bSg 275522-277031 (+) 275515-277066 
NC_002528 165 rRNA rrs bAPS 274065-275524 (+) 274037-275584 
NC000913 165 rRNA rrsA 4033120-4034661 (+) 

rrsB 4164238-4165779 (+) 
rrsC 3939431-3940971 (+) 
rrsO 3424858-3426399 (-) 
rrsE 4205725-4207266 (+) 
rrsG 2727636-2729178 (-) 
rrsH 223771-225312 (+) 

NC_002655 165 rRNA rrsA 4900418-4901959 (+) 
rrsB 5044690-5046231 (+) 
rrsC 4804233-4805773 (+) 
rrsO 4229456-4230997 (-) 
rrsE 5085699-5087240 (+) 
rrsG 3519578-3521124 (-) 
rrsH 227103-228644 (+) 

~
 



5pecies 

Gammaproteobacteria 

Escherichia coli 0157:H7 VT2-Sakai 

Escherichia coli CFT073 

Photorhabdus luminescens TT01 

Salmonella typhimurium LT2 SGSC1412 

Salmonella enterica serovar Typhi CT18 

Salmonella enterica serovar Typhi Ty2 

Accession 
number 

NC_002695 

NC_004431 

NC_005126 

NC_003197 

NC_003198 

NC004631 

Gene name 

165 rRNA 

16S rRNA 

16S rRNA 

16SrRNA 

16S rRNA 

16S rRNA 

16S rRNA 

Gene name 
in Genebank 

rrsA 
rrsB 
rrsC 
rrsO 
rrsE 
rrsG 
rrsH 
rrsA 
rrsB 
rrsC 
rrsO 
rrsE 
rrsG 
rrsH 
t6sJRNA 
t6SJRNA 
16SJRNA 
16sJRNA 
16sJRNA 
16sJRNA 
16sJRNA 
rrsA 
rrsB 
rrsC 
rrsO 
rrsE 
rrsG 
rrsH 
16sJRNA 
16sJRNA 
16sJRNA 
16sJRNA 
16sJRNA 
16SJRNA 
16sJRNA 

Gene name 
suggested 

t 
2 
3 
4 
5 
6 
7 

A 
B 
C 
0 
E 
G 
H 
1 
2 
3 
4 
5 
6 
7 

Locations as 
annotated 

4831654-4833195 (+) 
4975927-4977468 (+) 
4735252-4736793 (+) 
4162234-4163775 (-) 
5016953-5018494 (+) 
3449735-3451276 (-) 
227102-228643 (+) 
4561194-4562736 (+) 
4699063-4700613 (+) 
4442840-4444382 (+) 
3858590-3860131 (-) 
4739329-4740870(+) 
2992309-2993859 (-) 
235186-236727 (+) 
58438-59982 (+) 
536233-537777 (+) 
801957-803501 (+) 
1472782-1474326 (+) 
5143181-5144725 (-) 
5473370-5474914 (-) 
5509393-5510937 (-) 
4196059-4197600 (+) 
4351130-4352673 (+) 
4100132-4101675 (+) 
3570463-3572006 (-) 
4394675-4396219(+) 
2800118-2801660 (-) 
289189-290732 (+) 
3598527-3600068 (-) 
3747528-3749069 (-) 
3556311 -3557853 (-) 
3421900-3423441 (-) 
4257492-4259033(+) 
2715999-2717540 (-) 
287479-289020 (+) 
287477-289010 (+) 
2691223-2692757 (-) 
3407559-3409092 (-) 
3541972-3543505 (-) 
3584188-3585721 (-) 
3733020-3734553 (-) 
4242149-4243682 (+) 

Locations after 
corrections 

4351130-4352671 
4100132-4101673 
3570466-3572007 
4394675-4396217 
2800119-2801660 
289179-290720 

287470-289011 
2691222-2692764 
2407558-3409099 
3541971-3543512 
3584187-3585728 
3733019-3734560 
4242142-4243683 

IV 
00 



5pecies 

Gammaproteobacteria 

5higella f1exneri 2a str. 2457T 

5higella f1exneri 2a str. 301 

Wigg/esworthia g/ossinidia brevipa/pis 

Yersinia pestis C092 

Yersinia pestis KIM 

Legionellaceae 
Coxiella bumetii R5A 493 
Pasteurellaceae 
Haemophilus influenzae KW20 Rd 

Haemophi/us ducreyi 35000HP 

Accession 
number 

NC_004741 

NC_004337 

NC_004344 

NC_003143 

NC_004088 

NC_002971 

NC_000907 

NC_002940 

Gene name 

165 rRNA 

165 rRNA 

165 rRNA 

165 rRNA 

165 rRNA 

165 rRNA 

165 rRNA 

165 rRNA 

165 rRNA 

Gene name 
in Genebank 

rrsA 
rrsB 
rrsC 
rrsO 
rrsE 
rrsG 
rrsH 
rrsA 
rrsB 
rrsC 
rrsO 
rrsE 
rrsG 
rrsH 
rrsH 
rrsH 
16s_rRNA 
16sjRNA 
16sjRNA 
16sjRNA 
16sjRNA 
16s_rRNA 

H/rrnA 165 
H/rrnB165 
H/rrnC165 
Hlrrn0165 
HlrrnE165 
HlrrnF165 

Gene name 
suggested 

rrsH+ 
rrsH
001 
002 
003 
004 
005 
006 
yrOOI 
yr005 
yr008 
yrOll 
yr014 
yr020 
yr024 

Cbl 

1 
2 
3 
4 
5 
6 

Locations as 
annotated 

3723289-3724830 (-) 
3585007-3586548 (-) 
3820462-3822003 (-) 
3400184-3401730 (-) 
3544571-3546112 (-) 
2720026-2721566 (-) 
214156-215696 (+) 
4048482-4050023 (+) 
4186671-4188212 (+) 
3951291 -3952832 (+) 
3410015-3411556 (-) 
4227109-4228650 (+) 
2726674-2728214 (-) 
214669-216209 (+) 
136582-138132 (+) 
684192-685742 (-) 
12292-13763 (+) 
1217505-1218993 (+) 
3652660-3654148 (-) 
4178944-4180432 (-) 
4221808-4223296 (-) 
4388245-4389733 (-) 
12016-13600 (+) 
355930-357514 (+) 
522393-523977 (+) 
565257-566841 (+) 
1024389-1025973 (+) 
3415745-3417329 (-) 
4244973-4246557 (-) 

165579-167035 (+) 

623825-625364 (+) 
657107-658646 (+) 
771212-772750 (+) 
1820465-1822003 (-) 
127176-128715 (-) 
246013-247552 (-) 
10643-12179 (+) 
240156-241692 (+) 
489319-490855 (+) 
616741-618277 (+) 
1539720-1541256 (-) 
1604540-1606076 (-) 

Locations after 
corrections 

12265-12807 
1217478-1219020 
3652633-3654175 
4178917-4180459 
4221781-4223323 
4388218-4389760 
12015-13557 
355929-357471 
522392·523934 
565256-566798 
1024388-1 025930 
3415788-3417330 
4245016-4246558 

165577-167116 

771210-772749 
1820460-1821999 

10642-1 21 82 
240155-241 695 
489318-490858 
616740-618280 
1539717-1541257 
1604537-1606077 

N 
\0 



Species 

Gammaproteobacteria 

Pasteurel/a mu/toc/da PM70 

Pseudomonadaceae 
Pseudomonas aeruginosa PA01 

Pseudomonas putida KT2440 

Pseudomonas syringae DC3000 

Vibrionaceae 
Vibrio cholerae El Tor N16961 

V/brio parahaemo/yticus RIMD 2210633
 

Accession 
number 

NC_002663 

NC_002516 

NC_002947 

NC_004578 

NC_002505 

NC_004603 

Gene name 

16S rRNA 

165 rRNA 

165 rRNA 

165 rRNA 

165 rRNA 

165 rRNA 

165 rRNA 

Gene name 
in Genebank 

Pp 16SA 
Pp 16SB 
Pp 16SC 
Pp 16S0 
Pp 16SE 
Pp 16SF 
Pp16SG 
Ps16SA 
Ps16SB 
Ps16SC 
Ps16S0 
Ps16SE 

16Sa 
16Sb 
16Sc 
16Sd 
16Se 
16S( 
16Sg 
16Sh 
16Sa 
16Sb 
16Sd 
16Se 
16S( 
16Sg 
16Sh 
16Si 
16S} 
16Sk 

Gene name 
suggested 

PmI 
Pm2 
Pm3 
Pm4 
Pm5 
Pm6 

1
 
2
 
3
 
4
 

Locations as 
annotated 

341429-342970 (+) 
541958-543499 (+) 
1080340-1081882 (-) 
1690576-1692118 (+) 
1761353-1762894(+) 
1941231-1942772 (-) 

722096-723631 (+) 
4792196-4793731 (-) 
5267724-5269259 (-) 
6043208-6044743 (-) 
171387-172904 (+) 
176817-178334(+) 
524947-526464(+) 
697822-699339 (+) 
1325501-1327018 (+) 
2548687-2550204(+) 
5311162-5312679 (-) 
666741-668258 (+) 
827555-829072 (+) 
1072092-1073609 (+) 
3873151 -3874668 (-) 
6217622-6219139 (-) 

53823-55357 (+) 
151059-152593 (+) 
324147-325181 (+) 
401751-403286 (+) 
762775-764309 (+) 
2679884-2681418 (-) 
2931745-2933279 (-) 
2937466-2939001 (-) 
33633-35103 (+) 
581626-583096 (+) 
2779817-2781287 (-) 
2885630-2887100 (-) 
3066302-3067772 (-) 
3071548-3073018 (-) 
3131721-3133191 (-) 
3136967-3138437 (-) 
3196944-3198414 (-) 
3238281-3239751 (-) 

Locations after 
corrections 

171372-172908
 
176802-178338
 
524932-526468
 
697807-699343
 
1325486-1327022
 
2548672-2550208
 
5311158-5312694
 
666727-668265
 
827541-829079
 
1072078-107361 6
 
3873144-3874682
 
6217615-6219153
 

53816-55358
 
151052-152594
 
324140-325682
 
401744-403287
 
762768-764310
 
2679883-2681425
 
2931744-2933286
 
2937465-2939008
 
33631-35183
 
581624-5831 76
 
2779737-2781289
 
2885550-2887102
 
3066222-3067774
 
3071468-3073020
 
3131641-3133193
 
3136887-3138439
 
3196865-3198416
 
3238201-3239753
 

w 
0 



5pecies Accession Gene name Gene name Gene name Locations as Locations after 
number in Genebank suggested annotated corrections 

Gammaproteobacteria 165 rRNA 

V/brio vu/nifieus CMCP6 NC_004459 165 rRNA 16Sa 475699-477241 (-) 
16sb 932194-933736 (-) 
16Se 937697-939239 (-) 
16Sd 978401-979943 (-) 
16Se 1060773-1062317 (+) 
16sf 1170287-1171829 (+) 
16Sg 1389748-1391290 (+) 
16Sk 1478333-1479875 (+) 

Vibrio vu/nifieus YJ016 NC_004459 165 rRNA rRNA-16Sa 32728-34262 (+) 32721-34263 
rRNA-16Sb 177895-179429 (+) 177888-179430 
rRNA-16Se 717240-718774 (+) 717233-718775 
rRNA-16Se 2946932-2948466 (-) 2946931-2948473 
rRNA-16Sf 2952670-2954200 (-) 2952669-2954207 
rRNA-16Sg 3041 406-3042940 (-) 3041405-3042947 
rRNA-16Sh 3261628-3263162 (-) 3261627-3263169 
rRNA-16Si 3303433-3304967 (-) 3303432-3304974 

Xanthomonadaceae 
Xy/ella fastidiosa Temeeula 1 NC_004556 165 rRNA PDOO48 66041-67585 (+) 

PD0133 171124-172668 (+) 
Xylella faslidiosa 9a5e NC002488 165 rRNA XFrrnaA-l 66558-68102 (+) 

XFrrnaA-2 172274-173818 (+) 
Xanthomonas campes tris pv.eampeslris ATCC33913 NC_003902 165 rRNA SSUI 4561295-4562841 (-) 

SSU2 4949163-4950709 (-) 
Xanthomonas axonopodis pv. cilri 306 NC_003919 165 rRNA SSUI 4580055-4581601 (-) 

SSU2 5069297-5070843 (-) 

Epsilonproteobacteria (outgroup) 168 rRNA 

Campytobacteraceae 
Helieobaeler pylori 26695 NC_000915 165 rRNA HPrrnA 16s 1207583-1209081 (-) 1207581-1209081 

HPrrnB16s 1511137-1512634 (-) 1511135-1512634 

Vol 
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from a phylogenetically-related species. In the presence of annotations, BLASTn was used 

to confirm the annotations and confirm that no allele had been missed. When necessary, 

letters or numbers, or in some cases names, were added to distinguish each 16S rRNA allele 

fram same strain. 

Ali 16S rRNA genes nucleotide sequences and bacterial names were collected in 

FASTA format. The multiple alignment of the nucleotide sequences of the 16S rRNA genes 

was done using ClustalW (Thompson et al., 1994), version 1.83 (http://www.ddbj.nig.ac.jp/s 

earch/clustalw-e.html). The slow pairwise alignment parameter was selected. Kimura's 

correction for multiple substitutions was selected (Kimura, 1980). The Neighbor-Joining 

(Saitou and Nei, 1987) trees were bootstrapped using 1000 random samples of sites fram the 

alignment. TreeView (Page, 1996), version 1.6.6 (http://taxonomy.zoology.gla.ac.uk/rod/tree 

view.html), was used to display and print the phylogenetic tree. 

1. 3. Results and Discussion 

The locations of the 16S rRNA alleles were annotated in GenBank for most 

bacterial genomes under study except Vibrio vulnificus CMCP6 and Pasteurella multicoda 

PM70. A total of 175 16S rRNA genes nucleotide sequences were retrieved from GenBank 

for the 33 y-prateobacteria species and strains under study. Two more sequences were 

retrieved for Helicobacter pylori, the outgroup. The number of 16S rRNA alleles varies from 

1 (Blochmannia floridanus, each of the three Buchnera aphidicola strains, and Coxiella 
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burnetii RSA 493) to 10 (Vibrio parahaemolyticus RIMD 2210633). The 16S rRNA alleles 

ranged in length from 1536 nucleotides for each of the four alleles in Pseudomonas 

aeruginosa PAOl, to 1585 nucleotides for the single allele in Blochmannia floridanus. A 

first multiple alignment revealed that the start and end points of the 16S rRNA alleles from 

Shewanella oneidensis MR-l, Buchnera aphidicola, Buchnera aphidicola Sg, Buchnera sp. 

APS, Blochmannia floridanus, Salmonella typhimurium LT2, Salmonella enterica subsp. 

enterica ser. Typhi Ty2, Yersinia pestis con, Yersinia pestis KIM, Coxiella burnetii RSA 

493, Haemophilus influenzae KW20 Rd, Haemophilus ducreyi 35000HP, Pseudomonas 

putida KT2440, Pseudomonas syringae DC3000, Vibrio cholerae El Tor N 16961, Vibrio 

parahaemolyticus RIMD 2210633, Vibrio vulnificus YJ016 and Helicobacter pylori 26695 

had been improperly annotated in GenBank and needed corrections. The corrected locations 

of the start and end points are indicated in Table 1. The matrix generated after the corrected 

multiple alignment was 177 16S rRNA alleles X 1647 nucleotides in size, including the two 

16S rRNA alleles from the outgroup. The rooted neighbor-joining tree based on the 16S 

rRNA sequences and showing the phylogenetic relationships between al! 33 y-proteobacteria 

is presented in Fig. 4. Bootstraps values lower than 90% are given. Helicobacter pylori was 

used as an outgroup because it is close enough to the y-proteobacteria so that orthologous 

16S rRNA al!eles share homology, and distant enough to belong to a different phylogenetic 

group, the e-proteobacteria. In addition to the outgroup, eight clusters, each corresponding to 

a bacterial group, are revealed. These are the Legionellaceae, Xanthomonadaceae, 

Pseudomonadaceae, Alteromonadaceae, Vibrionaceae, Pasteurellaceae and 

Enterobacteriaceae. Several clusters are further sub-divided into sub-clusters which, in 
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Legend 

Figure 4: Phylogenetic relationships between 33 y-proteobacteria inferred from 175 16S 

rDNA al1elic sequences. Two Helicobacter pylori 16S rDNA allelic sequences were used as 

outgroups. The multiple alignment of the nucleotide sequences of the 165 rRNA genes was 

done using ClustalW. The matrix generated after the corrected multiple alignment was 177 

165 rRNA alleles X 1647 nucleotides in size. The tree was generated using the Neighbor

Joining method. Numbers indicate bootstrap values lower than 90% (of 1000 cycles). 
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several cases, correspond to y-proteobacterial species. 

This is exemplified by Xanthomonas axonopodis and Xanthomonas campestris; by 

Pseudomonas aeruginosa, Pseudomonas putida and Pseudomonas syringae; by Vibrio 

cholerae, Vibrio parahaemolyticus and Vibrio vulnificus; by Haemophilus ducreyi and 

Haemophilus injluenzae; and by Salmonella enterica and Salmonella typhimurium. 

The resolving power of this phylogenetic tree at the bacterial strain level, however, 

is limited and varies with the species and strains under study. 16S rRNA alleles from Xylella 

fastidiosa strains Temecula 1 and 9a5c, can be grouped in different strain-specific sub

clusters. This is also true for Buchnera aphidicola strains Bp, APS and Sg. This is not the 

case, however, for 16S rRNA alleles from Vibrio vulnificus strains YJ016 and CMCP6, from 

Salmonella enterica serovars Typhi Ty2 and Typhi cr 18; and for Yersinia pestis strains 

C092 and KIM. In these cases, alle1es from different strains or serovars are mixed in a same 

cluster. The Escherichia coli and Shigella jlexneri strains require different and additional 

comments. Whereas several 16S rRNA alleles from various Escherichia coli strains share 

identical or nearly identical nucleotide sequences at the intrastrain and intraspecies levels, 

the same can be said for several 16S rRNA alleles from various Shigella jlexneri strains. 

Based on these, Escherichia coli and Shigella jlexneri could almost be separated into 

different species-specific clusters. However, a few alleles from one species could cluster 

with an allele from the other as exemplified by Escherichia coli K 12 allele (D) and Shigella 

jlexneri 2a str. 2457T alleJe (D). Should a single allele be used for phylogenetic analysis, 
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different relationships between Escherichia coli and Shigellaflexneri could be inferred based 

on different selected alleles. DNA hybridization studies conducted decades ago have shown, 

however, that Shigella and Escherichia coli belong to the same genetic species (Brenner et 

al., 1972; 1973; 1982). Clearly, here, the intertwining of the Escherichia coli and Shigella 

flexneri 165 rRNA aileles was not unexpected. 

Next, a second phylogenetic tree was constructed, using a single allele per bacterial 

strain. When a single allele was present per taxon, or when the alleles were grouped at the 

species level, the choice was easy. In the few cases where aile les were not discriminatory at 

the bacterial strain or serovar levels, an allele that grouped with most alleles from same 

strain was selected. The rooted neighbor-joining tree based on the 165 rRNA sequences and 

showing the phylogenetic relationships between al! 33 y-proteobacteria inferred from a 

single 165 rRNA allelic sequence per taxon is presented in Fig. 5. Because of the high 

homology between intra-strain alleles revealed above, it is likely that a sirnilar tree would 

have been obtained with other alleles from same bacterial strain. The key point, however, is 

that in most phylogenies inferred from comparison of 165 rRNA sequences, the usual 

approach is to use conserved primers to amplify 165 rRNA sequences. The amplified 

product is cJoned and clones are usuaUy seJected at random for sequencing and subsequent 

DNA sequence comparison between taxa. A new field in bacterial ecology was even opened 

up by the application of this technology for the characterization of unculturabJe bacteria 

from various environments (Pace et al., 1986; Ward et al., 1990). Our results on y

proteobacteria show that alleles are grouped at the species level, with the exception of 
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Legend 

Figure 5: Phylogenetic relationships between 33 y-proteobacteria inferred from 33 16S 

rDNA allelic sequences. Helicobacter pylori was used as an outgroup. The multiple 

alignment of the nucleotide sequences of the 16S rRNA genes was done using ClustalW. 

The matrix generated after the corrected multiple alignment was 34 16S rRNA alleles X 

1647 nucleotides in size. The tree was generated using the Neighbor-Joining method. 

Numbers indicate bootstrap values lower than 90% (of 1000 cycles). 



39 

c------------------------------ Helicobacter pylori26695 

Coxiella burnetii RSA 493 

Xanthomonas axonopodis pv. cilri 306 38
 

Xanthomonas campes tris pv. campesIris ATCC33913
 

Xylella fastidiosa Temecula 1
 

Xylella fastidiosa 9a5c
 

,---- Pseudomonas aeruginosa PAOl 

Pseudomonas synringae DC3000 

Pseudomonas putida KT2440 

,-------- Shewanella oneidensis MR·l
 

,---- Vibrio cholerae El Tor N16961
 
45
 

Vibrio parahaemolyticus RIMD 2210633
 

Vibrio vulnificus CMCP6 

Vibrio vulnificus YJ016 

r--- Haemophifus ducreyi 35000HP 

Haemophifus influenzae KW20 Rd 

Pasteurella muftocida PM70 

,----- Buchnera aphidicola sIr. Bp (Baizongia pistaciae) 

Buchnera aphidicola sIr. APS (Acyrthosiphon pisum) 
73 

Buchnera aphidicola sIr. Sg (Schizaphis graminum) 

,..-------- Wigglesworthia glossinidia brevipalpis 

"------- Blochmannia floridanus 

c------- Photorhabdus luminescens TTOl 

Yersinia pestis C092 
L....---i 

Yersinia pestis KIM 

Salmonella typhimurium LT2 SGSC1412 

Salmonella enterica serovar Typhi CT18 

Salmonella enterica serovar Typhi Ty2 

Escherichia coli 0157:H7 EDL933 

Escherichia coli K12 
81 87 

Shigella flexneri 2a sIr. 2457T 

8 Shigella flexneri 2a sIr. 301 

Escherichia coli CFT073 
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Figure 5 -Phylogenetic relationships between 33 y-proteobacteria inferred from 33 
165 rDNA allelic sequences 
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Escherichia coli and Shigella jlexneri. Random selection of 16S rRNA alleles within strain 

would not generate different phylogenetic trees for the y-proteobacteria studied here. 

We conclude that, for these y-proteobacteria, the selection of a single 16S rRNA 

allele is sufficient for inferring phylogenies, and that orthologous alleles from same strain 

would have generated similar phylogenetic trees. It would be hazardous, however, to extend 

this conclusion to other bacterial taxa. As mentioned earlier, the heterogeneities between 16S 

rRNA alleles at the intra-strain level varies among taxa. Acinas et al., (2004) have shown 

that sorne intra-strain 16S rRNA alleles from Desulfotomaculum kuznestovii (Clostridales) 

or Thermoanaerobacter tengcongensis (Thermoanaerobacteriales) couId exhibit up to 8.3% 

and 11.6% nucleotide sequence divergence, respectively. Whether the positioning of these 

species on a phylogenetic tree may vary with the selected 16S rRNA allele, although likely, 

was not studied. Our conclusions on y-proteobacteria raise a few more questions. How 

accurate are the DNA sequences deposited in GenBank? It is generally assumed that 

sequences deposited in GenBank have a 0.1% error rate on the average (Clark and Whittam, 

1992). Did all16S rRNA sequences presented here fall within the error rate? And perhaps as 

importantly, were they ail free of post-sequencing artefacts, corrections, modifications? To 

answer these questions, at least in part, ail Escherichia spp. and Shigella spp.16S rRNA 

allelic sequences deposited in GenBank will be retrieved, irrespective whether or not the 

host genome was fully sequenced, and compared with the sequences presented here. 

Different laboratories might have used different DNA sequencing methods which in tum 

might have generated different error rates or different post-sequencing artefacts. In addition, 



41 

in-house generated 16S rRNA allelic sequences will be included. 



CHAPTERII 

PHYLOGENETIC ANALYSIS OF y-PROTEOBACTERIA INFERRED FROM 

NUCLEOTIDE SEQUENCE COMPARISONS OF THE HOUSE-KEEPING GENES 

ADK, AROE AND GDH: COMPARISONS WITH PHYLOGENY INFERRED FROM 

16S rRNA GENE SEQUENCES. 

Hoon-Yong Lee and Jean-Charles Côté 

JOURNAL OF GENERAL AND APPLIED MICROBIOLOGY, vol. 52, p. 147-158,2006 

Summary 

Nucleotide sequence comparisons of three house-keeping genes, adenylate kinase 

(adk), shikimate dehydrogenase (aroE), and glucose-6-phosphate dehydrogenase (gdh), were 

used to infer the phylogeny of 33 y-proteobacteria. Phylogenetic trees inferred from each 

gene, and of the concatenated sequences of ail three genes, are, in general, sirllilar to a 16S 

rRNA gene-inferred tree. Sirllilar grouping of bacteria are revealed at the farllily, genus, 

species and strain levels in ail five trees. The house-keeping genes, however, show a higher 

rate of nucleotide sequence substitutions. Consequently, they can possibly probe deeper 

branches of a phylogenetic tree than the 16S rRNA gene. However, because their nucleotides 

sequences are not as highly conserved among y-proteobacteria, farllily- or genus-specific 

primers would need to be designed for the amplification of any of these three house-keeping 

genes. Since these genes are used in multilocus sequence typing, it is expected that the 

number of sequences publicly available for many taxa will increase over time proving them 

very useful either at complementing 16S rRNA-inferred phylogenies or for specifie, targeted, 

phylogenetic analysis. 
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2. 1. Introduction 

The proteobacteria, often referred to as "purple bacteria and their relatives", are a 

major division of the eubacterial tree and encompass bacteria with a great diversity of 

phenotypes, physiological attributes, and habitats (Stackebrandt et al., 1988; Gupta, 2000). 

This division of predorninantly Gram-negative bacteria contains more than 200 genera. 

Proteobacteria have been classified based on homology of 16S ribosomal RNA or by 

hybridization of ribosomal DNA with 16S and 23S ribosomal RNA (Fox et al., 1980; Woese 

et al., 1985a; Woese, 1987; De Ley, 1992). The division has been sub-divided into five 

major groups, u- (Woese et al., 1984a), ~- (Woese et al., 1984b), y- (Woese et al., 1985b), b

and E-. The y-proteobacteria include several farnilies of utmost biological importance, most 

notably the Enterobacteriaceae, Coxiellaceae, Pasteurellaceae, Pseudomonadaceae, 

Vibrionaceae, Shewanellaceae and Xanthomonadaceae, to name a few. Sorne of these are 

human-, animal-, or plant pathogens, others are obligate endosymbionts, etc. Because of 

their biological importance, the genomes of more than 33 y-proteobacteria have been fully 

sequenced and are freely avaiJable for analyses. 

The small subunil ribosomal RNA (16S rRNA) has been established as the 

macromolecule of choice for single-gene phylogenetic analyses (Fox et al., 1980; Woese, 

1987; Woese et al., 1990). The 16S rRNA are essential components of protein synthesis and 

are present in al! bacteria. Because it is under highly constrained function, its gene is highly 

conserved throughout bacteria and even very distant bacterial species can be compared. It is 
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assumed that the homology between 16S ribosomal RNA sequences from different bacteria 

retlects the phylogenetic relationship between same organisms. 

The use of 16S rRNA sequences for single-gene phylogenetic analyses is not 

without limits. First, because 16S rRNA genes are highly conserved, the classification of 

closely related bacterial species may be problematic (Gürtler and Stanisich, 1996; Kolbert 

and Persing, 1999). Second, 16S rRNA genes may be subjected to lateral gene transfer 

(Reischl et al., 1998; Ueda et al., 1999; Yap et al., 1999; Schouls et al., 2003). Conversely, 

other lateral gene(s) transfer can create regions or islands within a bacterial genome with 

origins or phylogenies different from the 16S rRNA genes (Lawrence, 1999; Ochman et al., 

2000). Fourth, copy number of 16S rRNA genes per bacterial genome ranges between 1 and 

15 (Klappenbach et al., 2001). Heterogeneities between copies are not a rare occurrence and 

paralogous copies may infer different phylogenies. In addition, in recent years, sequence 

comparisons of orthologous house-keeping genes have revealed incongruence between 16S 

rRNA sequence-inferred phylogenies and house-keeping gene sequence-inferred 

phylogenies (Turner and Young, 2000; Parker et al., 2002). 

Several genes have been proposed to complement 16S rRNA genes in bacterial 

phylogenetic analysis. These genes are not transrnitted horizontal1y, their evolutionary rate is 

higher than the one of 16S rRNA, and they are present in most bacteria. 
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They include gyrB (subunit B protein of DNA gyrase, topoisomerase type II; 

Yamamoto and Harayama, 1995), atpD (beta subunit of the membrane ATP synthase; Ludwig 

et al., 1993; Gaunt et al., 2001), infB (translation initiation factor 2; Hedegaard et al., 1999), 

recA (RecA protein; Gaunt et al., 2001), and rpoB (RNA polymerase beta subunit; Mollet et 

al., 1997) to name a few. 

Multilocus sequence typing (MLST) has recently been developed as a molecular 

typing method (Maiden et al., 1998). It is based on the principles of multilocus enzyme 

electrophoresis, but characterizes the alleles present at multiple house-keeping genes. 

Maiden and colleagues have selected six house-keeping genes for MLST, abcZ (putative 

ABC transporter), adk (adenylate kinase), aroE (shikimate dehydrogenase), gdh (glucose-6

phosphate dehydrogenase), pdhC (pyruvate dehydrogenase subunit), and pgm 

(phosphoglucomutase), on the basis that they are unlinked, variations accumulate slowly and 

are likely to be selectively neutral, and they are present in many bacteria. With the 

increasing number of research groups using MLST as a typing method, the number of 

sequences publicly available for these six house-keeping genes is rapidly increasing for a 

wide variety of bacteria. Whether sorne of these genes could be used to complement 16S 

rRNA genes to infer phylogenies is worth addressing. 

We present here five phylogenies of 33 y-proteobacteria, a first one inferred from 

nucleotide sequence comparisons of the adenylate kinase gene (adk); a second one inferred 

from shikimate dehydrogenase (aroE); and a third one inferred from glucose-6-phosphate 
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dehydrogenase (gdh). The fourth phylogeny is inferred from the concatenated adk, aroE and 

gdh gene sequences. The fifth phylogeny is inferred from 16S rRNA gene nucleotide 

sequences. Ali five phylogenies are compared, congruencies and differences are discussed. 

2.2. Materials and Methods 

Bacterial species and strains. The 33 y-proteobacterial species and strains analysed 

ln this study are listed in Table 2. They were selected on the basis that their complete 

genome sequences were freely available in GenBank, at the National Center for 

Biotechnology Information (NCBI) completed microbial genomes database 

(http://www.ncbi.nlm.nih.gov/genomesfMICROBES/Complete.html; May 2004). These 

include one Shewanellaceae species, 17 Enterobacteriaceae strains (encompassing 9 

species), one Coxiellaceae species, three Pasteurellaceae species, three Pseudomonadaceae 

species, four Vibrionaceae strains (three species), and four Xanthomonadaceae strains (three 

species). An e-proteobacterium, Helicobacter pylori, was included as an outgroup. 

Genes and sequences selections. The house-keeping genes chosen for the 

phylogenetic analyses were adk (encoding adenylate kinase - Adk), aroE (shikimate 

dehydrogenase - AroE) and gdh (glucose-6-phosphate dehydrogenase - Gdh). The GenBank 

accession numbers of the fully sequenced bacterial genomes are given along with the 

locations of the three house-keeping genes as annotated in GenBank (Table 2). The amino 

acid sequences were retrieved for each house-keeping protein in each y-proteobacterium. 
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The amino acid sequences were aligned usmg ClustalW (Thompson et al., 1994; 

http://www.ddbj.nig.ac.jp/searchJclustalw-e.html;version1.83).This first multiple sequence 

alignment revealed that in few cases, two cases in Adk - Escherichia coli Cff073 and 

Xylella fastidiosa 9a5c -, and three in Gdh - Vibrio vulnificus YJ016, Xylella fastidiosa 

Temecula 1 and Yersinia pestis KIM -, locations had been improperly annotated. 

Supernumerary amino acids were present at the amino-terminal end of the protein, upstream 

of the initial methionine. They were deleted to optimize the amino acid sequences alignment. 

The corrected alignment was used to retrieve the adk, aroE and gdh gene nucleotide 

sequences. Corrected annotations of the gene locations are given in Table 2. 

Percentage sequence similarity between the core Escherichia-Shigella-Salmonella 

enterics. The multiple alignments of the nucleotide sequences of the orthologous 16S rRNA, 

adk, aroE, gdh and concatenated genes for the nine core Escherichia-Shigella-Salmonella 

enterics under study were done using ClustalW. Pairwise comparisons revealed respective 

percentage sequence similarities. The discriminatory power (DP) was defined here as the 

median value of percentage sequence similarities among the nine core Escherichia-Shigella

Salmonella enterics. Lower DP values reflected lower percentage sequence similarities and, 

consequently, higher discriminating power among the core enterics. 

Phylogenetic Analysis. The multiple alignments of the nucleotide sequences of the 

34 orthologous adk, 33 aroE and 32 gdh genes were done using ClustalW. Phylogenies were 

estimated by maximum likelihood using PHYML (Guindon and Gascuel, 2003; 
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http://atgc.lirmm.fr/phymI/; version 2.4.4, February 2005). The maximum likelihood tree 

was bootstrapped using 1000 random samples of sites from the alignment. TreeView (Page, 

1996; http://taxonomy.zoology.gla.ac.uklrod/treeview.html; version 1.6.6, 5eptember 2001) 

was used to display and print the phylogenetic tree. In addition to these three single-gene 

based inferred phylogenies, aU three house-keeping genes were concatenated and a 

phylogeny was inferred as described above. Another phylogeny was inferred from a fourth 

single gene, the 165 rRNA gene. Construction of the phylogenetic tree of the 33 y

proteobacteria inferred from the 165 rRNA gene sequences was described elsewhere (Olivier 

et al., 2005). Because the number of 165 rRNA aUeles pel' bacterial stain varied from 1 to 10, 

a total of 175 165 l'RNA genes nucleotide sequences were retrieved from GenBank for the 

33 y-proteobacteria species and strains. In the present study, a single 165 l'RNA allele per 

bacterial strain, deemed representative of that strain (Olivier et al., 2005), was used to infer 

the phylogeny. Identities and locations of the selected 165 rRNA alleles are given in Table 2. 

The phylogeny was inferred as described above. This 165 rRNA gene-based phylogeny was 

compared with the adk-, aroE- and gdh-gene nucleotide sequences inferred phylogenies. 

ln addition to these nucleotide-based inferred phylogenies, the multiple alignments 

of the amino acid sequences of the 34 orthologous adenylate kinase, 33 shikimate 

dehydrogenase and 32 glucose-6-phosphate dehydrogenase proteins were done using 

ClustalW. Phylogenies were inferred for each protein and the concatenated sequences as 

described above. 



Table 2 - List of y-proteobacteria species and strains used in this study. Complete bacterial genome GenBank accession number, locations 
of the start and end points of the adk, aroE, gdh and 165 rRNA alleles as indicated in GenBank, and locations after correction are presented. 

FamiJy AccessÎon Location 
adk 

Locellon 
aroE 
Location Localion 

gdh 
lo~lIon  location 

165 rRNA 
Location 

$P8C185 Number Annotation Correcllon Annolerlon AnnotaUon Correction AnnotaUon Correction 

Shewanellaceae 
Shewanella oneidensis MA·' NC_004347 2\ \7461..2118105 43717..44580 2611113..2612585(-) 4380831..4382359(-) 4380826..4382368 

Enterobacterlaceae 
Buchnera aphidicola stt. APS NC_002528 535058..535705 542838..543659(-) 355650•.357125 274065..275524 274037..275584 
Buchnera aphidicola str. Bp 
Buchnsr8 aphidicola su. So 

NC_004545 
NC_OOOO61 

503441..504088 
535946_.536590 

511465..512313(-) 
543669..544490(-) 

349167•.350639 
357259..358731 

266932..268450 
275522..2n031 

266925..268485 
275515..2n066 

'CandidalUS Blochmannia noridanus' NC_OOS061 334622..335302 237684..238568 492629.. 494125(-) 616478..618033(-) 616527..618111 
Escherichia coli CFT073 NC_004431 571765..572469 571826..572469 3661387..3862205 2086516..2087991 (-) 2992309_.2993859(-) 
éscherichiacoliK12 NC_000913 496399..497043 3427657..3428475 1932863.. 1934338 2727638..2729179(-) 
Eschen'chia coli 01 57:H7 VT2-Sakal NC_002695 563070..563714 4165032..41 65850(-) 2536670..2538145(-) 3449735..34 51276(-) 
Escherichia co1i0157;H7 EDL933 
Photomabdus luminescens TTOI 

NC_002655 
NC_005126 

563073..563717 
4507364 .. 4508008(-) 

4232254 .. 4233072(-) 
4507364 .. 4508008(-) 

2611878..2613353(-) 
2507490.. 2508965 

3519578..3521124(-) 
1472782.. 1474326 

Salmonefla enren'ca subsp. entetica sar. Typhi CT18 NC_003198 539066..539710 4255418..4256236 1945364.. 1946746(-) 2715999..2717540(-) 
Salmonella enrerica Subsp. enterica sec Typhi Ty2 NC_004631 2441391 ..2442035(-) 4240066..4240884 1079699.. 1081174 3541972..3543505(-) 3541971..3543512 
Salmonella Iyph/murium LT2 SGSC1412 
ShigeJla flexneri2a sir. 2457T 

NC_003197 
NC_004741 

545041 ..546685 
433501 ..434145 

3573266..3574084(-) 
3402985..3403803(-) 

1979667.. 1981142(-) 
1887906.. 1869381(-) 

2800118..2801660(-) 
2720026..2721566(-) 

2800119..2801660 

Shigella flexneri 2a Sir. 301 NC_004337 433640. 434344 3412810..3413628(-) 1698712.. 1900188(-) 2726674 ..2728214(-) 
Wigglesw()l1h1a glossinidia brev1palpis NC_004344 611679..612311 684192..685742(-) 
Yersinia pestis C092 NC_003143 3475023..3475667(-) 244319..245140 2345985..2347469 4178944 .. 4180432(-) 4178917.. 4180459 
Yersinia pestis KIM NC_OO4088 1200105.. 1200749 4465423.. 4466244 2472015..2473604 2472120..2473604 3415745..3417329(-) 3415788..3417330 

Coxleffaceae 
Coxiefla bumeri; RSA 493 NC_002971 399357..400052 10986.. 11804 , 65579.. 167035 165577..167116 

Pasteurellaceae 
PasteurelJa multocida PM70 NC_002663 323720..324364(-) 1463132.. 1463941 1751723.. 1753213 1941231..1942n2(-) 
Haemophl/us ducreyi35000HP 
Haemophilus infJuenue KW20 Rd 

NC_002940 
NC_000907 

656284..656931 (-) 
375895..376539(-) 

656284 ..656931 (.) 
698718..699536(-) 

667336..666823(-) 
576891 ..578375(-) 

616741 ..61B2n 
623825..625364 

616740..618280 

Pseudomonadacese 
Pseudomonas aervginosa PAOl 
Pseudomonas putida KT2440 
Pseudomonas syringae DC3000 

NC_002516 
NC_002947 
NC_004578 

4126947.. 4127594(-) 
1712263.. 1712913 
, 668011 .. 1668658 

26711 ..27535 
84198..85022 
189618.. 190442(-) 

3572323..3573792(-) 
1165614.. 1167063 
1429651..1431120 

4792196.. 4793731 (-) 
5311162..5312679(-) 
3873151 ..3874668(-) 

5311158..5312694 
3873144..3874682 

Vibrionaceae 
Vibriocho/erae 01 biovar eltor sIr. N16961 
Vibrio parahaemoly1lCus RIMD 2210033 
Vibrio vulniticus CMCP6 
Vibrio vulnilicus YJ016 

NC_002505 
NC_004603 
NC_004459 
NC_OOSI39 

1050494.. 1051138 
851266..851910 
179953.. 180597(-) 
997760. 998404 

51668..52504 
3241072..3241905(-) 
1058641..1059474 
997760..998404 

850221 .. 851726 
1820846.. 1822351 (-) 
2731240..2732745(-) 
1650475.. 1652055 1650400.. ' 652055 

2931745..2933279(-) 
3071548..3073018(-) 
1389748.. 1391290 
3041406..3042940(-) 

2931 744 ..2933286 
3071468..3073020 

3041405-3042947 

Xanthomonadaceae 
XyleJla (asrldiosa Temecula 1 
XyJefla lasridiosa 9a5c 
Xanthomonas campes/n's pII,Campeslrls ATCC33913 
Xanlhomonas axonoPOdis pli, Citri 306 

NC_004556 
NC_002488 
NC_003902 
NC_003919 

284089..284652 
285623..286219 
3907725..3908288(-) 
4047498..4048061 (-) 

285656..286219 
1n5750.. 1776598(-) 
602559..603407 
4681319 .4682170(-) 
4724103 ..4724954(-) 

436386..437668(-) 
'023042.. 1024475(-) 
2520163..2521613 
2419342..2420772(-) 

436386..437819 171124.. 172668 
172274.. 173818 
4561295..4562841 (-) 
4580055..4581601 (-) 

OUTGROUP 
Helicobacter py/on 26695 NC_000915 663843..664418 1324695.. 1325486(-) 1162198.. 1163475 1207563.. 1209081 

~ 

'0 
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2.3. Results and Discussion 

Genes and sequences selections. A total of 33 adenylate kinase (adk), 32 shikimate 

dehydrogenase (araE) and 31 glucose-6-phosphate dehydrogenase (gdh) genes nucleotide 

sequences were retrieved from GenBank for the 33 y-proteobacteria species and strains 

under study. The adk gene varied in length between 564 nucleotides for the two Xylella 

fastidiosa strains and the two Xanthomonas species and 696 nucleotides for Coxiella burnetii 

RSA 493. The aroE gene varied in length between 810 nucleotides for Pasteurelia multocida 

PM70 and 885 nucleotides for 'Candidatus Blochmannia floridanus'. The gdh gene varied in 

length between 1431 nucleotides for the two Xanthomonas species and 1506 nucleotides for 

the four Vibrio strains. No aroE gene could be retrieved from Wigglesworthia glossinidia 

brevipalpis, and no gdh gene couId be retrieved from W glossinidia brevipalpis and Coxiella 

burnetii RSA 493 using different retrieval softwares. This is not surprising for W 

glossinidia brevipalpis considering it is an endosymbiont of the tsetse fly and its genome is 

only 0.7 Mbp in size, about 1/7 that of Escherichia coli. Sirnilarly, C. burnetii is an obligate 

intracellular pathogen that can infect reptiles, birds, and marnmals. Its genome is only 2.0 

Mbp in size. Sequences of each three house-keeping genes were retrieved from the €

proteobacterium Helicobacter pylori which served as the outgroup. H. pylori was chosen as 

an outgroup because it is close enough to the y-proteobacteria so that orthologous adk, aroE 

and gdh alleles share homoJogy, and distant enough to belong to a different phylogenetic 

group, the €-proteobacteria. 
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Percentage sequence similarity between the core Escherichia-Shigella-Salmonella 

enterics. The discriminatory power (DP) of the 16S rRNA gene was compared with the DP 

of the three house-keeping genes, adk, aroE and gdh, and concatenated genes, among the 

nine core Escherichia-Shigella-Salmonella enterics available (Table 3). The 16S rRNA gene 

showed the highest DP value (highest median value of percentage sequence similarity) of 

98.2%. Ali three house-keeping genes, adk, aroE, and gdh, and the concanenated sequences, 

showed lower DP values of 91.9%, 96.2%, 90.7%, and 89%, respectively. In addition, the 

two least similar 16S rRNA sequences - E. coli 0157:H7 VT2-Sakai and Salmonella 

typhimurium LT2 SGSC1412 - still shared a relatively high 96.9% identical nucleotides. This 

is to be compared with the least similar adk - the three Salmonella strains on the one hand 

and the two Shigella strains on the other hand -, aroE - E. coli 0157:H7 EDL933 and 

Salmonella typhimurium LT2 SGSC1412 -, and gdh - also the three Salmonella strains on the 

one hand and the two Shigella strains on the other hand - sequences, which shared lower 

85.3%, 68.7% and 83% identical nucleotides, respectively. Clearly, any of the three house

keeping genes has a lower percentage of gene sequence similarity than the 16S rRNA gene 

and can better distinguish species among the core Escherichia-Shigella-Salmonella enterics. 

Phylogenetic Analysis. The matrices generated after multiple nucleotide sequence 

alignments were 34 adk alleles X 722 nucleotides in size, 33 aroE alleles X 948 nucleotides 

in size, and 32 gdh alleles X 1560 nucleotides in size, each including the outgroup allelic 

sequence. The H. pylori-rooted maximum likelihood trees inferred from the adk, aroE and 

gdh nucleotide sequences are presented in Figs. 6, 7 and 8, respectively. Bootstrap values 
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Table 3- Percentage sequence similarity between 168 rRNA, selected house
keèping, and concatenated house-keeping genes, among "core" Escherichia
Shigella-Salmonella enterics. 

Percentage 
similarity 

Gene 168 
rRNA 

adk aroE gdh Concatenated 

Median value 98.2 91.9 96.2 90.7 89 

Average 98.3 92.2 84.8 91.1 89.5 

Lowest value 96.9 85.3 68.7 83 80.2 

Highest value 99.9 100 100 100 100 
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lower than 90% are given. A fourth matrix was generated using the concatenated adk, aroE 

and gdh nucleotide sequences. This matrix was 32 allelic sequences X 3170 nucleotides in 

Slze. W glossinidia brevipalpis and C. burnetii RSA 493 were not included. A rooted 

maximum likelihood tree inferred from the concatenated adk, aroE and gdh sequences is 

presented in Fig. 9. A fifth matrix was generated using a 16S rRNA allelic sequence from 

each of the 33 y-proteobacteria and the €-proteobacterium outgroup. Tills matrix was 34 

allelic sequences X 1647 nucleotides in size. The rooted maximum like1ihood tree inferred 

from the 16S rRNA sequences is presented in Fig. 10. 

As shown in Fig. 6, based on the adk gene nucleotide sequence, ail y-proteobacteria 

strains are grouped at the species level. This is true for both Xylella fastidiosa strains, the 

three Buchnera aphidicola, both Vibrio vulnificus, both Yersinia pestis, both Salmonella 

enterica, the four Escherichia coli and both Shigella flexneri strains, respectively. Here, the 

two S. flexneri strains appear to be very close to E. coli. DNA hybridization studies 

conducted decades ago, however, have shown that Shigella spp. and E. coli belong to the 

same genetic species (Brenner et al., 1972; 1973). Clearly, here, the intertwining of the E. 

coli and S. flexneri adk alleles in Fig. 6 is not unexpected. Ali y-proteobacteria species are 

also grouped at the genus level. Tills is true for the two Xanthomonas species, the two 

Haemophilus species, the three Vibrio species, the three Pseudomonas species and the two 

Salmonella species. Certainly, sorne species appear closer than others. Salmonella 

typhimurium appears c10ser to S. enterica than Haemophilus influenzae to H. ducreyi. Fig. 6 
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Legend 

Figure 6: Phylogenetic relationships between 33 y-proteobacteria inferred from 33 adk 

allelic sequences. Helicobacter pylori adk allelic sequence was used as outgroup. The 

multiple alignment of the nucleotide sequences of the adk genes was done using ClustalW. 

The matrix generated after the corrected multiple alignment was 34 adk alleles X 719 

nucleotides in size. The tree was generated using the maximum likelihood method. Numbers 

indicate bootstrap values lower than 90% (of 1000 cycles). 
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r--------------- Helicobacter pylori 26695 

Xylel1a fastidiosa Temecula 1 

Xylel1a fastidiosa 9a5c 

Xanthomonas campestris pv.campestris ATCC33913 

Xanthomonas axonopodis pv. Citri 306 

r----- Coxiel1a burnetii RSA 493 

r----- 'Candidatus Blochmannia f1oridanus' 

r----- Buchnera aphidicola str. APS 

Buchnera aphidicola str. S9 
86 

r----- Buchnera aphidicola str. Bp 

'------ Wigglesworthia glossinidia brevipalpis 

Haemophilus influenzae KW20 Rd 

42 
Pasteurel1a multocida PM70 

71 
Haemophilus ducreyi 35000HP 

Vibrio cholerae 01 biovar eltor str. N16961 

Vibrio parahaemolyticus RIMD 2210633 

Vibrio vulnificus CMCP6 
47 

Vibrio vulnificus YJ016 

Shewanel1a oneidensis MR-1 

Pseudomonas syringae DC3000 

Pseudomonas aeruginosa PA01 

Pseudomonas putida KT2440 

Photorhabdus luminescens TT01 

Yersinia pestis C092 

Yersinia pestis KIM 

Salmonel1a typhimurium LT2 SGSC1412 

Salmonel1a enterica serovar Typhi CT18 

Salmonel1a enterica serovar Typhi Ty2 

Escherichia coli K12 
70 
Escherichia coli 0157:H7 EDL933 

Escherichia coli 0157:H7 VT-Sakai 

Shigel1a flexneri 2a str. 2457T 

50 Shigel1a flexneri 2a str. 301 

Escherichia coli CFT073 

....Q:.1.. 

Figure 6 -Phylogenetic tree based on adk gene sequences using ML method 
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also groups related genera at the family level, with exceptions. As expected, the two 

Xanthomonadaceae genera - Xanthomonas and Xylella; the plant pathogens - are grouped 

together. Likewise, the two Pasteurellaceae genera - Pasteurella and Haemophilus; the 

etiological agents of sorne diseases in humans and other vertebrates - are grouped together. 

Interestingly, however, the adk gene of H. ducreyi 35000HP appears more closely related to 

its orthologous sequence in Pasteurella multocida PM70 than to the orthologous sequence in 

H. influenzae KW20 Rd. Grouping of y-proteobacteria related genera at the family level, 

however, is not fully resolved for the Enterobacteriaceae. Whereas a single cluster of 

Enterobacteriaceae genera might have been expected, two sub-groups are revealed in Fig. 6. 

A first one in which W glossinidia brevipalpis is grouped with the three B. aphidicola strains, 

APS, Sg and Bp. 'Candidatus Blochmannia floridanus' also groups closely to these species. 

A second one which encompasses Photorhabdus, Yersinia, Salmonella, Escherichia and 

Shigella. Composition of both sub-groups is not surprising in itself. Ali three species in sub

group 1, W glossinidia brevipalpis, B. aphidicola, and 'Candidatus Blochmannia floridanus' 

are classified as Enterobacteriaceae and share corrunon lifestyles by being obligate 

endosymbionts of tsetse flies, aphids and carpenter ants, respectively. Indeed, it has been 

suggested that orthologous sequences in the other two B. aphidicola strains, APS and Sg. 

Sub-group 2 contains the core Escherichia-Shigella-Salmonella enterics and Yersinia and 

Photorhabdus. The surprise is that both Enterobacteriaceae sub-groups do not form a single 

cluster. 
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The topology of Fig. 7, based on the aroE gene nucleotide sequence, is sirnilar to 

Fig. 6, with exceptions. Here again, strains are grouped at the species level, most species are 

grouped at the genus level, and most genera are grouped at the family leveJ. Here, however, 

the aroE gene in H. influenzae appears closer to its ortholog in P. multocida than to the 

ortholog in H. ducreyi. The two Enterobacteriaceae sub-groups revealed in Fig. 6, the 

obligate endosymbionts and the core enterics, are also present here. Yersinia and 

Photorhabdus appear somehow equally distant from these two Enterobacteriaceae sub

groups. 

The topology of Fig. 8, based on the gdh gene nucleotide sequence, is similar to Fig. 

6 and Fig 7, with exceptions. Here however, the Enterobacteriaceae form a single cluster 

although sub-groups can be detected: Photorhabdus, the obligate endosymbionts, Yersinia 

and the core enterics. 

Fig. 9 is inferred from the concatenated adk, aroE and gdh nucleotide sequences. 

Here again, its topology is similar to the topology to the other three previous figures with 

regards to strains grouping at the species level, species grouping at the genus level, genera 

grouping at the family level, and positioning of families respective to other farnilies. Again, 

two Enterobacteriaceae sub-groups are revealed, the obligate endosymbionts and the core 

enterics, with Photorhabdus and Yersinia clustering with the core enterics. 
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Legend 

Figure 7: Phylogenetic relationships between 32 y-proteobacteria inferred from 32 aroE 

allelic sequences. Helicobacter pylori aroE allelic sequence was used as outgroup. The 

multiple alignment of the nucleotide sequences of the aroE genes was done using ClustalW. 

The matrix generated after the corrected multiple alignment was 33 aroE alleles X 942 

nucleotides in size. The tree was generated using the maximum likelihood method. Numbers 

indicate bootstrap values lower than 90% (of 1000 cycles). 
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Helicobacter pylori 26695 

1------ Haemophilus ducreyi 35000HP 

,----- Pasteurella multocida PM70
 

L- Haemophilus influenzae KW20 Rd
 

.----------- Coxiella burnetii RSA 493
 
87
 

r------ 'Candidatus Blochmannia floridanus'
 

.------- Buchnera aphidicola str. Bp
 
45
 

Buchnera aphidicola str. S9
 

Buchnera aphidicola str. APS 

4a----- Photorhabdus luminescens n01 

Yersinia pestis C092
 
.----------1
 

Yersinia pestis KIM
 

.--------- Shewanella oneidensis MR-1 

Pseudomonas syringae DC3000 

r;;-:;-- Pseudomonas aeruginosa PA01 
61î --- Pseudomonas putida KT2440 

5 
Xylella fastidiosa Temecula 1 

.---------j 
- Xylella fastidiosa 9a5c 

Xanthomonas campestris pv. ATCC33913 

Xanthomonas axonopodis pv. Citri 306 

r--- Vibrio cholerae 01 biovar eltor str. N16961 

45 Vibrio parahaemolyticus RIMD 2210633 

. 1 Vibrio vulnificus CMCP6 

--, Vibrio vulnificus YJ016 

Salmonella typhimurium LT2 SGSC1412 

Salmonella enterica serovar Typhi CT18 

Salmonella enterica serovar Typhi Ty2 

Escherichia coli CFT073 

Escherichia coli 0157:H7 EDL933 

Escherichia coli 0157:H7 VT-Sakai 
69 
Shigella flexneri 2a str. 2457T 

Shigella flexneri 2a str. 301 

Escherichia coli K12 

Figure 7 -Phylogenetic tree based on aroE gene sequences using ML method 

0.1 
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Legend 

Figure 8: Phylogenetic relationships between 31 y-proteobacteria inferred from 31 gdh 

allelic sequences. Helicobacter pylori gdh allelic sequence was used as outgroup. The 

multiple alignment of the nucleotide sequences of the gdh genes was done using ClustalW. 

The matrix generated after the corrected multiple alignment was 32 gdh alleles X 1560 

nucleotides in size. The tree was generated using the maximum likelihood method. Numbers 

indicate bootstrap values lower than 90% (of 1000 cycles). 



61 

,--------------- Helicobacter pylori 26695 

,---- Haemophilus ducreyi 35000HP 

Pasteurella mu/tocida PM70 

Haemophilus influenzae KW20 Rd 

Vibrio cholerae 01 biovar eltor str. N16961 

Vibrio parahaemo/yticus RIMD 2210633 

Vibrio vulnificus CMCP6 

Vibrio vulnificus YJ016 

Pseudomonas aeruginosa PA01 

Pseudomonas putida KT2440 

Pseudomonas syringae DC3000 

Xylella fastidiosa Temecula 1 

Xy/ella fastidiosa 9a5c 

Xanthomonas campestris pv.campestris ATCC33913 

- Xanthomonas axonopodis pv. Citri 306 

,------ Shewanella oneidensis MR-1 

Photorhabdus luminescens n01 

31 'Candidatus Blochmannia f1oridanus' 

,..----- Buchnera aphidicola str. Bp 

28 
Buchnera aphidicola str. S9 32 

'---- Buchnera aphidico/a str. APS 

Yersinia pestis C092 

Yersinia pestis KIM 
58 

Salmonella typhimurium LT2 SGSC1412 

Salmonella enterica serovar Typhi CT18 

Salmonella enterica serovar Typhi Ty2 

Escherichia coli CFT073 

Escherichia coli 0157:H7 EDL933 

Escherichia coli 0157:H7 VT-Sakai 

Escherichia coli K12 

Shigella f/exneri 2a str. 2457T 
72 

Shigella flexneri 2a str. 301 

Figure 8 -Phylogenetic tree based on gdh gene sequences using ML method 

0.1 
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Legend 

Figure 9: Phylogenetic relationships between 31 y-proteobacteria inferred from. 31 adk, 

aroE and gdh concatenated sequences. Helicobacter pylori was used as an outgroup. The 

multiple alignment of the concatenated nucleotide sequences of the adk, aroE and gdh genes 

was done using ClustalW. The matrix generated after the corrected multiple alignment was 

32 adk, aroE and gdh alleles X 3170 nucleotides in size. The tree was generated using the 

maximum likelihood method. Numbers indicate bootstrap values lower than 90% (of 1000 

cycles). 
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r-------------- Helicobacter pylori 26695 

r----- 'Candidatus Blochmannia floridanus' 

r------Buchnera aphidicola str. Bp 

Buchnera aphidicola str. S9 

'-----Buchnera aphidicola str. APS 

r----Haemophilus ducreyi 35000HP 

Pasteurella multocida PM70 

Haemophilus influenzae KW20 Rd 

Vibrio cholerae 01 biovar eltor str. N16961 

Vibrio parahaemolyticus RIMD 2210633 

Vibrio vulnificus CMCP6 
72 

Vibrio vulnificus YJ016
 

....-----Shewanella oneidensis MR-1
 

Pseudomonas aeruginosa PA01
 

80 Pseudomonas syringae DC3000 

Pseudomonas putida KT2440 

Xylella fastidiosa Temecula 1 

81 Xylella fastidiosa 9a5c 

Xanthomonas campestris pv.campestris ATCC33913 

Xanthomonas axonopodis pv. Citri 306 

r---- Photorhabdus luminescens TT01 

Yersinia pestis C092 
'-------1 

Yersinia pestis KIM 

Salmonella typhimurium LT2 SGSC1412 

Salmonella enterlca serovar Typhi CT18 

1	Salmonella enterica serovar Typhi Ty2
 

Escherichia coli CFT073
 

Escherichia coli 0157: H7 EDL933
 

Escherichia coli 0157:H7 VT-Sakai
 

Escherichia coli K12
 

73higella f1exneri 2a str. 2457T
 

Shigella f1exneri 2a str. 301
 

Figure 9 -Phylogenetic tree based on concatenated alignment using ML method 

0.1 
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In addition to these nucleotide-based inferred phylogenies, phylogenies were 

inferred from the amino acid sequences of the 34 orthologous adenylate kinase, 33 shikimate 

dehydrogenase and 32 glucose-6-phosphate dehydrogenase proteins (see 

SUPPLEMENTARY DATA). Because of the degeneracy of the genetic code, whereby 

multiple codons may encode a single amino acid, the amino acid sequences are slightly more 

conserved among taxa than the corresponding nucleotide sequences. Nevertheless, the 

overall topologies of the Adk-, AroE-, Gdh- and concatenated amino acid sequence-inferred 

phylogenetic trees duplicate, in general, the topology of the adk-, aroE-, gdh- and 

concatenated nucleotide sequence-inferred phylogenetic trees. 

Fig. 10 is inferred from 16S rRNA gene sequences. As indicated before, most y

proteobacteria phylogeny is based on the rRNA sequences. Fig. 10 has to be regarded as the 

"accepted standard" for y-proteobacteria phylogeny. Its overall topology was compared with 

the topology of each is similar to ail other four figures based on house-keeping gene 

nucleotide sequences and found to be, in general, similar. Strains are grouped at the species 

level, species at the genus level, and genera at the family level. Some differences, however, 

are worth pointing out. Based on 16S rRNA sequences, W glossinidia brevipalpis is closer 

to 'Candidatus Blochmannia f1oridanus' whereas based on adk gene it was closer to B. 

aphidicola strain Bp. The two Enterobacteriaceae sub-groups revealed above with the 

house-keeping genes, sub-group 1 - the obligate endosymbionts -, and sub-group 2 - the core 

enterics, Yersinia and Photorhabdus - are now re-grouped into a single, more compact 

cluster, although the same two sub-groups can be revealed. Based on the scale provided in 
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Legend 

Figure 10: Phylogenetic relationships between 33 y-proteobacteria inferred from 33 16S 

rDNA allelic sequences. Helicobacter pylori was used as an outgroup. The multiple 

alignment of the nucleotide sequences of the 16S rRNA genes was done using ClustalW. The 

matrix generated after the corrected multiple alignment was 34 16S rRNA aileles X 1647 

nucleotides in size. The tree was generated using the maximum likelihood method. Numbers 

indicate bootstrap values lower than 90% (of 1000 cycles). 
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Coxiella burnetii RSA 493
 

Xanthomonas axonopodis pv. citri 306
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Wigglesworthia glossinidia brevipalpis
 

'Candidatus Blochmannia f1oridanus'
 

- Photorhabdus luminescens TT01 
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Salmonella typhimurium LT2 SGSC1412
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1.	 Escherichia co1i0157:H7 VT-Sakai
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85	 Shigella flexneri 2a str. 301
 

Escherichia coli K12
 

Figure 10 -Phylogenetic tree based on 165 rRNA gene sequences using ML method 
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each figure, it is very important to note that the 16S rRNA gene shows a lower percentage of 

nucleotide sequence divergence than the adk, aroE and gdh genes. The adk, aroE and gdh 

genes, and the house-keeping genes concatenated sequences, show a percentage of 

nucleotide sequence divergence up to 3-, 4-, 3.7- and 2.S-fold greater than the one of the 16S 

rRNA gene, respectively. These data should also be regarded in the light of the comparison 

of the discriminatory power (DP) of the 16S rRNA gene with the DP of the three house

keeping genes, adk, aroE and gdh, among the nine core Escherichia-Shigella-Salmonella 

enterics available. Any of the three house-keeping genes could better discriminate the nine 

core enterics than the 16S rRNA gene. Certainly, these house-keeping gene sequences could 

be used to achieve deeper levels of discrimination than the 16S rRNA gene. It wouId be 

interesting to study more strains from sorne species and more species from a given genus to 

assess the discriminating power of these house-keeping genes, compared with 16S rRNA 

genes, at the strain and species level. Another consequence of the higher percentage of 

nucleotide sequence divergence for house-keeping genes, compared with 16S rRNA genes, 

is that, based on the nucleotides sequences analysed here, three unique pairs of universal 

primers for the amplification of adk, aroE and gdh genes, respectively, in y-proteobacteria, 

cannot be designed. The nucleotide sequences of these genes are not conserved enough at 

that taxa level. Primers, however, could potentially be designed at the sub-family level. For 

example, a pair of pnmers with the following sequences, Pl: 5'

ATGCGTATCATICTGCTTGG-3' and P2: 5'-TTAGCCGAGGATTTITICCA-3', would 

share 19120 and 19/20 identical nucleotides with the 5' and 3' ends, respectively, of the adk 

gene of the core enterics, and could possibly be used for its amplification in the genera 
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Salmonella, Escherichia and Shigella. These primers, however, would share 19120 but only 

14/20 identical nucleotides with the 5' and 3' ends, respectively, of the adk gene in the 

c10sely related genus Yersinia. Likewise, a pair of primers with the following sequences, Pl: 

5'-ATGCGATTGGTICTGTIGGGACC-3' and P2: 5'-GAATCGGTATAGACCTGCA-3', 

would share 22123 and 18119 identical nucleotides with the 5' and 3' ends, respectively, of 

the adk gene of the Xanthomonadaceae, and thus could possibly be used for the 

amplification of the adk gene in the genera Xylella and Xanthomonas. Other primers wouId 

have to be specifically designed for sub-families for each of the three house-keeping genes 

under study. 

Of the six house-keeping genes used in MLST, three, adk, aroE and gdh, have been 

studied here for their capability ta infer phylogenies compared ta 165 rRNA genes. 

Althaugh the data are not presented here, we also studied, albeit briefly, three more hause

keeping genes used in ML5T, abcZ, pdhC and pgm. The abcZ gene was purposely left out 

because of complexity and confusion in the nomenclature of putative ABC transporters. For 

pdhC, the gene nucleotide sequences were retrieved from the 33 y-proteobacteria species and 

strains under study. However, no pdhC gene couId be retrieved from the €-proteobacterium 

Helicobacter pylori 26695 which served as the outgroup, nor from any Helicobacter species 

nor from any E-proteobacteria for which the full genome had been sequenced. These bacteria 

are microaerophilic and don't have the aerobic pyruvate dehydrogenase. For pgm, nucleotide 

sequences were retrieved from 25 y-proteobacteria species and strains. No pgm gene could 

be retrieved from each of the three Buchnera strains, Coxiella burnetii R5A 493, 
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Haemophilus ducreyi 35000HP, Haemophilus influenzae KW20 Rd, Pasteurella multocida 

PM70 and Pseudomonas aeruginosa PAO 1. Clearly, a problem associated with sorne of 

these house-keeping genes, and possibly with other house-keeping genes, is that they are not 

universally distributed. When present, however, they can prove very useful. Here, they 

have reconstructed the y-proteobacteria phylogeny, very similar to the one inferred from 165 

rRNA genes, at the family, genus, species and strain levels. Owing to their higher rate of 

nucleotide sequence substitutions, they can probe deeper branches of a phylogenetic tree 

than 165 rRNA genes. In addition, because they are used in MLST, the number of 

nucleotide sequences publicly available for many taxa is expected to increase rapidly over 

time, thus increasing the number of potential phylogenetic analysis. These house-keeping 

genes will prove very useful either at complementing 16S rRNA-inferred phylogenies or for 

specifie, targeted, phylogenetic analyses. 



CONCLUSION 

We have analysed the heterogeneity in 165 rRNA gene sequences of 175 alleles 

from 33 strains covering 23 species and 16 genus of the y-proteobacteria. And then of the 

six house-keeping genes used in MLST, three, adk, aroE and gdh, have been studied here for 

their capability to infer phylogenies compared to 165 rRNA genes. 

Molecular phylogenies for the 33 y-proteobacteria have been reconstructed. 

5equences from the adenylate kinase gene (adk), shikimate dehydrogenase (aroE), glucose

6-phosphate dehydrogenase (gdh), the concatenated adk, aroE and gdh, and 165 rRNA gene, 

respectively, were used to infer individual gene trees. 

We have obtained the following results: 

- A total of 175 165 rRNA genes nucleotide sequences were retrieved from GenBank for 

the 33 y-proteobacteria species and strains. 

- The number of 165 rRNA alleles varies from 1 to 10. 

- The phylogenetic tree of al! 33 y-proteobacteria showed that 165 rRNA allelic sequences 

were clustered within genera and species, except for Escherichia coli and Shigellaflexneri. 

- Random selection of 165 rRNA alleles within strain would not generate different 

phylogenetic trees for the y-proteobacteria. 

A total of 33 adenylate kinase (OOk), 32 shikimate dehydrogenase (aroE), 31 glucose-6

phosphate dehydrogenase (gdh) and 33 165 rRNA genes nucleotide sequences were 
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retrieved from GenBank for the 33 y-proteobacteria species and strains. 

•	 In general, phylogenies inferred from the three house-keeping gene sequences (Figs. 6, 7 

and 8) and their concatenated sequence (Fig. 9) were similar to the one inferred from 16S 

rRNA gene sequence (Fig. 10) with regards to strains grouping at the species level, 

species grouping at the genus level, genera grouping at the family level, with exceptions. 

Some of these phylogenies revealed two Enterobacteriaceae sub-groups, such as the 

phylogenies inferred from the adk (Fig. 6), aroE (Fig. 7) and concatenated adk, aroE and 

gdh gene sequences (Fig. 9) whereas the other phylogenies (Figs. 8 and 10) form a single 

Enterobacteriaceae cluster. 

- Based on the scale provided in each figure (Figs. 6, 7, 8, 9 and 10) the house-keeping 

genes adk, aroE and gdh show a higher percentage of nucleotide sequence divergence 

than the 16S rRNA gene. 

- Any of the three house-keeping genes has a lower percentage of gene sequence similarity 

than the 16S rRNA gene and can better distinguish species among the nine core 

Escherichia-Shigella-Salmonella enterics. 

- Compared with 16S rRNA genes, because of the higher percentage of nucleotide sequence 

divergence for house-keeping genes, three unique pairs of universal primers for the 

amplification of adk, aroE and gdh genes, respectively, in y-proteobacteria, cannot be 

designed. However, primers could be designed at the sub-family level. 

-	 Three more house-keeping genes used in MLST, abcZ, pdhC and pgm, are not universally 

distributed. 
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In conclusion, for the y-proteobacteria studied here, the selection of a single 16S 

rRNA allele is sufficient for inferring phylogenies. Because of the high homology between 

intra-strain alleles, different alleles from same strains would yield similar phylogenies. And 

also adk, aroE, gdh gene sequences and their concatenated sequences have reconstructed the 

y-proteobacteria phylogeny, very similar to the one inferred from 16S rRNA genes, at the 

family, genus, species and strain levels, and have proved to be very useful at complementing 

16S rRNA-inferred phylogenies. Because the three house-keeping genes adk, aroE and gdh 

under study have a higher rate of nucleotide sequence substitutions, they can probe deeper 

branches of a phylogenetic tree than 16S rRNA genes and will be very useful for specifie, 

targeted, phylogenetic analyses. However, because the nucleotides sequences of these house

keeping genes are not as highly conserved among y-proteobacteria, family- or genus-specific 

primers would need to be designed for the amplification of any of these genes. 

In addition, several house-keeping genes have been used for phylogenetic analyses. 

The novel aspect of this study is the use of new house-keeping genes, which have been used 

in MLST, to infer phylogenies for the y-proteobacteria. 

Since these house-keeping genes are used in MLST, the number of nucleotide 

sequences publicly available for many taxa is expected to increase rapidly over time, thus 

certainly increasing the number of potential phylogenetic analysis. 
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Further study should focus on more strains fram sorne species and more species 

fram a given genus to assess the discriminating power of these house-keeping genes, 

compared with 165 rRNA genes, at the strain and species level. 



APPENDIXA 

PHYLOGENETIC TREES BASED ON AMINO ACID SEQUENCE COMPARISONS 

OF THE 33 ADK, 32 AROE, 31 GDH PROTEINS AND THE 31 CONCATENATED 

SEQUENCES 

A.l	 Phylogenetic relationships between 33 y-proteobacteria inferred from 

33 Adk amino acid sequences 77 

A.2	 Phylogenetic relationships between 32 y-proteobacteria inferred from 

32 AroE amino acid sequences 79 

A.3	 Phylogenetic relationships between 31 y-proteobacteria inferred from 

31 Gdh amino acid sequences 81 

A.4	 Phylogenetic relationships between 31 y-proteobacteria inferred from 

31 Adk, AroE and Gdh concatenated amino acid sequences 83 
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In addition to these nucleotide-based inferred phylogenies, we have constructed 

four more phylogenies inferred from the amino acid sequences comparisons of the 33 

orthologous adenylate kinase, 32 shikimate dehydrogenase, 31 glucose-6-phosphate 

dehydrogenase proteins and the 31 concatenated sequences. 

The degeneracy of the genetic code, whereby multiple codons may encode a single 

amino acid, causes the amino acid sequences to be slightly more conserved among taxa than 

the corresponding nucleotide sequences. Nevertheless, the overall topologies of the Adk-, 

AroE-, Gdh- and concatenated amino acid sequence-inferred phylogenetic trees duplicate, in 

general, the topology of the adk-, aroE-, gdh- and concatenated nucleotide sequence-inferred 

phylogenetic trees (Figs. 6, 7, 8 and 9). 
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Legend 

Appendix A.t: Phylogenetic relationships between 33 y-proteobacteria inferred from 33 

Adk allelic sequences. Helicobacter pylori Adk allelic sequence was used as outgroup. The 

multiple alignment of the amino acid sequences of the Adk proteins was done using 

ClustalW. The matrix generated after the corrected multiple alignment was 34 Adk alleles X 

242 amino acids in size. The tree was generated using the maximum likelihood method. 

Numbers indicate bootstrap values lower than 90% (of 1000 cycles). 
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r-------Buchnera aphidicola str. Bp 
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A.1: Phylogenetic tree based on Adk amino acid sequences using ML method 
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Legend 

Appendix A.2: Phylogenetic relationships between 32 y-proteobacteria inferred fram 32 

AraE allelic sequences. Helicobacter pylori AroE allelic sequence was used as outgroup. 

The multiple alignment of the amino acid of the AroE proteins was done using ClustalW. 

The matrix generated after the corrected multiple alignment was 33 AroE alleles X 311 

amino acids in size. The tree was generated using the maximum likelihood method. 

Numbers indicate bootstrap values lower than 90% (of 1000 cycles). 
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A.2: Phylogenetic tree based on AroE amino acid sequences using ML method 
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Legend 

Appendix A.3: Phylogenetic relationships between 31 y-proteobacteria inferred from 31 

Gdh allelic sequences. Helicobacter pylori Gdh allelic sequence was used as outgroup. The 

multiple alignment of the amino acid sequences of the Gdh proteins was done using 

ClustalW. The matrix generated after the corrected multiple alignment was 32 Gdh alleles X 

521 amino acids in size. The tree was generated using the maximum likelihood method. 

Numbers indicate bootstrap values lower than 90% (of 1000 cycles). 
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Legend 

Appendix A.4: Phylogenetic relationships between 31 y-proteobacteria inferred from 31 

Adk, AroE and Gdh concatenated sequences. Helicobacter pylori was used as an outgroup. 

The multiple alignment of the concatenated amino acid sequences of the Adk, AroE and Gdh 

proteins was done using ClustalW. The matrix generated after the corrected multiple 

alignment was 32 Adk, AroE and Gdh alleles X 1095 amino acids in size. The tree was 

generated using the maximum Iikelihood method. Numbers indicate bootstrap values lower 

than 90% (of 1000 cycles). 
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