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Summary

Using the sequence information from nine completely sequenced bacterial

genomes, we extract 32 protein families that are thought to contain orthologous proteins

from each genome. The alignments of these 32 families are used to construct a phylogeny

with the neighbor-joining algorithm. This tree has several topological features that are

different from the conventional phylogeny, yet it is highly reliable according to its

bootstrap values. Upon closer study of the individual families used, it is clear that the

strong phylogenetic signal is coming from three families, at least two of which are good

candidates for horizontal transfer. The tree from the remaining 29 families consists almost

entirely of noise at the level of bacterial phylum divisions, indicating that, even with large

amounts of data, it may not be possible to reconstruct the prokaryote phylogeny using

standard sequence-based methods.
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Introduction

The divergence of archaebacteria from eubacteria and the early evolutionary events

within these two groups of prokaryotes took place about 3000 million years ago (Feng  et

al., 1997). Attempting to trace these early events in the history of life using the evidence

in molecular sequences is an interesting challenge. The first attempts at phylogenetic

classification of bacteria were based on morphology. This is a poor way of classifying

such small organisms, as morphological characteristics can be rather ambiguous in

bacteria. The first molecular phylogeny of bacteria was based on 16S rRNA (Fox  et al.,

1980) and this molecule has been widely used since for bacterial phylogeny. However,

using rRNA is also problematic, as the number of informative sites is small and there are

correlations between sites.

Thanks to bacterial genome projects, it is now possible to derive phylogenies from

large protein data sets. Here we describe the phylogeny obtained from a set of 32 protein

families, chosen because only a single member of each family is present in all the species;

we argued that this would make it likely that the sequences were orthologs (direct

descendants rather than duplicates). If the signal from the set of protein families used is

consistent, one might expect the phylogenetic tree from such a large amount of sequence

information to be accurate and reliable. However, the signal could also be entirely

obscured by random drift, or could be skewed by horizontal transfer. We investigate

these possibilities and also show potential hazards of using rRNA.
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Identification and selection of families

To choose the set of proteins to be used in a protein-based bacterial phylogeny,

the equivalent proteins in the different genomes have to be identified. Programs such as

GEANFAMMER (Park and Teichmann, 1998) identify the homologous regions in

single- and multi-domain proteins in a sequence set. GEANFAMMER starts by doing

pairwise sequence comparisons on all the sequences in the set. The results from the

pairwise sequence comparisons are then analysed such that homologous protein sequence

regions, or duplication modules, are clustered into families.

GEANFAMMER clusters were made for eight bacterial genomes selected to be

from different parts of the conventional phylogeny. (The genomes are Escherichia coli

(Blattner  et al., 1997), Haemophilus influenzae  (Fleischmann  et al., 1995),

Synechocystissp.(Kaneko  et al., 1996), Borrelia burgdorferi (Fraser  et al., 1997),

Mycoplasma genitalium (Fraser  et al., 1995), Bacillus subtilis (Kunst  et al., 1997),

Archaeoglobus fulgidus (Klenk  et al., 1997) and Methanococcus jannaschii (Bult  et al.,

1996) .) In addition, the corresponding Aquifex aeolicus  (Deckert  et al., 1998)

sequences were extracted by sequence comparisons. With such a set of sequence clusters,

there are families which contain several sequences from one genome, lack sequences

from a genome or contain exactly one sequence from each genome. In the first type of

family that contain several sequences from one genome, there has been gene duplication

within a genome at some stage of evolution. These duplicated sequences are called

paralogs. In such cases, it can be difficult to identify which proteins are the ones related

by vertical descent (orthologs), so these families are not straightforward to use in an

attempt to reconstruct the species' phylogeny. In the second type of family where a

sequence from a genome is missing, the information for that genome is missing, of

course, but in addition it is likely that the protein is not essential. Therefore, there could

have been gene duplication followed by gene loss in the other genomes as well, making

this second set of proteins potentially paralogs rather than orthologs.

The third set of families are those in which there is exactly one sequence from

each genome. The proteins or protein domains in these families are more likely to be

orthologs, i.e. vertical descendants from a common ancestor. These proteins are probably

essential to the genomes, implying that no gene loss can have occurred during the course

of evolution. Gene duplication followed by gene loss cannot be excluded, of course, and

horizontal transfer could also undermine the genes' status as orthologs.

These families, chosen because they are likely to be orthologs, have a range of

functions (Table 1). Eleven of the proteins are small ribosomal subunit proteins, twelve
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are large ribosomal subunit proteins, three are tRNA synthetases and one is an RNA

polymerase. These 27 proteins all belong to the translation or transcription apparatus, or

the "information transfer" machinery. This class of proteins has been identified as

evolutionarily distinct from proteins such as those involved in energy metabolism (like the

three citric acid cycle proteins in our ortholog data set) by Rivera  et al. (1998). Rivera

and co-workers show that the topology of their rooted tree for three bacteria is the same

for the two classes of genes, while the edge lengths differ. The main difference between

the information transfer genes and the other genes is in their relation to the equivalent

eukaryotic genes.

Alignment of the proteins

Each family in the set of 32 orthologs was aligned using CLUSTALW

(Thompson  et al., 1994), and then inspected by hand. The hand inspection was

necessary, because misalignments can occur, at domain boundaries for instance.

Although the sequence families in GEANFAMMER should correspond to equivalent

domains, the sequence edges can be ragged. The edges of each family alignment were

straightened using the alignment editor SEAVIEW (Galtier  et al., 1996). The alignments

can be obtained at http://www.mrc-lmb.cam.ac.uk/genomes/phylobetaaln.html.

The set of 32 ortholog families consists of 6603 positions. This is a rich set of

data from which to reconstruct a phylogeny of species: a single average bacterial protein

alignment would have 150 positions, and the 16S rRNA alignment for these nine bacteria

has 1725 positions of the four-letter RNA alphabet. Initially, the phylogeny programs

were applied to the concatenation of the 32 orthologs, and later to a concatenation of a

subset of the 32 ortholog families.

Phylogenetic tree using the complete data set

A phylogenetic tree was built from the complete data set of 32 families using the

neighbour-joining algorithm with maximum-likelihood distances using the Dayhoff PAM

matrices (Dayhoff, 1978). This algorithm was chosen because it is less computationally

intensive than maximum likelihood yet approximates a maximum likelihood tree if the

data are close to additive. The most frequently obtained tree topology from 100 bootstrap

replicates was used as the tree representative of the data. (The advantages of this strategy

are described by Nei  et al. (1998). That 100 boostrap replicates are sufficient to indicate

reliability is described by Efron  et al. (1996).) This representation of the bootstrap results

differs from the consensus tree given by CONSENSE in the PHYLIP package
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(Felsenstein, 1989), and has the advantage that the mean and variances of edges can be

calculated from all the instances of the most frequent topology. Our program is called

NJBOOT and is available at http://www.mrc-lmb.cam.ac.uk/gjm/bootstrap.html. To

compute distances, NJBOOT uses that value of the PAM parameter that maximizes the

likelihood of the alignment of the two sequences (Felsenstein, 1996, Durbin  et al., p.

228). This is also the distance calculated by PROTDIST in the PHYLIP package.

The tree obtained most frequently (94% of the time) for the complete set of

orthologs from nine species is shown in Figure 1. The two archaebacteria are clustered

together at a distance of 0.68 from the other seven bacteria. H. influenzae  and E. coli are

also clustered together, and are at a distance of 0.3 from the remaining five bacteria. The

remaining five bacteria all branch from the main branch of this unrooted tree at distances

of 0.05 or less to one another. It should be noted that the order of their branchings is not

the conventional one: the cyanobacterium Synechocystissp.is closer to the proteobacteria

E. coli and H. influenzae (Stackebrandt et al., 1988) than to the spirochaete B.

burgdorferi. Also, the representative of the Aquifex phylum, A. aeolicus, is not the

closest eubacterium to the archaebacteria, even though Aquifex is thought to be a very

deeply branching phylum (Olsen et al., 1994).

Conventional bootstrap frequencies are shown in this tree, by the frequency with

which the subtree occurs over the whole 100 bootstrap replicates (even if not occurring in

the most frequent tree). It should be emphasized that all the bootstrap values for this tree

are between 94 and 100%. At first glance, such high bootstrap values would indicate a

the high reliability of the tree, but in the next section, it will become apparent that this is

due to bias in the data.

Three families dominate the tree

The phenylalanyl-tRNA synthetase beta chain

The most surprising feature of the tree in Figure 1 seemed to be the proximity of

B. burgdorferi to the Archaea. To discover whether a particular family was responsible

for this anomaly, we searched for single families that had high bootstrap values for the A.

fulgidus, M. jannaschii and B. burgdorferi cluster. Indeed, there is only one of the 32

orthologous sequence families which clusters these three genomes together with a

bootstrap value higher than 60%: the phenylalanyl-tRNA synthetase beta chain

sequences. The bootstrap value for the two Archaea and B. burgdorferi is 100% in this

sequence family.
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The phenylalanyl-tRNA synthetase beta chain consists of six domains (Figure 2a).

Horizontal transfer of the phenylalanyl-tRNA synthetase beta chain from archaebacteria to

eubacteria is strongly suggested by the absence of the Myf domain and the anticodon-

binding domain in both of these types of bacteria, despite their being present in all other

eubacteria studied. Trees were made from each of the six domains separately. For all of

these trees, the B. burgdorferi sequence clusters with the archaebacteria instead of the

eubacteria, further strengthening the horizontal transfer hypothesis. Horizontal transfer in

tRNA synthetases is not unexpected: Shiba  et al. (1997) showed that horizontal

crossover from eukaryotes or archaebacteria to eubacteria occurred for three tRNA

synthetases (glycyl-, isoleucyl-and prolyl-tRNA). Woese (1998) points out that since

tRNA synthetases don't interact with many other proteins in the way that ribosomal

proteins do, horizontal transfer may occur more easily in these "modular" proteins.

To gain further insight, phenylalanyl-tRNA synthetase beta chain sequences from

a range of other organisms were collected and a neighbor-joining tree constructed. The

additional organisms were the two eukaryotes S. cerevisiae and C. elegans, the

archaebacterium M. thermoautotrophicum, the eubacteria M. turberculosum, H. pylori,

M. pneumoniae, C. trachomatis, T. thermophilus (which has an X-ray structure) and the

chloroplast Porphyra purpurea sequence. A second spirochaete sequence, that from T.

pallidum, was also included. The tree for the 19 species is shown in Figure 2b.

It is clear from this tree that the two spirochaetes cluster together with the

archaebacteria, so one presumes the horizontal transfer of this sequence took place before

speciation within the spirochaetes. The eukaryotes cluster together with the archaebacteria

and spirochaetes, but the eukaryotes form a separate cluster, with a high bootstrap value,

implying that the horizontal transfer to spirochaetes was from archaebacteria rather than

from eukaryotes. The sequences from eukaryotes, archaebacteria and spirochaetes all lack

the Myf and anticodon-binding domains. This alone does not account for their clustering

together however, because the chloroplast sequence lacks the Myf domain but clusters

with the eubacteria. This means that the Myf domain was lost from the chloroplast

sequence. Hence if the two domains had simply been lost from the spirochaete

sequences, one would expect them, like the chloroplasts, to cluster with the eubacteria.

The absence of the anticodon-binding domain in eukaryotes, archaebacteria and

the spirochaetes means that the phenylalanyl-tRNA synthetases in these organisms must

have a different means of phenylalanyl-tRNA recognition than eubacterial phenlyalanyl-

tRNA synthetases. From the three-dimensional structure of phenylalanyl-tRNA

synthetase (Goldgur et al., 1995), it was thought that this domain of the beta subunit was
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responsible for the specificity, but perhaps there are other contact points that also have

this function, such as the coiled-coil in the alpha subunit.

Because our evidence strongly suggests that the phenylalanyl-tRNA synthetase

family does not consist of pure orthologs, it was excluded from the complete data set,

leaving only 31 families. The tree obtained from these 31 families is shown in Figure 2c.

The most striking feature is that the most frequent tree occurs only 28% of the time,

whereas for all 32 families it occurs 94% of the time. Four of the seven bootstrap values

drop dramatically and there is a topology change in the area of B. burgdorferi. This

indicates that one family was dominating the data set, and that the high bootstrap values

were produced by a spurious strong signal in a small part of the data set. The consensus

maximum parsimony trees from 100 bootstrap replicates for all 32 families and the 31

families missing the phenylalanyl-tRNA synthetase beta sequences show the same

features as our neighbour-joining trees, namely a large reduction (100% to 60%) of the

bootstrap value for the clustering of BB with MJ and AF.

Phosphoglycerate kinase

Two nodes that have boostrap values of around 100% in all families are the E.

coli/H. influenzae and M. jannaschii/A. fulgidus nodes. Apart from the phenylalanyl-

tRNA synthetase beta chain family, there are two more families that have bootstrap values

of over 90% for other nodes. The first of these two other families is phosphoglycerate

kinase. The tree of the GEANFAMMER family for phosphoglycerate kinase clusters the

B. subtilis and S. Synechocystissequences together with a bootstrap value of 92% (see

Figure 3a). It is more difficult to prove horizontal transfer here, because both B. subtilis

and S. Synechocystisare eubacteria, albeit Gram-positive and cyanobacteria respectively.

When the phosphoglycerate sequences are removed from the complete set of

sequences the occurrence of the most frequent tree also drops, but only from 94 to 86%.

The topology of the tree does not change, and only two of the bootstrap values decrease

(the node to A. aeolicus  and the node to B. subtilis are both 86%). However, when both

this family and the phenylalanyl-tRNA synthetase beta chain family are excluded, the

most frequent tree only occurs 32% of the time and four of the seven bootstrap values

drop even lower than upon removing just the phenylalanyl-tRNA synthetase beta chain

family.
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Arginyl-tRNA synthetase

The second family that has a high bootstrap value for one of the non-typical nodes

is the GEANFAMMER arginyl-tRNA synthetase family. This tree clusters A. aeolicus

together with M. genitalium and B. subtilis with a bootstrap value of 100%. Again, it is

difficult to prove horizontal transfer here, as the three species are closely related. This

bootstrap value is unusually high though, suggesting that there has been a recent

horizontal transfer here. (The most frequent tree for the arginyl-tRNA sequences is

shown in Figure 3b.)

If both the arginyl-tRNA synthetase and the phenylalanyl-tRNA synthetase beta

chain sequences are removed from the data set, the most frequent tree occurs only 32% of

the time, and five boostrap values drop. If one assumes that all three families have been

horizontally transferred and excludes them all from the set of orthologs, then the tree

consisting of 29 families has five boostrap values below 95% (see Figure 4). According

to the conventional notion that bootstrap values below 95% are not significant (Efron  et

al., 1996), the only well-defined nodes left are the ones between E. coli/H. influenzae

and M. jannaschii/A. fulgidus. The two nodes with bootstrap values close to 90% bracket

together Gram-positive bacteria (B. subtilis) with proteobacteria and the cyanobacterium

(E. coli, H. influenzae , S. Synechocystis), and a radical restructuring of traditional

taxonomy is hardly justified by such weak evidence. This suggests that once families

with horizontal transfer and a strong phylogenetic signal are excluded, there is only noise

left in the branching pattern for most of the eubacterial phyla. It should be noted that the

main effect of lowering the quality of the tree comes from removing the phenylalanyl-

tRNA synthetase family, for which horizontal transfer is most clear. The two families for

which horizontal transfer is less clear, phosphoglycerate kinase and arginyl-tRNA

synthetase, affect the tree only marginally.

Bootstrap values and evidence for horizontal transfer

It may appear contradictory to say that the bootstrap values between phyla are

low, and yet to claim we have evidence for horizontal transfer from one bacterial phylum

to another, namely from the archaebacteria to the spirochaetes. However, the bootstrap

value for clustering the archaebacteria separately from the eubacteria, and for clustering

the eukaryotes separately from other organisms are high (Figure 3b). It seems that each of

these three kingdoms carries a distinct evolutionary "label" in its sequences distinguishing

it from the other two. Clusters of organisms within a phylum also have high bootstrap

values, as one sees with the omnibacteria E. coli and H. influenzae , the mycoplasmas M.

pneumoniae and M. genitalium and the spirochaetes B. burgdorferi and T. pallidum.
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Thus both recent nodes and the most fundamental taxonomic splits are reliably

distinguishable; the areas of low resolution are confined to different phyla within one

kingdom. Accordingly, the high bootstrap value between the Gram-positive bacterium B.

subtilis and the cyanobacterium S. Synechocystisin the phosphoglycerate kinase

sequences suggests a recent horizontal transfer. The same rationale applies to the arginyl-

tRNA synthetase sequences. The phenylalanyl-tRNA synthetase tree is a different case:

the high bootstrap value between sequences in the same phylum (both spirochaete) means

that horizontal transfer took place before their speciation. The horizontal transfer is

apparent even though it is ancient, because the eubacterial spirochaete sequences cluster

with the archaebacterial sequences.

Stability of the 29-family tree

To investigate the stability of the 29-family tree to change in the set of families, the

five families whose single trees contain nodes with bootstrap values over 80% were

excluded from the tree. (This does not include the bootstrap values for E. coli/H.

influenzae and M. jannaschii/A. fulgidus , which are almost alway 100% in all families.)

These five families were ribosomal proteins S19, L11, S2 and L5 and the

dimethyladenosine transferase family.

Excluding each of these families in addition to the above three families does not

change the tree topology as compared to excluding only the above three families. The

bootstrap values for the nodes in the trees are variable, apart from the E. coli/H.

influenzae and M. jannaschii/A. fulgidus nodes, which stay constant at 100%. The node

between B. subtilis and S. Synechocystis, which has a value of 89% in the tree without

the three families, varies between 81 and 89%. The node for E. coli, H. influenzae , B.

subtilis and S. Synechocystisis 91%in the tree without the three families and varies

between 77 and 92% upon removal of each of the five families. The node between B.

burgdorferi and M. genitalium is 71% in the tree without the three families and varies

between 76 and 90%. Finally, the node for M. jannaschii, A. fulgidus and A. aeolicus   is

52% in the tree without the three families and varies between 43 and 79%.

Thus no new significant (high bootstrap) nodes are created on removing further

families. As another test of stability, we recalculated the 29-family tree using only

positions in the alignment that belong to distinct categories of conservation. Positions of

high variability which have no functional and structural constraints in the protein, and

positions of high conservation which are subject to functional or structural restrictions,

were separated out from the positions of medium conservation. As expected, the
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positions with high variability (zero to two species with same residue) and the positions

with a high level of conservation (eight to nine species with same residue) carry very little

information. The most frequent tree derived from positions of medium conservation

(three to seven species with same residue) has the same topology as the most frequent tree

from the whole data set (Figure 4). There is a hint that restriction to positions of medium

conservation brings out a latent signal, as the most frequent tree occurs 66% of the time

as compared to 32% for the whole data set. Furthermore, the bootstrap values of two

nodes increase significantly: M. jannaschii/A. fulgidus/A. aeolicus  goes from 52 to 94%

and B. burgdorferi/M. genitalium from 71 to 92%. However, neither of these bootstrap

values reaches the conventional significance level of 95%, and the B. burgdorferi/M.

genitalium node clusters spirochaete and Gram-positive organisms together.

It appears therefore that, once the three most likely cases of horizontal transfer

have been removed, the 29-family tree is stable. However, little information remains in

this tree, with only the E. coli/H. influenzae and M. jannaschii/A. fulgidus  nodes having

bootstrap values above 95%.

The 16S rRNA tree

Conventionally, 16S rRNA, not proteins, is used for reconstruction of species'

phylogeny (Woese, 1987). In the 16S rRNA tree, the positions of several phyla within

the eubacteria are uncertain, as described in the documentation of the Ribosomal Database

Project (Maidal  et al., 1997) at http://rdpwww.life.uiuc.edu/. The 16S rRNA alignment

for the nine species was extracted from the Ribosomal Database Project and neighbor-

joining and maximum likelihood consensus trees were made using the programs in the

PHYLIP package. The trees using the two methods showed few essential differences in

topology, but both differed from our tree with 29 families. One must bear in mind that

about two thirds of a 16S rRNA are base-paired and that the sequences are in a four-letter

code. In fact, one can argue that (very approximately) each site in RNA carries about

log4/log20 of the information at a protein site, so 1725 bp of rRNA correspond to a

protein of roughly 800 residues. Taking account of the one third redundancy in base-

paired rRNA, the alignment would correspond to about 540 residues, the size of a large

protein. As we saw from our data set, one protein does not convey reliable information

about bacterial phyla.

However, the 16S rRNA tree does give high boostrap values at some nodes

(e.g.100% bootstrap value for A. aeolicus /M. jannaschii/A. fulgidus/S. Synechocystis),

which contradicts our 29-protein family tree. We mistrust this though, because the

redundancy in the rRNA sequence due to base-pairing will tend to make the bootstrap
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results misleadingly reliable. To simulate this effect, the second half of the alignments of

ten of the protein families in our data set of 32 ortholog families were duplicated. The

average bootstrap values of these ten families increased by 5.18% upon duplication of

one half of the alignment. In individual cases, there are large increases in boostrap values

upon duplication of half a sequence, e.g. 44 to 96% and 76 to 90%.

The 16S rRNA method is one of the oldest methods based on molecular

sequences. New methods are now being developed which attempt to make use of the

entire protein repertoire of completely sequenced genomes, such as that of Huynen and

Bork (1998). Their method compares the size of families of genes in different organisms,

and uses this as a measure of phylogenetic distance. It is not clear yet whether this

method can reliably resolve the branchings of bacterial phyla.

Conclusion

The first lesson from this work is that, although our families were carefully

selected to maximise the chance of getting orthologs, there was very probably horizontal

transfer of the phenylalanyl-tRNA synthetase beta chain from archaebacteria to

spirochaetes before the speciation of the Treponema and Borrelia phyla. Other possible

candidates for horizontal transfer are the phosphoglycerate kinase sequences of S.

Synechocystisand B. subtilis and several sequences in the arginyl-tRNA synthetase

family.

Once the three families with evidence for horizontal transfer are removed from the

tree, very little information is left, even though 29 families, amounting to about 5000,

residues remain. The only nodes with bootstrap values over 95% are those for the two

archaebacteria M. jannaschii and A. fulgidus and for the two closely related eubacteria E.

coli and H. influenzae . (Bootstrap values of 95% or more are usually considered

significant (Efron  et al., 1996)). There are two possible reasons for such a small amount

of phylogenetic information being left in the data set of 29 families. The sequences might

have diverged too far for the signal from even a large number of residues to be

significant, or widespread horizontal transfer might have obscured the true evolutionary

history.

Woese, in his "genetic annealing" model  (1998), proposes that horizontal transfer

occured on a large scale within and between the three major lineages (eukaryotes,

archaebacteria and eubacteria) during the early stages of formation of these three

branches. However, looking at each family of the 29 families separately, the

archaebacteria are always clearly separated from the eubacteria, and the two closely
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related organisms E. coli and H. influenzae  also consistently cluster together with high

reliability. This means that there is no indication of widespread horizontal transfer

between the archaebacteria and eubacteria. On the contrary, this evidence suggests that the

archaebacterial and eubacterial families have not only diverged a long time ago, but also

have distinct phylogenetic "signatures". Closely related organisms also have a clear

phylogenetic signal. The areas of our tree which are blurred are the connections between

eubacterial phyla.

Brown and Doolittle (1997) examined a number of individual protein families and

concluded that the trees from different families were often in conflict, and that horizontal

transfer must have occurred frequently. However, they did not attempt to define a

consensus tree by merging their data, and were therefore not led to our major conclusion,

which is that the incompatibilities of trees are not so much variations around a common

pattern as indications that that pattern is absent.

Our results suggest that it may not be possible to reconstruct the eubacterial

phylogeny reliably by standard methods based on residue-substitution. If this is so,

phylogenetic information may have to be sought in other aspects of genomic data.
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Figure Legends

Figure 1. The most frequent neighbour-joining tree (obtained 94% of the time) for the set

of orthologs. A distance of 0.1 represents 10 point-accepted mutations (PAMs). MG:

Methanococcus jannaschii, AF: Archaeoglobus fulgidus, BB: Borrelia burgdorferi, BS:

Bacillus subtilis, MG: Mycoplasma genitalium, AQ: Aquifex aoelicus, SS:

Synechocystissp., HI: Haemophilus influenzae, EC: Escherichia coli. Gram-positive

organism names are followed by (+). (Although MG has no cell wall, it is thought to be

related to Gram-positive bacteria.) Numbers in circles are bootstrap values. If a bootstrap

value of x is given for a node, this means that the set of species in the tree below that

node occurred in a subtree (with no other species in that subtree) in a percentage x of

trees. Numbers without circles are edge lengths.

Figure 2a. The domains in the phenylalanyl-tRNA synthetase beta chain according to the

Structural Classification of Proteins (SCOP) database (Murzin et al, 1995). The Myf

domain is inserted into the B1 domain and is only present in the eubacterial sequences.

The anticodon-binding domain is also only present in eubacterial and the chloroplast

sequences.

Figure 2b. A schematic representation of the PHYLIP neighbor-joinging tree calculated

using 100 bootstrap replicates with the CONSENSE program of the PHYLIP package.

This program was used instead of our NJBOOT, because the most frequent tree only

occurred 3% of the time, making this representation not very meaningful. The numbers

are boostrap values in percent. Abbreviations as for Figure 2, and: MP: Mycoplasma

pneumoniae, CE: Caenorhabditis elegans, SC: Saccharomyces cerevisiae, MT:

Methanobacterium thermoautotrophicum, TP: Treponema pallidum, PP: Porphyra

purpurea, HP: Helicobacter pylori, CT: Chlamydia trachomatis, TT: Thermus

thermophilus, MycT: Mycobacterium tuberculosum.

Figure 2c. The most frequent neighbour-joining tree (obtained 28% of the time) for the

set of orthologs without the phenylalanyl-tRNA synthetase beta chain sequences.

Figure 3a. The most frequent neighbour-joining tree (obtained 9% of the time) for the

phosphoglycterate kinase sequences.

Figure 3b. The most frequent neighbour-joining tree (obtained 51% of the time) for the

set of arginyl-tRNA synthetase sequences.
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Figure 4. The most frequent neighbour-joining tree (obtained 40% of the time) for the set

of orthologs without the phenylalanyl-tRNA synthetase beta chain, phosphoglycerate

kinase and arginyl-tRNA synthetase sequences.

URLs

http://www.mrc-lmb.cam.ac.uk/genomes/phylobetaaln.html: Alignments for 32 families.

http://www.mrc-lmb.cam.ac.uk/genomes/gjm/bootstrap.html: NJBOOT program.



Table 1

Functions of Families of Orthologs

Ribosomal small subunit proteins S2, S3, S4, S5, S8, S9, S10, S11, S13, S17, S19
Ribosomal large subunit proteins L1, L2, L3, L4, L5, L6, L11, L13, L14, L16, L22, L23
tRNA synthetases arginyl, alanyl, phenylalanyl β chain
Other DNA-directed RNA polymerase β chain, GTP-binding protein,

enolase, triosephosphate isomerase, phosphoglycerate kinase,
dimethyladenosine transferase



Figure 1. The most frequent (94%) neighbor-joining tree for the complete set of orthologs
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Figure 2a:  SCOP domains in phenylalanyl-tRNA synthetase β chain

B1 Myf B1 B3/B4 central/catalyticB5 Anticodon-binding



Figure 2b: Schematic tree (not to scale) of
19 phenylalanyl-tRNA synthetase b chain sequences
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Figure 2c. The most frequent (28%) neighbor-joining tree for the complete set of
orthologs without the phenylalanyl-tRNA synthetase β chain sequences
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Figure 3a: The most frequent (9%) neighbor-joining
tree for the phosphoglycerate kinase family
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Figure 3b: the most frequent (51%) neighbor-joining tree for the
 arginyl-tRNA synthetase family
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Figure 4: Most frequent (40%) neighbor-joining tree for the
complete data set without three families

AF

MJ

AQ

BB

MG (+)

BS (+)

SS

EC

HI

0.39

0.34

0.36

0.41

0.55

0.28

037

0.11

0.09

0.27

0.02

0.02

0.02

0.02

0.32

0.43 100

71

91

100

89

100

0.1

52


