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Abstract. Phylogenetic analysis of bacterial L27
ribosomal proteins showed that, against taxonomy,
the L27 protein from the Actinobacteria Arthrobacter
sp. clusters with protein sequences from the Bacillus
group. The L27 gene clusters in the Arthrobacter sp.
genome with six genes responsible for creatinine and
sarcosine degradation. Phylogenetic analyses of or-
thologue proteins encoded by three of these genes also
showed a phylogenetic relationship with Bacillus
species. Comparisons between the synonymous codon
usage of the Arthrobacter sp. genes and those from
complete genomes showed that Arthrobacter genes
encoding the .27 ribosomal protein and the proteins
responsible for the degradation of creatinine and
sarcosine have a codon usage that is more similar to
that of Bacillus species than that of Arthrobacter. We
suggest that the Arthrobacter sp. genes encoding the
L27 ribosomal protein and the proteins responsible
for the degradation of creatinine and sarcosine were
acquired simultaneously through horizontal gene
transfer from an unknown Bacillus species.
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Introduction

Horizontal gene transfer (HGT) is the physical ex-
change of genetic material between genomes. It has

Correspondence to: A. Romeu; email: romeu@quimica.urv.es

long been recognized as a promoter of prokaryotic
genome evolution (Doolittle 1999; Koonin et al.
2001; Brochier et al. 2002). As most prokaryotic
genes are regulated in operons, a given set of clus-
tered genes on the chromosome would probably be
mobilized in block if they were the object of an HGT
event. The selective advantage would guide the fate of
the transferred genes once they had been incorpo-
rated into the receiving genome (Ochman et al. 2000).
The complexity hypothesis of HGT among genomes
states that extensive horizontal transfer occurs for
genes involved in housekeeping (operationals),
whereas those involved in transcription, translation,
and related processes (informationals) are seldom
horizontally transferred (Jain et al. 1999).

One group of informational genes is those that
encode the ribosomal proteins (r-proteins). Bacterial
ribosomes contain about 35% protein, and the variety
of r-proteins is enormous. In bacteria, an increased
cellular demand for protein synthesis is met by in-
creasing the number of ribosomes rather than by al-
tering the activity of individual ribosomes (Green and
Noller 1997). The proportion of cellular resources
devoted to making ribosomes is so large, and the
function of ribosomes so important, that cells must
coordinate the synthesis of r-proteins and rRNA
(Green and Noller 1997). Genes that encode the r-
proteins occur in operons, which also contain the
genes for the subunits of DNA primase, RNA poly-
merase, and protein elongation factors (Nomura
1984; Moore 1998). Individually, most of these
r-proteins are small and highly conserved. Given the



coordination and the conserved organization of genes
coding r-proteins, HGT is considered to be rare for
these genes (Makarova et al. 2001). In contrast,
multiple HGT events seem to have affected the
r-protein RpS14 (Brochier et al. 2000) and the evo-
lution of other bacterial r-proteins deviates from
straightforward vertical inherence and includes cases
of differential gene loss and HGT (Makarova et al.
2001).

In this study we use molecular phylogeny and
codon bias to assess the occurrence of HGT for a
fragment of the Arthrobacter sp. genome. These
regions include a gene coding for the r-protein L27
and a set of genes involved in catabolic pathways of
creatinine and sarcosine. L27 belongs to a family of
r-proteins which, on the basis of sequence similari-
ties, groups eubacterial L27, plant chloroplast L27,
algal chloroplast L.27, and yeast mitochondrial L27
(Elhag and Bourque 1992) and is one of the pro-
teins needed to assemble the large ribosomal sub-
unit. The transfer of a group of genes may allow
some informational ones to be acquired and main-
tained in the population. This seems to be the case
for the Arthrobacter sp. 127 gene. Evolutionarily
proximity between the Arthrobacter sp. sarcosine
oxidase gene and that of the Bacillus sp. was sug-
gested when the sarcosine oxidase gene from Art-
hrobacter sp. was cloned and sequenced (Nishida
and Imanaka 1993).

Materials and Methods

Protein and gene sequences were imported from the SwissProt and
EMBL databases, respectively. Protein homologues were obtained
by Blast search (Altschul et al. 1997). Sequences whose expected
Blast e-values were less than e-10 were used for phylogeny. The
sequence alignment of homologues was performed using the Clu-
stalW software package (Thompson et al. 1994). The distance
matrixes that served as input for neighbor-joining analyses were
calculated using the point-accepted-mutation (PAM) Dayhoff
substitution model. Assessed clade strength was calculated by
bootstrap using 1000 replications. As a method of confirmation,
maximum likehood trees were constructed using the Seqboot,
Proml and Consense programs, as implemented in the phylogenetic
package PHYLIP (Felsenstein 1988).

We compared codon usage by calculating the relative synony-
mous codon usage (RSCU) values for each gene. Codon usage
analysis was made with (i) 59 genes from the Gram-positive high-
G + C bacterium Arthrobacter sp. that correspond with all available
genes except fragments and genes from plasmid pA3 (EM-
BL:AJ131246); (ii) a random sample of 60 genes from the Gram-
positive high-G + C bacterium Mycobacterium tuberculosis H37Rv;
(iii) a random sample of 60 genes from Bacillus subtilis; and (iv) a
set of 25 highly expressed genes from B. subtilis defined by Garcia-
Vallvé et al. (1999), plus the rpmA gene, which encodes the
B. subtilis ribosomal protein L27. The genes of the random sample
from M. tuberculosis and B. subtilis were selected from the genes of
those species that were longer than 600 bp, were not predicted as
horizontal transfer genes in our previous prediction (Garcia-Vallvé
et al. 2000b), and did not deviate significantly in any amino acid or
codon composition from the mean values (Garcia-Vallvé et al.
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2000b). We compared the Pearson linear correlation coefficient (r)
between the RSCU values of each pair of genes. As an arbitrary
measurement of the pairwise distance (D) between the codon usage
of genes, we used the following linear transformation of r:
D=(1-|r|) - 100 (Garcia-Vallvé et al. 1999). Distances were located
in a triangular matrix. We could then draw a dendrogram using the
UPGMA algorithm. RSCU values were also compared for each
Arthrobacter sp. gene with the mean values from bacterial complete
genomes using the y> value. The % value is a conventional measure
of the difference between observed and expected values. In this
analysis the minimum > value was considered as indicative of the
putative origin of a gene.

Results

In the phylogenetic analyses of L27 r-protein, sarco-
sine oxidase, and creatinase protein sequences, the
neighbor-joining and maximum likelihood tree to-
pologies were highly consistent. The phylogenetic tree
and the C-terminal region of the multiple alignment
of homologues of Arthrobacter sp. L27 r-protein
from bacteria are shown in Fig. 1. Although L27
ribosomal proteins are small (the complete multiple
alignment used for tree construction contained 114
positions) and highly conserved, the monophyly of
some of the bacterial phyla is retrieved. The rela-
tionships of some of these phyla, especially for the
Proteobacteria species, which are not monophyletic,
are not evolutionarily reliable as shown by the short
branch length and low bootstrap values. According
to the sequence availability, not all the bacterial taxa
are equally represented in this study. Aquificales,
Thermotogales, green sulfur bacteria, and the Deino-
coccus group are represented by only one L27
r-protein. Nevertheless, the phylogenetic analysis
makes a distinction among the Cyanobacteria,
Chlamydiales, Proteobacteria, and Gram-positive
low- or high-G + C bacterial lineages. Several amino
acid residues are strictly conserved along the multiple
alignment (data not shown) and the only gaps found
in the multiple alignment are located in the C-termi-
nal region, after the last strictly conserved glycine
residue. A distinctive feature of the L27 r-protein
from Gram-positive low-G+ C bacterial species is
that the sequences are about 10 amino acid residues
longer and have tails in the N-terminal end of the
alignment. This is the reason for the different se-
quence number of this set of sequences in the frag-
ment in Fig. 1. An interesting observation is the
presence of the L27 r-protein from Arthrobacter sp. in
the cluster, which is characteristic of the Gram-posi-
tive low-G+ C bacterial sequences. This tree topo-
logy is consistent with structural features of the
Arthrobacter sp. L27 r-protein, which match those of
the Gram-positive low-G + C bacterial species ana-
lyzed. In particular, Arthrobacter sp. and Bacillus
subtilis L27 r-protein sequences show 91% identity.
Figure 1 shows the similarity between the two se-
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Fig. 1. Neighbor-joining phylogenetic tree and the C-terminal
region of the multialignment of a selected group of L27 r-proteins.
Branch lengths are drawn proportional to the amount of sequence
change. The relationship between branch lengths and 0.1 matrix
unit is shown by the bar at the bottom. Numbers at various nodes
indicate bootstrap support values (only values above 500 are giv-
en). Protein sequences are named by their species and their 1D
SwissProt code or their TTEMBL or EMBL accession number. The
anomalously clustered Arthrobacter sp. sequence is shown in bold

quences at the C-terminal end, which is the most
variable region of the multialignment, with a gap
pattern characteristic of each taxonomic group. Since
Arthrobacter sp. belongs to the Gram-positive high-
G+ C bacterium phylum, the present data strongly
suggest that the Arthrobacter sp. L27 r-protein is a
reasonable case of HGT from a Gram-positive low-
G + C bacterium species to Arthrobacter sp.

The Arthrobacter sp. gene that codes the L27
r-protein forms a cluster within an 8127-bp DNA
region of the Arthrobacter sp. genome with genes for
sarcosine and creatine catabolism (EMBL: AB007122
or ASTEI1826). In fact, the L27 gene is found up-
stream, separated by a palindromic sequence, of the
soxR gene (coding for the negative regulator of soxA4)
and the soxA4 gene (coding for the sarcosine oxidase;
EC 1.5.3.1). Downstream from soxA gene, there are
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face. Numbers on the right are the amino acid position from the N
terminus. Dots correspond to residues identical to the Arthrobacter
sp. fragment, used as the reference. Strictly conserved amino acids
are shaded in the multialignment fragment. Taxonomy is indicated
on the right and the monophyletic taxonomic clusters of Gram-
positive low- or high-G+ C bacteria are shaded. The C-terminal
fragment of the Arthrobacter sp. L27 r-protein was taken from
Nishida and Imanaka (1993).

(in this order) the creB gene, coding for a membrane
transporter; the cred gene, coding for creatinase (EC
3.5.3.3); the ¢rnA gene, coding for creatininase (EC
3.5.2.10); and the c¢rnB gene, also coding for a
membrane transporter. Because of the close physical
relationship between these genes, we were interested
in determining whether the Arthrobacter sp. gene
cluster for creatinine and sarcosine degradation also
shows evidence of HGT events. However, not all
genes involved in the sarcosine and creatinine ope-
rons are equally distributed among the bacterial
species. For example, the complete Bacillus subtilis
and Bacillus halodurans genomes do not have the
genes for the catabolism of creatinine and sarcosine.
Also, in many cases the Blast hits for these Arthro-
bacter sp. proteins were sequences with different bio-
logical functions. Nevertheless, we properly aligned



each set of homologous proteins and analyzed the
branching arrangement of the resulting phylogenies.
As far as a possible HGT event is concerned, the
phylogenetic analyses of the creatinase CRNA and
the membrane transporters CREB and CRNB were
considered ambiguous, partially because of the pat-
chy distribution of some proteins (CRNA) and diffi-
culties in determining orthologues for others
(transporters CRNB and CREB). The phylogenetic
trees obtained from CRNA, CRNB, and CREB (re-
sults not shown) suggest that the evolutionary history
of these proteins is complicated and may include
multiple duplications, losses, and transfer events. It is
also difficult to define orthologues of the transcrip-
tion regulator SOXR because any other regulator of
a sarcosine oxidase gene is not known. The SOXR
protein sequence has the highest similarity to the
LysR family of transcription regulators. Specifically,
the phylogenetic tree obtained from a group of bac-
terial regulators of transcription (results not shown)
clearly clusters (bootstrap value, 995) the SOXR
protein from Arthrobacter sp. with B. subtilis and B.
halodurans LysR transcription regulators, which
suggests the Bacillus origin of this protein.

On the other hand, the sarcosine oxidase (soxA)
and creatinase (cred) genes are clustered in the
Bacillus sp. genome (EMBL: BSSO). Figure 2 shows
the phylogenetic trees of homologues of Arthrobacter
sp. sarcosine oxidase SOXA and homologues of
Arthrobacter sp. creatinase CREA. Homologues of
Arthrobacter sp. sarcosine oxidase included other
sarcosine oxidase proteins from bacteria and archaea.
The complete multiple alignment used for tree con-
struction contained 404 positions. The sarcosine ox-
idase phylogenetic tree (Fig. 2A) shows three major
clusters with high bootstrap values. One branch
groups two sequences from archaeal Pyrococcus
species, two sequences from the Gram-positive high-
G +C bacterium Streptomyces, and one from the
o-subdivision Proteobacteria Rhizobium loti. The
second branch is defined by a set of Enterobacteria-
ceae, y-subdivision Proteobacteria sequences. Inter-
estingly, in the third branch the bootstrap value of
1000 firmly supports the cluster of Arthrobacter sp.
sarcosine oxidase with that of the Bacillus sp., a
Gram-positive low-G + C bacterium. If we now turn
to the group of genes for creatinine degradation, the
top six hits of the Blast search with Arthrobacter sp.
creatinase CREA protein provide bacterial creatinase
sequences (two y- and one B-subdivision Proteobac-
teria, one Flavobacterium, and one Gram-positive
low-G + C bacterium). Further down the list of sig-
nificant Blast hits were other biological functions
such as peptidase and aminopeptidase. Analogously,
the phylogenetic tree (Fig. 2B) shows that a bootstrap
value of 1000 supports one tight cluster of these six
creatinase sequences, in which the branches of both
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the Arthrobacter sp. and the Bacillus sp. sequences are
derived from the same node with a bootstrap of 1000.
The complete multiple alignment used for tree con-
struction contained 454 positions. As there are few
representative sequences of each group of interest, the
sarcosine oxidase (SOXA) and creatinase (CREA)
sequences are not particularly suitable for phyloge-
netic analysis. However, their phylogenetic analysis
supports a transfer from a Bacillus species to Ar-
throbacter sp. Since these genes cluster together with
the L27 gene in the Arthrobacter sp. genome, these
genes may have been acquired simultaneously in a
single transfer.

Anomalous nucleotide composition is also widely
used to detect genes acquired by HGT (Garcia-Vallvé
et al. 1999, 2000a, b). So to study the putative origin
of the Arthrobacter sp. 127, soxA, soxR, and creA
genes and the genes (creB, crnAd, and crnB) for which
the phylogenetic analyses were ambiguous, we com-
pared the codon usage of genes from B. subtilis and
the Gram-positive high-G + C bacteria Arthrobacter
sp. and M. tuberculosis H37Rv Values. In our ana-
lyses of these data (dendrogram not shown), genes
from the three species can be clearly distinguished
using the relative synonymous codon usage (RSCU)
values. However, the set of Arthrobacter genes that
form the sarcosine—creatinine operon do not have the
standard Arthrobacter codon usage. The Arthrobacter
sp. gene that encodes the L27 r-protein shows a co-
don usage similar to that of the highly expressed
genes from B. subtilis. The Arthrobacter sp. soxR,
soxA, creB, creA, crnA, and crnB genes show a codon
usage similar to that of class 1 genes (Moszer 1998)
from B. subtilis. This hypothesis was also confirmed
using the »* distance between the synonymous codon
usage of all available Arthrobacter sp. genes and the
mean values of each available complete genome from
Gram-positive species, including Arthrobacter sp.
(results not shown). Thus, the minimum distance of
the Arthrobacter sp. genes corresponds to the Ar-
throbacter sp., M. tuberculosis, Mycobacterium leprae
mean values. On the other hand, the minimum dis-
tance of the Arthrobacter genes that form the sarco-
sine—creatinine operon, except for the soxA gene,
corresponds to the B. subtilis or Bacillus halodurans
mean values. B. subtilis, highly expressed genes are
the minimum distance for the Arthrobacter L27 gene.
In this analysis when all available complete genomes
were added, the minimum distance of the Arthro-
bacter genes that form the sarcosine—creatinine op-
eron, except for the crnB gene, did not change.

Discussion

The prediction of horizontally transferred genes using
an atypical nucleotide composition is based on the
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Fig. 2. Phylogenetic trees of homologues of Arthrobacter sp. (A) sarcosine oxidase SOXA and (B) creatinase CREA protein sequences.
Tree specifications, taxonomic annotations. In tree B, branches corresponding to the creatinase sequences are boxed.

hypothesis that genes from distantly related species
have a different nucleotide composition. This ap-
proach, however, cannot predict all acquired genes in
a genome unambiguously (Garcia-Vallvé et al.
2000b). Transfers cannot be detected between ge-
nomes with similar compositions or genes that have
adjusted to the base composition and codon usage of
the resident genome (the amelioration process)
(Lawrence and Ochman 1997). In addition, an un-
usual composition can also be caused by factors other
than HGT—such as selection, mutation bias, in-
tragenomic base content variation (Guindon and
Perriere 2001), and the direction of transcription
relative to the replication origin (Eisen 2000). To
avoid these limitations, multiple lines of evidence,
such as combining measures based on base compo-
sition with a phylogenetic approach (Koski et al.
2001), should be used (Eisen 2000). An typical G+ C
content and pattern of codon usage should be con-
sidered helpful (Wang 2001), especially for detecting
the origin of the transferred genes or donor organism
(Garcia-Vallvé et al. 2000a). The present data, which
do not rely only on the information from the anom-
alous nucleotide composition but integrate analyses
of phylogenetic tree topology, strongly suggest that a
group of genes that includes those that code for the
r-protein L27 and sarcosine- and creatinine-related
catabolism proteins is a reasonably firm case for
blocking HGT from Bacillus to Arthrobacter species.
This identification shows that HGT of informational

genes, especially those that code r-proteins, may be
more common than previously suspected.

In bacterial genomes, many genes involved in cat-
abolic pathways are clustered on the chromosome and
regulated as operons. These operon structures in
bacteria are said to be the creations of HGT (Law-
rence and Roth 1996). The clustered operational genes
of the Arthrobacter sp. described here are involved in
the metabolism of creatine and sarcosine, and it has
been suggested that the cred and creB genes and the
crnA4 and crnB genes form an operon (Nishiya et al.
1998). The advantage for the acquisition of this set of
genes is clearly that the Arthrobacter sp. was able to
acquire a new catabolic pathway in which creatinine is
hydrolyzed to glycine and formaldehyde. The role (if
any) of the transporter proteins encoded by the creB
and crnB genes in the catabolism of creatinine and
sarcosine is not known, but the amino acid transporter
encoded by the ¢rnB gene may act as a glycine trans-
porter. The region upstream from the cluster, how-
ever, depicts the gene coding for the r-protein L27.

Our genomic and phylogenetic analyses support
the previously described evolutionary relationship
between the Arthrobacter sp. sarcosine oxidase and
that of the Bacillus sp. enzyme (Nishida and Imanaka
1993) and suggest that this is due to an HGT event.
Homologue genes of sarcosine and creatinine catab-
olism are absent in the genomes of B. subtilis (Kunst
et al. 1997) and B. halodurans (Takami et al. 2000),
and sarcosine oxidase and creatinase genes are clus-



tered in a Bacillus species. The rationale behind all
these schemes is that in this HGT the donor of the
gene cluster may have been either an ancestral species
of the Bacillus genus or an unknown Bacillus species
in which gene rearrangements formed the appropriate
cluster structure of creatinine and sarcosine metabo-
lism genes. In the first case, further rearrangements,
gene divergence, and gene loss created the current
arrangement of these genes in the Bacillus genomes.
It is well known that the gene that codes the L27
protein forms a transcriptional unit with the gene
encoding another ribosomal protein termed L21. The
two genes are clustered in all eubacteria for which the
complete genome is available, despite their phyloge-
netic distances. Interestingly, in all the complete ge-
nomes belonging to the Bacillus/Staphylococcus
group (which includes the Bacillus species), Spiro-
chaetales, and Thermotogales, there is an ORF be-
tween the L21 and the L27 genes. This ORF encodes
a protein that belongs to the COG2868 family
(Tatusov et al. 2001). In the Gram-positive high-
G+ C bacteria (which include the Arthrobacter spe-
cies) and other species not included in the above
groups, the L21 gene is always found upstream from
the L27 gene. If it were possible to obtain the com-
plete genome sequence for Arthrobacter sp., we could
check whether a native L27 is still present or whether
the acquired L27 gene is tightly linked to an L21 gene
and to a gene of the COG2868 family. The presence
of a gene of the COG2868 family between the ac-
quired L21 and L27 genes in the Arthrobacter sp.
genome would be further proof of a transfer from a
Bacillus/Staphylococcus species to Arthrobacter.
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