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of Eubacteria

S. SELA,' D. YOGEV,? S. RAZIN,? aND H. BERCOVIER*

Department of Clinical Microbiology* and Department of Membrane and Ultrastructure Research,?
The Hebrew University—Hadassah Medical School, Jerusalem, 91010, Israel

Received 28 March 1988/Accepted S October 1988

The conservation and duplication of the fuf gene encoding the elongation factor EF-Tu were used to define
phylogenetic relationships among eubacteria. When the tufA gene of Escherichia coli was used as a probe in
hybridization experiments, duplicate fuf genes were found in gram-negative bacteria from three major phyla:
purple bacteria, bacteroides, and cyanobacteria. Only a single copy of fuf was found in gram-positive bacteria,
including mycobacteria and mycoplasmas. Gram-positive clostridia were found to carry two copies of fuf.

Genome duplication served as a remarkably effective
means of gene amplification in evolution (16, 20). These
amplifications were probably followed by rearrangements
and mutations at the genome level under selective pressure.
If one copy of a duplicate gene is sufficient for the survival of
an organism, it would be assumed that the superfluous copy
of the duplicate gene would rapidly diverge from the former.
In fact, duplicate conserved genes with a high degree of
nucleotide homology are rare in procaryotes (16). The tuf
gene, which encodes the elongation factor EF-Tu, is dupli-
cated in Escherichia coli (8, 9) as well as in other gram-
negative bacteria thus far studied, whereas in the two
gram-positive bacteria examined a single copy of the ruf gene
was found (6). The two copies of the E. coli tuf gene are
exceptional in that they differ from one another in the
position of only 13 of about 1,200 nucleotides which make up
the gene (1, 27). Filer et al. (4) reported evidence suggesting
that the presence in E. coli of these two copies resulted from
chromosomal duplication rather than from chromosomal
gene transfer.

The near identity of the two copies of the tuf gene in E.
coli, the presence of homologous sequences between the E.
coli tuf gene and tuf genes of phylogenetically distant bac-
teria (5, 14), and the essential role of the elongation factor in
bacterial translation raise the possibility of using the tuf gene
as an effective marker in studies of bacterial phylogeny. The
study presented here examines the number of fuf genes in
bacterial species belonging to various phylogenetic branches
of both gram-negative and gram-positive eubacteria (7, 23).
An attempt is made to use the data to evaluate the signifi-
cance of tuf gene duplication in the phylogeny of eubacteria
and to compare the results with phylogenetic trees prepared
on the basis of 5SS rRNA (15) and 16S rRNA (23-26)
sequences.

To determine the number of zuf genes in bacterial chro-
mosomes, three probes were used. The first probe was
ptufA, a plasmid which contains the fufA gene and its
flanking regions from E. coli (18); the second was probe A,
containing 600 base pairs from the 3’ end of the gene; and the
third was probe B, containing 300 base pairs of the 5’ portion
of the gene. Probes A and B were fragments derived from
plasmids pT/G1 and pT1, respectively (4).

The bacterial species tested (Fig. 1) include representa-
tives of four gram-negative superfamilies (3) and of the phyla
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(23) cyanobacteria, bacteroides, purple bacteria, and gram-
positive bacteria (including mycoplasmas).

Bacterial DNAs were extracted and purified by the
method of Marmur (13) or by a modification of this method
(2). The DNAs were digested by restriction enzymes (Phar-
macia) for 2 h at 37°C with the buffer mixtures recommended
by the manufacturer. The digests were subjected to electro-
phoresis at 30 V for 18 h in 0.8% agarose (SeaKem) slab gels
in 0.04 M Tris-acetate and 0.001 M EDTA-disodium salt.
Gels were stained with ethidium bromide and photographed
to visualize DNA bands. DNA fragments were transferred to
nitrocellulose sheets by the method of Southern (19). Probes
were labeled with [32P]dCTP by using a multiprimer labeling
kit (Amersham Corp.). Hybridization of probes with DNA
fragments on the nitrocellulose sheets was performed as
described by Maniatis et al. (12) in a solution containing 6 X
SSC (1x SSCis 0.15 M NaCl plus 0.015 M sodium citrate) at
65°C for 18 h. The sheets were then washed three times, 30
min each, in 2x SSC plus 0.1% sodium dodecyl sulfate at
room temperature and then once for 15 min in the same
solution at 65°C. After being air dried, the nitrocellulose
sheets were exposed at —70°C to Agfa Gevaert X-ray film
with an intensifying screen.

The bacterial DNAs were digested with the following
restriction enzymes: BamHI, Bglll, Banll, Clal, HindIIl,
Hinfl, PstI, and Smal. They were then hybridized with
ptufA. To exclude the possibility that two fuf genes were
located on the same fragment, only those restriction en-
zymes that revealed at least two hybridization bands were
chosen for further analysis. The digested DNAs were elec-
trophoresed, and duplicate Southern blots were prepared
and hybridized with probe A or probe B.

The resulting hybridization patterns are shown in Fig. 1.
Two or three hybridization bands were observed for each
probe with the DNAs of all of the gram-negative bacteria
tested (Fig. 1a). The presence of at least two hybridization
bands revealed by each probe, each larger than 1.2 kilobase
pairs (the size of the E. coli tuf gene [27]), indicates that the
genome of all of the gram-negative bacteria tested carries
two genes with sequences homologous to the tuf genes of E.
coli. By contrast, hybridization of the digested DN As of the
gram-positive bacteria and the mycoplasmas tested yielded
one or two hybridization bands with probe A and only one
band with probe B (Fig. 1b). The presence of only one
hybridization band revealed by probe B indicates that these
bacteria contain only one ruf gene. In the cases of Myco-
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plasma pneumoniae digested by Clal and Bacillus licheni-
Sformis digested by Banll, the presence of two hybridization
bands with probe A (Fig. 1b) can be explained by the
existence of a restriction site for these enzymes within the 3’
part of the gene.

The hybridization patterns (Fig. 1c) obtained with digested
DNAs from the gram-positive clostridia Clostridium sordel-
lii, C. butyricum, C. perfringens, and C. histolyticum resem-
bled those obtained with the DNAs of the gram-negative
bacteria in indicating the presence of two ruf genes. Probe A
revealed two fragments with C. histolyticum DNA which are
very close in this figure. However, two defined bands were
revealed by probe A with other enzymes (data not shown).
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FIG. 1. Southern blot hybridization of digested DN As of various
bacteria with the 3’ end (probe A) or the 5’ end (probe B) of the rufA
gene of E. coli. kb, Kilobases. (a) Gram-negative bacteria (phylum
purple bacteria: Vibrio cholerae CDC 9060-79, Pseudomonas aeru-
ginosa, Pasteurella multocida CDC 9515-84, Actinobacillus ureae
NCTC 10220, Bordetella bronchiseptica 1P248, Agrobacterium tu-
mefaciens 1P404; phylum, bacteroides-flavobacteria: Bacteroides
disiens ATCC 9426; phylum cyanobacteria: Anacystis nidulans R2);
(b) gram-positive bacteria and mycoplasmas (phylum high G+C:
Mycobacterium smegmatis ATCC 607; phylum low G+C: Strepto-
coccus mutans MT 8148, Bacillus licheniformis, Mycoplasma pneu-
moniae ATCC 15531, Mycoplasma gallisepticum A 5969); (c) clos-
tridia (Clostridium histolyticum ATCC 21000, C. sordellii CSA 3, C.
butyricum VPI 3266, C. perfringens).

Our data combined with previously reported data (6, 21)
indicate that duplication of the ruf gene is common among
gram-negative bacteria, no matter how distant they are on
the various phylogenetic trees proposed (15, 23). In fact,
among the gram-negative bacteria that we examined were
species representative of the three main phyla described by
Woese (23), i.e., the purple bacteria, the flavobacteria-
bacteroides, and the cyanobacteria. Our data for the gram-
positive bacteria are more puzzling. According to oligonu-
cleotide sequence catalogs of the 16S rRNA (7, 23) and to 5S
rRNA sequence analyses (11, 15, 17), gram-positive bacteria
are divided into two major subdivisions: the low-G+C
(guanine-plus-cytosine content of the DNA) subdivision,
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which includes the genera Bacillus, Streptococcus, and
Clostridium and mycoplasmas (class, Mollicutes); and the
high-G+C subdivision, which includes the genera Mycobac-
terium, Streptomyces, and Actinomyces. Only one tuf gene
was found in the genome of Streptococcus mutans, B.
licheniformis, and the two wall-less mycoplasmas Myco-
plasma gallisepticum and Mycoplasma pneumoniae, all rep-
resentative of the low-G+C subdivision. One tuf gene was
also found in the DNA of Mycobacterium smegmatis (Fig.
1b) and in seven other Mycobacterium species (data not
shown), representatives of the high-G+C subdivision. Our
findings corroborate those of Filer and Furano (6), who
found one copy of the tuf gene in Bacillus subtilis (low G+C)
and in Micrococcus luteus (high G+C). Surprisingly, all four
clostridia that we studied were found to carry two tuf genes,
like gram-negative bacteria. The clostridia we tested belong
to group I of the genus Clostridium as defined by Johnson
and Francis (10). Despite the heterogeneity of this genus, its
members were included in the gram-positive low-G+C sub-
division described by Woese et al. (26).

If we accept that the duplication of the tuf gene did not
result from gene transfer, as was shown for E. coli (4), and
assume that convergence of base sequences is unlikely to be
the reason for the homologies found among the tuf genes of
evolutionarily distant bacteria, then the fuf gene can be
considered a very ancient gene with highly conserved se-
quences reminiscent of the ancestral patent gene. Therefore,
deep links among eubacteria can be deduced from the
conservation of homologous sequences of the ruf gene and
from its presence as a single or a duplicated gene.

According to the assumptions stated above, gram-negative
bacteria and the clostridia diverged very early from a com-
mon ancestor in which the tuf gene was already duplicated.
Since we were able to detect only one tuf gene with
sequences homologous to the E. coli tuf gene in gram-
positive bacteria other than clostridia, it could mean that one
of the two gene copies diverged to such an extent that it does
not share any more homologous sequences with the rufA
probe. We can assume, therefore, that the low-G+C anaer-
obic clostridia are the most ancient gram-positive bacteria,
as was already suggested (26). Our results support the ideas
of Woese (23), who states that ‘‘in contrast to the high G+C
group, the low G+C gram-positive bacteria form a phyloge-
netically deep, and therefore presumably ancient, cluster.”

This article reports the use of a phylogenetic marker, the
tuf gene, different from the extensively studied rRNA genes.
The tuf gene is an adequate gene for phylogenetic measure-
ment because it is ubiquitous and fulfils a highly constrained
function where neutral mutations are unlikely to be retained;
however, the duplication of the gene in many bacteria and
the fact that only one copy is apparently necessary for the
bacterial translation systém (1, 22) would be expected to
provide the superfluous copy with enough latitude for diver-
gence, which could be used to measure more recent evolu-
tionary processes.
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