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Abstract
The last two decades have witnessed an unsurpassed eﬀort aimed at reconstructing the history of life from the genetic information
contained in extant organisms. The availability of many sequenced genomes has allowed the reconstruction of phylogenies from
gene families and its comparison with traditional single-gene trees. However, the appearance of major discrepancies between both
approaches questions whether horizontal gene transfer (HGT) has played a prominent role in shaping the topology of the Tree of
Life. Recent attempts at solving this controversy and reaching a consensus tree combine molecular data with additional phylogenetic
markers. Translation is a universal cellular function that involves a meaningful, highly conserved set of genes: both rRNA and
r-protein operons have an undisputed phylogenetic value and rarely undergo HGT. Ribosomal function reﬂects the concerted
expression of that genetic network and consequently yields information about the evolutionary paths followed by the organisms.
Here we report on tree reconstruction using a measure of the performance of the ribosome: antibiotic sensitivity of protein synthesis.
A large database has been used where 33 ribosomal systems belonging to the three major cellular lineages were probed against 38
protein synthesis inhibitors. Diﬀerent deﬁnitions of distance between pairs of organisms have been explored, and the classical algorithm of bootstrap evaluation has been adapted to quantify the reliability of the reconstructions obtained. Our analysis returns a
consistent phylogeny, where archaea are systematically aﬃliated to eukarya, in agreement with recent reconstructions which used
information-processing systems. The integration of the information derived from relevant functional markers into current phylogenetic reconstructions might facilitate achieving a consensus Tree of Life.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction
Phylogenetic analysis of small ribosomal subunit
RNA (SSU rRNA) genes has led to an unprecedented
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ordering of all extant organisms into groups on the basis
of their evolutionary relationships (Woese, 1987; Woese
et al., 1990). This approach, which is to a considerable
extent the outcome of the combined development of
both molecular biology and computer science, has had
a major impact on our understanding not only of the
classiﬁcation but also of the evolution of organisms.
By revealing the existence of three major domains of cell
descent, SSU rRNA-based phylogenies have led to
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relevant insights into early stages of cellular evolution.
Nonetheless, these analyses have also resulted in major,
ongoing, taxonomic debates (Bromham and Penny,
2003; Doolittle, 1999; Huynen et al., 1999; Mayr,
1998; Woese, 2000; Wolf et al., 2002). At the base of
the controversy lies the fact that tree reconstruction is
aﬀected by horizontal gene transfer, which is currently
acknowledged as a driving force of prokaryotic evolution (Clarke et al., 2002; Kurland et al., 2003; Nesbo
et al., 2001; Ochman et al., 2000) and may even involve
lateral transfer of rRNA operons (Perez-Luz et al., 1998;
Yap et al., 1999). Other discrepancies are related to the
constancy of the rate of the molecular clock among different genes and organisms, and to the inﬂuences that
population size and ﬁxation of mutations with a selective eﬀect have on the divergence of sequences (Bromham and Penny, 2003). Moreover, the release of
complete genome sequences from over 200 organisms
has fueled this debate by showing that phylogenies constructed with many universally distributed genes may
exhibit important diﬀerences with the rRNA-based universal tree.
Sequence comparison plays a prominent role in
reconstructing the evolution of genes. Nevertheless,
since each gene may have its own evolutionary history,
such phylogeny does not necessarily reﬂect that of the
organisms carrying those genes. This has led to claim
that new evolutionary paradigms are required, where
genes and organisms are all considered in concert (Doolittle, 1999; Moritz and Hillis, 1990; Vandamme et al.,
1996). The current discussions have underlined the need
for more integrative approaches such as genome trees
based on gene content. The resulting trees, which are
not phylogenies in the classical sense since they are the
outcome of a simple hierarchical classiﬁcation, are nevertheless remarkably similar to the overall topology of
SSU rRNA trees. These dendrograms are based on the
overall resemblance among species, and are constructed
using measures of similarity of the genomes (Fitz-Gibbon and House, 1999; Snel et al., 1999; Tekaia et al.,
1999), the distribution of orthologs and protein folds
(Lin and Gerstein, 2000; Wolf et al., 2001), and comparisons of metabolic and information transfer pathways
(Podani et al., 2001). Their topology, close to that of
SSU rRNA phylogenies, indicates the conservation of
a strong evolutionary signal within genomes regardless
of the complexity of their evolutionary histories in which
gene duplication, gene loss, and lateral transfer must
have taken place (Bromham and Penny, 2003; Fitz-Gibbon and House, 1999; Lin and Gerstein, 2000; Podani
et al., 2001; Snel et al., 1999; Tekaia et al., 1999; Wolf
et al., 2002).
Whole-genome assessments are useful approaches
with which to understand evolutionary patterns,
allowing important inferences about ancestral states
to be made. Such a method can be extended to some

phenotypic characters (morphological, physiological or
biochemical ones) if they have a clear genetic basis,
and if the data are collected in such a way that phylogenetic properties can be inferred from them. Individually, many of these phenotypic characters are
not relevant as parameters for genetic relatedness,
and their use was generally limited to checking the
biological consistency of the classiﬁcations obtained
using genotypic data (Hillis, 1987; Wayne et al.,
1987). However, there are some phenotypic properties
that correspond to universally distributed functions
and structures, with clear genetic bases which are
independent of environmental eﬀects or growth conditions. Therefore, these features are good candidates to
test evolutionary hypotheses.
One example of such phenotypic properties is the
antibiotic sensitivity of protein synthesis. Although antibiotic sensitivities were used to settle the eubacterial origin of mitochondria (Tzagoloﬀ et al., 1979) and strongly
hinted at the relationship between some components of
the translation machineries of nucleated cells and the archaea (Zillig, 1987), their use as phylogenetic markers
has been relatively limited. During the last two decades
our group has been involved in the study of the protein
synthesis machinery of organisms in order to assess its
phylogenetic role (Amils and Sanz, 1986; Sanz et al.,
1994). The advantages of the translational apparatus
over other macromolecular assemblies are manifold,
and are based on the outstanding amount of structural,
functional, and genetic information available for the
ribosomal system. Since ribosomes are complexes containing three to four rRNA molecules and more than
50 proteins, it is highly unlikely that the whole set of
genes involved undergoes horizontal transfer. In addition, rRNAs are the main traditionally accepted molecular clocks (Pace, 1997; Woese, 1987; Woese et al., 1990)
and it has been shown that the trees made of concatenated alignments of ribosomal protein sequences carry
a strong phylogenetic signal (Wolf et al., 2001). This
clearly reveals the intrinsic phylogenetic value of the
ribosomal particle and its constituents.
Our study of the ribosomal systems has been developed using protein synthesis inhibitors with diﬀerent
taxonomic and functional speciﬁcity. The cell-free in vitro analysis performed avoids problems related to transport, inactivation, or the pleiotropic eﬀects of
antibiotics. It also allows the optimization of the ionic
conditions for every system, the realization of the required control experiments, and the suitable collection
and standardization of the data (Cammarano et al.,
1985; Sanz et al., 1992). Such datasets are amenable to
quantitative analysis, and may be used to derive a classiﬁcation of organisms based on their response to protein synthesis inhibitors. Preliminary studies suggested
the inherent phylogenetic value of the sensitivity of ribosomes to antibiotics, although the simple approach
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initially used only considered a very limited part of the
available information, and inhibition data from a representative number of eukaryotes was not included (Amils
et al., 1989, 1990; Sanz et al., 1994). A further analysis
was carried out to study the fractal dimension of the
dataset and, despite its complexity, a meaningful clustering of the organisms analyzed was obtained (Briones
et al., 1998).
Here we present a method based on cluster analysis to
extract most of the information contained in the whole
set of the inhibition curves for 33 representative ribosomal systems belonging to the domains Archaea, Bacteria, and Eucarya. A simple procedure to deﬁne
distances between pairs of organisms has allowed the
construction of phenograms that closely resemble those
of SSU rRNA sequence comparison, and whose robustness can be measured by bootstrap analysis. The results
obtained reveal the possibility of reconstructing evolutionary relationships from the quantiﬁcation of functions that are subjected to selective processes.

2. Methods
2.1. Biological data collection
Thirty-three ribosomal systems from organisms
belonging to the three major lineages were analyzed.
They were tested in optimized in vitro translation systems against 38 protein synthesis inhibitors belonging
to the three groups of speciﬁcity: inhibitors of bacterial
ribosomes (I), inhibitors of eukaryotic ones (II), and
universal inhibitors (III). It should be emphasized that
this taxonomic classiﬁcation of antibiotics (Vázquez,
1979) was developed prior to the recognition of Archaea as a distinct cellular lineage (Woese et al.,
1990). However, no protein synthesis inhibitor speciﬁc
for archaea has been characterized up to now. Ribosomal systems analyzed are listed in Table 1, and the
antibiotics used are shown in Table 2. Further details
on organisms and protein synthesis inhibitors have been
discussed elsewhere (Briones et al., 1998). The preparation of the diﬀerent cell-free systems and the experimental conditions for in vitro protein synthesis assays were
previously described (Altamura et al., 1995; Amils and
Sanz, 1986; Cammarano et al., 1985; Casquero, 1992;
Elhardt and Böck, 1982; Oliver et al., 1987; Sánchez
et al., 1994; Sanz et al., 1994, 1988). Examples of the
inhibition curves obtained with the antibiotics tested
were shown elsewhere (Amils et al., 1989; Sanz et al.,
1994).
2.2. Data description
Up to six measures were taken for each ribosome-inhibitor pair. They correspond to six diﬀerent concentra-

373

tions (c) of the antibiotic in the in vitro translation
system: 108, 107, 106, 105, 104, and 103 M. Let
us call xai ðcÞ the functional response of organism i to
antibiotic a at concentration c. The expression xai ðcÞ
stands for the percentage of inhibition in the protein
synthesis assay with respect to a control experiment
without antibiotic. This quantity varies from negative
values (corresponding to activation instead of inhibition
produced by the antibiotic, a situation sometimes found
at the lowest concentrations of the antibiotic) to 100
(complete inhibition). This allows a direct comparison
of the responses for diﬀerent ribosomal systems and
antibiotics. In spite of the exhaustive experimental analysis developed, which involved 33 organisms and 38 protein synthesis inhibitors, not all the combinations (i, a)
were available. A relevant example of this limitation
was the impossibility of using aminoglycoside antibiotics against ribosomes from extreme halophilic archaea,
due to the competition for binding sites between such
cationic inhibitors and the high concentration of cations
required for the maintenance of the functional structure
of halophilic ribosomes (Amils et al., 1990; Sanz et al.,
1992). In other ribosome-inhibitor pairs, only a subset
of the six possible antibiotic concentrations had been assayed. We have designed a procedure that takes into account as many data points as possible. Four diﬀerent
deﬁnitions of the distance between organisms have been
compared; in all cases the introduction of additional
data through interpolation or similar procedures has
been avoided.
2.3. Distances between the functional response of the
ribosomal systems
Each organism i in the system is deﬁned by an ordered vector xai ðcÞ composed of 228 elements: 38 antibiotics times six possible concentrations.
There are many ways to deﬁne diﬀerences between
vectors and thus to get a distance d (i, j) between a pair
of organisms i and j. Several proposals can be found
elsewhere (Hartigan, 1975; StatSoft, 2002). Here we
introduce the following general form:
dði; jÞ ¼

X
1 X
1
jxa ðcÞ  xaj ðcÞjp :
Aði; jÞ a K a ði; jÞ c i

ð1Þ

We have studied four diﬀerent possible distances on the
basis of this deﬁnition:
 Distance 1. The absolute value of the distance is used
and all the antibiotics are equally weighted. This
amounts to setting p = 1, and deﬁning Ka (i, j) as the
number of common measures for antibiotic a in
organisms i and j, and A (i, j) as the number of antibiotics for which at least one concentration value was
assayed for both organisms. The ﬁrst sum runs over
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Table 1
Ribosomal systems tested in this study, and their corresponding SSU rRNA sequences used for the molecular phylogeny analysis
No.

Organism

SSU rRNA

Genus

Species

GenBank Accession No.

Length (nt)

1
2
3
4
5
6
7
8
9
10

Archaea
Halophilic archaea
Haloarcula
Haloarcula
Haloarcula
Halobacterium
Halobacterium
Halococcus
Haloferax
Haloferax
Natromonas
Natronococcus

californiae
marismortui
sinaiiensis
salinarium
halobium
morrhuae
gibbonsii
mediterranei
pharaonis
occultus

—
X61688
D14129
AJ002947
M38280
X00662
D13378
D11107
D87971
Z28378

—
1472
1471
1458
1473
1475
1470
1472
1465
1464

11
12
13
14
15
16
17

Sulfur-dependent thermophiles
Acidianus
Acidianus
Desulfurococcus
Metallosphaera
Sulfolobus
Thermoplasma
Thermoproteus

brierleyi
infernus
mobilis
sedula
solfataricus
acidophilum
tenax

X90477
X89852
M36474
X90481
X03235
M38637
M35966

1460
1428
1495
1416
1493
1471
1504

18
19

Methanogens
Methanobacterium
Methanobacterium

formicicum
thermoautotrophicum

M36508
Z37156

1476
1483

20
21
22
23

Bacteria
Cyanobacteria
Anabaena
Prochlorothrix
Synechococcus
Chloroplast—Spinacia

sp.
hollandica
sp.
oleracea

X59559
AJ007907
AJ000716
AJ400848

1489
1408
1452
1491

24
25
26
27

Proteobacteria
Chromatium
Escherichia
Rhodobacter
Salinivibrio

vinosum
coli
sphaeroides
costicola

M26629
J01695
D16425
X74699

1524
1542
1389
1485

28
29
30
31
32
33

Eucarya
Chlamydomonas
Neurospora
Rattus
Saccharomyces
Tetrahymena
Triticum

reinhardtii
crassa
sp.
cerevisiae
thermophila
aestivum

M32703
X04971
K01593
J01353
M10932
AJ272181

1791
1795
1874
1798
1753
1764

the diﬀerent values of the concentration (up to six,
typically less), and the second sum runs over the different inhibitors, a = 1–38.
 Distance 2. The absolute value of the distance is used
and all data pairs are equally weighted (antibiotics
with more concentrations assayed contribute more).
Here p = 1, Ka (i, j) = 1, and A (i, j) is the total number
of non-zero data pairs for organisms i and j.
 Distance 3. The squared diﬀerence between the functional responses is used and all antibiotics are equally
weighted: p = 2, other factors as in Distance 1.

 Distance 4. The squared diﬀerence is used and all data
pairs are equally weighted: p = 2 and other factors as
in Distance 2.

2.4. Cluster analysis
Diﬀerent multivariate analytical approaches were
used for representing the matrices obtained, including
the distance-based cladistic method neighbor-joining
(NJ) (Saitou and Nei, 1987) and the unweighted pair
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Table 2
Protein synthesis inhibitors used in this study
No.

Group and antibiotic

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Group I
Althiomycin*
Carbomycin-A*
Gentamycin
Griseoviridin*
Kanamycin
Neamine
Neomycin
Paromomycin
Ribostamycin
Streptomycin
Thiostrepton*
Tobramycin
Tylosin
Viomycin*
Virginiamycin-M

16
17
18
19
20
21
22
23
24
25
26
27
28
29

Group II
a-Sarcin*
Anisomycin*
Cryptopleurine*
Cycloheximide*
Haemanthamine
Harringtonine
Mitogillin
Narciclasine
Restrictocin
Streptimidone
Streptovitacin-A
Toxin-T2
Tubulosine*
Tylophorine

30
31
32
33
34
35
36
37
38

Group III
Amicetin
Anthelmycin*
Blasticidin-S
Edeine-A1*,a
Fusidic acid*
Hygromycin-B
Puromycin
Sparsomycin*
Tetracycline*

Functional speciﬁcity
TCI

PTI

TI

+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+

The programs GROWTREE (Devereux et al., 1984),
NEIGHBOR in PHYLIP, and S-Plus 2000 (Mathsoft,
2000) were used to generate functional phenograms
and phylogenetic trees of the organisms.
2.5. Bootstrapping coeﬃcients

+
+

+
+
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+
+
+

The bootstrap is a statistical technique that permits a
non-parametric estimation of error (Efron, 1982; Felsenstein, 1985). The characteristics of each organism (often
sequence data, here response to antibiotics) are resampled randomly with replacement. A dendrogram is constructed from each random data set and the frequency of
appearance of each clade in the reference tree (derived
from the original data set) is calculated. The higher the
frequency of appearance of a group, the more reliable
is its classiﬁcation (Hedges, 1992). We have designed a
procedure to assign bootstrap values to the reconstructed functional phenograms. Our method is based
on FelsensteinÕs bootstrap test (Felsenstein, 1985), which
relies on EfronÕs (1982) bootstrap resampling technique
(see also Nei and Kumar, 2000). First, we reconstruct
the UPGMA clustering with the whole data set as speciﬁed. This yields the reference phenogram. Then, for
each pair of organisms, 228 data pairs are randomly chosen (that is, on the average, each data pair is chosen
once, but with this resampling we eﬀectively include each
pair a number of times randomly chosen from a Poisson
distribution of average unity). The corresponding clustering is reconstructed and compared with the reference
phenogram. Nodes present in both of them are positively counted to compute the ﬁnal bootstrap value. In
SSU rRNA trees, bootstrap coeﬃcients have been determined using the program SEQBOOT in PHYLIP v3.5
(Felsenstein, 1991). In all cases (functional and sequence
analysis) each bootstrap value has been obtained as an
average over 104 independently reconstructed clusterings, and it is given in percent.

+

Functional speciﬁcity shows the step of the elongation process inhibited by the antibiotic: ternary complex formation inhibitors (TCI),
peptidyl-transferase inhibitors (PTI), and translocation inhibitors (TI).
Fifteen antibiotics selected as a subset for developing a functional
clustering are marked with asterisks.
a
Edeine-A1 also inhibits the initiation of protein synthesis (Gale et
al., 1972; Vázquez, 1979).

group method with arithmetic mean (UPGMA or Ôaverage linkageÕ) (Sokal and Sneath, 1973; Swoﬀord and Olsen, 1990). SSU rRNA sequences (GenBank accession
numbers and lengths are shown in Table 1) were aligned
using the program CLUSTAL W (Thompson et al.,
1994), and evolutionary distances were estimated by
the program DNADIST in PHYLIP v3.5 package (Felsenstein, 1991) using the Kimura 2-parameter correction
method that weights transitions and transversions at 2:1.

3. Results
3.1. Tree construction
Functional clusterings (NJ and UPGMA) obtained
using Distance 1, together with the calculated bootstrap
values, are shown in Figs. 1A and B. Fig. 2 shows the
UPGMA clusterings corresponding to Distances 2, 3,
and 4, and the associated bootstrap coeﬃcients at each
node. The three major cellular lineages are always recognized, and Eucarya is linked to Archaea with an average
bootstrap ranging from 98 (Distance 1) to 72% (Distance 4). Only Eucarya are reliably classiﬁed up to the
last nodes, with high bootstrap coeﬃcients maintained
for all distances (the lowest value for any branch within
Eucarya is 75%). In Archaea, the group formed by ex-
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Fig. 2. UPGMA dendrograms and bootstrap coeﬃcients corresponding to Distances 2 (A), 3 (B), and 4 (C) (see Eq. (1)).

treme halophiles plus methanogens is extremely reliable
as well, with bootstraps of 96 to 97% (distances 1,2 and
3). Within this group, Methanobacterium formicicum is
systematically classiﬁed as outgroup, with an 84 to
90% reliability. All bacteria are grouped together with
an average bootstrap of 93 to 100%. The phyla Cyanobacteria and Proteobacteria are clearly identiﬁed, though
the bootstrap coeﬃcient for Proteobacteria is signiﬁcantly higher. Distance 4 also recognizes the latter
group, but does not classify Cyanobacteria as a group
in itself (see Fig. 2C).
The most interesting fact concerns the classiﬁcation
of sulfur-dependent thermophiles. All of them are
grouped together (except by Distance 4, which places
the pair Methallosphaera sedula and Desulfurococcus
mobilis as an outgroup of the rest of archaea plus
eucariotes) but the position of the whole group in the
phenogram changes. This can be expected from the
low bootstrap coeﬃcient that clusters this group to
other. Thus, using Distances 1 or 3, sulfur-dependent
thermophiles are linked to the rest of Archaea, with
a bootstrap value of only 49%; with Distance 2 they
are grouped with Eucarya with a bootstrap coeﬃcient
of 45%; and ﬁnally, using Distance 4 the group splits,
with the larger part of it remaining linked to the rest
of archaea with a bootstrap value of only 28%. Indeed,

sulfur-dependent thermophiles show the lowest sensitivity to most of the protein synthesis inhibitors, and
also the lowest response to changes in the concentration of the antibiotics, so it is to be expected that their
classiﬁcation is less robust than that for all the other
organisms.
We were interested in knowing if it is feasible to deﬁne a minimal set of antibiotics that could yield a reliable clustering of organisms. The existence of such a
minimal set would have the advantage of eliminating
some antibiotics whose speciﬁcity or mechanism of action are apparently very similar (Amils et al., 1990; Gale
et al., 1972; Vázquez, 1979), and therefore could not signiﬁcantly increase the functional information or our
data. Fifteen antibiotics (see Table 2) were selected to
homogeneously represent the whole set. Figs. 1C and
D show the functional NJ and UPGMA clusterings obtained with this subset of antibiotics. Although the internal branching order in every domain shows some
diﬀerences with respect to the dendrograms in Figs.
1A and B, the main topological features are maintained.
Nevertheless, bootstrap coeﬃcients are lower than those
obtained with the full set of data.
The comparison between our functional results and
the clusterings obtained through molecular phylogeny
techniques was carried out via SSU rRNA sequence

b
Fig. 1. Functional phylogeny (A–D) and phylogenetic reconstruction by means of SSU rRNA sequence comparison (E and F) of organisms. NJ trees
(A and C) and UPGMA dendrograms (B and D) obtained for the organisms listed in Table 1 with the functional method developed here. Clusterings
(A) and (B) are constructed using all the antibiotics listed in Table 2 and Distance 1. Most robust nodes (those with the highest bootstrap and also
obtained when the other deﬁnitions of distance are used) are shown in bold face. Clusterings (C) and (D) are generated from 15 selected protein
synthesis inhibitors (marked in Table 2). Note the lower absolute values of the bootstrap (see also next ﬁgure and main text). Scale bar represents one
unit of functional distance. Phylogenetic reconstruction by SSU rRNA sequence comparison is shown through a NJ tree (E) and a UPGMA
clustering (F); scale bar represents 0.1 nucleotide substitutions per site. Color code is red for Archaea, blue for Bacteria, and green for Eucarya. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this paper.)
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analysis of the selected organisms (Figs. 1E and F). A
good agreement between functional clusterings and
those obtained with SSU rRNA was observed, although
sequence analysis systematically places Archaea closer
to Bacteria than to Eukaria. In any case, it must be noticed that both functional and SSU rRNA clusterings
obtained here are unrooted phylogenies.
3.2. Limit resolution of functional trees and completeness
of data
A relevant question that must be addressed is the
completeness of the data set, that is, if the addition of
new measurements to the current set would improve
the accuracy of the classiﬁcation. A way to answer this
question is to analyze the phenograms and the associated bootstrap coeﬃcients when only a subset of the
data is used, and then to extrapolate, if feasible, to more
complete data sets. We have thus randomly selected a
fraction z of all the data available and calculated the
quality of the reconstruction. This deﬁnes the average
bootstrap b (z). For example, if z = 0.9, then 10% of
the data available has been eliminated. With the new
set, the reference tree has been reconstructed and its
average bootstrap calculated, as speciﬁed above. The
average bootstrap b is deﬁned as the average over the
31 signiﬁcant nodes of the reference tree (one less than
the number of organisms and without considering the
last node, which groups all the species together and always has bootstrap 100). Note that for any value of
z < 1 there are many possibilities to select a subset of
data. Hence, we have repeated the procedure 100 times,
each time averaging over 100 clusterings to get the bootstrap for each data subset, such that the ﬁnal values are
averaged over 104 dendrograms. This analysis has been
carried out for the four diﬀerent measures of distance
discussed, and the results are represented in Fig. 3.
The function b (z) can be numerically estimated by ﬁtting the resulting curves. The question to be answered is
then the asymptotic value b1 to which it tends when the
available data increases. Although the ideal situation
would be to get a perfect classiﬁcation of organisms
when the amount of data available diverges (that is,
b (z) ﬁ 100 if z ﬁ 1), it is possible that b1 saturates
at a lower value, and that the method here introduced
is not precise enough to return a perfect classiﬁcation
(within the limit discussed above). We observe that the
average bootstrap steadily increases for the increasing
amount of data considered, and it still does not seem
to reach saturation. From our numerical results, we
make the ansatz that the function b (z) is
bðzÞ  b1 ¼ kzb ;
1

ð2Þ

where b is the asymptotic value of the function and the
exponent b and the constant k have to be ﬁxed with a
least-squares ﬁt to the numerical data. It turns out that

Fig. 3. Average bootstrap of the functional dendrograms when only a
fraction z of the data available are used. The curves corresponding to
the four diﬀerent deﬁnitions of distance introduced in the text are
shown. We observe a comparable performance in their ability to
classify the organisms. The bold line is a best ﬁt to the data obtained
from Distance 1: b (z) = 100  37/z. Error bars correspond to the
standard deviation over 100 diﬀerent data subsets with the same value
of z. For each of them, the average bootstrap was calculated from 100
independent trees.

the parameters of Eq. (2) that return the best ﬁt (that
with the highest correlation coeﬃcient, r2 = 0.996) are
b1 = 100 ± 1, k = 37 ± 1, and b = 0.97 ± 0.01. This
curve is shown in Fig. 3 together with our numerical
data. Now, by using the approximate function
b (z) = 100  37/z it is possible to estimate the improvement in b (z) when z increases. For example, if z = 1 (the
whole set of available data), b (1) = 63. If only half of
the data were available, then b (0.5) = 26, and the classiﬁcation of the analyzed organisms would be simply
impossible. Now, if we doubled our databank to get
z = 2, the average bootstrap would be expected to rise
to b (2) = 81.5. Three times as many data would already
yield an average bootstrap close to that of the rRNA
tree. Therefore, in principle, the functional classiﬁcation
can be as robust as wished.
Any increase in the amount of data available seems
thus to translate into a better classiﬁcation of the organisms. Hence, we conclude that there is little to no redundancy in the antibiotics used, and apparently each of
them seems to add new information. This is one reason
to claim that there is no ÔminimumÕ set of antibiotics able
to retrieve a completely reliable classiﬁcation, and partly
explains the lesser classiﬁcatory power of the abovementioned 15 ÔrepresentativeÕ antibiotics (Figs. 1C and
D). The curves b (z) also reveal, on the one hand, the
equivalent performance of any of the deﬁnitions of distance used (thus the independence of the classiﬁcation
from that deﬁnition), and on the other that the limit resolution of the method has not yet been reached.
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4. Discussion
It has been shown that the sensitivity of ribosomal systems to antibiotics is an eﬀective marker with which to
reconstruct meaningful dendrograms. The overall topology of the clusterings obtained is remarkably similar to
those produced by SSU rRNA sequence comparison.
The ÔuniversalÕ phenogram (Figs. 1A and B) reveals a
clear separation among the three cellular lineages, in
agreement with the clusterings based on ribosomal
RNA (Pace, 1997; Woese et al., 1990) and gene content
(Fitz-Gibbon and House, 1999; Snel et al., 1999; Tekaia
et al., 1999). It is also consistent, in terms of relative distances, with results indicating the sisterhood relationship
of Archaea with Eucarya as shown by rooted trees based
on paralogous genes (Gogarten et al., 1989; Iwabe et al.,
1989) or metabolic pathways (Podani et al., 2001). Moreover, this sisterhood agrees with previous studies involving antibiotic sensitivity, that favored the functional
similarities existing between the translational apparatus
of eucaryotes and archaea (Zillig, 1987).
The comparison of dendrograms obtained with the
whole set of 38 antibiotics (or a ÔrepresentativeÕ subset)
and four diﬀerent deﬁnitions of distance (Figs. 1A–D
and 2) demonstrates the phylogenetic consistency of
functional clustering, as quantiﬁed by the bootstrap
coeﬃcients. A higher robustness is achieved with the
use of the entire set of data, in concordance with the
analysis performed on the limit resolution of our functional trees (Fig. 3). Among Archaea, sulfur-dependent
thermophiles constitute a clade clearly separated from
extreme halophiles plus methanogens, in agreement with
SSU rRNA trees. Halophilic archaea show the closest
branching order in every analysis performed, illustrating
how the high sequence similarity displayed by their
rRNAs (Briones and Amils, 2000; Kamekura and
Dyall-Smith, 1995) correlates with their ribosomal function. Methanogens are not clustered together in Figs. 1A
and 2; this inconsistent classiﬁcation within archaea is
probably due to the low number of methanogenic ribosomal systems tested. In Bacteria, a clear separation is
observed between the phyla Cyanobacteria and Proteobacteria, consistent with SSU rRNA data. The inclusion
of the Spinacia oleracea chloroplast in the cyanobacterial cluster indicates that the ribosomes of the chloroplast maintain the sensitivity pattern of the bacterial
group from which they originated by endosymbiosis
(Gray, 1992; Margulis, 1976).
At present, the dendrograms here calculated have a
lower resolution than those resulting from rRNA cladistic analysis. However, the similarity of the results obtained with our functional analysis and the sequence
comparison approach clearly shows the value of the
inhibition data to study macro- and mesophylogeny of
organisms. Moreover, it cannot be ruled out that for a
large enough data set, phylogeny at the level of species
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could also be established in a robust way. To understand
the basis of the relationship between SSU rRNA and
functional phylogenies one must recall that antibiotics
are small molecules in comparison to the ribosomal particle, and that they act as speciﬁc functional eﬀectors for
the protein synthesis process. The analysis of point
mutations in the rRNA which confer resistance to some
inhibitors, and the use of footprinting techniques to reveal the interaction sites of antibiotics (Christiansen
et al., 1990; Rodrı́guez-Fonseca et al., 1995), have indicated that most of these target sites are located at the
very conserved, taxonomically consistent, unpaired regions of the rRNAs (Dixon and Hillis, 1993). Furthermore, it is reasonable to assume that the ribosomal
Ôfunctional spaceÕ with which antibiotics interact is not
only dependent on these short sequences, but also on
the three-dimensional contacts among such Ôfunctional
loopsÕ and other regions of the rRNAs, as well as with
ribosomal proteins. Moreover, the large amount of antibiotics tested in our study (together with the diﬀerent
steps of the translation process they inhibit, see Table
2) allows to explore a large fraction of the functional
space of the ribosome. Therefore, the strong phylogenetic signal here obtained does not result from any single ribosome-inhibitor pair but from the suitable
combination of many antibiotic sensitivities. The phenotypic response analyzed should be seen as the outward
manifestation of the evolutionary history underlying
the evolution of the translational apparatus. This must
also be considered when comparing the detailed topology of the dendrograms obtained with molecular and
functional data. Neutral substitutions in RNA sequences increase the distance between organisms in
molecular trees, but are not reﬂected in the functional
clustering. On the other hand, a single relevant mutation
in rRNA (i.e., in the above-mentioned Ôfunctional
loopsÕ) has a negligible eﬀect on sequence distance,
whilst it can produce important changes in ribosomal
function and result in a larger functional distance. This
could explain the observed internal branching rearrangements within the major groups when comparing
functional and molecular dendrograms.
Protein synthesis inhibitors are acting as functional
markers of the quaternary structure of the ribosomes,
and the phylogenetically consistent diﬀerences in the
inhibition patterns reﬂect the evolution of the ribosomal
particle. Such structural–functional history is correlated
with the progressive sequence divergence of its constituent macromolecules. The existence of antibiotic-binding
sites maintained in all ribosomal systems suggests that
the basic components of the translational machinery
have been preserved throughout evolution. The present-day spectrum of sensitivities reﬂect the result of a Ôfine tuningÕ of the ribosomal function in diﬀerent
organisms and therefore constitutes a record of their
evolutionary history.
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The clusterings derived here are similar in topology
not only to the SSU rRNA tree, but also to the genome
trees based on whole gene content (Fitz-Gibbon and
House, 1999; Snel et al., 1999; Tekaia et al., 1999; Wolf
et al., 2002), on the presence of ortholog sequences (Lin
and Gerstein, 2000; Wolf et al., 2001), and on metabolic
and information transfer pathways (Podani et al., 2001).
The congruous results obtained by means of these diﬀerent methodologies indicate that although horizontal
gene transfer has played a major role in cellular evolution, massive lateral transfer events between distant
groups have not obliterated the identity of the three major domains of cell descent. The hierarchical organization of species as indicated by their antibiotic
sensitivities is the outcome of a branching process from
common ancestors shared by the diﬀerent organisms included in our dataset. Hence, the structural–functional
information provided by our analysis exploits that relationship and constitutes a useful tool with which to
study the evolution of organisms.
Further improvements in our method could include
the expansion of our databank into the eukaryotic
branch to show its inter-kingdom resolution ability.
Also, the inclusion of data from selected microorganisms could improve resolution within the bacterial phyla. The use of this method should be tested for its ability
to extract phylogenetic information that could be stored
in other kinds of selected inherited phenotypic (biochemical, morphological or physiological) data that
can increase our list of reliable evolutionary and taxonomic markers.
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Work at the Centro de Biologı́a Molecular was supported by Grant BIO99-0184 of the Spanish Ministry
of Education and Culture. S.C.M. was supported by a
Ramón y Cajal contract of the Spanish Ministry of Science and Technology. Support from DGAPA/UNAM
to A.L. is gratefully acknowledged.

References
Altamura, S., Sanz, J.L., Amils, R., Cammarano, P., Londei, P., 1995.
The antibiotic sensitivity spectra of ribosomes from the thermoproteales: phylogenetic depth and distribution of antibiotic binding
sites. Syst. Appl. Microbiol. 10, 218–225.
Amils, R., Sanz, J.L., 1986. Inhibitors of protein synthesis as
phylogenetic markers. In: Hardesty, B., Kramer, G. (Eds.),

Structure, Function and Genetics of Ribosomes. Springer-Verlag,
New York, NY, pp. 605–620.
Amils, R., Ramı́rez, L., Sanz, J.L., Marı́n, I., Pisabarro, A.G., Ureña,
D., 1989. The use of functional analysis of the ribosome as a tool to
determine archaebacterial phylogeny. Can. J. Microbiol. 35, 141–
147.
Amils, R., Ramı́rez, L., Sanz, J.L., Marı́n, I., Pisabarro, A.G.,
Sánchez, E., Ureña, D., 1990. Phylogeny of antibiotic action. In:
Hill, W.E., Dahlberg, A., Garret, R.A., Moore, P.B., Schlessinger,
D., Warner, J.R. (Eds.), The Ribosome: Structure, Function and
Evolution. American Society for Microbiology, Washington, DC,
pp. 645–654.
Briones, C., Amils, R., 2000. Nucleotide sequence of the 23S rRNA
from Haloferax mediterranei and phylogenetic analysis of halophilic archaea based on LSU rRNA. Syst. Appl. Microbiol. 23,
124–131.
Briones, C., Koroutchev, K., Amils, R., 1998. Functional phylogeny:
the use of the sensitivity of ribosomes to protein synthesis
inhibitors as a tool to study the evolution of organisms. Orig.
Life. Evol. Biosph. 28, 571–582.
Bromham, L., Penny, D., 2003. The modern molecular clock. Nat.
Rev. Genet. 4, 216–224.
Cammarano, P., Teichner, A., Londei, P., Acca, M., Nicolaus, B.,
Sanz, J.L., Amils, R., 1985. Insensitivity of archaebacterial
ribosomes to protein synthesis inhibitors. Evolutionary implications. EMBO J. 4, 811–816.
Casquero, I., 1992. Filogenia funcional: estudio de sensibilidad a
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