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Molecular phylogeny: pitfalls and
progress

Summary Molecular phylogeny based on nucleotide or amino acid sequence
comparison has become a widespread tool for general taxonomy and evolutionary
andyses. It seemsthe only meansto establish anaturd classification of microorganisms,
since their phenotypic traits are not always cons stent with genedlogy. After an optimistic
period during which comprehensive microbial evolutionary pictures appeared, the
discovery of severd pitfalls affecting molecular phylogenetic reconstruction challenged
the generdl validity of this approach. In addition to biological factors, such ashorizontal
gene transfer, some methodological problems may produce misleading phylogenies.
They are essentially (i) loss of phylogenetic signd by the accumulation of overlapping
mutations, (ii) incongruity between the real evolutionary process and the assumed
models of sequence evolution, and (iii) differences of evolutionary rates among species
or among positions within a sequence. Here, we discuss these problems and some
strategies proposed to overcome their effects.
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Introduction

Over almost five-sixths of its history, the Earth harbored only
microbial life. Contrary to the more recent period of metazoan
evolution, this vast time span left much lessfossil information.
The absence of afossil record hindered the establishment of a
reliable framework of the evolutionary relationships among
microorganisms. In addition, and especially within prokaryotes,
analysis of phenotypic traits proved of little phylogenetic value.
Only the definition of low-rank taxa (species, genera, and some
families) was meaningful. Attempts to generate higher-order
phylogenetic schemes led to rather artificial groupings, such
as the “ photosynthetic bacterid’. This situation was|ess dramatic
for eukaryotic microorganisms. Some important groups could
be defined on the basis of particular shared phenotypic traits,
even in the rank of phyla and kingdoms, such as the ciliates,
apicomplexans, or kinetoplastids. However, the elucidation of
their phylogenetic relationships and the delineation of
supergroups also remained largely conjecture. Thus, as recently
as 1963, Stanier and co-workers sadly declared that “...the
ultimate scientific goal of biological classification cannot be
achieved in the case of bacteria’ [45].

Shortly after, Zuckerkandl and Pauling realized that the
primary sequences of nucleic acids and proteins contained a
rich source of information about the evolutionary history, which
could be retrieved by sequence alignment and comparison [59].

The era of molecular phylogeny was born and, with it, our
approach to the analysis of microbial evolution changed. The
revolutionary power of these molecular methods became
obvious thirteen years later, when Woese and Fox [56] published
the analyses of asignificant number of organisms based on 16S
ribosomal RNA (rRNA) sequences (initialy as oligonucleotide
catalogues and, later on, as complete sequences). The most
significant outcome of this analysis was the recognition of a
tripartite division of the living world. A third group
encompassing some obscure weird prokaryotes (extreme
thermoacidophiles, methanogens, and extreme halophiles)
emerged as an independent branch in the tree of life, together
with classic bacteria and eukaryotes. The scheme of the three
primary kingdoms (Eubacteria, Eukaryotes, and Archaebacteria,
later reclassified as the Domains Bacteria, Eucarya, and
Archaea) was born. Though still controversial [11, 30, 32], this
view currently prevails. Dueto their universal distribution and
evolutionary conservation, the rRNAs have become the
reference markers for studies of molecular phylogeny. Using
rRNA comparisons, the phylogenetic relationships among the
major prokaryotic and eukaryotic taxa have been obtained [44,
54]. As a consequence, phylogenetic taxonomy has replaced
almost completely classical taxonomic approaches, and ahuge
database of rRNA sequences has been generated.

However, the optimistic view that molecular phylogeny would
answer most evolutionary questions was soon chalenged. In fact,
the subsequent use of alternative phylogenetic markers often
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resulted in different and conflictive pictures. Confusing results
were then obtained, making it difficult to choose the “ correct”
phylogeny. Hence, at present, the phylogeny of many prokaryotic
and eukaryotic taxa remains unsolved. Severd factorsthat account
for these incongruencies have a biological origin, such as
horizontal genetransfers[31, 49] and gene duplications followed
by random independent genelosses [57]. Other factorsinvolved
are tree reconstruction artifacts that arise from incorrect
assumptions of the evolutionary models applied, and from the
limitations of both the data available and the methods currently
used for recongtructing molecular phylogenies. Inthisreview, we
summarize different problems that may cause artefactual
phylogenies. We analyze their origin and suggest possible
strategies to elude them or to dleviate their negative effects.

Mutational saturation and the decay of the
phylogenetic signal

One of the corollaries of Zuckerkandl and Pauling’s work was
that sequence divergence occurs in atime-dependent manner
50 that the accumulation of mutationsis proportiond to time. This
idea permeated the scientific community as the concept of an
“evolutionary clock” [20] and istill applied at present. However,
when phylogenies covering long-time spans are examined,
sequence positions may have accumulated so many mutations
that the present bases or amino acids are essentially random, and
therefore contain scant or no evolutive information. These are
mutationally saturated positions. A similar case may occur for
shorter-time spans but fast-evolving positions or fast-evolving
sequences. A clear example corresponds to the third codon
positions of protein coding sequences, though mutationd saturation
can even affect complete sequences depending on their particular
evolutionary congtraints. Infact, thelessamoleculeis sdlectively
congtrained, the faster it will accumulate mutations and the faster
the ancient phylogenetic information will change or disappear.
When measured in evolutionary time scales, such fast-evolving
positions or molecules exhibit a small signal-to-noise ratio and
have little phylogenetic vaue, producing mideading phylogenetic
reconstructions. How can mutational saturation be detected?

A simple strategy takes advantage of the ability of the
maximum parsimony (MP) or maximum likelihood (ML)
methods to correct for multiple substitutions and to estimate
their approximate number. The number of substitutions thus
inferred for a pair of sequences can be plotted against the
number of observed differencesfor that pair. When thisis done
for all possible pairs of sequences of a data set, a saturation
diagram is obtained [39]. Figure 1 shows atypical saturation
diagram calculated for forty 16S rRNA sequences from diverse
bacteria. The diagonal of the diagram corresponds to the ideal
case of sequences that have undergone no more than one
substitution per position, while the points at the right of the
diagonal represent sequences that have undergone more than
one substitution per position (i.e. multiple substitutions). A

significant amount of pointsisfar from the diagonal, indicating
that the data set is saturated. In generdl, data sets corresponding
to abroad taxonomic samplings are more saturated than those
corresponding to more restricted taxonomic samplings. This
isthe reason why, usualy, the uncertainty is higher for large-
scale phylogenies (more saturated) than for lower-order
phylogenies (less saturated). Nevertheless, note that in most
cases even the MP or ML methods are not able to detect all the
multiple substitutions that affect a given data set, since they
use oversimplified and often unrealistic models of sequence
evolution. Therefore, the number of inferred substitutionsis
usually an underestimation of the true number of substitutions
(athough much more accurate than the observed substitutions).

The problem of modeling the evolution
of sequences: compositional biases,
among-site rate variation, and other
sources of phylogenetic inconsistency

Tree reconstruction methods make use of diverse models of
sequence evolution, each having different assumptions and degrees
of complexity. Ascommented above, the application of accurate
modelsis crucia to estimate the number of multiple substitutions
and, therefore, the problem of mutational saturation.
Oversmplified modd s underestimate this number aswell asthe
level of homoplasy (the fortuitous sharing of character stetes due
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Fig. 1 Mutational saturation diagram for a data set of 16S rRNA seguences
from 40 species covering almost all the bacterial taxonomic diversity. The
number of inferred substitutions was estimated by maximum parsimony
analysis. The diagonal correspondsto theideal casesfor which no more than
one substitution per position has occurred
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to back replacements or convergence and not to common ancestry)
of a data set. Consequently, the similarity of nucleotide
composition rather than genuine phylogenetic signal may leadin
certain cases to the clustering of unrelated taxa. Thiswas one
of thefirat pitfallsdiscovered in rRNA phylogenies. For instance,
the sequences of some protists that emerge early in rRNA trees
turned out to have extreme G + C vaues, and the rdiability of
their phylogenetic position was questioned [27]. In contrast to
nucleotide sequences, when the amino acid sequences are
employed as markersthe codon degeneracy suppliesamechanism
that naturally absorbsto some extent theseG + C drifts. By this
reason, some authors consider protein sequences more reliable
and suitable for phylogenetic analysis [14, 46]. However, if
andyzed with an unfitted model, even the phylogenies congtructed
using protein sequences may be biased, in this case by amino acid
composition. A clear example is the phylogeny of chloroplasts,
for which the different relative amino acid compositions found
inthe distinct lineages congtitutes an important biasing factor for
tree topology [26].

Researchers have tried to overcome that problem with
different approaches. The most obviousisthe use of taxonomic
samples whose sequences have similar nucleotide or amino
acid compositions[5, 23]. However, thisis not aways possible
and, in this case, data can be transformed to reduce the
sensitivity of the analysis to compositional bias. For rRNA
sequences, bases can be recoded as purine (A, G) vs. pyrimidine
(C, T), and only information from transversion events used
[55]. For protein sequences, amino acids can aso be recoded
according to groups of similar biochemical characteristics
(eg.V =I,L = M,K = R, &c) [35]. Obvioudy, thisapproach
doesnot solve dl possible biases[24]. Severa atempts have been
made to develop methods that accommaodate biased nucleotide
and amino acid frequencies. One exampleisthe use of parainear
distances, which produce vauesthat are more directly comparable
to standard genetic distances [21, 46].

In addition to compositional bases, another source of
inconsistency arising from oversimplified models of sequence
evolution isamong-site rate variation. Simplistic models assume
that the probability for a position to change is roughly equal
for all sitesin asequence. However, some sites are often more
prone to undergo changes than others, i.e. the evolutionary rate
varies among sequence sites. A clear exampleisthe presence
of invariant sites, whose impact on phylogenetic reconstruction
was a so among the first problems detected. For instance, their
inclusion in phylogenetic analyses of chloroplast evolution led
to inconsistent results, even when these sites were non-
informative for phylogenetic purposes due to their identity in
all sequences[25]. The progressive elimination of an increasing
percentage of invariant sites produced more consistent results,
presumably due to a more uniform distribution of evolutionary
rates among Sites[25]. Yang proposed asimple model to account
for invariant sitesin which characters are classified into two
categories “not variable” and “variable”, with the same
evolutionary rate for al variable sites[58]. However, this model

is still oversimplified, since the evolutionary rate can vary
enormously among variable sites. A model that copes more
successfully with this problem is the gamma rate distribution,
which takesinto account awide range of rates. Evolutionary rates
and number of positions evolving at different rates can be plotted
to generate a curve. A parameter, a, of the gammadistribution
accounts for the shape of this curve, and varies between 0 and
infinite. If a islarge, al sites evolve roughly at the same rate,
whereas if it is small, many sites evolve dowly, and only afew
of them evolve rapidly. The use of thismode allows much more
accurate distance calculations than classical models, and is now
widely used [58]. A combined approach of invariant sites plus
agammadistribution, which consists of the exclusion of the
invariant sites gpplying agammadistribution for the varigble Sites,
seems also very useful in some situations [47].

A method that also assumes different rates among siteswas
specifically devel oped for the analysis of rRNA sequences[52].
The availability of huge data sets for the different rRNAS has
allowed the construction of variability mapsfor these molecules.
The degree of variability of each siteis estimated from the
aligned sequences. Then, for the inference of phylogenetic
trees, aparticular weight is given to each sitewhich isinversely
proportional to the variability of the site. Slow-evolving sites
thus have more weight than fast-evolving ones. This method
was successfully used to identify the sister-group of the fast-
evolving nucleomorphs, the secondary photosynthetic
endosymbionts of the chlorarachniophytes[51].

The search for more accurate modelsis a very active area of
researchin phylogenetics. New approaches based on moreredlitic
assumptions are under development. Among these, the covarion
modd which ismost promising. Fitch advanced thismodel in the
early 1970s by stating that the evolutionary rate of each position
can vary through time [7]. This possibility is not currently
congdered by the gandard among-site rate variation models making
them sometimes inefficient. Any given site may be variablein
some parts of the tree but congtant in others. Thismay explain the
differencesin the distribution of invariant sites or in the number
of variable Stesamong different lineages. At present, it is probably
the most realistic approach to model the non-stationarity of the
evolutionary process. In fact, the evolution patterns of severa
molecules, such asthe rRNAS[53] or the elongation factors[28],
seem to fit a covarion model. However, the mathematical
implementation of this model is very difficult, and tree recons-
truction methods based on this mode! are not yet available [50].

The long branch attraction artifact

Soon after molecular phylogeny techniques become widespread,
Felsenstein described a mgjor artifact in the tree reconstruction:
the long branch attraction (LBA), which was observed whenever
the evolutionary rates were different among the different species
[6]. Fast-evolving sequences are more prone to share identical
character states by chance (fal se synapomorphies) than slow-
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evolving sequences. In the absence of adequate models of
sequence evolution, this problem is not corrected, and the fast-
evolving sequenceswill be grouped together irrespective of their
true relationships. The parameter combination within which a
particular method results are inconsistent because of LBA is
referred to asthe“ Felsengtein-zone” [48]. All current modelsare
more or less oversimplified and, asaconsequence, LBA isavery
common phenomenon whenever differences of evolutionary rate
among sequences exigt. An additiond problem isthat the outgroup
isfrequently itself along branch, so thet the fagt-evolving ingroup
sequences are not only attracted among themselves but also by
the outgroup. Thisleadsto their misplacement towards the base
of the tree. Mutationa saturation exacrebates the problem and,
if the differences of rate among species are high, the LBA can
produce robust mideading phylogenies [40]. Rate differences
may corregpond to severd orders of magnitude [36]. Thee artifacts
areamajor source of uncertainty in current molecular phylogeny.
Our view of the evalution of certain groups has been unfortunately
influenced through unrecognized and incorrect phylogenies
resulting from LBA.

An excellent example is the phylum Microsporidia. These
protists are unusual and divergent parasitesthat lack mitochondria
and branch at the base of the eukaryotic small subunit (SSU)
rRNA tree[23]. Accordingly, for along timethey were considered
as living relics of the premitochondrial phase of eukaryote
evolution. However, genes of unambiguous mitochondrial origin
have been recently discovered in their genomes [8, 18].
Furthermore, severd protein markers place them as close rel atives
of fungi [reviewed in 34]. Thisrelationship is aso supported by
the presence of chitin in their spore wall and by similaritiesin
their life cycleto that of severd fungi [34]. Therefore, these protists
are actually a group of fungi that have experienced a strong
increase in the evolutionary rate of some genes (such astheir SSU
rRNA). Thisis most likely due to their parasitic way of life,
characterized by areduction of metabolic activity and selective
congtraints, and major changes in the structures of populations
[34]. The increased evolutionary rate explains their basal
phylogenetic position as aresult of an LBA artifact. Another
example is found in the bacterial group comprising the
thermophilic genus Thermus and the radio-resistant genus
Deinococcus, which branches early in the SSU rRNA bacteria
tree [54]. According to Gupta, recent protein data analyses,
including the detection of some specific deletionsand insertions,
suggest that these genera are actually close relatives of the
cyanobacteria [12]. In this case, the force leading to the
acceleration of the evolutionary rate might have been the
adaptation to the harsh environmentsinhabited by these organisms.

Long branch attraction, tree shape, and
the effects of taxonomic sampling

A simple parameter used to describe tree topology is symmetry.
A symmetric treeis perfectly bifurcated, whereas an asymmetric

treeisladder-shaped (Fig. 2). The tree symmetry is measured
by an index ranging from O, for a completely symmetric tree,
to 1, for acompletely asymmetric tree [16]. Since the LBA
artifact tendsto attract the fast-evolving taxa out of their actual
phyletic groups towards the base of the tree, it givesrise for
more asymmetric topologies (Fig. 2). This effect is stronger
the more distant the outgroup. In fact, when very distant
outgroups are used, the fast-evolving taxa usually appear as
independent branches at the base of the tree whereas, when
close outgroups are used, the fast-evolving taxa often are
artefactually grouped together at the base of the tree [40].
Accordingly, very asymmetric trees may suggest the existence
of LBA artifacts.

One important consequence of the weakness of the
phylogenetic signal due to the combination of the mutational
saturation and the unequal evolutionary rates among species
is the taxonomic sampling effect [22]. A priori, the relative
branching order of the taxonomic groups in a phylogeny
should not vary depending on the particular species of these
groups included in the analysis. However, very often thisis
not the case, especially when small data sets are used [38].
For instance, the accepted phylogeny of the a, 8, y, and &
subdivisions of the Proteobacteria displays the topology shown
in Fig. 3A, where the p and y subdivisions are sister-groups.
However, by using particular representatives of these
subdivisions, phylogenetic trees where the o and g subdivisions
are sister-groups can be obtained (Fig. 3B). Underlying these
contradictory phylogenies is, once again, the existence of
unequal evolutionary rates among species, which produces
LBA artifacts. Thus, any group represented by afast-evolving
speciesis likely to show an equivocal early position in the
tree, often misleading the relationships among the other
groups.

Can long branches be detected?

An inherent problem in the misplacement of the fast evolving
sequences towards the base of the tree by LBA isthat these
branches are not easily recognized as excessively long
(Fig. 2). A possible solution is the a priori analysis of the
evolutionary rates of the different sequencesin order to detect
the fast evolving ones. A mathematically simple test, the
relative rate test, was developed for this purpose [42]. It
consists of the comparison of the distances of two sequences
to athird one, the outgroup. If both distances are equivalent,
then it is assumed that the two sequences have similar
evolutionary rates. If distances are dissimilar, the most
divergent sequence is considered the fastest evolving one.
However, it has been recently demonstrated that thistest has
severe limitations when applied to saturated data sets.
Saturation leads to a more severe underestimation of longer
pairwise distances relative to shorter distances [9] and,
therefore, the number of differences observed between pairs
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Fig. 2 Tree symmetry
and the effects of long
branch attraction
(LBA). A perfectly
bifurcated or
symmetric tree (left)
may be artefactualy
retrieved by molecular
phylogenetic analysis
as aladder-shaped or
asymmetric tree (right)
if there are strong
differences of
evolutionary rate
among species. The
fast-evolving species
are misplaced towards
the base of thetree
decreasing the tree
symmetry

True tree

Spacias 1

Species 4
Species 5

Species 7
Species 8
Outgrou

(Symmetric tree)

of sequences will not reflect the true number of substitutions.
Hence, although their rates may be very different, the result
of the relative rate test will be always that these sequences
have similar rates. As aresult, saturated data sets suggest a
false clock-like behavior, especially when using distant
outgroups [40].

Alternative methods to cope with the problem of detecting
fast-evolving species have been developed. Perhaps the most
popular is the use of improved methods for the correction of
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Fig. 3 The effect of taxonomic sampling. (A) A correct 16S rRNA four-species
tree where 3 and y proteobacterial representatives are sister-groups. (B) An
incorrect tree where a and 3 proteobacterial representatives are sister-groups.
(C) The addition of sequencesto theincorrect phylogeny allowsthe retrieval
of acorrect tree. The bars correspond to 10 nucleotide substitutions
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distances that allow more accurate estimations of the number
of substitutions. Several correction methods, based on diverse
assumptions about the process of sequence evolution, are
currently used. Although their detailed analysis falls out of the
scope of thiswork, it is worth noting that the trees retrieved
under the most accurate corrections for a given data set show
most clearly the differences of evolutionary rates (i.e. the
differences of branch length) among species. For instance, a
simple method based on both the removal of the constant
positions of the alignment and the construction of the phylogeny
using only the variable positions, can be most useful to detect
the fast evolving species [25]. However, at present, the most
often used approach is the correction for among-site rate
variation using a gamma law (see above), since the existence
of very dissimilar substitution ratesfor different positionsin a
sequence appears ubiquitous [58]. Although the estimation of
the correct parameters of the gamma distribution is often
problematic, this method has allowed the reconstruction of
phylogenies for which the classical methods produced robustly
wrong trees [47].

Recently, a new method for the detection of fast evolving
sequences, the RASA test, based on statistical measure of
phylogenetic signal in character state matrices, has been
developed [29]. However, this method is also endowed with
important limitations. Slow—evolving sequences are interpreted
as fast—evolving ones whenever they are included in data sets
with a majority of actually fast—evolving sequences
(unpublished observations). A very simple aternative approach
that has been proven useful consists of the determination of the
number of variable positions for the different taxonomic groups
analyzed. Contrary to the current assumptions, the acceleration
of the evolutionary rate is due not only to the acceleration of
the substitution rate of the variable positions, but also to an
increase in the number of variable positions. Therefore,
fast—evolving groups are usually characterized by alarger
number of variable positions [33]. This amplifies the effect
of the LBA artifact, but in turn allows the identification of
fast—evolving groups.
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How to cope with the
attraction

long-branch

The addition of more sequences belonging to fast-evolving
groupsto “break” their long branches was among the first means
suggested to reduce the LBA artifact [17]. Some of the positions
shared at random by a fast-evolving sequence and the outgroup
may not be shared with the additional sequences, thus
decreasing the LBA effect. Thisgpproach is particularly efficient
for phylogenies constructed using a few species, such asthe
example shown in Fig. 3B. When the proteobacterial phylogeny
is constructed using all the species (even those producing
midlead phylogeniesin the examples containing only four taxa)
acorrect treeis obtained (Fig. 3C). However, increasing the
number of sequences may not completely overcome LBA
problems, and may even decrease the consistency of the
phylogenies [19]. An example is the protist phylogeny based
on elongation factor 1a (EF-1a) sequences, which shows an
artefactua polyphyly of ciliates. The addition of several new
ciliate sequences did not alow the retrieval of the monophyly
of ciliates, but did lead to a decrease in the statistical support
in several nodes of the tree [33]. Note that this decrease affected
especially the least reliable parts of the tree (e.g. those
containing the polyphyletic fast-evolving ciliate branches).
This reveals that the decrease of support subsequent to an
addition of sequences may be an indicator of artifacts in
phylogenies. Statistically well-sustained reliable nodes are less
affected by this decrease [33]. Note here that a consistent node
is not necessarily a correct node. Several tree reconstruction
artifacts, notably the LBA, can produce consistent but incorrect
topologies. For instance, the very early emergence of
Microsporidiain rRNA treesis consistently supported by high
bootstrap values [23]. However, thisresult is artefactual since
Microsporidiaare actualy close relatives of fungi (see above).

The most effective approach to the study of large numbers
of taxa is to focus on slow-evolving sequences [19]. A
noticeable example comes from the metazoan phylogeny
constructed by using the SSU rRNA, for which only the use of
slow-evolving species allows the location of nematodes as
sister-group of arthropods and not as early-emerging animals
[1]. However, the lack of apriori criteriais ahindrance to
foresee the evolutionary rate of any given sequence. The only
practical approach to solve this problem is to increase the
number of sequences with the hope that thiswill also include
dlow-evolving sequences. Careful selection of these among all
available sequences can be of great help. At any rate, if slow-
evolving sequences are not available, the best approach isthe
use of as many sequences as possible.

Another major variable that researchers can modify in severa
casesisthe distanceto the outgroup. Sincethe LBA producesthe
attraction of the fast-evolving taxa towards the base, the choice
of the closest outgroup is highly recommended to reduce the
impact of thisartifact. In addition, the observation of changes of
the tree topology related to changesin the outgroup isan evidence

of the existence of LBA artifacts. For instance, if we consider
again the genera phylogeny of eukaryotes, the use of
mitochondrial markers often produces much more symmetric
trees than those constructed using nuclear sequences [see, for
instance, 8, 10, 18]. Since LBA and tree asymmetry are directly
related to each other, that asymmetry reveals LBA artifacts
affecting eukaryotic phylogeny. The results obtained by using
mitochondrial markers are due to the fact that the outgroup, the
a-Proteobacteria, seems to be closer to the ingroup than the
outgroups for nuclear markers.

The selection of an adequate tree reconstruction method can
also help to avoid or aleviate LBA problems. Different
reconstruction algorithms do not have the same ability to cope
with fast-evolving sequences. In fact, ML methods are the most
effective, whereas M P methods seem to be the most sensitive
when asmall number of taxais used [13]. However, ML methods
are very computationaly expensive, which makestheir use with
large numbers of taxa amost impossible. Thisis a practical
problem, sincelarge data sets usudly produce more reliable results.

Our group developed recently a simple method (the Slow-
Fast method) that allows the detection of fast-evolving species
and provides information about their position in phylogenetic
trees[3]. Themethod is based on the recongtruction of phylogenies
by using only the dow-evolving positions of the alignment for
each taxonomic group. The number of substitutionsis computed
for each position within each taxonomic group. Subseguently,
different distance matrices (the“ Slow-matrices’) are built using
theinformation from positions which undergo either no changes,
or one, two or even more changes per group. A priori, the
phylogenetic information contained in these slow-evolving
positionsis of the best quality, especially for ancient events.
However, thisinformation is frequently overwhelmed by the
mutationally saturated fast-evolving positions, which are usualy
the mgjority of positionsin alignments. By lending more weight
to positions containing the most information, the Slow-Fast method
facilitates a desaturation of the phylogenetic signal. It has been
successfully gpplied to the problem of the evolution of eukaryatic
phyla, revealing that the apparently early-emerging eukaryotic
groups are actualy fagt-evolving, and have been misplaced towards
the base of the tree by an LBA artifact. The emerging pictureis
that, instead of the classical step-by-step model of eukaryotic
evolution, all the major eukaryotic phyla appeared within a
comparatively short time (the “Big Bang hypothesis’)
(unpublished data).

Alternative molecular approaches to infer
phylogenetic relationships

The problems intrinsic to phylogenetic reconstruction derived
from sequence comparison have prompted research on other
kinds of molecular markers. The most common approach isto
look for rare events, such asinsertions or deletions (known
as“indels’) [2, 11, 15], intron position [41] or retropositional
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events [43]. In some cases these markers reveal the correct
phylogeny whereas the comparisons of the gene sequences
containing them produce incorrect inferences. Once again, the
Microsporidia are a good example: they appear misplaced at
the base of the tree constructed by using the EF-1a sequences,
but they share an insert in the EF-1a sequences with fungi and
metazoans, which suggests their phylogenetic proximity to
these organisms[4]. Nevertheless, even these markers are not
absolutely reliable since their information may be biased by
different factors. For instance, very short indels should be
regarded with caution since they tend to show erratic
phylogenetic distributions, as attested by a two amino acid
insertion present in the EF-1a of severa eukaryotic speciesthat
are phylogenetically unrelated (unpublished data). Another
source of uncertainty isthe possibility of horizonta gene transfer
between distantly related organisms. For instance, some Archaea
and the Gram-positive bacteria share a specific insertion in the
chaperonin Hsp70, which has been claimed as an evidence of
their phylogenetic relationship [11]. However, adetailed analysis
of the distribution of Hsp70 in archaea and of the phylogeny
of the Hgp70 protein family strongly suggests that thisis actualy
acase of horizontal transfer from Gram-positive bacteriato
archaea [37].

Conclusions

There have been many advances since Zuckerkandl and Pauling
first suggested the use of sequence comparison to infer the
evolutionary relationships among organisms. Molecular
phylogeny is now one of the most dynamic and rich fields of
biology. However, the increasing sophistication of techniques
reveal s the existence of an important number of structural and
computational artifacts. As a consequence, molecular
phylogenies should be interpreted with caution, especially when
they refer to very long time spans [40] or when other types
of information (such as detailed morphological data, or the
fossil record) are missing, as occurs for the phylogeny of most
microorganisms.

Criteriacommonly applied, such as the congruence of the
results obtained using different methods, are insufficient to
ascertain the accuracy of a given phylogeny, since under very
frequently seen conditions (high mutational saturation and
evolutionary rate differences among species) the different
methods may all be positively misleading [6]. Therefore, itis
crucial to choose the most adequate method to analyze a given
data set, as well asto apply statistical methods to assess the
confidence of phylogenies. Methods providing alarge number
of aternative trees (such as MP and ML methods) are especialy
valuable since they allow different statistical analyses and
hypothesistesting. In fact, if very different tree topologies are
statistically compatible, the selection of a particular tree among
therest can bejustified if other sources of information support
it. In this regard, the congruence of the results obtained by using

different markers (mostly by using markersinvolved in different
cellular functions and, therefore, less prone to coevolution) is
especialy significant.
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