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the highly variable number of spores/basidium compared with their
non-lichenized sister species, are further evidence that a high level of
stress on the fungus is associated with a transition to the lichen
symbiosis28. This may suggest that many attempts to form stable
lichen symbioses occur in nature, but only rarely does a speci®c
fungal lineage have all the requirements to survive the costs
associated with a transition to this symbiotic state. M

Methods
DNA sequencing, taxon and character sampling

Total DNA was isolated, and the SSU and LSU nuclear rDNA were ampli®ed, sequenced
and aligned as described in ref. 16. Regions of the alignments where the placements of gaps
were ambiguous were removed from the MCMC phylogenetic tree sampling analyses. Taxa
were selected to represent all main ascomycete orders2 known to include lichenized species
(13 out of 15 orders) and nearly all main orders of Ascomycota known to include only
non-lichenized species (11 out of 31 orders). At least 16 of the unsampled non-lichenized
orders almost certainly fall entirely within existing non-lichenized clades (Fig. 2) and their
sampling will not affect the results presented here. This is because the reconstruction of
ancestral states is not weighted by the number of descendant taxa that have a particular
state; rather, the reconstructed state depends on the relative frequencies of the states in the
descendants and their phylogenetic distribution. If all of a group of unsampled taxa share a
most recent common ancestor and the same state with a species already included in our
study, our reconstructions are unchanged. Basidiomycota (Athelia bombacina and
Coprinus cinereus) sequences were included as outgroups. (The voucher/GenBank
information is available as Supplementary Information.) We generated a total of 20 SSU
and 24 LSU nuclear rDNA sequences in this study. All these sequences were deposited
in GenBank under accession numbers AF356653±AF356696. Ten SSU and 20 LSU
sequences were from ref. 16, and the remaining 24 SSU and 10 LSU sequences were from
GenBank.

MCMC phylogenetic tree sampling

We used MCMC methods7 within a Bayesian framework to estimate the posterior
probability of phylogenetic trees. The MCMC procedure ensures that trees are sampled in
proportion to their probability of occurrence under the model of gene-sequence
evolution. We generated 200,000 phylogenetic trees using the MCMC procedure, sampling
every tenth one to assure that successive samples were independent7,29. We then removed
the ®rst 100 trees in the sample to avoid including any trees that might have been sampled
before convergence of the Markov chain. We used the general time-reversible model of
gene-sequence evolution combined with gamma rate heterogeneity to estimate the
likelihood of each tree30. Information on the state of each species (lichen-forming/non-
lichen-forming) was excluded from the MCMC sampling procedure to ensure that the
distribution of tree topologies was not in¯uenced by this trait. A series of runs using the
BAMBE7 `global' and `local' options was conducted to ensure that the Markov chain
converged to the same region in the universe of trees.

Reconstruction of gains and losses, and ancestral states

We used a continuous time Markov model of trait evolution, as implemented in the
computer program Discrete (available from M.P.), allowing independent gains and losses
in each branch of the phylogenetic tree20. Parameters specifying rates of gain (q01) and loss
(q10) of lichenization were calculated separately for each tree sampled in the MCMC
procedure, following procedures in ref. 9. Because trees are represented in the sample in
proportion to their likelihood, investigating the rates over all trees automatically weights
our results by the likelihood of a particular tree type. A detailed description of the analyses
performed for this study will be published as a book chapter (M.P. and F.L., manuscript in
preparation).
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Horizontal gene transfer (HGT) has long been recognized as a
principal force in the evolution of genomes1. Genome sequences of
Archaea and Bacteria have revealed the existence of genes whose
similarity to loci in distantly related organisms is explained most
parsimoniously by HGT events2±4. In most multicellular organ-
isms, such genetic ®xation can occur only in the germ line.
Therefore, it is notable that the publication of the human
genome reports 113 incidents of direct HGT between bacteria

© 2001 Macmillan Magazines Ltd



letters to nature

NATURE | VOL 411 | 21 JUNE 2001 | www.nature.com 941

and vertebrates5, without any apparent occurrence in evolution-
ary intermediates, that is, non-vertebrate eukaryotes. Phyloge-
netic analysis arguably provides the most objective approach for
determining the occurrence and directionality of HGT6,7. Here we
report a phylogenetic analysis of 28 proposed HGT genes, whose
presence in the human genome had been con®rmed by polymer-
ase chain reaction (PCR)5. The results indicate that most putative
HGT genes are present in more anciently derived eukaryotes
(many such sequences available in non-vertebrate EST databases)
and can be explained in terms of descent through common
ancestry. They are, therefore, unlikely to be examples of direct
HGT from bacteria to vertebrates.

Most of the phylogenetic analyses (see Methods and Fig. 1 for a
description of the phylogenetic principles regarding acceptance or
rejection of HGT) for the 28 loci analysed here supported the
monophyly of eukaryotes, with a non-vertebrate (`non-vertebrate'
refers to invertebrate animals as well as fungi, plants and protists)
eukaryote at the base of this clade (Table 1 and Fig. 2). Such
outcomes were congruent between both parsimony and distance-
based methods of phylogenetic analysis. The explanations for why
such a conclusion was not reached previously are somewhat varied.
We found that orthologues to various proteins, purported to be
HGTs in the recent human genome publication5, could actually be

found in the expressed sequence tags (ESTs) of non-vertebrates,
which are accessible through the `̀ ESTothers database'' on the NCBI
BLAST page (http://www.ncbi.nlm.nih.gov/BLAST).

A common search result was the collection of a homologue from
the slime mould Dictyostelium discoideum, which when included in
the alignment resulted in eukaryotic monophyly with D. discoideum
at the base. One such speci®c example involves the protein known
as formiminotransferase cyclodeaminase (accession number
AAG01853.1; this and other accession numbers used here are
from Table 24 in ref. 5). This seems to be a duplicate enzyme in
eukaryotes, with a cyclodeaminase carboxy-terminal domain and a
formiminotransferase amino-terminal domain. The only bacterium
at present that can clearly be shown to have this arrangement is
Streptococcus pyogenes. All other taxa either have separate proteins
or just the cyclodeaminase. Alignments constructed on this C-
terminal half (chosen because more taxa were available for this
enzyme) resulted in phylogenetic trees with 100% bootstrap sup-
port for the monophyly of eukaryotes, with D. discoideum (EST
assembly of AU060687.1 and C94072.1) at the base of the clade
(Fig. 2a).

Another example of an orthologue that was missed owing to
overlooking the EST others database involves monoamine oxidase
(AAA59548.1 and AAB27229.1), cited as an example of a gene
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Figure 1 Hypothetical phylogenetic trees showing various evolutionary models relating to

acceptance or rejection of HGT. Paralogue, an anciently derived paralogous sequence;

Non-vert. eukaryote, non-vertebrate eukaryote. a, Phylogenetic history in support of

bacteria±vertebrate HGT. b, Phylogenetic history in support of vertebrate±bacteria HGT.

c±e, Phylogenetic history rejecting any sort of HGT involving bacteria and vertebrates.

f, Phylogenetic history which, owing to the absence of a non-vertebrate eukaryote, is

considered ambiguous with regard to bacteria±vertebrate HGT.
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horizontally transferred into vertebrates, which probably conferred
a physiological selective advantage and was thus ®xed in vertebrate
evolution5. This gene may indeed have an important neurological
function8±10; however, the presence of a D. discoideum orthologue at
the base of monophyletic eukaryotes (Fig. 2b) argues strongly
against the acquisition of this locus by means of HGT.

A different methodological reason for several of the genes in the
human genome report5 being considered as bacteria±vertebrate
HGTs, was that phylogenetics was not the analytical approach, and

that the conclusions were instead derived largely from top BLAST
hit results. In several instances the top BLAST hit was indeed a
bacterial species, whereas further down the list of signi®cant
BLAST hits one ®nds a non-vertebrate eukaryote. When such
sequences were properly aligned, the resulting phylogenetic trees
often supported the monophyly of eukaryotes with the non-
vertebrate eukaryote at the base. For example, searches against the
non-redundant (NR) database involving the short peptide
AAF24044.1 resulted in relatively few hits, with a top BLAST hit

  

  

 

 

 

 

 

 

 

 

     

 

   

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

  

  

  

  

 

   

 

 

 

 

                                
 

 

 

 

Figure 2 Neighbour-joining phylogenetic trees on the basis of PAM Dayhoff sequence-

divergence matrixes, showing evolutionary history of various loci from Table 1. Branch

lengths are drawn proportional to the amount of sequence change. Numbers at various

nodes indicate bootstrap support values for both neighbour-joining (top) and parsimony

(bottom) analyses; only values in excess of 50% are indicated. a, AAG01853.1,

formiminotransferase cyclodeaminase. b, AAA59548.1, monoamine oxidase A and

AAB27229.1, monoamine oxidase B. c, AAF24044.1, uncharacterized protein.
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outside Mammalia corresponding to the bacterial species
Thermotoga maritima, and with Caenorhabditis elegans listed
much further down the list. Despite this arrangement of signi®cant
BLAST hits, once the sequences were all aligned and phylogenetic
analyses performed, C. elegans fell in as the sister group to mam-
mals, and eukaryotes were monophyletic. This conclusion is sub-
stantiated further through a search of the EST others database,
revealing a sequence for Anopheles gambiae (mosquito; AJ283948)
and Ciona intestinalis (ascidian; AV679183), with the resulting
topology again supporting eukaryote monophyly, this time inclu-
sive of two mammals and three invertebrates from disparate phyla
(Fig. 2c).

If a particular human gene was either a highly divergent member
of a gene family widely found in both vertebrates and non-
vertebrates, or short in length but highly matched a motif within
a larger bacterial protein, then vertebrates and bacteria were often
top hits in BLAST searches. An example is the 222-amino-acid
surfactin synthetase domain (IGI_M1_ctg25107_24) for which the
top BLAST hit is Srf1, a 3,587-amino-acid protein in Bacillus
subtilis. Subsequent phylogenetic analyses on the conserved regions
between bacteria and humans, as well as fungi and Nematoda,
resulted in a monophyletic cluster of eukaryotic sequences. Ribo-
somal protein S6-glutamic acid ligase (IGI_M1_ctg12741_7) exists
in humans, mouse, frog and ¯y (these latter two were detected in
EST others database), and all eukaryotic sequences are monophy-
letic with high bootstrap support.

One of the twenty-eight loci in question was rejected as a possible
bacteria±vertebrate HGT (BAA11432.1) because of its very limited
bacterial spectrum. This gene did not strictly adhere to our
phylogenetic criteria for rejection, or to the reverse transfer; how-
ever, it had very few bacterial orthologues (only Mycobacterium
tuberculosis RV1834 (Q50599) and Pseudomonas aeruginosa PA3429

(C83216)), with a broader representation of vertebrates (®sh, frog
and a few mammals). The two bacteria did not form a clade in the
resulting phylogeny. The most parsimonious explanation of this
spectrum and branching arrangement is the evolution of an a/b
hydrolase in vertebrates, which was then transferred independently
into Mycobacterium and Pseudomonas. In our opinion this limited
spectrum is a compelling argument against bacteria±vertebrate
HGT. Such an assortment of taxa would necessitate that this locus
evolved in bacteria, was subsequently lost in a host of independent
lineages (remembering that there are a signi®cant number of
complete bacterial genome sequences available), retained in only
Mycobacterium and Pseudomonas, and then one or another of these
taxa transferred this gene into a vertebrate lineage germ line. A
similar, although more complex case, is presented by a family of
paralogous human transporters (CAB81772.1, AAB59448.1,
AAA36608.1 and AAC41747.1; see Table 1), which contains two
further members (CAC00574.1, AW904970) listed in the Supple-
mentary Table of ref. 5.

In our analyses of these data there are a few examples where the
evolutionary history is unclear (listed under ambiguous in Table 1),
and thus for which a possible bacteria±vertebrate transfer cannot be
rejected. However, no such phylogenetic criteria exist for these same
genes to substantiate the claims of bacteria±vertebrate HGT. Most
of our analyses and phylogenetic topologies are highly consistent
with the view that vertebrates and bacteria share these loci through
common ancestry, involving a succession of non-vertebrate eukar-
yote intermediates. A further point arising from our analysis is that
the evolutionary relationships among proteins cannot be concluded
solely from the ranking of database hits in homology searches (for
example, BLAST reports). This is not a new conceptual point (see
refs 7, 12, 13), but one that seems to have been overlooked in this
instance. Phylogenetic analysis must be a central component of any

Table 1 Alternative analysis of proposed vertebrate acquisitions of bacterial genes

Human protein*
(accession number)

Phylogenetic
support of

vert±bac HGT
(Fig. 1b)

Phylogenetic
rejection of

bac±vert HGT
(Fig. 1c, d, e)

Other rationale for
rejecting

bac±vert HGT

Ambiguous:
absence of

non-vertebrate
eukaryote
(Fig. 1f)

...................................................................................................................................................................................................................................................................................................................................................................

AAG01853.1 Yes²
CAB81772.1 Yes³
AAB59448.1 Yes³
AAA36608.1 Yes³
AAC41747.1 Yes³
BAA11432.1 Yes§
CAB59628.1 Yes
BAA91273.1 Yes²
CAA75608.1 Yes
AAA59548.1 Yes²
AAB27229.1 Yes²
AAF12736.1 Yes²
AAA51565.1 Yes
BAA92632.1 Yesk
BAA34458.1 Yes
AAF24044.1 Yes²
BAA91839.1 Yes
BAA92073.1 Yes¶
BAA92133.1 Yes
BAA91174.1 Yes
AAA60043.1 Yes
BAA86552.1 Yes²
IGI_M1_ctg12741_7 Yes²
IGI_M1_ctg13238_61 Yes²
IGI_M1_ctg13305_116 Yes²
IGI_M1_ctg14420_10 Yes²
IGI_M1_ctg16010_18 Yes
IGI_M1_ctg25107_24 Yes

...................................................................................................................................................................................................................................................................................................................................................................
For the 28 loci there was no phylogenetic evidence to support the claim of bacteria±vertebrate HGT (Fig. 1a). Sequence BAA34458.1 did not correspond to a
b-lactamase-like hydrolase.
* Accession numbers correspond to those given in Table 24 of ref. 5. Sequences IGI_M1_ctg19153_147 and IGI_M1_ctg16227_58 from Table 24 were not found in the IPI_1 database of putative human
proteins.
² Searches in which a sequence was recovered from EST others, which proved instrumental in rejecting the bacteria±vertebrate hypothesis.
³ Large family of paralogous transporters in metazoa; few, phylogenetically diverse bacteria.
§ Few, phylogenetically diverse bacteria.
kUnique N terminus fused with C-terminal decarboxylase, widely found in Bacteria, Archaea and Eucarya.
¶ Bacterial and human genes are not orthologous.
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protein family or genome annotation effort. Importantly, phyloge-
netic reconstruction is critical to synthesizing, from the growing
wealth of sequence data, a more comprehensive view of genome
evolution. M

Methods
Data collation and analysis

Our analysis involved a set of 28 loci that had been proposed as instances of bacteria±
vertebrate HGT, and for which PCR had been used to verify their presence in the human
genome5. Each protein sequence was searched using the appropriate BLASTP or
TBLASTN14 algorithm against the following databases downloaded on 19 February 2001
from NCBI: non-redundant proteins; EST others nucleotides (GenBank non-mouse and
non-human EST entries); un®nished microbial genome nucleotides; and the complete
genome sequences of the nematode C. elegans and the insect Drosophila melanogaster.
ClustalW15 was used to align the resulting set of signi®cant homologues, and the
alignments were then re®ned by eye using the GCG or GeneDoc sequence editors. In
several instances BLAST searches resulted in a large number of homologous sequences,
which served as input for a preliminary phylogeny designed to assess paralogy (sequence
homology due to gene duplication) and orthology (sequence homology due to
speciation). This tree then served as a framework on which to exclude the more distantly
related paralogues in a follow-up alignment and phylogeny. All potentially ambiguous
gaps (that is, those involving complex insertion or deletion events) were removed before
phylogenetic analysis. We coded all remaining gaps as missing data.

The amino-acid sequence alignments were analysed using maximum parsimony and
neighbour joining, as implemented in the phylogenetic package PHYLIP16. Parsimony
analyses randomized the input order 20±50 times, depending on the number of sequences
in the alignment (that is, greater number of random additions for larger alignments). The
distance matrixes that served as input for neighbour-joining analyses were calculated using
the point-accepted-mutation (PAM) Dayhoff substitution model. Clade strength was
assessed with bootstrap, using 1,000 replications. The alignments are available in
Supplementary Information.

Phylogenetic principles for accepting or rejecting HGT

The branching arrangement of the resulting phylogenies is a critical component of an
HGT assessment. In the case of a gene transfer from bacteria to vertebrates, the necessary
phylogeny would show eukaryote paraphyly with vertebrates separated from non-
vertebrates by a paraphyletic (a group that contains some but not all of the descendents of
a common ancestor) assemblage of bacterial lineages, where some of the bacteria were
more closely related to vertebrates than other bacteria, and in which most (or all) of
available bacterial sequences form a clade with vertebrates (Fig. 1a). Horizontal gene
transfer of the opposite direction (vertebrate±bacteria) would be expected to have a
topology in which one or a few bacteria were sister group to the vertebrates, joined next by
non-vertebrate taxa, and the remaining bacteria (if any) were outside this clade (Fig. 1b).
Both such trees would need a root, which could come from Archaea or a paralogous gene.
The clearest phylogenetic rejection of proposed bacteria±vertebrate HGT would involve
eukaryotic monophyly, with a non-vertebrate eukaryote contained within that clade
(Fig. 1c, d). Another example of phylogenetic rejection would include the respective
monophylies of Archaea, Eucarya and Bacteria (or conversely, just Eucarya and Bacteria)
in a tree rooted at a paralogous sequence, but with only vertebrates represented as
eukaryotes (that is, bacterial monophyly negates the bacteria±vertebrate HGT hypothesis;
Fig. 1e). Several ambiguous cases could arise, the most likely relating to the absence of
non-vertebrate orthologous genes. A paraphyletic group of bacteria forming a clade with
vertebrates, joined next by either Archaea or a paralogous gene family, could be a
consequence of the poor representation of non-vertebrate genomes in contemporary
databases, or could re¯ect an actual HGT from bacteria to vertebrates (Fig. 1f). The
absence of a sequence from either a nematode (C. elegans) or fruit ¯y (D. melanogaster)Ð
whose nearly complete genomes are availableÐin such a topology is not suf®cient
evidence to conclude bacteria±vertebrate HGT. Until a much broader sampling of non-
vertebrate genomes are completed these cases should remain ambiguous.
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Sexual selection may facilitate speciation because it can cause
rapid evolutionary diversi®cation of male mating signals and
female preferences. Divergence in these traits can then contribute
to reproductive isolation1±3. The sensory drive hypothesis predicts
that three mechanisms underlie divergence in sexually selected
traits4: (1) habitat-speci®c transmission of male signals5±7; (2)
adaptation of female perceptual sensitivity to local ecological
conditions8; and (3) matching of male signals to female perceptual
sensitivity4,9. I test these mechanisms in threespine sticklebacks
(Gasterosteus spp.) that live in different light environments. Here
I show that female perceptual sensitivity to red light varies with
the extent of redshift in the light environment, and contributes to
divergent preferences. Male nuptial colour varies with environ-
ment and is tuned to female perceptual sensitivity. The extent of
divergence among populations in both male signal colour and
female preference for red is correlated with the extent of repro-
ductive isolation in these recently diverged species. These results
demonstrate that divergent sexual selection generated by sensory
drive contributes to speciation.

Sexual selection can act through sensory drive to favour different
mating signals and preferences in different environments. The
sensory drive hypothesis predicts three mechanisms that may
cause such divergence. First, females are likely to prefer conspicuous
signals. Because habitat in¯uences the physics of signal transmis-
sion, relative conspicuousness of signals should vary with habitat4.
With visual signals, conspicuousness is enhanced when a signal
differs from the background light. In relatively clear, fresh water,
blue and red are high-contrast signal colours10. In tea-stained fresh
water, red signals are likely to be masked by the redshifted back-
ground light, but black should be high contrast11. Second, percep-
tual sensitivity should vary with habitat8,12 and lead to variation in
preference. For example, the spectral quality of ambient light is
likely to in¯uence colour perception12. Several sources of selection
may favour perceptual systems that work effectively in the local
environment, because the visual environment can affect prey and
predator detection as well as mate detection12,13. Third, male
signals that match female perception are easier to detect and
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