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Abstract. Genomic trees have been constructed based
on the presence and absence of families of protein-
encoding genes observed in 27 complete genomes, in-
cluding genomes of 15 free-living organisms. This
method does not rely on the identification of suspected
orthologs in each genome, nor the specific alignment
used to compare gene sequences because the protein-
encoding gene families are formed by grouping any pro-
tein with a pairwise similarity score greater than a preset
value. Because of this all inclusive grouping, this method
is resilient to some effects of lateral gene transfer be-
cause transfers of genes are masked when the recipient
genome already has a homolog (not necessarily an or-
tholog) of the incoming gene. Of 71 genes suspected to
have been laterally transferred to the genome of Aeropy-
rum pernix, only approximately 7 to 15 represent genes
where a lateral gene transfer appears to have generated
homoplasy in our character dataset. The genomic tree of
the 15 free-living taxa includes six different bacterial
orders, six different archaeal orders, and two different
eukaryotic kingdoms. The results are remarkably similar
to results obtained by analysis of rRNA. Inclusion of the
other 12 genomes resulted in a tree only broadly similar
to that suggested by rRNA with at least some of the
differences due to artifacts caused by the small genome
size of many of these species. Very small genomes, such
as those of the two Mycoplasma genomes included, fall
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to the base of the Bacterial domain, a result expected due
to the substantial gene loss inherent to these lineages.
Finally, artificial “partial genomes” were generated by
randomly selecting ORFs from the complete genomes in
order to test our ability to recover the tree generated by
the whole genome sequences when only partial data are
available. The results indicated that partial genomic data,
when sampled randomly, could robustly recover the tree
generated by the whole genome sequences.
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Introduction

Evolutionary relationships and significant evolutionary
events can be studied using whole genome sequences by,
for example, the building of genomic trees using meth-
ods based on the presence and absence of genes in each
genome. Several different methods for the generation of
trees using gene content have been developed (Fitz-
Gibbon and House 1999; Montague and Hutchison 2000;
Snel et al. 1999; Tekaia et al. 1999). These different
processes for building genome trees can be divided into
two broad categories: those based on the presence and
absence of suspected ortholog pairs or the “Ortholog
method” (e.g., Snel et al. 1999) and those based on the
presence and absence of gene families or the “Homolog
method” (e.g., Fitz-Gibbon and House 1999).
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These two distinct methods of genome tree building
have advantages and disadvantages. The ortholog
method seems to be quite effective at recovering an over-
all average of the different phylogenetic histories for the
genes in the genomes studied. Further, because in this
method “evolutionary distance” is based on the propor-
tion of orthologs shared between two genomes divided
by the size of the smallest genome of the two, the method
is resistant to artifacts caused by differing genome size.
However, the method can in principle be greatly influ-
enced by lateral gene transfer (as recently transferred
genes will appear as orthologs) and by the loss of shared
genes or the duplication of unshared genes (Eisen 2000).

In contrast, the homolog method can be adversely
affected by greatly reduced genomes, but is resistant to
influences of many cases of lateral gene transfer because
only the transfer of novel gene families can influence the
observed distribution of characters in the tree building
process. Furthermore, the expansion of certain gene
families through duplication, or the reduction of the size
of certain gene families through limited gene loss, has no
influence on the tree building process because all gene
families are treated equally regardless of their size.

Since the publication presenting the homolog method
of genome tree construction (Fitz-Gibbon and House
1999), several more complete genome sequences have
become available with which to test and evaluate this
method of genomic tree construction, as well as with
which to continue to explore genome evolution in a
greater diversity of species. The dataset used in this
analysis includes genome sequences from 27 species,
including 15 free-living taxa. Here, using these genome
sequences, we present tree construction using all 27 taxa,
tree construction using only the 15 free-living taxa, an
analysis of the influence of certain laterally transferred
genes, and an evaluation showing that the method is
often able to robustly recover the genome tree topology
when only partial protein data sets are available.

Materials and Methods

For this analysis, we used all of the published complete genome se-
quences available at the time (Alm et al. 1999; Andersson et al. 1998;
Blattner et al. 1997; Bult et al. 1996; Cole et al. 1998; Consortium
1998; Deckert et al. 1998; Fleischmann et al. 1995; Fraser et al. 1997,
Fraser et al. 1995; Fraser et al. 1998; Goffeau et al. 1997; Himmelreich
et al. 1996; Kaneko et al. 1996; Kawarabayasi et al. 1999; Kawar-
abayasi et al. 1998; Klenk et al. 1997; Kunst et al. 1997; Nelson et al.
1999; Parkhill et al. 2000; Read et al. 2000; Smith et al. 1997; Stephens
et al. 1998; Tomb et al. 1997; White et al. 1999), plus the soon to be
published genome data for the free-living crenarchaeon Pyrobaculum
aerophilum (Fitz-Gibbon et al. submitted). Trees were constructed both
for all 27 taxa and for just the 15 free-living taxa.

Construction of Data Matrices. As previously described (Fitz-
Gibbon and House 1999), the first step in this analysis groups proteins
based on pairwise sequence similarity. Comparisons were done using
the FASTA3 software (Pearson and Lipman 1988), comparing each

protein sequence in turn to each of the 27 databases of all protein
sequences for each organism. The proteins were grouped if any pair-
wise similarity score was greater than a preset z-score (Pearson 1995;
Pearson and Lipman 1988) regardless of the length of the matching
region or the relative lengths of the proteins. FASTA3 z-scores are
based on an extreme value distribution and scaled to a mean of 50 and
a standard deviation of 10. The presence or absence of each protein
group was scored for each genome to construct the data matrix for
phylogenetic analysis. By grouping all recognizable members of gene
families into the same group (even protein sequences linked via another
intermediate protein sequence or via a fused multidomain protein),
protein families of varying sizes among the genomes do not influence
our phylogenetic analysis. This process of clustering sequences col-
lapses traditional gene families into a larger group reducing some sig-
nal, but cannot create novel homoplasy in the data matrix. The data
matrices are available on the World Wide Web at http://
www.pyrobaculum.geosc.psu.edu/data/jmel/treedata.html.

Phylogenetic Analysis. Parsimony and distance analyses were per-
formed using PAUP v.4.0b (Sinauer Associates) for a series of data
matrices derived using the following z-score cut-offs: 150, 170, 190,
200, 300, 500. Bootstrap scores and consistency indices were calcu-
lated using PAUP v.4.0b. The consistency index for all characters on a
tree is the minimum possible tree length divided by the observed tree
length (Farris 1989). The decay index (also called Bremer support) is
defined as the number of additional steps required to collapse the
branch in question (Bremer 1988) and was calculated using AUTO-
DECAY v.4.0 and PAUP v.4.0b.

Analysis of Partial Genomes. Each of the 15 complete genome
sequences of free-living organisms was used in this analysis. First,
proteins from each genome were randomly selected until the selected
proteins represented 2/3 of the genome’s protein dataset. Using these
artificial partial datasets, a genomic tree was constructed via the ho-
molog method of genome tree construction. This process was repeated
so that 100 different partial datasets were formed producing 100 ge-
nomic trees. From these 100 trees, the number of times a certain node
of the tree was preserved was determined. A majority consensus tree
was formed showing the frequency with which each node was pre-
served among the 100 trees constructed. The whole process was re-
peated to study the consequence of genome tree construction using
partial genomes with 1/2, 1/3, and 1/4 of the genes present in the whole
genome sequences.

Results and Discussion

Genome Tree Construction—Free Living Organisms

A genome tree of 15 free-living taxa was constructed
using the homolog method (Fig. 1). For the most part, the
result is well supported as shown by the high bootstrap
values and high decay indices (Fig. 1B) and by the con-
sistency of the resulting tree across a wide range of dif-
ferent z-score cut-offs (Fig. 1C). The tree shown in Fig.
1A is very similar to that formed based on the small
subunit rRNA (Woese 1987). The result is also consis-
tent with the published 11 taxa tree produced using the
same method (Fitz-Gibbon and House 1999). The prin-
cipal difference between these results is the inclusion of
four additional genomes.

Two of the four additional genomes were from taxa
that are members of archaeal groups represented by other
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Fig. 1. Phylogenetic analysis of 15 free-living microorganisms,

Aeropyrum pernix K1 (ap), Aquifex aeolicus (aa), Archaeoglobus fulgi-
dus (af), Bacillus subtilis (bs), Caenorhabditis elegans (ce), Dienococ-
cus radiodurans (dr), Escherichia coli (ec), Methanobacterium ther-
moautotrophicum (mt), Methanococcus jannaschii (mj), Pyrobaculum
aerophilum (pa), Pyrococcus abyssi (pab), Pyrococcus horikoshii (ph),
Saccharomyces cerevisiae (sc), Synechocystis sp. (sy), and Thermotoga
maritima (tm), using the presence/absence of families of protein-
encoding genes in each genome as characters. (A) The single most
parsimonious phylogram (unrooted), produced by use of a z-score cut-

taxa resulting in additional representation of the Crenar-
chaeota by Aeropyrum pernix, and of the Thermococ-
cales by Pyrococcus abyssi. In both of these cases, the
new taxa included in the analysis were placed on the
genomic tree clustered with the other members of its
rRNA taxonomic group. Another of the additional taxa
was Caenorhabditis elegans, which clustered with the
other Eukarya as expected. The placement of these three
taxa with their expected relatives suggests that at some
significant level the genomic content of closely related
species (as discerned by rRNA sequences) are similar.
An additional genome from Deinococcus radiodurans
was also added. In this case, the taxon belongs to a
bacterial group not represented on the tree published by
Fitz-Gibbon and House (1999). In the new analysis
shown in Fig. 1, Deinococcus radiodurans clusters
weakly with the cyanobacterial species Synechocystis sp.
Although this pairing is not statistically well supported in
the genomic tree, the pairing of the Deinococcus/
Thermus group with the Cyanobacteria is supported by
an insertion or deletion in the Hsp40 gene (Gupta 1998).
Generally, the support of resolving the relationships of
the Gram positives, Proteobacteria, the Cyanobacteria,
and the Deinococcus/Thermus group is very difficult in
this analysis suggesting that these taxa either have un-
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off of 170 as the criterion for single linkage clustering of homologous
protein groups. (B) The same phylogram, plotted with only the parsi-
mony-informative characters. Because 15,771 of the 17,874 protein
groups identified at this z-score cutoff are unique to a single taxon (and
therefore phylogenetically uninformative), the long terminal branches
evident in A are not present in B. Values obtained from 500 bootstrap
replicates are listed together with Decay Indices (in parentheses). (C)
The consensus topology for all of the tested z-score cutoffs in the range
150-500 for both maximum parsimony and distance (neighbor joining)
methods. Branch and bound searches were used in this case.

dergone significant lateral gene transfer, significant gene
loss, or that these taxa were part of a rapid bacterial
diversification.

Genome Tree Construction—All Organisms

In order to investigate further the use of homologous
protein families as phylogenetic characters, we have also
built a genomic tree using the 27 complete genome se-
quences available at the time of analysis (Fig. 2). Al-
though the result is broadly similar to that shown in Fig.
1 (and to the rRNA tree), the tree is in detail rather poor
with the relationships of many of the non-free-living taxa
not properly resolved. Specifically, the method has cor-
rectly paired Haemophilus influenzae with its close rela-
tive Escherichia coli and also united the two Spirochetes
(Borrrelia burgdorferi and Treponema pallidum) to-
gether, but we assume it has failed to present the proper
phylogeny by failing to unite the Mycoplasma with other
gram positives or to unite the Proteobacteria together in
a clade. It appears that the incorrectly placed taxa are
misplaced due to an artifact caused by small genome
size. In principle, the homolog method of whole-genome
tree construction could be influenced by substantial gene



542

A ce B
g Informative characters = 2,800
Tree length = 5,485 ce
Consistency Index (Cl) = 0.51 SC
~_ 100 changes
{ Total characters = 20,666 bs dr tm

1 29 characters are constant

i Tree length = 23,322

{ Consistency index (Cl) = 0.88
1 500 changes

| EUKARYA

BACTERIA

ARCHAEA

ap

Fig. 2. Phylogenetic analysis of 27 microorganisms, Aeropyrum per-
nix K1 (ap), Aquifex aeolicus (aa), Archaeoglobus fulgidus (af), Bacil-
lus subtilis (bs), Borrelia burgdorferi (bb), Caenorhabditis elegans
(ce), Campylobacter jejuni (cj), Chlamydia pneumoniae (cp), Chla-
mydia trachomatis (ct), Dienococcus radiodurans (dr), Escherichia
coli (ec), Haemophilus influenzae (hi), Helicobacter pylori (hp), Heli-
cobacter pylori (hpj), Methanobacterium thermoautotrophicum (mt),
Methanococcus jannaschii (mj), Mycobacterium tuberculosis (tb), My-
coplasma genitalium (mg), Mycoplasma pneumoniae (mp), Pyrobacu-
lum aerophilum (pa), Pyrococcus abyssi (pab), Pyrococcus horikoshii
(ph), Rickettsia prowazekii (tp), Saccharomyces cerevisiae (sc), Syn-
echocystis sp. (sy), and Thermotoga maritima (tm), Treponema pal-
lidum (tp), using the presence/absence of families of protein-encoding

loss from a specific genome. This particular artifact can
easily account for the placement of reduced genomes
(such as Mycoplasma) at the base of the Bacteria. One
interesting relationship found in Fig. 2, but not easily
explained via gene loss, is the placement of Mycobacte-
rium tuberculosis with the cyanobacterium Synechocys-
tis sp. Results from looking at several of the more par-
simonious trees formed when the Mycobacterium
genome is added to the analysis of free-living-taxa sug-
gest that this genome has an affinity with both Synecho-
cystis and Deinococcus as several combinations of these
three taxa are found. Perhaps the High GC Gram positive
bacteria belong to a clade containing the cyanobacteria
and the Deinococcus/Thermus group rather than to a
clade containing the Low GC Gram positive bacteria.
This relationship is consistent with that found for o’
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genes in each genome as characters. Non-free-living taxa are shown
with smaller font. (A) The single most parsimonious phylogram (un-
rooted), produced by use of a z-score cutoff of 170 as the criterion for
identification of homologous protein groups. (B) The same phylogram,
plotted with only the parsimony-informative characters. Because
17,837 of the 20,666 protein groups identified at this z-score cutoff are
unique to a single taxon (and therefore phylogenetically uninforma-
tive), the long terminal branches evident in A are not present in B.
Values obtained from 1000 bootstrap replicates are listed together with
Decay Indices (in parentheses). (C) The consensus topology for all of
the tested z-score cutoffs in the range 150-500 for both maximum
parsimony and distance (neighbor joining) methods. A heuristic search
was required with this large number of taxa.

type sigma factors of group 1 and group 2 during initial
investigations (Gruber and Bryant 1998).

In the analysis presented in Fig. 2, the only non-free-
living genomes larger than the smallest genome of a free
living taxon, the 1.5 Mb genome of Aquifex aeolicus, are
the genomes of Campylobacter jejuni, Helicobacter py-
lori, and Mycobacterium tuberculosis. As just discussed,
Mycobacterium tuberculosis may not belong in a united
clade of gram positive bacteria, and so its misplacement
is not confirmed at present. Campylobacter jejuni and
Helicobacter pylori will join the other Proteobacteria
(Escherichia coli and Haemophilus influenzae) if either
of two changes is made to the analysis. First, they will be
united with the other Proteobacteria if there is no smaller
genome than 1.6 Mb (removing Aquifex aeolicus from
the analysis). This solution works because it removes



other small genomes that could attract the genomes in
question. However, we believe that the relatively small
genomes of Campylobacter jejuni and Helicobacter py-
lori are not representative of the early Proteobacteria
(Fitz-Gibbon and House 1999) rendering such solutions
unsatisfactory until a greater diversity of Proteobacteria
can be included in the analysis. Second, Campylobacter
Jjejuni and Helicobacter pylori will unite with the other
Proteobacteria if a stepwise matrix is used to count gene
family loss less than gene family gain with losses
counted as one step and gains counted as five steps. This
has the effect of somewhat reversing the artifact caused
by a reduced genome by not penalizing gene loss as
severely as lateral gene transfer. The majority of our
consistent characters in the tree shown in Fig. 1, how-
ever, are novel gene family gains, and therefore, such a
stepwise matrix has unintentional consequences on the
tree building process and is not an adequate solution to
the problem presented by reduced genomes. One pos-
sible solution may lie in using a tree building process in
which gene family gain and gene family loss are counted
equally for consistent characters, but gains are counted
more severely than losses when characters are inconsis-
tent (implying that the there has been either gene loss or
lateral gene transfer).

Generally, the results shown in Fig. 2 indicate that our
homolog method of whole genome tree construction can
be adversely affected by derived genomes that are not
typical of the ancestral state of the group they are rep-
resenting. This result is by no means surprising (Wiley
1981) and only indicates that care must be taken during
taxon selection if a phylogenetically correct tree of life is
to be constructed using the presence and absence of pro-
tein families. Without further specific knowledge of ge-
nome evolution, we recommend general exclusion of
non-free-living taxa, resulting in a pruned dataset where
Aquifex aeolicus has the smallest genome containing
only about 1500 protein-encoding genes (Deckert et al.
1998).

Comparison of Our Phylogeny with Ones Obtained
Using Other Genomic Methods

Several different methods for the generation of “trees of
life” using gene content have been proposed (Fitz-
Gibbon and House 1999; Snel et al. 1999; Tekaia et al.
1999). Each of these systems produces a tree with three
domains of life robustly separated. Furthermore, each
method seems to correctly capture additional features of
microbial phylogenetics. However, some of the details of
each tree differ, suggesting that the methods are sensitive
to different influences.

Snel et al. (1999) have presented a whole genomic
tree constructed based on an “evolutionary distance” cal-
culated as the proportion of orthologs shared between
two genomes divided by the size of the smallest genome
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of the two. This method of tree building is quite effective
at clustering the members of the Proteobacteria, the Low
GC Gram positive bacteria, and the Spirochaetales, but
fails to form a monophyletic clade for all of the Gram
positive bacteria just as our method fails to do so (dis-
cussed above). The original published tree presented us-
ing this method found Aquifex as a sister taxon with
Synechocystis (Snel et al. 1999). However, when more
taxa were included in an updated version of the tree,
Aquifex was found to fall at the base of the Bacteria
(Huynen et al. 1999) as it does in TRNA trees (Stetter
1996) and in the whole genomic tree presented here (Fig.
1). Finally, the published updated tree finds Thermotoga
maritima as a sister taxon to the Spirochaetales rather
than near the base of the tree as suggested by rRNA
(Woese 1987) and by our analysis (Fig. 1).

Two additional methods of whole genome tree con-
struction based on a hierarchical classification system
have been presented by Tekaia et al. (1999). In both trees
presented using this system, Aquifex aeolicus is not at the
base of the Bacteria as suggested by rRNA, but rather
clustered with Rickettsia and Chlamydia. It is possible
that Aquifex is misplaced upon the rRNA tree due to long
branch attraction toward the root of the Bacteria and that
Agquifex is misplaced toward the root of our tree due to its
relatively small genome size. Recent conventional phy-
logenetic analysis of 39 conserved proteins, however,
revealed a deeply branched position for Aquifex and
Thermotoga (Hansmann and Martin 2000), suggesting
that Aquifex is correctly placed on our tree in Fig. 1 and
misplaced on the tree presented by Tekaia et al. (1999)
possibly due to the inclusion of non-free-living taxa.

Another genomic method is the analysis of combined
datasets containing large numbers of conserved proteins.
For example, Hansmann and Martin (2000) compiled a
dataset of 39 conserved proteins analyzed the dataset
phylogenetically taking special note of the significant
influence that the inclusion or exclusion of highly vari-
able sites has on the resulting tree. Although they do not
present a single tree, their results taken as a whole gen-
erally place Aquifex and Thermotoga as deeply branched,
as does our result. However, other relationships within
the Bacteria are not consistently resolved by Hansmann
and Martin (2000), making a comparison difficult and
suggesting that even a large number of proteins may be
insufficient to resolve phylogenetic relationships be-
tween the bacterial orders.

Brown et al. (2001) have also recently presented a
phylogenetic tree based on the combined phylogenetic
analysis of a large dataset of proteins. In this work, they
present two different reconstructions. Their initial result
has 23 proteins and places the Spirochaetales as the ear-
liest diverging bacterial lineage, while placing Aquifex
and Thermotoga in a derived clade including the Proteo-
bacteria and Cyanobacteria. Their second tree is based on
the same dataset after the removal of nine genes that the
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authors believe have been laterally transferred (Brown et
al. 2001). The new result shows Aquifex and Thermotoga
as early diverging lineages, while many of the other re-
lationships within the Bacteria are also altered from their
placement in the first tree. Besides the placement of
Aquifex and Thermotoga at the base of the Bacteria, the
second tree presented by Brown et al. (2001) has some
additional features in common with our result. For ex-
ample, the second tree presented by Brown et al. (2001)
unites Deinococcus with Synechocystis and does not
place the High GC Gram positive bacteria (e.g., Myco-
bacterium tuberculosis) in a monoplyletic clade with
Low GC Gram positive bacteria. Further, Brown et al.
(2001) find that in some of their trees built by neighbor
joining the High GC Gram positive bacteria are a sister
group to the Cyanobacteria/Deinococcus clade, which is
a similar arrangement to that suggested by our analysis
of the Mycobacterium genome discussed above. Beyond
these similarities, our results differ from those obtained
by Brown et al. (2001) when it comes to the arrangement
of the orders within the bacterial domain as this part of
the tree is hard to resolve for any of the techniques com-
pared. In fact, Brown et al. (2001) present several alter-
native arrangements found within their neighbor joining
trees for these relationships.

In general, when methods of whole genomic tree con-
struction are compared, it is clear that the different meth-
ods produce trees that differ in subtle details of topology
within the Bacteria. However, in contrast, most of the
methods produce the same general topology for the Ar-
chaea including the separation of the domain into the two
kingdoms of the Crenarchaeota and Euryarchaeota and
the pairing of the methanogens together. There is an
interesting relationship found within the Archaea both by
Hansmann and Martin (2000) and by Brown et al. (2001)
that differs from our results. The results presented by
both of these papers place Pyrococcus as a sister taxon to
the methanogens, whereas our analysis places Archaeo-
globus as the sister taxon to the methanogens. With more
research, this surprising difference may help to critically
evaluate these various methods of tree building. Ar-
chaeoglobus is micromethanogenic (Stetter 1988) and
contains many of the biochemical pathways found within
methanogens (Klenk et al. 1997). Future work may re-
veal that the unique gene families shared by Archaeo-
globus and the methanogens are not really synapomor-
phies, but rather homoplasies that were transferred,
indicating that the placement found by our whole ge-
nome method was altered by the genetic transfer of the
particular biochemistry shared by these three organisms.
Alternatively, future work may find that Archaeoglobus
belongs in a clade uniting it with the methanogens based
on vertical decent, that the unique gene families it shares
with the methanogens are synapomorphies, and that the
protein trees are incorrect due to one of the many arti-
facts that can adversely effect sequence analysis.

Table 1. Results from the investigation of phylogenetic inconsis-
tency induced by suspected lateral gene transfers from Bacteria to the
genome of Aeropyrum pernix (ap) without and with the genome of
Pyrobaculum aerophilum (pa) included in the analysis

155 genes pass “test” for lateral gene transfer from a bacterium
to ap without pa included in the analysis (112 of these
are cases in which the gene family represented by the
gene was already present in ap)

71 genes pass “test” for lateral gene transfer from a bacterium
to ap with pa included in the analysis (45 of these are
cases in which the gene family represented by the gene
was already present in ap)

26 of these 71 genes are members of 24 unique parsimony
informative gene families on the free-living genomic tree
presented in Figure 1 (3 of these are genes from a single
gene family that was already present in ap)

20 of these 26 genes represent 18 unique gene families that
are present in ap, but absent in pa suggesting the lateral
gene transfer may have induced homoplasy in the
Crenarchaeota (3 of these are genes from a single gene
family that was already present in ap)

7 of these 20 genes represent 7 unique gene families whose
presence in the Archaea appears to be the result of a
single gene transfer to ap from a bacterium

Investigation of Phylogenetic Inconsistency Induced by
“Suspected” Lateral Gene Transfers from Bacteria to
the Genome of Aeropyrum pernix

Faguy and Doolittle (1999) have suggested that many
cases of lateral gene transfer from the Bacteria to the
genome of Aeropyrum pernix (an Archaea) can be iden-
tified by using BLAST to search each Aeropyrum pernix
gene against a library of genes for other organisms (Bac-
teria, Archaea, and Eukaryotes) using 50 BLAST bits as
the minimum score that can be considered a match.
Faguy and Doolittle claim that if the highest bacterial
match is 10 BLAST bits higher than the highest non-
Aeropyrum archaeal match, then it is probably a case of
lateral gene transfer (Faguy and Doolittle 1999). We de-
cided to use this criterion to investigate the effect later-
ally transferred genes have on our own genome tree
analysis even though this test for lateral gene transfer is
probably quite prone to false positives.

The results are shown in the Table 1. Without the
genome Pyrobaculum aerophilum, this method identifies
155 genes suspected to have been transferred into the
Aeropyrum genome. However, this number drops to 71
when Pyrobaculum aerophilum is included in the analy-
sis, demonstrating that the results are highly dependent
on how many archaeal genomes have been sequenced
and included in the analysis. This dependence on taxa
sampling results from the fact that the methodology used
to identify genes suspected of having been transferred
assumes that a transfer has occurred if the strongest
match is to the Bacteria even though an even stronger
archaeal match may exist outside of the taxa sampled.
For example, Faguy and Doolittle (1999) identify the
nitrate reductase of Aeropyrum pernix as a clear example
of a lateral gene transfer from the Bacteria because its



strongest match is to the Bacteria. However, there is a
similar nitrate reductase in the archaeal genome of Py-
robaculum aerophilum (Ladner submitted) making the
exact history of this gene unclear. In principle, the
known distribution of this archaeal nitrate reductase can
be explained by: (1) this gene having been present in the
common ancestor of the Crenarchaeota and the Bacteria,
(2) having been transferred into the Crenarchaeota prior
to the divergence of Pyrobaculum and Aeropyrum, or (3)
having been transferred twice (e.g., once from the Bac-
teria into one of these crenarchaeal lineages and then a
second time between Pyrobaculum and Aeropyrum).
This case demonstrates the limitations of such an analy-
sis and the general difficulties in identifying clear cases
of lateral gene transfer. It seems, therefore, that this type
of analysis would overestimate the frequency of lateral
gene transfer. Nevertheless, we used these results as a
rough proxy for the frequency of lateral gene transfer
between domains in order to investigate the degree to
which lateral gene transfer between distantly related or-
ganisms can adversely affect our character set used for
tree construction.

Of the 71 genes passing the test and therefore “sus-
pected” to be cases of lateral gene transfer to the Aeropy-
rum pernix genome from the Bacteria, 45 are from gene
families already present in the Aeropyrum pernix ge-
nome and, therefore, cases in which the possible lateral
gene transfer would not have altered the character set
because the character set is constructed at the gene fam-
ily level. Furthermore, only 20 of the 71 “transferred”
genes are members of gene families (18 gene families in
all) present in Aeropyrum pernix but absent in the ge-
nome of Pyrobaculum aerophilum, cases in which a lat-
eral gene transfer may have induced homoplasy in the
Crenarchaeota when our character set was constructed.
Of these 20 genes, only seven genes are cases in which
the gene family was otherwise absent from all of the
Archaea on the tree. The characters represented by these
seven gene families would be consistent with the tree
topology shown in Fig. 1 if it had not been for the gene
transfer event. Therefore, in these seven cases, it appears
as though a single gene transfer event has induced novel
homoplasy in our character data set used for tree build-
ing. For the cases where the gene family is present in
other Archaea studied besides Aeropyrum, the archaeal
distribution of the gene families could be explained most
parsimoniously in three cases with parallel gene loss
rather than lateral gene transfer, in five cases, equally
with parallel gene loss as with lateral gene transfer, and
in only three cases, with lateral gene transfer rather than
parallel gene loss. So, these results suggest that while
only seven cases of lateral gene transfer to Aeropyrum
induced novel homoplasy in our character matrix, per-
haps an additional eight cases of lateral gene transfer to
Aeropyrum would have induced novel homoplasy had
that character otherwise been consistent in the Archaea.
In either case, this is a small number relative to the decay
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index of 46 supporting the node uniting Aeropyrum with
Pyrobaculum, indicating significantly more lateral trans-
fers of gene families from the Bacteria would be neces-
sary to alter the placement of Aeropyrum on our tree.

In general, in our investigation of phylogenetic incon-
sistency induced by “suspected” lateral gene transfers,
we found that identifying cases of lateral gene transfer
from Bacteria to the genome of Aeropyrum pernix was
difficult. We also find that by building our character
matrix with gene families rather than orthologs, some
cases of lateral gene transfer will be masked. Further-
more, the level of inter—domain transfer does not seem to
be great enough to impact the topology of our tree. This
result does not, however, address the level of intra—
domain transfer, which is expected to be more problem-
atic.

Analysis of Partial Genome Sequences Using Homolog
Method of Tree Construction

In order to evaluate the ability of the homolog method to
recover a tree topology when only partial genomic data is
available, we conducted an analysis using partial data
sets randomly generated (see methods) from the 15 free-
living genomes used in the tree shown in Fig. 1. Figure
3A shows the results of 100 replicate analyses of partial
genomes consisting of two-thirds of the original protein-
encoding genes. Generally, the plurality consensus tree
formed from the 100 replicates is similar to the tree
shown in Fig. 1 demonstrating that the homolog method
of tree construction can recover the phylogenetic infor-
mation from partial genome datasets. Further, almost all
of the relationships found within the Archaea are pre-
served in all 100 replicate experiments. The exception is
the relationship of Archaeoglobus to that of Pyrococcus.
In 85 of the 100 replicates, this relationship was the same
as shown in Fig. 1A. However, in the remaining 15 rep-
licates, the two branches were swapped. In contrast, the
relationships of the bacterial taxa to each other are not
preserved in all 100 replicates, but rather in only a plu-
rality of the replicates. The pairing of Escherichia coli
with Bacillus subtilis was the most reproducible feature
found within the Bacteria appearing in 88 of the 100
replicates.

The analysis of datasets containing a half, a third, and
a quarter of the genes present in the whole genome
dataset is shown in Fig. 3B. The tree topology has
changed with the pairing of Aquifex and Thermotoga as
less genome coverage is used. Perhaps as fewer genes are
included in the analysis, the broad similarity of these two
genomes overcomes specific synapomorphies shared be-
tween Thermotoga and the other Bacteria. Surprisingly,
many of the relationships found to be robust in the origi-
nal analysis continue to be found with a high degree of
reproducibility even when only a quarter of the protein-
encoding genes from each genome are being used. This
suggests that it may be possible to use inexpensive low
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coverage genome sequencing to survey a wide range of
microorganisms in order to produce a genomic Tree of
Life that has the taxonomic coverage found only for
small subunit rRNA trees.

Conclusions

We conclude that a robust tree can be constructed using
groups of homologs as phylogenetic characters, that this
method is more resistant to the influences of lateral gene
transfer than similar ortholog-based tree building meth-
ods, and that partial genome data may be of use in the
tree building process (at least when random sampling is
invoked). With respect to the phylogenetic relationships
studied with our genomic analysis, we have the most
confidence in: (1) the separation of the Bacteria and Ar-
chaea into separate domains, (2) the separation of the
Archaea into two kingdoms—the Crenarchaeota and Eu-
ryarchaeota, and (3) the pairing of the Pyrococcus spe-
cies together as well as the pairing of the methanogens
studied together. We have slightly less confidence in the
placement of Aguifex near the base of the Bacteria and in
the placement of the Eukarya outside of the Archaea due
to the possibility that the loss of gene families in these
groups have moved their position in our tree toward the
root. Finally, we have low confidence about the exact
relationship of the Proteobacteria, the Cyanobacteria,

pa

84,73, 68

75,73, 66

100, 100, 100
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mt

m

pab

00, 100, 98

mt  Fig. 3. Results from plurality
consensus tree construction using
randomly sampled fractionations (2/3,
1/2, 1/3, and 1/4) of each genomic set
of predicted proteins for the 15
free-living taxa analyzed in Fig. 1. The
numbers at each node indicate the
number of times out of 100 replicates
that the particular node was preserved.

and the Gram positive bacteria as this is a difficult area
of the tree to resolve. Future studies will be designed to
directly investigate these relationships on the whole ge-
nomic scale.
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