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Abstract

Genome-wide comparison of phylogenetic trees is becoming an increasingly common approach in evolu-
tionary genomics, and a variety of approaches for such comparison have been developed. In this article we
present several methods for comparative analysis of large numbers of phylogenetic trees. To compare
phylogenetic trees taking into account the bootstrap support for each internal branch, the boot-split
distance (BSD) method is introduced as an extension of the previously developed split distance
(SD) method for tree comparison. The BSD method implements the straightforward idea that comparison
of phylogenetic trees can be made more robust by treating tree splits differentially depending on the
bootstrap support. Approaches are also introduced for detecting treelike and netlike evolutionary trends in
the phylogenetic Forest of Life (FOL), i.c., the entirety of the phylogenetic trees for conserved genes of
prokaryotes. The principal method employed for this purpose includes mapping quartets of species onto
trees to calculate the support of each quartet topology and so to quantify the tree and net contributions to
the distances between species. We describe the applications methods used to analyze the FOL and the
results obtained with these methods. These results support the concept of the Tree of Life (TOL) as a
central evolutionary trend in the FOL as opposed to the traditional view of the TOL as a “species tree.”
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Abbreviations

BSD Boot-split distance

CMDS Classical multidimensional scaling
COG Clusters of orthologous genes
FOL Forest of Life

HGT Horizontal gene transfer

ND Nodal distance

NUTs  Nearly universal trees

QT Quartet topology
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Introduction

With the advances of genomics, phylogenetics entered a new era
that is noted by the availability of extensive collections of phyloge-
netic trees for thousands of individual genes. Examples of such tree
collections are the phylomes that encompass trees for all sufficiently
widespread genes in a given genome [ 1—4] or the “Forest of Life”
(FOL) that consists of all trees for widespread genes in a represen-
tative set of organisms [ 5 ]. It has been known since the early days of
phylogenetics that trees built on the same set of species often have
different topologies, especially when the set includes distant spe-
cies, most notably, in prokaryotes [6, 7]. The availability of “for-
ests” consisting of numerous phylogenetic trees exacerbated the
problem as an enormous diversity of tree topologies has been
revealed. The inconsistency between trees has several major
sources: (1) problems with ortholog identification caused primarily
by cryptic paralogy; (2) various artifacts of phylogenetic analysis,
such as long branch attraction (LBA); (3) horizontal gene transfer
(HGT); and (4) other evolutionary processes distorting the verti-
cal, treelike pattern such as incomplete lineage sorting and hybri-
dization [1, 8-10]. In order to obtain robust results in genome-
level phylogenetic analysis, for instance, to classify phylogenetic
trees into clusters with (partially) congruent topologies or to iden-
tify common trends among multiple trees, reliable methods for
comparing trees are indispensable.

The number and diversity of tree comparison methods and
software have substantially increased in the last few years. The tree
comparison methods variously use tree bipartitions, such as parti-
tion or symmetric difference metrics [11] and split distance [12];
distance between nodes such as the path length metrics [13], nodal
distance [12, 14], and nodal distance for rooted trees [15]; com-
parison of evolutionary units such as triplets and quartets [16];
subtransfer operations such as subtree transfer distance [17],
nearest-neighbor interchanging [18], subtree prune and regraft
(SPR) using a rooted reference tree [19], SPR for unrooted trees
[20] and tree bisection and reconnection (TBR) [17], and match-
ing pair (MP) distance [21 ]; (dis)agreement methods such as agree-
ment subtrees [22], disagree [12], corresponding mapping [23],
and congruence index [24 ]; tree reconciliation [25 ]; and topologi-
cal and branch lengths methods such as K-tree score [26]. Several
algorithms have been proposed to analyze with multi-family trees.
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For example, the From Multiple to Single (FMTS) algorithm sys-
tematically prunes each gene copy from a multi-family tree to
obtain all possible single-gene trees [12] and an algorithm imple-
mented in TreeKO prunes nodes from the input rooted trees in
which duplication and speciation events are labeled [27]. Another
algorithm employs a variant of the classical Robinson-Foulds
method to compare phylogenetic networks [28]. However, to the
best of our knowledge, none of the available metrics for tree
comparison takes into account the robustness of the branches, a
feature that appears important to minimize the impact of artifacts
(unreliable parts of a tree) on the outcome of comparative tree
analysis. Here, we present the boot-split distance (BSD) method
that calculates distances between phylogenetic trees with weighting
based on bootstrap values. This method is implemented in the
program TOPD/EMTS [12]. In our recent research, we used the
BSD method combined with classical multidimensional scaling
(CMDS) analysis to explore the main trends in the phylogenetic
FOL and to explore the “Tree of Life” (TOL) concept in light of
comparative genomics [5, 29].

Since the time (ca 1838) when Darwin drew the famous sketch
of'an evolutionary tree in his notebook on transmutation of species,
with the legend “I think...,” the thinking on the “Tree of Life”
(TOL) has evolved substantially. The first phylogenetic revolution,
brought about by the pioneering work of Zuckerkandl and Pauling
[30] and later Woese and coworkers [31], was the establishment of
molecular sequences as the principal material for phylogenetic tree
construction. The second revolution has been triggered by the
advent of comparative genomics when it has been realized that
HGT, at least among prokaryotes, was much more common than
previously suspected. The first revolution was a triumph of the tree
thinking, when a well-resolved TOL started to appear within reach.
The second revolution undermines the very foundation of the TOL
concept and threatens to destroy it altogether [32-34].

The current views of evolutionary biologists on the TOL span
the entire range from acceptance to complete rejection, with a host
of moderate positions. The following rough classification may be
used to summarize these positions (a) acceptance of the TOL as the
dominant trend in evolution: HGT is considered to be rare and
overhyped, and most of the observed “transfers” are deemed to be
artifacts [35-38]; (b) the TOL is the common history of the
(nearly) nontransferable core of genes, surrounded by “vines” of
HGT [39-50]; (c) each gene has its own evolutionary history
blending HGT and vertical inheritance; a statistical trend might
exist in the maze of gene histories, and it could even be treelike
[5,29,51,52]; and (d) ubiquity of HGT renders the TOL concept
totally obsolete (prokaryotic species and higher taxa do not exist,
and microbial “taxonomy” is created by a pattern of biased HGT)

[32, 34, 53-58].
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METHODS I CONCEPTS

Boot split distance (BSD) Forest of life (FOL)
Inconsistency Score (IS) Nearly universal trees (NUTs)
Classical multidimensional scaling Central trend tree of life (TOL)
analysis( CMDS) Patterns in the FOL
Map of quartet species Tree and net components of evolution

The Tree-Net Trend (TNT)

Fig. 1 A schematic of the methods and concepts involved in the FOL analysis

We found that, although different trends and patterns have to
be invoked to describe the FOL in its entirety, the main, most
robust trend is the “statistical TOL,” i.e., the signal of coherent
topology that is discernible in a large fraction of the trees in the
FOL, in particular, among the nearly universal trees (NUTs)
[59, 60].

We further explored the FOL by analysis of species quartets
[61]. A quartet is a group of four species which is the minimum
evolutionary unit in unrooted phylogenetic trees; each quartet can
assume three unrooted tree topologies [16]. We described a quan-
titative measure of the tree and net signals in evolution that is
derived from an analysis of all quartets of species in all trees of the
FOL. The results of this analysis indicate that, although diverse
routes of netlike evolution jointly dominate the FOL, the pattern of
treelike evolution that recapitulates the consensus topology of the
NUTs is the single most prominent, coherent trend. Here, we
report an extended version of these methodologies introduced to
analyze the FOL and its trends, as well as new concepts of prokary-
otic evolution under the FOL perspective (Fig. 1).

2 Materials

2.1 The Forest of Life
(FOL) and Nearly
Universal Trees (NUTs)

We analyzed the set of 6901 phylogenetic trees from [5] that were
obtained as follows. Clusters of orthologous genes were obtained
from the COG [62] and EggNOG [63] databases from 100 pro-
karyotic species (59 bacteria and 41 archaea). The species were
selected to represent the taxonomic diversity of Archaea and Bacte-
ria (for the complete list of species, see Additional File 1). The BeTs
algorithm [62] was used to identity the orthologs with the highest
mean similarity to other members of the same cluster (“index
orthologs”), so the final clusters contained 100 or fewer genes,
with no more than one representative of each species. The
sequences in each cluster were aligned using the Muscle program
[64] with default parameters and refined using Gblocks [65]. The
program Multiphyl [66], which selects the best of 88 amino acid



Genome-Wide Comparative Analysis of Phylogenetic Trees. .. 245

substitution models, was used to reconstruct the maximum likeli-
hood tree of each cluster. The nearly universal trees (NUTs) are
defined as trees from COGs that are represented in more than 90%
of the species included in the study.

3 Methods

3.1 Boot-Split
Distance: A Method to
Gompare Phylogenetic
Trees Taking into
Account Bootstrap
Support

3.1.1 Boot-Split Distance
(BSD)

The BSD method compares trees based on the original split dis-
tance (SD) [12] method. Both methods work by collecting all
possible binary splits of the two compared trees and calculating
the fraction of equal splits, i.¢., those splits that are present in both
trees (different splits refer to splits that are present in only one of
the two trees). Instead of considering all branches as being equal as
is the case in SD, the BSD method takes into account the bootstrap
values to increase or decrease the SD value proportionally to the
robustness of individual internal branches. The BSD value is the
average of the BSD in the equal splits (eBSD) and the BSD in the
different splits (Eq. 1). Equations 2 and 3 give the formulas to
calculate the eBSD and dBSD values, respectively.

B _ CBSD + dBSD o
2
14
eBSD =1 — [;M} 2)
d
dBSD =M, (3)

Here ¢is the sum of bootstrap values of equal splits, 4 is the sum
of bootstrap value of different splits, # is the sum of all bootstrap
values, M, is the mean bootstrap value of equal splits, and M, is the
mean bootstrap value of different splits.

The BSD algorithm proceeds in four basic steps to compare
pairs of trees (Fig. 2). The first step is to obtain all possible splits
from both trees. This procedure implies a binary split of the tree at
each internal branch, so that the tree is partitioned into two parts
each of which contains at least two species. Then, the common set
of leaves between the two trees is obtained, that is, the set of shared
species. Only trees with a common leaf set of at least four species
can be compared. The third step consists in pruning all splits to the
common leaf set of species; at this step, species that are present in
only one of the two compared trees are removed from the split list.
After this procedure, in partially overlapping trees, the algorithm
checks whether each of the splits remains a valid partition, that is, a
partition that separates at least two species from the rest of the tree.
It a split is not a valid partition, it is removed. Finally, the algorithm
calculates the BSD using Eqs. 1-3.
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3.1.2 The BSD Algorithm

Tree 1 Tree 2

All splits from All splits from
tree 1 tree 2

All splits from All splits from

tree 1 pruned to
common species

tree 2 pruned to
common species

'

Fig. 2 The main algorithm of the BSD method. The algorithm to calculate the
BSD between two trees includes four basic steps: (1) split both trees in all
possible partitions, (2) read the common set of species of both trees, (3) prune
the splits according with the common leaf set, and (4) calculate the BSD

There are three possible types of comparisons for trees that do not
include paralogs, that is, include one and only one sequence from
each of the constituent species (Fig. 3). In the first case, the two
trees completely overlap, that is, consist of the same set of species
(Fig. 3a). In this case, step 2, the pruning procedure, is not neces-
sary, and the comparison involves only obtaining all possible splits
and the calculation of the BSD. In the second case, one of the
compared trees is a subset of the other tree (Fig. 3b). In this case,
the splits are only pruned and occasionally removed from the bigger
tree. In the third case, when the two trees partially overlap or when
atree is a subset of another tree, a pruning procedure is required. In
the example shown in Fig. 4, after the pruning procedure (step 3),
there is only one remaining split (split: AB|CD) that is repeated
several times in both trees. The remaining AB|CD split in Tree 1 is
separated by four nodes that have different bootstrap values. In this
case, the bootstrap of the remaining split is calculated using Eq. 4,
where 7z is the total number of nodes between the two sides of the
split and BS; is the bootstrap value (adjusted to the 0-1 range) of
the node .

Bootstrap = 1 — II” (1 — BS;) (4)

The bootstrap value associated with a particular branch of a
binary tree is taken as a measure of the probability that the four
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Fig. 3 Examples of the BSD algorithm in single family trees. (a) Two trees of the
same size. (b) Tree 1 is a subtree of the Tree 2. Two trees that partially overlap.
SD split distance, BSD boot-split distance, eBSD BSD of equal splits, dBSD BSD
of different splits, p number of equal splits, g number of different splits, m total
number of splits, a sum of bootstraps in all splits, e sum of bootstraps in equal
splits, d'sum of bootstraps in different splits, M, mean bootstrap value, M, mean
bootstrap value in equal splits, M, mean bootstrap value in different splits

subtrees on the opposite ends of this branch are partitioned cor-
rectly. To estimate the probability of the correct partitioning of an
arbitrary set of four subtrees, the internal branch of the quartet tree
is mapped onto each of the internal branches of the original tree.
The quartet is considered to be resolved correctly if it is resolved
correctly relative to any of these branches. Under the assumption
that bootstrap probabilities on individual branches are indepen-
dent, Eq. 4 is obtained as the estimate of the bootstrap probability
for the internal branch of the quartet tree.

The key question regarding the BSD method is as follows: what is
the best approach to phylogenetic tree comparison—using all
branches, reliable or not, with the appropriate weighting, or using
only branches supported by high bootstrap values? The first option
is illustrated in Fig. 3, whereas Fig. 5 shows an example of a tree
comparison that employs a bootstrap threshold of 70, i.e., only
branches supported by a higher bootstrap are taken into account in
the comparison. The second procedure appears reasonable and can
be recommended in some cases. However, it is not advisable as a
general approach because, when two large trees with varying
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Fig. 4 Calculation of BSD for trees with an unequal numbers of species. The
larger tree (1) is pruned prior to the calculation of BSD. The bootstrap value for
the only shared internal branch is calculated according to Eq. 4
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Fig. 5 Example of the BSD algorithm using a bootstrap cutoff. The figure shows
the comparison of two phylogenetic trees that takes into account only those
branches with bootstrap support greater than 70. SD split distance, BSD boot-
split distance, eBSD BSD of equal splits, dBSD BSD of different splits, p number
of equal splits, g number of different splits, m total number of splits, a sum of
bootstraps in all splits, e sum of bootstraps in equal splits, d sum of bootstraps in
different splits, M, mean bootstrap value, M, mean bootstrap value in equal
splits, M, mean bootstrap value in different splits
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bootstrap values are compared, using a strict threshold restricts the
comparison to a small subset of robust branches, resulting in an
artificially low BSD value. In other words, this procedure artificially
inflates the similarity between the two trees by depreciating a large
fraction of the branches. In addition, before considering the use of
only most supported branches, one should take into account that
the BSD method already uses bootstrap values to adjust the dis-
tance between trees, so if two trees are topologically similar (low
SD) but supported by low bootstrap, the distance value increases
(higher BSD), which is one of the advantages of the BSD method
(see Egs. 2 and 3).

The performance of the BSD method was compared with that of
the original SD method implemented in the TOPD /FMTS pro-
gram [12]. Figure 6 shows the correlation of SD and BSD for trees
with a number of species from 4 to 15 (a) and from 16 to
100 (b) from a recent large-scale analysis of the FOL [5]. The
three-way comparison of SD, BSD, and tree size (number of spe-
cies) shows a positive correlation between SD and BSD for all tree
sizes (R? = 0.8613 for trees with 4—16 species and R* = 0.7055 for
trees with 16-100 species) (Fig. 6¢). However, the SD follows a
discrete distribution, which obviously is most conspicuous in the
comparisons of small trees (Fig. 6a), whereas, thanks to the use of
the bootstrap values, the BSD distribution is continuous (Fig. 7).

Figure 7 shows an example of the comparison (all-against-all)
of three trees with six species each that differ in one, two, and three
splits, resulting in SD values of 0.33, 0.66, and 1, respectively
(Fig. 7a). Also, each tree was compared to itself resulting in a SD
of 0. Then, bootstrap values were assigned randomly to the trees in
order to compare the trees using the BSD method, and this proce-
dure was repeated 1000 times. The resulting plot (Fig. 7b) shows
that, for the comparison of trees with SD of 0 and 1, the BSD values
ranged from 0 to 0.5 and from 0.5 to 1, respectively, and in
principle, could assume all intermediate values. In the case of the
comparisons that differed in one split (SD = 0.33), the BSD value
was greater than 0.33 in 75% of the comparison, whereas for the
comparisons that differed in two splits (SD = 0.67), 25% of the
BSD values were greater than 0.67. Thus, the BSD method for tree
comparison offers a better resolution than the SD method, espe-
cially, for trees with a small number of species.

Figure 8a shows the results of analysis of six simulated align-
ments with an increasing level of noise (divergence respect to the
initial alignment) in each alignment, i.e., from the alignment
0 (without noise and producing trees with bootstrap values of
100) to alignment 5 with the maximum level of noise. For each
alignment, a tree was constructed using the UPGMA method from
the web server DendroUPGMA  (http://genomes.urv.cat/
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Fig. 6 Correlation of BSD and SD from the all-against-all tree comparisons of 6901 phylogenetic trees. (a)
Trees containing 4-15 species. (b) Trees containing 16—100 species. (¢) SD, BSD, and tree size for trees
containing between 16 and 100 species

UPGMA). Distances were calculated using the Jaccard coefficient,
and bootstraps were generated from 100 replicates. The results of
the tree comparison (Fig. 8b) using three different methods,
namely, nodal distance (ND), SD, and BSD, show that the BSD
method presents a continuous distribution resulting in a better
resolution of the distances than the other two methods. Indeed,
the SD and ND methods fail to discern the similarity between trees
after six changes, whereas the BSD method still reports discernible
similarity (Fig. 8b). In order to compare the three tree comparison
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Fig. 7 Comparisons of trees with six taxa. Bootstrap values were assigned randomly in each comparison

3.1.5 Analysis of
Random Trees and the

Significance of BSD Results

methods, the distance reported by each method was normalized to
the maximum value in each case, i.e., after 46 changes (maximum
number of changes in the simulation), the distance to the initial tree
is 1.41,0.30, and 0.42 for ND, SD, and BSD, respectively. All three
distance values indicate that the trees are similar far above the
random expectation, supporting the robustness of all methods,
but the BSD method presents a better resolution in the tree
comparison.

To assess the significance of the tree comparison by the BSD
method, we performed several tree comparisons using random
trees containing between 4 and 100 species (Fig. 9). Each test is
an all-against-all comparison of 1000 random trees (for complete
results see Additional File 2). The results from random tree
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comparison have to be used to determine whether the detected
similarities or differences between trees are significantly different
from chance [12]. Figure 9 shows that the distance between ran-
dom trees monotonically increases with the tree size up to a value of
approximately 0.75 for BSD and approximately 0.999 for SD. In
other words, although BSD is an extension of the SD method, the
results obtained by the two methods are not directly comparable.
Therefore, to assess whether the similarity between two trees is
better than chance, one must consider the method used for the
tree comparison (e.g. SD or BSD) and the size of the tree. For
example, consider two trees with 15 species each for which the SD
method reports a distance of 0.75. This value is far below random-
ness (Fig. 9), so the conclusion would be that the two trees are
nonrandomly similar. However, if the same distance value (0.75) is
reported by the BSD method, the conclusion would be the

—BSD —SD

1.00 annn e mEmmmsacmmoooczsoo=cz=o=o=

0.75 i

Distance
o
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0.25
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Fig. 9 Random BSD and SD depending on the tree size. Results of the tree comparison of random trees (with
different sizes ranging from 4 to 100 species) show that the BSD and SD increase up to 0.75 and 0.999,
respectively

<
Y

Fig. 8 (continued) server DendroUPGMA (http:/genomes.urv.cat/UPGMA) using the Jaccard coefficient as the
measure of distance and generating 100 bootstraps replicates. Alignment 0 corresponds to the initial
alignment without noise that perfectly separates all branches, resulting in a tree with bootstrap values of
100 for all internal nodes. Alignments 1 to 5 correspond to the derivatives of the initial alignment with
increasing noise levels at each step. (b) Results of the comparison of each tree [1 to 5] with the initial tree (0).
The trees were compared using three methods: split distance (SD), nodal distance (ND), and boot-split
distance (BSD). For the purpose of comparison, the results obtained with each of the three methods were
normalized to the maximum value in each case
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opposite, namely, that the two trees are no more similar than two
random trees of 15 species.

Another and probably the most important problem of the
comparison of phylogenetic trees is how to interpret the results
from a biological perspective. To address this issue, we generated
random trees containing from 4 to 100 species and performed 1 to
100 permutations (swap of a pair of branches) in each tree. The
resulting tree was then compared with the source tree (Fig. 10a, b).
The results show the number of permutations required to obtain a
particular BSD value for different tree sizes (number of species).
For instance, BSD = 0.3 in the comparison of two trees with

a) 101
0.8+

0.6

BSD
5]
o

0.2 - ~ == 40 §§

0.0+ : - Yo
0O 20 40 60 80 100

Tree size

b) 09

BSD

0 20 40 60 80 100
Permutations

Fig. 10 The number of permutations and the BSD. (a) BSD depending on the
number of permutations and tree size. (b) Mean and standard deviation of the
BSD for up to 100 permutations for trees with 20 species
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20 species indicates that the two trees are separated by one permu-
tation whereas BSD = 0.6 indicates that the trees are separated by
approximately 9 permutations (for the complete listing of equiva-
lences between BSD, SD and the number of permutations, see
Additional File 3). Considering that each permutation corresponds
to an HGT event, the BSD may be construed as the measure of the
extent of HGT contributing to the topological difference between
the compared trees. Given the discrete distribution of SD values,
this measure cannot be used to infer the number of permutations
with the same precision as BSD.

A key characteristic of the FOL is the degree of the topological (in)
consistency between the constituent trees. To quantify this trend,
we introduced the inconsistency score (IS), which is the fraction of
the times that the splits from a given tree are found in all N trees
that comprise the FOL. Thus, the IS may be naturally taken as a
measure of how representative of the entire FOL is the topology of
the given tree. The IS is calculated using Eqs. 5-7, where N is the
total number of trees, X is the number of splits in the given tree,
and Y'is the number of times the splits from the given tree are found
in all trees of the FOL.

1_171S. .
=1 ——mm 5
ISmax ®)
1
ISmin ~ % 7 6
X . N ( )
ISpme — & — TSy 7)
max — X min

In addition to the calculation of a single value of IS for a given
tree by comparing its topology to the topologies of rest of trees in
the FOL, IS can be calculated along the depth of the trees, namely,
split depth and phylogenetic depth. The split depth was calculated
for each unrooted tree according to the number of splits from the
tips to the center of the tree. The value of split depth ranged from
1 to 49 ([100 species/2] — 1). The phylogenetic depth was
obtained from the branch lengths of a rescaled ultrametric tree,
rooted between archaeal and bacterial species, and ranged from 0 to
1. The topology of the ultrametric tree was obtained from the
supertree of the 102 NUTs using the CLANN program
[67]. The branch lengths from each of the 6901 trees were used
to calculate the average distance between each pair of species. The
obtained matrix was used to calculate the branch lengths of the
supertree of the NUTs. This supertree with branch lengths was
then used to construct an ultrametric tree using the program
KITSCH from the Phylip package [68] and rescaled to the depth
range from O to 1. The resulting ultrametric tree was used for the
analysis of the dependence of tree inconsistency on phylogenetic
depth.
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3.2.2 Classical
Multidimensional Scaling
Analysis

3.3 Analysis of
Quartets of Species

3.3.1 Déefinition of
Quartets and Mapping
Quartets onto Trees

The classical multidimensional scaling (CMDS), also known as
principal coordinate analysis, is the multifactorial method best
suited to analyze matrices obtained from tree comparison methods
like BSD and identify the main trends in a large set of phylogenetic
trees. The CMDS embeds # data points implied by a [# X #]
distance matrix into an m-dimensional space (m < ») such that,
for any k& € [1, m], the embedding into the first £ dimensions is the
best in terms of preserving the original distances between the points
[69,70]. In our analysis, the data points are distances between trees
obtained using the BSD method. The choice of the optimal num-
ber of clusters is made using the gap statistics algorithm [71]. The
number of clusters for which the value of the gap function for
cluster %+ 1 is not significantly higher than that for cluster % (z-score
below 1.96, corresponding to 0.05 significance level) is considered
optimal. The CMDS analysis was performed using the K-means
function of the R package that implements the K-means algorithm.
The CMDS approach has been previously employed by Hillis et al.
for phylogenetic tree comparison, with the distances between trees
calculated using the Robinson-Foulds distance [72].

The minimum evolutionary unit in unrooted phylogenetic trees is
defined by groups of four species (or quartets), and each quartet
may be best represented by the three possible unrooted tree topol-
ogies (Fig. 11a). A quartet defined by the set of species A, B, C, and
D has three possible unrooted topologies: (1) AB|CD, (2) AC|BD,
and (3) AD|BC. To analyze which quartet topology (QT) best
represents the relationships among the four species in a quartet,
each quartet was compared against the entire set of phylogenetic
trees from 100 species (the FOL).

For 100 species, there are 3,921,225 quartets and, accordingly,
11,763,675 topologies (Fig. 11b). A mapping of quartets onto
trees is produced using the SD method [12]. A binary version of
this method was employed to compare quartets and trees (a quartet
is represented in a tree when SD = 0 and not represented when
SD > 0). Figure 12a shows an example of quartet mapping onto a
set of ten trees. Here ¢, is a resolved quartet, with the topology ¢,
supported by eight of the ten trees. By contrast, for 4,, three
quartet topologies are equally supported, i.c., the topology of this
quartet remains unresolved.

To analyze which of the three possible topologies best repre-
sents the almost four million quartets in the FOL, each quartet
topology was compared with the entire set of 6901 trees, resulting
in a total number of 8.12 x 10'° tree comparisons (Fig. 11b), and
the number of trees that support each quartet topology was
counted for the entire FOL or for the set of 102 NUTs (Fig. 11b).
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Quartet Topologies (QT)

(a,b,(c,d)); (a,c,(b,d)); (a,d,(b,c));
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8.12:10%° comparisons

Fig. 11 Quartets and quartet topologies. (a) Each quartet (g) is defined by a set of
four species (different colors denote species) and may be represented by three
possible unrooted tree topologies (git). (b) Quartet topologies (QT). In
100 species, the total number of quartets (@) is 3,921,225. Each quartet may
be represented by three distinct QTs, resulting in a total of 11,763,735 QTs. Each
QT was mapped onto the FOL, i.e., for each QT, it was determined which of the
three topologies is represented in each phylogenetic tree in the FOL
(8.12 x 10" comparisons). Modified from ref. 61

Using the quartet support values for each quartet, a 100 x 100
between-species distance matrix was calculated as 4;; = 1 — §;,/Q;;
where 4;;is the distance between two species, S;;is the number of
trees containing quartets in which the two species are neighbors,
and Qj; is the total number of quartets containing the given two
species. Then, this distance matrix was used to construct different
heat maps using the matrix2png web server ([73], Fig. 12b). In
contrast to the BSD method, which is best suited for the analysis of
the evolution of individual genes, the distance matrices derived
from maps of quartets are used to analyze the evolution of species
and to disambiguate treelike evolutionary relationships and “high-
ways” (preferential routes) of HGT.

The quartet-based between-species distances were used to calculate
the Tree-Net Trend (TNT) score. The TNT score is calculated by
rescaling each matrix of quartet distances to a 0—1 scale between the
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Fig. 12 Mapping quartets. (a) Mapping quartets onto a set of ten trees. (b) A
schematic of the procedure used to reconstruct a species matrix from the map of
quartets

supertree-derived matrix (which is taken to represent solely the
treelike evolution signal, hence the distance of 0) and the matrix
obtained from permuted trees, with distance values around the
random expectation of 0.67 (Fig. 13). Two situations may occur
in the calculation of the TNT score depending on the relationship
between the distance in the supertree matrix (Ds) and the distance
in the random matrix (Dr = 0.67). When Ds > Dr (e.g., in
comparisons of archaea versus bacteria), Synt = (4 — Dr)/
(Ds — Dr), where Srnr is the TNT score and 4 is the distance
between the two compared species in the matrix. When Ds < Dr
(in  comparisons  between  closely  related  species),

St =1 = ((d — Ds)/(Dr — Ds)).

4 Phylogenetic Concepts in Light of Pervasive Horizontal Gene Transfer

4.1 Patterns in the
Phylogenetic Forest of
Life

The reconstruction of the evolutionary trends in the FOL is based
on the idea that prokaryotes, effectively, share a common gene
pool. This gene pool consists of genes with widely different ranges
of phyletic spread, from universal to rare ones only present in a few
species [74]. Thus, genes, as the elements of this gene pool, have
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Fig. 13 The Tree-Net Trend (TNT). The figure shows a schematic of the TNT
calculation and the rescaling procedure. Modified from ref. 61

their distinct evolutionary histories blending HGT and vertical
inheritance (Fig. 14). In principle, the Forest of Life (FOL) encom-
passes the complete set of phylogenetic trees for all genes from all
genomes. However, a comprehensive analysis of the entire FOL is
computationally prohibitive (with over 1000 archaeal and bacterial
genomes now available and the computational resources accessible
to the authors, estimation of the phylogenetic tree for each gene
represented in all these genomes would take weeks of computer
time) so a representative subset of the trees needs to be selected and
analyzed. Previously [5], we defined such a subset by selecting
100 archaeal and bacterial genomes, which are representative of
all major prokaryote groups, and building 6901 maximum likeli-
hood (ML) trees tor all genes with a sufficient number of homologs
and sufficient level of sequence conservation in this set of genomes;
for brevity, we refer to this set of trees as the FOL. In this set of
almost 7000 trees, only a very small portion of the forest is repre-
sented by nearly universal trees (Fig. 14). Furthermore, bacterial
and archaeal universal trees are rare as well, as reflected in Fig. 14 by
the small peaks around 41 and 59 species, i.e., all archaea and all
bacteria, respectively. The dominant pattern in the major part of the
FOL is completely different: the FOL is best represented by
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4.2 The Nearly
Universal Trees (NUTs)

2000
wv
(]
2 o
° 1000
a
<
£ .
=4 <
<o
Q.
0 %%mmeWmm ,,,,,,,,,,, <>
0 20 40 60 80 100

Tree size

Fig. 14 The Forest of Life (FOL). The distribution of the trees in the FOL by the
number of species. Modified from ref. 5
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Fig. 15 Distribution of the gene functions among the NUTs. The functional
classification of genes was from the COG database [62]

numerous small trees, with about 2 /3 of the trees including <20
species (Fig. 14).

We define the nearly universal trees (NUTs) as trees for those
COGs that were represented in more than 90% of the included
prokaryotes. This definition yielded 102 NUTs. Not surprisingly,
the great majority of the NUTs are genes encoding proteins
involved in translation and the core aspects of transcription
(Fig. 15). Among the NUTs, only 14 corresponded to COGs
that consist of strict 1:1 orthologs (all of them ribosomal proteins),
whereas the rest of NUTs included paralogs in some organisms
(only the most conserved paralogs were used for tree construction
[5]). The 1:1 NUTs were similar to the rest of the NUTs in terms of
the connectivity in tree similarity (1-BSD) networks and their
positions in the single cluster of NUTs obtained using CMDS.
The 102 NUTs were compared to trees produced by analysis of
concatenations of universal proteins [49]. The results showed that
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most of the NUTs were topologically similar to a tree obtained by
the concatenation of 31 universal orthologous genes [ 5 ]—in other
words, the “Universal Tree of Life” constructed by Ciccarelli et al.
[49] was statistically indistinguishable from the NUTs and showed
properties of a consensus topology. Not surprisingly, the 1:1 ribo-
somal protein NUTs were even more similar to the universal tree
than the rest of the NUTs, in part because these proteins were used
for the construction of the universal tree and, in part, presumably
because of the low level of HGT among ribosomal proteins.

We analyzed the matrix of all-against-all tree comparisons of the
NUTs by embedding them into a 30-dimensional tree space using
the CMDS procedure [69, 70]. The gap statistics analysis [71]
reveals a lack of significant clustering among the NUTs in the tree
space. Thus, all the NUTs seem to belong to one unstructured
cloud of points scattered around a single centroid. This organiza-
tion of the tree space is best compatible with individual trees
randomly deviating from a single, dominant topology (which may
be denoted the TOL), apparently as a result of random HGT (but
in part possibly due to random errors in the tree-construction
procedure). Therefore, there is an unequivocal general trend
among the NUTs. Although the topologies of the NUTs were,
for the most part, not identical, so that the NUTs could be sepa-
rated by their degree of inconsistency (a proxy for the amount of
HGT), the overall high consistency level indicated that the NUTs
are scattered in the close vicinity of a consensus tree, with HGT
events distributed randomly [5].

Thus, the NUTs present a unique and strong signal of unity
that seems to reflect the TOL pattern of evolution. The inconsis-
tency score (IS) among the NUTs ranged from 1.4% to 4.3%,
whereas the mean IS value for an equivalent set (102) of randomly
generated trees with the same number of species was approximately
80%, indicating that the topologies of the NUTs are highly consis-
tent and nonrandom [5].

To further assess the potential contribution of phylogenetic
analysis artifacts to observed inconsistencies between the NUTs,
we analyzed these trees with different bootstrap support thresholds
(i.e., only splits supported by bootstrap values above the respective
threshold value were compared). Particularly low IS levels were
detected for splits with high bootstrap support, but the inconsis-
tency was never eliminated completely, suggesting that HGT is a
significant contributor to the observed inconsistency among the
NUT: (IS ranges from 0.3% to 2.1% and 0.3% to 1.8% for splits with
a bootstrap value higher than 70 and 90, respectively) [5].

Analysis of the supernetwork built from the 102 NUTs [5]
showed that the incongruence among these trees is mainly con-
centrated at the deepest levels, with a much greater congruence
at shallow phylogenetic depths. The major exception is the
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4.4 The NUTs
Topologies as the
Central Trend and
Detection Distinct
Evolutionary Patterns
in the FOL

unambiguous archaeal-bacterial split that is observed despite the
apparent substantial interdomain HGT. Evidence of probable HGT
between archaea and bacteria was obtained for approximately 44%
of the NUTs (13% from archaea to bacteria, 23% from bacteria to
archaea, and 8% in both directions), with the implication that HGT
is likely to be even more common between the major branches
within the archaeal and bacterial domains [5]. These results are
compatible with previous reports on the apparently random distri-
bution of HGT events in the history of highly conserved genes, in
particular those encoding proteins involved in translation [75, 76],
and on the difficulty of resolving the phylogenetic relationships
between the major branches of bacteria [77-79] and archaea
[5, 80, 81]. More specifically, archaeal-bacterial HGT has been
inferred for 83% of the genes encoding aminoacyl-tRNA synthe-
tases (compared with the overall 44%), essential components of the
translation machinery that are known for their horizontal mobility
[42, 82]. In contrast, no HGT has been predicted for any of the
ribosomal proteins, which belong to an elaborate molecular com-
plex, the ribosome, and hence appear to be non-exchangeable
between the two prokaryotic domains [42, 76]. In addition to the
aminoacyl-tRNA synthetases, and in agreement with many previous
observations ([83] and references therein), evidence of HGT
between archaea and bacteria was seen also for the few metabolic
enzymes that belonged to the NUTs, including undecaprenyl pyro-
phosphate synthase, glyceraldehyde-3-phosphate dehydrogenase,
nucleoside diphosphate kinase, thymidylate kinase, and others.

Using the BSD method, we compared the topologies of the NUTs
to those of the rest of the trees in the FOL. Notably, 2615 trees
(~38% of the FOL) showed a greater than 50% similarity ( P-value
<0.05) to at least one of the NUTs, being the mean similarity of the
trees to the NUTs approximately 50% (Fig. 16). For a set of
102 randomized trees of the same size as the NUTs, only about
10% of the trees in the FOL showed the same or greater similarity,
indicating that the NUTs were strongly and nonrandomly
connected to the rest of the FOL.

We then analyzed the structure of the FOL by embedding the
3789 COG trees into a 669-dimensional space using the CMDS
procedure [69, 70]. A CMDS clustering of the entire set of 6901
trees in the FOL was beyond the capacity of the R software package
used for this analysis; however, the set of COG trees included most
of the trees with a large number of species for which the topology
comparison is most informative. A gap statistics analysis [69, 70] of
K-means clustering of these trees in the tree space revealed distinct
clusters of trees in the forest. The FOL is optimally partitioned into
seven clusters of trees (the smallest number of clusters for which the
gap function did not significantly increase with the increase of the
number of clusters) (Fig. 17). Clusters 1, 4, 5, and 6 were enriched
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Fig. 16 Topological similarity between the NUTs and the rest of the FOL.
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Modified from ref. 5
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Fig. 17 Clusters and patterns in the FOL. The seven clusters identified in the FOL
using the CMDS method and the mean similarity values between the 102 NUTs
and all trees from each of the seven clusters are shown. Modified from ref. 5

for bacterial-only trees, all archacal-only trees belonged to clusters
2 and 3, and cluster 7 consisted entirely of mixed archaeal-bacterial
clusters; notably, all the NUTs form a compact group inside cluster 6.

The results of the CMDS clustering (Fig. 17) support the
existence of several distinct “attractors” in the FOL. However, we
have to emphasize caution in the interpretation of this clustering
because trivial separation of the trees by size could be an important
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4.5 The Tree and Net
Gomponents of
Prokaryote Evolution

contribution. The approaches to the delineation of distinct
“groves” within the forest merit further investigation. The most
salient observation for the purpose of the present study is that all
the NUTs occupy a compact and contiguous region of the tree
space and, unlike the complete set of the trees, are not partitioned
into distinct clusters by the CMDS procedure. Taken together with
the high mean topological similarity between the NUTs and the
rest of the FOL, these findings indicate that the NUTs represent a
valid central trend in the FOL.

The TNT map of the NUTs was dominated by the treelike signal
(green in Fig. 18a): the mean TNT score for the NUTs was 0.63
(Fig. 19b), so the evolution of the nearly universal genes of
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Fig. 18 The Tree-Net Trend (TNT) score heatmaps. (a) The 102 NUTSs. (b) The FOL
without the NUTs (6799 trees). The TNT increases from red (low score, close to
random, an indication of netlike evolution) to green (high score, close to the
supertree topology, an indication of treelike evolution). The species are ordered
according to the topology of the supertree of the 102 NUTSs. In (a), the major
groups of archaea and bacteria are denoted. Modified from ref. 61
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Fig. 19 The Tree-Net Trend in the FOL and in the NUTs. (a) A hypothetical
equilibrium between the tree and net trends. (b) A schematic representation of
the tree tendency in the NUTs. (c) A schematic representation of the net
tendency in the FOL

prokaryotes appears to be almost “two-third treelike” (i.e., reflects
the topology of the supertree). The rest of the FOL stood in a stark
contrast to the NUTs, being dominated by the netlike evolution,
with the mean TNT value of 0.39 (Fig. 19¢) (about “60% netlike”).
Remarkably, areas of treelike evolution were interspersed with areas
of netlike evolution across different parts of the FOL (Fig. 18b).
The major netlike areas observed among the NUTs were retained,
but additional ones became apparent including Crenarchaeota that
showed a pronounced signal of a non-treelike relationship with
diverse bacteria as well as some Euryarchaecota (Fig. 18b). The
distribution of the tree and net evolutionary signals among ditfer-
ent groups of prokaryotes showed a striking split among the NUTs:
among the archaea, the tree signal was heavily dominant (mean
TNTNUTs Archaca = 0.80 £ 0.20), whereas among bacteria the
contributions of the tree and net signals were nearly equal (mean
TNTNUTs Bacteria = 0.51 £ 0.38). Among the rest of the trees in the
FOL, archaea also showed a stronger tree signal than bacteria, but
the difference was much less pronounced than it was among the
NUTs (mean TNTgor, Archaca = 0.47 £ 0.11 and mean TNTgoy, -
Bacteria = 0.34 £ 0.08). The conclusions on the treelike and netlike
components of evolution made here are based on the assumption
that the supertree of the NUTs represents the treelike (vertical)
signal. We did not perform direct tests of the robustness of these
conclusions to the supertree topology. However, observations pre-
sented previously [5] suggest that the results are likely to be robust



266 Pere Puigbo et al.

given the coherence of the NUTs topologies as well as the similarity
of the supertree topology and the topologies of the individual
NUTs to the “Tree of Life” obtained from concatenated sequences
of universally conserved ribosomal proteins [49].

5 Conclusions

The analysis of the phylogenetic FOL is a logical strategy for
studying the evolution of prokaryotes because each set of ortholo-
gous genes presents its own evolutionary history and no single
topology may represent the entire forest. Thus, the methods intro-
duced in this article that compare trees without the use of a pre-
conceived representative topology for the entire FOL may be of
wide utility in phylogenomics.

We have shown that, although no single topology may repre-
sent the entire FOL and several distinct evolutionary trends are
detectable, the NUTs contain a strong treelike signal. Although the
treelike signal is quantitatively weaker than the sum total of the
signals from HGT, it is the most pronounced single pattern in the
entire FOL.

Under the FOL perspective, the traditional TOL concept
(asingle “true” tree topology) is invalidated and should be replaced
by a statistical definition. In other words, the TOL only makes
sense as a central trend in the phylogenetic forest.

6 Exercises

1. Calculate the split distance (SD) and boot-split distance (BSD)

of the following two trees:
(((A,B)61,C)53,D,E);(((A,C)76,B)38,D,E)

2. Calculate the inconsistency score of the tree X in the “forest of
trees” Y.

:((( B),C),D,E)

= (A, >, ),D,E); (AB( ;
D); (A,B,(C,D); (A,B,(C, >,
((A,B),D).EC); ((EF).A)
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