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Abstract

Background: Deciphering the history of life on Earth has long been regarded as one of the most central tasks in
biology. In past years, widespread discordance between the evolutionary histories of different groups of orthologous
genes of prokaryotes have been revealed, primarily due to horizontal gene transfers (HGTs). Nonetheless, evidence that
support a strong tree-like signal of evolution have been uncovered, despite the presence of HGT events. Therefore, a
challenging task is to distill this tree-like signal from the noise induced by all sources of non-tree-like events.

Results: In this work we tackle this question, using real and simulated data. We first tighten a recent related theoretical
result in this field. In a simulation study, we infer individual quartet topologies, and then use the inferred quartets to
reconstruct simulated species trees. We demonstrate that accurate tree reconstruction is feasible despite surprisingly

Prokaryotic evolution

high rates of HGT. In a real data study, we construct phylogenies of two sets of prokaryotes, and show that our tree
reconstruction scheme is comparable with (and complementary better than) other commonly used methods.

Conclusions: Using a blend of theoretical and empirical investigations, our study proves the feasibility of accurate
quartet-based phylogenetic reconstruction, the vast impact of HGT events notwithstanding.

Keywords: Phylogenetic reconstruction, Quartet plurality, Horizontal gene transfer, Supertree reconstruction,

Background

The reconstruction of trees of ancestor-descendant rela-
tionships, also known as gene trees, is an important step
in many phylogenomic analyses. When gene trees for
each family of orthologous genes in a dataset were recon-
structed, analyses have revealed widespread discordance
between those trees [1]. Various factors may lead to incon-
gruences between the inferred gene histories. Some are
technical in nature, such as statistical errors in gene tree
estimation, and others stem from biological processes,
for example duplications and losses in gene families,
hybridization events, incomplete lineage sorting, and hor-
izontal genetic transfers [2—4], the latter being a major

*Correspondence: ssagi@research.haifa.ac.il
Department of Evolutionary Biology, University of Haifa, 199 Aba Khoushy
Ave. Mount Carmel, 3498838 Haifa, Israel

driving force of evolution in the prokaryotic world. Hence,
the advent of High-throughput sequencing and the expo-
nentially accumulating genetic data, once thought to help
us decipher the history of life on Earth, now only seem
to show that unravelling this history is a harder task than
initially thought.

In this work we focus on horizontal gene transfer
(HGT), that is, the transfer of genes not between par-
ent and offspring through standard vertical transmission,
but between two contemporaneous organisms. HGT is
largely mediated by a variety of mobile elements such
as viruses (bacteriophages), plasmids, and transposons.
Besides being especially prevalent in prokaryotic evo-
lution, HGT also influences the study and research of
infectious diseases [5], as it plays an important role in
microbial adaptation to antibiotics. Estimates of the frac-
tion of genes that have undergone HGT are heatedly
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debated, and some are as high as 99% [1, 6]. Indeed, a
number of researchers now doubt the very meaningful-
ness of the Tree of Life concept [7—13]. However, despite
the fact that HGT tangles the traditional universal Tree
of Life and turns it into a network of relationships, many
believe that an underlying species tree can still be recon-
structed, and there is ample evidence to support that claim
[1, 14-20].

Typically, the underlying species phylogeny of prokary-
otes is inferred by constructing gene trees for genes that
are regarded as resistant to HGT, often ribosomal RNA
genes. However, even such genes are subjected to HGT,
obfuscating the tree-like trend of evolutionary relation-
ships [21-24]. Unfortunately, since these genes are highly
conserved, the amount of evolutionary signal they provide
is frequently insufficient for a reliable classification within
a genus or even a family. Therefore, it was suggested to
construct the underlying species phylogeny by consider-
ing a multitude of carefully constructed and highly accu-
rate gene trees (usually of smaller size) and subsequently
amalgamating them together, an approach denoted as the
supertree operation [25, 26]. In most cases, the supertree
operation is a computationally intractable problem (NP-
hard or NP-complete), which necessitates the usage of
heuristic approaches.

As evolution is time driven, phylogenies are naturally
rooted, reflecting ancestor-descendant relationships. In
a rooted tree, the basic unit of information is a rooted
triplet: a tree over three species, where two species are sis-
ter leaves and the third forms an outgroup. However, most
phylogenetic methods construct an unrooted tree where
the phylogenetic information represents splits rather than
ancestry, since raw data, i.e. sequences of DNA or amino
acids, does not convey information about the timescale.
In such an unrooted setting, the basic unit of information
is an unrooted quartet tree or simply a quartet. Hence,
one of the simplest cases of the supertree problem in an
unrooted setting is when the input is comprised solely
of quartets and the goal is to amalgamate these quartets
into a single tree. This task, also known as quartet-based
supertree or quartet amalgamation, has attracted inter-
est from practitioners and is relevant to many tasks in
phylogenetics [27-30]. The inference of such quartets
is usually done accurately and rigorously from raw data
[31-35]. Due to its fundamental role, quartet amalga-
mation has been the focus of theoretical studies as well
[36-38]. It is noteworthy that a given set of quartets is
not necessarily compatible (or consistent) in the sense
that it does not necessarily agree with some single tree.
Finding the largest compatible subset of a given quartet
is computationally intractable (NP-complete, [39]), and
the best-known solution to the general problem remains
a random tree, satisfying (only) one third of the input,
intensive efforts notwithstanding [40, 41].
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In [42], Roch and Snir tackled the problem of recon-
structing the phylogeny of a single quartet. Using the plu-
rality inference rule (see details in “Preliminaries” section),
and assuming that HGT events are consistent with a cer-
tain Poisson process of a constant rate, they showed that
such a reconstruction can be achieved with high prob-
ability, even when the number of HGT events per gene
is surprisingly high (O(@), where 7 is the number of
species). Since the number of edges in a gene tree is O(n),
this means that the number of HGT events can be almost
proportional to the number of edges without destroying
the overall tree signal.

Here we extend the plurality inference rule into a com-
plete tree reconstruction scheme, instead of using it solely
as a quartet oracle. We evaluate the quality of the recon-
structed tree, using either simulated or real biological
data. We first recollect the bound of [42] and use it to eval-
uate the probability of simultaneous accurate inference of
a large number of quartets induced by a given collection
of species trees, that in turn yields perfect tree recon-
struction. Next, we show via detailed simulations, that
the plurality inference rule leads to accurate tree recon-
struction even when the number of HGT events affecting
species’ evolution is much larger than what the theory
predicts. In the last part of the paper, we show that the
plurality inference rule can be turned into a viable tool
for phylogenetic reconstruction of real data. We do this
by applying the principles of the theoretical and simula-
tive work to two sets of prokaryotes: one consists of 100
archaea and bacteria, representing prokaryotic life as a
whole, and the other consists of 97 bacteria, that share
a unique property - each of the 97 bacteria has at least
one gene toxic to E. coli. Quartet plurality inference was
already used as a basis for real data tree reconstruction in
the past [43], but our usage is novel due to the magnitude
of the species sets involved, and the diverse patterns of
HGT exhibited by the different types of genes (toxic versus
non-toxic).

Methods
Preliminaries
Here we present the relevant and necessary background
information of our work.

Phylogenetic trees - For a set of species (or taxa) X,
a phylogenetic X'-tree t is a tree for which there is a one
to one correspondence between A" and the set of leaves
of ¢ - L(¢). The removal of an edge from a tree discon-
nects the tree into two subtrees and induces a split on the
taxa set. The split (U, X \ U) identified by the edge e is
denoted as ey or ex\y alternatively. Let £ be an X'-tree
and A C X be a subset of X'. We denote by £| 4 the sub-
tree that is induced by A on t and is thus obtained: First,
all the leaves in A"\ A, as well as paths leading exclusively
to them, are removed. Next all internal nodes (necessarily
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in paths connecting leaves from .A) with degree two
are contracted.

Consistent trees and supertrees - For two trees T and
t, we say that T satisfies t (alternatively, ¢ is induced by T)
if £L(t) € L(T) and Tz = t, otherwise, ¢ is violated by
T. For a set of trees 7 = {t1,...,t;} with possibly over-
lapping leaves, we say that 7 is consistent if there exists
a tree t* that satisfies every tree t; € T. Otherwise, T
is inconsistent. The problem of finding such a consistent
tree ¢t* is known as the supertree problem. It is generally
NP-complete [39].

Tree amalgamation, i.e. combining several trees into a
unified supertree, may be done in several ways (see [25]
for some examples). In general, each such procedure, also
known as a supertree method, attempts to find a tree that
maximizes a given function relating to the input. Except
in a few special cases, this operation is computationally
intensive (NP-hard), and heuristic approaches must be
employed.

Quartets and the Maximum Quartet Consis-
tencyproblem - A Tree t is rooted if all edges are directed
away from a given node, the root. When edges are undi-
rected and there are no ancestor-descendant relationships
between the nodes, the tree is unrooted. In this work we
deal only with unrooted trees. In this context, the basic
unit of information is a tree with four taxa, a quartet tree.
A quartet tree with taxa {a, b, ¢, d} is denoted by a, b|c, d if
a split ({a, b}, {c, d}) is induced by one of the tree’s edges.
More generally, a quartet ¢ = a,b|c,d is satisfied by a
tree ¢ if ¢ has a split separating a, b from ¢, d. Notice that
a rooted triplet is always transformed to a star tree in the
unrooted case, which contains no biological information.
For the same reason, unresolved quartets, i.e. quartets
whose topology is a star, are ignored in this paper. A
common special case of the supertree problem is when
the input consists solely of quartets and the objective is to
find a tree that satisfies the maximum number of quartets.
This is denoted as the Maximum Quartet Consistency
(MQC) problem.

In this work we chose to use the weighted Quartet Max-
Cut (wQMC) heuristic (see [44]) as our supertree method.
wQMC, a weighted extension of QMC [45, 46]), receives
as input a collection of weighted quartet trees and aims
at finding a tree that maximizes the total weight of the
input quartets it satisfies. In “Reconstructing the species
tree based on gene trees” section we elaborate more on
this issue.

Characters and perfect trees - Given a set of leaves L,
a character on L is a partition of £, i.e., a division of £
into disjoint subsets. Each of the subsets in a given char-
acter is called a state. We say that a tree ¢ with leaves £
is perfect with respect to a character ¢ (equivalently, ¢ dis-
plays ¢) if for every two states r; and ry in ¢, the nodes
having states r; and r, form two disjoint subtrees of ¢.

Page 21 of 97

Informally, a perfect tree is a tree that induces a perfect
separation between the states of the character in question.
A set of characters is called compatible if there exists a tree
which displays them all simultaneously. Determining if a
given collection of characters is compatible or not is called
the perfect phylogeny problem (or character compatibility
problem). It is, in general, NP-complete [39].

The plurality inference rule - The plurality inference
rule functions as a quartet oracle that helps to reconcile
conflicting gene trees. As mentioned earlier, gene trees
often exhibit remarkable discordance when different gene
clusters are studied. Thus, while a given gene tree may
induce one topology per one 4-taxa, say a, b|c,d, a,c|b,d
or a,d|b,c for the set {a,b,c,d}, when examining a col-
lection of gene trees, different genes may induce different
quartet topologies. In a study that involves a collection of
gene trees, the number of trees satisfying each topology
is counted. The plurality inference rule assumes that the
most prevalent topology is identical to the original topol-
ogy in the species tree (an assumption that is justified by
[42]). That topology is denoted the “plurality topology”
and kept for further analysis.

Quartet fit - The Quartet fit tree similarity measure
([47], abbreviated to Qfit in this paper) is a measure that
receives two trees (with identical leaves) and returns the
percentage of quartets shared by them. More precisely, for
two trees t1, tp we define

£

Qfit (t1, 1) = m 1)

where g is the number of 4-taxa sets for which the quartet
topologies induced by the two trees are the same, and b is
the number of 4-taxa sets for which the quartet topologies
induced by the two trees are different. Unresolved quar-
tets (that is, quartets for which the induced topology is
a star topology) are ignored. This enables one to differ-
entiate between unresolved quartets and quartets whose
induced topologies by the two trees are different. One can
apply (1) to find the Qfit similarity score between a set of
quartets and a tree in an obvious way.

Robinson-Foulds symmetric difference - The
Robinson-Foulds symmetric difference ([48], abbreviated
to RF in this paper) measures the distance between two
trees. Assuming that the two trees have the same leaves
set, we define:

b1+ by

RF-dist t1,0) = —————
istance (£1, £2) S 15,

(2)

where Sj is the number of non-trivial splits in ¢, and b;
is the number of t; tree splits that are not induced by any
one of the edges of #,. Similarly, So and b, are defined in
an obvious way. In order to use RF as a measure of similar-
ity instead of difference, the number of non-trivial splits



Avni and Snir BMC Genomics 2018, 19(Suppl 6):570

shared by the two trees in question was counted. Thus, RF
was defined in this paper as

b1+ by

RF (t1,t0) =1 — .
(t1,12) S 1S,

3)
RF was implemented in Phylip [49].

The simulation procedure

Ten random model trees over n taxa (for n=10,
20, ...100) were produced based on the Yule model [50].
Accordingly, each edge in the species trees was assigned
a length. As the created model trees constitute an ana-
logue to evolutionary species trees, they are referred to
as species trees in “Simulation results” section, where it
is clear from the context that computer generated species
trees are dealt with. Subsequently, “gene” trees were gener-
ated based on the species trees. As in [42], each gene tree
was created when a species tree was subjected to an HGT
process, which is, a series of HGT events, consistent with a
Poisson process of a constant rate. Specifically, we assume
that the number of recipients of HGTs per one unit length
is a Poisson distributed random variable with parameter A
defined by the user. Once a recipient of HGT was chosen,
the donor of HGT was selected randomly and uniformly
from all the contemporaneous species of the recipient,
and then an HGT event was simulated by a Subtree Prun-
ing and Regrafting (SPR) operation. For each simulated
species tree we generated ten families of gene trees, based
on ten different rates of HGT (A = 0.1, 0.2,...,1.0), each
family consists of 2500 gene trees. For more details, see
Additional file 1.

Reconstructing gene trees based on protein sequences
The reconstruction of a phylogeny from a given collection
of protein sequences is a two-staged process: 1) aligning
the sequences; and 2) constructing the phylogeny based
on the results of the alignment. The alignments were car-
ried out using muscle [51]. Due to the large number of
genes in the study (close to 3600), the construction of
gene trees was carried out using fasttree [52] (using the
Whelan-Goldman model of amino acid evolution [53]).
The exception to that rule was the 16s-based phylogeny,
for which an alignment file was downloaded from the
RDP website [54] and a tree was subsequently constructed
using RAXML (version 7.0.4 [55], assuming the GTR-TI"
model [56]).

Reconstructing the species tree based on gene trees

As mentioned above, wWQMC was used in order to recon-
struct species trees based on gene trees, in both simulated
and real data settings. Since wQMC is a quartet-based
reconstruction algorithm, it was necessary to transform
the given gene trees into a suitable input for wQMC.
Therefore, when examining a set of four leaves (4-taxa),
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its quartet topology was inferred based on the plurality
inference rule defined above, and the resulting plurality
topology was added to the input of wQMC.

Results

Here we present the results of our study. Motivated by
the work of [42], we start by further investigating the
theoretical aspects of the quartet plurality inference rule
mentioned above. Next, we examine the effects of HGT
events on computer generated species trees and gene
trees. We show that the number of quartet topologies that
are inferred accurately using the plurality rule is substan-
tially larger than the number of quartets shared by any two
specific species tree and gene tree. This effect of the plu-
rality rule on the quality of quartet inference can be dra-
matic even when a relatively small number of gene trees
(several dozens) is considered in the analysis. Moreover,
using wQMC as a supertree method, we demonstrate that
accurate species tree reconstruction is feasible when the
frequency of HGT events is much higher than predicted
in [42]. In the last part of this section, we use the plurality
rule to construct phylogenies of two sets of prokaryotes.
We show that the phylogenies constructed using the plu-
rality rule achieve similar scores (and sometimes better
scores) compared to other hypothesized phylogenies in a
number of tests.

Using the plurality inference rule to reconstruct complete
species trees

As mentioned earlier, the plurality inference rule is sup-
ported by a theoretical result: For a given species tree,
gene tree, and 4-taxa, let us define “success” as the event in
which the species tree and the gene tree induce the same
topology on a that 4-taxa. In [42], it was proven that for
any species tree, any gene tree, and any 4-taxa,

Pr (“success”) > e M (4)

where [ is the total length of the subtree induced by the
4-taxa and A is the HGT rate (see “The simulation pro-
cedure” section). The authors base their result on the
following assumptions:

1 The number of recipients of HGT per one unit
length in the species tree is a Poisson distributed
random variable with parameter A.

2 For each recipient of HGT, the donor of HGT is
selected randomly and uniformly from all the species
co-existing with the recipient.

In order for the majority of gene trees to induce the
correct quartet topology, let us require the probability of
“success” to be at least 50%, and denote the height of the
tree (i.e. the time past between the root and the leaves) as
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h. In this case, clearly [ < 44, hence e M > e~ and our
requirement is met whenever e ¥ = 0.5, or
In2
A< —. 5
m (5)

This implies that if (5) holds, then for every 4-taxa, the
quartet topology induced by the species tree has at least
a 50% chance of being induced by any given gene tree.
Hence, if (5) is satisfied then the plurality rule enables one
to infer all quartets correctly (with high probability), and
then reconstruct the species tree correctly, provided that a
large enough collection of gene trees is available for anal-
ysis. The following lemma summarizes this discussion.

Theorem 1 Under assumptions 1 and 2 above, for every
tree t with n leaves and height h, and every A that satisfies
(5), the probability of inferring all quartet topologies cor-
rectly is at least 1 — (Z)exp (—2 (e““‘h — %)2 m), where m

in the number of gene trees in the analysis.

Proof Let us assume we have a species tree ¢ and a col-
lection of m gene trees, denoted g1, g2, ...,2n. We fix a
4-taxa {a, b,c,d} and, for k = 1, ..., m, define

X0 — 1 g and t induce the same quartet topology on {a, b, ¢, d}
k= 0 otherwise.

Clearly, the X-s are independent and identically dis-
tributed random variables (IIDs). We recall that according
to Heoffding’s inequality [57], for every ¢ > 0 and every
collection of 0/1 IIDs we have

1 & 1«
o530~ 123 < o) < -
k=1 k=1
(6)

Setting § = me, the following holds for every § > 0:

m m m m
Pr (ZXk—EZXk < —3) =Pr (Zxk—]EZXk < —ms)
k=1

k=1 k=1 k=1

I
v
N
NI
M=

1 m
Xk_;]EZXk< —£

k=1 k=1

—2mé?
= ex]
P 2
)
= exp .
m

(7)
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We denote the expectation of Xy as . We may write

Pr (g)(k < %) =Pr (I;Xk —mp < % - mu)
S, 1 ®)
=Pr (ZXk—EZXk < - (u - 5) m) .
k=1 k=1
Weset§ = (M — %) m and recall that © = Pr(“success”) >
e M > =% Gince we assume (5) holds, e™** > 0.5 is

valid as well, hence © > e - 05 and § is positive.
Combining (7) and (8), we get

m m m m 1
Pr (ZXk < 2) =Pr (ZXk—EZXk < —(p,— 2>m)
k=1 k=1 k=1
m m
= Pr (ZXk—EZXk < —a)

k=1 k=1
< exp
m
2
(e
= exp
m

which gives an upper bound on the probability of inferring
a quartet’s topology incorrectly, since if Y ;" | Xj > 7, the
correct topology is inferred. If the number of leaves in ¢
is n then there are (Z) possible quartets and the probabil-
ity of inferring at least one quartet topology incorrectly

is bounded from above by (Z)exp (—2 (e_“h — %)2 m),
hence we deduce that

Pr(all quartets are inferred correctly) > 1 — (Z) exp

(—2 (e—“h - ;)2 m) .
(10)

Clearly, for every n, every A, and every X that satisfies
(5), this expression approaches 1 as m approaches infinity.
This completes the proof. O

Lemma 1 enables one to estimate the number of gene
trees required for successful tree reconstruction: If, for
example, e~ — % = 0.1, then a simple calculation based
on Lemma 1 shows that m = 990 gene trees are suffi-
cient to reconstruct a phylogeny of n = 100 taxa perfectly
with probability of 99%. This amount of gene trees is not

uncommon in contemporary studies.
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We conclude this section with a remark about the prac-
tical implications of the plurality rule: Inequality (5) gives
a rather crude approximation for the upper bound of the
values of A that allow accurate species tree reconstruc-
tion based on the plurality rule (we shall refer to them
as “good” values of 1), since there are cases in which the
plurality rule may point to the correct quartet topology
even when its chances of being satisfied by any specific
gene tree are less than 50%. For example, when a gene
tree has a 40% probability of inducing the correct quartet
topology, and 35 and 25% probability of inducing each one
of the other two incorrect topologies, the correct quar-
tet topology is deduced with high probability using the
plurality inference rule. Moreover, experience shows that
wQMC, the reconstruction algorithm used in this paper,
may cope successfully with inconsistent input sets (see
[44]). These facts imply that accurate tree reconstruction
can be achieved in some instances where the value of A
exceeds the bound posed by (5). We will later show that
this is indeed the case.

Simulation results

In this section we describe the results of our simulation
procedure (see “The simulation procedure” section). We
test how HGT events affect individual gene trees and
groups of gene trees, and show how the plurality rule can
be used for successful tree reconstruction. Though the
plurality rule was already used in [43] and studied in [42],
our work supplements those papers because here we focus
on a large number of quartets simultaneously and find
empirical bounds on the rates of HGT that still enable
accurate tree reconstruction. Moreover, to the best of our
knowledge, this is the first time in which the reconstruc-
tion of such large phylogenies (up to 100 taxa in each tree)
with the aid of the plurality rule is attempted and reported.

The plurality inference rule as a means of reducing
HGT-induced noise
When a given species tree undergoes an HGT process,
the Qfit score between the species tree and the resulting
gene tree indicates of how many quartets in the species
tree are preserved despite HGT events. When calculat-
ing the Qfit scores between the simulated gene trees and
the originating species trees for all tree sizes and all A’s as
above, a decrease in the Qfit score that correlates to an
increase in the HGT rate was present at all tree sizes, as to
be expected. Moreover, the results produced for trees with
n > 30 were virtually indistinguishable from one another.
Hence, this calculation reveals how HGT events affect the
gene trees in a quantitative way. See Additional file 1 for
more details.

Next, we studied our ability to utilize the gene trees
for successful deduction of the species tree’s quartets.
Based on [42], quartets topologies were inferred using the
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plurality rule (see “Reconstructing the species tree based
on gene trees” section), and then the Qfit score between
the inferred quartets and the species tree was calculated.
Thus, the robustness of the plurality rule as a quartet ora-
cle was tested. We refer to the result of this calculation as
“plurality Qfit”

We carried out the aforementioned process for trees of
all sizes # and all HGT rates A as above. For each fixed n
and A we generated a graph depicting the plurality Qfit,
as a function of the number of gene trees taken under
consideration m. The graph presented here (Fig. 1, with
n = 100 and A = 0.2, 0.5, 0.8) demonstrates the main
features of the results. The first noted property is that
even though the average Qfit of a gene tree may be quite
low, when looking at the plurality Qfit of a large num-
ber of gene trees, the fitness score becomes substantially
greater. The second feature is that the plurality Qfit score
is an increasing function of the number of gene trees.
Both these facts imply that the more gene trees are exam-
ined, the greater the number of correctly deduced quartet
topologies will become. Moreover, these results enable
one to estimate how many gene trees one must consider in
order to extract the tree-like signal of evolution, and prove
that the plurality rule can be used to infer most of the
quartet topologies successfully, even at surprisingly high
levels of HGT. The third noted feature is that when the
number of samples (i.e., gene trees) is constant, the plu-
rality Qfit score is consistently higher for smaller values
if A. This means that a high rate of HGT events hin-
ders the efficiency of the plurality inference rule, as is to
be expected.

Reconstructing the simulated species tree

In this section, the plurality inference rule is used together
with wQMC as a tool to reconstruct the simulated
species trees. As mentioned in “The simulation proce-
dure” section, ten species trees were created (with n =
10, 20, ...,100 leaves), each species tree accompanied
with ten families of gene trees, for A = 0.1, 0.2,...,1.0,
each family consists of 2500 gene trees. First, a collection
of 10000 4-taxa sets was sampled. Next, the plurality quar-
tets of each 4-taxa were inferred based on m = 250 sim-
ulated gene trees and then used as input for wQMC. The
process was then repeated for m = 500, 750,...,2500
gene trees. In order to determine the weighting method
best suited for tree reconstruction, wQMC was run with
three different weighting methods:

1 The chosen quartets were unweighted (equivalently,
were all assigned a weight of 1).

2 The chosen quartets were assigned a weight equal to
the number of votes they got. For instance, if the
plurality quartet was present in 200 out of 250 gene
trees, then its assigned weight was 200.
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plurality Qfit vs. No. of samples - n=100
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plurality Qfit may be much greater than the average Qfit. b) The plurality Qfit is an increasing function of the number of gene trees m. c) The plurality

2500

3 All three topologies of each sampled 4-taxa were
added to the input, and the weight of each topology
equaled the number of votes it got.

The quality of reconstruction was measured by calcu-
lating the Qfit score between the species tree and the
reconstructed trees. In order to filter out noises result-
ing from quartet sampling, the Qfit scores were calcu-
lated 10 times. Thus, the data presented in this section
is the average Qfit. In general, weighting method No. 2
enabled the most accurate species tree reconstruction.
We say that accurate tree reconstruction was reached if
the Qfit scores between the species tree and the recon-
structed tree (based on method No. 2) were consistently
greater than 99% when the number of gene trees sampled
was 1500 or more. The m = 1500 gene trees thresh-
old was set because, experimentally, the Qfit scores were
stable when the number of gene trees exceeded 1500,
for all HGT rates examined. Obviously, for small val-
ues of A, a smaller number of gene trees can suffice.
Indeed, when relying on method No. 2, for A < 0.4
and all sizes of species tree, it was enough to sample
m = 500 gene trees in order to achieve accurate tree
reconstruction.

In Table 1, the maximum values of A that enabled
accurate tree reconstruction in the simulation study, are
compared to the maximum values of A that guarantee
accurate tree reconstruction according to the known the-
ory (5). In all cases, the empirical values of A that still
enable accurate tree reconstruction are much higher (one
order of magnitude) than the theoretical-based ones. This
fact implies that the plurality rule may be a more powerful

tool than what the known theorems suggest. As men-
tioned earlier (end of “Using the plurality inference rule
to reconstruct complete species trees” section), several
causes are likely to contribute to this difference between
theory and practice. First, using the plurality inference
rule, one may deduce the correct quartet topology even if
the probability of finding this topology in a given gene tree
is less than 50%. Second, experience shows that wQMC
may reconstruct the phylogeny accurately even if some
quartet topologies are deduced incorrectly, and the plu-
rality quartets are inconsistent [44]. For further discus-
sion about quartet inference in light of HGT events, see
Additional file 1.

Real data analysis

In order to show that the plurality rule can be harnessed
for the analysis of real data, we used it (together with
wQMC) to construct the hypothesized phylogenies of two
sets of organisms. The phylogenies constructed were com-
pared to other hypothesized phylogenies using Qfit, RF
and the property of perfect phylogeny mentioned above.
The first set we studied comprised of 100 archaea and bac-
teria that cover a wide diversity of the prokaryotic world.
This set was first analyzed in depth in [18]. The second set
comprised of 97 bacteria, all of which were found to con-
tain genes toxic to E. coli [58]. Notice that gene toxicity
also implies fewer occurrences of successful HGT events,
hence the existence of toxic genes alongside non-toxic
genes is expected to result in non-uniform HGT events.
It is interesting to examine the usefulness of the plurality
rule in such a setting.
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Table 1 Theoretical and empirical values of maximum “good” A's

Number of leaves 10 20 30 40 50 60 70 80 90 100
Maximum “good” A s - theory 0.07 0.06 0.06 0.04 0.05 0.05 0.04 0.05 0.06 0.04
Maximum “good” A’s - practice 1.0 0.6 0.7 0.5 0.6 0.5 0.5 04 0.7 04

We define maximum “good” A as the maximum value of A that enables us to reconstruct the species tree accurately. Of course, the exact values of the “good” A's may vary
from one species tree to another. As one can see, the empirical values of maximum “good” A's are much higher than the theoretical ones, dictated by (5) (approximately one

order of magnitude)

First set of organisms - wide diversity of prokaryotes

The first set of genes we studied comprised of 100 archaea
and bacteria, for which 6901 gene trees were already con-
structed in [18], and subsequently investigated in [19, 20].
In order to construct a suggested phylogeny for this set
of species, we found the plurality quartets based on the
available gene trees, and ran wQMC using these quartets
as input. All possible (Z) quartets were taken into account.
Based on the results of the simulation study (“Recon-
structing the simulated species tree” section), we used
weighting method No. 2. The resulting tree is referred to
as QP1 (quartet plurality based tree 1).

The claim that the plurality rule can be used to recon-
struct accurate phylogenies can be reinforced by compar-
ing QP1 to two other suggested trees on the same taxa set.
One such suggested phylogeny is found in [18] and was
constructed using CLANN based on a subset of nearly
universal trees (or NUTs) taken strictly from the COG
database. We refer to it as the COG tree. The other sug-
gested phylogeny is based on a concatenation of several
ribosomal proteins [59]. We refer to it as the ribosomal
protein tree. Full details about the phylogenies used in our
study are found in Additional file 1.

One of the tools of comparison used was to test
whether the trees in question are perfect (see “Prelimi-
naries” section) with respect to two characters, induced
by two evolutionary classifications - phylum, and order.
We briefly mention that a phylogeny is called “perfect”
with respect to a given classification if it induces a perfect
separation between the different classes of that classifi-
cation. The results show (Table 2) that two of the three

Table 2 A summary of the properties of the different characters
of the suggested phylogenies

Classification by phylum Classification by order

QP1 tree Tree is not perfect. One Tree is perfect
leaf misplaced
COG tree Tree is not perfect. Eight Tree is not perfect.
leaves misplaced One leaf misplaced
Ribosomal Tree is perfect Tree is perfect

protein tree

A tree can either be perfect (i.e., induce a perfect separation with respect to the
relevant character) or not, in which case the number of taxa needed to be replaced
in order to make the tree perfect is indicated. We see that the ribosomal protein tree
is perfect with respect to both characters, and that the QP1 tree is perfect apart
from one misplaced taxon

trees examined - the QP1 tree and the ribosomal protein
tree - are either perfect or have one misplaced taxon with
respect to the two classifications. In addition, the aver-
age similarity of the suggested phylogenies to the original
input trees was calculated (expressed by Qfit and RF). We
see (Table 3), that the QP1 tree and the ribosomal protein
tree achieved almost identical results, that are better than
the results of the COG tree.

Second set of organisms - species with toxic genes

The second set of species we studied comprised of species
whose genomes contain genes that are toxic to E. coli. In
[60] it was found that several genes cannot undergo HGT
into E. coli. Following that work, several hundreds of such
genes were identified [61] and a database named PanDa-
Tox containing these toxic genes was constructed [58],
from which a representative set of 97 species was selected
for further analysis. More details are found in Additional
file 1. We stress that evidence was found to suggest the
genes listed in PanDaTox are toxic to bacteria in general
[60], with yet unknown pattern of HGT, as opposed to
the random model assumed in [42]. It is interesting to see
how this mixture of toxic and non-toxic genes affect quar-
tet inference and subsequent tree reconstruction based on
the plurality rule.

Since four is the minimum number required for the con-
struction of an unrooted tree, the gene set we analyzed
comprised of all genes with orthologs in at least four of
the above 97 species. Gene orthology was inferred using
the EggNOG database [62] (version 3.0). In order to avoid
false identification of orthologous genes, we ignored genes
that had paralogs in their COG. Thus, only when a species

Table 3 A summary of the average Qfit and RF similarity scores
between the three suggested phylogenies and the underlying
gene pool

Similarity measure

Average Qfit Average RF
QP1 tree 048 042
COG tree 047 0.39
Ribosomal protein tree 048 042

For each suggested phylogeny, the Qfit and RF similarity scores between it and
each gene in the gene pool were calculated. The average similarity scores were
subsequently calculated and presented. We see that the scores relating to the QP1
tree and the ribosomal protein tree are the highest
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had one representative gene in a COG, was that gene
taken under consideration. The exception to that rule was
the 16s gene, of which there are typically several copies
in each species. We therefore chose one such copy per
species (from the RDP website, as mentioned above) and
constructed a phylogeny based on the resulting selected
set of 16s genes.

In total, 3597 gene clusters were analyzed. The
respected gene trees of those gene clusters were con-
structed using fasttree [52]. We note that a separate
hypothesized phylogeny was constructed based solely on
the 16s gene using RAxML (see “Reconstructing gene
trees based on protein sequences” section). In accor-
dance with the previous section, the plurality inference
rule was used to determine which of the three quartet
topologies should each 4-taxa be given. Again, all possi-
ble (Z) quartets were taken under consideration and then
used as input for wQMC, with weights assigned accord-
ing to weighting method No. 2. The resulting tree is
denoted QP2.

Again, the quality of reconstruction was evaluated by
comparing the tree constructed based on the plurality rule
and wQMC, the QP2 tree, to two other suggested phy-
logenies. The first is the 16s tree mentioned above. The
second is a phylogeny based on the concept of synteny
index, which is a measure of the average synteny between
two genomes. As in [63], where this concept was first
introduced, we calculated the synteny indices of all pos-
sible pairs out of the 97 genomes and constructed a tree
based on the resulting distance matrix. We refer to this
tree as the synteny tree.

We first checked whether the three phylogenies are
perfect or not, with respect to phylum and order.
The results show (Table 4) that none of the phylo-
genies we examined is perfect with respect to order,
however the QP2 tree and the 16s tree are perfect
with respect to phylum. We subsequently calculated the
average similarity scores between the gene trees and
each of the three species trees. The results (Table 5)

Table 4 A summary of the properties of the different characters
of the suggested phylogenies

Classification by phylum Classification by order

QP2 tree Tree is perfect Tree is not perfect. Three
leaves misplaced

16s tree Tree is perfect Tree is not perfect. Two
leaves misplaced

Synteny tree  Tree is not perfect. One  Tree is not perfect. Three

leaf misplaced leaves misplaced

A tree can either be perfect (i.e., induce a perfect separation with respect to the
relevant character) or not, in which case the number of taxa needed to be replaced
in order to make the tree perfect is indicated. We see that no single tree is perfect
with respect to order, but the QP2 tree and the 16s tree are perfect with respect to
phylum
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Table 5 A summary of the average Qfit and RF similarity scores
between the three suggested phylogenies and the underlying
gene pool

Similarity measure

Average Qfit Average RF
QP2 tree 0.69 047
16s tree 0.66 0.39
Synteny tree 0.67 042

For each suggested phylogeny, the Qfit and RF similarity scores between it and
each gene in the gene pool were calculated. The average similarity scores were
subsequently calculated and presented. We see that the QP2 tree receives the
highest average similarity scores

show that the QP2 tree received the highest Qfit and
RF scores.

Discussion

This study focuses on phylogenetic reconstruction in light
of extensive HGT events, based on the quartet plural-
ity inference rule. As mentioned earlier, HGT tangles the
universal Tree of Life, turning it into a network of relation-
ships. In the context of HGT, phylogenetic reconstruc-
tion often involves gene tree amalgamation (the supertree
approach). Quartets are of prime importance for the
supertree approach, as they are the most fundamental unit
of information when unrooted trees are studies. A thor-
ough investigation of the plurality inference rule enabled
us to expand a past theoretical result [42], as well as to
show using real and simulated data, that accurate quartet-
based phylogenetic reconstruction can be reached.

The results of our investigation give rise to some ques-
tions for future research. From a theoretical perspective,
in light of our capability of reconstructing accurate evo-
lutionary trees despite surprisingly high rates of HGT,
we hypothesize that an improvement can be made to the
known upper bound on the HGT rate A that still enables
successful tree reconstruction (given in (5)). Moreover,
our conjecture is that in our theoretical framework, cor-
rect quartet inference can be achieved for all HGT
rates, provided that the number of available gene trees
is sufficiently large. We base our conjecture on the (yet
unsubstantiated) claim that each one of the two incor-
rect topologies of a quartet has equal probability to be
induced by a given species tree. If that claim is proven, we
believe that the positive probability of zero HGT events
will tip the balance in favour of the correct quartet topol-
ogy. Regarding phylogenetic reconstruction based on real
data, we mention that we considered merely three weight-
ing schemes and used one supertree method, wQMC.
Naturally, future studies may reveal that other supertree
methods are better equipped to deal with inputs com-
prised of quartet trees. Moreover, since assigning weight
to a quartet can be done in any number of ways, we
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think some attention should be allocated for searching
new weighting schemes, perhaps based on the evolution-
ary distances between the different species under study,
that will improve the accuracy of tree reconstruction. We
will welcome any result that will improve our own.

Conclusions

In this work we investigated the plurality inference rule
using real and simulated data. First, by considering a
multitude of quartets simultaneously, we were able to
evaluate the number of gene trees needed to facilitate
accurate species tree reconstruction with high probability,
thus we added to the theoretical analysis of [42]. Subse-
quently, through an in-depth simulative study, we proved
that accurate species tree reconstruction is possible in the
presence of extensive HGT events. In the last segment
of our work, we constructed hypothesized phylogenies of
two sets of prokaryotic species, one encompassing a wide
diversity of the prokaryotic world and the other comprised
solely of species with toxic genes, and showed that our
hypothesized phylogenies achieved similar results to other
suggested evolutionary trees in a number of tests. To the
best of our knowledge, this is the first time that the quar-
tet plurality inference rule was used to construct real data
phylogenies of such magnitude.
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(PDF 1587 kb)
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