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Abstract. This article addresses the problem of detection of horizontal
gene transfers (HGT) in evolutionary data. We describe a new method
allowing to predict the ways of possible HGT events which may have
occurred during the evolution of a group of considered organisms. The
proposed method proceeds by establishing differences between topologies
of species and gene phylogenetic trees. Then, it uses a least-squares op-
timization procedure to test the possibility of horizontal gene transfers
between any couple of branches of the species tree. In the application sec-
tion we show how the introduced method can be used to predict eventual
transfers of the rubisco rbcL gene in the molecular phylogeny including
plastids, cyanobacteria, and proteobacteria.

1 Introduction

Evolutionary relationships between species has long been assumed to be a tree-
like process that has to be represented by means of a phylogenetic tree. In such
a tree, each species can only be linked to its closest ancestor and interspecies
relationships are not allowed. However, such important evolutionary mechanism
as horizontal gene transfer (i.e. lateral gene transfer) can be represented
appropriately only using a network model. Lateral gene transfer plays an key
role in bacterial evolution allowing bacteria to exchange genes across species [6],
[21]. Moreover, numerous bacterial sequencing projects reinforced the opinion
that evolutionary relationships between species cannot be inferred from the in-
formation based on a single gene, i.e. single gene phylogeny, because of existence
of such evolutionary events as gene convergence, gene duplication, gene loss, and
horizontal gene transfer (see [10], [5], [11], [17]). This article is concerned with
studying the possibility of horizontal gene transfers between branches of species
trees inferred either from whole species genomes or based on genes that are not
supposed to be duplicated, lost or laterally transferred. We will show how the
discrepancy between a phylogenetic tree based on a particular gene family and a
species tree can be exploited to depict possible scenarios of how this particular
gene may have been laterally transferred in course of the evolution.

Several attempts to use network-based evolutionary models to represent lat-
eral gene transfers can be found in the scientific literature (see for example [11],



[23]). Furthermore, a number of models based on the subtree transfer operations
on leaf labeled trees have also been proposed (see [4], [12], [13]). Recently, a new
lateral gene transfer model considering a mapping of a set of gene trees (not
necessarily pairwise equal) into a species tree has been proposed [10]. The latter
article completed an extensive study of the tree mapping problems considered
amongst others in [3], [9], [10], [18], [19].

In this paper we define a mathematically sound model using a least-squares
mapping of a gene tree into a species tree. The proposed model is based on the
computation of differences between pairwise distances between species in both
trees. First, a species phylogeny has to be inferred from available nucleotide or
protein sequences using an appropriate tree inferring algorithm. Second, the ma-
trix of evolutionary distances between species with respect to the gene data has
to be computed using an appropriate sequence-distance transformation. Third,
the length of the species tree should be readjusted with respect to the gene dis-
tance matrix (see [1], [15] for more detail). Then, each pair of branches of the
species tree (with the original topology and branch lengths adjusted according
to the gene distance matrix) has to be evaluated for the possibility of a hori-
zontal gene transfer. A new model introduced in this paper takes into account
all different situations sound from the biological point of view when the lateral
gene transfer event can explain the discrepancy in positioning two taxa in the
gene and species phylogenies.

The new method has been tested with both real and artificial data sets
yielding very encouraging results for both types data. In the application section
below we show how our method aids to detect possible horizontal gene trans-
fers of the rubisco rbeL gene (ribulose-1.5-bisphosphate carboxylase/oxygenase)
in the species phylogeny inferred from phylogenetic analysis of 16S rRNA and
other evidence (see [5] for more detail on these data). For this data set, the
new method provided us with the solution consisting of eight horizontal gene
transfers accounting for the conflicts between the rbcL and species phyloge-
nies. Among the eight transfers obtained one can find all eventual gene transfers
indicated in Delwiche and Palmer (1996). In a latter study, four rbcL gene trans-
fers between: cyanobacteria and y-proteobacteria, a-proteobacteria and red and
brown algae, y-proteobacteria and a-proteobacteria, and y-proteobacteria and
B-proteobacteria, were suggested as the most probable cause (along with the hy-
pothesis of gene duplication) of topological differences between the organismal
and gene phylogenies.

2 Description of the new method

In this section, we describe a new method for detection of lateral gene transfer
events obtained by mapping of a gene data into a species phylogeny. The new
method allows to incorporate new branches with direction into the species phy-
logeny to represent gene transfers. Remember that any phylogenetic tree can be
associated with a table of pairwise distances between its leaves which are labeled
by the names of species; these distances are the minimum path-length distances



between the leaves of the tree. All other nodes of the tree are intermediates,
they represent unknown ancestors. It has been shown that a distance matrix
satisfying the four-point condition (1) defines a unique phylogenetic tree [2].

d(i,j) +d(k,1) < Max{d(i, k) + d(j,1);d(i, 1) + d(j, k) }, for any @, 5, k, 1. (1)

When the four-point condition is not satisfied, what is always the case for
real data sets, a tree inferring method has to be applied. There exist a number
of efficient methods for inferring phylogenies from distance data; see for example
NJ of Saitou and Nei (1987), BioNJ of Gascuel (1997), FITCH of Felsenstein
(1997), or MW of Makarenkov and Leclerc (1999).

The main objective of our method is to infer a species tree from sequence
or distance data and then test all possible pairs of the tree branches against
the hypothesis that a lateral gene transfer could take place between them. Our
method consists of the three main steps described below:

Step 1. Let T be a species phylogeny whose leaves are labeled according to
the set X of n taxa. T' can be inferred from sequence or distance data using an
appropriate tree fitting method. Without lost of generality we assume that T
is a binary tree, whose internal nodes are all of degree 3 and whose number of
branches is 2n-3. This tree should be explicitly rooted because the position of
the root is important in our model.

Step 2. Let T} be a gene tree whose leaves are labeled according to the same
set X of n taxa used to label the species tree T'. Similarly to the species tree,
T can be inferred from sequence or distance data characterizing this particular
gene. If the topologies of 7" and T; are identical, no horizontal gene transfers
between branches of the species tree should be indicated. However, if the two
phylogenies are topologically different it may be the result of a horizontal gene
transfer. In the latter case the gene tree 77 can be mapped into the species tree
T by fitting by least squares the branch lengths of T' to the pairwise distances
in 77 (for an overview of this fitting techniques, see Bryant and Wadell 1998
and Makarenkov and Leclerc 1999). These papers discuss two different ways of
computing optimal branch lengths, according to the least-squares criterion, of a
phylogenetic tree with fixed topology. After this operation the branch lengths of
T will be modified, whereas its original topology will be kept unchanged.

Step 3. The goal of this step is to obtain an ordered list L of all possible
HGT connections between pairs of branches in T'. This list will comprise (2n-
3)(2n-4) entries, which is the possible number of different directed connections
(i. e. number of possible HGTs) in a binary phylogenetic tree with n leaves. Each
entry of L is associated with the value of the gain in fit obtained after addition
of a new HGT branch linking a considered couple of branches. The first entries
of L, those contributing the most to decrease the least-squares coefficient, will
correspond to the most probable cases of the horizontal gene transfers.

Let us now show how to compute the value of the least-squares coefficient Q)
for an HGT branch (a,b) added to T to link the branches (z,y) and (z,w). In a
phylogenetic tree there exists always a unique path linking any pair of the tree
nodes, whereas addition of an HGT branch may create an extra path between



them. Fig. 1(a, b, and c) illustrate the three possible cases when the minimum
path-length distance between taxa ¢ and j are allowed to be changed after the
addition of the new branch (a,b) directed from b to a. Fixing the position of 4 in
the species tree T', these cases differ only by position of j. From the biological
point of view it would be plausible to allow the horizontal gene transfer between
b and a to affect the evolutionary distance between the pair of taxa i and j if
and only if either the node b is an ancestor of j (Fig. 1a) or the attachment point
of j on the path (x,z) is located between the node z and Common Ancestor of
x and z (Fig. 1b and 1c).

Root Root Root

Common
Ancestor,

Common
Ancestor

Common
Ancestor

@) (b) (©)

Fig. 1. Three situations when the minimum path-length distance between the taxa ¢
and j can be affected by addition of a new branch (a,b) representing the horizontal
gene transfer between branches (z,w) and (z,y) of the species tree. The path between
the taxa ¢ and j can now pass by the new branch (a,b).

In all other cases illustrated in Fig. 2 (a to f), the path between the taxa ¢
and j cannot pass by the new branch (a,b) depicting the gene transfer from b
to a. To compute the value of the least-squares coefficient @ for a given HGT
branch (a,b) the following strategy was adopted: First, we define the set of all
pairs of taxa that can be allowed to pass by a new HGT branch (a,b); second, in
the latter set we determine all pairs of taxa such that the minimum path-length
distance between them may decrease after addition of (a,b); third, we look for an
optimal value [ of (a,b), according to the least-squares criterion, while keeping
fixed the lengths of all other tree branches; and finally, forth, all branch lengths
are reassessed one at a time.

Let us define the set A(a,b) of all pairs of taxa ij such that the distances
between them may change if an HGT branch (a,b) is added to the tree T'. A(a,b)
is the set of all pairs of taxa ij such that they are located in T' as shown in Fig.
1 (a, b, or ¢) and:

Min{d(i,a) + d(j,b); d(j, a) + d(i,b)} <d(i, ]), (2)

where d(7,j) is the minimum path-length distance between the nodes ¢ and j;
vertices a and b are located in the middle of the branches (z,y) and (z,w),
respectively.



Root

Common
Ancestor,

(a)
Root

Common
Ancestor

(©)

Root

Common
Ancestor,

()

Root

Common
Ancestor,

(b) J
Root

Common
Ancesto

(d)
Rgot

Common
Ancestor,

()

Fig. 2. Six situations when the minimum path-length distance between the taxa i and
7 is not affected by addition of a new branch (a,b) representing the horizontal gene
transfer between branches (z,w) and (z,y) of the species tree. The path between the
taxa 7 and j is not allowed to pass by the new branch (a,b).



Define the following function:

dist(i, j) = d(i,j) — Min{d(i,a) + d(j,b);d(j,a) + d(z,b) }, (3)

so that A(a,b) is a set of all leaf pairs ¢j with dist(i,j) > 0.
The least-squares loss function to be minimized, with [ used as an unknown
variable, is formulated as follows:

Q(ab,l) = Z (Min{d(i,a) + d(j,b);d(j,a) + d(i,b)} + 1 — &(i, §))?

dist(i,j)>1

+ > (dli,g) = 6(,§)* = min, (4)

dist(i,5)<l

where d(i,j) is the minimum path-length distance between the taxa ¢ and j in
the gene tree T7. The function Q(ab,l), which is a quadratic polynomial spline,
measures the gain in fit when a new HGT branch (a,b) with length [ is added
to the species tree T'. The lower is the value of (ab,l), the more likely that
a horizontal gene transfer event has occurred between the branches (z,y) and
(z,w).

Once the optimal value of a new branch (a,b) is computed, this computation
can be followed by an overall polishing procedure for branch lengths reevaluation.
In fact, the same calculations can be used to reevaluate the lengths of all other
branch in T'. To reassess the length of any branch in 7', one can use equations
(2), (3), and (4) assuming that the lengths of all the other branches are fixed.
Thus, the polishing procedure can be carried out for branch number one, then
branch number two, and so on, until all branch lengths are optimally reassessed.
Then, one can return to the added HGT branch to reassess its length for the
second time, and so forth.

These computations are repeated for all pairs of branches in the species tree
T. When all pairs of branches in T" are tested, an ordered list L providing their
classification with respect to the possibility of a horizontal gene transfer can be
established. This algorithm takes O(n*) to compute the optimal value of Q for
all possible pairs of branches in T', the algorithmic complexity increases up to
O(n®) when the branch lengths polishing procedure is also carried out.

3 Lateral gene transfers of the rbcL gene

The method introduced in the previous section was applied to analyze the plas-
tids, cyanobacteria, and proteobacteria data considered in Delwiche and Palmer
(1996). The latter paper discusses the hypotheses of lateral gene transfer events
of the rubisco genes between the three above-mentioned groups of organisms.
Delwiche and Palmer inferred a maximum parsimony phylogeny of the rbcL
(large subunit of rubisco) gene for 48 species. This phylogeny is shown in Fig. 3.
The latter authors found that the gene classification based on the rbcL gene con-
tains a number of conflicts compared to the species classification based on the 16S
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ribosomal RNA and other evidence. The aligned rbcL protein sequences for these
species are available at www.life.umd.edu/labs/delwiche/publications.html.
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Fig. 3. Maximum parsimony tree of rbcL amino acids for 48 bacteria and plastids
(from Fig. 2 of Delwiche and Palmer 1996). The tree shown is one of 24 shortest trees
of length 2.422, selected arbitrarily. This phylogeny is inferred from 48 rbcL amino acid
sequences with 497 bases. Classification of taxa based on 16S rRNA and other evidence
is indicated to the right.

To apply our method we first attempted to construct the species tree of these
48 organisms based on the sequences data from NCBI [22], Ribosomal Database
Project [14] and other bioinformatics databases. However, the 16S rRNA data
were available only for 28 of 48 species considered.
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Fig. 4. (a) Species tree for 15 taxa representing different groups of bacteria and plastids
from Fig. 3. Each taxon represents a group of organisms reported in the bottom. Species
tree is built on the base of 16S rRNA sequences and other evidence. (b) rbcL gene tree
for 15 taxa representing different groups of bacteria and plastids from Fig. 3. Gene tree
is constructed by contracting nodes of the 48 taxa phylogeny in Fig. 3.



Thus, to carry out the analysis we reduced the number of species to 15 (see
trees in Fig. 4a and b). Each species shown in Fig. 4 represents a group of
bacteria or plastids from Fig. 3. We decided to conduct our study with three
a-proteobacteria, three S-proteobacteria, three vy-proteobacteria, two cyonobac-
teria, one green plastids, one red and brown plastids, and two single species
Gonyaulax and Cyanophora. The species tree in Fig. 4a was built using 16S
rRNA sequences and other evidence existing in the scientific literature. The
gene tree (Fig. 4b) was derived by contracting nodes of the 48 taxa phylogeny
in Fig. 3. While observing the topologies of the species and gene trees one can
note an important discrepancy between them.
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Fig. 5. Species tree from Fig. 4a with 8 dashed, arrow-headed lines representing pos-
sible horizontal gene transfers of the rbcL gene found by the new algorithm. Numbers
on the arrow-headed lines indicate their order of appearance (i.e. order of importance)
in the list of all possible HGT transfers found.



For instance, the gene tree comprises a cluster regrouping a-proteobacteria3,
[B-proteobacteria3d, and y-proteobacteria3, as well as cynanobacterial is cluster-
ing with y-proteobacteria2, and so on.

These contradictions can be explained either by lateral gene transfers that
may have taken place between the species indicated or by ancient gene duplica-
tion; two hypotheses which are not mutually exclusive (see [5] for more detail).
In this paper, the lateral gene transfer hypothesis is examined to explain the
conflicts between the species and gene phylogenies.

The method introduced in this article was applied to the two phylogenies
in Fig. 4(a and b) and provided us with a list of lateral gene transfers, ordered
according their likelihood, between branches of the species tree. To reduce the
algorithmic time complexity the links between adjacent branches were not con-
sidered. The solution network depicting the gene tree with eight horizontal gene
transfers is shown in Fig. 5. The numbers at the arrows representing HGT events
correspond to their position in the ordered list of transfers. Thus, the transfer be-
tween a-proteobacterial and Gonyaulax was considered as the most significant,
then, the transfer between a-proteobacterial and S-proteobacterial, followed by
that from a-proteobacteria2 to [-proteobacteria2, and so forth. Delwiche and
Palmer (1996, fig. 4) indicated four HGT events of the rubisco genes between
cyanobacteria and y-proteobacteria, y-proteobacteria and a-proteobacteria, -
proteobacteria and B-proteobacteria, and finally, between a-proteobacteria and
plastids. All these transfers can be found in our model in Fig. 5.

4 Conclusion

We have developed a method for detection of horizontal gene transfers events
in evolutionary data. The new method exploits the discrepancy between the
species and gene trees built for the same set of observed species to map the gene
tree into the species tree and then estimate the possibility of a horizontal gene
transfer for each pair of branches of the species tree. As result, the new method
gives an ordered list of the horizontal gene transfers between branches of the
species tree. Entries of this list should be carefully analyzed using all available
information about data in hand to select the gene transfers to be represented
as final solution. Any gene transfer branch added to the species phylogeny aids
to resolve a discrepancy between it and the gene tree. The example of evolution
of the rbcL gene considered in the previous section clearly shows that the new
method can be useful for prediction of lateral gene transfers in real data sets.
In this paper a model based on the least-squares was considered. It would be
interesting to extend and test this procedure in the framework of the maximum
likelihood and maximum parsimony models. Future developments of this method
allowing for different scenarios for addition of several horizontal gene transfers
at the same time will be also necessary. The method for detection of horizontal
gene transfers events described in this paper will be included (for the May 2003
release) in the T-Rex (tree and reticulogram reconstruction) package (see [16]
for more detail). The T-Rex program, which is implemented for Windows and



Macintosh plat-forms, is freely available for researchers at the following URL:
<http://www.fas.umontreal.ca/biol /casgrain/en/labo/t-rex>.
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