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Abtract. The problem of species classification taking into account the mechanisms of reticulate evolution such that horizontal gene transfer (HGT), species
hybridization or gene duplication is very delicate. In this paper, we describe a
new algorithm for determining a unique scenario of HGT events in a given additive tree (i.e. phylogenetic tree) representing evolution of a group of species.
The algorithm first proceeds by establishing differences between topologies of
species and gene additive trees. Then, it uses a least-squares optimization procedure to test the possibility of horizontal gene transfers between any pair of
edges of the species tree, considering all previously added HGTs to determine
the next one. In the application section, we show how the introduced algorithm
can be used to represent possible ways of spread of the rubisco rbcL gene in
a species classification including plastids, cyanobacteria, and proteobacteria.

1 Introduction
Species classification has been often modeled using an additive tree in which
each species can only be linked to its closest ancestor and interspecies relationships are not allowed. However, such important evolutionary mechanisms
as gene convergence, gene duplication, gene loss, and horizontal gene transfer (i.e. lateral gene transfer) can be appropriately represented only using a
network model (see [OW97] or [Doo99]). This paper addresses the problem of
detection of horizontal gene transfer events. Several attempts to use networkbased evolutionary models to represent horizontal gene transfers can be found
in the scientific literature (see for example [Pag94], [PC98], or [HL01]). Recently we proposed a new method [BM03] for detection of HGT events based
on a mathematically sound model using a least-squares mapping of a gene
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tree into a species tree. The latter method proceeds by obtaining a classification of probable HGTs that may have occurred in course of the evolution;
the biologists should then be able to choose appropriate HGTs from the classification established. In this article, we propose a new approach allowing one
to establish a unique scenario of horizontal gene transfers. This approach exploits topological discrepancies existing in the species and gene additive trees.
To reconcile topological differences between the species and gene trees, we
recompute the edge lengths of the species tree with respect to the gene data.
Then, each pair of edges of the species tree will be evaluated for the possibility
of a horizontal gene transfer and the best one, according to the least-squares
criterion, will be added to the species tree. All further HGT edges will be
added to the species tree in the same way leading to the construction of an
HGT network. A number of computational rules plausible from the biological
point of view are incorporated in our model. In the application section, we
discuss a unique scenario of the lateral gene transfers of the rbcl gene in a
bacteria classification considered in [DP 96].

2 Description of the new method
The new algorithm allows one to determine the best possible least-squares
scenario of horizontal gene transfer events for a group of considered organisms. It proceeds first by mapping gene data into a species tree followed by
consecutive addition of new HGT edges with directions. Thus, the algorithms
comprises the two main steps described below:
Step 1. Let T be an additive species tree whose leaves are labeled according to the set X of n taxa and T1 a gene tree whose leaves are labeled
according to the same set X of n taxa. T and T1 can be inferred from sequence
or distance data using an appropriate tree fitting algorithm. Without lost of
generality we assume that T and T1 are binaries trees, whose internal nodes
are all of degree 3 and whose number of edges is 2n-3. The species tree should
be explicitly rooted; the position of the root is important in our model. If
the topologies of T and T1 are identical, we conclude that the evolution of
the given gene followed that of the species, and no horizontal gene transfers
between edges of the species tree should be indicated. However, if the two
additive trees are topologically different it may be the result of horizontal
gene transfers. In the latter case, the gene tree T1 can be mapped into the
species tree T by fitting by least-squares the edge lengths of T to the pairwise
distances in T1 (see [BG91] or [ML99] for more detail on this technique).
Step 2. The goal of this step is to establish a classification of all possible
HGT connections between pairs of edges in T . In our model, the HGT edges
providing the greatest contribution to decreasing the least-squares coefficient
will correspond to the most probable cases of the horizontal gene transfers.
Thus, the first HGT in this list will be added to the species tree T transforming
it into a phylogenetic network. Once the first HGT edge is added to T , all its
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edges including a new HGT edge, will be reestimated to fit the best the interleaves distances in the gene tree T1 . To add the first HGT edge to the network
under construction, the algorithm considers (2n-3)(2n-4) possibilities, which
is a maximum number of different directed inter-edge connections in a binary
phylogenetic tree with n leaves. Then, the best second, third, and so forth,
HGT edges are added to T in the same way. The addition of any new HGT
edge starting from the second one is done taking into account all previously
added HGTs. The al gorithm stops when a prefixed number of HGT edges
are added to T . The obtained phylogenetic network will represent a possible
scenario, which is the best one according to the least-squares criterion, of the
horizontal transfers of the gene considered.

3 Computing the least-squares coefficient
The addition of a new edge may create an extra path between any pair of nodes
in a phylogenetic network. Fig. 1 illustrates the only possible case when the
minimum path-length distance between taxa (i.e. species) i and j is allowed to
pass by the new HGT edge (a,b) directed from b to a. 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, whose
position in T is fixed, and j if and only if j is located in the grayed area of Fig.
1. In all other cases, illustrated in Fig. 2 (a to d), the path between the taxa
i and j should not be permitted to pass by the new edge (a,b) representing
the gene transfer from b to a.
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Fig. 1. The minimum path-length distance between the taxa i and j can be affected
by addition of a new edge (a,b) representing the horizontal gene transfer between
edges (z,w) and (x,y) in the species tree if the leaf j is located in the grayed area of
the picture. The path between the taxa i and j can pass by the new edge (a,b).
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To compute the value of the least-squares coefficient Q for a given HGT
edge (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 edge (a,b); second,
in this 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 l of the length of (a,b), according to the least-squares
criterion, while keeping fixed the lengths of all other tree edges; and finally,
forth, all edge 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 edge(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 and:
M in{d(i, a) + d(j, b); d(j, a) + d(i, b)} < d(i, j),

(1)

where d(i, j) is the minimum path-length distance between the nodes i and j
in T ; vertices a and b are located in the middle of the edges (x,y) and (z,w),
respectively.
The following intermediate function can be defined:
dist(i, j) = d(i, j) − M in{d(i, a) + d(j, b); d(j, a) + d(i, b)},

(2)

so that A(a,b) is a set of all leaf pairs ij with dist(i, j) > 0.
The least-squares objective function to be minimized, with l used as an
unknown variable, can be formulated as follows:
Q(ab, l) =

X

(M in{d(i, a) + d(j, b); d(j, a) + d(i, b)} + l − δ(i, j))2

X

(d(i, j) − δ(i, j))2 → min,

dist(i,j)>l

+

(3)

dist(i,j)≤l

where δ(i,j) is the minimum path-length distance between the taxa i and j
in the gene tree T1 . The function Q(ab,l), measures the gain in fit when a
new HGT edge (a,b) with length l is added to the species tree T .
When the optimal value of a new edge (a,b) is determined, this computation can be followed by an overall polishing procedure for all edge lengths in
T . To reassess the length of any edge of T , one can use equations (1), (2), and
(3) assuming that the lengths of all the other edges are fixed. These computations are repeated for all pairs of edges in the species tree T . When all pairs
of edges in T are tested, only the HGT corresponding to the smallest value of
Q is retained for addition in T . This algorithm requires O(kn4 ) operations to
provide one with a unique HGT scenario including k transfer edges.
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Fig. 2. (a-c) Three situations when the minimum path-length distance between
the taxa i and j is not affected by addition of a new edge (a,b) representing the
horizontal gene transfer between edges (z,w) and (x,y) of the species tree. The path
between the taxa i and j is not allowed to pass by the new edge (a,b). In figures
(a), (b), and (c) both leaves i and j must be located in the grayed area. Figure (d)
shows that no HGT can be considered when edges (x,y) and (z,w) are located on
the same lineage (i.e. on the same path coming from the root).

4 Horizontal gene transfers of the rbcL gene: unique
scenario
The new algorithm discussed in previous sections was applied to analyze
the plastids, cyanobacteria, and proteobacteria data considered in [DP96].
The latter authors found that the gene classification based on the rbcL gene
contains a number of conflicts compared to the species classification (for 48
species) based on the 16S ribosomal RNA and other evidence. To carry out
the analysis we reduced the number of species to 15 (see trees in Fig. 3a
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and b). Each species shown in Fig. 3 represents a group of bacteria or plastids from the original phylogeny provided by Delwiche and Palmer (1996,
Fig.2). We decided to conduct our study with three α-proteobacteria, three βproteobacteria, three γ-proteobacteria, two cyonobacteria, one green plastid,
one red and brown plastid and two single species Gonyaulax and Cyanophora.
The new algorithm used as input the species and gene additive trees in Fig. 3
(a and b) and provided us with a unique scenario of horizontal gene transfers
of the rbcL gene. The topological conflicts between the trees in Fig. 3 can be
explained either by lateral gene transfers that may have taken place between
the species indicated or by ancient gene duplication followed by gene loss; two
hypotheses which are not mutually exclusive (see [DP96] for more detail). In
this paper, the lateral gene transfer hypothesis was examined to explain the
conflicts between the species and gene classifications.
Green algae
Red and brown algae

(a)

Cyanophora
Gonyaulax

(b)

β Proteobacteria 3
α Proteobacteria 3
γ Proteobacteria 3
Cyanobacteria 1

Cyanobacteria 2
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γ Proteobacteria 3
γ Proteobacteria 2
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Cyanobacteria 2
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γ Proteobacteria 1
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Red and brown algae

Fig. 3. (a) Species tree for 15 taxa representing different groups of bacteria and
plastids from [DP96, Fig. 2]. Each taxon represents a group of organisms reported in
[BM03]. 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
constructed by contracting nodes of the 48 taxa phylogeny from [DP96, Fig. 2].

The solution network depicting the species tree with eight horizontal gene
transfers is shown in Fig. 4. The numbers at the HGT edges correspond
to their position in the scenario of transfers. Thus, the transfer between αproteobacteria1 and Gonyaulax was found in the first iteration of the algo-
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rithm, then, the transfer between α-proteobacteria1 and β-proteobacteria1,
followed by that from γ-proteobacteria2 to cyanobacteria1, and so forth. Delwiche and Palmer (1996, Fig. 4) indicated as the most probable four HGT
events of the rubisco genes including those between cyanobacteria and γproteobacteria, γ-proteobacteria and α-proteobacteria, γ-proteobacteria and
β-proteobacteria, and finally, between α-proteobacteria and plastids. The
three last transfers can be found in our unique scenario in Fig 4, whereas
the first one, between cyanobacteria and γ-proteobacteria, goes in the opposite direction. It is worth noting that the obtained solution is also different
from that found in [BM03].
Green algae
Red and brown algae
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Gonyaulax
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Cyanobacteria 1
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Fig. 4. Species tree from Fig. 3a with 8 dashed, arrow-headed edges representing
horizontal gene transfers of the rbcL gene. Numbers on the HGT edges indicate their
order of appearance.
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5 Conclusion
The algorithm described in this article allows one to determine a unique scenario of horizontal gene transfer events that may have occurred in course of
the evolution. The algorithm exploits the discrepancy between the species
and gene additive trees built for the same set of observed species by mapping
the gene data into the species tree and then by estimating the possibility of
a horizontal gene transfer between each pair of edges in the species tree. A
number of plausible biological rules not considered in [BM03] are incorporated
in the reconstruction process. The best HGT, according to the least-squares
model, found in the first iteration is used to calculate the next HGT in the
second iteration, and so one. 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 horizontal gene transfers in real data sets. In this paper, a
model based on the least-squares criterion was considered. Future developments including extending and testing this procedure in the framework of
the maximum likelihood and maximum parsimony models are necessary. The
algorithm for detection of horizontal gene transfers described in this article
was included in the T-Rex package (Tree and Reticulogram reconstruction,
see [Mak01] for more detail). This software is freely available for researchers
at the following URL: <http://www.info.uqam.ca/ makarenv/trex.html>.
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