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Abstract. Prokaryotic organisms share genetic material across species
boundaries by means of a process known as horizontal gene transfer
(HGT). Detecting this process bears great significance on understand-
ing prokaryotic genome diversification and unraveling their complexities.
Phylogeny-based detection of HGT is one of the most commonly used
approaches for this task, and is based on the fundamental fact that HGT
may cause gene trees to disagree with one another, as well as with the
species phylogeny. Hence, methods that adopt this approach compare
gene and species trees, and infer a set of HGT events to reconcile the
differences among these trees.

In this paper, we address some of the identifiability issues that face
phylogeny-based detection of HGT. In particular, we show the effect of
inaccuracies in the reconstructed (species and gene) trees on inferring the
correct number of HGT events. Further, we show that a large number of
maximally parsimonious HGT scenarios may exist. These results indicate
that accurate detection of HGT requires accurate reconstruction of indi-
vidual trees, and necessitates the search for more than a single scenario
to explain gene tree disagreements. Finally, we show that disagreements
among trees may be a result of not only HGT, but also lineage sort-
ing, and make initial progress on incorporating HGT into the coalescent
model, so as to stochastically distinguish between the two and make an
accurate reconciliation. This contribution is very significant, particularly
when analyzing closely related organisms.

1 Introduction

Whereas eukaryotes evolve mainly though lineal descent and mutations, bacteria
obtain a large proportion of their genetic diversity through the acquisition of
sequences from distantly related organisms via horizontal gene transfer (HGT);
e.g., see [4,19]. There has been a big “ideological and rhetorical” gap between the
researchers believing that HGT is so rampant that a prokaryotic phylogenetic
tree is useless and those who believe HGT is mere “background noise” that does
not affect the reconstructibility of a phylogenetic tree for bacterial genomes.
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Supporting arguments for these two views have been published. For example,
the heterogeneity of genome composition between closely related strains (only
40% of the genes in common with three E. coli strains [29]) supports the former
view, whereas the well-supported phylogeny reconstructed by Lerat et al. from
about 100 “core” genes in γ-Proteobacteria [13] gives evidence in favor of the
latter view. Nonetheless, regardless of the views and the accuracy of the various
analyses, there is a consensus as to the occurrence of HGT and the evolutionary
role it plays in bacterial genome diversification. Further, HGT is a main process
by which bacteria develop resistance to antibiotics (e.g., [5]), is considered a
primary explanation of incongruence among gene phylogenies, and is a significant
obstacle to reconstructing the Tree of Life [3].

The HGT detection problem concerns the detection of the genes that are
horizontally transferred into the genome, the donors and recipients of every hor-
izontally transferred gene, and the number of HGT events that occurred during
the evolutionary history of a set of species. When HGT occurs, the evolution-
ary history of the gene(s) involved does not necessarily agree with that of the
species phylogeny. This observation is the fundamental basis of the phylogeny-
based HGT detection approach: trees for individual genes are reconstructed (and
sometimes a species tree is reconstructed as well, using other data), and their dis-
agreements are identified to estimate the number (how many) as well as locations
(donors and recipients) of HGT events. Beside the computationally challeng-
ing problem of quantifying disagreements among trees for the sake of detecting
HGT, major challenges that face this approach include (1) determining whether
the disagreements are indeed due to HGT, and (2) whether there is a unique
HGT “scenario”. Yet, these two challenges encompass a host of issues of which
we address three. First, since trees are at best partially known, they have to
be reconstructed using a phylogeny reconstruction method. We investigate the
impact that the quality of reconstructed trees has on HGT detection. Second,
under the assumption that HGT is actually the source of tree disagreements, we
investigate the uniqueness of a solution to the HGT detection problem. Finally,
among closely related species, lineage sorting due to random genetic drift may
also cause tree incongruence, thus mimicking the effects of HGT on phylogenies.
In this case, accurate HGT detection requires determining the actual cause of
tree incongruities, and making the appropriate reconciliation. We make prelimi-
nary progress on incorporating HGT into the coalescent model, so as to produce
a stochastic framework for classifying population-level events (such as lineage
sorting) and species-level events (such as HGT).

We draw several conclusions from this work. First, to obtain accurate esti-
mates of HGT based on tree incongruence, poorly supported edges of recon-
structed trees should be removed; this is a hard task, but is very important to
conduct. Second, eliminating statistical error from reconstructed trees leads to
non-binary trees, and hence phylogeny-based HGT detection methods should
be designed to handle such trees (rather than focus on binary trees, which
many existing tools do). Third, more than one maximally parsimonious solu-
tion (a solution that has the minimum number of HGT edges, or events, to
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explain the species and gene tree incongruence) may exist, and hence HGT
detection methods should search for all such solutions. Finally, trees may be
incongruent due to processes other than HGT; hence, classifying the sources of
incongruence and reconciling them accordingly is imperative.

2 Tree Incongruence and HGT Detection

A gene tree is a model of how a gene evolves. As a gene at a locus in the genome
replicates and its copies are passed on to more than one offspring, branching
points are generated in the gene tree. Because the gene has a single ancestral
copy, barring recombination, the resulting history is a branching tree [14]. Thus,
within a species, many tangled gene trees can be found, one for each nonrecom-
bined locus in the genome. Exploring incongruence among gene trees is the basis
for phylogeny-based HGT detection and reconstruction.

We illustrate some of the scenarios that may lead to gene tree incongruence
in Figure 1. The species tree is represented by the “tubes”; it has A and B as
sister taxa whose most recent common ancestor (MRCA) is a sister taxon of C.

In the case of HGT, shown in Figure 1(a), genetic material is transferred
from one lineage to another. Sites that are not involved in a horizontal transfer
are inherited from the parent while other sites are horizontally transferred from
another species. Figure 1(b) gives an example of a gene tree that disagrees with
the species phylogeny because of lineage sorting due to random genetic drift: the
genes of B and C coalesced before their MRCA coalesced with the gene of species
A. Moreover, sometimes multiple events “cancel out” one another’s effects when
co-occurring in the same dataset; for example, in Figure 1(c), lineage sorting
“hides” the incongruence between the species and gene trees (tree topologies)
that would have resulted from the HGT event. Another factor that may lead to
gene and species tree disagreements is that trees reconstructed by phylogenetic
methods may not be completely accurate (we refer to this as statistical error
in the trees); hence, disagreements among trees due to such inaccuracies may
trigger HGT “signal”, thus leading to overestimation of the actual HGT events.

A B C
ga gb

gc

A B C
ga gb gc

A B C
ga gb

gc

x

(a) (b) (c)

Fig. 1. (a) Gene tree that disagrees with the species tree due to (a) HGT from C to
B and (b) lineage sorting due to random genetic drift. In (c), the effect of the HGT
event (from B to C) is “canceled out” by random genetic drift, resulting in congruent
species and gene trees.
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Notice that in the case of lineage sorting, the species phylogeny is still a tree,
and the gene trees should be reconciled within its branches. However, in the
case of HGT, the evolutionary history of the species genomes may not be repre-
sented by phylogenetic trees; rather, phylogenetic networks are the appropriate
model [16,12]. The phylogeny-based HGT detection problem seeks the phyloge-
netic network with minimum number of reticulation nodes, e.g., HGT edges, to
reconcile the species and gene trees. The minimization simply reflects a maxi-
mally parsimonious solution: in the absence of any additional biological knowl-
edge, the simplest solution is sought. In the case, the simplest solution is one
that invokes the minimum number of HGT events to explain tree incongruence.
There has been a large body of work on this problem; e.g., see [7,18,2,17,15].

3 The Effect of Statistical Error on HGT Detection

In this section we investigate, through simulations, the effect of error in the
reconstructed trees on the detection of HGT. In particular we consider the mini-
mum number of HGT events inferred by HGT detection methods, as well as the
number of such maximally parsimonious solutions found by these methods.

Experimental Setting. We used the r8s tool [25] to generate four random birth-
death phylogenetic trees, Ti, i ∈ {10, 25, 50, 100}, where i denotes the
number of taxa in the tree. The r8s tool generates molecular clock trees; we
deviated the trees from this hypothesis by multiplying each edge in the tree
by a number randomly drawn from an exponential distribution. The expected
evolutionary diameter (longest path between any two leaves in the tree) is 0.2.
Then, from each model “species” tree Ti, we generated five different “gene”
trees, Ti,j, j ∈ {1, 2, 3, 4, 5}, where j denotes the number of subtree prune
and regraft (SPR) moves applied to Ti to obtain Ti,j .1 For each Ti and Ti,j ,
i ∈ {10, 25, 50, 100} and j ∈ {1, 2, 3, 4, 5}, and for each sequence length � ∈
{250, 500, 1000, 2000, 4000, 8000}, we generated 30 DNA sequence alignments
S�

i [k] and S�
i,j [k], 1 ≤ k ≤ 30, whose evolution was simulated down their corre-

sponding trees under the GTR+Γ+I (gamma distributed rates, with invariable
sites) model of evolution, using the Seq-gen tool [20]. We used the parameter
settings of [30]. Then, from each sequence alignment, we reconstructed a tree
TNJ using the Neighbor Joining (NJ) method [24], and another tree using a
maximum parsimony heuristic as implemented in PAUP∗ [26]. Since the maxi-
mum parsimony heuristic may return a set of optimal trees, for each alignment
we only considered the strict consensus of each such set, and referred to that as
the tree TMP . At the end of this process we had 4 trees Ti, 20 trees Ti,j, 720
NJ trees TNJ�

i [k], 3600 NJ trees TNJ�
i,j[k], 720 MP trees TMP �

i [k], and 3600
MP trees TMP �

i,j[k] (i ∈ {10, 25, 50, 100}, j ∈ {1, 2, 3, 4, 5}, 1 ≤ k ≤ 30, and
� ∈ {250, 500, 1000, 2000, 4000, 8000}). To compute minimal HGT scenarios as
well as the number of such scenarios, we applied two methods to pairs of species
and gene trees: LatTrans [7,1] and RIATA-HGT [17] (we modified the latter

1 An SPR move simulates an HGT event.
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tool so that it computes multiple solutions, rather than a single solution as was
originally described by the authors). Both tools were applied to three different
types of pairs of trees.

Type I pairs (Ti, Ti,j): in this case, the species and gene trees are assumed
to be correct.
Type II pairs (Ti, TNJ�

i,j[k]) and (Ti, TMP �
i,j[k]): in this case, the species

tree is correct, and the gene trees are estimated (using NJ and MP, respec-
tively).
Type III pairs (TNJ�

i [k], TNJ�
i,j[k]) and (TMP �

i [k], TMP �
i,j[k]): in this

case, both the species and gene trees are inferred.

The goal of running the methods in these different ways is to estimate the error
due to inaccuracy in the different trees. Due to space limitations, we only show
results using NJ trees, 25-taxon trees (Since LatTrans cannot handle non-binary
trees, it was not run on MP trees). In each run of a tool on a pair of trees,
we computed two values: the number of inferred HGT events, and the number
of such scenarios (or solutions) found by the method. In Type II and Type III
pairs, we report the average of all 30 runs for each combination of i, j, and �.

3.1 The Effect of Statistical Error on Estimating the Number of
HGT Events

Both LatTrans and RIATA-HGT computed the correct number of SPR moves
(i.e., HGT edges) when applied to Type I pairs. In other words, when both the
species and gene trees were correct, both methods made an accurate estimation
of the number of HGT events. The performance of both methods, in terms of the
number of inferred HGT events, on Type II and Type III pairs of trees is shown
in Fig. 2. Figs. 2(a) and 2(b) show that when the species tree is accurate, and
the gene tree is inferred, both methods accurately estimate the number of HGT
events for the case of 5 HGT events when the sequences are of length 8000. They
overestimate the number for all other cases, at all sequence lengths. As the se-
quence length increases, the trees inferred by NJ become more accurate, since NJ
is statistically consistent, and hence the improvement in the performance of the
methods as the sequence length increases. At sequence length 250, the methods
have the worst performance. When both the species and gene trees are inferred,
the overestimation becomes larger, as shown in Figs. 2(c) and 2(d). In this case,
even at sequence length 8000 the methods do overestimate the actual number
of HGT events. It is worth noting that both methods have almost identical per-
formance in terms of the number of HGT events inferred (RIATA-HGT does
slightly better in some cases at sequence length 1000). However, RIATA-HGT
is orders of magnitude faster. Given that the two methods accurately estimated
the number of HGT events in Type I pairs of trees, i.e., accurate species and
gene trees, the results show that error in inferred trees (one or both) leads to
overestimation of the number of HGT events. The overestimation is even larger
for the larger data sets (50- and 100-taxon trees). Therefore, it is important to
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(a) LatTrans, Type II pairs (b) RIATA-HGT, Type II pairs
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(c) LatTrans, Type III pairs (d) RIATA-HGT, Type III pairs

Fig. 2. The number of HGT events inferred by LatTrans and RIATA-HGT, as a func-
tion of the sequence length. Each curve corresponds to one of the five actual numbers of
HGT events: �: 1 HGT; �: 2 HGTs; +: 3 HGTs; ×: 4 HGTs; and ◦: 5 HGTs. 25-taxon
trees inferred using NJ.

eliminate statistical error from trees before estimating HGT events. Ruths and
Nakhleh [23] have studied the performance of various methods for eliminating
wrong edges while maintaining accurate ones. This elimination, in the form of
contracting poorly supported edges, leads to non-binary trees, which cannot be
handled by LatTrans, although they can be handled by RIATA-HGT. Therefore,
a second conclusion is that phylogeny-based HGT detection methods should be
designed to handle both bi- and multi-furcating trees.

3.2 The Uniqueness of HGT Scenarios

Moret et al. [16] showed that a phylogenetic network that reconciles two trees
need not be unique, by showing two phylogenetic networks with a single retic-
ulation event that reconcile the same pair of trees. Further, they showed how
branch lengths could be used to resolve the non-uniqueness question in this sim-
ple case. Here we show that the number of possible maximally parsimonious
(with minimum number of HGT events) phylogenetic networks that reconcile
a pair of trees may actually be exponential. Further, we discuss when branch
lengths may not be sufficient to resolve the non-uniqueness issue.
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The number of maximally parsimonious HGT scenarios that reconcile a pair
of trees (species and gene trees, for example) may be exponentially large, as
illustrated in Fig. 3. The species and gene trees in the figure, ST and GT ,
respectively, contain 3k leaves and differ in that Xi2 is closer to Xi1 than to
Xi3 in tree ST , and closer to Xi3 than to Xi1 in tree GT , for 1 ≤ i ≤ k.
For every triplet 〈Xi1, Xi2, Xi3〉 of taxa, one of three HGT edges is needed to
reconcile the difference in topologies of the triplet based on the two trees ST
and GT : (1) the edge Hi1 : Xi3 → Xi2, (2) the edge Hi2 : Xi2 → Xi3, or (3)
the edge Hi3 : mi → Xi1, where mi is the edge incoming into the most recent
common ancestor (node) of the triplet of taxa; these three scenarios are shown
in Fig. 4. To reconcile the differences among all k triplets, there are 3k HGT
scenarios, since there are k triplets to reconcile, and for each triplet there are
three possible reconciliations. Two observations are in order. First, since the
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Fig. 3. A species tree ST and a gene tree GT with 3k leaves. The two trees differ in k
places: the species tree has Xi1 and Xi2 as siblings, whereas the gene tree has Xi2 and
Xi3 as siblings (1 ≤ i ≤ k). There are 3k maximally parsimonious HGT scenarios that
reconcile the two trees.

donor and recipient of a gene have to co-exist in time [16], and given that the
topology of a phylogeny defines a partial order on the set of extant and ancestral
taxa (ancestral taxa precede their descendants in this partial order), it follows
that edge Hi3 can be part of an HGT solution only if certain taxa went extinct
or were not sampled. This case is illustrated in Fig. 4, where the dashed line
represents the lineage for taxon Xi which is not present in the set of taxa under
consideration but whose existence must be invoked to explain the HGT edge
Hi3.

Let δST and δGT be the pairwise distance matrices of the set of taxa based
on the species and gene trees ST and GT , respectively, in Fig. 3, and let us
consider the triplet of taxa in Fig. 4. There are three cases. (1) The scenario Hi1
is plausible if and only if δST (Xi1, Xi3) ≈ δGT (Xi1, Xi3) and δST (Xi1, Xi2) �≈
δGT (Xi1, Xi2). (2) The scenario Hi2 is plausible if and only If δST (Xi1, Xi2) ≈
δGT (Xi1, Xi2). (3) The scenario Hi3 is plausible if and only if If δST (Xi2, Xi3) ≈
δGT (Xi2, Xi3). Since the conditions in the three cases are mutually exclusive, it
follows the branch lengths, when estimated accurately, can be used to correctly
resolve the non-uniqueness issue in this case. However, estimating branch lengths
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Fig. 4. The three possible scenarios for reconciling the topologies of the triplet
〈Xi1, Xi2, Xi3〉 based on the species and gene trees, ST and GT respectively, in Fig. 3.

to a high degree of accuracy such that the above three cases are distinguished
accurately is a very challenging task. Further, even if branch lengths are esti-
mated accurately, if the evolutionary distance between the donor and recipient
is very small, distinguishing among the cases becomes more challenging.

In our simulation study, we looked at the number of maximally parsimonious
solutions that were computed by LatTrans and RIATA-HGT; the results for 25-
taxon NJ trees are shown in Fig. 5. All fours graphs show that, regardless of
whether the actual or inferred species trees are used, both methods estimate a
large number of maximally parsimonious solutions. The figures show that the
number decreases as the sequences used become longer. When we ran the meth-
ods on the actual trees (Type I pairs of trees), both of them returned single
solutions. A plausible conclusion is that as the amount of statistical error in
the inferred trees increases, so does the number of maximally parsimonious so-
lutions. The reason for behind this is that for shorter sequence lengths, the
accuracy of the trees is poorer, i.e., they have more wrong edges. These wrong
edges give an indication of more HGT events. This indication, though false, leads
to larger numbers of solutions since more reconciliations become possible. The
peaks around sequence lengths 1000 and 2000 in Fig. 5 coincide with the peaks
in Fig. 2, which gives an indication that as the number of inferred HGT events
increases, so does the number of possible solutions. An important conclusion is
that phylogeny-based HGT detection methods should be designed to compute
“all” possible solutions. As illustrated in Fig. 3, the number of such solutions
may be exponential, though. A measure that assigns support to these solutions
is imperative, so that they can be rank ordered.

4 Incorporating HGT into the Coalescent

As we described in Section 2, phylogenetic incongruence may occur due to various
processes, of which HGT is only one. Another such process is lineage sorting,
whose effect and confusing signal to HGT detection is particularly important
when analyzing genes of closely related organisms. In this section, we augment
the coalescent model by incorporating HGT, thus providing a framework for
stochastically distinguishing among these two processes as the actual source of
phylogenetic incongruence.

Lineage sorting occurs because of random contribution of each individual to
the next generation. Some fail to have offsprings while some happen to have



Identifiability Issues in Phylogeny-Based Detection of HGT 223

0 2000 4000 6000 8000
0

20

40

60

80

Sequence Length

# 
of

 M
in

im
al

 S
ol

ut
io

ns

0 2000 4000 6000 8000
0

10

20

30

40

50

Sequence Length

# 
of

 M
in

im
al

 S
ol

ut
io

ns
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Fig. 5. The number of minimal HGT scenarios inferred by LatTrans and RIATA-HGT
as a function of the sequence length. Each curve corresponds to one of the five actual
numbers of HGT events: �: 1 HGT; �: 2 HGTs; +: 3 HGTs; ×: 4 HGTs; and ◦: 5
HGTs. 25-taxon trees inferred using NJ.

multiple offsprings. In population genetics, this process was first modeled by R.
A. Fisher and S. Wright, in which each gene of the population at a particular gen-
eration is chosen independently from the gene pool of the previous generation,
regardless of whether the genes are in the same individual or in different indi-
viduals. Under the Wright-Fisher model, “the coalescent” considers the process
backward in time [11,9,27]. That is, the ancestral lineages of genes of interest
are traced from offsprings to parents. A coalescent event occurs when two (or
sometimes more) genes are originated from the same parent, which is called the
most recent common ancestor (MRCA) of the two genes.

The basic process can be treated as follows. Consider a pair of genes at time
τ1 in a random mating haploid population. The population size at time τ is
denoted by N(τ). The probability that the pair are from the same parental gene
at the previous generation (time τ1 + 1) is 1/N(τ1 + 1). Therefore, starting at
τ1, the probability that the coalescence between the pair occurs at τ2 is given by

Prob(τ2) =
1

N(τ2)

τ2−1∑

τ=τ1+1

(
1 − 1

N(τ)

)
. (1)
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T0

T1

Species A Species B Species C

T2

MRCA(B,C)

MRCA(A,B,C)

Fig. 6. An illustration of the coalescent process in a three species model with discrete
generations. The process is considered backward in time from present, T0, to past.
Circles represent haploid individuals. We are interested in the gene tree of the three
genes (haploids) from the three species. Their ancestral lineages are represented by
closed circles connected by lines. A coalescent event occurs when a pair of lineages
happen to share a single parental gene (haploid).

When N(τ) is constant, the probability density distribution (pdf) of the coa-
lescent time (i.e., t = τ2 − τ1) is given by a geometric distribution, and can be
approximated by an exponential distribution for a large N :

Prob(t) =
1
N

e−t/N . (2)

The coalescent process is usually ignored in phylogenetic analysis, but has a
significant effect (causing lineage sorting) when closely related species are con-
sidered [8,28,21]. The situation of Fig. 1(b) is reconsidered under the framework
of the coalescent in Fig. 6. Here, it is assumed that species A and B split T1 = 5
generations ago, and the ancestral species of A and B and species C split T2 = 19
generation ago. The ancestral lineage of a gene from species A and that from B
meet in their ancestral population at time τ = 6, and they coalesce at τ = 35,
which predates T2, the speciation time between (A, B) and C. The ancestral lin-
eage of B enters in the ancestral population of the three species at time τ = 20,
and first coalesces with the lineage of C. Therefore, the gene tree is represented
by A(BC) while the species tree is (AB)C. That is, the gene tree and species
tree are “incongruent”. Under the model in Fig. 6, the probability that the gene
tree is congruent with the species tree is 0.85, which is one minus the product of
the probability that the ancestral lineages of A and B do not coalesce between
τ = 6 and τ = 9, and the probability that the first coalescence in the ancestral
population of the three species occur between (A and C) or (B and C). The
former probability is 14

15
12
13

11
12 ...78

7
8 = 0.22 and the latter is 2

3 .
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Fig. 7. (a) The probabilities of the three types of gene tree, (AB)C, (AC)B, and A(BC),
as functions of (T2 − T1)/N . (b) The probabilities that the gene tree is resolved from
DNA sequence data. The probabilities are given as functions of the mutation rate for
the three types of tree, (AB)C, (AC)B, and A(BC), when (T2 − T1)/N = 0.5. The
white regions represent the probabilities that the gene tree is not resolved.

Under the three-species model (Fig. 6), there are three possible types of
gene tree, (AB)C, (AC)B and A(BC). Let Prob[(AB)C], Prob[(AC)B] and
Prob[A(BC)] be the probabilities of the three types of gene tree. These three
probabilities are simply expressed with a continuous time approximation when
all populations have equal and constant population sizes, N , where N is large:

Prob[(AB)C] = 1 − 2
3
e−(T2−T1)/N , (3)

and
Prob[(AC)B] = Prob[A(BC)] =

1
3
e−(T2−T1)/N . (4)

Figure 7(a) shows the three probabilities as functions of (T2 − T1)/N .
It is important to notice that the estimation of the gene tree from DNA

sequence data is based on the nucleotide differences between sequences, and that
the gene tree is sometimes unresolved. One of the reasons for that is a lack of
nucleotide differences such that DNA sequence data are not informative enough
to resolve the gene tree. This possibility strongly depends on the mutation rate.
Let μ be the mutation rate per region per generation, and consider the effect
of mutation on the estimation of the gene tree. We consider the simplest model
of mutations on DNA sequences, the infinite site model [10], in which mutation
rate per site is so small that no multiple mutations at a single site are allowed.
Consider a gene tree, (AB)C, and suppose that we have a reasonable outgroup
sequence such that we know the sequence of the MRCA of the three sequences. It
is obvious that mutations on the internal branch between the MRCA of the three
and the MRCA of A and B are informative. If at least one mutation occurred
on this branch, the gene tree can be resolved from the DNA sequence alignment.
This effect is investigated by assuming that the number of mutations on a branch
with length t follows a Poisson distribution with mean μt. Fig. 7(b) shows the
probability that the gene tree is resolved; T2−T1 = 0.5N generations is assumed
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Fig. 8. (a) A three bacterial species model with an HGT event. A demonstration that
a congruent tree could be observed even with HGT. (b) The probabilities of the three
types of gene tree, (ab)c’, (ac’)b, and a(bc’), as functions of Th/N . T1 = 2N and
T2 = 3N are assumed.

so that the probability that the gene tree is (AB)C is about 0.6. As expected,
as the mutation rate increases, the probability that the gene tree is resolved
from the sequence alignment increases, and this probability exceeds 90% when
Nμ > 1.52. Similar results are obtained for the other two types of trees, (AC)B
and A(BC), that appears with probability 0.2 for each (see also Fig. 7(b)).

Thus far, we have shown that the gene tree is not always identical to the
species tree even considering verical evolution. With keeping this in mind, let
us consider the effect of horizontal gene transfer (HGT) on gene tree under the
framework of the coalescent. The application of the coalescent theory to bacteria
is straightforward. Rather than the Wright-Fisher model, bacterial evolution may
be better described by the Moran model, which handles overlapping generations
well. Suppose that each haploid individual in a bacterial population with size
N has a lifespan that follows an exponential distribution with mean l. When an
individual dies, another individual randomly chosen from the population replaces
it to keep the population size constant. In other words, one of the N − 1 alive
lineages is duplicated to replace the dead one. Under the Moran model, the
ancestral lineages of individuals of interest can be traced backward in time,
and the coalescent time between a pair of individuals follows an exponential
distribution with mean lN/2 [6,22]. This means that one half of the mean lifetime
in the Moran model corresponds to one generation in the Wright-Fisher model.
It may usually be thought that HGT can be detected when the gene tree and
species tree are incongruent (see Section 2). However, the situation is complicated
when lineage sorting is also involved. Consider a model with three species, A,
B, and C, in which an HGT event occurs from species B to C. Suppose the
ancient circular genome has a single copy of a gene as illustrated in Fig. 8(a).
Let a, b and c be the focal orthologous genes in the three species, respectively. At
time Th, a gene escaped from species B and was inserted in a genome in species
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C at Ti, which is denoted by c′. Following the HGT event, c was physically
deleted from the genome, so that each of the three species currently has a single
copy of the focal gene. If there is no lineage sorting, the gene tree should be
a(bc′). Since this tree is incongruent with the species tree, (AB)C, we could
consider it as an evidence for HGT. However, as shown in Section 2, lineage
sorting could also produce the incongruence between the gene tree and species
tree without HGT. It is also important to note that lineage sorting, coupled with
HGT, could produce congruent gene tree, as illustrated in Fig. 8(a). Although
b and c′ have a higher chance to coalesce first, the probability that the first
coalescence occurs between a and b or between a and c′ may not be negligible
especially when T1 − Th is short. The probabilities of the three types of gene
tree can be formulated under this tri-species model with HGT as illustrated in
Fig. 8(a). Here, Th could exceed T1, in such a case it can be considered that HGT
occurred before the speciation between A and B. Assuming that all populations
have equal (constant) population sizes, N , the three probabilities can be obtained
modifying (3) and (4):

Prob[(AB)C] =
{ 1

3e−(T1−Th)/N if Th ≤ T1

1 − 2
3e−(Th−T1)/N if Th > T1

, (5)

Prob[(AC)B] =
{ 1

3e−(T1−Th)/N if Th ≤ T1
1
3e−(Th−T1)/N if Th > T1

, (6)

and

Prob[A(BC)] =
{

1 − 2
3e−(T1−Th)/N if Th ≤ T1

1
3e−(Th−T1)/N if Th > T1

. (7)

Fig. 8(b) shows the three probabilities assuming T1 = 2N and T2 = 3N .

5 Conclusions and Future Work

In this paper, we showed that error in inferred trees has a negative impact on
the estimates made by phylogeny-based HGT detection methods. These results
provide a set of conclusions. First, to obtain accurate estimates of HGT based
on tree incongruence, poorly supported edges of reconstructed trees should be
removed; this is a hard task, but is very important to conduct. Second, elimi-
nating statistical error from reconstructed trees leads to non-binary trees, and
hence phylogeny-based HGT detection methods should be designed to handle
such trees (rather than focus on binary trees, which many existing tools do).
Third, more than one maximally parsimonious solution (a solution that has the
minimum number of HGT edges, or events, to explain the species and gene tree
incongruence) may exist, and hence HGT detection methods should search for
all such solutions. In this preliminary work, we have studied the effect of error
in inferred trees on the accuracy of HGT detection methods, both in terms of
the minimum number of events computed as well as the number of such mini-
mal solutions. One of our immediate goals is to study the performance of these
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methods in terms of the locations (donors and recipients) of inferred HGT; for
this task, we will use the distance measures proposed in [16].

Further, lineage sorting due to the coalescent process works as a noise for
detecting and reconstructing HGT based on tree incongruence, sometimes mim-
icking the evidence for HGT and sometimes creating a false negative “evidence”
for HGT. Therefore, to distinguish HGT and lineage sorting, a stochastic frame-
work based on the theory introduced in Section 4 is needed. We only considered
very simple cases with three species here, and we will extend the theory to more
general cases.
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