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Abstract
Exponentially accumulating genetic molecular data were supposed to bring
us closer to resolving one of the most fundamental issues in biology—the
reconstruction of the tree of life. This tree should encompass the evolutionary
history of all living creatures on earth and trace back a few billions of years to
the most ancient microbial ancestor.
Ironically, this abundance of data only blurs our traditional beliefs and
seems to make this goal harder to achieve than initially thought. This is largely
due to lateral gene transfer, the passage of genetic material between organisms
not through lineal descent. Evolution in light of lateral transfer tangles the traditional universal tree of life, turning it into a network of relationships. Lateral
transfer is a significant factor in microbial evolution and is the mechanism of
antibiotic resistance spread in bacteria species.
In this paper we survey current methods designed to cope with lateral
transfer in conjunction with vertical inheritance. We distinguish between
phylogenetic-based methods and sequence-based methods and illuminate
the advantages and disadvantages of each. Finally, we sketch a new statistically rigorous approach aimed at identifying lateral transfer between two
genomes.
Keywords: lateral gene transfer, phylogenetics, tree of life
Introduction

The desire to classify organisms has a long history. This goes back to the belief that God
created some order among organisms in which they are divided into groups of relatedness. Darwin established this ordering principle, stating that the group of common ancestors has an ever more limited number (Fig. 1), back to the last common ancestor(s) of
all living things. This implies the prevailing rule that each species should be part of one
and only one genus, each genus should be part of one and only one family, and so forth.
This is interpreted by a tree hierarchy of relationships where a node in the tree represents
a species and all the nodes subordinate to that node are its descendants. Edges in the
tree represent evolutionary relationships. This tree is called a phylogeny. Naturally, the
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Fig. 1. The only figure from Dawin’s The Origin of Species.

leaves in that tree represent extant, living species, and internal nodes represent extinct
ones.
Before the molecular age, classification was mainly based on morphological features. Nowadays, with the existence of overwhelming genomic data and even complete
genomes, classification is largely based on molecular data. This is true in particular for
microbial organisms, where morphology is hard to trace. The first observation of the potential of molecular data in evolutionary studies was made in the early 1960s by Zuckerkandl and Pauling (1965). They observed that the quantity of amino acid differences
in protein sequences of hemoglobin of various species roughly matched the known
divergence times of these organisms based upon fossil evidence. They generalized this
observation to assert that the rate of evolutionary change of any specified protein was
approximately constant over time and over different lineages.
It was Fitch and Margoliash (1967) who translated this observation into practice by
constructing the first protein-based phylogeny from the cytochrome c protein. However,
even then they noted that a molecule needs to preserve some properties in order to be
useful for reliable phylogenetic reconstruction. Citing Fitch: “We were lucky that cytochrome c was so slowly evolving, or our first tree would have been garbage.” The method they used aimed at finding a tree with branch lengths where the least squares of the
differences between distances on the tree and the protein dissimilarities, is minimized.
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Such a method is denoted as a distance-based method as it deals only with the distances
or dissimilarities measured between sequences. A few years later, Fitch invented his
other method, one based on molecular characters, maximum parsimony (MP) (Fitch,
1971). Character-based methods are methods that analyze each character separately instead of collapsing all characters into a single piece of information, as in distance-based
methods. Specifically, the MP method is based on Occam’s Razor and returns a tree and
an assignment of sequences to internal nodes in that tree. The tree and assignment satisfy
the requirement that, over all branches, the sum of differences between the sequences
on the two endpoints of a branch is minimized. The method has gained a lot of popularity among practitioners (Swofford, 1998) and is considered very efficient (Penny and
Hendy, 1987). We will return to MP while discussing horizontal transfer.
In statistical perspective, a phylogeny is viewed as a model by which sequences are
generated. In the simple models, every branch in a tree has a length that roughly indicates the expected number of substitutions of a nucleotide along that branch. In the more
advanced models, a branch is assigned a rate matrix and a time span. A character evolves
from the root of the tree along the branches until it reaches the leaves. This generates a
single character (or a site) in the set of homologous sequences. In general, in order to
have a strong enough signal, we would require our homologous sequences to be long
enough. In statistical jargon, a phylogenetic reconstruction method is denoted as statistically consistent if, when the number of characters generated by the tree tends to infinity,
the method will reconstruct the correct model (tree) topology.
MP has notable limitations. It was shown by Felsenstein (1978) that MP can return
the wrong tree topology. The subspace in the parameter space where this phenomenon
occurs became known as the Felsenstein zone. In this zone, MP will return the wrong
tree even when the length of the sequences tends to infinity, establishing that MP is
statistically inconsistent.
Consequently, Felsenstein proposed the use of statistical modeling to trace evolution
and used maximum likelihood (ML) estimates to infer the correct phylogeny (Felsenstein, 1981). Consistency of ML was established by subsequent works (see, e.g., Hendy
and Penny, 1989; Chang, 1996). Gradually, ML acquired a large acceptance among
systematists and is in growing use in many areas in bioinformatics. However, despite
its statistically attractive properties, ML is substantially more computationally intensive
than MP and is in use for much smaller data sets.
In parallel to the developments in phylogenetic reconstruction methods, the search
for a tree tracing back to the dawn of living organisms began to proceed. The “tree of
life” is the tree classifying all living organisms from the first common cellular ancestor. For that task, a DNA or protein sequence that is ubiquitous among all organisms is
required. Moreover, in order to avoid sampling artifacts such as Long Branch Attraction
(LBA) (Sanderson et al., 2000; Anderson and Swofford, 2004), it is favorable to choose
a gene where the rate of nucleotide substitution is slow and approximately constant over
time and tree lineages. After their pioneering work on the Archaea in the late 1970s,
Carl Woese and George Fox (Woese and Fox, 1977) established a database of the small
subunit ribosomal RNA (SSU rRNA) from a large set of members of the three domains
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Fig. 2. The tree of life built by Woese and Fox (1977) based on the SSU rRNA. The three domains
(Archaea, Eukarya, and Bacteria) are the three subtrees emanating from the root.

Archeae, Eukarya, and Bacteria. The tree of life generated from the gene is shown in
Fig. 2.
Horizontal gene transfer (HGT), also lateral gene transfer (LGT) (Doolittle, 1999a),
is any process in which an organism transfers genetic material to another cell that is not
its offspring. This phenomenon is mostly widespread among bacteria, but recent evidence has shown its existence also among higher organisms such as plants. This type of
transfer of genetic material contrasts with the more conventional vertical transmission of
genes within a species from one generation to the next through inheritance.
The tree in Fig. 2 is largely congruent with trees made using any molecule in the nucleic acid-based, information-processing system of cells. On the other hand, phylogenetic trees based on metabolic genes, those involved in the manipulation of small molecules
and in interaction with the environment, commonly do not concur with the rRNA-based
version. Incongruities in phylogenetic trees made with different molecules may reflect
LGTs or even the intermixing of genomes in the course of evolution. Some metabolic
archaeal genes, for instance, appear much more highly related to specific bacterial versions than to their eucaryal homologs; other archaeal genes seem decidedly eukaryotic
in nature; still other archaeal genes are unique. The incongruities have increased as more
and more genomes were sequenced so much that the abundance of data just weakened
the confidence in the ability to arrive at some unique representative “tree of life”.
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Fig. 3. The network of life as suggested by Doolittle (1999b).

These incongruities gave rise to serious doubts in the accuracy of the tree of life or
in this concept in general. This was summarized by Doolittle (1999b): “If instances of
LGT can no longer be dismissed as “exceptions that prove the rule”, it must be admitted
(i) that it is not logical to equate gene phylogeny and organismal phylogeny and (ii) that,
unless organisms are construed as either less or more than the sum of their genes, there
is no unique organismal phylogeny. Thus, there is a problem with the very conceptual
basis of phylogenetic classification.” In light of the above, he suggested replacing the
SSU rRNA tree of life with the network of life depicted in Fig. 3, which reflects the
evolutionary trees of other cardinal genes apart from the SSU rRNA.
Still, there is a big ideological and rhetorical gap between the researchers like Doolittle who believe that HGT is so rampant that a prokaryotic phylogenetic tree is useless,
and those who believe HGT is merely a “background noise” that does not affect the reconstructibility of a phylogenetic tree for bacterial genomes. 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 prokaryotic and eukaryotic evolution
(Bergthorsson et al., 2003, 2004; Mower et al., 2004).
The goal of many biological studies is now to identify genes that were acquired by the
organism through horizontal transfers rather than inherited from their ancestors. Intrinsic methods operate in the genome level and strive to identify alien regions. In one of the
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first papers on the topic, Medigue et al. (1991) proposed the use of multivariate analysis
of codon usage to identify such genes; since then various authors have proposed other
intrinsic methods, such as using GC content, particularly in the third position of codons
(e.g., Lawrence and Ochman, 1997; Nakamura et al., 2004). On the basis of such approaches, a database of putative horizontally transferred genes in prokaryotes has been
established (Garcia-Vallve et al., 2003).
An advantage of intrinsic approaches is their ability to identify and eliminate genes
that do not obey a tree-like process of evolution—genes that prevent classical phylogenetic methods from reconstructing an accurate tree.
Non-intrinsic approaches use phylogenetic reconstructions to identify incongruence
that can indicate transfer events (Daubin et al., 2003). Incongruence identification has
been addressed with phylogenetic reconstruction as follows: given DNA sequences for
several genes, should the sequence datasets be combined and then analyzed, or should
they be analyzed separately and the analyses’ results reconciled? (e.g., Bull et al., 1993;
Chippindale and Wiens, 1994; Olmstead and Sweere, 1994; de Queiroz et al., 1995;
Huelsenbeck et al., 1996; Cunningham, 1997; Wiens, 1998). The standard conclusion that many genes inherited through lineal descent would override the confusing
signal generated by a few genes acquired through horizontal transfer appears wrong
(Teichmann and Mitchison, 1999; Brown et al., 2001). Lawrence and Ochman (2002)
surveyed some of these methods. With whole-genome sequencing, extra information
for resolving gene tree incongruence becomes available. Huynen and Bork (1998) advocate the use of two types of data: the fraction of shared orthologs and gene synteny.
Synteny (the conservation of genes on the same chromosome) is not widely applicable to
prokaryotes, but its logical extension, conservation of gene order, definitely is. Huynen
and Bork proposed to measure the fraction of conserved adjacencies, a notion that had
been introduced earlier (Blanchette et al., 1997; Sankoff and Blanchette, 1998) defining
breakpoints (adjacencies that are not conserved) and their uses. Proposing a different
approach, Daubin et al. (2002) combined orthology search techniques and information
from the DNA sequences themselves to improve the detection of horizontal transfers.
Orthologs are a phylogenetic notion: two homologous genes are orthologs if they are the
product of speciation from a common ancestor; in contrast, two homologous genes are
paralogs if they are the product of duplication (Koonin and Galperin, 2002). However,
determining orthologs can be difficult and has added to the complexity of the problem.
Other methods, such as quartet mapping, have been proposed recently, but they have been
found to significantly overestimate the extent of HGT (Daubin and Ochman, 2004).
Methods for detecting lateral gene transfers

In this section we review the recent methods for detecting lateral transfer. We distinguish
between two types of methods: phylogeny-based LGT detection and sequence-based
LGT detection. The first assumes that the species tree is known and tries to find incongruities with the gene tree. When such incongruities are found, they are reconciled by
means of introducing lateral transfer events. This family of methods was referred to in
the introduction as the non-intrinsic approach. We review several such methods here.
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Phylogeny-Based LGT Detection

Although we emphasized in the Introduction that a species tree is not always an adequate term, the principle dispute concerns mainly the roots of the tree. There is usually a
general agreement as to the more shallow (recent) branches of that tree. Moreover, a species tree need not necessarily trace back to the dawn of life; if the species studied belong
to a narrower family, some of the disagreements introduced above are eliminated.
Generally speaking, in this framework, the input is an evolutionary tree, assumed to
be the organismal tree, and the set of homologous sequences pertaining to the species
labeling the leaves of that tree. For the given input sequences, the i-th site (or character),
is the set of values at the i-th position for every sequence.
Combinatorial approach: This family of methods is based on a commonly used
approach in classification, the maximum parsimony (MP) approach introduced above.
In the early 1990s, Jotun Hein introduced an extension of MP criterion to model the
evolutionary history of a set of sequences in the presence of recombination (Hein, 1990,
1993). A network is a joint representation of several evolutionary scenarios (trees).
Hein’s suggestion was to choose among the different possible scenarios the one with
the minimal changes. Nakhleh et al. (2005) set the mathematical formulation of the
MP criterion for phylogenetic networks and showed its applicability on simulated data.
Some of the rigorous computational issues that were left open were solved by Jin et al.
(2007a), in addition to a first application on real biological data.
In general, the HGT reconstruction problem seeks an optimal set of edges whose
addition to a given species tree results in an optimal network that explains the given
gene data. In the context of parsimony, this is denoted as the fixed-tree MP phylogenetic
network (FTMPPN) problem. In Fig. 4a, a network with a single HGT edge is shown.
This network induces (or contains) two trees: the organismal tree in Fig. 4b and another
tree, with the HGT edge in Fig. 4c. Note that all these trees share the same root, and they
are all leaf-labeled by the network’s leaves.
Solving the FTMPPN problem entails scoring the parsimony of a phylogenetic network leaf-labeled by a set of sequences; we refer to this problem as the parsimony score
of phylogenetic network (PSPN) problem. The definition of the PSPN problem aims at
finding the tree in the network for which the parsimony score is minimized.

Fig. 4. The network’s trees. (a) A network with a single HGT edge. (b) The organismal tree of the
network. (c) The other tree in the network.
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The above description is typical of the non-intrinsic, phylogenetic-based approach
and outlines a general framework:
1. A “big” problem defined to find the optimal set of additional HGT edges.
2. A “small” problem defined to rank every instance of the big problem.
For different settings, the big and the small problems are translated into different variants. In the setting of MP, the big problem adds edges between vertices in the organismal
tree. As every such edge closes a cycle in the tree, the inclusion of that edge in the final
tree yields removal of a branch from the organismal tree. We can also see that such a
horizontal edge can double the number of trees contained in a network, and therefore
that number can be exponential in the number of horizontal edges.
The small problem aims to find the tree in the network with the least number of
changes along its branches. As the number of trees can be exponentially many, a solution
to this problem is not trivial. Indeed, in Jin et al. (2007a) this problem was proved to be
computationally hard, but few efficient heuristics were found.
HGT is fairly sensitive to incomplete taxon sampling when species involved in a
HGT event become extinct after the event or simply absent from the species set used
for detecting the HGT event. Jin et al. (2007b) investigated the performance and robustness of the MP criterion for phylogenetic networks on real biological data sets. In
particular, they studied this performance with respect to detecting the actual number
and location of HGT events in the presence of incomplete taxon sampling. The results
of Jin et al. (2007b) indicate that MP is very promising when extended to the domain of
phylogenetic network reconstruction and HGT detection. In all cases investigated, the
MP criterion detected the correct number of HGT events required to map the evolutionary history of a gene data set onto the species phylogeny. Further, their results indicate
that the criterion is robust with respect to both incomplete taxon sampling and the use
of different site substitution matrices. Finally, the results show that the MP criterion is
very promising in detecting HGT in chimaeric genes that are a mixture of vertical and
horizontal inheritance.
Beside the performance analysis of MP on simulated data, Jin et al. (2007b) also
analyzed four real biological data sets that were analyzed previously and were suspected
to include horizontal transfer events. They provided new possible explanations of HGT
scenarios in the evolutionary history of these data sets. For the rbcL gene data set of
Delwiche and Palmer (1996), seven HGT edges were identified, resolving some questions left open by the authors regarding the exact location of some of these edges. For the
rpl12e gene data set, three HGT edges were identified whose addition to the species tree
explains its incongruence with the gene tree, as reported in Matte-Tailliez et al. (2002).
In the case of the rps11 gene data set of Bergthorsson et al. (2003), three HGT edges
were identified, including one partial HGT involving the 3¢ half of the gene in the Sanguinaria species. Finally, for the cox2 gene data set of Bergthorsson et al. (2004), two
HGT edges were identified, one that includes the only well-supported HGT postulated
by the authors, and another that is a reflection of the lack of resolution in the gene tree.
Statistical approach: One of the most accurate and commonly used criteria for re-
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constructing phylogenetic trees is ML (Felsenstein, 1981), as introduced above. ML in
the context of evolutionary networks has been employed for over a decade. von Haeseler
and Churchill (1993) provided a framework for evaluating likelihoods on networks, and
subsequently Strimmer and Moulton (2000) provided an approach to assess this likelihood. These works consider a network as an arbitrary agglomeration of trees that are
more general than the specific phenomenon of HGT and thus do not precisely model
the HT mechanism. They are characterized by the combined analysis approach, which
entails combining all gene data sets first (by sequence concatenation), and then analyzing the combined data set. A serious drawback of this approach is that when individual
genes are governed by different evolutionary mechanisms and models (a scenario that is
very common in reticulate evolution), combining multiple data sets is problematic. Likelihood on networks has also been considered in the setting of recombination networks
(e.g., Husmeier and Wright, 2001; Husmeier and McGuire, 2002). These methods are
tailored to identifing breakpoints along the given sequences. However, their underlying
model is different than HGT. The HGT-specific likelihood framework was first suggested by Jin et al. (2006). They proposed a set of ML criteria for phylogenetic networks;
these criteria differ in how the tree information is used, which variant of the ML criterion
is used, and what input is provided. They also investigated the computational complexity of some of these criteria and devised a set of efficient heuristics for reconstructing
and evaluating phylogenetic networks based on them. We now give some detail on this
framework.
As was said, a tree is a generating model with a set of parameters. Since the parameters of the phylogenetic tree are unknown, they are usually estimated from the observed
sequences by maximizing a likelihood function (Felsenstein, 1981). In general, the
overall likelihood of a model given the aligned sequences is obtained by the product of
the likelihood of the model for every site. The latter is the probability of observing that
site on the model. Therefore, unless explicitly indicated, we will consider the likelihood
of a single site henceforth. The most likely model is the one maximizing the likelihood
per site.
We start with calculating the likelihood of a tree, which is an instrumental building
block in a network’s likelihood. When calculating the likelihood of a tree for a given
site, two variants are considered: average likelihood (Steel and Penny, 2000) and ancestral likelihood (Pupko et al., 2000) (the former is the more popular of the two). In
the first, the likelihood is averaged over all state assignments (i.e., labeling) to internal
nodes, whereas in the latter, the unique labeling to internal nodes that maximizes the
likelihood is sought. We will refer to both these criteria when evaluating the likelihood
of a network.
A natural way of extending this setting to networks is as follows. The topology of a
phylogenetic network is defined as above. However in this case, since tree edges have
transition probabilities, when adding a reticulation edge between two edges we indicate
where along the edges we add the two new vertices. This contrasts with the MP criterion
where the branches are not weighted and the location where a reticulation edge is added
is insignificant. This difference makes the likelihood setting more involved, as it pro-
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Fig. 5. Example of a network as a probabilistic model for generating characters under some evolutionary model.

duces another problem instance—the small problem. In this instance, the topology of the
network is given, and the task is to find the network parameters for which the likelihood
is maximized. Assessing the network likelihood, the reciprocal of the small problem
under the MP criterion, becomes the tiny problem under the likelihood criterion.
The transition probability of the reticulation edge is always 0, meaning there are no
substitutions along it (the reason being that HGT is instantaneous at the scale of evolution). However, each reticulation edge has a reticulation probability associated with it.
This probability denotes the probability of a DNA segment being transferred along that
edge. Figure 5 describes a simple phylogenetic network. The likelihood of a network is
obtained as a function of the likelihoods of the trees contained in it. Here again we consider two variants. In the first, the likelihood is the sum of the likelihood of all the trees of
the network, where for each tree we also need to multiply the resultant likelihood by the
probability of obtaining that tree under the given network. In the other variant, we want
to reconstruct the sequence of reticulation events. Thus, we want to find for each site one
tree such that the likelihood of this tree with respect to the leaf labeling is maximized.
In order to complete the definition of the maximum likelihood of phylogenetic networks, we add the last criterion, which is the type of the input provided. The type of
input is the amount of data provided, and this determines the problem to be solved and
its difficulty. The input ranges from complete data—the tree branches’ probabilities, set
of reticulation edges, and their probabilities—to the minimal of only the organismal
tree topology and the aligned sequences. Therefore, we can define multiple ML criteria,
depending on three issues (total of 12 variants):
1. Likelihood criterion for the trees: Is ancestral likelihood or average likelihood used
to assess each tree’s likelihood in the network?
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2. Tree criterion: At each site, is the best tree likelihood or the sum of the likelihoods
over all trees taken?
3. Input data: Which of the network’s parameters (topology and/or probabilities) are
given? The three possibilities are:
a. The tiny problem: The network topology, transition probabilities, and reticulation probabilities are given.
b. The small problem: The initial tree and reticulation edges (i.e., network topology) are given, but not the transition or reticulation probabilities.
c. The big problem: An initial network (usually a tree) is given, and a set of additional reticulation edges is sought.
In addition to defining these criteria and the twelve problems induced by them, Jin et
al. (2006) presented some efficient algorithms to solve some of these variants.
Their initial work demonstrated the potential of using ML for inferring evolutionary networks. A key property of that work is its simplistic underlying model assuming
independent and identically distributed (i.i.d.) sites. Its main advantage is in enabling
efficient implementation. A subsequent work by Snir and Tuller (to be published) aims
at improving the work of Jin et al. (2006) (denoted as the i.i.d. model) by describing a
model that is more biologically relevant, the NET-HMM model. NET-HMM models a
phylogenetic network by a Hidden Markov Model (HMM), where each of the network’s
trees corresponds to a state in the HMM, and the emission probability in each state
corresponds to the probability of generating a site by the appropriate tree. The model
is motivated by biological facts such as the similarity of evolution of adjacent sites, the
rarity of HGT events, and more. In the view of the NET-HMM model, events such as
chimeric HGT (Matte-Tailliez et al., 2002) are described as transitions between states
(trees) of HMM.
Like previous phylogenetic-based HGT approaches, NET-HMM gives rise to a big
problem in which an optimal set of HGT events (branches) is sought and added to the
organismal tree. Similarly to the i.i.d. ML work (Jin et al., 2006), it induces a small
problem where the network parameters (edge lengths and HGT probabilities) are estimated, and a tiny problem in which the likelihood of the model is calculated. The tiny
problem in this model is solved by employing the dynamic programming algorithms
Forward–Backward (Baum–Welch) or the Viterbi algorithm (Durbin et al., 1999).
An advantage of statistical methods over combinatorial methods is that they can
pinpoint the location along the branch where the event occurred.
This property is of prime importance for detecting (or refuting) molecular clock-like
evolution. As the parameter space is very ample, the NET-HMM is subjected to many
local maxima so that the search for the global maximum needs to start from numerous
different starting points. As the NET-HMM models more realistic HGT scenarios, it
can be used to approach the debated issue of typical HGT length by approximating the
expected length of a HGT event. The work of Snir and Tuller (to be published) made
some preliminary steps in this direction.
To conclude this section, we note that all the phylogenetic approaches described
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above are incapable of coping with events between non-homologous regions. Another
major drawback is that they are based on some prior guess as to where to seek this event.
Last but not least, they require aligning the sequences and obtaining a reliable species
tree (two major problems by themselves). However, an advantage of the phylogenetic
approach over the methods described in the next section is their ability to detect fairly
ancient events—events that occurred along the deeper branches of the organismal tree.
Sequence-Based LGT Detection

The second type of lateral gene transfer detection methods is sequence-based, or
what is sometimes called the intrinsic approach. These methods aim at detecting alien
segments in a given genome. This is determined mainly by the GC content or by codon
bias. The GC content of bacterial genomes varies substantially across species, but within
a given bacterial genome, it tends to be quite uniform.
This is generally attributed to the cumulative effects of countless rounds of DNA
replication and repair by the repair mechanisms that are specific to a given species, a
process known as mutational bias. If a gene from a donor species is introduced into a
new recipient chromosome with differing GC content, it can be detected as alien through
computer analysis by virtue of its distinct GC content. However, this difference will not
last forever, since after insertion a process called amelioration starts. The GC content of
the foreign segment gradually becomes more and more similar in GC content to the rest
of the genome due to the mutational bias of the recipient. Over time, amelioration will go
to completion, and the gene will eventually become undetectable at the level of GC content as having stemmed from a foreign genome. Similar considerations apply to bias for
synonymous codons. Different bacterial species use different codons for the same amino
acid. This can also be detected by computer software aimed at finding islands of different codon bias from the codon bias exhibited by the recipient genome. Of course, these
methods are efficient for the detection of modern events and would be less practical for
ancient events compared to the phylogenetic approach described above. They also do
not necessarily point to the donor as they operate on a single genome. Of course, once
detected, the alien segment can be “blasted” against putative donor genomes; however,
finding is not guaranteed. Another major difference from the phylogenetic approach is
that the GC content approach is not confined to coding regions necessarily. Nevertheless,
when the GC content or the codon bias between the donor and recipient closely resemble
each other, those methods will have difficulties in identifying alien segments.
Several works using these techniques appeared (see, e.g., Nakamura et al., 2004 and
databases established) (Garcia-Vallve et al., 2003).
Statistically significant HGT: We describe here a different novel approach. By its
nature it pertains to the intrinsic approaches, as it works on the sequence level. However,
it differs from the above intrinsic approaches by the fact that it needs a pair of sequences
instead of just one. Additionally, in contrast to the other sequence-based methods, this
method is based on statistical rigor rather than on biological intuition. It defines a horizontally transferred element (HTE) as a horizontally transferred DNA fragment that is
not necessarily a gene. Usually HTEs are considered as genes (coding sequences) and
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termed HGT (Doolittle, 1999b; Ochman et al., 2000; Koonin et al., 2001; Nakamura
et al., 2004; Jin et al., 2007b). The existence of HTEs in non-coding sequences did not
receive proper attention.
Similarity between sequences has been primarily attributed to conservation and, thus,
putative functionality (Bejerano et al., 2004; Siepel et al., 2005). This is trivially true
when the number of species is large enough. However, similarity can naturally be caused
by an event of horizontal transfer (HT), when a not particularly conserved sequence (say,
non-coding sequence) is transferred. In this case, the functionality would be as uncertain
as for all non-coding sequences. The very fact of the transfer in such cases may suggest
some function.
For the purpose of mathematical rigor, we maintain the following essential definition
of HTE: Highly similar sections in not too many genomes, surrounded by regions of
no/low similarity. We note that this may or may not coincide with the various biological
definitions of HTE.
The problem is defined as identifying putative horizontally transferred sub-sequences
between two organisms. This is achieved by comparing the similarity between the candidate sub-sequences to the background similarity between the two underlying genomes.
As with the previous intrinsic methods, we restrict our attention to modern events. This
restriction allows us to expect fairly high similarity, if not strict identity, between the two
candidates, versus the background similarity among the two genomes.
Our approach aims at distinguishing between three types of similarities:
1.	Random similarity—one that is expected to occur by chance considering the evolutionary distance between the two genomes.
2.	Similarity by conservation—genomic regions subjected to functional conservation
among a whole family.
3. HTEs.
The approach we describe here resembles the former intrinsic methods in avoiding
the severe requirements of the phylogenetic methods. Its novelty is mainly attributed to
considering only two species at a time, but examining their whole genomes.
First, the seeds for putative HT are identified. The sizes of the seeds are chosen
to have very low probability of a seed to occur by chance based on the background
dissimilarity between the two genomes. We now elaborate on this issue. A common
knowledge in evolution is that the rate of point mutations is, on the order of magnitude,
approximately fixed along the time course and even across different species of the same
family (Doolittle et al., 1996; Gu, 1998; Ochman, 2003). This constant rate induces a
measure of dissimilarity between different species that is proportional to the time since
divergence. As consequences of a stochastic process, also the proportions between
lengths of “untouched” regions are determined. Moreover, given the genome lengths, we
can calculate the expectancy of each “untouched” region. This gives us a hint regarding
“exceptional” similarity.
The final stage entails determining the type of this event. Here again we use probabilistic arguments. We demand that the HTE be found to exist in not too many organisms;
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otherwise one cannot distinguish with confidence between a truly HT and a conserved
region.
An advantage of the current method over other sequence-based methods is that it
need not define a window size or where to seek the putative transferred element.
The components comprising the method are fast and easy to implement. Its statistical probability allows constructing complete “maps” of HTEs between genomes and
networks of transfers among the family of genomes.
Preliminary results on a set of twenty fully sequenced enterobacterial genomes conform to existing studies on this family. The advantage of this particular choice of species
is that they share a common habitat, and therefore the transfer events have potentially
higher frequency.
The evolutionarily earlier HTEs may be discovered by allowing less strict sequence
matching (say, small deletions/insertions) to expand the scanning to larger and older
homology regions.
Conclusion

In this work, we have surveyed a spectrum of approaches and works on the subject
of horizontal gene transfer, a burgeoning area in genomics, with direct influences on
and implications for areas such as immunology, virology, classification, and so on. We
showed how the classical goal of constructing the “tree-of-life” becomes controversial
by taking into account the horizontal transfer phenomenon.
We then described the methods for detecting horizontal transfer and showed their
weaknesses and strengths.
We concluded by sketching a novel approach based on statistical rigor for detecting
HTEs. The approach is based on “unexpectedly long identical segments” among two
genomes.
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