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ABSTRACT

Prokaryotic organisms share genetic material across spexs boundaries by means of a
process known ashorizontal gene transfefHGT). This process has great signi cance for
understanding prokaryotic genome diversi cation and unraveling their complexities.
Phylogeny-based detection of HGT is one of the most commonlysed methods for this
task, and is based on the fundamental fact that HGT may causeane trees to disagree with
one another, as well as with the species phylogeny. Using & methods, we can compare
gene and species trees, and infer a set of HGT events to recdacthe differences among
these trees. In this paper, we address three factors that céound the detection of the true
HGT events, including the donors and recipients of horizonally transferred genes. First,
we study experimentally the effects of error in the estimatd gene trees (statistical error)
on the accuracy of inferred HGT events. Our results indicatethat statistical error leads to
overestimation of the number of HGT events, and that HGT detetion methods should be
designed with unresolved gene trees in mind. Second, we denstrate, both theoretically
and empirically, that based on topological comparison aloa, the number of HGT scenarios
that reconcile a pair of species/gene trees may be exponaiti This humber may be re-
duced when branch lengths in both trees are estimated corrdély. This set of results implies
that in the absence of additional biological information, and/or a biological model of how
HGT occurs, multiple HGT scenarios must be sought, and ef aént strategies for how to
enumerate such solutions must be developed. Third, we addss the issue of lineage sort-
ing, how it confounds HGT detection, and how to incorporate i with HGT into a single
stochastic framework that distinguishes between the two @nts by extending population
genetics theories. This result is very important, particuarly when analyzing closely related
organisms, where coalescent effects may not be ignored whesconciling gene trees. In ad-
dition to these three confounding factors, we consider thempblem of enumerating all valid
coalescent scenarios that constitute plausible speciesfg tree reconciliations, and develop
a polynomial-time dynamic programming algorithm for solving it. This result bears great
signi cance on reducing the search space for heuristics thaseek reconciliation scenarios.
Finally, we show, empirically, that the locality of incongruence between a pair of trees has
an impact on the numbers of HGT and coalescent reconciliatio scenarios.
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1. INTRODUCTION

WHEREAS EUKARYOTES EVOLVEmainly though lineal descent and mutations, bacteria otetdarge
proportion of their genetic diversity through the acquisitof sequences from distantly related
organisms via horizontal gene transfer (HGT) (Doolittlakt 2003; Ochman et al., 2000). There has been
a large “ideological and rhetorical” gap between reseaschéo believe that HGT is so rampant that a
prokaryotic phylogenetic tree is useless and those whewsethat HGT is mere “background noise” which
does not affect the reconstructibility of a phylogenetietfor bacterial genomes. Supporting arguments
for these two views have been published. For example, trexdgeneity of genome composition between
closely related strains (e.g., Escherichia colionly 40% of genes are shared in common by tHeeeoli
strains [Welch et al., 2002]) supports the former view, vélasrthe well-supported phylogeny reconstructed
by Lerat et al. (2003) from about 100 “core” genes ufProteobacteria gives evidence in favor of the latter
view. Nonetheless, regardless of the views and the accwftlye various analyses, there is a consensus
as to the occurrence of HGT and the evolutionary role it playsacterial genome diversi cation. Further,
HGT is a main process by which bacteria develop resistancantibiotics (Paulsen et al., 2003), is
considered a primary explanation of incongruence among génlogenies, and is a signi cant obstacle
to reconstructing the Tree of Life (Daubin et al., 2003).

The HGT detection problem concerns the detection of the gémegt are horizontally transferred into
the genome, the donors and recipients of every horizontedlysferred gene, and the number of HGT
events that occurred during the evolutionary history oftao$especies. When HGT occurs, the evolution-
ary history of the gene(s) involved does not necessarilgegvith that of the species phylogeny. This
observation is the fundamental basis of the phylogenyebB&T detection approach: trees for individual
genes are reconstructed (and sometimes a species treeoistrected as well, using other data), and
their disagreements are identi ed to estimate the numbew(many) as well as locations (donors and
recipients) of HGT events. Beside the computationally leingling problem of quantifying disagreements
among trees for the sake of detecting HGT, major challerfggsace this approach include (1) determining
whether the disagreements are indeed due to HGT, and (2hattere is a unique HGT “scenario.” Yet,
these two challenges encompass a host of issues of which dvesadthree. First, since trees are at best
partially known, they have to be reconstructed using a sy reconstruction method. We investigate
the impact that the quality of reconstructed trees has on ld&E&ction. Second, under the assumption
that HGT is actually the source of tree disagreements, westigate the uniqueness of a solution to
the HGT detection problem, and establish bounds on the nuwibpossible minimal HGT scenarios.
Finally, among closely related specidieage sortingdue to random genetic drift may also cause tree
incongruence, thus mimicking the effects of HGT on phyldgenin this case, accurate HGT detection
requires determining the actual cause of tree inconggjitied making the appropriate reconciliation. We
make preliminary progress on incorporating HGT into theles@ent model, so as to produce a stochas-
tic framework for classifying population-level events ¢huas lineage sorting) and species-level events
(such as HGT).

In addition to these three confounding factors, we condigeproblem of enumerating all valid coales-
cent scenarios that constitute plausible species/geaedoenciliations, and develop a polynomial dynamic
programming algorithm for solving it. This result bears aajrsigni cance on reducing the solution space
for heuristics that search for reconciliation scenaridsally, we show, empirically, that the locality of
incongruence between a pair of trees has an impact on theerarnbHGT and coalescent reconciliation
scenarios.

We draw several conclusions from this work. First, to obtagturate estimates of HGT-based tree
incongruence, poorly supported edges of reconstructex$ tsbould be removed. Though an important
task to conduct, removing (or contracting) poorly suppbréglges is not a straightforward task, since
standard methods that are in common use for estimating bbmport, such as bootstrapping and posterior
probabilities in Bayesian analyses, have been shown to &dydiconservative” or “liberal” under various
circumstances (Ruths and Nakhleh, 2006). Second, elimgnhatatistical error from reconstructed trees
leads to non-binary trees, and hence phylogeny-based H€&€taa methods should be designed to handle
such trees (rather than focus on binary trees, which masfiegitools do). Third, more than one maximally
parsimonious solution (a solution that has the minimum nemdd HGT edges, or events, to explain the
species and gene tree incongruence) may exist, and hencelet&dtion methods should search for all such
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solutions, unless additional biological information isegi, or a model that simultaneously incorporates
HGT, speciation, and extinction events (Kunin and Ouzqud@®03). Finally, trees may be incongruent
due to processes other than HGT; hence, classifying theesswf 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 lothis genome replicates and its copies
are passed on to more than one offspring, branching poiatgererated in the gene tree. Because the gene
has a single ancestral copy, barring recombination, theltieg history is a branching tree (Maddison,
1997). Thus, within a species, many tangled gene trees céoubd, one for each nonrecombined locus
in the genome. Exploring incongruence among gene treeg ibakis for phylogeny-based HGT detection
and reconstruction.

We illustrate some of the scenarios that may lead to genertceagruence in Figure 1. The species tree
is represented by the “tubes”; it hAsandB as sister taxa whose most recent common ancestor (MRCA)
is a sister taxon o€.

In the case of HGT, shown in Figure 1a, genetic material issfiexred from one lineage to another. Sites
that are not involved in a horizontal transfer are inherftedh the parent while other sites are horizontally
transferred from another species. Figure 1b gives an exaoffd gene tree that disagrees with the species
phylogeny because of lineage sorting due to random genetictie genes oB andC coalesced before
their MRCA coalesced with the gene of spechesMoreover, sometimes multiple events “cancel out” one
another's effects when co-occurring in the same datasegxample, in Figure 1c, lineage sorting “hides”
the incongruence between the species and gene trees (h@edies) that would have resulted from the
HGT event. Another factor that may lead to gene and speaesdisagreements is that trees reconstructed
by phylogenetic methods may not be completely accurate €z to this astatistical errorin the trees);
hence, disagreements among trees due to such inaccuraajesrigger HGT “signal,” thus leading to
overestimation of the actual HGT events.

Notice that in the case of lineage sorting, the species gieylp is still a tree, and the gene trees
should be reconciled within its branches. However, in theecaf HGT, the evolutionary history of the
species genomes may not be represented by phylogenets; tegber,phylogenetic networkare the
appropriate model (Moret et al., 2004; Kunin et al., 2003)e phylogeny-based HGT detection problem
seeks the phylogenetic network with minimum numberediculation nodese.g., HGT edges, to reconcile
the species and gene trees. The minimization simply re acteaximally parsimonious solution: in the
absence of any additional biological knowledge, the sistpd®lution is sought. In the case, the simplest
solution is one that invokes the minimum number of HGT eveotsxplain tree incongruence. There has
been a large body of work on this problem (Hallett and LagargP001; Nakhleh et al., 2004; Bordewich
and Semple, 2005; Nakhleh et al., 2005; Makarenkov, 2001).
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FIG. 1. Gene tree that disagrees with the species tree due to HGT @oim B (a) and lineage sorting due to
random genetic drif(b). (c) The effect of the HGT event (frorB to C) is “canceled out” by random genetic drift,
resulting in congruent species and gene trees.
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FIG. 2. (a) A phylogenetic network with a single HGT event frosnto Y. (b) The underlying organismal (species)
tree.(c) The tree of a horizontally transferred gene.

2.1. Terminology and de nitions

Let T D .V;E/ be atree, wher¥ andE are thetree nodesaandtree edgesrespectively, and let . T/
denote its leaf set. Further, 1%t be a set of taxa (species). Thén,s a phylogenetic tree ovet if there
is a bijection betweelX andL.T/. AtreeT is said to baootedif the set of edge& is directed and there
is a single distinguished internal vertexvith in-degreed. A phylogenetic networkl D N.T/ D .V%EY
over the taxa seX is derived fromT D .V;E/ by adding a sef of edges tol', where each edge?2 ,
is added as follows: (1) split an edge2 E by adding new nodeye; (2) split an edgee®2 E by adding
new nodeyeo; (3) nally, add a directedHGT edgefrom v, to Veo. In this case, we writdd D T C ,, .
Figure 2a shows a phylogenetic network obtained by addinggesHGT edge to the tree in Figure 2b.

In a case where horizontal transfer of a single gene is imghlthe edges® that are split in step (2)
above must be unique. In other words, no more than a single etfgi€¢ may be incident into a single tree
edge. However, this is not necessarily true if the phylogemestwork models the evolutionary history
of multiple genes. In this case, an edgémay be, for example, split twice, once because of an HGT
involving geneg and another because of an HGT involving gefe

It is important to note that our de nition of a phylogenetietwork allows adding an HGT edge from
a tree edge to another tree edge® “below” it. While this seems to violate biological constngs (such
as the temporal co-existence of the donor and recipierit) ciise may arise in practice due, for instance,
to incomplete taxon sampling or extinction. For a more thigio discussion of this issue, and modeling
reticulate evolution in general, the reader is referred twédl et al. (2004).

Finally, we denote byl .N/ the set of all trees contained inside netwdlk Each such tree is obtained
by the following two steps: (1) for each node of in-degBeeemove one of the incoming edges, and then
(2) for every nodex of in-degree and out-degrde whose parent is and child isv, remove node and
its two adjacent edges, and add a new edge fudimv. For example, the two trees in Figure 2b,c are the
only members oflf .N/, whereN is the network in Figure 2a.

De nition 1. (The HGT Reconstruction Problem)

Input: Species tree ST and gene tree GT.
Output: Minimum-cardinality set, of HGT edges, such thid D STC , and GT2 T.N/.

3. THE EFFECT OF STATISTICAL ERROR ON HGT DETECTION

In this section we investigate, through simulations, ttfeatfof error in the reconstructed trees on the
detection of HGT. In particular, we consider the minimum fa@mof HGT events inferred by HGT detection
methods, as well as the number of such maximally parsimangolutions found by these methods.

Experimental settings. We used the8s tool (Sanderson, n.d.) to generate four random birth-death
phylogenetic treesT;, i 2 f10; 25;50; 100, wherei denotes the number of taxa in the tree. T8s tool
generates molecular clock trees; we deviated the treestfimhypothesis by multiplying each edge in the
tree by a number randomly drawn from an exponential distigiou The expected evolutionary diameter
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(longest path between any two leaves in the tree) is 0.2. , Tlhem each model “species” trég, we
generated ve different “gene” treed; , j 2 f1;2;3;4;%, wherej denotes the number cfubtree
prune and regraff SPR) moves applied t®; to obtainT;; .! The SPR moves were applied to simulated
HGT events such that no cycles are created, and such that ighao redundancy (i.e., K SPR moves
were simulated to obtaif, from Ty, thenT, cannot be obtained frof; be fewer thark SPR moves).
Beside these two requirements, the choice of the “donor™egdpient” (i.e., the source and target of an
HGT edge) were done purely randomly, without consideratimnevolutionary distance between the two
endpoints, or any other issues.

For eachT; and Tij , i 2 f10;25;50;100 andj 2 f1;2;3;4;% and for each sequence length
* 2 £250;500; 1000; 2000; 4000; 80g0ve generated 30 DNA sequence ahgnmeﬁtﬁEkand S Eke
1 k 30, whose evolution was simulated down their correspondiegstunder the GTRECI (gamma
distributed rates, with invariable sites) model of evalatiusing the Seqg-gen tool (Rambaut and Grassly,
1997). We used the parameter settings of Zwickl and Hilli80@. Then, from each sequence align-
ment, we reconstructed a tr@®&lJ using the Neighbor Joining (NJ) method (Saitou and Nei, 19&id
another tree using a maximum parsimony heuristic as impiéedein PAUP (Swofford, 1996). Since
the maximum parsimony heuristic may return a set of optimegg, for each alignment we only con-
sidered thestrict consensu®f each such set, and referred to that as the Tel>. At the end of this
process we had 4 tred, 20 treesT;; , 720 NJ treesTNJ, k<3600 NJ trees‘|’N\1;;j Ek+720 MP trees
TMH (Ekeand 3600 MP treeQ'MP{;j EkSi 2 f10;25;50;108 ] 2 f1;2;3;4;%, 1 k 30, and
* 2 £250;500; 1000; 2000; 4000; 800

To compute minimal HGT scenarios as well as the number of saeharios, we applied two methods
to pairs of species and gene trees: LatTrans (Hallett andrgagn, 2001; Addario-Berry et al., 2003) and
RIATA-HGT (Nakhleh et al., 2005), which has been recentl{eaded and improved to compute multiple
minimal solutions (Jin et al., 2007; the original method esctibed in Nakhleh et al., 2005), computes
only a single minimal solutions, since the emphasis of thdedying algorithm was on estimating the
minimum number of HGT events). There are several methodsefmvering candidate HGT edges based
on comparing a pair of trees (Hallett and Lagergren, 2001kdvienkov, 2001; Addario-Berry et al.,
2003; Nakhleh et al., 2005; MacLeod et al., 2005; Beiko andnitan, 2006). In this work, we did not
intend to study or compare the performance of these metthodsather to try to quantify and understand
the effect of various factors on the estimation of the nunafétGT events. For this purpose, we chose two
different methods: LatTrans and RIATA-HGT. Since both noethare heuristics, independently developed,
and their relative performance is unknown (in terms of aacyl, we used both to ensure that the effects
measured re ect general trends, rather than issues spégi& particular heuristic. Indeed, the similar
trends observed in the experiments raise certain points#®an to be independent of the heuristic used.

Both tools were applied to three different types of pairsreés.

Type | pairs .Ti; Tjj /: in this case, the species and gene trees are assumed toréet.cor

Type Il pairs T.,TNJ (EkeAnd T.,TMP] Eks/in this case, the species tree is correct, and the gene
trees are estimated (usmg NJ and MP, respectively).

Type Il pairs TNJ GEk3I'NJ EkeaAnd . TMP GEkﬂ'MP (Eks/in this case, both the species and gene
trees are inferred.

The goal of running the methods in these different ways isstimate the error due to inaccuracy in
the different trees. Due to space limitations, we only shesults using NJ trees, 25-taxon trees (Since
LatTrans cannot handle non-binary trees, it was not run ontfd®s, and from RIATA-HGT's results on
MP trees, the trends on MP trees are very similar). In eactofuntool on a pair of trees, we computed
two values: the number of inferred HGT events, and the nurabsuch scenarios (or solutions) found by
the method. In Type Il and Type Il pairs, we report the averafjall 30 runs for each combination if
j,and".

1An SPR move simulates an HGT event.
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3.1. The effect of statistical error on estimating the nundfeHGT events

Both LatTrans and RIATA-HGT computed the correct number BRSnoves (i.e., HGT edges) when
applied to Type | pairs. In other words, when both the speares gene trees were correct, both methods
made an accurate estimation of the number of HGT events. &fermance of both methods, in terms of
the number of inferred HGT events, on Type Il and Type Il paif trees is shown in Figure 3. Figures 3a
and 3b show that, when the species tree is accurate, andrberge is inferred, both methods accurately
estimate the number of HGT events for the case of ve HGT ewveriten the sequences are of length
8000. They overestimate the number for all other cases,| aequence lengths. As the sequence length
increases, the trees inferred by NJ become more accurats BiJ isstatistically consisten{Atteson,
1999), and hence the improvement in the performance of thkads as the sequence length increases. At
sequence length 250, the methods have the worst perform@fieen both the species and gene trees are
inferred, the overestimation becomes larger, as shownguarEs 3c and 3d. In this case, even at sequence
length 8000 the methods do overestimate the actual numbdGadT events. It is worth noting that both
methods have almost identical performance in terms of timeben of HGT events inferred (RIATA-HGT
does slightly better in some cases at sequence length 186@kver, RIATA-HGT is orders of magnitude
faster. Figure 4 shows the relative performance (in termactdial running time) of the two methods on
25-taxon NJ trees. Specially, LatTrans took several daysamh pair of 50-taxon trees, and for sequence
length 250 it crashed after 4 days without returning results

Given that the two methods accurately estimated the numbEeIGT events in Type | pairs of trees,
i.e., accurate species and gene trees, the results shovertioatin inferred trees (one or both) leads
to overestimation of the number of HGT events. The overegion is even larger for the larger data

FIG. 3. The number of HGT events inferred by LatTrans and RIATA-H@GS,a function of the sequence length.
Each curve corresponds to one of the ve actual numbers of ld@&hts:?, one HGT;4 , two HGTs;C, three HGTS;
, four HGTs; and , ve HGTs. 25-taxon trees inferred using NJ.
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FIG. 4. The performance of LatTrans and RIATA-HGT in terms of actuaining times (in seconds), as functions
of the sequence length. Each curve corresponds to one ofvia@ctual numbers of HGT event®; one HGT;4 ,
two HGTs;C, three HGTSs; , four HGTs; and , ve HGTs.

sets (50- and 100-taxon trees). Therefore, it is importargliminate statistical error from trees before
estimating HGT events. Ruths and Nakhleh (2006) have dutiie performance of various methods for
eliminating incorrect edges while maintaining accuratesiThis elimination, in the form of contracting
poorly supported edges, may lead to non-binary trees iaicecases, which cannot be handled by LatTrans,
although they can be handled by RIATA-HGT.

4. THE UNIQUENESS OF HGT SCENARIOS

Moret et al. (2004) showed that a phylogenetic network teabmciles two trees need not be unique,
by showing two phylogenetic networks, each with a singlecuédation event, that reconcile the same pair
of trees. Further, they showed how branch lengths could bd te resolve the non-uniqueness question
in this simple case. Here we show that the number of possibbeémally parsimonious (with minimum
number of HGT events) phylogenetic networks that recorgifmir of trees may actually be exponential.
Further, we discuss when branch lengths may not be suf dizmésolve the non-uniqueness issue.

The number of maximally parsimonious HGT scenarios thatneite a pair of trees (species and gene
trees, for example) may be exponentially large, as illdsttan Figure 5. The species and gene trees in
the gure, ST andGT, respectively, contaiBk leaves and differ in thaX;, is closer toXj; than toXis;
in tree ST, and closer taXi3 than toX;; in treeGT, for 1 i k. For every triplethX;; ; Xjz; Xisi
of taxa, one of three HGT edges is needed to reconcile therdifte in topologies of the triplet based
on the two treesST and GT: (1) the edgeHi; WKi3 ! Xj2, (2) the edgeHi, WKj> !  Xj3, or (3) the
edgeHi3 Wn; ! Xj;, wherem; is the edge incoming into the most recent common ancestatejnaf
the triplet of taxa; these three scenarios are shown in EigufTo reconcile the differences among lall

FIG. 5. A species treeSTand a gene tre&T with 3k leaves. The two trees differ ik places: the species tree has
Xi1 andX;, as siblings, whereas the gene tree Was andX;3 as siblings{ i k). There are3k maximally
parsimonious HGT scenarios that reconcile the two trees.
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FIG. 6. The three possible scenarios for reconciling the topokgfahe triplethXi; ; Xj»; Xj3i based on the species
and gene treesST and GT, respectively, in Figure 5.

triplets, there ar@ HGT scenarios, since there aketriplets to reconcile, and for each triplet there are
three possible reconciliations. Two observations are deorirst, since the donor and recipient of a gene
have to co-exist in time (Moret et al., 2004), and given that topology of a phylogeny de nes a patrtial
order on the set of extant and ancestral taxa (ancestraptagadetheir descendants in this partial order),
it follows that edgeH;3; can be part of an HGT solution only if certain taxa went extioc were not
sampled. This case is illustrated in Figure 6, where the ethdime represents the lineage for tax®n
which is not present in the set of taxa under consideratiomibiwse existence must be invoked to explain
the HGT edgeHis.

Let stand gt be the pairwise distance matrices of the set of taxa basetieospiecies and gene trees
ST and GT, respectively, in Figure 5, and let us consider the tripfetaza in Figure 6. There are three
cases. (1) The scenarit;; is plausible if and only if s1.Xi1 ; X3/ o1-Xi1; Xiz/ and s1.Xi1; Xi2/ 6

c1-Xi1; Xi2/. (2) The scenaridH;, is plausible if and only if st.Xi1; Xj2/ coT1-Xi1; Xi2/. (3) The

scenarioH;3 is plausible if and only if If st.Xi2; X3/ o1.-Xi2; Xi3/. Since the conditions in the
three cases are mutually exclusive, it follows the brandgtles, when estimated accurately, can be used
to correctly resolve the non-uniqueness issue in this ddeeever, estimating branch lengths to a high
degree of accuracy such that the above three cases aregdistind accurately is a very challenging task.
Further, even if branch lengths are estimated accuratietirei evolutionary distance between the donor
and recipient is very small, distinguishing among the cémz®mes more challenging.

4.1. On the number of minimal HGT scenarios: theoreticaliless

In this section, we derive an upper bound on the number ofmahHGT scenarios for reconciling two
trees.

Given two treesSTandGT, we denote by STCT the number of HGT edges in any solution to the HGT
Reconstruction Problem, and BYSTCT the set of all solutions. When the context is clear, we omt th
tree names from the superscript.

Given a species tre8T and a gene tre&T, each withn leaves, there ar®.n?/ different HGT edges
that can be added to it. If the cardinality of a minimal salatto the HGT Reconstruction Problem on the
pair .ST; GT/ is k, then there can be at modt.n?¢/ solutions of sizek. We now provide a tighter upper
bound on the number of solutions, and show a pair of trees Focwthis upper bound is exact.

Theorem 1. For any pair of trees, ST and GT, we have
jNj 3

Proof. We prove the theorem by induction on For the base case, letD 1. Then, there are two
subtreeg; andt, that are siblings irGT but not siblings inST. There are two cases: (1) on the undirected
path from the root of; tot, there are exactly two nodes (excluding the root$;cdindt,), or (2) on that
path, excluding the roots, there are more than two nodescé&ltiat there has to be at least one node on
the path, which is the least common ancestor of the two sehti@ the rst case, there is exactly one
subtreet? that lies between; andt, in the species tree (Fig. 7). There are three possible waytis
case, to make; andt, siblings, and these correspond to the three HGT edges (meohie 2, and 3) in
Figure 7. Hence, there are three solutions to the HGT rengetgin problem. In the second case, only
one solution is possible, since the location of the nod&Thwhose two children are the roots tf and
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FIG. 7. lllustration of case (1) in the base case of the inductive@pad Theorem 1. The tree is denoted by the solid
lines, and its leaves are the leaves of subtigety, andts. Three phylogenetic networks, each of which contains a
single HGT edge and induces the same pair of trees, are elltay adding one of the tree HGT edges, denoted by
arrows 1, 2, and 3. While HGT edge 3 may indicate violationhef temporal co-existence of the donor and recipient
of a gene, this may be possible in practice due to, for ingtaimcomplete taxon sampling or extinction (for further
details, see Section 2.1).

t, is xed, given that there is more than one subtree betweesetieo subtrees. Hence, forD 1, we
havejNj 3.

For the induction step, assume the theorem holds for anygbdieesT; and To, where 172 < k|
and 1etST andGT be two trees such thafTCT D k. Then, there exists a tré&®such that STT°D k 1
and T°CT D 1. By the induction hypothesis, we hajil STT% 3¢ 1 andjN T%¢Tj 3. Any network
N 2 N.ST;GT/ can be written adl D STC ., °Cfhg/, whereSTC, °2 N STT° andSTCfhg 2 N T*CT,
Hence,jN STCTj 3¢« 1 3lp 3, [ |

Figure 5 shows two treeST andGT wherejNjD 3 ; i.e., the two trees achieve the maximum number
of solutions.

4.2. On the number of minimal HGT scenarios: empirical resul

In our simulation study (using the same experimental seegrribed in Section 3), we looked at the
number of maximally parsimonious solutions that were coregly LatTrans and RIATA-HGT; the results
for 25-taxon NJ trees are shown in Figure 8. All fours grapimasthat, regardless of whether the actual
or inferred species trees are used, both methods estimagg@ humber of maximally parsimonious
solutions. The gures show that the number decreases astheersces used become longer. When we ran
the methods on the actual trees (Type | pairs of trees), biotiieon returned single solutions. A plausible
conclusion is that as the amount of statistical error in tiferred trees increases, so does the number of
maximally parsimonious solutions. The reason for this &t flor shorter sequence lengths, the accuracy
of the trees is poorer, i.e., they have more wrong edges.eThvesng edges give an indication of more
HGT events. This indication, though false, leads to largenbers of solutions since more reconciliations
become possible. Notice that the trends of the curves inrEi§ware similar to those of the corresponding
curves in Figure 3. This re ects the correlation betweenrhenber of HGT events in a minimal solution
and the number of such minimal solutions, as stated in ThedreHowever, at the same time, the proof of
Theorem 1 illustrates cases where multiple solutions mést éx.g., Figure 7 illustrates three “equivalent”
HGT edges, that arise under a very speci c case of incongeidretween the species and gene trees).
This indicates, that in some cases, even though the numhbeGaf events is smaller for case X than for
case Y, it may be that the number of solutions for case X islatigan for case Y. This is the reason, for
example, why the trend of the curve for the number of solionthe case of three HGTs in Figure 8d
does not match the trend of the number of HGT evens in the sas® ia Figure 3d. To illustrate this
point further, the number of minimal HGT scenarios for thér pé trees in Figure 5 iS¢, On the other
hand, it is straightforward to devise an example of a pairreéd, where the minimum number of HGT
edges required to reconcile themki<C 1, and the number of solutions is In this scenario, the case of
fewer HGT edges gives rise to exponentially more minimalisohs than the case of more HGT edges.
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FIG. 8. The number of minimal HGT scenarios inferred by LatTrans BIATA-HGT as a function of the sequence
length. Each curve corresponds to one of the ve actual numb& HGT events?, one HGT;4 , two HGTs;C,
three HGTs; , four HGTs; and , ve HGTs. 25-taxon trees inferred using NJ.

An important conclusion is that, in the absence of an evohatity model of HGT, phylogeny-based HGT
detection methods should be designed to compute “all” ptesssiolutions. As illustrated in Figure 5, the
number of such solutions may be exponential, though. A meahat assigns support to these solutions
is imperative, so that they can be rank ordered.

5. INCORPORATING HGT INTO THE COALESCENT

As we described in Section 2, phylogenetic incongruence otayr due to various processes, of which
HGT is only one. Another such process is lineage sorting,seheffect and confusing signal to HGT
detection is particularly important when analyzing genéslosely related organisms. In this section,
we augment the coalescent model by incorporating HGT, tmogiging a framework for stochastically
distinguishing among these two processes as the actuatesofiphylogenetic incongruence.

Lineage sorting occurs because of random contribution df @dividual to the next generation. Some
fail to have offsprings while some happen to have multipfsmings. In population genetics, this process
was rst modeled by R.A. Fisher and S. Wright, in which eacingef the population at a particular
generation is chosen independently from the gene pool opteeious generation, regardless of whether
the genes are in the same individual or in different indigidu Under the Wright-Fisher model, “the
coalescent” considers the process backward in time (Kimgrh@82; Hudson, 1983b; Tajima, 1983). That
is, the ancestral lineages of genes of interest are traced &ffsprings to parents. A coalescent event
occurs when two (or sometimes more) genes are originatea thhe same parent, which is called the most
recent common ancestor (MRCA) of the two genes.
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The basic process can be treated as follows. Consider a pgenes at time ; in a random mating
haploid population. The population size at timés denoted byN. / . The probability that both genes are
from the same parental gene at the previous generation (tirGel) is 1=N. ; C 1/. Therefore, starting
at 1, the probability that the coalescence between the pairrecu ; is given by

R G

Prob. 2/ D
27N

1 .
1 (1)

D iC1

WhenN. / is constant, the probability density distribution (pdf) tbie coalescent time (i.et,D »
1) is given by a geometric distribution, and can be approxathdty an exponential distribution for a
largeN:

Prob.t/ D ie =N (2)
N

The coalescent process is usually ignored in phylogengétyais, but has a signi cant effect (causing
lineage sorting) when closely related species are coreid@fudson, 1983a; Takahata, 1989; Rosenberg,
2002). The situation of Figure 1b is reconsidered under taméwork of the coalescent in Figure 9.
Here, it is assumed that speciésand B split T; D 5 generations ago, and the ancestral speciea of
and B and specieC split T, D 19 generation ago. The ancestral lineage of a gene from spécies
and that fromB meet in their ancestral population at timeD 6, and they coalesce atD 33, which
predatesT,, the speciation time betweeA; B/ andC. The ancestral lineage & enters in the ancestral
population of the three species at timéd 20, and rst coalesces with the lineage 6f. Therefore, the
gene tree is represented ByBC/ while the species tree i®\B/C . That is, the gene tree and species
tree are “incongruent.” Under the model in Figure 9, the phility that the gene tree is congruent with
the species tree is 0.863, which is one minus the producteopthbability that the ancestral lineages of
A andB do not coalesce betweenD 6 and D 9, and the probability that the rst coalescence in the

FIG. 9. An illustration of the coalescent process in a three spetiedel with discrete generations. The process
is considered backward in time from presery, to past. Circles represent haploid individuals. We areregted in

the gene tree of the three genes (haploids) from the thredespd& heir ancestral lineages are represented by closed
circles connected by lines. A coalescent event occurs whgaireof lineages happen to share a single parental gene
(haploid).
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ancestral population of the three species occurs betweem@C) or (B andC). The former probability
isp22108 1 %/8 D 0:26and the latter is%. _

Under the three-species model (Fig. 9), there are thredhjpedspes of gene treeAB/C , .AC/B
and A.BC/. Let Prob@&B)Ce, Prob@&C)Be and Prob@&(BC)+ be the probabilities of the three types of
gene tree. These three probabilities are simply expressddawcontinuous time approximation when all

populations have equal and constant population sidesyhereN is large:
Prob@@B)C+ D 1 ge T2 Tal=N. 3)
and
Prob@C)B+ D Prob&(BC)+ D %e T2 Ta=N 4)

Figure 10a shows the three probabilities as functiongef T;/=N.

It is important to notice that the estimation of the gene tireen DNA sequence data is based on
the nucleotide differences between sequences, and thgetietree is sometimes unresolved. One of the
reasons for that is a lack of nucleotide differences suchDhA sequence data are not informative enough
to resolve the gene tree. This possibility strongly depemnighe mutation rate. Let be the mutation
rate per region per generation, and consider the effect ¢éton on the estimation of the gene tree. We
consider the simplest model of mutations on DNA sequendesjrt nite site model (Kimura, 1969), in
which mutation rate per site is so small that no multiple rtiates at a single site are allowed. Consider
a gene tree,AB/C , and suppose that we have a reasonable outgroup sequetcéhatiove know the
sequence of the MRCA of the three sequences. It is obviowsrithtations on the internal branch between
the MRCA of the three and the MRCA & andB are informative. If at least one mutation occurred on
this branch, the gene tree can be resolved from the DNA sequalignment. This effect is investigated
by assuming that the number of mutations on a branch withttetnépllows a Poisson distribution with
mean t . Figure 10b shows the probability that the gene tree is vesoll, T1 D 0:5N generations is
assumed so that the probability that the gene tre@BSC is about 0.6. As expected, as the mutation rate
increases, the probability that the gene tree is resolvaith ihe sequence alignment increases, and this
probability exceeds 90% whed > 1:52 . Similar results are obtained for the other two types ofdree
AC/B andA.BC/, that appear with probability 0.2 for each (Fig. 10b).

Thus far, we have shown that the gene tree is not always m#rt the species tree even considering
vertical evolution. With keeping this in mind, let us cormidhe effect of horizontal gene transfer (HGT)

FIG. 10. (a) The probabilities of the three types of gene tree, (AB)C, 8G&Gnd A(BC), as functions aff, T1/=N.

(b) The probabilities that the gene tree is resolved from DNAusege data. The probabilities are given as functions
of the mutation rate for the three types of tree, (AB)C, (ACHhd A(BC), whenT, T1/=N D 0:5. The white
regions represent the probabilities that the gene treetisesolved.
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on the gene tree under the framework of the coalescent. Tpleaton of the coalescent theory to bacteria
is straightforward. Rather than the Wright-Fisher modekterial evolution may be better described by
the Moran model, which handles overlapping generations. \8eippose that each haploid individual in
a bacterial population with sizH has a lifespan that follows an exponential distributionhwiteanl .
When an individual dies, another individual randomly chof®m the population replaces it to keep the
population size constant. In other words, one ofthe 1 alive lineages is duplicated to replace the dead
one. Under the Moran model, the ancestral lineages of iddals of interest can be traced backward in
time, and the coalescent time between a pair of individudlews an exponential distribution with mean
IN=2 (Ewens, 1979; Rosenberg, 2005). This means that one hdieahean lifetime in the Moran model
corresponds to one generation in the Wright-Fisher modehay usually be thought that HGT can be
detected when the gene tree and species tree are incongseenSection 2). However, the situation is
complicated when lineage sorting is also involved. Considmodel with three species,, B, andC, in
which an HGT event occurs from speciBsto C. Suppose the ancient circular genome has a single copy
of a gene as illustrated in Figure 11a. lagtb andc be the focal orthologous genes in the three species,
respectively. At timeTy,, a gene escaped from speci2sind was inserted in a genome in spedlesat T;,
which is denoted by Since HGT is assumed to be instantaneous at the scale aftievglin reality, it

is always the case that D T,. However, since these times are estimated in practice, yit imeathe case
that T, < T;. For example, if a gene duplication occurs in linedge Figure 11a, and one of the two
in-paralogs is transferred @ then the estimated tim&, would be the duplication time, which is earlier
than the actual time of the HGT evens,.

Following the HGT eventc was physically deleted from the genome, so that each of ttee thpecies
currently has a single copy of the focal gene. If there is nedge sorting, the gene tree shouldadec? .
Since this tree is incongruent with the species trd8/C , we could consider it as an evidence for HGT.
However, as shown in Section 2, lineage sorting could alsalyre the incongruence between the gene
tree and species tree without HGT. It is also important teertbat lineage sorting, coupled with HGT,
could produce a congruent gene tree, as illustrated in Eigjia. Althougtb andc® have a higher chance
to coalesce rst, the probability that the rst coalescermecurs betweerm andb or betweena and c®
may not be negligible especially wh@n Ty, is short. The probabilities of the three types of gene tree
can be formulated under this tri-species model with HGT asstilated in Figure 11a. Herd,, could
exceedT, in such a case it can be considered that HGT occurred bdferspeciation betweeh andB.
Assuming that all populations have equal (constant) pajmuissizes,N , the three probabilities can be
obtained modifying (3) and (4):

—e T1 Tal=N if Th Ty
Prob@&B)C-D ., , (5)
1 Ze Th AN T ST,

81

A< T1 Th/=N if Th T1

Prob@C)B+D 1 , (6)
: 3¢ Tn TiEN i T > T,

and
8 2
<l e T, T
Prob@&(BC)+D ., . . (7)
: 3¢ Th T1/=N if Th>Ty

Figure 11b shows the three probabilities assumind® 2N andT, D 3N.
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FIG. 11. (a) A three bacterial species model with an HGT event. A dematistr that a congruent tree could be
observed even with HGTb) The probabilities of the three types of gene treda/c® .acYb, anda.bcY, as functions
of T,=N.T1 D 2N andT, D 3N are assumed.

5.1. Enumerating valid coalescent scenarios

As mentioned above, a coalescent event occurs when tworf@etsoes more) genes are originated from
the same parent, which is called the most recent common tand@$RCA) of the two genes. Avalid
coalescent scenarifor a gene tre€ST and a species treST is a list of coalescence events in the gene
tree together with the edges of the species tree on whichadbeyr (Degnan and Salter, 2005; Rosenberg,
2007). For exampld, andF in the gene tree of Figure 12 cannot coalesce at edge 2 in doeesgree, and
hence any coalescent scenario in whichndF coalesce at that edge is invalid. On the other hand, there
are valid coalescent scenarios in which all taxa coalesedgg 3. Rosenberg (2007) has recently provided
a closed-form formula, rather than an algorithm, for cormauthe number of all valid coalescent scenarios
of a gene within the branches of a species tree. We now prevjatdynomial-time dynamic programming
algorithm for enumerating all valid coalescent scenaripgen a pair of species/gene trees, over the same
set of taxa, but not necessarily bifurcating or having thmesaopology. The divide-and-conquer nature
of our algorithm allows for computing sharing among the mémytentially exponential) valid coalescent
scenarios, and hence for more ef cient implementation $bthhese scenarios.

We rst start with some de nitions and terminology.

Let T be a rooted tree leaf-labeled by a 3etof taxa; i.e., there is a bijection W..T/ ! X, where
L.T/ denotes the set of the tree leaves. TheEsdt/ denotes the set of all internal edges (including an
edge incoming into the root, which we denotergy. Further, the tree edges are labeled via a post-order
numbering; i.e., there is a bijectiam” WE.T/ ! f 1;:::;n 1g wheren D jXj, andh' respects a

FIG. 12. lllustration of incongruent species/gene trees. The thwgabered edges in tre®T are the only elements
of the setE, which is the set of all species tree edges on which at leastcarster of taxa from the gene tree can
coalesce at.
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post-order labeling. Tre€ induces a seCr D fc! W X; e2 E.T/gof clustersof taxa, wherec]
is the set of all leaves iX which are “under” edge in T. The topology of the tre& naturally de nes
a partial order 1 on C (indeed, the topology of is the Hasse diagram of this partial order).

De nition 2.  Given two trees, ST and GT, over the sameXsaif taxa, a (valid) coalescent history
is a mapping WCgr! E.ST, such that:

1. For everyX 2 Cgr, X ¢, , and
2. For every two edges;; e, 2 E.GT/, if h®T.e;/ <h ©T.ey/ thenhST. .e 1// hST. e ,/l.

Condition (1) of De nition 2 states that a clust¥r of taxa can coalesce on branches of the species tree
that are “above” the most recent common ancestor (MRCAJ af the tree. Condition (2) of De nition 2
states that the coalescent events of the gene within thelwarof the species tree must respect the gene
tree topology.

Let STandGT be the species and gene trees, respectively. Let the ed@gBl numbered as above,
and letC be the set of all clusters (of size 2) of taxa in the treesT. We writev D cast.x/, forx 2 C,
to denote thaw is a common ancestor (node) of the gebf taxa in treeST. We write InEdgev/ to
denote the edge incident into nodg(in v's tree). The set of all edges BT on which any cluster irC
can coalesce at i& D fInEdgev/ W/ D cast.x/; x 2 Cg For exampleE D f1;2;3for the species
and gene trees in Figure 12. We say th& E is a “lowest” edges if there does not exist any other edge
€%2 E such that lies on the path from the root of the treedd

We de ne children of a clusterc 2 C as Childrenc/ D fc®2 C W® c¢; and 6 8°%2 C st: Gt
c% A ¢00  ceg Notice that Childrerc/ induces a partition ot. In other words, for every;;c, 2 C,
cro; ,c\ cD;,and[ ¢cc®D c.

With every clusterc 2 C, we associate the set., which isp. D f InEdgev/ W D casr.c/g In other
words,p. is actually the path of edges in the species tree on whichatkee @f clusterc could coalesce at.
For example, for clustet D ABD in Figure 12 we have. D f 1; 3g For every clustec and edgee, we
de ne ..e/ to be the total number of all valid coalescence scenariogafds inc when the MRCA of
all leaves inc lies on edgee. The recursive algorithnCompute , outlined in Figure 13, computes the
values of ..e/ for a clusterc 2 C and edgee 2 E. The recursion can be eliminated in a straightforward
manner if the computation of is done in a bottom-up fashion.

The number of valid coalescent scenarios, given a spedeS$Trand a gene tre€T is Compute (ST,

GT, L. ST/, re). We illustrate the algorithm on the trees shown in Figure T2 results are shown in
Table 1.

The following two theorems establish the correctness amahing time of computing the number of

valid coalescent scenarios of a pair of species and gen tree

FIG. 13. Algorithm Compute for computing the value c.e/ for a clusterc 2 C and an edges 2 E, given a
species tre&ST and a gene tre&T.
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TABLE 1. CLUSTERS INC, AND THE VALUES OF pc AND ¢.e/ FOR THE TREES INFIGURE 12

Clusterc Setpc ..e/8e2E
1. BD 13 1.1/D 1.3/D1, 1.2/DO
2: ABD 13 ».1/D1;, ,2/D0; ,.3D 1.1/C 1.3/D2
3: CE 13 3.1/ D 3.3/D1 3.2/DO
4: IF 3 4.1/ D 4.2/DO0; 43/D1
5. CEIF 3 5.1/D 5.2/DO0; 5.3/D. 3.1/ C 3.3/l. 43/ D2 1D 2
6: ABDCEIF 3 6.1/D .2/DO0; g3/D. 2.1/C ,.3/l. 5.3/ D3 2D 6
7: GH 2,3 7.1/DO0; 7.2/ D 7.3/D 1
8: ABCDEFGHI 3 g.1/D g.2/DO0; g3/D. .3/l. 7.2/C 7.3// D6 2D 12

The total number of valid coalescent scenarios is 12, whicky i3/.

Theorem 2. Compute (ST, GT, L. ST/, re) is the number of valid coalescent scenarios of the species
tree ST and the gene tree GT.

When the recursion in algorith@ompute is replaced by bottom-up computation, the algorithm takes
0.n?/ time, since for each cluster the algorithm considers only its children (whosealues have already
been computed). Given that there &en/ clusters in the gene tree (each de ned by an internal edge in
the tree), and that for each cluster there mayOoe/ children, the computation can be achieveddim?/
time.

Theorem 3. Compute (ST, GT, L. ST/, re) can be computed i®.n?/ time, wheren D jL. ST/j D
jL. GT/j.

5.2. Coalescent versus HGT scenarios

Experimental settings.In this experiment we compared the number of valid coaldsaad minimal
HGT scenarios returned by the algorithm described in Sed&id and the extended RIATA-HGT heuristic,
respectively, for a range of numbers and diameters of si@diimcongruence evemsThe diameter of an
incongruence event is the number of tree edges separagngvthendpoints of the SPR move to which
it corresponds. This quantity re ects the “locality” of thecongruities between the two trees. For each
numbern 2 f1;2;3;4yand diameted 2 f2;4;6; & of simulated incongruence events, we generated
twenty pairsht;t4 of 20-taxon trees, wherewas generated using thi8s tool (Sanderson, n.d.), and
was obtained fronmt by simulatingn random incongruence events, each of diamdteiThe coalescent
algorithm and extended RIATA-HGT were run on each such patihiw the data set and the numbers
of solutions computed were averaged to give a single datat foi each method and combination of
diameter/number of incongruence events. The results efamalysis are shown in Figure 14.

Results and discussionFigure 14 clearly shows that there is a correlation betwberdtameter of in-
congruence events and the number of valid coalescent arichedilGT scenarios. Small diameters re ect
that the incongruence occurs between two very close taxareal large diameters re ect incongruence
between two very distant taxa. As the diameter gets larbernumber of edges between the MRCA of
taxa and the root becomes smaller, and hence we would expectumber of valid coalescent scenarios
to become smaller. And this is exactly what we see in the gli@ diameter of 2, the number of such
scenarios is over 200 million. However, there is a sharpedss in that number as the diameter increases.
On the other hand, even though we see a similar trend in theaksse of number of HGT scenarios as the
diameter increases, the actual number of minimal HGT saenés drastically much smaller. Even for the

2\We simulated an incongruence event bgubtree prune and regra(SPR) move, where these moves were added
with certain restrictions, as described in Section 3.
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FIG. 14. The numbers of valid coalescent scena(@sand minimal HGT scenarig) as a function of the diameter
of the incongruence events. Each curve corresponds toadatagh one, two, three, or four incongruence events.

smallest diameter of 2, the number of minimal HGT scenarsosbiout 33, and as the diameter increases,
the number of solutions converges to 1.

A signi cant observation from Figure 14b is that we eithewvéamall diameter and large number of
solutions, or a large diameter and small number of solutidhss observation proves crucial to the im-
provements achieved by the algorithmic techniques desttiiitothe previous section, since small diameters
indicate more pairs in the decomposition, and hence moreiesfcy, and small humber of solutions for
large diameters indicate very small equivalence classésrge components of the decomposition.

6. CONCLUSION

In this paper, we showed that error in inferred trees has ativegimpact on the estimates made
by phylogeny-based HGT detection methods. These reswisder a set of conclusions. First, to obtain
accurate estimates of HGT based on tree incongruence,ypsopported edges of reconstructed trees
should be removed. Though an important task to conduct, vigrgo(or contracting) poorly supported
edges is not a straightforward task, since standard metthatisire in common use for estimating branch
support, such as bootstrapping and posterior probabkiliieBayesian analyses, have been shown to be
overly “conservative” or “liberal” under various circunasices (Ruths and Nakhleh, 2006). Second, more
than one maximally parsimonious solution (a solution thag the minimum number of HGT edges, or
events, to explain the species and gene tree incongrueramekexist, and hence HGT detection methods
should search for all such solutions. In this preliminarykyave have studied the effect of error in inferred
trees on the accuracy of HGT detection methods, both in tefrtiee minimum number of events computed
as well as the number of such minimal solutions. One of our édliate goals is to study the performance
of these methods in terms of the locations (donors and etigj of inferred HGT,; for this task, we
will use the distance measures proposed in Moret et al. (2@Q#ther, we will study the effects of the
aforementioned factors, using both simulated and biokdglata, on the performance of several currently
available tools for HGT detection (Hallett and Lagergre@0®; Makarenkov, 2001; Addario-Berry et al.,
2003; Nakhleh et al., 2005; MacLeod et al., 2005; Beiko andhittan, 2006).

Further, lineage sorting due to the coalescent processaactsnoise for detecting and reconstructing
HGT based on tree incongruence, sometimes mimicking traeage for HGT and sometimes concealing
evidence of HGT. Therefore, to distinguish HGT and lineagiizg, a stochastic framework based on the
theory introduced in Section 5 is needed. We only consideesd simple cases with three species here,
and we will extend the theory to more general cases.

Finally, we designed a polynomial-time dynamic programgmalgorithm for enumerating all valid
coalescent scenarios that reconcile a pair of species amtgees. This algorithm may be used as a core
component in statistical methods for reconciling specias$ gene trees.
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