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Abstract

This paper concerns the Lateral Gene Transfer Problem. This minimization problem, defined by
Hallet and Lagergren [6], is that of finding the most parsimonious lateral gene transfer scenario for
a given pair of gene and species trees. Our main results are the following;:

(a) We show that it is not possible to approximate the problem in polynomial time within an
approximation ratio of 1+ €, for some constant ¢ > 0 unless P=NP. We also provide explicit
values of ¢ for the above claim.

(b) We provide an upper bound on the cost of any 1-active scenario and prove the tightness of
this bound.
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1 Introduction

A fundamental problem in the field of evolutionary molecular biology is that of inferring information
on the evolutionary relationships between taxa from a given set of gene trees (i.e., an evolutionary
model for a set of gene families). The underlying assumption is that gene families evolve in the
same way as species; therefore a gene tree should determine the species tree. Unfortunately, there
are a number of biological events, such as gene duplications, gene losses and lateral gene transfers
(also called horizontal gene transfers) (e.g., see [5,9]) that may occur during evolution and that
generate “differences” between a gene and a species tree. For these reasons, a single gene tree is
usually not sufficient to reliably build the species trees, but it is necessary to consider a set a gene
families to perform the construction. Since the gene trees may contain contradictory information,
a natural problem that arises is that of reconciling the different gene trees into a single species
tree. Such a reconciliation process can be naturally formulated as an optimization problem where
the goal is to minimize the number of biological events necessary to explain the “disagreements”
between the gene trees and the species tree.

Several models have been proposed to solve the reconciliation problem. Each of these models is
based on the assumption that only a restricted class of genomic events may occur. Here we focus
on the so-called lateral gene transfer model defined by Hallett and Lagergren [6]. According to
this model, all differences between the gene and the species trees are explained in terms of lateral
gene transfer events. A lateral gene transfer is an event that causes some portion of the evolution
represented by an arc in the gene tree to occur along one arc in the species tree, and the remaining
portion of evolution to occur along another arc of the species tree. We say that the lateral transfer
occurs between these two arcs of the species tree and involves the arc from the gene tree. Given
a gene tree T and a species tree S (which we assume to be correct), an interesting optimization
problem is that of identifying a scenario that is able to explain the differences between the two
trees with the minimum number of lateral transfers. We refer to this problem as the LATERAL
GENE TRANSFER PROBLEM, in short as the LGT PROBLEM.

In this paper we investigate efficient approximability issues of the LGT PROBLEM. We consider
both the special case of activity level one (see section 1.1 for a definition of activity level) and the
general case of activity level some o > 1, and establish hardness of efficient approximation for
both cases. More specifically, we will prove that, unless P=NP, no algorithm can achieve an
approximation ratio smaller than 1 + ¢ for some constant ¢ > 0. By easy calculations we also
provide explicit values of ¢ for the above claim. We also show that an upper bound on the cost of
any l-active lateral transfer scenario is given by n — 2 where n is the number of leaves in the gene
tree, and show that this upper bound is tight by explicitly giving a pair of species and gene trees
with this cost.

1.1 Basic Definitions and Notations

In the remaining sections we consider just rooted binary trees, i.e., trees where all vertices have
out-degree at most two and all arcs are directed from the root to the leaves. Given a rooted tree T,
we denote with V(T) the set of vertices and with A(T) the set of arcs. The leaves of T are denoted
by L(T) and the root by 7(T). We say that two distinct vertices v, v/ are sons of w in T if (u,v),
(u,v') € A(T). We denote the left son of a vertex u € V(T) as lst(u), the right son as rsy(u), and
the parent of u as pr(u). We will consider trees with labeled leaves and we will use the notation
L(T) to denote the set of leaf labels in a rooted tree T.

Let F be a rooted forest, that is, a union of disjoint rooted trees. If two vertices u,v € V(F) are
connected by a directed path from u to v, then v is a descendent of u in F, and we write v <g u



(note that every node is a descendent of itself). If u # v, then v is a proper descendent of u in F
( <¢ ). Similarly, we can define ancestors ( > ) and proper ancestors ( >¢ ). Moreover, let T be
a rooted tree and X C V(T). Then T[X] denotes the forest of subtrees induced by X, that is, the
graph obtained from T by removing all vertices v € V(T) not belonging to the set X and all arcs
(v,v"y € A(T) such that v ¢ X or v/ ¢ X.

Let {t; : 1 <1 < n} be a forest of non-empty rooted directed trees over a label set £. We use
the notation T =< t;-t2-... -ty > to represent the tree built by connecting the subtrees t; as
shown in Figure 1. As a shorthand, we allow the notation < []i_; ti = to mean < tj-t2-... -ty >.

A mized graph G is a graph where arcs may be both directed and undirected. We denote the
set of directed arcs as A(G) and the undirected arcs, or edges, as E(G). ¢(A) indicates the set of
edges underlying A(G). Given a set of arcs A and a mixed graph G, we denote by GU A the mixed
graph with arcs A(G) UA, egdes E(G), and vertices V(G). Similarly is defined G U E, where E is a
set of edges. A directed mixed cycle is a cycle on a mixed graph that may contain both arcs and
edges, and where the cycle can be traversed so that the direction of the arcs that are part of the
cycle is respected. Given a graph G and an arc (x,y) € A(G), we say that we subdivide arc (x,y)
if we replace it with a path, through new nodes, from x to y, which does not traverse any vertex
in V(G) \ {x,y}. We say that a graph H is a subdivision of a graph G if H is obtained from G by
subdividing some of the arcs in A(G).

Finally, a (1 + ¢)-approzimate solution (or simply an (1 + ¢)-approximation) of a minimization
problem is a solution with an objective value no larger than 1+ ¢ times the value of the optimum,
and an algorithm achieving such a solution is said to have an approrimation ratio of at most 1+ €.

1.2 Basic Concepts of the Evolutionary Model

In this section we define some basic concepts for the evolutionary model we consider. We will first
briefly introduce the concepts of a gene tree and a species tree. We will then present the concept
of least common ancestor mapping and define a reconciliation model based on lateral gene transfer
events.

Consider a set I of N biological taxa. The model for their evolutionary history is a rooted full
binary tree S, where each of the N leaves is uniquely labeled by one element from I, and each
internal node is unlabeled. Such tree S is called a species tree. An internal node in a species tree is
equivalently treated as a subset (or cluster), which contains the labels of all leaves of the subtree
rooted at that node. Thus, we can express the relation “m is a descendant of n” in set theory
notation by m C n.

A gene tree T is a model for the evolution of a gene family. It is a rooted full binary tree where
the internal nodes are unlabeled and the leaves are labeled by elements from I. As opposed to a
species tree, labels in a gene tree may not be unique. In this case, an internal node t is represented
by a multiset {x;',%3,...,xi}, with m < N and xy € I for every index k s.t. 1 <k < m, and
where 1i; is the number of leaves labeled with x;, among those reachable from t. The cluster of t is
defined as the set Cy = {x1,%2,..., Xm}.

Let Y be a rooted tree with uniquely labeled leaves and let £(Y) be the set of its leaf labels.
The least common ancestor (LCA) of X C L(Y), denoted by lcay(X), is defined as the node y € Y
such that X C y and X € w for every proper descendent w of y. Given a gene tree T and a species
tree S such that £(T) C L(S), we define Ats: V(T) — V(S) as a correspondence between nodes of
the gene tree T and nodes of the species trees S. For any node t € T, As(t) is the least common
ancestor of the cluster of t in S, i.e., A1s(t) = lcas(Cy¢). The function Ats is known as the LCA
mapping from T to S.



1.2.1 The Lateral Gene Transfer Model

We are now ready to introduce the evolutionary model based on the concept of lateral gene transfers.
This model was developed by Hallet and Lagergren [6]. It assumes a simplified evolutionary process
where the only biological events that can occur are the so-called lateral gene transfers. In this
framework, a natural problem is that of finding the most parsimonious scenario that explains in
a biologically meaningful way how, via these events, the differences between the gene tree and the
species tree arose. The definition of lateral transfer scenario is based on the concept of lateral
transfer scheme.

Definition 1 A lateral transfer scheme for a species tree S is a pair (S',A’) where S’ is a subdi-
vision of S and A" C{{x,y) :x,y € V(S')\ V(S),x # y} such that:

1. the mized graph S’ U e(A’) does not contain a directed mized cycle.
2. the tail of each arc in A’ has in-degree 1 and out-degree 2 in S" UA’.

3. the head of each arc in A’ has in-degree 2 and out-degree 1 in S" UA’.

A lateral transfer scheme shows where the lateral transfers have occurred during evolution. The
arcs in A’ represent the set of lateral transfers. Note that the first condition in Definition 1 ensures
that the scheme for a species tree S respects the partial order of evolution implied by S. Clearly,
this is a required property for the model.

A lateral transfer scheme is meaningful when combined to the notion of scenario. A scenario
is a mapping of a gene tree into a subdivision of a species tree. This mapping describes how the
gene tree has evolved by showing at which point of evolution lateral gene transfers have occurred.
In order for a scenario to be biologically meaningful, it must satisfy the conditions stated in the
definition below.

An important parameter for this model is the activity level . The parameter o« measures the
number of genes that are allowed to be simultaneously active in the genome of a taxa. Roughly
speaking, an «-active scenario permits at most « copies of a gene to be mapped to the same
ancestral taxon. In previous models, the presence of multiple copies of a gene was always assumed
to be caused by a gene duplication event. The notion of acitivity level in a lateral transfer scenario
overcomes this restriction, by postulating that this multiplicity may be generated by lateral transfer
events alone.

We will first give the definition for the special case of 1-activity, and then state the definition
for the general x-active case where o > 1.

Definition 2 A 1-active lateral transfer scenario (or l-active scenario) for a species tree S and a
gene tree T is a triple (S',A’,g) where (S',A’) is a lateral transfer scheme for S and g : V(S') —
V(T) is a function such that:

1. g(v(S")) =(T).

2. if vi and vy are distinct children of vo in T, then there exists xo with distinct children x1 and
x2 in S"UA’ such that g(xi) = vi fori€{0,1,2}, and x; is the < -mazimal vertex such that
9(xi) =vi forie{l,2}.

3. for each v € V(T), the vertices {x € V(S') : g(x) = v} induce a directed path in S’.

4. g(l) =1, for all1 € L(S).



The cost of a 1-active scenario (S',A’,g) w.r.t. T is given by |A’|.

Definition 3 A lateral transfer scenario (or scenario) for a species tree S and a gene tree T is a
triple (S’,A’, g) where (S',A’) is a lateral transfer scheme for S and g : V(S’) — 2VV) is a function
such that:

1. Tlg(r(S’))] is connected and v(T) € g(r(S’)).

2. if vi and vy are distinct children of vo in T and vq,v2 & g(v(S’)), then there exists xo with
distinct children xq and x2 in S" U A’ such that vi € g(xi) for i € {0,1,2}, and xi is the
<s/-mazximal vertex such that vi € g(xy) fori e {1,2}.

3. if vi and vy are children of vo in T, vi € g(r(S’)) and va & g(v(S’)), then there exists a child
x of 7(S’) in S’ such that v, € g(x).

4. for each v € V(T), the vertices {x € V(S') : v € g(x)} induce a directed path in S’.

5. for each x € V(S)\A{r(S")}, if lg(x)| > 1, then every pair of members of g(x) is <t-
incomparable, i.e., for any y,y’ € g(x), neither y <yy’ nory’ <yy.

6. g(l) ={l}, for all 1 € L(S).

A scenario (S',A’,g) is x-active iff mazyes/|g(x)| = x. The cost of a x-active scenario (S',A’, g)
w.r.t. T is given by:

> Hwv) € A(T) i€ g(x),v € gly)ll + V(Tlg(r(S)) \ L(Tlg(r(s"))])|
(x,y)eA’

Let (S’,A’, g) be a scenario for S and T. We say that an arc of T is invloved in a lateral transfer if
it belongs to the following set:

F={{u,v) € A(T):ue g(x),vegly), where (x,y) € A’}

1.3 Problem Definitions

In this paper we investigate the following optimization problems:

1-active LGT PROBLEM
Instance: A species tree S and a gene tree T, such that £(T) C L(S).
Goal: Find a l-active lateral transfer scenario for S and T with minimum cost.

a-active LGT PROBLEM
Instance: A species tree S and a gene tree T such that £(T) C L(S), a constant o« > 1.
Goal: Find an o-active lateral transfer scenario for S and T with minimum cost.

Note that one can easily convert the above optimization problems into their decision version by
having an extra integer T as input and requiring the minimum cost to be < 1. We call the
decision versions of these problems the 1-active T-LGT PROBLEM and a-active T-LGT PROBLEM
respectively. It was shown in [7] that the x-active T-LGT PROBLEM is NP-complete.



1.4 Inapproximability Reductions: Key Concepts and Results

In [10] Papadimitriou and Yannakakis defined the class of MAX-SNP optimization problems and
a special approximation-preserving reduction, the so-called L-reduction, that can be used to show
MAX-SNP-hardness of an optimization problem. The version of the L-reduction that we provide
below is a slightly modified but equivalent version that appeared in [4].

Definition 4 [4,10] Given two optimization problems TT and T, we say that TT L-reduces to T if
there are three polynomial-time procedures Tq1,Ty, T3 and two constants a and b > 0 such that the
following two conditions are satisfied:

1. For any instance 1 of T1, algorithm Ty produces an instance 1’ = f(I) of TI' such that the
optima of I and I’, OPT(I) and OPT(I’), respectively, satisfy OPT(I') < a- OPT(I).

2. For any solution of 1" with cost c’, algorithm T, produces another solution with cost ¢’ no
worse than ¢’, and algorithm T3 produces a solution of 1 of TT with cost ¢ (possibly from the
solution produced by T2) satisfying |c — OPT(I)] < b-|c” — OPT(I).

An optimization problem is MAX-SNP-hard if any problem in MAX-SNP L-reduces to that prob-
lem. If this problem is also in MAX-SNP, then it is MAX-SNP-complete. The importance of
proving MAX-SNP-hardness results comes from a result proved by Arora et al. [1] which shows
that, assuming P#£NP, for every MAX-SNP-hard problem there exists a constant € > 0 such that
no polynomial time algorithm can achieve an approximation ratio better than 1+ «.

1.5 Precise Statements of Our Results

Theorem 1

(a) For some constant ¢ > 0, it is not possible to approrimate in polynomial time the 1-active LGT
PROBLEM within an approximation ratio of 1+ ¢ unless P=NP.

(b) The constant € in (a) is at least (3/370024) — « for any k > 0.

Theorem 2

(a) For some constant € > 0, it is not possible to approzimate in polynomial time the x-active LGT
PROBLEM within an approximation ratio of 1+ €, where « > 1, unless P=NP.

(b) The constant € in (a) is at least (3/378068) — « for any k > 0.

Lemma 1 For any pair of gene and species trees, uniquely labeled over the same set of labels L, a
1-active lateral transfer scenario can always be built by using at most n— 2 lateral transfers, where
n = |L|. Moreover, the upper bound n — 2 is tight. That is, there is a procedure to build a 1-active
scenario of cost n— 2 and there exists a pair of a gene tree and a species tree that require at least
n — 2 lateral transfers for any 1-active scenario.

2 Hardness of Approximation of 1-active LGT PROBLEM (Proof
of Theorem 1(a))

In the following we will show that MAX-2SAT-B L-reduces to the 1-active LGT PROBLEM. MAX-
2SAT-B is the variation of MAX-2SAT where the number of occurrences of each variable is bounded
by a constant B. It is known from [2] that MAX-2SAT-B is MAX-SNP-complete for B > 3; thus
the existence of an L-reduction will imply the result.



Let X ={Xj,...,Xn} be a set of n variables and let ® = (Cy,...,Cy) be a formula in 2-CNF,
where each clause Cj is on two variables from X and where the number of occurrences of each
variable is bounded by a constant B. We will refer to the j*"* variable in the it" clause as literal Ci;.
The goal of MAX-2SAT-B is to find a truth assignment on X that maximizes the number of satisfied
clauses. Given an instance of MAX-2SAT-B, we will now exhibit how to build an instance of the
T-active LGT PROBLEM such that Conditions 1 and 2 of Definition 4 are satisfied. In other words,
we will construct a gene tree T and a species tree S from ® and prove that this transformation is
an L-reduction.

Our construction of T and S from @ is taken from the NP-completeness proof given in [7]. The
only difference is that in our case the index j in C;; ranges between 1 and 2, rather than 1 and 3
(their reduction is from 3SAT). A detailed description of this procedure is here omitted. For the
convenience of readers, we provide this construction procedure at an appendix.

An important parameter used in the following proof is T, defined as T = 9m + 6k, where

k= [{(i,j,i",i") : Ciyj=Cyy or Cij=Cpj,1<i<i’<m,1<j,j <2).
Notice that k < nB(qu), since the maximum number of occurrences is bounded by B for each
variable in @; hence, T < ym, where y = 9+ 6B(B — 1). Also, let T%" =1+ m+ 1. To ease our
presentation, we will adopt the same notation used in [7] throughout the rest of the proof.

Let ¥ be a truth assignment on the variable set X, i.e. ¥ : X; —— {true, false}, for every

i=1,...,n. We show that there is a correspondence between truth assignments on ® and scenarios
for T and S.

Claim 1 Given a truth assignment ¥ on @ that satisfies p clauses, p < m, it is always possible to
build in polynomial time a I-active lateral transfer scenario for T and S with cost T+ (m — p).

Proof. We illustrate how to build a lateral transfer scenario for T and S from the given truth
assignment W. This procedure is mostly the same as that adopted in [7], with minor modifications.
For the scenario to be consistent, we add an additional transfer for each clause C; which is not
satisfied by the assignment W. The scenario is constructed as described below.
For every subtree R/ . j» Ri,j and for each node v’ e R’ TE Rl,, let g(lcas(L(R! i +))) =1"and
g(lcas(L(Rijr))) =T, where R{. ;.0 is the subtree of R’- rooted in v/ and Ryj is the subtree of Ry
rooted in 1. Create the lateral transfer

e from (ps(r(Rs;;)),T(Rs,;)) to (ps(leas(rije: 1 <k <1H)), leas(rijr: 1 <k <1h)),

involving arc <‘pT(T‘(Ri’j)),T‘(RiJ)>. For 1 <i<m, let g(lC(ls('Rgi,1 >R51,z)) = lcaT(RU,Ri,z) and
for 1 <i<m,let g(lcas(Rs, ,,Rs,,,;)) = lcar(Ri2, Rit1,1). This creates 2m lateral transfers.

For all i, j, k, where 2 < k < 17, let g(ps(tijx)) = pr(tijx). For 1 <i<mletg(lcas(7s Ts,,)) =
lcat(7i1,7i2) and for 1 <i<mlet g(lcas(7s, ,,7s,., ;) = lear(Ti2, Tiv1,1)-

For all vertices €iji 5/ € €, let g(pg(ei‘j,y,j/,k)) = pT(ei,j,i/,j/,k) for 2 < k < 1" and set

(lcaS(el] A5 1 €47 57 4, 1)) = lcaT(elj A5 €157 4, 1) Let € = ICGT( (Eij i/ j’) (ei?,{?‘]{?))a where

€14, and €45 o are adjacent subtrees in €, and set g(lcas(ssl] s SsM S )) €.

For all vertlces f e B, let g(lcas({fi;: fij <7 f})) =f. Let g(lcas(Tg,Rg)) =lcay(7,R), and
g(lcas(7s, Rs, €s)) = lcat(7T, R, E). Let g(r(S)) = r(T).

For all literals Ci;j which are true according to the truth assignment ¥, let g(lcas(cij, dij)) =
lcar(cij, dij), and create the two following lateral transfers:

1)

e from arc (ps(cij),cij) to arc (ps(aij), aij) involving (pr(aij), aij)) from T,



e from arc <p5(di‘j), di,j> to arc <p5(bi,,~),bi‘j> iIlVOlViIlg <pT(bi,j))bi,j)> from T.

For all literals C;; which are false according to ¥, let g(lcas(aij, bij)) = lcart(cij, dij), and
create the two following lateral transfers:

e from arc (ps(ai;),ai;) to arc (ps(cij),cij) involving (pr(ci;),cij)) from T,
e from arc (ps(bi;),bi;) to arc (ps(di;), di;) involving (pt(di;),di;)) from T.

The number of lateral transfers over all 2m literals is 4m.

If the clause Cj is satisfied by W, then let j be the index of the first literal assigned to true.
Let g(lcas(eij, aij)) = lcat(eij, aij). For j’ #j, create a lateral transfer from (ps(eij),eij) to
(g7! (lecat(cijr, dijr))), involving arc (pr(eij ), lcat(cyjs, dij))) from T. If C; is not satisfied by W,
then create this last transfer for j’ = 1,2 (see Figure 2). The number of transfers over all m clauses
is m+ (m — p), where (m — p) is the number of unsatisfied clauses.

Consider every pair of literals Cij and Cys j» such that Ci; = Cy/ 50 or Cy5 = T/]/, andi<1i’. As
a shorthand, denote the index 1,j,1’,j’ as 1 and the index i’,j’,1,j as 2, and let k/ = (k+ 1)mod2,
for k = 1,2 . If it is the case that C;; = Ci/ j» = true, then create the four lateral transfers:

e from (ps(o), ox) to (ps(vr),Yk/), involving (py(vk/), Yr/),
e from <p5(ﬁk)) Bk> to <p5(6k’))6k’>) il’lVOlVil’lg <pT(6k/))6k/>7

for k =1,2. Let g(lcas(o, i) = lear(o, Pi), for k =1, 2.
If Ci; = Cy/ ;v = false, then create the four lateral transfers:

e from (ps(vk),vk) to (ps(axs), &xs), involving (pr(oue), o),

o from (ps(dx), dx) to (ps(Bws), Bxr), involving (pr(Br), Bx/),

for k =1,2. Let g(lcas(yk,dx)) = leay(ax, i), for k = 1,2. On the other hand, if Ci; = Cy/
and Cj; = true, create the four transfers:

e from (ps(«1), 1) to (ps(«2), «2), involving (pr(az), «z),
e from (ps(B1), B1) to (ps(B2), B2), involving (p7(B2), B2),
e from (ps(v2),v2) to (ps(y1),v1), involving (p7(v1),v1),
o from (ps(02),82) to (ps(81),81), involving (pt(81), 1),

Let g(lcas(a1, B1)) = lear(og, B1) and g(leas(az, B2)) = lear(wz, B2).
As a last case, if Cij; = Cyi/j» and Ci; = false, create the four transfers:

e from (ps(ay), x2) to (ps(a1), otr), involving (pr(as), x1),

e from (ps(B2),B2) to (ps(B1),B1), involving (p7(B1), B1),

e from (ps(y1),v1) to (ps(v2),v2), involving (pt(v2),v2),
(

e from (ps(81),81) to (ps(d2),02), involving (pt(82),02),



Let g(lcas(ag, B2)) = lecat(xo, B2) and g(lcas(w, f1)) = lecar(xq,P1). Each case creates four
transfers, hence the number of transfers over all pairs is 4k.

Finally, for every vertex €iji/ /1 € €, create a lateral transfer from arc (ps(eijisj 1), €ijirj’ 1)
to arc (ps(g~" (T(E{‘j‘i,,j,))),g*] (T(Ei/,j,i',j/)»v involving <pT(T(€i/,j,i’,j’))’T(ei/,j,i’,j’» from T. The
number of lateral transfers is 2k.

It can be verified that this is a valid 1-active scenario, which requires 9m + 6k + (m — p) =
T+ (m — p) lateral transfers. O

It is now easy to show that the first condition of Definition 4 is satisfied. Starting from an
optimal truth assignment Wopt that satisfies OPTg clauses from @, by Claim 1 we can build a
1-active scenario of cost T+ (m — OPTg). If we denote by OPTys the cost of the optimal scenario
on T and S, then OPTys < T+ (m — OPTg) < (y + 1)m. Moreover, it is not hard to see that
a random truth assignment satisfies each clause with probability 3/4, and hence it is not hard to
find (even deterministically) an assignment OPTg that satisfies 3m/4 clause (e.g., see [8]). Thus,
without loss of generality we may assume that OPTg > 3m/4. By combining the two inequalities
we have OPTys < a- OPTg, where a = @. This completes the first part of the proof.

Let’s now verify the second condition. Suppose we are given a 1-active lateral transfer scenario
for T and S of cost ¢’. We can assume without loss of generality that ¢/ < T+ m, otherwise we
could choose any scenario built from an arbitrary assignment to replace the given one. Observe
that Claims 1-8 in [7] are true for the given scenario, while Claim 9 in [7] must be slightly modified
to fit our construction. This is the modified result:

Claim 2 [7] In any 1-active scenario for T and S, at least one element of Xi = {r(Ty3) : 1 <j <2}
is the tail of an arc involved in a lateral transfer, for every i. This requires > m lateral transfers.

Proof. Follows from the observation that, by the 1-activity conditions, only one element from X;
may be mapped to 1(Bs, ). O

Note that Claims 1-8 in [7] together with Claim 2 imply that a lower bound on the cost of
any lateral transfer scenario for T and S is equal to T. We now show that, starting from the given
scenario, it is always possible to build in polynomial time a new scenario of cost < ¢’, which induces
a consistent truth assignment on ®@. That is, we are able, by looking at the new scenario, to assign
a truth value to every literal of @ in a consistent way, i.e. all literals referring to the same variable
will be assigned the same truth value. This new scenario and its induced truth assignment will
satisfy Condition 2 of Definition 4 with b =1.

Let X, be a variable from the variable set X and Q, ={C;; : X, appears in Ci;}, w, = [Q,].
Let Ti‘j ==<=< ayj-cij = - < byj-di; => and F, be a forest of subtrees of T defined as F, =
{Ti’j : Ci)j S QV} U {8{‘-‘1, R Ci’j,Ci/’j/ € QV}. Moreover, let k, = |{<i,j,i/,j/> : Ci’j,Ci/’j/ S
Q, and i < i'}| and define T, = 2w, + 4k,

We say that a literal Cy; is well-assigned if the corresponding gene subtree Ti’]- has exactly two
arcs involved in lateral transfers. This implies that either g(lcas(cij, dij)) = lecat(cij, dij) (the
literal Cj; is assigned true) or g(lcas(aij, bij)) = lear(cij, dij) (the literal Cyj is assigned false).

We also say that literal Cyj is inconsistent with respect to Cys - if one of the two following
conditions holds:

e Cij=Cyy,andi)g(lcas(cij, dij) = lcat(cij, dij) and g(lcas(cir 7, dis /) # lear(cy 7, dir 57)
or ii) g(lcag(ai’j,bij) = ],C(lT(CiJ', di’j) and g(lcag(ai/‘j/,bi/‘j/) ;ﬁ ],C(lT(Ci/J-/, di’,j’)'

[ ] Ci,j = Ci/‘j/, and i) g(lC(ls(CiJ', di,j) = ICQT(CM, di‘j) and g(lcas(ai/,j/, bi’,j’) 75 lC(lT(Ci/J-/, di"j’)
or ii) g(lcas(aij, bij) = leat(cij, dij) and g(lcas(cir j/, divjr) # leat(cirj, dir 7).



Let I;j be the set of all literals that are inconsistent w.r.t. Cij and ij; = [Irjl.

Claim 3 If no Cy; € Q, is well-assigned, then at least T, + w, arcs in F, are involved in lateral
transfers. If there exists a well-assigned Ci; € Q.,, then at least T, + 1y arcs in F,, are involved in
transfers.

Proof. By Claims 7 and 8 in [7], T is a lower bound on the number of arcs in F, that are involved
in lateral transfers. The first part of the claim follows immediately from the fact that for each non
well-assigned literal C;; at least three transfers are required for Ti,,-, that is an additional transfer
for every literal w.r.t. the minimum scenario.

Now suppose that C;; € Q, is well-assigned, and assume that g(lcas(cyj, dij)) = leat(cij, dij),
i.e. Cyjistrue. Consider a second literal Cyi/j+ € (), that is inconsistent w.r.t. Cj;, and assume for
example that C;i; = Cy/ .. If Cys 5/ is not well-assigned, then Ty,j/ has at least three arcs involved in
lateral transfers. Conversely, if Cy j/ is inconsistent and well-assigned, it is straightforward to verify
that g(lcas(ai/ j/, birjr)) = leay(cis jr, dir jv), since any different mapping would require more than
two arcs from Ti‘]— involved in transfers. Moreover, the path from pt(bi/ j/) to ai/j- in T blocks the
path from ps(Bisj i) to &ij15in S, where by blocks we mean that at least one vertex belonging
to the path on T is mapped to a vertex from the path on S. Equally, the path from p(di;) to
cij in T blocks the path from ps(di;i /) to viji/j in S. Now, since both paths are blocked, for
any valid scenario built under these assumptions at least three arcs in the subtree 5{/,]'/,1,;'
involved in lateral transfers. An example of this case is given in figure 4 (i).

For the symmetric case where g(lcas(aij, bij)) = lcat(cij, dij) and g(lcas(cijr, dirj)) =
lecar(cys j,dirj/), i.e. Cyj is false and Cy 5 is true, a similar argument shows that Ti/’j/ or Ei/,j,i’,j/
require at least three lateral transfers.

We can therefore conclude that in both cases at least seven arcs from the subtrees Ti/‘j/, €154/
and 51/',5/‘1,;' are involved in lateral transfers; that is, the given scenario requires on these subtrees at
least one transfer more than the minimum scenario, which reaches the lower bound of six implied by
Claims 7-8 in [7]. A similar reasoning establishes the same result for the cases where Cij = Cy/ /.

Hence, for every literal not consistently assigned w.r.t C; j, at least one additional lateral transfer
is required. Thus, > T, +1i;; arcs of F,, are involved in transfers.

must be

/

O

We will now describe a simple procedure to build a new scenario of cost < ¢’ that is based
on the given scenario as a starting point. Construct a truth assignment ¥ : X — {true, false}
on @ in the following way. For each variable X,, v = 1,... n, check if there exists (can be done
in linear time) some literal Cij € Q, which is well-assigned. If this is the case, assign to X, the
truth value read from Cjyj, i.e. W(X,) = true if g(lcas(cij, dij)) = lecat(cij, dij) and ¥Y(X,) = false
if g(lcas(aij, bij)) = lear(cij, dij). If no literal in Q, is well-assigned, then assign to X, an
arbitrary truth value. Now follow the procedure described in Claim 1 and build a scenario from W.
An example of this procedure is given in figure 4. As a shorthand, call LTSt the given scenario and
LTS¢ the new scenario built from Y.

We say that a clause C;i is satisfied by a lateral transfer scenario on T and S if exactly one
element from the set {r(Ty;) : 1 <j < 2} is the tail of an arc involved in a lateral transfer. Clearly,
this is true only if Jj s.t. g(lcas(cij, dij)) = leat(cyij, dij).

LTSt has cost ¢cq = T+ (m — p), where p is the number of clauses that ¥ satisfies. In other
words, LTS¢ has a minimum number of transfers on all subtrees of S, except on the subtrees Bg,
corresponding to those clauses C; that are not satisfied by W, where an additional lateral transfer
(w.r.t. the minimum cost scenario on this tree) is required. Claims 1-8 in [7] and Claim 2 establish
that T is a lower bound for any valid scenario, hence ¢’ > T. Moreover, a clause that is not satisfied
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in LTSF can be satisfied by LTSt only by a non well-assigned literal Ci; (in the case where Cyj € Q,
and X, is arbitrarily assigned) or by a literal which is inconsistent w.r.t. the chosen assignment
Y(X,). By Claim 3, this implies that LTS has at least one lateral transfer more than the minimum
scenario for each clause that is true in LTSy and false in LTSf. Hence, ¢’ > T+ (m — p).

Therefore, given any scenario on S and T, we are able to build in polynomial time a new scenario
of cost T+ (m—p) < ¢’ which corresponds to a valid truth assignment on @ that satisfies p clauses.
Hence, condition 2 of Definition 4 holds with b = 1. The theorem follows.

3 Hardness of Approximation of the x-active LGT PROBLEM
(Proof of Theorem 2(a))

Once again, we L-reduce from MAX-2SAT-B. Let T* and S* respectively be the gene and species
tree of the a-active LGT PROBLEM instance. Build T* and S* by following the procedure given
in [7]. The details on this construction are here omitted. Starting from an optimal truth assignment
Wopt that satisfies OPTg clauses from @, first create a 1-active scenario on T and S by applying the
construction described in Claim 1. Use this scenario to construct an «-active scenario for T* and
S$* as shown in [7]. The cost of this scenario is T* + (m — OPTg), where T = T+ (x — 1), and hence
OPTy+ s« < 1" + (m — OPTg). From Theorem 1, we know that T < ym, where y =9 +6B(B —1).
For all sufficiently large values of m, we have ™ < (y +1)m and OPTy« s+ < (y + 2)m. Thus, the
the first condition from Definition 4 is satisfied, with a = 4(Y3+ 2),

Consider now an «-active scenario for T* and S* of cost ¢*. We can assume w.l.o.g. that
c¢* < 1% 4+ m,; if this were not the case, any scenario built from an arbitrary truth assignment would
do better, and we could use this scenario as a starting point. Notice that any o-active scenario
requires at least o — 1 lateral transfers for subtrees T ..., T* ! and S*. Therefore, at most T+ m
transfers are involved in the partial scenario for T and S*. By Claim 11 of [7], the x-active scenario
for T and S* induces a 1-active scenario for T and S of cost < T+ m. It has been shown that any
1-active scenario for T and S of cost ¢’ induces a truth assignment on @ that satisfies p clauses,
where p is s.t. ¢/ > 1+ (m — p). It follows that ¢c* =c¢’ + («—1) > 7 + (m — p). Thus, the the
second condition of Definition 4 is satisfied with b = 1. This concludes our proof.

4 Hard Inapproximability Bounds (Proofs of Theorem 1(b) and
Theorem 2(b))

Berman and Karpinski [3] proved that it is NP-hard to approximate MAX-2SAT-3 to within a factor
2012/2011 —k, for every k > 0. The following result from [10] allows us to compute approximation
ratios that are NP-hard to achieve for the l-active and o-active LGT PROBLEM from that of
MAX-2SAT-3.

Proposition 1 [10] Let TT and TT’ be two optimization problems. IfT1 L-reduces to 11", and there is
a polynomial time approximation algorithm for TI' with worst-case error ¢, then there is a polynomial
time approximation algorithm for TT with worst-case error abe, where a and b are the constants of
the L-reduction.

Proposition 1 can be stated equivalently as follows: if approximating TT to within an approxi-
mation ratio smaller than 1+ ¢ is NP-hard, then achieving an approximation ratio for TT’ smaller
than 1+ ¢/(ab) is also NP-hard.
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Consider the L-reduction for the l-active case. We have a = %‘3(84), which implies a =

184/3 for B = 3, and b = 1. It follows that, for the l-active LGT PROBLEM it is NP-hard to
achieve an approximation ratio of 370027/370024 — «, for every k > 0.

Similarly, for the o-active case, a = w, which implies a = 188/3 for B =3, and b = 1.
This shows that it is NP-hard to approximate the x-active LGT PROBLEM to within a factor of

378071/378068 — k, for every k > 0.

5 Upper Bound of Cost of T-active Scenario (Proof of Lemma 1)

We first describe a procedure to build a 1-active scenario of cost n — 2 for any given gene and
species trees. Let T be a gene tree and S be a species tree that satisfy L(T) = L(S). We order the
internal vertices (i.e. all vertices except the leaves) of T, by imposing the ordering produced by a
post-order traversal on the subtree of T containing the internal nodes only. Recall that a post-order
traversal processes all vertices of a tree by recursively visiting all subtrees, then finally processing
the root. Let {aj, ay,...,an_1} be the ordered sequence of internal vertices, where a,,_1 is the root
of T.

In the following description we will slightly abuse of notation, by applying the concepts of parent
and children to nodes of S’. In this context, ps/(v), where v € V(S’) has in-degree one, denotes the
tail of Vv’s unique incoming arc; lss/(v) and rss/(v), where v € V(S’) N V(S), respectively refer to
the nodes of S’ that are first in the paths from v to lsg(v) and from v to rss(v). We will now give
a procedure to build a scenario (S’,A’,g) for T and S. Let g(1) =1 for all 1 € L(S) and, for every i
from 1 to n — 2, create the following lateral transfer:

o from arc (ps/(g~'(Ist(ai))), g7 (Ist(ai))) to arc (ps/ (g~ (rst(ai))), g (rst(a;))), involving
(ai, rst(ay)) from T,

Note that the post-ordering ensures that both children of a; have been processed when vertex
a; is considered, hence g~ '(rs7(a;)) and g~ '(rst(a;i)) are defined. Also, observe that all lateral
transfers in this scenario are incident on arcs of S that connect parents to leaves. Now, let b =
lcas/ (g " (Ist(r(T)), g~ (rs7(r(T))), and for all vertices v; belonging to the path connecting lss/(b)
to g~ (Ist(r(T)), let g(vi) = ls7(v(T). Similarly, for all vertices u; belonging to the path connecting
rss/(b) to g N (rsT(v(T)), let g(ui) = rsT(v(T). Finally, map all vertices in the path from the root
of S to b, to the root of T. An example of this procedure is shown in Figure 3.

It is straightforward to verify that the resulting scenario does not contain mixed cycles, since
all transfers are non-intersecting by construction. In addition, all conditions from Definition 2 are
satisfied, hence the procedure yields a valid 1-active scenario. It is also easy to see that the running
time of this algorithm is linear in the size of the trees.

We now show that this upper bound is tight by giving a simple example of a gene tree and a
species tree that require at least n — 2 lateral transfers for any 1-active scenario.

Let £ be the set of labels {a; : 1 < i < n}, where n is a positive constant. Consider the gene
tree T and species tree S shown in figure 5, both over the same set of labels L:

n
T =< 1_[(11'L -
i=1

1
S=< 1_[(11'L >
i=n
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We will show that any 1-active scenario for T and S requires at least n — 2 lateral transfers. The
result follows from the following Claim.

Claim 4 Let X ={pt(ai) : 1 <i<mn}, that is, X is the set all internal nodes of T except the root.
In any 1-active lateral transfer scenario for T and S, every element of X is tail of an arc involved
i a lateral transfer.

Proof. Assume that a node x € X is not tail of an arc of T involved in a lateral transfer. This
means that x € g(v), for all nodes v € V(S’) \ V(S), which implies that there exists a nodey € S
such that x € g(y), where y >s lcag(x). But lcag(x) = r(S) for all x € X, hence y = r(S). This is
a contradiction, since r(T) € g(r(S)), by Condition 1 of Definition 2, and x # r(T). It follows that
x must be involved in a lateral transfer. O

Therefore, any 1-active scenario for T and S has at least [X| = n — 2 lateral transfers.
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APPENDIX

Our construction of T and S from @ is taken from the NP-completeness proof given in [7]. The
only difference is that in our case the index j in Cj; ranges between 1 and 2, rather than 1 and 3
(their reduction is from 3SAT). For the convenience of readers, we review this construction here.

5.1 Construction of T

The gene tree T consists of four subtrees:
e the twister gadgets 7 used to assign the variables,
e the road block gadgets R used to control the variable selection,
e the enforcement gadgets € used to force consistency of a truth assignment,
e the backbone gadgets B used to constrain the shape of the scenario.

Twister T Subtree. For every literal C; ; in @, construct, over the set of leaves {ay j, bij, ¢ij, dij, €ijl,
the subtree:
Tij === ayjcij = < byjdij--eyy-.

The subtree 7 is built from all subtrees 7; ; and an additional set of leaves {tijx:1 <k < Tt} as:

Road Block R Subtree. For each literal Cy; in @, create the set of leaves {rji:1 <k < tHuUfr] ik:
1 <k <1'}. Let R be the subtree:

m 2 T+ T+
R=<]]II =Rl Riy== Ri;=<]Irije= Riy=<]]rijn>-
i=1 j=1 k=1 k=1

Enforcer € Subtree. For each pair of literals Cij and Cyi/j» in @, 1 < i/, such that Ci; = Cy 5/ or
Cij = Cy v, create two subtrees on the following set of leaves:

{ocigrgn & rgs B,y Birgrigs Yijanin Yiri i Ouiirin 0ur v i)

Uleijirgre: T <k<tuferyijr:1<k<th

If Cij = Cys s (either literals both positive or both negative in @), create the subtree:
i === Oy Yingrig = = Biig Sy

!
Eirjrij === Xirjrij - Yijii = - < Bijrij Oiging =,

T+ T
/ /!
€y === €y | [ewgr = <€y [ Tevyin=~-
k=1 k=1

If Cij = Cysj (one literal positive and the other negative in @), create the subtree:

!
€ij1rjr === Xijiry - Xirjrij = - < Bijirg - Birjrig =
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!
€1 g i ===Yi"j i Yiji g~ < Oujri Oiging

Tt Tt
/ /
iy === &5 | | €ijifik ™ = E€yyriye | | €V i/ ik = -
k=1 k=1

Finally, construct the € subtree as follows:
m—1 2 m 2  —

Eijirir ifCi-:Ci/-/orC--:C-/-/andi#i’
€ — G J T Jj i i o
= H U ) H H { Q otherwise

i=1 j=1 V/=i+1j’=1

Backbone B Subtree. Construct, over the set of leaves {fix: 1 <i<m,1 <k <1t} the subtree:

m T+
B=<]]=<][fx~-
i=1 k=1

Finally, let the gene tree T be equal to: T=<7 -R-€-B >.

5.2 Construction of S

The species tree S is composed of four subtrees, 7s, Rg, €s, Bs, which ”complement” those of T.

Twister Support Ts Subtree. Construct, for each literal Ci; in @, a subtree 7s,; over the set
of labels {tijr: 1 <k <t'}k

Tt
'Tsi,j == Hti’j’k - .
k=1
Now build 7s from the set 7s, ; as:
m 2
711115, -
i=1 j=1
Road Block Support Rs Subtree. Repeat the construction for 7s changing the leaf set to {r] i1 <
k <tth
~t
Rs.; == HT{,i,k -~
k=1
Let Rgs be equal to:
m 2
Ro=<TT[TRs., -
i=1 j=1

Enforcer Support €s Subtree. For each pair of literals Ci; and Cy/j in @, i < i’, such that
Cij = Cy j or Cyj = Cyjr, create a subtree €s, iy On the following set of leaves:

{egjujr: 1 <k<tHU{erj i1 <k< T
Tt Tt
s 50050 = H CLjirj ke = H CU gk 7
k=1 k=1
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Then construct the subtree £g from the set of Ssij v
2 m

€5 =< nﬁ H H ﬁ { ;Sm,‘i,‘j, if Ci‘j = Ci/,j/ or Ci,j :T"j’ and 1 75 i/ } .

1111 11 otherwise
i=1 j=1 V/=i+1j'=1

Backbone Support Bs Subtree. For every literal Cy; in @, create the subtree Bg, ; over the following
set of leaves:

{aij, bij,cij,dijt U {rijr:1<k<t U

{oijirgr: Cij = Cuyror Cij = Cuyn i # 1} U {Byjargr: Ciy = Cuyroor Ciy = Curyr i #17} U

—_— . e L
Wijary: Ciy = Cuyroor Cuy= Cuyr i #1) U (i Gy = Curyroor Ciy = Curyr i # 17
The subtree Bg, ; is equal to:

m 2 ) —_— .,
Bs,. =< ai; aijing s Bigiy i Cij = Cujror Ciy = Cuyni#i
Siy == @i ;
' %) otherwise
i’=13'=1
V41

- otherwise
i'=1j'=1

O ST Yiws S if Ciy= Cuyoor Coj=Cryr, i # 1
i [ [ [risn | e | TT1] 2 “dij =
k=1

4

For each clause Cj create the set of leaves {e;;: 1 < j < 2} and build the subtree e; =< ej1-€i2 > .

Create the subtree Bs, =< Bs, ; - Bs, , - €; =. Lastly, create the additional set of leaves {fi;: 1 <
i<m,1<j<t'}, and construct Bs as follows:

m "
BS:<H ‘<BSi'Hfi,k>‘ ~ .
i=1 k=1

Finally, let the species tree S be equal to: S =< 7s-Rg- g - Bs > .
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Figure 1: The tree T=< 1ty -ty ... -ty >.

Figure 2: Lateral transfer scenario for subtree Bs, when the corresponding clause C; is (i) satisfied
and (ii) not satisfied. Notice that the scenario requires one transfer more for non satisfied clauses.

(i) (i

Figure 3: An example of scenario built from the construction procedure illustrated below. (i)
is the gene tree and (ii) the scenario built on the species tree. The dashed arcs are the lateral

transfers. Here, g(x1) = {b1bz}, g(x2) = {b3bal, g(x3) = g(x4) = {b1b2bsb4}, g(x5) = g(xe) = {bs},
g(r(S)) = r(T). Note that this isn’t the minimum scenario.
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(ii)

Figure 4: Consider the formula ®= (X7 V X3)(X; V Xz). (i) represents a partial scenario where
literals Cy 7 and C;; are well-assigned and inconsistent (Cy 7 is assigned true and C,; false). The
figure on the left depicts the twister gadgets (77,1,72,1) and enforcement gadgets (€7751,€5111)
corresponding to the literals (Cy 1, C,1) which are instances of Xj. The dashed arcs ‘are involved
in lateral transfers. The dashed arrows in the figure on the right represent the lateral transfers.
Notice that both paths from pS(élj,Z,]) to Y1,1.21 and from ps([?)zj‘]‘]) to «z 1,11 are blocked re-
spectively by {c11,a1,1} ,{az1,¢c21} € 7. Thus, an additional transfer from arc (ps(d1,12,1),81,1,2,1)
to (Ps(v1,1,2,1),Y1,1,2,1) is necessary. (ii) represents the new partial scenario obtained by applying
the procedure described below to the scenario depicted in (i). Here we are assuming that the pro-
cedure assigns to X; the value read from the well-assigned literal C, 1 (false). Notice that this new
scenario has one transfer less (it is a minimal partial scenario for these subtrees).
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{ajate glxy)
a {ajaag} e glxp)
{agayaga} € g(x3)
{ajayagaagte glxq)
{alazaaaAasae} €g(x),i=56789

Figure 5: An example of gene tree T (i) and the species tree S (ii) with n = 6. The dashed arcs in
(ii) represent the lateral transfers. Note that 4 transfers are necessary for any scenario.
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