192 No. 95 Zhang Inferring a Sp ecies T ree from Gene T rees under the Deep Coalescence Cost Louxin Zhang lxzhang@krdl.org.sg Kenr Ridge Digital Labs and BioInformatics Cen tre, National Univ ersit y of Singap ore, 21 Heng Mui Kang T errace, Singap ore 119613 Keyw ords: gene and sp ecies trees, gene duplications, coalescency theory , algorithms 1 In tro duction Gene trees are fundamen tal to molecular systematics. Suc h trees, constructed from DNA sequences v ariation at individual genetic lo ci, are mainly used to infer ph ylogenies of the taxa that b ear these genes. Ho w ev er, b ecause of the presence of paralogy , lineage sorting, and horizon tal transfer, gene trees and sp ecies trees are often inconsisten t (see [1] for example) and so a program that sequences copies of a single gene from v arious sp ecies to reconstruct the sp ecies tree can yield an erroneous sp ecies tree ev en if the gene tree is absolutely correct. Hence, a fundamen tal problem that arises in the study is ho w to reconcile di�eren t gene trees in to one sp ecies tree [1, 4]. Eac h ev en t of gene duplications, lineage sorting, and horizon tal transfer o ccurs under di�eren t circumstances. F or example, deep coalescence ev en ts dep end on v arious factors; and they are more lik ely if the sp ecies branc hes are short (in generations) and wide (in p opulation size) [3]. The lineage sorting w as in v estigated in [3] using coalescence theory . The failure of ancestral gene copies to coalesce (lo oking bac kw ards in time) in to a common ancestral cop y un til deep er than the previous sp eciation ev en t is called a de ep c o alesc enc e event . Suc h a ev en t is illustrated in Figure 1. The de ep c o alesc enc e c ost is de�ned as the n um b er of \extra" gene lineages that fail to coalesce on sp ecies branc hes [3]. F or example, the sp ecies tree in Figure 1, has a branc h with t w o \extra" gene lineages and a branc h with one \extra" gene lineages, for the deep coalescence cost 3. In this w ork, w e mainly in v estigate the issue of inferring a sp ecies tree from gene trees using the deep coalescence cost. Deep Coalescences a b c d c b a d Gene tree Sp ecies tree Figure 1: De ep c o alesc enc e events 2 The deep coalescence cost F or a set I of N biological taxa, the mo del for their ev olutionary history is a ro oted full binary tree T where there are N lea v es eac h uniquely lab eled b y a taxon in I and N � 1 unlab eled in ternal no des. Here the term \full" means that eac h in ternal no de has exactly t w o c hildren. Suc h a tree is called a sp e cies tr e e . In a sp ecies tree, w e treat an in ternal no de as a cluster whic h includes as its mem b ers its sub ordinate sp ecies represen ted b y the lea v es b elo w it. The mo del for gene relationship is a ro oted full binary tree with lab eled lea v es. W e use the sp ecies to lab el the genes app earing in it. Th us, the lab els in a gene tree ma y not b e unique.

No. 95 Zhang 193 Let G b e a gene tree and S a sp ecies tree suc h that L ( G ) = L ( S ), where L ( G ) ( L ( S )) denotes the set of leaf lab els in the tree. F or s 0 ; s 00 2 S , the le ast c ommon anc estor of s 0 and s 00 is de�ned to b e the smallest no de s 2 S suc h that s 0 ; s 00 � s , whic h is denoted b y lca( s 0 ; s 00 ). F or an y no de g 2 G , w e de�ne M ( g ) as M ( g ) = ( g ; g 2 L ( G ) lca( M ( a ( g )) ; M ( b ( g ))) ; g 62 L ( G ). This corresp ondence M will b e called the lc a mapping from G to S . Under the lca mapping M from G to S , if a sp ecies branc h e in S is on k paths from M ( p ( g i )) to M ( g i ), g i 2 G (1 � i � k ), then w e sa y that there are k � 1 \extra" lineages on e and these k � 1 lineages fails to c o alesc e along e . The de ep c o alesc enc e c ost denoted b y t dc ( G; S ) is de�ned to b e the n um b er of \extra" gene branc hes on sp ecies branc hes [3]. First, w e pro v e a form ula that relates the deep coalescence cost to the loss cost, and the duplication cost that w ere prop osed b y P age indep enden tly [5]. Theorem 2.1 L et G b e a unique le af-lab ele d gene tr e e and S a sp e cies tr e e such that L ( G ) = L ( S ) . Then, t dc ( G; S ) = t l oss ( G; S ) � 2 t dup ( G; S ) . 3 Inferring a sp ecies tree from gene trees The problem of inferring a sp ecies tree from gene trees can b e form ulated as �nding the most parsi- monious sp ecies tree b y minimizing the deep coalescence cost. Using the tec hnique from [2], w e can pro v e that Theorem 3.1 Inferring a sp e cies tr e e fr om gene tr e es is NP-har d under the de ep c o alesc enc e c ost. Since inferring a sp ecies tree from gene trees is NP-hard, there is unlik ely a p olynomial time algorithm for it unless N P = P . Since the duplication cost is m uc h smaller than the loss cost when the gene trees are large, the deep coalescence cost is appro ximately equal to the loss cost b y Theorem 2.1. Therefore, w e ha v e implemen ted the follo wing heuristic algorithm for the problem based on the study on the loss cost ([2]): Input: A set of gene tree G 1 ; G 2 ; � � � ; G n . 1. Use the heuristic algorithm in [2] to �nd optimal sp ecies trees T under the loss lost. 2. Searc h for optimal sp ecies trees from T using alternate nearest neigh b or in terc hange and CP (cut and paste). References [1] Fitc h, W.M., Distinguishing homologous from analogous proteins, Syst. Zo ol. , 19(2):99{113, 1970. [2] Ma, B., Li, M., and Zhang, L., F rom gene trees to sp ecies trees, T o app ear on SIAM Journal on Computing . Its extended abstract app eared on R e c omb’98 , 182{191, New Y ork, 1998. [3] Maddison, W. P ., Gene trees in sp ecies trees, Syst. Biol. 46:523{536, 1997. [4] Nei, M., Molecular Ev olutionary Genetics, Colum bia Univ ersit y Press, New Y ork, 1987. [5] P age, R., Maps b et w een trees and cladistic analysis of historical asso ciations among genes, or- ganisms, and areas, Syst. Biol. 43:58{77, 1994. [6] My ers, G., Selznic k, S., Zhang, Z. and Miller, W., Progressiv e m ultiple alignmen t with constrain ts, J. Comput. Biol. , 3(4):563{572, 1996.