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Abstract 

The basic rearrangement phylogeny methods require that the genomic content be the 

same in all the organisms being compared, and so are not applicable when one or 

more of the genomes being compared derive from ancestral whole genome doubling 

(WGD) events. In this thesis I developed algorithms for rearrangement phylogeny 

for sets of related genomes that include both descendants of WGD and unduplicated 

genomes. Furthermore I investigated the properties of these algorithms and validated 

them by applying them to real data. 

I defined various possible local configurations of doubled and unduplicated genomes 

in a given phylogeny, each of which requires a different strategy for integrating ge­

nomic distance, halving and rearrangement median algorithms. 

The genome halving algorithm of El-Mabrouk and Sankoff efficiently reconstructs 

an ancestral pre-doubling genome from the chromosomal distribution of duplicate 

genes created by this event and remaining today in the descendant genome. How­

ever, this algorithm can produce many alternate optimal solutions. To reduce this 

non-uniqeness, hopefully to only one solution, I developed the guided genome halving 

algorithm. This rapidly and accurately constructs an optimal ancestor closest to one 

or more outgroups. 

As I refined this algorithm, I applied it to successively larger data sets, increasing 

in size over more than two orders of magnitude. Thus I constructed the ancestors 
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of cereals, based on duplicate markers in maize and using rice and sorghum as out­

liers. I reconstructed genomes corresponding to the ancestral nodes of yeasts in the 

Saccharomyces complex, as well as the ancestor of poplar, based on grapevine and 

papaya as outgroups. 

I studied two cases involving two WGD descendants, one where the doubling pre­

cedes a speciation event and another where doubling occurs independently in both 

lineages initiated by a speciation event. I developed combinatorial algorithms per­

mitting us to decide which of these options best explains the data. 

To take into account the massive loss of genes following ancestral genome dou­

bling, I developed a method to incorporate the defective gene sets into consideration 

and evaluate the effects of these lost genes on the reconstruction of the ancestor. 
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Resume 

Les methodes phylogenetiques basees sur l'ordre de genes, dont la phylogenie de 

rearrangement, exigent que les especes comparees ont toutes le meme contenu genomique. 

Ces methodes ne sont done pas applicables lorsque l'un ou plusieurs des genomes ont 

des origines dans des evenements de tetraplo'idisation (ou duplication du genome en-

tier - DGE). Dans cette these, j 'ai developpe des algorithmes pour la phylogenie 

de rearrangement applicables aux ensembles de genomes qui comprennent a la fois 

des descendants de DGE ainsi que des genomes non-dupliques. De plus, j 'ai etudie 

les proprietes de ces algorithmes et je les ai verifie en les appliquant a de veritables 

donnees. 

J'ai repere plusieurs configurations locales de genomes dupliques et non-dupliques 

dans une phylogenie, dont chacun exige une strategie specifique qui integre les algo­

rithmes de distance genomique, de de-tetraploi'disation et de mediane genomique. 

L'algorithme de de-tetraplo'idisation d'El-Mabrouk et Sankoff reconstruit de facon 

efficace les chromosomes de l'ancetre du tetraploide a partir de la distribution actuelle 

de genes dupliques qui restent aujourd'hui dans le genome du descendant. Toutefois, 

cet algorithme peut produire de nombreures solutions optimales tres differentes. Pour 

reduire cette non-unicite, j 'ai developpe un algorithme de de-tetraploidisation guidee: 

Ceci construit rapidement et avec precision a un ancetre le plus proche de l'un ou 

plusieurs genomes diploides de reference. 

J'ai du raffiner cet algorithme a force de l'appliquer successivement a des plus 

grands ensembles de donnees, a travers de plus de deux ordres de grandeur. Ainsi, 

j 'ai construit les ancetres des cereales, sur la base de marqueurs dupliques en mai's et 

presents aussi dans le riz et le sorgho comme genomes de reference. J'ai reconstruit 

genomes ancestraux des levures dans le groupe de Saccharomyces, ainsi que l'ancetre 
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de peuplier, avec la vigne et la papaye comme genomes de reference. 

J'ai etudie deux cas impliquant deux DGE descendants, l'un ou la DGE precede la 

speciation et l'autre ou une duplication se produit de fagon independante dans les deux 

lignees initiees par un evenement de speciation. J'ai elabore des algorithmes combi-

natoires permettant de decider laquelle de ces options mieux explique les donnees. 

Pour tenir compte de la perte massive de genes ancestraux consequent a un DGE, 

j'ai propose une methode permettant d'integrer les ensembles incomplets d'orthologuls 

dans l'analyse et d'evaluer les effets de la perte des genes manquants sur la recon­

struction de l'ancetre. 
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Chapter 1 

General introduction 

1.1 Rearrangement phylogeny 

The entire complement of genetic material carried by an individual is called the 

genome. With the exception of some viruses, each genome is physically composed of 

molecules of deoxyribonucleic acid (DNA). In higher organisms, the nuclear genome 

is partitioned among a number of chromosomes, each chromosome carrying its own 

characteristic DNA. The DNA consists of two complementary strands twisted around 

each other to form a right-handed double helix. A gene is a segment of DNA sequence 

with a specific function such as coding for a protein or RNA structure. Genes can 

be ordered according to the location of their DNAs on a chromosome. Because genes 

may be located on either strand of a DNA molecule, a sign (+/-) is usually used to 

indicate on which strand a gene is found. Gene content and gene order are generally 

identical in all the cells of an individual organism and, for our purposes, in all the 

individuals of a species. 

If two genes are similar due to a shared common ancestor gene, they are called 

homologs. There are two kinds of homologs, namely orthologs and paralogs. Or-

1 
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thologs are genes in different species that evolved from a common ancestral gene by 

speciation. Paralogs are genes in a single genome related by a duplication event in 

some ancestor of that genome. Single orthologs tend to retain the same function over 

long periods of time in the course of evolution, whereas some paralogs evolve new 

functions relatively quickly, often related to the original one, through the processes 

of neofunctionalization or subfunctionalization. 

Since the genome is structurally specific to each species, insofar as it changes 

slowly over time, genome comparison among related species can provide us with 

much evidence about evolution. This includes reconstructing the phylogenetic tree 

and the changes that have occurred over the branches of this tree. 

A phylogenetic tree represents the evolutionary relationships among a set of 

related species. Reconstructing the phylogenetic tree is a fundamental problem in 

computational biology. The genomes of two closely related species are more similar 

than those of two distantly related species. Consequently, by comparing the genomic 

similarities among species, we can deduce the evolutionary history of these species in 

terms of speciation and divergence processes. 

We may distinguish two types of genomic change. One is local, such as point mu­

tations or small insertions and deletions in the DNA sequence. The other is genome 

rearrangement, involving the movement of large or small fragments of the chromo­

some, such as inversion or transposition. There are correspondingly two approaches 

to comparing genomes when reconstructing the phylogenetic tree. The traditional one 

is to count local changes such as point mutations. The other way, which is adopted 

in this thesis, is to compare the order of the genes or other markers in genomes, as 

they have been affected by genome rearrangement. 

Genome rearrangements are an important aspect of speciation and the evolu­

tionary divergence of species. Because of genome rearrangement, the gene order of 
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different species can be quite different while the gene content is almost identical. 

Although genome rearrangements are much less frequent than point mutation, they 

are important because they involve major segments of the genome and are likely to 

be involved in speciation during evolution. Rearrangement phylogenetics constructs 

phylogenetic trees by comparing the gene order data of different species. It provides 

an approach to phylogenetics independent of that based on nucleotide or amino acid 

sequence divergence. 

The basic rearrangement phylogeny methods [26,139,170] require that the ge­

nomic content be the same in all the organisms being compared, so that every marker 

in one genome can be identified with a single orthologous counterpart in each of 

the others, though adjustments can be made for a limited amount of deletion, in­

sertion [205] and duplication [171] of chromosomal material. This thesis is largely 

devoted to overcoming the identical-content limitation in important contexts where 

it is completely inappropriate. 

1.2 Whole genome duplication 

Polyploidization is a special class of mutation that multiplies the content of the 

genome. It can occur via several mechanisms, such as genomic doubling, gametic 

non-reduction and polyspermy. Polyploidy is widespread in plants (e.g., 30-80% of 

angiosperms are descended from polyploids) and animals [147]. It plays an important 

role in ecology and evolution, allowing populations of species to occupy new niches 

and to develop new genetic networks, and often leads to speciation, with the poly­

ploid becoming reproductively isolated from the original diploid. The most frequent 

polyploidy event is tetraploidization, after which meiosis is characterized not by the 

normal pairings of one maternal and one paternal chromosome, but by quadriva-
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lent alignment of chromosomes or other combinations. Tetraploidization is followed 

by a period of re-diploidization, where distinct chromosomal pairings again emerge, 

though in twice the original number, a process mediated by sequence divergence and 

by genome rearrangement through intra- and interchromosomal movement of genetic 

material. The present-day genome (often still referred loosely as a tetraploid) can 

be decomposed into a set of duplicated synteny blocks dispersed among the chro­

mosomes. There is usually no obvious way of partitioning the blocks into two sets 

according to which ones were together in the original tetraploid. 

In this thesis, the terms "whole genome duplication" and "tetraploidization" are 

used largely interchangeably, even though the latter connotes more specific mecha­

nisms than the former. Indeed, some authors eschew the term "tetraploidization" in 

order to avoid implying the process by which the genome became doubled, or to avoid 

the anomaly of applying the label "tetraploid" to some generally haploid organism, 

like some yeasts, that has undergone WGD. Since my mathematical and algorithmic 

approach in no way depends on these considerations, I hope the reader will forgive 

these usages. 

Genomic distance or rearrangement phylogeny algorithms are not applicable 

when some of the species descend from a tetraploid, since there may be many two-to-

one relationships between markers in the doubled genomes and those in the undupli-

cated species, whose divergence predates the doubling event. As we stressed above, 

these algorithms require one-to-one correspondences. 

However, reconstruction of ancestral genomes can potentially be achieved through 

comparative analysis of genome content and structure for extant species, combining 

information from gene duplication histories (developed through analysis of sequence 

similarities or gene trees) and chromosomal gene locations to identify duplicated 

blocks of genes or DNA sequence dispersed among the chromosomes in one or more 
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species. Note that sequence analysis tools are not directly applicable to this prob­

lem because all pairs of duplicates in doubled genomes were generated at the same 

historical moment. 

The genome halving problem is thus to reconstruct the ancestral genome on 

the basis of a decomposition of the present-day genome into a set of apparently 

duplicated blocks of genes or DNA sequence dispersed among the chromosomes. A 

quantitative approach to this problem was first discussed by Seoighe and Wolfe [180] 

in the context of the genome doubling of the ancestor of the yeast Saccharomyces 

cerevisiae. At the same time, motivated by studies of genome duplication in early 

vertebrates [143], El-Mabrouk and colleagues [47,48,50] published a series of papers 

on the combinatorial optimization approach to the problem, culminating in a general 

solution [51]. Further refinements have been published by Alekseyev and Pevzner [6], 

Warren and Sankoff [219] and Mixtacki [136]. 

Seoighe and Wolfe [180] noted an extreme degree of non-uniqueness associated 

with the solution to the genome halving problem. Many, rather different, genomes 

serve equally well as the pre-doubling ancestor, according to the optimization crite­

rion. These authors suggested that this difficulty could be attenuated through the 

use of a reference genome, or outgroup. The suggestion to use a reference genome was 

taken up to study the post-tetraploidization evolution of S. cerevisiae, both in refer­

ence to the genome of Ashbya gossypii [44] and to that of Kluyveromyces waltii [86], 

though without recourse to genome rearrangement or genome halving algorithms. 

Similar research compared mammalian genomes with the tetraploid ancestor of the 

puffer-fish Tetraodon nigroviridis [80]. 

Genome halving for the reconstruction of the pre-doubling ancestral genomes 

is important not only for phylogenetic purposes, but also to improve our ability to 

resolve correlated gene arrangements among taxa [27], which in turn provides a valu-
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able framework for inference of shared ancestry of genes and for the utilization of 

findings from model organisms to study less well-understood systems. In addition 

it can also reveal patterns of differential gene loss following genome duplication, dif­

ferential gene retention associated with evolution of some morphological complexity, 

and unexpectedly large variation among taxa in DNA substitution rates [207]. 

Complications of genome halving include not only the non-uniqueness of the 

solutions, but also the fact that whole-genome duplication may be followed, over evo­

lutionary time, by genome downsizing (paralog extinction and the loss of noncoding 

DNA), sharply reducing the amount of data available to the algorithms, as well as 

continual gene duplication events that do not involve WGD. 

1.3 The objectives of the thesis 

My research aims to provide an overall strategy and to develop algorithms for rear­

rangement phylogeny for sets of related genomes that include some that have under­

gone doubling. 

I pose the computational problems only within the framework of the "small" 

phylogenetic problem1, i.e., identifying the ancestral genomes for a given phylogeny 

that jointly minimize the sum of the rearrangement distances along the branches of 

that phylogeny. Then I apply the algorithms to reconstruct the ancestors of maize, 

of Saccharomyces and of Populus, each of which shows strong evidence of an ancient 

whole genome duplication [60,213,227]. 

xThe "large" problem of constructing the branching order of the phylogeny is a separate and 
independent question. For the data sets I consider, there is little debate over the tree structure. 
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1.4 The data 

1.4.1 The cereals 

It is generally agreed that the maize genome underwent a genome doubling event 

some 11-16 million years ago [60]. While some duplicated regions clearly attest to 

this event, there is no consensus on the exact inventory of such regions. Moore et al. 

and Wilson et al. [137,225] presented two largely consistent views of syntenic blocks 

across the cereals based on the mapping evidence at the time. These included 14 

and 19 duplicated blocks in the maize genome. Gaut [61] gave a more comprehensive 

account of the pattern of 23 duplicated regions, based on maize genomic sequence 

data in 2001. He did not completely establish the relative position of all the syntenies 

on the chromosomes in this work. 

Even now that the rice genome has been sequenced, and the maize genome project 

is well-advanced, it is no trivial matter to identify the duplicate blocks resulting from 

the tetraploidization event. The maize genome has many other duplicated segments 

dating from periods both after and before the tetraploidization and even before the di­

vergence from the other cereals. This is complicated by post-tetraploidization genome 

rearrangement events, deletions and insertions of genetic material, transpositions of 

genes or larger segments from one site on the genome to another, and loss of homology 

between the parts of the duplicated regions. 

The databank which has the most information on the syntenies among the ce­

real genomes is Gramene [82]. The current version at time of writing is release 21. 

From this we can obtain a conservative (i.e., confined to high homology regions only) 

estimates of duplicate blocks by comparison with the rice genome. For example, in 

Figure 1.1, we can visually identify large duplicated regions in chromosomes 1 and 9, 
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Figure 1.1: Syntenies between rice chromosome 1 and maize chromosomes, as pro­
duced by Gramene [82]. 

chromosomes 1 and 5, and possibly a number of smaller ones, all by virtue of their 

common homology with regions of rice chromosome 3. 

Unfortunately, there is as yet no comparison of syntenic blocks between sorghum 

and the other genomes on Gramene. However, there are extensive mapping data of 

various kinds of markers. We bolstered our preceding data collection by searching sets 
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Figure 1.2: Order of syntenic blocks in rice, sorghum and, in two copies each, maize. 

of duplicate markers in maize that had single copies in sorghum and rice, comparing 

mainly the Patterson 2003 genetic map for sorghum, the IBM2 Neighbours 2004 and 

Cornell Wilson 1999 genetic maps for maize and the Annotated Nipponbare Sequence 

2006 sequence map for rice. All the markers satisfying these criteria fell into the rice-

maize syntenies established previously. Based on these criteria, i.e., markers identified 

as homologous in Gramene, with a single copy in each of rice and sorghum and two 

copies in maize, plus the requirement that the maize and rice copies fall into the 

appropriate, previous identified, rice-maize syntenic blocks, we could now identify 34 

syntenic blocks as basic data for our reconstruction. These data are depicted in Figure 

1.2, but should be considered to constitute a working hypothesis; definitive data must 

await the finishing of the maize genome, the sequencing of the sorghum genome, and 

the further application of global alignment and synteny block construction methods. 
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S. cerevisiae 

S. bayanus 

C. glabrata 

S. castellii 

K. polysporus 
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S. kluyveri 

K. lactis 

A. gossypii 

Figure 1.3: Phylogenetic tree of yeasts, provided by [31,95,177]. 

1.4.2 Yeast 

In 1997, Wolfe and Shields [227] discovered an ancient genome doubling in the ancestry 

of Saccharomyces cerevisiae, after this organism became the first eukaryote to have 

its genome sequenced [62]. According to [31,95,177], five out of the nine yeasts in the 

phylogenetic tree of Fig 1.3 are doubling descendants which share the same doubled 

ancestor. The Yeast Gene Order Browser [31](YGOB) provides the gene order of 

these nine yeasts as well as a reconstruction of the doubled ancestor. Of particular 

interest is that YGOB contains inferences about which of the two duplicates in one 

genome is orthologous to which duplicate in the other genome. This will prove to be 

of great help in validating our methods. 

1.4.3 Angiosperms 

The poplar (Populus trichocarpa) has undergone whole genome duplication followed 

by extensive chromosomal rearrangement, and is one of four angiosperm genomes, 

along with those of Carica papaya (papaya), Vitis vinifera (grapevine) and Arabidopsis 

thaliana, whose sequences have been published to date, shown in Figure 1.4. 
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/ \ Populus 
Arabidopsis \ 

Carica 

Figure 1.4: Phylogenetic relationships among angiosperms with sequenced genomes. 
The circles indicate likely whole genome doubling events. The circle in the Populus 
lineage, representing the locus of the WGD event at the origin of the willow-poplar 
family, and the square, representing the ancestor of the rosid dicotyledons, indicate 
the target ancestors we reconstruct in this paper. 

Annotations for the Populus, Vitis and Carica genomes were obtained from 

databases maintained by the U.S. Department of Energy's Joint Genome Institute 

[213], the French National Sequencing Center, Genoscope [81], and the University of 

Hawaii [135], respectively. An all-against-all BLASTP search was run on a data set 

including all Populus and Vitis protein coding genes, and orthoMCL [113] was used 

to construct 2104 full and 4040 defective gene sets, in the first case, denoted PPV, 

containing two poplar paralogs (genome P) and one grape ortholog (genome V), and 

in the second case, denoted PV or PP, missing a copy from either P or V. This was 

repeated with Populus and Carica, genomes P and C, respectively, to obtain 2590 full 

(PPC) and 4632 defective (PC or PP) sets. The location on chromosomes (or contigs 

in the case of Carica) and orientation of these paralogs and orthologs was used to 

construct our database of gene orders for these genomes. Contigs containing only a 

single gene were discarded from the Carica data. 
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Figure 1.5: Genomes and genome rearrangement operations 

1.5 Existing algorithmic resources 

Given a set of genomes which include the doubling descendants, my research objec­

tives include the development of effective methods for reconstructing the gene order 

of the ancestral genomes and thus infer the cost of the phylogeny in terms of rear­

rangement events. Here I will discuss some existing basic elements of the solution, 

i.e. genomic distance, genome halving and genome median. These existing resources 

are also the prerequisite for understanding the research work in this thesis. 

1.5.1 Genomes and rearrangement operations 

A genome can be modeled as a set of strings, each string representing one chromosome, 

by writing the genes in the order they appear in this chromosome. The sign "+/-" 

before a gene indicates on which strand this gene is located. Subscripts ("a" and "b") 

are used to differentiate two copies of paralogs in a genome if this genome contains 
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duplicate genes. 

The biologically-motivated operations generally include 

• inversions (implying as well change of sign, i.e., change of strand) of chromoso­

mal segments, e.g., 

" 4 ' ' ' " • « ' ' ' I^V ' ' ' "TO ^ " 4 ' "TJ ' ""U ' ' ' " T O ! 

• reciprocal translocations, e.g., 

" 1 ' " " iT>u ' • ' " ' / ) ">1 ' ' ' &v ' ' ' "TO * tl\ • • • Kv • • • Km, K\ • • • flu • • • tli, 

• chromosome fission e.g., 

hi • • • hv • • • hi —• hi • • • hv, hv+i • • • hi 

• chromosome fusion e.g., 

hi • • • hi, ki • • • km —> hi • • • hiki •••km 

1.5.2 Genomic distance 

Genome distance is used to measure gene order differences between two related 

genomes. It is defined between two species of the same ploidy, where one-to-one 

orthology relations have been identified between the genes in the two genomes. The 

well studied genome distances are breakpoint distance and rearrangement distance. To 

mathematically handle the sign of genes, each gene A is replaced by its two extrem­

ities, its tail (At) and its head (Ah). If the sign of A is "+", then the tail extremity 

precedes the head extremity. Otherwise if the sign of A is "-", then Ah precedes 

At. An adjacency is a pair of unordered extremities that contains the information 

on which extremities of two neighbouring genes are next to each other. For exam­

ple, if G and H are two successive genes on a chromosome, and g and h are their 

two extremities next to each other, irrespective of whether they are heads or tails, 
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then {g, h} (or equivalently {h, g}) constitutes an adjacency. There are two special 

extremities on a linear chromosome, called telomeres, namely the initial extremity of 

the first gene (i.e., the one that is not adjacent to any other gene) and similarly the 

final extremity of the last gene. 

Breakpoint distance 

When two genomes II and T on a set of n genes are compared, an adjacency or 

telomere is in common if it appears in both genomes, otherwise it is a breakpoint. 

The breakpoint distance ds(II, T) indicates how many breakpoints are in genome II 

when comparing it to genome Y. Let a(H, T) be the number of common adjacencies, 

e(II, T) be the number of common telomeres of II and T, then [208] 

dBP(Tl, T) = n- a(U, T) - ^ ^ > . (1.5.1) 

Note that 

dBP(U,r) = dBp(T,U). (1.5.2) 

Rearrangement distance 

The rearrangement distance is the smallest number of rearrangement operations nec­

essary to transform one genome into another. As described in [231], the rearrangement 

distance can be calculated in linear-time by means of the bicoloured breakpoint graph. 

To construct the breakpoint graph of genomes n with h chromosomes and T with k 

chromosomes on a set of n genes, we first convert each telomere g in genome II into 

an adjacency of form {g, capA}, where "capA" is an artificial extremity, which must 

then be subscripted "2z — 1" or "2i" if it is on the i-th chromosome. We do the same 

thing to the telomeres in genome T, by including them in adjacencies with "capBs". 
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Figure 1.6: Breakpoint graph. A: Genomes II and I\ B: Vertices and edges of 
breakpoint graph. C: Convert paths into cycles. 

Then the vertices of the breakpoint graph include the extremities in II (or T) and 

cap As and capBs. The edges of the breakpoint graph are determined by the adjacen­

cies in genomes II and I\ For each adjacency in genome IT, we add a black edge in 

the breakpoint graph to connect the two vertices that make up this adjacency. And 

we add gray edges to the breakpoint graph according to the adjacencies in genome I\ 

Each vertex is then incident to exactly one black and one gray edge, except for 

the capAs and capBs (each capA/capB is only incident to one black/gray edge). The 

bicoloured graph decomposes uniquely into a number of alternating colour cycles plus 

h + k alternating colour paths terminating in cap vertices. We convert each path into 

a cycle according to the following rules: if both of the terminals are capAs, i.e. capAi 

and capAj, add a gray edge to connect capAi and capAj; if both of the terminals 

are capBs, i.e.capBi and capBj, add a black edge to connect capBi and capBj] if 

one terminal is capA and another is capB, i.e. capAi and capBj, then remove the 
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capBj and close the path by the gray edge that was previously incident to capBj. 

Figure 1.6 shows a breakpoint graph and its paths and cycles. Let c(Il,r) be the 

number of cycles in the breakpoint graph. Yancopoulos et al. [231] proved that the 

rearrangement distance 

dR(U,T) = n-c{U,F) (1.5.3) 

1.5.3 Genome halving. 

Let T be a genome consisting of ip chromosomes and 2n genes g\ • • • ,g™;g\,- • • ,gb, 

dispersed in any order on the chromosomes. For each i, we call gl
a and gl

b "duplicates", 

but there is no particular property distinguishing all elements of the set of gl
a in 

common from all those in the set of g\. A potential "doubled ancestor" of T is written 

A' © A", and consists of 2\ chromosomes, where some half (x) of the chromosomes, 

symbolized by the A', contains exactly one of g\ or g\ for each i = 1, • • • ,n. The 

remaining x chromosomes, symbolized by the A", are each identical to one in the 

first half, in that where gl
a appears on a chromosome in the A', g\ appears on the 

corresponding chromosome in A", and where g\ appears in A', gl
a appears in A". We 

define A to be either of the two halves of A' © A", where the subscript a or b is 

suppressed from each gl
a or gl

b. These x chromosomes, and the n genes they contain, 

g1, • • • , gn constitute a potential "doubled ancestor" of T. 

The genome halving problem for T is to find an A for which some d(A'(&A", T) is 

minimal. Here I only describe the initial part of El-Mabrouk's linear-time algorithm 

for solving this problem [51]. This part suffices to calculate the minimal d{A'@A", T). 

The complicated details of actually reconstructing the minimizing A can be found in 

the original publication. I use this in the early chapters of this thesis but abandon it 
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in favour of new heuristics to be described in the later chapters. 

The genome halving algorithms [51] also makes use of the breakpoint graph, 

but the problem here is building the breakpoint graph where only vertices and black 

edges are known. The vertex set of this breakpoint graph includes the extremities of 

2n genes and 2I/J caps O (0\, O2, • • • , 02V>)> where each cap forms an adjacency with 

some telomere. The black edges of this graph are the adjacencies of genome T. If tp is 

odd, a "null" chromosome is added, which means there are two extra caps (C^+i an<^ 

O21P+2) a n d one extra black edge, which connects C^+i and O21P+2 in the breakpoint 

graph. 

Since subscripts "a" and "b" are used to differentiate two copies of paralogs, "a" 

is defined to be the counterpart of "b" and "b" is the counterpart of "a". A extremity 

X always has a counterpart extremity X because each gene in T has a duplicate. For 

duplicates gl
a and gl

b, if X = gl
at, then X = gl

bt; and if X = gl
bh, then X = gl

ah. Of 

course X = X. 

The vertices and edges are partitioned into natural graphs according to the fol­

lowing principle: If an edge {X,y} belongs to a natural graph, then so does some 

edge of form {X,Z} and some edge of form {Y,W}. 

If a natural graph has an even number of edges, as illustrated on the left of 

Figure 1.7, it can be shown that in all optimal ancestral doubled genomes, the edges 

coloured gray, representing adjacent vertices in the ancestor (recall the definitions in 

Section 1.5.2), and incident to one of the vertices in this natural graph, necessarily 

have as their other endpoint another vertex within the same natural graph. 

Gray edges are added in pairs, so that each edge in the reconstructed doubled 

ancestor is duplicated, in accordance with the required output of the algorithm to 

produce two copies of the same ancestral genome. (Whether a is connected to b and 

a to b or a to b and a to b is immaterial, since the two versions of the same gene were 
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Figure 1.7: (left) Even-size natural graph completed by adding three pairs of gray 
edges in a way that maximizes the number of cycles, (right) Two odd-size natural 
graphs, containing x, y, z vertices and a, b, c vertices, respectively, combined into one 
supernatural graph so that three pairs of gray edges may be added. 

originally identical.) These edges are added in such a way as to maximize the number 

of (alternating coloured) cycles and paths that make up this subgraph, in accordance 

with the definition of genomic distance in Section 1.5.2. 

For natural graphs with an odd number of edges, it is impossible to complete 

them by adding pairs of gray edges. Nevertheless, as on the right of Figure 4.6, they 

may be grouped pairwise into supernatural graphs so that they may be completed 

with pairs of gray edges. Then, as with even natural graphs, an optimal doubled 

ancestor exists such that the edges coloured gray incident to any of the vertices in 

a supernatural graph have as their other endpoint another vertex within the same 

supernatural graph. 

Natural graphs with even numbers of edges are automatically supernatural graphs. 

Se is used to denote the number of this type of supernatural graphs. If there are nat­

ural graphs u and t both containing an odd number of edges, two such are joined to 

form a supernatural graph s = u U t. Priority is given to constructing supernatural 

graphs with four Os instead of two. 
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Let So+ be the supernatural graph with four Os and B be the number of black 

edges in the breakpoints graph, then the genome halving distance is 

d{A' e A", T) = ^ - S e - So+ (1.5.4) 

The rules for drawing the gray edges can be found in [51]. 

1.5.4 Rearrangement median. 

Given three genomes X,Y and Z, how can we find the median genome M such that 

d(X, M) + d(Y, M) + d(Z, M) is minimized. For this NP-hard problem we implement 

a heuristic using the principles of Bourque's MGR [26], but based on the constrained 

version of the Bergeron et al. [17] algorithm. 

We assign a weight to a rearrangement operation based on the following rules: 

Let RO{X) be a rearrangement operation for genome X. After we apply RO(X) to 

get a new genome X', let W\= dr(X, Y) — dr(X', Y) and w2= dr(X, Z) — dr(X', Z), 

then WRo(x) = wi + w2. 

The weight is used to choose the "right" rearrangement operation to apply at 

this stage, namely the one with the highest weight among all possible operations on 

X,Y or Z and that in addition best prepares for the next stage, according to a look-

ahead routine. After the "right" operation (say without loss of generality, RO(X)) is 

chosen, we apply RO(X) to get X', and reset X=X'. The strategy of [26] is to apply 

the "right" rearrangement operations to X, Y and Z recursively until three genomes 

are identical. 
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1.6 Overview of the chapters 

In this thesis I propose several algorithms for the rearrangement phylogeny for sets of 

related genomes that include some that have undergone doubling. I investigate the 

properties of these algorithms and validate them by applying them to real data. 

This thesis is based on eight papers that are published or in press. In six of 

these papers I was the lead researcher, in the eighth another co-author was primarily 

responsible although I made many substantive contributions, and in the fifth I con­

tributed a section to a multi-authored review, which I nonetheless include because it 

provides a major justification for the thrust of my Ph.D. research. 

In the six papers that are primarily my work, my supervisor Dr. David Sankoff 

was responsible for the English style, manuscript organization and some of the back­

ground writing, especially where he is listed as first author. The contributions of my 

other co-authors are detailed on the first page of each chapter. 

Because each paper is originally a self-contained publication, there is some over­

lap and redundancy among them. This is especially true of the introductory and 

background sections of some of the papers, but these are not too lengthy and in each 

paper provide a quick review of what has been accomplished in the previous chapters. 

Fortunately, many of the papers share common terminology and notation, contribut­

ing to the coherence of the thesis as a whole. Finally, the bibliographies and lists of 

references have been consolidated to avoid duplication and to facilitate reading, and 

the chapters have been put into a common format, requiring some additional work 

on the figures and tables. 

The ensuing chapters are organized as follows: 

• Chapter 2: Genome Halving with an Outgroup [238] 

This was the first publication on what is now called "guided genome halving", 
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defining the problem and laying out a straightforward approach to its solution. 

For genomes that have incurred a genome doubling (tetraploidization) event in 

their evolutionary history, this event is reflected today in patterns of duplicated 

segments scattered throughout their chromosomes. These duplications may be 

used as data to "halve" the genome, i.e. to reconstruct the ancestral genome at 

the moment of tetraploidization, but the solution is often highly non-unique. To 

resolve this problem, I adapted the genome halving algorithm of El-Mabrouk 

and Sankoff [51] to take account of an external reference genome. The idea 

was basically to generate all halving solutions and to choose whichever one was 

closest to the reference genome. I applied this to reconstruct the tetraploid 

ancestor of maize, alternatively using rice or sorghum as the reference. This 

proved feasible because of the relatively small data set, involving only 34 seg­

ments occurring once in rice, once in sorghum and twice in maize, generating 

1.5 million halving solutions to evaluate. 

• Chapter 3: Polyploids , genome halving and phylogeny [174] 

Autopolyploidization and allopolyploidization events multiply the number of 

chromosomes and genomic content. Genome rearrangement phylogenetics re­

quires that all genomes analyzed have the same set of orthologs, so that it is not 

possible to include diploid and polyploid genomes in the same phylogeny. I pro­

posed a framework for solving this difficulty by integrating the rearrangement 

median and genome halving algorithms. I implemented a heuristic solution to 

the prototypical case of a tree with one tetraploid and two diploid genomes, and 

applied it to study the evolution of cereals and of yeast. Here, the exhaustive 

testing of all halving solutions still works for the cereal data with 34 homology 

sets, but would not be feasible for the yeast data containing 263 sets. Instead, 
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I devised a way of randomly sampling the space of halving solutions, and eval­

uated just a large sample, under the hypothesis that at least one of the samples 

would be close to the optimum. 

• Chapter 4: Descendants of whole genome duplication within gene 

order phylogeny [242] 

A framework for phylogenetics on sets of diploid and polyploid genomes requires 

separating out various possible local configurations of doubled and unduplicated 

genomes in a given phylogeny. Each configuration requires a different strategy 

for integrating genomic distance, halving and rearrangement median algorithms. 

In this work I focused on the two cases where doubling precedes a speciation 

event and where it occurs independently in both lineages initiated by a speci­

ation event. I applied these to a data set containing markers that are ancient 

duplicates in two yeast genomes, Saccharomyces cerevisiae and Candida glabrata 

to show that the tetraploidization occurred before speciation. 

• Chapter 5: Guided genome halving: hardness, heuristics and the 

history of the Hemiascomycetes [241] 

I set out to improve on the computationally costly, exhaustive, method of Chap­

ter 2 and the risky (and generally inaccurate) sampling method of Chapter 3. 

I adapted the genome halving algorithm of El-Mabrouk and Sankoff, by incor­

porating a look-ahead criterion for choosing among equally valid possibilities at 

each step, so that the algorithm rapidly and accurately constructs an ancestor 

close the outgroups, prior to a local optimization heuristic. The look-ahead is 

based on the new notion of "path groups". I applied this to reconstruct the 

predoubling ancestor of Saccharomyces cerevisiae and Candida glabrata, guided 

by the genomes of three other yeasts that diverged before the genome doubling 
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event. I analyzed the results in terms (1) of the minimum evolution criterion, (2) 

how close the genome halving result is to the final (local) minimum and (3) how 

close the final result is to an ancestor manually constructed by an expert with 

access to additional information. I also depicted graphically the set of recon­

structed ancestors using classic multidimensional scaling to see what aspects 

of the two doubled and three unduplicated genomes influence the differences 

among the reconstructions. 

• Chapter 6: Polyploidy and angiosperm diversification [194] 

Polyploidy has long been recognized a major force in angiosperm evolution. This 

chapter, reproducing a review co-authored under the leadership of D. Soltis, 

summarizes recent genomic investigations that not only indicate that polyploidy 

is ubiquitous among angiosperms, but also suggest several ancient genome dou­

bling events. These include ancient whole genome duplication (WGD) events 

in basal angiosperm lineages, as well as a proposed paleohexaploid event that 

may have occurred close to the eudicot divergence. The question is no longer 

what proportion of angiosperms are polyploid, but how many episodes of poly­

ploidy characterize any given lineage. A major challenge that biologists now 

face is to reconstruct the ancestral genomes of lineages prior to genome du­

plication. New algorithms such as the ones I describe in Chapters 2-5, and 

illustrated here, provide promise that ancestral genomes can be reconstructed 

over long periods of evolutionary time (e.g., it may be possible to reconstruct 

the ancestral eudicot or even the ancestral angiosperm genomes). Comparisons 

of diversification rates in this paper also suggest that genome doubling has lead 

to a dramatic increase in species richness in a number of angiosperm lineages, 

including Poaceae, Solanaceae, Fabaceae, and Brassicaceae. 
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• Chapter 7: Gene loss under neighbourhood selection following whole 

genome duplication and the reconstruction of the ancestral Populus 

diploid [244] 

Branching out from purely structural considerations, I developed criteria to de­

tect neighbourhood selection effects on gene loss following whole genome dupli­

cation, and applied them to the (Populus trichocarpa) genome. I also continued 

the improvement of the "path groups" approach (Chapter 5) to guided genome 

halving algorithms so that more than two thousand gene sets, each containing 

two paralogs in the descendant T of the doubling event and their single ortholog 

from an undoubled reference genome R, can be analyzed to reconstruct the an­

cestor A of T at the time of doubling. At the same time, large numbers (up to 

4000) of defective gene sets, either missing one paralog from T or missing their 

ortholog in R, could be incorporated into the analysis in a consistent way. I 

applied this approach to the poplar and grapevine (Vitis vinifera) genomes, as 

T and R respectively. 

• Chapter 8: Towards improved reconstruction of ancestral gene order 

in angiosperm phylogeny [175] 

Because the path groups approach to guided genome halving used in Chapters 

5 and 7 contains an inherent bias favouring one of the two tetraploid gene 

orders over the reference diploid order, I devised an unbiased version of the 

algorithm. This adds to the numerous questions about method and data that 

have cropped up in this approach to guided genome halving. Thus I investigated 

a battery of techniques and data choices, including the new unbiased algorithm, 

reference to two related genomes instead of only one to guide the reconstruction, 

use of draft sequences in contig form only, incorporation of incomplete sets of 



1.6. OVERVIEW OF THE CHAPTERS 25 

homology correspondences among the genomes and addition of large numbers of 

"singleton" correspondences. I made use of genomic distance, breakpoint reuse 

rate, dispersion of sets of alternate solutions and other means to evaluate these 

techniques and choices, while reconstructing the pre-WGD ancestor of Populus 

trichocarpa as well as an early rosid ancestor. I used both Vitis vinifera and 

Carica papaya as reference genomes. 

• Chapter 9: Multichromosomal median and halving problems under 

different genomic distances [208] 

Genome median and genome halving are related combinatorial optimization 

problems that aim at reconstructing ancestral genomes as well as the evolution­

ary events leading from the ancestor to extant species. Exploring computational 

complexity issues is an important adjunct to devising efficient algorithms. 

The complexity of the median problem for unichromosomal genomes (permu­

tations) had previously been settled for both the breakpoint distance and the 

reversal distance. Although the multichromosomal case was often assumed to 

be a simple generalization of the unichromosomal case, technically it is a "relax­

ation" , so that complexity in this context does not follow from existing results, 

and is open for all genomic distances. In this paper, under the research lead­

ership of E. Tannier, inspired by my paper contained here as Chapter 5, we 

settled the complexity of several genome median and halving problems, includ­

ing a surprising polynomial result for the breakpoint median and guided halving 

problems in genomes with circular and linear chromosomes, showing that the 

multichromosomal problem is actually easier than the unichromosomal problem. 

Still other variants of these problems are NP-complete, including the so-called 

DCJ double distance problem. Our theoretical study cleared up a wide swathe 
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of the algorithmical study of genome rearrangements with multiple multichro-

mosomal genomes and clarified the relations among a number of variants of 

multichromosomal genome rearrangement problems. 



Chapter 2 

Genome halving with an outgroup 

Chunfang Zheng, Qian Zhu and David Sankoff. 2006. Evolutionary Bioinformatics 

2:319-326. 

I was responsible for designing the algorithm and getting all of the results in this 

work. I also collaborated fully in writing and preparing the manuscript, especially 

the technical write-ups and graphics. Qian Zhu identified the syntenic blocks data of 

maize, rice and sorghum based on the information provided by Gramene [82]. 
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Abstract 

Some genomes are known to have incurred a genome doubling (tetraploidization) 

event in their evolutionary history, and this is reflected today in patterns of duplicated 

segments scattered throughout their chromosomes. These duplications may be used as 

data to "halve" the genome, i.e., to reconstruct the ancestral genome at the moment 

of tetraploidization, but the solution is often highly non-unique. To resolve this 

problem, we adapt the genome halving algorithm of El-Mabrouk and Sankoff to take 

account of an external reference genome. We apply this to reconstruct the tetraploid 

ancestor of maize, using either rice or sorghum as the reference. 
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2.1 Introduction 

Many genomes have been shown to result from an ancestral doubling, or tetraploidiza-

tion, event, followed by a period of diploidization, i.e., the loss of compartmentaliza-

tion between the two original copies of the genome, as well as genome rearrangement 

through intra- and interchromosomal movement of genetic material. The genome 

halving problem is to reconstruct the ancestral genome on the basis of a decomposi­

tion of the present-day genome into a set of apparently duplicated blocks of genes or 

DNA sequence dispersed among the chromosomes. A quantitative approach to this 

problem was first discussed by Seoighe and Wolfe [180] in the context of the genome 

doubling of the ancestor of the yeast Saccharomyces cerevisiae. At the same time, mo­

tivated by studies of genome duplication in early vertebrates [143], El-Mabrouk and 

colleagues [47,48,50] published a series of papers on the combinatorial optimization 

approach to the problem, culminating in a general solution [51]. Further refinements 

have been published by Alekseyev and Pevzner [6]. 

Seoighe and Wolfe [180] noted the extreme non-uniqueness associated with the 

solution to the genome halving problem and suggested that this difficulty could be 

attenuated through the use of a reference genome, or outgroup. The suggestion to 

use a reference genome was taken up to study the post-tetraploidization evolution 

of S. cerevisiae, both in reference to the genome of Ashbya gossypii [44] and to that 

of Kluyveromyces waltii [86], though without recourse to genome rearrangement or 

genome halving algorithms. Similar research compared mammalian genomes with 

the tetraploid ancestor of the pufferfish Tetraodon nigroviridis [80]. In the present 

paper, we formalize this strategy by developing a general algorithm to reconstruct 

an ancestral tetraploid genome with reference to an outgroup genome. We apply it 

to infer the ancestor of the maize (Zea mays) genome, with the rice (Oryza sativa) 
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and sorghum (Sorghum bicolor) genomes as out groups. For this purpose, we are 

concerned only with duplicated blocks in maize, and their single-copy counterparts 

in rice and sorghum, as extracted from the Gramene database [82], and not the rest 

of the genomes. 

Our strategy is to generate all the solutions to the genome halving problem for the 

maize genome, and to focus on the subset of these that have a minimum rearrangement 

distance with the rice (or sorghum) genome. We formulate a search heuristic to 

transcend the set of optimal halving solutions to find the most realistic ancestral 

genome that minimizes the sum of the distance between the ancestral tetraploid and 

present-day maize and the distance between rice (or sorghum) and the diploid form 

of the ancestor. 

2.2 The Data 

It is generally agreed that the maize genome underwent a genome doubling event 

some 11-16 million years ago [60]. While some duplicated regions clearly attest to 

this event, there is no consensus on the exact inventory of such regions. Moore et al. 

and Wilson et al. [137,225] presented two largely consistent views of syntenic blocks 

across the cereals based on the mapping evidence at the time. These included 14 

and 19 duplicated blocks in the maize genome. Gaut [61] gave a more comprehensive 

account of the pattern of 23 duplicated regions, based on maize genomic sequence 

data in 2001. He did not completely establish the relative position of all the syntenies 

on the chromosomes in this work. 

Even now that the rice genome has been sequenced, and the maize genome project 

is well-advanced, it is no trivial matter to identify the duplicate blocks resulting from 

the tetraploidization event. The maize genome has many other duplicated segments 
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Figure 2.1: Syntenies between rice chromosome 1 and maize chromosomes, as pro­
duced by Gramene [82] 

dating from periods both after and before the tetraploidization and even before the di­

vergence from the other cereals. This is complicated by post-tetraploidization genome 

rearrangement events, deletions and insertions of genetic material, transpositions of 

genes or larger segments from one site on the genome to another, and loss of homology 

between the parts of the duplicated regions. 

The databank which has the most information on the syntenies among the ce­

real genomes is Gramene [82]. The current version at time of writing is release 21. 
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Figure 2.2: Order of syntenic blocks in rice, sorghum and, in two copies each, maize. 

From this we can obtain a conservative (i.e., confined to high homology regions only) 

estimates of duplicate blocks by comparison with the rice genome. For example, in 

Figure 2.1, we can visually identify large duplicated regions in chromosomes 1 and 9, 

chromosomes 1 and 5, and possibly a number of smaller ones, all by virtue of their 

common homology with regions of rice chromosome 3. 

Unfortunately, there is as yet no comparison of syntenic blocks between sorghum 

and the other genomes on Gramene. However, there are extensive mapping data of 

various kinds of markers. We bolstered our preceding data collection by searching sets 

of duplicate markers in maize that had single copies in sorghum and rice, comparing 

mainly the Patterson 2003 genetic map for sorghum, the IBM2 Neighbours 2004 and 

Cornell Wilson 1999 genetic maps for maize and the Annotated Nipponbare Sequence 

2006 sequence map for rice. All the markers satisfying these criteria fell into the rice-

maize syntenies established previously. Based on these criteria, i.e., markers identified 
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as homologous in Gramene, with a single copy in each of rice and sorghum and two 

copies in maize, plus the requirement that the maize and rice copies fall into the 

appropriate, previous identified, rice-maize syntenic blocks, we could now identify 34 

syntenic blocks as basic data for our reconstruction. These data are depicted in Figure 

2.2, but should be considered to constitute a working hypothesis; definitive data must 

await the finishing of the maize genome, the sequencing of the sorghum genome, and 

the further application of global alignment and synteny block construction methods. 

2.3 The Genome Halving Algorithm 

Distance based on genomic structure d(X, Y) is calculated by rapid, albeit com­

plicated, rearrangement algorithms for finding the minimum number of operations 

necessary to convert one genome X into another Y. The genomes are represented 

by signed permutations on I,--- ,n and the biologically-motivated operations gen­

erally include inversions (implying as well change of sign, i.e., change of strand) of 

chromosomal segments, reciprocal translocations (of telomere-containing segments of 

two chromosomes) and chromosome fission or fusion. They may also include trans­

positions (including "jumping genes") of segments from one site to another on a 

chromosome or interchanges of segments on a chromosome, both of which count as 

two steps compared to one for the previously mentioned operations. 

Rearrangement algorithms (e.g., [210]) make use of the bi-coloured "breakpoint 

graph" or similar structure, where each end of an oriented syntenic block, gene or 

marker on genome X is joined by a red edge to the adjoining end of the adjacent 

syntenic block, gene or marker, and these same ends, represented by the 2n vertices 

in the graph are joined by blue edges determined by the adjacencies in genome Y. 

The breakpoint graphs necessarily consist of disjoint alternating cycles and/or paths, 
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and it can be shown that d(X, Y) = n — c, where c is the number of cycles (in the 

case X and Y consist of single circular chromosomes), or d(X, Y) = n + x~c — II, 

where x is the maximum number of linear chromosomes in X and Y, and II counts 

the number of certain kinds of paths in the graph. The actual operations, d(X, Y) 

in number, may be reconstructed by splitting large cycles in the breakpoint graph 

into two cycles each, until there are d(X, Y) cycles each made up of two vertices, one 

red edge and one black edge. Every time a cycle is split, this corresponds to one 

rearrangement operation. 

In the rearrangement algorithms, construction of the breakpoint graph is an 

easy preliminary step. The genome halving algorithms [6, 51] also make use of the 

breakpoint graph, but the problem here is building the breakpoint graph where one 

of the genomes (the tetraploid) is unknown. This is done by segregating the vertices 

of the graph in a natural way into subsets, such that the vertices of all cycles must fall 

within a single subset, and then constructing these cycles in an optimal way within 

each subset so that the red edges correspond to the structure of the known genome 

and the black edges define the adjacencies of a tetraploid. 

2.4 A Heuristic for Minimizing d(U, A) + d(A 0 A, T) 

Let T be a genome consisting of x chromosomes and 2n genes, syntenic blocks or 

other markers, gii • • • , g^n; #2,1, • • • , <?2,n, dispersed in any order on the chromosomes. 

For each i, we call g\^ and #2,1 "duplicates", but there is no particular property 

distinguishing elements of the set of gij from the set of 52,1- A potential "ancestral 

tetraploid" of T is written A © A, and consists of 2ip chromosomes, where some 

half (ip) of the chromosomes contains exactly one of each of giti or g2,i for each 

i = 1, • • • , n. The remaining ip chromosomes are each identical to one in the first 
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Figure 2.3: Procedure for finding ancestral tetraploid. T=genome made up of dupli­
cated markers, U = reference genome. S = set of solutions to the genome halving 
problem. S' = subset closest to U, A^ = genome on trajectory from A e S' to U. 

half, in that where g^ appears on a chromosome in the first half, gi,i appears on the 

corresponding chromosome in the second half, and where #2,i appears in the first half, 

gi}i appears in the second. We define A to be either of the two halves of A Q)A, where 

the subscript 1 or 2 is suppressed from each g^i or g2ii. These tp chromosomes, and 

the n genes, syntenic blocks or markers they contain, gi,- • • ,gn constitute a potential 

"ancestral diploid" of T. 

A solution of the genome halving problem for T is any A such that d(A © A, T) 

is minimal. 

Any genome U is a reference genome for T if it contains the n genes, syntenic 

blocks or markers #1, • • • ,gn. 

Let U be a reference genome for T. The central problem in this paper is to find 

a potential ancestral diploid genome A such that d(U, A) + d(A © A, T) is minimized. 

Let S be the set of solutions of the genome halving algorithm for T. As an initial 

step to our heuristic, schematized in Figure 2.3, we confine our search to S. 
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For each solution A G S, we calculate the rearrangement distance d(U,A) be­

tween the reference genome U and A. This is feasible even for large S because of the 

rapidity of the rearrangement calculation. We then define 

S' = {A e S\d(U, A) = min d(U, X)}. (2.4.1) 

By definition, there is no minimizing genome in S \ S'. To look for a minimizing A 

outside of S, for each A £ S', we assume that any such genome will be found on a 

path between some element of S' and U. We calculate the d(U, A) genomes, other 

than A, on a parsimonious trajectory A, A^\ A^2\ • • • ,U from A to U. Note that 

d(U, A^) = d(U, A) - i. Then we search for an A® such that 

d(U, A{i)) + d(A(i) 0 A(i)), T) < d(U, A) + d(A ®A,T). (2.4.2) 

(Note that it is not necessary to try ^r1) though it is closer by one step to U than 

A is, because A^ © A^ is also farther from T by at least one step, since it is not 

in S.) Our final solution set S" is the set of A^\ over all genomes A e S', and all 

trajectories between A and U, that satisfy inequality (2.4.2) and that minimize the 

left hand side of (2.4.2). 

If S" is empty, then S' is the final set of minimizing genomes. 

2.4.1 Complexity 

Since both genome halving and genome rearrangement are essentially linear in n, 

the execution time of our search is 0(n |S | + 0n2 |S'|), the second term measuring 

the number of steps between genomes in S' and U and the time to calculate the 

distance to U at each step, and the number (f) of different paths sampled per element 
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in S'. In our example, biological reality motivates constraining the search so that all 

chromosome fissions are carried out first, as far as compatible with the optimality 

of the path. This is because the loss of chromosomes is likely to occur around the 

time of diploidization, so the path back from A towards the ancestor should attempt 

to restore the number of chromosomes to what it is in sorghum or rice as soon as 

possible, i.e., for some A^\ where i is as small as possible. 

2.5 Results 

The genome halving algorithm usually involves some arbitrary choices in constructing 

the optimal ancestral tetraploid. In the case of the maize genome, this leads to more 

than 5,000,000 different execution paths for the algorithm. Not all of these lead to the 

same results, but distinct solutions in S surely number in the hundreds of thousands, 

if not millions; a sample of 15,000 paths resulted in over 13,000 different solutions. 

The original data set not being very large (34 blocks in two genomes, 68 in maize), 

this exemplifies the extreme lack of uniqueness in the results of genome halving. 

When we bring the reference genomes to bear, we first note that over all X e S, 

the distance d(X, So) ranges from 19 (for the solutions in S'So) to 28, while d(X, R) 

ranges from 19 (for the solutions in SR) to 27. The sets Sg0 and S'R, however, 

contain only 8 and 24 solutions, respectively. Thus there is a massive reduction of 

non-uniqueness induced by appealing to a reference. Then, in venturing outside of 

S on the paths from pre-tetraploid versions of elements of S' towards the reference, 

either rice or sorghum, we find even fewer genomes X with a minimum sum of distance 

to the reference (X as a diploid) plus distance to maize ( X © X a s a tetraploid). For 
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example, the genome ASQ in Figure 2.4 and depicted in Figure 2.5 satisfies 

16 + 29 

d(So, A) + d(A © A, M) 

19 + 27, (2.5.1) 

for all 4 G S'. There are only two other solutions with value 45 for the objective 

function, one a step closer (an A^) and one a step further (an A^), from the sorghum 

genome. In the case of a rice reference, there is actually a unique solution, with 

d(R, X) + d(X ®X,M) = 44. 

Thus we have almost completely eliminated the non-uniqueness of the solutions 

to the genome-halving problem, though of course the number of solutions found will 

still depend on the data set. It is also possible that a better solution is to be found off 

the paths we have explored, although this is unlikely for the relatively small example 

represented by these cereal genomes. 

d(So,Afl) + d(Af0®Af0,M) = 

< 



2.5. RESULTS 39 

Figure 2.4: Results of search for ancestral tetraploid. M, R, SO = maize, rice,sorghum 
genomes. S = set of solutions to the genome halving problem. S'K, S'so = subsets 
closest to R, SO, A^ = genome on trajectory from AR G S'R to R. Ag0 = genome 
on trajectory from Aso £ S'so to SO. 
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Figure 2.5: Order of syntenic blocks in the reconstructed diploid maize ancestor, 
compared to sorghum, with the same rice chromosomal colour coding as in Figure 
2.2. 

2.6 Conclusions 

We have been working with a small data set, and the differences between the optimal 

solution and suboptimal solutions are small, as in inequality (2.5.1). As more data 

become available on maize and especially sorghum, our reconstructions should be 

better and the role of the reference genome in zeroing in on a unique solution for 

genome halving will be clarified. This should also allow for statistical validation. 

Our analysis used sorghum and rice as reference genomes in two separate analy­

ses. And it is gratifying that using sorghum alone as reference produced an ancestral 

maize genome closer, not only to sorghum, but also to rice, than any candidate ances­

tor based on genome halving with no reference. Nevertheless, it would be interesting 

to formally combine gene order information from both rice and sorghum simultane­

ously in reconstructing the maize ancestor. Along the lines of our current analysis, 

first finding S, then S', and finally an optimal A^\ we could define S' as the subset of 

S whose elements A each induce a minimal solution of the median problem [169,181], 

i.e., for which there is a genome X, such that d(A,X)+d(Ui,X) + d(U2,X) is minimal 

compared to all A £ S. Then the search for an optimal A^ could proceed on the 
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paths from all A e S' to X. 

A more difficult theoretical problem would be to replace our sequential procedure 

by a single algorithm searching for the A which minimizes d(U, A) + d(A © A, T). It 

is not clear whether this is a hard problem, given that genome halving and genome 

rearrangement are both solvable in close to linear time. But there is no obvious way 

of modifying the halving algorithm so that it could take account of a reference genome 

while retaining optimality. Some of the searches we have performed here might be in­

corporated directly into the halving algorithm to transform it into a heuristic method, 

and this might work even for d(Uu A) + d(U2, A) + d(A © A, T). 



Chapter 3 

Polyploids, genome halving and 

phylogeny 

David Sankoff, Chunfang Zheng and Qian Zhu. 2007. Bioinformatics 23:i433-i439. 

I was responsible for designing the algorithm and getting all of the results in 

this work. I also collaborated fully in writing and preparing the manuscript, espe­

cially technical write-ups and graphics. Qian Zhu extracted the yeast data from the 

literature [44,86]. 
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Abstract 

Autopolyploidization and allopolyploidization events multiply the number of chromo­

somes and genomic content. Genome rearrangement phylogenetics requires that all 

genomes analyzed have the same set of orthologs, so that it is not possible to include 

diploid and polyploid genomes in the same phylogeny. 

We propose a framework for solving this difficulty by integrating the rearrange­

ment median and genome halving algorithms. Though the framework is general, some 

problems remain open. We implement a heuristic solution to the prototypical case 

of a tree with one tetraploid and two diploid genomes, and apply it to study the 

evolution of cereals and of yeast. 
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3.1 Introduction 

Phylogenomics based on cross-species comparisons of synteny block order (hencefor­

ward rearrangement phylogenetics) provides an approach to phylogenetics indepen­

dent of that based on nucleotide or amino acid sequence divergence. The order-based 

approach takes advantage of the periodic and cumulative rearrangement of genomic 

material by evolutionary processes such as inversion, reciprocal translocation and 

transposition. The basic methods require that the genomic content be roughly the 

same in all the organisms being compared, so that every chromosomal segment in 

one genome be identified with a single orthologous counterpart in each of the oth­

ers, though adjustments can be made for a limited amount of deletion, insertion and 

duplication of segments. 

Many genomes have been shown to result from an ancestral doubling, or tetra-

ploidization, event, after which meiosis is characterized not by the normal pairings 

of one maternal and one paternal chromosome, but by quadrivalent alignment of 

chromosomes or other combinations. Tetraploidization is followed by a period of 

re-diploidization, where distinct pairings again emerge, though in twice the original 

number, a process mediated by sequence divergence and by genome rearrangement 

through intra- and interchromosomal movement of genetic material. The present-day 

genome (often still referred to loosely as a tetraploid) can be decomposed into a set 

of duplicated synteny blocks dispersed among the chromosomes. There is usually no 

obvious way of partitioning the blocks into two sets according to which ones were 

together in the original tetraploid. 

Rearrangement phylogeny algorithms are not applicable since there is a two-to-

one relationship between blocks in the former tetraploid and those in related diploid 

species, whereas these algorithms require a one-to-one correspondence. 
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Tetraploidization may also occur as a fusion of two distinct but related genomes 

(allotetraploidy) instead of the doubling of a genome (autotetraploidy), and both 

types of polyploidization may recur during evolution, so that instead of a 2n diploid 

number, the descendant (polyploid) genome will have 2rn, where r > l.1 These 

genomes will be constituted not by duplicated blocks, but by a set of blocks with r 

homologous copies each, dispersed among the chromosomes. 

In this paper we provide an overall strategy for rearrangement phylogeny for sets 

of related genomes that include some that have undergone polyploidization, including 

allopolyploidization. We specifically attack the "small" phylogenetic problem, i.e., 

identifying the ancestral genomes for a given phylogeny that jointly minimize the 

sum of the rearrangement distances along the branches of that phylogeny. To take 

into account allopolyploidy, the phylogeny must be reticulated. 

In Section 3.2, we outline a model for generating an arbitrary pattern of poly­

ploidy observed at the tips of a reticulate phylogeny. Based on this model, we then 

present an algorithm for inferring the ploidy of the ancestral genomes in terms of 

an economical set of autopolyploidization and allopolyploidization events along the 

edges of the phylogeny graph. Once we have the ancestral ploidies, we can approach 

the actual rearrangement problem. We identify three kinds of component of this 

problem, one a calculation of the genomic distance between two given genomes with 

clearly identified orthologs, i.e., the minimum number of rearrangements necessary 

to transform one genome into another; the second a "de-ploidization" calculation for 

inferring the genome of an ancestral polyploid based on internal evidence from its 

modern descendant only, and the third a "medianizing" process for inferring an an­

cestral genome from its three neighbouring genomes in a binary branching tree. In 

1 Genomes with odd ploidy are generally deemed to be infertile because of the impossibility of 
segregating into haploids containing equal numbers of chromosomes during meiosis. 
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Section 3.3 we show how to integrate algorithms for the three components into an 

overall procedure for inferring the ancestral polyploids in a given phylogeny, and we 

describe in particular detail the prototypical case of one tetraploid and two related 

diploids. In Sections 3.4 and 3.5, we apply our method to a small data-set on maize 

and a large data-set on yeast, respectively. 

3.2 Model, inference and decompositions 

The simplified assumptions we will adopt in this abstract are that polyploidization 

occurs either by tetraploidization of a genome, namely replacing each of its chromo­

somes by two identical chromosomes, so the diploid number goes from 2n to 4n, or by 

the fusion of two different genomes of diploid numbers 2n and 2m, respectively, merg­

ing the two sets of chromosomes, and producing a 2(n + m) allopolyploid. Following 

the polyploidization, the genome evolves via inversion of chromosomal segments, re­

ciprocal translocation between two chromosomes, or chromosome fusion and fission, 

and may further polyploidize at any time. 

We will assume the evolutionary histories to be binary branching trees, with 

allopolyploidy events represented by horizontal reticulations between branches of the 

tree, as illustrated in Figure 3.1. The model imposes the equations in the illustration: 

each autopolyploid must have ploidy equal to a non-negative exponent of 2, times the 

ploidy of its immediate ancestor. Each allopolyploid must have ploidy equal to the 

sum of its contributing genomes. The allopolyploidy events are given, though not the 

ploidy of the participating genomes, which must be inferred, and the autopolyploidy 

events are to be inferred. 

This model is simplified and cannot account for all possible observations of even-

numbered ploidies at the leaves of the phylogeny; a full model of polyploidy in phy-
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a=2Am, b=2Bm 
c=2cq, d=2Dp, e=2Er 
p=q+r 
m=2Mk, q=2<2k 
k=2% r=2Rj 

cost 
=A+B+C+D+E 
+M+Q+R+K 

8 a solution: j-2, 
\ all exponents 0 
e=4 except Q=E=\ 

Figure 3.1: Example of ploidy inference problem. Genomes labeled by ploidies, ob­
served only for leaves of phylogeny. Tetraploidy events inferred at g and h, or alter­
natively on the branches jr and qc. 

logenetic context would allow for events such as the fusions of a polyploid with an 

earlier diploid version of itself. Such a model, worked out in the full version of this pa­

per, can account for all possible observations of even-numbered ploidies at the leaves 

of the phylogeny, but can also give rise to a great multiplicity of solutions. 

Because our restricted version of this problem here does not generate all possible 

combinations of observations at the leaves of the tree, the solution to the ancestral 

ploidy assignment problem does not always exist for an arbitrary data set of present-

day ploidies. When it does exist, it can be obtained by solving a system of equations 

such as that in Figure 3.1, with the objective of minimizing the sum of the exponents 

in the autopolyploidization equations. Generally, the ploidy of the root is as high 

as possible, consistent with a minimum of autopolyploidization events along all the 

branches. 

Once we have inferred the ploidy of the ancestral genomes, how are we to ap­

proach our original problem: to reconstruct the synteny block order of the ancestral 

genomes and thus infer the cost of the phylogeny in terms of rearrangement events? 

origin 

time 

present a=2 b=2 c=4 d=6 
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Elements of the solution are discussed in Section 3.3.1 below. The first point to stress 

is that the rearrangement distance can only be directly calculated between two 

genomes that have a common polyploidization history. Thus we can calculate the 

rearrangement distance between the genomes labelled a and b in Figure 3.1, but not 

between a and c. What is required is to take account of the inferred transition from 

diploid to tetraploid, the autopolyploidization event h, on the path between q and k. 

We add the distance between the tetraploids at h and c to the distance between the 

diploids at h and a. To be able to do this this, we first find the synteny block order 

at h using the genome halving algorithm. 

We may further ask, even if we can calculate h, how can we know the synteny 

block order for an ancestor like that labelled m in Figure 3.1? This requires a median 

algorithm. Other questions to be answered before all kinds of ancestral genomes can 

be inferred, and the total branch length of the phylogeny evaluated, are listed in 

Section 3.3.1. 

3.3 The algorithms 

In this section we discuss a local search heuristic for the solution to a prototypical 

phylogeny problem involving one genome descended from a tetraploid and two related 

diploids. The main focus of this work is to produce an accurate initialization. It is 

based on integrating three existing algorithms, which we can only cite in this abstract. 
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3.3.1 Existing and missing resources 

Genomic distance 

Distance based on genomic structure d(X, Y) is calculated by linear-time rearrange­

ment algorithms for finding the minimum number of operations necessary to convert 

one genome X into another Y. Each genome is composed of a (possibly different) 

number of chromosomes containing linearly ordered terms. Comparison of the two 

genomes induces a decomposition of each into a set of synteny blocks. The set of 

blocks is the same for each genome, but it is differently partitioned among the chro­

mosomes, differently ordered within the chromosomes, and the left-right orientation 

of a block may also differ in the two genomes. 

The biologically-motivated rearrangement operations we consider include inver­

sions (implying as well change of orientation) of chromosomal segments containing 

one or more blocks, reciprocal translocations (of telomere-containing segments - suf­

fixes or prefixes - of two chromosomes) and chromosome fission or fusion. Here we 

make use of a versatile rearrangement algorithm recently introduced by [17], which 

we constrain to allow only the operations we have listed. 

Genome halving 

Given a genome T that can be decomposed into a set of synteny blocks, each of 

which appears twice on the genome, on the same or on different chromosomes, how 

can we construct a genome A containing only one copy of each block, and such 

that the genome A © A consisting of two copies of each chromosome in A minimizes 

d(T,A © A)? Here we use the linear-time algorithm for solving this problem due 

to [51]. 
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Rearrangements median 

Given three genomes X,Y and Z, how can we find the median genome M such that 

d(X, M) +d(Y, M) + d(Z, M) is minimized. For this NP-hard problem, we implement 

a heuristic using the principles of the [26] MGR (multiple genome rearrangement) 

algorithm, but based on the constrained version of the [17] distance algorithm. 

Open questions 

To fully solve the inference problem as stated, even within the limitations imposed 

by the heuristic implementation of the median problem and the heuristic steps in 

the main algorithm in Section 3.3.2 below, we would have to generalize the genome 

halving problem in several direction: 

• Given two tetraploid (or 2a-ploid) genomes X and Y, i.e., with two (or 2a_1) 

copies each of every syntenic block, find the matching of each pair (or set of 2a_1) 

paralogs between the two genomes that minimizes the rearrangement distance. 

• Given a genome P with ploidy 2p = 2(r + s),r,s > 0, find the 2r-ploid and 

2s-ploid genomes R and S, respectively, such that the distance d(P, R® S) is 

minimized. 

• Given a genome Q with ploidy 2a,a > 1, find the 2a_1-ploid A such that the 

distance d(Q, A © A) is minimized. 

3.3.2 Strategy for the problem of one tetraploid and two 

diploids 

Let T be a genome with diploid number An, i.e., 2n pairs of (identically ordered) ma­

ternal and paternal chromosomes, and 2m syntenic blocks, g\^ • • • , g\m; #2,1, • • • , 92,m, 
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dispersed in any order on the 2n different chromosomes. For each i, we call g\^ and 

g2>i "duplicates", and the subscript "1" or "2" is assigned arbitrarily. A potential 

"ancestral tetraploid" of T is written A © A, and consists of 2n' chromosomes, where 

some half (n') of the chromosomes contains exactly one of each of giti or g2ji for each 

i = 1, • • • , m. The remaining n' chromosomes are each identical to one in the first 

half, in that where gi^ appears on a chromosome in the first half, g2^ appears on 

the corresponding chromosome in the second half, and vice versa. We define A to 

be either of the two halves of A © A, where the subscript 1 or 2 is suppressed from 

each giti or g2ti. These n' chromosomes, and the m syntenic blocks they contain, 

9\i • • • ,9m, constitute a potential "ancestral diploid" of T. 

A solution of the genome halving problem for T is any A such that d(A © A, T) 

is minimal. There are generally many different solutions to this problem. 

Consider an unrooted tree with three leaves, T and two diploid genomes R\ and 

R2 with blocks orthologous to gi, • • • ,gm, as in Figure 3.2a. Our central problem is 

to find a diploid genome A and a median genome M of A, Ri and R2 that minimize 

D(T, Ru R2) = d(Ru M) + d{R2, M) + d(A, M) + d(A © A, T). (3.3.1) 

There is no requirement that A be a solution to the genome halving problem, but 

since they already minimize one term of D, some of these solutions might be good 

initial guesses for an optimal A. Let S be the set of solutions of the genome halving 

algorithm for T. Initially in our heuristic, schematized in Figure 3.2b, we confine our 

search to S. 

For each solution X G S, we calculate the median distance d(Ri,M(X)) + 

d(R2,M(X)) + d(X,M(X)), as in Figure 3.2c. This is the bottleneck in our pro­

cedure, since S may be very large, and an accurate calculation of the median is costly 
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Figure 3.2: Strategy for phylogenetically-constrained genome halving, (a) Descendant 
T of ancestral tetraploid, with two related diploids R\ and R<i- (b) Set S of solutions 
of genome halving of T, showing pairs of fused identical diploids, (c) Solution X 6 S 
that also induces minimizing solution M(X) of the median problem on X, Ri and R2. 
(d) Genome A minimizing objective function among all genomes on any trajectory 
between X and M(X). 
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for each element of S. When the number of markers m is small, say a few dozen, as 

to be illustrated in Section 3.4 below, it is possible to do a complete evaluation of S. 

When m is in the hundreds, as to be illustrated in Section 3.5 below, we resort to a 

random sample of the genomes in S. 

We then define 

S' = {X eS\d(RuM(X)) + d(R2,M(X))+d(X,M(X)) 

is a minimum}. (3.3.2) 

By definition, there is no minimizing genome in S \ S'. To look for a minimizing A 

outside of S, we first guess that any such genome will be found on a path between 

some element I e S ' and M(X), as in Figure 3.2d. We calculate the d(X,M(X)) 

genomes, other than X, on a parsimonious trajectory X,X^l\X^2\ • • • , M(X) from 

X to M(X). Note that d(X^,M(X)) = d{X,M(X)) - i. Then we search for an 

X® such that 

d{X{i\M{X)) +d(X{i) ®X(i),T) 

< d{X,M(X))+d(X®X,T). (3.3.3) 

For relatively small examples, e.g., for the data in Section 3.4, we can also iterate on 

the median step, and look for 

d{X{i),M(X{i))) +d{X{i) © X ( i ) ,T) 

< d(X,M(X)) + d(X@X,T). (3.3.4) 

Any genome X^ that minimizes the left hand side of inequality (3.3.3) or, better, 
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inequality (3.3.4), over all genomes I e S ' , and all trajectories between X and M(X) 

(or M(jW)) , is then a good initialization for a local hill-climbing search for an A, or 

for a pair [A, M(A)], giving a local minimum for D. The details of the search vary 

from one empirical problem to another, but in our experience, there is often no better 

local minimum A than X^ itself. If there is no such X^\i > 1, then any X E S' 

minimizes D. 

3.4 A small data set on maize 

It is generally agreed that the maize (Zea mays) genome underwent a genome doubling 

event some 11-16 million years ago [60]. While some duplicated regions clearly attest 

to this event, there is no consensus on the exact inventory of such regions. Here we 

apply our method to infer the ancestor of the maize genome, with the rice (Oryza 

sativa) and sorghum (Sorghum bicolor) genomes as the two related diploids. For this 

purpose, we are concerned only with duplicated blocks in maize, and their single-copy 

counterparts in rice and sorghum, as extracted from the Gramene database [82], and 

not the remainder of each of the genomes. 

In a previous study [238] we used Gramene to identify 34 syntenic blocks with 

two copies in maize and one copy each in sorghum and rice, though the partial nature 

of the maize genome sequence and the relative absence of sorghum sequence means 

that this genetic marker-based construction must be considered preliminary. 

The genome halving algorithm usually involves some arbitrary choices in con­

structing the optimal ancestral tetraploid. In the case of the maize genome, this 

leads to more than 1,500,000 distinct solutions in S. The original data set not being 

very large (34 blocks in two genomes, 68 in maize), this exemplifies the extreme lack 

of uniqueness in the results of genome halving. 
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Figure 3.3: Solution for the maize data. 
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Figure 3.4: Given and inferred cereal karyotypes and synteny blocks, colour-keyed to 
the median genome. 
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When we bring the diploid genomes to bear using Equation (3.3.2), however, 

testing all 1,500,000 elements of S, the set S' contains only 9 solutions. Thus there 

is a massive reduction of non-uniqueness induced by carrying out de-ploidization in 

phylogenetic context. 

Searching for A and M(A) along a trajectory from S' towards the median using 

the criterion in inequality (3.3.4) led directly to the solution in Figure 3.3, which is 

not improved by local searching. Other trajectories from S' towards the median gave 

three other solutions, with almost identical component distances. And other search 

methods (along trajectories to i?i or R2) provided a fifth solution, at a much greater 

distance, d(T, A 0 A) = 32, from T. 

For the schema in Figure 3.3, the given and inferred genomes, with synteny blocks 

evident, are depicted in Figure 3.4. 

3.5 Tetraploidization of yeast 

Wolfe and Shields [227] convincingly demonstrated an ancient tetraploidization of 

Saccharomyces cerevisiae a decade ago. Recently, the post-tetraploidization evolution 

of S. cerevisiae has been studied by comparison to the diploid genomes of Ashbya 

gossypii [44] and of Kluyveromyces waltii [86], though without recourse to genome 

rearrangement or genome halving algorithms. 

Each of these studies located set of synteny blocks on the diploid genome, each 

block homologous to a pair of duplicate synteny blocks on the S. cerevisiae genome. 

These blocks were explicitly listed in the case of K. waltii, for which we could confirm 

239 blocks, but only portrayed diagrammatically in the case of A. gossypii. We devel­

oped a protocol to tabulate the A. gossypii blocks based on this visual information, 

and obtained 409 blocks. 



3.5. TETRAPLOIDIZATION OF YEAST 57 

(a) 
K. waltii 

ancestral tetraploid 
A. gossypii 

K. waltii 

A. gossypii 

Figure 3.5: Two solutions for the yeast data, (a) Solution e S. (b) Solution ^ S and 
detailed in Figure 3.7. 

We then established a second protocol to align the blocks on S. cerevisiae corre­

sponding to K. waltii blocks and those corresponding to A. gossypii blocks, sometimes 

dividing a long block from one diploid into shorter blocks corresponding to the other, 

and allowing ±2 extra ORFs on a block without throwing a correspondence into 

doubt. This protocol produced 263 blocks in both K. waltii and A. gossypii, each 

corresponding to a pair of duplicate blocks in S. cerevisiae. 

Applying our method to this large data set produced the solutions in Figure 

3.5. Because the time required for the median heuristic increases drastically with m, 

where we could handle 1.5 xlO6 runs with m = 34 in the case of maize, we could only 

sample 2506 elements from S with m = 263, and found an S' with only one element. 
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Figure 3.6: Distribution of distances between genomes in S 

To compensate for the sketchy coverage of S, we also examined several solutions of 

the genome halving algorithm where D was slightly sub-optimal. Furthermore, we 

used the criterion in inequality (3.3.3) instead of the computationally more costly 

inequality (3.3.4) to locate A. Of interest is that one of the solutions has A £ S', 

though this was not one of the sampled genomes, but was found in the trajectory 

between a suboptimal solution B and M(B). 

How different are these two solutions, summarized in Figure 3.5? If we calculate 

the rearrangement distance between them and compare it with randomly chosen pairs 

of genomes in S as in Figure 3.6, we see the distance between the two solutions is 

significantly smaller, although it is still large. Of course, it is possible that there is a 

unique, better, global optimum, but the impression gained from this example is that 

the present-day genomes do not contain very precise information on the position of 

the ancestral median in the space of genomes. 
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Figure 3.7: Given and inferred yeast karyotypes and synteny blocks, colour-keyed to 
the median genome. Long chromosomes are wrapped and chromosomes are separated 
by thin white space. 

3.6 Conclusion 

Among orthology assignment problems, the case of tetraploidy (and autopolyploidy 

in general) is rather unique in that DNA sequence information cannot help in parti­

tioning the duplicate blocks into two sets, one from one copy of the original diploid, 

and the other set from the identical second copy, precisely because they were identi­

cal. This is not always the case with allopolyploidy since paralogs coming from one 

contributing polyploid would be more similar in DNA sequence amongst themselves 
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than to paralogs from the other contributing polyploid. Thus our methodology could 

be made more precise in such cases by incorporating DNA sequence evidence insofar 

as allopolyploidy is concerned, but not autopolyploidy. 

As mentioned in Section 3.3, there are many open problems to be solved before 

a general solution, even a heuristic one, is feasible for our simple model of polyploidy. 

And there are many more problems for a general model allowing for autopolyploidy 

by means other than tetraploidization. 

Algorithmically, a difficult problem would be to replace our sequential procedure 

by a single algorithm searching for the pair [A, M] that minimizes D(T, Ri,R2). This 

would be a hard problem, given that the median problem itself is NP-hard. Modi­

fying the halving algorithm so that it could take account of both Rx and R2, while 

retaining optimality of the ancestral diploid, might be a good strategy for avoiding 

the construction of the entire set S, but would not mitigate the complexity of the 

median step. 
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Abstract 

Genome doubling simultaneously doubles all genetic markers. Genome rearrangement 

phylogenetics requires that all genomes analyzed have the same set of orthologs, so 

that it is not possible to include doubled and unduplicated genomes in the same phy-

logeny. A framework for solving this difficulty requires separating out various possible 

local configurations of doubled and unduplicated genomes in a given phylogeny, each 

of which requires a different strategy for integrating genomic distance, halving and 

rearrangement median algorithms. In this paper we focus on the two cases where 

doubling precedes a speciation event and where it occurs independently in both lin­

eages initiated by a speciation event. We apply these to a new data set containing 

markers that are ancient duplicates in two yeast genomes. 
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4.1 Introduction 

Basic rearrangement phylogeny methods require that the genomic content be the same 

in all the organisms being compared, so that every marker (whether gene, anchor, 

probe binding site or chromosomal segment) in one genome be identified with a single 

orthologous counterpart in each of the others, though adjustments can be made for 

a limited amount of marker deletion, insertion and duplication. 

Many genomes have been shown to result from an ancestral doubling of the 

genome, so that every chromosome, and hence every marker, in the entire genome is 

duplicated simultaneously. Evidence for the effects of genome duplication has shown 

up across the eukaryote spectrum. Aside from the well-known controversy about 

doubling in vertebrates more than two hundred million years ago, e.g., [73, 134], 

more recent genome duplications are known to have occurred in some vertebrate 

lines, such as the the zebrafish [157], the salmoniform fish [144], frogs [229] and even 

mammals, as evidenced by the rats Tympanoctomys barrerae [55] and Pipanacoctomys 

aureus [56]. Genome duplication is widespread in insects and particularly prevalent 

in plants (see [41] for a survey of the flowering plants). 

For some generations after a true doubling event (called autotetraploidization 

in classical genetics), the meiotic process, characterized by the normal bivalent pair­

ings of one maternal and one paternal chromosome, may be disrupted by abnormal 

quadrivalent or trivalent alignments involving homeologous chromosomes, singleton 

chromosomes and other aberrant structures, resulting in reduced fertility. Doubling 

is followed by a period of "re-diploidization", where distinct pairings again emerge, 

though in approximately twice the original number, a process mediated by sequence 

divergence and by chromosomal rearrangement, through intra- and interchromosomal 

movement of genetic material. These rearrangement processes continue after diplo-
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somy is attained, so that eventually the chromosomal neighbourhood of a marker 

need bear no resemblance to that of its duplicate. 

Doubling may also occur as a fusion of two distinct but related genomes (al-

lotetraploidy) instead of autotetraploidy. With allotetraploidy, the period of unpre­

dictable meiotic patterns may be absent or attenuated, to the extent that meiotic 

pairing remains true to the parental types, and for this reason it is thought that this 

process has a better chance of leading to viable offspring. Intra- and interchromoso-

mal movement of genetic material will also eventually result in the karyotypic mixture 

of the two founding genomes after this type of doubling. 

The present-day genome, which we refer to here as a doubling descendant, can 

be decomposed into a set of duplicate or near-duplicate markers dispersed among the 

chromosomes. 

For descendants of autotetraploids, there is no direct way of partitioning the 

markers into two sets according to which ones were together in the same half of 

the original doubled genome. In the case of allotetraploids, if there are data on 

unduplicated species more closely related to one of the contributing genomes than 

the two contributors are to each other, this may allow systematically partitioning the 

pairs into two sets accordingly. The mathematics of this case are different [49], and 

will not be discussed here. When there are no intervening unduplicated genomes, it 

may not even be possible to detect that this was an allotetraploid rather than an 

autotetraploid and there will be little distinction to be made on the practical level 

for the analysis of the two cases. 

Genomic distance or rearrangement phylogeny algorithms are not applicable to 

doubling descendants, since there is a two-to-one relationship between markers in 

the doubling descendant and related species whose divergence predates the dou­

bling event, or unresolved two-to-two relationships between two doubling descendants, 
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whereas these algorithms require a one-to-one correspondence. 

We have undertaken a program [174,238] of studying rearrangement phylogeny 

where doubling descendants are considered along with related unduplicated genomes. 

We believe there is no other computationally-oriented literature on this particular 

problem. To focus on the problem of marker ambiguity in doubling descendants, and 

to disentangle it from the difficulties of constructing phylogenies, we pose our com­

putational problems only within the framework of the "small" phylogenetic problem, 

i.e., identifying the ancestral genomes for a given phylogeny that jointly minimize the 

sum of the rearrangement distances along its branches. 

In Section 4.2, we outline a model for generating an arbitrary pattern of doubling 

descendants observed at the tips of a given phylogeny. Based on this model, we 

then present an simple algorithm for inferring the doubling status of the ancestral 

genomes in terms of an economical set of doubling events along the branches of the 

phylogeny. Once we have the ancestral doubling statuses, we can approach the actual 

rearrangement problem. 

First, in Section 4.3, we identify the three basic algorithms underlying the study 

of genome rearrangements and gene order phylogeny, one a calculation of the genomic 

distance between two given genomes with clearly identified orthologs, i.e., the mini­

mum number of rearrangements necessary to transform one genome into another; the 

second a "halving" algorithm for inferring the ancestor of a doubled genome based 

on internal evidence from its modern descendant only, and the third a "medianizing" 

process for inferring an ancestral genome from its three neighbouring genomes in a 

binary branching tree. 

In Section 4.4, we review the methodology for the small phylogeny problem using 

gene order data, based on the iterative application of the median algorithm succes­

sively to all the ancestral vertices of a phylogenetic tree. When doubling descendants 
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are considered together with unduplicated genomes, there are four kinds of median 

problem; these are reviewed in Section 4.5.1. In Section 4.5.3, we discuss our recent 

papers [174,238] on incorporating the three basic algorithms: distance, halving and 

median, into an overall procedure for inferring ancestral genomes in the case of one 

doubling descendant and two related unduplicated genomes. The contribution of the 

present paper starts in Section 4.6 where we analyze two ways of relating genomes 

from two doubling descendants, one where they result from a single genome dou­

bling event followed by a speciation, and the other where speciation precedes two 

genome doublings, one in each lineage. To systematically assess the biases in these 

approaches, in Section 4.7, we carry out a series of simulations. In Section 4.8, we 

apply these two methods to a large data set on yeast. 

4.1.1 Terminology and scope. 

In biology, the concept of genome doubling is usually expressed as tetraploidization 

or autotetraploidization, and the both the doubled genome and its doubling descen­

dant are called tetraploid, even though, generally, the descendants soon undergo a 

process called (re-)diploidization and function as normal diploids, still carrying many 

duplicate markers that evolve independently of each other. Though unambiguous in 

biological context, implicit in this terminology are many assumptions that are not 

pertinent to our study. In the yeast data we study here, for example, Saccharomyces 

cerevisiae exists during most of its life cycle as a haploid, only sometimes as a diploid, 

while Candida glabrata exists uniquely as a haploid. 

In our considerations, the key aspect of genome doubling is the global duplication 

of chromosomes and markers at the moment of doubling. Whether these are haploid, 

diploid or some other ploidy is not relevant in that in any organism that reproduces 
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by meiosis, the order of the markers on any of the aligned components (e.g., maternal 

versus paternal chromosomes) is essentially identical. There may be different alleles, 

or other local differences, but the order is basically invariant. Ongoing variation 

and evolution at the level of chromosomal structure in an individual or species are 

considered negligible in comparison with the major rearrangements that exist between 

genomes separated on an evolutionary time scale. 

Although this paper is about polyploidy, then, we will rely largely on termi­

nology independent of ploidy: genome doubling, doubling descendant, unduplicated 

genomes, genome halving. 

4.2 Inference of doubling events 

Our algorithms require genomic sequence data or other high resolution marker data 

spanning the entire genome. This, of course, is only available in a limited number of 

phylogenetic domains within the eukaryotes, and then only from selected organisms. 

Our analysis may also benefit from information on doubling status not only about the 

sequenced or mapped genomes, but also from closely related organisms. Fortunately 

mapping information is much easier to obtain experimentally and to come by in 

the literature than complete sequence information, though the nature and timing of 

ancestral events often require inferential leaps based on the number of chromosomes 

or the distribution of the number of copies of each marker. 

Our first task, given some mixture of doubling descendants and unduplicated 

genomes related by a phylogenetic tree, is to infer the doubling status of all the 

ancestral genomes. Under the simplifying assumptions that all ploidies are powers of 

two and can only remain unchanged or change by a factor of two at each step, and 

the parsimony criterion that the number of doubling steps is to be minimized, the 
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origin 
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Figure 4.1: Example of doubling inference problem. Genomes observed only for leaves 
(filled dots) of phylogeny. 2 = (diploid) unduplicated genome. Inferred doubling 
events indicated by red dots. 

task is achieved by the recurrence 

Tl(v) = min n(it) 
daughter species u of v 

at each ancestral vertex v of a phylogenetic tree, as depicted in Fig. 4.1. 

Once II is inferred, the doubling events may be inferred to occur on those 

branches of the tree where the II differs at the two ends. This is also depicted in 

Fig.l. 

4.3 Basic algorithms. 

Once we have inferred the doubling status of the ancestral genomes, how are we 

to approach our original problem: to reconstruct the marker order of the ancestral 

genomes and thus infer the cost of the phylogeny in terms of rearrangement events? 

Here we discuss some basic elements of the solution. 

Genomic distance. Distance based on genomic structure d(X, Y) is calculated 

by linear-time rearrangement algorithms for finding the minimum number of opera-



4.3. BASIC ALGORITHMS. 69 

tions necessary to convert one genome X into another Y. The biologically-motivated 

rearrangement operations we consider include inversions (implying as well change 

of orientation) of chromosomal segments containing one or more markers, reciprocal 

translocations (of telomere-containing segments - suffixes or prefixes - of two chromo­

somes) and chromosome fission or fusion. Genomic distance is defined only between 

undoubled genomes. 

The essence of the various algorithms1 for genomic distance resides in the "break­

point graph" of the two genomes being compared. In this graph separate vertices are 

defined for the 5' and 3' end of each gene, and the adjacencies between two genes are 

represented by a black edge between the adjacent vertices in one genome and a gray 

edge between the adjacent vertices in the other genome. Though there are competing, 

and equivalent, formalisms for this, the graph thus defined decomposes into c cycles 

and paths of alternating gray and black edges, and it can be shown that the genomic 

distance is of the form d(X, Y) = n + x ~~ c> where \ ls the number of chromosomes 

in each genome. 

Genome halving. Given a genome T containing a set of markers, each of which 

appears twice on the genome, on the same or on different chromosomes, how can we 

construct a genome A containing only one copy of each marker, and such that the 

genome A® A consisting of two copies of each chromosome in A minimizes d(T, A(BA)7 

Here we use a linear-time algorithm for solving this problem [51]. 

Rearrangement median. Given three genomes X,Y and Z, how can we find the 

median genome M such that d(X, M)+d(Y, M) + d(Z, M) is minimized. For this NP-

1For our calculations in the present paper, we actually use the versatile rearrangement algorithm 
of Bergeron et al. [17], which we constrain to allow only the operations we have listed. This avoids 
difficulties of graph-theoretical programming associated with the breakpoint graph, while arriving 
at essentially the same result. 
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hard problem, we have a new implementation of a previous heuristic [1], which uses 

the principles of Bourque's MGR [26,182], but is based on the constrained version 

of the Bergeron et al. [17] algorithm mentioned in the next to last paragraph. For 

the instances involving a few hundred genes we studied, this algorithm proposes a 

solution after a few minutes to a few hours computation on a MacBook computer. 

4.4 Gene order phylogeny based on iterations of a 

median algorithm. 

One of the main approaches to gene-order phylogeny is based on iterating the median 

algorithm to overlapping parts of a given binary branching tree as illustrated in Fig. 

4.2. Though we can reconstruct the ploidy at the root using the methods of Section 

4.2, and while knowing the gene order of the ancestor would, of course, be of great 

interest, the rearrangement approach produces inferences only about tree nodes of 

degree three or higher, and the reversibility of the rearrangement operations preclude 

any notion of the time direction of the tree edges. So whether the given tree is 

rooted or not is irrelevant to our analysis. In fact, we can assign the status of root 

to any node in the tree without changing the gene order results. Thus we work 

with unrooted trees, with the possibility that the position of the root is known from 

previous biological work or phylogenetic analysis. 

An unrooted tree with all non-terminal vertices of degree three as on the left 

of the figure can be decomposed into overlapping median problems as on the right, 

where the three "given" genomes in the centre of the figure may be terminal vertices 

or ancestral vertices with previously calculated or assigned genomes. 

The median algorithm is applied to each ancestral vertex in turn, perhaps in-
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y 
Figure 4.2: (left) Unrooted binary phylogenetic tree; filled dots represent given 
genomes, open dots represent ancestral genomes to be inferred, (centre) Smallest 
phylogeny requiring solution to the median problem. Shaded dots can represent ei­
ther given or ancestral genomes, (right) Decomposition of phylogenetic inference 
problem on left into overlapping median problems. 

volving several passes over the set of ancestors, until no further improvement is ob­

tained. In the first pass, the ancestral vertices must be initialized, either using random 

genomes, copies of the closest given genome, or some other strategy. 

4.5 Median-based phylogeny containing doubling 

descendants and undoubted genomes. 

In the case where some of the given genomes are descended from whole genome dupli­

cation events, as evidenced by widespread pairs of paralogs, we can infer through the 

methods of Section 4.2 which ancestors are likely to have been doubling descendants. 

Then when we decompose the tree into median problems, we may encounter any of 

the four configurations in Fig. 4.3. 
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Figure 4.3: Four possible median configurations of undoubled (denoted "2") and dou­
bling descendants (denoted "4"). (a) classical median problem with three undoubled 
genomes, (b) genome halving with two outgroups, (c) two doubling descendants from 
either one (include dotted circle) or two (without dotted circle) doubling events, as 
studied in this paper, (d) median problem with three doubling descendants. Although 
the inference of the median takes no account of the position of the root, the consid­
erations of Section 4.2 imply that in all cases (a)-(d), we may assume either that the 
median is the root and the three edges lead to its offspring or that the upper left 
genome is the root or, especially in (d), on a path from the median to the root. In 
the latter case the median genome, which is unknown, is one of the two offspring of 
the upper left genome, the other two genomes shown are the offspring of the median, 
either or both of which can be given or unknown (but initialized). 
4.5.1 The four cases. 

We introduce some notation: Let T be a doubling descendant, i.e., with n different 

chromosomes, and 2m markers, giti • • • , g^m] #2,1, • • • , 92,m, dispersed in any order on 

these chromosomes. Each gij is signed positive or negative to indicate the reading 

direction of the DNA strand it is on. For each i, we call g\ti and #2,1 "duplicates", and 

the subscript "1" or "2" is assigned arbitrarily. A potential ancestral doubled genome 

of T is written A © A, and consists of 2n' chromosomes, where some half (n') of the 

chromosomes contains exactly one of each of g\^ or #2,i f° r each i = 1, • • • , m. The 

remaining n' chromosomes are each identical to one in the first half, in that where 

giti appears on a chromosome in the first half, #2,2 appears on the corresponding 

chromosome in the second half, and vice versa. We define A to be either of the two 

halves of A (B A, where the subscript 1 or 2 is suppressed from each giti or g^. These 

n' chromosomes, and the m markers they contain, #1, • • • ,gm, constitute a potential 
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Figure 4.4: Halving a doubling descendent T, with one (R) or two (Ri, R2) undu-
plicated outgroups. The double circles represent two copies of potential ancestral 
genomes, including solutions to the genome halving in the shaded ring S. Ancestors 
labeled A, which minimize D, are found on best trajectories between solutions X £ S 
and the outgroup (or between X and M, the median of X, R\ and R^). 

ancestor of T that incurred the doubling event. 

4.5.2 Case (a). 

This case is just the classical median problem, and may be solved using the previously 

cited methods. 

4.5.3 Case (b). 

We first consider a simpler problem called Genome halving with an outgroup. Con­

sider T and and a related unduplicated genome R with markers orthologous to 

Qii • • • ,9m- The problem is to find an unduplicated genome A that minimizes 

D(T,R) = d(R,A)+d(A@A,T). (4.5.1) 

The solution in [238], as represented on the left of Fig. 4.4, is to generate the set S 

of genome halving solutions, then to focus of the subset X £ S' C S where d(R, X) 

is minimized. We then minimize D(T,R) by seeking heuristically for A along any 
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trajectory between elements of S' and the outgroups. 

We can use these same ideas for Case (b) in Fig. 4.3. Consider T and two undu-

plicated genomes R\ and R2 with markers orthologous to <?i, • • • ,gm. Our problem 

here is to find a diploid genome A and a median genome M of A, R\ and R2 that 

minimize 

D(T,R1,R2) = d(R1,M) + d(R2,M) + d(A,M) + d(A®A,T). (4.5.2) 

Our solution in [174], as on the right of Fig. 4.4, is to generate the set S of solutions of 

the genome halving problem, then to focus of the subset X 6 S' C S where d(Ri, M) + 

d(R2, M) + d(X, M) is minimized. Then the A minimizing D(T, Ri, R2) is sought, 

heuristically, along all trajectories between all elements X G S' and M(X). 

4.5.4 Cases (c) and (d). 

The present paper is most pertinent to Case (c). In the ensuing sections, although 

we will not directly address the case of two doubling descendants and one undupli-

cated genome, we will deal with the difficulties inherent in comparing two doubling 

descendants. The procedures we develop can then be extended to encompass the 

third genome, the unduplicated one, much as in Case (b). 

Case (d), where the orthology relations among the two copies of a marker in 

one genome and the two copies in the other genomes is not known, remains to be 

investigated, although many of the considerations of Case (c) will be pertinent. If the 

various orthology relations are known, then Case (d) reduces to Case (a). 
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Figure 4.5: Left: Doubling, then speciation. Right: Speciation, then two independent 
doublings. Numbers indicate ploidy as in Figure 4.1. 

4.6 The case of two doubling descendants. 

Two related doubling descendants may arise in two ways, depending on the timing 

of the speciation event in relation to the doubling. Either speciation at V follows a 

single doubling event, as at A on the left of Fig. 4.5, or the speciation precedes two 

independent doubling events in the two lineages, as at A and B on the right of the 

figure. Knowing which of the two scenarios is correct depends on knowing whether 

their common ancestor is doubled or not, information obtained from the algorithm in 

Section 4.2 or other data. 

We will introduce new methods based on tweaking the distance and halving 

algorithms, conserving the optimality of the solutions, but allowing one of them to 

affect the arbitrary choices required to construct the solution for the other. First we 

sketch the original halving algorithm. 

4.6.1 Halving. 

Without entering into all its details, we can present enough of the essentials of the 

halving algorithm to understand the techniques we use in our heuristics. There are 

two parts to algorithm, the first, construct_SNGs, being the partitioning of the 

adjacencies between markers in a doubling descendant T into a set of supernatural 
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Figure 4.6: (left) Even-size natural graph completed by adding three pairs of gray 
edges in a way that maximizes the number of cycles, (right) Two odd-size natural 
graphs, containing x, y, z vertices and a, b, c vertices, respectively, combined into one 
supernatural graph so that three pairs of gray edges may be added. 

graphs (SNGs) such that all edges in the breakpoint graph (defined in Section 4.3) 

induced by T and A © A connect vertices within the same SNG. The second part 

of the algorithm, cons truct^ © A is the actual construction of the adjacencies in 

A® A within the SNGs. 

As a first step in construct_SNGs, whose pseudocode is presented below, each 

marker x in a doubling descendant is replaced by an oriented pair of vertices (xt, Xh) 

or (xh,xt) depending if the DNA is read from left to right or right to left. The 

duplicate of marker x = (xt, x^) is written x — (xt, x~h). Of course a = a. 

Following this, for each pair of neighbouring markers, say (xt,Xh) and (yh,Vt), 

the two adjacent vertices x^ and y^ are linked by a black edge, denoted {xh, Vh} in 

the notation of [17]. For a vertex at the end of a chromosome, say yt, it generates a 

edge of form {yt,0}, where O is a dummy symbol. 

The edges thus constructed are then partitioned into natural graphs according 

to the following principle: If an edge {a, b} belongs to a natural graph, then so does 

some edge of form {a,c} and some edge of form {b, d}. This key step is underlined 

in the pseudocode for the algorithm below. 
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If a natural graph has an even number of edges, as illustrated on the left of 

Figure 4.6, it can be shown that in all optimal ancestral doubled genomes, the edges 

coloured gray, representing adjacent vertices in the ancestor (recall the definitions in 

Section 4.3), and incident to one of the vertices in this natural graph, necessarily have 

as their other endpoint another vertex within the same natural graph. 

Gray edges are added in pairs, so that each edge in the reconstructed doubled 

ancestor is duplicated, in accordance with the required output of the algorithm to 

produce two copies of the same ancestral genome. (Whether a is connected to b and 

a to b or a to b and a to b is immaterial, since the two versions of the same gene were 

originally identical.) These edges are added in such a way as to maximize the number 

of (alternating coloured) cycles and paths that make up this subgraph, in accordance 

with the definition of genomic distance in Section 4.3. 

For natural graphs with an odd number of edges, it is impossible to complete 

them by adding pairs of gray edges. Nevertheless, as on the right of Figure 4.6, they 

may be grouped pairwise into supernatural graphs so that they may be completed 

with pairs of gray edges. Then, as with even natural graphs, an optimal doubled 

ancestor exists such that the edges coloured gray incident to any of the vertices in 

a supernatural graph have as their other endpoint another vertex within the same 

supernatural graph. 

The rules for drawing the gray edges, contained in construct_A©yl (not repeated 

here), can be found in [51]. 

Along with the multiplicity of solutions caused by different possible constructions 

of supernatural graphs (choices of u and t to join), within these SNGs there may be 

many ways of drawing the gray edges during the procedure c o n s t r u c t s © A Without 

repeating here the lengthy details of c o n s t r u c t s © A, it suffices to note that these 

alternate ways can be generated by choosing a different one of the vertices within the 
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Algorithm 1: construct_SNGs 
Input: doubling descendant T 
Output: set of SNGs for T 
for all x in T do 

define oriented pair of vertices (xt,Xh) or (xh,xt), depending on whether 
X is signed positive or negative; 
/ / The dupl icate of a marker, e . g . , x = (xt,Xh), i s denoted 

x = (x~t, x~h) • 

for all pairs of neighbouring markers, e.g., (xt,xh) and (yh,yt), do 
create unoriented black edge {xh,yh} between adjacent vertices 

for each vertex at the end of a chromosome, e.g., yt, do 
create unoriented black edge {yt,0} 

All black edges and all vertices are initially unassigned to natural graphs; 
while there are still unassigned edges do 

choose one and assign it (and its two incident vertices) to a new natural 
graph s; 
while there is a vertex a, other than O, in s such that vertex a is not in s 
do 

assign a to s, as well as the previously constructed edge {a, b} and b 
Natural graphs with even numbers of edges are automatically supernatural 
graphs; 
while there are natural graphs u and t both containing an odd number of 
edges do 

two such are joined to form a supernatural graph s = uUt; 
// p r i o r i t y i s given to constructing supernatural graphs with 

four O's instead of two. Other d e t a i l s on which u and t 
to jo in , and how to handle odd numbers of na tura l graphs, 
in [51] 
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Figure 4.7: Why ortholog identification is pertinent to the doubling first scenario. 
The genes labeled a\ in the two genomes are orthologous, as are the two labeled a2. 

SNG as a starting point. 

4.6.2 Ortholog identification. 

When comparing a doubling descendant to an undoubled related genome, there is no 

question of which of the two paralogs of a gene in the former is the true ortholog of 

the corresponding single gene in the latter: the two paralogs have precisely the same 

historical relationship with the single gene because they were both identical at the 

instant of doubling. 

When comparing two descendants of the same doubling event that have subse­

quently diverged though a speciation event, however, we cannot avoid the problem of 

identifying two orthologous pairs of genes, each involving one gene in each genome. 

Evolution will have affected the two copies of the original gene differently in the time 

interval between the doubling and speciation events, for example with respect to the 

genomic contexts they are found, so that at the time of speciation and thereafter, 

there are two distinct pairs of orthologous genes deriving from a single gene pre-

duplication, as in Fig. 4.7. Depending on the time elapsed between doubling and 
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speciation, sequence divergence analysis may help identify the correct orthologies via 

gene tree/species tree methodology, and further phylogenetic information may also 

be brought to bear, but this type of information may not always be available. 

Another way of deducing the orthologies is through parsimony. Incorrectly 

posited orthologies will tend to increase the genomic distance between the two dou­

bling descendants, so it is reasonable to look for the ensemble of orthology assignments 

that minimizes this distance. 

In Sections 4.6.3 and 4.8, we will deal with both the case where the correct 

orthologies are given, and the case where they must be inferred. Note that if the two 

doubling descendants are descended from separate, post-speciation, doubling events, 

as to be described in Section 4.6.4 and also in Section 4.8, the question of correct 

orthology identification does not arise, much as in the case of one doubling descendant 

and one unduplicated genome, because the two paralogs in one doubling descendant 

are both related in exactly the same way to each of the two paralogs in the other; 

each pair is derived independently from the same single-copy gene. 

Note that when we carry out the halving algorithm, this effectively partitions the 

genes among the chromosomes, and tells us which copy of each gene were together on 

a chromosome in the original doubled genome (original synteny). Of course, the other 

copy of each of these genes must also all have been together on a single chromosome. 

The algorithm, however, does not partition the ancestral chromosomes thus defined 

into two classes corresponding to the two original copies of the doubling genome, 

as this distinction has no biological meaning past the moment of doubling, and so 

has no trace in the doubling descendant. In any case, given the considerable degree 

of non-uniqueness in the halving algorithm, inferences of original synteny based on 

halving alone may be unreliable. 
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4.6.3 Doubling first. 

Given two doubling descendants T and U as on the left of Fig. 4.5, we would ideally 

like to find the doubling descendant V that minimizes d(T, V) + d(V, U) + d(V, A® A), 

where A is any solution of the halving problem on V. Though d is calculated in linear 

time, multiple genome rearrangement problems based on d (e.g., the median problem 

in Section 4.3) are hard, so here we propose a somewhat constrained version of our 

problem, where V is assumed to be on a shortest trajectory between T and U. Because 

d(T, V) + d(V, U) = d(T, U) is then constant, the problem becomes that of finding V 

to minimize d(V, A © A). 

Because it is an edit distance, a genomic distance measurement d(T, U) is asso­

ciated with at least one trajectory containing d(T, U) — 1 genomes as well as T and 

U themselves, where each successive pair of genomes along the trajectory differ by 

exactly one rearrangement operation. 

Before explaining a greedy (with look-ahead) heuristic for a solution to the con­

strained version of the problem, we recall the edge notation we use to represent the 

adjacencies in a genome [17]. If two vertices a and b from different markers are adja­

cent in a genome, we represent this by an edge {a, b} = {b, a}; for a vertex c is at the 

end of a chromosome and hence adjacent to no other vertex, we construct a virtual 

edge {c, O}. Then any rearrangement operation can be represented by an operation 

on one or two terms in the representation, such as {a,b},{c, d} —* {b,d},{a,c} or 

{a, b} -» {b, O}, {a, 0} or {a, b}, {c, 0} - {6, O}, {a, c}. 

We initially define T* = T,U* = U and associate this pair with the root node 

of a search tree. Then our heuristic consists of a search, at each step, for the "most 

promising" operation that moves T* towards U* or U* towards T*. For each operation, 

we define a score W = x + 6y as follows. The y component will measure whether 
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the operation actually diminishes d(V, A © A), while the x will measure whether the 

operation increases the potential of diminishing d(V, A® A) in a subsequent operation. 

In a greedy approach, y should be more heavily weighted than x. But how do 

we justify the coefficient 6 of yl Consider the possible operations that remain on 

a trajectory from T to U, i.e., if V\ is transformed into V2 by the operation, then 

d(T, V2) = d(T, Vi) + 1 and d(V2, U) = d(Vu U) - 1. Let Ax and A2 be solutions of 

the halving problem for V\ and V2, respectively. Even if A2 7̂  Ai, we have \d(Vi, A\ © 

Ai) — d(V2,A2 © A2)\ < 1, because only one operation is involved. We set y = 

d(V1,A1 © Ai) - d(V2, A2 © A2) + 1, so that y is in the range [0, 2]. 

In evaluating an operation changing T*, such as {a, b}, {c, d} —> {b, d}, {a, c}, we 

consider the following eight pairs: {a, b}, {c, d}, {b, d}, {a, c}, {a, b}, {c, d}, {b, d}, {a, c}. 

The operation would clearly seem advantageous for subsequent operations if 

{b, d} and/or {d,c} were in T* and/or U*. There are from zero to four advanta­

geous possibilities. In addition, although one of {b, d},{a,c} must be in U* for the 

operation not to veer from an optimal trajectory, it is not necessary that both of 

them be. There are zero or one advantageous possibilities. We count how many h of 

the total of five advantageous possibilities occur and set x = h + 1. Then x is in the 

range [1, 6]. 

The score W is in the range [1,18]. Note that the effect of y always outweighs 

that of x in in the formula W = x + 6y. Even if x = 6, this can only happen if 

y = 2, since having all five advantageous possibilities can only happen in the context 

of V2 having a smaller halving cost than V\. Thus the greedy approach mandates a 

coefficient of y of at least 6; we chose a coefficient of exactly 6 in order to maximize 

the effect of the look-ahead. 

We calculate WT* in this way and Wu* by considering operations changing U* 

in the direction of T*. Let Wx = maxau operations Wx*-
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If WT > Wu and WT > 6, we apply the highest score operation to T*. Otherwise 

apply the highest score operation to [/*, as long as this Wu > 1. The results of this 

operation and any other having the same score are added as nodes to a search tree. 

(The search tree was initialized when T* = T and U* = U.) 

When there are no more operations that can be applied, we continue to build 

the search tree at a higher node. Finally, the leaves of the search tree are examined 

to find the highest scoring genome to be V, the last common ancestor of T and U. 

Pseudocode for this algorithm, search_trajectory, follows. Because of the asym­

metric way it treats T and U, we repeat it reversing the roles of the two genomes, 

and choose the better solution of the two. 

Algorithm 2: search-trajectory 
Input: two doubling descendants T and U with given orthologies between 

each pair of paralogs in T and corresponding pair of paralogs in U 
Output: doubling descendant V on trajectory between T and U with 

minimum halving cost 
define the pair T* = T,U* = U to constitute the root node of a search tree; 
while T* ^ U* do 

for each possible operation decreasing d(T*, U*) do 
calculate y, x and hence WT and Wu according to the actual and 
potential changes to the halving distance 

if the highest scoring operation has WT > Wu and WT > 6 then 
apply this operation to update T* and create a new node (T*, U*) on 
the search tree 

if the highest scoring operation does not satisfy the above conditions on 
WT, but Wv > 1 then 

apply this operation to update U* and create a new node (T*, U*) on 
the search tree 

if no operation satisfies the conditions on WT or Wu then 
resume search at the previous node on the search tree 

Find the optimal V = T* or V = U* on the search tree 

This search requires 0(m3) time in the worst case for a depth-first traversal of 

the search tree, where m is the number of markers. This follows since the traversal, 

which provides an initial estimate of the solution and an initial upper bound on the 
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solution cost, verifies the while conditions for 0(m) pairs (T*, U*) and examines 

0(m2) possible operations each time. The total time to find the locally optimal 

solution depends on how large a search tree we are willing to maintain. 

Using a range W £ [1,18] proves clearly better than simply choosing evaluating 

an operation according to whether it y = 1 or y ^ 1. For example, in simulations 

generated with d(T, V) = 60, d(V, U) = 55, d(V, A © A) = 24, the average estimate 

d(V, A © A) using an 18-value scale was 29.8, an overestimate of 24%, compared to 

31.7 with a two-value scale, an overestimate of 32%. 

4.6.4 Speciation first. 

In Section 4.6.3, d(T, V) +d(V, U) was fixed and the problem was to find the common 

ancestor V with the shortest history from the doubling event. We now consider the 

halving distances of T and U both to be fixed, and look for the particular unduplicated 

genomes, ancestral to T and U, that are closest together. Our Algorithm halve.two 

simultaneously halves T and U, with a subroutine add„gray_edges choosing the 

initial vertex within each of the supernatural graphs (henceforward SNGs) so as to 

maximize the number of gray edges in common in the two ancestral genomes being 

constructed. The SNGs have previously been ordered by a subroutine sort.SNGs to 

favour this maximization. 

This search also requires 0(m3) time in the worst case for a depth-first traversal 

of the search tree, where m is the number of markers, since the number of SNGs 

to construct is 0(m) and both sort^SNGs and add_gray_edges require 0(m2) to 

compare SNGs from T with those from U. This traversal provides an initial estimate 

of the solution and an initial upper bound on the solution cost. The total time to 

find the locally optimal solution depends on how large a search tree we are willing to 
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maintain. 

Algorithm 3: sort.SNGs 
Input: OT and o~u, the set of supernatural graphs for T and U, respectively 
Output: ordered sets of SNGs a^' and o~v 

initialize a^ = the subset of SNGs with 2 black edges and aT = crT\<jrr ; 
initialize av = the subset of SNGs with 2 black edges and av' = ay \ o\j• ; 
/ / if there are no SNGs with only two black edges, some other 

SNG i s chosen to i n i t i a l i z e e i the r oT' or av 

while there remain SNGs in aj, or SNGs in av do 
while there remain SNGs in aT and either ov is empty or the number 
of black edges in aT' < the number in av do 

/ / find a SNG in a^ to move to a^ 

for each SNG s in oT do (0) 
r 

// calculate the largest number of gray edges it could 

have in common with SNGs in av 

for i = 1, • • • , \av | do 
Let ki be the number of vertices SNG s has in common with Wj, 
t h e i - t h S N G i n a ^ ; 
the number of gray edges they could have in common is < [^] 

then the score of s is V\ , (i),[%l 

add the highest scoring s to o~j, 
r^ ' nnr\ ri nn-t- Kt firr* / T *• ' while there remain SNGs in av , and either aT' is empty or the number 

of black edges in av < the number in o~j. do 
find a SNG in a\j^ to move to c^ in the analogous way as for T 

4.7 Simulations 

For simulations of the doubling first model, we chose the following parameters: five 

chromosomes, number of markers m = 200, inversions to translocations proportion 

5:3 or 10:1, random choice of chromosomes to be rearranged, random breakpoints on 

chromosomes, true orthology relations available for reconstruction. Our algorithm 

accurately reconstructs the number v of rearrangements (ten replications for each 
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Algorithm 4: add_gray.edges 

Input: ordered sets of SNGs oT' and ov' 
Output: search tree where each node is the set of SNGs of T and U with 

partial assignments of gray edges 
At the root of the search tree, add gray edges to all 2-edge SNGs in OT and 
ou; 
/ / i f there are no SNGs with only two black edges, some other 

SNG i s chosen 
while there remain SNGs in o^ or ou without gray edges do 

while there remain SNGs in OT without gray edges and either all SNGs 
in ou have gray edges or the number of gray edges in OT < the number of 
gray edges in ou do 

let s be the first SNG in oT (using the order in oT') that has no gray 
edges, where s has vs vertices for i = 1 , . . . , vs do 

starting with the i-th. vertex, add gray edges to s according to the 
deterministic procedure in the halving algorithm, and retain a new 
node in the search tree if starting with this i-th vertex maximizes 
the number of gray edges in common with o~u 

I'/ At th i s point we can disregard orthology assignments in 
counting potential gray edges, since these may be 
reassigned with no other consequence 

while there remain SNGs in o~u without gray edges and either all SNGs 
in OT have gray edges or the number of gray edges in ou < the number of 
gray edges in OT do 

add gray edges to the first SNG in ov that has no gray edges using 
the same procedure as with T, thus creating one or more new nodes in 
the search tree 

Algorithm 5: halve_two 
Input: T and U 
Output: (optimal) genome halvings 

which minimize d(A, B) 
const ruct_SNG for T and for U; 
sort_SNGs; 
add_gray .edges; 

A and B, 

find closest halvings A and B on search tree 

of T and U respectively, 
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0 20 40 60 80 100 0 20 40 60 80 100 

rearrangements generated number of rearrangements generated 

Figure 4.8: Estimated distance: left, between doubling and speciation (age of ances-
tor=50) in doubling first model, right, between unduplicated ancestors (ages: old=80, 
medium=50, young=20) in speciation first model. 

value of v) between the doubling event and the speciation event, as long as this is not 

too large (Fig. 4.8, left), about v = 50 for a reversals to translocations ratio of 5:3 and 

v = 30 for a ratio of 10:1. With a longer interval between doubling and speciation, 

the halving algorithm reconstructs the unduplicated ancestor too economically. The 

shortfall is a function not only of the number v of rearrangements in the simulation, 

but also of the proportion of reversals versus translocations (r : t) and of the number 

of markers m. If the number of markers is doubled from 200 to 400, the shortfall in 

the inferred number of rearrangements is largely corrected, as indicated by the square 

dots in the figure. 

Thus in any inference based on the doubling first model, we must account for the 

fact that small m, large v and high inversion proportion may bias the results towards 

an underestimate of the cost of fitting the model. 

Simulations of the speciation first model (m = 400) show that while the genome 

halving distances accurately estimate the number of rearrangements between doubled 
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ancestor and doubling descendant in the simulation (data not shown here), the esti­

mated unduplicated ancestors are further apart than the genomes actually generated 

in the simulation (Fig. 4.8, right). This bias increases dramatically as a function, 

not of the distance itself, but of the amount of rearrangement these ancestors incur 

to produce the observed doubling descendant. When this "age" is 20, 50 and 80 

rearrangements, the bias in the distance between the ancestors increases from 4 to 18 

to 37, respectively. This reflects the severely non-unique result of the halving algo­

rithm, which our algorithm attenuates by forcing the reconstructed doubled genomes 

to resemble each other as much as possible, but cannot eliminate, especially as the 

age of the doubling events recedes into the past. 

In any use of the speciation-first model, we must account for the fact that a large 

number of rearrangements in the doubled genomes may bias inter-ancestor distance 

towards an overestimate of the cost of fitting the model. 

Nonetheless, the superior accuracy and efficiency of our algorithm in constraining 

the two simultaneous halving processes to create ancestor genomes as close as possible, 

in comparison with a search over all pairs in S T X SU, the Cartesian product of the 

two complete sets of solutions of the halving algorithm, is clear in another experiment. 

We set the initial number of markers to be 150, randomly assigned to 8 chromosomes. 

Then we carried out 45 random rearrangements to create one doubling ancestor and 

38 independent rearrangements to create another. After tetraploidization formed two 

300-marker genomes, we applied another 42 and 50 rearrangements, respectively, to 

create the modern doubling descendants. Then, using our knowledge of the ancestral 

genomes, we found that the distance between the two simulated ancestors was 75 

and that the halving distances were 38 and 50, respectively. Running our speciation 

first algorithms to completion on the two doubling descendants, we reached an inter-

ancestor distance d(A, B) = 84 (instead of the simulated distance of 75) after three 
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experiment 
number 

1 
2 
3 
4 

simulated 
d t d 

45 + 38 42 + 50 75 
20 + 20 60 + 60 38 
40 + 40 40 + 40 71 
60 + 60 20 + 20 100 

sample 
size d time 

1.0 x 106 87 24h 
1.47 x 106 70 35h 
0.22 x 106 83 12h 
0.26 x 106 101 17h 

halve _two 
d time 
84 3.0h 
57 0.8h 
76 1.5h 
100 0.6h 

Table 4.1: Comparison of performance of the halve_two algorithms with the sampling 
method,varying divergence d between the ancestors and subsequent rearrangement 
distance of the doubled genomes t. 

hours of calculation while the search of the Cartesian product only dropped to 87 

(from 102) after 24 hours of calculation, involving almost 1,000,000 pairs of optimal 

ancestors. We stopped the latter calculation when several hours elapsed without 

any improvement. These results appear as experiment number 1 in Table 4.1. This 

table also contains the results from three similar experiments with different values for 

divergence d between the ancestors and subsequent evolution of the doubled genomes 

t. 

While these experiments confirm that there is still a long way to go to eliminate 

the overestimate bias in inferring d, they indicate that with a tiny fraction of the 

computing time, halve_two achieves substantial reductions in this bias. 

4.8 Genome doubling in yeast 

Wolfe and Shields [227] discovered an ancient genome doubling in the ancestry of 

Saccharomyces cerevisiae in 1997 after this organism became the first to have its 

genome sequenced [62]. According to [95], the recently sequenced Candida glabrata 

[46] shares this doubled ancestor. We extracted data from YGOB (Yeast Genome 

Browser) [31], on the orders and orientation of the exactly 600 genes identified as 
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duplicates in both genomes, i.e., 300 duplicated genes. 

Orthology considerations. The algorithm in Section 4.6.3 requires input about 

orthology relations among the genes in the two doubling descendants. This question 

is not pertinent to the algorithm in Section 4.6.4. We were able to obtain this infor­

mation, i.e., about which of the two duplicates in one genome is orthologous to which 

duplicate in the other genome, from YGOB. 

We also calculated a separate estimate of the orthology relations, motivated by 

the parsimony argument in Section 4.6.2, using the following heuristic: 

Algorithm 6: find-orthologies 
Input: two doubling descendants T and U, genome size 2m, block size 

parameter k 
Output: two resolved orthologies (inferred) between each pair of paralogs in 

T and corresponding pair of paralogs in U 
for each paralogous marker do 

randomly construct two orthology relations each connecting one of the 
paralogs in T to one of the paralogs in U 

calculate d = d(T, U); 
construct a list of all 2m markers by concatenating all chromosomes of 
genome T. This list can be grouped into 2m — k + 1 blocks of k consecutive 
markers; 
for all blocks of k consecutive markers do 

try changing all the orthology assignments in the block of k genes; 
calculate d! = d(T, U) based on this trial reassignment; 
if d! < d then 

retain the changed assignments and set d' = d 
Continue cycling through the list until no further decrease is possible 

With the yeast data, increasing k decreased d(T,U), though the improvement 

after k = 5 was minimal. For random orthology assignments, d(T, U) = 463 ± 7.45, 

while for kmax = 5, the algorithm produces d(T, U) = 327.3 ± 4.16. For comparison, 

the YGOB assignment, in which we have the most confidence, gives d(T, U) = 337. If 

we initialize the algorithm with this assignment, it is improved to d(T, U) = 318. We 
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use the assignment giving the latter value as our estimate of the most parsimonious 

assignment. 

Competing hypotheses. Though the results of the algorithm in Section 4.2 sug­

gests that the theory in [95] is the most parsimonious, there is still enough uncertainty 

in yeast phylogenetics and enough independent occurrences of genome doubling, that 

it is worth comparing the results of our two methods to dispute or confirm the com­

mon doubled ancestor hypothesis. We will compare the analysis of the yeast data, 

using the method in Section 4.6.3, assuming the doubling first model depicted on the 

left of Fig. 4.5, with the analysis in Section 4.6.4, assuming the speciation first model 

depicted on the right in Fig. 4.5. 

The key point to keep in mind in comparing analyses based on these two different 

models is that they are both liable to considerable and variable bias, and we must 

avoid choosing one model simply because its results tend to be biased towards smaller 

distances while the other is biased towards larger values. The way we do this is first 

to analyze the yeast data by both of the two methods. Then for each model, we use 

the inferred rearrangement and halving distances to simulate new data sets with the 

same number of markers. Finally, we apply both methods to both simulated data 

sets. Only if each method is superior at inferring the data generated by its own model 

can we have some confidence that the method that most economically analyzes the 

yeast data reflects the appropriate model. Otherwise, if one method systematically 

produced better analyses, even for data generated by the other model, our inferences 

about the yeast data would be spurious. 

Thus, we analyzed the yeast data using the doubling first and speciation first 

algorithms. The results appear in the centre row of Table 4.2. (Because of the 

asymmetry of the doubling first algorithm with respect to T and U, there are two 
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sets of inferences for this case.) We then used the numbers of rearrangements inferred 

for yeast, using the same number of markers and chromosomes, to simulate the same 

number of rearrangements in a random model, both with doubling first and speciation 

first. 

We then applied both algorithms, doubling first (search.trajectory) and speci­

ation first halve_two), to both sets of data. Note first in Table 4.2 that the number 

of rearrangements inferred for the doubling first model using the doubling first algo­

rithm is not exactly the same as that used to generate the data, and likewise for the 

speciation first case. This is normal, because the inference of rearrangements often is 

more economical than the rearrangements actually used. 

Table 4.2: Doubling first (d.f) and speciation first (s.f.) analyses each produce a 
more parsimonious analysis (asterisked) of simulations produced by the corresponding 
model (d.f. or s.f., respectively). Averages of at least five simulations shown, but the 
effect holds for each simulation individually. The d.f. analysis gives a far better fit 
to the yeast data than s.f. Second yeast row reverses the roles of U and T in the 
algorithm. 

analysis—* 
data source]. 

Control 
sim by d.f.: 

inferred: 
yeast: 

Control 
sim by s.f.: 

inferred: 

doubling first (d.f.) 
d(T, V) 

102 
119 
92 

122 

146 

d(V, U) 

213 
181 
245 
215 

354 

d(V, A® A) 

166 
157 
168 
184 

104 

total 

481 
457* 
505* 
521* 

604 

speciation first (s.f.) 
d(T, A® A) 

214 
193 

177 
164 

d{A,B) 

163 
182 

164 
228 

d{U, BeB) 

255 
250 

225 
197 

total 

632 
625 

566 
589* 

The rows in Table 4.2 show that the doubling first analysis is better (indicated by 

an asterisk) than the speciation first analysis (457 rearrangements versus 632) when 

the data are generated by doubling first, whereas the speciation first analysis is better 

(589 versus 604) when the data is generated with speciation first. The doubling first 

analysis clearly accounts better for the yeast data (505-521 versus 622), while the 

simulated controls assure that the biases in the two methods cannot be invoked, so 

our analysis confirms the hypothesis in [95]. 
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Note that the way we have controlled our analysis of the yeast data by using 

simulations also eliminates the effects of any general bias of rearrangement methods 

on the results (though no such bias shows up in comparing the number of events 

generated in the simulations to the number inferred, across the six sets of simulations 

in Table 4.2). The key point is that the speciation first analysis gives better results 

for the data generated by speciation first, and that the doubling first analysis gives 

far better results for the data generated by doubling first. This validates our use of 

the methods as diagnostic of evolutionary history. Thus the fact hat the doubling 

first analysis gives far better results than the speciation first analysis when applied 

to the yeast data makes it very unlikely that these data were generated by speciation 

first. 

The doubling first analysis of yeast in Table 4.2 used the YGOB orthology as­

signment, and for comparability's sake the doubling first analysis of the simulated 

data used an orthology assignment traced through the actual generation of the data. 

When we use instead find_orthologies, the parsimonious orthology assignment, the 

totals of 505 and 521 change to 491 and 501, respectively. This reflects the tendencies 

of parsimony methods to underestimate rearrangement distances (by 3 or 4% in this 

case), but does not affect our conclusions. 

4.9 Conclusions 

We return to the question of a median between an unduplicated genome and two 

doubling descendants raised in Section 4.5.4. Though we have focused in this paper on 

the problems of comparing only the two doubling descendants, both of our algorithms 

can be directly integrated with existing techniques to take care of the remaining 

genome. The doubling first algorithm identifies a doubling descendant whose halving 



4.9. CONCLUSIONS 94 

distance is minimal. This genome can be used directly as input to the genome halving 

with an outgroup algorithm [238] discussed at the beginning of Section 4.5.3, though 

with the reservations mentioned below. This solves the version of Case (c) in Fig. 4.3 

where the median is a doubling descendant. 

The version of Case (c) where the median is an unduplicated genome cannot 

be so directly addressed using the methods developed here. Nevertheless, the basic 

principle of the speciation first algorithm, namely the search for common gray edges, 

can easily accommodate another criterion, namely the prioritization of gray edges 

representing adjacencies in the third (unduplicated) genome of the median problem. 

This is the subject of promising ongoing research. 

Our previous work on integrating genome halving and other algorithms as a way 

of incorporating polyploids into rearrangement phylogeny used this software "off the 

shelf, searching all the many alternate outputs from one as inputs to the other. 

In the present paper we have avoided an exhaustive search strategy by intervening 

at the choice points in the genomic distance algorithm in the case of the doubling 

first problem and in the genome halving algorithm in the case of the speciation first 

problems. We have shown that these heuristics increase the efficiency of the search 

and to provide better upper bounds. 

The main difficulty in this problem area remains the great multiplicity of solu­

tions to the halving problem. Though this was only encountered here in the speciation 

first problem, leading to a overestimation of the inter-ancestor distance, it will also 

have to be dealt with in the doubling first scenario, when the inferred ancestor has to 

be integrated into a larger phylogenetic tree, via the median problem as mentioned 

above. 

Our focus in this work has been on estimating the chromosomal structure of the 

doubled and undoubled ancestors of given genomes, in a given phylogeny. Although 
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we are primarily interested in working out the mathematical aspects of these questions 

on the basis of gene order data, it is clear that information at the level of DNA or 

amino acid sequence could also be helpful. For example, under the speciation first 

model, the two copies of a gene within each species should be more similar than the 

between-gene comparisons, while under the doubling first model, each copy of a gene 

should have its own unique ortholog in the other species, more similar than its own 

paralog. We should also note that although we work with phylogenies, these are 

given and not to be inferred. We are interested here in the small phylogeny problem 

and not the large problem of actually inferring phylogenies. And though questions of 

cross-validation of sequence-based and order-based phylogenetics, or of their preferred 

domains of application, are of great interest, they are outside the scope of the present 

work, which aims only at inferring gene order, and through that, the occurrence of 

evolutionary events that affect gene order. 



Chapter 5 

Guided genome halving: hardness, 

heuristics and the history of the 

Hemiascomycetes 
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Abstract 

Motivation: 

Some present-day species have incurred a whole genome doubling event in their evolu­

tionary history, and this is reflected today in patterns of duplicated segments scattered 

throughout their chromosomes. These duplications may be used as data to "halve" 

the genome, i.e., to reconstruct the ancestral genome at the moment of doubling, but 

the solution is often highly non-unique. To resolve this problem, we take account of 

outgroups, external reference genomes, to guide and narrow down the search. 

Results: 

We improve on a previous, computationally costly, "brute force" method by adapt­

ing the genome halving algorithm of El-Mabrouk and Sankoff so that it rapidly and 

accurately constructs an ancestor close the outgroups, prior to a local optimization 

heuristic. We apply this to reconstruct the pre-doubling ancestor of S. cerevisiae and 

C. glabrata, guided by the genomes of three other yeasts that diverged before the 

genome doubling event. We analyze the results in terms 1) of the minimum evolution 

criterion, 2) how close the genome halving result is to the final (local) minimum, and 

3) how close the final result is to an ancestor manually constructed by an expert with 

access to additional information. We also visualize the set of reconstructed ancestors 

using classic multidimensional scaling to see what aspects of the two doubled and 

three unduplicated genomes influence the differences among the reconstructions. 
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5.1 Introduction 

Whole genome doubling (WGD) is a rare but important type of evolutionary event, 

often giving rise to major new lineages. In its various forms it has occurred across the 

eukaryotic spectrum, from the pathogenic protist Giardia to the ancestor of brewer's 

yeast, to most of the plant lineages, to several insect species, to the salmonid fishes, 

to amphibians and even to mammalian species. 

WGD is followed, over evolutionary time, by genome rearrangement through 

intra- and interchromosomal movement of genetic material. The phylogenetic study 

of synteny, gene order and chromosomal evolution becomes blocked because of the 

extraordinarily high rates of paralogy in the species descended from the WGD com­

pared to sister species that diverged before the WGD. If we could infer the ancestral 

genome that underwent the WGD, this difficulty would be resolved. Thus the genome 

halving problem is to reconstruct the ancestral genome on the basis of a decompo­

sition of the present-day genome into a set of apparently duplicated blocks of genes 

or DNA sequence dispersed among the chromosomes1. A linear-time algorithm to 

find the ancestral genome that minimizes the genomic distance to the present-day 

genome has been available for some time [50,51]. Unfortunately, the solution to the 

combinatorial optimization problem is not always directly interpretable as a solution 

to the evolutionary biology problem. First, the algorithmic result suffers from se­

vere non-uniqueness. Second, in common with most methods of inferring history, we 

have no direct way to verify if the answer is correct. Our goal is to counteract these 

problems, first by guiding the reconstruction by one or more reference, or outgroup, 

genomes and second, by checking our results for a particular data set against an 

ancestor genome manually reconstructed by an expert. 

1 Sequence analysis tools for dating duplication events are not pertinent to this problem since all 
pairs of duplicates in the doubled genome were generated at the same historical moment 
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If our guided reconstruction method were to be feasible and accurate it could 

have wide application. One or more descendants of a WGD event co-occur with 

unduplicated sister species in many phylogenies. This is most prevalent among plants 

where, for example, the poplars and willows descend from a common WGD, while the 

closely related eurosid angiosperms like papaya diverged before this event, but it also 

occurs in yeast, where brewer's yeast and several sister species share an origin in an 

ancestral WGD, while other closely related species have earlier divergence dates, in 

fish, where the salmonid species like trout and salmon originate in a WGD event after 

diverging from the related osmerid fish, in mammals, where some genera of viscacha 

rodents share a WGD history while their relationship with very similar octodontids 

predates this. In protists, the important pathogen genus Giardia has undergone a 

form of WGD, while the related enteromonad parasites have not, though this may 

be due to a post-WGD loss rather than an early divergence. This very partial list of 

examples emphasizes species whose genomes have been sequenced or for which serious 

sequencing projects are underway or are being actively promoted. 

We first explored the idea of guided reconstruction for the ancestral doubled 

genome of the maize (Zea mays) genome, with the rice (Oryza sativa) and sorghum 

(Sorghum bicolor) genomes2 as outgroups [238]. Our strategy was to generate all 

the 1.5 x 106 solutions to the genome halving problem for the maize genome, and to 

identify the subset, containing 10-20 solutions that have a minimum rearrangement 

distance with the rice (or sorghum) genome. We followed this with a local improve­

ment heuristic searching outside the immediate set of optimal halving solutions to 

find the genome A that minimizes the sum of the distance between the doubled form 

A © A and present-day maize plus the distance between rice (or sorghum) and the 

2All cereals underwent earlier WGD event(s), but the effects of these can be filtered out on the 
basis of greater sequence divergence. 
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pre-doubling form A. 

While this approach was feasible with the 34 doubled blocks in maize, present in 

one copy in each outgroup, the heuristic search step was time-consuming, given that 

the starting points were relatively far from optimal. Then we attempted to reconstruct 

the ancient doubled yeast genome from which Saccharomyces cerevisiae is descended, 

guided simultaneously by both of the undoubled outgroup genomes Ashbya gossypii 

and Kluyveromyces waltii [174]. In these data the number of doubled genes we used 

was an order of magnitude greater than the number of blocks in the cereals data, 

and the number of solutions to the halving problem astronomical. It is not feasible 

to exhaustively search the halving solutions to find those that are closest to the 

outgroups, to say nothing of the heuristic search step. Instead we tried working with 

a sample of halving solutions, hoping to generate at least one initialization leading to 

a good solution. It was not clear, however, how large the sample should be, or how 

to validate the results, since the local optima found in that study remained fairly far 

apart, as measured by genomic distance. 

The facts that halving guided by a single outgroup involves only two genomes, 

and that both of its component parts, halving and distance calculation, are basically 

linear-time, suggests that this problem might be susceptible to a polynomial-time 

analysis, in contrast to problems such as the "median problem" for three or more 

genomes, which are NP-hard [35,46,153]. We dispose of this hope at the outset, by 

showing that the simplest problem of halving guided by one outgroup is NP-hard. 

Nevertheless, in the ensuing sections, we seek to replace the "brute force" ap­

proach of generating unconstrained halving solutions first, i.e., before taking into 

consideration the outgroup genome(s). Instead, we inject all pertinent information 

derivable from the outgroup(s) into the halving algorithm, influencing hitherto ar­

bitrary choices in that algorithm so that the halving solution is guided towards the 
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outgroup(s). 

We analyze data on two yeasts descended from the same doubling event, Saccha-

romyces cerevisiae and Candida glabrata, to try to reconstruct the original doubled 

genome. Three related outgroup species are currently available in the Yeast Gene Or­

der Browser (YGOB) [31]: Ashbya gossypii, Kluyveromyces waltii and Kluyveromyces 

lactis. YGOB also furnishes an estimate of the ancestral doubled genome painstak­

ingly reconstructed by Jonathan Gordon on the basis of multiple sources of informa­

tion. 

Our new algorithm greatly improves the accuracy of our results, while drastically 

reducing the computational effort, both in generating halving solutions and in the lo­

cal optimization search. We compare this new approach to the sampling approach, 

with and without the local optimization step, from the viewpoints of the objective 

function value obtained and computing time. We apply our method to all combina­

tions of the two descendants of the doubled ancestor and four single genomes, the 

three species already mentioned plus Gordon's manually reconstructed ancestor. 

We also use data-analytic methods to compare the our inferred pre-doubling 

genomes to each other and to the Gordon construct. 

5.2 Problem statement. 

Although the idea of guided genome halving is not difficult, the prerequisite for under­

standing the analysis is some knowledge of standard genome rearrangement problems, 

namely genomic distance, genome halving and genome median. We can only sketch 

these in Sections 5.2.2, 5.2.3 and 5.2.4 before enunciating the GGH problems in Sec­

tion 5.2.5. In Section 5.3, we discuss the algorithms for these problems. 
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5.2.1 Genomes and rearrangement operations. 

A genome G is represented by a set of strings (called chromosomes) of form 

{9u---9ini,-,9xi'--9xnx}> w h e r e n = n\-\ \- nx and {\g..\} = {!,••• ,n}; i.e., 

each integer i £ {1, • • • , n}, representing a gene or other marker, appears exactly once 

in the genome and may have either positive or negative polarity. The biologically-

motivated operations generally include3 inversions (implying as well change of sign, 

i.e., change of strand) of chromosomal segments, e.g., hi • • • hu • • • hv • • • hm —> h\ • 

hv hu- • • hm, and reciprocal translocations, e.g., hi • • • hu • • • hi, k\ • • • kv • • • km —> 

hi • • • KV • • • km, ki • • • hu • • • h\. 

5.2.2 Genomic distance. 

The genome rearrangement distance d(G, H) is defined to be the minimum 

number of operations necessary to convert one genome G into another H. 

The breakpoint distance. We say there is a "shared adjacency" if the signed 

integer gtj+i immediately follows py on a chromosome in H as well as on the i-th 

chromosome in G, or if —g^ follows —gitj+i in H. There are also shared adjacencies 

if gn or —gini are first terms on chromosomes in H or if gini or —gn are last terms 

on chromosomes in H. Then if G and H have the same number of chromosomes 

X, the breakpoint distance ds{G, H) is defined to be n + x~ the number of shared 

adjacencies. 

3See [231] for a more general inventory. 
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5.2.3 Genome halving. 

Let T be a genome consisting of ip chromosomes and 2n genes a\ • • • , an ; a[ , • • • ,an, 

dispersed in any order on the chromosomes. For each i, we call a- and a\ "dupli­

cates" , but there is no particular property distinguishing all elements of the set of a\ 

in common from all those in the set of a • . A potential "doubled ancestor" of T is 

written A' ®A", and consists of 2% chromosomes, where some half (x) of the chromo­

somes, symbolized by the A', contains exactly one of a\ or a\ for each i = 1, • • • , n. 

The remaining x chromosomes, symbolized by the A", are each identical to one in 

the first half, in that where a\ appears on a chromosome in the A', a\ appears on 

the corresponding chromosome in A", and where a\ appears in A', a\ appears in 

A". We define A to be either of the two halves of A' © A", where the superscript (1) 

or (2) is suppressed from each a\ or a\ . These x chromosomes, and the n genes 

they contain, ai, • • • ,an constitute a potential "doubled ancestor" of T. 

The genome halving problem for T is to find an A for which some d(A' © A", T) 

is minimal. 

5.2.4 The median problem. 

Let P, Q and i? be three genomes on the same set of n genes. The rearrangement 

median problem is to find a genome M such that d(P, M) + d(Q, M) + d(R, M) is 

minimal. The breakpoint median problem is to find a genome M such that ds(P, M) + 

ds(Q, M) + duiR, M) is minimal. 
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5.2.5 Guided genome halving. 

As in Section 5.2.3, let T be genome consisting of ip chromosomes and 2n genes 

a[ • • • ,an ;a\ , • • • ,an, dispersed in any order on the chromosomes, where for each 

i, genes a\ and a\ are duplicates. Any genome R is a reference or outgroup genome 

for T if it contains the n genes ai, • • • , an. 

There are a number of different formulations possible for guided genome halving 

(GGH), depending on the genomic distance used, and the number of outgroups doing 

the guiding. Here we will study the cases of one outgroup [238] and two outgroups 

[174], using the genomic distance d defined in Section 5.2.2, and we will also analyze 

the complexity of the one outgroup problem in the context of the breakpoint distance 

dB. 

Let R be a reference genome for T. The GGH problem with one outgroup is to 

find (an estimated ancestral) genome A such that some d(R,A) + d(A' © A",T) is 

minimal. Let i?i and R2 be two reference genomes for T. The GGH problem with two 

outgroups is to find A and a median genome M such that some d(Ri, M) + d(R2, M) + 

d(A, M) + d(A' © A", T) is minimal. 

5.3 Algorithms for genome distance, genome halv­

ing and the genome median. 

5.3.1 Distance. 

Rearrangement algorithms [210] can be formulated in terms of the bi-coloured "break­

point graph", where each end (either 5' or 3') of a gene in genome G is represented 

by a vertex joined by a black edge to the vertex for adjoining end of the adjacent 
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gene, and these same ends, represented by the same 2n vertices in the graph, are 

joined by gray edges determined by the adjacencies in genome H. In addition, if G 

has x chromosomes, assuming without loss of generality that this is at least as many 

as H, each vertex representing a first or last term of some chromosome in G only is 

connected by a black edge to an individual "cap", or dummy, vertex so that there are 

2n + 2x vertices in all. The breakpoint graphs necessarily consist of disjoint alter­

nating colour cycles and/or paths, and it can be shown that, with some rare, easily 

identifiable exceptions, d(G, H) = n + x~c — H, where c is the number of cycles and 

II the number of paths terminating in at least one cap. Calculating the distance can 

be done in time linear in n. 

The actual operations, d(G, H) in number, may be reconstructed by successively 

choosing certain large cycles and paths in the breakpoint graph to split into two, 

corresponding to a reversal or translocation, until there are n — x cycles each made 

up of two vertices, a black edge and a gray edge, and 2x paths each containing one 

cap and one chromosome-terminating gene vertex connected by a black edge. This 

requires somewhat more than linear time. 

The breakpoint distance CLB is easily calculated by storing all adjacencies of G as 

it is input, and verifying for each g^ as it is encountered when H is input, whether 

its successor is gij+i-

5.3.2 Halving. 

In the rearrangement distance algorithm, construction of the breakpoint graph is an 

easy step. The genome halving algorithms [51] also make use of the breakpoint graph, 

but the problem here is the more difficult one of building the breakpoint graph where 

one of the genomes (the doubled ancestor A' © A") is unknown. This is done by 



5.3. ALGORITHMS FOR GENOME DISTANCE, GENOME HALVING AND THE GENOME MEDIAN. 106 

segregating the vertices of the graph in a natural way into subsets, such that the 

vertices of all cycles must fall within a single subset, and then constructing these 

cycles in an optimal way within each subset so that the black edges correspond to 

the structure of the known genome T and the gray edges define the adjacencies of 

A' 0 A". 

As a first step each gene a in a doubled descendant is replaced by a pair of 

vertices (at, a^) or (a^, at) depending if the DNA is read from left to right or right to 

left. The duplicate of gene a = (at, a^) is written a = (dt, a/J. 

Following this, for each pair of neighbouring genes, say (at,ah) and (bh,bt), the 

two adjacent vertices a^. and bh are linked by a black edge, denoted {ah,bh} in the 

notation of [17]. For a vertex at the end of a chromosome, say bt, it generates a 

virtual edge of form {bt,end}. Note that the use of "end" instead of "cap" reflects 

a somewhat different bookkeeping for the beginnings and ends of chromosome in the 

halving algorithm compared to the distance algorithm in Section 5.3.1. 

The edges thus constructed are then partitioned into natural graphs according 

to the following principle: If an edge {x, y} belongs to a natural graph, then so does 

some edge of form {x, z} and some edge of form {y, w}. If a natural graph has 

an even number of edges, as on the left of Figure 5.1, it can be shown that in all 

optimal ancestral doubled genomes, if a gray edge, representing two adjacent vertices 

in the ancestor, has a vertex in this natural graph, then it necessarily connects to 

another vertex in the same natural graph. For natural graphs with an odd number 

of edges, which cannot be completed by adding pairs of edges, there are one or more 

ways of grouping them pairwise into supernatural graphs, as on the right of Figure 

5.1. An optimal doubled ancestor exists such that if a gray edge has a vertex in this 

supernatural graph, then it connects to another vertex within the same supernatural 

graph. Thus the supernatural graphs may be completed one at a time. 
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X — W X — — W 

- ft=>- I 
y _ z y z 
w^—y w——y 

Figure 5.1: (left) Even-size natural graph completed by adding two pairs of gray 
edges, (right) Two odd-size natural graphs, containing x, y, z vertices and a, b, c 
vertices, respectively, combined into one supernatural graph so that three pairs of 
gray edges may be added. 

An important detail in this construction is that before a gray edge is added 

during the completion of a supernatural graph, it must be checked to see that it 

would not inadvertently result in a circular chromosome. This involves inspection 

within this supernatural graph only. Key to the linear worst-case complexity of the 

halving algorithm is that this check may be made in constant time. 

Along with the multiplicity of solutions caused by different possible constructions 

of supernatural graphs, within such graphs and within the natural graphs, there may 

be many ways of drawing the gray edges. Without repeating here the lengthy details 

of the halving algorithm, it suffices to note that these alternate ways can be generated 

by choosing one of the vertices within each supernatural graph as a starting point. 

5.3.3 Median. 

Unlike the genomic distances and genome halving, which can all be calculated in 

linear time, the genome median problem, based either on d or ds, is NP-hard [35, 

46,153]. The heuristics [26,67] commonly used to analyze the problem search for 

reversals that will move a genome towards the other two. This is iterated as often as 
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Figure 5.2: Halving a doubling descendent T, with one (R) or two (i?i, R2) undu-
plicated outgroups. The double circles represent two copies of potential ancestral 
genomes, including solutions to the genome halving in S, and those on best trajecto­
ries between S and outgroups. 

possible; otherwise one of the genomes is moved towards only one of the others without 

prejudicing its distance to the third, and the algorithm stops when all three genomes 

become identical. These algorithms become prohibitively costly with moderate n. 

5.4 Previous work on GGH. 

5.4.1 Guided genome halving with one outgroup. 

Consider T and and a related unduplicated genome R with genes orthologous to 

ai ,--- ,an. Our problem is to find an unduplicated genome A that minimizes, for 

some A' © A", 

D(T, R) = d{R, A) + d(A' © A", T). (5.4.1) 

Our solution in [238], as on the left of Figure 5.2, is to generate the set S of genome 

halving solutions, then to focus on the subset X E S' C S where d(R, X) is minimized. 

We then minimize D(T, R) by seeking heuristically for A along any trajectory 
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between an element X E S' and the outgroups. First, each possible genome on one 

or more trajectories between X and R is examined in turn to see if it that decreases 

D(T, R). If so, it is taken as the current best value of X. When no better X is found 

for any starting point in S' the current value is taken to be A. 

In our experience, any more comprehensive search becomes computationally very 

costly, and very rarely finds a better solution. 

When S' is so large that an exhaustive search for a local minimum becomes 

computationally too costly, or when it is too costly to generate all of S in order to 

find S', we may resort to sampling S. In defining the gray edges in the supernatural 

graphs of Section 5.3.2, we generally have several choices at some of the steps. By 

randomizing this choice, we are effectively choosing a random sample of X 6 S. 

5.4.2 Guided genome halving with two outgroups. 

With reference to the right of Fig. 5.2, consider T and two unduplicated genomes R\ 

and R2 with genes orthologous to ai, • • • ,an. Our problem here is to find a genome 

A and a median genome M for A, Ri and R2 that minimize 

D(T, Ri, R2) = d(Ru M) + d(R2, M) + d(A, M) + d{A' © A", T) (5.4.2) 

for some A1 © A". Our solution in [174], as on the right of Fig. 5.2, was to generate 

the set S of solutions of the genome halving problem, then to focus on the subset 

X E S' C S where d(Ri, M)+d(R2, M) + d(X, M) is minimized, using our own imple­

mentation of the median heuristics mentioned in Section 5.3.3. Then we sought the 

A minimizing D(T, Ri, R2), heuristically, along all trajectories between all elements 

X eS' and M{X). 
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5.5 Complexity 

We prove that GGH for one outgroup under the breakpoint distance dB is NP-hard, 

using a reduction from the Breakpoint Median Problem. The latter is NP-hard, 

both for unichromosomal [46] and multichromosomal genomes (E. Tannier, personal 

communication). 

We convert the breakpoint median problem on P, Q and R, three diploid genomes 

with the same genes, into an instance of GGH: 

• Construct genome Pi by appending superscript ' 1 ' to the symbol for each gene 

in genome P. 

• Construct genome Q2 by appending superscript '2' to the symbol for each gene 

in genome Q. 

• Let T = P\ © Q2- We will treat T as a doubling descendant. Superscripts T 

and '2' distinguish the two copies of a gene. 

• Define an instance of GGH based on the doubling descendant T and the diploid 

outgroup R. 

We prove that the solution of GGH for genomes T and R is also the solution of 

Breakpoint Median Problem on genomes P, Q and R: 

Given any assignment of the ' 1 ' and '2' superscripts to the pairs of genes in T, a 

solution for GGH minimizes 

B(T, R) = dB(R, A) + dB(A' © A", T). (5.5.1) 

where A' is a genome with one copy of each gene, labeled T or '2', and A" is the 
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same as A' with all the ' 1 ' and '2' superscripts interchanged. A is the same genome 

without superscripts. 

Lemma 1. If we construct genome A\ by appending superscript 'V to each gene in 

genome A, and A2 by appending superscript '2' to each gene in genome A, then 

dB(A1®A2,T) = dB(A'®A",T). (5.5.2) 

Proof. Genomes A' and A" form a solution to GGH. The sum dB(A' © A",T) + 

dB(A,R) is minimized. Therefore 

dB(A' © A", T) + dB(A, R) < dB(A, R) + dB(A1 © A2, T). (5.5.3) 

Due to the construction of the genome T, each pair of adjacent elements in T must 

have the same superscript. This implies that for every adjacency that A' © A" has 

in common with genome T, the two adjacent terms must have same superscript too. 

Genome Ax © A2 contains all these common adjacencies, which implies 

dB(A1 © A2, T) < dB{A' © A", T). (5.5.4) 

Thus dB(Ai ®A2)T) = dB{A' © A", T). If A' and A" form a solution of GGH, then 

A\ and A2 also constitute a solution with the same breakpoint distance. • 

Lemma 2. The breakpoint distance dB(Ai © A2, T) = dB(A, P) + dB(A, Q). 
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Proof. We constructed T = Px © Q2. The adjacencies in common between Ax © A2 

and T can be divided into two kinds: 

• the common adjacencies between A\ and Px; and 

• the common adjacencies between A2 and Q2. 

Therefore dB(Ai®A2, T) = dB(A1, P\)+dB(A2, Q2). Trivially, i.e., by simply ignoring 

superscripts, dB(Ax, Px) = dB(A, P) and dB(A2, Q2) = dB(A, Q) 

U 

Theorem 1. Genome A, the solution of GGH for T and C, is also the solution of 

the Breakpoint Median Problem on genomes P,Q and R. 

Proof. From Lemma 2, o?B(^i © A2, T) = dB(A, P) + dB(A, Q). Thus 

dB(A1 © A2, T) + dB{A, R) = dB(A, P) + dB(A, Q) + dB(A, R). (5.5.5) 

There cannot be any other genome A* such that dB(A*, P)+dB(A*, Q) + dB(A*, R) < 

dB(A, P) + dB(A, Q) + dB(A, R), because this A* would then have the property that 

dB(A1 © A2, T) + dB(A, R) > dB{A\ © A*, T) + dB(A*, R), (5.5.6) 

a contradiction. Therefore genome G is the solution of the Breakpoint Median Prob­

lem on P,Q and R. D 
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Assuming the Breakpoint Median Problem for four genomes L, P, Q and R were 

also NP-hard, although we are not aware of any explicit proof, we could use the same 

method employed above to show that GGH with two outgroups is hard under the d^ 

distance. 

We do not yet have corresponding proofs that GGH is NP-hard under the re­

arrangement distance d, but this is almost certainly the case since the breakpoint 

distance easier to compute than rearrangement distance, even though they are both 

0(n). Note that the Reversals Median Problem for three or more (unichromosomal) 

genomes is NP-hard [35]. 

5.6 The new algorithms 

The key idea in our improvement on the brute force algorithms is to combine informa­

tion from both T and the outgroups in constructing the ancestor. It is important to 

take advantage of the common structure in T and the outgroups as early as possible, 

before it can be destroyed in the course of construction. To this end, we drop the 

practice of completing the all the gray edges in one supernatural graph before start­

ing another. We simply look for elements of common structure and add gray edges 

accordingly, making sure at each step that no circular chromosomes are inadvertently 

created. It is still necessary to construct the supernatural graphs at the outset, both 

for the check against circular chromosomes and for technical reasons we omit here, 

having to do with chromosome ends. 

Our approach requires only slight modifications from the context of a single 

outgroup to that of two outgroups. For that reason, we present a single algorithm 

for both, with the modifications for two outgroups in square brackets. Indeed, this 

presentation is suggestive of a generalization to three or more outgroups. 
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5.6.1 Paths. 

By "path" we mean any connected succession of black and gray edges in a breakpoint 

graph, starting and terminating with a black edge. We represent each path by an 

unordered pair (u, v) = (v, u) consisting of its current endpoints, though we keep 

track of all its vertices and edges. Initially, each black edge in T is a path, as is each 

black edge in R [or in each of Ri and R2]. 

5.6.2 Pathgroups. 

A pathgroup F is an ordered triple [quadruple] of paths, two in T and one in R [one 

each in out groups Ri and R^], where one endpoint of one of the paths in T is the 

duplicate of one endpoint of the other path in T and both are orthologous to one of 

the endpoints of the path in R [R1 and R2]. The other endpoints may be duplicates 

or orthologs to each other, or not. For the special case where the duplicates are 

end vertices, and the supernatural graph containing it has four end nodes, then the 

members of a pair of duplicate dummies must originate in different (odd length) 

natural graphs. 

5.6.3 The algorithms 

In adding pairs of gray edges to connect duplicate pairs of terms in the breakpoint 

graph of T versus X' © X", (which is being constructed), our approach is basically 

greedy, but with an important look-ahead. We can distinguish six priority levels 

among potential gray edges, i.e., potential adjacencies in the ancestor. Recall that 

in constructing the ancestor X to be close to the outgroups, such that X' © X" is 

simultaneously close to T, we must create as many cycles as possible in the breakpoint 
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graphs between X and the outgroups and in the breakpoint graph of X' © X" versus 

T. 

1. Adding two gray edges would create two cycles in the breakpoint graph defined 

by T and X' © X", by closing two paths, as on the top of Figure 5.3. When 

this possibility exists, it must be realized, since it is an obligatory choice in 

any genome halving algorithm. It may or may not also create cycles in the 

breakpoint graph comparison of X with the outgroups. 

2. Adding two gray edges would create three cycles, one for T and one for each of 

two outgroups. 

3. Adding two gray edges would create two cycles, one for T and one for one 

outgroup, as in the middle of Figure 5.3. 

4. Adding two gray edges would create one cycle for T but none for the outgroups. 

It would, however, create a higher priority pathgroup, e.g., Figure 5.3, bottom. 

5. Adding two gray edges would create a cycle in the T versus X'®X" comparison, 

but none for the outgroups, nor would it create any higher priority pathgroup. 

6. Each remaining path terminates in duplicate terms, which cannot be connected 

to form a cycle, since in X' © X" these must be on different (and identical) 

chromosomes. In supernatural graphs containing such paths, there is always 

another path and adding two gray edges between the endpoints of the two 

paths can create a cycle. 

In not completing each supernatural graph before moving on to another, we lose the 

advantage in [51] of a constant time check against creating circular chromosomes. The 

worst case becomes a linear time check. In practice, this is a small liability, because 

the worst case scenario is seldom realized. 
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Figure 5.3: Priority levels of some pathgroups for GGH with one outgroup. 
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Algor i thm G G H : 

Guided Genome Halving with One [Two] Outgroups 

Input. Two [three] genomes: 

duplication descendant T, outg roup R [J?I, R2\-

Output . Genome X, a halving solution of T, minimizing 

d(X' 0 X", T) + d(X, R) 

[d(X' 0 X", T) + d(X, RJ + d(X, R2)}. 

Initialize paths (black edges) in T and R [in R\ and R2]. 

Construct supernatural graphs. 

Construct two pathgroups for each gene g in R [in i?i], 

one based on gt, the other on g^. 

If number of chromosomes in T is odd, 

add pathgroup with two paths of form (end, end). 

While there remains at least one pathgroup 

For each pathgroup: 

((x, y), (x, z), (x, m)), or [((x, y), (x, z), (x, m), (x, n))] 

classify it by case and priority, 

and find a pathgroup T that has the highest priority. 

Case 1: x ^ y, and adding xy and xy would not create a circular 

chromosome. 

Priority 1: z = y. 

[Priority 2: y = m = n.] 

Priority 3: y = m [or y = n}. 

Priority 4: adding xy and xy would create a pathgroup 

with priority 2 or 3. 

Priority 5: None of 1, [2], 3 or 4. 
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Case 2: x ^ y, and adding xz and xz would not create a circular 

chromosome. 

[Priority 2: z = m = n.] 

Priority 3: z = m [or z = n]. 

Priority 4: adding xz and xz would create a pathgroup 

with priority 2 or 3. 

Priority 5: None of [2], 3 or 4. 

Case 3:x = y. 

Priority 6: 

If T is Case 1, addGrayEdge(xy, xy). 

If T is Case 2, addGrayEdge(x2, xz). 

If T is Case 3, find some 

W = ((w, w), (w, w), [w, sj) or [((w, w), (w, w), (w, s)(w, t))] 

in the same supernatural graph and addGrayEdge(xw,xu)). 

Algorithm: addGrayEdge(rt, ft) 

Add gray edges rt, ft to partially completed genome X" © X". 

Add gray edge rt to partially completed genome X. 

Update paths in pathgroups that are affected by the new gray edges. 

Remove pathgroups that start with r and t. 

Once the GGH algorithm is terminated, we undertake the local search described 

in Sections 5.4.1 and 5.4.2 to see if we can improve X by allowing it to move out of 

S on a trajectory towards R. 
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Table 5.1: Performance comparison of sampling method and guided halving algorithm 
in the case of one outgroup. Sample size 2000 for the sampling method. R — T 
represents the outgroup and doubling descendant, n is the number of genes available 
in that pair of genomes, with two copies in T. dtjXex = d(T,X'®X") is the doubling 
distance, constant over all analyses. dx^r = d(X, R) represents the average, over all 
samples, of the distance estimate between the ancestor, just before doubling, and the 
outgroup, and the adjacent entry o?min = minsampie d(X, R) is the minimum found. 
A^ is the improvement over d(T,X'®X") + d(X,R) due to local searching, allowing 
A to be found outside the set of halving solutions. da<a* = d(A, A*) is the distance 
between the inferred ancestor and the "ground truth". Time is measured in minutes, 
for 2000 samples of unrestricted halving or for one GGH run. 
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157 
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224 
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229 
203 
232 
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355 
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70 
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218 
49 
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216 
230 
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37 

149 
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39 
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-21 
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-16 

-8 
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156 
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154 
51 
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37 

158 
50 
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81 
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12 
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14 
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153 
184 
160 
197 
216 
325 

84 
5 

148 
157 
212 

29 

guided halving 
da,r L±A Uata* 

153 
183 
160 
197 
215 
323 

84 
5 

148 
157 
212 
29 

0 
-1 
0 
0 

-1 
-2 
0 
0 
0 
0 
0 
0 

120 
32 

120 
39 

142 
41 
84 

5 
51 
51 
51 
29 

time 
2.3 
5.3 
3.5 
6.1 
3.3 
5.1 
1.5 
0.3 
0.9 
0.9 
1.0 
0.2 

5.7 Genome doubling in yeast 

Wolfe and Shields [227] discovered an ancient genome doubling in the ancestry of 

Saccharomyces cerevisiae in 1997 after this organism became the first eukaryote to 

have its genome sequenced [62]. According to [95], the recently sequenced Candida 

glabrata [46] shares this doubled ancestor. We extracted data from YGOB (Yeast 

Genome Browser) [31], on the orders and orientation of the 600 genes (300 pairs) 

identified as duplicates in both genomes. 

The Yeast Gene Order Browser (YGOB) [31] contains complete gene orders and 

orthology identification among the five yeast species depicted in Figure 5.4: the two 
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Table 5.2: Results of guided halving algorithm in the case of two outgroups. Median 
cost refers to the sum of the three distances, from Ri, R2 and the inferred ancestor 
X or A, to the median. The objective is d(T, X' © X") + median cost. A^ is the 
improvement of d(T,A@A) + median cost over d(T,X' ©X") + median cost due to 
local searching, allowing A to move outside the set of halving solutions. Time in 
minutes. 

R\ — R.2—T 

AG-KL-SC 
AG-KW-SC 
KL-KW-SC 
AG-KL-CG 
AG-KW-CG 
KL-KW-CG 
AG-KL-V 
AG-KW-V 
KL-KW-V 

n 

497 
478 
471 
265 
261 
259 
283 
280 
277 

d(T,X'®X") 

117 
116 
121 
183 
184 
184 
61 
61 
62 

median 
cost 
364 
502 
518 
300 
362 
368 
278 
340 
354 

d(T,A'(BA") 

117 
116 
121 
183 
184 
184 
61 
62 
62 

median 
cost 
361 
498 
516 
297 
361 
366 
275 
339 
352 

A^ 

-3 
-4 
-2 
-3 
-1 
-2 
-3 
0 
-2 

d(A,A*) 

40 
41 
48 
124 
138 
136 
47 
51 
54 

time 

131 
204 
217 
48 
55 
62 
38 
41 
54 

descendents of the above-mentioned ancient genome duplication event, Saccharomyces 

cerevisiae and Candida glabrata, and three species that diverged before this event, 

Ashbya gossypii, Kluyveromyces waltii and Kluyveromyces lactis. For the ancient 

tetraploids, YGOB includes a reconstruction of the ancestral genome. We abbrevi­

ate these six genomes as SC, CG, AG, KW, KL and A*, respectively. In addition, 

we construct an ancestral doubled descendant V lying on a shortest rearrangement 

trajectory from SC to CG, satisfying the criterion that its halving distance is min­

imal [240]. We take the ancestor A* as "ground truth" and see how close we can 

approach it using the sampling method and the guided halving method, with various 

combinations of doubling descendants and unduplicated genomes. 
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Figure 5.4: Phylogeny of yeasts in YGOB. Whole genome doubling event giving rise 
to ancestor of S. cerevisiae and C. glabrata indicated, followed by rediploidization and 
speciation and the divergence of these two species. 

5.8 Results 

Table 5.1 compares the results, before and after local optimization, of the guided 

halving algorithm and the sampling approach on 12 pairs of genomes, the three dou­

bling descendants SC, CG and V, each versus the four unduplicated genomes AG, 

KL, KW and A*. Recall that V and A* are themselves analytical constructs, the 

former representing the most recent common ancestor of SC and CG, and the latter 

the ancestral genome at the moment of doubling. 

The first observations are methodological. In all 12 cases guided halving results 

in an X closer to R than in any of 2000 samples of unrestricted halving. If computing 

time were no obstacle, the sampling method would be exhaustive and exact, and 

hence always at least as good as guided halving. The fact that none of the 12 analyses 

produced a "lucky" sample as good as or better than GGH, suggests that we would 

need a sample size of 25,000 at the very least, and perhaps one or more orders of 

magnitude larger, to bring the accuracy of sampling method to the level of guided 

halving, but this would require thousands of hours or more for our entire data set 

versus less than 30 minutes with guided halving. 
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The fact that the results of the sampling method are improved by local search­

ing, usually substantially, in all 12 cases, whereas guided halving produces genomes 

already at or very close to a minimum (albeit possibly local) of the objective function, 

is another measure of the superior performance of the latter. 

Note that aside from the three cases where the ground truth ancestor A* plays 

the role of outgroup, this genome is not directly involved in the analysis. It is of 

great interest, then, from the biological viewpoint, that in all cases, guided halving 

produces an ancestor A closer to A* than the sampling method. Moreover, when using 

A* as an outgroup for the halving of SC, the analysis reconstructs something very 

close to A*, i.e., where d(A,A*) is only 5. This attests to the internal coherence of 

the method: the SC evidence was predominant in the original construction of A* [31]. 

Turning to the case of two outgroups, we first point out that the sampling ap­

proach becomes infeasible when even a moderate number of analyses are undertaken. 

This is due to the relatively lengthy time (sometimes more than two hours) required 

to compute the median cost, i.e., the sum of the three distances, from Ri, R2 and the 

inferred ancestor X, to the median. (The halving algorithm alone, and even guided 

halving, never takes more than 2 or 3 minutes.) This is not an obstacle to the guided 

halving method because the median need to be calculated just once, instead of the 

thousands of times for the sampling approach. Table 5.2 shows the result of halving 

guided by two outgroups, using all combinations of two of AG, KL and KW versus 

each of SC, CG and V. 

In general, we note no advantage of using two outgroups over one, in that d(A, A*) 

with two outgroups is not as good as d(A, A*) for the better of the two used alone. 

The exception is the comparison of KL and AG with V. Thus it seems, at least with 

these data, that the more remote outgroup contributes little more than noise to the 

reconstruction guided by the closer outgroup. This result may be due to the great 
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discrepancy in the phylogenetic divergence between the doubled genomes and KW 

compared to the divergence between the former and AG or KL, and may not carry 

over to other data sets. 

Two observations: first, the improvement due to local search is relatively small, 

though larger than guided halving with one outgroup. Second, though our analyses 

did find some A outside of S that minimized D(T, Ri, R2), in each such case there 

was also a solution (the one entered in Table 5.2) with A G S . 

To investigate to what extent differences between the doubling descendants and 

among the outgroups are reflected in the reconstructed ancestor genome A, we under­

took Gower's principal coordinates analysis [64] of the 21 versions of A described in 

Tables 5.1 and 5.2, as well as A* itself. We used the implementation of this analysis 

available as cmdscale in the R environment [161], applied to the 22 genomic distance 

matrix. 

Figure 5.5 depicts the results of a three-dimensional principal coordinates anal­

ysis. We note first that the first two dimensions basically distinguish among the 

doubling descendants, first classifying SC and V together versus CG, and then distin­

guishing between SC and V. The third dimension distinguishes between the genomes 

in which KW was the outgroup and those in which only AG and/or KL were out­

groups. As we would expect, all the genomes with A* as the outgroup or as one of 

two outgroups, are closer to the "true" ancestor A* than when some other outgroup 

is used instead. Nevertheless, other outgroups, such as AG, also help guide the re­

construction to fairly close approximations of A*. On the other hand, constructions 

guided by CG are all very far from A*, and those involving KW tend to be somewhat 

farther than those guided by AG and KL. The latter observation is consistent with the 

known highly rearranged nature of CG, and with the relatively distant evolutionary 

relationship between KW and A*, as can be seen in Figure 5.4. 
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Figure 5.5: First three dimensions of principal coordinate analysis of distances among 
22 inferences of ancestral genome, based on different configurations of outgroups. Up: 
dimensions 1 and 2. Down: dimensions 1 and 3. Dimension labels assigned subjec­
tively after the analysis. Genomes SC, CG, AG, KL and KW further abbreviated in 
displays to S, G, A (not to be confused with A for ancestor elsewhere in the text, nor 
with A*), L and W, respectively. 
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5.9 Discussion 

We have focused on the two main concerns of genome halving, the multiplicity and 

the diversity of solutions, and the difficulty of assessing the accuracy of the results 

with real data. Guided genome halving was previously shown to drastically reduce 

the non-uniqueness inherent in unrestricted halving. This is carried further by GGH, 

which achieves much greater accuracy with much less computational effort. 

An important indication of the precision of the reconstruction is its ability with 

some of the data to come very close to the manually reconstructed ancestor A. 

Nevertheless, these results remind us of the uncertainties inherent in historical 

reconstruction. Some of this is possibly due to the "noise" of mistaken paralogy iden­

tification, especially in highly rearranged genomes such as Candida glabrata. Future 

work will attempt to attenuate this noise using the techniques of [239] and [39]. 

The significance of halving results depends on what proportion of the doubling 

descendant T can be identified as duplicated genes. Our analysis does not attempt 

to situate the ancestors of genes present in only one copy in T, and these will often 

form the majority. Ongoing work exploits the syntenic relationships between these 

genes, the duplicated ones, and their orthologs in the outgroups. 
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Abstract 

Polyploidy has long been recognized as a major force in angiosperm evolution. Re­

cent genomic investigations not only indicate that polyploidy is ubiquitous among 

angiosperms, but also suggest several ancient genome-doubling events. These include 

ancient whole genome duplication (WGD) events in basal angiosperm lineages, as well 

as a proposed paleohexaploid event that may have occurred close to the eudicot diver­

gence. However, there is currently no evidence for WGD in Amborella, the putative 

sister species to other extant angiosperms. The question is no longer "What propor­

tion of angiosperms are polyploid?", but "How many episodes of polyploidy charac­

terize any given lineage?" New algorithms provide promise that ancestral genomes 

can be reconstructed for deep divergences (e.g., it may be possible to reconstruct the 

ancestral eudicot or even the ancestral angiosperm genome). Comparisons of diver­

sification rates suggest that genome doubling may have led to a dramatic increase 

in species richness in several angiosperm lineages, including Poaceae, Solanaceae, 

Fabaceae, and Brassicaceae. However, additional genomic studies are needed to pin­

point the exact phylogenetic placement of the ancient polyploidy events within these 

lineages and to determine when novel genes resulting from polyploidy have enabled 

adaptive radiations. 
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6.1 Introduction 

As the papers in this issue and other recent reviews illustrate [45,53,54,83,88,207], 

through collective progress in paleobotany, phylogeny, and studies of the evolution 

of plant development, enormous progress has been made in understanding Darwin's 

"abominable mystery" - the "rapid rise and early diversification" of the angiosperms. 

For example, recent phylogenetic analyses suggest that following initial, early "exper­

iments", angiosperms radiated rapidly (< 5 million years), yielding the five extant 

lineages of Mesangiospermae (sensu [34], magnoliids and Chloranthaceae as sisters to 

a clade of monocots and eudicots + Ceratophyllaceae) [138,166]. This rapid radia­

tion ultimately produced ca. 97% of all angiosperm species. Here we emphasize that 

polyploidy, often referred to in the genomics literature as whole-genome duplication 

(WGD), has played a dramatic role in the diversification of most, if not all, eukaryotic 

lineages, perhaps most impressively within the angiosperms. 

Researchers have long recognized that polyploidy is an inseparable part of an­

giosperm biology. Polyploidy in angiosperms has been studied for a century, dat­

ing to the work of De Vries [58,122] and to early interest in a putative chromo­

some duplication in maize (Zea mays) [96]. Early reviews of polyploidy in plants 

included, [37,42,119,142,200-203]. Following the work of Stebbins [199-201] in par­

ticular, polyploidy became a major focus of biosystematic research. As a result, plant 

scientists have long recognized that polyploid lineages may have complex relationships 

with each other and their diploid ancestors, making application of species concepts 

problematic [165,191]. 

Fueled in part by evidence for ancient polyploidy in genome sequences of Ara-

bidopsis [23,24,27,150,183,218], and more recently published angiosperm genome 

sequences (discussed later), the past decade has seen a dramatic resurgence in the 
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study of polyploidy [3,104,189,209,222]. There has been renewed interest in the mech­

anisms of polyploid formation and establishment [75,162,163], the frequency of re­

current polyploidization [187,196], the ecological effects of plant polyploidy [211,212], 

and the genetic, epigenetic, chromosomal, and genomic consequences of polyploidiza­

tion [3,27,105,106,118,146,152,164,206]. This research has resulted in major modi­

fications to many of the traditional tenets of polyploid evolution. 

Despite numerous attempts over the past 70 years to estimate the frequency of 

polyploidy in plants, it has proved difficult to determine the actual frequency of the 

process in various plant lineages. Angiosperms, in particular, have received much 

attention. Using chromosome numbers and hypotheses for the presumed dividing 

line between "diploid" and "polyploid" chromosome numbers, many estimates of the 

frequency of polyploidy in flowering plants have been made. However, these estimates 

have varied depending on the base chromosome number used, as well as on the sample 

of taxa considered. Miintzing [142] and Darlington [42] speculated that about one half 

of all angiosperm species were polyploid, while Stebbins [201] estimated the frequency 

of polyploidy to be 30 - 35% in angiosperms. Grant [65,66], basing his estimate 

of the frequency of polyploidy in angiosperms on chromosome numbers for 17138 

species available in 1955, hypothesized that flowering plants with haploid chromosome 

numbers of n = 14 or higher were of polyploid origin. Using this cut-off point, Grant 

inferred that 47% of all flowering plants were of polyploid origin and proposed that 

58% of monocots and 43% of "dicots" were polyploid. Goldblatt [63] suggested that 

Grant's [65] estimate was too conservative; he thought that taxa with chromosome 

numbers above n = 9 or 10 would have had polyploidy in their evolutionary history. 

Using these lower numbers, he calculated that at least 70%, and perhaps 80%, of 

monocots are of polyploid origin. Lewis [112] applied a similar approach to "dicots" 

and estimated that 70 - 80% were polyploid. However, one problem with these sorts 
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of approaches is that they do not accommodate reductions in chromosome number 

that occurred rapidly on an evolutionary scale. For example, species of Sorghum with 

n = 5 are recently derived from taxa with n = 10 [198], and Arabidopsis thaliana 

with n = 5 appears to have resulted from three chromosomal condensations since its 

divergence from its common ancestor with A. lyrata and the more distantly related 

Capsella rubella [89,94,232]. 

Masterson [130] compared leaf guard cell size in fossil and extant taxa from a few 

angiosperm families (Platanaceae, Lauraceae, Magnoliaceae) to estimate polyploid 

occurrence through time. Because guard cell size is often much larger in polyploids 

than in diploids, this provided a gross estimate of whether the fossil taxa were diploid 

(smaller guard cells than extant taxa) or polyploid (the same or larger guard cell 

sizes vs. extant species). From these comparisons, Masterson (1994) estimated that 

70% of all angiosperms had experienced one or more episodes of polyploidy in their 

ancestry. Using an innovative approach for estimating the incidence of polyploidy 

based on the distribution of haploid chromosome numbers, Otto and Whitton [147] 

suggested that roughly 2-4% of speciation events in angiosperms may have involved 

polyploidy. As a result, they suggested that "polyploidization may be the single most 

common mechanism of sympatric speciation in plants". 

The older estimates of the frequency of polyploidy discussed tend to confound 

the actual process of polyploidization with the result (i.e., polyploid lineages). Actual 

WGD events should be far less frequent than particular chromosome numbers sug­

gestive of polyploidy in any given angiosperm species. As reviewed next, through the 

interplay of genomic and phylogenetic approaches, we are on the verge of determining 

the frequency of ancient polyploidy events throughout angiosperm history. 
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6.2 A genomics approach to polyploidy 

Summary of genomes sequenced to date -Investigations of completely sequenced nu­

clear genomes have dramatically altered the polyploidy paradigm. They have revealed 

that flowering plants, and perhaps all eukaryotes, possess genomes with considerable 

gene redundancy, much of which is the result of (ancient) WGDs. Those entire an-

giosperm genomes that have been completely sequenced to date - Oryza sativa [151] 

(rice, Poaceae), Arabidopsis thaliana [23, 27, 150, 183, 218] (Brassicaceae), Populus 

trichocarpa (poplar, Salicaceae) [213], Vitis vinifera (grape, Vitaceae) [81,216], and 

most recently Carica papaya (papaya, Caricaceae ) [135] - all show evidence of WGD 

events. 

Complete sequencing of the very small genome (for angiosperms, 157 Mb [16]) 

of Arabidopsis thaliana (Brassicacae [10,77]) revealed numerous duplicate genes and 

suggested two or three rounds of genome-wide duplication [10,23,27,150,183,215,218], 

corroborating early suspicions based on genetic mapping [90,133]. Analyses of the 

complete genome sequence of A. thaliana suggested three ancient polyploidy events 

[24,27]. Bowers et al. [27] proposed that one of these events (termed a) may have 

occurred within Brassicales and suggested the other two (termed (3 and 7) could be 

considerably older (but this view has now been revised; see Fig 6.1 [81, 167]; and 

discussed later). 

Sequencing of the nuclear genome of rice (Oryza sativa; Poaceae) again suggested 

ancient polyploidy in a plant with a chromosome number (n = 12) considered by many 

to be a model "diploid" [151,233], although secondary associations (loose pairing at 

meiosis) among homologous and nonhomologous chromosomes have long been known 

[100]. The exact phylogenetic placement of rice's WGD event is unclear; Paterson et 

al. [151] estimated that the WGD occurred after the divergence of Poales from other 
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monocot orders but before the divergence of the major cereals from one another (see 

later). However, there is also equivocal evidence of a more ancient genome-doubling 

event in rice that might characterize all monocots [216]. The possibility of an ancient 

genome doubling in monocots is gaining support from analysis of recently sequenced 

genomes and new analytical methods (H. Tang, J. Bowers, X. Wang, University of 

Georgia; A. Paterson, unpublished data). 

Sequencing of the Populus (Salicaceae) genome also revealed an independent 

WGD event after the divergence of the eurosid I and eurosid II lineages (Fabidae 

and Malvidae [34]), but before the divergence of Salix and Populus [213]. Ancient 

polyploidy in Salicaceae (both Populus and Salix) was suggested by Stebbins [201] and 

has been supported by isozyme data [187]. It remains to be determined if this genome 

doubling event will be evident in other lineages of the now expanded Salicaceae [9]. 

A second, older duplication is shared by the Populus and Arabidopsis lineages [213]. 

Based on analyses of the complete genome sequence of Vitis, Jaillon et al. [81] 

suggested that the common ancestor of Vitis, Populus, and Arabidopsis was an ancient 

hexaploid (this is now considered the 7 event) that possibly arose after the divergence 

of the monocot and eudicot lineages [167]. The exact placement of the 7 event remains 

unclear (hence the ambiguity in its placement in Fig. 6.1); 7 may have occurred 

before the monocot - eudicot divergence. However, a paleohexaploid signature is 

not apparent in rice, favoring a placement after the divergence of monocots and 

eudicots. Following the formation of this hypothetical paleohexaploid, there were 

subsequent, distinct, genome-wide duplication events in the Brassicales and Populus 

lineages (Fig. 6.1). Velasco et al. [216] proposed, in contrast to Jaillon et al. [81] , 

that the second WGD event evident in Vitis was more recent ( Fig. 6.1). Velasco et 

al. proposed that three genome-wide duplications occurred in the ancestors of both 

Arabidopsis and Populus: one shared by all eudicots (and perhaps also monocots), 
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Figure 6.1: Simplified summary tree for angiosperms (following the general topology 
of D. Soltis et al. [188], with modifications reflecting more recent analyses, including 
Jansen et al. [83] ; Moore et al. [138] ), depicting putative locations of genome du­
plication events now inferred for flowering plants relative to major lineages or species 
with sequenced nuclear genomes or substantial expressed sequence tag data. Tree 
redrawn to show Vitis sister to all other rosids [190], and Carica is placed as sister to 
Brassicaceae; Carica and Brassicaceae represent Brassicales. The a, /?, and 7 dupli­
cation events of Bowers et al. [27] have been added to this topology to match what 
appears to be the best location based on other analyses [206]. The timing and nature 
of the 7 event are controversial with estimates of a tetraploid [216] or hexaploid [81] 
progenitor ranging from before the divergence of the monocot and eudicot lineages 
to the last common ancestor of all extant rosids. The a event likely occurred within 
Brassicaceae. The position of (3 is less certain; it may also have occurred within Bras­
sicaceae, or perhaps earlier in Brassicales (see Fig 6.5). Blue bars represent genome 
duplications inferred from comparative analyses of physical and/or genetic maps. The 
red bar on the Vitis lineage represents the Velasco et al. [216] (2007) inference of a 
second distinct tetraploidy evident in the Vitis genome (but see Jaillon et al., [81] 
for a different interpretation). Yellow bars represent genome-wide duplication events 
inferred from analyses of paralog pairs found in large EST sets [25,41]. 



6.2. A GENOMICS APPROACH TO POLYPLOIDY 134 

a second WGD shared by Arabidopsis and Populus (cf. Fig. 6.1), and additional, 

single WGDs unique to each lineage. Velasco et al. [216] proposed that Vitis has the 

ancient genome wide duplication shared by all eudicots, as well as a lineage-specific 

duplication that may be the result of hybridization. The most ancient of these events 

is now thought to correspond to the 7 event of Bowers et al. [27]. 

The nuclear genome of the eudicot Carica papaya (Caricaceae, Brassicales) has 

recently been sequenced [135]. Carica arose from a deep split in the order and is 

distantly related to Brassicaceae, the family that contains both Arabidopsis and Bras-

sica (discussed later). There are no recent genome duplications evident in Carica and 

nothing corresponding to the Arabidopsis a or ft events proposed by Bowers et al. [27]. 

Because Caricaceae are estimated to have diverged from the Brassicaceae lineage ca. 

72 million years ago [135], the absence of recent genome duplication is in conflict 

with prior estimates of a much earlier age for the /3 genome duplication, which Bow­

ers et al. [27] suggested could correspond to the origin of the eudicots. This apparent 

inconsistency is under investigation (J. Bowers, University of Georgia; A. Paterson, 

unpublished data). However, Carica shows evidence of 7, the early event detected 

in Vitis, Populus, and Arabidopsis that is now interpreted by Jaillon et al. [81] as a 

possible ancient triplication event. Carica has a reduced gene number, about 10% 

fewer genes than Arabidopsis, which may be largely accounted for by a paucity of 

genome duplications relative to other sequenced angiosperms. The data now suggest 

that both the a and (3 events occurred within Brassicales and are younger than orig­

inally proposed by Bowers et al. [27]. The a event likely occurred somewhere within 

Brassicaceae. However, the position of (3 is less clear; it may have occurred within 

Brassicales at some point after the divergence of Caricaceae (Fig. 6.1; more detail on 

these duplications is given later). 

Although it is now clear that genome-wide duplications have occurred frequently 



6.2. A GENOMICS APPROACH TO POLYPLOIDY 135 

in angiosperms (Fig. 6.1), the exact number and precise phylogenetic placement of 

most of these events remain uncertain. Clarifying the timing and placement of these 

duplication events, particularly the older ones, will require additional genome se­

quencing, particularly of one or more basal angiosperms, providing the opportunity 

for ancestral-state reconstruction of numerous genomic characters [79,159]. Neverthe­

less, even as the number of angiosperm genome sequences increases, the oldest genome 

duplications will remain difficult to detect because recurrent polyploidy events, to­

gether with gene loss, chromosomal inversions, and translocations following genome 

duplication may obscure evidence of the earliest events in angiosperm history. 

Because phylogenetic analyses [79,102,138,190,195] identify Amborella trichopoda 

(Amborellaceae) as the probable single sister species to all other living flowering 

plants, complete sequencing of the Amborella nuclear genome offers the opportu­

nity to clarify how gene families and genome structure may have evolved within 

angiosperms [103,192]. In addition, because the branching point for Amborella is 

located "between" gymnosperms and all other angiosperms, a genome sequence for 

Amborella could potentially help characterize genomic features that distinguish an­

giosperms from other seed plants. An Amborella nuclear genome sequence would facil­

itate efforts to reconstruct characteristics of the "ancestral angiosperm" [103,192]-the 

most recent common ancestor of the crown clade. 

EST data and lineage-specific duplications - In addition to complete sequencing of 

the nuclear genome, other major sources of genomic data are the numerous expressed 

sequence tags (ESTs) that are now available for many flowering plants. A recent 

survey of GenBank revealed over 50 million ESTs, representing diverse eukaryotic 

lineages. The thousands of ESTs available for many plants provide a useful "snap­

shot" of each genome. The rapidly growing EST data sets for diverse angiosperms 

can be employed to assess ancient polyploidy using a genomics method to estimate 
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whether a genome duplication event may have occurred in a lineage, as well as the 

approximate age of these gene duplication events [124]. This method evaluates the 

frequency distribution of persite synonymous divergence levels (Ks) for pairs of dupli­

cate genes. A genome-wide duplication event results in thousands of paralogous pairs 

- all simultaneously duplicated. Evidence of past genome duplications can be seen as 

peaks in the distribution of Ks values for sampled paralogous pairs [25,41,124,178]. 

Importantly, this method does not require information on the position of genes within 

the genome, and therefore it can be applied to any species for which there are moder­

ate to large EST sets. However, caution must be used in interpreting Ks values, and 

it is important to use statistical testing to identify significant deviations from back­

ground duplication process [41,178]. There are clear examples in which well-known 

genome duplication events were not detected in Ks distributions [25,151]. As dupli­

cated genes undergo divergence and death processes, it becomes increasingly likely 

that polyploidy events will go undetected [41]. Finally, processes such as a sudden 

proliferation of tandem gene duplications [25] or a single chromosome duplication 

could produce a Ks peak through a large-scale process distinct from a true polyploid 

event. 

We summarize the many genomes thought to be ancient polyploids using analyses 

of complete genome sequences, as well as ESTs, on a modified summary tree for 

angiosperms (Fig. 6.1). Genetic investigation of other taxa using other methods 

suggests additional ancient polyploidy events. For example, "diploid" members of 

Brassica are, at the least, ancient tetraploids [90,98,160] (see Fig. 6.1) and perhaps 

ancient hexaploids based on analyses of linkage maps with a number of genes clearly 

represented multiple times [97,121]. There are also other lineage-specific duplications 

(see later). 

Blanc and Wolfe [25] investigated 14 model plant species (mostly crop species 
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with known recent polyploid history) for which large EST data sets were available 

and found spikes in the distributions of older paralogous pairs (with higher Ks values) 

in nine species, including Zea (maize), Glycine (soybean), Gossypium (cotton), and 

Solanum (tomato and potato). Schlueter et al. [178] similarly employed the analysis of 

Ks distributions to sets of paralogous pairs identified in large EST data sets for eight 

major crop species, including Glycine, Medicago (alfalfa), Solanum, Zea, Sorghum, 

Oryza, and Hordeum (barley), and inferred multiple independent genome duplications 

in Fabaceae, Solanaceae, and Poaceae over the last 14 - 60 million years. 

When the Ks approach was applied to ESTs from a suite of basal angiosperms via 

the Floral Genome Project [5], evidence was found for episodes of ancient genomewide 

duplication in Nuphar advena (Nymphaeaceae), Persea americana (avocado; Lau-

raceae), Liriodendron tulipifera (yellow poplar or tulip tree; Magnoliaceae), and 

Saruma henryi (Aristolochiaceae) [41]. In addition, Cui et al. [41] detected inde­

pendent genome duplications in the basal eudicot Eschscholzia californica (California 

poppy; Papaveraceae) and the basal monocot Acorus americanus (sweet flag: Aco-

raceae), both of which were distinct from duplications documented for core eudicots 

and Poaceae (Fig. 6.1). 

More than one genome-wide duplication event is evident in Nuphar (Nymphaeaceae). 

One of these is likely restricted to Nymphaeaceae (Nymphaeales), but another may 

correspond to the oldest duplication so far discovered in angiosperms - the latter 

may date to the common ancestor of all angiosperms except Amborella, which so far 

lacks evidence of ancient polyploidy [41] (see later) (Fig. 6.1). Analysis of Ks val­

ues also provided evidence for genome-wide duplication in both Persea (Lauraceae) 

and Liriodendron (Magnoliaceae). One of these is shared by both families, corrobo­

rating evidence based on isozyme data [186] for an ancient polyploidy event (about 

100 Mya) in their common ancestor. There is weak although inconclusive evidence 
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of a still older WGD in Persea, which may correspond to the event suggested for 

the common ancestor of all angiosperms except Amborella. Alternatively, this WGD 

could perhaps even predate the angiosperms (see later). Testing these and similar 

hypotheses will minimally require comprehensive transcriptome sequencing for addi­

tional basal angiosperms and a complete Amborella genome sequence [192]. 

Are all angiosperms of ancient polyploid origin? - All angiosperm nuclear genomes 

studied except that of Amborella have yielded evidence for multiple genome-wide du­

plications (Fig. 6.1). In contrast, other seed plant lineages (with the exception of 

Gnetales) have little evidence of polyploidy [66,190]. As such, the major question is 

no longer "How many angiosperms are polyploid?", but rather "How many episodes 

of genome duplication have various lineages experienced?" and "Did specific genes 

resulting from genome duplication serve to fuel adaptive radiations?" 

Despite its relatively high chromosome number of 2n = 26, very few duplicate 

gene pairs were detected in Amborella based on the initial 8629 ESTs analyzed by 

Cui et al. [41], and no Ks signal for ancient genome duplication was observed. The 

Ancestral Angiosperm Genome Project (AAGP) has now produced more than 20800 

conventional Sanger ESTs and 800000 ESTs generated via 454 sequencing technol­

ogy (http://www.454.com/enabling-technology/index.asp) for Amborella. This Ks 

analysis identified 279 paralogous gene pairs with sequence length greater than 300 

bp: more than four times the 69 pairs identified by Cui et al. [41] . Even with this 

greatly expanded EST data set, there is no evidence for an early genome duplication 

in Amborella (Fig. 6.2; AAGP, unpublished data). However, the lack of evidence for 

ancient polyploidy in Amborella Ks distributions does not preclude the possibility 

of ancient polyploidy in either this lineage or in the genome of an early angiosperm 

or angiosperm precursor. The absence of a polyploidy Ks signal in Amborella could 

also occur if evidence of ancient WGD has been eroded by gene death and/or satu-

http://www.454.com/enabling-technology/index.asp
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ration of synonymous substitutions [41] to the point where it is now undetectable in 

analyses of EST samples. Alternatively, the earliest duplication peak detected in the 

Nuphar analysis (Fig. 6.2; discussed before) may trace back to an early genome du­

plication that occurred in the common ancestor of Nuphar and all extant angiosperm 

lineages other than Amborella. Complete sequencing of the Amborella nuclear genome 

is needed to test these alternative hypotheses [192]. 

Duplication of several MADS-box genes, which control floral organ identifica­

tion and development, also suggests genome doubling early in angiosperm history 

or perhaps prior to crown angiosperm origins [30,78,87,92,93,191,197,234]. For 

example, gymnosperms have only one B-function lineage, whereas all angiosperms 

have at least two such lineages (homologs of AP3 and PI ). The two B-function gene 

lineages, which include homologs of AP3 and PI, respectively, appear to have origi­

nated via duplication of a single B-function gene at some point prior to the origin of 

the angiosperms [87]. An ancient duplication event of comparable timing occurred in 

the C-function lineage, forming two lineages in angiosperms, one with AG homologs 

(with roles in stamen and carpel identity), and the other with D function (with a 

role in ovule formation) [92]. Similarly, duplication of SEP genes resulted in the 

AGL2/3/4 (SEP1/2/4) and AGL9 (SEP3) lineages in the common ancestor of the 

angiosperms [234]. WGD is also favored by analysis of protein-protein interaction net­

works among MADS domain proteins [217]. Interestingly, the latter study suggests 

that heterodimerizing factors appear to derive from duplication of homodimerizing 

ancestors. Duplications of these key floral organ identity genes may have been impor­

tant in the origin of the flower, but the exact timing of these gene duplications remains 

unclear. Given that some of these MADS-box gene duplications are thought to be 

quite old (over 260 million years, well before the origin of the crown angiosperms; 

see [87]) and others more recent, were there several genome-wide duplication events 
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along the stem lineage leading to the crown angiosperms? Similar questions also ap­

ply to early events in angiosperm diversification. Phylogenetic studies have revealed 

duplication of MADS-box genes within the basal eudicot clades; these genes include 

the AG, AP3, API , and SEP gene lineages [78,91-93,117,234]. Could these corre­

spond to a genome-wide duplication event early in eudicot evolution (e.g., the 7 event; 

Fig. 6.1)? MADS protein-protein interaction data imply successive duplications from 

angiosperm origins through the rosid-asterid split [217]. Forthcoming asterid genome 

sequences for Mimulus and one or more species of Solanaceae may help resolve this 

question. 

Reconstructing ancestral genomes prior to genome duplication - Now that WGD 

is known to be both frequent and ubiquitous across angiosperm history, a major 

challenge is the reconstruction of the ancestral genomes of lineages prior to genome 

duplication. Reconstruction of the ancestral genomes of lineages prior to genome 

duplication improves our ability to resolve correlated gene arrangements among taxa 

[27], which in turn provide a valuable framework for inference of shared ancestry of 

genes and for the utilization of findings from model organisms to study less well-

understood systems. Such alignments have also revealed patterns of differential gene 

loss following genome duplication, differential gene retention associated with evolution 

of some morphological complexity, and unexpectedly large variation among taxa in 

DNA substitution rates [207]. 

Such reconstructions are challenging, however, because whole-genome duplica­

tion may be followed, over evolutionary time, by genome downsizing (paralog extinc­

tion and the loss of noncoding DNA), rearrangement through intra- and interchro-

mosomal movement of genetic material, and continual gene duplication events that 

do not involve WGD. However, reconstruction of ancestral genomes can potentially 

be achieved through comparative analysis of genome content and structure for extant 
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Figure 6.2: A greatly expanded Amborella expressed sequence tag (EST) data set 
provides much greater power for detecting ancient genome duplication events. (A) 
Ks analysis of Amborella trichopoda based on 28000 conventional ESTs (Sanger), 
and approximately 800000 454 ESTs; this facilitated the assembly of 701 gene pairs. 
Although this expanded Amborella EST data set provides much greater power to 
detect ancient polyploidy than was available for the estimation in [41], there is still 
no evidence for genome duplication based on this Ks analysis. (B) Ks analysis of 134 
gene pairs identified from 8442 Nuphar ESTs [41] shows three components to the Ks 

plot, including a background duplication (green), and two significant older (one in 
black and one in yellow, Fig. 6.2) components representing likely ancient polyploidy 
events. 
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species, combining information from gene duplication histories (developed through 

analysis of sequence similarities or gene trees) and chromosomal gene locations to 

identify duplicated blocks of genes or DNA sequence dispersed among the chromo­

somes in one or more species. Sequence analysis tools are not directly applicable to 

this problem because all pairs of duplicates in doubled genomes were generated at the 

same historical moment. A rapid (linear-time) algorithm to find the ancestral genome 

that minimizes the genomic distance (minimum number of inversions and transloca­

tions) to a present- day genome has been available for some time [51]. Unfortunately, 

there are numerous rather different solutions that are equally parsimonious. A new 

procedure-guided genome halving-seeks to counteract this problem by guiding the 

reconstruction using one or more reference, or outgroup, genomes [174,238,241,242]. 

The principle behind the guided genome halving approach is that each time a choice 

between two equally good construction steps is encountered by the halving algorithm, 

the outgroup information comes into play to see if one of the choices corresponds more 

to the structure of the reference genome(s). 

Here we use the complete nuclear genome sequences of Populus (Salicaceae) and 

Vitis (Vitaceae) to attempt to reconstruct the ancestral genome of Populus prior to 

genome duplication (Fig. 6.3) as an example of the process of reconstructing ancestral 

genomes. Paralogous gene pairs in Populus and their single orthologs in Vitis, where 

these exist, were used as input. Both Vitis and Populus are rosids, with Vitaceae 

sister to all other rosids and Salicaceae a member of Malpighiales (in the eurosid 

I or Fabidae clade) [9,34]. We scaled up the guided genome-halving algorithm to 

handle the very large number of genes analyzable in the Populus and Vitis data, 

introducing all pertinent information derivable from the outgroup (Vitis) into the 

halving algorithm as applied to Populus. The comparison reveals blocks of genes 

that have remained unaltered over the perhaps 109-124 million years since the two 



6.3. HAVE ANCIENT POLYPLOIDY EVENTS RESULTED IN INCREASED SPECIES RICHNESS? 143 

lineages shared a common ancestor (Fig. 6.3) [193,224]. A recent putative WGD 

event in Vitis [216] might be problematic in these comparisons, but there was no 

evidence of this in the analyses we conducted. 

Many large, duplicated gene blocks observed in two large segments of the Popu­

lus genome match to one segment in the Vitis genome, attesting to the high degree 

of conserved synteny (gene order within blocks of sequence) and colinearity (ordering 

of the syntenic blocks) during divergence of the Vitis and Populus lineages, as well 

as retention of duplicate blocks during the diploidization of the ancestral Populus 

tetraploid (Fig. 6.3). Nevertheless, details of some of the reconstructed chromosomes 

cannot be assigned a high degree of confidence. For example, much of chromosome 

7 consists of short syntenic blocks concatenated by the program based on a "mini­

mum inversions plus translocations" criterion. This juxtaposes genes that are in fact 

nowhere adjacent in the Vitis and Populus data. Improvements to existing algorithms, 

now underway, will exploit new evidence from additional related genomes. 

6.3 Have ancient polyploidy events resulted in in­

creased species richness? 

Given the many purported benefits of polyploidy [108-110] and the suggested rela­

tionship of genome duplication to speciation [123,124,223], rates of diversification 

may be higher in polyploid lineages than in diploid groups (due either to increased 

rates of speciation, decreased rates of extinction, or both). The identification of an­

cient WGD events at many points in angiosperm phylogeny provides the opportunity 

to assess the correspondence between inferred genome duplication events and large 

diversifications, and hence the role of polyploidy in "macro-diversification." 
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Anecdotal data suggest that polyploid lineages are "successful," but a statistical 

association of polyploidy and species richness has not been rigorously tested. To ad­

dress this question, we compared species richness in clades that are ancient polyploids 

with sister clades that are not. The overall diversification rate (r) for angiosperms 

was estimated based on the methods described in [126] . Because the estimation of 

this parameter is contingent on the rate of extinction (e), which is an unknown, we 

estimated r across a range of extinction rates [8]. We also calculated values of r over 

a range of plausible age estimates for crown group angiosperms (132 Mya), based on 

first unambiguous occurrence in the fossil record [74]; 170 Mya based on recent molec­

ular age estimations [138,224]; 250 Mya based on other estimates based on molecular 

sequence data [127,168]. Next we calculated the probability of observing the extant 

number of species in several putative clades of polyploid origin given these estimated 

global rates for angiosperms, conditioned on the assumed age of the crown group 

(e.g., ra-132, see Table 6.1). All calculations were done using GEIGER 1.0-91 [72]. 

Current standing diversity of each polyploid clade was tabulated based on val­

ues taken from Stevens [204], as well as Olmstead et al. [145], and Wojciechowski et 

al. [226]. Absolute ages of groups were taken from [224]. We selected these ages be­

cause they represent estimates from the most comprehensive taxon sampling to date. 

However, taxon sampling by Wikstrom et al. was not always dense enough across 

clades of interest (Figs. 6.4,6.5,6.6,6.7) to pinpoint potential duplication events. In 

these instances, we used the age of the next most inclusive node that would include 

the inferred duplication event (e.g., age of Fabaceae, when the duplication event oc­

curred after the origin of the crown group). By doing this, we provided a conservative 

estimate of diversification rates for each of the clades. 

Successfully conducting this exercise is difficult in that it requires both reliable 

genomic data for ancient polyploidy, plus a sufficient breadth of data to be able to 
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place the WGDs with confidence on a phylogenetic tree. Unfortunately, for most 

putative examples here, the exact placement of the genome duplication events pro­

posed is not yet clear. Although the data and analyses presented certainly suggest 

that ancient polyploidy has led to a dramatic increase in species richness in several 

clades, until additional genomic studies are conducted to pinpoint the placement of 

those WGD events, the results should be considered preliminary. Nonetheless, in all 

but a few cases (calculations involving Cleomaceae), p-values were found to be highly 

signifi cant (<§C 0.001; Table 6.1), suggesting exceptionally high diversification rates 

in these polyploid clades. 

Poaceae-The estimated age of a genome duplication event characterizing Poaceae 

(70- 50 million years before present: [25,128,151,178] is not only close to the molecular 

estimates for the age of the family (ca. 89 and 83 million years for stem and crown 

group Poaceae, respectively) [28,84], but also similar to the age of grass fossils (55 

million years) [40] assignable to the PACCMAD (Panicoideae, Arundinoideae, Cen-

tothecoideae, Chloridoideae, Micrairoideae, Aristidoideae, Danthonioideae) and BEP 

(Bambusoideae, Ehrhartoideae, Pooideae) clades [68]. The precise phylogenetic place­

ment of the genome duplication is still unclear (as represented by angled line; Fig. 4), 

but if this event coincided with, or was close to the origin of core Poaceae (indicated 

by the slash mark on the tree), it would agree with the hypothesis that polyploidy 

promotes speciation. Core Poaceae are a very large group (658 genera and 9998 

species), whereas the three early-branching subclades of Poaceae (Anomochlooideae, 

Pharoideae, Puellioideae) are all very small, as are the three families most closely re­

lated to Poaceae-Flagellariaceae, Joinvilleaceae, and Ecdeicoleaceae [129] (Fig. 6.4). 

Brassicaceae and Cleomaceae-Recent data indicate that a genome-wide tripli­

cation occurred in Cleomaceae independently of WGD events in Brassicaceae [179]. 

Strengthening support for the occurrence of these doubling events well within Brassi-
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cales is the recent genome sequence for Carica of Brassicales, which shows no evidence 

of genome duplications more recent than 7 (discussed earlier [135]). Hence, the data 

suggest independent WGDs occurred in both Cleomaceae and Brassicaceae (Fig. 6.5). 

Virtually all families of Brassicales are very small-most have fewer than 15 species. In 

contrast, Capparaceae (480 species), Cleomaceae (300 species), and particularly Bras­

sicaceae (3710 species) are all species-rich. Genome-scale data are not yet available for 

Capparaceae, but evidence for genome duplication in Cleomaceae and Brassicaceae 

is suggestive of an association between polyploidy and diversification. 

Fabaceae-A genome-wide duplication event within the legumes has been docu­

mented and is postulated to have occurred immediately prior to the radiation that 

yielded approximately 7000 species [33,99,156]. However, the placement of this dupli­

cation event is much more problematic than those reviewed here. The short branches 

along the backbone of the tree for the Fabaceae, particularly in the papilionoids, 

makes placing this duplication and determining the sister group of the clade having 

the duplication diffi cult. Because the radiation of the family was so rapid, the uncer­

tainty of the timing of the polyploid event puts just about every node within reach 

of the event (J. Doyle, Cornell University, personal communication). Considering the 

placement of the WGD in the common ancestor of Hologalegina and phaseoloids [156] 

(J. Doyle, personal communication), the baphioids, a clade of only five genera and 

fewer than 20 species, are the immediate sister to the remaining papilionoids, a clade 

of 7000 species. If this placement is correct, it would again favor the hypothesis that 

genome duplication may be associated with diversification (Fig. 6.6). 

Solanaceae-A WGD event in Solanaceae has been dated from ca. 50 - 52 million 

years before present [178]. Bell et al. [15] estimated that the age of stem Solanaceae is 

approximately 49 — 68 Myr and the crown group 32 — 50 Myr, in agreement with the 

estimated age of the duplication as having occurred within Solanaceae. This WGD 
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Figure 6.4: Placement of inferred genome duplication event detected in Poaceae [151]; 
summary tree modified from that of the Grass Phylogeny Working Group [68]. The 
precise phylogenetic placement of the genome duplication is still unclear (as repre­
sented by angled line), but if this event coincided with, or was close to the origin 
of core Poaceae (indicated by the slash mark on the tree), it would agree with the 
hypothesis that polyploidy promotes speciation. The numbers beside each taxon are 
the number of genera/species. 
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<VJ CD CO 

a duplication 

'ossible locations of 
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at any of several locations, including 
within Brassicaceae 

Figure 6.5: Placement of inferred genome duplication events in Brassicales-the a. and 
/3 events occurred in Brassicales, with the a event possibly occurring early in the 
diversification of Brassicaceae (indicated by slash mark). The precise phylogenetic 
placement of the f3 genome duplication is unclear (as represented by angled line), 
but j3 likely occurred after the divergence of Caricaceae (see text). An additional 
triplication event (indicated by slash mark) took place in Cleomaceae [179]; summary 
tree modified from D. Soltis et al. [190] and the Angiosperm Phylogeny Website [204]. 
The numbers beside each taxon are the number of genera/species. 

event characterizes either the clade corresponding to Solanoideae, or perhaps more 

likely, what has been referred to as the x = 12 clade [145] (Fig. 6.7). The x = 12 

clade comprises the Solanoideae and Nicotianoideae. Members of Solanaceae outside 

of the x = 12 clade have a range of chromosome numbers, most from x = 7 — 11, 

but there are no relic x = 6 lineages that could be potential parents of the x = 12 

clade [145]. Hence, our results are consistent with a WGD event that occurred in the 

ancestor of the x = 12 clade or Solanoideae clade (Fig. 6.7). However, as with the 

other examples noted, more precision is needed in ascertaining the placement of this 

ancient duplication. 

If this duplication event occurred in either the ancestor of the x = 12 clade or the 
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Figure 6.6: Putative placement of inferred genome duplication event in Fabaceae 
[99,156]. The precise phylogenetic placement of the genome duplication is still unclear 
(as represented by angled line), but one strong possibility for the timing of this 
event is indicated by the slash mark on the tree; the location of the loss of the 
chloroplast inverted repeat is also indicted by a slash mark; summary tree modified 
from Wojciechowski et al. (2004) [226] . The numbers beside each taxon are the 
number of genera/species 
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Figure 6.7: Putative placement of inferred genome duplication event in Solanaceae 
[178]. The precise phylogenetic placement of the genome duplication is still unclear 
(as represented by angled line), but one possibility is that this event coincided with the 
origin of Solanoideae (indicated by the slash mark on the tree); summary tree modifl 
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Solanoideae, this ancient WGD event likely had a major impact on diversifi cation. 

Solanoideae is by far the largest clade within Solanaceae, comprising 61 genera and 

1925 species [204]; other clades in Solanaceae are considerably smaller. 

6.4 Additional evidence and conclusions 

Clues regarding the importance of polyploidy in angiosperm diversification may come 

from studies of recent radiations. Island floras, particularly those inhabiting volcanic 

chains, may form microcosms for understanding processes behind largerscale diver­

sifi cations. Dispersal to volcanic archipelagoes involves the colonization of newly 

formed habitats that change dramatically over relatively short periods of time with 

island subsidence. This cycle of environmental instability can repeat itself when fur­

ther dispersal occurs to younger islands as they form. Early angiosperms may have 

experienced similar environmental instabilities after the Cretaceous-Tertiary (K-T) 

Boundary [132]. 

The Hawaiian flora has the highest incidence of polyploidy known, and most 

Hawaiian species are paleopolyploid, having evolved polyploidy prior to the dispersal 

of their ancestors to Hawaii [36]. Both polyploid hybrid and allopolyploid Hawaiian 

radiations have been studied in detail. The species-rich and morphologically diverse 

Hawaiian endemic mints, which are high polyploids (2n = 64,66), descend from a 

relatively recent hybridization event between two different polyploid North American 

lineages, one with bird-pollinated flowers, the other with insect-pollinated ones [116]. 

Their morphological and ecological variation is extensive; plants range from sub-

alpine vines to rainforest shrubs, flowers may have either bird- or insect- pollinated 

anatomies, and seed dispersal patterns may depend on either dry or fl eshy fruits. In 

another example, it has been shown that the Hawaiian silverswords, with their incred-
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ible vegetative diversity, are recent allopolyploids, and the presence of two divergent 

genomes in their colonizing ancestor may have helped promote adaptive radiation in 

the alliance [14]. Molecular studies of polyploid genome formation have indicated 

that phenomena such as substantial intragenomic rearrangement and altered gene 

regulatory relationships, and in allopolyploids, fixed heterozygosity, can contribute 

to evolutionary flexibility [108-110,196,209,221,222]. Polyploid radiations in modern 

unstable island environments may therefore provide clues as to why some angiosperm 

lineages (e.g., Poaceae and Fabales) underwent high diversification long after their 

first appearance in the fossil record. 

Nowhere else in the history of life is the influence of polyploidy more apparent as 

a possible diversifying force as it is among the angiosperms. Only the tetraploidiza-

tion event in the stem lineage of ray-finned fish may come close, having potentially 

resulted in > 20000 living species [69,101]. Despite clear evidence for WGD under­

lying all vertebrates [140], many fewer lineage-specific polyploidy events have been 

detected than among angiosperms, which have a far shorter combined evolutionary 

history. Much of this disparity can be attributed to the different nature of plant vs. 

animal development vis-a-vis compensation for gene dosage [66,125]. Subfunctional-

ization of gene duplicates has been shown to be a prominent molecular evolutionary 

force for coping with WGD in both flowering plants and rayfinned fish [2,4,228]; 

still, the angiosperms have diverged into many more habitats, life forms, and biotic 

interactions, and as such, the importance of their polyploid heritage cannot be un­

derestimated as a force of truly global impact. Future work addressing the influence 

of polyploidy from the population to whole-lineage levels will clearly be important 

for understanding these phenomena. 
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Abstract 

We develop criteria to detect neighbourhood selection effects on gene loss following 

whole genome duplication, and apply them to the recently sequenced poplar (Popu­

lus trichocarpa) genome. We improve on guided genome halving algorithms so that 

several thousand gene sets, each containing two paralogs in the descendant T of the 

doubling event and their single ortholog from an undoubled reference genome R, can 

be analyzed to reconstruct the ancestor A of T at the time of doubling. At the 

same time, large numbers of defective gene sets, either missing one paralog from T 

or missing their ortholog in R, may be incorporated into the analysis in a consistent 

way. We apply this genomic rearrangement distance-based approach to the poplar 

and grapevine (Vitis vinifera) genomes, as T and R respectively. We find that the 

loss of paralogs from T introduces far more noise into the reconstruction of A than 

does the loss of the ortholog from R. 



7.1. INTRODUCTION 157 

7.1 Introduction 

Following an episode of whole genome doubling (WGD), gene duplicates are lost at 

a high rate through processes such as pseudogenization and deletion of chromosomal 

segments containing one or more genes, while intra- and interchromosomal rearrange­

ment mechanisms redistribute chromosomal segments both large and small across the 

genome. The genome of the present-day descendant can be largely decomposed into 

a set of duplicated DNA segments dispersed among the chromosomes, with all the 

duplicate pairs exhibiting a similar degree of sequence divergence, and with single-

copy segments interspersed among them. In this paper, we introduce approaches to 

analyzing the evolution of doubled genomes, based entirely on gene order evidence, in 

order to explain aspects of the gene loss process and to reconstruct the rearrangement 

steps leading from the doubled ancestral genome to the present day descendant. 

Though syntenic evidence, namely duplicated segments containing several genes 

in corresponding order, have long been used as evidence for WGD, studies of duplicate 

gene loss have focused on functional changes and divergence rates within individual 

gene families, to the exclusion of gene order considerations. Here we investigate how 

the fate of duplicate genes is correlated, or not, to the retention or loss of nearby 

genes on the same chromosomes. 

As for reconstructing rearrangement history, a linear-time "genome halving" 

algorithm, based only on the ordering of duplicated chromosomal segments, can 

find an ancestral genome that minimizes the genomic distance to the present-day 

genome [50,51]. This does not suffice, however, as a solution to the reconstruction 

problem, since there may be a large number of very different, equally optimal so­

lutions. Here we use a guided genome halving (GGH) strategy to overcome this 

non-uniqueness, guiding the reconstruction of the ancestor by one or more reference, 
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or outgroup, genomes. This strategy does not sacrifice the optimality of the halving 

solution. 

The flowering plants are well-known for numerous historical events of genome 

doubling [41]. The recently sequenced poplar genome (Populus trichocarpa) [213], 

which shows very clear evidence of genome duplication 60 - 65 million years ago, 

and the grapevine genome (Vitis vinifera) [81,216], whose ancestor diverged before 

the aforementioned duplication, provide a pair of analytical incentives to the GGH 

strategy. On the one hand, the poplar data has an order of magnitude more duplicated 

elements than have previously been analyzed, straining computational resources. On 

the other hand, the richness of the data allows us to assess neighbourhood selection 

effects on duplicate gene loss and the implications of this loss of genes from thousands 

of duplicated pairs on the accuracy of ancestral genome reconstruction. 

This paper thus contributes three advances on the methodological level: first, 

a way of analyzing chromosomal neighbourhood selection effects on the retention or 

loss of duplicated genes, second, the scaling up, by more than an order of magnitude, 

of the amount of data amenable to our GGH analysis, and third, the incorporation 

into GGH of data from gene duplicate pairs that have lost one member, making use 

of chromosomal context in both the genome that can be traced to the doubling event 

and in the outgroup. 

7.1.1 Outline 

In Section 7.2, we describe the sources for our data and how we processed them to 

obtain the gene sets for the selection study and the GGH analysis. In Section 7.3, 

we present our method and results for detection of neighbourhoood selection effects. 

In Section 7.4 we sketch the necessary background about genomic rearrangement 
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distance and the genome halving and GGH algorithms. In Section 7.5 we present 

the GGH algorithm incorporating both full and defective gene sets. We apply this 

method to the full gene sets in combination with one or both of two defective gene 

sets from Populus and Vitis in Section 7.6. We present the reconstructed undoubled 

Populus ancestor based on over 6000 gene sets and evaluate the evolutionary signal 

versus noise (a) in the ancestor-Populus and ancestor- Vitis comparisons, (b) in the 

full and defective gene sets, and (c) in genes with two or three common adjacencies 

in the data and those with weaker positional evidence. 

7.2 The Populus-Vitis comparison 

Annotations for the Populus and Vitis genomes were obtained from databases main­

tained by the U.S. Department of Energy's Joint Genome Institute [213] and the 

French National Sequencing Center, Genoscope [81], respectively. An all-against-all 

BLASTP search was run on a data set including all Populus and Vitis protein cod­

ing genes, and orthoMCL [113] was used to construct 2104 full and 4040 defective 

gene sets, in the first case containing two poplar paralogs (genome T) and one grape 

ortholog (genome R), and in the second case missing a copy from either T or R. 

The chromosomal location and orientation of these paralogs and orthologs was used 

to construct our database of gene orders for these genomes, and the input to the 

GGH algorithm. In addition, 740 Populus single-copy genes with known chromoso­

mal location but with no orthology detected in Vitis were added for the study of 

neighbourhood selection effects. 
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7.3 Neighbourhood effects 

The data include 3944 single-copy genes with or without orthologs in Vitis. We 

assume that the single-copy status of most of these genes is simply a consequence of 

the loss of their duplicates following WGD, either through pseudogenization, outright 

deletion or other process, though of course there may be a small proportion with other 

explanations. 

We may ask how the process of gene loss are distributed throughout the genome. 

In particular, 

• is there any spatial non-randomness in the choice of duplicate pairs that will 

become single-copy? Are such pairs clustered together or randomly spaced in 

the genome? 

• for any cluster of neighbouring gene pairs that becomes single-copy, do the 

remaining copies tend to reside on the same chromosome, or does each pair of 

duplicates "decide" independently from its neighbours which chromosome keeps 

the gene and which loses it? 

7.3.1 Choice of pairs to become single-copy. 

One difficulty in addressing these problems is that we do not know which genes in 

the present-day genome are neighbours because they have always been neighbours 

and which have become neighbours recently, for example through chromosomal rear­

rangement operations, and this is especially problematic for single-copy genes. 

To circumvent this problem, we consider only sets of single-copy genes bounded 

at both ends by a pair of duplicate genes on the same two chromosomes, as in Figure 

7.1. Such a configuration, which we take as our basic unit of analysis, can arise 
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Figure 7.1: Analytical units for the study of single-copy genes. Black circles represent 
existing genes, gray circles represent hypothesized lost genes, d = duplicate gene pair, 
s= single-copy remaining. Numbers indicate length of string in which one member of 
each pair had been lost. 

only infrequently by rearrangement, especially if the genome contains more than a 

handful of different chromosomes. The unlikeliness of these units arising by chance 

rearrangement explains why it suffices to take only one flanking pair of duplicates at 

either end, and why we need not be more stringent and ask for two consecutive such 

pairs at either end, with the consequent loss of valuable data for our analysis. We 

assume that the single-copy status of all the intervening genes, on one or the other 

of the two chromosomes, arose through the loss of one copy from a corresponding 

position on the other chromosome. Note that these sets of single-copy genes are 

not "paralogons", since the genes are distributed on two chromosomes, although by 

hypothesis they are descended from two paralogons, duplicate regions on the two 

chromosomes. 

Thus the statistic we investigate is the frequency of the number of single-copy 

genes, on one chromosome or the other, between any two consecutive pairs of duplicate 

genes. Were the process of gene loss independent across two chromosomes of an 

artificial genome consisting of all the currently conserved duplicated genes (counting 

a pair only once if it is both at the end of one analytical unit and the beginning 

of another, e.g., the penultimate d in Figure 7.1), plus two copies of the currently 
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single-copy genes, we can predict this frequency distribution. Let n be the total 

number of duplicated pairs in this artificial construct. Then after S random selections 

of pairs from { 1 , . . . ,n}, with replacement but with only the first selection of any 

one pair resulting in a conversion to single-copy status, the probability that any 

particular duplicate pair A be conserved is (1 — -)s and the probability that the 

run of m pairs following A have been converted to single copy status, followed by a 

conserved duplicate pair B, is thus (1 — ^)2S (l — (1 — ^)5)™\ as long as A is in the 

first n — (m + 1) positions in the genome. 

Then E[/(m)], the expected number of single-copy strings of length m, after S 

samples is 

{n-m-l)(l--)2S(l-{l--)s) (7.3.1) 
n \ n J 

Requiring the predicted proportion of single-copy genes 1 — (1 — -)s to be equal 

to the observed proportion ^, leads to the predicted frequency 

Comparing the predicted versus the observed frequency of single-copy unit of 

various sizes, as in Figure 7.2 makes it clear that the null hypothesis of random 

choice of which duplicate pairs to convert to single-copy status would be difficult to 

dispute. 

7.3.2 Concentration of single-copies on one chromosome. 

There remains, however, the second type of neighbourhood selection we have men­

tioned, namely once a pair of duplicates is to change to single-copy status, is there 

an influence from neighbouring genes on which copy is to be lost and which to be 
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Figure 7.2: Congruence of predicted versus observed lengths of strings of single-copy 
genes. 

retained? Under the hypothesis of no neighbour effects, configurations like those on 

the right of Figure 7.3, where both retained copies are on the same chromosome, 

should occur half of the time. Similarly for all m, we can calculate the probability 

that exactly q out of m genes occur on the same chromosome and m — q on the other 

is B(m, q) + B(m, m — q), for q = 0 , . . . , |_yj, where B is the binomial distribution. 

The cumulative probability that q or fewer single-copy genes, out of m, will 

appear on the same chromosome is Prm(q) = ^i=o-^(m>^) + B{m — q), for q = 

0 , . . . , LyJ- Plotting Frm(q), the observed cumulative relative frequency of q against 

this prediction Prm(q) should help us decide if the null hypothesis of randomness 

is justified. We use the cumulative distributions rather than the probability and 

relative frequency distributions themselves in order to combine the results for different 

predicted distribution 

* 
poplar data 
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Figure 7.3: Single-copy gene evidence for neighbourhood selection. Black circles rep­
resent existing genes, gray circles represent hypothesized lost genes, d = duplicate 
gene pair, s= single-copy remaining. In the unit on the right, neighbours are con­
served, on the left one gene is dropped from each chromosome. 

values of m. Thus, in Figure 7.4 we superimpose plots of Frm(g) against Pvm(q), for 

m = 2 , . . . , 8 and for q = 0 , . . . , |_yj • There should be 23 points on such a plot, but 

seven of them are necessarily coincidental at (1,1). 

The plausible alternative hypotheses are a widespread neighbourhood selection 

effect, possibly at the transcriptional level, perhaps involving co-regulation or com­

mon regulatory elements, or deletion-based effect whereby gene loss involves a chro­

mosomal segment affecting more than one gene at a time. The latter is perhaps 

the simplest and most obvious choice, unless pseudogenization is the usual avenue to 

gene loss, and has been proposed in the context of gene loss after WGD in yeast [214], 

though selection-based explanations have been offered by other authors [32] and our 

own method (work to be reported elsewhere) yields even stronger support for selec­

tion rather than random large deletions than the poplar work reported here. Under 

the null hypothesis, there is no reason for there to be more points above the diagonal 

than below it, and the particular concentration of points where Frm(q) is much greater 

than Prm(q) and Prm(g) < | suggests that the low values of q, where almost all the 

single-copy genes in each analytical unit are on the same chromosome, are greatly 

over-represented in these data. 

With the poplar data, were random deletions involving segments larger than 

one gene a quantitatively important explanation for the results in Figure 7.4, this 
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Figure 7.4: Observed cumulative relative frequency against predicted values, for q or 
fewer single-copy genes, out of m, to appear on the same chromosome, for m = 2 , . . . , 8 
and for q = 0 , . . . , [^J- There should be 23 points on such a plot, but seven of them 
are necessarily coincidental at (1,1) 

would necessarily also show up as deviation from the smooth geometric distribution 

in Figure 7.2, with a depressed value for m = 1 relative to increased values for at 

least m = 2 or higher m. This is emphatically not the case, and we can thus reject 

the large deletions theory in favour of a neighbourhood selection effect. 

7.3.3 Long str ings of single copies. 

Along with the data summarized in Figures 7.3 and 7.4, we also found four analyt­

ical units with relatively long strings of single copies. These occurred in analytical 

units on chromosome pair (6,18), with 12 genes on chromosome 18 and only 2 on 
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chromosome 6, chromosome pair (2,14), with 12 genes on chromosome 14 and only 

3 on chromosome 2, chromosome pair (13,19), with 15 genes on chromosome 13 and 

none on chromosome 19, and chromosome pair (8,10), with 16 genes on chromosome 

10 and only 1 on chromosome 8. 

These data provide additional striking confirmation of the tendency for single-

copy genes to be largely on the same chromosome. The occasional instance of an 

active gene on the other chromosome is validation of our operational definition of an 

analytical unit: the surviving duplicate pairs delimiting either end of the single-copy 

segment did not get there through coincidental rearrangements, rather they define 

what remains of a genuine duplicated segment. 

The extraordinary length of each of these four strings of single-copy genes remains 

unexplained, though functional selection effect are strongly suggested in several cases. 

For example, in the (2,14) pair and the (13,19) pair, about half of the genes also 

appear in a (single) cluster in the Arabidopsis genome. The genes in the (8,10) pair 

are almost evenly split between two such clusters in Arabidopsis. This suggests that 

the genes in question have a function-driven tendency to group together in a single-

copy segment, a tendency which has survived separate WGD events in both Populus 

and Arabidopsis. This idea has recently been explored for yeast [158]. 

Moreover GO functional annotations show that four of the genes on chromosome 

10 have nucleic acid or nucleotide binding capacity and three of the genes on chro­

mosome 14 have hydrolase activity, in both cases more than could be expected by 

coincidence, and suggestive of some concerted functional connection favoured by the 

close linkage of these genes. 
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7.3.4 The units of analysis 

It is only in the context of WGD that we can set up the analytical units that enable 

our assessment of the presence of neighbourhood selection in Sections 7.3.1, 7.3.2 

and 7.3.3 above, though these effects would exist of course whatever the source of 

duplicate gene pairs, and indeed in any process of genome shrinkage through gene 

loss. 

7.4 Toward efficient, accurate guided genome halv­

ing 

Algorithms for guided genome halving (GGH), or reconstruction of the pre-doubling 

genome with the help of an outgroup, were first used for the ancestral doubled genome 

of the maize (Zea mays) genome, with the rice (Oryza sativa) and sorghum {Sorghum 

bicolor) genomes as outgroups [238]. We generated all the 1.5 x 106 solutions to 

the genome halving problem for the maize genome, and then identified the subset, 

containing only a handful of relatively similar solutions that have a minimum rear­

rangement distance with the rice (or sorghum) genome. 

This approach was feasible with the small number (34) of doubled blocks identi­

fied in maize that were also present in one copy in each outgroup, but in a subsequent 

analysis [174], when we attempted to reconstruct the ancient doubled yeast genome 

from which Saccharomyces cerevisiae is descended, guided simultaneously by both 

of the undoubted outgroup genomes Ashbya gossypii and Kluyveromyces waltii, the 

number of doubled genes we could use as evidence was an order of magnitude greater 

than the number of blocks in the cereals data, and the number of solutions to the 
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halving problem astronomical. It was no longer feasible to exhaustively search the 

halving solutions to find those that are closest to the outgroups. Instead we took a 

random sample of several thousand solutions in the hope that the best one might be 

optimal, or close to it. It was not clear, however, how large the sample should be, 

or how to validate the results, since the local optima found in that study remained 

fairly far apart, as measured by genomic rearrangement distance. 

In our current use of GGH, on yeast [241] and on the flowering plants studied 

in the present article, we seek to replace the brute force approach of generating all 

(or a random sample of) halving solutions first, i.e., before taking into consideration 

the outgroup genome. Instead, we inject all pertinent information derivable from the 

outgroup into the halving algorithm, influencing hitherto arbitrary choices in that 

algorithm so that the halving solution is guided towards the outgroup. 

7.4.1 Definitions: Genomes, rearrangement operations and 

genomic distance 

A genome G is represented by a set of strings (called chromosomes) of form 

{gn---gin1,~-,gxi---9xnx}, w h e r e n = nx-\ \-nx and {\g,\} = {l ,--- ,n}; i.e., 

each integer i E {1, • • • , n} appears exactly once in the genome and may have either 

positive or negative polarity. The biologically-motivated operations of reversal or 

inversion, reciprocal translocation, chromosome fission or fusion, and transposition, 

can all be represented by an operation (called double-cut and join, or DCJ) of cutting 

the genome twice, each time between two elements on one of the chromosomes and 

rejoining the four resulting cut ends differently [17,231]. Whether the two cuts are on 

the same chromosome or not, and how the endpoints are rejoined, determine which 

rearrangement operation pertains. 
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The genome rearrangement distance d(G, H) is defined to be the minimum num­

ber of DCJ operations required to convert one of the genomes, G, into the other, 

H. 

Rearrangement algorithms [13, 210, 231] can be formulated in terms of the bi-

coloured "breakpoint graph", where each end (either 5' or 3') of a gene in genome 

G is represented by a vertex joined by a black edge to the vertex for adjoining end 

of the adjacent gene, and these same ends, represented by the same 2n vertices in 

the graph, are joined by gray edges determined by the adjacencies in genome H. In 

addition, each vertex representing a first or last term of some chromosome in G or in 

H is connected by an edge of the appropriate colour to an individual "cap" vertex, 

and there are specific rules for adding caps to the genome with fewer chromosomes 

and for joining the caps among themselves, if G has x chromosomes and H has no 

more than \-> there are 2n + 4% vertices in all. The breakpoint graphs necessarily 

consist of disjoint alternating colour cycles, and it can be shown that, in the DCJ 

formulation, d(G, H) = n + x — c, where c is the number of cycles in the breakpoint 

graph. Calculating the distance can be done in time linear in n. 

7.4.2 Genome halving 

Let T be a genome consisting of ip chromosomes and 2n genes a[ • • • , a„ ; a[ ,• • • , a„ 

dispersed in any order on the chromosomes. For each i, we call a\ and a\ "dupli­

cates" , but there is no particular property distinguishing all elements of the set of a\ 

(2) 

in common from all those in the set of a\ . A potential "doubled ancestor" of T is 

written A' (& A", and consists of 2x chromosomes, where some half (x) of the chromo­

somes, symbolized by the A', contains exactly one of a\ or a\ for each i = 1, • • • , n. 

The remaining x chromosomes, symbolized by the A", are each identical to one in 
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the first half, in that where a\ appears on a chromosome in the A', a\ appears on 

the corresponding chromosome in A", and where a\ appears in A', a\ appears in 

A". We define A to be either of the two halves of A' © A", where the superscript (1) 

or (2) is suppressed from each a- or a\ . The genome halving problem for T is to 

find an A for which some d(A' ffi A", T) is minimal. 

In the rearrangement distance algorithm, construction of the breakpoint graph 

is an easy step. The genome halving algorithms [51] also make use of the breakpoint 

graph, but the problem here is the more difficult one of building the breakpoint graph 

where one of the genomes (the doubled ancestor A' ®A") is unknown. This is done by 

segregating the vertices of the graph in a natural way into subsets, such that all the 

vertices of each cycles must fall within a single subset, and then constructing these 

cycles in an optimal way within each subset so that the black edges correspond to 

the structure of the known genome T and the gray edges define the adjacencies of 

A' © A". 

As a first step each gene a in a doubled descendant is replaced by a pair of 

vertices (at, a^) or (a^, at) depending if the DNA is read from left to right or right to 

left. The duplicate of gene a — {at, a^) is written a = (eft, d~h)-

Following this, for each pair of neighbouring genes, say (a^a/J and (bh,bt), the 

two adjacent vertices a^ and bh are linked by a black edge, denoted. {%, 6/J in the 

notation of Ref. [17]. For a vertex at the end of a chromosome, say bt, it generates 

a virtual edge of form {fet,end}. Note that the use of "end" instead of "cap" reflects 

a somewhat different bookkeeping for the beginnings and ends of chromosome in the 

halving algorithm compared to the distance algorithm in Section 7.4.1. 

The edges thus constructed are then partitioned into natural graphs according 

to the following principle: If an edge {x, y} belongs to a natural graph, then so does 

some edge of form {x, z} and some edge of form {y, w}. If a natural graph has an even 
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number of edges, it can be shown that in all optimal ancestral doubled genomes, the 

edges coloured gray, say, representing adjacent vertices in the ancestor, and incident 

to one of the vertices in this natural graph, necessarily have as their other endpoint 

another vertex within the same natural graph. 

For all other natural graphs, there are one or more ways of grouping them pairwise 

into supernatural graphs so that an optimal doubled ancestor exists such that the 

edges coloured gray incident to any of the vertices in a supernatural graph have as 

their other endpoint another vertex within the same supernatural graph. Thus the 

supernatural graph may be completed one at a time. 

An important detail in this construction is that before a gray edge is added 

during the completion of a supernatural graph, it must be checked to see that it 

would not inadvertently result in a circular chromosome. Key to the linear worst-

case complexity of the halving algorithm is that this check may be made in constant 

time. 

Along with the multiplicity of solutions caused by different possible constructions 

of supernatural graphs, within such graphs and within the natural graphs, there may 

be many ways of drawing the gray edges. Without repeating here the lengthy details 

of the halving algorithm, it suffices to note that these alternate ways can be generated 

by choosing one of the vertices within each supernatural graph as a starting point. 

7.4.3 Genome halving with outgroups 

Let T be a genome consisting oitp chromosomes and 2n genes a[ • • • ,ah \a\\- • • ,an 

dispersed in any order on the chromosomes, where for each i, genes a\ and a\ are 

duplicates. Any genome R is a reference or outgroup genome for T if it contains the 

n genes a\, • • • ,an. 
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Let R be a reference genome for T. The GGH problem with one outgroup is to 

find a potential ancestral genome A such that some d(R, A)+d(A'(BA", T) is minimal. 

In practice, A is either one of the solutions to the unconstrained halving problem, or 

it is close to such a solution [175], so little is lost in restricting our search to the set 

of solutions of the genome halving problem for T. 

One strategy, suitable for small data sets, as in Ref. [238], is to generate the 

entire set S of genome halving solutions of T, then to evaluate each A £ S to find the 

one that minimizes d(R, A). 

When S is so large that it is not feasible to generate all of S in order to find the 

best A, we may resort to sampling S, as in Ref. [174]. In defining the gray edges in 

the supernatural graphs of Section 7.4.2, we generally have several choices at some of 

the steps. By randomizing this choice, we are effectively choosing a random sample 

o f l G S . 

7.5 The GGH algorithm 

The key idea in our improvement over brute force algorithms is to incorporate infor­

mation from R during the halving process. It is important to take advantage of the 

common structure in T and R as early as possible, before it can be destroyed in the 

course of construction. To this end, we drop the practice of completing all the gray 

edges in one supernatural graph before starting another. We simply look for elements 

of common structure and add gray edges accordingly, always making sure that no 

circular chromosomes are inadvertently created. 

Missing homologs The halving algorithm requires full gene sets at several steps in 

reconstructing the ancestor, so we algorithmically restore the missing homologs to the 
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most appropriate positions in T and R at the outset. The criterion for restoring a gene 

to a position in a genome is the net decrease in the number of disrupted adjacencies 

in the three-way comparison of the augmented genomes versus the situation before 

the gene was restored. Note that the fictional genes thus included do not count in 

the main GGH algorithm when it comes to choosing among steps of equal priority. 

Paths We define a path to be any connected fragment of a breakpoint graph, namely 

any connected fragment of a cycle. We represent each path by an unordered pair 

(u, v) = (v, u) consisting of its current endpoints, though we keep track of all its 

vertices and edges. Initially, each black edge in T is a path, and each black edge in 

R is a path. 

Pathgroups A pathgroup T is an ordered triple of paths, two in T and one in R, 

where one endpoint of one of the paths in T is the duplicate of one endpoint of the 

other path in T and both are orthologous to one of the endpoints of the path in R. 

The other endpoints may be duplicates or orthologs to each other, or not. 

7.5.1 The algorithms 

In adding pairs of gray edges to connect duplicate pairs of terms in the breakpoint 

graph of T versus A' ® A", (which is being constructed), our approach is basically 

greedy, but with a sophisticated look-ahead. We can distinguish five different levels 

of desirability, or priority, among potential gray edges, i.e., potential adjacencies in 

the ancestor. 

Recall that in constructing the ancestor A to be close to the outgroup R, such 

that A' © A" is simultaneously close to T, we must create as many cycles as possible 

in the breakpoint graphs between A and R and in the breakpoint graph of A' © A" 
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versus T. 

1. Adding two gray edges would create two cycles in the breakpoint graph defined 

by T and A' © A", by closing two paths. When this possibility exists, it must 

be realized, since it is an obligatory choice in any genome halving algorithm. 

It may or may not also create cycles in the breakpoint graph comparison of X 

with the outgroup, but this does not affect its priority. 

2. Adding two gray edges would create two cycles, one for T and one for the 

outgroup. 

3. Adding two gray edges would create a cycle in the T versus A' © A" compar­

ison, but none for the outgroup. It would, however, create a higher priority 

pathgroup. 

4. Adding two gray edges would create a cycle in the T versus A' ®A" comparison, 

but none for the outgroup, nor would it create any higher priority pathgroup. 

5. Each remaining path terminates in duplicate terms, which cannot be connected 

to form a cycle, since in A' © A" these must be on different (and identical) 

chromosomes. In supernatural graphs containing such paths, there is always 

another path and adding two gray edges between the endpoints of the two 

paths can create a cycle. 

In not completing each supernatural graph before moving on to another, we lose the 

advantage in Ref. [51] of a constant time check against creating circular chromosomes. 

The worst case becomes a linear time check. This is a small liability, because the worst 

case scenario is seldom realized, the check almost always requiring only one or two 

steps. 
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7.6 GGH results and discussion 

Our data consisted of 6144 gene sets, of which only 2104 were full sets. There were 

only 836 defective sets by virtue of a missing ortholog in V, while 3204 genes lacked 

one paralog in T. 

Table 7.1 shows the results of the analysis on the full gene sets only, on combina­

tions of the full sets with one kind of defective sets, and all three sets. For each case 

we study not only the reconstructed ancestor but also a "projected" version where 

genes from the defective sets are simply erased, in order to assess the changes in gene 

order due to the defective gene sets. Whereas the distance between each T and its 

reconstructed ancestor A is given by GGH, the distance between projected ancestor 

and T required a heuristic, explained in detail in Refs. [242] and [208], for attributing 

each paralog in T to one of the two copies of the ancestral genome. Note that we 

choose only one optimal ancestor A for each analysis; this does not affect d for the 

comparison between A® A and Populus, but it may have a very small effect on b, and 

r and on all three quantities for the comparison between A and Vitis. 

Figure 7.5 depicts the result of analyzing all the 6144 gene sets with GGH, 

although the 836 genes with no grape ortholog are not visible. This is just one of a 

many equally parsimonious solutions of the GGH problem, differing largely in the how 

they concatenate chromosomal segments where there are two different possibilities 

suggested by the Populus genome and a third by the Vitis genome. The reconstruction 

is given as an example, and the details, including the telomeric positions determining 

the size of the chromosomes, are not definitive. 

Despite this ambiguity in the reconstruction, the numerical results on d, b and r 

are quite robust, and can be used for the comparison of genomes and for evaluating 

methods. 
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Table 7.1: Comparisons of the reconstructed immediate pre-doubling ancestor A with 
the Vitis genome and of the immediate doubled ancestor A © A with Populus. PPV: 
full gene sets, PP: defective, missing grape ortholog, PV: defective, missing one poplar 
paralog. Projected: genes not in PPV ancestor deleted from solution A, d: genomic 
distance, b:,number of breakpoints, r = 2d/b: the re-use statistic. 

genes 
data sets in A 
PPV 2104 
PPV,PP 2940 

projected 2104 
PPV,PV 5308 

projected 2104 
PPV,PP, PV 6144 

projected 2104 

d(A, Vitis) 
d b r 

638 751 1.70 
649 757 1.71 
649 757 1.71 
1180 1331 1.77 
663 758 1.75 
1208 1363 1.77 
664 757 1.75 

d(A® A, Populus) 
d b r 

454 690 1.32 
737 1090 1.35 
581 823 1.41 
1083 1457 1.49 
670 833 1.61 
1337 1812 1.48 
750 926 1.62 

without singletons 

PPV 2020 
PPV,PP 2729 

projected 2006 
PPV,PV 4203 

projected 1955 
PPV,PP, PV 4710 

projected 1986 

560 661 1.69 
594 690 1.72 
571 664 1.72 
573 686 1.67 
489 580 1.69 
675 797 1.69 
528 622 1.70 

346 541 1.28 
453 714 1.27 
416 628 1.32 
751 1031 1.46 
490 644 1.52 
856 1211 1.41 
558 744 1.50 
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The large number of singleton genes disrupting otherwise homogeneous synteny 

blocks suggests that "noise" due to uncertainties inherent in homology identification 

and especially orthology identification may be artifactually inflating genomic distance 

d and the number of breakpoints b. Since the rigorous noise elimination techniques of 

Refs. [239] and [39], which are the gene-order equivalent of synteny block construction 

methods for genome sequences, have not yet been extended in the context of genome 

doubling, we simply identified singletons as gene sets lacking two real (i.e., not inferred 

from insertMH) common adjacencies out of six possible in the original genomes, and 

ran all the analyses again without these genes. 

In each case, we counted the breakpoints and calculated the appropriate genomic 

distance d, i.e., from the doubled ancestor to Populus and from the undoubled version 

of the same ancestor to Vitis. 
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A l g o r i t h m G G H : 
Guided Genome Halving with Full and Defective Gene Sets 

Input . Two genomes: duplication descendant T', outgroup genome R', where each gene is 
has three 

homologs (full set) or two homologs (defective set), in the pat terns TTR, T T or TR. 
O u t p u t . Augmented genomes T, and R, where all gene sets are full, and 

Genome A, a halving solution of T, minimizing d{A' ffi A", T) + d(A, R). 
i n s e r t M H 
Init ial ize paths (black edges) in T and R. 
C o n s t r u c t supernatural graphs. 
C o n s t r u c t two pathgroups for each gene g in R, one based on gt, the other on g^. 
If number of chromosomes in T is odd, 

add pathgroup with two paths of form (end, end). 
W h i l e there remains at least one pathgroup 

For each pathgroup ((x, y), (x, z), (x, m)) 
classify it by case and priority, and find a pathgroup T tha t has the highest priority. 

To choose among 
Priority 2 pathgroups, find one that maximizes the number of "real" black edges, i.e., 

edges in T" and R', 
not just edges created by i n s e r t M H . Similarly for Priority 3 pathgroups. 
C a s e 1: x / y, and adding xy and xy would not create a circular chromosome. 

Priority 1: z = y. 
Priority 2: y = m. 
Priority 3: adding xy and xy would create a pathgroup with priority 2. 
Priority 4: None of 1, 2 or 3. 

C a s e 2: x ^ y, and adding xz and xz would not create a circular chromosome. 
Priority 2: z = m. 
Priority 3: adding xz and xz would create a pathgroup with priority 2. 
Priority 4: Neither of 2 or 3. 

C a s e 3:x = y. 
Priority 5: 

If T is Case 1, addGrayEdge(xy ,xy ) . 
If r is Case 2, addGrayEdge(xz , xz). 
If r is Case 3, find some 

W = ((w, w), (w, w), (w, s)) in the same supernatural graph and 
and addGrayEdge(xw, xw). 
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Algorithm: addGrayEdge(r£, rt) 

Add gray edges rt, ft to partially completed genome X" © X". 
Add gray edge rt to partially completed genome X. 
Update paths in pathgroups that are affected by the new gray edges. 
Remove pathgroups that start with r and t. 

Algorithm: insertMH: 
Insert Missing Homologs in Chromosomes 

Input. Two genomes: duplication descendant T", outgroup R', where each gene is has two 
or three 

homologs, in the patterns TTR, TT, TR. 
Output. Augmented genomes T and R containing exactly three homologs for each gene, 
in the pattern TTR, 

maximizing the number of common edges of form {a\, b\), {02, ^2} in T and {a, b} in 
R. 

(Or {a\, 62}, {02, b\) in T and {a, b} in R.) 
While there are genes that have only two copies, count edgeDiff for each such, which 
simultaneously finds 

the BestPosition. 
Insert the gene with the minimum edgeDiff value into the BestPosition of this gene. 

Algorithm: count edgeDiff 

If a gene g just has one copy (g\) in T' and one copy (g) in R', then we must insert another 
copy (#2) into T. 
If a gene g just has two copies (31,52) m T", then we must insert g into R'. 

(The details are omitted here. This is essentially a greedy heuristic to add adjacencies 

reflecting, as if possible, adjacencies already existing in R' and T'.) 
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This enabled us to calculate the "breakpoint re-use" statistic r = 2d/b, which is a 

measure of how much signal about conserved order (among segments, not within segments) 

remains in the comparison of two genomes after a period of evolutionary rearrangements. 

When r = 1, we can have high confidence in the rearrangement distance and history. When 

r approaches two, the segment order in the two genomes being compared are essentially 

random with respect to each other, i.e., calculating r for random genomes gives a value 

approaching 21 . In Table 7.1, we see both from changes in d and changes in r tha t 

• most of the signal contained in the order among conserved chromosomal segments has 

been lost between the ancestor and Vitis, but is retained to a great degree between 

the ancestor and Populus, probably reflecting the difference in divergence time but 

also possible biases towards T in the GGH algorithm [242], 

• the addition of the defective PV gene sets degrades the analysis, more than the 

addition of P P sets, though this may due to the four times greater number of gene 

sets in the former, 

• the elimination of singletons improves all the analyses, but where PV is present, this 

comes about largely by discarding most of the sets, which turn out to be singletons. 

The analysis with 6144 gene sets required almost 48 hours on a MacBook, but this was 

anomalously large, since those with 4000 or 5000 required less than 5 hours and those with 

2000 about 1 hour. Much of the running time is due to the check on the number of real 

edges in a pathgroup to choose among Priority 2 or among Priority 3 options. This could 

1If breakpoints are frequently re-used during evolution, then r will also be close to 2; unfortunately 
there is no internal way of testing the breakpoint re-use hypothesis against the null hypothesis of 
complete loss of signal about segment order [173]. 



7.7. CONCLUSIONS 182 

be reduced by optimizing data structures in our software. 

7.7 Conclusions 

We have formalized a new way of assessing neighbourhood selection constraints on duplicate 

gene loss, taking into account the particular genomic structure of descendants of WGD. 

Dividing possible selective effects into those affecting which gene pairs will lose one member, 

and those affecting which member of the pair is lost, we found no effect of the first type, 

but a clear effect of the second. 

With the application of our GGH method to the more than 6000 gene sets, we have 

shown that any realistic case of genome doubling should be amenable, even if all the gene 

paralogs remain in the sequenced descendant. 

The inclusion of defective PV gene sets would appear to add little more than noise to 

the analysis, but the PP sets would seem to add significant information, especially to the 

ancestor-Populus comparison. 

The elimination of singletons proves to be a meaningful way of drastically decreasing 

the number of segments (as measured by b) and the genomic distance to credible levels, 

though this still does not result in a detectible signal in the ancestor- Vitis comparison. 

The recently sequenced Carica papaya genome [135], which is phylogenetically more 

closely related to Populus, but like Vitis diverged before the Populus doubling event, can 

also play the outgroup role in our analysis [175], but accuracy is diminished since genome 

assembly has not been completed. In general, as sequences become more polished and fur­

ther complete homology sets can be more accurately detected, our methods should become 
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more accurate. 
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Abstract 

Whole genome doubling (WGD), a frequent occurrence during the evolution of the an-

giopsperms, complicates ancestral gene order reconstruction due to the multiplicity of solu­

tions to the genome halving process. Using the genome of a related species (the outgroup) 

to guide the halving of a WGD descendant attenuates this problem. We investigate a bat­

tery of techniques for further improvement, including an unbiased version of the guided 

genome halving algorithm, reference to two related genomes instead of only one to guide 

the reconstruction, use of draft genome sequences in contig form only, incorporation of 

incomplete sets of homology correspondences among the genomes and addition of large 

numbers of "singleton" correspondences. We make use of genomic distance, breakpoint 

reuse rate, dispersion of sets of alternate solutions and other means to evaluate these tech­

niques, while reconstructing the pre-WGD ancestor of Populus trichocarpa as well as an 

early rosid ancestor. 
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8.1 Introduction 

The reconstruction of the gene order in ancestral genomes requires that we make a number 

of choices, among the data on which to base the reconstruction, in the algorithm to use 

and in how to evaluate the result. In this paper we illustrate an approach to making these 

choices in the reconstruction of the ancestor of the poplar Populus trichocarpa genome. This 

species that has undergone whole genome duplication followed by extensive chromosomal 

rearrangement, and is one of four angiosperm genomes, along with those of Carica papaya 

(papaya), Vitis vinifera (grapevine) and Arabidopsis thaliana, whose sequences have been 

published to date, shown in Figure 8.1. 

-A 
/ \ Populus 

Arabidopsis \ 
Carica 

Figure 8.1: Phylogenetic relationships among angiosperms with sequenced genomes. 
The circles indicate likely whole genome doubling events. The circle in the Populus 
lineage, representing the locus of the WGD event at the origin of the willow-poplar 
family, and the square, representing the ancestor of the rosid dicotyledons, indicate 
the target ancestors we reconstruct in this paper. 

We have been developing methods to incorporate descendants of whole genome dou­

bling into phylogenies of species that have been unaffected by the doubling event. The basic 

tool in analyzing descendants of whole genome doubling is the halving algorithm [51]. To 

overcome the propensity of the genome halving procedure to produce numerous, widely dis­

parate solutions, we "guide" the execution of this procedure with information from genomes 
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from related species [174,238,241,242,244], which we call outgroups. This, ipso facto, inte­

grates the whole genome doubling descendant into the phylogeny of the related species. 

Issues pertaining to data include 

Homology sets. Can we use defective sets of homologs, i.e., which have only one 

copy in the duplicated genome or are missing the ortholog completely in the guide 

genome? 

Singletons. Should we purge singletons from the data, i.e., sets of homologous 

markers who have no homologous adjacent markers in common in the either the 

duplicated genome or the outgroup? 

Contigs. Can we use guide genomes that are not fully assembled, but are available 

only as sets of hundreds or thousands of contigs? 

Another choice to be made during reconstruction has to do with the guided halving algo­

rithm itself. The original genome halving problem, with no reference to outgroup genomes, 

can be solved in time linear in the number of markers [51]. We can introduce information 

from an outgroup in order to guide this solution, without compromising the optimality of 

the result and without serious increase in computing time [241,244]. We call this con­

strained guided halving. The true, unconstrained, guided halving problem, however, where 

the solution ancestor need not be a solution of the original halving problem, is likely to be 

NP-hard [208]. In the heuristics necessary for these two approaches, there is a trade-off be­

tween the speed of constrained halving versus the (theoretically) better solution obtainable 

by unconstrained halving. 

Once we make our choices of data and algorithm, we may ask how to evaluate the 
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results. As with most evolutionary reconstructions, this evaluation is necessarily completely 

internal, since there is no outside reference to check against, except simulations. There are 

many indices for evaluating a reconstruction. 

Distance. Most important, there is the objective function; here our genomic dis­

tance definition attempts to recover the most economical explanation of the observed 

data, namely the minimum number of rearrangement events (reversals, reciprocal 

translocations, chromosome fusions/fissions, transpositions) required. 

Reuse rate. Each rearrangement operation can create at most two breakpoints in 

the gene-by-gene alignment of two genome and its ancestor. When fewer than two are 

created, one or two pre-existing breakpoint(s) must be "re-used". Conversely, when 

rearranged genomes are optimally reconstructed, some breakpoints may be reused. In 

fact breakpoint re-use is inferred far more frequently in reconstruction than it actually 

occurs in genome generation, and is actually a measure of the loss of evolutionary 

signal inherent in the gene order. 

Dispersion. The motivation for guided halving is to resolve the ambiguities inherent 

in the large number of optimal halving solutions. One way to quantify the remaining 

non-uniqueness is to calculate the distances among a sample of solutions. Thus we 

can compare the average distance between the alternate solutions in one method to 

the average in another, to see which is the less dispersed, or more compact. And we 

can compare these "within-group" distances to "between-group" distances, to assess 

statistically how much our methodological choices affect the results. 

In this paper we will refer repeatedly to a main tabulation of results, Table 8.1, in which 
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we discover the unexpected rapid evolution of the Carica gene order in comparison with 

that of Vitis. In Section 8.2, we report on the origin and processing of our gene-order data 

and the construction of the full and defective homology sets. In Section 8.3 we take up the 

discussion of our measures for assessing the quality of reconstructions. Then, in Section 

8.4, we discuss the halving problems, and sketch a new algorithm for unconstrained guided 

halving. In Section 8.5 we evaluate the utility of singletons and of defective homology sets. 

Then, in Section 8.6 we assess the two guided halving algorithms on real and simulated data. 

Section 8.7 proposes a way to use unassembled genome sequence in contig form, as a input 

to the reconstruction algorithm, an approach that could potentially have wide use in gene 

order phylogeny. In Section 8.8 we demonstrate the phylogenetic validity of reconstructing 

the Populus ancestor using either Vitis or Carica, or both, as outgroups. Note that we 

have not included Arabidopsis in our analyses; as will be explained in Section 8.9, this was 

dictated by a paucity of data in the appropriate configurations. 

8.2 The Populus, Vitis and Carica data 

Annotations for the Populus, Vitis and Carica genomes were obtained from databases main­

tained by the U.S. Department of Energy's Joint Genome Institute [213], the French Na­

tional Sequencing Center, Genoscope [81], and the University of Hawaii [135], respectively. 

An all-by-all BLASTP search was run on a data set including all Populus and Vitis protein 

coding genes, and orthoMCL [113] was used to construct 2104 full and 4040 defective gene 

sets, in the first case, denoted PPV, containing two poplar paralogs (genome P) and one 

grape ortholog (genome V), and in the second case, denoted PV or PP, missing a copy from 
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either P or V. This was repeated with Populus and Carica, genomes P and C, respectively, 

to obtain 2590 full (PPC) and 4632 defective (PC or PP) sets. The location on chromo­

somes (or contigs in the case of Carica) and orientation of these paralogs and orthologs was 

used to construct our database of gene orders for these genomes. Contigs containing only 

a single gene were discarded from the Carica data. 

8.3 Evaluation of solutions 

Developing methods for historical inference about genomes is an uncertain enterprise, since 

there is usually no way of checking the results against historical truth, the fossil record 

being extremely fragmentary, vast evolutionary time scales generally precluding laboratory 

experimentation and simulation being extremely dependent on simplifying assumptions. 

Nevertheless there are meaningful evaluation criteria. Parsimonious explanations are 

to be preferred to uneconomical ones or, if there is an accepted probability model, most 

likely explanations are better than unlikely ones. Low variance estimates are better than 

high variance ones. And methods that allow internal tests of significance, e.g. the bootstrap, 

are desirable. Here we will discuss the three sorts of evaluation we use in this study. 

8.3.1 Genome distance and breakpoint graph 

The distance measures we use are based on parsimony. As such they are likely to pro­

duce underestimates of the number of rearrangements historically intervening between two 

genomes, especially if this number is large. Nevertheless, lacking a credible probabilistic 

model for rearrangement processes, we can rely on the current measures, as long as we do 
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data sets 
genes in A, 

with singletons 
d(A, Vitis) 

d b 
d(A® A, Populus) 

d b r 
Solutions constrained to also be solutions of genome halving 

Solutions unconstrained 

Solutions constrained to also be solutions of genome halving 

Solutions constrained to also be solutions of genome halving 

Solutions unconstrained 

Solutions constrained to also be solutions of genome halving 

Solutions unconstrained 

total 
d 

PPV 
PPV.PP 
PPV.PV 
PPV.PP, PV 

2104 
2940 
5308 
6144 

638 
649 
1180 
1208 

751 
757 
1331 
1363 

1.70 

1.71 

1.77 

1.77 

454 
737 
1083 

1337 

690 
1090 

1457 

1812 

1.32 

1.35 

1.49 

1.48 

1092 

1386 

2263 

2545 

PPV 
PPV, PP 
PPV,PV 
PPV,PP,PV 

data sets 

2104 

2940 

5308 

6144 

genes in A, 
with singletons 

593 734 1.62 

616 752 1.64 

1121 1307 1.72 

1129 1328 1.70 

d(A, Carica) 
d b r 

512 
778 
1147 

1437 

d{A® 
d 

733 1.40 

1119 1.39 

1486 1.54 

1871 1.54 

A, Populus) 
b r 

1105 

1394 

2268 

2566 

total 

d 

PPC 
PPC, PP 
PPC,PC 
PPC,PP,PC 

2590 
3478 
6334 
7222 

896 
905 
1892 
1925 

1075 
1085 
2224 
2241 

1.67 

1.67 

1.70 

1.72 

565 
884 
1262 

1541 

823 
1282 

1700 

2065 

1.37 

1.38 

1.48 
1.49 

1461 

1789 

3154 

3466 

PPC 
PPC, PP 
PPC,PC 
PPC,PP,PC 

data sets 

Solutions unconstrained 

2590 

3478 

6334 

7222 

genes in A, 
without singletons 

864 1043 1.66 

873 1039 1.68 

1859 2172 1.71 

1877 2211 1.70 

d{A, Vitis) 
d b r 

628 
951 
1321 

1617 

d(A® 
d 

870 
1318 

1742 

2126 

1.44 

1.44 

1.52 

1.52 

A, Populus) 
b r 

1492 

1824 

3180 
3494 

total 

d 

PPV 
PPV,PP 

PPV,PV 
PPV.PP, PV 

2020 
2729 
4203 
4710 

560 
594 
573 
675 

661 
690 
686 
797 

1.69 

1.72 

1.67 

1.69 

346 
453 
751 
856 

541 
714 
1031 
1211 

1.28 

1.27 

1.46 

1.41 

906 
1047 

1324 

1531 

PPV 
PPV, PP 
PPV.PV 
PPV,PP,PV 

data sets 

2020 

2729 

4203 

4710 

genes in A, 
without singletons 

545 652 1.67 

567 681 1.67 

544 674 1.61 

631 785 1.61 

d(A, Carica) 
d b r 

375 
493 
782 
916 

d(A@ 
d 

564 1.33 

745 1.32 

1034 1.51 

1250 1.47 

A, Populus) 
b r 

920 
1060 

1326 

1547 

total 

d 

PPC 
PPC, PP 
PPC,PC 
PPC,PP,PC 

2464 
3226 
4651 
5234 

772 
812 
779 
898 

934 
981 
926 
1088 

1.65 

1.66 

1.68 

1.65 

412 
536 
774 
892 

607 
809 
1050 

1253 

1.36 

1.33 

1.47 

1.42 

1184 

1348 

1554 

1790 

PPC 
PPC, PP 
PPC,PC 
PPC,PP,PC 

2464 
3226 
4651 
5234 

758 
796 
764 
861 

921 
967 
911 
1058 

1.65 

1.65 

1.68 

1.63 

454 
584 
804 
952 

639 
839 
1090 

1303 

1.42 

1.39 

1.48 

1.46 

1212 

1380 

1568 

1813 

Table 8.1: Guided halving solutions with and without singletons, constrained and 
unconstrained heuristics, Vitis or Carica as outgroup, and all combinations of full 
and defective homolgy sets. A: pre-doubling ancestor of Populus, A © A: doubled 
ancestor, PPV, PPC: full gene sets, PP: defective, missing grape or papaya ortholog, 
PV,PC: defective, missing one poplar paralog. d: genomic distance, b, number of 
breakpoints, r = 2d/b: the reuse statistic. 
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not forget the inherent bias towards "shorter" solutions. 

Genome comparison algorithms generally involve manipulations of the bicoloured break­

point graph [13, 210] of two genomes, called the black and the gray genomes, on the same 

set of n genes, where two vertices are defined representing the two ends of each gene, and 

an edge of one colour joins two vertices if the corresponding gene ends are adjacent in the 

appropriate genome. Omitting the details pertaining to the genes at the ends of chromo­

somes, the genomic distance d, i.e., the minimum number of rearrangements necessary to 

transform one genome into the other, satisfies d = n — c, where c is the number of alternating 

colour cycles making up the breakpoint graph [231]. 

It is well-known [131,184] that in practice genomic distance depends strongly on the 

degree of resolution of the genomic data. The smaller the threshold for conserved segment 

size and the greater the number of segments, the greater the distance. This is true for d and 

n as well. We will have to take account of the dependence of d on n when we investigate 

the effects of singletons, types of homology class, algorithm version and outgroup in Section 

8.5. 

8.3.2 Breakpoint reuse 

If d is the number of rearrangements and b the number of breakpoints, the reuse [154] 

variable r = 2d/b can take on values in 1 < r < 2. Completely randomized genomes will 

have r close to 2, so that if an empirical comparison has r ~ 2, we cannot ascribe much 

significance to the details of the reconstruction [173]. This is particularly likely to occur for 

genomes that are only very distantly related. In fact, studies of mammalian genomes [184] 

have shown a very close correlation between r and d. This does not indicate an actual 
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tendency towards breakpoint re-use throughout a phylogenetic domain, since then r would 

be elevated even for closely related genomes, but rather a loss of gene-order signal due to 

inadequate modeling of evolutionary processes and/or the reconstruction of homologous 

gene orders [173]. 

8.3.3 Dispersion 

As we will see in Section 8.4, algorithms for reconstructing ancestral genomes generally allow 

two or more choices at many stages. It suffices to make this choice randomly to generate a 

sample of alternative solutions. The distances between these solutions are suggestive of the 

reliability of the method. A method that produces solutions within a few rearrangements 

of each other is preferable to one that generates a set of very heterogeneous solutions, as 

long as this improvement does not come with the cost of an increased bias. 

8.4 Guided halving 

The genome halving problem [51] asks, given a genome T with two copies of each gene, 

distributed in any manner among the chromosomes, to find the "ancestral" genome, written 

A © A, consisting of two identical halves, i.e., two identical sets of chromosomes with one 

copy of each gene in each half, such that the rearrangement distance d(T, A © A) between 

T and A © A is minimal. Note that part of this problem is to find an optimal labeling as 

"1" or "2" of the two genes in a pair of copies, so that all n copies labeled "1" are in one 

half oi A® A and all those labeled "2" are in the other half. The genome A represents 

the ancestral genome at the moment immediately preceding the WGD event giving rise to 
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Figure 8.2: Choice of gray edge to add at each stage of the reconstruction of A and 
A © A. Each black edge in the diagram represents either an adjacency in T or R 
or an alternating colour path with a black edge at each end point. If vertex w is 
copy " 1 " in T then w is copy "2", and vice versa, (a) Configuration requiring the 
creation of three cycles, two in the breakpoint graph of T and A 0 A, and one in the 
breakpoint graph of A and R. (b) Configuration requiring the creation of two cycles 
in the breakpoint graph of T and A © A, necessary for A © A to be a solution of the 
genome halving problem, (c) Alternative configuration if solution of guided halving 
A © A is not also required to be a solution of the halving problem, (d) Look-ahead 
when there are no configurations (a), (b) or (c). Here the addition of three gray edges 
creates a configuration (c). 

A® A. 

The guided genome halving problem [238] asks, given T as well as another genome R 

containing only one copy of each of the n genes, find A so that d(T, A (B A) + d(A, R) is 

minimal. The solution A need not be a solution to the original halving problem. 

In previous studies [174,238,241], we found that the solution of the guided halving 

problem is often a solution of the original halving problem as well, or within a few re­

arrangements of such a solution. This has led us to define a constrained version of the 

guided halving problem, namely to find A so that A © A is a solution to the original halv-
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ing problem and d(T, A © A) + d(A, R) is minimal. This has the advantage that a good 

proportion of the computation, namely the halving aspect, is guaranteed to be rapid and 

exact, although the overall algorithm, which is essentially a search among all optimal A, 

remains heuristic. Without sketching out the details of the lengthy algorithm, the addition 

of gray edges representing genome A to the breakpoint graph, as in Figure 8.2, must favour 

configuration (b) over (c), even though there are as many cycles created by (c) as by (b). 

This is a consequence of the original halving theory in Ref. [51]. Otherwise A ffi A may not 

be a halving solution. This, however, may bias the reconstruction of A towards T and away 

from R. For the present work, we implemented a new version of the algorithm, as sketched 

in Section 8.4.1, treating configurations (b) and (c) equally in constructing A. The choice 

among two or more configurations of form (b) or (c) is based on a look-ahead calculation 

of what effect this choice will have on the remaining inventory of configurations of form (b) 

and (c). The new algorithm requires much more computation, but its objective function is 

better justified. 

8.4.1 The new algorithm 

First we define paths, which represent intermediate stages in the construction of the break­

point graph comparing T and A ffi A and the breakpoint graph comparing A and R. Then 

we define pathgroups, which focus on the three current paths leading from three "homolo­

gous" vertices in the graph, namely two copies in T and one in R. Note that each vertex 

represents one of the two ends of a gene. 
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P a t h s We define a path to be any connected fragment of a breakpoint graph, namely any 

connected fragment of a cycle. We represent each path by an unordered pair (u, v) = (v, u) 

consisting of its current endpoints, though we keep track of all its vertices and edges. 

Initially, each black edge in T is a path, and each black edge in R is a path. 

Pathgroups A pathgroup, as in Figure 8.2, is an ordered triple of paths, two in the 

partially constructed breakpoint graph involving T and A © A and one in the partially 

constructed breakpoint graph involving R and A, where one endpoint of one of the paths 

in T is the duplicate of one endpoint of the other path in T and both are orthologous to 

one of the endpoints of the path in R. The other endpoints may be duplicates or orthologs 

to each other, or not. 

In adding pairs of gray edges to connect duplicate pairs of terms in the breakpoint graph 

of T versus A © A, (which is being constructed), our approach is basically greedy, but with 

a careful look-ahead. We can distinguish four different levels of desirability, or priority, 

among potential gray edges, i.e., potential adjacencies in the ancestor. 

Recall that in constructing the ancestor A to be close to the outgroup R, such that 

A © A is simultaneously close to T, we must create as many cycles as possible in the 

breakpoint graphs between A and R and in the breakpoint graph of A © A versus T. At 

each step we add three gray edges. 

• Priority 1. Adding the three gray edges would create two cycles in the breakpoint 

graph defined by T and A® A, by closing two paths, and one cycle in the breakpoint 

graph comparison of A with the outgroup, as in Figure 8.2a. 
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• Priority 2. Adding three gray edges would create two cycles, one for T and one for 

the outgroup, or two for T and none for the outgroup, as in Figure 8.2b and c. 

• Priority 3. Adding the gray edges would create only one cycle, either in the T versus 

A ® A comparison, or in the R versus A comparison. In addition, it would create a 

higher priority pathgroup, as in as in Figure 8.2d. 

• Priority 4. Adding the gray edges would create only one cycle, but would not create 

any higher priority pathgroup. 

The algorithm simply completes the steps suggested by the highest priority pathgroup 

currently available, choosing among equal priority pathgroups according to a look-ahead to 

the configuration of priorities resulting from competing moves. 

At each step, we must verify that a circular chromosome is not created, otherwise the 

move is blocked. As with Ref. [51] this check requires a constant time. The algorithm 

terminates when no more pathgroups can be completed. Any remaining pathgroups define 

additional chromosomes in the ancestor A. 

8.5 On the utility of singletons and defective ho­

mology sets 

From the last column of Table 8.1, it is clear that d varies widely as a function of the four 

factors, inclusion/exclusion of singletons, inclusion/exclusion of defective homology sets, 

outgroup species and heuristic. But it is also clear that d depends on n, in the first numerical 

column in the table (cf. [131,184]). Thus we must control for the dependence of d on n in 
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teasing out the relative contribution of each of these factors. In Figure 8.3 we group the 32 

points in the plot of d versus n, taken from the 32 rows in Table 8.1, according to choice 

of outgroup, inclusion or not of singletons, combination of homology classes and algorithm 

version. We will return to the almost imperceptible differences between the constrained 

and unconstrained algorithms in Section 8.6, and to the choice of outgroup in Section 8.8, 

but we can observe here that the inclusion singletons has a dramatic effect on the rate of 

increase of d on n. Though this effect can theoretically be generated by rearrangements, in 

practice it is better considered as noise in the analysis [39,239]. This is confirmed by the 

greater values of r, indicating degradation of evolutionary signal, almost everywhere in the 

upper half of Table 8.1 compared to the lower half. 

We also note that the increase in d caused by adding defective homology sets to the 

analysis is really due to the disproportionate numbers of singletons in these sets. The trend 

lines for the four different combinations of homology sets are parallel and steeply sloped. 

This slope is largely due to the presence of singletons in the data for the two highest point 

on each line and also to the higher rate of evolution of Carica for the highest and third 

highest points. The actual effect of homology class can be traced by comparing the lowest 

points on the four lines, the second lowest points, and so on. This shows a relatively gradual 

increase. 

8.6 Comparison of the heuristics 

In Table 8.1, the constrained guided halving algorithm always does better than the uncon­

strained guided halving heuristic, as measured by the total distance in the last column. At 
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Figure 8.3: Effect of controlling for the number of genes. Upper left: Carica evolving 
faster than Vitis. Upper right: rapid increase in distance due to singletons. Lower 
left: Effect of homology classes. Lower right: almost imperceptible effect of algorithm 

version. 
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Figure 8.4: Performance of the constrained and unconstrained heuristics as a function 
of the real (left) or simulated (right) distance of the outgroup from A. Note that 
despite the similarity of the two curves, the simulated results indicate that the new 
(unconstrained) algorithm is better when the outgroup proportion of total distance 
is no larger than than 0.6, while with the real data this is only predicted to happen 
when that proportion is below 0.2. 

the same time, the unconstrained heuristic had a clear effect in reducing the bias towards 

Populus, in each case decreasing the distance to the outgroup, compared to the constrained 

heuristic. This decrease was accompanied by a small decrease in r for the outgroup analysis. 

In fact the decrease in the bias was far greater than the increase in total cost, meaning 

that if bias reduction is important, then this heuristic is worthwhile, despite its inability to 

find a minimizing ancestor and its lengthy execution time. 

To further investigate the behaviour of the new algorithm, we simulated evolution by 

M inversions and translocations (in a 10:1 proportion) from a genome A to produce an 

outgroup genome R and 1000 — M rearrangements from a WGD genome A © A to produce 

a descendant genome T. We then applied the constrained and the new algorithms, showing 
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that the new one was superior when M < 600, but not for M > 700, as seen in Figure 8.4 

(right). 

Considering the 16 comparisons in the real data between the constrained and the new 

algorithm, the change in the total distance also shows a distinct correlation (p2 = 0.5) with 

the distance from the outgroup and A. We point this out even though the constrained 

algorithm, as we have seen, seems superior when the distance between R and A is more 

than 20 % of the total distance. This is plotted in Figure 8.4 (left). 

The difference between the simulations, where the new method is generally superior, 

and the real data, where the new method would seem to be superior only when the outgroup 

is very close to the ancestor, must be ascribed in large part to some way the model used for 

the simulations does not correspond to how the real data was generated. The "failure" of 

the new algorithm to do better with the real data cannot be ascribed to its inability to find 

good local optima, since it succeeds with simulated data. One clue is the relatively high 

reuse rate in the comparison between the outgroup and A, compared with that between 

Populus and A © A. 

8.7 Rearrangements of partially assembled genomes 

Our analyses involving Carica have incorporated an important correction. The genomic 

distance between Carica and A counts many chromosome fusion events that reduce the 

number of "chromosomes" in Carica from 223 to the 19. These are not a measure of the 

true rearrangement distance, but only of the current state of the Carica data. Since these 

may be considered to take place as a first step in the rearrangement scenario [231], we may 
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genes 
data sets in A 
PPC 2464 
PPC, PP 3226 
PPC,PC 4651 
PPC,PP,PC 5234 

d(A, Carica) 
d b r 

986 1090 1.81 
1027 1132 1.81 
1084 1177 1.84 
1214 1318 1.84 

correction 

c d* a ct ca b* r* 
223 772 76 7 1371 934 1.65 
224 812 74 6 2091 981 1.66 
314 779 123 9 3470 926 1.68 
325 898 112 12 3910 1088 1.65 

Table 8.2: Correction for contig data. A: pre-doubling ancestor of Populus, A © A: 
doubled ancestor, PPC: full gene sets, PP : defective, missing papaya ortholog, PC: 
defective, missing one poplar paralog. d: genomic distance, b: number of breakpoints, 
r = 2d/b: the reuse statistic, c: number of contigs, d*\ distance corrected for excess of 
contigs over true number of chromosomes = d — c + 9, a: number of "obvious fusions", 
ca: number of common adjacencies, ct: number of common telomeres, b*: corrected 
number of breakpoints = number of genes —ca — ct — 2a, r*: corrected reuse statistic 
= 2d*/b*. Data without singletons. Solutions obtained by constrained algorithm. 

simply subtract their number from d to estimate the true distance. At the same time, many 

of the breakpoints between A and Carica are removed by these same fusions, so these should 

be removed from the count of b as well. The calculations in Table 8.2 illustrate how the 

d(A, Carica) results in the bottom quarter of Table 8.1 were obtained. 

Figure 8.5 (left) shows experimental results on how the increasing fragmentation of 

a genome into contigs, using a random fragmentation of Vitis grenome, decreases the es­

timated distance between Vitis and A. This is understandable, since the freedom of the 

contigs to fuse in any order without this counting as a rearrangment step, inevitably will 

reduce the distance by chance alone. But the linearity of the result suggests that this de­

crease is quite predictable, and that the estimates of the distance between Carica and A 

are actually underestimates by about 10 %. 

Figure 8.5 (right) shows that creating contigs by randomly breaking the Vitis genome 

does not create excessive variability among the solutions, only the same as the dispersion of 
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Figure 8.5: Left: Effect of increasing fragmentation of Vitis into "contigs" on the 
distance between the reconstructed A and Vitis. Right: Distributions of distances 
among solutions for A based on Vitis data (white bars) and among solutions for Vitis 
fragmented into contigs in different random ways (gray bars). 

alternate solutions for the original Vitis data, a few percentage points of the distance itself. 

8.8 A comparison of the outgroups 

Perhaps the most surprising result in Table 8.1 is that the Vitis gene order is decidedly 

closer to Populus and its ancestor A than Carica is. Both the Tree of Life and the NCBI 

Taxonomy Browser currently exclude the Viticae family from the rosids, though some older 

taxonomies do not make this distinction. 

Before interpreting this result, we mention two sources of error in the comparison of 

Vitis and Carica. The first is that the Carica distances are based on a larger gene set; 

without singletons and defective homology sets PPC is 22 % larger than PPV. As a rule of 

thumb, we can expect distances to be approximately proportional to the number of genes. 

However, as we have seen in Figure 8.3, Carica evolves faster even if we control for gene 
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number. 

The other source of error is due to the contig data, and this results in an underestimate 

of the Canca-ancestor distance. From Figure 8.5, we can estimate that the Carica distances 

are underestimated by about 10 % because of the 223 contigs in the Carica data. Thus the 

discrepancy between the two outgroups is actually larger than it appears to be. 

We may conclude that this difference is genuine and substantial. Then assuming that 

Populus and Carica have a closer phylogenetic relationship, or even a sister relationship, 

our results can only be explained by a faster rate of gene order evolution in Carica than in 

Vitis. 

8.8.1 Dispersion 

As described in Section 8.3.3, we generated 100 different solutions with the constrained halv­

ing and unguided halving algorithms using each outgroup, and 54 for unconstrained halving 

with Vitis as the outgroup and 15 with Carica. The genomic distances were normalized 

by number of genes in common in the two genomes being compared before input to the 

analysis. This number was 2464 genes for Carica comparisons, 2020 for Vitis comparisons 

and 1514 for Carica-Vitis comparison. 

For each of the six outgroup/method combinations we calculated the average normal­

ized distance between all of its solutions to each of the other combinations, leading to the 

6 x 6 matrix in Table 8.3. We input this into a two-dimensional principal coordinates anal­

ysis in the R package, producing the pattern of six black dots in Figure 8.6. It can be seen 

that the first dimension of the figure represents the right-to-left movement from unguided 

halving towards increasing influence of the outgroup. The second dimension distinguishes 
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Carica Vitis ConC ConV UncC UncV UgC UgPV 
Canca 0.0 458.4 400.2 432.6 394.5 432.6 448.9 463.7 
Vitis 0.0 289.3 278.7 305.2 270.3 313.7 329.7 
ConC 14.2 52.2 40.6 57.5 68.6 81.9 
ConV 16.8 73.3 35.1 76.6 68.3 
UnvC 16.6 69.4 94.6 107.0 
UncV 20.3 89.2 87.1 
UgC 45.0 63.4 
UgV 47.0 

Table 8.3: Matrix of average distances between analyses, normalized xlOOO. Diag­
onal contains average within-group distances (not input into principal components 
analysis). Carica and Vitis data used in Figure 8.7 but not in Figure 8.6. Con = 
constrained, Unc = unconstrained, Ug = unguided, C = Carica, V = Vitis. 

the Carica and Vitis analyses. 

We then calculated the average distance between all the alternate solutions within 

each outgroup/method combination and divided this by the original input distances to 

the vertical and horizontal neighbours of the corresponding point on Figure 8.6; these two 

factors were multiplied by the corresponding distances on the principal coordinates graph in 

order to obtain the axes of ellipses. The ellipses, shaded in the figure, represent the degree 

of dispersion of the solutions around each of the six points. In the case of the constrained 

solution based on Vitis, a quadrilateral shape was employed because of the asymmetry of 

the horizontal comparisons involving the unconstrained guided halving and the unguided 

halving solutions. 

Figure 8.7 situates the ancestral reconstructions in a principal coordinates analysis 

including the Carica and Vitis genomes. The Populus genome is added after the analysis 

on the basis of halving distances; it was not included in the principal coordinates analysis 

because of orthology assignment inconsistencies arising in the calculations of the distances 
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Figure 8.6: Principal coordinates analysis of average distances between reconstructed 
ancestral genomes. Black points represent "average" genomes. Shaded areas around 
each point represent the dispersion of alternate solutions of the same halving problem. 

between several unduplicated genomes and the descendant of a WGD. 

This figure shows that the ancestral reconstructions all occupy a relatively small area of 

solution space. It also represents the movement already studied in Figure 8.6 from unguided 

to constrained to unconstrained analysis in the direction of the outgroup. 

8.8.2 Using both outgroups 

There are 1734 complete homologous gene sets including two Populus copies and one copy 

in each of Carica and Vitis. (Some of these, constituting 1-gene contigs in Carica, were not 

used for the analyses in Table 8.1. Here we have 332 Carica contigs, instead of the 223 in the 
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Figure 8.7: Principal coordinates analysis of distances between reconstructed and 
present-day genomes. 

previous analysis.) In the same way as the unconstrained algorithm in Section 8.4 is based on 

a modification of the guided halving algorithm for one outgroup in reference [241], we could 

define an unconstrained version of the two-outgroup guided halving algorithm implemented 

in that earlier work. For convenience, however, we use the constrained version of two-

outgroup guided halving from reference [241] to find the ancestor (small circle) genome in 

Figure 8.8(a) as a first step, then compute the "median" genome based on this ancestor, 

Carica and Vitis. The median problem here is to find the genome, the sum of whose 

distances from ancestor A, Carica and Vitis is minimal. This problem is NP-hard [208] and 

solving it is barely feasible with the 1734 genes in our data, requiring some 300 hours of 

MacBook computing time. 
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Figure 8.8: Branch lengths in angiosperm phylogeny, using two estimates of the 
median, and applying the contig correction. 

This initial result unfortunately inherits the same defect as the Carica data, i.e., it 

is composed of contigs rather than true chromosomes. In this case, the median genome 

contains 118 "contig-chromosomes". We correct the distances to the median by subtracting 

the difference in the number of chromosomes/contigs between the three genomes and the 

median. This corresponds to disregarding the fusions counted in the original distances that 

are essentially carrying out an optimal assembly, modeling an analytical process, not a 

biological one. This produces the corrected values in Figure 8.8(b). 

Let us compare the distance from Vitis and from Carica to ancestor A, passing through 

the median, in Figure 8.8 (508 and 578, respectively), with the minimum distances1 in Table 

8.1, and proportionately adjusted for the reduced number of genes (560 x ^ o = 481 and 

772 x i | | | = 543, respectively. Passing through the median modestly augments (by 27 and 

by 35, respectively) both trajectories. But using the median diminishes the total cost of 

the phylogeny, i.e., in comparison with a phylogeny where there is no common evolutionary 

divergence of the outgroups from Populus from 481 + 543 = 1024 to 347 + 417+ 161 = 925. 

Figure 8.8(b) confirms that the papya genome has evolved more rapidly than the 

1 Constrained analyses, no singleton or defective homology sets. 
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grapevine one. 

8.8.3 Molecular evolutionary correlates of rearrangement rates 

With obvious sources of error in our papaya/poplar and three-way comparisons (such as 

the incomplete assembly of the papaya genome and potentially error-prone ortholog/paralog 

determination) insufficient explanations for papaya's enhanced rearrangement rate relative 

to Vitis or the diploid poplar ancestor, A, we have sought a biological interpretation. 

Papaya, grapevine, and poplar all share the ancient 7 WGD. "Paleologous" (paralo-

gous) gene pairs identified as 7 descendants, as mined from the three genomes, show different 

rates (Ks) of synonymous substitutional change [206]. Median Ks for Vitis 7 pairs (1.22) 

is substantially lower than that for poplar (1.54) or papaya (1.76). 

Synonymous substitutional rates can be interpreted as placeholders for divergence 

times [41], but they have also been correlated with different life strategies in plants, e.g., the 

woody perrenial versus the annual habit, and as such, generation time [59]. Recent evidence 

from large-scale phylogenetic studies incorporating many taxa and many genes has backed 

the latter inference [185]. 

The generation times of papaya, poplar, and grapevine show a pattern entirely (neg­

atively) consistent with median Ks values for 7 paralogs. Papaya can reproduce in 9-15 

months [135], poplar in 4-6 years [213], and grape (sexually) in ca. 80 years [11]. In turn, 

these generation times and Ks values correlate well with the genomic rearrangement rates 

calculated here (Table 8.1; Figure 8.8). As such, we hypothesize a common cause argument, 

short generation time, to explain the aberrant-seeming rearangement history for papaya rel­

ative to its phylogenetic relationships, which would otherwise have suggested this taxon to 
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be closer than grapevine to the diploid poplar ancestor, A. Future median genome/GGH 

analyses incorporating weedy species such as Arabidopsis and Mimulus might help bolster 

or refute this hypothesis depending on their rearrangement rates relative to other plant 

genomes. 

8.9 Conclusions 

The main contributions of this paper are: 

• the discovery of the rapid rate of gene order evolution in Carica compared to Vitis, 

• a systematic way of controlling for the dependence of rearrangement distance on the 

number of genes, 

• a way of visualizing the reduction of dispersion of the solutions to a problem when 

comparing methods to solve it, 

• a way to use incompletely assembled contigs in genome rearrangement studies, 

• a new unbiased algorithm for guided genome halving, and 

• the systematic use of reuse rates to show that the inclusion of singletons are not 

helpful in ancestral genome reconstruction. 

In this work, we have not considered the Arabidopsis genome. The main reason is not 

any algorithmic issue, but the paucity of full homology sets containing four Arabidopsis 

copies as well as copies from one or more outgroups. 
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Abstract 

Background: Genome median and genome halving are combinatorial optimization prob­

lems that aim at reconstructing ancestral genomes as well as the evolutionary events leading 

from the ancestor to extant species. Exploring complexity issues is a first step towards de­

vising efficient algorithms. The complexity of the median problem for unichromosomal 

genomes (permutations) has been settled for both the breakpoint distance and the rever­

sal distance. Although the multichromosomal case has often been assumed to be a simple 

generalization of the unichromosomal case, it is also a relaxation so that complexity in this 

context does not follow from existing results, and is open for all distances. 

Results: We settle here the complexity of several genome median and halving prob­

lems, including a surprising polynomial result for the breakpoint median and guided halving 

problems in genomes with circular and linear chromosomes, showing that the multichromo­

somal problem is actually easier than the unichromosomal problem. Still other variants of 

these problems are NP-complete, including the DCJ double distance problem, previously 

mentioned as an open question. We list the remaining open problems. 

Conclusions: This theoretical study clears up a wide swathe of the algorithmical 

study of genome rearrangements with multiple multichromosomal genomes. 
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9.1 Background 

The gene order or syntenic arrangement of ancestral genomes may be reconstructed based 

on comparative evidence from present-day genomes — the phylogenetic approach — or on 

internal evidence in the case of genomes descended from an ancestral polyploidisation event, 

or from a combination of the two. The computational problem at the heart of phylogenetic 

analysis is the median problem, while internal reconstruction inspires the halving problem, 

and the combined approach gives rise to guided halving. How these problems are formulated 

depends (1) on the karyotypic framework: the number of chromosomes in a genome and 

whether they are constrained to be linear, or if circular chromosomes are also permitted, and 

(2) on the objective function used to evaluate possible solutions. This function is based on 

some notion of genomic distance, either the number of adjacent elements on a chromosome 

in one genome that are disrupted in another — the breakpoint distance — or the number 

of evolutionary operations necessary to transform one genome to another. 

While the karyotypes allowed in an ancestor vary only according to the dimensions of 

single versus multiple chromosome, and linear versus circular versus mixed, the genomic 

distances of interest have proliferated according to the kinds of evolutionary operations 

considered, from the classic, relatively constrained, reversals/translocations distance to the 

more inclusive Double Cut-and-Join (DCJ) measure, and many others [52]. 

The computational complexity of some of these problems has been settled for some 

specific distances and karyotypic contexts, and it is sometimes taken for granted that these 

results carry over to other combinations of context and distance. This is not necessarily 

the case. In this paper, we survey the known results and unsolved cases for three distance 
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measures in three kinds of karyotype. We include several results presented here for the first 

time, as well as discussions on the definitions of the distances. The results contain both new 

polynomial-time algorithms and NP-hardness proofs. This paper is the full version of an 

extended abstract that has appeared in [208], which announced the results without giving 

all the proofs. In particular, a full discussion on the breakpoint distance definition, as well 

as the proofs of Theorem 3, Theorem 5, and Theorem 7 are added here, which makes this 

version a complete and definitive one. 

9.1.1 Genomes, breakpoints and rearrangements 

Multichromosomal genomes 

We follow the general formulation of a genome in [17]. A gene A is an oriented sequence 

of DNA, identified by its tail A1 and its head Ah. Tails and heads are the extremities of 

the genes. An adjacency is an unordered pair of gene extremities. A genome II is a set of 

adjacencies on a set of genes. Each adjacency in a genome means that two gene extremities 

are consecutive on the DNA molecule. In a genome, each gene extremity is adjacent to zero 

or one other extremity. An extremity x that is not adjacent to any other extremity is called 

a telomere, and can be written as an adjacency xo with a null symbol o. The adjacency 

xo is called a telomeric adjacency. For a genome II on a set of genes Q, consider the graph 

Gu whose vertices are all the extremities of the genes, and the edges include all the non 

telomeric adjacencies in II as well as an edge joining the head and the tail of each gene. 

This graph is a set of disjoint paths and cycles. Every connected component is called a 

chromosome of II. A chromosome is linear if it is a path, and circular if it is a cycle. A 
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Figure 9.1: The graph Gn of a genome II. II is a genome on the set of genes 
{ 1 , . . . , 14}, containing three chromosomes, two of them being linear and one cir­
cular. Its adjacencies are the union of 
Ci = { 1 2 M \ 4*14*, 14*1*, l f t7h , 7*8*}, 
C2 = {3*11*, llh10*, 10^6*, 6h13 / l, 13*3^} and C3 = {9h2*, 2h5h}. It has four telomeres. 

genome with only linear, or only circular, chromosomes is called a linear or circular genome, 

respectively. An example of a graph Gn is given in Figure 9.1. 

A Genome can also be represented as a set of strings, by writing the genes for each 

chromosome in the order in which they appear in the paths and cycles of the graph Gn, 

with, a bar over the gene if the head of the gene appears before the tail (we say it has 

negative sign), and none if the tail appears before the head (it has positive sign). For each 

linear chromosome, there are two possible equivalent strings, according to the arbitrary 

chosen starting point. One is obtained from the other by reversing the order and switching 

the signs of all the genes. For circular chromosomes, there are also two possible circular 

string representations, according to the direction in which the cycle is traversed. For ex­

ample, chromosome C\ of the genome II of Figure 9.1 may be written (12 4 14 1 7 8) or 

(8 7 1 14 4 12). 

A genome with only one chromosome is called unichromosomal. These correspond to 

signed permutations: the two string representations are (linear or circular) signed permuta­

tions. 
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G e n o m e s wi th dupl icates 

A duplicated gene A is a couple of homologous oriented sequences of DNA, identified by 

two tails Al1 and A2l, and two heads Alh and A2h. An all-duplicates genome A is a set of 

adjacencies on a set of duplicated genes. 

For a genome II on a gene set Q, a doubled genome II © II is an all-duplicates genome 

on the set of duplicated genes from Q such that if AxBy (x, y G {t, h}) is an (possibly 

telomeric) adjacency of II (Ax or By may be o), either A\XBV> and A2xB2y, or A2xB\y 

and AlxB2y, are adjacencies of II © II. 

Note the difference between a general all-duplicates genome and the special case of a 

doubled genome: the former has two copies of each gene, while in the latter these copies 

are organised in such a way tha t there are two identical copies of each chromosome when 

we ignore the l ' s and 2's in the Alx,s and A2x,s: it has two linear copies of each linear 

chromosome, and for each circular chromosome, either two circular copies or one circular 

chromosome containing the two successive copies1. Note also that for a genome II, there is 

an exponential number of possible doubled genomes II © II (exactly two to the power of the 

number of non-telomeric adjacencies in II). These definitions correspond to duplicated and 

perfectly duplicated genomes found in [136], and slightly differs from the perfectly dupli­

cated genome definition found in [219], as discussed in [136]. An example of an all-duplicates 

genome and a doubled genome is shown in Figure 9.2. Doubled genomes are the immediate 

result of an evolutionary event called Whole Genome Duplication (WGD), which is known 

to have occurred in many evolutionary lineages, from protists [12] to yeasts, to plants, to 

1The construct containing both copies of the doubled genome on a single circular chromosome 
was introduced for the sake of exploring the extension of the halving problem to the case of a single 
chromosome [51]. It was not motivated by biological considerations. 
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Figure 9.2: The graphs and G A Guen of an all-duplicates genome A and a doubled 
genome II © II (a) A has three chromosomes, while (b) II © II has four, and consist of 
two copies of two chromosomes, that have the same set of duplicated genes { 1 , . . . , 7}. 

fish, to amphibians and even to mammals [147]. All-duplicates genomes derive from dou­

bled genomes through a series of rearrangement events. Typically, all-duplicates genomes 

pertain to extant species, while doubled genomes are ancestral configurations inferred to 

exist immediately after the WGD, and that are to be reconstructed. 

In discussing all-duplicates genomes, we will sometimes contrast them with ordinary 

genomes which have a single copy of each gene. 

The breakpoint distance 

The breakpoint distance has been well-studied for permutations, i.e., unichromosomal genomes 

220], but only a few published discussions have focused on how it should be defined for mul-

tichromosomal genomes (see [155] for one suggestion). The distance should depend not 

only on common adjacencies, or rather their absence, but also on common telomeres (or 
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lack thereof) in two genomes. For two genomes II and F on a set Q of n genes, suppose II 

has A n̂ chromosomes, and F has JVr chromosomes. Let a(II, F) be the number of common 

adjacencies, e(II, F) be the number of common telomeres of II and F. Then insofar as it 

should depend additively on these components, we may suppose the breakpoint distance 

has form 

dBP(n,F) = n - a{Fl,F)(3 - e(U,F)9 + (Nu + Nr)7 + (\Nn - Nr\)i/>, 

where (3, 6 and 7 are positive parameters, while ip may have either sign. Taking II = F and 

imposing CIBP(F1, II) = 0 yields the relations (3 = 1 and 1 — 26 + 2j = 0, so 8 = 7 + 1/2, and 

the distance formula reduces to: 

dBP(U,F) = n - a(U,T) - (7 + l / 2 ) e ( n , r ) + (JVn + W r h + ( l ^ n - Nr\)i/>. 

It is most plausible to count a total of 1 breakpoint for a fusion or fission of linear chromo­

somes2 , which implies 7 = tp = 0, so the most natural choice of breakpoint distance between 

II and T is 

dBP(U,F) = n-a(U,F)-^^-. 

This differs somewhat from the parameters chosen in [155], where the breakpoint distance is 

defined with 7 = 5 and ip = ^, giving rise to the disadvantage of there possibly being more 

breakpoints between two genomes than adjacencies in either one. For example, in comparing 

2It might be argued that a fission or fusion should count for as many as 2 breakpoints, or anything 
between 1 and 2, so that alternate values of 7 and ip might be entertained, provided 7 G [0, | ] , and 
tp g [0,1 — 7]. This may have an influence on how to calculate the number of breakages within a 
scenario, as discussed in [18]. We do not explore this further in this paper. 
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II = (1 2 3 4 5) and F in which five linear chromosomes each contain one gene i € { 1 , . . . , 5}, 

the definition in [155] would count 9 breakpoints, which seems counterintuitive, while our 

definition counts 4, which seems more reasonable. Whether all the results presented in this 

paper also hold for the definition in [155] is open. 

The definition of the breakpoint distance is easily transposable to the comparison of 

two all-duplicates genomes. For one all-duplicates genome A and one ordinary genome II, 

the breakpoint distance between II and A is the minimum breakpoint distance between A 

and a doubled genome II © II, that is, 

dBp(U, A) = min dBp(U © II, A). 
n®n 

The Double Cut-and-Join distance 

Given a genome II, a double-cut-and-join (DCJ) is an operation p acting on two adjacen­

cies pq and rs (possibly some of p, q, r, s are o symbols, so that telomeric adjacencies are 

considered; one adjacency can even be oo). The DCJ operation replaces pq and rs either 

by pr and qs, or ps and qr. An example of DCJ operation on the genome II of Figure 1 is 

drawn in Figure 9.3. 

A DCJ can reverse an interval of a genome, may cause the fission of one chromo­

some into two, or the fusion of two chromosomes into a one, or a reciprocal translocation: 

the exchange of two telomere-containing segments between two chromosomes. Two con­

secutive DCJ operations, excising and circularising a chromosomal segment followed by a 

re-linearisation of the circular intermediate and reintegration on the same chromosome, us­

ing two new cut-points, results in a block interchange: two segments of the genome appear 
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Figure 9.3: A DC J operation on the genome II of Figure 9.1. Adjacencies \hlh and 
10*11^ of the genome represented in (a) are cut and adjacencies lft10* and l l / l 7 / i are 
joined to construct the genome represented in (b). This example shows how a DC J 
operation can fuse two chromosomes into one. 

to simply exchange their positions. In the case these two segments are consecutive, the two 

DCJs result in a transposition, the apparent movement of a segment from one place on a 

chromosome to another. The DCJ operation is thus a very general framework, introduced 

by Yancopoulos et al. [231], as well as by Lin et al. in a special case [114], and since been 

adopted by Bergeron et al. [17,19] and many others, sometimes under other names such 

as SPRING [115] or "2-break rearrangement" [7]. 

If II and r are two genomes on a set Q of n genes, the minimum number of DCJ 

operations needed to transform II into F is called the DCJ distance and noted rf£>cj(n, F). 

This DCJ distance is easily defined also for two all-duplicates genomes. For one all-

duplicates genome A and one ordinary genome II, the DCJ distance between II and A is 

dDCj{U, A) = minn©n dDCJ(U © II, A). 
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The reversal/translocation distance 

The reversal/translocation distance was introduced by Hannenhalli and Pevzner [70], and 

is equivalent to the DCJ distance constrained to linear genomes. 

If II is a linear genome, a linear DCJ operation is a DCJ operation on II that results 

in a linear genome. This allows reversals, chromosome fusions, fissions, and reciprocal 

translocations. DCJs that create circular intermediates, temporary circular chromosomes, 

and thereby mimic block interchanges and transpositions, are not allowed. Chromosome 

fusions and fissions are particular cases of translocations in this framework, justifying the 

appellation RT-distance. If II and F are linear genomes, the RT distance between II and 

T is the minimum number of linear DCJ operations that transform II into F, and is noted 

dRT(U,F). 

9.1.2 Computational problems 

The classical literature on genome rearrangements aims at reconstructing the evolutionary 

events and ancestral configurations that explain the differences between the organization of 

extant genomes. The focus has been on the genomic distance, median and halving problems. 

More recently the doubled distance and guided halving problems have also emerged as 

important. In each of the ensuing sections of this paper, these five problems are examined for 

a specific combination of distance d (breakpoint, DCJ or RT) and kind of multichromosomal 

karyotype (linear, circular, mixed). 

1. Distance. Given two genomes II, F, compute d(Fl,F). Once the distance is cal­

culated, an additional problem in the cases of DCJ and RT is to reconstruct the 
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rearrangement scenario of length d(H, T), i.e. the putative events that differentiate 

the genomes. 

2. Double distance. Given an all-duplicates genome A and an ordinary genome II, 

compute d(A, II). This computation counts the evolutionary events posterior to a 

WGD of the given genome II, leading to an all-duplicates genome A, and locates 

the genes of the all-duplicates genome on chromosomes in one of the two ancestral 

copies of the ordinary genome. Because the assignment of labels "1" or "2" to the 

two identical (for our purposes) copies of a duplicated gene in A is arbitrary, the 

double distance problem is equivalent to finding such an assignment that minimises 

the distance between A and a genome II © II considered as ordinary genomes, where 

all the genes on any one chromosome in I I0II are uniformly labeled "1" or "2" [7,242]. 

The double distance function is not symmetric because A is an all-duplicates genome 

and II is an ordinary one, thus capturing the presumed asymmetric temporal and 

evolutionary relationship between the ancestor II and the present-day genome A. 

3. Median. Given three genomes III, II2, II3, find agenome M which minimises d(Hi, M)+ 

d(H2, M) + d(Il3,M). The median problem estimates the common ancestor of two 

genomes, given a third one as an outgroup. This is meaningful even in the "unrooted" 

case, where it is not specified which of the three genomes is the outgroup, because of 

the symmetry of the sum to be minimised. 

4. Halving. Given an all-duplicates genome A, find an ordinary genome II which 

minimises d(A,II), the double distance mentioned above. The goal of a halving 

analysis is to reconstruct the ancestor of an all-duplicates genome at the time of a 
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WGD event. 

5. Gu ided halving. Given an all-duplicates genome A and an ordinary genome II, 

find an ordinary genome M which minimises d(A, M) + d(M, II). The guided halving 

problem is similar to the genome halving problem for A, but it takes into account 

the ordinary genome II of an organism presumed to share a common ancestor with 

M, the reconstructed undoubted ancestor of A 3 . 

We will survey these five computational problems for the three distances tha t we have 

introduced, in the cases of multichromosomal genomes containing all linear chromosomes, 

all circular chromosomes, or permitting both. The latter are refered as mixed genomes. 

While many problems are open for multichromosomal genomes, there is a huge amount 

of research on these problems for unichromosomal genomes, whether circular or linear (the 

two cases are often equivalent up to some transformations [52]). They are not systematically 

particular cases of the multichromosomal problems, as the constraint of keeping only one 

chromosome along a rearrangement scenario can result in more difficult problems. More 

precisely, unichromosomal DCJ problems reduce to RT multichromosomal ones. Indeed, 

the RT operations always transform a unichromosomal genome into a unichromosomal one. 

As this paper contains very few results on the RT distance, practically the unichromosomal 

cases are often independant and not generalized here. Results on unichromosomal genomes 

are summarised in Table 9.1, together with the results for the multichromosomal case we 

review or present here. A complete survey on these problems can be found in [52]. 

3A variant of the guided halving problem introduced in [238] is to find an ordinary genome M 
that is a solution to genome halving, that is, minimises d(A,M), and which in addition minimises 
d(M,U). This helps choosing, among the numerous solutions to the genome halving problem, the 
one that is closest to the outgroup. We do not study this variant here, and it is open for all genomic 
distances. 
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9.2 Results 

9.2.1 Breakpoint distance, circular and mixed genomes 

In this section, d — dgp, and genomes are considered in their most general definition, that 

is, multichromosomal with both circular and linear chromosomes allowed. All the results 

also stand for circular genomes, but not always for linear genomes, which will be considered 

in a following section. As the nuclear genome of a eukaryotic species, a mixed karyotype is 

rarely observed, so probably unstable. Nevertheless this case is of great theoretical interest, 

as it is the only combination of distance and karyotype where all five problems mentioned 

in the previous section prove to be polynomially solvable, including the median problem 

which is hard for almost every other variant. Furthermore, the solutions in this context may 

suggest approaches for other variants of the problems, as well as providing a rapid bound 

for other distances, through the Watterson et al. bound [220]. 

Distance and double distance 

The distance computation follows directly from the definition, and is easily achievable in 

linear time. 

The double distance computation is also easy: let II be a genome and A be an all-

duplicates genome. Let a(II, A) be the sum, for every adjacency xy in II, of the number of 

adjacencies among xlyl, xly2, x2yl, x2y2 in A. Let e(II, A) be the sum, for every telomere 

x in II, of the number of telomeres among xl and x2 in A. 

Then we obtain 

d(n, A) = 2n - a(U, A) - e ( n , A ) . 
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Indeed, it is a lower bound on the distance, because a(U, A) and e(Yl, A) are upper 

bounds on the number of common adjacencies and common telomeres, respectively, between 

A and any II©II. This lower bound is attained by constructing II©II in the following way: 

let xy be a possibly telomeric adjacency in n (either x or y may be o symbols); if xlyl or 

x2y2 is an adjacency in A, choose xlyl and x2y2 as adjacencies in II ©II; If xly2 or x2yl is 

an adjacency in A, choose xly2 and x2yl as adjacencies in II © II; the two cases are either 

mutually exclusive if xy is not telomeric, or identical if xy is telomeric, so the assignment 

is made without ambiguity. For all adjacencies that have not been assigned, assign them 

arbitrarily. 

Median 

The following result contrasts with the NP-completeness proofs of almost all median prob­

lems in the literature [29,35,153] (see [21,149] for tractability results on some variants). The 

problem is NP-complete for unichromosomal genomes, that is, when the median genome M 

is required to be unichromosomal, whether the genomes are linear or circular [29,153], but 

the multichromosomal case happens to be easier. 

Theorem 2. There is a polynomial time algorithm for the breakpoint median problem for 

multichromosomal genomes. 

Proof. Let LTi, II2, II3 be three genomes on a gene set Q of size n. For any genome M on 

Q, let s(M) = d(Ui, M) + d(U2, M) + d(U3, M) be the median score of M. 

Draw a graph G on the vertex set containing (1) all extremities of genes in Q, and (2) 

one supplementary vertex tx for every gene extremity x. For any pair of gene extremities 

x, y, draw an edge xy weighted by the number of genomes, among III, II2, II3, for which xy 
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is an adjacency. Then there is an edge between each pair of gene extremities, weighted by 0, 

1, 2 or 3. Now for any vertex x, draw an edge xtx weighted by half the number of genomes, 

among Hi, II2, II3, having a; as a telomere. Each edge xtx is then weighted by 0, \, 1, or 

2- Finally, put an edge of weight 0 between tx and ty for all pairs of gene extremities x, y. 

Let M be a perfect matching in G. Clearly, the edges joining gene extremities in M 

define the adjacencies of a genome, which we also call M. The relation between the weight 

of the perfect matching M and the median score of the genome M is easy to state: 

Claim 1. The weight of the perfect matching M in G is 2>n — s(M). 

Indeed, for any genome IIj, d(Hi,M) = n — (a* + y ) , where aj = a(IIj,M) is the 

number of common adjacencies between M and IIj, and e\ = e(LTj,M) is the number 

of common telomeres between M and 11 .̂ If M and LTj have a common adjacency or 

a common telomere, this accounts for 1 or | , respectively, in the weight of the perfect 

matching M. So the weight of the matching M is w(M) = ai + a^ + 03 + e i+e
2

2+e3, which 

yields d(IIi, M) + d{U2, M) + d{U3, M) = 3n - w(M). 

Conversely, any genome M can be extended to a perfect matching M in G such that 

s(M) = 3n — w(M): construct the matching M by including the edges xy and txty for each 

adjacency xy and an edge xtx for each telomere x. 

Claim 1 implies that a maximum weight perfect matching M is a minimum score 

median genome. As the maximum weight perfect matching problem is polynomial [120], so 

is the breakpoint median problem. • 

If the three genomes in the instance are circular, then it is possible to constrain the 

result to also be circular by restricting the graph G to the extremities of the genes. Then, 
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in the same way, a perfect matching gives a circular solution to the median problem. This 

is not the case for linear genomes, since there is no way to guaranty that no chromosome 

in an instance is circular. 

Note that a generalisation of this algorithm remains valid if the median of more than 

three genomes is to be computed. The phylogeny problems, both "big" and "small" ver­

sions, which also generalise the median problem for three genomes, remain open. The big 

problem is the search for a Steiner tree in the space of genomes, minimising the sum of 

the distances on its branches, while in the small problem, presumably easier, the graph-

theoretical structure of the tree, namely its vertex set and edge or branch set, are given, 

and only the genomes corresponding to the extra vertices (not corresponding to the given 

genomes) need to be reconstructed. 

Halving. 

To our knowledge, the genome halving with breakpoint distance has not yet been studied. In 

this framework, it has an easy solution, using a combination of elements from the maximum 

weight perfect matching technique in the solution of the median problem presented above, 

and the double distance computation. Let A be an all-duplicates genome on a gene set 

Q, and G be the graph on the vertex set containing (1) all the extremities of the genes in 

Q, and (2) one supplementary vertex tx for every gene extremity x. For any pair of gene 

extremities x, y, draw an edge in G weighted by zero, one or two according to the number 

of adjacencies in A among xlyl, xly2, x2yl,and x2y2. Now for any vertex x, draw an edge 

xtx weighted by half the number of telomeres among x\ and X2 in A. Finally, put an edge 

of weight 0 between txty for all pairs of gene extremities x,y. 
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For a genome M on Q, define a perfect matching, also called M, by including edges 

xy and txty for each adjacency xy, and an edge xtx for each telomere x. Let w(M) be the 

weight of the matching M. 

Claim 2. For a genome M on Q, the perfect matching M thus constructed satisfies w(M) = 

2 n - d ( A , M ) . 

Indeed, the score of the perfect matching M is a(A, M) + e(A^M), that is, 2n -d (A, M), 

according to the double distance formula (see above in this section). 

Conversely, it is easy to see that any perfect matching on G defines a genome M such 

that w(M) = 2n — d(A, M). This implies that the maximum weight perfect matching solves 

the genome halving problem in the breakpoint distance context. 

Again, it is possible to solve the problem on only circular genomes by restricting the 

graph G to the gene extremities, dropping the tx supplementary vertices. 

Guided Halving. 

As is the case for the median problem, this context provides the only polynomial result for 

the guided genome halving problem up to our knowlegde. The solution combines elements 

of the three previous results, on the double distance, median and halving problems. 

Let A be an all-duplicates genome on a gene set Q, and LT be an ordinary genome on 

Q. Let G be the graph on the vertex set containing (1) all the extremities of the genes in 

Q, and (2) one supplementary vertex tx for every gene extremity x. 

For any pair of gene extremities x, y, there is an edge in G weighted by the number 

of adjacencies among xlyl, xly2, x2yl, x2y2 in A, and xy in LT. Now there is an edge 

xtx for any gene extremity x weighted by half the number of telomeres among xl, x2 in A 
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and x in II. So each edge between gene extremities has an integer weight in {0,1, 2,3}, and 

xtx edges may have weight 0, ^, 1, or | . Add 0-weight edges txty for all pairs x, y of gene 

extremities. 

For any genome M, let s(M) = d(A, M) + d(M, II). It is possible to construct a perfect 

matching M in G from genome M by choosing edges xy and txty for every adjacency xy in 

M. Its weight is denoted w(M). 

Claim 3. For a genome M, the perfect matching thus constructed satisfies w(M) = 3n — 

s(M). 

Indeed, the weight of the perfect matching M is w(M) = a(M, II) + a(M, A) + 

——' 2 ——. According to the double distance formula (see above in this section), this 

yields w(M) = 3n - s(M). 

Conversely, if M is a perfect matching in G, its edges between gene extremities define 

the adjacencies of a genome M which satisfies s(M) = 3n — w(M). This implies that 

the maximum weight perfect matching solves the guided genome halving problem in the 

breakpoint distance context. 

As is the case for the median problem, it is possible to generalise this statement for an 

arbitrary number of ordinary outgroup genomes. The phylogenetic problems are open. 

Again, we can solve the problem on circular genomes by dropping the tx supplementary 

vertices in the graph G. 
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9.2.2 Breakpoint distance, linear case 

In this section, d = dsp and all genomes must be linear, as is most appropriate for modeling 

for the eukaryotic nuclear genome. In contrast to the model of the previous section, all the 

problems concerning at least three genomes are NP-complete. 

Distance and double distance 

The solutions to these problems are the same as in the previous section, where circularity 

was allowed. 

In the double distance computation, it is guaranteed that II © II is linear if II is linear, 

because if a; is a telomere in II, then both xl and x2 are telomeres in II © II. 

Median 

Whereas the median is polynomial in the circular and mixed cases, it changes complexity 

as soon as median genomes are required to be linear. This does not prevent the use of the 

polynomial algorithm described above as a lower bound, but all biologically relevant median 

problems seem in fact to be NP-complete. 

Theorem 3. The breakpoint median problem for multichromosomal linear genomes is NP-

hard. 

Proof. We use a reduction from the 2-chromosome breakpoint median, for which NP-hardness 

is proved in Lemma 4. 

The 2-chromosome breakpoint median problem takes as input three unichromosomal 

linear genomes III, IT2, and LT3 on a set Q of genes, all having the same pair of telomeres. 



9.2. RESULTS 232 

It asks for a linear genome M on Q with at most two chromosomes, which minimises its 

median score s(M) = d(Ui, M) + d(U2, M) + d(U3, M). 

The following lemma states the difficulty of the breakpoint median problem compared 

to the 2-chromosome breakpoint median problem, and thus, together with Lemma 4, proves 

Theorem 3. 

Lemma 3. Let LTi, LT2, LT3, be three unichromosomal linear genomes LTi, LT2, and LT3 all 

having the same pair of telomeres on the gene set Q = { 1 , . . . , n}, and k be a positive integer. 

There exists a genome M on Q with at most two linear chromosomes such that s(M) < k 

if and only if there exists a multichromosomal linear genome M' on Q with s(M') < k. 

(=>): This direction is trivial : simply take M' = M. (<=): Let M' be a linear 

multichromosomal genome satisfying s(M') < k, that has as few chromosomes as possible. 

We will prove that M' has at most two chromosomes. Suppose M' has at least three 

chromosomes. Then it has at least six telomeres v\,..., VQ. Among them, it is possible to 

identify two telomeres (say without loss of generality v\ and V2), that belong to different 

chromosomes and are not telomeres in LTi, LT2, or II3, because by hypothesis, they all have 

the same two telomeres. Then the genome constructed from M' by adding the adjacency 

vii>2 has at most the same median score as M' and fewer chromosomes, contradicting the 

hypothesis on M'. So choosing M = M' gives a genome with at most two chromosomes 

such that s(M) < k. • 

We now need to prove the NP-hardness of the 2-chromosome breakpoint median prob­

lem. We use a reduction from the hamiltonian cycle problem for directed graphs with vertex 

degree at most three, similar to the proof of Bryant [29] for the breakpoint median problem 



9.2. RESULTS 233 

for unichromosomal circular genomes. 

Lemma 4. The 2-chromosome breakpoint median problem is NP-hard. 

Proof. Given a directed graph with maximum degree 3, deciding if it has a hamiltonian 

directed cycle is an NP-complete problem [57]. Let thus Go be such a digraph. We will 

construct an instance of the 2-chromosome breakpoint median problem from Go. 

First, let G be the directed graph with vertex set V(G) = V(GQ) U {xe : e G 

.E(Go)} U {p, q}, and arc set 

E(G) = {uxuv, xuvv : uv e E(G0)} U {pq}. 

Note that Go has a hamiltonian cycle if and only if there is a cycle in G covering all vertices 

but p and q. 

Given a subset X C E{G) of the arcs of a graph G, let Gx denote the graph with 

vertex set V(G) and arc set X. 

Construct three subsets A, B, C of arcs of G such that every arc of G belongs to 

exactly one of A, B, C, and A, B, C are either hamiltonian cycles of G or sets of vertex 

disjoint paths in G. The procedure is straightforward: for all vertex v of G which is a vertex 

of Go, put all incoming arcs in different subsets, and all outgoing arcs in different subsets. 

It can be done independently for every vertex because from the construction of G, no two 

vertices of Go are neighbors. Eventually put arc pq in any subset. 

Now perform a series of modifications of G to obtain a graph with three hamiltonian 

cycles A, B, and G. Along these modifications, we maintain two subsets of arcs called re­

spectively supplementary arcs and original arcs, noted S and O. Before any transformation, 
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S is empty and O contains all arcs of G. The goal is to maintain the property that there 

exists a cycle covering all vertices of G except p and q and using only original arcs if and 

only if there is a hamiltonian cycle in Go- As already remarked, the property is true at the 

beginning. Choose X £ {A, B, C} such that X is not a hamiltonian cycle in G (it is a set of 

disjoint paths). Choose two vertices a and b such that adding the arc ab to G and X would 

either give a graph in which X is a hamiltonian cycle, or a set of disjoint paths with fewer 

components. Then choose any vertex x of G different from a and b. Perform the following 

transformation illustrated in Figure 4: add two new vertices y and z. For each arc xw of 

G, replace it by the arc zw, and add zw to Y £ {̂ 4, B, C} whenever xw £ Y, and to O 

whenever xw € O. Add arcs xy, yz, xz, ay, yb to G. Add xz, ay, yb to X and to S. Also 

add xy, yz to all {A, B, C} \ X. 

Repeat this process until A, B and C are all hamiltonian cycles in the resulting graph, 

which we call G'. The weight of an arc of G' is the number of hamiltonian cycles among A, 

B and C which contain this arc. Note that G' has only weight 1 and 2 arcs. 

Let v be an arbitrary vertex of G, different from p and q. Let Q = V{G') \ {v} U {v\, V2} 

be a set of genes (v\ and v<2 are two new genes). For every X £ {A, B,C}, construct a 

genome Hx on Q such that xhyt is an adjacency in genome X if xy is an arc of X in G' 

and x, y are different from v; If xv and vy are the arcs of X covering v, add the adjacencies 

xhv\ and ylv\. This gives three linear unichromosomal genomes on Q with the same pair of 

telomeres {v\ and t^), thus an instance of the 2-chromosome breakpoint median problem. 

For any genome M on Q, the weight of an adjacency xy is the number of genomes, among 

1T4, HB and l ie , which contain this adjacency. Adjacencies uhwl in M such that uw is in 

S arc are called supplementary adjacencies. 
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A :=a%g b m A. 

HiiiuiMi "inpija 

A ^ ^ a b^ A 

Figure 9.4: Reduction of hamiltonian cycle to linear breakpoint median. This figure 
is redrawn from [29].Vertex a has no outgoing arc with X = A in its label set, and b 
has no incoming arc with A in its label set. We choose a, b such that adding arc ab 
to G[A] would not give a non-Hamiltonian circuit. We choose an another vertex x 
and insert two new vertices y and z. The incoming arcs of x in the right hand graph 
are the same as in the left hand graph. The outgoing arcs of z are the same as the 
incoming edges of x in the left hand graph. The remaining edges reduce the number 
of components in G[A] but leave the same number of components in G[B] and G[C\. 
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Let Aj be the number of arcs of weight i in the graph G', for each 0 < i < 3. For any 

genome M on G, note s(M) = d(IlA, M) + d(UB, M) + d(Uc, M). The following is inspired 

by a result from [169] used in [29]. 

Claim 4. Let n = |V(G7)|. A genome M with NM linear chromosomes on Q satisfies 

s(M) > 2n — 1 + NM — A2; where equality holds if and only if M contains all adjacencies 

of weight 2, and no adjacency of weight 0. 

Indeed, for a genome M, denote by w{xy) the weight of the adjacency xy, and li = 

\xy adjacency of M : w(xy) = i\, for each 0 < i < 3. Let ii = 1 if M has v\ as 

a telomere, and t\ = 0 otherwise, and ti = 1 if M has v\ as a telomere, and £2 = 0 

otherwise. Then we may write s(M) = 3\G\ - (3l3 + 2/2 + k + 3 ^ | ^ ) . As genome M 

has NM chromosomes, we have I3 + I2 + l\ + IQ = \G\ — NM and \G\ = n + 1, so s(M) = 

2n + 2 + NM - 2/3 - h ~ 3 ^ ^ + /0 > 2n - 1 + NM - 2A3 - A2. As by construction no 

arc of G7 has weight 3, we may write s(M) > 2n — 1 + NM — A2. Equality holds if and 

only if I2 = A2, lo = 0, and 3ti±h. = 3̂  ^ a ^ j S ) jf a n c j o n iy jf M contains all adjacencies of 

weight at least 2, and no adjacency of weight 0, because lo = 0 implies that v^ and v\ are 

telomeres of M, thus 3 ^ a = 3. 

Claim 5. There is a linear genome M on G with at most two chromosomes, with s(M) = 

2n — 1 + NM — A2 if and only if there is a hamiltonian cycle in GQ. 

(=>) Suppose there is a linear genome M on G with at most two chromosomes, with 

s(M) = 2n — 1 + NM — A2. This implies by Claim 4 that M contains all adjacencies of 

weight 2, no adjacency of weight 0, and that v^ and v\ are telomeres of M. From the 

construction of G', M cannot contain any supplementary adjacency, since the extremities 
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of supplementary adjacencies all are also extremities of weight two adjacencies, which are 

all contained in M. Note that in G', paths between vertices p and q to other vertices of the 

graph necessarily contain supplementary arcs. This yields that M has two chromosomes, 

one containing gene extremities from p and q, and the other containing the gene extremities 

from the other vertices, with telomeres v% and v\. Let H C E(G) contain the original arcs 

xy G O such that xhyt is an adjacency in M, plus the arcs xv and vy for adjacencies of type 

xhv\ and v\y in M. H \ {pq} yields a hamiltonian cycle in Go-

(4=) Suppose there is a hamiltonian cycle in Go- Then there is a cycle H covering all 

vertices of G' except p and q. Construct genome M on Q by adding (1) adjacencies xhyt 

whenever xy is in H and x, y are different from v (2) adjacencies xhv\ and v%y whenever 

xv or vy are arcs of H, (3) all weight two adjacencies, and (4) the adjacency ptqh. It is easy 

to check that M is a genome on Q, and by construction it contains all weight 2 adjacencies 

and no weight 0 adjacencies. 

This proves that it is NP-complete to decide if a median genome reaches the lower 

bound of Claim 4 for its score, thus computing the minimum score median genome is NP-

hard. • 

A byproduct of this proof is the NP-hardness of the 2-chromosome breakpoint median 

problem. The result implies NP-completeness of the general case, where the genomes in 

the instance do not necessarily have the same pairs of telomeres. A consequence is that for 

any fixed k, it is also NP-hard to compute a best linear median genome with at most k 

chromosomes. 
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Halving. 

Surprisingly, this problem has not been treated in the literature. We conjecture it has a 

polynomial solution, because the halving problem for all other rearrangement distances is 

polynomial. Constructing a solution is beyond the scope of this paper, and the problem 

remains open. 

Guided Halving. 

This problem is NP-hard, as proved in [241], using the NP-completeness result for the 

median proved just above in this section. 

9.2.3 DCJ distance, general case 

In this section, d = doc J- Genomes can have several chromosomes, circular or linear. This 

is the most general context in which the DCJ distance has been explicitly formulated [17]. 

Genomes rarely contain both circular and linear chromosomes; eukaryote nuclear genomes 

contain multiple linear chromosomes while prokaryotes generally contain one large circu­

lar chromosome, sometimes with additional plasmids. Nevertheless, the simplicity of the 

computational framework where both genomes may contain both circular and linear chro­

mosomes makes it attractive to mathematical study. 

Note that the complexity of the median problem is not established by the work of 

Caprara [35], who proved the unichromosomal result only. We show the NP-hardness of the 

multichromosomal case here. 

Alekseyev and Pevzner [7] mention that the complexity of the double distance problem 

in the context of circular genomes is open; we show here that it is NP-hard as well. 
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Figure 9.5: A Breakpoint Graph. The breakpoint graph of the genomes II (see 
Figure 9.1) and F, given by the union of 
Ci = {T12*, 12/l14fc, 14*7h, 7*4*, 4fel/i, 1*8*, 8ft2*, 2^6*, 6 h T} and 
C2 = {T9S9^3*,3h10*, 10 / l5*,5 f t l l / \ l l*13 f t , 13*T}. Il-edges are dotted lines, and F-
edges are plain lines. 

Distance. 

There is an easy linear solution, both for the distance and the scenario computation [17,231]. 

We briefly recall the formula for computing the distance, because the underlying principle 

will be used in our proofs later on in this paper. 

The breakpoint graph of two genomes II and F on a gene set Q, denoted by BP(Fl, F), 

is the graph whose vertex set is the set of extremities of the genes in Q, where there is an 

edge between two vertices x and y if xy is an adjacency in either n (these are IT-edges) or F 

(r-edges). Note that we do not invoke any o symbols in the construction of the breakpoint 

graph. Vertices in this graph have degree zero, one or two, so that the graph is a set of 

paths (possibly including some with no edges) and cycles. It is also the line-graph of the 

adjacency graph, an alternate representation in [17]. Figure 9.5 shows an example of a 

breakpoint graph. Theorem 4 shows how to obtain the distance directly from the graph. 

Theorem 4. [17]4 For two genomes II and F on a gene set Q of size n, let c(II, F) be the 

number of cycles of the breakpoint graph BP(IL, F), and p(H, F) be the number of paths with 

4The formula is presented in [17] with the cycles and odd paths of the adjacency graph. This 
corresponds to cycles and even paths of the breakpoint graph, as it is the line-graph of the adjacency 
graph. 
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an even number of edges. Then 

d(n,r) = n - c ( n ) r ) - ^ X 

Note the similarity to the breakpoint distance formula in the background section on 

page 219. The number of genes n is the same in both formulae, the parameter c is related 

to parameter a in the breakpoint formula in that each common adjacency is a cycle of the 

breakpoint graph (with two parallel edges), and parameter p is related to parameter e, as 

each shared telomere is an even path (with no edge) in the breakpoint graph. Although 

these two measures of genomic distance were derived in different contexts and through 

different reasoning, their formulae show a remarkably similar form. They differ in that 

the DCJ formula also counts non-trivial cycles and paths, but for distant genomes, both 

measures tend to give similar values. 

* 

Double distance. 

The NP-completeness proof for the double distance problem follows the principles of Caprara's 

hardness proof for the median problem in the unichromosomal case [35]. 

Theorem 5. The DCJ double distance problem is NP-hard for multichromosomal mixed or 

circular genomes. 

Proof. The reduction is from the breakpoint graph decomposition (BGD) problem (see [35]). 

A graph G is bicoloured if all its edges are coloured either red or blue; it is balanced if it has 

only degree 2 or degree 4 vertices, every vertex is incident to the same number of red and 

blue edges, and there is no cycle formed by only red or only blue edges. Given a balanced 
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bicoloured graph G, the breakpoint graph decomposition problem is to find a partition of 

the edges of G into a maximum number of edge-disjoint cycles, each alternating between 

red and blue edges. Caprara [35] first proved the NP-hardness of this problem, and Berman 

and Karpinski [20] extended this by proving APX-hardness. 

Let G be a balanced bicoloured graph on n vertices, denning an instance of the BGD 

problem. Let w2 be the number of degree 2 vertices of G, and w4 be the number of degree 

4 vertices of G. Define the gene set Q as the vertex set of G. Construct an all-duplicates 

genome A and a genome II on Q in the following way, as illustrated in Figure 6. First, for 

each gene X of Q, let XtXh be an adjacency in II. Then, for every vertex X of G, let XI1, 

Xlh, X2f and X2h, be the extremities of the duplicated gene X. If X has degree two in 

G, add the adjacency Xl*X2 / i in A (if X has degree four, no adjacency is added at this 

point). Then for each blue edge XY in G, choose among Xlh and X2h an extremitiy that 

is not yet involved in an adjacency, and another among Ylh and Y2h (arbitrarily if neither 

is involved in an adjacency yet). Add an adjacency between the two chosen extremities in 

A. Then for each red edge XY in G, choose among X\l and X2f an extremitiy that is 

not yet involved in an adjacency, and another among Y\l and Y2t (arbitrarily if neither is 

involved in an adjacency yet). Add an adjacency between the two chosen extremities in A. 

We then have an all-duplicates genome A, and a genome IT. Note that II is composed 

of n circular chromosomes, one for each gene, and that neither II nor A have telomeres. 

Claim 6. The maximum number of edge-disjoint alternating cycles in G is equal to 2n — 

d(A,U)-w2. 

(This claim implies the theorem). 



9.2. RESULTS 242 

Zc 

Y c 

Y 

— red 
— blue 

X 

edge 
s edge 

X 

3M 

N 

Z 

Balanced bicoloured graph G 

edge in A 
edge in n © n 

t i : 1 or 2 h 
Zi a D Mi 

X1 

X2 

Y j h 

XV 

X2 

Ni l 

Yi l X2* X2 h X1* X 1 h Z i h 

BG(A, n©n) 

Figure 9.6: Reduction of BGD to DCJ double distance problem,The left hand graph is 
the balanced bicoloured graph G, and the right hand graph represents the adjacencies 
of the constructed genomes A and II © II. 

We first prove that the maximum number of edge-disjoint alternating cycles in G is at 

least 2n-d(A,U)-w2. Let IT ©IT be the doubled genome such that d(A, n©II) = d(A,IT). 

As no genome has a telomere, by Theorem 4, d(A, II © II) = 2n — c(A, II © II). Therefore 

there are c(A, II ©II) edge-disjoint cycles in BG(A, II ©II) alternating between Ilffill-edges 

and A-edges. Among them, w2 cycles are containing only two edges : if a vertex X of G has 

degree 2, then II ©II has the adjacency X\tX2h and X2tX\h because the other possibility 

systematically has one cycle less in BG(A, Ilffill). The A edges of all the other cycles are the 

edges of an alternating blue-red cycle in G. Indeed, every blue edge defines an adjacency in 

A containing two gene heads, and every red edge defines an adjacency containing two gene 

tails. The II © II-edges all join one tail and one head, so two consecutive A-edges in a cycle 

of BG(A, II © IT) have different colours. This means there are at least 2n — d(A, IT) — w2 

alternating cycles in G. 



9.2. RESULTS 243 

Conversely, if there are k edge-disjoint alternating cycles in G, then d(A, II) < 2n — 

k — w2. Indeed, let C be any cycle of this partition. For every covered vertex X of degree 4 

in G, let e and / be two consecutive edges of C (say e is blue and / is red) which are both 

incident to X. If e defines an adjacency in A which contains X2h and / defines an adjacency 

which contains X2*: choose X^Xl* and X2'lA"2t as adjacencies for II © II. If e defines 

an adjacency which contains X2h (or X\h) and / defines an adjacency which contains XI1 

(or X2*), choose Xl / lX2* and X2ftXl* as adjacencies for II © II. For vertices of degree 2, 

always choose X\hX2t and X2hX\l as adj acencies for II © II. In this construction, each 

red-blue alternating cycle in G is a II © II-A alternating cycle in BP{Ii © II, A) that has 

at least k cycles. And there are w2 additional length 2 cycles at each degree 2 vertex. So 

d(A,U) < 2n - k - w2. • 

Median 

Though effective exact algorithms [230] and heuristics [1,107] are available, we have: 

Theorem 6. The DCJ median problem for multichromosomal genomes is NP-hard, even 

for circular genomes. 

Proof. We use a reduction from the breakpoint graph decomposition defined in the proof 

of Theorem 5, in a way very similar to part of Caprara's proof [35] for the unichromosomal 

case. 

Let G be a balanced bicoloured graph on n vertices. Define the gene set Q as a set 

containing one gene X for every degree 2 vertex of G, and two genes X and Y for every 

degree 4 vertex of G. 
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Figure 9.7: Reduction of BGD to DCJ median problem,The left hand graph is the 
balanced bicoloured graph G, and the right hand graph represents the adjacencies of 
the constructed genomes III, n 2 and n 3 . 

Then construct the genomes ITi, II2, II3 in the following way, which is similar to the 

transformation in [35], as illustrated in Figure 9.7. 

For each degree 4 vertex v of G, add the two adjacencies XtXh and YtYh to 111, and 

the two adjacencies XlYh and YtXh to U2. 

Now fo every blue edge vw in G, add to II3 an adjacency between heads of genes 

contructed from v and w (choose one duplicated arbitrarily if v or w have degree 4). And 

for every red edge vu in G, add to II3 an adjacency between tails of genes contructed from 

v and u (choose one duplicated arbitrarily if v or u have degree 4). 

It is easy to see that IIi, 1I2, and II3 define genomes on the set of genes £/, and they 

have no telomeres. Let w2 be the number of degree 2 vertices of G, and wA be the number 
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of degree 4 vertices of G. 

Claim 7. There exists a genome M on Q such that d(M,IIi) + d(M,U2) + d(M,U3) < 

w2 + 3wA — k if and only if there exists at least k edge-disjoint alternating cycles in G. 

(This claim implies the theorem.) 

(<=)• Suppose there are k edge-disjoint alternating cycles in G. We will construct a 

median genome M such that d(IIi, M) + d(U2, M) + d(U3, M) = w2 + 2w4 - k. First, for 

each degree 2 vertex v of G, let XtXh be in M. Then, let v be a degree 4 vertex in G, and 

vw be a blue edge incident to v. In an alternating cycle, edge vw is consecutive with a red 

edge, say uv. To vw is associated a constructed II3 adjacency, say XhWh. Then either the 

II3 adjacency associated to uv contains the gene extremity Xt, or it contains the extremity 

Yl. In the first case, let XhXt and YhYf be in M, and in the second case, let X^F* and 

XtYh be in M. 

The matching M defines the adjacencies of a circular genome on Q, that we also call 

M. There are w2 + 2w4 genes, so by Theorem 4, d(Ui,M) + d(U2,M)+d(Il3,M) = 3(w2 + 

2w4) - (c(IIi, M) + c(n2, M) + c(n3, M)). By construction, we have c(M, IIi) + c(M, n 2) = 

2u;2 + 3w;4, and c(M, II3) = fc, so d(IIi, M) + d(n2 , M) + d(n3 , M) = w2 + 3w4 - k. 

(=>): Suppose M i s a genome such that d(Ui, M)+d(U2, M)+d(U3, M) < w2+3wi-k. 

Suppose M is chosen such that rf(IIi, M) + d(Tl2, M) + d(U3, M) is minimum, and among 

all such genomes, choose M with a maximum number of edges parallel to Ili-edges or II2-

edges. A circular genome is said to be canonical if it only has adjacencies that belong to 

IIi or II2. We will prove that M is canonical. 

Subclaim. M is canonical. 
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Suppose M is not canonical. Suppose first that there is a degree 2 vertex v in G, such that 

M does not contain the adjacency XtXh. Suppose M contains adjacencies Xta and Xhb, 

where a and b are gene extremities or o symbols if X1 or Xh is a telomere in M. Then 

replace Xta and Xhb by XhXt and a& (simply XhXt if both X* and Xh are telomeres in 

M). By this operation, c(M, Hi) and c(M, II2) both increase by at least 1, and c(M, II3) 

decreases by at most 1, so d(Jli,M) + d(n.2, M) + d(Hs, M) decreases by one, contradicting 

the hypothesis. 

Now suppose that there is a degree 4 vertex in G, such that M does not contain any 

of the adjacencies XhX\ YhY\ XW, YhXl. Say it contains adjacencies Xha, Xlb, Yhc, 

Ytd, where a, b, c, d may be null symbols if any of Xh, Xt, Yh, Yt is a telomere in M. Then 

replace Xha, X% Yhc, Yld by XhX\ YhY\ and either ab, cd, or ac, bd, or ad, be, according 

to the combination that creates the largest number of cycles in BP(M, II3). Suppose now 

that M contains only one among the adjacencies XhXt, YhYt\ XhYl:, YhXt, say XhXt, 

and M has adjacencies Ytb and Yhc. Then replace edges Ytb and Yhc by YhYl and be. All 

these operations decrease d(IIi,M) + d{U.2,M) + d{Ii^,M) or maintain it constant, while 

increasing the number of edges parallel to ITi and II2, contradicting the hypothesis. So the 

subclaim is proved. 

Now, since M is canonical, there are c(Il3, M) edge-disjoint alternating cycles in G, 

since an adjacency of M always joins a head and a tail, so the corresponding edge in G is 

adjacent to one red edge at one of its vertices and one blue edge at the other. By Theorem 4, 

c(U3,M) = 3{w2 + 2w4)~{d{U1,M) + d(U2,M) + d(U3,M) + c(U1,M) + c(U2,M)) and, by 

hypothesis, c(U3, M) > 3(w2 + 2w4) - (w2 + 2^4 -k + 2w2 + 3to4), that is, c(IJ.3, M) > k, 

which proves the claim. D 
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Halving. 

This problem has a polynomial solution, as recently stated for unichromosomal genomes 

by [7] and in the general case by [136,219]. All these algorithms are simplified versions 

of the algorithm by El-Mabrouk and Sankoff [51], developed for the RT rearrangement 

distance, which allows reversals, translocations, fusions and fissions, but not the other DCJ 

operations. 

Guided Halving. 

Theorem 7. The DCJ guided halving problem is NP-complete for multichromosomal genomes. 

Proof. Again, we use a reduction of the breakpoint graph decomposition problem, as in the 

proofs of Theorems 5 and 6. 

Let G be a balanced bicoloured graph on n vertices. Define the gene set Q as a set 

containing one gene X for every degree 2 vertex of G, and two genes X and Y for every 

degree 4 vertex of G. From G, we define one genome n and one all-duplicates genome A 

on Q as illustrated in Figure fig:reduGGH. 

For every degree 2 vertex v of G, let X be the corresponding gene in Q and X1 and Xh 

its extremities. For every degree 4 vertex v of G, let X and Y be the two genes in Q, and X1 

and Xh, Yl and Yh their extremities. For every blue edge uv in G, construct an adjacency 

in II between the heads of the genes constructed from u and v, choosing arbitrarily between 

the heads of vertices X and Y if u or v have degree 4, in such a way that no two adjacencies 

share an extremity (choose a different head for the two blue edges incident to a degree 4 

vertex). For every red edge tv in G, construct an adjacency in II between the tails of the 
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Figure 9.8: Reduction of BGD to DCJ guided halving problem,The left hand graph is 
the balanced bicoloured graph G, and the right hand graph represents the adjacencies 
of the constructed genomes A and II © II. 
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genes constructed from t and v, again choosing arbitrarily between the tails of vertices X 

and Y if t or v have degree 4. This defines a genome II on Q that has no telomere. 

Now, define the genome A in the following way. For each degree 2 vertex of G, A 

contains the adjacencies Xl^Xl* and X2hX2l defined by the extremities of the two copies 

of gene X. For each degree 4 vertex in G, A contains the adjacencies Xl^Xl 4 , Y2hY2t, 

X2hYlt, and X2tYlh defined by the extremities of the two copies of the two genes X and 

Y. This defines an all-duplicates genome A on Q that has no telomere. Let w2 be the 

number of degree 2 vertices of G, and w4 be the number of degree 4 vertices of G. 

Claim. There exists a genome M such that d(M, II) + d(M, A) < w2 + 3w4 — A; if 

and only if there exists at least k edges-disjoint alternating cycles in G. (This claim implies 

the theorem.) 

(<£=): Suppose there are k edges-disjoint alternating cycles in G. We will construct a 

genome M and a doubled genome M ® M such that d{M, II) + d(M, A) < w2 + 3w4 - k. 

First, for each degree 2 vertex v of G, let XtXh be in M, and M ® M be constructed so 

that X^Xl'1 and X2*X2/l are in M ® M. Then, for every vertex v of degree 4 of G, either 

the blue edge incident to Xh is followed by the red edge incident to X1 in one alternating 

cycle, or it is followed by the red edge incident to Yt. In the first case, let XhXt and YhYl 

be in M, and X\hX\l, X2hX2*, Y\hY\\ Y2hY2t be in M ® M. In the second case, let 

XhYl and XtYh be in M, and X2hYlt, XlhY2t, XltY2h, X2tYlh be in M ® M. 

The matching M defines a genome without telomeres, and M ® M is one of its doubled 

genomes. 

There are w2 + 2w4 genes, so by Theorem 4, d(II, M) = w2 + 2w4 - c(II, M) = 

w2 + 2w4:-k; and d(A, M®M) = 2(w2 + 2w4) - ( 2 x w 2 + 3xw4). So d(n, M) + d(A, M) = 
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w2 + 3w4 - k. 

(=>): Suppose M is a genome such that d(U, M) + d(A, M) <w2 + 3w4 — k. Suppose 

M is chosen such that d(H, M) + d(A, M) is minimum, and among all such genomes, choose 

M with a maximum number of edges of type XtXh for a degree 2 vertex in G, or XhXt, 

YhY\ XhYl and XlYh for degree 4 vertices of G. 

A genome is said to be canonical if it has no telomeres and has only edges of type 

XtXh for a degree 2 vertex in G, or XhXt, YhY\ XhYl and XtYh for degree 4 vertices of 

G. We will prove that M is canonical. 

Subclaim. M is canonical. 

Suppose M is not canonical. Suppose first that there is a degree 2 vertex u in G, such 

that M does not contain the edge XtXh. Suppose M contains edges Xtu and Xhv, where 

u and v are gene extremities or o symbols if X1 or Xh is a telomere in M. Then replace 

X*« and Xhv by XftX* and uv (simply XftX* is both X1 and Xft are telomeres in M). 

By this operation, c(M, II) decreases by at most one, while defining M f f i M a s containing 

Xl^Xl ' and X2hX2* makes c(M © M, A) increase by at least 2. This contradicts the 

hypothesis. 

Now suppose that there is a degree 4 vertex in G, such that M does not contain any 

of the edges XhX\ YhY\ XhY\ YhXt. Say it contains edges Xht, Xlu, Yhv, Y*w, where 

t,u,v,w may be null symbols if any of Xh, X*, Yh, Y* is a telomere in M. Then replace 

Xht, Xfu, Yhv, Y%w by Xh,X\ YhY\ tu, vw or XhYt,tw,XtYh,uv, depending on the 

cycles in c ( M © M , A ) . 

Suppose now that M contains only one among the edges XhXt, YhYt, XhYt:, YhXl 

say X^X*, and M has edges y*u and Yhv. Then replace edges F4u and Yhv by y^y* 
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and uv. All these operations decrease d(H, M) + d(A, M) or maintain it constant, while 

increasing the number of edges of type XtXh for a degree 2 vertex in G, or XhXf, YflYt, 

XhYt and XtYh for degree 4 vertices of G, contradicting the hypothesis. 

At the end of this process, M is canonical, so the subclaim is proved. 

Now, since M is canonical, there are c(U, M) edge-disjoint alternating cycles in G, since 

an edge of M always joins a head and a tail, so that it is adjacent to one red and one blue 

edge. By Theorem 4, c(U, M) = 3(w2 + 2w4) - (d(U, M) + d(A, M © M) + c(A, M ® M)), 

and by hypothesis, c(U3,M) > 3(w2 + 2w4) - (w2 + 3w4 - k + 2w2 + 3w4)), that is, 

c(Il3, M) > k, which proves the claim. • 

9.2.4 DCJ distance, linear chromosomes 

In the original formulation of the DCJ distance [?], it was shown that there is a solution 

where each excision of a circular intermediate could be followed directly by its reinser­

tion. Thus the median and halving problems can be stated in terms of exclusively linear 

chromosomes in both the data genomes and the reconstructed ancestor. They all remain 

open. 

9.2.5 Reversal/Translocation distance 

Hannenhalli and Pevzner proposed a polynomial-time algorithm for calculating G?#<r(n, F) 

for two genomes II and T [70]. This was reformulated in [210], minor corrections were added 

in [148] and [85], and Bergeron et al. simplified the formula [19]. 

A polynomial time genome halving algorithm was given in [51]. Though the constrained 

DCJ distance in the previous section is arguably just as realistic, because of the long history 
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of djiT, effective heuristics for RT have been developed and applied for the double distance 

[242,244], median [26,107] and guided halving problems [238,242,244], but their complexities 

remain open questions. Note that [38] gives an NP-completeness result on a problem which 

slightly generalizes the reversal double-distance probem on unichromosomal genomes. 

9.3 Conclusions 

Table 9.1 summarises the current knowledge of the complexity of the five genome rearrange­

ment problems, including the new results in this paper. Note that all the results on general 

multichromosomal genome (that is, circular or linear) also hold for exclusively circular 

genomes, as the polynomial algorithms can always provide a circular solution to a circular 

instance, and all NP-completeness proofs are constructed with circular chromosomes. 
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Table 9.1: Status of complexity questions for five problems related to ancestral genome 
reconstruction, for eight genomic distances in the unichromosomal and multichro-
mosomal contexts.Note that unichromosomal problems require that both input and 
output genomes be unichromosomal, so all problems involving doubled genomes are 
computationally defined in the circular case, when the doubled genome consists in 
a single circular chromosome composed of two successive occurences of the ordinary 
genome. Other versions of the halving problem are less restrictive [7,51,219]. P 
and NP stand for polynomial and NP-hard, respectively, and when followed by ?, 
represent our conjectures. 

problem context: 
distance, #chr, 
linear, circular or mixed 

breakpoint unichr, 
circular or linear 
breakpoint multichr, 
circular and mixed 
breakpoint multichr, 
linear 

DCJ unichr, 
circular or linear 
DCJ multichr, 
circular and mixed 
DCJ multichr, 
linear 

RT unichr 
RT multichr 

distance 

P 

P new 

P new 

P [17,231] 

P [17,231] 

P [231] 

P[71] 
P [70,85,148,210] 

halving 

open 

P new 

open P? 

P[7] 

P [136,219] 

open 

open 
P[51] 

double 
distance 

open 

P new 

P new 

open 

NP new 

open 

open 
open NP? 

median 

NP [29,153] 

P new 

NP new 

NP [35] 

NP new 

open NP? 

NP [35] 
open NP? 

guided 
halving 

open 

P new 

NP [241] 

open 

NP new 

open NP? 

open 
open NP? 



Chapter 10 

Conclusions and future work 

10.1 Conclusions 

In this thesis I presented several algorithms for use in constructing genome rearrangement 

phylogenies, where some of the input genomes may be descendants of whole genome dou­

bling events. Throughout, I tested my methods on real data bearing on cereal, yeast and 

angiosperm genomes. Many ancillary problems emerged along the way and I explored these 

as well, using both theoretical and applied approaches. 

10.1.1 Uniqueness 

The original genome halving problem can generate very many equally valid solutions, and 

these solutions may be very different from each other. Eliminating, or at least reducing, 

this non-uniqueness was the motivation for starting this work. Using outgroup or reference 

genomes to guide genome halving can be effective in reducing non-uniqueness drastically. 

My first method was to explore all the possible genome halving solutions to find the one that 

254 
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minimizes the sum of two distances: the distance between the inferred tetraploid ancestor 

and the outgroup, and the distance between this same ancestor and its modern descendant. 

For the maize data which has 68 syntenic blocks, I obtained 8 best guided genome halving 

solutions out of 1,500,000 different unconstrained solutions by using sorghum as the out­

group and 24 best genome halving solutions by using rice as the outgroup. After doing this, 

I could almost completely eliminate the non-uniqueness by a local search for the optimized 

ancestor not constrained to be the genome halving solution, deriving only two solutions for 

maize-sorghum data and one unique solution for maize-rice data. 

While this "brute force" method works well with maize, it is not computationally 

feasible for yeast and Populus data which consist of many more duplicated genes. (> 518 

for yeast, > 1955 for Populus). In my first effort to get around this problem, I devised a 

strategy for obtaining diverse samples of the search path, hoping to cover enough of the 

solution space such that a local optimization applied to all the best samples would hit 

upon the global optimum. This seemed to work fairly well for the yeast data although the 

local optimization turned out to be a serious rate-limiting factor. I was thus motivated 

to abandon the three-step procedure and to integrate consideration of the outgroup into 

the halving algorithm itself. A single run of the algorithm thus replaces a census of all 

possible halving solutions or of a large sample of solutions. This achieves a tremendous 

saving of computational time, even though the linear running time of the halving algorithm 

is compromised (becoming worst-case cubic). Table 5.1 shows the performances of the first 

and the improved versions of GGH algorithms. The new algorithm, characterized by the 

data structure I call "path groups", is still a heuristic. Even though it takes account of the 

outgroup genome in constructing a halving solution, it does not necessarily give a global 
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minimum of the sum of the distances between the inferred tetraploid ancestor and the 

outgroup, on one hand, and this same ancestor and its modern descendant, on the other. 

During the most recent work with Populus, I realized that the heuristic was system­

atically biased so that the solution was too influenced by the tetraploid descendant and 

not enough by the outgroup. I attempted to remove this bias by permitting certain choices 

during the evaluation of path groups within the algorithm that are not consistent with or­

dinary optimal halving, in the hope that this would optimize guided halving. Though this 

worked with simulated data, I was unable to achieve any benefit for the real data, a loose 

end in this work that should eventually be taken up. 

10.1.2 Phylogenomics 

Incorporating an outgroup into the halving analysis contains the first seeds of a phylogenetic 

analysis, since there are "almost" three genomes being compared, the outgroup genome and 

the two intermingled genomes from the tetraploidization event. When there are two out-

groups, this becomes phylogenetic in a more explicit way. This became apparent (early on) 

when I was actually confronting the problem of incorporating polyploids and diploids within 

the same phylogenomic analysis. This led to the task of setting up a general framework for 

decomposing a given phylogenomic problem into a set of various possible local configura­

tions of doubled and unduplicated genomes, each of which requires a different strategy for 

integrating genomic distance, halving and rearrangement median algorithms. 

As part of this strategy, I proposed two frameworks for analyzing two WGD descen­

dants, one where the doubling precedes a speciation event and another where doubling 

occurs independently in both lineages initiated by a speciation event. I developed combi-
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natorial algorithms permitting me to decide which of these options best explains the data. 

10.1.3 Data quality 

Combinatorial optimization algorithms for genome rearrangement generally require unam­

biguous gene order data where each gene is present once in each genome, and they are all 

accurately mapped. Real data, however, may not be so neat. I know this well from my pre­

vious work [237] on comparing genomes with partially ordered chromosomes [172,235,236] 

and on removing noise in comparative mapping [39,239]. 

From the outset of my work, issues pertaining to data quality were encountered, es­

pecially with regards to the cereal data, which were resolved in principled in somewhat ad 

hoc way, and then with the angiosperm data. In the latter work, because of the size of the 

data sets, I felt it worthwhile and feasible to study some of these problems in a systematic 

way. 

Homology sets. Can we use defective sets of homologs, i.e., which have only one 

copy in the duplicated genome or are missing the ortholog completely in the guide 

genome? 

Singletons. Should we purge singletons from the data, i.e., sets of homologous 

markers who have no homologous adjacent markers in common in the either the 

duplicated genome or the outgroup? 

Contigs. Can we use guide genomes that are not fully assembled, but are available 

only as sets of hundreds or thousands of contigs? 
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From the previous work [39,239], we know that singletons generally add no useful 

information about evolutionary history. Including an additional singleton gene in the data 

tends to require the same number of extra steps as if it were moved to a random location, 

and does not confirm or invalidate whatever is inferred without it. In the angiosperm 

analysis I obtained this result in two ways, by calculating not only the genomic distance 

but also the re-use statistic. 

Of interest is that the use of defective homology sets also seems to add noise to the 

solution, but careful analysis shows that this is due to a disproportionate number of single­

tons in these data sets. In fact, the defective homology sets do contain valuable information 

about rearrangement history. 

Finally, I found a way of comparing genomes based on contig information only. This 

turns out to be surprisingly simple. Recently, my ideas about this problem have been 

discussed in an independent paper [141]. 

10.1.4 Complexity 

In much of this thesis I have been more concerned with the running time of my heuristic 

algorithms on increasingly large data sets, and less with their theoretical worst-case be­

haviour. Nevertheless, I attempted to calculate the latter characteristic in many cases and, 

in Chapter 5, I derived the first complexity result for a guided genome halving problem. 

Inspired by this, Eric Tannier from Lyon asked me to collaborate further on this sort of 

problem. This project culminated in the large number of theoretical results in Chapter 

9. Though the complexity of DCJ guided halving remains open, it is now clear that it is 

closely related to the DCJ median problem for multichromosomal genomes, which is also 
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open despite the misconception of many that it is solved. Both are likely NP-hard. We did, 

however, find a version of the guided halving problem which is polynomial, namely that 

pertaining to breakpoint distance and genomes unrestricted as to linearity or circularity of 

multiple chromosomes. 

10.2 Ongoing and future work 

10.2.1 Duplicate gene loss 

Following whole genome duplication, the doubled genome undergoes a re-diploidization pro­

cess. During this, some duplicate genes may be conserved as is, many will be permuted out 

of their original duplicated contexts through genome rearrangement, some may undergo 

neofunctionalization or subfunctionalization, and some may be effectively deleted, either 

through pseudogenization or through some physical mechanisms involving unequal recom­

bination. I became interested in the spatial distribution of duplicate gene loss along the 

chromosome out of my concern for accurate reconstruction of the tetraploid ancestor. This 

led to a new way of assessing neighbourhood selection constraints on duplicate gene loss in 

Chapter 7, my first foray into the functional aspects of genome rearrangement, which has 

hitherto been a strictly structural enterprise. 

I have by now confirmed the patterns found in Populus show up as well in Saccha-

romyces, though not in Candida glabrata, and I am also analyzing the Paramecium genome 

in this respect. In particular, I am investigating how the processes of gene loss are dis­

tributed throughout the genome and within a chromosome; detect if a duplicate gene loss is 

correlated to the retention or loss of nearby genes on the same chromosome; and compare 
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the gene loss selection patterns for different genomes. I hope to formulate and test hypothe­

ses about the relative preponderance of pseudogenization and deletion phenomena, based 

on statistics on conserved "frame boundaries", where consecutive duplicates in two chro­

mosomes are interrupted by one or more single genes in one or both of the chromosomes, 

an idea I proposed in Chapter 7. 

10.2.2 The pathgroup approach 

In the course of my work on guided halving, I developed the notion of a "pathgroup" as a 

way of simultaneously bringing to bear multiple sources of information at a decision point 

in a reconstruction algorithm. This proved to be a simple, effective and versatile tool. In 

particular it provides a powerful look-ahead capability for stepwise heuristics and a way of 

pruning search trees during exact searches of genome-like structures. 

Moreover, the pathgroup formulation allows us to deal in a flexible way with defective 

homology sets, something of great importance for genome reconstruction using realistic data 

to full advantage. 

I intend to introduce this structure into the study of the median problem and other 

phylogenetic tree inference problems. This could possibly include the "large" phylogeny 

problem, where not only the ancestral genomes must be reconstructed, but also the branch­

ing structure of the phylogeny. 

10.2.3 Partial genome duplication 

A recurrent counter-hypothesis to WGD that has been proposed for yeast, Arabidopsis and 

other organisms is that a limited number of chromosomes or large fragments of chromo-
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somes doubled at various times during evolutionary history. This partial genome duplication 

process differs from WGD but shares some elements in common, in contrast to the indepen­

dent duplication of individual genes. Though the genome halving approach cannot apply 

directly, it will provide a starting point for new methods to reconstruct evolutionary history. 

In particular, the pathgroups approach, which can withstand the abandonment of the "two 

copies of every gene" assumption, seems ideally suited for this enterprise. 
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