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Abstract. Phylogeny reconstruction from gene-order data has atdlantich at-
tention over the last few years. The two software packaged fos that purpose,
BPAnal ysi s andGRAPPA, both use so-called breakpoint medians in their com-
putations. Some of our past results indicate that usingshwe scores rather than
breakpoint scores in evaluating trees leads to the sefectibetter trees. On that
basis, we conjectured that phylogeny reconstructionsddoelimproved by using
inversion medians, which minimize evolutionary distanogler an inversions-
only model of genome rearrangement. Recent algorithmieldpments have
made it possible to compute inversion medians for probleimsatistic size.

Our experimental studies unequivocally show that inversi@dians are strongly
preferable to breakpoint medians in the context of phyletjerreconstruction
from gene-order data. Improvements are most pronouncetkireconstruction
of ancestral genomes, but are also evident in the topolbgaaracy of the re-
construction as well as, surprisingly, in the overall rungntime. Improvements
are strongest for small average distances along tree edgefaevolutionary
scenarios with a preponderance of inversion events, buiracall cases, includ-
ing evolutionary scenarios with high proportions of tramsifions.

All of our tests were run using oUBRAPPA package, available (under GPL)
atwww. ¢s. unm edu/ ~nor et / GRAPPA/ ; the next release will include the
inversion median software we used in this study. The soéwesed includes
RevMed, developed by the authors and availablexatv. cs. unm edu/ ~acs/ ,
and A. Caprara’s inversion median code, generously madkblefor testing.

Keywords:breakpoint, genome rearrangement, genomic distancesiovereversal

1 Introduction

Biologists can infer the ordering and strandedness of geneschromosome, and thus
represent each chromosome by an ordering of signed genesgitie sign indicates
the strand). These gene orders can be rearranged by ewaltievents such as inver-
sions and transpositions and, because they evolve sloivlybiplogists an important



2 B.M.E. Moret, A.C. Siepel, J. Tang, and T. Liu

new source of data for phylogeny reconstruction (see, [#.dL6, 17, 19]). Appropriate
tools for analyzing such data may help resolve some difffglijiogenetic reconstruc-
tion problems. Developing such tools is thus an importaed af research—indeed, the
recent DCAF symposium was devoted to this topic, as was askorkat DIMACS.

A natural optimization problem for phylogeny reconstrantfrom gene-order data
is to reconstruct an evolutionary scenario with a minimumbar of the permitted evo-
lutionary events on the tree. This problem is NP-hard fortredgeria—even the very
simple problem of computing the medfaof threegenomes under such models is NP-
hard [4, 18]. All approaches to phylogeny reconstructiansiach data must therefore
find ways of handling significant computational difficultidsoreover, because subop-
timal solutions can yield very different evolutionary restructions, exact solutions are
strongly preferred over approximate solutions in all plggoetic work (see [25]).

For some datasets (e.g., chloroplast genomes of land plaiogists conjecture
that rearrangement events are predominainthgrsions In other datasets, transposi-
tions and inverted transpositions are viewed as possiblethieir relative preponder-
ance with respect to inversions is unknown, so that it isdliffito define a suitable
distance measure based on these three events. Sankofsptopsing théreakpoint
distance (the number of pairwise gene adjacencies prasentigenome but absent in
the other), a measure of distance between genomes thaeisandent of any particu-
lar mechanism of rearrangement, to reconstruct phylogethiebreakpoint phylogeny
introduced by Blanchettet al.[2], is the most parsimonious tree with respect to break-
point distances.

The two software packages for reconstructing the breakpbiylogeny, the origi-
nalBPAnal ysi s of Sankoff and Blanchette [21] and the more recent and muwthifa
GRAPPA [14], both use as their basic optimization tool an algorifomcomputing the
breakpoint median of three genomes. Recent work, howeasedon the elegant the-
ory of Hannenhalli and Pevzner [9], has shown that inverdistance can be computed
in linear time [1], a development that has allowed us to bhsedconstruction process
on the inversion score of a tree rather than on its breakgonte, with significant re-
sulting improvements in the accuracy of reconstructio3$.[Other recent results have
shown that the inversion median of three genomes can benebitguickly for a reason-
able range of instances [5, 23, 24] (in spite of the NP-hasslioé the problem). These
developments have enabled us to ext&RAPPA by replacing the breakpoint median
routine with an inversion median routine—which we conjeetlwould yield better
phylogenetic reconstructions (at least when inversioagtee dominant mechanism of
rearrangement), because inversion medians score signi§ideetter in terms of inver-
sion distance, and are much closer to being unique, thakoea medians [24]. Note
that it would be even more desirable to use medians based emesal measure of dis-
tance that considers transpositions (and inverted traitipas) as well as inversions.
Currently, however, efficient algorithms are not availabither to find transposition
distance or to compute medians that consider transposition

In this paper, we present the results of a series of expetsmsigned to compare
the quality of reconstructions obtained BRAPPA running with breakpoint medians

! The median ofk genomes is a genome that minimizes the sum of the pairwisandiss be-
tween itself and each of thegiven genomes.
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and with inversion medians. To our knowledge, no such corsparhas previously
been conducted, despite much speculation about the valness§ion medians in phy-
logeny reconstruction. In brief, we found that inversiordia@s are strongly preferable
to breakpoint medians in all but the most extreme casesrinstef quality of tree
topologies and of ancestral genome reconstruction, andsusprisingly) preferable in
many cases in terms of speed of execution.

The rest of the paper is organized as follows. We begin byevenig the pertinent
prior work. We then introduce the required terminology,qem our experimental de-
sign, and briefly highlight the main attributes of the meéiiguling routines described
in [5,23, 24]. Next we present a cross-section of our resuitbdiscuss their implica-
tions. Finally, we conclude with suggestions for furtherkvo

2 Prior Results

BPAnalysisBlanchetteet al. [2] proposed the breakpoint phylogeny (finding the tree
with the fewest breakpoints) and developed a reconstmctiethod,BPAnal ysi s
[21], for that purpose. Their method examines every possikke topology in turn and
for each topology, it generates a set of ancestral genomas tmminimize the total
breakpoint distance in the tree. This method returns gosise but takes exponential
time: the number of topologies is exponential and genegatiset of ancestral genomes
is achieved through an unbounded iterative process that solie an instance of the
Travelling Salesperson Problem (TSP) for each internakraiceach iteration, so that
the total running time is exponential in both the number afegeand the number of
genomes.

GRAPPAWe reimplementeBPAnal ysi s in order to analyze our larger datasets and
also to experiment with alternative approaches. Our pragecalledGRAPPA [14], in-
cludes all of the features @&PAnal ysi s, butis more flexible and runs up to six orders
of magnitude faster [12]. It also allows the user to base fitamization on a tree’s in-
version score or on its breakpoint score (although mediemstdl computed with the
TSP methods of Sankoff and Blanchette, which is optimal émpreakpoint medians).

Inversion distance and inversion mediahszersion distance can be computed in lin-
ear time [1]; an efficient implementation of this algoritherprovided inGRAPPA.
As mentioned earlier, computing the inversion (or breakf)ohedian of three signed
permutations is an NP-hard problem. Breakpoint medianeatomputed very effi-
ciently for reasonable problem sizes [14]. Two algorithragéhrecently been proposed
for computing inversion medians (also called “reversal imesl’) and shown to run ef-
ficiently (although much more slowly than the algorithm faeékpoint medians) for
a range of parameters that covers most organellar genomes)yoCaprara [5] and
one by Siepel and Moret [24] (subsequently refined in [22).2th algorithms use
branch-and-bound strategies, but the algorithm of Siem#Moret directly searches the
space of genome rearrangements for an optimal solutiong tlse metric property of
inversion distance for bounding, while the algorithm of €&ap uses edge contraction
on a “multibreakpoint graph” (a version of the breakpoirgt generalized to accom-
modate more than two signed permutations). The edge-atiotnaperation modifies a
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Fig. 1. Mean and median running times (ing of the two algorithms for three genomes if
genes as a function of the evolutionary ratéexpected number of events per edge) under an
inversion-only scenario. Values shown are based on 100riexpets. Whenr is large, mean
times significantly exceed median times, because the #igasioccasionally take much longer
than usual to find a median.

multibreakpoint graph by removing an edge and its adjoiniondes, and making appro-
priate adjustments tmatchingsassociated with the graph. Caprara’s branch-and-bound
algorithm uses the property that the best solution to araivts of the problem can
be expressed in terms of the best solutions to subproblervhith edges have been
contracted. (The algorithms of Caprara and of Siepel andelame both moderately
complicated, and fuller descriptions are beyond the schplei®paper; we refer read-
ers to [5] and [22] for details). The algorithm of Capraragetly runs faster than the
other, although the “sorting median” refinement of Siepda&er when edge lengths
are small between permutations, as seen in Figure 1. Bothithljns are sensitive to
the distances separating input permutations (althoughatap much less so); hence
their use in phylogeny reconstruction depends on relatisiebrt edge lengths between
nodes. Timings in this study use Caprara’s algorithm; nloteyever, that a dynamic
switch to the algorithm of Siepel and Moret for small distasg¢which are common
within most phylogenies) would considerably improve exerutime.

3 Background and Terminology

3.1 Evolutionary events

When each genome has the same set of genes and each gene appetly once,
a genome can be described by an ordering (circular or lingfathese genes, each
gene given with an orientation that is either positiyg or negative {g;). Let G be

the genome with signed ordering, g2, . . . , g». An inversionbetween indices andj,
1 < 7, produces the genome with linear ordering
91,92, -.5,9i—1, =95, =G9j—15--+, —Gi, gj+1,-- -, 9n

A transpositioron the ordering+ acts on three indices, j, k, with< < j andk ¢ [, j],
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picking up the intervay;, gi+1, . . ., g; and inserting it immediately aftey,. Thus the
genome&’ above (fork > j) is replaced by

g1y -5 9i-1,95+15 -+ - 9k, Gis Git+1y - - -, G5, k415 - -, gn
An inverted transpositiotis a transposition followed by an inversion of the transplose
piece. Thedistancebetween two gene orders is the minimum number of inversions,
transpositions, and inverted transpositions needed nsftstem one gene order into the
other. When only one type of event occurs in the model, welspEaversion distance
or transposition distance

Given two genome& andG’ on the same set of genesh@akpointin G is defined
as an ordered pair of geng@g, g;) such thay; andg; appear consecutively in that order
in G, but neither(g;, g;) nor (—g,, —g;) appear consecutively in that order@. The
number of breakpoints i@ relative toG’ is thebreakpoint distancbetween andG’.

The Nadeau-Taylomodel [15] of genome evolution, as generalized by Wang and
Warnow [27], uses only genome rearrangement events, saltlgggnomes have equal
gene content. The model assumes that each of the three tiypesnts obeys a Poisson
distribution on each edge—uwith the three means for the ttyges of events in some
fixed ratio.

3.2 Moded trees: simulating evolution

A modeltree is arooted binary tree in which each edbas an associated non-negative
real number)., denoting the expected number of eventsofihe model tree also has
a weight parameter, a triple of values which defines the fitibathat a rearrangement
event is an inversion, transposition, or inverted trangipms We denote this triple by
(1—a-0b,a,b).

Given a model tree withV leaves, a set ofV “contemporary” gene orderings
can be generated as follows. First, the root is labeled vaighidentity gene ordering
g1, 92, - - -, gn; then the tree is traversed recursively, and each nodeignaska label
that is derived by applying random rearrangements to thel lafbits parent. Suppose
a nodeu is separated from its pareptby an edge having expected number of events
Ae, and suppose the parent is labeled with gene ordetinghe labelr,, for v is de-
termined by drawing numbers of inversions, transpositiand inverted transpositions
from the appropriate Poisson distributions (having exgetealues\. (1 — a — b), Aca,
and\.b, respectively) and applying those eventsrjoin random order, at randomly-
selected indices. If an effective reconstruction algonifl applied to the labels at the
leaves of such a tree, it should infer an evolutionary hystesembling the model tree.

3.3 Labdlinginternal nodes

One of the major advantages of median-based phylogenystoation over alternative
methods (such as the encoding methods of [13, 26]) is thatiinates the configura-
tions of ancestral genomes as well as the topology of the Titee approach proposed
by Sankoff and Blanchette to estimate ancestral genoméséive, using a local op-
timization strategy. It is applied in turn to each plausitoee topology; in the end, the
topologies are selected that require the fewest total lpaats to explain. After initial



6 B.M.E. Moret, A.C. Siepel, J. Tang, and T. Liu

labels have been assigned in some way to internal (angasbidgs in a given topology,
the procedure repeatedly traverses the tree, computiregfiir node the breakpoint me-
dian of its three neighbors and using the median as the nekifdbis change improves
the overall breakpoint score—the entire process is alsw/hras “Steinerization.” The
median-of-three subproblems are transformed into ins&atthe Travelling Salesper-
son Problem (TSP) and solved optimally. The overall procedsia heuristic without
any approximation guarantee, but does well in practice ¢asgés with a small number
of genomes.

GRAPPA uses the same overall iterative strategy and also solvesatien-of-three
problem in its TSP formulation to obtain potential labels ifdernal nodesGRAPPA,
however, has the option of accepting a relabelling of arrir@ienode based on either
the breakpoint score (as BPAnal ysi s) or the inversion score of the tree.

3.4 Performancecriteria

Let T be a tree leaf-labelled by the s§t Deleting some edge from T" produces a
bipartition 7. of S into two sets. Lefl" be the true tree and I&’ be an estimate of
T. Then thefalse negativesf T’ with respect tdl” are those non-trivial bipartitiods
that appear irf’, but not in7”; conversely, thdalse positive®f T with respect tdl’
are those non-trivial bipartitions that appeaffify but not in7'. The numbers of false
positives and false negatives are normalized by dividingheynumber of non-trivial
bipartitions ofT’, to obtain theraction of false positiveand thefraction of false neg-
atives respectively. If the fraction of false negativesisthenT” equalsT or refines
it; if the fraction of false positives is alsgy thenT” equalsT’ (assuming differences in
zero-length edges are not considered important).

4 Our Experimental Design

We designed a set of experiments to assess the impact otirgplareakpoint me-

dians with inversion medians on three critical aspects gfqgenetic reconstruction:
speed of execution, topological accuracy of reconstrugtsss, and accuracy of esti-
mated ancestral labels. As mentioned, we sought to testahieature that exact in-

version medians—which score better than breakpoint mediamerms of inversion

distance and are more unique [24]—would lead to more aceueabnstructions (both
in terms of topology and ancestral labels); at the same tiveesought to characterize
the running-time penalty for using the considerably slowgersion median compu-
tations. We mostly used simulated datasets (where we knewrtle tree and the true
ancestral labels and thus can directly assess accuradyd|douused two datasets of
chloroplast genomes from a number of land plants and alghergwve can compare
tree scores and running times). A simulated dataset isrdated by four parameters: (i)

2 An edge of zero length is said to producérizial bipartition. If an edge:’ in T’ has zero
length but a corresponding edgen T' (one producing the same bipartition) does not have
zero lengthe will count as a false negative; butdf ande both have zero length, no penalty
will occur. The converse holds for false positives.
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the number of genes; (ii) the number of genome¥; (iii) the triple (1 —a—b, a, b) de-
scribing the proportions of inversions, transpositioms] averted transpositions used
in the simulated evolution; and (iv) the amount of evoluttaking place, represented
by r, the expected number of evolutionary events occurringgéotree edge. A simu-
lated dataset is obtained by selecting a tree topology imlfoat random, labeling its
edges uniformly with an expected numbeof rearrangement events (that is, for sim-
plicity, we use the samg, value everywhere), and simulating evolution down the tree,
as explained earlier. Because we know the true tree andtbamtrcestral labels, we can
compare the reconstructions to the true tree in terms oflégyas well as in terms of
ancestral labels. In order to assess variability, we regkall simulation experiments
for at least 10 datasets generated using the same parameters

Because computing the exact inversion median of three gesgsimuch more ex-
pensive than computing their exact breakpoint median énbdth tasks are NP-hard,
the breakpoint version has a much simpler structure), ceépabreakpoint medians
by inversion medians was expected to cause considerale®len. However, if in-
version medians lead quickly to better tree scores, sonferpggince gain can accrue
from more effective pruning of tree topologies. The neteffan running time will thus
be the result of a trade-off between more expensive medierpatations and better
pruning. We evaluated this net effect by running the fastestion ofGRAPPA, with
the improved bounding and layered search described in {l}ised both breakpoint
medians (evaluated with inversion scores, as previougipated) and true inversion
medians (supported by new extensions). We compared bathrtotning times and
pruning rates, the latter being of interest as an implentiemtandependent measure.

To assess improvements in accuracy, we ran experimentdiwaith evolutionary
rate and increasing numbers of genomes. We repeated exguasifor several different
numbers of genes—a parameter that affects computatiogtireare than it affects ac-
curacy, but that does have an impact on accuracy throughetizmtion (with a small
number of genes, the range of possible values is limited ap@aor is therefore mag-
nified). To assess topological accuracy, we GRAPPA with breakpoint medians and
with inversion medians and compared the best reconstriopedogies with the true
tree. While the trees returned BIRAPPA are ostensibly binary, they often contain edges
of zero length and thus are not fully resolved. (Such lackesbiution is much more
pronounced with breakpoint medians than with inversioniaresd) We thus measured
both false positive and false negative rates (a recongrucan avoid introducing false
positives by leaving relationships unresolved, but onithatcost of false negatives).

To assess the accuracy of reconstructed ancestral genomesnGRAPPA on the

leaf genomes as before, but this time with a single topolothat-of the true tree. In
effect, we used3RAPPA to score a single tree by computing ancestral genomes for the
internal nodes of the tree. The reconstructed tree is thwesyalisomorphic to the true
tree, and we can compare internal nodes directly, withowinigao adjust for inconsis-
tent topologies or lack of branch resolution. We assesseththaccuracy by summing,
over all internal nodes of the tree, the pairwise distantebdth inversion and break-
point versions, with no significant changes in outcomesyben the true and the recon-
structed ancestral genomes and normalizing this sum byuhdar of internal nodes

in the tree (for independence from tree size). This simplasuee describes how far
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are the ancestral nodes of the reconstructed tree (in thregatg) from being precisely
correct. (Notice that this measure has the potential quitkbecome saturated when
reconstructions are poor, because errors accumulate an@res from leaves to root;
we found, however, that reconstructed trees were good értouayoid this problem).

To assess robustness of results, we ran experiments with diff@rent evolution-
ary scenarios, including inversions ony, 0, 0), equally weighted inversions, trans-
positions, and inverted transpositiofis, 1, 1), a weighting of(2, 1, 1) that is be-
lieved to be more realistic (recommended by Sankoff), ardttmpletely mismatched
transposition-only scenaridp, 1,0). We can expect inversion medians to be benefi-
cial in inversion-only evolutionary scenarios, but neecvtaluate their usefulness in
more adverse scenarios, including the completely misnedtsbenarios where we have
a + b = 1. (One argument for breakpoints is that they provide a mau#tpendent
measure: our goal then must be to test whether using a megelrdent measure such
as inversion distance provides sufficient benefits when tbeetis well matched and
avoids excessive problems when the model is poorly matthed.

5 Resultsand Discussion

5.1 Speed

We used two real datasets of chloroplast genomes that werbgidpsly analyzed using
a variety of methods. Our first set contairlssCampanulaceaplus a Tobacco outgroup,
for atotal of13 taxa, each with 05 genes. Evolutionary rates on this set appear low and
most evolutionary changes are believed to have occurredghrinversions [6]. Earlier
analyses reduced the running times from an original estirmiseveral centuries with
BPAnal ysi s to 9 hours on a fast workstation [12], with the best-scoring tnae-
ing an inversion score @f7. Running the same code with the inversion median routine
reduced the running time to just one hour on the same machimts yielding many
trees with an inversion score 68—but with topologies identical to the previous best
trees. (Bourque and Pevzner [3] had found one tree with & 66 using a somewhat
different approach, while Larget al.[11] just reported finding a number of trees that,
like ours, required4 inversions—again these trees have the same topologiesras ou
previous best trees.) While the inversion median routisefitvas much slower than
the breakpoint median routine, the pruning rate more thatlenug for it: of thel3.7
billion trees to be examined, all bu60, 000 were pruned away when using the inver-
sion medians (a pruning rate of 0v#.999%), while 8.7 million remained unpruned
when using breakpoint medians (a pruning rate of 99.94%).

Our second set had taxa (including land plants as well as red and green algae),
each with33 genes. This set was also analyzed with a variety of methddlsylike
the Campanulaceaset, it has high divergence, with intertaxa inversion disés av-
eraging over 0. The analyses of [20] used a variety of techniques, inclyRAPPA
with breakpoint medians, which yielded, in abadthours of computation (with a prun-
ing rate 0f25%), trees with inversion scores 8%; using inversion medians brought the
pruning rate up t®9.9%, the running time down t(% hour, and the inversion score
down to a very lows2, with complete binary resolution, as illustrated in Figdrd he
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Fig. 2. Phylogenies of 11 plants based on chloroplast gene orders.

new tree (on the right-hand side) has monophyletic greemsectly groups together to-
bacco and Marchantia, and offers a resolution of red algate While not the accepted
one (the placement of Cyanophora, in particular, is cujiaasot entirely impossible;
in contrast, the old tree has poor resolution and does nojpgabacco and Marchantia.
Of interest in this reconstruction is the fact that a methoetifirated on an inversion
model did much better (both in biological terms and in terrirgcoring) than one using
the neutral model of breakpoints, which could be viewed alitadal support for the
conjecture that most of the rearrangements in the chlosbglenome have occurred
through inversions.

We ran a large number of tests on simulated data as well. Tadllews the ratio of
the running times with breakpoint medians to the runningsiwith inversion medians.
Note that the ratios are very closeltpindicating that the cost of the inversion median
computation is neatly compensated by the reduction in tinebeuw of passes necessary
to score a tree and by the improved pruning rate. Wheneveardhecode runs faster,
it is a consequence of significantly better pruning due tbtdgbounds. (The bounds
are computed with exactly the same formula, relying onlytanttiangle inequality, but
the distance estimates based on inversion distances dendlyimuch better than those
based on breakpoint medians.) Figure 3 shows the numbeli®fitade to each of the
median procedures. The use of inversion medians, by dgrivétter initial solutions
and by tightening upper bounds quickly, considerably redube number of trees that
must be examined and, for these trees, the number of pasgeserkto score them.

Table 1. Ratios of the running time dBRAPPA with breakpoint medians to that with inversion
medians for two genome sizes, under three different ewlaty scenarios.

(1,0,0) (é‘%%) (%%‘lﬁ)

. r=2r=4 r=2r=4 r=2r=4
For 10 taxa: n =250 1.01 0.90 1.07 1.12 136 1.25

n =100 1.00 1.20 1.43 1.08 290 193

(1,0,0) G55 (3:3:3)

CE E
. r=2r=4 r=2r=4 r=2r=4
For 11 taxa: n =50 1.02 0.93 0.99 0.99 122 1.13

n =100 1.01 1.00 1.01 1.02 1.72 143
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Fig. 3. The number of calls made to each median routine as a functittve mumber of taxa, for
30 genes and two values of plotted on a semilogarithmic scale.

5.2 Topological Accuracy

Figure 4 shows the fractions of false negative edges in tbenstructions for = 2,

n = 30, and three different proportions of rearrangement evéftise positive frac-
tions are negligible for both breakpoint and inversion raedi—although even here,
the values for inversion medians improve on those for bremitpnedians. These re-
sults are typical of what we observed with other parametitings. The rate of false
negatives is quite high for breakpoint medians, in goodipacause breakpoint medians
are much more frequently “trivial” than inversion mediafbat is, a valid breakpoint
median for three gene orderings is frequently one of therorge itself; a node in
the tree and its parent are then assigned the same ordedrm zaro-length edge re-
sults, which counts as a false negative as long as the comdsp edge in the true
tree is nontrivial. Zero-length edges are undesirable foeroreasons as well (see be-
low), so that their avoidance constitutes an important athge of inversion medians

—+— Breakpoint -x-- Inversion
FN score FN score FN score
0.50 0.50 0.50
0.45 0.45 0.45
0.40 0.40 0.40
0.35 /\‘/ 0354 —+—— 1 035 ]
0.30 0.30 0.30
0.25 0.25 0.25
0.20 0.20 0.20
0.15 0.15 0.15
0.10 0.10 010} T
0.05 (007 0.05F
0 e 0 0
6 7 8 9 6 7 8 9 6 7 8 9
number of taxa number of taxa number of taxa
2 1 1 11 1
(1,0,0) (3:%8) (3:3,3)

Fig. 4. False negative (FN) scores as a function of the number offtacd® genes at evolutionary
rate ofr = 2.
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Fig. 5. Percentage of datasets, as a function of the number of t@xahich GRAPPA returns at
least one topology identical to the true tree; all datasate B0 genes and were generated under
an inversion-only scenario. Each point is based on 50 datase

over breakpoint medians. Remarkably, the percentage s fatégatives in reconstruc-
tions using the inversion median hovers at or beldyfor all scenarios and all tree
sizes tested—demonstrating extraordinary accuracy ionsgouction even when only
one third of the events are in fact inversions. In contrd,reconstructions based on
breakpoint medians fare poorly under all scenarios, atthaheir performance is, as
expected, insensitive to the proportions of the three tgbesents.

As suggested by these small fractions of false positive agdtive edge GRAPPA
was highly effective at accurately reconstructing modsgs: Indeed, in most cases, the
program found a tree that was identical in topology to the trae (it generally reports
multiple trees of equal score, each of which has a differ@mblogy). Figure 5 shows
the percentage of cases in which at least one exact recotisirwas obtained, under
various conditions. With less favorable evolutionary sg@s (having a substantial per-
centage of transpositions), we see a slow decrease in pexfae, but the gap between
breakpoint medians and inversions medians remains praeduSurprisingly, even in
unfavorable cases, the percentage of perfect topologitasnel using inversion medi-
ans remains high (Figure 6). In the course of performingeltegeriments, we found
that many more trees of equal score tend to be returned wirelugakpoint medians,
presumably because breakpoint medians are highly nonseifidg] and because trivial
medians are common. We also found in many caseS3RAPPA fails to find an exact
reconstruction with the breakpoint median because of fa¢gmtives: that is, it finds
trees consistent with the true tree, except that they haveymaresolved nodes. The
main advantages of the inversion median with respect tddggpothen, seem to be that
it produces more fully-resolved trees and fewer equallyiagdrees.

Also of interest, in regard to topological accuracy, is tfiea on overall parsimony
scores of using the inversion median. While parsimony sche sum of the minimum
inversion distances along the edges of the tree) do not hieset tbpological signifi-
cance, the goal of theRAPPA optimization is to obtain a most parsimonious tree, so
that any reduction in the score is an indication that therilym is behaving more ef-
fectively. Table 2 shows percent reductions for a varietyedfings; note that reductions
of 3% or more generally translate into significant changes imtivpology.
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Fig. 6. Percentage of datasets, as a function of the number of t@xahich GRAPPA returns at
least one topology identical to the true tree; all datasat® B0 genes and were generated with
an evolutionary rate af = 2. Each point is based on 10 datasets.

Table 2. The reduction (in percent) in the parsimony score of treesnalsing inversion medians,
for two genome sizes, under three different evolutionagnacios.

(1,0,0) (3.%:35) 315+ 3)

. r=2r=4 r=2r=4 r=2r=4
For 10 taxa: n =50 3.2% 5.8% 27% 5.1% 1.6% 6.2%

n =100 2.7% 2.4% 1.5% 2.1% 1.9% 2.0%

T 1 I

(1,0,0) ( 6 6) ’%)

’ G 353
. r=2r=4 r=2r=4 r=2r=4
For 11 taxa: n =50 4.8% 9.9% 2.1% 3.9% 2.9% 5.4%

n =100 0.0% 2.8% 0.5% 1.6% 35% 2.7%

wing
wlH

5.3 Accuracy of Ancestral Genomes

Figure 7 shows the average inversion distance betweerspameing ancestral genomes
in true and reconstructed trees, as a function of the nunftiaka for fixed evolution-
ary rates under different evolutionary scenarios. Thissueawas computed by fixing
tree topologies and lettinGRAPPA simply label ancestral nodes. Again, the high de-
gree of accuracy of reconstructions based on inversionaneds striking and in sharp
contrast with the poor reconstructions obtained with bpeéit medians. Even in the
optimal case of inversion-only scenarios, the results eded our expectations, as al-
most all internal genomes are correctly reconstructe®; @lsote is that, in the case
of transposition-only scenarios. the inversion-basednstructions remain superior to
the breakpoint-based ones, in spite of the complete mignwitevolutionary models.
We have shown elsewhere that inversion medians providdyhégicurate estimates of
actual intermediate genomes wh¥n= 3 and evolution occurs by inversions only [24].
Our results here indicate that they remain accurate—ardlglsuperior to breakpoint
medians—asV is increased (with multiple intermediate nodes determime&ankoff
and Blanchette’s Steinerization method) and as other typesarrangement events are
introduced.
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Fig. 7. Average inversion distance between corresponding amtg&nomes in the true tree and
the reconstructed tree as a function of the number of taxderwarious evolutionary scenarios,
for 30 genes. Upper curve corresponds to reconstructions basbceakpoint medians, lower
curve to reconstructions based on inversion medians.
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6 Conclusonsand Future Work

Finding the inversion median of three genomes is a complériation task; finding
the median of three genomes under a mix of evolutionary sy@mitersions, transposi-
tions, and inverted transpositions) has not yet been asiellend seems considerably
harder. Yet our experiments indicate that further researchhese problems should
prove very useful: the reconstructions we have obtainedsmgunversion medians are
clearly better, in every respect, than those obtained wighlkpoint medians. In partic-
ular, we obtained very accurate reconstructions of thesiral@enomes, a crucial step
in the scoring of a particular tree topology as well as an irtgrd biological datum.

The results we have presented here, along with other resultgindling transver-
sions and gene duplication (see [8, 10]) justify a cautiqutsr@ism: over the next few
years, the reconstruction of phylogenies from gene-ordtx should become applica-
ble to much larger datasets, extending the approach froaneitar genomes to some
nuclear genomes. We also expect that some of the lessongdegr the process will
yield distinct improvement to the reconstruction of phydages from simpler molecular
data (such as RNA, DNA, or amino-acid sequences).
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