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Abstract. Multiple genome rearrangement methodol- (e.g., Sankoff et al. 1996). Unfortunately, most of the
ogy facilitates the inference of animal phylogeny from distances of comparative genomics [e.g., the minimum
gene orders on the mitochondrial genome. Theak-  edit distances calculated by Hannenhalli and Pevzner
point distancas preferable to other, highly correlated but (1995a, b)] are conducive only to the distance-matrix
computationally more difficult, genomic distances whenapproach, simply because the generalization to the com-
applied to these data. A number of theories of metazoaparison of more than two genomes has not proved com-
evolution are compared to phylogenies reconstructed byutationally feasible for even moderately sized genomes
ancestral genome optimization, using a minimal total(cf. Caprara 1999). An exception to this is the breakpoint
breakpoints criterion. The notion efnambiguously re-  distance (Watterson et al. 1982). Though an NP-hard
constructed segmenis introduced as a way of extract- problem (Pe’er and Shamir 1998), generalization of
ing the invariant aspects of multiple solutions for a givenpreakpoint distance to the simultaneous comparison of
ancestral genome; this enables a detailed reconstructiafree or more genomes—multiple genome rearrange-
of the evolution of non-tRNA mitochondrial gene order. ment—can be reduced to an instance of the Traveling
Salesman Problem (TSP), which is quite tractable for
Key words:  Genomic distance — Genome rearrange-moderate-size genomes (Sankoff and Blanchette 1997).
ment — Breakpoint analysis — Mitochondrial gene or-  Wwe have shown how to incorporate multiple genome
der — Conserved segment — Metazoan phylogeny  arrangement into an iterative heuristic for the optimiza-
tion of ancestral genome reconstruction on a fixed-
topology phylogenetic tree, demonstrated through simu-
lation the precision that can be achieved through careful
initialization, and assessed the relative proximity of the

| i ics. th titati . gifferent optimal solutions (Blanchette et al. 1997;
N comparativeé genomics, the quantitative comparison 0., ot and Blanchette 1998a). The present paper rep-
gene order differences can be used for phylogenetic in-

. . . resents the first application of this methodology to real
ference about a set of organisms. This generally involve bp 9y

. . ta, [ tigati f animal phyl th h th
methods based on distance matrices (e.g., Sankoff et a’a, an investigation of animat pnylogeny througn the

1992 thouah it Id be of . et | ene order on mitochondrial genomes.
), ougn 1t would be of more Interest to employ a - \yq first discuss metazoan phylogeny, including the
method which reconstructs some aspect of the genome

. o %going debates about the relationships among the major
e_ach ancestral nodg as an essgntlal part of the Opt'm'zﬂﬁetazoan branches, in the following section, as well as
tion of a global abjective function on the set of irees the available genomic data. We then situate the break-
point distance in the context of genomic distances in
general (under Genome Rearrangement Distances) and
Correspondence tdD. Sankoff;e-mail: sankoff@ere.umontreal.ca evaluate its significance in relationship to other measures
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“LAKE”

Adapted from
Aguinaldo et al. (1997) by
inserting Mollusca as

sister taxon to “Fedysozoa”

CHO ECH ANN MOL ART NEM

“TOL”

From “Tree of Life
(Maddison and Maddison, 1995)
reflecting traditional

' l I-—l “Articulata” grouping

CHO ECH MOL ANN ART NEM

|

“CAL”

From Metazoa Systematics
Page (J.W. Valentine, n.d.)
currently most widely

accepted view Fig. 1. Three alternative views of

CHO ECH ART MOL ANN NEM metazoan evolution.

when applied to the data. In the section on Tree Inferenceeviving a traditional groupingArticulata) of annelids
we compare a number of theories of metazoan evolutiomnd arthropods as sister taxa, which had been discredited
to phylogenies reconstructed from the breakpoint disby Eernisse et al. (1992) and others. Lake has recently
tance matrix and from ancestral genome optimizationadvocated a radical change linking arthropods and nem-
Here we also discuss the effects of small gene (i.e.atodes (Aguinaldo et al. 1997). Contending trees for
tRNA) mobility and the effect of “long branches,” i.e., metazoan phylogeny are compared in Fig. 1. One of our
highly divergent genomes. Under Nonuniqueness, we ingoals here is to investigate how mitochondrial gene order
troduce the notion of “unambiguously reconstructed segevidence discriminates among various theories of meta-
ments” as a way of extracting the invariant aspects ofzoan evolution. Another will be to see to what extent
multiple solutions for a given ancestral genome and apancestral genomes can be reconstructed during phyloge-
ply this to characterize rather closely the evolution of hetic inference.
non-tRNA mitochondrial gene order. As of April 1998, mitochondrial gene order was
known for 55 metazoan species, including 36 chordates,
7 arthropods, 1 annelid, 5 echinoderms, 3 mollusks, and
The Mitochondrial Genome and Problems in 3 nematodes. Thirty-seven genes are present in all spe-
Animal Phylogeny cies, except for atp8 (i.e., ATPase 8), absent from the
nematode genomes, and one of the two tRNA-Ser and
Our goal here is to investigate gene order evidence pemne of the two tRNA-Leu genes, absent from the snail
tinent to the phylogenetic relationships among the fol-Cepaea nemoralis.
lowing major metazoan groupings: chordates (CHO), To simplify the analysis and presentation, while re-
echinoderms (ECH), arthropods (ART), mollusks taining as much phylogenetic information as possible, we
(MOL), annelids (ANN), and nematodes (NEM). As- included in our analyses exemplars of the most diverse
pects of metazoan phylogeny are controversial; amongembers of each group, excluding closely related spe-
the groupings analyzed here, only the link of echino-cies with identical or nearly identical mitochondrial gene
derms and chordates seems undisputed. Many scholaosders. For example, the various chordate mitochondrial
would group annelids and mollusks as sister taxa, withgene orders differ from the human order by one or two
arthropods related to these at a deeper level. Nematodé@sversions or transpositions, so we retained only the hu-
would represent the earliest branch on the metazoan phynan one for our analysis. Similarly we selected only one
logeny. But Rouse and Fauchald (1995) have proposethsect, two echinoderms, and two nematodes. The spe-
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Table 1. Mitochondrial genomes compared in this investigation, with genome A 12 3 | 4 | 5 ! 6 7 |
assumed monophyletic groupirigs

Organism Group genome B -2-1|-5]|6 7 |4]|-3
HU Human CHO Chordate Fig. 2. Defining breakpoints for circular genomes. Reading direction
ss Asterina pectiniferdsea star) assumed to be left to right for + genes. Thus gene 7 precedes, and is
su Strongylocentrotus purpuratus ECH Echinoderms read immediately before, gene 1 in genome A, gene —3 precedes -2 in
(sea urchin) genome B, but 2 is read immediately before 3. There are four break-

) ) points; their positions are indicated brrtical lines.
DR Drosophila yakubdinsect)

AF Artemia franciscandcrustacean) ART Arthropods

éﬁ éf;gaegafj,ﬁ;‘;;@”;}g) MOL  Mollusks _(1996), an_d K_aplan et al. (1997), whose version runs
KT Katharina tunicata(chiton) in quadratic time.
Transposition of any number of consecutive terms from
their position in the order to a new position between
NEM  Nematodes any other pair of consecutive terms. This may or may
not also involve an inversion. No efficient exact al-
2Citations: HU, Anderson et al. (1981); SS, Asakawa et al. (1993); SU,  gorithm is available for this problem.
ilac(cigsg Lel)t_ak éliSaii)Z:oDE,uC;?z a(fi(; gggjlséilnhﬁg::t&fifij):(ﬁgé;?fi A combination (weighted) of the above two. Sankoff et
Boore an(,j Brdwn (19?)4); LU, Boore ar,1d Brlown (1995); AS, Oki;]’]ot(; al. (1992), Sankoff (.1992)' Blanchette et al' (1996.)'
et al. (1992); OV, Keddie and Unnasch (n.d.). and Gu et al. (1997) implemented and applied heuris-
tics to compute edit distances which combine inver-
sions and transpositions, in some cases also allowing
deletions, and differential weighting of all these op-
erations.

LU Lumbricus terrestrigearthworm) ANN Annelid

AS Ascaris suum
(0)Y] Onchocerca volvulus

cies studied are listed in Table 1. The table also presents
the major groups for which we assume monophyly in
some of our analyses to reduce the size of phylogenetic
computations. There are a number of problems associated with the use
of these distances. The first is that there is no a priori
reason for using one of them rather than another, e.g.,
Genome Rearrangement Distances transposition distance instead of inversion distance. Even
for combined distances, the appropriate weights for the
different operations may differ from context to context.
Second, the reconstruction of evolutionary history im-

o . . plicit in calculating the distance is biased toward too few
The algon_thmlc_ study of comparauvg genomics has fo'events and is highly nonunique. Third, no exact algo-
cused on inferring the most economical explanation forrithm is known for extending the distances to three or
observed differences in gene orders in two genomes irfhore genomes.

terms of a limited number of rearrangement processes.
For single-chromosome genomes such as in the mito-
chondrion, this has been formulated as the problem Oéreakpoint Analysis

calculating an edit distance between two circular permu-

tations of the same set of genes. For these PUIPOSER, | ier two genomes = a, ...a andB = b, ... b,

degradation of homology at the sequence level of indi—On the same set of geneg.{ }, where each gene
vidual genes is not pertinent; once homology is estab: 9ENEGit - - -, Gns, 9

lished, the two genes are considered to be identical. A signed (+ or -), though we may suppress the + without

sign (plus or minus) is associated with each gene in gmblgwty. we Saw precedesxi+l in A, anda, precedes
. S . - .. a,, as illustrated in Fig. 2. If geng precedes in A and
genome, representing the direction, or orientation, of its

L . . neitherg precedes nor —h precedes g in B, they de-
transcription. The elementary edit operations may be a5, mine a breakpoint i We are interested in the num-
follows. '

ber of breakpoints imA, which is clearly equal to the
number of breakpoints iB.

Inversion, or reversal, of any number of consecutive  The number of breakpoints between two genomes not
terms, which also reverses the polarity of each ternonly is the most general measure of genomic distance,
within the scope of the inversion. Increasingly effi- requiring no assumptions about the mechanisms of ge-
cient exact algorithms for this problem have beennomic evolution (inversion versus transposition) under-
given by Kececioglu and Sankoff (1994), Hannenhallilying the data, but also is the easiest to calculate (linear
and Pevzner (1995a), Berman and Hannenhallin n).

Edit Distances
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Table 2. Distance matrices for all gene (triangular matrices, top to bottom: breakpoints, minimal inversion, combined inversion/tran3position)

AS-35.1 OV-35.3 HU-30.0 SS-33.4  SU-33.3 DR-30.9 AF-31.3 AC-35.1 CN-33.0 KT-29.1 LU-31.7

AS

ov 25

HU 36 36

SS 36 36 27

SuU 36 36 26 6

DR 36 36 21 33 33

AF 36 36 23 33 33 6

AC 35 36 36 35 35 35 35

CN 33 34 34 33 33 33 33 7

KT 34 33 29 34 34 22 23 34 32

LU 34 35 32 34 34 29 30 34 31 24

AS 21 35 33 36 36 35 35 32 33 33

ov 21.0 35 33 35 33 34 35 33 32 33

HU 34.3 35.3 28 24 20 23 35 33 28 31

SS 32.5 31.6 26.1 5 33 34 35 32 33 34
SuU 34.3 34.2 24.2 3.0 32 33 34 31 32 32
DR 34.2 33.4 194 31.2 32.2 6 35 32 21 28
AF 35.2 33.3 21.2 32.0 313 4.0 34 31 21 28
AC 34.1 34.1 34.2 33.3 32.2 33.4 32.5 8 34 34
CN 31.3 31.3 33.2 30.5 29.5 30.6 31.2 5.1 31 29
KT 32.2 30.3 28.2 32.3 32.4 19.3 21.2 32.3 31.2 22
LU 325 324 30.4 32.1 32.2 26.3 26.5 33.2 29.4 22.2

2 Average breakpoint distance to nongroup members (e.g., excluding MOL comembers CN and KT for AC, excluding ECH comember SU for
SS, and no exclusions for HU) on the top row. Note that AS and OV each have only 36 genes and CN has 35, while the other genome:
have 37.

Empirical Comparison of the Distances Tree Inference

There are 55 comparisons among the genomes in thi this section we compare, in the light of theories of
data. Table 2 contains the results of calculating the nummetazoan evolution, three criteria for optimum tree to-
ber of breakpoints, the minimal inversions distance, uspology: neighbor joining, Fitch—Margoliash normalized
ing Hannenhalli’s (n.d.) software, and a combined inver-sum of squared errors, and minimum breakpoint. The
sion and transposition distance, the latter with a relativeirst two operate on the genome data as reduced to the
cost of 2.1 imposed on transpositions [see Blanchette direakpoint distance matrix in Table 2, slightly modified
al. (1996) for the method and a justification of this pa- as described below; the third is based on the gene orders
rameter value]. It can be seen from the number of breakthemselves. The first two produce ancestral nodes char-
points that many of the gene orders seem to be random @cterized only by their linear distance from neighboring
near-random permutations of each other. (Random ge(colinear) nodes; the third actually reconstructs hypo-
nomes withn genes would have - % breakpoints with  thetical ancestral genomes which are jointly optimal with
each other, on the average.) Some of this is due simply tthe tree topology.

the high rates of rearrangement in some groups— A modified data set is used for these analyses so that
nematodes, echinoderms, snails—as roughly indicatedach genome contains the same number of genes. This
by their average breakpoint distance to nongroup memmeans adding two tRNA genes to the CN genome—it is
bers. Another contribution to randomness is the relarelatively clear where these should go to minimize
tively high mobility of tRNA genes within the genome. changes in the pattern of distances, through analogy with
When the calculations are repeated after deleting théhe related AC genome—and adding an atp8 gene to the
tRNAs, the results are given in Table 3. Figure 3 is anematode genomes or deleting this gene from all the
scattergram of the data in both Table 2 and Table 3 of th@ther genomes. Since different choices of insertion loca-
breakpoint distance and the combined inversiontion for atp8 in the nematodes have different conse-
transposition distance. (An almost-identical pattern is requences for the entire distance matrix, we repeated our
vealed with simple inversion distance versus break-calculations, first with atp8 deleted from all genomes and
points.) Clearly the number of breakpoints is highly then with atp8 inserted in the nematode genomes directly
predictive of the other distances, though theoreticallyadjacent to the atp6 gene, where it is most often located
(Watterson et al. 1982), all that can be said is that (breakin the other genomes, including the conservatiatha-
points/2)= inversion distance. rina tunicatagenome. There are two reasons for these
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Table 3. Distance matrices omitting tRNA genes (triangular matrices, top to bottom: breakpoints, minimal inversion, combined
inversion/transpositiof)

AS-13.3 OV-13.4 HU-9.1 SS-12.0 SU-11.8 DR-10.1 AF-10.1 AC-14.3 CN-13.6 KT-8.9 LU-11.4

AS

ov 6

HU 13 14

SS 14 14 6

SuU 13 13 6 2

DR 13 13 5 10 10

AF 13 13 5 10 10 0

AC 14 14 14 15 15 14 14

CN 14 14 13 14 14 13 13 3

KT 13 13 6 11 11 5 5 14 13

LU 13 13 9 14 14 8 8 14 14 7

AS 5 11 12 11 11 11 12 13 12 11
ov 4.2 13 12 11 11 11 12 12 12 11
HU 11.4 13.5 5 6 3 3 12 12 5 7
SS 12.3 12.2 4.1 1 7 7 14 12 9 11
SuU 111 11.5 4.2 1.0 7 7 14 13 9 11
DR 11.3 11.3 3.0 7.1 7.1 0 12 12 4 7
AF 11.3 11.3 3.0 7.1 7.1 0.0 12 12 4 7
AC 12.4 12.1 12.2 14.2 14.2 12.2 12.2 3 11 12
CN 13.3 12.1 12.1 12.3 13.2 12.3 12.3 2.1 11 10
KT 12.2 12.2 51 9.1 9.2 3.1 3.1 11.2 11.2 5
LU 11.3 10.5 7.2 11.2 11.3 7.2 7.2 12.2 10.2 5.1

2 Average breakpoint distance to nongroup members (e.g., excluding MOL comembers CN and KT for AC, excluding ECH comember SU for SS,
and no exclusions for HU) on the top row. Note that AS and OV each have only 14 genes, while the other genomes have 15.

All the methods produce unrooted trees.

30_| 3 Distance-Matrix Methods
@)
combined o O Neighbor-joining analysis, either with or without the
inversion/ 0 atp8 data, produces the tree in Fig. 4a. This tree disrupts
transposition ) the deuterostomes by grouping the arthropods with the
. o)) o
20_{ distance © human genome and, less problematic, disrupts the mol-

luscs by groupingatharina tunicatawith the annelid
Lumbricus terrestris.
© The Fitch—Margoliash routine, which minimizes the
£ sum of squared differences between distance matrix en-
o tries and total path length in the tree between two spe-
000 cies, divided by the square of the matrix entry, produces
the tree in Fig. 4b. The same tree is produced whether or
o§o ) not the atp8 data are included.
oO breakpoints This tree also disrupts the deuterostomes by grouping
"0 20 30 the arthropods with the human genome and disrupts the
mollusks by branching the echinoderms between the
snails and the annelid. Indeed, the Fitch—Margoliash tree
must be considered considerably worse than the neigh-
bor-joining one; its branching order reflects little more
modifications: first, they remove biases in all the analy-than the overall rate of evolution of the lineages as mea-
ses due to unequal numbers of genes—genomes witkured by the average breakpoint distance in Table 2. The
fewer genes would otherwise have systematically lowerapidly evolving lineages, nematodes, snails, and echi-
breakpoint distances and could thus tend to gravitate to aoderms, are grouped together, and the more conserva-
more central part of the tree than where they should beive lineages are grouped together, thus completely dis-
located. The second reason is purely technical and isupting both the deuterostome (CHO+ECH) grouping
discussed under Minimal Breakpoint Phylogeny (below).and the MOL grouping.

10|

Fig. 3. Relationship of breakpoint distance to combined inversion/
transposition distance. Data from Tables 2 and 3.
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(a) Neighbor-joining tree

(CHO) (ART)  (BCH) (snails)  (NEM)

1
L] e
HU DR AF SS SU KT LU AC CN AS OV

(b) Fitch-Margoliash tree

(CHO) (ART) (snaiks)  (NEM)

L

HU DR AF KT LU SS SU AC CN AS OV

(c) Minimal breakpoint trees

] N ]

CHO ECH ART ANN MOL NEM CHO ECH ART MOL ANN NEM

Fig. 4. Comparison of trees produced by three methods from complete mitochondrial genome orders. Branches not drawn to scale. All the method
produce unrooted trees. The hierarchy is drawn for maximum comparability with the trees in Fig. 1, but the results are equally compatible with roots
placed on any edge of the tree.

Without atp8 data, the Fitch—Margoliash normalizedbreakpoints is calculated for each pair of nodes, ancestral
sum of squared differences is 0.401 for this tree, whileor given, directly connected by a branch of the tree, and
for the trees in Fig. 1, itis 0.759 for CAL, 0.764 for TOL, the sum is taken over all branches, where this sum is
and 0.765 for LAKE. With the atp8 data included, it is minimal over all possible trees. This problem may be
0.359 for the tree in Fig. 4b, 0.694 for CAL, 0.702 for decomposed into an inner and outer component.

TOL, and 0.708 for LAKE. Thus, if we wished to re- The inner problem starts with a given topology, or
strain our choice of phylogeny to one of the three theo-branching structure, for the tree and optimizes the ances-
ries represented in Fig. 1 on the basis of Fitch—tral genomes. In our method, the key to this solution is a
Margoliash, the CAL tree would be favored. technique for multiple genome rearrangement consensus:
given three or more known genomes, find the median—
the genome such that the sum of the number of break-
points between it and each of the given genomes is mini-
A minimum breakpoint tree is one in which a genome ismal. Our solution to this, developed and tested over the
reconstructed for each ancestral node, the number giast 2 years (Sankoff and Blanchette 1997, 1998a, 1999;

Minimal Breakpoint Phylogeny
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Blanchette et al. 1997) is based on a reduction to the
Traveling Salesman Problem. As a first step toward 3 . |
more widely applicable procedure, a program imple-| frequency | T
menting this method runs relatively rapidly, as long as —
each of the three genomes contains the same set of gengs,
and this set is not too large (37 genes is well within its
capabilities). While the algorithm also works for unequal
gene sets, it is unwieldy for genomes containing more

than about 20 genes. This is one of the reasons for equal-

izing the gene content across genomes prior to the analy- H 1
sis. New research promises a faster algorithm for the case™ 205 310 315

of unequal gene sets in the near future. breakpoints

The given phylogeny is then decomposed into a set of
overlapping multiple genome rearrangement consensydg- 5. Distribution of number of breakpoints in 105 trees.
problems, each one defined by one of the ancestral nodes
as the median, to be found, with all the colinear nodespematodes constitute a late-branching sister taxon to the
ancestral or given, as the “known” genomes. With suit-annelids (or of ANN+MOL). Note, however, that in both
able initialization of the ancestral genomes (Blanchette eof these trees, the deuterostome taxon is correctly found,
al. 1997), successive solution of all the overlapping conwhile it did not emerge from either neighbor-joining or
sensus problems leads, after very few iterations, to conFitch—Margoliash.
vergence. In this study, we calculate the ancestral ge- What of the trees in Fig. 1? All are suboptimal; with-
nomes in all trees using three different initializations andout atp8, there are no trees with scores between 199 and
five passes of the successive optimization procedure. 1202, one tree at 202, and score(CAE) 203, score-
the rare case where the three results are not identical, g OL) = 204, and score(LAKE)= 206. Including the
retain the best one. Previous simulations (Blanchette eatp8 data, there are no trees with scores between 201 and
al. 1997) show that this virtually always succeeds in205, but score(CAL)= 205, score(TOL)= 206, and
finding the global optimum for this size of problem. score(LAKE) = 209. Of the three theories, it is clear that
To solve the outer problem, we simply evaluate everythese data favor CAL (tied for fourth best of 105 trees)
possible tree on the set of given data genomes. Since wand, somewhat less, TOL (tied for eight best of 105
are not gquestioning on the basis of our data the majotrees), but the LAKE tree accounts for the configuration
groupings in Table 1, we discard all trees that disruptof gene orders about as well as a tree constructed ran-
them, leaving a total of 105 unrooted binary branchingdomly (tied for twenty-second best, along with 11 oth-
trees. Auxiliary tests (allowing, one at a time, ART, ers).
ECH, NEM, snails, or MOL to be ungrouped) indicate  To verify to what extent these results may be the
that all the assumed groupings are robust, with the exresult of tRNA gene mobility blurring out the conserved
ception of the conservatiiéatharina tunicatain MOL, order of the protein coding and rRNA genes, the analysis
which does not necessarily group with the highly di- was repeated using only the latter 15 genes. Here there
verged snails. was little to distinguish all the trees we have discussed,
As with the neighbor-joining and Fitch—-Margoliash with the two in Fig. 4c and CAL scoring an optimal 59,
methods, we first carried out our analysis on the genomevhile TOL and LAKE score 60. Including the atp8 data
data without the atp8 gene, then repeated it with this gener not had no effect.
appropriately inserted in the nematode genomes and re- Returning to the full set of genes, what are we to make
stored to its original position in the other genomes. of the two trees in Fig. 4c? And what significance can a
few points’ difference in the total number of breakpoints
have? To answer the first question, aspects of these trees
Minimal Breakpoint Phylogeny for Metazoans seem to reflect the conservative versus rapidly evolving
distinction among the groups, as with the neighbor-
The scores—minimal number of breakpoints—for thejoining and, especially, the Fitch—Margoliash criteria.
105 trees evaluated, based on the data without atp8, aiut surprisingly, since minimal breakpoints is a parsi-
distributed from 199 to 218 as in Fig. 5. With atp8, the mony criterion, this method seems less affected than the
best two trees increase their scores to 201). other two by the “long branches attract” artifact, since it
The two trees in Fig. 4c are clearly optimal (both with successfully identifies the CHO+ECH grouping. The
and without the atp8 data), but neither is biologically echinoderm line has diverged almost to randomness, but
plausible, because they give the impression either thahe link with the human gene order is too strong for it to
the deuterostomes (CHO+ECH) are a late-branching sishe detached. This result must be seen to be a strong point
ter taxon of the arthropods or, rooted differently, thatof the breakpoint phylogeny method.
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protostome/deuterostome ancestor \ NEM
deuterostome ancestor | protostome ancestor \ \ |
| | ECH [ ART I ['annelid/mollusc ancestor | | | |
| ] \ B | ] | MOL L |
| ] | | R | | 1 snails | |
| HU| | SS| | SU| | DR| | AF| | LU| | KT| AC| |CN| | AS| | OV |
0 0 4 23 0 23 0 4 2 0 21 9 0 0 0 32 0 10 23 8
6 19 6 26 2 24 4 10 6 16 23 18 2 7 7 33 7 19 24 19
11 4 21 1 11 12 11 7 25
1 2 4 1 4 2 1 1
18 6 19 4 13 8 8 3 19
Fig. 6. Characteristics of optimal CAL treeBirst two rows: Mini- ancestors is represented twice, since the precise position of the root on

mum and maximum length, among 20 optimal trees, of the branchthis branch is undeterminedhird, fourth, and fifth rowsThe number
leading upward from a specified node, i.e., toward the root. Note thatof unambiguously reconstructed segments at ancestral nodes, consid-
the branch connecting the nematode and protostome/deuterostoneging all genes, non-tRNA genes, and only tRNA genes, respectively.

Our imposition of monophyly on the mollusks forces Branch Lengths

Katharina tunicatato group with the snails. However, _
when this constraint is relaxed, the trees in Fig. 4c re-Twenty sets of optimal genomes were reconstructed. The
main optimal. Five other trees also score 199 wKen CAL tree is schematized in Fig. 6. The first two rows of

tharina tunicatais unconstrained, but four of these in- figures show the range of branch lengths we obtained

volve only local restructuring of the tree configuration OVer these 20 optimal reconstructions. . .
involving Lumbricus terrestrisand Katharina tunicata. Much variability occurs with branches leading to sis-
Just one of the seven optimal trees shows further susceff! terminal taxa: particularly the snails and the nema-
tibility to the “long branches attract” artifact, as the snails 0d€s—a number of optimal genomes can be assigned to

break away from the MOL grouping and become at_their immediate common ancestor, as one branch con-
tached to the echinoderms. tracts and the other lengthens.

The second question can be answered through refer- There are other sources of variability; the relatively
ence to the breakpoint distances in Table 2. All thatShort but variable branches in the lineagekaitharina

distinguishes the comparison betwescaris suumpn tunicata are consistent with the fact that most of the
one hand, an&atharina tunicataandLumbricus terres-  Variation among optimal trees involves different posi-
tris, on the other, from the complete randomness (3610Ning Of this species with respect tumbricus terres-
breakpoints) of most other nematode comparisons arlliS- Both types of local transformation (branch length,
two instances of adjacent genes which occur in thes@elghborlng_ node_ mterc_hange) in this region of the tree
three genomes. Boore et al. (1995) find that this fact® compatible with optimality. . _
alone is important evidence of arthropod monophyly. Finally, there is a great deal of variability as_somated
And it helps explain why the deep branching of both with the protostome—deuterostome ancestor—it may be

deuterostomes and nematodes cannot be detected by aPced Very close to the protostome ancestor or very
method. based on these data. close to the deuterostome ancestor without compromis-

ing optimality.
A consequence of this variability means that any
_ single representation of the tree which attempts to por-
Nonuniqueness tray branch lengths may be very misleading.
In the next section, we investigate the other aspect of

The study of genomic rearrangement inevitably encounfonuniqueness, the reconstructed genomes, and propose
ters the problem of non-uniqueness. There are ofte® solution to the representaﬁon .of these genomes which
many distinct solutions, all optimal, and many ways of €Scapes the problem of arbitrariness.
arriving at these results.
I_:or a give_n tree, we can construct a large numb_er Oheconstructing Ancestral Genomes
optimal solutions for each node by running the algorithm
on the same data but with different numbering of theThe genomes reconstructed at the ancestral nodes of a
genes, then assess which aspects of the solutions aphylogeny are not generally unique; unless the genomes
constant and which are variable. Since it represents thassociated with the three adjacent nodes are all very
biologically plausible tree most consistent with gene or-similar, there will generally be many optimal solutions
der data, we illustrate with the CAL model in Fig. 1.  for their median. And if there are several connected an-
We study two aspects of nonuniqueness, that of theestral nodes, the set of optimal genomes for each such
branch lengths of reconstructed trees and that of the raaode will differ depending on the specific optima chosen
constructed genomes. for the others.
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Ancestral nematode: unique reconstruction
nad6 cob cox3 nad4L rns nadl atp8 atp6 nad2 nad4 coxl cox2 rnl nad3 nadb

Protostome/deuterostome ancestor: 4 segments
(nad2 coxl cox2 atp8 atp6 cox3 nad3)(nad4L nad4 nad5)(nad6 cob) (rns rnl nadl)

Ancestral protostome: 4 segments
(nad2 coxl cox2 atp8 atp6 cox3 nad3) (nad4L nad4 nad5) (nad6 cob) (rns rnl nadl)

Ancestral deuterostome: unique reconstruction
coxl cox2 atp8 atp6 cox3 nad3 nad4L nad4 nad5 -nad6 cob rns rnl nadl nad2

Ancestral echinoderm: 2 segments
(cox1 nad4L cox2 atp8 atp6 cox3 nad3 nad4 nad5 -nad6 cob rns) (nadl nad2 rnl)

Ancestral arthropod: unique reconstruction
nad6 cob -nadl -rnl -rns nad2 coxl cox2 atp8 atp6 cox3 nad3 -nadb -nad4 -nad4L

Annelid/mollusc ancestor: 2 segments
(nad6 cob) (-nadl -rnl -rns cox3 nad3 nad2 coxl cox2 atp8 atp6 -nad5 -nad4 -nad4L)

Ancestral mollusc: 2 segments
(nad6 cob) (-nadl -rnl -rns cox3 nad3 nad2 coxl cox2 atp8 atp6 -nad5 -nad4 -nad4L)

Ancestral snail: unique reconstruction
nad6 nad5 nadl nad4L cob cox2 -atp8 -atp6 -rns -nad3 -cox3 nad4 nad2 coxl rnl

Fig. 7.  Unambiguously reconstructed segmeimsparenthesgs Note that the position and orientation of each segment with respect to the others
are not reconstructed; only the order of the genes it contains.

It will generally be the case, however, that some as-third row in Fig. 6. The non-tRNA mitochondrial gene
pects of the optimal genome for a node are invariant oveorder is seen to be relatively conservative.
all solutions, independent even of the particular solutions Indeed, although we do not present the details for this
chosen for phylogenetically adjacent nodes. We can bémited data set, the reconstructed gene orders are rela-
quite certain that these aspects are correctly recontively robust against small changes in the phylogeny,
structed. except of course in regions of the tree which are recon-
We examined the 20 optimal solutions for each nodefigured and where there is no one-to-one correspondence
on the CAL tree and extracted any strings of contiguousetween the ancestor nodes in the original and those in
genes which recurred in all these solutions. This experithe modified trees.
ment was repeated for three sets of data as follows. This result, i.e., a reduced number of segments, is not
When the orderings of all mitochondrial genes aredue just to a reduced number of genes. When only the 22
used as input, the number of invariant segments obtainetRNA genes are included, as in the fifth row in Fig. 6, the
for each node is given in the third row of figures in Fig. number of segments is proportionately still quite el-
6. It is clear that for several of the ancestral nodes, therevated.
is a great deal of uncertainty about the gene order, rep- It is the increased mobility of the tRNA genes which
resented by a large number of predominantly short inis responsible for the proliferation of alternative gene
variant segments. orders in the reconstructions and the consequent decrease
When the 22 tRNA genes are excluded from the samén the length of invariant segments and increase in their
analysis, however, a different picture emerges, as indinumber.
cated in the fourth row in Fig. 6. There are few, much
longer segments, so that the only aspects of the ancestral
genomes not reconstructed are how these few segmentgnclusions
are oriented and ordered among themselves. The seg-
ments are shown in Fig. 7.
The small numbers of unambiguously reconstructedBreakpoint Distance
segments are somewhat surprising, but it is confirmed by
inspection of Fig. 7, which reveals patterns quite con-The relatively easy computability of multiple breakpoint
trary to the impressions left by Tables 2 and 3 and thedistance makes it possible for the first time to do a sys-
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tematic parsimony type of phylogenetic study based orber of additional genomes from diverse lineages are
genome rearrangements. The very high correlation beaeeded before confidence can be placed in this type of
tween this distance and the edit distances hitherto used foference. In a related study (Sankoff and Blanchette
compare genomes further validates the present approach998b, 1999a, 1999b) incorporating a recently se-
guenced hemichordate mitochondrial genorBal@ino-
glossus carnosgCastresana et al. 1998)], the deuteros-
Interpretation of Phylogenetic Results tome—protostome split is even more unequivocally
confirmed, although whether the hemichordate groups
How much phylogenetic history is contained in meta-with the chordates or the echinoderms is not resolved.
zoan mitochondrial gene orders? What methods are most
apt to infer this history correctly? Finally, what theory of
metazoan evolution best accounts for the genomic dataliJ

Itis clear from the matrices in Tables 2 and 3 that athg 4)gorithmic reconstruction of ancestral genomes has

large proportion of the pairwise genomic comparisonSyeen plagued by the problem of nonuniqueness. It is very
reveals no trace of common ancestry, as far as gene ordgfsicult to assimilate, display and interpret the many

is concerned. Onl_y the more conservative genomes retaigy | tions which may be simultaneously optimal. The
deep phylogenetic parallels. Neverthelesg, through th?echnique we introduce here, focusing on segments
latter genomes and through the connections t0 one Qgpich appear in all these solutions, and not trying to
another of them of the more rapidly evolving lines, all of 5ccount for the sometimes combinatorially prohibitive
the phylogenetic history can be inferred, with the excep, mber of ways they may be assembled, essentially

tion of the earliest-branching nematode lineage. Moresg)yes this problem, at least for the kind of data studied
genomic data from early-branching metazoan lineages,gre.

perhaps platyhelminthes, sponges, and other nematodes |, aqgition, this approach provides an unexpectedly
and more divergent deuterostomes, would resolve thigamatic characterization of the differential evolutionary
difficulty. _ o _ mobility of tRNA genes versus rRNA and protein-coding
Aside from the high rate of evolution in comparison to genes. Whereas the 60% of genes which code for tRNA
the metazoan time scale, the other major impediment (Qccount for about 70% of the evolutionary divergence, as
phylogenetlc recpnstructlon is the d!fference in this rateqeasured by including and then excluding them from the
from lineage to lineage, together with the lack of “tree cajcyjation of breakpoint distance, the decrease in the
additivity” in measures such as breakpoint distancemper of unambiguously reconstructed segments when
which attain a maximal upper value after a certalnthey are excluded is well over 80%. As a result, the

amount of evolution. Superficial linearizations of these relatively conservative pattern of gene order in metazoan
measures could not compensate for the complete loss ¢fitochondrial genomes is highlighted.

resolution when divergences reach the level of random
genomes. All the phylogenetic reconstructions we teStegcknowledgmems. We thank Franz Lang, Jeff Boore, and Ken Ha-
were susceptible to the “long branches attract” artifactanych for discussions of metazoan phylogeny, though we take full
resulting from these problems, especially the Fitch—responsibility for the opinions expressed here. This research was sup-
Margoliash technique. The minimal breakpoint phylog- ported in part by grants from the Natural Sc_iences and Enginegring
eny was most resistant to this effect, and neighbor_Research Council of Canadg and the Canadian Genc_Jme Anglyss and
LT . . . ., Technology program. D.S. is a Fellow of the Canadian Institute for
joining was intermediate. Only the minimal breakpoint 4 anced Research.
reconstruction produced results at all compatible with
any major theory of metazoan evolution.

Among these theories, the currently most acceptablgyaferences
view represented by the CAL tree is the one most sup-
ported by the genomic data. Not only does it have nearAguinaldo AMA, Turbeville JM, Linford LS, et al. (1997) Evidence for
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. . 465
and among the three theories, it most resembles thﬂsakawa S, Himeno H, Miura K, Watanabe K (1993) Nucleotide se-
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nambiguously Reconstructed Segments
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