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A remarkable example of a misleading mitochondrial protein tree is presented, involving ray-finned fishes, coela-
canths, lungfishes, and tetrapods, with sea lampreys as an outgroup. In previous molecular phylogenetic studies on
the origin of tetrapods, ray-finned fishes have been assumed as an outgroup to the tetrapod/lungfish/coel acanth clade,
an assumption supported by morphological evidence. Standard methods of molecular phylogenetics applied to the
protein-encoding genes of mitochondria, however, give a bizarre tree in which lamprey groups with lungfish and,
therefore, ray-finned fishes are not the outgroup to a tetrapod/lungfish/coelacanth clade. All of the dozens of pub-
lished phylogenetic methods, including every possible modification to maximum likelihood known to us (such as
inclusion of site heterogeneity and exclusion of potentially misleading hydrophobic amino acids), fail to place the
ray-finned fishes in a biologically acceptable position. A likely cause of this failure may be the use of an inappro-
priate outgroup. Accordingly, we have determined the complete mitochondrial DNA sequence from the shark,
Mustelus manazo, which we have used as an aternative and more proximal outgroup than the lamprey. Using sharks
as the outgroup, lungfish appear to be the closest living relative of tetrapods, although the possibility of a lungfish/

coelacanth clade being the sister group of tetrapods cannot be excluded.

Introduction

The origin of land vertebrates, or tetrapods, was
one of the most important events in the evolution of
vertebrates. Sarcopterygians (lobe-finned fishes) have
been considered to be closely related to the ancestral
tetrapods, because they have bony fins and some of them
have lungs for respiration (Romer 1966; Carroll 1988).
Living sarcopterygians consist of two groups. coela-
canths (only one living species, Latimeria chalumnae)
and lungfishes (dipnoans). The latter group consists of
three genera, which live in the three Gondwanic conti-
nents, Africa, South America, and Australia, respective-
ly. The phylogenetic relationship among coelacanths,
lungfishes, and tetrapods remains controversial among
morphologists as well as among molecular evolutionists.
Obviously, a key question is whether the living lobe-
finned fishes form a monophyletic group; that will de-
cide whether the taxon Sarcopterygii is acceptable or not
in phylogenetic systematics.

Assuming ray-finned fishes as an outgroup, all
three possible hypotheses concerning the relationships
among coelacanths, lungfishes, and tetrapods have been
proposed by morphologists (fig. 1): tree 1, the lungfish/
tetrapod clade (e.g., Rosen et al. 1981; Forey 1987); tree
2, the coelacanth/tetrapod clade (e.g., Schultze 1987,
1994); and tree 3, the lungfish/coelacanth clade (e.g.,
Northcutt 1987; Chang 1991). Thus, it is clear that mor-
phological and paleontological data do not presently re-
solve the issue with confidence.

Molecular phylogenetics has also been equivocal in
this respect. Meyer and Wilson (1990) and Meyer and
Dolven (1992), using mitochondrial 12S rRNA and cy-
tochrome b sequences, suggested that the lungfish/tet-
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rapod clade (tree 1) was real. Gorr, Kleinschmidt, and
Fricke (1991), using hemoglobin data, preferred the coe-
lacanth/tetrapod clade (tree 2), which attracted criticism
(Forey 1991; Stock et al. 1991). More recently, Yoko-
bori et a. (1994) and Zardoya and Meyer (1996a) pre-
ferred the lungfish/coelacanth clade (tree 3) based on
mtCOX1 and the cytoplasmic (nuclear) 28S rRNA se-
quences, respectively. The wheel now seems to have
turned full circle; the most recent studies with complete
mtDNA sequences (Zardoya and Meyer 1997a; Zardoya
et al. 1998) could not distinguish between tree 1 and
tree 3 with statistical significance, although tree 2 ap-
peared unlikely. The latest mitochondrial data are a su-
perset (and technically a vastly superior one) of al the
previous mtDNA studies. Further, the phylogenetic anal-
yses to date have all used models that are clearly inad-
equate, in that they ignore major aspects of the evolution
of these molecules known to cause potential errors in
the analysis (e.g., Lockhart et al. 1994, 1996). Thus, the
closest living relative(s) of tetrapods is (are) still not
clearly identified (Zardoya and Meyer 1997b; Zardoya
et a. 1998).

Furthermore, it should be noted that all of the
above-mentioned molecular studies assume that the ray-
finned fishes constitute an outgroup to lungfishes, coe-
lacanths, and tetrapods. Although this assumption seems
to be strongly supported by the morphological evidence
(Carroll 1988; Cloutier and Ahlberg 1996), it needs to
be confirmed with molecular evidence.

Although molecular phylogenetics has become a
powerful tool for elucidating the evolutionary history of
life, there exist many potentia pitfalls to inferring the
correct tree. Here, in an extraordinary example using the
entire protein-coding portion of the mtDNA from di-
verse vertebrates, we show just how perplexing such
cases can be. Using asimilar data set, Naylor and Brown
(1997, 1998) recently demonstrated that the lancelet is
erroneously placed in the Deuterostoma tree 100% of
the time in an unweighted parsimony bootstrap analysis.
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Fic. 1.—Five candidate trees among tetrapods, lungfishes, coelacanths, and ray-finned fishes.

Our own studies have shown another remarkable
example of a misleading mitochondrial protein tree
among ray-finned fishes, coelacanths (Zardoya and
Meyer 1997a), lungfishes (Zardoya and Meyer 1996b),
and tetrapods, using sea lampreys (Lee and Kocher
1995) as an outgroup (Zardoya et al. 1998). Nei (1996)
obtained a similarly bizarre tree of vertebrates from the
mitochondrial protein data (excluding lungfishes and
coelacanths). None of the dozens of published phylo-
genetic methods (see Swofford et al. [1996] for a sum-
mary) place the ray-finned fish in a biologically accept-
able position with this data set. Only by using mtDNA
from a more proximal outgroup, such as sharks, is the
problem apparently soluble. The failure when lampreys
are used includes every possible modification to maxi-

mum likelihood (ML) we were able to run. Disturbingly,
there is presently no objective explanation for this bi-
zarre outcome. This again shows that molecular phylo-
genetics still has important analytic challenges facing it
(Waddell 1995; Lockhart et a. 1996).

Materials and Methods
DNA Extraction and Sequencing

A liver sample was obtained from a gummy shark,
Mustelus manazo, caught in Tokyo Bay. Total genomic
DNA was isolated from fresh liver as described in Cao
et a. (1998). A combination of severa primers, listed
in table 1, were designed based on highly conserved
vertebrate mtDNA regions. Localizations and directions

Table 1
Oligonucleotide Primer Sequences Used for Polymerase Chain Reaction
Approximate
Product
PCR Primers Sequence (5’ to 3') Length (bp)
1. SMet5 ..... AAGCTW CGGGCCCCATAC 1,500
2. SCol3 ..... CTTAGGGCTGTCCYAACTAT
3. Styr5 ...... GYGGEKCTACARYCCACCRCTT 1,600
4. SSer3...... GGGGGITCRAWTCCYYCYTTTCTTG
5. SCol5 ..... CACACCTATGAAGAACCATGC 1,800
6. SAt63 ..... GIGCTTRGTGARCYATTAT
7. SCo25 ..... TCAGCARAAGRCKTAYTACATTC 1,900
8. SCo33 ..... GAKCCTCATCARTAGATNGA
9. Sco35 ... CACAGAATTCCACTTTACATCAGAACATCACTTTGGCTTC 10,000
10. SNd23 ..... CACAGAATTCAAATGTAAGAGTAGT TCCTAGGCCTAAGCTTGA

NoTte.—Standard code: R = A/G; Y = CIT; W = A/T, K = GIT; N = G/A/TIC.
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FiG. 2—Genetic map of the Mustelus manazo mitochondrial ge-
nome. All protein-coding genes are encoded by the H-strand, with the
exception of ND6. Each tRNA gene is identified by the single-letter
amino acid code and depicted according to the coding strand.

of primers are shown in figure 2, and overlapping frag-
ments of mMtDNA were obtained by PCR amplification.
PCR products were cleaved with several restriction en-
zymes, and the restriction enzyme fragments were
cloned into pUC19 vector. Sequencing was performed
with an automated DNA sequencer Lic-4000L (Licor),
using M13 universal sequencing primers.

Sequence Data

The complete mtDNA sequences used in this study
are from the following 23 species (only database acces-
sion numbers are given for references prior to 1995):
Bos taurus (cow; database accession number V00654),
Balaenoptera physalus (whale; X61145), Phoca vitulina
(seal; X63726), Felis catus (cat; Lopez et al. 1996;
U20753), Equus caballus (horse; X79547), Rhinoceros
unicornis (rhinoceros, Xu, Janke, and Arnason 1996;
X97336), Mus musculus (mouse; V00711), Rattus nor-
vegicus (rat; X14848), Didelphis virginiana (opossum;
Z29573), Macropus robustus (wallaroo; Janke, Xu, and
Arnason 1997; Y 10524), Ornithorhynchus anatinus
(platypus; Janke et al. 1996; X83427), Gallus gallus
(chicken; X52392), Struthio camelus (ostrich; Harlid,
Janke, and Arnason 1997; Y 12025), Alligator mississi-
piensis (aligator; Janke and Arnason 1997; Y 13113),
Xenopus laevis (clawed frog; X02890), Protopterus dol-
loi (lungfish; Zardoya and Meyer 1996b; L42813), La-
timeria chalumnae (coelacanth; Zardoya and Meyer
1997a; UB2228), Cyprinus carpio (carp; X61010), Cros-
sostoma lacustre (loach; M91245), Oncorhynchus my-
kiss (trout; Zardoya, Garrido-Pertierra, and Bautista
1995; L29771), Gadus morhua (cod; Johansen and Bak-
ke 1996; X99772), Mustelus manazo (shark; this work;
AB015962), and Petromyzon marinus (sealamprey; Lee
and Kocher 1995; U11880).

Complete Mitochondrial DNA Sequence of Shark 1639

Phylogenetic Analyses

It is highly desirable to use methods other than par-
simony for the analysis of these sequences, because un-
weighted parsimony appears to be one of the least robust
methods of phylogenetic analysis (Swofford et al. 1996),
especialy if there are relatively long unbranched lin-
eages (as in this example). While both likelihood and
distance methods may also be inconsistent under similar
conditions (Waddell 1995), they alow modifications to
counter factors known to cause inconsistency (Swofford
et al. 1996). Two such factors, invariant sites (below
inferred to constitute one-third of all sites) and base
composition varying between lineages, clearly occur in
these sequences.

The phylogenetic analyses of the 12 proteins en-
coded in the H-strand of mtDNA were performed using
the protein ML (ProtML) and nucleic acid ML (NucML)
programs in the MOLPHY package (version 2.3) (Ada-
chi and Hasegawa 1996b), the AAML program in the
PAML package (version 1.3) (Yang 1997), the PUZZLE
program (version 3.1) (Strimmer and von Haeseler
1996), PAUP* (Swofford 1996), and PHYLIP 3.5 (Fel-
senstein 1996). For ProtML and NucML, the mtREV 24-
F model (Adachi and Hasegawa 1996a, 1996b) and the
HKY85 model (Hasegawa, Kishino, and Yano 1985)
were used, respectively. Gaps and ambiguous align-
ments adjacent to gaps, plus overlapping regions be-
tween ATP6 and ATP8 and between ND4 and NDA4L,
were excluded from the phylogenetic analyses. The total
number of codons remaining was 3,274.

Transfer RNA (tRNA) genes were also subjected
to phylogenetic analysis using NucML in MOLPHY and
BASEML in PAML. Alignment of the tRNA gene se-
guences was done by eye on the basis of the secondary-
structure models (Kumazawa and Nishida 1993, 1995a),
and the alignments are given in Cao (1998). Loop
regions with length mutations and anticodons were ex-
cluded from the analyses, leaving 1,233 sites from the
22 tRNA genes. Because of the differential base com-
position bias between light and heavy strands, only
light-strand sequences were used, irrespective of the
coding strand for individual tRNA genes (Kumazawa
and Nishida 1995a).

Results and Discussion
Phylogenetic Analyses with Lampreys as an Outgroup

Table 2 shows the results of the ProtML analyses
for the 12 individual proteins with the mtREV 24-F mod-
el under the assumption of site-rate homogeneity, fol-
lowed by the overall likelihood using the TotalML pro-
gram in MOLPHY (Adachi and Hasegawa 1996b). Fig-
ure 3 gives the ProtML tree for the concatenated se-
quences of the 12 proteins. A nontraditional tree (tree
4) is supported by these analyses. In it, lungfishes rep-
resent the most ancient branching among the living bony
vertebrates, while a coelacanth/ray-finned fish clade is
the sister group to tetrapods. The same tree is obtained
with all the other models implemented in ProtML, with
those implemented in the PUZZLE program (version
3.1) (Strimmer and von Haeseler 1996) using the dis-
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Table 2
ProtML Analyses of mtDNA Proteins Based on the mtREV24-F Model with Lampreys as an Outgroup
Tree Topology ATP6 ATP8 CcoB COX1 COX2 COX3
1. (((TeLu),Co)Ra) ..... 76 +52 16 = 4.1 251 + 9.9 165 + 9.6 121 = 6.2 53+ 40
2. (((Te,Co),Lu),Ra) .. ... 72+ 54 1.6 + 3.9 227 = 105 161 + 8.1 96 + 55 56 + 3.9
3. ((Te(Lu,Co)),Ra) ..... 38+ 41 16 + 4.1 27.1 + 10.0 82+ 124 10.7 + 6.5 44 + 4.4
4. ((Te(Co,Ra),Lu) ..... 53+ 59 01+ 04 ML 20.3 = 85 18 = 34 ML
5. ((TeLu),(Co,Ra)) ..... 6.8 + 55 1.8 = 42 13.0 + 6.2 17.9 + 9.1 95+ 6.4 28 + 33
6. (Te,(Lu,(Co,Ra)) .. ... 28+ 35 36+ 31 76+ 81 12.6 + 10.1 1.9 + 87 0.8 * 46
7. (Te,((Lu,Co),Ra)) ..... ML 35+ 34 19.4 + 10.7 50 * 12.4 19 + 88 09 + 5.6
8. (((TeLu),Ra),Co) .. ... 6.9 + 54 18 + 4.2 263 = 9.6 6.1+ 65 50+ 7.9 53+ 4.0
9. (((Te,Ra),Lu),Co) ..... 38+ 48 36 + 3.1 283 + 97 79 + 57 17 + 76 32+ 44
10. ((Te,Co),(LURA)) ..... 6.8 + 5.6 36+ 30 220 = 10.7 101 * 6.1 75+ 6.4 36+ 49
11. (Te,(Co,(LURA))) .. ... 24 + 37 36+ 3.0 185 + 11.2 45+ 80 04 + 89 12 = 56
12. ((Te,(Lu,R&)),Co) ..... 6.3 + 58 36+ 31 24.6 = 10.7 ML 33+ 79 36+ 49
13. (((Te,Co),Ra),Lu) .. ... 52+ 59 ML 90+ 74 17.7 + 7.4 ML 16+ 22
14. (((TeRa),Co),Lu) ..... 21+ 52 01+ 04 110 * 6.4 203 * 85 1.0 = 3.7 0.7 = 30
15. ((Te,Ra),(Lu,Co)) .. ... 34+ 43 35+ 34 285 + 95 9.6 + 12.0 6.4 + 6.1 27 + 46
Number of sites ......... 166 32 375 501 214 258

Note.—The highest-likelihood tree among the 15 possible trees among tetrapods (Te), lungfishes (Lu), coelacanths (Co), ray-finned fishes (Ra), and the outgroup
isindicated as “ML,” and the differences of log-likelihoods from that of the ML tree are give (+SE). Bootstrap proportion among the 15 possible trees are given

in parentheses (RELL method with 10,000 replications).

crete I' distribution for the site-heterogeneity, and with
the wide variety of ML models for nucleotide data (here,
first and second codon positions) implemented in MOL-
PHY (Adachi and Hasegawa 1996b), PAUP* (Swofford
1996), and PHYLIP 3.5 (Felsenstein 1996). The same
is true for nucleotide or amino acid parsimony (both
weighted and unweighted), plus a wide variety of dis-
tance-based methods, such as least-squares, neighbor
joining, and split decomposition (based on any available
protein distance estimator). Finaly, neither linear nor
nonlinear invariants (e.g., the Hadamard conjugation)
yielded the traditional tree (see Swofford et al. [1996]
for descriptions of al of the above phylogenetic meth-
ods).

Despite biological expectetions, the bizarre tree in
figure 3 (tree 4) using lampreys as the outgroup has a
log-likelihood (under the ProtML mtREV 24-F model) 3
standard errors better than that of any of the *‘conven-
tional trees’ (see ‘‘total” in table 2). Further, these tra-
ditional trees were never obtained in the 10,000 RELL
bootstrap replications we ran on these data. Thus, there
is no way the problems can be ascribed to a nonsignif-
icant random error.

It is interesting to note that, while 6 of the 12 in-
dividual proteins support tree 4, and most of the re-
maining genes do not reject this tree, COX1 strongly
rejects tree 4, as well as the traditional trees, and sup-
ports another bizarre tree, tree 12 (table 2). The message
appears to be that, whatever is causing this strange be-
havior, there is heterogeneity between genes (Cao et al.
1994, 1998). Disturbingly, none of the genes strongly
favor the true tree, allowing no easy “‘ad hoc’ fix by
concocting reasons to favor these genes.

Taking into account the sites that are unable to
change due to functional constraints (we call these in-
variant sites) is very important. Ignoring this factor
alone can lead to an incorrect tree (inconsistency) with
all methods or dramatically ater the statistical support
for trees (Waddell 1995; Lockhart et al. 1996; Swofford

et a. 1996; Sullivan and Swofford 1997). A robust es-
timator of the number of invariant sites may be obtained
with capture-recapture methods (Sidow, Nguyen, and
Speed 1992; Swofford et al. 1996). Here, the removal
of this proportion in accordance with the base frequen-
cies at the constant sites (Waddell 1995) massively im-
proved the likelihood of the data (fit of the model to the
3,274-sites data; standard model InL = —55,828.9, in-
variant sites model InL = —52,980.4, with the differ-
ence of 2,848.5 being significant; P < 10-19), However,
it did not change the relative fit of the trees appreciably.
For example, tree 4 remained optimal and higher in log-
likelihood than did any of the biologically realistic trees
(trees 1, 2, and 3) by at least 76.5 log-likelihood units,
with a standard error of 21.7 (see “variable sites” in
table 3). Thus, it appears that invariant sites are not the
cause of, or even a clearcut contributor to, this problem.

Furthermore, the AAML program in PAML (Yang
1997) was applied to the concatenated amino acid se-
quences taking into account site heterogeneity by the
discrete I' distribution with eight categories. The use of
the discrete I" distribution further improved the likeli-
hood (tree 4, InL = -52,380.9; tree 6, InL =
—52,378.2). The optimal ML tree has now shifted to a
second bizarre tree (tree 6, in which the lamprey lineage
is attracted to the tetrapod rather than the lungfish lin-
eage), but the log-likelihood difference between trees 4
and 6 is very minor. Although the log-likelihood differ-
ences of traditional trees 1, 2, and 3 from the ML tree
are smaller than those for the ProtML analysis with site
homogeneity, the differences are still highly significant.

Similarly, the use of LogDeterminant distances
(Lake 1994; Lockhart et a. 1994) for either first and
second codon positions or amino acids made no differ-
ence in the tree, suggesting that the problem is not sim-
ply due to base composition or codon biases. The com-
bination of these two factors (the LogDet taking into
account invariant-sites) has been seen to be useful in
resolving controversial phylogenies based on rRNA
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Table 2
Extended
ND1 ND2 ND3 ND4 ND4L ND5 Total BP
107 + 7.9 95+ 74 44 + 42 216 = 9.6 80+ 51 16.4 * 142 101.2 + 27.3 0.0000
19.2 =+ 85 10.2 + 85 76 + 6.6 24.7 + 10.6 76 + 53 226 = 134 117.2 = 27.9 0.0000
165 + 9.1 10.0 + 85 55+ 7.6 218 = 11.1 80+ 51 78 = 12,6 87.8 + 29.6 0.0000
ML ML ML 46+ 78 ML 56+ 84 ML 0.8439
72 +59 3.8 + 30 03+ 11 9.4 + 6.6 49 + 32 20.7 = 12.8 60.4 = 22.0 0.0000
52+ 6.7 38+ 29 04 + 10 ML 49 + 3.2 21.1 + 125 271 + 225 0.0637
100 + 9.1 123 + 6.7 29+ 56 26+ 63 82 + 48 127 + 11.3 41.7 + 27.2 0.0451
99 + 81 9.1+ 65 43 + 4.2 18.7 + 104 77 +55 11.8 + 12.7 75.3 = 26.2 0.0003
16.1 = 9.2 75+ 82 47 *+79 225+ 115 7.7 £ 55 96 + 9.2 79.0 = 26.4 0.0003
203 = 8.1 10.0 + 84 6.4 + 73 22.3 + 10.7 76 + 53 30.8 = 11.7 113.4 = 27.0 0.0000
120 = 85 9.6 = 80 41 =*53 52 + 5.6 82 + 48 276 = 12.1 59.7 + 26.2 0.0011
184 * 8.7 8.7 = 86 64+ 74 199 + 114 77 +55 199 * 11.7 84.8 = 27.4 0.0002
9.7 =59 42 +55 58 + 54 176 + 114 05+ 22 108 * 7.0 445 + 20.7 0.0001
79 + 6.6 25+ 6.2 32+ 6.8 16.4 + 11.9 1.1+ 16 ML 28.6 = 20.9 0.0453
17.3 = 838 79+ 79 47 = 80 199 + 11.7 87 + 49 10.2 = 9.3 85.3 = 27.9 0.0000
309 309 102 429 91 488 3,274

(Waddell 1995; Swofford et al. 1996), even when neither
factor alone appears able to account for the aberrant be-
havior. Here, however, the use of this distance estimator
(with either protein or nucleotide sequences) combined
with various distance-based tree estimation procedures
(see earlier) made no qualitative difference (results not
shown).

Naylor and Brown (1997, 1998) suggested that iso-
leucine (1), leucine (L), and valine (V) are the amino

acids responsible for the inconsistency they observed in
their example of mtDNA (including the lancelet se-
guence), and showed that exclusion of these amino acids
from the analysis recovers a hiologically reasonable tree.
Accordingly, it would seem to be no coincidence that
the rate of interchange between these three hydrophobic
amino acidsis very high in mitochondrial proteins (Ada-
chi and Hasegawa 1996a). To test this hypothesis, we
reran our analysis by converting all leucines and valines

100 seal
7 cat
horse
rhinoceros
cow
whale
rat
mouse

ﬂ:wallaroo
opossum

| S|
0.1 substitutions/site

platypus
100 chicken
—‘: ostrich
alligator
frog
coelacanth
carp
loach
trout
cod
lungfish
lamprey

Fic. 3.—Evolutionary trees of vertebrates with lampreys as an outgroup estimated from mitochondrial proteins using ProtML with the
mMtREV 24-F model (Adachi and Hasegawa 1996b). For each internal edge, the bootstrap probability (%) (after fixing the relationships within
subtrees attached to that branch) is shown. Local bootstrap probability (Adachi and Hasegawa 1996b) was estimated with the RELL method
with 10,000 replications. The horizontal length of each branch is proportional to the estimated number of amino acid substitutions.
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Table 3
ProtML and AAML Analyses of Concatenated mtDNA-Encoded Proteins, and NucML and BASEML Analyses of
Concatenated mt-tRNAs with Lampreys as an Outgroup

12 PROTEINS
ProtVIL NucML First TRNAS

AAML and Second BASEML
All Sites | =L =V Vaiable Sites Perfect Sites Gamma Positions NucML Gamma
TREE (3,274) (3,274) (2,221) (1,438) (3,274) (6,548) (1,233) (1,206)
1. (((TeLu),Co),Ra) ... 119.8 + 228 1104 + 225 775 = 175 109 + 7.7 330 = 123 1388+ 247 54 +89 09+ 41
2. (((TeCo),Lu),Ra) ... 140.3 £ 259 1228 =256 90.1 = 20.3 109 = 7.7 449 = 139 1642 =272 63 =101 31 =49
3. ((Te(Lu,Co)),Ra) ... 117.3 =280 1041 + 273 765+ 217 88 *82 350+ 151 1362 +295 21+ 106 19 +52

4. ((Te(Co,Ra),Lu) ... ML ML ML 04+80 27093 ML ML ML
5. ((TeLu),(CoRa)) ... 611+ 144 591 =149 372+ 110 7.0+61 134+73 756 =155 49*=47 02= 27
6. (Te(Lu,(Co,Ra))) ... 305+ 187 288+ 192 17.0 = 145 ML ML 392 +199 30*+x54 08=x23
7. (Te((Lu,Co),Ra)) ... 619 =274 476+ 267 358+ 213 10=*48 121+ 108 794 +293 03*+95 1250
8. (((TeLu),Ra),Co) ... 96.6 =242 877240 642 =185 80=*=84 283+ 128 1153+ 261 55*+84 06=42
9. (((TeRa),Lu),Co) ... 1034 =281 881 *+278 674+219 80=*84 327+ 157 1227 +300 41*+95 3146
10. ((Te,Co),(Lu,Ra)) ... 136.2 = 26.4 116.1 = 26.3 874 = 206 98 = 6.9 46.2 = 134 1559 = 280 92 *=94 32=*49
11. (Te,(Co,(Lu,Ra))) ... 785+ 26,6 620+ 262 472+ 207 30+39 225+ 89 894 +291 59+89 26=*46
12. ((Te,(Lu,Ra),Co) ... 1113 £ 283 935*283 741 =219 69=*77 398 * 143 1267 = 303 4.8 *= 100 26 =50
13. (((Te,Co),Ra),Lu) ... 585 + 173 496 = 17.0 409 = 142 42 +92 309+ 144 671*179 40*69 19+ 39
14. (((TeRa),Co),Lu) ... 425+ 193 343+ 190 301 =159 42*+92 232=*159 487206 26=*=71 23=*36
15. ((Te,Ra),(Lu,Co)) ... 1085 + 27.7 935+ 273 695+ 217 88+ 82 320+ 156 1316 =293 36 *96 24+ 49

NoTe.—The o/ ratio of the HKY 85 model in the mt-tRNA analysis was estimated to be 7.16.

into isoleucine (thus, the analyses would not discrimi-
nate among these three amino acids). The result was no
significant difference in any of the many different types
of phylogenetic analysis (see ‘I = L = V" in table 3).
Thus, Naylor and Brown’s (1997, 1998) recommenda-
tion does not improve the situation, despite mtDNA se-
quences being similar to those they studied, suggesting
that the problem must lie elsewhere in this case.

Finally, we considered a method based on the ** per-
fect-sites” analysis (Waddell 1995), which uses a cap-
ture-recapture philosophy to identify, then remove, sites
experiencing a higher rate of change. Here, al positions
showing any change in either the monophyletic group
of tetrapods or the monophyletic group of ray-finned
fishes were removed, leaving 1,438 sites, many of them
unvaried. This ensures an unbiased set generaly of the
slowest-evolving sites, which are expected to be most
robust to misspecification of an ML model. Tree 6 is
favored as in the AAML analysis, with tree 4 being
practically equally good, while the biologicaly realistic
trees are still all unlikely. This type of site screening
dramatically reduces the amount of data and its apparent
resolving power. The shift in ML to the second unusual
tree, tree 6, completes a trend in its ascendancy over
tree 4 as the selection of sites and model becomes in-
creasingly stringent. The other methods of analysis (not
shown) follow a similar shift in preference toward tree
6, and all of the biologically readlistic trees remain highly
improbable.
Breaking Up the Long Edge to Lampreys

A denser sampling of Agnatha might help resolve
the situation if the sea lamprey sequence was aberrant.
In order to check this, we reanalyzed ND1 and ND2
with the ProtML, including data from two other agna-
than species, the river lamprey Lampetra fluviatilis and
the hagfish Myxine glutinosa, sequenced by Delarbre et

al. (1997), as an outgroup in addition to the sea lamprey.
However, the result remained almost unchanged from
that shown in table 2; i.e., tree 4 remains the ML tree
for both proteins, and trees 1, 2, and 3 have log-likeli-
hood values lower than does tree 4 by 10.7 = 7.9 (7.1
+ 8.1),19.2 + 85 (7.5 + 8.8), and 16.5 + 9.1 (7.4 +
8.8), respectively, for ND1 (ND2). In these trees, the
hagfish and the lamprey were very distantly related, al-
though there is disagreement as to whether they consti-
tute a monophyletic group or a paraphyletic group (e.g.,
Stock and Whitt 1992; Rasmussen, Janke, and Arnason
1998). Both the hagfish and the lamprey joined the
jawed vertebrate tree at a similar strange locality, show-
ing that the lamprey sequence is not unusua in this re-
gard (and eliminating possible reasons, such as gross
sequencing errors or a chimeric sequence).

Analyzing tRNAs

It might be expected that mt-tRNA sequences
would give a reliable tree for the early vertebrate
branchings due to their fairly slow rate of change (Ku-
mazawa and Nishida 1993, 1995a, 1995b). However, the
unusual tree 4 is the ML tree for mt-tRNASs too, while
the log-likelihood differences among any possible trees
are very minor (table 3). The differences are even more
minor when the BASEML program in PAML is applied
with the discrete I' distribution (the number of nucleo-
tide sites is reduced in the BASEML analysis, because
this program excludes gap sites automatically), suggest-
ing that the mt-tRNAs do not have sufficient reliable
information to resolve this problem.

Of course, there remains a possibility that tree 4 in
figure 1 (or tree 6) is indeed correct, but this seems
unlikely from both the morphological evidence (Carroll
1988; Cloutier and Ahlberg 1996) and the analysis pre-
sented below. The possibility that the living Agnatha are
misclassified and are really very degenerate forms of
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Fic. 4—Evolutionary trees of vertebrates with sharks as an outgroup estimated from mitochondrial proteins using ProtML with the
mtREV 24-F model (Adachi and Hasegawa 1996b). This tree (tree 1) is not the highest-likelihood tree under the model, but the log-likelihood
difference from the best tree (tree 5), which has no support from morphological evidence, is only 0.8 = 17.9.

advanced jawed bony fish rather than relicts of the early
jawless fish radiation likewise seems highly improbable.

Resolving the Issue with the Shark Sequence

To help solve this puzzle, we sequenced the whole
mtDNA of gummy shark, M. manazo. This taxon is
closer to the ingroup species than is the lamprey, and so
it is expected to be a better outgroup. The sequence has
been deposited in the DDBJEMBL/GenBank database
(accession number AB015962). This sequence is 16,707
bp long, and all of the typical vertebrate protein, rRNA,
and tRNA genes are present, while the gene arrangement
is identical to that in the sequenced ray-finned fish
mtDNAs.

By using sharks instead of lampreys as the out-
group, atraditional tree (tree 1) showing ray-finned fish-
es as the sister taxa to the remaining bony vertebrates
is optimal with some methods. While a nontraditional
tree (tree 5) is optimal using ProtML with the site-ho-
mogeneous MREV 24-F model, its log-likelihood value
is practically indistinguishable from that of a traditional
tree (tree 1; fig. 4) (with adifference of only 0.8 = 17.9;
table 4). Trees 2, 3, and 4 have log-likelihoods substan-
tially worse than that of tree 5 by 33.3 + 23.6, 20.6 +
24.6, and 22.0 = 15.8, respectively. With the AAML
program, tree 1 turned out to be the ML tree, athough
the log-likelihood difference between trees 1 and 5 is
still minor. All other phylogenetic methods give similar

results, suggesting the possibility that the shark isindeed
behaving as a reasonable outgroup (to the extent that it
does not significantly favor any bizarre tree over the
reasonable trees; results not shown).

The recovery of tree 1 as likely (although not
unique) is significant, as there has been some disagree-
ment among morphologists on this point. Specificaly,
ray-finned fishes are definitely less closely related to tet-
rapods than are lobe-finned fishes (for review see, e.g.,
Forey 1998). Tree 5 is not one of the trees the mor-
phol ogists thought might be correct, so, based on a Bay-
esian argument, the data have some resolving power to
suggest that ray-finned fishes are an outgroup to all other
bony vertebrates. However, the small differences sepa-
rating these trees suggest that the time interval for these
divergences may be shorter than is commonly accepted.
The BASEML and PAUP* ML analyses of mt-tRNAS
with a I' distribution of site rates with sharks as the
outgroup again suggest that the data do not contain suf-
ficient information to resolve the phylogenetic problem
at hand.

Finally, analyses using both sharks and lampreys
clearly show the very distinct characteristics of these
two sequences (trees not shown). The edge leading to
lampreys is much longer than the edge leading to sharks.
These two taxa do not appear together on the tree, and
lampreys show a tendency to join near frogs or the lin-
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Table 4

ProtML and AAML Analyses of Concatenated mtDNA-Encoded Proteins, and NucML and BASEML Analyses of

Concatenated mt-tRNAs with Sharks as an Outgroup

12 PROTEINS
TRNASs
ProtmML AAML BASEML
All Sites l=L=V Variable Sites Gamma NucML Gamma
TREE (3,274) (3,274) (2,184) (3,274) (1,233) (1,206)

1. (((TeLu),Co),Ra) .... 08 = 179 1.3+ 174 1.5 *+ 149 ML 149 + 10.8 78 + 64
2. (((TeCo),Lu),Ra) .... 333 = 236 23.8 = 23.0 234 + 194 13.3 =+ 6.9 225 + 10.1 11.2 + 58
3. ((Te(Lu,Co)),Ra) .... 20.6 = 24.6 12.6 + 23.8 159 + 20.1 6.2 + 85 15.0 + 115 9.1+ 65
4. ((Te(Co,Ra)),Lu) .... 220 =* 158 240 = 158 14.1 + 12.8 96 = 148 154 + 11.6 6.8 = 7.3
5. ((TeLu),(Co,Ra)) .... ML ML ML 1.9 = 10.9 125 + 114 54+ 73
6. (Te(Lu,(Co,Ra)) .... 351 =141 33.0 = 144 23.8 £ 11.2 7.2 = 156 12.3 + 11.7 50+ 74
7. (Te,((Lu,Co),Ra)) .... 386 * 22.0 272 + 213 278 + 175 6.5 + 15.3 6.7 £ 12.3 49 + 7.2
8. (((TeLu),Ra),Co) .... 17.1 = 153 16.6 * 14.7 13.0 * 12.6 88+ 9.2 43x72 23+ 46
9. ((TeRaA),Lu),Co) .... 515247 49.4 + 237 35.7 = 20.7 17.1 = 15.0 6.4 + 6.5 3.6 + 3.9
10. ((Te,Co),(Lu,Ra) .... 60.5 = 23.2 493 = 225 444 + 18.8 28.0 £ 11.7 143 = 6.4 6.2 = 3.9
11. (Te,(Co,(Lu,Ra))) .... 59.4 + 20.9 49.2 = 20.1 416 = 16.6 171 + 151 6.8 + 8.8 32+ 54

12. ((Te,(Lu,Ra),Co) .... 632 = 227 58.6 = 21.9 474 + 185 25.8 = 13.0 ML ML
13. (((Te,Co),Ra),Lu) .... 338+ 226 276 = 22.0 23.7 + 187 20.8 + 12.8 20.1 + 10.2 10.2 + 6.1
14. (((TeRa),Co),Lu) .... 317 =243 31.3 =+ 234 21.2 + 20.6 13.0 = 15.7 14.7 = 10.3 82 *+ 6.1
15. ((Te,Ra),)Lu,Co)) .... 39.0 = 258 325 + 248 279 = 214 109 + 15.1 11.4 + 109 74 + 6.3

eage leading to amniotes (standard ProtML tree), and
sometimes even near the lineage leading to birds! The
shark, in contrast, joins on the edge leading to ray-finned
fishes and coelacanths.

Concerning the relationship among coelacanths,
lungfishes, and tetrapods, our analysis, despite uncer-
tainties, tends to prefer the lungfish/tetrapod grouping,
although we could not exclude the other possibilities.
Our analyses are more extensive and sophisticated than
those of Zardoya and Meyer (1997a) and Zardoya et al.
(1998), but we have each reached the same conclusion:
nobody can offer statistically sound support resolving
these relationships. Even using sharks as an outgroup,
we could not discriminate between tree 1 and tree 5.
While it is accepted from paleontology that the diver-
gence time between the living lobe-finned fish lineages
and the tetrapod lineage occurred in aslittle as 15 MYA
(Carroll 1997; Zardoya and Meyer 1997b), the similar
fit of trees 1 and 5 may suggest that the ray-finned fish
did not branch off much earlier, something that is less
clear from the fossil record.

Conclusions

This analysis clearly suggests that something very
unusual has occurred in the lineage leading not just to
the sea lamprey mtDNA, but to that of other agnathans
as well. We seem to have eliminated the commonly sug-
gested causes (unequal site rates, certain amino acids
being unreliable, long edges attracting, unequal base
composition), leaving presently only enigmatic, but im-
precisely specified possibilities, such as shifts in the
functional roles of amino acid sites, or natural selection
fixing substitutions in a highly peculiar way. These
ghostly apparitions at the edge of current phylogenetic
thought need to be explored more fully, and the evolu-
tion of lampreys appears to provide an ideal case study.
A complete mtDNA sequence of the other living agna-

than, the hagfish, could be especialy illuminating in this
regard.

Indeed, since submission of this paper for review,
a hagfish sequence has been published (Rasmussen, Jan-
ke, and Arnason 1998). While the sequence is avaluable
contribution, we are very suprised at the authors con-
clusion: that Agnatha really do root on the edge leading
to amniotes, hence making all extant jawed fish mono-
phyletic. As we have shown with analyses of the new
shark sequence, we do not see any good evidence to
support such an extraordinary claim. While it is true that
the shark does not statistically exclude the rooting point
for the lamprey, it is aso true, and unexplainable, that
the long-edged lamprey does significantly exclude the
rooting point for the shark. Such a situation does not
make sense modelwise, leading only to a prediction that
the model is not adequate for reliably locating the lam-
prey sequence.

A denser sampling of not only Agnatha, but also
Chondrichthyes, Dipnoi, Amphibia, and Reptilia, may
improve the phylogenetic estimate from the mitochon-
drial proteins by helping methods like ML and parsi-
mony to reconstruct likely ancestral states more reliably.
For example, even though strong convergent evolution
has clearly occurred in the lysozymes of ruminant arti-
odactyls and leaf-eating monkeys, causing them to be
erroneously combined in the phylogenetic analyses of
small numbers of species (Stewart, Schilling, and Wil-
son 1987), areasonable tree is sometimes obtained when
the number of sampled species is increased, in spite of
the presence of such misleading signals (Adachi and
Hasegawa 1996b).

To instructively diagnose the cause of an erroneous
tree as ““long edges attracting” is often not helpful
(Waddell 1995). Long-edge attraction is a symptom of
an underlying problem, that of more parallelisms and
convergences than expected under the model used to



reconstruct the tree. This much is obvious. While long
edges are sometimes apparent in such cases, they need
not be, and they tell us little of the nature of the prob-
lem. What is really required is a detailed diagnosis. In
the present case, the cause has eluded us. We have found
no evidence for unequal site rates, varying base com-
position, a misspecified transition matrix (e.g., changes
between I, L, and V being much more common than
anticipated), or any combination of these. In this ex-
ample, the agnathans represent relatively long lineages,
but the significant results favoring the wrong tree show
that a strong model-violating bias is in operation. Long
edges are, at best, a symptom and not a cause. Sup-
porting this view are two important facts: (1) the second-
best ProtML tree involves the joining of a short internal
edge (to tetrapods) and a long external edge (to lam-
preys); and (2) as more stringent models are used, better
taking into account multiple hits, this second-best tree
actually becomes the best tree. This is strange indeed,
as this new rooting point is no closer to the expected
biological root, near shark and ray-finned fish. There
must be a biological reason for this behavior. Until it
can be identified and removed or accommodated, mo-
lecular phylogenetics is left with this worrying puzzle
and another cautionary tale.

To conclude, the recovery of an acceptable tree by
replacing lampreys with sharks demonstrates a number
of important points. (1) the importance of choosing an
appropriate outgroup in phylogenetic estimation; (2) that
all methods of phylogenetic analysis can be severely
misleading, including ML (Waddell 1995); (3) that a
conciliance of results from different algorithms is not
necessarily good evidence for the robustness or reli-
ability of an analysis; and (4) that phylogenetics and
molecular structural biology are still in their infancy
when it comes to explaining or working around abnor-
mal modes of sequence evolution.
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