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28S and 18S rDNA Sequences Support the Monophyly of Lampreys and
Hagfishes

Jon Mallatt* and Jack Sullivan†
*Department of Zoology, Washington State University; and †Department of Biological Sciences, University of Idaho

Resolving the interrelationships of three major extant lineages of vertebrates (hagfishes, lampreys, and gnathostomes)
is a particularly important issue in evolution, because the basal resolution critically influences our understanding of
primitive vertebrate characters. A consensus has emerged over the last 20 years that lampreys are the sister group
to the gnathostomes and the hagfishes represent an ancient, basal lineage. This hypothesis has essentially displaced
the classical hypothesis of monophyly of the cyclostomes (lampreys plus hagfishes). To test these hypotheses, we
compared nearly complete ribosomal DNA sequences from each of these major lineages, as well as those from a
cephalochordate and a urochordate, which represent a paraphyletic outgroup for assessing the basal vertebrate
relationships. For this comparison, 92%–99% complete 28S rDNA sequences were obtained from the lancelet
Branchiostoma floridae, the hagfish Eptatretus stouti, the lamprey Petromyzon marinus, and cartilaginous fishes
Hydrolagus colliei and Squalus acanthias and were then analyzed with previously reported 28S and 18S rDNA
sequences from other chordates. We conducted conventional (nonparametric) bootstrap analyses, under maximum-
likelihood, parsimony, and minimum-evolution (using LogDet distances) criteria, of both 28S and 18S rDNA se-
quences considered separately and combined. All these analyses provide moderate to very strong support for the
monophyly of the cyclostomes. Furthermore, the currently accepted hypothesis of a lamprey-gnathostome clade is
moderately rejected by the Kishino-Hasegawa test (P 5 0.099) and resoundingly rejected by parametric bootstrap
tests (P , 0.01) in favor of monophyly of living cyclostomes. Another significant finding is that the hagfish E.
stouti has the longest 28S rDNA gene known in any organism (.5,200 nt).

Introduction

Lampreys and hagfishes comprise the living jaw-
less vertebrates, whereas all other extant vertebrates are
jawed (gnathostomes). The question of how these three
groups are interrelated is critical to understanding ver-
tebrate evolution because it involves the most basal
branches of the vertebrate phylogeny and therefore has
great influence on our assessment of primitive vertebrate
characters. The first jawless vertebrates are thought to
have evolved about 500 MYA, followed by the first gna-
thostomes about 460 MYA (Sansom, Smith, and Smith
1996). Although traditional classifications united lam-
preys with hagfishes as cyclostomes, the increasing in-
fluence of cladistics in the 1970s led to a reassessment
of their relationships (Hardisty 1979, 1982; Janvier
1981). In recent years, a consensus has emerged that
lampreys are the sister group to gnathostomes, with the
hagfish lineage having diverged as the basal lineage.
Agreement on this is remarkably complete among ver-
tebrate morphologists and paleontologists (Nelson 1994;
Janvier 1996; Rovainen 1996; Sower 1998; Tree of Life
Website: http://phylogeny.arizona.edu/tree/phylogeny
.html). Under any scenario, however, it seems likely that
all three groups are very distantly related, and that hag-
fishes have many uniquely derived characters that result
in ambiguous assessment of homologies and thereby
confuse phylogenetic analyses. Structural characters
thought to be synapomorphies uniting lampreys and
gnathostomes include the presence of at least rudimen-
tary vertebral arches, Mauthner neurons in the brain-
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stem, renal collecting ducts, a hypoglossal nerve, at least
a rudimentary spleen, true taste buds, and loss of a sub-
cutaneous nerve plexus/slime-gland plexus (Hardisty
1982; Braun 1996; H. Wicht, personal communication).

However, three voices have spoken against this
new consensus: (1) Mallatt (1997a, 1997b) argued that
hagfishes and lampreys uniquely share many structural
synapomorphies, including a large vertically-biting
‘‘tongue’’ apparatus (that itself contains many putative
synapomorphies; Yalden 1985), a highly elongated oral
region, and a respiratory flap called the velum; none of
these characters can be either seen or reasonably recon-
structed in the fossil jawless fishes (ostracaderms) that
would be expected to reveal ancestral vertebrate char-
acters. (2) At the molecular level, Stock and Whitt
(1992) provided evidence that 18S ribosomal DNA se-
quences support a lamprey/hagfish grouping with strong
bootstrap values from both likelihood and parsimony
analyses; this conclusion was upheld by the reanalysis
of Turbeville, Schulz, and Raff (1994). (3) Lanfranchi
et al. (1994) conducted a parsimony analysis of hemo-
globin amino acid sequences and reached the same con-
clusion, although their outgroup was not ideal (an echi-
noderm, rather than nonvertebrate chordates, was used).

By contrast, another recent molecular analysis used
vasotocin and united lampreys with gnathostomes (Su-
zuki et al. 1995). However, this finding might be ques-
tioned, because an extremely distant outgroup was used
(snail). Outgroup choice is especially critical in resolv-
ing basal relationships from molecular data because of
long-branch-attraction problems (Felsenstein 1978) and
uncertainty in rooting (see below).

Here, we extend Stock and Whitt’s (1992) study of
18S rDNA by sequencing and analyzing almost the en-
tire 28S rRNA gene (plus part of the small 5.8S rRNA
gene) from a hagfish, a lamprey, a lancelet, and some
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gnathostome taxa. As in Stock and Whitt’s study, our
alternative hypotheses of basal-vertebrate relationships
are (1) the classical cyclostome view that lampreys and
hagfishes are monophyletic versus (2) the currently ac-
cepted view that lampreys and gnathostomes are sister
taxa. When analyzed suitably, 28S sequences should be
appropriate for reconstructing deep phylogenetic
branches such as the basal radiation of the vertebrates
(Hillis and Dixon 1991), and should yield at least as
much phylogenetic information as does the 18S gene
(e.g., Kuzoff et al. 1998). In addition to providing a
large new data set, this molecular-phylogenetic approach
has the following advantages over the morphology-
based approach in resolving cyclostome–gnathostome
relations: (1) vertebrates are so anatomically dissimilar
from their chordate relatives, cephalochordates (lance-
lets) and urochordates (tunicates), that it is difficult to
assess homologies and determine primitive character
states for anatomical structures; (2) molecular phyloge-
netic studies can use powerful maximum-likelihood
methods which accommodate various well-characterized
features of molecular evolution, including different rates
for different types of nucleotide substitution (e.g., Yang
1994a), among-site rate heterogeneity (e.g., Yang
1994b; Gu, Fu, and Li 1995; Waddell and Penny 1996),
and unequal base frequencies (e.g., Felsenstein 1981).
These model-based approaches are not available for
morphological analyses, which are therefore restricted
to the use of parsimony (nor were such improved mod-
els available to Stock and Whitt [1992] for their system-
atic study using 18S rDNA).

Materials and Methods
Specimens and DNA Extraction

Nearly complete 28S and partial 5.8S rDNA se-
quences were obtained from five chordate species
(GenBank accession numbers AF061796–AF061800):
three individuals each of (1) the lancelet Branchiostoma
floridae (4–4.5 cm long, from Tampa Bay, Fla.), (2) the
hagfish Eptatretus stouti (22–26 cm, collected off La
Jolla in 150 m of water at Scripps Institution of Ocean-
ography, Calif.), (3) the lamprey Petromyzon marinus
(46–54 cm, Cheboygan River, Cheboygan County,
Mich.), (4) the chimaeroid Hydrolagus colliei (a carti-
laginous fish; 40–54 cm, from Puget Sound), and (5) the
dogfish shark Squalus acanthias, (1 m, from the Seattle
Aquarium, originally from Puget Sound). Additionally,
one trout Oncorhynchus mykiss was used (from Oregon
State University Hatchery, Corvallis) to provide a small
segment of the 28S gene not already sequenced by Zar-
doya and Meyer (1996; AF061801; see table 1). For all
individuals, 0.5-cm2 pieces were clipped from the tails
and preserved immediately in 95% ethanol; thus, the
DNA came mainly from skin and muscle. DNA was
extracted with the CTAB method (Winnepenninckx,
Backeljau, and DeWachter 1993).

DNA Amplification and Purification

The large-subunit (LSU) rRNA genes were ampli-
fied entirely by PCR. For the initial amplification, the

reaction mixtures contained: 10.05 ml of millipore-fil-
tered distilled water, 2 ml of 2.5 mM dNTP solution, 5
ml of PCR Buffer B from the Invitrogen PCR Optimizer
Kit (pH 8.5, [Mg21] 5 2.0 mM), 0.25 ml of Taq poly-
merase (5–8 U/ml), 0.4 ml of Stratagene Taq Extender
PCR Additive, 1.6 ml of DMSO, 2.5 ml each of two
primer solutions (10 pM/ml), and 1 ml of DNA template
(3–20 ng/ml) covered with 2 drops of mineral oil. The
amplifications were performed in an Amplitron II (Ther-
molyne) cycler with the following settings: (1) a pre-
dwell at 948C for 4 min; (2) 30 cycles of: 948C for 1
min, 53–618C for 1 min, 728C for 3:15 min; and (3) a
postdwell at 728C for 10 min. To generate sufficient
DNA for sequencing, reamplification was performed as
follows: the initial PCR product was separated by elec-
trophoresis on a low-melt gel (SeaPlaque agarose, FMC
BioProducts; stained with ethidium bromide), excised,
and diluted three times in TE (pH 7.5); then, 1–2 ml of
this solution was used as the DNA template under the
same PCR-reaction conditions as given above, except
with fewer than 25 amplification cycles; products were
again gel-purified, and then extracted using GeneClean
III (Bio 101, Inc.). Template concentrations were mea-
sured on a Hoefer DNA fluorometer Model TKO 100
using Hoechst dye, then diluted to between 3.5 and 10
ng/ml for sequencing (see below).

Primers

The following primers (from Oligos Etc., Inc., Wil-
sonville, Oreg.) were used for amplification and se-
quencing in all new taxa. They extend from the 39 end
of the 18S rRNA gene through the internal transcribed
spacers and the 5.8S gene, to about 55 nt upstream from
the 39 end of the 28S gene, and are separated by an
average of 300 nt: universal primers 4, 5, 12, 13, 16–
19, 26, 27, 30, and 31 of Van der Auwera, Chapelle,
and De Wachter (1994); primers D8 and C2, and their
complements, of Philippe et al. (1994); primers 18d,
5.8c, 5.8d, 28dd, ee, ff, hh, ii, w, x, and z of Hillis and
Dixon (1991); plus a new 28S primer nearest the 39 end:
ACTTTCAATAGATCGCAG. Two additional sequenc-
ing primers were required for hagfishes, from the middle
of the long D2 and D8 domains: TGGGTGA-
TCCACCGGGTCCG and CCCTCTTTCGTGGAGGT-
GCGGG. For all taxa but hagfish, the rRNA gene se-
quence was amplified in three overlapping fragments as
follows: fragment 1, from the 39 end of the 18S gene
(primer 18d above) or the 5.8S gene (primer 5.8d) to
about 300 nt into the 28S gene (primer C2); fragment
2, from about 55 nt after the 59 end (primer 4) to about
300 nt before the 39 end (primer 31) of the 28S gene;
fragment 3, from about 500 nt before (primer 28ii) to
about 55 nt before (new primer ACTTTCAATAGA-
TCGCAG) the 39 end of the 28S gene. In hagfish, the
second of these fragments (the bulk of the 28S gene)
was so long that it had to be amplified in three roughly
equal subfragments.

Sequencing

DNA sequencing was performed on an automated
ABI 373 DNA Sequencer using fluorescent dye-termi-



1708 Mallatt and Sullivan

Table 1
Parts of the rRNA Genes Used, from Different Chordates

Taxa for which new LSU rRNA sequences (28S and partial 5.8S) were determined in this study
1. Hydrolagus colliei (chimaera: jawed cartilaginous fish)

Available: all of 18S gene except first ;40 nt (Stock 1992); all of 5.8S; all of 28S except last ;54 nt at 39 end (present study; GenBank
accession number AF061799)
Used: all of available 18S and 28S, last 50 nt of 5.8S

2. Squalus acanthias (shark: jawed cartilaginous fish)
Available: all of 18S gene except first ;60 nt (Bernardi, Sordino, and Powers 1992; GenBank accession number M91179); no 5.8S; all
of 28S except the last ;300 nt (present study; GenBank accession number AF061800)
Used: all available

3. Petromyzon marinus (lamprey)
Available: all of 18S gene except first ;40 nt (Stock and Whitt 1992; GenBank accession number M97575); all of 5.8S; all of 28S except
the last ;54 nt (present study; GenBank accession number AF061798)
Used: all of available 18S and 28S, last 50 nt of 5.8S

4. Eptatretus stouti (hagfish)
Available: all of 18S except first ;40 nt (Stock and Whitt 1992; GenBank accession number M97572); last 50 nt of 5.8S; all of 28S
except last ;54 nt (present study; GenBank accession number AF061797)
Used: all available

5. Branchiostoma floridae (lancelet: invertebrate chordate)
Available: all of 18S except first ;40 nt (Stock and Whitt 1992; GenBank accession number M97571); last 50 nt of 5.8S; all of 28S
except last ;54 nt (present study; GenBank accession number AF061796)
Used: all available

Taxa for which information was already available
1. Xenopus laevis (frog)

Available: complete 18S, 5.8S, 28S sequences (Ajuh, Heeney, and Maden 1991; GenBank accession number X59734)
Used: all 18S except first ;40 nt; last 50 nt of 5.8S; all of 28S except last 54 nt

2. Latimeria chalumnae (coelacanth: lobe-finned bony fish)
Available: all 18S except first ;40 nt (Stock et al. 1991; GenBank accession number 111288); no 5.8S; 28S missing first 56 and last ;300
nt (Zardoya and Meyer 1996; GenBank accession number lcu34336)
Used: all available

3. Oncorhynchus mykiss (trout: ray-finned bony fish)
Available: no 18S; all of 28S except first 56 and last ;54 nt (Zardoya and Meyer 1996; GenBank accession number omu34341; present
study; GenBank accession number AF061801)
Used: all available

4. Acipenser brevirostrum (sturgeon: ray-finned bony fish)
Available: all of 18S except first ;40 nt (Stock 1992); no 5.8S; 28S missing first 56 and last ;300 nt (Zardoya and Meyer 1996; GenBank
accession number abu34340)
Used: all available

5. Rhinobatos lentiginosus (ray: cartilaginous fish)
Available and used: all of 18S except first ;40 nt (Stock and Whitt 1992; GenBank accession number M97576)

6. Styela plicata (tunicate: invertebrate chordate)
Available and used: all 18S except first ;40 nt (Stock and Whitt 1992; GenBank accession number M97577)

7. Herdmania momus (tunicate: invertebrate chordate)
Available: complete 18S, 5.8S, 26S sequences (Degnan et al. 1990; GenBank accession number X53538)
Used: all of 18S except first ;40 nt; last ;50 nt of 5.8S; all of 26S except last ;51 nt

nator biochemistry. The reaction mixture for cycle se-
quencing consisted of: 7.3 ml of terminator dye premix
(Perkin Elmer/ABI); 35–100 ng of DNA in 10 ml of
water; 1.6 ml of sequencing-primer solution (2 pM/ml);
1.0 ml DMSO; and 0.6 ml Taq Extender PCR Additive.
The cycle-sequencing conditions were: (1) predwell for
3 min at 968C and (2) 25 cycles of: 968C for 30 s, 508C
for 2 min, and 608C for 4 min. The DNA product was
cleaned with Centri-Sep columns (Princeton Separa-
tions, Inc.) and vacuum-dried before sequencing. Full
sequences were obtained from three animals per taxon.
For all the basal-chordate taxa, the sequence was deter-
mined from both strands for at least 90% of the se-
quence.

Fragment Assembly and Alignment

Consensus sequences were assembled from contigs
using the GCG fragment assembly system (Genetics
Computer Group 1994), consisting of the programs
GelStart, GelEnter, GelMerge, and GelAssemble. Our

newly obtained 28S and partial 5.8S sequences were im-
ported into SeqLab (see Smith et al. 1994); we also im-
ported corresponding 18S rDNA sequences and com-
parable 28S, 18S, and 5.8S rDNA sequences of other
chordates from GenBank and from Stock (1992). Table
1 lists all of the sequences used, from numerous taxa.

The sequences were first divided into stems and
loops according to the models of rRNA secondary struc-
ture in the electronic database at the University of Col-
orado (http://pundit.colorado.edu:8080/RNA/23S/
23s.html and /16S/16s.html; Schnare et al. 1996; Gutell
1994). Alignments were made by eye using these mod-
els as a guide (the LSU models of Xenopus laevis and
Herdmania momus and the SSU models of X. laevis and
Strongylocentrotus purpuratus). The alignments are
available on request from the authors and from the
EMBL Nucleotide Sequence Database (alignment num-
bers DS35047–DS35049).

In preparation for phylogenetic analyses, we man-
ually omitted sites that we considered to be poorly



28S rDNA Phylogeny of Basal Vertebrates 1709

aligned, that were absent from the lamprey or the hag-
fish, or that were absent from both the invertebrate out-
groups, Branchiostoma and tunicate. The 28S data were
divided into: (1) the conserved core of this molecule
(2,344 aligned nucleotides) and (2) the core plus the
alignable parts of the divergence domains (2,883 aligned
nucleotides). Divergence domains, which are more vari-
able and more rapidly evolving than the conserved core
(Schnare et al. 1996), were originally identified in
mouse (Hassouna, Michot, and Bachellerie 1984;
GenBank accession number X00525) and were identi-
fied for the present taxa by location of the corresponding
boundary sequences. All but the most readily alignable
parts of these domains were omitted in order to mini-
mize the confounding effects of cryptic simplicity, in-
dels, and multiple substitutions on phylogenetic analysis
(see, e.g., Kuzoff et al. 1998).

Phylogenetic Analysis

All phylogenetic analyses were performed using
PAUP* (test versions 4.0d55–64, by D. L. Swofford).
Gaps were treated as missing data. The 28S and 18S
rDNA alignments were analyzed separately and also
were combined, along with the incomplete (50 aligned
nucleotides) 5.8S data. Combining these three different
genes was warranted primarily because the 28S and 18S
data produced nearly identical phylogenetic trees (see
below). Furthermore, the incongruence-length difference
test (Farris et al. 1994; Cunningham 1997) suggested
that these genes are not significantly more incongruent
than random partitions (P , 0.44) (but see Sullivan
[1996] for a criticism of that test as an arbiter of data
combination). For both the 28S and combined data sets,
we conducted analyses using both the core regions (with
all data from 28S divergence domains omitted; desig-
nated ‘‘CORE’’) and a data set that included the parts
of the 28S divergence domains we judged to be aligned
reliably (designated ‘‘CORE 1 DIV’’).

Analyses were conducted primarily under the like-
lihood criterion (Felsenstein 1981), following the itera-
tive search strategy proposed by Swofford et al. (1996;
see Sullivan, Markert, and Kilpatrick [1997], Sullivan
and Swofford [1997], and Naylor and Brown [1998] for
examples of this strategy). First, initial trees were ob-
tained by exact searches (branch and bound) using
equally weighted parsimony; the best parsimony trees
consistent with each of the alternative hypotheses of ba-
sal-vertebrate relationships were then used to evaluate
the relative fits of evolutionary models and to estimate
model parameters.

Sixteen evolutionary models (four nucleotide-sub-
stitution matrices, each with four ways to accommodate
among-site rate variation) were evaluated. Because the
most general of these models (GTR 1 I 1 G; general
time reversible substitution matrix, with some propor-
tion of sites invariable and rates at variable sites follow-
ing an eight-category discrete approximation of the
gamma distribution) includes each of the 15 simpler
models as special cases, we compared the relative fit of
alternative models using the likelihood-ratio test and the
x2-approximation of the null distribution (e.g., Yang,

Goldman, and Friday 1995). The assumptions of these
models are presented in Swofford et al. (1996) and Sul-
livan and Swofford (1997). Exact searches for optimal
trees were then conducted under the likelihood opti-
mality criterion with the substitution model fully de-
fined. Strength of nodal support in the likelihood anal-
yses was estimated using the conventional nonparamet-
ric bootstrap (Felsenstein 1985; 100 replicates, heuristic
search with random input orders, and TBR branch swap-
ping), with model parameters fixed to values estimated
from the original data.

Because the 18S data and, as a result, the combined
data set with both 18S and 28S sequences may violate
the assumption of stationary base frequencies made by
all of the likelihood models used above, we also used
LogDet/paralinear distances (Lockhart et al. 1994) with
50% invariable sites to construct minimum-evolution
trees. In these LogDet analyses, we assessed the strength
of nodal support with the conventional bootstrap, based
on 500 bootstrap replicates (heuristic searches with ran-
dom input orders, and TBR branch swapping).

Conventional bootstrapping (Felsenstein 1985) was
also performed under maximum-parsimony criteria with
equal weighting of characters (500 bootstrap replicates,
branch-and-bound searches).

Statistical Tests of Alternative Hypotheses

The two alternative resolutions of basal relation-
ships among vertebrates that have been proposed rep-
resent a priori hypotheses and are thus imminently suit-
ed to statistical phylogenetic testing (Huelsenbeck and
Rannala 1997). Of the several tests that are available,
the most powerful are the Kishino-Hasegawa test (KH
test; Kishino and Hasegawa 1989) and the parametric
bootstrap (Huelsenbeck, Hillis, and Jones 1996). We
constrained each of the data sets (18S, 28SCORE,
28SCORE1DIV, combinedCORE and combinedCORE1DIV) to
fit the two alternative hypotheses and assessed the sig-
nificance of the test statistic (d 5 difference in ln like-
lihood) in two ways: (1) The KH test uses the distri-
bution of single-site differences in ln likelihoods be-
tween the two trees being compared as a null distribu-
tion, under the null hypothesis that these trees are
equivalent. (2) For the 28S data sets, we used the para-
metric bootstrap approach and generated the null distri-
butions by simulation. In these parametric tests, we used
the best tree that unites lampreys and gnathostomes as
the model tree and generated 100 replicate data sets by
simulation using the model parameters estimated from
the real data (on the model tree). Because of the possible
violation of stationarity in the 18S and combined data
sets (see above), we did not conduct parametric boot-
strap analyses on them.

Results
General

The long 28S rDNA sequences obtained here
match short partial sequences that were reported previ-
ously (P. marinus and E. stouti: Le, LeCointre, and Per-
asso 1993; Philippe et al. 1994), and therefore we are
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Table 2
Length and Composition of 28S rDNA Genes in Various Chordates

TAXON LENGTH (bp)

G1C CONTENT

Entire 28S Core
Divergence
Domains

1. Homo sapiens . . . . . . . . . . . . 5,025 0.693 0.542 0.829
2. Mus musculus . . . . . . . . . . . . 4,712 0.667 0.541 0.797
3. Xenopus laevis . . . . . . . . . . . 4,115 0.658 0.540 0.822
4. Hydrolagus collieia . . . . . . . . 3,856 1 54 est.b 0.610 0.538 0.724
5. Squalus acanthiasa . . . . . . . . 3,465 1 300 est.

(incomplete)c
(0.60)c (0.53)c (0.73)c

6. Petromyzon marinusa . . . . . . 3,924 1 54 est. 0.620 0.543 0.734
7. Eptatretus stoutia . . . . . . . . . . 5,205 1 53 est. 0.664 0.560 0.750
8. Branchiostoma floridaea . . . . 3,836 1 54 est. 0.606 0.528 0.729
9. Herdmania momus (26S) . . . 3,566 0.573 0.514 0.689

NOTE.—These are the most complete sequences available from chordates. Sources of the sequences and GenBank
accession numbers are given in table 1, except for Homo (Gonzalez et al. 1985; M11167) and Mus (Hassouna, Michot,
and Bachellerie 1984; J01871, X00525).

a Data from the present study.
b Estimated: the last 52–54 nt of the 39 end were not sequenced in the present study. However, 52–54 seems to be a

conserved number across chordates based on Homo, Mus, and Herdmania.
c Parentheses indicate these Squalus values, less complete than in the other species, are estimates.

confident that they are accurate. Some basic information
about the new sequences is presented in tables 2–4,
along with comparable rDNA data from previously stud-
ied chordates. As seen in table 2, the 28S rDNA genes
of Hydrolagus, Squalus, Petromyzon, and Branchiosto-
ma are similar in length (around 3,825–3,980 nt), but
that of Eptatretus is larger (.5,200 nt). In fact, this hag-
fish has the largest 28S rRNA gene of any known or-
ganism (Schnare et al. 1996).

As is typical for the 28S rRNA genes of animals,
the divergence domains of our taxa are more CG-rich
(table 2) and more variable in size (table 3) than the
conserved core region. The core of the hagfish gene is
unusually CG-rich, and this gene’s large size is due to
the exceptional lengths of divergence domains D3, D5,
D8, and D10 (plus D7b and D2). Although the gene of
the lancelet Branchiostoma is not particularly large, it
has an unusually large D7a domain.

For all of the data sets except the 18S sequences,
the best fit under likelihood was provided by the most
complex evolutionary model, GTR 1 I 1 G. For the
18S sequences alone, the GTR 1 G model was indistin-
guishable from the more parameter-rich GTR 1 I 1 G.
Estimates of the likelihood-model parameters are pre-
sented in table 5.

Phylogenetic Analyses

All 28S, 18S, and combined-data trees estimated
by all methods supported a monophyletic cyclostome
clade containing lampreys and hagfishes, although dif-
ferent methods and data sets provided differing levels
of support. The optimal trees are shown in figures 1–3.
In all the data sets, the hagfish sequence was by far the
most divergent, as indicated by the long hagfish branch-
es in the phylograms.

In the analyses of the 28S data (fig. 1), there is
rather strong bootstrap support for lamprey-hagfish
monophyly from both the maximum-likelihood (84% for
CORE and 75% for CORE1DIV) and LogDet analyses

(96% and 93%), but less support from maximum par-
simony (74% and 55%). According to the x2 test of
homogeneity of base frequencies, these 28S sequences
show no indication of nonstationarity of base frequen-
cies among taxa: P 5 0.97 and P 5 0.57 for CORE and
CORE1DIV, respectively (table 5).

For the 18S data (fig. 2), two different groups of
taxa were analyzed. One included the taxa used in the
28S analysis (fig. 2A). The other (fig. 2B) contained the
taxa used by Stock and Whitt (1992), whose sequences
were reanalyzed using our new alignments based on sec-
ondary-structure models and using the new models of
nucleotide substitution that have been developed sub-
sequent to their study. For both groups of taxa, the re-
sults were the same: the lamprey-hagfish clade received
strong bootstrap support from maximum-likelihood
analyses (95% for the present taxa; 97% for the taxa of
Stock and Whitt 1992), but moderate-to-weak support
from LogDet/paralinear (62% and 56%) and maximum
parsimony (60% and 62%). However, there was some
indication of nonstationary base frequencies in the 18S
sequences: P 5 0.15 and P 5 0.09, respectively, for our
taxa and Stock and Whitt’s (1992) taxa (table 5). Al-
though a P value of 0.15 is usually taken to indicate no
significant effect, the x2-homogeneity test that we used
ignores correlation due to phylogeny, and the degrees of
freedom are thus inflated. Because of this, the P values
obtained with this test should be interpreted with res-
ervations.

Results from the combined data set (28S, 18S, par-
tial 5.8S) are shown in figure 3. Here, the lamprey-hag-
fish group received strong bootstrap support from max-
imum-likelihood (96% for CORE, 98% for
CORE1DIV) and LogDet analyses (90% and 91%), but
weaker support from maximum parsimony (68% and
53%). Nonstationarity is indicated for the combined data
set and is especially evident when the divergence do-
mains are included: P , 0.027 for CORE and P , 0.003
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for CORE1DIV (table 5). This nonstationarity probably
was due to a high frequency of A and T in the tunicate
versus a high frquency of C and G in the hagfish rRNA
genes (see the right half of table 4), because eliminating
these two taxa restores stationarity (not shown). For the
lamprey, the C and G content is also larger than average
(table 4).

Statistical Tests of Alternative Hypotheses

Both the KH test and parametric bootstrap were
used to compare likelihood scores of the best lamprey-
gnathostome tree versus the optimal likelihood (lam-
prey-hagfish) tree (table 5). The KH test did not signif-
icantly reject the lamprey-gnathostome hypothesis in fa-
vor of the lamprey-hagfish hypothesis for the 28S, 18S,
or combinedCORE1DIV data (P values ranged from 0.63
to 0.12), although the 18S values approached signifi-
cance at the 0.1 level. For the combinedCORE data, the
KH test supports cyclostome monophyly at the 0.1 level
(P 5 0.099). Additionally, the parametric bootstrap tests
using both the 28S data sets strongly reject the lamprey-
gnathostome sister-group hypothesis in favor of cyclo-
stome monophyly (fig. 4; P , 0.01 and P 5 0.03 for
CORE and CORE1DIV data, respectively).

Discussion

Overall, the present results support the conclusion
of Stock and Whitt (1992), which was based on 18S
rDNA sequences alone, that lampreys and hagfishes are
a natural group. In fact, our own 18S-based results (us-
ing statistically more defensible models) closely
matched theirs (fig. 2 and table 5). The addition of 28S
sequences, along with recent advances in phylogenetic
and statistical techniques, allow a more rigorous evalu-
ation of these relationships than was previously possible.
While not all methods used in this study provide equally
strong support for cyclostome monophyly, the most rig-
orous methods provide the strongest support.

Maximum parsimony only weakly supported cyclo-
stome monophyly, but there are a priori reasons for
deemphasizing our parsimony-based results. Because it
does not correct for multiple substitutions, the parsi-
mony method underestimates branch lengths; this is es-
pecially true for rapidly evolving lineages and when
there is a great deal of among-site rate variation (e.g.,
Tateno, Takezaki, and Nei 1994), as seen here. This ren-
ders parsimony particularly susceptible to systematic er-
ror associated with ‘‘long-branch attraction’’ and related
phenomena (Felsenstein 1978; Gaut and Lewis 1995).
Such error could readily affect the quickly evolving and
highly divergent hagfish, which is the main focus of this
study. The weakness of support for cyclostome mono-
phyly in the parsimony analyses, with bootstrap values
of only 53%–74%, may result from the spurious attrac-
tion of the hagfish to the outgroup in some of the boot-
strap replicates (not shown). The application of appro-
priate weighting in parsimony could improve phyloge-
netic accuracy over that obtained here (e.g., Chippendale
and Wiens 1994); however, the efficacy of such a
weighting approach is not easily evaluated because dif-
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Table 4
Nucleotide Frequencies in the rRNA Genes of Various Chordates

28S GENE

A C G T

COMBINEDCORE
a

A C G T

Xenopus laevis . . . . . . . . . . . .
Latimeria chalumnae . . . . . . .
Oncorhynchus mykiss . . . . . . .
Acipenser brevirostrum . . . . .
Hydrolagus collieib . . . . . . . .
Squalus acanthiasb . . . . . . . . .
Petromyzon marinusb . . . . . . .
Eptatretus stoutib . . . . . . . . . .
Branchiostoma floridaeb . . . .
Herdmania momus . . . . . . . . .

0.184
0.205
0.202
0.208
0.204
0.215
0.191
0.153
0.203
0.225

0.302
0.268
0.260
0.266
0.273
0.261
0.275
0.303
0.275
0.255

0.357
0.341
0.336
0.332
0.336
0.338
0.345
0.361
0.332
0.318

0.158
0.185
0.203
0.193
0.186
0.191
0.189
0.182
0.191
0.202

0.245
0.248

—
0.251
0.250
0.254
0.241
0.230
0.247
0.257

0.242
0.230

—
0.232
0.236
0.232
0.238
0.255
0.238
0.220

0.300
0.300

—
0.295
0.297
0.294
0.305
0.317
0.297
0.291

0.213
0.222

—
0.222
0.218
0.219
0.217
0.198
0.218
0.232

a CombinedCORE consists of the 18S gene, the conserved core of the 28S gene, and 50 bases of the 5.8S rRNA gene; for more precise information on the parts
of the genes included, see tables 1 and 3.

b Data from the present study.

Table 5
Some Results of the Phylogenetic Analysis, Based on 28S, 18S, and Combined (28S, 18S, partial 5.8S) rDNA Genes

28S Core

28S Core 1
Divergence
Domains 18S

18S
(taxa of

Stock and Whitt
1992)

Combined:
Core

Combined:
Core 1

Divergence
Domains

Number of aligned sites . . . . . . . . . . . . . . . . . 2,344 2,883 1,762 1,762 4,151 4,694

Likelihood-model parameters
r-matrix

(AC) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(AG) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(AT) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(CG) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(CT) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1.0786
2.6398
0.6296
1.1362
6.2856

1.1887
2.8206
0.7419
1.2810
6.9173

0.9846
1.9817
0.8019
0.8906
4.1655

1.1721
2.1281
0.7841
1.0
4.4527

0.9907
2.1620
0.7552
1.0030
4.9454

1.0491
2.2720
0.8160
1.1126
5.2175

pinvariable . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Alpha . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

0.525
0.776

0.442
0.697

—
0.3389

—
0.311

0.414
0.708

0.374
0.696

ln likelihood values
Best lamprey-hagfish (L-H) tree . . . . . . . .
Best lamprey-gnathostome (L-G) tree . . . .

26,894.75
26,899.96

29,693.28
29,695.87

26,388.27
26,394.49

25,761.32
25,767.89

213,374.19
213,387.10

215,986.06
215,997.58

KH test valuesa . . . . . . . . . . . . . . . . . . . . . . . . d 5 5.21
s 5 5.99
P , 0.38

d 5 2.59
s 5 5.29
P , 0.63

d 5 6.23
s 5 4.82
P , 0.20

d 5 6.57
s 5 4.21
P , 0.12

d 5 12.91
s 5 7.81
P , 0.099

d 5 11.51
s 5 7.53
P , 0.13

Parametric bootstrapping
(best L-H vs. best L-G tree) . . . . . . . . . . . P , 0.01 P , 0.03 — — — —

Homogeneity of nucleotide frequenciesb . . . P , 0.97 P , 0.57 P , 0.15 P , 0.09 P , 0.027 P , 0.003

NOTE.—For the specific taxa and gene regions used in each analysis, see figures 1–4 and table 1. Bootstrap values are given in figures 1–4.
a d 5 observed difference in ln likelihood, s 5 standard deviation of distribution of single-site likelihood differences.
b These P values were calculated with the x2 test of homogeneity of base frequencies across taxa. This test ignores correlation due to phylogeny, and thus the

values are likely biased.

ferent parsimony weighting schemes cannot be objec-
tively compared (Swofford et al. 1996).

We therefore focused on maximum-likelihood
methods because they can account for unobserved sub-
stitutions, are consistent across a broader range of con-
ditions than are parsimony methods (e.g., Huelsenbeck
1995), and allow for the comparison of the relative fits
of alternative models of nucleotide substitution because
the likelihood score is an objective indicator of goodness
of fit between model and data that is comparable across
models (e.g., Sullivan and Swofford 1997). Thus, the
(nonparametric) bootstrap values generated under like-
lihood models should be better estimates of reliability
than those under parsimony (DeBry and Abele 1995;
Waddell 1995; Frati et al. 1997; Sullivan, Markert, and

Kilpatrick 1997). At 75%–98% (figs. 1–3), these like-
lihood bootstrap values provide good support for cyclo-
stome monophyly.

The K-H test is often used to examine the signifi-
cance of an observed difference in likelihood scores be-
tween two alternative phylogenetic hypotheses (here,
lamprey-hagfish vs. lamprey-gnathostome). With this
test, the combinedCORE sequences support the lamprey-
hagfish relationship at the 0.1 level (P 5 0.099). Al-
though it was the only data set providing such support,
we consider this combinedCORE to be the most appro-
priate set analyzed. That is, it is more complete than the
28S or 18S set alone, while avoiding the potentially con-
founding effects of faster evolution in the divergence
domains of the combinedCORE1DIV sequences.
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FIG. 1.—Phylogenetic trees estimated from the 28S rDNA sequences under the maximum-likelihood optimality criterion, based on (A) core
regions (lnL 5 26,894.75) and (B) core plus divergence domains (lnL 5 29,693.28). The percentages of bootstrap replicates supporting the
clades are indicated at the branch points, based on (from top to bottom) maximum likelihood, equally-weighted parsimony, and minimum
evolution using LogDet/paralinear distances. Bootstrap values ,50% are not shown.

FIG. 2.—Phylogenetic trees estimated from the 18S rDNA sequences under the maximum-likelihood optimality criterion, based on (A) the
taxa of the present study (lnL 5 26,388.27) and (B) the somewhat-different taxa used by Stock and Whitt (1992; lnL 5 25,761.32; as in part
A, the hagfish and lamprey sequences are E. stouti and P. marinus). Percentages of bootstrap replicates supporting the clades are indicated at
the branch points, as in figure 1 (likelihood, parsimony, LogDet). Bootstrap values ,50% are not shown.
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FIG. 3.—Phylogenetic trees estimated from the combined-gene sequences (28S, 18S, partial 5.8S) under the maximum-likelihood optimality
criterion, based on (A) combinedCORE, in which the 28S genes contain only the core region (lnL 5 213,374.19), and (B) combinedCORE1DIV, in
which the 28S genes also contain the divergence domains (lnL 5 215,986.06). Percentages of bootstrap replicates supporting the clades are
indicated at the branch points, as in figure 1 (likelihood, parsimony, LogDet). Bootstrap values ,50% are not shown. In tree A, the ‘‘63*’’ at
the arrow is from parsimony, which is the only method that provided .50% bootstrap support for that node.

The results of the KH test might be questioned on
the grounds that the combined-gene sequences indicated
nonstationarity of nucleotide substitution (table 5),
which could perhaps lead to a spurious grouping of lam-
prey and hagfish. To determine if nonstationarity was
distorting these test values, we performed the LogDet
analyses, which are robust to changing base composi-
tions (Lockhart et al. 1994). The LogDet analyses
strongly supported cyclostome monophyly, with boot-
strap values around 90% (fig. 3), in agreement with the
KH test. Thus, nonstationarity does not appear to be
unduly influencing the signal for cyclostome monophyly
in the combined-gene sequences.

If the results of the KH test are taken at face value,
then most of the phylogenetic signal for cyclostome
monophyly is in the 18S gene. That is, near-significant
KH support was obtained from the 18S sequences alone,
and adding the LSU sequences to our 18S sequences to
form the combined gene merely improved the P value
from 0.2 to 0.099 (table 5). However, the high bootstrap
values shown in figure 1, as well as the parametric boot-
strap (fig. 4), indicate that the 28S sequences also sup-
port cyclostome monophyly and strongly reject the lam-
prey-gnathostome clade.

The parametric bootstrap procedure generates rep-
licate data sets by simulation using model parameters
derived from the original data. This is a very powerful
method for evaluating competing a priori phylogenetic
hypotheses (Huelsenbeck, Hillis, and Jones 1996; Huel-
senbeck and Ranalla 1997). It can be used to assess the
probability of observing a maximum-likelihood (or

maximum-parsimony) tree that is as much better than
the model tree predicted by the hypothesis under ex-
amination as is the observed tree if the hypothesized tree
is the true tree. In the case of the 28SCORE (fig. 4A), if
the lamprey-gnathostome tree were actually the true
tree, we would expect to see an optimal tree 5.232 ln
likelihood units better than the true tree far less than 1%
of the time (P , 0.01) just due to stochastic error. Thus,
we can reject the lamprey-gnathostome hypothesis sta-
tistically.

Some Challenges to Cyclostome Monophyly

Stock and Whitt’s (1992) previous support for cy-
clostome monophyly has been criticized on the grounds
that when these authors used tunicates as their only out-
group, parsimony bootstrap analysis did not unite lam-
preys with hagfishes, but weakly supported (62%) the
lamprey-gnathostome clade (Forey and Janvier 1993;
Janvier 1998; Rasmussen, Janke, and Arnason 1998).
This criticism is simply devoid of merit. With likelihood
analysis, which has advantages over parsimony (as dis-
cussed above), Stock and Whitt (1992) actually obtained
strong bootstrap support (81%) for a cyclostome clade
with the tunicate outgroup. Furthermore, because the is-
sue of the basal resolution of these taxa requires reliable
rooting, use of two outgroup taxa is vastly preferable to
use of a single outgroup. All of the analyses conducted
by Stock and Whitt (1992) that included both the tuni-
cate and lancelet outgroups supported the monophyly of
living cyclostomes, and those results were upheld by our
reanalyses.
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FIG. 4.—Results of parametric bootstrap tests of the null hypothesis that lampreys group with gnathostomes, based on only the 28S
sequences. A, The test using the core region. B, The test using core plus divergence domains. In each test, the optimal lamprey/gnathostome
tree was chosen as a model, and then 100 replicate data sets were simulated using optimal likelihood parameters that had been calculated from
the original data. Each graph shows the frequency distribution of difference in likelihood scores between the best tree and the model (lamprey/
gnathostome) tree. Almost none of the simulated differences in lnL are as large as the observed differences between the best lamprey/hagfish
and the model lamprey/gnathostome trees, as indicated by the d values at right. Thus, the null hypothesis can be rejected; that is, lampreys do
not group with gnathostomes.

Recently, the combined sequences of 12 protein-
coding mitochondrial genes were compared for hagfish-
es, lampreys, and various gnathostomes by Rasmussen,
Janke, and Arnason (1998), who claimed that their anal-
yses supported a lamprey-gnathostome clade, based on
parsimony bootstrap, neighbor-joining bootstrap, and
quartet puzzling (an approximate maximum-likelihood
method; Strimmer and von Haeseler 1996). However, in
addition to evidence that accurate phylogenetic esti-
mates may not be obtainable from the mitochondrial
genes of basal chordates (Naylor and Brown 1998; Zar-
doya et al. 1998), the conclusions of Rasmussen, Janke,
and Arnason (1998) have at least three major flaws.

First, they did not use nonvertebrate chordates (tunicates
and lancelets) as outgroups, but instead used echino-
derms. Again, because accurate resolution of relation-
ships among the basal-vertebrate lineages is entirely de-
pendent on reliable rooting, using the most closely re-
lated taxa that are undeniable outgroups is far superior
to using more distant outgroups; this is axiomatic. Sec-
ond, these authors claimed that because the same trees
were produced by all three methods, their results were
robust to any violations of the assumptions of the anal-
yses. However, none of the methods they used account-
ed for among-site rate variation explicitly, and failure to
do this has been shown (Sullivan and Swofford 1997,



1716 Mallatt and Sullivan

p. 84) to induce a great deal of systematic error in sim-
ilar analyses of mtDNA sequences (D’Erchia et al.
1996); such error exacerbates long-branch attraction ar-
tifacts, which could have spuriously united lampreys
with gnathostomes by pulling the divergent hagfish se-
quence toward the echinoderm outgroup (see fig. 1 in
Rasmussen, Janke, and Arnason 1998). Third, these au-
thors reported results of statistical (KH) tests between
the cyclostome and lamprey/gnathostome hypotheses
that could not reject the monophyly of cyclostomes
(their table 1). They then cited quartet-puzzling reli-
ability values that supposedly provided moderate sup-
port (64%) for a lamprey-gnathostome group. However,
quartet-puzzling reliability values have been shown to
be biased upward (Cao, Adachi, and Hasegawa 1998).
Thus, even based on their own results, the mtDNA data
of Rasmussen, Janke, and Arnason (1998) failed to re-
ject the monophyly of living cyclostomes.

As another potential challenge to cyclostome
monophyly, none of the published studies based on 18S
rDNA sequences has found support for the monophyly
of the chordates (Turbeville, Schulz, and Raff 1994;
Wada and Satoh 1994), a fundamental taxon that is over-
whelmingly supported by other data. This shortcoming
could be used to argue that all rDNA genes are useless
for estimating basal-chordate relationships, including
those of lampreys and hagfishes. The problematic find-
ing of the previous 18S studies was that tunicates
grouped with the nonchordate hemichordates rather than
with lancelets and vertebrates based on neighbor-joining
and parsimony analyses. In contrast, however, when we
realigned and reanalyzed these 18S sequences with the
likelihood techniques used in the present study, tunicates
grouped with the vertebrates, producing a traditional
monophyletic chordata (unpublished data).

Some Challenges to Our Analyses

The major findings of the present study could be
challenged in several ways. The hagfish branch is very
long in all the molecular data sets, as was first pointed
out by Stock and Whitt (1992). Hagfish Eptatretus has
many autapomorphies in its rRNA gene sequences, just
as hagfishes have many autapomorphies in their mor-
phologies, their vasotocins, and their mitochondrial gene
sequences (see the long branches for hagfish in the phy-
lograms presented by Suzuki et al. [1995] and Rasmus-
sen, Janke, and Arnason [1998]). This implies that an
evolutionary rate acceleration occurred sometime in
hagfish history, perhaps in association with an ecologi-
cal shift into their unusual burrowing existence in the
cold, deep sea (for more on hagfish ecology, see Har-
disty 1979). Rapidly evolving taxa can confound phy-
logenetic analyses, not only through long-branch attrac-
tion and rogue-taxon effects, but also because their long
branches may indicate a deviation from stationarity of
process and, thus, a violation of the assumptions of the
likelihood models commonly used. However, if long-
branch attraction artifacts were actually present in our
likelihood analyses, we would have expected hagfish to
be attracted to the outgroups (the next longest branches)

rather than to lamprey. Stock and Whitt (1992) also
pointed this out in their analyses of the 18S data.

Second, our study used 28S rDNA sequences from
just one hagfish and one lamprey species. Additional
taxa of cyclostomes may have enhanced our study and
should be sequenced in the future. However, neither liv-
ing hagfishes nor lampreys are terribly diverse; both
contain only a single order. The core of the 28S gene is
so conserved that significant interfamily differences
among such sequences are not expected. Furthermore,
for 18S rDNA sequences, Stock and Whitt (1992) found
almost no differences between two different families of
hagfishes. This suggests that the use of additional cy-
clostome species would not effectively break up these
long branches.

Third, in our rDNA-based trees, the interrelation-
ships of the major groups of jawed bony fishes and tet-
rapod vertebrates (Osteichthyes) are neither consistent
across analyses nor consistent with accepted relation-
ships. For example, the frog Xenopus never groups with
the coelocanth Latimeria (figs. 1–3), although such an
association is expected (e.g., Nelson 1994). Such incon-
sistency could be because, in emphasizing conserved
regions, we eliminated, from the alignments, faster-
evolving sites that would resolve osteichthyan relation-
ships. In no analyses do any relationships among the
osteichthyan taxa (expected or otherwise) receive strong
support (figs. 1–3). These considerations suggest that the
osteichthyan relationships may converge toward the ac-
cepted scheme with increased data.

Conclusions

The goal of this study was to add both more mo-
lecular data and analytical rigor to the phylogenetic
study of basal relationships of vertebrates. Our results,
based on almost the entire set of ribosomal DNA genes
(about 4,700 aligned sites), uphold Stock and Whitt’s
(1992) conclusion that lampreys and hagfishes form a
natural group. Likelihood analyses based on the best fit-
ting of the available evolutionary models all support cy-
clostome monophyly (with bootstrap values of 75%–
98%), as do LogDet analyses. Among the statistical
tests, cyclostome monophyly received some support
from the KH test and especially strong support from the
parametric bootstrap based on 28S rDNA.

While our results support the older view of the
monophyly of living hagfishes and lampreys, this does
not mean that all the fossil jawless vertebrates also be-
long in this group, as was traditionally believed (Moy-
Thomas and Miles 1971). In fact, two of these extinct
jawless groups, thelodonts and osteostracans, appear to
be related to gnathostomes based on the presence of
denticles in the pharynx and a stomach in the thelodonts,
and characters of the bone tissue, tail, occiput, eye, and
ear in the osteostracans (Janvier 1996). Lampreys re-
semble a more-basal group of jawless fossils, the anas-
pids, so our results suggest that hagfishes are sister to,
or nested within, the anaspid-lamprey clade (see fig. 1A
in Mallatt 1996).
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This study has increased the number of nearly com-
plete 28S rDNA sequences available in chordates from
13 (Schnare et al. 1996; Zardoya and Meyer 1996) to
18 (138%). There may now be enough raw sequences,
from a wide enough variety of chordates, to allow better
reconstruction of the secondary structure of the LSU
rRNA molecule, especially for the more-basal taxa and
in the poorly understood divergence domains. Because
the 28S gene of the hagfish Eptatretus is the largest ever
recorded, its unique features should be explored further.
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