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ABSTRACT  One of the most problematic issues in vertebrate phylogenetics is the disagreement
between phenotypic and molecular inferences regarding the relationships among hagfishes,
lampreys, and gnathostomes. Phenotypic characters support monophyly of lampreys and
gnathostomes, whereas nearly all published analyses of molecular data sets support monophyly of
hagfishes and lampreys. In this study I present results of phylogenetic analyses of combined
phenotypic and molecular data sets that focus on relationships among hagfishes, lampreys, and
gnathostomes. Maximum parsimony analyses of 115 phenotypic characters combined with 4,638
rRNA sites and more than 10,000 amino acids each result in monophyly of lampreys and
gnathostomes, demonstrating that the addition of relatively few phenotypic characters can alter
phylogenetic inferences from large molecular data sets. On the other hand, Bayesian analyses of the
combined data sets support monophyly of hagfish and lampreys, indicating that model-based
analyses may be prone to data ‘‘swamping,” where the phylogenetic signal of the larger molecular
data sets overwhelm the signal present in the much smaller phenotypic data set. Nodes that relate
hagfish and lampreys were recovered at a low frequency in parametric bootstrapping analyses,
indicating that the timing of diversification among hagfishes, lampreys, and gnathostomes has
created a difficult phylogenetic problem for molecular data. The fact that addition of relatively few
phenotypic characters can alter phylogenetic inferences of cyclostome monophyly obtained from
molecular data sets, and the inability of simulated data sets to recover key nodes in the craniate
phylogeny provide reasons to view the strong support for cyclostome monophyly inferred from
molecular data sets with a measured degree of skepticism. J. Exp. Zool. (Mol. Dev. Evol.)
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The conflict between molecular and phenotypic
data sets regarding the relationships of hagfish and
lampreys remains one of the most vexing problems
in vertebrate phylogenetics (Forey and Janvier,
’93; Patterson et al., ’93; Forey, '95; Janvier, ’96b;
Donoghue et al., 2000; Meyer and Zardoya, 2003;
Janvier, 2007a,b). Extant craniates are repre-
sented by three major clades, the hagfishes
(Myxinioidea), lampreys (Petromyzontiformes),
and the gnathostomes, or jawed vertebrates.
Huxley (1876) and Parker (1883) hypothesized
that the similar appearance of hagfish and lam-
preys was the result of degenerative changes
associated with parasitism. Cope (1889) classified

© 2009 WILEY-LISS, INC.

hagfish and lampreys in the class Agnatha, and
this classification was used in Hubbs and Potter’s
(71) comprehensive and influential review of
lamprey species diversity. Noting the absence of
jaws, paired fins, and exoskeletons, later investi-
gators hypothesized that hagfish and lampreys
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shared common ancestry relative to gnathostomes,
and were grouped together in Cyclostomata (Dean,
1895; Goodrich, ’09, ’30; Jollie, ’62; Jarvik, ’68;
Stensio, ’68). This hypothesis was later supported
in comparative anatomical studies of the feeding
system and branchial arch morphology that is very
similar between hagfish and lampreys, and quite
different from gnathostomes (Shaeffer and
Thomson, ’80; Yalden, ’85).

With the advent of phylogenetic systematics and
increased knowledge of the diversity of extinct
jawless vertebrate lineages (e.g. “‘ostracoderms’),
the hypothesis that lampreys and gnathostomes
are sister lineages is consistently supported in
analyses of morphological, physiological, and bio-
chemical characters (Lgvtrup, '77; Hardisty, '79;
Janvier and Blieck, ’79; Janvier, ’81; Hardisty,
’82; Maisey, ’86; Forey and Janvier, '93; Forey,
’95; Donoghue et al., 2000; Gess et al., 2006).
Molecular phylogenetic investigations of crainiate
relationships were initiated in the early 1990s, and
essentially all published analyses using DNA or
amino acid sequences have resulted in a mono-
phyletic Cyclostomata with high bootstrap and
significant Bayesian posterior support. The types
of genes used to investigate cyclostome phylogeny
have included nuclear-encoded rRNA genes (Stock
and Whitt, ’92; Lipscomb et al., ’98; Mallatt and
Sullivan, ’98; Mallatt et al., 2001; Mallatt and
Winchell, 2007), DNA sequences from single copy
nuclear genes (Kuraku et al., ’99; Furlong and
Holland, 2002), hemoglobin amino acid sequences
(Lanfranchi et al., ’94), concatenated amino acid
sequences from singe copy nuclear genes (Hedges,
2001; Takezaki et al., 2003; Blair and Hedges,
2005; Delsuc et al., 2006; Kuraku and Kuratani,
2006; Yu et al., 2008), and whole mtDNA genomes
(Delarbre et al., 2002).

Quite surprisingly, there has been no effort to
investigate the relationships of lampreys, hag-
fishes, and gnathostomes using phylogenetic ana-
lyses that combine molecular and phenotypic
characters. The reasoning for such an exercise is
not to satisfy a broad spectrum of investigators
that may feel more confident in phylogenetic trees
inferred from either molecular or phenotypic data
sets, but rather to reveal aspects of character
evolution in these data sets that may result in the
observed phylogenetic incongruence. True incon-
gruence between data sets should involve more
than a simple comparison of tree topologies
resulting from separate analyses of multiple data
sets (Mickevich and Farris, ’81; Farris et al., ’94;
de Queiroz et al., ’95; Huelsenbeck et al., ’96a;
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Baker et al., '98), because the differences may
involve the phylogenetic relationships of only a
subset of all the sampled lineages, or the incon-
gruence may derive from divergent patterns of
character diversification among the contrasted
data sets (e.g. long-branch attraction).

Another important reason to explore phyloge-
netic analyses of combined molecular and pheno-
typic data sets is the ability to include extinct
lineages in analyses that include data, such
as molecular characters, that can only be sampled
from extant species. This is a particularly
promising avenue in the investigation of craniate
phylogeny, because it would facilitate the
inclusion of extinct clades (e.g. Osteostraci,
Arandaspida, Heterostraci, and Anaspida) that
along with hagfish and lampreys are hypothesized
to form a paraphyletic grade of jawless verte-
brates, or agnathans (Janvier, ’81; Shu et al., ’99;
Donoghue et al.,, 2000; Gess et al., 2006). The
inclusion of these fossil lineages are potentially
critical to the estimation of craniate phylogeny
(Donoghue et al., 2000; Gess et al., 2006), because
it is well known that fossil taxa can exhibit
dramatic influence on the results of phylogenetic
analyses that include only extant lineages (Doyle
and Donoghue, '87; Gauthier et al., ’88; Donoghue
et al., ’89).

My goal in this study is to assess the relation-
ships of hagfish, lampreys, and gnathostomes
when molecular and phenotypic characters are
combined in maximum parsimony and Bayesian
phylogenetic analyses. I also use parametric boot-
strapping to investigate the ability of DNA data
sets simulated on different craniate time-cali-
brated phylogenies to resolve the phylogenetic
relationships of hagfish, lampreys, and gnathos-
tomes. I had initially predicted that the phyloge-
netic signal of the phenotypic characters would be
overwhelmed, or ‘“swamped,” by the signal pre-
sent in the much larger molecular phylogenetic
data sets, and phylogenetic analysis of simulated
DNA data sets would converge on relationships
that mirrored the tree topology used in the
parametric bootstrapping simulations. The results
did not support my preliminary predictions.
Combination of molecular and phenotypic data
sets had dramatic effects on the inferred phylo-
genies of hagfish and lampreys in maximum
parsimony analyses, and parametric bootstrap
analyses indicated that simulated data sets had
difficulty resolving nodes in the model trees that
involved relationships of hagfish, lampreys, and
gnathostomes.
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MATERIALS AND METHODS

Phylogenetic data sets

Data sets for phylogenetic analyses were gathered
from three of the most recently published studies
and include aligned nuclear-encoded ribosomal
RNA genes (Mallatt and Sullivan, ’98), aligned
concatenated amino acid sequences sampled from
146 nuclear-encoded genes (Delsuc et al., 2006), and
115 discretely coded phenotypic characters (Gess
et al., 2006). All of these studies minimally sampled
one hagfish species, one lamprey species, and the
molecular data sets included several gnathostome
species. The phenotypic data set presented in Gess
et al. (2006) sampled several extinct jawless
vertebrate lineages that included Anaspida,
Arandaspida, Heterostraci, and Osteostraci. The
taxon sampling used for the phenotypic data is the
one with the reduced taxon sampling used in Gess
et al. (2006), because the inclusion of lineages with a
large fraction of missing characters in the data set
were leading to reduced phylogenetic resolution.
These lineages included the Euconodonata, Mayo-
myzon, and Galeaspida. The inclusion or exclusion
of these taxa did not result in any change in
phylogenetic inferences with regard to the relation-
ships of hagfish and lampreys (Gess et al., 2006).
Outgroup sampling in each study consisted of a
cephalochordate and a urochordate species. Delsuc
et al. (2006) sampled broadly across the major
animal phyla, but in this study the amino acid data
set was restricted to cephalochordates, urochor-
dates, hagfish, lampreys, and gnathostomes.

One of three rRNA alignments used in Mallatt
and Sullivan (’98) was downloaded from the
EMBL Nucleotide Sequence Database (DS35049),
and the taxon sampling is presented in Table 1.
This alignment contained the 18S, 5.85 rRNA,
core regions of the 28S gene, and portions of the
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28S divergent domains that produced satisfactory
alignments. See Mallatt and Sullivan ('98) for a
discussion of alignment protocols used for the
rRNA data set. The alignment was modified by not
including the teleost Onchorhynchus mykiss,
because there was no data available for the 18S
rRNA gene. The first 54 base pairs in the
alignment that were missing for Acipenser brevir-
ostrum and Latimeria chalumnae, and these sites
were removed from the alignment and not used in
the subsequent phylogenetic analyses.

The amino acid alignment of 146 concatenated
nuclear genes used in Delsuc et al. (2006) was
obtained directly from Hervé Philippe (Université
de Montréal). The taxon sampling for the amino
acid data is presented in Table 2. Amino acid sites
that were missing data for hagfish or lamprey in
the alignment were removed and not used in the
subsequent phylogenetic analyses, leaving 14,140
aligned amino acid sites from approximately 95
genes (see Supplementary Table S2 in Delsuc
et al.,, 2006). Hagfish (Eptatretus burgeri and
Myxine glutinosa) and eutherian mammals (five
species, but mostly represented by Homo sapiens)
were sampled as mixed species chimaeras (Delsuc
et al., 2006).

The phenotypic data was taken from Gess et al.
(2006) and is a matrix of coded character states for
115 characters assembled from previously pub-
lished phylogenetic analyses of major craniate
lineages (Janvier, '96a; Donoghue et al., 2000;
Donoghue and Smith, 2001). Characters in this
data matrix include those scored from the sensory
and nervous system, morphology of the mouth and
branchial system, circulatory system, fin morpho-
logy, osteology, and physiology. Yalden (’85) pre-
sented a list of eleven synapomorphies from the
feeding apparatus supporting cyclostome mono-
phyly that were summarized as a single character
in subsequent phylogenetic analyses (Donoghue

TABLE 1. Taxon sampling for the ribosomal RNA sequences used in phylogenetic analyses

Clade Species Common name
Urochordata Herdmania momus Tunicate
Cephalochordata Branchiostoma floridae Cephalochordate
Myxiniformes Eptatretus stouti Hagfish
Petromyzontiformes Petromyzon marinus Lamprey
Gnathostomata Hydrolagus colliei Chimaera
Gnathostomata Squalus acanthias Shark
Gnathostomata Acipenser brevirostrum Sturgeon
Gnathostomata Latimeria chalumnae Coelacanth
Gnathostomata Xenopus laevis Frog

Common names are those used in the phylogenetic trees.
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TABLE 2. Taxon sampling for the amino acid data set used in phylogenetic analyses

Clade Species Common name
Urochordata Ciona intestinatlis Tunicate
Cephalochordata Branchiostoma floridae Cephalochordate
Myxiniformes Eptatretus burgei/Myxine glutinosa Hagfish
Petromyzontiformes Petromyzon marinus Lamprey
Gnathostomata Tetraodon nigroviridis Pufferfish
Gnathostomata Danio rerio Zebrafish
Gnathostomata Homo sapiens Mammal
Gnathostomata Gallus gallus Chicken
Gnathostomata Xenopus laevis Frog
Gnathostomata Ambystoma mexicanum Salamander

Common names are those used in the phylogenetic trees.

et al., 2000; Donoghue and Smith, 2001). Gess et al.
(2006) reexamined this set of characters through
specimen dissections and the single character of
the feeding apparatus was expanded conservatively
to three characters. The character coding for the
phenotypic characters in the phylogenetic analyses
of combined phenotypic-molecular data sets was
modified slightly to accommodate differences
in taxon sampling between the molecular and
phenotypic character matrices. The gnathostomes
were represented as one taxon in the phenotypic
character matrix, so this scoring was used for each
of the gnathostome species represented in the
molecular data matrices in the combined data
analyses.

Phylogenetic analyses

The computer program PAUP* 4.0 (Swofford,
2003) was used to perform separate maximum
parsimony analyses on each of the rRNA, amino
acid, and phenotypic data sets. In addition, max-
imum parsimony tree searchers were performed on
the combined rRNA sequences and phenotypic
characters (with and without the inclusion of
extinct agnathan lineages), and the amino acid
sequences combined with phenotypic characters
(with and without the inclusion of extinct ag-
nathan lineages). In all analyses the most
parsimonious tree(s) was found using a branch-
and-bound search algorithm, and the sampled
cephalochordate and urochordate species were
used as outgroup taxa in all analyses. Node support
in each analysis was assessed using a bootstrap
resampling analysis, with a branch-and-bound
search algorithm, and 2,000 pseudoreplicates.

Bayesian phylogenetic analyses were performed
on the rRNA, phenotypic, and combined rRNA-
phenotypic data sets using partitioned analyses
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(Ronquist and Huelsenbeck, 2003). Metropolis-
coupled Markov chain Monte Carlo (MC3) was
used to estimate posterior probabilities (Larget
and Simon, ’99; Huelsenbeck et al.,, 2001), as
executed in the computer program MrBayes 3.1
(Ronquist and Huelsenbeck, 2003). The optimal
maximum likelihood model for the rRNA data set
was determined using the Akaike Information
Criterion (AIC) as executed in the computer
program Modeltest 3.6 (Posada and Crandall,
’98). Phenotypic characters were treated as ‘“‘stan-
dard” in MrBayes and used the M, model of
character evolution (Lewis, 2001). This model
allows for there to be %2 number of discrete
character states and the rate of character change
to be equal or to vary. Bayes factors were
calculated from the harmonic mean of the maxi-
mum likelihood scores from Bayesian analyses and
were used to determine whether a gamma dis-
tribution of among character rate variation was a
more optimal model of evolution for the pheno-
typic characters (Nylander et al., 2004; Brandley
et al., 2005; Miiller and Reisz, 2006). The Bayes
factor was calculated by multiplying by two the
difference of the harmonic mean of the maximum
likelihood scores (Brandley et al., 2005). A Bayes
factor score greater than 10 was considered very
strong support for the alternative model as
following Kass and Raftery (’95).

Five sets of Bayesian analyses were run, one for
the rRNA data set, two for the phenotypic data
sets (with and without the inclusion of extinct
agnathan lineages), and two for the combined
rRNA and phenotypic data sets (with and without
the inclusion of extinct agnathan lineages). The
amino acid data set was not subjected to Bayesian
analyses, owing to the computational intensity
(i.e. estimated 1,450 hr on a Macintosh G5 com-
puter). In each analysis MrBayes 3.1 was run for
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6.0 x 10° generations to ensure convergence of the
MC3 algorithm and the number of generations
discarded as the burn-in was determined by
plotting the maximum likelihood score vs. the
number of generations. The posterior probabilities
of nodes in the phylogeny were calculated from the
set of post burn-in trees. All phylogenetic trees
resulting from the Bayesian analyses were rooted
with the cephalochordate and urochordate out-
group species.

Parametric bootstrapping

The ability of simulated data sets to recover
nodes on model phylogenies depicting the timing
of diversification among the major craniate clades
was explored using parametric bootstrapping
(Felsenstein, ’88; Goldman, ’93; Huelsenbeck
et al., ’96b). The computer program Seq-Gen was
used to generate two sets of 1,000 simulated data
sets that were based on the number of nucleotides
and optimal molecular evolutionary model ob-
served for the combined 18S, 5.8S, and 28S rRNA
data set used in the phylogenetic analyses
(Rambaut and Grassly, '97). The two sets of
simulated nucleotide rRNA data were generated
on two different model phylogenies that reflected
the two divergent hypotheses of craniate relation-
ships (Fig. 1). The branch lengths of the model
trees were based on paleontological age estimates
that time calibrate phylogenies using stratigraphic
ranges and inferred ghost lineages (Donoghue
et al., 2000, 2004; Janvier, 2007b). Each of the
two ultrametric trees was scaled by 0.2 to reflect
the observed mean path length from the tips to the
deepest node in the phylogeny in a maximum
likelihood analysis.

A Tunicate

Cephalochordate
Hagfish
Lamprey
Chimaera

2 Shark
1 Sturgeon

3 Coelacanth
4

600 500 400 300 200 100
Age (millions of years)

Frog

Fig. 1.
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The best maximum likelihood tree was esti-
mated from each 1,000 simulated data sets
generated from each of the two model trees using
a heuristic tree search in PAUP™ 4.0. The optimal
nucleotide substitution model and model para-
meter values used in the data simulations were
used in the maximum likelihood tree searches.
The frequency of each clade present in the optimal
maximum likelihood trees was recorded. For
example, if 889 of the phylogenies estimated
from the simulated data sets contained a clade
that included hagfish and lamprey, this clade
was present in 88.9% of the simulated data
phylogenies.

RESULTS

Maximum parsimony analyses

With regard to cyclostome relationships, maxi-
mum parsimony analysis of each data set resulted
in phylogenies that were consistent with previous
results (Mallatt and Sullivan, ’98; Mallatt et al.,
2001; Delsuc et al., 2006; Gess et al., 2006; Mallatt
and Winchell, 2007). Details of the maximum
parsimony analyses are presented in Table 3. The
most parsimonious trees found using the rRNA
and amino acid data sets included a monophyletic
Cyclostomata, but bootstrap support for this node
was low in the rRNA analysis (Fig. 2A and B).
Relationships among the sampled gnathostome
lineages were inconsistent with generally accepted
phylogenetic hypotheses, specifically only the
gnathostome node and the chimera-shark node
are consistent with hypotheses based on substan-
tial phenotypic and molecular evidence (e.g. Meyer
and Zardoya, 2003; Kikugawa et al., 2004; Stiassny
et al., 2004). Lampreys were the sister lineage of

B Tunicate

Cephalochordate
Hagfish
Lamprey
Chimaera
2 Shark
1 Sturgeon
3 Coelacanth

4 Frog
600 500 400 300 200 100
Age (millions of years)

Phylogenies that depict temporal hypotheses of diversification among major craniate lineages. Major vertebrate

clades are identified with numbers, 1. Gnathostomata, 2. Chondrichthyes, 3. Osteichthyes, and 4. Sarcopterygii. (A) Hypothesis
depicting monophyly of lampreys and gnathostomes. (B) Hypothesis depicting monophyly of hagfishes and lampreys.
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TABLE 3. Summary of maximum parsimony analyses (branch-and-bound tree searches) using ribosomal RNA (rRNA), amino
acid, phenotypic, and combined data sets

Data set MPT Consistency index?® Tree length
rRNA (Fig. 2A) 1 0.630 1,994
Amino acids (Fig. 2B) 1 0.733 12,044
Phenotypic (Fig. 2C) 1 0.793 130
Phenotypic, extant only (Fig. 2D) 1 0.707 181
rRNA and phenotypic (Fig. 3A) 1 0.642 2,177
rRNA and phenotypic, extant only (Fig. 3B) 1 0.652 2,126
Amino acids and phenotypic (Fig. 4A) 1 0.731 12,244
Amino acids and phenotypic, extant only (Fig. 4B) 1 0.733 12,193

The number of most parsimonious trees (MPT), consistency index, and tree length are reported for each analysis.

“Excluding phylogenetically uninformative characters.

A Hagfish B 4'? Hagfish
Lamprey 87 Lamprey
Frog — | 100 Zebrafish
Sturgeon 100 Pufferfish
Frog
Coel th
o ac.an Salamander
Chimaera 100| — Chicken
—— 70 changes 98 Shark 400 changes 100 Mamma|
C — Hagfish D
— er Lamprey Hagfish
99 tPriscomyzon
TAnapsida
100 L
tArandapsida 98 amprey
TAstraspis 100
tHeterostraci Gnathostomes
1Osteostraci —— 20 changes
20 changes Gnathostomes

tLoganellia
92 "fTurinia

Fig. 2. Phylogenies resulting from maximum parsimony analyses (see Table 3). Numbers at nodes report bootstrap
pseudoreplicate scores. Extinct vertebrate lineages are marked with a dagger. (A) Most parsimonious tree resulting from
analysis of the rRNA data set. (B) Most parsimonious tree resulting from analysis of the amino acid data set. (C) Most
parsimonious tree resulting from phenotypic data set that includes extinct vertebrate lineages. (D) Most parsimonious tree
resulting from phenotypic data set that includes only extant craniate lineages.

gnathostomes in the parsimony analysis of phe-
notypic characters (Fig. 2C and D). Bootstrap
support for the lamprey-gnathostome node was
high and inferred relationships and levels of
bootstrap support were consistent between ana-
lyses that included and excluded the extinct fossil
agnathan lineages.

The maximum parsimony analyses of the con-
catenated molecular and phenotypic data sets
resulted in cyclostome paraphyly and monophyly
of lampreys and gnathostomes (Figs. 3A and B, 4A
and B). The most parsimonious trees resulting
from analyses of the concatenated rRNA and
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phenotypic data sets showed no difference in tree
topology and bootstrap support between the
inclusion and exclusion of fossil agnathan
lineages. In both analyses, there was high boot-
strap support for the monophyly of lampreys and
gnathostomes (Fig. 3A and B). Similar to the
rRNA inferred phylogeny (Fig. 2A), analysis of the
concatenated rRNA and phenotypic data set
resulted in relationships among the sampled
gnathostome lineages that are massively contra-
dicted by other phenotypic and molecular evi-
dence. The most parsimonious trees resulting
from analyses of the concatenated amino acid
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A —————— Hagfish B ——— Hadfish
Lamprey
100 95 | fPriscomyzon Lamore
98 TAnapsida 100 prey
TArandapsida
97 |+ Astraspis 97 Sturgeon
64 tHeterostraci

tLoganellia Coelacanth
tTurinia
r TOsteostraci Frog

95 Sturgeon

Coelacanth
Frog

100
55

——— 80 changes

96 — Shark

Chimaera

Chimaera

—— 80 changes

Shark

Fig. 3. Phylogenies resulting from maximum parsimony analyses (see Table 3). Numbers at nodes report bootstrap
pseudoreplicate scores. Extinct vertebrate lineages are marked with a dagger. (A) Most parsimonious tree resulting from
analysis of the combined phenotypic and rRNA data set that includes extinct vertebrate lineages. (B) Most parsimonious tree
resulting from analysis of the combined phenotypic and rRNA data set that includes only extant craniate lineages.

A —— Hagfish B ——  Hagfish
Lamprey
100 93 'tPriscomyzon ] Lamprey
64 TAnapsida 100
Arandapsida
93 61 t p Zebrafish
TAstraspis 100
tHeterostraci 58 _
tLoganellia Pufferfish
tTurinia
i Fro
tOsteostraci 100 97 g
10 Zebrafish
94 _0|: Pufferfish Salamander
100| 97— Frog 100
Salamander Chicken
400 changes 100 Chicken 400 changes
100 Mammal 100 Mammal

Fig. 4. Phylogenies resulting from maximum parsimony analyses (see Table 3). Numbers at nodes report bootstrap

pseudoreplicate scores. Extinct vertebrate lineages are marked with a dagger. (A) Most parsimonious tree resulting from
analysis of the combined phenotypic and amino acid data set that includes extinct vertebrate lineages. (B) Most parsimonious
tree resulting from analysis of the combined phenotypic and amino acid data set that includes only extant craniate lineages.

and phenotypic data sets supported the mono-
phyly of lampreys and gnathostomes, but this
relationship was not strongly supported with
bootstrap pseudoreplicate scores in the analyses
that included and excluded the extinct fossil
agnathan lineages (Fig. 4A and B).

Bayesian analyses

The optimal molecular evolutionary model
identified for the rRNA data set using AIC was

GTR+I+G. The harmonic mean of the maximum
likelihood score for the phenotypic data set
(excluding fossil agnathan lineages) with equal
rates for characters was —317.33, and for a model
with a gamma distribution of among character
rate variation was —310.12, giving a Bayes factor
score of 14.42 that indicates strong support for the
M, +gamma model for the phenotypic data set.
Bayesian phylogenetic analysis of the rRNA data
set resulted in cyclostome monophyly with sig-
nificant posterior support (Fig. 5A). Similar to the

J. Exp. Zool. (Mol. Dev. Evol.)
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Hagfish
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1.00 Gnathostomes

—— 0.2 changes per character

Fig. 5. Phylogenies resulting from Bayesian analyses. Numbers at nodes report Bayesian posterior probabilities. Extinct
vertebrate lineages are marked with a dagger. (A) Tree resulting from analysis of the rRNA data set. (B) Tree resulting from
analysis of the phenotypic data set that includes extinct vertebrate lineages.
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Lamprey
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Sturgeon

0.98|—Coelacanth
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Shark

0.03 changes per character
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Chimaera
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—— tHeterostraci
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0.85

0.58

0.52

Fig. 6. Phylogenies resulting from Bayesian analyses. Numbers at nodes report Bayesian posterior probabilities. Extinct
vertebrate lineages are marked with a dagger. (A) Tree resulting from analysis of the combined phenotypic and rRNA data sets
that only includes extant craniate lineages. (B) Tree resulting from analysis of the combined phenotypic and rRNA data sets

that includes extinct vertebrate lineages.

parsimony analyses, the Bayesian analysis re-
sulted in a phylogeny that was inconsistent with
regards to the relationships among sampled
gnathostomes. Bayesian analysis of the phenotypic
data set resulted in monophyly of lampreys and
gnathostomes with significant posterior support
(Fig. 5B). There were no differences in posterior
tree topology and node support in the analyses of
the phenotypic data set that included and excluded
fossil agnathan lineages (tree not shown).
Bayesian analyses of the concatenated rRNA
and phenotypic data sets all resulted in cyclostome
monophyly (Fig. 6); however, relationships among
sampled gnathostomes were again inconsistent
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with broadly accepted phylogenetic hypotheses.
The analysis that excluded all of the extinct
agnathan lineages was identical in posterior tree
topology and posterior node support to the
analysis of the rRNA data set (Fig. 6A). Inclusion
of the fossil agnathan lineages in the Bayesian
analysis resulted in cyclostome monophyly, but
this node was not supported with a significant
Bayesian posterior probability (Fig. 6B).

Parametric bootstrapping

Maximum likelihood phylogenetic analyses of
the 1,000 data sets simulated on each of the two
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TABLE 4. Results of parametric bootstrapping analyses,
showing frequency occurrence of nodes in model phylogenies
(Fig. 1) recovered in maximum likelihood analyses of simu-

lated rRNA data sets

Lamprey—

gnathostome Hagfish-lamprey

monophyly monophyly
Node (Fig. 1A) (Fig. 1B)
Lamprey-gnathostome 49.2 NA
Hagfish-lamprey NA 53.5
1. Gnathostomata 100 98.9
2. Chondrichthyes 100 100
3. Osteichthyes 99.3 99.3
4. Sarcopterygii 100 100

phylogenetic hypotheses did not result in a high
frequency of recovery for the nodes in these model
trees that involve hagfish and lampreys (Fig. 1;
Table 4). On the other hand, all four nodes in the two
model phylogenies that involved gnathostome rela-
tionships were recovered in 99-100% of the simula-
tions (Table 4). Data sets simulated on the model
phylogeny, where lampreys and gnathostomes
formed a clade, recovered this node in 53.5% of the
simulated data sets (Fig. 1A; Table 4). Similarly, the
data sets simulated on the phylogeny that depicted
cyclostome monophyly recovered this node in 49.2%
of the simulations (Fig. 1B; Table 4).

DISCUSSION

A fundamental problem in phylogeny of verte-
brates is the conflict between molecular and
phenotypic data sets with regard to the phylogenetic
relationships of hagfishes, lampreys, and gnathos-
tomes (Forey and Janvier, '93; Meyer and Zardoya,
2003; Janvier, 2007b). This is the first investigation
to explore phylogenetic analyses of combined
molecular-phenotypic character data sets, and I
have discovered that a modest number of pheno-
typic characters have an appreciable impact on
phylogenetic inferences in combined data analyses.
Despite the presence of many more molecular
characters relative to phenotypic characters in the
concatenated data sets, the phylogenetic signal of
the molecular data does not always appear to
overwhelm, or “swamp,” the phylogenetic signal
present in the phenotypic characters. Maximum
parsimony analysis of the combined molecular—phe-
notypic data sets resulted in monophyly of lampreys
and gnathostomes, but Bayesian analyses of the
concatenated rRNA-phenotypic data sets support
cyclostome monophyly. Perhaps the model-based
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Bayesian analysis is more prone to the much larger
molecular data partition overwhelming the phylo-
genetic signal of the smaller phenotypic data set.
Such a phenomenon has never been investigated in
model-based analyses of combined phenotypic and
molecular data sets.

The timing of diversification among the major
craniate lineages demands critical consideration
when discussing their phylogenetic relationships.
Hagfish, lampreys, and the remaining craniates
(conodonts, ‘“‘ostracoderms,” and gnathostomes)
are a clade that diversified rapidly in the vastly
distant past. The paleontological estimate for the
age of the common ancestor of hagfish, lampreys,
and gnathostomes is approximately 510 million
years ago (mya), and the time period of diversifica-
tion among the three extant vertebrate clades was
less than 15 million years (Donoghue et al., 2000,
2004). This hypothesized timing of diversification
is based on the estimated ghost range of lampreys,
which is the estimated time between the earliest
occurrence of the lineage in the fossil record and
the minimal time the lineage must have existed
because it’s sister lineage is present as fossils in
older strata. Phylogenetic analyses of phenotypic
characters have resulted in trees where lampreys
are the sister lineage of the Stem Gnathostomata
that includes the conodonts (Donoghue et al.,
2000; Donoghue and Sansom, 2002; Gess et al.,
2006). The oldest lamprey is from the Devonian
and dates to approximately 360 mya (Gess et al.,
2006; Janvier, 2007b, 2008), but the ghost range of
lampreys can be extended 140 million years
because the oldest condont fossils date to approxi-
mately 500mya and the most inclusive clade
containing conodonts and gnathostomes is the
sister lineage of lampreys (Donoghue et al., 2000,
2004; Donoghue and Sansom, 2002; Janvier,
2007b). Therefore, the time period of diversifica-
tion of extant vertebrates is less than 3% of the
total clade age. In such a scenario, molecular data
may be at a disadvantage (Donoghue et al., ’89),
because it would have to evolve rapidly enough to
generate molecular synapomorphies during the
short time of diversification among the extant
craniate clades, and remain conserved for nearly
500 million years to preserve the molecular
synapomorphies among hagfish, lampreys, and
gnathostomes. However, if the rate of molecular
evolution remained similar to that which facili-
tated the generation of the molecular synapomor-
phies, then subsequent evolution over the course
of hundreds of millions of years would result in
divergent terminal branches. The limited number
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of character states in molecular data and the
divergent nature of the extant terminal lineages
would result in an erosion of phylogenetic signal
through multiple changes at specific nucleotide
sites (Felsenstein, ’78).

The results of the parametric bootstrap analyses
reflect the difficulty in using DNA sequences to
reconstruct phylogenetic relationships of two
nodes separated by very short branching times,
relative to the total clade age of approximately
510 mya. The key nodes that related hagfish and
lampreys in the model phylogenies were never
recovered at a high frequency in the phylogenetic
analyses of the simulated data sets. However,
younger nodes in the gnathostomes with larger
time intervals separating them were recovered at
a very high frequency (Fig. 1; Table 4). I suspect
that very long terminal branches that are con-
trasted with very short internal branches that are
temporally spaced close to the common ancestor
will continue to hamper the investigation of
craniate phylogenies using molecular data. This
long-branch bias observed in the vertebrate
phylogeny could result in the incorrect grouping
of lineages owing to systematic error, which is the
deviation of the estimated phylogeny from the true
phylogeny owing to incorrect assumptions in the
inference method (Felsenstein, ’78; Huelsenbeck,
’98; Anderson and Swofford, 2004). This is
different from classic models of long-branch
attraction that involves heterogeneous rates of
character evolution among lineages; however,
previous studies have demonstrated a similar
long-branch effect that leads to inaccurate phylo-
genetic inference when rates of character evolu-
tion are uniform among lineages (Hendy and
Penny, ’89; Zharkikh and Li, ’93; Felsenstein,
2004, p 119). Short internal branches relative to
terminal lineages will result in a persistence of
error that can potentially increase as the sampled
data increases, leading to strong support for
nodes in the incorrectly estimated phylogeny
(Felsenstein, ’78; Swofford et al., 2001). The fact
that model-based analyses of molecular data sets
support cyclostome monophyly (Fig. 5A, Furlong
and Holland, 2002; Delsuc et al., 2006; Mallatt and
Winchell, 2007), and cyclostome monophyly is
supported with high bootstrap pseudoreplicate
scores or significant Bayesian posterior probabi-
lities in these molecular phylogenies is not
evidence that these data sets are immune to
systematic error. The suspicions of a long-branch
bias affecting the analysis of craniate relationships
using the available molecular data extend beyond
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the obvious long terminal branches in the phylo-
geny (Fig. 1), but include the fact that in
parsimony analyses the inclusion of few phenoty-
pic characters results in very different trees
(Figs. 3 and 4), and analysis of individual gene
sequences do not always result in cyclostome
monophyly (Takezaki et al., 2003; Yu et al., 2008).

When considering the phenotypic characters, it
is commonly accepted that rates of morphological
evolution are not uniform over long stretches of
evolutionary time (Simpson, '44, ’53; Eldredge and
Gould, ’72), and there is no observed correlation of
rates of evolutionary change between molecular
and phenotypic phylogenetic data sets (Bromham
et al., 2002). Unlike rapidly evolving molecular
characters, a morphological character state that
originates along an early branch in a phylogeny
may be retained in the descendents of that lineage,
and not erased by subsequent evolutionary change
(Donoghue et al., ’89). This is a particularly
compelling argument when the evolutionary con-
cept of “burden,” as introduced by Riedl (’78), is
considered, as it provides an explanation for
marked variability in character evolution over
long periods of evolutionary time. Burden is the
function of a trait relative to other characters and
is quantified by the number of other characters
that are dependent on its presence. As articulated
by Donoghue (’89), the magnitude of burden on a
particular character will relate to the likelihood of
character modification, with changes at heavily
burdened characters being less likely. Many of
character states in the phenotypic data set that
support the monophyly of lampreys and gnathos-
tomes are characters conceivably under a heavy
burden. Character states shared between lam-
preys and gnathostomes include, but are not
limited to the presence of lateral line neuromasts,
hyperosmoregulation, dorsal fins with fin rays and
radial muscles, a braincase with lateral walls of
cartilage, extrinsic eye muscles, a closed pericar-
dium, and a heart innervated by a vagus that
allows nervous regulation of the heart (Hardisty,
’82; Gess et al., 2006). Changes in any of these
characters would clearly have effects on a broad
collection of associated organismal traits. The
explanation for the presence of these traits shared
by lampreys and gnathostomes from the perspec-
tive of cyclostome monophyly is one of simple
character loss in hagfishes, or remarkable con-
vergent evolution in lampreys and gnathostomes
(Stock and Whitt, ’92; Mallatt et al., 2001; Furlong
and Holland, 2002; Takezaki et al., 2003; Mallatt
and Winchell, 2007), without any consideration of
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evolutionary burden of these traits and the like-
lihood of such dramatic character evolution across
such a diverse array of anatomical and physiolo-
gical traits.

In a review of congruence between phylogenetic
inferences from molecular and phenotypic data
sets Patterson et al. ("93) stated that the mono-
phyly of cyclostomes inferred from molecular data
sets ‘“...seems to be another instance of ‘“not
proven” rather than outright incongruence.”
Addressing the same problem from a much
different perspective, a recent study claimed,
“The monophyly of cyclostomes can be regarded
as one of the most clear-cut examples in which
molecular phylogenetics has succeeded in updat-
ing phylogenetic relationships based on nonmole-
cular [sic] traits.” (Kuraku, 2008). Far from
delivering a resolution of the problem of craniate
phylogeny, my investigation favors the former of
these two assessments and depicts a fragile
portrait of the apparently resolute monophyly of
cyclostomes resulting from molecular phylogenetic
studies. In particular, my study demonstrates that
phylogenetic analyses that combine a relatively
low number of phenotypic characters with large
molecular data sets can dramatically alter the
phylogenetic inference of cyclostome monophyly
resulting from analyses of molecular data sets
alone. Also, the short interval between the
diversification events among hagfishes, lampreys,
and gnathostomes, relative to the total age of the
clade, presents a very hard phylogenetic problem
for molecular data, leading to the erosion of
phylogenetic signal and the potential for long-
branch attraction. The results of the simulation
studies are consistent with this scenario (Fig. 1;
Table 4). Given the importance to basic organis-
mal function of many of the phenotypic characters
that support the monophyly of lampreys and
gnathostomes, models of trait conservation con-
sistent with the hypothesis of lamprey and
gnathostome monophyly are more compelling
than those of simple character loss offered by the
hypothesis of cyclostome monophyly. The analyses
and observations presented in this study indicate
that the monophyly of the cyclostomes inferred
from molecular phylogenetic analyses cannot be
considered unequivocal.
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