J Mol Evol (2004) 58:252-268
DOI: 10.1007/s00239-003-2548-9

OLECULAR
EVOLUTION

© Springer-Verlag New York Inc. 2004

JOURNAL OF

Bilaterian Phylogeny Based on Analyses of a Region of the
Sodium—Potassium ATPase a-Subunit Gene

Frank E. Anderson,> Alonso J. Cordoba,” Mikael Thollesson'"

! Laboratory of Molecular Systematics, Smithsonian Institution, Museum Support Center, 4210 Silver Hill Road, Suitland,

MD 20746, USA

2 Department of Zoology and Center for Systematic Biology, Southern Illinois University, Carbondale, IL 62901, USA
3 Department of Molecular Evolution, Evolutionary Biology Centre, and Linnaeus Centre for Bioinformatics, Uppsala University,

Norbyvigen 18C, SE-752 36, Uppsala, Sweden

Received: 8 April 2003 / Accepted: 15 September 2003

Abstract. Molecular investigations of deep-level re-
lationships within and among the animal phyla have
been hampered by a lack of slowly evolving genes
that are amenable to study by molecular systematists.
To provide new data for use in deep-level metazoan
phylogenetic studies, primers were developed to am-
plify a 1.3-kb region of the o subunit of the nuclear-
encoded sodium—potassium ATPase gene from 31
bilaterians representing several phyla. Maximum
parsimony, maximum likelihood, and Bayesian
analyses of these sequences (combined with ATPase
sequences for 23 taxa downloaded from GenBank)
yield congruent trees that corroborate recent findings
based on analyses of other data sets (e.g., the 18S
ribosomal RNA gene). The ATPase-based trees
support monophyly for several clades (including
Lophotrochozoa, a form of Ecdysozoa, Vertebrata,
Mollusca, Bivalvia, Gastropoda, Arachnida, Hexa-
poda, Coleoptera, and Diptera) but do not support
monophyly for Deuterostomia, Arthropoda, or
Nemertea. Parametric bootstrapping tests reject
monophyly for Arthropoda and Nemertea but are
unable to reject deuterostome monophyly. Overall,
the sodium—potassium ATPase o-subunit gene ap-
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pears to be useful for deep-level studies of metazoan
phylogeny.
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Introduction

Recent investigations of the relationships within and
among the metazoan (multicellular animal) phyla
have employed morphological data (e.g., Eernisse
et al. 1992; Nielsen et al. 1996), molecular data (e.g.,
Eeckhaut et al. 2000; Field et al. 1988; Giribet and
Ribera 1998; Ruiz-Trillo et al. 1999), and combined
morphological and molecular data sets (Giribet et al,
2000; Giribet et al. 2001; Zrzavy et al. 1998). Most
molecular investigations of metazoan phylogeny to
date have utilized the nuclear small-subunit (18S) ri-
bosomal RNA gene. Analyses of 18S data have
provided a number of important insights into meta-
zoan relationships at several levels, including evi-
dence supporting a clade of molting animals (e.g.,
nematodes and arthropods) dubbed Ecdysozoa
(Aguinaldo et al. 1997). However, some aspects of
metazoan phylogeny remain unclear, most notably
relationships within Lophotrochozoa, a clade that
includes Annelida, Mollusca, and several other phyla
(Halanych 1998; Halanych et al. 1995).



To address these remaining ambiguities, some re-
searchers have studied large multilocus data sets from
representatives of a few taxa (those for which com-
plete genomic sequences or large EST databases are
available) (e.g., Blair et al. 2002; Mushegian et al.
1998; Wang et al. 1999), while others have attempted
to gather sequences for one or a few genes from
representatives of many taxa (e.g., Giribet et al.
2001). Both approaches have merit, but at this time
large sequence databases exist for only a few meta-
zoans, and most molecular systematists simply do not
have the resources to generate complete genomic se-
quences (or EST profiles) for representatives of sev-
eral metazoan taxa. Therefore, PCR-based studies of
relatively small numbers of genes will continue to be
the predominant approach employed by most mo-
lecular systematists, because it allows several taxa of
interest to be studied in a cost-effective manner.

Other approaches to investigating phylogeny be-
yond comparisons of nucleotide substitutions within
one or more genes are also being explored. Rare ge-
nomic changes (RGCs) such as intron indels, SINEs
and LINEs, mitochondrial and nuclear genetic code
variants, and gene duplications may also play an
important role in resolving phylogenetic problems at
various levels, including relationships among and
within the animal phyla (Rokas and Holland 2000).
Thus far, three types of RGC have been used to in-
vestigate aspects of metazoan phylogeny: mtDNA
code variants (Castresana et al. 1998), signature Hox
gene motifs (de Rosa et al. 1999), and mtDNA gene
order (Boore 1999). Of these, mtDNA gene order has
received the most attention.

Although studies of mitochondrial gene order and
complete mitochondrial genome sequences seem to
corroborate findings based on analyses of 18S data
alone (Boore and Brown 2000; Boore et al. 1998; von
Nickisch-Rosenegk et al. 2001), this line of research
seems to have produced few novel insights to date
(but see Boore and Staton 2002). This is due in part
to the difficulty and expense of sequencing complete
mitochondrial genomes. Mitochondrial gene order
rearrangements initially seemed to be an ideal source
of information for studying ancient divergences, but
the presumed rarity of mitochondrial gene rear-
rangement events has been called into question re-
cently (Dowtin and Austin 1999; Flook et al. 1995;
Hickerson and Cunningham 2000; Le et al. 2000;
Mindell et al. 1998; Rawlings et al. 2001; Shao et al.
2001a,b), and the development of appropriate meth-
ods for analyzing gene order data has been difficult
(Blanchette et al. 1999). Complete mitochondrial se-
quence data seem promising, but even 14+ kb of
mitochondrial protein-coding sequence is insufficient
for resolving relationships among basal vertebrates
(Cao et al. 1998), suggesting that the ability of these
data to resolve interphylum relationships also may be
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limited. These observations suggest that mitochond-
rial data alone may be insufficient for the resolution
of persistent problems in deep-level animal phylog-
eny—additional data from the nuclear genome, in the
form of either sequences of additional nuclear genes
from representatives of several phyla or new RGCs
(or both) will be necessary.

A few studies have focused on nuclear genes other
than 18S, most notably the large-subunit (28S) ribo-
somal rRNA gene (Christen et al. 1991; Mallatt and
Winchell 2002) and the gene that encodes elongation
factor 1-a (EF-1a) (Kobayashi et al. 1996; Kojima
1998; Kojima et al. 1993; McHugh 1997; Regier and
Shultz 1997, 1998). Unfortunately, the value of the
EF-la gene for elucidating relationships among phyla
may be somewhat limited (Littlewood et al. 2001),
although it has recovered some interesting patterns,
including paraphyly of Annelida with respect to
Echiura and Pogonophora (McHugh 1997) and
paraphyly of Crustacea with respect to Hexapoda
(Regier and Shultz 1997). Comparative studies of a
few other nuclear genes have also been published,
including studies of aldolase and triose phosphate
isomerase (Nikoh et al. 1997), intermediate filament
proteins (Erber et al. 1998), lamins (Erber et al. 1999),
heat shock proteins (Borchiellini et al. 1998), protein
kinases (Kruse et al. 1998), elongation factor-2 (Re-
gier and Shultz 2001), and myosin heavy chain type 11
(Ruiz-Trillo et al. 2002). Thus far, however, these
data sets have been very limited in taxonomic scope,
likely reflecting the difficulty of designing “universal”
PCR primers that can amplify a particular gene re-
gion from representatives of most (or all) metazoan
phyla.

Studies of metazoan relationships have clearly
been hampered by a relative lack of slowly evolving
genes that can be studied using standard laboratory
techniques available to most molecular systematists
(e.g., PCR). Unfortunately, little exploratory work
has been done to develop additional nuclear protein-
coding gene markers for studies of deep intraphylum
and interphylum relationships within Metazoa.
Friedlander et al. (1992) described 14 promising
candidate genes for phylogenetic research within
Metazoa and listed EF-1a, elongation factor-2, Na ™/
K™ ATPase, enolase, and glucose-6-phosphate de-
hydrogenase as genes that may be suitable for use in
deep-level phylogenetic studies of metazoans. In an
effort to develop new nuclear-protein coding markers
to address remaining questions in inter- and intra-
phylum metazoan relationships, we developed three
pairs of oligonucleotide primers for amplification of
a 1.3-kb region of coding sequence from the gene
encoding the o subunit of Na"/K" ATPase (the
“sodium pump” enzyme). We used these primers to
amplify this gene region from mRNA extracts
from representatives of a diverse group of thirty-one
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Table 1.

Oligonucleotide sequences and expected PCR fragment sizes for all primer

Name of oligonucleotide

Oligonucleotide sequence (5" = 3')

Expected nested PCR fragment size (bp)

fATPa ATGACNGTNGCNCATATGTGGT 712
rATPa ATNGGGTGGTCNCCNGTNACCAT

fATPb GTNATGAAGGGNGCNCCNGA 691
rATPb CCCATNGCNACNCCNATGTCNGCTTT

fATPc ATGGTNACNGGNGATCATCCNAT

rATPc ATNGCNGGNACCATGTCNGTNCC 619

Note. For nested PCR reamplifications, primers with M13-21 and M13 rev sequences attached to their 5’ ends were used to allow direct
sequencing with M13 primers. M13 linkers attached to the 5 ends of each of these primers are as follows: 5-CAGGAAA-
CAGCTATGACC-3 (f primers) and 5-TGTAAAACGACGGCCAGT-3' (r primers).

bilaterian (bilaterally symmetrical) metazoans. These
sequences were used to reconstruct relationships
among and within several important metazoan taxa
and to evaluate the potential value of this gene region
for future studies of metazoan phylogeny.

Materials and Methods
Primer Design

An alignment of several metazoan ATPase o-subunit amino acid
sequences downloaded from GenBank was visually scanned for
short conserved motifs of seven or more amino acids that could
serve as PCR primer sites. Oligonucleotides matching five con-
served regions were synthesized for use in RT-PCR and PCR
(Table 1). The primers have several degenerate sites and are thus
unsuitable for use in cycle sequencing reactions. To allow PCR
fragments to be directly sequenced, all primers were synthesized
with M13 linker sequences attached to their 5’ ends, following Cho
et al. (1995) and Regier and Schulz (1997). The 5'-most and 3’-most
primers (fATPa and rATPc) were also synthesized without M13
linkers; this primer pair was used in initial RT-PCR amplifications.

RT-PCR and Nested PCR Amplification

Total RNA was extracted from 50-100 mg of tissue using TRI
reagent (Molecular Research Center) following the manufacturer’s
protocols. The taxa sampled, along with collection locality and
GenBank accession numbers, are listed in Table 2. RT-PCR am-
plification was performed using Ready-To-Go RT-PCR Beads
(Amersham Pharmacia Biotech) and the following cycling param-
eters: 42°C for 20 min (1 cycle), 95°C for 5 min (1 cycle), 95°C for
30 s—38°C for 30 s—72°C for 1 min (32 cycles), 72°C for 7 min (1
cycle). RT-PCR reagent concentrations followed the manufactur-
er’s suggestions, and a poly (T) primer was used to enhance mRNA
amplification. To produce smaller overlapping fragments suitable
for direct sequencing, nested PCR reamplifications of the RT-PCR
product were performed using the primer pairs fATPa-rATPa,
fATPb-rATPb, and fATPc-rATPc (Table 1). Reamplifications
were performed under a variety of cycling parameters and reagent
concentrations. A regime consisting of 94°C for 90 s (1 cycle), 94°C
for 30 s—50°C for 30 s—72°C for 1 min (10 cycles), 94°C for
30 s—44°C for 30 s—72°C for 1 min (25 cycles), followed by a
single terminal extension step (72°C for 7 min) on a Perkin—Elmer
Gene Amp 9700 was usually satisfactory. Each PCR product was
gel-purified using Centri-Sep spin columns (Princeton Separations)
and the purified fragment was directly sequenced in both directions
using dye terminator chemistry (BigDye Terminators; Applied
Biosystems) with M13 sequencing primers. Sequencing reactions
were run out on an ABI 373XL automated sequencer. The resulting

sequences were assembled and edited in Sequencher (GeneCodes).
Edited sequences were aligned using ClustalX (Thompson et al.
1997) with modification by eye in Se-Al (Rambaut 1995) and
MacClade 4.03 (Maddison and Maddison 2001).

MP, ME, ML, and Bayesian Analyses

The nucleotide data alignment was analyzed under maximum
parsimony (MP; equal weights and implicit weights), minimum
evolution (ME; LogDet + invariant distances, using an ML esti-
mate of the proportion of invariant sites), and maximum likelihood
(ML) criteria in PAUP* 4.0 (Swofford 2002) and using a Bayesian
inference approach in MrBayes 2.0 (Huelsenbeck and Ronquist
2001). Several ATPase a-subunit coding sequences were included
with the taxa sampled in this study to increase the diversity of taxa
represented (Table 2). Two taxon sets were analyzed—a large taxon
set including 24 vertebrate ATPase o-subunit sequences (repre-
senting several isoforms) and a smaller taxon set including only 13
vertebrate isoform 1 sequences, each with all available nonverte-
brate metazoan ATPase sequences. Two regions of the data set
(corresponding to amino acid positions 423-429 and 509-519 in the
Drosophila melanogaster sequence) were difficult to align with
confidence; these regions were excluded from all analyses. Third
codon position sites were also excluded from all nucleotide analyses
due to lack of base frequency homogeneity across all sequences (see
below). The nucleotide data were also translated to produce an
amino acid data matrix, which was analyzed using MP and ML.
All MP and ME heuristic searches were performed using 200
random addition sequence replicates with tree bisection—recon-
nection (TBR) branch-swapping, holding 10 trees at each addition
step.

The MP trees were used to evaluate nucleotide substitution
models for ML analysis. Likelihood scores were calculated for one
MP tree for each taxon set under 56 substitution models, and
ModelTest 3.0 (Posada and Crandall 1998) was used to select an
appropriate model via a series of hierarchical likelihood ratio tests.
The general time-reversible (GTR) DNA substitution model with
among-site rate heterogeneity modeled using a mixed-model y +
invariant sites distribution (I' + I) was chosen by ModelTest as the
most adequate model for both taxon sets. Investigation of the
likelihood score output revealed that a GTR + T" + I submodel
not evaluated by ModelTest was not significantly worse than a full
GTR + T" + I model (likelihood-ratio test; p = 0.414427 for the
small taxon set, p = 0.223130 for the large taxon set). This GTR
submodel employed four (rather than six) relative rate parameters:
one for A—C transversions and A-G transitions, one for A-T and
C-G transversions, one for C-T transitions, and one for G-T
transversions (the PAUP* option used was “RCLASS = (aabbc
d)”). To reduce computational time and sampling error, this sim-
pler model was used for all ML searches. To further reduce analysis
time, a ‘“‘successive approximations” approach (e.g., Anderson
2000; Frati et al. 1997) was used. All substitution model parameters



were estimated from the data on five starting trees—two MP trees
(if more than two MP trees were produced, two very different MP
trees were chosen to maximize topological diversity in the starting
tree pool), a successive weighting parsimony tree, an implicit
weights parsimony tree (k = 2) and a LogDet + I tree. In cases
where only one MP tree was found in initial searches, two random
trees were also used as starting points for ML searches. Each of
these trees (with model parameter estimates fixed) was then used as
a starting tree for a round of nearest-neighbor interchange (NNI)
branch swapping under ML, followed by reestimation of model
parameters and a subsequent round of TBR branch swapping. For
each taxon set, all starting points converged on the same ML to-
pology; this tree was accepted as the ML tree. The WAGf+T +1
substitution model (Whelan and Goldman 2001) was selected as the
best-fitting model for the amino acid data matrix following a series
of likelihood-ratio tests. TREE-PUZZLE (Schmidt et al. 2002;
Strimmer and von Haeseler 1996) was used to perform a maximum
likelihood quartet puzzling analysis of the amino acid matrix under
this model, with amino acid frequencies, the I" shape parameter (o),
and the proportion of invariant sites (I) estimated from the data.
Nodal support was estimated using equal-weights parsimony
bootstrap analysis (100 pseudoreplicates, each consisting of a
heuristic search using 100 random addition sequence replicates),
maximum likelilhood bootstrap analysis using the GTR+T+1
submodel described above (100 pseudoreplicates generated with
SEQBOOT in PHYLIP and analyzed using a successive approxi-
mations approach in PAUP*) (Felsenstein 1985, 1995), Bayesian
analysis (I million generations, with the first 200,000 generations
discarded as burn-in) (Huelsenbeck and Ronquist 2001), and
quartet puzzling (for the amino acid data). The ML submodel used
in PAUP* for analysis of the nucleotide data is not available in
MrBayes; a standard GTR +T'+1 model was used instead.

Hypothesis Testing

A parametric bootstrapping approach (Hillis et al. 1996; Huel-
senbeck et al. 1996) was used to test the level of support in the small
taxon set for monophyly of three higher taxa—Deuterostomia,
Arthropoda, and Nemertea. Model trees for each hypothesis
(deuterostome monophyly, arthropod monophyly, and nemertean
monophyly) were constructed by performing ML analyses in
PAUP* using the GTR+T+1 submodel described above and
topological constraints to enforce monophyly for each group of
interest. One hundred data sets were simulated on each model tree
with Seq-Gen 1.25 (Rambaut 1995) using branch lengths and
model parameters resulting from the constrained ML analysis.
Each simulated data set was then analyzed under ML twice: once
under topological constraints to enforce monophyly of the clade of
interest and once with no topological constraints. The distribution
for the test statistic was generated by calculating the difference
in InL scores between the best unconstrained tree and the best
constrained tree for each simulated data set. The InL difference
between the best constrained and unconstrained trees for the
original data set was then directly compared to the appropriate
distribution to estimate p values.

Results

Sequence Comparisons and Practical Considerations

Evaluation of sequences collected in this study sup-
ports the view that they represent coding region se-
quences of the ATPase a-subunit gene. Initial
comparisons of these sequences with ATPase se-
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quences in GenBank using the BLAST search pro-
tocol returned all ATPase a-subunit coding sequences
as top matches. There is evidence of among-sequence
base composition heterogeneity when all sequences
and all codon positions are evaluated (mean nucleo-
tide frequencies: A = 0.25113, C = 0.24410, G =
0.25153, and T = 0.25324 [p < 0.01, %> test of ho-
mogeneity of base frequencies across taxa]), but the
heterogeneity appears to be confined to third codon
positions. With third positions excluded, the mean
nucleotide frequencies are A = 0.29011, C =
0.20925, G = 0.25809, and T = 0.24255, and there is
no significant heterogeneity (p = 0.94098848).

Unfortunately, the primers developed here are not
universal metazoan primers—despite several at-
tempts, the primers failed to amplify the target frag-
ment from RNA extracts from two bryozoans (Bugula
nerita and Pectinatella magnifica), two nematodes
(Camallanus oxycephalus and an unidentified mer-
mithid nematode), a nematomorph (Gordius sp.), two
sipunculans (Golfingia pugettensis and Phascolosoma
agassizii), an echiuran (Urechiscaupo), two echino-
derms (the holothuroid Eupentactaquinquesemita and
the ophiuroid Ophiothrix spiculata), an apterygote
insect (Thermobia domestica), and four annelids (the
polychaetes Nereis virens and Phragmatopoma cali-
fornica, the hirudinid Placobdella parasitica, and an
unidentified lumbricid earthworm). For two of the
three gastropods studied (Tegula brunnea and On-
chidella borealis), only about 1000 bp could be suc-
cessfully amplified and sequenced. Entire sequences
were obtained for the pseudoscorpion Garypus cali-
fornica and the brown recluse spider Loxosceles recl-
usa, but some regions had several ambiguous base
calls. The practical value of this gene region for
studies of bilaterian phylogeny is admittedly some-
what limited if universal PCR primers cannot be
developed. Development of consensus-degenerate
hybrid oligonucleotide (a.k.a. CODEHOP) primers
(Rose et al. 1998), which employ a degenerate “core”
region at the 3’ end of the primer and a nondegenerate
consensus ‘“‘clamp” region at the 5 end, may allow
amplification of this gene fragment from additional
taxa; we are currently exploring this possibility.

Phylogenetic Analyses
Nucleotide Data

The nucleotide and amino acid data matri-
ces, as well as several trees, have been submitted to
TreeBASE (www.treebase.org; study accession num-
ber = S904, matrix accession numbers = M1485-
M1487). MP analysis of the small nucleotide align-
ment (including only isoform 1 sequences from ver-
tebrates) yielded 32 equally parsimonious trees (TL
= 3819; trees not shown). Successive weighting and
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AY303383
AY303382
AY303384
AY303385
AY303386
AY303387
AY303381

Kentucky

Plain pocketbook
Bent-nosed clam
Red octopus

Limpet

Lampsilis cardium
Macoma nasuta

Unionidae

Bivalvia

Mollusca

Friday Harbor, WA
Pigeon Point, CA

Octopus rubescens

Octopoda

Cephalopoda

Palos Verdes Estates, CA
Friday Harbor, WA

Lottia austrodigitalis
Onchidella borealis
Tegula brunnea

Acmaeidae

Gastropoda

Leather limpet

Onchidiidae
Trochidae

Palos Verdes Estates, CA

Brown turban snail

Chiton

Palos Verdes Estates, CA

Lepidochitona hartwegi

Polyplacophora

NM_073868
AJ563804

Nematode
Nemertean

A

Caenorhabditis elegans

Lineus ruber

Nematoda
Nemertea

Nahant, MA

Heteronemertea

Nemertean Fort Pierce, FL AJ563802

Pantinonemertes sp. nov.
Hubrechtella dubia

Hoplonemertea
Pilidiophora

Fort Pierce, FL AJ563803

Nemertean
Phoronid

AY303379
ABO012391

Bodega Bay, CA

Phoronopsis viridis

Phoronida

Planarian

Dugesia japonica”

Tricladida

Platyhelminthes

AF303222

Human blood fluke

A

Schistosoma mansoni

Trematoda

Note. *Voucher destroyed prior to species-level identification. “Sequence downloaded from GenBank.
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implicit weight MP analyses, as well as ME analysis
of LogDet + I distances, each yielded one tree (not
shown). ML analysis yielded a single tree (Figs. 1 and
2; InL = 19,806.34902162). Several clades are re-
covered with high bootstrap support and Bayesian
clade posterior probability. A large clade comprising
all mollusk, nemertean, flatworm, and bryozoan se-
quences, along with the phoronid and brachiopod
sequences, was recovered with moderate support
(ML bootstrap support value [LBS] = 77, MP
bootstrap support value [PBS] = 62, Bayesian pos-
terior probability [BPP] = 1.0). This clade, known as
Lophotrochozoa (Halanych et al. 1995) or Eutro-
chozoa (Eernisse et al. 1992; Ghiselin 1989), has been
recovered in one form or another in several recent
studies (e.g., Peterson and Eernisse 2001). Within this
group, only a bryozoan clade (LBS and PBS = 100,
BPP = 1.0), a mollusk clade (LBS = 65, PBS = 63,
BPP = 0.986), and a pairing of the two bivalve
sequences (LBS = 84, PBS = 89, BPP = 1.0) are
supported. It should be noted, however, that taxon
sampling is extremely limited and that future studies
of this gene that include more taxa may reach
different conclusions.

Another large clade, consisting of the lone nema-
tode sequence and all arthropod sequences, was
also recovered with moderate support (LBS = 61,
PBS = 49, BPP = 1.0), although the position of the
nematode sequence (as sister to Artemia, a brine
shrimp; LBS = 72, PBS = 49, BPP = 1.0) is unex-
pected. The LogDet + Invariant ME tree has the
Caenorhabditis sequence in a different position—as
sister to a Crustacea + Hexapoda clade—but Ar-
thropoda itself is still not monophyletic (Table 3).
Within Arthropoda, arachnid (LBS = 97, PBS = 97,
BPP = 1.0), hexapod (LBS/PBS = 100, BPP = 1.0),
and myriapod (LBS = 81, PBS = 63, BPP = 0.991)
monophyly are well supported. An opilionid +
pseudoscorpion grouping (LBS = 97, PBS = §9,
BPP = 1.0) and monophyly for a group of mala-
costracan crustaceans consisting of an isopod, an
amphipod, and two decapods (LBS/PBS = 100, BPP
= 1.0) are also strongly supported. Hexapods are
found to be nested within Crustacea (including the
Artemia + Caenorhabditis clade). Within Hexapoda,
dipteran monophyly (LBS = 96, PBS = 89, BPP =
1.0), coleopteran monophyly (LBS= 82, PBS = 64,
BPP = 0.999) and monophyly for a dermapteran +
hemipteran + siphonopteran clade (LBS = 96, PBS
= 83, BPP = 1.0) are all moderately supported.

A monophyletic Deuterostomia is not recovered in
these analyses (i.e., the echinoderms do not form a
clade with the vertebrates; Fig. 1). There is, however,
appreciable support for a pairing of the two echino-
derms (LBS = 77, PBS = 71, BPP = 1.0). Verte-
brate monophyly is also strongly supported (LBS/
PBS = 100, BPP = 1.0), as is monophyly of Tetra-
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Fig. 2. Maximum likelihood phylogram for the small taxon set.
The scale bar is equivalent to 0.05 substitution per site.

poda (LBS = 91, PBS = 91, BPP = 1.0), Amniota
(LBS = 95, PBS = 90, BPP = 1.0), and Mammalia
(LBS/PBS = 100, BPP = 1.0), although relation-
ships within Mammalia are poorly supported.

All MP and ME trees, as well as the majority-rule
consensus tree from Bayesian analysis, are highly
congruent with the ML tree (Table 3). The major
differences between trees resulting from different
analyses are in regions of low bootstrap support and
Bayesian posterior probability, particularly within
Lophotrochozoa and Arthropoda. Deuterostome
monophyly is not recovered in any analysis of the
small nucleotide alignment, and some analyses do not

<

Fig. 1. Maximum likelihood tree for the small taxon set (in-
cluding only vertebrate isoform I sequences), with groups of in-
terest highlighted. Support values are as follows: above branches
(lefty—equal-weights parsimony bootstrap support values; above
branches (right)—maximum likelihood bootstrap support values;
below branches—Bayesian clade posterior probabilities. Branches
marked with a single boldface italicized ““100” had 100% MP and
ML bootstrap support. An asterisk (*) indicates a partial sequence
(approximately 1000 bp). Letters denote the following clades of
interest: A—Echinodermata, B—Bryozoa (Cheilostomata),
C—Platyhelminthes, D-—Bivalvia, E—Gastropoda, F—Myria-
poda, G—Arachnida, H—Coleoptera, I-—Diptera and J— " Der-
maptera—Hemiptera—Siphonoptera” (DHS) clade.
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recover a Myriapoda + Arachnida clade or a mon-
ophyletic Myriapoda (Table 3). Monophyly for
Gastropoda, Coleoptera, Osteicththyes, Echinoder-
mata, Protostomia, the Artemia + Caenorhabditis
clade, and the “Diptera + DHS” clade are also
recovered in most, but not all, analyses.

MP analysis of the large nucleotide alignment (in-
cluding isoform 1, 2, 3, and 4 sequences from several
vertebrates) yielded eight equally parsimonious trees
(TL = 4679; trees not shown). As above, successive
weighting and implicit weighting MP analyses pro-
duced one tree, as did ME analysis of LogDet + I
distances (not shown). ML analysis yielded a single tree
(Fig. 3; InL = 23871.83723707) that is congruent with
the ML tree for the small taxon set (Fig. 1) in all but one
respect. ML analysis of the large taxon set recovered a
monophyletic Osteichthyes (all vertebrates but Tor-
pedo californica, a cartilaginous fish) in the isoform 1
clade with low support (LBS = 52, PBS = 45, BPP =
0.642). A monophyletic Osteichthyes was not recov-
ered in ML analysis of the small taxon set (Fig. 1).

Amino Acid Data

Equal-weights MP analysis of the amino acid
alignment resulted in six trees (TL = 2743; strict
consensus shown in Fig. 4). Implicit weights parsi-
mony and successive weighting analyses each pro-
duced one tree (not shown). The amino acid
parsimony trees are highly congruent with trees re-
covered in analyses of the nucleotide data (Table 3).
The only major difference between the amino acid
trees and the nucleotide trees is the lack of support
for a Myriapoda + Arachnida clade and variable
recovery of a monophyletic Myriapoda in the amino
acid trees (Table 3). The quartet puzzling ML tree for
the amino acid data (not shown) is less resolved
than—but largely congruent with—the amino acid
MP trees and nucleotide trees, with a notable excep-
tion; Pantinonemertes is not found with the flatworms
(as for DNA data) but as sister group to Lineus.

Parametric Bootstrapping Analyses

The results of the parametric bootstrapping tests
of deuterostome, arthropod, and nemertean monop-
hyly are shown in Fig. 5. Deuterostome monophyly
cannot be rejected by these data (1.0 > p > 0.05),
while arthropod and nemertean monophyly are
rejected (p < 0.01 in both cases).

Discussion

Phylogenetic Hypotheses

In general, phylogenetic analyses of this fragment of
the sodium—potassium ATPase o-subunit result in
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Table 3.  Cross-analysis evaluation of several clades for the small taxon set
Nucloeitde data Amino acid data

Clade ML EWP SWP W LDI B EWP SWP W (0)3
Echinodermata v v v N v v v v v v
Vertebrata v v v v v v v v v v
Osteichthyes N v 4 v v N v v N v
Anura v v v v v v v v v v
Amniota v v v v v v v v v v
Mammalia v v v v v v v v v v
Protostomia 4 N v N v v v v v v
Ecdysozoa 4 v v v v v v v v N
Myriapoda + Arachnida 4 N N 4 4 4 N N N N
Myriapoda v N N v v v N N 4 N
Arachnida v v v v v v v v v N
Opilionid + Garypus v v v v v v v v v N
Malacostraca v v v 4 v v v v v v
Artemia + Caenorhabditis v v v v N v v v 4 v
Hexapoda v v v v v v v v v v
Coleoptera v N N v 4 v v v v v
Diptera + DHS v v v ' v v v v N N
Diptera v v v v v 4 v v v v
DHS v v v v v v v v v v
Lophotrochozoa v 4 v v v v v v v N
Phoronida + Brachiopoda v 4 v v v v v 4 v v
Platyhelminthes v 4 4 v v v v v v v
Mollusca v v v v v v v v v N
Bivalvia v v v v v v v v v v
Gastropoda v N N v N v v v v v
Polyplacophora + Cephalopoda v v 4 4 4 v 4 v N 4

Note. Checks denote that the clade was recovered in all optimal trees for the given analysis; N denotes clades that were not recovered (often
due to lack of resolution). ML—maximum likelihood; EWP—equal-weights parsimony; SWP—successive-weights parsimony; IW—implicit
weights parsimony; LDI—LogDet + invariant distances; B—Bayesian, QP—quartet puzzling; DHS—Dermaptera + Hemiptera +

Siphonoptera.

trees that are concordant with results of previous
studies of metazoan phylogeny based on morpho-
logical and/or 18S sequence data. Monophyly of
most phyla is supported by the ATPase analyses, as is
monophyly of a few major superphylum-level groups
(Protostomia, Ecdysozoa, and Lophotrochozoa).

Relationships Within Protostomia

Recovery of a variant of Ecdysozoa—a clade con-
sisting of all molting animals sampled for this
study—is consistent with previous findings based on
both 18S data (Aguinaldo et al. 1997) and some
analyses of morphological data (Eernisse et al. 1992).
Although a monophyletic Ecdysozoa was recovered in
all analyses, the position of the C. elegans se-
quence—usually as sister to Artemia franciscana—
was unexpected (this finding is evaluated further be-
low). Overall, most other inferred relationships within
Arthropoda match previous findings rather closely.
The presence of a Pancrustacea clade (disregarding
the enigmatic position of the C. elegans sequence) in
the ATPase phylogeny serves as independent support
of this finding in studies of other sources of data, in-
cluding 18S (Giribet and Ribera 2000), EF-1a (Regier

and Shultz 1997), combined morphology and 18S
(Zrzavy et al. 1998), a combined data set consisting of
several genes and morphology (Giribet et al. 2001),
and mitochondrial gene order (Boore et al. 1998). The
positions of Myriapoda and Chelicerata remain un-
clear, with some previous studies proposing a Myr-
iapoda + Chelicerata clade (Friedrich and Tautz
1995; Giribet et al. 1996, Hwang et al. 2001; Kusche
and Burmester 2001; Turbeville et al. 1991), while
others support a basal position for Myriapoda (Regier
and Shultz 2001) or Chelicerata (Regier and Shultz
1997; Shultz and Regier 2000; Wheeler et al. 1993)
within Arthropoda. A Myriapoda + Chelicerata
clade is supported by a putative molecular synapo-
morphy—a deletion of the second a-helix of hemo-
cyanin domain 1 (Kusche and Burmester 2001).
Support for any particular resolution of myriapod/
chelicerate relationships is, however, generally low in
most studies. The ATPase nucleotide data favor a
Myriapoda + Chelicerata (or, more accurately,
Arachnida) pairing, although bootstrap support and
posterior probability are not high (Fig. 1). Analyses of
the amino acid data set, however, do not support a
Myriapoda + Chelicerata clade (Fig. 4). Within
Arachnida, the ATPase data generally support a close
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Fig. 3. Maximum likelihood tree for the large taxon set with different isoform groups highlighted. Support values are as described for Fig. 1.

relationship between an opilionid (harvestman) and finding is also not unprecedented (see, e.g., Figs. 3-5
Garypus californica (a pseudoscorpion), with Loxos-  of Giribet and Ribera 2000).

celes reclusa (a spider) basal to this pair. Although Within Pancrustacea, a pairing of two brachyuran
relationships within Arachnida remain unclear, this crabs (Carcinus and Callinectes) and monophyly for
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Fig. 4. The tree resulting from equal-weights maximum parsi-
mony analysis of the amino acid data matrix. Values above the
branches are maximum parsimony bootstrap support values, and
values below the branches are maximum likelihood quartet puz-
zling support values (WAGf + I' + I model); only values above 50
are shown.

Malacostraca (represented here by a caprellid am-
phipod, a terrestrial isopod, and the two brachyu-
rans) are unsurprising. The ATPase data suggest,
however, that Crustacea is paraphyletic not only with
respect to Hexapoda, but also with respect to Nem-
atoda, a rather unlikely proposition. The only non-
malacostracan crustacean sequence in the analysis
(Artemia franciscana, a branchiopod) lies closer to
hexapods than to the malacostracan sequences. This
finding is also incongruent with some recent publi-
cations based on 18S sequences (Giribet and Wheeler
1999) and complete mitochondrial genome sequences
(Wilson et al. 2000), which propose a close relation-
ship between malacostracans and hexapods, with
branchiopods in a relatively basal position. Within
Hexapoda, a monophyletic Coleoptera and Diptera
were expected. However, the “DHS” (Dermaptera—
Hemiptera—Siphonoptera) clade, and the hemipter-
an—flea pairing found within this clade, is radically
different from previous hypotheses of hexapod rela-
tionships (Wheeler et al. 2001 and citations therein).

With respect to the hexapod taxa included here,
Wheeler et al, (2001) proposed a relatively close re-
lationship between Siphonoptera and Diptera, with
Hemiptera and Dermaptera outside this pairing in
successively basal positions, a hypothesis clearly dif-
ferent from the ATPase tree. Taxon sampling is un-
questionably an issue here—Wheeler and coworkers’
study included 128 terminal taxa representing 33
hexapod orders, while only 8 sequences from 5
hexapod orders are included here.

Within Lophotrochozoa, apart from some phylum-
level groupings (e.g., Bryozoa and Mollusca) and a
phoronid—brachiopod pair, there is very little support
for any particular set of interphylum relationships.
Unfortunately, this has been the case in most molec-
ular phylogenetic studies of relationships within this
clade (e.g., Mallatt and Winchell 2002; Win-
nepenninckx et al. 1995). The majority of clades
within Lophotrochozoa are supported in fewer than
50% of ML and MP bootstrap replicates, and Baye-
sian clade posterior probabilities are also relatively
low (below 0.9) for several groups. It is becoming in-
creasingly clear that single molecules (18S, EF-1a and
ATPase) are insufficient to resolve interphylum rela-
tionships within Lophotrochozoa. Recently, several
researchers have turned to analyses of combined data
(both morphological and molecular) to resolve these
issues (Mallatt and Winchell 2002; Zrzavy et al. 1998),
thus far with limited success. It appears, however, that
only combined analyses of multiple data sets will
resolve relationships within this problematic group.

Two clades that are recovered with relatively high
support on the ATPase ML tree are Mollusca and,
within Mollusca, Bivalvia. In contrast, most studies
of 18S data alone have failed to resolve a monophy-
letic Mollusca or, for that matter, a monophyletic
Bivalvia (Adamkewicz et al. 1997; Canapa et al. 1999;
Steiner and Muller 1996; Winnepenninckx et al.
1996). Taxon sampling within Mollusca in this study
is very limited, however, and with additional mollu-
scan exemplars, ATPase may also reveal disconcert-
ing patterns of molluscan para- or polyphyly. This is
particularly true for Bivalvia, as the two bivalve
species sampled here—Lampsilis cardium (a fresh-
water unionid) and Macoma nasuta (a marine telli-
nid)—are fairly closely related (Brusca and Brusca
1990). More extensive taxon sampling is clearly nec-
essary before strong conclusions can be made re-
garding mollusk (or bivalve) monophyly and the
utility of this gene for resolving relationships within
Mollusca or Lophotrochozoa.

Relationships Within Deuterostomia

Apart from the peculiar rooting of the tree between
the echinoderms and the vertebrates (discussed fur-
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ther below), this gene fragment successfully recovered
nearly all postulated relationships within Deutero-
stomia, generally with high clade posterior proba-
bilities and MP and ML bootstrap support.
Mammalia (represented here by Rattus norvegicus,
Ovis aries, Sus scrofa, Canis familiaris, and Homo
sapiens), Amniota (Gallus gallus + Mammalia),
Anura (Bufo marinus + Xenopus laevis), Tetrapoda
(Anura + Amniota), and Actinopterygii (Anguilla
anguilla, Catostomus commersoni, Danio rerio, and
Oreochromis mossambicus) are all strongly supported,
and Osteichthyes (Actinopterygii + Sarcopterygii,
represented here only by various tetrapods) is also
recovered in ML analyses of the large data set (Fig.
3). However, neither tree is completely concordant
with traditional views of relationships within Actin-
opterygii or Mammalia. Within Actinopterygii, An-
guilla (a relatively basal actinopterygian) is expected

0.01, and 12.90524706 (Nemertea monophyly;
p < 0.01). Please see the text for further details.

to be sister to the other three actinopterygian species
(Lauder and Liem 1983), although support for a C.
commersoni—D. rerio clade was expected (as both
species are cypriniforms). Support for branches
within this region of the tree is not high, so this may
simply be a region of the tree that ATPase sequences
are unable to resolve accurately. Support for any
particular hypothesis of relationships within Mam-
malia is also low, as has been seen in many other
studies of mammal ordinal relationships (see Waddell
et al. 1999b and citations therein).

Parametric Bootstrapping Tests

Despite the general congruence between the ATPase
phylogeny and previous findings, some aspects of the
trees presented here were surprising. Three of the
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most peculiar findings—deuterostome, arthropod,
and nemertean para/polyphyly—were investigated
using parametric bootstrapping tests. There is sub-
stantial molecular and morphological support for
monophyly of these groups (particularly Arthropoda
and Deuterostomia), yet nearly all analyses of the
ATPase fragment fail to recover these groups. The
parametric bootstrapping tests of deuterostome, ar-
thropod, and nemertean monophyly produced mixed
results—deuterstome monophyly could not be re-
jected, but nemertean and arthropod monophyly was
rejected. If the position of the outgroup Hydra se-
quence is ignored, the ATPase data do support
deuterostome monophyly. The difference in likeli-
hood scores between a ‘“‘deuterostome monophyly”
tree and the best ML topology is insignificant (p >
0.08; Fig. 5). The branch leading to the Hydra se-
quence is connected to the longest internal branch on
the ML tree (the branch between the basal vertebrate
node and the rest of the tree; Fig. 2), suggesting that
long-branch attraction—even weak attraction, given
the lack of signal supporting Deuterostomia—may be
playing a role. Removal of the Hydra sequence prior
to ML analysis produces a nearly identical topology,
but on this unrooted phylogeny the two echinoderm
sequences are no longer sisters—yielding the topo-
logy ((((Vertebrata) Strongylocentrotus) Asterina) all
other sequences)—and the Phoronopsis + Terebra-
talia clade is sister to the Hubrechtella + Lineus clade
(tree not shown). This loss of echinoderm monophyly
when the Hydra sequence is excluded suggests that
inclusion of even this single outgroup sequence may
aid resolution in parts of the phylogeny. Additional
outgroup sequences (from ctenophores, other cnid-
arians, or sponges) or sequences from other deuter-
ostomes (e.g., hemichordates, urochordates, or
cephalochordates) may allow a monophyletic Deu-
terostomia to be recovered. Some analyses of the
alignment including vertebrate ATPase isoforms 2, 3,
and 4 do recover deuterostome monophyly (trees not
shown), suggesting that more thorough taxon sam-
pling may alleviate this problem.

Parametric bootstrapping analysis rejects arthro-
pod monophyly (p < 0.01; Fig. 5), but the rejection is
solely due to the nematode (C. elegans) sequence. The
nematode branch is one of the longest branches on
the ML tree, and in this case, it is joined to the sec-
ond-longest terminal branch (leading to Artemia)
(Fig. 2). The parametric bootstrapping analysis
strongly rejects arthropod monophyly, however, and
sequential exclusion of the Caenorhabditis and Arte-
mia sequences from the data set produces ML trees
that are identical to those produced when both
sequences are included (trees not shown). Sodium—
potassium ATPase is known to play a critical role in
the extraordinary osmoregulatory abilities of brine
shrimp. The Na " /K ™ a-subunit gene in Artemia has

been studied extensively by Saez et al. (2000), who
found higher levels of polymorphism in Na /K™
ATPase a-subunit isoform 1 sequences than expected
and suggested that this locus is evolving under posi-
tive selection. This could explain the high relative rate
of change of this gene in Artemia and the seemingly
spurious grouping of the Artemia sequence with the
Caenorhabditis sequence.

Nemertean monophyly, based on the three se-
quences included here, is rejected by parametric
bootstrapping analysis (p < 0.01; Fig. 5) and is also
not recovered in any analysis of either the nucleotide
or the amino acid data. This result can be examined
in light of a recent phylogenetic study of nemertean
relationships. Based on analyses of 16S, 28S, histone
H3, and COI gene regions, Thollesson and Noren-
burg (2003) have proposed that Nemertea comprises
two major clades—Hoplonemertea and Pilidiophora
(a group comprising Heteronemertea and Hubrech-
tellay—and a paraphyletic ““paleonemertean’ assem-
blage. Two of the nemertean sequences included here
are members of Pilidiophora (Lineus and Hubrech-
tella), while the other is a member of Hoplonemertea
(Pantinonemertes sp. nov.). A Lineus + Hubrechtella
pair is recovered in nearly all analyses based on DNA
sequences, but the Pantinonemertes sequence typi-
cally forms a clade with the two platyhelminth se-
quences (from Dugesia and Schistosoma). In the
quartet puzzling ML analysis of amino acid se-
quences, however, Pantinonemertes and Lineus form
a clade to the exclusion of Hubrechtella, and there is
no support for a nonmonophyletic Nemertea (the
position of Hubrechtella is unresolved). It is thus
likely that the odd result is an artifact in the analyt-
ical methods rather than a case of paralogy or sample
contamination. As with other genes that have been
used to evaluate metazoan relationships (e.g., 18S),
there is low support for most clades within Lophot-
rochozoa on the ATPase trees (Figs. 1 and 4), but the
peculiar position of Pantinonemertes (and the rejec-
tion of nemertean monophyly in the parametric
bootstrapping test) merits further exploration.

The Phylogenetic Utility of the Sodium—Potassium
ATPase o-Subunit Gene

Will the sodium—potassium ATPase a-subunit gene
region studied here be useful for future deep-level
studies of animal phylogeny? Practical as well as
empirical considerations are required to address this
question fully. To be of practical use for molecular
phylogenetic studies, the fragment must be amenable
to PCR amplification across several phyla (or at least
within phyla of interest). The gene should also be
single copy, so that erroneous comparisons among
paralogous gene copies can be avoided (Martin and



Burg 2002). Alternatively, if there are multiple copies
of the gene, sequences in the PCR priming region
should allow PCR to amplify only orthologs.
Empirical considerations might include the ability of
a novel gene fragment to recover clades that are well
supported based on studies of morphological data or
sequence data from other genes. In addition, the
ability of a new phylogenetic marker to resolve rela-
tionships that other data sets have failed to resolve
(or to aid in the resolution of such relationships in
combination with other sources of data) may also
suggest that a new marker can provide an important
contribution.

Is the ATPase fragment studied here practically
useful for metazoan phylogenetic studies? We believe
that it can be useful for some questions. The gene was
successfully amplified from representatives of seven
phyla (Arthropoda, Brachiopoda, Bryozoa, Echino-
dermata, Mollusca, Phoronida, and Nemertea) and is
particularly easy to amplify from some subgroups
(e.g., Hexapoda). Future studies of relationships
within groups where amplification was least prob-
lematic may benefit from inclusion of data from this
gene. Unfortunately, the failure of PCR amplification
for representatives of several phyla (most notably
annelids, sipunculans, cnidarians, and nematodes)
limits the usefulness of these primer pairs in studies of
relationships among the metazoan phyla. Future
work on this gene will involve further attempts to
amplify the gene from additional phyla and evalua-
tion of additional primer pairs designed using the
CODEHOP approach described above.

There is some evidence from previous studies
(Baxter-Lowe et al. 1989; Friedlander et al. 1992) that
this gene is multicopy in some taxa. In this study,
several ambiguities were found in two of the three
arachnids sequenced (Garypus and Loxosceles), sug-
gesting that there may be two (or more) functional
copies of this gene in at least some arachnids. The
recovery of a monophyletic Arachnida suggests that
this putative duplication may only be an issue within
this group. Any future phylogenetic studies using this
gene will require a more thorough examination of
gene copy number in the taxon (or taxa) of interest.

Finally, are there empirical benefits to the use of
this ATPase o-subunit gene region in metazoan
phylogenetic studies? The divergences between taxa
studied here span a broad range of time. For exam-
ple, minimum estimated time depths based on other
data for splits among the major vertebrate groups
represented here range from 65/92 million years ago
(mya) for the split between carnivores and primates
all the way to 439/528 mya (the split between
Chondrichthyes and Osteicthyes). Between these ex-
tremes lie the synapsid—diapsid split (310 mya), the
Lissamphibia—Amniota split (323/360 mya), and the
Actinopterygii—Sarcopterygia split (424/450 mya) (all
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pairs of dates are crude fossil-based estimates derived
from several sources [Alroy 1999; Benton 1997; Jan-
vier 1996; Zug et al. 2001] and molecular clock-based
estimates [Kumar and Hedges 1998; Waddell et al.
1999a], respectively). The finding that the Na /K"
ATPase o-subunit accurately recovers these splits
with high support suggests that splits of similar time
depth within other metazoan phyla might be inves-
tigated fruitfully using this gene. In addition, the
Lophotrochozoa/Ecdysozoa split occurred at least
560 mya, given fossil considerations and a recent
Bayesian estimate of the minimum divergence time
for these two clades (Aris-Brosou and Yang 2002).
The recovery of these two clades in all analyses, along
with generally reasonable patterns of relationships
within Vertebrata, suggests that this gene fragment
may be useful for both intra- and interphylum rela-
tionships within Metazoa, particularly in combina-
tion with data from other genes.
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