plastic instabilities”’ > may incorporate a time dependence that may

serve as a nonlinear temperature-dependent delay factor in dynamic
triggering. We purpose that deep events can be remotely triggered
by transient effects incorporating such nonlinear short-term delay
mechanisms in regions where high stress may predominate, but
where earthquakes have difficulty nucleating without external
influences. 0

Methods

Aftershock location

We combined teleseismic arrival times from the Preliminary Determination of Epicentres
(PDE) with regional data from the SPANET network (Fig. 1) to constrain the location of
the 2002 sequences. P, pP, sP and regional S arrival times were inverted using a
hypocentroidal decomposition method that minimizes the effect of velocity
heterogeneities along the ray paths™. Two stations of the Global Seismic Network (GSN),
AFI and MSVE and stations of the SPANET network, located at distances of about 5-13°
(Fig. 1), recorded upgoing P and/or S phases that allowed better depth constraints.

Body-waveform inversion

Using global broadband data, we inverted for the source parameters of both
mainshocks®*'. Global data were combined with recordings of the SPANET network to
infer the focal mechanism of the larger (M}, >4.6) aftershocks with a grid search method
that fits P and SH waveforms simultaneously.

Coulomb failure stress

The Coulomb failure stress change is expressed as Ao = A7+ ' Ag, where A7 is the shear
stress change on a fault (positive in the direction of fault slip), Ao is the normal stress
change (positive for extension), and ' is the apparent coefficient of friction, which
includes the effects of pore pressure change. Failure is promoted if Aoy is positive and
inhibited if negative 2. The Coulomb stress changes are computed in an elastic half-space
using the finite-fault source model for the initial event which consists of three subfaults
(Supplementary Table 3). For each subfault, an uniform slip distribution, consistent with
the estimated average dislocation of 2 m, is used. Aftershocks located in the depth range
between 579 km ad 623 km imply widths of about 40 km for the near vertical subfaults. In
the calculations, we assumed a shear modulus of 11.6 X 10" dyn cm ™2, appropriate for a
depth of 571 km, and a Poisson’s ratio of 0.24 for olivine, the dominant mineral in mantle.
For the apparent coefficient of friction u’, we employed values ranging from 0.6 to 0.9. The
general stress distribution was similar for all these values. The final models were computed
for u' = 0.7.
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Xenoturbella is a deuterostome
that eats molluscs

Sarah J. Bourlat', Claus Nielsen’, Anne E. Lockyer’,
D. Timothy J. Littlewood® & Maximilian J. Telford'

"University Museum of Zoology, Department of Zoology, Downing Street,
Cambridge CB2 3E], UK

2Zoological Museum (University of Copenhagen), Universitetsparken 15,
DK-2100 Copenhagen, Denmark

*Department of Zoology, The Natural History Museum, Cromwell Road,
London SW7 5BD, UK

Xenoturbella bocki, first described in 1949 (ref. 1), is a delicate,
ciliated, marine worm with a simple body plan: it lacks a through
gut, organized gonads, excretory structures and coelomic cav-
ities. Its nervous system is a diffuse nerve net with no brain.
Xenoturbella’s affinities have long been obscure and it was
initially linked to turbellarian flatworms'. Subsequent authors
considered it variously as related to hemichordates and echino-
derms owing to similarities of nerve net and epidermal ultra-
structure®’, to acoelomorph flatworms based on body plan
and ciliary ultrastructure** (also shared by hemichordates’),
or as among the most primitive of Bilateria®. In 1997 two
papers seemed to solve this uncertainty: molecular phylogenetic
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analyses’ placed Xenoturbella within the bivalve molluscs, and
eggs and larvae resembling those of bivalves were found within
specimens of Xenoturbella'>''. This molluscan origin implies that
all bivalve characters are lost during a radical metamorphosis
into the adult Xenoturbella. Here, using data from three genes, we
show that the samples in these studies were contaminated by
bivalve embryos eaten by Xenoturbella and that Xenoturbella is in
fact a deuterostome related to hemichordates and echinoderms.

We carried out independent polymerase chain reaction (PCR)
amplifications using ten different sets of primers for three genes
(small subunit ribosomal DNA (SSU) and cytochrome oxidase 1
and 2 (coxI and 2)) on two specimens of Xenoturbella collected from
soft mud at a depth of 100 m near Kristineberg, Sweden. From each
experiment we found sequences that were most similar to those
from bivalve molluscs; in every case we also found another distinct
sequence. Our contention that the molluscan sequences are derived
from food ingested by Xenoturbella is supported by examination of
the sequence evidence. Our molluscan-type coxI sequence is 97.2%
similar at the nucleotide level (593 out of 610) to a sequence from
the mollusc Nucula tenuis (found at Kristineberg); for comparison
N. tenuis and congeneric N. sulcata are 75% similar. It seems
extremely unlikely that Xenoturbella, with no molluscan features,
could be this genetically similar to a bivalve mollusc. This result is
echoed by analyses of a section of SSU (corresponding to positions
1500-1850 in Homo sapiens SSU) where we found two molluscan
sequences, one identical to the published Xenoturbella sequence, the
second identical to N. sulcata SSU. The most plausible explanation

Amphiporus sp.
Aplysia californica

Eisenia fetida
Phascolopsis gouldii
7 Placopecten magellanicus
Nucula sulcata

100/* Urechis caupo

Phoronis vancouverensis
Terebratalia transversa
Halicryptus spinulosus

Limulus polyphemus
Triops longicaudatus

Antedonidae G.sp.
E Arbacia sp.
99 Strongylocentrotus purpuratus

57753 Balanoglossus sp.
Ptychodera flava

Lophotrochozoa

Ecdysozoa

Echinodermata

Cephalodiscus
gracilis

Hemichordata

Harrimania sp.

Saccoglossus kowalevskii

Xenoturbella bocki
Branchiostoma floridae

_jop Homo sapiens
1007 ERaja schmidti
99/— Triakis semifasciata

Petromyzon marinus
Ciona intestinalis
Thalia democratica
Styela plicata

Xenoturbellida

99,

Chordata

— 0.01 substitutions per site

Figure 1 Best ML tree found using SSU sequences. Xenoturbella is within the
deuterostomes basal to a clade containing the echinoderms and hemichordates. Values
are non-parametric bootstrap (first) and MB posterior probabilities (second). MB values of
100 are represented by an asterisk to save space. Maximum parsimony and neighbour-
joining analyses placed Xenoturbella in an identical position within deuterostomes. The
tree has been rooted such that the deuterostomes are monophyletic. Positioning the root
on Xenoturbella as suggested by rooting with one acoelomorph, Meara, would imply
paraphyly of the deuterostomes and for this and other reasons is rejected (see
Supplementary Information). Forcing Xenoturbella to the base of the deuterostomes is
significantly less well supported according to likelihood ratio tests (P < 0.05). None of the
included taxa had a statistically significant divergence from homogeneity of base
composition.
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for these different sequences is that they derive from different
bivalve molluscs that have been ingested by Xenoturbella as embryos
or larvae. This idea is confirmed by experiments comparing SSU
PCR products amplified from an intact animal with those in which
we dissected away as much of the gut as possible from our specimen.
In PCR experiments where mollusc-type sequences are distinguish-
able from alternative sequences by molecular mass, the concen-
tration of the mollusc-type PCR product decreases in the sample
with gut dissected out compared with the intact animal sample; the
relative concentration of the alternative sequence increases when the
sample contains less gut (Supplementary Information). We con-
clude from our experiments that the most likely explanation for the
similarity to molluscs of some of our sequences and the sequences
previously reported from Xenoturbella is that they derive from
material in the gut and that the alternative sequences must therefore
be from Xenoturbella.

Phylogenetic analyses'>'’ using our complete Xenoturbella SSU
sequence place it within the deuterostomes (Fig. 1; 99% non-
parametric bootstrap support (BP) and 100% posterior probability
in a bayesian analysis (MB)). Although rooting the Bilateria using
different outgroups results in different positions for the root (see
Supplementary Information) we make the assumption that the
deuterostomes (with or without Xenoturbella) are monophyletic.
Within the deuterostomes Xenoturbella groups with the Ambula-
craria (hemichordates and echinoderms) (92% BP, 100% MB) but is
basal to both phyla (excluded from Ambulacraria 54% BP, 94%
MB). A likelihood ratio test showed that there was significantly
more support for positioning Xenoturbella within the deutero-
stomes than for positioning it at the base of the Bilateria or at the
base of the deuterostomes (P < 0.05). Likelihood ratio tests did not
reject the possibility that Xenoturbella is a basal hemichordate
(P <0.061) or a basal echinoderm (P < 0.17) although other
information (see below) argues against these possibilities. In our
best tree, the urochordates branched at the base of the deuteros-
tomes. Excluding the urochordates from a monophyletic Chordata
does not have strong support (76% BP, 86% MB) and a likelihood
ratio test shows that our tree with paraphyletic chordates was not
significantly better supported than a tree with monophyletic chor-
dates (P < 0.158). The observed paraphyly of chordates seems most
likely to be a result of the relatively long branches of the
urochordates.

We also have nucleotide sequence from Xenoturbella correspond-

&

12,13

s (kN

Echinodermata Hemichordata Xenoturbella Chordata
N | c [YYSY
cox1 R ND4 cox2
Other
Bilateria
cox1 -S2 D cox2 m
AAA=K
ATA=M

Figure 2 Position of Xenoturbella within the deuterostomes as suggested by our analyses
of SSU and mitochondrial data. The distribution of synapomorphic molecular character
states is indicated by a letter. A, monophyly of deuterostomes including Xenoturbella
supported by common mitochondrial gene order; B, monophyly of Ambulacraria
(hemichordates plus echinoderms) to the exclusion of Xenoturbella supported by one
genetic code change; C, Monophyly of crown-group echinoderms supported by further
genetic code change and gene order change.

NATURE | VOL 424 | 21 AUGUST 2003 | www.nature.com/nature




ing to most of coxI, the 106 amino acids at the amino terminal of
cox2 and the sequence linking these two genes. Although phylo-
genetic analyses using cox1 sequences are less reliable at this level of
divergence than those of SSU, phylogenetic analyses of cox!
sequences support our results from SSU, also placing Xenoturbella
within the deuterostomes but in this case as the sister group of the
hemichordate Balanoglossus (see Supplementary Information).
These mitochondrial sequences provide us with two additional
sources of information for testing the phylogenetic position of
Xenoturbella—gene order and mitochondrial genetic codes.

Analyses of our mitochondrial sequences'* show that there are
two transfer RNA genes positioned between Xenoturbella cox] and
cox2: tRNA-S2 (anticodon UGA for serine) adjacent to coxI in the
reverse orientation, followed by fRNA-D (anticodon GUC for
aspartic acid) and then cox2. Of the metazoans studied so far this
gene order is seen only in deuterostomes (cephalochordates, ver-
tebrates and hemichordates; see http://www.jgi.doe.gov/programs/
comparative/Mito_top_level.html) providing further evidence that
Xenoturbella is a deuterostome (Fig. 2). A different gene arrange-
ment is seen in echinoderms demonstrating that Xenoturbella is
excluded from the crown group of the echinoderms.

An informative mitochondrial genetic code variant is also found
in hemichordates and echinoderms' (and convergently in rhabdi-
tophoran Platyhelminthes). In both ambulacrarian phyla the codon
ATA codes for isoleucine (I) rather than for methionine (M), as is
the case in most other metazoans. Examination of Xenoturbella cox1
and cox2 following the method in ref. 15 shows that ATA codes for
the standard metazoan M (see Supplementary Information). The
lack of this hemichordate and echinoderm synapomorphy may
suggest that Xenoturbella lies outside these two ambulacrarian
clades (Fig. 2). There is some further support for this contention,
albeit less compelling, from another alteration in mitochondrial
genetic code. In echinoderms the codon AAA codes for asparagine
(N) rather than lysine (K) as it does in most metazoans, and there
has been a concomitant change in the echinoderm lysine tRNA
anticodon from TTT to CTT. It has been proposed that the
complete absence of the codon AAA from the hemichordate
mitochondrial genome is an intermediate step in this reassignment
and this is supported by the observation of the same change in the
hemichordate lysine tRNA anticodon'®. In contrast, our analyses
show that in Xenoturbella the codon AAA codes for K as in most
other Metazoa (see Supplementary Information).

Xenoturbella cox] and partial cox2 genes lack the codons AGA and
AGG: the related serine codons AGC and AGT each occur five times.
The absence of the AGG codon (if true of the whole Xenoturbella
mitochondrial genome) is another more tentative link with the
deuterostomes; this codon—which codes for serine in most
metazoan mitochondria—is not found, or codes for an amino
acid other than serine, in all deuterostome taxa apart from
echinoderms.

Our results indicate that Xenoturbella is not a highly degenerate
bivalve mollusc and that the evidence supporting this theory—
molluscan eggs, larvae and gene sequences—can be best explained
by concluding that Xenoturbella eats nuculid mollusc adults, eggs
and pericalymma larvae. Notably, both N. tenuis and N. sulcata are
common in the same habitat as Xenoturbella. The published
Xenoturbella SSU sequence must derive from another of the 109
species of bivalve mollusc found around Kristineberg.

Figure 2 summarizes the relationship of Xenoturbella to the other
deuterostome taxa suggested by our analyses of SSU sequences: in
interpreting this tree we make the assumption that the chordates are
monophyletic. This scheme of relationships could suggest that the
simplicity of Xenoturbella represents the primitive form of the
deuterostomes and even that this simplicity derives directly from
more basal taxa such as the acoelomorphs with which Xenoturbella
has been linked™®. It is also possible that Xenoturbella is more closely
related to one or other of the two ambulacrarian clades, although
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this is not seen in our best tree and our mitochondrial code data
provide some evidence against this. Whether Xenoturbella is basal to
the Ambulacraria or sister group to either the hemichordates or the
echinoderms, consideration of characters shared by the Ambula-
craria and the chordates such as coelomic cavities, complete gut
with separate mouth and anus and gill slits, suggest that these
characters have been secondarily lost by Xenoturbella. This would
mean that at least some aspects of its simplicity are derived. Future
studies of the embryology of Xenoturbella would be expected to
reveal further characters commonly found in deuterostomes such as
radial cleavage, a ciliated larva and perhaps some degree of left/right
asymmetry during development as seen in the ontogeny both of
chordates and of hemichordates and echinoderms"’.

Because of the pivotal phylogenetic position of Xenoturbella as a
close relative of the hemichordates and echinoderms and an out-
group to the chordates, future studies of the genetics, morphology
and embryology of Xenoturbella have the potential to provide great
insight into the evolution of the deuterostomes. Xenoturbella has
previously been placed in the high-ranking taxon Xenoturbellida'. If
future experiments show Xenoturbella to be the sister group of the
Ambulacraria, as our evidence suggests, then Xenoturbellida would
constitute a new phylum of deuterostome. O

Methods

See supplementary Information for specimens, PCR and sequencing primers, and PCR
and sequencing methods.

Alignment

SSU sequences were downloaded already aligned according to secondary structure from
Ribosomal Database Project II (http://rdp.cme.msu.edu/html/). Our sequence was
aligned to these using CLUSTAL X (ref. 18) and the profile alignment option. Alignments
were refined by eye using MacClade v. 4.03 (ref. 19).

Exclusion of unreliably aligned positions
To avoid subjectivity in excluding unreliably aligned positions from phylogenetic analyses,
the program Gblocks version 0.91b (ref. 20) was used with the standard settings.

Phylogenetic reconstruction

Maximum likelihood (ML) tree estimation used PAUP*4.0b10 (ref. 12) and followed a
previously described procedure*’. PAUP* was also used for maximum parsimony and
neighbour joining (NJ) using several methods for calculating the distance matrix.

We also used the MrBayes software' to estimate the best tree using bayesian inference
of phylogeny. The gamma parameter with eight rate categories, proportion of invariant
sites, GTR matrix and nucleotide frequencies were all estimated. Four chains were run with
1,000,000 generations. Every 100th tree was stored and their likelihoods plateaued after
approximately 25% of the run. The last 100 trees (final 10%) were used to make a
consensus tree in which the frequency of occurrence of each clade indicates the support for
this clade.

Non-parametric bootstraps

NJML non-parametric bootstrapping (NJMLBP) was used to gauge support for
relationships. For 1,000 bootstrapped data sets, an NJ tree was calculated from ML
distances calculated using the gamma parameter («) proportion of invariant sites (pinv)
parameters fixed as calculated for the original data set based on the ML tree. Base
frequencies and rate matrix values were estimated for each bootstrap replicate.

Alternative hypothesis testing with likelihood ratio tests

The Shimodaira—Hasegawa test implemented in PAUP* was used to test whether
alternative topologies were significantly less well supported by the data than those found in
our ML tree. The RELL approximation method was used with 1,000 bootstrap replicates.
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Speciation by host switch in
brood parasitic indigobirds
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A growing body of empirical and theoretical work supports the
plausibility of sympatric speciation'”, but there remain few
examples in which all the essential components of the process
are well understood. The African indigobirds Vidua spp. are
host-specific brood parasites. Indigobird nestlings are reared
along with host young, and mimic the mouth markings of their
respective hosts*®. As adults, male indigobirds mimic host
song*”’, whereas females use these songs to choose both their
mates and the nests they parasitize®. These behavioural mecha-
nisms promote the cohesion of indigobird populations associ-
ated with a given host species, and provide a mechanism for
reproductive isolation after a new host is colonized. Here we
show that all indigobird species are similar genetically, but are
significantly differentiated in both mitochondrial haplotype and
nuclear allele frequencies. These data support a model of recent
sympatric speciation. In contrast to the cuckoo Cuculus canorus,
in which only female lineages are faithful to specific hosts*'°, host
switches have led to speciation in indigobirds because both males
and females imprint on their hosts®''.

The high degree of host specificity in indigobirds led previously
to the suggestion that host—parasite associations in African finches
were the product of a long history of co—speciation®. This model
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accounted for the remarkable mimicry of host mouth markings by
the young parasites without requiring specialist parasites to have
colonized hosts with different mouth markings. Genetic studies,
however, indicate that indigobird species have a much more recent
origin than their hosts'>"*. Indeed, the lack of differentiation among
indigobirds in mitochondrial DNA (mtDNA) restriction-fragment
length polymorphism (RFLP) markers' is somewhat difficult to
reconcile with their distinct behaviour' and morphology (Fig. 1).
Behavioural imprinting in both males (song mimicry)'' and females
(mate choice, host choice)® suggests a mechanism for rapid sympa-
tric speciation: indigobirds reared by a novel host species acquire the
songs of that host and mate assortatively, resulting in immediate
reproductive isolation after a new host is colonized. If this model is
correct, the genetic similarity of indigobirds may be attributed to
their recent origin from a common ancestor, but evidence of current
reproductive isolation also is predicted. We tested this by comparing
mitochondrial haplotype and nuclear microsatellite allele frequen-
cies among seven indigobird species in West Africa (samples from
Cameroon and Nigeria) and four species in southern Africa
(samples from Zimbabwe, Zambia, Malawi and South Africa).
Figure 2 shows unrooted mtDNA haplotype trees for indigobirds.
Species within each region share a set of closely related haplotypes,
with overall diversity similar to that typically found within a single
avian species. For example, a maximum divergence of 2.1% between
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Figure 1 Examples of morphological variation between indigobird species. Nestling
mouth markings in V. camerunensis (a) and V. chalybeata (b) mimic the young of their
firefinch hosts, L. rara and L. senegala, respectively. Dark wing and plumage in V.
chalybeata from West Africa (c). Pale wing and green plumage in V. raricola (d). White bill
and blue plumage in V. camerunensis (€). Red bill and orange feet in V. chalybeata from
southern Africa (f). See ref. 30 for a complete description of morphological differences
between indigobird species.
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