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Abstract. The chaetognaths are an extraordinarily ho-
mogeneous phylum of animals at the morphological
level, with a bauplan that can be traced back to the Cam-
brian. Despite the attention of zoologists for over two
centuries, there is little agreement on classification
within the phylum. We have used a molecular biological
approach to investigate the phylogeny of extant chaeto-
gnaths. A rapidly evolving expansion segment toward
the 58 end of 28S ribosomal DNA (rDNA) was amplified
using the polymerase chain reaction (PCR), cloned, and
sequenced from 26 chaetognath samples representing 18
species. An unusual finding was the presence of two
distinct classes of 28S rDNA gene in chaetognaths; our
analyses suggest these arose by a gene (or gene cluster)
duplication in a common ancestor of extant chaeto-
gnaths. The two classes of chaetognath 28S rDNA have
been subject to different rates of molecular evolution; we
present evidence that both are expressed and functional.
In phylogenetic reconstructions, the two classes of 28S
rDNA yield trees that root each other; these clearly dem-
onstrate that the Aphragmophora and Phragmophora are

natural groups. Within the Aphragmophora, we find
good support for the groupings denotedSolidosagitta,
Parasagitta, and Pseudosagitta.The relationships be-
tween several well-supported groups within the Aphrag-
mophora are uncertain; we suggest this reflects rapid,
recent radiation during chaetognath evolution.

Key words: Chaetognaths — Duplicate genes — Mo-
lecular phylogeny

Introduction

Chaetognaths comprise a small phylum of vermiform
marine invertebrates found as common predators within
the plankton. They play an ecologically important role in
the transfer of energy between trophic levels. Chaeto-
gnaths have been known to zoologists at least since the
18th century (Slabber 1778); recent molecular analyses
suggest they evolved from a lineage that diverged very
early in metazoan radiation (Telford and Holland 1993;
Wada and Satoh 1994; Halanych 1996). A remarkable
feature of the phylum is the almost invariant body plan to
which all extant species adhere; indeed, this organization
can be traced back 530 million years, to chaetognath
fossils from Burgess Shale deposits (D.H. Collins, per-
sonal communication). Homogeneity of body form, how-
ever, leads to great difficulties in erecting a stable and
evolutionarily meaningful classification. Chaetognaths
display few variable traits, and much of what variation
exists is quantitative rather than qualitative (variation in
relative proportions rather than novel structures). Conse-
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quently, there is considerable disagreement between
taxonomic schemes suggested by different workers.

At present, the consensus is to recognize just ten gen-
era within the phylum (Bone et al. 1991); although Casa-
nova (1986) further erects the genusArcheterokrohnia
from within Heterokrohnia,while Kassatkina (1982)
proposes a further five genera which are so far unverified
by other workers (Bone et al. 1991). A second genus
commonly perceived as containing subgroups isSagitta;
it contains approximately half the currently described
species of chaetognaths. Some workers raise the genus
Sagittato the level of family (Sagittidae), raising groups
within it to the level of genus (Bieri 1991; Tokioka
1965a,b). Even these workers do not agree on the num-
ber and composition of genera within the Sagittidae. In
summary, it is difficult to disagree with Bieri’s comment
that ‘‘the state of chaetognath systematics is close to
chaotic’’ (Bieri 1991).

Since morphological homogeneity is at the root of the
problem, there is a need for investigation of chaetognath
phylogeny based on nonmorphological characters.
Nucleic acid sequence data have significant potential in
such situations. The genes encoding 18S and 28S ribo-
somal RNA have been widely and successfully used in
molecular phylogenetic studies at all taxonomic levels,
since they are ubiquitous, homologous in all organisms,
and have discrete sites that accumulate mutations at a
range of evolutionary rates (Hillis and Dixon 1991).
However, if phylogenetically informative data are to be
obtained from DNA sequence comparisons, careful
choice of gene, or region of gene, is vital. Regions that
accumulate mutations very slowly (in relation to the time
scale of evolution being investigated) will display few
differences between taxa; sites that evolve too quickly
will lose phylogenetic information through multiple sub-
stitutions and tend to be hard to align.

Unfortunately, we do not know the precise age of the
evolutionary radiations of the chaetognaths; Bieri (1991)
mentions three fossils related to modern species in the
Mazon Creek fauna (Upper Pennsylvanian) and suggests
that the radiation giving rise to the extant species might
have been as long ago as the Precambrian. Comparison
of genes is the most direct approach to determining the
rough date of the radiation that produced the extant chae-
tognath groups. As a pilot study, therefore, we compared
550 nucleotides at the 58 end of the 18S ribosomal DNA
(rDNA) from three chaetognath species:Sagitta elegans
(Telford and Holland 1993),Sagitta setosa,andSpadella
cephaloptera(P.W.H.H. and N.A. Williams, unpub-
lished data). Since the generaSpadellaand Sagittaare
considered distantly related chaetognaths, this compari-
son can be used to estimate the level of DNA sequence
conservation across the phylum. Phylogenetic recon-
structions grouped the three species extremely closely,
relative to their divergence from other metazoa, and con-
siderably closer than areXenopusand human sequences

(data not shown). This suggests that accurate resolution
of chaetognath phylogeny requires a relatively rapidly
diverging region of DNA. This result contradicts Bieri’s
estimate based on fossils.

Accordingly, one of the variable expansion segments
(the D2 domain) of the 28S rDNA gene was selected for
PCR amplification, cloning, and sequence determination
from a diversity of chaetognath species. We show that
chaetognaths possess two distinct classes of 28S rDNA;
we compare their patterns of molecular evolution and
describe insights into chaetognath phylogeny.

Materials and Methods

Samples and DNA Extraction.Eighteen chaetognath species were in-
cluded in the present study, representing a broad spread across the
currently recognized diversity of the phylum. For five species, speci-
mens were collected and analyzed from more than one geographical
site; in view of the uncertain taxonomic status of some species, such
samples were treated separately. This gave a total of 26 independent
samples for analysis. All specimens were collected and identified by
experienced chaetognath specialists (members of ‘‘The Chaetognath
Group’’); Table 1 summarizes the collection data. Animals were pre-
served in 5% SDS, 250 mM EDTA, 50 mM Tris.Cl pH 8, and trans-
ported at room temperature prior to DNA extraction as described by
Holland (1993).

DNA Amplification, Cloning, and Sequencing.Two PCR primers,
MT3 and MT4, were designed to amplify a variable region of the 28S
rDNA gene, spanning the D2 expansion segment. The OLIGO 2.0
program was used to ensure that the primers could not form significant
secondary structure or stable primer dimers and that they had similar
melting temperatures. MT3 and MT4 primers, designed for the present
study, have also been used for taxonomic and identification purposes in
vestimentiferan tube worms (Williams et al. 1993).

MT3 (58 primer) 58 AAAGGATCCGATAGYSRACAAGTACCG 38
MT4 (38 primer) 58 CCCAAGCTTGGTCCGTGTTTCAAGAC 38
(Y 4 C or T; R 4 A or G; S 4 C or G)

The PCR cycling parameters were: 95°C, 3 min, then 35 cycles of
95°C for 1 min, 50°C for 1 min, 72°C for 2 min. Reactions were
performed in a volume of 20ml, essentially as described by Holland
(1993). Products were separated by agarose gel electrophoresis; the
amplified band of approximately 500 bp was purified, ligated into
SmaI-cut pUC18 vector, and transformed into competentE. coli–strain
DH5a.

Table 1 shows the species collected, their origin, the collector/
identifier, and their Genbank accession number. Two or three clones
were sequenced from most samples to take account of polymorphisms
or errors introduced by Taq DNA polymerase; however, if initial clones
differed at only 2% of sites or fewer, these were treated as ambiguities
and coded appropriately in phylogenetic analyses. For three species,
sequencing of initial clones revealed the presence of two distinct
‘‘classes’’ of 28S rDNA gene. Alignment of these sequences to those
obtained from all other chaetognath species in the study revealed that
every clone fell into one or other class. Of the 55 recombinant clones
sequenced in total, 41 fell into one sequence class (denoted class I) and
14 into the other (class II).

Sequence Alignment and Phylogenetic Analyses.Initial sequence
alignment was performed using CLUSTAL V (Higgins et al. 1992),
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followed by manual adjustment taking into account secondary structure
predictions, determined using the MFOLD program within the GCG
package. Phylogenetic analyses were performed on five separate DNA
sequence alignments, each subsequent alignment including progres-
sively more closely related taxa and hence a greater number of confi-
dently aligned sites. This strategy enables more extensive data sets to
be used to root phylogenetic trees, without discarding sites that are
phylogenetically informative at higher taxonomic levels (for example,
Williams et al. 1993). Alignments and positions used in each analysis
are available on request. Maximum parsimony (MP) analyses were
performed using PAUP 3.1.1 (Swofford 1993). Exhaustive searches
were used only on the smallest data set; otherwise the random addition
option was used, with ten replicates. The robustness of each node was
assessed by 500 bootstrap replications. The midpoint rooting option
was used as only one of several guides to determine root positions of
trees. Four distance matrix methods were also used: Fitch-Margoliash
(FM), KITSCH (FM with a molecular clock assumption), neighbor-
joining (NJ), and UPGMA. Each was implemented using PHYLIP 3.4
(Felsenstein 1989) from a distance matrix calculated using the ML
distance correction. The global option was also used when using FM
and KITSCH.

Results and Discussion

Paralogous 28S rRNA Genes in Chaetognaths

The PCR (Saiki et al. 1988) was used to amplify approxi-
mately 500 base pairs (bp) of 28S rDNA from 26 chae-

tognath samples representing 18 species. The region tar-
geted for amplification was the D2 expansion segment;
this is thought to encode a surface loop on the 28S rRNA
molecule immediately 38 to a conserved region that in-
teracts with 5.8S rRNA. The D2 expansion segment has
been found to show relatively high substitution rates in
other taxa—for example, the vestimentiferan tube worms
(Williams et al. 1993).

Alignment of the DNA sequences revealed an unex-
pected result. The chaetognath 28S rDNA sequences can
be allocated to two very distinct classes. Comparing con-
fidently aligned and hence homologous positions, there
are on average eight differences between species within
class I, 24 differences between species within class II,
and 34 differences between species of different class.
There is no correlation between chaetognath genus and
our isolation of either class I or class II sequence; class
I clones were isolated from 15 divergent species, and
class II from five divergent species. Furthermore, in
three species both classes were readily found (Eukrohnia
fowlerii, Sagitta macrocephala, Sagitta serratodentata).
This distribution, coupled with molecular phylogenetic
analyses (see later), strongly suggests that both classes of
28S rDNA gene are present in the genomes of all extant
chaetognaths.

By analogy to other metazoa, each class probably rep-

Table 1. Details of sequences obtained

Species/sequence Collector Region Genbank accession

Class II
Spadella cephaloptera/D Dixon Plymouth Z77129
Eukrohnia fowleri/TH Thuesen E. Pacific Z77123
Eukrohnia fowleri/Kb Kapp E. Atlantic Z77125
Eukrohnia fowleri/Ka Kapp E. Atlantic Z77124
Eukrohnia fowleri/T Terazaki W. Pacific Z77126
Sagitta bipunctata/C Casanova Atlantic Z77127
Sagitta macrocephala/T Terazaki W. Pacific Z77128
Sagitta robusta/T Terazaki W. Pacific Z77130
Sagitta serratodentata/C Casanova Atlantic Z77104

Class I
Eukrohnia fowleri/K Kapp E. Atlantic Z77103
Eukrohnia hamata/K Kapp E. Atlantic Z77105
Eukrohnia hamata/KU Kurbjeweit Antarctica Z77106
Sagitta crassa/N Nagasawa Tokyo Bay Z77107
Sagitta elegans/B Bone Plymouth Z77108
Sagitta enflata/C Casanova Atlantic Z77109
Sagitta enflata/T Terazaki W. Pacific Z77110
Sagitta ferox/T Terazaki W. Pacific Z77111
Sagitta gazellae/KU Kurbjeweit Antarctic Z77112
Sagitta lyra/TH Thuesen E. Pacific Z77114
Sagitta marri/KU Kurbjeweit Antarctic Z77117
Sagitta maxima/KU Kurbjeweit Antarctic Z77118
Sagitta serratodentata/C Casanova Atlantic Z77119
Sagitta setosa/C Casanova Atlantic Z77120
Sagitta setosa/O Øresland W. of Sweden Z77121
Sagitta zetesios/TH Thuesen E. Pacific Z77122
Sagitta hexaptera/T Terazaki W. Pacific Z77113
Sagitta macrocephala/TH Thuesen E. Pacific Z77115
Sagitta macrocephala/T Terazaki W. Pacific Z77116
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resents a tandem ribosomal gene cluster, homogenized
through molecular drive (Dover 1982;1986). However,
the rate of sequence homogenization through gene con-
version between the class I and class II gene clusters
might be close to zero, since they appear to have evolved
separately during the evolutionary radiation of the chae-
tognaths.

There are few precedents for the presence of distinct
rDNA sequence classes within a species though the twin
5S rDNA gene clusters found inXenopusare well known
(Fedoroff 1979). TheXenopusclusters are evolving
separately and are expressed differentially, one solely in
the oocyte and the other in somatic tissues in later em-
bryonic and adult stages. Carranza et al. (1996) report
two types of 18S rDNA in a platyhelminth.

Two Functional Gene Clusters or
Ribosomal Pseudogenes?

A duplication of the 28S rDNA gene (or gene cluster) in
an ancestor of extant chaetognaths could have given rise
either to two functional 28S rDNA genes/clusters or to
one functional gene/cluster and one pseudogene/
pseudogene cluster. Sequence information can be used to
resolve these alternatives, since pseudogenes will not be
subject to the same intense selection pressures as func-
tional genes. At protein-coding loci, pseudogenes may be
recognized by the presence of stop codons, frame shifts,
lack of third-position substitution bias, or changes in oth-
erwise-invariant amino acid residues (e.g., Arctander
1995). These indicators cannot be used in non–protein-
coding genes (such as 28S rDNA); however, selection
does operate to maintain secondary structure of func-
tional RNA molecules. Within stem-loop structures of
ribosomal RNA molecules, a change in one base on a
stem is often compensated by a change in its base-pair
partner on the other side of the stem (although such
compensation is not perfect; Hillis and Dixon 1991). A
pseudo-rRNA gene would be expected to have elevated
levels of uncompensated base changes within stem re-
gions.

There is no published report of a conserved secondary
structure for the D2 expansion segment of 28S rRNA,
presumably due to its high rate of evolution and large
divergence between phyla. We therefore performed sec-
ondary structure predictions for the alignable regions of
class I and class II chaetognath D2 expansion segments.
Three stem structures were identified in common be-
tween the two classes. The pattern of nucleotide substi-
tution during chaetognath evolution was then examined
across all stem regions.

In rRNA stem structures, base pairings occur between
guanine and cytosine and between adenine and uracil
(the RNA equivalent of thymine). In rRNA, however,
pairings between guanine and uracil are also stable. If
selection is maintaining secondary structure then the ra-
tio of structuremaintaining changes (such as G:C→

G:U) to structuredestroyingchanges (G:C→ G:A or
G:C → G:G) should be higher than that expected (based
on analysis of the background rate of nucleotide substi-
tutions). We performed this comparison as well as a
comparison between the changes G:U→ G:C with G:U
→ G:G or G:U→ G:A. (A:U pairings were all but un-
changing in this data set and so changes between A:U
and G:U and vice versa were not considered).

The ‘‘expected’’ ratios of structure-conserving:struc-
ture-destroying were calculated as follows (using the ex-
ample of change from an initial G:C pair). The relative
probabilities of change from C to T, C to G, and C to A
are equivalent to those for G:C to G:T, G:C to G:G, and
G:C to G:A; these may be estimated directly from the
sequence data by summing the actual number of such
changes on the most parsimonious tree. This provides a
very conservative estimate as it is based onall positions,
including secondary structure regions (identified or not).
These latter are expected to have a bias toward structure-
conserving base changes. The observed ratios of struc-
ture-conserving to structure-destroying changesin the
secondary structure regionswere then compared to the
expected ratios, employing a chi-squared test to test for a
significant bias toward structure-conserving changes.
The results (Table 2) show that both genes (or gene
clusters) face selection pressure to maintain stem:loop
structures. We conclude that they are both expressed and
functional.

Hypotheses to account for the existence of the 28S
rDNA expansion segments suggest that there is little or
no selective pressure acting upon them. Clarke et al.
(1984) suggest that the expansion segments are the rem-
nants of mobile elements that have been inserted into the
transcribed regions of the ribosomal genes or that they
are remnants of linkers that connected different func-
tional domains that have subsequently been eliminated
from all but the nuclear-encoded eukaryotic ribosomes
(Clarke 1987). Our analyses, on the contrary, support the
hypothesis that these regions are under selection and that
the structure of expansion segments is important to the
function of 28S rRNA. The same conclusion was reached

Table 2. Chi-square testsa

Class Change
Observed
#

Expected
# x2 P

I GC to GT vs NC 6:0 4.5:1.5 2 n.s.
GT to GC vs NC 10:0 6.8:3.2 4.7 <0.05
Combined 16:0 11.3:4.7 6.65 <0.01

II GC to GT vs NC 9:0 6.7:2.3 3.1 <0.1
GT to GC vs NC 6:0 4.1:1.9 2.8 <0.1
Combined 15:0 10.8:4.2 5.8 <0.01

a Chi-square tests showing that class I and II genes have significantly
higher ratio of structure-conserving (GC to GT or GT to GC) to non-
conserving (NC) changes than would be expected in a gene that is not
selected to maintain secondary structure. See text for detailed expla-
nation
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by Larson and Wilson (1989) on the basis of rates of
sequence change in ‘‘variable’’ regions of salamander
28S rRNA.

It has been noted previously (Vawter and Brown
1993) that transition rates are elevated in secondary
structure regions of ribosomal genes due to the fact that
single substitutions that conserve secondary structure in
a base pair are all transitions (see above). We point out
that this will only be true of genes under selection; hence
a transition bias (compared to noncoding, nonstem struc-
ture or nonribosomal regions) could potentially be used
to identify expressed ribosomal genes without first iden-
tifying secondary structures. Such biases in transition
rates in stem regions might also usefully be taken into
account when reconstructing phylogenies from rRNA
genes.

Class I and Class II 28S rDNA Genes Evolve at
Different Rates

The above analyses suggest that both class I and class II
28S rDNA genes (or gene clusters) are expressed and
functional. We might expect, therefore, that the genes
comprise a mosaic of conserved, essential sites and vari-
able, neutrally evolving sites. The rate of nucleotide
change in DNA sequences is usually considered to be a
function of DNA replication error rate and generation
time (or germ cell generations per unit time). Since these
factors are equal for a given genome, it is surprising that
the class I and class II 28S rDNA genes of chaetognaths
have experienced very different rates of molecular evo-
lution. For example, the number of nucleotide differ-
ences betweenEukrohnia fowlerii and Sagitta macro-
cephala over well-aligned, homologous regions is 11
differences for the class I 28S rDNA D2 segment but 23
differences for the class II D2 segment.

How can this curious observation be explained? The
most likely explanation is that the two genes/clusters are
experiencing different selection pressures; in one (class
I) there is stronger stabilizing selection, which slows se-
quence change. Another possibility is that there is some
effect of cluster size on the rate of substitution. In this
context, it is intriguing that preliminary evidence (based
on the relative numbers of clones obtained from each
class) suggests that the faster-evolving class II sequences
derive from a smaller rDNA cluster than the class I se-
quences.

Class I and Class II 28S rDNA Clones Derive
from Chaetognaths

An alternative explanation for the very different rates of
substitution in the two classes of 28S rDNA is that both
are not, as assumed above, derived from the chaetognath
genome. If one class was derived from the genome of an
endoparasite of chaetognaths, different evolutionary

rates could be explained by selection differences. (Great
differences between animal taxa in rates of evolution of
rRNA genes are well documented.) We consider this
unlikely, since it demands the presence of a geographi-
cally widespread taxon of parasites, in which related (but
never identical) parasites are present in related chaeto-
gnath species. The same argument is even stronger for
food items because—to explain the congruence of the
two phylogenies—we would have to believe that the
chaetognaths have a single source of food with which
they coevolve.

Convincing evidence against the parasite hypothesis
also comes from sequence comparison with other eu-
karyotes. Diagnostic residues at the 58 and 38 regions of
the amplified region confirm that both classes of 28S
rDNA cloned are derived from metazoans. Sequence
alignment reveals that the two classes are far closer to
each other than to other metazoan 28S rDNA sequences
previously reported. For example, an alignment between
the two classes contains 209 confidently aligned sites,
but introduction of the six closest sequences found in
GenBank reduces this to only 106 confidently aligned
sites. Phylogenetic analyses using the latter alignment
clearly place the class I and class II sequences as close
sister groups, divergent from known metazoans (data not
shown). An early divergence from other metazoans was
also found by analysis of chaetognath 18S rDNA (Tel-
ford and Holland 1993; Wada and Satoh 1994). These
results, therefore, give strong support to the view that
class I and class II 28S rDNA clones both derive from
chaetognaths.

Further evidence in support of this conclusion in-
cludes an unusual feature of 28S rDNA from the chae-
tognathEukrohnia(see below).

Eukrohnia:Convergence or Conversion in 28S rDNA?

The class I and class II 28S rDNA genes originated by a
duplication event that predated the radiation of extant
chaetognaths. During subsequent diversification of chae-
tognaths, the class I and class II sequences have evolved
at different rates and have not been homogenized to uni-
formity within each species. This implies that intrage-
nomic exchange of information does not occur between
the classes in most chaetognath species.

Examination of 28S rDNA sequences fromEukrohnia
fowlerii and E. hamatarevealed a possible example of
intragenomic exchange between class I and class II
genes. The genusEukrohnia yielded clones from both
classes, each from several geographical sites. Alignment
to all other chaetognath 28S rDNA sequences revealed a
similar-sized insertion is present in an identical position
in both class I and class II genes only in theEukrohnia
sequences (Fig. 1). There are three possible explanations
for this observation. First, the ‘‘insertion’’ could be a
primitive feature in 28S rDNA genes of chaetognaths,
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predating the class I/class II duplication. This seems un-
likely since it implies this region was precisely deleted
on at least three (and probably more) independent occa-
sions in chaetognath evolution (see later for phylogenetic
trees). Second, the insertion could have arisen indepen-
dently in the class I and class II 28S rDNA genes of
Eukrohnia. This could be rationalized if the molecules
were facing similar selection pressures, perhaps to inter-
act with a divergent protein or RNA molecule specific to
Eukrohniacells. The third and most likely explanation is
that the insertion occurred in only one of the gene classes
and was then transferred to the other by intragenomic
transmission (a gene conversion event). This would im-
ply that either class I or class II 28S rDNA ofEukrohnia
is chimeric.

High sequence similarity in this region between the
two classes would support the latter hypothesis, but such
similarity is not evident in the species studied here. In-
terestingly, whichever of the hypotheses is correct, the
observation lends further strong support to the conten-
tion that both class I and class II genes derive from
chaetognaths.

Phylogenetic Conclusions I: Phragmophora
and Aphragmophora

The highest taxonomic division within the class Sagit-
toidae within the Chaetognatha is generally proposed to
be into the orders Phragmophora and Aphragmophora
(Tokioka 1965a,b, 1974). The former (including the gen-
eraSpadellaandEukrohnia) are chaetognaths possessing
an internal sheet of transverse musculature or phragma
not found in the Aphragmophora (the genusSagitta in
this study). To investigate if this high-level split is jus-
tified, it is necessary to determine a rooted phylogenetic
tree for chaetognaths. However, the D2 domain of chae-
tognath 28S rDNA is extremely divergent from that of
other metazoa. Since very distant outgroups can cause
incorrect rooting of trees, we decided not to include non-
chaetognath sequences in phylogenetic analyses. Two al-
ternative approaches were therefore used to obtain rooted
trees. As a first approach to estimate root position, we
imposed a molecular clock assumption onto distance ma-
trix methods for phylogeny reconstruction (KITSCH or
UPGMA) or used the midpoint rooting option following
MP analysis with PAUP (conceptually similar to assum-
ing a clock). Each method was applied in turn to two
separate DNA sequence alignments: one comprising the
19 class I 28S rDNA sequences and one comprising the
nine class II sequences. The two classes were treated
separately in these analyses to maximize the number of
confidently aligned sites. For the larger class I alignment,
the two distance methods placed a root between Phrag-
mophora and Aphragmophora. (MP analyses on all class
I sequences gave 36 equally most parsimonious trees and
the root position varied.) The root was also placed be-

tween the Phragmophora and Aphragmophora when
UPGMA and midpoint-rooted MP were applied to the
smaller class II data set, although in this case KITSCH
placed the root within Aphragmophora (separatingSa-
gitta robustafrom other chaetognaths).

A second approach to determine root position did not
rely on a molecular clock assumption. The two classes of
chaetognath 28S rDNA are far closer to each other than
to any other metazoan sequences and arose by duplica-
tion prior to the radiation of extant chaetognaths. Each
class, therefore, can be used as an outgroup to determine
the position of the root within the other class. This pro-
cedure is formally identical to that used recently to de-
termine a root for eukaryote, eubacterial, and archaebac-
terial divergence, based on duplications of the elongation
factors TU and G or of amino-acyl tRNA synthetase
genes (Creti et al. 1994; Brown and Doolittle 1995). For
this approach, we used an alignment comprising all 28
chaetognath 28S rDNA sequences determined; this in-
cluded 208 confidently aligned sites, of which 46 were
informative. The most parsimonious tree determined
from this alignment is shown in Fig. 2. This tree places
the root between the Aphragmophora and Phragmophora
for both classes of 28S rDNA gene. Applying distance
matrix methods (FITCH, NJ) to the same data set pro-
duced an identical root position for the class I genes
although the root was within the Aphragmophora for the
smaller set of class II genes (separatingSagitta robusta
from other chaetognaths). We believe this latter result to
be an artefact caused by an unusually long branch lead-
ing to S. robusta,which causes it to be placed artificially
close to the root of the tree.

In summary, the most consistent root position result
produced by both strategies was between the Aphragmo-
phora and the Phragmophora. This supports the division
of chaetognaths into these two orders (Tokioka 1965a,b).

Phylogenetic Conclusions II: Radiation of
the Sagittidae

The Aphragmophora comprise the larger of the two
chaetognath orders, and most taxonomic debate has fo-
cused on relationships within this group. The genusSa-
gitta contains the majority of species and some authors
raiseSagitta to family level (Sagittidae), within which
multiple genera are recognized (Bieri 1991; Tokioka
1965a,b). Bieri’s classification implies a close relation-
ship between particular species; for example, betweenS.
elegansandS. setosa(into Parasagitta) or S. maxima, S.
gazellae,andS. lyra (into Pseudosagitta). Here, for the
sake of clarity, we persist with the traditional nomencla-
ture and indicate Bieri’s generic names by quotation
marks.

We investigated the phylogeny within the genusSa-
gitta using the 28S rDNA sequence data obtained in this
study. These analyses were performed using the class I
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sequences only, since these were obtained from a wider
diversity of relevant species than were class II. Restrict-
ing analysis to one class of 28S rDNA also increased the
number of confidently aligned sites for phylogenetic
analysis (for this reason, Fig. 2 should not be referred to
for phylogeny within the genusSagitta). We first at-
tempted to find the position of the root withinSagitta.
The previous analyses revealed that Aphragmophora and
Phragmophora are natural monophyletic groups; hence,
the Eukrohniaclass I sequences are ideal outgroups for
determining root position within aSagittaclass I phy-
logeny. Analysis of a class I sequence alignment using
six different phylogenetic reconstruction methods did not
reveal a consistent or convincing root position within the
genusSagitta. MP and NJ placed this root betweenS.

serratodentataand the rest; KITSCH and UPGMA di-
vided S. maxima, S. gazellae, S. lyra,and the twoS.
macrocephalafrom the rest; FM and MP separatedS.
hexaptera, S. crasa, S. ferox,and the twoS. enflatafrom
the rest. We cannot present a strong argument in favor of
one root position over the others; we suggest the uncer-
tainty reflects a rapid evolutionary radiation after the
origin of the genusSagitta.

Although root position at the base ofSagittacannot be
found, insight into relationships between particularSa-
gitta species is still possible. We determined a sequence
alignment for class I 28S rDNA clones fromSagitta
species only (to maximize aligned sites) and produced
unrooted phylogenetic trees using three reconstruction
methods that do not assume a molecular clock (MP, NJ,
FITCH). Figure 3 shows a strict consensus between the
three trees. Several groupings ofSagittaspecies are con-
sistently found by all reconstruction methods; most of
these groupings were shown to be robust, as judged by
bootstrap resampling.

A grouping ofS. maxima, S. gazellae,andS. lyra is
extremely well supported; strong support is also obtained
for groupingS. eleganswith S. setosa.These groups are

Fig. 3. Unrooted, strict consensus of NJ, FM, and MP analyses for
the class I gene of the genusSagitta. There were 369 aligned positions
of which 46 were informative for parsimony. The distance matrix for
FM and NJ was constructed using an ML distance correction (PHYLIP
version 3.5) and the Jumble and Global Rearrangements options were
used for FM. The MP analysis used a heuristic search with 10 random
addition repetitions and gave two equally parsimonious trees (83 steps
C.I. 4 0.675) (PAUP version 3.1.1). Several groups within this clade
are well supported although the relationships between these groups are
uncertain as indicated by the polytomy. Bootstrap values are given for
parsimony (above line) and NJ (below line). Thenames on the rightare
generic names for the indicted species based on Bieri’s analyses of
morphology.Capital lettersafter species name indicate collectors (see
Table 1).

Fig. 2. A strict consensus of the 86 equally most parsimonious trees
(109 steps C.I.4 0.642) for both classes of chaetognath D2 region; 208
bases were used in the alignment of which 46 were phylogenetically
informative for parsimony. The trees were found using PAUP 3.1.1
with a heuristic search using ten replicates of the random addition
option and TBR branch swapping. The deep division between class I
and class II genes is shown. A4 Aphragmophora and P4 Phragmo-
phora. The class II genes are evolving far more quickly than the class
I genes. The class I sequences fromSagittaare seen to be very close,
suggesting a rapid radiation.Numbers on branchesindicate number of
inferred changes. This tree confirms that Aphragmophora and Phrag-
mophora are natural groups, but it should not be consulted for rela-
tionships within the class ISagitta (see text).Capital letters after
species name indicate collectors (see Table 1).Ka and Kb are two
separate class II sequences derived fromE. fowleri samples collected
by H. Kapp.
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equivalent to the genera ‘‘Pseudosagitta’’ and ‘‘ Parasa-
gitta,’’ respectively, as proposed by Bieri (1991). Mod-
erate support is obtained for a relationship between the
‘‘ Flaccisagitta,’’ ‘‘ Aidanosagitta,’’ and ‘‘ Ferosagitta’’
of Beiri, and possibly the ‘‘Caecosagitta’’ with ‘‘ Pseu-
dosagitta.’’ The relationships between these well-
supported groupings are uncertain in the consensus un-
rooted tree, again suggesting a rapid evolutionary
radiation within the genusSagitta.

Three Stages in Chaetognath Evolution

Using DNA sequence data to infer dates in the evolu-
tionary history of organisms is fraught with difficulty,
and to a large extent dependent on relative constancy of
substitution rates during evolution. There has certainly
been a significant change in rate of substitution in one
class (if not both) of chaetognath 28S rDNA genes since
the duplication event; for this reason we believe it point-
less to speculate about dates for the duplication and for
subsequent speciation events. We can, however, show
that the evolutionary history of the chaetognaths in-
volved three distinct stages. First, the lineage leading to
chaetognaths separated from other phyla early in meta-
zoan radiation, probably in the Precambrian. This is sup-
ported by the extreme divergence of both classes of chae-
tognath 28S rDNA from that of other metazoa, and by
previous analyses of 18S rDNA (Telford and Holland
1993; Wada and Satoh 1994). In this lineage a 28S rDNA
gene or possibly whole ribosomal gene cluster duplica-
tion occurred in the ancestor of all extant chaetognaths.
Second, the extant lineages of chaetognath diverged from
this common ancestor relatively recently. This diver-
gence involved separation of the lineages leading to the
extant Phragmophora and Aphragmophora. Evidence
that this occurred much more recently than the origin of
chaetognaths includes the similarity in 28S and 18S
rDNA sequences from the generaSagitta, Spadella,and
Eukrohnia. Finally, subsequent to the separation of the
Phragmophora and Aphragmophora, the genusSagitta
underwent a rapid evolutionary radiation, founding sev-
eral subgroups which have subsequently speciated over a
longer time period.
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