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Evidence from 12sRibosomal RNA Sequences 
That Onychophorans Are Modified Arthropods 

J. William 0 .  Ballard,* Gary J. Olsen, Daniel P. Faith, 
Wendy A. Odgers, David M. Rowell, Peter W. Atkinson 

The evolutionary relationshipsof the onychophorans (velvet worms) and the monophyly 
of the arthropods have generated considerable debate. Cladistic analyses of 12sribo-
somal RNA sequences indicate that arthropods are monophyletic and include the ony-
chophorans. Maximum parsimony analyses and rnonophyly testing within arthropods 
indicate that myriapods (millipedes and centipedes) form a sister group to all other as-
semblages,whereascrustaceans(shrimpsand lobsters)plushexapods(insectsand allied 
groups) form a well-supported monophyletic group. Parsimony analysis further suggests 
that onychophorans form a sister group to chelicerates (spiders and scorpions) and 
crustaceans plus hexapods, but this relationship is not well supported by monophyly 
testing. These relationships conflict with current hypotheses of evolutionary pathways 
within arthropods. 

T h e  question of whether arthropods, or this discussion is the phylogenetic position 
jointed foot invertebrates, have a common of onychophorans, or velvet worms. These 
ancestor has eenerated debate. Central to enianatic invertebrates resemble slues with-

legs- (Fig. 1),and an early report d&cribed 
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these hypotheses group myriapods (milli-
Present address: ~e~amnentof Eco lm and EVOIU- pedes and centipedes) and hexapods (in-
tion, University of ch:-, Chicago, 1L%O637. sects and allied groups) together to form the 

Fig. 1. An undescribed oviparous onychopho-
ran species from eastern Australia. 

atelocerates. The morphological character-
istics used by these models include the 
presence of anterior tentorial arms, the 
absence of pretarsal levator muscles, the 
absence of distinct appendages on the tri-
tocephalic head segment (6) ,  and append-
age evolution (7). 

Ultrastructural similarities between the 
sperm of onychophorans and euclitellates 
(oligochaetes, branchiobdellids, and leech-
es) have led to the proposition that ony-
chophorans are more closely related to cer-
tain annelids than to arthropods (2) (Fig. 

Fig. 2. Polyphyletic (A and B) and monophyletic 
(C and D) hypotheses of arthropod relation-
ships. Polyphyletic hypotheses propose either 
that (A) onychophorans are more closely relat-
ed to certain annelids than to arthropods (2)or 
(B) arthropodization has occurred indepen-
dently at least three times (3).Hypotheses of 
arthropod monophyly propose onychophorans 
are either (C) primitive (4) or (D) closely allied 
to myriapods and hexapods (5). 
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2A). Similarities in the embryonic devel-
opment of onychophorans and atelocerates 
have been used as evidence for monophyly 
of these two groups to form the uniramians, 
although there i s  dissent over arthropod 
monophyly (Fig. 2, B and D). Investigators 
who discount the embryological evidence 
(4) have suggested that the closest extant 
relatives of atelocerates are the other man-
dibulate arthropods, the crustaceans 
(shrimps and lobsters) (Fig. 2C). The 
monophyly of this assemblage i s  further 
supported by the extraordinary similarity of 
the compound eye ommatidia of hexapods 

Fig. 3. Phylogenetic infer-
ences generated from the 
40 taxa 329 character 
state matrix, (245 informa-
tive sites). (A)A strict con-
sensus tree, resultingfrom 
maximum parsimony anal-
yses, constrained to con-
tain all significantly mono-
phyletic groups (below). 
Asterisks above the lines 
show significantly mono-
phyletic ndes  whereas 
numbers below the lines 
indicate branch lengths. 
This analysis generated 
64 equally parsimonious 
trees of length 1418 steps. 
This is seven steps longer 
than the initial analyses 
during which PAUP found 
144 parsimonious trees. 
Hennig86found 128 trees 
of the same length. (B) A 
neighbor-joining phyloge-
netic tree generated by 
PHYLIP (21) using the Ki-
mura two-parametermod-
el with no transition trans-
version bias. Numbers at 
nodes indicate the boot-
strap percentages from 
2000 samples. Bootstrap 
values less than 50 indi-
cate that the assemblage 
is not well supported and 

and crustaceans. The myriapod eyes are 
considered to be modified secondarily (8). 

Of the existing numerical approaches to 
investigating phylogeny, maximum parsi-
mony methods have been used most exten-
sivelv ( 9 ) .  These methods minimize the, ~, 

amount of evolutionary change required to 
explain the available data. Maximum par-
simony comparisons of partial cytoplasmic 
18s ribosomal RNA (rRNA) sequences 
from chelicerates (spiders and scorpions), 
myriapods, crustaceans, and hexapods sup-
port the hypothesis that these arthropods 
are monophyletic relative to annelids .and 

A 
59 

Homo sapiens 
56 Paracentrotus lividus 

lschnochiton australis 
t.. Cellana tramoserica 
r) Aponectodearosea 

Family Lumbricidae 
-a Allothereura sp.- z Cormocephalusaurantiipes 1 

58 C. aurantilpes 2 
Plicatoperipatusjamaicensis 

Atherton sp. 
m 
37 

Euperipatoides leuckartii Forbes 
E. leuckartii Monga 

E. leuckartii Big Badja 
E. leuckartii Talaganda 

..* Tetragnathahawaiensis 
T. mandibulata 

Liocheles waigiensis 
Cherav quadricarinatus 

Penaeus stylirostris 
P. vannamei 

Anopheles hilli 
Austrosimulium pestilens 
A. bancrofti Canberra 1 

21 A. bancrofti Canberra 2 

t.. A. bancrofti lpswich A1 
21 E! A. bancrofti lpswich A2 

16 - A.bancrofti Rockhampton 

s Scaptia sp.
Drosaphilayakuba 

D. virilis 
7 D. melanogaster... Muscadomestics 

M. vetustissima 
Lucilia wprina 

Austrabfannia sp. 
Macropdexia sp. 

Ceromyacf fergusoni 
Magicicada tredecim .. Ctenole~ismabnoicaudata a

these nodes have been 
collapsed to yield a consensus. The series of parsimony analyses with T-PTP 
testing proceeds as follows.Arthropods includingonychophorans are mono-
phyletic (T-PTP = 0.05, difference 4 steps), and a hypothetical arthropod 
ancestor is calculated using character state optimization based on the tree 
topology found within arthropods. This ancestor taxon is then combined with 
other outgrouptaxa to test monophyly of annelids and mollusks.Annelids are 
monophyletic (T-PTP = 0.01, 18 steps), but a parallel test constraining 
mollusc monophyly gives a tree 3 steps longer than the converse. In an a 
posteriorianalysis mollusksand annelidsare monophyletic (T-PTP= 0.01,12 
steps). Onychophoranand dipteran monophyly is supported when annelids 
are the outgroup to all arthropods (T-PTP = 0.04,5 steps, and T-PTP = 0.03, 
3 steps, respectively).Monophylyof myriapodsand the remaining arthropods 
is subsequently supported (T-PTP = 0.01, 4 steps, and T-PTP = 0.01, 3 
steps, respectively). Chelicerateand crustacean monophyly is supported in 
parallel (T-PTP = 0.01,3steps, and T-PTP = 0.01,9steps).Crustaceans plus 
hexapds are monophyletic (T-PTP = 0.03, 1 step) when myriapods are the 
outgroup and the ingroup consists of C. longicaudataand M. tredecim and 
the onychophoran,dipteran, chelicerate, and crustacean ancestors. Ctenol-

mollusks (10, 11).However, bootstrapping 
(12), a statistical method for obtaining an 
estimate of error, does not support this 
hypothesis (11). In contrast to maximum 
parsimony analyses, evolutionary parsimo-
nv  analvsis of a subset of these data does not 
suggest arthropod monophyly (13). Because 
there are relativelv few 18s r R N A  transver-
sion positions ( I  I ) ,  we sequenced a seg-
ment o f  the mitochondria1 small ribosomal 
subunit, 12s rRNA (Id), inorder to inves-
tigate the phylogenetic position of ony-
chophorans and the monophyly of arthro-
pods. This region of 12s r R N A  was chosen 

- Chordata 
- Echinoder-

IOnychophora 

-

Diptera 

-

Hexapoda 

episma longicaudataand M. tredecimare not significantly monophyletic in a 
paralleltest (T-PTP= 0.11 , l  step).Subsequent parsimonyanalysis suggests 
chelicerates and crustaceans plus hexapods are monophyletic; however, 
T-PTP testing shows this is not significant (T-PTP = 0.31, 1 step). In a 
subsequent test of non-monophyly,T-PTPtesting could not reject ttie hypoth-
esis that onychophorans and cheliceratesare monophyletic(T-PTP = 0.50, 1 
step). Hexapods are monophyletic (T-PTP = 0.01,l step) when onychopho-
rans and chelicerates are the outgroup to crustaceans and hexapods. 
Parallel testing shows monophyly of C. longicaudata and M. tredecim is not 
well supported (T-PTP = 0.15,2 steps).With the crustacean ancestor as the 
outgroup and dipteran ancestor as the ingroup, monophyly of M. tredecim 
and C. longicaudata is again not significant (T-PTP = 0.69, 0 steps). 
Monophyly tests of major groups within arthropodswere properly defined as 
a priori tests (23).However, testing monophyly of chelicerates and crusta-
ceans plus hexapods and non-monophyly of onychophorans and chelicer-
ates was correctly a posteriori;the hypothesis of monophyly arose as a result 
of cladistic analysis. The simpler a priori test initially applied here preempts 
the a posteriori test, as T-PTP values will always be higher for the latter. 
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for the analysis because previously it has 
been useful over a broad taxonomic range 
(14, 15). 

DNA from 31 terminal taxa was pre-
pared (16), and the 12s rRNA region was 
amplified by polymerase chain reaction and 
sequenced (17, 18). Nine additional 12s 
rRNA sequences (19) were derived from 
the literature. We analyzed nucleotide se-
quence variation by maximum parsimony 
with the computer programs PAUP (20) 
and Hennig86 (21) (Fig. 3A) and by neigh-
bor-joining analysis using PHYLIP (22) 
(Fig. 3B). In parsimony analyses, gaps in-
troduced to improve alignment were scored 
as ambiguities (missing information). Al-
though the resulting hierarchical tree struc-
ture presented evidence for monophyly of 
the component groups, additional testing in 
support of monophyly was required. In this 
study, monophyly or T-PTP testing (23, 
24) and bootstrap (12) tests were applied to 
parsimony and neighbor-joining analyses, 
respectively. 

Maximum parsimony analyses with T-PTP 
testing indicate that arthropods include on-
ychophorans and are monophyletic relative 
to annelids and mollusks (Fig. 3A). This 
proposal is supported by neighbor-joining 
analysis with bootstrapping (Fig. 3B). An-
nelids were chosen as an appropriate out-
group to evaluate arthropod relationships in 
subsequent analyses with T-PTP testing 
(25). Parsimony analyses suggest that ony-
chophorans form a sister group to chelicer-
ates and crustaceans plus hexapods, but 
T-PTP testing shows the available 12s 
rRNA data cannot significantly resolve this 
trichotomy (Fig. 3A). In comparison to 
these results, neighbor-joining analysis sug-
gests that onychophorans and chelicerates 
are sister taxa (Fig. 3B). These data imply 
that onychophorans are a highly specialized 
assemblage, neither a primitive "missing 
link" nor an appropriate outgroup for ana-
lyzing arthropod phylogenetic relationships. 
Parsimony analyses with T-PTP testing fur-
ther indicate that myriapods represent the 
earliest arthropod branch and are the sister 
group to the remaining taxa including a 
monophyletic crustacean plus hexapod as-
semblage. This suggests that the diverse eye 
structuresof myriapods are primitive and not 
derived (8) and that the morphological cri-
teria used to unite the atelocerates result 
from convergent evolution and are not 
shared derived characters (6). Phylogenetic 
analyses indicating that myriapods are basal 
to the remainder of the arthropoda suggest 
that the assemblage is older than previously 
thought. A myriapod-like fossil recently de-
scribed from marine deposits in the Middle 
Cambriansuperficially resembles Portalia and 
Redoubtia from the Burgess Shale (26). The 
later fossils were originally described as ho-
lothurians (sea cucumbers) (27) but a more 

recent evaluation concluded their relation-
ships are problematic (28). 

Data obtained from 18s rRNA (10, 11) 
support some of the evolutionary relation-
ships proposed in our reconstructed parsi-
mony analyses. Field and co-workers (10) 
reported that the myriapod occupied an 
unexpectedly deep position in their tree; 
however, they had difficulty placing it be-
cause of the long branch length. Maximum 
parsimony analyses with additional 18s 
rRNA sequences (11) suggested that myri-
apods and chelicerates are the sister group 
to crustaceans plus hexapods. Although 
this tree was not well su~uorted.no trees 

.A 

within 1% of the most parsimonious recog-
nized a monophyletic myriapod plus hexa-
pod assemblage (I I). Parsimony analyses of 
both 12s rRNA and 18s rRNA sequence 
data cast doubt on the monophyly of atelo-
cerates. 

Within the major assemblages, general 
congruence with independently derived 
phylogenies provides additional support 
for our reconstructed tree (Fig. 3A). 
Within onychophorans, Plicatoperipatus ja-
maicensis was the sole member of the 
family Perlpatidae sequenced. This family 
is the sister group to the family Peripatop-
sidae. Within Peripatopsidae, the un-
named Atherton species is electrophoret-
ically (29) and morphologically (30) dis-
tinct from Euperipatoides. Phylogenetic in-
ferences generated from 18s rRNA 
analyses support monophyly of the cheli-
cerates (11) and the crustaceans used in 
this study (31) .There is also high congru-
ence between 12s rRNA and morpholog-
ically derived trees within dipteran hexa-
pods (32). Hexapod phylogenetic rela-
tionships are complicated by the accumu-
lation of nucleotide substitutions in the 
12s rRNA of the thysanuran Ctenolepisma 
lona'caudata. The reconstructed tree clus-u 

ters C.  longicaudata and the hemipteran, 
Magicicada tredecim. However, T-PTP 
tests do not support monophyly of this 
clade. Additional sequences will be re-
quired to resolve relationships between 
these hexapod orders. 

These data demonstrate that 12s rRNA 
sequence data can resolve arthropod rela-
tionshius over a broad taxonomic ranee. u 

Some further corroboration of the signifi-
cant monophyletic groups is found using 
18s rRNA sequence data and electropho-
retic and morphological characters within 
arthropod assemblages. We propose that 
arthropods include onychophorans and are 
monophyletic. Moreover, we cannot find 
support for monophyly of uniramians or 
atelocerates and suggest phylogenetic rela-
tionships within arthropods should be re-
assessed. Our reconstructed tree reDresents 
a new framework for arthropod evolution-
ary pathways (33). 
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Predator-Induced Phenotypical Change in Body 
Morphology in Crucian Carp 

Christer Bronmark* and Jeffrey G. Miner 
In a field experiment where the presence or absence of piscivorous pike (Esoxlucius) in 
ponds was manipulated, the morphology of crucian carp (Carassius carassius)diverged, 
such that individuals became deeper bodied in pond sections with pike. A laboratory 
experiment confirmed that the presence of this predator induced a change in body mor-
phology in the carp. Estimation of prey vulnerability to predation by pike, a gape-limited 
predator,revealedthat this increasein body depth resultedin crucian carp reachinga size 
that provided refuge from predation. However, this change in morphology incurs a cost 
throughan increaseindrag when the carp are swimming. Becausecruciancarp are limited 
by resources in the absence of piscivores and by the substantial cost of the defensive 
morph in their presence, phenotypic plasticity should be the optimal strategy for this 
species. 

Various morphological structures in prey 
organisms function as efficient adaptations 
against predation (1), and these morpho-
logical defenses could be either constitutive 
or environmentally induced. The evolution 
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and maintenance of inducible defenses is 
favored when the defense incurs a fitness 
cost, when predation intensity varies tem-
porally or spatially, and when prey have 
reliable cues for predator detection (2, 3). 
Predator-induced morphological defenses 
occur in a number of invertebrates, mainly 
aquatic taxa (2). Waterborne cues from 
predators or chemicals released by injured 

conspecifics trigger the development of de-
fenses that reduce predation rates (2, 4). 
However, induced defenses have been 
shown to incur a fitness cost through a 
reduction of growth or reproduction or both 
(2, 4, 5). Here, we report on a predator-
induced change in body morphology in a 
vertebrate, the freshwater fish crucian carp 
(Carassius carassius). 

Crucian carp are extremely vulnerable 
to predation (6, 7). In lakes with pisci-
vores, especially pike Esox lucius, crucian 
carp populations consist of a small number 
of large individuals (6). However, without 
piscivores, crucian carp form dense popu-
lations of small individuals (6-8). The 
body morphologies of monospecific pond 
populations and multispecies lake popula-
tions differ, with lake individuals much 
deeper bodied. The two morphs originally 
were considered as separate species (Cypri-
nus vulgaris and C. gibelio); however, in 
the early 1800s it was shown by transplant 
experiments that these two species were 
one (9). The presence of two morphs has 
previously been considered a result of dif-
ferences in resource levels: however. we 
show that increased body depth can'also 
be an inducible mor~holoeicaldefense 

u 

that reduces the risk of predation. 
For part of a study evaluating the effects 

of trophic structure on freshwater commu-
nities, we divided into halves two small, 
eutrophic ponds (Severin's and Mats' 
ponds, 0.1 ha each) with monospecific 
crucian carp populations and introduced 
pike into one half (10). After 12 weeks, 
crucian carp had diverged in body shape; in 
pond sections with pike, carp tended to 
have a deeper body (Fig. 1). Given this 
result, we hypothesized that the change in 
body morphology could be a result of sev-
eral things: (i) selective predation, (ii) an 
increase in resource availability, or (iii) a 
predator-induced phenotypic modification 
of body shape. The small variance in body 
depth and the absence of overlap between 
treatments (Fig. 1) suggested no polymor-
phism with regard to this trait in the orig-
inal population; thus, selective predation 
on geneticallv determined momhs could-
not account for the increase ih body depth. 

High resource availability may be re-
sponsible for the shift in morphology, as 
suggested by a study in Finland where 
crucian carp increased in body depth when 
introduced at a low density of 187 fish per 
hectare to a fishless pond (8). In our 
ponds, the reduction of the crucian carp 
density by pike permitted an increase in 
the density of large, cladoceran zooplank-
ton (11). This increase in food availabilitv 
in the pike section could account for the 
differences in the carp body depth. How-
ever, in another experiment we trans-
planted crucian carp from a pond with a 
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