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Partial 18S rRNA sequences of five chelicerate arthropods plus a crustacean, myria-
pod, insect, chordate, echinoderm, annelid, and platyhelminth were compared.
The sequence data were used to infer phylogeny by using a maximum-parsimony
method, an evolutionary-distance method, and the evolutionary-parsimony method.
The phylogenetic inferences generated by maximum-parsimony and distance
methods support both monophyly of the Arthropoda and monophyly of the Chelic-
erata within the Arthropoda. These results are congruent with phylogenies based
on rigorous cladistic analyses of morphological characters. Results support the in-
clusion of the Arthropoda within a spiralian or protostome coelomate clade that
is the sister group of a deuterostome clade, refuting the hypothesis that the arthropods
represent the “primitive” sister group of a protostome coelomate clade. Bootstrap
analyses and consideration of all trees within 1% of the length of the most parsi-
monious tree suggest that relationships between the nonchelicerate arthropods and
relationships within the chelicerate clade cannot be reliably inferred with the partial
18S rRNA sequence data. With the evolutionary-parsimony method, support for
monophyly of the Arthropoda is found in the majority of the combinations analyzed
if the coelomates are used as “outgroups.” Monophyly of the Chelicerata is supported
in most combinations assessed. Our analyses also indicate that the evolutionary-
parsimony method, like distance and parsimony, may be biased by taxa with long
branches. We suggest that a previous study’s inference of the Arthropoda as para-
phyletic may be the result of (@) having too few arthropod taxa available for analysis
and (b) including long-branched taxa.

Introduction

01/699/S/8/9191LE/2qW/WO00"dNO"0jWapEo.//:SdNY WOy PapEojumoq

Nucleic acid sequences from small-subunit ribosomal RNAs (185 rRNAs) haveji

proved useful for phylogenetlc analysis in eukaryotes. Because of their ubiquity andm
evolutionary conservation, these molecules are useful for inferring distant phylogenetx(zo
relationships, providing a means of assessing relationships between organisms whlchCD
lack any informative homologous morphological or developmental traits (Sogin et al.g

1977; Woese 1987; Field et al. 1988).

In 1988, Field and colleagues published a metazoan phylogeny based on com-2
parisons of partial 18S rRNA sequences by using a distance-matrix method of analysis.
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An attempt was made to determine the phylogeny of the arthropods, with particular
emphasis on resolving the question of arthropod monophyly or polyphyly, by using
representatives of four arthropod groups: Limulus polyphemus (horseshoe crab, Che-
licerata), Drosophila melanogaster (fruit fly, Insecta), Spirobolus marginatus (mil-
lipede, Myriapoda), and Artemia salina (brine shrimp, Crustacea). Also included in
the analysis were sequences representing Echinodermata, Chordata, Annelida, and
Platyhelminthes, as well as several other phyla. The resulting phylogenetic trees showed
that the arthropods were more closely related to each other than they were to any of
the other organisms represented, supporting the hypothesis of arthropod monophyly
(In order to minimize confusion, we have not restricted the terms “monophyly” and
“monophyletic” to cladistic analyses). However, the authors expressed doubt con-
cerning confidence in the placement of the arthropods relative to the other taxa included?
in the analyses. Very little could be determined about the relationships within thé
Arthropoda. This was attributed to the following two factors: (1) the small sample o§
arthropods in the study and (2) the fact that, with the exception of L. polyphemusy.
all the arthropod 18S rRNA sequences had accumulated more changes than had the
sequences from other organisms in the study. It has been shown that long branches;
may be artifactually linked in both distance and parsimony trees, potentially obscurin§
the pattern of relationships between lineages (Olsen 19884, Swofford and Olsen l990)m
We suspect this was the case for the long-branch arthropods in the distance analyseg
of Field et al. (1988). Maximum-parsimony analysis of the same set of sequenceg_
supports arthropod monophyly (Patterson 1989). Results of a reanalysis of the seg
quences of Field et al. (1988) and Abele et al. (1989) by a rate-invariant metho&
termed “evolutionary parsimony” (Lake 1990) support a paraphyletic Arthropodao
although Lake (1990) questioned the robustness of this result. 3

The question of arthropod monophyly versus polyphyly has long been debatedfD
Proponents of the hypothesis of arthropod polyphyly suggest that features of devela
opment, functional anatomy, and morphology of living arthropods are so distinct thag
arthropods must lack a common arthropod ancestor and that these groups have insteadg7
acquired such arthropod characters as a chitinous exoskeleton and jointed appendages?
independently ( Tiegs and Manton 1958; Manton 1972, 1973, 1977; Anderson 19732
1979; Manton and Anderson 1979). Proponents of arthropod monophyly correctlyE
argue that advocates of arthropod polyphyly have not shown that any of the arthropod»
taxa are more closely related to any known taxonomic group than they are to eack
other (Weygoldt 1979, 1986). Cladistic analyses of morphological and developmenta:E
characters support monophyly of the Arthropoda (fig. 1; Paulus 1979; Weygoldt 19795
1986; Ax 1984; Briggs and Fortey 1989). Hypothesized synapomorphies of the Arz,
thropoda include, among others, a unique cuticle containing chitin and protein, tran-.
sitory coelomic cavities (mixocoel ), dorsal blood vessel with paired ostia, pericardia§
sinus with septum, and a uniquely organized brain. Molecular characters have théf;
potential to test arthropod monophyly independently of morphological and develm
opmental characters.

This study presents 18S rRNA nucleic-acid-sequence characters bearing on the
monophyly/polyphyly controversy. We focus on chelicerate arthropods here because
our previous study (Field et al. 1988) showed that, unlike the single chelicerate (L.
polyphemus) studied, mandibulate arthropod 18S rRNA sequences exhibited a large
number of substitutions per sequence position, which may cause artifactual association
of taxa (Swofford and Olsen 1990). Limulus polyphemus is morphologically primitive
and represents only a small part of chelicerate diversity, The addition of several other
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FiG. 1.—Cladograms illustrating relationships among Arthropoda (A) and Chelicerata (B), inferred>’
from analysis of morphological and developmental features. Branch lengths are not proportional to numberg
of character-state changes. In cladogram A members of the taxa shown in boldface were included in the,
present study. Synapomorphies of the Arthropoda indicated by black square “a” include a unique chitinou§
cuticle with protein, transitory coelomic cavities, dorsal blood vessel with paired ostia, pericardial sinus withS
septum, and a uniquely organized brain (Ax 1984; Weygoldt 1986). Synapomorphies of the Cheliceratﬁ
indicated by black square “b” include, among others, chelicerae, prosoma and opisthosoma (=body divisions) >
and lack of antennae (Weygoldt and Paulus 19795; Weygoldt 1986; also Shultz 1990). Synapomorphies fo%
other taxa may be found in the given references. Of the extant groups represented in cladogram B, thosex
shown in boldface were sampled in the present study and are as follows: Xiphosura, Limulus polyphemus,g
Scorpiones, Urodacus hoplurus; Aranae, Rhechostica chalcodes and Eurypelma californica; and Acari, Am-3
blyomma americanum. The Eurypterida are extinct. Cladogram A is redrawn from Ax (1984 ) and Weygoldtg
(1986); cladogram B is redrawn from Weygoldt and Paulus (19795).
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chelicerates adds diversity to the arthropod data base. In addition, we wanted to de<
termine whether other chelicerates share with L. polyphemus a low number of sub<3
stitutions in 18S rRNA, relative to other arthropods. The present paper confirms the3
monophyly of the arthropods and of the chelicerates and provides a partial test of>
arthropod and chelicerate phylogenies that is independent of morphological and de—f‘g>
velopmental characters. Finally, we compare inferences resulting from analyses of;
ribosomal sequence data by using a distance method, a maximum-parsimony method»

and an invariants method. N
Material and Methods
Animals

Organisms were chosen to provide a wide sampling of the Chelicerata. In addition,
published sequences were utilized. Table 1 lists the animals used for phylogenetic
comparisons and gives the source of the sequences. The three new sequences have
been submitted to EMBL (see fig. 2).
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Table 1
Organisms Used for Sequence Comparisons
Classification Organism Source
Arthropoda
Chelicerata
Arachnida
Acari ........... Amblyomma americanum Present study
Scorpiones ... ... Urodacus hoplurus Present study
Araneae ........ Rhechostica chalcodes Present study
Eurypelma californica Hendriks et al. 1988b
Xiphosura ........ Limulus polyphemus Field et al. 1988
Mandibulata S
Crustacea ......... Procambarus leonensis Kim and Abele 1990 g
Tracheata o
Myriapoda .. .... Spirobolus marginatus Field et al. 1988 %;-
Insecta ......... Tenebrio molitor Hendriks et al. 1988a e
Platyhelminthes ... ... .. Dugesia tigrina Field et al. 1988 o
Annelida .............. Chaetopterus variopedatus Field et al. 1988 3
Echinodermata ......... Asterias forbesii Field et al. 1988 =
Chordata ............. Homo sapiens Torczynski et al. 1985 i
3
a
@
RNA Extraction g
o

The 18S rRNA sequences of the scorpion Urodacus and the spider Rhechosticds
chalcodes were determined by direct sequencing of total cellular RNA. RNA from US
hoplurus was extracted using guanidine hydrochloride (Cox 1968; Strohman et al.§
1977; Paterson and Roberts 1981). Tissues (excluding the gut) of freshly killed ammalsz
were ground in liquid nitrogen with a mortar and pestle. The powder was homogenlzed_
in 10 vol 8.0 M guanidine hydrochloride, 25 mM sodium acetate pH 5.0, 0.1 M 2-ﬂ>
mercaptoethanol. The supernatant of a 10-min centrifugation at 10,000 g at 0°C wa&n
saved, and 0.5 vol cold ethanol was added. The sample was stored overnight at —20°C.3 2
The preparation was then centrifuged at 10,000 g for 10 min at 0°C. The pellet wasS
resuspended with an 18-gauge needle in ~5 vol 5.7 M guanidine hydrochloride con-E
taining 20 mM ethylenediaminetetraacetic acid (EDTA) pH 7-8. To this suspension,
0.05 vol 2 M potassium acetate pH 5.0 and 0.5 vol ethanol were added next, and theZ
preparation was held at 20°C for 2-6 h. After centrifugation at 10,000 g for 20 mix%
at 0°C, the pellet was dissolved in ~1 ml 20 mM EDTA pH 8.0 and was extracted'i’-
until the interface was clear, with phenol: chloroform:isoamyl alcohol (25:24:1), andi)
the RNA was precipitated with ethanol and stored at —20°C.

Rhechostica chalcodes RNA was extracted with guanidine thiocyanate (Chll‘ngl‘b
et al. 1979; Turpen and Griffith 1986). After being ground as described above, théﬂ
powder was homogenized in 10 vol 4.0 M guanidine isothiocyanate, 25 mM sodlumg
citrate, 0.5% sodium lauryl sarkosinate, 0.1% Sigma anti-foam A. RNA was separated”
through a cesium chloride gradient by centrifugation (14 h at 150,000 g average).
The pellet was resuspended in 20 mM EDTA and was extracted as above with phenol:
chloroform:isoamy! alcohol, and the RNA was precipitated with ethanol.

DNA Extraction

As RNA extraction from the tick Amblyomma americanum did not prove feasible,
we amplified cloned, and sequenced its 18S rRNA gene. DNA was prepared by a
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modification of the protocol of Strauss (1987). Twenty-five whole adult unfed ticks
were ground as above. The powder was suspended in digestion buffer (100 mM NaCl,
10 mM Tris-HCI pH 8.0, 25 mM EDTA pH 8.0, 0.5% SDS). Proteinase K was added
to a concentration of 0.1 mg/ml. After overnight incubation at 50°C, the digested
mixture was extracted as above with phenol: chloroform:isoamyl alcohol, followed by
extraction twice with chloroform:isoamyl alcohol (24:1). DNA was recovered by
ethanol precipitation.

rDNA Amplification and Cloning

The 18S gene of A. americanum was amplified using PCR (Sakai et al. 1985,
1988; Scharf et al. 1986; Mullis and Faloona 1987) with eukaryotic-specific 18S
rDNA primers and a Cetus thermal cycler (2-22 forward, 5’-CCGTCGACGAGCT§
CAACCTGGTTGATCCTGCCAGT-3’, 18641842, reverse, 5'-CCCGGGTACCAS
AGCTTGATCCWTCTGCAGGTTCACCTAC-3'; adapted from Medlin et al. 19898
The forward and reverse primers possess, respectively, 14-base and 16-base 5’ extensxong
that include restriction sites. The amplified product was extracted twice with phenol
chloroform:isoamyl alcohol as above. The product was electrophoresed on a 1% agaros§
gel, the desired band was excised, and DNA was recovered by electroelution. DN)§
was digested with EcoRI and Xbal. Cut fragments were inserted into a Bluescript
phagemid vector (Stratagene) which was used to transform Escherichia coli cells (straifi
NM 522). The transformed cells were used to produce single-stranded DNA for sé_j:
quencing as described in the Sequenase protocol booklet (U.S. Biochemical ).

RNA and DNA Sequencing

The RNA was used as a template for dideoxy-terminated sequencing (Sanger e%
al. 1977) using reverse transcriptase, by following the protocols described by Lane é
al. (1985, 1988). DNA sequencing was performed with a Sequenase kit (U.S. Bic=
chemical). Sequencing utilized the five universal reverse primers used by Field et aly
(1988), as well as three additional primers (1574-1557, 5’-AGTCCTWTCCGGA§
CAGGG-3', 860-838, 5-TTCCATGCACCATTATTCAGGC-3', 243-222, 5'-A(%
TCCGATTGGTCTTGG-3"). Sequencing reactions were electrophoresed on 8%
acrylamide, 8 M urea gels for 2 h and 4 h (RNA sequencing) or2hand 7 h (DNiﬁ
sequencing).

00°dno’ol

Data Analysis

Sequence data were aligned by hand, and the alignment was checked agalnﬁ
available secondary-structure models (Hendriks et al. 19884, 1988b). Highly dlvergerft
regions that could not be reliably aligned were excluded from analyses. The data werg
subjected to three different analysis programs—PAUP 3.0d, the maximum- parsxmong
program developed by David Swofford (Illinois State Natural History Survey); the
distance-matrix program developed by Gary Olsen (19884, 1988b) which is based o§
the method of Fitch and Margoliash (1967); and James Lake’s (1987) method Jf
phylogenetic invariants or evolutionary parsimony. The version of Lake’s method
compiled by D. L. Swofford for the PAUP 3.0d package was utilized. For maximum-
parsimony analysis, all data were entered unordered, and gaps and “Ns” were treated
as missing data. The BRANCH AND BOUND algorithm of PAUP was used in all
cases, except for bootstrapping. Because of the excessive amount of computer time
(>5 h) estimated for each bootstrap replication with the BRANCH AND BOUND
algorithm, the HEURISTIC search was employed using CLOSEST stepwise addition

anb Ag g8
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Homo « . . AUGC-CGACGGGC-GCU-G-ACC GG-GAUGCGUG. .. ...UG-ACUCUAGAUAACCU...
Asterias . . AUGCA-AUCAAGC-GCU-GGACC GG-GAGGCGUG. .. ...UGAACUCUGGAUAACCU
Chaetopterus ~Al .
Cryptochiton ~A o
Tenebrio + « AUGCARACAGAGC~UCC-A-ACC. ., GG-AAGGAGCG. . . .UG-ACUCUGARUAACUU. . .
Spirobolus + « .AUGCC-UCGAGUC-UCU~G-ACC. .. ...GG-GARAGAGNG... -UG-ACUCUGGAUAA-UU. . .
Procambarus . . .AUGCA-UCACGUC-UCU-G-ACC... ...GG-GAAGAGCG... .UG-ARUCUGAAURACUU. , .
Rhechostica + . .AUGCA-UCAGAGC-UCC-G-ACC. .. ...GG-GACGAGCG. .. - UG-ACUCUGUAUAACUU. . .
Eurypelma + + .AUGCA-UCAGAGC-UCC-G-ACC. .. ...GG-GACGAGCG... .UG-ACUCUGUAUAACUU. . .
Limulus AUGCA-ACAAAGC-UCC-G-ACC GG-GACGAGCG. . . UG-ACUCNNGAUAACUU
Amblyomma AUGCA-UU-GAGCCUGAAG-GCC. .. ...GCUGACGGGCG. UG-ACUCUGGAUAACUU
Urodacus + . .AUGCA-UCUGAGC-UCC-G-ACC. .. ...GG-GACGAGNG... .CG-ACUCUCGAUAACUU., .,
Dugesia . . .UUN-A-CANNUGC-CGU-G-A-C... ... CG-AAGCGGNG. .. ...UG-ACUCUGGAUAACUU..,

350
+

Ho GCCGAUCGCACGC-CCCCC-GUGGCGGCGACGACCCAUUC-GAACGUCUGCCCUAUCAACUUUCGAUGGUAGU-CGCCGY
As GCCGAUCGCACGG-UCUCU-GCACCGGCGACGGAUCCUUC~GAAUGUCUGCCCUAUCAACUUUCGAUGGUACG-UUAUGC
Ch GCUGAUCGCAUGG-CCU~C-GAGCCGGCGACGUAUCUUUC-AARAUGUCUGCCCUAUCAACUUUCGAUGGUACG~UGAUAU
Cr GCURARUCGCACGGGCCU~-C-GCGCCGGCGACGUAUCUUUC-AAGUGUCUGCCCUAUCAACUUUCGAUGGUACG-UGCUAU
Te GCUGAUCGCACGG-UCU-U-GCACCGGCGACGCAUCUUUC-AARUGUCUGCCUUAUCAACUGUCGAUGGUAGG-UUCUGC
sp GCAGAUCGCACGG-UCCUG-GUACCGGCGACGUAUCUUUC-NAAUGUCUGCCUUAUCAACUU--GAUGGUAGG-UUACUU
Pr GCUGAGCGCACGG-NCUCC-GCACCGGCGCCGCAUCCUUC-AAGUGUCUGCCUUAUCAGCUUUCGAUUGUAGG-UUAUGC
Rh NCUGAUCGCACGG~GCU-U~GUCCCGGCGACGCAUCUUUC-AAGUGUNNNCCUUAUCAACUGUCGAUGGUAGG-UUAUGC
Eu GCUGAUCGCACGG-GCU-U-GUCCCGGCGACGCAUCUUUC-AAGUGUCUGCCUUAUCAACUGUCGAUGGUAGGCUUAUGC
i GCUGAUCGCACGG-UCU-A-GCACCGGCGACGCAUCUUUC-AAGUGUCUGCCUUAUCAACUGUCGAUGGUAGG~UUAUGC
Am GCUGAUCGCAUGG-CCA-U-GAGCCGGCGACGUUUCUUUC-AAGUGUCUGCCUUAUCAACUUUCGAUGGUAGG-UUACUU
Ur GCCGAUCGCACGG-UCU-A-GCACCGGCGACGUAUCUUUN-AAGUGUNUGCCUUAUCAACUUUCGAUGGUAGG-UUAUGC
bu ACUGAUCGUACGA-CCU-UAGUGUUGACGACAUAUCUCUUGAAGUGGCUGCCCUAUCAACUUUCGAUGGUAAG-AUCAAA

400 500
+ +

Ho GCCUACCRAUGGUGACCACGGGUGA. . . .. .AAUUACCCACUCCCGACCCGGGGAGGUAGUGACGAAARAAUAACAAUACA
As GCCUACCAUGGUCGUAACGGGUAA « . . AAUUACCCACUCCCGACACGGGGAGGUAGUGACGARAAAUAGCAAUACA
Ch GCCUACCAUGGUUGUAACGGGUAA » - ARUUACCCACUCCUGGCACGGGGAGGUAGUGACGAAARAUAARCAAUACG
Cr GCCUACCAUGGUUAUAACGGGUAA « . +AAUUACCCACUCCUGGCMCGGGGAGGUAGUGACGAAAAAUAACAAUACG
Te GCCUACCAUGGUUGUAACGGGUAA.. « . «AAUUACCCACUCCCGGCACGGGGAGGUAGUGACGARAARUAACGAUACG
Sp GCCUACNAUNGUUGUAACGGGUNA, « +  RAUUACCCAAUCCCGGNAC! AGGUAGUGACGRAARAUAACRAUGCG
Pr GCCUACAAUGGCUAUAACGGGURA . « » - NAUUACCCACUCCCGGCACGGGGAGGUAGUGACNAAAAAUAACGAUGCG
Rh GCCUANCAUGGUCGUAACGGGUAA., « + + AAUUACCCACUCCNGGCAC! JAGUGACGAAARAUAACAAUACG
Eu GCCUACCAUGGUC-URACGGGUAA. - . - AAUUACCCACUCCCGGCACGGGGAGGUAGUGACGAAARRUAACARUACG
Li GCCUACCAUNGUCGURACGGGUARA ., - . .MAUUACCCACUCCCAGAAC! AGGUAGUGACGAAARAUAACGAUACG
Am GCCUACCAUGGUUGUUACGGGUAA. « . -AAUUACCCACUCCCGGCACGGGGAGGUAGUGACGAAAARUARCARUACG
Ur GCCUACNAUGGUCGUUACGGGUAA . « - NAUUACCCACUCCNGGCACGGGGAGGUAGUGACNNAARAUAACAAUACG
Du GCUUACCAUGGUUGUAACGGGUAA AAUUACCCAAUNCCGGUUCGGUGAGGUAGUGACAAAAARUAACAAUAUG

550 750

+ +
Ho GGA-CUCUUUCGAGGCCCUGUAAUUGGAAUGAGUCCACUUUAAAUCCUUU. . , .. .-UCG-GCGCCCCCUCGAUGCUCU
As GGA-CUCUUUCGAGUUCCUGUAAUUGGAAUGAGUACACUUUARAUCCUUU. .. . . .-UNG-GUCUCCGCCCGGUUCUCU
Ch GGA-CUCUAUCGAGGCCCCGUAAUUGGAAUGAGUACAAUUUARAUCCUUU. . . .. .CCCG-GUUNNCCCUUGAUGCUCU
Cr GGAUCUCUU-NNAGGCCCCGUARUUGGAAUGAGUACACUUUAARUCCUUU. . . . . . UCUG-GUUUUCCCUUGGUGCUCY
Te GGA-CUCAUCCGAGGCCCCGUARUCGGAAUGAGUACACUCUARACCCUUU. . . . . .CUCA-AUCCCGCCGCGGUGCUCY
Mi GGA-CUCUUACGAGGCCCCGUAAUUGGAARUGAGUGCRAUAUARAUCCUUU. . . . . .GCCG-CCUUGCCCGUGAUGCUCY
Pr AGA-CUCAUCCGAGGCCUCGCAAUCGGAAUGAGUACACUUUAAANCCUUU. . . . . .GCCG~GC-CAGU-GGGGUGCUCY
Rh GGA-CUCUUUUGAGACCCCGUAAUUGGAAUGAGUACACUCUARARRUCCUUY. . . . . .GCCG~GU-UUCCCUAGAUGAUCU
Eu GGA~CUCUUUUGAGACCCCGUAAUUGGAAUGAGUACACUCUARARUCCUUU. .. .. .GCCG-GU-UUCCCUAGAUGAUCU
Li GGA-CUCUAUCGAGGCCCCGUGAUUGGAAUGAGUACACUCUARAUCCUUU. . . . . .GCCG-GUUUUCCCUCGGUGCCCY
Am GGA~CUCUUUUGAGGCCCCGUAAUUGARAUGAGUACACUCUARAUCCULY. .. ... GCCG-GUCCUCUCUUGGUGCCCY
Ur GGA-CUCUAUUGAGGCCCCGUAAUUGGAAUGGGUACACUCURAACCCULY., .. ... GCCG-GC-CUCCCUCGGUNCUCU
Du GGC~C-CUA-~GUGGUUUCAUAAUUGCAAUGAGAACAUNUUARAUACUUU. . . ... GUCGUGU-AYUCUUUGAUGCUCU
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FIG. 2.—Alignment of 185 rRNA sequence data for taxa used. Only positions included in analyses are%
shown. Numbering of positions is based on alignment to human sequence ( Torczynski 1985). Ho = Homo—\
sapiens;, Eu = Eurypelma californica; Li = Limulus polyphemus; Am = Amblyomma americanum; th
= Rhechostica chalcodes; Ur = Urodacus hoplurus; Pr = Procambarus leonensis; Sp = Spirobolus margmatus
Cr = Cryptochiton stelleri; Ch = Chaetopterus variopedatus; and Du = Dugesia tigrina. Partial sequencesc
of Amblyomma, Rhechostica, and Urodacus have been deposited in EMBL under accession numbers M60487“<
M60488, and M60489.
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sequence and holding 20 trees at each step. This accelerated the analysis considerably.Z
A comparison between 10 replicates with BRANCH AND BOUND and the same 109—
replicates with the described combination of options with the HEURISTIC searchm
revealed identical solutions.

Evolutionary-parsimony analyses were carried out by dividing taxa into four
groups. The three possible trees for all quartets composed of a single sequence from
each of the four groups were evaluated. The %2 values for combined trees were calculated
by following the method given by Lake (1987, appendix ). The method is designed to
take into account any correlation between taxa. In some cases, negative correlation
values [p in Lake’s (1987, appendix ) eq. (N4)] were obtained, and in these cases the
estimates of correlation were set to zero before the 7 values were calculated.
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UAGCUGA-GUGU-CC-CGCG-GGG-CCCGA-AGCGUUUACUUUGARARRAUUAGAGUGU. . . . . . UUUGUUGGUUUUCG
UGACUGA-GUGC-CG-NG-UCGCG-GCCGAAA-CGUNUACUUUGAAAARRUUGGAGUGU < UGCGUUGGUUCUCG
UGACUGA-GUGUGCU-CG~G-GUG-GCCGGAA~CGUUUACUUUGAARAAAUUAGAGUGU - UUUGUUGGUUUUCG
UGACUGA-GUGU-CU-CG-G-GUG-GCCGGAA-CGUUUACUUUGANARAAAUUAGAGUGU . UUUGUUGGUUUUCG
UCGUUGA~GUGU-CC-GA-G-GUGGGCCGGCA-CGUUUACUUUGAACAAAUUAGAGUGC. . . . . . UUUGUUGGUUUUCG
UCAUCGG-GUGU-CACCG-G-GUG-GCUGG~AGACUUUACUUUGAAARNAUUGGAGUGC. . - .UUUGUUGGUUUCCG
UCAUCGA-GUGU-CC-CG~A~GUG-GCCGGNN-CGUUUACUUUGAACRRAUUAGAGUGC . UUUGUUGGUUUUCG
UCACCGG-UUGU-CC-UG-G-GUG-ACCGGCA-CGUUUACUUUGARANNAUUAGAGUGC . UUUGUUGGUUUUCG
UCACCGG-UUGU-CC~UG-G-GUG-ACCGGCA-CGUUUACUUUGARAARRUUAGAGUGC . . . . UUUGUUGGUUUUCG

UGAUUGA-GUGU-CU-UG-G~GUG-GCCGGCA-CGUUUACUUUGAARANAUUAGAGUGC. . . . . . UUUGUUGGUUUUCG

UCAUUGGUGCGU-CU-CGAG~GAG-GCCUGCG-CUUVUUACUUUGAARRAAUUAGAGUGC « + . UCUGUUGGUUUUUG
UUANUGG-GUGU-CU-UG~G-GUG-UCCGGNN-NGUUUACUUUGRAANNAUUAGAGUGC - . .UUUGUUGGUUUUCG
UUNAUGG-GUGU-UG-AG-G~AUG-ACCGACA-AGUUUACUUUGANACNAUUAGAGUGC . . UUUGUUGGUUUUCG
950 1000
+ +
GAA-C-UGAGGCCAUGAUUAAGAGGGACGGCCGGGGGCAVUCGUAUUGCGCCGCUAGAGGUGAAA, . . . . .ARAGCAUU

GAA-CUCGAGGUAAUGAUUAAGAGGGACUGACGGGGGCAUUCGUAUUGCGGUGUGAGAGGUGAAA
GAA-CUUGAGGUAAUGAUVUAAGAGGGACAGACGGGGGCAUUCGUAUUACGGUGUUAGAGGUGARA .
GAA-GUCGAGGUAAUGAUUAAGAGGGACAGACGGGGGCAUUCGUAUUACGGUGUUAGAGGUGARA .
GAAUUUUGAGGUAAUGAUUAAUAGGAACGGAUGGGGGCAVUCGUAUUGCGACGUUAGAGGUGARA .
GAG-UACGAGGUAAUGAUUARUUGGGACUGCCGGGGGCAUUCGUAUUGCAGCGCGAGAGGUGRAA .

AAAGCAUU
.+ .ARAGCAUU
« .+ -ARAGCAUU
. . \AAAGCAUU
. . .AAAGCAUU

. .AAAGCAUU

GAA~CCUGAGGUAAUGACUAAUAGGAACAGGCGGGGGCAUUCGUAUUGCGACGCUAGAGGUGARA. .. .

GAR-UACGAGGUAAUGAUUAAGAGGGACAGACGGGGGCAUUCGUAUUGCGACGCUAGAGGUGARA. . . . . . ARAGCAUU
GAA-UACGAGGUAAUGAUUAAGAGGGACAGACGGGGGCAUUCGUAUUGCGACGCUAGAGGUGARA. . . . . .AAAGCAUU
GAR-CANGAGGUARUGAUUAAGAGGGACAGACGGGGGCAUUCGUAUUGCGACGCUAGAGGUGARA . . ARAGCAUU
GAA-UACGGGGUAAUGAUUARGAGGGACAGACGGGGGCAUUCGUAUUGCGGCGCUAGAGGUGAARA.. . . . . JARAGCAUU
GAA-CACGAGGARAUGAUUAAGAGGGACAGANGGGGNCAUUCGUAUUGCGACGCURGAGGUGARA . . . . . .ARAGCAUU
AAR~C-UGAAGURAUGAUUARRAGAGACUGCCGGGGGCAUAUGUAUGGUGGUGCUAGAGGUGAAA. . . . . .AAAGCAUU

1050
+

UGCCAAGAAUGUUUUCAUUAAUCAAGAACGAAAGUCGGAGGUUCGAAGACGAUCAGAUACCGUCGUAGUUCCGACCAUAA
UGCCAAGAAUGUUUUCAUUAAUCAAGAACGAAAGUUAGAGGUUCGAAGGCGAUCAGAUACCGCCCUAGUUCUARCCAUAA
UGCCAAGAAUGUUUUCAUUAARUCAAGAGCGARAGUCAGCGGUUCGAAGACGAUCAGAUACCGUCGUAGUUCUGACCAURA
UGCCAAGARUGUUUUCAUUAAUCAAGAACGAAAGUCAGAGGUUCGAAGACGAUCAGAUACCGUCGUAGUUCUGACCAUAA
UGCCAAARAACGCUUUCAUUGAUCAAGAACGAAAGUUAGAGGUUCGAAGGCGAUCAGAUACCGCCCUAGUUCUARCCAURA
UGCCAAGAAUGUUUUCAUUAAUCAAGAACGAAAGUUAGAGGUUCGAAGGCGAUCAGAUACCGCCCUNGUUCUARCCAURA
UGCCAAGGAUGUUUUCAUUAAUCAAGAANGAARGUUAGAGGUUCGAAGGCGAUCAGAUACCGCNCNNGUUNNAACCAURA
UGCCAAGAAUGUUUUCRUUARUCAAGAANGAARGUUAGAGGUUCGAAGGCGAUCAGAUACCNNNCNNGUUCUAACCAUAA
UGCCAAGAAUGUUUUCAUUAAUCAAGAACGAAAGUUAGAGGUUCGAAGGCGAUCAGAUACCGCCCUAGUUCUAACCAUAA
UGCCAAGAAUGUUUUCAUUAARUCAAGARACGAAAGUUAGAGGUUCGAAGGCGAUCAGAUACCGCCCUAGUUCUAACCAUAR
UGCCAAGARUGUUUUCUUUGAUCAAGRACGAAAGUCAGAGGUUCGAAGGCGAUCAGAUACCGCCCUAGUUCUGACCAUAA
UGCCAAGARUNNNUUCAUUARUCAAGAANGARAGUUAGAGGUUCGAAGGCGAUCAGAUACCNCNCUNGUUCUAACCAURA
UGCCAAGARUGUUUUCAUUAAUCAAGAACGAARGUCAGAGGAUCGARGACGAUCAGAUACCGUCCUAGUUCUGACCAUAA

1100 1150
+ +

ACGAUGCCGACCGGCGAUGCGGCGGCGUUAUUCCCAUGACCCGCCGGGCAGCUUCCGGGARACCAARAGUCUUYG. .
ACGAUGCCGACUGGCGAUCCGCCGGCGUUACUCCAAUGACGCGGCGGNCAGUCUGCGGGARACCAAAGUCUUUG. . .
ACGAUGCCAACUAGCGAUCCGCCGGAGUUGCUUCAAUGACUCGGCGGNCAGCUGCCGGGARACCAAAGUCUUUG. . .«
ACGAUGCCAACUAGCGAUCCGCCGGAGUUGUUNCARUGACUCGGCGNNCAGCUUCCGGGAAACCARAGUUUGUG. . .
ACGAUGCCAGCUAGCGAUCCGCCGACGUUCCUCCGAUGACUCGGCGGGCAGCUUCCGGGAAACCARAGCUUUUG,
ACGAUGCCAACCAGCGAUCAGCGAGCGUUCCUCCARUGACGCUGCUNGCAACUUCCGGGAAACCARAGUAUUUG. | .
ACGAUGCCAACUAGCGAUCCGCCGGCGUUAUUCCCAUGACCCGGCNGNCAGCUUCC AACCAAAGUCUUUG. . .
ACGARUGCCRACCAGCGAUCCGCCUGAGUUCCUNAARUGACUCGGCGNNCAGCUUCCGGGAAACCARAGUGUUUG. | .«
ACGARUGCCAACCAGCGAUCCGCCUGAGUUCCUCAARUGACUCGGCGGGCAGCUUCCGGGAARCCAAAGUGUUUG.
ACGAUGCCAACCAACGAUCCGCCUNAGUUCCUNAAACGACUCGGCNNNCAGCUNCCGGGAAACCARAGUCUUUG.
ACGAUGCCAACCAGCGRUCCGCCUGAGUUACUCAARUGACUCGGCGGGCAGCUUCCGGGAAACCAAAGUAUUUG.
ACGAUGCCAACCAGCGAUCCGCCUGAGUUCCUNAAAUGACUCGGCGGNCAGCUUCCGGGAAACCARAGUCUCUG. . .
ACUAUGCCAACUGACAGUUCGCGAAGGUNAUUCAAAUCUCCUUGCGAGAAGUCACCGGGAARCCUAAGUCUAUG. | .

1500 1565
+ +

. . . AAUAACAGGUCUGUGAUGCCCUUAGAUGUCCGGGGCUGCACGCGCGCUACACUGACUGGCUCAGE. .« .+ . CCGGC
« . . AAUAACAGGUCUGUGAUGCCCUUAGAUGUUCGGGGC -GCACGCGCGCUACACUGAAGGGAUCAGC . . « . CUGGA
. . ARUAACAGGUCUGUGAUGCCCUUAGAUGUUCGGGGCCGCACGCGCGCUACACUGARAGAARUCRAC. . . .CCGAC

. ARUAACAGGUCUGUGAUGCCCUUAGAUGUUCGGGGC~GCACGCGCGCUACACUGAAGGACUCAGC. . . .CCGGA
AAUAACAGGUCUGUGAUGCCCUUAGAUGUUCUGGGCCGCACGCGCGCUACACUGAAGGARUCAGC. . | -CCGAG
AAUAACAGGUCUGUGAUGCCYUUAGAUGUCCGNNNNCGCACGCGGGCURCACUGAAGGARUCAGC. . . .CCGUA
AAUAACAGGUCUGUGAUGCCCUUAGAUGUUCUGGG-CGCACGCGCGCUACACUGAAGAGAUCAAC. . .CCGAG
AAUAACANGUCUGAGAUGCCCUNAGAUGUCCGNNNNCNCACGCGCGCUACRCUGRAGGRAUCAGC. . . .CCGGU
AAUAACAGGUCUGAGAUGCCCUUAGAUGUCCGGGGCCGCACGCGCGCUACACUGRAGGAAUCAGC. . . .CCGGU
AAUAACANGUCUGUGAUGCCCUUAGAUGUCCGGGGCCGCACGCGCGCUACACUGNAAGAAUCAGC. . . .CCGGU
AAUAACAGGUCUGUGAUGCCCUUAGAUGUCCGGGGCCGCACGCGCGCUACACUGAAGGAAGCAGC. . . .CUGAA
AAUAACAGGUCUGUGAUGCCCNNAGAUGUCCNNNNCCGCACGCGCGCUACACNGAAGGAUGCAGC ...CCGGA

. . AAUAACAGGUCUGUGAUGCCCUUAGAUGUCCGGGGCCGCACGCGCGCUACAAUGGCAGUACCAGC. .« ., .CAGRAA

1600
+

AGGCGCGGGUAACCCGUUGAACCCCAUUCGUGAUGGGGAUC-GGGGAUUGCAAUUAUUCCCCAUGARCGAGGRRUUC. |, .
AGGCCUGGGCAAUCCGCUGAACCCCCUUCGUGCUUGGGAUA-GGGAGUUGCARUUGUCUCCCUUAARCGAGGARUUC .
AGGAUUGGGUAACCCGUUGAACCUCUUUCGUGCUAGGGAUU-GGGGCUUGUARUUAUUCCCCAUGARCGAGGAAUUC .
AGGGCCGGGNAACCCGUUGAACCUCCUUCGUGCUAGGGAUU-GGGGCUUGUAAUUCUUCCCCAUGARCGAGGRAUUC .
CGGCCCGGGUAACCCGCUGAACCUCCUUCGUGCUAGGGAUU-GGGGCUUGCAAUUGUUCCCCAUGARCGAGGAAUUC.
AGGACUGGGUARUCCGCUGAAACUCCUUCAUGAUAGGGACUGGGGCUUUGAAAUUCUUGCCCACAAACGAGGRAUUC .
AGGACCGGGNAACCCGUUCAAUCCCCUUCAUGAUAGGGAUU-GGGGCUUGCAAUUGUUUCCCAUGARCGAGGAAUUC .
AGGACUGGGNAACCCGUUCNACCUCCUUCGUGAUAGGGAUA-GGGGCUUGUAAUUGUUCCCCUUGARCGAGGAAUUC .
AGGACUGGGUAACCCGUUCAACCUCCUUCGUGAUAGGGAUA-GGGGCUUGUAAUUGUUCCCCUUGARCGAGGARUUC.
AGGACNGGGUAACCCGUUGAACCUCCUUCGUGRUAGGGAUA-GGGGCUUGUAAUGAUUCCCCUUGARGGAGGARUUC .
AAGACUGGGUAACCCGUGGAACUUCCUUCGUGAUUGGGAUA-GGGGCUUGCAAUUGUUCCCCUUGARCGAGGAAUUC.
AGGACUGGGUAACCCCUUCAACCUYCUUCGUGAUAGGGAUA-GGGGAUUGGAAUUAUUCCCCUUCAAMNAGGAAUUC .
AUGGCCGGGUAACCUGCUGAAUCACUGUCGUGNCNGGAAUA -GUGGAUUGAAAUGAUCCCACUUGARCGAGGRAUUC. . .

F1G. 2 (Continued)
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FI1G. 3.—Phylogenetic inference derived from distance analysis of sequence data. Dugesia tigrina (Platy-3
helminthes) is included as an outgroup. Average number of substitutions per sequence position is indicated=
by numbers at the bottom of the scale bar. Numbers at the top of the scale bar indicate average number of ®
substitutions. Numbers at nodes are percentiles and represent bootstrap estimates.

Results

no-olwepeoe//sd

The alignments of the chelicerate and human 18S rRNA sequences are showns
in figure 2. The portions chosen represent several relatively well-conserved parts ofS
the 18S rRNA. Sequence was sampled from throughout the molecule to minimizeS
the effects of local areas of rapid change. The total number of nucleotides included ing
the analysis was ~700. There are 147 cladistically informative sites within the sequencesZ.
analyzed. The numbering is based on the human sequence.

Very few differences exist between the two spider sequences (99% similar), al-%
though the sequence of Rhechostica chalcodes was obtained by direct RNA sequencingS
and that of Eurypelma californica by DNA sequencing of a genomic library. This=
observation confirms that the data obtained by direct RNA sequencing with reverse§
transcriptase are accurate and can be analyzed with data obtained by DNA sequencing®
of chelicerate 18S rRNA genes. g

Apart from the different placement of the millipede Spirobolus, distance analysié%
and maximum parsimony give essentially congruent results (figs. 3 and 4). The tree2
generated using the distance method is shown in figure 3. The distance matrix used%
to generate this tree is provided in table 2. The distance tree indicates that the chelicer-_
ates and the other arthropods included in the analysis ( Tenebrio molitor, Spiroboluss
marginatus, and Procambarus leonensis) form a lineage distinct from the other or-2.
ganisms included in the study. In addition, the distance analysis supports monophyly%
of the Chelicerata and Mandibulata but not monophyly of the Arachnida or Tracheata.™

The exact relationships between members of the Chelicerata are not solidly es-
tablished with this analysis; in particular, the positions of the tick Amblyomma amer-
icanum and of the horseshoe crab Limulus polyphemus within the chelicerate clade
is unexpected on the basis of phylogenies inferred from morphological characters.
Although all the chelicerates are relatively conservative in the rates at which the se-
quences of their 18S rRNA molecules are evolving, the 18S rRNA of 4. americanum
appears to have accumulated more substitutions than have those of the other chelicer-

/910
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FIG. 4.—Phylogenetic inferences derived from maximum parsimony analysis using PAUP. Bran%h
lengths are proportional to the number of nucleotide substitutions. A, Minimal length tree. The tree lengh
is 576 nucleotide substitutions long, with an overall consistency index of 0.688 and with a consistency indéx,
when uninformative characters are excluded, of 0.560. Numbers at nodes represent the frequency with whigh
clades descending from that node are found by bootstrapping. B, Next most parsimonious tree. Tree lenéh
was 577 nucleotide substitutions. The overall consistency index is 0.686, and the consistency index whign
uninformative characters are excluded is 0.559. Scale bars indicate number of nucleotide substitutions. ™

ates, particularly in regions where other chelicerate sequences are conservative. This
may have the effect of placing the tick deeper into the tree than might otherwise be
expected. Bootstrap analysis (Felsenstein 1985) with the distance-matrix program in-
dicates moderate support for arthropod monophyly (82%) and chelicerate mono-
phyly (83%).
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F1G. 5.—Fifty-percent majority-rule consensus tree of 97 trees that lie within ~ 1% of the length (582)
of the shortest tree (576). Values at nodes indicate the number of times the clades descending from nodes
were found among the 97 trees saved. The tree was generated by the CONSENSUS function of PAUP.

The shortest tree generated using the maximum-parsimony program PAUP is &
shown in figure 4. Dugesia tigrina (Platyhelminthes) was used as the outgroup. The s
BRANCH AND BOUND algorithm of PAUP finds a single, most parsimonious tree 3
of 576 nucleotide substitutions, with an overall consistency index of 0.688. The par-
simony analysis supports monophyly of the arthropods. The myriapod (Spirobolous)® S
is identified as the sister group of a chelicerate clade. This monophyletic group (Myria- 5
poda+Chelicerata ) is identified as the sister group of the other arthropods. Monophyly g
of the Arachnida, of the Mandibulata, and of the Tracheata is not supported. In the &
next shortest tree Urodacus is placed between the tick (Amblyomma) and a clade 5
consisting of Limulus plus the two spiders. The topology is otherwise similar to that 3
of the shortest tree. The length of the next most parsimonious tree is 577 nucleotide &
substitutions. This tree has an overall consistency index of 0.686.

A bootstrap analysis was performed to check the robustness of the most parsi-
monious solution. The results for maximum parsimony are shown in figure 4A.
Monophyly of the Arthropoda and the Chelicerata is supported, although not strongly.
Relationships among the Chelicerata, exclusive of the two spiders, are weakly to mod-
erately supported (fig. 4A).

In addition to bootstrapping, all trees within 1% (six steps) of the length of the 5
most parsimonious solution were saved, and a 50% majority rule consensus tree was v
computed in order to further assess the reliability of the phylogeny (fig. 5). Of 97 >
trees saved, 88 (91%) indicate monophyly of the Arthropoda, 49 (51%) monophylyé
of the Chelicerata, and 25 (26% ) monophyly of the Mandibulata. In only four (~4%) %
of 97 trees is the Arachnida monophyletic (fig. 5). No tree identifies a monophyletic E
Tracheata (i.e., Myriapoda+ Insecta). This analysis and the bootstrap analyses suggest
that the available sequence data are insufficient to unambiguously infer relationships
within either the Arthropoda or the Chelicerata.

Evolutionary parsimony indicates support for arthropod and chelicerate mono-
phyly in most combinations evaluated, depending on the “outgroup taxa” included.
Inferences of relationships by evolutionary parsimony are shown in figures 6-8. These
results are a subset of all possible combinations. Only the favored topologies are il-
lustrated. The Eurypelma sequence was omitted from these analyses because it was
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FIG. 6.—Summary of results obtained with evolutionary parsimony for arthropod monophyly. TEe
topologies shown represent the favored topologies from the combination of all trees found when a smﬂe
taxon from each of the four groups was evaluated in turn. For example, for tree A, six combinations (onc
arthropod X six arthropods X two splrallan coelomates X two deuterostomes) were combined. P valu@
were obtained by first calculating the 2 value for correlated data as described by Lake (1987). A, Favorézl
tree when crustacean Procambarus is compared with all other arthropods. B, Favored tree when crustacedn
is replaced by chelicerate Rhechostica. Note that support for arthropod monophyly drops. C, Favored trR
when myriapod Spirobolus is compared with all arthropods. Note that the favored tree links the mynapi:l
with the deuterostomes (Homo and Asterias) rather than with the rest of the arthropods. However, suppgt
is not significant. The P value for the expected tree (i.e., a monophyletic arthropoda)} is 0.22. D, Favored
tree when arthropod taxa are randomly divided into two groups.

1senb Aq

99% similar to that of Rhechostica. We have not attempted to construct a multitaxcéh
tree from quartets, as no explicit method has been published.

Significant support (i.e., P < 0.05) for arthropod monophyly is dependent (ﬁn
the taxa included in the analyses. For example, significant support for monophyly &f
Procambarus plus all other arthropods is indicated when the annelid Chaetopteriss
and mollusk Cryptochiton and the two deuterostomes (Homo and Asterias) are i
cluded as outgroups and combined as shown in figure 6. Significant support for ar-
thropod monophyly was also indicated when the crustacean was replaced by the insect
Tenebrio and the chelicerate Amblyomma. However, support for arthropod monophyly
drops when the remaining taxa are used. When Rhechostica is compared with all other
arthropods, support decreases (P = 0.07), but arthropod monophyly is still favored
over the other alternatives. When the millipede Spirobolus is compared with all other
arthropods, the millipede is linked with the two deuterostomes rather than with the
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minthes) is used as “outgroup.” A, Favored tree links horseshoe crab Limulus with flatworm Dugesia rather
than with rest of arthropods. B, Favored tree linking crustacean Procambarus with deuterostomes and®
spiralian coelomates rather than with rest of arthropods. C, One of two supported trees when arthro|

taxa are divided into two groups. Note that arthropods are not linked. D, Alternative topology from analysesa
of same combinations as in C. The P value of the expected topology (linking the arthropods) is 0.8. Analyse:m
and calculations were performed as described in the text and in fig. 6.
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arthropods, although support for this topology is not significant (P = 0.097; fig. 6C)m
The P value for the expected tree based on morphological data, linking the m1111pede<
with the other arthropods is 0.22. When the arthropod taxa are randomly divided 1ntq§
two groups, results indicate significant support for arthropod monophyly. A test OE‘
the effects of a long-branch taxon is shown in figure 7. In an analysis of quartets.,
including the long-branch taxon Dugesia as an outgroup, in all combinations evaluated.
the expected tree—i.e., the tree linking the arthropods—is never favored (fig. TA-D )cé
Note that when the flatworm Dugesia is used, the crustacean Procambarus is no longer‘ﬁ
linked with the arthropods (compare fig. 6A with fig. 7B). Results of tests of chehcerate%
monophyly are shown in figure 8. Chelicerate monophyly is favored in all combinations”
analyzed, although support is not always significant.

In some cases, we detected a problem with the technique for combining trees.
For example, significant support was sometimes found for two mutually conflicting
trees (fig. 7C and D). In another instance, the %2 value indicated significant support
for two topologies, even though the number of informative transversion counts (par-
simony-like counts minus background counts) for one topology was four times higher
than the number of counts for the other significantly supported topology (not shown).



Table 2
Distance Matrix Used to Generate Distance Tree

As Ch Cr - Sp Li Am Ur Eu Rh Te Pr Du
Ho ..... 0.16614 0.15266 0.14844 0.21266 0.17866 - 0.19572 0.17589 0.17538 0.18118 0.19604 0.19368 0.28134
As ...... 0.14337 0.13908 0.18201 0.14182 0.17357 0.14752 0.14663 0.14905 0.15772 0.17661 0.27939
Ch ..... 0.05207 0.15521 0.09282 0.12363 0.11410 0.10982 0.10733 0.13405 0.14639 0.23863
Cr...... 0.16136 0.10454 0.12780 0.11260 0.10534 0.10562 0.12973 0.13823 0.24§03
Sp...... 0.13860 0.16037 0.14675 0.13517 0.13761 0.16974 0.16253 0.29504
Li ...... 0.10313 0.05495 0.05391 0.05406 0.11003 0.13020 0.24244
Am ..... 0.09873 0.09352 0.09568 0.15122 0.16809 0.2@32
Ur...... 0.06132 0.06083 0.12690 0.13976 0.2%60
Eu ..... 0.00149 0.11338 0.12853 0.25624
Rh ..... 0.11639 0.13256 0.2%15
Te ...... 0.11360 0.28805
Pr...... 0.30397

®

NoTE.—Numbers represent average number of accepted point mutations per sequence position as described by Olsen (19884, 19885b). Abbreviations are as follows: Ho = Homo; As = Astédias;

Ch = Chaetopterus; Cr = Cryptochiton; Sp = Spirobolus; Li = Limulus; Am = Amblyomma; Ur = Urodacus; Eu = Eurypelma; Rh = Rhechostica; Te = Tenebrio; Pr = Procambarus; Du = Duggsia.
C
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FIG. 8.—Summary of tests for chelicerate monophyly with evolutionary parsimony. Only favorgd
topologies are illustrated. None of the two alternative topologies was supported. Note that the level @f
significance depends on the taxa compared. A, Test comparing Limulus with all other chelicerates by usitig
nonchelicerate arthropods as “outgroups.” B, As in A but substituting Urodacus for Limulus. C, Test usidg
nonarthropods as “outgroups” and comparing Limulus to other chelicerates. D, Favored tree when chelicen%e
taxa are divided into two groups and nonarthropod “outgroups” are used. Analyses and calculations were
carried out as explained in the text and in fig. 6.

Discussion

Je/aqu/woodn

Monophyly of the Arthropoda and the Chelicerata is supported by several mas-
phological synapomorphies (fig. 1; Ax 1984; Weygoldt 1986; Shultz 1990), and analy%
of partial 18S rRNA sequences by both maximum-parsimony and distance methoﬁ%
are congruent with these hypotheses. Inferences generated by the evoluuonary-par@-
mony method are congruent with these hypotheses in most cases.

A recent paper (Lake 1990) which reanalyzed published sequences (Field et ﬁ
1988; Abele et al. 1989) by the method of evolutionary parsimony suggested that t@b
Arthropoda is paraphyletic. Results of our analyses with evolutionary parsimony,
although not exhaustive, reveal support for arthropod monophyly in most cases wh@n
the coelomate taxa are included as “outgroups” but suggest that the method is som§-
what sensitive to the taxa chosen and thus to the number of taxa available for evaluation
(fig. 6). Our analyses also suggest that, as with maximum parsimony and distange
analysis, the evolutionary-parsimony method may be “biased” by long-branch taxa~_—
i.e., taxa which have accumulated a large number of substitutions. This may explalﬁ,
in part, the uncertain placement of Spirobolus, which is the longest-branched arthropq@
(fig. 6C). Support for arthropod monophyly is never found when the long-branched
taxon Dugesia is included as an “outgroup.” When Dugesia is included in the analyses,
support is indicated for hypotheses that are untenable on the basis of analyses of
morphological characters as well as on the basis of parsimony and distance analysis
of the sequence data (fig. 7). This observation of what may be long-branch bias confirms
Lake’s (1990) own supposition that, despite the fact that it is intended to do so, the
evolutionary-parsimony method apparently does not sufficiently correct for the effects
of homoplasy in all cases. In agreement with Lake’s (1990) qualifications, our results
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suggest that the inference of the Arthropoda as paraphyletic (Lake 1990) may be the
result of (a) having too few arthropod taxa for analysis in combination with (5) the
potential bias introduced by long-branched taxa. It is also important to note that
partial 18S rRNA sequences provide relatively few informative transversion positions
[ parsimony-like term (P) minus background term (B), which equals O to 8 per quartet
of sequences in our analyses] for evolutionary-parsimony analysis, and it will be im-
portant to determine whether inferences obtained with this method will be more robust,
as seems likely, when a larger number of informative positions and additional taxa
are available for analysis.

Assessment of the relationship within the Arthropoda is difficult by 18S rRNA
sequence analysis. It is clear, however, that the Chelicerata is a monophyletic group
within the Arthropoda. Neither the distance nor the parsimony analysis places any of o
the chelicerates within any other group; they are clearly more closely related to each =
other than they are to any other group. In addition, arthropod and chelicerate mono-
phyly is supported when the long-branched arthropods Drosophila melanogaster (In-
secta; Field et al. 1988) and Artemia salina (Crustacea; Nelles et al. 1984) are added =3
to the data set (data not shown).

The reason that inference of relationships among the arthropods is not robustt,
may be, in part, because the regions of the molecule sampled in the present study are = S
highly conserved. Although this makes them very useful for comparing distantly related & 8
organisms, it limits the ability of the method to discern between more closely related g g
organisms, because the number of sites where the sequences differ is simply not enough 0
to reliably determine close phylogenetic relationships. Even Amblyomma americanum S
and Limulus polyphemus, the two most distantly related chelicerates, have 18S rRNA 3
sequences which are ~90% similar. Better resolution should come by using the rest %
of the 18S rRNA molecule, thereby potentially doubling the number of informative &
sites being compared, and by including data from other genes. It is significant to note S
in this regard that although the specific association of echinoderm and chordate 18S 3
rRNA is only indicated by 54% of the bootstrapping outcomes in maximum-parsimony & &
analysis (fig. 5A) and by only 50% of the outcomes in distance analysis, molecular 2
data obtained from the structural analysis of a different gene indicate a close relatlonshlp =
between these phyla (Delgadillo-Reynoso et al. 1989). “

The unexpected placement of taxa such as the chelicerate Amblyomma and the 0°
myriapod Spirobolus may be attributable to their having relatively long branches. The &
potential increase in homoplasy may obscure both the true position of Amblyomma‘c%
within the Chelicerata and the position of Spirobolus within the Arthropoda. Neither £
maximum-parsimony nor distance analysis gives the answer consistent with the mor- %
phological and developmental data for these taxa (fig. 1; Weygoldt and Paulus 19794, >
1979b; Weygoldt 1986; Shultz 1990). Given both the possibility that long-branch taxa 5
may be placed artifactually and the limitations of using conservative portions of the &
molecule (see above), rigorous treatment of conflicts between the 18S rRNA phylogeny & S
and morphological phylogenies should be deferred until additional molecular data are ™
available and more taxa have been sampled.

With an increased number of arthropods studied at the molecular level, there is
moderate support for the existence of the Arthropoda as a monophyletic group com-
prising the Chelicerata, Crustacea, Myriapoda and Insecta. This finding is consistent
with cladistic analyses of morphological characters (see Ax 1984; Weygoldt 1986).
Although the exact relationships between Crustacea, Myriapoda, and Insecta remain
uncertain on the basis of the 18S rRNA data, it is clear that the Chelicerata form a
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distinct clade within the Arthropoda. We are presently unable, with the existing 18S
rRNA sequence data set, to reliably infer the relationships within the Chelicerata.
Distance and maximum-parsimony analyses provide roughly equivalent trees, differing
in the placement of the myriapod within the arthropod clade. Results with evolutionary
parsimony indicate support for arthropod and chelicerate monophyly in most com-
binations analyzed, when the coelomate taxa were used as “outgroups.”

Inferences with maximume-parsimony and distance methods support the hy-
pothesis that the Arthropoda belongs within a spiralian coelomate clade that is the
sister group of a deuterostome clade. This is consistent, in part, with hypotheses based
on morphological characters, further supporting the interpretation that segmentation
of annelids and arthronods is homologous (see Wevonldt 1986). The results concerning

QIIICAAL0 QA QIR VPR 25 LIV (X% vl 1700 2230 T0oR A LAAEAAA S

the arthropods are not congruent with the analyses of Field et al. (1988), which werg
unable to reliably infer the relationships of the arthropods. Nor are these results con=
gruent with those of Lake (1990), which suggest that the arthropods arose before thg
rest of the protostome coelomates.
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