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Recent progress in molecular technigues has generated a wealth of Information for phylogenetic
analysis. Among metazoans all but a single phylum have been incorporated into some sort of
molecular analysls. However, the minute and rare species of the phylum Loricifera have remained
elusive to molecular systematists. Here we report the first molecular sequence data (nearly com-
plete 185 rAMA) for 8 member of the phylum Loricifera, Pliciloncus sp. from Korea. The new
sequence data were analyzed together with 52 other ecdysozoan sequences, with all other phyla
represented by three or more sequences. The data set was analyzed using parsimony as an opti-
mality criterion under direct optimization as well as using a Bayesian approach. The parsimony
analysis was also accompanbed by & sensitivity analysis. The results of both analyses are largely
cangruent, finding monophyly of each ecdysczoan phylum, except for Priapulida, in which the coe-
lomate Meiopriapulus is separata from a clade of pseudocoslomate priapulids. The data also sug-
gest a relationship of the pseudocoslomate priapulids o kinorhynchs, and a relationship of
nematodes to tardigrades. The Bayesian analysis placed the arthropods as the sister group to a
clade that includes tardigrades and nematodes, However, these results were shown to be paramatar
dependant in the sensitivity amalysis. The position of Loricifera was extremaly unstable fo param-
eter variation, and support for a relationship of loriciferans (o any particular scdysozoan phylum
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was not fownd in the data.

Koy waords: Loricifara, Kinorhyncha, Priapulida, Ecdysozoa, matazoan phylogeny

INTRODUCTION

Sincea the adtvent of molecular phyloganetics in tha study
of matazoan evolulion (e.g., Field o af, 1988), Imestigaions
have gradually produced Sequencs data for virually all e
maje melazsan linespes, AMar sequencas weng oblaned for
specias of the nowes! discovered snmal Beages Cyclio-
phora. (Winnepanninckx af @, 1958 and Micrognathozod
{Giribet af al., 2004), o dabe only the members al one animal
phyhsm  remain  unsequenced—hose of Loncilera (see
Halanyeh, 2004), The exclusively marine phylum Lorcilera
constiules a group of tiny metazoans described in 1883 by
Danish zockogist . Moberg Khisiensen, Since the descrpiion
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of the first loriciferan, Nanalongus mpsbous, mosg than one-
hundred species have been discovered [Nielsan, 2007k how-
avar only few have beon [oamaly described, The phylum
congisis of two very dileren] famibes, Plicloricidas and Nan-
alaricidas (Higging and Krslensen, 1986). Species o Phcil-
aricidae ane common in the deep sed, wharaas those of Man-
aloricdas ane whually fourd interstiially in coarse sedimaents
al shallower depths, The Lorcllera are hypolhesized io
blong fo the dade Introveda (Melsen, 1995, 2001, Niglsen
af &, 1996, Schrmefl-Ahaesa, 1997/98; Soensen af al,
2000), and a relalionship 1o Prapulida and Einarimyncha o
form the group Scalidophora has found bmoad marphaological
supporn (Meuhaws, 1884; Mielsen ef ai., 1988 Meuhaus et ai.,
19497, Sorensen ef al., 2000). However, the phyloganetc posl-
tion of Loricifera ks tar from satted. Warwick (2000) recently
postulated that lorciferans &re simply pasdomodphic pa-
apulids, while others have conssdered Loncitera & member o
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Fig. 1. Pholomicrographs of the species for which 185 rAMNA was seguenced in this sbudy. (A) Plcioncus sp. (scale bar = 50 ym); (B)
Ffalnwadaras sp. (scale bar = 200 pm|; (C) Malopriapuiies =, (scals bar = 500 pmj.

& phyium named Cephakshyncha, which siso includes MNem-
alomorphia. Prapulide, and Kinortyncha (Malakhoy gmd Sdri-
anoy, 1995 Adranov and Malakhow, 1999) Mislen (g
1665, 2001) used the tarm Caphalortyncha & & supraphyl-
gtic calegory that includes the phyla Lodcilera, Kinomyncha
and Priapulida.

According to most mophological snalyses published so
far, boriciarans belong with other members of the clade Infro-
verta (Schram and Ellis, 1584; Mislsan st &l 1996; Zrzavy &t
al. 1908, Sorensen st al, 2000; Peterson and Eemisse,
2001}, which constifutes one of the majpr ecdysozoan lin-
aages. Eodysoroa (Aguinaldo of al., 1997) has emerged &8 8
widaly acceptad group of animals supposted by bath mapho-
logical and molecular data (Schmidi-Rhassa st all, 198E;
Zrzavy af al, 1888 Ginbel and Ribara, 1988; Girbat at al,
2000; Zrzawvy, 2001; Ginibat, 2003a), though Wapgels et al
(1989), Wapele and Misof (2001), and Schofiz (3002 pre-
senied an opposile view, In this study we presant the first
DNA sequance dada for an undescribed member of the phy-
lurm Loricifera collected from shallow depdhs in Komaa (Fig. 1)
W also presend nowal daki on othar mtrovertan phyla such as
Priapuilida and Kinarhyncha from Koraa and Greentand. Due
bo the limied amounl of maolecular data available for Loric-
ifera, regiricied o a single kous (neady complete 185 rRNAY,
we atlemnpl bo Sludy the phylogenatc retationships of Loric
ifera wilh ofher rasmbers of Ecdysoeoa, using the non-eodys-
eroan Chastognaths as oulgroup, Allhaugh we recognize the
putative pittalls of phylogenatic approachos basad on singla

genes (o, Ginksat, 2002a), ® was not possible to amplfy
alhar genes for Loriciiera. Sill, addition of molecular data for
this kas) animal phylum may shed naw lighl on the position of
this wlsiquiltous B seldom-famd inverebnate group.

MATERIALS AND METHODS

Sampling and DNA Sequencing

To aftempl o reconstuct the phylogenslic relaionships af
Loncilana with ollar major ecdyssroan groups, neary camplets 185
rAMA saguences of four reprageniative species of =caldophoman
prvla [Lofichera. Phciorcis spo Kinorwncha, Zabnkadees =p.
and Echinodenas aguifonius; and Prispulids. Meoprapolug sp)
warg delarmmned (Tabka 1) Picilorkews ap., Jeiinfegares &, and
Medopriapulis 8p. wars collected by SCUBA dwing n subbdal
zones of Korea and livad in B5% elhancl, Goffriodeves Souvviis
was collpcted trom sediment samples in Greaniand. A s@ngle animal
tor gach ol the spedies Was nnsad with desslled walar sayveral liraes,
and DA was axtractad. Tabla 1 lists samplng locations, and Table
3 usirates the GenBank accession numbsars for all apecies ulilized
in this shudy, Total genomic DMA was axiractad Irom srgle indivdd-
uals with a modificaion of standam phenoi-chiorolorm methods, or
by using the DNEasy Tissue Kit from Qiagen wiih the profocod pro-
wided by tha manufacturer, Tha small subunit rAMA (55U AMNA) af
the |oriciferan spocies was ampifed by polymemsa chain rmacion
{30 cycles of 84°C for 1 min, 50°C for 40 5, and 72°C for 2 min. lal-
I by 72°C for 10 min) with the primar st 326/3280 designed an
the basis of sequences of the consersad ragions af the 5 and 3
ends of sukanyatic homologs (Melles of o 1984}, Mors infarmatian
on PCH and the sogquencing pimers wsad in this shady 8. gevan in
Tatle 2. Megative conirls wemn also parfomed in svery PCR eac-

Table 1. Sampling lecations of he new scabdophonan species sequenced for thes study.

Phylum Spacies Lacality

Loviciiem Pliciaricys sp. Korea: Imwar-Gun, Gangwon-do Province (N 371376, E 1260200477

Kinothyncha  Zalinkacdaras sp. Korea: Guryangpo, Gyeongaangbick-co Provines (N 35°50'507, E 120°34'017)
Eohinoderas aguilanive Greaniand: Igpik, Disko ks, Weat Greenland [N 805173, E 053°12.17, 195-214 m depih

Priapubda _ Meiopnapulis sp. Korea: Marado is., Jeju-do Provincs (N Z3°06'417, E 1267167027
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Table 2. Cligonuclectide primans used in thes study.

Primes fidme Saguence (5-3') Pasitan®
328 (lorward}) TAC CTG GTT GATCCT GCC AG 1-20

A= e asd) TGS AGE GCA AGT CTG GTG BEI-5T0

A (revarsa) CTOGCACCAQGACTIGCCCT  5M0-583
G- (Toewiard) &0 GOT 3AA ATT CTT GGA B0rg-925
G {revensa) TOG BAG AAT TTC ACGC TCT L2a-a09

I- (o) AAACTT AAA GOHA ATT QAL G048 1142-1162
| {raversa) TCC GTC AAT TGO TTT ARG TTT  1162-1142
- {raresand) TGT AT GOC CTT AGA 1441-1455
[ (reverse| TCT AAG GGG ATC ATA 1455-1441
2B {rewarss)  TAA TGA TOG TTC DEEAGDE TT  1781-1810

“rucieaiice position in the Ardemia saling 185 rANA sequence of
Mallas af & [1864),

fien, PCR products ware isclated from 1% agamee gals, pusied
with a GeneClgan (Bio 101) Mallglass-powder Kit, and cloned inka
PGEN" T-pasy wactar (Promaga Co.), Cloned insans wana cycle-
soquencad with a Big Dwe Teminator Cycle-Sequancing Kil
[Appliad Binsysiams), and e saquencing products wane pundad by
alcohol precipiabon and slecirophomesad on an AB1 3100 auic-
mabad DA saquencer. The total sequence product was 1855 bp
for Phoionous sp. (Loncifara), 1,774 bp for Zetndkadares 5p. (King-
riynicha), and 1,835 bp for Meloprapuiss sp. (Prapuida),

Data Analysis

The daia were analyzad in tha compuler programs POY w, 30
(Whealer ef al, 2002) and MrBayes v 3.0 [Huelsenback ard
Aonguist, 2003, In 1ofal, we analyzed almost complete 185 fAMNA
sequences for 54 ecdysceoan ke, wsing a chaalognath as an out-
group. In using a single outgroup, we were nol attempling to best
moencphyly ol Ecdysoron, but marnaly iesting monophyly of each
sotysazoan phylum and the nieredationships among the phyla.
The 185 rANA locus was divided inbo 48 sequence fragments that
camespand o secondary sirecture features (as n Ginbet, 20071),
and from those, four frapmenis (scd18s¥ spq, sodiBs21.so0q.
ol B0 seg, and scdlBadd ssn) wene axcluded rom all subses-
quend analyses due o Theair exirams lemnglh vamation.

Initiady the data wese analyzed under parsimany with e direct
aptimization method (Whesler, 1896) lor 100 random replcales
uging Bublres pruning and ragrating ispr), ires bissclion snd reeon-
neclian (@r). ralchaling, and tree lusing (I a8 brandh-Seapping
algarithms. Up 10 10 Irees were retained per replicata, and up 1o
SO trse @l all replcales had baen compleled. This analyais was
maproduced for & hotald ol 12 paramaler sals thal vared in the gap-
coal and e Transversin'ianssion-cos! ralios (Whesaler, 1895
Girbat. 20030). The rasults of B thess analyses wera pooled inlo
A Me and used Tor @ rew round of iree fusing—alao called sensiihity
analysis trea Ruging (satfl—and analyzed undar the 12 inilial param-
#tar gels. This second analiical rourd with satl may Maip o find
shorier Weas. The resalis ol iase AnAlYEES ware |BRAN &5 our opli-
meal tresas, and the resulls of The senaltivity anakysis are used 1o dis-
cuEs gevaral aspects of me phyioganatic afniss of the acdyso-
zoan phyta. Modal suppor was massuned via jacklniling wilh a
profabikty of dalation of &' (Fars, 1997} Since we ussd & singls
data partition lor 1his analysis, we did not pardomm & Congrsanca
anatysis, and we could not uss congniance ag an oplimality crite-
rion far choosing our prafarmed paramater 58 (Whaaler, 1905; Gin-
bat and Whasler, 1098 Garibal, 200061, Tharafora, wa prasan the
rasulis of all analyses in several ways, including Te sinct consan-
5u af treas from all paameter sets, tha tres undes squal weighss,
tha trae with the highast @ckknife suppart, and Mavago rugs ilustat-
Ing some of tha mast mparant relationships obiairad

An impliad akgnment (Wheekar, 200%; Ginbat, 2005) was. gan-
erated for pammatar sat 211 {gap cost = 2; imnsvarsion = 1; fran-

Table 3. Specos employed in this siudy and GienBank aecassion
numbers for e soguences uiized. Asterisis indicals now
sequences, TEchinodoms aguionius has fwo GanBank acoession
numibess because the soquences wore sepanalely submeiad in fao
rat-tearkapping frapmeni=s.

Phylum Spacian Genfank accession no.
Chamicgnatha  Sagita &p Avagrne
Laoncilsm Pha i &5 A TR
Kinoityncha Falownaanms 3p. A TAESHS"
Frenaplyns gretsandcia AYESERID
Eevanadume souivis’ AFEZEIRIT", AYD22318"
Mamulamarphs  Necnams s AFAZNTET
Corcingiag monguewy AFEELIY
Govchus albopunciais [Py
Famgondia i AYAPERIG
Pringuiicli Meinrrianiug s A TEEs”
Halerius Spnikiaus AFMITIN
Priapuis caudakis AFESERT
it covaiicain AE110088
Momalnda Teie sl animbs L
Fiacihi & s 7E
ARSSEE S LipHcET
PatasanManshing faddus AFWTERE
Desmodan owinars g
Dipdngrasior amio AFDSREEAT
Daninnoy el Prosdvis AFETERG
Mfonchedls arswcols AFISE50E
Brumpfanmiius jwsiini A5G
Brugpa masapy AFIIRSER
Capnochahils sonaraa AFDRI0ES
Mokvaogyne noognis LIB1578
Unychophora Pevipaioioes novacroalimVon  AF3E2TM
Peripaiopais copanss AF1 10T
Elipanoaiciins fsodanm L9910
Tansigmda Thisinda Stephamins AFO5E0Z3
Mypmibass spo Feaaay
iacrotvoluy hufaland' XB1447
Minasum teemipgracaT L489a0a
Ecnvaircws winoissimus AFOGGHZY
Arthmpods Colossandas ap. AFDIG&40
Endhevs faomy AFDOGEL)
Lirmus podymhemus s1asn
Hpkeaciye samiei AFDOGALE
Mipponopeshs aboes AF 124828
Abmx Bp. AFITOTEL
Masigoprciu giganiouy AFOGaLn
Rpudgpers crisapimin AFTTAZAR
Libsod ot WFI3A2TY
Seolepemive omqulels L
Frlyimriug daciculig AFTTI2a8
Frofmits becuy AFTFIZI6
Hutchicapaail midracasths  AFITO0BI
Arfimile &, KO F2a
Trinpe Aorpicasings AF1442180
Mkl 5, LEngag
Abnmachds e AFITOTHR
Trichkigvtion gamasiy AFNTOTHR
Therrzten enaancs AFITOTH0
CalTannis Mg AFZTOT
Aetrugineus
Locusds migrarana AFITOTEA

gilicn = 1), which resuled in the Righest overall jackknile suppor,
This impliad aignment was used lor ihe Bayasian anashdis.
Due to the nstabilty of the position of Lodsiera in the direel
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opimization approach—Iin pad dus o e uniquanass of the lonc- probloms wath thes method, induding overestimation of suppor
aran {and othar ecdysoroan) sequences, which are ohon mefermed whon tho model s unrealistic [Suzuid of &', 2002) and tho problem
o B5 “long anches"—we analyzed 1ha daia usng a mosdel-based of using fiat priors (Smmons o af., 2004). The Bayesian aporoach
approach, & Bayesian approach was selecied due fo s afficioncy also aliows a mons direct compansan o #ie resulis af Mallatt et af.
in saarching tres space, akhough we s aware of severad of 1he [2004d), who studied ecdysazoan relationships using 185 fAMNA and
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285 rRMA sequence daka,

In ordar i astimata the besi-i8 aubsiiuiion modal for this align-
ment, wa emplkiyed the Akska information crilerion usirg Modeltas]
warsion 3.6 (Posada and Crandall, 1898). Wa uliized 1 astimaled
bast-fit modal for g Bayesian astimaba of phylogany implemantad in
MrBayas 2.00 (Huslsenback and Honguisd, 2003), Fowr Markoy
Ghain Mame Carla (MCMG) chains wana run for 10° genarationg
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RESULTS AND DISCUSSION

Faw scalidophorans were previously known from sha-
By wabars of Koraa, parhaps due fo the litlle faxonomic
work conducted in this magion. The loricfaran species we
found is claarly a new specs of the ganus Plciloricws (Fig.
1A}, closaly related 1o the Allantic species P, dubius found

J-K. Park af ai

at 294 m depth (Higgins and Krstensen, 19388).

The kinoehynch genus Jelinkaderes Higgins, 1990 was
originally described from sandy mud off the coast of Forl
Pierca, Florida [(Higgina, 1980). The iype species, £
floridensis, and a second species. £ submersus [lommerty
Cateria submarsa Gerlach, 1989), were included in the new
farmily Zefinkadaridas. The Jekitcadaras specimen we used
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for saquencing clearly differed from these other two species
{Fig. 18}. It is characterized by heving (1) an extremealy bog
midterminal spine {tha ratio of midtierminal spine length to
trunk lemgth expressed as percant (MTSTL) is about BE5G),
{2} middorsal spines on segments 6, B, 1013, (3] cuspldate
spines on sagments 4, 7, 10, 11 and (4) emall subdorsal
Spines on segmant 12. Tha Korean specimen of Zedfnkad-
anes seems 1o bo closely related o the type spacies, X
Mancenss.

The interstilial genus Meioprapwhis has until now
remalned manatypic, with the single species M. fitensls
Morse, 1981 kndgen from its type locality, Konobevu Beach on
Vil Lewvw, Fig lslands (MK, collscted spacimens of AL
fpengis Irom this coral beach in 1996) and from several
specimens Irom a coral reel on South Andaman Island,
Andaman Sea (Westheide, 1930} The Korean specimen
{Fig. 1) used in our sludy & clearly a member of the genus
Mealoprigpulus; however, il may be a new spacies, Like M,
fjiensis, It has a cylinder-shaped body without a tad, It has
a circle of small anal spines pastariary on e trenk, and tha
conical-shaped posterior end Bears the lemminal anus (clo-
aca). The bulbous anteror infroverd (head) has the eight
elongate clavoscabids (sengory scalids of the first row) type
cal of M. fifensie. The moulh cong ["evened pharyna”) bears
pharyngeal teeth. The specimen is cheady a species of
Mfsiopriapuwivs rather than of the only other interstitial genus
of priapulld, Tublwchus, members of which always haee a
ko tail and tha anus not terminal,

Direct Dptimization analyses

Phylogenatic analysis of the asquence data under 12
parameter sets thal vared Iindelfransversson ralios and
transversionfransition rabios resulted in trees fundarmentally
different in the relabonships among the phyla represented.
The sirict consansus of all frees found—the mosl consena-
tive astimate of the phylogeny—is presanted in Fig. 2, which
indicates the taxa that are monophyistic under all analyiical
conditions. Table 4 lists the number and welghted sieps of
tha treas cibtained for each paramater set. Jackknde suppart
values greater than 50% for all paramster sets are listed n
Tabla &

Analses conducted with differant parameter sets {and

Table 4. Mumber of weighted steps (Longth) and numbsar af rees
(W g found for each parameter el (Par) axplonsd using froe
lusing ard SATF in the seanch straiegy describod.

Far Length M trees
110 L s k|
111 4787 1
121 BAESE 2
141 10702 1
210 2557 fi
11 142 4
221 Tol6 i
w41 12067 1
410 2980 14
411 S816 3
421 B412 1
441 13826 1

packkniling analyses) wara congresnt in showing monophyly
ol most animal phyla under most analytical conditions. The
phyla Onychophara, Tardigrada, Kinorhyncha, and Mema-
Ioda were monophyletic in all anabysas (Fig. 2), even though
pckknile support was less than 50% under some analytical
parameters. Support lended 1o b espacially low for nema-
fodes (Tabda &) Monophyly ol Nemaiomorpha was found
under saversl parameter sels (g, Figs. 3, 4) but was
parameter-dependent (Fig. 5). Suppod lor this node greater
than 507 was only found under three analylical paramater
sets (Table 5). Monophyly of Anhropoda was also jound
umder some bult nol all parameter sels (Fig. 5). and naver
recalved [ackknile suppon above 50%, in conlrast to shudias
that included more taka and more loc (@9, Mallatt and Gir-
b=, 2006). Arthwopod monophyly was also parameder-
dependent (Figa. 35}, because under oedain pEramalen
sats the cephalocand Hutchinsonfela was placed nepr fhe
root of the tree. The only phivium that was nol monophyl ol
under any condibions wes Prapulida. Meioprapulus, the
only priapulid genus with & true cosdom (Stosch &f al,, 1985)
and direct development (Higoins and Storch, 1891), clus-
fered outside the priapulids thet have a loricate arva, The
clade of psaudocoslomate priapulids was found under al
anakytical conditicns (Fig. 2), with [ackknife support wabses of
up o 95% (Table 5). The data also showed resolution within
most of the phyla included. Saveral miemal clades were
rgcowered under most analytical conditions (see Fig. 2) and
received jackknifa support valees above 500 for &t least
some paramater sets (Table §, Figs. 3, 4). In summany, our
185 rAMA analyses across & range of selected paramaier
sats supported relationshaps both among animal phyla and
al lowar taxonomic ranks, as shown in the stebilty and |ack-
knif support of many clades.

Clades conlmadicting mosphological  hypotheses,
atthough Tregueent in saveral trees, did not recenve suppon
values much highar than 50%. In Table 5, wa have lebeled
with an asierisk all clades skrictly contradicted by morphol-
oy, A clade supporing the monophyly of Scutigera snd
Litholses was found under paramater sets 111 (jackknife
support 53%) and 241 (jackknife support 66%), and under
parameter sels 110, 121, 2271, 241, and 421 with jackknife
support below 50% (but sea Edgacombe and Girbet, 2004;
Giripel and Edgecombe, 2008). Another surprising clade
composed of Zygentoma and the orthopleran Locusta was
found under parameter sef 211, with 55% jackknife support.

We could conclude litthe with respect to the relationships
among the ecdysozoan phyla, especially w position of
Loncifera, dus to lack ol support from the data bere ana-
hzed. Mo relatonship among bwo animal phyla recaived
jackknife suppon above 50% under a single pararmelar set
The relatonships among selected phyla are illustrated in
Fig.5. For example, Onychophora and Tardigrada form a
clade under five parametar sats. the pssudocoalamata pri-
apulids form a clade with Kinomyncha under five paramatar
sats; Tardigrada and Mematoda form a clade under fhrea
paramater sets; and Nematoida (= Nemaloda + Memabomaor-
pha) appears only under ona analylicel condition, This lind-
ing may support the ides of Malakhow (1980), thal Merma-
toda and Mematomorpha are not sister groups, but that
Nematomonpha 8 more closely refated o Prapulida and
Kinorhyncha (the so-called Cephalorhyncha), this conira-
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Table 5. Jeckinile ragamplng valuss for nooes abfained undar difierent paramater sats (110 1o 447). Nodes with less than 50% suppan far
all paramebar sata hava Desan axclided from tho bk,

Phiism Mode "Ma 111 i3 141 218 211 221 341 418 411 421 add
Omychophora  Onychaphors B9 B3 100 B B85 100 85 B5 0
Paripaiidas + Evpenpriodes B4 o5 B B} o5 & T B4
Tardigrads Tardigrada BY B4 B4 5 T W B5 53 B4 53 B4
Eutardigrada B BE BB B2 B4 BA T B} TE @1
Thulirila + Hypsibus B7 100 100 B3 @97 100 9 6B B3 103 85 93
Arthrapata Pyonogonica 8 100 98 @85 &7 o0 @b a1 a7
Chalicarata B4 B8 86 67 1]
Chiopoda By BY B2 BT B8 I a5 a1 B3 70 @
Secubparg + Liihobaes® 53 L5
Brarmchicpoda o3 1y BB TE 92 100 97 768 &80 9@ 9z a7
Dicaondyla 58 a5 T a1 o -] az Lk | ra
Loowsta + Sygentama® 35
Zyeaioms Fie] o
Prapuia Priapula {excluding Afapriapisg) 75 93 &80 T8 895 83 T M B B2 88
Priapulidas ] (i3] L1
Momalods Hematada 7B 65 i 55
Trichinels + Mylanchnlus 5 g2 85
Memasods (s Tric s e - Mpens g i1 T T L] 55
Dipfogaster + Cagnarhaboils 51 88 TA g M T B84 Ba
Agcans = Broifls + Brirmpleamii B0 100 87 T2 B g M 5 58 W T T
7 ramalnde-clade | #1 (4] mw & Fi] B2 ES
T-clade + Daplongma Br T2 BT B
Kimamyncha Kincetwncha L] ] [£5] jat B3 [£2] a7 a3 Ta [£]
Zeinkaderes + Pyracohpes B2 ] 54 51
Mamatomorpha  Momalomornpha (] 75 58
Gardicides M OB W B B2 B4 B4 ™ Ba B8f B3
Chardodes + Pavegardius 2] E3 W M G5 BE B2 B3 TO
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dicts Schmadt-Rhaesa (1957/98). Malakhoy and co-workers
later aleo included Loncifera in their Cephalorhyncha con-
capt (for a review, see Andrianow and Makakhoy (1958},
Tha position of Lomaifera is espacially infriguing. Moms ol
the analyses suggesied a position of Loricilara within Pri-
apulida, rejacting Warwick's (2000} idaa thal loricilerans ane

=14 |

pasdomorphic priapulids. Five oul of 12 parameter sels
identified a possible relationship to Onychophora (Fig. 5).
Another parameter el identitind the loricilaran species as a
siglor group 10 the cephalocarid crustacean Hulehinzoniells
(Fig. 3). Two parameter sete clugierad the loriciteran with
ihe maring nematomorph Meclonema, contradicling the sev-
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aral parameter sets that indicated monophyty of the Nem-
atomorpha. This is not thaet surprising, since HKrstensen
{1983) noted the morphological similarities between the
maring nematomorph larva of Nectonema muwmidas and
adult Naraloricus mysticws in his onginal description of the
phylum Loricifera. Yet two other parmmeter sets (441 and
410) plaged the loriciaran with the coslomate priapulid
Maiopnapwus. Ona of these trees (441) actually identdfied
Mechonema as the sister group of Phcilloricus + Mamopriaou-
frs, although wilth jackknife suppor below 5%, Finally,
anoihar series of parameter sets (141, 211, 241, and 210)
placed the loricifaran spacias at the basa of the ecdysczoan
trea, as sistar group to the remaining spacias. This intriguing
resull may explyin the mophalogical simianties belwean
Loricitera and TanSgrada: — the telescoping mouth cone,
annulalicn of the Nexible buccal lube, and thhes rows ol pla-
coids i the Iriradiate myc-epithalial phanmgeal bulb (Kris-
lensen, 2003) — simdanlies thal may be plesismorphic
charactens for EcOysozoa.

Bayesian analysis

The besi-f model estimated under AIC with Modeltest
version 3.8 was a General Time-Beversible modal wilth a pro-
porion of invariable sites and a4 gamma distibadion of rales
(GTA + | = I'l. The GTH model sssumes sk independent
transition probabliies and independent base freqguencies.
Under this model, the four chans became siationany after
remaval of the first 1,000 suboptimal trees, reaching an arith-
metic mean —nL = —22301.12 (mean plny = 0.218425,
rmean o = 0615691 ). A 50% malority-rnile comensas free of
the Bayesian phylogeny of the remaining .000 frees & pre-
santad in Fig. 6. This summary tree shows posieror proba-
bilikes of 994 for Nemaloda, Tardigrada, Mematomonpha,
Onychophora, and Kenoefwncha, and 95% for Arthropoda.
Priapulida, as found n the direct oplimzeton analyses, was
nod monophystic. Oiher noteworthy results from the Baye-
glan analysis are the monophyly of Kinorhyncha +
paeudocoslomate priapulide (pp = BO%:), support for the
clade Tardigrada + Nematoda (pp = 88%), and suppor for
Arthropoda + Tardigrada + Mematoda (pp = 85%) but exclud-
img Cinychophora, In this analyeis, Picioncus was positionad
next to the rool. and the posterior probakbdity for all remaining
ecdysozoans to the exchesion of Loncilara was 98%.,

The results of the Bayasian analysis and the parsimdany
analysis based on direct optmization for parameaier sl 211
{Fig. 4) are not radically different. Both analysas showed
manaphyly of aach ecdysozcan phylum, intluding Nemato-
marpha. bul non-monophyly of Prispulida [(Mslopriapoles
does nol group with the pssudocoslomate prapulices), Both
analyses alse showed monophyly o HKnodyncha +
psaudocoalomale Priapulida (excluding Melppriapues], and
of Tardigrada + Nemaioda. The Bayesan analysis further.
mara showad support for a clade of Arhnopoda + Mamaboda
& Tardigrada with high posterior probability, allhough this
resull did not appear in any of the parsimonmy analyses (Fig,
).

CONCLUSIONS

The loricileran species was highly unstable n phyloge-
riatic pasition and tended 1o group with texa having abarrant
sequences, such as onychophorans and cephalocarids, or

with “miaplaced” members of other phyla, such as Meiops-
apuliz or Necfonems, when these did not chester with other
mambars of their respective phyla. Mone of these resulls
was significantly more stable than others, nor showsd jack-
knile support or significant postence probabllites. Duwe to the
high degres of sutapocmorphy of the loriciferan sequence. lit-
tia can be concludad untd more species are sequenced.
Howaver, the reason loriciferans wara the only animal phy-
lum messang from GenBank or from any molecular anahysiE
ligs in the encrmous difficulty of finding animals suitable for
molecular axamination, and it is for this reason that we
make fhess daia avadable 10 olher investigators.

The resulls presenied harain may sugpest that 185
rRMNA alone & msufficsen 1o reliably explain relationships
amang phyla within Ecdysozoa. The addition of saquances
from alhar prolosiome phyla (data nol shown) did not halp
iri babler delaésnining the position of lofciferans, bul did indi-
cale thal o Sequence & nol a contaminant from any othar
anamal phylem, Within glhar clades of prolostomes, 185
TAMNA miay even be insdlEcient 10 oecsgnize animal phyla,
especsally when dealing with relitionshaps among spiralians
(e.g., Winnepennincky ef 8., 19954 sed Giribed (2002a8) hor
a review]. IF this were the case, one could posiulabs fal he
sarme svent that hed 1o rapid divessilicalion of spiralian body
plans may have occurred during the diversilication of he
ecdysozoan phyla. 'We must remember, thaough, thal 185
rAMA elone has proven to be informalive in resolving some
major ewclutionary events during the diversification of meta-
zoans, such as the orgins of the mesoderm (Field &f &l
18BB; Winnepenninckx et al., 19950 Caranza ef al, 1997;
Giribet and Ribera, 1998, Zrzavy er ai, 1998; Pelerson and
Eemisas, 2001) and the divergence of the spiralian and
ecdysornen clades (Halanych et &), 1995; Winnepennincks
el al, 19%5h; Aguinaldo er g/, 1937, Giribet and Fibera,
18088; Ruiz-Trillo &t &l 1885; Glrbet, 2002b). Howewver, In
many cases, the use of additional genes, especially the
nearly complete 2858 rAMNA sequence, has helped to stabl-
lize phylogenstic results for desp metazoan aplits (e.g.,
Jondsines ef ai, 2002; Mallath and Winchell, 2002; Maliatt et
al, 2004; Girbet ef al., 2006 Mallei and Girlbet, 200&).
Ewen il 185 rAMNA alone wera a perdect marker devoid of
homoplasy, the mcreass in tarminal taxa may resuft n &
dacreasa of nformative characters par taxon, thus requiring
data from additional genes. In shorl. additional modscular
and marphological data will be necessary o msole the phy-
Ioganatic position of the enigmalic Lorcifera, Additionally,
molecular data from a mambaer of the Eamily Manaloricidas
arma naaded, because the morphology of the thres ganara
within this Eamily is the bes! wndarstood among lonciferans
(Krsstensan, 1891, Krhstensan and Gad, 2004), In thase gan-
ara, e ulirastruciure of the myoopihelial tiradiate phanm-
gaal bulb with placoids shows imteresting similarities 1o the
sama sbrechurg in Tardigrada (Kristensan, 2003).

Despile our Sedpeencing and anahdic eflorls, thae phylio-
genelic position ol Loricilers remains unstable on the basis
ol the present molecular dala, bul our analyses serve as a
firgd 1est of the monophyly of Scalidophora using molecutar
data. The new analyses also provide the fiml comprsien-
glwe molacudas 1881 for the monophyly of 8l ecdysoroan
phyla. The data strongly suggest non-monophyly of Praagadl-
ida, which is divided Into fwo clades, one incheding
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peeudocoslomate species with a loncate larva and ancthr
containing 1he sngle coslomale speces withoul a loncabo
larva. After all, this fundamantal anatomical difference—tho
presence of & rue coslomic cavity in Menpriapuius bul nod
in any ather prigpulid penera—Iiogether with the difference
in development. may Indicate the polyphvly of the plylum
Priapadida. Further study of the members of this phydum
should shed light on this challenging hypothesis,
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