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Concordance of molecular and morphological data:
The example of the Acoela

Matthew D. Hooge' and Seth Tyler
Departmentof BiologicalSciencedJniversity of Maine, 5751 Murray Hall, Orono, ME 04469-5751USA

Synopsis Morphologicalfeaturef the Acoelaappearto bequite plastic,including thoseof the copulatoryorganswhich
providethe principle characteristicasedfor the systematicsf this group. Consequentlyglassificatiorschemesf the Acoela
comprisenumerouspolyphyleticgroupings.In this review,we detail recentrevisionsof acoelsystematicsising molecular
sequencelataand newand reevaluatednorphologicalcharacteristicsGenetreesarediscordantwith traditional systematic
schemesut stronglyconcordantwith newmorphologicalcharacteristicebtainedthrough the useof transmissiorelectron
microscopyand confocallaserscanningmicroscopynamely characteristicef body-walland copulatoryorganmusculature,
sperm,spermducts,sagittocystsandimmunocytochemistryof the nervoussystemThis mergerof molecularand morpho-
logicaldatahasled to significantchangesn acoelclassificationjncluding a major emendationof the largestfamily of the

Acoela,the Convolutidae,wherebyhalf of its membersweretransferredto a newly createdfamily, the Isodiametridae.

Introduction

The best-recognizedand most commonly studied
membersof the Acoelaare macrofaunal,epibenthic,
or epiphytic worms containing photosyntheticendo-
symbiontsand belongingto the familiesConvolutidae
or SagittiferidaeHowever,the majority of acoelsare
tiny, interstitialformsthat receiveelativellittle atten-
tion exceptfrom a few acoeltaxonomists(Fig. 1A).
Despitethe neglectof this important basalmetazoan
group, taxonomists, including the prolific workers
Einar Westblad, Jargen Derxjes, and Ernst Marcus,
have describedmore than 340 Acoel species(for
example Westblad1948;Marcus 1952; Derjes 1968)
divided among 21 families (Tyler and others 2005).
Unfortunately, many of the characteristicdefining
these families are homoplasious,resulting in poly-
phyleticfamilial and generiagroupingsof convenience
rather than natural groupings.

The small body size, lack of cuticular hardparts,
and overallbody plasticity makethe identification of
systematicallysefulcharacteristicg the Acoelaa dif-
ficult task. Specificallythe number of characteristics
visiblevia standardlight microscopyof live animalsis
limited, and the differentiation of tissuetypes,even
in semithin histologicalsectionsof epoxy-embedded
specimenscgan be difficult.

The reevaluationof the systematiccharacteristics
currently usedand the searchfor new characteristics

havebeengreatlyfacilitatedby newmicroscopicatools
such as confocallaserscanningmicroscopy(CLSM),
which, with transmissionelectronmicroscopy(TEM)
and genesequencingrepresents suite of tools that
hasled to rapid progressin refining the phylogenies
of severametazoamgroups.

In this review,we detail how the useof 18SrDNA
sequence data coupled with newly uncovered
morphological characteristicsobtained through the
useof TEM and CLSMhasled to the mostsubstantial
changesin acoelsystematicsn more than 30 years
and, in doing so, has not only eliminated some of
the polyphyletic taxonomic groupingsbut also pro-
vided the first inkling of the true phylogenyof the
Acoela.

The gene tree

Before2002we had little notion of the interrelation-
ships of the acoelfamilies, exceptthat the Parato-
mellidae were basalto all other acoels(Smith and
Tyler 1985; Ehlers 1992; Raikovaand others 1997).
Our molecular analysis (Hooge and others 2002)
used18SrDNA genesequenceffom 32 speciesep-
resenting9 familiesof acoels.The resultinggenetree
(Fig. 2), althoughthick with polytomieswaswell sup-
ported and showeda number of interestingrelation-
ships Asexpectedthe Paratomellidaéormedthe most
basaltaxon. The Solenofilomorphidadormed a sister
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Fig. 1 (A) Ventral view of live specimen of Isodiametra earnhardti. (B—E) Projections of musculature in whole-mount
specimens of acoels stained with Alexa-488-labeled phalloidin and viewed using CLSM. (B) Ventral body-wall
musculature of Haplogonaria amarilla. (C) Parenchymal musculature of Isodiametra divae, showing portions of copulatory
organs. (D) Male copulatory organ of I. divae, showing musculature of seminal vesicle and invaginated penis. (E) Penis
musculature of Convoluta henseni. bn, bursal nozzle; cm, circular muscle of body wall; e, egg; gp, gonopore; Im,
longitudinal muscle of body wall; m, mouth; mco, male copulatory organ; p, penis; pcm, circular muscle of penis;

pl, penis lumen; plm, longitudinal muscle of penis; sb, seminal bursa; st, statocyst; sv, seminal vesicle; t, testes; vc, ventral

crossover muscle; vd, ventral diagonal muscle.

groupto the ParatomellidaeThe remainingtaxawere
grouped into a polytomy of 3 clades,with taxa
clustering,for the most part, with other speciesrom
their family. The genetree showeda few casesof
familial polyphyly in the families Otocelididae,
Haploposthiidae,and Convolutidae.Most strikingly,
the 11 speciesof convolutidsincluded in the study
were grouped into 2 distinct clades:the first with

Osmall-bodiedGnembers of the family that also
grouped with other small-bodied acoels and the
secondwith Olarge-bodied@embersthat, in turn,
groupedwith other large-bodiedacoels.

Given the unexpectedresult of a polyphyletic
Convolutidae we (Hooge and others2002) evaluated
the tree with regard to 2 types of well-studied
morphology: patternsof body-wall musculatureand
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Fig. 2 The distribution of spermatozoa ultrastructure characteristics and body-wall musculature characteristics
superimposed on the 18S rDNA tree of Hooge and colleagues (2002). Species names in bold denote those taxa for
which sperm morphology is known. Characteristic state changes of body-wall musculature are indicated by circled codes
on tree branches: +, new characteristic state; —, loss of characteristic; co, crossover muscles; r, reversal of layering of
circular and longitudinal muscles; u; U-shaped muscles; vd, ventral diagonal muscles. The classification of the
Convolutidae is from Dérjes (1968); in the current classification, those convolutids with 9 + 2 axonemes belong to the
family Isodiametridae (Hooge and Tyler 2005). Adapted from Hooge and colleagues (2002) and Hooge and Tyler (2005).

ultrastructureof sperm(Figs.1Band?2). Characteristics
of body-wallmusculatureofferedlittle supportfor the
tree topology other than to provide autapomorphic
characteristicgor a few familiesand to support the
separationof the 2 basal families, Paratomellidae
and Solenofilomorphidaefrom the other acoelfamil-
ies.On the other hand, a strong correlationemerged
betweencharacteristicof sperm ultrastructure and
characteristicof the genetree. The distribution of
sperm data, which until then had appearedrather
enigmatic (Raikovaand others 2001), supportedthe
topology of the genetreeNincluding the polyphyly of
the Convolutidae.

The discovery of the concordancebetween18S
rDNA sequencédataandspermmorphologyrepresen-
ted a significant breakthrough in organizing the
Acoelainto natural groupings.For the first time, we
had more than just a list of taxa;we had somesense
of their phylogeny.Significantly,the 18SrDNA gene
tree also provided a phylogenetictree that could be
used to test the phylogeneticusefulnessof newly
discoverednorphologicalcharacteristics.

The18SrDNA phylogenyof the Acoelacontinuesto
be refinedNmost recently by Tekle and colleagues
(2005), who examinedthe interrelationshipsof the
family Childiidae.
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Morphological characteristics

TEM and CLSMhaveuncoverednanynewcharacter-
istics for gauging phylogeneticrelationshipswithin

the Acoela and have added greater depth to our

understandingof known characteristicsThe recent
application of fluorescence-stainingechniques in

combination with CLSM has revealeda number of

usefulcharacteristics.

Body-wall musculature

The useof phalloidin-linked fluorophoresand CLSM

allows the entire musculatureof a whole-mounted
acoel to be visualized (Fig. 1B). The beneficial
morphologicalinformation providedby this technique
hasmadeit aregularpart of acoelspecieslescriptions
(for example Hoogeand Smith 2004).Whereasmost

taxaof soft-bodiedinterstitial wormshavea common

pattern of body-wall musculature,membersof the

Acoeladisplaya number of distinct patterns(Hooge

2001).

The ventral musculatureis particularly variable,
apparentlybecausehe nature of the mouth seemgo
playarole in the configurationof musculature Those
speciedacking pharyngeshave complex patterns of
ventral body-wall musculaturethat compensatefor
this lack by allowing whole-body movements to
force food into the mouth (Tyler and Rieger1999).
Thosefewspeciepossessing pharynx(suchasmem-
bers of the Diopisthoporidae, Solenofilomorphidae,
and Proporidae) typically have simple body-wall
musculaturecomposedf agrid work of outer circular
and inner longitudinal fibers. Almost all specieghat
lack a pharynx haveU-shapedmusclesmusclefibers
that run longitudinally in the anterior portion of the
body but then bend around the posteriorrim of the
mouth to form aU pattern.Alsopresentin mostacoel
speciesare ventral crossovermusclesthat flank the
U-shaped muscles. The ventral crossovermuscles
havea longitudinal orientationin the anterior portion
of the body but then bend mediallyto crossover the
ventral midline to the oppositeside of the body. The
possessionf these2 musclesetsU-shapedandventral
crossoversalongwith circular and longitudinal mus-
clescharacterizethe OConvolutidgatternCasdefined
by Hooge(2001).The majority of known acoelspecies
possesshe Convolutida pattern, including members
of its namesakdamily, the Convolutidae.

Slight modifications of thesemusclecharacteristics
occur in some Convolutida taxa (such as U-shaped
musclesmodified as concentricmusclessurrounding
themouth in Convolutriloba retrogemma; Gschwentner
and others 2003), and some taxa have additional
setsof taxon-specificmuscles,such as specialpore
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musclesthat radiate out from the rim of mouth

and gonopores.Severaltaxa, including all members
of the Mecynostomidaeexaminedto date, as well
as some members of the Haploposthiidae and
Pseudaphanostoma smithrii, havediagonalmusclesin

the anterior portion of the body.

Examinationof the body-wallmusculatureof acoels
provides valuable morphological information that
cannotbeobtainedthroughothertechniqueshowever,
somebody-wallmusclecharacteristicsriginally iden-
tified astaxonomicallyuseful(Hooge2001;Hoogeand
others 2002) now seemto have questionableutility.
The ventral diagonal musclesfound in the anterior
body wall of all membersof the Mecynostomidae,
some members of the Haploposthiidae, and in
P. smithrii, now appearto be homoplasious(Fig. 2).
Another characteristic,the absenceof longitudinal
musclesbetweenthe frontal pore and mouth, was
reported by Hooge (2001) to be an autapomorphy
for the Mecynostomidaebut further sampling of
the family revealghat this characteristigs alsoabsent
in some species(unpublished data). Nevertheless,
many taxonomically useful characteristicscan be
gleanedrom the body-wallmusculature The pattern
of musculature found in members of the genus
Paratomella servesas an autapomorphy. Similarly,
the unusual condition of body-wall musculaturein
the Childiidae, where longitudinal musclefibers are
positioned outside of circular fibers, is unique to
this family. Tekle and colleagueg2005) found that
variation of body-wall musculaturewithin the family
Childiidae s usefulfor phylogeneticanalysis.

Penis musculature

Copulatory organ musculature revealedthrough the
use of phalloidin-linked fluorophores and CLSM,
providesan evenricher sourceof characteristicshan
body-wallmusculature.

The18SrDNA phylogenyof the Acoelaproducedby
Hooge and colleague$2002) revealeda polyphyletic
Convolutidae that separatedlarge-bodiedmembers
of the family (for example, Convoluta convoluta)
from small-bodiedmembers(for example,Convoluta
pulchra) (Fig. 2). Although sizeis a surprisinglyuseful
meansof distinguishingthe 2 groups,thereare many
exceptions,and other distinguishing characteristics
alsooccur.For examplethe 2 sizegroupshavediffer-
entpatternsof microtubulesn their sperm(seebelow),
photosyntheticendosymbiontsare often presentin
the large-bodiedspeciedut neverin the small-bodied
speciesandwhenocelliarepresenin thelarge-bodied
taxa,theyalwaysontainreflectiveplateletgwhich are
neverpresentin the small-bodiedtaxa). Despitethese
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differencesit is the morphologyof copulatoryorgans
thatis usedasthe basisfor mostfamily-levelgroupings
in the currently accepted system established by
Derjes (1968). The large and small membersof the
Convolutidae were united in the same family by
their mutual possessionof a muscular, glandular
penis that is invaginatedinto a muscular seminal
vesicle.

To resolvethis discrepancywe (Hooge and Tyler
2005)investigatedhe patternsof musculaturein the
copulatoryorgansof membersof the Convolutidaeto
searchfor more detailed characteristicghat would
revealthis apparentpolyphyly (Fig. 1C and D). Our
investigationrevealedthat the longitudinal muscles
in the penesof large-bodiedspeciehavean anastom-
osingpattern(Fig. LE)wherebyindividual longitudinal
fiberscrossover other longitudinal fibers.In contrast,
the longitudinal penis musclesof the small-bodied
convolutids were straight and never crossedover
other longitudinal musclefibers(Fig. 1D). Theresults
of this work allowedusto correctthe polyphylyof the
family and segregatthosetaxawith nonanastomosing
penismusculatureinto a new family, Isodiametridae;
those convolutids with anastomosingmusculature
remainin the Convolutidae.

CLSM to visualize copulatory organ musculature
is also being usedto resolvethe phylogenyof the
Otocelididae.The diagnosticfeature of the family is
acharacteristiof the reproductivesystemwherebythe
vaginais positionedposteriorto the male copulatory
organ, rather than anterior asin most other acoels.
Characteristics of sperm morphology show the
group to be polyphyletic (Petrov and others 2004),
and our CLSM work hasrevealedthe presenceof 4
distinct typesof copulatoryorgans(Hooge and Tyler
2005;M.D.H., unpublisheddata).

Microtubule arrangement of sperm

Acoel spermsare biflagellate,with the 2 axonemes
of the flagellaincorporatedinto the cell body. The

arrangementof the microtubulesin spermscan be

visualized using TEM. Severaldistinct patterns of

microtubulesare presentin the Acoela,andthesepat-

terns have proven useful for phylogeneticanalyses
(Raikova and others 2001; Hooge and others 2002;

Petrovand others2004).

The microtubulearrangemenbf axonemesn acoel
spermcan be 9 + 2, asfound in more basaltaxa;
9 + 0, asfound in derivedspeciespr 9 + 1, asfound
in intermediatelypositioned speciesAssociatedvith
the axonemesre additional microtubulesthat canbe
positionedalongthe cortex(cortical microtubules)or
within the axis of the cell (axial microtubules).The
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5 distinct patternsof spermmicrotubulearrangements
are concordantwith molecularsequenceata(Hooge
and others 2002; Petrov and others 2004) and with
other morphological characteristics (Hooge and
Tyler 2005), and as such are an effectivemeansof
gaugingthe phylogenetiaffinity of particular species.

Sagittocysts

Sagittocystare complex,needle-shapedecretionsof
muscle-enwrappegdlandsthat canbeforcefullyejected
for defenser for preycapture The 15speciesf acoels
known to havesagittocystsare all groupedinto the
family Sagittiferidaen the basisof this synapomorphy
(Achatzand others2005).

Sagittocystsan usually be seenclearlyusing light
microscopyfor living specimensn squeezerepara-
tions or in histologicalsectionsbut in largersagitti-
feridscontainingnumerousepithelialglandsand algal
endosymbiontsthe sagittocystsare easily obscured.
The sagittocystsof Convolutriloba longifissura were
discoveredonly through viewinga phalloidin-stained
specimerwith CLSM(Gschwentneand others1999).
The sagittocytethat producesthe sagittocystss sur-
roundedby a tightly spiraledmusclethat contractsto
ejectthesagittocystsandit isthismusclethatis stained
with phalloidin-linked fluorophores.The discoveryof
sagittocystsn C. longifissura was critical to under-
standingits phylogeneticaffinities, as prior to this
finding it was incorrectly assignedto the family
Haploposthiidae.Further TEM work on sagittocysts
by Gschwentneand colleagueg2002) revealedthat
the centralfilamentof somespeciefiasaround profile
in crosssectionwhereasothersare rectangularthese
characteristichavepotential to delineatethe interre-
lationshipsof the Sagittiferidae.

Sclerotized sperm ducts

The bursalnozzleis anotherfeaturefor which CLSM
and TEM are providing new detailsto relate acoel
taxa. A typical bursal nozzleis a rather prominent
sclerotizedspermaticduct that distributesspermfrom
the seminalbursato the eggsThe substanceespons-
ible for sclerotizingthe nozzle was unknown until
phalloidin-treated acoels were observed to have
strongly labeled bursal nozzles(Fig. 1C; Tyler and
Rieger1999;Hooge and Tyler 2001).By TEM it can
be seenthat the nozzlesare not muscularbut rather
composedof stacksof cellswith dense,F-actin-rich
processethat form a tubular passagéhrough which
spermpassn their wayto the ovary(Petrovandothers
2006).

In the current taxonomic system,the distribution
of nozzlesappearsso haphazardas to lead to the
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assumption that they had multiple independent
origins. CLSM and TEM studies reveal common
patterns and intermediatesnot easily detected by
conventionalhistologicalproceduresin other words,
nozzlesare homologousamongacoels.

An unusualtype of sclerotizednozzleis found in
several closely related species of the family
Mecynostomidae wherein the nozzle is positioned
distally (betweenthe bursaand the femalegonopore)
rather than proximally (betweenthe bursa and the
ovary). Using standard histological sectioning and
TEM it is clear that this Ovaginainozzle,Odespite
beingin a new position, hasthe sameultrastructure
asabursalnozzle(Petrovandothers2006).Thevaginal
nozzlemay havearisenthrough a simpletransforma-
tion seriesvherebyan acoelancestowith abursaand
bursalnozzlein their typical positionsbut without a
femalegonopore(a condition that doesoccurin some
speciesof acoels)gaverise to a descendantwith a
gonoporeconnectedto the distal end of the nozzle,
therebyforming asecondaryaginawith vaginalnozzle
(Hooge and Tyler 2001;Petrovand others2006).

Immunocytochemistry of nervous system

A variety of neurotransmitters,ncluding 5-HT and
FMRFamidehavebeenidentified in the Acoelausing
immunocytochemistry. Among the 18 acoel species
studiedso far in this way (Raikovaand others 1998,
2004;Reuter,Raikova,and Gustafssor?001;Reuter,
RaikovaJondeliusandothers2001) theseneurotrans-
mitters show a surprisingdiversity in patterns,from
quite simple submusculamervenetslacking any sig-
nificant concentrationthat qualifieseasilyasabrainto
more centralizedsystemswith a well-differentiated
brain sunk below the body wall. All the neurotrans-
mitters studiedso far reveala submusculanervenet
with discerniblemajor stemdimited almostentirelyto
the anterior end of the body, commisuresconnecting
thesestems,and longitudinal nerve cords extending
posteriorlyin a variety of bilateralpatterns.
Evenamong small groups of closelyrelated taxa,
such as specieswithin the family Childiidae, the
diversity of patternscan be high, and this diversity
hasbeenusefulfor gaugingrelationshipswithin this
family (Raikova and others 2004; Tekle and others
2005). Raikova (2004) suggestdhat despitea high
levelof homoplasyin nervoussystemcharacteristics,
severalhold promise for discerning relationships.
Specifically,generalbrain shape(for example,ring-
shaped basket-shapedjarrel-shaped)as well asthe
number and distribution of large marker neurons
immunoreactiveto GYIRFamideg(a flatworm-specific
neurotransmitter),might provide sufficientindicators
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for discerninginterrelationshipsamong higher acoel
taxa.

Homology analysis

The characteristicsevealedby the new microscopies
areusefulonly to the extentthat theyarehomologous
amongthe taxabeingcompared.Beforeapplyingthe
characteristicso phylogeneticanalysisof the Acoela,
we screerthem through criteriafor homology,specif-
ically those detailedby Riegerand Tyler (1979) and
Tyler(1988).Theseriteriawerevettedfor applicability
to microscopicfeatureswhich canhavelimitations in
termsof holding sufficientinformation to constitutea
phylogeneticsignal.

Dependingon the perceivedinformation content
and availabledata, certain of thesecriteria play more
important roles for particular characteristics.For
example the copulatory organ of the Isodiametridae
showsa strong probability of homology,especiallyoy
the first homology criterion: similarity in positional
hierarchy of component parts. Homology of the
vaginal nozzle with the standard bursal nozzle is
probable not only by similarity in substructure of
component partsNthe actin-basedsclerotization of
stackednesenchymatellsNbut by the seconchomo-
logy criterion: connectionthrough the transformation
sequenceave can perceiveamong severakpecieghat
appearto representstagesin the evolution of the
vaginalnozzle.Somecharacteristicthat showlimited
information content,for examplehe presencef ocelli
and endosymbiontsn membersof the Convolutidae,
canstill begaugedo represenprobablehomologyby
the third homology criterion: their coincidencewith
other homologuesThe fourth homology criterionN
similarity in functionsof componentpartsof features
(Tyler 1988)Ncan be examinedusing the potential
for confocalmicroscopyin conjunctionwith TEM to
elucidatefunctional morphology,for examplen com-
paring characteristic®f nozzlesand of musculature.

Conclusions

Taxonomistsof the Acoelahavelong recognizedhat
the characteristicasedto delimit supraspecifigroups
within this problematic taxon are not necessarily
reflectiveof evolutionaryrelationships.Arriving at a
betterunderstandingf suchrelationshipgequiresthe
discoveryof new characteristicsand the newly avail-
abletoolsNnew techniquesof microscopyaswell as
new applications for judiciously chosen molecular
sequencedataNare providing some promising new
characteristicsAsthis collectionof newcharacteristics
grows, so too doesthe promise for future cladistic
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analyse®f morphology.The Acoelais finally yielding
the secretof its relationships.
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