MolecularPhylogeneticand Evolution
Vol. 16, No. 3, Septemberpp. 403-417,2000

doi:10.1006/mpev.2000.079ayailableonline at http://www.idealibrary.conon | D E p_|_®
-

18S rRNA Secondary Structure and Phylogenetic Position
of Peloridiidae (Insecta, Hemiptera)

David Ouvrard,* Bruce C. Campbell,t Thierry Bourgoin,* and Kathleen L. Chant

* Laboratoire d’Entomologie and ESA 8043 du CNRS, Muséum National d’Histoire Naturelle, 45 Rue Buffon, F-75005 Paris, France; and
TWestern Regional Research Center, USDA-ARS, 800 Buchanan Street, Albany, California 94710-1100

Received September 22, 1999; revised March 10, 2000

A secondarystructure model for 18SrRNA of pelo-
ridiids, relict insectswith apresent-daycircumantarc-
tic distribution, is constructed using comparative se-
quenceanalysis,thermodynamic folding, a consensus
method using 18S rRNA models of other taxa, and
support of helices based on compensatory substitu-
tions. Resultsshowthat probable in vivo configuration
of 18S rRNA is not predictable using current free-
energy models to fold the entire molecule concur-
rently. This suggeststhat refinementsin free-energy
minimization algorithms are needed.Molecular phy-
logeneticdatasetswere createdusing 18SrRNA nucle-
otide alignmentsproduced by CLUSTAL and rigorous
interpretation of homologousposition basedon cer-
tain secondary substructures. Phylogenetic analysis
of a hemipteran data matrix of 18SrDNA sequences
placedpeloridiids sisterto Heteroptera. Resolution of
affiliations betweenthe three main euhemipteranlin-
eageswas unresolved.The peloridiid 18SRNA model
presentedhereprovidesthe mostaccuratetemplateto
date for aligning homologous nucleotides of
hemipteran taxa. Using folded 18SrRNA to infer ho-
mology of character as morpho-molecular structures
or nucleotides and scoring particular sites or sub-
structuresis discussed. © 2000AcademicPress

INTRODUCTION

The 18SrRNA moleculeof the ribosomalsmall sub-
unitis frequentlyusedto infer phylogeneti@affiliations
of ancient (>100 Mya) eukaryotic relationships.Its
suitability asa phylogenetidool is two-fold. First, it is
a good sourceof phylogeneticinformation basedon
conservatiorof function, variable mutationratesde-
pendingon substructuregposition,and its ubiquity in
all taxa.Secondthe moleculeprovidesreadily obtain-
ablenucleotidesequencebecausef high rRNA tran-
script copy numberin eukaryotesand easeof PCR
primer design (Woese, 1987; Kjer, 1995). The 18S
rRNA moleculecontainscertainstablesectionshaving
low substitutiorrates Assuch,18SrRNAscanprovide

informativecharacterdor assessingffiliations of evo-
lutionarily distanttaxa.However,18SrRNAs alsopos-
sesyariableregionshavinghigh substitutiorrates.ln

someorganismstheserapidly evolving expansionre-
gions (or helices)provide phylogeneticsignalsfor dis-
cerning relationships between evolutionarily closer
clades.

Geneticchangeqcharactersjsedto predictphylo-
geneticaffiliationsareof greatestutility if homologyof
characterscan be inferred as accuratelyas possible.
Determininghomologybetweenmolecularcharacters
is a significantissue.ln someinstancesdefinitionsfor
homologyusedin morphology(Remane1956; Patter-
son,1982)arenotexactlyapplicableo nucleotidedata.
Forexamplejn comparinggRNA nucleotidesequences
betweertaxa,characteto charactehomology(prima-
ry homology)is frequentlyproposedy aligningrespec-
tive sequenceaccordingo anevaluationof similarity.
Individual basepositionsarealignedto maximizeover-
all positionlikenessalongthe entire sequenceVaria-
tions of this approachare foundin the computerpro-
grams MALIGN (Wheelerand Gladstein,1994) and
POY (Gladsteinand Wheeler,1997). Theseprograms
performiterationsof progressivelyoptimizeddatama-
tricesbasedon gapcostsandtreelengthor character
insertionanddeletion,respectively Cladisticanalysis
of suchrestructuredcharactemrmatricesmay or may
not supportinitially proposechomologiesaccordingto
congruencyof apomorphiegi.e., secondaryhomology:
De Pinna,1991;Bourgoin,1996).An altogethediffer-
entapproachto determininghomologyof characteiis
secondaryreconstructionof rRNA moleculesto im-
proverecognitionof primary homology(De Rijk andDe
Wachter,1993;Kjer, 1995),appliedin this study.

Peloridiids (commonnamemossbugs)arerare in-
sectsbelievedto be relictual membersof an ancient
preheteropteradineage of Hemiptera (sensu lato)
(Evans,1981). The family includes21 extantspecies
havinga classicallyGondwanardistributioncurrently
confinedto smallisolatedpopulationsn SouthAmer-
ica, Australia,New Zealand New Caledoniaandcer-
tain remoteislandsin the southernPacific (Evans,
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FIG. 1.

1981;Burckhardtand Agosti, 1991).The phylogenetic
positionof the PeloridiidaeamongHemipterahasbeen
continually debated Breddin (1897)first placedPelo-
ridiidaein HeteropteraMyersandChina(1929)trans-
ferred them to Homoptera,as membersof a newly
createdseries,the ColeorhynchaChina (1962) later
suggestedtransferring them to Auchenorrhyncha.
Schlee(1969) placedPeloridiidaeand Heteropteraas
sistergroups(adelphotaxain the superordetHeterop-
teroidea.Cobben(1978) consideredSchlee’ssynapo-
morphiesassuperficialandarguedagainstmonophyly
of Heteroptera- ColeorhynchaEvans(1981)regarded
Peloridiidaeasanindependensubordemf Hemiptera
with Homopteraand HeteropteraFinally, basedon
genital morphology,Bourgoin (1993) arguedthat Ho-
mopteraand Auchenorrhynchavereparaphyleticand
Peloridiidae+ Fulgoromorphamight form a cladesis-
ter to HeteropteraHowever,recentresultssuggesta
closerrelationshipof Prosorhynchao Clypeorrhyncha
thanto FulgoromorphgBourgoinet al., 1999).Studies
usingmoleculardataalsoindicatethatHomopteraand
Auchenorrhynchaare paraphyletic(Sorensenet al.,
1995; von Dohlen and Moran, 1995; Campbellet al.,
1995).

CladeHeteropteroidedsensu Schlee,1969)wasre-
cently supportedwith morphological(seeSorenseret
al., 1995)and 18SrDNA data,the latter consistingof
two studiesshowingfour (Wheeleret al., 1993;Schuh
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Inferred phylogenyof Hemiptera(sensu lato) showingtaxanomicschemebasedon cladification(after Sorenseret al., 1995).

and Slater,1995) and two (Campbellet al., 1995) sy-
napomorphicsites. The new subordername Prosor-
rhynchawas proposedto replaceHeteropteroideain
additionto othernewnamedo conformall hemipteran
suborderswith a “-rrhyncha” suffix (Sorenseret al.,
1995).However,in thesemolecularstudies,only par-
tial 18SrDNA sequencesvere used.Campbellet al.
(1995)andBourgoinet al. (1997)found only onesyna-
pomorphicsite to infer Prosorrhynchas sisterto Ar-
chaeorrhynch&=Fulgoromorpha)forming cladeNeo-
hemipterasensu Sorensemt al. (1995)(Fig. 1). Todate,
morphologicalndanatomicabktudieshavenotagreed
on a definitive phylogenetic framework of these
hemipteransubgroupsBecausepeloridiids possessa
combinationof ancestraland derived “homopteran”
and heteropteranmorphological features, knowing
their evolutionarypositionin Hemiptera(sensu lato)
might helpresolveaffiliationsof the majorhemipteran
lineages.n this study,we presentfull 18SrRNA se-
quencesof two peloridiids, Hackeridla veitchi, first
describedby Hacker in the genus Hemiodoecus in
1932, and Hemiowoodwardia wilsoni (Evans, 1936).
We incorporatethese sequencesnto a phylogenetic
dataset to deduce evolutionary affiliations of
hemipteranlineages.We also usethesesequenceso
performarigorousinferenceofthesecondargtructure
of peloridiid 1L8SRNA. Preliminaryexaminatiorof this
structureshowsthatit will serveasareliabletemplate
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TABLE 1

Glossaryof Terms for SecondaryStructures of RNAs

Term

Definition

Stem
betweenpairedstrands.

Singlestrand

Hairpin loop

Terminalbulge

Lateralbulge

Internalbulge

Junctionor multibranched
loop

Compensatory
substitution

Semicompensatory
substitution

structure.

termsof thermodynamics.

A right-handeddoublehelix composef a successiof complementarnhydrogen-bondeducleotides

Unpairednucleotideseparatingstems.

Stemcloseddistally by a loop of unpairednucleotides.

Successionf unpairednucleotidesat the endof a hairpin loop.

Successiomnf unpairednucleotideson onestrandof a stem.

Groupof nucleotidedrom the two oppositestrandsunableto form canonicalbasepairs.
Successiomf groupsof unpairednucleotidegoining the last proximal pairing of severalstems.

Mutation on onestrandof a stemfollowing initial mutationof a complementarypaseto maintain

Mutation of a baseon onestrandnot affectingstructure(A«U or G+C replacedby G+U), exceptin

to improve understandingf homologyof characters.
Thesecharactercanbein the form of nucleotidesor
“morpho-molecular’substructurego be incorporated
into a largerdatasetgcontainingotherhemipterarex-
emplars.

MATERIAL AND METHODS

Insects

Peloridiid nymphsand adults were collectedfrom
mossassociateavith Nothofagus. Specimensf H. veit-
chi were collectedin the SpringbrookPlateau,S.E.
Queenslandl4 March 97, and thoseof H. wilsoni in
MelbaGully, Otways,Victoria, 5 NovembeQ7.Insects
were collectedfrom mossinto ethyleneglycol using a
Berlesefunnel. Peloridiids were transferredto 95%
ethanol,shippedto BCC,andstoredat —80°Cprior to
extractionof genomicDNA.

Isolation of Genomic DNA, PCR Anmplification,
Cloning, and Sequencing 18SrDNA

Insectswereremovedfrom alcoholanddried for 10
min using a SpeedVac Concentrator(Savant).Total
genomicDNA was purified by homogenizingtwo in-
sectsin 200 wl buffer [10 mM Tris (pH 8.0), 2.5 mM
MgCl,, 50mM KCI], 200ul phenol,and20 ul 10%SDS.
Liquid phasesvereseparatedby centrifugation. DNA
wasprecipitatedrom thetop phaseusing95%ethanol
(3:1). The pellet was dried, washedin 70% ethanol,
dried again,and resuspendeith 20 ul TE buffer [10
uM Tris (pH 8.0),1 mM EDTA]. Thepolymeraseshain
reactiongPCR:Saikiet al., 1988)wereperformedwith
componentsof the Platinum Tag DNA Polymerase
High Fidelity kit (Life Technologies|nc.) in 25-ul re-
actions:1 ul DNA template,2.5 ul PCRbuffer, 0.5 ul
eachdNTP,2 ul eachforwardandreverseprimer,1 ul
MgSQ,, 0.125ul Taq DNA polymeraseand14.375ul
water. Full 18S rDNA were amplified using the for-
ward primer:5-CTG GTT GAT CCT GCCAGA GT-3
andreverseprimer:5-TCCTTC CGCAGG TTC ACC-

3. The PCR cycling programwas 94°C for 1 min,
followed by 30 cycles94°Cfor 30 s, 55°Cfor 30 s, 68°C
for 1 min, with 68°C for 7 min after last cycle. PCR
productswere cloned using plasmidsand competent
cells suppliedin the TA Cloning System(lnvitrogen).
Putative clones containing 18S rDNA were selected
using suppliesand protocolssuppliedwith the RPM
RapidPureMiniprep Kit (BIO 101).Both top andbot-
tom strandsof 18SrDNA werefully sequencedby the
dideoxynucleotide-terminatiomethod(Sangeret al.,
1977)on a LI-COR automatedDNA sequenceusing
componentandprotocolsfrom SequiThernEXCEL 11
DNA Sequencindit-LC (EpicentreTechnologies).

Predicting Secondary Structure

Foracompletereviewof techniquesisedfor predict-
ing secondarystructuressee Chastainand Tinoco
(1991).Descriptionsof seventypesof substructuresf
afoldedrRNA moleculeareprovidedfor referencgTa-
ble 1). Thethreeapproachesisedto estimatesecond-
ary structurefor peloridiid 18SrRNA areoutlinedas
follows.

Comparative sequence analysis. The comparative
sequencenethodis initially usedto find regionsin 18S
rRNA sharedby a largenumberof taxaandto prelim-
inarily infer secondarystructure of relatively con-
servedportionsof the molecule Accordingto Chastain
and Tinoco (1991), this methodprovidesthe bestre-
sults when sequence$ave approximately70% base
similarity. With this method,secondarystructureis
inferred basedon the principle that substitutional
changesot affecting function may be relatively con-
served.Thebasicpostulateof this comparativanethod
is that structuralconservatiorbetweendifferent spe-
cies,despitebasesubstitutionsn the sequenceis re-
liable evidenceof animportantfunctionalrole for that
structure During the first step,FfRNA sequencefom
different organismsare alignedaccordingto primary
structure .The secondstepis to confirmpairedregions
as structural elementsby positional covariancebe-
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tween availablesequencesk-or example,A - U base
pairsmight replaceG - C basepairs (or vice versa)to
maintainstemsubstructuresf helical regions.Semi-
compensatorysubstitutionscan also conservestruc-
tural features,but indicate a stem which is not as
energeticallystableas one having full compensatory
substitutions.As number and diversity of full 18S
rDNA sequencesavailable from databasessuch as
GenBankhave increased complementarybasepair-
ingsin conservedegionshavebecomereasonablyes-
tablishedaccordingto positional covariance(Gutell,
1993).

Secondarystructuredeterminationof full 18S rR-
NAs hasalsobeenproposedoy comparingclosely re-
latedsequencesasingthe DCSEprogram(De Rijk and
De Wachter,1993). This programmapsa secondary
structuralpredictionestablishedor oneorganisnonto
the sequenceof anotherorganism.It then checks
whetherthis secondsequenceanrealisticallyfold ac-
cordingto the initially predictedmodel. Another pro-
gram, the RNAlign program (Corpet and Michot,
1994),usesa similar approachbut for smallrelatively
conservedregions. Refinementof aligned sequences
basedon secondarystructurecan also be attempted
manually following the proceduresoutlined by Kjer
(1995).

Publishednodelsof 18SrRNA secondanstructures
of arthropodsusedas referencedn the comparative
sequencanethodin our study included Arachnida—
Aphonopdma sp.(Hendrikset al., 1988a);Crustacea—
Artemia salina (Nelles et al., 1984); Insecta: Co-
leoptera—Tenebrio molitor (Hendriks et al., 1988b);
Hemiptera—Acyrthosiphon pisum (Kwon et al., 1991);
Diptera—Drosophila melanogaster (Hancock et al.,
1988;Gutell, 1994;van de Peeret al., 2000).

For constructingthe model of peloridiid 18SrRNA
usingcomparativesequenceanalysisve alsoexamined
full sequencesf 18S rRNAs of other hemipterans
(Campbellet al., 1995),including Okanagana utahen-
sis Davis, 1919 (Cicadidae,U06478); Philaenus spu-
marius L., 1758(CercopidaelJ06480);Pealius kdlog-
gii (Bemis, 1904) (Aleyrodidae, U06479); Lygus
hesperusKnight, 1917(Miridae, U06476).Thecompar-
ative sequencanalysisis impracticalfor determining
secondangtructureof strictly conservegdequenceéo
compensatorysubstitutions)and highly variable re-
gions(difficulty of alignment).

Thermodynamic folding. This second method is
basedon predictingthermodynamicallystable rRNA
moleculesby calculatingfree energiesof all possible
secondarystructuresand retaining one of lowesten-
ergy (i.e., the most stable).In someinstancesstruc-
tureswith free energiesslightly higherthanonewith
lowestenergyare also of interest.Currently usedal-
gorithmsfor thermodynamidolding are predictedon
incompleteexperimentaldata so that the predicated
probability of certain structurescan be irresolute
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(Chastainand Tinoco,1991).Furthermoretheremay
be stabilizingtertiary interactionsbetweenhelicesin
vivo thatarenotincorporatednto currentlyavailable
algorithmsusedto predictstructurebasedon lowest
free energy(Fieldsand Gutell, 1996).

The Zuker—Steigleralgorithm (Zuker and Steigler,
1981)was usedto infer secondarystructuresof vari-
ableregions<50 basesin length for which no model
was published. This algorithm is a subprogramof
MacDNASIS (Hitachi Software). For folding longer
variableregionsthe MUFOLD progranv. 3 (Mathews
etal., 1999;Zukeret al., 1999)wasusedfrom the mfold
server, http://mfold2.wustl.edu/"mfold/rna/form1.cgi.
In somecasesa consensustructurewas chosenin-
steadof a structurepredicatedn lowestenergy(opti-
malthermodynamistructure)ln suchcasesthis con-
sensusstructure was defined by comparing several
structuresof low energy (suboptimalstructures)for
the samemolecule (automatedprocedurein Konings
and Hogeweg,1989).Retainedconsensuseliceswere
folded for severalinsectsso that the final consensus
structurewas oneinterpretedfrom both phylogenetic
comparisorandthermodynamidolding methods.

Reliability of this methoddependsgreatly on ther-
modynamigparametersCurrently,experimentather-
modynamicdata are missing for somesubstructures
suchasbulges,hairpins,andinternalloops(Table1).
Also,therearenoexperimentathermodynamiwvalues
for junctions or multibranchedloops (Jaegeret al.,
1989). Predictionof secondarystructureshaving nu-
merousmultibranchedoops shouldbe acceptedwith
caution. Furthermore,tertiary and quaternaryrela-
tions, notinferredin lowestenergymodels,may stabi-
lize true helicesin vivo (Noller, 1984). Thereare more
than 20 proteinspresentin the small subunitof the
ribosomethat could play a role in constrainingstruc-
tural conformationswhich are not predicted using
availablealgorithms.

The thermodynamicfolding techniqueappearsto
give bestresults(i.e., agreeusing broad phylogenetic
comparisons)when pairing base positionsrelatively
nearto eachotherin the primary sequenceparticu-
larly thosebasedorming a hairpinloop (Koningsand
Gutell, 1995).1t is for this reasonthat an entire 18S
rRNA cannotbe inferred from a single folding using
any of the availablethermodynamicalgorithms. At-
temptsto fold entireprimary sequencesf 18SrRNAs
between even relatively closely related taxa (e.g.,
amonginsectsin the samefamily) renderssecondary
structuralmodelstoo differentfor reliablecomparison,
and even basic postulateson structure cannot be
tested.

Consensus method. Chastain and Tinoco (1991)
suggesteduccessiveiseof thermodynami@andphylo-
genetic comparisontechniques.In our study, struc-
turesproposeddy otherauthorsfor otherinsectswere
usedastemplatesto overlaya structurefor the pelo-
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FIG. 2. Stepsin folding of a helix combiningtechniquesf ther-
modynamicfolding and phylogeneticcomparison(A) First step,he-
lix 48 of Hackeridla veitchi (Hemiptera,ProsorrhynchaPeloridi-
idae) is folded using Zuker—SteigleMacDNASIS subprogram(B)
Secondstep,two compensatorgubstitutionsarefoundin helices48
of Lygus hesperus (Hemiptera, ProsorrhynchaHeteroptera)and
Pealius kdlloggii (Hemiptera, SternorrhynchaAleyrodoidea). (C)
Third step,the four basesin the internal bulge of helix 48 in H.
veitchi areforcedto pair andrendera final inferencefor the struc-
tural configurationof this helix.

ridiild sequenceso determinedegreeof congruence.
Figure 2 showshow a comparisonbetweendifferent
taxacanbeusedto refinethe structureof anunknown
helix for a newtaxon.If morethanonestructurecould
beinferred,the interpretationbasedon leastfree-en-
ergywasretainedwhencalculationof free-energyal-
ueswaspossiblewith MacDNASISv 3.6.Helical struc-
tures were inferred using thermodynamicsonly in
regionswhere rRNA sequencesvere highly variable
amongtaxa and no consensusnodel was available.
Drawingsof secondarystructureswere createdusing
simpledrawingsoftware(Deskdraw MK Software)or
wereimportedfrom MacDNASISfiles.

Steps and decisions followed to infer secondary
structurefor 18SrRNAs in our studywere:

(1) Comparisonbetween sequencesCan the se-
lectedsequencef peloridiidsbefoldedinto structures
proposedn the literature?Yes— 2; No — 3.

(2) Comparisorbetweenstructuresproposedn the
literatureandthermodynamidolding. Doesthermody-
namic folding result in more stable and compatible
helices, including examination of homologous se-
quencef otherinsects(e.g., T. molitor and D. mda-
nogagter)? If so: — Refinementjf not: publishedhelix
retained.— 4.

(3) Peloridiid substructuresequencefolded using
Zuker—Steiglemlgorithm.Then— 4.
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(4) In eachcase supportingevidenceof eachhelix is
soughtby searchindor presencer absencef compen-
satoryor semicompensatorgubstitutions.

Phylogenetic Analysis

Phylogenetigositionsof Peloridiidaeandotherma-
jor lineageswithin Hemipterawvereassessedsingl18S
rDNA nucleotidesequencesf otherhemipterartaxa,
aspresentedn Campbellet al. (1995). The sequences
of H. veitchi andH. wilsoni andotherinsecttaxawere
alignedinitially usingCLUSTAL W (Thompsoret al.,
1994). Three data matriceswere analyzed:full (all
informative sites),attenuatedexcludingambiguously
alignedsites),and polarized(excludingsiteshomopla-
siousin outgrouptaxa), as definedin Campbellet al.
(1995). Phylogeneticanalyseswere performed with
PAUP* (v. 4.0b2a) (Swofford, 1998). Indels were
treatedas missingdata.

RESULTS AND DISCUSSION

Primary Sructure

Full 18SrRNA sequencesf H. veitchi and H. wil-
soni, 1909 bp each,are depositedn GenBank,under
AccessiorNos.AF004766and AF131198 respectively.

Secondary Structure Modd

Numberingof helicesis basedon van de Peeret al.
(2000). Highly variable expansionregionsof primary
sequenceandsecondargtructuresamongeukaryotes
are oftennotedasE6, E9,E10, E23,0or E41. The 'E”
refersto EukaryotaSuchexpansiomegionsareabsent
from bacteriall6Sand 16S-likerRNAs.

Hdices1to 21 (Fig. 3, 18SrRNA modd Part 1). (1
and 2) No variationbetweenpeloridiid sequenceand
published18S rRNA sequence®f other insects.(3)
Agreeswith T. molitor model,but doesnot agreewith
A. pisum. The formermodelwaschosenn accordance
with Gutell (1994).(4) Sameas the predictedstructure
for T. moalitor, the strongestthermodynamically (5)
Eachbasein this helix is conservedn morethan95%
of eukaryotes(Gutell, 1994). The retainedarrange-
mentis stronglysupported(6) In peloridiidsthis helix
doesnot showgreatvariationin length, unlike other
eukaryoticexpansionregions.Despitenot expanding
in lengththereis greatvariationbetweertaxain base
compositionof this helix. As a guiding aid, Gutell
(1994)showsthatthe 1stbasepairingof helix 6 should
be a G- C pair. In the peloridiid modelthis Gis at base
position 54 and the C is at position 86. If mfold is
constrainedo predictthe structurewith this G- C pair
at the baseof this helix, the obtainedstructurefor the
peloridiid differsfrom the structureof helix 6 predicted
for T. molitor (Hendrikset al., 1988b),but our config-
uration for this helix shows greater stability (=3.7
kcal/mol;lessfree-energythanin the T. molitor model)
becausef a greatemumberof G - C pairs.(7) A short
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FIG. 3. Proposedsecondarystructuremodelof 18SrRNA of Hackeridla veitchi, Partl—Helices1 to 21.

helix with only 3 basepairings. Thesepairings are semicompensatomputationreplacingU - Ain T. moli-
conservedhroughouteukaryotes(8) Thebasepairing tor by U - Gin the peloridiids.Thelastbasepairingis
distalto the secondnternalbulgeof this helix showsa alsoasemicompensatomutationreplacingC-Gin T.
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molitor by U - G in the peloridiids. (9) Only onebase
substitutionaldifferencebetweenT. molitor and the
peloridiidsoccursin this helix. An A (position147,T.
molitor) is replacedby C (144). This changehas no
effecton the structuralconfigurationbecausehis site
isin aninternalbulge.(10) This helix comprise®neof
themorevariableregionsof eukaryoticl8SrRNA. The
structureproposedfor T. molitor by Hendriks et al.
(1988b) cannotbe reconstructedusing the peloridiid
sequenceOnly thethermodynami@pproachs avail-
ableto infer secondarystructureuntil thereare more
insectsequenceso take into considerationCalcula-
tions using the Zuker—Steigleralgorithm yields helix
10andtwo subheliceenumerate@dsE101 andE102.
Free-energyminimization also predicts similar two-
subhelicemodelsin otherhemipteranl8SrRNAs, O.
utahensis, P. spumarius, andL. hesperus, examinedby
us. A recentlyavailablemodel of this region (van de
Peeret al., 2000) showsonly 2 basepair differences
comparedvith the modelfor D. melanogaster (Gutell,
1994).However,folding H. veitchi 18S RNA following
the Gutell modelrupturesa numberof pairingsand
fails the “comparativesequenceanalysis”’test. Thus,
weoptedto retainour morestablyfoldedconfiguration.
For comparisonhelicese10 1 and E10 2 in Gutell's
modelare provided(Fig. 3). (11) Theterminalbulgeof
this hairpinloopis composeaf five basesn T. molitor
andsix basesn thepeloridiids.Thecharactestate sof
thebasesn thelooparedifferentin thetwo insectdut
thesameoverallconfiguratiorfor thishelixisthesame
in thesaensectsThisindicateghatconstraintareless
importantin bulgesthanin stems(12) Thebasalbase
pairingsof this structurein peloridiidsdiffer from the
homologoushelix of T. molitor, but, the predicted
structuresin the 12 terminal pairingsof the hairpin
loop, the lateral bulge,and the terminalloop are the
samefor bothtaxa.Thesequencesef thesetaxain this
portionof the moleculediffer by only two basechanges
in theterminalloop anddo not affectsecondarystruc-
ture. (13-15) These helices are conservedregions
amongall eukaryotes(Gutell, 1994) and retain the
sameconfigurationin the peloridiids.(16) Theabsence
of a G & position478in the peloridiids,asopposedo
its presencén T. nolitor, transformsan internalbulge
to alateralbulgein thepeloridiids.(17) Noambiguities
existin this helix since both thermodynamiaesults
and comparativesequencenalysispredictthe same
structures.(18) A congruentstructureusing the two
folding techniqueswvas not found. The structurewith
the leastenergywasretained.Only the final hairpin
tetraloopUAAC and 4 pairingsin the stemcould be
constructedn common.(19) Theretainedstructureis
thesameasthatpredictedor thebasalportionof helix
19 of T. molitor (Hendriks et al., 1988b). (20) The
retentionof this pseudoknothasbeenexperimentally
confirmed(Gutell et al., 1994).(21) The 4 pairs com-
prising this stem are presentedby Hendriks et al.
(1988b)in theapicalpartof whatis definedashelix 19.
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(Another pseudoknothasbeendescribedas being lo-
catedhere,but hasnot beennumberedGutell et al.,
1994).

Hdices 22 to 29 (Fig. 4, 18S rRNA modd Part 11).
(22) This helix consistsof only 3 pairedbasesas pre-
dicted by Gutell (1994). The basesproposedto form
helix20in the T. molitor model(Hendrikset al., 1988b)
arenow placedin helix 26 of the peloridiid model.(23)
The structuralconfigurationof this helix wasinferred
from thermodynamicslone.No consensusecondary
structurewasavailablefrom knownsequencesf other
eukaryotes(E23) This helix and subheliceggenerally
incorporatethe longestexpansiorregionof eukaryotic
18S rRNA. Our model of the helix was constructed
using mfold. Refinement®f the mfold algorithmhave
improvedits efficacyin rRNA folding, particularlyfor
sequencekngerthan50 basesThis particularstruc-
ture is composedf eightsubhelicesiesignatedn our
modelasE231 to E238. (24) The predictedsecondary
structuresof this helix for the peloridiidsand T. moli-
tor are identical. This helix possesses number of
compensatorgubstitutionghat signify structuralin-
tegrity of the model. Thereis one compensatorgsub-
stitution at the baseof the largeinternalbulge,three
semicompensatorpubstitutions,and one reinforce-
mentof a noncanonicalA - C basepair by a canonical
A - U basepair (Fig. 6). Three substitutionaldiffer-
encesoccur in the large internal bulge that do not
affect folding configuration. (25 and 26) Thermody-
namic folding of peloridiid sequenceand comparison
with T. molitor resultsin the samestructuralconfigu-
ration for thesetwo helices.Only two substitutional
differencesoccurin unpairedbasesof thesehelicesin
thesetaxa. (27) This retainedstructureis the most
stable,with a total secondarystructureenergyof —16
kcal/mol.(28—-30) Thesehreeheliceswerefoldedusing
MacDNASISandare morestablethanthoseproposed
for T. molitor by Hendrikset al. (1988b).(31) This helix
was folded following the instructionsof Leontis and
Westhof(1998),who isolateda recursivemoaotif in rR-
NAs using supportive information from chemical
probes Accordingto theseauthors helix 31 contains2
noncanonicalA - A basepairs.

Hdices 32 to 50 (Fig. 5, 18S rRNA modd Part 111).
(32) The configurationof this helix is energetically
robustand concurswith secondarystructuremodels
proposedby Gutell et al. (1994) and Hendriks et al.
(1988Db).(33) In peloridiids this helix is 2 basepairs
shorterthantheT. molitor model.Thereducechumber
of basepairslowersthe degreeof thermodynamisup-
portof thelongerhelix. A shorterhelix is alsoinferred
in the Gutell model (1994) for D. melanogaster. (34)
This helix conformswith the proposedmodel for T.
molitor by Hendrikset al. (1988b).(35) Thenucleotides
in this helix showno variationbetweenthe taxaused
in our studyanda comparativesequencanalysiswas
notpossible As suchthemostthermodynamicallyta-
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FIG. 4. Proposedsecondanstructuremodelof 18SrRNA of Hackeridla veitchi, Partll—Helices 22 to 31.

ble structureis retained.(36) This structuralconfigu- and T. molitor (Hendriks et al., 1988b) models,the
rationis asin Hendrikset al. (1988b),with the excep- more thermodynamically stable configuration pro-
tion of the distal basepair in the stem. Thereis a posedfor T. molitor wasretained(—2.8 kcal/mol com-
semicompensatoiubstitutiona G- U (1273- 1566)in  paredto —0.3 kcal/mol). (42) This shorthelix consists
T. molitor is replacedby a G- C (1311- 1563)in the ofonly 3 pairedbasessin Hendrikset al. (1988b).(43)

peloridiids. (37) This helix is constructedaccordingto This helixis a componenbtf anexpansiomregionandis
the T. molitor model. A compensatorgubstitutionin

highly variableamonginsects.As such,we relied on
this helix, a 4th pair G - C in the main stem of the

thermodynamicfolding to predict its configuration.
peloridiids,is replacedoy A - U in T. maolitor. Theone (44)Thishelixwasfoldedin concertwith helix41using

semicompensatorgubstitutionis representedy the thermodynamicfolding. (45 and 46) There are four
10thpairG- U inthemainstemreplacedoy G-Cin T.

substitutionaldifferencesdistinguishingthe peloridi-
molitor (Fig.5). (38) Theretainedhelixis similartothe idsandT. malitor in thisregion,but,thesechangesre
structureproposedor T. malitor, but,a C - G (1372- foundin bulgesanddonotalterconfiguration(47)Our
1548)is constrainedo pair in our model, makingit calculationdor this helix (—11.5kcal/mol)supportthe
morethermodynamicallystablethanthe modelfor T. sameoptimal structureasin Hendrikset al. (1988b).
molitor (—6.6 kcal/mol insteadof —3.1 kcal/mol, re- (48) This helix possessesne compensatorysubstitu-
spectively).(39—41) Folding of this region using the

tion,aC- G (1708- 1726)in T. molitor replacedby A -
Zuker—Steigleralgorithm createdone hairpin loop. U (1701- 1719)in the peloridiids. The helix is 4 base

Sincethis resultdid not agreewith the three-helice pairslongerin the proximal portion of the stemof the
configurationproposedfor Drosophila (Gutell, 1994) peloridiidsthanthat proposedor T. molitor by Hen-
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8 peloridiidsis mostevidentin the distal portion of this

5 helix. As such,the proposednodelsdiffer. The config-
uration proposedhereis supported however,by two
compensatorandsix semicompensatoryubstitutions
(Fig. 5). Sevenother substitutionalchangesbhetween
thesetaxadonotaffectour proposedstructuresinceall
occurin bulgesandterminalloops.If helix 49 proposed
by Hendrikset al. (1988b)for T. molitor is constrained
to fit the modelbasedon the peloridiid, thenthe num-
ber of compensatoryand semicompensatorgubstitu-
tions are the same.Six of thesesubstitutionsdo not
alter configuration,but two noncompensatorgubsti-
tutions nullify the structurefor T. molitor. (50) This
extremity of the 18SrRNA geneis conservedamong
eukaryotes(Gutell, 1994) and our thermodynamic-
basedesultsarethesameasthosepublishedor theT.
molitor model.

Phylogenetic Implications

Procurementf full 18SrRNA sequencesf peloridi-
ids provideda meango assesphylogeneti@affiliations
of Coleorhynchandrobustnes®f supportfor Neohe-
miptera. A previous study, using partial 18S rRNA
sequencegCampbellet al., 1995),inferred two most-
parsimoniousreesplacingProsorrhynchaithersister
to Archaeorrhyncha(fulgoromorphs),forming clade
Neohemiptera,or sister to Clypeorrhyncha(cicado-
morphs).Similar resultswerereachedy Bourgoin et
al. (1997)butwith cladeNeohemipterandAuchenor-
rhynchaequallysupportedaccordingto the outgroup.
Thesestudiedid notincludean 18SrDNA sequencef
apeloridiidlongenoughorevealthecharactestateat
thesingularneohemipterasynapomorphisite found.
In the full peloridiid sequencedhaseposition1439is
the homologoussite of this neohemipterasynapomor-
phy.Thecharactestateof the peloridiidsat this siteis
anA, asin otherneohemipteraimsects asopposedo
a G in nonneohemipteramsects.This synapomorphy

A}
9794~ 6.1045 94~ 61010
Cu !

- Semi-compeasatory mutsson T. mofior.
Semi-conmpensatory maration/ T, molitor

7 Semicompensatory mutaton T. molor.

Setuu-compensatory mutation/ T. molitor.

FIG. 5. Proposedsecondarystructure model of 18S rRNA of
Hackeridla veitchi, Partlll—Helices 32 to 50.

1
9585~ B-1065 923-U= A-1030

driks et al. (1988b).(49) Thermodynamidolding in this ' .

regioninfersonelonghairpinloopwith 131 basepairs, A B
th_e longesthelix of the entire 18S rRNA_modeI.Varl— FIG. 6. Helix 24 showing positionsof compensatorysubstitu-
ation betweenthe sequence®f T. molitor and the tionsof bases(A) Hackeridla veitchi. (B) Tenebrio molitor.
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FIG. 7. Majority-rule consensusdree of full datasetbasedon an heuristic analysis(1000 bootstrapreplicates)of informative sites.
(Length= 927;CIl = 0.540;HI = 0.460;RI = 0.530;RC = 0.287).TaxaabbreviationsArchaeorrhynchaSacu,Sphanta acuta (Flatidae,
AccessionNo. U06476); Hsev, Hysteropterum severini (Issidae,U15214); Sfum, Scolops fumida (DictyopharidaeU15216); Ohes,Oliarus
hesperinus (Cixiidae, U15215); Pmar, Prokdlisa marginata (Delphacidae U09207); ProsorrhynchaArem, Aquarius remigis (Gerridae,
U15691);0fas,Oncopletusfasciatus (LygaeidaelJ15188);Coleorhynchgboldface underlinedHlea,Hemiodoecusleai (Peloridiidae)partial
sequencdrom Wheeleret al., 1993); Hvei, Hackeridla veitchi (Peloridiidae,AF004766); Hwil, Hemiowoodwardia wilsoni (Peloridiidae,
AF131198);ClypeorrhynchaOuta, Okanagana utahensis (Cicadidae U06478);Ppla, Prosapia plagiata (CercopidaelJ16264);Pspu,Phi-
laenus spumarius (CercopidaeU06480); Sfes, Spissistilus festinus (Membracidae U06477); Evar, Euscelidius variegatus (Cicadellidae,
U15148); Gatr, Graphocephala atropunctata (Cicadellidae,U15213); SternorrhynchaTeug, Trioza eugeniae (Psyllidae,U06482); Pkel,
Pealius kdloggi (Aleyrodidae,U06479);Aaur, Aonidiela aurantii (Diaspididae U06475);Apis, Acyrthosphon pisum (Aphididae, X62623);

Outgroup:Tmol, Tenebrio molitor, X07801.

suggestsbasedon this limited molecularevidence,
that peloridiidsare membersof Neohemiptera.
However a cladisticanalysisakinginto accounftull
18SrRNA sequencess necessaryo confirm congru-
ency of homologousand independentcharactersfor
inferring evolutionaryaffiliations amonghemipteran
taxa.Usedf rRNA secondangtructureenablesassess-
ment of such characterindependenceFor example,
presencef compensatorynutationsshowsthat char-
acterstateof abasemaybedependenbnthecharacter
stateof a site elsewheren the sequenceThis issueof
characteindependencks particularlystriking in helix
11.In this helix unpairedbasesn the terminalbulge
are quite variablebetweenT. molitor and peloridiids,
whereaghe primary sequencesf thesetaxaare con-
servedin its stem. Some authors suggesttreating
baseddifferently in datasetsBasesin paired(stems)
andunpairedsitescouldbedifferentiatedoy excluding
onetype(WheelerandHoneycutt,1988)or distinguish-
ing them in a matrix to weigh one set of characters
(Smith, 1989). Intuitively, it could be arguedthat
pairednucleotidesorming stemscould be considered
as candidatedor weighting by one-half.Suchnucleo-
tidesareinterdependantharactersasshownthrough

given a greaterweight. The first mutationsignalsan
importantphylogenetieevent,but a secondcompensa-
tory mutationis necessaryor maintainingthe func-
tional integrity of the ribosome Hence,weightingthe
“responding” compensatorymutation more than the
first mutationhasjustification.

Using secondarystructure as a guide to initially
align homologougegionsof rRNAs betweentaxa, fol-
lowed by use of parsimonyand direct optimization
(MALIGN and PQY), hasbeensuggestedas one ap-
proachto minimize evolutionary eventsbetweenre-
spectivenucleotidesequence®r parts of sequences
(Gladsteinand Wheeler,1996). However, employing
such iterative programsas POY and MALIGN may
contradicthomologybasedon secondarnstructure the
homologyhypothese®eingtotally differentin the two
approachesddomologyproposeddy aligningsequences
using secondarystructurecould be jeopardizedby a
new homologyhypothesiausingthe principle of parsi-
monyto explainvariationsbetweenthesesequences.

Cladigtic Analysis

Phylogeneticanalysisof the full datasetportraysa
basalSternorrhynchaisterto Euhemiptergsensu Zr-

compensatorynutations,and should not be assessed zavy,1992),the latterrepresente@dsa quadratomous

aspossessin@sstronga phylogeneticsignalasinde-
pendentharactersHowever,to scoresuchcharacters
with half a weighta priori is not satisfactorybecause
the interdependencdoesnot necessarilyendersuch
paired nucleotideswith equal weights. Evolutionary
studiesof transitionalstatesn compensatorynutated
sitesmight indicatethat one of thesesitesshouldbe

node (Fig. 7). WhereascladesArchaeorrhynchaand
Clypeorrhynchaare monophyletic,Coleorhynchaap-
pearsparaphyletic.Thereis little doubtthat unique
morphologicafeaturesof peloridiids(Evans,1963)es-
tablishestheir monophyly.This anomalougparaphyly
of Peloridiidaeusing the full datasetpossibly origi-
nated from use of a published partial sequenceof
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Taxaabbreviationssin Fig. 7.

Hemiodoecus leai, a peloridiid sequenceconsistingof
approx450bp (Wheeleret al., 1993).The otherpelori-
diid taxa were representedoy full sequencesThis
anomaly and the fact that sectionsof the full data
matrix could only be alignedambiguously(basedon a
criterionof sequencsimilarity) indicatedthatananal-
ysis using a datasetof unambiguouslyaligned and
conclusivelyhomologoussiteswasimportant.

Next, sitesfrom the datamatrix that wereambigu-
ously aligned, becauseof either extensivehomoplasy
betweenall taxa (saturation)or presenceof indels,
were excluded.This treatmentresultedin an attenu-
ateddataset.The analysisof this datasetrendereda
consensusreewith four distincthemipteranineages
(Fig. 8). Sternorrhynchawas inferred sister to Eu-
hemipterathat was representedas a trichotomy of
archaeorrhyncharprosorrhynchanand clypeorrhyn-
chanlineagesThe peloridiidsweregroupedin a clade
(Coleorhyncha)sister to Heteroptera,thus forming
cladeProsorrhynchaThe trichotomouseuhemipteran
nodewasstill unresolved.

Toresolvethetrichotomoushode homoplasiousites
amongoutgrouptaxa(relativeto euhemipteransyere
removed.This was achievedby first excluding sites
having different characterstatesin the psyllid (the
basalsternorrhynchatineage)and T. nolitor. Then,
sites homoplasiouswvithin Sternorrhynchgthe most
basalhemipterarineage)wereexcludedromthedata
matrix. Thesefiltrations of charactergesultedin re-
tention of only symplesiomorphisitesof a theoretical
basallineagerepresentetdy the psyllid asoutgroupto
euhemipteranslhisdatasewastermedthe polarized
dataset Analysisof this datasetresultedin six most-
parsimonioudrees(Fig. 9A). Half of thesetreessup-
portedNeohemipteraand half supportedan arrange-
ment in which Prosorrhynchaand Clypeorrhyncha
were sisters;the consensud®eing an unresolvedphy-
logenyfor EuhemiptergFig. 9B). To assessiodalde-

cay (Bremer, 1994), treesone and two stepslonger
than the most-parsimoniousreeswere evaluated A
consensusf these3528longertreesdid not supporta
monophyleticNeohemipterabut recognizeda Prosor-
rhyncha+ Clypeorrhynchaclade (Fig. 9C). Interest-
ingly, sucha prosorrhynchant clypeorrhyncharar-
rangemenagreeswvith Bourgoinet al. (1999)andwith
paleoentomological interpretations proposed by
Shcherbakoy1988).

A monophyleticProsorrhynchavassupportedn all
treesandwasrepresentedn the datamatrix by two
synapomorphisites.Thesesynapomorphieare actu-
ally compensatorgubstitutionsn the stemof helix 37
asanA- U (1321- 1358)in Prosorrhynchaomparedo
a G- CinotherinsectsWhereadNeohemipterdasone
supportingsynapomorphicsite in a short conserved
portion of the 18SrRNA molecule(andretainedin the
polarizeddataset) the potential affiliation of Prosor-
rhyncha+ Clypeorrhynchds supportedoy two syna-
pomorphicsitesretainedin the full datasetHowever,
thesesiteswere excludedfrom the otherdatasetde-
causetheywerebracketedyy sectionsof the sequence
that were ambiguouslyaligned. The two sites are
pairedin thestemof helixE231 asan A- U (663- 706)
in thethermodynamicall}computedmodelof the vari-
able E23 region. Thesehomologouspositionsare re-
placedby a G - C in otherinsects(exceptin A. pisum
wheretheyarean ACC). Theonly synapomorphyup-
porting clade Neohemipterais situatedin a lateral
bulgein helix 43 (site 1439, Fig. 5).

At this point, affiliations of the three cladesof Eu-
hemipteraare unresolveddespiteincreasingnumber
of taxa and incorporatingfull peloridiid sequences.
Constructionof a new matrix taking into accountsec-
ondarystructuresof all Hemipteracould resolvethis
trichotomy (T. Bourgoin et al., unpublished).Such
structurally basedmatrices should use models con-
structedwith recentbiochemicalikndmolecularbiolog-
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FIG. 9. Treesresultingfrom branch-and-bouné@nalysisof the

polarizedhemipterandata matrix. (A) Six most-parsimoniousrees

showingequalinferencefor NeohemiptergProsorrhynchat ArchaeorrhynchagjindProsorrhyncha- Clypeorrhyncha(Length= 35;Cl =
0.800;HI = 0.200;RI = 0.905;RC = 0.724).(B) Majority-rule consensusf the six trees.(C) Majority-rule consensusf 3528treesoneand

two stepslongerthanthe most-parsimoniougrees.

ical data and not simply primary sequencesligned
using rather limited algorithms (De Rijk and De
Wachter,1993).Secondanstructuremodelsshouldbe
broadlyappliedin a hemipterandatamatrix to avoid
arbitrarylossof phylogenetidnonhomoplasioushfor-
mation,aswaspossiblythe casen our effortsto purge

disorderin theattenuate@ndpolarizeddatamatrices.
The methodemployedby Sorenseret al. (1995) and
applied in Campbell et al. (1995), Bourgoin et al.
(1997),andin this study eliminatedany biasesintro-
ducedfrom ambiguouslyaligned regionsin the full
datasetrenderingan attenuateddataset.However,
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constructionof the polarizeddatasefrom the attenu-
ateddatasetsingonly symplesiomorphisitesin the
outgroupled to a “generalizedhypotheticalSternor-
rhynchapolarization” (or “sternorrhynchararchetype
polarization”). Such a polarization cannot define a
strictoutgroupcomparisoraccordingo Hennig(1966).

Proposad Modd

Usedf thermodynami@lgorithmsaloneto infer sec-
ondary structurecan resultin erroneousinterpreta-
tions. However,this methodhasthe advantageof be-
ing rapid, with duration of analysislimited only by
CPUspeedo runthealgorithms.To achieveimprove-
ments phylogeneticmolecularbiological,andphysical
chemistrydatamustbefurtherassessedAn improve-
mentin thesealgorithmsis alreadyrecognizablein
comparingthe Zuker—Steigleralgorithm (1981) with
upgradedrersiongncorporatinghelatestrefinements
on the mfold server.We found the recentmfold algo-
rithmsto agreemostfrequentlywith thosefrom com-
parative sequenceanalysis. As suggestedoy Gutell
(1993),a “phylogeneticevents”factor shouldbe incor-
poratedinto folding algorithmsso that basepairing
can be manually constrained,or converselyremain
unpairedin bulgesor terminalloops,to enablephylo-
geneticcomparisons.

However, examination of compensatorysubstitu-
tions canfurnish fundamentainformationon several
helices. Compensatory substitutions are directed
changedhatreflectconstraintsappliedto the two- or
three-dimensionatonfigurationof the 18SrRNA mol-
ecule. Phylogenetic studies overlooking secondary
structurepotentiallylose valuablephylogeneticnfor-
mation inherentto the structuralconstraintsof the
molecule.Comparisorof primary sequencemight re-
veal portionsundergoinga high rate of evolution,but
preservatiorof a particularhelix in suchregionswould
show that functional constraintsexist. For example,
whenhelix 48is comparechamongfive arthropoddhere
arefive compensatorynutationsin the 11 pairsform-
ing its stem(Fig. 10). Of course humberof compensa-
tory mutationswould increaseif a larger numberof
phylogeneticallydistanttaxawereaddedput, compar-
ison of more closelyrelatedtaxafurnishesbetterevi-
dencefor confirming helice structurebecauseisk of
comparingnonhomologougventsis reduced.

Theevolutionarydynamicsof accumulatingcompen-
satorymutationsis believedto first involve a noncom-
pensatorymutationthat may becomefixed in a popu-
lation throughmoleculardrive (dependingon number
of deleteriouschangesn copiesof the molecule).This
is followed, at somelater time, by a selectivecompen-
satorysubstitutionthatrestoresobustnessf a struc-
ture and,therefore fitnessof descendentddancocket
al. (1988)considerthat hydrogenbondingbetweenG -
U pairs,while suboptimalmaintainsa structureatan
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FIG. 10. Helix 48 showingpositionsof five different compensa-
tory mutationsamonghemipteransanda crustacean.

are deleteriousin some positions, but also may be

advantageousn other positionswhere they become
fixed and no compensatorymutation is required to

transforma G- U to en A - U pairing.If G- U pairings
did notexistin severadifferentintermediatdineages,
thenit is likely thatlack of a compensatorynutation
was not a selectivedisadvantageAt the speciedevel

certainhelicesmaybe constanin length,number.and

positionof bulgesalonga stemandlengthof terminal

loop.

Our analysisof 18SrRNA secondangtructureusing
peloridiid sequenceseflectsthe fact that stabilizing
factorsfor the moleculearenot completelyknown.The
molecularbiologicalenvironmentn theribosomeprob-
ably contributego configurationof ribosomalRNAs in
someyet to be learnedfashionand there are likely
subtledifferencesof the in vivo structureandonepre-
dictedby currentleastfree-energyalgorithms.For ex-
ample,intertaxonvariability of helices6, E_10, E_23,
and 43 suggestshat thereis no widely sharedstruc-
tural conformationof these helices. Closely related
taxa might have sequencesn thesehelicesthat are
incompatibleto folding in the sameconfigurationThis
absencef overallsimilarity couldindicatepresencef
specificfeaturesthat are recognitionsitesfor associ-
atedproteinsor RNA—RNA interactions.This wasre-
cently demonstratedn helix 23 of prokaryotesfor
whichinvivo structuralvariationreflectecthe flexibil-
ity of the helix to interactwith ribosomalproteinsS8
and S17to maintainfunctionalintegrity (Clemonset
al., 1999).Thus,suchvariablehelicesmight resultin
structuralconfigurationghat are not necessarilycon-
gruentwith phylogeny.Studiesontranslationprocess-
ing could identify key zonesmaintainingnormal mo-
lecularbiologicalfunctionsof the ribosomethat reflect
evolutionary patterns.A recentreport showedhow

intermediatelevel prior to an eventualcompensatory functionality of secondargtructurein variablehelices

mutation.Roussett al. (1991)showthat G - U pairs

of small subunitribosomalRNA in prokaryotess af-



416

fectedby tertiaryforces(Garrett,1999;Clemonset al .,
1999). Such associationsbetweenfunctionality and
molecularforcescouldfurtherimpactour philosophyof
characterttreatmentin rRNA datasets.

Finally, a potentialfield of interestconcernsuse of
somestructurego characterizenddistinguishgroups
of taxa:thesestructuresare“signatures”asdefinedin
Winker and Woese(1991). The 18SrRNAs of several
insectsshow a morpho-moleculafeaturein helix 24
which could be interpretatedas a synapomorphyfor
the Fulgoromorpha(Archaeorrhyncha)A mispairing
afterthethird pairis presentn thefive studiedspecies
of fulgoresbelongingto five different families, but is
replaced by a conventional base pair in other
Hemipterastudied. Such homologousstructuresare
numerousenoughin the long rRNA moleculeto show
variationand may be usedasindependentharacters
in a cladisticanalysis.

CONCLUSION

When inferring evolutionary affiliations using mo-
lecularphylogeneticsit is importantto recognizepar-
ticular structuralcharacteristicef moleculesif these
moleculesare associatedwith significant functional
processesTheresultspresentedn this paperempha-
size the importanceof taking into accountmolecular
changeghat affect folding of 18SrRNA and possibly
its function. Appreciationof such factorsthat affect
folding, andformationof varioushelicesandtheir sub-
structuresjmprovesability to infer homologyof char-
acter,whetherin a broadsenseasa particularstruc-
ture or acutelyasindividual nucleotidesln addition,
by taking into accountparticularaspectof secondary
andtertiary structuresoneis in a betterpositionto
visualizewheredistortedweighting of a phylogenetic
signalmighthaveoccurredwithin adatasetMoreover,
one could use structuralhomology of featureswithin
substructuresf the moleculeascharacterssimilar to
a morphologicaltreatment,and analyzethis dataset
independentlyrin conjunctionwith anucleotidedata-
set.Thenextstepfollowing suchassessmenf second-
ary structural elementsfor the current hemipteran
datasetis translatingthesesecondarystructuralele-
mentsinto character$or a cladisticanalysisto provide
morerobustnessf phylogenetisignals(T. Bourgoinet
al., unpublished).
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