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PREMISEOFIHE STUDY: Ourcurrentunderstandingf flowering plant phylogeny provides
anexcellentframeworkfor exploring variousispectof characteevolution througltomparative
analysestHowever,attemptgo synthesizehis phylogenetidrameworkwith extensive
morphologcal datasetshavebeensurprisinglyrare.Here,we explorecharacteevolutionin
Asteridae(asterids) amajorangiosperntlade,usingan extensive morphologicalatasetand a
well-resolyedphylogeny.

METHODS: We scoredl5 phenotypicharactergspanningchemistry vegetative anatomy, and
floral, fruit, andseedfeatureslacros248speciedor ancestrabtatereconstructiorusing a
phylogenetidrameworkbasedon 73plastidgenes and theame248species.

KEY RESULTS: Iridoid production, unitegmic ovak,andcellularendospermvereall
reconstructe@ssynapomorphidor Asteridae SympetalyJong associateavith asteridsshows
complexpatternsof evolution, suggestinigj aroseseveratimesindependentlyvithin theclade.
Stamengqualin numberto the petalsis likely a synapomorphfor Gentianidae amajorasterid
subcladeMembersof Lamianag amajor gentianid subcladare potentially diagnosed by adnate
stamensunilacunar nodes, arsiimpleperforationplates.

CONCLUSIONS: Theanalysepresentedhereprovide agreatlyimproved understanding of
characteevolutionacrossAsteridae highlighting multiple characterpotentiallysynapomorphic
for majorclades However,severaimportantpartsof theasteridtreearepoorly knownfor several
key phendgypic featureqe.g., degree gdetalfusion, integument number, nucellype,
endosperm typearidoid production). Further morphologicanatomicaldevelopmental, and
chemicalinvestigationf thesepoorly knownasteridsarecritical for amoredetailed

understanding-céarly asteridevolution.

KEY WORDSurangiosperm synapomorphidssteridag Campanulidaecharacteevolution,

Gentianidaeiridoids,Lamiidae morphology
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Our understanding of angiosperm phylogeny arguablyif@easednorein thepastthree
decadeshanin the precedinghreecenturiegSoltisetal., 2005; Judceetal., 2016).This
advancemens, in part,aresultof largescalecollaborativeefforts using Sanger sequencitay
construct taxomich (butgenerallygenepoor) phylogenies spanning angiospermsiajor
subcladege:gOlmsteacetal., 1992, 1993, 200@haseectal., 1993;Soltisetal., 1998, 1999,
2000, 2011; Savolainestal., 2000a, 2000Albachetal., 2001b;Bremeretal., 2002; Wurdack
andDavis;2009;Refulic-Rodriguez an@®Imstead2014).However,while thesestudiesmade
greatprogressmanydeeplevel relationshipgproveddifficult to resolveusing only a handful of
mostly chloroplasigenegqe.g.,Bremeretal., 2002). Moreecently,studieshaveassembled
genomescaledatasets primarily generateavith next-generation sequenci(idGS) technologies,
aimedat resolvingrecalcitrantnodesacrosghe angiosperrtree(e.g.,Janseretal., 2007; Moore
etal., 2007, 2020WWangetal., 2009Xi etal., 2012, 2014Soltisetal., 2013a;Wickettetal.,
2014;Zengetal., 2014;Stull etal., 2015). Althouglsomerelationshipgemainuncertain(e.g.,
the positions oDilleniaceae CaryophyllalesSantalalesand Berberidogidales,and relationships
within Lamiales),our currentunderstanding of angiosperm phylogeny faaditatedvast
improvementsn classification(APG, 1998, 2003, 2009, 2016; Cantiatal., 2007 Soltisetal.,
2011;Stulketal., 2015)andconstitutesaninvaluabletool for investigating variouaspectof
floweringplantevolution(Soltisetal., 1999).

However,given the continued focus eesolvingtheframeworkof angiosperm phylogeny
(e.g.,Soltisetal., 2011Zengetal., 2014Liu etal., 2017, the paceof sequencgeneratiorhas
greatlysurpasseéffortsto accumulateandanalyzemorphologicadatafor understanding broader
patternsof angiosperm evolutioBroadscalemorphological dataetsareessentiafor
determiningsynapomorphiegssessingatternsof characteevolutionacrossmajorcladesand
incorporatingnformationfrom thefossil record. Unfortunately, tofew studieshavesynthesized
morphologicaldatawith availablephylogenetidrameworksto elucidatebroaderpatternsof
flowering plantevolution(butseee.g.,Albachetal., 2001a; RonsBe Craeneetal., 2003;

Doyle, 2005;2007; Rondee Craene2008; Endress and Doyle, 2009, 20EBdress2010,
2011a, 2011b; Rondee Craeneand Brockington, 201&oltisetal., 2013b;Zameetal., 2014).
Although awealthof morphological daté availablein theolderliterature,evenbasic

morphologicainformationis missingfor manytaxa(Stevens2001 onward). Consequentlyg
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still havemuchto learnaboutflowering plantevolutionin light of our improved knowledge of
phylogenetic relationshigseeotherarticlesin this Speciallssue).

Here,we synthesizeour currentunderstanding of phylogemndavailablemorphological
datato explorepatternsof characteevolutionin asteridswith particularemphasesn thelarge
subcladesentianidag Cantinoet al., 2007 alsoknownascoreasteridor euasteridse.g.,APG,
1998).ThecladeGentianidag nameswith phylogenetic definitionfllowing the PhyloCode
[e.g., Cantineetal. 2007]arepresentedn italics throughoutyepresent&major angiosperm
radiationincluding ~80,00@peciesor ~30% offlowering plantspeciesichnesgassuming
~250,000speciesasper Judcketal., 2016;this proportionis expectedo hold for largerestimates
of angiospernspeciese.g.,Govaerts2001, 200R This group,atleastin part,hasbeen
recognizedy botanistdor atleast200years(e.g.,Jussieu1789, although phylogenetic studies
have expandeits circumscription Gentianids—which encompassostangiospermsvith fused
corollas(sympetaly}—wererecognizedy Takhtajan(1980), Cronquist (1981), and otHeading
authors othe 20thcenturyasAsteridae butthis nameis currentlyusedin a broadesense
(AsteridaesensuCantinoet al., 2007) encompassingricalesandCornalesaswell as
Gentianidae

Membersof Gentianidagascurrentlyrecognizedfall into two majorcladesLamiidae
andCampanulidageachwith ~40,000speciesSeveralprevious studies have investigated
characteevolutionin theasteridgAlbach, 2001aBremeret al., 2001) but theidentificationof
clearsynapomorphiefor theasteridsasa whole(aswell asmajor subgroups, e.gGentianidae
Lamiidag andCampanulidaghas provewifficult in light of poor phylogenetic resolution, a
limited sampling of morphologicandother nonDNA charactersandpotentiallycomplicated
patternsof characteevolution, including frequergarallelismgEndress1996; Judand
Olmstad,2004).For example Albachetal. (20013, focusing orseveralembryological and
biochemicakharactersgocumentedh Asteridaethe prevalenceof unitegmicand tenuinucellate
ovules,aswell asiridoid production, bueachcharactesshowedcomplicatedpatternsof gain/loss.
Othermajorfeaturesassociateavith asterids—e.g.,sympetalyandcellularendosperm
formation—arealsonot ubiquitousespeciallyamongCornalesEricales,and“early-diverging”
lamiidsand campanulidéStevens2001 onward).

This study explores patterns oiaracteevolutionin Asteridag(sensuCantinoetal.,
2007) usinganimproved phylogenetiramework(e.g., Tankand Donoghue, 201&efulio-
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RodriguezandOlmstead2014;Stull et al., 2015with expanded sampling of kelearly-
diverging”lamiidsand campanulid&Stull etal., 2015) and a broasktof phenotypiacharacters
(spanningchemistry vegetative anatomy, arfidral, fruit, andseedfeatures)In additionto
identifying the ancestramorphologicafeaturedor majorasteridcladeswe highlightareasof the
asteridtreewith, critical missingphenotypiadataand hopeo spureffortsto assemblghenotypic
dataacrossasterid§or morein-depthfuture comparativestudies.

<h1>MATERIALS AND METHODS

<h2>Taxonomic and molecular sampling

We sampled248speciesicrosscoreeudicots Gunneridag, 227 ofwhich areasteridsOur
samplingwasdesignedo represenall majorasteridlineagesvhile maintainingspeciedevel
compatibilitywith availablemorphologicalatasetsfor asteridge.g.,Albachetal., 2001a;
Bremeretal., 2001). Following th&PG IV classification(APG, 2016), d asteridorderswere
representecgswereall 69 coreasterid(gentianid)families;five (of six) familiesof Cornales
wereincludedaswere16 (of 22)families of Ericales.Our sampling of the gentianid order
Boraginales includes ldpeciesrepresentingevenof the 11familiesrecognizedn morerecent
treatmentgkuebertetal., 2016).We alsoincludedan extensive sampling dbasallamiid”
generawhich havebeenundersampledn mostprevioudarge scalephylogenetictudies(e.g.,
Soltisetal., 2011;Refulio-Rodriguez an®Imstead2014).In particular,we includedOncotheca
(OncothecaceaelMetteniusalO generaof Icacinaceas.l. now placedin MetteniusaceaStull et
al., 2015) 2refithe 23 genereemainingin lcacinaecas.s.(Stull etal., 2015), anall three
genera ofSarryalegAucuba Garrya, andEucommid. We alsoincludedat leastone
representativérom eachof thefive families of Aquifoliales,whichis positionedsisterto therest
of thecampanulicclade.

Giventhe prevalence of chloropla3NA sequence dafeom previous phylogenetic
studies (e.g.,,Mooretal., 2010;Soltisetal. 2011;Stull etal., 2015) we sampled’3 chloroplast
genedor phylogenetianalysedo provide asolid frameworkfor subsequertharacter
reconstructions. Althougthe resultingdatasetincludes~61% missingdata,taxawith relatively
complete gene sampliragewell distributedacrossheasteridspwingto previousstudies
employing chloroplast genomésresolvemajor angiosperm andsteridrelationships (e.qg.,
Mooreetal., 2010;Stull etal., 2015). Thus, the sequenieh specieshould provide avell-
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resolvedscaffoldto placethe remainingpeciesampledor fewerloci. This matrix is deposited
in Dryad (doi:10.5061/dryad.778BjGenBanknumberdor the included sequencasepresented
in Appendx S1(seeSupplementaDatawith this article).

<h2>Phylogenetic analyses
We conducted.phylogenetanalysesising botmaximumlikelihood (ML) andBayesian
approacheslheML analysesvereconductedn RAXML v 8.2.10(Stamatakis2014), including
arapid bootstrapnalysisaswell asasearchor thebestscoringML treeusing the
GTR+GAMMA "model,with modelparameterpartitionedby generegion.The Bayesiaranalyses
wereimplementedn MrBayesv. 3.2.1(Huelsenbecland Ronquist, 2001; Ronqutal., 2012),
including L5million generationsvith four chainssampling the posteri@very1000 generations.
TheBayesiananalysisalsousedthe GTR+GAMMA modelpartitionedby gene. Convergence of
the MrBayesanalysisvasdeterminedy visually inspecting the outputs of the program using
Tracerv. 1.5 (Rambaut and Drummond, 2008) conducted th8ayesiaranalyseprimarily to
obtain the posterior distributiomhich provides a convenient sourcetagesfor integrating
phylogenetiancertaintyin downstreananalyses—in this case ancestrastatereconstruction.
Phylogenetidreesareavailablefrom the Dryad Digital
Repository:.https://doi.org/10.5061/dryad.7783;.

<h2>Phenotypic character sampling
We selectedl5 morphologicatharactergTable 1)—manyof which havebeenpreviously
emphasizedh broadscalediscussions andassificationf asteridsn particularand
angiospermgéygenerale.g., Cronquist, 1981, 1988tevens2001 onwards; Takhtajan, 2009)—
for ancestrabtatereconstructioracrossasterids Someof thesecharactergovule integument
number, nucellus type, endospdiommationtype,iridoid compound productiorf)avebeen
analyzedpreviously (e.g.Albachetal., 20013, wherea others(e.g.,fruit type,seednumber,and
habit) havebeenhighlightedaspotentiallyimportantin earlyasteridevolution,givenrecent
phylogenetianalyseshatclarified the basalbranching order dfamiidae(Stull etal., 2015).
Tablel outlinesthe charactersand correspondingtatesexploredin this study; AppendinS2
discusseshesecharactergurtherandprovidesrationalefor the statesemployedn our
reconstructionsThe completematrix of phenotypicharacterss availablefrom the Dryad Digital
Repository: https://doi.org/10.5061/dryad.7783;.
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Charactedatawereobtainedrom the following sourcesMauritzon (1936)Bailey and
Howard(1941a,b)Howard (1940, 1942a—d, 19923)euner (1942, 1969, 1971} agerlind
(1945),Dickison (1986),Flora of North America(Flora of North AmericaEditorial Committee,
1993 onward)Takhatajan(1997, 2009)Jenser(2000),Albachetal. (20013, Bremeretal.
(2001),Karahed(2001), Knapp (2002) Féoras(2008;Floraof North AmericaandFlora of
China),PengandHoward(2008),Lensetal. (2008),Gonzalezand Rudall (2010k:ndressand
Rapini (2024), Dickison anBittrich (2016), Potgeiter and Duno (2016), Potgietel. (2016),
and Schori(2016)Ve scoredcharactestatedor eachspeciesratherthanfor eachgenus (e.g.,
Bremeretal., 2001).However,in manycasescharactestatesverenot reportedor individual
speciedutinsteador generaor families.If, for a givencharacterthe stae wasreportedas
invariantacrossthe broader group (e.g., genudamily) containingthespeciesandif the
circumscriptionof the groumspresentedeflectsour current understanding of phylogemg
scoredthe speciesaccordingly However ,if variaion wasnotedacrosghe group,we scoredthe
characteasmissingdatafor thespeciesFor the charactersympetalyandsynsepalypetaland
sepalfusiomyrespectively)statesverescoredoasedon thematurecondition of theflower, except
in casesvhereavailabledevelopmentadlataprovided evidencéor analternativestate(e.g.,petals
in Araliaceaearefusedearlyin development anfieeat maturity; Erbaretal., 2004;Leinsand
Erbar,20041n suchcasesthedevelopmentastatewasusedasthis should correspontb the
original/ancestrastateof thecharactefor the taxorin question(Stevens2001 onward).

<h2>Character reconstructions
Ancestralstatereconstructionsvereconducted individualljor eachcharacterusingmaximum
likelihood insMesquitev. 3.2 (Maddison and Maddison, 201The reconstructionsvere
performed using th®k1l model and théestscoringtreefrom theRAXML analysis but without
branch-lengthnformation(assomeof theinternalbranch lengthsvereextremelysmall—
effectively,zero—causingerrorsin Mesquite;the branch lengthsrerethustransformedo
equivalent lengtht permitancestrastatereconstruction)Under theMkl model, transitions
betweerall.eeambinations oftatesarepermitted We alsoreconstructe@ncestralstatesof key
nodes (i.e.Asteridae Ericales+ Gentianidage GentianidaeLamiidae Lamianae and
CampanulidagusingML andBayesianinferencein BayesTraits/. 3.0(PagelandMeade,2006;
http://www.evolution.rdg.ac.uk/BayesTraitsV3/BayesTraitsV3.htiitteseanalysesncluded

branch-lengthnformationandincorporatedghylogenetiaincertaintyby using a randorsetof
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200 post-burniireesfrom the MrBayesanalysisdescribecabove The BayesTraitsaanalyses
includedmulti-stateMarkov modelsvith eitherML or Markov chainMonte Carlo(MCMC)
analysesmplementedin bothcaseausing thedefaultparametersf the programfor ML, this
included 10ML attemptspertree(with 20,000ML maximumevaluations)for MCMC, this
included 1,010,00@erations(with asampleperiod of 1000 and a burnin of 10,000).

<1>RESULTS

Thephylogeretic treesrecoveredrom bothML (AppendixS3) andBayesian(Appendix
S4)approachearelargely congruentvith eachotherandwith previous studies asterid
phylogeny(em:Soltisetal., 2011;Refulic-Rodriguez an®Imstead2014;Stull etal., 2015).
Areasof thetreewith poor support includéhe positionsof Dilleniaceae Berberidopsidales,
SantalalesandCaryophyllalesTherelationshipgecoverechereamongmajor cladesof asterids
areconsistentvith previous studies: CornalesdEricalesaresuccessivelgisterwith 100%
bootstrap suppo(BSS)to the Gentianidaeclade which comprisegwo well-supportedsubclades,
LamiidaeandCampanulidadeachwith 100%BSS).Within Lamiidae Icacinaceas.s.(Stull et
al., 2015)and@ncothecgOncothecaceaddrm aclade(BSS100%)sisterto therestof the
lamiids (="Mettenusidae Stull etal., 2015).Within MetteniusidaeMetteniusaceae
(MetteniusalesandGarryalesaresuccessivelgister(with 96% and 99%BSSfor therespective
nodes)o the corelamiids,alsoknownasLamianaewhich receivedmaximalBSSas
monophyletic.

Relationshipsamong coréamiid cladesrecognizedasordersin APG IV (2016)areless
well supportedBoraginalest Gentianale$79%BSS);Solanales- Lamiales(63%BSS);and
Vahliales+ (Solanales Lamiales)(91%BSS).Within CampanulidagAquifolialeswereplaced
with maximalBSSassisterto therestof theclade,but relationshipsvithin thelatterclade(i.e.,
campanulids excludingquifoliales) arelesswell supportedEscallonialesandAsteraledorm a
clade(95%BSS)sisterto aclade ofBruniales Apiales,ParacryphialesandDipsacale$83%
BSS),amongwhich relationshipsarepoorly supported.

Figure,1summarizesynapomorphies ahajorcladesasrecoveredrom theancestral
statereconstructionsThe individual MesquiteML recorstructionsfor eachcharacteare
presentedn AppendixS5-S19 TheML andBayesiarresultsfrom BayesTraitgincorporating
branch-lengthnformationand phylogenetic uncertaintgjepresentedn Table2. Theresultsfor
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particularcharacterarepresentd below. Although thdlesquiteandBayesTraitsanalysesvere
largely congruentsomenotabledifferencesvererecoveredthesearehighlighted below.

<h2>Habit and vegetative anatomy
A woody habitis reconstructe@sancestrafor Asteridae—Mesquite proportional likelihood
(MPL), BayesTraitgroportional likelihoodBPL), BayesTraitgosteriorprobability (BPP):
0.96/0.97/0.93-aswell asfor the deeper nodes leaditothe root of thetree(in theMesquite
analyses)Within Asteridag andespecially within Gentianidaetherearecomplicatedpatternsof
transitionbetweenwoody and herbaceous habB&th majorgentianidclades]amiidsand
campanulidsarereconstructe@sancestrallywoody (lamiids: 0.99/0.99/0.99; campanulids:
0.99/0.92/0.8B+T he cladeLamianae which comprise the bulk of lamiid diversity,is
predominantlyherbaceoudyut theancestraktateof this cladeis ambiguous (i.e., nstate
recoverecht 0.50 orgreater)lt seemdikely thattherehavebeennumerougransitionsbetween
woody ancherbaceousabits(including probably numerouseversals)Within campanulids, the
two basalmostnodesarereconstructedswoody, suggesting similar patternof numerous
woody—herbaceousansitionswithin theclade.

Trilacunarnodeswerereconstructedsancestrafor Asteridag(0.88/0.99/0.65)The
MesquiteML. analysisreconstructedinilacunar nodeassynapomorphid¢or Ericales+
GentianidagMPL: 0.83),while theBayesTraitsanalyseseconstructedrilacunarnodesas
ancestrafor all majorcladesexceptthe Lamianaeclade,which has unilacunar nod¢BPL: 0.68;
BPP:0.89).Scalariformperforationplatesappeato beancestrafor Asteridae(0.82/0.93/0.99),
butthis statemay havearisenalonganearlierbranch(i.e.,somewherdetweenhe nodes defining
Superasterida@ndAsteridag. However,within asteridsreversalgo simpleperforationplates
mightrepresensynapomorphiefor a number otlades:e.g.,IcacinoideagStull etal. 2015),
Lamianag Campanulacea@ndwithin Apiales.

<h2>Chemistry
Althoughthepresencef iridoids is almostentirely confinedto Asteridaewith rareexceptions
(e.g.,LiquidambarandDaphniphyllum KaplanandGottlieb, 1982),manymemberf this clade
do not produce. iridoidS.he presence/absencéiridoids is poorly documentedcrosshasal
lamiids andbasalcampanulids, anthis lack of chemicaldata might explain ambiguiin the
Mesquitereconstructiorof severalnodes (e.gAsteridae absent0.57;present0.43).The
BayesTraitgeconstructions, howeveriearlyrecoveredridoid productionasancestrafor
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asteridgdBPL: 0.99;BPP:0.99).Within gentianidshowever jridoids appeaito havebeenlost on
numerousccasons;in somecases|oss ofiridoids seemgo characterizenajorclades(e.g.,
Boraginales an&olanales).

<h2>Floral morphology
Freepetalsarereconstructedstheancestrastateof Asteridae(0.90/1.0/0.99)Ericales+
Gentianidag0.83/1.0/0.99)Gentianidag(0.77/1.0/0.99), an@ampanulida€0.92/1.0/0.99)The
Mesquiteanalysiseconstructedusedpetalsasthe ancestrattateof lamiids (0.91), in contrast
with the BayesTraitanalyseswhich recoveredree petalsasancestrafor lamiids (BPL: 1.0;
BPP:0.72).All analysesecoveredusedpetalsasancestrafor Lamianag(0.97/1.0/0.70)Within
the campanulidsnostof the deeper nodesereconstructeavith free petals,suggesting that
sympetalyaroseon numerous occasiomsthin theclade.

The fusign ostaminalfilamentsto thepetals(stameradnation) shows similar patternto
sympetaly The ancestraktateof Asteridae(0.99/0.99/0.99andits majorsubcladese.g.,
CornalegMPL: 100),Ericales(MPL: 100),lamiids (0.93/0.99/0.98), and campanulids
(0.99/0.99/0:99)is reconstructeasfree. Within lamiids, the pointat which stamenadnation
aroseis ambiguous, but potentially evolvedin the commonancestoof Lamianae
(0.52/0.56/0.87)As with sympetaly stamenadnationis reconstructe asarisingmultiple times
within campanulidsTherelativenumber olstamenandpetalswasambiguouscrosshe
differentanalysesbutBayesTraitgecoveredstamemumber equato petalnumberas
synapomorphi¢or GentianidagBPL: 0.99;BPP:0.91).Having fewerstamenghanpetalsis
likely a synapemorphy fdramialesor asubcladewithin the order.

Superiorovaries(i.e., hypogynouglowers)arereconstructe@sancestrafor Asteridae
(0.99/0.65/0.28) and predominaterossheclade,butmultiple subclades showferior ovaries
(i.e., epigynouslowers)asa possible synapomorphy, e.g., CorndMBL: 0.47) andRubiaceae
(MPL: 0.94).The BayesTraitanalysesecoverednferior ovariesasancestrafor Campanulidae
albeitwith someambiguity(BPL: 0.79,BPP:0.37),while Mesquiterecoverednferior ovariesas
ancestrafor-asubcladej.e.,all campanulids excluding AquifolialéMPL: 0.94).

<h23Fruit type
Theancestrafruit type of Asteridaeis ambiguousrecorstructedaseitherdrupes (MPL: 0.57) or
capsulegMPL: 0.43);this charactercould not beeconstructedisingBayesTraitdecausehe
number ofstategequiredtheestimationof too manyfree parametersDrupaceousruits,
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howeverappeamlncestrafor Gentianidae(MPL: 0.85) andts two majorsubcladedamiids
(MPL: 0.96) and campanulid&@L: 0.86).Within Lamianaefruit typeis highly diverse but
capsulesrereconstructeasancestrafor this clade(MPL: 0.93). Capsulearealsoreconstructed
asarcestraffor AsteralegMPL: 0.90), amajorcladeof campanulids.

<h2>Qwule features
Unitegmicevuleswerereconstructe@ssynapomorphior Asteridae(0.95/0.71/0.57)However,
unitegmicovulesrenot ubiquitousacrossAsteridae somemembersof Ericalespossesbitegmic
ovules, anditegmicor partially bitegmicovules havdeendocumentedh Icacinaceaand
Metteniusaceaglthoughin generathis characteis poorly documentedcrosshasalamiids).
The MesquiteandBayesTraitsanalyseshowedmnajor discrepancies thereconstructions of
nucellus conditionMesquiterecoveredenuinucellatevulesaspossibly synapomorphior
Asteridag(PL: 0:63),whereagheBayesTraitanalysesecoveredtrassinucellatevulesas
ancestrafor Asteridae(0.99/0.95)andall majorsubcladegxceptLamianaeg(tenuinucellate
ovules: 0.99/0.99)This charactedoesindeedshowconsiderableariationwithin the asterids,
with Cornalessshowing bottrassinucellatand tenuinucellate ovulesndsomemembersof
Icacinaceashewingweakly crassinucellatevules;this characteis alsovery poorly documented
acrosghebasalamiids.

Cellularendospernis reconstructeéssynapomorphidor Asteridag(0.96/0.99/0.94), but
multiple cladeswithin Asteridaeappeato showreversaldo nuclear endosperm (e.qg.,
BoraginalesGentianalessomeAquifoliales,andApiales).Endosperm type, howevdike the
other ovulgfeaturesnoted aboves poorly documenteth basallamiidsandbasalcampanulids

(i.e., Aquifoliales).

<h1>DISCUSSION

Ourancestrabtatereconstructions, employirenexpanded phylogenetic framework,
provideanimproved understanding oharacteevolutionacrossAsteridae bothconfirming and
challengingdondieldideasaboutasteridmorphological evolutionrBelow we outline likely
synapomorphies aghajorcladesandalsoprovide amoredetaileddiscussiorof theancestral
morphologicafeaturesof Gentianidae one of thedrgestangiosperntlades(~80,000 spp.)We
then highlightareasof the phylogenywith considerablenissingdata,potentiallycausing
ambiguityin our understanding @he evolutionaryhistory of certainphenotypiaccharacterswe
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hopethis sectionwill guide future studies oasteridcharacteevolution.Finally, we discusssome
inherentdifficulties of conductingancestraktatereconstructior{e.g.,incompletesampling,
ambiguityin delimiting and/or codingharactestates)thesefactorsareimportantto consider
wheninterpretingresultsgiven the fundamental influentigattheycanhave orancestrabtate
reconstruction.

<h2>Synapomorphies of major clades
A number‘oftheharactersve examinedshowconsiderableariability acrosshe phylogeny,
potentiallydueto parallelevolution and/oreversals|eadingto ambiguityin thereconstructiorof
ancestrastatesand synapomorpés. Neverthelessye documentednultiple unambiguous
synapomorphie®r majorclades Ovuleswith a single integument (unitegmy) acellular
endospernappearto be synapomorphies dsteridae Patternsof nucellus evolutiowary across
analysestherefarewe could notdeterminewhethertenuinucellateovulesarea synapomorphy of
asteridslridoid productionis alsolikely a synapomorphy aisteridsputthis characteshows
complexpatternsof evolutionwithin asteridspossibly owingo multiple instanesof loss.

Sympetalywhich haslong beenassociatedavith asteridsdoes not appedo be a
synapomorphy‘ogitherAsteridaeor the subclad&entianidae Theancestraktateof Lamiidae
differedaeressanalysis typeMesquitereconstructedfusedpetalsasancestralywhereas
BayesTraitsecoveredree petalsasancestralThesedifferenceanight stemfrom theabsencef
branch-lengthnformation(and/or phylogenetiancertainty)n the Mesquiteanalyses.

Neverthelesshis characteappearso show amuchmorecomplicatedoatternof
evolutionaerossasteridghantraditionally thought,potentiallywith multiple independent
transitionsremfreeto fusedpetals.Two developmentgbatternsgenerallyreferredto as“early”
and“late” sympetaly(ErbarandLeins, 1996 Erbar,1991),havebeendocumentedor
sympetalous caorollas asterids Althoughearly andlate sympetalygenerallycorrespondo
flowersin CampanulidaeandLamiidae respectivelytherearenotable exceptions (e.g.,
Rubiaceaeamajorcladeof Lamiidag hasearly sympetaly) Our results,combinedwith the
developmental complexity of sympetalar@ollasacrossasteridssupportthe possibility that
sympetalous corollas evolved onultiple occasionsn Asteridae More detailedmorphological
and developmental investigatiomgthin a phylogenetic contexill benecessaryo better

understandhe evolution of sympetalous corollasasterids.
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Stamengqualin numberto the petalsmightrepresent synapomorphfor Gentianidage
butthis characte showedsomedifferencesacrosshedifferentreconstructionsStamenadnation
appeargo havealsoarisenindependently omultiple occasionsbutit neverthelesservesasa
synapomarphyor particularclades Stameradnations probably a synapomorphy bamianae
for exampleand potentiallyfor severalcampanulid subclades (although thpagternsaremore
complex).Capsularfruits mightalsorepresents synapomorphy dfamianag but numerous
transitiongo otherfruit typesoccurwithin this clade.

Simpleperforationplatesand unilacunar nodesayrepresensynapomorphiefor
Lamianae However thesestatesalsopredominaten Icacinaceadin particular,theyare
ubiquitousacresdcacinoideaewhich includesall genera excepZassinopsis whichis
positionedoutsideamianaein the broadet.amiidae This suggestshatthesefeaturesither
evolved independentiy bothlcacinoideaeandLamianaeor insteadaroseon a deeper branch
(i.e., thecommonancestoof Lamiidag.

<h2>Ancestral morphology of Gentianidae
Although symapomorphiger Gentianidaeremainunclear ofew (e.g.,stamensandpetalsequal
in number); theecharactereconstructionpresentederehavegreatlyclarified the morphological
featuresaneestrato this clade.Ancestralgentanidsweremostlikely woodywith scalariform
perforationplatesandtrilacunarnodesjridoids werepresenttheflowers potentially hadree (or
only slightly fused)petalsfree stamensand a superioovary;fruits weredrupes; ovulesvere
unitegmic;andendosperm productiomascellular. Most of thesefeaturesarealsosupportedas
ancestraforthetwo major gentianidsubcladesamiidsand campanulidg his view contrasts
with previousresearclsuggestingfor example thatcapsularfruits wereancestralfor
campanulid¢gBeaulieuand Donoghue, 2013).

Our analysegprovide asolid foundationfor exploringcharactetransitions(or key
innovationsMiller, 1949;Galis,2001)within Gentianidaethat might beassociatedvith
increasedliversification.Althoughthe gentianidgepresenbneof thelargestangiosperntlades,
with approximately onghird of angiospernspeciesichness—i.e., onethird of 250,000
300,000+speciesdepending omrstimategGovaerts2001, 2003; Christenhusz and Byng, 2016;
Judd etal., 2016)—muchof thatdiversity canbeattributedto particular speciesich subclades,
e.g.,Lamiales(or subcladesvithin), RubiaceaeAsteraceaeSolanaceaédpocynaceaeand
BoraginalesFuturestudiescould explorefor example, whethdranstionsto sympetalycapsular

This article is protected by copyright. All rights reserved



or achendruits, and/or an herbaceous habithin independent gentianslibcladesreassociated
with increasedliversification(e.g.,BeaulieuandDonoghue, 2013).

Althoughthe ancestrahabit of AsteridaesandGentianidaevasreconstructeéswoody,
Gentianidaeappeardso showcomplicatedpatternsof transitionbetweenwvoody ancherbaceous
habits.Severalnotablyspeciesich gentianidcladeshavehigh proportions (~50% ogreater)of
herbaceoutaxa(e.g.,Lamiales,Solandes, AsteralesApiales;FitzJohnetal., 2014), suggesting
that herbaceousness might be linkethcreasedliversificationrates.This is notnecessarily
surprisingasthe"herbaceous halhiasbeenlinkedto increasedatesof molecularevolution
(Smithand Donoghue, 2008) attik ability to inhabitdiverseclimates(Zanneetal., 2014), but
additionalresearchwill be necessaryo betterunderstand the relationship of hatoit
diversificationrate(Gianoli, 2004).

<h2>Missing (morphological) data and future work
Severakharactersong considered importait asteridevolution anctlassification(e.g.,
sympetaly;.integument number, nuceliyse, endosperm typeridoid production)arepoorly
documentednrseverakey partsof the asteridtree.Generaormerly includedin Icacinaceass.|.
(Howard,1940;Sleumer,1942)—and novplacedvariouslyin thelamiidsandcampanulids-are
very poorly.documentefbr theseparticularcharactersAlso, someof the genera dicacinaceae
s.l. thathavebeenstudiedpossssstrange combinations &faturesot foundin other gentianids
(e.g.,.Emmotumwhichis nowin Metteniusaceadias bitegmic andrassinucellatevules;
Endress and Rapini, 2014). Matetailedmorphologicalanatomicaland developmental
investigationstef poorly studiddmiids (e.g.,Oncothecaceadjetteniusaceadcacinaceas.s)
and campanulids (e.gnemberof Aquifoliales)will thereforebecritical to amasghe data
necessaryo betterunderstandhe evolution ofthesecharactersn asterids.

<h2>Difficulties of ancestral state reconstruction
Ancestralstatereconstructions a challengingnterpriseandreconstructionareultimately
influencedby.a.number ofactorsthatdeservecarefulattentionfrom theresearche?hylogenies
areseldomreconstructeavith completeresolutionand confidence, aritiereforethe
incorporation.of phylogenetigncertaintyis critical in ancestraktatereconstructionuseof a
singletreemay conveymoreconfidence thawarrantedPageletal., 2004. To accommodate
phylogenetiaincertaintyin ouranalysege.g., among coramiid order, Btull etal., 2015] and
amongcertaincampanulid ordersSpltisetal., 2011]),we usedthe progranBayesTrait{Pagel
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andMeade,2006 to conduct reconstructioreerossadistributionof trees In theseanalysesthe
ancestraktatesof severakharacterge.g., habit, nodal anatomy, astdmenradnation)vere
ambiguous for theorelamiids (i.e.,Lamiana@, butthis might be a consequenceaafmplicated
evolutionarypatternsor missingdata,in additionto phylogenetic uncertainty.

Samplingis anothercritical consideratiodior ancestraktatereconstructionlt is often
impracticalto sampleall speciewithin acladeof interest(especiallywhenthecladeis large,as
in the presentstudy;seealsothe paperin thisissueby Folk etal. [2018]), andthereareseveral
approachetaccommodatecompletesampling Oneis to sampleandscoreindividual species
scatteredicrosshecladeof interest(e.g.,Soltiset al., 2013p; aslongasthe sampling ofspecies
is sufficientto.capturethe morphologicalariationpresenin theclade,this should beaneffective
approachorreconstructingncestrastatesof thecladeasa whole SalisburyandKim, 2001).
Anotherapproachs to chooseexemplarspecief subcladesndto assignstatego theexemplars
basedon previousstudiesor knowledge o¥ariationacrosgheentiresubclade (Donoghue and
Ackerly, 1996);whenthe subcladas polymorphicfor a givencharacterthe exemplaiis either
scoredaspelymorphic orassignedhe presumedncestraltatefor theclade(Nixon andDavis,
1991).Thelatterapproach (usingxemplars)s beneficialin thatit potentiallyincorporategnore
completeinformationabout the morphologicahriationwithin aclade but problematidn thatit
requiresmoereassumpbns and/oprior knowledge that might not beadilyavailable(e.g., the
ancestrastateof eachsubcladeancludedin theanalysis).To avoidsuchcomplicationswe opted
to scoreindividual speciessampledoroadlyacrosghecladeof interest(asterids)whichis the
approachypicaly employedn contemporary studies oharacteevolution (e.g.Beaulieuand
Donoghue;»2013Soltiset al., 2013b; Zannetal., 2014;Wu et al., 2015; Sauquettal., 2017).

Missingphenotypiaata(for poorly studiedaxa)canleadto ambiguityin ancestraktate
reconstructionespeially whendataaremissingfrom crucial partsof thetree(e.g.,acrossabasal
grade; Donoghue armcklerly, 1996; Sauquedtal., 2017. A perhapsnorevexingissueliesin
thedelimitationand coding of morphologicaharactestates—which canbeproblematicor both
morphologybasedohylogeneticandancestraktatereconstructiongtevens1991;Wiens,2001).
Thedelimitatienof characterinto charactestatess rarely straightforwarg oftentaxawill
exhibit expressions of @éharactethataredifficult to bin into one qualitativestateor another
(Stevens1991;Wiens,2001;Scotlandet al., 2003. Fruits are aclassicexample of a&haracter
thatis challengingo breakinto meaningfulcategoriesgiventheprevalenceof fruits intermediate
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betweenfrequentlyusedtypes,aswell asambiguous homologgetweersuperficiallyor
functionally similar fruit morphologies (e.g., Judd, 1985; Stevens, 2001 on\Baaljlieuand
Donoghue, 2013; Judsat al., 2016. It is thereforeimportantto outline clearlythecharacterand
statesusedfor reconstructions-aswe haveattemptedo do (AppendixS2—sothatfuture

researcltanreproduce, build on, aritique previousstudiesof characteevolution.
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TABLE 1!/ Charactergndcharactestatesscaedandanalyzedor this study(see AppendixS2

for definitions).
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TABLE 2. Ancestralstatereconstructiongor major cladesinferredfrom maximumlikelihood

andBayesiannference(in BayesTraitss 3.0;PagelandMeade,2006;

Characters | States
Habit Woody(0) Herbaceougl) Suffrutescen(2)
Peforation Simple(0) Scalariform(1)
plates
Nodal Unilacunar(0) | Trilacunar(l) Multilacunar(2)
anatomy
Iridoids Absent(0) Presen(l)
Synsepaly Free(0) Fused(1)
Sympetaly | Free(0) Fused(1)
Stamen More stamens | Equalin number | Stamendewer | Both
number: thanpetals(0) D (2) numeroug3)
petalnumber
Stamen Free(0) Adnateto corolla
adnation Q)
Ovary Superior(0) Inferior (1) Half-inferior (2)
position
Carpel Many:more One(1) Two (2) Three(3) Four(4) Five (5) Sixtoten
number thanten(0) (20)
Fruit type Drupe(0) Berry (1) Capsulg2) Schizocarp | Nut/achene | Follicle (5) | Samara
3) 4) (6)
Seednumber | Many: more One(1) Two (2) Three(3) Four(4) Five (5) Sixto ten
(perfruit) thanteni(0) (20)
Owule Bitegmic (0) Partially bitegmic | Unitegmic(2) Ategmic(3)
integument QD
Ovule Tenuinucellate | Crassinucellate | Weakly Pseudocrassi
nucellus 0) (2) crassinucellate | ucellate(3)
(2)
Endosperm* | Nuclear(0) Cellular(1) Absent(2)
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http://www.evolution.rdg.ac.uk/BayesTraitsV3/BayesTraitsV3.htiitte parenthesefllowing
eachreconstructedtatecontainML proportional likelihoods anBayesiarnposteriorprobabilities
for eachstate Seveal charactergi.e., carpelnumber fruit type, andseednumber) could not be

reconstructed usinBayesTraitdbecauseheypossessetbo manyfree parameterso estimate.

CharactersAsteridae | Ericales+ |Gentianida Lamiidae |Lamianae | Campanulida
Gentianidae | e e
Habit Woody Woody Woody Woody Ambiguou | Woody
(0.97/0.93) (0.93/0.87) |(0.98/0.95) | (0.99/0.99) | s (0.92/0.86)
Perforationy Sealarifor | Scalariform | Scalariform| Scalariform| Simple Scalariform
plates m (0.99/0.90) |(0.99/0.95) | (0.99/0.95) | (0.99/0.82)| (0.99/0.90)
(0.93/0.99
Nodal Trilacunar | Trilacunar | Trilacunar | Trilacunar | Unilacunar| Trilacunar
anatomy. (/(0.99/0.65) (0.93/0.50) |(0.99/0.74) | (0.99/0.80) | (0.68/0.89) (0.99/0.60)
Iridoids Present | Present Present Present Present Present
(0.99/0.99) (0.99/0.98) |(0.99/0.99) | (1.0/0.99) | (0.99/0.96) (0.99/0.99)
Synsepaly | Fused Fused Fused Fused Fused Fused
(0:99/0.73) (0.99/0.57) |(0.99/0.88) | (0.99/0.80) (0.69/0.59)| (0.97/0.83)
Sympetaly| Free Free Free Free Fused Free
(220/0.99) (1.0/0.99) |(2.0/0.99) |(1.0/0.72) |(1.0/0.70) |(1.0/0.99)
Stamernvs. | More More Equalin Equalin Equalin Equalin
petal stamens | stamens number number number number
number _.}(0:79/0.71) (0.61/0.45) |(0.99/0.91) (0.99/0.99) (0.99/0.80)| (0.99/0.84)
Stamen” | Free Free Free Free Fused Free
Adnation |(0.99/0.99) (0.99/0.99) | (0.99/0.99) | (0.99/0.98) | (0.56/0.87)  (0.99/0.99)
Ovary Superior | Superior Superior | Superior | Superior | Inferior
position | (0.65/0.28) (0.97/0.71) |(0.85/0.50) | (0.93/0.87) | (0.89/0.49) (0.79/0.37)
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Character | Asteridae | Ericales+ |Gentianida Lamiidae |Lamianae | Campanulida
Gentianidae | e e
Ovule Unitegmic | Bitegmic Unitegmic | Unitegmic | Unitegmic | Unitegmic
integument(0:71/0.57) (0.81/0.77) |(0.99/0.99) | (0.99/0.99) | (0.99/0.99) (0.99/0.99)
Ovule Crassinuce Crassinucell| Crassinucel Crassinucel Tenuinucel Crassinucella
nucellus ““|llate ate late late late e (0.95/0.72)
(099/0.95) (0.99/0.89) | (0.99/0.96) | (0.99/0.99) (0.99/0.99)

Endospers.Cellular | Cellular Cellular Cellular Cellular Cellular

m (0.99/0.94) (0.99/0.97) |(0.99/0.97) | (0.93/0.87) (0.98/0.95)| (0.98/0.95)

FIGURE 1. Summarytreefor Asteridaeshowing potential synapomorphiesmodjorclades

recoveredrom theancestraktatereconstructionsThe original reconstructiongor eachcharacter

arepresentedn AppendixS5-S19.The numbers denote the location of apomorphies and

correspondothefollowing charactestateszl. iridoid production, 2. unitegmic ovules, &llular

endosperm, tamensgqualin numberto thepetals,5. inferior ovaries 6. stamensadnateo the

corolla,”7.unilacunamodes, and &impleperforationplates.
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