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PREMISE:OF THE STUDY: The Caryophyllalexontains~12,500speciesandis knownfor

its cosmopolitardistribution convergence dfait evolution,andextremeadaptationsSome
relationshipgwithin the Caryophyllaleslike thoseof manylargeplantcladesyemainunclear,
and phylogenetic studiedtenrecoveralternativehypotheses. We explore thality of broad
and densgranscriptomesamplingacrossheorderfor resolving evolutionary relationships
Caryophyllales.

METHODS. We generated4 transcriptomesind combinedhesewith 224 publidy avaiable
transcriptomeso performa phylogenomi@analysisof CaryophyllalesTo overcome the
computational challenge of ortholdgtectionin suchalargedataset we developednapproach
for clugering genefamiliesthatallowedusto analyze>300transcriptomesandgenomesWe
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theninferredthespecieselationshipausingmultiple methods angerformedgenetreeconflict
analyses.

KEY RESULTS: Our phylogeneti@analysesesolvednanycladeswith strong support, bulso
showedsignificantgenetreediscordanceThis discordancés not only acommonfeatureof
phylogemmic studies but alsorepresentsn opportunityto understanghrocessethat have
structuredohylogeniesWe alsofound taxon samplingnfluencesspeciedreeinference
highlighting'the importance ohorefocusedstudieswith additional taxon sampling.
CONCLUSIONS: Transcriptomsareuseful bothor speciegreeinferenceandfor uncovering
evolutionary complexityvithin lineages. Throughnalyses of genetree conflict andmultiple
methods eBpeciedreeinferencewe demonstrate that phylogenomic degenprovide
unparallelednsightinto the evolutbnaryhistory of CaryophyllalesWe alsodiscussa method

for overcoming computational challengessociatedvith homologclusteringin large datasets.

KEY WORDS: AgdestidaceaeAmaranthaceaeiaryophyllalesgoalescentgenetreeconflict;

homolegy;phylogenomicghylotranscriptomicsupermatrix

The CaryophyllalesgensuAngiosperm Phylogeny Grodp [APGIV, 2016]) contairan
estimated-12,500speciesandarefound onall continentsaandin all majorterrestrialecosystems
(Hernandez-edesmaet al., 2015).The cladeis notablenot only for its diversity and broad
ecologicalandgeographialistribution butalsofor its arrayof unique morphological and
ecophysiological adaptationgany Caryophyllalegmostfamously manycacti)arenotedfor
their extreme, droughtolerancebut thecladealsocontainsspecieghat exhibitextremecold
tolerancgCavieresetal., 2016), halophytisnfFlowersandColmer,2008;White etal., 2017),
heavymetalhyperaccumulatior(Moray et al., 2016)carnivory(e.g. Venudlytrap, sundews,
andNepenthes pitcherplants)(Albert etal., 1992; Givnish, 2015hetalainpigmentation
(Brockingtenet al., 2015), G andCAM photosynthesi§Vang et al., unpublishednanuscript
Sageetal., 2011; Mooreetal., 2017;Sage2017), anducculencéSajevaandMauseth,1991;
Eggli andNyffeler, 2009).Most of theseadaptatios areknownto havearisenmultiple times
throughouthe clade making Caryophyllales ey naturallaboratoy for understandingrait
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evolutionin angiospermsThe cladealsoincludes numerousconomicallyymportantspecies
(e.g.,beetsquinoa, angpinach, bolsteringits utility asa modekystemfor understanding
morphological and physiological evolution.

Previous phylogenetiwork, focusedonresolvingthe backboneelationshipsof
Caryophyllales, hastilized morphology(Rodmaret al., 1984)targetedyene sequencindrettig
etal., 1992;Brockingtoetal., 2009, 2011; Schéaferhadtal., 2009) plastomesequencing
(Arakakietal., 2011) andtranscriptomeadata(Yangetal., 2015, 2018)Thesestudieshave
resultedinthe expansion of th&aditional Caryophyllalegi.e., correspondingssentiallywith
the originalCentrospermaep include othefamilies(e.g., Polygonaceae, Plumbaginagea
Droseraceagrhabdodendraceae) and theircumscriptiorof a number ofamilies,especially
thedivisionof previously broadlgircumscribedVolluginaceaePhytolaccaceaend
PortulacaceaAPG IV, 2016).Thesetaxonomicrearrangementsaveresultedn the 38families
currentlyrecognized bAPG IV (2016)aswell asthemorerecentlyproposed Corbichoniaceae
(Thulinetal., 2016).Almostall of thesefamilies havebeenshownto be monophyletioyith the
possiblesexception d?hytolaccaceadueto theuncertainposition of the tropicdlanaAgdestis
clematidea(Hernandea-edesmaet al., 2015) Our understanding of relationships amdhgse
familieshasadvancedjreatlyduring thepast20years.For exampletherehasbeenconsistent
supportatthe baseof the extant Caryophyllalder asplit betweerthe noncore Caryophyllales,
consistingof the carnivorousamilies (Droseracead)rosophyllacead\Nepenthaceae,
Ancistrocladacead)ioncophyllaceae) anallies (Tamaricacead;rankeniacead}olygonaceae,
and Plumbaginaceagndalarge cladecontainng theremainingdiversity of theorder
(Brockingtonet al., 2009; Herndndelzedesmaet al., 2015) Within the htterclade thereis
supportior a grade composed of fospeciegpoorfamilies (Rhabdodendraceae,
Simmandsiacead\steropeiacege@ndPhysenaceaehatleadsto awell-supportectlade
containingall of thecoremembersf Caryophylales (i.e., the oldCertrospermaejHernandez-
Ledesmatal., 2015) Thediversificationwithin severakladesvasapparentlyery rapid
(Arakakietal., 2011), makingesolutionof the backbone phylogeny thiis cladedifficult
(Hernande4-edesmeet al., 2015).The use of genoia data(Jarvisetal., 2014; Fontainetal.,
2015),restrictionsite-associate@NA sequencingRADSeq (Eatonetal., 2016), genotyping by
sequencing (Fernandéfazuecostal., 2017) andtranscriptomeadata (Dunretal., 2008;Smith
etal., 2011; Cannoatal., 2015;Peasestal., 2016) havall provento be robust toolsor
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inferring recalcitrantevolutionaryrelationshipsat bothshallowanddeeptime scales butto date
thesetoolshavenotbeenappliedto Caryophyllalesvith sufficienttaxon samplingo test
hypotheses odarly-divergingrelationships.

Transcriptome#$iold considerablgpromiseasa phylogenetic to@sthey provide a
relativelyeosteffectiveway to generate avealthof sequencelatafor evolutionaryanalyses
includingthe exploration of genéreeconflictandgene/genome duplicatiof@/ickettetal.,
2014; Cannortal., 2015;Smithetal., 2015;Yangetal., 2018). Forexamplejn a study using
92 transcriptomes$o reconstructand-plantrelationshipsWickett et al. (2014)demonstratethat
phylotranscriptomic datsetsprovide highly informative dator resolvingdeepetlevel
phylogenetic relationships, bsbmerelationshipsveresensitiveto thereconstructiormethod.
Underlyingthesesensitiverelationships isftengenetreeconflict thatmayarisefrom avariety
of biologicalcausesincluding butnot limited to incomplete lineagsorting(ILS), hybridization,
hidden paralogy, and horizontal gerensfer(Galtierand Daubin, 2008)5enetreeconflict
makesit difficult to assesspecieselaionships,asphylogenetic hypothesesethe product of
the geneselectedor ananalysis (Maddison, 1997; Roketal., 2003 Walkeretal., 2014;
Smithetaly2015), and individual geneanhave overwhelming influences on tgeciegree
topologyin phylogenomiaatases (Brown and Thomson, 2017; Shenal., 2017 Walkeretal.,
2018).targemulti-locusdatamatricesmayalsoresultin artificially inflated support{(Seo0,2008),
maskng underlyingconflict. Furthermoretaxon samplinganaffectphylogenetiadeconstruction
using bothcoalescenandsupermatrixmetiods(Wickettetal., 2014;Walkeretal., 2017) These
problems;*howevegrenot aconsequencef usingtranscriptomeperse—rather,transcriptome
analysedaveexposed problems that haalevaysbeenpresentbut havebeenoverlooked du¢o
limited datasets In short, the use of transcriptome dsédsprovides novel insightisito
evolutionaryhistory andleadsto biologicalinsightsthatarenot obtainablérom a handful of loci
(Yangetal.,2015;Peaseetal., 2016;Smithetal., 2017).

We explore the conflict underlying relationshgzsosghe phylogenetic backbone of
Caryophyllales using datasetconsisting of 29%ranscriptome andthreegenomesgollectively
comprising.32 of the 3families of CaryophyllalesAPG IV, 2016; Thulinetal., 2016). Dueo
the severecomputational burdeimposedby the exponentiadcalingof all-by-all BLAST during
homologdetectionwe outlinea method of homologlusteringthroughpostordertraversal(tip-
to-root). This processllowed usto conduct thell-by-all procedure on individuatladesthatare
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then combinedh ahierarchicalmanner. Our analyses highlight the tremendous power of using
largedatasetsfor inferring speciegelationships, but thegisorevealsomeof thelimitations of

largephylogenomianalysedor speciegelationshipinference

<h1>MATERIALSAND METHODS
<h2>Data availability

Theraw readsfor transcriptomegeneratedor this study havéeendepositedn the
NCBI sequenceeadarchive(BioprojectSRP127816 Assembliesprthologous genelusters,
alignments, antreesareavailablein the DryadDigital Repository
(https://datdryad.org//review?doi=doi:10.5061/dryad.4 7pscriptsand programswritten for
this projecteanbe foundat Bitbucket fttps://bitbucket.org/jfwalker/ajb_bigtree).

<h2>Taxon sampling, tissue collection, sequencing, and read assembly

Taxonsamplingwasdesignedo broadlycover Caryophyllalegn total, our sampling
includes«295 CaryophyllaléganscriptomesndthreeCaryophyllaleggenomestepresentin@98
speciesand=32 of the 3tamiliesin theclade the phylogenetidistributionof thespecies
sampleds shownin acollapsedyenusteveltreeof Smithetal. (2018)(Fig. 1). Thefamilies
Asteropeiacead3arbeuiacead;orbichoniaceaddioncophyllaceaeilalophytaceae,
Lophiocarpaceaegnd Rhabdodendraceaerenotsampleddueto thedifficulty of obtaining
freshtissueof thesetaxa.We alsoincludedAgdestis clematidea to testits phylogenetic position
within thephytolaccoidclade(NyctaginaceaeRetiveriaceae?hytolaccaceas.l., Sarcobataceae)
We sampledl0 outgroups spannirbe asterids(Mimulus guttatus, Solanum lycopersicum, Ilex
paraguariensis, Actinidia deliciosa, Vaccinium corymbosum, Camptotheca acuminata, and
Davidia involocrata), rosids(Vitis vinifera), RanunculalegAquilegia coerulea), andSantalales
(Taxillusnigrans). A summaryof all 84 newly generatedranscriptomesan be foundn
AppendixS1(seeSupplemental Btawith this article), alongwith thesourceof the datdor
previouslygeneratedranscriptome$AppendixS2). In manycasesapreviouslyassembled
transcriptomevasused,n which casewe listed the digital objectidentifier (doi) for the Dryad
Digital Repositorywherethatassemblyvasdownloaded.

The 84newly generatedranscriptomesveresequencedndprocessedollowing the
previously developed phylotranscriptomic workfloMangetal., 2017)In short,RNA was
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obtainedfrom freshtissuethatwasflashfrozenin liquid nitrogenandstoredat—80°C.When
possible, thé&kRNA wasextractedrom amixture of both youndeaf andflower bud. The various
methodsusedfor thenewly generatedranscriptanescanbe foundn AppendixS1 All RNA
seqiencing(RNA-seq)librarieswerestrandedo simplify assemblyandtranslation Pairedend
sequeneingor all newly generatedranscriptomesvasperformedusinglllumina HiSeq
platforms(seeAppendixS1for additionaldetails).Sequencassemblyandtranslationwere
conductedisingpreviouslydesignedorotocolsasoutlinedin Brockingtonetal., 2015; any
differencesarehighlightedin AppendixS1

<h2>Censtruction of speciestrees

We conductedwo analysedo reconstruct theelationshipswvithin the Caryophyllalesin the
first, we conducted &ierarchicaklusteringmethodacrosgheentireCaryophyllales
(abbreviatedhLL throughout), anth the secondye conductedargetedanalysesneachwell-

samplednajor group(abbreviatedND throughout).

<h2>Reconstruction of the Caryophyllales species tree with hierarchical clustering (ALL)
<h3>Tip.clustering

The code developed angedfor this projectcanbe foundat
(https://bitbucket.org/jfwalker/ajb_bigtreand the overarching proceduretipfto-root
clusteringhasbeenincorporatednto PyPHLAWD (SmithandBrown, 2018, inthisissug. This
methodutilizes a taxonont treebasedon previous phylogenetic hypotheses. Homolege
first clusteredby binningtranscriptomesvithin taxonomicfamilies (which we referto astip
clustering) andclusteringthen workedackwardowardthe root of a taxonoimtree(internal
nodeclustering Fig. 2.). Hence taxonomicfamilieswerethetips for the postorderclustering
(Fig. 2)=Thefamily Amaranthacea@asseparateihto Chenopodiaceae arWdnaranthaceae
(Herndndea-edesmeet al., 2015) Agdestis clematidea wastreatedasits own tip within the
monotypicAgdestidaceaéseeResults)andwasclusteredwith the monotypidamilies dueto its
conflictingsphylogenetic positions (Herndndezdesmaet al., 2015). The addition ¢hesetwo
familiesinto the analysis expands ttatal Caryophyllales sampling 34 familiesandthetotal
possiblefamiliesfor Caryophyllalego 41 (.e.,the 38familiesrecognizedy APG IV [2016],

plus Corbichoniacea@&gdestidaceaegnd Chenopodiaceae). Thealysisvasconducted on 19

This article is protected by copyright. All rights reserved



bins offamilieswith threeor morespeciesepresentedl binfor all familieswith lessthanthree
speciesepresentedand one bitior the outgroupdpor atotal of 21 bins(Fig. 2). The sizeof
thesebinsrangedrom asmanyas39 individual speciesn Caryophyllaceae and
Chenaopodiacea#) asfew asthreein avariety of families (Fig. 2). Thefirst stepfor all
transcriptemesnd genomewasto reduce sequence redundairtyhetranslatecaminoacid
datasetsusingcd-hit (-c 0.995 —n 5fFuetal., 2012).Cladesincludingthreetaxaor morewere
clusterednto putative homolog groups followingyang andSmith,2014); The methodonsists
of conductinganall-by-all BLASTP (Altschul etal., 1997),with an E-valuecutoff of 10. Thetop
1000hits wereretrievedand putative homolog groupgereretainedfor specia clusterswith a
hit fraction>0.4. Subsequently, Markausteringwasconductedasimplementedn mcl (Van
Dongeny 2000)with theinflation value cutoff setto 1.4 andthe E-value cutofsetto 10 “~abc
—te 18 +f ‘gq(5)’ ”. Resultingphylogenécally informativeclusters(>4 sequencesyere
separatedut for furtherfiltering andremainingclusterg<4 sequenced)eingretainedfor node-
level clustering.

Clusterswith four ormoresequencewerethen aligned usinflAFFT v7 (Katohand
Standley, 2013), conductéar 1000cyclesof iterativerefinementwith thesetting“—auto —
amino=maxiteratel000”. The alignmentsverethentrimmedfor 10%columnoccupancy using
the phyx (v.0.99) prgrampxclsq(Brown et al., 2017)with the settings “—p 0.1 &". After each
approximation, roughly 10 homoladusterswere manuallycheckedo ensurethealignmentand
cleaningprocedures ereperformed properly. Phylogenetieeswerethenestimatedor each
potential’hemologlusterthroughmaximumlikelihood using the ReML v8.2.3(Stamatakis,
2014) algorithn(for <100sequencesand theFastTre@ v2.1.8(Priceetal., 2010) algorithmfér
>100sequences)n bothcasesthetreeswereestimatedunder theVAG model ofprotein
evolution.

Eachinferredhomologclusterthenhadall putativelyspuriougips filtered out by
removingtips basedonrelativeand absolute branch lengttiteria outlined byYangandSmith
(2014).The absolutdip cutoff usedwasthreesubstitutiongersite, andtherelativetip cutoff
wastwo substitutiongersite Thesevalueswereusedbecauseanythingof thatlengthor greater
likely representegoor alignment osomeform of long-branchattractionbaseduponconserved
domainregions and coulkadto compoundingssuesn downstreanalignmentandtree

inference The homologtreewasanalyzedor all cladesthatconsistedsolely of genedrom the
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sametaxa;thesewerethencondensedavnto a singletip, which waschoserbasedn the
criterionof having thenostpotentiallyinformativesites(i.e., mostaminoacidsin trimmed
alignmenj. The condensing ofhesecladesvascarriedout, becausenycladeconsistingsolely
of tips from the sameindividual waslikely the product oflifferentisoformsor in-paralogs,
neither ofwhich provides aneansof inferring speciegelationshipsThe sequencesf the
remainingtips werethenextractedo form new homologlusterswith which thesameprocess
wasagainperformedwo moretimesfor furtherrefinement.The bin containingall small
familiesandthe bin containingll outgroupsvereseparatel}combined andlusteredusing the

samemethodasthe individualfamilies

<h3>Internal node clustering

Clusteringatinternal nodes of the taxonornrgewasconducted using postordertreetraversal
method(tip-to-root), whichwasperformed following th@redictedtopologyfrom the
Angiosperm PhylogenWebsite(Stevens2001) Fig. 2), whichitself represents continuously
updatedcompilationof previouslyinferredphylogenies (e.g., Cuenedal., 2002; Brockington
etal., 2009y Christenhust al., 2014). The methodroceedsy usingthe preelusteredgroups
generatedy thetip clusteringstep The predictedsistertips arethefirst to be combined (e.g.,
CactaeeaandPortulacacegd-ig. 2). The combination occurs biyrst creatingaBLAST
databasérom one of theips (or a node depending avherethe clusteringis occurring).This
databaseonsistsof randomrepresentativekom eachof theclusterechomologougenesThe
numberofrandomepresentativewasdeterminedy thesizeof the homologous geraduster.
For clusterswith fewerthanfour sequencesll sequencetom the dusterwereused;for
clusterswith four ormoresequencest + sqrt 0. of sequencem the cluster)wererandomly
selectedcand addedo the database¢o allow for proportionalrepresentatioof thecluster.

After thedatabasevasinitiatedfrom onetip, aBLAST analysisvasperformedfor
representativeequenceom the othetip, with therepresentativebeingchoserbasedon the
samecriteria. The BLASTP analysiswvasconducted usingn e«valuecutoff of 1e-3, and only the
top hitwasretrieved All clustersirom onesistertip/nodewerethen combinedavith their top hit
from the othesistertip/node, using a onstdedBLAST approachlf multiple hits occurred
betweenthetwo, thenthe new nodeclusterwasformedconsisting ofll homologous gene
familiesthathad ahit.
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For example, in theaseof PortulacaceaandCactaceaghe new noddevel cluster
“Cactaceae+Portulacaceabéoreticallycould containall 44 representativéaxafrom thosetwo
families. The nextstepfor theinferredhomologsat the nodelevel “CactaceaePortula@ceaé
bifurcateis to combineAnacampserotaceawjth the newly formedhomologclusterof
(CactaceagPortulaceaelpbeled‘1l” on Fig. 2, whichin turn would form thecluster
Cactaceae+Portulaceae+Anacampserotatdzsed 6” on Fig. 2. Inlatersteps only clusters
withflessthan5000sequenceareretainedasfuturetreebuilding, andalignmentstepsoftenhave
issuesvith'suchlargedatasets(Fig. 2).

Although predominantly conducteéd a posterdermeans or from tip-to-root, the
proceduresincludedomedeviations. Ater thatthe clustercontainingthe noncore
Caryophyllalessinglefamilies and outgroupsiasthen combiedwith the core Caryophyllales
(internalnode 20Fig. 2). This methodresultsin asignificantdecreasé& computational burden
imposed bytargehomolog groupshut dueto the removal otlusterssmallerthan 5000
sequencealsocauseshefinal homologclustersto besmallerthan thoseisuallyproducedoy an
all-by-alhBIzAST.

<h3>Inierence of final gene trees
After theformationof homologclustersjnferenceof thefinal genetreeswasconducted byirst
aligningwith MAFFT andtrimming the alignednatrix with pxclsqwith thesettingsdescribed
aboveln thefirst round of gendreeinference FastTre@ v2.1.8wasusedwith thesamesettings
asnoted7aboev¢o infer all individual gendrees.Next, all sequencewith anabsolute branch
length of.:2substitutions/sitand arelativebranchlength of 1 substitutiosite weretrimmed.
Furthermoreanycladesthatconsistedf only genegrom a single taxonvereagaintrimmed
downto only.the geneavith the highest number of alignezharactersNext, anycladeincluding
genedrom.atleastfour taxaaswell asabranchwith atleastone substitutiorsite wassplitinto a
separatdiomolog groupThe sameprocessvasthenrepeatedo helpfurtherrefinethe dataset.
Orthologoussequencewereinferredfrom theinferredhomologougenetreesusing the
rootedtree(RT) method(YangandSmith,2014) and specifyingquilegia caerulea
(RanunculaceagTaxillus nigrans (Loranthaceae)andVitis vinifera (Vitaceae)asoutgroups
with aminimumof 50 sequencesquiredasingroup taxaThe specificationof threeoutgroups
in theRT methodmeantthat thefinal treecontained 305 of the 308 tanaedin theanalysis.The
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other outgroup taxarerekeptasingroupsastheyarepredictedto form a cladewith
Caryophyllales andeededo rootthe speciedreeafterfinal inference The orthologous genes
werethen aligned usinflAFFT with the settingsabove cleanedwith pxclsgfor 30% column
occupancy, and onlglignmentghatstill containedatleastl150charactersvereretainedafter
cleaning:GenetreeswerethenestimatedusingRAXML, tips longer than 0.8 substitutiosge
wereremoved, and any internatanchedongerthan0.8 substutiongsite or greatemwere
separatedrfhenclades with fewerthan50 sequencesr fewerthan 17differentfamilieswere
removedrom thespeciedreeanalysisTheresultingsetof 1238 gendreeswasusedfor the
downstreanMQSSTspeciedreeanalysisFinally, we filtered for geneghatcontainedat least
17 differentfamiliesand 200 taxaesultingin 58 orthologdor thesupermatrixanalysis.

<h3>Jecies:tree inference for Caryophyllales (ALL)

We inferreda speciegreefor thedatasetincludingall of the Caryophyllalewith two methods.
First, we conducted a aximumlikelihood analysisasimplementedn RAXML v8.2.3, on a
supermatriof 58 orthologconcatenatedsing pxcaffrom phyx; Brownetal., 2017).The
supermatrixvaspartitionedby ortholog,with the WAG substitution modedpecifiedfor each
partition;final inferencewasconducted using ratevariation(PROTCATWAGIn RAXML).
Suppertfor thetreewasevaluatedoy running 100apid bootstrapssimplementedn RAXML
andfor 200replicatesof the quartet sampling meth@deaseet al., 2018).The secondnethal
employed théMaximum QuartetSupportSpeciesree(MQSST)algorithmasimplementedn
ASTRALE-1%(v.4.10.12)Miraraband Warnow, 2015)Thiswasconducted usinthe 1238
orthologsthat containedat least17 families and 5Qtaxa.Supportfor thetreewasinferredusing

local posterior probabilities (Sayyari aMirarab,2016).

<h2>Reconstruction of densely sampled clades within Caryophyllales with individual analyses
(IND)

Althoughour hierarchicaklusteringmethodwaseffectivein overcoming the
computatienal challenge orthologyinference taxon samplingnay affectorthologyinference
dueto avariety of reasonge.g., heterogeneiin evolutionaryrates,gene/genomduplication
etc). As such we alsoconductedpeciegreeanalyse®nthefive individual dadesof interestto

helpverify the speciegelationships obtainefilom using the 305 taxdataset.The densely
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sampledcladeswe choseto analyzeseparatelyncludedNyctaginaceaeCaryophyllaceae,
AmaranthaceaeChenopodiacea&actaceaeand thecladeof noncore CaryophyllaleShe
methods and settingsedfor treeinferencein eachcasevaried, giverthe heterogeneityn
evolutionaryratesacrosseachof theseparat clades; therefore we haveoutlinedsettingsand
modificationsbelow.All statisticsasreported by pxIss@from phyx; Brownetal., 2017)for the
final matices canbe foundn AppendixS3

<h3> Caryophyllaceae

Clusteringwasperformedusingthe samemethodsasthetip level clustering, but includethree
Chenopodiacea&finacia oleracea, Chenopodium quinoa, andBeta vulgaris), two
AmaranthaceafAlternanthera brasiliana andTidestromia lanuginosa), and Achatocar pus
gracilis (AchatocarpaceaasoutgroupsThe homologtreesthen had spuriougps trimmed
usingan absolutecutoff of two substitutionsite, and the monophyletiips werethenmasked
leaving.thetip with the mostalignedcharacters.Orthologswereidentified usingmaximum
inclusien(Ml) (YangandSmith,2014).0f theseidentified orthologs groups containingtleast
40 of the 45 taxaverechosenresultingin 999inferredorthologs.The individual orthologsvere
then alignedvith MAFFTV7, with the settings “-auto--amino--maxiteratel000”,and
alignmenttrimmedfor 10% minimumoccupancy using pxclsq (—p 0.4);and aML treewas
inferredusingRAXML v8.2.3for eachortholog.

The speciegreewasinferredusingthe sametwo methodsasabove(i.e., usingMQSST
asimplementedn ASTRAL-II and through gupermatriXML analysis usingrastTredo
generateaninput topologyfor amorethoroughanalysisusingRAxXML v.8.2.3.In bothML
analysestheWAG model of evolutiorwasusedwith partitioningby geneto ensurehata

separateatewasestimatedor eachgene usingCAT.

<h2>Nyctaginaceae

The nodelevel clusteringthatcontainedheNyctaginacea€37 taxa)andPetiveriaceaés taxa)
wasusedfor. inferenceof theclade(node 2}Fig. 2). Initially, homolog groupswhich werefound
to containatleast1000genesandsequenceffom bothNyctaginaceaandPetiveriaceaevere
alignedusingMAFFTV.7, cleanedwith pxclsgfor 10%matrix occupancy, and homoldoees
wereinferredwith FastTrees2.1.8 under th&VAG modelof evolution.Next, spurioudips with
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arelativevalue of 1 sultgution/site andan absolutevalueof 2 substutiong'site wereremoved,
and monophyletitips weremaskedconservinghetip with the highesthumberof aligned
charactersNext, orthologswereinferredusingthe maximuminclusion proceduresearchingor
orthologgroupscontainingat least40 of the 41taxa,which resultedn 389 orthologsfor the

analysisSpeciegreeswereinferredusing the method mentioned abdeeCaryophyllaceae.

<h3>Cactaceae

The speciegreeswereinferredusing thesamemethodasNyctaginaceaeavith the following
minor modificationsThe clusterusedwasthe noddevel clusterthatconsistef Cactacea¢29
taxa) Portulacacead8 taxa) andAnacampserotaced® taxa)(node6; Fig. 2). The ortholog
groupswerefiltered for those consisgig of atleast40 of the 4taxa,whichresultedn 1502

orthologs.

<h3>Amar anthaceae and Chenopodiaceae

The speciegreeswereinferredusing thesamemethodasNyctaginaceagith theseminor
modifications we usedhomologous genelustersof 500sequencesr fewer,asopposedo
1000.Theclustersusedwerefrom the noddevel clusterthatconsistedf Amaranthaceaé21
taxa).€henopodiacea@9taxa) andfive representativ€aryophyllaceae (node Big. 2). The
orthologgroupswerefiltered for those consisting @t least60 of the 65taxg which resultedn
455 orthologs.

<h3>Thenoncore Caryophyllales

The speciegreeswereinferredusing thesamemethodasNyctaginaceasvith thefollowing
modifications The clusterusedwasthe node-evelclusterconsistingof Polygonaceae (37 taxa
Plumbaginaceagl), Tamaricaceag3), Nepenthaceag3), andDroseraceaéd) (node 12Fig. 2).
The node 1Zlusterwascombinedwith the clusteringof smallerfamiliesto addin the other
noncorefamilies Drosophyllaceaél), Ancistrocladaceaél), andFrankeniaceag?). The
familiesBasellacea€?), Microteaceadl), Physenacea@), andSimmondsiaceagl) were
addedasoutgroupsThe orthologgroupswerefiltered for those consiting of atleast55 of the 60

taxa,whichresultedn 514 orthologs, ofwhich only 513 containedtleastone outgroup and

This article is protected by copyright. All rights reserved



14

wererootedfor theconflict analysis Thefinal statisticsfor the supermatrixcanbe foundn
Appendix S3.

<h2>Analysis of conflict

We.conducted conflichnalyseonthetreesresultingfrom theIND analy®s using the
bipartitionbasedmethodasimplementedn phypartSmithetal., 2015) All genetreesfrom
the cladespecificanalysesvererootedby outgroupsn arankedfashion using pxr(from the
phyx packageBrown etal. 2017), wherebyif a taxonin the outgroups not found, the program
searche$or the nextaxon thus not requiringll outgrouptaxafor rooting. Theresultswere
summasizednd mapped ontoteeeusing phypartspiecharts.py
(https:/fgithub.com/mossmatters/MJPythonNotebooks). A comparisonflict betweerthe
topology of theMQSSTand theViL analysisvasconductedisingpxbp (from the phyxpackage;
Brownetal. 2017),wherebothtreeswererooted orall outgroups usingpxrr andthe MQSST
treewasmapped ontthe ML tree.

<h1>RESULTS

\We define the supporin theMQSSTspeciegreefrom here orasfollows: strong
supportwill correspondo local posteriomprobabilities(LPP)> 0.95, moderate suppawill
correspondo 0.95 >LPP> 0.80, and low suppowill correspondo 0.80 >LPP.Forthe
bootstragBS) supporton the ML tree (Appendix S4)we will consider strong suppdad beBS
>90, moderate supponill be 90 >BS> 70, and poor suppovtill be anythingvith BS support
lower than70. Herewe alsodiscusshe quartetlifferential (QD), which reflectsthe number of
alternae topologies guartetrecovers, and thiell resultsof the analysiscanbe foundn
AppendixS5 This method provides meansof disentangling a rogue nofflem onewith two
dominanttepologiesanda thoroughdescriptionof this form of supportandotherquartetbased
supportmetricsis outlined byPeasetal. (2018,in thisissug.

We inferredspecieselationshig usingmultiple datasets—one datasetcomprisedll
taxa(ALL;"Fig. 3), whereaghe other datasets(describedn AppendixS3)included only
orthologsinferredfrom five mostdenséy sampledclades(IND; Figs.4-8).
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<h2>Relationship among major clades across the backbone of Caryophyllales using the ALL
data set

Conflict betweertheMQSST andML -inferredphylogenetidreesis shownin Appendix
S6. Bothanalysesecovered cladeof Tamaricaceadirankemaceaesisterto
PlumbaginaceagPolygonaceaeyhich we will collectivelyreferto asthe noncarnivorous
noncore(NCNC) clade(Fig. 3; Appendices S4-6). TMQSSTanalysishad insufficientdatato
resolvethalivergenceof theNCNC, resultingin no branch lengtht thedivergenceof the
carnvorousclade(the families Droseraceaéincistrocladacead)rosophyllaceae, and
Nepenthaceaeand the core Caryophyllalésll otherfamilies).In theML analysiswe
recoveredhe carnivorouscladeto besisterto the core Caryophyllales and tNENC with low
supportfromthe ML supportstatistics(AppendicesS4, S5).The majority of nodeswithin core
Caryophyllaleseceivednediumto high supportn theMQSSTandML trees with notable
exampleof low support occurringh Amaranthaceasubfamily Polycnemoidea®glycnemum
majus andNitrophila occidentalis) andtheplacemenbf Cactaceagenerd_euenbergeria and
Pereskiar

Thecore Caryophyllalewasinferredto be nestedwithin agradeof speciespoorfamilies
(Fig. 3)«ln the MQSSTtreeg this gradeconsistef Simmondsiaceae?hysenaceae,
Microteaceagand acladeof Stegnospermataceae+Macarthuriaat@ergingin thatrespective
order.In theML analysisLimeaceaas nestedwithin the grade, diverging priaio
Stegnospermataceae+Macarthuriad@ggendices S4-S6]he gradeis strongly supporteah
the MQSSTanalysiswhereasn theML analysighereis low bootstrap suppofor the position
of Limeaeeaewhichin combinatiorwith aQD of 0.38towardadifferenttopologyindicatest
may have biasowardanalternatepositionthanthatrecoveredy theML analysis.

Caryaophyllaceagvasinferredin bothanalysedo besisterto
Achatocarpaceae+Amaranthace@benopodiaceagith AmaranthaceaeChenopodiaceae
forming.acladesisterto Achatocarpaceaén theMQSSTanalysis Chenopodiaceagas
monophyletic; however, the subfamily Polyom@deaewasnotnestedvithin Amaranthaceae
makingAmaranthaceaparaphyletic withouthe inclusion of Chenopodiaceae. In ki
analysis, thee waslow supporfor acladeconsistingsolely of genusBeta andPolycnemoideae,
making Chenopodiaceae paraphyletic withdotaranthaceaeSisterto the cladecontaining

Amaranthaceaand Chenopodiaceae, ttanily Achatocarpaceasasrecovereds
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monophyletiowith strongsupport by bottBS andLPP, and nocommondiscordant topologies
werefoundfrom theQSanalysis.

Sisterto the cladeof Amaranthaceaandrelativeswasa cladeencompassinthefamily
Nyctaginaceaandrelatives,which,in theMQSSTanalysisalsocontained_.imeaceaeBoth the
ML andMQSSTrecovered strongly supportedadethatconsistedf thefamiliesKewaceae,
Aizoaceae@isekiaceaeSarcobataceadgdestidaceaeRhytolacacae Petiveraceagand
Nytaginacea¢Fig. 3). Kewaceaavassisterto all otherswith Aizoaceaalivergingfirst amongst
theremainingmembersfollowed by the monotypiGisekiaceaeT he nextlineageto divergeis a
cladecontaining théamily Phytolaccaceaassisterto a strongly supportecladeincluding the
familiesSarcobataceamndAgdestidaceadNext, thereis a strongly supportecadeof
PetiveraceaeNyctaginaceae.

The PortullugocladecontainingMolluginaceaeand Portulacineag&vasstrongly supported
asmonophyleticThefamily Molluginaceaavassisterto therestof the Portulacineasyith the
divergence®f MontiaceaeBasellacead)idieraceaeandTalinaceagesolvedasagrade(Fig. 3).
As sstertothe family Talinaceaeacladewasrecoveredn which thefamily Cactaceagas
sisterto'a cladeof Anacampserotaceae+Portulacacdde monophyly anglacement®f all

familieswerestronglysupported.

<h2>Phylogenetic resolution among and within major Caryophyllales familiesfrom IND
analyses

<h3>Nencore Caryophyllales

The sampling of the noncore CaryophyllatEnsistedf 60specieswith atleastone
representativérom eight of the nindamilies (Fig. 4).All specieselationshipgrom theIND
analysisverecongruentvith thoseof the ALL MQSSTwith theexceptionof theplacemenbf
Eriogonum longifolium. Thefamily Polygonaceae had the highest density of samplitig37
taxa.ThelND analysisof theML andMQSSTanalysedad afinal matrix occupancy 0f81%
(AppendixS3. TheMQSSTand theML supermatrianalygswerelargely congruentaside
from thesgenugriogonum, whereall nodes containedt least50% gendreediscordanceand a
few relationshipshadlow LPP support.The families of carnivorous taxa (including

Ancistrocladaceaayhich hasrevertedto be noncarnivorougprmedaclade The fourfamilies
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of theNCNC werealsomonophyletic, butvith mediumLPP supportand (>50%)genetree
conflict.

<h3> Amaranthaceae/Chenopodiaceae

Theresultsof theIND MQSSTand theALL MQSST analysesvereconcordant excepn the
position, ofthe genusBeta and thespeciesTidestromia lanuginosa. Samplingconsistedf 60
Amaranthaceae&9 ofthe taxaweremembersof theformer‘ChenopodiaceagHernandez
Ledesmeetal., 2015APG IV, 2016), andive Caryophyllaceasamplesvereusedas
outgroupsThe choice of orthologsisedin theanalysiscontainedat least60 taxa,resultingin
455 ortholegwith approximately 15.5%mnissingdatain thesupermatrixAppendixS3). The
MQSSTandML analysis containethreediscrepanciegFig. 5), all of whichweremarkedby a
minimum of ¥5% gendreediscordancandimperfectLPP supportat the contentious nod&he
ML/MQSST conflict surrounded the relationships of the geBeta whereit is eithersisterto all
other Chenopodiaceae or foumelstedvithin Chenopodiaceae. Another conflieasthe
relationshipof Krascheninnikovia lanata and Suckleya suckleyana, wherethetwo taxaappeared
assisterinthe supermatrixanalysis, but showel suckleyana andK. lanata formeda graden
theMQSST analysigFig. 5).

The majority of missingsequencelatafor theanalysisvasfoundin thecladethat
consistf the genuSuaeda, andthe position ofBienertia assisterto Suaeda had a dominant
alternativetopologythatconsistedf roughlythe samenumber of gen&reesastherestof the
conflict(Figs.5). Most of the conflictin therelationshipsvaslocatedat deeper nodes along the
phylogeny:We found 376 of the 455 geneeesconflictedwith the speciedreesurrounding the
paraphyly ofAmaranthaceaayith Nitrophila occidentalis andPolynemum majus forming a
cladesisterto thespecieghatwereformerly recognizecas Chenopodiaceae. Although geinee
concordancevaslow (~17%),therewasno dominantlterndive topology foundamongthe

conflicting.topologies.

<h3> Cactaceae

Theinferredtopologyfrom the ALL MQSSTanalysiswascongruentvith theIND MQSST
analysis ofCactaceaegxceptfor therelationshipbetweenthe generd.euenbergeria and
Pereskia andtherelationshipof the gener&ymnocalycium andSetsonia (Figs. 3, 6). The
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Cactaceasampling included 29 ingroup taxa anterenceof thelND speciedreewasdone
using 1502 orthologwith ~19%missingdatain the final supermatriXAppendixS3). The
MQSSTandML supermatrixspeciedrees contained a higkevel of genetreeconflict among
manyrelationshipgFig. 6), including whethethe nonsucculent taxgreviouslycircumscribed
asPereskia,(now Leuenbergeria andPereskia), weremonophyletic or paraphyletieligh gene-
treeconflict{>75%)wasprevalentacrossnanyrelationships including the position of
Lophophorawilliamsii, the relationshipof Salmiopuntia salmiana andTunilla corrugata, andthe
relationshipof the genu®ereskia with respecto the genus.euenbergeria. Most of the missing

datafor the analysisvasfrom thetwo speciesn the genu$ereskia.

<h3> Caryophyllaceae

Thetopologes of theall-speciesMQSSTanalysisand thdND MQSSTanalysisvere
completelyconcordantThe samplingacrossCaryophyllaceaeonsistedf 39 ingroup taxa and
inferenceof theIND speciesreewasdone using 999 orthologajth ~17%missingdatain the
final supermatriX{AppendixS3). TheMQSSTandML supermatrixspeciedreeanalyses
resultalin‘eongruent topologiesyith perfectLPP supportat almostall nodegFig. 7). Most
generanererecoverecasmonophyleticwith the exception ofrenaria, wherealmostall gene

treesplacedArenaria procera sisterto Eremogone hookeri.

<h3>Nyctaginaceae

The ALI"MQSSTanalysisvasconcordantvith the IND analysisasidefrom the position of
Boerhaviasciliata. The samplingacrosgheNyctaginaceaeonsistedf 37 Nyctaginaceagvith
four PetiveraceaaisedasoutgroupsThe speciedreewasinferredusing 389 orthologwith
~14%missingdatafor thefinal ML supermatrixThe MQSSTandsupermatriXND analyses
werelargely.congruentasidefrom the relationships amorgpeciesn the genuBoerhavia (Fig.
8). Within Boeerhavia, therewere11l1 genetreessupportingBoerhavia coccinea sisterto
Boerhaviatorreyana and107 gendreessupportinganalternativeof B. coccinea sisterto

Boer havia purpurascens. Theincongruent node containgaage amountof conflicting genetree
signalwith a dominanglternativetopology matching thMQSSTanalysis.The node supporting

the monophyletic herbaceous xerophyglamdecontainsalmostno genereeconflict.
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<h1>DISCUSSION
<h2>Utilizing broad and dense transcriptome sampling for inferencein Caryophyllales

Previous phylogenetianalysesiavevastlyimproved our understanding of the backbone
relationshipof Caryophyllale§Rodmanret al., 1984; Cuenodtal., 2002; Brockingtoetal.,
2009; Schéaferhofétal., 2009;Yangetal., 2015), but strong resolution exdirly-diverging
lineageshas proven a formidabtask.Here,with increasedaxon sampling anldrgerdataets
we réconstructednostrelationshipsvith high suppor{Fig. 3). The higher suppontvasfoundfor
deepetlevelrelationshipghatpreviouslyhadweakor moderate support (e.&arcobataceaand
Agdestidacegeaswell asfor new hypotheses (e.@gtegnospermataceassisterto
Macarthuriacede Reassuringly, ansimilar to theresultsof other phylogenomic studies
(Cannoretal., 2015;Yangetal., 2015Peasest al., 2016)we find mostrelationshipsn thetree
areconcordantvith previoussingle or multi-genestudiesThis consistencyndicatesthat,in
manycasesgdatasetsof one or dew genesaresufficiently powerfulfor inferring mostspecies
relationshipsWhile this improvedesolutionhighlightsthe powerof largenucleardatasetsfor
phylogenetianferencejt is importantto notethatsuchdatasetsarenot a phylogenetipanacea
For example ouranalysegonflictedwith the previouslynferredmonophyly of thdamilies
within‘the noncore CaryophyllaleBoth MQSSTandML analyss found noncore
Caryophyllaledo be nonmonophyleticwhich wasweakly supportecasmonophyletidn Yanget
al. [2015]), theMQSSTplacedthe carnivorous Caryophyllalesth zerobranchlengthand no
supportassisterto thecore CaryophyllalesThe ML analysesveakly supported the
noncarniverous noncoessisterto the core Caryophyllales (Appendic84-S6).

Theinability of >1000 ortholog$o providestatisticalsupportfor this relationship
demonstrates lamitation of the current methodsr phylogenetianferencewith largedatasets
The lack of resolutionmay be dueto methodologicalimitations (e.g.,modelmisspecificatioror
oversimplification)or biologicalreality (e.g., biologicaprocessesccurredthatobfuscatehis
relationshipandleavelittle to noinformativesignal).Many relationshipsaretheresultof
complexsevolutionarpistoriesthataremanifestedn conflict among gené&eetopologies.
Althougheceonflict makesit difficult to infer specieselationshipsphylotranscriptomicprovides
a costefficient meansof identifying conflictinggenetreesandhencepotentiallyexposing the
underlying evolutionarprocessesncludingILS, hybridization, and gene duplication, tlaae
oftenmaskedvhenusing asmallnumber ofgenesSomeof theserecalcitrantphylogenetic
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relationshipsnay beresolvedby moresophisticateanethodgOlaveetal., 2015), busomemay
never be resolved due the complex nature of evolution agpleciatione.g., hybridizationiLS,
and genaluplicationandloss) The complex nature of evolutiocanevenleadto casesf “hard
polytomies”ariginatingwhenlineagesadiatealmostsimultaneouslyrom acommonancestor

Theanalysepresentedhere addo a growingnumberof phylogenomi@nalyseshat
have exposed extensive underlygenetreeconflict (Smithetal., 2015; Raseetal., 2016;
Walkeretal:; 2017). Methods$or analyzingand incorporatinghis conflict arerapidly emerging
(Ané etal;2007;Leighetal., 2008; Salichostal., 2014;Smithetal., 2015; Koberetal., 2016;
Arcila etal., 2017).We found,aswith previous studieghatgenetreeconflict wasunevenly
distributedd=or example cladesthatmay have undergonerapidradiation(e.g.,Cactaceae)
(Arakakietal., 2011) exhibitnoregenetreeconflict thanothers(e.g., Caryophyllaceadn
somecaseswe found nodesvith asfew as50 of 455 gen&rees(~17%0) supportinghe ML and
MQSSTrelationship(e.qg., the position of the subfamily Polycnemaigiithin the
Amaranthaceae/Chenopodiacea¢owever,in this case therelationshipwith the nextmost
genetreesupport, 29 of 4556-6%), recoveredhe Polycnemoideaassisterto both
Chenopodiaceae/Amaranthaceae.

Severainstance®f genetreeconflict may have important taxonomimplications—for
examplethemostcommonlyinferredrelationshipfrom our moleculardataindicate
Polycnemoideaaremorecloselyrelatedio Chenopodiaceaghile theyaremorphologically
moresimilar to Amaranthaceaand groupith Amaranthaceas.s.in molecularstudiesbasedn
chloroplastigene regiorfMassonandKadereit,2013 andeferencesherein).Many traitsin
Polycnemeideae appear plesiomorphic avay haveresultedirom hybridization orancestral
polymorphismRegardlessf the underlyingeasos, identifying relationshipith high gene-
treeconflict illustratesthe power oflargedatasetsto documenevolutionaryprocesseghat
cannot.beelucidatedwvith phylogeniesontainng only afew genes. Development of new
methodologiegor identifying and analyzingenetreeconflictis anessentiaktepforwardfor
understanithg specieselationships.

Evaluatingthe patternsaandcausef genetreeconflict resultsin amoreinformed and
nuanced understanditng evolutionaryhistory. For example theearliestoranchesvithin the
formergenusPereskia s.l. (now split into Pereskia andLeuenbergeria) displayechighlevelsof

genetreeconflict. Both Pereskia andLeuenbergeria sharemanydefining morphological
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featureshowever, thespeciedreeinferenceresolvedthemto form a gradeaspreviously
demonstrated by Edwardsal. (2005).As genera antamiliesarecomprehensively examineal
molecularstudieswe may beginto beter understandvhy somemorphologcal featuredail to
matchmolecular phylogenie$n a broadesensepsing phylogenomidatasetsto understandhe
complexprocessethatmay hidebeneathperfectbootstrap suppowill addgreaterdepthto the
field of systematicselucidatingthecomplexitiesof the evolutioary processesesponsibldor

adaptationshathaveshapedheworld around us.

<h2>Taxonamic results for Caryophyllales

<h3> Agdestidaceae

Our analyses strongly support the sister relatignehgar cobatus andAgdesits that has been

suggestedh several previous analysekesetypically with weak to moderate support

(Brockington et al., 2011; Cuénoud et al., 2002; Schaferhoff et al., 2009). Given thisséligt

and given the significant differences in floral morphology, habit, vaowdomy etc. that

characterize these genera, we suggest that both be treated as monogeneric families, as advocatec
by Hernandez-edesma et a{2015).

<h3>Amaranthaceae s. /.

Themonophyly of the traditional Chenopodiac&aeur analysesincludingits sister
relationshipto subfamily Polycnemoideae builds upon a growing body of eviddsatsuggests
the broactircumscriptionof AmaranthaceasenstAPG IV (2016)mayneedto bereevaluated
Polycnemoideass disjunctlydistributedin EurasiaAmerica andAustraliaandconsistsof only
13 (mostlyrare)speciesn four genera. Considering the Eocetemage Polychemoideae
appearsasarelictuallineage(MassonandKadereit,2013).Molecularphylogeneticstudiesbased
on chloroplasmarkersandextensive samplinfKadereitetal., 2003, 2012aswell as
morphglogicakimilarities(petaloidtepals filamenttubes, 2-locular anthers; comparih table
5 of Kadereitet al. [2003]) placethemcloserto the Amaranthaceas.s.,while in termsof habitat
preferencesheyaremorelike manymemlersof the Chenopodiacea®ur analysiscontradicts
the placement of PolycnemoidagaeAmaranthaceas.s.asproposed byassonandKadereit
(2013) and providesvidencehatit formsa cladesisterto Chenopodiaceaea 17% of the gene

trees Neverthelesssomekey early-diverging lineagesm theAmaranthaceas.|. cladeare
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missingfrom ouranalysege.g.,Bosea andChar pentiera); henceadditional taxon samplingill

be necessaryo addresshesecontradictoryresults

<h2>Futuredirectionsfor phylogenomic analyses of the Caryophyllales

Althoughwe foundstrongresolutionfor manyrelationshipsamong the Caryophyllales,
our analysis highlightseverakey nodeswith weaksupportthatwould benefitfrom more
focusedanalysesTheseinclude additional sampling of tieissingCaryophyllalegamiliesas
well asexpanded samplingithin majorsubclade®f theorder. For example purresults
highlight theneedfor futureinvestigationinto the noncore Caryophyllalegs explore the conflict
at deepsnode this areaof thetree The group has previouslyeenrecognizedr treatedas
monophyletic (Brockingtoetal., 2009, 2011\Walkeretal.,2017;Yangetal., 2018), and the
poorresolutionin ouranalyseshiampers our understanding of key evolutiorergntsin this
group (e.g., evolution of endosperm, productdbsecondarccompounds, evolution of plant
carnivory).

More extensive samplingithin severafamiliesmayalsobenecessaryo resolve
relationshipsand explore gentreeconflictin severalotherareasof Caryophyllales phylogeny.
For example the dscrepancybetweentheMQSSTand theML analyssin the placementof the
family.kkimeaceadFig. 3; Appendice$4-S6) may beaffectedby the inclusion of only one
specieof Limeum. However, a phylogenetstudywith greatertaxon sampling of.imeum
(Christinetal., 2011)agreedwvith the MQSSTtopologypresentedhere.In anycaseijt is
importanttoresolve the position dfimeaceaeagivenits importanceo the understanding of the
complexspigmentatiopatternsseenn core Caryophyllales (Brockingtatal., 2015; Lopez-
Nievesetal., 2018). Furthestudiesof Molluginaceae woul@lsobe valuabldor their insight
into C4 evolution,aswould moretargetedstudiesof its sistercladethe Portulacineae. More
specificanalysesisingtranscriptomedata havédelpeduncover adaptive geri@amily expansions
in Portulacinea¢Wanget al., unpublisheananuscript, multiple paleopolyploidy events the
carnivoreus Caryophyllalg§Valkeretal., 2017) anérewarrantedo explore the convergent
evolution ef themanyotherextremeadaptationscrossCaryophyllales.Someof theseinclude
the evolutionof coldtoleranceacrossCaryophyllaceae and Polygonaceaeltiple origins of G
photosynthesisn Amaranthaceas.l., and the evolution of drougiaierancan Nyctaginaceae

Polygonaceaddizoaceaeand Portulacineae.
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<h2>Future directions for large-scale phylogenomic studies

Transcriptomichasemergedasa powerful toofor phylogenomicsTheeverdecreasing
costsof sequencingombinedwith improved methodfor collectingplantmaterial(Yangetal.,
2017) anddownstreandata analysis (Dunetal., 2013; Kocotetal., 2013;YangandSmith,
2014;EmmsandKelly, 2015; Washburetal., 2017) have madehis a costefficientmeandor
investigatingsystematiand evolutionary questionso date,phylotranscriptomi@analysesave
beenusedatmultiple phylogenetidevels from genergPeasestal., 2016;Yu etal., 2017) and
largecladeq(Yangetal., 2015, 2018McKain et al., 2016)to acrossall land plants(Wickett et
al., 2014)As thesizeof theseanalysesontinuedo expandso doestheir computational
burden==arproblem afritical importanceor futureresearchThis hasneverbeenmorerelevant
for thebotanicalworld thanit is now, with theanticipatedsequencingf 10,000 plant genomes
(Chengetal., 2018).

Onechallengeo increasinghesize of phylogenomic datsetsis the burden of homology
identification.Herewe explored anewapproach thattemptgo divide andconquetthe
dauntingtaskof homologyidentification,breakingwith thetypical all-by-all BLAST procedure.
By dividing thetranscriptometo smallerhomology problems before combining homolog
groupswith a posterder(tip-to-root) methodbasedupon a previously hypothesized phylogeny,
we dramaticallyreducedonemajor computational burdefi.e.,thescalinganall-by-all BLAST).
Additionally, accurateorthologydetections akey component of phylogenomanalysesas
demonstrated by @ecentstudy demonstratindpattwo misidentifiedorthologsalteredthe
speciegreetopologyin a >200-gene datet(Brown and Thomson, 2017And so,this
procedurealsoincorporatedgohylogenetiestimationinto orthology detection (Gabaldén, 2008;
YangandSmith, 2014;Yangetal., 2015)asBLAST is not a phylogeneticallinformedmeans
of inferring relationshipgSmithandPease2016).

Thishierarchalmethod of homologydentificationreliesonsomepreviouslyidentified
phylogenetiaelationshipsAfter individual cladesareclusteredeachsetof clusterss then
combined,(movindrom tipsto root) in anorder defined by aimplified phylogeny.Thereare
somebenefitsto this approactas for examplejt factorsin cladespecificevolutionaryhistory
(e.g., ashiftin molecularrateintroducedrom transitionfrom a woodyto an herbaceoukfe
history). However,it mayalsointroducesomebiasas(1) it relieson somesimplified
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phylogenetic relationshipgeepin thetreeand @) it assumeshat theclusteredgroupsform
cladeslf the groupsclusteredowardtips donotform aclade,clustersmay beartificially broken
up dueto increasednoleculardistanceof the includedampleqi.e.,distantspeciecompared)
While clusteringin this mannemay resultin fewerhomologs, thiscenarids notlikely to alter
aninferredspeciedopology.For examplejn ouranalysesthe phylogeniesecovered
Polycnemoideaassisterto Chenopodiacea&lowever,during homologynference,
Polyenemoideawasa priori clusteredvith Amaranthacead he clusteringdid notforce
Polycnemoideato besisterto Amaranthaceadyut clusteringPolycnemoideawith
Chenopodhceadirst may haveresultedn morerecoverechomologsHowever aswith any
method; furthemvestigations warranted

We foundthetip-to-root methodo be a powerfumeansof reducing the computational
time spent conductingnall-by-all BLAST acrosgheentiredataset However clustering
analyseghatinvolve deepsplitsin the angiosperntreeof life tendto resultin reduced dataet
sizein termsof number of useful orthologs and homoldgst examplea comparison of the
number-afidentified orthologsbhetweenthetip-to-root clusteringin the current study arehall-
by-all BLAST of the noncore Caryophyllaletudyof Walkeretal., 2017, (thatincluded 10
ingroup.andwo outgrouptaxa)showed areatemumber ofinferredorthologsfrom thelatter
dataset'Walkeretal. (2017)recoveredl637 orthologs higmatrix occupancyi.e., mostor all
orthologspresenftor all taxa) whereasn the current study514 orthologswererecoveredvith
high matrix occupancyThis discrepancynay be dugo homologs beindjltered by oneof
severakutoffs or g/stematicerrordue thalifficulty of inferringlargerhomolog phylogeies.

Thechallengeof increasingaxafor phylogenomicscaledatapresentaninteresting
dichotomy.Increasingaxon sampling and phylogeneticeathand deptltanimproveaccuracy
andaltertheinferredrelationshipsandsupport However,increasedaxonsamplinggreatly
increaseshe.complexity and burden agachstep in theinferenceprocessFurther explorations
and methodsvill berequiredto fully realizethe potential othesedatasetsandallow for their
continuedgrowth.

Homologydetectionand gendreeconflict arenot the onlyanalyticalburdenghat future
phylogenomicstudiesshouldseekto improve. Additional computationatomplexitiessuchas
evolutionaryrateheterogeneitydistinguishingoetweenlLS and hybridization, and improved
understanding of gene duplicatiandlosswill be importantonsiderabnsfor improving future
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phylogenomic analysisVhile thesearebeyondthe scope othis paperthe continued growth of
phylogenomics portends excitingtime of evolutionary discovery.
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FIGURE 1. Transcriptomeamplingacrosghe CaryophyllalesSpeciedevel treeof the
Caryophyllaledrom Smithetal. (2018), collapsedo genudevel. Branches of genera included
in the studyarehighlightedin red andcirclesatthetips areproportionateéo the number of
sampledrom a given genus.

FIGURE 2=Representationf thepostorderclusteringmethod Diagramof thegeneralorderin
whichelusteringwasperformed basedupon asynthesif previous phylogenies (Stevens,
2001).For outgroupsthe nameof the genuswvasgiven andfor Caryophylldes the family name.
In bracketsthe number of individualsom thatfamily sequenced listed.Semtcircles
representip-level all-by-all clustering andfull circlesrepresenhodelevel clusteringwith
numbergepresentingiumber oftlusteringprocedureperformedo createthegivennodelevel
cluster:

FIGURE 3. Caryophyllales phylogenypferredfrom 305transcriptomesThe maximumquartet
supportspeciedreeinferredfrom 305transcriptomesBranchesarecoloredin a gradiento
represensupportwith coolercolors(blue)representingtrongsupportandwarmercolors (ed)
representingveaksupportin the bottorreft corner, areeshows the relationships amomgajor
families;with starsdepictingmajorfamily level findings.

FIGURE4. Inferredspecieselationshipsamong taxan thefamilies of the noncore
Caryophyllales. Phylogenwnferredusingmaximumlikelihood (ML) from theconcatenatedata
setof the514inferredorthologsacrosshe noncore Caryophyllales. Branchiesedrepregnt
conflict with themaximumquartet suppoldpeciedree.Genetreeconflictis representedspie
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chartson theML tree,blueindicatesproportionof genetreesconcordantvith the ML tree
topology,greenindicates thenostcommonalternativegenetreetopology,redindicates
conflicting genetreeswith otheralternativetopologies, angreyindicatessamplingwasmissing
for the_gendreeto infer a given relationshig?hoto credits: Oxytheca porfoliata, StanShebs;
Fagopyrum.vesculentum, Kurt Stiiber;Frankenia laevis, Ghislain118; andNepenthes alata,
Drosophyllum usitanicum, andDionaea muscipula (trap andflower), JoeWalker.Licensesand
location“oforiginal photographsanbe foundn AppendixS7.

FIGURE5 Inferredspeciegelationshipsamong taxan thefamilies Amaranthaceaand
Chenopodiacea®hylogenyinferredusingmaximumlikelihood (ML) from theconcatenated
datasetof the 455inferredorthologsacrosgshe Amaranthaceaand Chenopodiacea@ranches
in redrepresentonflict with the maximumquatet supportspeciesree.Genetreeconflictis
representedspie chartson theML tree,blueindicatesproportion of genéreesconcordantvith
theML treetopology,greenindicates thenostcommonalternativegenetreetopology,red
indicatesconflicting genetreeswith otheralternativetopologies, and greyndicatessampling
wasmissingfor the gendreeto infer a given relationshig?hoto credits: Grayia spinosa, Stan
ShebsSpinacia oleraceae, Victor M. VincentSelvas Beta vulgaris, EvanAmos Nitrophila
occidentalis, Michael J. Moore; Amaranthus tricolor, Kurt StueberLicensesand location of
originalphotographganbe foundn AppendixS7.

FIGURE 6. Inferredspeciegelationshipsamong taxan the CactaceaePhylogenyinferred
usingmaximumlikelihood (ML) from the concatenatedatasetof the 150dnferredorthologs
acrosgheCactaceaeBranchesn redrepresentonflict with themaximumaquartet support
speciesreeiGenetreeconflictis representedspie chartson theML tree blueindicates
proportionof genetreesconcordantvith theML treetopology,greenindicatesthe most
commonalternativegenetreetopology,redindicatesconflicting genetreeswith otheralternative
topologiesandgreyindicatessamplingwasmissingfor thegenetreeto infer a given
relationshipPhoto credits: Ferocactus latispinus andOpuntia arenaria, LucasC. Majure
Pereskiaigrandiflora, Kurt StuberLicensesand location of original photograpbanbe foundin
AppendixS7.

FIGURE 7. Inferredspeciegelationshipsamong taxan the Caryophyllacea®hylogeny
inferredusingmaximumlikelihood (ML) from the concatenatedatasetof the 999 nferred
orthologsacrosshe Caryophyllacea&enetreeconflictis representedspie chartson theML
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tree, blueindicatesproportion of genéreesconcordantvith theML treetopology,green
indicatesthemostcommonalternativegenetreetopology,redindicatesconflicting genetrees
with otheralternativetopologies, and grepdicatessamplingwasmissingfor the gendreeto
infer a givenrelationshipPhoto credits: Cerastium arvense, Walter SiegmundCol obanthus
guitensisgiam Quinn; Dianthus caryophyllus, PagemoralSlene latifolia, Walter Siegmund.
Licensesandlocation oforiginal photographsanbe foundn AppendixS7.

FIGURE 8. Inferredspeciegelationshipsamong taxan theNyctaginaceae”hylogenyinferred
usingmaximumlikelihood (ML) from the concatenatedatasetof the389inferredorthologs
acrosgheNyctaginaceaeBranchesn redrepresentonflict with themaximumquartet support
speciegree:Genetreeconflictis representedspie chartson theML tree,blueindicates
proportionof genetreesconcordantvith the ML treetopology,greenindicatesthe most
commonalternativegenetreetopology,redindicatesconflicting genetreeswith otheralternative
topologiesandgreyindicatessamplingwasmissingfor thegenetreeto infer a given
relationship Photo credits: Nyctaginia capitata, Mirabilis multiflora, andAbronia umbellata,
MichaeldrMoore;Pisonia umbellifera, ForestandKim Starr. Licensesandlocation of original

photographganbe foundn AppendixS7.
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Matucana aurantiaca
Echinopsis aurea
Stetsonia coryne
Gymnocalycium mihanovichii
Eriosyce wageneckii
Pachycereus gatesii
Stenocereus yunckeri
Echinocereus pectinatus
Hylocereus lemairei
Peniocereus cuixmalensis
- Rhipsalis baccifera subsp baccifera
Lophophora williamsii
Coryphantha maiztablensis
Ariocarpus retusus
Ferocactus latispinus
I: Astrophytum asterias
Astrophytum myriostigma
- Copiapoa desertorum
—  Maihuenia poeppigii
Opuntia streptacantha
Opuntia bravoana
Opuntia cochenillifera
Opuntia arenaria
Salmiopuntia salmiana
Tunilla corrugata
Tacinga lilae
Maihueniopsis conoidea
Pterocactus tuberosus
Tephrocactus bonnieae
Tephrocactus articulatus
—— Grusonia bradtiana
_|: Pereskia grandifolia
Pereskia aculeata

E Leuenbergeria guamacho

Leuenbergeria lychnidiflora
Leuenbergeria bleo
Portulaca pilosa
Portulaca suffrutescens
Portulaca amilis
Portulaca grandiflora
Portulaca umbraticola
Portulaca cryptopetala
r— Portulaca molokiniensis
. — Portulaca oleracea
_E Grahamia kurtzii
Anacampseros filamentosa
== Talinopsis frutescens
Talinum portulacifolium
Talinum fruticosum
== Talinum paniculatum
Alluaudia procera
Alluaudiopsis marnieriana
Alluaudia humbertii
Alluaudia dumosa
Didierea madagascariensis
Didierea trollii
Decarya madagascariensis
I: Ceraria pygmaea
Portulacaria afra
Anredera cordifolia
Basella alba
I: Claytonia virginica
Claytonia nevadensis
- Montia chamissoi
— | ewisia nevadensis
Calandrinia grandiflora or procumbens
Calyptridium umbellatum
Calyptridium pygmaeum
Cistanthe grandiflora
Phemeranthus parviflorus
I: Suessenguthiella caespitosa
Pharnaceum exiguum
—  Mollugo cerviana
Mollugo nudicaulis
Glinus-lotoides;var virens

Mollugo verticillata
Mollugo.pentaphylla

I Talinaceae

I Basellaceae

Cactaceae

Portulacaceae

Didiereaceae

Montiaceae

Molluginaceae

Anacampserotaceae
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Agdestidaceae
Sarcobataceae
Phytolacaceae
Petiveraceae
Nyctaginaceae
Gisekiaceae
Aizoaceae
Kewaceae
Anacampserotaceae
Portulaceae
Cactacaee
Talinaceae
Didieraceae
Basellaceae
Montiaceae
Molluginaceae
Limeaceae
Polycmoideae
Chenopodiaceae
Amaranthaceae
Achatocarpaceae
Caryophyllaceae
Macarthuriaceae
Stegnospermataceae
Microteaceae
Physenaceae
Simmondsiaceae
Tamaricaceae
Frankeniaceae
Polygonaceae
Plumbaginaceae
Drosophyllaceae
Ancistrocladaceae
Nepenthaceae
Droseraceae
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Boerhavia torreyana

Boerhavia burbidgeana
E Okenia hypogea
Boerhavia ciliata

Anulocaulis leiosolenus
Anulocaulis annulatus
Anulocaulis eriosolenus
Nyctaginia capitata
Cyphomeris gypsophiloides
Allionia incarnata
Commicarpus scandens
_E Mirabilis jalapa
Mirabilis pringlei
—  Mirabilis multiflora
Abronia glabrifolia
Abronia bigelovii
Abronia carletonii
Abronia fragrans
Abronia latifolia
Abronia umbellata
_ Abronia maritima
I: Tripterocalyx carneus
Tripterocalyx crux-maltae
_E Acleisanthes lanceolata
Acleisanthes purpusiana
— Acleisanthes chenopodioides
— Acleisanthes obtusa
| I: Bougainvillea stipitata
Bougainvillea spectabilis
_|: Neea psychotrioides
Guapira obtusata
— Pisonia aculeata
- Pjsonia umbellifera
- (Colignonia ovalifolia
Salpianthus purpurascens
Rivina humilis
Hilleria latifolia
Trichostigma octandrum
E Petiveria alliacea
Monococcus echinophorus
- Seguieria aculeata
Anisomeria littoralis
Phytolacca dioica
Phytolacca americana | Phytolaccaceae
— Phytolacca bogotensis
Ercilla volubilis
_l—_Agdestis clematidea 1 Agdestidaceae
Sarcobatus vermiculatus 1 Sarcobataceae
—— Gisekia pharnaceoides 1 Gisekiaceae
Sesuvium portulacastrum
Sesuvium verrucosum
Cypselea humifusa
L Zaleya pentandra
|| I— Trianthema portulacastrum
r— Mesembryanthemum crystallinum
— Delosperma echinatum
— Kewa bowkeriana | Kewaceae

Petiveriaceae

Aizoaceae

Limeum aethiopicum 1 Limeaceae
Zuckia brandegeei
Grayia spinosa
Extriplex californica
Stutzia covillei
Proatriplex pleiantha
Atriplex prostrata
Atriplex hortensis
Atriplex rosea
Atriplex sp

Chenopodium quinoa
AE Chenopodiastrum murale
Chenopodium giganteum

Oxybasis rubra
I'E Spinacia turkestanica
L

Spinacia tetrandra
Spinacia oleracea
Krascheninnikovia lanata
Suckleya suckleyana
_E Agriophyllum squarrosum

Corispermum hyssopifolium
r— Beta maritima
— Beta vulgaris

Salicornia pacifica
Tecticornia pergranulata

— Kalidium cuspidatum

- Allenrolfea sp. (predicted)
r— Suaeda linearis
L— Suaeda maritima

-|_ — Suaeda fruticosa
Bienertia sinuspersici

Haloxylon ammodendron
_E Halogeton glomeratus
Anabasis articulata

— Kali collina
- Caroxylon vermiculatum

E Eokochia saxicola
Bassia scoparia

I: Polycnemum majus | A th
Nitrophila occidentalis maranthaceae

Alternanthera philoxeroides
AE Alternanthera brasiliana
Alternanthera sessilis

Alternanthera caracasana
Alternanthera tenella
— Tidestromia lanuginosa
] Blutaparon vermiculare
_E Gossypianthus lanuginosus
Guilleminea densa var aggregata
- Froelichia floridana
— Nelsia quadrangula
m Iresine rhizomatosa
Iresine arbuscula
Aerva javanica
Aerva lanata
Amaranthus tricolor
Amaranthus cruentus
_|: Amaranthus retroflexus
Amaranthus hypochondriacus
r— Phaulothamnus spinescens
— Achatocarpus gracilis

Achatocarpaceae

Boerhavia coccinea
% Boerhavia purpurascens

Salicornia europaea

Arthrocaulon macrostachyum

Nyctaginaceae

Chenopodiaceae

Amaranthaceae
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Cerastium alpinum var lanatum
Cerastium arvense

Cerastium fontanum ssp vulgare

_E Pseudostellaria heterophylla

Lepyrodiclis stellarioides

- Arenaria serpyllifolia

Schiedea globosa
Schiedea membranacea

— Honckenya peploides

i - Scleranthus polycarpos
Colobanthus quitensis

Velezia rigida
Dianthus caryophyilus
Gypsophila repens
Saponaria officinalis

Silene noctiflora

Silene conica

Silene latifolia
Silene vulgaris

I: Silene acaulis ssp subacaulescens
Silene paradoxa
Agrostemma githago

I: Arenaria procera
Eremogone hookeri ssp desertorum
r— Spergularia media
— Spergularia marina

r— Cardionema ramosissimum

Corrigiola litoralis

— Jllecebrum verticillatum

Drymaria subumbellata
Drymaria cordata
Polycarpon tetraphyllum
Polycarpaea repens
I'E Paronychia fastigiata
Paronychia drummondii
— Paronychia jamesii
r— Herniaria glabra
— Herniaria latifolia

_|: Telephium imperati

Stegnosperma halimifolium | Stegnospermataceae
Macarthuria australis | Macarthuriaceae
Microtea debilis 1 Microteaceae

I: Drosera burmannii
Drosera binata

Dionaea muscipula
Aldrovanda vesiculosa

Antigonon leptopus

—— Pterostegia drymarioides
_|: Ruprechtia salicifolia

Ruprechtia coriacea
— Triplaris weigeltiana

_|: Podopterus cordifolius
Podopterus mexicanus

— Coccoloba uvifera

_|: Polygonum dentoceras

— Physena madagascariensis | Physenaceae

—  Simmondsia chinensis | Simmondsiaceae

_|: Nepenthes ventricosa
Nepenthes alata

Nepenthaceae

— Nepenthes ampullaria

LE Ancistrocladus robertsonianum
Drosophyllum lusitanicum

| Ancistrocladaceae
| Drosophyllaceae

Droseraceae

Eriogonum arcuatum
Eriogonum longifolium or texanum
_E Eriogonum rotundifolium
Eriogonum deflexum
r— Eriogonum callistum
L— Chorizanthe angustifolia
Oxytheca perfoliata

Sidotheca caryophylloides
Stenogonum salsuginosum
Dedeckera eurekensis

E Eriogonum inflatum subsp inflatum

Reynoutria japonica 2
Fallopia sachalinensis
Reynoutria japonica
Fallopia convolvulus
Muehlenbeckia platyclada

Polygonum aviculare

I: Rumex hastatulus
Rumex acetosa

_|: Aegialitis annulata
Plumbago auriculata

r— Reaumuria trigyn

- Tamarix hispida

-

{ Davidia involocrata
Camptotheca acuminata
_|: Viccinium corrymbosum

llex paraguariensis

Frankenia salina
Frankenia laevis

Actinidia deliciosa

Mimulus guttatus
Solanum lycopersicum

3.0

E Rheum nobile
Rheum rhabarbarum
I: Fagopyrum tataricum

Fagopyrum esculentum
E Persicaria minor
Persicaria tinctoria
— Persicaria virginiana
— Bistorta bistortoides
Acantholimon lycopopodioides

Limonium californicum

— Reaumuria soongarica

—  Rumex palustris

Plumbaginaceae

a
Tamaricaceae

| Frankeniaceae

Outgroups

Caryophyllaceae

Polygonaceae
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Ruprechtia coriacea

Ruprechtia salicifolia

Triplaris weigeltiana

Podopterus cordifolius

Podopterus mexicanus

Coccoloba uvifera
Antigonon leptopus
Reynoutria japonica 2
Fallopia sachalinensis

Reynoutria japonica
Muehlenbeckia platyclada

Fallopia convolvulus

Polygonum aviculare

Polygonum dentoceras
Rumex acetosa
Rumex hastatulus
Rumex palustris

Rheum nobile

Rheum rhabarbarum
Fagopyrum vesculentum

e: Fagopyrum tataricum

Persicaria minor

Persicaria tinctoria

Persicaria virginiana

Bistorta bistortoides

Aegialitis annulata

Plumbago auriculata

Plumbaginaceae F‘

Tamaricaceae

Limonium californicum
‘ Acantholimon lycopopodioides

Reaumuria trigyna
Reaumuria soongarica
Tamarix hispida

Frankeniaceae

ﬁ Frankenia salina
Frankenia laevis

Nepenthes alata
Nepenthaceae é_— Nepenthes ventricosa
N

epenthes ampullaria

DrosophyllaceaeDrosophyllum lusitanicum

Droseraceae

Ancistrocladaceae Ancistrocladus robertsoniorum .
Drosera binata

Drosera burmannii

Dionaea muscipula .
Aldrovanda vesiculosa

T Basellaceae Anredera cordifolia
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I'his

L _ Basellaceae Basella alba
@36@aceae Microtea debilis

Physenaceae Physena madagascariensis

Simmondsiaceae Simmondsia chinensis
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Salicornia pacifica
Salicornia europaea
Tecticornia pergranulata
Arthrocaulon macrostachyum
Kalidium cuspidatum
Allenrolfea sp. (predicted)

M— Suaeda linearis

Suaeda maritima

Suaeda fruticosa
Bienertia sinuspersici
Haloxylon ammodendron
Halogeton glomeratus
Anabasis articulata
Kali collina
Caroxylon vermiculatum
Eokochia saxicola

Bassia scoparia
‘ Nitrophila occidentalis
Polycnemum majus

Alternanthera philoxeroides
—— Alternanthera brasiliana
Alternanthera sessilis

-Alternanthera tenella
Alternanthera caracasana
Gossypianthus lanuginosus
Blutaparon vermiculare
Guilleminea densa var. aggregata
Froelichia floridana

Tidestromia langinosa

Nelsia quadrangula

Iresine arbuscula

Iresine rhizomatosa

Aerva lanata

Aerva javanica
Amaranthus hypochondriacus
Amaranthus retroflexus
Amaranthus tricolor
Amaranthus cruentus
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Opuntia bravoana
Opuntia streptacantha
Opuntia cochenillifera
Opuntia arenaria
Salmiopuntia salmiana
Tunilla corrugata
Tacinga lilae
Tephrocactus bonnieae
Tephrocactus articulatus
Maihueniopsis conoidea
Pterocactus tuberosus
Grusonia bradtiana

G Pereskia aculeata

Pereskia grandifolia .
Leuenbergeria bleo
Leuenbergeria guamacho
Leuenbergeria lychnidiflora
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Pereskia grandifolia

Portulaca suffrutescens
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| Portulaca amilis
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Cerastium arvense
Cerastium alpinum var. lanatum
Cerastium fontanum ssp. vulgare
Lepyrodiclis stellarioides

Pseudostellaria heterophylla

Arenaria serpyllifolia

Schiedea globosa
Schiedea membranacea

Honckenya peploides

G Scleranthus polycarpos
Colobanthus quitensis

ei Dianthus caryophyllus
—  Velezia rigida
Gypsophila repens

Saponaria officinalis

Silene noctiflora
Silene conica

Silene latifolia
Silene vulgaris
Silene paradoxa

Silene acaulis ssp. subacaulescens
Agrostemma githago

Arenaria procera
Eremogone hookeri ssp. desertorum
Spergularia media

Spergularia marina
‘:Cardionema ramosissimum
Illecebrum verticillatum
Drymaria cordata
Drymaria subumbellata

Polycarpon tetraphyllum
Polycarpaea repens
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Paronychia fastigiata
Paronychia drummondii
Paronychia jamesii

e: Herniaria latifolia
Herniaria glabra

Telephium imperati

Corrigiola litoralis

Chenopodiaceae Spinacia oleracea
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Chenopodiaceae Beta vulgaris
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‘: Bougainvillea stipitata

Bougainvillea spectabilis

Guapira obtusata
Neea psychotrioides
Pisonia aculeata
Pisonia umbellifera

Boerhavia torreyana
Boerhavia purpurascens
Boerhavia coccinea
Boerhavia burbidgeana
Okenia hypogea
Boerhavia ciliata
Anulocaulis annulatus

Anulocaulis leiosolenus
Anulocaulis eriosolenus

Nyctaginia capitata
Cyphomeris gypsophiloides
Allionia incarnata

Commicarpus scandens
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