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Summary

High-throughput sequencing is helping biologists to overcome the difficulties of
inferring thephylogenesof recently diverged taxdhe present studgnalyzes the
phylogenetic signadf genomic regions with different inheritance patterns using
genome skimming and ddRAEeqin a speciesich Andean genus

(Biplostephiun and its allies.

Weanalyzed the complete nuclear ribosomal cistron, the complete chloroplast
genome, a partial mitochondrial genome, amdiclearddRAD matrixseparately
with phylogenetic methods. We applied sedapproaches to understand the
causes of incongrueneenongdatasetsincluding simulationsnd the detection of
introgression using the Btatistic(ABBA -BABA test).

We' foundsignificant incongruencamong theauclear, chloroplast, and
mitochordrial phylogenies. The strong signal of hybridization found by simulations
and the Dstatisticamong genera and inside tihain clades oDiplostephium
indicatereticulate evolutioras a main cause fphylogenetic incongruence.

Our results add evidence fonggor role of reticulate evolution in events of rapid
diversification. Hybridization and introgression confound chloroplast and
mitochondrial phylogenies in relation to the speciesdrgetothe uniparental
inheritanceof these genomic regions. Practigablicationsregardingthe

prevalenceof hybridizationare discussed in relation tiee phylogenetic method
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Introduction

Rapid diversifications usually occur in landscapes like archipelagos @mtaim rangethat
providedisjunct terranes suitable for speciation via isolation and ecological diver@&noesh,
1997). The Andes Corddta is onef thesdandscaps in which numerous plagroupshave
experiencd’high rates of speciation during aaitkerits recenuplift (Madrifidnet al, 2013;
Luebert &Weigend, 2014; Hughes & Atchinson, 2DPhylogenies of Andealaxa based on
Sanger sequencirgften suffer from lack of resolution and suppa@speciallyin crown clades
where accelerated speciatioocurred (e.grauscher2002;Emshwiller, 2002; Sanchez-
Baracald92004;Bell & Donoghue, 2005; Hughes & Eastwood, 20Répata2013; Nurket al,
2013. Poorly resolvedelationships withilAndean taxaonfirm the prediction thaihylogenies
resulting from rapid radiatiorere difficult to estimate betise of low and conflicting signal
caused byhort internodeéWhitfield & Lockhart, 2007). kgh-throughput sequencing, a
technologyreapable of producing orders of magnitude more data than obtained by Sanger
sequencinghas createdew opportunities for overcoming the difficulties of working with
recently diversified taxa (Bookt al, 2014; Maetal., 2014; Mortet al, 2015. Here, we
implement genome skimming (Straebal, 2012) and doubldigest Restriction site Associated
DNA sequeneing (ddRAD, Petersenal, 2012) to infer the phylogenetatternsof one of the

mostspeciesich gereraof Andeanplantsand its relatives.

Diplostephiumis a main component of the tropical high Andean fldree genugraditionally
comprises 111 species (Vargas, 2011) characterized by a woody habit (from 10 cm decumbe
subshrubs$o 10 mtall trees) andadiate capitulavith white to purple rays (Blake, 1928;
Cuatrecasas»1969; Vargas & Madrifian, 20D§)lostephiuninhabits the higlelevationsof the
Talamanea:Cordillera (Costa Rica), the Northern Andes (Vene@atembia-Ecuador), and the
Central An@Ss (PertBolivia). Most species of the genus 60) inhabit the paramo, a Northern
Andean ecosystem known for its high plant diversity (Luteyn, 1999), island-like geography
(Simpson, 1974), ana large number of specigigh genera (Madrifidet al, 2013; Luebert &
Weigend,.2014). In addition to the pararsomeDiplostephiunspecies inhabit the Central
Andean puna and the upper limit of the high Andean fobegtostephiunbelongs to Astereae,
where it has traditionally been classified as part ofthidiotrichumgroup, a subset of the
subtribe Hinterhuberinae (Nesom, 1994; Nesom & Robinson, 2007). Molecular phylogenies

have shown thahstereae subitves andheir subdivisions are polyphyletic (Noyes & Rieseberg,
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1999; Sancho & Karaman-Castro, 2008; Brougieal, 2009; KaramarGastro & Urbatsch,
2009; Sanchet al, 2010; Vargas & Madrifian, 2012) and need to be recircumscribed.
Diplostephiunmis positioned in the ‘South American lineages’ gré8i®uillet et al, 2009) but
its ambiguous position in thestereae phpgeny (Noyes & Rieseberg, 1999; Brouilétal.,
2009; Karaman-Castro & Urbatsch, 2009; Vargas & Madrifian, 2012) has obscyadets
among its'closest genera. The low molecular variation found by Vardgedgifian (2012) in
Diplostephiumhighlighted the problems of inferring the phylogeny of a Hgpidersified taxon

with limited 'samplingusing Sanger sequencing.

Genome skimming or shallow shotgun sequencing, is an approach in which whole genomic
DNA is sequenced in order to recover high-copy DNA regions suitable for phylogemstises
(Straubet al, 2012). The biparentally inherited (Volket al, 2007) complete nuclear ribosomal
DNA has proved to be a useful marker for inferring species-level phylogenies (traler

2000; Straulketal, 2012; Bocket al, 2014). The mostly non-recombinant and uniparentally
inheritedchloereplast DNA(BIirky, 1995; Jansen & Ruhlman, 201#3s been used to reconstruct
the phylogeny of Asteraceae at the tribal, generic, and species(kewelet al, 2005, Panero &
Funk, 2008, Boclet al, 2014; Paneret al, 2014). Finally, the mostly non-recombinant
uniparentallysinherited mitochondrialNA (Birky, 1995) has been employed to infer the
evolutionary.history of angiosperms at the family and order levelétail, 2010; Suret al,

2015) and more recently to study phylogenetic patterns among speciee{Bbck014).
Restriction sitesAssoated DNA sequencinRAD-Seq, e.g. ddRAD, GBS, etc), on the other
hand, is a‘technique that surveys hundreds or thousands of loci mainly from the nuclear genome
(Petersoref al, 2012).

The comparisen among markers with different inheritance patterns has thegbttegiticidate
hybridization"and introgression events (Rieseberg & Soltis, 1991; Hetrdig 2000; Bocket

al., 2014; Suretial, 2015) hypothesized to play an important role in cases of evolutionary bursts
of speciationAnderson & Stebbins, 1954; Seehausen, 2@&0ause rapid divergence happens
during a short window of timét, is expected that the descendants divarsification burst are

prone to interbreebdeforereproductive barriers develop. This expectation has been hypothesized
as beneficial because hybridization among nascent lineages can result in gguttymiésly

adapted to unexploited niches (Anderson & Stebbins, 1954; SeehausenPdlod)ephiums
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thusan excellent model to test such idemsthe genus appeardhave undergone a recent
diversificationassociated with the uplift of the And@&rgas & Malrifian, 2012).

In this study, we focused on uncovering the phylogenetic patte@iplostephiumand its allied
generaThe ains of this papeareto: compare the@hylogenetic signal among nucledtRAD,
nuclear ribosomal, chloroplast, and mitochonddiBlA; andtest forinfra- and inergeneric
introgressiverhybridizatiom Diplostephiumand its Andean relatives

Materials @and Methods
Assemblyef thegenome skimmingatasets

A total of 91.samples were sequencBde ingroup contained 74 sampleaplostephium(69
speciesg. 62%.0f the total number of spediemd 14 samples from 13 allied genera in Astereae
(Supporting Informatioable S1)We chosengroup and outgrougenerabased on their
phylogenetic positions Astereaenferredby Brouilletet al. (2009).The majority of the

samples (63) were collect@dthe field where leaf tissueasdriedusing silicagel. The
remaining.samples were taken from herbarium specimens deposh®®DES, F, FMB, HUA,
HUSA, TEX US, and USMTableS1).

We performed étal genomic DNA extractiagwith the DNeasy Plant Mini Kit (QiageGA,
USA) following themanufacturer’s protod¢oTo increaseheyield of DNA fromherbarium
materia) we.added 50 pl of proteinase K (Qiagen; activity > 600 mit) to thelysis solution
and incubated it overniglt 45°Caftertheinitial 10-min incubation. Standargenomic DNA
lllumina pairedend librariesvith an averagef c. 400 bp length fragment sizeere preparedt
the Genoemic"Sequencing and Analysis Fac{l@psAF)at The University of Texas at Austin
(UT) andthensequencedy an lllumina HiSeq 2500-he sequencing target&® million paied
end reads2x100 bp length) per sampM/e inspected theuglity of thereadswith the program
FASTQC v.0.20.XAndrews 2010) andiltered the randatawith theprogram

‘process 'shartreads’ of tlseftware packag8TACKS v.1.2Q(Catcheret al, 2011) The
commandliscarded any reads with uncalled basestaminedterminal nucleotides that

averaged a Phred score<df0 (90% of confidence in base calls) over a sliding window of 10 bp.
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We employed a twatep strategy to creatiereesubsets of reagser samplenuclear ribosomal,
chloroplast, and mitochondrial. By including only the necessary subsets of genome data t
performthe assemblies, we aimed to reduce noise and increase the accuracy and computational
efficiency in our. downstream analyséxur first step consisteaf performingade novo
assemblyof.eachsample using all the genomic datde software RAY v.2.3.(Boisvertet al,
2012)performedhe assemblysing tree different kmer values visually selected from the
report graph‘provided by KMERGENIE (Chikhi & Medvedev, 2014). The contigs restriinmgy
theRAY assemb} were parseavith the ‘-searchfunction of RAY usingHelianthus annus.
nuclear ribosomal, chloroplast, and mitochondedéérencesequence@GenBank accessions
HM6382171yNC_007977.1, and KF815390ekpectively, this step provided aubsebf RAY
contigs.The‘second step congdiin separatinghe genomic reads intauclear ribosomal
chloroplast, and mitochondrial subsets by mappihgeadsagainst thdRAY contig produced
after the first stepFor example, whole genome read®gdlostephium haenkevere mapped
againstheirown RAY chloroplast contigso obtainachloroplastsubset of read8OWTIE
v.2.2.3(Langmead Salzberg2012) was used to perform the mapping. Thenanalyzed with
different pipelineshe threesubsets of readsbtained per sampte obtainthe corresponding

sequence-alignmentFig. S1).

Due totheintraindividual polymorphic nature of theuclear ribosomdDNA, we assembled

these sequencestwo stepsFirst, we createé de novadraftassemblywith thenuclear
ribosomalreads:subseh each samplasing SPAdes v.3.5.0 (Bankeviehal, 2012)with the*-
careful option, and 21, 33, 55, 77, and 89 as&r sizesThe nuclear ribosomal contigs

obtained by SPAdes were merged in GENEIOUS v.7Keérseet al, 20129 allowing

overlapping regions of two contigs to assemble with some mismatches by usimg dhnem
sensitivity'setting. Taking into account that the nuclear ribosomal DNA is arranged imtande
repeats, the"complete nuclear ribosomal contig produced by GENEIOUS was treatedars
aiming to increase the accuracy of the badpping. The first nucleotide position of the circular
contig was'set at the first base right (5’ to 3’ direction) of the TATAGGGGG promoter found at
the end of the'notranscribed spacer (NTS) (Lindetral., 2000). Secondve backmapped the
nuclear ribosomal reads to their circular draft assembly in GENEIOUS using a minimum overlap
identity of 95%.From the backmapping obtainetbr each sampleve calculatedhree

consensus sequengaes samplaisingdifferent thresholgpercentage&0%, 75%, and 90%, Fig.
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S1). By doing this, we were able to accountttoe different levels of intraindividual
polymorphisms foundnii thenuclear ribosomabindem repeatsnd evaluat¢heir effects on
phylogenetic stimaton. The 50% consensus only called a nucleotide in a polymorphic position
if the nucleotide were present#50% of the reads containing that position. Therefore, the 50%
consensus.sequence set had fewer ambiguities than the 75% aodr@@¥tsus sequencédl

the 273 nuclear ribosomal sequences (three per sample) were align®AFFT v.7.017

(Katohet al;72002) into a master alignment. We corrected the master alignment by hand using
GENEIOUS Finally, we extracted from the master alignmenthtez2 matrices corresponding

to the three percentage thresholds (nr50, nr75, and nr90). Eachwestranalyzed separately

A de novaassembly for eackample’schloroplastreads subsetas performed with SPAdegth

the same options used for the nucl@aonsomal assemblyFirst, we annotatetthe chloroplast
genome oDiplostephium haenkeisingDOGMA (Wymanet al, 2004) with subsequent manual
correctionimmGENEIOUSusingGuizotia abyssinicgl.f.) Cass.as a referencésenBank
acession*EW549769.1). Then, we used the chloropld3t baenketo merge and annotate the
chloroplast-SPAdes contigs of the remainings@thpleausingGENEIOUS (Fig. S1)We

codified the gaps produced by non-overlapping contigs as missing data. We employed MAFFT
to createhechloroplast genomalignment that was later corrected by hanGENEIOUS For

the phylogenetic analysis.eonly included one inverted repeatouralignmentand manually
removed three unalignable regiono?,300sitestotal.

Due to the higlidegree of rearrangemeratsd the discontinuitfound in themitochondrial
assemblieperformedwith SPAdesit wasnotfeasibleto make a direct alignment ofir
mitochondrial.genomes. Instead, de novaassembledhe mitochondrial genome of
Diplostephiumshartwegiand then used this game as a reference for assembyymapping the
remaining 90'samplegVe choseD. hartwegiibased on the continuity and the high coverage of
its mitochondrial contig obtained by RAY. We expected all the mitochondrial abesmiith

the exception oD. hartwegiito have missing data at the boundaries of DNA blocks where
rearrangements occurred relativéddohartwegii With this strategywe intended to obtain a
gapped mitochondrial genome assembly for each sample in which the order of the mitathondri
blocks matched thatf D. hartwegiimaking their alignment feasible. We employed SPAdes
(with the same parameters used for the nuclear ribosomal assembtdd) TOFYv.1.3.1
(Alversonet al, 2010) to assemble and annotaéspectivelythe mitochondrial genome BX.
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hartwegii.We corrected by hand our MITOFY annotation using GENEIOUS based on that of
Cucumis sativuk. (Alversonet al, 2011). Before mapping,enfiltered the mitochondrial reads
of each sampleecause we detected a small proportion of chloroplast reads mixed in. The
intraindividual presence of chloroplast reads in the mitochondrial subsetasnexpby the
similarity of @me tRNAs and the transference of DNA between these two genomes (Algerson
al., 2011). To filter outhe chloroplast reads frothe mitochondrial reads subsets, we mapped
every sample’s'mitochondrial reads subset againgeitsovochloroplast genomasembled in

this study’(e.g.the mitochondrial read€Dofcolombianunwere mapped to the chloroplast
genome oD. colombianuusing a 97%minimum overlap identity in GENEIOUS he reads

not mapped testhe chloroplast genome were mapped to the mitochoefdriahce D.

hartwegij to'create a consensus sequence per sample (Figsigg)the medium sensitivity
setting in GENEIOUSMAFFT was used to perform the alignment of the 91 mitochondrial
sequencedVe visually inspectedhe matrix in GENEIOUSand egions difficult to alignor

with significant amounts of missing dat@ereexcluded from the matrix. We also removed the
mitochondrialFfRNA genesrn5, rrnL, andrrnSfrom thealignment because we foundcberial
DNA matching'some hypeonserved regions of these genes. We suspect that the source of

bacterial'DNA in oudatasetame from bacterifving onthe leaf surfaceof our plant samples.

Assemblyof thenuclearddRAD dataset

The RAD-Segqprotocol known as ddRAD (double-diges&tD-Seq Petersorer a/, 2012)was
used to prepare a referenit®ary thatincludeda subset 44 samples (Table S1p which we
could mapall' the unused nuclearadshat resultedrom genome skimming. Thestriction
enzymes EcoRI and Spiere used taligest total genomic DNAwyith asize selection range for
theresultingfragments €xcluding adapters) of 354—-414 bp. Library sequenciagiedout

using an lllumina HiSeq 4000 at the UTS&F, producedc. 83 million of 2x150 bp pair-end
reads. The referendibrary wasdemultiplexed with the software deML1 (Renaudet a/, 2014)
thatallowedus to confidently assign > 99% of the redd their corresponding samples while
tolerating up to 2 mismatches in the barcodés £quence quality assessed using FASTQC
v.0.11.5 (Andrews, 2010kvealedow quality over the restriction overhanggionsand a large

portion of the R2eads Therefore, v excluded R2eadsfrom subsequent analyses drichmed

This article is protected by copyright. All rights reserved



the restriction overhang of the R1 files, well as10 nucleotide$rom the end of the reads to
obtain sequences of 100 bp using the scrgfbrmat.shfrom thetoolkit BBTools v.36.38
(Bushnell, 2016). To guarantee that the assembly was done usinguoldgr reads, we used the
script‘bbsplit.sh’from BBToolsto create sets akadshat did not match either thiclear
ribosomal, chloroplasgr mitochondriakequencesf our ingroup or the Coliphage phiX174
viral genome (GenBak NC_001422.1) used in lllumina runs to increase nucleotide diVéuesity.
demultiplexedtrimmed and fikered readsvere used as input for the software ipyva@l 5.1
(Eaton & Overcast, 20160 which he assembly was performed with fherameters specified in
Methods S1This reference&ldRAD library contained 32,424 loci. A custom script
‘loci_samplerspy’ bttps://github.com/edgardomortiz/radscripty.aiis used to select the nhos
common sequence of@aaligned locus, producing a collection of unique sequences each

representing a different locus, named hereafter ddRAD reference.

In order torexpand the taxon sampling to the full set of species and to increase thgecotrer
samples perdocus wiesigned a pipelinealled‘shotgun2rad’
(https://github.com/edgardomortiz/shotgun2rad.git) to map genome skimming reads to our
ddRAD referencéor any other type of RAD data) and produce multiple loci alignments across
speciesThepipeline performs qudyifiltering and adapter removalith CUTADAPT v.1.12
(Marting2011);merges theualityfiltered pairsthat overlap usin SEARCHV.2.0.3 (Rognes

et al, 2016) maps the merged and unmerged reads to the ddRAD referengeBWA v.0.7.12

(Li & Durbiny=2009), angparseghe resulting BWAalignments to match tHelustS.gz’ format
produced by step @vithin-sample clustering)f pyRAD v.3.0.66 (Eaton, 2014)rém that

point, shotgun2rad runs pyRAD steps 4—7 to produce loci alignments speasss and a

variety of matrix formats for phylogenetic analystise parameters used feinotgun2rad and
pYRAD are.indicated in Methods S2 and S3. Two datasets were derived from our ddRAD
pipeline, a'locidataset (nucleddRAD-oci) and a matrix containg only variable sites
(nuclearddRAD). All computationaprocesses related to the assembly of matrices were carried
outat thesTFexas Advance Computing Center at bffp(//www.tacc.utexas.ejlu
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Phylogenetic malyses

We performed independephylogenetic analysdor eachgenome skimminglataset using
Bayesian Inference (Bl) andaimum Likelihood (ML). W& evaluateé nan-partitioned (MO)
vs. a partitioned model (M1). The M1 of the chloroplast and mitochondatiicescontained a
coding and"a nen-coding piion. The M1 of thenuclear ribosomaDNA datasetontained
three partitionsStRNA, transcribed spacerthé external transcribed spa¢ei’S), thelTS), and
the nontranscribed spaceN{TS). We compared MO and M1 for each dataset by calculating the
stepping stone marginal likelihooHi¢ et al, 2011) of botmodel schemewith MrBayes
v.3.2.2 (Rongquiset al, 2012)on the TCPRES Science Gateway Server (Milgral, 2010) using
10 million/generations, 2 runs, 4 chains per run,assdiming & TR+1" model.The stepping
stonemarginallikelihood values were compared usingy®s fators(Fanet al, 201). To
calculate the model of evolution of the partitions we employed a mixed stratesyywel
inferredthe user I' and+| parametersn our partitions using the corrected Akaike information
criterion (AICc) (Hurvich& Tsai 1989) employed in jModelTest v127 Guindon &Gascuel
2003;Darribaet al, 2012). Then, wealculatedhe substitutioparameters among nucleotides
with reversible;jump Markov Chain Monte Ca(gMCMC) simulations (Huelsenbket al,
2004) usingVirBayeswith 10 million generations, 2 runs, 4 chains per run, and therd/or

+| parameters if suggested the AICc A final MrBayes analyis with 10 million generations, 2
runs, and4 chains per ruwasperformed usinghe best partitiooodel alongvith the
substitution parametensferredfor each datase¥We performed th#&L analyse withRAXML
v.8.1.11(Stamatakis2014)in the CIPRESportal using theartitioned schensefavored, 100
rapid bootstrapreplicates, arittGTR+H" model of evolutiongsrecommended bRAXML
manualStamatakis2015).For all Bayesian analgs we used a burn-in fraction of 0.2%e
employed TRACER v.1.6.0 (Rambaattal, 2014) toconfirm the convergence of parallel
MCMC runs

We analyzedhe nucleaddRAD matrix with maximum likelihood using the RAXMHPC2
Workflow available in CIPRES (Milleet a/, 2010). Wwo separate analyses were performed, one
consisting of 100 independent runs and one consisting of 100 thorough bootstraps, Wtn run
the Ascertainment Bis option enabled’ he 100 independent runs were summarized into a
Majority Consensus Rule Tree witbumtrees.pw.4.10 (Sukumaran & Holder, 2010a)
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available in the package Dendropy v.4(Sdkumaran & Holder, 2010b). Suppasobtained

from the 100RAXML thorough bootstraps usingumtrees.py The same matrix was analyzed
with SVDQuartetgChifman & Kubatko, 2014) implemented in PAUP* v.4.0a150 (Swofford,
2002) using all guartets and performing 100 bootst\e excluded outgroups from both
analygsbecause of their high levels of missing data. FigTree v.1.4.2 (Rambaut, 2014) allowed
us to inspect, compare, and export trees to image editors.

Congruence ssessmerdnd vsualization

We visually. inspected the congruence of the topologies obtainddfbeyentmatriceswith the
multidimensional scaling of tree space using the Robinson—Foulds distgpiemented in
TreeSetViz v3.0Amenta& Klingner, 2002)asa package foMESQUITEV.3.04 (Maddison &
Maddison, 2015)The firstcomparisorwas mademong the results obtained by the Bl and ML
analysis of the thresuclear ribosomallatasets (nr50, nr75, and nr90he secondcomparison
contrasted.th&eesfrom the analyses of the nucla@vosomal 90%, chloroplast, mitochondrial,
and nucleaddRAD datasetsFrom the Bl analysesie sampled the maximuatadecredibility
tree(MCCI from sumtrees.pyand 50 randorBayesian topologies from each dateféetr a

0.25 burnia=From the ML and SVDanalysesywe sampled the best tree obtained and 50
random bootstrap replicates from eacibset A hierarchical likelihooeratio congruence test
among thauclear ribosoma0%, chloroplast, and mitochondr@dtasets was performed with
CONCATERRPILLAR v.1.8a (Laghet al, 2008) coupled witiRAXML v.7.2.8. (Stamatakis,
2006). Weidentified rogue taxa by using the Procrustean Approach to Cophylogeny (PACo,
Balbuenaet d., 2013) with thepipeline designed bérezEscobaret al. (2016),specifically
aimedat identifyingincongruent taxéetween nu@ar and chloroplast phylogenidhe

approach oPérezEscobatet al. (2016)assumes that the chloroplastylogeny is dependent on
the nucleaphylagenyand transforms the topologies into matrices of patristic distatihzgsyre
then transformed into Euclide&mincipal Coordinatenatricesusing the method proposed by de
Vienneetal,(2011). Taxa with significantncongruent phylogenetic positioaseidentified by
comparing thebserved distancegjainsthose produced by permutatioBecause this

approach performisestwith phylograms PérezEscobaret al.,2016), we used thgl trees
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obtained from the nuclear ribosomal 90a%d chloroplast matrices that have low levels of

missing data and therefosemore accurate branch estimation

Hybridizationassessment

To distinguish between incomplete lineage sorting (ILS) and hybridization, we empleyed t
method-deseribed bjoly et al. (2009) implemented in the software JML v.1.3.0 (Joly, 2012).
This methodwuses the posterior distributioradlescenspecies trees, estimated populatio

sizes, and branch length from a *BEA8P2.3.0 (Heled & Drummond, 2010utput to sinulate

a coalescent scenario with no migration. Hybridizatsadentified by comparing the minimum
pairwise distance between thmslated andhe empirical datasetsf anobservedlistance is
significantly smallethanthe simulated onghenILS can te rejectedsuggesting hybridization
(Joly et al, 2009; Joly, 2012)Jolyet al's (2009)approach assumes that the marker used to
calculate genetic distances does not recombine and its power increases with longer sequences
(Joly, 2012)thismakes our chloroplagtatrixan excellentandidate t@imulate and compare
gendic distanecesWe calculated a coalescent tree in *BEAST using the nuclear ribosomal and
chloroplast matricedVe ran five independent analysén *BEAST using200 million
generationsy’sampling every 108@d withaGTR+I" model. For the JML input, @andomly
sampled 2000 trees from the five *BEAST runs using LogCombiner v2.3 (Drumet@hd
2012)after.a burrin of 0.25. With JML, we carried out 2000 simulations of chloroplast genome
pairwise distanceomparisonsTo visualize the resultsve created aatrix mapin R (R Core
Team, 2016)ndicatingsignificantpairwisecomparisonsfter theBenjamini-Hochberg

correction

To detectintrogressionyve calculated thé’atterson's Btatistic (ABBABABA test, Husoret

al., 2005; Greemt al, 2010; Duranet al, 2011) on selecteguartetsof taxawith thenuclear-
ddRAD-loci"dataseemployingthe softwarggyRAD. We chose the quartets based on the JML
results and theomparison beteennuclear-ddRAD and chloroplast topologigbe D-statistic
calculates the"proporticdBBA’ and ‘BABA’ patternan a fourtaxon phylogeny. Tis

proportion should be equally frequent in a scenario with ILS and no gene flow; if the proportion

between théwo patterns is significantlglifferent, then introgression betweémo of the taxas
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inferred.Significant patterns were identifieging a Zscore> 3, which correspond to a
conservativex=0.01 (Eaton & Ree, 2013fter theBenjamini-Hochbergorrection

Time calibration of thephylogeny

We could'not implment a primary calibratiofor our datasetdcausef the poor fossil record

for AstereaeTherefore, in order to obtain a calibration point for our ingroupextactedhe

ITS region€=700 bp) of our nuclear ribosomal alignment and comhbiinedh that of Strijket

al. (2012)/whichcontains sequences frdteliantheae, Gnaphalieae, and Anthemideae
providing external nodes fohetime calibration We aligned the ITS matrix with MAFFT and
empbyed ‘MrBayes to obtain a topology usiB@ million generations, 2 runs, 4 chairss,
temperature of 0.00land GTRH"+I model. We calculated the chronogram with BEAST v.2.3.0

(Drummondet al, 2012) using the MrBayes topology (fixed), a lognormal relaxed clock, a Yule
model of speciation, 100 million generations, a sampling frequency of 40 thousand generations,
and the samercalibratiomops used byStrijk et al. (2012). We produced the control file using
BEAULti v.2:3(Drummoncet al, 2012).Thesets of treefrom the two runsvere combined after

a burnin'ef.0.25 using LogCombiner v.2.3 (Drummena@l, 2012)before calculating the
chronogramwith TreeAnnotator 2.3 (Drummaatdal, 2012).

Because the IT8®atrix (c. 700 bp) did not provide enough phylogenetic information to produce
a robust and-resolved topology in the part of the tree corresponding to our jngeocedibrated
our BayesiarddRAD tree (fixed using thecomplete nuclear ribosom@0% matrix (c. 13 Kb)
employing secondary calibration points derived from our ITS chronogram and the literéure.
aligned to'oumatix the nuclear ribosuoal cistron ofHelianthus annuugGenBank accession
KF767534)using MAFFTand employed the followingalibration point®n the tree(1) a mean

of 32.4millienyr (Myr) based orKim et al.(2005) with a normal distribution and a sigma of 11
(95% CI:1474=50.6) to the root of the tmepresenting the crown cladeAdteroideae, and (2)
mean ofd71.21 Mywith a normal distbution and a sigma of 3.1 (95% CI:6.11-16.3) to the most
recent commom ancestof the ‘South American Lineage@inferred in our ITS chronogram)o
calculate the chronogramevemployed BEAST with the same parameters used icetiiation

of the ITS dataset and the model and partition scheme calculated for the phylcaeaigtcs of

the nuclear ribosomal matrix
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Consensus sequences were deposited in GenBank (Table S1). Subsets of reads, aligeed ma
and control files are availablé Rryad fttp://dx.doi.org/10.5061/dryad.cn7¥h

Results
Characteristics/of théatasets

The nuclear ribosomal alignments comprise 13,362 characters of which 1,203-1,425 (9.00—
10.66%) are parsimonypformative characters (PICs) depending on the consensus thresigold (
number ofRICs reported here alwaysatxde the outgroup, Table S2Yyhile the nr50 matrix
contains only'25 ambiguities, the nr75 and the nr90 have 3,201 and 5,012 ambiguities,
respectively The chloroplast genome Diplostephium haenk&ontains 85 genes plus 36
tRNAs and 8 rRNA$n 152,292 bp (Fig. S2No sigiificant rearrangements or gellosses were
foundacross.the sampled speciekative toGuizotiaabyssinicawith the exception of the loss of
therpsl9 gene.foBaccharis genistelloidesndtrnT-GGU for B. genistelloidesB. tricuneata
andLlerasia caucanaFifty-six of the 91 genomes have missing dattheir assemi@sdue to

the low coveragef readsobtained in regions with high number of repeats. The chloroplast
alignmentis*35,440charactersong, of which 2,169 (1.68) arePICs(Table S2. Thede novo
mitochondrial genome ddiplostephium hartwegihas a total length of 277,718 bp, containing
56 genewlus 3 chloroplaskike tRNAs (Fig. S3. Thefinal mitochondrial matrixhasa length of
209,392 and.contains 1,730 (8BPICs The nuclear-ddRADeci dataset used for
introgression analyses has a total 8f987 loci.The matrix containing only variable SNPs,
nuclear-ddRAD, employefibr the phylogenetianalyseshas a total of 244,256tal siteswith
96,421(39.5%) PICs(Table S2)

Phylogenetic analysis

In all casesthe Bayes factors favarpartitioned matrix analysis over a npartitioned one
(Tables S37S4) Overall all thephylogenetic topologies obtained avell resolvedwith highly
supported noded-igs 1, S4-S11). Thisvo topologies obtained by Bir SVDgand ML for each

of the matries analyzede.g. theBl-chloroplastreecompared to th#L -chloroplastree are
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consistenexcludingcladesor taxawith low support ljootstrap supporBS) <80%,Bayesian
posterior probabilityBPP) <0.9).

Nuclearribosomal topologies

The Bl and ML backbones of the nr50, nr75, and rtr@@sareall highly congruentith the
exceptionsbeing the position Biplostephium meyeniyhich has low support on atif the trees
(Figs 1h S5=S9) The visualization of the Robinsdfoulds tree distances tife six nuclear
ribosomal tree subsets @50, BI-nr75, BI-nr90, ML-nr50, ML-nr75, and ML-nr90) shows
four clusters of topologies (Fig. S12). None of the four clouds are formed exclusively by the
trees of one'subset. This visualization emphasizes that despite the ggressaienamong the
nuclear ribosomal topologiethere are some incongruences located towards the tip of the tree
(Figs 1b, S5-S9). For exampl@iplostephium schultzia species represented by two sampes
polyphyletic in the Bl-nr5&nd ML-nr50 topologiesKigs S5, SY, whereast is monophyletic in
the Bknr75;Bl-nr90 ML -nr75 andVIL-nr90 topologiegFigs b, S6, S8, SP Because the nr50,
nr75, and 'nr90.backbonase congruerdnd the nro0 matrix is the most conservative in a
phylogenetiC context capturing a considerable amouintr@individual polymorphisms
(informativesto MrBayes and RAXML, Ronquist al, 2011; Stamatakis, 2015) we selected the
nr90 dataset to make comparisons with the chloroplast and mitochondrialslataset

For the remaining part of the paper we whktreforerefer to the nuclear ribosomal 90dataset

simply as nuclear ribosomadl
Incongruence among the genomatakets

To avoid econfusion in our results and discussion, we osgythe BMCCT topologies from the
genome skimmingnatricesand the ML topology from the nucleddRAD matrixwhen
comparingall datasetsopologiessince alternative topologies from the same matrices are almost

identical.

Incongruenee,is significant among the topologies obtained from the nddR&D, nuclear
ribosomal, chloroplast, and mitochondrial genomic regvatisthe fourtreesrecoveing
different numbepf cladesof Diplostephiuntaxa anccontrastinggeneric relationship@-ig. 1).

The topology in Fig. 1a shows two labeled groups that we referRpbsstephiumA and B.
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While inthe nuclear-ddRAD and nuclear ribosomal topologjescies ofjroup Acomprise a
monophyletic group that sister to a cladeontaining norBiplostephiumgenera andpecies of
Diplostephiungroup B,in thechloroplast and mitochondrial topologigsecies ofjroupA
(exceptingD. inesianurrin the mitochondrial topology) are nesteithin a cladecontaining
Diplostephiungroup B species and the rest of Astereae genera sampjealogical

incongruence among our datasstalsoobvious in the visualization of the Robinson-Foulds tree
distancesKig.'S13 thatdepictsfour independent clouds of topologies corresponding to the
nuclear-ddRAD; nuclear ribosomahloroplastand mitochondrial tree subset$i€lchloroplast
and mitochondrial cloudsrepositioned more closely together relative tonlielearddRAD
andnuclear ribesomal trees. The hierarchical likelihoatio rejectshe concatenatioaf the

most congruent genome skimmidgtaset combinatigrhloroplasplus mitochondriaDNA
(P<0.0001). Normalized squared residuals values obtained by PACo identify 35 (38%) of the 91
tips as rogudaxa (Fig. 2).

Hybridizationassessment

A strongsignal of hybridization in our datarevealed by JMIFig. 2); 1,647 (40%) oudf
4,095pairwisechloroplast distancesre significary smaller tharexpected in a scenario with
ILS and nomigration(P < 0.05)after theBenjamini-Hochbergorrection The Patterson's-D
statistic (ABBABABA) performedn selected quartets of tagaows a signal of introgression
among genera,and insi@gplostephiungroups A and B for many of the quartets evaluated
(Tables 1,S5.

Chronograms

The ITSchronogram shows poor support and resolution in nodes positioned in the ‘South
American LineageqFig. S14), neverthelesst provides a timestimateor the origin of the
‘South American lineageéode R, mean = 11.2 Myr 95% CI = 6.2-164ployed to calibrate
thenuclearddRAD topology with the complete nuclear ribosomal matrix. fifhe calibration

of our nuclear topology using the nuclear ribosomal matrix (Fig. 3) provides aestigiation

for the ageof Diplostephiumgroups A (nean = 6.5 Myr 95% Cl = 1.3-11.4) and B (mean = 7.3
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Myr 95% CI = 2.3-12.5), and the divergence of Sdutierican gener@mean = 10.17 Myr 95%
Cl = 3.2-16.2).

Discussion
Phylogenetic incongruence and hybridization

Incongruence among the nuclear-ddRAD, nuclear ribosomal, chloroplast, and mitochondrial
datasetss found atthe generic andpecies levelespeciallybetweerthe nuclear vs. organellar
trees. The only.clade recovereohsistentlyacrossphylogenies (excludinD. inesianunfor the
mitochondrial topology)is a clade that contasra group oDiplostephiunspecies restricted
mostly to the Norther Andes, labeledroup A in the nucleatdRAD topology(Fig. 1).

However despitethis Northern Andearladebeingrecoweredin the four genomic phylogenies,
its position.relative to other genera andithgt of species ddiplostephiums incongruent when
nuclear vsaerganellar topologies are comparembngruence amongjfferent markers can be
produced by phylogenetimcertainty incomplete lineage sorting, and/or hybridization
(Rieseberg & Soltis, 1991; Maddison, 1997; Huelsenle¢ek, 2000) To rule out phylogenetic
uncertaintypwe performed a PACo analysis to identify ragua.Because PACo performs
simulatiensncorporating phylogenetic uncertaintilge presence dignificant outliers provide
evidence for the phylogenies being affected by ILS or hybridizafibe resulthat 38% of our

samplesarerogue indicates extensive ILS or hybridizatinrour dataset

To distinguish betweeh.S and hybridization, we employed the method proposed byeially
(2009)incaorporated in the software JMUoly, 2012).The significantly small pairwise distances
of c. 40% of all possible comparisons among chloroplast genomes suggest high levels of
hybridization=AlthoughJML results can be difficult to interprbecauseheyonly show species
pars affected byhybridization and do not incorporate a model to detect ancient hybridization,
our visualization of thdML results mappedext to a phylogeny (Fig. 2) provides a new
approacho formulate hybridization hypothes@sis visualization shows a strong signal of
ancient hybridizatiotecausesignificant comparisons are present among different genera and

amongalmost all comparisons between specieBipfostephiungroups A and B.
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We employeda nuclearddRAD-loci dataseto calculateempiricallythe amount of introgression
among selected taxa using the Patterdossgatistic Our results (Table 1) show that
introgression has occurred among genera and ibsalestephiumgroups A and B. Even
though we did not test f@very possible hybridization event in ourdiatistic framework, the
significant tests reported (Table 1) suggest at least 12 reticulate énehtsspecific case of
Diplostephiumsp. nov. CAJ2D. meyenij andParastrephia quadrangularithe D-statistic
identifies a'strong signal of hybridizatiairsosupported by morphological data. We hypothesize
thatDiplostephiumsp. nov. CAJ2 is the product of a cross betwi2emeyeniiandP.
guadrangularishecaus®iplostephiunmsp. nov. CAJ2 has scdike leaves similar té.
guadrangularisbut heterogamous capitula with ray flowers lixemeyeniandgroup B species
(Fig. 4a—c)Similarly, a high ZscoresuggestshatD. cinereum(Fig. 4d)hashybridizedwith D.
meyeniior P. quadrangularigTable 1) all of whichoccur in the Pendan Andes in parapatry,
and morphological hybrids have been observed in the field (V. Quipuscoa pers..cbnam.)
incongruence among genomic phylogenies, the JML results, and the signal of inimogress

inferred bythe=D-statistic, suggest a complex pattern of reticulate evolution in our ingroup.

The high number of instances of hybridization seen in our dataset explairggeat extent the
incongruencesebtained among our genomic phylogenies. Numerous authors have proposed that
horizontal.gene,transfer via introgression could cause deviation of the chlosopast
mitochondrial phylogenies from the species tree (Rieseberg & Soltis, 1991e MO@5; Hardig
et al, 2000;:Suret al, 2015).Becauserganellar DNAinheritance is mostly uniparental and
there is generally no recombination following fertilization (Birky, 1995; Jansen &nkarhl
2012), an everuaf hybridizationcouldcompletely replace the original chloroplast and
mitochondrial DNA of a lineage by an alien one, confounding their phylegesiative to the
species tre€Rieseberg & Soltis, 1991) horoplast ad mitochondrial genomes have the
potential to"bdixed rapidly because theirfiective population size (Ne}ione-fourtithatof a
nuclear autosomal gene (Moore, 1995), making orgargdiammes less prone to ILS.
Additionally, thediscrepancieamongthe phylogenies afhloroplast and mitochondri@INA
suggest a decoupling of inheritarafehesetwo genomes. The evidenpeesented here makes us
conclude that the trees obtained from the chloroplast and mitochondrial DN Aoy
deviate from the species tree
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The nuclear-ddRAD tree is to our knowledge the best species tree hypothesistakaogount

the numerous loci sampled from the nuclear genome and its phylogenetic robustnes}. (Fig. 1a
This topology fits better the morphological classification and biogeography of our ingroup than
all the other phylogenies obtained in this stutllye nuclear-ddRAD topology indgites that
Diplostephium(sensuCuatrecasas 1969) is biphyletic Bi&rastrephiais included in grou®
specieswith bothcladesdivergingapproximately in the late MiocenBecauséhe
nomenclatural'type of the geni, ericoides is a member of grou speciesDiplostephium

s.S.), groupA"must be circumscribed as a different taxon 1. Vargas, unpublishe¢d

From the genome skimming datagbge nuclear ribosomal DNA is better at capturing signal to
infer the species tree than the chloroplast artdahondrial DNA because the nuclear ribosomal
cistron is biparentally inherited (Volkat al, 2007), it recombines (Hughes & Petersen, 2001;
Ambrose & Crease, 2011), and its copies are located on multiple chromosomess(@thallj
1971; Alvares*& Wendel, 2003) hE nuclear ribosomal treeassolargely congruent with the
nuclearddRAD-tree(Fig. 1a,b).

Extensive introgression in South American Astereae is prololalglyo la& of reproductive
barriers:iEvensthough the pollination biology of our ingroup is still understudidgalpstephium
and its allies laclobviouspollinator specialization (Cuatrecasas, 196@bably because of the
low diversity of pollinators in the high Andes (Berry & Calvo, 1989jditionally, the complex
topography of the Andes might promote speciation via geograutationwhile allowing gene
flow in early stages of differentiatidrefore reproductive barriers develop. Available reports of
chromosome numbers (Chromosome CesWdtabase, http://ccdb.tau.ac.il, Fig. 2) suggest that
the ancient:hybridization identified in our data did restult inpolyploidy in the majorityof

cases hecausesthe only sample with a chromosome countdeypiatingfrom the base
chromosome numben Astereaerf=9, Nesom & Robinson, 2007) Biplostephium jaramilloi
(n=18). However, more data about karyotypesneeded to confirm the above statements,

especially foDiplostephiungroupA species.

Practicé considerations

Our results demonstratieathybridizationis prevalent inDiplostephiumand its allies deviating

the chloroplast and mitochondrial phylogerfiesn the species treén conjunction with
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documented cases ddticulate evolutionn other organisms like heliconiirmitterflies (Malletet

al., 2007)and dchlid fishes(Genner & Turner, 2012), our results support the hypothesis that
hybridization might be a common process in events of rapid evolution (Anderson & Stebbins,
1954; Seehausen, 200Because hybridization might be frequent during evolutionary bofsts
speciation ancient and recent diversifications (and radiatiansgspecially pronéo the
phylogenetic biases explained haihée urge systematists to avoid concatenating data with
different'inheritance patterns (e.g. chloroplast and nucledsems) without testing for
congruence;and to use caution when using chloroplast and mitochondrial phylogenies as the
basis for taxonamic classificatiptime calibrations, historical biogeographic reconstructions,

and comparative phylogenetic analyses.

Phylogenetic methods have focused on a bifurcating model of evolution but dichotomous trees
cannot illustrate processes like hybridization and horizontal gene tréDefaittle, 1999;

Huson & Bryant, 2006; Rieppel, 2010). Recent advances in phylogenglictaxetwork
estimation(Selid.emus & Ané, 2016; Weat al, 2016)promise bettemodels to understand

the evolutionary history of taxa that have undergone hybridization and lateral gjesfertryet,
these approaches are still in their infancy and are only efficient in cases of recent hybridization

with few reticulate events

Approachesthat identify roguertninals (e.g. PACo and PARA(fit, Legendteal, 2002;
Balbueneet al, 2013; Pérez-Escobat al, 2016) are often used to remove taxa from
phylogenetic analysis and decrease incongruence among datasets (e.g. &halippe09;
Regieret al, 2013; Salichos & Rokas, 2013; Reginato & Michelangeli, 20M8jle PACo
identified 38%-0f our taxa as rogue, our hybridization analysis suggests #4&b of our
sampled.taxare affected by ancient cecent hybridization. Therefore, removing taxa identified
as roguefrom our analysis would not eliminate topological incongruence prdauced
hybridization. We encourage biologists to uncover the reason for incongruence (instead of
removing rogue taxa) as the answer to this question could elucidate noteworthy Hiologica

processes.

Our study demonstrates that ancient hybridization is worthy of attention and sleamlodeled
in phylogenetic inferencéuture research should focus on understanding the role of

hybridization on diversification ahdeveloping methods tuantify ancient introgressiand
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accuratelyinfer reticulaé networksThe evidence presented in our study builds on numerous
reports (3. Sessat al, 2012; Suret al, 2015; Sochoet al, 2015; Wuet al, 2015) that

emphasize a central role of reticulatiorplant evolution.
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Fig. S1Diagram representing the sequence assembly pipeline for the genome skimnseg data
Fig. S2Circular representatioof the chloroplast genome Diplostephium haenkei

Fig. S3Circular representation of the mitochondrial genomBipfostephium hartwegii

Fig. S4NuclearddRAD tree obtained with SVD quartets.

Fig. S5Nuclearribosomal maximurcladecredibility tree okdined by Bayesian Inference with

the 50% consensus matrix.

Fig. S6Nuclear.ribosomal maximuciadecredibility tree obtained by Bayesian Inference with

the 75% consensus matrix

Fig. S7Nuclear ribosomal best tree obtained by Maximum Likelihood with the 50% consensus

matrix.
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Fig. S8Nuclear ribosomal best tree obtained by Maximum Likelihood with the 75% consensus

matrix.

Fig. S9Nuclear ribosomal best tree obtained by Maximum Likelihood with the 90% consensus

matrix.
Fig. S10Chloroplast best tree obtained by Maximum Likelihood.
Fig. S1tMitechondrial best tree obtained by Maximum Likelihood.

Fig. S12Robinson-Foulds tree distances visualization among the nuclear ribosomal 50%, 75%

and 90% consensus datasets.

Fig. S13Robinson-Foulds tree distances visualization among the ddRAD, nuclear ribosomal
90%, chloroplast and mitochondrial (red) datasets.

Fig. S14.Chronogram of the ITS matrix
Table S1List of specimens with their voucher and GenBank information
Table S2Descriptive statistics of the matrices obtained

Table S3Bayesian factor comparison between the two partition models calculated with MrBayes

in eachgenome 'skimmingataset

Table S4Models of evolution inferred by jModelTest and MrBayes for the genome skimming

datasets

Table S5Complete list of Patterson’s-Btatisic calculations

Methods S1Parameters file used for assembly of the reference ddRAD library in ipyrad
Methods"S2Parameters file used for assembly of the nualed®AD dataset in shotgun2rad.

Methods S3PRarameters file used for assembly of the nualedAD dataset in pyRAD.

Please note: Wiley Blackwell are not responsible for the content or fonalityoof any
supporting information supplied by the authors. Any queries (other than missieigatahould
be directed to thBlew Phytologis€Central Office.
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Fig. 1 Phylogenie®btained from the different datasets: (aglearddRAD —maximum

likelihood, (b) nuclear ribosomal 90%Bayesianinference(Bl) maximumcladecredibility tree
(MCCT),(c).chloroplast BI-MCCT, and (d) mitochondrial — BMCCT. Dots indicate highly
supportedmodes (bootstrap support > 90, Bayesian posterior probability > 0.9). Shaded areas
indicatethedistribution oDiplostephiunmtaxa according to the map at the ri¢git

Fig. 2JIML matrixmapped on thauclearddRAD topology showing significant pairwise
comparisongblack squarelin which the chloroplast genetic distance was found to be
significantly'smaller than expecteddera scenario witlincomplete lineage sontj with no

migration 'suggesting hybridization. Ingroup rogue taxa identified by Pé&€iadicated by the
orange squares. Numbers following taxon names indicate the haploid number of chromosomes

the star indicates that the count was a made in a different species of the same genus.

Fig. 3Chranogram calculated on the maximum likelihood ddRAD topology using the nuclear
ribosomal 90%matrixNumbers anodes indicate the averagstimatecageswhile bars show

thar 95% confidence interval. Stamsarkthe calibration pointased

Fig. 4 Photes,of taxa with high genetic hybridization siga) Parastrephia quadrangularjs
(b) Diplestephium meyein (c) Diplostephium sp. noxCAJ2, and (d)Diplostephium cinereum.
Notice the hybrid morphology d@iplostephium sp. noXCAJ2in relation toP. quadrangularis
andD. meyenii

Table 1Patterson’s Bstatistic showing the tests for which introgresdietween P3 and either
P1 or P2vas detectedsing a Zscore threshold of Gee Supporting Information Table S1 for
full species.detaildAuthor, please check inserted text ‘(see Supporting Information Table

S1 for full species details)’ is ok.]

P1 P2 P3 (0] 4 BABA  ABBA  nloci

Introgression among genera

D. ochraceum D. violaceum B. bartsiffolia D. haenkei 4.99 8.5 3525 198
B. genistelloides L. sophiifolia D. ericoides D. ochraceum 4.8 30.75 84 159
B. genistelloides B. tricuneata D. espinosae D. frontinense 5.06 77.25 169.5 291
B. genistelloides L. sophiifolia D. espinosae D. frontinense 4.35 50.38 106.88 204
B. genistelloides B. tricuneata D. ochraceum D. haenkei 4.58 184 89.5 303
B. genistelloides B. tricuneata D. violaceum D. haenker 3.55 172.5 96.5 309
B. genistelloides B. tricuneata H. alienus E. notobellidiastrum 5.65 121.88 48.88 190
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Introgression insid®jplostephiungroupA

D. mutiscuanum D. oblongifolium D. antioquense D. colombianum
D. revolutum D. rosmarinifolium  D. colombianum B. tricuneata

D. revolutum D. rosmarinifolium  D. eriophorum B. tricuneata

D. revolutum D. rosmarinifolium  D. juajibioyi D. colombianum
D. tenuifolium Drochraceum D. rosmarinifolium  D. colombianum

Introgression insid®jplostephiumyroupB

D. callilepis D. ,goodspeedii D. haenkei D. azureum

D. meyenii P. quadrangularis  D. cinereum B. tricuneata

D. cinereum D. sp. nov. CAJ2 D. meyenif F. hypsophila

D. foliosissimum D. sagasteguii D. meyenii B. tricuneata

D. barclayanum D. sagasteguii D. meyenif B. tricuneata

D. haenkei D. callilepis D. meyenii F. hypsophila

D. goodspeedii D. callilepis D. meyenif F. hypsophila

D. meyenii

D. sp. nov. JUN3

Riquadrangularis

D. sp. novJUN

D. sp. nov. CAJ2
D. sp. nov. JUN2

B. tricuneata

D. azureum

8.15
6.03
4.87
3.84
5.05

135
19.44
11.6
11.14
9.42
9.3
5.28
19.44
3.35

223.12
167.38
146.75
232.12
478.12

238.38
498
337

78.62
81.38

300.25

242.38
498

4115

542.88
56.88
64
361.88
294.12

715.38
76.75
89.25

309.12

277.62
92.25

108.62
76.75

551.25

1447
333
337

1321

1550

1350
444
452
473
473
490
466
444

1294

This article is protected by copyright. All rights reserved



Author Manuscript

This article is protected by copyright. All rights reserved



th
_14530_f1.pdf

£ 3
3 £ g
S @ S
° S 2o o § §
g g g8 3 g 3
= T .
A D 0_§gg§®l:"$§\o.§§ § (b
= oS58 2 €9 Sg 8 NN u
o 2239 o) 8 S RS §3¢ 1S N Cle :
o _2 3T 5] o 9 oL © 5 % QS S S © P a
ooo —-O—-——"’ T T m§->’9ﬂ3:’ I°~° SI\ NS 2 rr
o/%-ﬂoog,.oooa?a— T \QQQE‘E@‘°~SQ$/O'$£’0\ IDO
OQ@'@/“L,.%‘ ov"#‘ﬁdﬁ,-c'cwc’ 5 “OC%EmCDEQQQ~Sc S $ N SO
%%%%@ %@%%%g-ég%zés 553 ESEEs 3888 $ ¢ mal
Om@f'@@@wr*‘o*:—’.?.? 2 88T 3% \OJO%Q)QQ > & & NN
%,@%fo/%%%%%%%%% %:f;‘g”i? S TSSE £ §$ S&E N
Qo@,@oé%&ae%aﬁeam@oc?am% SEEERAS SE8F
Q% %g“fé‘“’%%ﬁ 23383 o‘a’e‘,‘a\a %-’%E%?‘ 85503 SN S8 &S & S
Lo, %% 25 0% 20 %.cgﬁ@;%ev za-g.a%-@;:_: SIEE N &S S J
%o % ‘5‘0@’0’%‘96 - = —'0'53om Q 523 QLY RS / Q N
Yor S %\f%@v%%%%%?z&%@%%‘%ga% 83558 SN &8 Y &' &
006‘/ %y, /éé/(',’b O@\éfé%@%% %%Gémﬁg%aa?_)ggﬁmg N \oe’ ,@Q (‘\\0 R/ \(‘\\KQ' R
o o, &,'%,.’?;\ o;g%?fm%%é%,m g‘%-f—“’“’ @ R NG & @& & &
Yor, %o, %, X N o 0‘60”'6‘9»{%," 3/\0 Q\Q P N ; N P
0y, Yoy 7R % ’5/(/ ’)@‘9@@,’94 o5z 3’5 \Q\ G}Q’ \ o 'b(g
0; 04{5/0 6';‘)/08/ e,oé'o ,?/”@0’0\ ///6/49&6904%@’5 QO.\\ oé@Q \(\\ﬁ(\ 7 0@6\ {\0\\\)((\
'O/O\S‘f/osf Shi % e % Oéfeoeo@/)‘ps?) 0\\ 09\0 ‘(‘\\&(\/ \‘Z’(\\) 0(“)((\
Ol ot oy o&/g S R \0‘3\QQ S Lo
Oty "% \geyeg% O/(/,O@@ N & 6\0“\ ¥ €0 "
0y / 00,0/;0[?,0 Copy “ o8 0'5\6Q o '0’0\\0 &
Dip/, X OSf/n\S oo'e/?/}@’//des O\Q\ 5@9‘(\ ‘x)‘°> & CAGR
lost oohe 0 cqp o o oS
, ; Ste, Phi Um (Z/}' /o 74 g \05 '\\)((\/ \’\’l«\/
Diplo, Diplo um ) L COp: oF 3o SV S
Di stopprePhi 1 o Q° e b
iplo hium i Ot ©0/ap. V" o P oV ¢ J
thep h/um—fhom'}ang?e,‘;‘;m/ o s‘&@(’“\\“{\/ mo((‘bd\da\ g
geno, _rho. oidale 2 & W0° o
thora mboldaa//e—clém O \OS‘G n - - ap'\o\‘\\a\,\)m OL
esto i cuch e E L )% ‘(\\U"“/ \e G
f niella kgﬁafan,cu D\p\oswp L o ga\e~
aennecia kempert 0\9\05‘6"“‘ - onse
Azte _ sophilfolia L oster®
Archi caster. iifolia i \osteph‘ —
chibacchari - matuda DiP ; \Veo\a’tum
EXOSt[gm a”S~asper-f © D'\p\ostep\’\\um/a
a__notobe”-d. ifolia : heter h\j“Um
Heterotha|amu'3 'ZS,-”;:m D‘p‘oswph‘um/ pundu™
. alienus : ' ri
Baccharls,genistelloides ! Dip OSteph"‘,lm’
charis/tricuneata i lostephlum hyhcoude
sia 1 sO hila: ; ;
Flogc\a 53 hmr\r/\prﬂé)ven“ Dlplostep i ,revoluturn
O SplostoPl ad? Yans Diplostephi |
(e nia quadraf\g 2 Di ,3Cunosum
Pa\’aS P '\)E‘ o0 no\!/Gigum IPIOStephiUm rosmari i
D\p\OS‘?"“‘Smjv\'\um/G‘mp‘amm D'p'osteph,-Um’ - inifolium
D\p‘omum/o%ap «a{«o\'\u\‘f‘ Diplostephium_ yambense
D-\p\os’&ep “-““(\/5 a,b\)(e <@ Diplost : _VIoIaCeu
-\os’&ep S ‘\\\6(‘ A Di ephium_ci m
o)) X 5\09‘(“ < (0\\) ‘3\5\(‘\\ iplostephi )_cinera
O (0 R )\0’&\)(“((\ Diplo phium_ve scens
NG 2% @O\ o _venezue
(5\9\05 6\9\0«\ b\r‘:)\a(\é&({@\)(s& Eir astreph um_obtus lense
WS EANGH < osti ia_qu. um
_ \05\09 eQ“\\)«\/ R @(\9 e‘\(\\)&?f’ Ba Cchgma—n01 adrangu
O\QO\Q\ ’ Q\('\\\)(g\\@(\ ’6'3‘(\\%\(’02&\\‘)(2@ B, eler o?ﬁs-gen ob e///d/ast/aris
AN O MO R a hal. iste rum
AP e WD el o hoich
o¥ o é\e‘? N L 2@ & olo, aris us_alj es
OO\Q\O 3 \oé@Q $ ’\\’(Q/Q’%Qéf’% %\6\9&?}‘\/ lo, Ste, ‘.i’/cun lienus
Qv‘\°‘°’@“@“"*§é"§g§§e etopa ccta
\Q)Q . \0% Q N /o\\ \0 ) 0\ N Do Bs, St ~Cine
‘<}°6 Q\Q\Oe@q,é\\ @\/ &@QSQOA $ 358 TS éa@/;foﬂfee g 2 o
O L ‘9\'(\\\».0@// /Q§;/°§Q*:§m 70 Ne, Y 34, &
oY X *‘\o@ KE/ S $°§°®'S§<t\r 0/,'0006 s Ao, 9a, ZC4
R N / o 70, (S) 7 ..
N NG N S Vi PR NGR o, % 0%, i,
DN ¥ S N §\/§\.§~$.a S /8§>'E 0, 7% S 08, Y0s, Vo
B NSO S8 sgsms S92 o/c,%,% IR
& ° 5 &L §& SeiR 93 S %, 0%, i, 5, Z
Sosgi sy $5% Sy %,
RN \0-8\0'\\9§% 2 Q.fo,%’é,o 4, Z ) o,
YO {9 \Qq?‘o”;sgs | Oq.o,od, N " 2cy,. 3 Z
Q Q Q "ca'\ Q3§E O/"O/o@ /G 60 N -/9 %o
i N ot
5 3 5 % 9 oo-zo/ 2 d}é S 2 <’/>) e’ % e, 90.07
23 2% o9-66/6o‘1}«’é%6’<}%\@ % Sy 0%
3388 o oo,9-6@6°m%%%/o 2, < g X 2, o, OO
QL L DooR OOQ’-.’O'O//O(D/,Oé/(, V‘,o.,o %
Q = bb—_QUDUQ,,'_d—o/OOm/%,jf <,//>e O
Q a~2vu‘naﬁo‘vg/60m‘&e6%4/-¢ 2 Ne . 2y % %
29 2 3666666°%w XN é.e%,”) Lo % %, 2 %, 7
maﬂﬂgmmwa%%ﬁﬁ%ogé'og N5 >, % /;-“‘(,/(,
‘Ongmmﬁﬁﬁmm%—o‘o 5’2.6¢ 2, 20 S >, < S, ’Q%”)
2 2 ;%gggg%%sz% e%a? > Yo %, % %, s, 2
3=='E'e—-—-—-—;-e€¢ =R ’6‘9‘9‘56’@@6
' 3333%%%3333?\\»%4‘%%%‘% Zy
ga\m\ S \\\\\o\w&%??%_‘{}r’%@ %,
moogmm-o-om%j—o,;_o¢6fp®»o®
:30:}0'5‘:_‘5__0\ %) ooO-AU}"%%
racx:;‘: 00\:3—-%32'0‘ S 2 2 %
\.:.%%00?‘?‘00940%\V¢¢ 2
ma\<<CC<\<%\ amcg’%
@ ®) \g_ = 3 \t._ (@) [ "C [ Z.
S > X
» >
-
2 OQ.% 39 2 x 8
22%% 28 % % §3¢ %%
y 6%% zeo%%%% z_a‘aggog
% 2 o‘&rm?-%’é-iaazc-"—kgoa3 ®
O./éooé‘“’ 6¢’C3°\53%N3‘ == ) RS
o/o,%/oro'gﬁ%o?%a\ 293‘(\,35‘-‘%23‘2 S 3 .55
féof&d}r/o{,m’g;é.\o \A%ﬁ%\___aeg?ﬁ'ol R 33 wLUS
0. & "’z"OQmmﬁ’f}"*\mo/\aQ—C-cac\ S 2 ‘UXQ‘(EE(U;’?
fod‘%”/%*é'é@ 3®©6s\ «em\wmw'% :M‘U\°5~‘°
%, 2 % /'0—0’5\0\‘0\ mof_’“‘-o'-» \ 2 Sl »w ]S ,m\ssc,,
OO‘O e & /"5(«44245@9’-455(0".3@%9:%0 Sog"’t&’Q'\\m
z@,;@fé@%}\o%z?;gosao%\ ®‘%:3‘®=w'§;5-%‘0 a2 33@536@ IS
%%fmf’éj@ SN %\5%%%603%6'&@%%%3 TIRr RN 88 &
% . G N\ 0 Sz S o2 (= 253 = SSS3= =8 | o' S S 9k Q
"fé"éo&:‘a‘&*’” Lt olies :
% O)O)OOL @og,@/_m‘“ %xgacﬂxQ Q)S*@\"QQ Q@ o
) goo,\o;%\aoof;«aof;iw 585388 ésgw FE8 £
< 260,055, /cz;of’«'»-fvgﬂv 3 T7EF R oo STES S
'S, 7 S, 01/0/. < \ILU.Q "/).q)\'GQ < ¥ Q
P, Cop, 7 e/‘\o % \‘Z’\Pfoq,b Q@ e
/O'Sfe'o 866‘90;@//90/‘9\$0(;1<0)0\/0Q”;®4/ l\géb\soq?Qéé’ §§/§> (/,'b\\s\@éjbso"ﬂ(\\)& - SOuth A
o), //1/2, Cop g/;"%: 2@04,&& Qo S ,@é’b @b Q)Q*Q\ {\\Qé‘&g c}'é\q?}\ ~s\\6\\° I iica
s> ZR @”/6‘9@ N %‘Q,Q\?@/\)(‘\é,\‘@
Dpy X0t o St 06, VS, N N
&5 /st gy A Yoy Ll R N LR, s (\e@ 3
osg Lo Sty 6. Op/;”eae DG S 2o o
D/,ot/ aStepb o g ~ Q\Q\Q\O\Oé\ ’@&\‘(\\6\/ ((\e* (’b@o OVSL
Do ctop! crigrte DGR Pt So o
Ploste, um e/lja, ol S \Q\O %\Q N R N
Dj PhI 1S Iast (Sle72 Q '\Q\o ,\@Q \('\\\)((\/ R~ \59((\
Dij Iplost, L_Si "Nujo, m AY ‘2)@9 ’\GQ '\\)((\/ y©\\ ° 2%
iploste, ephiu, erratif Q '\Q\oc" ’@Q\(\ '\)((\/ QOQ\(\
Dij ohium e Oljuy R0 o\ ((\V“Q S
plost _b Zurep oX = ! 2 q®
ephi arcl. eum Q\ o0\ W
Laeslz‘um—sé?g:yanum 06\‘)\05’\5\@ ‘(\\\) (:‘ Ga\\‘\\e
adia stequii '0© ot 7 e
,B/ak;e,, —muSCI-C%UII (O \05\69 -\um}‘"’ o
Hin a_bartsii Ia o 10", 1aP?
F terhubera rtsiifolig O\P\os o e 0
IOSCa]daS’-a F,-;F’;’COideS D\p\(\)zste m\m‘/\e("he% -
. _ SO, . \ a O
Dip]oSte 'DlplostephiumJgrle?. Dé?p\osteph\u\f(r\“/g;lg {\O\I/O)(A j
Ph'Um,Cajamar Uillensé Dp\osteph\\} m/ p\]c\’\(u m/O)(P\
Diplostephium/ |andu|osum oA \osteph\\} . JUN4 '
piploste hiu oblanceolatum ' D'P‘OSteph‘Um/SP/nO\’/
iplosteP ium_0P Jasie || ' Dlplostephium sp_NoV JUN2
Diplostephmm/lnesmnum Di lost h _SP— =
Di lostephium coriaceu p phium— nov_ UN3
P = ol 'P|Osteph|u I
: \ostep\’\'\\ln"/mmer | Diplost um_ hrum’PAs
DIP gpni! 9‘“{‘“03 Diplo ephium_ nidioides
D\p\ostep : /\omb‘a“um Di ,Stephium s
ol s’teph‘um/oo \‘neﬂse DP OStePhium’ p_noV.
D\po i h\\,\mj( "““O(\)ﬂ\ r—-V‘}PIOstephiUm_aZUreUm
D'\p\os P i /e(\op 65“6- LCDieIStOnie”a k——sel’rat,‘foliu
oS 1Y - ot P87 asY D'p T ohkemperi m
Y \Os,‘ep‘(\\\) ‘(\\)e(‘ . Dl-pIOStep jum_sa peri
o o & RN, Diplost A o
0‘9\05 x\\\“‘\ - -,a(a(‘“\\ \g D{plostep h/Um‘bar cla gl
. 4ef o) W\ Cres D{p/o ephi ._Spi yanum
0\9\0 \09‘(\\\) \(\\)\\1,\ /6\60 S 5 olo St h'um o nulosy
SO g Dblosrs? fum_ et v
O o _\6@\0/\5\\@& Dhtoss o tcoiag.
0\9\0 o 6\00 Q\cﬁ @“. K\ 5,Plos tepp, 2_harg es m
\05"89‘(\\ jx\o x ’ \QKOQ‘\@\@ °F § 4'013/081‘:"/7//"07\ esp/.:/ i
0 N \ /410, (7] LC
oF o Ve <® (°§ SESAY 5l e ©hi, m cor @ Osae
S o%.((\/‘o \@\fb\\) O;OS,O./;;O Ce
\O \ Q \(\\ o> O [ ) %e) ') 4, /o, 17
O ()\Q N & @® ¥ S O, %% s Pl ‘//77\’0 b m
C -9\0\ S5 & @Q?OOV%/\ oqb/'%o%e"b iy =" o 0 @,
O\Q 0 Q‘(\\ N *\‘\‘9@/?*@ 046/0‘9’@'06/0 2 o /7//7/
4 é\ o_,(’ N % Y » & 0{6/0\9/306/(/ 770, S/,
S PR 'b\bo/c?’bs o;b/o“‘/ﬁ"o”?\’l/ Se
Q.o\».&/OQ.\@‘bo 300 %, '/17&'060
N S M) £e NS %"”xﬁ"’f“‘f&%ﬁ@f’b\;ﬁoo‘?’ %
& ®.§’~§’0° &L NS oo%@é o0 7 o, <
RR oS &S e 5533 2 % e, DN L
AN & S8 S 39558 ooQ.,a"O;O6°@"zé’é>o'°,5’5/<;" % >3, o5
9‘@ ° Y Q% N &§‘§é§"\93\§8g5 [wlw]w) OOOQ/‘%'@/OO‘;\U}'@/O ’5/&/ 2N 0;0 “3, %,
S NN O HEH i%-s%%%%%%%66@%%@%,%@%:%%\ 23 oa i,y “
PRGN NENES $525 o~—______,,fo 2 % -
EAROE §1$8e 8588 S5 2232328 a%%%,%»%%é;%%%@é?y&f%%@%o°’
Thi S LR NN 83880 b%%%maaaa%%%o%z_%e%%v(,%@/,;»@ 5%,
his arti g S Lo Slg §I S o g g gzizg-%_%%%;é.?.%i%ga\ N5 ‘?o,‘%.’%é//'/’{p %,
icle is Q‘§\0\03s §s§5-§~55 s%gc‘EEEEEc%%aB\\,,\o%@'%%o/-of@
prot '\Q'\Q\Q“Q'\'QQ‘:> S 3333333 \\Ago%.s&@;,o
ected b Q QQ\Q,@\‘O’)*@E'E%%E' 35<\o‘<\ . \0\4\‘9&06%')%@9% % %
y copyri ‘°~Q8’-‘1.’0>‘c75’<75.: °0‘°U—%69-®‘°EE%39-4’>@'?¢’/} N
pyrigh \OQ\\fo‘o",ooE 30.3~9-:-—<3<%¢.¢.—; 6ﬁ0<»/ e}
gtA Q -8\00\\ c—o“’:m:sﬁ_‘;w,—soo&a’f‘@%e (@)
: 11.\ 3 \.Q-QQ QQ_Nwo— = © 2 > 2 3 <
rigkt ‘Q-QGGE \_m::mﬁ%%'aﬁw,.%g_aom 2
- e 2 %=‘£3c=-—go%%c%ga <
ved 9 o33 == ? > 30 5.~ 7~
= ® 8 z oS @ > <
Q m < ® P4 ® e
Q8
c

(c) Chloroplast
d) Mi
(d) Mitochondrial



J B T

nph_145

Laestadia muscicola

T Blakiella bartsiifolia 9&2

Hinterhubera ericoides

Diplostephium inesianum
_| Eleosteph[um romeroi

Diplostephium coriaceum
Diplostephium glutinosum
Diplostephium colombianum
Diplostephium frontinense
Diplostephium rupestre
Diplostephium eriophorum

Diplostephium tachirense H I N |
Diplostephium huertasii
Diplostephium jaramilloi 18 |

Diplostephium ochraceum
Diplostephium spsnov:ANT:
Diplostephium antioquense
Diplostephium mutiscuanum
Diplostephium obloAgifolitim
Diplostephium camargipanum
Diplostephium tenuifolium
Diplostephium jenesanum
Diplostephium heterophyllum
Diplostephium juajibioyi
Diplostephium schultzii/CUN
Diplostephium rhododendroides
Diplostephium schultzii CAL
Diplostephium costaricense
Diplostephium alveolatum
Diplostephium aﬁ/culatum
Diplostephium rhomboidale ECU
Diplostephium rhomboidale COL
Diplostephium venezuelense
Diplostephium obtusum
Diplostephium revolutum
Diplostephium phylicoides
Diplostephium lacunosumy:.
Diplostephium rosmarinifolium
Diplostephium floribundum
Diplostephium cayambense
Diplostephium violaceum
Diplostephium cinerascens
Lagenophora cuchumatanica 9*
Archibaccharis asperifolia
Aztecaster matudae
Laennecia sophiifolia
Westoniella kohkemperi
Exostigma notobellidiastrum
Heterothalamus alienus
Baccharis tricuneata
Baccharis genistelloides
Floscaldasia hypsophila
Diplostephium’ cinereum
Diplostephium sp nov CAJ2
Parastrephia quadrangularis
Diplostephium meyenii F ]
Diplostephium oxapampanum

Diplostephium azureum

Diplostephium serratifoliuim |
Diplostephium cajamarquillense

Diplostephium jelskii

Diplostephium oblanceolatum

Diplostephium empetrifolium

Diplostephium glandulosum 9

Diplostephium spinulosum

Diplostephium ericoides 9

Diplostephium juniperinum

Diplostephium crypteriophyllum

Diplostephium espinosae

Diplostephium hartwegii 9

Diplostephium sagasteguii:

Diplostephium barclayanum

Diplostephium foliosissimum

Diplostephium sp nov CAJ

Diplostephium sp nov JUN3

Diplostephium sp nov JUN

Diplostephium gnidioides

Diplostephium sp nov JUN2

Diplostephium hippophae

Diplostephium gynoxyoides

Diplostephium pulchrum PAS

Diostaomam B Aiigle is protected by copyright. All rights reserved
Diplostephium sp nov OXA

Diplostephium lechleri

Diplostephium haenkei

Diplostephium callilepis 9

Diplostephium goodspeedii

]

mil:

L

R

©_ OO ©_ ©




Millions of year

18.39

1

4 4~ [

1L

16.01

pll_17J0VU 10.PJuUul

3.79

. =35 555

6.51"

S

2.97—

4.58 2.61

2.25

5.55

2.82

47—

&LEB/

0.52

1.95

1.56)

ot

0.87|:|u
0

18

10.17|

3.93

172 0-18

0.28

1.26] 22

53

073
1.01
55

-_—

3.12

2.46|

0.92
B

1.52 _E
0.59%=¢
0

18

7.36

. 3.18

1 5.69 ﬁ

3.74

9.14

SR — e —
4.02

2.44

8.61]

—soa————

. 2.93

7 84]-16.02

7.31

6.22

&

5.95

1.46
# jgc

.03

5.47

Helianthus annuus
Soliva sessilis )
Oritrophium peruvianum
Llerasia caucana
Laestadia muscicola
Blakiella bartsiifolia
Hinterhubera ericoides
Diplostephium inesianum
iplostephium coriaceum
Diplostephium romeroi
Diplostephium colombianum
Diplostephium glutinosum
Diplostephium frontinense
Diplostephium eriophorum
Diplostephium rupestre
Diplostephium tachirense
Diplostephium jaramilloi
Diplostephium huertasii
iplostephium ochraceum
iplostephium sp nov ANT
Diplostephium antioquense
Diplostephium oblongifolium
Diplostephium mutiscuanum
Diplostephium camargoanum
Diplostephium jenesanum
Diplostephium tenuifolium A
Diplostephium obtusum
Diplostephium venezuelense
Diplostephium revolutum
Diplostephium phylicoides
Diplostephium lacunosum .
Diplostephium rosmarinifolium
Diplostephium floribundum
Diplostephium cayambense
Diplostephium violaceum
Diplostephium cinerascens
Diplostephium heterophyllum
Diplostephium juajibioyi
Diplostephium schultzii CUN
Diplostephium rhododendroides
Diplostephium schultzii CAL
Diplostephium alveolatum
Diplostephium costaricense
Diplostephium aﬁ/culatum
Diplostephium rhomboidale ECU
Diplostephium rhomboidale COL
Lagenophora cuchumatanica

e~ Laénnecia sophiifolia
——

Westoniella kohkemperi
Aztecaster matudae .
Archibaccharis asperifolia
Exostigma notobellidiastrum
Heterothalamus alienus
Baccharis tricuneata,
Baccharis genistelloides
Floscaldasia hypsophila
Diplostephium’sp nov CAJ2
Diplostephium cinereum
Diplostephium meyenii )
Parastrephia quadrangularis
Diplostephium oxapampanum
Diplostephium azureum
Diplostephium serratifolium
Diplostephium cajamarquillense
Diplostephium jelskii
Diplostephium oblanceolatum
Diplostephium empetrifolium
Diplostephium glandulosum
Diplostephium Spinulosum
Diplostephium juniperinum
Diplostephiumericoides

2.1

' Diplostephium crypteriophyllum

E Diplostephium e$pinosae
0.79 Diplostephium hartwegii

— Diplostephium sagasteguii

0.19"% Diplostephium foliosiSsimum

24——F Diplostephium barclayanum

4.36

Diplostephium sp nov CAJ

1.11
| s—— Diplostephium sp nov JUN

Diplostephium sp nov JUN3

3.12

» Diplostephium gnidioides
07— D/,glostegh/jum gp nov JUN2

23

= Diplostephium gynoxyoides
0.38 D/ﬁlosteghium %;)pog_hae

|| 0.37[ Diplostephium lechleri
.21 i

Diplostephium haenkei
Diplostephium callilepis .
«* Diplostephium goodspeedii
1.13}2L¢ Diplostephium sp nov JUN4
* Diplostephium pulchrum PAS
0.57Lg Diplostephium pulchrum OXA
0.17* Diplostephium sp nov OXA

30

S @9Ris article is protected by copyright. All rights reserved
I M I M I M

25

20

15

10

0




ra.strem

a

e'-"p

(d) Diple ;.tep rum cmererum“
- L -

S

nph_14530_f4.tif

This article is protected by copyright. All rights reserved



