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Summary

Studies of the macroevolutionary legacy of polyploidy are limited by an incomplafdiag

of these events across the tree of life. To better locate and understand these events, we need

comprehensive taxonomic samplingvasl as homology inference methods that accurately

reconstruct the frequency and location of gene duplications.

We assembled a dataset of transcriptomes and genomes from 169 species in Caryophyllales,

of which 43 were newly generated for this study, representing one of the densestlsample
genomicscale datasets available. We carried out phylogenomic analyses using a modified
phylome strategy to reconstruct the species tree. We mapped phylogendbataistof
polypleidysevents by both trdeased and diahcebased methods, and explicitly tested
scenarios for allopolyploidy.

We identified26 ancient and more recent polyploidy events distributed throughout
Caryophyllales. Two of these events were inferred to be allopolyploidy.

Through.dense phylogenomic sampling, we show the propensity of polyploidy throughout
the eyolutionary history of Caryophyllales. We also provide a framework for utilizing
transcriptome data to detect allopolyploidy, which is important as it may have different

macraeevolutionary implications compared to autopolyploidy.

Key words: allopolyploidy, Caryophyllales, genome duplication, Ks plot, modified phylome,
polyploidy.

Introduction

The prevalence and evolutionary consequences of polyploidy in plants have been discussed at
length in he fields of macroevolutiofSoltiset al., 2015; Lohaus & Van de Peer, 2016)

Polyploidy-has:been correlated with acceleration of speci@lamk et al., 2015; Smithet al.,

2017), surviving mass extinctigrawcettet al., 2009; Vannestet al., 2014a), evolutionary
innovations(Vannesteet al., 2014b; Edgeet al., 2015), and niche shifEmithet al., 2017). While

there is little disagreement about the importance of polyploidy in angiospermi@volae

frequency and phylogenetic locat®of these events often remaimclear. Several limitations in

methodology and sampling have limited our ability to accurately locate polyploidy events.
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Until recently, most studies of polyploidy have employed either dating synonymous
distances (Ks) among paralogous gene pairs (Vandedte 2013)or ancestral character
reconstruction of chromosome cou(#ayroseet al., 2010; Glick & Mayrose, 2014). While these
have facilitated the discovery of many polyploidy events, both are indirect metfzdsmve
insufficient resolution and can be misleading (Kellogg, 20&6)plots between syntenic blocks
from individual.sequenced genomes have the advantage of being sensitive enough to detect
ancient'and'nested polyploidy eve(lsillonet al., 2007; Jiaat al., 2011, D12, 2014)However,
this technique“suffers from the typically sparse taxon sampling availableie genome data.
Distribution of polyploidy events inferred using Ks plots from genomic data, whethet taking
synteny into eonsideratiqfrawcettet al., 2009; Vannestet al., 2014a) await reexamination
with more eemprehensive taxon sampling. An alternative to Ks plots is theialetagbolyploidy
from chromosome counts. This method has the best signal for recent events and is most often
restrictedto the genus level or below (Woetlal., 2009; Mayroset al., 2010, 2011).

Recent advances in transcriptome and genome sequencing offers the ability not only to
measure Ksydistances but also use gene tree topology to validatd tb@sination of both
approachebassallowed for the identification and placement of polyploidy events across the tree of
life (Cannoret al., 2015; Edgeet al., 2015; Liet al., 2015; MarceHouben & Gabaldon, 2015;
Yang et al+2015; Huangt al., 2016; Xianget al., 2016) Despite this rapid increase in the number
and precision of mapped polyploidy events, the sampling strategy for many of thesevgasdies
aimed at resolving deeper phylogenetic relationships. Testing hypothesesetadich
macroevolutionary legaayf polyploidy requires more extensive sampling of genomes and
transcriptomes'within a major plant clade. To datdy afew such data sets with sufficient
sampling are availablgiuanget al., 2016; Xianget al., 2016). Furthermore, with a few
exceptiongKaneet al., 2009; Laiet al., 2012; Estept al., 2014; Hodgingt al., 2014), most of
these studies.have assumed autopolyploidy and have not explicitly tested for allopalyploidy
Despite the rich body of literature on gene expression, transposon dynamics, formatieel of
phenotypesygand gene silencing and loss in recently formed allopolyidsved by Soltis &
Soltis, 20165 Steige & Slotte, 201 @)e longterm effects of allopolyploidy event remained poorly

understood.
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The plant order Caryophyllales offers an excellent opportunity to explore phylogenomic
processes in plants. Caryophyllales forms a-a@fiported clade af 12500 species distributed
among 39 families (Byngt al., 2016; Thulinet al., 2016), with an estimated crown agecof
67-121 MaBell et al., 2010; Mooreet al., 2010; Smitket al., 2017). Species of the
Caryophyllales are found on every continent including Antarctica and in all tedrestisystems
as well as‘aquatic systems, occupying some of the most extreme enviomeatth, including
the coldest;"hottest, driest, and most sdietaitatsnhabited by vascular plants. Familiar members
of the groupinclude cacti, living stones, a diverse array of carnivorous plants (eundbe's,
Venus flytrap, and tropical pitcher plants), and several important crop plantbdet, spinach,
amaranthandsquinoa). Such extraordinary diversity makes Caryophyllales a prime system for
investigating polyploidy vs diversification rate, character evolution, and nichs. $Piéivious
analyses using transcriptomes representing 67 species across Caryophyllales located 13
polyploidy eventgYang et al., 2015). By generating 43 new transcriptomes we have expanded the
previous sampling to include lineages with key evolutionary transitions, acrossatdhat now
includes 169species of Caryophyllales.

The'sizeof this dataset makes an-blf-all homology search impractical. Hence, we
developed.a, 'modified phylorhstrategy to build homolog and ortholog groups for species tree
inference«In addition, we use an all-by-all approach to build lineage-specifadgpgene sets
(Yang & Smith, 2014), and take advantage of recent developments in gebhadeglemethods for
mapping polyploidy events (Cannenal., 2015; Liet al., 2015; Yanget al., 2015). Our dense
sampling allows us to take chromosome counts into consideration, and begin to explore
allopolyploidy-events. These improved methods for tree building and mapping of gene
duplications, along with our improved taxon sampling, enable the most extensive exploration of
polyploidy,yet attempted in a major plan clade. The results reported here helslestabli
necessary.foundation for further exploring the macroevolutionary consequences of pol§ptoidy
example, Smitlet al., 2017).
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Materials and Methods

Taxon sampling, laboratory procedure, and sequence processing

We included 178 ingroup datasets (175 transcriptothe=ggenomesSupporting Information

Table S1) representing 169 species in 27 out of the 39 Caryophyllales féByleset al., 2016;

Thulin et al,, 2016). Among these, 43 transcriptomes were newly generated for this study (Table
S2). In addition; 40 outgroup genomes across angiosperms were used for rooting gene keees (Tab
S1). Tissue collection, RNA isolation, library preparation, sequencing, assemdliranslation
followed previously published protocqlBrockingtonet al., 2015; Yangget al., 2017)with minor
modificationss«(Tables S52).

Caryophyllales'homology and orthology inference from peptide sequences using a ‘modified
phylomée strategy

We employed a modified phylome strategy for reconstructing orthogroups (Fig. S1). An
‘orthogrougrineludes the complete set of genes in a lineage from a single copy in their common
ancestor. Each’node in an orthogroup tree can represent either a specatiar a gene
duplication.event. An orthogroup differs from a homolog group in that the former is infesned f
the latter.by“extracting rooted ingroup lineages separated by outgroups. Thedrmufome
procedure consisted of two major steps. Filsickbone homolog groupsere constructed using
peptide sequences from three Caryophyllales and 40 outgroup genomes. Second, peptides from
transcriptomes,were sorted to each backbone homolog. Thistéwgrocedure allowed us to

avoid the cemputationalipntensive alby-all homology search for constructing orthogroups.

To [construct the backbone homolog groups, we started from the proteome of the best
annotated.genome, sugar beet (Fig. S1; Detath, 2014; http://bvseq.molgen.mpg.de/ v1.2,
accessed Jur2b, 2015) Sequences from each beet locus were used to search against a database
that consisted.of combined proteomes from all 43 genomes using SWIPE v2.0.11 (Rognes, 2011)
with anE-value cutoff of 0.01. The top 100 hits with bdores higher than 50, and &dores of at
least 20% of the seliit were retained and aligned using MAFFT v7.215 (Katoh & Standley, 2013)
with ‘--genafpair-maxiterate 1000 The alignments were trimmed using Phyutility v2.&Sénith

& Dunn, 2008)with ‘-clean 0.1’,and tres were constructed using RAXML v8.XStamatakis,
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2014) with the model PROTCATWAG. After visual inspectiorcofOresulting trees to evaluate
outliers, terminal branches that were longer tinam(absolute cutoff) or longer thame andnore
than 1Qtimes as long as its sister (relative cutoff) were trimmed. Internal branches longeme¢han
were separatedfang & Smith, 2014)We retained trees that contained the original beet bait locus,
combining these groups that shared beet locus IDs (i.e. had gereatoplwithin
Caryophyllales).

Theresulting backbone homolog groups constructed from the 43 genomes were then used
to place the'remaining 175 Caryophyllales transcriptomes (Fig. S1). First, peptidacses from
each of the Caryophyllales transcriptomes were reduced usiftgiCi?.6 (-c 0.99-n 5; Fuet al.,
2012) Thegsesulting sequences were then used in SWIPE analyses comparing the sequences to the
beet proteemerto identify matching backbone homolog groups. A new tree represaiting ea
expanded homaelog group, with both genome and transcriptome data, was estimatibe gsing
alignment and phylogenetic reconstruction settings as for the backbone homolog teeleic€o r
isoforms in.transcriptome datasets, monophyletic and paraphyletic tips thatdaetorige same
taxon weresremoved, leaving only the tip with the bBggmumber of characters in the trimmed
alignment(Yang & Smith, 2014). Spurious tips and long internal branches were cut using the same
settings as.for the backbone tree. For homolog groups with >1000 and <5000 sequences,
alignments'were constructed usPSTA v1.6.3(Mirarabet al., 2014)with default settings, were
trimmed by Phyutility with-clean 0.01’,and phylogenetic trees were estimated using FastTree
v2.1.8(Priceet al., 2010)with the modelWAG'. An initial internal branch length cutoff of\#as
used aftereducing tips and trimming spurious tips with the same cutoffs as fockberizatrees.
A second roeund of alignment and refining was carried out for these larger homolog groups.
Homolog groups larger than 5000 were ignored.

After obtainirg final homologs using the modified phylome approach, we carried out
orthology inference following the ‘rooted ingrdupethod in Yangk Smith (2014) Briefly, for
each Caryophyllales orthogroup extracted from a final homolog, we walked from the romtstowa
the tip. When'two sister nodes share one or more taxa, the side with a smaller ofutateewas
separated and.both subtrees were taken into account in the next round until als swinticiaed
only one sequence per taxon. For each resulting tree with at least 160 taxa, secerengesled,
re-aligned using PRANK v140110 (LOytynoja & Goldman, 20M@h default settings, trimmed
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with Phyutility with ‘-clean 0.3’, and a new ortholog tree estimated using RAXML with
‘PROTCATAUTO. A set of more stringd cutoffs was used to produce the final ortholog trees:
absolute tips cutoff of 0.6, relative tip cutoff of 0.3, and an internal branch cutoff éfligded
sequences were pooled according to remaining tips, trimmed (Phyutility eléban-0.3, and
remaining alignments with at least 150 characters and 160 taxa were used for species tree

inference.

All -by-all hemelogy search and orthology inference in each of five Caryophyllales subctades fr
coding sequences
Uncertainty inralignment and tree inference increases with dataset size. Given the absence of
polyploidy events along the backbone of Caryophyllé@esithet al., 2015; Yanget al., 2015) we
divided Caryophyllales into five subclades according to prevatiylogenetic analys{¥ang et
al., 2015) PHYT: Aizoaceae+th&Phytolaccoid claddhat consists of Nyctaginaceae,
Phytolaccaceae s.l. (i.e. includiAgdestis), Petiveriaceae, and Sarcobatad@aag et al., 2015)
with Stegnesperma halimifolium (Stegrospermataceae) and the three Caryophyllales genomes
Beta vulgaris (beet, Chenopodiaceae; Doletval., 2014),Spinacia oleracea (spinach,
Chenopodiaceae; Dohehal., 2014), andianthus caryophyllus (carnation, Caryophyllaceae;
Yagi et al;+2014) as outgroups; PORT, the ‘Portullugo cldidat consists of
Molluginaceae+Portulacinegedwards & Ogburn, 2012yith the three Caryophyllales genomes
as outgroups; AMARAmaranthaceae+Chenopodiaceae, with carnatiofPlaaa othamnus
spinescens (Achatocarpaceae) asitgroups; CARY, Caryophyllaceae, with spinach, beetPand
spinescens (Achatocarpaceae) as outgroups; and NCQRéEclade that is sister to the rest of
Caryophyllales, with all three Caryophyllales genomes glicsotea debilis, Physena
madagascariensils andSmmondsia chinensis as outgroups.

An all-by-all approach was used for homology inference in each subclade following Yang
& Smith (2014)with minor modifications (Methods S1). The final alignments from homolog trees
with no taxen“duplication (i.e. orte-one orthologs), no more than oméssing taxon (except
requiring full'taxon occupancy for CARY and PHYT), and average bootstrap value of at least 80
were trimmed with Phyutility-clean 0.5 Trimmed alignment with at least 300 columns were the

final orthologs.
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Species tree inference
We used two alternative approaches for constructing species trees for bothréhe enti
Caryophyllales using peptid€snodified phylome datasgtand each of the five subclades using
coding sequences (CDBjhe subcladeatase). First, a supermatrix was constructed by
concatenating.trimmed ortholog alignments. A maximum likelihood tree was estimated from the
supermatrix'using RAXML, partitioning each locus, with the model set to PRODAQFO for
peptides and"GTRCAT for coding sequences for each individual partition. Node support wa
evaluated by thenternode certainty allCA) scoreqSalichoset al., 2014)calculated in RAXML
using final.orthelog trees as input. Probabilistic correction was used to take irt@tagion
occupancyrinte consideration (Kobettal., 2016; Stamatakis, 2016). As implementation of ICA
score calculation was updated in more recelgiases of RAXML, we used RAXML v. 8.2.9 for
calculating ICA scores.

In‘addition to the concatenated analyses, we also searched fieaxireum quartet
support species e MQSST) using ASTRAWI v. 4.10.12(Mirarabet al., 2014; Mirarab &
Warnow, 201%starting from maximum likelihood trees estimated from individual orthologs. Tree
uncertainty,was evaluated by using 100 mioitids bootstrap replicatéSeoet al., 2005; Seo,
2008; Miraraket al., 2014), starting from 200 fast bootstrap trees for &aahortholog calculated
in RAXML.

Mapping pelyploidy events based on subclade orthogroup tree topology

To map polyploidy events in each subclade, we extracted orthogroups from each subclade
homolog tree, requiring no more than two missing ingroup taxa. When two or more taxa
overlapped between the two daughter clades, a gene duplication event was recbedetbsi t
recent common, ancestor (MRCA) on the subclade specie&’amsget al., 2015). In this
procedure,.each node on a species tree caourged at most once per orthogroup to avoid nested
gene duplications inflating the number of doations scoredlwo alternativeifters were applied

for comparison. The first filter required an average bootstrap perceritagehoorthogroup to be

at least 50 Alternatively, we also testedocal topology filter that only mapped a gene duplication
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event when the sister clade of the gene duplication node in the orthogroup containeddd twébset
taxa in the corresponding sister clade in the specieg@annoret al., 2015; Liet al., 2015).

Distribution of synonymous distance among gene pairs (Ks plots)

For each of.the ingroup Caryophyllales datasets, a Ks plot of wakon paralog pairs was
created following the same procedure as Yeray. (2015)based on BLASTP hits. Similarly, we
carried 'out'a'second Ks analysis based on BLASTN between CDS withoutdirsingg highly
similar sequences to maximize detection of more recent polyploidy events. In cases where
treebased mapping was ambiguoasgcomparison of withinvs betweerspecies Ks peaks could
help inform: allepolyploidy, we also calculated Ks distribution of betwsggeties reciprocal best
BLASTN hit'pairs. Ks values0.01 were excluded to avoid isoforms frdmnovo assembled

transcrigomes.

Chromosome counts

Chromosomercounts were obtained from the Chromosome Counts Dataiois&g.ac.il

accessed October 2015). When counts in this database were unavailable or inconsistent, counts
were obtained from the Jepson eFlaraiéps.berkeley.edu/efloratcessed October 2015) and

Flora of Nerth Americawyww.efloras.orgaccesse8 October 2015).

A total evidence approach for mapping polyploidy events

We considered,six scenarios for mapping polyploidy events including taking orthogroup tree
topology, within-taxon Ks plots, and chromosome counts into consideration (Fig. 1). When
polyploidy events occurred without subsequent speciation (or for which only one taxon is
represented in our sampling; Fig—tR only a single withitaxon Ks plotwould show a peak. In
these instancebecause we required at least two overlapping taxa between sister clades in the
orthogroup.tree to record a gene duplication event, no gene duplicatioecoesed from
topologybased mapping. The polyploidy event wlaareforemapped to the terminal branch with

the Ks peak: However, when a polyploidy event was followed by lineage diversification,dve use
informationfrom both Ks peaks and the orthogroup tree topologies to map duplication events (Fig.

1d-f). If we saw an excess of duplication events along the same lineage in which all taxa share the
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same withintaxon Ks peak, then this was inferred as autopolyploidy (Fig. 1d). However, if an
excess of duplication events was found on a lineage ancestral to the lineage in which all taxa share
the same withistaxon Ks peak, this was inferred to be an allopolyploidy event (Fif). v

indicated the nade with low support in Fig. 1 to highlight that allopolyploidy can lead to nodes

with low suppert when both parental lineages are present or nodes that argpettesd when

one of the parental lineages is missing. We did not consider polyploidy eventsrinatpgorted

by chromasoeme count alone, as these can be within-population va(@éperteet al., 2016),

and an increase in number can represent chromosome fission instead of dogkctmaret al .,

2014; Chesteet al., 2015).

Results

Data availability

Raw reads for newly generated transcriptomes were deposited in the NCBI Sequence Read
Archive (BioProject: PRINA38822Zable S2). Assembled sequences, alignments, agglirere
depositeddniDryad (doi:10.5061/dryad.s)3@cripts used were also archived iry&u, with

notes and updates for modified phylomes available

from https://bitbucket.org/yangya/genome_walking_2@hé those for building lineaggsecific

homologs-and mapping polyploidy events available
from https://bitbucket.org/blackrim/clustering

RAXML and’/ASTRAL recovered nearly identical species togmlogies

Both RAxML=-and ASTRAL analyses recovered identical topologies for most bra(feige2—6,
S2-S4). We consider branches with an ICA score higher than 0.5 as strongly suppo@éd, as |
scores lower than 0.5 suggests that the dominant biparstpmesent irk80% of ortholog trees
(Salichosat al.,.2014) As multilocus bootstrap support percentages increase with the number of
loci (Seo, 2008) and given that each of our final ortholog set contained more than a hundred loci
(Table 1), werconsidenulti-locus bootstrap valuesl00 as low support. Using this set of criteria,
most branches from subclade datasets (Fifs 2) and the majority of the branches from

modified phylomes (Figs S$4) were weklsupported.
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We recovered between 152 to 736-to®ne orthologs and 0-2.1 million trimmed CDS
columns from each of the five subclades. The concatenated supermatrices had gene occupancies of
98-100% and character occupancies of 87-93% (Table 1). Four clades stifeseat d
relationships between RAXML and ASTRAL, with little support for either alternative relatmmshi
(Figs 26 marked with*' |, S2): Cyphomeris gypsophiloides (Nyctaginaceae, PHYT) was sister to
Allionia in the RAXML tree (ICA =0.01) but was sistdo the clade
Nyctaginia+Anulocaulist+ Boerhavia in the ASTRAL tregbootstrap = 95); species in
Leuenbergeria(Cactaceae, PORT) were monophyletic in the RAXML tree (ICB.89) but were
paraphyletic to the rest of Cactaceae in the ASTRAL tree (bootstr@)y Rdistromia lanuginosa
(Amaranthaceae, AMAR) was sister to the clade of
Froelichia+Guilleminea+ Gossypianthus+ Blutaparon+ Alternanthera in the RAXML tree (ICA =
-0.00), but was'sister tlternanthera in the ASTRAL tree (bootstrap = 50); aSapbonaria
officinalis (Caryophyllaceae, CARY) was sister@ypsophilatDianthust\Velezia in the RAXML
tree (ICA =-0.04), but was sister Dianthus+\elezia in the ASTRAL tree (bootstrap = 63).

Amengrthe 15045 homolog groups we obtained using the modified phylome approach, 15
had >5000'sequences and were ignored, while the rest were used for subsequent orthology
inferencexlhe final concatenated matrix consisted of 624 loci and 215,669 amino acids, with a
final geneso€cupancy of 92.6% and character occupancy of 80.1% (Table 1). The modified
phylome approach recovered identical species tree topologies except for one branch that had little
support from either analysis (Figs,S3!): Leuenbergeria (Cactaceae) was monophyletic in the
RAXML tree"(ICA = 0.18) but was polyphytle in the ASTRAL tree (bootstrap = 28). The
modified phyleme approach recovered an identical species tree topology compared to that
recovered by the subclade analysis. When subclade trees had different topologies betwe
RAXML and ASTRAL, the modified pHgme tree agreed with the subclade ASTRAL results in
the placement.o€yphomeris gypsophiloides (ICA = 0.23 and bootstrap = 97), whereas the
position ofLeuenbergeria was recovered in the same incongruent positions as recovered by
RAXML and:ASTRAL in the subclade tree analyses. The modified phylome appraasiened
both Tidestromia |anuginosa (0.19/81) andsaponaria officinalis (0.38/98) in the same positions as

found in the RAXML results for the subclade trees.
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Twenty-six polyploidy events were mapped

Twenty-six polyploidy events were inferred by using a total evidence approach of orthogroup tree
topology, shared Ks peaks, and chromosome counts (Figs 2—6). Overall the two orthogroup tree
filtering strategiesby bootstrap percentage or local tree topology, produced almost identical
results forfrequency of gene duplicatidfigs 2-6, S5). The frequency of gene duplications was
strongly“associated with the inferred polyploidy events (Figs 2—6). In our Ks analgsisly
considered Ksgaks that were similar in height or taller than the peaks = 2, that corresponds

to the early eudicot paleohexaploidy that predates the origin of Caryoph{ilaleset al., 2012;

Jiaoet al., 2012; Yanget al., 2015).

Twopolyploidy events in the PHYT clade were supported by both homolog tree topology
and shared Ks peaks (Figs 2, Sba, S6a). The frequéncthogroups showing evidence of gene
duplication were 52% filtered by bootstrap percentage andfétg¥ed by tree topologfor
PHYTL1, and 33% and 31% respectively for PHYT2. Be#resignificantly higher percentages
compareddtorremainingranches (Fig. 2).

At [east-four polyploidy events were recovered in the PORT clade. PORT1 \ppsdiria
both the MRCA of Portulacineae (19%/17%) and its parent node (24%/22%) from gene
duplications™(Figs 355b). However, Molluginaceae did not share the Ks peak that was present in
all members of Portulacineae (Fig. S6b). Withpecies paralogs in Portulacineae (represented by
the PORT1 Ks peak ifalinumsp. at Ks = 0.64; Fig. 3, lower left) coalesced at lower Ks values
compareddo'the Ks peak at 0.76 betw@&dimum sp. andVollugo pentaphylla (Molluginaceae).
However, similar comparison &ortulaca pilosa (Portulacineaeys Mollugo pentaphylla showed
overlapping Ks peaks (Ks = 0.9; Fig. 3, lower right), likely due to faster molaeiéain
Portulaca compared tdalinum. Therefore, phylogenetic uncertainty likely at least partly
contributed.to.the ambiguity in mapping. Both PORT2 and four were recovered bysfzewaific
Ks peaks,.and.both had relatively high chromosome counts compared to close relatives (Figs 3
S6b). PORIT3'was supported by shared Ks peaks and gene duplications in orthogroup trees
(21%/18%);"whereas chromosome counts waiaformative.

At least three polyploidy events were recovered in the AMAR clade (Figs 4, S5c, S6¢

AMARL1 was detected by an elevated percentage of gene duplications mapped to the branch

This article is protected by copyright. All rights reserved



uniting Alter nanther a+Gossypianthus+Blutaparon+Froelichiat+Aerva (37%/35%). However,

species oferva lacked the AMARL1 Ks peak shared by

Alter nanther a+Gossypianthus+Blutaparon+Froelichia at 0.4—0.65. Further examination of the
betweenrspecies Ks peak dferva javanica vs Tidestromia lanuginose (Ks = 0.46) shows that it
wasmore angient than the withspecies Ks peak AMAR2 at 0.23Aerva javanica (Fig. 4, lower
left), suggesting that paralogsAerva javanica coalesced more recently than coalescing with taxa
outside'ofAerva, and AMAR1and 2 were two distinct polyploidy events. The Ks peak within
Aerva javanica(AMAR?2, Ks = 0.23)overlapped with the betweapecies Ks peak @. javanica
vsSA. lanata (Ks = 0.24; Fig. 4, lower right). Given that javanica had faster molecular
substitution rate thaA. lanata according to their relative branch lengths (Fig. 4), paralogous
copies withinAsjavanica likely coalesced along the branch leading\tgavanica before

coalescing witlA. lanata. The lack of the AMAR2 peak iA. lanata as well as chromosome
counts (& =32 forA. javanicavs 2n = 16 forA. lanata) further supported the location of AMAR2
along the terminal branch leadingAojavanica. Based on the lack of the AMARL1 peak in both
Aerva speciesypwe inferred that AMAR1 was an allopolyploidy event, with one parematé
closely relatedtderva and the other parental lineage missing, consistent with the scenario in Fig.
1(f).

Atleast seven polyploidy events were recovered in the CARY¥eqFigs 5, S5d, S6d).
CARY1 was detected through an elevated percentage of gene duplication in two adjacent node
(219%/20% 0n the node that includ8akrgularia media, and 23%/20% in the node excluded
media; Figs"§°§5d). Howevers media did not skare the CARY1 Ks peak (Fig. S6d). The
reciprocal best'hits Ks peak betwegpargularia media andSlenelatifolia indicated that paralogs
derived from CARY1 coalesced with@ilenelatifolia at similar Ks values compared to coalescing
with Spergulariamedia (Fig. 5), suggesting that phylogenetic uncertainty at least partly
contributed.to.the fact that CARY1 mapped to two adjacent nodes.

Nested inCARY1, five tava showed Ks peaks (Figs $6d). Among them, withispecies
Ks peak CARY?2 was observed only@erastiumfontanum (2n = 72) but missing from its sistex.
arvense (2n'=36).Honckenya peploides had a withinspecies Ks peak 0.06 (CARY3), its sister
Schiedea membranacea had a Ks peak at 0.22 (CARY4), whereas their reciprocal best hit Ks peak
was at 008, suggesting that CARY3 was restricted to the terminal branch leadihgépl oides.
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The observation that the withgpecies Ks peak i membranacea (CARY4) was older than its

split with H. peploides, but that CARY4 was not shared with peploides, suggested an
allopolyploid origin ofS. membranacea with one parental lineage closely relatedHtqeploides

while the other parental lineage missing from our taxon sampling. Pairwise csonpamonds.
membranacea;H. peploides, andScleranthus polycarpos showed tha$. polycarpos had a
polyploidyevent CARY5 (Ks = 0.04) that is more recent than its splitSehihedea or Honckenya

and is therefore restricted $polycarpos. CARY6, also nested in CARY1, was mapped to the
terminal branch’leading t©ol obanthus quitensis. AlthoughColobanthuswas weakly supported to

be sister to the clade consistedHohckenya+Schiedea+Scleranthus (ICA = 0.13, bootstrap = 100),
the peak at Ks'= 0.15 was more recent tharthrekenya/Scleranthus (Ks = 0.24) or the
Schiedea/Scleranthus (Ks = 0.27) split and is therefore inferred to be independent of CARY 3, 4, or
5. In addition t0.CARY2-6 that were nested in CARY1, one additional polyploidy event CARY7
independent of CARY1 was mapped to the MRC®ofmaria cordata andD. subumbellata by a
shared Ks'pealBoth species had high chromosome counts relative to their sister lineages.

At leastisix polyploidy events were inferred in the NCORE clade (Figs 6, 6&8g,Bbth
gene duplications (43%/34%) and shared Ks peaks supported a polyploidy event at the base of
Polygonaceae (NCORE1). NCORE2were supported by Ks peaks, and NCOREG6 was supported
by both Ks*peaks and chromosome counts. We inferred NCORES (base of Droseraceae) and
NCORES®G (branch leading tdepenthes alata, Nepenhaceae) as two separate polyploidy events on
sister branches given that very low frequencies of gene duplicatestis werenapped to the
MRCA of Droseraceae+Nepenthaceae (0.9%/1.7%), compared to the MRCA of Droseraceae
(2.8%/3.0%).and Nepenthaceae (16584).

In addition to the polyploidy events detected from each of the five subclades, three of the
four taxa along the grade paraphyletic to PHYT+PORT+AMAR+CARY also each had a peak at
Ks lower than 1S halimifolium (Fig. S6a)P. madagascariensis (Fig. S6e), an&. chinensis (Fig.

S6e). No polyploidy event has been inferred along the Caryophyllales backbone leading to beet
(Chenopodiaceae) from genome analysis (Dehah., 2012; Dohnet al., 2014), indicating Ks

peaks mappeib this grade likelyepresenlineagespecific polyploidy everst Also, the relatively

high chromosome count &f chinensis (2n = 52) compared td. debilis (2n = 18), the only taxon

in this grade that did not experience a polyploidy event, further supports the lineafie sproe
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of the polyploidy events along this grade. In additrspinescens (Achatocarpaceae; sister to
AMAR) also likely had its lineage specific polyploidy event, as it had a Ks peak that was not
shared with its sister clade (FigsS6c).

Since we excluded Ks valug®.01 when plotting to avoid isoforms de novo assembled
transcriptome,data resulted in very high Ks counts, occasionally there were apparent peaks at Ks <
0.2. We have plotted all Ks values on a different scale to zoom in on these K¢gheaksin Fig.

S6 only'when'Ks peak < 0.2 was confirmed).

Discussion

Our analysessadd to a growing body of literature that suggests that polyploidy eventshare muc
more prevalent than previously thought (Canetosi., 2015; Edgeet al., 2015; Liet al., 2015;

Yang et al., 2015; Huangt al., 2016; Xianget al., 2016; Mandakovat al., 2017) The dataset
presented here uniquely contributes to this question by greatly improving taxon sampling of
transcriptomes in a major plant clade (169 speci€anyophyllales) whose evolutionary history
spans a timerperiod that encompasses both deep divergences and more recent events during the
NeogendSmithet al., 2017). Likewise, our improved homology search and filtering approaches
aid in identifying the phylogenetic locations of polyploidy events. Moreover, we consider multiple
lines of evidence for pinpointing the phylogenetic locations of polyploidy events, including
orthogroup tree topology, Ks plots, and chromosome counts. These approaches identified 26
polyploidy-events across Caryophyllales, incld@enewly reported and 16 previously identified
(Yang et al 42015; Walkeret al., 2017[Author, please insert either ‘a’ or ‘b’ to signify the

correct Walker‘et al. (2017) citation). Importantly, two ofliese 26 events are suggested to be

allopolyploidy events.

Species trees.based on transcriptome data are concordant with previous analyses

The species.trees we recovered are highly concordant with previous analyses elefaghily
relationshipgFigs 7, S3, S4; Cuénowtial., 2002; Brockingtoret al., 2009; Schaferhofit al.,
2009; Arakakiet al., 2011; Yanget al., 2015). As seen in previous analyses, the placements of
Sarcobataceae and Stegnospermataceae remain poorly supported despitendsialg bf loci.

We found weak support for two nodes that had previously received high support using a small
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number of loci. Previous analyses using plastome recovered Cactaceae as being sister to
Portulacaceae with 100% bootstrap suppbrakakiet al., 2011), but we recovered
Anacampserotaceae+Portulacaceae as sisters to Cactaceae (modified phylome ICA = 0.31 and
ASTRAL multi-locus bootstrap = 100). Previous studies recovered strong to moderate support for
the monophyly. of Portulacineae+Molluginacé€lakelinood bootstrap = 10@rakakiet al., 2011
Bayesian posterior probability = 0.94 and parsimony bootstrap Nydfeler & Eggli, 2010), but

we found lew'support for the relationship (ICA = 0.06 and multi-locus bootstrap = 93). This
confirms that'whiléndividual loci can be informative, there is a large amount of phylogenetic
conflict among gene tre¢Smithet al., 2015; Walkeet al., 2017[Author, please insert either ‘a’

or ‘b’ to signifysthe correct Walker et al. (2017) citation). Future studies should dissect these
cases of discordance using a gbgegene approacfArcilaetal., 2017; Brown & Thomson, 2017;
Shenet al., 2017; Walkeget al., 2017[Author, please insert either ‘a’ or ‘b’ to signify the

correct Walker et al. (2017 citation]).

Many polypleidy events are associated with taxonomic units and/or habitat shifts

A notable pattern emerged showing that many polyploidy events occurred on branches leading to
major taxasand/or involved clear habitat shifts (Fig. 7). Fomg@, PHYT1 is located on the

branch representing a transition from trees and large shrubs in wetter envit®©ntiein the
Neotropics to a radiation of aridnd semiarieadapted herbs and subshrubs recognized as Tribe
Nyctagineae of Nyctaginace@@ouglas & Manos, 2007; Douglas & Spellenberg, 208dnilarly,

PORT1 at the"base of Portulacineae is associated with the evolution of suc(hidfeter et al.,

2008; Edwards & Ogburn, 2012; Ogburn & Edwards, 2013). Additional polyploidy events are
inferred along the branch leading to Polygona¢8abusteet al., 2013)and the branch leading to
Droseraceae, a.carnivorous fanfiBivadaviaet al., 2003).

Similar.cases of polyploidy events at or near the base of major clade origins include seed
plants(Jiaoet.al:, 2011), angiospernigiaoet al., 2011), monocotgliaoet al., 2014) early
eudicotgJiaget al., 2012) and Asteracea®arkeret al., 2016; Huangt al., 2016) This hints at a
potential relationship lteeen genome duplication and evolutionary innovat{@udtis & Soltis,

2016). On the other hand, however, branches leading to major recognizable taxonomic units tend

to be relatively long and thus had more time to accumulate changes. Hence, whilaausrelat
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between polyploidy and evolutionary novelty are intriguing, we must be cautious in agsbati
polyploidy is the cause of such innovati(@mithet al., 2017).

Inferring allopolyploidy from transcriptome data

Methods of pelyploidy detection developed for genomes or low-copy nuclear loci are inadequate
for datasets with isoforms and missing duplicated cdjhiet et al., 2009; Jonest al., 2013;
Marcusseretal’;2015; Thomast al., 2017) While we applied atringent filter to minimize

missing taxa‘in‘orthogroups (no more tian missing), differential gene loss or silencing

following polyploidy events remained a problem. Given our goal of accurately pinpointing the
phylogenetic docation of polyploidy events and searching for allopolyploidy is highly dependent

on taxon sampling, we only explored cases when Ks vs orthogroup tree-based mapping disagreed
with each other.

Two allopolyploidy events were inferred in this study. We inferred the AMARL1 (Ks
0.4-0.6% Fig. 4) paleopolyploidy event followed by a nested, more recent polyploidy event
(AMAR2) togethemvereresponsible for the observed Ks peaks, instead of a single, deeper event as
previously reconstructeang et al., 2015).Schiedea also has a complex history (Fig. 5). While
the polypleid origin ofSchiedea was previously identifie@Kapralovet al., 2009; Yanggt al.,

2015) by.including its close relativeklonckenya and Scleranthus, we show that all three species
each had their owineagespecific polyploidy eventSchiedea likely had a parental lineage other
than the lineage leading konckenya (see schematic phylogram in Fig. 5). The putative
allopolyploid“erigin ofSchiedea adds to a growing list of Hawaiian endemic radiatieith

similar putative allopolyploid originBarrieret al., 1999; Yang & Berry, 2011; Marcussetral.,
2012; Royet al., 2015) and demonstrates the importancéncfeased transcriptomic taxon
sampling. Moving forward genome and transcriptome data will be essential forgaviesti
selection, homeolog expression, gene silencing and loss in contributing to thegerdieesvents

following allopalyploidy.

Improved hemology inference methods improve polyploidy mapping
In the original phylome approa¢HuertaCepast al., 2011) each sequence from a seed species

was used to search against a database of sequenced genomes. The resulting homologous sequences
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were filtered, aligned, and phylogenetic trees were constructed. In tys\wimade three
modificationsto the original phylome approach to enhance the ability to accommodate
transcriptome data (Fig. S1). First, we merged putative homolog groups thaerggene

duplication within Caryophyllales, ensuring that our final orthogroups are non-overlapping.
Second, given.the presence of multiple transcript isoforms and the inherent ineoegseatf
transcriptome_datasets, we used transcriptome sequences as queries to search against the beet
proteome for'sorting transcriptorderived sequences into backbone orthogroups constructed

with genomes only. Lastly, to clean up spurious tips and isoforms, we added tiprigiaunai
long-branch cutting procedures. By taking this i8tep, baited approach we were able to process a
large numberof taxa without going through the time consuming all-by-all homology search
required by*OrthoMCI(Li et al., 2003) and OrthoFinder (Emms & Kelly, 201B)second

advantage of this modified phylome approach is that it avoids a graph-based clustpringc

hence is not biased by sequence length or phylogenetic relatedness am@Bmtaga Kelly,

2015). The modified phylome approach is more effective than other baited approach such as
HaMStR (Ebersbergeet al., 2009) in that it explicitly takes gene tree topology into account in
distinguishrortholog from paralogs. However, because both the original phylome and thedmodifie
methodolegy start with a seed genome, the resulting orthogroup set is dependent on the djuality an
gene content of the focal genome.

In addition to the modiéd phylome approachy bvercome phylogenetic uncertainty
associated\with deep time scales employed a second homology inference strattegfynferred
subclade speeies trees usinglgltall homology search, Markov Clustering (van Dongen, 2000)
of filtered hitsyfollowed by alignment and tree trimming (Yang & Smith, 2084)use the
original Markov Clustering (MCL) instead of software packages like OrthofLCEt al., 2003)
and OrthoFinder (Emms & Kelly, 2015) that aim at directly obtaining orthognasipg filtered
and normalized, BLAST hits. The normalization procedures used by these software packages wer
based on genome-derived data amdeyet to beevaluated using transcriptome datasets that had
isoforms, missing data, and assembly errors. Bygusie original MCL with relatively low
inflation value,(i.e. coarse clusters) and taking advantage of outgroup informatoart &md
extract orthogroups, we were able to minimize the loss of gene duplicationatifomrim our

dataset.
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Our techniques fountthatfor each inferred polyploidy event, approximately dnied of
genesshowclear evidence of duplication (i.e. they retain at least two overlapping taxa between
paralogs), similar to the numbers identified in both transcriptomes and gef\angst al.,

2015). For example, the PHYT2, AMAR1, and AMAR3 events follow this ‘et rule (Figs
2-6). Whensthere is phylogenetic uncertainty, gene duplication events may be mapped to two
adjacent nodes, each with lower percentages, such as obser€Rdt and CARY1.
Percentages of'gene duplication can be inflated during rapid diversificatioms, skiogt

internodes and phylogenetic uncertainty make it difficult to distinguish paralogoes ¢apn
isoforms using tree topology. Such inflated percentages of gene duplication can belsebass t
of Cactaceaesartdlene (without polyploidy), and at PHYT1 and NCOREL1 (following a
polyploidy event).

Moving forward, additional taxon sampling of genomes and transcriptomes will be
essential to.identify adiibnal polyploidy events and pinpoint their phylogenetic locations.
Understandingithe legacy of ancient polyploidy events in plant macroevolution willeregairy
other forms ofiimproved data as well, including functional studies of traits, maleattavays,
and genesithemselves. Only then will we have a more comprehensive functionaldirafioew
understanding differential gene retention and diploidization following polyplaidgte, and how
polyploidy is linked to character evolution and niche shifts.
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modified phylemes, with ICA scores on branches.

Fig. S4Maximum quartet support species tree (MQSST) from ASTRAL analysis of 624
orthologous‘gene trees from modified phylomes.

Fig. S5Proportion of orthogroups showing duplications filtered by local tree topology.
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Fig. 1 Scenarios of polyploidy events (Kellogg, 2016). Letters ‘A—E’ represent taxon hames
followed by chromosome numbers with the base nurmbgeand schematic Ks plots-éxis are Ks

values, ang-axis are number of paralogous gene pairs).

Fig. 2 Best tree from RAXML analysis of concatesdisupermatrix of the phytolaccoid clade and
Aizoaceae (PHYT). Percentage values above branches indicate proportidgrogfarps
showing' duplication filtered by bootstrap percentdgernode certainty all (ICAyalues are

given below'branches.

Fig. 3Bestitree,from RAXML analysis of concatenated supermatrix of Portulacineae and
Molluginaceae’(PORT). Percentage values above branches indicate proportibogrooips

showing duplication filtered by bootstrap percentdgirnode certainty all (ICAyalues are

given below branches. Selected Ks plots based on BLASTN hits are shown below trees. Ks values

<0.01 are'not shown.

Fig. 4 Besttree'from RAXML analysis of concatenated supermatrix of Amaranthaceae and
Chenopodiaceae (AMAR). Percentage values above branches indicate proportion ob@phogr
showing.duplication filtered by bootstrap percentdgernode certainty all (ICAyalues are

given below branches. Selected Ks plots based on BLASTN hits are shown below trees. Ks values

<0.01 are‘not shown.

Fig. 5Besttree from RAXML analysis of concatenated supermatrix of Caryophyllaceae (CARY).
Percentage values above branches atdiproportion of orthogroups showing duplication filtered
by bootstrap percentageternode certainty all (ICAYyalues are given below branches. Selected

Ks plots based.on BLASTN hits are shown below trees. Ks vali@4d are not shown.

Fig. 6 Best.iree from RAXML analysis of concatenated supermatrix of the clade sister to rest of the
Caryophyllales (NCORE). Percentage values above branches indicate propbdithogroups
showing duplication filtered by bootstrap percentdgirnode certainty allCA) values are

given below branches.
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Fig. 7 Species tree inferred by RAXML analysis of the supermatrix from modified peglom
Polyploidy events are labeled according to Figs 2—6. When orthogroup tree topology vs Ks plots
place a polyploidy event to different branches due to either phylogenetic ungeastaint
allopolyploidy;,we placed the event at the most recent common ancestor of taxa that share a
within-taxon Ks peak.

Table 1 Statisties for homology and orthology inference. PHYT, PORT, AMAR, CARY, and
NCORE are subclades within Caryophyllales (see Fig. 7)

Caryophyll| PHYT | PORT | AMAR CARY NCORE
ales
Data type Peptides Coding sequences (CDS)
Homology inference | Modified All -by-all
phylome

Orthology‘inference Rooted Oneto-one orthologs
(Yanget al., 2014) ingroup
Number of taxa 175+40 45+4 29+3 37+2 31+3 31+6
(ingroup+eutgroup)
Minimal number of 160 49 31 38 34 36
taxa per ortholog
Supermatrix 178 x 624 49 x 152| 32 x 171| 39 x 315| 34 x 736 | 37 x 213
dimension taxa x loc| (215669) | (217033)| (230873)| (453842)| (1130082) | (325966)
(columns)
Supermatrix 92.6%/80.| 100%/92| 97.8%/8| 98.1%/8 | 100%/92.2| 97.5%/87
gene/character 1% 5% 6.5% 7.2% % .8%
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occupancy

Minimal ingroup taxa n/a 43 27 35 29 29
for mapping-gene

duplication

No. of arthegreups n/a 2843 3577 4713 6686 1649

used fomapping

gene duplications

n/a, not applicablAuthor, please confirm inserted text ‘n/a, not applicable’ is correct]

This article is protected by copyright. All rights reserved



nph_14812_f1.pdf

Figure 1
Homolog tree Species tree
i A A2n=4
a. A single taxon A n=4x
from an B B 2n= 2x
autopolyploidy c C 2n= 2x L
event
Node with
I rt
b. A single taxon A oW suppo
from an B A 2n=4x M
allopolyploidy A B 2n=2x [
event c C 2n=2x |_
c. A single taxon
foman A A2n=4x |
allopolyploidy B B 2n=2x |_
event with one A _
parental lineage C Can=2x [
missing
A
_ B A2n=dx
d. ?:I(:J::F:s taxa A { B 2n=4x I&
autopolyploidy B C 2n=2x L
event c
A Node with
B low support
e. Multiple taxa A2n=4x [w
from an c B 2n=4x [+
allopolyploidy A -
B —— C 2n=2x |_
event -
D L—— D 2n=2x |¥
f. Multiple taxa A
from an B A2n=4x [a
allopolyploidy C B 2n=4x [a_
event with one D C 2n=2x |_
parental lineage A D 2n=2x L
missing B

Polyploidy event mapped by orthogroup tree topology
B Polyploidy event supported by within-taxon Ks plots

This article is protected by copyright. All right



nph_14812_f2.pdf

Figure 2
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Figure 3

Portulacineae + Molluginaceae (PORT)
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Atriplex prostrata 2n=18
.06 Atriplex hortensis 2n=18
Atriplex rosea 2n=18
Extriplex californica 2n=18

0.97

1.0

1.8%
e -

Grayia spinosa 2n=36
Chenopodium giganteum 2n=54
Chenopodium quinoa 2n=36
Spinacia oleracea 2n=12

5 Number of branches

0.4%
0.09

0.3%

AMAR3 AMAR{ 0.03f] 0.72

M YA

0.0 0.1 0.2 0.3

0.4 0.59%

Krascheninnikovia lanata 2n=18
Agriophyllum squarrosum 2n=18

Chenopodiaceae
Suaeda fruticosa 2n=18

0.0%
@aede linearis 2n=54
Bienertia sinuspersici 2n=18
4.5% |:
0.94

0.8% Haloxylon ammodendron 2n=18
0.5% | 1.0 E Halogeton glomeratus 2n=18
0.9 Bassia scoparia 2n=18

Salicornia europaea 2n=18
Salicornia europaea GB 2n=18

- Beta vulgaris 2n=18

Percent gene duplication 1.0

AMAR
ingroups

3.5%
0.51

0.7%
0.55

25.3%

L Beta maritima 2n=18

3.2% Alternanthera philoxeroides 2n=64
14.1% I:'.
0.97 0.21

Alternanthera brasilian
0.81

Alternanthera sessilis 2n=28,32,34,40,88
Alternanthera caracasana 2n=96
Alternanthera tenella 2n=28

0.1%
1.5%
[o79 ° 6

8.1%
0.9

Blutaparon vermiculare 2n=30
Gossypianthus lanuginosus
Guilleminea densa var. aggregata
L—7 —— Froelichia latifolia 2n=54,58
Tidestromia lanuginosa 2n=20
Aerva lanata 2n=16
Aerva javanica 2n=32
5.9%p Amaranthus hypochondriacus 2n=32
0841 Amaranthus hypochondriacus PAC 2n=32

Amaranthus retroflexus 2n=32,34

3.8%
0.93

Amaran-
thaceae

3.5%
0.77

Gene pair

Counts 8000 -
Tidestromia
lanuginosa

6000 Between

Tidestromia
lanuginosa and

4000 - Aerva javanica
(red, Ks=0.46)
AMAR1
2000 (green, Ks=0.50)
Aerva /
Jjavanica
]
0

0,0 02 . 04 06 08 10 .00 0.2 04
This article is protected by copyright. All rights reserved

1.0 |

Ks

7%
0.7% Amaranthus cruentus 2n=32,34
0.1Y Amaranthus tricolor 2n=32,34

Achatocarpaceae Phaulothamnus spinescens
Caryophyllaceae Dianthus caryophyllus 2n=30

0. 1 substitution per site
Between

Aerva javanica
and Aerva lanata
(Ks=0.24)

Aerva
javanica

Gene pair
Counts 800

600

AMAR?2 (Ks=0.23)

0.6



Figure

5

Caryophyllaceae (CARY)

Above branch: % gene duplication
Below branch: ICA score

*
1]

Polyploidy event supported by Ks plots

Alternative topology compared to ASTRAL
Polyploidy event placed by tree topology

nph_14812_f5.pdf

2.9%

2.0%
0.98

0.1%

Arenaria serpyllifolia 2n=20

6

Lepyrodiclis stellarioides 2n=68

Cerastium arvense 2n=36
Cerastium fontanum subsp. vulgare

2n=72

5.4% Honckenya peploides 2n=68
0.78 Schiedea membranacea 2n=44,60

—B— Scleranthus polycarpos 2n=44

Colobanthus quitensis 2n=80
0.7% — Velezia rigida 2n=28
1.0 L Dianthus caryophyllus 2n=30
Number of branches Gypsophila repens 2n=34
14 — 0.96 Saponaria officinalis 2n=28
12 H 0.5% Silene latifolia 2n=24
10 22.8% 0.5%| g Silene latifolia SRA 2n=24
8 0.8 0.24 Silene conica 2n=20,24
6 - 1.5% . . _
. Y -2 0.23 S‘llene noctn‘l.ora 2n=24
5 w 8.6% . Silene vulgaris ALN 2n=24
o I‘” 0 | | 1 | 0.98 0.97 Silene vulgaris 2n=24
00 0.1 02 0:3 21.1% n_ 5.1% ﬁ: Silene paradoxa 2n=24
Percent gene duplication 0.96 07 0.94 0.96 Silene acaulis subsp acaulescens 2n=32
’ Dog Agrostemma githago 2n=24
’ 4.2% — Eremogone procera 2n=22
CARY 0.8% 0.98 L Eremogone hookeri subsp. desertorum
> 0.7 Spergularia media 2n=18 2n=44,66
ingroups perg ,
2.6% E | Drymaria cordata 2n=24,36
0-4% 02%| 0.96 Drymaria subumbellata 2n=40,42,44
0.45 06% 0-04 o
lllecebrum verticillatum 2n=10
o 0.97
2.1% Polycarpaea repens 2n=18
0.92

Gene pair
Counts 200 -

150 A

100

0.1% |

0.77

—

Between

Silene latifolia and
Spergularia media
Ks=0.55)

v

Silene
latifolia

CARY1 (Ks=0.56

)

Ks
0.0 0.2 0.4 0.6 0.8 1.0
Honckenya vs. Schiedea
(Ks=0:08)
Gene pair
- CARY3
Counts 1200 ( Gene pair
green, Counts
1000 4 Ks=0.06) 6000 —
Honckenya
(subsampled . ] Scleranthus_|
to fit in plot) CARY4
(blue, Ks=0.22, 4000 -
600 best seen in
Fig. S6d) H
onckenya
400 e
Schiedea 2000 +
]
200

Herniaria latifolia 2n=18
Telephium imperati 2n=18

Corrigiola litoralis 2n=18

Chenopodiaceae Spinacia oleracea 2n=12
Chenopodiaceae Beta vulgaris 2n=18
Achatocarpaceae Phaulothamnus spinescens

0.1 substitution per site

Schematic phylogram showing the genome duplication

and cladogenic events in the

Honckenya+Schiedea+Scleranthus clade

Honckenya vs. Schiedea

Honckenya vs. Scleranthus
Schiedea vs. Scleranthus

Honckenya peploides

Honckenya vs.
Scleranthus
(red, Ks=0.24)

Schiedea membranacea

—E- Scleranthus polycarpos

CARY5
(Ks=0.04)
Gene pair '¢
Counts 1500

Scleranthus
(subsampled —
to fit in plot) 4499 4
CARY4
(blue, Ks=0.22,
best seen in
Fig. S6d)

500

Schiedea__|

0.2

Scleranthus vs. Schiedea
(Ks=0.27)

Ks

0.3 0.4



nph_14812_f6.pdf

. 0.5% Rumex hastatulus 2n=18
F|gure 6 &'E:Rumex acetosa 2n=14,15
3.1% | 0.96 Rumex palustris 2n=60

Clade sister to the rest of 0.9 |1.8% — Rheum nobile

0.96 Rheum rhabarbarum 2n=22

Caryophyllales (NCORE) 55;/; 4.8% — Reynoutria japonica 2n=44

0.73

3.4% Emex spinosa
3.5% 9.9% Fallopia convolvulus 2n=20
0.25[] 0.96 Muehlenbeckia platyclada 2n=20
Polygonum aviculare 2n=40,60

3.7% Fagopyrum tataricum 2n=16
18.8% —— £agopy Polygonaceae
0.93 L—— Fagopyrum esculentum 2n=16 9

3.5% ¢ Persicaria minor 2 2n=40
8.0% 0 9Persicaria minor 2n=40
. 0.96 - Persicaria tinctoria 2n=40,42,44
: Persicaria virginiana 2n=44

Ruprechtia salicifolia 2n=28
Pterostegia drymarioides 2n=28
Antigonon leptopus 2n=14,40,44,48

0.3% 404%’8_' Plumbago auriculata 2n=14 .
(i -0.22 Limonium spectabile 2n=18 . Plumbaginaceae

1.5%
0.25

0.01 1.5% Reaumuria trigyna 2n=22
— 'ﬂB{TG—:Reaumuria soongarica 2n=22 =~ Tamaricaceae
= &l 0.74 Tamarix hispida 2n=24
1.8% 10 L Frankenia laevis 2n=30 Frankeniaceae
0.73 0.2% E] Aldrovanda vesiculosa 2n=48
2.8% 0.31 Dionaea muscipula 2n=32 Droseraceae
0.9%| 0.96 Drosera binata 2n=32
2.0% 0,08 15.5% r Nepenthes alata SFB 2n=80
077 10 E L Nepenthes alata 2n=80 Nepenthaceae
: Drosophyllum lusitanicum 2n=12 Drosophyllaceae
Chenopodiaceae Spinacia oleracea 2n=12
'_'—| Chenopodiaceae Beta vulgaris 2n=18
0.23 0.9 | 0.42 Caryophyllaceae Dianthus caryophyllus 2n=30
h.73 Microteaceae Microtea debilis 2n=18

Physenaceae Physena madagascariensis
Simmondsiaceae Simmondsia chinensis 2n=52

Number of branches

Above branch: %.gehe duplication 0.04 substitution per site

7
6
Below branch: ICA'score 5
*  Alternative topology compared to ASTRAL :
Polyploidy event placed by tree topology )
1

b

Polyploidlyl event supported by Ks plots .
This article is protected by copyright. Al

NCORE1

00 01 02 03 04 05
Percent gene duplication



Figure 7

*= Polyploidy event Tribe N}:_tagineae

“Phytolaccqid

Boerhavia torreyana

Boerhavia purpurascens
Boerhavia coccinea SRA

Boerhavia burbidgeana

Boerhavia coccinea
Anulocaulis eriosolenus

nulocaulis lejosolenus
Nyctaginia capitata
Cyphomer/s;‘z ‘psophiloides
ionia incarnata 2
Mirabilis jal A”SIORrxa incarnata
Ml_ra ilis jalapa -
irabilis jalapa

i Nyctaginaceae

nph_14812_f7.pdf

- Tripterocalyx crux-maltae
Acleisanthes chenopodioides
PHYT1 Acleisanthes lanceolata
Acleisanthes acutifolia
o — Acleisanthes obtusa
— Bougainvillea spectabilis

—— Bougainvillea stipitata
Pisonia aculeata
Guapira obtusata
Pisonia umbellifera

Hilleria latifolia

Fevannanumiis | Petiveriaceae

Seguieria aculeata
PHYT2 Plé7 tolacca bogotensis

’hytolacca americana

Anisomeria littoralis Phvtolaccaceae
Phytolacca dioi
—awmmder L VIO
arcooatus vermiculatus
- Sarcobatus vermiculatus MJM Sal’cobataceae

Sesuvium portulacastrum
Sesuvium verrucosum
ypselea humifusa

C
Zaleya pentandra H
Tr}l{anF;hema portulacastrum Alzoaceae
Trianthema portulacastrum SRA
Mesembryanthemum crystallinum
Delosperma echinatum
Portulaca suffrutescens

B otulaca umbraticola Portulacaceae
€

0
Talinopsis frutescens
—_——— nacampseros filamentosa Anacam pse I’Otaceae
Lophophora williamsii

chinocereus pectinatus
R v Ng@all_ea cochenillifera C t

ereskia grandifolia

Pereskia aculeata o actaceae

euenbergeria lychnidiflora
Leuenbergeria bled

/
PORT

Talinum s, H
Portulacineae Talinum ‘gniculatum o Tallnaceae
ﬁ Talinum portulacifolium B I I
Basella alba ™ D ase aceae
PORTA PORT2 PCFTS Cflatyto_ma virginica M t-
ayfonia nevadensis
L Phemeranthus parviflorusy K o n Iaceae
— 1 Mollugo nudicaulis oliugo cerviana H
1 t J Mollugo verticillata MO"uglnaceae
Mollugo pentaphylla
PORT4 Atriplex prostrata

Atriplex hortensis
Atriplex rosea
Grayia spinosa . X
xtriplex californica
Chenopodijum quinoa
Chenopodium giganteum
Spinacia oleracea

Soronhol Krascheninnikovia lanata

e Agriophyllum squarrosum ) .
—oiacdaruiicosa | Chenopodiaceae

Bienertia sinuspersici

— Salicornia europaea
— Salicornia europaea GB

Haloxylon ammodendron
_E E Halogeton glomeratus
- Bassia scoparia
[~ Beta maritima
- Beta vulgaris

Alternanthera brasiliana;
AMAR Alternanthera philoxeroides
Alternanthera sessilis
Alternanthera caracasana
Altemang}e?a tenella icul
utaparon vermiculare
AMAR1 '_‘_:GOGSS}I/ lgnthusdlanuginosus
uilleminea densa
L———— Frocichia latitola Amaranthaceae

Tidestromia lanuginosa
i Aerva lanata | i
Aerva javanica X
!:Amaranthus hypochondriacus

AMAR2 ’
Amaranthus hypochondriacus PAC
AM4R3 Amaranthus rz}e,_roflexus
L r Amaranthus tricolor
i maranthus cruentus
< - Phaulothamnus spinescens M AC| afocarpa aae

Schiedea membranacea CARY4
Honcken%/a peploides
Scleranthus polycarpo. RY:!
Colobanthus quitensis
Cerastr[qm afrvetnse
erastium fontanum
Lepyrodiclis stellarioides CARY2
Arenaria serf;yl/lfo[la
Velezia rigida
Dianthus caryophyllus

Gypso'ph_lla repens

——— Sapgnlarla off u;l_gahs
ilene noctiflora
a4 T S SE
ilene latifolia

S oo Caryophyllaceae
Silene vulgaris
Silene vulgaris ALN
Silene acatlis
Silene paradoxa

githago
— Eremogone hookeri

— —— Fremogone procera
Spergularia media

CA| - Drymaria cordata
S — Drymaria subumbellata
ARY Illlecebrum verticillatum

L Polycarpaea repens
—_ — Herriiaria latifolia
Corrigiola litoralis

Telephi ] ti
t Stegnosperma hal/enﬁ?olm_rmn ‘meerall Stegnospermataceae
Microtea debilis Microteaceae
* t Physena madagascariensis Physenaceae

Simmondsia chinensis Simmondsiacea

Rumex acetosa
 Rumex hastatulus
Rumex palustris

Rheum rhabarbarum

Rheum nobile

Emex spinosa .
Reynoutria japonica
Miuehlenbeckia platyclada
- Fallopia convolvulus
‘Polygonum aviculare Polygonaceae

Fagop. ynym tataricum
Fagopyrum esculentum

Persicaria tinctoria

NCORE

Persicaria minor
NchE1 |_dPersicaria minor 2
Y——— Persicaria virginiana . .
terostegia drymarioides

_| Ruprechtia salicifolia

NCORE2 Antigonon leptopus U ) tabil .
monium spectabile

* Plumbago_airioulats Plumbaginaceae

NCORES Famushass™ | Tamaricageae
H NCORES I NCORE4 O Frén .em'a /a%i_grovanda vesic[l.ds!;l kenlaceae
NCORES - / ' OLVE Droseraceae
{ COR Chgpennes sesre @ Nepenthaceae
Drosophyllum lusitan rosophy"aceae —



