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Abstract Next-generation sequencing and phylogenomics hold great promise for elucidating complex relation-
ships among large plant families. Here, we performed targeted capture of low copy sequences followed by next-
generation sequencing on the Illumina platform in the large and diverse angiosperm family Compositae
(Asteraceae). The family is monophyletic, based on morphology and molecular data, yet many areas of the
phylogeny have unresolved polytomies and interpreting phylogenetic patterns has been historically difficult. In
order to outline a method and provide a framework and for future phylogenetic studies in the Compositae, we
sequenced 23 taxa from across the family in which the relationships were well established as well as a member of
the sister family Calyceraceae. We generated nuclear data from 795 loci and assembled chloroplast genomes from
off-target capture reads enabling the comparison of nuclear and chloroplast genomes for phylogenetic analyses.
We also analyzed multi-copy nuclear genes in our data set using a clustering method during orthology detection,
and we applied a network approach to these clusters—analyzing all related locus copies. Using these data, we
produced hypotheses of phylogenetic relationships employing both a conservative (restricted to only loci with one
copy per targeted locus) and a multigene approach (including all copies per targeted locus). The methods and
bioinformatics workflow presented here provide a solid foundation for future work aimed at understanding gene
family evolution in the Compositae as well as providing a model for phylogenomic analyses in other plant mega-
families.

Key words: chloroplast, gene-tree, network, next-generation sequencing, nuclear, phylogenetics.

Families of flowering plants fall easily into artificial groups
based on numbers of accepted, extant species. At the
extreme are the mega-families, based on the Angiosperm
Phylogeny Website (Stevens, 2001 onward): Compositae (ca.
24 000 species with as many as 35 000 estimated), Orchid-
aceae (ca. 22 000 species with as many as 28 000 estimated),
and Leguminosae (ca. 19 500 species). Estimates of the
number of flowering plant species vary greatly but most are
between 250 000 and 350 000, so 19%–26% of flowering plant
species are in these three mega-families. These families are
not closely related to one another; they are found in the three
major clades within the Angiosperms (asterids, monocots,
rosids, respectively) and they frequently have very different
habits. Mega-families present special sets of challenges, not
the least of which is that often various clades within the family
are studied by different individuals often using different
methods, genes, or gene regions in molecular research
projects. Integrating these studies is not trivial and makes it
difficult to work across groups to study evolution at the family
level.

Advances in next-generation sequencing (NGS) have given
researchers the ability to producemassive amounts of genomic
data that allow us to efficiently assay hundreds of loci across
many taxa, and these data can be used to resolve relationships
at the species-level, as well as among major clades (e.g., Jarvis
et al., 2014; Misof et al., 2014). When obtaining fresh RNA (for
phylogenomic approaches using transcriptome sequencing;
e.g., Chan & Ragan, 2013) is not feasible as for museum or
herbarium specimens, next-generationmethods thatmake use
of genomic DNA are necessary. Recent work in a number of
taxonomic groups has utilized DNA sequence capture (target
enrichment plus NGS) of conserved sequences for phyloge-
nomic analyses (e.g., Faircloth et al., 2012; Mandel et al., 2014;
Weitemier et al., 2014). Phylogenetic studies employing NGS
have provided much insight into important evolutionary
questions within these groups related to the timing and
pattern of speciation events and elucidating relationships
among key lineages (Liu et al., 2015).

To begin to answer these and other questions in the
largest flowering plant family, Compositae, we have designed
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sequence capture probes targeting a conserved ortholog set
(COS; a set of putatively single/low copy homologous
sequences) for understanding relationships among members.
These COS probes were developed by identifying homologues
to Arabidopsis single copy genes in three Compositae
(safflower, sunflower, lettuce; see Mandel et al., 2014 for a
detailed description of the development). Because the
sunflower genome is more than 81% repetitive (Staton et al.,
2012), much of its genome (likely also formany other species of
Compositae) is not amenable to phylogenetic analysis, gene
target enrichment is one way to capture only potentially
phylogenetically informative regions of the genome. Addition-
ally, as members of Compositae exhibit ploidy levels that vary
between 2� and 48� (Semple & Watanabe, 2009), gene copy
number causes complications in all possible NGS approaches.
Because paralogs are gene copies that have, by definition,
duplicated since the last split with a common ancestor, they do
not necessarily follow the “species” history that one looks to
hypothesize with a phylogeny. We sought to capture single or
low copy genes to minimize this challenge and chose
bioinformatics methods that also minimize the paralogy
problem. In addition, we explore other options that consider
multiple gene copies, as massive duplications have been a
hallmark of the evolutionary history of flowering plants, and
understanding the full extent of this history and diversification
requires an exploration of genes that have been duplicated
many times across the Compositae tree.

An estimated 7%–10% of all flowering plants belong to the
Compositae mega-family (Fig. 1 depicts some of the
phenotypic variation found in the family). Members of
the family are widespread and occur throughout the world,
but are most abundant in open areas with seasonal climates
such as Mediterranean regions, deserts, prairies, steppes, and
mountains. While many species have restricted ranges in
geographic areas that are threatened with high extinction
rates (i.e., Pacific Islands, Cape Floristic Region, p�aramo and
puna regions of the Andes), the family also includes some of
the world’s most noxious weeds (i.e., dandelion, ragweed,
thistle) some ofwhich cost theUnited States roughly 35 billion
USD annually (Pimentel et al., 2005). Numerous species
produce novel secondary compounds that have many
industrial and biomedical uses such as artificial sweeteners
(Stevia), insecticides (pyrethrins from Chrysanthemum), rub-
ber (Parthenium), and the anti-malarial compound artemisinin
from Artemisia anuua (Eckstein-Ludwig et al., 2003), and more
than 40 species have been domesticated for food and
medicinal uses (i.e., artichokes, Echinacea, endive, lettuce,
safflower, sunflower, tarragon, and the popular and interest-
ing wormwood used to give the liquor absinthe its distinctive
character). There are also many important garden ornamen-
tals, such as ageratums, asters, chrysanthemums, cosmos,
dahlias, marigolds, and zinnias.

The Compositae family is monophyletic based on morphol-
ogy as well as molecular data, but resolving the relationships
among major groups has always been difficult. The most
comprehensive phylogeny to date is a meta-tree (Funk &
Specht, 2007) that was constructed using a base tree of 10
chloroplast loci (Funk et al., 2009a; based on: Panero &
Funk, 2008; Funk & Chan, 2009; Pelser & Watson, 2009;
Baldwin, 2009); this meta-tree included 900 of the 1700 genera
found in the family. Several areas of the phylogeny have

unresolved polytomies involving taxa that vary in key
morphological traits; thus, well-supported hypotheses of
character evolution cannot be developed (e.g., Ortiz et al.,
2009). Compositae are an excellent group for studying
biogeography (Funk et al., 2009b), pollen evolution, secondary
chemistry, paleopolyploidy (Barker et al., 2008), domestication
(Dempewolf et al., 2008), and invasions (Lai et al., 2012). All of
these studies are hampered by the unresolved areas of the
base tree. Mandel et al. (2014) previously demonstrated the
utility of sequence capture and NGS for resolving relationships
within the family. Here we expand upon that previous work by
considering multi-copy genes in our data set using a clustering
approach, during orthology detection prior to gene-tree
phylogenetic analysis. Instead of excluding taxa with greater
than onematch for a particular locus (as inMandel et al., 2014),
all copies are analyzed by clustering these into “genes within
genes.” Using this output, a network approach is applied to
begin to identify and understand gene tree incongruence and
the complex dynamics of plant nuclear gene families. We also
expand our taxon sampling to include additional species with
close tribal relationships to apply our gene clustering and
network workflow at both broad and fine evolutionary scales.
Finally, we have assembled chloroplast genomes from off-
target capture reads, thus enabling the comparison of both
the biparentally-inherited nuclear and maternally-inherited
chloroplast genomes for phylogenetic analyses. There have
been methods proposed to identify orthologous copies of
genes in a phylogenetic context (e.g., Dunn et al., 2013; Kocot
et al., 2013; Yang & Smith, 2014) as inclusion of paralogs in
phylogenetic analyses can be misleading. Proliferation of gene
copies in plants has often led to the diversification of life
histories and morphologies (Soltis et al., 2009), and Compo-
sitae is a family of plants within which there are dramatic
variations in ploidy, and thus gene copy number. The two
approaches presented here acknowledge both of these
points: the conservative approach rejects all multiple copies;
and the multigene approach attempts to consider all copies,
which will help us understand character evolution and
diversification.

Material and Methods
Taxon sampling
The motivation for choosing taxa for this study was to
investigate and reconstruct both broad- and fine-scale
phylogenetic relationships within Compositae. Twenty-three
taxa from nine clades (tribes and subtribes) were selected
including species that span the entire family and its sister
group, the Calyceraceae (Table 1). Ten of the species are
distributed across the phylogeny in an effort to test the
usefulness of our approach in all areas in the family. Seven
species are from the tribe Heliantheae subtribe Ecliptinae, and
consist of two related genera from one of the most diverse
radiations of Compositae in the Hawaiian Islands, Lipochaeta
and Melanthera (Funk et al., 2009a). This clade was selected
because it contains species that are diploids as well as species
that are tetraploids. We selected the final six species from
the tribe Heliantheae subtribe Helianthinae consisting of
representatives from the genus Helianthus (including three
rare/endangered taxa and the economically important
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domesticated sunflower) and its sister genus, Phoebanthus.
These three groups of species should allow us to examine the
utility of the methods across the family, between diploids and
polyploids, and in a genus of closely related species.

Hybridization, sequencing, and data processing
Genomic DNA of each species was extracted using the
DNeasy plant mini kit (Qiagen, Valencia, California, USA) and
a barcoded sequencing library was constructed using either
the TruSeq DNA Sample Preparation kit (Illumina, San Diego,
California, USA) or the NEBNext Ultra DNA Library Prep

Kit (New England Biolabs, Ipswich, Massachusetts, USA).
Sequence capture was performed using a custom probe set,
MyBaits designed by MYcroarray (Ann Arbor, Michigan,
USA) and described in Mandel et al. (2014). DNA libraries
were checked for quality using 2100 Bioanalyzer (Agilent,
Santa Clara, California, USA), quantified using a Qubit 2.0
Fluorometer (Life Technologies, Grand Island, New York,
USA), pooled, and sequenced on either two lanes of an
Illumina HiSeq 2000 sequencer (2� 100 bp read length) or
one run of the Illumina MiSeq sequencer (2� 250 bp read
length).

Fig. 1. Diversity of the Compositae. A, Chuquiraga (Barnadesieae-Barnadesoideae), a representative of the clade that is the sister
group of the rest of the family. Note the paired axillary spines and brightly colored bracts surrounding the flowers. B, Two
members of different tribes gowing together: left¼Weneria (ca. 1 cm tall; Senecioneae-Asteroideae) and right¼ Perezia
(Nassauvieae-Mutisioideae). The inset is the collecting locality, near Lago Chungara and Volc�an Parinacota, Chile. C, Melanthera
(Heliantheae-Asteroideae), growing on lava near the ocean on Kaena Point on the northeast tip of Oahu, Hawaii. D, Arctotis
(Arctotideae-Cichoroideae), from the Western Cape of South Africa. E, Carduus (Cardueae-Carduoideae), a thistle that is often
weedy in many parts of the world including this one in Patagonia, Argentina. Note the spiny bracts and the brightly colored
flower parts. F, Xenophyllum, growing on bare rocky slopes at nearly 5000m in elevation, Chile. The inset is an enlargement of the
flowering head showing dark purple, fused bracts, thick fleshy leaves, and small yellow flowers. (A and E, photo by JM
Bonifacino, remainder by VA Funk)
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The resulting data were processed following the bioinfor-
matic and phylogenetic workflow described in Mandel et al.
(2014) using the custom scripts and publicly available code
that can be found at https://github.com/Smithsonian/
Compositae-COS-workflow. Briefly, raw sequence reads
were quality trimmed, converted from FASTQ to FASTA,
and either subjected to a BLAST filtering step to screen for
reads that contained DNA of targeted loci and assembly
(HiSeq data) or sent straight to assembly (MiSeq data). For
each taxon, assembly of the cleaned and filtered reads (HiSeq
data) was performed using the Velvet de novo sequence
assembler package (Zerbino & Birney, 2008).

Conservative COS loci
Contigs from each of the 23 species were analyzed in the
PHYLUCE pipeline (v. 0.1.0; Faircloth et al., 2012) as described in
Mandel et al. (2014). PHYLUCE permits only one contig to
match probes from one COS locus and that only probes from
one COS locus match one contig. This leads to missing data in
the resulting data matrix (see Mandel et al., 2014). While
missing data in a phylogenetic context is often considered a
short-coming, here, PHYLUCE works to minimize the inclusion
of possible paralogs and thus enables us to produce a
conservative species tree that follows the history of speciation
rather than the signals of duplicated gene copies, which do not
necessarily follow the taxon branching pattern. COS loci and
copy number have also been depicted by a heatmap created
using Gitools (Perez-Llamas & Lopex-Bigas, 2011).

Multigene COS loci
In order to consider multi-copy genes in our dataset, we
employed a parallel approach in which we began similarly as
above with assembly and the initial LASTZ step of PHYLUCE,
but then we associated multiple matches for each COS locus
using custom scripts available on GitHub. These COS loci,
which often had multiple copies (i.e., multiple assembled
contigs with LASTZ hits) for each taxon, were then clustered
using USEARCH (Edgar, 2010) at 65% similarity before
nucleotide alignment and tree search, allowing each original
locus to split into multiple loci. While USEARCH suggests a
minimum of 75% similarity for sequence clustering in order to
avoid false homology, in our case, we clustered within known
COS loci rather than globally andwere less concernedwith the
possibility of false homology. Clusters within COS loci and
copy number are depicted by a heatmap created using Gitools
(Perez-Llamas & Lopex-Bigas, 2011).

Chloroplast genomes
Even though we did not target the chloroplast genome in
these captures, we were able to assemble partial to near
complete chloroplast genomes using off-target reads. Reads
from captures and WGS sequences (for the taxa sequenced in
Mandel et al., 2014) were mapped to the published Helianthus
annuus chloroplast genome using Geneious R6 and then reads
that mapped were de novo assembled using Velvet. This
process was repeated iteratively to incorporate initially poorly
matching reads. Additional chloroplast genomes from Gen-
bankwere also included in the final alignment so that the total
number of clades was increased to a total of 12 not including
the outgroup. Genbank accession numbers for these addi-
tional taxa are listed in Table S1.

Nucleotide alignments and phylogenetic analyses
Nucleotide alignments were performed in MAFFT (v. 7.029b;
Katoh et al., 2002; as implemented in PHYLUCE for the
conservative COS loci dataset, command line for all other
datasets). Clusters were aligned separately and treated as
separate “loci.” Phylogenetic analyses of concatenated data
sets were completed under the maximum likelihood optimali-
ty criterion in GARLI (v. 2.0; Zwickl, 2006; GTR-gamma model
of nucleotide substitution; 100 search replicates; 1000
bootstrap replicates). Conservative COS loci were also
analyzed individually as above in GARLI, as were multigene
COS loci. Conflict among gene trees is depicted using
SuperNetwork functionality of SplitsTree (Huson & Bryant,
2006). ASTRAL (Mirarab et al., 2014), a pseudo-coalescence
method, was also used on the conservative and multigene
datasets to calculate consensus “species” trees based on
individual gene trees.

Results
Raw read information and statistics for all 23 taxa can been
found in Table S2. Bioinformatics workflow is shown in Fig. 2.
Raw reads have been deposited in the NCBI SRA under
BioProject PRJNA236448. A Dryad package (http://dx.doi.org/
10.5061/dryad.k9k23) contains all alignments, tree files, and
heatmap files referred to below.

Conservative COS loci
PHYLUCE found a total of 871 COS loci for 3 taxa or more
and 795 COS loci for 4 taxa or more. Total concatenated
alignment length for 871 loci was 274 242 bp (range from
19 769 to 116 769) for each species. Mean COS locus alignment
length was 315 bp. Fig. S1 depicts occupancy of these loci
for all taxa. This figure is an SVG file, which can be viewed in a
web browser or other application that opens SVG files. The
Gitools files are also provided on Dryad, which are interactive
when viewed within the Gitools software package. Relation-
ships based on phylogenetic analysis of the concatenated
dataset with bootstrap numbers above the branches
are shown in Fig. 3A and SuperNetwork analysis of gene
trees is shown in Fig. 3B. ASTRAL gene tree analysis is shown
in Fig. 4.

Multigene COS loci
There were 3997 clusters (which represent all 795 loci) with
four or more taxa. Mean alignment length: 818 bp (these
alignments were not trimmed as the conservative COS loci
were in the PHYLUCE implementation of MAFFT because they
were first clustered based on similarity). A heatmap showing
the occupancy of the clusters for each species is presented in
Fig. S2. A SuperNetwork analysis for sets of these clusters
representing low copy number COS loci (one or two clusters
per COS locus: 119 total clusters) is shown in Fig. 5A and a
SuperNetwork analysis for a random sampling of 100 clusters
is shown in Fig. 5B.

Chloroplast genomes
The total chloroplast alignment is 164 333 bp. The phyloge-
netic tree based on complete and partial chloroplast genomes
along with bootstrap support at the nodes (dots indicate
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support 75% or above) is shown in Fig. 6; the bars indicating
the percentage of genome coverage relative to the total
Helianthus annuus chloroplast are shown on the right. This
phylogeny contains 38 taxa because an additional 15 samples
were added by using chloroplast genomes available from
Genbank.

Discussion
We have demonstrated a phylogenomic approach for
resolving species relationships in one very large and diverse
plant mega-family. This approach includes a targeted enrich-
ment of low copy nuclear genes followed by NGS and an
innovative bioinformatics workflow. The bioinformatics work-
flow takes a parallel and complementary approach to building
phylogenetic trees employing a previously published method
(Mandel et al., 2014) and a “genes within genes” method
presented here. The conservative method rejects putative
orthologs with more than one match assuming possible
paralogy resulting in a significant fraction of missing data and
is indicative of the stringency of this approach. The multigene
method makes use of clustering algorithms that group

potential orthologs and paralogs and aligns these clusters
of genes before phylogenetic reconstruction. Employing this
approach allows the analysis of both species- and gene-level
network trees providing several schemas for understanding
potentially complex evolutionary patterns.

In general the two phylogenies based on concatenated
data, nDNA (Fig. 3A) and cpDNA (Fig. 6), agree with
topologies found in previous studies using Sanger sequencing
(Funk et al., 2009b) but with far better support in the nDNA
tree, especially near the base. In Fig. 3A, the two subtribes of
the Heliantheae that were included (Ecliptinae and Helianthi-
nae) are sister taxa and the Eupatorieae is sister to those two
taxa. The remainder of the subfamily Asteroideae (Gnapha-
lieae and Senecioneae) are sister to the Heliantheae-
Eupatorieae clade. The sister taxon to the Asteroideae is
the subfamily Cichorioideae represented by two tribes
(Vernonieae and Cichorieae). Below these are the Cardueae,
Mutisieae, and Barnadesieae tribes. The phylogenetic hypoth-
eses are further compared below.

Conservative COS loci
As shown in Fig. 3A, the phylogenetic hypothesis based on
concatenation of all 795 COS loci shows strong support for all

Fig. 2. Bioinformatics workflow.
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nodes except the two involving members of the Cichorioi-
deae, Taraxacum and Centrapalus (shown in blue). Centrapalus
is a member of the tribe Vernonieae and Taraxacum is a
member of the tribe Cichorieae and they are the only
members of the subfamily Cichorioideae included in this study.
They are expected to be sister taxa as they are in the
chloroplast tree (Fig. 6), however, in the nDNA tree (Fig. 3A)
they are not sister taxa. This is not a serious problem since
they are proximal to one another and the support for
grouping Centrapalus with the rest of the family is less than
50%. Improving the taxon sampling within these two tribes

and the remaining tribes of the subfamily Chicorioideae is
expected to resolve this placement. All the other relationships
are as expected based on previous hypotheses.

Individual gene tree analyses with Garli are not particularly
informative because each “gene,” i.e., COS locus, is fairly short
(averaging 315 bp) and because there is a large amount of
missing data in this matrix due to the conservative orthology
detection using PHYLUCE (see occupancy in Fig. S1). PHYLUCE
permits only one contig to match probes from one COS locus
and only probes from one COS locus match one contig,
meaning that loci with multiple copies are removed from the

Fig. 3. Phylogeny based on conserved loci. A, Relationships based on phylogenetic analysis of conservative COS loci in the
concatenated data set. Phylogenetic relationships generated by ML in Garli. Bootstrap values are shown above the branches. H,
Heliantheae Alliance. B, SuperNetwork for all conservative COS loci. Network of relationships generated in SplitsTree showing
gene tree incongruence. Individual gene trees generated with Garli.
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final set of orthologs. This is an appropriate approach, when a
concatenated species tree (minimizing the chance that
paralogy is affecting the phylogenetic relationships) is the
goal, and the recovery of topologies supported by previous
studies indicates that this approach is successful in this regard.

Two ways we can look at gene-tree incongruence are by
analyzing in a pseudo-coalescence framework such as with
ASTRAL (Fig. 4) and by a SuperNetwork generated in
SplitsTree. A true coalescence method such as that imple-
mented in �BEAST (Heled & Drummond, 2010) is not possible
given these data, first because the number of loci is prohibitive
and because we do not have each species represented for
each gene, a requirement for these methods. The ASTRAL
species tree places Carthamus sister to Centrapalus, which is
different from the concatenated hypothesis (Fig. 3A) and also
indicates some differences in the Helianthus clade (shown in
orange in Fig. 3A) and the Lipochaeta/Melanthera clade
(shown in green in Fig. 3A). These more shallow differences
are not unexpected, as species of Helianthus and Lipochaeta/
Melanthera are thought to have accumulated gene copies
throughout the evolution of the family, likely leading to an
increased chance of gene tree incongruence due to hidden
paralogy. The ASTRAL tree is the only one that finds
Lipochaeta and Melanthera monophyletic, respectively. Fur-
ther comments on the relationships within these genera are
below. The SuperNetwork (Fig. 3B) is an alternative way to
look at the gene, or COS, trees that does not require

bifurcation. For this network, all 795 COS tree topologies were
input into SplitsTree, and in general the major groupings are
visible, while the shallower splits are not as discernable. The
two taxa indicated in blue, Centrapalus and Taraxacum, are an
exception and are not placed together; additionally, Cartha-
mus is placed in different positions according to different
analyses. In all three approaches that use the conservative
COS loci: concatenation and phylogenetic analysis, gene tree
pseudo-coalescence using ASTRAL, and a network using
SplitsTree, these three genera have uncertain placement.
Further taxon sampling and investigation of gene copy
numbers (as discussed below) will elucidate the cause of
this uncertainty.

What is missing from this approach, in which only single
copy genes are considered, is the ability to understand how
the evolution of gene families has impacted both the
evolutionary history and functional innovations of Composi-
tae (i.e., pollen presentation; unique primary, secondary, and
tertiary head structures; complex secondary chemistry, etc.).
By including what look to be multiple copies of the originally
designed COS loci (which are putatively single copy in
Arabidopsis), we can begin to tease apart which copies are
orthologous and how our original COS loci may include either
gene families or genes within genes for species across
Compositae.

Multigene COS loci
As mentioned above, we undertook this approach in order to
begin to understand howmultiple gene copies can be used to
better understand the evolutionary history of Compositae.We
first allowed multiple probe matches in LASTZ and then used
USEARCH to cluster these initial matches before multiple
sequence alignment. Our 795 conservative COS loci, when all
probe matches per locus were considered, generated 3997
clusters, which are shown in Fig. S2. From these 3997
alignments, individual gene trees were generated with Garli.
This total dataset was a challenge to analyze. Certain species
(mostly within Helianthus) had up to a hundred ormore copies
of a particular gene (although this was rare and can be
pinpointed to a repetitive section of DNA, COS-924, that
showed a bimodal distribution for presence/absencewith taxa
either having few to no copies ormore than 100 copies). These
results are interactively viewable in the heatmap (Fig. S2)
when visualized in Gitools.

While most species ended up only having a few copies of a
particular gene, the fact that this was not uniform across the
3997 clusters (e.g., species A has five copies of cluster 1, one
copy of cluster 2; species B has two copies of cluster 1, and six
copies of cluster 2; multiplied by 3997 clusters and 23 species),
made integrating all 3997 cluster trees into a single diagram
uninformative (a star network with no resolution). Finer
analysis of groups of these clusters, however, was informa-
tive. Fig. 5A is a SuperNetwork based on cluster trees for those
clusters for which each species had a maximum of one copy
per species (119 clusters). Fig. 5B is a SuperNetwork based on
100 cluster trees selected randomly (without reference to
copy number). Fig. 5A is quite similar to Fig. 3B, which is the
network based on the conservative COS loci trees. This is not
surprising, given that 5A is based on the low copy clusters.
Fig. 5A even shows the expected relationship between
Centrapalus and Taraxacum, which is not found in Fig. 3A.

Fig. 4. ASTRAL tree; Conservative COS gene trees analyzed to
produce a “species” tree.
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Fig. 5B, on the other hand, shows species present in multiple
parts of the network, indicating more about gene copy
evolution than species relationships.

We plan to continue this line of inquiry by looking at the
function of the COS loci and grouping the clusters within these

by function to analyze as functional units. One hypothesis is
that wemight expect loci with similar or coordinated function
to show similar patterns of duplication and diversity
throughout the family. Additionally, copies may be associated
with ploidy level and this possibility will also be investigated.

Fig. 5. SuperNeworks. A, SuperNetwork for low copy clusters. These 119 are the lowest copy of all 3997 total clusters, having no
more than 1 copy. B, SuperNetwork for 100 randomclusters.
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Chloroplast genomes
The chloroplast tree (Fig. 6) is congruent with the
conservative COS tree in many respects, except for the
placement of Taraxacum which is now found in a clade with
Centrapalus. The addition of Lactuca is likely partly responsi-
ble since it is in the same tribe as Taraxacum. Further taxon
sampling within Cichorieae and Vernonieae is necessary to
better resolve this part of the tree. Those nodes on the
conservative COS tree had the lowest support, while they
have some of the highest support on the chloroplast tree. In
general, the support values on the chloroplast tree are lower
than the conservative COS tree, likely because the number
of parsimony informative sites is less than half for
the chloroplast dataset (8458/164 333 sites or 5% for the
chloroplast as compared to 30 873/274 242 or 11% for the
conservative COS dataset). While we did not use parsimony
as an optimality criterion when building the phylogeny,
calculating the number of parsimony informative sites
remains a rough guide to the phylogenetic information
content in a given dataset. Those taxa with fewest data (the
Lipochaeta/Melanthera complex) were sequenced on a MiSeq
rather than a HiSeq, as all other taxa were sequenced. The
MiSeq generates longer, but fewer, reads per taxon and this
had a significant effect on the chloroplast assemblies. For
these taxa, we also did not have WGS reads to complement
the enrichments, leading to fewer total reads incorporated in

the chloroplast assemblies. The long branch leading to
L. connata may be due to the lack of data for that taxon.
Finally, it is worth noting that in addition to off-target
chloroplast DNA present in our sequencing, other high copy
genomic is also present in our data set, e.g., ribosomal genes,
mitochondrial DNA, that could be useful for phylogenetic
analyses in the future.

Taxon placement in a “difficult” complex
The Lipochaeta/Melanthera/Wedelia complex has a complicat-
ed history because there is a dearth of consistent characters
to use for descriptions and keys. For details see discussions in
Gardner (1979), Wagner & Robinson (2001), and Orchard
(2013). The results of this study shed light on some of the
relationships within this group and provide information for
future taxon sampling efforts in this difficult clade. However
there are several important points that are relevant to the
discussion. First, Lipochaeta and Melanthera have long been
thought to be closely related to one another and to Wedelia
and they were placed in the same subtribe (Stuessy, 1977).
Second, although the Hawaiian Lipochaeta contained both
diploid (five-merous corollas) and allotetraploid (four-merous
corollas) species, most treatments placed them in a single
genus, Lipochaeta, until 2001 when Wagner & Robinson
transferred the diploids into the genus Melanthera (a
pantropical sometimesweedy genus). Third, the allotetraploid

Fig. 6. Chloroplast genome phylogenetic hypothesis. Phylogenetic relationships generated by ML in Garli. Bootstrap values are
shown above the branches and bars (green for taxa sequenced in this study, black for sequences downloaded from GenBank)
indicate chloroplast genome coverage. H, Heliantheae Alliance.
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Hawaiian species (base chromosome number of x¼ 26) were
thought to be the result of a hybridization event between a
Wedelia (x¼ 11) and a diploid Lipochaeta (base chromosome
number of x¼ 15). Finally, there is an as yet unpublished
molecular study that shows all of the Hawaiian species as part
of a single lineage and the tetraploids nested within the
diploids (Funk, unpublished data). There are two differences
in the Lipochaeta/Melanthera clade in phylogenies found in
Figs. 3 (nDNA phylogeny) and 5 (cpDNA phylogeny): Fig. 3
places the two tetraploid Lipochaeta species included in the
study together in the same clade but with a diploid (ploidy
inferred from corolla) species, M. fauriei, while in the cpDNA
tree one of the Lipochaeta species (L. lobada) moves to the
other clade. The other difference is in the position ofM. biflora
which is highly nested in one of the clades in the nDNA tree
and the first branch of the same clade in the cpDNA tree.
These two differences probably have different causes. For the
placement of M. fauriei it seems that this may be the result of
fewer data and/or a possible misidentification of the voucher
(Fig. 6). Concerning the placement of M. biflora, the different
positions may be due to the fact that the tetraploids are
of hybrid origin, and we have not yet identified the diploid
parent—either M. biflora or M. faurieri is a possibility. It is
interesting that Fig. 4, the ASTRAL tree, formed from
Conservative COS trees analyzed to produce a “species”
tree, show both the diploid and tetraploid species in
monophyletic groups that are sister taxa.

What is very positive in these results is the high support
values found in the phylogenies, especially the nDNA tree, far
higher than is generally found for island clades where rapid
radiation is the norm. We believe our approach holds great
promise especially after adding to the analysis the remaining
extant taxa in this group to the analysis.

Outlook
The work presented here is a first step toward tackling
phylogenomic-level questions in mega-families. In the Com-
positae, we are working toward generating a base tree
(backbone tree) with at least 200 taxa in order to establish a
framework for future evolutionary studies. A panel of experts
is being formed that will help train molecular systematists
throughout the family to use the same methods and produce
phylogenies for each of the tribes. These can then be studied
in conjunction with the base tree. The production of a
robust, well-sampled phylogeny will allow us to study traits
that have led to the remarkable phenotypic diversity and
evolutionary success of this family. Furthermore, genome-
level phylogenetic questions can be addressed including (i)
whether function/annotation of genes can inform phyloge-
netic analyses, (ii) how many loci across different taxonomic
scales are necessary to provide robust trees, and (iii) will
these approaches be able to scale up to hundreds or
thousands of taxa. Phylogenomic approaches, such as those
presented here, hold great promise for other large and
difficult families, not just in plants but across the tree of life.
Still, factors such as missing data, paralogy, polyploidy, and
sequence misalignment may present special problems for
phylogenomic analyses, and novel algorithms and programs
that utilize genome-level sequence information for handling
these types of issues will be critical for moving the field
forward.
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