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Goodeniaceae is a primarily Australian ﬂowering plant family with a complex taxonomy and evolutionary
history. Previous phylogenetic analyses have successfully resolved the backbone topology of the largest clade in
the family, Goodenia s.l., but have failed to clarify relationships within the species-rich and enigmatic Goodenia
clade C, a prerequisite for taxonomic revision of the group. We used genome skimming to retrieve sequences for
chloroplast, mitochondrial, and nuclear markers for 24 taxa representing Goodenia s.l., with a particular focus on
Goodenia clade C. We performed extensive hypothesis tests to explore incongruence in clade C and evaluate
statistical support for clades within this group, using datasets from all three genomic compartments. The mitochondrial dataset is comparable to the chloroplast dataset in providing resolution within Goodenia clade C,
though backbone support values within this clade remain low. The hypothesis tests provided an additional,
complementary means of evaluating support for clades. We propose that the major subclades of Goodenia clade C
(C1–C3 + Verreauxia) are the result of a rapid radiation, and each represents a distinct lineage.

1. Introduction
Goodeniaceae R.Br. is a family of primarily Australian angiosperms
characterized by their extraordinary ﬂoral diversity and cup-like stylar
indusia (Jabaily et al., 2014). The family includes 420+ species in 12
genera and is sister to the clade of Asteraceae plus Calyceraceae (Tank
and Donoghue, 2010). The ﬁrst family-wide chloroplast DNA (cpDNA)based molecular phylogeny of Goodeniaceae (Jabaily et al., 2012) determined that a number of genera were monophyletic (e.g. Anthotium R.
Br., Brunonia R.Br., Dampiera R.Br., Lechenaultia R.Br.). However, it was
clear that the currently accepted generic and infrageneric concepts
(sensu Carolin, 1992) of the remaining genera within the family (e.g.
Coopernookia Carolin, Scaevola s.l. and Goodenia s.l. in ‘Core Goodeniaceae’) were not all supported. The largest genus in the family,
Goodenia Sm., which includes approximately 220 species in two

subgenera, four sections, ﬁve subsections, and two series (Carolin,
1992), was particularly taxonomically problematic as the genus was
rendered paraphyletic in the Jabaily et al. (2012) analyses. Species in
Goodenia resolved into three subclades (designated Goodenia clades A,
B, and C) within the broader Goodenia s.l. clade, which also included
multiple smaller genera such as Coopernookia, Pentaptilon E.Prtizel,
Selliera Cav., Velleia Sm., and Verreauxia Benth., and the taxon Scaevola
collaris F.Muell. Moreover, the backbone relationships between the
major clades in this diverse Goodenia s.l. clade were poorly resolved,
impeding potential taxonomic conclusions. Re-circumscribing Goodenia
to encompass all of the observed molecular and morphological diversity
in the large Goodenia s.l. clade was thought to be suboptimal because no
clear morphological synapomorphies unite all members, and the
smaller, embedded genera have apparently strong morphological support (Jabaily et al., 2012). We determined that more comprehensive
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Goodenia s.l. (except Coopernookia), with the recovered clades representing infrageneric groups rather than segregate genera. Before we
can commit to either approach, however, we feel it is essential to make
every eﬀort to explore relationships within and between the major
clades, particularly within the morphologically diverse and, to date,
poorly resolved Goodenia clade C.
The genome skimming data generated by Gardner et al. (2016a)
represented a substantial investment of resources, and only ∼3.5% of
the data generated was used to produce the plastome CDS and NRR
datasets. In order to maximize our investment in the genome skimming
approach, we returned to those data in the current study to explore the
phylogenetic utility of another high-copy genetic element that can be
relatively easily assembled, at least in part, from such data – the mitochondrial genome. We also investigated another approach to deriving
nuclear loci from genome skimming data, by assembling sequences
belonging to the conserved ortholog set (COS) of loci (Mandel et al.,
2014). Mitochondrial loci have typically been used much less frequently in phylogenetic analyses of plants than of animals because, in
general, plant mitochondrial genomes are highly conserved at the sequence level but are divergent in structure and gene order even between close relatives, making them less than ideal for analyses at the
family level and below (Wolfe et al., 1987; Palmer and Herbon, 1988;
Drouin et al., 2008). Mitochondrial DNA (mtDNA) generally has a lower
rate of synonymous substitutions when compared with chloroplast and
nuclear sequences across diverse plant lineages (Drouin et al., 2008;
Wang and Wang, 2014). However, recent comparative analyses of
mtDNA sequences across angiosperms have revealed a much more dynamic and variable picture of mitochondrial sequence evolution. Some
species and sets of close relatives have been found to have very high
rates of synonymous substitution in mitochondrial genes (Parkinson
et al., 2005; Mower et al., 2007; Zhu et al., 2014). Cho et al. (2004), in a
study of mtDNA substitution rates in Plantago L. and representatives of
other eudicots, found increased rates of molecular evolution in select
taxa and highlighted Goodenia ovata Sm. as an outlier, with a 43-fold
higher rate of synonymous mutation in surveyed mitochondrial genes
compared to its closest included relative. Similarly, Qiu et al. (2010)
identiﬁed Goodeniaceae (based on two accessions outside of Goodenia
s.l.) as one of several groups with signiﬁcant acceleration of mitochondrial mutation rates. Additional comparisons of diverse lineages
of angiosperms may yield more exceptions to the rule of low mitochondrial substitution rates in plants, and these previous studies
suggest that rates in Goodeniaceae in particular may be more variable
and phylogenetically useful than most.
Our goal in the current work is to further leverage our existing
genome skimming data from exemplar taxa to supplement previous
eﬀorts and produce a robust phylogenetic reconstruction that will
support taxonomic revisions. We focus on Goodenia clade C in particular, and use mtDNA and a more extensive dataset of nuclear DNA
(from COS loci) to reconstruct relationships within this clade and across
Goodenia s.l. We investigate whether mtDNA is suﬃciently variable
across Goodenia s.l. to provide phylogenetic resolution at the generic
and subgeneric levels, and we use an explicit hypothesis-testing framework to ask whether mtDNA sequence data corroborate or conﬂict
with conclusions from cpDNA and nuclear loci. We follow Straub et al.
(2014), who tested the ability of genome skimming data to resolve
backbone phylogenies with short nodes, and who recommended performing extensive hypothesis testing of all possible topologies for the
nodes in question, in addition to standard bootstrapping analyses. We
likewise implement approximate unbiased (AU) tests (Shimodaira,
2002) in order to explore incongruence between topologies from different datasets, and to determine the statistical support for all possible
relationships of the major lineages within Goodenia clade C.

taxon and molecular sampling was required to fully explore the composition of clades within Goodenia s.l. before any taxonomic conclusions could be drawn.
Our research group has continued to work towards resolving
Goodenia s.l., with the ultimate goal of naming monophyletic clades
supported by molecular and morphological data. This necessitates
having the strongest possible phylogenetic support for individual
clades, as well as clear resolution of the relationships between those
clades. Our eﬀorts at improving the backbone phylogeny of Goodenia
s.l. by maximizing both resolution and support have focused on
broadening taxon and molecular sampling beyond the cpDNA-only
dataset of Jabaily et al. (2012). To this end, we turned to a genome
skimming approach with next-generation sequencing for 24 species
representing most, but not all, of the major clades of Goodenia s.l., plus
species from the two other clades within the broader Core Goodeniaceae (Scaevola s.l. and Brunonia) (Gardner et al., 2016a). We estimated a phylogeny based on complete plastome coding sequences
(CDS), which did much to resolve our understanding of Goodenia s.l.
(Gardner et al. 2016a). We also expanded taxon sampling in Goodenia
s.l. via Sanger sequencing of targeted plastid loci, and when added to
the 24-taxon CDS dataset, the combined dataset yielded a phylogeny
with maximum support at all deepest nodes within Goodenia s.l., with
Coopernookia placed sister to clade A plus clades B and C (the latter two
sister to one another) (Gardner et al., 2016a).
Despite the overall success of this approach, new issues were also
raised (Gardner et al., 2016a). In multiple cases, the taxonomic complexity within the clades (A, B, C) of Goodenia s.l. increased with expanded sampling. For example, in Jabaily et al. (2012), all (except one)
species in Goodenia clade B were members of sect. Goodenia subsect.
Ebracteolatae K.Krause. However, Gardner et al. (2016a) found that
members of sect. Porphyranthus G.Don and sect. Borealis Carolin also fell
within clade B and were in part sister to the remaining members of
subsect. Ebracteolatae. Similarly, adding additional taxa from clade C,
the most enigmatic of all the major groups recovered in Goodenia s.l.,
revealed a remarkably complex evolutionary history that frustrated our
attempts at drawing taxonomic conclusions (Gardner et al., 2016a).
This clade has remained the largest barrier to achieving our goal of a
revised taxonomy for Goodeniaceae that reﬂects both morphological
and molecular data.
Clade C is the most morphologically diverse group in Goodenia s.l.
(Fig. 1), and it currently encompasses the genera Velleia (21 spp.),
Verreauxia (3 spp.), and Pentaptilon (1 sp.) as well as Goodenia subgenus
Monochila (G.Don) Carolin (9 spp.; 3 subspp., excluding G. viscida R.Br.
see Gardner et al., 2016a), subsections Coeruleae (Benth.) Carolin (11
spp.) and Scaevolina Carolin (10 spp.) of section Coeruleae, and a
number of species from the typical subsection of Goodenia (9 spp.; 1
subsp.; 2 var.) (Gardner et al., 2016a,b). In Gardner et al.’s (2016a)
analyses of plastid loci, support values at several key nodes within clade
C were low, with the exception that subg. Monochila and subsect.
Coeruleae were each strongly supported as monophyletic. The low
support values for the remaining relationships in clade C may have been
impacted by sampling, as the 24-taxon CDS dataset only included G.
hassallii F.Muell. (subsect. Coeruleae), Verreauxia reinwardtii (de Vriese)
Benth., and four species from subg. Monochila. Gardner et al. (2016a)
also performed individual analyses of two nuclear loci (NRR and
G3PDH), which yielded topologies that were similar to one another, but
which both conﬂicted signiﬁcantly with the cpDNA phylogeny at
backbone nodes within clade C and throughout Goodenia s.l. Given that
the current taxonomic divisions within Goodenia s.l. are clearly nonmonophyletic based on the phylogenies of Jabaily et al. (2012) and
Gardner et al. (2016a), we are faced with two alternatives. First, there is
support for most of the major clades and relationships among them,
which could support the splitting of Goodenia s.l. into several genera
corresponding to Goodenia A, Goodenia B, and the respective subclades
within Goodenia C (Gardner et al., 2016a). Alternatively, we could expand the circumscription of Goodenia to encompass all the lineages of
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Fig. 1. Representative taxa of Goodenia clade C. (A) G. dimorpha var. angustifolia (subsect. Goodenia); (B) G. quadrilocularis (subsect. Goodenia); (C) G. xanthotricha
(subsect. Goodenia); (D) G. hassallii (subsect. Coeruleae); (E) Verreaxia reinwardtii; (F) Velleia rosea (sect. Menoceras); (G) G. stobbsiana (subsect. Scaevolina); and (H) G.
decursiva (subgen. Monochila). Vouchers: K.A. Shepherd & J.A. Wege KS1541(A); K.A. Shepherd & J.A. Wege KS1580 (B); K.A. Shepherd & S.R. Willis KS1575 (C); K.A.
Shepherd & S.R. Willis KS1517 (D); K.A. Shepherd & S.R. Willis KS1514 (E); K.A. Shepherd & S.R. Willis KS1509 (F); S. Dillon, T. Hammer, K.R. Thiele SD7000 (G) and
K.A. Shepherd & S.R. Willis KS1528 (H). Images by: K.A. Shepherd (A–F, H) and S. Dillon (G).

2. Materials and methods

Helianthus mitochondrion sequence using the built-in Geneious reference-guided assembly algorithm with sensitivity set to medium and
iterating up to ten times. For each taxon, a consensus sequence was
generated from the assembly that included all positions with minimum
5X coverage. We used 5X as opposed to the 25X cutoﬀ for the cpDNA
dataset (see below) because many fewer reads passed the Bowtie ﬁltering step for the mtDNA than the cpDNA (tens of thousands vs.
hundreds of thousands to millions), and lowering the coverage cutoﬀ
allowed us to include more of the assembly in the consensus and subsequent analyses. Annotations were transferred from the Helianthus
reference to each consensus sequence. Consensus sequences from all 24
taxa were aligned using the MAFFT plugin in Geneious with default
settings. We excluded sites that were mostly or entirely gaps, and positions that aligned ambiguously, using Gblocks (Talavera and
Castresana, 2007) following recommended settings. To test for potential intercellular genetic transfer events, the gene sequences were subjected to a BLASTX search against the nr database with an e-value cutoﬀ
of 10−10 to look for non-mitochondrial homologies and none were
found.

2.1. Sampling, datasets, and molecular methods
We included twenty-four taxa of Goodenia s.l.; twenty of these had
previously been sequenced by Gardner et al. (2016a), and four were
newly sequenced for this study to increase sampling of major groups in
clade C: G. xanthotricha de Vriese, G. quadrilocularis R.Br. and G. dimorpha var. angustifolia Maiden & Betche from subsect. Goodenia, and
G. stobbsiana F.Muell. from subsect. Scaevolina (Table 1). This brought
us to a total of 10 exemplar taxa sampled from clade C. Voucher and
accession information are included in Appendix S1 (see Supplemental
Data with the online version of this article). We constructed ﬁve datasets corresponding to organellar or nuclear DNA (mtDNA, cpDNA, NRR,
G3PDH, COS), and these datasets included either all 24 taxa (mtDNA,
cpDNA), or only the clade C exemplar taxa (NRR, G3PDH, COS).
DNA extractions and genome skimming methods for the four new
taxa followed the same protocols as Gardner et al. (2016a). Macrogen,
Inc. (Seoul, Korea) performed the library preparation, sequencing, and
post-processing including de-multiplexing, adapter removal, and removal of low-quality reads. The four new taxa were sequenced on two
lanes of Illumina Highseq 2500 with 150 bp paired-end chemistry.

2.3. Chloroplast dataset (cpDNA)
Clean, raw reads were processed as described above for the mitochondrial dataset, except that ﬁltering in Bowtie2 and subsequent
reference-guided assembly in Geneious both used an existing whole
plastome sequence from H. annuus (NC_007977; Timme et al., 2007).
We produced new assemblies for the 20 taxa included in Gardner et al.
(2016a) in order to include regions outside the CDS employed in that
study (e.g., intergenic spacers). As in Gardner et al. (2016a), we used a
25X coverage cutoﬀ to generate consensus plastome sequences, and
annotations were transferred from the Helianthus reference. Sequences

2.2. Mitochondrial dataset (mtDNA)
Clean, raw reads from genome skimming of each taxon were ﬁrst
ﬁltered against the mitochondrial genome sequence of Helianthus annuus L. (KF815390; Bock et al., 2014) using Bowtie 2 (Langmead et al.,
2009; Langmead and Salzberg, 2012). Filtered reads were converted to
FASTA format and imported into Geneious R9 (http://www.geneious.
com, Kearse et al., 2012), where they were assembled against the same
504
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Table 1
Taxonomy and clade identity for taxa included in this study (seven taxa included in the unbiased hypothesis tests in bold).
Taxon name
Coopernookia polygalacea (de Vriese) Carolin
Coopernookia strophiolata (F.Muell.) Carolin
Goodenia ovata Sm.
Goodenia phillipsiae Carolin
Goodenia tripartita Carolin
Goodenia viscida R.Br.
Scaevola collaris F.Muell.
Selliera radicans Cav.
Goodenia ﬁliformis R.Br.
Goodenia micrantha Hemsl. ex Carolin
Goodenia hassallii F.Muell.
Goodenia dimorpha var angustifolia Maiden & Betche
Goodenia quadrilocularis R.Br.
Goodenia xanthotricha de Vriese
Goodenia decursiva W.Fitzg.
Goodenia drummondii Carolin
Goodenia helmsii(E.Pritzell) Carolin
Goodenia pinifolia de Vriese
Goodenia stobbsiana F.Muell.
Verreauxia reinwardtii (de Vriese) Beth.
Velleia discophora F.Muell.
Velleia foliosa (Benth.) K.Krause
Velleia rosea S.Moore
Scaevola tomentosa Gaudich.

Subgeneric taxonomy (sensu Carolin, 1992)

subgenus
subgenus
subgenus
subgenus

Goodenia section Goodenia subsection Goodenia
Goodenia section Goodenia subsection EbracteolataeK.Krause
Goodenia section Goodenia subsection Goodenia
Monochila(G.Don) Carolin

subgenus Goodenia section Goodenia subsection EbracteolataeK.Krause
subgenus Goodenia section Goodenia subsection EbracteolataeK.Krause
subgenus Goodenia section Coeruleae subsection Coeruleae(Benth.)
Carolin
subgenus Goodenia section Goodenia subsection Goodenia
subgenus Goodenia section Goodenia subsection Goodenia
subgenus Goodenia section Goodenia subsection Goodenia
subgenus Monochila(G.Don) Carolin
subgenus Monochila(G.Don) Carolin
subgenus Monochila(G.Don) Carolin
subgenus Monochila(G.Don) Carolin
subgenus Goodenia section Coeruleae subsection ScaevolinaCarolin

Major clade (sensu Gardner et al., 2016a)
Coopernookia
Coopernookia
Goodenia clade A
Goodenia clade A
Goodenia clade A
Goodenia clade A
Goodenia clade A
Goodenia clade A
Goodenia clade B
Goodenia clade B
Goodenia clade C
Goodenia clade C
Goodenia clade C
Goodenia clade C
Goodenia clade C
Goodenia clade C
Goodenia clade C
Goodenia clade C
Goodenia clade C
Goodenia clade C
Velleia
Velleia
Velleia
Scaevola s.l.

transferred from Helianthus as described above. We used PartitionFinder v. 2.0 (Lanfear et al., 2012) to determine the optimal partitioning scheme and the best set of nucleotide substitution models for
the mtDNA and cpDNA datasets using the AICc criterion and greedy
algorithm. We used the AICc criterion in jModeltest v. 2.0 (Guindon and
Gascuel, 2003; Darriba et al., 2012) to determine the optimal model of
molecular evolution for the individual COS loci, NRR, and G3PDH. For
all datasets (mtDNA, cpDNA, individual COS loci, NRR, and G3PDH),
we performed maximum likelihood analyses in Garli v. 2.01 (Zwickl,
2006) to estimate the best tree and analyze bootstrap replicate datasets,
using the optimal model(s) of molecular evolution and optimal partitioning schemes for each dataset. We completed 100 bootstrap replicates for each dataset. We considered ML bootstrap values higher
than 90% to constitute strong support for clades and relationships.
For the COS dataset, we used the ML results from the individual loci
to estimate a species tree with local posterior probabilities (Sayyari and
Mirarab, 2016) with ASTRAL-II and its default settings for multi-locus
bootstrapping (Mirarab and Warnow, 2015). The input tree for each
locus was that locus’s ML tree annotated with the results of the 100
bootstrap replicates completed in Garli as described above. Nodes
supported by less than 33% bootstrap support in these analyses were
collapsed in the ML trees for the individual loci.

were aligned and ambiguous sites removed as described above for the
mtDNA dataset.
2.4. Assembly of single-locus nuclear datasets
For hypothesis testing within Goodenia clade C, we assembled sequences of NRR and G3PDH for the four new taxa and combined these
with existing sequences for clade C members previously generated by
Gardner et al. (2016a). The NRR dataset included eleven taxa and the
G3PDH dataset included ten (assembly of G. helmsii for G3PDH was
unsuccessful). Velleia discophora F.Muell. was included as an outgroup
for both datasets. We used Verreauxia, a member of clade C sequenced
by Gardner et al. (2016a), as a reference in Bowtie2 to extract reads for
both markers from the genome skimming data for the four new species.
These reads were then processed as above using reference-guided assembly to the appropriate marker from Verreauxia.
2.5. Assembly of COS dataset
For the ten taxa sampled from clade C, we used the HybPiper pipeline with default settings (Johnson et al., 2016) to assemble reads
corresponding to COS loci based on the probe set published by Mandel
et al. (2014). Of the 1061 orthologous loci represented in the COS probe
set, we retained only those loci that were assembled for ﬁve or more of
the ten clade C exemplar taxa. Sequences for each individual locus were
aligned with MAFFT with default settings in Geneious. Individual taxa
with less than 33% of the total alignment length for a given locus were
removed from that alignment, and any gene that had fewer than ﬁve of
the ten clade C taxa present after this step was also removed from
further analysis.

2.7. Clade C hypothesis testing
To investigate support for topological incongruences between the
mtDNA, cpDNA, NRR, G3PDH, and COS datasets in relationships within
Goodenia clade C, we performed a series of approximately unbiased
(AU) tests (Shimodaira, 2002). Because these analyses require a sequence matrix as input rather than a tree, we could not use the ASTRALII species tree for the COS dataset, and instead used a single concatenated matrix of all the COS loci that had been used individually to
produce the species tree. For each of the ﬁve datasets, we ﬁrst constructed subalignments that contained only seven taxa that represent
the major lineages in clade C (Table 1). We generated all unrooted, fully
bifurcating topologies for these seven taxa (10,395 total) using the
phangorn package (Schliep, 2011) in R (R Development Core Team,
2008). We then used RAxML (Stamatakis, 2014) to compute per-site log
likelihood values (“-f G” setting) for all trees under each alignment,

2.6. Phylogenetic analyses
Scaevola tomentosa Gaudich. was included as an outgroup in analyses of the 24-taxon datasets (mtDNA and cpDNA), and Velleia discophora in the 10-taxon datasets (NRR, G3PDH, COS), based on the
results of Jabaily et al. (2012) and Gardner et al. (2016a). For the
mtDNA and cpDNA datasets, the bounds of coding and noncoding regions in the alignments were determined based on annotations
505
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Table 2
Results of approximate unbiased (AU) tests for ﬁve datasets of seven taxa that represent the major lineages in Goodenia clade C. The number and percentage of
topologies with P ≥ 0.05, and the clades present (if any) in a strict consensus of those topologies, are given. Three subclades (C1-C3) were present in the individual
highest likelihood topologies for the various datasets. For each of these subclades, the number and proportion of trees from each dataset in which that subclade
appears are given, as is the P-value of the topology in each dataset where all trees with that value and higher yield the clade.
Dataset

Number and % of total
topologies with P ≥ 0.05

Clades in strict consensus of
topologies with P ≥ 0.05

Clade C1 (G. hassallii, G.
xanthotricha)

Clade C2 (G. stobbsiana,
G. decursiva)

Clade C3 (G. quadrilocularis, G.
dimorpha var. angustifolia)

mtDNA
cpDNA
COS

88 (0.8%)
60 (0.6%)
67 (0.6%)

88/88 (P ≥ 0.05)
9/60 (P ≥ 0.559)
not present P ≥ 0.05

21/88 (P ≥ 0.323)
not present P ≥ 0.05
not present P ≥ 0.05

not present P ≥ 0.05
55/60 (P ≥ 0.091)
67/67 (P ≥ 0.05)

NRR
G3PDH

531 (5.1%)
2739 (26.3%)

Clade C1 (G. hassallii, G. xanthotricha)
seven taxon polytomy
Clade C3 (G. quadrilocularis, G.
dimorpha var. angustifolia)
seven taxon polytomy
seven taxon polytomy

33/531 (P ≥ 0.499)
1/2739 (P ≥ 0.865)

21/531 (P ≥ 0.857)
2/2739 (P ≥ 0.865)

250/531 (P ≥ 0.117)
1794/2739 (P ≥ 0.077)

and cpDNA phylogeny with lnL = −340,173.02 (Fig. 2). The optimal
partitioning schemes identiﬁed by PartitionFinder for both datasets are
provided in Appendix S2.
The topologies of the mtDNA and cpDNA phylogenies are identical
in the composition and arrangement of major clades across Goodenia s.l.
(Fig. 2A, B). With maximum support in both datasets, Coopernookia is
sister to the remainder of Goodenia s.l., followed stepwise by Goodenia
clades A, B, Velleia, and Goodenia clade C. Relationships that resolve
with lower ML bootstrap support, and which diﬀer in topology between
the mtDNA and cpDNA trees, are found within Goodenia clades A and C.
In clade A, Selliera radicans Cav. is sister to Scaevola collaris in the
cpDNA topology with 100% support; in the mtDNA topology, Selliera is
strongly supported as sister to Goodenia ovata plus G. viscida R.Br.
Within clade C, four and six nodes, respectively, are resolved with
greater than 90% bootstrap support in the cpDNA and mtDNA topologies (Fig. 2). Both topologies recover a monophyletic subg. Monochila,
with G. drummondii Carolin, G. helmsii (E.Pritz.) Carolin, G. pinifolia de
Vriese, and G. decursiva W.Fitzg. forming a strongly supported subclade.
Both phylogenies further support a sister relationship between G.
drummondi and G. helmsii. The cpDNA topology also groups G. dimorpha
var. angustifolia and G. quadrilocularis (both subsect. Goodenia) with
strong support, while the mtDNA resolves G. hassallii (subsect. Coeruleae) and G. xanthotricha (subsect. Goodenia) as sister species, with
Verreauxia sister to the pair, and places G. stobbsiana (subsect. Scaevolina) sister to the subg. Monochila subclade. Throughout the two phylogenies, branch lengths are substantially shorter in the mtDNA than
the cpDNA tree (Fig. 2A, B).

which also assigns a likelihood score to each topology for each dataset.
The per-site log likelihood values for each dataset were then analyzed
using Consel (Shimodaira and Hasegawa, 2001), which performs a set
of topology tests to evaluate whether or not all trees explain the data
equally well. We report results of the approximately unbiased test,
calculated from a multiscale bootstrap. For each dataset, we ranked all
trees by AU P-value. Contrary to typical analyses where a result at
P ≤ 0.05 is desirable, in this case we were interested in trees with the
highest P-values, which are most consistent with the data. Trees with Pvalues ≤ 0.05 are in fact those statistically rejected by the underlying
alignments. We sorted all topologies by P-value, and identiﬁed the Pvalue at which a strict consensus of all topologies with P greater than or
equal to that value would include a particular clade of interest (see
Table 2). The topology with the next lowest P-value would have lacked
that clade.
3. Results
3.1. Phylogenetic analyses of 24-taxon mtDNA & cpDNA datasets
We generated partial mtDNA genome sequences for all 24 taxa, with
a total alignment length of 41,552 bp. Less than half of the total sequence length was annotated as coding based on the Helianthus reference. We also generated partial cpDNA genomes for all 24 taxa, and
this alignment was 98,088 bp long (87% longer than the 52,388 plastome CDS alignment from Gardner et al. (2016a)). The partial cpDNA
and mtDNA assemblies are available from Dryad (https://doi.org/10.
5061/dryad.j0nf1sn). The percent parsimony informative characters
(PIC) in the total mtDNA dataset was only 19% of the total cpDNA
dataset, and the Goodenia clade C mtDNA dataset PIC was 23.8% of the
Goodenia clade C cpDNA dataset PIC (Table 3). Maximum likelihood
analyses in Garli yielded an mtDNA phylogeny with lnL = −77,764.53

3.2. Phylogenetic analyses of nuclear datasets
The aligned matrices for G3PDH and NRR were 861 and 6494 base
pairs long, respectively (Table 3), and are available on Dryad (https://
doi.org/10.5061/dryad.j0nf1sn). Within clade C, the G3PDH alignment
had the highest percentage of parsimony informative characters (and
mtDNA the lowest; Table 3). JModelTest identifed HKY + G and
TIM2 + I + G as the best models of evolution for the G3PDH and NRR
datasets, respectively. ML analysis of the NRR dataset produced a tree
with lnL = −11,458.89; the G3PDH tree had lnL = −1,866.66. Both
analyses, which included only clade C taxa, recovered a monophyletic
subg. Monochila with 100% bootstrap support (G. helmsii was not included in the G3PDH analysis because of assembly issues), and a sisterspecies pairing of G. quadrilocularis and G. dimorpha var. angustifolia
(subsect. Goodenia), but with less than maximal support (Fig. 2C, D).
The NRR dataset also placed G. stobbsiana (subsect. Scaevolina) sister to
subg. Monochila, and found G. xanthotricha (subsect. Goodenia) and G.
hassallii (subsect. Coeruleae) to be sister to one another; both relationships were also recovered by the mtDNA dataset, but with
stronger support there than in the NRR.
Eighty-ﬁve COS loci, with an average length of 483 bases, met our
5-taxon inclusion benchmark for analysis (Table 3). Average PIC per
locus was 7.85, and ranged from one to seventy. The ASTRAL-II analysis

Table 3
Alignment length and parsimony informative character (PIC) information for
cpDNA, mtDNA, and nuclear datasets COS, NRR, and G3PDH. Average values
across all 85 COS loci are given.
Dataset

Alignment length
(basepairs)

Total number parsimony
informative characters
(PIC)

Percent PIC

cpDNA (all 24
taxa)
cpDNA (clade
C)
mtDNA (all 24
taxa)
mtDNA (clade
C)
COS (clade C)
NRR (clade C)
G3PDH (clade
C)

98,088

10,365

10.57

1843

1.88

836

2.01

186

0.45

average 7.85
93
20

0.83
1.43
2.32

41,552

average 483
6494
861
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A) cpDNA

B) mtDNA
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Fig. 2. Topologies produced by ML analyses with bootstrapping for four datasets: (A) cpDNA, (B) mtDNA, (C) NRR, (D) G3PDH, and the ASTRAL-II species tree for
(E) COS loci. Scale bars indicate number of substitutions per site, and the cpDNA and mtDNA trees are shown at the same scale. Thick branches have ≥90% bootstrap
support (BS). Branches with less than 70% BS are collapsed and shown as polytomies. The NRR, G3PDH, and COS trees were rooted with Velleia discophora, which is
removed in the ﬁgure. Fully resolved topologies for all ﬁve trees are provided in Appendix S3.

found that the mtDNA, cpDNA, and COS datasets rejected (at P ≥ 0.05)
more of the total possible topologies than the NRR and G3PDH datasets
(Table 2). A strict consensus of all topologies with P ≥ 0.05 produced a
seven-way polytomy for all datasets except mtDNA and COS (Table 2).
When we sequentially removed individual topologies starting with the
lowest P-values above 0.05, this removal gradually resulted in strict
consensus trees with substructure of speciﬁc sister relationships. These
subclades are recovered at diﬀerent P-values (Table 2). Maximum
likelihood and AU analyses determined that all datasets except for COS
and G3PDH recover a sister relationship of Goodenia xanthotricha
(subsect. Goodenia) and G. hassallii (subsect. Coeruleae) (subclade C1),
with the mtDNA dataset recovering this subclade in all topologies above
P = 0.05. The mtDNA and NRR datasets place G. decursiva (subg.
Monochila) and G. stobbsiana (subsect. Scaevolina) as sister (subclade
C2), with the greatest percentage of trees above P = 0.05 having this

of the individual COS loci yielded a species tree in which G. quadrilocularis and G. dimorpha var. angustifolia form a subclade with 100%
local posterior probability, and with a well-supported (96% local posterior probability) monophyletic subg. Monochila (Fig. 2). All other
relationships received less than 80% local posterior probability. Aligned
matrices for all of the COS loci are available on Dryad (https://doi.org/
10.5061/dryad.j0nf1sn).

3.3. Hypothesis testing of alternate topologies
The highest likelihood unrooted topologies for the ﬁve datasets are
congruent with the broader sampled phylogenies from the same datasets (Fig. 3) and are found within the subset of P ≥ 0.05 topologies for
their respective dataset. Approximate unbiased tests of all possible
topologies (10,395) for the seven representative lineages of clade C
507

Molecular Phylogenetics and Evolution 127 (2018) 502–512

R.S. Jabaily et al.

mtDNA

cpDNA

Goodenia xanthotricha
subg. Goodenia
sect. Goodenia
Goodenia hassallii
subsect. Goodenia
subg. Goodenia
sect. Coeruleae
subsect. Coeruleae

COS

Goodenia decursiva
subg. Monochila

Verreauxia
Goodenia stobbsiana
subg. Goodenia
sect. Coeruleae
subsect. Scaevolina

Verreauxia

Goodenia quadrilocularis
subg. Goodenia
Goodenia dimorpha sect. Goodenia
var. angustifolia subsect. Goodenia
subg. Goodenia
sect. Goodenia
subsect. Goodenia
C3

C1

Goodenia dimorpha
var. angustifolia
subg. Goodenia
sect. Goodenia
subsect. Goodenia

Goodenia xanthotricha
subg. Goodenia
sect. Goodenia
subsect. Goodenia

Goodenia stobbsiana
subg. Goodenia
sect. Coeruleae
subsect. Scaevolina
C1

Goodenia hassallii
subg. Goodenia
sect. Coeruleae
subsect. Coeruleae

C3

Verreauxia

C2

Goodenia quadrilocularis
Goodenia xanthotricha
subg. Goodenia
Goodenia dimorpha
subg. Goodenia
sect. Goodenia
var. angustifolia
sect. Goodenia
subsect. Goodenia
subg. Goodenia
subsect. Goodenia
Goodenia stobbsiana
sect. Goodenia Goodenia quadrilocularis
subg. Goodenia
subsect. Goodenia
subg. Goodenia
sect. Coeruleae Goodenia decursiva
sect. Goodenia
subsect. Scaevolinasubg. Monochila
subsect. Goodenia

Goodenia decursiva
subg. Monochila
Goodenia hassallii
subg. Goodenia
sect. Coeruleae
subsect. Coeruleae

NRR

G3PDH

Composite

Goodenia dimorpha
var. angustifolia
Goodenia quadrilocularis
subg. Goodenia
subg. Goodenia
sect. Goodenia
sect. Goodenia
subsect. Goodenia
subsect. Goodenia

Goodenia dimorpha
var. angustifolia
subg. Goodenia
sect. Goodenia
subsect. Goodenia

Goodenia quadrilocularis
subg. Goodenia
sect. Goodenia
subsect. Goodenia

mtDNA AU strict
mtDNA ML
cpDNA ML
NRR ML
mtDNA BS

Verreauxia

Verreauxia

C3

C3

Verreauxia

Goodenia decursiva
subg. Monochila
C1
Goodenia hassallii
subg. Goodenia
sect. Coeruleae
subsect. Coeruleae
Goodenia stobbsiana
subg. Goodenia
sect. Coeruleae Goodenia xanthotricha
subg. Goodenia
subsect. Scaevolina
sect. Goodenia
subsect. Goodenia

Goodenia xanthotricha
subg. Goodenia
sect. Goodenia
subsect. Goodenia
C1
Goodenia hassallii
subg. Goodenia
sect. Coeruleae
subsect. Coeruleae

Goodenia hassallii
subg. Goodenia
sect. Coeruleae
subsect. Coeruleae

C2

Goodenia xanthotricha
subg. Goodenia
sect. Goodenia
Goodenia stobbsiana
subsect. Goodenia
subg. Goodenia
sect. Coeruleae Goodenia decursiva
subsect. Scaevolina subg. Monochila

NRR ML
G3PDH ML
cpDNA ML
COS ML
COS ASTRAL

NRR ML
mtDNA ML

Goodenia quadrilocularis
subg. Goodenia
sect. Goodenia
subsect.
Goodenia
C3
Goodenia dimorpha
var. angustifolia
subg. Goodenia
sect. Goodenia
subsect. Goodenia
Goodenia stobbsiana
subg. Goodenia
sect. Coeruleae
C2 subsect. Scaevolina
Goodenia decursiva
subg. Monochila

Fig. 3. For all ﬁve datasets, the single highest likelihood topology from the set of 10,395 possible unrooted topologies for seven taxa. The seven taxa present represent
all major clades in Goodenia clade C. A composite at lower right shows the subclades and placement of Verrauxia that receive support from one or more analyses,
which are indicated above the branches.

4. Discussion

relationship in the mtDNA dataset (Table 2). This subclade is not found
in the highest ML tree for G3PDH, cpDNA, or COS, but is found in the
sets of highest trees P-value trees for each dataset. All but the mtDNA
dataset place G. dimorpha var. angustifolia (subsect. Goodenia) and G.
quadrilocularis (subsect. Goodenia) as sister (subclade C3), with the COS
dataset recovering this subclade in all topologies above P = 0.05. Two
additional sister relationships, partially in conﬂict with hypothesized
clades C1-C3 and both involving placement of Verreauxia, are supported
by single datasets each. The placement of Verreauxia changes between
all datasets, except NRR and G3PDH, in both of which it is sister to
subclade C3; however, the only position of Verreauxia that receives
support from multiple datasets is its placement in the mtDNA ML
bootstrap tree (Fig. 2), where it is sister to subclade C1 with strong
support. A composite tree showing the subclades that are supported by
our various analyses is shown in Fig. 3.

4.1. Summary of relationships in Goodenia s.l.
We aimed to produce a fully resolved, fully supported estimate of
phylogeny for Goodenia s.l., using data from multiple genomic compartments and building on the resolution achieved in previous studies
(Jabaily et al., 2012; Gardner et al., 2016a). We were partially able to
do this, with data from both cpDNA and mtDNA strongly supporting
Coopernookia as sister to the remaining members of Goodenia s.l., as also
found by Gardner et al. (2016a). This is not surprising, as Coopernookia
is supported by a number of synapomorphies including distinctive
strophiolate seeds and a base chromosome number of x = 7 (vs x = 8
for the remainder of Goodenia s.l.) (Peacock, 1963). The relationships
between clades A, B, and C of Goodenia s.l. are also congruent between
both the cpDNA and mtDNA datasets and receive similar, high support
values (Fig. 2). Velleia is supported as monophyletic and consistently
placed sister to Goodenia clade C, while Selliera is embedded in clade A
and Verreauxia also in clade C (Fig. 2).
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Western Australian Herbarium, unpublished data). Subclade C3 includes a subset of yellow-ﬂowered species previously included by
Carolin (1992) in the typical subsection Goodenia, the remainder of
which we now recognize as belonging to Goodenia clade A (Jabaily
et al., 2012; Gardner et al., 2016a). The subset of yellow-ﬂowered
species in clade C includes a number of diploid and polyploid taxa from
eastern Australia (we sampled only diploids here) (Peacock, 1963; K.
Shepherd, Western Australian Herbarium, unpublished data), as well as
the Western Australian G. quadrilocularis R.Br. (Fig. 1A, B). The fact that
subclade C3 occurs in four of the ﬁve highest-likelihood topologies
(Fig. 3) supports the monophyly of this group. However, the taxonomic
conﬂict with C1, which also includes a member of this section (G.
xanthotricha; Fig. 3), and the well-supported polyphyly of its members
between clade C and clade A, clearly indicates that revision of the typical section and subsection are in order.
The phylogenetic position of Verreauxia changes between almost all
datasets in the highest-likelihood topologies (Fig. 3) and in the P ≥ 0.05
topologies for each dataset. While there is consistency between its position in the G3PDH and NRR ML topologies, the only dataset that
strongly supported a placement for Verreauxia was the mtDNA bootstrap analysis, which placed it sister to subclade C1 (Fig. 3). None of the
P ≥ 0.05 topologies in mtDNA placed it as sister to any other lineage.
Sanger sequencing of more taxon-rich datasets (Jabaily et al., 2012; K.
Shepherd, Western Australian Herbarium, unpublished data) has consistently found Verreauxia, which is a small genus (3 spp.) from
southwestern Western Australia, to be monophyletic and sister to
monotypic Pentaptilon (Carolin, 1992). These data suggest that Verreauxia (and Pentaptilon) form a distinct lineage within clade C, and our
best hypothesis at present is that this group is closely allied to subclade
C1.

Despite the addition of more base pairs in the cpDNA dataset
compared to previous analyses (Gardner et al., 2016a), additional data
from a new genomic compartment (mtDNA), and extensive sampling of
nuclear loci, relationships within clade C still prove diﬃcult to resolve,
and no single dataset provides full resolution with strong support. Only
Goodenia subg. Monochila was consistently recovered as monophyletic
in all analyses (Fig. 2). The results of the exhaustive tree searches and
extensive hypothesis tests we performed allow us to draw some further
conclusions. In these analyses, which contained only seven taxa representing the major lineages in clade C, based on previous studies
(Jabaily et al., 2012; Gardner et al., 2016a), we considered all possible
unrooted topologies for seven taxa and how each topology performed
under each dataset. All datasets except mtDNA and COS produced an
uninformative, seven-way polytomy in a strict consensus of all topologies with P ≥ 0.05 (Table 2). However, the combined results from the
best maximum likelihood topologies (Fig. 3), standard bootstrapping
analyses (Fig. 2), and sister relationships found in strict consensus trees
supported by higher P-values (Table 2) provide support for further
structure among these relationships, and can be synthesized into a
hypothesis of relationships in clade C that draws on the best supported
subclades from all analyses, and which has reliable implications for
taxonomy.
The results of all of our analyses are congruent with three subclades
within clade C (Fig. 3, Table 2): “C1”: G. hassallii (subsect. Coeruleae) + G. xanthotricha (subsect. Goodenia), “C2”: G. stobbsiana (subsect. Scaevolina) + G. decursiva (subg. Monochila), and “C3”: G. quadrilocularis (subsect. Goodenia) + G. dimorpha var. angustifolia (subsect.
Goodenia), Verreauxia. These subclades are compatible with each other,
though in the maximum likelihood topologies for the ﬁve datasets they
are only found together in the NRR tree (Fig. 3), and in the sets of trees
with P ≥ 0.05, all three subclades occur among those trees only for
G3PDH and NRR (Table 2). Among the trees with P ≥ 0.05, subclades
C1 and C3 are present in more trees and from more datasets than C2
(Table 2). Subclade C2 is only recovered in one or more of the P ≥ 0.05
trees in the mtDNA, NRR, and G3PDH analyses, but it is present in the
single maximum likelihood topologies for mtDNA and NRR (Fig. 3).
Several of these subclades, and the relationships between them, highlight hitherto unrecognised relationships within clade C. A composite of
the subclades supported by one or more of our analyses is shown in
Fig. 3.
Goodenia section Coeruleae as a whole includes the blue-ﬂowered
species of Goodenia (Fig. 1D, G) in which the septum of the ovary is at
least 2/3 as long as the locule. Despite these shared characters, it is
clear from our analyses that this section is not monophyletic, as the
representatives of subsects. Coeruleae and Scaevolina (in subclades C1
and C2, respectively) are never recovered as sister to one another
(Fig. 3). Carolin (1992) recognised subsect. Scaevolina as including the
predominantly northern Australian perennial species, while subsect.
Coeruleae encompasses the remaining southwest Western Australian
species of the section. The subsections also diﬀer in several aspects of
morphology and habit, and these discrepancies further support their
recognition as separate taxonomic entities.
Subclade C1 in our analyses also includes G. xanthotricha, which
Carolin (1992) had placed in the yellow-ﬂowered sect. Goodenia, despite the fact that it has blue ﬂowers like members of sect. Coeruleae
(Fig. 1C). Carolin believed that G. xanthotricha was not allied to that
section due to its seeds having an aculeate testa and a shrub-like habit.
However, our results show that G. xanthotricha is in fact closely allied
with subsect. Coeruleae. Subclade C2 includes the representatives of
subsect. Scaevolina and subg. Monochila. The latter was consistently
recovered as monophyletic when multiple representatives of subg.
Monochila were included in all analyses (Fig. 2). Superﬁcially, the
groups that comprise subclade C2 do not appear to be allied; however,
some members of subsect. Scaevolina have ﬂowers tending towards a
fan-shaped form (Gardner et al., 2016a) (Fig. 1G) and a similar narrow
indusium as observed in members of subg. Monochila (K.A. Shepherd,

4.2. Examining incongruence
Despite high overall congruence between the cpDNA and mtDNA
topologies across Goodenia s.l. (Fig. 2), there are several points of
conﬂict within Goodenia clade C, both between the cpDNA and mtDNA,
and between one or more of the organellar and nuclear datasets (Fig. 3).
The lack of support for subclade C1 in the COS and G3PDH analyses and
for C3 in the mtDNA analyses is particularly notable, given the strong
support for these relationships in the other datasets. The P-values at
which these relationships were retained in strict consensus topologies
from the other datasets were low, indicating strong relative support
(Table 2).
Strong topological conﬂict between phylogenies derived from cytoplasmic organelles (mitochondria and chloroplast) and/or nuclear
phylogenies may be evidence for incomplete lineage sorting due to
rapid radiation, or may reﬂect that these genomes have tracked different evolutionary histories as a result of phenomena such as hybridization or polyploidy. The mitochondrial genome in angiosperms is
almost always maternally inherited, as is the chloroplast genome, historically the workhorse of plant phylogenetics, and both are single, nonrecombining molecules (Barr et al., 2005). For these reasons, the
chloroplast and mitochondrial genomes may be assumed to track similar evolutionary histories, and can potentially be combined to enhance phylogenetic resolving power. While this has proved useful in
several previous studies (e.g., Malé et al., 2014; Zhang et al., 2015),
concatenation of the two alignments in the current study was not attempted given the topological incongruence between the datasets. We
feel further justiﬁed retaining the independence of the datasets given
that other studies have found conﬂicting signals between these compartments. For example, Straub et al. (2012) identiﬁed a novel phylogenetic reconstruction using partial mitochondrial genomes that was
not supported by other molecular or morphological data. Henriquez
et al. (2014) similarly found signiﬁcant conﬂict between a genomeskimming-derived mitochondrial dataset compared to cpDNA, and the
former did not produce strong support for phylogenetic relationships. In
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capture probes focused on spacer-rich regions may increase the likelihood of producing full chloroplast genomes (Wicke and Schneeweiss,
2015).
It is also unclear if assembling a greater percentage of the complete
mitochondrial genomes of Goodenia s.l. would have brought us closer to
a fully resolved clade C phylogeny. The percentage of parsimony-informative characters in the mtDNA dataset was substantially lower than
in the cpDNA dataset (Table 3), and we did not ﬁnd evidence of high
rates of molecular evolution in the mtDNA regions that had previously
been documented in unigene analyses of mitochondrial sequences of
Goodeniaceae (Cho et al., 2004; Qiu et al., 2010). It is uncertain what
proportion of the complete mitochondrial genome we assembled, as the
overall size of these genomes can vary greatly, even between close relatives. Our assemblies seem to have suﬀered a similar fate as the
cpDNA, likely missing huge tracts of sequence presumably present in
the mitochondrial genomes of these species. The reference of H. annuus
is 300,945 (Bock et al., 2014) and 19.5% was annotated as coding, similar to estimates from other completed mitochondrial genomes (Wicke
and Schneeweiss, 2015). Our alignment, which mapped to less than
14% of the total reference length, had about 55% of the genetic elements annotated in the reference, though H. annuus also has many
fewer genetic regions annotated than other species (e.g. Daucus carota,
Iorizzo et al., 2012).
While the high sequence-level similarity between plant mitochondrial genes can make reference-guided assembly and alignment
straightforward, and produce at least partial assemblies of ﬂanking or
intron regions (Malé et al., 2014), the positional homology of these
assembled sequence is often diﬃcult to discern. The overall structure of
mitochondrial genomes in seed plants is highly variable and evolutionarily dynamic, and thus gene order and intergenic spacer length and
content can vary dramatically, even among close relatives (Knoop,
2004; Grewe et al., 2014; Gualberto et al., 2014; Liu et al., 2014; Guo
et al., 2016). Intergenic regions in particular are responsible for most of
the enormous variety in size seen between sequenced mitochondrial
genomes (Kubo and Mikami, 2007). This is in sharp contrast to the
small gene content and highly conserved gene order of animal mitochondrial genomes, and the generally conserved gene order and intergenic spacer size in plant chloroplasts (Kubo and Mikami, 2007).
Given the diﬃculties this structural complexity poses for designing
primers to sequence intergenic spacers, additional, targeted sequencing
of variable mtDNA regions may prove challenging. However, given that
our mitochondrial dataset was generally concordant with the cpDNA
results (at least, outside of clade C), we predict that more complete
mtDNA genome sequences could similarly increase phylogenetic support (though not necessarily congruence with cpDNA). Assembling
more complete mitochondrial genomes from genome skimming data
presents substantial bioinformatics challenges (Wicke and Schneeweiss,
2015), but will likely be worth the eﬀort.
Turning to the nucleus, we were surprised that our analysis of over
eighty COS loci yielded a species tree with low overall statistical support and which had little in common with the trees for NRR and G3PDH
(Fig. 3). Even though the COS dataset as a whole provided far more
sequence data and informative characters than the smaller nuclear
datasets (Table 3), the individual COS loci were relatively uninformative. Léveillé-Bourret et al. (2017) found that gene tree incongruence, which can result from analysis of short or low-information
loci, can decrease support in ASTRAL species tree analyses, and our
individual COS loci were generally below the ∼25 PIC per locus recommended as a threshold for ASTRAL analysis using ultra-conserved
elements (Meiklejohn et al., 2016). We also recovered only a handful of
the complete dataset of 1061 loci that were targeted in the cross-Asteraceae probe development study (Mandel et al., 2014). This may have
been caused by a lack of representation of these low-copy loci in our
unenriched genome skimming data, or by the probes themselves failing
bioinformatically due to the relative divergence of Goodeniaceae from
Asteraceae, though the latter seems unlikely given the expected,

contrast, Rydin et al. (2017) determined that mtDNA sequences from
reference-guided assembly of genome skimming data produced a highly
resolved phylogenetic reconstruction for Rubiaceae that was congruent
with cpDNA, however there was conﬂict at several key nodes.
In diploid taxa, incongruence between the plastid and mitochondrial genomes can be evidence for paternal, or even biparental, inheritance of mitochondria, with or without subsequent recombination,
which can further complicate phylogenetic inference (Barr et al., 2005;
Apitz et al., 2012; Govindarajulu et al., 2015). In cases where the mitochondria are known to be diﬀerentially inherited compared to the
chloroplast (e.g. in Pinus, which has paternal chloroplast inheritance;
Wang and Wang, 2014), incongruence can reﬂect past introgression, or
genome capture without recombination. Ancient or recent polyploidy
events could also contribute to incongruence (Govindarajulu et al.,
2015), and polyploidy has been documented in subsect. Goodenia taxa
belonging to clade C (Peacock, 1963). However, we found no evidence
for multiple alleles in any of the nuclear loci, and the lack of resolution
in the NRR, G3PDH, and COS trees (Fig. 2) does not appear to be driven
by polyploidy. There are no hard incongruences between them that
could reﬂect hybridization or polyploidy diﬀerentially aﬀecting the
histories of these unlinked markers.
In Goodenia clade C, it seems most likely that a history of rapid
radiation and subsequent incomplete lineage sorting, potentially combined with hybridization, has led to the intractability of backbone relationships in this group. The lack of resolution with strong support
coincides with nodes having short branch lengths in all topologies
(Fig. 2). Jabaily et al. (2014) provided a historical biogeographic reconstruction of the family, and found that clade C most likely originated
towards the beginning of the Miocene, with the major lineages studied
in the current paper originating throughout the Miocene (approximately 23–5 mya). Although the relative branch lengths reconstructed
within clade C were similar to or longer than those in other groups
across the family, the pattern of poor support from multiple genomic
compartments suggests that widespread incomplete lineage sorting may
be at work.
4.3. Relative contributions of organellar vs. nuclear data recovered by
genome skimming
Given the inability of either the chloroplast or mitochondrial partial
genomes to fully support backbone relationships within Goodenia clade
C, it is important to question whether complete genome sequences of
either organelle would add resolving power or support at these crucial
positions. Full chloroplast genomes for land plants are between 107 and
218 kb in size (Wicke and Schneeweiss, 2015; 150 kb in Helianthus
(Timme et al., 2007)), with 25% of that sequence occurring in noncoding regions in H. annuus. Our annotated cpDNA datasets include an
average of 151 genetic elements (genes, tRNAs, rRNAs), which is within
the range of expected full counts. The overall length of our average
cpDNA sequence is 65% the total length of H. annuus, and is 25% noncoding. We have attempted de novo reconstructions of the plastomes
from our genome skimming data, but the resulting assemblies are similar in length and coverage to the ones built from Bowtie2-mapped
reads that are presented here. The missing sections, when compared to
the Helianthus reference, are primarily non-coding sequences. Targeted
sequencing of these faster-evolving regions could provide additional,
more useful and phylogenetically informative characters. Phylogenetic
support values along the backbone of Goodenia clade C greatly increased when the entire chloroplast spacer region trnL-F was analyzed
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conserved nature of these sequences (Mandel et al., 2014). An alternate
data generation approach, such as anchored phylogenomics (LéveilléBourret et al., 2017) or PCR-enrichment ahead of sequencing (UribeConvers et al., 2016) would likely yield a higher number of more informative loci that could lead to a better-resolved and supported species
tree.
4.4. Conclusions
This study has increased our understanding of the evolutionary
history of Core Goodeniaceae, and particularly Goodenia clade C, by
expanding on our previous analyses primarily through the addition of
mitochondrial and nuclear sequence data. These new data, combined
with extensive hypothesis testing of datasets from all three genomic
compartments, allow us to recover a reasonably consistent set of relationships between the major clades of clade C, and further support our
hypothesis that this group represents an ancient, rapid radiation. The
partial mitochondrial genomes are comparable to chloroplast genomes
at resolving relationships outside of clade C, despite the fact that relatively few studies have used mitochondrial sequences in plant systematics. Several clades and relationships within Goodenia clade C are
supported by multiple analyses, which provides support for taxonomic
recognition of the major subclades in clade C, however, due to the lack
of overall backbone support it is unlikely that this will be at the generic
level. Additional sequencing of hundreds or thousands of nuclear loci,
which is becoming an increasingly cost-eﬀective strategy, will most
likely be the only way to fully untangle the evolutionary history of this
perplexing and enigmatic group of plants.
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