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Abstract

Resolving phylogenetic relationships in the presence of conflicting signal across genes is
one of the major challenges of the phylogenomic era. Conflicting signal can emerge from
biological processes, such as incomplete lineage sorting or introgression, or have technical
origins, such as from misaligned sequences. Decisions made in the process of estimating
species trees may therefore result in alternative tree topologies and large variation in
branch support values with important taxonomic consequences. To explore how these
methodological choices affect the estimation of relationships, we compare alternative
strategies for alignment cleaning, loci filtering, and phylogenetic estimation for 551 taxa
in the Proteaceae subtribe Hakeinae. We found that node support values across gene trees
were generally low and gene discordance was high in the Hakeinae, and that the degree
of discordance varied across the phylogeny, as well as geographically across Australia.
Higher stringency of alignment cleaning tended to decrease node support, while removing
undesirable loci tended to increase gene concordance. Cleaning, filtering, and
phylogenetic estimation method (short-cut coalescent vs. concatenation) have significant
effects on tree topologies with distinct clusters of similar topologies detected in tree
space. In some cases, this has important systematic consequences for two of Australia’s
largest and best-known plant genera, with concatenated approaches resolving Hakea and
Grevillea as reciprocally monophyletic, but coalescent approaches showing that Hakea is
nested within Grevillea. Our results suggest that widespread gene discordance may be the
result of rapid radiation and incomplete lineage sorting, demonstrating the importance of

assessing the drivers of discordance to understand phylogenetic relationships.

Introduction

Synthesis

It has long been recognised that different genomic regions
can have independent evolutionary histories (Goodman et
al., 1979; Maddison, 1997), some of which may be in direct
conflict, known as gene discordance (Rokas et al., 2003;
Steenwyk et al., 2023). A major insight that has emerged
in the phylogenomic era is that widespread discordance is
the rule, not the exception, in large datasets (e.g. Roycroft
et al., 2020; Singhal et al., 2021; B. T. Smith et al., 2023).
Gene discordance can arise from homoplasy or technical er-
ror in data processing and analysis, for example in sequence
alignment, orthology assessment, or model specification.

However, it can also reflect real, biologically interesting
phenomena in the history of a clade, such as horizontal
gene transfer, incomplete lineage sorting (ILS) or introgres-
sion (Hahn & Nakhleh, 2016). Both technical error and bi-
ological processes can lead to non-random signal in phy-
logenetic data, and therefore determining the sources of
discordance by distinguishing technical error from biolog-
ical processes, and distinguishing between different
processes, is a key, but often overlooked, step (Som, 2015;
Steenwyk et al., 2023; Xi et al., 2014). Minimizing the like-
lihood that discordance is the result of technical errors may
increase confidence that processes such as ILS or introgres-
sion have been at play, thus improving understanding of
the evolutionary history of the group of interest. Changes
in phylogenetic branching patterns that result from dif-
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ferent ways of handling discordance could also have im-
plications for systematics and classification, or for down-
stream analyses based on phylogenetic information such
as diversification rates or spatial patterns of phylodiversity.
Here, we investigate spatial and phylogenetic patterns of
gene discordance in a large radiation of Australasian plants
(Fam. Proteaceae: subtribe Hakeinae) and the taxonomic
consequences of different analytical decisions around man-
aging discordance.

The sources of discordance are relevant for the approach
chosen to estimate species trees, which may have impor-
tant systematic consequences. Supermatrix (concatena-
tion) approaches do not explicitly consider gene tree dis-
cordance, and instead rely on the strength of the collective
signal of the species tree across different loci. On the other
hand, methods designed to accommodate discordance use
(or are consistent with) the multi-species coalescent model.
These methods explicitly consider gene tree histories but
are typically slower to run and may not be tractable for
large datasets. Shortcut coalescent species tree approaches,
such as ASTRAL-III, have been shown to be good estimators
of species-level relationships if ILS is the main source of
discordance and levels of discordance are moderate to high
(Mirarab & Warnow, 2015), gene tree estimation error is
low (Roch & Warnow, 2015), and reticulate evolution is low
(Solis-Lemus et al., 2016). When discordance is low or gene
tree estimation error is high, supermatrix approaches may
be more appropriate (Mirarab, 2019; Mirarab & Warnow,
2015), and when reticulate evolution is common, network
methods may be preferred (Mirarab, 2019; Solis-Lemus et
al., 2016). As such, estimated tree topologies may be heav-
ily dependent on the presence or absence of discordance in
the data and the sources of discordance. So how do we know
where discordance comes from?

Different sources of discordance are expected to leave
diagnostic signals in the topologies and branch lengths of
gene trees, and are expected to lead to differing patterns of
discordance across the branches of species trees (Meleshko
et al., 2021; B. T. Smith et al., 2023; Zwickl et al., 2014).
Sequencing or alignment error can lead to incorrect assess-
ment of primary homology (Bromham, 2016) and is a ma-
jor source of gene tree estimation error. Alternatively, some
loci may have low phylogenetic signal in the absence of
sequence error due to the evolution of few parsimony in-
formative characters, so that ‘gene shopping’ for loci with
high species coverage and a large number of parsimony in-
formative sites may improve phylogenetic inference (Mol-
loy & Warnow, 2018; S. A. Smith et al., 2018). Hence, a
marked improvement in node support values of gene trees,
or a marked decrease in gene tree discordance, after trim-
ming and masking alignments and filtering sequences and
loci, would be indicative of technical sources of discordance
in the original data (Aberer et al., 2013; Salichos & Rokas,
2013; M. R. Smith, 2022b; Talavera & Castresana, 2007;
Wilkinson, 1996; Zhang et al., 2021). On the other hand,
discordance that results from biological processes, such as
ILS or introgression, is unlikely to be completely resolved
by alignment cleaning or locus and sequence filtering, and

instead may be evidenced by non-random patterns in space
and phylogeny.

The spatial and phylogenetic context of discordance
could give insights into the drivers of diversification dy-
namics. Technical sources of discordance should be associ-
ated with phylogenetically or spatially random patterns of
discordance, whereas biological sources might be non-ran-
domly distributed in space or among the branches of the
phylogeny. For example, a prediction of ILS is that discor-
dance should be most prevalent in shorter branches in the
phylogeny, which may have resulted from rapid radiations
with little genetic differentiation and insufficient time for
complete sorting of gene variants (Degnan & Rosenberg,
2006; Pease et al., 2016; Whitfield & Lockhart, 2007). As
such, geographic regions with rapidly diversifying lineages
should be characterized by short branch lengths and high
discordance. If discordance is driven primarily by intro-
gression, then spatial ‘hotspots’ of gene discordance could
highlight ecological or environmental factors that promote
hybridisation and gene-flow such as dynamic environments
(Singhal et al., 2021) or speciation mode. In either case, lo-
cating regions with elevated rates of discordance compared
to expected, could help to pinpoint the underlying ecologi-
cal and evolutionary drivers of discordance.

Focal system

We explore the sources of, and patterns in gene tree dis-
cordance and their implications for phylogenetic inference
and understanding the diversification history of the sub-
tribe Hakeinae (Proteaceae; > 525 species). Hakeinae is a
large group of shrubs and trees that are mostly endemic to
Australia, with a handful of species found in New Guinea,
New Caledonia, and Indonesia (Weston & Barker 2006).
The subtribe contains five genera, including two of Aus-
tralia’s largest and most well-known genera, Grevillea R.Br.
ex Knight (>360 species) and Hakea Schrad. & J.C.Wendl.
(>150 species), together with three small genera: Finschia
Warb. (3 species), Buckinghamia F.Muell. (2 species), and
Opisthiolepis L.S.Sm (1 species). A recent study based on
four plastid and one nuclear gene for a third of the species
concluded that Grevillea is paraphyletic with respect to
Hakea and Finschia (Mast et al., 2015). Monophyly of Hakea
was supported by this study and is supported by a well-
defined morphological synapomorphy - the fruit being a
woody follicle with secondary thickening by a continuous
cambium (Johnson & Briggs, 1975). On the other hand,
Grevillea currently lacks an unambiguous synapomorphy
and further investigation of its status is warranted (Mast et
al., 2012). We expand the genomic coverage of the study of
Mast et al. (2015) from five to 216 loci, and the coverage
of Hakeinae species from 150 to 469 species (~90% of
Hakeinae species). We test alternative bioinformatic and
phylogenetic strategies, and estimate their effects on node
support values, gene tree discordance, and topology, both
across the phylogeny and spatially across Australasia.
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Objectives

Specifically, we ask: (i) how do alternative data cleaning,
loci filtering, and phylogenetic inference methods impact
node support values and tree topology? (ii) What are the
spatial and phylogenetic patterns of gene discordance and
are these associated with biomes or branches of the phy-
logeny under the expectations of ILS or introgression? (iii)
Under what treatments is the paraphyly of Grevillea sup-
ported by phylogenomic data? We predict that technical
sources of discordance would be supported if alignment
cleaning and loci filtering increases node support values
and decreases discordance. On the other hand, these should
have little effect if the major causes of discordance are bi-
ological, and instead we expect non-random phylogenetic
and spatial patterns. Differentiating these sources of dis-
cordance should help determine which species tree topolo-
gies are most likely to represent the true divergence history
of the group and can help us weigh up relative support for
alternative generic relationships. If supported, Grevillea pa-
raphyly would have obvious taxonomic consequences for
the generic status of the major clades within Hakeinae
(Mast et al., 2015). Because Hakeinae comprises an iconic
and diverse component of Australia’s temperate and arid
environments, spatial and phylogenetic patterns of discor-
dance would also have implications for understanding the
tempo of diversification of the Australian flora and the ori-
gins of Australia’s temperate biodiversity hotspots in the
context of large-scale biome turnover during the Neogene
(Cardillo et al., 2017; Mast et al., 2015; Sauquet et al.,
2009).

Methods

In this study, we produced phylogenomic data using An-
chored Hybrid Enrichment (AHE; Lemmon et al., 2012),
with different alignment cleaning, loci filtering, and phy-
logenetic inference techniques. Our pipeline resulted in 12
species trees: for each alignment set, we obtained a single
concatenated tree using IQ-TREE and three short-cut coa-
lescent trees using ASTRAL-III with different data filtering
steps (Fig. 1). We compared node support values and tree
topologies between treatments and explored the resulting
spatial and phylogenetic patterns of discordance.

Sample collection and DNA extraction

This study used 551 sequences for 482 Proteaceae taxa, of
which 186 sequences were obtained from an earlier study
(Cardillo et al., 2017). These 186 sequences include 151
species of Hakea, four species of Grevillea (G. dimorpha,
G. evanescens, G. hookeriana, and G. batrachioides), and
Opisthiolepis heterophylla of the Hakeinae, together with
eight Proteaceae outgroup taxa: Lomatia silaifolia, Steno-
carpus davallioides, Alloxylon pinnatum, A. flammeum, Telo-
pea speciosissima, Banksia paludosa, B. rufa, and Lambertia
formosa. In addition, 368 samples were collected for novel
DNA extraction and sequencing, sourced from fresh plant
tissue obtained from wild or cultivated plants, or from dried

herbarium specimens (see Table S1 for a list of samples).
These included 320 species of Grevillea and Finschia
chloroxantha from the Hakeinae, and additional Proteaceae
outgroups: Stenocarpus milnei, Oreocallis grandiflora,
Macadamia integrifolia, Adenanthos glabrescens, Lambertia
formosa, Isopogon formosus. Thirty-five Grevillea taxa were
represented by multiple samples representing different
recognised or putative subspecies.

Plant samples were prepared for DNA extraction by first
being finely ground into powder using beads in conjunction
with the TissueLyser II machine (Qiagen). For particularly
tough samples, liquid nitrogen was employed to facilitate
the grinding process. Total genomic DNA was subsequently
extracted from the powdered samples using the Qiagen
DNEasy Plant Mini Kit, following the manufacturer’s proto-
col (Qiagen Inc., California, USA). The concentration of ex-
tracted DNA was measured using the High Sensitivity Qbit
(Invitrogen) at the Environmental Biology Laboratory (EBL)
at the Australian National University. In instances where
further purification was necessary, DNA was subjected to an
isopropanol precipitation method post-extraction to ensure
optimal purity and quality.

Grevilleoideae-specific probe design

In order to obtain efficient sequencing of a diversity of loci
in Grevilleoideae subfamily of Proteaceae (which contains
the Hakeinae), we extended an existing AHE probe design
(Bogarin et al., 2018; Lemmon et al., 2012). We followed
the approach of (Hamilton et al., 2016) and (Bogarin et
al., 2018), using the code and scripts described therein. To
extend the AHE-specific design, our general approach was
to develop Grevilleoideae-specific probes using newly col-
lected WGS. More specifically, we collected low-coverage
genome sequence data from four Proteaceae samples,
Banksia rufa (sample ID=MC41, Table S1), Lambertia for-
mosa (ID=ZR6), Alloxylon pinnatum (ID=ZR145), and
Macadamia integrifolia (ID=ANBG_681026.3). We prepared
Ilumina libraries from DNA extracts of these four samples
following (Prum et al., 2015). We then sequenced these li-
braries (the insert size of which was 150-350bp) on an XP
flow cell of an Illumina NovaSeq 6000 sequencer using a
PE150 bp protocol with dual indexing. After filtering low-
quality read pairs using the Casava high-chastity filter, we
merged overlapping read pairs following (Rokyta et al.,
2012). The sequencing effort generated 20m-40m merged
reads per sample. We subsequently mapped these merged
reads to the Theobroma cacao reference sequence from
the AHE V3 design (Bogarin et al., 2018) and used the
merged reads to extend the resulting sequences into flank-
ing regions. We then aligned the extended sequences to the
Theobroma cacao reference sequences, inspected the align-
ments in Geneious (Biomatters Ltd.,(Kearse et al., 2012)),
and trimmed alignment ends to remove misaligned se-
quences regions. Realizing that some of the original AHE
loci may be derived from neighboring exons, we compared
these extended sequences across loci and identified over-
lapping sequences. At this point we removed 41 alignments
to ensure that we did not target redundant AHE loci. Fi-
nally, we identified and masked 9 repetitive regions.
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Figure 1. Alignment cleaning and filtering pipeline. 216 Anchored Hybrid Enrichment loci are (1) cleaned by trimming
and masking sites under three scenarios (light, L; moderate, M; heavy, H). (2) Separate gene trees are estimated for each
locus using IQ-TREE for each alignment set. (3) Loci were either completely retained (FLO) or filtered using two
thresholds (moderate, FL1; heavy, FL2) based on taxon sampling, parsimony informative characters, and variation in
branch lengths. (4) Species trees were estimated using a short-cut coalescent approach with ASTRAL-III. (5) We also
concatenated loci to estimate a single species tree with IQ-Tree. This pipeline produced 12 alternative species trees (L-

FLO, L-FL1, L-FL2, L-con, etc.).

Library preparation, read assembly,
sequencing and orthology detection

Libraries for the 368 new samples were prepared at the
FSU Center for Anchored Phylogenomics. In brief, we fol-
lowed Lemmon et al (2012) and Prum et al. (2015) to pre-
pare dual-indexed libraries with insert size 150-350. The
libraries were then pooled in groups of ~24 and enriched
using the probe set described above (The SureDesign XT kit
was produced by Agilent Technologies). We performed se-
quencing at the FSU Translational Laboratory on an Illu-
mina NovaSeq6000 sequencer with a PE150bp sequencing
protocol (dual indexing). On average we collected 5.7 mil-
lion reads per sample. Following sequencing, we removed
low-quality reads using the Illumina Casava high-chastity
filter.

The reads were processed following Hamilton et al.
(2016; detailed methods are contained therein). In brief,
we merged overlapping reads (Rokyta et al., 2012) then as-
sembled reads using, as references, sequences used to de-
velop the AHE Angiosperm Grev2 kit (see above). Finally,
we established orthology using alignment-free distance es-
timates followed by clustering via neighbor-joining.

Alignment cleaning, loci filtering, and
phylogenetic inference

Sequences in each orthologous cluster were first machine-
aligned using MAFFT v7.023b (Katoh & Standley, 2013).
Alignment error, through miscalled variants or mistaken
alignment of non-homologous regions, may be reduced by

masking ambiguously aligned sites (Talavera & Castresana,
2007; Zhang et al., 2021), which is increasingly common in
phylogenomic analyses. However, testing the effect of al-
ternative alignment cleaning strategies is rarely done (but
see, for example, Helmstetter et al., 2024). We applied three
alignment cleaning and trimming thresholds to each of the
216 “raw” machine alignments, as follows.

1. Light cleaning (Figure 1). The alignments were
trimmed and masked using a common procedure for
AHE data (Prum et al., 2015). Sites with the same
character in >50% of sequences were considered
“conserved”. A 20-base pair (bp) sliding window was
then moved across the alignment, and regions with
<14 characters matching the common base at the cor-
responding conserved site were masked.

2. Moderate cleaning (Figure 1). Starting with the
“light” cleaned sequences, we removed sequences
with <50% of sites containing unambiguous base
pairs. A majority consensus sequence was estimated
from the Hakeinae in-group taxa to detect major de-
viations resulting from poor alignment. To this end, a
7 bp sliding window was moved across each ingroup
sequence separately and masked if a majority of bases
(4 bp) differed from the consensus. We trimmed the
alignments from each end until 66% (2/3) sequences
had an unambiguous base using the function
“msaTrim” in the R package microseq (Snipen &
Liland, 2018). Similarly, using the 7 bp sliding win-
dow, we also masked segments with 3 ambiguous
bases (~40%).
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3. Heavy cleaning (Figure 1). Starting with the “light”
cleaned sequences, we removed sequences with <50%
of sites containing unambiguous base pairs. A ma-
jority consensus sequence was estimated from the
Hakeinae in-group taxa. A 7 bp sliding window was
moved across each ingroup sequence separately and
masked if a majority of bases (4 bp) differed from
the consensus. We trimmed the alignments from each
end until 80% sequences had an unambiguous base.
Similarly, using the 7 bp sliding window, we also
masked segments with 5 ambiguous bases (~70%).

For each of the three trimmed and masked sets of 216
loci (light, L; moderate, M; heavy, H) we estimated separate
unrooted gene trees using a maximum-likelihood approach
in the software IQ-TREE (v. 2.2.2.6, (Minh, Schmidt, et
al., 2020)). We first estimated the best fitting substitution
model for each locus in each alignment set using a model
selection procedure based on Bayesian information crite-
rion in ModelFinder (Kalyaanamoorthy et al., 2017) before
estimating the tree topology and branch lengths. We esti-
mated node support values using ultrafast bootstrap (UF-
Boot; (Hoang et al., 2018)) and Shimodaira—Hasegawa-like
approximate likelihood ratio tests (SH-aLRT; (Guindon et
al., 2010)). In addition to estimating separate gene trees, we
also estimated a single species tree for each alignment set
with IQ-TREE using concatenation. Under this approach we
first partitioned loci and used the best fitting substitution
model from ModelFinder for each partition, then estimated
a single topology and branch lengths and node support us-
ing UFBoot and SH-aLRT.

Taxa that have had errors in orthology detection
(Springer & Gatesy, 2018) or have low phylogenetic infor-
mation content (Salichos & Rokas, 2013) may be prone to
shifting phylogenetic position. The removal of such ‘rogue’
taxa (Wilkinson, 1996) can improve phylogenetic inference
(Aberer et al., 2013; M. R. Smith, 2022b). To estimate
species trees using short-cut coalescent methods which can
account for ILS, we first removed outlier sequences from the
gene trees using the R package PhylteR (Comte et al., 2023).
This method uses multidimensional scaling to detect out-
liers from multiple phylogenetic distance matrices simul-
taneously. Phylter detected 203 outliers across 31 loci in
alignment set L, 108 outliers across 21 loci in set M, and 218
outliers across 32 loci in set H. After removing outliers, we
estimated a species tree for each alignment set using AS-
TRAL-III (Zhang et al., 2018), which searches for the tree
which maximises the number of shared species quartets at
each node. ASTRAL-III is statistically consistent with the
multi-species coalescent, can account for ILS, and is also
equipped to handle the effect of hidden paralogy (Yan et al.,
2022).

ASTRAL-III can be biased by gene tree estimation error.
To account for this, in addition to producing a species-tree
from all 216 loci (FLO; standing for filtered loci set 0), we
applied two filtering strategies. Filtered loci sets 1 [FL1]
and 2 [FL2] were devised to remove undesirable loci by si-
multaneously maximising the number of sequences present
in each locus (FL1 = 90% of sequences, FL2 = 95% of se-
quences), maximising the number of parsimony informa-

tive characters (FL1 = 200, FL2 = 300), and minimising the
coefficient of variation of root-to-tip distances in the gene
trees as a measure of the evenness of evolutionary rates
across lineages (FL1 = 0.75, FL2 = 0.5). We performed this
filtering procedure on all three cleaned datasets (Figure 1).
Between 133-140 loci were retained under FL1 across the
three cleaning treatments and between 13-32 loci under
FL2.

Poorly supported nodes in gene trees may bias the esti-
mate of accurate species trees, so we followed the recom-
mendation of (Mirarab, 2019) to collapse nodes with UF-
Boot < 10% into polytomies. This was done on gene trees
estimated from all three cleaned datasets, before estimat-
ing species trees in ASTRAL-III with the three different
loci filtering strategies. Shortcut coalescent trees estimated
using ASTRAL-III have branch length in coalescent units
and we estimated node support values using local poste-
rior probabilities (LPP), a measure of the probability of the
species tree branch representing the true branch given vari-
ation in the gene trees (Sayyari & Mirarab, 2016).

Phylogenetic and spatial patterns of
discordance

To estimate the topological agreements between loci we es-
timated gene concordance factors (gCF) and site concor-
dance factors (sCF) at each branch in the species tree with
IQ-TREE (Minh, Hahn, et al., 2020; Mo et al., 2023). gCF
is a measure of the percentage of gene trees which con-
tain a given branch in the species tree, while sCF is a mea-
sure of the number of sites in the alignments which sup-
port a given branch in the species tree. We investigated
any bias in phylogenetic structure of discordance to iden-
tify whether discordance was associated with distance from
the root (in number of nodes) or with branch length (in ex-
pected number of substitutions). We did this for concate-
nated trees only as short-cut coalescent tree branch length
are measured in coalescent units which are a priori asso-
ciated with concordance. We fitted nested models gCF and
sCF with both node depth and branch length and compared
model fit with likelihood ratio tests. Both gCF and sCF are
properties measured at nodes and therefore may represent
non-independent data due to phylogenetic relatedness; we
acknowledge that the non-phylogenetic models used here
may conflate a statistical association with phylogenetic in-
ertia, however here we are primarily interested in the de-
gree of association between variables rather than inference.

To determine whether discordance is spatially non-ran-
dom, which might be predicted if driven by biological rather
than technical causes, we estimated an integrated species-
level metric of discordance following (Singhal et al., 2021).
Following their approach, we estimated a weighted average
of gCF at all nodes subtending each tip in the species tree,
to produce tip concordance factors (TCF). We then obtained
occurrence records from the Atlas of Living Australia
(ala.org.au; accessed July 2023) and reduced this data set
to 188,442 records after filtering for geographic outliers us-
ing the R package CoordinateCleaner (Zizka et al., 2019),
then examining each species by eye and comparing remain-
ing records to the assumed distribution of each taxon from
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FloraBase (florabase.dbca.wa.gov.au) and the Flora of Aus-
tralia (Barker et al., 1999; Makinson, 2000). We matched
the TCF to the occurrence records of each taxon and then
found the average TCF value in 1x1 degree resolution grid
cells across the distribution of Australasian Hakeinae in
this study. To see if spatial patterns of TCF differ from what
we would expect if TCF was randomly distributed across the
branches of the phylogeny, we compared the observed TCF
to a null distribution in which we randomly shuffled values
of TCF across the phylogeny and re-estimated spatial pat-
terns. We estimated standardised effect sizes (SES) of TCF
from this null distribution following:

TCFobseTved - mean(TCFnull)
standard deviation(TCF pu)

To investigate the effect of different trimming and masking,
loci filtering, and phylogenetic estimation methods on tree
topologies, we estimated multi-dimensional distances be-
tween each species-tree using phylogenetic information
distances (PID) and clustering information distances (CID)
in the R package “treespace” (M. R. Smith, 2020, 2022a). We
also estimated the support for the reciprocal monophyly of
Grevillea and Hakea from our species trees and gene trees
using the proportion of trees which support this topology.

To estimate the possibility of unidirectional introgres-
sion, we used Patterson’s D statistic (ABBA-BABA test;
(Durand et al., 2011; Green et al., 2010)) using a recently
modified version of the ABBA-BABA test applied to gene
trees (Rancilhac et al., 2021). For a given triad of species
plus outgroup, under the assumptions of complete lineage
sorting all gene trees should share a common allele topol-
ogy (A, (A, (B, B))) at each node. Under ILS, the two alter-
native topologies (A, (B, (B, A))) and (B, (A, (B, A))) should
occur in equal frequency (hence, ABBA-BABA). However,
under introgression, one alternative topology should occur
at greater frequency. Following Singhal et al. (2021), we
estimated the effect of introgression in recently diverged
monophyletic species triads. Across each of the 12 species
trees, we removed subspecific taxa by randomly sampling
one subspecies as a representative. This reduced the num-
ber of species in the dataset to 468. We coded all instances
of fully inclusive, monophyletic species triads and identi-
fied their most closely related outgroup taxa. When multi-
ple outgroup species existed we randomly selected a single
species from the outgroup clade. For each triad we esti-
mated the D-statistic and its statistical significance using
100 bootstrap replicates (Rancilhac et al., 2021). For each
of the 12 species-trees, we used all gene trees (FLO) from
the matching cleaning set (L/M/H) to estimate the D-sta-
tistic, rather than filtering the gene trees themselves which
would vary the sample sizes across treatments. We also look
at introgression more deeply in the tree by selecting para-
phyletic species triads from across the tree. As it was un-
feasible to analyse every combination of taxa, we selected
10,000 random triads and repeated the ABBA-BABA analy-
sis. We did this for two datasets which showed the most dif-
ferent patterns in the recent-divergence ABBA-BABA tests
(M-FLO and H-FL2). We note that the ABBA-BABA test tests
for the presence of directional introgression but cannot in-
fer the direction itself.

TCFgsgs =

Results

Anchored Hybrid Enrichment

We obtained contig assemblies for 551 taxa (537 Hakeinae
and 14 outgroups), with a maximum of 1169 loci captured
per individual, averaging 783 bp in length across the sam-
ples. The mean number of loci >250 bp captured per taxon
was 580 and the mean number of loci >500 bp was 492. Af-
ter removing loci with missing data for >50% of samples
we were left with 216 loci for which we could obtain good
alignments.

Alignment cleaning, loci filtering, and
phylogenetic inference

The light (L), moderate (M), and heavily (H) trimmed and
masked datasets differed in key attributes (Fig. S1): the pro-
portion of 553 retained sequences (L: mean = 0.93, range =
0.52-1.0; M: mean=0.92, range = 0.52-1.0; H: mean = 0.92,
range = 0.52-1.0), the number of sites per locus (L: mean =
706, range = 214-1190; M: mean=651, range = 214-1126; H:
mean = 538, range = 214-1056), the average proportion of
missing bp per sequence (L: mean = 0.10, range = 0.00-0.22;
M: mean=0.06, range = 0.00-0.12; H: mean = 0.03, range =
0.00-0.08), and the number of parsimony informative sites
per locus (PIS; L: mean = 373, range = 50-639; M:
mean=334, range = 50-586; H: mean = 267, range = 50-557).

Node support values across gene trees, measured using
Ultrafast bootstrapping (UFBoot) and the Shimodaira-
Hasegawa approximate likelihood ratio test (SH-aLRT),
were generally low in short-cut coalescent trees (Fig. 2),
with mean UFBoot values across gene trees of 61% and
a mean SH-aLRT of 30.01%. Increased alignment cleaning
led to a decrease in node support values across gene trees
(Fig 2). On average, only 24.6% of nodes were strongly
supported with SH-aLRT values greater than 80% (L=26%,
M=25%, H=22%) and 29.1% of nodes were strongly sup-
ported with UFBoot values greater than 95% (L=31%,
M=30%, H=26%). Filtered subsets of genes had marginally
higher values using both node support measures, with the
average number of nodes supported by UFBoot being 31.1%
for FL1 and 33.6% for FL2. The average number of nodes
supported by SH-aLRT was 25.6% for FL1 and 28.1% for
FL2. Similarly, in the filtered subsets, increased alignment
cleaning led to decreased node support with both metrics.
Using ordinary least squares (OLS) regression, we found
that node support values were predicted by the number of
sites, proportion of parsimony informative sites, propor-
tion of missing data, the variance in root-to-tip distance of
the gene trees, and the number of sequences in the align-
ment (Fig. S2). Together, these predictors explained 66% of
variation in UFBoot values (R2=0.66, F(5,641) = 244.11, P <
0.0001) and 65% of variation in SH-aLRT values (R2=0.65,
F(5,641) = 245.19, P < 0.0001).

When concatenating loci and estimating species-trees
using IQ-tree, we found node support values were much
higher than for individual gene trees. For all three align-
ment sets, mean SH-aLRT values were greater than 92% (L-
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Figure 2. relationship between mean node support values and concordance factors in short-cut coalescent species trees
for alternative alignment cleaning sets (colour) and filtering sets (shape). (a) ultrafast bootstrap (UFBoot) and gene
concordance factors (GCF), (b) UFBoot and site concordance factors (sCF), (c) Local posterior probabilities and gCF, and
(d) LPP and sCF. Error bars represent 1 standard error for each axis. Values for UFBoot were very similar to SH-aLRT

which are shown in Figure S3.

con=93.2%, M-con=92.7%, H-con=92.2%) and mean UFBoot
values were greater than 94% (L-con=95.2%, M-con=94.7%,
H-con=95.5%). In all concatenated trees, more than 99%
of nodes were considered strongly supported based on SH-
aLRT values greater than 80% and UFBoot values greater
than 95%.

Mean local posterior probabilities (LPP) on short-cut co-
alescent species-trees measures node support across gene
trees. We found that mean LPP values ranged between
0.68-0.86 across treatments, with higher average values
found in unfiltered sets of loci (FL0O=0.85, FL1=0.83,
FL2=0.72) and in lighter cleaned alignment sets (L=0.81,
M=0.81, H=0.76; Fig. 2). Overall, the proportion of nodes
considered well supported (LPP>=0.9) was < 0.4 in high fil-
tering subsets (FL2) and > 0.6 in low filtering subsets (FLO).
We estimated very high levels of discordance among loci
with low average gene concordance factors (gCF) and site
concordance factors (sCF). Across all cleaning and filter-
ing scenarios, average gCF values ranged between 20 and
24 (Fig. 2), meaning that nodes in the species tree were
present in between 20-24% of loci. In contrast, sCF val-
ues were higher and ranged between 53-55 across all clean-
ing and filtering strategies (Fig. 2). Although there was lit-
tle variation in concordance factors, the highest sCF values
were observed in the concatenated trees, while the highest
gCF values were observed in the ASTRAL trees which were
more heavily filtered (FL2), suggesting that concatenation
maximises the congruence of signal across all sites in the
genome, while coalescent based approaches maximise con-
gruence between alternative gene trees.

Phylogenetic and spatial patterns of
discordance

In the concatenated species trees, using likelihood ratio
tests we found that branch length and node depth together
explained significant variation in gCF and sCF but not in
UFBoot values, which were best predicted by node depth
independently. This result held across all three cleaning
treatments. Overall, the effect size of node depth was con-
siderably smaller than that of branch length (Fig. S4). To-
gether, these results suggest branch length is the strongest
predictor of concordance and that there is a tendency for
more concordance in relationships estimated in more re-
cently divergent lineages (further from the root).

Following Singhal et al. (2021), we estimated a weighted
tip-metric of gCF for each species in the phylogeny (tip
concordance factors; TCF). We then estimated the stan-
dardised effect size of TCF for species found within each
one-degree grid cell across Australia and southern New
Guinea (Fig 3a). Patterns of TCF (SES) are spatially struc-
tured at the continental scale, with species belonging to
well supported lineages accounting for a greater diversity
in the Tropical Grasslands biome of northern Australia (Fig
3b-c), as well parts of the Mediterranean and southern Arid
biomes (Fig 3a). In contrast, the Pilbara and Great Sandy
Desert regions in the northwest of the Arid biome as well as
the Temperate Forests and Montane biomes of southeast-
ern Australia had the lowest average TCF values (Fig 3c).

Across the 12 species trees, there were between 61 and
74 monophyletic, inclusive species triads, representing
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Figure 3. Standardised effect size (SES) of Tip Concordance Factor (TCF) (a) and its distribution within major biomes in
Australia (b-c). TCF values above or below two standard deviations (dashed lines) from the mean, centred on zero (bold

line) indicate significant deviation from the null model.

more recently diverged sets of species. Of these sets of
triads, between 9.8% and 37.5% of triads showed patterns
of elevated alternative topologies from ABBA-BABA tests,
suggesting possible introgression. The highest proportion
of significant D-statistics was found in the alignment sets
with the highest cleaning and filtering (H-FL2 = 37.5%, M-
FL2 = 27.2%). On the other hand, the lowest levels were
seen in the moderately cleaned dataset (M-FLO = 9.8%, M-
FL1=10.1%). Across the 12 species-trees, the average value
was 20.5%. When sampling triads broadly across the tree,
including polyphyletic triads, to look for a signal of his-
torical introgression, we found significant D-statistics in
25.5% of the 10,000 triads in H-FL2 and 5.84% in M-FL1,
which are each slightly lower than their estimates from
only monophyletic triads.

Topological differences

We found that alignment cleaning strategies, locus filter-
ing, and concatenation influenced tree topology in
Hakeinae. We performed K-means clustering on species
tree distances estimated with CID (Fig 4a). We found five
independent clusters of trees best explained partitioning of
the data. These five clusters separated trees inferred from
concatenated loci (L-con, M-con, H-con; CI. 1) from short-
cut coalescent trees with low data filtering (FLO, FL1; Cl. 2)
while each highly filtered tree (FL2) was assigned its own
cluster (Cl. 3-5). This suggests that phylogenetic estimation
method (concatenation vs. coalescent) and locus filtering
strategies can both impact branching relationships in the
inferred phylogeny. We further explored the distribution of
trees in tree space using the minimally cleaned alignments.

The subtribe Hakeinae and genus Hakea were both re-
constructed as monophyletic in all treatments. Further, in
all treatments we found that Grevillea was paraphyletic with
respect to Finschia (Fig. 4; Fig. S5[a-1]). When using con-
catenation, Grevillea + Finschia (hereafter Grevillea) and
Hakea were reciprocally monophyletic (Topology-1, Figure
4b). A consistent difference between phylogenetic infer-
ence strategies and filtering methods was the reconstruc-
tion of a monophyletic Grevillea: we identified three sub-
clades of Grevillea whose relationships to each other, and
to Hakea, varied between different cleaning and filtering
strategies (Fig 4b-e): “Grevillea A’ contained a pair of
species (G. acaciodes, G. endlicheriana), “Grevillea B” con-
tained eight species (G. gordoniana, G. althoferorum, G.
rudis, G. paradoxa, G. petrophiloides, G. rogersoniana, G.
tenuiflora, G. pulchella), “Grevillea C” contained the remain-
ing Grevillea species and Finschia. A single alignment set
shared Topology-1 with the concatenated trees (FL2-L; Fig.
4b; ((Grevillea B, Grevillea C), Grevillea A), Hakea). Three
alignment sets (FL1-L, FL1-H, FL2-M) displayed Topol-
ogy-2 in which Hakea is nested within Grevillea (Fig. 4c;
((Grevillea B, Grevillea C), Hakea), Grevillea A))). A further
three alignment sets (FLO-M, FLO-H, FL1-M) displayed
Topology-3, which shows a different pattern of paraphylly
for Grevillea (Fig. 4d; ((Grevillea B, Hakea), Grevillea C), Gre-
villea A). Two further topologies were found in only single
alignment sets: FLO-L is the only instance showing Topol-
ogy-4 (Fig. 4e; (((Grevillea C, Hakea), Grevillea B), Grevillea
A)), while in FL2-H shows Topology-5 (Fig. 4f) in which
Grevillea C was paraphyletic with respect to Hakea and Gre-
villea B, and together those clades were sister to Grevillea A
(Fig. S5[i)).

Bulletin of the Society of Systematic Biologists 8


https://ssbbulletin.scholasticahq.com/article/129606-sources-of-gene-tree-discordance-and-their-implications-for-systematics-and-evolution-of-a-megadiverse-australian-plant-radiation-subtribe-hakeinae/attachment/265482.tiff?auth_token=wIvTx-jM4GHmUTHUTX3e

Sources of Gene Tree Discordance and Their Implications for Systematics and Evolution of a Megadiverse A...

(a)

10 L .cLa Filter Set Alignment Set
Topology-1
® FLO H
: A FL1 k
5] . CL3 m FL2 M
Cl.2 Topology-2
Nm Topology-2
= Topology-3
< 0 Topology-4
w
a
=
- Coalescent-like trees Cl5
Topology-5
Concatenated trees
iCLL1
=10 Topology-1
T T T
-5 0 5 10 15 20
MDS Axis 1
(b) Topology-1 (e) Topology-4
_ Opisthiolepis Opisthiolepis
- Hakea Grevilfea A
\\ N ‘ — —===em Greviliea B
e Grovilloa A
—————esml Grevillea B Greviliea C +
| Finschia
Grevillea C + —
Finschia — Hakea
c) Topology-2 Topology-5
( Lo,umm‘oiep{s (f) Topology Opisthiolepis

m Grevillea A

‘ e Grevillea A

Grevillea B+
Graviliea C +
Hakea+
Finschia

Hakea e
el Grevilea B

Grevillea C +
Finschia

(d) Topology-3
Opisthiolepis
e Grevillea A

Grevillea C +
‘ Finschia

mGrevillea B

Figure 4. Multidimensional scaling (MDS) of clustering
information distances representing topological differences
in phylogenetic tree space (a). Five distinct clusters (Cl.
1-5) were identified in tree space: Cluster 1 contains the
three concatenated trees; Cluster 2 contains the less
filtered short-cut coalescent species trees from ASTRAL-III
(FLO-FL1); Cluster 3-5 are each a separate alignment
cleaning set with high degree of loci filtering (FL2). Panels
b-e show the four most common generic level
relationships within the Hakeinae.

We explored the position of Hakea across all gene trees
which had information on outgroups to root the tree (181
loci, 84%) and found that in 162-164 gene trees in each
alignment set (>90%), Hakea was nested within Grevillea.
On the other hand, Grevillea was nested within Hakea in be-
tween 16-30 gene trees (9%-17%). Grevillea and Hakea were
resolved as sister taxa in only 11-14 gene trees (6%-7%).
These ratios were roughly similar when only considering
filtered loci. This suggests that a topology with Hakea
nested within Grevillea is the most common across gene
trees, however these relationships are more variable de-
pending on choice of alignment cleaning, loci filtering, and
choice of phylogenetic inference method.

Discussion

Gene tree discordance is commonly inferred in phyloge-
nomic studies of disparate taxa from across the tree of life.
We found that this is also true in the case of Proteaceae
subtribe Hakeinae, with on average only about 20% of genes
supporting any given node in the phylogeny. In our data,
several lines of evidence (discussed below) suggest that ex-
tensive gene discordance is most likely the result of low
phylogenetic signal and ILS during a rapid radiation, rather
than alignment error or widespread introgression. Taken
together, our results also point towards a paraphyletic Gre-
villea, and we show that failing to take gene discordance
into account can lead to alternative inference of reciprocal
monophyly of Grevillea and Hakea. Distinguishing between
these two alternatives topologies has important conse-
quences for how we consider the evolution of Australia’s di-
verse sclerophyllous flora and important hotspot genera.

How does alignment cleaning and loci
filtering affect phylogenetic inference?

We found that additional masking of sites with missing data
or clearly erroneous windows of sequences under our three
alternative cleaning strategies made distinguishable differ-
ences to node support values, the inference of introgres-
sion, and species tree topologies, but did very little to affect
detected rates of gene concordance. Additional cleaning led
to a reduction in average node support values across gene
trees as measured by UFBoot and SH-aLRT. This conforms
with previous studies that have shown that ‘over’ cleaning
tends to decrease support (Aagesen, 2004; Portik & Wiens,
2021; Tan et al., 2015), and which may be explained by
the removal of informative signal alongside potential er-
ror when cleaning heavily. We also found that filtering the
subset of gene trees with the most phylogenetic informa-
tion tended to increase both node support and concordance
factors, which has also been found in previous work (Hut-
ter & Duellman, 2023), although the effect on concordance
factors in our study was weak (1-2% difference). Interest-
ingly, while filtering trees improved gCF, it had little ef-
fect on sCF, and in fact decreased node support values on
the species trees (LPP) considerably. As such, choices about
how much cleaning and filtering of alignments should be
done will depend on what estimate of tree support is max-
imised, e.g., maximising average UFBoot across gene trees
versus LPP on the species tree require different cleaning
and filtering strategies (Fig. 1).

In addition to the lowest LPP, the most filtered datasets
(FL2) each had uniquely divergent topologies and the high-
est estimated rates of introgression. Previous studies have
shown that excessive filtering can reduce the accuracy of
species-tree inference (Portik & Wiens, 2021) and that a
minimum number of loci are required to resolve relation-
ships in large clades (Shekhar et al., 2017) and we believe
these issues make overfiltering problematic for the
Hakeinae. Instead, light to moderate cleaning (L, M) and
up to moderate amounts of filtering (FLO-FL1) tend to have
similar LPP, UFBoot, gCF, and sCF values (Fig. 2), as well
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as more similar topologies (Fig. 4). Our results highlight
that resolving a single species-tree with confidence is dif-
ficult even with genome-scale data, and that cleaning and
filtering data does not necessarily improve concordance and
node support values across all metrics, which is becoming
clear from phylogenomic exploration of other recalcitrant
radiations (Thomas et al., 2021). However, overall, we found
that less stringent alignment cleaning (L treatment) and
the less stringent locus filtering strategy (FL1 treatment)
optimises both concordance factors (sCF, gCF), gene tree
node support values (UFBoot, SHaLRT), and species tree
node support values (LPP) and is recommended relative to
high amounts of cleaning and filtering or no filtering at all.

Patterns of gene discordance across
phylogeny and geography

Characterising patterns of gene discordance can help iden-
tify its ultimate causes. In Hakeinae, gene discordance was
strongly associated with short internode distances and
more weakly with the number of nodes separating the root
(node depth) in concatenated trees. Short internodes are
associated with rapidly diverging taxa (Pease et al., 2016)
and can lead to high levels of discordance due to the limited
time for genes to sort into lineages (Whitfield & Lockhart,
2007) or for parsimony informative characters to evolve be-
tween lineages (Rokas & Carroll, 2006). It is predicted that
deeper nodes in the tree may also have higher discordance
because of low phylogenetic signal in a dataset. The deep-
est nodes should be the hardest to resolve as they require
slowly evolving regions of the genome with enough infor-
mative sites to characterise differences between taxa. The
AHE approach employed in this study is well positioned
to resolve these nodes as it targets genomic regions with
both conserved and divergent sites and is aimed at estimat-
ing deep and shallow divergences (Lemmon et al., 2012).
In fact, here we find the opposite pattern, in which node
depth is negatively related to concordance factors, such
that the nodes most separated from the root tend to be the
most poorly resolved (Fig. S4). Our ability to resolve deeper
nodes in the phylogeny more confidently compared to other
recent studies may be due to the shallower phylogenetic
timescales of this study. For example, discordance was pos-
itively related to node depth in analysis of deeply divergent
metazoan taxa compared to shallower vertebrate taxa (Sali-
chos & Rokas, 2013). It may also be the case that if rapid
radiation is a key cause of discordance, more discordance
in recently diverged taxa may be the result of recent diver-
sification of the group, for example in response to major
Miocene and Pliocene climate change in Australia, but this
remains to be tested.

Not only is discordance non-randomly distributed across
the phylogenetic tree, but it is also spatially non-random.
Using a metric which integrates concordance factors along
the branches leading to each tip (Singhal et al., 2021), we
found that the lineages with the highest levels of con-
cordance were found in the Tropical Grasslands biome of
northern Australia and the Mediterranean biome of south-
western Australia — a centre of diversity for the clade and
likely distribution of the common ancestor of extant Hakea

(Cardillo et al., 2017). This matches expectations for a bio-
logical origin of discordance, as we can think of no reasons
to expect such strong phylogenetic and spatial patterns if
the primary causes of discordance are technical, analyti-
cal, or linked with data issues. We show this directly using
a null model of tip-discordance which shuffled values ran-
domly across the phylogeny and this generated a more spa-
tially even distribution of tip discordance values (Fig S6).
Based on predictions from our results showing greater con-
cordance in longer, deeper branches of the tree, the preva-
lence of greater concordance in the Tropical Grasslands
biome of the northern monsoonal tropics and the south-
west Mediterranean biome might be related to the older
presence of lineages in these regions, relative to the more
environmentally recent and dynamic arid zones and tem-
perate biomes of south-eastern Australia. There is some ev-
idence for this in Hakea as the crown node of this group was
inferred as having a Mediterranean-biome origin about 30
Ma, and the three main lineages from the monsoonal trop-
ics having occupied that biome between 25-15 Ma, com-
pared to the temperate forest lineages which occupied that
biome < 15 Ma (Cardillo et al., 2017). The temperate forests
biome in southeastern Australia is also the most topo-
graphically complex region of the continent and includes
Australia’s small area of alpine ecosystems. This complex
topography, together with increasing aridity during the
Miocene (Byrne et al., 2011), may have promoted recent
and rapid diversification in this biome leading to greater
discordance among its lineages. Although this region is not
a major centre of diversity for most plant lineages in Aus-
tralia, the Temperate Forests biome of southeastern Aus-
tralia have been estimated to have high rates of diversifi-
cation in a number of lineages and to be typically younger
than southwestern counterparts due to greater rates of ex-
tinction during the Cenozoic (Nge et al., 2020). This hy-
pothesis could be further tested by estimating the temporal
biogeographic and diversification history of the Hakeinae
and their close relatives across Australia.

Introgression in recently diverged taxa

Introgression between divergent taxa is one possible driver
of gene tree discordance. In our sample of taxa, we detected
introgression in between 10-35% (20% on average) of re-
cently diverged monophyletic species triads, and between
5-25% of triads more broadly sampled from across the tree
(including polyphyletic ones) depending on the alignment
set. This result suggests some degree of introgression
which could be widespread, particularly in recently di-
verged taxa. The highest proportions of introgression were
detected when using the FL2 species-tree topologies, which
are the most different to the remaining species-trees (Fig.
4), which may inflate the detection of introgression if these
topologies are incorrect. Hakeinae, and particularly Grevil-
lea, are commonly hybridised for cultivation (Pharmawati
& Macfarlane, 2013). There is also evidence of speciation
by natural hybridisation in a species complex of Grevillea
in New Caledonia (Pillon et al., 2023). The average rates
of introgression of recently diverged taxa across alignment
sets (~20%) is towards the lower range of values detected in
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many other groups, including sub-oscine passerines (37%,
Singhal et al., 2021), Andean Asteraceae (40%, (Vargas et
al., 2017)), and wild tomatoes (88%, (Hamlin et al., 2020)).
The Reduced Hybridization Hypothesis (RHH) suggests that
natural hybridisation should be rare in the Mediterranean-
biome region of Southwest Australia - the centre of diver-
sity for the Hakeinae (Hopper, 2018). The RHH proposes
that climatically disturbed or dynamic regions have high
rates of hybridisation, because lineages may be shuffled
around and be more likely to come into secondary contact
following speciation, or because weak reproductive isola-
tion barriers are selected for to promote genetic diversity
and adaptive variation from introgression. Old, climatically
buffered infertile landscapes (OCBILS) such as Southwest
Australia, on the other hand, should have less hybridisation
because populations may be more likely to be narrow range
endemics which persist in isolation for long timespans and
have genomic mechanisms to retain genetic diversity which
might prevent natural hybridisation (The James Effect,
(Hopper, 2009)). Supporting this, Hopper (2018) found that
only 0.29% of over 14,000 Grevillea herbarium specimens
from southwest Australia were from naturally hybridised
taxa. However, in one of the analyses with the most identi-
fied introgression events (M-FL1), we found that 10 out of
16 introgressed species-pairs were from southwestern Aus-
tralia, suggesting that although introgression may be mod-
est in the group overall, it is not rarer in the southwest.

Paraphyly of Grevillea

We found that node support values estimated using UF-
Boot and SH-aLRT were much higher in the concatenated
analysis compared with those in individual gene trees.
Taken at face value this would suggest that concatenation
does a better job of estimating robust phylogenetic rela-
tionships. However, high bootstrap support in concatena-
tion analysis is expected as a larger number of informative
characters can increase support without an increase in phy-
logenetic signal (Rokas & Carroll, 2006) and this may be
misleading in the presence of heterogeneous evolutionary
histories between genes (Salichos & Rokas, 2013). High
bootstrap support despite widespread conflict among genes
has been shown in taxa from across the tree of life, includ-
ing murid rodents (Roycroft et al., 2020), yeast (Salichos &
Rokas, 2013), and wild tomatoes (Pease et al., 2016; Sali-
chos & Rokas, 2013). The reciprocal monophyly of Hakea
and Grevillea, which was recovered in the concatenated
analyses (Topology-1; Fig. 4), was present in only 6-7% of
loci and only a single short-cut coalescent species tree us-
ing a highly filtered dataset (L-FL2), which suggests that
the signal for this topology is uncommon across the
Hakeinae genome. As proposed by Mast et al. (2015), a pa-
raphyletic Grevillea would be consistent with a lack of any
well-defined morphological synapomorphy of the genus
(although this is not a requisite for monophyly). Our results
strengthen the case for revising the generic classification
of Hakeinae, although uncertainty is retained through the
concatenated analyses and the very low confidence around
the placement of the major clades in Grevillea (Topolo-
gies-2-4). This may be the result of very rapid divergences

early in the clade’s history with very low signal to resolve
these higher-level relationships in our dataset. The nec-
essary taxonomic changes to recircumscribe Grevillea as a
monophyletic genus, must consider alternative topologies
and their ultimate causes, and will be explored in a separate
paper, considering further sampling of Hakeinae and its
outgroups in the Grevilleoideae.

Conclusions

Our results are consistent with a complex scenario of in-
complete lineage sorting and potential gene tree estima-
tion error in the presence of low phylogenetic signal. These
factors are illustrated by widespread discordance that is
concentrated in short branches towards the tips of the tree
and is spatially clustered in younger and more topograph-
ically complex biomes which may have undergone rapid
radiation in the recent past. Together, these factors make
estimating well resolved relationships in the Hakeinae dif-
ficult. Ways of addressing these factors including choice
of phylogenetic inference method, alignment cleaning and
‘gene shopping’ strategies all have a large effect on the re-
sulting node support values and tree topologies, with im-
portant consequences for the taxonomy of some of Aus-
tralia’s largest and most well-known plant genera. Our
results are consistent with other recent studies showing
that too much cleaning and filtering may lead to worse
inference of species-level relationships, and that concate-
nation versus short-cut coalescent approaches can lead to
alternative topologies, but small to moderate amounts of
cleaning generally do not make huge differences to the out-
comes. Our results highlight that some important nodes in
the phylogeny can remain recalcitrant despite larger data
sets and more advanced computational methods for phy-
logenetic inference, and that assessing the effect of dif-
ferent alignment cleaning, filtering, and phylogenetic in-
ference strategies is important to survey uncertainties and
limitations in our current bioinformatics and phylogenetic
pipelines.
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Figure S1. Violin plots showing distribution and density of the natural logarithm (Ln) of the number of sequences per
locus, number of sites per locus, mean number of missing base pairs per sequence, and the number of phylogenetically
information sites (PIS) across the three alternative alignment cleaning treatments.

Number of sequences

Number of sites

| Model
Proportion of PIS | ) UFBoot

SH-alLRT

Proportion of missing data

cvRoot2Tip

-2 0 2 4 6
Estimate

Figure S2. Coefficient estimates from a multiple regression of ultrafast bootstrap (UFBoot) and Shimodaira—Hasegawa-
like approximate likelihood ratio test (SH-aLRT) values of node support support and five measures of alignment
information and quality: the number of sequences present, the number of sites, the proportion of parsimony informative
sites (PIS), the proportion of missing data, and the coefficient of variation of root-to-tip distance (cvRoot2Tip) as a
measure of clocklikeness.
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Figure S3. Relationship between mean Shimodaira—Hasegawa-like approximate likelihood ratio test (SH-aLRT) and
concordance factors in short-cut coalescent species trees for alternative alignment cleaning sets (colour) and filtering

sets (shape). (a) SH-aLRT and gene concordance factors (GCF), (b) SH-aLRT and site concordance factors (sCF). Error bars
represent 1 standard error for each axis.
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Figure S4. Coefficient estimates from a multiple regression of site concordance factors (sCF) and gene concordance

factors (gCF) and node depth (number of nodes separating the branch from the root) and the natural logarithm of branch
length (estimated number of substitutions per site).
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Figure S5. Please view at the DRYAD repository
https://doi.org/10.5061/dryad.6t1g1jx6b.
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Figure S6. Distribution of the mean and standard deviation of tip concordance factors (TCF) from a tip shuffle
randomisation across 1 degree x 1 degree grid cells in Australia
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