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ABSTRACT

The angiosperm order Santalales comprises more than 2500 species, most of which are hemi- or
holoparasitic on other plants, and derive water and nutrients via specialised structures that attach
to host roots or stems. The parasitic lifestyle has affected the morphology and genomes of these
plants, and classification of the order has been difficult, with outstanding questions about
membership of and relationships between families in the order. We chose to focus on improving
phylogenetic sampling in the broadly circumscribed Santalaceae sens. lat., with emphasis on
Australasian members of Amphorogynaceae and Viscaceae as part of the Genomics for Australian
Plants Initiative. We used target capture with the Angiosperms353 bait set to generate a dataset of
318 nuclear loci x 195 samples, including publicly available data from other Santalales families.
Phylogenetic inferences using maximum likelihood concatenation and a summary coalescent
approach were largely congruent and resolved relationships between most families, agreeing
with much of the previous work on the order. Some relationships that have been difficult to
resolve remained so, such as branching order among some families in Olacaceae sens. lat. and
Santalaceae sens. lat. Denser sampling in Amphorogynaceae and Viscaceae provided new insights
into species-level relationships in genera such as Leptomeria and Choretrum, and allowed testing
of recent phylogenetic work in Korthalsella. Our new phylogenetic hypothesis is consistent with
one origin of root hemiparasitism, two origins of holoparasitism and five origins of aerial parasitism
in the order. Although Angiosperms353 was successful, some phylogenetic bias in gene recovery
suggests that future studies may benefit from more specific baits and deeper sequencing, especially
for Viscaceae.

Keywords: Amphorogynaceae, Australia, Choretrum, Genomics for Australian Plants, HybPiper,

Korthalsella, Leptomeria, mistletoe, New Zealand, parasitic plant, phylogenomics, Viscaceae.

Introduction

The angiosperm order Santalales comprises more than 180 genera and more than 2500
species (Nickrent et al. 2010; Nickrent 2020; Govaerts et al. 2024), the vast majority of
which are parasitic. Parasitic plants obtain water, inorganic nutrients and sometimes photo-
synthate from host plants by connecting to the vascular system of roots and/or stems using
specialised structures called haustoria. Parasitic plants can be categorised based on whether
they completely rely on the host for carbon (holoparasites) or are able to photosynthesise
themselves (hemiparasites). All these types of parasitism (holo- and hemi-, root and stem),
along with non-parasites, are present in Santalales, making the group an intriguing subject
for studying the evolution of parasitism. In particular, the highly specialised life history
for germinating on and parasitising only aerial stems (mistletoes) has likely evolved

Collection: Genomics for Australian plants
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multiple times in the order (Vidal-Russell and Nickrent 2008),
being present in Misodendraceae, Loranthaceae, Santalaceae,
Amphorogynaceae and Viscaceae (Nickrent 2020).

As parasitism can have a profound effect on the morphol-
ogy and genomes of these plants, classification has been
challenging. The evolution of parasitism is correlated with
changes to selection pressures on the plastome that are even
evident in hemiparasites rather than only the holoparasites
that fully rely on a host for carbon (Petersen et al. 2015b;
Wicke et al. 2016). In Santalales, the evolution of the
mistletoe habit coincides with increasing morphological
specialisation and sometimes reductions in vegetative and
floral traits (Vidal-Russell and Nickrent 2008) as well as
progressive impacts to plastome gene evolution relative to
root parasitic relatives (Petersen et al. 2015b; Chen et al.
2020). At the extreme, holoparasites exhibit massive mor-
phological changes (e.g. a largely subterranean lifestyle and
reductions of leaves and flowers) compared to their photo-
synthetic relatives and huge reductions and changes in their
plastomes (e.g. Su et al. 2019). These morphological
changes have made the taxonomic placement of holopara-
sites difficult (see e.g. Su et al. 2015), while rate changes
among and even the loss of plastid loci may pose challenges
to phylogenetic inference in molecular studies, which have
historically relied on plastid loci to resolve family relation-
ships (e.g. Chase et al. 1993; Ruhfel et al. 2014).

Since the 19th Century, concepts of the order have varied,
particularly regarding which families are included and the cir-
cumscription of families and genera. See Kuijt (2015) for a brief
review of the early taxonomic history of Santalales. As pointed
out by Kuijt (2015), Schellenberg (1932) provided the first
modern concept of the order, although families were included
that are now excluded (e.g. Grubbiaceae) and the holoparasitic
Balanophoraceae was considered an unrelated convergent
group. Schellenberg (1932) also recognised a trend in morpho-
logical transformation (reduction) of ovules from Olacaceae
through to Loranthaceae (including Viscaceae). In a single vol-
ume of the second edition of Die Natiirlichen Pflanzenfamilien,
treatments of most genera of Santalales were grouped together
into some of the families that are currently recognised:
Olacaceae (Sleumer 1935a), Opiliaceae (Sleumer 1935b),
Octoknemaceae (Mildbraed 1935), Santalaceae (Pilger 1935),
Misodendraceae (‘Myzodendraceae’; Skottsberg 1935) and
Loranthaceae (Engler and Krause 1935). In the same volume,
distantly related parasites Rafflesia R.Br. ex Gray and Hydnora
Thunb. were treated in Aristolochiales, and Balanophoraceae
(Harms 1935) was treated in its own order, Balanophorales.

Molecular phylogenetic work has progressively clarified
membership and relationships in the order, although outstand-
ing questions remain. Most of the analyses in the group to date
have relied on nuclear ribosomal DNA (18S rDNA, 18S;
26S rDNA, 26S; and ITS), a handful of markers from the plastid
genome (accD, matK, rbcL, trnL-F) and rarely the mito-
chondrial genome (matR). Early work (Nickrent and Duff
1996; Nickrent et al. 1998) highlighted the genus Schoepfia

Schreb. as distinct from a paraphyletic Olacaceae and sister to
Misodendrum Banks ex DC., and a paraphyletic Santalaceae
with Viscaceae embedded, leading the Angiosperm Phylogeny
Group (APQG) classifications (The Angiosperm Phylogeny Group
1998, 2003) to recognise five families in the order: Olacaceae,
Opiliaceae, Loranthaceae, Misodendraceae and Santalaceae
(including Viscaceae). A flurry of studies followed APG I and
II to clarify relationships in the order. Balanophoraceae (as
recognised at the time) was shown to be closely related to
Santalales (Nickrent et al. 2005), Olacaceae consisted of seven
clades but was still paraphyletic (Malécot and Nickrent 2008)
and Santalaceae consisted of seven supported clades but with
uncertain relationships (Der and Nickrent 2008). Improved
estimates of relationships in Loranthaceae led to differing
hypotheses about the origin(s) of mistletoes in that family
(Wilson and Calvin 2006; Vidal-Russell and Nickrent 2008)
and similarly more broadly in the order (Vidal-Russell and
Nickrent 2008). Given some of the phylogenetic uncertainty,
the next update to APG (The Angiosperm Phylogeny Group
2009) continued to maintain broad concepts for Olacaceae
and Santalaceae despite support for clades within them, and it
recognised Schoepfiaceae and Balanophoraceae as families in
the order.

To account for the well supported groups in Olacaceae
and Santalaceae and to maintain monophyletic families, a
new classification was proposed based on preceding molecular
work and morphology (Nickrent et al. 2010). The classification
split Olacaceae (excluding Schoepfiaceae) into seven families
(Erythropalaceae, Strombosiaceae, Coulaceae, Ximeniaceae,
Aptandraceae, Olacaceae and Octoknemaceae) and Santalaceae
into seven families (Comandraceae, Cervantesiaceae, Thesiaceae,
Nanodeaceae, Santalaceae, Amphorogynaceae and Viscaceae).
We refer to these two groups of families as Olacaceae sens. lat.
and Santalaceae sens. lat. respectively. The new classification did
not include Balanophoraceae, but later work (Su et al. 2015)
found that Balanophoraceae formed two distinct clades in
Santalales: (1) a clade with Balanophora J.R.Forst. & G.Forst.
and six other genera (Balanophoraceae sens. strict.) sister to
the non-Olacaceae sens. lat. Santalales and (2) a clade with
Mystropetalon Harv., Dactylanthus Hook.f. and Hachettea
Baill. (Mystropetalaceae) sister to Loranthaceae. While
acknowledging the work in Santalales, APG IV (The
Angiosperm Phylogeny Group 2016) did not take up the new
classification, stating that relationships remained uncertain.
APG 1V chose to retain admittedly non-monophyletic status
quo families Olacaceae sens. lat. and Santalaceae sens. lat.
(though listing the new family names) and changed the
order of Balanophoraceae to reflect its probable placement
in Santalaceae sens. lat., citing unpublished data that purport-
edly supported Balanophoracae sens. lat. as monophyletic.

Since APG IV, there have been no major changes to the
classification in Santalales, although some improved sam-
pling has continued to support the families recognised in the
new classification (Nickrent et al. 2019). More recent stud-
ies with extensive coverage of genera in Santalales and using
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five to seven nuclear, plastid and mitochondrial markers
(Su et al. 2015; Nickrent et al. 2019) provided phylogenetic
hypotheses for relationships among families but still faced
challenges resolving portions of the backbone of the tree
(e.g. Olacaceae sens. lat.) and relationships within some families
(e.g. Opiliaceae, Loranthaceae, Santalaceae and Viscaceae).
Outstanding questions about relationships in Santalales include:
what are the branching orders within Olacaceae sens. lat. and
Santalaceae sens. lat., should Balanophoraceae sens. lat. be split
to recognise Mystropetalaceae, and how are major clades of
Viscaceae mistletoes related? Looking more closely within fam-
ilies, Liu et al. (2018) tackled the largest family, Loranthaceae,
elucidating relationships within one group of mistletoes.
Broader relationships between other mistletoes and their root-
parasitic relatives within Santalaceae sens. lat. remain less well
studied, as recent work has mostly focused on single genera such
as Korthalsella Tiegh. (Sultan et al. 2019), Viscum L. (Maul
et al. 2019) and Thesium L. (Garcia et al. 2024), relying on a
small number of nuclear and plastid markers.

Alongside broader phylogenetic questions in the order,
generic boundaries and relationships within two families of
Santalaceae sens. lat., Amphorogynaceae and Viscaceae, have
relevance to some of our ongoing research into mitochondrial
evolution in Viscum and its relatives (see Petersen et al. 2020).
Molecular sampling of a small number of nuclear and plastid
markers in Amphorogynaceae has so far been restricted to one or
two species per genus, whereas Viscaceae has had denser
species-level sampling for most genera. Since these two families
include genera with substantial portions of their diversity in
the Australasian region (7/9 genera in Amphorogynaceae,
with three root parasitic genera restricted to Australia; 3/7
genera in Viscaceae, along with representatives of widespread
genera), we partnered with the Genomics for Australian Plants
(GAP, see https://www.genomicsforaustralianplants.com/) ini-
tiative to broaden taxonomic sampling in these two families
while employing a target sequence capture approach using the
Angiosperms353 (A353) bait set (Johnson et al. 2019). Together
with publicly available sequence data from sources such as the
Kew Tree of Life Explorer (Baker et al. 2021), which have
recently been included in a phylogenetic analysis across
angiosperms (Zuntini et al. 2024), we aimed to provide new
phylogenetic hypotheses for the order and within Santalaceae
sens. lat., especially among genera in Amphorogynaceae and
Viscaceae.

The use of target sequence capture and the A353 bait
set is a promising approach to tackling these phylogenetic
questions in Santalales, although there are challenges and
limitations. Constructing a dataset of more than 300 nuclear
loci represents a substantially larger source of phylogenetic
information than has previously been used for inferring
phylogenies of the order, with most previous studies relying
on a handful of nuclear and organellar markers as men-
tioned above. Given expected conflicting phylogenetic sig-
nals among genes (Maddison 1997), increasing the number
of independent loci should help to reveal and account for

this conflict when inferring relationships. The use of nuclear
data may also help to avoid biases from reliance on the
plastid genome, which is known to be highly affected by
the evolution of parasitism (e.g. Chen et al. 2020), but our
approach may not be particularly effective given that a large
portion (~40%) of the targets for A353 are nuclear genes
with putative chloroplast association (Johnson et al. 2019),
which might also be affected by changes to chloroplast
function associated with parasitism. Finally, although target
capture increases sampling potential by allowing the use of
herbarium specimens, success can depend on the taxonomic
group and preservation of the samples (Brewer et al. 2019),
and densely sampling at the species level across large and
diverse groups can still be expensive. Nevertheless, we set
out to use available and newly generated target capture data
in Santalales to test phylogenetic relationships, while also
evaluating the success of A353 in a group of parasites.

Materials and methods

Sampling

Taxa were chosen based on access to existing herbarium
and DNA collections and sequence data from genera
across Santalales, with a particular focus on Australasian
Santalaceae sens. lat. (Supplementary Table S1). Initial sam-
pling targeted 205 members of Santalales plus two outgroup
taxa (Vitis vinifera L. and Berberidopsis beckleri (F.Muell.)
Veldkamp). The Santalales taxa included Olacaceae sens. lat.
(7/7 families and 14/29 genera), Balanophoraceae sens. lat.
(2/2 families and 4/16 genera), Misodendraceae (1/1 genus),
Schoepfiaceae (1/3 genera), Loranthaceae (7/78 genera),
Opiliaceae (7/11 genera) and Santalaceae sens. lat. (6/6 fami-
lies: Comandraceae 1/2 genera, Cervantesiaceae 1/8 genera,
Thesiaceae 2/6 genera, Nanodeaceae 2/2 genera, Santalaceae
7/11 genera, Amphorogynaceae 7/9 genera and Viscaceae 7/7
genera). Taxonomic coverage was less complete at the generic
level than the two largest previous studies (Su et al. 2015;
Nickrent et al. 2019), but it was denser at the species level in
genera of Amphorogynaceae and Viscaceae (see Supplementary
Table S2). Publicly available sequence data were obtained for
64 of the samples, mostly from the Kew Plant and Fungal Trees
of Life (PAFTOL) project from the Kew Tree of Life Explorer
(see https://treeoflife.kew.org/) including transcriptomic SRR
accessions (sequencing runs submitted to the NCBI Sequence
Read Archive). Other downloaded data included 16 samples
from the first stage of the GAP Australian Angiosperm Tree of
Life (AATOL, see https://www.genomicsforaustralianplants.
com/phylogenomics) project. The remaining 127 samples
were sequenced as part of the current study (48 samples
sequenced for AATOL stage 2 and 79 samples sequenced outside
Australia). For the samples sequenced as part of this study, most
came from herbarium specimens held in the following institu-
tions (codes follow Index Herbariorum, see https://sweetgum.
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nybg.org/science/ih/): ASC, BH, CANB (including CBG), CR,
GB, KATH, L, LAE, MAU, MO, MPN, MSB, PERTH, S, UPS
and WELTU. Three DNA samples of Viscum were obtained
from the African Centre for DNA Barcoding (University of
Johannesburg).

DNA extraction, library preparation, sequencing
and quality filtering

For samples extracted as part of AATOL, ~20-30 mg of
tissue was ground in a TissueLyser II (Qiagen) with tungsten
carbide beads. Genomic DNA was extracted using the DNeasy
Plant mini kit (Qiagen) on a QIAcube Connect (Qiagen). For
samples extracted outside Australia, DNA extraction con-
sisted of a modified CTAB protocol (Doyle and Doyle 1987).

Libraries for AATOL samples were prepared with the
NEBNext Ultra II FS Library Prep Kit (New England Biolabs,
Ipswich, MA, USA) with ~350-base pair (bp) inserts. Libraries
were pooled (12-16 plex) and enriched for the Angiosperms353
probes (Johnson et al. 2019) by hybridising at 65°C with the
Arbor Biosciences MyBaits Expert Plant Angiosperms353 ver. 1
bait set with V5 chemistry (catalogue number 308108.v5).
Libraries for sequencing outside Australia were prepared by
Arbor Biosciences (Ann Arbor, MI, USA) using an in-house
preparation, and sequence capture was done with the same
bait kit.

Sequencing was done on an Illumina NovaSeq 6000 at
the Australian Genome Research Facility (Melbourne, Vic.,
Australia) with ver. 1.5 chemistry in the 150-bp paired-end
read format. Sequencing for samples outside Australia was
undertaken by Arbor Biosciences on an Illumina NovaSeq
6000 in the 150-bp paired-end read format.

Raw sequencing reads were assessed with FastQC (ver.
0.11.7, S. Andrews, see https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/), which revealed adaptor contamination
and non-random sequence content in the first few base pairs of
reads, consistent with enzymatic fragmentation. A custom script
was run to remove optical duplicates, adaptor sequences, the first
9-10 bp of reads, and any reads less than 50 bp long after
trimming, and to correct sequencing errors, all using tools from
the BBMap package (ver. 35.85, B Bushnell, Lawrence Berkeley
National Laboratory, Berkeley, CA, USA, see https://sourceforge.
net/projects/bbmap/). For downloaded publicly available data
associated with PAFTOL in the Kew Tree of Life Explorer (Baker
et al. 2021), the oneKP initiative (Carpenter et al. 2019) or other
transcriptomic work, read lengths and formatting varied, so no
duplicates were removed and 9, 10 or 12 bp were trimmed from
the beginning of reads as appropriate.

Assembly

The HybPiper pipeline (ver. 2.1.5, see https://github.com/
mossmatters/HybPiper; Johnson et al. 2016) was used to
assemble sequences for all samples (newly sequenced and down-
loaded). To improve the recovery of targets, we augmented the

default A353 target file with the assistance of the ‘NewTargets’
approach (McLay et al. 2021) and transcriptomic data for
Viscum album L. (Schroder et al. 2022). HybPiper was run to
recover stitched exons, and exons plus introns and flanking
regions (‘supercontigs’). As part of the HybPiper pipeline, target
loci (which HybPiper calls ‘genes’) with multiple assembled
contigs of varying depth and length may be flagged as poten-
tially having paralogs present, with paralog sequences kept if
they pass a length threshold. We assessed how many paralogs
HybPiper kept per locus to identify and filter loci having =10
samples with recovered paralogs. We also filtered loci to remove
those present in <50% of samples. Additional details of how
the pipeline and analyses were run along with custom scripts
can be found in a GitHub repository (see https://github.com/
bmichanderson/Santalaceae).

Phylogenetic analyses

Phylogenetic inferences were run for three different align-
ment sets: (1) exon sequences for all samples, (2) supercontig
(exons + introns) sequences for samples in Amphorogynaceae
and (3) supercontig sequences for samples of Korthalsella,
Ginalloa Korth., Phoradendron Nutt. and Dendrophthora
Eichler.

To generate the first set of alignments, stitched exons
(excluding introns) were translated to protein residues for
each locus and aligned with MAFFT (ver. 7.453, see https://
mafft.cbre.jp/alignment/software/; Katoh and Standley 2013)
using the ‘--auto’ mode, then protein residues were converted
back to corresponding nucleotide sequences with ‘pal2nal.pl’
(see http://www.bork.embl.de/pal2nal/distribution/pal2nal.
v14.tar.gz, accessed 6 September 2023; Suyama et al. 2006).
For the second and third alignment sets, supercontig sequences
per locus were aligned with MAFFT using the ‘--auto’ mode. All
alignments were cleaned with a custom Python (ver. 3, Python
Software Foundation, see https://docs.python.org/3/reference/)
script to remove positions with > 50% missing data and samples
with >75% missing data per locus.

Maximum likelihood (ML) tree inference of the align-
ments was run using IQ-TREE (ver. 2.2.2, see http://www.
iqtree.org/; Minh et al. 2020b), with a partitioned analysis
of all concatenated loci and inferences for each locus, using
a search for the optimal model (Kalyaanamoorthy et al
2017) and 1000 Ultrafast Bootstrap replicates (Hoang
et al. 2018), sampling by locus and site in the concatenation
analysis. Branches in the locus trees with <50% Ultrafast
Bootstrap support (UFB) were reduced to polytomies using
Newick Utilities (see https://github.com/tjunier/newick_
utils; Junier and Zdobnov 2010). IQ-TREE was used to
calculate gene and site concordance factors (see Lanfear
and Hahn 2024) for branches in the resulting concatenation
trees, using the topologies of the locus trees for gene con-
cordance factors (Minh et al. 2020a) and sampling 10,000
quartets of samples per branch for site concordance factors
(Mo et al. 2023).


https://sweetgum.nybg.org/science/ih/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://sourceforge.net/projects/bbmap/
https://sourceforge.net/projects/bbmap/
https://github.com/mossmatters/HybPiper
https://github.com/mossmatters/HybPiper
https://github.com/bmichanderson/Santalaceae
https://github.com/bmichanderson/Santalaceae
https://mafft.cbrc.jp/alignment/software/
https://mafft.cbrc.jp/alignment/software/
http://www.bork.embl.de/pal2nal/distribution/pal2nal.v14.tar.gz
http://www.bork.embl.de/pal2nal/distribution/pal2nal.v14.tar.gz
https://docs.python.org/3/reference/
http://www.iqtree.org/
http://www.iqtree.org/
https://github.com/tjunier/newick_utils
https://github.com/tjunier/newick_utils

www.publish.csiro.au/sb

Australian Systematic Botany 38 (2025) SB24026

A coalescent shortcut approach was used to infer species
trees with ASTRAL (ver. 5.7.1, see https://github.com/
smirarab/ASTRAL; Sayyari and Mirarab 2016; Zhang et al.
2018), using the locus trees from the ML analyses as input. A
first run estimated the species tree and local posterior prob-
abilities for each branch, along with quartet support values.
A second run used the ‘--branch-annotate 10’ option to test
for polytomies (Sayyari and Mirarab 2018), providing a P-
value per branch for whether a polytomy could be rejected.
Branches with P > 0.05 (cannot reject a polytomy) were
collapsed into polytomies with Newick Utilities for display.

To detect potential misassemblies or samples with align-
ment problems, the locus trees were run through TreeShrink
(ver. 1.3.9, see https://github.com/uym2/TreeShrink; Mai
and Mirarab 2018) to identify branches that were significantly
longer than others (at the ‘0.10° threshold). Detected long
branches were used to remove the corresponding sequences
from those loci. For the full Santalales alignment, sequences
from taxa in Balanophoraceae sens. lat. were retained regard-
less of whether they were detected as long branches, since the
sequences are expected to be highly divergent from other
Santalales (see Su et al. 2015). Three samples with higher
numbers of flagged long branches (similar to samples of
Balanophoraceae) and that showed possible issues with con-
tamination or misidentification, alignment or quality were
dropped entirely. Following removal of problematic samples
and sequences, phylogenetic inferences were run again follow-
ing the same approach as above.

As a test of reproducibility, we re-ran the primary analy-
sis to generate an overall tree starting from downloading our
uploaded reads. Since the European Nucleotide Archive strips
[lumina tiling information from sequence headers, we were
unable to remove optical duplicates during read trimming,
making exact replication of the analysis impossible (see the
GitHub repository). We nevertheless proceeded to assess
whether our results were consistent.

To reconstruct character evolution in Santalales, we under-
took stochastic character mapping (Huelsenbeck et al. 2003)
of parasitism type (not parasitic, root parasitic and aerial
parasitic) adapting the approach in Ramm et al. (2020).
Importantly, this approach does not incorporate phylogenetic
uncertainty and assumes the provided topology is correct, so
results should be interpreted cautiously. We generated an
ultrametric tree in treePL (ver. 1.0, see https://github.com/
blackrim/treePL; Smith and O’Meara 2012) from the (re-run)
ML concatenation tree, calibrating the crown age of Santalales
as 125 million-204 million years ago based on two analyses in
Zuntini et al. (2024). Parasitism types at the tips of the tree
were estimated from previous work (Vidal-Russell and
Nickrent 2008; Kuijt 2015; Nickrent 2020), with taxa given
less informative priors when uncertain (e.g. 0.5 and 0.5 prob-
abilities of not parasitic and root parasitic in Aptandraceae).
We ran stochastic character mapping in the R package
phytools (ver. 2.1-1, see https://cran.r-project.org/package =
phytools/; Revell 2024), simulating 1000 character mappings.

The prior for the root (common ancestor of Santalales and Vitis
+ Berberidopsis) was fixed as not parasitic. To clarify evolu-
tion of holoparasitism, we ran a second mapping for the states:
not parasitic, hemiparasitic and holoparasitic.

Results

Assembly

Following quality filtering of raw reads, three samples
had <300 000 reads and were excluded from the HybPiper
assembly, leaving 204 to assemble. The assembled samples
had on average 281 target loci with a sequence (6-352, s.d.
70) but only 195 loci with at least 50% target length (1-344,
s.d. 100) (see Supplementary Table S3). The percentage of
reads on-target averaged 5.6% (0.1-23.9%, s.d. 6.2%). Six
samples had fewer than 98 target loci with sequences (out-
liers), so these samples were excluded from further analysis,
leaving 198 samples. Nine loci had 10 or more taxa with
recovered paralogs, so these loci were dropped. For the full
dataset, 26 loci had <50% sample coverage and were
dropped, leaving 318 loci for phylogenetic analysis. For the
Amphorogynaceae dataset (47 samples), 13 loci had <50%
sample coverage, leaving 331 loci for analysis, and for the
Korthalsella dataset (37 samples), 73 loci had <50% sample
coverage, leaving 271 loci for analysis.

Recovery was variable across samples, with some indications
of taxonomic and potential methodological biases. Considering
families (Table 1), Balanophoraceae sens. lat. and Viscaceae had
average recovery (>50% length) below 200 loci, with Viscaceae
below 130. The lower average in Viscaceae relative to the other
families is more evident in the A353 samples (the bulk of the
dataset), with transcriptomic data from the oneKP project and
available SRR accessions performing much better, though only
represented by four samples (see Table 1). The pattern is less
pronounced when counting loci with a sequence, indicating
target capture sequences assembled for Viscaceae were shorter
than those for most other Santalales rather than only missing.
This was reinforced by the consistent length recovery in the
Viscaceae transcriptomic samples. Balanophoraceae sens. lat.
and Viscaceae also had low percentage of reads on target (see
Table 1). The average percentage of reads on target for Viscaceae
samples was biased upwards by samples of Notothixos Oliv.
(all with >9 v. <3.5% for the non-Notothixos samples). The
Viscaceae transcriptomic samples had a greater sequencing
effort than the A353 samples (average >25 million v. <9
million reads), which may partly explain the better recovery.

Phylogenetic analyses

The initial analysis of the full Santalales dataset resulted in a
filtered alignment of 318 loci with a total aligned length of
185 000 bp and 18.6% missing data. The 198 samples had
on average 259 loci (81-318, s.d. 60). Following evaluation
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Table 1. HybPiper assembly of target loci for samples of Santalales.
Family Samples Average Average Average Average number
reads (x10°) percentage on number of of genes at :50%
target genes target length
Amphorogynaceae 49 174 + 87 1.6 + 54 328 + 20 239 + 85
Balanophoraceae 5 216 £ 155 11+08 222 £ 20 190 + 42
sens. lat.
Loranthaceae 10 13.2 £127 22 %18 313 + 31 245 + 81
Nanodeaceae 4 141+ 61 182 £ 6.2 348 +3 320 £ 25
Olacaceae sens. lat. 14 9.6 +10.1 5.8 £ 4.0 322 £ 54 264 * 91
Opiliaceae 8 124 + 85 18 £14 313 + 38 219 = 50
Santalaceae 16 16.4 +10.8 10.5 = 6.0 334 + 24 300 + 59
Thesiaceae 4 16.6 = 12.0 4.6 =27 332+ 13 307 £1
Viscaceae (all) 87 93 +58 20 34 233 + 67 129 +72
Viscaceae (A353) 83 84 £ 36 20 +£35 230 = 66 122 £ 63
Viscaceae 4 27.6 +10.6 07 £ 03 299 + 48 288 + 49

(transcriptomic)

Groups with at least four samples are shown. The metrics indicate the average number of reads (+s.d.), percentage of reads on target, number of loci and number

with sequences at least 50% of the target length.

of locus trees with TreeShrink, three samples were found to
have alignment issues, possibly from assembly or contami-
nation problems or a lack of data (one sample had <10 loci
at =50% target length), so these three samples were dropped
from further analysis, leaving 195 samples. Following
removal of sequences producing long branches in locus
trees (except for those of taxa in Balanophoraceae sens.
lat.), the second set of analyses resulted in a filtered align-
ment of 318 loci with a total aligned length of 186 000 bp and
18.5% missing data. The 195 samples had on average 259 loci
(94-318, s.d. 60), with 20.7% missing data per locus
(0.2-53.3%, s.d. 14.2%).

Phylogenetic relationships among our sampling of
Santalales were largely well resolved (Fig. 1, Supplementary
Fig. S1), and most families (under the new classification) with
more than one sample received full support (100 UFB/1.00
posterior probability, pp) for monophyly. Relationships
between families were also mostly well resolved, but there
were some portions of the backbone with lower confidence
or indications of conflict. The ML concatenation and ASTRAL
coalescent trees (Supplementary Fig. S1) were largely congru-
ent for relationships between and membership of family-level
clades, with the exception of some of the backbone relation-
ships in Olacaceae sens. lat. Within more densely sampled
genera (e.g. Korthalsella, Choretrum R.Br. and Leptomeria
R.Br.), however, there were indications of lower support in
both the concatenation and coalescent approaches, and cases
of conflict between these (Fig. 1).

The initial analysis of the Amphorogynaceae dataset
resulted in a filtered alignment of 331 loci with a total
aligned length of 441 000 bp and 20.4% missing data. The

47 samples had on average 303 loci (134-331, s.d. 43).
Following removal of sequences producing long branches
in locus trees, the second set of analyses resulted in a filtered
alignment of 331 loci with a total aligned length of
445 000 bp and 20.3% missing data. The 47 samples had
on average 298 loci (129-331, s.d. 47), with 22.7% missing
data per locus (1.5-58.6%, s.d. 17.7%).

The ML concatenation and ASTRAL coalescent trees
(Fig. 2) were largely congruent and provided support for the
monophyly of all genera with multiple samples except for
Dendrotrophe Miq. and Dendromyza Danser, which were
nested together. Within both Choretrum and Leptomeria
(Australian taxa), there were primary splits of species diversity
into two primary clades on relatively longer branches within
the genera. In Leptomeria, one primary clade comprised
Western Australian species in section Xeromeria and three
Western Australian species successively sister to it, whereas
the other primary clade comprised a clade of three southern
and eastern Australian species and a clade of four Western
Australian species sister to it. In Choretrum, one primary clade
comprised four western and southern Australian species,
whereas the other primary clade comprised a clade of three
eastern Australian species sister to a southern Australian spe-
cies. Some conflict was evident between the concatenation and
coalescent trees for relationships within the primary clades in
both genera, in some cases uniting or separating multiple
accessions of individual species.

The initial analysis of the Korthalsella dataset resulted in
a filtered alignment of 271 loci with a total aligned length
of 272 000 bp and 21.5% missing data. The 37 samples had
on average 222 loci (80-268, s.d. 50). Following removal of
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Fig. 1.

(a—c) Cladogram showing relationships in Santalales inferred with ASTRAL using locus trees inferred with maximum likelihood for 318

nuclear loci. Branches where the hypothesis of a polytomy could not be rejected at the 5% significance level are collapsed. All branches have
full support (100 UFB/1.00 pp, for the maximum likelihood concatenation and ASTRAL coalescent analyses respectively) except where shown.
Support values designated with a red dashes (--') indicate that the branch was not recovered in the concatenation analysis. Shading is by family
and indicated on the overview tree for the respective portion of the tree (A, B or C). Taxon names have suffixes reflecting publicly available
data sources: ‘PAFTOL’ for the Kew Plant and Fungal Trees of Life, ‘oneKP’ for the One Thousand Plant Transcriptomes Initiative and ‘SRR’ for
GenBank short read data. In the upper overview tree, family names in bold represent APG IV classification, whereas non-bold family names
represent an alternative classification (Nickrent 2020). The blue and green heatmaps at the right show the number of loci in the analysis and the

average percentage alignment coverage per locus respectively.
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Maximum likelihood concatenation (left) and ASTRAL coalescent (right) phylogenetic trees for Amphorogynaceae based on

supercontigs (exons + introns) from 331 nuclear loci. For the concatenation tree, branch support values are Ultrafast Bootstrap percentages,
and the scale bar shows inferred substitutions per site. Pie charts at nodes show site concordance factors for the main (white) and two
alternative (grey and black) topologies. For the coalescent tree, branch support values are local posterior probabilities, and branch lengths
and the scale bar are in coalescent units. Pie charts at nodes show quartet support for the main (white) and two alternative (grey and black)
topologies. Grey lines connect taxa with alternative placements between the two trees. Taxon labelling is the same as in Fig. 1, with symbols
for Dendromyza (red squares) and Dendrotrophe (yellow circles) emphasising the nested relationship. Shaded and annotated boxes highlight

clades mentioned in the text.

sequences producing long branches in locus trees, the sec-
ond set of analyses resulted in a filtered alignment of 271 loci
with a total aligned length of 273 000 bp and 21.4% missing
data. The 37 samples had on average 218 loci (78-268,
s.d. 51), with 24.4% missing data per locus (3.4-59.2%,
s.d. 15.6%).

The ML concatenation and ASTRAL coalescent trees
(Fig. 3) were largely congruent, although resolution along
the backbone of Korthalsella was low in some places. There was
limited conflict between concatenation and coalescent trees in
Korthalsella and Dendrophthora. A sample of Phoradendron
mucronatum (DC.) Krug & Urb. was recovered as sister to
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Maximum likelihood concatenation (left) and ASTRAL coalescent (right) phylogenetic trees for Korthalsella and relatives based on

supercontigs (exons + introns) from 271 nuclear loci. For the concatenation tree, branch support values are Ultrafast Bootstrap percentages,
and the scale bar shows inferred substitutions per site. Pie charts at nodes show site concordance factors for the main (white) and two
alternative (grey and black) topologies. For the coalescent tree, branch support values are local posterior probabilities, and branch lengths
and the scale bar are in coalescent units. Pie charts at nodes show quartet support for the main (white) and two alternative (grey and black)
topologies. Grey lines connect taxa with alternative placements between the two trees. Taxon labelling is the same as in Fig. 1, with a circle
next to a sample sister to Dendrophthora that renders Phoradendron paraphyletic. Shading shows geographic groups mentioned in

the text.

Dendrophthora, rendering our sampling of Phoradendron
paraphyletic.

The re-run of the primary analysis using downloaded
data resulted in slightly higher recovery of genes for some
samples (not shown), presumably from retaining optical
duplicate reads and the resulting higher read depth. The
resulting phylogenetic trees (ML and ASTRAL) had no
strongly supported conflicts with the primary analysis, dif-
fering only in a few poorly supported species relationships
within genera.

Stochastic mapping of parasitism type (see Supplementary
Fig. S2) suggested one origin of root parasitism in
Santalales and five origins of aerial parasitism in the fami-
lies Misodendraceae, Loranthaceae, Santalaceae sens.
str., Amphorogynaceae and Viscaceae. The second mapping

suggested two origins of holoparasitism in Balanophoraceae
sens. str. and Hachettea.

Discussion

Our analysis of phylogenetic relationships in the Santalales
based on more than 300 nuclear loci provides a test of
previous hypotheses for the order and new insights into its
evolution, particularly within Santalaceae sens. lat. Making
use of publicly available data that was part of a recent
angiosperm-wide phylogenetic analysis (Zuntini et al
2024), we identify concordance and conflict with existing
classifications of the order and note remaining knowledge
gaps. Our results contribute to a framework that will be
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useful for understanding mistletoe and mitogenome evolu-
tion in Santalaceae sens. lat. and support ongoing taxonomic
revision of Australian Amphorogynaceae.

Phylogenetic relationships among and classification
of Santalales families

Family relationships outside of Santalaceae sens. lat. were
not the focus of this study, but publicly available data with
limited sampling allowed for some inferences. Sampling in
this study comprised 61 genera (of ~183), with the primary
lack of sampling in Loranthaceae (only 8 of ~78 genera).
Findings from other studies using fewer loci but with denser
taxon sampling (Su et al. 2015; Nickrent et al. 2019) were
nonetheless largely reiterated here.

Relationships among Olacaceae sens. lat. have been diffi-
cult to resolve (Malécot and Nickrent 2008), and recent
studies (Su et al. 2015; Nickrent et al. 2019) have recovered
clades but with variable support for how they are related.
Our sampling of publicly available data comprised 13 (of
29) genera from 6 (of 7) families (Octoknemaceae was not
successful), and we recovered clades for the same families as
proposed by Nickrent et al. (2010), with one exception: our
downloaded sample of Heisteria parvifolia Sm. was recovered
as sister to Olax benthamiana Miq. (Olacaceae) rather than with
Maburea Maas and Brachynema Benth. (Erythropalaceae)
where it should group (Su et al. 2015; Nickrent et al. 2010,
2019; Edlund et al. 2024). This anomalous relationship was
unsurprisingly also recovered in the full tree in Zuntini et al.
(2024) that used the same samples. The identification of that
sample should be reviewed and additional sampling of Heisteria
Jacq. included in future studies of the group. For our stochastic
mapping, we accounted for this potential misidentification by
coding Heisteria as equally likely to be not parasitic (the
expected condition) or root parasitic (expected for a relative
of Olax L.). Although our sampling is limited, relationships
among Olacaceae, Ximeniaceae and Aptandraceae were
recovered differently in concatenation and coalescent trees
(see Supplementary Fig. S1) and also differed in Zuntini et al.
(2024), where Ximeniaceae was recovered as sister to the non-
Olacaceae Santalales with 0.95 posterior probability (39% gene
tree support). Our ASTRAL results could not reject a polytomy
for that relationship (i.e. the branch lengths or coalescent times
were too short for the analysis to conclusively resolve the rela-
tionship and it should be represented as a polytomy), whereas
our concatenation results provided low support (79% UFB) that
the three families instead formed a clade sister to the remaining
non-Olacaceae Santalales, similarly to Nickrent et al. (2019)
except for Octoknema Pierre (which had little data and a poor
assembly in this study and was dropped). Given the lack of
phylogenetic resolution, the results of our stochastic mapping
that suggest a single origin of parasitism should be taken
with care (also because of the uncertainty around the parasitic
status of Aptandraceae), as the approach does not allow for
polytomies or take into account topological uncertainty.

Despite the uncertainty in some of these relationships (also
unresolved in Li et al. (2021)), there was no support for the
monophyly of Olacaceae sens. lat., and we advocate the
recognition of the clades as families.

As in Su et al. (2015), we recovered a monophyletic
(97 UFB/0.96 pp) Balanophoraceae sens. strict. as sister (93
UFB/1.00 pp) to the remaining non-Olacaceae sens. lat.
Santalales (Fig. 1, Supplementary Fig. S1), despite evidence
of long branches. The other holoparasite, Hachettea, was the
sole representative of Mystropetalaceae, which Su et al.
(2015) recovered (with two other genera) as sister to
Loranthaceae (80 ML bootstrap/0.97 Bayesian posterior
probability), but that we recovered as part of a clade con-
taining Loranthaceae, Schoepfiaceae (one of three genera
sampled) and Misodendraceae. Although there was strong
support that our samples from these four families belong to a
single clade, there was considerable gene tree incongruence
and potential conflict for relationships among them, with
relatively short branches recovered in both trees (see
Supplementary Fig. S1). Broader sampling of Schoepfiaceae
(including Arjona Cav. and Schoepfia) and Mystropetalaceae
(including Dactylanthus and Mystropetalon) may help clarify
their relationships. In contrast to our results, Zuntini et al.
(2024) recovered the same sample of Hachettea as sister to
the Loranthaceae (0.84 pp/40% gene tree support), although
their samples were similarly recovered in the same clade with
samples of Schoepfiaceae and Misodendraceae. An additional
sample of Mystropetalon in Zuntini et al. (2024) was placed
without support between Balanophoraceae and the remaining
non-Olacaceae Santalales, but sequence data for that sample
had not been released and only 72 loci were reported as
recovered, which may have made it difficult to confidently
place the sample. We did not recover Mystropetalaceae in a
clade with Balanophoraceae sens. strict., so we advocate the
recognition of two separate families as first proposed by Su
et al. (2015).

Our sampling of Loranthaceae was limited (Fig. 1a), but
the recovered topology is consistent with previous work on
the group (Liu et al. 2018; Nickrent et al. 2019), with the
Western Australian root parasite Nuytsia R.Br. ex G.Don sister
to the remainder of the family (mostly mistletoes). We also
recovered root parasite Atkinsonia F.Muell. as successive
sister to the remainder of our Loranthaceae samples, a result
that had some support, along with Gaiadendron G.Don (not
sampled here), in previous work (Liu et al. 2018; Nickrent
et al. 2019). There has been limited contention about these
relationships (Grimsson et al. 2017; Liu et al. 2018), and
although Zuntini et al. (2024) also recovered the sister
relationship of Nuytsia to the remaining Loranthaceae, they
recovered Atkinsonia + Gaiadendron nested within tribe
Elytrantheae + Tupeia Cham. & Schltdtl., sister to tribe
Psittacantheae. Denser sampling of Loranthaceae may help
to resolve the placement of tribe Gaiadendreae.

We recovered Opiliaceae as sister (99 UFB/1.00 pp) to
Santalaceae sens. lat., in agreement with previous work
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(Su et al. 2015; Nickrent et al. 2019). With similar sampling,
Zuntini et al. (2024) reported low support (0.26 pp/38%
gene tree support) for this sister relationship due to the
placement of Geocaulon lividum (Richardson) Fernald, and
our gene concordance factors also indicate potential conflict
for that branch in the concatenation tree (see Supplementary
Fig. S1). Relationships within Opiliaceae were partly sup-
ported and largely congruent with previous work, with the
exception of the sister relationship between our samples of
Urobotrya Stapf and Opilia Roxb. Previous work (Su et al
2015; Le et al. 2018; Nickrent et al. 2019) indicated a closer
relationship between Urobotrya and Cansjera Juss. Given the
long branches subtending our sister relationship between
Urobotrya and Opilia, the identification of the Opilia sample
may need to be revisited. There was also some moderately
supported conflict between our concatenation and coalescent
trees as to whether Agonandra Miers ex Benth. was sister to
Anthobolus R.Br. (coalescent) or sister to the remaining
Opiliaceae (concatenation). Our ASTRAL analysis could not
reject a polytomy for this relationship, which has been
unresolved in previous work. The ASTRAL analysis of
Zuntini et al. (2024) also recovered a sister relationship
between Agonandra and Anthobolus with similar support
to our ASTRAL analysis. The placement of Anthobolus in
Opiliaceae here rather than in Santalaceae traditionally
(e.g. Kuijt 2015) was first suggested by Der and Nickrent
(2008) and supported by subsequent studies (Su et al. 2015;
Le et al. 2018; Nickrent et al. 2019).

Branching order among families in Santalaceae sens. lat.
has been challenging to fully resolve (Der and Nickrent 2008;
Su et al. 2015; Nickrent et al. 2019), and our results
suggest some improvements while also showing uncertainty.
Although previous work (Su et al. 2015, plastid data; Nickrent
et al. 2019) has hinted at a sister relationship between
Comandraceae (Geocaulon Fernald here; Comandra Nutt.
not sampled) and Thesiaceae, we recover our Geocaulon sam-
ple as sister to the remaining Santalaceae sens. lat., although
there are indications of conflict (mentioned above). Analysis of
nuclear and mitogenome loci in Su et al. (2015) suggested the
same relationship with low support. We recover a sister rela-
tionship between Cervantesiaceae (Pyrularia Michx. here;
seven genera unsampled) and Thesiaceae with low support
(97 UFB/0.66 pp), which had also been hinted at in previous
work (Der and Nickrent 2008; Su et al. 2015), and our ASTRAL
analysis could not reject a polytomy for this relationship.
Zuntini et al. (2024) instead recovered Pyrularia sister to the
remaining Santalaceae sens. lat. (excluding Geocaulon) with
low support (0.49 pp/38% gene tree support) and Thesiaceae
successively sister to the remainder. The main strongly sup-
ported difference between our results and previous work
including Zuntini et al. (2024) is a sister relationship between
Nanodeaceae and Santalaceae (100 UFB/1.00 pp), which are
sister to Amphorogynaceae + Viscaceae. Previous work has
suggested (Santalaceae (Nanodeaceae (Amphorogynaceae +
Viscaceae))) (Nickrent et al. 2019) or (Nanodeaceae

(Santalaceae (Amphorogynaceae + Viscaceae))) (Der and
Nickrent 2008; Zuntini et al. 2024). Zuntini et al. (2024)
recovered a sister relationship between Santalaceae and
Amphorogynaceae + Viscaceae with strong support (0.99
Pp/42% gene tree support). Our sampling of Nanodeaceae is
slightly larger (two genera v. one genus) but our concordance
factor is lower for the sister relationship between Nanodeaceae
and Santalaceae and suggests some conflict (see Supplementary
Fig. S1). Despite this, our support for the relationship is still
strong and has high quartet support in the ASTRAL analysis.
Our results suggest some differences in relationships
within Santalaceae sens. strict., with Myoschilos Ruiz &
Pav. + Antidaphne Poepp. & Endl. sister to the remainder
of the family, a relationship also found for the same samples
in Zuntini et al. (2024). Previous work (Der and Nickrent
2008; Su et al. 2015; Nickrent et al. 2019) instead recovered
Exocarpos Labill. + Omphacomeria A.DC. as sister to the
remainder of the family. The former Eremolepidaceae mistle-
toes (Antidaphne here; Eubrachion Hook.f. and Lepidoceras
Hook.f. not sampled) are on relatively longer branches in
Santalaceae sens. strict., possibly accounting for some of
the variability in their placement. Our concatenation tree
(Supplementary Fig. S1) suggests some conflict in the back-
bone of Santalaceae sens. strict. but generally good support
for the recovered relationships. Our sampling of Exocarpos
also indicates that Omphacomeria is nested within it, in
agreement with recent work that chose to combine
Omphacomeria with Exocarpos (Pillon et al. 2023). Pillon
et al. (2023) recovered Exocarpos sister to the remaining
Santalaceae sens. strict. samples with limited support (0.93
pp), in agreement with previous work. Although there
appears to be limited support for the Exocarpos-sister hypoth-
esis in previous work, our much larger dataset suggests that
Exocarpos is more closely related to Santalum L. and its rela-
tives than to Antidaphne. Denser sampling of the Santalaceae
sens. strict. mistletoes may help to clarify these relationships.
The remaining families in Santalaceae sens. lat., Amphoro-
gynaceae and Viscaceae, have long been supported as mono-
phyletic (Der and Nickrent 2008; Su et al. 2015; Nickrent et al.
2019) and continue to be so here and in Zuntini et al. (2024).
Consistent with previous work, we recovered a clade of the
two New Caledonian taxa Amphorogyne Stauffer & Hiirl. +
Daenikera Hiirl. & Stauffer sister to the remaining Amphoro-
gynaceae and a clade of the south-east Asian mistletoes
(Dendromyza + Dendrotrophe) sister to the Australian
root parasites (Choretrum and Leptomeria + Spirogardnera
Stauffer). Within Viscaceae, there has been uncertainty in
the relationships among clades comprising Notothixos,
Arceuthobium M.Bieb., Viscum, Korthalsella + Ginalloa and
Phoradendron + Dendrophthora (Su et al. 2015; Nickrent
et al. 2019). Our results recovered a sister relationship
between Arceuthobium and Viscum (100 UFB/0.86 pp)
with indications of conflict, but this relationship had previ-
ously received some support (Nickrent et al. 2019) and was
also recovered in Zuntini et al. (2024) (1.00 pp/48% gene
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tree support). We recovered Notothixos as sister to
Arceuthobium + Viscum, again with some indications of
conflict and short branches (Supplementary Fig. S1), and this
relationship was also recovered in Zuntini et al. (2024). Our
results strongly supported (100 UFB/1.00 pp and high gene
concordance) a sister relationship between Korthalsella +
Ginalloa and Phoradendron + Dendrophthora, as has been
recovered before (Su et al. 2015; Nickrent et al. 2019).

Focused sampling in Amphorogynaceae and
Viscaceae

We undertook denser sampling of predominantly Australasian
Amphorogynaceae and Viscaceae, particularly within the gen-
era Choretrum, Leptomeria and Korthalsella, as one of the
motivating reasons for this study was to explore diversity
and relationships in these groups as part of the GAP initiative.
We created new alignments using both coding and non-coding
portions of the targets for taxa in these densely sampled
groups to increase the number of informative sites while
avoiding alignment ambiguity by using closely related species.
The larger alignments led to the same overall relationships
between genera observed in the main tree and some improve-
ments in resolution within them, although substantial uncer-
tainty and conflicting phylogenetic signal remained (Fig. 2
and 3).

Within Amphorogynaceae (Fig. 2), we recovered a clade
containing intermixed samples of Dendromyza (4 of ~30
species sampled) and Dendrotrophe (2 of ~5 species sam-
pled). The lack of reciprocal monophyly between these two
genera was also found in a study using ITS (Devkota et al.
2015). Further taxonomic work on the two genera appears
to be needed and Kuijt (2015) considered there to be no
clear morphological separation between the two, provision-
ally treating them as the same taxon. Additional sampling of
both may help to clarify whether monophyletic groups can
be delimited or if they should be synonymised as our results
suggest. Complicating this, the two samples of Dendromyza
reinwardtiana (Blume) Danser did not group together, sug-
gesting that the identifications may need to be reviewed,
although they also had substantially different gene recovery
with HybPiper (241 v. 85 genes at 50% target length; see
Supplementary Table S3).

Both Leptomeria and Choretrum were strongly supported
as monophyletic, suggesting that generic boundaries between
these Australian root parasites are good, and Spirogardnera is
divergent and sister to Leptomeria, not nested in it. Current
infrageneric classification in Leptomeria recognises two sec-
tions: section Leptomeria (12 species) with plants having
scale-like leaves that fall off, and section Xeromeria (Endl.)
Migq. (5 species) with plants having well-developed and typi-
cally persistent leaves (Lepschi 1999). We recovered section
Xeromeria as monophyletic with full support (100 UFB/1.00
pp), but it was nested in a clade with three species of section
Leptomeria, rendering that section paraphyletic. Most species

of Leptomeria are restricted to the south-west of Western
Australia, and the close relatives of section Xeromeria are
also geographically in the same region. The three species of
Leptomeria outside of Western Australia were recovered in a
strongly supported clade (see Fig. 2) sister to another group of
south-west species, which may point to a single dispersal
out of the centre of diversity for the genus, but this pattern
should be interpreted with care given potential confounding
effects from differential extinction between areas (Sanmartin
and Meseguer 2016). The sister genus to Leptomeria is
Spirogardnera, which is restricted to Western Australia, con-
sistent with the inference that ancestors of the two occurred
in Western Australia. By contrast, Choretrum showed a more
nuanced biogeographic pattern. We recovered two well sup-
ported clades consistent with morphological characters. One
clade comprised species from eastern Australia, sister to C.
spicatum, which extends westwards into South Australia.
Species in this clade have an adaxial tuft of hairs on their
petals, which are longitudinally striate when dry, and
obscurely stellate stigmas. The other clade included species
restricted to Western Australia (Choretrum pritzelii Diels and
C. lateriflorum R.Br.), and two species distributed in Western
Australia and extending eastwards into the southern regions
of eastern Australia (C. glomeratum R.Br. and C. chrysanthum
F.Muell.). Species in this clade have glabrous petals, which
are wrinkled when dry, and distinctly stellate stigmas. Although
the geographic pattern is not inconsistent with a Western
Australian origin for all Australian Amphorogynaceae root par-
asites, that hypothesis would require multiple eastward disper-
sals in Choretrum. Further studies with denser sampling and
biogeographic models are needed to confirm an area of origin
for the group.

Within our tree of Viscaceae mistletoes allied to
Korthalsella (Fig. 3), samples of Dendrophthora (5 of >100
species) formed a clade, but a sample of Phoradendron mucro-
natum (circle in Fig. 3) was recovered sister to them (100
UFB/1.00 pp), rendering our sampling of Phoradendron (6 of
> 250 species) paraphyletic. Branches along the backbone of
the clade were short, with indications of conflicting signal,
and the remaining Phoradendron samples formed a clade
with low support (86 UFB/0.99 pp). The two American gen-
era are known to be challenging to separate (Kuijt 2015) and
have overlapping distributions, so further sampling of the
substantial diversity is needed to assess generic boundaries.

Within Korthalsella (Fig. 3), we recovered multiple clades
reflecting geographic distribution, which was in general
agreement with overall findings from a recent study with
broader taxon sampling (Sultan et al. 2019). We sampled
18 species (of ~30) compared to Sultan et al. (2019) who
sampled 22 plus subspecific taxa and multiple accessions
for some widespread species (e.g. Korthalsella japonica
(Thunb.) Engl.). In agreement with Sultan et al. (2019),
we recovered a strongly supported clade of the New
Zealand species, with moderate support (94 UFB/1.00 pp)
for a sister relationship with K. papuana Danser from
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New Guinea, which Sultan et al. (2019) instead recovered as
sister (with K. geminata (Korth.) Engl.) to the remainder of
the genus (with the New Zealand clade successively sister).
The branching order at the backbone had limited support in
our tree, but our results are consistent with these two groups
being largely distinct from the remainder of the diversity in
the genus and underscore that New Zealand Korthalsella are
distantly related to geographically closer New Caledonian
and eastern Australian species. Morphologically, there are
similarities in inflorescence structure between K. papuana
and two New Zealand species, K. lindsayi (Oliv. ex Hook.f.)
Engl. and K. clavata Cheeseman, concordant with a close
relationship between these taxa, but apparent differences with
the other New Zealand species, K. salicornioides (A.Cunn.)
Tiegh., which has been thought to have an ‘undifferentiated’
inflorescence. Molvray et al. (1999) noted that this was a
misinterpretation based on the differing vegetative branch
shape in K. salicornioides relative to K. lindsayi, when all
these closely related species actually share ‘differentiated’
inflorescences (only on distal nodes v. ‘undifferentiated’ inflor-
escences on every node as in most of the rest of the genus).
The sister genus Ginalloa also has a more differentiated
inflorescence, supporting the ‘differentiated’ condition as
symplesiomorphic, and Ginalloa occurs in Malesia and the
Solomon Islands, consistent with a Malesian or Australasian
origin for Ginalloa + Korthalsella (Molvray et al. 1999). Our
results agreed with this, with the New Guinea K. papuana +
New Zealand species sister to the remainder of the genus.

The backbone of the remainder of Korthalsella had rela-
tively low support and short branch lengths, similar to the
tree in Sultan et al. (2019), and both sets of trees support some
distinct clades arising from the uncertain branching order. In
contrast to Sultan et al. (2019), we recovered some support
(96 UFB/0.77 pp) for a sister relationship between the west-
ern and central Australian species (K. arthroclada Cranfield
and K. leucothrix Barlow) as a separate lineage arising from
the radiation around the Indian Ocean (74 UFB as sister to the
sample from Madagascar in the concatenation tree; part of
the backbone polytomy in the ASTRAL tree). The remainder
of our sampling included a single sample of the widespread
K. japonica, and samples from South-east Asia and across the
Pacific. There is some support (84 UFB/1.00 pp) for this
geographically widespread clade, in which east Australian
Korthalsella samples were nested (exclusive of the western
and central Australian species), and that also includes a
strongly supported (100 UFB/1.00 pp) clade comprising
two lineages for species in Hawaii and the south Pacific, as
found in Sultan et al. (2019). Our results separating western
and central Australian species with terete internodes from
eastern Australian species with flattened internodes, as also
found by Sultan et al. (2019), suggests that the two groups are
not closely related and may help to explain differences in
where they occur (more arid v. temperate or tropical).

For the remainder of Viscaceae (Fig. 1c), our sampling of
Arceuthobium (nine of ~26 species) and Viscum (21 of ~100

species) was limited but allowed some comparisons with
previous work. We recovered two divergent clades within
Arceuthobium corresponding to the two subgenera: New
World Vaginata Hawksw. & Wiens and Old World
Arceuthobium (Nickrent et al. 2004). Species that were
found to be closely related and considered to be potentially
synonymous in Nickrent et al. (2004) formed highly similar
sister pairs in our results (e.g. A. hondurense Hawksw. &
Wiens and A. hawksworthii Wiens & Shaw). Within Viscum,
our results showed a lack of resolution and conflict along the
backbone, with uncertainty in the branching order of four
well-supported clades (Fig. 1, Supplementary Fig. S1). These
same four clades were represented in a recent study by Maul
et al. (2019), although with broader taxon sampling (52
species v. 21 here; 16 species shared). The first clade is
represented here by Viscum coloratum (Kom.) Nakai and
V. album, which Maul et al. (2019) recovered (the corre-
sponding clades A and B) as sister to the remainder of the
genus. We had two samples of V. capense L.f. representing a
second clade that Maul et al. (2019) found with V. schaeferi
Engl. & K.Krause (clade F). The third clade includes mostly
species from Madagascar along with two of the Australian
species, V. whitei Blakely and V. bancroftii Blakely, and
corresponds to clades C, D and E in Maul et al. (2019).
The fourth clade contains African and Asian species, includ-
ing the other two species with Australian occurrences, V.
ovalifolium Wall. ex DC. and V. articulatum Burm.f., which
corresponds to clades H, I and J in Maul et al. (2019). In our
results as in Maul et al. (2019), V. ovalifolium and V. articu-
latum are more closely related to Asian species than to the
other Australian species V. whitei and V. bancroftii, suggest-
ing multiple arrivals of Viscum in Australia.

Prospects for studying mistletoe evolution

Our phylogenetic results reinforce previous work on the
origins of aerial parasitism in Santalales (mistletoes).
There are five families with species that parasitise stems:
Misodendraceae (all species), Loranthaceae (most species),
Santalaceae sens. strict. (some species), Amphorogynaceae
(some species) and Viscaceae (all species). Given these five
non-monophyletic instances of aerial parasitism, Vidal-
Russell and Nickrent (2008) hypothesised five origins of
aerial parasitism. Our results are consistent with this hypoth-
esis but may also hint at more origins. Misodendraceae (1
species) is not recovered sister to other mistletoes, supporting
one origin. We recovered root parasites in Loranthaceae
successively sister to the mistletoes, supporting a single
origin in that family. We recovered (with some conflict) a
closer relationship between Exocarpos (root and debatedly
stem parasites) and Santalum (root parasites) than with
Antidaphne (mistletoes), suggesting two potential origins of
aerial parasitism in that family. Although most Exocarpos
species are root parasites, three species, E. aphyllus R.Br., E.
cupressiformis Labill. and E. pullei Pilg., have been reported to
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parasitise stems (Coleman 1934; Lam 1945; Kuijt 1969; Baird
2014), although Kuijt (2015) expressed doubt and the need
for more observational work. Although we coded E. cupressi-
formis as uncertain in our stochastic mapping (Supplementary
Fig. S2), there was little indication for more than one origin
in Santalaceae. Within Amphorogynaceae, there are indications
of varying degrees of stem and root parasitism in Daenikera,
Dendrotrophe and Dendromyza (and the unsampled Dufrenoya
Chatin and Phacellaria Benth.) that may suggest at least two
origins in the family. Given our sampling, the stochastic mapping
nevertheless only supported one origin there. Alternatively, and
perhaps unlikely given the specialised nature of mistletoes, aerial
parasitism may have been ancestral in Amphorogynaceae and
lost at least twice, once in Amphorogyne and once in the ancestor
of the Australian root parasites (Choretrum, Leptomeria and
Spirogardnera), although our lack of sampling of Dufrenoya
and Phacellaria limit what can be postulated. Another alterna-
tive is that ancestors of the group may have been able to parasitise
both roots and stems (Vidal-Russell and Nickrent 2008), although
whether this condition exists has been questioned with regard to
seedling establishment (Kuijt 2015). Given that all of Viscaceae
are mistletoes, a common aerial condition or ability to parasitise
both roots and stems in the ancestor of Amphorogynaceae and
Viscaceae may be more parsimonious, but this is not supported
with our current sampling and stochastic mapping. As stressed by
Kuijt (2015), more observations and study of modes of parasitism,
seedling establishment and occurrences of both root and stem
parasitism in the same genus (e.g. Daenikera and Dendrotrophe)
are needed.

Mistletoes in Viscaceae have become a focus for mitogen-
ome research, in part due to the discovery that Viscum album
has lost mitochondrial respiratory complex I (Maclean et al.
2018; Senkler et al. 2018), something that had not been
documented in multicellular eukaryotes. Other work show-
ing apparent loss of key mitochondrial genes in other species
of Viscum (Petersen et al. 2015a; Skippington et al. 2015) and
Phoradendron (Zervas et al. 2019) suggests that these funda-
mental mitogenomic changes (Petersen et al. 2020, 2022)
may have occurred more deeply in the Viscaceae phylogeny.
Our results resolved Phoradendron in a clade sister to
Korthalsella + Ginalloa, separate from the clade containing
Viscum. If that topology is correct, this would suggest that
shared mitochondrial changes occurred in the ancestors
of the entire family. Ongoing work in Amphorogynaceae
(unpublished) suggests that similar mitochondrial changes
have occurred in that family that would indicate that these
changes may have begun in the ancestors of both families.
Further sequencing of mitogenomes in these parasites should
help to clarify patterns of mitogenome evolution in these two
closely related families.

Future phylogenetic studies of mistletoes in Santalaceae
sens. lat. may be well served using target capture approaches
but may be improved by using a more targeted bait set. Our
results largely resolved phylogenetic relationships among gen-
era and were consistent with previous work, indicating that

A353 was successful, but gene recovery was variable and
could have affected resolution in portions of the tree. We
noticed a phylogenetic bias in recovery, with holoparasites
and mistletoes in Viscaceae performing particularly poorly
(Fig. 1, Table 1). Given that species of Viscaceae showed good
recovery with data that was not from target capture (thus not a
bioinformatic problem), the problem likely relates to low DNA
quality, sequencing depth or poor specificity in the baits given
sequence divergence. As Viscum has one of the largest genomes
among flowering plants (Zonneveld 2010; Novak et al. 2020),
the low percentage of reads on target may mean that greater
sequencing effort is needed to effectively recover targets. Future
studies might also explore custom bait sets designed for
Viscaceae or the divergent holoparasites to improve recovery
and completeness of alignments for phylogenetic analyses.
Although we have presented a phylogeny with denser sampling
within Santalaceae sens. lat., there are still outstanding ques-
tions about family relationships in Santalales (e.g. branching
order in Olacaceae sens. lat.) that would benefit from more
complete sampling at the generic level and may be improved
with more specific bait sets and deeper sequencing.

Supplementary material

Supplementary material is available online.
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