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ARTICLE INFO ABSTRACT

Keywords: Genera with species of multiple ploidy levels provide models to understand successive rounds of whole genome
Angiosperms353 duplication leading to intricate reticulate relationships of polyploid plant species. Here, we studied 17 polyploid
Biogeography taxa (species, subspecies, or varieties) in Azorella (Apiaceae) sections Schizeilema and Stilbocarpa that are mostly
gz::riﬁ;?;lmmg endemic to New Zealand. Using phylogenomic approaches, our goals were to resolve species relationships,
Network determine the origins of the higher-level polyploids (6x and 10x), and assess the biogeography of the New
Polyploid Zealand Azorella species. Phylogenomic analysis of Anigosperms353 baits-captured Hyb-Seq data, together with
Phylogenomics comparison of phylogenies reconstructed using genome-skimming retrieved nrDNA and plastome sequences,

showed that species diversification within New Zealand may relate to multiple origins from South America,
which has been further shaped by additional rounds of polyploidy as well as hybridization or introgression. The
two Azorella sections in New Zealand likely resulted from different biogeographic events from South America —
one to the subantarctic islands (section Stilbocarpa) and a second to the South Island (section Schizeilema). In
addition, within section Schizeilema, species have dispersed from the South Island (New Zealand) to Australia, the
subantarctic islands, and the North Island (New Zealand). Our combined approach of phylogenomic analyses of
plastome and nuclear locus-based data, together with SNP-based network approaches allowed us to determine
the origins of some higher-level polyploids in New Zealand Azorella and revealed a more complex picture of
historical and ongoing polyploidy and hybridization within these lineages.

1. Introduction

Whole genome duplication (WGD) or polyploidization is an impor-
tant evolutionary process in plant species radiations and diversification
(Clark and Donoghue, 2018; Jiao et al., 2011; Soltis et al., 2009). A
polyploid species may originate from the duplication of the genome
from a single species (creating an autopolyploid with multiple homol-
ogous gene copies) or the combination of genomes from different species
(creating an allopolyploid with multiple homeologous gene copies)
(reviewed by Otto and Whitton, 2000). When multiple rounds of WGD
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occur in closely-related species, these events can lead to the formation of
a polyploid-rich genus (Meudt et al, 2021). Such genera, which
comprise species with differing numbers of chromosome sets, and
thereby ploidy levels, are valuable systems to investigate species
diversification in light of WGD (Oxelman et al., 2017; Van de Peer et al.,
2020).

Understanding the origins and species relationships of polyploid
genera with phylogenetic approaches, which is the first step to exam-
ining their diversification patterns, is challenging (Ning et al., 2024;
Rothfels, 2021). Traditionally, a handful of frequently selected markers
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from plastid DNA (cpDNA) or nuclear regions [e.g., the internal and
external transcribed spacer (ITS and ETS) regions within nuclear ribo-
somal DNA (nrDNA)] have been used for reconstructing phylogenetic
relationships of polyploid plants (Osuna-Mascar6 et al., 2022; Xu et al.,
2017; Fernandez et al., 2017a). However, these markers may be of
limited value to reflect relationships between closely related polyploids,
including those that have experienced multiple WGD events. For cpDNA,
the main limitation is that in flowering plants the plastid is typically
inherited from one parent, most often maternal (Birky, 1995). Further
complications with interpreting plastid-based phylogenies can arise
when local hybridization or introgression occurs (Alvarez and Wendel,
2003). A benefit to using nuclear markers that are single copy or low
copy is that their biparental inheritance should be maintained and
therefore parental origins of polyploids may be revealed. More recently,
genome-wide single copy nuclear genes (SCNGs) have proven informa-
tive among closely related species, including polyploids (Karbstein et al.,
2022; Nicol et al., 2024; Thomas et al., 2021), but interpreting the na-
ture of duplicated nuclear genomes remains challenging when using
traditional phylogenetic methods that reconstruct bifurcating trees. In
addition to WGD events, reticulation events, such as hybridization or
introgression, as well as post-WGD genomic reorganization processes

Table 1
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can further increase the levels of genomic complexity in polyploids and
their phylogenetic inference (Li et al., 2021; Meudt et al., 2025).

New Zealand has high levels of endemic plant diversity and its spe-
cies have been well documented for chromosome numbers (Dawson,
2000; Murray et al., 2011), providing strong evidence that the country is
host to numerous polyploid-rich lineages (Meudt et al., 2021). One such
genus is Azorella (Apiaceae), which in New Zealand comprises two well-
defined sections: section Schizeilema and section Stilbocarpa, with 16
perennial species, subspecies, and varieties (hereafter, taxa; Table 1).
These taxa vary in chromosome number [2n = 32, 2n = 48 and 2n = 80
(Beuzenberg and Hair, 1983; Hair, 1980)], leaf morphological traits
(Fig. 1; Table 1; Fig. S1) (Allan, 1961), habit, and geographical distri-
butions (Plunkett and Nicolas, 2017). The 14 taxa in section Schizeilema
(Fig. 1) are all small, rhizomatous, rosulate herbs with diverse ploidy
levels (4x, 6x or 10x) that are mostly endemic to the main New Zealand
islands and Stewart Island. The two exceptions are A. schizeilema (4x),
endemic to the subantarctic Auckland Islands and Campbell Island, and
A. fragosea (?x = unknown ploidy level), which is endemic to Australia
(New South Wales and Victoria). The three so-called subantarctic meg-
aherbs in section Stilbocarpa (Fig. S1) (Saldivia et al., 2022), A. polaris
(6x), A. robusta (?x) and A. lyallii (?x), are endemic to Stewart Island and

Taxa of Azorella included in this study, their ploidy levels and chromosome number (where known), geographic distribution and habitat. Geographic distribution was
determined by herbarium records at AK, CHR, MPN, OTA and WELT. Ploidy levels were determined by published chromosome numbers (http://www.tropicos.org/pro
ject/ipen); unknown ploidy level and chromosome number are indicated by "?". All chromosome numbers and ploidy levels were confirmed by checking specimen
identification in CHR by W.N., and additional genome sizes (Ning unpub. data) were estimated to predict the ploidy level. An exception was for Azorella pallida, where
the original chromosome voucher at CHR could not be located; therefore flow cytometry was used to estimate its ploidy level (via genome size) (Ning, 2023; Murray
Dawson et al., unpubl. data) as a proxy. Sectional taxonomy follows Plunkett and Nicolas (2017) and subgenus classification follows Fernandez and Calvino (2019).

Habitat for New Zealand species is summarised from Allan (1961).

Species Subgenus  Section ploidy Chromosome Geographical distribution Habitat
level number
Azorella lycopodioides Gaud. Andinae Glabratae 2x 16 South America
Agzorella ranunculus d’Urv. Azorella Ranunculus ~ 2x 16 South America
Azorella burkartii (Mathias & Azorella Ranunculus  ?x ? South America
Constance) G.M.Plunkett & A.N.
Nicolas
Azorella polaris (Hombr. & Jacquinot  Azorella Stilbocarpa 6x 48 New Zealand and Australian lowland to subalpine; rocky places
ex Hook.f.) G.M.Plunkett & A.N. subantarctic islands — multiple
Nicolas
Agzorella robusta (Kirk) G.M.Plunkett Agzorella Stilbocarpa 2x ? New Zealand subantarctic islands lowland; coastal and shrubland
& A.N.Nicolas — Snares Islands
Azorella lyallii (Armstr.) G.M.Plunkett  Azorella Stilbocarpa 2x ? New Zealand — Stewart Island lowland; coastal and forest
& A.N.Nicolas
Azorella roughii (Hook.f.) Kirk Azorella Schizeilema 4x 32 New Zealand — South Island montane to subalpine; grassland and
herbfields
Agzorella allanii (Cheeseman) G.M. Azorella Schigeilema  4x 32 New Zealand — North Island subalpine; open shrubland
Plunkett & A.N.Nicolas
Azorella cockaynei Diels Azorella Schizeilema  6x 48 New Zealand — South Island lowland; damp sites
Azorella hookeri Drude var. hookeri Azorella Schizeilema  6x 48 New Zealand — North & South lowland to subalpine; wet sites
Islands
Azorella hookeri var. tripartita (Hook. Azorella Schizeilema  6x 48 New Zealand — North & South lowland
f.) G.M.Plunkett & A.N.Nicolas Islands
Azorella nitens Petrie Azorella Schizeilema  6x 48 New Zealand — North & South lowland to subalpine
Islands
Azorella colensoi (Domin) G.M. Azorella Schizeilema  10x 80 New Zealand — North & South montane to subalpine; rocky places
Plunkett & A.N.Nicolas Islands
Azorella hydrocotyloides (Hook.f.) Azorella Schizeilema  4x 32 New Zealand — South Island montane to subalpine; forest
Kirk margins, shrubland, grassland,
herbfield and fellfield
Azorella haastii (Hook.f.) Drude Azorella Schigeilema  4x 32 New Zealand — South Island montane to subalpine; rocky places
subsp. haastii and fellfield
Azorella haastii subsp. cyanopetala Azorella Schizeilema  4x 32 New Zealand — South Island montane to subalpine; rocky places
(Domin) G.M.Plunkett & A.N. and fellfield
Nicolas
Azorella schizeilema G.M.Plunkett & Azorella Schizeilema  4x 32 New Zealand — subantarctic lowland to subalpine; rocky places
A.N.Nicolas islands — Auckland and Campbell
Islands
Azorella exigua (Hook.f.) Drude Agzorella Schizeilema 4x 32 New Zealand — South Island subalpine; herbfield
Agzorella pallida (Kirk) Kirk Agzorella Schizeilema 4x* ? New Zealand — South Island montane to subalpine; forest,
shrubland, grassland or herbfield
Azorella fragosea (F.Muell.) Druce Azorella Schizeilema  ?x ? Australia alpine; rocky, damp herbfields
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Fig. 1. Comparison of leaf morphology, ploidy level (where known) and geographic distribution of Azorella taxa included in the current study. Depicted are the 14
described Azorella species in section Schizeilema that are endemic to New Zealand (NZ; including two varieties of A. hookeri) and Australia (Au; A. fragosea), as well as

one South American (SA) relative A. ranunculus from section Ranunculus.

the subantarctic islands of New Zealand (Beuzenberg and Hair, 1983;
McGlone, 2002; Mitchell et al., 1999).

In the most recent taxonomic classification of Azorella based on
molecular phylogenies by Plunkett and Nicolas (2017), with updates
from Fernandez and Calvino (2019), the genus currently comprises ~58
species from ten sections throughout the southern hemisphere. Of these,
the 23 herbaceous species from New Zealand, Australia and South
American Patagonia from Plunkett and Nicolas’ (2017) sections Schi-
zeilema (12 species, New Zealand and Australia), Stilbocarpa (3 species,
New Zealand including subantarctic), Azorella (3 species, Tierra del
Fuego and Patagonia), Huanaca (2 species, southern Chile and
Argentina), and Ranunculus (3 species, Andes of Chile and Argentina)
belong to the monophyletic subgenus Azorella (the “Andean-Patagonian
lineage”, see Fernandez et al., 2017a; Fernandez and Calvino, 2019). By
contrast, the remaining 35 woody species from the high-elevation South
American Andes comprise sections Spinosae, Pectophytum, Glabratae,
Laretia and Cirrhosae, forming the subgenus Andinae, which is sister to
subgenus Azorella (the “Austral lineage” of Fernandez et al., 2017a;

Fernandez and Calvino, 2019). Previous phylogenetic studies using
nuclear or plastid data sets have resolved the relationships of most of
these monophyletic sections with strong support (Andersson et al., 2006;
Fernandez et al., 2017a, Plunkett and Nicolas, 2017; Nicolas et al.,
2025). Relationships between the two monophyletic sections from New
Zealand and Australia, sections Schizeilema and Stilbocarpa, and of these
sections to the other three sections were not resolved when comparing
the phylogenies using nuclear or plastid data sets of Plunkett and Nicolas
(2017) and Nicolas et al. (2025). Notably, the most recent phylogenetic
analysis of Azorella revealed section Schizeilema to be paraphyletic based
on ITS + ETS sequence data (Nicolas et al., 2025). While most species in
this section were reconstructed in one strongly supported clade, a sec-
ond clade of section Schizeilema species was reconstructed as sister to
section Ranunculus with strong support. The authors suggested that this
could be explained by an allopolyploid origin for the ancestor of section
Schizeilema based on the differences between the plastid and nuclear-
based trees, as well as considering variable chromosome numbers
within the genus and section Schizeilema in particular (Nicolas et al.,
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2025). This ancestor was suggested to have formed between species
from section Ranunculus and section Stilbocarpa, the latter of which was
the sister group to section Ranunculus in both nuclear and plastid phy-
logenies (Nicolas et al., 2025). Additionally, several species within
section Schizeilema were not monophyletic based on either plastid or
nuclear data, indicating that additional undescribed species may exist in
New Zealand or that other evolutionary factors, such as hybridization or
introgression, may be influencing species evolution. A previous study of
South American Azorella revealed multiple reticulations among species
(Fernandez et al., 2017a) — particularly in the more heavily sampled
Andean-Patagonian subgenus Andinae — indicating that species in
Azorella as a whole may be prone to hybridization and introgression. As
mentioned earlier, the diverse habits and chromosome numbers of the
species in section Schizeilema make this group particularly intriguing to
investigate higher-level polyploid evolution.

In the current phylogenomic study, we focus on section Schizeilema
by including all 14 taxa of Azorella from Australia, New Zealand, and the
subantarctic islands, as well as three taxa of section Stilbocarpa from the
subantarctic islands and two South American species from section
Ranunculus (A. ranunculus and A. burkartii) as close relatives (based on
Nicolas et al., 2025). Using locus-based phylogenomic analyses of nu-
clear (Angiosperms353 and nrDNA) and plastome data, as well as
comparative network analyses of SNPs derived from Angiosperms353
data, we aimed to (1) test species monophyly and assess interspecific
relationships, (2) identify the lineages that comprise the origins and
sources of reticulation of the polyploid species, and in particular the

a) b)
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higher-level polyploids (6x and 10x), and (3) analyze the biogeo-
graphical history of polyploid species in section Schizeilema, with an
emphasis on its relationship to sections Stilbocarpa and Ranunculus.

2. Methods
2.1. Taxon sampling

As our main focus was Azorella sections Schizeilema, Stilbocarpa, and
Ranunculus (Plunkett and Nicolas, 2017), samples from these sections
were the priority to include for phylogenomic analysis. All species,
subspecies and varieties from these sections were represented (except
A. boelckei (Mathias & Constance) G.M. Plunkett & A.N. Nicolas in
section Ranunculus) from field collections or existing herbarium speci-
mens. Comprehensive collections of each species, including multiple
individuals from different sites in New Zealand, were made during
2018-2023, based on locality data from previous herbarium specimens
(AK, CHR, MPN, WELT, CANB, NY) and iNaturalist observations
(Table S1; Fig. 2). Our identifications followed the descriptions in Allan
(1961) and the taxonomy and nomenclature followed Plunkett and
Nicolas (2017) (Table 1). For each field collection, leaves from multiple
individuals in a population were preserved separately in silica gel and a
representative voucher specimen was made and deposited in CHR, MPN,
or WELT (Table S1). Two individual specimens collected from one
population of a putatively new (unnamed) species that does not fit the
taxonomy of Allan (1961) or Plunkett and Nicolas (2017) were also
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Fig. 2. Taxon sampling of New Zealand Azorella species, including 14 Azorella species in section Schizeilema (a-e), and three megaherbs in section Stilbocarpa (e).
Each taxon is represented by a shape and colour in each subplot, and each individual is labelled with a species code (“Az” and the species name) and the locality (if
field-collected) or herbarium specimen accession number/collection number (if sampled from a specimen) (see Table S1 for more details about individuals, pop-
ulations and full species names). Two asterisks (**) represent individuals with data from both genome-skimming and Hyb-Seq sequence data available, one asterisk
(*) represents individuals with data from Hyb-Seq sequence only, and no asterisks represent individuals with data from genome-skimming only.
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included in our sampling (Azorella sp.: Azsp CHR617214 and
Azsp_CHR617283; Canterbury, New Zealand) (PB Heenan, pers. obs.).
Additional herbarium specimens were sampled for three Azorella species
that occur outside of New Zealand, including A. fragosea (Australia; Au)
from section Schizeilema, and A. ranunculus and A. burkartii (South
America; SA) from section Ranunculus (Table S1), bringing the total
number of species from subgenus Azorella sampled here to 17 of 23. For
the outgroup, we selected the South American species A. lycopodioides
from section Glabratae (subgenus Andinae), which is more distantly
related to sections Schizeilema, Stilbocarpa and Ranunculus (Plunkett and
Nicolas 2017). For each species, ploidy level was estimated using pub-
lished chromosome numbers (Beuzenberg and Hair, 1983; Hair, 1980)
or genome size data (Ning, 2023; Murray Dawson et al., unpubl. data) as
a proxy.

2.2. Genomic library preparation and sequencing

DNA was extracted from the leaf tissue using a standard CTAB
method (Doyle and Doyle, 1987) or the DNeasy® Plant Mini Kit (QIA-
GEN). Genomic libraries were constructed using the NEBNext® UltraTM
II Library Prep kit (New England Biolabs) following the manufacturer’s
protocol but with half of the recommended volumes for all steps
(Workflow see Fig. 3; Note S1).

A total of 131 genomic libraries from 127 samples from 67 sites
representing 20 taxa (including one undescribed taxon, Azorella sp., and
four individuals with two technical replicates each; Table S1) were
divided into four batches for Hyb-Seq with the Angiosperms353 (i.e.,
A353) universal baits (Johnson, et al., 2018) (Table S1). The myBaits®
Kit Manual V4 and V5 protocols were followed to capture the targeted
DNA fragments (incubation at 65 °C for at least 20 h). In total, 31 of the
bait capture-enriched genomic libraries were sequenced on Illumina
Miseq™ (Massey Genome Service, New Zealand) and 101 were

Molecular Phylogenetics and Evolution 214 (2026) 108469

respectively, to produce 150 bp paired-end reads.

To recover nrDNA and plastomes, we re-sequenced 93 genome li-
braries that had a sufficient quantity of DNA remaining, originally used
for bait capture, to produce 150 bp genome-skim paired-end reads on
[lumina Hiseq™ 2000 (Novogene, Singapore). Additional genome-
skimming data of 12 individuals (in section Schizeilema) were gener-
ated independently by A.N.N. and G.M.P. at Cold Spring Harbor Labo-
ratory. TrueSeq libraries were generated and sequenced using [llumina
HiSeq2500™, including another potentially undescribed species,
Azsp_AN58 sampled from Stewart Island, New Zealand (Table S1). In
total, we obtained genome-skim data for 105 Azorella individuals
collected from 57 sites and representing 20 taxa (Table S1).

2.3. Hyb-Seq targeted gene recovery

All retrieved sequence reads were trimmed using Trimmomatic
v.0.39 (Bolger et al., 2014) to remove adaptor sequences and low-
quality bases (for all bioinformatic pipelines and settings, see:
https://github.com/WeixuanPlant/NZAzorella). To retrieve the target-
enriched exon sequences from the Hyb-Seq data, we used HybPiper
v.2 (Johnson et al., 2016) with the reference file ‘mega353.fasta’ from
McLay et al. (2021). In addition to exons, we extracted the supercontigs
(partial introns or flanking regions) of targeted genes using the com-
mand ‘ -run_intronerate’ in HybPiper (Johnson et al., 2016).

The occurrence of homeologs among the recovered genes was
calculated using ‘paralog_retriever’ in HybPiper. A number of factors
may result in inaccurate estimation of the number of extracted homeo-
logs from de novo assembled contigs, including the divergence between
subgenomes, the genomic library quality, and the sequencing depth of
each sample (Johnson et al., 2016). Allele divergence (SNP percentage
within targeted loci), an indication of homeolog variation, has lower
requirements for assembling ‘paralogs’ in HybPiper, which can be more

sequenced on Illumina Hiseq™ 2000 (Novogene, Singapore), useful to determine the allele variation among targeted genes.
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Fig. 3. Workflow for this paper illustrating sampling, genome sequencing, data partitioning, processing, and final phylogenetic tree reconstructions.
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Therefore, we mapped the trimmed reads to the extracted supercontigs
of each gene in HybPhaser v.2.0 (Nauheimer et al., 2021), and calcu-
lated the proportion of single nucleotide polymorphisms (SNPs) among
each target gene for all sequenced samples to estimate the overall allele
divergence among loci (see https://github.com/WeixuanPlant/
NZAzorella for scripts).

2.4. Reconstructing targeted gene trees and performing concordance
analysis for Hyb-Seq data

To reconstruct gene trees from target-enriched genes, we first aligned
the supercontigs of each locus with the ‘-auto’ option in MAFFT v.7.429
(Katoh and Standley, 2013). After removing the gap sites present in 30 %
or more of the alignments (-gt 0.7) using trimAl v.1.4 (Capella-Gutiérrez
et al., 2009), we filtered alignments with fewer than 15 individuals and
those lacking the outgroup A. lycopodioides (~11 % of alignments).
There were thus 345 locus alignments for which gene trees were
reconstructed using IQ-TREE2 (Minh et al., 2020b) with automatic
model detection via ModelFinder (Kalyaanamoorthy et al., 2017) and
1000 bootstrap (bs) replicates (-B 1000°).

We collapsed the internodes among gene trees with bootstrap values
less than 10 % using the script 1 & b<=10" in ‘nw_ed’ (Junier and
Zdobnov, 2010) to improve the accuracy of the final species tree
reconstruction (Zhang et al., 2017). Next, these gene trees were rerooted
using the outgroup A. lycopodioides and the script ‘reroot_trees.py’
(https://github.com/mossmatters/phyloscripts/tree/master/phyparts
piecharts). Finally, 345 gene trees were used to generate the species tree
with a multispecies coalescent model for 132 individuals in ASTRAL
v.5.7.7 (Mirarab et al., 2014; Zhang et al., 2017), and a local posterior
probability was calculated for each node in the species tree.

Gene concordance factor (gcf) measures the proportion of gene trees
with support for each internode in the species tree (Minh et al., 2020a).
The proportion of genes concordant or discordant at each node of the
final ASTRAL species tree was calculated in PhyParts [https://bitbucket.
org/blackrim/phyparts; (Smith et al., 2015)] using ‘phypartspiecharts.
py’  (https://github.com/mossmatters/phyloscripts/tree/master/phy
partspiecharts), and visualised as a pie chart using the ggtree package
(Yu et al.,, 2017) in R v.4.0.1 (R. Team, 2014).

2.5. Phylogenies of nrDNA and whole plastomes

After trimming the low quality bases of the genome-skimming reads
with Trimmomatic, the nrDNA region and whole plastome markers were
de novo assembled for 105 individuals, using the default settings of
‘get_organelle_from reads.py’ in GetOrganelle v.1.7.5 (Jin et al., 2020).
Using one annotated nrDNA sequence (Azallanii_AN45; Table S1), we
manually selected only the cistronic region (ETS-18S-ITS1-5.8S-ITS2-
26S) of nrDNA for phylogenetic reconstruction. The intergenic spacer
(IGS) region was excluded due to excessive variable sites that were
difficult to align. For six samples for which a complete plastome could
not be assembled in GetOrganelle, we used consensus sequence calling
via SAMtools (Li et al., 2009) and BCFtools (Li, 2011) by mapping their
genome-skimming reads to a selected individual that had the longest de
novo assembled plastome (Azcyanopetala_Ire6; Table S1).

The plastome and nrDNA cistron sequences for 105 individuals were
aligned individually with MAFFT, and phylogenetic trees of each
partition were reconstructed using IQ-TREE2 with 1000 bootstrap rep-
licates. The homogenization levels among bi-parentally inherited
nrDNA were confirmed by mapping the genome-skimming reads to the
de novo assembled nrDNA cistron and calculating the proportion of SNPs
for each sample using PATE (Tiley et al., 2024).

2.6. Network estimation of A353 locus data for a subset of Azorella taxa

To reduce computational running time and minimize conflicting
intraspecific signals, one individual from each Azorella taxon that was
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monophyletic in both Hyb-Seq and plastome phylogenetic trees was
selected to represent each taxon (see Results). Using similar thresholds
and settings (https://github.com/WeixuanPlant/NZAzorella), the
ASTRAL tree of the Hyb-Seq data for this smaller subset of taxa was
reconstructed for 23 selected representative individuals using 219 gene
trees that had no missing individuals. The concordance level among
gene trees was calculated using PhyParts as described earlier. In addi-
tion, we concatenated the trimmed Hyb-Seq gene alignments for the 219
loci using AMAS.py (Borowiec, 2016) and visualized the conflicting
signals among gene sequences using a network approach (Neighbor-Net
method) in SplitsTree4 (Huson and Bryant, 2006). The result was plotted
using ggsplitnet (Schliep et al., 2016) in R.

We also applied a maximum pseudo-likelihood approach to estimate
the Hyb-Seq network among 23 individuals via SNaQ in PhyloNetworks
v.0.14.2 (Solis-Lemus et al., 2017). Using the 219 Hyb-Seq gene trees as
input and the 23-individual ASTRAL tree as the starting tree, we
calculated a list of unrooted quartet concordance factors (qcf) in SNaQ
and searched for reticulation events (—h) from 0 to 10. Each reticulation
event (—h) used 15 parallel searches for the best model that had the
lowest negative log pseudo-likelihood value. The final network was
visualized using ggevonet in the R package tanggle (https://klausvigo.

github.io/tanggle/).

2.7. Homeolog phasing of nrDNA data in PATE

To test for evidence of hybridization or allopolyploid origin in the
nrDNA data, the assembled nrDNA cistrons of 22 of the same 23
representative individuals (Table S4) were used as a reference for
homeolog phasing using PATE with default settings (A. robusta was
excluded as that taxon had no genome-skimming data, see Results). We
realigned the PATE phased sequences in MAFFT, and added the copy
number for each phased homeologous sequence, then the nrDNA multi-
labelled (MUL) tree was reconstructed in IQ-TREE2.

2.8. Network estimation using A353-derived SNPs

In addition to the gene-tree based network inference, we also per-
formed network inference using SNP data. To extract SNPs from the
Hyb-Seq data for all 23 selected individuals, we assigned the super-
contigs of the individual ‘Azschizeilema_Hoo’ (Table S2) as the reference
sequences for joint-calling SNPs with the pipeline ‘HybSeq-SNP-
Extraction” (Slimp et al., 2021). All SNPs were filtered using a hard-
filtering threshold (“QD < 5.0 || FS > 60.0 || MQ < 40.0 || MQRank-
Sum < -12.5 || ReadPosRankSum < -8.0"), and only SNP sites without
missing data (‘F_MISSING<=0") and with biallelic sites (-m2 —M2 —v
snps’) were retained using BCFtools. As chromosomal locations of the
targeted genes are unknown, we thinned the SNP positions with a
window size of 20 bp (‘~thin 20') using VCFtools (Danecek et al., 2011),
which resulted in 9,182 sites. We estimated the network relationships
with TreeMix (Pickrell and Pritchard, 2012) by specifying the migration
(“m’) from O to 6, and selected the best model with OptM (Fitak, 2021)
in R.

2.9. D-statistic test of genomic introgression signals in A353-derived SNP
data

Patterson’s D-statistic test, also known as the ABBA-BABA test
(Malinsky et al., 2021), was used to identify genomic introgression
signals within the Hyb-Seq SNP data. We applied Dsuite (Malinsky et al.,
2021) to calculate the D-statistics, the related f4-ratio (admixture frac-
tion f; an intermediate step in the calculation of F-branch values) from
all possible species trios among filtered 9,182 SNPs. Finally, we used the
F-branch metric (Fbranch) (Malinsky et al., 2018) to plot the phyloge-
netic tree nodes on the 23-individual SNAPP consensus tree (see section
2.10), which identified those nodes with high probabilities of
introgression.
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2.10. Bayesian inference of species relationships using A353-derived
SNPs

The phylogeny and divergence times of 23 individuals were esti-
mated using the 9,182 filtered SNPs under the Bayesian based multi-
species coalescent approach of SNAPP (Bryant et al., 2012) as imple-
mented in BEAST2 (Bouckaert et al., 2014). We used ‘snapp_prep.rb’
(https://github.com/mmatschiner/snapp_prep) to convert the VCF
format as input format for SNAPP. The Markov Chain Monte Carlo
(MCMC) chain length was specified to 5,000,000 and the output trees
were saved every 250 iterations.

We extracted the previous estimated divergence times between
A. lycopodioides with sections Schizeilema, Stilbocarpa, Ranunculus,
Huanaca and Azorella [28.723 Ma (million years ago) with 95 % HPD
(highest posterior density) between 19.99 and 37.766 Ma] from a time-
calibrated tree of the order Apiales (Nicolas and Plunkett, 2014) as the
crown age for our SNAPP trees. The final effective sample size (ESS >
200) for the Bayesian posterior distribution was confirmed in Tracer
(Rambaut et al., 2018). After specifying the burn-in percentage to 10 %
and setting the mean heights as node heights, the final consensus SNAPP
tree was generated using TreeAnnotator (Drummond and Rambaut,
2007). The concordance level between SNAPP trees and the consensus
tree was visualized in DensiTree (Bouckaert, 2010).

2.11. Biogeographic history of New Zealand Azorella based on A353-
derived SNP data

The biogeographic history of New Zealand Azorella was analysed
using the SNAPP consensus tree for 23 representative individuals via
BioGeoBEARS package (Matzke, 2013) in R. From the known distribu-
tion of selected Azorella species, we defined six geographically distinct
regions to determine biogeographic connections between South America
and New Zealand, as well as to estimate the species diversification
within New Zealand. The defined regions were South America (A);
subantarctic islands, New Zealand (B); Australia (C); North Island, New

Molecular Phylogenetics and Evolution 214 (2026) 108469

Zealand (D); South Island, New Zealand (E); and Stewart Island, New
Zealand (F). The maximum number of areas in which a species could
occur was set to two based on known occurrence records. After
comparing the result of six models (DEC, DEC + J, DIVALIKE, DIVALIKE
+ J, BAYAREALIKE, and BAYAREALIKE + J) in BioGeoBEARS, we
selected the model with the highest AICc weight (AICc_wt) value to infer
the biogeographical history of the sampled Azorella species.

3. Results
3.1. Angiosperms353 baits sequencing efficiency and gene recovery

Using outputs from HybPiper and HybPhaser (Fig. 4; Fig. 5;
Table 52), we compared the Hyb-Seq sequencing efficiency and targeted
gene recovery rates of Angiosperms353 (A353) baits for all 131 samples
of Azorella based on the type of collected leaf material (field-collected vs
herbarium specimens) and the sequence platform (MiSeq vs HiSeq). For
each of the 131 sequenced individuals, the number of genes with suc-
cessfully assembled exons varied from 103 to 349, and the average
supercontig recovery lengths ranged from 435 to 3,468 bp per individual
(Table S2). One targeted locus (6514) had no sequence assembled for
any of the 131 individuals.

Our results showed at least 1.3 million mapped reads were necessary
for assembling the targeted genes with supercontigs (over 300 loci) for
both field-collected and specimen-based Azorella samples (Fig. 4a).
Given the different ploidy levels in New Zealand Azorella, we also
assessed the gene assembly quality by comparing the number of mapped
reads vs conflicting signals from the homeologous copies. The higher
number of mapped reads in the 101 samples sequenced on HiSeq
compared to those sequenced on MiSeq (Fig. 4b) also lead to the larger
number of genes (over 200 loci per sample) with stitched contigs (i.e.,
genes with sequence derived from multiple SPAdes assembled contigs),
and a higher number of paralogs were also detected (over 25 loci per
sample; Fig. 4c). In addition, for those individuals sequenced on HiSeq
with a sufficient number of mapped reads (Fig. 4d; Fig. 5), the average
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percentage of SNPs (i.e., allele divergence) was correlated with ploidy, i.
e. ~ 1 % for the 2x outgroup, ~2 % for 4x ingroup individuals, and > 4
% for higher polyploids (6x and 10x).

3.2. Angiosperms353 ASTRAL species tree reconstruction

Among all 345 filtered single-copy genes for 131 Azorella samples,
the trimmed alignment length varied from 222 to 7,188 bp (average
1,812 bp), and on average, each locus contained 456 parsimony infor-
mative sites (Table S3). The final Angiosperms353 (A353) ASTRAL
species tree generated from 345 gene trees showed high local posterior
probabilities (1.0) at the backbone nodes, whereas most nodes showed
high discordance levels among gene trees (pink pie charts). Interest-
ingly, for samples even without a sufficient number of recovered gene
sequences (e.g., Azfragosea_CANB798456 or Aznitens. CHR252408), in
the ASTRAL species tree, these individuals were nevertheless assigned to
the same clade as other individuals of the same taxon. However, a low
number of recovered genes also led to a lack of resolution regarding
intraspecific relationships for closely related taxa, such as the three
megaherbs in section Stilbocarpa (A. polaris, A. lyallii, A. robusta; Fig. 5).

The reconstructed ASTRAL species tree (Fig. 5) comprised six main
clades that corresponded with taxonomy and geographical distribution.
First, section Stilbocarpa, comprising three megaherbs from the New
Zealand subantarctic islands, was monophyletic (hereafter, clade
SubM). Similarly, section Schizeilema was also monophyletic,
comprising three subclades and one grade, including one grade and one
clade of six New Zealand taxa each (grade NZ1 and clade NZ2), a clade
of Australian A. fragosea (clade Au), and a clade of subantarctic
A. schizeilema (clade Sub) (Fig. 5). The final clade comprised the two
South American species from section Ranunculus (clade SA). Overall, the
ASTRAL tree showed that the three sampled sections (Stilbocarpa, Schi-
zeilema and Ranunculus) formed three monophyletic groups (Fig. 5), and
section Stilbocarpa was more distantly related to the sister clades of
sections Ranunculus and Schizeilema.

Grade NZ1 comprised species of three different ploidy levels,
including two sister tetraploid species (A. allanii and A. roughii), and a
paraphyletic group of higher polyploids, i.e., A. hookeri (6x), A. nitens
(6x), A. cockaynei (6x) and A. colensoi (10x). Clade NZ2 comprised
species that were mostly tetraploids, including A. exigua (4x), A. sp. (?x;
Azsp_CHR617214 and Azsp_CHR617283), A. hydrocotyloides (4x),
A. haastii subsp. cyanopetala (4x; samples labelled Azcyanopetala) and
A. pallida (6x). Furthermore, A. haastii subsp. haastii (4x, samples
labelled Azhaastii) formed three different lineages.

Overall, several section Schizeilema taxa represented by individuals
collected from multiple populations were monophyletic in the A353
ASTRAL tree (A. pallida, A. allanii, A. hydrocotyloides, A. exigua,
A. schizeilema, A. fragosea, A. allanii and A. roughii). In addition, some
Azorella taxa were challenging to identify using the key in Allan (1961),
given their similar morphological characteristics and phenotypic plas-
ticity. These individuals that were difficult to identify (shown with black
triangles in Fig. 5) were found in mixed clades or grades (Fig. 1; Fig. 5),
including three A. colensoi (Azcolensoi_AK289484A and B, and Azco-
lensoi_CHR275373) that group with A. hookeri, and one A. haastii subsp.
cyanopetala (Azcyanopetala CHR529029) with A. haastii subsp. haastii.
In addition, Azpallida CHR387053 did not cluster with the other
sampled A. pallida individuals, but instead was in an unresolved position
within the NZ1 clade near A. roughii and A. allanii. As this individual was
sampled from a locality within the range of A. roughii (Nelson, South
Island, New Zealand; Fig. 2), it is possible it was misidentified.

3.3. Topological incongruence between nrDNA- and plastome-based
phylogenies

Whole plastomes and the nrDNA cistrons (ETS-18S-ITS1-5.8S-ITS2-
268S) were de novo assembled for 105 Azorella individuals from genome-
skimming sequences. The trimmed alignment length for the nrDNA
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cistron was 7,619 bp and contained 828 parsimony informative sites.
The aligned plastome data set was 155,710 bp and contained 3,469
parsimony informative sites (Table S3).

The plastome phylogenetic tree reconstructed using IQ-TREE2
(Fig. 6a) had some of the same clades as the A353 ASTRAL species
tree (NZ1, SA, Au and SA), but some of the species relationships differed
(Fig. 5). In the plastome tree, SubM and SA formed a clade that was sister
to a clade of section Schizeilema (Fig. 6a), which comprised all taxa in the
NZ1, NZ2, Au and Sub A353 groups (Fig. 5). In addition, the NZ2 clade
reconstructed from A353 data (Fig. 5) was split into two clades (NZ2_cpl
and NZ2_cp2) that were not each other’s closest relative (Fig. 6a). Some
NZ2 taxa that were monophyletic in the A353 ASTRAL species tree
(Fig. 5), such as A. haastii subsp. cyanopetala and A. pallida, were split
across the two NZ2 clades in the plastome tree. The sole individual of
A. schizeilema sampled in this tree, Azschizeilema_Ome (Sub), was in the
NZ2_cp2 clade (Fig. 6a). Most taxa within the NZ1 clade of the A353 tree
(Fig. 5) were also not monophyletic. For example, all individuals of the
two higher polyploids A. colensoi (6x) and A. hookeri (10x) were nested
within a paraphyletic grade of all A. allanii (4x) and A. roughii (4x)
(Fig. 6a).

The nrDNA tree (Fig. 6b) displayed yet another topology compared
to the plastome tree (Fig. 6a) and the A353 ASTRAL tree (Fig. 5). The six
species previously reconstructed in a single clade NZ1 (in the A353 and
plastome trees) were reconstructed in two different clades in the nrDNA
tree (NZ1_nrl and NZ1 _nr2). Interestingly, NZ1_nr2 included the four
higher polyploids (10x A. colensoi, and 6x A. hookeri, A. cockaynei and
A. nitens) that were sister to SA, and NZ1_nr2 plus SA were in turn sister
to SubM. By contrast, the NZ1 _nrl clade (all 4x) was sister to the NZ2
clade (all 4x), and these were in turn sister to A. schizeilema, and then a
clade of Au (A. fragosea). Although NZ2 was reconstructed as a clade,
most taxa were not monophyletic, except A. exigua (Fig. 6b).

The homogenization levels among biparentally inherited nrDNA
cistrons were confirmed by calculating the allele divergence (proportion
of SNPs) from genome-skimming reads using PATE (Table S4). Across all
105 individuals, allele divergence was on average 0.13 %, i.e. there were
on average only nine sites per individual that were heterozygous in a
nearly 7 kbp region for the entire nrDNA cistron.

3.4. Analysis of reticulation in Azorella species using A353 locus and SNP
data

Based on the number of assembled genes with supercontigs in the
Hyb-Seq data, one individual per taxon was selected to test for reticu-
lation events among New Zealand Azorella species. We included addi-
tional individuals for species that had more than one lineage in the A353
locus tree (Fig. 5) or with more than one chloroplast type (Fig. 6a). In
total, 23 representative individuals were selected, including three in-
dividuals of A. haastii subsp. haastii from each of the three polyphyletic
groups (Fig. 5), and two individuals each of A. pallida and A. haastii
subsp. cyanopetala to represent their two plastome types (Fig. 6a).

We first reconstructed the ASTRAL species tree of the 23 selected
individuals from 219 filtered A353 loci that had no missing taxa and
calculated the gcf between gene trees. On average, each trimmed gene
alignment was 2,144 bp in length and had 237 parsimony informative
sites. The topology of the 23-individual A353 ASTRAL species tree
(Fig. 7a) showed similar species relationships as the 131-individual
A353 ASTRAL species tree (Fig. 5), including A. haastii subsp. haastii
which consistently exhibited the same topology of three separate
lineages.

By excluding the conflicting intraspecific signals and reducing the
missing taxa among targeted genes, the 23-individual ASTRAL species
tree (Fig. 7a) showed improvements in gene concordance levels in clade
NZ1 (blue pie charts), except two nodes which showed a high proportion
of genes that supported a main alternative topology (green pie charts), e.
g., the nodes leading to individuals Azcolensoi_BellA10 and Azhooker-
i_Tai, respectively. Similarly, the three megaherbs in clade SubM also
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b) Genome skimming of nrDNA
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Fig. 6. Comparison of phylogenetic relationships derived from a) plastome and b) nrDNA data for 105 samples of Azorella sections Schizeilema, Stilbocarpa and
Ranunculus. Nodes with bootstrap support values higher than 90% are indicated with red dots. The individual names represent the species name, and accession ID
(see Table S1 for full species names). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

supported a main alternative topology (green pie charts). This indicates
the alternative species relationships at these nodes should be considered.
By contrast, the interspecific discordance levels between NZ2, Sub and
Au remained high.

SplitsTree estimated the network from the concatenated sequences of
219 filtered Hyb-Seq loci (with a total of 51,796 parsimony-informative
sites) using the Neighbor-Net method (Fig. 7b). The network supported
clear sectional relationships between SubM (section Stilbocarpa), SA
(section Ranunculus) and section Schizeilema, whereas four other groups
(Au, Sub, NZ1, NZ2) within New Zealand Azorella showed unresolved,
conflicting signals (as indicated by the box-like relationships among
species).

The optimal model for the SNaQ network of 23 individuals supported
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four hybridization events (h = 4) (Fig. S2; Fig. 7c). These include (1) a
hybrid origin of 10x individual Azcolensoi_BellA10 from 6x Azhooker-
i_Tai, and a hybrid origin of the ancestral lineage to the NZ1 tetraploids,
NZ2, Au, and Sub. In addition, there were two hybridization events
within NZ2, which led to the formation of individuals Azhaastii_Eril (2)
and Azhydrocotyloides_Dob6 (3), respectively (Fig. 7c). Finally, indi-
vidual Azburkartii NYBG714 also exhibited a hybrid origin (4) with
Azranunculus NYBG2447 as one of the parental species (Fig. S2;
Fig. 7¢).

The homeologs of the nrDNA cistron were extracted for the 22
selected individuals using their phasing results in PATE (Table S4).
However, the result showed the copy number of homeologs varied from
a minimum of zero to a maximum of seven, which were not correlated
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a) ASTRAL tree for 23 representative indidviuals
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c) SNaQ network
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Fig. 7. Network analysis of 23 Azorella individuals representing all 18 taxa in the 131-individual A353 ASTRAL species tree (Fig. 5). a) The 23-individual ASTRAL
species tree of selected Azorella individuals using 219 filtered Angiosperms353 loci. Each node is labelled with a local posterior probability (0 to 1) and the number of
concordant genes (0 to 219), plus a gene concordance pie chart (i.e., blue = concordant, green = discordant with a main alternative, pink = discordant with all
remaining alternatives, and grey = uninformative). b) SplitsTree network from Neighbor-Net for 23 individuals (the outgroup species A. lycopodioides is not shown
due to a long branch). The box nodes are highlighted by green dots. ¢) SNaQ estimated network for the 23-individuals dataset when h = 4. The dashed lines represent
four hypothesized hybridization events between species or lineages. See Table S1 for full species names. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

with species ploidy levels. Moreover, the multi-labelled tree showed no
reticulation signals were found in nrDNA (Fig. S3).

3.5. Phylogenetic inference of Hyb-Seq data using SNPs

Phylogenies were constructed using 9,182 biallelic SNP sites without
missing data, which were selected from a total of 187,165 joint-called
SNPs. The best model for the TreeMix network was at m = 2 (Fig. S4).
The model supported two gene flow events from sister tetraploids
(A. allanii and A. roughii) in NZ1 to hexaploid A. hookeri and decaploid
A. colensoi, respectively (Fig. 8a).

We estimated the Bayesian tree of 23 individuals using SNAPP with
the same selected 9,182 biallelic SNPs. The consensus SNAPP tree was
calculated from 17,518 SNAPP trees after 10% burn-in (total 19,464
trees). The backbone of the SNAPP tree (Fig. 8c) was supported by high
posterior probabilities (PP = 1.0), and overall the topology was similar
to the 23-individual ASTRAL species tree (Fig. 7a), except that Sub was
further nested within the NZ2 clade, and NZ1 formed a monophyletic
group. However, the discordance levels within the NZ2 and SubM clades
remained high, and both exhibited a high proportion of alternative to-
pologies (Fig. 8b).
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3.6. Genomic introgression test using A353-derived SNPs

From the 9,182 SNPs filtered from the A353 Hyb-Seq data, genomic
introgression signals among all 23 selected individuals were calculated
using Patterson’s D-statistic and the related f-branch (fb) values. The
highest fb values corresponding to the SNAPP tree lineages (Fig. 9) can
be found between individual Azcolensoi_BellA10 and the sister NZ1
tetraploid individuals Azallanii HikB1 (fb = 0.34) and Azroughii_Stal
(fb = 0.21). In addition, the ancestral node to the NZ1 sister tetraploids
also showed introgression signals across all NZ2, Au, and Sub groups (fb
> 0.13). One individual of A. haastii subsp. haastii (Azhaastii Bri6)
showed gene flow with the two selected A. haastii subsp. cyanopetala
(average fb = 0.10) and two A. pallida (average fb = 0.12) individuals,
and a low fb introgression value (0.05) from A. exigua that likely resulted
from similar ancestral polymorphisms. Moreover, an individual from the
SubM lineage, Azrobusta CHR617278, exhibited gene flow signals
across all sampled individuals, except the two other SubM megaherbs
(average fb = 0.09), which may likely be due to insufficient sequencing
data of this sample.

3.7. Biogeographical histories of New Zealand Azorella

The BioGeoBEARS result supported DEC + J as the most likely model
for biogeographical inference (Table S5). The model showed South
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b) Cloudogram of SNAPP Trees
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Fig. 8. Network, phylogeny, divergence time and biogeographic history estimation of Azorella species with Hyb-Seq A353 SNPs from 23 representative individuals.
a) A TreeMix network shows two introgression events (represented by orange arrows) between sampled individuals. The colour of individuals (tree tips) represents
the previously identified genetic groups (Fig. 5) in a to ¢ panels. b) Cloudogram of species relationships for 23 individuals inferred from Bayesian phylogenetic SNAPP
trees. The main consensus SNAPP tree is shown in blue with the alternative topologies represented by green or red. The x-axis shows the predicted divergence time
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America (SA) and the subantarctic islands (Sub) were the most likely
origins for section Schizeilema (NZ1, Au, Sub, NZ2), section Ranunculus
(SA), and section Stilbocarpa (Sub) (Fig. 8d; Fig. S5). Furthermore, in-
dependent dispersal events were supported for the two New Zealand
Azorella sections, suggesting two different origins. The ancestor to the
split between section Stilbocarpa and sections Schizeilema + Ranunculus
originated around 16.65 Ma (with 95 % highest posterior density (HPD)
22.15 to 11.64 Ma) with a more recent origin for the subantarctic islands
taxa (~15,000 years ago). By contrast, the ancestor to section Schizei-
lema dispersed to New Zealand around 7.04 Ma (with 95 % HPD be-
tween 9.36 and 4.88) from South America. In addition, within section
Schizeilema, the model also supported diversification of the species from
the South Island of New Zealand to the North Island (NZ), Australia (to
Au c. 5.29 Ma) or subantarctic islands (to Sub c. 2.64 Ma).

4. Discussion

Resolving relationships of polyploid-rich genera can provide insight
into the origins and diversification of polyploid lineages (Ning et al.,
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2024; Rothfels, 2021). In this study, we used the universal Angio-
sperms353 baits (Johnson et al., 2019) and successfully captured over
300 loci for phylogenetic, biogeographical, and network inferences of
New Zealand Azorella polyploids (4x, 6x and 10x) and their close rela-
tives. Our results also highlight the benefits of combining locus-based
phylogenomic analyses of nuclear and plastome data with SNP-based
analyses of nuclear loci to provide a more comprehensive understand-
ing of the origins and reticulate relationships of polyploid species. We
acknowledge two caveats that could increase phylogenetic uncertainty:
hybridization and polyploidization events (Rothfels, 2021), which can
affect the biogeographical inference using a bifurcating tree, and limited
outgroup sampling at the root of the tree (sections Huanuca and Azorella
were not sampled). Using different phylogenetic approaches and
comprehensive ingroup sampling throughout New Zealand, these results
nevertheless provide a clear picture of the patterns of evolution and
diversification in New Zealand Azorella. In particular, although the A353
loci were not phased into separate parental homeologs for each species,
we recovered meaningful species relationships for most taxa and were
able to identify some polyploid origins as discussed below.
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each species-trio combination.

4.1. Phylogenomics of polyploid Azorella

Phylogenetic inferences of non-model plant genera have been
significantly improved by the development of new sequencing tech-
niques over the last decade (Hibbins and Hahn, 2022; McKain et al.,
2018; Rothfels, 2021). Taking polyploid species (4x, 6x and 10x) in New
Zealand Azorella sections Schizeilema and Stilbocarpa as an example,
without having reference genome sequences, we recovered over 300
nuclear loci with sufficient sequencing depth from Angiosperms353
baits target-capture sequence reads (Fig. 5). Even for individuals with
limited starting material (such as field-collected A. exigua that only
yielded 5 ng total DNA; Fig. 1) or herbarium specimens that had low-
quality, degraded DNA (Fig. 5), the robust laboratory and bio-
informatic pipelines have nevertheless recovered sufficient sequence
reads for gene recovery.

Single-copy genes have been shown to be reliable for polyploid
phylogenetic inference (Naranjo et al., 2024) and a reliable species
phylogeny can be reconstructed when considering the phylogenetic
signals from genome-wide markers (Maddison and Knowles, 2006).
However, the diverse and dynamic nature of polyploid diversification
can generate additional challenges to fully resolve the interspecific re-
lationships using only Hyb-Seq data (Ning et al., 2024). Similar to other
studies on polyploid genera (Nauheimer et al., 2021; Nicol et al., 2024;
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Thomas et al., 2021), individuals of New Zealand Azorella also exhibited
a high allele divergence (average percentage of SNPs in each sample > 1
%; Fig. 4d; Fig. 5), which indicated potentially unsorted homeologous
gene copies that could be used for phylogenetic reconstruction.
Although the phasing of target loci has been developed for Hyb-Seq data
(Mendez-Reneau et al., 2023; Nauheimer et al., 2021; Tiley et al., 2024),
this is difficult to achieve with the universal Angiosperms353 baits,
especially for higher-level polyploids (i.e., greater than 4x). This is
because these baits mostly target the discontinuous exonic regions
within each locus, and it is a major challenge to assemble the complete
gene sequences without gaps from the short-read Illumina data.
Consequently, when sequencing depth and coverage is sufficient,
Hyb-Seq can be particularly useful to resolve the origins of allopolyploid
or hybrid species by recovering all homeologous sequences for each
targeted gene (Tiley et al., 2024). However, phasing is also just the first
step towards resolving the phylogenomic complexity of polyploid spe-
cies, i.e., assigning each homeologous copy to its correct subgenomic/
parental copy. Especially for higher polyploids, determining how many
potential subgenome donors are involved may eventually require a
completely assembled whole genome or at least reference sequences of
related diploids. If only using recovered genes with low allelic diver-
gence (i.e., no paralogs) to obtain a robustly supported backbone, the
resulting phylogeny may lack resolution of intra- or interspecific
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relationships (Zhou et al., 2022). Such is the case for New Zealand
Azorella species, for which a related diploid lineage is not known. In
addition, the difficulties encountered to correctly identify New Zealand
Azorella species using current keys indicate that a taxonomic revision is
needed, as has been done recently for some of the South American
species in sections Laretia and Spinosae from subgenus Andinae
(Fernandez et al., 2016, 2017b, 2017c¢).

In spite of these challenges, our results nevertheless showed the
utility of Angiosperms353 loci in providing resolved and meaningful
species relationships within the polyploid-rich section Schizeilema (see
below), especially when viewed in a comparative framework together
with the phylogeny based on Hyb-Seq SNP data only, and together with
the nrDNA and plastome phylogenies (Fig. 5; Fig. 6; Fig. 7c). Therefore,
for polyploid genera, it is important to compare biparentally inherited
nuclear markers with maternally inherited plastid markers, and to
incorporate data on chromosome counts and ploidy level, where avail-
able (Meudt et al., 2021; Ning et al., 2024; Fernandez et al., 2017a).
Moreover, increasing Hyb-Seq read length using a third-generation
sequencer (e.g., PacBio) and developing taxon-specific bait sets, may
help capture full-length homeologous sequences and reduce conflicting
signals among stitched exons.

4.2. Species relationships and the origins of the higher polyploids in
Azorella section Schizeilema

A comparison of the topologies reconstructed using different phy-
logenomic approaches of the Hyb-Seq data provides information on
species relationships and the likely origins of the higher-order poly-
ploids of New Zealand mainland Azorella. Moreover, the incongruence
between plastome, nrDNA or A353 loci phylogenies, which can be ex-
pected for polyploid species due to hybridization and introgression
events (de Lima Ferreira et al., 2022; Kandziora et al., 2021; Rose et al.,
2020; Fernandez et al., 2017a), provides evidence to confirm the retic-
ulate origin of the relationships of these taxa.

Within the NZ1 clade, the species relationships between the two
tetraploids (A. allanii, A. roughii), three hexaploids (A. hookeri, A. nitens,
and A. cockaynei) and the decaploid (A. colensoi) varied in the different
bifurcating phylogenetic trees (Fig. 7a; Fig. 8c). By contrast, all network
approaches (Fig. 7c,d; Fig. 8a) separated the two tetraploids from the
higher polyploids and grouped them with other tetraploids in section
Schizeilema. In addition, the networks and D-tests (Fig. 7c,d; Fig. 8a;
Fig. 9) also consistently identified the allopolyploid origin of A. colensoi
(10x) from maternal parent A. hookeri (6x), given these two species
shared nearly identical plastome sequences (Fig. 6a). By contrast, the
paternal lineage of A. colensoi was related to the sister species A. roughii
and A. allanii (both 4x), and is most likely to be A. allanii (Fig. 8a; Fig. 9),
because A. colensoi is a North Island endemic whose geographic distri-
bution overlaps with that of A. allanii (Fig. 2). Therefore, strictly bifur-
cating trees in themselves are not fully informative regarding polyploid
origins, but when accompanied by network methods can improve res-
olutions substantially (Kong et al., 2025). This was also shown to be the
case in South American (Andean-Patagonian) Azorella, where a hy-
bridization network showed six different reticulation events resulting in
both homoploid and allopolyploid species, including five in subgenus
Andinae, with most of these in the “Diversifolia” group, where hybridi-
zation is hypothesized to be an important evolutionary force in that
similarly rapidly radiating lineage (Fernandez et al., 2017a).

The homogenization processes of the nrDNA sequences recon-
structed here (Fig. 6b; Fig. S3) means that all tetraploids in New Zealand
(as well as the Australian A. fragosea and the subantarctic A. schizeilema)
share a similar nrDNA type which may have originated from the same
South American ancestor, whereas hexaploids that contain a similar
rDNA type to sections Ranunculus and Stilbocarpa may have a different
South American origin. On the other hand, similar plastome types for all
six species in the NZ1 clade (Fig. 6a) may indicate the ancestor to New
Zealand tetraploids was also involved in the formation of higher
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hexaploids. However, due to incomplete sampling from South America
[i.e., the taxa from sections Azorella and Huanaca in subgenus Azorella,
which are in a polytomy with section Schizeilema in previous studies
(Fernandez et al., 2017a; Plunkett and Nicolas, 2017)], it is difficult to
fully determine whether the formation of the hexaploids happened
before or after the dispersal of Azorella to New Zealand.

Within the NZ2 grade, the ancestors of A. fragosea, A. roughii and
A. dllanii may have played important roles regarding the diversification
of Azorella tetraploids. In the plastome trees (Fig. 6a), instead of showing
geographical patterns or patterns similar to nuclear data (A353 ASTRAL
tree and nrDNA tree) (Fig. 2; Fig. 5), the NZ2 group displayed two
different plastome types but only one type of nrDNA, which most likely
resulted from a hybridization event between the ancestor of A. fragosea,
and the ancestor of the sister species A. roughii and A. allanii, followed by
speciation via ecological differentiation and perhaps further hybridiza-
tion (Joly et al., 2014). Indeed, the NZ2 grade exhibited substantial
introgression and complex network relationships as evidenced by the
discordance levels of Hyb-Seq gene trees and SNP trees (Fig. 7a; Fig. 8b),
as well as the reticulation signals in the network (Fig. 7c; Fig. 9). The
single nrDNA type of the NZ2 group could have also resulted from
concerted evolution, accelerated by reticulation events to promote the
homogenization process in NZ2 taxa (Alvarez and Wendel, 2003; Garcia-
Jacas et al., 2009; Hillis and Dixon, 1991).

As allopolyploidy has been an integral part of the origin of species in
section Schizeilema, species circumscription remains challenging. For
example, we sampled multiple populations of the two subspecies of
A. haastii, which were polyphyletic in the ASTRAL tree as well as in the
plastome and nrDNA trees (Fig. 5; Fig. 6a, b). These subspecies were
similarly not monophyletic in the analyses of Nicolas et al. (2025), and
field identification can sometimes be difficult. We also included samples
that possibly represent new taxa and are in need of formal naming and
description because they do not align with current descriptions of spe-
cies in New Zealand (e.g., Azsp_CHR617214, Azsp_CHR617283, and
Azsp_AN58).

4.3. Dynamic dispersal patterns of Azorella section Schizeilema

The BioGeoBEARS biogeographical model based on SNAPP data
indicated the ancestor of the 14 New Zealand Azorella taxa in section
Schizeilema, which is closely related to the South American section
Ranunculus (also in subgenus Azorella), dispersed to the South Island of
New Zealand during the Late Miocene, c. 7.04 Ma (Fig. 8d; Fig. S5). In
comparison, the age of this clade in Nicolas et al. (2025) based on plastid
sequence data was 10.09 Ma and the ancestor inferred from the sub-
antarctic or Stewart Islands. These minor differences are likely explained
by the distinct data sets and differences in taxon sampling. The
circumpolar westerly winds and ocean currents formed during the
Miocene (23 to 5 Ma) (Barker and Burrell, 1982) provided opportunities
for plant propagules to disperse from South America to New Zealand
(Sanmartin et al., 2007; Sanmartin and Ronquist, 2004; Winkworth
et al., 2002). Species diversification within section Schizeilema started
from the Late Miocene (7 to 5 Ma) and continued throughout the
Pliocene-Pleistocene (5 to 0 Ma), which also fits the predicted time of
active vascular plant evolution in New Zealand, beginning in the Late
Miocene and thereafter (10 to 0 Ma) (Heenan and McGlone, 2019).

Rapid diversification of South Island endemic alpine Azorella started
by c. 3.65 Ma (NZ2, blue clade in Fig. 8c) and may be correlated with
late Pliocene-Pleistocene (5 to 0 Ma) geological events in the New
Zealand Southern Alps, especially their uplift and glaciation cycles
(Winkworth et al., 2005; Heenan and McGlone, 2013). Species diversi-
fication was influenced by reticulation and polyploidization events, as
has been the case in the South American species of Azorella, especially in
subgenus Andinae (Fernandez et al., 2017a), or reticulation and poly-
ploidization events, as well as many other New Zealand plant genera, e.
g., Veronica (Plantaginaceae) (Thomas et al., 2021; Wagstaff and Gar-
nock-Jones, 1998), Ranunculus (Ranunculaceae) (Lockhart et al., 2001),



W. Ning et al.

Ourisia (Plantaginaceae) (Meudt and Simpson, 2006), Pachycladon
(Brassicaceae) (Joly et al., 2009), Plantago (Plantaginaceae) (Tay et al.,
2010), Lepidium (Brassicaceae) (Smissen et al., 2024), and Leptinella
(Asteraceae) (Himmelreich et al., 2014).

A perennial life-form, vegetative reproduction (Fig. S1), and small
seed size (Friedman, 2020; Meudt et al., 2021) are all characteristics that
may have helped New Zealand Azorella become a transoceanic traveller
to colonize new lands. Indeed, hybridization may have also played a role
in such colonizations, as it did in two homoploid hybrid South American
species in subgenus Andinae, A. selago and A. filamentosa, which were
hypothesised to colonise harsher habitats (including in the subantarctic)
due to hybrid origins facilitating their range expansion (Fernandez et al.,
2017a). The facilitation of gene exchange, recombination, and an
increased adaptive potential through hybridization and allopolyploidy
in Azorella, may have been a mechanism enabling adaptation to climate
and environmental change in New Zealand through the late-Cenozoic
(Becker et al., 2013). Although the NZ2 grade showed high topologi-
cal uncertainties likely due to interspecific hybridization (Fig. 7; Fig. 9),
A. schizeilema (Sub) — endemic to the New Zealand subantarctic islands
(Auckland Islands and Campbell Island) — most likely diverged c. 2.6 Ma
from within this lineage, and dispersed to the subantarctic islands from
the South Island (Fig. 6; Fig. 8c,d). Similarly, A. fragosea (Au) dispersed
from the South Island of New Zealand to Australia c. 5.3 Ma (Fig. 8c,d).
Despite the strong westerly winds limiting dispersal from New Zealand
to Australia, dispersal via easterly winds in the lower-atmosphere or via
bird migration is still possible (Wardle, 1978; Winkworth et al., 2002).
Indeed, several New Zealand plant genera show similar biogeographical
patterns of South American origin and long-distance dispersal to New
Zealand, where they subsequently underwent diversification and range
expansion, particularly in the South Island, from which they dispersed
again to Australia, subantarctic islands or other areas, e.g., Ranunculus
(Lockhart et al., 2001), Pachycladon (Heenan and Mitchell 2003), Ourisia
(Meudt and Simpson, 2006), and Veronica (Meudt and Bayly, 2008;
Wagstaff et al., 2002).

Species dispersal from the South Island to the North Island of New
Zealand may have a more recent history in section Schizeilema. Although
the species relationships within clade NZ1 are not well resolved due to
reticulate evolutionary histories (Fig. 7c; Fig. 8a; Fig. 9) (see below), the
recent divergence time of the well supported sister species, A. allanii
(from southern North Island) and A. roughii (from northern South Is-
land), was c. 40,900 years ago. The speciation of this sister species pair
and their allopatric distribution across the Cook Strait may have been
facilitated by two geologically recent events (middle Quaternary, c. 1
Ma), i.e., a land bridge that connected southern areas of the North Island
to northern parts of the South Island, e.g., between the Wellington and
Nelson regions (Trewick and Bland, 2012), and the formation of the
North Island mountains and alpine habitats. Similarly, the dispersal of
A. cockaynei from the South Island to Stewart Island may also have been
assisted by a land bridge that existed during the Pleistocene (Lockhart
et al., 2001).

4.4. Biogeographical history of subantarctic Azorella megaherbs (section
Stilbocarpa)

Section Stilbocarpa, which includes the subantarctic megaherbs, was
strongly supported as monophyletic in all analyses and more distantly
related to the two smaller rhizomatous herbaceous sections Schizeilema
and Ranunculus (Fig. 5; Fig. 7a; Fig. 8c). Moreover, the topology of the
SNAPP consensus tree (Fig. 8d) showed that section Stilbocarpa may
have a different biogeographical origin compared to sections Schizeilema
and Ranunculus. Our result is consistent with Nicolas et al. (2025) in
reconstructing the ancestor of section Stilbocarpa from the subantarctic
islands.

The BioGeoBEARS biogeographical analysis indicated a date of c.
16.65 Ma for the ancestor of the split between sections Stilbocarpa
(SubM) and Ranunculus + Schizeilema (Fig. 8d), with its most likely
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ancestral area in South America or subantarctic islands. This timing
could coincide with a hypothesis of dispersal via Antarctica from South
America (e.g., Wagstaff et al., 2007; Lehnebach et al., 2017; Sancho
et al., 2015) before the ice sheet covered the whole Antarctic continent
and eliminated all the flowering plants estimated to have occurred 14 to
3.9 Ma (Convey et al., 2008; Lewis et al., 2008; Sancho et al., 2015;
Sanmartin et al., 2007; Winkworth et al., 2015). Such a hypothesis
would mean that section Stilbocarpa must have survived the glaciation of
the last glacial maximum (LGM: 20,000 years ago), when glaciers
covered most of the subantarctic islands, including all of the landmass of
the Auckland Islands, a large portion of Campbell Island, and part of
Stewart Island, but not Macquarie Island (Hodgson et al., 2014;
McGlone, 2002; Wagstaff et al., 2011). Until 15,000 years ago, the
retreat of LGM glaciers provided open space for plant recolonization
(Fraser et al., 2009; McGlone, 2002; Suggate, 1990). On the other hand,
Rainsley et al., (2019) suggested glaciation was much more restricted on
the Auckland Islands and Campbell Island during the LGM. Similarly,
the megaherb genus Pleurophyllum (Asteraceae) also had a post-glacial
dispersal history on the New Zealand subantarctic islands and subse-
quently survived the LGM (Wagstaff et al., 2011).

Nevertheless, the SNAPP analysis also suggests the three megaherb
species within section Stilbocarpa likely diversified and dispersed across
different regions of subantarctic islands only after the LGM around
15,000 years ago (Fig. 8c). Azorella polaris is currently widely distrib-
uted throughout the subantarctic, including Macquarie Island
(Australia), Auckland Islands, Campbell Island, Stewart Island, and
Antipodes Island. By contrast, the other two megaherbs have more
restricted distributions: A. lyallii is endemic to Stewart Island and
A. robusta can only be found on Snares Island (Table 1).

Although the clade containing all three megaherb species was always
monophyletic in the A353 ASTRAL, plastome and nrDNA trees (and also
sister to section Ranunculus), the species relationships among them were
not fully resolved (Fig. 5; Fig. 6). They also formed a polytomy in a
previous phylogenetic study based on ITS (Mitchell et al., 1999) and
showed varying relationships in plastid and nuclear trees in Nicolas et al.
(2025). Furthermore, our results showed large portions of discordant
Hyb-Seq gene trees (Fig. 7a) and discordance in the SNAPP tree
(Fig. 8b), which means alternative topologies among the three species
must be considered. Therefore, a more comprehensive sampling within
each species, only one of which has a known ploidy level (A. polaris, 6x),
may be necessary to determine the species boundaries and population
structure among the megaherbs.

5. Conclusion

Azorella section Schizeilema is an excellent system to study the evo-
lution of polyploidy, especially the origin and diversification of higher-
level polyploids. By incorporating data from hundreds of nuclear loci
with plastome data, the topological incongruence between organellar
and nuclear-based trees highlighted the importance of considering
network approaches when inferring the phylogeny of polyploid-rich
groups. However, current network methods have limited power when
multiple polyploid species are involved in the network. Nonetheless,
such an approach would be useful to undertake for other genera within
Apiaceae to reveal relationships that may be obscured by the use of a
single-genome data set (e.g., Wen et al., 2021, Clarkson et al., 2021).
Species in section Schizeilema have diversified in New Zealand into a
variety of habitats, which may have been facilitated by their allopoly-
ploid origins. As several species were reconstructed as not mono-
phyletic, future studies should investigate species boundaries, with
likely new taxa to be described. Similarly, future sequencing approaches
that can retrieve full-length homeologous loci and pipelines that can
distinguish among higher level polyploids would facilitate evolutionary
studies of complex flowering plant genera.



W. Ning et al.
CRediT authorship contribution statement

Weixuan Ning: Writing — original draft, Formal analysis, Data
curation, Conceptualization. Heidi M. Meudt: Writing — review &
editing, Supervision, Project administration, Funding acquisition, Data
curation, Conceptualization. Antoine N. Nicolas: Writing — review &
editing, Data curation. Gregory M. Plunkett: Writing — review & edit-
ing, Data curation. Peter B. Heenan: Writing — review & editing, Data
curation. William G. Lee: Writing — review & editing, Funding acqui-
sition, Conceptualization. Jennifer A. Tate: Writing — review & editing,
Supervision, Project administration, Methodology, Funding acquisition,
Conceptualization.

Funding

This work was supported by the Royal Society of New Zealand
Marsden fund (17-LCR-006 to W.L., H.M., and J.T). Additional funding
from the Australasian Systematic Botany Society Hansjorg Eichler Sci-
entific Research Fund and the Royal Society of New Zealand Hutton
Fund to W.N. are gratefully acknowledged.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

All field collections were made under the New Zealand Department
of Conservation Global Concession CA-5160-OTH. We thank the many
people who assisted with field work or collected samples, but especially
Alex Fergus, Antony Kusabs, Brian Rance, Cara-Lisa Schloots, Chris
Ecroyd, David Lyttle, David Glenny, Demet Tore, John Henry, John
Barkla, Kay Pilkington, Kerry Ford, and Mike Thorsen. A very special
thanks to Xiaixiao Lin at Massey Genome Service, who made an enor-
mous effort to polish the laboratory steps with W.N. We are grateful to
staff from the following herbaria for assistance with specimen infor-
mation, localities, and allowing use of the specimens for this study: Allan
Herbarium (CHR), Auckland Museum (AK), Te Papa (WELT), Dame Ella
Campbell Herbarium (MPN), Australian National Herbarium (CANB),
and the New York Botanical Garden (NYBG). We also thank Matt
Johnson, Lars Nauheimer and Andrew Crowl for their suggestions
regarding the bioinformatic pipeline for Hyb-Seq data during the course
of this study and Carl Rothfels, Rob Smissen, and Richard Winkworth for
comments on an earlier version of this manuscript. We gratefully
acknowledge the New Zealand eScience Infrastructure (NeSI) for
providing data storage, computing resources, and bioinformatics
support.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ympev.2025.108469.

The target enrichment sequencing data and genome-skimming data
are available at NCBI BioProject PRINA885464 (https://www.ncbi.nlm.
nih.gov/bioproject/PRINA885464/; Table S1). The NCBI accession
numbers for extracted nrDNA and plastome sequences can be found in
Table S1. All supplementary figures, supplementary tables, retrieved
gene sequence data, gene alignments, phylogenetic trees and scripts for
conducting all analyses are available at: https://github.com/WeixuanP
lant/NZAzorellaAngiosperms353.

Data availability

Data are available at https://github.com/WeixuanPlant/NZAzorella.

16

Molecular Phylogenetics and Evolution 214 (2026) 108469

References

Allan, H.H., 1961. Flora of New Zealand. R.E, Owen, Government printer.

Alvarez, 1., Wendel, J.F., 2003. Ribosomal ITS sequences and plant phylogenetic
inference. Mol. Phylogenet. Evol. 29, 417-434. https://doi.org/10.1016/s1055-
7903(03)00208-2.

Andersson, L., Kocsis, M., Eriksson, R., 2006. Relationships of the genus Azorella
(Apiaceae) and other hydrocotyloids inferred from sequence variation in three
plastid markers. Taxon 55, 270-280. https://doi.org/10.2307/25065577.

Becker, M., Gruenheit, N., Steel, M., Voelckel, C., Deusch, O., Heenan, P.B.,
McLenachan, P.A., Kardailsky, O., Leigh, J.W., Lockhart, P.J., 2013. Hybridization
may facilitate in situ survival of endemic species through periods of climate change.
Nat. Clim. Chang. 3, 1039-1043. https://doi.org/10.1038/nclimate2027.

Beuzenberg, E.J., Hair, J.B., 1983. Contributions to a chromosome atlas of the New
Zealand flora—25 miscellaneous species. N. Z. J. Bot. 21, 13-20. https://doi.org/
10.1080/0028825X.1983.10428520.

Birky Jr, C.W., 1995. Uniparental inheritance of mitochondrial and chloroplast genes:
mechanisms and evolution. PNAS 92, 11331-11338. https://doi.org/10.1073/
pnas.92.25.11331.

Bolger, A.M., Lohse, M., Usadel, B., 2014. Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics 30, 2114-2120. https://doi.org/10.1093/
bioinformatics/btul70.

Borowiec, M.L., 2016. AMAS: a fast tool for alignment manipulation and computing of
summary statistics. PeerJ 4, e1660.

Bouckaert, R., Heled, J., Kiihnert, D., Vaughan, T., Wu, C.-H., Xie, D., Suchard, M.A.,
Rambaut, A., Drummond, A.J., 2014. BEAST 2: a software platform for Bayesian
evolutionary analysis. PLoS Comput. Biol. 10, €1003537. https://doi.org/10.1371/
journal.pcbi.1003537.

Bouckaert, R.R., 2010. DensiTree: making sense of sets of phylogenetic trees.
Bioinformatics 26, 1372-1373. https://doi.org/10.1093/bioinformatics/btq110.

Bryant, D., Bouckaert, R., Felsenstein, J., Rosenberg, N.A., RoyChoudhury, A., 2012.
Inferring species trees directly from biallelic genetic markers: bypassing gene trees in
a full coalescent analysis. Mol. Biol. Evol. 29, 1917-1932. https://doi.org/10.1093/
molbev/mss086.

Capella-Gutiérrez, S., Silla-Martinez, J.M., Gabaldén, T., 2009. trimAl: a tool for
automated alignment trimming in large-scale phylogenetic analyses. Bioinformatics
25, 1972-1973. https://doi.org/10.1093/bioinformatics/btp348.

Clark, J.W., Donoghue, P.C.J., 2018. Whole-genome duplication and plant
macroevolution. Trends Plant Sci. 23, 933-945. https://doi.org/10.1016/].
tplants.2018.07.006.

Clarkson, J.J., Zuntini, A.R., Maurin, O., Downie, S.R., Plunkett, G.M., Nicolas, A.N.,
Smith, J.F., Feist, M.A.E., Gutierrez, K., Malakasi, P., Bailey, P., Brewer, G.E.,
Epitawalage, N., Zmarzty, S., Forest, F., Baker, W.J., 2021. A higher-level nuclear
phylogenomic study of the carrot family (Apiaceae). Am. J. Bot. 108, 1252-1269.
https://doi.org/10.1002/ajb2.1701.

Convey, P., Gibson, J.A.E., Hillenbrand, C.-D., Hodgson, D.A., Pugh, P.J.A., Smellie, J.L.,
Stevens, M.L., 2008. Antarctic terrestrial life—challenging the history of the frozen
continent? Biol. Rev. Camb. Philos. Soc. 83, 103-117. https://doi.org/10.1111/
j-1469-185X.2008.00034.x.

Danecek, P., Auton, A., Abecasis, G., Albers, C.A., Banks, E., DePristo, M.A., Handsaker,
R.E., Lunter, G., Marth, G.T., Sherry, S.T., McVean, G., Durbin, R., 1000 Genomes
Project Analysis Group, 2011. The variant call format and VCFtools. Bioinformatics
27, 2156-2158. https://doi.org/10.1093/bioinformatics/btr330.

Dawson, M.I., 2000. Index of chromosome numbers of indigenous New Zealand
spermatophytes. N. Z. J. Bot. 38, 47-150. https://doi.org/10.1080/
0028825X.2000.9512673.

de Lima Ferreira, P., Batista, R., Andermann, T., Groppo, M., Bacon, C.D., Antonelli, A.,
2022. Target sequence capture of Barnadesioideae (Compositae) demonstrates the
utility of low coverage loci in phylogenomic analyses. Mol. Phylogenet. Evol. 169,
107432. https://doi.org/10.1016/j.ympev.2022.107432.

Doyle, J.J., Doyle, J.L., 1987. A rapid DNA isolation procedure for small quantities of
fresh leaf tissue. Phytochemical Bulletin 19, 11-15.

Drummond, A.J., Rambaut, A., 2007. BEAST: Bayesian evolutionary analysis by sampling
trees. BMC Evol. Biol. 7, 214. https://doi.org/10.1186/1471-2148-7-214.

Fernandez, M., Ezcurra, C., Calvino, C.I., 2017a. Chloroplast and ITS phylogenies to
understand the evolutionary history of southern South American Azorella, Laretia
and Mulinum (Azorelloideae, Apiaceae). Mol. Phylogenet. Evol. 108, 1-21. https://
doi.org/10.1016/j.ympev.2017.01.016.

Fernandez, M., Ezcurra, C., Calvino, C.I., 2017b. Taxonomic revision of the South
American genus Mulinum (Azorelloideae, Apiaceae). An. Jard. Bot. Madr. (1979) 74,
048.

Fernandez, M., Ezcurra, C., Calvino, C.I., 2017c. Species limits and morphometric and
environmental variation within the South andean and Patagonian Mulinum spinosum
species-group (Apiaceae-Azorelloideae). System. Biodivers. 15, 489-505.

Fernandez, M., Ezcurra, C., Calvino, C.I., 2016. Morphology, fruit anatomy and
taxonomy of the south andean genus Laretia (Azorelloideae, Apiaceae). Syst. Bot. 41,
807-812.

Fitak, R.R., 2021. OptM: estimating the optimal number of migration edges on
population trees using Treemix. Biol. Methods Protoc. 6, bpab017. https://doi.org/
10.1093/biomethods/bpab017.

Fraser, C.I., Nikula, R., Spencer, H.G., Waters, J.M., 2009. Kelp genes reveal effects of
subantarctic sea ice during the last Glacial Maximum. PNAS 106, 3249-3253.
https://doi.org/10.1073/pnas.0810635106.

Friedman, J., 2020. The evolution of annual and perennial plant life histories: ecological
correlates and genetic mechanisms. Annu. Rev. Ecol. Evol. Syst. 51, 461-481.
https://doi.org/10.1146/annurev-ecolsys-110218-024638.


https://doi.org/10.1016/j.ympev.2025.108469
https://doi.org/10.1016/j.ympev.2025.108469
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA885464/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA885464/
https://github.com/WeixuanPlant/NZAzorellaAngiosperms353
https://github.com/WeixuanPlant/NZAzorellaAngiosperms353
http://refhub.elsevier.com/S1055-7903(25)00186-1/h0005
https://doi.org/10.1016/s1055-7903(03)00208-2
https://doi.org/10.1016/s1055-7903(03)00208-2
https://doi.org/10.2307/25065577
https://doi.org/10.1038/nclimate2027
https://doi.org/10.1080/0028825X.1983.10428520
https://doi.org/10.1080/0028825X.1983.10428520
https://doi.org/10.1073/pnas.92.25.11331
https://doi.org/10.1073/pnas.92.25.11331
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
http://refhub.elsevier.com/S1055-7903(25)00186-1/h0040
http://refhub.elsevier.com/S1055-7903(25)00186-1/h0040
https://doi.org/10.1371/journal.pcbi.1003537
https://doi.org/10.1371/journal.pcbi.1003537
https://doi.org/10.1093/bioinformatics/btq110
https://doi.org/10.1093/molbev/mss086
https://doi.org/10.1093/molbev/mss086
https://doi.org/10.1093/bioinformatics/btp348
https://doi.org/10.1016/j.tplants.2018.07.006
https://doi.org/10.1016/j.tplants.2018.07.006
https://doi.org/10.1002/ajb2.1701
https://doi.org/10.1111/j.1469-185X.2008.00034.x
https://doi.org/10.1111/j.1469-185X.2008.00034.x
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1080/0028825X.2000.9512673
https://doi.org/10.1080/0028825X.2000.9512673
https://doi.org/10.1016/j.ympev.2022.107432
http://refhub.elsevier.com/S1055-7903(25)00186-1/h0095
http://refhub.elsevier.com/S1055-7903(25)00186-1/h0095
https://doi.org/10.1186/1471-2148-7-214
https://doi.org/10.1016/j.ympev.2017.01.016
https://doi.org/10.1016/j.ympev.2017.01.016
http://refhub.elsevier.com/S1055-7903(25)00186-1/h0115
http://refhub.elsevier.com/S1055-7903(25)00186-1/h0115
http://refhub.elsevier.com/S1055-7903(25)00186-1/h0115
http://refhub.elsevier.com/S1055-7903(25)00186-1/h0120
http://refhub.elsevier.com/S1055-7903(25)00186-1/h0120
http://refhub.elsevier.com/S1055-7903(25)00186-1/h0120
https://doi.org/10.1093/biomethods/bpab017
https://doi.org/10.1093/biomethods/bpab017
https://doi.org/10.1073/pnas.0810635106
https://doi.org/10.1146/annurev-ecolsys-110218-024638

W. Ning et al.

Garcia-Jacas, N., Soltis, P.S., Font, M., Soltis, D.E., Vilatersana, R., Susanna, A., 2009.
The polyploid series of Centaurea toletana: glacial migrations and introgression
revealed by nrDNA and cpDNA sequence analyzes. Mol. Phylogenet. Evol. 52,
377-394. https://doi.org/10.1016/j.ympev.2009.03.010.

Hair, J.B., 1980. Contributions to a chromosome atlas of the New Zealand flora - 21
Umbelliferae (miscellaneous genera). N. Z. J. Bot. 18, 559-562. https://doi.org/
10.1080/0028825X.1980.10425178.

Heenan, P.B., McGlone, M.S., 2013. Evolution of New Zealand alpine and open-habitat
plant species during the late-Cenozoic. N. Z. J. Ecol. 37, 105-113.

Heenan, P.B., McGlone, M.S., 2019. Cenozoic formation and colonisation history of the
New Zealand vascular flora based on molecular clock dating of the plastid rbcL gene.
N. Z. J. Bot. 57, 204-226. https://doi.org/10.1080/0028825X.2019.1632356.

Heenan, P.B., Mitchell, A.D., 2003. Phylogeny, biogeography and adaptive radiation of
Pachycladon (Brassicaceae) in the mountains of South Island, New Zealand. J. Biog.
30, 1737-1749.

Hibbins, M.S., Hahn, M.W., 2022. Corrigendum to: Phylogenomic approaches to
detecting and characterizing introgression. Genetics 220. https://doi.org/10.1093/
genetics/iyab220.

Hillis, D.M., Dixon, M.T., 1991. Ribosomal DNA: molecular evolution and phylogenetic
inference. Q. Rev. Biol. 66, 411-453. https://doi.org/10.1086,/417338.

Himmelreich, S., Breitwieser, 1., Oberprieler, C., 2014. Phylogenetic relationships in the
extreme polyploid complex of the New Zealand genus Leptinella (Compositae:
Anthemideae) based on AFLP data. Taxon 63, 883-898. https://doi.org/10.12705/
634.19.

Hodgson, D.A., Graham, A.G.C., Roberts, S.J., Bentley, M.J., Cofaigh, c.o, Verleyen, E.,
Vyverman, W., Jomelli, V., Favier, V., Brunstein, D., Verfaillie, D., Colhoun, E.A.,
Saunders, K.M., Selkirk, P.M., Mackintosh, A., Hedding, D.W., Nel, W., Hall, K.,
McGlone, M.S., Van der Putten, N., Dickens, W.A., Smith, J.A., 2014. Terrestrial and
submarine evidence for the extent and timing of the last Glacial Maximum and the
onset of deglaciation on the maritime-Antarctic and sub-Antarctic islands. Quat. Sci.
Rev. 100, 137-158. https://doi.org/10.1016/j.quascirev.2013.12.001.

Huson, D.H., Bryant, D., 2006. Application of phylogenetic networks in evolutionary
studies. Mol. Biol. Evol. 23, 254-267. https://doi.org/10.1093/molbev/msj030.
Jiao, Y., Wickett, N.J., Ayyampalayam, S., Chanderbali, A.S., Landherr, L., Ralph, P.E.,

Tomsho, L.P., Huy, Y., Liang, H., Soltis, P.S., Soltis, D.E., Clifton, S.W., Schlarbaum, S.
E., Schuster, S.C., Ma, H., Leebens-Mack, J., dePamphilis, C.W., 2011. Ancestral
polyploidy in seed plants and angiosperms. Nature 473, 97-100. https://doi.org/
10.1038/nature09916.

Jin, J.-J., Yu, W.-B,, Yang, J.-B., Song, Y., dePamphilis, C.W., Yi, T.-S., Li, D.-Z., 2020.
GetOrganelle: a fast and versatile toolkit for accurate de novo assembly of organelle
genomes. Genome Biol. 21, 241. https://doi.org/10.1186/513059-020-02154-5.

Johnson, M.G., Gardner, E.M., Liu, Y., Medina, R., Goffinet, B., Shaw, A.J., Zerega, N.J.
C., Wickett, N.J., 2016. HybPiper: Extracting coding sequence and introns for
phylogenetics from high-throughput sequencing reads using target enrichment.
Appl. Plant Sci. 4, 1600016. https://doi.org/10.3732/apps.1600016.

Johnson, M.G., Pokorny, L., Dodsworth, S., Botigué, L.R., Cowan, R.S., Devault, A.,
Eiserhardt, W.L., Epitawalage, N., Forest, F., Kim, J.T., Leebens-Mack, J.H., Leitch, I.
J., Maurin, O., Soltis, D.E., Soltis, P.S., Wong, G.-K.-S., Baker, W.J., Wickett, N.J.,
2019. A universal probe set for targeted sequencing of 353 nuclear genes from any
flowering plant designed using k-medoids clustering. Syst. Biol. 68, 594-606.
https://doi.org/10.1093/sysbio/syy086.

Joly, S., Heenan, P.B., Lockhart, P.J., 2014. Species radiation by niche shifts in New
Zealand’s rockcresses (Pachycladon, Brassicaceae). Syst. Biol. 63, 192-202. https://
doi.org/10.1093/sysbio/syt104.

Joly, S., Heenan, P.B., Lockhart, P.J., 2009. A Pleistocene inter-tribal
allopolyploidization event precedes the species radiation of Pachycladon
(Brassicaceae) in New Zealand. Mol. Phylogenet. Evol. 51, 365-372. https://doi.org/
10.1016/j.ympev.2009.02.015.

Junier, T., Zdobnov, E.M., 2010. The Newick utilities: high-throughput phylogenetic tree
processing in the UNIX shell. Bioinformatics 26, 1669-1670. https://doi.org/
10.1093/bioinformatics/btq243.

Kalyaanamoorthy, S., Minh, B.Q., Wong, T.K.F., von Haeseler, A., Jermiin, L.S., 2017.
ModelFinder: fast model selection for accurate phylogenetic estimates. Nat. Methods
14, 587-589. https://doi.org/10.1038/nmeth.4285.

Kandziora, M., Sklenaf, P., Kolaf, F., Schmickl, R., 2021. How to tackle phylogenetic
discordance in recent and rapidly radiating groups? developing a workflow using
Loricaria (Asteraceae) as an example. Front. Plant Sci. 12, 765719. https://doi.org/
10.3389/1pls.2021.765719.

Karbstein, K., Tomasello, S., Hoda¢, L., Wagner, N., Marincek, P., Barke, B.H.,
Paetzold, C., Horandl, E., 2022. Untying Gordian knots: unraveling reticulate
polyploid plant evolution by genomic data using the large Ranunculus auricomus
species complex. New Phytol. 235, 2081-2098. https://doi.org/10.1111/
nph.18284.

Katoh, K., Standley, D.M., 2013. MAFFT multiple sequence alignment software version 7:
improvements in performance and usability. Mol. Biol. Evol. 30, 772-780. https://
doi.org/10.1093/molbev/mst010.

Kong, S., Solis-Lemus, C., Tiley, G.P., 2025. Phylogenetic networks empower biodiversity
research. PNAS 122, e2410934122.

Lehnebach, C.A., Winkworth, R.C., Becker, M., Lockhart, P.J., Hennion, F., 2017. Around
the pole: evolution of sub-Antarctic Ranunculus. J. Biogeogr. 44, 875-886. https://
doi.org/10.1111/jbi.12952.

Lewis, A.R., Marchant, D.R., Ashworth, A.C., Hedenas, L., Hemming, S.R., Johnson, J.V.,
Leng, M.J., Machlus, M.L., Newton, A.E., Raine, J.I., Willenbring, J.K., Williams, M.,
Wolfe, A.P., 2008. Mid-Miocene cooling and the extinction of tundra in continental
Antarctica. PNAS 105, 10676-10680. https://doi.org/10.1073/pnas.0802501105.

17

Molecular Phylogenetics and Evolution 214 (2026) 108469

Li, H., 2011. A statistical framework for SNP calling, mutation discovery, association
mapping and population genetical parameter estimation from sequencing data.
Bioinformatics 27, 2987-2993. https://doi.org/10.1093/bioinformatics/btr509.

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G., Abecasis,
G., Durbin, R., 1000 Genome Project Data Processing Subgroup, 2009. The Sequence
Alignment/Map format and SAMtools. Bioinformatics 25, 2078-2079. https://doi.
org/10.1093/bioinformatics/btp352.

Li, Z., McKibben, M.T.W., Finch, G.S., Blischak, P.D., Sutherland, B.L., Barker, M.S.,
2021. Patterns and processes of diploidization in land plants. Annu. Rev. Plant Biol.
72, 387-410. https://doi.org/10.1146/annurev-arplant-050718-100344.

Lockhart, P.J., McLenachan, P.A., Havell, D., Glenny, D., Huson, D., Jensen, U., 2001.
Phylogeny, radiation, and transoceanic dispersal of New Zealand alpine buttercups:
molecular evidence under split decomposition. Ann. Mo. Bot. Gard. 88, 458-477.
https://doi.org/10.2307/3298586.

Maddison, W.P., Knowles, L.L., 2006. Inferring phylogeny despite incomplete lineage
sorting. Syst. Biol. 55, 21-30. https://doi.org/10.1080/10635150500354928.

Malinsky, M., Matschiner, M., Svardal, H., 2021. Dsuite - Fast D-statistics and related
admixture evidence from VCF files. Mol. Ecol. Resour. 21, 584-595. https://doi.org/
10.1111/1755-0998.13265.

Malinsky, M., Svardal, H., Tyers, A.M., Miska, E.A., Genner, M.J., Turner, G.F.,
Durbin, R., 2018. Whole-genome sequences of Malawi cichlids reveal multiple
radiations interconnected by gene flow. Nat. Ecol. Evol. 2, 1940-1955. https://doi.
org/10.1038/s41559-018-0717-x.

Matzke, N.J., 2013. BioGeography with Bayesian (and likelihood) evolutionary analysis
in R scripts. University of California, Berkeley.

McGlone, M.S., 2002. The Late Quaternary peat, vegetation and climate history of the
Southern Oceanic Islands of New Zealand. Quat. Sci. Rev. 21, 683-707. https://doi.
org/10.1016/50277-3791(01)00044-0.

McKain, M.R., Johnson, M.G., Uribe-Convers, S., Eaton, D., Yang, Y., 2018. Practical
considerations for plant phylogenomics. Appl. Plant Sci. 6, e1038.

Mclay, T.G.B., Birch, J.L., Gunn, B.F., Ning, W., Tate, J.A., Nauheimer, L., Joyce, E.M.,
Simpson, L., Schmidt-Lebuhn, A.N., Baker, W.J., Forest, F., Jackson, C.J., 2021. New
targets acquired: improving locus recovery from the Angiosperms353 probe set.
Appl. Plant Sci. 9. https://doi.org/10.1002/aps3.11420.

Mendez-Reneau, J., Gordon Burleigh, J., Sigel, E.M., 2023. Target capture methods offer
insight into the evolution of rapidly diverged taxa and resolve allopolyploid
homeologs in the fern genus Polypodium s.s. Syst. Bot. 48, 96-109. https://doi.org/
10.1600/036364423X16758873924135.

Meudt, H.M., Albach, D.C., Tanentzap, A.J., Igea, J., Newmarch, S.C., Brandt, A.J.,
Lee, W.G., Tate, J.A., 2021. Polyploidy on islands: its emergence and importance for
diversification. Front. Plant Sci. 12, 637214. https://doi.org/10.3389/
fpls.2021.637214.

Meudt, H.M., Bayly, M.J., 2008. Phylogeographic patterns in the Australasian genus
Chionohebe (Veronica s.1., Plantaginaceae) based on AFLP and chloroplast DNA
sequences. Mol. Phylogenet. Evol. 47, 319-338. https://doi.org/10.1016/j.
ympev.2007.12.019.

Meudt, H.M., Simpson, B.B., 2006. The biogeography of the austral, subalpine genus
Ourisia (Plantaginaceae) based on molecular phylogenetic evidence: south American
origin and dispersal to New Zealand and Tasmania. Biol. J. Linn. Soc. Lond. 87,
479-513. https://doi.org/10.1111/j.1095-8312.2006.00584.x.

Minh, B.Q., Hahn, M.W., Lanfear, R., 2020a. New methods to calculate concordance
factors for phylogenomic datasets. Mol. Biol. Evol. 37, 2727-2733. https://doi.org/
10.1093/molbev/msaal06.

Minh, B.Q., Schmidt, H.A., Chernomor, O., Schrempf, D., Woodhams, M.D., von
Haeseler, A., Lanfear, R., 2020b. IQ-TREE 2: New models and efficient methods for
phylogenetic inference in the genomic era. Mol. Biol. Evol. 37, 1530-1534. https://
doi.org/10.1093/molbev/msaa015.

Mirarab, S., Reaz, R., Bayzid, M.S., Zimmermann, T., Swenson, M.S., Warnow, T., 2014.
ASTRAL: genome-scale coalescent-based species tree estimation. Bioinformatics 30,
1541-i548. https://doi.org/10.1093/bioinformatics/btu462.

Mitchell, A.D., Meurk, C.D., Wagstaff, S.J., 1999. Evolution of Stilbocarpa, a megaherb
from New Zealand’s sub-antarctic islands. N. Z. J. Bot. 37, 205-211. https://doi.org/
10.1080/0028825X.1999.9512628.

Murray, B.G., de Lange, P.J., Bramwell, D., Caujape-Castells, J., 2011. “Chromosomes
and evolution in New Zealand endemic angiosperms and gymnosperms” in The
biology of island floras. eds. D. Bramwell and J. Caujapé-Castells (Cambridge:
Cambridge University Press), 265-283.

Naranjo, J.G., Sither, C.B., Conant, G.C., 2024. Shared single copy genes are generally
reliable for inferring phylogenetic relationships among polyploid taxa. Mol.
Phylogenet. Evol. 196, 108087. https://doi.org/10.1016/j.ympev.2024.108087.

Nauheimer, L., Weigner, N., Joyce, E., Crayn, D., Clarke, C., Nargar, K., 2021.
HybPhaser: a workflow for the detection and phasing of hybrids in target capture
data sets. Appl. Plant Sci. 9. https://doi.org/10.1002/aps3.11441.

Nicolas, A.N., Plunkett, G.M., 2014. Diversification times and biogeographic patterns in
Apiales. Bot. Rev. 80, 30-58. https://doi.org/10.1007/s12229-014-9132-4,

Nicolas, A.N., Heenan, P.B., Plunkett, G.M., 2025. Phylogenetics, diversification, and
biogeography of Azorella (Apiaceae), with a special focus on the Australasian clades.
Brittonia 77, 1-25. https://doi.org/10.1007/512228-025-09830-5.

Nicol, D.A., Saldivia, P., Summerfield, T., Heads, M., Lord, J.M., Khaing, E.P.,
Larcombe, M.J., 2024. Phylogenomics and morphology of the polyploid Celmisiinae
(Asteraceae: Astereae): Taxonomic and evolutionary implications. Mol. Phylogenet.
Evol. 108064. https://doi.org/10.1016/j.ympev.2024.108064.

Ning, W., Meudt, H.M., Tate, J.A., 2024. A roadmap of phylogenomic methods for
studying polyploid plant genera. Appl. Plant Sci. doi: 10.1002/aps3.11580.


https://doi.org/10.1016/j.ympev.2009.03.010
https://doi.org/10.1080/0028825X.1980.10425178
https://doi.org/10.1080/0028825X.1980.10425178
http://refhub.elsevier.com/S1055-7903(25)00186-1/h0150
http://refhub.elsevier.com/S1055-7903(25)00186-1/h0150
https://doi.org/10.1080/0028825X.2019.1632356
http://refhub.elsevier.com/S1055-7903(25)00186-1/h0160
http://refhub.elsevier.com/S1055-7903(25)00186-1/h0160
http://refhub.elsevier.com/S1055-7903(25)00186-1/h0160
https://doi.org/10.1093/genetics/iyab220
https://doi.org/10.1093/genetics/iyab220
https://doi.org/10.1086/417338
https://doi.org/10.12705/634.19
https://doi.org/10.12705/634.19
https://doi.org/10.1016/j.quascirev.2013.12.001
https://doi.org/10.1093/molbev/msj030
https://doi.org/10.1038/nature09916
https://doi.org/10.1038/nature09916
https://doi.org/10.1186/s13059-020-02154-5
https://doi.org/10.3732/apps.1600016
https://doi.org/10.1093/sysbio/syy086
https://doi.org/10.1093/sysbio/syt104
https://doi.org/10.1093/sysbio/syt104
https://doi.org/10.1016/j.ympev.2009.02.015
https://doi.org/10.1016/j.ympev.2009.02.015
https://doi.org/10.1093/bioinformatics/btq243
https://doi.org/10.1093/bioinformatics/btq243
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.3389/fpls.2021.765719
https://doi.org/10.3389/fpls.2021.765719
https://doi.org/10.1111/nph.18284
https://doi.org/10.1111/nph.18284
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/mst010
http://refhub.elsevier.com/S1055-7903(25)00186-1/h0245
http://refhub.elsevier.com/S1055-7903(25)00186-1/h0245
https://doi.org/10.1111/jbi.12952
https://doi.org/10.1111/jbi.12952
https://doi.org/10.1073/pnas.0802501105
https://doi.org/10.1093/bioinformatics/btr509
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1146/annurev-arplant-050718-100344
https://doi.org/10.2307/3298586
https://doi.org/10.1080/10635150500354928
https://doi.org/10.1111/1755-0998.13265
https://doi.org/10.1111/1755-0998.13265
https://doi.org/10.1038/s41559-018-0717-x
https://doi.org/10.1038/s41559-018-0717-x
http://refhub.elsevier.com/S1055-7903(25)00186-1/h0295
http://refhub.elsevier.com/S1055-7903(25)00186-1/h0295
https://doi.org/10.1016/S0277-3791(01)00044-0
https://doi.org/10.1016/S0277-3791(01)00044-0
http://refhub.elsevier.com/S1055-7903(25)00186-1/h0305
http://refhub.elsevier.com/S1055-7903(25)00186-1/h0305
https://doi.org/10.1002/aps3.11420
https://doi.org/10.1600/036364423X16758873924135
https://doi.org/10.1600/036364423X16758873924135
https://doi.org/10.3389/fpls.2021.637214
https://doi.org/10.3389/fpls.2021.637214
https://doi.org/10.1016/j.ympev.2007.12.019
https://doi.org/10.1016/j.ympev.2007.12.019
https://doi.org/10.1111/j.1095-8312.2006.00584.x
https://doi.org/10.1093/molbev/msaa106
https://doi.org/10.1093/molbev/msaa106
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1093/bioinformatics/btu462
https://doi.org/10.1080/0028825X.1999.9512628
https://doi.org/10.1080/0028825X.1999.9512628
https://doi.org/10.1016/j.ympev.2024.108087
https://doi.org/10.1002/aps3.11441
https://doi.org/10.1007/s12229-014-9132-4
https://doi.org/10.1007/s12228-025-09830-5
https://doi.org/10.1016/j.ympev.2024.108064

W. Ning et al.

Osuna-Mascard, C., de Casas, R.R., Berbel, M., Gémez, J.M., Perfectti, F., 2022. Lack of
ITS sequence homogenization in Erysimum species (Brassicaceae) with different
ploidy levels. Sci. Rep. 12, 16907. https://doi.org/10.1038/541598-022-20194-8.

Otto, S.P., Whitton, J., 2000. Polyploid incidence and evolution. Annu. Rev. Genet. 34,
401-437. https://doi.org/10.1146/annurev.genet.34.1.401.

Oxelman, B., Brysting, A.K., Jones, G.R., Marcussen, T., Oberprieler, C., Pfeil, B.E., 2017.
Phylogenetics of allopolyploids. Annu. Rev. Ecol. Evol. Syst. 48, 543-557. https://
doi.org/10.1146/annurev-ecolsys-110316-022729.

Pickrell, J.K., Pritchard, J.K., 2012. Inference of population splits and mixtures from
genome-wide allele frequency data. PLoS Genet. 8, €1002967. https://doi.org/
10.1371/journal.pgen.1002967.

Plunkett, G.M., Nicolas, A.N., 2017. Assessing Azorella (Apiaceae) and its allies:
Phylogenetics and a new classification. Brittonia 69, 31-61. https://doi.org/
10.1007/512228-016-9446-0.

Rambaut, A., Drummond, A.J., Xie, D., Baele, G., Suchard, M.A., 2018. Posterior
summarization in Bayesian phylogenetics using Tracer 1.7. Syst. Biol. 67, 901-904.
https://doi.org/10.1093/sysbio/syy032.

Rose, J.P., Toledo, C.A.P., Lemmon, E.M., Lemmon, A.R., Sytsma, K.J., 2020. Out of
sight, out of mind: Widespread nuclear and plastid-nuclear discordance in the
flowering plant genus Polemonium (Polemoniaceae) suggests widespread historical
gene flow despite limited nuclear signal. Syst. Biol. 70, 162-180. https://doi.org/
10.1093/sysbio/syaa049.

Rothfels, C.J., 2021. Polyploid phylogenetics. New Phytol. 230, 66-72. https://doi.org/
10.1111/nph.17105.

R. Team, 2014. R: A language and environment for statistical computing. MSOR
connections 1.

Saldivia, P., Breitwieser, 1., Orlovich, D.A., Lord, J.M., 2022. A generic taxonomic
synopsis of the Pleurophyllum clade (Asteraceae: Astereae: Celmisiinae) with the
recognition of the New Zealand endemic new genus Macrolearia. Syst. Bot. 47,
607-634. https://doi.org/10.1600/036364422X16512564801722.

Sancho, G., de Lange, P.J., Donato, M., Barkla, J., 2015. Late Cenozoic diversification of
the austral genus Lagenophora (Astereae, Asteraceae). Bot. J. Linn. Soc. 177, 78-95.
https://doi.org/10.1111/boj.12224.

Sanmartin, 1., Ronquist, F., 2004. Southern hemisphere biogeography inferred by event-
based models: plant versus animal patterns. Syst. Biol. 53, 216-243. https://doi.org/
10.1080/10635150490423430.

Sanmartin, I., Wanntorp, L., Winkworth, R.C., 2007. West wind drift revisited: Testing
for directional dispersal in the Southern Hemisphere using event-based tree fitting.
J. Biogeogr. 34, 398-416. https://doi.org/10.1111/j.1365-2699.2006.01655.x.

Schliep, K., Potts, A.A., Morrison, D.A., Grimm, G.W., 2016. Intertwining phylogenetic
trees and networks (No. e2054v1). PeerJ Preprints. doi: 10.7287/peerj.
preprints.2054v1.

Slimp, M., Williams, L.D., Hale, H., Johnson, M.G., 2021. On the potential of
Angiosperms353 for population genomic studies. Appl. Plant Sci. 9. https://doi.org/
10.1002/aps3.11419.

Smith, S.A., Moore, M.J., Brown, J.W., Yang, Y., 2015. Analysis of phylogenomic datasets
reveals conflict, concordance, and gene duplications with examples from animals
and plants. BMC Evol. Biol. 15, 150. https://doi.org/10.1186/512862-015-0423-0.

Solis-Lemus, C., Bastide, P., Ané, C., 2017. PhyloNetworks: a package for phylogenetic
networks. Mol. Biol. Evol. 34, 3292-3298. https://doi.org/10.1093/molbev/
msx235.

Soltis, D.E., Albert, V.A., Leebens-Mack, J., Bell, C.D., Paterson, A.H., Zheng, C.,
Sankoff, D., Depamphilis, C.W., Wall, P.K., Soltis, P.S., 2009. Polyploidy and
angiosperm diversification. Am. J. Bot. 96, 336-348. https://doi.org/10.3732/
ajb.0800079.

Smissen, R.D., Walker, S., Heenan, P.B., 2024. Revisiting the bicontinental allopolyploid
origin of Australasian endemic Lepidium species with amplicon sequencing of COS
markers. PL. Syst. Evol. 310, 17. https://doi.org/10.1007/500606-024-01899-x.

Suggate, R.P., 1990. Late pliocene and quaternary glaciations of New Zealand. Quat. Sci.
Rev. 9, 175-197. https://doi.org/10.1016/0277-3791(90)90017-5.

Tay, M.L., Meudt, H.M., Garnock-Jones, P.J., Ritchie, P.A., 2010. DNA sequences from
three genomes reveal multiple long-distance dispersals and non-monophyly of
sections in Australasian plantago (Plantaginaceae). Aust. Syst. Bot. 23, 47-68.
https://doi.org/10.1071/SB09040.

Thomas, A.E., Igea, J., Meudt, H.M., Albach, D.C., Lee, W.G., Tanentzap, A.J., 2021.
Using target sequence capture to improve the phylogenetic resolution of a rapid
radiation in New Zealand Veronica. Am. J. Bot. 108, 1289-1306. https://doi.org/
10.1002/ajb2.1678.

18

Molecular Phylogenetics and Evolution 214 (2026) 108469

Tiley, G.P., Crowl, A.A., Manos, P.S., Sessa, E.B., Solis-Lemus, C., Yoder, A.D.,
Burleigh, J.G., 2024. Benefits and limits of phasing alleles for network inference of
allopolyploid complexes. Syst. Biol. https://doi.org/10.1093/sysbio/syae024.

Trewick, S.A., Bland, K.J., 2012. Fire and slice: palaeogeography for biogeography at
New Zealand’s North Island/South Island juncture. J. R. Soc. N. Z. 42, 153-183.
https://doi.org/10.1080/03036758.2010.549493.

Van de Peer, Y., Ashman, T.-L., Soltis, P.S., Soltis, D.E., 2020. Polyploidy: an evolutionary
and ecological force in stressful times. Plant Cell 33, 11-26. https://doi.org/
10.1093/plcell/koaa015.

Wagstaff, S.J., Bayly, M.J., Garnock-Jones, P.J., Albach, D.C., 2002. Classification,
origin, and diversification of the New Zealand Hebes (Scrophulariaceae). Ann. Mo.
Bot. Gard. 89, 38-63. https://doi.org/10.2307/3298656.

Wagstaff, S.J., Breitwieser, 1., Ito, M., 2011. Evolution and biogeography of Pleurophyllum
(Astereae, Asteraceae), a small genus of megaherbs endemic to the subantarctic
islands. Am. J. Bot. 98, 62-75. https://doi.org/10.3732/ajb.1000238.

Wagstaff, S.J., Garnock-Jones, P.J., 1998. Evolution and biogeography of the Hebe
complex (Scrophulariaceae) inferred from ITS sequences. N. Z. J. Bot. 36, 425-437.
https://doi.org/10.1080/0028825X.1998.9512581.

Wagstaff, S.J., Breitwieser, 1., Quinn, C., Ito, M., 2007. Age and origin of enigmatic
megaherbs from the subantarctic islands. Nature Precedings 1-1. https://doi.org/
10.1038/npre.2007.1272.1.

Wardle, P., 1978. Origin of the New Zealand mountain flora, with special reference to
trans-Tasman relationships. N. Z. J. Bot. 16, 535-550. https://doi.org/10.1080/
0028825X.1978.10426881.

Wen, J., Xie, D.-F., Price, M., Ren, T., Deng, Y.-Q., Gui, L.-J., Guo, X.-L., He, X.-J., 2021.
Backbone phylogeny and evolution of Apioideae (Apiaceae): New insights from
phylogenomic analyses of plastome data. Mol. Phylogenet. Evol. 161, 107183.
https://doi.org/10.1016/j.ympev.2021.107183.

Winkworth, R.C., Hennion, F., Prinzing, A., Wagstaff, S.J., 2015. Explaining the disjunct
distributions of austral plants: the roles of Antarctic and direct dispersal routes.

J. Biogeogr. 42, 1197-1209. https://doi.org/10.1111/jbi.12522.

Winkworth, R.C., Wagstaff, S.J., Glenny, D., Lockhart, P.J., 2005. Evolution of the New
Zealand mountain flora: Origins, diversification and dispersal. Org. Divers. Evol. 5,
237-247. https://doi.org/10.1016/j.0de.2004.12.001.

Winkworth, R.C., Wagstaff, S.J., Glenny, D., Lockhart, P.J., 2002. Plant dispersal N.e.w.s
from New Zealand. Trends Ecol. Evol. 17, 514-520. https://doi.org/10.1016/s0169-
5347(02)02590-9.

Xu, B., Zeng, X.-M., Gao, X.-F., Jin, D.-P., Zhang, L.-B., 2017. ITS non-concerted evolution
and rampant hybridization in the legume genus Lespedeza (Fabaceae). Sci. Rep. 7,
1-15. https://doi.org/10.1038/srep40057.

Yu, G., Smith, D.K., Zhu, H., Guan, Y., Lam, T.-T.-Y., 2017. Ggtree: an r package for
visualization and annotation of phylogenetic trees with their covariates and other
associated data. Methods Ecol. Evol. 8, 28-36. https://doi.org/10.1111/2041-
210x.12628.

Zhang, C., Sayyari, E., Mirarab, S., 2017. ASTRAL-IIL: increased scalability and impacts of
contracting low support branches. In: Comparative Genomics. Springer International
Publishing, pp. 53-75. https://doi.org/10.1007/978-3-319-67979-2_4.

Zhou, W., Soghigian, J., Xiang, Q.-Y.-J., 2022. A new pipeline for removing paralogs in
target enrichment data. Syst. Biol. 71, 410-425. https://doi.org/10.1093/sysbio/
syab044.

Meudt, H.M., Pearson, S.M., Ning, W., Prebble, J.M., Tate, J.A., 2025. Forget-me-not
phylogenomics: Improving the resolution and taxonomy of a rapid island and
mountain radiation in Aotearoa New Zealand (Myosotis; Boraginaceae). Mol.
Phylogenet. Evol. 204, 108250.

Fernandez, M., Calvino, C.I., 2019. Nueva clasificacion infragenérica de Azorella
(Apiaceae, Azorelloideae) y sinopsis del subgénero Andinae. Darwiniana, nueva serie
7 (2), 289-304.

Ning, W. (2023). Phylogenomics and evolution of polyploid Azorella (Apiaceae) in New
Zealand: a thesis presented in partial fulfilment of the requirements for the degree of
Doctor of Philosophy in Plant Biology at Massey University, Manawatii, New Zealand
(Doctoral dissertation, Massey University).

Barker, P.F., Burrell, J., 1982. The influence upon Southern Ocean circulation,
sedimentation, and climate of the opening of Drake Passage. Antarct. Sci. 43,
377-385.

Rainsley, E., Turney, C.S., Golledge, N.R., Wilmshurst, J.M., McGlone, M.S., Hogg, A.G.,
Fogwill, C.J., 2019. Pleistocene glacial history of the New Zealand subantarctic
islands. Climate of the Past 15 (2), 423-448.


https://doi.org/10.1038/s41598-022-20194-8
https://doi.org/10.1146/annurev.genet.34.1.401
https://doi.org/10.1146/annurev-ecolsys-110316-022729
https://doi.org/10.1146/annurev-ecolsys-110316-022729
https://doi.org/10.1371/journal.pgen.1002967
https://doi.org/10.1371/journal.pgen.1002967
https://doi.org/10.1007/s12228-016-9446-0
https://doi.org/10.1007/s12228-016-9446-0
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1093/sysbio/syaa049
https://doi.org/10.1093/sysbio/syaa049
https://doi.org/10.1111/nph.17105
https://doi.org/10.1111/nph.17105
https://doi.org/10.1600/036364422X16512564801722
https://doi.org/10.1111/boj.12224
https://doi.org/10.1080/10635150490423430
https://doi.org/10.1080/10635150490423430
https://doi.org/10.1111/j.1365-2699.2006.01655.x
https://doi.org/10.1002/aps3.11419
https://doi.org/10.1002/aps3.11419
https://doi.org/10.1186/s12862-015-0423-0
https://doi.org/10.1093/molbev/msx235
https://doi.org/10.1093/molbev/msx235
https://doi.org/10.3732/ajb.0800079
https://doi.org/10.3732/ajb.0800079
https://doi.org/10.1007/s00606-024-01899-x
https://doi.org/10.1016/0277-3791(90)90017-5
https://doi.org/10.1071/SB09040
https://doi.org/10.1002/ajb2.1678
https://doi.org/10.1002/ajb2.1678
https://doi.org/10.1093/sysbio/syae024
https://doi.org/10.1080/03036758.2010.549493
https://doi.org/10.1093/plcell/koaa015
https://doi.org/10.1093/plcell/koaa015
https://doi.org/10.2307/3298656
https://doi.org/10.3732/ajb.1000238
https://doi.org/10.1080/0028825X.1998.9512581
https://doi.org/10.1038/npre.2007.1272.1
https://doi.org/10.1038/npre.2007.1272.1
https://doi.org/10.1080/0028825X.1978.10426881
https://doi.org/10.1080/0028825X.1978.10426881
https://doi.org/10.1016/j.ympev.2021.107183
https://doi.org/10.1111/jbi.12522
https://doi.org/10.1016/j.ode.2004.12.001
https://doi.org/10.1016/s0169-5347(02)02590-9
https://doi.org/10.1016/s0169-5347(02)02590-9
https://doi.org/10.1038/srep40057
https://doi.org/10.1111/2041-210x.12628
https://doi.org/10.1111/2041-210x.12628
https://doi.org/10.1007/978-3-319-67979-2_4
https://doi.org/10.1093/sysbio/syab044
https://doi.org/10.1093/sysbio/syab044
http://refhub.elsevier.com/S1055-7903(25)00186-1/h9005
http://refhub.elsevier.com/S1055-7903(25)00186-1/h9005
http://refhub.elsevier.com/S1055-7903(25)00186-1/h9005
http://refhub.elsevier.com/S1055-7903(25)00186-1/h9005
http://refhub.elsevier.com/S1055-7903(25)00186-1/h9015
http://refhub.elsevier.com/S1055-7903(25)00186-1/h9015
http://refhub.elsevier.com/S1055-7903(25)00186-1/h9015
http://refhub.elsevier.com/S1055-7903(25)00186-1/h9030
http://refhub.elsevier.com/S1055-7903(25)00186-1/h9030
http://refhub.elsevier.com/S1055-7903(25)00186-1/h9030
http://refhub.elsevier.com/S1055-7903(25)00186-1/h9040
http://refhub.elsevier.com/S1055-7903(25)00186-1/h9040
http://refhub.elsevier.com/S1055-7903(25)00186-1/h9040

	Resolving reticulate evolutionary histories of polyploid species of Azorella (Apiaceae) endemic to New Zealand
	1 Introduction
	2 Methods
	2.1 Taxon sampling
	2.2 Genomic library preparation and sequencing
	2.3 Hyb-Seq targeted gene recovery
	2.4 Reconstructing targeted gene trees and performing concordance analysis for Hyb-Seq data
	2.5 Phylogenies of nrDNA and whole plastomes
	2.6 Network estimation of A353 locus data for a subset of Azorella taxa
	2.7 Homeolog phasing of nrDNA data in PATÉ
	2.8 Network estimation using A353-derived SNPs
	2.9 D-statistic test of genomic introgression signals in A353-derived SNP data
	2.10 Bayesian inference of species relationships using A353-derived SNPs
	2.11 Biogeographic history of New Zealand Azorella based on A353-derived SNP data

	3 Results
	3.1 Angiosperms353 baits sequencing efficiency and gene recovery
	3.2 Angiosperms353 ASTRAL species tree reconstruction
	3.3 Topological incongruence between nrDNA- and plastome-based phylogenies
	3.4 Analysis of reticulation in Azorella species using A353 locus and SNP data
	3.5 Phylogenetic inference of Hyb-Seq data using SNPs
	3.6 Genomic introgression test using A353-derived SNPs
	3.7 Biogeographical histories of New Zealand Azorella

	4 Discussion
	4.1 Phylogenomics of polyploid Azorella
	4.2 Species relationships and the origins of the higher polyploids in Azorella section Schizeilema
	4.3 Dynamic dispersal patterns of Azorella section Schizeilema
	4.4 Biogeographical history of subantarctic Azorella megaherbs (section Stilbocarpa)

	5 Conclusion
	CRediT authorship contribution statement
	Funding
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


