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ARTICLE INFO ABSTRACT

Keywords: Island and mountain systems represent natural laboratories for studies of species radiations, but they often
AflgiOSPefmS353 present several challenges for phylogenetic inference and species delimitation. The southern hemisphere forget-
Blogeogra];:py ) me-nots (Myosotis, Boraginaceae) comprise a geologically recent radiation centred in Aotearoa New Zealand, a
1(3;12 2?:‘:: mming mountainous archipelago, with about 50 species that are morphologically and ecologically divergent but lack

Southern hemisphere
Species delimitation

of the southern hemisphere species of Myosotis.

genetic variation sufficient to resolve phylogenetic relationships and species boundaries using standard DNA
Sanger sequencing markers, AFLPs, or microsatellites. Many of these Myosotis species are geographically
restricted in alpine areas, uncommon or threatened, have polyploid and dysploid genomes, and are of high
taxonomic and conservation priority. Here we present phylogenomic analyses using target-capture of Angio-
sperms353 baits, and genome skimming of whole plastomes and nrDNA, to improve resolution of the radiation,
explore biogeographic and morphological patterns within it, and address specific taxonomic questions for each
species. Our comprehensive sampling includes over 300 individuals representing nearly all species from New
Zealand and Australia, which is ~ 2-3 x more taxon sampling and ~ 80-120 x more molecular data than
previously published for Myosotis. Exploration of different data filtering, curation and analyses (coalescent vs.
concatenation) improved the resolution of the Angiosperms353 tree, which despite short backbone branches
with low support values, showed taxonomic and geographic patterns, including multiple switches between
ebracteate and bracteate inflorescences and multiple expansions within New Zealand from Te Waipounamu
South Island to Te Ika-a-Maui North Island, Rakiura Stewart Island, subantarctic islands, and Australia. Some of
these patterns were also seen in the genome skimming datasets, and comparison of the three datasets was useful
for improving our understanding of the taxonomy and resolution of this radiation. Although this phylogenomic
study does not fully overcome all of the challenges regarding species delimitation of this rapid island and
mountain species radiation, it nevertheless makes an important contribution to an integrative taxonomic revision

1. Introduction (Meudt et al., 2021; Muellner-Riehl et al., 2024; Warren et al., 2015).
Such radiations often present several challenges for phylogenetic

Islands and mountains represent natural laboratories for studies of inference and species delimitation (Lagomarsino et al., 2022; Thomas
endemic radiations of morphologically or ecologically distinct species et al., 2021). This is due to a combination of recent, rapid and
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incomplete speciation, coupled with processes such as hybridisation,
polyploidisation, and incomplete lineage sorting, which can lead to
complex or unresolved evolutionary histories (Kadereit and Abbott,
2021; Maurin et al., 2022; Meudt et al., 2015). Over the past three de-
cades, molecular phylogenies based on DNA sequencing have greatly
improved our knowledge and understanding of island and mountain
plant species radiations - including phylogeny, biogeography, taxonomy
and species limits, among many others (Barrett et al., 2016; Soltis et al.,
2013; Straub et al., 2012). Yet for many plant species radiations, such
advances have so far proven elusive.

The southern hemisphere forget-me-nots (Myosotis, Boraginaceae)
are a recent species radiation whose resolution and taxonomy could
improve using phylogenomic inference as part of an integrative sys-
tematic approach (Meudt, 2017; Meudt et al., 2015; Prebble et al., 2022;
Winkworth et al., 2002b). About half of the c.100 species of Myosotis
worldwide are found in the northern hemisphere (Weigend et al., 2016),
and the other half comprise the monophyletic southern hemisphere
lineage (Meudt et al., 2015; Winkworth et al., 2002b). Aotearoa New
Zealand — a mountainous island system - is the main centre of Myosotis
diversity in the southern hemisphere, with c. 50 species and subspecies.
Only a few species are found in Australia (native M. australis subsp.
australis and endemic M. exarrhena; Meudt et al., 2020), New Guinea
(endemic M. australis subsp. saruwagedica; Meudt et al., 2020), or
southern South America (endemic M. albiflora and native M. antarctica
subsp. antarctica; Meudt and Prebble, 2018; Prebble et al., 2022).

The southern hemisphere species are morphologically and ecologi-
cally diverse and can be grouped into two main informal morphological
groups (Robertson, 1989). Ebracteate-erect species have bracts at the
base of the erect inflorescence only, whereas bracteate-prostrate species
also have bracts subtending or near the flowers of the mostly prostrate
inflorescences or branches (Meudt et al., 2015; Robertson, 1989). In the
family, bracts on inflorescences are historically important but also
evolutionary labile (Frohlich, 1978; Cohen, 2014; Frohlich et al., 2022).
In Myosotis, this morphological character is the basis of a useful informal
classification (Robertson, 1989), is prominent in dichotomous keys (i.e.,
Moore, 1961) and has guided the progression of a series of recent
taxonomic studies (e.g., Meudt, 2016, 2021; Meudt and Prebble, 2018),
but it is unknown whether these two morphological groups are mono-
phyletic. Nearly all native New Zealand Myosotis are endemic and have
restricted, habitat-specific geographic ranges, with a centre of diversity
in Te Waipounamu South Island, where 82 % of the species are endemic
(Table 1). Although previous phylogenies showed multiple dispersals
from New Zealand to other southern hemisphere areas (Winkworth
et al., 2002a, Meudt et al. 2015), finer scale phylogeographic patterns
within the New Zealand archipelago require further study. The majority
of New Zealand species are classified as Threatened, At Risk—Naturally
Uncommon, or Data Deficient according to the New Zealand Threatened
Classification System (NZTCS; De Lange et al., 2018). Therefore, taxo-
nomic revision of Myosotis is a high priority, as the last comprehensive
taxonomic treatment of New Zealand Myosotis was completed in 1961
(Moore, 1961). Since then, new species have been described (e.g.,
Lehnebach, 2012; Meudt et al., 2013; Meudt and Prebble, 2022, 2018;
Moore and Simpson, 1973) and several (c. 20) morphologically distinct
putative species that were given informal ‘tag names’ have been studied
(e.g., Meudt and Prebble, 2022, 2018; Prebble et al., 2022). A recent
focus on specific species groups over the past decade led to c. 70 % of the
southern hemisphere Myosotis species, subspecies and tag names being
revised taxonomically (Meudt, 2021; Meudt et al., 2020, 2013; Meudt
and Prebble, 2022, 2018; Prebble et al., 2022, 2019). The remaining 30
% of native New Zealand species are under morphological and palyno-
logical study now for a final taxonomic revisionary paper in this series
(Meudt unpubl. data).

To date, these studies have mostly relied on the comparison of
morphological data, although DNA (Meudt et al., 2015, 2013; Prebble
etal., 2019, 2015), pollen (Meudt, 2016; Meudt and Prebble, 2018), and
ecological niche modelling (Prebble et al., 2022) have also been co-
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Table 1

Species and subspecies of Southern Hemisphere Myosotis, including their main
morphological group (based on inflorescence type and habit, either ebracteate
erect or bracteate prostrate), the number of individuals sampled in this paper (n
= 326 total), and their geographic distribution. Note that numbers of sampled
individuals may be slightly lower than those listed in Table 1, depending on
which samples were successfully sequenced for each of the individual datasets.

Southern Main No. Geographic
hemisphere morphological sampled distribution
Myosotis species group in this
(inflorescence paper (n
type + habit) = 326)
M. albifloraBanks &  bracteate prostrate 0 Chile: Aisén,
Sol. ex Hook.f. Magallanes;
Argentina: Tierra del
Fuego
M. albosericea ebracteate erect 3 New Zealand: South
Hook.f. Island
M. amabilis ebracteate erect 0 New Zealand: North
Cheeseman Island
M. angustata ebracteate erect 4 New Zealand: South
Cheeseman Island
M. antarctica Hook. bracteate prostrate 21 New Zealand: North,
f. subsp. South,
antarctica StewartlIslands,
subantarctic islands
(Campbell Island);
Chile: Magallanes
M. antarctica subsp.  bracteate prostrate 12 New Zealand: North,
traillii Kirk South, Stewart
Islands
M. arnoldii L.B. ebracteate erect 4 New Zealand: South
Moore Island
M. australis R.Br. ebracteate erect 22 New Zealand: North
subsp. australis and South Islands;
Australia: Western
Australia, South
Australia, New
South Wales,
Australian Capital
Territory, Victoria,
Tasmania
M. australis subsp. ebracteate erect 0 New Guinea
saruwagedica
(Schltr. ex Brand)
Meudt et al.

M. brevis de Lange bracteate prostrate 9 New Zealand: North
& Barkla and South Islands
M. brockiei L.B. ebracteate erect 5 New Zealand: South

Moore & M.J.A. Island
Simpson subsp.
brockiei
M. brockiei subsp. ebracteate erect 6 New Zealand: South
dysis Courtney & Island
Meudt
M. bryonoma bracteate prostrate 7 New Zealand: South
Meudt, Prebble & Island
Thorsen
M. capitata Hook.f. ebracteate erect 4 New Zealand:
subantarctic islands
(Auckland Islands
and Campbell
Island)
M. chaffeyorum bracteate prostrate 3 New Zealand: South
Lehnebach Island
M. cheesemanii bracteate prostrate 4 New Zealand: South
Petrie Island
M. X cinerascens ebracteate erect, 0 New Zealand: South
Petrie hybrid Island (Extinct)
M. colensoi (Kirk) J. bracteate prostrate 8 New Zealand: South
F.Macbr. Island
M. concinna ebracteate erect 3 New Zealand: South
Cheeseman Island
M. exarrhena F. ebracteate erect 4 Australia: New
Muell. South Wales,

Australian Capital

(continued on next page)
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Table 1 (continued)

Table 1 (continued)
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Southern Main No. Geographic Southern Main No. Geographic
hemisphere morphological sampled distribution hemisphere morphological sampled distribution
Myosotis species group in this Myosotis species group in this
(inflorescence paper (n (inflorescence paper (n
type + habit) = 326) type + habit) = 326)
Territory, Victoria, M. spatulata G. bracteate prostrate 7 New Zealand: North,
Tasmania Forst. South and Chatham
M. eximia Petrie ebracteate erect 5 New Zealand: North Islands
Island M. suavis Petrie ebracteate erect 3 New Zealand: South

M. explanata ebracteate erect 3 New Zealand: South Island
Cheeseman Island M. tenericaulis bracteate prostrate 6 New Zealand: North,

M. forsteri Lehm. ebracteate erect 10 New Zealand: North Petrie South, and Stewart

and South Islands Islands

M. glabrescens L.B. bracteate prostrate 3 New Zealand: South M. traversii subsp. ebracteate erect 4 New Zealand: South
Moore Island cantabrica (L.B. Island

M. glauca (G. bracteate prostrate 4 New Zealand: South Moore) Meudt
Simpson & J.S. Island M. traversii Hook.f. ebracteate erect 6 New Zealand: South
Thomson) de subsp. traversii Island
Lange & Barkla M. ultramafica bracteate prostrate 7 New Zealand: South

M. goyenii Petrie ebracteate erect 4 New Zealand: South Meudt, Prebble & Island
subsp. goyenii Island Rance

M. goyenii subsp. ebracteate erect 2 New Zealand: South M. umbrosa Meudt, bracteate prostrate 3 New Zealand: South
infima Meudt & Island Prebble & Island
Heenan Thorsen

M. hikuwai Meudt, bracteate prostrate 3 New Zealand: South M. uniflora Hook.f. bracteate prostrate 3 New Zealand: South
Prebble & G.M. Island Island
Rogers M. venosa Colenso ebracteate erect 3 New Zealand: North

M. laeta Cheeseman  ebracteate erect 3 New Zealand: South and South Islands

Island M. venticola Meudt bracteate prostrate 5 New Zealand: South

M. laingii ebracteate erect 0 New Zealand: South & Prebble Island
Cheeseman Island (Extinct) M. “Asbestos” ebracteate erect 3 New Zealand: South

M. lyallii subsp. bracteate prostrate 14 New Zealand: South Island
elderi (L.B.Moore) Island M. “Fiordland” ebracteate erect 3 New Zealand: South
Meudt & Prebble [Myosotis (c) Island

M. lyallii Hook.f. bracteate prostrate 8 New Zealand: South (CHR 198630;
subsp. lyallii Island Fiordland)]

M. macrantha ebracteate erect 13 New Zealand: South M. “Livingstone” ebracteate erect 10 New Zealand: South
(Hook.f.) Island [Myosotis (f) Island
Cheeseman (CHR 405203;

M. matthewsii L.B. bracteate prostrate 3 New Zealand: North Livingstone)]

Moore Island M. “Takitimu” ebracteate erect 5 New Zealand: South

M. monroi ebracteate erect 3 New Zealand: South Island
Cheeseman Island M. cheesemanii x bracteate 3 New Zealand: South

M. oreophila Petrie ebracteate erect 4 New Zealand: South pulvinaris prostrate, hybrid Island

Island M. colensoi x hybrid 2 New Zealand: South

M. pansa (L.B. ebracteate erect 6 New Zealand: North saxatilis Island
Moore) Meudt, Island
Prebble, R.J.

Stanley & analysed. Previous genetic studies on southern hemisphere Myosotis
Thorsen subsp. have applied standard DNA sequencing markers (Meudt et al., 2015;

Mf’ ;ania subsp. ebracteate erect 3 New Zealand: North Winkworth et al., 2002b); amplified fragment length polymorphisms
praeceps (L.B. Island (AFLPs, Meudt et al., 2013) or microsatellites (Prebble et al., 2019,
Moore) Meudt, 2015) to study species limits, evolutionary relationships, and population
Prebble, R.J. genetics of certain species groups of New Zealand Myosotis. However, as
2:(:;1:;& none of these studies were able to fully resolve species relationships, a

M. petiolata Hook.f.  ebracteate erect 9 New Zealand: North new approach is therefore needed to generate a phylogeny of southern

Island hemisphere Myosotis.

M. pottsiana (L.B. ebracteate erect 4 New Zealand: North We chose targeted sequencing using the universal Angiosperms353
M"']’Jﬁ) Meudt, Island baits for the present study. Target capture selects short sequences with
:::nle;’; A highly specific baits, which can work well when using degraded DNA
Thorsen from herbarium specimens (Brewer et al., 2019; Hart et al., 2016;

M. pulvinaris Hook.  bracteate prostrate 7 New Zealand: South McKain et al., 2018; Shee et al., 2020). The Angiosperms353 baits kit is a
f Island set of universal baits that can capture up to 353 single (or low) copy

M. rakiura L.B. ebracteate erect 6 New Zealand: South nuclear genes in any flowering plant group (Johnson et al., 2019).
Moore and Stewart Islands . . .

M. retrorsa Meudt, bracteate prostrate 6 New Zealand: South Although these baits were designed to capture exon sequences, introns
Prebble & Island (or non-coding regions) and flanking regions can also be recovered
Hindm.-Walls (Johnson et al., 2019). The combination of these regions may be useful

M. saxatilis Petrie ebracteate erect 10 Nlewdzealand: South for reconstructing shallow phylogenies, including those from rapid

M. saxosa Hook.£. ebracteate erect a E:: Zealand: North species radiations (Johnson et al., 2019; Thomas et al. 2021). To our

Island

knowledge, this is the first genus-level study in Boraginaceae to include
Angiosperms353 data.
The Angiosperms353 baits have been used on a few New Zealand
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island and mountain plant species radiations to date: Veronica (Thomas
et al. 2021; Thomas et al. 2023), Senecio (Schmidt-Lebuhn et al., 2022),
Celmisiinae (Asteraceae; Nicol et al., 2024), and Azorella (Ning 202.3;
Ning et al. unpubl. data). In these studies, silica-dried and herbarium
material of varying ages were successfully sequenced for one or more
individuals per species, and the resulting phylogenies showed improved
support and resolution compared to those from standard sequencing
markers. Myosotis is similar to these genera in being a Quaternary spe-
cies radiation (Kadereit and Abbott, 2021; Maurin et al., 2022; Meudt
et al., 2015), with low genetic variation (Kadereit and Abbott, 2021;
Maurin et al., 2022; Meudt et al., 2015), and having a history of poly-
ploidy and dysploidy (Grau, 1964; Meudt et al., 2015; Murray and de
Lange, 2013). For such genera, “the availability of hundreds of nuclear
genes may not necessarily resolve a bifurcating species tree with cer-
tainty” (Johnson et al. 2019:603), but the data should nevertheless in-
crease our understanding of their evolutionary history, and improve the
taxonomy and delimitation of species, especially when used concertedly
with independent (non-molecular) biological and morphological data
and knowledge of the study organisms (Frost et al., 2024). Although
Angiosperms353 loci are assumed to be low copy nuclear genes
(Johnson et al., 2019), this may not always be the case, particularly for
polyploids, and there may be a range of loci from truly single copy to
multi copy (including loci with multiple alleles or paralogs). A number
of strategies are available for dealing with single- and multi-copy loci in
downstream analyses of such data (Frost et al., 2024; Gardner et al.,
2020; Kandziora et al., 2021; Morales-Briones et al., 2022; Ufimov et al.,
2022).

We also complemented the low-copy bi-parentally inherited nuclear
dataset with two high-copy DNA genome skimming datasets, i.e., a
uniparental plastome dataset and a nuclear ribosomal DNA dataset
(Dodsworth, 2015; Straub et al., 2012; Weitemier et al., 2014). From
genome skimming, near-complete plastomes can be recovered (Bakker,
2017; Jin et al., 2020; Twyford and Ness, 2017) as well as the full nu-
clear ribosomal DNA (nrDNA) cistron, comprising 18S, 5.8S and 26S
rRNA genes, the internal transcribed spacers ITS1 and ITS2, and the
intergenic spacer, IGS, which comprises the external transcribed spacer,
ETS, and the non-transcribed spacer, NTS. Such near-complete
sequencing of these high-copy regions can improve phylogenetic reso-
lution relative to studies that use only a handful of standard chloroplast
markers (Frankel et al., 2022; Fu et al., 2022; Harrison and Kidner, 2011;
van Kleinwee et al., 2022) or that include only the internal transcribed
spacer (ITS) region, which is a small part of the entire nrDNA tandem
repeat. Phylogenetic inference based on plastome DNA may reflect
maternal genealogy or phylogeography rather than the organisms’
evolutionary history (Dodsworth et al., 2019). Incongruence between
plastome and nuclear phylogenies, and chloroplast haplotype sharing
between species is common in plants (e.g., Meudt and Bayly, 2008;
Rieseberg and Soltis, 1991; Smissen et al., 2004; Wendel and Doyle,
1998) and may be due to convergent mutations, incomplete lineage
sorting, or introgressive hybridisation (e.g., French et al., 2016;
McKinnon et al., 2001; Meudt and Bayly, 2008). Comparing phyloge-
netic data from the independent datasets representing the nuclear and
chloroplast genomes can provide additional insights into the origins,
speciation processes, taxonomy, biogeography, and evolutionary history
of a particular group of plants (e.g., Harrison and Kidner, 2011; Stubbs
et al., 2020). At least one previously published Myosotis phylogenetic
study found some evidence of incongruence between nuclear and
chloroplast datasets (Meudt et al., 2015).

The main aim of the current study is to reconstruct the relationships
of the southern hemisphere Myosotis species radiation using phyloge-
nomic sequencing data from three different molecular datasets to
quantify congruence with the current taxonomy at multiple levels,
explore biogeographic and morphological patterns, and present these
phylogenies as frameworks to inform future species-specific research
and conservation. Specifically, we aim to compare congruent and
incongruent patterns in the Angiosperms353, nrDNA and plastome

Molecular Phylogenetics and Evolution 204 (2025) 108250

phylogenies to address: Are the two main morphological groups
(ebracteate-erect vs bracteate-prostrate) monophyletic? Has species ra-
diation primarily occurred from Te Waipounamu South Island to other
islands (such as Te Ika-a-Maui North Island, Rakiura Stewart Island, and
others), i.e., is the South Island both a centre of diversity and a centre of
origin? Are species boundaries clearly identifiable based on the
phylogenies?

2. Materials and methods
2.1. Taxon sampling

We sampled a total of 332 ingroup and outgroup individuals,
including 316 native New Zealand and 10 native Australian Myosotis
specimens representing 54 different species, subspecies or tag names
(hereafter, “taxa”; Table 1; Appendix A Table S1; Fig. 1). As of 23 April
2024, vouchers for 235 (71 %) of these individuals were available on the
Global Biodiversity Information Facility (GBIF, 2024). Each of six out-
group species was represented by only one individual, including repre-
sentatives from two other genera in subfamily Cynoglossoideae sampled
from China: Trigonotis sp. (which is very closely related to Myosotis in
tribe Myosotideae; Chacon et al., 2016; Cohen, 2014; Weigend et al.,
2013), and Microula trichocarpa (Maxim.) I.M.Johnst. in tribe Cyn-
oglosseae, as well as four northern hemisphere Myosotis species:
M. arvensis, M. laxa subsp. caespitosa, M. sylvatica, and M. discolor
(Table S1). New Zealand Myosotis vouchers and leaf samples stored on
silica gel were collected in the field throughout New Zealand from 2005
to 2022, mostly during field trips led by HMM and JMP, with additional
collections from colleagues (Table S1; also see 9. Acknowledgments).
Our sampling includes multiple individuals (range: 1-22; median: 4;
mean: 5) of nearly all native Myosotis taxa throughout their ranges in
New Zealand and Australia (Table 1; Table S1). Sampling of the two
native Australian species was limited to three individuals of M. australis
subsp. australis and four of M. exarrhena (Table S1). We were unable to
include samples of M. x cinerascens and M. laingii (considered to be
extinct), M. australis subsp. saruwagedica (New Guinea), M. albiflora
(Chile), or M. amabilis (unable to be relocated during field work in New
Zealand). The georeferenced localities for all 332 sampled individuals
were mapped using R version 4.3.0 and the R package ‘maps’ (Fig. 2).

2.2. DNA extraction

Total DNA was extracted from silica-dried material using a modified
CTAB protocol by Doyle and Doyle (1987) or a modified STE/CTAB
protocol (Shepherd and McLay, 2011). The integrity of all DNA extracts
was confirmed by electrophoresis in a 1 % Tris-borate-EDTA (TBE)
agarose gel. DNA purity and quantities were checked using Nano-Drop™
One (Thermo Scientific, Madison, WI, USA) and Qubit™ dsDNA High-
Sensitivity Assay Kit (Invitrogen, ThermoFisher Scientific, Oregon,
USA).

2.3. Genomic library preparation and targeted sequence capture using
Angiosperms353 baits

Genomic libraries were prepared using the NEBNext® Ultra™ II FS
DNA Library Prep Kit for Illumina® (New England Biolabs, Ipswich, MA,
USA) with all recommended volumes halved for all steps (Johnson et al.,
2019). DNA fragmentation was performed using the NEBNext® Ultra II
FS Enzyme Mix, with an expected insertion size around 300 bp, and we
adjusted the enzyme fragmentation time from 3 to 9 min according to
the sample degradation level and input amount (ranged from 16 to 500
ng). Final DNA library concentration and average fragment length were
measured using Qubit™ dsDNA High-Sensitivity Assay Kit and Genomic
DNA LabChip® Assay to confirm fragment sizes of 400-700 bp. The DNA
libraries were subsequently pooled in equimolar amounts prior to hy-
bridizing with the Angiosperms353 bait set (Table S1). Following the
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Fig. 1. Images of all 61 southern hemisphere Myosotis taxa from Table 1. Attributions are listed in Appendix E. Images are listed by row, from left to right. Row A:
M. albiflora, M. albosericea, M. amabilis, M. angustata, M. antarctica subsp. antarctica, M. antarctica subsp. traillii. Row B: M. arnoldii, M. australis subsp. australis, M.
australis subsp. saruwagedica, M. brevis, M. brockiei subsp. brockiei, M. brockiei subsp. dysis. Row C: M. bryonoma, M. capitata, M. chaffeyorum, M. cheesemanii, M. x
cinerascens, M. colensoi, M. concinna. Row D: M. exarrhena, M. eximia, M. explanata, M. forsteri, M. glabrescens, M. glauca. Row E: M. goyenii subsp. goyenii, M. goyenii
subsp. infima, M. hikuwai, M. laeta, M. laingii, M. lyallii subsp. elderi. Row F: M. lyallii subsp. lyallii, M. macrantha, M. matthewsii, M. monroi, M. oreophila, M. pansa
subsp. pansa. Row G: M. pansa subsp. praeceps, M. petiolata, M. pottsiana, M. pulvinaris, M. rakiura, M. retrorsa, M. saxatilis. Row H: M. saxosa, M. spatulata, M. suavis, M.

tenericaulis, M. traversii subsp. cantabrica. Row I: M. traversii subsp. traversii, M. ultramafica, M. umbrosa, M. uniflora, M. venosa, M. venticola. Row J: M. “Asbestos”, M.
“Fiordland”, M. “Livingstone”, M. “Takitimu”, M. cheesemanii x pulvinaris, M. colensoi x saxatilis.
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Fig. 2. A. Map showing the collection location of 332 samples included in the study. B. Map of 316 New Zealand collections included in the study. C. Ecological
Provinces of Aotearoa New Zealand. For A & B, dark grey circles represent Southern Hemisphere (SH) native Myosotis (ingroup samples). Black indicates outgroup
samples, circles for Northern Hemisphere (NH) native Myosotis introduced to the Southern Hemisphere, squares for other Boraginaceae outgroups (see Table S1 for
complete list of specimens sampled and vouchers). The map layer in C was created by Craig Briggs with input from David Glenny (both Manaaki Whenua — Landcare
Research). It is based on the classification of Wardle (1991), and was created, with modification, using the Ecological Regions layer (Department of Conservation)

and an unknown coastline layer. Helen Curtis (Geospatial Programme Coordinator,

myBaits™ Hybridization Capture for Targeted NGS Manual v 5.01 using
the Standard Protocol, the genomic libraries and Angiosperms353 bait
set were incubated 20 to 21 h at 65 °C to complete the hybridisation.
After clean-up, the final post-captured library pools were checked for
quality with qPCR, Qubit and LabChip at the Massey Genome Service
(Massey University, Palmerston North, New Zealand).

A subset of 28 pooled libraries were initially used to determine if the
target capture protocol was viable across a range of Myosotis species.
Hence, 28 samples were sequenced on an Illumina MiSeq producing
150-bp paired-end reads (Illumina, San Diego, CA, USA) at Massey

Department of Conservation) gave permission to make this layer available.

Genome Service (Massey University, Palmerston North, New Zealand).
The remaining 304 pooled libraries were sequenced on an Illumina
HiSeq X (NovogeneAlT, Singapore) producing 150-bp paired-end reads.

2.4. Genome skim sequencing

Genome skimming for 259 DNA libraries that had sufficient quality
and quantity was undertaken. Libraries were pooled into three batches
containing 83, 89 and 90 libraries with 900-1000 ng total input. The
resulting three batches of pooled libraries were shipped in DNAstable
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Tube kits (Biomatrica, product code: 93021-001) and sequenced on
three runs of an Illumina HiSeq X (NovogeneAIT, Singapore) producing
150-bp paired-end reads.

2.5. Bioinformatics and phylogenetic analyses

2.5.1. Angiosperms353 dataset

Detailed methods are available in Appendix B, and full scripts are
available at https://github.com/SofiePearson/Myosotis. In summary,
gene sequences were retrieved by mapping the trimmed Angio-
sperms353 reads (via Trimmomatic; Bolger et al., 2014) to an Angio-
sperms353 target reference file (McLay et al., 2021) using BWA v 0.7.17
(Li and Durbin, 2009) in HybPiper v2 (Johnson et al., 2016) Mapped
reads were then assembled into contigs with SPAdes v 3.13.1 (Bankevich
et al.,, 2012), and exon sequences were extracted from contigs with
exonerate v 2.2.0 (Slater and Birney, 2005). Exon and supercontig
lengths were calculated using HybPiper and AMAS.py (Borowiec, 2016).
The retrieved gene sequences of 332 individuals (see Appendix B) were
aligned using MAFFT v 7.429 (Katoh and Standley, 2013), and then
trimmed via trimAl v 1.4.1 (Capella-Gutiérrez et al., 2009).

Paralogs were tabulated for 329 individuals using ‘paralog_retriever’
in HybPiper. Individuals were filtered to reduce missing and low-quality
data (e.g., Hosner et al., 2016), resulting in 291 individuals retained for
further analyses. HybPhaser v 2 (Nauheimer et al., 2021) and HybPiper
were then used to calculate locus heterozygosity (proportion of loci that
contain SNPs) for the 291-individuals in the 322-loci dataset.

In addition, Geneious v 10.2.6 (https://www.geneious.com,
accessed 12 June 2024), FigTree v 1.4.4 (https://github.com/rambau
t/figtree, accessed 2 September 2024) and HybPiper were used to
categorise loci as putative orthologs (single copy) or artifactual ortho-
logs (multi-copy) following the criteria of Frost et al. (2024). Three
alignments were subsequently analysed: the full dataset of all retrieved
loci (hereafter 322-loci dataset), a reduced single-copy locus dataset
(hereafter 56-loci single-copy dataset), and a further reduced single-
copy dataset (hereafter 25-loci single-copy dataset).

Phylogenetic trees using multiple-species coalescent and concate-
nation models of the resulting filtered and curated data subsets (322-
loci, 56-loci single-copy and 25-loci single-copy datasets; see Results)
were reconstructed using ASTRAL-III (Zhang et al., 2018) with gene tree
branches with < 10 % bootstrap (BS) support collapsed using ‘nw_ed’
(Junier and Zdobnov, 2010), and partition models by locus in IQ-TREE2
v 2.1.3 (Minh et al., 2020) with ModelFinder (Kalyaanamoorthy et al.,
2017), respectively. In the first round of analyses of generating the
species trees using gene trees, we did not constrain each taxon that had
multiple individuals sampled to be monophyletic in ASTRAL-IIL, as a
way to produce a tree showing the phylogenetic relationships of all
sampled individuals of all taxa (hereafter, “fully sampled species tree™),
many of which were not monophyletic (see Results). In addition, we re-
ran the ASTRAL-III analysis of the 322-loci dataset twice, with a map-
ping file (—a option) by assigning the individuals of the same taxon to the
same tip of 51 taxa (species) or 57 taxa (species and subspecies), to build
the species tree (i.e., one branch per taxon) (Rabiee et al., 2019).

Finally, gene concordance factors (gcf) were calculated using Phy-
Parts (Smith et al., 2015) to measure tree support and visualised with pie
charts using the R package ‘ggtree’ (Yu et al., 2017).

2.6. Phylogenies of complete plastome and nrDNA data

Initially, de novo assembly of the complete plastome sequences and
nrDNA from genome skimming reads was attempted using GetOrganelle
(Jin et al., 2020) using default settings. The nrDNA cistrons of all
sequenced samples were successfully assembled, whereas plastomes of
only 13 out of 259 sequenced individuals were able to be completely de
novo assembled in GetOrganelle (data not shown). Therefore, a ‘map-
ping to reference’ based method was subsequently implemented (see
https://github.com/SofiePearson/Myosotis for all scripts), by mapping
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genome skimming reads of each of the remaining 259 individuals to the
selected reference (capi_AA_Dick1, an individual of M. capitata that was
one of the New Zealand de novo assembled Myosotis plastomes) and
extracting the consensus sequences using SAMtools and BCFtools for
each individual (Danecek et al., 2021).

nrDNA and plastome sequences were aligned separately using
MAFFT, and the nrDNA alignment was subsequently manually trimmed
because the intergenic spacer region (IGS) contained many variable sites
which caused difficulties to produce a reliable alignment. Phylogenies
reconstructed from the final trimmed nrDNA alignment and plastome
alignment (comprising the small and large single-copy regions and one
copy of the inverted repeat) were each analysed using IQ-TREE2 with
default settings, automatic model detection via ModelFinder and 1000
bootstrapping iterations (—B 1000).

2.7. Comparison of multiple datasets

To determine evolutionary and biogeographic patterns among spe-
cies of Australasian Myosotis, inflorescence type + habit (bracteate-
prostrate vs. ebracteate-erect; Meudt et al., 2015; Robertson, 1989) and
geography were reconstructed using the Angiosperms353 322-loci final
phylogenetic tree, as well as the nrDNA and plastome phylogenies, using
the package ‘ggtree’ in R (see https://github.
com/SofiePearson/Myosotis). Tree topologies of the different datasets
were also described and compared in detail to allow dissection and
understanding of taxonomic and geographic patterns at multiple taxo-
nomic levels. The major clades of each tree were also mapped onto the
other trees to visualise congruence and incongruence using the package
‘ggtree’ in R.

3. Results
3.1. Angiosperms353 baits sequencing

The Illumina sequencing results (Table 2) and the standard HybPiper
target capture summary statistics (Table S2) are given for all 329
sequenced individuals. The number of supercontigs, genes with stitched
contigs and genes with paralogs are all positively correlated with the
number of mapped reads for ingroup Myosotis and most outgroups in the
322-loci dataset (Table S2, Fig. S1). As expected, individuals sequenced
on the MiSeq had fewer mapped reads compared to the majority of those
sequenced on HiSeq (Fig. S1). Outgroups Microula trichocarpa (Maxim.)
L.M.Johnst., Trigonotis sp. and Myosotis laxa contained fewer genes with
paralogs (25-29) relative to the other three outgroups, M. arvensis, M.
discolor and M. sylvatica (68-78), and most of the ingroup individuals
(15-94, mean: 58, median: 69; Table S2, Fig. S1C).

After filtering and trimming of the Angiosperms353 dataset
comprised 291 individuals and 322 loci totalling 574,445 bp (Tables 3
and 4; Fig. 3; Fig. S2). Of the individuals sequenced on HiSeq, 92 %
(281/304) remained in the final dataset, whereas only 40 % (10/28) of
the individuals sequenced on MiSeq individuals were retained. In the
HybPhaser output, regardless of platform, most ingroup Myosotis in-
dividuals showed about the same average SNP percentage (range:
3.1-4.3 %), high values of locus heterozygosity (range: 93.1-99.7), and
loci with > 1 % SNPs (range: 88.2-95.1 %; Table S3).

When assessed by eye, the vast majority of the 322 loci (296/322; 92
%) showed characteristics of artifactual orthologs, whereas only 25 loci
(8 %) appeared to be single copy and passed the filtering steps. The 296
alignments and trees identified as likely multi-copy clearly had two or
more sequence types and resulting clades, respectively, indicating the
presence of different alleles or different paralogs. Many of these 296
alignments contained evidence of stitched exons (genes with sequence
derived from multiple SPAdes contigs), and their paralogs (‘warning by
depth’ in HybPiper) ranged from O (n = 43; 14 %) to 322 (median: 69;
mean: 125), with 95 of 296 (32 %) having a paralogs warning below 16.
By contrast, 24 of the 25 loci (92 %) that were assessed by eye as being
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Table 2
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HybPiper results of Angiosperms353 baits sequencing by platform and for all 329 ingroup Myosotis and outgroup individuals sequenced.

Sequencing Total Mean Mean Mean Mean Mean number of average exon  average length of gene assembled, bp
platform number number of number mapped number extracted recovery for (=HybPiper_length_output_heatmap)
of sequenced of percentage of genes supercontigs each sample
samples reads mapped with (=GenesAt150pct) across 353
reads contigs loci,
percentage
MiSeq 28 689,179 267,931 38.8 312 224 - -
HiSeq 301 2,281,075 780,229 339 333 272 - -
All 329 2,145,594 736,629 34.3 331 268 90.0 1,792
Table 3
Taxon sampling of the three main southern hemisphere Myosotis phylogenomic datasets discussed in this paper: Angiosperms353, nuclear ribosomal DNA (nrDNA) and
plastome.
dataset no. individuals no. ingroup taxa no. hybrids no. outgroups no. individuals per taxon
Angiosperms353 322 54 2 5 1-19
nrDNA 259 54 2 5 1-17
plastome 259 54 2 5 1-17
Table 4

Comparison of statistics for the three main southern hemisphere Myosotis phylogenomic datasets discussed in this paper: Angiosperms353, nuclear ribosomal DNA

(nrDNA) and plastome.

dataset no. no. total length no. parsimony % parsimony no. constant no. singletons
individuals loci (bp) informative sites (bp) informative sites sites (bp) (bp)

Angiosperms353 291 322 574,445 122,689 21.0 % — —

nrDNA 259 1 6,829 566 8.2% 59 398

Plastome (second copy of inverted 259 1 138,124 3,268 2.4% 129,634 5,222

repeat removed)

single-copy had paralogs less than 16, and 14 of these (54 %) had a
paralogs warning of 0 and thus overlapped with the second single-copy
dataset of all 56 loci that had 0 paralogs.

3.2. Angiosperms353 — ASTRAL-III species tree reconstruction and
analyses

When comparing the LPP (local posterior probabilities) for specific
clades in the 322-loci, 56-loci single-copy and 25-loci single-copy fully
sampled species trees (for gene tree branch BS collapse values of 0 %,
<10 %, <20 %, <30 %, <50 %,< 70 % and < 90 %), the 322-loci trees
had generally higher LPP branch support than the other two datasets,
and were more likely to find the same relationships irrespective of BS
collapse value (data not shown). All trees showed some clustering of
species based on ebracteate-erect and bracteate-prostrate inflorescence
type and habit, although this was clearest in the 322-loci and 56-loci
single-copy datasets compared to the 25-loci single-copy dataset (data
not shown). For all three datasets, trees with the < 20 % BS collapse
value had the highest LPP for the specific clades selected for comparison
(data not shown). In general, the branches along the backbone of all
ASTRAL-III trees were short and had low support (<0.5 LPP; e.g. Fig. 3,
§2-S5).

Of all the ASTRAL-III fully sampled species trees from the three data
subsets (322-loci, 56-loci single-copy and 25-loci single-copy; Fig. 3,
52-S5), the one based on the 322-loci dataset (with < 20 % BS collapse
value) was the most resolved and highly supported overall, and made
the most sense biologically (Fig. 3; Fig. S2). The branches for all four
species or groups of individuals (see Appendix B, section 2.5.1.4) that
were checked in all trees had higher LPP support in the 322-loci tree
than the other two trees (Table 5; Fig. 3; Fig. S2). The two ASTRAL-III
species trees from the 322-loci dataset analysed using mapping files
(—a option) for 51 species or 57 species + subspecies showed similar
species relationships to each other and low LPP values (ranging from
0.29 to 0.91 LPP; Fig. S3). In addition, branch lengths, which are given

for all internal branches and terminal branches, were very short, ranging
from 0.0 to 0.38 coalescence units (CU), but only 18 terminal branches
were > 0.1 CU (Fig. S3). Since branch lengths in these species trees are a
direct measure of gene tree discordance, short branches indicate higher
discordance among gene trees (Mirarab, 2019) and thus branch lengths
are prone to underestimation (https://github.
com/smirarab/ASTRAL/blob/master/astral-tutorial. md#branch-length
-and-support).

Gene concordance factors (gcf) ran to completion in the 56- and 25-
loci single-copy datasets, but not in the large 322-loci dataset with 291
individuals (despite being run for 30 days). In all ingroup nodes, in both
of these single-copy trees, the proportion of underlying gene trees sup-
porting each node was very low, with most pie charts largely pink (i.e.,
having a majority of uninformative loci), however the 25-loci single-
copy dataset showed more concordance than the 56-loci single-copy
dataset (Figs. S4, S5).

3.3. Angiosperms353 — Concatenated analyses

For all three Angiosperms353 datasets, the four specific clades
selected for comparison (see Appendix B, section 2.5.1.4) were less often
monophyletic in the concatenated trees relative to their corresponding
ASTRAL-III trees (Table 5). Of the three trees, the 25-loci single-copy
tree (the one with the fewest total loci and the fewest multi-copy loci)
showed a modest amount of taxonomic structuring compared to the
other two concatenated trees (Fig. S6). Nine taxa were monophyletic in
this tree (compared to 22 in the 322-loci ASTRAL-III 353 tree), eight of
which were also monophyletic in the ASTRAL-III 353 tree. Most
branches including the backbone of the 322-loci IQ-TREE concatenated
topology were highly supported with BS values 70-100 % (86.2 %), and
the majority of these are 95 % or higher (67 %), whereas only 2.4 % of
nodes have < 50 % BS (Fig. S6). Although branch support was generally
much higher in all concatenated Angiosperms353 trees vs the ASTRAL-
III trees, the outcomes for most taxa were less resolved and more
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Fig. 3. Fully sampled species tree of Myosotis Angiosperms353 322-loci and 291-individual dataset with 20 % gene tree bootstrap cutoff using ASTRAL-IIL. The ten
main clades are numbered inside white circles. Local posterior probabilities (LPP) are shown above branches as filled circles (0.95-1.0 LPP), open circles (0.70-0.94
LPP), or no symbol (<0.70 PP). Coloured bars on the outside of the tree show island where that individual was collected (1), inflorescence and habit morphology (M),
and clade number in this Angsioperms353 tree (A; Figs. 3, S2), the nrDNA tree (N; Figs. 4, S8) or the plastome tree (P; Figs. 5, S9). Left photo shows the bracteate-
prostrate habit: Myosotis antarctica subsp. antarctica, WELT SP111328 (https://collections.tepapa.govt.nz/object/1955255) and the right photo shows the ebracteate-
erect habit: Myosotis rakiura, WELT SP105593 (https://collections.tepapa.govt.nz/object/1591954), both photos: Museum of New Zealand Te Papa Tongarewa, CC
BY 4.0 (https://creativecommons.org/licenses/by/4.0). A map of the Aotearoa New Zealand Ecological Provinces and their two-letter codes used in the sample

names is also shown. See Table S1 for sample names, Fig. S2 for the ladderised Angiosperms353 tree with LPP values for all branches, and Appendix C for descriptions
of each clade.
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Table 5
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Support values for the four clades compared among the three main southern hemisphere Myosotis phylogenomic datasets discussed in this paper: Angiosperms353,
nuclear ribosomal DNA (nrDNA) and plastome. Support values for clades in the ASTRAL-III analyses are given as local posterior probabilities (LPP) whereas those for
the IQ-Tree analyses are given as bootstrap (BS). Fractions given in brackets after a support value means the clade comprised a subset of the total number of individuals
only. An asterisk in the M. brevis column means one individual that was identified a priori as M. glauca (glau_SO_Nevi) was also contained in the M. brevis clade. See

section 4.3 and Appendix D for more details.

dataset no. no. analysis M. brevis M. capitata M. australis (Banks M. exarrhena
loci individuals Peninsula)
n=3_8 n=4 n==8 n =4 (n = 2 in plastome &
nrDNA)
Angiosperms353 322 291 ASTRAL-III 0.92 (7/8%) 0.97 1.0 1.0
Angiosperms353 56 291 ASTRAL-III 0.70 (7/8%) 0.63 0.85 0.49
Angiosperms353 25 291 ASTRAL-III 0.84 (4/8%) — 1.0 0.96
Angiosperms353 322 291 1Q-Tree 100 % (5/ 100 % (3/4) 100 % 100 %
(concatenated) 8%)
Angiosperms353 56 291 1Q-Tree — 100 % (3/4) — 100 % (3/4)
(concatenated)
Angiosperms353 25 291 1Q-Tree 100 % (5/ 100 % 100 % 100 %
(concatenated) 8%)
nrDNA 1 259 1Q-Tree 100 % (7/ 87 % 100 % 100 %
8%)
plastome 1 259 1Q-Tree — 100 % 100 % 100 %

polyphyletic (i.e., individuals from one taxon found in a higher number
of clades) than the ASTRAL-III Angiosperms353 tree, and nrDNA and
plastome trees. For example, in the 25-loci single copy concatenated
tree, 24/54 taxa (44 %) were less resolved and more polyphyletic than
the two other trees, and 59 % were less resolved and more polyphyletic
than the ASTRAL-III 353 tree. For only two taxa (4 %) was this tree
slightly better resolved than the ASTRAL-III 353 tree — M. petiolata (both
individuals monophyletic instead of just in the same main clade) and
M. antarctica subsp. traillii (individuals polyphyletic in three clades
instead of four). The majority of the underlying relationships that were
strongly supported by the concatenated datasets were often very diffi-
cult to interpret due to the lower resolution, added polyphyly, and very
few logical taxonomic, geographic or morphological patterns. There-
fore, the 322-loci ASTRAL-III fully sampled species tree with < 20 % BS
collapse value was chosen as the optimal Angiosperms353 tree and will
be discussed below.

3.4. Angiosperms353 phylogeny — Summary of the selected ASTRAL-IIT
322-loci species trees

Overall, the selected ASTRAL-III Angiosperms353 topology (291-
individual and 322-loci ASTRAL-III fully sampled species tree with < 20
% BS collapse value) is not well supported by LPP values, as nearly half
(49.3 %) of all 288 nodes in the tree have < 0.5 LPP, whereas 29.2 %
have 0.7-1.0 LPP (and only 13.5 % have 0.95 LPP or higher) (Fig. 3;
Fig. S2). The backbone of the tree in particular is poorly supported. The
tree can be roughly divided into 10 main clades. Approximately 68 % of
the sampled individuals (199/291) and about 65 % of the sampled taxa
(35/54) are found in the three largest clades (Clades 5, 9 and 10). A
summary of the 10 main clades of this tree, the taxonomic and
geographic patterns within them, and patterns of monophyly and non-
monophyly of the taxa can be found in Appendix C.

In general, there is a mixture of taxonomic and geographic structure
in this tree, and there were some patterns regarding the main informal
morphological groups, bracteate-prostrate vs. ebracteate-erect (Fig. 3;
Fig. S2). Five of the clades comprise largely ebracteate-erect individuals
and species (clades 1, 2, 4-6), four are bracteate-prostrate (clades 3,
7-9), and one (clade 10) is mixed. Clades 1-6 comprise 132 individuals,
82 % of which are ebracteate-erect, and the remaining bracteate-
prostrate individuals in this clade are mostly of the creeping species
M. chaffeyorum, M. matthewsii, M. spatulata and M. tenericaulis. Clades
7-9 include 91 individuals, of which 89 % are bracteate-prostrate,
whereas clade 10 comprises 67 individuals, 52 % of which are brac-
teate-prostrate.

10

Regarding geographic distribution, most sampled ingroup Myosotis
are from the South Island (217/290 individuals; ~75 %), which is the
main centre of diversity of the genus in the southern hemisphere, and
these are found throughout the tree. All nine Australian individuals of
M. exarrhena and M. australis form a subclade (0.74 LPP, within Clade 4),
as do all four subantarctic island individuals of M. capitata (0.97 LPP,
Clade 4) plus one of M. antarctica (0.9 LPP); the remaining subantarctic
island individuals of M. antarctica group together with other
M. antarctica (clade 9) in two different clades. The majority of the 50
sampled North Island Myosotis individuals (and their corresponding
North Island taxa) are in Clade 5, in three mostly North Island +
northern South Island subclades: 1) All M. pottsiana, M. petiolata, M.
eximia and M. saxosa (plus one M. explanata, expl SC_ArPa, and one
M. brockiei subsp. dysis, brdy_SN_Four2; 0.43 LPP); 2) all M. spatulata
(North and South Islands; 1.0 LPP); 3) all M. pansa subsp. praeceps, M.
pansa subsp. pansa, M. matthewsii, plus all M. venosa (South Island) and
all M. forsteri (North and South Islands; 0.62 LPP).

Other North Island individuals of more widespread taxa are placed in
other clades containing other individuals of their respective taxa
(M. antarctica, M. australis, M. tenericaulis and M. brevis); the same is true
of Stewart Island individuals of M. rakiura (Clade 9) and M. tenericaulis
(Clade 3). The clustering of some individuals from certain regions within
the North and South Islands is evident in many clades, and there are also
several examples of individuals of different species but from the same or
nearby locality clustering together (Appendix C). For example, some
southern South Island individuals and taxa cluster together, including
30 individuals mostly from Otago, which include all M. albosericea, M.
oreophila, M. cheesemanii, M. venticola, and M. uniflora (Subclade 10C,
0.39 LPP), which is in turn part of a larger southern South Island clade of
67 total individuals (Clade 10, 0.36 LPP); and Southland individuals of
M. ultramafica, M. lyallii subsp. elderi (8 of 14), and some M. antarctica
subsp. antarctica (0.48 LPP) (Appendix C). Finally, taxa with fewer in-
dividuals sampled tended to be monophyletic, whereas taxa with higher
sampling tended to be polyphyletic (Fig. S7), and species that are more
widespread were generally found in a higher number of clades compared
to localised species (data not shown).

In general, the two ASTRAL-III Angiosperms353 species trees (291-
individual and 322-loci; Fig. S3A, Fig. S3B) are not well supported by
LPP values and have very short branch lengths for both terminal and
internal branches. The few relationships that have > 0.5 LPP support
are: M. eximia + M. explanata (0.91); M. forsteri + M. venosa (0.78-0.81)
+ M. pansa (0.59-0.62); M. petiolata + M. pottsiana (0.66); M. matthewsii
+ M. spatulata (0.65); M. chaffeyorum + M. “Asbestos” (0.62); and
M. colensoi + M. brevis (0.58) + M. colensoi x saxatilis (0.54-0.56 LPP).
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Some of the clustering of species in these species trees mirrors the clades
in the fully sampled species tree, especially clades 4, 5, and 7-10
(Fig. S3). The two hybrids cluster with one of their respective parental
species, and for species with subspecies (Fig. S3B), three have closely
related subspecies (M. antarctica, M. brockiei and M. pansa), whereas the
other three do not (M. goyenii, M. lyallii and M. traversii). The branch
lengths largely correspond to whether a species is monophyletic in the
fully sampled tree, i.e., species that are monophyletic have longer
branch lengths (0.01 - 0.38 CU in the species + subspecies tree, Fig. S3B;
mean: 0.14; median: 0.12), not monophyletic but are in the same clade
(0.0-0.11; mean: 0.04; median: 0.03), or polyphyletic (0.0-0.09; mean:
0.03; median: 0.02) (branch lengths in the other species tree were
similar, Fig. S3A).

3.5. Nuclear ribosomal DNA (nrDNA) dataset — Summary of the IQ-
TREE phylogeny

The nrDNA dataset comprised 259 individuals totalling 6,829 bp
(Tables 3 and 4; Fig. 4; Fig. S8). Overall, the resulting IQ-TREE nrDNA
topology is not well resolved nor supported by BS values, as 19.5 % of all
256 nodes in the tree have zero branch lengths (and no corresponding BS
value), and another 23 % have < 50 % BS, whereas 48.8 % have 70-100
% BS (with 34 % having 95 % BS or higher) (Fig. 4; Fig. S8). The
backbone of the tree in particular is poorly supported. The nrDNA IQ-
TREE topology can be roughly divided into seven main clades.
Approximately 63 % of the sampled individuals (160/254) and 69 % of
the sampled taxa (37/54) are found in the two largest clades (Clades 6
and 7). A summary of the seven main clades of the nrDNA tree, in order
from smallest to largest (and also from bottom of the tree to top), the
taxonomic and geographic patterns within them, and patterns of
monophyly and non-monophyly of the taxa can be found in Appendix C.

In general, there is a mixture of taxonomic and geographic structure
in the nrDNA tree, but there are no obvious patterns regarding
morphological characters (Fig. 4; Fig. S8). Individuals from the main
informal morphological groups, bracteate-prostrate vs. ebracteate-erect,
sometimes group together but there are many exceptions. The bracteate-
prostrate creeping species M. chaffeyorum, M. matthewsii and
M. spatulata group with ebracteate-erect species — the latter two with
other North Island species and M. chaffeyorum with other northern South
Island species — whereas the remaining creeping species, M. tenericaulis,
is in a clade of other mostly southern South Island species representing
both habit types.

Regarding geographic distribution, most sampled ingroup Myosotis
are from the South Island (201/254 individuals; 79 %), and these are
found throughout the tree. Only three of the five Australian individuals
of M. exarrhena and M. australis form a clade (Clade 2) as do all four
subantarctic island individuals of M. capitata (87 % BS, Clade 7) plus one
of M. antarctica ((97 % BS); of the other two subantarctic M. antarctica,
one groups with other M. antarctica and the other is with M. tenericaulis
with low support. The majority of the 40 sampled North Island Myosotis
individuals (and their corresponding North Island taxa) are in three
highly supported, mostly North Island subclades: 1) All M. pansa subsp.
pansa, M. saxosa, M. petiolata and 3 of 4 M. spatulata (100 % BS); 2) All
M. matthewsii and M. pansa subsp. praeceps (plus one M. spatulata,
spat_ NN_Mana; 100 % BS); 3) All M. pottsiana, M. eximia and (northern
South Island) M. brockiei subsp. dysis, (plus one M. explanata,
expl_SC_ArPa; 100 % BS).

Other North Island individuals of more widespread taxa are placed in
other clades containing other individuals of their respective taxa
(M. antarctica, M. australis, M. tenericaulis and M. brevis); the same is true
of Stewart Island individuals of M. rakiura (Clade 5, 100 % BS) and
M. tenericaulis (Clade 5, 96 % BS). The clustering of some individuals
from certain regions within the North and South Islands is evident in
many clades, and there are also several examples of individuals of
different species but from the same or nearby locality sharing very
similar ntDNA sequences (Appendix C). For example, some South Island
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individuals and taxa cluster together with high support, including most
M. albosericea and M. oreophila (except oreo_SO_Duns) from the Dunstan
Mountains (100 % BS); a clade of 22 mostly ebracteate-erect taxa and
individuals all from the northern South Island (Clade 1, 99 % BS); and
Southland individuals of M. ultramafica, M. lyallii subsp. elderi (7 of 9),
and some M. antarctica subsp. antarctica (90 % BS) (Appendix C). Finally,
in general, higher intraspecific sampling led to increased polyphyly
(Fig. 7).

3.6. Plastome dataset — Summary of the IQ-TREE phylogeny

The plastome dataset comprised 259 individuals totalling 149,043
bp (138,124 bp when the second copy of the inverted repeat was
removed prior to the final analysis; Tables 3 and 4; Fig. 5; Figs. S9, S10).
The vast majority of branches — from the larger subclades or lineages to
the tips of the tree — are highly supported with BS values 80-100 %
(91.5 %), and the majority of these are 95 % or higher (65.1 %), whereas
only 3 % of nodes have < 50 % BS (Fig. 5; Fig. S9). The plastome IQ-
TREE topology can be roughly divided into 11 main clades. Approxi-
mately 60 % of the sampled individuals (150/254) and 60 % of the
sampled taxa (33/54) are found in the three largest clades (Clades 2, 5
and 11). A summary of the 11 main clades of the plastome tree, in order
from largest to smallest, the taxonomic and geographic patterns within
them, and patterns of monophyly and non-monophyly, can be seen in
Appendix C.

Overall, there is a mixture of taxonomic and geographic structure in
the plastome tree, but there are no obvious, strong overarching patterns
regarding inflorescence type + habit (Fig. 5; Fig. S9). Specifically,
regarding the main informal morphological groups of bracteate-
prostrate vs. ebracteate-erect, although there are some clades domi-
nated by individuals from one group or the other (Appendix C), there are
multiple clades with individuals and taxa from both groups. The
bracteate-prostrate creeping species M. chaffeyorum, M. matthewsii and
M. spatulata group with ebracteate-erect species in Clade 5, whereas the
remaining creeping species, M. tenericaulis, is in Clade 9 with both
inflorescence + habit types.

Regarding geographic distribution, most sampled ingroup Myosotis
are from the South Island (201/254 individuals; about 80 %), and these
are found throughout the tree. All five Australian individuals of
M. exarrhena (100 % BS; Table 5) and M. australis (100 % BS) form a
clade (Clade 7, 100 % BS) as do all four subantarctic island individuals of
M. capitata (100 % BS, Clade 6; Table 5) plus one of M. antarctica (100 %
BS); the other two subantarctic individuals of M. antarctica group with
high support with other M. antarctica (Clade 9, 100 % BS). The majority
of the 40 sampled North Island Myosotis individuals (and their corre-
sponding North Island taxa) are in Clade 5, in two main subclades: 1) all
M. saxosa, M. petiolata, M. eximia and 2/3 M. pansa subsp. praeceps (plus
northern South Island M. venosa, M. brockiei, M. chaffeyorum, M. laeta, M.
“Asbestos”, and one M. forsteri (100 %); 2) all M. pottsiana and
M. matthewsii, 3/4 M. pansa subsp. pansa (and one M. pansa subsp.
praeceps), and 3/4 M. spatulata (plus one M. explanata, expl SC_ArPa,
and one M. forsteri; 100 %). Other North Island individuals of more
widespread taxa are placed in other clades containing other individuals
of their respective taxa (M. antarctica, M. australis, M. tenericaulis and
M. brevis); the same is true of Stewart Island individuals of M. rakiura
(Clade 5) and M. tenericaulis (Clade 9). The clustering of some in-
dividuals from certain regions within the North and South Islands is
evident in many clades, and there are also several examples of in-
dividuals of different species but from the same or nearby locality
sharing very similar chloroplast haplotypes (Appendix C). For example,
some southern South Island individuals and taxa cluster together,
including 24 individuals from Otago including all M. albosericea, M.
oreophila, M. cheesemanii, M. venticola, and M. uniflora (Subclade 11B,
100 BS); and a clade of 17 ebracteate-erect taxa and individuals all from
the northern South Island (Clade 1, 100 % BS) (Appendix C). Finally, as
with the Angiosperms353 and nrDNA datasets, polyphyly was more
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Fig. 4. Phylogenetic tree of the Myosotis nrDNA 259-individual dataset using IQ-TREE. The seven main clades are numbered inside white circles. Bootstrap support
(BS) values are shown above branches as filled circles (95-100 % BS), open circles (70-94 % BS), or no symbol (<70 % BS). Coloured bars on the outside of the tree
show island where that individual was collected (I), inflorescence and habit morphology (M), and clade number in the Angsioperms353 tree (A; Figs. 3, S2), this
nrDNA tree (N; Figs. 4, S8) or the plastome tree (P; Figs. 5, S9). Left photo shows the bracteate-prostrate habit: Myosotis antarctica subsp. traillii, WELT SP090544
(https://collections.tepapa.govt.nz/object/1254156) and the right photo shows the ebracteate-erect habit: Myosotis suavis, WELT SP107452/A (https://collections.
tepapa.govt.nz/object/1768787); both photos: Museum of New Zealand Te Papa Tongarewa, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0). A map of
the Aotearoa New Zealand Ecological Provinces and their two-letter codes used in the sample names is also shown. See Table S1 for sample names, Fig. S8 for the
ladderised nrDNA tree with LPP values for all branches, and Appendix C for descriptions of each clade.
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subantarctic islands

Fig. 5. Phylogenetic tree of the Myosotis plastome 259-individual dataset using IQ-TREE. The eleven main clades are numbered inside white circles. Bootstrap
support (BS) values are shown above branches as filled circles (95-100 % BS), open circles (70-94 % BS), or no symbol (<70 % BS). Coloured bars on the outside of
the tree show island where that individual was collected (I), inflorescence and habit morphology (M), and clade number in the Angsioperms353 tree (A; Figs. 3, S2),
the nrDNA tree (N; Figs. 4, S8) or this plastome tree (P; Figs. 5, S9). Left lower photo shows the bracteate-prostrate habit: Myosotis chaffeyorum, WELT SP105614 and
the right photo shows the ebracteate-erect habit: Myosotis macrantha, WELT SP108821 (https://collections.tepapa.govt.nz/object/1863566); both photos: Museum of
New Zealand Te Papa Tongarewa, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0). A map of the Aotearoa New Zealand Ecological Provinces and their
two-letter codes used in the sample names is also shown. See Table S1 for sample names, Fig. S9 for the ladderised plastome tree with BS values for all branches, and

Appendix C for descriptions of each clade.
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prevalent in taxa with greater infraspecific sampling (Fig. S7).

3.7. All three phylogenies — Areas of topological congruence and patterns
of monophyly and non-monophyly of southern hemisphere Myosotis taxa

There are several areas of broad topological congruence in the three
trees (353, nrtDNA, plastome) that can be observed by comparing the
coloured bars on the outside of the trees (Figs. 3-5, S2, S8 and S9), the
trees themselves (Figs. 3-5, S2, S8 and S9), and the detailed clade de-
scriptions (Appendix C). 1) Clade 5 (353) comprises mostly North Island
and northern South Island ebracteate-erect species and is similar in
composition to Clade 7 (nrDNA) and Clade 5 (plastome). 2) Clade 10
(353) comprises southern South Island ebracteate-erect and bracteate-
prostrate species which is similar to Clade 6 (nrDNA) and Clade 11
(plastome). 3) Clade 7 (353) contains the bracteate-prostrate species
M. brevis and M. colensoi which is similar to Clade 4 (plastome). 4) Clade
9 (353) comprises mostly southern South Island bracteate-prostrate
species which is similar to Clade 2 (plastome). Similarly, there are
other examples of smaller groups of taxa that consistently group
together in the three trees, such as M. antarctica, M. lyallii subsp. elderi
and M. ultramafica in Subclades 9B and 9C (353), which are similar in
composition to Subclade 5B1 (nrDNA) and Subclade 2A (plastome).
Another example is the Australian M. exarrhena and the Australian in-
dividuals of M. australis grouping together in Clade 4 (353), Clade 2
(nrDNA) and Clade 7 (plastome).

The 54 taxa were classified as either being monophyletic (28-41 % of
taxa), having individuals in the same main clade or lineage (30-35 %),
or polyphyletic (20-40 %), in each of the three trees (353, nrDNA,
plastome). Thus, about half of the taxa (28/54, 52 %) were mono-
phyletic in at least one of the three trees (353, nrDNA, plastome).
Similarly, 26 taxa (48 %) were either monophyletic or found in the same
main clade (i.e., never polyphyletic) in all of the trees. Of these 26 taxa,
five of them (9 %) were always monophyletic: M. albosericea, M. capitata,
M. exarrhena, M. goyenii subsp. infima, and M. uniflora. Another 16 taxa
(30 %) were monophyletic in 1 or 2 trees and in the same main clade in
the remaining tree(s) (M. angustata, M. chaffeyorum, M. cheesemanii, M.
eximia, M. glabrescens, M. hikuwai, M. laeta, M. matthewsii, M. monroi, M.
pansa subsp. pansa, M. pansa subsp. praeceps, M. pottsiana, M. saxosa, M.
suavis, M. sp. “Takitimu”, and M. traversii subsp. cantabrica). Finally, the
remaining five taxa (9 %) were always in the same main clade (i.e.,
never monophyletic or polyphyletic; M. brockiei subsp. dysis, M. petio-
lata, M. spatulata, M. ultramafica and M. venosa). By contrast, 16 taxa (30
%) showed a mixture of monophyly, being in the same clade, and pol-
yphyly (M. arnoldii, M. sp. “Asbestos”, M. brevis, M. brockiei subsp.
brockiei, M. bryonoma, M. colensoi, M. concinna, M. sp. “Fiordland”,
M. forsteri, M. goyenii subsp. goyenii, M. oreophila, M. rakiura, M. tener-
icaulis, M. traversii subsp. traversii, M. umbrosa, M. venticola). For these 16
taxa, their polyphyly involved individuals being placed in only two
(rarely three) different clades. Finally, 12 taxa (22 %) were always
polyphyletic in all three trees (M. antarctica subsp. antarctica, M.
antarctica subsp. traillii, M. australis, M. explanata, M. glauca, M. lyallii
subps. elderi, M. lyallii subsp. lyallii, M. macrantha, M. pulvinaris, M. sp.
“Livingstone”, M. saxatilis and M. retrorsa), and the polyphyly of these 12
taxa generally involved individuals being placed in 3 to 5 different
clades (rarely only 2 or as many as 6; Fig. S7).

To address several detailed taxonomic questions for each species,
descriptions of taxonomic, geographic and morphological patterns from
the same trees (Figs. 3-5, S2, S8 and S9) are summarised in Appendix D.

4. Discussion

The current study builds on previous phylogenetic studies (Meudt
et al., 2015, 2013; Prebble et al., 2019, 2015; Winkworth et al., 2002b)
and represents the first phylogenomic analysis of the southern hemi-
sphere Myosotis (Boraginaceae) lineage, and the first published whole
chloroplast genomes for this genus. It also represents the first genus-
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level study in Boraginaceae to analyse Angiosperms353 data. Using a
combination of data from targeted sequence capture (574,445 bp),
whole chloroplast genomes (138,124 bp), and the nuclear ribosomal
DNA tandem repeat cluster (6,829 bp), a total of 719,389 bp were
analysed as three separate datasets with different concatenated and
coalescent methods for 291 or 322 individuals of 54 Myosotis ingroup
taxa from New Zealand and Australia. The resulting data-rich phylog-
enies represent ~ 120 x more base pairs (two orders of magnitude),
~80 x more loci, and ~ 2-3 x more taxon sampling than the most
recent phylogenetic analysis based on Sanger sequencing of standard
DNA markers (Meudt et al., 2015). This study is also one of only a
handful of phylogenetic studies of native New Zealand lineages pub-
lished to date to use either Angiosperms353 baits for target-capture
phylogenomics (Nicol et al., 2024; Ning, 2023; Schmidt-Lebuhn et al.,
2022; Thomas et al., 2023, 2021) or genome skimming for sequencing
whole chloroplast genomes (Maurin et al., 2022), and the first to our
knowledge to use both. Another novel aspect to this phylogenomic study
is the extensive inter- and intraspecific taxon sampling, which includes
near-comprehensive species sampling from southern hemisphere Myo-
sotis (54/59 taxa; 92 %; Table 1), and up to 19 individuals per taxon
(median: 4; mean: 5), most of which were field-collected throughout
their geographical ranges by HMM and JMP over 17 years.

From field work to final figures, there are significant challenges to
collect, assemble, curate, filter and analyse molecular datasets with
hundreds of loci and individuals for island and mountain species radi-
ations (Chan et al., 2000; Lagomarsino et al., 2022; Thomas et al., 2021).
Overall, the phylogenomic data has not provided a fully resolved, highly
supported species tree, which is especially true of the deeper phyloge-
netic nodes, but it does highlight both geographic and taxonomic pat-
terns throughout the southern hemisphere Myosotis lineage at multiple
levels, and sheds light on some evolutionary processes and species re-
lationships. Here, we interpret the utility of different target capture and
genome skimming phylogenomic datasets and analyses to resolve rapid
island and mountain radiations, the phylogenetic relationships that are
inferred (or unable to be inferred), and the taxonomic implications for
southern hemisphere Myosotis at multiple levels.

4.1. Getting the most out of target capture Angiosperms353 and genome
skimming datasets for species radiations

Angiosperms353 data. In general, the Angiosperms353 data were of
similarly high quality and quantity for most sequenced Myosotis in-
dividuals (Fig. S1). However, the final Angiosperms353 ASTRAL-III fully
sampled species tree was not well supported by LPP values (only 29.2 %
of the branches had 0.7-1.0 LPP; Fig. 3; Fig. S2), and the backbone of the
tree was unresolved; the ASTRAL-III species trees had similar issues but
with much lower LPP values and short branch lengths (Fig. S3). Thus,
this dataset did not fully resolve species relationships in the southern
hemisphere Myosotis lineage, but taken together, the sheer number of
loci, characters and individuals analysed, the high percentage of parsi-
mony informative characters (21 %), and the use of data filtering,
curation, and coalescent methods, all contributed to increasing the
effectiveness of the Angiosperms353 data for phylogenetic inference of a
group with a combination of characteristics that can be challenging, i.e.,
a very shallow, recent, polyploid, island and mountain species radiation.

The data here suggest the entire southern hemisphere Myosotis
lineage has a recent allopolyploid origin in which all the species in the
radiation have the same two (or more) differing ancestral subgenomes.
Supporting this hypothesis are the high (and similar) average values for
several HybPhaser statistics (locus heterozygosity, SNP percentage, and
percentage of loci with > 1 % SNP; Table S3, Fig. S1D), which would be
expected of hybrids or allopolyploids (Nauheimer et al., 2021). Indeed,
molecular dating has shown that New Zealand Myosotis is a very recent
Pleistocene radiation, with a stem age (colonisation age) of 2.8-1.0 mya
and a crown age (radiation age) of 1.8-0.7 mya (Meudt et al., 2015).
Many Mpyosotis species worldwide are polyploid, with chromosome
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numbers ranging from 2n = 14 to 2n = 88, and there is also dysploidy,
with base numbers ranging from x = 6 to x = 12 (Grau, 1968, 1964;
Luque, 1992). Consistent with an allopolyploid origin hypothesis, the
few New Zealand species that have had their chromosomes counted so
far are all polyploids, and they also show a dysploid series of 2n = 36, 40,
44, 46 or 48 chromosomes (de Lange and Murray, 2002; Murray and de
Lange, 2013). The yellow-flowered Iberian annual Myosotis persoonii
Rouy & E.G.Camus (2n = 48; (Grau, 1968; Luque, 1992) is the closest
northern hemisphere relative to the southern hemisphere lineage ac-
cording to a published ITS phylogeny (Winkworth et al., 2002b),
whereas the chloroplast phylogeny in the same paper was unresolved in
this regard. In both of those published phylogenies (Winkworth et al.,
2002b), the nine other mainly European species also in the same clade as
M. persoonii and the southern hemisphere species — including M. discolor,
which was sampled here — have chromosome numbers (where known) of
2n = 24, 48 or 72 (Grau, 1968; Luque, 1992). A complementary phy-
logenomic study using similar markers to those used here for northern
hemisphere Myosotis — as well as additional chromosome counts and
estimation of genome size, particularly for New Zealand species (Meudt
et al., 2021) — would be highly desirable to clarify the closest extant
relatives and polyploid origins of the southern hemisphere lineage and
fully understand and compare patterns of evolution in the genus as a
whole.

The statistics from HybPiper (especially ‘GenesWithStitchedContigs’
and ‘ParalogWarningsDepth’; Table S2), as well as the very high per-
centage of Angiosperms353 loci that were identified by eye as being
artifactual orthologs (92 %), are indicative of a high number of paralogs
in this dataset, which would be expected for polyploid lineages.
Compared to the 90 of 313 loci (29 %) that were identified by eye as
artifactual orthologs in a published Angiosperms353 dataset for the
neotropical genus Freziera (Pentaphylacaceae), the 92 % of loci identi-
fied here is much higher, even though Freziera is similar to Myosotis in
that it is also a likely allopolyploid genus that has undergone a rapid
radiation (but in the South American Andes) (Frost et al., 2024). Iden-
tifying and removing such artifactual orthologs or paralogs is one of
three strategies currently employed to analyse such datasets. Although
in the case of Myosotis this strategy did not produce more resolved,
better supported or more informative trees, taking the time to visually
inspect every Angiosperms353 locus alignment and gene tree, and
comparing the results of the various downstream phylogenetic analyses,
greatly improved our understanding of the underlying data and also
shaped our final filtering and analysis strategies.

Additional strategies for dealing with paralogs not explored here
include those that separate and include paralogs in downstream analyses
in different ways (Gardner et al., 2020; Kandziora et al., 2021; Morales-
Briones et al., 2022; Ufimov et al., 2022). So far, these pipelines have
focused on exons only (not supercontigs), to the exclusion of introns and
non-target “splash zones”, such that many of the variable sites crucial for
a study focused on rapid radiations at the level of species would be lost
(Johnson et al., 2019). Of the three strategies we used here: (1) coa-
lescent species tree reconstruction from all loci, (2) coalescent species
tree reconstruction from single-copy loci, and (3) phylogenetic analysis
of concatenated loci (all loci or single-copy loci only), the first one
produced the ‘best’ species tree for Myosotis, but there was nevertheless
congruent signal to varying degrees in the 25-loci single copy coalescent
and concatenated analyses. Although concatenation can be useful for
shallow phylogenies where combining all information from all available
loci may increase phylogenetic signal (Chen et al., 2023), as a method
that is not “ILS-aware”, it may also lead to erroneously reconstructed
relationships for rapid radiations (Thureborn et al., 2022) especially
those that are also mainly polyploid (e.g., Nicol et al., 2024; Overson
et al., 2023). This may have occurred in the current study, in which
many of the branches of the concatenated trees were highly supported
but were highly inconsistent with other morphological or geographic
data, and with previous taxonomic or other biological knowledge, and
were likely erroneous. By contrast, the coalescent method can take into
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account incomplete lineage sorting, but it can also be sensitive to gene
tree error (Thureborn et al., 2022; Zhang et al., 2018; Howard et al.,
2022), which could be high in our dataset given the potentially large
number of artifactual orthologs found, and the high levels of gene tree
incongruence seen in the gcf analyses of data subsets that were able to
run to completion (Figs. S4, S5). The analyses here show that, in spite of
incongruence and paralogy, there is merit to using as many of the An-
giosperms353 loci and as much of the underlying data from each locus as
possible (Maddison and Knowles, 2006; Thomas et al., 2021; Yan et al.,
2022). A future strategy that can simultaneously identify, separate and
incorporate paralogous sequences prior to coalescent analysis could
improve the utility of such Angiosperms353 datasets for resolving the
relationships, species limits and taxonomy, particularly of recent radi-
ations with a history of polyploidy.

Testing different levels of gene tree bootstrap cutoffs was another
useful tool to further curate and filter the Angiosperms353 data. The
finding that the 20 % BS collapse value gave trees with the highest LPP
for the chosen clades in all three 353 datasets examined is in line with
Zhang et al. (2018). That study showed that removing branches with <
10 % BS (and sometimes up to 20 % BS) improves species tree accuracy,
whereas more aggressive filtering reduces the ability to reconstruct the
true species tree. As a final note regarding sequencing platforms, those
such as MiSeq — which produce fewer mapped reads and genes with
assembled contigs per individual compared to HiSeq — may not be an
appropriate platform for sequencing Angiosperms353 baits in studies
similar to this one. The majority of MiSeq-individuals (60 %) did not
pass the average recovered supercontig length filter used here (1,500
bp). Relative to the genome skimming datasets, there was a lower pro-
portion of MiSeq-sequenced individuals that were included in the final
Angiosperms353 dataset based on the filtering scheme we used. This
suggests that the DNA for these samples was of high quality and quantity
(because these samples were able to be included in the genome skim-
ming datasets). Finally, comparing the ASTRAL-III fully sampled species
tree (Fig. 3, Fig. S2) with the species trees using two different mapping
files (Fig. S3), and interpreting support values and branch lengths was
another useful tool for disentangling the complexity of species re-
lationships and species and subspecies limits (Rabiee et al. 2019).
Although the low LPP values and very short branches corresponding to
high gene tree discordance and non-monophyly in the species trees were
perhaps expected for a species radiation (e.g., Chan et al., 2020), the
distribution of branch lengths and the topology of the species trees
added another layer of taxonomic interpretation to the Angiosperms353
dataset (Fig. S3; Appendix C, D).

Genome skimming datasets. In general, the two genome skimming
datasets — whole plastome and nuclear ribosomal DNA tandem repeat
cluster — comprised high quality sequences for the subset of 259 taxa (80
%) included in the Angiosperms353 target capture dataset whose
genomic libraries contained sufficient quality and quantity DNA for
genome skimming. Using the same genomic libraries for genome skim-
ming was a cost-effective way of getting complete plastome and nrDNA
datasets, as opposed to attempting extraction of partial plastome DNA
and nrDNA as off-target reads from the Angiosperms353 target capture
(where only ~ 20 % of the plastome is usually recovered; Baker et al.,
2021). Once the plastome and nrDNA sequences were assembled and
aligned for each Myosotis individual, the downstream analyses were
standard and straightforward to implement, although we used high
performance computers due to the large size of the datasets. The well-
resolved plastome tree had only 2 % parsimony informative characters
overall, but most branches were highly supported, and this tree was thus
a crucial additional, independent and uniparental marker for southern
hemisphere Myosotis, contributing taxonomic and geographic patterns
for comparison to the Angiosperms353 dataset. Although the nrDNA
tree was, as expected based on previous ITS and ETS phylogenies (Meudt
etal., 2015; Winkworth et al., 2002b), not well supported despite having
8.2 % parsimony informative characters (including outgroups), with
concerted evolution well documented especially in polyploid species
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(Small et al., 2004), it was nevertheless assembled and included as a
valuable third dataset for comparison and corroboration.

4.2. Phylogenetic relationships in southern hemisphere Myosotis

The phylogenomic trees presented here contribute variously toward
reconstructing the relationships of New Zealand and Australian Myoso-
tis. In addition to the logistical and bioinformatic challenges encoun-
tered, there are also challenges around interpretation of the resulting
large, intricate and multiple trees. These can be difficult and complex to
understand, summarise and compare, particularly for a recent, rapid
island (and mountain) species radiation (Kandziora et al., 2021; Lago-
marsino et al., 2022; Larridon et al., 2019; Murillo-A et al., 2022;
Ottenlips et al., 2021; Thomas et al., 2021) combined with a history of
polyploidy and dysploidy (Murray and de Lange, 2013) with high
morphological and ecological variation yet low genetic variation (Meudt
et al., 2015). Extensive biological knowledge of the taxa and individuals
under study is an essential part of this process (Frost et al., 2024),
without which any evolutionary or taxonomic interpretations would be
largely impossible. The phylogenomic trees presented here are not fully
resolved, supported, congruent, or completely consistent with current
taxonomy, which is not unexpected compared with other recent phy-
logenomic studies of other similar groups (Lagomarsino et al., 2022;
Ottenlips et al., 2021; Thomas et al., 2021; Yan et al., 2024). Never-
theless, taxonomic and geographic patterns are evident especially when
comparing trees from different datasets, and combining the phyloge-
nomic data with additional, independent (non-molecular) biological and
morphological data and knowledge of species. Below we compare the
trees from the three main datasets (353, plastome and nrDNA) to outline
the main species relationships and groups, evolution of habit and
inflorescence type, and biogeographical patterns for southern hemi-
sphere Myosotis.

Most species of genera that are closely related to Myosotis have
ebracteate inflorescences, as do northern hemisphere species of Myosotis
(Cohen, 2014). The presence or absence of bracts on the inflorescence is
evolutionarily labile in this lineage of Boraginaceae, traditionally called
tribe Cynoglosseae, which is also the only tribe to have some species
with bracts present on the base of the inflorescence only (i.e., not with
the flowers; Cohen, 2014). (Names and circumscription of subfamilies of
tribes within the family has changed since then, see Chacon et al., 2016,
Luebert et al. 2016). All southern hemisphere Myosotis have bracts on
the inflorescences, including the ebracteate-erect species which have
bracts at the base of the erect inflorescence only, whereas bracteate-
prostrate species also have bracts subtending or near the flowers of
the mostly prostrate inflorescences or branches (Meudt et al., 2015;
Robertson, 1989). In the Angiosperms353 tree (Fig. 3; Fig. S2), there are
five clades of mostly ebracteate-erect species (Clades 1, 2, 4-6), three
clades of mostly bracteate-prostrate species (Clades 3, 7-9), and one
clade that is a mixture of both inflorescence and habit types (Clade 10).
Shifts from ebracteate to bracteate inflorescences (and back again) in
Myosotis parallels the same trends seen in the tribe as a whole, where
ebracteate inflorescences are ancestral and several switches to bracteate
inflorescences have occurred (Cohen, 2014). One example of this in the
current study is the three bracteate-prostrate New Zealand species,
namely the few-flowered, creeping species M. spatulata, M. chaffeyorum
and M. matthewsii, which consistently group with ebracteate-erect spe-
cies in all three phylogenies (especially with M. forsteri, M. venosa, M.
laeta, and both subspecies of both M. pansa and M. brockiei; Figs. 3-5, S2,
S8 and S9). Thus, bracteate inflorescences have evolved independently
in this group of closely related species compared to the other bracteate-
prostrate species. Even though the inflorescence + habit character
cannot be used to classify southern hemisphere Myosotis into two
monophyletic groups, it nevertheless remains an extremely useful
character for field identification at the species level, and for under-
standing the evolution of inflorescences in the genus. This is also the
case for at least one other genus in the family, Euploca Nutt. (formerly
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Heliotropium L. section Orthostachys R.Br.; Boraginaceae sensu APG IV or
Heliotropiaceae), where detailed morphological and developmental
studies aided understanding of inflorescence evolution and refinement
of infrageneric taxonomy since subsections based on bract presence are
not monophyletic (Frohlich, 1978; Frohlich et al., 2022). Similar
developmental studies could prove fruitful regarding the evolution of
southern hemisphere Myosotis inflorescences, especially regarding the
bracteate-prostrate creeping species mentioned above.

With respect to biogeographic patterns in the trees, the South Island
of New Zealand is the centre of origin and diversity for southern hemi-
sphere Myosotis, which is also the case for numerous other New Zealand
genera such as Ourisia (Meudt and Simpson, 2006), Ranunculus
(Lockhart et al., 2001), and Veronica (Thomas et al., 2023), among
others. For Myosotis, 80 % of the southern hemisphere species are native
to the South Island (mostly in mountainous areas of the Southern Alps)
and 82 % of these are endemic there (Table 1); similarly, 75 % of the
samples in our study were collected on the South Island (Table S1).
Consistent with previous findings (Winkworth et al., 2002a), all trees
show Myosotis has dispersed multiple times from New Zealand, and they
go a step further to show South Island as the origin of these dispersals to
the following places: Australia, the New Zealand subantarctic islands,
North Island, and Stewart Island.

Because the Australian endemic M. exarrhena always groups with all
or most Australian individuals of M. australis in all trees, these two
species are likely derived from a single dispersal event to Australia by a
shared ancestor. Myosotis exarrhena may be derived from within
Australian M. australis (353; Fig. 3; Fig. S2), which also have similar but
separate plastome and nrDNA relationships (i.e., a sister relationship;
Figs. 4, 5), but these patterns could also be the result of interspecific
hybridisation, for which there is some morphological evidence (Meudt
et al., 2020) (Appendix D). A detailed molecular study encompassing a
more extensive sampling of these two species from throughout their
ranges in Australia, and from M. australis subsp. saruwagedica from New
Guinea, which was not included here, is required to fully understand the
relationship of these two species.

By contrast, all trees show there were at least two separate dispersals
to the New Zealand subantarctic islands, with separate arrivals by
ebracteate-erect subantarctic endemic species M. capitata (once to
Auckland Islands + Campbell Island, including the individual anan_-
CI_Honel; see section 4.3) and bracteate-prostrate M. antarctica subsp.
antarctica (at least once to Campbell Island). The latter species is
widespread in the North and South Islands and has even reached
southern Chile (although no Chilean material was sampled here;
(Prebble et al., 2022), so multiple dispersals of M. antarctica subsp.
antarctica to Campbell Island, as potentially suggested by the nrDNA
tree, might be plausible. Similarly, three species have dispersed from the
South Island to nearby Stewart Island (M. tenericaulis, M. antarctica
subsp. traillii, and M. rakiura), and Stewart Island samples for the two
species sampled here (M. tenericaulis and M. rakiura) always cluster with
their respective South Island conspecifics in all three trees (Figs. 3-5, S2,
S8 and S9).

Even though it is not the centre of diversity for the genus, the North
Island of New Zealand boasts eight endemic Myosotis taxa, seven of
which were sampled here, as well as eight additional species (seven
sampled from the North Island) that are native there (Table 1). There is
evidence that the endemic North Island species are closely related to one
another and to other species native to the North Island and are derived
from southern North Island ancestors. Although they do not form a
monophyletic group, the North Island endemic species are all found
within the same clade in all three trees (M. eximia, M. matthewsii, M.
pansa subsp. pansa, M. pansa subsp. praeceps, M. petiolata, M. pottsiana
and M. saxosa; Figs. 3-5, S2, S3, S8 and S9). These endemic species are in
turn often closely related to other species native to the North Island,
such as M. spatulata, M. forsteri and M. venosa, as well as other species
endemic to the northern South Island, including (in at least two of the
three trees; Figs. 3-5, S2, S3, S8 and S9). M. laeta, M. brockiei, M.
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“Asbestos”, M. chaffeyorum, and the two individuals of the more wide-
spread M. australis sampled from that area.

Of the North Island endemics, there are some general trends (with
exceptions) that can be seen in all three trees, such as the close rela-
tionship of M. matthewsii, M. pansa subsp. pansa and M. pansa subsp.
praeceps (together with M. spatulata), and the close relationship of
M. eximia, M. petiolata and M. saxosa, whereas the relationships of
M. pottsiana varied between groups, depending on the tree (Figs. 3-5, S2,
S8 and S9). The first group of species are allopatric on the northern and
eastern parts of the North Island (Meudt et al., 2013; Meudt and Prebble,
2018), whereas the second group (plus M. pottsiana) are allopatric in the
northeastern part of the island, except for the range of M. petiolata which
overlaps with that of M. saxosa. This is additional evidence that the
species in the informal “M. petiolata group” (M. petiolata, M. pansa, M.
pottsiana, and South Island M. “Asbestos™) are distinct species rather
than subspecies, and that group itself may not be monophyletic (Meudt
et al.,, 2013) but is instead part of a broader North Island endemic
lineage. Finally, as with South Island taxa that have dispersed to Stewart
Island, those that have dispersed to the North Island also tend to cluster
with their respective conspecifics in most trees (e.g., M. australis, M.
tenericaulis, M. brevis, M. antarctica subsp. antarctica, M. antarctica subsp.
traillii) (Figs. 3-5, S2, S8 and S9).

The mountains of the southern South Island, which in addition to
those in northwestern part of the South Island, are centres of diversity
for New Zealand Myosotis (Meudt and Prebble, 2018), and, more
generally, are known hot spots of taxonomic and morphological di-
versity and endemism in the New Zealand flora (Cockayne, 1928;
Wardle, 1963). Multiple species from the southern South Island, espe-
cially high-elevation habitats in Otago, are to varying degrees inter-
mixed with one another in the same clade in the trees presented here,
and these phylogenomic patterns mirror the morphological and taxo-
nomic complexity and diversity in the genus in this area (Meudt and
Prebble, 2018). A good example of this is the bracteate-prostrate species
M. antarctica subsp. antarctica, M. antarctica subsp. traillii, M. glauca, M.
hikuwai, M. lyallii subsp. elderi and M. ultramafica, which are closely
related to one another in several trees (including the 353 ASTRAL-III
species tree, Fig. S3). Some of these species belong to the so-called
pygmy species group (M. antarctica subsp. antarctica, M. antarctica
subsp. traillii, M. brevis, M. glauca and M. hikuwai; Prebble et al., 2022,
2019). A previous study of the pygmy group using microsatellites
focused on population genetics and species delimitation (Prebble et al.,
2019, 2015), but species relationships were not fully resolved and
monophyly of the group was not addressed. In the phylogenomic results
reported here, as was the case with the M. petiolata group above, not all
members of the pygmy group are each other’s closest relatives, sug-
gesting again that this informal species group may not be monophyletic
and is instead part of a broader bracteate-prostrate lineage.

4.3. Taxonomic implications at multiple levels for New Zealand and
Australian Myosotis

The phylogenomic trees contribute to the main aim of the current
study by providing numerous insights that can be applied to improve the
taxonomy of southern hemisphere Myosotis, which is currently under-
going taxonomic revision (Meudt, 2021; Meudt et al., 2020, 2013;
Meudt and Prebble, 2022, 2018; Prebble et al., 2022, 2019). There were
a range of outcomes at the different scales of species, subspecies and
even individual samples and hybrids, for their taxonomy, monophyly,
species limits, geography, and correct identification. As has been shown
previously (Beck et al., 2021; Hassemer et al., 2019; Ottenlips et al.,
2021; Slimp et al.,, 2021), the phylogenomic data presented here,
including the Angiosperms353 loci and genome skimming data, were
useful for improving morphology-based taxonomy, species and subspe-
cies delimitation for some taxa. However, for other taxa, the data were
insufficient to address such questions (e.g., Wenzell et al., 2021) or were
complex and difficult to interpret in a taxonomic framework. Below we
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compare the trees from the three main datasets (353, plastome and
nrDNA) to outline the main taxonomic implications for southern hemi-
sphere Myosotis.

In our taxonomic revisionary papers on southern hemisphere Myo-
sotis and here, we have used the general-lineage species concept (de
Queiroz, 2007; de Queiroz, 1998) to delimit species as separately
evolving lineages, where possible using multiple lines of evidence in an
integrative framework (e.g., Meudt, 2021, 2017; Meudt et al., 2013;
Prebble et al., 2022). In addition, we have used subspecies rank for
allopatric taxa that have few minor distinguishing characters that may
have limited overlap (Stuessy 2009; Meudt 2021). Although microsat-
ellite data and AFLPs have provided evidence for independently
evolving metapopulations for some Myosotis taxa in the M. petiolata
group and the pygmy group, most molecular datasets used to date have
not been informative for species or subspecies delimitation, and
morphology has been used as the main operating criterion. The near
exhaustive interspecific and comprehensive infraspecific sampling in
this phylogenomic study is novel and has important implications,
including the ability to assess not only species relationships but also
monophyly, species limits, phylogeography, even underlying evolu-
tionary processes, all of which may be much more complex than
depicted in trees with much more limited sampling, especially given the
evolutionary history of this group.

Speciation in the southern hemisphere Myosotis radiation has
occurred geologically recently, over a very short period of time, and
indeed may be incipient and ongoing (Meudt et al., 2015; Prebble et al.,
2022, 2019). This is a common scenario for many New Zealand radia-
tions, whose species limits are difficult to interpret in light of complex
patterns seen in published phylogenies that may involve polyploidy,
hybridisation and introgression, or retention of ancestral diversity
(incomplete lineage sorting) or a combination of these (Heenan et al.,
2022; Meudt and Bayly, 2008; Shepherd et al., 2023; Shepherd and
Heenan, 2022; Winkworth et al., 2005). Many New Zealand Myosotis
species are naturally uncommon, rare or threatened; they are often
restricted to certain substrates, habitats or areas; and they often have
highly reduced, allopatric or sometimes overlapping geographic ranges
(Meudt et al., 2015). In Myosotis, species are largely clearly defined
based on morphology, and there is very limited evidence for extant
hybridisation and gene flow (see Appendix D), yet the results in all three
phylogenomic datasets show geographic structuring, which would not
be expected from incomplete lineage sorting alone (Meudt and Bayly,
2008; Shepherd et al., 2023). Rather, a previously proposed model of
species diversification seems to fit the phylogenomic patterns seen here
for Myosotis, in which climatic and environmental instability in New
Zealand during the Pliocene and Pleistocene, together with glaciation
cycles and vulcanism, provided the opportunity for the evolution of
local, geographic lineages (Winkworth et al., 2005). Such local lineages
would be geographically proximate, in different stages of speciation, and
would have undergone multiple cycles of geographic expansion and
contraction (and thus hybridisation and introgression with other local
lineages). Thus, the process of speciation would be closely linked to
geography via local adaptation to different habitats or substrates from
nearby ancestors with whom cycles of hybridisation and introgression
have occurred, likely involving parapatric and peripatric modes of
speciation. Such a scenario could be responsible for the geographic
admixture and structure found here for New Zealand Myosotis, on both a
local scale as well as inter-island patterns discussed above (section 4.2).
A similar model has been proposed for Mediterranean plants including
another Boraginaceae genus, Iberodes M.Serrano et al., where Pliocene-
Pleistocene ecological divergence without physical barriers to gene
flow, a progenitor—derivative (budding) pattern of a restricted species
evolving from a more widely distributed one (paraphyly), and niche
differentiation were all evident (Otero et al., 2022).

Given this combination of factors and model of species diversifica-
tion, a number of outcomes for species are all plausible, including
monophyly vs polyphyly (or paraphyly; Otero et al., 2022), presence vs
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lack of geographic structure, blurry vs clear species limits, congruent vs
incongruent placement in different trees, and lack of resolution and
support vs highly resolved and well supported. The outcome for a given
species may or may not be in agreement with the underlying
morphology-based taxonomy (or it may be uninformative), and there-
fore the species limits and taxonomy of each taxon should be assessed in
the general-lineage concept framework after comparing the phyloge-
nomic results to all other available evidence and biological knowledge
(e.g., Appendix D).

Overall, the phylogenomic results are congruent with the current
taxonomy in many cases (Appendix D). About half of the Myosotis taxa
were either monophyletic, or all of the sampled individuals were at least
contained in the same larger clade, including five taxa that were always
monophyletic (M. albosericea, M. capitata, M. exarrhena, M. goyenii
subsp. infima, and M. uniflora; see section 3.10). Even for some taxa that
were not consistently monophyletic, there was very high support for
most of the individuals grouping together (including M. brevis, M.
rakiura, M. spatulata, M. pansa subsp. pansa, among others). Thus,
despite the challenges and complexities discussed above regarding the
evolutionary histories of New Zealand species radiations, the phyloge-
nomic results presented here were perhaps surprisingly informative and
largely congruent with the current species limits of about half of the
Myosotis taxa (Appendix D).

However, for the other half of the sampled taxa, the phylogenomic
data were partially to largely incongruent with current species limits.
For the 16 taxa (30 %; including 13 species and 3 subspecies, see section
3.10) that showed some or minor polyphyly (i.e., in two clades only, and
only in one or two of the three trees), there were clear examples where
the taxonomy could be improved at both the species and subspecies
levels. For example, the Western Nelson (northwestern part of South
Island) individuals of M. traversii subsp. traversii, whose morphology is
unusual, will be re-evaluated in another study (Meudt unpubl. data) as
belonging to another species, possibly M. suavis (as evidenced in the
ASTRAL-III species tree, Fig. S3). In other cases, disjunct populations did
not cluster together, such as in M. arnoldii and M. colensoi, which suggest
that recognition of allopatric subspecies could be appropriate (to be
addressed in another study for M. arnoldii; Meudt unpubl. data) or could
simply be a lack of phylogenetic resolution (likely for M. colensoi, which
is morphologically constant in both populations). The status of some
taxa improved after confirmation of a priori misidentifications that was
responsible for some of the observed “polyphyly” (e.g., M. venticola, M.
oreophila and M. brevis; see further below in section 4.3). Other cases
were not simple to resolve and may require additional infraspecific
sampling or are tag names currently under morphological study (Meudt
unpubl. data) whose species limits have yet to be defined (e.g., M. sp.
“Fiordland” and M. sp. “Asbestos”; Appendix D).

For the 12 taxa (22 %) that were always polyphyletic in all three
trees, several of these represent the most widespread taxa in the lineage,
for which we had high intraspecific sampling, i.e., M. antarctica subsp.
antarctica, M. antarctica subsp. traillii, M. australis, M. lyallii subps. elderi,
M. lyallii subsp. lyallii, and M. macrantha. For example, regarding
M. australis, there were three main lineages found: 1) most M. australis,
2) Western Nelson individuals, and 3) Australian individuals (Appendix
C). The main M. australis lineage comprises all North Island, and Marl-
borough, Canterbury and Otago (South Island) individuals (including all
white and yellow-flowered M. australis, and those individuals previously
identified as M. lytteltonensis), which is consistent with the recognition of
one morphologically variable and widespread species in Australasia,
M. australis (Meudt et al., 2020). However, the exclusion of the two
Western Nelson samples (one of each previously identified as
M. mooreana and M. australis “small white) from this clade was unex-
pected, and these individuals instead cluster with other taxa from the
same geographic area, as do the Australian M. australis (see section 4.2
and Appendix D). There is no morphological data to support their
recognition as a separate taxon (Meudt et al., 2020), which could sug-
gest the possibility of a cryptic species (Struck et al., 2018), but as the
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genetic data are inconclusive, further study is required. Understanding
the relationship between the main lineages in M. australis would benefit
from both increased sampling from Western Nelson (such as that done in
a similar study on Craspedia (Asteraceae) from this same area
(Breitwieser et al., 2015); and perhaps also use of different markers, for
example, SNP-based markers (e.g., Shepherd et al., 2023; Shepherd and
Heenan, 2022).

For the widespread New Zealand taxa M. lyallii and M. antarctica,
both of which also have subspecies, the phylogenomic results were
complex and difficult to interpret regarding species and subspecies
limits, showing a mixture of geographic and non-geographic patterns,
and perhaps mirroring to some degree the challenges of species and
subspecies delimitation in these two species based on morphology
(Meudt and Prebble, 2018; Prebble et al., 2022). There are apparent
examples of blurry species boundaries in certain geographic areas from
both morphology and phylogenomics, especially between
M. ultramafica, M. retrorsa, M. colensoi and M. antarctica (for M. lyallii),
and M. hikuwai, M. glauca and others (for M. antarctica) (Figs. 3, 4),
which is nevertheless to be expected based on the species diversification
model described above, and which may have been variable and irregular
throughout the range of widespread species such as these. To give one
example, M. ultramafica occurs in the same mountain ranges as its close
relative M. lyallii but on ultramafic substrates (Meudt & Prebble 2022),
and the data here are consistent with incipient parapatric speciation of
M. ultramafica from the more widespread M. lyallii (Figs. 3, 4; Appendix
D). Such a progenitor-derivative (budding) parapatry (such as that
found in Iberodes, the Mediterranean Boraginaceae genus mentioned
above; Otero et al., 2022), often involves edaphic specialisation of the
more derived species (Crawford, 2010). Indeed, several additional spe-
cies in multiple Boraginaceae genera have evolved on ultramafic sub-
strates in Mediterranean Europe (e.g., species in Halacsya Dorfl., Onosma
L., Paramolktkia Greuter, and, notably, Myosotis alpestris F.W. Schmidt
subsp. suaveolens (Waldst. & Kit.) Strid; Cecchi and Selvi, 2009; Cecchi
et al.,, 2011; Jakovljevi¢ et al., 2019), the United States (e.g., eight
species of Cryptantha, Simpson and York, 2024), and the Pacific
(including Australia, New Caledonia, and New Zealand; van der Ent
et al., 2015; Lee 1992). These are often derived independently from
repeated colonisation of neighbouring non-ultramafic species that may
be pre-adapted to drought tolerance and basic substrates (Cecchi and
Selvi, 2009; Cecchi et al., 2011). Ultramafic specialisation in New Zea-
land Myosotis has also originated independently from nearby ancestors.
Myosotis ultramafica is one of only three New Zealand Myosotis species
considered to be endemic to ultramafic substrates, together with
M. monroi and M. laeta from northern South Island (van der Ent et al.,
2015; Lee 1992), and each of these are more closely related to other
geographically proximate, non-ultramafic specialist species, rather than
to each other (Figs. 3, 4; Appendix D).

In other cases, the phylogenomic results were surprising as the
morphological data are clear and relatively uncontroversial regarding
species boundaries, such as M. glauca, M. pulvinaris, and M. retrorsa.
Overall, the extensive intraspecific sampling in our study highlights the
potential detrimental implications of sampling only one or a few in-
dividuals per species, especially for widespread species, and species with
subspecies. Low sampling can lead to ascertainment bias and spurious
reduced complexity in trees, as well as the inability to fully examine
species limits. To fully understand taxonomic and geographic patterns of
species radiation, multiple individuals per taxon is highly recommended
(e.g., Shaw and Small, 2005).

With respect to some species pairs and intraspecific patterns, the
limitations of the phylogenomic datasets were apparent, as has been
noted in previous studies (e.g., Wenzell et al., 2021). For example, the
phylogenomic analyses were unable to draw clear species boundaries
between M. matthewsii and M. spatulata, and M. chaffeyorum and
M. tenericaulis, respectively. In both of these pairs, the first species listed
(M. matthewsii, M. chaffeyorum) has a reduced and parapatric or slightly
overlapping geographic distribution compared to the latter species
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(M. spatulata, M. tenericaulis). The phylogenomic analyses also indicated
other nearby species that might also be closely related (see Appendix D),
which again highlights the importance of geography to speciation in
New Zealand Myosotis. Detailed studies with additional focused infra-
specific sampling, and perhaps SNP-based markers are required, such as
ddRADseq or genotype-by-sequencing, which might be better suited to
these two questions of species boundaries (Appendix D). In addition,
none of the six species with subspecies (M. antarctica, M. brockiei, M.
goyenii, M. lyallii, M. pansa and M. traversii) were ever monophyletic in
any of the phylogenomic trees, although in some cases, the underlying
allopatric subspecies were monophyletic (or nearly so). Nevertheless, in
the ASTRAL-III Angiosperms353 species + subspecies mapping for the
species tree (Fig. S3B), the subspecies are closely related to one another
in M. antarctica, M. brockiei and M. pansa, but this was not the case for
M. goyenii, M. lydllii or M. traversii. For nine species, including five of the
six species with subspecies, high infraspecific sampling (>10 in-
dividuals; M. antarctica, M. australis, M. brockiei, M. forsteri, M. lyallii, M.
macrantha, M. saxatilis, M. traversii and M. sp. “Livingstone”) generally
meant higher levels of non-monophyly (Fig. S7). Every one of these taxa
showed clustering of individuals by geography, which in turn clustered
with other taxa from the same geographic area, which have different
taxonomic interpretations (Appendix D).

With respect to hybrids, there is little evidence that natural hybrid-
isation is frequent between southern hemisphere Myosotis species, and
we have only seen rare examples of what appear to be hybrids with
intermediate morphologies during many years of field work. At least
three putative hybrids have been documented (Meudt et al., 2020;
Meudt and Prebble, 2018; this paper), two of which were sampled here
together with their putative parents (Table 1; Table S1). In both cases,
the phylogenomic tree topologies of all three datasets are congruent
with gene flow occurring between the species pairs and their putative
hybrid at these locations, however it is not possible to determine which
are the maternal or paternal progenitors (Appendix D, see under Myo-
sotis colensoi x saxatilis hybrid and Myosotis cheesemanii x pulvinaris
hybrid).

Interestingly, at the individual level, the phylogenomic datasets
proved to be very useful to recognise and correctly identify certain
samples whose placement in one or more of the trees lead us to question
their a priori identification. Even though several of the phylogenies were
not fully resolved, we were still able to use them to correctly re-identify
some individuals, sometimes with high support and in multiple trees.
Some of these individuals had already been flagged with puzzling
morphological characters or uncertain a priori identification. In cases
such as these, having morphological and other biological knowledge can
help understand whether the unusual phylogenomic placement is the
result of an erroneous taxonomy, misidentification, or incorrect or un-
resolved phylogeny due to another process affecting the genetic signal
such as incipient speciation, incomplete lineage sorting, isolation by
distance, or hybridisation. We reviewed the specimens, morphological
data, previous morphological and genetic analyses for a handful of such
specimens, many of which are discussed in Appendix D.

In at least five cases, the individual was found to be misidentified,
and this was highly supported by both the phylogenomic data,
morphology, and sometimes other evidence. For example, one subant-
arctic individual identified as M. antarctica subsp. antarctica (anan_CI_-
Honel) was always placed in all three trees with high support with
samples of the other subantarctic species, M. capitata (Figs. 3-5, S2, S8
and S9). This result confirmed a suspicion that both species were present
and collected as a mixed collection at this location (Mt Honey, Campbell
Island; JMP pers. obs.), and is congruent with previous microsatellite
analysis of the same individuals (Prebble et al., 2019) (Appendix D, see
under M. capitata). A similar highly supported outcome was found for
brev_SO_Bend2 (which is not M. brevis, but M. antarctica), matt_ NN_-
Waim (which is not M. matthewsii, but M. spatulata), oreo_SO_Duns
(which is not M. oreophila, but M. venticola), and livi_SS_Hami (which is
not M. “Livingstone” but M. ultramafica; Appendix D). However, there
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were also other individuals whose unusual placement could not be
explained, including from M. antarctica, M. brockiei, M. explanata, M.
glauca, M. lyallii subsp. elderi, and M. tenericaulis. For example, no
taxonomic, morphological or geographical explanation could be found
for the highly supported placement of glau SO _Nevi within M. brevis.
These individuals are likely causing some of the large amounts of
discordance in the ASTRAL-III species trees (Fig. S3). For most of these
taxa, additional intraspecific sampling for the molecular phylogenies,
and in some cases additional morphological data (e.g., for M. explanata,
which has not yet been included in the recent taxonomic revision), are
required (Appendix D).

4.4. Conclusions

In summary, this paper represents the first phylogenomic analysis of
the southern hemisphere Myosotis lineage and is novel compared to
other similar studies of island or mountain radiations in its compre-
hensive interspecific sampling and extensive intraspecific sampling for
all three datasets (whole plastomes, nrDNA, and Angiosperms353).
Relative to a previous Myosotis phylogeny, it has ~ 80-120 x more
molecular data and ~ 2-3 x more taxon sampling (Meudt et al., 2015),
and to our knowledge is the first study to publish complete plastomes for
Myosotis. Despite short branches on the backbone of most trees, phylo-
genomic analyses of the three datasets showed some congruent patterns,
including taxonomic and geographic patterns, multiple switches be-
tween ebracteate-erect and bracteate-prostrate habit, and multiple ex-
pansions within Aotearoa New Zealand from Te Waipounamu South
Island to Te Ika-a-Maui North Island, Rakiura Stewart Island, subant-
arctic islands, and Australia, respectively. Although this phylogenomic
study does not fully overcome all of the challenges regarding species
delimitation of this rapid island and mountain species radiation, it
nevertheless makes an important contribution to our understanding of
species limits, evolution, and geographic patterns for the morphologi-
cally and ecologically diverse species in the southern hemisphere Myo-
sotis radiation.
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