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Abstract

Dipcadi (Asparagaceae, Scilloideae) has long presented phylogenetic and taxonomic challenges. A recent study by Chapano
et al. (in press) based on ITS sequence data found several non-monophyletic species and an unresolved backbone topology
of the genus. In this study, we present the first high-throughput sequencing (HTS) phylogeny of Dipcadi, using data from
target capture of the angiosperms353 loci. The sampling is focused on African diversity. Additionally, we provide an updated
ITS phylogeny representing 15 Dipcadi species, including 18 newly sequenced accessions. We expand taxon sampling,
especially of D. longifolium, to further explore phylogenetic relationships and species limits in the genus. Although the
angiosperms353 loci did not fully resolve the backbone topology of Dipcadi, both approaches generated similar topologies
with six well-supported clades, but with incongruences regarding deep nodes. We corroborate monophyly of D. marlothii
and D. glaucum. Dipcadi longifolium represents a species complex, possibly including D. gracillimum, but we refrain from
taxonomic revisions based on the current sampling. Dipcadi viride and possibly D. platyphyllum are paraphyletic, warranting

further attention. Our findings confirm that ITS can be effectively employed as a barcode marker in Dipcadi.
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Introduction

Dipcadi Medik (Asparagaceae: Scilloideae) (APG IV 2016)
consists of about forty species distributed in Africa, Mada-
gascar, the Arabian Peninsula, the Mediterranean region and
India, with centers of diversity in Southern Africa and India
(Manning et al. 2009; Martinez-Azorin et al. 2011; Desh-
pande et al. 2016; Stedje and Kativu 2023). These bulbous
plants have linear to lanceolate leaves that are arranged in a
basal rosette, racemose inflorescences, bell-shaped or tubu-
lar flowers that are whitish, yellowish, green or brownish,
with or without filiform caudate appendages on outer tepals,
trilobed capsules and black, flat seeds (Stedje and Thulin
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1995; Stedje 1996; Manning et al. 2004; Martinez-Azorin
et al. 2011).

Most phylogenetic works that include Dipcadi have been
of the Scilloideae and have included a limited number of
Dipcadi accessions. These works are either based on a few
plastid markers (Pfosser and Speta 1999; Manning et al.
2004, 2009) or plastid in combination with the nuclear ribo-
somal internal transcribed spacer (ITS) (Martinez-Azorin
et al. 2011; Buerki et al. 2012). These studies retrieve a
monophyletic Dipcadi. Recent molecular phylogenetic
studies have treated both African (Chapano et al. in press)
and Indian (Shelke et al. 2024) Dipcadi species, however,
with unresolved backbone topologies and several inter- and
intraspecific relationships remaining unclear. Chapano
et al. (in press) presented an ITS phylogeny comprising 50
Dipcadi accessions representing 14 species and found sev-
eral non-monophyletic morphospecies. One of these is the
D. longifolium species complex, which based on the ITS
region seems to represent at least three different evolution-
ary lineages.

The ITS region is often easy to amplify and is well-known
for resolving phylogenetic relationships at shallow taxo-
nomic levels (Alvarez and Wendel 2003). Although there
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is no universal barcode for plants, the ITS region is widely
used as one (Hollingsworth et al. 2011; Antil et al. 2023).
The use of ITS in phylogenetics is, however, not without its
challenges. The region is present in multiple copies within
a genome, which can, if not properly homogenized through
concerted evolution, lead to inaccurate sequencing and
alignment problems following the comparison of nonhomol-
ogous sequences (Alvarez and Wendel 2003; Hollingsworth
et al. 2016). Studies on the Ornithogalum umbellatum group
by Herrmann (2002) and on Ledebouria by Lebatha et al.
(2006) have reported problems in amplifying the ITS region,
possibly due to the presence of multiple alleles, while in
closely related genera, the region proves easily amplified
(Chapano et al. in press).

Single-copy nuclear markers are considered the most
reliable for phylogenetic inference, yet in plant systematics,
issues regarding amplification of such regions have limited
their use (Small et al. 2004; Zimmer and Wen 2012). As a
result, most Sanger-based plant phylogenies are still based
on plastid loci and/or the ITS region. However, advance-
ments in high-throughput sequencing (HTS) methods have
made plant nuclear DNA more accessible, introducing vari-
ous new techniques to generate large genetic datasets for
phylogenetics (Lemmon and Lemmon 2013; Dodsworth
et al. 2019). Among these techniques, target capture has
gained popularity (Dodsworth et al. 2019; Andermann
et al. 2020). This method uses probes to selectively capture
specific genomic regions, often targeting hundreds of loci
across the genome (Albert et al. 2007; Gnirke et al. 2009;
Weitemier et al. 2014). In plant systematics, the use of target
capture has intensified after the development of the angio-
sperms353 probe set (Johnson et al. 2019). These probes are
designed to target 353 putatively single-copy nuclear mark-
ers across all angiosperms, and the loci have proven useful in
producing well-resolved and reliable phylogenies from deep
to shallow taxonomic levels (e.g., (Villaverde et al. 2018;
Larridon et al. 2020; Murphy et al. 2020; Bagley et al. 2020;
Antonelli et al. 2021; Maurin et al. 2021; Ottenlips et al.
2021; Thomas et al. 2021a; b). Additionally, target capture
is suitable for herbarium material with somewhat degraded
DNA, making it a valuable tool for including old collections
in phylogenetic studies (Hart et al. 2016; Brewer et al. 2019;
Shee et al. 2020).

While target capture with the angiosperms353 probe
set represents a powerful tool in plant phylogenetics, the
method is challenging to perform in many research envi-
ronments. Successful implementation needs technical
expertise and necessary infrastructure, and processing and
storage of large genomic datasets demands time and sub-
stantial bioinformatic skills. Analyses are most efficiently
carried out on computer clusters, which are not available
to all research institutions. Despite HTS decreasing the
per base pair cost of data production, large-scale projects
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involving numerous accessions remain costly (McKain
et al. 2018). Therefore, traditional and cost-efficient meth-
ods like Sanger sequencing of a few loci remains practi-
cal and relevant for many plant systematists, especially
in studies with large sample sizes. Sanger-based methods
are also important for barcoding purposes. This procedure
requires standard laboratory equipment, is relatively quick
and data analysis is straightforward (McKain et al. 2018).

Our study builds on the work of Chapano et al. (in press),
who found that the ITS region alone could not resolve the
backbone phylogeny of Dipcadi. We therefore apply a tar-
get capture approach using the angiosperms353 probe set
to increase our understanding of phylogenetic relationships
within the genus. Additionally, we expand the taxon sam-
pling of the D. longifolium species complex with the aim
of delimiting the species within this group. Since the ITS
region is readily amplified in Dipcadi (Chapano et al. in
press), we want to assess its utility as a barcode marker in the
genus by comparing its resolving power at the intrageneric
level to that of the angiosperms353 loci. Our primary focus
is on the delimitation of African Dipcadi species; Indian
taxa will not be discussed in detail in this study.

Materials and methods
Material and sampling

In this study, we used 21 samples for generating genomic
sequence data, originating from field-collected silica-dried
leaves or herbarium material (Online resource 1). This sam-
pling represented seven Dipcadi species hypotheses. Some
of the silica-dried samples were collected from eight locali-
ties across Kilifi, Mombasa and Kwale Counties of Kenya
in January 2022. Habitat characteristics were recorded for
each plant population, from which the samples were col-
lected. Vouchers are deposited at the National Museums of
Kenya, East African Herbarium (EA). We also sampled from
herbarium material both from the National History Museum,
University of Oslo (O) and the National Herbarium and
Botanic Gardens, Zimbabwe (SRGH). Sequence data for the
out-group (Albuca sp.) was obtained from a separate study
(Lgken et al., in prep). For the ITS dataset, we also used
46 ITS sequences representing 14 species from Chapano
et al. (in press). Eighteen of these sequences were originally
retrieved from GenBank. Three accessions sequenced for
this study were also ITS-sequenced by Chapano et al. (in
press). All samples are identified based on a morphological
species concept. Samples denoted “sp.” in the final phylog-
eny could not be referred to any described Dipcadi species.
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Genomic DNA extraction, library prep, target
capture and lllumina sequencing

We extracted total genomic DNA using the E.Z.N.A SP
Plant DNA Kit (Omega Bio-tek Inc., Norcross, Georgia,
USA) following the manufacturer’s protocol with the fol-
lowing modifications: Prior to DNA extraction, we ground
the dried samples with 2 tungsten-carbide beads in a Tis-
sueLyser Adapter at 25 Hz for 2 min until the samples were
crushed into a fine powder. We extended the lysation time
to 1 h instead of 10 min (when the first extraction did not
yield enough DNA). To increase yield, we eluted the sam-
ples twice using 50 pl elution buffer and incubated them
at 65 °C for 20 min during each elution. The quantity and
quality of the extracted DNA was assessed using gel elec-
trophoresis with 1% agarose gel, Qubit 2.0 fluorometer with
the dsDNA HS assay kit (Life Technologies, Carlsbad, CA,
USA), and NanoDrop spectrophotometer (Thermo Fisher
Scientific, USA). When necessary, we pooled multiple
extracts from the same sample to increase the total amount
of DNA. We sent dried DNA extracts to Arbor Biosciences
(Ann Arbor, Michigan, USA) for library preparation, target
capture using the angiosperms353 probe set and sequencing.
At Arbor, eight libraries were pooled in each target capture
reaction, and enriched libraries were sequenced on an Illu-
mina NovaSeq 6000 S4 platform using 150 bp paired-end
reads and to a depth of 1 Gbp per sample.

Phylogenomic analyses of the target capture
dataset

All analyses were performed on the Saga cluster provided
by Sigma2—the National Infrastructure for High-Perfor-
mance Computing and Data Storage in Norway. The raw
reads were cleaned and trimmed using Trimmomatic (Bolger
et al. 2014) with the following parameters: LEADING:30,
TRAILING:30, SLIDING WINDOW:4:30 and MIN-
LEN:36 parameters. We checked the quality of both raw
and cleaned reads using FastQC v0.11.9 (Andrews 2010).
Angiosperms353 exons were recovered using HybPiper
v.2.1.2 (Johnson et al. 2016) with default settings. Through
HybPiper, the reads were mapped to the “mega353” refer-
ence file (McLay et al. 2021) using BWA v0.7.17 (Li and
Durbin 2010), de novo assembly of each gene was done
using SPAdes v3.15.3 (Prjibelski et al. 2020) and exons were
extracted using exonerate (Slater and Birney 2005). Potential
paralog sequences were recovered using HybPiper, aligned
separately using MAFFT v7.407 (Katoh and Standley
2013) with default settings, and approximately-maximum-
likelihood phylogenetic trees were generated using Fast-
Tree (Price et al. 2009, 2010). The resulting gene trees were
inspected manually, and all genes that showed evidence of an
ancient duplication event were exempted from later analysis.

All remaining exons were aligned separately using
MAFFT with default settings. Each of the sequence align-
ments were trimmed with ClipKIT (Steenwyk et al. 2020)
to remove all sites that were above 0.9 threshold of gappy-
ness (mode—gappy). We calculated alignment statistics using
AMAS (Borowiec 2016). Maximum likelihood gene trees
were constructed using IQ-TREE v2.0-rc1 (Minh et al. 2020)
with 1000 ultrafast bootstrap replicates (Hoang et al. 2018).
The best-fitted substitution model for each alignment was
selected using the ModelFinder option (Kalyaanamoorthy
et al. 2017). We used the gene trees as input to ASTRAL-III
version 5.7.8 (Zhang et al. 2018) for estimation of a species
tree. We also conducted an analysis based on the supercon-
tig sequences retrieved via HybPiper, following the same
procedure as outlined above.

Phylogenetic analysis of the ITS datasets

Using HybPiper, we recovered the ITS region from our raw
reads. We prepared a reference file consisting of 46 ITS
sequences obtained from GenBank and from Christopher
Chapano (The National Herbarium and Botanical Gardens,
Harare, Zimbabwe; Online resource 1), and ran HybPiper
with the default settings. The final ITS dataset consisted of
67 in-group taxa and Albuca sp. as out-group, including both
the sequences used in the target file and the bioinformati-
cally retrieved sequences, hereafter called ‘ITS-full’ (Online
resource 1). To aid in comparison between the two methods
and for inference of the reliability of the ITS phylogeny, we
also created a reduced ITS dataset. This dataset included
only the 22 bioinformatically retrieved ITS sequences,
matching the accessions in the target capture dataset, here-
after called “ITS-red.”

Both datasets were aligned separately using MAFFT as
implemented in Geneious Prime v.2023.0.3 (Kearse et al.
2012). The alignments were inspected manually, ends were
trimmed and ambiguous nucleotides were edited where
appropriate. For both ITS datasets, we performed a Bayes-
ian phylogenetic analysis using MrBayes (Ronquist et al.
2012). Alignments were converted into MrBayes Nexus
format using ALTER (Glez-Pen~a et al. 2010). We used
jModelTest v 2.1.10 (Darriba et al. 2012) and the Akaike
Information Criterion (Akaike 1974) to find the best-fitted
nucleotide substitution model. The Markov chain Monte
Carlo (MCMC) chains were run for 10 000 000 generations,
using one cold and three heated chains, and sampled every
1000 generations. The distribution of marginal likelihood
values was visualized in Tracer v1.7.1 (Rambaut et al. 2018)
to ensure convergence. The first 25% sampled trees were
discarded as “burn-in,” and the remaining trees were used
to compile a posterior probability (PP) distribution using a
50% majority rule.
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Tree visualization

We visualized all phylogenetic trees in iToL v5 (Letunic and
Bork 2021) and did final figure edits in Adobe Photoshop
(Adobe Inc., 2024). Taxon names are based on morphologi-
cal identification of the species in the field and/or based on
their vouchers.

Results
Target capture results

We produced genomic data for 21 samples and seven spe-
cies of Dipcadi: D. glaucum, D. gracillimum, D. longifo-
lium, D. marlothii, D. platyphyllum, D. rigidifolium and D.
viride. Albuca sp. was included as out-group. On average,
6,767,285 read pairs were obtained per sample (ranging from
1,507,974 to 10,847,764), and an average of 56.6% reads per
sample were on target. The recovery ranged from 349 to 352
out of the 353 genes targeted by the angiosperms353 probe
set (Online resource 2).

Twenty-three paralog genes out of 49 suspected paralogs
were excluded from downstream analysis, as their gene trees
suggested an ancient duplication event. One gene was also
excluded because it included sequences for only 2 acces-
sions. The final analysis included 328 exons. Only three of
these lacked sequences for in-group taxa (exon 6270: 4 miss-
ing, exon 6430: 10 missing, exon 7135: 2 missing). Across
the alignments, the proportion of variable sites (PVS) was
23.8% on average (8.5-45.8%), while the average proportion
of parsimony informative sites (PIS) was 9.0% (2.2-27.8%).
Average alignment length was 799 bp (81-3498 bp), and
the average percentage of missing characters was 9.9% (0.0
to 66.8%). The species tree produced with ASTRAL had
a final quartet score of 1,517,018 out of 2,316,468 quartet
trees, meaning 65.5% of the quartet trees in the gene trees
are present in the species tree (Fig. 1, left).

The target capture phylogeny supports six distinct clades,
A, B, C, D, E and F, all with maximum support (LPP=1;
Fig. 1, left). We have three pairs of sister clades, each
strongly supported: clades A+B (LPP=1), clades C+D
(LPP=1) and clades E+F (LPP=1). The relationship
between these pairs of sister clades is not resolved. One
accession, D. longifolium (CC-2064) falls out as a sister to
all other accessions of the in-group (LPP=1). The whole in-
group is also strongly supported (LPP=1). Clade A consists
of the East African, and most accessions of Zimbabwean D.
longifolium. Within this clade, the East African accessions
(AK-4, AK-5, AK-6, AK-7, IN-1970) form a monophyletic
group with strong support (LPP=1), while the Zimbabwean
accessions (CC-3510, CC-3506, CC-3517) are paraphyletic
with respect to the East African clade. Clade B consists of D.
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rigidifolium and D. viride, but the relationship between these
two taxa is unresolved. In clade C, we find two accessions
of D. platyphyllum, and in clade D, two accessions of D.
glaucum. Clade E comprises D. longifolium BS-458 and D.
gracillimum CC-3515. Clade F consists of three accessions
of D. marlothii. The analysis of the supercontig sequences
resulted in an identical topology and no significantly higher
support values.

ITS results

Our ITS-red phylogeny included 22 successfully sequenced
accessions representing seven Dipcadi species and one out-
group, while the ITS-full phylogeny consisted of 68 acces-
sions representing 15 Dipcadi species and one outgroup
(Fig. 1, right and Fig. 2). The final alignment length for
both ITS datasets was 731 bp, and average sequence length
was 670 bp (321-726 bp). In the Bayesian analyses, for both
the reduced and the full dataset, the two runs converged
with an average standard deviation of split frequencies
(SDSF) <0.01. The resulting phylogenies are congruent,
but with varying support for a few nodes (Fig. 1, right and
Fig. 2).

The analyses of the target capture and ITS-red datasets
produced similar topologies, with some notable incongru-
ences (Fig. 1). Clades A-F are all strongly supported based
on both ITS (BPP=1) and target capture (LPP=1); how-
ever, the relationships between them differ. Based on ITS,
clade A (most accessions of D. longifolium) is sister to clade
C+D (D. platyphyllum and D. glaucum), while in the target
capture tree, clade A is sister to clade B (D. viride). Based on
ITS, clade B is moderately supported as sister to A+C+D
(BPP=0.85). Clade E +F is not supported based on ITS, but
clade E is rather a weakly supported sister to A+C+D+B
(BPP=0.52, but LPP=0.83 in ITS-full). Clade F is strongly
supported as sister to the remaining clades (BPP=1). Like
in the target capture phylogeny, D. longifolium (CC-2064) is
sister to the remaining in-group taxa (BPP =1). In addition,
the East African accessions of D. longifolium within clade
A do not form a monophyletic group, as one of the Zimba-
bwean accessions is nested within this clade.

In ITS-full, Dipcadi forms two major clades represent-
ing an African-Malagasy-European group (clades A-F)
and a largely Indian group (clade G) (Fig. 2). Clades A-F
in ITS-full (Fig. 2) are all highly supported (BPP=0.95-1)
and comparable to the corresponding named clades in
Fig. 1. Clade A is moderately supported, consisting of
most accessions of D. longifolium, three accessions of D.
gracillimum (Manning-2682, CC-2071, CC-2072), one
accession of D. serotinum (Pedersen-1971) and one acces-
sion of D. sp (Kuchar-18019) from Ethiopia (BPP =0.85).
The D. serotinum accessions is strongly supported as sis-
ter to the D. longifolium and D. gracillimum accessions
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«Fig.2 The 50% majority-rule consensus tree based on the full ITS
dataset: 67 Dipcadi accessions and Albuca sp. as outgroup. The
phylogeny is based on the nuclear internal transcribed spacer (ITS)
region and inferred using MrBayes. All nodes with Bayesian poste-
rior probability (BPP) values below 0.8 are collapsed, BPP between
0.8 and 0.99 are displayed on branches and remaining nodes have
maximum support. Major clades are named A-G, and species names
are colored (red D. serotinum, orange D. gracillimum, yellow D.
longifolium, purple D. platyphyllum, dark blue D. bakerianum,
light green D. glaucum, light green D. rigidifolium, light green D.
viride, dark green D. erythraeum, pink D. marlothii). Accessions
sequenced for this study are marked with a black circle. Accessions
that are sequenced both for this study and for Chapano et al. 2024 are
marked with a black circle and an asterisk. Details on each accession
are found in Online Resource 1. Taxon names are based on morpho-
logical identifications and confirmed by inspecting vouchers. Abbre-
viations: CDDemocratic Republic of Congo, D Dipcadi, ES Spain,
ETEthiopia, INIndia, KEKenya, KWXKuwait, MG Madagascar,
MW Malawi, NA Namibia, PTPortugal, SA Saudi Arabia, 7ZTanzania,
UG Uganda, YE Yemen, ZA South Africa, ZM Zambia, ZW Zimbabwe

(BPP=1). The accessions of D. gracillimum form a poly-
tomy with two D. longifolium clades. Clade B consists
of two subclades and three accessions falling outside of
these. The uppermost subclade (BPP=1) is composed of
accessions of D. viride from Zimbabwe only. The lower-
most subclade (BPP =0.98) consists of D. erythraeum as
well as accessions of D. viride from various parts of the
species’ distribution area. These subclades are moderately
supported as sisters (BPP =0.85). An accession of D. vir-
ide from Zimbabwe (CC-2068) comes out as sister to these
two subclades (BPP=0.95). One accession of D. rigidi-
folium (Chapano-2062) and one of D. viride (Manning-
sn) fall outside the above-mentioned subclades. Clade C
includes D. platyphyllum, D. bakerianum and one acces-
sion of D. sp. (IN-2048), but the relationships between
the accessions are partly unresolved. Clade D consists
only of D. glaucum, separated into two subclades and one
single sample. In a polytomy with clades A-D, there are
three accessions of an undetermined Dipcadi from Mada-
gascar. Clade E includes one accession of D. longifolium
(BS-458) and one accession of D. gracillimum (CC-3515).
Clade F recovered accessions of D. marlothii forming two
subclades. As sister to clades A-F, we find a strongly sup-
ported clade G that includes mostly Indian species. The
first branch in this clade includes two African accessions
of D. longifolium (CC-2064 and CC-2002) (BPP=1), fol-
lowed by one accession of D. serotinum (Chase-1824).
Subsequently we find a moderately supported (BPP=0.81)
clade containing the Indian species; D. ursulae, D. eryth-
raeum, D. saxorum, D. montanum, D. concanense and D.
goanense.

Geographic affinities

Indian samples form a clade with a sample of D. serotinum
from Portugal and two samples of D. longifolium (clade G,
Fig. 2), and those from the Arabian Peninsula form a clade
inside the larger clade of African, European and Malagasy
species (i.e., D. erythraeum in clade B, Fig. 2). Clades C-F
comprise accessions from southern parts of Africa, while
clades A and B include more geographically diverse acces-
sions. Accessions from Madagascar and the Arabian Pen-
insula are phylogenetically positioned with mainland Afri-
can accessions and distant from the more proximal clade of
Indian species. The Mediterranean accessions of D. seroti-
num were not clustered together.

Discussion

In this study, we provide the first HTS phylogeny of Dipcadi,
based on 328 nuclear loci obtained through target capture
and the angiosperms353 probe set. We compare the topology
of the HTS dataset to one obtained through a more tradi-
tional and accessible method, namely Sanger sequencing of
the ITS region. Although we do not provide formal taxo-
nomic changes, we provide several suggestions for future
systematics of Dipcadi.

Species delimitation in Dipcadi

In our ITS phylogeny, we have expanded the sampling in
Chapano et al. (in press) with 18 accessions: Eight Dipcadi
longifolium, one D. gracillimum, one D. platyphyllum, two
D. glaucum, three D. marlothii, one D. rigidifolium and two
D. viride. Since the target capture and ITS analyses showed
a high degree of congruence regarding main clades, and
because the full ITS tree includes a larger number of acces-
sions, the discussion on species delimitation will be based
on the full ITS phylogeny (Fig. 2) unless otherwise stated.
Based on the results from Chapano et al. (in press), we
sampled Dipcadi longifolium more extensively with the aim
of resolving this species complex. Their results indicated
that D. longifolium represents at least three genetically
distinct lineages based on ITS sequence data. Our results
support this, as target capture data also reveals a polyphyl-
etic D. longifolium representing three evolutionary lineages
with samples identified as such present in clade A, clade
E and also sister to clades A-F (a subclade of clade G in
ITS-full, Fig. 2) (Fig. 1). Dipcadi longifolium as currently
circumscribed appears to be comprised of three distinct spe-
cies that are found in disparate lineages in the phylogeny.
East African samples of D. longifolium, occurring in sandy
beaches are all found in clade A. The type specimen of D.
longifolium was collected from Mafamale Island, a small
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island off the northern coast of Mozambique, growing in
loose sand (Obermeyer 1964), and we believe that our East
African accessions found in this habitat represents the con-
cept of this species. Hence, the two other lineages of D.
longifolium (clade E and the subclade of clade G, Fig. 2)
should be investigated further and described as new species.
By increasing sampling of D. longifolium in this study, we
aimed to understand these two clades better. However, since
most newly sampled accessions of D. longifolium fall into
clade A, more evidence on the distribution and morphology
of the other two clades is needed before we can provide
any formal description of new species. At this point, the
diversity in the morphospecies D. longifolium is cryptic in
the sense that we cannot distinguish the genetic lineages
based on their morphology. We have inspected all vouch-
ers, and they are confirmed as D. longifolium based on their
morphology. The clades are not distinguished by geography
either, since all clades include accessions from Zimbabwe.
It might be worthwhile investigating ecological preference
further: D. longifolium accessions in clade G are sampled in
open, nutrient-rich habitats (fallow field/grassland), acces-
sions in clade E are sampled from sandy soils, while acces-
sions in clade A are sampled from various habitats (mainly
on sand or clay).

Dipcadi gracillimum also appears polyphyletic. Inter-
estingly, both accessions of D. gracillimum form a sister
relationship to a D. longifolium (clades A and E, Fig. 2).
This suggests that the two names may refer to the same
morphospecies, as also pointed out by Chapano et al. (in
press). While the two species are morphologically similar,
D. gracillimum has narrower leaves, a potentially plastic trait
influenced by the environment, which could lead to misiden-
tifications. Further investigations are needed to determine
whether the name D. gracillimum could be applied to clade
E, or if it is a synonym of D. longifolium.

The newly sequenced accession of D. platyphyllum falls
into clade C, together with the other accessions of D. platy-
phyllum, D. bakerianum and one accession of D. sp. The
relationships within this clade are unresolved, making D.
platyphyllum appear paraphyletic, as also found in Chapano
et al. (in press). Dipcadi bakerianum and D. platyphyllum
are clearly defined morphologically. The distinguishing fea-
ture of D. platyphyllum is its elliptic lanceolate leaves with
wavy margins. Dipcadi bakerianum is described as having a
knobbed ovary and capsule, swollen scape and lack of cau-
date appendages on the tepals (Obermeyer 1964). However,
the ITS region does not separate these two species, indicat-
ing a close relationship between them. As we do not have
target capture data from D. bakerianum, we cannot conclude
whether the two species represent the same genetic lineage
or if there is too little variation in their ITS sequences to
delimit them.

@ Springer

Newly sequenced accessions of both D. glaucum (clade
D) and D. marlothii (clade F) cluster as expected and cor-
roborate monophyly of these two species, respectively. Both
species were also recovered as monophyletic in Chapano
et al. (in press). In addition to being genetically distinct,
they are both well-defined morphologically, as pointed out
by Chapano et al. (in press). Dipcadi glaucum has wide
strap-shaped leaves that are glaucous (blue green with fine
waxy substance on their surfaces) and many flowers that are
arranged spirally in the inflorescence (Hyde et al. 2023).
Dipcadi marlothii, on the other hand, is distinguished by
having many, hairy, narrow and often spiralized leaves
(Stedje 1996). Both these species exhibit some level of
genetic variation within.

Both accessions of D. viride sequenced for this study fall
out in clade B. As in Chapano et al. (in press), D. viride
appears to be paraphyletic with a long-branched D. eryth-
raeum clade nested within. The two species are similar mor-
phologically, and their distribution overlaps in the Arabian
Peninsula (POWO 2024). The appearance of D. viride as
a paraphyletic group is consistent with the results of Man-
ning et al. (2009), which was based on a plastid phylogeny
and a more limited sampling than ours. Chapano et al. (in
press) investigated if any morphological characters support
the subclades of D. viride but found no correlation between
morphological and genetic differentiation. The Indian acces-
sion of D. erythraeum likely represents a taxon other than D.
erythraeum from the Arabian Peninsula. It seems likely that
this accession is a misidentified D. ursulae, but as we have
no voucher for the Indian specimen, we cannot conclude on
this matter. However, Shelke et al. (2024) also reported an
apparent polyphyly of D. erythraeum.

One accession of D. rigidifolium is retrieved in a poly-
tomy with the large and heterogeneous D. viride/erythraeum
clade B. In the target capture phylogeny, it forms a polytomy
with two D. viride accessions, suggesting the two species are
not genetically separated. Dipcadi rigidifolium resembles D.
viride in the presence of caudate appendages on tepals but
differs by having distinctive leaves that are rigid in texture
with ribs and thickened margins. This morphological dis-
tinction supports D. rigidifolium’s status at species level, but
a more extensive sampling is necessary to confirm this. As
both D. rigidifolium and D. erythraeum are distinct morpho-
logically, it seems likely that D. viride represents a species
complex that could be resolved with additional sampling.

We provide no new data for the species D. serotinum, but
as in Chapano et al. (in press), it appears polyphyletic. The
Indian species D. goaense, D. montanum, D. saxorum, D.
concanense and D. ursulae were included for a comprehen-
sive overview of the genus, though a discussion of these taxa
is beyond the scope of this study but is recently discussed
in Shelke et al. (2024). We find no incongruences regard-
ing the placement of these taxa relative to their phylogeny.
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Interestingly, Shelke et al. (2024) retrieved a clade com-
prising D. longifolium and D. gracillimum (two specimens
also included in our clade A) as sister to D. viride; the same
relationship as in our target capture phylogeny.

Performance of angiosperms353 loci

Our phylogeny, based on 328 nuclear orthologs from the
angiosperms353 probe set, does not give full resolution in
the genus Dipcadi (Fig. 1, left). The alignments showed a
low proportion of variable sites (23.8% on average), suggest-
ing a recent divergence of the species within the genus. As
a result, deep-level relationships can be harder to detect, as
shown also by others (e.g., Murphy et al. 2020; Thomas et al.
2021a). Additionally, there is substantial gene tree discord-
ance in our dataset, as indicated by the final quartet score
from ASTRAL. While large datasets provide the framework
for robust phylogenetic inference, they also contain conflict-
ing phylogenetic signals. This is due to factors such as vari-
able evolutionary rates across, incomplete lineage sorting
(ILS), introgression, gene duplication and loss, horizontal
gene transfer, hybridization and stochastic error (Soltis et al.
2009; Liu et al. 2015). We expect incomplete lineage sort-
ing (ILS) in recent radiations like these (Shee et al. 2020;
Murphy et al. 2020; Thomas et al. 2021a), but this result
might also suggest some level of reticulate evolution in
Dipcadi. Results on chromosome numbers in Dipcadi may
also provide indications of reticulation (e.g., Samanta et al.
2023). Chromosome numbers are known for 13 species of
the genus (Goldblatt and Manning 2011). Many are diploid
with 2n=12, but 2n=10 is also known. Some occurrences
of higher ploidy levels are reported both for x=35 and x=6.
In addition, there are two reports of 2n=22. This number
can be interpreted as the result of an allopolyploidization
involving parents with 2n=10 and 2n= 12, thus indicating
reticulation in the genus.

To improve resolution, we analyzed supercontig
sequences (i.e., both exons and flanking intronic regions)
as inclusion of faster-evolving intronic regions have been
beneficial in other cases involving rapid radiations (Larridon
et al. 2020; Murphy et al. 2020; Bagley et al. 2020; Thomas
et al. 2021a). However, in Dipcadi, the supercontigs did not
improve resolution relative to the exon-only dataset. This
might be attributed to alignment uncertainties following
higher levels of missing data due to less sequencing cover-
age of intronic regions. Other authors have reported similar
results from target capture projects (Johnson et al. 2016;
Villaverde et al. 2018).

Our sampling is limited in terms of number of species,
with 37% of currently described Dipcadi species repre-
sented. Additional sampling, including accessions spanning
the whole diversity of the genus might improve resolution.

Comparison of target capture and ITS datasets

In this study, the two analyses resulted in similar tree topol-
ogies, despite the differences in dataset size. There were
incongruences among deep nodes in the tree, yet we retrieve
the same main clades containing the same terminal taxa
(Fig. 1). We compared the two methods to test the reliability
of ITS in species-level identification in Dipcadi and thus its
utility as a DNA barcode marker.

Similarly to the target capture phylogeny, the ITS region
did not fully resolve the topology of Dipcadi (Fig. 1, right
and Fig. 2). Poor backbone resolution in the ITS phylogeny
is likely due to sequence saturation. Due to its noncoding,
rapidly evolving nature, the ITS region accumulates numer-
ous mutations that can obscure deeper phylogenetic signals.
As a result, the ITS region is not suited to infer higher-level
phylogenetic relationships, particularly when using a single
marker as the basis for phylogenetic reconstruction (Gee
2003; Felsenstein 2004). An important factor to consider
when using ITS in phylogenetic inference is its presence as
heterogeneous copies within a genome (Alvarez and Wen-
del 2003; Uncu et al. 2015; Hollingsworth et al. 2016). If
the different copies of the ITS region within a genome are
not homogenized as expected through concerted evolution,
heterogeneous copies might persist (Alvarez and Wendel
2003). This phenomenon is particularly prevalent in plants
(Krabbergd et al. 2025). Chapano et al. (in press) mentioned
that retrieval of heterogeneous versions of the ITS region
might explain the seemingly distinct genetic lineages of D.
longifolium. As we retrieve similarly divergent clades using
the angiosperms353 loci, we believe that in our case, the ITS
accurately reflects the genetic variation in D. longifolium.

Even though we find incongruences between the target
capture and ITS phylogenies regarding deep relationships,
ITS seems to separate Dipcadi species similarly to the
angiosperms353 loci (Fig. 1). Although we cannot read-
ily recommend the ITS region as a reliable marker for
inferring phylogenetic relationships alone, in the case of
Dipcadi, the region seems effective for identifying acces-
sions to species level and for inferring the nearest sister
species relations. The ITS region is well-known for its
usability as a barcode marker (Hollingsworth et al. 2011;
Antil et al. 2023), and our results support its barcoding
power for the genus Dipcadi. This is a relevant finding
for research projects with limited finances, infrastructure
and/or bioinformatic skills. Moreover, amplifying the
ITS region for Dipcadi is straightforward, although this
is not the case for even closely related genera (Herrmann
2002; Lebatha et al. 2006). For phylogenetic reconstruc-
tion using more available methods that are cost-effective
for large sample sizes, we also call for the detection of
phylogenetically informative, single-copy nuclear markers
that can be amplified and Sanger sequenced.
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Conclusions

Our study provides the first HTS phylogeny of Dipcadi as
well as an ITS phylogeny based on a large-scale sampling of
the genus, highlighting the complementary strengths of tar-
geted loci and ITS data. Both datasets support D. marlothii
and D. glaucum as monophyletic species. Our data confirms
that D. longifolium is polyphyletic, representing several
distinct evolutionary lineages. One of the lineages is not
genetically distinct from D. gracillimum, suggesting these
names are used to describe the same entity. Our focused
sampling of D. longifolium was not sufficient to resolve its
taxonomy and describe the unnamed lineages. The habitat
and geographic origin of the type specimen suggests that the
name D. longifolium should be reserved for clade A, with
the other lineages requiring different names. Our results cor-
roborate that D. viride is paraphyletic, possibly representing
a species complex in close association to D. rigidifolium and
D. erythraeum. Both D. rigidifolium and D. erythraeum are
morphologically distinct, and additional sampling is needed
to draw clear species boundaries and define taxa within D.
viride. While D. platyphyllum is distinct based on angio-
sperms353 loci, it is indistinguishable from D. bakerianum
based on ITS, yet D. bakerianum was not included in the
target capture dataset. Our study provides a robust frame-
work for future taxonomic revisions of the genus Dipcadi.

Despite the large molecular dataset provided by angio-
sperms353 loci, the phylogenetic backbone of Dipcadi
remains unresolved, likely due to conflicts in the dataset
arising from incomplete lineage sorting (ILS) and potential
reticulate evolution. Additional sampling of more Dipcadi
species might also improve resolution. These challenges
underscore the need for further investigations to clarify
species boundaries and evolutionary relationships within
Dipcadi. Comprehensive sampling of Dipcadi, targeted
sampling of species, and an integrative approach is needed
to achieve accurate delimitation of species. Understanding
the alpha taxonomy of Dipcadi and the distributions of the
species will help inform conservation strategies that preserve
the diversity of Dipcadi species.

Our study also confirms that the ITS region can serve as
a barcode marker in Dipcadi that can place samples within
major clades and identify many species. This represents a
valuable tool for research groups with limited resources.

Information on Electronic Supplementary Mate-
rial

Online Resource 1. Material list with taxon name, voucher information
(collector's name, abbreviation where used in figures, collection num-
ber, herbarium catalogue number or garden accession number where
available); year of collection; country, specific locality of collection,
habitat where available, coordinates; origin of molecular data; Gen-
Bank accession number.
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