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ARTICLE INFO ABSTRACT

Keywords: Phylogenies are essential for understanding evolutionary relationships, testing species boundaries, and defining
Domejsficat'ion species status. However, hybridization and incomplete lineage sorting (ILS) can obscure these relationships in
Hybridization recently diversified plant lineages by creating conflicting signals across the genome and reducing phylogenetic
Pem.ma . resolution. Calibrachoa (million bells), a Neotropical genus of ornamental plants with high ecological diversity,
Reticulate evolution D11 e s . . . . . i e

Stimomphis underwent rapid diversification during the Pleistocene, leading to extensive ILS and interspecific hybridization.

In this study, we sampled multiple individuals from all recognized species, a potential new species, and a
commercial cultivar of Calibrachoa. We used genome-wide genotyping to investigate phylogenetic relationships,
species cohesion, hybridization, and the origin of one commercial cultivar. Our results confirm the division of the
genus into two subgenera: Calibrachoa sensu stricto and Stimomphis. Within Stimomphis, we observed paraphyly
and polyphyly, with low support for several phylogenetic nodes. This uncertainty likely reflects challenges in
species delimitation, high ILS due to recent diversification, and ongoing hybridization. We also confirm the
hybrid origin of the commercial cultivar. Our findings provide new insights into the evolutionary history of
Calibrachoa, improving our understanding of its taxonomy and hybridization dynamics. These results illustrate
the need to account for reticulate evolution and ILS when resolving phylogenies in rapidly diversifying plant

groups.

1. Introduction

How species are defined significantly impacts all areas of the bio-
logical sciences that depend on species as fundamental units, affecting
fields from phylogenetics and biogeography to macroevolutionary
studies and conservation. Historically, plant classification relied on
morphological and anatomical traits to define species; however, these
can be misleading due to evolutionary convergence, where unrelated
species evolve similar characteristics, or phenotypic plasticity, where
the same species develops different morphological features in response
to environmental factors (Miner et al., 2005). Multiple species concepts
have been proposed to broaden the criteria for defining species
(reviewed in De Queiroz, 2007), with the Biological Species Concept
(BSC) being one of the first and most well-known. This concept delimits
species based on reproductive isolation, using the inability to produce
viable or fertile offspring as the primary method to distinguish between
populations and species (Mayr, 1942). Despite advances, defining and
delimiting species remains complex, especially in recently and rapidly

diversified plant lineages that often defy traditional species criteria as
not enough time has passed to achieve complete reproductive isolation,
reciprocal monophyly, or clear morphological differentiation (Shaffer
and Thomson, 2007). Consequently, integrative approaches that
combine phylogenetic, morphological, and ecological evidence are
essential for developing robust species hypotheses (Rouhan and Gau-
deul, 2014).

Since their introduction in the late 20th century, molecular phylog-
enies have become invaluable for species delineation, particularly
benefiting species concepts such as the Phylogenetic Species Concept
(PSC) (Nixon and Wheeler, 1990; Wheeler and Platnick, 2000). The PSC
defines a species as a group of individuals that share a common ancestor
and can be distinguished by unique, derived characteristics, while mo-
lecular phylogenies serve as powerful tools to test these hypotheses.
Another important concept is the Evolutionary Species Concept (ESC),
which defines a species as a group of interbreeding populations that
share a common evolutionary history (Simpson, 1951; Wiley, 1978).
Thus, under the ESC, species are evolutionary lineages that have evolved
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independently from others, and molecular phylogenies can help iden-
tifying these lineages, especially when multiple populations from the
same species are sampled.

Phylogenies play a key role not only in identifying evolutionary
lineages but also in addressing broader evolutionary questions, such as
the classification and evolution of Angiosperms (One Thousand Plant
Transcriptomes Initiative, 2019; The Angiosperm Phylogeny Group,
2016; Zuntini et al., 2024), global plant biogeographical patterns (e.g.,
Donoghue, 2008; Maestre et al., 2021; Morris et al., 2018; Wang et al.,
2025), diversification rates (e.g., Smith et al., 2011; Tietje et al., 2022),
and conservation strategies (e.g., Purvis et al., 2005). Despite their sig-
nificance, building phylogenies is not straightforward and presents
several challenges. The sampling scheme, including the number of
species sampled (Guillaume et al., 1993; Nabhan and Sarkar, 2012) and
the number of individuals sampled per species (Fulton and Strobeck,
2010), along with the number (Rokas and Carroll, 2005), completeness
(De La Torre-Barcena et al., 2009), genomic location (Hu et al., 2023;
Stull et al., 2020), and selective pressures (Roje, 2014) of genetic loci
can impact phylogenetic accuracy (Naciri and Linder, 2015). These
variables, in turn, affect how we delimit species and interpret evolu-
tionary trends.

In addition to noise introduced by species sampling and the choice of
genetic markers, biological processes can also obscure boundaries be-
tween species and create challenges for resolving evolutionary
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relationships, particularly in recently radiated plant groups (e.g, Klein-
kopf et al., 2019; Murillo et al., 2022; You et al., 2022). Among these
processes, incomplete lineage sorting (ILS) is the most extensively
studied source of discordance (e.g., Liu et al., 2015; Maddison and
Knowles, 2006; Yan et al., 2022), occurring when gene lineages coalesce
in a manner that do not reflect the “true” species relationships
(Maddison, 1997). A similar pattern of discordance arises from hybrid-
ization, in which different species interbreed and exchange genetic
material—a relatively common and important evolutionary process in
plant evolution (e.g., Goulet et al., 2017; Soltis and Soltis, 2009; Whit-
ney et al., 2010). Despite the challenges, modern phylogenetic methods
are starting to assess the impact of ILS and hybridization on phyloge-
netic trees (e.g., Folk et al., 2018; Solis-Lemus and Ané, 2016; Yu et al.,
2013).

Calibrachoa (Solanaceae) is a genus native to the Neotropical region
and is closely related to Petunia within the tribe Petunieae (Olmstead,
2013) (Fig. 1). Wild Calibrachoa species exhibit a subtropical distribu-
tion, with the highest species richness found in southern Brazil,
Argentina, and Uruguay (Fregonezi et al., 2012; Stehmann, 1999). Based
on morphological and molecular data (Fregonezi et al., 2012), the genus
was divided into two subgenera: Calibrachoa sensu stricto, which in-
cludes C. parviflora and C. pygmaea, and Stimomphis, which encompasses
the remaining 26 species. Species in the subgenus Calibrachoa exhibit
distinct seed, leaf, and flower morphologies compared to those in

Fig. 1. Morphological diversity of Calibrachoa. (A) C. parvifiora. (B) C. humilis. (C) C. thymifolia. (D) C. sendtneriana. (E) C. caesia. (F) C. excellens. (G-H) The P15
commercial Calibrachoa cultivar purchased for this study. Pictures A-F sourced from iNaturalist.com under a Creative Commons license. iNaturalist observation
numbers and username credits, in order: 252413452 (gusgomez), 204994541 (Guillermo Menéndez, gmmv80), 185084173 (Ariadna Tripaldi, ariadnat), 34643676
(Lucas C. Wheeler, lcwheeler), 139819183 (Patricio A. Mantinian, pmantinian1951), 241927679 (Mateus Henrique Schenkel, mateus_henrique_schenkel).
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subgenus Stimomphis, and they also display significant variation in
flower morphology and reproductive strategies within the subgenus
(Fregonezi et al., 2012). Conversely, species in Stimomphis exhibit more
conserved flower morphologies, are all self-incompatible, and many
species show overlapping distributions in southern South America.
Moreover, all species except C. sendtneriana (Fig. 1D) and C. serrulata
exhibit bee-pollination syndromes, although little is known about their
effective pollinators and mating systems (John et al., 2019). The absence
of geographic and pollinator barriers among species within Stimomphis
creates a favorable context for interspecific gene flow, as has been
documented for several pairs of Petunia species (e.g., Caballero-Villalo-
bos et al., 2021; Giudicelli et al., 2024; Pezzi et al., 2022).

Known as “million bells”, these plants are widely cultivated as
ornamental plants (Fig. 1) and were commercially introduced in Japan
and Europe in the 1990s (Rice, 1997), gaining popularity, particularly in
Europe and North America (Murakami et al., 2004). Since then,
numerous cultivars have been developed in diverse floral colors,
including hues not found in wild populations (Kanaya et al., 2010).
These cultivars are collectively called Calibrachoa x hybrida, which
suggests a hybrid origin. However, the wild species involved in this
putative hybridization remain largely unknown. Clarifying the origins of
the commercial cultivar is key to understanding their genetic diversity
and breeding history, having practical implications for horticulture,
such as improving trait selection and hybridization strategies. Further-
more, identifying parental species can show how artificial selection has
shaped phenotypic divergence from wild relatives, offering insights into
the evolutionary processes underlying plant domestication (Qi et al.,
2022; Raymond et al., 2018; Segatto et al., 2014).

Phylogenetic studies on the genus Calibrachoa utilizing Sanger
sequencing methods have revealed challenges in resolving interspecies
relationships, evidenced by multiple polytomies (Fregonezi et al., 2013)
and low support for shallow nodes in the subgenus Stimomphis (Mader
and Freitas, 2019). Furthermore, earlier studies typically included only a
single individual per species, making it impossible to test for species
monophyly. The divergence time between Calibrachoa and Petunia was
initially estimated to be around 8.5 million years ago (Mya; Sarkinen
et al., 2013), but recent analyses utilizing transcriptomic and genomic
data have revised this estimate to 19.7 Mya (Huang et al., 2023). The
latter study included only one representative of Calibrachoa, preventing
divergence time estimation within the genus, while the former estimated
the crown age of Calibrachoa to be approximately 3.9 Mya. Combined
with evidence indicating that Pleistocene climatic cycles significantly
influenced the diversification of the genus—particularly within the
subgenus Stimomphis (Mader et al., 2013; Mader and Freitas, 2019)—
this suggests a recent and rapid diversification in Calibrachoa. Such rapid
diversification has hindered gene coalescence and prevented species
from achieving reproductive isolation, resulting in a phylogeny char-
acterized by short branch lengths and high discordance among gene
trees (Pezzi et al., 2024), arising from both high levels of ILS and
interspecific hybridization. Consequently, the phylogenetic relation-
ships among Calibrachoa species, especially within the subgenus Stim-
omphis, remain largely elusive.

In this study, we applied high-throughput genotyping across multiple
individuals of all known Calibrachoa species, representing both sub-
genera (Stimomphis and Calibrachoa sensu stricto) and spanning their
entire native distribution, to clarify evolutionary relationships and test
species cohesiveness. Specifically, we tested the hypotheses that (1)
phylogenetic analyses would support the monophyly of recognized
Calibrachoa species, (2) interspecific gene flow may contribute to
phylogenetic incongruences within the genus, and (3) the commercial
Calibrachoa cultivar has a hybrid origin involving two or more wild
species. Additionally, we included an undescribed putative new species
to assess its phylogenetic placement and relationships with wild taxa.
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2. Material and methods
2.1. Sampling, DNA extraction, and sequencing

We collected young and healthy leaves from 30 wild Calibrachoa
taxa, including, when possible, multiple individuals per species
(Table 1). Additionally, we sampled five individuals of Calibrachoa sp. 1,
a putative new species based on morphological traits, and five in-
dividuals from the commercial P15 cultivar of Calibrachoa (million
bells), sold by Veiling Holambra (Santo Antdnio de Posse, SP, Brazil; htt
ps://veiling.com.br/produtos/calibrachoa-p15/). Five individuals from
Petunia integrifolia were included to serve as the outgroup. Sampling was
conducted under ICMBIO-SISBIO scientific permit number 41530-11.
Plant identification was based on morphological characteristics consis-
tent with species descriptions. Voucher specimens were deposited in the
herbaria of the Universidade Federal de Minas Gerais (BHCB-UFMG;
Belo Horizonte, MG, Brazil), Universidade Federal do Rio Grande do Sul
(ICN-UFRGS; Porto Alegre, RS, Brazil), Universidade Regional de Blu-
menau (FURB; Blumenau, SC, Brazil), Universidad Nacional del Nor-
deste (CTES; Corrientes, Argentina), Instituto de Recursos Naturales
(BAB; Buenos Aires, Argentina), and Instituto de Botanica (SP; Sao
Paulo, SP, Brazil). Some samples were donated from individuals culti-
vated in-house (Data S1). Silica-dried leaves were ground in liquid ni-
trogen, and genomic DNA  was extracted using a
cetyltrimethylammonium bromide (CTAB; Sigma-Aldrich Chem. Co., St.
Louis, USA) protocol (Roy et al., 1992). DNA concentration was
measured with a Qubit Fluorometer (Thermo Fisher Scientific Co.,
Waltham, USA), and quality was assessed with a NanoDrop ND-1000
Spectrophotometer (Thermo Fisher). Samples with 260/280 and 260/
230 absorbance ratios above 1.80 were considered high quality and
selected for genomic library construction. We confirmed the absence of
nucleases in the samples using EcoRI (NEB—New England BioLabs Inc.,
Ipswich, USA). DNA libraries were prepared using DArTseq™
complexity reduction method (Cruz et al., 2013; Kilian et al., 2012) with
the PstI-Msel (NEB) enzyme combination. This protocol replaces a single
adaptor with two distinct adaptors. Equimolar amplification products
from each sample were pooled into 96-well microtiter plates and sub-
jected to c-Bot bridge PCR (Illumina Inc., San Diego, USA). Samples were
sent to Diversity Arrays Technology Pty Ltd (DArT, Canberra, Australia)
and sequencing was performed on an Illumina HiSeq2500 platform
(Ilumina).

2.2. Filtering and variant discovery

To prepare the dataset, we used the process_radtags module in Stacks
v2.65 (Catchen et al., 2013) with default settings to demultiplex the
reads and remove barcodes, low-quality reads, and reads containing
adaptor contamination. Data quality was monitored throughout these
steps with FastQC v0.11.7 (Wingett and Andrews, 2018). Additionally,
cutadapt v4.9 (Martin, 2011) was used to trim the first four nucleotides
from each read, as the FastQC quality assessment indicated. For in-
dividuals sequenced across multiple runs, we merged data post-filtering
to create a single file per individual (Data S2).

Next, we aligned reads to the Petunia axillaris subsp. axillaris refer-
ence genome (v1.6.2; Bombarely et al., 2016), a species from a closely
related genus of Calibrachoa, using BWA v0.7.10-r789 (Li and Durbin,
2010) with default parameters. Unmapped reads were discarded, and
the resulting SAM files were sorted and converted to BAM format with
Samtools v1.21 (Danecek et al., 2021; Li et al., 2009). We then combined
BAM files into a single file using bamaddrg (https://github.com/ekg
/bamaddrg).

Variant calling was conducted with FreeBayes v0.9.21 (Garrison and
Marth, 2012), applying the following filters: mapping quality > 30, base
quality > 30, and read depth > 10. We used VCFtools v0.1.16 (Danecek
et al., 2011) to retain only biallelic single-nucleotide polymorphisms
(SNPs) with < 30 % missing data and a minimum allele frequency of
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Table 1

Monophyly assessment of Calibrachoa species based on phylogenetic analyses
using IQ-TREE and SVDquartets. The table indicates whether the hypothesis of
monophyly is supported (YES) or not (NO) by each analysis, with YES* denoting
partial monophyly as discussed in the main text. For the IQ-TREE analysis, ul-
trafast bootstrap (UFB) support values are shown, while bootstrap (BS) support
values are reported for the SVDQuartets analysis. The sample size for each taxon
(n) is also provided.

Species n IQ-TREE

Monophyly  UFB

SVDQuartets
Monophyly  BS

Subgenus Calibrachoa Cerv.

Calibrachoa parviflora (Juss.) 6 YES 100 YES 100
D’Arcy
Calibrachoa pygmaea (R.E. 9 YES 100 YES 100

Fr.) Wijsman
Subgenus Stimomphis (Raf.) Stehmann, Fregonezi & L.B. de Freitas

Calibrachoa atropurpurea 6 NO — NO —
Stehmann & Semir

Calibrachoa caesia (Sendtn.) 6 YES 100 YES 100
Wijsman

Calibrachoa cordifolia 4 YES* 100 NO -
Stehmann & L.W. Aguiar

Calibrachoa dusenii (R.E. Fr.) 6 YES 100 YES 20
Stehmann & Semir

Calibrachoa eglandulata 6 YES 100 YES* 100
Stehmann & Semir

Calibrachoa elegans (Miers) 8 YES 100 YES* 100
Stehmann & Semir

Calibrachoa ericifolia (R.E.Fr.) 8 YES 100 NO -
Wijsman

Calibrachoa excellens (R.E. 6 NO - NO -
Fr.) Wijsman

Calibrachoa felipponei 3 YES 100 YES 88
(Sandwith) Stehmann

Calibrachoa heterophylla 6 YES 100 YES 87
(Sendtn.) Wijsman

Calibrachoa humilis (R.E. Fr.) 8 YES* 73 NO —
Stehmann & Semir

Calibrachoa irgangiana 6 YES* 87 YES* 50
Stehmann

Calibrachoa linearis (Hook.) 6 NO — NO —
Wijsman

Calibrachoa linoides subsp. 6 NO — YES 35
furcata Greppi & Stehmann

Calibrachoa linoides (Sendtn.) 6 NO - NO -
Wijsman subsp. linoides

Calibrachoa longistyla 1 - - - -
Stehmann & Greppi

Calibrachoa micrantha (R.E. 2 YES 100 YES 100
Fr.) Stehmann & Semir

Calibrachoa missionica 6 YES 100 YES 99
Stehmann & Semir

Calibrachoa ovalifolia (Miers) 6 NO - NO -
Stehmann & Semir

Calibrachoa paranensis 5 YES 100 YES 100
(Dusén) Wijsman

Calibrachoa pubescens 5 NO — NO -
(Spreng.) Stehmann

Calibrachoa scabridula (C.V. 3 YES 100 YES 93
Morton) Stehmann

Calibrachoa sellowiana 6 YES* 98 YES* 62
(Sendtn.) Wijsman

Calibrachoa sendtneriana (R.E. 10 YES 100 NO -
Fr.) Stehmann & Semir

Calibrachoa serrulata (L.B. Sm. 6 YES 100 YES* 100
& Downs) Stehmann &
Semir

Calibrachoa sp. (comm. 5 NO - NO -
cultivar)

Calibrachoa sp. 1 6 YES* 38 NO —

Calibrachoa spathulata (L.B. 6 YES* 100 YES* 100
Sm. & Downs) Stehmann &
Semir

Calibrachoa synanthera 6 YES 100 YES 96
Stehmann & G. Mader

Calibrachoa thymifolia (A. St.- 6 NO - NO -

Hil.) Stehmann & Semir
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0.01. To remove loci under linkage disequilibrium (LD), we applied a
minimum site distance of 100 bp, retaining only one SNP per read.
Outlier loci were identified and removed using pcadapt v4.4.0 (Luu
et al., 2017) in R, yielding a final dataset of putatively neutral loci. For
specific downstream analyses, we repeated the filtering and variant
discovery process on subsets of individuals (namely from Subclades I,
and II; see section 3.2) to maximize the number of SNPs retained in the
VCF files for these subsets.

2.3. Phylogenetic reconstruction, evolutionary relationships, and genetic
structure

We applied four complementary approaches to the filtered SNP
dataset to infer evolutionary relationships among Calibrachoa species.
First, we generated a maximum likelihood phylogeny using IQ-TREE
v2.3.6 (Minh et al., 2020), including only variable sites and applying
ascertainment bias correction appropriate for SNP data (model GTR +
ASC; Lewis, 2001). Branch support was assessed with 1,000 ultrafast
bootstraps (UFB; Hoang et al.,, 2018) replicates. Next, we used
SVDQuartets, a coalescent-based method implemented in PAUP* 4a
(Swofford, 2003), which infers relationships by analyzing quartets of
taxa and synthesizing them into a phylogenetic tree. We evaluated all
possible quartets (evalq = all) for this analysis and conducted 100
bootstrap replicates to assess node support. As our third approach, we
performed a discriminant analysis of principal components (DAPC)
using the R package adegenet (Jombart and Ahmed, 2011) to identify
the optimal number of genetic clusters within our Calibrachoa dataset.
We used the find.clusters function to determine the clusters and optim.a.
score to identify the optimal number of PCs to retain. This method
maximizes genetic differentiation among clusters while minimizing
variation within clusters. For DAPC, we also analyzed subsets of in-
dividuals (Subclades I and II; see section 3.2), allowing a clearer visu-
alization of the distinct genetic clusters. Lastly, we used SplitsTree
v6.4.11 (Huson and Bryant, 2024) to construct a phylogenetic network
based on P distances, averaging ambiguous sites, with the NeighborNet
method (Bryant and Moulton, 2004). This combination of tree-based
(IQ-TREE, SVDQuartets), clustering (DAPC), and network-based (Split-
sTree) approaches together provided a broader perspective on both hi-
erarchical and reticulate relationships among Calibrachoa species.

2.4. Hybridization and gene flow inference

We assessed patterns of historical and recent hybridization within
Calibrachoa using ABBA-BABA, f4, and f-branch analyses (Malinsky
et al., 2018; Patterson et al., 2012) implemented in Dsuite (Malinsky
et al., 2021). The f-branch analysis, a heuristic approach, aids in inter-
preting correlated f4-ratio results by identifying internal branches in the
phylogeny where significant allele sharing suggests hybridization across
a clade (Malinsky et al., 2021, 2018). We used the —Z parameter to
calculate Z-scores for all f-branch values. Those with Z < 3 were
considered not significant and were changed to 0 using a custom script
(https://github.com/joanam/scripts/blob/master/removeNonsig
nDsuite.r), as in Fark et al. (2022). These analyses were conducted on
the full dataset and Subclades I and II. As the IQ-TREE results demon-
strated greater topological stability and higher support than the
SVDQuartets tree (see section 3.2), we opted to use the IQ-TREE results
as the initial tree for the hybridization analyses. Individuals from the
same species grouped in monophyletic lineages were collapsed into a
single branch.

3. Results
3.1. Data quality and SNP calling

Our DArTseq analysis yielded a dataset comprising 190 individuals
and 268,670,412 reads. Per-individual read counts ranged from 277,749
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to 1,908,960, averaging 514,799 reads per sample (Data S2). Initial SNP
calling identified 736,080 loci, of which 716,545 were removed due to
failure to meet sample-based criteria (see section 2.2). This filtering
resulted in 19,535 variant sites. Using PCAdapt, we identified and
removed 1,495 outlier loci, yielding a final dataset of 18,040 putatively
neutral SNPs for subsequent analyses.

3.2. Evolutionary relationships and genetic structure

Phylogenetic analyses recovered Calibrachoa as a robustly supported
monophyletic group (Fig. 2; UFB = 100; BS = 100). Both currently
recognized subgenera were also recovered as monophyletic: Calibrachoa
sensu stricto, consisting of C. pygmaea and C. parviflora (UFB = 100; BS =
76), and Stimomphis, comprising the remaining Calibrachoa species (UFB
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=100; BS = 100). However, within Stimomphis, shallow nodes exhibited
low support (Fig. 2, Figs. S1 and S2) and branches were extremely short,
especially in the tree recovered with SVDQuartets (Figs. S1 and S2).
These results were consistent with the clustering patterns recovered
with DAPC, where Calibrachoa sensu stricto formed a well-defined
cluster. In contrast, Stimomphis showed considerable overlap and
limited genetic differentiation in the scatterplot (Fig. 3A and Fig. S3).
For the DPAC analysis with all individuals, the find.clusters function
indicated that the lowest BIC value corresponded to 11 clusters. We
retained 66 principal components and two discriminant components,
accounting for 67 % of the variance. For the DAPC analysis of Subclade I
(Fig. 3B and Fig. S4), we retained five principal components and three
discriminant components, accounting for 25 % of the variance. This
revealed four groups that largely aligned with species delimitations. In

ensis 80

D
S *e
2?2 uel® o0
‘Ziﬁ'g sue\\d" o 9
W
WO ool

. Subclade |

. Subclade Il (HTL complex)

Fig. 2. Phylogenetic tree of Calibrachoa inferred from the SNP dataset using IQ-TREE. Ultrafast bootstrap support values are indicated at the nodes: nodes without
circles indicate high support (>95 %), black circles represent moderate support (75-94 %), and gray circles represent low support (48-74 %). Major clades are color-
coded: yellow represents Calibrachoa sensu stricto, blue represents Stimomphis, and gray represents the outgroup (Petunia integrifolia). Subclade I and Subclade II (HTL
complex), for which hybridization tests were conducted, are also highlighted. Branch lengths are not drawn to scale to improve visualization; the full tree with scaled
branch lengths is available in Fig. S1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. DAPC analysis results, illustrating genetic differentiation across Calibrachoa lineages. (A) DAPC results considering all sampled individuals. The list of species
and individuals belonging to each cluster is available in Data S3. (B) DAPC for Subclade I, which includes commercial cultivars and wild relatives. (C) Density plot of
the first discriminant component for Subclade II, showing overlapping distributions among closely related species due to weak genetic differentiation.

contrast, little differentiation among species was observed for Subclade
II (Fig. 3C and Fig. S5), where we retained three principal components
and two discriminant components, also accounting for 25 % of the
variance. The network constructed with all individuals using SplitsTree
divided them into the subgenus Calibrachoa, the subgenus Stimomphis,
and a mixed group containing species from both subgenera (Fig. S6),
with limited phylogenetic signal to solve reticulation events within the
genus.

Of the 30 taxonomic units analyzed within Stimomphis—including 27
nominal species, one species with two subspecies, one commercial
cultivar, and a putative new species—14 were recovered as mono-
phyletic in the tree generated by IQ-TREE (Fig. 2; Table 1). In contrast,
the tree inferred with SVDQuartets showed lower support values, with
only 10 species recovered as monophyletic (Table 1). Several species
displayed partial monophyly: in C. cordifolia and C. sellowiana, most

individuals formed distinct clades with a single outlier placed outside
each main clade, whereas in C. irgangiana and C. spathulata, conspecific
individuals grouped into clades that also included individuals from
other species. The commercial Calibrachoa cultivar appeared in two
clades (nested within Subclade I; Fig. 2), supporting their hypothesized
hybrid origin: three individuals grouped with one individual of
C. spathulata as a clade sister to C. sellowiana, while two others grouped
with C. sendtneriana. Evidence of polyphyly was apparent in several
taxa, such as C. ovalifolia, which appeared in multiple locations within
the phylogeny. Furthermore, a clade comprising C. humilis, C. thymifolia,
C. linearis (hereafter, we refer to this clade as the HTL complex), and
C. pubescens lacked reciprocal monophyly (Subclade II; Fig. 2), sug-
gesting the presence of a species complex within this group. The phy-
logeny also strongly suggested that C. excellens and C. atropurpurea do
not represent distinct, well-defined lineages as currently circumscribed.
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Instead, individuals from these two species were distributed across
multiple lineages, with these lineages not aligning with current species
boundaries. Lastly, the putative new species C. spl was not recovered as
a monophyletic group; instead, it grouped with the single individual of
C. longistyla in our dataset (longl) and one individual of C. ovalifolia
(oval321), albeit with low support.

Based on the observed patterns, we identified two subclades in the
IQ-TREE phylogeny for targeted hybridization tests (Fig. 2). Subclade I
included all individuals of the commercial cultivar, and we applied the
hybridization tests to detect excess allele sharing supporting their hybrid
origin. Subclade II comprised the HTL complex and three individuals
identified as C. pubescens.

3.3. Hybridization tests

Hybridization analyses across all Calibrachoa lineages suggest that
the paraphyly observed in the phylogenetic trees may be partly attrib-
uted to interspecific gene flow (Fig. S7), particularly involving Subclade
I, where we found evidence of hybridization between one individual of
C. thymifolia and C. humilis (Fig. 4). Moreover, the f-branch analysis for
Subclade I suggested that the commercial P15 cultivar sampled is a
hybrid between C. sendtneriana and C. sellowiana, with a potential
contribution from C. spathulata (Fig. 4). We also found that commercial
cultivar lineages recovered in distinct clades show an excess of allele
sharing (Fig. 4), further suggesting hybridization events. Additionally,
several individuals with atypical phylogenetic positions—distant from
the main clade of the species they were identified as—are likely hybrids,
as revealed by the f-branch tests (Fig. 4). For example, thym66 appears
to be a hybrid of C. heterophylla and Subclade II, whereas thym57 ap-
pears to be a hybrid between the HTL complex and C. ovalifolia (spe-
cifically ovalS5).

4. Discussion

Understanding evolutionary relationships in recently diversified
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plant lineages remains a persistent challenge in systematics, particularly
when hybridization, ILS, and rapid speciation obscure species bound-
aries. In this study, we leveraged genome-wide genotyping to investigate
phylogenetic relationships, species cohesiveness, and interspecific gene
flow of Calibrachoa, a Neotropical genus of ornamental and ecologically
diverse plants. By sampling multiple individuals across all described
species, as well as a putative new species and commercial cultivars, we
addressed critical gaps in previous phylogenetic studies by generating
genome-wide data for tree inference and by explicitly testing for species
monophyly. Our results highlight the limitations of traditional species
concepts, such as BSC and PSC, when applied to rapidly radiating
groups. Instead, the ESC, which defines species as independently
evolving lineages, provides a more flexible framework for reconciling
the complex patterns of paraphyly, polyphyly, and hybridization
observed here. Moreover, we found that the sampled commercial cul-
tivars of Calibrachoa are a hybrid of at least two wild species from
subgenus Stimomphis (C. sendtneriana and C. sellowiana), providing novel
insights about their domestication.

4.1. Phylogenetic relationships

The phylogeny of Calibrachoa revealed a complex evolutionary his-
tory, characterized by deep divergences between subgenera, consistent
with previous studies based on Sanger markers (Fregonezi et al., 2013;
Mader and Freitas, 2019) and transcriptomic data (Pezzi et al., 2024;
Wheeler et al., 2022), and challenging patterns of diversification within
Stimomphis. The clear phylogenetic separation between Calibrachoa
sensu stricto and the remaining taxa highlights its distinct evolutionary
trajectory (Figs. S1 and S2). This aligns with biological traits, such as
their annual life cycle (in contrast to the perennial habit of Stimomphis)
(Stehmann, 1999) and unique morphoanatomy, including differences in
the calyx lobes and the endodermis surrounding the vascular bundles
(Fregonezi et al., 2012). Within Stimomphis, however, phylogenetic re-
lationships proved complicated and less stable, characterized by short
branches with little support in the phylogenetic trees (Figs. S1 and S2)
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and a lack of resolution in the network (Fig. S6). Previous studies sug-
gested subdividing Stimomphis into four main clades, which broadly
correspond to the geographical distribution of its species (Mader and
Freitas, 2019). However, our results did not support these subdivisions,
as none of the previously proposed clades were recovered. This
discrepancy may stem from methodological limitations in prior studies,
such as reliance on a small number of genetic markers or limited sam-
pling (e.g., single representatives per species). The multiple instances of
species paraphyly and polyphyly observed in our study support the need
to reassess Stimomphis taxonomy and species delimitation.

The subgenus Stimomphis rapidly diversified into multiple species
during the climatic oscillations of the Pleistocene (Mader et al., 2013;
Mader and Freitas, 2019). This rapid radiation led to high levels of ILS,
as previously described in the genus (Pezzi et al., 2024), and partially
explains the low support for nodes within the subgenus. A complex case
involves the phylogenetic placement of C. elegans. This species, located
at the northernmost limit of the subgenus distribution in the state of
Minas Gerais (Backes et al., 2019), southeastern Brazil, was recovered as
the sister species of C. caesia, which occurs in southern Brazil, the
biodiversity hotspot for Calibrachoa. Together, these species formed a
clade sister to all remaining Stimomphis species (Fig. 2), a result
consistent with maximum likelihood analyses by Pezzi et al. (2024),
though not corroborated by their quartet-based analysis. Although
Calibrachoa species have limited seed dispersal ability (Stehmann,
1999), where seeds typically fall close to the mother plant, it is possible
that rare long-distance dispersal events occurred and led to vicariant
speciation, as seen in other plants (Escudero et al., 2009; Rodrigues
et al., 2020). Alternatively, speciation might also be explained by peri-
patric or parapatric divergence processes, followed by the extinction of
intermediate populations. Future studies integrating finer-scale popu-
lation genomic data, ecological niche modeling, and fossil-calibrated
phylogenies would help distinguish between these mechanisms by
clarifying patterns of historical connectivity, demographic changes, and
potential environmental barriers.

4.2. Blurry species boundaries due to rapid speciation and interspecific
hybridization

At the species level, our analyses identified multiple instances of
paraphyly and polyphyly, underscoring ongoing challenges in delimit-
ing species within Calibrachoa and highlighting the need for taxonomic
revisions. For instance, C. linoides subsp. linoides and C. linoides subsp.
furcata are currently treated as subspecies, but they were consistently
recovered in independent lineages, suggesting they are not valid sub-
species and instead represent multiple lineages. Calibrachoa linoides
subsp. linoides appears at least as three independent lineages and
C. linoides subsp. furcata as two independent lineages (Fig. 2). Similarly,
C. pubescens and C. ovadlifolia were recovered as polyphyletic. While
C. pubescens appears in two different clades (two individuals grouped
with C. felipponei and the other three with the HTL complex), individuals
of C. ovalifolia appeared throughout the phylogeny, and conspecific in-
dividuals seldom were recovered with reciprocal monophyly. At first
glance, the phylogenetic positioning of C. ovalifolia could be seen as the
result of extensive hybridization, but the lack of excessive allele sharing
in our f-branch test (Fig. S7) implied that it may represent multiple
different species. Further complicating its phylogenetic placement,
C. ovalifolia was recovered external to major clades (oval271, oval55) or
nested within otherwise monophyletic species clades (oval29 among
C. irgangiana; oval321 among C. spl), but with low support at most
nodes (Fig. 2). These findings reflect the taxonomic complexity of Cal-
ibrachoa, where low morphological differentiation among species pre-
sents challenges for their delimitation.

Another convoluted case involves the HTL complex, which forms a
highly supported clade (Fig. 2) despite morphological variation. Within
this group, the presence of white-flowered individuals (C. humilis;
Fig. 1B) alongside purple-flowered individuals (C. thymifolia and
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C. linearis; Fig. 1C) suggests a degree of floral plasticity potentially
linked to ecological adaptation. Backes et al. (2023) correlated vegeta-
tive trait variation in C. linearis and C. thymifolia with ecological niches,
implying phenotypic plasticity as a driver of local adaptation. Our
findings extend this idea, highlighting the potential role of reproductive
traits, such as flower color, in shaping adaptation within this species
complex. Abiotic factors, such as soil nitrogen, may influence floral
plasticity, affecting insect visitation and reproductive success (Majetic
etal., 2017; reviewed in Narbona et al., 2021). In some plants, increased
soil nitrogen alters anthocyanin synthesis, a key determinant of floral
pigmentation (Rausher, 2008). While this mechanism has been observed
in many taxa, it does not appear to influence flower color in the closely
related Petunia (Majetic et al., 2017). In Nicotiana mutabilis, another
Solanaceae species, color transitions from white to pink during flower
senescence have been linked to chalcone synthase upregulation
(Macnish et al., 2010). Furthermore, in the tribe Petunieae, to which
Calibrachoa belongs, floral pigmentation is regulated by MYB anthocy-
anin activators (Wheeler et al., 2022). This suggests that changes in
flower color in Calibrachoa could arise from shifts in gene expression
rather than substitutions in coding regions, enabling rapid and inde-
pendent color changes. Future studies are needed to confirm whether
this mechanism operates in Calibrachoa and, more specifically, in the
HTL complex.

The phylogeny also revealed that C. excellens and C. atropurpurea do
not form distinct, monophyletic groups (Fig. 2). Instead, individuals
from both taxa are intermingled within the same clades, suggesting that
these species represent multiple lineages, but not the way they are
presently circumscribed. Since we did not find evidence for hybridiza-
tion between these lineages in the f-branch test (Fig. S7), this pattern
may reflect a cryptic diversity within and between these taxa or oper-
ational biases such as misidentification. Originally, C. atropurpurea was
interpreted as a putative subspecies of C. excellens (Fregonezi et al.,
2013, 2012; Mader and Freitas, 2019; Stehmann, 1999), but further
morphological examination circumscribed it as a separate species
(Stehmann et al., 2022). The results we recovered here reflect the dif-
ficulty in identifying in the field these species that represent indepen-
dent evolutionary lineages but show strong morphological resemblance
(Stehmann, 1999; Stehmann et al., 2022).

We also included a putative undescribed species, C. sp. 1, to evaluate
its phylogenetic placement and potential relationships with other wild
taxa. It was initially thought to represent a new evolutionary lineage due
to its morphological differentiation compared to other species in the
subgenus (Mader and Freitas, 2019). The clade containing C. sp. 1
showed low support, suggesting some uncertainty regarding its
distinctiveness or evolutionary history. As in Mader and Freitas (2019),
C. sp. 1 was recovered as phylogenetically related to C. missionica.
Interestingly, this clade also includes individuals of C. longistyla and
C. ovdlifolia, with C. sp. 1 nested among them. These results raise the
possibility that C. sp. 1 may not represent a distinct species, but rather
could belong to C. longistyla, indicating a potential lineage within this
species.

It is well established that closely related species, particularly those in
rapidly radiating groups, exhibit a higher propensity for hybridization
(Abbott et al., 2013; Gourbiere and Mallet, 2010). Hybridization has
already been documented in Calibrachoa (Pezzi et al., 2024). However,
unlike Petunia, where studies focusing on microevolutionary processes
have demonstrated the extent of historical and ongoing hybridization (e.
g., Caballero-Villalobos et al., 2021; Giudicelli et al., 2024; Pezzi et al.,
2022), microevolutionary and population genetics studies in Calibrachoa
remain scarce. Evidence of hybridization was revealed in our f-branch
tests (Fig. 4 and Fig. S7), where we identified hybrid individuals, such as
thym66, grouping with C. heterophylla but exhibiting clear genetic sig-
nals of admixture with the HTL clade. Another individual identified as
C. thymifolia, thym57, was grouped with C. pubescens and showed excess
allele sharing with the HTL clade. Such hybrids highlight the dynamic
evolutionary processes within Calibrachoa, where interspecific gene
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flow blurs species boundaries and adds to phylogenetic instability.
4.3. Novel insights into the origin of commercial cultivars

Although Calibrachoa is widely popular in horticulture, the genetic
origins of its commercial cultivars and the wild species involved in their
development have remained unclear. Our results provide novel insights
into this question, supporting the original hypothesis that the commer-
cial cultivar resulted from interspecific hybridization between species
within the Stimomphis subgenus (Kanaya et al., 2010). The cultivated
individuals were present in two distinct clades, each with high support,
indicating hybrid origins involving at least C. sendtneriana and
C. sellowiana (Fig. 2). Since C. sendtneriana has red flowers and is pri-
marily hummingbird-pollinated—traits that deviate from the white and
purple flowers and bee-pollination typical of most Calibrachoa spe-
cies—it is plausible that hybridization involving this species was artifi-
cially facilitated during cultivar development. While this reasoning
aligns with patterns seen in closely related genera such as Petunia
(Bombarely et al., 2016; Segatto et al., 2014), we cannot entirely dismiss
the possibility that natural hybridization plays a role in this process.

The results from f-branch analyses further support the hypothesis of a
single domestication event, evidenced by the excess allele sharing
among cultivated individuals in distinct clades (Fig. 4). However, these
results may also reflect ongoing admixture between cultivated and wild
populations, as the commercial cultivar we sequenced was purchased in
a city located within the native range of the genus. Although this cultivar
was obtained from flower shops and not sampled from naturalized
populations, we cannot discard the possibility that some genetic intro-
gression from local wild species has occurred historically or during
recent cultivation. Repeated admixture among cultivated plants and
wild populations could obscure a more precise delineation between
single versus multiple domestication events, as observed in other orna-
mental species (Altman et al., 2022; Zang et al., 2023). Including a
broader sample of cultivars from regions outside the native range of
Calibrachoa would provide additional resolution into their evolutionary
history and clarify the extent of human-mediated gene flow.

In addition to genetic analyses, the morphological variation observed
in cultivated individuals warrants further investigation. For instance,
the yellow flowers presented by the cultivar we sampled (Fig. 1G-H)
represent a notable divergence from the purple and white flowers
characteristic of most wild Calibrachoa species, as well as the red flowers
of C. sendtneriana, one of their parental species. This variation likely
arises from intensive artificial selection, as has been documented in
Petunia (Chen et al., 2007). Since a few loci with large effects control
flower color in related genera (Esfeld et al., 2018; but see Berardi et al.,
2021), similar mechanisms may operate in Calibrachoa. The colors found
in commercial cultivars are absent in wild species, despite several wild
species displaying dark rings or yellow patches. This suggests that
regulation beyond differentiated gene expression still needs to be
elucidated.

Finally, the potential for admixture or gene introgression from
domesticated cultivars into wild populations underscores a critical
evolutionary dynamic between horticultural practices and natural eco-
systems (Purugganan, 2019). Such gene flow could influence local
adaptation, alter ecological interactions, and impact genetic diversity
within Calibrachoa. Investigating these processes will provide valuable
insights into how domestication and cultivation practices affect the
evolutionary trajectories of both cultivated and wild species, offering a
deeper understanding of the interplay between human activity and plant
evolution.

5. Conclusions
This study provides the first comprehensive phylogeny for Calibra-

choa, encompassing all currently recognized taxa with multiple in-
dividuals and genomic data, while including a putative new species and
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commercial cultivars. Previous research has highlighted the challenges
in resolving species relationships within the genus, owing to its recent
diversification, high levels of ILS, and extensive hybridization, and our
study encountered similar difficulties. Despite a robust dataset and
extensive sampling, we found low support for some nodes and observed
several cases of paraphyly and polyphyly. These findings suggest that
specific genomic regions may play a critical role in speciation and
diversification within the genus (i.e., speciation genes) that could be
further investigated once whole-genome sequences are available for
multiple species. Furthermore, our results confirm that hybridization is a
significant evolutionary force in the group and that the commercial
cultivar resulted from the hybridization between C. sendtneariana and
C. sellowiana. Despite these challenges, our study makes significant
contributions to the systematics of the genus, flagging taxa that require
further investigation to clarify their taxonomic status.
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