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Convolvulaceae is a family of c. 2,000 species, distributed across 60 currently
recognized genera. It includes species of high economic importance, such as the
crop sweet potato (Ipomoea batatas L.), the ornamental morning glories (Ipomoea
L.), bindweeds (Convolvulus L.), and dodders, the parasitic vines (Cuscuta L.). Earlier
phylogenetic studies, based predominantly on chloroplast markers or a single nuclear
region, have provided a framework for systematic studies of the family, but uncertainty
remains at the level of the relationships among subfamilies, tribes, and genera, hindering
evolutionary inferences and taxonomic advances. One of the enduring enigmas has
been the relationship of Cuscuta to the rest of Convolvulaceae. Other examples of
unresolved issues include the monophyly and relationships within Merremieae, the “bifid-
style” clade (Dicranostyloideae), as well as the relative positions of Erycibe Roxb. and
Cardiochlamyeae. In this study, we explore a large dataset of nuclear genes generated
using Angiosperms353 kit, as a contribution to resolving some of these remaining
phylogenetic uncertainties within Convolvulaceae. For the first time, a strongly supported
backbone of the family is provided. Cuscuta is confirmed to belong within family
Convolvulaceae. “Merremieae,” in their former tribal circumscription, are recovered as
non-monophyletic, with the unexpected placement of Distimake Raf. as sister to the
clade that contains Ipomoeeae and Decalobanthus Ooststr., and Convolvuleae nested
within the remaining “Merremieae.” The monophyly of Dicranostyloideae, including
Jacquemontia Choisy, is strongly supported, albeit novel relationships between genera
are hypothesized, challenging the current tribal delimitation. The exact placements
of Erycibe and Cuscuta remain uncertain, requiring further investigation. Our study
explores the benefits and limitations of increasing sequence data in resolving higher-level
relationships within Convolvulaceae, and highlights the need for expanded taxonomic
sampling, to facilitate a much-needed revised classification of the family.
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INTRODUCTION

Convolvulaceae are a cosmopolitan plant family, widespread
across tropical and temperate regions. It includes important food
crops such as sweet potato (Ipomoea batatas L.) and water spinach
(Ipomoea aquatica Forssk.) as well as a range of ornamental
plants, including morning glories [e.g., Ipomoea tricolor Cav.,
Ipomoea indica (Burm.) Merr., Ipomoea nil (L.) Roth] and
bindweeds (Convolvulus L. and Calystegia R. Br.). This family
also harbors genus Cuscuta L. (dodders), members of which are
stem parasites with little to no chlorophyll, representing one of 12
independent origins of haustorial parasitism across angiosperms
(Nickrent, 2020). Convolvulaceae are phytochemically very
diverse, containing a range of alkaloids, reflected in its wide array
of phytotherapeutical and medicinal applications (Eich, 2008).
The family is also well known to produce ergot alkaloids in the
seeds of some species of Argyreia Lour. and Ipomoea L., as a result
of an association with the fungus Periglandula, analogous to the
infection of grasses by other related fungi (Beaulieu et al., 2021).

Convolvulaceae include 1,977 accepted species, classified into
60 genera and 12 tribes (Stefanović et al., 2003; Staples and
Brummitt, 2007; POWO, 2022). The distribution of the species
across genera and tribes is markedly uneven, with almost half of
the diversity of the family being concentrated in tribe Ipomoeeae
alone (835 species), followed by Convolvuleae (242 species), and
Cuscuteae (218 species). These three tribes have been widely
sampled in recent molecular phylogenetic studies (García et al.,
2014; Williams et al., 2014; Muñoz-Rodríguez et al., 2019) and all
three were shown to be monophyletic. However, the remaining
nine tribes, containing 682 species distributed across 46 genera,
are far less studied.

Classifications from before the onset of molecular
phylogenetics and the application of monophyly as the primary
principle of classification (Backlund and Bremer, 1998) lack the
predictive power that phylogenetic classifications have, due to
the absence of a connection between systematic arrangements
and their shared, derived characters. In Convolvulaceae, as
in many other plant families, the introduction of molecular
phylogenetic approaches has brought novel perspectives on the
classification systems, and has allowed the re-circumscription
of higher-level taxonomic ranks (e.g., subfamilies, tribes, etc.).
This improves the predictive power of the classification, and
accelerates taxonomic progress.

The first family level phylogeny was produced based on plastid
markers (rbcL, atpB, psbE-J operon, and trnL-trnF intron/spacer),
sampling 52 of the 60 genera recognized at the time (Stefanović
et al., 2002). Although the number of genera is currently the same,
since this study there have been systematic changes, whereby
some genera were synonymized with others, and new ones
described (e.g., Staples, 2006; Buril et al., 2013, 2015; Simões and
Staples, 2017; Petrongari et al., 2018; Simões and More, 2018;
Simões et al., 2020; Staples et al., 2020) (Supplementary Table 1).

Stefanović et al. (2002) were the first to demonstrate the
monophyly of Convolvulaceae, as well as of its three subfamilies
as recognized at the time – Convolvuloideae, Humbertioideae,
and Cuscutoideae – while exposing the non-monophyly of

several tribes and genera across the family. Five of the tribes
recognized at that time were clearly shown as non-monophyletic
(Convolvuleae, Merremieae, Cresseae, Poraneae, Erycibeae),
leading to a revision of the tribal classification that would reflect
the newly recovered relationships (Stefanović et al., 2003). No
subfamilies were formally proposed, but six large clades were
identified which can be converted into informal subfamilies:
Convolvuloideae, Dicranostyloideae (also called the “bifid style
clade”), Cuscutoideae, Eryciboideae, Cardiochlamyoideae, and
Humbertioideae. As for tribal ranking, 12 tribes were recognized,
among which tribe “Merremieae” was the only one not confirmed
to be monophyletic and left as of uncertain placement within the
family (Stefanović et al., 2003).

A substantially expanded sampling of this group allowed for
re-circumscription of its largest genus, Merremia Dennst. ex
Endl. (Simões et al., 2015). It was found to be polyphyletic,
and subsequently was divided into ten monophyletic genera,
all of which are morphologically diagnosable and have received
moderate-to-strong support in molecular phylogenies. However,
while this study made significant progress in the generic
circumscription within the tribe, the data and phylogenetic
analyses were not robust enough to test the monophyly of the
group itself, nor to demonstrate the relationships between the
genera. Three of the genera were suggested to be sister to tribe
Ipomoeeae (Merremia s.s., Daustinia Buril & A. R. Simões, and
Decalobanthus Ooststr.), while the exact placement of the other
seven have remained unresolved.

At the higher classification level, the “bifid style” clade,
Dicranostyloideae, is the least resolved, with most of the
relationships between its genera remaining uncertain. Also, their
generic circumscription is questionable, with several of the
genera (e.g., Bonamia Thouars, Calycobolus Willd. ex Schult.)
having already been demonstrated not to be monophyletic
(Stefanović et al., 2002). The same is true for Jacquemontia,
a genus with a shortly divided style and ellipsoid stigmas,
previously placed in tribe Convolvuleae (in the “single-style”
clade, Convolvuloideae). As one of the most surprising results
based on molecular phylogenetic evidence, this lineage has
been moved to Dicranostyloideae, and assigned to its own
tribe, Jacquemontieae (Stefanović et al., 2003). Interestingly,
Jacquemontia seemed to be sister to the rest of Dicranostyloideae,
but this relationship was only weakly supported (Stefanović and
Olmstead, 2004) and has remained to be confirmed.

Finally, as one of the largest outstanding enigmas in
Convolvulaceae, the phylogenetic position of Cuscuta within the
family remains uncertain, owing largely to the rapid molecular
evolution observed in this parasitic genus, across all three
genomes, and accompanying analytical difficulties this entails
(Stefanović and Olmstead, 2004). Based on the sequence data
derived from all three plant genomes, at least two non-parasitic
lineages are shown to diverge within the Convolvulaceae before
Cuscuta. However, the exact sister group of Cuscuta could not
be ascertained, even though many alternatives were rejected with
confidence (Stefanović and Olmstead, 2004).

Recently, significant progress has been made in the
incorporation of genomic data studies in tribes Ipomoeeae
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(Eserman et al., 2014; Wu et al., 2018; Muñoz-Rodríguez et al.,
2019) and Cuscuteae (Banerjee and Stefanović, 2019, 2020),
with a clear benefit in providing a stronger framework for
comparative work, e.g., estimating divergence times (Eserman
et al., 2014; Carruthers et al., 2020), chromosome evolution
(Ibiapino et al., 2022), etc. Higher-level organellomic approach,
with an initial sampling across the family, uncovered some
unusual scenarios of organellar evolution, especially regarding
their mitogenomes, but the monophyly of “Merremieae” and the
sister group of Cuscuta remained uncertain (Lin et al., 2022).
However, most of the family has not yet caught up with these
novel methodologies, which could finally bring clarity to the
backbone relationships within Convolvulaceae, and unlock
progress in systematics, biogeographic, and evolutionary studies
at the level of the entire family.

A novel approach that has revolutionized evolutionary and
systematic studies in the phylogenomic era is target sequence
capture, in which genomic libraries are enriched for a specific
set of genes (Dodsworth et al., 2019). In plants, the development
of the Angiosperms353 (Johnson et al., 2019), a universal target
capture probe set, has allowed standardization of genomic data
generated for phylogenetic inference in angiosperms (Baker et al.,
2021), enabling easier combination of different datasets and
materials, including old herbarium specimens that are proven
to be great source of genetic data (Brewer et al., 2019). This
probe set has demonstrated its potential to advance phylogenetic
studies and significantly resolve relationships with outstanding
uncertainty across different taxonomic levels, from ordinal (e.g.,
Commelinales: Zuntini et al., 2021; Cornales: Thomas et al.,
2021; Dipsacales: Lee et al., 2021) to familial (Orchidaceae:
Eserman et al., 2021; Pérez-Escobar et al., 2021; Cyperaceae:
Larridon et al., 2021) and even infra-generic levels (Shee et al.,
2020; Slimp et al., 2021). Based on this universal probe set,
large collaborative efforts such as Plant and Fungal Tree of
Life Project (PAFTOL, Baker et al., 20221) and Genomics
for Australian Plants (GAP2) have generated an incomparable
amount of genomic data for nearly all families and more
than seven thousand genera of flowering plants, on which
relationships among all plant families of angiosperms are being
analyzed, at taxonomic and phylogenetic scales never attempted
before. This unique and comprehensive dataset has an additional
feature. The genes targeted by the Angiosperms353 probes are
nuclear, which, in contrast to previous studies relying on plastid
markers (Stefanović et al., 2002), is expected to facilitate the
inclusion of parasitic species in broader analyses, given the
documented gene loss tendency in plastid genomes, as observed
in Cuscuta (Braukmann et al., 2013; Banerjee and Stefanović,
2019, 2020).

In the present study, we make use of these recently
available nuclear genomic data towards: (1) exploring the deeper
relationships between the main clades within Convolvulaceae; (2)
testing the monophyly of tribes, insofar as the taxon sampling
allows it; and (3) resolving the position of Cuscuta in relation to
the remaining of Convolvulaceae.

1https://treeoflife.kew.org
2https://www.genomicsforaustralianplants.com/

MATERIALS AND METHODS

Taxon Sampling and Outgroup Selection
Genomic data of 34 out of the 60 genera of Convolvulaceae
were analyzed, covering initially all 12 tribes (sensu Stefanović
et al., 2003). A targeted effort was made to represent the main
lineages in the family as informed by the molecular phylogenies
of Stefanović et al. (2002) and Simões et al. (2015), as well
as to include the most morphologically divergent genera. In
our current study, half of the tribes are represented by a
single species (Cuscuteae, Jacquemontieae, Aniseieae, Maripeae,
Erycibeae, and Humbertieae). Therefore, the monophyly of
these tribes cannot be assessed by our current data, but
their relationships to each other and with other tribes within
Convolvulaceae can be evaluated, commensurate with our “top-
down” phylogenetic approach and focus of this paper. Other
six tribes are represented by 2–8 species or genera allowing to
assess not only their relationships with the remainder of the
family but also their monophyly. Our sampling was limited to
one species per genus except for the exceptionally large genus
Ipomoea, which was represented with two species. Two other
species within the family were excluded from further analysis:
Keraunea capixaba Lombardi, for which preliminary analyses
suggested a placement outside of Convolvulaceae; and Anisea
martinicensis (Jacq.) Choisy, for insufficient data in comparison
to the remaining samples. The only data available for Convolvulus
is transcriptome data from the OneKP Project (One Thousand
Plant Transcriptomes Initiative, 2019). Therefore, this genus
was included in the analysis of exon data but excluded from
supercontig analyses. Complete list of taxa and samples is
provided in Supplementary Table 2.

Previous phylogenetic analyses have demonstrated that
Convolvulaceae, including the parasitic genus Cuscuta, are
monophyletic, and that Humbertia madagascariensis Lam. is
sister to the rest of the family (Stefanović et al., 2002; Stefanović
and Olmstead, 2004). We tested these hypotheses using a dataset
of 35 species sampled from Convolvulaceae, five from the sister
family Solanaceae, and one species from Montiniaceae, as the
most distant outgroup in Solanales. Because alignments included
individuals from three families, only exon sequences were used
to estimate this phylogeny to improve homology assessment in
alignment (Supplementary Figure 1).

DNA Extraction and Target Sequence
Capture
Data production followed the protocol outlined in Baker
et al. (2022). DNA samples were obtained from herbarium
collections at Royal Botanic Gardens, Kew (K) or Kew’s DNA
Bank. DNA was isolated using the CTAB method (Doyle and
Doyle, 1987), quantified using Quantus (Promega, Madison,
WI, United States), and analyzed on agarose gels to assess
the size distribution of DNA fragments. The ideal library size
ranged between 350 and 450bp, and DNA samples with average
fragments size above these thresholds were sonicated in a
Covaris M220 Focused-ultrasonicator (Covaris, Woburn, MA,
United States) prior to library preparation.
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Dual indexed Illumina DNA libraries were prepared using
NEBNext Ultra II DNA Library Prep Kit (New England Biolabs,
Ipswich, MA, United States), following the manufacturer’s
protocol, with size selection not performed on highly degraded
DNA samples. Libraries were amplified with 8–12 PCR cycles,
depending on initial starting amount of DNA and later quantified
using Quantus; library sizes were assessed using 4200 TapeStation
and standard D1000 tapes (Agilent Technologies, Cheadle,
United Kingdom). Up to 24 dual-indexed libraries were pooled in
equimolar concentration prior to hybridization. Pooled libraries
were hybridized with the Angiosperms353 probe set (Johnson
et al., 2019; Arbor Biosciences myBaits Target Sequence Capture
Kit) following manufacturer’s protocol, ver. 4. Hybridization
reactions were performed at 65◦C for 24 h, followed by PCR
amplification using NEBNext Q5 HotStart HiFi PCR Master
Mix (New England BioLabs, Ipswich, MA, United States) and
12 cycles. Final hybridized pools were quantified and profiled
as described above for individual libraries. Multiple enriched
pools were combined, totaling up to 200 samples per sequencing
lane, and sequenced using Illumina HiSeq at Macrogen (Seoul,
South Korea). Raw Illumina reads have been deposited in the
European Nucleotide Archive (PAFTOL BioProject PRJEB35285
and GAP Bioproject PRJEB49212).

Bioinformatic and Phylogenomic
Analyses
Reads were first cleaned with Trimmomatic to remove barcode
and adapter sequences and to remove reads with a quality
score below 10 or reads less than 40 bp long (Bolger et al.,
2014). Cleaned reads were assembled into genes using the
HybPiper assembly pipeline (Johnson et al., 2016) using the
expanded Angiosperms353 reference file (McLay et al., 2021).
In short, this pipeline first maps reads to the reference file
using bwa (Li and Durbin, 2009) and assembles reads into
contigs using SPAdes (Bankevich et al., 2012; Prjibelski et al.,
2020). Exonerate (Slater and Birney, 2005) is then used to align
contigs to the target sequences in the reference file. Exons
were then merged with introns to create “supercontigs,” which
are exon sequences with flanking introns recovered from the
splash zone (Johnson et al., 2016). Supercontigs were created
for each gene for each species. Because a whole genome
was available for Ipomoea triloba (ASM357664v1; Wu et al.,
2018), the Angiosperms353 sequences were recovered from the
assemblies, using BLAST, as described in Baker et al. (2022).
Sequences showing evidence of paralogy were removed from
further analysis as has been done in previous phylogenetic
analyses using target capture data (Wu et al., 2018; Eserman
et al., 2021). There were very few paralog warnings in HybPiper
assemblies, an average of 5 of 353 genes per sample, suggesting
that paralogy is not a major issue in analyses of Angiosperms353
data in Convolvulaceae. Supercontig alignments for each one
of the 353 nuclear loci were generated in PRANK (Löytynoja
and Goldman, 2005, 2008; Löytynoja, 2014) and cleaned in
Gblocks to remove positions with a gap in greater than 50% of
individuals (Castresana, 2000; Talavera and Castresana, 2007).
Alignment statistics were calculated with AMAS (Borowiec,
2016). Gblocks filtered alignments were then cleaned to remove

samples without a sequence using a custom perl script –
batch_Removeblank.pl.3

Phylogenetic trees were estimated using maximum likelihood
methods in IQ-TREE 2 (Minh et al., 2020) based on a
concatenated dataset. Clade support on gene trees was assessed
using 1000 ultrafast bootstrap replicates as implemented in
IQ-TREE 2 (Hoang et al., 2018). Coalescent analyses were
performed in ASTRAL-III using default settings (Zhang et al.,
2018), and clade supports were examined using multi-locus
bootstrapping (Seo, 2008) and the clade polytomy tests
(Sayyari and Mirarab, 2018).

One major goal of this study was to ascertain the placement
of Cuscuta within the family. Owing to elevated substitution rates
associated with photosynthesis loss, parasitic plants can not only
be difficult to place in plant phylogeny in their own right, but
their inclusion in analyses can also severely affect the resolution
and support of other sampled, autotrophic taxa (e.g., Stefanović
and Olmstead, 2004). To explore effects of inclusion of Cuscuta
on our phylogenetic inference, analyses were conducted with
two separate datasets: one with 34 species of Convolvulaceae
including the functional outgroup H. madagascariensis, and
the other containing the same taxa with addition of Cuscuta
australis R. Br.

Alignments, gene trees, and unaligned gene datasets for
the three taxon samples (Convolvulaceae and outgroups,
Convolvulaceae without Cuscuta, and Convolvulaceae with
Cuscuta) are available at: https://github.com/laeserman/
Convolvulaceae_PAFTOL.

RESULTS

Between 309 and 351 genes of the total 353 genes were recovered
for species within Convolvulaceae. Recovery was somewhat lower
in outgroup species, with a range of 250-308 genes assembled
per species. Within ingroup species, four genes had low recovery
with a sequence assembled in only half or fewer of taxa (PAFToL
Gene IDs 5354, 6886, 7013, and 7111). The mean sequence
length per gene was 739 bp with gene assemblies ranging from
95 to 2796 bp (Supplementary Table 3). Exon alignments
for the dataset containing Convolvulaceae and Solanaceae was
683 bp on average and ranged from 75 to 3127 bp in length;
alignments contained on average 46% parsimony informative
(PI) sites, with a range of 23% to 65%. Supercontig alignments
for the dataset containing only Convolvulaceae species including
Cuscuta were 1827 bp long on average and ranged from 206
to 7810 bp in length; alignments contained on average 25% PI
sites, with a range of 13% to 34%. Supercontig alignments for the
dataset containing Convolvulaceae without Cuscuta were 1774 bp
long on average and ranged from 136 to 7567 bp; alignments
contained on average 24% PI sites, with a range of 13% to 35%
(Supplementary Table 4).

To assess the most suitable outgroup for further analysis
of Convolvulaceae, we first included a full dataset of species
in Convolvulaceae, sister family to Solanaceae, and more

3https://github.com/laeserman/Convolvulaceae_PAFTOL
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distant outgroup from Montiniaceae. The species tree estimated
in ASTRAL-III confirmed the monophyly of the family
Convolvulaceae with 100% multilocus bootstrap support.
As indicated in previous studies (Stefanović et al., 2002;
Stefanović and Olmstead, 2004), H. madagascariensis was
found here again to be sister to the rest of Convolvulaceae
(Supplementary Figure 1). We recognize that in a larger
analysis of Angiosperms353 data across all angiosperms,
Cuscuta was recovered in this position instead of Humbertia
(treeoflife.kew.org; Baker et al., 2022). It is likely that this broader
analysis, using all plant families, was based on comparatively
poor alignment due to the high rate of mutation in parasitic
plant lineages, resulting in a spurious placement of Cuscuta.
Because our focused analysis is showing H. madagascariensis as
sister to the rest of Convolvulaceae, H. madagascariensis was
used as the functional outgroup in further analyses of family
level relationships, allowing for a greater inclusion of captured
and assembled genes.

With this more inclusive gene dataset, we then assessed
relationships in a sample focused only on Convolvulaceae
species (Figure 1). Two datasets were generated, one including
and another excluding Cuscuta australis. The trees resulting
from coalescent analysis in ASTRAL-III with and without
Cuscuta are similar in topology except for the placement of
Erycibe griffithii C.B.Clarke. When Cuscuta is added to the
analysis, it is found to have diverged after the diversification
of Cardiochlamyeae and is sister to the rest of Convolvulaceae
tribes including Ipomoeeae, Merremieae, Erycibeae, Cresseae,
Dichondreae, Poraneae, Jacquemontieae, and Maripeae. The
placement of Cuscuta within the family is supported by 82%
multilocus bootstrap replicates in the ASTRAL-III analysis. This
placement of Cuscuta is the same when the supercontig data are
concatenated and analyzed in IQ-TREE 2, except that the support
decreases to 59% (Supplementary Figure 2).

DISCUSSION

The analyses of nuclear genes targeted by the Angiosperms353
universal probes bring a fresh perspective on higher level
relationships across Convolvulaceae. Some unanswered
evolutionary and systematic questions remain, for which
additional sampling will be required. We here provide an
overview of the main novelties, hypotheses from previous studies
that were confirmed, and outstanding challenges that will need
to be addressed in the future.

Backbone of Convolvulaceae and Its
Main Lineages
In most cases, the relationships between the larger clades
and tribes are well supported (100% bootstrap) across the
phylogenetic tree (Figure 1 and Supplementary Figure 2). The
most uncertain is the relationship between Cardiochlamyoideae
and the clade that includes Cuscutoideae, Dicranostyloideae,
and Convolvuloideae. While this does not impact the
classification of the family at higher levels, it will likely
hamper evolutionary studies that may aim to investigate

processes beyond Dicranostyloideae and Convolvuloideae, and
it is therefore an uncertainty that will need to be addressed in
future studies, to enable any character evolution, biogeographic,
and diversification analyses at the family level.

Humbertioideae and Eryciboideae are both lineages
containing a single genus, even a monotypic genus in the
case of Humbertia. This extraordinary species, a berry-producing
tree endemic to Madagascar – Humbertia madagascariensis –
was found to be sister to the rest of the family Convolvulaceae,
as previous results had demonstrated (Stefanović et al., 2003).
Placement of Erycibe as sister to the clade that contains
Convolvuloideae and Dicranostyloideae (Figure 1A, In absence
of Cuscuta) is also in agreement with earlier analyses; however,
its position as sister to Convolvuloideae, in an analysis which
includes Cuscuta (Figure 1B), is unexpected and without
morphological support, to the best of the current knowledge
of the family. We hypothesize that this is a methodological
artifact, deriving from the addition of a representative of a
potentially very long branched lineage (compare phylograms in
Supplementary Figure 2).

Position of Cuscuta
The inclusion of Cuscuta in Convolvulaceae has, in early
systematic studies, been under dispute, with authors having
treated it as a separate family (Cuscutaceae) based on its
parasitic life form (Dumortier, 1829; Roberty, 1952, 1964; Austin,
1973; Cronquist, 1988; Takhtajan, 1997). Molecular phylogenetic
studies targeting the genus have demonstrated that it is, indeed,
included in Convolvulaceae (Stefanović et al., 2002; Stefanović
and Olmstead, 2004), although its exact position with respect
to the remainder of the family has not been established with
confidence. In the present study, we confirm the inclusion of
Cuscuta within Convolvulaceae, with high support (99-100%
bootstrap support; Figure 1B and Supplementary Figure 2B).
However, the uncertainty of its position within the family
remains. The ASTRAL-III analysis shows it as sister to the clade
that includes Convolvuloideae, Dicranostyloideae, and Erycibe,
with a moderate support (82% bootstrap; Figure 1B). This
position is novel, and is not one of the potential placements seen
in previous analyses (Stefanović and Olmstead, 2004). On the
other side, the IQ-TREE 2 analysis of concatenated data places
Cuscuta as sister to Convolvuloideae and Dicranostyloideae,
with exclusion of Erycibe, but with weak support only (59%
bootstrap; Supplementary Figure 2B). Concatenated data results
(Supplementary Figure 2) also point to a likely reason behind
the lack of support: a substantial substitution rate elevation
and potential long-branch artifacts (Felsenstein, 1978; Bergsten,
2005) observed in many heterotrophic lineages (Nickrent, 2020),
including Cuscuta (Stefanović and Olmstead, 2004). It is likely
that with the addition of further taxon sampling across the family,
and, in particular, the inclusion of additional species of Cuscuta to
span the basal node of this divergent genus, relationships around
Cuscuta can be resolved with greater support.

The monophyly of Cuscutoideae could also not be tested,
because only one representative of this lineage was included in
our current study. However, previous molecular phylogenetic
analyses, with a broad sampling of ingroup taxa, have strongly
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FIGURE 1 | Phylogeny of Convolvulaceae with different dataset composition estimated in ASTRAL-III, exploring the impact of the inclusion of Cuscuta in the
coalescent analyses. (A) without Cuscuta; (B) with Cuscuta. Tribes are indicated, and known synapomorphies for the major clades are illustrated: single style,
assumed plesiomorphic for the family; “bifid style”, shared by the Dicranostyloideae clade including tribes Dichondreae, Poraneae, Jacquemontieae, and Maripeae;
the lack of a style (sessile stigma) in Erycibeae; and spiny pollen, supporting tribe Ipomoeeae. Node support was assessed by multilocus bootstrapping in
ASTRAL-III. ASTRAL-III only estimates internal branch lengths, which are in coalescent units; all terminal branch lengths are set to be equivalent.

demonstrated the monophyly of this subfamily (Stefanović et al.,
2002; García et al., 2014). Such scenario is unlikely to change,
considering the highly diverging morphology, ecology, and life
form of the members of this subfamily, with respect to the
rest of the family.

Monophyly and Circumscription of
Dicranostyloideae
Most remarkably, our results offer strong support to the
monophyly of one of the largest clades within the family,
Dicranostyloideae, the “bifid style” clade. While the monophyly
of Convolvuloideae received strong support across the board in
previous molecular studies (Stefanović et al., 2002; Stefanović
and Olmstead, 2004), this was not the case for Dicranostyloideae,
where support varied from weak to moderate. One of the main
issues was the unexpected position of Jacquemontia. This genus
was once placed in tribe Convolvuleae based on morphology, but
molecular phylogenetic analyses have suggested, albeit without
substantial support, that it would belong in Dicranostyloideae
instead (Stefanović et al., 2002; Stefanović and Olmstead,
2004). Our current results not only confirm the placement of
Jacquemontia within Dicranostyloideae, sister to tribes Cresseae,
Poraneae, and Dichondreae, but also suggests this relationship
is very strongly supported (100% bootstrap support; Figure 1).
Molecular phylogenetic studies by Stefanović et al. (2003) have
proposed the circumscription of tribe Cresseae as including the
following genera: Bonamia, Cressa L., Evolvulus L., Hildebrandtia

Vatke (including Cladostigma Radlk. and Sabaudiella Chiov.),
Itzaea Standl. & Steyerm., Neuropeltis Wall., Neuropeltopsis
Ooststr., Seddera Hochst., Stylisma Raf., and Wilsonia G.L.Chu.
Our phylogenetic analyses demonstrate with confidence that
this tribe is not monophyletic in its current circumscription,
due to the position of Neuropeltis, which is placed outside of
any of the clades that include Poraneae, and sister to Maripa
Aubl. In previous analyses, it was resolved as sister to the
clade that included Bonamia, Itzaea, Calycobolus, Dipteropeltis,
and Rapona, albeit with weak support (Stefanović et al., 2002).
Poraneae, in its turn, are demonstrated to be paraphyletic, with
Rapona Baill. being sister to the clade that includes Cresseae,
Dichondreae, and part of Poraneae (Porana Burm. f. and
Calycobolus).

Taken together, these are completely new insights into
the relationships within Dicranostyloideae and these findings
reinforce the importance of additional data in improving the
analyses. Hence, these results are far from definitive, considering
that at least ten genera of Dicranostyloideae still remain to
be sampled, which could be key in clarifying at last the tribal
delimitation within this clade.

Non-monophyly of “Merremieae” and
Shifting Relationships to Ipomoeeae
Our analyses also confirm with great confidence the non-
monophyly of the already dissolved “Merremieae”, whose genera
have been classified as “incertae sedis” (i.e., without tribal
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placement) due to uncertainty regarding the delimitation of
this tribe (Stefanović et al., 2003). The molecular phylogenetic
analyses of Simões et al. (2015), which targeted this complex
group in detail, suggested for the first time the placement of
Daustinia, Merremia, and Decalobanthus within the clade that
contains tribe Ipomoeeae with maximum support, as a grade,
with each genus forming its own separate clade. The remainder of
the tribe was resolved across multiple lineages, with a main larger
clade that contained most of the genera of the “tribe” - Distimake,
Operculina Silva Manso, Camonea Raf., Hewittia Wight & Arn.,
Hyalocystis Hallier f., Xenostegia D.F. Austin & Staples – and a
number of unplaced species of Merremia. However, these results
were generally doubtful, because most of the relationships were
not significantly supported, which was attributed to the need of
additional sequence data.

With our current data (Figure 1 and Supplementary
Figure 2), we have obtained a similar tree topology to that
recovered previously for this group (Simões et al., 2015), but
this time around the non-monophyly of “Merremieae” is for
the first time demonstrated with high support. In addition, one
completely novel relationship is presented: the largest genus
previously segregated from Merremia s.l. – Distimake Raf. –
is now actually found to be sister to the clade that includes
Decalobanthus and Ipomoeeae (100% bootstrap).

Convolvuleae Nested Within
“Merremieae”
An additional novel finding is the position of tribe Convolvuleeae
within the “Merremieae”, as sister to the largest “merremioid”
clade, with strong support (100% bootstrap). Of all genera
of Convolvuleae, Convolvulus was not sampled for our
supercontig analysis, but was sampled for the exon analysis
(Supplementary Figure 1), which supports its placement within
the Convolvuleae and sister to Calystegia, consistent with prior
results (Williams et al., 2014). This finding further supports the
need to densely sample and reassess the tribal placement of the
genera formerly included in “Merremieae”, and their potential
segregation into multiple monophyletic tribes.

CONCLUSION

In the history of classifications of Convolvulaceae, molecular
phylogenetic analyses have been paramount to elucidate
relationships within the family, where morphology was
conflicting. As a result, new characters are arising as
potentially taxonomically informative, and a new path for
evolutionary and biogeographic hypotheses for the family is
being illuminated.

The molecular phylogeny of Convolvulaceae by Stefanović
et al. (2002) remains the most taxonomically comprehensive
thus far. However, lack of support at the deeper relationships
within the family hindered progress in systematics and
evolutionary studies at higher taxonomic levels (subfamilies
and tribes). Subsequent molecular phylogenetic studies have
focused on smaller taxonomic groups within the family, and
while informative, they have missed the taxonomic breadth
that is necessary to fully resolve some of the outstanding

problems within the family. A new age of genomic data, and
the rise of large-scale collaborative projects that are globally fast-
forwarding the sequencing of plant species, have provided an
extraordinary amount of data, which we have accessed in this
study as means to explore the deeper conflicts in the phylogeny
of Convolvulaceae. The major clades within the family obtained
in earlier phylogenetic studies seem strongly corroborated by
the present analyses, although the tribal delimitation is still
problematic due to the uncertainty of the classification of the
“Merremieae” and the tribes within the Dicranostyloideae clade.
The monophyly of several genera is also still to be further
investigated (e.g., Jacquemontia, Bonamia, Calycobolus), which
re-circumscription is likely to also have an impact in the tribal
delimitation. While some key higher-level relationships are for
the first time here consolidated, it is clear that a top-down
reclassification of the family can now only be possible once this
phylogenomic approach is expanded to additional taxa, with
deeper sampling at generic and species level. Addition of key taxa
in Convolvulaceae may lead to substantial taxonomic changes,
paralleling those observed in Apiaceae (Clarkson et al., 2021) and
Commelinaceae (Zuntini et al., 2021).
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Supplementary Figure 1 | Phylogeny of Convolvulaceae including outgroups
from Solanaceae and Montiniaceae. (A) Tree estimated from a concatenated
dataset of 349 genes analyzed in IQ-TREE2 with 1000 ultrafast bootstrap
replicates. (B) Tree estimated in ASTRAL-III using gene trees from 349 gene trees.
The main result from this analysis is that Convolvulaceae is monophyletic with
100% bootstrap support. Additionally, Humbertia madagascariensis is sister to the
rest of the Convolvulaceae. Further analyses presented here use
H. madagascariensis as the functional outgroup to improve alignment and thus
tree estimation.

Supplementary Figure 2 | Phylogeny of Convolvulaceae with different dataset
composition, exploring the impact of the inclusion of Cuscuta in the analyses. (A)
without Cuscuta; (B) with Cuscuta. Both trees were estimated using a
concatenated dataset of 349 genes that were aligned in PRANK and cleaned in
Gblocks. The concatenated dataset was analyzed in IQ-TREE2 with 1000 ultrafast
bootstrap replicates.
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