
Articles
https://doi.org/10.1038/s41477-019-0535-4

When Joseph Banks and Daniel Solander travelled with 
Captain Cook on the Endeavour in 1768, the plants 
they collected were new species to science1. Similarly, 

when Robert Brown sailed to Australia in 1801, he too discovered 
and described a completely new flora with many new species2. 
More than 200 years later, however, the task of deciding whether 
a specimen represents a new species has become much more dif-
ficult because taxonomists need to work through the large number 
of specimens held in natural history collections, a number that has 
doubled since 19603, as well as a massive accumulation of literature. 
The provisional nature of species curation adds to these difficul-
ties, reflecting the fact that species-level taxonomy is incomplete 
and unsatisfactory for many taxa, especially insects and tropical 
plants3. These difficulties come at a time when improved taxonomic 
knowledge is an urgent priority for policymakers4, environmental 
scientists5 and museum directors6 throughout the world. The Global 
Strategy for Plant Conservation, for example, seeks to assess the 
conservation status of all plant species by 2020, but at present less 
than 25% of plant species have been assessed7, largely because of 
incomplete taxonomic information8. Many suggestions have been 
made to enhance the accuracy, speed, accessibility and relevance of 
taxonomy5,9–14; but, nevertheless, the pace of flowering plant taxon-
omy has remained unchanged for the last 30 years15. Finding ways 
to address these substantial issues in a realistic time frame is a recur-
ring challenge4.

Much existing taxonomy is inaccurate because it is essentially 
country- or region-based and inevitably depends on limited speci-
men sampling16. The choice of a particular geographical area to 
document species is a pragmatic decision and reflects national pri-
orities and funding constraints as well as the interests of policymak-
ers and taxonomists who are focused on the plants and animals of 

their region. However, species are often widely distributed with the 
result that the same species may be described on multiple occasions 
from different countries under different names (synonymy). Over 
time, issues of synonymy, when combined with misidentification 
and poor species-level sampling3,10, result in many tropical plants 
being so poorly known that they are invisible to modern ecologi-
cal and conservation tools8. Furthermore, when existing taxon-
omy is so provisional, determining whether potential new species 
are different from existing species is highly problematic with the 
consequence that half of the world’s natural history collections are 
incorrectly named3. An urgent priority is, therefore, to tackle the 
taxonomy of tropical plants from a global perspective.

DNA taxonomy was proposed 15 years ago as an alternative to 
morphology-based taxonomy17,18, which was dismissed as slow and 
over-reliant on a dwindling number of experts9. Since then, DNA 
has played an increasingly important role in phylogeny reconstruc-
tion and higher-level classifications of major lineages19,20, as well as 
in identification of existing species21,22, but it is being used only in 
an auxiliary capacity18, if at all, for taxonomic revisions and mono-
graphs. Studies integrating DNA and morphology are few and tend 
to avoid species-rich tropical groups where the greatest taxonomic 
problems lie7. Furthermore, there is no consensus on how DNA 
sequence data can be best used to solve taxonomic problems at  
the species level.

This paper describes the integration of molecular phylogenetics 
with the morphological study of living plants and herbarium col-
lections to produce a taxonomic study of the megadiverse genus 
Ipomoea L. (Convolvulaceae)—with an emphasis on the 423 spe-
cies described from the American continent. In parallel to the mor-
phological study of herbarium specimens from 72 European and 
American institutions, we sequenced DNA from 1,560 of those 
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specimens for several DNA barcodes. We also sequenced a subset 
of 384 samples, representing 211 species, for the whole chloroplast 
genome and 605 putative single-copy nuclear regions using Hyb-
Seq23 (Fig. 1). Integrating these two complementary sequencing 
strategies alongside a comprehensive morphological study enabled 
us to exploit the resources found in natural history collections and 
contribute to a diverse range of contemporary issues, including the 
origin of a major crop, the temporal and spatial dynamics of how 
the New World tropical flora was assembled, and the discovery of a 
substantial number of new species.

Tackling megadiverse groups on a global scale
Present in all tropical and subtropical regions of the world, Ipomoea 
is among the largest genera of plants24. The taxonomic knowledge 
of the genus at the beginning of our project, in 2012, was rela-
tively poor. The extensive body of literature and the existing tax-
onomy contained as much error as valuable information, reflected 
in the fact that more than 50% of Ipomoea names in the Global 
Biodiversity Information Facility, assigned to over 40,000 plant spec-
imen records, are not currently accepted (Supplementary Data 1).  
Given this unsatisfactory situation, simple tasks such as identifying 
specimens, enumerating species from a particular country or pre-
paring conservation assessments were problematic.

We based our approach to this comprehensive study of Ipomoea 
on the experience we had gained from a previous foundation mono-
graph of Convolvulus25. We began our work by preparing a work-
ing checklist of all recognized species of Ipomoea (Supplementary 
Methods, Section 1) together with their commoner synonyms and 
their approximate distribution. On the basis of the distribution of 
individual species and their authors, we were able to predict which 
herbaria were likely to hold important collections of Ipomoea, 
including type specimens (Supplementary Methods, Sections 2  
and 3). With a minimum estimate of 200,000 specimens of Ipomoea 
in the world’s herbaria (Supplementary Methods, Section 2), 
obtaining all specimens on loan was neither practical nor necessary. 
Fortunately, we had ready access to large collections of Ipomoea 
at Kew Gardens (K) and the Natural History Museum in London 
(BM). By combining the study of specimens at these institutions 
with images in virtual herbaria and the insights of previous taxon-
omists (Supplementary Methods, Sections 3 and 4), we were able 
to determine important and useful taxonomic characters and thus 
begin to delimit species (Supplementary Methods, Section 5).

From the outset of the project, we aimed to integrate molecular 
and morphological data at all stages of the taxonomic process, each 
kind of data providing reciprocal illumination for many taxonomic 
decisions (Fig. 2).

Our approach was based on the idea that higher confidence for 
each species hypothesis is achieved when morphology and DNA 
barcodes—and genomic data when available—correlate, corrobo-
rating a species hypothesis. With this aim, and in parallel to our 
morphological studies, we started sequencing three DNA barcodes 
(nuclear ITS and chloroplast matK and rbcL regions) from speci-
mens available to us from our own collections, from K and BM, an 
additional 45 other herbaria and individual sources (Supplementary 
Methods, Sections 6–8; Extended Data Fig. 1; and Supplementary 
Data 2). Our aim was to include, when possible, several specimens 
of every species in the phylogenies, as well as un-named specimens 
or specimens that we considered, from our morphological studies, 
to be interesting or puzzling. From this extensive sampling strategy, 
we gradually developed a provisional phylogenetic framework to 
inform species delimitation.

Given the time constraints and the large quantity of species we 
were trying to study, we were unable to optimize conditions for 
extracting and sequencing DNA from intractable specimens but, 
instead, opted to find alternative specimens or simply to move on. 
About one and a half years into the project, we decided to focus 
our barcode sequencing solely on ITS as it had provided most reso-
lution and the highest success in extracting and sequencing DNA 
(about 60% of the specimens extracted were successfully amplified). 
We treated the ITS phylogeny (Supplementary Data 3) as a single 
taxonomic character and thus equivalent to a single morphological 
character26 that might sometimes provide information for species 
delimitation and sometimes not (Extended Data Fig. 2). In many 
cases, the ITS phylogeny corroborated a species hypothesis based 
on morphology by showing it to be monophyletic. In other cases, 
the ITS phylogeny also revealed that specimens a priori thought to 
be the same species were, in reality, different taxa, in which case we 
re-evaluated the morphology and sequenced additional specimens 
where these were available. For other species, the ITS phylogeny 
provided little or no resolution, for example in the group of species 
most closely related to the sweet potato (sometimes spelled sweet-
potato), Ipomoea batatas (L.) Lam. In these cases, we tested species 
hypotheses using genomic data27 (see below). If no genomic data 
were available, we based our species delimitation on morphology 

Fig. 1 | Natural history collections facilitate biodiversity studies at a global scale. A map showing where the 1,560 herbarium specimens sequenced 
during our study of Ipomoea were collected. The yellow dots indicate the collection locality of specimens sequenced for DNA barcoding; the green dots 
indicate the subset of specimens that were also sequenced using Hyb-Seq to obtain genomic-scale data. Basemap from OpenStreetMap.
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alone (Supplementary Discussion, DNA barcodes as another taxo-
nomic character).

We were nevertheless aware of the many limitations of single-
marker phylogenies28–30 and of the inability of ITS to provide a 
robust and independent phylogenetic framework for Ipomoea31–33. 
Our whole approach to the interpretation of the ITS phylogeny 
was, therefore, one of extreme caution and, in addition, we had 
always planned to secure a greater amount of sequence data using 
high-throughput sequencing. We used Hyb-Seq23 to obtain 605 
nuclear regions and the whole chloroplast genome of 384 samples 
of Ipomoea representing 211 species (Supplementary Methods, 
Section 8). These data allowed us to obtain more robust phy-
logenies for Ipomoea (Extended Data Fig. 3 and Supplementary  
Data 4–8), to test the accuracy of the ITS phylogeny and to critically 
evaluate species delimitation in relation to the sweet potato and its 
closest relatives27. In summary, incorporating molecular phyloge-
netics into the taxonomic process provided a phylogenetic structure 
for Ipomoea as well as insights into species relationships, ulti-
mately contributing to the taxonomic process at a number of levels  
(Box 1 and Fig. 2).

Species delimitation proceeds by looking for discrete and  
correlated characters that separate entities that are hypothesized 
to be ‘separately evolving metapopulation lineages’34. As the pro-
cess of species delimitation is extended and complex, involving the 

integration of morphology, DNA sequencing, previous literature, 
photographs and fieldwork, DNA sequencing alone is not suffi-
cient to underpin taxonomic decisions. In contrast, when integrated 
with other sources of data, it can be extremely powerful. We pro-
vide eight examples to illustrate the process of species delimita-
tion and taxonomic decision-making that underpinned this work 
(Supplementary Discussion, Species narratives).

Key taxonomic results
An accurate taxonomy of a plant group across its entire geographi-
cal distribution enables the assembly of checklists and floras at 
different scales. Figure 3a illustrates the power and importance of 
continental-scale taxonomy conducted against the backdrop of a 
global phylogenetic framework. This figure shows that the 109 spe-
cies of Ipomoea known from Bolivia35–37—20 of them described as 
new species during this project—are dispersed across the entire 
phylogeny of the genus, underlining the limitations of geographi-
cally restricted studies.

The power of the global approach is also illustrated by the num-
ber of specimens that required a name change as a result of our stud-
ies—39% of specimens sequenced (Fig. 3b) (see specific examples of 
species delimitations and synonymy in Supplementary Discussion, 
Species narratives). In addition to the large number of new identifi-
cations provided, we described 63 new species, all of them dispersed 
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Fig. 2 | Integrating morphology and DNA in global taxonomic studies is key to utilizing the resources of natural history collections. The study of plant 
groups across their entire geographical distribution results in an accurate taxonomy that enables the assembly of national and regional checklists and 
floras, and also provides an essential framework for subsequent evolutionary studies, conservation assessments and research on CWRs and food security.
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throughout the phylogenetic breadth of Ipomoea. Importantly, our 
contribution to the taxonomy of Ipomoea documented a 69% syn-
onymy rate: seven out of every ten published names are synonyms38. 
In addition, we lectotypified 274 names and published 423 descrip-
tions, 257 new illustrations, 43 distribution maps and 27 identifica-
tion keys36–46.

Finally, our phylogenies confirm that many previously recog-
nized segregated genera are nested within Ipomoea31,47 (Extended 
Data Fig. 3) and that an expanded Ipomoea containing these spe-
cies is necessary to make the genus monophyletic (Supplementary 
Discussion, Phylogeny of Ipomoea). New combinations for all names 
in other genera that need transferring into Ipomoea are provided in 
Supplementary Discussion, Nomenclatural changes.

Rapid radiations in Ipomoea
A by-product of our focus on species-level taxonomy and DNA 
sequencing was a comprehensively sampled phylogenetic frame-
work for Ipomoea that provided valuable information at multiple 
levels. During our studies, we became aware of two very diverse 
clades within Ipomoea in which species morphologies overlap con-
siderably and phylogenetic relationships are poorly resolved. One 
of these clades is concentrated in central South America (Paraguay, 
southeast Bolivia, southwest Brazil and northern Argentina), while 
the other is more widespread in the Americas but with a particularly  

high concentration of species in the Caribbean region. These  
two diverse clades are closely related in our nuclear and chloro-
plast phylogenies, although the exact relationship differs between 
the two datasets (Extended Data Fig. 3a,b). In view of the unique 
characteristics of these two clades, we constructed a time-calibrated 
phylogeny for Ipomoea and estimated diversification rates through-
out the genus (Fig. 4 and Extended Data Figs. 4–6). This showed 
that diversification rates were relatively constant in most of the 
genus, except for the part of the phylogeny that contained these two 
diverse clades (and a small number of other species). In this part of 
the phylogeny, there was initially a greater than 5.5-fold increase 
in net diversification rates compared to the background rate across 
the rest of the tree (an increase from 0.127 to 0.719 species Myr−1). 
Our analyses indicated that this was primarily a result of increased 
speciation rates, with extinction rates remaining relatively constant. 
Although our analysis indicated a diversification rate increase in the 
early Miocene, more recent phenomena might also influence the 

Box 1 | Contribution of the DNA to the taxonomic decision 
process

At the species-level taxonomy, DNA has:
 1. Confirmed the monophyly of many species.
 2. Drawn attention to the existence of unrecognized new  

species.
 3. Shown some species thought to be distinct are conspecific 

with others from different geographical areas (for example, 
I. acanthocarpa from Africa with I. piurensis from America, 
or I. lindenii from mainland America with the Jamaican  
endemic I. cyanantha).

 4. Shown that some species sometimes thought to be the same 
are distinct (for example I. paludicola and I. asarifolia, I. 
huayllae and I. aristolochiifolia, I. jalapa and I. pterocaulis, 
and so on).

 5. Revealed wrongly identified specimens as they appear in 
parts of the phylogeny away from the clade with which they 
had been identified.

 6. Provided a phylogenetic context to interpret morphology 
when specimens were poorly preserved.

Regarding evolutionary relationships between species, DNA has:
 1. Revealed the existence of several clades and radiations.
 2. Confirmed the monophyly of some groups previously 

recognized on morphological grounds such us Pharbitis,  
Quamoclit, Astripomoea and Batatas.

 3. Shown that all previously recognized genera of the tribe Ipo-
moeeae (Argyreia, Stictocardia and so on) are nested within 
Ipomoea, and all but Astripomoea are not monophyletic.

 4. Demonstrated that Rivea is nested within the clade domi-
nated by Argyreia species.

 5. Shown that some groups previously recognized are mono-
phyletic only if certain species are excluded (for example, 
Arborescens group).

 6. Clarified the relationship between the sweet potato and  
its wild relatives, and discovered two new species within  
this group.

a

b

Fig. 3 | Megadiverse plant groups demand a global approach. a, Nuclear 
genomic phylogeny showing that the species recorded from Bolivia 
(green boxes) are scattered across the phylogeny of the genus, which 
has a global distribution. b, ITS phylogeny of Ipomoea. The red branches 
indicate specimens also sequenced using high-throughput sequencing. 
The black boxes indicate specimens that we sequenced that changed their 
identification during our studies, approximately 39% of them. Many more 
specimens not included in our molecular analyses also required a change 
of name.
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distinctive diversification dynamics in this part of the phylogeny  
(for example, many species in this part of the phylogeny occur 
exclusively in the Cerrado—a biome that probably became estab-
lished only within the last 10 Myr48,49—and there are likely to have 
been numerous shifts into and out of this biome (Extended Data 
Fig. 7)). Further, numerous shifts between different growth habits 
are also likely to have occurred between comparatively recently 
diverged lineages (Extended Data Fig. 7). A more densely sampled 
phylogeny is required to determine the nature of the relationship 
between biome occupancy and growth habit, and whether either of 
these two factors is likely to have promoted multiple nested diver-
sification rate shifts, rather than the single rate increase reported 
here. Regardless, our results highlight an increase in net diversifica-
tions rates in Ipomoea that is likely to be of a similar scale to some 
of the most iconic evolutionary radiations in the plant kingdom50–53. 
Further, unlike many plant radiations, which are strongly associated 
with a transition into a particular biome, the radiation in Ipomoea 
occurs across a range of biomes, and in some cases, in areas that have 
been greatly disturbed by human actions. Further study of diversi-
fication rate variation in Ipomoea, therefore, represents a promising 
avenue that could lead to fundamental insights into the effects of 
biome shifts and human disturbance on evolutionary diversification 
and the assembly of the Neotropical flora.

evolution of the sweet potato
Most recent studies on the origin of the sweet potato (I. batatas 
(L.) Lam.) focus on the genetic variation contained within the 
crop54,55 or on the sequencing of whole genomes of the crop and 
one or two related species56,57. Meanwhile, the origin and evolution 
of the sweet potato and its relationship with its crop wild relatives 
(CWR) has only recently been clarified27. The global study of the 
genus allowed us to identify all sweet potato CWR—two of them 
new species, I. lactifera J. R. I. Wood & Scotland36 and I. australis 
(O’Donell) J. R. I. Wood & P. Muñoz38—and revealed the dual role 
of I. trifida (Kunth) G. Don, the closest wild relative, in the origin 
of the crop species27.

Previous studies have shown that sweet potato CWR do not pro-
duce storage roots58, so it has been assumed that the transition from 
non-storage root to storage root was mediated by human domes-
tication33, although direct evidence for this claim remains elusive. 
However, our broad comparative study of the genus offers a novel 
perspective on the evolution of storage roots in Ipomoea and a very 
different narrative for the evolution of the sweet potato. At least 63 
species of Ipomoea have been recorded in previously published lit-
erature and through our own observations as having storage roots, 
several of them edible and some bigger than the roots of I. batatas  
(Fig. 5a and Supplementary Information, and see Supplementary  
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Table 1 for a list of all species with storage roots). Mapping spe-
cies with storage roots onto a phylogeny shows that storage roots 
evolved multiple times independently from species that do not have 
storage roots (or these have never been recorded) (Fig. 5b).

We wanted to explore this question further and used our time-
calibrated phylogenies to investigate the temporal dynamics of sweet 
potato. We set out to determine whether our data were consistent 
with sweet potato originating within the time frame of human agri-
culture (roughly the last 10,000 years) or if it was older. Our results 
indicated that the sweet potato was likely to have diverged from its 
closest wild relative, I. trifida, over 1 million years ago27 (Fig. 5b) 
and that part of the diversity existing within the crop largely pre-
dated the origin of agriculture (Fig. 6). This time frame is consistent 
with the idea that the sweet potato evolved long before the onset of 
human agriculture, and that the storage root was an existing trait 
that favoured the species being taken into cultivation by humans. 
Further, all other species with storage roots also evolved over 1 
million years ago (Fig. 5b), many within the time frame associated 
with the expansion of C4 grasses and the evolution of fire-adapted 
vegetation types48,49 in which underground storage organs would be 
advantageous. In summary, the evidence presented here suggests 
that the storage root in cultivated sweet potato is not a product of 
human domestication but rather an existing trait that predisposed 
the plant for cultivation. To the best of our knowledge, this possibil-
ity has not been previously considered.

The importance and potential of taxonomic monography
Taxonomic studies based on the massive number of natural history 
collections held worldwide highlight the awesome complexity and 

wonder of the natural world. They merit a more important role in 
the task of addressing a range of environmental issues from food 
security, conservation and biodiversity inventories to ecology in 
general. The taxonomic community itself needs to embrace and 
rediscover the value of taxonomic monographs25,59 within the con-
text of what constitutes world-class science60. The full integration of 
two distinct skill sets, DNA sequencing and morphological studies, 
is necessary to achieve this. Although other scientific subjects bring 
a unique perspective to environmental science, including evolution, 
ecology and population genetics, monographic taxonomy under-
taken with modern methods at the global scale has the potential to 
play a vital role in the contemporary research agenda.

Taxonomy is often seen as a redundant science because of the 
mistaken idea that biodiversity is as well known overall as it is in a 
few well-studied, high-profile groups or countries. It is also under-
valued by the inaccurate view that taxonomic knowledge steadily 
accumulates until all species of a particular group are discovered, 
whereas in reality names, synonyms, mistaken identifications and 
errors accumulate alongside accepted names and reliable informa-
tion. This accretion needs to be sifted and new species identified to 
provide an accurate taxonomy, something that is lacking for the vast 
majority of tropical flowering plant genera of any reasonable size. 
With the rapid increase in the number of unstudied collections in 
the last 50 years, there is now a unique opportunity to embrace the 
challenges and opportunities that these specimens provide to pro-
duce taxonomically sound monographs of the plant diversity these 
natural history collections represent.

To fully exploit the opportunity and potential of global natural  
history collections, as undertaken in this study, demands the  
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integration of different scientific expertise including specimen-
based taxonomy, genomics and phylogenetics. This has implications 
for the type of training that the next generation of biodiversity sci-
entists receive. It seems unrealistic to expect an individual scientist 
to be expert in all three disciplines but assembling small teams of 
people with such expertise to tackle the world’s major taxonomic 
problems at a global scale is surely possible given existing resources 
and expertise. The skills and resources currently exist for the study 
of many taxonomically diverse groups (and as long as taxonomic 

training continues or is increased) and we hope that this study acts  
as a catalyst in demonstrating the scale of progress that can be 
achieved in a realistic time frame.

Methods
In this section, we provide a summary of the methodology underlying our studies 
of Ipomoea. We provide a detailed description of every step in the Supplementary 
Methods. Although we report the morphology and molecular methods separately, 
they were, in fact, conducted in parallel and integrated throughout the process.

Herbarium and field work. We assembled a preliminary checklist from existing 
literature for all species of Ipomoea (Supplementary Methods, Section 1) and 
identified herbaria that house significant collections that we would visit or from 
which we could obtain online images (Supplementary Methods, Sections 2 and 3).  
Simultaneously, we surveyed morphological variation across the genus—with 
reference to existing literature as well as specimens—to identify taxonomically 
useful characters for species delimitation (Supplementary Methods, Sections 4  
and 5). We subsequently visited, received loans of material from or studied 
photographs from the following herbaria (acronyms according to ref. 61) in Europe 
(AAU, B, BM, C, CGE, E, G, GOET, K, L, LE, M, MA, OXF, P, PC, RBGE, S, TO 
and W), the USA (A, ARIZ, BISH, F, FTG, GA, GH, MICH, MO, NY, RSA, SELU, 
TEX, US and USDA), Latin America (Argentina: CTES and LIL; Bolivia: BOLV, 
HSB, LPB and USZ; Brazil: CEN, CPAP, CRIA, HEPH, HUEFS, IPA, JPB, MBM, 
PEUFR, R, RB, SP and UB; Colombia: COL; Cuba: HACB and HAJB; Mexico: 
IEB and MEXU; Panama: PAM; Paraguay: FCQ, PY and SCP; Peru: CIP, CUZ 
and USM), China (ISBC and KUN), South East Asia (Malaysia: KEP and SAN; 
Singapore: SING) and Australia (FRI). We studied the variation in all herbarium 
material seen and photographed and databased specimens (Supplementary 
Methods, Sections 2–5). We carried out fieldwork in Bolivia, Paraguay, Argentina 
and Brazil (Supplementary Methods, Section 6). We also developed a network of 
contacts with people interested in Ipomoea with whom we corresponded over a 
range of related issues (Supplementary Methods, Section 7).

Analysis of DNA barcodes. The analyses using barcodes were based on 3,035 ITS, 
matK and trnH sequences from 1,560 specimens (Passport data in Extended Data 
File 1) (Extended Data Fig. 1). We aligned all sequences using MAFFT v.7.2.162,63 
and ran maximum-likelihood phylogenetic analyses in RAxML v.864, approximate 
maximum likelihood in FastTree 265 and Bayesian inference in MrBayes66 
(Supplementary Methods, Section 1).

Analysis of genomic data. We obtained the whole chloroplast genome and 605 
putative single-copy nuclear coding regions from 385 specimens representing 211 
species using Hyb-Seq23 (Supplementary Methods, Section 8). These specimens 
were selected on the basis of the quality and quantity of the available DNA with 
the aim of covering as much phylogenetic breadth as possible. We ran phylogenetic 
analyses on both sets of genomic data. For the nuclear data, we ran additional 
analyses using only the subset of 434 regions that passed the PHI recombination 
test67. In addition, mapping our data to the recently published I. triloba genome57 
warned us that some of our regions may not be single copy; hence, we ran further 
analyses using only the subset of 421 regions that we were confident are single copy 
(Supplementary Methods, Section 8). We used maximum likelihood, approximate 
maximum likelihood and Bayesian inference to analyse the chloroplast data. 
Regarding the nuclear coding regions, we used maximum likelihood and 
approximate maximum likelihood for the analysis of concatenated alignments 
as well as inferred species trees from gene trees using coalescence methods. All 
methods and datasets recovered the same major clades within Ipomoea and 
the relationship between taxa within those clades was mostly congruent across 
phylogenies (Supplementary Discussion, Phylogeny of Ipomoea).

Divergence time estimates. We estimated divergence times within Ipomoea in 
treePL68,69. We used the nuclear genomic phylogeny inferred in FastTree 265 as the 
input tree. We used a smoothing value of 0.01 following extensive cross-validation 
analyses (Supplementary Methods, Section 9), but also experimented with different 
smoothing values (0.01, 1, 100 and 10,000) to determine the sensitivity of divergence 
time estimates to different assumptions about among-branch rate variation. We also 
inferred time-calibrated phylogenies with the chloroplast phylogeny as the input 
tree. In this case, we also experimented with different smoothing values (0.01, 1, 100 
and 10,000). For these phylogenies, we used a point calibration for the root node of 
34.0 Myr. We consider this the most realistic age estimate for Ipomoea, following a 
series of analyses in which we experimented with different methods for calibrating a 
phylogeny for Convolvulaceae and Solanaceae. The analyses for Convolvulaceae and 
Solanaceae were performed in RevBayes70 (Supplementary Methods, Section 9).

We used BAMM71 to infer diversification rates. The time-calibrated phylogeny 
inferred from nuclear genomic data in treePL69 was used as the input phylogeny. 
When performing this analysis, we specified clade-specific sampling fractions. 
These were taken into account when estimating diversification rates. We performed 
several supplementary diversification rate analyses. These used the different 
time-calibrated phylogenies outlined above as input phylogenies (Supplementary 
Methods, Section 9).

3.5 3.0 2.5 2.0 1.5 1.0 0.5 Present

3.5 3.0 2.5 2.0 1.5 1.0 0.5 Present

l. batatas
l. trifida

Lineage 2: l. batatas
l. trifida

Lineage 1: l. batatas

a

b

Fig. 6 | Diversity within sweet potato predates agriculture. Time-calibrated 
phylogenies for sampled specimens of I. batatas and its closest relative 
I. trifida. The divergence times indicate when lineages represented by 
different specimens are likely to have diverged. a,b, Divergence times 
inferred using nuclear genomic data (a) and whole chloroplast genome 
data (b). The two I. batatas clades in b correspond to the two chloroplast 
lineages hypothesized in ref. 27.
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Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Passport data for all specimens included in the molecular studies presented in 
this paper are available in Supplementary Data File 2. Additional records and 
information for the collections included in this study and for specimens added 
subsequently are available through the project website (https://herbaria.plants.
ox.ac.uk/bol/ipomoea). DNA barcode sequences are available through GenBank 
and genome assemblies are available through the Oxford Repository Archive 
(https://doi.org/10.5287/bodleian:kepgnxzeK). Illumina raw reads are available 
through the Sequence Read Archive (BioProject PRJNA453382). Alignment files 
and other materials are available from the corresponding author upon request.
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Extended Data Fig. 1 | DNA barcode sequences used and statistics. 3,035 DNA barcode sequences were obtained from herbarium specimens spanning 
the last two and a half centuries. 88.5% specimens were collected in the last 50 years and 22 samples came from pre-20th century collections.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | use of ITS phylogeny in the taxonomic process. We used the ITS phylogeny of Ipomoea as a single taxonomic character. a, We 
inferred a ML tree that included, when possible, multiple accessions of each putative species and interpreted it in three distinct ways, monophyly of 
accessions, non-monophyly and distantly related, non-monophyly but closely related. b, accessions of a given species are monophyletic (black triangles). 
Also, two existing species (I. piurensis and I. acanthocarpa) that we considered conspecific formed a clade of accessions that are intermingled (dashed-line 
green box), confirming our hypothesis. c, accessions of a given species are non-monophyletic and appear in very different parts of the Ipomoea phylogeny. 
In the example shown, our hypothesis based on morphology was a monophyletic I. squamosa but the ITS tree split the specimens, with some forming 
a clade in clade D and others forming a clade in clade A which is very distantly related to clade D. In such cases, we re-examined the morphology and 
usually found a mis-identified specimen(s). In other cases, specimens were similar on herbarium sheets but could be distinguished on closer inspection. 
In this case, the ITS tree alerted us to re-examine and have a closer look at specimens and subsequently describe the new species I. cryptica. d–e, in some 
parts of the ITS phylogeny there was a lack of resolution, with only a small number of subclades recognised and generally lacking support. Here we show 
an example with the clade including sweet potato. In such cases, we did not follow the ITS phylogeny but relied on morphology and genomic data when 
available. This decision was based on the fact that f, genomic phylogenies for the sweet potato clade demonstrate that nearly all species are monophyletic.
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Extended Data Fig. 3 | Summary genomic phylogenies of Ipomoea. Summary phylogeny of Ipomoea inferred from A) 605 putative single-copy nuclear coding 
regions using Astral-II and B) whole chloroplast genomes using Maximum Likelihood showing the main clades identified in the genus. See Supplementary 
Discussion, Phylogeny of Ipomoea. Complete phylogenies in Supplementary data files 3–7.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Patterns of diversification-rate-variation in nuclear time-calibrated phylogenies inferred with smoothing values that differ from 
the optimum. The coloured tree in each sub-figure represents the pattern of diversification-rate-variation with the highest posterior probability and the 
posterior probability is shown in the top left corner of each sub-figure. If present, alternative patterns of diversification-rate-variation that have a posterior 
probability of greater than 0.05 are indicated with coloured arrows, with the position of the arrow indicating the position of the diversification rate shift. 
Arrows with the same colour indicate a single set of diversification rate shifts that have a specific posterior probability (indicated next to one arrow for 
each colour). a) A single rate shift at the origin of the diverse South America and Central American clades has a posterior probability of 0.98. b) A single 
rate shift at the origin of the diverse South America and Central American clades has a posterior probability of 0.98. c) A single rate shift at the origin of 
the diverse South America and Central American clades has a posterior probability of 0.98.
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Extended Data Fig. 5 | Patterns of diversification-rate-variation in the chloroplast time-calibrated phylogeny inferred with the optimum smoothing 
value. The coloured tree, posterior probabilities, and coloured arrows are indicated according to the same conventions as Extended Data Fig. 4. A single 
rate increase near the origin of the diverse South American clade has a posterior probability of 0.8. Two alternative patterns of diversification-rate-
variation, where there are rate increases on immediately ancestral branches, have posterior probabilities of 0.11 and 0.058.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Patterns of diversification-rate-variation in chloroplast time-calibrated phylogenies inferred with smoothing values that differ 
from the optimum. The coloured trees, posterior probabilities, and coloured arrows are indicated according to the same conventions as Extended Data  
Fig. 4. a) A model with no discrete rate shifts has a posterior probability of 0.54. Two alternative patterns of diversification-rate-variation, where there 
are rate increases near the origin of the diverse South American clade, have posterior probabilities of 0.34 and 0.058 respectively. b) A single rate shift 
near the origin of the diverse South American clade has a posterior probability of 0.51. An alternative pattern of diversification-rate-variation, where there 
is a rate increase on immediately ancestral branch, has a posterior probability of 0.088. c) A single rate shift at the origin of the diverse South American 
clade has a posterior probability of 0.81. An alternative pattern of diversification-rate-variation, where there is a rate increase on an immediately ancestral 
branch, has a posterior probability of 0.11.
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Extended Data Fig. 7 | Biome occupancy and growth habit of sampled taxa for the clades with elevated speciation rates. A section of the time-calibrated 
phylogeny shown in Fig. 4, for which elevated speciation rates were inferred. Biome occupancy and growth habit of sampled taxa are indicated. This indicates 
that there are likely to have been multiple shifts into and out of fire-adapted cerrado-type habitats, and multiple shifts between different growth forms 
amongst recently diverged taxa.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection No software was used to collect data.

Data analysis DNA barcodes obtained using Sanger sequencing at SourceBioscience. High-throughput data obtained using Illumina HiSeq-3000 at the 
Center for Genome Research and Biocomputing, Oregon State University. All software used for phylogenetic analysis is available online 
and includes: 
- DNA barcodes (assembly): Mega v.5.0, Mega v.6.0, Geneious v.9.1.2 
- DNA barcodes (alignment and phylogenetic inference): MAFFT v.7.2.1, jModelTest 2, RAxML v.8, FastTree 2, MrBayes v.3.2. 
- High-throughput data (assembly): YASRA, PRICE, SSPACE, BLASTN, MUSCLE, PHYLIP, SPades. 
-High-throughput data (alignment and phylogenetic inference): MAFFT, PRANK, GBlocks, jModelTest 2, RaxML, FastTree 2, Astral-II, 
MrBayes v.3.2. 
- Time-calibrated phylogenies: MAFFT, Gblocks, RevBayes v.1.0.4, Tracer v.1.6.0, treePL, BAMM (including set_priors.R script), 
BAMMtools

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

Passport data of all herbarium specimens included in the molecular studies presented in this paper is available as supplementary file. Additional records and 
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information of the collections included in this study and of specimens added subsequently are available through the website of the project (https://
herbaria.plants.ox.ac.uk/bol/ipomoea). All data used for phylogenetic analysis is available in public repositories: DNA barcode sequences are available through 
GenBank and genome assemblies are available through the Oxford Repository Archive. Illumina raw reads are available through the Sequence Read Archive.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description Monographic study of the genus Ipomoea (morning glories) integrating the morphological study of herbarium specimens with the 
use of high-throughput DNA sequencing (Hyb-Seq) and DNA barcodes for phylogenetic analysis.

Research sample All Ipomoea specimens from 47 herbaria worldwide used for morphological study. 385 samples representing c. 210 species 
sequenced to obtain their whole chloroplast genome and 605 putative single copy nuclear coding DNA regions using Hyb-Seq. 1,560 
specimens sequenced for at least one DNA barcode using Sanger sequencing.

Sampling strategy Sampling strategy aimed at obtaining, when possible, multiple specimens from each putative species studied. When available, 
material collected in the last 50 years was preferred as this is more suitable to produce good sequencing results.

Data collection Samples for DNA analysis collected from herbarium material by P.M.R., J.R.I.W., B.R.M.W. and A.S. Morphological study of the 
specimens conducted by J.R.I.W.

Timing and spatial scale Project developed between 2012 and 2019 with continuous sampling of herbarium material.

Data exclusions No data was excluded from the study.

Reproducibility Methodology is extensively described and all data files, including raw sequence data, are made available through publicly accessible 
repositories.

Randomization Does not apply in a study of this type.

Blinding Does not apply in a study of this type.

Did the study involve field work? Yes No

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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