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Abstract
The hexaploid sweet potato is one of the most important root crops worldwide. However, its genetic
origins, especially that of its tetraploid progenitor, are unclear. In this study, we conceived a pipeline
consisting of a genome-wide variation-based phylogeny and a novel haplotype-based phylogenetic
analysis (HPA) to determine that the tetraploid accession CIP695141 of Ipomoea batatas 4x from Peru is
the tetraploid progenitor of sweet potato. We detected biased gene exchanges between subgenomes. The
B1 to B2 subgenome conversions were almost 3-fold higher than the B2 to B1 subgenome conversions.
Our analyses revealed that the genes involved in storage root formation, sugar transport, stress
resistance, and maintenance of genome stability have been selected during the speciation and
domestication of sweet potato. This study sheds lights on the evolution of sweet potato and paves a way
for the improvement of sweet potato.

Introduction
Sweet potato, Ipomoea batatas (L.) Lam. (2n = 6x = 90), was �rst domesticated in tropical America at
least 5000 years ago 1, introduced into Europe and Africa in the early 16th century, and later into the rest
of the world 2. Today, sweet potato has become an important staple food crop worldwide with an annual
production of ~ 113 million tons, and is an important source of dietary calories, proteins, vitamins and
minerals. For example, orange sweet potato plays a crucial role in combating vitamin A de�ciency in
Africa 3–5. Unlike other important polyploid crops, such as hexaploid bread wheat (Triticum aestivum)
and tetraploid potato (Solanum tuberosum), the origin of cultivated sweet potato has been the subject of
considerable debate. Furthermore, the exact role of polyploidization in the origin and evolution of sweet
potato has not been determined. Knowledge of its genetic origin is vital for supporting studies of biology,
domestication, genetics, genetic engineering and breeding using wild relatives.

Sweet potato belongs to the genus Ipomoea series Batatas (Convolvulaceae). This group includes I.
batatas 6x (sweet potato), I. batatas 4x, and 13 diploid species that are commonly considered as the wild
relatives of the cultivated sweet potato 6. Two main polyploidization scenarios have been proposed to
account for the hexaploid genome of sweet potato. The autopolyploid hypothesis suggests that sweet
potato has an autopolyploid origin with I. tri�da likely being the only wild ancestor. This hypothesis has
gained some support from molecular marker analyses (RAPD and GBS) 7,8, beta-amylase gene sequences
9, sequencing of single-copy nuclear DNA regions 10, and cytogenetic analyses 11–13. By contrast,
allopolyploidy hypotheses are relatively less consistent. Austin 1 suggested that the cultivated sweet
potato was derived from a hybridization event between I. tri�da and I. triloba based on morphological
data. Gao et al. 14, based on Waxy (Wx) intron sequence variation, suggested that sweet potato arose via
hybridization between I. tenuissima and I. littoralis. Subsequently, Gao, et al. 15 postulated that the
hexaploid sweet potato may be neither a true autopolyploid nor a genuine allopolyploid based on the
analysis of 811 conserved single-copy genes. Recently, Yang et al. 5 analyzed the phased genome of
sweet potato and proposed that sweet potato might have resulted from a cross between a diploid and a
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tetraploid progenitor. The triploid hybrid progeny of this event subsequently underwent a genome
duplication resulting in the hexaploid species. This model of the origin of sweet potato is supported by
cytogenetic analyses 13,16. The diploid progenitor of the hybrid was most likely I. tri�da, whereas the
tetraploid progenitor has remained unknown 5.

As the �rst reported natural transgenic food crop, the genomes of sweet potato and some of its wild
relatives contain horizontally transferred IbT-DNA1 and/or IbT-DNA2 sequences from Agrobacterium spp.
17,18. IbT-DNAs could serve as natural genetic markers to track the wild ancestors of cultivated sweet
potato 17, and the IbT-DNA positive species in the series Batatas (I. tri�da, I. cordatotriloba, I. tenuissima,
and I. batatas 4x) are potential wild progenitors of sweet potato 17. Consequently, I. batatas 4x and other
wild relatives in the Ipomoea series Batatas are key species to be examined in order to trace the genetic
origin(s) of cultivated sweet potato 17. As the majority of previous studies have not included I. batatas 4x,
the relationship between sweet potato and its tetraploid wild relative is unclear, and the potential
tetraploid progenitor of sweet potato is currently unknown.

Because of the highly heterozygous and complex hexaploid genome5,19, a serious limitation in most
previous studies on the genetic origin of sweet potato has been the use of consensus genomic sequences
and a limited number of nuclear markers. In addition, chromosome rearrangements and homoeologous
exchanges that shu�e and/or replace homoeologs among the subgenomes of polyploids 20–22 further
complicate genetic studies that aim to resolve the origin of polyploid species. Currently, the best strategy
for determining the origin of allopolyploids relies on the use of subgenome-level genome assemblies or
the the homologous genes or variants of each subgenome to perform the phylogenetic analyses. This
strategy has been successfully applied to rapeseed (Brassica napus), bread wheat (Triticum aestivum)
and Echinochloa spp., polyploid bamboo (Bambusa spp.) and strawberry (Fragaria × ananassa) 23–28.
However, unlike these allopolyploids, the subgenomes of sweet potato are highly similar to one another
due to the close genetic relationship between the diploid and the tetraploid progenitor species. Also, a
subgenome-level or fully-phased reference genome of sweet potato is not yet available. Therefore, the
above-mentioned strategy is not applicable to sweet potato, and a novel method that takes full
advantage of genome-wide homologous variation between hexaploid sweet potato and tetraploid wild
relatives is required to more fully examine the origin of sweet potato.

To this end, we employed consensus genome-wide variation analysis and developed a haplotype-based
phylogenetic analysis pipeline to identify the closest tetraploid accession related to sweet potato. We
identi�ed biased gene conversion events between sweet potato subgenomes based on homologous
haplotypes. Moreover, we provide new insight in the role that selection played in the domestication
process of cultivated sweet potato and identi�ed useful candidate genes for future breeding and genetic
engineering efforts, and evolutionary studies. In addition, the identi�cation of the presumptive tetraploid
progenitor will accelerate work towards the generation of arti�cial hexaploids in the genus Ipomoea.
Taken together, the results of the present study shed light on the evolution of sweet potato and pave the
way for the genetic improvement of sweet potato.
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Results
Phylogeny of sweet potato and its wild relatives

To investigate the phylogenetic relationship of sweet potato and its wild relatives, we analyzed all
putative genetic donors of sweet potato as well as 23 sweet potato cultivars and landraces (Fig. 1).
Considering the reported horizontal transfer of IbT-DNAs from Agrobacterium spp. into the genomes of
sweet potato and some of its wild relatives, IbT-DNA1 and IbT-DNA2 can serve as ideal natural genetic
markers to trace the progenitors of the hexaploid cultivated sweet potato 17,18. Therefore, we sampled
the diploid and tetraploid relatives based on IbT-DNA screening (Supplementary Table 1 and
Supplementary Figs. 1-4). As diploid relatives, we included three accessions of I. tri�da, the species that
most likely to be the diploid progenitor of sweet potato, and the two wild relatives I. triloba and I. sp.
PI553012. We also sampled ten representative IbT-DNA positive tetraploid wild relatives (ten accessions
of I. batatas 4x) from all geographical locations according to Quispe-Huamanquispe, et al. 17 and
collection records of the International Potato Center (CIP) and the USDA (Supplementary Fig. 1). 

 

Phylogenetic analyses (Fig.1; Supplementary Fig. 5) based on whole genome variations (50,062,627
SNPs) revealed that the diploid wild relatives form the basal clade in the phylogeny of sweet potato and
its wild relatives. The ten accessions of I. batatas 4x are not monophyletic. Among them, the basal I.
batatas 4x lineage (accessions CIP403270, CIP695141, CIP695150 and PI518474) resides at the base of
a large clade composed of sweet potato cultivars and the monophyletic Ecuador I. batatas 4x lineage
(accessions PI561246, PI561247, PI561248, PI561255, PI561258 and PI561261). The phylogenetic
reconstruction showed that all sweet potato cultivars and the Ecuador I. batatas 4x lineage form two
independent monophyletic lineages, thus suggesting a sister relationship between these two lineages.

 

The basal I. batatas 4x lineage was nested between the diploid progenitor (I. tri�da) and the large clade
composed of sweet potato cultivars and the Ecuador I. batatas 4x lineage. Thus, the basal I. batatas 4x
lineage likely was the progenitor of both sweet potato cultivars and the Ecuador I. batatas 4x lineage
(Fig.1; Supplementary Fig. 5). Speci�cally, the accession CIP695141 had the smallest branch length
relative to sweet potato, suggesting that CIP695141 represents the tetraploid accession that is most
closely related to sweet potato. It is particularly noteworthy that accession CIP695141 is the only
tetraploid accession examined in this study that harbors both the IbT-DNA1 and the IbT-DNA2 insertions
(Supplementary Table 1).

The closest tetraploid accession revealed by haplotype-based phylogenetic analysis (HPA)
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To identify the closest tetraploid accession and the possible chromosomal donor to sweet potato, we
developed a HPA pipeline (Supplementary Fig. 6). First, we independently phased the genome sets of �ve
representative hexaploid sweet potato cultivar and ten tetraploid I. batatas 4x accession. As for the
representative sweet potato cultivars, we chose one representative cultivar from each lineage in the sweet
potato phylogeny (Fig.1; Supplementary Fig. 5), i.e., Huameyano, NASPOT5/58, NK259L, Y601, and
Yuzi7. Each cultivar was used to extract the syntenic haplotype block with each I. batatas 4x accession.
We obtained 439,555-760,769 haplotype blocks in the �ve sweet potato cultivars (Supplementary Table 2;
Supplementary Fig. 7) and 380,895-542,596 haplotype blocks in the ten I. batatas 4x accessions
(Supplementary Table 3; Supplementary Fig. 7). Second, we extracted the syntenic haplotype blocks
shared between each sweet potato cultivar and each I. batatas 4x accession by comparing their genomic
positions. In doing so, we identi�ed 606,246-1,050,700 syntenic haplotype blocks (Supplementary Table
4; Supplementary Fig. 8). Third, we removed (i) redundant syntenic haplotype blocks that had overlapping
regions with other blocks, and (ii) those blocks that consist of very short sequences (less than 3 bp).
Ultimately, 406,488-642,341 syntenic haplotype blocks were extracted, which accounted for 33.8-42.7% of
the sweet potato genome (Supplementary Table 5; Supplementary Fig. 9).

 

The previously identi�ed syntenic haplotype blocks between each sweet potato cultivar and each I.
batatas 4x accession were used to perform phylogenetic reconstructions independently. The phylogenetic
trees were inferred by two methods: Unweighted Pair-Group Method with Arithmetic Mean (UPGMA) and
maximum likelihood (ML). We calculated the monophyletic ratio and the Nsp-Nwr distance to measure
the relationship between the investigated tetraploid accession and the hexaploid sweet potato
(Supplementary Fig. 6d). The monophyletic ratio is de�ned as the proportion of trees in which sweet
potato haplotypes forming a monophyletic clade (Supplementary Fig. 6d). The Nsp-Nwr distance is
de�ned as the tree branch length between the most recent common ancestor (MCRA) node of sweet
potato haplotypes (i.e., Nsp) and the MCRA node of the tetraploid accession (i.e., Nwr) (Supplementary
Fig. 6d). Smaller indices indicate a closer relationship between the investigated tetraploid accession and
the hexaploid sweet potato. To increase accuracy, we only included trees that had the same monophyletic
judgement by both tree-building methods, and these trees were used to calculate the monophyletic ratio
and Nsp-Nwr distance. Among all syntenic haplotype blocks, the 6:4 data set (composed of six
haplotypes of sweet potato and four haplotypes of I. batatas 4x) produced the most robust results based
on the two indices (Fig. 2; Supplementary Fig. 10-24). 

 

The monophyletic ratio and the Nsp-Nwr distance both indicated that the accession CIP695141 was the
closest tetraploid relative of the hexaploid sweet potato, regardless of which sweet potato cultivar was
used as the hexaploid reference (Fig. 2). In addition, the accessions CIP403270, CIP695141, CIP695150,
and PI518474, which belong to the basal I. batatas 4x lineage, showed closer relationships with sweet
potato than any accession in the Ecuador I. batatas 4x lineage (Fig. 2). This result con�rms the close
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relationship between the basal I. batatas 4x lineage and sweet potato as revealed by the SNP-based
phylogenetic analysis, and demonstrates that HPA is suitable to distinguish the closest tetraploid
accessions of sweet potato. 

Gene conversion between sweet potato subgenomes

Gene conversion in polyploids refers to sequence exchanges between homologous genes from different
subgenomes, in which one progenitor allele overwites another 29-31. The sweet potato genome is
comprised of two B1 and four B2 subgenomes (B1B1B2B2B2B2). Subgenomes B1B1 were donated by the

diploid progenitor and subgenomes B2B2B2B2 by the tetraploid progenitor 13 (Fig. 3a). If no conversion
events occurred, each syntenic haplotype block should have two copies of the B1 subgenome from sweet
potato, four copies of the B2 subgenome from sweet potato, and four copies of the B2 subgenome from I.
batatas 4x (Fig. 3a, c). If a gene were converted between B1 and B2 subgenomes, the copy numbers of
subgenomes and tree topology should deviate from the standard 2:8 ratio between B1 and B2 in
the hexaploid sweet potato and I. batatas 4x (Fig. 3c-e). To detect possible gene conversion events, we
�rst �ltered those syntenic haplotype blocks and use only blocks in gene regions with six haplotypes of
sweet potato and four haplotypes of I. batatas 4x within. We then used 786-1,634 homogeneous
haplotype blocks in gene regions of sweet potato and the closest I. batatas 4x accession (CIP695141) to
identify gene conversion events between subgenomes (Supplementary Table 6). Using different sweet
potato cultivars as references, 49.1-53.4% of gene regions in sweet potato showed evidence of
conversion between subgenomes (Fig. 3b; Supplementary Table 6). We found that B1 to B2 subgenome
gene conversions (41.1%-43.8%) were much more common than B2 to B1 conversions (8.0-9.7%) (Fig. 3c;
Supplementary Table 6). This was to be expected, as gene conversion is known to be a copy number-
dependent process 32.

Genomic signatures of selective sweeps in sweet potato

A genetic diversity comparison between sweet potato and its tetraploid wild relatives was performed by
estimating the genome-wide nucleotide diversity (π) of 23 sweet potato cultivars and landraces, and ten I.
batatas 4x accessions. The subsequent evaluation showed that sweet potato and I. batatas 4x have very
similar genome-wide nucleotide diversities (Supplementary Fig. 26; πsweet potato =0.0227, πI. batatas 4x

=0.0231). 

To detect potential signatures of selection during sweet potato domestication, we employed three metrics,
π ratio (π wild relative/π sweet potato), Fst and XP-CLR, to identify potential selective sweeps associated
with natural selection and domestication. Using a 100 kb sliding window with 10 kb steps, a total of 466
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potential selective sweeps in the top 1% of π ratio, Fst and XP-CLR scores were detected. These regions
contained 1559, 1438 and 8814 genes, respectively (Supplementary Fig. 27). Many of these genes are
associated with root initiation and development, cell wall organization, phytohormone biogenesis and
response, sugar transport, starch and sucrose metabolism, and plant defense (Supplementary Table 7).
We highlighted the 20 genes supported by at least two metrics in Manhattan plots (Fig.4;
Supplementary Table 8). Among them, NAC domain-containing protein 100 (NAC100), Agamous-like
MADS-box protein AGL14, homeobox protein knotted-1-like (KNOX1), ethylene-responsive transcription
factor RAP2-13-like (RAP2-13), and �mbrin-like protein 2 (FIM2) have been reported to be involved in
storage root initiation and/or development 33-38. Root hair defective 3 (RHD3), topless-related protein 3-
like (TPR3), FAR1-related sequence 5-like (FRS5), and wall-associated kinase (WAK) are functionally
related to root development in Arabidopsis 39-41. The nine genes may play important roles in storage root
development in sweet potato. Pectin is important for cell wall properties and storage root development
42,43. Two genes involved in pectin biogenesis and acetylation were identi�ed, arabinosyltransferase 1
(ARAD1) and pectin acetylesterase 8-like (PAE8) 44,45. In addition, the sugar transporter SWEET1 known to
mediate both low-a�nity uptake and e�ux of sugar across the plasma membrane 46, three well-known
plant defense genes (i.e., Xa21 encoding receptor kinase-like protein, DDS encoding dammarenediol II
synthase-like, and N encoding TMV resistance protein N-like) were identi�ed 47-49. Sporamin B, a major
storage protein in sweet potato storage roots, which plays additional roles in defense and development 50

was also detected. In polyploids, maintenance of genomic stability poses particular challenges due to the
complex meiotic behavior of the chromosome sets and recombination 51,52. Two genes required for
maintenance of genomic stability were identi�ed, spindle and kinetochore-associated protein 1 (SKA1),
which is essential for proper chromosome segregation 53; and RECQ helicase L2 (RECQL2), which
prevents recombination events and channels repair processes into non-recombinogenic pathways 54.

Discussion
Understanding the genetic origin of crops is vital for breeding and genetic engineering efforts, and is
particularly important to all genetic improvement strategies involving wild relatives. The origin of sweet
potato is still the subject of �erce debate. Competing hypotheses have been put forward proposing that
sweet potato is an autopolyploid, an allopolyploid, or neither a pure autopolyploid nor a true allopolyploid
8–10, 12,14–16, 19,55,56. The genetic origin of sweet potato has remained unresolved because of the high
complexity of the genome, due to its hexaploid nature and high degree of heterozygosity 5,19. In addition,
the two progenitors of sweet potato are genetically closely related, thus adding to the di�culties with
distinguishing the subgenomes of sweet potato. The phased genome sequence of sweet potato
distinguished the two sets of chromosomes contributed by the diploid progenitor from the four
chromosome sets coming from the tetraploid progenitor 5, and con�rmed the B1B1B2B2B2B2 genome

architecture that has been revealed by earlier cytogenetic studies 13,16. The diploid progenitor of sweet
potato is most likely I. tri�da, but the tetraploid progenitor has remained unknown. Although the extant
tetraploid relatives exhibit a closer relationship with sweet potato than I. tri�da 9,55−57, they have not
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received su�cient attention in previous studies that aimed to resolve the genetic origin of sweet potato.
As the tetraploid progenitor contributed two thirds of the chromosomes to the sweet potato genome, it
potentially plays more important roles in physiology and genetic behavior of sweet potato than the
diploid ancestor.

In order to identify the tetraploid progenitor of sweet potato, we investigated representative IbT-DNA
positive tetraploid wild relatives from all relevant geographic locations (based on the previous study by
Quispe-Huamanquispe, et al. 17) as well as collection records of the USDA and CIP (Supplementary
Fig. 1). The phylogeny based on genome-wide variation revealed that the tetraploid relatives (I. batatas
4x) have a closer relationship with sweet potato than the diploid progenitor (I. tri�da) and showed that the
closest tetraploid accession to sweet potato among those included in this study is CIP695141. It is
important to note that all polyploid accessions were treated as diploids during the variant calling step to
meet the data format required by downstream analysis. This procedure arti�cially decreased the
nucleotide diversity of polyploids and unavoidably, resulted in uncertainty in the conclusions that could
be drawn. This represents a common problem in studies on the origin of polyploid species that rely on
consensus variation. To solve this problem, we developed a HPA pipeline that takes full advantage of
homologous variation while maintaining the true nucleotide diversity of the polyploid species. Using this
new pipeline, we successfully identi�ed the closest tetraploid accession to sweet potato and
authenticated the result of the consensus genome-wide variation analysis. Encouraged by the success
with sweet potato, we are currently employing the HPA pipeline to resolve the genetic origin in other
complex polyploid species.

The majority of sweet potato cultivars and landraces have both the IbT-DNA1 and the IbT-DNA2 insertions
in their genomes (Supplementary Table 1). The IbT-DNA2 of sweet potato could be inherited from the
diploid progenitor or the tetraploid progenitor or both, while the IbT-DNA1 is most likely inherited from the
tetraploid progenitor, because I. tri�da does not have the IbT-DNA1 insertion as revealed by PCR screening
of 29 I. tri�da accessions 17. The accession CIP695141 is the only tetraploid accession that has both IbT-
DNA1 and IbT-DNA2, in line with its close relationship with sweet potato. Based on our analysis of all
available tetraploid accessions collected (to date) in South America, we conclude that the accession
CIP695141 from Peru is the tetraploid progenitor of hexaploid sweet potato, or at least shares the most
recent tetraploid progenitor with hexaploid sweet potato. However, there is still the remote possibility that
the true tetraploid progenitor of sweet potato has not been discovered yet. This possibility should be
addressed in future research by conducting a wider survey and full examination of tetraploid species
from Peru. Sweet potato breeders have been working for decades towards generating arti�cial hexaploids
from diploid and tetraploid wild relatives of sweet potato 58. The discovery of CIP695141 as the closest
tetraploid accession to sweet potato not only contributes to our understanding of the genetics of sweet
potato, but also provides a critical natural resource for future breeding programs.

Another important application of HPA lies in the use of homologous haplotypes to detect gene conversion
between subgenomes. In sweet potato, almost half of the gene regions show evidence of conversion
between subgenomes. Taking advantages of phased haplotypes, the identi�ed gene conversion events
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between subgenomes also shed light on the evolution and domestication of hexaploid sweet potato. B1

to B2 conversion events are approximately 3-times more frequent than B2 to B1 conversions (Fig. 3).
Rampant gene conversion and conversion biases increase genome complexity in sweet potato and may
suggest an important role for gene conversion in genome evolution and domestication of sweet potato.
Subgenome-biased conversion has been reported in several allopolyploid crop plants including cotton,
canola, peanut and strawberry 28,30,59,60. However, the molecular mechanisms underlying the conversion
bias are largely unknown. In the case of sweet potato, the dosage effect (of the tetraploid B2 versus the
diploid B1 genome) may explain the more prevalent conversion of B1 alleles to B2 alleles. Because gene

conversion is known to be a copy number-dependent process 32.

The domestication syndrome of vegetatively propagated �eld crops includes the mode of reproduction,
the yield of the edible parts of the plant, the time and ease of harvesting, defense adaptations and plant
architecture 61. At least some of these phenotypic traits are likely associated with domestication in sweet
potato. Compared with its wild relatives, the most remarkable feature of sweet potato is its large edible
storage roots. The evolutionary history of the sweet potato storage root has not been elucidated yet. A
storage root is found in some accessions of the diploid progenitor, I. tri�da 62 (Supplementary Fig. 28;
Supplementary Table 1). A substantial enlargement of the �brous root in several I. batatas 4x accessions
has also been reported 63, although the I. batatas 4x accessions included in the present study do not
produce tuberous roots (Supplementary Fig. 28–30; Supplementary Table 1). The original root traits in
primitive sweet potatoes are unknown, because the speciation of sweet potato occurred during pre-
human times 10. It is noteworthy in this regard that the wild hexaploid sweet potato (accession Y601)
produces a slightly enlarged storage root (Supplementary Fig. 28; Supplementary Table 1). All available
data suggest that both the progenitor species and the wild hexaploid sweet potato have the potential to
form storage roots, but the typical edible storage root of modern cultivars are the result of domestication
and were selected by early hunter-gatherers, farmers and breeders. Therefore, formation of a starchy
storage root has likely been under strong selection pressure during the domestication of sweet potato by
humans 64, which is also supported by genomic signatures. The majority of selective sweeps are
functionally related to root development. Five genes (KNOX1, AGL14, RAP2-13, FIM2 and NAC100) that
are required for storage root initiation and development in sweet potato and/or cassava 33–38, were
identi�ed in this study. Four additional candidate genes (RHD3, TPR3, FRS5 and WAK) are known to be
involved in root development in Arabidopsis 39–41. These nine genes represent attractive targets of
functional validation experiments and the future genetic improvement of tuber crops.

Starch accumulation is another agronomically important trait that was under selection during
domestication of sweet potato 64. Sugars are important substrates for starch biosynthesis. Hence, sugar
transport is critical for both source-sink relations and starch accumulation in the storage root. In this
study, we have identi�ed the sugar transporter SWEET1 as a target of selection during sweet potato
domestication. SWEET1 likely acts as a bidirectional glucose transporter in sweet potato. In addition,
biotic resistance is also a trait strongly selected during both human and natural selection 64. The whole



Page 11/24

sweet potato plant is edible, and both leaves and storage roots attract herbivorous insects, and
pathogenic viruses, fungi and bacteria 65–68. Therefore, plant defense is important to both plant survival
and storage root production in sweet potato. Four well-known plant resistance genes (Xa21, DDS,
Sporamin B, and N-like) were identi�ed as genes carrying signatures of selective sweeps.

As information on domestication-related genes and their genomic and subgenomic distribution continues
to accumulate, new opportunities become available to improve the crop by increasing yields and
development of tailor-made varieties. Clearly, a combination of applied and theoretical approaches
(involving computational and systems biology-based models) will be required to meet the challenges
involved 69. The new knowledge on sweet potato genomics and domestication revealed in this study will
contribute to this goal and aid future breeding and genetic engineering approaches in this important
staple crop.

Methods
Plant materials. Five diploid wild relatives of sweet potato (including three accessions of I. tri�da, one
accession of I. triloba and one accession of I. sp), ten IbT-DNA positive tetraploid wild relatives of sweet
potato (I. batatas 4x) and 23 sweet potato cultivars/landraces were utilized. Among these, sequencing
data from cultivars Taizhong6, Xushu18, Y601, Yuzi263 and Yuzi7 were newly generated in this study. All
other data was downloaded from NCBI, including cultivars Tanzania, Beauregard and 16 cultivars in the
Mwanga diversity panel (MDP) 19. Detailed information on the plant materials is given in Supplementary
Table 1 and Supplementary Fig. 1-4.

 

IbT-DNA detection. The PCR detection of IbT-DNA1 and IbT-DNA2 genes was performed as previously
described in Quispe-Huamanquispe, et al. 17. To estimate the coverage depth of IbT-DNA insertion, the
WGS paired-end reads were aligned to IbT-DNA1 and IbT-DNA2 reference sequence (GenBank: KM052616
and KM052617) using bwa-mem (version 0.7.17) 70 and the coverage depth were calculated with
samtools (version 1.10) 71. The depth ratio was de�ned as the ratio between IbT-DNA depth (Dt) and
genome depth (Dg), to estimate the relative depth of IbT-DNA region compared with the normal genome
region. For simpli�cation, the average depth of F-box gene was used as the genome depth. 
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Variant calling. The WGS paired-end reads were aligned to the reference sweet potato genome
(https://ipomoea-genome.org/download_genome.html) using bwa-mem (version 0.7.17) 70 and sorted by
samtools (version 1.10) 71 with the default parameters. Picard (version 2.23.4) 72 was used to label PCR
duplicates based on the mapping coordinates. Genetic variants including SNPs and INDELs were
detected as diploid using the Genome Analysis Toolkit (GATK, version 4.1.8.1) 73. SNPs were �ltered
using bcftools (version 1.11, http://samtools.github.io/bcftools) with the following parameters: DP>3 &&
QUAL>=30 && F_MISSING<=0.8.

 

Phylogenetic analysis. VCF-kit (version 0.2.8, https://github.com/AndersenLab/VCF-kit) was used to
generate a fasta �le by concatenating all SNPs from the VCF �le. A phylogenetic tree of sweet potato
cultivars/landraces and wild relatives was reconstructed using IQ-TREE (version 1.6.12)74 with 1,000
ultrafast bootstrap replicates. The nucleotide substitution model (GTR+F+I+G4) was selected by IQ-TREE.
The phylogenetic tree was rooted with the diploid wild relatives as outgroup and all accessions were
plotted onto world map using the R package phytools (version 0.7-70) 75. 

 

Haplotype-based phylogenetic analysis. We developed the HPA pipeline to investigate the relationship of
each tetraploid accession to cultivated sweet potato (Supplementary Fig. 6).

 

Haplotyping. The WGS paired-end reads from the sweet potato cultivars and I. batatas 4x were mapped
to the sweet potato reference genome using bwa-mem (version 0.7.17-r1188). Freebayes (version v1.3.1-
17-gaa2ace8) 76 was used to call variants (setting -p 6 for sweet potato and –p 4 for I. batatas 4x).
Ranbow (version 2.0) 77 was used for genome haplotyping. 

 

Phylogenetic analysis. The syntenic haplotype blocks between each sweet potato cultivar and each
tetraploid accession were extracted and �ltered using HPA pipeline. Sequences within each syntenic
haplotype block were aligned by MAFFT78. The UPGMA tree and ML tree for each syntenic haplotype
block were reconstructed independently using MEGA-CC (version 10.1.8) 79,80 and IQ-TREE respectively.
The monophyletic ratio and Nsp-Nwr distance were calculated using HPA pipeline. To increase the
accuracy, only those trees which had the same monophyletic judgement by two tree-building methods
(trees generated based on the same syntenic block by two methods are both monophyletic or both not
monophyletic) were used to calculate monophyletic ratio and Nsp-Nwr distance. The detailed
identi�cation procedures are descripted in the Supplementary Note.
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Gene conversion. The syntenic haplotype blocks that had six haplotypes of sweet potato and four
haplotypes of I. batatas 4x, within gene regions, were extracted to detect gene conversion between
subgenomes. When ignoring the reverse gene conversion, if there is no gene conversion in a speci�c
syntenic haplotype block, the block is expected to have two B1 subgenome haplotypes and four B2

subgenome haplotypes from sweet potato, and four B2 subgenome haplotypes from I. batatas 4x. The
phylogenetic tree should form two clades corresponding to haplotypes of each subgenome. If a gene was
converted between subgenomes, the number of haplotypes and the tree topology is expected to vary.
Gene conversions were identi�ed based on tree topology (Supplementary Fig. 25). The detailed
identi�cation procedures are descripted in the Supplementary Note. The detailed procedures for
determining gene conversion are provided in the Supplementary Note.

 

Population genetic diversity and selective sweep detection. Nucleotide diversity (θπ) and Population
differentiation (FST) were determined for the tetraploid wild relative population (ten accessions of I.

batatas 4x) and the sweet potato population (23 cultivars/landraces) with VCFtools (version 0.1.17) 81

using a 100 kb sliding window with a 10 kb step size. A composite likelihood approach (XP-CLR) was
applied to scan for genome-wide selective sweeps 82 and a python version was employed
(https://github.com/hardingnj/xpclr), with a 100 kb sliding window and a 10 kb step size. We considered
the tetraploid wild relative (I. batatas 4x) population as a reference population and the sweet potato
population a query population to identify the potential evolution/breeding sweeps. To detect selective
sweeps, we calculated the π ratio (π wild relatives /π sweet potato) within the same sliding windows. The
regions that scored in the top 1% of the π ratio, FST or XP-CLR values were de�ned as candidate
domestication sweeps.
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Figure 1

Phylogeny and geographic distribution of the sampled sweet potato cultivars and wild relatives.
Phylogenetic relationships between sweet potato cultivars and landraces, and their diploid and tetraploid
relatives were inferred using the maximum likelihood method. The colored dashed lines link the
phylogenetic position on the tree with the geographic location on the map for each accession. The purple,
blue and green dots denote the basal I. batatas 4x, the Ecuador I. batatas 4x, and the sweet potato
cultivar/landrace lineages, respectively. The grey and white dots mark the diploid relatives. The
accessions with unknown geographic location are not linked to map.
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Figure 2

Relationships between sweet potato cultivars and I. batatas 4x accessions as revealed by HPA. Boxplots
of the monophyletic ratios and the Nsp-Nwr distances of 15 chromosomes among ten I. batatas 4x
accessions. The results achieved by each hexaploid reference (sweet potato cultivar) are presented in one
row.
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Figure 3

Gene conversions between sweet potato subgenomes. a, Model of the genetic origin of sweet potato. B1
subgenome chromosomes are represented in green and B2 subgenome chromosomes in blue. b, Gene
conversion ratios in hexaploid sweet potato cultivars/landraces using accession CIP695141 as reference.
B1 – B2, gene conversion events from the B1 to the B2 subgenome. B2 - B1, conversion events from B2 to
B1 subgenome. Others, other scenarios, including no conversion and scenarios that could not be
resolved. c-e, Examples of tree topologies under the scenarios of no conversion (c), B1 to B2 gene
conversion (d), and B2 to B1 gene conversion (e). The B1 subgenome is shown in green and the B2
subgenome in blue. SP, sweet potato. WR, I. batatas 4x.
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Figure 4

Pro�ling of the selective sweeps during sweet potato speciation and domestication. Selective sweep
regions identi�ed by (a) the greatest reduction in nucleotide diversity (π ratio, π wild relative/π sweet
potato), (b) population differentiation (Fst) between wild relatives and sweet potato cultivars, and (c)
cross-population composite likelihood ratio (XP-CLR) between wild relatives and sweet potato cultivars.
Dashed lines indicate the regions that scored in the top 1% of the π ratio, Fst and XP-CLR values. Grey
vertical bars show the positions of candidate genes related to domestication traits. wr, wild relative (refers
to I. batatas 4x). sp, sweet potato.
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