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With a consistent global annual production of more than 
100 million tons, as recorded between 1965 and 2014 
(Food and Agriculture Organization of the United 

Nations)1, the sweet potato, I. batatas, is an important source of 
calories, proteins, vitamins and minerals for humanity. It is the sev-
enth most important crop in the world and the fourth most sig-
nificant crop of China. In periods of shortages of basic cereal foods,  
I. batatas frequently served as the main food source for many 
Chinese people. It rescued millions of lives during and up to 3 years 
after the Great Chinese Famine in the 1960s and was subsequently 
raised as a main guarantor of food security in China.

Although the sweet potato is an outstanding crop, its genome 
has not yet been sequenced. The reason, at least in part, is that the 
genome has proved very difficult to assemble, being hexaploid 
(2n =​ 6x =​ 90) and highly polymorphic; with a base chromosome 
number of 15 and a genome size of about 4.4 Gb, as estimated from 
its measured C-value (half the amount of DNA contained within a 
somatic cell of sweet potato)2. Sweet potato has a composition of two 
B1 and four B2 component genomes (B1B1B2B2B2B2), as predicted by 
genetic linkage studies using random amplified polymorphic DNA 
and amplified fragment length polymorphism markers3,4. The 
degree of homology, however, could not be estimated with accu-
racy since its genomic components are still poorly characterized. 
Recently, the genome survey sequencing of Ipomoea trifida, the 
most probable diploid wild relative of I. batatas, has been reported5. 
Unfortunately, the current version of the I. trifida genome cannot 

serve as an adequate reference sequence for I. batatas because of 
its low N50 length statistics and even more because of the high 
abundance of gaps in the assembly, estimated at more than 30%. 
This example also points out the problems inherent in the usual 
circuitous tactics employed in polyploid genome sequencing proj-
ects, which always begin with simpler diploid relatives and assume 
no chromosomal structure variation between polyploidy and dip-
loid wild relatives. For example, sequencing of the autotetraploid 
potato (Solanum tuberosum) employed a homozygous doubled-
monoploid potato6. Allotetraploid Upland cotton (Gossypium hirsu-
tumdi, AADD)7 began with diploid Gossypium raimondii (DD)8 and 
Gossypium arboreum (AA)9. Comparably, the sequencing of allo-
hexaploid bread wheat (Triticum aestivum, AABBDD) was initiated 
by sequencing the genomes of Triticum urartu (AA)10 and Aegilops 
tauschii (DD)11 but is still struggling with the precise sequencing 
of isolated chromosome arms12,13. All in all, a more cost-effective 
strategy and one that promises more efficient output for the direct 
sequencing of complex polyploid genomes is needed, especially for 
plant scientists, since polyploidy is a frequent and naturally occur-
ring state in plants. Although the full genetic implications of poly-
ploidization are still obscure, it is clear that this state provides an 
important pathway for plant evolution and specialization. For the 
plant genome investigator, however, decoding polyploidy genome 
remains a major problem.

More specifically, de novo assembly of polyploid genomes remains 
a critical unsolved technical problem. The high heterozygosity  
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that comes from the presence of three or more copies of the 
monoploid genome will always hinder the genome assembly pro-
cess, even with state-of-the-art assembly tools such as Platanus14, 
MaSuRCA15 and SOAPdenovo216. The reason being that genome 
assembly focuses on the vast majority of bases that are invariant 
across homologous chromosomes; since these invariant regions 
are intermittent along the whole chromosome, the result is frag-
mentation in polyploid assembly. To address this problem, one can 
separately sequence each chromosome using isolated chromosome 
arms as reported in the wheat genome project12,13. The chromo-
some isolation technique, however, is tedious and has a long way 
to go before it can become routine. Nevertheless, this strategy has 
inspired bioinformaticians to develop new tools for assembling 
each pair of homologous chromosomes separately. In contrast, with 
genome assembly, the haplotyping process pays more attention to 
DNA sequence differences among homologous chromosomes. 
The integration of genome assembly methods and haplotyping 
offers us a panoramic view of all the homologous chromosomes. 
Haplotyping itself, however, poses its own challenges. For example, 
the haplotyping of the human individual genome relies mainly on 
fosmid-based sequencing which is costly and time consuming17,18. 
Since the distance of the adjacent variant positions between paternal 
and maternal chromosomes in humans is normally in the kilobase 
range19, it is beyond the capacity of current cost-effective sequenc-
ing platforms to cover at least two variant positions in most cases. 
Nevertheless, human haplotyping studies have already indicated 
that genome assembly and accurate haplotyping are tightly linked18. 
Unfortunately, the computational phasing problem in polyploidy 
is considerably harder than for a diploid organism because in the 
polyploid case one cannot make inferences about the ‘other’ haplo-
type once one has seen the first.

Our initial sequencing of the I. batatas genome revealed that 
the distance between adjacent polymorphic sites is roughly one-
tenth of the distance in the human genome. Based on previous 
statistics, there are approximately 14 million polymorphic sites in 
the estimated 700~800 Mb monoploid genome of I. batatas. This 
means that, on average, one read (100~150 bp length) from Illumina 
sequencing will cover two or three polymorphic sites. This density 
of such sites should permit phasing the I. batatas genome, employ-
ing cost-effective Illumina sequencing with paired-end libraries. 
The high heterozygosity of I. batatas makes genome assembly more 
challenging, but it simultaneously makes haplotyping easier.

Here we report the development of computational tools to derive 
a genomic sequence from a polyploid species and its genome that is 
phased to a large degree. The haplotype-resolved de novo assembly 
of the I. batatas genome was generated entirely based on Illumina 
sequencing data. The final ~836 Mb assembly has a scaffold N50 of 
~201 kb (Table 1). The entire number of scaffolds was 35,919 and their 
lengths varied from 392 to 1,335,955 bp. Using gene and sequence 
synteny between I. batatas and Ipomoea nil, 75.7% of the current 
assembly has been anchored on 15 pseudochromosomes (Fig.  1). 
In total, 49,063 genes with 78,781 gene models were extracted from 
the genome. Furthermore, this compressed monoploid genome was 
phased into six haplotypes in 644,810 regions. Using phylogenetic 
analysis of these haplotypes, a hypothesis on the origin of modern 
cultivated I. batatas could be proposed and examined. In addition, 
the availability of the haplotype-resolved genome allowed to trace 
back its hexaploidization process and permitted the estimation of 
the times of two recent whole genome duplication events; these were 
placed at approximately 0.8 and 0.5 million years ago.

Results
Sequencing data generation. A newly bred carotenoid-rich cul-
tivar of I. batatas, Taizhong6 (China national accession number 
2013003), was used for genome sequencing (Supplementary Fig. 1). 
During the genome survey stage, three sequencing libraries were 

constructed and sequenced on Hiseq2500 and GS FLX +​ platforms 
(Supplementary Table 1, A500, A1kb and A454). After a preliminary 
genome assembly and read mapping for variant calling, the require-
ment for haplotyping of hexaploid I. batatas was estimated to be at 
least 40-fold monoploid genome coverage (Supplementary Fig. 2). 
A new library was sequenced on the Nextseq500 platform to meet 
the estimated data requirement (Supplementary Table  1, L500). 
Additional gel-free mate pair and 20k mate pair libraries were also 
sequenced to improve scaffolding (Supplementary Table 1, MP and 
AMP). The insert size distributions of these paired-end libraries are 
shown in Supplementary Fig. 3.

Initial assembly of consensus genome. A heterozygosity-tolerant 
assembly pipeline, combining de Bruijn20 and OLC21 (overlap layout 
consensus) graph strategies, was employed to carry out the hexaploid 
genome assembly of I. batatas, using error corrected Illumina reads 
(see Methods). A total length of ~870 Mb, mainly representing the 
monoploid genome, was assembled using this pipeline, with the larg-
est scaffold being 3.7 Mb (corresponding to a completely assembled 
endophyte Bacillus pumilus genome). The second largest scaffold, 
which harbours 54 genes, was 581 kb (and contained 133 contigs). 
The N50 of all scaffolds was ~60 kb with a 5,649 bp contig N50. The 
total number of scaffolds was 79,089 and their length varied between 
312 and 3,723,026 bp. There were 3,796 scaffolds longer than 60 kb. 
Besides scaffolds, there were 991,314 contigs with a total length of 
~436 Mb. Among these, 92,790 contigs were longer than 1 kb har-
bouring a total of 175,679,534 bp. These contigs mainly reflected het-
erozygosity of the hexaploid genome since 97.35% contigs have been 
mapped back to scaffolds and one third of these contigs were found 
to match at full length, despite many single nucleotide mismatches or 
small indels, as shown in Supplementary Fig. 4.

We identified redundancy in the assembly based on exhaus-
tive comparisons among scaffolds. When one scaffold was already 
covered by another longer scaffold with more than 85% sequence 
identity and more than 85% sequence length, the shorter one was 
removed. The largest scaffold in the preliminary assembly, the endo-
phyte Bacillus pumilus genome, was also excluded for further analy-
sis. After these procedures, there were 61,118 remaining scaffolds, 
of total length 822,598,598 bp, with 64,561 bp N50. Then these scaf-
folds were connected using 20 kb mate-pair library by Platanus. The 
N50 of all scaffolds after Platanus scaffolding was ~142 kb. The total 
number of scaffolds was 57,051 and their length varied between 392 
and 1,152,062 bp. We call this version the ‘preliminary assembly’.

Variant calling. All the Illumina raw reads were mapped back to 
all scaffolds of the preliminary assembly (Table 1). After removing 
the PCR duplicates, there were 1,725,677,696 mapped reads in the 
final bam file for variant calling using freebayes22. In total, there 

Table 1 | Summary of assemblies

Assemblies Total 
number

Total length 
(bp)

Gap 
(%)

N50 (bp)

Preliminary assembly 
scaffolds

57,051 831,919,670 11.5 142,474

Preliminary assembly 
unplaced contigs

991,314 435,867,107 0 708

Haplotype-improved 
assembly scaffolds

35,919 836,316,092 12.0 200,728

Haplotype-improved 
assembly unplaced 
contigs

41,487 13,861,310 0 480

Anchored scaffolds 7,470 633,423,954 13.1 41,911,220*
*N50 of 15 pseudochromosomes.
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were 14,342,083 variations, consisting mainly of single nucleotide 
polymorphisms but also indels, across the 831,919,670 bp assembly. 
Most of the variant positions harboured two possible alleles (Fig. 2a). 
We observed, on average, one polymorphic site every ~58 bp and a 
median distance of 20 bp between polymorphic sites. The distance 
distribution peaked at 6 bp and only 7% (1,004,917/14,285,053) of 
observed distances are longer than 150 bp (Fig. 2b). These findings 
confirmed our earlier conclusion that the I. batatas genome is very 
heterozygous and formed the basis for phasing haplotypes using 
100–150 bp Illumina reads. A high correlation (r =​ 0.975) was found 
between number of variations and scaffold length (Supplementary 
Fig. 5), which increases our chances for phasing the scaffolds.

Phasing of haplotypes. For phasing, we developed an algorithm 
that assigns reads in a seed region of polymorphic sites to six pre-
sumptive haplotypes. For example, three polymorphic sites with 
two alleles each would give rise to eight combinations. Sequencing 
errors, however, could artificially inflate the number of hypoth-
esized haplotypes. Thus, we looked for six haplotypes that have 
the most support in terms of sequencing reads (see Methods and 
Fig. 3). Haplotypes can be identified from combinations of alleles 
over many polymorphic sites that are connected in a read. Our algo-
rithm looks for combinations of two, three and four polymorphic 
sites. These phased regions were then extended continuously by 
searching for elongation of individual haplotypes. Finally, 542,361 
regions were found and ~30% of the genome was phased into six 
haplotypes. These haplotypes could be further extended by con-
necting paired-end reads. Some of the paired-end reads map to 

haplotypes within one scaffold, and other paired-end reads connect 
haplotypes from different scaffolds because of better matching to 
the phased sequence. These connections are used for the haplotype-
improved assembly.

Haplotype-improved assembly. All the Illumina raw reads were 
subsequently mapped against haplotype sequences generated by the 
phasing step. Only perfectly matched paired-end reads were con-
sidered as haplotype connections. The interscaffold and intrascaf-
fold connections were separated for haplotype-based scaffolding 
and haplotype elongation, respectively. Gap sizes between con-
nected scaffolds were estimated and super scaffolds were generated 
by SSPACE23 resulting in haplotype-improved assembly. The final 
assembly N50 of this consensus genome was ~201 kb (Table 1). The 
total number of scaffolds was 35,919 and lengths varied between 
392 and 1,335,955 bp. When the contigs in the preliminary assembly 
were mapped against the haplotype-improved assembly, one-third 
of these contigs could be mapped back at full length though allow-
ing for a fairly large number of mismatches. These contigs prob-
ably comprise several particular haplotypes (Supplementary Fig. 6). 
Using a similar scenario for removing redundancy in scaffolds, 
there were 41,487 remaining contigs, with a total length of ~14 Mb 
(Table  1). There were 7,470 scaffolds in the haplotype-improved 
assembly with five or more genes, accounting for 75.7% of the total 
length of all scaffolds, which could be anchored to 15 pseudochro-
mosomes according to the gene and sequence synteny between our 
assembly and the newly released genome of I. nil24. The 15 pseu-
dochromosomes with the remaining scaffolds served as our final 
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assembly, which we annotated, used for final phasing of haplotypes, 
and from which we traced the hexaploidization of the I. batatas 
genome (Fig. 1).

Genome annotation and cDNA validation. After six transcrip-
tome data sets were mapped to the final assembly, 78,781 gene mod-
els from 49,063 gene loci were extracted and revised by StringTie25 
and TACO26, respectively. To validate the predicted gene models 
from transcriptome data, 10,063 expressed sequence tags (ESTs) 
were generated by Sanger sequencing. These sequences were then 
mapped to the genome. Of these, 9,425 were located correctly and 
found to have corresponding predicted gene models. The functional 
annotations of predicted genes were obtained by homologous pro-
tein sequence searching in the public databases Uniprot (http://
www.uniprot.org/) and NCBI protein database (https://www.ncbi.
nlm.nih.gov/). RepeatModeler27 was employed to identify repeat 
sequences in the present genome. The repeat sequence classifica-
tions are summarized in Table  2. The horizontally transferred 
T-DNAs reported by Kyndt et al.28 were also investigated in the cur-
rent genome. We found multiple copies of these T-DNAs suggesting 
that the horizontal gene transfer event has happened before hexa-
ploidization of I. batatas (T-DNA1, NCBI accession KM052616, hit 
scaffold14997; and T-DNA2, NCBI accession KM052617 have been 
located in pusedochromosome 7).

Gene cluster identification. The discovery of operon-like gene clus-
ters in plant genomes has prompted attempts to decode the regu-
latory mechanism in plant specialized compound biosynthesis29. 
Gene clusters of paralogous genes have been identified in a wide 
range of species including maize, lotus, cassava, sorghum, poppy, 
tomato, potato, rice, oat and Arabidopsis30,31. In the I. batatas genome, 

we identify four clusters of six or seven genes for alkaloids (Fig. 4, 
GC002, GC006, GC014 and GC024), three six-to-eight gene clusters 
for terpenes (Fig. 4, GC001, GC005 and GC031), and a six-gene clus-
ter for cellulose (Fig. 4, GC028) by searching orthologous genes using 
Exonerate32. In addition to the gene clusters shown in Fig. 4, there 
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Table 2 | Summary of repeat sequence identification

Type of  
elements

Number of 
elements

Length 
occupied (bp)

Percentage  
of genome*

LTR 213,439 92,066,503 10.987

DNA elements 256,260 50,863,135 6.070

LINE 40,146 20,814,265 2.484

Simple repeat 324,390 14,578,880 1.740

RC/Helitron 12,067 5,610,834 0.670

Low complexity 45,912 2,324,352 0.277

SINE 4,168 618,723 0.074

rRNA 322 97,450 0.012

Satellite 456 33,443 0.004

snRNA 219 29,584 0.004

Unknown 985,978 195,232,724 23.299

Total 1,883,357 382,269,893 45.619
*Scaffolds and unplaced contigs were taken as input sequences of RepeatModeler. LTR, long 
terminal repeat; LINE, long interspersed nuclear element; RC, rolling-circle transposable element; 
SINE, short interspersed element; snRNA, small nuclear RNA.
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were 68 more gene clusters found in the current genome assembly 
(Supplementary Table 2). The results indicate that pathway regulation 
via clustered genes is commonly used in the genus Ipomoea. Although 
all the orthologous genes found here are based on protein sequence 
similarity, their biological functions are not necessarily the same as 
those reported for similar gene clusters in other species. Nevertheless, 
the identified gene clusters in I. batatas open up possibilities for 
investigating metabolic regulatory mechanisms in this plant.

Updating and validation of haplotypes. Based on the final assem-
bly, we applied our phasing procedure a second time and phased 
644,810 regions into 1,928,359,400 bp haplotype sequences. Thus, 
the new assembly leads to extended haplotypes in 18.9% more 
regions and a 29.5% improvement of total length. We validated these 
final haplotypes using a set of Roche 454 reads (Supplementary 
Table  1, A454) that had been produced earlier but which had  
not been utilized for assembly or phasing. The reads are on the 
order of 1000 bp long and can thus serve to identify errors in  
the haplotype reconstruction. A large fraction of these 454 reads 
display haplotypes that have been correctly reconstructed by our 
short-read based methodology. More than 60% of overlaps between 
haplotypes and 454 reads are identical at variant loci. The longest 
reconstructed haplotype contained 92 polymorphic sites without 
any mismatch indicated by 454 reads. There may be many longer 

perfectly reconstructed haplotypes that remain undetected because 
of the limited 454 read length (Supplementary Fig. 7).

Variant updating in phased regions. Variants from freebayes have 
been updated according to phased haplotypes. When all six hap-
lotypes covered the specific variant position, our method distin-
guishes two possible situations: (1) the six haplotypes indicate the 
same variant, and (2) some haplotypes indicate different variants. 
Situation (1) indicates an error in variant calling and we remove 
the variant position from the original VCF file. For situation (2), 
our method ranks alleles based on the number of supporting hap-
lotypes. Then the first rank is picked as the reference allele and the 
rests are considered as the alternative ones. Using this strategy, we 
removed 115,228 variant positions and updated 1,514,176 variant 
positions to generate the final VCF file.

The phased haplotypes in protein coding region also allowed us 
to evaluate the impact of variants. We focused on the frame shift 
events, identifying 172,830 events across 34,691 putative transcripts 
(Fig. 1, yellow circle). Furthermore, when all haplotype sequences 
were mapped back to the diploid I. trifida consensus genome, we 
could identify the conserved ancient variants and haplotypes that 
are shared between this hexaploid organism and its diploid pre-
genitors. This also led us to check the phylogenetic relationship of 
phased haplotypes.

GC001 Chr14:48979328–48938329 terpenes

GC002 Chr3:18610215–18558215 alkaloids

GC005 Chr13:15915774–15984499 terpenes

GC006 Chr12:46856370–46952845 alkaloids

GC014 Chr6:1670511–1820511 alkaloids

GC024 Chr10:525809–465744 alkaloids

GC031 Chr3:32221213–32270415 terpenes

GC028 sca�old502 | size320645:285038–301539 cellulose

Fig. 4 | Identified gene clusters in present I. batatas genome. Blue bars indicate the gene structure, the exon as box and the intron as line. The red 
boxes indicate genes from a cluster and the grey boxes indicate unrelated genes. The best hit genes of GC001 are ZmBx4, AtMRO, AtMRO, PsCYP82 ×​ 2, 
SbCYP71E, AtMRO, SlP450-1 and SbCYP71E; the best hit gene of GC002 is SlGAME7; the best hit genes for GC005 are ZmBx5, PsCYP82Y1, OsCYP76M5, 
LjCYP71D11, PsCYP82 ×​ 2 and LjCYP736A2; the best hit genes for GC006 are PsCYP82 ×​ 1, PsCYP82 ×​ 2, OsCYP71Z6, ZmBx4, LjCYP79D4 and PsCYP82 ×​ 2; the 
best hit genes for GC014 are PsCXE1, PsCXE1, PsCXE1, SlGAME3, StSGT1 and MeUGT85K4; the best hit genes for GC024 are SlGAME11, SlGAME7, SlGAME7, 
SlGAME3, SlGAME3 and SlGAME3; the best hit gene of GC028 is StCeSy; the best hit genes for GC031 are MeCYP71E, OsCYP71Z7, OsCYP99A2, SlP450-1, 
OsCYP71Z6 and SlP450-1. All the detailed gene cluster information can be found in Supplementary Table 2.
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Phylogenetic analysis of homologous chromosome regions. 
Phylogenetic analysis was applied to the final haplotype-resolved 
genome. All the regions phased into six haplotypes were used for 
constructing UPGMA (unweighted pair group method with arith-
metic mean) trees with the MEGA-Computing Core33. We gener-
ated 644,360 phylogenetic trees and determined the distribution of 
their topologies over the six possibilities, explaining the evolution of 
six haplotypes. Note that between any two such trees we do not iden-
tify the sequences, but rather focus on the branching pattern alone. 
We denote the topologies as annotated in Supplementary Fig.  8. 
The branching pattern of two haplotypes versus four haplotypes 
is the stable majority class with or without consideration of repeti-
tive sequences. Furthermore, among the four-haplotype subgroup, 
the division two versus two dominates (Supplementary Fig. 8). The 
average branch length of these 2:4–2:2 trees were obtained and a 
consensus tree was constructed (Fig.  5a). These results suggest 
two whole-genome duplication (WGD) events in I. batatas hexa-
ploidization history together with a further diversification of the B2 
subgenome (Fig.  5b). Assuming a 0.7% mutation rate (base pairs 
per million years34) the tetraploid progenitor of I. batatas was pro-
duced by the first WGD event estimated at 0.8 million years ago. 
The origin of modern cultivated I. batatas would then have been the 
result of an initial crossing between this tetraploid progenitor and 
a diploid progenitor, followed by the second WGD event occurring 
about 0.5 million years ago. The most probable diploid progenitor 
of I. batatas is also the most likely ancestor of modern Ipomoea tri-
fida, although the tetraploid progenitor is still unknown. It might be 
identified, however, by a genome survey of the genomes of modern 
tetraploid species in Ipomoea genus.

Discussion
Here, we have reported the generation of sequencing data and the 
development of the necessary algorithms to compute long haplo-
type segments for the I. batatas genome. Based on an initial assem-
bly and phasing, the computational process was repeated, yielding 
an improved assembly. In principle, haplotype phasing and haplo-
type-aided assembly can be iterated further to improve both results. 
In the present work, we only updated haplotypes based on the final 
assembly and observed remarkable improvements in terms of more 
phased regions and longer haplotype length. Paired-end reads have 
been employed to extend haplotypes both within and across assem-
bly scaffolds. Overall, high-quality assembly and phasing can now 
be achieved with a comparatively low investment in sequencing 

(two runs on a HiSeq2500, two runs on a NextSeq500 and one run 
on a Hiseq4000; see Supplementary Table 1) but increased compu-
tational effort, both in terms of algorithm development and sheer 
computational power.

Based on the gene synteny between the haplotype-improved 
assembly and the I. nil genome24, we generated 15 pseudochro-
mosomes of I. batatas. Although the precise reconstruction of 
entire chromosomes is not possible using this methodology and is 
reserved for alternative approaches including long-read sequencing 
technologies, many evolutionary questions regarding the ancestry 
of polyploid organisms can now be tackled using the methodolo-
gies we have developed. For the I. batatas genome, we have shown, 
based on the available haplotype alignments, that the majority of 
computed phylogenetic trees groups two haplotypes versus four, 
the latter being in turn symmetrically grouped into two and two. 
The presence of the other, less supported phylogenetic groupings 
may indicate a high recombination rate between B1 and B2 subge-
nomes. Although the different haplotype alignments obtained by 
our data and analysis do not allow identification of the full set of 
chromosomal connections among the segments, this phylogenetic 
pattern dominates. It is in agreement with a scenario in which mod-
ern cultivated I. batatas originated from a cross between a diploid 
progenitor and a tetraploid progenitor, followed by a whole-genome 
duplication event. The precise timing of these evolutionary events, 
however, relies on an estimation of the average mutation rate which 
remains somewhat uncertain. Nevertheless, we have demonstrated 
the power of phylogenetic analysis of the haplotypes derived by our 
approach in the reconstruction of the hexaploidization history of 
I. batatas. When applied to the polyploidization of plants in gen-
eral, phylogenetic analysis based on haplotype reconstruction could 
prove to be the most reliable way to study the origin of each set of 
chromosomes in complex polyploid organisms.

Our seed-based computational approach has thus proven suc-
cessful on this very heterozygous genome, even with only short 
sequencing reads. This half haplotype-resolved hexaploid genome 
represents the first successful attempt to investigate the complex-
ity of chromosome sequence composition directly in a polyploid 
genome using sequencing of the polyploid organism itself rather 
than any of its simplified proxy relatives. Adaptation and application 
of our approach should provide higher resolution in future genomic 
structure investigations, especially for similarly complex genomes. 
The approach presented here has a high degree of flexibility, which 
can be employed with many kinds of sequencing technologies and 
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is ready to use for haplotyping tasks in a wide range of research 
programmes. With the availability of longer reads in the future, 
the same computational philosophy should be applicable for phas-
ing of genome segments in other polyploid organisms, even when 
the density of polymorphic sites is lower. Given the importance of  
I. batatas as a crop species, a resolved genome will be of prime impor-
tance for improving yield security and nutritional quality via gene 
or genome engineering. Such avenues are now open for, on the one 
hand, rendering the plant more stress tolerant and disease resistant, 
classical goals of plant breeding, but, on the other hand, for better 
understanding the metabolic capacities of this species in allowing 
effective biofortification as has recently been demonstrated in cas-
sava35. We believe, therefore, that the methodology presented in this 
paper additionally presents an important advance in the genomic 
analysis of polyploid organisms. Meanwhile, the haplotype-resolved 
genome sequence of sweet potato is the beginning of the precise 
genome manipulation era for this untapped human food resource.

Methods
Genome sequencing and assembly. A newly bred carotenoid rich cultivar  
of sweet potato (I. batatas), Taizhong6, whose China national accession number is 
2013003, was selected as the target cultivar. Total genomic DNA was isolated from 
in vitro cultured plants following the method described by Kim and Hamada36. 
In total, six sequencing libraries were constructed and sequenced on Hiseq2500, 
Nextseq500, Hiseq4000 and GS FLX +​ platforms (Supplementary Table 1, A500, 
A1kb, L500, MP, AMP and A454) according to the manufacturer’s instructions 
(Illumina, Inc. and Roche Applied Science), respectively.

The main steps of consensus genome assembly were as follows:
a) � Read-correction of all Illumina data using the BFC package (https://github.

com/lh3/bfc).
b) � Assembling all short reads by IDBA-UD with –mink 100 –maxk 151 –step 23.
c) � Further assembling the IDBA outputs by a long read assembler  

(Newbler 3.0).
d) � Two scaffolding runs using the Platanus scaffolder on Newbler 3.0 output.
e) � Gap closing using all corrected Illumina reads (Platanus GapCloser).
f) � Remove redundancy in preliminary assembly scaffolds.
g) � Platanus scaffolding using 20 kb insertion library.
Detailed information on the pipeline presented in this paper can be found in 

the Supplementary Information.

Haplotyping algorithm and pipeline. All the Illumina raw reads were mapped 
back to all scaffolds using BWA (Version 0.7.12-r1039). PCR amplification 
duplicates were removed via Samtools (version 0.1.19-44428 cd). Freebayes (version 
0.9.14-19-g8a407cf) was employed for variant calling in the hexaploid genome.

For haplotyping, our method takes FASTA, BAM and VCF formatted files 
as inputs. We based the reconstruction on seed regions, which are small sets of 
polymorphic sites. For example, three polymorphic sites with two alleles each 
would allow up to 2 ×​ 2 ×​ 2 =​ 8 haplotypes. Only a subset of those will be supported 
by reads. The algorithm searches for all possible seed regions containing six or 
more sequence patterns. Seeds, however, can be interleaved. Haplotypes in a seed 
region are sorted by the number of their supporting reads. Different seed regions 
are sorted according to the number of supporting reads for the sixth-most strongly 
supported haplotype, because we expect six haplotypes.

The following steps were done iteratively on each seed region from the sorted 
seed list. The six most supported sequence patterns in each seed region were 
considered to be the six haplotype cores. Then, each haplotype was built up on 
each core according to the supporting reads for that sequence pattern (Fig. 3).  
The haplotypes were extended via uniquely matched reads. A uniquely matched 
read is a read that matches exactly one of the six haplotypes while being distinct 
from the other haplotypes in the seed region. Chaining haplotypes through 
uniquely matched reads produced six haplotypes in an extended seed region 
(Supplementary Fig. 9a,b).

Then the adjacent overlapping seed regions were merged (Supplementary 
Fig. 9c). One haplotype in a seed region was merged to a haplotype in the  
adjacent seed region if they shared a uniquely matching read with each other. 
Thereafter, we utilized paired-end reads to connect the haplotypes obtained  
so far. All the Illumina raw reads were mapped back to the phased haplotypes.  
Only perfectly matched paired-end reads were considered as haplotype 
connections. The innerscaffold haplotyping exploited the paired-end reads within 
one scaffold. The algorithm started with the highest supported connection and 
merged it as a new haplotype. Possible conflicts were checked and avoided in this 
step. A conflict occurred when two haplotypes in one seed region were connected 
via a path through the haplotypes in other seed regions. Paired-end reads were 
further utilized for interscaffold connection to elongate and merge the haplotype 
from different scaffolds. The haplotyping method utilizes parallel computation in 
order to speed up the analysis.

Haplotype evaluation using 454 reads. To evaluate the haplotyping accuracy,  
we used a set of 454 (Supplementary Table 1, A454) reads that had been  
produced earlier but were not utilized for assembly or phasing. Each 454 read  
can be considered as a short DNA fragment from one chromosome, except for 
some chimeric reads in rare cases. Roche 454-trimmed reads were mapped  
against genome assembly. Only the polymorphic sites indicated by variant  
calling were extracted and their overlaps with haplotypes were evaluated.  
The ‘match’ and ‘mismatch’ sites of each overlap were recorded for further  
analysis and visualization.

Haplotype-improved assembly and variant correction. A python script was 
employed to convert all interscaffold connection information into SSPACE tab 
format. Exhaustive comparisons among scaffolds using blast were employed to 
identify and remove redundancy in scaffolds. If one scaffold was already covered 
by another longer scaffold with more than 85% sequence identity and more than 
85% sequence overlap, the shorter one was removed. Additional manual checking 
of long candidates (>​10 kb) via Circos visualization was also included. Finally, the 
non-redundant scaffold sequences without the endophyte Bacillus pumilus genome 
were employed as input for scaffolding.

We refined variants according to phased haplotypes. There are three 
possibilities for one phased variant: (1) all six haplotypes covered the variant,  
(2) some of the haplotypes covered the variant and (3) the variant was located 
outside of haplotype blocks. There was insufficient information to update alleles 
in the second and third categories. Our method distinguished the first group from 
the other two and categorizes its members in the following subgroups: (1) all alleles 
are the same and (2) the alleles are different. The first subgroup was put aside as an 
error in variant calling, which meant that there was insufficient support to consider 
this position as a variant position. We therefore removed the variant calling result 
of this position from the original VCF file. For the second group, our method 
ranked alleles firstly based on the number of supporting haplotypes, secondly 
according to the number of supporting reads. Then the first allele was picked as a 
reference allele and the rest were considered as alternative alleles.

Genome annotation. Six transcriptome data sets from four previous studies37–40 
and two additional RNA-seq experiments were mapped on the current genome 
using HISAT2 and HISAT41. These transcriptome data represented different plant 
tissues such as leaves, petioles, stems and roots from different developmental 
stages. All gene models were extracted by StringTie25. A consensus transcriptome 
was generated by TACO26. The obtained transcripts were further annotated using 
homologous protein searching in the public databases NCBI and Uniprot.

RepeatMasker (Version open-4.0.5) was used to mask and classify repeat 
sequences in the genome. RepeatModeler (Version 1.0.8)27 was employed to 
identify novel repeat sequences.

Phylogenetic analysis. A python script was developed to extract alignments 
from all phased regions. MEGA-Computing Core33 was utilized to compute all 
the phylogenetic trees of extracted alignments on a computer farm. Trees were 
classified into groups based on their topology structures and average haplotype 
lengths in these groups were compared. The dominant tree structure was selected 
and a consensus tree with average branch lengths was obtained.

Data and code accessibility. The I. batatas genome sequence, including 
pseudochromosomes and unanchored scaffolds, haplotype-resolved regions,  
and unplaced contigs, are publicly available at the sweet potato genome browser 
http://public-genomes-ngs.molgen.mpg.de/SweetPotato/ and Ipomoea  
Genome Hub http://www.ipomoea-genome.org/. Two transcriptome data  
sets and one sequenced cDNA library are also available for download. cDNA  
clone delivery is also possible upon request. The assemblies and the WGS raw  
data have been deposited with European Nucleotide Archive (ENA) under  
project number PRJEB14638 and National Center for Biotechnology Information 
(NCBI) under project number PRJNA301667. The Ranbow program, the 
implementation of the described algorithm, is available from https://www.molgen.
mpg.de/ranbow.
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