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Leveraging a phased pangenome for 
haplotype design of hybrid potato

Lin Cheng1,2,14, Nan Wang1,3,14, Zhigui Bao1,4,14, Qian Zhou5, Andrea Guarracino6, Yuting Yang1, 
Pei Wang1, Zhiyang Zhang1, Dié Tang1,7, Pingxian Zhang1, Yaoyao Wu1,8, Yao Zhou1,9, Yi Zheng1, 
Yong Hu1, Qun Lian1, Zhaoxu Ma1, Ludivine Lassois2, Chunzhi Zhang1, William J. Lucas10, 
Erik Garrison6, Nils Stein11,12, Thomas Städler13, Yongfeng Zhou1,3 & Sanwen Huang1,3 ✉

The tetraploid genome and clonal propagation of the cultivated potato (Solanum 
tuberosum L.)1,2 dictate a slow, non-accumulative breeding mode of the most 
important tuber crop. Transitioning potato breeding to a seed-propagated hybrid 
system based on diploid inbred lines has the potential to greatly accelerate its 
improvement3. Crucially, the development of inbred lines is impeded by manifold 
deleterious variants; explaining their nature and finding ways to eliminate them is  
the current focus of hybrid potato research4–10. However, most published diploid 
potato genomes are unphased, concealing crucial information on haplotype diversity 
and heterozygosity11–13. Here we develop a phased potato pangenome graph of 60 
haplotypes from cultivated diploids and the ancestral wild species, and find evidence 
for the prevalence of transposable elements in generating structural variants. 
Compared with the linear reference, the graph pangenome represents a broader 
diversity (3,076 Mb versus 742 Mb). Notably, we observe enhanced heterozygosity in 
cultivated diploids compared with wild ones (14.0% versus 9.5%), indicating extensive 
hybridization during potato domestication. Using conservative criteria, we identify 
19,625 putatively deleterious structural variants (dSVs) and reveal a biased 
accumulation of deleterious single nucleotide polymorphisms (dSNPs) around dSVs 
in coupling phase. Based on the graph pangenome, we computationally design ideal 
potato haplotypes with minimal dSNPs and dSVs. These advances provide critical 
insights into the genomic basis of clonal propagation and will guide breeders to 
develop a suite of promising inbred lines.

Potato (S. tuberosum L.) is the most important tuber crop, feeding 
around 1.3 billion people annually in more than 120 countries1. Recent 
studies have decoded the genomes of monoploid, diploid and tetra-
ploid potatoes, resolved self-incompatibility and dissected the genetic 
basis of inbreeding depression4–15. These efforts have led to the devel-
opment of a first generation of highly homozygous inbred lines and 
subsequently, the first uniform hybrid as a proof-of-concept3, dem-
onstrating the potential of genome design for revolutionizing potato 
breeding towards a fast, iterative mode.

A central focus of hybrid potato breeding programmes is develop-
ment of a better understanding of deleterious variants4–10, which com-
promise growth and overall fitness9. dSNPs have been widely studied 
in many species such as humans, dogs and rice16–18. Structural variants 

(SVs), however, are expected to affect more genomic regions and are 
more likely to have stronger effects on fitness than SNPs; nonethe-
less, dSVs have rarely been studied. Phenotype-based selection is 
neither efficient nor accurate in purging deleterious variants closely 
linked in repulsion phase in diploid potatoes5. Haplotype-based selec-
tion based on in-depth understanding of deleterious variants and 
knowledge-guided recombination strategies are essential for inte-
grating superior genomic fragments from different donors, paving the 
way for the eventual development of ideal potato haplotypes (IPHs).

Thus far, our knowledge of haplotype diversity in potatoes is limited. 
Only a few genomes have been published and most diploid potatoes 
are assembled into a single chimeric haploid genome, with only a few 
examples of haplotype-resolved assemblies11–13. Collapsed assemblies 
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of two haplotypes from diploid genomes lose valuable information on 
haplotype diversity and the phase state, introducing multiple types 
of errors, including switch errors, false duplications and nucleotide 
consensus errors19,20. Haplotype-resolved assemblies provide a more 
accurate representation of genetic diversity and promise to become 
essential for future potato breeding5,7,14. Concurrently, there is a need to 
shift from single reference genomes to phased pangenome references 
that better capture diversity across multiple populations21.

In this study, we carried out de novo assembly for 60 haplotypes from 
31 diploid potatoes, including 20 haplotypes from 10 wild accessions, 
38 haplotypes from 19 domesticated diploid accessions and two hap-
lotypes from two inbred lines. From these 60 potato haplotypes, we 
constructed a potato pangenome graph, which enabled us to uncover 
extensive non-reference sequences and document multiallelic SVs. We 
further reveal the origin and fate of SVs in evolution and domestica-
tion and design IPHs for future breeding. Our study provides in-depth 
understanding of the haplotype diversity of a clonal crop, establishing 
the theoretical foundation for the reinvention of potato.

The potato pangenome graph
To capture and characterize haplotype diversity in potato populations, 
we selected 31 accessions based on previous studies of genetic diversity 
and principal component analysis (PCA) of 193 accessions3,5,9,13 (Fig. 1a 
and Supplementary Figs. 1 and 2). The selected accessions comprise 
19 landraces covering three indigenous diploid cultivated groups  
(S. tuberosum Group Phureja (PHU), S. tuberosum Group Stenotomum 
(STN) and S. tuberosum Group Goniocalyx (GON)), two inbred lines 
(A6-26 and E4-63, the 5th-generation selfed offspring of diploid PG6359 
and E86-69, respectively)3 and 10 wild accessions from Solanum can-
dolleanum (CND), which is believed to be the progenitor of domesti-
cated potatoes22 (Supplementary Table 1). We generated an average 
of 28.15 Gb (approximately 38-fold) PacBio high-fidelity (HiFi) reads 
and 110.43 Gb (approximately 149-fold) high‐throughput chromosome 
conformation capture technique (Hi-C) reads (Supplementary Tables 2 
and 3). Genome surveys using the HiFi reads revealed an average of 
around 1.55% genomic heterozygosity across cultivated diploid potato 
genomes (excluding inbred lines; Supplementary Table 4). Our initial 
de novo assembled haplotypes have an average genome size of 811 Mb, 
with contig N50 of 12.25 Mb (Fig. 1b and Supplementary Table 4). Paired 
haplotypes of each heterozygous diploid were further scaffolded on 
the basis of Hi-C contact maps (Extended Data Fig. 1a and Supplemen-
tary Fig. 3), resulting in pseudo-chromosome assemblies with an aver-
age anchor rate of 95.17% (Supplementary Table 5). Assessment using 
BUSCO23 demonstrated a high level of completeness with an average 
of 99.2% (Supplementary Table 5).

Three additional independent analyses confirm the quality of our 
assemblies: (1) the low switch error rates (0.21% on average) and Ham-
ming errors (1.05% on average) indicate the high correctness of our 
assemblies (Fig. 1c); (2) the high read mapping rate (mean 99.99%) and 
consistent k-mer spectrum (Extended Data Fig. 1b and Supplementary 
Fig. 4) confirm the completeness of the assemblies; and (3) to further 
estimate the reliability of our assemblies, we also used Flagger24 to 
estimate the potentially erroneous regions. This confirmed that 98.9% 
of our assemblies are not collapsed or duplicated (Fig. 1d and Sup-
plementary Table 6). We annotated an average of 449.0 Mb (59.69%) 
as being composed of transposable elements (TEs) (Supplementary 
Table 7) and predict 36,421–40,781 gene structure models for each 
haplotype (Supplementary Table 8).

To better represent non-reference sequences in potato genomes, 
we built two pangenome graphs for 60 haplotype assemblies plus the 
reference DMv6.125 using the PanGenome Graph Builder (PGGB)26 and 
Minigraph-Cactus27, respectively. We found that the Minigraph-Cactus 
pipeline removed highly diverged and large inverted regions, result-
ing in discarding of an average of 14.5% of sequence per chromosome 

(Supplementary Fig. 5). Therefore, we utilized PGGB to build a potato 
pangenome graph, which reduces reference bias28 and is more sensi-
tive for variation calling than methods based on mapping to a linear 
reference genome (Supplementary Fig. 6 and Supplementary Tables 9 
and 10). This unbiased potato pangenome graph (PPG-v.1.0) comprises 
248.64 million nodes and 345.61 million edges with total sequence 
length of 3,076 Mb. Wild potato accessions contribute a larger portion 
to the pangenome graph (2,286 Mb) than cultivated potato assemblies 
(1,807 Mb), indicating a higher pangenome graph growth rate in wild 
potatoes (Supplementary Table 11). We determined that PPG-v.1.0 
consists of 365 Mb conserved sequences (present in at least 90% 
of the haplotypes) and 2,711 Mb variable sequences (Fig. 1e). Using 
the DMv6.1 reference as a baseline, PPG-v.1.0 also reveals prevalent 
rearrangements (Extended Data Fig. 2). Furthermore, we annotated 
non-reference nodes in each haplotype path: 52.6% of them overlap 
with TEs, 22.7% overlap with satellite repeats, and 23.8% are classi-
fied as non-repetitive sequences (Fig. 1f). Notably, 13.3% of repetitive 
sequences exhibit characteristics of both transposons and satellites 
(Supplementary Table 12) potentially originating from atypical cen-
tromere or subtelomere repeats29 in the potato genome.

Finally, we deconstructed genome variation from the graph struc-
ture for small variants (SNPs and insertion–deletion mutations (indels) 
smaller than 50 bp in size) and structural variants (SVs ≥ 50 bp) based 
on DMv6.1 coordinates. In total, the constructed potato haplotype 
variation map includes 46,012,502 SNPs, 3,587,850 indels and 133,264 
SVs. Notably, 16.9% of indels and 87.0% of SVs are multiallelic, with three 
or more distinct alleles. The graph generated by the Minigraph-Cactus 
pipeline shows a similar trend (Extended Data Fig. 1c,d and Supple-
mentary Table 13). Collectively, the PPG-v.1.0 generated from phased 
diploid assemblies provides a fundamental resource for in-depth 
exploration of haplotype diversity and its consequences for potato 
breeding.

TEs drive SV formation
To reveal the mechanistic origins and dynamics of SVs in potato 
genomes, we analysed the pangenome SV sequences and their residual 
flanking sequences (±100 bp), which we annotated as one of three 
types: TEs, tandem repeats (TRs) and segmental duplications. We 
found that TEs account for 90.6% of repetitive elements associated 
with SVs (Fig. 2a and Supplementary Table 14). Additionally, 28.2% of 
SVs are covered by a single TE sequence (Supplementary Fig. 7), sug-
gesting that these features are likely to reflect TE insertion events30,31. 
Recent reports suggest that TEs could serve as substrates for ectopic 
DNA repair leading to SV formation32,33. Therefore, we examined SV 
breakpoints and found that 33.8% could be classified as being compat-
ible with ectopic recombination events from TE-mediated rearrange-
ment (TEMR), characterized by both breakpoints (100 bp) having 
the same TE class (Supplementary Table 15, Supplementary Fig. 8 
and Methods). This observed TEMR rate is significantly higher than 
the expected rate of 7.7% (P < 2.2 × 10–16, two-tailed Student’s t-test), 
supporting a significant contribution of homologous TEs in mediating 
SV formation. TEMR events were further classified on the basis of TE 
families, revealing that Gypsy long terminal repeat retrotransposon 
(LTR/Gypsy)-mediated TEMR (42.4%) is seven times more prevalent 
than that involving Copia long terminal repeat retrotransposons 
(LTR/Copia (7.0%)) (Fig. 2b). Moreover, SVs mediated by LTR/Gypsy 
TEMR are significantly longer than those mediated by LTR/Copia 
TEMR (average of 7,005 bp versus 1,899 bp; P < 2.2 × 10–16, two-sided 
Student’s t-test), and exhibit more recent and frequent activity (Fig. 2c 
and Extended Data Fig. 3).

To investigate the potential recent TE activity in potato genomes, we 
also compared two homozygous inbred lines with their heterozygous 
founders. Notably, we identified an approximately 4.0 Mb (chromo-
some (chr.) 6: 41.7–45.7 Mb) long terminal repeat retrotransposon 
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(LTR)-mediated de novo paracentric inversion (Fig. 2d,e and Supple-
mentary Fig. 9) in the fifth-generation inbred line E4-63, but not in the 
two founder haplotypes of the parental E86-69. Therefore, it is advisable 
to approach this de novo inversion with caution when implementing 
recurrent selection in hybrid potato breeding34,35.

Domestication boosts heterozygosity
Previous studies suggested that there was increased heterozygosity in 
cultivated potatoes compared to wild ones22, consistent with heterozy-
gosity evaluated in our study on the basis of k-mer statistics using HiFi 

reads. To better describe heterozygosity and the loss of collinearity 
between the two haplotypes within the same diploid individual, we 
introduce the concept of genome heterozygosity by sequence length 
(GHSL). This approach complements existing k-mer-based methods 
by quantifying the total sequence length of non-redundant variants 
(SNPs, indels and SVs) between two haplotypes in phased diploid assem-
blies (Supplementary Fig. 10). We found the GHSL to be approximately 
93.8 Mb in our phased assemblies, constituting 12.5% of the average 
haplotype length (Fig. 3a and Supplementary Table 16). This estimate 
is similar to estimates by read mapping in clonally propagated grape-
vine36. Moreover, our analysis shows that inversions account for a large 
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proportion of haplotype-specific SVs (59.4% on average) (Supplemen-
tary Table 16).

We found that haplotype divergence in cultivated potatoes, as qua-
ntified by GHSL, is 1.46 times greater than that observed across wild 
potatoes (approximately 105.2 Mb versus 72.1 Mb; Fig. 3b, P = 2.6 × 10−4, 
two-sided Student’s t-test). Notably, two haplotype-specific inv-
ersions are quite prevalent in cultivated potatoes (Extended Data 
Fig. 4). One inversion has previously been reported and is associ-
ated with a locus that regulates yellow tuber flesh13 (DMv6.1, chr. 3: 
42.9–48.7 Mb). The other inversion (DMv6.1, chr. 10: 52.7–59.1 Mb) con-
tains 661 genes, including StPIN7 (Soltu.DM.10G026500.1) and StPTB6  
(Soltu.DM.10G026670.1), which may be associated with auxin trans-
port37 and tuberization38, respectively (Extended Data Fig. 5).

To explore the extent of genome heterozygosity and haplotype 
divergence during potato domestication, we conducted PCA sepa-
rately for each chromosome and found that the two haplotypes of each 
wild potato form ‘nearest neighbours’, whereas the two haplotypes 
of each cultivated potato exhibit a more dispersed pattern (Fig. 3c 
and Supplementary Fig. 11). We constructed haplotype trees for each 
chromosome pair based on single-copy genes, using three additional 
Solanum species as outgroups (Fig. 3d and Supplementary Fig. 12). 
Analogous to the PCA-based patterns, the two haplotypes of each cul-
tivated potato typically reveal more pronounced genetic divergence 
than those of each wild potato. We conducted additional validation 
through pairwise Jaccard similarity analysis and alignment for split 
windows, both of which indicate that multiple hybridization events 
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have affected the haplotype landscape in cultivated potatoes (Extended 
Data Fig. 6 and Supplementary Fig. 13). Molecular evidence in maize 
hybrids suggests that the length of nonsyntenic regions between paren-
tal lines is strongly correlated with levels of heterosis39. Our findings of 

increased genome heterozygosity and haplotype divergence in culti-
vated potatoes are similar to those in grapevine, another clonal crop40. 
The enhanced genome heterozygosity in cultivated potatoes compared 
with wild potatoes results in reduced homozygous deleterious burden  
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(Extended Data Fig. 7a,b), indicating that potato domestication included  
an exploration of heterosis.

Fate of dSVs under breeding
To characterize the fitness effects of SVs in potato cultivars, we com-
puted the unfolded site frequency spectrum on the basis of SVs and 
SNPs from domesticated potatoes (Fig. 3e). We found that SVs are 
over-represented for singletons and other minor-allele frequency 
classes, compared to both synonymous SNPs and even non-synonymous 
SNPs at minor frequencies, consistent with equivalent observations in 
grapevine genomes36. Cultivated potatoes have around 2.7 times more 
heterozygous SVs (average of 20,613 per individual) than homozygous 
SVs (average of 7,561) (Extended Data Fig. 7a). Additionally, 39.4% of the 
heterozygous SVs are located either in the gene bodies or in putative 
promoter regions (Supplementary Table 17). These findings suggest 
that SVs are more likely to be strongly deleterious than SNPs and are 
typically present in heterozygous state with relatively low frequencies 
across diploid potato cultivars.

The presence of dSVs in heterozygous state could lead to strong 
inbreeding depression upon forced inbreeding, thus hindering the 
development of inbred lines, with important implications for hybrid 
potato breeding3,9,41. Inferred purifying selection against SVs is stronger 
than against SNPs, implying that SV frequencies can be useful for an 
initial assessment of putative selection pressure42,43. Recently, deep 
phylogenomic analyses of 92 species in the family Solanaceae assessed 
genome-wide evolutionary constraints (with highly constrained 
regions amounting to 31.7 Mb under the threshold genomic evolu-
tionary rate profiling (GERP) score ≥ 2.0, including non-synonymous, 
synonymous and non-coding sites), forming the basis for identifying 
and quantifying dSNPs at genome-wide scales in potato10. Analogous 
to dSNP identification, we developed an unweighted approach to 
infer putative dSVs in the potato genome on the basis of the joint cri-
teria of evolutionarily derived state, low allele frequency and being 
within gene-coding or evolutionarily constrained regions (Fig. 4a and 
Methods). In total, we characterized 19,625 dSVs, 50.4% of which are 
located within non-coding regions (Extended Data Fig. 7c,d and Sup-
plementary Table 18). For example, we identified a 51.1-kb deleterious 
deletion occurring in only one haplotype of cultivar PG6090. This 
deletion leads to truncated proteins or gene loss and is associated 
with three genes (Supplementary Fig. 14).

Excluding the inbred lines, we found that each diploid potato indi-
vidual has an average of 843 dSVs, comprising 23.1 Mb of genomic 
sequence. Our analyses revealed that 73% of dSVs are in heterozygous 
state across wild potatoes, and this proportion increases to 97% in culti-
vated lines (Fig. 4b and Supplementary Fig. 15). These patterns indicate 
that dSVs tend to be sheltered in heterozygous state, potentially largely 
avoiding negative selection on them36,44. Thus these heterozygous dSVs 
require attention from breeders when choosing suitable materials for 
breeding.

Purging dSVs is crucial for developing elite inbred lines in hybrid 
potato breeding. We established that the available inbred lines, A6-26 
(88 dSVs) and E4-63 (303 dSVs), carry fewer dSVs compared to the aver-
age haplotypes from the two parents, PG6359 (135 dSVs) and E86-69  
(351 dSVs), respectively (Fig. 4c and Supplementary Fig. 16). To investi-
gate the process of purging dSVs at the haplotype level, we constructed a 
genome-wide recombination map based on inbred lines and their respec-
tive parental haplotypes (Extended Data Fig. 8). Our results track at least 
16 recombination events in one of the inbred lines across 5 generations of 
self-fertilization. For example, the 2 haplotypes from accession PG6359 
carry 17 and 11 dSVs on chromosome 2; recombination events decreased 
the number of dSVs to seven in the derivative inbred line A6-26. For 
chromosome 4 of PG6359 H2, which carries fewer dSVs than PG6359 
H1 (14 versus 30), 85.2% of dSVs are retained in the inbred line A6-26  
(chr. 4: 7.5–59.5 Mb; 14 dSVs) (Fig. 4d and Supplementary Table 19).

The ‘broken-window’ effect of dSVs
On the basis of the genome-wide map of deleterious variants, we found a 
significant positive correlation between the numbers of dSVs and dSNPs 
per haplotype (r = 0.78, P < 2.2 × 10–16, Pearson correlation coefficient; 
Fig. 4e and Supplementary Tables 19 and 20). In diploid genomes, we 
define the coupling phase as the haplotype that contains a focal dSV, 
whereas the repulsion phase refers to the other haplotype. To assess the 
potential effect of dSVs on dSNPs, we compared the number of dSNPs 
surrounding dSVs in the coupling phase to the number of dSNPs in the 
syntenic region of the repulsion phase. We partitioned the genome into 
intervals on the basis of dSV distribution across both haplotypes and 
calculated statistical significance to identify affected genomic regions 
(Extended Data Fig. 9a and Methods). Our results suggest that dSNPs 
are significantly more frequently present in dSV coupling phase than 
in the dSV repulsion phase (Fig. 4f, Extended Data Fig. 9b and Sup-
plementary Table 21). This accumulation signal of dSNPs tends to be 
more pronounced in close proximity to dSVs.

Furthermore, we investigated whether dSVs form clusters by cal-
culating two types of distances: the distance between the focal dSV 
to the nearest dSV in coupling phase (same haplotype; dis-coupling), 
and its distance to the nearest dSV in repulsion phase, (dis-repulsion) 
(Extended Data Fig. 9c). Dis-repulsion is significantly larger than 
dis-coupling (Fig. 4g, 264.1 kb versus 202.1 kb, P < 2.2 × 10–16, two-sided 
Student’s t-test), suggesting that dSVs tend to form clusters within the 
same haplotype (Extended Data Fig. 9d). We provide an illustrative 
example of this phenomenon using the diploid potato line E86-69 
(Supplementary Fig. 17).

The presence of dSVs, enhancing the occurrence of dSVs and dSNPs 
in the same phase, is analogous to a sociological hypothesis called 
the broken-window effect45. Therefore, we refer to this pattern as the 
‘broken-window’ effect of dSVs. We validated this pattern by exam-
ining local assemblies, which cover the 10-kb regions flanking dSVs 
with an average coverage of 19 reads, as well as 6 long reads spanning 
the flanking regions. Theoretical considerations as well as empiri-
cal evidence suggest that SVs affect recombination rates of closely 
linked genomic regions46–48. Those associations may result from 
insufficient purging around the dSV owing to reduced recombina-
tion, whereas the dSV repulsion phase tends to remain functional, 
thus preventing strong selection on deleterious recessive variants9,49, 
leading to gradual differences in deleterious burden between the two 
haplotypes (Fig. 4h). The broken-window effect reveals that dSVs and 
dSNPs are not randomly distributed across potato genomes, as they 
tend to form clusters in coupling phase. Such deleterious clusters 
are important features of potato genomes, and they are easy to spot 
in our phased pangenome. We found that many deleterious variants 
were not efficiently purged during our previous development of two 
inbred lines3 (A6-26 and E4-63). Line A6-26 carries 88 dSVs and 61,017 
dSNPs, whereas E4-63 has 303 dSVs and 71,200 dSNPs (Supplementary 
Tables 19 and 20). These deleterious variants in inbred lines substan-
tially reduce their fitness3 and thus need to be purged as a foundation 
for future potato breeding.

Genome design of ideal haplotypes
Plant breeders adopted the concept of ideal plant architecture (IPA) 
to guide breeding of superior varieties by combining multiple desir-
able traits50. Similar to the IPA, we propose the IPHs strategy to guide 
breeders to develop a suite of inbred lines that are as close as possible 
to the ideal genotype (see Supplementary Methods).

Based on PPG-v.1.0, the starting point of computationally designed 
IPHs-v.1.0 are two heterotic groups; nine cultivars from the STN and 
GON groups with the inbred line A6-26 (heterotic group A), and eight 
cultivars from the PHU group with the inbred line E4-63 (heterotic 
group E) (Extended Data Fig. 10a,b). In principle, recombination 
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events can reduce genetic burden in simulated haplotype combina-
tions (Extended Data Fig. 10c,d). On the basis of the recombination 
map of two inbred lines (Extended Data Fig. 8), we assumed no more 
than four recombination events per chromosome in our IPHs. The 
consideration of recombination breakpoints takes into account the 

recombination coldspots in certain regions, such as heterochromatic 
centromeric regions and inversions. We estimated the distribution of 
dSVs and dSNPs under various haplotype donors and recombination 
events to identify the optimal combinations of IPHs, IPHs-A and IPHs-E  
(Supplementary Fig. 18).
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We found that ideally, all dSVs could be removed from IPHs-A and 
IPHs-E and the number of dSNPs could be reduced to 41,262 and 35,360, 
implying a reduction of 32.4% (A6-26) and 50.3% (E4-63) compared 
with the previous inbred lines (Fig. 5a,b and Supplementary Table 22). 
Haplotype distances predict that hypothetical F1 hybrid genomes 
between IPHs-A and -E would carry only 10,830 homozygous dSNPs 
(Fig. 5c), implying a reduction of 54.5% compared with the previous F1 
hybrid potato3. By integrating the genetic linkage map51, we found that 
achieving a IPHs-A chromosome 1 would require at least five genera-
tions of recurrent selection from hybrid progenies, and that one of the 
designed breakpoints is located in a low-recombination region (near 
chr. 1: 44.3 Mb), requiring a population size of at least 1,321 individuals 

to obtain at least 1 copy of IPHs-A chromosome 1 (Supplementary 
Fig. 19). It is worth noting that relying solely on natural recombination 
is unlikely to be sufficient (Supplementary Fig. 20). New technologies 
such as targeted recombination, gene editing and synthetic biology to 
precisely eliminate deleterious variants may provide future pathways 
for approaching IPHs52–54.

Discussion
In this study, we developed a graph-based phased potato pangenome 
reference comprising 60 haplotype sequences, reducing reference bias 
and identifying more variants that remain unaccounted by reads-based 

IPHs-A (dSVs/dSNPs)

2

1

0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90

0 10 20 30 40 50 60 70 80 90

3

4

5

6

7

8

9

10

11

12

0/5,5290/3,254

0/4,599

0/4,831

0/2,950

0/2,682

0/3,639

0/3,512

0/1,411

0/1,987

0/3,914

0/2,954

(Mb)

Chr. 1

PG6153_H1

PG6153_H2

PG6359_H1

PG6359_H2

A6-26

PG6163_H1

PG6163_H2

PG6088_H1

PG6088_H2

PG6148_H1

PG6148_H2

PG6059_H1

PG6059_H2

PG6071_H1

PG6071_H2

PG6090_H1

PG6090_H2

PG6029_H1

PG6029_H2

0/1,587

19/1,896

8/1,474

7/1,794

11/1,511

2/1,362

5/1,949

11/1,655

16/1,821

9/1,498

12/1,917

27/2,053

12/1,655

4/1,945

12/2,117

28/2,175

7/1,835

22/1,838

15/1,842

1/1,784

2/1,326

0/395

1/1,480

4/1,295

3/1,764

0/915

5/1,780

6/1,026

2/994

0/906

12/1,296

5/1,782

1/915

1/1,548

4/1,388

5/1,315

11/1,676

3/1,307 0/1,206

0/817

0/1,258

0/1,193

0/811

0/804

1/952

0/660

0/660

1/952

0/826

0/825

5/825

5/930

4/941

3/850

3/1,140

1/1,185

4/555

0/1,120

2/1,424

3/1,666

1/1,652

1/1,424

1/1,596

1/1,484

2/1,519

2/1,822

0/1,255

4/1,926

7/2,230

1/1,483

2/1,828

1/1,288

1/1,787

2/2,084

1/1,425

2/1,505

1/1,803

2/1,823

9/3,032

13/2,388

1/1,810

0/1,767

1/2,836

7/2,919

14/3,942

3/2,083

2/2,326

5/2,501

8/2,485

16/3,942

9/2,850

8/3,902

11/3,882

12/3,830

8/3,898

Inv Centromere
a

2

1

3

4

5

6

7

8

9

10

11

12

0/6,184
0/2,376

0/1,715

0/3,154

0/3,772

0/3,249

0/2,788

0/2,189

0/4,604

0/1,404

0/3,362

0/563

IPHs-E (dSVs/dSNPs)

H1

H2

PG6245

E4-63 PG6169

PG6216

PG6244

PG6225

E86-69
PG6246

RH89-039-16

b

(Mb)

(Mb)

IPHs-A IPHs-E

The number of dSNPs

IPHs-A

Ideal F1 hybrids

30,432 10,830 24,530

c

IPHs-E

Fig. 5 | IPHs designed from the phased potato pangenome graph.  
a, Chimeric map of the IPHs-A genome and the most ideal graph path of 12 
chromosomes from heterotic A group (left). The numbers of dSVs and dSNPs 
for each chromosome are indicated. Haplotypes for chromosome 1 are shown 
in detail (right), and numbers of dSVs and dSNPs for each haplotype are 
represented by five parts derived from the ideal designed recombination events. 
The chimeric graph path of IPHs-A ‘ideal’ chromosome 1 is highlighted with red 

frames. Inversions and centromeres are coloured in genomic collinear blocks 
and chromosomes, respectively. b, Similar to a, the chimeric map of the IPHs-E 
genome and the ideal chimeric graph paths from the heterotic E group.  
c, The number of dSNPs of IPHs-A and IPHs-E, the overlap indicating the number 
of homozygous dSNPs in the inferred ideal F1 hybrid generated from IPHs-A and 
IPHs-E.



Nature | www.nature.com | 9

methods55,56. Our phased pangenome provides an example of a typi-
cal clonally propagated crop with a highly heterozygous genome. 
The integration of pedigree information and high-accuracy ultra- 
long reads can further improve phase accuracy in highly repetitive  
regions.

Consistent with observations in grapevine36, SVs are over-represented 
among singletons and other minor-allele frequency classes, suggest-
ing that SVs are under stronger purifying selection. SVs can be associ-
ated with agronomic traits57–59, and by disrupting gene structure and 
cis-regulatory elements, dSVs can exert strong effects. We classified 
14% of all SVs to be putative dSVs. However, inference of dSVs shows 
lower efficacy in certain cases owing to overlapping SVs and ambigu-
ous ancestral state. Therefore, quantifying their fitness penalties will 
be crucial to guide breeding practices in the future.

Asexually reproducing crops tend to accumulate more heterozy-
gous deleterious mutations36,49. The broken-window effect of dSVs may 
be reinforced owing to very limited recombination under long-term 
clonal propagation. After one haplotype is hit by a deleterious muta-
tion with major effects, it seems less likely that deleterious mutations 
accumulate in the dSV repulsion phase, otherwise the affected indi-
vidual might not survive to reproduce. This inference underscores 
the importance of preserving at least one functional copy of genes to 
maintain genetic robustness60,61. Eradicating dSVs is therefore a new 
focus in the development of inbred lines to generate diverse hybrid 
potato combinations, a principle that should also be relevant for other 
clonally propagated crops.

To develop inbred lines, it is more favourable to start from haplotypes 
of diploid landraces with a lower deleterious burden10. The relatively 
high deleterious burden per haplotype in a dihaploid generated from 
tetraploid varieties poses formidable obstacles for this step (Supple-
mentary Fig. 21). Therefore, we plan to develop the first generation 
of inbred lines from diploid landraces concurrently with inducing 
dihaploids from elite tetraploid varieties. The IPHs strategy provides 
a blueprint for the combination of haplotypes to reduce the negative 
impact of deleterious variants. Although achieving IPHs at the chromo-
some level through crossing is possible, it is challenging to combine the 
ideal chromosomes into one genome without additional recombination 
(Supplementary Figs. 22 and 23). Currently, the primary value of IPHs 
lies in their ability to outline an optimal goal for haplotype recombina-
tion, allowing breeders to compare real haplotypes, including dSVs and 
dSNPs, against an idealized standard, thus facilitating refinement of 
breeding strategies.
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Methods

Plant materials and sequencing
We selected 31 potato accessions based on phylogenetic trees gen-
erated by previous studies. Of these accessions, 10 are from S. can-
dolleanum and 21 are from 3 groups of diploid potato cultivars. Among 
these potato cultivars, nine accessions represent S. tuberosum Group 
Phureja (including inbred line E4-63), eight accessions represent  
S. tuberosum Group Stenotomum (including inbred line A6-26), and 
four are from S. tuberosum Group Goniocalyx. Previous HiFi data are 
available for 21 accessions and previous Hi-C reads are available for 
five accessions (PRJNA754534). Additionally, we newly sequenced 10 
accessions using HiFi and 25 accessions using Hi-C in this study. HiFi 
reads for 10 accessions were generated using the ccs program ver-
sion 6.4.0 (https://github.com/PacificBiosciences/ccs) and subreads 
obtained from the Pacific Biosciences Sequel II platform, which were 
then converted to FASTQ format by SAMtools (v.1.17)62. In total, we 
generated 318.49 Gb of HiFi data, ranging from 27.72 to 35.32 Gb per 
sample. For Hi-C libraries, DNA was extracted from in vitro seedlings and 
digested with the restriction enzyme MboI using previously described 
Hi-C library preparation protocols63,64. A total of 2.70 Tb of Hi-C data 
were generated based on the Illumina HiSeq platform. To facilitate 
genome annotation, we used RNA-sequencing (RNA-seq) data from 
six plant tissues (including roots, stems, leaves, stolon, tubers and 
flowers) from a previous study13.

De novo genome assembly of 60 haplotypes
For genome size and heterozygosity estimation, we used Jellyfish 
(v.2.3.0)65 to obtain a frequency distribution of the k-mers and esti-
mated the histograms by GenomeScope (v.2.0)66. We then assembled 
haplotype-resolved assemblies with the HiFi reads and Hi-C reads 
using hifiasm (https://github.com/chhylp123/hifiasm) (v.0.16)67 with 
default parameters. Subsequently, we aligned haplotypes using the 
Juicer pipeline and then generated Hi-C maps for the 3D-DNA pipeline 
(v.201008)68 with parameter “-q 0”. The assembly from two haplotypes 
was scaffolded and ordered using the Hi-C data-based rough scaffold 
and compared with the reference (accession DM1-3 516 R44)25. Two 
sets of pseudo-chromosomes were constructed for each accession, 
and this workflow was applied to all 29 diploid potato accessions, 
resulting in 58 haplotypes. For the two inbred lines E4-63 and A6-26, 
we generated haploid assemblies. The Hi-C format file was visualized 
using the Juicebox program (v.2.16.00)69 and misassembled contigs 
were manually curated. Finally, each haplotype was integrated into 
the 3D-DNA pipeline based on the run-asm-pipeline-post-review.sh 
script. To ensure the accuracy of the assemblies, we filtered out con-
tigs smaller than 50 kb and used chromosome-based haplotypes for 
subsequent analyses.

Evaluation of the genome assemblies
The contig N50 statistic was calculated using assembly-stats (https://
github.com/sanger-pathogens/assembly-stats). BUSCO (v.5.4.4)23 
was used to evaluate assembly quality with the embryophyte_odb10 
protein database. Both switch and Hamming errors were calculated 
using two variant call format (VCF) files produced by the pipeline calc_
switchErr (https://github.com/tangerzhang/calc_switchErr), based on 
the ‘compare’ function of WhatsHap (v.1.1)70. Genome completeness 
was estimated via the KAT (v.2.4.2)71 ‘comp’ command. Reliability of our 
assemblies was estimated by Flagger, a reads-mapping-based pipeline 
optimized for diploid assemblies24. A detailed workflow and commands 
can be found in the Supplementary Information and GitHub (https://
github.com/Chenglin20170390/Haplotype-diversity).

Annotation of repetitive elements
Different repeat elements are identified based on 60 haplotypes, 
including TEs, segmental duplications, TRs and satellite repeats.  

To identify TEs, we employed the Extensive de novo TE Annotator 
(EDTA) (v.2.1.0)72, including LTRs, DNA transposons with terminal 
inverted repeat sequences and helitron transposons. For the remain-
ing transposon elements, RepeatModeler73 was used to search for 
a second round. To search for large segmental duplications (>1 kb), 
we employed Asgart (v.2.4.0)74 using a k-mer-based method with the 
parameter “-CRSV”. TRs were identified using Tandem Repeats Finder 
(v.4.09.1)75 with default parameters. Satellite repeats were identified 
using Satellite Repeat Finder (SRF, commit e54ca8c; https://github.
com/lh3/srf) with HiFi reads.

Prediction of protein-coding genes
A comprehensive strategy consisting of transcript evidence, ab initio 
prediction, and homology alignment was applied for gene prediction. 
First, we aligned RNA-seq reads to assembled haplotypes using HISAT2 
(v.2.2.1)76 with the “--dta” parameter and then assembled by StringTie 
(v.2.2.1)77 with the “--rf” parameter. Subsequently, we used the BRAKER2 
(v.2.1.5)78 program to train the ab initio prediction model from AUGUS-
TUS (v.3.4.0)79 (https://github.com/Gaius-Augustus/Augustus) and 
collected high-quality RNA-seq hints using the Hidden Markov Model 
(HMM) from GeneMark-ET (v.3.67)80 with the parameter “--nocleanup 
--softmasking”. To improve gene structure prediction, we performed 
a homology search using a curated plant protein dataset downloaded 
from the UniProt Swiss-Prot database (https://www.uniprot.org/down-
loads). We merged these homologous proteins with previously pub-
lished peptides from tomato81 and potato4 and eliminated potential 
redundancy using the CD-HIT-est (v.4.6.8)82 program with default 
parameters. The MAKER2 (v.3.01.03)83 program was used to combine 
the homology search, expression evidence and ab initio prediction 
through two rounds. Finally, we used the Mikado (v.2.3.4)84 program 
to identify the representative set of transcripts from transcript assem-
blies, before those were fed to the PASA pipeline (v.2.5.1)85 to update 
gene structures.

To perform functional gene annotation, we utilized the InterProScan 
(v.5.34-73.0)86 program, which identifies potential protein domains and 
Gene Ontology terms based on sequence signatures. We applied the 
following parameters to the program: “-cli -iprlookup -tsv -gotermd 
-appl Pfam”. In particular, we extracted protein domain information 
from Pfam by enabling the “-appl Pfam” parameter. For each of the 
genes, we assigned the functional description of the best hit.

Construction of the potato pangenome
The Minigraph-Cactus pipeline27 and PGGB26 were used to construct 
a pseudo-phased pangenome with all 61 haplotypes based on the 
whole-genome alignment (including the DMv6.1 reference genome). 
For the PGGB, we estimated the divergence of each chromosome with 
mash distances and confirmed chromosome community with wfmash87 
mapping. Then, we used “pggb -s 10000 -n 61 -p 90 -k 47 -P asm20 -O 
0.001” to build each chromosome graph. We visualized the 1D layout 
of the graph and estimated presence and absence ratios to the DMv6.1 
reference in 100-kb sliding windows using ODGI88. The small variants 
and SVs were detected by vg deconstruct from snarls, and we only kept 
top-level and <1-Mb variants with vcfbub. For the Minigraph-Cactus 
pipeline, we assigned DMv6.1 as the guide for the paths, and progres-
sively aligned the 60 haplotypes to it. We used the cactus-pangenome 
script with parameters “--gfa full --gbz full --vcfReference DMv6.1” to 
generate complete workflows and execute commands. The generated 
graph fragment assembly (GFA) format graph was used for edge, node 
and coverage statistics and subgraph generation from a BED input. The 
VCF output file comprises all graph variations based on the DMv6.1 
reference, enabling the calculation of polymorphisms.

Pangenome size and growth
To fully capture the genome diversity of our potato populations, we 
used Panacus89 to assess pangenome size and growth ratio, which 
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estimates pangenome openness directly by applying the binomial 
formula. We calculated cumulative bases based on quorum (mini-
mum fraction of haplotypes sharing a graph feature after haplotypes 
are sequentially added to the growth histogram), and proportion of 
conserved (≥90% of haplotypes) and variable sequences (<90% of 
haplotypes) in the pangenome graphs. These statistics were obtained 
using Panacus hist and growth scripts with parameters “-c bp -l 1,1,1 
-q 0,0.1,0.5,0.9 -S”, and we selected different haplotype paths for 
group-specific statistics.

Phylogeny and synteny analysis
To build haplotype phylogenetic trees at the chromosome level, anno-
tated protein sequences from the 60 newly assembled haplotypes and 
three published genomes (outgroups: S. wrightii10; S. etuberosum13 and 
S. lycopersicum90) were aligned to produce all-versus-all alignments 
using Diamond (v.0.9.21)91. The gene families were inferred using the 
OrthoFinder (v.2.5.4)92 program, which utilizes the Markov cluster algo-
rithm. Separately for each chromosome pair, all single-copy ortholo-
gous protein sequences were merged into a single FASTA file, which 
was then fed into IQ-TREE (v.2.0.6)93 using the maximum-likelihood 
method. Each chromosome tree was visualized with the function ggtree 
(v.3.0.2)94 in R (v.4.2.0). Synteny plots and pangenome annotations 
were generated by the R package Genespace (v.0.9)95.

Identification of SNPs, indels and SVs
Assembly-based calling was used to detect SVs with a minimum length 
of 50 bp. Genome sequences were aligned to the DMv6.1 reference 
genome to produce alignment BAM files using Minimap2 (v.2.17)96 
with “-ax asm5”. SyRI (v.1.5)97 was then utilized to call genome-wide 
variants and generate assemblies-based VCFs. We kept variants of Ins, 
Del, Inv and Dup from the output of SyRI as the individual SV dataset. 
The accuracy of the SV dataset was validated by randomly selecting and 
manually verifying 100 SVs longer than 100 kb using Hi-C maps. Finally, 
we merged the individual SVs based on 80% overlap using SURVIVOR 
with the parameters “0.8 1 1 -1 -1 -1” to produce the final population SVs 
file. For SNPs and indels, we merged the output of assembly-based 
variation calling from SyRI using BCFtools (v.1.13)98.

Haplotype diversity and GHSL statistic
The length of the haplotype-specific (heterozygous) variants for each 
diploid accession was calculated by summing all variants present in 
only one haplotype. In detail, we aligned the two haplotypes of one 
accession to each other using Minimap2 (v 2.17), identified variants 
by SyRI (v.1.5), and then calculated the number of haplotype-specific 
SNPs and the length of haplotype-specific variants (indels and SVs). 
The GHSL approach considers reference bias and regions poten-
tially affected by haplotype-specific variants (https://github.com/
Chenglin20170390/Haplotype-diversity). PCA based on haplotypes 
(12 chromosomes) was performed using Plink (v.1.90)99 on the VCF 
file with the parameter “--pca 5”; the results were visualized using 
the R package ggplot2100. Pairwise Jaccard similarities between hap-
lotypes were estimated using BEDTools (v.2.30.0) with the ‘jaccard’  
command.

SV dynamics in potato domestication
To calculate the unfolded site frequency spectrum, we analysed 19 
cultivated potato accessions (excluding the two inbred lines) from 
VCFs. The genome of S. lycopersicum (SL 5.090) was used as an outgroup 
to infer the ancestral states of genotypes. We distinguish different 
types of SNPs (synonymous and non-synonymous) and SVs (deletions, 
insertions, inversions and duplications) and counted the number of 
haplotypes carrying the derived variants. For each accession, we also 
calculated the incidences (numbers) of heterozygous and homozygous 
SVs and the sums of all SVs (twice the number of homozygous SVs plus 
the number of heterozygous SVs).

Identification of TEMRs
SV breakpoints with additional ±100-bp flanking sequences were used 
to identify repeat elements (TEs, segmental duplications and TRs) asso-
ciated with SVs. To detect the potentially causal relationship between 
TE movement and SV formation, the documented genomic position 
of a focal SV and overlapping TEs determine the following categories: 
‘No TE SV’ for SVs without any TE overlap, ‘Incomplete TE SVs’ for SVs 
overlapping with a single TE with <95% coverage, ‘Single TE SVs’ for 
SVs overlapping with a single TE with coverage ≥95%, and ‘Multi TE 
SVs’ for SVs overlapping with multiple TEs with coverage >95%. Since 
no single TE SV events were considered, insertions were excluded. To 
quantify the formation of SVs (deletions, inversions and duplications) 
by ectopic recombination via TEMRs, SV breakpoints (±100 bp) over-
lapping with the identical class of TEs were calculated. To assess the 
distribution of repeats in SV breakpoints, we randomly simulated SVs 
using the shuffle function of BEDTools with the number and length of 
SVs set according to the potato SV variation map. Two-sided Student’s 
t-tests were used to test the significance of the proportions between 
observed and simulated TE-related SVs. To infer the insertion times 
of TEMRs, we extracted insertion times from the pass.list of EDTA and 
kept intact TE sequences overlapping with the breakpoints of SVs. 
Sequence homology of TEMRs was calculated using 200-bp flanking 
sequences based on global pairwise sequence alignment from Needle 
(https://github.com/nanjiangshu/my_needle).

Haplotype recombination in inbred lines
The fifth-generation inbred lines A6-26 and E4-63 were generated from 
the diploid cultivars E86-69 and PG6359, respectively. To evaluate hap-
lotype recombination events in each inbred line, we utilized two dif-
ferent methods: heterozygosity analysis and haplotype-specific k-mer 
analysis. Genome-wide heterozygous peaks were identified by aligning 
the sequences of the haplotypes. The different heterozygous peaks were 
compared between haplotypes from inbred lines and their founders. 
The regions inherited from the founders’ haplotypes in the alignment 
would be in homozygous state. These switch signals from homozygosity 
to heterozygosity were used to characterize putative recombination 
events. Haplotype-specific k-mers were calculated by the number of 
specific k-mers from the inbred line based on non-overlapping 500-kb 
regions and compared with parental haplotypes using the Meryl pro-
gram (available at https://github.com/marbl/meryl).

Identification of dSVs and dSNPs
Putative dSVs were identified based on three criteria: (1) ancestral versus 
derived state of SVs. S. lycopersicum (SL 5.0)90 was used as the outgroup 
for ancestral state inference, as phylogenetic analyses have placed this 
species in a clade relatively close to Solanum section Petota13. (2) SVs 
with frequencies below 0.05 in our 60 haplotypes were considered, as 
most deleterious variants occur at low population frequencies16,42,43.  
(3) SVs in coding regions that may damage proteins’ function or SVs in 
the 92 Solanaceae evolutionarily constrained regions are considered to 
be deleterious10. We thus identified putative dSVs as being derived-state 
SVs with low-frequency (<0.05) that overlap with coding regions or 
evolutionarily constrained regions; we implemented this with the 
BEDTools ‘overlap’ command to infer putative dSVs. Putative dSNPs 
were identified by showing GERP values >2.75 and overlapping with 
evolutionarily constrained regions10.

Estimation of the broken-window effect
The Pearson correlation coefficient was used to examine the cor-
relation between the number of dSNPs and dSVs per chromosome. 
Focal dSVs located in haplotype 1 (H1) indicates H1 was considered 
to be the dSV coupling phase and corresponding syntenic regions 
of H2 were considered to be the dSV repulsion phase. We calculated 
the distance of the focal dSV to the nearest dSV in coupling phase 
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and to the nearest dSV in repulsion phase (Extended Data Fig. 9). To 
exclude the potential concurrent influence of dSVs on both coupling 
and repulsion phases, we segmented chromosomes into fragments 
based on the midpoint between adjacent dSVs (irrespective whether 
in coupling or in repulsion phase). Regions that may be affected by the 
broken-window effect were estimated based on 10-kb non-overlapping 
sliding windows. For each sliding window, we calculated the number 
of dSNPs flanking each dSV in the coupling and repulsion phases. To 
assess dSNP enrichment, for each sliding window we performed a 
two-tailed Student’s t-test for the numbers of associated dSNPs in 
coupling and repulsion phase, respectively (regions significantly 
affected by the broken-window effect of dSVs). The depth of reads 
near the dSV is calculated using the SAMtools (v.1.17) ‘depth’ com-
mand. Finally, we employed SafFire (https://github.com/mrvollger/
SafFire) to visualize schematic representations of dSVs and dSNPs 
within haplotypes.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Data supporting the findings of this work are available within the paper 
and its supplementary information files. Whole-genome sequencing 
data are accessible through NCBI under the BioProject accession num-
ber PRJNA1020967 and from the National Genomics Data Center (NGDC) 
Genome Sequence Archive (GSA) (https://ngdc.cncb.ac.cn/gsa/) with 
the BioProject accession number PRJCA020375. Genome sequences, 
gene annotations and variation maps were uploaded to the Potato 
Repositories Website (http://solomics.agis.org.cn/potato/) and Fig-
share (https://figshare.com/articles/dataset/IPHs/25846003 (ref. 101)).  
Publicly available sequencing data were downloaded from the NCBI 
with BioProject accession numbers PRJNA754534, PRJNA641265, 
PRJNA573826 and PRJNA766763.

Code availability
Scripts used in this Article are available at https://github.com/Cheng-
lin20170390/Haplotype-diversity.
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Extended Data Fig. 1 | Assembly strategy and validation of the potato 
pangenome. a, Schematic diagram of the assembly process of the haplotype- 
resolved potato genome. b, Assessment of genome completeness by the 
read-mapping rate. c, Pangenome growth curves for 61 haplotypes (plus 

DMv6.1 reference) based on the Minigraph-Cactus (MC) graph, including 
conserved (present in at least 90% haplotypes) and variable sequence (<90%  
of haplotypes). d, Percentage of multiallelic SVs and indels for the PGGB and 
MC potato pangenomes.



Extended Data Fig. 2 | Visualization of the potato chromosome 10 
pangenome graph. The visualization utilizes a 1D representation of the 
pangenome graph, with the DMv6.1 reference genome serving as the baseline 
for orientation. Graph nodes are arranged from left to right corresponding to 
their positions within the reference genome. The black lines under the paths 

are the links, which represent the graph topology. Black and red bars indicate 
regions oriented in the forward and reverse direction relative to the pangenome 
sequence (the complete sequence formed by concatenating all graph nodes). 
Access to visualizations of the 1D PGGB pangenome graphs for all chromosomes 
can be found in Figshare (https://figshare.com/articles/dataset/IPHs/25846003).

https://figshare.com/articles/dataset/IPHs/25846003
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Extended Data Fig. 3 | The statistics of TEMR mediated by LTR/Gypsy  
and LTR/Copia. a, The density of estimated insertion time of TEMRs for 
LTR/Copia and LTR/Gypsy. b, The intact length of long terminal repeats in 
TEMRs for LTR/Copia and LTR/Gypsy. The boxes represent 75% and 25% 
quartiles, the central line denotes the median and the whiskers extend to  
1.5 times the interquartile range. P < 2.2 × 10−16, two-tailed Student’s t-test, 

n = 70,000 for both LTR/Copia and LTR/Gypsy. Recently active TE events 
exhibit a higher degree of intact sequences and are associated with more 
recent TEMR events. c, The number and length of flanking homologous 
sequence of TEMRs for LTR/Copia and LTR/Gypsy. d, An example of a 
LTR/Gypsy-mediated deletion on chromosome 2 of the potato accession 
PG5003 genome.



Extended Data Fig. 4 | The gene synteny ideogram constructed by protein sequences of all haplotypes. Different chromosomes are distinguished by 
alternating light grey and dark grey. Two heterozygous inversions prevalent in cultivated potatoes are marked with dashed-line red rectangles.
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Extended Data Fig. 5 | An example of a heterozygous inversion in the 
PG6244 genome assembly. a, Synteny plot for two haplotypes aligned to the 
DM genome. The haplotype H1 of PG6244 exhibits a 6.4-Mb inversion (INV894, 
chr10: 52.7–59.1 Mb) on chromosome 10 but PG6244 H2 shows synteny with the 

DMv6.1 genome. b, The Hi-C map for the assembly of the two PG6244 haplotypes 
for chromosome 10. An inversion signal between the two haplotypes is marked 
by the black rectangles.



Extended Data Fig. 6 | Pairwise Jaccard similarity analysis of 60 potato 
haplotypes. The heatmap indicates the correlation among 60 potato 
haplotypes. Paired haplotypes of each accession are indicated at the top  

and left with dashed lines. The rectangle colours represent different potato 
groups (see legend in upper-right corner).
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Extended Data Fig. 7 | The characteristics of SVs, dSNPs and dSVs in the 
potato genome. a, The number of homozygous SVs, heterozygous SVs and  
the sum of all SVs (twice the number of homozygous SVs plus the number of 
heterozygous SVs) across our panel of potato genomes. b, The number of 
homozygous dSNPs, heterozygous dSNPs and the sum of all dSNPs across  
our panel of potato genomes. For a and b, the boxes represent 75% and 25% 

quartiles, the central line indicates the median and the whiskers extend to 1.5 
times the interquartile range. P values are provided in each panel representing 
comparisons between wild (n = 10) and cultivated potato samples (n = 19), using 
two-tailed Student’s t-tests. c, Genome architecture of dSVs across the potato 
genome. d, The distribution of dSVs and dSNPs across the potato genome.



Extended Data Fig. 8 | The recombination map of two inbred lines.  
a, Recombination map of the parent E86-69 and its inbred offspring E4-63.  
The x-axis represents the chromosomes. The y-axis represents the number  
of heterozygous markers (SNPs and indels). Top: heterozygosity was identified 
by comparing E86-69 H1 and E86-69 H2; middle: heterozygosity was identified 
by comparing E86-69 H2 and E4-63; bottom: heterozygosity was identified by 

comparing E86-69 H1 and E4-63. The recombination map and events (solid 
triangles) were inferred based on the inheritance pattern of heterozygous 
variants between the parental (E86-69 H1 and H2) and their inbred offspring 
haplotypes (E4-63). b, Analogous recombination map of the parental line 
PG6359 and its inbred offspring A6-26.
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Extended Data Fig. 9 | Statistical significance of dSNP enrichment in the 
dSV coupling phase. a, Diagram depicting our dSNP accumulation assessment. 
For calculation purposes, chromosomes were segmented into fragments 
based on the midpoint between adjacent dSVs (irrespective whether in 
coupling or repulsion phase). Statistical tests were performed on each 10-kb 
non-overlapping window within each fragment. b, Statistical significance for 
the number of dSNPs flanking dSVs using the 10-kb non-overlapping windows 

between dSV coupling and repulsion phases. The significance threshold of 
P = 0.05 (two-sided Student’s t-test) is indicated. c, Diagram illustrating the 
calculation of the distance of a focal dSV to the nearest dSV in coupling phase 
(Dis-coupling) and to the nearest dSV in repulsion phase (Dis-repulsion). The 
focal dSV is highlighted in red. d, The frequency distribution of Dis-coupling 
and Dis-repulsion in potato genomes.



Extended Data Fig. 10 | The schematic diagram of IPHs-v1.0 for inbred  
lines. a, The number of dSVs in the GON/STN group for inferring the ideal A 
inbred line. b, Similarly, the number of dSVs in the PHU group for designing  
the ideal E inbred line. c, Validating the power of recombination (simulated 
single recombination event) and haplotype selection in eliminating dSVs.  
We simulated selfing experiments and the distribution of dSVs in offspring. 
Two accessions (the optimal and worst-case scenarios) from heterotic group A, 
PG6359 and PG6029, are displayed. d, Similarly, two accessions (the optimal 

and worst-case scenarios) from heterotic group E, PG6245 and RH89-039-16. 
The simulated progenies show that recombination could dramatically reduce 
the number of dSVs at the haplotype level. e, Schematic diagram indicating  
the generation of ideal potato haplotypes (IPHs-v1.0) based on two heterotic 
groups including inbred lines E4-63 and A6-26. This approach prioritizes the 
minimization of the dSV count as its central objective. Recombination and 
haplotype selection could reduce the number of dSVs during potato recurrent 
selection.
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