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ABSTRACT
Potato (Solanum tuberosum) is the most consumed non-cereal food crop. Most commercial potato cultivars are autotetraploids with highly heterozygous genomes, severely hampering genetic analyses and
improvement. By leveraging the state-of-the-art sequencing technologies and polyploid graph binning,
we achieved a chromosome-scale, haplotype-resolved genome assembly of a cultivated potato,
Cooperation-88 (C88). Intra-haplotype comparative analyses revealed extensive sequence and expression
differences in this tetraploid genome. We identified haplotype-specific pericentromeres on chromosomes,
suggesting a distinct evolutionary trajectory of potato homologous centromeres. Furthermore, we detected double reduction events that are unevenly distributed on haplotypes in 1021 of 1034 selfing progeny,
a feature of autopolyploid inheritance. By distinguishing maternal and paternal haplotype sets in C88, we
simulated the origin of heterosis in cultivated tetraploid with a survey of 3110 tetra-allelic loci with deleterious mutations, which were masked in the heterozygous condition by two parents. This study provides insights into the genomic architecture of autopolyploids and will guide their breeding.
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INTRODUCTION
Cultivated potato (Solanum tuberosum; 2n = 4x = 48) has
been grown and consumed for centuries as a staple food, worldwide. It was domesticated from wild diploid tuber-bearing species (Solanum section Petota, 2n = 2x = 24) distributed

throughout the Andes of southern Peru 800010 000 years
ago (Spooner et al., 2005). Autotetraploid cultivated potato
exhibits a highly heterozygous genome and is predominately
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Figure 1. The haplotype-resolved assembly of an autotetraploid potato genome.
(A) Schematic diagram of the phase-resolved genome assembly process.
(B) The landscape of the autotetraploid genome assembly C88v1. The string graph, at top left, illustrates the autotetraploid genome assembly with the
linkage grouping information in the graph binning. The colored nodes represent the assembled sequences from four haplotypes, and the length is scaled
(legend continued on next page)
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A haplotype-resolved genome of tetraploid potato
clonally propagated. Together with the tetrasomic inheritance,
conventional potato breeding programs have been inefficient,
which has led to drastically constrained progress, compared
with other major crops, such as maize and rice, resulting in a
potato market that is widely occupied by century-old varieties.
Since the first reference genome for a monoploid potato (DM1-3
516 R44; hereafter referred to as DM) was released in 2011,
several studies have reported genome assemblies for various
wild and cultivated diploid potato accessions, providing valuable
resources for both basic studies and potato breeding
(Consortium, 2011; Aversano et al., 2015; Leisner et al., 2018;
Zhou et al., 2020). However, despite strong interest and an
urgent need, resolving the four haplotypes in the autotetraploid
potato genome remained a challenge. The greatest obstacle
in the de novo assembly of an autopolyploid genome is
distinguishing and separating very similar haplotypes, which are
often assembled as highly fragmented sequences. In previous
efforts, a related haploid reference genome was usually
applied, to guide the separation of allelic fragments, through
collinear pairing, resulting in a mixed source of haplotypes in
the "haplotype-resolved" genome (Zhang et al., 2018, 2019;
Chen et al., 2020). In this study, we conducted a de novo
assembly strategy, combining a preliminary assembly, from
PacBio high-fidelity (HiFi) reads, and genetic map-assisted polyploid graph binning (Cheng et al., 2021). We achieved a genome
assembly of 3.15 Gb, with N50 length of 18.78 Mb, and anchored
3.03-Gb sequences on the 48 chromosomes. This high-quality
reference genome paves the way for detailed studies on the
composition of an autopolyploid genome.
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genome coverage (Supplemental Table 1). The HiFi reads were
assembled using hifiasm (Cheng et al., 2021), resulting in a
3.08-Gb genome draft, with a unitig N50 length of 1.45 Mb
(assembly version 0.1, hereafter referred to as C88.v0.1)
(Figure 1A). We next attempted to assign the unitigs to different
haplotype groups, with the assistance of Hi-C data and the
haploid reference genome, an approach that has been successfully performed on the autotetraploid genomes of cultivated alfalfa (Medicago sativa L.) (Chen et al., 2020) and sugarcane
(Saccharum spontaneum L.) (Zhang et al., 2018). However, the
resulting groups were deemed to poorly represent the
haplotypes of the C88 genome.
Mapping HiFi reads onto these unitigs then identified 2.61 Gb of
haplotigs in C88.v0.1, with 325.68 Mb of collapsed diplotigs (23)
and triplotigs (33) showing significant doubled and triplicated
read coverage (Supplemental Figure 2A). We previously
developed a pipeline to phase haplotigs from a diploid potato
genome, based on haplotype-aware genetic maps (Zhou et al.,
2020). To phase C88 haplotigs using a tetraploid genetic map,
we mapped the re-sequencing reads of 1034 S1 progeny to the
C88.v0.1 assembly and calculated the inherited dosage (0, 1, 2,
3, 4) of each unitig in the progeny (Supplemental Figure 2B).
Through the genetic grouping of dosage scores, some 2.08 Gb
of haplotigs constructed 48 groups, representing four
haplotypes of the 12 chromosomes. Based on the dosage
scores, collapsed 2x, 3x regions were unzipped to two or three
identical copies, representing 737.09 Mb of haplotig sequences,
and were assigned to 48 groups according to their linkage
relationship with grouped haplotigs (Supplemental Table 2;
Supplemental Figures 3 and 4).

RESULTS
Haplotype-resolved genome assembly of an
autotetraploid
We selected an autotetraploid potato variety, Cooperation-88
(C88), to perform sequencing and genome assembly. C88 is a
high-yielding commercial potato cultivar with durable resistance
to Phytophthora infestans. The tubers of C88 are blocky, reddish
skinned, and have light-yellow flesh, with shallow eyes. It was
derived from a cross between an Indian potato, I-1085, as the female parent, and an unknown blight-resistant germplasm from S.
tuberosum group Andigena as the paternal plant (Li et al., 2011).
Following its development in the 1990s, by the International
Potato Center (CIP) and Yunnan Normal University, China, C88
has been the preferred cultivar in southwestern China and was
quickly adopted by neighboring provinces and other Southeast
Asian countries.

Preliminary assembly and phasing of the C88 genome
Based on our k-mer survey and flow cytometry (Supplemental
Figure 1), the C88 genome size is estimated to be
approximately 3 Gb. A total of 96.2 Gb of Pacific Biosciences
(PacBio) HiFi reads were obtained, representing a 32-fold

Genetic phase-assisted polyploid graph binning of C88
genome
According to the grouped unitigs (Figure 1B), 89.7% noncontained HiFi reads (reads not covered by other longer
reads) were assigned to 48 haplotypes and the phase information
was inputted into the polyploid graph binning of hifiasm. In previous practice of hifiasm graph binning, trio information was used
to improve assembly at heterozygous regions within the diploid
genome (Cheng et al., 2021). In the present study, we extended
this application to an autotetraploid genome, for the first time,
by feeding pre-phased HiFi reads to hifiasm. After this hifiasm
run, we obtained four sets of contigs with total sizes of 954.57
Mb, 918.61 Mb, 900.16 Mb, and 894.06 Mb, respectively (hereafter referred to as H1, H2, H3, and H4). For each set, 12 chromosomes were generated by clustering and ordering the contigs,
using Hi-C data. After removing plasmid and redundant
sequences (Supplemental Figure 5), we obtained a haplotyperesolved C88 assembly (C88.v1) with a total size of 3.15 Gb, contig N50 length of 18.78 Mb, and 3.03 Gb of sequences were
anchored on 48 chromosomes (Table 1), of which 44 telomeres
were detected (Figure 1B and Supplemental Figure 6 and
Supplemental Table 3).

by actual length of sequences. The diagonal dot plot shows the alignment between the C88.v1 assembly against the haploid potato reference genome,
DM v6.1.
(C) The sequence composition of the C88 genome. Haplotig, diplotig, triplotig, and tetraplotig are defined through the rule that the HiFi reads composing
them are used once, twice, three times, and four times, respectively. The numbers on the right indicate chromosomes 1–12. The numbers on the x axis
indicate chromosome length in units of Mb. This analysis is based on the Graphical Fragment Assembly file generated in the assembly of C88.v1.
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Genomic features

C88_H1

C88_H2

C88_H3

C88_H4

C88.v1

Total assembly size of contigs (Mb)

829.15

788.22

774.43

763.59

3155.39

Number of contigs

974

401

594

521

2490

Maximum contig length (Mb)

51.76

47.29

46.86

47.17

51.76

N50 contig length (Mb)

18.73

19.16

16.58

20.60

18.78

N90 contig length (Mb)

1.73

4.60

1.83

2.65

2.83

L50 contig

14

13

14

12

52

L90 contig

59

42

59

49

203

Number of scaffolds

750

152

275

239

1416

N50 scaffold length (Mb)

64.55

61.99

59.90

61.96

59.90

Sequence on chromosomes (%)

94.54

98.10

94.64

97.95

96.28

Complete (%)

94.54

98.10

94.64

97.95

96.28

Complete and single-copy (%)

97.1

97.7

97.2

97.0

98.3

Complete and duplicated (%)

94.1

95.0

94.3

94.4

0.9

Fragmented (%)

3.0

2.7

2.9

2.6

97.4

Missing (%)

0.8

0.7

0.6

0.7

0.4

Complete (%)

2.1

1.6

2.2

2.3

1.2

Complete and single-copy (%)

94.3

95.3

94.7

93.8

99.2

Complete and duplicated (%)

57.2

58.2

59.0

61.0

1.2

Fragmented (%)

37.1

37.1

35.7

32.8

98.0

Missing (%)

1.1

1.2

1.2

1.0

0.2

Table 1. Metrics of the C88 genome assembly

Assessment of haplotype-resolved assembly
Haplotype completeness and accuracy of the C88.v1 was assessed using six independent analyses: (1) The k-mer distribution
revealed that those collapsed sequences were resolved in
C88.v1 (Supplemental Figure 7). The haplotype-resolved nature
was also supported by the evenly distributed mapping coverage
of HiFi reads (Supplemental Figure 7). (2) To assess the phase
accuracy, we built phased blocks, based on Oxford Nanopore
Technologies Ultra Long (ONT UL) reads, using the Whatshap
polyphase (Schrinner et al., 2020). In 66 370 phased blocks,
containing 3 400 173 phased single nucleotide polymorphisms
(SNPs), the consistencies between phased blocks and four
assembled haplotypes were 97.86% (H1), 98.58% (H2),
97.96% (H3), and 98.58% (H4), indicating a high consistency
between our phased assembly and local phase, generated from
UL reads. (3) To validate the structural correctness, we
detected the structural variants (SVs), with lengths ranging from
50 kb to 200 kb, between C88.v1 and the haploid potato
reference genome DMv6.1 (Pham et al., 2020), and manually
checked the mapping of UL reads at SV regions. Only the UL
reads, with mapping length >100 kb, were used for analysis. In
the 179 SVs with more than three UL reads covered, 97.7% of
SVs were spanned by UL reads at breakpoints. (4) Using
Illumina data, we determined that the final assembly had a very
high base accuracy (quality value, QV 46.6) and completeness
(99.05%). (5) Benchmarking Universal Single-Copy Orthologs
(BUSCO) (Simão et al., 2015) analysis on the assembly
identified more than 97% of the complete genes in each
haplotype, with less than 3% duplicated genes, suggesting
haplotype completeness (Table 1). (6) The intensity of genetic
1214 Molecular Plant 15, 1211–1226, July 4 2022 ª 2022 The Author.

linkage of scaffolds and the Hi-C contact matrix also supported
the quality of the phased assembly (Supplemental Figures 6
and 8). Overall, the haplotype-resolved assembly of C88 is relatively complete with unzipped homozygous regions, containing
four sets of monoploid genome genes, and shows a high level
of accuracy on SNP phase and large-scale structure.
We predicted 150 853 protein-coding genes and 217 651 isoforms in the C88 genome, based on the 239 331 PacBio fulllength transcripts and 162 Gb of Illumina RNA sequencing
(RNA-seq) data derived from 20 tissues (Supplemental Table 4).
We also identified 2262 putative nucleotide-binding site
leucine-rich repeat (NBS-LRR or NLR) genes, constituting 165
clusters, in the C88 genome, in which chromosomes 4, 5, and
11 contribute 51.11% of all clustered NLR genes (Supplemental
Figure 9). BUSCO assessment on gene annotation indicated
93.8%95.3% complete genes in each haplotype and 99.2%
in the combined set (Table 1). In addition, the average mapping
rate of RNA-seq data, derived from 20 tissues, is 93.11% for
these isoforms.

Inter-haplotype diversity in an autotetraploid potato
genome
Sequence differentiation: SNPs, InDels, and SVs
To conduct a whole-genome evaluation of intra-genome diversity, we selected the longest haplotypes per chromosome to
constitute a pseudo-haploid genome of C88. Based on the alignment of phased HiFi reads, in total, 11 964 627 SNPs and
1 056 892 small insertions/deletions (InDels) were detected,
among the four haplotypes, which were unevenly distributed

Molecular Plant

A haplotype-resolved genome of tetraploid potato
A
PC2

PC1

H1

chr1

H2

H3

H4

C

99.47Mb

chr1_1

6

chr1_2 chr1_3

chr1_4

1

chr2

51.61Mb

6
1

chr3

67.56Mb

6
1

chr4

78.11Mb

6
1

chr5

59.82Mb

6

3.0%
1

chr6

64.55Mb

1.0%

1

58.35Mb

6

chr7

0.0%

chr1_1 chr1_2 chr1_3

chr1_4

1

60.85Mb

6

chr8

2.0%

6

1

81.24Mb

6

chr9

1

64.52Mb

6

chr10

100%
1

48.78Mb

chr11

1

68.9Mb

6

chr12

1

B

A BCD E F G

chr7_4

chr7_3

chr7_2

Track order
1. H1-H2
2. H1-H3
3. H1-H4
4. H2-H3
5. H2-H4
6. H3-H4

ABC D E FGH

H I

ABCD E FG

H

J

ABCD E FG

H

K LM N

J

K LM

I

I

chr7_1

J

K LM

I

N

90%

O

P

OP

Q

Q

R

R

S

S

T

T

Q

OP

J

N

identity

6

K LM

N

R S

OP

Q

R S

T

T

Syntenic region
Dominant

Balanced

Suppressed

Identity

PAV
<90%

99%

Figure 2. The inter-haplotype diversity within the C88 genome.
(A) Dot plots show PCA of four homologous haplotypes, with the relative distance among them. The heatmaps show the SNP/InDels density, in a 1-Mb
window, between any two haplotypes. The numbers 1–6, at the left end of the heatmaps, indicate the two compared haplotypes. The short black lines
mark the low-mapability regions.
(legend continued on next page)
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across the 12 chromosomes, approximately equal to 1.86% of
the pseudo-haploid genome (Figure 2A). Principal component
analysis (PCA) suggested a relatively uniform distance among
haplotypes of chromosome 2, 4, 9, and 11, whereas the
haplotypes of chromosomes 1, 3, 5, 6, 7, 8, 10, and 12 were
clustered into two or three groups. The local divergence level
between haplotypes also varied, with significant reduced
variants in some regions. Taking chromosome 11 as an
example, although the four haplotypes are dispersed based
on PCA analyses, chr11_1 was very similar to chr11_4 at
17–38 Mb, whereas chr11_2 and chr11_3 showed high
sequence identity at 19–33 Mb. In addition, chr10_2, chr10_3,
and chr10_4 shared 37.2 Mb of haplotype sequences, resulting
in triploid collapsed regions, in assembling, but they had a
diversity level of 7.58 SNPs/kb at two proximal telomeric
regions of chromosome 10. We also detected 11 097 genes
with presence/absence variation (PAV) and 50 360 SVs
between haplotypes, including 431 large SVs (>100 kb),
which affected 902.76 Mb of sequences. We also obtained a
zoom-in view in a 900-kb syntenic region on chromosome 7 to
illustrate the extensive divergence among the four haplotypes
(Figure 2B).
Variable repeat arrays in pericentromeric and centromeric
regions
Several regions were barely covered by homologous
haplotypes when mapping HiFi reads to the pseudo-haploid
genome and conducting synteny analyses across four haplotypes. The lengths of such regions ranged from 0.8 Mb to 37.1
Mb. According to their positions on the chromosomes, we
concluded they may harbor centromeres and aligned six centromeric repeats (St18, St24, St49, St57, St3-58, and St3-238)
(Gong et al., 2012), identified from the haploid potato genome,
to these regions. Significant enrichment of repeat arrays was
observed on 14 out of 24 target haplotypes with variable
lengths from 19 kb to 4.5 Mb (Supplemental Table 5),
suggesting the location of centromeres. On chromosome 1, the
St24 formed 99-kb, 4.6-kb, and 4.5-Mb repeat arrays on
chr1_2, chr1_3, and chr1_4, respectively, whereas no
repeat array was observed on chr1_1. On chromosomes 5 and
6, the repeat enrichment was only detected on one of four
haplotypes.
To fully understand the pericentromeric and centromeric regions
on the 48 haplotypes, we performed re-alignment of the regions
lacking synteny, with StainedGlass (Vollger et al., 2022), using
1-kb window, and identified haplotype-specific, megabase-sized
repeat arrays. According to the enrichment of highly repetitive repeats, the 48 haplotypes could be classified into three types,
namely those sharing repeat arrays with homologs, those carrying unique repeat arrays, and those without obvious repeat arrays. The chr1_1 had two unique repeat arrays, occupying 3.69Mb regions, whereas chr1_4, chr1_2, and chr1_3 shared two
repeat arrays, with lengths of 1.43 Mb, 1.61 Mb, and 1.28 Mb,
respectively (Figure 2C and Supplemental Figure 10). The
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haplotype-specific repeat arrays were detected on all chromosomes, except for chromosome 3, where the four haplotypes
shared two repeat arrays. Unlike genomes of Arabidopsis thaliana
and Oryza sativa, which contain highly similar centromeric satellite repeats (Cheng et al., 2002; Nagaki et al., 2003; Oliveira and
Torres, 2018; Naish et al., 2021), the autotetraploid potato
genome exhibited distinct pericentromeric and centromeric
features on homologous haplotypes, indicating rapid evolution
of the centromeric sequences.
Wild potatoes introgression in cultivated C88 genome
The introgression of wild species was considered to increase the
heterozygosity of cultivated crop lines. By mapping the HiFi
reads, derived from 20 diploid wild potatoes in a recently released
potato pan-genome project (Tang et al., 2022), to the C88
genome, we identified varying degrees of similarity between
C88 haplotypes and these wild genomes. The reads of wild
potatoes covered 25.52% of the C88 genome, with more than
203 coverage, implying rampant putative introgression from
wild accessions (Supplemental Figure 11). On haplotype
chr1_1, chr2_1, chr4_1, chr4_3, chr4_4, chr5_2, chr7_2, and
chr9_3, putative introgression regions occupied more than 50%
of these haplotypes (Supplemental Tables 6 and 7). In a total of
35 detected centromeric-like repeat-array regions, 30 regions
overlapped with the putative introgression, suggesting wild potato sequences may have contributed to the unique centromeres
of the C88 haplotypes.
Differential expression in allelic genes
To unravel the expression landscape of homologous genes on
the four haplotypes, we identified 23 086 tetra-allelic loci, with
one allele per haplotype, in inter-haplotype syntenic blocks,
and analyzed their expression in 20 tissues. For each tissue, we
classified the expression of allelic genes into balanced, dominant,
and suppressed expression, according to the relative expression
levels of the four alleles (Supplemental Figure 12A). On average,
in one tissue, 49.1% of tetra-allelic loci showed differential
expression among the four alleles, with 3.4% of loci possessing
a single dominant expressed allele (Supplemental Figure 12B).
There was no significant preference, in terms of expression, on
a specific haplotype. In the C88 genome, we observed that
alleles at one locus show variable expression patterns in the 20
tissues. Of the 92 344 allelic genes, at 23 086 loci, 61.7%
(56 942) displayed at least two expression types, among the 20
tissues, indicating the dynamic nature of gene expression in an
autotetraploid potato genome.

Tetrasomic inheritance in autotetraploid potato genome
In autopolyploid meiosis, there are many distinct features with the
inheritance of diploid and allopolyploid, such as multivalent pairing and preferential pairing of chromosomes, and double reduction (DR), which have been long-standing research interest in
tetraploid potato and other polyploid crops (Bourke et al., 2015,
2017, 2021; Manrique-Carpintero et al., 2018; Choudhary et al.,
2020). In this study, we witnessed these valuable events in a
selfing population of C88.

(B) Schematic diagram of inter-haplotype diversity, illustrating the syntenic region (gray), homologous genes (capital letter), SVs (dark orange), PAV genes
(azure), and differentially expressed genes (dominant, balanced, and suppressed), at a 900-kb region on chromosome 7. A 400-kb insertion on chr7_2,
compared with chr7_3 and chr7_4, adds 16 additional genes in this haplotype. The gray scale illustrates the variable identity in syntenic regions.
(C) Top: the re-alignment of regions with low synteny on chromosome 1, using a 1-kb window. The involved regions are chr1_1:18.48–55.57 Mb,
chr1_2:18.86–48.81 Mb, chr1_3: 17.44–42.59 Mb, and chr1_4:16.49–49.40 Mb. Bottom: the highlight of repeat arrays in chromosome 1 (chr1_1: 34.48–
40.48 Mb, chr1_2:29.88–32.38 Mb, chr1_3:26.99–28.44 Mb, and chr1_4:26.99–40.99 Mb).
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The frequency of bivalent pairing and multivalent in tetraploid potato population was detected using 9834 genotyped SNPs in
1034 S1 individuals (Supplemental Figures 13 and 14). There was
no deviation from random pairing in the bivalent pairing, while
the quadrivalent pairing showed a frequency ranging from 50%
to 70% in the C88 selfing population, which was significantly
higher than the average of 19% reported in outcrossing potato
populations (Zheng et al., 2021). The difference is likely due to
the variation of genome constituents in the parental lines. On the
basis of multivalent configuration, the occurrence of DR depends
on the DNA exchange of homologous chromosomes during
meiosis I, and the sister chromatids carrying the same haplotype
are drawn to the same pole during meiosis II (Choudhary et al.,
2020). The theoretical rate of DR, according to its chromosomal
position between telomeres and centromere, was calculated to
be 0 % a % 1/6 (Haynes and Douches, 1993). To investigate the
landscape of DR in autotetraploid potato, we genotyped a
selfing population of C88, using low-coverage sequencing data.
Although there are limitations in detecting DRs within a selfing population, we still observed DR frequencies of 1%–4% on the 12
chromosomes involving 1021 of the total 1034 sequenced progeny
(Figure 3). The distribution of DRs varied on homologous
haplotypes. For 32 out of the 48 haplotypes, the DR frequency
increased toward the two telomeres of the chromosome, with
reduced DR frequency being detected close to centromeric
regions, which is in line with previous studies based on SNP
genetic maps (Bourke et al., 2015). However, on the remaining
16 haplotypes, there was only one or no DR frequency peak at

the telomeric regions. Taking chromosome 7 as an example,
chr7_1, chr7_3, and chr7_4 showed DR frequency peaks at the
one proximal telomeric region, with the highest frequency of 2%,
1%, and 1%, respectively, whereas chr7_2 showed a 2.5%
frequency peak at the other proximal telomeric region.
To investigate the segregation of four sets of haplotypes, we
manually selected 9834 high-quality SNPs in 1034 S1 individuals
to infer the inherited haplotypes in population (Supplemental
Figure 14). Since it is difficult to infer individual haplotypes using
low-coverage genome sequencing data (Gerard et al., 2018;
Wadl et al., 2018; Yamamoto et al., 2020; Chen et al., 2021),
13 coverage for each haplotype in this study, the proportion of
four haplotypes inferred by PolyOrigin (Zheng et al., 2021)
showed obvious reference bias; that is, the haplotype used as
a reference during read mapping is calculated at a higher
proportion in the offspring. Nevertheless, significant segregation
distortions were still observed such that the proportion of some
haplotypes was much lower than the theoretical 1/4 (c2 test, p <
1010), such as regions on chr3_3, chr4_3, chr6_3, chr8_3, and
chr12_2. These reduced proportions of haplotypes may be the
result of the presence of deleterious mutations with large effects.

Approximation to the origin of heterosis in cultivated
tetraploids
Polyploidy is considered to have compelling association with
domestication and boost the early domestication of crops by
Molecular Plant 15, 1211–1226, July 4 2022 ª 2022 The Author. 1217
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Figure 4. The functional complements of parental haplotypes.
(A) The proportion of tetra-allelic loci with 0, 1, 2, 3, and 4 PDAs (left pie chart) and the number of loci with functional complementary alleles (right pie chart).
(B) The number of unaffected alleles on maternal (cyan) and paternal (orange) haplotypes. The numbers were calculated in a 1-Mb window.
(C) R1 locus from S. demissum BAC was localized only in chr5_3 due to the presence of one SV in the four haplotypes (maternal [cyan] and paternal
[orange]) of chromosome 5; four StCDF1.1 alleles in the C88 genome (right).

providing more favorable genes and genetic diversity, which are
advantageous to increased adaptation (Salman-Minkov et al.,
2016). Tetraploid potato originates from the crossing of 2n
gametes in landrace diploids (Hardigan et al., 2017). To
investigate the implications of polyploidy for the development
of modern potato cultivars, we simulated the hybridization of
two 2n gametes using the combination of parental haplotypes
in C88 genome. We sequenced the genome of C88’s female
parent, I-1085, and split the 48 chromosomes of C88 genome
into two sets of parental haplotypes using mother-specific homozygous SNPs (Supplemental Figure 15).
Like many other vegetatively propagated crops (Ramu et al.,
2017; Zhang et al., 2019), potatoes carry heavy mutation
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burden. In the C88 genome, we predicted 57 641 functional
deleterious mutations on the four haplotypes, affecting 15 942
annotated genes, which we referred to as predicted deleterious
alleles (PDAs). In the total of 23 086 tetra-allelic loci, 33.05%
harbored one to three PDAs, maintaining the PDAs in heterozygous state (Figure 4A). Compared with the diploid potato
haplotypes, in which 23.0% of bi-allelic loci possess heterozygous PDAs, the tetraploid potato haplotypes displayed a higher
level of functional complementation by providing more gene
copies as backups for defective alleles. In terms of parental haplotypes, in 744 tetra-allelic loci, both of two maternal alleles were
PDAs, whereas paternal haplotypes provide unaffected alleles
(Figure 4B). The reverse situation was that there are 2366 tetraallelic loci having two paternal PDAs and at least one unaffected

A haplotype-resolved genome of tetraploid potato
maternal allele. Therefore, in hybridization, two dysfunctional alleles in the gamete would be shielded, in the heterozygous state
in a tetraploid zygote, by the other parent. In autopolyploidization,
the homozygous deleterious mutations on 2n gametes would be
masked in this way, reducing the harmful effects of the accumulation of deleterious mutations. This may be the basis for the existence of favorable tetraploid cultivars.
In C88 genome, we detected 1079 paternal unique genes and
1253 maternal unique genes. The hybridization of the parents endows the tetraploids with richer genetic diversity, which provides
the possibility for screening accumulative excellent traits in
breeding. Late blight, which is caused by P. infestans, has been
the most serious disease for reduced potato yields for over two
centuries (Grunwald and Flier, 2005; Yoshida et al., 2013). C88
has a high level of durable resistance to P. infestans in
both leaves and tubers. Infiltration experiments using avr
proteins showed that Avr1 and Avr2 resulted in a significant
hypersensitive response (HR) phenotype on C88 potato leaves
(Supplemental Figure 16). We located the R1 gene to chr5_3 by
mapping the bacterial artificial chromosome (BAC) clone
PGEC472P22 of Solanum demissum (Kuang et al., 2005),
harboring the R1 gene (Figure 4C), and located the R2 gene to
chr4_3 using a full-length transcript with the HR phenotype
(Supplemental Figure 16). Both of R1 and R2 are derived from
paternal haplotypes, indicating that durable resistance of the
C88 cultivar is largely attributed to the S. andigena background
of its male parent. C88 is grown primarily as a summer crop in
Yunnan Province, where is located at latitude 20 –30 north,
with longer daylight during the summer season. Under such
conditions, the female C88 parent, cultivar I-1085, contributes
better local adaptation, while the Andigena group is poorly adapted. C88 matures very late in summer with a growth period of 120–
150 days. A screen for the potato late-maturing gene, StCDF1.1,
showed that three of the four alleles are identical, and one allele
harbors a 3-bp deletion in the coding sequence (CDS), resulting
in one amino acid deletion, outside the three predicted domains,
which seemed unlikely to affect gene function (Figure 4C). Thus,
the four alleles of StCDF1.1, from the two parents, likely conferred
the late-maturing phenotype of C88, under the longer daylight
conditions, ensuring its adaptation in sub-tropical areas. The
accumulation of functional genes from parental haplotypes
shaped the C88 as an excellent cultivar with good adaptability
and late maturity, at the same time as durable resistance.

DISCUSSION
The availability of autotetraploid potato genomes has long been
hampered by their high degree of heterozygosity, thereby
impeding the characterization of the genetic basis of heterosis,
underlying desirable traits, and the investigation of genomic organization of autotetraploid species. Recently, benefitting from the
advancement of sequencing technologies, several assemblies of
tetraploid potatoes were released, including the chromosomescale haplotype-resolved genome of the tetraploid cultivar, Otava
(Sun et al., 2022) and those of cultivars Altus, Atlantic, Avenger,
Castle Russet, Colomba, and Spunta (Hoopes et al., 2022). In
this study, we obtained a genome assembly for a commercial
autotetraploid potato cultivar, C88. These available genomes
provide important resources for understanding the biology of
cultivated potato and other autopolyploid species.
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Both Otava genome and C88 genome were accomplished by
leveraging the latest HiFi sequencing technologies and employing a genetic population to guide the phasing of long reads. The
difference between the two separate works is the utilization of
phased reads in the second round of assembly, which is implemented to improve the continuity of preliminary contigs. In Otava
assembly, the phased reads were split into groups, and each
group was then re-assembled, separately. This strategy has
been successfully applied in many genetic-assisted assemblies
(Koren et al., 2018; Shi et al., 2019; Campoy et al., 2020;
Porubsky et al., 2021). Unlike this, in C88 assembly, we fed the
reads’ phase information into the assembly software hifiasm
and applied a polyploid graph binning to guide the solution of
the whole genome graph and generate new contigs. The
polyploid graph binning is a more straightforward strategy,
making full use of read information, and does not introduce
depth bias. The high quality of C88 genome, which outperforms
the Otava assembly in both continuity (18.78 Mb versus 7.1 Mb
in terms of contig N50) and completeness (98.4% versus
97.3% regarding BUSCO scores), proves the effectiveness of
polyploid graph binning. The reads’ phase information can be
generated in a variety of ways, such as linkage grouping or
Hi-C phasing. Nevertheless, the C88 genome and Otava genome
provide persuasive examples for the haplotype-resolved assembly of autopolyploid genomes.
In the interpretation of the genomic organization of autotetraploid
genome, unevenly distributed polymorphisms among haplotypes
resulting in mosaic distributed highly differentiated regions and
nearly identical regions complicate the analysis. The regular
ways that rely on pairwise alignment or reference-based mapping
are not sufficient to demonstrate the complexity. To fully illustrate
the complex SVs and avoid reference bias, graph-based pangenome models and tools that can compactly represent homozygous haplotypes are urgently needed.
The all-to-all zoom-in alignment in regions lacking synteny between haplotypes revealed the presence and absence of
haplotype-specific repeat arrays. These regions contain the unidentified centromeres, giving an indication of rapid dynamic evolution of centromeres in potato genomes. This is a very distinct
feature, compared with A. thaliana (Naish et al., 2021) and
Oryza species (Cheng et al., 2002; Lee et al., 2005). Previous
studies reported multiple repeat types in centromeres and
centromeric DNA, in S. tuberosum and wild potatoes (Gong
et al., 2012; Zhang et al., 2014), raising unanswered questions
on the origin and evolution of centromeres in Solanum species.
The recently released genomes of C88 and other autotetraploid
potatoes (Hoopes et al., 2022), coupled with the latest
Solanaceae species pan-genomes (Tang et al., 2022; Zhou et
al., 2022), have provided a wealth of resources to investigate
the dynamics of centromeres in Solanaceae species at a more
detailed level and wider scale.
By screening genomic reads of 20 wild diploid potatoes, we detected 805.37 Mb of putative introgression regions in the C88
genome. Within the 165 NLR gene cluster, detected on 40 haplotypes, some 98 clusters overlapped with introgression regions,
which may explain the origin of functional resistance genes.
The inspection of NLR gene clusters on haplotypes is also beneficial to the combination of resistance genes of target types, by
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selection of specific haplotypes in breeding programs and integrating the gainful introgressions into tetraploid or diploid potato,
as much as possible.

A total of 1034 individuals from the C88 selfing population (S1 population,
equivalent to an F2 population) were sequenced at 13 depth using the
Illumina HiSeq X Ten platform, generating 3 Gb of data for each sample.

Although deleterious mutations are evenly distributed among homologous haplotypes, in the C88 genome, we found the paternal
haplotypes harbor more homozygous dysfunctional loci that two
alleles are PDAs, than maternal haplotypes, indicating that the
haplotypes originating from different backgrounds may carry
various numbers of deleterious alleles. Further analysis of more
phased genomes of potato will be of considerable value to
genome-based design breeding (Zhang et al., 2021), by
providing comprehensive information for choosing suitable
backbone haplotypes (Huang et al., 2022; Li et al., 2022).

Regarding Hi-C sequencing, high-quality DNA was extracted from in vitropropagated potato seedlings and then digested with the restriction
enzyme HindIII. Hi-C sequencing libraries were constructed, as described
previously (Lajoie et al., 2015), and sequenced on the Illumina HiSeq X Ten
platform, using the 2 3 150-bp paired-end mode to produce 302.96 Gb of
Hi-C reads.

METHODS
Sample preparation and sequencing
All plant samples were grown in a greenhouse in Kunming, Yunnan Province, China. A modified cetyl trimethyl ammonium bromide (CTAB)
method (Murray and Thompson, 1980) was used to extract genomic
DNA from young leaves. The Illumina sequencing libraries, with an insert
size of 400 bp, were constructed and sequenced on the Illumina
HiSeq 2500 platform, yielding 240 Gb of paired-end reads.
Genomic DNA was extracted from in vitro seedlings of C88 using
QIAamp DNA Mini Kit/DNeasy Plant Mini Kit1 (QIAGEN). The integrity
of the DNA was determined with the Agilent 4200 Bioanalyzer (Agilent
Technologies, Palo Alto, CA). Eight micrograms of genomic DNA were
sheared using g-Tubes (Covaris), and concentrated with AMPure PB
magnetic beads. Each SMRT bell library was constructed using the Pacific Biosciences SMRT bell template prep kit 1.0. The constructed library was size selected by Sage ELF for molecules of 14–17 kb, followed
by primer annealing and the binding of SMRT bell templates to polymerases with the DNA Polymerase Binding Kit. Sequencing was carried out
on the Pacific Bioscience Sequel II platform under the circular
consensus sequencing (CCS) mode for 30 h at the Annoroad Gene
Technology company. A total of 96.20 Gb of HiFi reads with an N50
length of 16.70 kb were generated using the ccs (https://github.com/
PacificBiosciences/ccs) software.
For ONT ultra-long sequencing, samples were collected from in vitro seedlings of C88, and high-molecular-weight genomic DNA was prepared by the
CTAB method and followed by purification with QIAGEN Genomic kit (catalog no. 13343, QIAGEN) for regular sequencing, according to the standard
operating procedure provided by the manufacturer. Ultra-long DNA was extracted by the SDS method without the purification step to sustain the
length of DNA. The DNA degradation and contamination of the extracted
DNA was monitored on 1% agarose gels. DNA purity was then detected using the NanoDrop One UV-visible (UV-vis) spectrophotometer (Thermo
Fisher Scientific, USA), of which OD260/280 ranging from 1.8 to 2.0 and optical density (OD) 260/230 is between 2.0 and 2.2. At last, DNA concentration was further measured by Qubit 4.0 Fluorometer (Invitrogen, USA). A total amount of 3–4 mg of DNA per sample was used as input material for the
ONT library preparations. For each ultra-long Nanopore library, approximately 8–10 mg of genomic DNA (gDNA) was size selected (>50 kb) with
the SageHLS HMW library system (Sage Science, USA), and processed using the Ligation sequencing 1D kit (SQK-LSK109, Oxford Nanopore Technologies, UK) according the manufacturer’s instructions. About 800 ng of
DNA libraries were constructed and sequenced on the Promethion (Oxford
Nanopore Technologies, UK) at the Genome Center of Grandomics (Wuhan,
China). The base calling was performed using Guppy (v3.2.2, https://github.
com/nanoporetech/taiyaki), and 153 Gb of ONT reads with an N50 length of
66.3 kb were available for assembly.
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We extracted total RNA from 20 tissues (Supplemental Table 4) for
transcriptome sequencing, using the Illumina HiSeq X Ten platform, with
one biological replicate, which generated 8 Gb of RNA-seq reads for
each tissue. Tissues including flowers, roots, stems, young leaves, and
stolons were collected from the C88 plants. Total RNA was isolated by
standard TRIzol protocol. The integrity of the RNA was determined with
the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA).
Total RNA samples with RNA integrity number (RIN) value R8 were
used for constructing the cDNA libraries in PacBio sequencing. Using
the Clontech SMARTer PCR cDNA Synthesis Kit (Takara Biotechnology,
Dalian, China), 4 mg of RNA is synthesized to cDNA and subsequently
amplified to generate double-stranded cDNA. The cDNA was then size
selected using the BluePippin Size Selection System (Sage Science, Beverly, MA, USA). Each SMRTbell library was constructed using 1 mg of sizeselected cDNA with the Pacific Biosciences SMRTbell template prep kit.
The binding of SMRT bell templates to polymerases was conducted using
the Sequel II Binding Kit, and then primer annealing was performed.
Sequencing was carried out on the Pacific Bioscience Sequel II platform
by Annoroad Gene Technology company (Beijing, China).

Haplotype-resolved assembly and assessment
Genome size estimation
HiFi reads were used to estimate the genome size of C88. The k-mer (k =
27) count was computed with K-mer analysis tools (KAT) (Mapleson et al.,
2017) and was input to GenomeScope 2.0 (Ranallo-Benavidez et al., 2020)
with tetraploid mode. The genome size of C88 was confirmed by flow
cytometry (BD FACScalibur) using tomato as an internal standard.
Genome assembly overview
The assembly version 0.1 (C88.v0.1) was assembled with hifiasm (Cheng
et al., 2021), with default parameters ‘‘-l 0 –primary.’’ After detection of
collapsed regions by mapping HiFi reads, we then constructed a genetic
map based on the sequenced 1034 S1 progeny of C88 and the C88.v0.1
assembly. A total of 48 linkage groups were generated, representing four
haplotype sets of 12 chromosomes. With the help of the genetic groups,
we decided the phase of HiFi reads and passed the information into
hifiasm through a specified parameter ‘‘-5 hifi.phased.reads.list’’ to
perform a new run of assembly with the parameters ‘‘–n-hap 4, –hom-cov
120.’’ This resulted in 3.65 Gb of assembled contigs partitioned into four
clusters, which were subsequently scaffolded to four sets of
chromosome-level assemblies, using Hi-C data.
Unitigs and HiFi reads phasing
To detect the collapsed assembled regions, 96 Gb of HiFi reads were
mapped to the C88.v0.1, using minimap2 (Li and Birol, 2018) with the
parameters ‘‘-x map-hifi’’ and the mapping depth was calculated, with a
window size of 50 kb by mosdepth (Pedersen and Quinlan, 2018) (-Q 1
-F 3840). We divided the unitigs into five types (haplotig, diplotig, triplotig,
tetraplotig, and the repeat) based on the mapping depth of HiFi reads. For
example, the depth of haplotigs ranges from 33 to 453 (Supplemental
Figure 2). The amount of tetraplotigs and repeats is negligible in C88.v0.1.
To genotype the unitigs and construct a haplotype-aware genetic map to
phase the unitigs, we sequenced a selfing population of C88. In the selfing
population of autotetraploid potato, the segregation of each allele follows
the Mendelian laws, resulting in the allele dosage of 0, 1, and 2, with a 1:2:1
distribution ratio in the S1 population. Considering an unitig as one allele,
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its dosage information can be detected from the read number of each
sequenced progeny. Illumina short reads of the 1034 selfing progeny of
C88 were mapped against C88.v0.1 unitigs, using Burrows-Wheeler
Aligner (BWA) (Li and Durbin, 2009) with default parameters, and the
number of mapped reads (mapping quality, MQ > 1) was calculated to
infer unitig dosage in the progeny. For haplotig, we estimated the
dosage as 0, 1, and 2; for diplotig and triplotig, we use the fitPoly (Zych
et al., 2019) for dosage estimated. Taking the haplotigs’ dosages as the
genotypes, 48 linkage groups were constructed, using LepMap3
(Rastas, 2017), involving 2.08 Gb of grouped haplotigs. To unzip the
diplotig and triplotig regions to haploid, we calculated their correlation
with grouped haplotigs, using their dosage information, and assign two
or three copies of the collapsed sequence to two or three linkage
groups having the strongest correlation (Supplemental Figure 3). After
this, some 297.18 Mb of diplotig sequences and 47.57 Mb of triplotig
sequences were unzipped to 737.09 Mb of haplotig sequences. In
summary, 2.43 Gb of unitigs of C88.v0.1 could be grouped into 48
haplotypes with an estimated size 2.82 Gb (Supplemental Table 3).
Re-assembly assisted by pre-computed read phase
According to the unitig Graphical Fragment Assembly (GFA) generated by
hifiasm and linkage group information, a total of 826 223 non-contained
HiFi reads were assigned to 48 groups. Like the trio binning assembly of
the diploid, the total HiFi reads and their phase information were passed
to hifiasm with a ‘‘trio-partition’’ mode for the autoploidy genome. Hifiasm
graph binning corrected 7464 mis-partitioned reads in the graph. After
this, the total assembly size and the N50 length were improved to
3.65 Gb and 14.7 Mb, respectively.
Chromosomal scaffolding
To construct pseudo-chromosomes, Hi-C reads were mapped to
these contigs using the juicer (Durand et al., 2016) pipeline and the
alignments were divided into four haplotype sets, to approximate
four pseudo-haploid genomes. The 3D-DNA (Dudchenko et al., 2017)
pipeline was next deployed to order and orient each of the four sets of
contigs into 12 pseudo-chromosomes, using the parameters ‘‘-m haploid
-r 0 -q 0.’’ The resultant assignment and coordinate information for all contigs were manually checked and merged, which produced 4 3 12 pseudochromosomes containing 3.03 Gb of anchored contigs, while 0.62 Gb of
contigs could not be integrated into any pseudo-chromosome. The remaining 0.42 Gb of contigs were excluded during the Hi-C scaffolding,
for they were presumably assembly artifacts, from ribosomal repeats
or other high-copy sequences, due to their extremely low Hi-C contact intensity and high similarity in all-to-all alignment (Supplemental Figure 5).
We lastly mapped the unanchored sequences to the 48 pseudochromosomes using minimap2 (-x asm5) and removed additional
94.6 Mb of sequences that are covered by anchored sequences with
more than 80% coverage.
Assembly assessment
The k-mer analysis of C88.v0.1 and C88.v1 were performed using KAT
(Mapleson et al., 2017). To independently construct haplotype from long
reads: (1) C88 HiFi reads were mapped to DMv6.1 using minimap2
(-x map-hifi) and heterozygous variants were collected using freebayes
(Garrison and Marth, 2012); (2) the ONT UL reads were mapped to
DMv6.1 using minimap2 (-x map-ont); (3) the heterozygous variants and
aligned ONT UL reads were input to Whatshap polyphase (Schrinner
et al., 2020) to generate local haplotypes. For evaluation, the C88.v1
assembly was also aligned to DMv6.1, using minimap2 to get the
genotypes of the heterozygous variants phased by Whatshap. With the
same coordinate of DMv6.1, the SNP genotypes of Whatshap phased
blocks were compared with the four haplotypes of C88.v1. The
consistency of the two independent haplotype constructions was
assessed using the following ratio: (SNPs with same genotype)/(total
shared SNPs). Only phased blocks with more than 10 SNPs were
involved in this calculation. To check the structural accuracy of C88.v1,
the large SVs (>100 kb) between the DM reference genome and our
C88.v1 assembly were identified with SyRI (Goel et al., 2019) from the
alignment by nucmer (Kurtz et al., 2004) (v4.0.0). The UL reads mapping
on DMv6.1 were used to validate the assembly at the SV regions. Only

the UL reads with a mapping length of >100 kb were used for analysis.
In the total of 190 SVs with a length range of 50–200 kb, the 11 SVs
covered by fewer than three UL reads were excluded in analysis. The
completeness of our assembly was estimated by BUSCO (Simão et al.,
2015) (v4.1.4) with default parameters using the eudicots_odb10
database. Reference-free base accuracy (QV)and completeness was estimated with Merqury (Rhie et al., 2020) (v1.3).

Genome annotation
Repeat elements annotation
The Extensive de novo TE Annotator (EDTA) (Ou et al., 2019) was utilized
to identify transposable elements (TEs) in the forms of long terminal repeat
retrotransposons (LTR-RTs), DNA transposons with terminal inverted
repeat (TIR) sequences, Helitron-like DNA transposons, and short interspersed nuclear element (SINE)/long interspersed nuclear element
(LINE) repeats. The high-confidence gene annotation of the DM genome
was used to remove genic sequences in the TE annotation (–cds
DM.cds.fasta) to result in a non-redundant TE library. RepeatMasker
(v4.10) (http://www.repeatmasker.org) was then applied to mask potential
transposons, simple repeats, and satellites with the TE library as an input.
Gene prediction
A comprehensive strategy consisting of transcript evidence, ab initio prediction, and homology alignment was exploited for gene prediction. PacBio
Iso-Seq data for five tissues were first preprocessed, using the CCS program (https://github.com/PacificBiosciences/ccs), and were demultiplexed
using lima (https://github.com/PacificBiosciences/barcoding). The Iso-Seq
program (https://github.com/PacificBiosciences/IsoSeq) was also applied
for poly(A) trimming and concatemer removal, and the clustering of fulllength non-chimeric (FLNC) reads. We then used pbmm2 to align those
high-quality clustered FLNC reads to the C88 genome with parameter
‘‘–preset ISOSEQ’’. RNA-seq reads of 20 tissues were mapped to the
C88 genome by HISAT2 (Kim et al., 2019). The resultant alignments were
sorted in the order of genomic coordinates, via SAMtools (Li et al., 2009),
and were then passed into BRAKER2 (Bruna et al., 2021) (v2.15), with
parameters ‘‘–nocleanup –softmasking,’’ to train the species-tuned parameters in AUGUSTUS (Stanke et al., 2006) and the Hidden Markov Model
(HMM) of GeneMark-ET (Lomsadze et al., 2014).
The previously released protein sequences of tomato and potato and
curated plant proteins from the UniProt Swiss-Prot database (https://
www.uniprot.org/downloads) were combined, followed by a redundancy
purge, using CD-HIT with default parameters. These sequences were
considered as homologous protein evidence, and high-quality consensus
Iso-Seq reads and StringTie-assembled (Pertea et al., 2015) transcripts gff
were regarded as expressed sequence tags (ESTs or est_gff), both of
which were inputted into MAKER2 (Holt and Yandell, 2011) to infer
putative gene structure by enabling options ‘‘protein2genome = 1 and
est2genome = 1.’’ Gene models were synthesized by the second run of
MAKER2, integrating the previously generated training sets from
AUGUSTUS and GeneMark-ES, followed by removing those gene models
showing annotation edit distance (AED) scores >0.5. Genome-guided
transcript assemblies of StringTie and Iso-Seq data were also fed into Mikado for picking the best set of transcripts. Program to Assemble Spliced
Alignments (PASA) (Haas et al., 2003) was ultimately applied to update the
gene models in the light of the 238 569 high-quality clustered Iso-Seq
reads and 192 736 Mikado-generated transcripts. We selected the
longest transcript as the representative for each of the predicted genes
in the downstream analysis.
Functional annotation of protein-coding genes
InterProScan (Blum et al., 2021) (5.48–83.0) was deployed with
parameters ‘‘-cli -iprlookup -tsv -goterms -appl Pfam’’ to annotate Gene
Ontology (GO) terms and InterPro and Pfam protein domain information.
Amino acid sequences of predicted encoded proteins were also mapped
against the UniPort SwissProt database (http://www.uniprot.org/), and
the functional description of the best hit was assigned to each of the
respective genes.
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Comparative analyses among homologous haplotypes
Sequence differentiation
The longest haplotype of each chromosome was collected to constitute a
pseudo-haploid genome of C88. The phased HiFi reads were assigned to
four groups, and then mapped to the pseudo-haploid genome, using minimap2 separately to identify inter-haplotype SNPs and InDels using
DeepVariant (Poplin et al., 2018) (v1.0) and GLnexus (Yun et al., 2021).
Only variants that passed criteria (quality, QUAL > 20, bi-allelic, and
without any heterozygous genotypes or missing genotype in one
haplotype) were used in following analyses.
To detect the inter-haplotype SVs, we applied two strategies. In the first
method, read-mapping-based methods were employed to identify SVs
of length 50 bp to 10 kb. After mapping the phased HiFi reads to the
pseudo-haploid genome, SV calling was performed with cuteSV (Jiang
et al., 2020), with the parameters ‘‘–max_cluster_bias_INS 1000
–diff_ratio_merging_INS 0.9 –max_cluster_bias_DEL 1000.’’ The SVs
identified on each haplotype were merged by SURVIVOR (Jeffares
et al., 2017) (v1.0.7) with command line ‘‘SURVIVOR merge 1000 1 1 1
0 50’’ and the cuteSV was run again with the –Ivcf option to get the SV genotype. Those SVs that were longer than 10 kb, missing PASS flag, or supported by less than four reads, were excluded.
In the second method, genome alignment-based methods were employed to detect SVs larger than 10 kb. Each haplotype was first aligned
to the pseudo-haploid genome, using the nucmer (Kurtz et al., 2004)
program from MUMmer v4.00rc1, with the parameters ‘‘–batch 1 -c
500 -b 500 -l 100.’’ After filtering low-confidence alignments, the SV
calling was performed using the SyRI (Goel et al., 2019) program, under
default parameters, and the criteria that SV type should be either an
insertion, deletion, inversion, or a duplication, with a length of longer
than 10 kb. Last, the SURVIVOR was utilized to merge SVs of all haplotypes, using command line ‘‘SURVIVOR merge 1000 1 1 1 0 50.’’ For
intra-haplotype analysis, we defined the SV differences as their presence
or absence between any two haplotypes.
Detection of haplotype-specific repeat arrays
We extracted the regions that lack of synteny in homologous haplotypes
and re-aligned them with the StainedGlass pipeline (Vollger et al., 2022) in
1-kb window size. The aligned regions were binned by colors according to
the identity between them (Abdennur and Mirny, 2020), with multiple
resolution, and visualized by HiGlass (Kerpedjiev et al., 2018),
interactively (Supplemental Figure 10 and Supplemental Table 5). We
then extracted the repeat-array-like region and re-aligned it with these
regions for zoom-in haplotype comparison.
Detection of introgression
The HiFi reads derived from the 20 wild diploid potatoes were mapped to
the C88 genome, with the minimap2 (-x map-hifi). We then used the mosdepth to estimate the read coverage in C88 genome with 100-kb windows. The window with a read coverage of more than 203 was considered as the introgression region of these wild potatoes in the C88 genome.
PAV analysis
The synteny regions between any two homologous haplotypes were identified, using McscanX (Wang et al., 2012), with default parameters. The
allelic genes were detected within a synteny region, with one-to-one alignment. To identify the PAV genes among homologous haplotypes, the predicted genes of each haplotype were aligned with the gene annotations of
the other three haplotypes, using the Genomic Mapping and Alignment
Program (Wu and Watanabe, 2005) (GMAP v 2020-04-08) with default
parameters and a cutoff threshold of 80% identity and 75% coverage.
Those genes lacking homolog on any haplotype were defined as PAV
genes.
Expression differentiation of allelic genes
Raw RNA-seq reads were processed by fastp (Chen et al., 2018) to trim
terminal low-quality bases and adapter sequences. We used kallisto
(Bray et al., 2016) to map the RNA-seq reads, derived from the 20 tissues,
to the predicted genes of the C88 genome. All splicing transcripts were
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analyzed by kallisto, with default parameters. Then kallisto_gene_matrix.pl was used to sum the transcript per million (TPM) values for transcripts of the same gene. To compare the expressional differences in
four haplotypes, we focused on 23 087 tetra-allelic loci with 92 348 alleles
in four haplotypes. For each tissue, only those tetra-allelic loci with at least
one expressed allele were included in the analysis. To measure the relative
expression of alleles, we normalized the absolute TPM of each tera-allelic
loci using the following calculation:
Expressionallelei =

TPMallelei
ðTPMallele1 + Expressionallele2 + TPMallele3 + TPMallele4 Þ

where i = 1, 2, 3, 4. To definite expression bias of allelic loci, by referring to the study on polyploid wheat (Ramirez-Gonzalez et al., 2018),
we divided the Euclidean distance from the observed normalized
expression of each gene into 15 ideal categories: H1_dominant,
H1H2_dominant, H1H3_dominant, H1H4_dominant, H1_suppress,
H2_dominant,

H2H3_dominant,

H2H4_dominant,

H2_suppress,

H3_dominant, H3H4_dominant, H3_suppress, H4_dominant, and
H4_suppress (Supplemental Figure 12A), in which dominant and
suppress represented significantly higher or lower expression level
than the other alleles, respectively. The expression pattern of tetraallelic loci was assigned to the category according to the shortest
distance.

Tetraploid inheritance analysis in C88 selfing population
Calculating the frequency of chromosomal valent configurations
To observe the chromosome quadrivalent in potato meiosis, a cytological
experiment was conducted following the regular protocol used in previous
studies (Ji et al., 2016). To perform the genetic analysis utilizing the
available polyploid tools, the short reads of 1034 individuals were mapped
to the pseudo-haploid genome of C88 using BWA, and bi-allelic SNPs
were identified using GATK (McKenna et al., 2010) with the setting
of -ploidy 4. The SNPs were filtered with the criteria with bcftools
(Danecek et al., 2021): (1) ’QD<2.0|SOR>3|FS>60|MQ<40|MQRankSum<12.5|ReadPosRankSum<-8.0’, (2) the sum of the DP values of all 1034
individuals is between 1000 and 15 000, and (3) intersection of
heterozygous variants identified from HiFi reads of C88 genome. To
reduce the computation time, we subsampled 15 135 high-quality SNPs using a 50-kb window. The counts of the REF and ALT alleles were passed to
the PolyOrigin to obtain the dosage scores of selected SNP markers. After
selecting the informative parent genotype and inference haplotype of
PolyOrigin, only the 9834 SNPs were kept for subsequent analysis. The frequency of bivalent and quadrivalent pairings was calculated through the
function calvalentfreq in PolyOrigin.
Haplotype segregation
To detect the proportions of four haplotypes in the population, we inferenced the inherited haplotypes of offspring with genoprob in polyancestry
data generated by PolyOrigin. For 12 chromosomes, deviations from the
equivalent distribution of the four haplotypes were test using a c2 test
on the counts of inferred haplotypes.
It is worth noting that, due to the low depth of the SNPs, PolyOrigin may not
be able to perform accurate estimation of allele dosage from the counts
of REF and ALT alleles. This may lead to a strong reference haplotypebias in the inference of individual haplotypes. This is a common problem
when using the genotyping-by-sequencing (GBS)- or array-based polyploid
tools on large-scale low-coverage sequencing populations.
Detection of DRs
Re-sequencing reads of 1034 individuals of C88 S1 population were mapped to C88.v1, using BWA-MEM, and the normalized read numbers in a
100-kb window were calculated to genotype the population, using the
method described in section ‘‘unitigs and HiFi reads phasing.’’ Every
haplotype window was genotyped with a dosage score of 0, 1, 2, 3, and

Molecular Plant

A haplotype-resolved genome of tetraploid potato
4. With the PolyOrigin (Zheng et al., 2021), we refined the dosage score
and calculated the genetic distance between each window. The DR
would result in homozygous regions in the gamete when two different
homologous haplotypes paired at meiosis. As in the C88 selfing
population the gamete conditions were unknown, we examined the
zygote genotypes and found that zygotes with dosage scores of 3 and 4
could be used to trace the homozygous gametes and DRs. The
unzipped collapsed regions on haplotypes were excluded in the
genotyping because they lacked uniquely mapped reads. Besides,
these regions were homozygous, or highly similar, in the C88 genome,
hence they could not be used to detect the homozygous gametes
caused by DRs. The zygotes with a score of 2 may also represent a
proportion of homozygous gametes (40% of theoretically DR events),
which cannot be confirmed in the selfing population and can be ignored
in the calculation.

Detection of deleterious mutations
The sorting intolerant from tolerant (SIFT) algorithm (Vaser et al., 2016) was
utilized to predict whether an amino acid substitution is likely to be
deleterious. The pseudo-haploid genome of C88 was used to create a
genomic database with SIFT predictions (https://github.com/pauline-ng/
SIFT4G_Create_Genomic_DB) and the intra-haplotype SNPs were annotated, using SIFT4G_Annotator.jar.

Identification of maternal haplotypes
To identify maternal haplotypes, we used the SNPs that are homozygous
in the I-1085 female parent and are heterozygous with a 2:2 allelic ratio in
the C88 genome. These were mother-specific SNPs, which could be used
to label maternal haplotypes in the C88 genome. The Illumina reads of
I-1085 were mapped to a pseudo-haploid genome of C88 and the
intersection of I-1085 homozygous loci and duplex SNPs, in the C88
genome, were expected mother-specific SNPs. The number of candidate
SNPs on each haplotype was calculated in a 100-kb window. Those haplotypes with more mother-specific SNPs were considered as maternal
haplotypes.

R gene cluster
We applied the RGAugury pipeline (Li et al., 2016) to classify NB-ARC
domain encoding genes into different subgroups. The neighboring R
genes that were separated by a distance of less than 200 kb and less
than eight non-NB-LRR genes were classified as the same cluster (Jupe
et al., 2012).

Materials availability
The biological materials, including C88 plants, tubers, and S1 population,
will be shared by the contacts upon request.
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