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Potato (Solanum tuberosumL.) is the world’s most important non-cereal food crop,
and the vast majority of commercially grown cultivars are highly heterozygous

tetraploids. Advancesin diploid hybrid breeding based on true seeds have the
potential to revolutionize future potato breeding and production'™. So far, relatively
few studies have examined the genome evolution and diversity of wild and cultivated
landrace potatoes, which limits the application of their diversity in potato breeding.
Here we assemble 44 high-quality diploid potato genomes from 24 wild and 20
cultivated accessions that are representative of Solanum section Petota, the
tuber-bearing clade, as well as 2 genomes from the neighbouring section, Etuberosum.
Extensive discordance of phylogenomic relationships suggests the complexity of
potato evolution. We find that the potato genome substantially expanded its
repertoire of disease-resistance genes when compared with closely related
seed-propagated solanaceous crops, indicative of the effect of tuber-based
propagation strategies on the evolution of the potato genome. We discover a
transcription factor that determines tuber identity and interacts with the mobile
tuberization inductive signal SP6A. We also identify 561,433 high-confidence
structural variants and construct amap of large inversions, which provides insights
forimprovinginbred lines and precluding potential linkage drag, as exemplified by a
5.8-Mbinversion that is associated with carotenoid content in tubers. This study will
accelerate hybrid potato breeding and enrich our understanding of the evolution and
biology of potato as a global staple food crop.

Potato (Solanum tuberosum L.) belongs to the Petota section of the
Solanum genus within the Solanaceae family, which contains many
economically important species®. The Petota section consists of more
than100 tuber-bearing species, and s sister to the non-tuber-bearing
Etuberosumsection andthe Lycopersicon section that comprises tomato
species®. Commercial production of potato is dominated by autotetra-
ploid cultivars that are propagated using seed tubers. Reinventing
potatofromaclonally propagated tetraploid to a true seed-propagated
diploid has the potential to considerably accelerate geneticimprove-
ment, and would enable the genome design of a crop that has been
highly recalcitrant to the use of molecular breeding and genomics
approaches®®’. Diploid potatoes represent around 70% of the wild
and landrace potato species’, and the vast diversity among them has
not been fully characterized or made use of in previous breeding pro-
grams. Furthermore, the effects of the evolution of a clonal reproduc-
tion strategy on potato genomes and the evolutionary mechanisms

of tuberization are largely unexplored. So far, several potato genome
sequences have been released, which have beenimportant resources
for genetics and breeding®* . However, the minor portion of biodi-
versity in the Petota section that is captured by these genomes s insuf-
ficient to obtain acomprehensive understanding of the potato genome
and tuber evolution. Here we report genome sequences and analyses
of 44 diploid potatoes, as well as 2 species in the Etuberosum section.
Our findings provide insights into the alteration of potato genomes
during the evolution of tuberization, and will enable genome design
for new diploid hybrids.

Pan-genome of the Petota section

To capture the genome diversity of the Petota section, we selected 44
representative accessions based on the phylogenetic relationships
of 432 accessions™*" (Supplementary Fig. 1). These comprise 20
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landraces, covering 5indigenous cultivated diploid groups (landrace),
4 accessions from Solanum candolleanum (CND), which s considered
the progenitor of cultivated potatoes, and another 20 wild potato spe-
cies (4 from clades 1and 2;16 from clades 3 and 4, as defined in a pre-
vious study®) (Supplementary Table 1). We generated an average of
24.5 Gb (approximately 30-fold relative to the estimated haploid potato
genome size of around 800 Mb) high-fidelity (HiFi) reads for the 44
accessions (Supplementary Table 1); these were de-novo-assembled
into raw assembled contigs with heterozygous regions retained and
into monoploid assembled contigs (MTGs), with average N50 contig
sizes 0of 9.10 Mb and 23.33 Mb, respectively (Extended Data Fig. 1a,b,
Extended DataFig. 2, Supplementary Figs. 2 and 3 and Supplementary
Table 1). Among these, seven representative genomes were assem-
bled to chromosome level using high-throughput chromatin confor-
mation capture (Hi-C)'*" sequencing data (Supplementary Fig. 4).
The raw assembly size ranged from 835.1 Mb (A6-26) to1.71 Gb (PG6246)
(Extended Data Fig. 1a); this is positively correlated to the estimated
heterozygosity, which was determined using k-mer-based methods
(R*=0.47, P=2.5x107) (Extended Data Fig. 1c). The completeness
of assemblies was supported by BUSCO', with an average score of
96.58% (single-copy and duplicated) in raw assembled contigs and
96.12%in MTGs (Supplementary Table 1). We predicted 44,859 (A6-26)
t088,871(PG6002) gene models by integrating transcriptome evidence,
homology-based predictionand abinitio prediction (Supplementary
Tablel).

Tobuild acomprehensive gene repertoire within the Petota section,
we constructed a pan-genome by clustering the 2,701,787 predicted
gene models from the 44 accessions and the reference genome of
S. tuberosum Group Phureja (accession DM1-3 516 R44; hereafter
referred to as DM)®" into 51,401 pan-gene clusters using the Markov
clustering algorithm', Pan-genome size increased whenincorporating
more genomes and nearly reached a plateau when n was close to 40
(Extended Data Fig. 1d), which suggests that our panel captures the
shared gene content of potato. We next classified these clusters into
four categories based on their frequency of occurrence: core clusters
(presentinall45accessions;13,123;25.5%), soft-core clusters (presentin
42-44 accessions; 5,743;11.2%), shell clusters (found in 2-41individuals;
28,471;55.4%) and accession-specific clusters (4,064; 7.9%) (Extended
DataFig.1d, Supplementary Table 2and Methods). A total of 89.9% and
80.7% of core and soft-core genes could be assigned to protein domains
in the InterPro database—percentages nearly twice as high as those
for shell and accession-specific genes (43.9% and 44.3%, respectively)
(Extended DataFig.1e). The core and soft-core genes were expressed on
average ata2.2-fold higher level than the shell and accession-specific
genes (Extended Data Fig. 1f), and showed markedly lower (1.7-fold
on average) pairwise non-synonymous/synonymous substitution
ratios (K,/K,) than did the shell genes (Extended Data Fig. 1g), sugges-
tive of functional conservation. Functional enrichments of protein
domains annotated in the InterPro database indicated that core and
soft-core genes were enriched for domains that encode a wide range of
functionsinvolved in plant growth and development (Extended Data
Fig. 1h,i), whereas domains related to retrotransposons and disease
resistance were significantly enriched in shell and accession-specific
genes (Extended Data Fig. 1h,i). These pan-genome resources provide
astarting point from which to leverage the section-wide gene pool in
potato biology and breeding.

Phylogeny of Petota and neighbouring species

Owingtothelack of appropriate reference genomes, the evolutionary
relationship among Petota and its sister sections Lycopersicon and Etu-
berosumis controversial?®?, Potato stolons are underground shoots or
stems that are capable of bearing tubers?, whereas Etuberosum species
generate rhizomes resembling potato stolons, which grow upwards
to form new daughter plants®*?* (Supplementary Fig. 5). Lycopersicon
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species lack both rhizomes and stolons; thus, we hypothesized that
Etuberosum s sister to Petota and Lycopersiconis the outgroup. To infer
the evolutionary relationship among Petota, Etuberosum and Lycoper-
sicon, we sequenced and de-novo-assembled two Etuberosum species—
Solanum etuberosum and Solanum palustre—using PacBio continuous
long reads; this resulted in 684.6-Mb and 738.9-Mb assemblies with
contigN50 sizes of 3.9 Mb and 2.5 Mb, respectively. The completeness
of these assemblies was estimated to be 95.6% and 95.6% by BUSCO
(Supplementary Table 1).

By applying super-matrix and multispecies coalescent methods®,
we inferred abifurcating species tree of 22 species from Petota, 2 from
Etuberosum and 3 from Lycopersicon, as well as 2 outgroup species
(Solanum melongena and Solanum americanum). The tree topolo-
gies were congruent, at major internal nodes, using both approaches
(Fig.1a, Extended Data Fig. 3a,b and Supplementary Table 3). We also
estimated that Ftuberosum diverged from the common ancestor of
Lycopersicon and Petota at 8.30 million years ago (Ma; 95% highest
posterior density interval: 7.9-8.8 Ma) (Supplementary Fig. 6). These
resultssuggest that, with the genomic datathatare available at present,
Etuberosum is sister to the common ancestor of tomato and potato—
in contrast to the hypothesis that Etuberosum is evolutionarily more
closely related to Petota than Lycopersicon.

Phylogenetic topologies that are based on asingle gene or genomic
region may disagree with species topologies that are inferred from
whole-genome markers?. We then split whole-genome alignments into
100-kb non-overlapping windows and applied phylogenetic inference
for each window. This resulted in 1,899 trees with distinct topologies
(Supplementary Tables 4 and 5), which suggests the widespread phy-
logenetic discordance of tree topology across the genome. Of these,
334 (17.6%) supported Etuberosumbeing asister clade to Petota (Fig.1a
and Extended DataFig. 3¢c). Given the recent divergence among Petota,
Etuberosum and Lycopersicon, the lineage sorting processes might be
incompleteamong species inthese sections. We observed 21.6-24.7%
of the potato genome exhibiting incomplete lineage sorting (ILS) by
comparing allele frequencies using a previously described method?.
Interspecific hybridization has been prevalent among evolutionarily
closely related species®. Using D statistics®®, we detected gene flow
between the species in Petota and Etuberosum sections (D =18.9%,
7=30.6; Fig.1c), and f,-ratio statistics?® showed that 8.4% of the potato
genome showed admixture between Petota and Etuberosum. Similarly,
we also observed the existence of ILS (Supplementary Fig. 7) and fre-
quent gene flow (Extended Data Fig. 3d and Supplementary Fig. 8)
among species within Petota, which was also reported in a previous
study’, and these may contribute to a lack of topological consensus
of their evolutionary relationships (Fig. 1a). The pervasive inter- and
intra-section phylogenetic discordance that we describe here sug-
gests that potato evolution has a complex history that includes ILS
and interspecific hybridization.

Expansion of the repertoire of resistance genes

Clonal propagation gaverise to the emergence of tuber-borne diseases;
potato has possibly evolved an expanded repertoire of resistance genes
against these diseases?, which might alter the genetic landscape of
the potato immune system. Genes that encode nucleotide-binding
domain and leucine-rich repeat (NLR) proteins have pivotal roles in
plantimmune signalling®. An accurate understanding of NLR evolu-
tionin potato species requiresacomprehensive NLR dataset. However,
plant NLRs occur mainly in genomic clusters, which makes their anno-
tation challenging when using conventional approaches®. To mitigate
this problem, we developed an ‘NLR local annotation’ pipeline and
benchmarked it with atomato NLR dataset, based on resistance gene
enrichment sequencing (RenSeq), resulting in comparable numbers
of NLRs (Methods and Supplementary Fig. 9). This resulted in 57,683
NLR genes, with the NLR copy number varying greatly among potato
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species—from 478 in Solanum morelliforme (PG1011) to 1,976 in Solanum
chacoense (PG4042)—implying thatimmune systemsin potato species
have a diverse evolutionary history (Fig. 2a, Extended Data Fig. 4 and
Supplementary Table 6).

We predicted 280-344 NLRs inthe Etuberosum and tomato genomes
and observed asignificant expansion of NLRs inthe potato MTG assem-
blies (Fig. 2b). We next classified NLRs from Etuberosum, tomato and
potato, aswellas29 functionally validated NLRs, into 424 clusters, and
identified 161 clusters that were putatively expanded in potato (Wil-
coxonrank-sumtest, P < 0.05; Supplementary Table 7). These clusters
include some well-studied potato R gene families that confer resist-
ance to the devastating late blight pathogen Phytophthora infestans,
such as R3a (Fig. 2c and Supplementary Fig. 10). We identified 19,241
potato-specific NLRs that are present in potato, but absent in tomato
and Etuberosum, and around 31.4% of them were expressed in stolon or
tuber, suggesting that these may contribute to protecting stolons
or tubers from pathogen infection (Supplementary Table 8).

Notably, we observed asimilar NLR expansion eventin wild relatives
of the cultivated sweet potato, I[pomoea trifida and Ipomoea triloba
(547 and 569 NLR genes, respectively), which are able to propagate
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differences of tuber-bearing and non-tuber-bearing species. b, Geographical
originof 39 samples (Supplementary Table 1) for which the longitude and
latitude information are available. The base map was generated using the
function mapBubbles() inthe R package rworldmap. ¢, ABBA-BABA analysis of
gene flow between Petota and Etuberosum species. Significantintrogression
events are detected between Petota and Etuberosum.

clonally®?, as compared with Japanese morning glory, [pomoea nil (138
NLR genes) (Fig. 2b and Supplementary Table 9). /. nil did not have a
vegetative reproduction organ®, and diverged from /. trifida around
6.4 Ma (ref.?*), asimilar time point to that at which potato and tomato
diverged (around 7.3 Ma)*, which suggests that an expansion of the NLR
repertoire might have co-evolved with the emergence of a vegetative
mode of propagation.

Tuber identity gene

Thetuber, astorage and reproductive organ that confers a distinctive
survival advantage to potato®, has recently evolved throughout the
divergence betweentomato and potato. Despite some advancesin our
understanding of tuber development®¥, insights into the evolution
of tubers remain elusive. Previous studies have reported that potato
recruited existing genes for new pathways that contributed to tuberiza-
tion, suggestive of newly evolved cis-regulatory elements (CREs). Given
the key role of conserved non-coding sequences (CNSs), which function
as CREsin regulating gene expression and organogenesis®*’, we identi-
fied 149,663 potato-specific CNSs (6.9 Mb) by computing conservation
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scores, based on whole-genome alignment, using genome sequences
of 45 potatoes (including DM), 24 tomatoes and 2 Etuberosum species.
Atotal of 54.4% of these CNSs were localized at introns, followed by
promoters (18.4%), intergenic regions (14.7%), downstream regions
(5.0%), 3’-untranslated regions (3UTRs; 4.4%) and 5’-UTRs (3.0%), which
could potentially affect the expression 0f 17,871 genes (Extended Data
Fig. 5a-c and Supplementary Table 10).

Toidentify candidate pivotal genes that are involved in tuber devel-
opment, we identified 732 genes that are predominantly expressed
in the stolon or tuber, among which 229 were associated with
potato-specific CNSs and are also conserved among the 45 potato
accessions (Fig. 3aand Supplementary Table 11). These genes encom-
passed 28 transcription factors, of which only one belongs to the
plant-specific TCP transcription factor family (Soltu.DM.06G025210)
(Extended Data Fig. 5d). Previous studies revealed that the TCP family
isinvolvedin the regulation of plant axillary meristem development;
for example, rice tillering, maize branching and the development of
cucumber tendrils***., The associated CNSs of this TCP were found
inthe -376 bp to —157 bp upstream from its start codon (Fig. 3b and
Supplementary Fig. 11), suggesting putative regulatory roles in the
TCP expression. Furthermore, transcriptomic data indicated that
this gene was predominantly expressed in potato stolons (Fig. 3c),
whereasthe expression of its tomato orthologue (Solyc06g069240.2)
could barely be detected. These findings suggest that recruitment
and neofunctionalization of this gene may coincide with the emer-
gence of tuber-bearing traits in the divergence of tomato and potato
lineages.
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To examine the function of Soltu.DM.06G025210, we generated
knockout mutants by CRISPR-Cas9-based genome editingin the dip-
loid S. tuberosum Group Phureja S15-65 clone (Extended Data Fig. 6a).
The stolons of mutants were converted into branches, instead of swell-
ing at the sub-apical region, during tuber initiation (Fig. 3d,e). Only
under suitable growth conditions, and for a sufficient time, could the
mutants generate a few small tubers (Extended Data Fig. 6b). These
datasuggest that Soltu.DM.06G025210is key to the initiation of potato
tubers; we therefore named this gene Identity of Tuber 1 (IT1).

Of note, asimilar non-coding sequence (identity 94.6%) was identi-
fied upstream of IT1 orthologues in the genomes of Etuberosum spe-
cies (ITI*?), which are not capable of bearing tubers® (Supplementary
Fig.5). We then noted that /71 was highly expressed in the rhizomes of
Etuberosum species (Fig. 3c), which implies that /71 collaborates with
additional genesin regulating tuber initiation, the functions of which
may have been lostin Etuberosum.

We next performed yeast-two-hybrid library screening to identify
putative IT1 interactors. Notably, SELF-PRUNING 6A (SP6A), the
vascular-mobile signal in tuberization*?, was identified as interacting
with IT1; this finding was further verified by firefly luciferase comple-
mentationimaging assays (Fig. 3fand Extended Data Fig. 7a), and sug-
gests that SP6A and IT1 might act as a protein complex in regulating
tuberinitiation. We then analysed SP6A sequence variations in potato
and Etuberosum genomes and found that the fourth exon in SP64°® was
deleted, leading to an impaired phosphatidylethanolamine-binding
protein (PEBP) domain (Fig. 3g and Extended Data Fig. 7b,c). Further-
more, quantitative PCR analyses did not detect any expression of SP6A



a Potato-specific CNS associated genes

Stolon or tuber predominant genes Potato core genes
e
“(\10“\
o X N \o“o X
c 20 g™ (@2 o W d

25

Tomato ETB Potato

f 10-fold serial dilutions

AD + BD-SP6A

-Lw

AD-IT1 + BD-SP6A

AD + BD-SP6A

-LWH

AD-IT1 + BD-SP6A

g 1 172
Potato PEBP domain

1 106
ETB PEBP domain

Fig.3|Identification ofapotato tuberidentity gene. a, Venndiagram
describing theidentification of229 candidate genes thatareinvolvedin
regulating stolon or tuber development. b, Conserved CNSs around the
Identity of Tuber1 (IT1) locus. tepCNS, conservative score for each site
calculated from tomato, Etuberosum and potato genomes; pCNS, conservative
score for each site calculated from 45 potato genomes. Grey blocks show
potato-specific CNSs. ¢, Expression pattern of /T1and its orthologuesinfive
tissues of Etuberosum, tomato and potato species. The 5-kb sequences up-and
downstream of /T1 from tomato, Etuberosum and potato were used to infer the

in Etuberosum leaves, under either long-day or short-day conditions
(Extended DataFig. 7d). These data suggest that the impaired function
of SP6A may contribute to the non-tuber-bearing phenotype of Etubero-
sum. Further phylogenetic analysis, using 5 kb up- and downstream
sequences of IT1, revealed that Etuberosum—rather than Lycopersi-
con—wassister to potato species (Fig. 3c), suggesting that Etuberosum
represents a transitional form during the evolution of tuberization.

Pan-genome-guided hybrid potato breeding

We previously developed the first generation of highly homozygous
inbred potato lines using genome design, and the resultant hybrids
showed strong heterosis®*. For successful hybrid potato breeding,
more inbred lines of high homozygosity are essential, and the first
set of inbred lines also require further improvement, for which this
pan-genome map can offer critical guidance.

To survey the level of homozygosity of the accessions studied—
akey parameter for selecting starting materials for the development
of inbred lines—we localized our alternate assembled contigs (ATGs;
heterozygous genomic segments) and MTGs to the DM reference
genome, and defined heterozygous and homozygous regions, respec-
tively. We found that the length of heterozygous regions varied in the
41accessions from 103 Mb (PG1011) to 710 Mb (PG5068) (excluding

Chré
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betweenwild type and the it mutant.Scalebar, 5 cm.f, IT1directlyinteracts
with SP6A, as validated in a yeast-two-hybrid assay. Three independent
biological experiments were performed. g, Domainarchitecture of SP6A in
potato and Etuberosum species. AD, Gal 4 activation domain; BD, Gal4
DNA-binding domain; -LW, synthetic dropout medium without Leuand Trp;
-LWH, synthetic dropout medium without Leu, Trp and His.

inbredlines; Extended Data Fig.8aand Supplementary Table 12). Within
these heterozygousregions, we found 208-13,364 hemizygous genes
in the 41 potato accessions, accounting for 0.5%-18.3% of predicted
protein-coding genes, which was positively correlated to the estimated
heterozygosity (R=0.69, P=1.85 x10™"; Supplementary Table 13).
The distribution of homozygous genomic segments is a key indica-
tor for the absence of large-effect deleterious mutations, which are
less likely to be retained in the homozygous state because they are
mostly recessive. Inthe case of tight linkage of two or more large-effect
deleterious mutations in repulsion phase, some heterozygous seg-
ments will be retained in high-generation inbred lines*. The map
of homozygous segments and gene hemizygosity, presented here,
therefore offers potential targets to replace the corresponding het-
erozygous segments in the development of inbred lines to be used for
diploid hybrid breeding.

To assess the genomic divergence in Petota, we performed whole-
genome alignments, using tomato as a control. Just 204.4 Mb (28.0%
ofthe DM reference genome) of genomicregions shared in potato lan-
draces were identified, in contrast to the markedly higher 675.8 Mb
(87.0% of the Heinz 1706 reference genome) in cultivated tomatoes (Sup-
plementary Table14). The average proportion of syntenic genes among
potato landraces (61.3%) was also considerably lower than that among
cultivated tomatoes (91.0%; Supplementary Table 15and Extended Data
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Fig.8b,c). Thisindicates aloss of synteny in cultivated potatoes, acritical
genomic feature with implications for hybrid breeding.

The accumulation of structural variations (SVs) may contribute to the
loss of synteny. We next identified 561,433 high-confidence SVs (more
than50 bpinsize),affectting167 MboftheDMreferencegenome, of which
55.5% wererare (minor allele frequency < 0.05; Extended Data Fig. 8d).
SVs close to genes might lead to the alteration of expression levels*.
Most SVs (around 58.2% on average) were located in 5-kb upstream
and downstreamregions, followed by around 22.0% and around 13.4%
overlappingintergenic and intron regions, whereas only around 6.4%
affected exons (Extended Data Fig. 8e).

Amongthese, large inversions have been reported to suppress recom-
bination by reducing crossing over®; this resultsinsevere linkage drag
when conducting backcross breeding, atool thatis required toimprove
thefirst-generationinbred lines. To avoid this problem, itis necessary
to select donor lines without inverted fragments that contain target
genes. Therefore, we constructed amap of large-scale inversionsamong
the 20 landraces and the 4 S. candolleanum accessions, comprising
224 identified inversions with sizes ranging from 1.0 Mb to 17.6 Mb
(Fig. 4a). Notably, an approximately 5.8-Mb paracentric inversion on
the long arm of chromosome 3 (DM chr03: 42.9-48.7 Mb)—validated
by examining chromatininteractionintensity (Fig.4b)—co-segregates
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haplotype), using Hi-C data from the homozygous line A6-26 (DM haplotype).
Wild/CND haplotype, accessions carrying the inversion; DM haplotype,
accessions without the inversion. c, Number of recombination events per 5 Mb
onchromosome 3. Thegrey barindicates the region with reduced
recombinationaround the 5.8-Mbinversion.

with the Y locus that controls carotenoid content in the tuber? (yellow
flesh colour), in an S, population of 624 individuals (Supplementary
Table16). Our analyses of genetic mapping, association study and gene
expression (Extended Data Fig. 9), together with previous studies of
gene silencing®***, indicate that Soltu.DM.03G018410 defines the
Ylocus. Soltu.DM.03G018410 encodes a 3-carotene hydroxylase (BCH)
that controls the accumulation of zeaxanthin, which confers yellow
colourintuber flesh*, This gene was located around 1.5-2 kb proximal
tothebreakpoint of the 5.8-Mb inversion and is genetically inseparable
with the inversion that contains 464 genes (Fig. 4c). Therefore, selec-
tion of individuals with yellow tuber flesh, a nutritional trait, may lead
to severe linkage drag of unexpected phenotypes. With the aid of the
constructed pan-genome-based inversion map, breeders could now
select appropriate donor or acceptor lines for backcrossing.

Discussion

The 44 high-quality genomes and the prevalent genetic variations
identified herein offer useful resources for pan-genome-based potato
breeding. These data are freely accessible through a comprehensive
web-based Pan-Potato Database (http://solomics.agis.org.cn/potato/).
The resources also enable the further construction of a pan-genome
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reference integrating the genomes and variants of the 44 diverse potato
accessions, which has the potential to minimize the effect of reference
bias. The discovery of IT1 and its interaction with the mobile tuberi-
zation signal, SP6A, will pave the way for further elucidation of the
evolution of tuber development. We also noticed that functional com-
plementation of SP6A in Etuberosum may not induce tuber formation,
according to astudy on potato and Etuberosum heterografts*s, which
suggests that the ITI-SP6A complex is necessary but not sufficient
for tuberization.

Geographical isolation between the North and South American
continent may contribute to the species from clades1and 2 being the
sister lineage towild speciesin clades 3 and 4 and other landraces. This
issupported by our genomic data (Fig.1a). Previous reportsindicated
thatdiploid cultivated potatoes were domesticated from wild potatoes
fromclade 4 (refs.™"). In this study, we also found that S. candolleanum
is sister to cultivated potato, further supporting this species as the
immediate progenitor of cultivated potato. Further studies, coupled
with the access to phased tetraploid potato assemblies, will allow the
examination of introgression patterns fromwild species, asintrogres-
sion breeding was mainly conducted in these tetraploid cultivars. Con-
sidering that the endosperm balance number (EBN), a hypothetical
unified prediction concept of crossability, between most of the wild
species (17 out of 24) investigated here and the cultivated potatoes is
the same (2EBN) (ref. *), the pan-genome will motivate attempts for
theintrogression of favourable traits from these wild species to breed
inbred lines with better disease resistance and stress tolerance.
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Methods

Sample selectionand sequencing

We selected 44 representative potato accessions, 3 of which are pub-
licly accessible*™, on the basis of phylogenetic relationships of 432
accessions (PRJNA378971, PRJNA394943 and PRJNA766763; genotype
information is available at http://solomics.agis.org.cn/potato/ftp/
Genotype_432sp/; Supplementary Fig.1). Toinfer the phylogeny of the
432 accessions, reads were mapped to the DM v4 reference genome
using BWA (0.7.5a-r405)*, and single-nucleotide polymorphisms (SNPs)
were then extracted using SAMtools (v.1.9)*° and BCFtools (v.1.9)%.
Fourfold degenerate SNPs with base quality > 40 and mapping qual-
ity >30 were fed into IQ-TREE v.2.0.6 (ref. ), with parameters -st DNA -m
012345-B1000'. In addition, two non-tuber-bearing species from the
Etuberosum section PGOO019 (S. etuberosum) and PGOO09 (S. palustre)
were chosentobeusedin phylogeny inference (Supplementary Table1).
Sequencing of these 44 potato accessions was performed on the Pacific
Biosciences Sequel Il platform, in the circular consensus sequencing
(CCS) mode, and the two Etuberosum species were sequenced on the
Pacific Biosciences Sequelll platform, in the continuouslongread (CLR)
mode. A total of 15.9-38.1 Gb of HiFi reads was generated using CCS
(https://github.com/PacificBiosciences/ccs) for the 41 newly sequenced
potato accessions. For the construction of Hi-C libraries, DNA was
extracted from in vitro seedlings, of which PG5068, PGO019 and
E86-69 were digested with the restriction enzyme Mbol, and PG6359
was digested with Hindlll using the previously described Hi-C library
preparation protocol®’. These Hi-C libraries were sequenced on an
Illumina HiSeq X Ten platform. The total RNA of 23 accessions (Sup-
plementary Table 1) from the tissues of roots, stems, leaves, stolons,
tubers and flowers was extracted for the library construction. These
libraries were subsequently sequenced on the DNBSEQ-T7 system at
Annoroad Gene Technology, which produced around 6 Gb data for
each tissueineach sample.

De novo genome assembly of 44 potato and 2 Etuberosum
accessions

Genome heterozygosity was estimated using a k-mer-based approach
by GenomeScope2.0 (ref.**). Genomes of the 44 HiFi sequenced acces-
sions were assembled by hifiasm** (https://github.com/chhylp123/
hifiasm), using default parameters. The initial output of hifiasm (v.0.13)
yielded a pair of assemblies: (1) the primary assembly (in hifiasm named
p_ctg), representing a mosaic haplotype without purging; and (2) the
alternate assembly (in hifiasm named a_ctg), whichrepresents the alter-
nate haplotype absent from the primary one. To facilitate downstream
analyses, including inter-genomic alignment and comparison of gene
copy numbers, we generated ‘monoploid’ genome assemblies, accom-
panied by their heterozygous assembled fragments. Haplotigs from the
primary assembled contigs, with haplotypes collapsed (p_ctg.*), were
then excluded using the purge_dups (v.1.01) software (https://github.
com/dfguan/purge_dups) to generate the heterozygous-region-purged
assemblies, whichwere then termed as monoploid assembled contigs
(MTGs), indicative of monoploid genomes. The raw alternate assem-
blies from hifiasm (a_ctg.*), in addition to the contigs that have been
removed by purge_dups, were concatenated as the alternate assembled
contigs (ATGs) to be the heterozygous genomic segments (Supplemen-
tary Fig. 2). The two Etuberosum genomes PGO019 and PGO0O09 were
assembled using CANU v1.8 (ref.>), and then two rounds of Pilon v.1.23
(ref.*®) were applied for genome polishing, using available resequenc-
ing data. Pseudo-chromosomes of the seven potato accessions (A6-26,
E4-63,PG6359, E86-69, RH, RH10-15 and PG5068) and one EFtuberosum
accession (PG0019) were built with Hi-C reads, using the Juicer (v.1.5)
(ref.>”) and 3D-DNA (v.180922) (ref. *®) pipeline, with parameters ‘“-m
haploid-115000-r 0. The assembly completeness in genic regions was
evaluated using the solanales_odb10 database (for Solanaceae species)
of BUSCO v.4.1.4 (ref.'®), with default parameters.

Identification and annotation of repetitive elements
Transposable elements (TEs) were identified by the Extensive De-Novo
TE Annotator (EDTA)*’ v.1.9.4, and the non-redundant TE libraries for
each accession were passed into RepeatMasker v.1.332 (http:/www.
repeatmasker.org) to mask potential genomic repeats together with
simple repeats and satellites, by default parameters.

Prediction of protein-coding genes

Three distinct strategies, comprising ab initio prediction, homology
search and expression evidence, were combined to generate the pre-
dicted gene models. HISAT2 (v.2.0.1-beta) (ref. °°) was used to perform
splice alignment of RNA-sequencing (RNA-seq) reads to the assembled
genomes, with‘--dta’ parameter. Potential transcripts were then assem-
bled, using StringTie (v.1.3.3b) (ref. ¢') with parameter ‘--rf’. BRAKER2
v.2.1.6 (ref. ®*) was then run to use the transcript assemblies as hints to
generate predicted gene models from AUGUSTUS (v.3.4.0) (https://
github.com/Gaius-Augustus/Augustus) and to train the hidden Markov
model (HMM) of GeneMark-ET (v.3.67_lic) (ref. ©*). The parameters set
in BRAKER2 were ‘--nocleanup --softmasking’.

Non-redundant human-curated plant homologous protein
sequences, downloaded from the UniProt Swiss-Prot database (https://
www.uniprot.org/downloads), combined with published peptide
sequences of tomato and potato®'**335 were used as homologous
protein sequences. These and the assembled transcripts from String-
Tie (v.1.3.3b) were passed to MAKER2 (v.2.31.11) (ref. **). Putative gene
structures were then inferred and subsequently used as the training
set to generate the HMM in SNAP (v.2013-02-16) (https://github.com/
KorfLab/SNAP). MAKER2 was then run again, combining previously
generated SNAPHMM, GeneMark-ET HMM and AUGUSTUS tuned spe-
cies settings, along with the predicted gene models produced from
the first round of MAKER2, to synthesize the final gene annotations.
Thelongest transcript of each predicated gene model was considered
astherepresentative.

For gene functional annotation, InterProScan 5.34-73.0 (ref. ©) was
applied to predict potential protein domains, based on sequence sig-
natures, with parameters ‘-cli -iprlookup -tsv -appl Pfam’.

Analyses of the protein-coding-gene-based pan-genome
All-versus-all BLASTP (v.2.2.30+) (ref. ) results of 2,701,787 peptide
sequences of protein-coding genes, annotated from 44 potato acces-
sionsand the DMv.6.1reference genome", were inputinto OrthoFinder
(v.2.5.2) (ref. ¥) for gene clustering, in which the MCL algorithm®?
was enabled by setting the inflation factor to 1.5, resulting in 51,401
non-redundant pan-gene clusters. We classified those clusters into
4 categories: core gene clusters that were conserved in all the 45 indi-
viduals; soft-core gene clusters, whichwere presentin 42-44 samplesin
our collection; shell gene clusters, which were foundin 2-41accessions;
and accession-specific gene clusters, which contained genes fromonly
1sample. To facilitate these analyses, if genes from the DM reference
were present in one cluster, this gene was selected as the representa-
tive; otherwise, the gene with the longest encoded protein was chosen.
Simulation of pan-genome size in terms of number of protein-coding
genes was performed by PanGP (v.1.0.1) (ref. %®) using the totally random
algorithm, with a number of combinations, at each given number of
genomes, of 500, and with the sample replication time set to 30.
Non-synonymous/synonymous substitution ratios (K,/K,) within
core, soft-core and shell gene clusters were computed using ParaAT
(v.2.0) (ref. *%), with parameters -m muscle -faxt -k’ The default parame-
ter of KaKs_Calculator was set to estimate the K,/K; values, which means
thatthe K,/K, value was the average of the output from15 available algo-
rithms comprising 7 original approximate methods (NG, method from
Neiand Gojobori; LWL, method from Li, Wu and Luo; MLWL, modified
method from Li, Wu and Luo; LPB, method from Li, Pamilo and Bianchi;
MLPB, modified method from Li, Pamilo and Bianchi; YN, method from
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Yang and Nielsen; MYN, modified method from Yang and Nielsen),
7 gamma-series methods (y-NG, y-LWL, y-MLWL, y-LPB, y-MLPB, y-YN
and y-MYN) and one maximum likelihood method (GY, method from
Goldmanand Yang) (ref. ”°). To simplify the calculation, we randomly
selected 1,500 clusters from clusters of core, soft-core and shell
categories. Within each cluster, K,/K, values between gene pairs from
50 randomly chosen combinations of 2 accessions were estimated.
The non-parametric multiple comparisons Kruskal-Wallis test was
used to perform significance analyses for sample median, using the
agricolae package in R v.4.0.3 (https://www.r-project.org/), as these
data did not comply with a normal distribution. Multiple compari-
sons were performed, using the Fisher’s least significant difference.
The level of significance used in the post-hoc test was 0.001. Func-
tional enrichment was performed, using Fisher’s exact tests in
R.Those functional classes with P < 0.05 were regarded as significantly
enriched.

Whole-genome alignment of 73 Solanum species

Whole-genome alignment of 73 accessions, comprising 44 potato MTGs
and the genomes of DM, 2 Etuberosum species, 24 tomato accessions
(https://solgenomics.net/projects/tomatol00, http://caastomato.
biocloud.net/page/download/), and 2 outgroup species of S. ameri-
canum and S. melongena (http://eggplant-hq.cn/Eggplant/home/
index)***"72 were performed by ProgressCactus (v.1.2.3) (ref. 7).
The tomato genomesinvestigated in this study were all built using the
third-generationsequencing technique (PacBio CLRand Nanopore) and
are all assembled into 12 chromosomes, indicative of their relatively
high qualities. The guide tree used in ProgressCactus was inferred
by IQ-TREE, v.2.0.6 (ref.*"). To reduce the computation requirement,
genome sequences were soft-masked and contigs shorter than100 kb
were discarded. To facilitate downstream analyses, we next used PHAST
toolkitv.L5 (ref. ™) to generate 73-way multi-alignmentblocks in fasta
format, relative to the DM genome.

Genome comparison of 44 HiFi-assembled potato accessions
The 44 MTGs were aligned to the DM reference genome, using the
nucmer program in MUMmer v.4.00rcl (ref. ) software with the
‘-mum’ parameter, and alignments with an identity of less than 90%
andlengthshorter than1,000 bp were discarded. We used a modified
version of dotPlotly (https://github.com/tpoorten/dotPlotly/blob/
master/mummerCoordsDotPlotly.R) for visualization. To assess the
heterozygosity distribution of 41 diploids (excluding 3 homozygous
inbred lines), their MTGs and ATGs were splitinto 5-kb fragments and
were aligned to the DM reference genome, using the same approach
described above, and alignments shorter than 5 kb were discarded to
reduce potential noise.

Identification of syntenic genes

Toidentify syntenicgene pairs, BLASTP (v.2.2.30+) was used to calculate
pairwise similarities (e-value <1x107%), and MCscanX” with default
parameters was then applied.

Phylogenetic analyses

Tobuild asuper-matrix tree of 29 species (32 accessions, in which 4 are
from S. tuberosum), amino-acid sequences of the longest transcripts
of their annotated gene models were first extracted from the MTG
genomes of 25 potatoes, 3 tomato accessions (see Supplementary
Table1for more details)***”72, 2 Etuberosum species, S. americanum
and eggplant”. All-versus-all alignments were generated using DIA-
MOND (v.2.0.6.144) (ref.”®). The results were then passed to OrthoFinder
(v.2.5.2)% to infer orthology. A total of 3,971 single-copy orthologues
gene clusters were then generated and 32-way protein alignments for
these genes were computed using MAFFT (v.7.471) (ref.”) with default
parameters. Maximum likelihood inference of phylogenetic relation-
ships was performed using IQ-TREE v.2.0.6 (ref. *!), by automatically

calculating the best-fitamino-acid substitution model via the ‘-m MFP’
parameter. The consensus tree was generated specifying the number
of bootstrap replicates as 1,000 by ultrafast bootstrap approxima-
tion®. We also constructed a phylogenetic tree using an additional
20 potato (including DM) and 21 tomato genomes by applying the same
approach described above.

To minimize the effect of ILS, we applied a multi-species coalescent-
based method incorporated in ASTRAL (v.5.7.8) (ref. %) to generate a
species tree. ASTRAL took 3,971 single-copy gene trees as input and
generated aspecies tree estimated by searching for the species tree that
was most congruent with quartets garnered from the input gene trees.

To infer the local phylogeny among the 32 representative acces-
sions, considering the diverse nucleotide evolution rate of coding
and non-coding regions, we masked coding regions according to
the gene prediction in DM using the maskFastaFromBed command
embedded in BEDTools (v.2.29.2) (ref. %), and repetitive regions were
then hard-masked. We split Cactus whole-genome alignment blocks
into 100-kb non-overlapping windows and inferred tree topologies
for each window, using IQ-TREE> with the parameter “m GTR’. Next,
we filtered the window trees with three standards: (1) fully aligned
length >10 kb; (2) missing rate < 20%; (3) mean bootstrap values > 80.
After filtering, we next re-estimated the tree topologies of the retained
1,899 windows, using the selected best substitution model for each
window, using ModelFinderimplemented into IQ-TREE (ref. ). To help
with visualization, 500 window trees were randomly selected, with
an R script modified from a previous report® (https://zenodo.org/
record/3401692#.YNrv)6e76XQ). The consensus tree topology was
generated by IQ-TREE®, using concatenated single-copy protein-coding
sequences identified by OrthoFinder?’.

Estimation of the divergence time

BASEML and MCMCTREE in the PAML package (v.4.9) (ref. ) were used
to estimate the divergence time. To reduce the computational burden,
coding sequences (CDSs) of single-copy genes from 10 representative
species (S. melongena, S. americanum,PG0019,LA716,LA2093, Heinz
1706,PG6241,PG4042,PG5068 and DM) were selected for arough esti-
mation of the substitution rate using BASEML with model = 7. MCMC-
TREEwas then applied to estimate the divergence time with parameters
‘model =7,burnin=500,000, sampfreq =100, nsample =20,000’. The
divergence time of potato-tomato (7.3-8.0 Ma)**% and potato-egg-
plant (13.7-15.5 Ma)®* % was used for calibration. The estimation was
performed for two rounds and generated very similar results.

ABBA-BABA statistics

Onthe basis of the genome assemblies, around 20-fold short reads of
the 25 representative Petota accessions, 2 Etuberosum species, 3toma-
toes and S. americanum were simulated using WGSc (https://github.
com/YaoZhou89/WGSc), and reads were mapped to the outgroup
reference genome S. melongena using BWA-mem* with the default
parameters. Bi-allelic SNPs were thenidentified using SAMtools*® and
BCFtools®. Setting S. melongena as the outgroup, an ABBA-BABA test
was performed between all possible triplets among potato, tomato
and Etuberosum species, using the Dtrios program within Dsuite (v.0.4
r28)%, with the -¢’ parameter. The tree topology among these four
species, inferred from the whole-genome data in Newick format, was
also passed into Dtrios via the -t parameter.

Inference of ILS
The level of ILS at a given bi-allelic SNP i from the above mentioned
32-way alignment was calculated as Cygga(y and Cyaga(y divided by the
total count of segregating sites: (Caaang) + Casany ¥ Cansacy + 2(Copancy *
Consae + Cassa))/3, as described previously?. The tree topology used
was (((Lycopersicon, Petota), Etuberosum), S. melongena).

To evaluate the theta value for internal branch, which reflects the
level of effective population size®’, we divided the mutation units by
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coalescent units. The mutation units were inferred by IQ-TREE (ref. ")
and the coalescent units were inferred by ASTRAL.

ILS simulation

Simulation 0f20,000 gene trees with ILS among six potato accessions
(S. tuberosum Group Stenotomum, S. candolleanum, Solanum ligni-
caule, S.chacoense, Solanum cajamarquense and Solanum bulbocasta-
num) were performed by DendroPy (ref.°°). The branch lengths of the
estimated species tree by ASTRAL were used as an input. Frequencies
between the observed and simulated gene-tree topologies from all
possible four-species groups among the six potato species were plot-
ted. The correlations were computed using the correlation function
‘cor()’inRusing the ‘pearson’ method.

Identification of SVs
Both read-mapping-based and assembly-based approaches were
applied toidentify SVs (=50 bpinlength). SVIM (v.1.4.2) (ref. ') was used
toidentify putative SVs, consisting of insertions, deletions, inversions,
duplications and translocations. SVs with quality >10 and number of
supportedreads > 5were kept. Assembled genomes of each accession
were first aligned tothe DM v.6.1reference using the nucmer program
embeddedinMUMmer v4.00rcl (ref. ), with the following parameters:
‘--batch1-c500-b 500 -1100’. The alignments in delta format were
passed to the delta-filter programto retain highly reliable alignments
with length >100 bp and identity > 90%. Assemblytics (v.1.2.1) (ref. %)
was subsequently applied to identity SVs from the filtered alignments,
setting the minimum SV size to 50 bp. To make the false positive rate
inour SV dataset as low as possible, we only kept SVs in terms of inser-
tions, deletions, inversions, duplications and translocations <10 kbin
size, identified by SVIM. For SV =10 kb, only insertions and deletions
reported in Assemblytics were retained. The two SV datasets for each
sample were then combined, using SURVIVOR (v.1.0.7)°> merge with
parameters‘01110 50

To detect megabase-scale inversion events among the 20 landraces
and 4 CND accessions, we applied ragtag (v.2.1.0) (ref. **) with the
default parameters, to order and orient the contig-level assemblies
into12 chromosomes, using the DM genome as the reference. Inversions
were next identified using SyRI (v.1.4) (ref. **) with parameters -k -F S'.
Only those inversions thatlocated in a single contig were retained for
downstream analyses.

Identification of hemizygous genes

To identify regions present in MTGs but absent in ATGs, we mapped
HiFireads of each accession to its corresponding MTGs using mini-
map2 (v.2.21-r1071) (ref.*), and heterozygous deletions were detected
using SVIM (v.1.4.2) (ref. *") with default parameters (Ilength > 50 bp,
quality > 10, number of supported reads > 2). To identify sequences
presentin ATGsbutabsentin MTGs, we aligned ATGs to MTGs from each
accession and extracted the inserted regions using Assemblytics® with
parameters ‘unique_anchor_length =10,000, min_variant_size = 50,
max_variant_size =10,000,000’. These results were merged as het-
erozygous SVs, and genes overlapping with those SVs were considered
as hemizygous genes, as applied in a previous report”.

Analyses of recombination events
Breakpoints of crossing-overs were inferred based on the 624 selfing
progenies of PG6359 (ref. %), using a method described previously’.

Reannotation and classification of nucleotide-binding
resistance genes

NLR-annotator (v.0.7) (ref. *®) was first applied to identify genomic seg-
ments containing putative nucleotide-binding domain and leucine-rich
repeat (NLR) genes for each accession. A total of 7,007 amino-acid
sequences of high-confidence NLR gene models, downloaded from
resistance gene enrichment sequencing (RenSeq)-based NLR genes

of 15 tomato accessions®®, putative NLR genes in Arabidopsis'*®° (anno-
tation version Araprotll) and experimentally validated NLR genes
obtained from PRGdb 3.0 (ref. %) and RefPlantNLR!?, were used as
homologous protein evidence. Training sets from SNAP and AUGUSTUS
for each accession were then inputted to MAKER2, together with the
assembled transcripts, in GFF3 format, and the homologous proteins,
to predict and synthesize the final gene models. The reannotated NLR
gene models were thenintegrated with the whole-genome annotation
results, and originally predicted genes overlapping with our reanno-
tated NLRs were removed to avoid redundancy.

To examine the completeness of NLR loci generated by our pipe-
line, we produced three NLR datasets of tomato accession ‘Heinz1706’
fromthe predicted high-confidence and representative gene models
(annotation version ITAG 4.0), predicted models using our pipeline,
and previously reported RenSeq-derived models®, respectively. The
RGAugury (v.2.2) (ref. °%) pipeline was then used to classify putative
nucleotide-binding site (NB-ARC) domain-encoding genes into differ-
ent subgroups, on the basis of domain and motif structures: TN (Toll/
interleukin-1receptor (TIR) and NB-ARC), CN (coiled-coil (CC) and
NB-ARC), NL (NB-ARC and leucinerichrepeat (LRR)), CNL (CC,NB-ARC
and LRR), NB (NB-ARC), TNL (TIR, NB-ARC and LRR).

For identification of putatively expanded NLR clusters in potato,
the annotated NLR loci from 45 potato, 22 tomato and 2 Etuberosum
genomes were classified into clusters, using the method described in
the pan-genome analysis. The NLR copy numbers in potato, tomato
and Etuberosum accessions, in each cluster, were compared by Wil-
coxon rank-sum test using the R package exactRankTests. The clus-
ters with P < 0.05 were extracted as the expanded clusters. For the
potato-specific NLR analyses, the NLR protein sequences from 2 Etu-
berosum species and 22 tomato species were merged together, as a
query, to blast against those from the 45 potato species. If the best
hit of a potato NLR showed an identity < 75, the NLR was defined as
potato-specific. NLRs with transcripts per kilobase of exon model per
million mappedreads (TPM) > 1in potato stolon or tuber were extracted
and considered as expressed in these tissues.

Gene expression profiling

RNA-seqreads of 23 accessions (Supplementary Table 1) as well as DM
(SRA030516) were mapped to the corresponding assembled genome,
using HISAT2 (v.2.0.1-beta) (ref. °°), with parameters ‘-x --dta’. StringTie
(v.1.3.3b) (ref. ®) was applied to compute the expression level for each
predicted gene in terms of TPM values, using -e -G’ parameters.

Analyses of CNSs

Tools embedded in the PHAST package (v.1.5) (ref. ") were used for
CNSs analyses. The msa_view program was applied to extract fourfold
degenerate synonymous sites and to prepare sufficient statistics, on
the basis of multiple alignments and CDS annotation of the reference
genome. PhyloFit was then used to train the un-conserved model,
with sufficient statistics generated by msa_view. phastCons, with the
parameter --most-conserved’ used to identify conserved regions and
assignan odds score for each site. Finally, conserved regions contain-
ing gaps and overlapping with CDS were removed to generate CNSs
shared among potato species. To further remove CNSs shared within
outgroup species, we identified CNSs from genomes of 45 potato,
24 tomato and 2 Etuberosum species, using the same pipeline presented
above. The potato conserved CNSs that shared sequences with tomato
and Etuberosum species were removed. In addition, short sequences
(<5 bp) were excluded and sequences that were located within 10 bp
of each other were merged to generate the final potato-specific CNSs.
ChlIPseeker v.1.24.0 (ref.'**) was adopted to annotate these CNSs, in
which sequences 3 kb upstream from the start codon or 3 kb down-
stream from the stop codon of a certain gene were defined as promoter
or downstream regions. Genes possessing CNSs within their promot-
ers, introns, upstream regions, downstream regions or UTRs were



defined as CNS-associated genes. pyGenomeTracks v.3.6 was applied
tovisualize the CNS region'®. Sequences flanking /71 CNS regions were
extracted fromthe 71-way multiple alignment and were imported into
MView (v.1.67) (ref. %) to generate the multiple comparisons figure.

Generation of it mutants

Thediploid . tuberosum Group Phureja S15-65 clone was used for gene
editing in this study. The 19-nucleotide single-guide RNA sequence
for ITI from the S15-65 clone was incorporated into the CRISPR-Cas9
vector pKSE401 (ref. 7). Three-week-old plantlets were used for
transformation. Agrobacterium-mediated transformation of potato
internodes was conducted as previously described®: after two days
of pre-culture, the explants were co-cultured with Agrobacterium
containing pKSE401 with the target sequence for two days, in the
presence of 2 mg I a-naphthaleneacetic acid and 1 mg I zeatin, fol-
lowed by callus induction and regeneration mediated by 0.01 mg I™
a-naphthaleneacetic acid and 2 mg I zeatin until shoot proliferation.
Positive transformants were screened on the basis of growth on the
medium containing 50 mg [ kanamycin.

Yeast-two-hybrid library screening

The cDNA of S15-65 stolons was used to construct the cDNA library for
yeast-two hybrid by using the CloneMiner Il cDNA Library Construc-
tionKit. The library was screened, with the /T1 as bait, according to the
Matchmaker Gold Yeast Two-Hybrid System User Manual. To further
validate the interaction between IT1and SP6A, the CDSs of /T1 and
SP6A were inserted into pGADT7 and pGBKT7 vectors, respectively,
and co-transfected into the yeast strain AH109, and the yeast cells were
thenplated onSD/-Leu/-Trp medium and SD/-Leu/-Trp/-His medium
and cultivated at 30 °C for 5 days.

Firefly luciferase complementation imaging assay

The CDSs of SP6A and IT1 were fused in the pPCAMBIA-nLUC-GW and
pCAMBIA-cLUC-GW vectors, respectively'®. The vectors were trans-
formed into Agrobacterium strain GV3101, and infiltrated into Nicotiana
benthamiana leaves. After 3 days, the detached leaves were sprayed
with100 mM luciferin and keptin the dark for 10 min. The leaves were
observed under a low-light cooled charge-coupled device imaging
apparatus, Lumazone 1300B (Roper Bioscience).

Quantitative PCR analysis of SP6A4 expression

Theseeds of potatoinbred line E4-63 and Etuberosum species PGO019
were planted in soil and cultivated under long-day conditions (16-h
light, 8-h dark) for one month, and then half of the plants were trans-
ferred to short-day (8-h light, 16-h dark) conditions. When flower
buds developed in the long-day plants (usually two months after
sowing), the fourth leaf of both long-day and short-day plants was
harvested at ZT4 to investigate SP6A gene expression. The total leaf
RNA was extracted using an RNAprep Pure Plant Kit (DP441), and a
PrimeScript RT Reagent Kit (RR047A) was used toreversely transcribe
the RNA to cDNA. Quantitative PCR was performed using SYBR Premix
Ex Taq Il (RR820A) on a 7500 Fast Real-Time PCR system (Applied
Biosystems), according to standard instructions. EFIA was used as
the internal reference. The specific primers used are listed in Sup-
plementary Table 17.

Syntenic analyses of R3a and SP6A loci

To plot syntenic relationships around the R3a locus, collinear blocks
between the given two species were identified by MCScanX (Python
version)'%, Syntenic genes around R3alociwere extracted and plotted
using in-house R scripts. For a synteny plot of the SP6A loci, the SP6A
genomicsequences fromdifferent species were extracted and aligned
using MAFFT, with --auto’ parameter’. In-house Python scripts were
used to transfer aligned regions between two species to the BED format
required by MCScanX. The micro-synteny plot between the two species

was then generated. Finally, synteny plots among different species were
merged using Adobe Illustrator.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

All PacBio sequence data, transcriptome data and Hi-C data in this
study have been deposited at the National Center for Biotechnology
Information (NCBI) Sequence Read Archive (SRA), with BioProject
accession number PRJNA754534, and the National Genomics Data
Center (NGDC) Genome Sequence Archive (GSA) (https://ngdc.cncb.
ac.cn/gsa/), with BioProject accession number PRJCA006011. Genome
assemblies, annotation, sequence variation and gene expression data
for the 46 accessions and the genotype information of 432 lines that
were used for sample selection are hosted in the Pan-Potato Database
(http://solomics.agis.org.cn/potato/, http://218.17.88.60/potato/).
Publicly available sequencing data were downloaded from the NCBI
with BioProject accession numbers PRJNA641265, PRINA573826,
PRJNA378971, PRINA394943 and PRJNA766763.
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Extended DataFig.1|See next page for caption.
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Extended DataFig.1|Pan-genome of 45 potato accessions. a, Assembled
size of monoploid assembled contigs (MTGs) and alternate assembled contigs
(ATGs).b, Contig N50 of raw assembled contigs and improved contig N50 of
MTGs. ¢, Correlation between raw assembly size and heterozygosity. The grey

shaded regionindicatesthe 95% confidence interval usingalinear model (‘Im’).

d, Simulation of pan-and core-genome sizes, in terms of number of gene
clusters and pan-genome composition. At each given number of genomes, the
number of combinationsis 500 with 30 times of replication. e, Percentage of
genesincore, soft-core, shell and accession-specific gene subsets with
annotated InterPro protein domains. Orange bars show the proportion of
geneswithInterPro domains, whereas red bars depict the genes without those
domains. f, Expression profiles of genes belonging to core (13,123), soft-core
(5,732), shell (5,009) and accession-specific (134) gene families. g, Non-

synonymous/synonymous substitution ratios (K,/K,) within core, soft-core,
and shell genes. Kruskal-Wallis test was used to determine significance.
Multiple comparisons were performed, using the Fisher's least significant
difference. The level of significance used in the post hoc test was 0.001.
Number of gene pairs used in core, soft-core and shell genes are 52,148, 28,363
and 31,654, respectively. Theupper and lower edges of the boxes represent the
75%and 25% quartiles, the central line denotes the median and the whiskers
extendtol.5xIQRind,fandg.h, InterPro proteindomainenrichments of core
and soft-core (upper panel) and shell and accession-specific (lower panel)
genesrelative to pan genes. i, Pfam protein families enriched in core and soft-
core (upper panel) and shell and accession-specific (lower panel) genes,
relativeto pangenes.



A T T T T LT e AT L T A T
A T e T T T e [ | PO | PO
] i P O | O | P | e | I | Pl | |

=L A A A A ]
LT e L T T e T LT e T e T L]
o O I e i O o P | | Pl | P

e O O e e e o e e e | e | e
| O | O P | NP PP | P | | P P |
A e AT e T L L T T P | | P |
il O | i | | g | i | | | | P |

| A T T e e T T 2]
C— 1= I 1 I I I 1 =
O s O O e e e O D e
I e | O | e | e g
e e D D e e | g Dt Dl |
D | | D | e | e | e | Pl
| =T T T T ] 7]
| | vt D D | D | D | R | D | e i |
| = = A ] ] ][ =27]
| T =T o] ][ ][ "]
— ) T o | [ [ o]
| D | D | | |~ 1~ [~
| |_—T1_—1I | | |~ —] -+
| | D | D | I == —1I ="~
| | . ] ] ] o] —]
-—| | ] —] 2] L~ L—]
== e e A = = =
| |0 ="~ - — 1]
| [ s | | | =1 I | |
| | I | = I | =]
| | P | | | [~ | | | =]
| =T 1= | I | L]
| |_—"_—1_—1_-—] | ]I | | |
| | 11— | 1 =]

—| |11 |L—1~—1I ] A l=1~7]
—]| | ="l 1 I I 1l =—] [ =]
| | ) | ] ] ]~ ] "]

| | ] —1_—1I | B | e | | | |
| | =1L |1~ | | | | |
[ s i | | |1~ 1 —+="]
| |_—1 ]I |L—1~—1I "] I —]
|1 1 —_—1_—][~"]| —1_—]I =]
| | —T ~—1_—1| | I | LI | |
| | =] | I | | =] | |
DM Chro1 Chro2 Chro3 Chro4 Chros Chros Chr07 Chros Chr0g9 Chr10 Chr11 Chr12
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accessions. Whole-genome alignments of 44 MTGs to DM reference genome. specially focused regions.
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Extended DataFig.3|Phylogenetic analysis of the 32 representative
accessions. a, Maximum likelihood super-matrix tree based on 3,971
single-copy ortholog genes. The scale barrepresents branch lengths, which
corresponds to the mean number of substitutions per site in the alignments.
b, Coalescent tree based on 3,971single-copy ortholog genes, accounting for
ILS.c, The proportion of different tree topologiesamong 1,899

non-overlapping window trees. d, Heat map of the most significant Dscores
observed between two given potato accessions (P2and P3) across all possible
individualsin P1species. Dscores and log;,(p) values are shown in different
colourschemes. Lycopersicon, Etuberosum, S. americanum and S. melongena
areused as anoutgroup. The Pvaluesare calculated using astandard
block-jackknife procedure asinref.?,
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gRNA
IT1 AGCAGAATTAGTATTATTAGTGGACGGATCTCGAAAAACAATAAG

it1 AGCAGAATTAGTATTATTAGTTGGACGGATCTCGAAAAACAATAA

A
1 bp insertion

Extended DataFig. 6| Phenotypes of the it1knockout mutant. a, The /TI CRISPR/Cas9 knockout mutant. b, The itI mutant shows animpaired tuberization
phenotype. The main stems were removed. Red arrows indicate it stolons that convert to branches. The white arrow shows asmall tuber formed on it1.
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All PacBio sequence data, transcriptome data, Hi-C data in this study have been deposited at the National Center for Biotechnology Information (NCBI) Sequence
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Life sciences study design
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Sample size For pan-genome construction, 44 representative potato accessions were used. These accessions were selected based on their phylogenetic
relationship and represented genetic diversity in the potato germplasm.

Data exclusions  No data was excluded.

Replication Three biological replicates with three technical replicates were used in the gRT-PCR experiment. Three biological replicates were conducted in
the yeast-two-hybrid assay. Three independent transgenic knock-out lines were generated for IT1. All replications were successful and were
used.

Randomization  Randomization does not directly apply to the genome sequencing and assembly.

Blinding Blinding does not apply to this study, as the study focuses on comparative genomics and blinding is not necessary.

Reporting for specific materials, systems and methods

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

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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