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SUMMARY

Interspecific hybridization may trigger species radiation by creating allele combinations and traits. Cultivated
potato and its 107 wild relatives from the Petota lineage all share the distinctive trait of underground tubers,
but the underlying mechanisms for tuberization and its relationship to extensive species diversification
remain unclear. Through analyses of 128 genomes, including 88 haplotype-resolved genomes, we revealed
that Petota is of ancient hybrid origin, with all members exhibiting stable mixed genomic ancestry, derived
from the Etuberosum and Tomato lineages ca. 8-9 million years ago. Our functional experiments further vali-
dated the crucial roles of parental genes in tuberization, indicating that interspecific hybridization is a key
driver of this innovative trait. This trait, along with the sorting and recombination of hybridization-derived
polymorphisms, likely triggered the explosive species diversification of Petota by enabling occupation of
broader ecological niches. These findings highlight how ancient hybridization fosters key innovation and
drives subsequent species radiation.

INTRODUCTION Since standing genetic variation can be reassembled into com-

binations, via hybridization, it generates phenotypes that enable
Hybrid speciation, the recombination of different alleles and adaptation to environments and may further lead to the acceler-
genes from distinct species, is a significant evolutionary force."®  ated origin of many additional species.”'® An evolutionary
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Figure 1. Geographical distribution and phylogenetic conflicts
(A) The geographic distribution of Petota (golden dots), Tomato (red dots), and Etuberosum (blue dots) (excluding cultivated species) is shown based on verified
georeferenced collection records.
(B) The phylogeny is depicted using 500 trees randomly sampled from the 1-Mb windows with 200-kb step size (gray lines), and a coalescent-based species tree
(black lines) with all nodes resolved.

(legend continued on next page)
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radiation in one lineage is likely to occur when ancient hybrid
speciation had taken place.’"'2 While ancient hybrid speciation
has been detected previously,'® '® adaptive species radiation
triggered by it, especially through the key innovation, remains
unexplored. Here, we not only show that the cultivated potato
and its 107 wild relatives are derived from an ancient hybrid
speciation event, but also that tuber formation itself, a key inno-
vative trait, has a hybrid ancestry.

The cultivated potato (Solanum tuberosum L.) is currently the
world’s third most important staple crop, and with wheat, rice,
and maize, is responsible for 80% of human caloric intake.'®
Within the genus Solanum, the cultivated potato and its closely
related 107 wild species comprise the monophyletic Petota line-
age (hereafter referred to as Petota), which is ecologically and
morphologically distinct from the closely related Etuberosum
and Tomato lineages (hereafter referred to as Etuberosum and
Tomato, respectively), the former being a small monophyletic
lineage of three species from southern South America, and the
similarly monophyletic latter consisting of 17 cultivated and
wild tomato species.'” 2 In contrast with Tomato, both Petota
and Etuberosum are geophyte species (plants with underground
re-sprouting organs), which enable vegetative propagation
through underground stems, termed stolons in Petota and rhi-
zomes in Etuberosum (Figure 1A).>* Additionally, Petota has
specialized tuber organs, the swollen portions of stolons, which
store water and carbohydrates and serve as important nutritional
and reproductive organs.

Although somatic hybridizations between Petota and Etuber-
osum, and between Petota and Tomato, with the same chromo-
some number, have been successfully produced,?®° strong
postzygotic reproductive isolations (RIs) exist between the three
lineages, with artificial inter-lineage crosses producing only
small aborted seeds.?” All species of Etuberosum and 35% of
Tomato species are self-compatible, in contrast to mostly self-
incompatible Petota species.?®?° Tomato and Etuberosum spe-
cies are mainly diploids, whereas Petota species include both
diploids and polyploids. Diploids in all three lineages have the
same chromosome number (2n = 24) and similar chromosome
morphology with extensive synteny.?’*°*' Recent studies
have placed Etuberosum or Tomato as sister to Petota and
have shown widespread phylogenetic conflict among the three
lineages, possibly due to hybridization and/or incomplete line-
age sorting (ILS).***° However, it is still unclear how the underly-
ing genetic mechanisms behind morphological divergence and
phylogenetic incongruence, particularly the evolutionary origin
of the tuber as a pivotal human food source, are linked to this
controversial relationship.

Here, we resolve this discordance by showing that Petota orig-
inated through an ancient hybridization between Tomato and
Etuberosum. The consistent genomic admixture, derived from
parental lineages, was observed across 101 high-quality de
novo genomes and 349 re-sequenced diploid potato genomes
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from 57 species within Petota. In addition, we show that this
ancient hybrid speciation drove both tuberization and subse-
quent explosive adaptive species diversification of Petota, via
complementary alleles and genes from its two parental lineages.
The ability to form tubers appears to represent a key innovation,
enabling the Petota ancestor to reproduce asexually and expand
into seasonal high-elevation habitats. Collectively, we provide a
deep revolutionary understanding of the potato genomes, the or-
igins of the tubers, and the radiation of wild potato species.

RESULTS

Phylogenetic conflicts between Petota and its closest
two lineages

To assess phylogenetic discordance, at the whole-genome
scale, and identify potential relatives of Petota, we reconstructed
a phylogeny of the family Solanaceae, using fully sequenced ge-
nomes across the phylogenetic range of Petota (six species
covering Clade 1 + 2, Clade 3, and Clade 4), and Etuberosum,
Tomato, and 19 additional Solanaceae lineages (21 species,
each representing a single monophyletic lineage) (Table S1). A
genome-scale phylogenetic analysis of these 27 Solanaceae
species was performed using a maximum likelihood (ML)
approach, based on 1-Mb sliding windows with a 200-kb step
size. For 3,451 window trees constructed, the topology of Sola-
naceae species was mainly consistent with that reported in pre-
vious studies.®*° Extensive phylogenetic discordance was,
however, observed among Petota, Tomato, and Etuberosum
across windows with only 58.13% (2,006) of window trees sup-
porting a sister relationship between Petota and Tomato, as
found in the species tree (Figure 1B). Fbranch statistics also indi-
cated that the gene flow was greater between Petota and Etu-
berosum (f4-ratio = 0.09) than between Petota and the other Sol-
anaceae lineages (Figure S1D). This suggests that the closest
relatives of Petota are Tomato and Etuberosum but that neither
is strongly supported as sister.

We then collected a total of 128 high-quality diploid genomes
(88 haplotype-resolved and 40 collapsed haplotype genomes) to
address controversial relationships among the three lineages,
including 101 from Petota (including 44 out of 107 diploid wild
species), 15 from Tomato (including 12 out of 16 diploid wild spe-
cies), 9 from Etuberosum (3 out of 3 diploid species), and 3 out-
groups from the Solanum Clade Il (Table S1), representing the
most comprehensive diversity in wild potato genomic datasets
developed to date. Of the 128 genomes, 58 haplotype-resolved
genomes were assembled, covering 24 sequenced wild species
from Petota, 2 species from Tomato, and all 3 species from Etu-
bersosum. We generated an average of 29.54 Gb (~38-fold
coverage compared with the estimated haploid potato genome
size of approximately 800 Mb®®*") PacBio high-fidelity (HiFi)
reads. Our initial de novo assemblies ranged from 590 to 905
Mb, with a mean contig N50 size of 19.84 Mb (Table S1).

(C) Arooted concatenated tree based on four-fold degenerate sites with site concordance factor (sCF) and site discordance factor (sDF) values shown by the pie
chart on each node. In the pie charts: red represents sCF proportions averaged over 100 sites, blue indicates the sDF proportions for the first alternative topology,
and gray represents sDF proportions for the remaining alternative topologies. The suffixes H1 and H2 denote haplotype 1 and haplotype 2 of the haplotype-

resolved genomes, respectively.
See also Figure S1 and Table S1.
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These assemblies were then scaffolded and manually cor-
rected in each diploid based on high-throughput chromatin
conformation capture (Hi-C) contact information (~123-fold
coverage), resulting in 58 haploid pseudo-chromosome assem-
blies, with an average anchor rate of 93.87% (Figure S1A;
Table S1). The completeness of these 58 haplotypes was sup-
ported by k-mer spectra and benchmarking universal single-
copy orthologs (BUSCO) analysis, with an average score of
97.76%, indicative of the high quality of these haplotype-
resolved genomes (Figure S1B; Table S1). By integrating tran-
script alignment, ab initio prediction, and evidence of protein ho-
mology, the number of predicted genes in the 58 haplotypes
ranged from 32,530 to 41,997 with an average BUSCO score
of 95.44%.

We next performed whole-genome alignments among the
128 genomes by comparing to the potato reference genome
(accession DM1-3 516 R44 v6.1 from S. tuberosum Group
Phureja; hereafter referred to as DM v6.1)°%*” The alignment
rates within Petota ranged from 39.55% to 86.03%, indicating
high levels of Petota genomic diversity. The Etuberosum acces-
sions showed an average alignment rate of 32.66% to DM v6.1,
which is higher than the Tomato accessions average of
23.58%, whereas the outgroups had an average alignment
rate of only 11.98% (Figure S1C). Then, 3.7 Mb of 4-fold degen-
erate sites were extracted from the alignments to infer the
comprehensive species tree using a concatenated approach.
Petota, Tomato, and Etuberosum form deep splits, with Petota
resolved as sister to Tomato, but with low site concordance
factor (sCF, 34.89%) and high site discordance factors (sDF),
including the 1st alternative quartet topology ratio of 38.83%,
and the 2nd alternative quartet topology ratio of 26.28%, indi-
cating that a minority of decisive alignment sites support this
relationship (Figure 1C).

Our phylogenomic analyses partitioned Petota into three main
nuclear clades: Clade 1 + 2, Clade 3, and Clade 4, as previously
defined.'® Although low sCFs were frequent within Petota with
an average of 53.50%, species from Clade 1 + 2 comprised a
monophyletic sublineage representing the basic branch of Pe-
tota, whereas Clade 3 and Clade 4 mutually formed a sister rela-
tionship, with mixing of a few species (Figure 1C). From this deep
phylogeny of Petota, we assigned previously unclassified or un-
certain species, such as S. flahaultiiand S. commersonii to Clade
4, and S. malmeanum to Clade 3. Moreover, Clade 4 is divided
into northern and southern subclades, with all cultivated acces-
sions nested within the northern group. Most haplotype ge-
nomes clustered with each other, indicating that the sampled
species typically represent “good” species.
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Observable genetic mixture throughout the genomes of
Petota

Hybridization is expected to result in an unequal distribution of
genealogies, whereas ILS should produce a similar proportion
and distribution of genealogies.®® Phylogenetic reconstruction
utilizing concatenated sequences assumes a singular evolu-
tionary history, limiting the ability to estimate genealogical varia-
tion across the genomes.>® We therefore reconstructed phylog-
enies for 100-kb non-overlapping sliding windows, using the
above whole-genome alignments of 128 genomes, to explore
the distribution of discordance throughout the genome. Of the
3,436 window trees constructed, 3,121 showed the three line-
ages are each monophyletic. The most common tree, Tree-|
(1,588, 50.88%), was consistent with the species tree and the
plastome phylogeny, placing Tomato as a sister to Petota
(Figures 1C and S2A). The second-most common tree, Tree-ll
(1,162, 37.23%), placed Etuberosum sister to Petota. The third
tree, Tree-lIll (371, 11.89%), supported a sister relationship be-
tween Tomato and Etuberosum and was significantly less
frequent than Tree-l and Tree-Il (two-tailed one-sample binomial
test, p = 0). Tree-l and Tree-Il topologies were evenly distributed
across the genome of the potato, except in centromere regions,
which exhibited a high degree of variation and were difficult to
align, resulting in insufficient genetic variation for analysis
(Figures 2A and S2C). These window trees were imported into
Splitstree using the ConsensusNetwork method (threshold of
30%); results indicated a reticulate evolutionary history between
the three lineages (Figure 2B)."° A distance-based method,
quantifying introgression via branch lengths (QuIBL), showed
that the Delta Bayesian information criterion (BIC) value of
Tree-lll is lower than Tree-l and Tree-Il, indicating that the hybrid-
ization was more likely a cause of the relationships shown within
Tree-l and Tree-ll than ILS (Figure S2B).*" The Patterson’s D
(ABBA-BABA statistics) also detected hybridization-derived
gene flow between Petota and Etuberosum (D = 17.8%, Z =
33.2; Figure S2D).

Although window-based analysis provides a broad overview
of evolutionary history, it does not represent actual evolutionary
relationships as accurately as phylogenetic analyses based on
gene trees. We therefore built a comprehensive gene repertoire
to resolve the phylogenetic relationships of these three lineages,
at the gene level, by clustering the 4,675,781 predicted gene
models from the 128 genomes into 54,816 orthologous gene
clusters, using the Markov clustering algorithm. The extensive
synteny observed among Tomato, Etuberosum, and Petota,
based on genome-wide synteny-constrained orthologous gene
clusters, likely facilitated the formation of a hybrid lineage with

(B) Phylogenetic network analysis, based on ConsensusNetwork in SplitsTree (threshold level of 30%), indicates a reticulate evolutionary history of Tomato,

Petota, and Etuberosum.

(C) Phylogenetic topologies and bar plots reflect that all counts of Tree-Il were significantly higher than Tree-Ill in the gene, protein, CDS, and intron trees, by two-

tailed one-sample binomial tests.

(D) Population genomic analysis of Petota. The phylogenetic tree on the top includes 349 Petota (golden), 22 Tomato (red), 21 Etuberosum (blue), and 6 outgroup
accessions (gray). Ancestry component analysis of the corresponding Petota individuals is displayed at the bottom, with the blue and red stacked blocks
representing the proportions deriving from Etuberosum and Tomato, respectively.

(E) The divergence time estimated from the concatenated CDSs based on the Tree-l and Tree-Il genealogy scenarios, using the MCMCTree program.

(F) A simplified schematic illustrating the hybrid origin of Petota. The introgression probability and the hybridization time are estimated using the BPP program,

with 95% confidence intervals shown below.
See also Figure S2 and Table S2.
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ancestry dispersed across chromosomes from both parental lin-
eages (Figure S2E). We next extracted 47,556 out of 54,816 clus-
ters and classified them into four categories based on their fre-
quency of occurrence within Petota: core clusters (present in
all 101 genomes; 7,631; 16.05%), near core clusters (present
in 70-100 individuals; 11,216; 23.58%), shell clusters (found in
2-69 individuals; 25,950; 54.57 %), and accession-specific clus-
ters (2,759; 5.80%) (Figure S2F).

By employing core and near core clusters that span most spe-
cies in the three lineages, we identified 17,872 homologous gene
groups and used them for phylogeny reconstruction using the
ML method. For each gene group, phylogenies were recon-
structed using their coding sequences (CDSs), protein se-
quences, and genic and intronic sequences, respectively. The
generated trees exhibited three main topologies as before.
Tree-l was most frequent (53.26% of gene trees, 53.70% of pro-
tein trees, 53.49% of CDS trees, and 48.61% of intron trees
showed this topology); Tree-Il was the next most common
(33.33% of gene trees, 36.14% of protein trees, 36.18% of
CDS trees, and 35.38% of intron trees); whereas Tree-lll was
the least frequent (13.41% of gene trees, 10.16% of protein
trees, 10.32% of CDS trees, and 16.00% of intron trees).
Tree-l and -l were significantly more frequent (two-tailed one-
sample binomial test, all p = 0) than Tree-lll (Figure 2C).

To exclude ILS as the source of these patterns, we simulated
ILS under the species tree with branch lengths in coalescent
units, based on the multispecies coalescent model. For each
sequence type, the ratios of Tree-lll to Tree-Il were all signifi-
cantly different from those simulated under the solely ILS sce-
nario (labeled by gray curves), leading to the rejection of the
solely ILS scenario (Figure S2G). Moreover, the gene flows quan-
tified by ABBA-BABA statistics between Petota and different
Tomato/Etuberosum accessions showed consistent signals
(Figure S2H). Taken together, our results show that the phyloge-
netic conflicts detected among the three lineages are wide-
spread across genomes in Petota and were caused by hybridiza-
tion events from the ancestors of Tomato and Etuberosum.

Stability of genomic signals of a hybrid origin of Petota

Differentiation between a stable hybrid lineage, with a single
ancient hybrid origin, and recent introgressions into its few spe-
cies, requires observing consistent hybrid signals and stable
parental ancestry tracts across all offspring, in the former,
whereas the latter would likely result in only a subset of derived
offspring displaying hybridization signals and wide variation in
genome ancestry among individuals.®* In order to discern be-
tween these possibilities, we conducted an extensive genomic
assessment by collecting whole-genome resequencing data of
349 accessions (162 wild and 187 landrace accessions) from
55 diploid species belonging to Petota (Table S2). Petota ex-
hibited higher nucleotide diversity (x = 0.069) compared with
its two putative parental lineages (Tomato: = = 0.060; Etubero-
sum: = 0.029) (Figure S2K). We further compared population
genetic differentiation (Fst) and genetic divergence (Dxy) be-
tween Petota members and species from its two putative
parental lineages. In each case, Fst and Dyy values were
lower than those between the two parental lineage members
(Fst = 0.53 and Dxy = 0.18 between Petota and Tomato; Fst =
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0.52 and Dyxy = 0.15 between Petota and Etuberosum; Fst =
0.69 and Dyxy = 0.22 between Tomato and Etuberosum)
(Figures S2l and S2J). These patterns are consistent with the dif-
ferentiation of hybrid lineages being approximately intermediate
between the two parental lineages.

For each Petota accession, Loter and HyDe analyses were
performed to quantify the genomic contributions of the two
parental lineages (Etuberosum and Tomato).*>** We estimated
the Euberosum ancestry proportion to be ~60%, and the To-
mato ancestry proportion to be ~40% in all Petota species
analyzed. The parental ancestry tract segments are consistent
in Clade 1 + 2, Clade 3, and Clade 4 of Petota (Figures 2D,
S2L, and S2M). The further f; genomic scans with a 100-kb win-
dow show that the 330.4 Mb region of the potato genome ex-
hibits consistent excess allele sharing with the Etuberosum
members. These genome-wide signatures of admixture are
highly overlapping among the three main clades of Petota with
an average correlation coefficient of 0.75, suggesting that intro-
gression events from the ancestor of Etuberosum likely occurred
at the origin of Petota (Figures S2N and S20).

Dating the hybrid origin of Petota

In the hybrid origin scenario, the estimated divergence times of
the hybrid lineage, with respect to each of the putative parental
lineages, should be nearly equal, and obviously younger than
the divergence time of the parental lineages.*® Nearly equal
divergence times would be expected between all three lineages
if ILS was solely responsible for the observed phylogenetic con-
flicts. To test whether Petota is of ancient hybrid origin or if its
species received recent introgression from Etuberosum, we
evaluated the divergence time among the three lineages by par-
titioning the coding region of Petota into three topology cate-
gories. The concatenated CDSs of each topology were esti-
mated by the MCMCTree. The estimated divergence times of
Petota/Tomato (~9.0 million years ago [MYA], 95% confidence
interval 8.95-9.00 MYA) and Petota/Etuberosum (~8.5 MYA,
95% confidence interval 8.41-8.51 MYA) were relatively close
and much younger than that of the two parental lineages (To-
mato/Etuberosum: ~12.8-13.6 MYA) (Figure 2E).

We further applied the multispecies coalescent-with-intro-
gression (MSCi) model to test the hybrid origin scenario for Pe-
tota, using the haplotype-resolved genomes from outgroup, To-
mato, Etuberosum, and Petota. The estimated hybridization time
(7) of Petota, approximately 8.6 MYA with a 95% high posterior
density (HPD) interval of 8.57-8.66 MYA, coincides closely with
the above divergence time calculated by MCMCTree, with a
51.26% (95% HPD: 45.80%-58.69%) contribution from Tomato
and 48.74% (95% HPD: 41.31%-54.20%) contribution from Etu-
berosum (Figure 2F). These coalescent-based estimates are
consistent with Petota being a hybrid lineage formed through
admixture between Tomato and Etuberosum.

Genetic basis of tuber formation in Petota

Hybrid speciation refers to the genetic mixture, between distinct
species or the ancestors of current lineages with multiple spe-
cies, that may lead to prezygotic Rls through the production of
morphological traits.””'° Both Petota and Etuberosum species
produce underground stems, referred to as stolons or rhizomes,
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but only the stolons of Petota species swell at their tips to form
tubers (Figure 1A). We hypothesize that the formation of the
tuber, as an innovative organ in Petota, represented a key inno-
vation that may have arisen via hybridization and subsequently
triggered adaptive species diversification. In such a scenario,
genes involved in tuberization are expected to undergo rapid
evolution, due to natural selection, with diverged alleles poten-
tially becoming alternately fixed in the hybrid offspring lineage.'°
We therefore searched for positively selected genes (PSGs) from
the 17,872 homologous gene groups in our dataset of 128 ge-
nomes (see above), leading to the detection of 229 PSGs derived
from Etuberosum and 269 PSGs from Tomato (Table S3), which
were under natural selection in the two parental lineages prior to
interspecific hybridization and were alternately inherited by Pe-
tota during its origin.

Some of these PSGs had been previously reported to be
involved in tuberization, with induction by various exogenous
and endogenous signals.*®*” We observed a mosaic inheritance
pattern in tuberization-related genes (Figures 3A, 3B, S3A, and
S3B). For example, two light signal response genes, GIGANTEA
(Gl) and SELF-PRUNING 6A (SP6A), both derived from Tomato,
play essential roles in tuberization.*®*° Notably, SP6A, an ortholog
of the Arabidopsis vascular-mobile florigen, FLOWERING LOCUS
T (FT), acts as a key regulator of tuber formation, whereas another
light signal gene, PHYTOCHROME B (PHYB), derived from Etu-
berosum, functions upstream of SP6A to control tuberization.*®:>°
In addition to light signaling, transcription factors (TFs) are also
critical for tuberization. For instance, Identity of Tuber 1 (IT1)/
BRANCHED1b (BRC1b), a TEOSINTE BRANCHED1/CYCLOI-
DEA/PROLIFERATING CELL FACTOR (TCP) family TF derived
from Etuberosum, and DORNRONSCHEN (DRN)/LEAFLESS
(LFS), an ERF/AP2 family TF derived from Tomato, regulate axillary
meristem initiation and specialized stolon balancing to control po-
tato tuberization.”'*> Furthermore, the Polycomb group (PcG)
gene CURLY LEAF (CLF), derived from Etuberosum, modulates
tuberization by balancing the deposition of H3K27me3 and
H3K4me3.%"*® The mosaic nature of the regulatory network im-
plies that natural selection recruited alternately inherited parental
genes (brought together by hybridization) for specific pathways
that contributed to tuberization.

Next, we confirmed the crucial functions of two PSGs associ-
ated with tuberization, SP6A and IT1, which were derived from
Tomato and Etuberosum, respectively. SP6A is not expressed
in any tissues in the Etuberosum species, whereas IT71 is mainly
expressed in rhizome tissues of the Etuberosum species and
stolon tissues of the Petota species (Figures S3C and S3D). To
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explore their hypothesized role in tuberization, we conducted
yeast two-hybrid assays and split luciferase assays using orthol-
ogous IT1 and SP6A proteins from Petota (S. tuberosum), To-
mato (S. pimpinellifolium), and Etuberosum (S. etuberosum)
(Figures 3C and S3G). These results collectively support that
SP6APe! (Petota-derived SPBA protein) originated from the
SP6AT™™ (Tomato-derived SP6A protein) ortholog, which can
form an SP6A-IT1 complex, whereas a truncated phosphatidyl-
ethanolamine-binding protein (PEBP) domain in SP6AF" (Etu-
berosum-derived SP6A protein) would eliminate its interaction
with IT1 (Figure S3E). Notably, there are 14 non-synonymous
mutations fixed in Petota, 13 of which are derived from Etubero-
sum, with 4 located in the TCP domain region (Figure S3F). Next,
we investigated whether this sequence difference in IT1 affects
its TF activity by conducting luciferase reporter assays (Figures
3D and S3H). Our results indicated that the transcriptional activ-
ity of IT17®" (Petota-derived IT1 protein) is not significantly
different (two-tailed Student’s t test, p = 0.09) from that of
IT1E" (Etuberosum-derived IT1 protein), suggesting their activ-
ities are comparable. However, both IT17® and IT15" exhibit ac-
tivities that are significantly different from that of IT17°™ (Tomato-
derived IT1 protein) (two-tailed Student’s t test, p = 1.5e—08 and
p = 7.4e—07, respectively), supporting the hypothesis that IT17¢!
originated from Etuberosum and contributed to tuberization.
These findings indicate that a combination of tuberization-asso-
ciated PSGs from Tomato and Etuberosum played a crucial role
in the origin of tuber formation in Petota.

Additionally, we selected another two genes, DRN and CLF
with hybrid recombination to further examine the function of
PSGs in tuberization. In the DRN gene of Petota, a total of 23
fixed mutations were identified, with 9 originating from Etubero-
sum and 14 from Tomato (Figure S3l). Similarly, in the CLF gene
of Petota, 23 fixed mutations were observed, of which 17 were
derived from Etuberosum and 6 from Tomato (Figure S3K). We
then generated knockout mutants using CRISPR-Cas9-based
genome editing in the wild potato S. chacoense (Figures S3J
and S3L). In these drn mutants, we observed that aerial axillary
branches were converted into ectopic stolon branches (but no
tubers formed in aerial stolons) (Figure 3E); furthermore,
below-ground stolons were produced in drn mutants, which
formed smaller tubers than those in wild-type plants, limiting
their function as organs for vegetative reproduction. In contrast,
clf mutants were dwarf and unable to initiate underground
stolons, consequently losing the ability to generate tubers
(Figure 3F). Together, these two mutants—one causing ectopic
organ formation and the other leading to organ loss—suggest

Figure 3. PSGs and experimental validation of positively selected tuberization-associated genes

(A) The gene variant comparisons between Tomato/Petota and Etuberosum by the Hudson-Kreitman-Aguadé (HKA) test.'® The results of genes are displayed
(red dots) in the plot when Petota is grouped with Tomato in the CDS topology. A gene highlighted by a gray bar represents its likely association with tuberization.
(B) The gene variant comparisons between Etuberosum/Petota and Tomato by the HKA test. The results of genes are displayed (blue dots) in the plot when Petota
is grouped with Etuberosum in the CDS topology. A gene highlighted by a gray bar represents its likely association with tuberization.

(C) Validation in a yeast two-hybrid assay. Yeast cells were grown on the selective medium of SD3 (—LWH) without Leu (L), Trp (W), and His (H), and cells on SD2

(—LW) served as growth control.

(D) Validation in a dual-luciferase reporter assay. Boxplots show the median, box edges denote the 25th and 75th percentiles, and whiskers denote the maximum
and minimum data points within 1.5x the interquartile range outside the box edges. n = 11. Statistical significance was determined by a two-tailed Student’s t test.

(E) Phenotypes of the DRN gene knockout mutant.
(F) Phenotypes of the CLF gene knockout mutant.
See also Figure S3 and Table S3.
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that the alternate inheritance of highly divergent alleles of key loci
from Tomato and Etuberosum contributed to tuber formation
through hybrid combinations and recombinations. This critical
innovation, which facilitates vegetative reproduction, likely al-
lowed for the stabilization of beneficial hybrid gene combinations
and recombinations, potentially including those that confer
hybrid vigor.

Rapid species radiation and environmental adaptation
of Petota

Ancient hybridization may enable rapid species radiation by
introducing innovative traits that help adapt to various niches,
along with recombination and sorting of hybridization-derived
polymorphisms.’'™ To investigate this possibility in Petota, we
constructed phylogenetic networks using NeighbourNet
methods, based on a genomic distances matrix derived from
the variant call format (VCF) file containing 44 wild potato species
(Figure 4A). This network also identified Clade 1 + 2, Clade 3, and
Clade 4, but the central knot and basal position exhibited limited
structural differentiation, which is consistent with the low support
observed in these nodes in coalescence reconstruction, indi-
cating a basal polytomy within Petota.

The species within Clade 4 displayed a more complex network
structure than those in Clade 1 + 2 and Clade 3, consistent with
the strong signature of gene flow, especially among the species
of the southern group (Figure S4A). Significant Patterson’s D
values (p < 0.01) indicative of extensive introgression were in-
ferred in 12,912 of the 17,296 possible trios. Species within
Clade 4 also exhibit higher gene flows with significant D-statistic
values (mean value: 0.083) than the species in Clade 1 + 2 (mean
value: 0.062) and Clade 3 (mean value: 0.048). The admixture
analysis also grouped the species of Petota into three main
clades when K = 4, consistent with the genomic principal-com-
ponents analysis (PCA) (Figures S4B and S4E). S. sogarandinum,
S. huancabambense, and S. stipuloideum formed separate sub-
lineages from Clade 4, with admixture components from Clade
1 + 2, Clade 3, and Clade 4.

To further quantify the distribution of three main clades across
the genome, the topology weighting by the iterative sampling of
subtrees (TWISST) analysis was conducted, which also sup-
ported Tree-l (Topo1, 2, and 3) and Tree-ll (Topo4, 5, and 6)
comprising 89.08% of the eight most common trees
(Figure 4B). Additionally, pervasive conflict signals were de-
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tected among clades of Petota: Topol (20.39%), Topo4
(14.17%), and Topo8 (4.76%) grouped Clade 3 with Clade 4,
consistent with the species tree; Topo2 (20.27%), Topo5
(12.51%), and Topo7 (6.16%) grouped Clade 1 + 2 with Clade
3; and Topo3 (13.33%), Topo6 (8.41%) grouped Clade 1 + 2
with Clade 4.

These admixture genealogies and mosaic-like ancestry pat-
terns were further validated in the 17,872 homologous gene
groups with widespread discordance. The multispecies coales-
cent method utilized CDSs, protein sequences, genic, and in-
tronic sequences from the 17,872 homologous groups. In the
Astral tree reconstructed by CDSs, protein, and genic se-
quences, Clade 3 is sister to Clade 4, which is consistent with
the species tree, whereas Clade 3 is sister to Clade 1 + 2 based
on intronic sequences (Figure S4C). We determined that 35% of
homologous gene groups were derived from Tomato (all ge-
nomes are labeled red in a gene group), whereas 25% were
derived from Etuberosum (all genomes are labeled blue in a
gene group) (Figure 4C). Notably, 40% of the homologous
gene groups showed extreme differentiation from other deriva-
tives among species within Petota. Of these, 16% of homolo-
gous gene groups were associated with the deeply divergent
haplotype groups derived from the donor parental lineage (all ge-
nomes are labeled golden in a gene group), and 24% were poly-
morphic within Petota, with the Clade 1 + 2, Clade 3, and Clade 4
derived from different parental species. The PCA analysis based
on these gene topologies also clustered the species of Petota
into three main clades (Figure S4F). In the exceptionally differen-
tiated bi-allelic SNPs between Tomato and Etuberosum (Fst=1),
we show that ~41.44% (406,041 sites) of differentiated parental
sites from Etuberosum are fixed in Petota, which is slightly higher
than ~35.93% (352,049 sites) from Tomato (Figure S4G).
Approximately 22.63% (221,816 sites) of differentiated parental
sites remain polymorphic in different clades within Petota. These
results imply that the recombination and subsequent sorting of
differentiated parental sites likely represent an important contri-
bution to the divergence of these three clades.

We further examined whether accelerated species diversifica-
tion occurred in Petota as a result of the production of the tuber
organ and sorting and recombination of hybridization-derived
polymorphisms. Petota comprises 107 wild species, all charac-
terized by possession of tubers, and exhibits the fastest species-
level radiation in Solanum Grade I, with an estimated per-lineage

Figure 4. Hybrid recombination contributes to the radiation and adaptation of Petota
(A) Genomic neighbor network constructed from the distance matrix of the SNP sites from the whole-genome alignment.

(B) The eight most common topologies were identified from 100-kb non-overlapping window trees. The bottom plot shows the topology weighting across the 12
chromosomes with loess smoothing (span = 200 bp).

(C) Parental-derived inference of the homologous gene groups across the 101 Petota genomes, based on their topological relationships. Four highlighted regions
are zoomed in at the bottom right corner, labeled Clade 1 + 2, Clade 3, and Clade 4. Each column represents a homologous gene group, and each row represents
each Petota genome. The pie chart illustrates the proportions derived from Tomato (red), Etuberosum (blue), Petota (golden), and the mixed region within
Petota (gray).

(D) PCA kernel density estimate of species within Tomato, Etuberosum, and Petota, and the overlap of kernel density estimates from all three growth forms in PCA
space. The interpretation of the selected environmental variables: seasonal precipitation (bio15), temperature annual range (bio7), minimum temperature of
coldest month (bio6), maximum temperature seasonality (bio5), annual moisture index (AMI), log of 95th quantile for fire size (log[q95size]), log of vector
ruggedness metric, log of topographic heterogeneity (log[VRM]), and proportion of sand particles (>0.05 mm) in the fine earth fraction at a depth of between
0-5 cm (sand).

(E) Correlation analysis of RNA sequencing (RNA-seq) data from three species and tissue types under cold stress and combined cold-drought stress conditions.
See also Figure S4.
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Petota originated from an ancient hybridization event between Tomato and Etuberosum around 8-9 MYA, coinciding with the rapid uplift of the Andes (6-10 MYA).
Members of Petota alternately inherited parental genes, which contributed to the formation of tubers and triggered explosive species diversification, enabling the

species from Petota to adapt to and colonize various environments.

rate of ca. 0.53 lineages per million years (Myr~"). This rate is
higher than that of Etuberosum (0.39 lineages Myr~"), Tomato
(0.44 lineages Myr~"), and the global Solanum mean (0.38 line-
ages Myr") (Figure S4D).

Hybrid lineages often also occupy broader or different
niches.>* A previous study indicated that geophytes of the Sola-
num occupy distinct ecological niches compared with the non-
geophyte species, influenced by eight bioclimatic environmental
variables.?* We extracted these eight variables for 4,703 occur-
rence records of the three species in Etuberosum, all 16 wild
species in Tomato, and the 107 non-cultivated species in Petota.
The highest diversity of wild species of Petota is found in high-
elevation, cold-adapted montane habitats in central Mexico
and the central Andes. Species of Petota have a much wider
geographical distribution (Figure 1A) and tend to occupy a
broader range of environmental conditions than species of either
Tomato or Etuberosum.

Habitats occupied by Petota species are characterized by
strong precipitation seasonality, and range from different types
of grasslands to seasonally dry tropical forests to high alpine
meadows.®?°>°% The median niche breadth of Petota (0.18) is
broader than that of its parental lineages, Tomato (0.09), and Etu-
berosum (0.05), according to ecological niche model results. The
suitable climatic conditions of Petota are drier than species of
Etuberosum but on average cooler and with greater precipitation
(higher annual moisture index) than species of Tomato (Figures
4D and S4H). To compare the cold and dry adaptation mecha-
nism between the hybrid and parental lineages, we conducted
tolerance experiments on S. tuberosum (Petota), S. lycopersi-
cum (Tomato), and S. palustre (Etuberosum). Correlation ana-
lyses of transcriptomic data revealed that the expression pat-
terns of S. tuberosum exhibit a stronger correlation in

expression patterns with S. palustre than with S. lycopersicum
in stem, leaf, and root tissues, under both cold and cold-drought
stresses (Figures 4E, S4l, and S4J). Differential gene expression
analysis showed that the number of up- and downregulated
genes is greater in S. lycopersicum than in S. palustre under
cold conditions, and the expression pattern of S. tuberosum is
similar to that of S. palustre, which is consistent with their
ecological niche characteristics. Taken together, the innovative
tuber organ, along with the sorting and recombination of hybrid-
ization-derived polymorphisms, likely facilitated the initial sur-
vival of hybrid offspring, including those with low fertility, and
triggered the explosive species diversification of Petota by
enabling the occupation of broader ecological niches as well
as their establishment in distinct habitats, such as higher eleva-
tions with colder climates in the Andes.

DISCUSSION

Hybrid speciation is increasingly recognized as an “evolutionary
catalyst,” fostering the emergence of evolutionary innovation
and the expansion of ecological niches.'** However, a mecha-
nistic understanding of how ancient hybrid speciation promotes
phenotypic innovation and adaptive species radiation, within
species-rich lineages, is only beginning to emerge. Here, our
study provides genomic and functional evidence that Petota is
of hybrid origin, resulting in the innovative trait of tuber formation
and subsequent colonization of a broad ecological niche with
further extensive species diversification (Figure 5). Phylogenetic
analyses reveal that the closest relatives of Petota are Etubero-
sum and Tomato with substantial discordance among gene trees
or genomic windows. All members of Petota exhibit a stable
mixed genomic ancestry, derived from Etuberosum and Tomato.
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We estimated that Tomato and Etuberosum diverged ca. 13-14
MYA, and that hybridization between them resulted in the origin
of Petota around ca. 8-9 MYA (Figure 2F), coinciding with the
rapid uplift of the Andes (610 MYA).°” Therefore, this ancient
homoploid hybrid speciation event between ancestors of To-
mato and Etuberosum, which gave rise to the ancestor of Petota,
may have taken place under geological oscillations and appear-
ance of distinct niches, generating allelic combinations/recombi-
nations and innovative phenotypes for further natural selection.
This is consistent with the mosaic-like genetic patterns
throughout the entire genomes of all sampled species in Petota.

Most importantly, we obtained evidence that the alternate in-
heritance of highly divergent alleles of certain key genes from To-
mato and Etuberosum, respectively, may have established an
innovative interaction network that contributed to tuber forma-
tion during ancient hybrid speciation. This critical innovation,
which favors vegetative reproduction, likely aided the initial sur-
vival of hybrid offspring with low fertility due to postzygotic Rls
between the divergent ancestors of Tomato and Etuberosum.
It also facilitated their establishment in distinct habitats, such
as higher elevations with colder climates in the Andes.**"° These
distinct niches may have further enhanced prezygotic Rls of
hybrid offspring by reducing backcrossing with either parent, al-
lowing them to form an independently evolved Petota by recov-
ering fertility during subsequent evolution.

Additionally, the emergence of more effective asexual repro-
duction through tuber formation, along with the sorting and
recombination of hybridization-derived polymorphisms, may
have triggered subsequent rapid species diversification of Pe-
tota, which now comprises 107 wild species in a broad range
of environments.*® More generally, our findings suggest that
hybrid speciation can involve both the inheritance of alternate
parental genes and the development of key trait innovations
through allele combination and recombination. In the case of Pe-
tota, this process ultimately led to the ability to form tubers and,
consequently, to the origin of the cultivated potato, one of hu-
mankind’s most important foodstuffs.

Limitations of the study

While ancient population structure within a single species can
mimic hybridization signals,®® our coalescent analyses suggest
that Tomato and Etuberosum ancestors had diverged ~5 MYA
(Figure 2F), accumulating highly diverged alleles prior to hybrid-
ization. This seems to support hybridization between indepen-
dently evolving species (lineages) over ILS, although further evi-
dence is needed. Furthermore, the combination of highly
divergent alleles at different loci, inherited alternately from
the ancestors of Etuberosum and Tomato, may have contributed
to postzygotic RlIs in the Petota ancestor during ancient
hybrid speciation. This inference aligns with the Bateson-
Dobzhansky-Muller incompatibility model, which suggests that
divergent alleles, at two loci, can lead to postzygotic Rls.' %"
However, the specific genes responsible for these postzygotic
RIs remain to be identified. It also remains unclear how the Pe-
tota ancestor regained the ability for normal sexual reproduction,
after experiencing probable hybrid breakdown due to postzy-
gotic Rls, following ancient hybridization, although the tempo-
rary survival of hybrids may have been supported by formed
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tubers. Finally, the specific pathways established through hy-
bridization-triggered recombination for tuberization may alter
the original functions of related genes, resulting in pleiotropic
roles, as seen with DRN and CLF (Figures 3E and 3F), where their
mutants affect both tuber formation and other phenotypes.
Therefore, confirming the origin of tuber formation through artifi-
cial hybridization between Etuberosum and Tomato species,
identifying the key genes contributing to postzygotic Rls, and
clarifying multiple effects of tuber-related genes, remains a crit-
ical area for future research.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

Agrobacterium tumefaciens GV3101 This study N/A
Escherichia coli DH5a This study N/A
Saccharomyces cerevisiae strain AH109 This study N/A

Chemicals, peptides, and recombinant proteins

DO Supplement -Leu/-Trp with Agar Coolaber Cat#PM2222
DO Supplement -His/-Leu/-Trp with Agar Coolaber Cat#PM2152
Minimal SD Base Coolaber Cat#PM2040
Murashige and Skoog medium BioRun Cat#RFAO1
Phytagel™ BioRun Cat#RFR06
Kinetin (KT) BioRun Cat#RJR00
2,4-Dichlorophenoxyacetic acid (2,4-D) BioRun Cat#RJOO01
Kanamycin BioRun Cat#RJG00
Rifampicin BioRun Cat#RJF00
Critical commercial assays

Dual-Luciferase® Reporter Assay System Promega Cat#E1910
Firefly Luciferase Assay Kit UElandy Cat#F6024L
AH109-GAL4 Yeast Two-Hybrid interaction proving kit Coolaber Cat#WLYH2021
ClonExpress Ultra One Step Cloning Kit V3 Vazyme Cat# C117
Deposited data

PacBio CCS, Hi-C, and RNA sequencing data This study BioProject: PRINA1173794
Genome assemblies This study http://solomics.agis.org.cn/potato/; https://doi.org/

10.6084/m9.figshare.28942299

Public Solanaceae genome assemblies Tang et al.’%; Wu et al.®%; N/A
Cheng et al.*®
Public Solanaceae whole-genome sequencing data Tang et al.'% Wu et al.®* N/A
Species occurrence data Gagnon et al.”* N/A
Experimental models: Organisms/strains
Nicotiana benthamiana This study N/A
Solanum chacoense This study N/A
Oligonucleotides
Primers used for Y2H and dual LUC assays (see This study N/A
Table S3)
Recombinant DNA
PGBKT7-SP6APet This study N/A
PGBKT7-SP6A™™ This study N/A
pGBKT7-SP6AF" This study N/A
pGADT7-IT1Pet This study N/A
pGADT7-IT1Tom This study N/A
pGADT7-IT1EWY This study N/A
pGreen-IT1Pet This study N/A
pGreen-IT17°m This study N/A
pGreen-IT1EM This study N/A
3xITBS-35Smini-LUC This study N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
pJW712-SP6AFe! This study N/A
pJW712-SP6AT™ This study N/A
pJW712-SPBAEY This study N/A
pJW711-IT1Pet This study N/A
pJW711-T1Tom This study N/A
pJW711-IT1EV This study N/A
pKSE401-CLFCR This study N/A
pKSE401-DRNCR This study N/A
pGADT7 TaKaRa Cat#630442
pGBKT7 TaKaRa Cat#630489
pKSE401 Xing et al.®® N/A
pGreenll0800-LUC Hellens et al.®" N/A
pGreenll 62 SK Hellens et al.® N/A

Software and algorithms

SplitsTree v4.18.3

QuIBL
LOTER

HyDe

GenomeScope v2.0
hifiasm v0.19.8-r603
Ragtag v.2.0.1

3D-DNA pipeline v201008
Juicebox v.1.11.08
BUSCO v5.7.0

KAT v2.4.2

EDTA v1.9.4

Hisat2 v2.2.1

StringTie v2.2.1
BRAKER2 v2.1.5
AUGUSTUS v3.4.0
GeneMark-ET v3.67
cd-hit-est v4.6.8
EVidenceModeler v1.1.1

Mikado v2.3.4

PASA pipeline v2.5.1
wgatools v0.1.0

GATK v4.1.2

OrthoFinder v2.5.4
PanGP v1.0.1
GENESPACE v0.9.4
Progressive Cactus v2.0.3

IQTREE v2.0.3
ASTRAL v5.15.5
Dsuite v0.5 r16

Huson and Bryant*°

Edelman et al.*’

Dias-Alves et al.*®

Blischak et al.**

Ranallo-Benavidez et al.®”

63
.

Cheng et al
Alonge et al.®
Dudchenko.®®

Robinson et al.®®

Simao et al.®’

Mapleson et al.®®

Ou et al.®®

Kim et al.”®
Pertea et al.””

Brina et al.””

Stanke et al.”®

Lomsadze et al.”*

Li and Godzik.”®
Haas et al.”®

Venturini et al.””

Haas et al.”®

Wei et al.”®
McKenna et al.?°

Emms and Kelly®'

Zhao et al.?”

Lovell et al.®®

Armstrong et al.®*

Nguyen et al.®®

Zhang et al.*®

Malinsky et al.®”

https://software-ab.cs.uni-tuebingen.de/download/
splitstree4/welcome.html

https://github.com/michaelmiyagi/QuIBL

http://faculty.washington.edu/browning/beagle/
beagle.html

https://github.com/pblischak/HyDe
https://github.com/tbenavi1l/genomescope2.0
https://github.com/chhylp123/hifiasm
https://github.com/malonge/RagTag
https://github.com/aidenlab/3d-dna
https://github.com/aidenlab/Juicebox
https://busco.ezlab.org/
https://kat.readthedocs.io/en/latest/
https://github.com/oushujun/EDTA
https://github.com/DaehwanKimLab/hisat2
https://ccb.jhu.edu/software/stringtie/
https://github.com/Gaius-Augustus/BRAKER
https://github.com/Gaius-Augustus/Augustus
https://exon.gatech.edu/GeneMark/
https://github.com/weizhongli/cdhit/

https://github.com/EVidenceModeler/
EVidenceModeler/releases

https://github.com/El-CoreBioinformatics/mikado
https://github.com/PASApipeline/PASApipeline
https://github.com/wjwei-handsome/wgatools
https://gatk.broadinstitute.org
https://github.com/davidemms/OrthoFinder
https://pangp.zhaopage.com/download.html
https://github.com/jtlovel/GENESPACE

https://github.com/ComparativeGenomicsToolkit/
cactus

http://www.igtree.org
https://github.com/smirarab/ASTRAL
https://github.com/millanek/Dsuite
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REAGENT or RESOURCE SOURCE IDENTIFIER

trimAl v1.4 Capella-Gutiérrez et al.®® https://github.com/inab/trimal

TWISST pipeline Martin and Van.®® https://github.com/simonhmartin/twisst

MAFFT v7.505 Katoh and Standley™® https://mafft.cbrc.jp/alignment/software/
PAL2NAL v.14 Suyama et al.”’ http://www.bork.embl.de/pal2nal/

MP-EST v2.0 Liu et al.®® https://phylolab.franklinresearch.uga.edu/mp-est
DendroPy v4.1.0 Sukumaran and Holder® https://dendropy.org/

VCFtools Danecek et al.”* https://vcftools.github.io/index.html

Plink v1.90 Chang et al.” https://zzz.bwh.harvard.edu/plink/fanal.shtml
MCMCTree program in PAML package v4.9 Yang®® http://abacus.gene.ucl.ac.uk/software/

BPP v4.7.0 Flouri et al.”” https://github.com/bpp/bpp

BWA Li and Durbin®® https://bio-bwa.sourceforge.net/

SAMtools Liet al.” http://www.htslib.org/

BEAGLE v5.3 Browning et al."%° https://faculty.washington.edu/browning/beagle/
Pixy v1.2.11 Korunes and Samuk'®’ https://github.com/ksamuk/pixy

Snp-sites Page et al.'® https://github.com/sanger-pathogens/snp-sites

CoordinateCleaner

TACT v0.5.0
BAMM v2.5.0

Zizka et al.'®®

Chang et al.'®®
Rabosky et al.’%

https://cran.r-project.org/web/packages/
CoordinateCleaner/index.html

https://github.com/jonchang/tact

https://cran.r-project.org/web/packages/BAMMtools/

index.html

fastp v2.22.0 Chen et al.'®® https://github.com/OpenGene/fastp

Kallisto v0.46.2 Bray et al.'®® https://github.com/pachterlab/kallisto/releases
featureCounts v2.0.3 Liao et al.’” https://subread.sourceforge.net/featureCounts.html
DESeq2 v1.38.3 Love et al.'® https://github.com/thelovelab/DESeq2

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Plant materials and growth conditions

The 27 accessions for de novo assembly and RNA-seq, comprising Petota and Etuberosum, were planted in the greenhouses of the
Agricultural Genomics Institute at Shenzhen, Chinese Academy of Agricultural Sciences, Shenzhen (22°36’N and 114°30’E), Guang-
dong province, China in the spring of 2023. Transgenic plants were also cultivated in the greenhouses of the Agricultural Genomics
Institute during spring 2024. The seedlings of three species for ecological adaption analysis were grown in an artificial climate room
under various stress conditions.

METHOD DETAILS

Plant materials and sequencing

We collected a total of 144 high-quality diploid genomes, comprising 101 Petota, 15 Tomato, 9 Etuberosum, and 19 other Solana-
ceae genomes (Table S1). Of these, 54 haplotype-resolved genomes from Petota and Etuberosum are sequenced and assembled.
The genomic DNA of genomes was extracted from in vitro seedlings. High-fidelity (HiFi) reads were sequenced using the Pacific Bio-
sciences (PacBio) Sequel Il platform in circular consensus sequencing (CCS) mode. HiFi reads ranging from 23.47 to 36.30 Gb were
generated using the CCS program (https://github.com/PacificBiosciences/ccs). For the construction of the Hi-C libraries, the ex-
tracted DNA was digested with the restriction enzyme Mbol following the previously described Hi-C library preparation protocol. %
Atotal of 2.71 Tb of Hi-C data was generated with approximately 123-fold coverage for each accession on the DNBSEQ-T7 platform.
To annotate the genome, we sequenced a total of 650.01 Gb RNA data for 27 accessions from roots, stems, leaves, and flowers.
Additionally, 4 haplotype-resolved genomes from Tomato were assembled using the public data and Hi-C data in this study.*

Genome de novo assembly and evaluation

The genome size and heterozygosity were assessed utilizing a k-mer-based method through GenomeScope (v2.0).%2 We then gener-
ated the preliminary haplotype-resolved assemblies using hifiasm (v0.19.8-r603) with default parameters based on HiFi and Hi-C
reads.®® The two initial haplotypes of each sample were further ordered using Ragtag (v.2.0.1), with the DM v6.1 or
S. etuberosum genome as a reference, resulting in haploid pseudo-chromosome assemblies.®* These assemblies were aligned
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and scaffolded using Juicer pipeline with Hi-C reads, and Hi-C contact maps were generated based on the 3D-DNA pipeline
(v201008).%%"1° Finally, the misaligned regions and assembly errors were manually adjusted based on the chromatin interaction pat-
terns of the Hi-C contact maps visualized by Juicebox (v.1.11.08).°® Additionally, the Benchmarking Universal Single-Copy Orthologs
(BUSCO v5.7.0) with the embryophyta_odb10 database was used to evaluate the quality of assemblies.®” The completeness of the
haplotype-resolved assemblies was further assessed by the K-mer Analysis Toolkit (KAT v2.4.2).

Annotation of repetitive elements and protein-coding genes

Transposable elements (TEs) were identified utilizing the Extensive de novo TE Annotator (EDTA v1.9.4), including Helitron-like DNA
transposons, long terminal repeat retrotransposons, DNA transposons with terminal inverted repeat sequences, and short/long inter-
spersed nuclear element repeats.®® RepeatMasker (v4.10) (https://www.repeatmasker.org) was employed to mask annotated repet-
itive elements with TE library as input.

Protein coding genes were predicted for each haplotype by integrating transcript expression evidence, ab initio prediction, and
homologous sequences. Firstly, RNA-seq reads were aligned to the assembled genome using Hisat2 (v2.2.1) with the “~dta” param-
eter, and the alignments were subsequently assembled to potential transcripts using StringTie (v2.2.1) with the “~rf” parameter.’%""
Secondly, for ab initio prediction of genes, we applied BRAKER2 (v2.1.5), combined with AUGUSTUS (v3.4.0) and hidden Markov
model (HMM) of GeneMark-ET (v3.67), with the transcript assemblies as evidence and “—nocleanup -softmasking” as parame-
ters.”2~"* Thirdly, to enhance prediction accuracy, we collected the high-confidence plant homologous protein sequences from
the UniProt Swiss-Prot database (https://www.uniprot.org), combined them with the previously published amino acid sequences
of Petota, Tomato, and Etuberosum, and filtered redundancy using the cd-hit-est (v4.6.8).'%">" """ The three types of results above
were integrated using EVidenceModeler (v1.1.1) to produce a highly confident gene set, with the “weights” parameters set as
“ABINITIO_PREDICTION 1, PROTEIN 4, TRANSCRIPT 8”.7° Finally, the Mikado (v2.3.4) was utilized to identify the “best” set of tran-
scripts from multiple transcript assemblies, which were then provided to the PASA pipeline (v2.5.1) for comparing and updating gene
structures.””"®

Whole-genome alignments and variant calling

The wfmash (v0.13.0) (https://github.com/waveygang/wfmash) software was used to align the 127 genomes to the DM v6.1 potato
reference genome by all-vs-one alignments. Given the high divergence among genomes, we set the segment length parameter
(-segment-length) to 5000, the mapping percent identity (-map-pct-id) to 80, the kmer size (-kmer) to 19, and the mapping filter
parameter (-hg-filter-ani-diff) to 30. The PAF-format alignments generated by wfmash were converted to MAF format and gVCF files
for subsequent analysis via wgatools (v0.1.0).”° The MAF-format files were merged into 128-genome multiple sequence alignments
(including the reference genome DM v6.1). The msa_view (v0.1.2) (http://compgen.cshl.edu/phast) software was used to extract
four-fold degenerate sites based on the 128-genome multiple alignments and CDS annotation of the DM v6.1 reference genome.
The variants were called using Genome Analysis Toolkit (GATK v4.1.2)%° from the gVCF files, retaining only bi-allelic SNPs, and
excluding those with more than 20% missing data in any of the four lineages (Petota, Etuberosum, Tomato, and outgroup).

Identification of homologous gene groups

For the protein sequences from the 128-genome dataset, 54,816 orthologous pan-gene clusters were identified using OrthoFinder
(v2.5.4).8" Among these, 47,556 with Petota involved were classified into four categories: 1) core clusters conserved in all 101 Petota
genomes; 2) near core clusters present in 70-100 genomes; 3) shell clusters found in 2-69 genomes; 4) accession-specific clusters
unique to a single genome. The pan-genome profile, based on the number of gene clusters, was simulated by PanGP (v1.0.1) with the
sample algorithm as “Totally Random”, a sample size of 400, and the repeats of 30.%> Subsequently, 17,872 homologous gene
groups were extracted from core and near core clusters based on the synteny-anchored pan-genome annotation generated by
GENESPACE (v0.9.4).%°

Phylogenetic analyses
Phylogenetic inferences were conducted at three levels: 1) phylogeny of the 27 Solanaceae species; 2) phylogeny based on the
whole-genome alignments of 128 genomes; and 3) phylogeny of the 17,872 homologous gene groups.

To reconstruct a comprehensive phylogeny of the 27 Solanaceae species, including 6 Petota species spanning Clade 1+2, Clade
3, and Clade 4, as well as 21 additional distinct Solanaceae species (14 Solanum species and 7 other Solanaceae species) (Table S1),
we extracted those species from the reference-free whole-genome alignments generated by Progressive Cactus (v2.0.3), and par-
titioned them into 1-Mb sliding windows with a 200-Kb step size. Window trees were then inferred by IQ-TREE (v2.0.3) with the op-
tions “-m GTR -B 1000”.5%%° A coalescent-based species tree was reconstructed from all the window trees using ASTRAL
(v5.15.5).%° Then we combined the species tree and the 500 randomly selected 1-Mb window trees to visualize the topological discor-
dance with a Densitree plot. To investigate the genomic patterns of introgression between Petota and the other Solanaceae lineages,
we calculated fbranch statistics using Dsuite (v.0.5 r16).%” A VCF dataset converted from Cactus whole-genome alignments and the
above coalescent-based species tree were used. The resulting Z-score matrix was visualized as a heatmap with the dtools.py script.

To infer the phylogeny based on the multiple alignments of 128 genomes and assess phylogenetic discordance at the whole-
genome scale, the concatenated sequence of four-fold degenerate sites was used to construct the phylogeny of the 128-genome
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dataset using IQ-TREE (v2.0.3), with the parameter “~scf” included to estimate site concordance factors.''® We then partitioned the
128-genome multiple alignments into 100-Kb non-overlapping windows. The partitioned alignments were cleaned using trimAl (v1.4)
with a gap threshold of 70% (-gt 0.7), and the cleaned alignments were analyzed by IQ-TREE (v2.0.3) with the parameters “-m GTR -B
1000”.%°%8 The topology of each window tree was summarized using a custom R script. To distinguish between ILS and hybridization
in topology conflicts, we performed QuIBL analysis on the window trees.*' From these, 1,000 window trees were randomly selected
and pruned to include only four species from distinct lineages. This process was repeated 100 times, generating 100 QuIBL results.
Delta Bayesian information criterion (Delta.BIC) values, representing the significance of introgression levels, were collected from all
100 results, and their distributions for Tree-I, Tree-Il, and Tree-lll topologies were compared. To further estimate the discordance of
three main clades within Petota at the whole-genome scale, the 100-Kb non-overlapping window trees were analyzed using TWISST
pipeline. The scripts twisst.py and plot_twisst.R (available at: https://github.com/simonhmartin/twisst) were used to calculate and
visualize the topology weighting, respectively.®® To explore the introgression among the species of Petota, we selected all 44 distinct
species from the 128-genome VCF dataset and calculated Patterson’s D.%” The resulting heatmap of the Patterson’s D values was
plotted using the Ruby script plot_d.rb.

To estimate the phylogeny of the 17,872 homologous gene groups, we extracted and aligned (MAFFT v7.505) the CDSs, protein
sequences, and genic and intronic sequences of these homologous groups.®® CDSs were further aligned according to the protein
alignments using PAL2NAL (v.14).°" The ML inferences of the syntenic orthogroups were performed by IQ-TREE with the options
“_m MFP -B 1000 for phylogenetic construction.®° The tree topology from each homologous group was summarized using a custom
R script. We then performed coalescent-based methods such as ASTRAL (v5.15.5) and MP-EST (v2.0) to infer the species tree based
on the homologous group’s tree of CDSs, protein sequences, and genic and intronic sequences, respectively.®®° The gene concor-
dance factors were estimated through the species tree and CDSs/intron trees by IQ-TREE (v2.0.3) with the parameter “~gcf”.?° To
simulate the solely ILS scenario, species trees with branch lengths in coalescent units were used as input for DendroPy (v4.1.0) to
generate 2,000 simulation trees.’® We then compared the observed frequency of topologies with the simulated frequency using the
two-tailed one-sample Student’s t-test to evaluate whether the phylogenetic discordance was caused by the solely ILS scenario.

Network analyses

Network analyses were conducted using SplitsTree (v4.18.3) based on the trees of the 128-genome 100-Kb windows with the “Con-
sensusNewtwork” model with a threshold of 30%.°° The network was visualized by “EqualAngel” to illustrate the phylogenetic con-
flicts among Tomato, Petota, and Etuberosum.

To investigate the explosive species diversification within Petota, we carried out a genomic neighbor network analysis using the
128-genome VCF dataset. The dataset was further filtered to include only Petota by VCFtools (v0.1.16), and the linkage disequilib-
rium-pruned (LD-pruned) set was generated using Plink (v1.90) with the parameter “~indep-pairwise” set to “1000kb 1000 0.5”.%49°
The distance matrices were then calculated by the Python script distMat.py (https://github.com/simonhmartin/genomics_general)
based on the LD-pruned VCF dataset. We used the distance matrices to construct the phylogenetic neighbor networks with
NeighborNet in SplitsTree (v4.18.3).%°

Divergence time estimates
To estimate the timing of the hybrid origin of Petota, we calibrated the Solanaceae phylogeny using two calibration points: (1) seed
fossils placed in the stem node of the Berry lineage (i.e., the divergence between Nicotiana longiflora Cav. and Solanum) dating back
to ~51.2-53.2 MYA, """ and (2) a secondary calibration point placed at the divergence between Solanum Clade Il and Etuberosum
(~ 22.0-29.0 MYA).**""> We randomly selected 500 combinations of orthologues from 5 species, representing Petota, Tomato, and
Etuberosum, alongside Solanum Clade Il and N. longiflora. For each combination, the orthologues were aligned by MAFFT (v7.505)
and used to obtain the ML trees by IQ-TREE (v2.0.3).%%°° To reduce the effect of the gene tree estimation error on divergence time
calculation, we selected two main topologies (Petota-Etuberosum and Petota-Tomato) of the trees that were built based on the
codon alignments with the bootstrap value larger than 95. The dating analysis was run in MCMCtree program in PAML (v4.9).%°
To estimate when the divergence between and the hybridization resulting in Petota would have occurred, we used the multispecies
coalescent-with-introgression (MSCi) model implemented in BPP (v4.7.0) (A0O analysis).””"''® We selected the phased genomes of
one species from Petota, Tomato, and Etuberosum, alongside Solanum Clade Il. We first cut the CDSs with a gap of 2 kb and with a
length from 400 bp to 800 bp in a BED file using the script DefineLocusToSelect.R (https://github.com/FernandoSeixas/bpp-
pipeline). Second, we used the prepared BED file to extract the sequence from the genomes with the repeat sequences and missing
sites removed, and parse them into PHYLIP format as the input sequence file of AOO analysis through a custom script. Third, we per-
formed the A0O analysis with the thetaprior and tauprior of Gamma (a = 2, b = 100) and phiprior of Beta (a=1, b = 1). The MCMC was
run for 5,000 iterations of sample frequencies, 2,000 iterations of burn-in, and 5 iterations of the number of samples.

Population genetic analysis of 349 Petota re-sequenced genomes

To obtain the population genomic variant information, we mapped the sequences of the 398 diploid accessions (including 349 Petota,
22 Tomato, 21 Etuberosum, and 6 outgroup accessions) to the DM v6.1 reference genome using the “BWA-GATK-SAMtools” pipe-
line.29°%:9° SNPs were filtered based on quality metrics (QUAL > 20, QD < 2.0, and GQ_MEAN > 20),%* keeping only bi-allelic SNPs
reserved, and those with a maximum of 20% of missing data in any of the four lineages (Petota, Etuberosum, Tomato, or outgroup).
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SNPs were phased by BEAGLE (v5.3).'%° Loter software was used to infer parental ancestry,*®> where genomes of Etuberosum and
Tomato were used as the parental panel and genomes from Petota as the hybrid panel. Custom R and Perl scripts were used to
calculate the genomic distributions and proportions of the parental ancestry tract. The HyDe software was applied to quantify the
level of inter-species hybridization.** Ancient hybridization events between the three lineages (Petota, Tomato, and Etuberosum)
were analyzed using “run_hyde.py”, with eggplant accessions (Solanum Clade Il) used as the outgroup. Hybridization events at a
shallower evolutionary level were analyzed using individual genomes from within the three lineages, using “indidual_hyde.py”. Pair-
wise nucleotide diversity (z), population genetic differentiation (Fst), and genetic divergence (Dxy) for Petota, Tomato, and Etuber-
osum were calculated using the Pixy (v1.2.11) using the variant information file of the 398 diploid accessions.'®" Genomic f4
scans were performed for each 100-Kb non-overlapping window based on the variant information files from Clade 1+2, Clade 3,
and Clade 4 of Petota respectively, using the Python scripts (https://github.com/simonhmartin/genomics_general/blob/master/
ABBABABAwindows.py).

Identification of positively selected genes

We employed a recently proposed method to identify positively selected genes (PSGs) in Petota, which were derived from either the
Tomato or Etuberosum parental lineages.'® First, all individuals were divided into two groups for Hudson-Kreitman-Aguadé (HKA)
test.”'” To identify PSGs derived from Tomato, Petota and Tomato were treated as Lineage 1 and Etuberosum as Lineage 2. For
each gene, we counted the number of polymorphic sites (SNPs) in Lineage 1 (termed as A) and the number of fixed differences
(the number of the SNPs with Fst > 0.95) between Lineage 1 and Lineage 2 (termed as B) for each gene, based on the variant infor-
mation file converted from the 128-genome codon alignments using snp-sites software.’*'%? Next, the Pearson’s Chi-square test
with Bonferroni correction (corrected p-value < 0.05) was applied to reject the null hypothesis A(gene)/B(gene)=A(genome-wide)/
B(genome-wide), which denotes the gene in Lineage 1 is not positively selected compared to the whole genome sequence. The
same process was repeated to identify PSGs from Etuberosum, where Petota and Etuberosum were treated as as Lineage 1, and
Tomato as Lineage 2. Among the identified PSGs, we focused on genes meeting the following criteria: (1) with a significant p-value
(< 0.05) in the HKA test, (2) with the top 5% for fixed nonsynonymous mutations, and (3) consistent lineage origin when compared to
the CDS sequence topology.

Yeast two-hybrid

Yeast two-hybrid assays were generated using the Matchmaker Gold Yeast Two-Hybrid System (Coolaber) vectors pGBKT7 and
pGADT7. The full-length CDS of IT1 and SP6A from Petota (S. tuberosum), Tomato (S. pimpinellifolium), and Etuberosum
(S. etuberosum), were cloned into the pGADT7 and pGBKT7 vectors and subsequently introduced into the yeast strain AH109.
The yeast cells were plated on SD/—Leu/—Trp medium and SD/—Leu/—Trp/—His medium, followed by cultivation at 30 °C for
5 days. Primer sequences used in these experiments are provided in Table S2.

Firefly luciferase complementation imaging assay

A firefly luciferase complementation assay was conducted followed by a previous report.”'® The full-length CDS of IT7 or SP6A from
the three lineages above, were cloned into pJW771 or pJW772 and transiently expressed in Nicotiana benthamiana Domin leaves.
After dark treatment with 24 h, plants grow in a growth chamber under long-day conditions (16 h light and 8 h dark). Two days later,
1 mM luciferin was sprayed on the infiltrated N. benthamiana leaves, and then the images were captured by the Lumazone imaging
system equipped with a 2048B CCD camera. Primers used in these analyses are detailed in Table S3.

Dual-luciferase reporter assay

Luciferase reporter assay was conducted as previously reported to investigate the difference in transcription factor activity of IT1
among Petota, Etuberosum, and Tomato.®' We synthesized a 3x IT1 binding site (ITBS) followed by a mini 35S promoter (3x-
ITBS-35Smini). This 3x-ITBS-35Smini was subsequently inserted into a pGreenll 0800-luciferase reporter vector, which was intro-
duced into Agrobacterium tumefaciens GV3101 (pSoup-p19) competent cells. Effector vectors, including /T77%, IT17°™ and IT1E"
overexpression (vector: pGreenll 62 SK) constructs, along with a pGreenll 62 SK empty vector as a control. These constructs were
also introduced into GV3101 (pSoup-p19), and cells containing effectors and reporters were mixed in a proportion of 4:1 and injected
into leaves of N. benthamiana. Luciferase activities were measured at 2.5 days post-injection. Primers used in these analyses are
detailed in Table S3.

CRISPR/Cas9-mediated knockout of StCLF and StDRN genes

The diploid wild potato S. chacoense was used as the model system for targeted gene editing. Two 20-nucleotide single-guide RNA
(sgRNA) were designed to target the StCLF gene (sgRNA1: TGAACGTGCTGATTATATTAAGG and sgRNA2: CCCTCCATATACT
TCATGGATA) and the StDRN gene (sgRNA1: TGCGCTGCTAGAGCAATGCGTGG and sgRNA2: GGTTGGGTAGGAGTAGG
ACAAGG), both derived from the S. chacoense. These sgRNAs were then integrated into the CRISPR-Cas9 vector pKSE401,
following the protocol established by Xing et al.°° Subsequently, Agrobacterium-mediated transformation was conducted on potato
internodes, adhering to protocols established in our previous research.'® To rigorously identify successful gene edits, positive trans-
formants were screened for their resilience in a kanamycin-supplemented medium at a concentration of 50 mg/L. For the validated TO
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plants, targeted amplification of the StCLF and StDRN gene fragments was achieved using primers designed to flank the sgRNA tar-
gets. This was further substantiated through Sanger sequencing. Positive transformants harboring the desired mutations were then
carefully transplanted into a greenhouse environment for comprehensive phenotype observation.

Maps and ecological niche identification
To evaluate the ecological differences between the three lineages, we extracted occurrence data for each lineage from the taxonom-
ically verified Solanaceae Source (https://solanaceaesource.myspecies.info/). Only occurrence records identified to species were
kept, removing all cultivated records as well as the species only known from cultivation. Occurrences without coordinates or with
erroneous coordinates (e.g., falling into sea or outside their specified country based on label data) were removed using custom R
scripts and R package CoordinateCleaner.'%® Next, we extracted environmental variables for each occurrence point from bioclimatic
variables from WorldClim (http://www.worldclim.org/), annual moisture index (AMI), topographic heterogeneity (log[VRM)), fire size
(log[q95size]), and sand particle proportion.?* A previous study demonstrated that geophytes and non-geophytes typically occupy
distinct ecological niches, with geophytes being significantly influenced by eight bioclimatic environmental variables.?* We used
these eight environmental variables associated with the filtered occurrence of Tomato, Petota, and Etuberosum, respectively, to
perform principal coordinate analysis (PCA) with kernel density estimates.’'® PCA was executed through the “princomp” function,
the kernel density was estimated by the “kde” function, and the results were visualized for each of the lineages using contour plots.
The Solanum phylogeny from Gagnon et al. was utilized as the backbone tree for diversification analysis.”® Taxonomic ranks were
assigned to all Solanum species listed in the online dataset.®* Using this taxonomy and their available branch lengths, we employed
the TACT (v0.5.0) to generate a pseudo-phylogenetic tree supplemented with the unsampled branch lengths.'*° Diversification rates
were then estimated based on the pseudo tree with the BAMM (v2.5.0) software, running for 1 million generations with priors obtained
through the BAMMtools R package.'®* After independently processing each of the 100 trees generated by TACT with BAMM, we
combined the results by calculating the median of the estimated tip diversification rates.

Gene expression under the cold treatment

We performed RNA-seq experiments on three lineage species, one from each lineage (S. tuberosum [Petota), S. lycopersicum [-
Tomato], and S. palustre [Etuberosum]) under 20 °C (control), 4 °C (cold treatment), and 4 °C with combined cold and drought treat-
ment. At the seedling stage, we collected root, stem, and leaf tissues from each species, with six biological repeats, yielding 162
transcriptomes (3 species x 3 conditions x 3 tissues x 6 replicates). RNA was extracted and used for library preparation, followed
by sequencing on the DNBSEQ-T7 platform at Annoroad Gene Technology, generating approximately 6 Gb of data per tissue sam-
ple, of which two samples failed. All raw reads were filtered using fastp (v2.22.0) with default parameters.'®° Kallisto (v0.46.2) was
used to quantify the RNA-seq data as transcripts per million (TPM) per genes.'°® Gene-expression levels were quantified utilizing
featureCounts (v2.0.3), and differential gene expression analysis was conducted with R package DESeqg2 (v1.38.3) with adjusted
p value < 0.05 and |log,(FoldChange)>1|."%"+"%8

QUANTIFICATION AND STATISTICAL ANALYSIS
Sample numbers (n) and statistical analyses are detailed in the results section and figure legends above. Statistical analyses were
performed in R (v4.3.2). Two-tailed one-sample binomial test, two-tailed student’s t-test, and the Pearson’s Chi-square test with

Bonferroni correction were employed to obtain p-values, with p-values < 0.05 considered statistically significant. p-values are indi-
cated on each graph.
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Figure S1. Assembly assessment and introgression events, related to Figure 1

(A) Hi-C contact maps for the 58 haplotype-resolved genomes.

(B) K-mer spectra assessment for the 58 haplotype-resolved genomes.

(C) Alignment rates of the 128 genomes with DM v6.1 as a reference, ordered according to Figure 1C.

(D) Heatmap showing the introgression between the “expanded” tree branch (P2) on the y axis (relative to its sister branch P1) and the Solanaceae species (P3) on
the x axis, as determined by Fbranch statistics. The gray cells are insufficient for introgression calculation. The red box highlights the high introgression value
between Petota and Etuberosum. The “expanded” tree (y axis) includes species tips (x axis) and the internal branches of the species tree.
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Figure S2. Phylogenetic and population genetic analysis reveals the extent and stability of genomic hybrid signals, related to Figure 2

(A) Phylogeny of chloroplast genomes constructed using the ML method with 1,000 bootstrap replicates.

(B) Distribution of QuIBL delta BIC values for the three topologies.

(C) The three major phylogenetic tree topologies and their distributions across consecutive 100-kb sliding windows.

(D) ABBA-BABA analysis reveals significant gene flow between Petota and Etuberosum.

(E) Synteny plots of the homologous genes from 36 genomes. The gray lines indicate inverted regions.

(F) Simulation of pan- and core-genome sizes, in terms of gene cluster numbers and pan-genome composition. For each specified number of genomes, 500
combinations were generated with 30 replicates each.

(G) Comparison between observed topology ratios and the ratios in a simulated ILS-only scenario. Black arrows point to the observed ratios (Tree-ll/Tree-ll)
derived from gene, protein, CDS, and intron trees, respectively. Gray curves represent the ratios in the ILS-only scenario. Statistical significances were calculated
by a two-tailed one-sample binomial test.

(H) ABBA-BABA analysis to estimate the gene flow between Petota and different Etuberosum (blue)/Tomato (red) accessions.

(I) Pairwise genetic differentiation (Fst) among Tomato, Petota, and Etuberosum.

(J) Pairwise genetic divergence (Dxy) among Tomato, Petota, and Etuberosum.

(K) Distribution of nucleotide diversity (z) for Tomato, Petota, and Etuberosum.

(L) Individual ancestry component analysis for 349 Petota accessions using the HyDe program.

(M) Distributions of ancestry blocks for different clades of Petota inferred by Loter analyses.

(N) Genomic fy windowed scans of the genetic mixture between Etuberosum and each of the three clades of Petota with 100-kb non-overlapping windows.
(O) The genomic distribution of introgressed regions from Etuberosum is highly correlated across Clade 1 + 2, Clade 3, and Clade 4 within Petota, suggesting a
single ancestral hybridization event shared by all Petota species.
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(legend on next page)
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Figure S3. Genetic basis of tuberization with hybrid signals, related to Figure 3

(A) Counts of the non-synonymous sites for the genes with a sister relationship between Petota and Tomato.

(B) Counts of the non-synonymous sites for the genes that Petota are grouped with Etuberosum in gene topology.

(C) Heatmap displaying the expression pattern of the SP6A gene.

(D) Heatmap displaying the expression pattern of the IT71 gene.

(E) All inter-lineage fixed amino acids in the SP6A gene.

(F) All inter-lineage fixed amino acids in the IT7 gene.

(G) Images of the dual-luciferase assay.

(H) Effector and reporter structures in dual-luciferase assay.

() The DRN gene tree is displayed on the left. The right part shows the positive-selected signals for all individuals in each fixed SNP site in the CDS region of DRN.
(J) The DRN CRISPR-Cas9 knockout mutant.

(K) The CLF gene tree is displayed on the left. The right part shows the positive-selected signals for all individuals in each fixed SNP site in the CDS region of CLF.
(L) The CLF CRISPR-Cas9 knockout mutant.
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Figure S4. Rapid species radiation and ecological diversification of Petota, related to Figure 4
(A) Pairwise D-statistics between the Petota species. The red blocks in the heatmap indicate stronger introgression signals, with the blue blocks representing
weaker signals. The light-colored blocks refer to larger (i.e., insignificant) p values.
(B) Admixture cluster analysis when K = 3 and K = 4.
(C) The CDS tree (left) and intron tree (right) with gene concordance factor (JCF) values shown as a pie chart on each node. In the gCF pie charts: red represents
the proportion of CDS/Intron trees concordant with that branch (gCF), blue is the proportion of CDS/Intron trees concordant with the first alternative topology
(gDF1), purple represents the ratio of the second alternative topology (gDF2), and gray refers to the remaining alternative topologies (gDFP).
(D) Median net diversification rates in Solanum lineages.
(E) PCA analysis based on genome-wide SNP data.
(F) PCA analysis based on topology relationships of Petota accessions.
(legend continued on next page)
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(G) Hybridization-derived fixed and polymorphic sites in Petota.

(H) Boxplots showing variation across the selected environmental variables for the different lineages: seasonal precipitation (bio15), temperature annual range
(bio7), minimum temperature of coldest month (bio6), maximum temperature seasonality (bio5), annual moisture index (AMI), log of 95th quantile for fire size (log
[q95size]), log of vector ruggedness metric, log of topographic heterogeneity (log[VRM]), and proportion of sand particles (>0.05 mm) in the fine earth fraction at a
depth of between 0-5 cm (sand).

(I) Correlation analysis of log2 fold-change of RNA expression, between the control and cold stress conditions, in stem tissue among Petota, Tomato, and
Etuberosum.

(J) Volcano plot shows the significance of the log2 fold-change of RNA expression, between the control and cold stress conditions, in stem tissue for Petota,
Tomato, and Etuberosum.
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