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Strawberry is an emerging model for studying polyploid genome evolution
and rapid domestication of fruit crops. Here we report haplotype-resolved

genomes of two wild octoploids (Fragaria chiloensis and Fragariavirginiana),
the progenitor species of cultivated strawberry. Substantial variation
isidentified between species and between haplotypes. We redefine the
four subgenomes and track the genetic contributions of diploid species
by additional sequencing of the diploid F. nipponica genome. We provide
multiple lines of evidence that F. vesca and F. iinumae, rather than other
described extant species, are the closest living relatives of these wild and
cultivated octoploids. Inresponse to coexistence with quadruplicate
gene copies, the octoploid strawberries have experienced subgenome
dominance, homoeologous exchanges and coordinated expression of
homoeologous genes. However, some homoeologues have substantially
altered expression bias after speciation and during domestication. These
findings enhance our understanding of the origin, genome evolution and
domestication of strawberries.

Polyploidy and hybridization are widespread in plants and have
played vital roles in plant speciation and crop domestication' >, Many
important crops, such as cotton, wheat, oilseed rape and strawberry,
are allopolyploids, formed by fixing heterozygosity or hybrid vig-
our during domestication. A major challenge for allopolyploids is
determining their genomic organization and coordinated expression
between homoeologues. This is particularly difficult in high-order
allopolyploids such as hexaploid wheat (2n = 6x = 42) and octoploid
strawberry (2n =8x =56) due to their genomic complexity and the
superimposed effects of recurrent polyploidization and interspecific

hybridization. Allopolyploids can maintain relatively high levels of
heterozygosity via the enforced pairing of homologous chromosomes
and disomicinheritance*’, which in turn bring substantial challenges
for accurately recovering the different homoalleles and haplotypes
during genome assembly®.

Recent technical innovations, such as trio binning’, gamete bin-
ning® and PacBio circular consensus sequencing (CCS)’, have enabled
haplotype phasing on agenome-wide scale. In particular, PacBio CCS
technology (also known as HiFi) combines the advantages of long read
lengths (averaging 10-25 kb) and high accuracy (>99.5%)' to achieve
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Table 1| Summary of genome features and quality evaluation of the three sequenced Fragaria species

Category F. chiloensis hap1 F. chiloensis hap2 F. virginiana hap1 F. virginiana hap2 F. nipponica
Genome estimate

Ploidy level (x=7) 2n=8x=56 2n=8x=56 2n=2x=14
Genome size by flow cytometry (Mb) 8416 758.8 259.6
Genome size by k-mer analysis (Mb) 8341 7407 253.4
Assembly feature

Assembled genome size (Mb) 839.9 824.2 787.8 769.2 290.9
Number of contigs 1,305 632 995 531 334
N50 (Mb) 1.3 8.9 14.3 14.2 1.9
Base completeness

Assigned rate (%) 95.3 96.4 95.5 97.2 99.4
Number of haploid chromosomes 28 28 28 28 7
Illumina reads mappability (%) 99.3 99.4 94.9
Continuity

Number of gaps 129 136 10 83 361

LAl value 13.2 13.7 17.9 17.3 14.5
Base accuracy

k-mer QV (HiFi reads) 681 68.3 249
k-mer completeness (HiFi reads) (%) 98.5 98.8 879
Haplotype phasing

Proportion of error phasing (%) 0.37 1.05 -
Annotation feature and completeness

Repeat density (%) 44.2 44.4 41.9 1.6 43.0
Number of genes 96,759 95,830 94,294 94,143 36,059
Transcript mappability (%) 99.3 99.2 99.2
BUSCO completeness (%) 96.3 96.1 96.3 96.4 917

very good assemblies with relatively low depth of sequencing cover-
age". To date, this technology has mainly been applied to diploids in
plants (for example, potato'” and apple®), although it has also shown
promise for autotetraploid alfalfa'* and may be useful for high-order
polyploids", especially crop wild relatives, which generally have com-
plex heterozygous genomes.

Thegenus Fragaria comprises approximately 25 recognized species
and one popular cultivated fruit crop, Fragaria x ananassa™". Fragaria
species show diverse ploidy levels, ranging from diploids to decaploids,
making this genus an excellent system to study genomic and morpho-
logical consequences of recurrent polyploidization'. Hybridization
also plays an important role in Fragaria speciation, with both diploid
hybrids and many allopolyploid species. In fact, the modern cultivated
strawberry, F. x ananassa, originated from interspecific hybridization
betweentwo octoploid progenitors, F. virginiana and F. chiloensis, in the
mid-1700sin Europe'®’®*, Strawberry cultivars display distinctive mor-
phology and physiology compared with their wild diploid and octoploid
relatives and have beenintensively selected for yield-related traits, such
as fruit size, crown branching and seasonal flowering® . The two wild
progenitors, . chiloensis and F. virginiana, thus provide alink totrack the
genetic contributions from wild species to domesticated germplasms,
yet their complete and accurate genome sequences are lacking.

Characterization of the genomic organization of octoploid
strawberries is complicated due to their heterozygosity and high
ploidy level* . A chromosome-level genome of a cultivated straw-
berry (F. x ananassa cv. ‘Camarosa’) has been released”, and there is
a contig-level assembly of another cultivar, ‘Royal Royce’, using HiFi
data’®. Onthe basis of the ‘Camarosa’ genome, Edger et al. argued that

F.vesca, F.iinumae, F. viridis and F. nipponica were the four extant dip-
loid progenitors of the octoploid strawberries*. However, technical
difficulties in accounting for possible extinct ancestors and distin-
guishinghomoeologous exchanges (HEs)*, as well as the confounding
effects of interspecific hybridization and incomplete lineage sorting
on phylogenetic resolution®, have continued to raise questions about
the inference of the diploid ancestry of Fragaria. The ancestry from
wild diploids to modern strawberry cultivars thus remains elusive.

In this study, we report fully haplotype-resolved genomes of the
two wild octoploids, F. chiloensis and F. virginiana, both of which were
sequenced to highlevels of continuity, completeness and accuracy. We
also sequenced a diploid species, F. nipponica, and combined it with
other published Fragaria diploid genomes to identify the potential wild
diploidrelatives of the wild octoploids and cultivated strawberries. We
further characterized genetic divergence and evolutionary dynamism
of homoeologous expression bias (HEB) among the wild and culti-
vated octoploid strawberries. Altogether, these genomic data provide
new resources to enhance our understanding of genome evolution in
high-order polyploids and the biology of strawberry domestication.

Results

Haplotype-resolved assemblies for wild Fragaria octoploids
We generated haplotype-resolved and reference-level genomes for
the two wild octoploid progenitors (F. chiloensis and F. virginiana;
2n=8x=>56) of modern cultivated strawberries by using acombination
of platforms (Extended DataFigs.1and 2 and Supplementary Tables 1
and?2).TheF.chiloensisgenomehadanassembledsize of 1.66 Gb (Table1).
The assembly was partitioned into two haplotypes (hapl and hap2),
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covering 839.9 Mb and 824.2 Mb (a contig N50 of 11.3 Mb and 8.9 Mb,
respectively). The F. virginiana genome was 1.56 Gb, composed of two
haplotypes of 787.8 Mb and 769.2 Mb (a contig N50 of 14.3 Mb and
14.2 Mb), respectively (Table1). The haploid assembly of each species
was generally consistent with the sizes estimated by flow cytometry
butslightly higher than that by k-mer analysis (Supplementary Table 1
and Supplementary Fig.1).

Considering the complex genome architecture in high-order
polyploids, we developed a pre-clustering, iterative scaffolding and
contig recovery pipeline that was modified from a typical ALLHiC*
workflow for pseudochromosome construction (Fig. 1aand Supple-
mentary Fig.2). We used the diploid F. vesca genome (2n=2x=14)*°as
areferenceto guide pre-clustering of homologous contigs, followed
by iterative contig anchoring and orientation with Hi-C interaction
signals (Supplementary Fig. 3). On the basis of this approach, 95.3-
97.2% of the assembled contigs were anchored to 28 pseudochro-
mosomes for each haplotype. Hi-C interaction signals exhibited
clear boundaries between chromosomes (Fig. 1b and Extended Data
Fig.3a,b), and the density of signals was smoothly distributed along
each chromosome, providing evidence for proper contig anchoring
(Fig. 1b and Extended Data Fig. 3a,b). The two octoploid genomes
exhibited almost complete colinearity with the F. vesca genome?,
except for alarge rearrangement (-10 Mb) at chromosome 2D and a
few rearrangements affecting one end of chromosomes1A,1Band 1C,
which probably occurred before the divergence of F. chiloensis and F.
virginiana (Extended Data Fig. 4a,b).

We annotated 96,759, 95,830, 94,294 and 94,143 gene models for
the F. chiloensis and F. virginiana haplotypes, respectively (Table 1).
We further classified all the annotated genes using functional
domains and identified 4,517 and 4,525 (super-)gene families for
the two wild octoploids. Expansions and contractions of many gene
families were found between the wild progenitors and cultivated
strawberry ‘Camarosa’ (Supplementary Fig. 4a). In particular, the
NB-ARC family size has significantly expanded in the strawberry
cultivar (724 in ‘Camarosa’ versus 264 in F. chiloensis; odds ratio,
2.46; P<0.0001; 724 in ‘Camarosa’ versus 264 in F. virginiana; odds
ratio, 2.40; P < 0.0001; Fisher’s exact test) (Supplementary Fig. 4b).
We further compared the changesin NB-ARC gene family size among
diploid species and wild and cultivated octoploid strawberries, and
found substantially and significantly reduced family sizes in each
subgenome of the wild octoploids (P < 0.05; one-way analysis of vari-
ance (ANOVA) with Duncan’s multiple range test) (Supplementary
Fig. 4c), probably due to the evolutionary processes of diploidiza-
tion. We also identified 311.0-353.8 Mb of repetitive sequences,
totalling 41.6-44.4% of each haploid genome (Supplementary Fig. 5
and Supplementary Table 6).

To assist with phylogenetic and genetic composition analyses of
the octoploids, we separately assembled a diploid F. nipponica genome
(2n=2x=14) with126x nanopore data, generating a290.9 Mb genome
with acontig N50 length of1.9 Mb (Table1). The assembly was syntenic
with the F. vesca genome (Extended Data Figs. 3c and 4c). A total of
36,136 protein-coding genes and 124.3 Mb of repetitive sequences
were predicted in the F. nipponica genome (Supplementary Table 6).

For all three species, complete organelle genomes were also
assembled. These exhibited typical genome sizes for the mitochondrial
(285-296 kb) and chloroplast (156 kb) genomes (Supplementary Fig. 6).

Verification of assembly quality

We performed a series of measures to assess the assembly, phasing
and annotation quality of the two octoploid genomes. In terms of
continuity, there were only three to five gaps on average per pseu-
dochromosome for each haplotype (Table 1and Supplementary Fig. 7a).
Telomere repeat motifs (CCCTAAA’) were found for 71 and 86 of the
112 chromosome ends in the F. chiloensis and F. virginiana assemblies,
respectively (Supplementary Fig. 8). The LTR Assembly Index (LAI)
scoreswere also used for estimating assembly continuity on the basis of
long terminal repeat retrotransposons (LTR-RTs). The LAl scores were
13.2in F. chiloensis and 17.9 in F. virginiana, which were considerably
higher than that of the ‘Camarosa’ assembly* (LAl =10.4) (Table 1and
Fig.1d).Moreover, between 99.3% (of 43.7 Gb) and 99.4% (of 73.5 Gb) of
lllumina paired-end reads were successfully mapped to the F. chiloensis
and F.virginiana genomes (Table 1), and more than 98% of k-mers from
HiFiand Illuminareads were detected in F. chiloensis and F. virginiana
(Table1and SupplementaryFig.9), suggesting a high degree of genome
completeness. Interms of accuracy, we analysed the k-mer-based con-
sensus quality value (QV)*', which depends on the coverage and quality
of the read set used for measuring a log-scaled probability of error
for the consensus base calls. The QVs of the F. chiloensis and F. virgini-
ana genomes were 68.1and 68.3 (corresponding to 0.155 and 0.149
errors per 1,000,000 bp) when using k-mers (k=19) present in HiFi
reads, respectively, indicating that the assemblies were highly accurate
(>99.99%) at the single-base level (Table 1 and Supplementary Fig. 9).

When aligning long reads back to the assemblies (comprising
both haplotypes) of the two wild octoploids, each showed one clear
major peak depth distribution (accounting for 99.88% and 99.53% of
the whole assemblies, respectively), indicating that nearly all of the
assembled regions in the genomes are individual haplotypes rather
than collapsed assemblies (Supplementary Fig.10). The phasing quali-
ties of two polyploid genomes were further evaluated using nphase™, a
ploidy agnostic phasing pipeline that determines the allele frequency
distribution within the haplotig. Allele frequency values around 0.5
indicate a potential erroneous merger of two distinct haplotypes,
whereas a significant departure from 0.5 provides evidence of good
phasing®. We found asmall number of allele frequency values around
0.5 for F. virginiana (0.37%) and F. chiloensis (1.05%), indicating that
most (99.63% and 98.95%) regions in both haplotypes were correctly
phased (Fig. 1c and Supplementary Table 3).

Morethan 90% of gene models had Annotation Edit Distance scores
oflessthan 0.5 (Supplementary Fig. 7b), indicating high concordance
with empirical evidence for most gene models. Benchmarking Univer-
sal Single-Copy Ortholog (BUSCO) evaluations identified 96.1-96.4%
of the 1,614 conserved orthologues in the genome annotations (Sup-
plementaryFigs.7c and 11). We also aligned the annotated ‘Camarosa’
transcripts to the new assemblies, showing that the mapping rates
were >99.5% (Supplementary Table 5). Altogether, these results indi-
cate that the two wild octoploids achieved haplotype-resolved and
reference-level assemblies.

Genetic divergence between species and between haplotypes

Using the haplotype-resolved genome assemblies, we identified
genomic variations between the two haplotypes of each species and
between the two Fragaria species. Alignments of the homologous chro-
mosomesindicate that gene orders are largely syntenic, except for afew

Fig.1|Hi-C-based anchoring of the wild octoploid strawberry genomes.

a, The Hi-C-based anchoring pipeline for the wild octoploid strawberry genomes.
The assembled contigs are pre-clustered into seven heterologous groups on the
basis of sequence similarity to the chromosomes of the diploid F. vesca (shown

as two heterologous chromosome (chr) groups). Each heterologous group is
further divided into four homoeologous groups on the basis of the density of
Hi-Csignals. The unanchored and unmapped contigs are assigned to the divided
groups by searching for optimal Hi-C signals. The contigs are ordered and

oriented in each divided group and adjusted manually. b, Heat maps of

F. chiloensis and F. virginiana showing the distribution of Hi-C interaction signals
ina1,000 kb resolution. High densities of interactions areindicated inred.

¢, Allele frequencies of the haplotigs for F. chiloensis and F. virginiana. Values
around 0.5 are asign that two distinct haplotypes are erroneously merged into
one.d, Assessment of the completeness of the five assemblies using the LAI.
Theresults are shown as anormal distribution (one-way ANOVA with Duncan’s
multiple range test; d.f. =11,809; ***P < 0.001).
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small-scale structural variants (>50 bp) (Supplementary Figs.12and13).  uniquely onchromosome 2A between two haplotypes of F. virginiana
Forexample, a~0.81 Mbinversion occursonchromosome3Abetween (Supplementary Fig. 14 and Supplementary Tables 7 and 9). These
F. chiloensis and F. virginiana, and another 0.8 Mb inversion occurs  two notable inversions were each in a single contig with continuous
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Hi-Csignals, ruling out the possibility of misassembly (Supplementary
Fig.14). Among these structural variants, inversions were approxi-
mately fivefold to tenfold less abundant than translocations or dupli-
cations (Supplementary Table 7).

Relative to structural variants, single nucleotide variations (SNVs)
were the most abundant type of variant. A total of 5.13 million and
4.63 million SNVs were found between haplotypes of F. chiloensis and
F. virginiana, while 5.04 million and 4.94 million were identified
between the assemblies of the two wild octoploids (Supplementary
Table 8). The frequencies of SNVs were 4.51-8.07 per kb, providing a
basis for separating homoeologous chromosomes and phasing hap-
lotypes. Moreover, the SNV densities between and within the wild
octoploid strawberries were generally similar (Supplementary Table 8
and Supplementary Fig. 15a,b). We found a moderate correlation in
SNV density between haplotypes and species (R=0.54; P<2.2x107%;
linear regression) (Supplementary Fig.15c). We further identified 3,090
bins with significantly different SNV densities, among them 1,481 bins
biased between haplotypes and 1,609 bins biased between species
(Supplementary Fig.15c,d). These results suggest that although similar
numbers of SNVs were identified among haplotypes and among spe-
cies, 19.28% (154.4 Mb) of the regions showed significant differences
in SNV density (Supplementary Fig.15c,d).

Subgenome assignment for the wild and cultivated octoploids
The assignment of chromosomes from octoploid Fragaria species to
one of four subgenomes has been contentious. Although most stud-
ies consistently identify sets of chromosomes to subgenomes Aand B
on the basis of their sequence similarity to F. vesca and F. iinumae,
chromosomal assignments have produced conflicting results for
subgenomes C and D**%%7%_ To distinguish the subgenomes of the
octoploid strawberry genomes, we integrated prior knowledge and
used both mapping and k-mer-based methods.

Several studies®®* have indicated that F. nipponica and F. viridis
were either the closest diploid progenitors or the best surrogate diploid
speciesforidentifying the C and D subgenomes®. We therefore mapped
transcriptomic data from the two recognized diploid progenitors
(F. vesca and F. iinumae) and two potential surrogates (F. viridis and
our newly sequenced F. nipponica) to the F. chiloensis and F. virginiana
genomes. The mapping of the F. vesca and F. iinumae data could each
categorize 7 of the 28 pseudochromosomesinto the A or Bsubgenome,
as the mapping ratios (median values, 8.89% and 5.52-5.60%, respec-
tively) were significantly higher than for the remaining chromosomes
(P<0.05; one-way ANOVA and Duncan’s multiple range test) (Extended
DataFig. 5). In contrast, the mapping of the F. nipponica and F. viridis
data failed to clearly resolve assignments of the remaining 14 chro-
mosomes to the C and D subgenomes, as their mapping rates were
similar betweenthe Cand D subgenomes and actually higher for the A
subgenome than for the other subgenomes (Extended Data Fig. 5 and
Supplementary Table 10).

As an alternative approach, we used the k-mer-based method to
identify subgenome-specific sequence signatures, which has been
successfully applied in characterizing the subgenomes of several
plant polyploids with unknown or even extinct diploid progenitors*®,

including cultivated strawberry®. We identified a total of 10,174 differ-
ential k-mers (k=13 and frequency > 50) in F. virginiana (hapl), which
confidently divided 28 chromosomes into four distinct subgenomes
(bootstrap =100) (Fig. 2a, Supplementary Fig. 16 and Supplementary
Table 11). Fully consistent results were also obtained from the other
octoploid assemblies: F. chiloensis (hapland hap2), F. virginiana (hap2)
and ‘Camarosa’ (Supplementary Figs. 16 and 17 and Supplementary
Table 11). Principal component analysis (PCA) clearly separated the
four subgenomes of all haplotypes, each of which comprised seven
heterogeneous chromosomes (Fig. 2b), with PC1 mainly explaining
the variance (44.3-47.4%) between the A subgenome and others, and
PC2 explaining the variance (22.6-47.4%) between the B subgenome
and the C + D subgenomes. Notably, for all these analyses, the C and
D subgenomes were closely related yet still distinguishable (Fig. 2b),
of which the variance could be explained by PC3 (12.7-14.2%) (Sup-
plementary Fig.18).

To directly compare subgenomic assignments in this study with
those previously proposed for the ‘Camarosa’ genome®***, we identified
unique matches for each chromosome of F. chiloensis and F. virginiana
tochromosomes of ‘Camarosa’ (Supplementary Fig.19 and Supplemen-
tary Table 11). Overall, 22 of the 28 k-mer-based chromosomal assign-
ments for F. chiloensis, F. virginiana and ‘Camarosa’ were consistent,
but six chromosomes (2C, 2D, 5C, 5D, 6C and 6D) were inconsistent
(Fig. 2¢). HE regions totalling 6.3 Mb (3.5%), 7.8 Mb (4.6%) and 6.2 Mb
(3.6%) were identified between these six chromosomes of the Cand D
subgenomesin F. chiloensis, F. virginiana and ‘Camarosa’, respectively,
suggesting that the effect of HEs on subgenome assignment would be
minor. As afinal test, we looked for specific k-mers and LTR-RTs within
each of the four subgenomes based on the previously proposed assign-
ment**}, whichidentified only a very small number of those sequence
signatures (<4 specific k-mers and <50 specific LTR-RTs) for the
CandD subgenomes (Extended Data Figs. 6 and 7 and Supplementary
Fig. 20). Thus, the k-mer-based subgenomic assignment approach,
which proceeds independently of any inferred diploid ancestor,
strongly rejects the previous assignments for the C and D subgenomes,
which were based oninferences of F. viridis and F. nipponica as diploid
ancestors (or surrogates).

Genomic evidence of the potential diploid ancestors
As the inferred potential diploid ancestry of the Fragaria octop-
loid species remains highly controversial**?®**, we generated a
chromosome-level genome assembly of F. nipponica, the last puta-
tive diploid progenitor without an available genome, to complement
the eight other published diploid genomes from F. daltoniana”, F.
iinumae”, F. mandschurica", F. nilgerrensis®®, F. nubicola®, F. penta-
phylla”, F.vesca® and F. viridis* for analyses. We then used k-mer-based,
mapping-based and phylogenetic-based methods to perform the infer-
ence of putative diploid ancestors or closely related species.
Phylogenetic relationships were inferred from a concatenation
of all 941 single-copy orthologues (Fig. 2d) and concatenations of
single-copy orthologues in each homologous chromosome (Supple-
mentary Fig. 21). These trees nearly universally support a grouping
of subgenome A with F. vesca and its close relative F. mandschurica,

Fig. 2| Subgenome assignments of the octoploids and tracing the potential
diploid ancestors. a, Clustering of differential k-mers (k=13 and frequency > 50)
among homoeologous chromosome sets that could differentiate F. virginiana
(hapl) chromosomesinto four subgenomes. nis the number of specific k-mers on
each subgenome. b, PCA plots of four assemblies based on differential k-mers. The
valuesin parentheses indicate the percentage of variance explained. ¢, Comparison
of the subgenome assignment in this study and that previously proposed for the
strawberry cultivar ‘Camarosa’ by Hardigan et al.”> and Edger et al.”*. d, Phylogenetic
analysis of the three octoploids (each with four subgenomes) and nine diploid
Fragariaspecies. Note: The clades where F. iinumae and F. vesca are located are
showninblue andred, respectively. e, Genetic contributions of diploid strawberry

species to octoploids. The percentages of resequencing data from 22 F. chiloensis
accessions, 20 F.virginiana accessions and 42 F. x ananassa cultivars that mapped
to eight Fragaria diploid species (F. iinumae (Fiin), F. vesca (Fves), F. nipponica
(Fnip), F. viridis (Fvir), F. nilgerrensis (Fnil), F. daltoniana (Fdal), F. pentaphylla (Fpen)
and F. nubicola (Fnub)) and organelle genomes (Chlo and Mito) are shown. The data
are presented as mean values +1s.e.m. (one-way ANOVA with Duncan’s multiple
range test; d.f.=175,159 and 335, respectively; ***P < 0.001). f, The depth of reads

of acultivated strawberry accession (sample_023)** mapped to the eight diploid
strawberry genomes (top) and the distribution of reads contributed by diploids to
each subgenome (bottom).
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whereas subgenomes B, C and D are clustered with F. iinumae. Moreo-
ver, a coalescent-based approach of 941 genes produced an identical
tree to the concatenated-based analyses (Supplementary Fig. 22).

This phylogenetic relationship was also consistent with k-mer-based
estimation of genetic distance (Extended Data Fig. 8) and the rela-
tive abundance of subgenome-specific-k-mers in each genome
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(Supplementary Figs. 23 and 24). To further verify the above conclu-
sion, we tabulated the closest species of each subgenome in individ-
ual gene trees for the 6,223 single-copy orthologues (Extended Data
Fig.9a,b), which again support subgenome A with F. vesca and subge-
nome B with F. iinumae, whereas subgenomes C and D do not closely
ally with any individual diploid (Extended Data Fig. 9¢). Instead, sub-
genomes Cand D predominantly associate with the subgenome B and
F.iinumae clade (53.5% of trees).

We also assessed the genomic contributions of diploid Fragaria
species to the octoploid strawberries using a phylogeny-free approach
(Fig. 2e,f) by mapping resequencing data from 22 F. chiloensis acces-
sions, 20 F. virginiana accessions and 42 F. x ananassa cultivars® to
eight diploid Fragaria genomes, excluding F. mandschurica due to its
sequence similarity (Supplementary Fig. 19) and close phylogenetic
relationship with F. vesca (Fig. 2d and Supplementary Figs. 21 and 22).
Nearly two thirds of the reads were mapped to either F. vesca or F.
iinumae, similar to the recent findings by Feng et al.”®, whereas the
remaining reads were mapped at a lower frequency to the remaining
diploids: F. nipponica (8.6%), F. viridis (7.5%), F. nilgerrensis (6.3%),
F. daltoniana (5.7%), F. daltoniana (5.3%) and F. nubicola (4.5%)
(Fig. 2e,f). Mapping of the high-coverage Illumina data of £. chiloensis
and F. virginiana sequenced in this study produced similar results
(Supplementary Fig. 25).

Differential gene retention among octoploid subgenomes
Previous studies have indicated different degrees of gene retention
among subgenomes of the ‘Camarosa’ genome”, BUSCO analysis sug-
gests that there is differential gene retention among subgenomes of
the wild octoploid haplotypes as well (Supplementary Fig. 11). To more
directly compare whether this evolutionary patternis similaramong the
Fragaria octoploids, we investigated the retention of homoeologous
genes in each subgenome. Approximately 46% of the total annotated
genes maintained all four copies of the homoeologues, while 7%, 23%
and 14% of genes retained one, two and three homoeologues (Supple-
mentary Table12). Among these homoeologues that lack one or more
copies, subgenome A generally showed the fewest gene losses (approxi-
mately twofold to threefold lower than the B and C subgenomes and
more than fourfold lower than the D subgenome) and maintained the
highest number of subgenome-specific homoeologues (Supplemen-
tary Table 12). In contrast, subgenome D displayed the highest gene
losses (1,704 in F. chiloensis, 1,762 in F. virginiana and 1,354 in ‘Cama-
rosa’). Close examinations indicated that more than 300 genes were
co-lostin the D subgenome of the three Fragaria octoploids, many
of which were related to environmental stimuli and other biological
processes such as catalytic and nucleic acid binding activities (Sup-
plementary Fig. 26 and Supplementary Table 13).

Similarity and divergence in HEB

The subgenome assignment efforts provided an excellent basis to
investigate the patterns of HEB in high-order polyploids. On the basis
of the new subgenome assignments, we performed RNA-seq experi-
ments and analysed HEB in the red-fruit stage among F. chiloensis,
F.virginiana and ‘Camarosa’ (Extended Data Fig. 1 and Supplemen-
tary Fig. 27). A total 0f 11,189, 11,109 and 5,836 homoeologous gene

sets (comprising 44,756, 44,436 and 23,344 genes) from F. chiloensis,
F.virginiana and ‘Camarosa’, respectively, have retained a1:1:1:1syntenic
relationship across the four homoeologous subgenomes, which we
refer to as quadruplets (Supplementary Table 12). Among the quad-
ruplets, the overall expression levels of homoeologues in the A sub-
genome were generally higher thanin the other three subgenomesin
red-fruit developmental stages (Supplementary Fig. 28 and Extended
Data Fig. 10). To examine HEB, we filtered out the quadruplets with
the lowest expression (Supplementary Fig. 29) and normalized the
expression level of the remaining quadruplets so that the sum was
1.0 in each octoploid. The relative expression of each homoeologue
defines the quadruplet’s position within a quaternary phase diagram
(Fig.3a), and each quadruplet was qualitatively defined into balanced,
dominant and suppressed categories (Supplementary Figs. 30a, 31
and 32). Most syntenic quadruplets were assigned to the balanced
category, ranging from 52.0% in ‘Camarosa’ to 56.9% in F. virginiana.
Consistent with the pairwise comparisons of expression dominance
(Fig.3a,b), the dominant homoeologue was more likely to be fromthe
Asubgenome (2.9-3.0%) than fromthe other subgenomes (1.7-2.0% for
B,1.6-2.3% for C and 1.5-1.7% for D) (P < 0.001; Fisher’s exact test and
one-way ANOVA with Duncan’s multiple range test), and the suppressed
homoeologue was least likely to be from the A subgenome (5.0-6.1%)
compared with the other subgenomes (8.6-9.3% for B, 9.8-11.1% for C
and11.1-12.7% for D) (P < 0.001; Fisher’s exact test and one-way ANOVA
with Duncan’s multiple range test), supporting the dominance of the
A subgenome in wild and cultivated octoploid Fragaria (Fig. 3b and
Supplementary Fig. 33).

To determine the evolutionary dynamism of HEB in the Fragaria
octoploids, we evaluated the stability of HEB categorization for the
3,005 quadruplets (36,060 genes) shared among the three species.
We found that 67.6% of quadruplets with balanced HEBs remained in
thesame categoryinF. chiloensis and F. virginiana. Dominant and sup-
pressed quadruplets tended to be more variable, with only 26.0% and
26.6% maintaining their HEB categories in the two wild octoploids (Sup-
plementary Fig.34). We further used the HEB of quadruplets to quanti-
tatively assess the relative distance of HEB shifts between quadruplet
pairs from the two wild progenitors (F. chiloensis and F. virginiana)
(Fig. 3d). About 7% of the quadruplet pairs exhibited a dynamic shift
(>0.4 distance), which were enriched for functions related to plant
organ morphogenesis and stress response (Figs. 3c,d and Supplemen-
tary Fig. 35a). Most (68.0%) of the quadruplet pairs were quite stable
(<0.2 distance), indicating a similar HEB status for most quadruplets
between the two wild octoploids (Figs. 3¢,d).

To assess whether cultivated strawberry has experienced unique
HEB shiftsrelative to the wild octoploids, we examined the HEB statusin
‘Camarosa’ for the stable quadrupletsidentified in the wild octoploids.
Weidentified therelative balance point (RBP) (Supplementary Fig.30b)
foreach quadruplet pair between the two wild species and then calcu-
lated the relative distance between the RBP of the wild octoploids and
the ‘Camarosa’ quadruplet. As expected, more than 80% of the stable
wild quadruplets showed similar expression patterns in ‘Camarosa’,
with predominantly housekeeping functions such as cellular metabolic
process and protein binding (Fig. 3e,f and Supplementary Fig. 35b).
About 3% of quadruplets were dynamically shifted in ‘Camarosa’. Many

Fig. 3| Static and dynamic pattern of HEB among quadruplets of the wild and
cultivated octoploid strawberries. a, Quaternary phase diagram showing the
relative expression levels of 8,882 quadruplets in F. chiloensis. Each point has four
coordinates, representing the relative expression level of ahomologue that could
biastotheA, B, Cand D subgenomes. Quadrupletsin vertices correspond to
single-subgenome-dominant categories, whereas quadruplets close to edges and
between vertices correspond to suppressed categories. Balanced quadruplets are
showningrey. AD, Adominant; BD, Bdominant; CD, C dominant; DD, D dominant;
AS, Asuppressed; BS, Bsuppressed; CS, Csuppressed; DS, D suppressed.

b, The proportion of quadrupletsin each category of HEB across three octoploids:

F. chiloensis (Fchil), F. virginiana (Fvirg) and ‘Camarosa’ (Cam). ¢, Distribution

of Euclideandistance variation of quadruplets between the two wild species.
Quadruplets with distance < 0.2, 0.2 < distance < 0.4 and distance > 0.4 were
defined as stable, middle and dynamic, respectively. d, Quaternary phase diagram
of representative stable and dynamic quadruplet pairs between the two wild
octoploids. e, Distribution of Euclidean distance variation of quadruplets between
the RBP of two wild species and cultivated strawberry ‘Camarosa’. f, Quaternary
phase diagram of representative stable and dynamic quadruplet groups between
thewild and cultivated strawberries. g, Representatives of dynamic quadruplets
between wild and cultivated strawberries.
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ofthesewererelated to stress response, but they alsoincluded several
transcription factors (such as ABF and MYB) (Fig. 3g, Supplementary
Fig.36 and Supplementary Table 15), which might be relevant to straw-
berry domestication.

Discussion

The genomes of high-order polyploids are complex, requiring exten-
sive effort to disentangle their genomic structure, genetic composi-
tion and evolutionary diversification®*. In this study, we generated
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chromosome-level and haplotype-resolved genome assemblies for
two wild octoploid strawberries (F. chiloensis and F. virginiana), which
provided ample information to investigate their subgenome-specific
structure and genetic content, the extent of genomic and transcrip-
tional coordination and variation between subgenomes and species,
and the sources and relative contributions of the diploid and octoploid
progenitors of modern cultivated strawberry (F. x ananassa).
F.chiloensis and F. virginiana, the two parental species of modern
strawberry, show considerable variation in morphological and physi-
ological characteristics, such as fruit size and shape (Extended Data
Fig. 1) and drought tolerance'®****. However, the two wild Fragaria
genomes have nearly identical gene family sizes and similar gene con-
tent (Supplementary Fig. 4a). They are also largely syntenic, withafew
large-scale structural changes among subgenomes or between species
(Supplementary Figs.12and 13). This structural conservation extends
to the cultivated strawberry and more distantly related species from
Fragaria and related genera®>?%** and parallels the pattern of genome
evolutioninallotetraploid cottons®. This conservation has allowed for
extensive HE regions between subgenomes, many of which are shared
with the cultivated strawberry (Supplementary Figs. 37 and 38).
However, the two wild octoploids have experienced substantial
levels of genomic diversification among subgenomes by accumulat-
ing substitution mutations (single nucleotide polymorphisms (SNPs))
(Table 1, Extended Data Fig. 1 and Supplementary Table 8), accompa-
nied by the alteration of their genome sizes and transposable element
(TE) content as well as shifts of coordinated homoeologue expression
(Fig.3d, Table 1and Supplementary Table 6). The genomic heterozygo-
sity between the two species probably provides at least two benefits for
strawberry breeding when the genetically distinct parents hybridize
together.First, hybrid vigour of this fruit crop may be easily achieved*®,
resulting from heterogeneous evolutionary rates of individual genes
and the alteration of molecular interactions among homoeoalleles.
To this end, we analysed the evolution of gene family size between
the wild and cultivated strawberries and revealed that several gene
families have experienced dramatic expansion or contraction (Sup-
plementary Fig. 4), which might be the product of artificial selection
during strawberry breeding. We also provided a four-dimensional
analysis of the evolutionary dynamism of HEBs in octoploids (Fig. 3)
and revealed several transcription factors that probably shifted in
HEBs during domestication (Supplementary Fig. 36). These transcrip-
tion factors (such as ABF, which could enhance drought tolerance in
Arabidopsis*’,and MYBP, which plays animportantrole in abiotic stress
resistance*®) are good candidates for further testing their expression
evolutionamong strawberry cultivars and individuals (Supplementary
Table 15). Second, it is possible that the coexistence of heterozygous
octoploid genomes may facilitate homologous recombination during
strawberry germplasmimprovements, which are intensively selected
for phenotypic variations for human needs (Supplementary Fig. 39).
F. chiloensis and F. virginiana are closely related allo-octoploids
thought to have originated from a common octoploid ancestor”.
Yet the species identity of the diploid progenitors of the octoploid
strawberries remains strongly contested. We reexamined the genomic
contributions of extant diploid species by additional sequencing of an
unpublished genome from F. nipponica (Fig. 2e,f and Supplementary
Fig. 25). Our results, based on more species for phylogenetic analy-
sis (including the F. nipponica genome), more comprehensive read
mapping analyses (a phylo-free approach) and genome-wide k-mer
signatures, provide highly consistent evidence for F. vesca and . mands-
churicaasthe closest living relatives of the Asubgenome and F. iinumae
astheclosest living relative of not only the Bsubgenomebut also the C
and D subgenomes. In contrast, F. nipponica and F. viridis, which have
been occasionally described as the closest relatives of subgenomes C
and D, donot have support from phylogenetic analysis of 941 0r 6,223
single-copy genes (Fig. 2d and Extended Data Fig. 9). Mapping analysis
also supportstheseresults, where F. vesca and F. iinumae represent the

mostabundant mapped reads to the octoploids, and F. vesca shows the
strongest association with A, while F. iinumae associates closest not
only with the B subgenome but also most strongly of all diploids with
the C and D subgenomes. These results are consistent with a recent
finding on the diploid progenitors of cultivated strawberry based on
transposon-based k-mers*. On the basis of these results, we suggest
thatthe B, C and D subgenomes arose by polyploidization of F. iinumae
and anextinct closerelative, followed by the addition of subgenome A
from subspecies of F. vesca.

Methods

Genome sequencing

Detailed information on the three sequenced Fragaria species
(F. chiloensis, F. virginiana and F. nipponica) is summarized in Sup-
plementary Table 1, and their morphological photos are shown in
Extended DataFig. 1. Inbrief, seedlings were provided by . Lei, who col-
lected them from diverse resourcesin long-term efforts. The seedlings
were grown and vegetatively propagated in agreenhouse at Kunming
Institute of Botany (Yunnan, China). Total DNA was extracted from
young leaves and used for library construction and further genomic
sequencing with acombination of platforms.

Thetwo octoploids, F. chiloensis and F. virginiana, were sequenced
using PacBio CCS technology. The PacBio library was constructed for
each species and sequenced on a PacBio Sequel Il instrument follow-
ing the manufacturer’s instructions at Grandomics Biosciences Co.
(Wuhan, China). Approximately 34.6 Gb and 35.0 Gb of PacBio HiFi
reads were generated for F. chiloensis and F. virginiana, respectively
(Supplementary Table 2).

Diploid F. nipponica was sequenced on a Nanopore GridION X5
sequencer (ONT), generating approximately 31.5 Gb nanopore raw
reads (Supplementary Table 2). All libraries were constructed accord-
ingto the manufacturer’s protocols and sequenced at Biomarker Tech-
nologies Corporation (Beijing, China).

Genome size estimation

The genomessizes of the three wild Fragaria species were estimated
viaboth k-mer frequency analysis and flow cytometry. For the k-mer
analysis, one Illumina sequencing library was constructed for each
species and sequenced on the Illumina HiSeq 2500 platform, gen-
erating 43.7-73.5 Gb of paired-end reads (Supplementary Table 2).
Then, 21-mer counts were collected from the sequenced Illumina
reads usingjellyfishv.2.2.10 (ref. 49), and genome size was estimated
using GenomeScope v.1 (ref. 50). Absolute genome sizes were further
measured by flow cytometry. Briefly, suspensions of the test sample
and the internal reference sample (Oryza sativa L. ‘Japonica’) were
mixed, and aBD FACSCalibur flow cytometer was used to detect the
stained cell nuclei in the suspension samples. The ploidy levels of
the sequencing materials were further estimated using Smudge-
plot’, taking the coverages of the pre-computed 21-mers as input
(Extended Data Fig. 2).

Hi-C sequencing

Hi-C libraries were constructed from crosslinked chromatin of plant
cellsfollowing astandard protocol (Dpnllenzyme). The libraries were
sequenced on a MGISEQ-T7 device, generating a total of 137.4 Gb,
105.6 Gb and 48.8 Gb of Hi-C data for F. chiloensis, F. virginiana and
F.nipponica, respectively (Supplementary Table 2).

Genome assembly and pseudochromosome construction

Long (medianlength,>13 kb) and accurate (median read quality, >Q30)
HiFireads were used to de novo assemble the F. chiloensis genome using
Hifiasm v.0.15.1 (ref. 52) with the parameters D=10,r=4and a=5and
to assemble the F. virginiana genome with the default parameters,
both integrating the Hi-C data to achieve haplotype-resolved assem-
blies®’. The HiFi with Hi-C integrated assembly strategy implemented
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inHifiasm performs phased string graph construction and long-range
phasing information for those without parental information®.

To construct the pseudochromosomes of the two wild octoploids,
the F. vesca genome® was used as a reference to pre-cluster contigs
followed by chromosome-level scaffolding with the Hi-C data (Fig. 1a).
As shown in Supplementary Fig. 5, our scaffolding pipeline differed
from a typical ALLHiC workflow by the partition of homologous
sequences, iterative scaffolding and contig recovery. Briefly, the main
process included the following. First, the assembled haplotigs were
separated into seven heterologous chromosomal groups by mapping
to the reference genome using RaGOO* with the parameter i = 0.5.
Second, the Hi-C reads were mapped to the draft assemblies by using
BWA v.0.7.14-r1188 (ref. 54), and the resulting bam files were filtered
by using scripts (PreprocessSAMs.pl and filterBAM_forHiC.pl) imple-
mented in ALLHiC* to get the Hi-C interaction signals. Each heter-
ologous group was categorized into four distinct subgenome groups
according to the Hi-C signals by using ALLHiC_partition®’, with the
parameters e = GATC and enzyme_sites = Mbol. Third, the unanchored
and unmapped haplotigs were reassigned with optimal Hi-C signals by
using ALLHiC_rescue. Fourth, the haplotigsin each chromosome were
orderedin orientation with the optimized functionin ALLHiC.Fifth, the
ALLHIC output file (.agp file) was converted into aJuicebox® input file
(.hicfileand .assembly file) by usingJuicebox utilities (https://github.
com/phasegenomics/juicebox_scripts). The Hi-C interaction signals
in each chromosome were manually checked and adjusted withJuice-
box>. Moreover, to avoid any technique bias that could be introduced
by thediploid reference, allthe anchored, unanchored and unmapped
contigs were treated with caution (Supplementary Fig. 3). These scaf-
folding processes finally resulted in approximately 95.3-97.2% of the
assembled haplotypes being anchored to the 28 pseudochromosomes.

For F. nipponica, the raw nanopore reads were self-corrected
and assembled using Canu v.1.9 (ref. 56) with the default parameters.
The initial assembly (contig-level) was polished using Racon v.1.4.3
(ref.57) for two rounds with the corrected nanopore reads. Additional
genome polishing was conducted using Pilon v.1.22 (ref. 58) for three
rounds with deep-sequenced (-109.3x) lllumina reads. The corrected
contigs (N50 =1.9 Mb; error rate, 0.32%) were anchored into the seven
pseudochromosomes using LACHESIS* with the parameters CLUS-
TER_MIN_RE_SITES =34, CLUSTER_MAX_LINK_DENSITY =2, CLUS-
TER_NONINFORMATIVE_RATIO =34, ORDER_MIN_N_RES_IN_TRUN =34
and ORDER_MIN_N RES IN SHREDS =34. The Hi-C interaction
signals in each chromosome were manually checked and adjusted
with Juicebox™.

Organelle genome assembly

Foreach species, the complete mitochondrial and chloroplast genomes
were also assembled. Briefly, Illumina reads were used to assemble
the chloroplast genomes using NOVOPIlasty v.2.7.2 (ref. 60). For the
mitochondrial assemblies, long reads of F. chiloensis, F. virginiana and
F.nipponicawere mapped to the F. orientalis mitogenome (MW537838)
separately, and the mapped reads were used for de novo assembly
using HiCanu v.2.2 (ref. 61). The organelle genomes were annotated
with Geneious v.7.1.4, followed by manual adjustment.

Contaminationscreen
To identify putative contaminated contigs in the assemblies, megaB-
LAST was used to search against the databases of common contami-
nants (ftp://ftp.ncbi.nlm.nih.gov/pub/kitts/contam_in_euks.fa.gz),
adaptor sequences (ftp://ftp.ncbi.nlm.nih.gov/pub/kitts/adaptors_
for_screening_euks.fa), and bacterial sequences and fungal sequences
derived from the nt database (ftp://ftp.ncbi.nlm.nih.gov/blast/db/
FASTA/nt.gz), following the methods and standards used in the Verte-
brate Genomes Project®.

Theassembled organelle genomes were used to identify any misas-
sembled or transferred organelle sequences in the nuclear genomes

using megaBLAST with the parameters e <1x 107 sequence identity,
>90%; and matchlength, >500. Organelle sequence matchesembedded
innuclear sequences were kept but masked before the mapping-based
analyses (Supplementary Table 4).

Quality assessment of genome assembly and annotation
Continuity. The LAI®*** was calculated for each assembly using both
whole-genome TE annotations and intact LTR-RTs identified by LTR_
FINDER v.1.1(ref. 65) and LTRharvest v.1.1 (ref. 66) as inputs.

Completeness and base accuracy. Short reads were mapped to each
assembly using spplDer®’ to count the mapping rates. The k-mer QVs
and k-mer completeness were reported by Merqury® with 17-,19- and
21-mers present in the HiFi and Illumina reads. Similar accuracy esti-
mates were obtained using different k-mers, but the QVs were slightly
lower using k-mers from the lllumina data (Supplementary Fig. 9).

Phasing. The long reads were aligned back to their corresponding
assemblies (comprising both haplotypes) using minimap2v.2.17-r941
(ref. 68) to generate a coverage histogram plot with purge_dupsv.1.2.3
(ref. 69), which was used to determine whether the removal of false
duplicated contigs was needed. To quantitively evaluate the distribu-
tion of long-read coverage, we defined a clear peak with strict standards
as all data points before reaching the peak point with an increased
frequency and with decreased frequency afterwards. The percentage
of peaks was then calculated using the formulaMain peak% = Sum of the
frequencies per depth contained in the main peak/Sum of frequencies
perdepth. Moreover, to test the validation of this method in detecting
collapsed regions, we removed 14 chromosomes (4C-D, 5A-D, 6A-D
and 7A-D) (371.48 Mb sequence, which accounts for 24.76% of the
whole genome) from the F. virginiana hap2 assembly but included
the hapl assembly to generate areduced genome representation. We
evaluated this simulated collapsed assembly using identical processes,
and we identified two major peaks. One peak (76.72%) represented the
regionwithout collapse, and the other peak (23.08%) represented the
collapsedregion (Supplementary Fig.10), suggesting that this method
is valid. The accuracy of haplotype phasing was also estimated using
nphase™. Briefly, the highly accurate short reads (Illumina data) and
long reads (HiFi data) were mapped to the genome assemblies to iden-
tify heterozygous positions and cluster alleles in the long reads into
haplotypes. The distribution of heterozygous allele frequency within
each haplotig wasthenreported and used as aproxy for phasing quality.

Telomere identification. Telomere repeat motifs (CCCTAAA’) were
identified in the ends of pseudochromosomes using Tandem Repeats
Finder™.

Annotation estimation. The completeness of gene annotation was
determined with BUSCO v.4.1.2, which measures the retention rate of
conserved genesingenome annotation, in the protein model based on
the embryophyta_odb10 database’.

Repeat annotation and gene prediction

A denovo TE library was constructed on the basis of the F. nipponica,
F. chiloensis and F. virginiana genomes using RepeatModeler v.2.0.1.
Repetitive sequences in the three species genomes were then identi-
fied using RepeatMasker v.4.1.0 (ref. 72) with the combination of the
de-novo-built TElibrary and Repbase (v.20181026) with the parameter
s. Allthree genomes were soft-masked before further analyses.

To generate gene models for the F. chiloensis and F. virginiana
genome assemblies, Iso-seq data were generated from samples of
mixed tissues and stages (unrevealed and exposed flower buds, bloom-
ing flowers, and newly sprouted and mature leaves), generating 1.8 Gb
and 3.3 Gb of CCS long reads (Supplementary Fig. 40a and Supple-
mentary Table 16). These data were clustered and polished using the
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isoseq3 pipeline (https://github.com/PacificBiosciences/IsoSeq) to
obtain high-quality transcripts. The transcripts were aligned to their
corresponding genomes to train gene models with BRAKER v.2.1.5
(ref. 73). Total RNA was also extracted from the mixed samples for
constructing an RNA-seq library sequenced on the HiSeq 4000 system
following the manufacturer’sinstructions. Raw RNA-seq data from the
mixed samples and mature fruits (detailed samplings are shownin the
‘RNA-seq experiment setup’ section) were cleaned using fastp v.0.20.1
(ref. 74) and assembled using Trinity v.2.8.5 (ref. 75). The assembled
transcripts from RNA-seq and Iso-seq were included as transcript
evidence. Moreover, all the annotated protein sequences of Arabidop-
sis thaliana’™, F. vesca”’, Rosa chinensis™ and Malus domestica’ were
downloaded from the TAIR (https://www.arabidopsis.org/) and GDR
(https://www.rosaceae.org/) database, and used for homology-based
gene model prediction. The final gene models in each genome were
annotated by integrating RNA-seq-based and protein-homology-based
evidenceand abinitio prediction using MAKER v.2.31.10 (ref. 80). The
detailed workflow of genome annotation is shown in Supplementary
Fig.40b.For F.nipponica, RNA-seq datafrom mixed tissue samples were
generated, and gene models were annotated with identical processing
steps except without Iso-seq data. The Annotation Edit Distance scores
were measured for each predicted gene model, which measured the
consistency of gene models with evidence alignment”’. Furthermore,
gene families were identified using HMMER v.3.3.2 (ref. 81) with the
parameter £ =1x107°on the basis of the Pfam domains. Fisher’s exact
test was performed to test the expansionand contraction of the NB-ARC
gene family.

Genome-wide synteny analysis and structural variations
Genome-wide synteny analysis was performed using the JCVIv.1.0.10
software package (https://github.com/tanghaibao/jcvi) with the
default parameters. To identify structural variations, syntenic blocks
were identified using NUCMER v.4.0.0rcl (ref. 82) and further fil-
tered using the delta-filter program with the parameters i =80 and
[=16,000. Genetic variation analysis between the assemblies was based
ongenome-wide alignments. SNVs were identified usingthe MUMMER
software package®. Large structural variations (>50 bp) were identified
using SYRI®** with the default parameters.

Genetic classification of ssmpled F. chiloensis and F. virginiana
individuals

To re-examine the genotypes of the sequencing materials and pri-
marily assess genetic variation among strawberry octoploids (Sup-
plementary Fig. 41), we randomly selected sampling data from ten
individuals for each of the three species (F. chiloensis, F. virginiana and
F. x ananassa) from a previous study® and added lllumina data from
‘Camarosa™®, F. chiloensis (this study) and F. virginiana (this study) for
population genetic analysis. The llluminareads were filtered by fastp
v.0.20.1 (ref. 74) and mapped to F. chiloensis (hapl) assembly using
BWAv.0.7.14-r1188 (ref. 54) with the default parameters. GATK v.4.1.3.0
(ref. 84), VCFtools v.0.1.16 (ref. 85) and PLINK v.1.9 (ref. 86) were used
to calland filter SNPs. The high-quality SNPsidentified on 33 octoploid
individuals were used to analyse PCs with PLINK v.1.9 (ref. 86) and
construct a phylogenetic tree on the basis of the maximum likelihood
method with FastTree v.2.1.11 (ref. 87).

Subgenome assignment

Twodifferent methods, based onread mapping and differential k-mers,
were used to assign the homoeologous chromosomes to each of the
four subgenomes. For read-mapping-based analyses, RNA-seq data
for F. vesca (SRR13657681 and SRR13657682) were downloaded from
GenBank. These data together with the sequenced F. nipponica and F.
iinumae RNA-seq data (Supplementary Table 16) were mapped to the
octoploidF. chiloensis and F. virginiana genomes using spplDer®”. The
28 pseudochromosomes (x = 7) were categorized into seven distinct

chromosome groups, each comprising four homoeologous chromo-
somes, based on the mapping rates of RNA-seq data from the different
diploid species.

To further differentiate the chromosomes of the octoploids (the
F.chiloensis, F. virginiana and ‘Camarosa’ assemblies) into four subge-
nomes, we identified the differential k-mers (k=13 and frequency > 50)
among homoeologous chromosome sets in each assembly using Sub-
Phaser®. Heterogenous chromosomes embedded with those enriched
k-mers were clustered by a k-meansalgorithm, and the confidence level
was estimated by the bootstrap method (Supplementary Table 11).
To verify the efficiency of this approach, we repeated the analyses
with differentlengths of k-mer (k=13,15,17,19, 21and 25) and different
frequencies (50,100,150 and 200). This reassessment produced fully
consistent assignments in 115 of 120 analyses; the five inconsistent
assignments occurred with the highest k-merlength (19,21 and 25) and
frequency (200) cut-offs for F. chiloensis (hap2) and ‘Camarosa’, which
may have resulted from having too few specific k-mers (Supplementary
Fig. 42). Moreover, to compare the subgenome assignments in this
study and those by Hardigan et al.”” and Edger et al.”, the genomes of
F.chiloensis and F. virginiana were mapped to the ‘Camarosa’ genome
using the MUMMER software package®, RaGOO** and Chorder®. Repet-
itive k-mers were re-analysed to obtain sequence signatures among
homoeologous chromosomes.

Phylogenetic analyses

OrthoFinder® was used to identify orthogroups using the annotated
coding sequences fromF. nipponica, F.vesca®, F. iinumae® , F. viridis*®,
F. mandschurica”, F. nilgerrensis®, F. nubicola®®, F. daltoniana” and F.
pentaphylla” and each subgenome of the octoploids F. chiloensis, F.
virginiana and ‘Camarosa’, with Potentilla micrantha’® as an outgroup.
In total, 941 single-copy orthogroups were identified, and genes in
eachorthogroup were aligned using protein sequences with MUSCLE
v.3.8.1551 (ref. 91) and converted into their corresponding codon align-
ments using PAL2ZNAL®. The alignments were trimmed with Gblocks
v.0.91b°* with the parameters b4 = 5,b5 =h and ¢ = c to remove poorly
aligned regions. IQ-TREE v.2.0.3 (ref. 94) was applied to construct the
maximum likelihood tree for supergenes and individual genes, respec-
tively, with the best-fit substitution model automatically selected. The
Coalescent tree was constructed using ASTRAL”, on the basis of all the
individual maximum likelihood trees.

To control the effect of HEs on phylogenetic inference, we first
identified the putative HE regions following the approach used in the
allotetraploid Micanthus™. Briefly, we identified subgenome-specific
k-mers (k =13) using SubPhaser®® and analysed significantly enriched
k-mers by 100 kb windows. Specific regions that showed the distribu-
tion of k-mers differing from the global sequence signatures of that
chromosome were considered to be putative HE regions (Supplemen-
tary Table 14 and Supplementary Fig. 38). We further verified those can-
didate HE regions using the method described by Edger et al.”®. Briefly,
we aligned the F. vesca genome to the F. virginiana (hapl) assembly with
NUCMERV.4.0.0rcl (ref. 82) with the parameters maxmatch, /= 80 and
¢=200. The coverage was calculated and split into 100 kb bins. We
then compared the read coverage of HE regions with non-HE regions
usinga t-test (Supplementary Fig. 37). Then, we used OrthoFinder®’ to
identify single-copy orthogroups from the four closest diploid species
(F. nipponica, F. vesca®, F. iinumae® and F. viridis®®), subgenomes of
F. virginiana, and Potentilla micrantha®® (as the outgroup) and filter
those orthogroupslocatedintheidentified HE regions (Supplementary
Table14). Atotal of 6,223 individual genes were used for phylogenetic
analyses as described above.

k-mer-based analysis of genetic distance

Afterfiltering the HE regions, we used the Assembly and Alignment-Free
method’ to calculate the genetic distances between the subgenomes
of the octoploids and diploid species with 21 k-mers.
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Analysis of genetic contributionsin Fragaria octoploid
genomes

Diploid genomes to the octoploids. We downloaded resequencing
datafrom22F. chiloensis, 20 F. virginiana and 42 F. x ananassa plants™®
from GenBank (PRJNA578384), cleaned them using fastp v.0.20.1
(ref. 74) and mapped them to a composite reference of eight diploid
strawberry genomes using spplDer®. Organelle genomes were used to
enrich potential organelle short reads to avoid errors (Supplementary
Fig. 43). The mapping rates against each of the eight genomes were
used as indicators of the genetic contributions of diploid species to
the octoploids, as described previously®®. The lllumina short reads of
F. chiloensis, F. virginiana and ‘Camarosa’ were mapped to composite
data of the eight diploid strawberry genomes using the same process.
Among them, the ‘Camarosa’ data were downloaded from GenBank
(SRR8358384 and SRR8358387).

Wild octoploid progenitors of the cultivated strawberry. To fur-
ther determine the genetic contributions of the two wild octoploid
strawberries to each chromosome of the cultivated strawberry, we
divided the cultivated strawberry genome into windows of different
sizes (50 kb) and identified their best matches in the F. chiloensis and
F.virginiana genomes using minimap2v.2.17-r941 (ref. 68).

Transcriptome sequencing and gene expression analysis
RNA-seq experiment setup. To get insights into the divergence of
gene expressioninwild and cultivated octoploid fruits, seedlings of F.
chiloensis, F.virginiana and F. x ananassa cv.‘Camarosa’ were grownin
agrowth chamber under a12:12 hlight-dark cycle with temperatures
of25°C (light) and 18 °C (night) before blossoming. Red-staged straw-
berry fruits were sampled. Total RNA was extracted from the fruits for
RNA-seq.Raw RNA-seq data were cleaned using fastp v.0.20.1 (ref. 74)
and aligned to their corresponding haplotype 1 assemblies using
HISAT?2 (ref. 97) with the default parameters. Samtools view with the
f=2parameter was used tofilter discordant mapping. Gene expression
levels (fragments per kilobase per million mapped reads (FPKM)) were
measured using StringTie v.2.1.7 (ref. 98) with the default parameters
(withmultiple mapping corrections allowed) to minimize the potential
effect of sequence similarity among homoeologues. For each gene,
the expression levels of all biological replicates were averaged for
homoeologue comparisons.

Homoeologous expression. Strawberry syntenic homoeo-
logues were identified in the octoploid strawberry genomes using
OrthoFinder v.2.5.1 (ref. 89). Homoeologues that had a 1:1:1:1 corre-
spondence across the four subgenomes were referred to as quadru-
plets, and only quadruplets with asummed expression value of all four
homoeologues >0.5 FPKM were retained for downstream analyses.
We further calculated relative expression levels by normalizing the
expression levels of each homoeologue within a quadruplet using
the following formula: relative expression level equals the FPKM
of each homoeologue divided by the summed FPKM values of its
corresponding quadruplets. This was modified from the method of
studying homoeologue expression patterns in hexaploid wheat”.
In this way, the relative abundance of homoeologue expression is
comparable within quadruplets as well as across strawberry species
(Supplementary Fig. 31c).

HEB categories. To minimize the effects of mapping bias to multiple
reference genomes and reduce the complexity of multiple statistical
tests, we calculated the Euclidean distance from the observed normal-
ized expression of each quadruplet to each of the nineideal categories
to qualitatively define the HEB categories (Supplementary Figs. 30a
and 31a). We assigned the HEB category for each quadruplet accord-
ing to the shortest distance as described by Ramirez-Gonzalez et al.”
(shownin Supplementary Fig. 31a).

Divergence of HEB in wild and cultivated strawberries. We first
used OrthoFinder v.2.5.1 (ref. 89) to find the correspondence of
quadrupletsintheF. chiloensis, F. virginiana and ‘Camarosa’ genome
assemblies. Then, to study patterns of HEB in wild and cultivated
strawberries, we calculated the Euclidean distance between quadru-
plet pairs of F. chiloensis and F. virginiana and defined those quadru-
plet pairs as stable (distance < 0.2), middle (0.2 < distance < 0.4) or
dynamic (distance > 0.4). We identified each RBP (Supplementary
Fig.30b) to represent each stable quadruplet pair between two wild
species and calculated the relative distance between each RBP and
‘Camarosa’. The classification of homologous quadruplet pairs was
done as described above.

Functional enrichments of HEB-related genes. We analysed the func-
tions HEB-related genes on the basis of Gene Ontology annotation and
enrichment, KEGG annotation and gene description using EggNog'°.
These HEB-related genes were queried using related studies to deter-
mine the gene function manually.

Statistical analysis

The significance of the differences between groups was determined
by Student’s ¢-test using SPSSv.19.0 (IBM Corp., Armonk, NY, USA) and
Fisher’s exact test using the R package stats v.4.0.3. The significance of
the differences with more than two groups was determined by one-way
ANOVA with Duncan’s multiple range test using SPSS v.19.0. Differences
were considered to be significant at P < 0.05.

Reporting summary
Furtherinformationonresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

All the raw genome sequencing data have been submitted to the
National Genomics Data Center (https://ngdc.cncb.ac.cn/), and the
accessionnumberis CRA005392. All the genome assemblies reported
in this paper have been deposited in the Genome Warehouse of the
National Genomics Data Center (https://ngdc.cncb.ac.cn/gwh), and
the accession numbers are GWHDEDQOOOOO0O0OO (F. chiloensis),
GWHDEDROO000000O (F. virginiana) and GWHDEDNOOOOO0OOO (F.
nipponica). All the genome assembly and annotation files are also
available in the Genome Database for Rosaceae (GDR) (https://www.
rosaceae.org/Analysis/16216791,16216792,16216793).

Code availability

The scripts used for HEB category analysis for each quadrupletin this
paper are available on GitHub (https://github.com/jinxin112233/HEB_
categories). Bash commands for studying wild strawberry genomes
have been uploaded on GitHub (https://github.com/jinxin112233/
WSG).
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‘Camarosa’ F. chiloensis F. virginiana F. nipponica

Extended Data Fig.1| Morphological identification of the sequenced Fragaria species. (a) Morphological features of . chiloensis, F. virginiana, F. nipponica,
and the cultivar ‘Camarosa’. Scale bar, 1 cm. (b) Seedings of F. chiloensis, F. virginiana, F. nipponica in the greenhouse.
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Extended Data Fig. 2| Ploidy level estimation. Smudge plots showing the ploidy level estimation for the sequenced F. chiloensis, F. virginiana and F. nipponica plants.
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Extended Data Fig. 3 | Hi-Cinteraction maps of the haplotype2 of the octoploid F. chiloensis. (a), F. virginiana (b) and diploid . nipponica (c). Note: Low to high
densities of interaction signals were scaled with colours from orange to deep red.
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Sample preparation Cells were harvested using MGB dissociation fluid. Then, suspensions of the test sample (Fragaria) and the internal reference
sample (Oryza sativa L. ‘Japonica’) were mixed to measure the fluorescence (propidium iodide) immediately.
Instrument The BD FACSCalibur flow cytometer
Software Modifit 3.0
Cell population abundance >10000 cells
Gating strategy Forward and side scatter

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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