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Abstract

Background: Structural variations (SVs), a major resource of genomic variation, can
have profound consequences on phenotypic variation, yet the impacts of SVs remain
largely unexplored in crops.

Results: Here, we generate a high-quality de novo genome assembly for a flat-fruit peach
cultivar and produce a comprehensive SV map for peach, as a high proportion of genomic
sequence is occupied by heterozygous SVs in the peach genome. We conduct population-
level analyses that indicate SVs have undergone strong purifying selection during peach
domestication, and find evidence of positive selection, with a significant preference for
upstream and intronic regions during later peach improvement. We perform a SV-based
GWAS that identifies a large 1.67-Mb heterozygous inversion that segregates perfectly with
flat-fruit shape. Mechanistically, this derived allele alters the expression of the PpOFP2 gene
positioned near the proximal breakpoint of the inversion, and we confirm in transgenic
tomatoes that PpOFP2 is causal for flat-fruit shape.

Conclusions: Thus, beyond introducing new genomics resources for peach research, our
study illustrates how focusing on SV data can drive basic functional discoveries in plant
science.

Keywords: Peach genome assembly, Structure variation, Population dynamics, Genome-
wide association study, Large heterozygous inversion, PpOFP2, Fruit shape

Background
Structural variations (SVs) including deletions, insertions, duplications, and inversions,

a major resource of genomic variation, are known to strongly impact phenotypes [1–

4]. In human genomics research, major breakthroughs have shown that SVs are associ-

ated with phenotypes more frequently than smaller genomic variants (e.g., SNPs and

InDels) [5]. There are also demonstrated cases in which SVs substantially contribute to

human cancers and other various diseases and disorders [6–8] by affecting relevant

gene dosage, function(s), and/or regulation [1, 3, 9, 10]. In plants, molecular genetic

analyses have highlighted the functional importance of SVs on protein-coding and
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flanking noncoding regions of loci/genes linked to agriculturally important traits, e.g.

grain size [11, 12], fruit shape [13], fruit weight [2], and fruit color [14, 15]. However,

despite these significant advances, the contribution of SVs, especially large chromo-

somal rearrangements, to specific traits remains largely uncharacterized in plant organ-

isms. This is particularly true for clonally propagated crops such as grapevine [16, 17]

and cassava [18], which are known to accumulate heterozygous somatic mutations. Un-

derstanding the genomic context of SVs (and especially heterozygous SVs) can help

elucidate the basis of phenotypic diversity.

Peach (Prunus persica) is the third-ranking clonally propagated temperate tree crop

(after apple and pear) in terms of annual global production (FAOSTAT). Peach has

been widely studied as a model for the genus Prunus and for other Rosaceae perennial

fruit trees [19, 20]. However, the characterization of genome-wide SVs and their poten-

tial phenotypic impacts remains a largely unexplored area. It is notable that the hetero-

zygous SVs contribute to functional impacts during domestication [17], while the

currently available peach reference genome generated from a double haploid genotype

of peach cv. Lovell [21, 22] has resulted in the loss of heterozygous genomic informa-

tion. Therefore, a high-quality heterozygous peach genome is currently needed for

genome-wide mining of SVs that may impact desirable traits.

Peach originated in China over 2,000,000 years ago [23, 24] and wide phenotypic vari-

ations in fruit size, shape, color, texture, and flavor have been retained throughout its

8500-year domestication [25]. Notably, SVs were found to contribute to distinct peach

phenotypic differences in Mendelian fruit traits such as flesh color [26], skin pubes-

cence [27], flesh softening and adhesion [28], and stone texture [29]. Therefore, initiat-

ing a study of high-confidence SVs in peach populations can advance our

understanding of a wide range of agronomically desirable traits.

Fruit shape is a highly valued agronomic trait in cultivated peach, and inheritance of

this qualitative fruit shape was initially described to be under the control of a single

Mendelian factor [30]. This dominant “S” for “saucer-shaped” locus was later mapped

to the distal part of chromosome 6 by linkage analysis [31–34]. Flat fruits were found

to carry the heterozygous dominant “Ss” genotype, whereas round fruits retain the an-

cestral homozygous recessive “ss” genotype; note that the homozygous dominant muta-

tional genotype “SS” produces aborted fruits during early fruit development [31, 33,

35]. Using SNP-based GWAS (genome-wide association study), multiple strongly fruit-

shape-associated SNP signals have been mapped to the “S” locus [36–38]. Candidate

flat-fruit shape genes at this locus include PpCAD1 (constitutively activated cell death

1) [37] and LRR-RLK (leucine-rich receptor-like kinase) [35]. However, a recent

population-scale study suggested that the reported mutations for these two genes are

apparently insufficient to explain flat fruit shape traits in some cultivars [39]. Thus,

genetic basis underlying this trait merits further investigation.

Here, we generated a high-quality de novo genome assembly for a flat peach cultivar

using high-depth PacBio long-read data complemented with Illumina short-read data

and used it as the basis to reveal a high proportion of genomic sequence occupied by

heterozygous SVs in peach genome. We produced a comprehensive SV map for peach

across 149 peach accessions, characterized SV hotspots at population-scale, and pro-

vided insights into the selection of SVs during peach domestication and improvement.

SV-based GWAS facilitate our identification of a 1.67-Mb heterozygous inversion that
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resulted in the upregulation of its adjacent gene PpOFP2 to cause flat fruit shape. Thus,

our study presents a high-quality peach genome assembly and a comprehensive SV

map that substantially deepens our population-level understanding about the long-term

functional impacts of SVs in peach and also illustrates an example for how SV data can

be profitably used in plant science to gain basic functional insights.

Results
Genome assembly and annotation of RYP1

The genome of Rui You Pan 1 (RYP1) was de novo assembled using 140.84 Gb PacBio

long reads (~ 589.74× coverage) and 35.37 Gb Illumina short reads (~ 147.97× cover-

age) using the pipeline detailed in Additional file 1: Fig. S1 and Additional file 2: Table

S1. We assembled the PacBio long reads from RYP1 into contigs using the Canu pipe-

line (version 1.8) [40] and then improved contigs into 87 super contigs by employing

the HERA algorithm [41]. The super contigs were corrected with the Illumina short

reads from RYP1 and total assembled length reached 239.1Mb, with the longest super

contig being 25.9Mb (Table 1). Given the generally large size of these contigs (contig

N50 size of 11.5 Mb), a total of 62 contigs, which accounted for 98.3% (~ 235.0 Mb) of

the total assembled sequences, were anchored into chromosome-level pseudomolecules

based on homology to the current peach Lovell v2.0 reference genome [22] (Fig. 1,

Additional file 2: Table S2). The number of unplaced contigs in our RYP1 assembly is

25, comprising a total of 4.05Mb, whereas the number of unplaced scaffolds in the

Lovell v2.0 assembly is 183, representing a total of 1.72Mb (Additional file 2: Table

S3). The coverage and contiguity of the RYP1 genome assembly were both improved

compared with the Lovell v2.0 genome; consistently, there were as few as 54 gaps in

the RYP1 genome assembly compared to the Lovell v2.0 genome (Table 1).

Table 1 Summary of statistics for the RYP1 genome assembly compared with the published Lovell
v2.0 reference genome

Category RYP1 Lovell v2.0

Total assembly size (Mb) 239.1 227.4b

Number of contigs 87 2525b

Largest contigs (Mb) 25.9 1.5b

Contig N50 11.5 Mb 255.4 kbb

Sequences anchored to chromosomes (Mb) 235.0 225.7b

Genomic GC content (%) 37.6 37.0

Number of gaps 54 1828

Complete BUSCOs (%)a 97.4 97.6

LTR assembly index, LAI 22.33 21.29

Intact LTR length (Mb)/number 10.50/1656 8.84/1416

Repetitive sequences (Mb)/(%) 115.01/48.11 101.99/44.85

Protein-coding genes 32,604 31,972b

Transcripts 37,827 47,089

Average gene length (bp) 2223 2215
aThe analysis from comparisons with the embryophyta_odb9 database
bThe statistic values taken from the previous publication [22]
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Next, the quality of the assembled RYP1 genome was assessed using the following

four strategies. First, we examined the consistency of physical and genetic maps: all

3092 markers from a recently published multi-population consensus genetic linkage

map [42] were used in this analysis, and among these, 2257 markers could be uniquely

aligned to our RYP1 genome; moreover, a high proportion (93.09%) of the uniquely

mapped markers were found to be located at their expected position (Additional file 1:

Fig. S2). Second, the accuracy and completeness of the RYP1 genome was supported by

a high mapping rate (98.82%) for the Illumina whole-genome short reads (Additional

file 2: Table S1). Third, we used the LTR Assembly Index (LAI) [43] to evaluate the

continuity of our RYP1 genome assembly, which reached a “gold standard level” and

had a high LAI score (22.33) which exceeded that of the Lovell v2.0 genome (21.29)

(Table 1, Additional file 1: Fig. S3). Fourth, approximately 97.4% (1402 of 1440) of

complete BUSCO hits were detected in our assembly, similar to the level obtained for

the Lovell v2.0 genome (97.6%; 1405 of 1440) (Table 1, Additional file 2: Table S4).

Collectively, these multiple lines of evidence attest to the high-quality of our de novo

RYP1 genome assembly, supporting its utility as an excellent reference for genomic-

variation mining and for comparative studies in peach.

We next conducted ab initio gene prediction using an integrative strategy combining

in silico de novo gene prediction, protein-based homology searches, and transcript data

from RNA sequencing analysis of various tissues (Additional file 2: Table S5). We were

able to annotate a total of 32,604 protein-coding genes and 37,827 transcripts, with an
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average sequence length of 2223 bp, a length similar to that (2215 bp) for a re-

annotated version of the Lovell v2.0 genome using the same pipeline (Table 1). Of the

protein-coding genes, 93.9% (1352 of 1440) complete BUSCOs were found (Additional

file 2: Table S4), and 89.50% were successfully functionally annotated with five public

database resources (Additional file 2: Table S6).

We identified repeat sequences of RYP1 genome assembly using RepeatMasker (see

Methods). A total of 115.01Mb of repetitive elements occupying 48.11% of the RYP1

genome were thusly annotated (Table 1), including retrotransposons (20.47%), DNA

transposons (13.23%), and other repeats (14.42%) (Additional file 2: Table S7). We also

re-annotated the repeat sequences of the Lovell v2.0 genome [22] with the same ap-

proach: ~ 13.02Mb more total repeat sequences were identified in our RYP1 genome

assembly (115.01Mb) compared to the Lovell v2.0 genome assembly (101.99Mb)

(Table 1, Additional file 2: Table S7). Examining repeat sequence differences in detail,

the total length/number of intact LTRs was increased by ~ 1.66Mb/240 in the RYP1

genome (10.50Mb/1656) compared to the Lovell v2.0 genome (8.84Mb/1416) (Table

1), highlighting that our RYP1 genome assembly provides additional, accurate genome

information for chromosomal regions with high repeat sequence content.

Genomic variation between the RYP1 and Lovell v2.0 genomes

Having obtained a high-quality genome sequence for RYP1, we first conducted a global

genome comparison of RYP1 and Lovell v2.0 to assess genomic variations in peach. For

phenotypic context, RYP1 is a flat, low acid, white flesh, nectarine cultivar that is popu-

lar in China, whereas Lovell has round, acid, yellow flesh color fruit and its glabrous

skin (Additional file 3: Table S8), and has also been widely used as a rootstock [44].

Analysis with the MUMmer program [45] highlighted the excellent collinearity between

the RYP1 and Lovell v2.0 genomes (Additional file 1: Fig. S4): approximately 88.67%

(211.97Mb) of the RYP1 genome sequences matched one-to-one syntenic blocks with

92.74% (210.90Mb) of the Lovell v2.0 genome. The 11.33% (~ 27.08Mb long) nonsyn-

tenic sequences in the RYP1 genome (with the exclusion of gaps in the two genome as-

semblies) were mostly repeat sequences (64.39%). There were 971 and 988 specific

presence/absence variations (PAVs) identified between the RYP1 and Lovell v2.0 ge-

nomes, respectively (Additional file 3: Table S9).

OrthoFinder pipeline [46] analysis revealed 31,347 RYP1 and 30,815 Lovell genes

as corresponding orthologous genes, whereas 103 and 87 specific orthogroups con-

taining 772 and 580 genes were identified as specific to the RYP1 and the Lovell

genomes, respectively (Additional file 2: Table S10). In addition, we also found that

992 and 1590 expansion orthogroups containing 3571 and 5096 genes displayed

higher copy numbers of genes in the Lovell v2.0 or the RYP1 genomes, respect-

ively, (Additional file 2: Table S10). KEGG (Kyoto Encyclopedia of Genes and Ge-

nomes) enrichment analysis was further performed for the specific and expansion

orthogroups. The results showed RYP1-specific enrichment for the “fructose and

mannose metabolism” pathway (ko00051) (Additional file 1: Fig. S5a, b). Detailed

examination of the genes in this pathway showed that two genes related to fructose

metabolism, sorbitol dehydrogenase (SDH) [47] and pyrophosphate fructose-6-

phosphate 1-phosphotransferase subunit beta (PFPβ) [48], had higher copy numbers
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in the RYP1 genome (3 and 4 copies) than in the Lovell v2.0 genome (2 and 3)

(Additional file 1: Fig. S5c).

Considering that gene duplication events are known to represent a major mechanism

underlying phenotypic change via gene dosage effects or gene functional divergence

[49], we identified the singleton genes: there were 4713 in the RYP1 genome and 4944

in the Lovell genome (Additional file 2: Table S11). We also noted that RYP1 had rela-

tively more segmental duplications (5271), but fewer dispersed duplicated genes (15,

750) compared with Lovell v2.0. We identified 3853 tandem duplicated genes in 1652

tandem gene copy clusters of the RYP1 genome.

Hidden heterozygous SVs of the peach genome

Recent progress in genomics research is making it increasingly clear that SVs exert

large functional impacts [2, 50], and to date, SVs in peach remain little explored. Given

the high continuity of our RYP1 genome assembly and its basis in high-depth PacBio

long-read data, we were able to identify high-confidence SVs (> 30 bp) using an inte-

grated method combining three independent analysis pipelines (see Methods). We dis-

covered a total of 11,480 heterozygous SVs, including 5182 insertions, 5578 deletions,

699 duplications, and 21 inversions, accounting for a total sequence length of ~ 23.15

Mb (Fig. 1, Additional file 2: Table S12).

We assessed the heterozygosity of the RYP1 genome using its heterozygous 504,069

SNPs (Additional file 2: Table S12). The heterozygosity was estimated to be 0.22%,

which was consistent with the reported value in peach [24], but was much lower than

in grape (7%) [51] or pear (~ 1.02%) [52]. Interestingly, compared with low SNP hetero-

zygosity inferring a low proportion of heterozygous sequences for the RYP1 genome,

the heterozygous SVs occupied up to 9.68% of the whole genome, which was compar-

able to the level of heterozygous SVs in grape (~ 15%) [17]. In addition, the RYP1 het-

erozygous SVs overlapped with 2244 protein-coding genes, accounting for 6.88% of all

annotated genes. At minimum, this heterozygosity analysis provides a wealth of evolu-

tionary evidence that many SVs have been retained in a heterozygous state in peach,

implying a strong potential for SV-mediated biological consequences in this species.

Thus, cataloging peach SVs can support genomic explorations into the functional im-

pacts of heterozygous SVs in diverse peach accessions.

Construction of a comprehensive SV map in peach

Given the strong potential for biological consequences resulting from SVs, we con-

structed a comprehensive SV map for the peach genome by first identifying the SVs

using resequencing short-read data (average 31.52×) for a total of 149 diverse P. persica

accessions from major peach-producing areas, including north, northwest, south,

southwest China, Japan, the Americas, and Europe [53] (full details for the accessions

comprising the germplasm diversity panel are presented in Additional file 3: Table

S13). Note that phylogenetic tree and population structure analyses both support the

division of the panel into landraces, oriental modern cultivars, and occidental modern

cultivars [36] (Additional file 1: Fig. S6). We built the peach SV map by combining the

aforementioned SVs detected from RYP1 and the output from the Manta analysis of

the short-read data from those 149 accessions (see the “Methods” section). The SV

Guan et al. Genome Biology           (2021) 22:13 Page 6 of 25



map comprised a total of 27,734 SVs (> 30 bp), including 15,138 deletions, 10,882 inser-

tions, 1558 duplications, and 156 inversions, which together covered about 16.10% (~

38.49Mb) of the total RYP1 genome (Table 2, Fig. 2a, b, Additional file 2: Table S14).

In addition, 83.11% of these SVs were evident in at least 90% of the 149 accessions

(Additional file 1: Fig. S7). Through PCR-based validation (see the “Methods” section),

we estimated that the false discovery rate of total SVs, deletions, and insertions was

5.77%, 5.69%, and 5.94% (Additional file 3: Table S15), which was comparable with

other studies of maize and cucumber [54, 55]. A principal component analyses (PCA)

based on the SV data yielded a highly coincident pattern to the PCA model obtained

based on whole-genome SNP data for the same accession panel (Additional file 1: Fig.

S8), findings underscoring that these are high-confidence SVs suitable for use in peach

functional genomic studies.

Our first analysis based on the SV map was an assessment of the potential functional

impacts of SVs based on the positions of SVs relative to gene models. Most SVs

(51.27%, 14,218 of 27,734) are located in intergenic regions, while 3485 SVs affected

coding sequences (CDS) of up to 4299 protein-coding genes (Table 2). The CDS re-

gions for a total of 1562 genes were entirely deleted, 322 genes were duplicated, and

378 genes were positioned fully within inverted regions. We also noted that a signifi-

cantly higher proportion of SVs were located in putative promoter regions (upstream

(< 1 kb); 4435 SVs) as compared to SVs located within CDS regions (3485 SVs, P <

0.001, Fisher’s exact test) (Table 2), consistent with a previous study of 3000 rice ge-

nomes [4]. A GO-based analysis indicated enrichment for the “signal transduction” and

“response to stimulus” terms for genes with SVs overlapping their CDS regions; for

genes with SVs in their putative promoters, there was predicted enrichment for GO

terms including “ADP binding,” “small molecule binding,” and “peptidase regulator ac-

tivity” (P < 0.05, Fisher’s exact test) (Additional file 3: Table S16). Given that an SV oc-

curring within a CDS is very likely to result in pronounced “loss-of-function” effect, we

speculate that this type of SVs would likely have faced very strong purifying selection

during evolution, and thus less abundant SVs were retained in CDS regions compared

to that located in putative promoter regions.

We next identified the SV hotspots in the peach genome by comparing the expected

and empirical distributions of SVs (see the “Methods” section; Fig. 2c). A total of 500

intervals (interval size of 30 kb) containing ≥ 10 SVs in the empirical distribution were

Table 2 Summary and annotation statistics for different types of SVs in peach

Category Deletions Insertions Duplications Inversions Total

Number 15,138 10,882 1558 156 27,734

Size (bp) 25,889,284 6,484,273 3,896,898 2,222,324 38,492,779

CDS 2539 (2820) 474 (434) 409 (628) 63 (417) 3485 (4299)

Full CDS 1233 (1562) 0 (0) 173 (322) 30 (378) 1436 (2262)

Partial CDS 1306 (1258) 474 (434) 236 (306) 33 (39) 2049 (2037)

Intron 1081 (933) 1156 (989) 123 (123) 9 (8) 2369 (2053)

Upstream (< 1 kb) 2209 (2177) 2030 (1955) 180 (186) 16 (16) 4435 (4334)

Downstream (< 1 kb) 1532 (1865) 1457 (1717) 147 (194) 8 (14) 3144 (3790)

Intergenic 7767 5754 697 60 14,218

Values inside parentheses indicate the number of genes overlapping with the number of SVs
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characterized as SV hotspots: these intervals fell within the 99th percentile (or higher)

of the expected distributions. Relative to non-hotspots regions, the SV hotspots were

significantly enriched for segmental duplications and for non-allelic homologous re-

combination (NAHR) formation events (Additional file 1: Fig. S9). These findings based

on our peach SV data mirror the previously reported conclusion that SV hotspots tend

to coincide with segmental duplications and that duplication-mediated NAHR mecha-

nisms have contributed strongly to the formation of SV hotspots [56, 57].

Seeking to make functional inferences based on our SV hotspot data for peach, we

conducted functional enrichment analysis for genes positioned within the SV hotspots

regions. The 1767 genes in our defined SV hotspot regions were enriched for predicted

functional annotations related to terms including “signal transduction,” “response to

stimulus,” “signaling,” “response to stimulus,” and “cell communications” (Fig. 2d). Not-

ably, three consecutive hotspot intervals located at Chr2: 15.42–15.51Mb contained a

cluster with 9 ortholog genes of wheat LRK10 gene which was cloned from the basis of

Lr10 disease-resistance locus and encodes receptor-like protein kinase [58, 59]; the

genic regions (including upstream, downstream, intronic, and exonic regions) of these

9 genes in this hotspot overlapped with at least one SV (Additional file 3: Table S17).

Thus, SV hotspots have apparently contributed to the ability of peach to overcome

stress-related and environmental challenges, a situation similar to a report about Arabi-

dopsis [60].

Selection of SVs during domestication and improvement

Seeking SV-related insights about peach population dynamics, we first analyzed the

purifying selection against SVs during domestication by computing the unfolded site
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representing lower P values. Circle sizes represent the frequency of each enriched GO term in the Gene
Ontology Annotation database (bubbles of more general terms are larger)
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frequency spectrum (SFS) for each cultivated P. persica (landrace and modern cultivar),

using P. kansuensis (n = 37)—the closest wild relative species of this cultivated species

[24]—as the outgroup. Although previous studies have established that genetic drift

tends to increase the extent of fixed-derived variants in derived populations (both in

landraces and cultivars) [61], we found that all types of SVs exhibited leftward shifts in

their SFSs relative to synonymous SNPs (sSNPs) (Fig. 3a); this trend is similar to a re-

port for grapevine [17], with the largest shifts observed for insertions and inversions

(P < 0.05, Wilcoxon test), suggesting that most of the peach SVs were deleterious.

To further estimate the strength of the purifying selection against SVs, we inferred

the distribution of fitness effects in landraces and modern cultivars using sSNPs as a

neutral control. The results indicated that peach SVs have undergone an extremely ele-

vated extent of purifying selection compared to non-synonymous SNPs (nSNPs) (Fig.

3b). Note that this situation in peach differs markedly from the conclusions for grape-

vine, wherein SVs exhibited a comparable extent of purifying selection relative to

nSNPs [17]. We speculate that this difference likely reflects peach’s high level of self-

compatibility [62] which increases the chance of forming homozygous deleterious SVs,

and thus typically accelerates the process of purifying selection. However, despite the

strong purifying selection against SVs, we also observed accumulation of heterozygous

SVs in modern cultivars during improvement, as supported by the significantly in-

creased heterozygosity ratio we observed for SVs in modern cultivar vs. those for the

landraces (P < 0.001, Wilcoxon test, Additional file 1: Fig. S10). We speculate that this
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accumulation of heterozygous SVs in modern cultivars can be attributed to crossbreed-

ing and subsequent clonal propagation of these accessions, which would have retained

these SVs in a heterozygous state during peach improvement efforts.

We further compared the total number of SVs for the landraces and modern cultivars

(24,918 vs. 24,668) and found that their high proportions for shared SVs are consistent

with the results from our SNP-based analysis (Additional file 1: Fig. S11). We also de-

tected a slight reduction in the genetic diversity of modern cultivars estimated as the

ratio of θπ landraces /θπ modern cultivars (0.2359/0.2035 = 1.16) from their SVs, again similar

to their ratio based on their SNP data (0.2369/0.2000 = 1.18). These results support the

previous conjecture that the genetic diversity of peach has not been substantially im-

pacted throughout the course of peach improvement [24].

Given that modern peach cultivars exhibit agriculturally attractive phenotypes, we

conceptualized all of the SVs as “improvement unfavorable” or “improvement favor-

able” based on their preferential frequency in landraces or modern cultivars, respect-

ively; thus, a total of 1992 unfavorable and 1389 favorable SVs were identified (FDR <

0.01, Fisher’s exact test) (Fig. 3c, Additional file 3: Table S18). We also explored the dis-

tribution of these two types of SVs in intergenic, CDS, intronic, and upstream (< 1 kb)

and downstream (< 1 kb) regions across the peach genome. An obvious trend was that

the frequency of improvement unfavorable SVs was significantly enriched for intergenic

regions whereas the frequency of improvement favorable SVs was significantly enriched

in upstream regions (putative promoter regions) and in intronic regions (Fig. 3d).

A 1.67-Mb heterozygous inversion is the causal variation for flat-fruit shape

Our genome-wide SVs map for peach represents a powerful data resource for finding

causal genes that control agriculturally important traits and offers a unique opportunity

to identify phenotypic effects caused by SVs. To explore the genetic basis underlying

flat fruit shape—the most obvious RYP1 phenotypic trait, we performed GWAS analysis

using our genome-wide data for the germplasm diversity panel, including 869,345

SNPs, 191,279 small InDels (≤ 30 bp), and 16,883 SVs (MAF ≥ 0.05) (Fig. 4a, b, Add-

itional file 1: Fig. S12). This linear mixed model GWAS identified a total of 880, 167,

and 33 significantly associated variants that exceeded our Bonferroni-corrected signifi-

cance threshold (SNPs < 1.15e−06; InDels < 7.88e−06; SVs < 5.92e−05) (Additional file

3: Table S19-S21). Strikingly, 99.77% (878 of 880), 92.22% (154 of 167), and 69.70% (23

of 33) of the significantly flat-fruit associated variants were located at the distal end

(27.0–31.6Mb) of Chr6 (Fig. 4a, b, Additional file 1: Fig. S12).

In the SNP-based GWAS output, the previously reported candidate SNP which is lo-

cated at the fifth intron of PpCAD1 [37] at position Chr6: 28,036,986 was the lead SNP

in our results (Fig. 4a), supporting the reliability of our variants and analysis. The most

significant association identified in the SV-based GWAS was a 1.67-Mb inversion from

27,959,880 bp to 29,634,101 bp at the “S” locus, covering the lead SNP. All the round-

fruit peach accessions carried homozygous ancestral alleles (“ss”) and all the flat acces-

sions (“Ss”) carried one ancestral allele and one derived allele harboring the inversion.

We confirmed the heterozygous genotype by aligning RYP1 long contigs covering the

flanking sequences around the breakpoints at both loci onto the RYP1 genome (Add-

itional file 1: Fig. S13), and by performing Sanger sequencing of PCR-amplified flanking
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sequences at both breakpoints for each of the two alleles in the RYP1 accession (Fig.

4c). Considering the lack of inverted repeats at both breakpoints confirmed by the

npINV program [63], it appears that this heterozygous 1.67-Mb inversion in flat-fruit

accessions likely resulting from error-prone non-homologous end-joining (NHEJ) event

(Fig. 4c), a process well-known to cause the deletion and/or insertion of nucleotides at

the joint positions [64].

To further confirm that this region does indeed represent an inversion that is related

to flat fruit phenotypes, we amplified the flanking sequences of the proximal breakpoint
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Fig. 4 A 1.67-Mb heterozygous inversion is the causal variation for flat fruit shape. a, b Genome-wide (top)
and regional (bottom) Manhattan plots using GWAS for fruit shape (round/flat) based on SNPs (a) and SVs
(b). The regional plots showed the significant region (27.0–31.6 Mb) of Chr6. Each dot in plot (a) represents
a SNP and in plot (b) represents the middle position of an SV. The black arrow in plot (a) points to the lead
SNP (Chr6: 28,036,986) in this study, which was also reported in previous study [36]. The black arrow in plot
(b) points to the middle position of the 1.67-Mb inversion (Chr6: 27,959,880–29,634,101). Horizontal dashed
black lines correspond to the Bonferroni-corrected significance threshold for SNPs (5.94) and SVs (4.23) in (a)
and (b), respectively. Vertical dashed blue lines correspond to the breakpoints of the inversion. c The
heterozygous inversion in flat peach was formed by a NHEJ (non-homologous end-joining) mechanism
accompanying two mis-repair events: the deletion of two base-pairs and the insertion of one base-pair
respectively at the breakpoints highlighted in red dashed rectangles. d The association between the 1.67-
Mb inversion and fruit shape was further verified in a diverse population that included 37 flat accessions
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e Linkage disequilibrium (LD) between the 1.67-Mb inversion and SNPs (left) or InDels (right) in the 23.00–
31.98 Mb region of Chr6. Disequilibrium is measured as r2. The black arrow points to the lead SNP (Chr6:
28,036,986). Inversion breakpoints are depicted as vertical dashed blue lines. The color of SNPs and InDels
with at least 5% minor allele frequency is shown as the P values of GWAS analysis, with red colors
representing lower P values
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(Chr6: 27,959,880 bp) from the ancestral allele and the derived allele in the 136 acces-

sions (including 99 round-fruit and 37 flat-fruit accessions). Supporting the inversion

and its phenotypic association, all 37 of the flat-fruit accessions carried both the ances-

tral and derived alleles, whereas all 99 of the round-fruit accessions carried only the an-

cestral allele (Fig. 4d, Additional file 1: Fig. S14).

We next examined the linkage disequilibrium (LD) levels between SNPs positioned

within or adjacent to the 1.67-Mb heterozygous inversion (Additional file 1: Fig. S15).

The LD levels between distant SNPs were generally elevated in the flat-fruit accessions

as compared such SNPs in the round-fruit accessions. We speculate that this increased

LD in flat-fruit accessions probably results from suppression of recombination caused

by the large inversion. This is plausible in light of reports about similar suppression of

recombination in other species like great tits [65] and white-throated sparrow [66].

Analysis of LD levels between the 1.67-Mb heterozygous inversion and SNPs or

InDels (Fig. 4e) supported that LD levels were higher around the inversion breakpoints

and exhibited gradual decay in both directions from each of the breakpoints; a similar

LD pattern has reported from a previous study of fruitfly [67]. We speculate that the

high LD levels for SNPs and InDels in the significantly flat-fruit associated region may

result from the “hitchhiking effect.” It is important to note that this flat-fruit-associated

1.67-Mb heterozygous inversion could not be identified if our GWAS had only used

SNPs or InDels. That is, owing to the suppressed recombination rates and hitchhiking

effects known to be caused by large SVs [68–70], the use of non-SV genetic variant

data alone in our GWAS would almost certainly have missed the 1.67-Mb heterozygous

inversion we discovered which can apparently explain the major agriculturally import-

ant fruit shape phenotype.

The 1.67-Mb heterozygous inversion caused flat-fruit shape through upregulation of

PpOFP2 expression

As the large heterozygous inversion being the casual variant for flat fruit shape, we first

searched for disrupted genes at the corresponding boundary regions of the inversion;

however, no genes were obviously disrupted by this large inversion. Large inversions

often affect the expression of genes adjacent to the breakpoint owing to a variety of

mechanisms [71–73]. Among the four breakpoint-adjacent genes (Fig. 5a), PpOFP2 at

~ 3.12 kb of upstream of the proximal breakpoint was predicted to encode the protein

containing an intact OVATE domain of the OFPs (Ovate Family Proteins) [74]; notably,

the ortholog of PpOFP2 (Additional file 1: Fig. S16) participated in determining fruit

shape in tomato [75].

We used qRT-PCR to measure their expression levels in fruit tissue samples from the

136 genotyped accessions of our germplasm panel at 20 days after anthesis (DAA), a

development stage that permits obvious detection of shape differentiation between

round-fruit and flat-fruit accessions (Fig. 5d). PpOFP2 and PpSNF4 (located at ~ 2.75

kb of downstream of the distal breakpoint at 29,634,101 bp; Fig. 5a) showed differential

expression between the round-fruit and flat-fruit peach groups (P < 0.001, Wilcoxon

test) (Fig. 5b). The PpCNGC10 gene was not expressed at the examined developmental

stage, and the expression of the PpCYCH;1 gene showed no difference between these

two groups (Fig. 5b). Moreover, PpOFP2 expression was significantly elevated in flat-
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fruit accessions, and an eGWAS (expression GWAS) analysis showed that only PpOFP2

was significantly (P = 3.37e−20) associated with the 1.67-Mb inversion (Fig. 5b). All of

these lines of evidence indicate that upregulation of PpOFP2 expression is likely re-

sponsible for flat-fruit shape in peach. To further investigate the function of PpOFP2,

we analyzed two independent transgenic tomato lines expressing PpOFP2 driven by

CaMV35S promoter. Phenotyping of the transgenic plants revealed that PpOFP2 ex-

pression significantly reduces the length/width ratio of tomato fruit (Fig. 5c), thereby

confirming the function of PpOFP2 in promoting the development of flat fruits.

Differentiation between round and flat-fruit shape is known to be discernable at very

early development stages after anthesis [39]. We collected samples from 9 different de-

velopmental stages, starting from 7 days before anthesis up to 86 days after anthesis for

a flat (cv. Zhong You Pan 4) and a round (cv. Fuzador) peach accession, and measured

PpOFP2 expression (Fig. 5d). Throughout this developmental series, PpOFP2 expres-

sion was consistently much higher in the flat peach than the round peach. Classic

Fig. 5 The 1.67-Mb heterozygous inversion caused flat fruit shape through upregulation of PpOFP2
expression. a Genes proximal to the breakpoints of the 1.67-Mb inversion. b Relative expression levels of
PpOFP2 (top left), PpCYCH;1 (top middle), and PpSNF4 (top right) during early fruit development tested by
qRT-PCR at 20 days after anthesis (DAA) in the 136 peach accessions, including 37 flat (blue bars) and 99
round (orange bars) accessions. ***P < 0.001 in Wilcoxon test. Genome-wide Manhattan plots of eGWAS
based on SVs using relative expression levels of PpOFP2 (bottom left), PpCYCH;1 (bottom middle), and
PpSNF4 (bottom right) as phenotypes. c Fruit morphology (top), expression levels of PpOFP2 (bottom left),
and fruit shape index (bottom right) in wild type (WT) and two independent tomato transformants
overexpressing PpOFP2 (OE1 and OE2). Top plot, scale bar: 1 cm. The fruit shape index is calculated as the
ratio of length to width. Bottom plots, n = 3, bar = SD, *** P < 0.001 in Wilcoxon test. d Fruit morphology
(top), shape index (middle), and expression levels of PpOFP2 (bottom) from early fruit development through
near-mature fruit, in the representative round and flat accessions at 7 days before anthesis through 86 days
after anthesis. Scale bars in top plot: 1 mm for the first five bars; 1 cm for the last four bars. For the middle
and bottom plots, n = 3, bar = SD, NS (not significant) P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001 in
Wilcoxon test
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genetics research long ago established that flat-fruit shape in peach is controlled via a

heterozygous dominant mode [31, 33, 35]. Our SV-data-guided identification of the

1.67-Mb inversion and our demonstration that this SV alters the expression of the

causal gene PpOFP2 collectively supports a very plausible explanation for this heterozy-

gous mode: homozygosity for the derived allele (“SS” genotype) apparently results in a

lethal dosage of PpOFP2 expression that causes abortion of peach fruits during early

development.

Discussion
The high-quality RYP1 genome assembly generated in this study provides substantial

improvements over the Lovell v2.0 reference genome in terms of longer contigs and

completeness for repeat sequences (Table 1). This assembly enabled the identification

of extensive numbers of hidden heterozygous SVs (9.68% of total genome size) in

peach; this finding was surprising given the low heterozygosity of peach (0.22%). Our

production of a comprehensive SV map for peach facilitates analyses to deepen under-

standing of peach population dynamics and selection. We detected extreme purifying

selection against SVs during domestication and also identified a significant positive se-

lection preference during peach improvement for SVs positioned at upstream regions

(putative promoter regions) and intronic regions. Our SV map and identification of SV

hotspots in peach will accelerate the utilization of this class of genetic variation in

peach genetic improvement and will help drive additional hypothesis-driven research to

understand the functional impacts of SVs on fruit and other agriculturally relevant

phenotypes.

Previous studies of in human and other mammals have showed that large inversions

modify gene expression via two major mechanisms: (i) directly disrupting regulatory el-

ements adjacent to their breakpoints and (ii) rearranging regulatory elements posi-

tioned within or near to the inverted region [67, 76]. Recent findings showed that

genomic rearrangements can rewire interactions of transcriptionally active enhancer el-

ements and their proximal target genes, ultimately leading to human congenital limb

disease and cancer [77–79]. We speculate that the mechanism underlying PpOFP2’s

control of flat-fruit trait is very likely attributable to the rearrangement of regulatory el-

ements that can activate expression positioned near inversion breakpoints. In this

study, we indeed detected a significantly negative correlation (r = − 0.27, P < 0.001) be-

tween the expression patterns of PpOFP2 and PpSNF4 positioned near the proximal

and distal breakpoints respectively in the 136 accessions (Additional file 1: Fig. S17). In

the light of these results, we propose that activation of PpOFP2 may be induced by the

original regulatory element of PpSNF4, which was transferred downstream of PpOFP2

by the inversion. Further investigation is warranted to accrue more evidence in support

of this mechanistic hypothesis.

Our results provide a powerful illustration for how adopting an SV-level, whole-

genome analytical approach can drive discovery in plant genomics and functional gen-

omics research. It bears emphasis that our detection of the PpOFP2 gene in peach as

causal for flat-fruit shape resulted specifically from our ability to conduct an SV-based

GWAS. A recently published study that included an analysis of flat fruit peach cultivars

detected a related 1.7-Mb SV and reported a shortened silique phenotype transgenic

Arabidopsis plants expressing the PpOFP1 gene [80]. Besides confirming the impact of
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this locus on flat fruit shape, our study extended understandings for the fruit-related

SV in at least three ways. First, we were able to harness our long-read-based RYP1 as-

sembly to show that this SV is actually ~ 1.67Mb in size, with the lack of any gaps ac-

counting for this reduction. Second, we observed polymorphisms between two flat fruit

cultivars (RYP1 and “124 Pan”) at both the proximal and distal breakpoints of the SV

(compared in Additional file 1: Fig. S18). Finally, our study used the classic model fruit

species tomato in its follow-up confirmatory analysis showing that an OVATE gene po-

sitioned near the proximal breakpoint of the SV does regulate the length/width ratio of

tomato fruit.

It is undeniable that SNP-based GWAS represents a powerful experimental strategy

for identifying genetic variations underlying plant traits [81–83]. However, there are

limitations with the use of SNP data that can be overcome by adopting an SV-based

GWAS approach. It is simply the case that some functionally impactful genomic varia-

tions are very large in scale (e.g., the heterozygous 1.67-Mb inversion of the present

study), and many SVs driving tumorigenesis in various cancers [6, 8], and use of very

high-resolution data like SNPs masks the ability to detect these larger-scale genomics

phenomena. It is also worth noting that there is often suppression of recombination for

large SVs [69, 70], which further exacerbates the difficulty of using SNP data to detect

phenotypically impactful genetic variation: lacking normal recombination frequency, it

is likely that a sufficient number of SNPs will prevent to enable researchers to detect

causal mutations that are positioned within an SV. However, by using reads mapping

and/or comparative genomic analyses to characterize SVs, it is often possible to imme-

diately identify high-confidence candidate genes and variants for follow-up functional

research [84].

Conclusions
The roles of SVs on the evolution and regulation of plant genomes is a relatively unex-

plored area, so besides presenting both a high-quality peach genome assembly and a

comprehensive SV map for a large number of genetically diverse accessions, our study

in peach shows how SV data can be profitably used to gain basic functional insights

and to facilitate genetic improvement programs.

Methods
Plant materials and growth conditions

All peach accessions used in this study were cultivated in the Beijing National Peach

Germplasm Repository, China. Peach samples (leaves and fruits) were collected, frozen

in liquid nitrogen, and stored at ultra-low temperature (− 80 °C) for later use. For

PpOPF2-over-expression assays, the wild-type tomato (Solanum lycopersicum cv.

Micro-Tom) and the transgenic lines were grown under greenhouse conditions with a

16 h-light and 8 h-dark photoperiod at 25 °C.

Genome assembly and annotation

Extraction and purification of high molecular weight DNA was performed using a

DNeasy Plant Maxi Kit (Qiagen, Germany). DNA concentration was measured using a

NanoDrop (Thermo Fisher Scientific, USA) and Qubit 2.0 (Invitrogen, USA). One
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single-molecule real-time cell 8 M was run on the PacBio Sequel II platform, generating

7.25 million reads with a total length of 140.98 Gb (Additional file 2: Table S1). Illu-

mina short-read data were obtained using Illumina NovaSeq platform, generating

235.81 million reads, with a total length of 35.37 Gb (Additional file 2: Table S1). The

PacBio long-read data were de novo assembled into super contigs using Canu version

1.9 [40] and Highly Efficient Repeat Assembly (HERA) method [41]. The Illumina

short-read data was used to polish the super contigs using Pilon [85]. The super contigs

were then anchored into pseudo-chromosomes following the syntenic order of the Lov-

ell v2.0 genome determined using MUMmer 4.0.0beta2 [45] (--mum -c 1000 -t 4).

The annotation of transposable elements was performed using RepeatMasker (http://

www.repeatmasker.org). The repeat libraries included the RepBase-20170127 [86] and

the de novo repeat library created using RepeatModeler. The pipeline for ab initio gene

annotations included de novo gene predictions of the repeat-masked genome using

AUGUSTUS [87] and SNAP [88], and evidence-based gene annotations using MAKE

R2 [89]. For de novo gene prediction, we used AUGUSTUS and SNAP trained on the

homolog protein-coding genes collected from Swiss-Prot database for Arabidopsis

thaliana, Oryza sativa, and P. persica. Transcript evidence included transcripts assem-

bled from the RNA-Seq of different tissues (root, leaf, flower stages, and fruit; Add-

itional file 2: Table S5) using HISAT and StringTie [90]. All the evidence was

submitted to MAKER2, and the output of which was refined by searching against the

InterPro database using InterProScan version 5.27–66.0 [91] to retain the genes with

domain. Gene functional annotation was achieved using BLASTP (-evalue < 1e− 05)

against the Swiss-Prot and NR databases. Gene Ontology terms of each gene were ob-

tained from the corresponding InterPro entries. The pathways of each gene were

assigned by BLASTP against the KEGG database, with an E-value cut-off of 1e−05.

Evaluation of genome assembly

The flanking sequences of molecular markers from the high-density and multi-

population consensus genetic linkage map for peach [42] were mapped against the

RYP1 genome assembly using BLASTN. Only markers with unique alignment were

used to evaluate the consistency between genome assembly and the genetic map. The

Illumina short-read data were also used to evaluate the assembly accuracy and com-

pleteness using BWA-MEM version 0.7.17-r1188 [92]. Completeness of the genome as-

sembly and gene annotations were assessed with a plant database of 1440 conserved

plant genes (embryophyta_odb9) using BUSCO version 3.0.2 [93].

Comparative genomics

Genome alignment among RYP1 and Lovell v2.0 was performed using NUCmer em-

bedded in MUMmer with the parameters of “-mumreference -g 1000 -c 90 -l 40.” The

delta-filter program was used to remove the mapping noise and determine the one-to-

one alignment blocks with parameters “-r -q.” Gene duplications were analyzed with

BLASTP with the parameters of “-evalue < 1e−0, -v 5, -b 5” for determination of the

pairwise similarity between protein sequences of RYP1 and Lovell v2.0 genomes; the

MCScanX package [94] was used for classification. OrthoFinder version 2.3.9 program

[46] with the default parameters was used to create the orthogroups between
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proteomes of RYP1 and Lovell v2.0 genomes. To identify the presence/absence varia-

tions (PAVs) in the RYP1 genome, we divided the RYP1 genome into 500 bp overlap-

ping windows with a step size of 100 bp. Each 500 bp window was then aligned against

the Lovell v2.0 genome using BWA-MEM with the parameters of “-w 500 --M.” The

sequences of the windows that failed to align with the Lovell v2.0 genome or those that

aligned with less than 25% coverage were defined as RYP1-specific sequences. Overlap-

ping windows that could not be aligned were merged. The Lovell-specific sequences

were then identified following the same method.

Heterozygous SV calling of RYP1 genome

In order to obtain comprehensive and high-quality SVs in the RYP1 genome, SVs were

identified by combining three independent pipelines. First, PacBio contigs were aligned

to the RYP1 genome using minimap2 version 2.17-r941 [95]. Four types of SVs (dele-

tions, insertions, duplications, and inversions) were then identified using Assemblatron

software (https://github.com/J35P312/Assemblatron). Second, the corrected Pacbio

long reads were mapped to the RYP1 genome using pbmm2 (https://github.com/

PacificBiosciences/pbmm2), followed by detection of the four SV types using pbsv

(https://github.com/PacificBiosciences/pbsv). Last, to obtain more reliable detection

outputs for inversions, the corrected Pacbio long reads were mapped to the RYP1 gen-

ome using minimap2, and then inversions were identified using npINV version 1.26

[63]. After detections, SVs were filtered by removing ones labeled as “BND” and ones

that overlapped with assembly gaps for each output. The filtered SVs from all three

pipelines were merged using SURVIVOR software [96] with default parameters.

SNP, small InDel, and SV calling

Illumina resequencing data were generated for 149 peach accessions (Additional file 3:

Table S13) with an average depth of 31.52×; among them, 148 accessions were newly

sequenced. In addition, 37 accessions of P. kansuensis were newly sequenced to com-

prise the outgroup (Additional file 3: Table S13). The quality control for the raw re-

sequencing data of the 186 accessions was performed using fastp version 0.20.1 [97]

with default settings. For SNP and small InDel (≤ 30 bp) calling, Illumina short reads

from the 186 accessions were aligned to the RYP1 genome using BWA-MEM; PCR du-

plicates were removed using Picard version 1.118 (http://broadinstitute.github.io/

picard/). SNPs and InDels were identified using HaplotypeCaller in Genome Analysis

Toolkit (GATK, version 4.1.5.0) [98] pipeline and then filtered following ref. [99].

Based on the same alignment files generated by BWA-MEM, we detected SVs in 186

re-sequenced accessions using the Manta program [100]; this program was selected for

its high precision (low false discovery rate) and high recall performance, as demon-

strated in a previously conducted evaluation of 10 highly cited short read structural

variant calling programs [101]. We also confirmed the high accuracy of the Manta pro-

gram for peach SV calling through a simulation study in comparison with the other

two popular SV caller programs Delly [102] and IMR/DENOM [103] (Additional file 1:

Fig. S19). For each accession, only SVs labeled with the flag “PASS” were retained. Fi-

nally, we merged all the SVs detected by Manta with the heterozygous SVs of RYP1

genome using SURVIVOR software with default parameters. The merged SVs were
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genotyped for the 186 accessions using Paragraph [104] that showed high sensitivity

and accuracy of SV genotyping in the simulation study (Additional file 1: Fig. S19).

SNPs, small InDels, and SVs were annotated using ANNOVAR [105].

Validation of SNPs and SVs

To evaluate the accurate rate of SNP called based on resequencing data, we compared

locations and genotypes of these SNP sites with those from our customized SNP geno-

typing array. A total of 74,692 common sites for 126 accessions (Additional file 3: Table

S22) were overlapped and used to determined the validation rate. The validation rate

for 126 accessions was 98.14–99.71% with a high total validation rate 99.18%, showing

a low false positive rate (0.82%) of SNPs in this study, which was comparable with the

validation rates reported from other studies about maize and sheep resequencing efforts

[82, 106].

For SV, a total of 200 deletions and 100 insertions of 6 accessions including north,

northwest, south, southwest China, Americas, and Europe (Additional file 3: Table S15)

were selected to perform PCR-based validation. PCR was performed in 25 μl reaction

volumes with 1 μl of genomic DNA (50 ng), 1 μl of forward and reverse forward primer

(10 μM), and 22 μl of Golden Star T6 Super PCR mix (Beijing Tsingke Biotech Co.,

Beijing, China). PCR products were examined using 1.5% agarose-gel electrophoresis.

The sizes of the amplified fragments were determined and used to infer the genotypes

of deletions and insertions.

Phylogenetic and population structure analysis

A total of 60,405 bi-allelic SNPs with a missing rate less than 50% and a minor allele

frequency higher than 0.05 at fourfold degenerated sites were used for population ana-

lyses. A phylogenetic tree was built using FastTree v2.1.10 [107], and population struc-

ture was inferred using ADMIXTURE v1.3.0 [108] for each K value from 2 to 4, with

1000 bootstrap replicates.

Determination of SV hotspots

We divided the RYP1 genome into 7985 non-overlapping 30-kb interval. We then

mapped the total 27,734 SVs into the 7985 intervals. We assumed that the number of

SVs mapped to each interval would follow a Poisson probability distribution if the SVs

were distributed randomly across the genome, and we generated the expected Poisson

distribution using the average number of SVs for each interval. The expected Poisson

distribution was used to determine the criteria for SV hotspots. The intervals contain-

ing an empirical SV number equal to or higher than the 99th percentile of the expected

Poisson probability distribution classified as SV hotspots. The gene ontology (GO) en-

richment analysis was conducted using clusterProfiler [109]. The GO terms with the

adjusted value smaller than 0.05 were considered as significant ones.

Determination of NAHR-type SVs and segmental duplications

First, SVs with high coverage, more than 80%, of a variable number of tandem repeats

(VNTRs) were excluded. Second, flanking sequences (± 100 bp) derived from both

breakpoint junctions were aligned against each other to scan for blocks of extensive
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homology. SVs were classified as nonallelic homologous recombination (NAHR) if the

homologous blocks had a minimum sequence identity of 85%, a minimum length of 20

bp for the identical sequences, a maximum offset of 20 bp between the homologous

blocks, and also covered the breakpoints. The segmental duplications in RYP1 genome

were identified using SEgmental Duplication Evaluation Framework (SEDEF) algorithm

[110].

Principle component analysis

PCA was performed for the SNPs and SVs using smartPCA program embedded in

Eigensoft package version 7.2.1 [111].

Distribution of fitness effects of SVs

The unfolded site frequency spectrum (SFS) of sSNPs, nSNPs, DELs, INSs, and DUPs

for landraces and modern cultivars were computed using P. kansuensis as the outgroup.

The program polyDFE (v2.0) [112] was used to estimate the distribution of fitness ef-

fects for nSNPs, DELs, INSs, DUPs, and INVs with the parameters “-m A -e –b.” These

analyses based on the unfolded SFS and sSNPs were used as neutral references. As

polyDFE cannot deal with missing data, and also to decrease the parameters to be esti-

mated, we projected the SFS of both landraces and modern cultivars to a sample size of

20. The standard deviation was estimated by analyzing 100 bootstrap replicates of SFS.

Genetic nucleotide diversity

Genetic nucleotide diversity (θπ, the average number of nucleotide differences per site

between two randomly chosen DNA sequences from the population) were calculated

using VCFtools version 0.1.16 [113].

Identification of highly divergent SVs between landraces and modern cultivars

To identify highly divergent SVs between landraces and modern cultivars, the numbers

of accessions with or without genotypes for each SV were compared using Fisher’s

exact test. The raw P values were adjusted for multiple tests using FDR [114]. SVs were

considered to be significantly divergent when the FDR value < 0.01.

GWAS and eGWAS

SNPs, small InDels, and SVs were imputed using Beagle v4.1 [115] with default param-

eters. GWAS analysis was conducted using 869,345 SNPs, 191,279 small InDels (≤ 30

bp), and 16,883 SVs (MAF ≥ 0.05) using the Efficient Mixed-Model Association eXpe-

dited (EMMAX) algorithm [116]. In order to detect expression-associated SVs for the

three genes proximal to the breakpoints of the 1.67-Mb inversion, GWAS was per-

formed using EMMAX algorithm with the expression pattern of the three genes in the

population of 136 accessions as the phenotypes.

Validation and quantification of gene expression

The expressions of PpOFP2, PpCYCH;1, PpCNGC10, and PpSNF4 were quantified in

136 peach accessions (Additional file 3: Table S13) using qRT-PCR. Total RNA was ex-

tracted from ovary tissues at 20 days after anthesis (DAA) using a RNAprep Pure Plant
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Plus Kit (Polysaccharides & Polyphenolics-rich) (TIANGEN, China). First-strand cDNA

was synthesized using a PrimeScript™ RT Reagent Kit with gDNA Eraser (Takara,

Japan). Quantitative PCR was performed using SYBR Green Real-time Master Mix

(Takara, Japan), following the manufacturer’s instructions, on a StepOnePlus™ Real-

Time PCR System (Applied Biosystems, USA). cDNA transcript levels were normalized

to that of the reference gene PpG0000030306.01 (actin), as described in a previous

study [117], using the 2-ΔΔCT method [118]. Primers (Additional file 3: Table S23) were

designed to span an intron in order to avoid amplification of genomic DNA. PCR reac-

tions were performed in triplicate for each biological replication.

Validation and genotyping of the 1.67-Mb heterozygous inversion

Genomic DNAs were extracted from the young leaves of 136 peach accessions (Add-

itional file 3: Table S13) using a Hi-DNAsecure Plant Kit (TIANGEN, China). Four pri-

mer pairs (P1, P5, P6, and P7; Additional file 3: Table S23) were designed to detect the

flanking sequence of both breakpoints of both alleles for the 1.67-Mb inversion geno-

types of the RYP1 cultivar. Another four primer pairs (P1, P2, P3, and P4; Additional

file 3: Table S23) were designed to detect the flanking sequences of the proximal break-

point of both alleles for the 1.67-Mb inversion genotypes of the 136 peach accessions.

PCR reactions were carried out using Premix Taq™ (Ex Taq™) (Takara, Japan) in a vol-

ume of 20 μl, containing 20 ng of peach genomic DNA. PCR was carried out under the

following conditions: 2 min at 95 °C, 30 cycles of 30 s at 95 °C, 30 s at 60 °C, and 90 s at

72 °C, followed by a 5 min extension at 72 °C. PCR products were examined using

agarose-gel electrophoresis.

Generation of transgenic tomato plants

Primer pairs OFP2-F/R (Additional file 3: Table S23), which added XbaI and KpnI sites

to the 5′ and 3′ ends, respectively, were designed to amplify the intact coding sequence

of PpOFP2 using cDNA templates from RYP1 fruits at 30 DAA. PCR products were

then digested with XbaI and KpnI and cloned into the binary pCAMBIA1300 vector.

The recombinant plasmid was transformed into Agrobacterium tumefaciens EHA105

competent cells via electroporation prior to subsequent plant transformation. The

protocol for tomato (Micro-Tom) transformation was taken from a previous study

[119]. The tomato wild type and transgenic lines were grown in a growth chamber with

a 16-h-light and 8-h-dark photoperiod at 25 °C. The transgenic lines were screened

using hygromycin and identified by qRT-PCR analysis using the RPL2 gene in tomato

[120] as the control (Additional file 3: Table S23).

Supplementary Information
Supplementary information accompanies this paper at https://doi.org/10.1186/s13059-020-02239-1.

Additional file 1: Supplementary Figs. S1–S19. This file contains the supplementary figures referenced in the
main text. Fig. S1. Overview of the pipeline used for the RYP1 genome assembly. Fig. S2. Consistency of physical
and genetic maps. Fig. S3. The RYP1 and Lovell v2.0 genome assemblies evaluated by LTR Assembly Index (LAI).
Fig. S4. Colinearity between the RYP1 genome assembly and the Lovell v2.0 reference genome. Fig. S5. Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis of Lovell v2.0 (a) and RYP1 (b) specific and
expansion genes, and the phylogenetic tree of expansion genes related to the fructose and mannose metabolism
(c). Fig. S6. Phylogenetic tree and model-based clustering analysis of the population (149 P. persica accessions and
37 wild relatives, P. kansuensis, as the outgroup) constructed using 60,405 SNPs at fourfold degenerate sites (Miss-
ing rate < 50%, Minor allele frequency > 0.05). Fig. S7. SV genotyping summary for 149 peach accessions. Fig. S8.

Guan et al. Genome Biology           (2021) 22:13 Page 20 of 25

https://doi.org/10.1186/s13059-020-02239-1


Principal component analyses (PCA) of 149 accessions including 41 landraces and 108 modern cultivars based on
SNPs (a) and SVs (b). Fig. S9. Segmental duplications and formation mechanisms of SVs within hotspot and non-
hotspot intervals. Fig. S10. Heterozygosity ratio based on SVs in landraces (n = 41) compared to that of modern
cultivar (n = 108) populations. Fig. S11. Number of shared SNPs (a) and SVs (b) between landraces and modern
cultivars. Fig. S12. GWAS analysis for fruit shape (round/flat) based on genome-wide small InDels (≤30 bp). Fig.
S13. The alignment of the RYP1 contigs against the RYP1 genome. Fig. S14. Agarose-gel electrophoresis of PCR
products from the 136 peach accessions, including 37 flat and 99 round accessions. Fig. S15. The LD heatmap of
round (n = 99) (a) and flat peach (n = 37) (b) groups on Chr6: 27.0–31.6 Mb. Fig. S16. Multiple protein sequence
alignment (a) and a neighbor-joining phylogenetic tree (b) of PpOFP2 altogether with other 19 OFPs from Arabi-
dopsis (At), rice (Os), and tomato (Sl) based on their coding sequences. Fig. S17. Correlation of relative expression
level of PpOFP2 and PpSNF4 gene in 136 peach accessions. Fig. S18. Comparison of polymorphisms flanking the
breakpoints of the heterozygous inversion between RYP1 and ‘124 Pan’ peach cultivars. Fig. S19. Evaluation of SV
caller programs using simulated short-read data.

Additional file 2: Supplementary Tables S1–S7, S10–S12, S14. This file contains the supplementary tables
referenced in the main text. Table S1. Summary of sequencing data. Table S2. Number and size of each
chromosome (Chr) and unanchored contigs for the RYP1 genome. Table S3. Statistics for contigs/scaffolds that
could not be anchored onto chromosomes in the RYP1/Lovell v2.0 genome assemblies. Table S4. The genome
assembly and annotation completeness of the RYP1 and Lovell v2.0 genomes assessed by BUSCO. Table S5.
Summary of statistics for transcriptional data from RNA sequencing (RNA-seq) analysis of different tissues for gene
model prediction. Table S6. Annotation statistics of predicted protein-coding genes for the RYP1 genome. Table
S7. Summary of repeat elements identified in the RYP1 genome and the Lovell v2.0 genome. Table S10. Sum-
mary statistics of orthogroups between the RYP1 and Lovell v2.0 genomes. Table S11. Summary of duplicated
genes in the RYP1 and the Lovell v2.0 genomes. Table S12. Summary statistics of heterozygous variants (SNPs,
InDels and SVs) in the RYP1 genome. Table S14. Number and length of different types of SVs in peach.

Additional file 3: Supplementary Tables S8–S9, S13, S15–S23. This file contains the supplementary tables
referenced in the main text. Table S8. Information about Lovell and Rui You Pan1 (RYP1). Table S9. Specific PAVs
for the RYP1 and Lovell v2.0 genomes. Table S13. Basic information and statistics of 186 re-sequenced peach ac-
cessions (including 149 P. persica and 37 P. kansuensis) used in this study. Table S15. PCR validation of randomly
selected SVs. Table S16. Enriched gene ontology (GO) terms with coding or upstream (< 1 kb) regions (putative
promoters) affected by SVs. Table S17. The SVs occurred in gene cluster of receptor-like protein kinase gene
LRK10 in the three consecutive SV hotspots. Table S18. Highly divergent SVs during peach improvement. Table
S19. SNPs significantly associated with flat fruit shape. Table S20. InDels significantly associated with flat fruit
shape. Table S21. SVs significantly associated with flat fruit shape. Table S22. Summary information for SNPs of
126 accessions identified in this study with genotyped SNPs from customized SNP genotyping array. Table S23.
PCR or qRT-PCR primers used in this study.

Additional file 4. Review history.

Peer review information
Kevin Pang was the primary editor of this article and managed its editorial process and peer review in collaboration
with the rest of the editorial team.

Review history
The review history is available as Additional file 4.

Authors’ contributions
H.X., J.H.W., and Q.J. conceived the research. F. R, J.Y.G., and J.B.Z. managed the field work and collected the
phenotypic data. J.T.G., J.F., and Y.G.X. analyzed the data. Y.G.X., Y.Y., and J.T.G. performed the experiments. H.X., J.T.G.,
Y.Y., and Y.G.X. wrote and revised the manuscript. The authors read and approved the final manuscript.

Funding
This research was supported by the National Key Research and Development Program (no. 2018YFD1000200), and the
Financial Special Foundation from Beijing Academy of Agriculture and Forestry Sciences (no. KJCX201907-2) and Bio-
technology Sharing Plat Program from Beijing Academy of Agriculture and Forestry Sciences.

Availability of data and materials
The raw resequencing data and transcriptome data have now been deposited in Sequence Read Archive (https://
www.ncbi.nlm.nih.gov/sra/) of National Center for Biotechnology Information (NCBI) under BioProjects PRJNA663114
[121] and PRJNA664002 [122], respectively. This whole genome shotgun project has been deposited at GenBank under
the accession JACYOW000000000 [123]. The raw PacBio data was available in the NCBI Sequence Read Archive under
BioProject PRJNA663129 [124]. The SNP and SV data in Variant Call Format, full pipeline strategy, and associated scripts
can be freely and openly accessed on figshare (https://doi.org/10.6084/m9.figshare.12937340.v1) [125].

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Guan et al. Genome Biology           (2021) 22:13 Page 21 of 25

https://www.ncbi.nlm.nih.gov/sra/
https://www.ncbi.nlm.nih.gov/sra/
https://doi.org/10.6084/m9.figshare.12937340.v1


Competing interests
The authors declare no competing interests.

Author details
1Beijing Agro-Biotechnology Research Center, Beijing Academy of Agriculture and Forestry Sciences, Beijing, People’s
Republic of China. 2Beijing Key Laboratory of Agricultural Genetic Resources and Biotechnology, Beijing, People’s
Republic of China. 3Institute of Forestry and Pomology, Beijing Academy of Agriculture and Forestry Sciences, Beijing,
People’s Republic of China.

Received: 10 July 2020 Accepted: 14 December 2020

References
1. Abel HJ, Larson DE, Regier AA, Chiang C, Das I, Kanchi KL, Layer RM, Neale BM, Salerno WJ, Reeves C, et al. Mapping and

characterization of structural variation in 17,795 human genomes. Nature. 2020;583(7814):83–9.
2. Alonge M, Wang X, Benoit M, Soyk S, Pereira L, Zhang L, Suresh H, Ramakrishnan S, Maumus F, Ciren D, et al. Major

impacts of widespread structural variation on gene expression and crop improvement in tomato. Cell. 2020;182(1):145–
61 e23.

3. Chiang C, Scott AJ, Davis JR, Tsang EK, Li X, Kim Y, Hadzic T, Damani FN, Ganel L, Consortium GT, et al. The impact of
structural variation on human gene expression. Nat Genet. 2017;49(5):692–9.

4. Fuentes RR, Chebotarov D, Duitama J, Smith S, De la Hoz JF, Mohiyuddin M, Wing RA, McNally KL, Tatarinova T,
Grigoriev A, et al. Structural variants in 3000 rice genomes. Genome Res. 2019;29(5):870–80.

5. Chaisson MJP, Sanders AD, Zhao X, Malhotra A, Porubsky D, Rausch T, Gardner EJ, Rodriguez OL, Guo L, Collins RL, et al.
Multi-platform discovery of haplotype-resolved structural variation in human genomes. Nat Commun. 2019;10(1):1784.

6. Weischenfeldt J, Symmons O, Spitz F, Korbel JO. Phenotypic impact of genomic structural variation: insights from and
for human disease. Nat Rev Genet. 2013;14(2):125–38.

7. Sanchis-Juan A, Stephens J, French CE, Gleadall N, Megy K, Penkett C, Shamardina O, Stirrups K, Delon I, Dewhurst E,
et al. Complex structural variants in Mendelian disorders: identification and breakpoint resolution using short- and long-
read genome sequencing. Genome Med. 2018;10(1):95.

8. Li Y, Roberts ND, Wala JA, Shapira O, Schumacher SE, Kumar K, Khurana E, Waszak S, Korbel JO, Haber JE, et al. Patterns
of somatic structural variation in human cancer genomes. Nature. 2020;578(7793):112–21.

9. Spielmann M, Lupianez DG, Mundlos S. Structural variation in the 3D genome. Nat Rev Genet. 2018;19(7):453–67.
10. Lappalainen T, Scott AJ, Brandt M, Hall IM. Genomic analysis in the age of human genome sequencing. Cell. 2019;

177(1):70–84.
11. Shomura A, Izawa T, Ebana K, Ebitani T, Kanegae H, Konishi S, Yano M. Deletion in a gene associated with grain size

increased yields during rice domestication. Nat Genet. 2008;40(8):1023–8.
12. Wang Y, Xiong G, Hu J, Jiang L, Yu H, Xu J, Fang Y, Zeng L, Xu E, Xu J. Copy number variation at the GL7 locus

contributes to grain size diversity in rice. Nat Genet. 2015;47(8):944–8.
13. Xiao H, Jiang N, Schaffner E, Stockinger EJ, van der Knaap E. A retrotransposon-mediated gene duplication underlies

morphological variation of tomato fruit. Science. 2008;319(5869):1527–30.
14. Kobayashi S, Gotoyamamoto N, Hirochika H. Retrotransposon-induced mutations in grape skin color. Science. 2004;

304(5673):982.
15. Butelli E, Licciardello C, Zhang Y, Liu J, Mackay S, Bailey P, Reforgiato-Recupero G, Martin C. Retrotransposons control

fruit-specific, cold-dependent accumulation of anthocyanins in blood oranges. Plant Cell. 2012;24(3):1242–55.
16. Zhou Y, Massonnet M, Sanjak JS, Cantu D, Gaut BS. Evolutionary genomics of grape (Vitis vinifera ssp. vinifera)

domestication. Proc Natl Acad Sci U S A. 2017;114(44):11715–20.
17. Zhou Y, Minio A, Massonnet M, Solares E, Lv Y, Beridze T, Cantu D, Gaut BS. The population genetics of structural

variants in grapevine domestication. Nat Plants. 2019;5(9):965–79.
18. Ramu P, Esuma W, Kawuki R, Rabbi IY, Egesi C, Bredeson JV, Bart RS, Verma J, Buckler ES, Lu F. Cassava haplotype map

highlights fixation of deleterious mutations during clonal propagation. Nat Genet. 2017;49(6):959–63.
19. Salazar JA, Ruiz D, Campoy JA, Sanchezperez R, Crisosto CH, Martinezgarcia PJ, Blenda A, Jung S, Main D,

Martinezgomez P. Quantitative trait loci (QTL) and mendelian trait loci (MTL) analysis in Prunus: a breeding perspective
and beyond. Plant Mol Biol Rep. 2014;32:1–18.

20. Aranzana MJ, Decroocq V, Dirlewanger E, Eduardo I, Gao ZS, Gasic K, Iezzoni A, Jung S, Peace C, Prieto H, et al. Prunus
genetics and applications after de novo genome sequencing: achievements and prospects. Hortic Res. 2019;6:58.

21. International Peach Genome I, Verde I, Abbott AG, Scalabrin S, Jung S, Shu S, Marroni F, Zhebentyayeva T, Dettori MT,
Grimwood J, et al. The high-quality draft genome of peach (Prunus persica) identifies unique patterns of genetic
diversity, domestication and genome evolution. Nat Genet. 2013;45(5):487–94.

22. Verde I, Jenkins J, Dondini L, Micali S, Pagliarani G, Vendramin E, Paris R, Aramini V, Gazza L, Rossini L. The Peach v2.0
release: high-resolution linkage mapping and deep resequencing improve chromosome-scale assembly and contiguity.
BMC Genomics. 2017;18(1):225.

23. Su T, Wilf P, Huang Y, Zhang S, Zhou Z. Peaches preceded humans: fossil evidence from SW China. Sci Rep. 2015;5:
16794.

24. Yu Y, Fu J, Xu Y, Zhang J, Ren F, Zhao H, Tian S, Guo W, Tu X, Zhao J, et al. Genome re-sequencing reveals the
evolutionary history of peach fruit edibility. Nat Commun. 2018;9(1):5404.

25. Zheng Y, Crawford GW, Chen X. Archaeological evidence for peach (Prunus persica) cultivation and domestication in
China. PLoS One. 2014;9(9):e106595.

26. Falchi R, Vendramin E, Zanon L, Scalabrin S, Cipriani G, Verde I, Vizzotto G, Morgante M. Three distinct mutational
mechanisms acting on a single gene underpin the origin of yellow flesh in peach. Plant J. 2013;76(2):175–87.

27. Vendramin E, Pea G, Dondini L, Pacheco I, Dettori MT, Gazza L, Scalabrin S, Strozzi F, Tartarini S, Bassi D, et al. A unique
mutation in a MYB gene cosegregates with the nectarine phenotype in peach. PLoS One. 2014;9(3):e90574.

Guan et al. Genome Biology           (2021) 22:13 Page 22 of 25



28. Gu C, Wang L, Wang W, Zhou H, Ma B, Zheng H, Fang T, Ogutu C, Vimolmangkang S, Han Y. Copy number variation of
a gene cluster encoding endopolygalacturonase mediates flesh texture and stone adhesion in peach. J Exp Bot. 2016;
67(6):1993–2005.

29. Cirilli M, Giovannini D, Ciacciulli A, Chiozzotto R, Gattolin S, Rossini L, Liverani A, Bassi D. Integrative genomics
approaches validate PpYUC11-like as candidate gene for the stony hard trait in peach (P. persica L. Batsch). BMC Plant
Biol. 2018;18(1):88.

30. Lesley JW. A genetic study of saucer fruit shape and other characters in the peach. Proc Am Soc Hortic Sci. 1940;37:
218–22.

31. Dirlewanger E, Cosson P, Boudehri K, Renaud C, Capdeville G, Tauzin Y, Laigret F, Moing A. Development of a second-
generation genetic linkage map for peach [ Prunus persica (L.) Batsch] and characterization of morphological traits
affecting flower and fruit. Tree Genet Genomes. 2006;3:1–13.

32. Dirlewanger E, Pronier V, Parvery C, Rothan C, Guye A, Monet R. Genetic linkage map of peach [Prunus persica (L.)
Batsch] using morphological and molecular markers. Thero Appl Genet. 1998;97:888–95.

33. Picanol R, Eduardo I, Aranzana MJ, Howad W, Batlle I, Iglesias I, Alonso JM, Arus P. Combining linkage and association
mapping to search for markers linked to the flat fruit character in peach. Euphytica. 2013;190:279–88.

34. Lambert P, Campoy JA, Pacheco I, Mauroux J, Linge CDS, Micheletti D, Bassi D, Rossini L, Dirlewanger E, Pascal T.
Identifying SNP markers tightly associated with six major genes in peach [Prunus persica (L.) Batsch] using a high-density
SNP array with an objective of marker-assisted selection (MAS). Tree Genet Genomes. 2016;12:1–21.

35. Lopez-Girona E, Zhang Y, Eduardo I, Mora JRH, Alexiou KG, Arus P, Aranzana MJ. A deletion affecting an LRR-RLK gene
co-segregates with the fruit flat shape trait in peach. Sci Rep. 2017;7(1):6714.

36. Micheletti D, Dettori MT, Micali S, Aramini V, Pacheco I, Da Silva LC, Foschi S, Banchi E, Barreneche T, Quilot-Turion B,
et al. Whole-genome analysis of diversity and SNP-major gene association in peach germplasm. PLoS One. 2015;10(9):
e0136803.

37. Cao K, Zhou Z, Wang Q, Guo J, Zhao P, Zhu G, Fang W, Chen C, Wang X, Wang X, et al. Genome-wide association study
of 12 agronomic traits in peach. Nat Commun. 2016;7:13246.

38. Tan Q, Liu X, Gao H, Xiao W, Chen X, Fu X, Li L, Li D, Gao D. Comparison between flat and round peaches, genomic
evidences of heterozygosity events. Front in Plant Sci. 2019;10:592.

39. Guo J, Cao K, Li Y, Yao J, Deng CH, Wang Q, Zhu G, Fang W, Chen C, Wang X. Comparative transcriptome and
microscopy analyses provide insights into flat shape formation in peach (Prunus persica). Front in Plant Sci. 2018;8:2215.

40. Koren S, Walenz BP, Berlin K, Miller JR, Bergman NH, Phillippy AM. Canu: scalable and accurate long-read assembly via
adaptive k-mer weighting and repeat separation. Genome Res. 2017;27(5):722–36.

41. Du H, Liang C. Assembly of chromosome-scale contigs by efficiently resolving repetitive sequences with long reads. Nat
Commun. 2019;10(1):5360.

42. da Silva LC, Antanaviciute L, Abdelghafar A, Arus P, Bassi D, Rossini L, Ficklin S, Gasic K. High-density multi-population
consensus genetic linkage map for peach. PLoS One. 2018;13(11):e0207724.

43. Ou S, Chen J, Jiang N. Assessing genome assembly quality using the LTR Assembly Index (LAI). Nucleic Acids Res. 2018;
46(21):e126.

44. Wheeler W, Wytsalucy R, Black B, Cardon G, Bugbee B. Drought tolerance of Navajo and Lovell peach trees: precision
water stress using automated weighing lysimeters. HortScience. 2019;54(5):799–803.

45. Marcais G, Delcher AL, Phillippy AM, Coston R, Salzberg SL, Zimin AV. MUMmer4: A fast and versatile genome alignment
system. PLoS Comput Biol. 2018;14(1):e1005944.

46. Emms DM, Kelly S. OrthoFinder: phylogenetic orthology inference for comparative genomics. Genome Biol. 2019;20(1):
238.

47. Aguayo MF, Ampuero D, Mandujano P, Parada R, Muñoz R, Gallart M, Altabella T, Cabrera R, Stange C, Handford M.
Sorbitol dehydrogenase is a cytosolic protein required for sorbitol metabolism in Arabidopsis thaliana. Plant Sci. 2013;
205–206:63–75.

48. Plaxton WC. The organization and regulation of plant glycolysis. Annu Rev Plant Physiol Plant Mol Biol. 1996;47:185–214.
49. Kondrashov FA, Rogozin IB, Wolf YI, Koonin EV. Selection in the evolution of gene duplications. Genome Biol. 2002;3(2):

RESEARCH0008.
50. Liu Y, Du H, Li P, Shen Y, Peng H, Liu S, Zhou G, Zhang H, Liu Z, Shi M, et al. Pan-Genome of wild and cultivated

soybeans. Cell. 2020;182(1):162–76 e13.
51. Jaillon O, Aury JM, Noel B, Policriti A, Clepet C, Casagrande A, Choisne N, Aubourg S, Vitulo N, Jubin C, et al. The

grapevine genome sequence suggests ancestral hexaploidization in major angiosperm phyla. Nature. 2007;449(7161):
463–7.

52. Wu J, Wang Z, Shi Z, Zhang S, Ming R, Zhu S, Khan MA, Tao S, Korban SS, Wang H, et al. The genome of the pear (Pyrus
bretschneideri Rehd.). Genome Res. 2013;23(2):396–408.

53. Guan L, Cao K, Li Y, Guo J, Xu Q, Wang L. Detection and application of genome-wide variations in peach for association
and genetic relationship analysis. BMC Genet. 2019;20(1):101.

54. Yang N, Liu J, Gao Q, Gui S, Chen L, Yang L, Huang J, Deng T, Luo J, He L, et al. Genome assembly of a tropical maize
inbred line provides insights into structural variation and crop improvement. Nat Genet. 2019;51(6):1052–9.

55. Zhang Z, Mao L, Chen H, Bu F, Li G, Sun J, Li S, Sun H, Jiao C, Blakely R, et al. Genome-wide mapping of structural
variations reveals a copy number variant that determines reproductive morphology in cucumber. Plant Cell. 2015;27(6):
1595–604.

56. Lin YL, Gokcumen O. Fine-scale characterization of genomic structural variation in the human genome reveals adaptive
and biomedically relevant hotspots. Genome Biol Evol. 2019;11(4):1136–51.

57. Perry GH, Tchinda J, Mcgrath SD, Zhang J, Picker SR, Caceres AM, Iafrate AJ, Tylersmith C, Scherer SW, Eichler EE.
Hotspots for copy number variation in chimpanzees and humans. Proc Natl Acad Sci U S A. 2006;103(21):8006–11.

58. Feuillet C, Schachermayr G, Keller B. Molecular cloning of a new receptor-like kinase gene encoded at the Lr10 disease
resistance locus of wheat. Plant J. 1997;11(1):45–52.

59. Feuillet C, Reuzeau C, Kjellbom P, Keller B. Molecular characterization of a new type of receptor-like kinase (wlrk) gene
family in wheat. Plant Mol Biol. 1998;37(6):943–53.

Guan et al. Genome Biology           (2021) 22:13 Page 23 of 25



60. Jiao WB, Schneeberger K. Chromosome-level assemblies of multiple Arabidopsis genomes reveal hotspots of
rearrangements with altered evolutionary dynamics. Nat Commun. 2020;11(1):989.

61. Gaut BS, Seymour DK, Liu Q, Zhou Y. Demography and its effects on genomic variation in crop domestication. Nat
Plants. 2018;4(8):512–20.

62. Shulaev V, Korban SS, Sosinski B, Abbott AG, Aldwinckle HS, Folta KM, Iezzoni A, Main D, Arus P, Dandekar AM, et al.
Multiple models for Rosaceae genomics. Plant Physiol. 2008;147(3):985–1003.

63. Shao H, Ganesamoorthy D, Duarte T, Cao MD, Hoggart CJ, Coin LJM. npInv: accurate detection and genotyping of
inversions using long read sub-alignment. BMC Bioinformatics. 2018;19(1):261.

64. Lieber MR. The mechanism of human nonhomologous DNA end joining. J Biol Chem. 2008;283(1):1–5.
65. da Silva VH, Laine VN, Bosse M, Spurgin LG, Derks MFL, van Oers K, Dibbits B, Slate J, Crooijmans R, Visser ME, Groenen

MAM. The genomic complexity of a large inversion in great tits. Genome Biol Evol. 2019;11(7):1870–81.
66. Huynh LY, Maney DL, Thomas JW. Chromosome-wide linkage disequilibrium caused by an inversion polymorphism in

the white-throated sparrow (Zonotrichia albicollis). Heredity. 2011;106(4):537–46.
67. Lavington E, Kern AD. The effect of common inversion polymorphisms In(2L) t and In(3R) Mo on patterns of

transcriptional variation in Drosophila melanogaster. G3-Genes Genom Genet. 2017;7(11):3659–68.
68. Kennington WJ, Hoffmann AA. Patterns of genetic variation across inversions: geographic variation in the in (2L) t

inversion in populations of Drosophila melanogaster from eastern Australia. BMC Evol Biol. 2013;13:100.
69. Crown KN, Miller DE, Sekelsky J, Hawley RS. Local inversion heterozygosity alters recombination throughout the

genome. Curr Biol. 2018;28(18):2984–90 e3.
70. Yang Z, Ge X, Yang Z, Qin W, Sun G, Wang Z, Li Z, Liu J, Wu J, Wang Y, et al. Extensive intraspecific gene order and

gene structural variations in upland cotton cultivars. Nat Commun. 2019;10(1):2989.
71. Cande J, Chopra VS, Levine MS. Evolving enhancer-promoter interactions within the tinman complex of the flour beetle,

Tribolium castaneum. Development. 2009;136(18):3153–60.
72. Harewood L, Fraser P. The impact of chromosomal rearrangements on regulation of gene expression. Hum Mol Genet.

2014;23(R1):R76–82.
73. Puig MS, Castellano D, Pantano L, Ginerdelgado C, Izquierdo D, Gayavidal M, Lucaslledo JI, Esko T, Terao C, Matsuda F.

Functional impact and evolution of a novel human polymorphic inversion that disrupts a gene and creates a fusion
transcript. PLoS Genet. 2015;11(10):e1005495.

74. Liu J, Van Eck J, Cong B, Tanksley SD. A new class of regulatory genes underlying the cause of pear-shaped tomato fruit.
Proc Natl Acad Sci U S A. 2002;99(20):13302–6.

75. Wu S, Zhang B, Keyhaninejad N, Rodriguez GR, Kim HJ, Chakrabarti M, Illa-Berenguer E, Taitano NK, Gonzalo MJ, Diaz A,
et al. A common genetic mechanism underlies morphological diversity in fruits and other plant organs. Nat Commun.
2018;9(1):4734.

76. Said I, Byrne A, Serrano V, Cardeno C, Vollmers C, Corbett-Detig R. Linked genetic variation and not genome structure
causes widespread differential expression associated with chromosomal inversions. Proc Natl Acad Sci U S A. 2018;
115(21):5492–7.

77. Akdemir KC, Le VT, Chandran S, Li Y, Verhaak RGW, Beroukhim R, Campbell PJ, Chin L, Dixon JR, Futreal PA. Disruption of
chromatin folding domains by somatic genomic rearrangements in human cancer. Nat Genet. 2020;52(3):294–305.

78. Kraft K, Magg A, Heinrich V, Riemenschneider C, Schopflin R, Markowski J, Ibrahim DM, Acunahidalgo R, Despang A,
Andrey G. Serial genomic inversions induce tissue-specific architectural stripes, gene misexpression and congenital
malformations. Nat Cell Biol. 2019;21(3):305–10.

79. Ho SS, Urban AE, Mills RE. Structural variation in the sequencing era. Nat Rev Genet. 2020;21(3):171–89.
80. Zhou H, Ma R, Gao L, Zhang J, Zhang A, Zhang X, Ren F, Zhang W, Liao L, Yang Q, et al. A 1.7-Mb chromosomal

inversion downstream of a PpOFP1 gene is responsible for flat fruit shape in peach. Plant Biotechnol J. 2020. doi:
https://doi.org/10.1111/pbi.13455. Epub ahead of print. PMID: 32722872.

81. Si L, Chen J, Huang X, Gong H, Luo J, Hou Q, Zhou T, Lu T, Zhu J, Shangguan Y, et al. OsSPL13 controls grain size in
cultivated rice. Nat Genet. 2016;48(4):447–56.

82. Wang B, Lin Z, Li X, Zhao Y, Zhao B, Wu G, Ma X, Wang H, Xie Y, Li Q, et al. Genome-wide selection and genetic
improvement during modern maize breeding. Nat Genet. 2020;52(6):565–71.

83. Li C, Li YH, Li Y, Lu H, Hong H, Tian Y, Li H, Zhao T, Zhou X, Liu J, et al. A domestication-associated gene GmPRR3b
regulates the circadian clock and flowering time in soybean. Mol Plant. 2020;13(5):745–59.

84. Guo J, Cao K, Deng C, Li Y, Zhu G, Fang W, Chen C, Wang X, Wu J, Guan L, et al. An integrated peach genome
structural variation map uncovers genes associated with fruit traits. Genome Biol. 2020;6;21(1):258.

85. Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, Sakthikumar S, Cuomo CA, Zeng Q, Wortman J, Young SK, Earl AM.
Pilon: an integrated tool for comprehensive microbial variant detection and genome assembly improvement. PLoS One.
2014;9(11):e112963.

86. Jurka J, Kapitonov VV, Pavlicek A, Klonowski P, Kohany O, Walichiewicz J. Repbase update, a database of eukaryotic
repetitive elements. Cytogenet Genome Res. 2005;110(1–4):462–7.

87. Stanke M, Steinkamp R, Waack S, Morgenstern B. AUGUSTUS: a web server for gene finding in eukaryotes. Nucleic Acids
Res. 2004;32:W309–12.

88. Korf I. Gene finding in novel genomes. BMC Bioinformatics. 2004;5:59.
89. Holt C, Yandell M. MAKER2: an annotation pipeline and genome-database management tool for second-generation

genome projects. BMC Bioinformatics. 2011;12:491.
90. Pertea M, Kim D, Pertea GM, Leek JT, Salzberg SL. Transcript-level expression analysis of RNA-seq experiments with HISA

T, StringTie and Ballgown. Nat Protoc. 2016;11(9):1650–67.
91. Jones PH, Binns D, Chang H, Fraser M, Li W, Mcanulla C, Mcwilliam H, Maslen J, Mitchell AL, Nuka G. InterProScan 5:

genome-scale protein function classification. Bioinformatics. 2014;30(9):1236–40.
92. Li H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXiv. arXiv. 2013; Report No.:

1303.3997v2. http://arxiv.org/abs/1303.3997v2.
93. Simao FA, Waterhouse RM, Ioannidis P, Kriventseva EV, Zdobnov EM. BUSCO: assessing genome assembly and

annotation completeness with single-copy orthologs. Bioinformatics. 2015;31(19):3210–2.

Guan et al. Genome Biology           (2021) 22:13 Page 24 of 25

https://doi.org/10.1111/pbi.13455
https://www.arxiv.org/abs/1303.3997v2


94. Wang Y, Tang H, Debarry JD, Tan X, Li J, Wang X, Lee TH, Jin H, Marler B, Guo H, et al. MCScanX: a toolkit for detection
and evolutionary analysis of gene synteny and collinearity. Nucleic Acids Res. 2012;40(7):e49.

95. Li H. Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics. 2018;34(18):3094–100.
96. Jeffares DC, Jolly C, Hoti M, Speed D, Shaw LP, Rallis C, Balloux F, Dessimoz C, Bahler J, Sedlazeck FJ. Transient structural

variations have strong effects on quantitative traits and reproductive isolation in fission yeast. Nat Commun. 2017;8:14061.
97. Chen S, Zhou Y, Chen Y, Gu J. fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics. 2018;34(17):i884–90.
98. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, Garimella K, Altshuler D, Gabriel S, Daly M,

DePristo MA. The genome analysis toolkit: a MapReduce framework for analyzing next-generation DNA sequencing
data. Genome Res. 2010;20(9):1297–303.

99. Guo S, Zhao S, Sun H, Wang X, Wu S, Lin T, Ren Y, Gao L, Deng Y, Zhang J. Resequencing of 414 cultivated and wild
watermelon accessions identifies selection for fruit quality traits. Nat Genet. 2019;51(11):1616–23.

100. Chen X, Schulz-Trieglaff O, Shaw R, Barnes B, Schlesinger F, Kallberg M, Cox AJ, Kruglyak S, Saunders CT. Manta: rapid detection
of structural variants and indels for germline and cancer sequencing applications. Bioinformatics. 2016;32(8):1220–2.

101. Cameron DL, Di Stefano L, Papenfuss AT. Comprehensive evaluation and characterization of short read general-purpose
structural variant calling software. Nat Commun. 2019;10(1):3240.

102. Rausch T, Zichner T, Schlattl A, Stütz AM, Benes V, Korbel JO. DELLY: structural variant discovery by integrated paired-
end and split-read analysis. Bioinformatics. 2012;28(18):i333–9.

103. Gan X, Stegle O, Behr J, Steffen JG, Drewe P, Hildebrand KL, Lyngsoe R, Schultheiss SJ, Osborne EJ, Sreedharan VT, et al.
Multiple reference genomes and transcriptomes for Arabidopsis thaliana. Nature. 2011;477(7365):419–23.

104. Chen S, Krusche P, Dolzhenko E, Sherman RM, Petrovski R, Schlesinger F, Kirsche M, Bentley DR, Schatz MC, Sedlazeck FJ,
Eberle MA. Paragraph: a graph-based structural variant genotyper for short-read sequence data. Genome Biol. 2019;
20(1):291.

105. Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic variants from high-throughput sequencing
data. Nucleic Acids Res. 2010;38(16):e164.

106. Li X, Yang J, Shen M, Xie X, Liu G, Xu Y, Lv F, Yang H, Yang Y, Liu C, et al. Whole-genome resequencing of wild and
domestic sheep identifies genes associated with morphological and agronomic traits. Nat Commun. 2020;11(1):2815.

107. Price MN, Dehal PS, Arkin AP. FastTree: computing large minimum evolution trees with profiles instead of a distance
matrix. Mol Biol Evol. 2009;26(7):1641–50.

108. Alexander DH, Novembre J, Lange K. Fast model-based estimation of ancestry in unrelated individuals. Genome Res.
2009;19(9):1655–64.

109. Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for comparing biological themes among gene clusters.
OMICS. 2012;16(5):284–7.

110. Numanagic I, Gokkaya AS, Zhang L, Berger B, Alkan C, Hach F. Fast characterization of segmental duplications in
genome assemblies. Bioinformatics. 2018;34(17):i706–14.

111. Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, Reich D. Principal components analysis corrects for
stratification in genome-wide association studies. Nat Genet. 2006;38(8):904–9.

112. Tataru P, Bataillon T. polyDFEv2.0: testing for invariance of the distribution of fitness effects within and across species.
Bioinformatics. 2019;35(16):2868–9.

113. Danecek P, Auton A, Abecasis G, Albers CA, Banks E, DePristo MA, Handsaker RE, Lunter G, Marth GT, Sherry ST, et al.
The variant call format and VCFtools. Bioinformatics. 2011;27(15):2156–8.

114. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach to multiple testing. J R
Stat Soc B. 1995;57(1):289–300.

115. Browning BL, Browning SR. Genotype imputation with millions of reference samples. Am J Hum Genet. 2016;98(1):116–26.
116. Kang HM, Sul JH, Service SK, Zaitlen NA, Kong SY, Freimer NB, Sabatti C, Eskin E. Variance component model to account

for sample structure in genome-wide association studies. Nat Genet. 2010;42(4):348–54.
117. Tong Z, Gao Z, Wang F, Zhou J, Zhang Z. Selection of reliable reference genes for gene expression studies in peach

using real-time PCR. BMC Mol Biol. 2009;10:71.
118. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta

Delta C(T)) method. Methods. 2001;25(4):402–8.
119. Sun HJ, Uchii S, Watanabe S, Ezura H. A highly efficient transformation protocol for Micro-Tom, a model cultivar for

tomato functional genomics. Plant Cell Physiol. 2006;47(3):426–31.
120. Shinozaki Y, Nicolas P, Fernandez-Pozo N, Ma Q, Evanich DJ, Shi Y, Xu Y, Zheng Y, Snyder SI, Martin LBB, et al. High-resolution

spatiotemporal transcriptome mapping of tomato fruit development and ripening. Nat Commun. 2018;9(1):364.
121. Guan J, Xu Y, Yu Y, Fu J, Ren F, Guo J, Zhao J, Jiang Q, Wei J, Xie H. Genome structure variation analyses of peach reveal

population dynamics and a 1.67 Mb causal inversion for fruit shape. Datasets. NCBI SRA. 2020 https://www.ncbi.nlm.nih.
gov/bioproject/PRJNA663114.

122. Guan J, Xu Y, Yu Y, Fu J, Ren F, Guo J, Zhao J, Jiang Q, Wei J, Xie H. Genome structure variation analyses of peach reveal
population dynamics and a 1.67 Mb causal inversion for fruit shape. Datasets. NCBI SRA. 2020 https://www.ncbi.nlm.nih.
gov/bioproject/PRJNA664002.

123. Guan J, Xu Y, Yu Y, Fu J, Ren F, Guo J, Zhao J, Jiang Q, Wei J, Xie H. Prunus persica cultivar Rui Yu Pan1, whole genome
shotgun sequencing and assembly. NCBI. 2020 https://www.ncbi.nlm.nih.gov/bioproject/PRJNA663120.

124. Guan J, Xu Y, Yu Y, Fu J, Ren F, Guo J, Zhao J, Jiang Q, Wei J, Xie H. Genome structure variation analyses of peach reveal
population dynamics and a 1.67 Mb causal inversion for fruit shape. Datasets. NCBI SRA. 2020 https://www.ncbi.nlm.nih.
gov/bioproject/PRJNA663129.

125. Guan J, Xu Y, Yu Y, Fu J, Ren F, Guo J, Zhao J, Jiang Q, Wei J, Xie H. Genome structure variation analyses of peach reveal
population dynamics and a 1.67 Mb causal inversion for fruit shape. Figshare. 2020; https://doi.org/10.6084/m9.figshare.
12937340.v1.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Guan et al. Genome Biology           (2021) 22:13 Page 25 of 25

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA663114
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA663114
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA664002
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA664002
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA663120
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA663129
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA663129
https://doi.org/10.6084/m9.figshare.12937340.v1
https://doi.org/10.6084/m9.figshare.12937340.v1

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Genome assembly and annotation of RYP1
	Genomic variation between the RYP1 and Lovell v2.0 genomes
	Hidden heterozygous SVs of the peach genome
	Construction of a comprehensive SV map in peach
	Selection of SVs during domestication and improvement
	A 1.67-Mb heterozygous inversion is the causal variation for flat-fruit shape
	The 1.67-Mb heterozygous inversion caused flat-fruit shape through upregulation of PpOFP2 expression

	Discussion
	Conclusions
	Methods
	Plant materials and growth conditions
	Genome assembly and annotation
	Evaluation of genome assembly
	Comparative genomics
	Heterozygous SV calling of RYP1 genome
	SNP, small InDel, and SV calling
	Validation of SNPs and SVs
	Phylogenetic and population structure analysis
	Determination of SV hotspots
	Determination of NAHR-type SVs and segmental duplications
	Principle component analysis
	Distribution of fitness effects of SVs
	Genetic nucleotide diversity
	Identification of highly divergent SVs between landraces and modern cultivars
	GWAS and eGWAS
	Validation and quantification of gene expression
	Validation and genotyping of the 1.67-Mb heterozygous inversion
	Generation of transgenic tomato plants

	Supplementary Information
	Peer review information
	Review history
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

