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Frequent spontaneous
structural rearrangements
promote rapid genome
diversification in a Brassica
napus F1 generation
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Harmeet Singh Chawla2, Paul Vollrath1, Anna Langstroff1,
Fritz J. Sedlazeck3, Jun Zou4 and Rod J. Snowdon1*

1Department of Plant Breeding, IFZ Research Centre for Biosystems, Land Use and Nutrition, Justus
Liebig University, Giessen, Germany, 2Department of Plant Sciences, Crop Development Centre,
University of Saskatchewan, Saskatoon, SK, Canada, 3Human Genome Sequencing Center, Baylor
College of Medicine, Houston, TX, United States, 4National Key Laboratory of Crop Genetic
Improvement, College of Plant Science & Technology, Huazhong Agricultural University,
Wuhan, China
In a cross between two homozygous Brassica napus plants of synthetic and

natural origin, we demonstrate that novel structural genome variants from the

synthetic parent cause immediate genome diversification among F1 offspring.

Long read sequencing in twelve F1 sister plants revealed five large-scale

structural rearrangements where both parents carried different homozygous

alleles but the heterozygous F1 genomes were not identical heterozygotes as

expected. Such spontaneous rearrangements were part of homoeologous

exchanges or segmental deletions and were identified in different, individual

F1 plants. The variants caused deletions, gene copy-number variations,

diverging methylation patterns and other structural changes in large numbers

of genes and may have been causal for unexpected phenotypic variation

between individual F1 sister plants, for example strong divergence of plant

height and leaf area. This example supports the hypothesis that spontaneous de

novo structural rearrangements after de novo polyploidization can rapidly

overcome intense allopolyploidization bottlenecks to re-expand crops

genetic diversity for ecogeographical expansion and human selection. The

findings imply that natural genome restructuring in allopolyploid plants from

interspecific hybridization, a common approach in plant breeding, can have a

considerably more drastic impact on genetic diversity in agricultural

ecosystems than extremely precise, biotechnological genome modifications.
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Introduction

Genetic and genomic diversity plays a key role in plant

adaption to environmental changes. Plant breeding exploits

such diversity to develop new varieties adapted to new growth

environments or biotic and abiotic challenges (Louwaars, 2018).

In many crops the exploitation of heterosis through hybrid

breeding, achieved via expansion and differentiation of genetic

and genomic diversity into distinct heterotic pools, has been

crucial to breeding success (Labroo et al., 2021). However, both

in hybrid and open-pollinated crops, genetic bottlenecks due to

inbreeding or targeted trait selection are a constant obstacle in

breeding programs (Hickey et al., 2019). Furthermore, numerous

important crop species arose through allopolyploidization, a

process that is sometimes described as an evolutionary dead-

end because of the severe genetic bottleneck posed by small

numbers of founders involved to allopolyploidization events

(Soltis et al., 2014; Mayrose et al., 2015). Detailed analysis of

genetic and genomic diversity in crop germplasm pools and

breeding materials has become an important technique to

identify and exploit diversity for breeding, and in recent

decades genome-wide assays of sequence polymorphisms have

become a relevant tool for genomic selection and gene discovery

in crops. High-throughput sequencing technologies also provide

a means to investigate the consequences and impact of

polyploidization on genome structure and genome-scale

diversity (Samans et al., 2017).

High-throughput genetic analysis of large plant populations

normally implements single nucleotide polymorphism (SNP)

arrays or genotyping-by-sequencing techniques which deliver

low-cost, relatively simple and meanwhile reasonably

standardized datasets for extrapolation or imputation of

genome-wide DNA sequence patterns. New SNP variants can

also arise spontaneously during mitosis and meiosis. Mutations

of this kind occur in plants at different rates depending on the

genome size and ploidy. For example, in Arabidopsis thaliana,

between 1 and 5 de novo intra-varietal mutations have been

shown to occur per generation, whereas higher rates are found in

rice and other plants with larger genomes (Singer et al., 2021).

However, such estimates do not account for internal and

external variables that can induce mutation, like cell age,

epigenetics or temperature (Schoen and Schultz, 2019).

Meiosis also generates other forms of genomic diversity, not

only by recombination through crossovers (CO), but also via

meiotic mutations in gametes due to errors in the repair of DNA

double-strand breaks (DSB). In particular, non-homologous

end-joining (NHEJ) (Kuo et al., 2021; Wang et al., 2021) can

lead to a variety of de novo genomic rearrangements (Cai and

Xu, 2007). According to the theoretical framework of Mendel’s

laws of inheritance (Mendel, 1866), meiotic mutations should be

inherited in heterozygous form by all F1 offspring whose parents

are highly homozygous. In plants, examples of non-Mendelian

inheritance have been identified, for example template-directed
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extra-genomic sequence insertions in A. thaliana (Lolle et al.,

2005) or selfish genetic elements leading to segregation

distortion in rice (Yu et al., 2018).

In this study, we used long read sequencing to detect

unexpected inheritance patterns across a set of F1 sister plants

developed from a cross between the genetically diverse B. napus

accessions Express 617 and B. napus G3D001. Express 617 is an

inbred (F11), natural winter-type oilseed rape that has been

widely used in genetic and genomic analyses (Lee et al., 2020),

while G3D001 is an advanced homozygous synthetic B. napus

line derived from crosses between B. napus, B. rapa (AA, 2n =

20) and B. carinata (BBCC, 2n = 34), as described by Zou

et al. (2018).

The important oilseed crop plant Brassica napus (genome

AACC, 2n = 38) originated only very recently (Chalhoub et al.,

2014) from interspecific crosses between the closely related

diploid progenitors B. rapa and B. oleracea (CC, 2n = 18). Its

recent origin from a limited number of founders and intensive

selection for important seed quality characters in the past several

decades represent extreme genetic bottlenecks. Paradoxically,

despite its narrow genetic basis, B. napus has very quickly

become one of the world’s most important oilseed crops and

profited from tremendous breeding success. Its importance as an

oilseed crop and its closeness to A. thaliana have made it an

interesting model for polyploid crop evolution. A striking feature

in this context is the broad prevalence of genomic structural

variations (SV), first discovered as large-scale homoeologous

chromosome exchanges in genetic mapping studies (Song et al.,

1995) and later confirmed by fluorescence in situ hybridization

(Xiong et al., 2011), transcriptome-based visualization (He et al.,

2017), or whole-genome assembly and genome resequencing

(Chalhoub et al., 2014; Samans et al., 2017; Hurgobin et al.,

2018). In B. napus, homoeologous non-reciprocal translocations

(HNRT) and other homoeologous recombinations between

highly similar chromosomes are particularly prevalent and

often very large in synthetic B. napus, but also commonly

found in naturally-derived accessions (Chalhoub et al., 2014;

Higgins et al., 2018).

Samans et al. (2017) postulated that elevated frequencies of

HNRT in early generations after de novo polyploidization could

be an important driver for novel genetic variation to overcome

the allopolyploidy bottleneck in evolution and breeding.

Subsequently, Higgins et al. (2018) used allele presence-

absence data from the Brassica 60K SNP array (Mason et al.,

2017) to detect de novo homoeologous recombination events in

test-cross families derived from a panel of 11 B. napus cultivars,

demonstrating for the first time that de novo HNRT indeed

generates novel, unexpected genetic diversity during B. napus

breeding. Using transcriptome sequencing, Lloyd et al. (2018)

observed de novo homoeologous exchanges between individual

plants of the same inbred B. napus cultivar.

In recent years, advances in long read sequencing techniques

achieved highly accurate resolution of homoeologous
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chromosome regions in allopolyploid genome assemblies (Lee

et al., 2020; Rousseau-Gueutin et al., 2020). Furthermore,

resequencing using long-read sequencing provided a technical

platform for accurate, routine detection of SV in complex plant

genomes, including that of B. napus (Mahmoud et al., 2019;

Yuan et al., 2021). Unexpectedly, surveys of genome-wide SV

extent and patterns using Oxford Nanopore Technology (ONT)

and/or Pacific Biosciences (PacBio) long read sequencing

techniques suggested that all individual B. napus accessions

carry many small- to medium-scale SV events within genic

regions, with direct functional implications (Gabur et al., 2020;

Vollrath et al., 2021a) and a potentially major role as drivers of

genetic diversity and phenotypic adaptation (Chawla

et al., 2021).

Here, we used ONT long reads to sequence 12 F1 sister

plants of B. napus derived from a single cross between two

strongly homozygous parents. As in the F1 test cross families

investigated previously by Higgins et al. (2018), the 12 sister

hybrids in our study would be expected to be genetically uniform

according to Mendel’s law of uniformity were investigated in

detail on a genome-wide scale for high-resolution detection of

spontaneous genomic rearrangements that were not observed in

the genomes of the two parents. This was achieved by combining

putative SV alleles with read coverage information after

alignment and SV calling. Homoeologous exchanges were

linked to large structural rearrangements and methylation

patterns were predicted from ONT reads to assess the putative

transcriptomic and epigenomic effects from observed

spontaneous mutations. We confirmed that genome-wide

rearrangements derived from a recent allopolyploid plant can

give rise to vastly different new genetic variants in just a single

generation. These observations add to the growing body of

evidence that homoeologous exchanges can lead to rapid and

ongoing diversification of allopolyploids crops during evolution

and breeding, despite the enormous bottleneck of a spontaneous

interspecific hybridization.
Materials and methods

Development of F1 sister plants

Parental lines G3D001 (Zou et al., 2018) and Express 617

(Lee et al., 2020) were sown in Hawita propagation substrate “F.-

E. Typ P” (Hawita Gruppe GmbH) and placed in a greenhouse

chamber in Giessen, Germany with a 16:8 hour light/dark

photoperiod and an average temperature and relative humidity

of 5°C and 65% RH, respectively. After 6 weeks, Express 617

seedlings were transferred to a separate chamber for 10 weeks of

vernalization at 5°C and 65% RH and 16:8 light/dark

photoperiod. The seedlings were then re-transferred inside the

greenhouse and grown along with G3D001 under the same

conditions. Pollen from a single plant of the paternal parent
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G3D001 was used to pollinate a single plant of the maternal

parent Express 617 after emasculating immature maternal flower

buds with alcohol sterilized tweezers. The crosses were

immediately labelled and covered with a plastic bag to prevent

cross-pollination.
Material sampling and phenotyping

F1 seeds were harvested, sown and the resulting F1 sister

plants were grown and vernalized under the same conditions as

described for the cross parents. Twelve sister F1 plants, along

with one plant each from the maternal and paternal parents,

were transplanted to 120 litre large plant containers (Hohmann

et al., 2016) containing a homogenized 60/40 sand-soil mix and

grown side-by-side, alongside one plant per parental line, under

semi-controlled conditions in a tunnel greenhouse at

Rauischholzhausen, Germany to ensure a uniform growing

environment in a large soil volume for all 14 plants. All plants

in the greenhouse unit were phenotyped with a 3D PlantEye

Dual-Scanner F500 (Phenospex) for 11 weeks from the seedling

stage to full flowering stage to evaluate their morphological

uniformity, and an identical watering regime was applied to all

plants. The second or third youngest leaf of each plant was

harvested at 11:00 am on the same day and then frozen with

liquid nitrogen and stored at -80°C until further processing.

Leaves from each F1 plant and the two parental plants used as

crossing parents were subsequently ground in liquid nitrogen

using a sterilized mortar and pestle.
DNA isolation and long read sequencing

High-molecular-weight (HMW) DNA was extracted

following a previously described protocol (Chawla et al., 2021).

DNA quality and length were evaluated with a Nanodrop

spectrophotometer (Thermo Fisher), a Qubit 2.0 fluorometer

(Thermo Fisher) and gel electrophoresis. Libraries were

prepared using SQK-LSK109 ligation sequencing kits (Oxford

Nanopore Technology) and were afterwards loaded on Oxford

Nanopore R9.4.1 flow cells in a MinION sequencing device

(Oxford Nanopore Technology) for the G3D001 plant used to

develop the F1 sister plants, and in a PromethION (Oxford

Nanopore Technology) sequencing platform for all

other samples.
Base calling and long read data filtering

Raw electrical signals from plants grown in Rauischholzhausen

were base-called using Guppy Basecaller v.4.0.11 (Oxford

Nanopore Technology), in a virtual machine operating with

Ubuntu 20.04.1 LTS with two NVIDIA Tesla 4 TU104GL
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(NVIDIA Corporation) Graphic Processor Units (GPU) and using

the following options: –device cuda: 0,1:50% –kit SQK-LSK109 –

num_callers 16 – disable_pings and –flowcell FLO-PRO002. Reads

from the G3D001 plant used as pollen donor for the F1 generation

were base-called with the same settings except for FLO-MIN106

with Guppy Basecaller v.5.0.7. Only reads with a quality score

above 7 and length above 5000 nucleotides were kept using

NanoFilt v.2.8.0 (de Coster et al., 2018). The filtered library

quality was evaluated with NanoStat v.1.5.0 (de Coster et al.,

2018) and genome-wide coverages were estimated.
Structural variation calling

Filtered long reads from G3D001 and all F1 sister plants

were aligned against the Express 617 reference genome (Lee

et al., 2020) using minimap2 v. 2.20 (Li, 2018) map-ont function

with -ax settings. The output file of each alignment was then

filtered using samtools v.1.12 (Li et al., 2009) view function, so

that only reads with an alignment score above 50 were kept.

Mid-sized structural variations longer than 30 bp and supported

by at least 25 reads were called using sniffles v.1.0.12 (Sedlazeck

et al., 2018). Only insertions and deletions detected through

aligned and/or split reads, having precise breakpoints and with

resolved lengths for insertions were kept and merged with the

forced calling pipeline from SURVIVOR v.1.0.7 (Jeffares et al.,

2017) to allow SV comparison across samples. Moreover, only

SVs where G3D001 had a homozygous alternate allele, smaller

than 50 kbp and without miscalled alleles from any sample were

selected. Furthermore, SVs which had less than 90% of reads

supporting the predicted allele were discarded, in order to reduce

false positives due to residual heterozygosity. SVs having

different alleles across F1 sister plants were identified based on

the variant calling files and further visualized with the

Integrative Genomics Viewer (IGV) tool (Robinson et al.,

2011). Selected insertions were assessed with polymerase chain

reaction (PCR) and agarose gel electrophoresis using DNA from

all 12 F1 sister plants and their two parents.
Detections of large genomic
rearrangements above 1 Mbp

1Mbp windows were prepared for each chromosome using

bedtools (Quinlan and Hall, 2010) makewindows and coverage

functions. 1Mb window coverages were then combined with the

allele information and position of SVs that were putatively

different across F1 sister plants in tab-delimited files based on

the allele type: homozygous reference, homozygous alternate

and heterozygous. The SV coverage and allele genotype were

visualized using the circlize package (Gu et al., 2014). Regions

larger than 1 Mbp in which one or more F1 genotype showed no

heterozygous SV alleles were further visualized with IGV to
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estimate the rearrangement start and end based on the genomic

positions at which the coverage halved. Due to the large memory

requirements to display coverages from all genotypes in large

regions at the same time, plots for each genotype were saved as

images separately instead and then merged with GIMP for easier

display. Moreover, the number of genes within each large

rearrangement were found by using the intersect function from

bedtools against the Express 617 gene annotation. The genes

functions were assessed by blasting their complementary DNA

(cDNA) sequences with BLASTn (Altschul et al., 1990) against

the Araport 11 A. thaliana representative gene model cDNA

sequences (Cheng et al., 2017). Only the hit with lowest e-value

was kept, on the condition that it had an e-value lower than 1 ×

10-4, no opening gaps and a percentage of identity equal or

higher than 90%. In addition, gene ontology (GO) enrichment

was analyzed using ShinyGo v.0.76.2 (Ge et al., 2020) with a false

discovery rate (FDR) of 0.05 as specified in Orantes-Bonilla

et al. (2022a).
Centromere prediction

Centromeres were predicted to define their distance to

detected large genomic rearrangements. Briefly, two

centromere-specific repeat sequences CentBr1 (GenBank

accession CW978699) and CentBr2 (GenBank accession

CW978837) were used to estimate the approximate positions

of the centromeric regions for each chromosome. The methods

were based on (Mason et al., 2016), where the two sequences

where aligned to the Express 617 chromosomal assembly using

BLASTn (Altschul et al., 1990) with a cut off of at least 90%

sequence similarity. Since these sequences are satellite repeats

that are not limited to only centromeric regions, further

refinement of the centromeric positions was required. Using

the approximate position range obtained through the alignment

results representing the centromere boundaries, we traced them

back to the scaffolding process of Express 617 assembly to find

breakpoints. Breakpoints were defined as the positions where

two non-overlapping scaffolds were merged together through

genetic maps (Lee et al., 2020). These breakpoints were then set

as the refined version of the centromeric boundaries and were

used to estimate the relative position of large rearrangements

to centromeres.
Identification of
homoeologous exchanges

Recent assemblies from B. oleracea (Lv et al., 2020) and B.

rapa (Zhang et al., 2018) were concatenated and used for

homoeologous exchange identification. Homologous gene pairs

between the A and C subgenomes were located with inparanoid

v.4.2 (O'Brien et al., 2005) using bootstrap, a BLOSUM80
frontiersin.org

https://doi.org/10.3389/fpls.2022.1057953
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Orantes-Bonilla et al. 10.3389/fpls.2022.1057953
(BLOcks SUbstitution Matrix) and an initial cut-off score of 60.

Inparalogs with a similarity score equal or greater than 70 were

selected for each gene. Only pairs with the highest similarity

score were kept and only the first reported homologous gene pair

was selected in cases where two or more gene pairs had the same

similarity score. Quality filtered long reads from plants grown in

Rauischholzhausen were aligned with minimap2 against the

concatenated B. napus reference . Coverage across

chromosomes was calculated using the bamtobed and

genomecov functions from bedtools and used as input in a

modified deletion-duplication pipeline previously described

(Stein et al., 2017). Briefly, outlier regions with a coverage

above 150 were discarded and segments equal or larger than

25000 bp, with a coverage that deviated by at least one standard

deviation above or below the mean coverage, were called as

duplication or deletion, respectively. Those segments in which a

gene homolog was deleted and its reciprocal homolog was

duplicated in a homoeologous chromosome, were considered

as putative non-reciprocal homoeologous exchanges; these were

further searched within large genomic rearrangements (> 1

Mbp) to determine if such large-scale rearrangements were

indeed homoeologous exchanges. In cases where a large

rearrangement was a deletion from a NRHE, then the

corresponding duplication length was defined by the common

genomic positions in which the coverage showed a 1.25-fold

increase compared to its mean chromosome coverage and in

which the coverage increased one standard deviation from the

mean. For this purpose, the coverage was calculated in 100 kbp

bins with bedtools coverage and bins with coverage above 100

were discarded to reduce mean bias due to outliers.
Long read DNA methylation analyses

Raw reads (fast5 files) from the plants grown in

Rauischholzhausen were converted from multi read to single

read format using the ont_fast5_api package (Oxford Nanopore

Technology) while basecalled reads were concatenated and used

to annotate raw reads with tombo v.1.5.1 (Stoiber et al., 2016)

using first the annotate_raw_with_fastq followed by the

resquiggle functions with the overwrite option. Modified

cytosines in CpG, CHG and CHH methylation contexts were

predicted with DeepSignal-plant v. 0.1.2 (Ni et al., 2021)

call_mods function and the model.dp2.CNN.arabnrice2-

1_120m_R9.4plus_tem.bn13_sn16.both_bilstm.epoch6.ckpt

model from the same package. The log files were then examined

and only samples where the estimated coverage surpassed 30x

were selected for further analyses. The frequency of methylated

cytosines was calculated using the call_freq function and split

with the split_freq_file_by_5mC_motif.py script from

DeepSignal-plant. The output files were then re-merged so

that they could be compatible with DMRCaller v. 1.22.0

(Catoni et al., 2018) for further differentially methylated region
Frontiers in Plant Science 05
identification using a custom bash script (Supplementary Data

1). The number of methylated cytosines and methylation level

(proportion of reads supporting a methylated cytosine) in the

genomic rearrangements larger than 1 Mb were calculated based

on the output fi les and plot as heatmaps with the

ComplexHeatmap (Gu et al., 2016) package. Differentially

Methylated Regions (DMRs) were identified by comparing

each F1 sister plant against G3D001. For this purpose, the

DMRCaller computeDMRs function was employed to find

DMRs in 1000 bp bins in chromosomes using the bins

method, score testing and a 0.01 p value threshold. A

minimum cytosine count of 4, methylation proportion

difference of 0.4 and gap between bins of 0 were

simultaneously set at as running parameters. Lastly, DMRs

were intersected with exons, introns, repeats and 1 kbp

upstream promoter regions from Express 617 using bedtools

Furthermore, repetitive elements were assigned into repeat

families with RepeatModeler (Smit and Hubley, 2008) to gain

insights into linkages between genomic rearrangements,

methylation and transposable element (TE) composition.
Results

Large genomic rearrangements diverge
across F1 sister plants

Twelve F1 sister plants derived from a single cross between

Express 617 (female recipient) and G3D001 (pollen donor) were

sequenced using Oxford Nanopore Technology. Sequenced

reads were aligned against the Express 617 reference assembly

(Lee et al., 2020). The average depth of read coverage and N50

value after read filtering were approximately 42x and 34.9 kbp,

respectively (Supplementary Table 1). A total of 3309 putative

insertions and 1727 deletions, longer than 30 bp and supported

by at least 25 reads, were detected before quality filtering as

having a distinct SV allele in at least one F1 plant in comparison

to the remainder of the F1 sister plants. SVs with low read allele

support and low coverage were discarded. This resulted in a set

of 189 and 338 high-confidence insertions and deletions

respectively. PCR amplification of selected insertions from this

filtered set (Supplementary Table 2) confirmed that they

occurred only in one or a few of the F1 sister plants

(Supplementary Figures 1-3). However, closer inspection of

the sequence coverage and alleles in chromosome regions

surrounding these putative SVs revealed that the detected SVs

clustered in larger segmental rearrangements (Table 1) in

specific chromosome regions (Supplementary Table 3).

The detected rearrangements spanned a range from 1.2 to

9.95 Mbp in length. A prominent rearrangement on

chromosome C03 is displayed in Figure 1 as an example.

Visualizations from large-scale rearrangements in other

chromosomes are included in Supplementary Figures 4-7. As
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observed in Figure 1, the read coverage of chromosome C03 is

mostly halved for F1 biological replicate 2 in comparison to the

rest of the genotypes and lacks insertions in this chromosome

region that are specific to the paternal genotype. Interestingly, all

large-scale rearrangements had a high frequency of homozygous

reference alleles and halved read coverages, indicating that the

segments were deleted from the inherited G3D001

chromosomes (Table 1, Supplementary Figures 4-7) in the

respective F1 individuals.

Analysis of homoeologous exchanges showed that the

putative segmental deletions detected in chromosomes A09,

A10 and C08 in individual F1 plants are clustered in larger-

scale, non-reciprocal homoeologous exchanges (Supplementary

Figures 8-10, Supplementary Tables 4-5). These NRHEs include

a deleted segment from chromosome C08 that has been replaced

by a duplicated segment from chromosome A09 in F1 biological

replicate 6, a deleted segment from chromosome A10 that has

been substituted by a duplicated segment from chromosome

C09 in F1 biological replicate 5, and a deleted segment from

chromosome C08 that has been replaced by a duplicated

segment from chromosome A09 in F1 biological replicate 1.
Impact of de novo SV on gene
presence-absence

A total of 3422 genes were deleted and 1419 duplicated by

segmental rearrangements across the 12 F1 sister offspring. Details

of SV-induced gene copy number variation (CNV) are outlined in

Table 1. The high rate of de novo genetic variation in a single, small

family of F1 sister plants, reflecting the results of Higgins et al.

(2018) in test-cross families, highlights the putative functional

impact of chromosomal rearrangements via gene copy number

variation. A clear validation of phenotype-genotype relationships is

outside the scope in this study because each genotype is

represented by only a single individual plant which prevents

biological replicates to validate phenotypes. Nevertheless,

preliminary phenotypic observations revealed large, unexpected

phenological and developmental differences between individual

plants. For example, 3D scanning-based phenotyping from the

seedling to the full flowering stage revealed differences in plant

height, leaf area and digital biomass between the F1 biological

replicate 1 and all other F1 sister plants (Supplementary Figures 11-

13, Supplementary Table 6). Furthermore, this plant showed a

similar phenology and development to that of Express 617, which

was not the case for the other F1 sister plants. Although this might

be an effect of the segmental C08 deletion and C09 duplication

present in F1 replicate 1, nonetheless, additional F1 plants having

the exact rearrangement would be required as replicates to validate

the proposed hypothesis.

Additional gene copies found within the NHREs and

segmental deletions in this study include B. napus orthologs of

well-known flowering regulatory genes (FLC, TFL1, ELF6),
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along with genes corresponding to a variety of other functions

(Supplementary Table 7) such as disease resistance (WRKY-4,

RVB1, EDR1, EDR4, EDR8), embryo development (EMB1873,

EMB2107, EDA22, LEA4-5), growth and development

(DWARF4, DWARF3, OPL1, PEAR2, ATSRG1) or abiotic

stress responses (ATHSP70-1, ATHSP90-3, ATHMP44,

ATPHB2, RCI3). Although no common GO term was shared

among all F1 sister plants, genes associated to auxin metabolism,

oxidation processes, histone methylation, cell organelles and

enzyme activity were enriched in chromosomes A09, A10, C01

and C08 (Supplementary Table 8).

Chromosome coverage plots showed that G3D001 lacks

chromosome C02 and has two copies of chromosome A02,

which in turn leads to their F1 offspring having three copies of

A02 and one copy of C02 (Supplementary Figure 14). The full

sequences and roles in meiosis from the different A02

chromosomes in G3D001 and F1 offspring are not yet clear.

Although no large-scale genomic rearrangements occurred in

either of those chromosomes, further studies are still required to

elucidate their impact on inheritance patterns.
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Chromosome rearrangements relate to
DNA methylation patterns in F1 offspring

Genome-wide CpG, CHH, and CHG methylation was

analyzed in F1 plants and their parents as described in

Materials and Methods to investigate potential associations of

methylation patterns with large rearrangements. The average

read coverage after methylation prediction was approximately

36x (Supplementary Table 9). The number of methylated

cytosines was higher in the CHH context, yet the methylation

level was higher in the CpG and CHG contexts (Supplementary

Tables 10-11), as reported in previous studies in oilseed rape and

other plants (Shen et al., 2017; Bartels et al., 2018). Overall, the

number of methylated cytosines were lower in genotypes with

segmental deletions as expected. Nevertheless, the methylation

level was more evenly distributed among all F1 sister plants

despite the presence of large segmental chromosome

rearrangements (Supplementary Figures 15-18) which could be

due to uneven coverage distribution as outlined in figures

(Supplementary Figures 19-23).
FIGURE 1

A large genomic rearrangement detected on B. napus chromosome C03 in a single F1 plant, F1-2, using Express 617 (Lee et al., 2020) as
reference. Long read coverage is displayed from position 2 to 15 in Mbp using the Integrative Genomics Viewer (IGV). Purple blocks represent
insertions larger than 30 bp compared to the reference assembly, as detected by IGV; as expected these are highly consistent across the 12
sister F1 plants with the exception of the segmentally deleted region in sister plant F1-2. The large structural rearrangement (> 1 Mbp) is
highlighted in red, with a decrease in read coverage by half (as expected in a segmental deletion) represented by the black dashed line. F1
sample numbers correspond to the 12 biological replicates represented by a single F1 plant each.
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The large segmental deletion on chromosome C03 (Figure 1)

was selected to illustrate methylation patterns within a large-

scale structural variant. A lower number of methylated cytosines

was observed in the F1 plant with the segmental deletion in the

CpG methylation context in comparison to all other F1 sister
Frontiers in Plant Science 08
plants as expected due to the deletion. Despite this, no large

differences were observed in the overall methylation levels

among F1 plants (Figures 2A, B). The same methylated

cytosines and methylation level patterns are observed in the

CHG and CHH contexts (Figures 2C, D). Differentially
B

C D

E F

A

FIGURE 2

Methylation patterns in chromosome C03: 3.65– 13.60 Mbp in F1 sister plants and parents. (A), Distribution of methylated cytosines in CpG
methylation context per 1 kbp bins. Bins are sorted from bottom to top of heatmap by ascending genomic position. (B), Distribution of
methylation level in CpG methylation context per 1 kbp bins. Bins are sorted from bottom to top of heatmap by ascending genomic position.
(C), Count of methylated cytosines per methylation context. (D), Methylation level per methylation context. (E), Count of hypo- and
hypermethylated DMRs in comparison to G3D001. (F), Distribution of DMRs across introns, exons, repeats and promoters (1 kbp upstream from
gene start). The number in the F1 samples indicates their biological replicate name. A genotype carrying a spontaneous segmental deletion on
chromosome C03 is highlighted in gray.
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methylated regions were more abundant in the F1 plant with the

deletion, with 36 and 75 hyper- and hypomethylated DMRs

accordingly (Figure 2E). Although genes and promoters were

differentially methylated, most of the genomic methylated

features inside DMRs corresponded to repetitive elements

(Figure 2F). Closer evaluation of the repetitive element

composition revealed that most belong to long terminal repeat

(LTR) retrotransposons and diverse DNA transposons groups

(Supplementary Table 12).

Overall, the number of DMRs in genotypes with segmental

deletions was higher, and repeats were the most prevalent

methylated feature within DMRs although no repeat family

enrichment was found (Supplementary Figures 15-18).

Furthermore, the average distance from DMRs to the closest

gene was 2746 bp in genotypes with large-scale spontaneous

rearrangements, making it feasible that they potentially play a

role in transcriptomic regulation (Supplementary Table 13).

In contrast to deleted chromosome segments, duplicated

segments did not show any divergent methylation pattern in

comparison to F1 sister plants without the corresponding

duplication (Supplementary Figures 24-29). For both deleted

and duplicated regions, is noticeable that the overall methylation

levels were not drastically changed. The mechanisms behind this

phenomenon are still unknown.
Discussion

A total of five large-scale, spontaneous chromosome

rearrangements were observed in distinct chromosomes of

different F1 sister plants. All of these rearrangements could be

shown to be caused by segmental deletions occurring in inherited

paternal chromosomes. The size of the rearrangements ranged from

1.2 Mbp to 9.95 Mbp and resulted not only in gene losses, but also

gene duplications via non-reciprocal homoeologous exchanges.

Homoeologous exchanges are known to contribute to gene loss

and duplication and influence flowering time, seed lignin content

and seeds per silique in B. napus (Stein et al., 2017; Lloyd et al.,

2018). Genetic diversity within populations through other large SV

such as presence-absence variation (PAV) has been previously

reported in Arabidopsis, maize, sorghum and chickpea (Pucker

et al., 2016; Huang et al., 2021; Tao et al., 2021; Varshney et al.,

2021) as well as in oilseed rape (Gabur et al., 2018; Vollrath et al.,

2021b). However, studies of PAV normally present genomic

variation across genetically divergent populations of a species

rather than somatic or meiotic mutations within single genotypes.

Frequently, PAV analyses focus on the concept of core and

disposable genes, which despite the value for pangenomic studies

does not illustrate the potential regulatory role of non-coding

genomic regions (Zanini et al., 2022). In this study, spontaneous

exchanges and segmental deletions covering both coding and non-

coding regions could be related to unexpected genetic diversity

within F1 offspring from two homozygous parents.
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Based on the observed parental and F1 hybrid alleles, the

segmental deletions observed in the sister F1 plants most likely

arose during meiosis in the pollen donor. Although they could

theoretically be due to spontaneous somatic mutations, these

tend to be smaller in size than the large chromosomal segments

seen here. Genomic features being inherited in unexpected

patterns in early generations have been reported in the form of

paramutations in maize, green pea, barley grass and Arabidopsis

(Lolle et al., 2005; Hollick, 2017; Adu-Yeboah et al., 2021; Bente

et al., 2021; Pereira and Leitão, 2021; Cao et al., 2022), and as

selfish genetic elements in rice (Lolle et al., 2005; Hollick, 2017;

Yu et al., 2018). In all cases, the reported mutations were limited

to a gene-size scale and not to larger genomic features. In

contrast, genomic rearrangements in allotetraploid B.napus

(Higgins et al., 2018) and allohexaploid Brassica hybrids

(Quezada-Martinez et al., 2022) showed large scale genomic

rearrangements and evidence for de novo SV in cross offspring

that were not observed in parental lines. Given the widely

reported observation of homoeologous exchanges in both

synthetic and natural B. napus genotypes (Song et al., 1995;

Szadkowski et al., 2010; Xiong et al., 2011; Samans et al., 2017;

Higgins et al., 2018; Hurgobin et al., 2018), the rearrangements

observed in the current study are not altogether unexpected. In

contrast to previous studies, however, which used more or less

densely spaced genetic markers and segregation patterns to infer

positions of large-scale segmental exchanges among

homoeologous chromosomes, the use of long-read sequencing

enables (i) detection of SV in regions with few genetic markers,

(ii) higher-resolution definition of SV breakpoints, and (iii)

direct determination of the gene content and allelic

composition of genes impacted by duplication and

deletion events.

Species are expected to have low to intermediate mutation

rates to avoid loss of required biological information (Lesaffre,

2021) and retain fitness across generations. Nevertheless,

mutations within populations can lead to significant functional

changes. A previous report based on sequencing of 754 plant

genomes showed that annual plants carry less somatic mutations

in comparison to perennials, and that the average number of

mutations per biological replicate ranged from to 0.69 to 23.9 in

leaf samples (Wang et al., 2019). Another comprehensive study

carried out on the 25th generation of a population generated by

single-seed descent (SSD) in A. thaliana demonstrated that

genomic mutations occurred randomly, and accounted for

90% of variance in gene bodies, along with accompanying

epigenomic mutations (Monroe et al., 2022). In our study, a

total of 3422 gene copies were deleted and 1419 were duplicated

due to genomic rearrangements. These included key flowering

time orthologues of FLC, TLF1 and ELF6 genes that drive

photoperiod responses and diversification in B.napus (Guo

et al., 2014; Raman et al., 2019; Schiessl et al., 2019a).

Moreover, gene copy number variation covered stress response

orthologues of theWRKY andHsp gene families which influence
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susceptibility to fungal pathogens and heat stress in oilseed rape

(Yang et al., 2009; Yu et al., 2014). Although no common GO

enrichment term was found among all chromosomes with

spontaneous large-sca le rearrangements ; genes in

chromosomes A09, A10, C01 and C08 were significantly

enriched in diverse biological functions including auxin

metabolism, oxidation processes and histone methylation.

Gene copy number variation shapes post-polyploidization by

altering overall genome dosage and triggering gene neo-/

subfunctionalization (Schiessl et al., 2017; Birchler and Veitia,

2021). Since the presence of homoeologous genes in

allopolyploids influences the prediction of balanced or

unbalanced gene expression after copy number variation

events (Lloyd et al., 2018), detailed transcriptomic studies

evaluating multiple tissues and environments might further

e luc ida t e the impac t s o f spontaneous s t ruc tu ra l

rearrangements on genetic diversity and genome dosage.

Because we investigated individual, heterozygous F1 plants

which cannot be biologically replicated for detailed phenotypic

comparisons of seed-grown plants, a detailed analysis of

phenotypic consequences from the genomic rearrangements is

not possible. In general, the individual F1 sister plants showed a

very uniform phenology and morphology, as would be expected

in genetically identical F1 offspring from a Mendelian cross

between two largely homozygous inbred parents. However, the

F1 plant F1 replicate 1, which was found to carry a unique NHRE

between chromosomes C08 and A09 (Supplementary Figures

11-13), was similar to the maternal line Express 617 in terms of

height, digital biomass and leaf area throughout its life cycle, and

dissimilar to the other 11 sister plants for these characters

despite growing side-by-side in the same controlled

environment. Because many genes were impacted by the

various SV events, it is likely that other macro and micro-

phenotypic traits could be affected by the spontaneous

rearrangements in individual plants, although gene

redundancy in the allopolyploid B. napus genome likely

balances or buffers many effects from gene loss or inactivation

due to rearrangements (Lesaffre, 2021). Nevertheless, the plant

with a putative SV-driven impact on height, leaf area and

biomass demonstrates the potential adaptive implications of

frequent, spontaneous structural rearrangements as a source of

novel genetic variation in a recent allopolyploid species with a

narrow genetic diversity due to polyploidization and

breeding bottlenecks.

Interestingly, the rearrangements on chromosomes A09,

A10, C03 and C08 were located at or near telomeres, while

pericentromeric regions were rearranged in chromosome C01

(Supplementary Table 14). This matches corresponding

observations by Higgins et al. (2018), who also observed a

higher frequency of homoeologous exchanges near the ends of

B. napus chromosomes. Distal chromosome regions tend to have

a higher frequency of crossovers (Aguilar and Prieto, 2021; Kuo

et al., 2021), supporting the hypothesis of Samans et al. (2017)
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that homoeologous rearrangements in B. napus are driven by

meiotic crossovers between homoeologous chromosomes. This

is of high relevance in a breeding context since CO occurring

during meiosis results in genomic exchange, and hence,

population diversity (Samans et al., 2017; Lambing and

Heckmann, 2018; Mason and Wendel, 2020; Blasio et al.,

2022). Although most chromosomes only exhibit one CO per

meiosis in most species (Fernandes et al., 2018), it might be

expected that the unusual paternal ploidy and genomic structure

(Supplementary Figure 14) could have played a role in the

observed F1 patterns. It has been reported that the increase or

loss of specific chromosomes can alter the number of CO in B.

napus (Suay et al., 2014).

The methylation patterns were similar to results from

previous studies in oilseed rape, where methylated cytosine

counts were higher in the CpG context and lower in CHH

context, while methylation levels displayed the opposite trend.

Likewise, DMRs were mostly found in the CpG and CHG

contexts and abundantly in upstream promoter regions, as

also reported previously in B. napus (Shen et al., 2017; Wang

et al., 2018). Differentially methylated repetitive elements

included multiple simple and unclassified repeats from which

conclusion drawing might be more limited; nonetheless, diverse

transposons and LTR retrotransposons were also differentially

methylated in large-scale rearrangements. LTRs are abundantly

present in the plant kingdom and have been associated to

polyplodization in Brassica napus (Vicient and Casacuberta,

2017; Chen et al., 2021; Song et al., 2020). The classification

and functional evaluation of TEs remain challenging due to their

repetitive sequences, especially in polyploids; nevertheless, the

large-scale rearrangements reported in our study comprehended

members of the LTR Copia and Gypsy families which also

differed in methylation patterns. TEs are characterized by their

role in speciation and adaptation (Serrato-Capuchina and

Matute, 2018; Gill et al., 2021); hence, comprehensive TE

studies can help assess ing the effects of genomic

rearrangements and methylation on TEs, and their

contribution to genomic stability and transcriptome

expression. In addition, recent advances in long-read

sequencing technology have allowed the prediction of

epigenomic features like DNA cytosine methylation in

Arabidopsis and triticale (Kirov et al., 2021; Naish et al.,

2021). In the present study, F1 plants carrying segmental

deletions displayed consistently reduced methylated cytosine

counts. This is expected since the number of available

cytosines that can be methylated is reduced by the deletions.

Despite this, their overall methylation levels remained similar to

the rest of the offspring (Figure 2, Supplementary Figures 15-18).

Furthermore, methylation levels in F1 individuals with

duplicated segments was not higher than the rest of the F1

plants (Supplementary Figures 24-26). Although DMRs were

still found mostly in F1s with rearrangements, it appears that the

methylation levels were maintained to similar levels across all F1
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sister plants. This suggests the presence of a mechanism which

maintains overall balance in methylation levels despite genomic

rearrangements, for example a maternal dominance which

compensates methylation losses due to deleted regions in

chromosomes inherited from the paternal parent. Methylation

dominance has been previously reported in resynthesized B.

napus at the subgenome level, but the mechanisms behind this

phenomenon are still not clear (Bird et al., 2021). Future work is

still needed to characterize methylation patterns and the role of

genomic variants and epigenomics. The implications of

methylation, however, are overall key to generating diversity as

it has been reported for traits such as flowering time, plant height

and stress resistance (Mercé et al., 2020; Omony et al., 2020).

As in previous, related studies, we showed that genomic

diversity in B. napus can become rapidly increased within a

single generation by large scale, spontaneous chromosome

rearrangements. The adaptation and survival of natural

polyploids after whole genome duplication (WGD) and putative

genomic shock is still not elucidated. For instance, polyploidization

might lead to genomically instable offspring and reproductive

isolation; however, it is also recognized as an speciation

mechanism (van de Peer et al., 2017; Pelé et al., 2018; Hörandl,

2022) and believed to contribute to environmental stress

adaptation. Many species that underwent WGD have

outperformed their progenitors and thrived, whereas their sister

taxa did not (van de Peer et al., 2017). Interesting examples are

further described by Edger et al. (2015), who found that WGD

increasedgeneticdiversity amongglucosinolategenes inBrassicales

to counter herbivore predation, and by Estep et al. (2014) who

discovered a considerable increase in polyploidC4 grasslands in the

Late Miocene period. Further research is required to determine

whether post-polyploidization occursmainly through spontaneous

genomic rearrangements or through environmental changes.

Recent studies revealed that not all polyploidizations are linked to

drastic genomic reshuffling and transcriptomic shocks, as reported

in allotetraploids A. suecica and B.rapa x Raphanus sativus species

(Burns et al., 2021; Shin et al., 2022).

The high rate of spontaneous rearrangements in the present

study might lie in the synthetic nature of the paternal line, since

resynthesized B. napus is associated with genomic instability

(Szadkowski et al., 2010; Xiong et al., 2011). However, the

frequency of large-scale SV is comparable to that reported by

Higgins et al. (2018) in natural B. napus. Nevertheless, the

parentage of this cross reflects potential scenarios of

accelerated genomic diversity after formation of natural B.

napus, representing an important source to enrich species

diversity in a new polyploid. Our results underline previous

findings showing that post-polyploidization genome

restructuring can drastically expand gene diversity among

offspring in just a single self-fertilized generation. Although

genetic engineering has already shown great advantages in

agriculture (Sedeek et al., 2019), sudden variation generated by

spontaneous chromosomes rearrangements might be an
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alternative method to disrupt genetic bottlenecks in scenarios

where genetic engineering is not feasible.

Epigenetic modifications and structural variations altogether

have contributed not only to generate diversity in the formation of

allopolyploid B. napus (Mason and Wendel, 2020; He et al., 2021)

but also in modern ecotypes (Lu et al., 2019; Song et al., 2020).

Genomic rearrangements have also been associated to changes in

flowering time (Schiessl et al., 2019b; Chawla et al., 2021; Vollrath

et al., 2021a), seed quality (Stein et al., 2017) and disease resistance

(Gabur et al., 2020; Vollrath et al., 2021b) in B. napus cultivars.

Intragenic structural variations within cultivars have also been

reported in maize and wheat (Lesaffre, 2021). The present study

adds a new example for rapid generation of novel genetic diversity

through genome restructuring during meiosis in B. napus.
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