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 30 

Abstract 31 

Background 32 

Cherries are stone fruits and belong to the economically important plant family of 33 

Rosaceae with worldwide cultivation of different species. The ground cherry, Prunus 34 

fruticosa Pall. is one ancestor of cultivated sour cherry, an important tetraploid cherry 35 

species. Here, we present a long read chromosome-level draft genome assembly and 36 

related plastid sequences using the Oxford Nanopore Technology PromethION 37 

platform and R10.3 pore type. 38 

 39 

Finding  40 

The final assemblies obtained from 117.3 Gb cleaned reads representing 97x 41 

coverage of expected 1.2 Gb tetraploid (2n=4x=32) and 0.3 Gb haploid (1n=8) 42 
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genome sequence of P. fruticosa were calculated. The N50 contig length ranged 43 

between 0.3 and 0.5 Mb with the longest contig being ~6 Mb. BUSCO estimated a 44 

completeness between 98.7 % for the 4n and 96.1 % for the 1n datasets.  45 

Using a homology and reference based scaffolding method, we generated a final 46 

consensus genome sequence of 366 Mb comprising eight chromosomes. The N50 47 

scaffold was ~44 Mb with the longest chromosome being 66.5 Mb. 48 

The repeat content was estimated to ~190 Mb (52 %) and 58,880 protein-coding 49 

genes were annotated. The chloroplast and mitochondrial genomes were 158,217 bp 50 

and 383,281 bp long, which is in accordance with previously published plastid 51 

sequences.  52 

 53 

Conclusion  54 

This is the first report of the genome of ground cherry (P. fruticosa) sequenced by long 55 

read technology only. The datasets obtained from this study provide a foundation for 56 

future breeding, molecular and evolutionary analysis in Prunus studies.  57 

 58 

Data Description 59 

Context 60 

Cherries are stone fruits belonging to the important family of Rosaceae fruit crops, 61 

which are produced for fresh fruit consumption or industrial processing [1]. The 62 

worldwide production of cherries was 4 million metric tons on an area of 6.7 million 63 

ha [2] in 2019. Nevertheless, cherry production worldwide is threaten by changing 64 
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climatic conditions, which promote pests, e.g., Drosophila suzukii and Rhagoletis 65 

cerasi, diseases, e.g., Monilinia laxa and Blumeriella jaapii, as well as unfavourable 66 

abiotic conditions, e.g., hail or late frost [1, 3]. Breeding of new cultivars that are 67 

resistant to biotic stress factors and adapted to local climate conditions could 68 

contribute to sustainable cultivation in the long-term and secure future production. 69 

Donors for breeding and introgression of new characters and traits can be found in 70 

wild/related species of the genus Prunus [4–6]. The ground cherry (Prunus fruticosa 71 

Pall.) is a wild Prunus species with a small shrub-like habitus that is native from middle 72 

Europe to Western Siberia and Western China [7, 8]. The natural habitats vary from 73 

open landscapes with steppe characteristics, the edges of open forests [9–11] or 74 

hillsides with stony soils [12]. Prunus fruticosa is a self-incompatible [13] tetraploid 75 

(2n=4x=32) species with an estimated genome size of 1.31 pg determined by flow 76 

cytometry analysis [14]. It is the progenitor of sour cherry (P. cerasus L.), which 77 

developed by natural hybridization from unreduced pollen of sweet cherry (P. avium 78 

L.) with P. fruticosa [15, 16]. Prunus fruticosa is a valuable genetic resource for 79 

breeding of varieties adapted to drought and low temperatures [17, 18] because of its 80 

growth at cold and semi-arid sites and its edible fruits [7]. Due to its dwarf habitus, 81 

the species has been used as a donor for cherry rootstock breeding in several 82 

programmes [19–21]. Like other Rosaceae fruit species, cherries are perennial crops 83 

and breeding of new cultivars is labour intensive and time consuming [22]. Genome 84 

sequencing advances breeding processes enormously by providing insights into 85 

evolution and comparative studies with related species, determining the positions of 86 

putative genes, which may control different traits, and allowing for the possibility for 87 

marker-assisted selection. Hence several genomes of other Prunus species [23–30] 88 
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as well as other members of the Rosaceae family [31–33] have been sequenced in 89 

recent years. The sizes of Prunus genomes so far sequenced range between 250-300 90 

Mbp with high synteny of the eight basic chromosomes [3]. However, sequencing and 91 

assembling plant genomes is still a challenging task. Although the commercialization 92 

of third-generation sequencing technology has enabled rapid generation of giga-93 

bases of data, most genome sequences are still fragmented or incomplete due to 94 

size, composition and structure (repeat content) of genomes with many reference 95 

genomes presented as drafts. The availability of long read sequencing technologies 96 

can solve these problems and offers many more advantages [34]. 97 

In this study, we present a draft assembly of the P. fruticosa Pall. genome generated 98 

with long read Oxford Nanopore Technology (ONT). Using the final assembly for 99 

reference based scaffolding, eight chromosome scale pseudomolecules were 100 

constructed and subsequently used for gene annotation. This data provides additional 101 

information, which may be useful for breeding and genetic diversity studies in cherry 102 

and the genus Prunus in general. 103 

 104 

Material and Methods 105 

Plant Material, DNA extraction and ONT sequencing 106 

Prunus fruticosa Pall. young leaf material (tetraploid, short type, size ca. 30-50 cm) 107 

was collected in its natural habitat [8] from a single tree (in situ) in Budapest, 108 

Hármashatárhegy (Fig. 1, coordinates 47°33'15.322''N, 18°59'49.623''E). Snap frozen 109 

plant material was sent to the sequencing service provider KeyGene N.V. 110 

(Wageningen, The Netherlands) for high molecular weight DNA extraction, purification 111 
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and nanopore sequencing analysis. High molecular weight DNA was extracted by 112 

KeyGene N.V. using nuclei isolated from frozen leaves ground under liquid nitrogen, 113 

as described elsewhere [35, 36]. Genomic DNA was quality controlled with a Qubit 114 

device (Thermo Fisher Scientific, Waltham, MA, USA) and length was determined 115 

using the Femto Pulse instrument (Agilent, California). Short DNA fragments were 116 

removed using the Circulomics SRE XL kit (Circulomics, Baltimore, MD, USA) 117 

following the manufactures instruction. Finally 2 µg AMPure purified genomic DNA per 118 

flow cell (AMPure PB, Pacific Biosciences, California) was used as input for library 119 

construction using the 1D Genomic DNA ligation SQK_LSK110 library prep kit (Oxford 120 

Nanopore Technologies, Oxford, UK). Subsequently, the library was loaded on three 121 

PromethION FLO PRO003 (R10.3 pore, early access pore) flow cells and run on 122 

PromethION P24 platform according to the manufacturer’s recommendations. 123 

Basecalling was performed in real-time on the compute module (PromethION version: 124 

20.06.9/Guppy4.0.11). Only passed reads with a Q-value threshold of seven were 125 

used for further data analysis. 126 

 127 

De novo assembly and scaffolding 128 

Raw data assembly was performed using a combination of the aligner Minimap2 129 

(2.16-r922) and the assembler Miniasm (0.2-r137-dirty) using a 20x, 30x and 50x 130 

coverage/length cut-offs at default settings. Three runs of Racon (v1.4.10) 131 

subsequently improved base accuracy of the interim contig assembly using a 10 Kb 132 

length cut-off and one run of Medaka (1.01) using all raw reads for consensus calling. 133 

The sequences of the obtained contig assembly were collapsed with two runs of 134 
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Purge Dups (V1.0.1) using default settings. The BUSCO (Benchmark Universal Single-135 

Copy Orthologs - Galaxy Version 4.1.4) software was used for quantitative and quality 136 

assessment of the genome assemblies based on near-universal single-copy 137 

orthologs. The genome sequence of P. avium 'Tieton' ([37], GenBank assembly 138 

accession: GCA_014155035.1) was used as a matrix for reference guided scaffolding 139 

of the final assembly (purged2) using RAGOO (v1.11) with the standard settings [38]. 140 

Final sequence statistics were calculated with CLC Mainworkbench (v20.0.4). The 141 

generated P. fruticosa genome (Pf_1.0) was hard masked with NCBI WindowMasker 142 

[39] implementation on the CoGe platform [40]. Synteny comparisons between P. 143 

avium 'Tieton' and P. persica 'Lovell' ([24], GenBank assembly accession: 144 

GCA_000346465.2) with Pf_1.0 were performed with SynMap2 [41] using the 145 

standard program settings.  146 

 147 

Annotation 148 

A species-specific repeat library for Pf_1.0 was first generated with RepeatModeler 149 

1.0.11 [42]. The obtained dataset was then used for repetitive sequence identifcation 150 

and masking in Pf_1.0 with ReapeatMasker 4.0.7 [43]. As no RNA-seq data for P. 151 

fruticosa was available, publicly available RNA-seq data [44] from the close relative P. 152 

cerasus 'Schattenmorelle' (SRR2290965) was downloaded from NCBI and mapped 153 

to Pf_1.0 using HISAT2 2.1.0 [45]. 154 

The structural gene annotation of genomic features is result of a combination of ab 155 

initio and homology-based gene annotation. Ab initio gene prediction was performed 156 

with both BRAKER1 [46, 47] and BRAKER2 [48]. The BRAKER pipeline in general 157 
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leverages extrinsic data, such as spliced alignments from short read RNA-Seq or 158 

large-scale protein to genome alignments for executing self-training GeneMark-ET/EP 159 

[49] [50, 51]with help of SAMtools [52], and BamTools [53], or GeneMark-EP+ [54], 160 

with DIAMOND [55], GeneMark-ES [56], and Spaln2 [57, 58] for generating an 161 

evidence-supported training gene set for the gene finder AUGUSTUS. AUGUSTUS 162 

then predicts genes with evidence where available [59] and in ab initio mode in local 163 

absence of evidence [60]. OrthoDB v.10 Plantae partition [61] and related species 164 

proteins [P. armeniaca (GCA_903112645.1), P. persica (GCF_000346465.2), P. mume 165 

(GCF_000346735.1), P. dulcis (GCF_902201215.1) and P. avium (GCF_002207925.1)] 166 

obtained from GenBank were used as reference protein dataset for BRAKER2. Gene 167 

predictions from BRAKER1 and BRAKER2 were combined into one transcript set by 168 

filtering the union of transcripts from both predictions in context with their support by 169 

the evidence generated with PrEvCo v. 0.1.0 (https://github.com/LarsGab/PrEvCo). 170 

The obtained ab initio annotation was augmented with additional GFF attributes using 171 

the GeMoMa module AnnotationEvidence.  172 

Homology-based gene annotation was performed with GeMoMa version 1.7.2beta 173 

[62] using the mapped RNA-seq data from ‘Schattenmorelle’ and the genome and 174 

gene annotation from the following reference organisms that are available at NCBI: A. 175 

thaliana (TAIR10.1, RefSeq GCF_000001735.4), M. domestica (GDDH1, 176 

GCF_002114115.1), F. vesca (FraVesHawai_1.0, GCF_000184155.1), P. avium 177 

(PAV_r1.0, GCF_002207925.1), P. persica (Prunus_persica_NCBIv2, 178 

GCF_000346465.2), P. mume (P.mume_V1.0, GCF_000346735.1), P. dulcis 179 
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(ALMONDv2, GCF_902201215.1) and P. armeniaca (pruArmRojPasHapCUR, 180 

GCA_903112645.1). 181 

The augmented ab initio gene annotation from BRAKER and the eight homology-182 

based gene predictions from GeMoMa were combined using the GeMoMa module 183 

GAF yielding a final gene annotation. BUSCO with set embryophyta_odb10 (Galaxy 184 

Version 4.1.4) was used for the assessment of protein completeness. For handling 185 

alternative transcripts correctly and not as duplicates, a custom script was ran on the 186 

BUSCO full table, assigning gene ID instead of transcript ID. The functional annotation 187 

was performed with the obtained protein files using InterproScan at Galaxy Europe 188 

using default parameters [63–65] and [66].  189 

Noncoding RNA prediction was performed with tRNAscan (Galaxy version 0.4), 190 

Aragorn (Galaxy version 0.6), barrnap (Galaxy version 1.2.1) and INFERNAL (cmsearch 191 

with rFAM 11.0, Galaxy Version 1.1.2.0).  192 

The chloroplast and mitochondria sequences were annotated with GeSeq [67] using 193 

the references for chloroplast from P. fruticosa (GenBank accession MT916286) 194 

published by [68] and mitochondria from P. avium (GenBank accession MK816392) 195 

published by [69]. GeSeq pipeline analysis was performed using the annotation 196 

packages ARAGORN, blatN, blatX, Chloe and HMMER.  197 

 198 

Data validation and quality control 199 

We report the use of Oxford Nanopore technology to assemble a high-quality 200 

reference genome of P. fruticosa – the first report in a tetraploid Prunus species. 201 
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Previously described genomes in Prunus applied Illumina, PacBio or shotgun 202 

sequencing techniques [25, 26, 29]. However, Wang et al. [28] reported a combination 203 

of Oxford Nanopore and Illumina technologies for sweet cherry. Table S1 summarizes 204 

the assembly statistics of our study. We generated 4.5 million raw reads (124.7 Gb), 205 

which is considerably lower compared to the read output of P. avium cultivars [25, 206 

28]. After cleaning, approximately 4.0 million reads comprised 117.3 Gb in total (mean 207 

q = 9.96), which were generated by the R10.3 PromethION flow cells representing 208 

~97x coverage of the estimated tetraploid genome size of 1.2 Gb. Compared to Wang 209 

et al. [28], the R10.3 flow cells produced longer reads with higher quality (Table S1). 210 

A mean of 1,347,740 (SD = 135.304) reads with a N50 length of 41,236 (SD = 275) bp 211 

and 39.1 (SD = 4.2) Gb per flow cell were obtained (Table S1). Based on the results of 212 

the raw data assemblies (Table S2), it was decided to continue with the obtained 30x 213 

coverage Miniasm assembly with a length cut-off at 62.3 kb. After three runs of Racon 214 

and one run of Medaka consensus calling, the final assembly covered approximately 215 

four times the estimated haploid genome size of ~0.3 Gb, indicating we were able to 216 

separate the parental haplotypes (4n) to a large extent. Consensus calling resulted in 217 

a total assembly size of 1161.5 Mb, represented by 4.426 contigs with an N50 contig 218 

size of 325 Kb and the longest contig almost 5,9 Mb (Table 1). Two runs of Purge 219 

Dups were performed to collapse the haplotype-separated assembly in order to 220 

reduce the duplicated content to a haplotype consensus sequence (1n). The 221 

purged_2x assembly data set has a size of 376,7 Mb and consists 1.275 contigs with 222 

an N50 contig size of 533.426 bp. This assembly was used as input for reference-223 

guided scaffolding using RaGoo and the genome sequence of P. avium 'Tieton' [28]. 224 

The obtained sequence file consists of nine scaffolds representing eight 225 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 1, 2021. ; https://doi.org/10.1101/2021.06.01.446499doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.01.446499
http://creativecommons.org/licenses/by/4.0/


chromosomes and one sequence with concatenated unmapped data (unassigned). 226 

The final Prunus fruticosa 1.0 genome sequence (Fig. 2) consists of 366,5 Mb with a 227 

N50 size of scaffolds about 43,818.497 bp and G+C of 37.74 %, A+T of 62.22 % and 228 

only 0.03 % gaps (N). The longest scaffold is 66,497,422 bp (Table 2). Compared to 229 

the genome sequences available so far in Prunus [24, 25, 28], the genome of P. 230 

fruticosa is the most complete obtained from long read sequencing only. 231 

BUSCO analysis resulted in 98.6 % - 98.7 % completeness for the representing 4n 232 

Racon and Medaka generated data sets. The comparison of BUSCO results (Fig. 3) 233 

on assembly completeness between the Racon only and the Racon and Medaka data 234 

sets (Table 1) indicates that consensus generation by Medaka increases the number 235 

of duplicated genes (from 89.7 % to 92.4 %) and improves the consensus accuracy. 236 

The obtained assembly sequences (1n) after haplotig removal showed a decrease of 237 

duplicated BUSCOS (from 92.4 % to 12.5 %) and an increase of single BUSCOS (from 238 

6.3 % to 83.6 %). P. fruticosa 1.0 results outlined in Figure 3 show a 96.4 % 239 

completeness. Compared to the genome sequence of P. persica (99.3 %) and P. 240 

avium (98.3 %) which represent the highest genome completeness of published 241 

datasets, the obtained long read only assemblies (98.7 %) and consensus genome 242 

sequence (96.4 %) from this study shows a comparably high genome completeness. 243 

Our approach detected 189,7 Mb of repetitive sequences (51.75 % of the genome) 244 

and 42,1 Mb (11.5 %) unknown elements. Repetitive sequences observed in other 245 

Prunus species [25–27, 29, 33] ranged from 37.1% in P. persica [50] to 59.4 % in P. 246 

avium [28]. However, similar to P. avium [25], the repeated sequences observed in our 247 

study comprised mainly of the class (I) LTR Gypsy retrotransposons and Copia. LTR 248 
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was the most abundant element in our findings with 20.88 % followed by Copia with 249 

7.59 % (Table 3).  250 

We employed similar strategy as reported elsewhere namely homology-based, de 251 

novo and transcriptome supported approaches [28, 37] to call repeats, predict 252 

protein-coding genes and perform functional annotation. Using RNA-Seq data from 253 

P. cerasus 'Schattenmorelle' [44] and the augmented gene predictions from BRAKER 254 

with eight homology-based gene predictions from GeMoMa we predicted 58.880 255 

protein-coding transcripts representing 84.524 orthologs within Pf_1.0 with a mean 256 

length of 3.580 bp and a mean protein length of 355 aa (Table 4). The number of 257 

protein-coding transcripts was considerably larger in this study than 38.275 predicted 258 

for P. avium ‘Tieton’ [28] and 43.349 transcripts predicted in P. avium ‘Satonishiki’ 259 

[25]. A total of 86.7 % (75,113) proteins was functionally annotated by InterproScan 260 

resulting in 852.470 annotated protein domains and sites from 15 protein databases 261 

(Table 4). A total of 2.301 (Aragorn) and 2.559 (tRNA scan) tRNA and 576 rRNA 262 

sequences were detected. Infernal search reveals 36.757 consensus RNA secondary 263 

structure profiles. BUSCO analysis for transcriptome completeness 264 

(embryophyta_odb10 dataset) reveals 1,552 (96.2 %) complete (81.8 % single and 265 

complete, 14.4 % duplicated and complete) and 62 (3.8 %) fragmented (1.7 %) or 266 

missing (2.1 %) BUSCOs (Fig. 4). 267 

The obtained chloroplast genome sequence (Fig. 5a) was 158,130 bp long (GC 36.6 268 

%) with a typical quadripartite structure consisting a large (86,242 bp) and a small 269 

(19,143) single-copy region and two inverted repeats (IRA 26,372 bp, IRB 26,373 bp). 270 

The GC contents of each region were 34.1 % (LSC), 30.1 % (SSC) and 42.5 % for IRA 271 
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and IRB each. The size, the structure and the GC content values are similar to those 272 

reported previously for the chloroplast genome of P. fruticosa (Yang et al. 2020). 273 

Forty-five tRNA (ARAGORN), eight rRNA (each with HMMER and blatN) and 116 274 

protein-coding genes (HMMER) were annotated. 275 

We present for the first time a mitochondrial genome for P. fruticosa (Fig. 5b) with a 276 

length of 383,281 bp and a GC content of 45.7 %. The results of the mitochondria 277 

genome is similar to the mitochondria genome of P. avium 'Summit' [69] where a total 278 

of 68 protein coding genes, including 27 tRNA (ARAGORN) and two rRNA (blatN) were 279 

annotated. 280 

We compared sequence synteny between P. fruticosa and P. persica and P. fruticosa 281 

and P. avium (Fig. 6). The synteny analysis involved at least two transcripts of 282 

annotated genes in each representative genome (Fig. 6a). As indicated in Table S3, a 283 

higher percentage of transcripts (77.5 % to 87.3 %) were mapped between the 284 

homologues chromosomes from P. persica and Pf_1.0 compared to the transcripts 285 

from P. avium (72.1% to 56.3 %). In general, the assembled genome of P. fruticosa 286 

shows a good synteny with the genomes of P. persica [24] and P. avium [28]. Figure 287 

6b shows the synteny analysis using masked sequences (i.e. without repetitive 288 

sequences). The results obtained confirm strong synteny between the compared 289 

genomes and strongly suggest the high quality of the obtained genome sequence. 290 

Re-use potential 291 

For the first time, we report a draft genome scale-assembly of tetraploid Prunus 292 

species. This was achieved using Nanopore sequencing technology, confirming that 293 

this technology alone can sufficiently produce a high-quality genome without 294 
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additional sequencing using Illumina [70]. This genome will be valuable in exploiting 295 

genetic information for breeding programs; will enhance our understanding of 296 

genetics of this species relative to breeding as well as molecular and evolutionary 297 

analysis in the genus Prunus. 298 

 299 

Data Availability 300 
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Figure 1 Morphology of P. fruticosa Pall.. (a) flowering habitus, (b) inflorescence, (c) 317 

mature shrub in the natural habitat in Hungary and (d) leafs and fruits.  318 

Figure 2 The genome of P. fruticosa. Circos plot of the 8 pseudomolecules. (a) 319 

Chromosome length (Mb); (b) gene density in blocks of 1 MB; (c) repeat density in 320 

blocks of 1 Mb.  321 

Figure 3 Analysis of completeness of different P. fruticosa datasets compared to P. 322 

avium cv. Tieton and P. persica cv. Lovell by mapping of a set of universal single-copy 323 

orthologs using BUSCO. The bar charts indicate complete single copy (orange), 324 

complete duplicated (gray), fragmented (yellow) and missing (blue) genes. For 325 

evaluation the embryophyta_odb10 BUSCO dataset (n=1614) was used. P. fruticosa 326 

1.0 show a 96.4 % completeness (S: 94.1 %, D: 2.3 %, F: 1.3 %, M: 2.3 %, n: 1614) 327 

which almost reaches the completeness of P. avium cv. 'Tieton' (C: 98.3 %, S: 95.6 328 

%, D: 2.7 %, F: 0.5 %, M:1.5 %, n:1614) and P. persica 'Lovell' (C: 99.3 %, S: 97.5 329 

%, D: 1.8%, F: 0.1 %, M: 0.6 %, n:1614). 330 

Figure 4 Analysis of completeness of different protein sets obtained with different 331 

structural annotation strategies. The bar charts indicate complete single copy 332 

(orange), complete duplicated (gray), fragmented (yellow) and missing (blue) genes. 333 

For evaluation the embryophyta_odb10 BUSCO dataset (n=1614) was used.  334 

Figure 5 The chloroplast (a) and mitochondrial (b) genome sequence of P. fruticosa 335 

1.0 obtained from the contigs utg000088l and utg001396I in the medaka assembly 336 

sequence. Annotation was performed using GeSeq (Tillich et al. 2017).  337 
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Figure 6 Synteny between P. fruticosa, P. persica 'Lovell' and P. avium 'Tieton'. (a) 338 

Circos plots showing transcripts of P. persica (Pp, left) and P. avium (Pa, right) anno-339 

tated in P. fruticosa (Pf). Each string represents at least two transcripts in a 50k bp 340 

cluster. (b) Syntenic dot plot of the nucleotide sequences between P. fruticosa, P. 341 

persica and P. avium. Before plotting, the sequences were hard masked by the NCBI 342 

window maker implication on the CoGe webpage. Several inversions (arrows) and 343 

out-paralogs (circles) were identified between the sequences. 344 

Tables 345 

Table 1 Statistics of different datasets and assemblies from P. fruticosa 346 

Table 2 Pseudomolecule statistics for Pf_1.0 347 

Table 3 Characterization of repetitive sequences of P. fruticosa 1.0 348 

Table 4 Functional annotation results generated by interproscan using BRAKER & 349 

GeMoMa combination of ab-initio and homology-based structural gene annotation 350 

and statistics 351 

Supplemental 352 

Table S1 Statistics of three different datasets for P. fruticosa generated with R10.3 353 

PromethION cells (passed reads) 354 

Table S2 Assembly statistics of tetraploid P. fruticosa   355 

Table S3a Matrix of shared number of transcripts annotated from P. avium (Pa) and 356 

P. persica (Pp) to P. fruticosa (Pf) Pf_1.0 within each chromosomes 357 
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Table S3b Matrix of shared number of transcript in percent annotated from P. avium 358 

(Pa) and P. persica (Pp) to P. fruticosa (Pf) Pf_1.0 within each chromosomes 359 

 360 
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Figure 1 Morphology of P. fruticosa Pall.. (a) flowering habitus, (b) inflorescence, (c) 

mature shrub in the natural habitat in Hungary and (d) leafs and fruits.  
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Figure 2 The genome of P. fruticosa. Circos plot of the 8 pseudomolecules. (a) 

Chromosome length (Mb); (b) gene density in blocks of 1 MB; (c) repeat density in 

blocks of 1 Mb.  

 

P. fruticosa 

366,504.522 bp 
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Figure 3 Analysis of completeness of different P. fruticosa datasets compared to P. 

avium cv. Tieton and P. persica cv. Lovell by mapping of a set of universal single-copy 

orthologs using BUSCO. The bar charts indicate complete single copy (orange), 

complete duplicated (gray), fragmented (yellow) and missing (blue) genes. For 

evaluation the embryophyta_odb10 BUSCO dataset (n=1614) was used. P. fruticosa 

1.0 show a 96.4 % completeness (S: 94.1 %, D: 2.3 %, F: 1.3 %, M: 2.3 %, n: 1614) 

which almost reaches the completeness of P. avium cv. 'Tieton' (C: 98.3 %, S: 95.6 

%, D: 2.7 %, F: 0.5 %, M:1.5 %, n:1614) and P. persica 'Lovell' (C: 99.3 %, S: 97.5 

%, D: 1.8%, F: 0.1 %, M: 0.6 %, n:1614). 
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Figure 4 Analysis of completeness of different protein sets obtained with different 

structural annotation strategies. The bar charts indicate complete single copy 

(orange), complete duplicated (gray), fragmented (yellow) and missing (blue) genes. 

For evaluation the embryophyta_odb10 BUSCO dataset (n=1614) was used.  
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Figure 5 The chloroplast (a) and mitochondrial (b) genome sequence of P. fruticosa 

1.0 obtained from the contigs utg000088l and utg001396I in the medaka assembly 

sequence. Annotation was performed using GeSeq (Tillich et al. 2017).  
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Figure 6 Synteny between P. fruticosa, P. persica 'Lovell' and P. avium 'Tieton'. (a) 

Circos plots showing transcripts of P. persica (Pp, left) and P. avium (Pa, right) 

annotated in P. fruticosa (Pf). Each string represents at least two transcripts in a 50k 

bp cluster. (b) Syntenic dot plot of the nucleotide sequences between P. fruticosa, P. 

persica and P. avium. Before plotting, the sequences were hard masked by the NCBI 

window maker implication on the CoGe webpage. Several inversions (arrows) and 

out-paralogs (circles) were identified between the sequences.  
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 Table 1 Statistics of different datasets and assemblies from P. fruticosa 

Data set / assembly Ploidy Number of 

contigs 

Contig N50 

(bp)  

Longest contig 

(bp) 

Total contig length (Mb) 

All reads 4n 4,525.811 40.963 1,257.508 1247,375 

Passed reads 4n 4,043.192 41.244 732.658 1172,679 

Miniasm/Minimap 4n 4.399 324.889 5,840.253 1147,459 

Racon 4n 4.381 326.739 5,954.545 1161,2 

Medaka 4n 4.426 325.453 5,956.772 1161,5 

Purge dups_1x 1n 1.516 501.505 5,956.772 480,6 

Purge dups_2x 1n 1.275 533.462 5,956.772 376,7 
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Table 2 Pseudomolecule statistics for Pf_1.0 

 

 

Pseudomolecule Total size (bp) % 

Pf_1.0_chr1 66497422 18.1 

Pf_1.0_chr2 59585028 16.3 

Pf_1.0_chr3 39930086 10.9 

Pf_1.0_chr4 42034286 11.5 

Pf_1.0_chr5 31043513 8.5 

Pf_1.0_chr6 46922205 12.8 

Pf_1.0_chr7 36673485 10.0 

Pf_1.0_chr8 43818497 12.0 

 366504522 100 
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Table 3 Characterization of repetitive sequences of P. fruticosa 1.0 

Class Order Family 
No. of 

elements 

Length 

(bp) 

Percentage 

of the 

genome 

(%) 

I (retrotransposons) 

LTR 

- 2142 472290 0.13 

Cassandra 1852 910040 0.25 

Caulimovirus 793 627333 0.17 

Copia 41192 27822528 7.59 

Gypsy 68445 76652400 20.91 

Pao 344 96802 0.03 

LINE 

I-Jockey 413 140619 0.04 

L1 8844 4167515 1.14 

L2 434 64430 0.02 

Penelope 176 25448 0.01 

RTE-BovB 516 87801 0.02 

SINE 

- 457 62956 0.02 

B2 1517 122973 0.03 

tRNA 4593 509966 0.14 

II (DNA transposons) 

TIR 

TcMar-Fot1 276 210022 0.06 

Subclass I 

TcMar-ISRm11 81 24496 0.01 

hAT-Ac 11533 3430880 0.94 

hAT-Tag1 5353 1263452 0.34 

hAT-Tip100 9680 2348735 0.64 

PIF-Harbinger 14230 4268364 1.16 

Subclass II 

Crypton Crypton-H 237 195974 0.05 

Maverick Maverick 576 155067 0.04 

Helitron 
Helitron 5378 2220498 0.61 

unknown/Helitron 228 155920 0.04 

Other 

 - 13120 2310744 0.63 

 Academ 42 20252 0.01 

 CMC-EnSpm 16958 8879643 2.42 

 Ginger 325 77794 0.02 

 MULE-MuDR 17464 4459943 1.22 

rRNA   326 231622 0.06 

Satellite   870 220737 0.06 

Simple repeat   106232 4353840 1.19 

Low complexity   19611 984829 0.27 

Unknown   168094 42110587 11.49 

SUM   522228 189663955 51.75 
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Table 4 Functional annotation results generated by interproscan using BRAKER & 

GeMoMa combination of ab-initio and homology-based structural gene annotation 

and statistics 

Interproscan annotations No.   

Coils 14627  

Gene3D 82428  

Hamap 1336  

PANTHER 150554  

Pfam 95569  

Phobius 197895  

PIRSF 5075  

PRINTS 48332  

ProSitePatterns 19050  

ProSiteProfiles 52557  

SignalP_EUK 7914  

SMART 42825  

SUPERFAMILY 64033  

TIGRFAM 10603  

TMHMM 59672  

Sum 852470  

   

Transcripts No. % 

total 58880  

orthologs 84524 100 

annotated 73315 86.7 

annotated GO 45196 53.5 

annotated pathways 5247 6.2 

domains 62431 73.9 

   

Mean length (bp) 3580  

Mean length of predicted 

proteins 
355  
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Table S1 Statistics of three different datasets for P. fruticosa generated with R10.3 PromethION cells (passed reads) 

 

 

 

 

 

 

 

Data set Ploidy Number of 

reads 

Total gigabases 

(Gb) 

N50 length 

(bp)  

Mean length 

(bp) 

Max length 

(bp) 

Mean q 

200917_PAF21731 4n 1,498.775 43.7 41.257 29.104 732.658 9.9 

200922_PAF21408 4n 1,306.840 38.2 41.499 29.251 529.628 10 

200922_PAF21416 4n 1,237.604 35.4 40.951 28.615 624.468 10 

 Sum 4,043.219 117.3     

 Mean 1,347.740 39.1 41.236 28.990 628.918 9.96 

 SD 135.304 4.2 275 333 101.588 0.06 
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Table S2 Assembly statistics of tetraploid P. fruticosa   

x-coverage* 20x 30x 50x 

Assembly MM** + 3x racon + medaka MM** + 3x racon + medaka MM**+ 3x racon + medaka 

Final no. of seq. 3.413 3.460 4.381 4.426 4.662 4.727 

Seq. length 

characters (bp) 
      

Cutoff 69.042  63.011  55.002  

Total 989.839.499 988.573.324 1.162.237.634 1.161.456.281 1.212.434.570 1.211.504.091 

Mean 290.020 285.715 265.290 262.417 260.067 256.294 

SD  244.496 242.372 263.004 262.317 277.742 276.312 

Min 4.077 149 2.605 73 4.077 99 

Max 3.012.684 3.006.345 5.954.545 5.956.772 6.443.975 6.446.220 

N25 661.833 654.351 598.365 598.625 596.874 596.453 

N50 368.933 367.276 326.739 325.453 314.773 313.883 

N75 204.724 204.105 186.200 185.890 182.574 181.440 

N90 144.538 144.375 135.082 134.607 133.209 132.581 

* fold coverage based on the estimation that the haploid genome size is ~300 Mbp 

** MM – Miniasm & Minimap 
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Table S3a Matrix of shared number of transcripts annotated from P. avium (Pa) and P. persica (Pp) to P. fruticosa (Pf) Pf_1.0 within 1 

each chromosomes 2 

Chromosomes Pf_1 Pf_2 Pf_3 Pf_4 Pf_5 Pf_6 Pf_7 Pf_8 

Pa_1 4254 361 306 232 179 283 277 316 

Pa_2 212 2255 131 151 142 193 131 154 

Pa_3 234 181 2030 184 118 152 131 118 

Pa_4 262 340 221 2045 163 242 188 206 

Pa_5 190 210 127 110 1765 127 111 124 

Pa_6 243 245 144 155 88 2667 138 171 

Pa_7 308 267 182 190 111 195 1883 192 

Pa_8 199 148 88 144 83 155 124 1955 

Sum 5902 4007 3229 3211 2649 4014 2983 3236 
 

        
Pp_1 5893 202 162 171 120 175 150 178 

Pp_2 126 3380 107 93 76 127 94 109 

Pp_3 145 146 3069 104 95 100 95 107 

Pp_4 115 139 89 2921 75 109 93 98 

Pp_5 93 103 68 56 2396 53 59 62 

Pp_6 143 164 92 108 62 3727 80 122 

Pp_7 109 117 72 73 53 63 2549 96 

Pp_8 124 111 73 74 57 83 72 2793 

Sum 6748 4362 3732 3600 2934 4437 3192 3565 

         
 3 

 4 

 5 
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Table S3b Matrix of shared number of transcript in percent annotated from P. avium (Pa) and P. persica (Pp) to P. fruticosa (Pf) Pf_1.0 6 

within each chromosomes 7 

Chromosomes Pf_1 Pf_2 Pf_3 Pf_4 Pf_5 Pf_6 Pf_7 Pf_8 

Pa_1 72.08 9.01 9.48 7.23 6.76 7.05 9.29 9.77 

Pa_2 3.59 56.28 4.06 4.70 5.36 4.81 4.39 4.76 

Pa_3 3.96 4.52 62.87 5.73 4.45 3.79 4.39 3.65 

Pa_4 4.44 8.49 6.84 63.69 6.15 6.03 6.30 6.37 

Pa_5 3.22 5.24 3.93 3.43 66.63 3.16 3.72 3.83 

Pa_6 4.12 6.11 4.46 4.83 3.32 66.44 4.63 5.28 

Pa_7 5.22 6.66 5.64 5.92 4.19 4.86 63.12 5.93 

Pa_8 3.37 3.69 2.73 4.48 3.13 3.86 4.16 60.41          
Pp_1 87.33 4.63 4.34 4.75 4.09 3.94 4.70 4.99 

Pp_2 1.87 77.49 2.87 2.58 2.59 2.86 2.94 3.06 

Pp_3 2.15 3.35 82.23 2.89 3.24 2.25 2.98 3.00 

Pp_4 1.70 3.19 2.38 81.14 2.56 2.46 2.91 2.75 

Pp_5 1.38 2.36 1.82 1.56 81.66 1.19 1.85 1.74 

Pp_6 2.12 3.76 2.47 3.00 2.11 84.00 2.51 3.42 

Pp_7 1.62 2.68 1.93 2.03 1.81 1.42 79.86 2.69 

Pp_8 1.84 2.54 1.96 2.06 1.94 1.87 2.26 78.35 
         

 8 

 9 

 10 
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