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Chromosome-level genome 
assembly of cultivated strawberry 
‘Seolhyang’ (Fragaria × ananassa)
Hyeondae Han  1, Yoon Jeong Jang1, Koeun Han1, Han-Na Park2, Do-Sun Kim1, 
Seonghee Lee  3 & Youngjae Oh4 ✉

Cultivated strawberry (Fragaria × ananassa) belongs to the family Rosaceae and is an allo-octoploid 
species (2n = 8×  = 56). Using PacBio Revio long reads of ‘Seolhyang’, we completed telomere-
to-telomere phased genome assemblies with a size of 797 Mb with a contig N50 of 27.04 Mb. 
Benchmarking of the universal single-copy orthologs (BUSCO) analysis detected 99.1% conserved 
genes in the assembly. In addition, the average long terminal repeat assembly index (LAI) was 17.28, 
with high genome continuity. In this study, we identified 50 of the possible 56 telomeres across 28 
chromosomes. The ‘Seolhyang’ genome was annotated using RNA-Seq data representing various 
F. × ananassa tissues from the NCBI sequence read archive, which resulted in 129,184 genes.

Background & Summary
The cultivated strawberry (Fragaria × ananassa), a perennial plant belonging to the Rosaceae family, is an 
allo-octoploid species with a highly heterozygous genome that contributes to its genetic complexity and diverse 
phenotypic traits. This complexity poses a significant challenge for genetic research and breeding programs. 
Strawberries are a globally crucial crop, with the United Nations Food and Agricultural Organization (UN-FAO) 
reporting worldwide production of 9.57 million tons in 2022 (https://www.fao.org/faostat/). In South Korea, 
strawberries are a significant economic crop, with a cultivation area of 5,745 ha and a production volume of 
158,807 tons in 20221. The domestic production value of strawberries in South Korea is approximately USD 932 
million, accounting for 14.7% of the total vegetable production value in the country2.

Among the various Korean strawberry cultivars, ‘Seolhyang’ (‘Akihime’ × ‘Red Pearl’), developed in 20053, 
dominates the South Korean market, occupying 82.1% of the total strawberry cultivation area in 20224. 
‘Seolhyang’ is favored for its ease of cultivation; large fruit size; high yields5–7; and resistance to diseases such as 
angular leaf spot, anthracnose, and powdery mildew3,8–10. In an analysis of 45 representative Korean cultivars 
and genetic resources, ‘Seolhyang’ was distinguished by having the highest overall concentration of volatile 
organic compounds (VOCs)11. Various breeding programs have been initiated to harness the desirable traits 
of the elite cultivar ‘Seolhyang’. However, progress in precision breeding efforts has been hindered by limited 
genomic research on ‘Seolhyang’.

The availability of reference genomes has substantially affected agricultural research and has driven signif-
icant advancements in the understanding of the genetic basis of plant traits. This genomic insight reveals how 
artificial selection shapes these traits over time. This has deepened the understanding of how genetic characteris-
tics influence interactions within agricultural ecosystems, particularly with pathogens and insects12,13. Recently, 
the assembly of reference genomes in agriculture has undergone significant advancements, particularly owing 
to the integration of third-generation sequencing technology14. These developments have enhanced the quality 
and completeness of plant reference genomes. High-throughput sequencing methods, such as next-generation 
sequencing (NGS), have enabled the generation of extensive genomic data. However, to overcome the limita-
tions associated with short-read sequences in contigs and scaffolds, long-read sequencing technologies, such as 
PacBio, BioNano, and Nanopore, have emerged as pivotal tools for third- and fourth-generation sequencing15,16. 
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Pacific Biosciences (PacBio) High-Fidelity (HiFi) sequencing technology generates long reads with an aver-
age length ranging from 10 to 25 kb and an error rate of less than 0.5%. This level of accuracy and read length 
position of HiFi sequencing is the primary source of data for producing high-quality genome assemblies17,18. 
Advances have addressed some of these challenges, particularly regarding the assembly of telomere-to-telomere 
(T2T) gap-free reference genomes. Notably, for cultivated and diploid strawberries19–23, there has been the suc-
cessful assembly of such high-quality genomes for the ‘Hawaii 4’, ‘Benihoppe’ and ‘Florida Brilliance’ cultivars, 
providing more reliable references in currently available genomic resources.

In this study, a high-quality genome assembly of the strawberry cultivar ‘Seolhyang’ was generated using 
approximately 100 Gb of HiFi sequencing data obtained from the PacBio Revio platform. Unlike previous assem-
bly methods for octoploid strawberry genomes, this assembly was completed without incorporating data from 
additional sequencing platforms, resulting in a high-quality reference genome comparable to those of ‘Royal 
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Fig. 1 Workflow implemented for ‘Seolhyang’ genome assembly and annotation.
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Royce’ and ‘Florida Brilliance.’ We completed a telomere-to-telomere genome assembly with a genome size of 
797 Mb and a contig N50 of 27.04 Mb. Benchmarking of the universal single-copy orthologs (BUSCO) analy-
sis detected 99.1% conserved genes in the assembly. In addition, the average of long terminal repeat assembly 
index (LAI) was 17.28, reflecting the overall high genome continuity based on analysis of intact and total LTR 
retrotransposons measured using Extensive de novo TE Annotator (EDTA) followed by LTR retriever. Notably, 
we identified 50 of the possible 56 telomeres across 28 chromosomes. The ‘Seolhyang’ genome was annotated 
using RNA-Seq data representing various F. × ananassa tissues from the NCBI for Biotechnology Information 
sequence read archive, which resulted in 129,184 genes. Powdery mildew is a significant disease frequently 
observed in controlled cultivation environments, such as plastic greenhouses, posing substantial challenges to 
strawberry production. The strawberry cultivar ‘Seolhyang’ is well known for its resistance to powdery mildew. 
This study utilized the assembled genome of ‘Seolhyang’ to investigate the genetic basis of its resistance, focusing 
on the MLO (Mildew Locus O) genes, which have been reported to be associated with powdery mildew resist-
ance. A total of 55 MLO genes were identified in the ‘Seolhyang’ genome. Their structures and domains were 
systematically compared with 20 MLO genes previously reported in diploid strawberries and 69 MLO genes 
identified in the octoploid strawberry ‘Camarosa.’ These comparisons provide valuable insights into the unique 
genetic characteristics underlying the powdery mildew resistance of ‘Seolhyang’, suggesting that the genome 
of ‘Seolhyang’ will be a promising genetic resource for the identification studies of powdery mildew resistance 
genes and development of resistant cultivars.

Feature Value

Mean read length (bp) 17,667.5

Mean read quality 23.3

Median read length (bp) 16,767.0

Median read quality 28.2

Number of reads 5,846,048.0

Read length N50 (bp) 17,769.0

STDEV read length (bp) 4,376.9

Total bases (bp) 103,284,908,461.0

Table 1. Summary statistics of PacBio Hifi reads used for genome assembly of ‘Seolhyang’.

Assembly Metrics Value

Draft assembly

 Number of contigs 2,140

 Number of contigs (≥50 kb) 739

 Length of largest contig (Mb) 36.27

 Contig size (Mb) 917.4

 GC content (%) 41.20

 Length of contig N50 (Mb) 27.04

 Length of contig N90 (Mb) 0.12

 L50 22

 L90 250

 BUSCO (%) 99.1

  Single 2.5

  Duplicated 96.6

  Fragmented 0.1

  Missing 0.8

Final assembly

 Assembled genome size (Mb) 797.0

 Number of anchored contigs 30

 BUSCO (%) 99.1

  Single 2.3

  Duplicated 96.8

  Fragmented 0.1

  Missing 0.8

  Quality value by Merqury 59.62

  LAI 17.28

Table 2. Statistics of the ‘Seolhyang’ genome assembly.
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Methods
Materials and DNA sequencing. The cultivated strawberry (F. × ananassa) cultivar ‘Seolhyang’ was used 
for genome sequencing. Young leaves were covered with black plastic bags and stored in a greenhouse for 14 d. 
The etiolated leaf tissue was harvested for DNA extraction. The leaves were frozen and subjected to genomic 
DNA extraction and library preparation by using DNA Link (Seoul, South Korea). The single-molecule real-
time sequencing (SMRT) bell library for ‘Seolhyang’ was constructed using a PacBio DNA Template Prep Kit 
3.0 (Pacific Biosciences, CA, USA). PacBio’s standard protocol (Pacific Biosciences, CA, USA) was used to build 
the SMRTbell target-size libraries. The library was sequenced using the PacBio Revio System (DNA Link, Seoul, 
South Korea).

De Novo genome assembly and validation. Figure 1 illustrates the workflow for the genome assembly 
and annotation implemented in this study. HiFi reads were used to produce a draft assembly without sequenc-
ing the parents by using Hifiasm ver. 0.16.124. Hifiasm was run with the following commands, according to the 
developer’s recommendations for heterozygous polyploid crops. The contigs were scaffolded and oriented based 
on the reference genome of ‘Florida Brilliance’ (https://www.rosaceae.org/Analysis/14031408) by using RagTag25.

Genome assembly statistics were calculated using QUAST version 5.0.26626. Merqury version 1.3 was used 
to measure the assembly consensus quality value (QV) and to evaluate the assembly based on efficient K-mer 
set operations27. The completeness of the genome assembly and protein-coding gene annotations were assessed 
using the BUSCO database28. The long terminal repeat (LTR) assembly index (LAI)29 for each sub-genome was 
calculated using LTR-retriever30 along with whole-genome Transposable elements (TE)-annotations and intact 
LTR retrotransposons identified using EDTA31.

Genome annotation. The TEs were annotated using EDTA v1.9.6 with default parameters31. A TE anno-
tation library was generated in separate runs by using EDTA. The TE regions of haploid assembly were masked 
using the ReapeatMasker v4.1.1 provided with the repeat library. Simple sequence repeats (SSRs) or microsatel-
lites were mined using the SSR Finder on the Genome Sequence Annotation Server v6.0 (GenSAS; https://www.
gensas.org)32. To increase the accuracy of gene annotation, we generated a transcriptome assembly containing 
possible sets of transcripts from ‘Seolhyang’ and publicly available F. × ananassa expression data. Read align-
ments were converted to the Binary alignment map (BAM) format by using SAMTools. Splice junctions for all 
merged RNA alignments were predicted and trimmed using Portcullis v1.2.233. Genome assemblies were anno-
tated using Braker2. Functions of the predicted transcripts were annotated based on alignment by using BlastP 
v2.2.2834 in the UniProtKB database35.

Collinearity and synteny. Genomic synteny at the DNA level among F. vesca36, F. × ananassa cultivars 
‘Royal Royce’37, and ‘Florida Brilliance’ (https://www.rosaceae.org/Analysis/14031408), and ‘Seolhyang’ was vis-
ualized using D-GENIES38 by applying default parameters after alignment with minimap239. Candidate structural 
variations were explored using SYRI40.

technical Validation
Details of the sequencing data are shown in Table 1. With one single-molecule real-time cell on the PacBio Revio 
platform, 103.3 Gb of the sequence was generated in 9.1 M reads. The average read length was 17,668 bp with an 
N50 of 17,769 bp. The assembly contained 2,140 contigs with an N50 of 27.04 Mb. Fifteen contigs accounted for 
50% of the total assembly (Table 2). The largest contig size was 36.27 Mb, which covered 99% of the chromosome 

Fig. 2 Dotplot of ‘Seolhyang’ genome to F. × ananassa cv. Florida Brilliance (a), F. × ananassa cv. Royal Royce 
(b), and diploid F. vesca ver 4.0 (c). Dot plots were produced using the DGENIE software and alignments with 
minimap2.
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length. Before scaffolding, BUSCO was 99.1%, and LTR analysis showed that the LAI score was 17.28, indicat-
ing the gold standard of the reference genome. Scaffolded contigs resulted in 796.9 Mb of a final genome size. 
Notably, only 30 contigs were anchored to the final assembly for ‘Seolhyang’.

Fig. 3 Collinearity analysis between ‘Seolhyang’ genome and other octoploid strawberry genomes, including 
‘Florida Brilliance’ (FaFB1) and ‘Royal Royce’ (FaRR1).
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Identification and characterization of pectin lyase sequence analysis. The sequences with con-
served MLO domains (cl03887) were retrieved on Pfam database41. The physical location of the MLO genes was 
retrieved from the genome annotation file. The conserved motifs were searched using the MEME42 and visualized 
with gene structure using TBtools43.

Based on the multiple alignment of MLO proteins obtained by the MUSCLE44, a phylogenetic tree was con-
structed by using the maximum likelihood method in Geneious Prime. The collinear gene pairs were generated 
using MCScanX45 software. The analysis was conducted using the default parameters of specific software accord-
ing to the user instructions.

Data Records
The PacBio HiFi sequencing reads used for genome assembly have been deposited in the NCBI Sequence 
Read Archive (SRA) under BioProject accession number [PRJNA1148756] (https://www.ncbi.nlm.nih.gov/
bioproject/PRJNA1148756)45.

The chromosome-level genome assembly has been deposited in GenBank under the accession number 
[JBKFVU000000000] (https://identifiers.org/ncbi/insdc.gca:JBKFVU000000000.1)46.

In addition, the gene annotation files and supplementary materials are available on FigShare (https://doi.org/ 
10.6084/m9.figshare.26866807)47,48.

Collinearity between ‘Seolhyang’ and other published F. × ananassa genomes, namely ‘Florida Brilliance’ and 
‘Royal Royce’, was confirmed. Translocations on 1D were apparent when the ‘Seolhyang’ genome was compared 
with the genomes of ‘Florida Brilliance’ (Fig. 2a) and ‘Royal Royce’ (Fig. 2b). Alignments of ‘Seolhyang’ assem-
bly against FaRR1 (‘Royal Royce’) and FaFB1 (‘Florida Brilliance’) also displayed a high degree of collinearity 
(Figs. 2a and 2b). On the basis of this alignment, we applied the chromosome nomenclature for ‘Seolhyang’ 
and ‘Royal Royce’, reflecting the putative diploid origins of each respective subgenome (A, B, C, and D)37. 
Alignments of the ‘Seolhyang’ genome against the diploid F. vesca v4.036 showed a high degree of collinearity 
except for major translocations on 1 A (Fig. 2c). We confirmed the collinearity and consequently explored the 
candidate structural variations among ‘Seolhyang’, ‘Florida Brilliance’, and ‘Royal Royce’ by using SYRI41 (Fig. 3). 
Only ‘Seolhyang’ subgenome A showed higher sequence similarity with diploid F. vesca. Telomeric motifs 
(5’-TTTAGGG-3’) were explored at the end of each chromosome in the assembly of ‘Seolhyang’. Telomeric 
motifs enriched in the termini of the pseudo-chromosomes allowed for the identification of 50 telomeres 
(Table 3). All pseudomolecules contained telomere-rich regions, at least at their ends. Overall, 22 pseudomole-
cules were potentially telomere-to-telomere, except for Chr 1B, 1 C, 2 A, 3 C, 7 A, and 7B.

ChrZ Telomere (5’, 3’) Chr Telomere (5’, 3’) Chr Telomere (5’, 3’) Chr Telomere (5’, 3’)

1 A 5’ and 3’ 1B 5’ 1 C 5’ 1D 5’ and 3’

2 A 5’ 2B 5’ and 3’ 2 C 5’ and 3’ 2D 5’ and 3’

3 A 5’ and 3’ 3B 5’ and 3’ 3 C 5’ 3D 5’ and 3’

4 A 5’ and 3’ 4B 5’ and 3’ 4 C 5’ and 3’ 4D 5’ and 3’

5 A 5’ and 3’ 5B 5’ and 3’ 5 C 5’ and 3’ 5D 5’ and 3’

6 A 5’ and 3’ 6B 5’ and 3’ 6 C 5’ and 3’ 6D 5’ and 3’

7 A 5’ 7B 5’ 7 C 5’ and 3’ 7D 5’ and 3’

Table 3. Information on telomeric motif enriched in the assembly for ‘Seolhyang’. zChromosome.

Class Sub-Class Count
Length of masked 
sequence (bp)

Proportion of masked 
sequence (%)

LTR Class I

Copia 55154 50,669,582 6.36

Gypsy 79904 106,799,776 13.40

unknown 71525 46,056,914 5.78

TIR Class II

CACTA 62608 31,276,082 3.92

Mutator 81530 29,988,084 3.76

PIF_Harbinger 28244 12,342,220 1.55

Tc1_Mariner 2507 845,802 0.11

hAT 37412 16,290,255 2.04

NonTIR Class II

helitron 104369 52,082,013 6.54

Total — — 523,253 346,350,728 43.46

Table 4. Classification and distribution of repetitive DNA elements identified in ‘Seolhyang’ genome by EDTA 
pipeline.

https://doi.org/10.1038/s41597-025-05191-6
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1148756
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1148756
https://identifiers.org/ncbi/insdc.gca:JBKFVU000000000.1
https://doi.org/10.6084/m9.figshare.26866807
https://doi.org/10.6084/m9.figshare.26866807


7Scientific Data |         (2025) 12:1002  | https://doi.org/10.1038/s41597-025-05191-6

www.nature.com/scientificdatawww.nature.com/scientificdata/

a) Chromosome

b) TE density 

a

b

c

c) Gene density 

Fig. 4 Distribution of transposable elements and genes in ‘Seolhyang’ genome. (a) length of assembled 
chromosomes, (b) distribution of DNA transposable elements, and (c) distribution of genes.

Chromosome

Subgenome

A B C D Total

Chr01 3,948 4,058 3,733 3,917 15,656

Chr02 5,128 4,702 4,504 4,610 18,944

Chr03 5,383 5,043 4,871 4,695 19,992

Chr04 4,501 4,545 4,078 3,917 17,041

Chr05 4,721 4,618 4,158 4,197 17,694

Chr06 6,267 6,013 5,712 5,899 23,891

Chr07 4,106 3,994 4,293 3,573 15,966

Total 34,054 32,973 31,349 30,808 129,184

Table 5. Genes predicted in ‘Seolhyang’ genome.
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Number Locus ID Name
Gene size 
(bp) Chromosome Physical location (bp)

Protein size 
(aa)

1 Fxa1Ag011330 FaMLO02A 5,409 1 A 5462433:5467842 583

2 Fxa1Ag012930 FaMLO03A 3,172 1A 6231196:6234368 547

3 Fxa1Bg047310 FaMLO02B 5,393 1B 4762087:4767480 579

4 Fxa1Bg048830 FaMLO03B 3,152 1B 5540775:5543927 470

5 Fxa1Cg076150 FaMLO01 C 4,168 1 C 56757:60925 536

6 Fxa1Cg085780 FaMLO02C 6,619 1C 4841605:4848224 710

7 Fxa1Cg087280 FaMLO03Ca 1,423 1C 5658096:5659519 282

8 Fxa1Cg087290 FaMLO03Cb 1,692 1C 5659546:5661238 278

9 Fxa1Dg137440 FaMLO03D 3,505 1D 20998747:21002252 565

10 Fxa1Dg139030 FaMLO02D 6,268 1D 21844508:21850776 588

11 Fxa1Dg148370 FaMLO01D 5,148 1D 26518145:26523293 536

12 Fxa2Ag165200 FaMLO04A 1,544 2A 8408723:8410267 417

13 Fxa2Bg225130 FaMLO04B 1,529 2B 19864264:19865793 412

14 Fxa2Cg243990 FaMLO04C 1,787 2C 1801554:1803341 498

15 Fxa2Dg299790 FaMLO04D 1,529 2D 8731405:8732934 412

16 Fxa3Ag341020 FaMLO11A 7,517 3 A 8335997:8343514 552

17 Fxa3Ag341080 FaMLO10A 5,609 3 A 8381527:8387136 611

18 Fxa3Ag355410 FaMLO09A 7,117 3A 19152962:19160079 552

19 Fxa3Ag368890 FaMLO05A 3,123 3A 26834986:26838109 535

20 Fxa3Bg386330 FaMLO05B 3,007 3B 4352812:4355819 521

21 Fxa3Bg412260 FaMLO11B 6,050 3B 23801141:23807191 554

22 Fxa3Cg433350 FaMLO05C 3,037 3 C 4409625:4412662 527

23 Fxa3Cg445160 FaMLO09C 6,648 3 C 11764722:11771370 552

24 Fxa3Cg458180 FaMLO10Ca 5,690 3C 22877734:22883424 516

25 Fxa3Cg458230 FaMLO10Cb 5,690 3C 22906679:22912369 516

26 Fxa3Cg458290 FaMLO11C 4,899 3C 22984164:22989063 546

27 Fxa3Dg482880 FaMLO11D 4,803 3D 7926294:7931097 560

28 Fxa3Dg482920 FaMLO10D 5,761 3D 7955856:7961617 526

29 Fxa3Dg495270 FaMLO09D 7,157 3D 19369898:19377055 552

30 Fxa5Ag700800 FaMLO12A 3,794 5 A 15371884:15375678 452

31 Fxa5Ag700920 FaMLO13A 3,890 5 A 15448805:15452695 507

32 Fxa5Ag702360 FaMLO14A 6,840 5A 16547997:16554837 662

33 Fxa5Ag704640 FaMLO15A 5,108 5A 18299966:18305074 388

34 Fxa5Bg729940 FaMLO15B 2,511 5B 9245536:9248047 311

35 Fxa5Bg733050 FaMLO13B 3,842 5B 12542632:12546474 507

36 Fxa5Bg733120 FaMLO12B 4,031 5B 12594180:12598211 448

37 Fxa5Cg785210 FaMLO12C 3,742 5 C 15420230:15423972 452

38 Fxa5Cg785250 FaMLO13C 3,401 5C 15480912:15484313 506

39 Fxa5Cg788500 FaMLO15C 7,259 5C 18394778:18402037 592

40 Fxa5Dg825490 FaMLO13D 3,910 5D 15817519:15821429 507

41 Fxa6Ag881910 FaMLO17A 3,580 6 A 25632265:25635845 573

42 Fxa6Ag881950 FaMLO16A 7,479 6A 25654007:25661486 934

43 Fxa6Bg930290 FaMLO18B 4,378 6B 20652712:20657090 412

44 Fxa6Bg939370 FaMLO16B 6,359 6B 27195838:27202197 809

45 Fxa6Cg993140 FaMLO17C 3,619 6 C 26301468:26305087 577

46 Fxa6Cg993190 FaMLO16C 8,418 6C 26359795:26368213 813

47 Fxa6Dg1022720 FaMLO16D 6,931 6D 8793993:8800924 814

48 Fxa6Dg1022770 FaMLO17D 3,690 6D 8854377:8858067 588

49 Fxa6Dg1032060 FaMLO18D 4,449 6D 15719393:15723842 600

50 Fxa7Ag1072700 FaMLO19A 7,414 7 A 6884486:6891900 527

51 Fxa7Ag1086280 FaMLO20A 3,297 7A 15463589:15466886 508

52 Fxa7Bg1115610 FaMLO20B 3,294 7B 7040395:7043689 564

53 Fxa7Bg1128580 FaMLO19B 650 7B 15628053:15628703 171

54 Fxa7Cg1168010 FaMLO20C 3,334 7C 17595662:17598996 564

55 Fxa7Dg1194280 FaMLO20D 3,297 7D 6956301:6959598 564

Table 6. The physical characteristics of FaMLO genes in ‘Seolhyang’ genome assembly.
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Genome annotation. In the ‘Seolhyang’ genome, 346.3 Mb of the repetitive sequence accounted for 43.46% 
of the genome. Most of this repeat sequence was composed of LTR TEs (25.4%; Table 4). For each chromosome, 
a genomic region with dense repetitive sequences and a low density of genes, thought to be the centromeres, was 
identified (Fig. 4). Genome sequences with a long TE (>1 kb) mask were used for gene prediction. De novo pre-
diction of the number of gene-coding proteins in the genome assembly yielded 151,558 transcripts by aligning the 
RNA-Seq datasets with the assemblies. BUSCO analysis of the transcript assemblies revealed 2,275 complete core 
eudicot genes (97.8%, 3.5% single-copy, 94.3% duplicated), with 0.5% fragmented and 1.7% missing core eudicot 
genes. In total, 129,184 genes remained in the ‘Seolhyang’ genome (Table 5).

Identification of FaMLOs in ‘Seolhyang’ genome assembly. A total of 55 FaMLO genes with MLO 
domains (cl03887) were identified. According to their homology to FveMLO genes from F. vesca, all FaMLO 
genes were renamed as FaMLO01C to FaMLO20D (Fig. 5). A maximum of five FaMLO genes were located on 
chromosome 3 C, while there were no FaMLO genes on chromosome 4 A, 4B, 4 C, and 4D. The characteristics 
properties of the deduced 55 FaMLO is shown in Table 6. The number of amino acids varied from 171 to 934 aa, 
most of them (53) were concentrated from 400 to 600 aa. There were only one FaMLO proteins comprising amino 
acids below 200 aa.

According to phylogenetic analysis for FaMLO genes identified in the present study and previously reported, 
all the fifty-five FaMLO genes were classified into seven clusters (Fig. 6a). Among them, clade 1 is the largest 
clade containing 14 members, followed by group 7, which had 11 members of FaMLO genes. To better elucidate 
the structural characteristics of the FaMLO genes, CDS distributions were analyzed and visualized (Fig. 6b).

The collinearity analysis among woodland strawberry (F. vesca), and octoploid strawberry ‘Seolhyang’ was 
carried out to explore the evolutionary relationship of FaMLOs. According to the result, 55 FaMLOs and 17 
FveMLOs were involved to form collinear pairs and were highlighted (Fig. 7).

Fig. 5 Chromosomal distribution and location of FaMLOs in ‘Seolhyang’ strawberry. Different colors indicate 
the chromosomes from different subgenomes of cultivated strawberry.
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Fig. 6 Classification and characterization of FaMLO identified in the genome assembly of ‘Seolhyang’.  
(a) Phylogenetic tree of FaMLOs from diploid and octoploid strawberries. Different branch colors represent the 
different groups. MLO family members from ‘Seolhyang’ strawberry identified in this study are marked with 
blue circles. The red stars and black rectangles indicate the previously reported FaMLOs in Fragaria vesca and 
F. × ananassa var. ‘Camarosa’. (b) Gene structure and conserved domain analysis of FaMLOs. Left part indicated 
an unroot tree of strawberry FaMLOs, middle part showed the exon–intron distribution of FaMLOs, and the 
right part displays the distribution of conserved domain on each FaMLO protein.
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Code availability
All software and pipelines were executed according to the guidelines and protocols outlined in the respective 
bioinformatics tools’ manuals. No custom coding or programming was used.
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