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ABSRACT

The allo-octoploid cultivated strawberry (Fragaria x anananssa Duchesne) has 

been produced around the world because of its pleasant flavor and health benefitting 

properties. There have been many obstacles in molecular breeding of strawberry due 

to the extremely complex nature of its genome composed of four relatively similar 

sub-genomic chromosome set. However, with recent advances in sequencing and 

scaffolding technology, chromosome-scale octoploid genome information is now 

available. In addition, with the development of various molecular markers, it is 

possible to construct high-density linkage maps that can be useful for molecular 

breeding. In this study, we constructed a high-density bin map using IStraw90 
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Axiom® SNP array and genotyping-by-sequencing (GBS)-based markers, and an F2 

populations derived from inbred lines. As a result, a high-density linkage bin map of 

3,974.6 cM in length was constructed, consisting of 1,245 bins and 33 linkage groups, 

covering 87.7% of the total physical length of the octoploid genome. This high-

density linkage map was used to improve the quality of the octoploid reference 

genome, ‘Camarosa’. The chromosomes 1-2, 2-1, 6-2, and 6-4 of ‘Camarosa’, which 

has scaffolding errors in large scale, were reassembled based on the linkage map 

constructed in this study. Furthermore, this high-density linkage map was used to 

analyze QTL for firmness, one of the traits that is important for the quality of 

strawberry fruits. Among the nine QTL for firmness detected in ‘L80’ linkage bin 

map, QTL ‘qFaFL7’ containing the firmness-related genes on chromosome 6-3b was 

the major QTL explaining 26% of phenotypic value with LOD value of 6. On the 

other hand, in the ‘T137’ linkage bin map, five QTL were detected, but the LOD and 

phenotypic value was too low to be considered major QTL. In[o2][o3] summary, the

high-density linkage maps, ‘L80’ constructed in this study will be a framework for

molecular breeding of agriculturally important traits in strawberry.

Keywords: Allo-octoploid strawberry, IStraw90 Axiom SNP array, genotyping-by-

sequencing (GBS), reference genome, high-density linkage map, fruit firmness

Student number: 2018-23834
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INTRODUCTION

Strawberries belong to the genus Fragaria L. in the family Rosaceae, 

subfamily Rosoideae (Potter et al., 2007). The genus Fragaria has a basic 

chromosome number of seven (x=7) (Ichijima, 1926). There are various 

Fragaria species with different ploidy levels, ranging from diploid to 

decaploid (Ahmadi et al. 1992; Hummer et al. 2009). The cultivated 

strawberries (F. x anananssa Duchesne) are octoploid (2n = 8x = 56), which 

originated from a cross between a few clones of South American F. chiloensis 

(L.) Miller and North American F. virginiana (L.) Miller about 250 years ago 

(Darrow, 1966). Because of its pleasant flavor, nutrient factors and health 

benefitting properties, strawberry has a large economic and commercial 

values (Giampieri et al., 2014) which are evidenced by the continuous 

increase of the strawberry production (http://faostat.fao.org/site/567/).

There have been many obstacles in molecular breeding of strawberry due 

to the extremely complex nature of its genome, which also leads to difficulty 

in assembly of octoploid strawberry genome (Folta and Davis, 2006;

Hirakawa et al., 2014; Koskela et al., 2016). Strawberry is an allopolyploid

composed of four different diploid genomes. The allopolyploidy nature of 

strawberry make it very difficult to distinguish closely related subgenomes 
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when assemble the strawberry genome (Ming and Wai, 2015). For this reason, 

diploid F. vesca and incomplete octoploid F. x ananassa reference genome 

have been the basis of genetic studies in octoploid strawberry (Shulaev et al.,

2011; Tennessen, 2014; Bassil et al., 2015; Davik et al., 2015; Edger et al.,

2017). However, recent long-read sequencing methods including single-

molecule real-time (SMRT) and Nanopore sequencing enabled construction 

of the chromosome-scale reference genome of the octoploid F. ananassa. The 

chromosome-scale reference genome covers approximately 99% of the 

estimated genome size. These reference genome provide an unprecedented

opportunities for molecular breeding in strawberry (Edgar et al., 2019b). 

Molecular markers and linkage maps are essential for plant molecular 

breeding and genetic studies. Various molecular markers have been developed 

during last several decades including random amplified polymorphic DNA 

(RAPD), amplified fragment length polymorphisms (AFLP), simple 

sequence repeat (SSR), diversity arrays technology (DArT), Affymetrix 

IStraw90 Axiom array, and genotyping-by-sequencing (GBS) in strawberry 

(Gidoni et al., 1994; Congiu et al., 2000; Degani et al., 2001; Lerceteau-

Köhler et al., 2003; Davis et al., 2006; Sánchez-Sevilla et al., 2015; Bassil et 

al., 2015; Vining et al., 2017). As the markers have been gradually developed, 

there have been many studies aimed to construct linkage maps in octoploid 
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strawberry. The first genetic linkage map of F. × ananassa was constructed 

using amplified fragment length polymorphism (AFLP) markers. These

genetic linkage maps with total linkage distances of 1,604 cM and 1,496cM 

was constructed using 235 and 280 amplified fragment length polymorphism 

(AFLP) markers, for female and male maps, respectively (Lerceteau-Köhler 

et al., 2003). Isobe et al., (2013) reported a linkage map consisting of simple 

sequence repeat (SSR) with a total linkage distance of 2364.1 cM (Isobe et 

al., 2013). The Affymetrix IStraw90 Axiom array was the first high-

throughput genotyping platform for octoploid strawberry (Bassil et al., 2015). 

A linkage map spanning 1,820 cM was constructed with the 8,407 SNP 

markers of Axiom® IStraw90 array (Sargent et al., 2016). In case of 

Affymetrix IStraw90 Axiom array, it is a highly simple, convenient and cost-

effective method compared to other genotyping technologies. In 2017, the 

first linkage maps of three octoploid strawberry was constructed using 

genotyping-by-sequencing (GBS). The linkage groups covered 99% of the F. 

vesca reference genome (Vining et al., 2017).

The firmness of strawberry is one of the main factors influencing the 

consumers’ acceptance (Døving and Måge, 2002). It is evidenced that the 

higher the firmness assures the higher the storage capacity and the better 

quality of the fruit (Liu, 2016). Furthermore, fruit with low firmness have the 
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disadvantage of increased pathogen susceptibility (Dotto et al., 2006).

Therefore, fruit firmness has been an important target in strawberry breeding 

programs (Darrow, 1966; Barritt, 1979; Scheerens and Brennemaan, 1991; 

Khanizadeh et al., 2000; Giampieri et al., 2014; [o4]Hancock et al., 2016; 

Mora et al., 2019). Fruit firmness is controlled by many factors such as cuticle 

properties, cell wall structure and turgor (Chaib et al., 2007; Saladie et al., 

2007). Therefore, firmness is a very complex and polygenic trait (Brummell 

and Harpster, 2001). To date, there has been studied on QTL analysis targeting 

firmness in various fleshy fruits such apple, melon, peach and sweet cherry 

as well as tomato which is considered a model plant for fleshy fruits (Kenis 

et al., 2008; Moreno et al., 2008; Cao et al., 2012; Chapman et al., 2012; Balas 

et al., 2017). Similarly, QTL analysis targeting firmness have been studied in 

strawberry (Dotto et al., 2006; Zorrilla-Fontanesi et al., 2011; Lerceteau-

Köhler et al., 2012; Antanaviciute, 2016; Pott et al., 2018). [W사5] Until 

now, several QTL regions for firmness have been detected. Among them, 

according to the most detailed study of firmness as the target trait, eight QTL 

regions were detected on chromosome 1, 2, 3, 4 and 7 based on SSR-based 

linkage map. Also, in the Axiom array-based linkage map, by comparing the 

physical position of markers detected in QTL regions with the expansin 

position known to affect strawberry fruit firmness, three markers that are 



5

thought to be closely related to firmness were finally selected. However, this 

result is based on physical position of diploid reference genome, therefore

further study based on the new octoploid reference genome is required.

In this study, we constructed a high-density linkage map for the F₂ 

mapping population which shows differences in firmness using the IStraw90 

Axiom® SNP array and GBS markers for identification of subgenome-

specific loci. This method can substitute the disadvantage that the whole 

genome resequencing is expensive, and has the advantages that the density 

and coverage of the mapping population is excellent as in whole genome 

resequencing. Firstly, we identified and corrected the scaffolding error of the 

octoploid ‘Camarosa’ reference genome using this high-density linkage map 

(domesticated type) and two previously published linkage map (wild types). 

Secondly, using our ‘L80’ linkage bin map, a significant QTL region with an 

LOD value of 6 and associated with the expansin genes affecting the firmness 

of strawberry fruit was identified in Chromosome 6-3b. Therefore, the 

construction of the domesticated type high-density linkage map will be 

beneficial to further researches not only in genomic studies but also in 

molecular breeding.
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MATERIALS AND METHODS[W사6]

Plant materials, DNA extraction and reference genome

Inbred lines (‘Bennihoppe 8-10’, ‘Sachinoka KJ12 12’, ‘Bennihoppe 8-9’, and 

‘Chandler KJ13 13’) derived from the relatively high firmness variety F. × ananassa

‘Bennihoppe’ and two low firmness varieties F. × ananassa ‘Sachinoka’ and 

‘Chandler’ were used as parental lines (Rho et al., 2012). [o7] Two F₂ mapping 

populations ‘L80’ and ‘T137’ were used for linkage map construction. ‘L80’ was 

derived from a cross between ‘Bennihoppe 8-10’ and ‘Sachinoka KJ12 12’ and 

‘T137’ is a cross between ‘Bennihoppe 8-9’ and ‘Chandler KJ13 13’. Total genomic 

DNA was extracted from young leaves of 149 F2 plants and their parental lines (‘L80’) 

and those of 147 F2 plants and their parental lines (‘T137’) using modified 

cetytrimethylammonium bromide (CTAB) method (Doyle and Doyle, 1987).

Two octoploid strawberry reference genomes were used in this study. One is a 

reference genome named ‘Wongyo (unpublished)’, which is a highly homozygous 

inbred line and a high-quality reference genome covering a total of 804 Mb. The 

other is ‘Camarosa’, which is the first completed octoploid strawberry reference 

genome representing ~99% of the estimated genome size (Edgar et al., 2019b).
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GBS library preparation and sequencing

The GBS libraries were constructed for the ‘L80’ ‘T137’ populations and their 

parental lines. DNA concentrations were diluted to 80 ng/㎕ for library preparation. 

Genomic DNA was double digested with the restriction enzymes EcoRI and MseI as 

previously described by Han et al., (2018). The adapters of two restriction enzymes 

were ligated to both enzyme cut-sites of digested gDNA with different barcodes for 

each sample. After amplification and quality control, the library were sequenced 

using Hiseq 4000 at Macrogen (Seoul, Republic of Korea).

Sequencing data processing and SNP calling

The CLC genomics Workbench (v8.5.1) was used to check sequencing quality 

(QC) and trim the sequence reads. Quality trimming value was set to 0.01 (Q=20). 

For trimming, ambiguous nucleotides were removed to allow maximal 2 nucleotides. 

Sequence length less than 80 was removed. A pipeline implemented in Python 

program was used for the processing of trimmed data. This pipeline uses several 

software tools as Burrow Wheelers Alignment (BWA), Sequence Alignment/Map 

(SAM) Tools, and Picard (Li and R. Durbin, 2009; Li et al., 2009; Truong et al., 

2012). The raw reads were aligned to the reference genome using the Burrow-

Wheeler Aligner program v0.7.12 (Li and Durbin, 2009). To group and sort the 

aligned read, Picard Tools v1.19 and SAMtools v1.1 were used. For SNP calling, the 

Genome Analysis ToolKit (GATK) UnifiedGenotyper v3.8-0 was used (Depristo et 
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al., 2011). SNPs were filtered for minimum genotype quality of Q30, allele 

frequency (AF) and a minimum sequencing depth 3.

GBS SNP dataset filtering and genotyping

Processed GBS reads were aligned against the reference genome of F. × 

ananassa ‘Wongyo’ for SNP calling. The following criteria were used for further 

SNP filtering: (i) SNP loci with no calling data in both parents was removed; (ii) 

threshold for removal was set to P <0.01; (iii) based on the fact that one parent is 

clearly called homozygous, the uncertain genotype of the opposite parent was 

determined (iiii). In case of one parent was no-call or heterozygous, or both parents

were heterozygous, it was adjusted to the genotypes around the SNP loci. Lastly, we 

performed parent-based genotyping of paternal line to “A” and maternal line to “B”. 

The genotypes were labeled as “A” or “B” for homozygous genotypes, and “H” for 

heterozygous genotypes. ‘Chandler’, ‘Sachinoka’ and individuals following 

‘Chandler’ and ‘Sachinoka’ genotypes were coded as “A”, whereas ‘Bennihoppe’ 

and individuals following ‘Bennihoppe’ genotypes were coded as “B” (Rabbi et al., 

2014; Moumouni et al., 2015).

Axiom marker dataset filtering and genotyping

To select F₂ plants for Genotyping using Affymetrix of Axiom® Strawberry 

Array (IStraw90K), gDNA quality was evaluated using ND-1000 spectrophotometer 
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(Thermofisher, Waltham, and USA) and Quant-iT™ PicoGreen ® dsDNA Reagent 

(Thermofisher, Waltham, and USA). Among the ‘L80’ F₂ plants, 94 individuals 

having high recombination rates, which were calculated using GBS data, were 

selected. The Axiom SNP array experiment were performed at DNA Link (Seoul, 

Korea). The quality of raw data for each individual were determined using the default 

Dish QC values by Affymetrix Power Tools (APT). After removing DQC, the 

genotype calling were performed using APT with AxiomGT1 BRLMM-P algorithm. 

For genotyping analysis, Axiom Analysis Suite v4.0.1 was used.

Bin map and SNP linkage map construction

In this study, we constructed a bin map to solve the genotyping error and 

missing data. The ratios of SNPs with both parental genotypes was calculated for 

each window, defined as a window unit of 2.0 Mb and a moving window size of 200 

Kb. When more than 70% of SNPs had one parental genotype, the window was 

called as homozygous; otherwise, the window was called as heterozygous. Adjacent 

windows with same genotype were combined into a recombination bin.

Recombination breakpoints were determined as the position where a different 

genotype emerged. A linkage map of bins was constructed by using the Carthagene 

software (De Givry et al., 2005). The criteria used to construct a linkage group were 

a 3.0 LOD threshold score and limited distance of 50 cM. Among several LGs, the 

best map order was determined based on LOD scores and recombination frequencies. 

The Kosambi genetic mapping function was used to calculate the distances between 
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bin markers. The resulting linkage map was then drawn using the MapChart2.2 

software (Voorrips. R, 2002).

Comparison of linkage map to physical map

After construction of the linkage map using bin marker, linkage map and 

physical map were compared using ALLMAPS software (Haibao Tang., 2015). The 

physical map information was based on the genome sequence of ‘Wongyo’ reference. 

In the case of chromosome divided into two linkage groups, the gap connecting the 

two divided linkage groups was set to 50 cM. [W사8]

Scaffold reassembly in 'Camarosa’ reference genome

The scaffolds of the ‘Camarosa’ reference genome were reassembled of the 

scaffolding errors using the linkage bin map of the domesticated population, ‘L80’

and linkage maps of the two wild type populations, ‘Del norte’ and ‘PI552277’

(Hardigan et al., 2019). Firstly, in order to identify and correct the scaffolding errors 

of the ‘Camarosa’ reference genome, the ALLMAPS program (--links=3) was used 

to identify the collinearity between the ‘Camarosa’ reference genome and three 

linkage maps. In case of ‘L80’ population, the sequence between -250bp and +250bp 

based on the SNP position was extracted. Then, the physical position in the Chandler 

reference genome was detected through the local blastn (Evalue of 3, maximum 

under of HSPs of 1.0 and maximum target sequence of 10.0) on the Linux server. 
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Secondly, the gap position was detected in ‘Camarosa’ reference genome, and among 

the gaps that matches the region where the chromosomes were twisted, the gap with 

the most average value was selected. Based on the selected gap, the chromosomes 

were divided. Finally, using the ALLMAPS program (--links=3), the ‘Camarosa’

reference genome were reassembled with the ‘Camarosa’ reference genome divided 

by the gap position and three linkage maps.

Measurement of firmness

Strawberry firmness was evaluated by modified method of non-destructive way. 

Fruit firmness was leveled by compressing 80~90% ripe fruit between thumb and 

forefinger and scored from hard to mushy (Leveled 1 to 10, level 1; very soft; level 

10; very firm) (Mathey et al., 2013). [o9]Firmness evaluation was conducted at the 

National Institute of Horticulture and Herbal Science in 2018.

QTL analysis

Using the two genetic bin maps and firmness phenotypic data, composite 

interval mapping was performed using Windows QTL Cartographer v2.5 (Wang et 

al., 2012). The result were screened for functional QTL based on an LOD value 2.5.

The closest bin marker to the QTL with the highest LOD was selected to represent 

QTL in firmness. The proportion of phenotypic variation explained by each QTL 

was estimated using R² (%) value.
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RESULTS

Genotyping by sequencing and Axiom array genotyping

Sequencing data of GBS libraries for ‘L80’ and ‘T137’ were obtained and 

aligned to ‘Wongyo’ reference genome assembly. A total of 61,862 (‘L80’) and 

75,595 (‘T137’) raw SNPs were obtained from the Illumina sequencing. After 

quality filtering (minimum 30 phred-score, minimum read depth of 3 and minimum 

calling rate of 70%, 6,312 and 11,378 SNPs were obtained for ‘L80’ and for ‘T137’, 

respectively. SNPs fitted to a segregation ratio of 1:2:1 (p-value > 0.01) were selected 

and 855 and 1,091 GBS SNPs were finally obtained for ‘L80’ and ‘T137’, 

respectively (Table 1).[W사10] In case of the Axiom SNPs, only ‘L80’ population 

were used for analysis. The scores for the probes were classified into six categories 

produced by the Affymetrix software: (1) Poly High Resolution (PHR) (4,463; 

3.23%); (2) Call Rate Below Threshold (CRBT) (4,714; 3.41%); (3) Other (20,571; 

14.9%) (4) Off-Target Variant (OTV) (123; 0.09%); (5) Mono High Resolution 

(MHR) (100,851; 73.03%); (6) No Minor Homozygote (NMH) (7,377; 5.34%). 

Along with the first group (PHR) markers suggested by the company, second group 

(CRBT) and third group (Other) markers were used for blastn to align ‘Wongyo’

reference genome. As a result, total 4,936 Axiom markers were multiple alignment 

locus and showed a 1:2:1 segregation ratio (p-value > 0.01) (Table 2).
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Table 1. Summary of GBS-based SNP marker sets

Name Population size Raw SNPs QC filtered Final marker*

L80 149 61,862 6,312 855

T137 147 75,595 11,378 1,091

*Final marker means that the F₂ genotype matched to 1:2:1 segregation ratio selected 

through the chi square test (p-value > 0.01).

Table 2. Number of markers in six classes for Axiom IStraw90 genotyping array

Name PHR CRBT Other OTV MHR NMH
Filtered 

SNP
Total

L80 4,463 4,714 20,571 123 100,851 7,377 4,936 138,099
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Bin map construction

We used F. × ananassa chromosome information with the reference in this study. 

High-density genetic maps of populations with high linkage disequilibrium contain 

many redundant markers that provide no new information, but increase the 

computational requirements of mapping. Furthermore, a small percentage of 

genotypes are falsely called due to sequencing error. To complement for missing data 

and genotyping errors and to construct an ultra-high-density linkage map, a modified 

sliding window approach was applied (Huang et al., 2009). A slightly modified 

sliding window approach (Han et al., 2016) was used to investigate recombination 

breakpoints and construct a bin map. Adjacent SNPs with the same genotype were 

integrated into a single recombination bin, and the genotype of each bin was 

determined based on the ratio between SNPs from two parents. This bin was used as 

a marker for construct a linkage map. A total of 5,791 SNPs (‘L80’) and 1,091 SNPs 

(‘T137’) were used to construct the bin map. All SNPs were distributed in 1,245 bins 

(‘L80’) and 463 bins (‘T137’), grouped into 33 and 30 linkage groups, respectively. 

The average length of bin is 0.65Mb (‘L80’) and 1.74Mb (‘T137’), which means that 

the length of one bin representing the physical genome region in the ‘L80’ population 

is shorter than in the ‘T137’ population (Table 3 and Table 4). Most of bin marker 

length were more than 1Mb, ranging from 100kb to 11.8Mb (‘L80’) and 100kb to 

19.1Mb (‘T137’). 



15

Table 3. The total number of SNPs and bin markers mapped to the ‘L80’ linkage 

map.

Chr.
No. 

SNPs
Linkage 
group

No. 
bins

Average 
distance

between bin
markers (cM)

Average
length of 

bins 
(Mb)

LG 
length
(cM)

Total
physical
length 
(Mb)

1-1 160 1-1 45 2.0 0.57 92.1 25.8
1-2 167 1-2 45 2.7 0.54 119.3 24.5
1-3 153 1-3 43 3.0 0.58 130.5 24.9
1-4 331 1-4 46 2.0 0.50 91.1 23
2-1 94 2-1 34 4.9 0.79 166.9 26.8
2-2 283 2-2 37 4.9 0.72 181.4 26.4
2-3 113 2-3 39 5.0 0.76 195.2 29.4
2-4 119 2-4 33 4.9 0.83 162.6 20.9
3-1 178 3-1 49 2.7 0.60 131.3 26.6
3-2 220 3-2 53 2.3 0.57 120.9 28.1
3-3 267 3-3 56 2.4 0.55 131.8 26.4
3-4 402 3-4 65 2.0 0.48 130.4 28.1
4-1 137 4-1a 12 4.9 0.64 58.7 24.3

4-1b 26 1.8 47.3
4-2 118 4-2 38 4.5 0.72 171.8 27.5
4-3 296 4-3 46 3.9 0.59 180 27
4-4 119 4-4 29 4.3 1.07 123.6 31
5-1 469 5-1 69 2.3 0.39 161.7 26.2
5-2 180 5-2 51 2.4 0.49 123.1 24.8
5-3 254 5-3 58 3.0 0.50 173.5 28.3
5-4 200 5-4 46 3.2 0.56 145.9 25.6
6-1 394 6-1a 20 2.3 0.60 46.2 32.2

6-1b 35 3.1 108.1
6-2 132 6-2a 14 3.3 0.86 46.8 34.2

6-2b 27 2.9 78.1
6-3 162 6-3a 15 3.3 0.79 50.2 37.1

6-3b 28 4.2 118.8
6-4 116 6-4a 11 2.8 0.82 30.8 32.9

6-4b 30 3.0 89.1
7-1 112 7-1 25 5.0 0.86 126.1 20.8
7-2 335 7-2 49 3.1 0.58 149.9 28
7-3 91 7-3 31 5.7 0.74 175.3 22.6
7-4 189 7-4 40 2.9 0.55 116.1 21.8
Mean 206.8 - 37.7 3.4 0.65 120.4 27.0
Total 5,791 33 1245 - - 3974.6 719.0
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Table 4. The total number of SNPs and bin markers mapped to the ‘T137’ 

linkage map.

Chr.
No. 

SNPs
Linkage 
group

No. 
bins

Average 
distance
between 

bin
markers 

(cM)

Average
length of 
bins (Mb)

LG 
length
(cM)

Total
physical

length (Mb)

1-1 22 1-1 13 2.5 1.44 32.4 18.7

1-2 12 1-2 6 14.0 3.72 83.8 22.3

1-3 26 1-3 9 1.4 0.72 12.8 6.5

1-4 22 1-4 11 4.4 1.00 48 11

2-1 38 2-1 16 2.3 1.54 36.3 24.7

2-2 102 2-2 38 2.5 0.66 94.1 25.1

2-3 38 2-3 21 3.4 1.29 70.9 27

2-4 36 2-4 13 4.2 1.52 54.6 19.7

3-1 28 3-1a 8 4.8 2.08 38.4 24.9

3-1b 4 4.2 16.7

3-2 37 3-2 14 6.0 2.11 84.5 29.5

3-3 52 3-3 21 3.7 1.12 76.8 23.5

3-4 3 - - - - - -

4-1 55 4-1 24 2.2 0.87 53.5 20.8

4-2 36 4-2 15 4.3 1.50 64.6 22.5

4-3 24 4-3 10 2.3 1.73 23.2 17.3

4-4 13 4-4 6 10.4 3.32 62.2 19.9

5-1 22 5-1 14 9.8 1.87 137.2 26.2

5-2 64 5-2 23 5.0 0.97 115.5 22.4

5-3 62 5-3 22 3.8 1.23 82.5 27.1

5-4 42 5-4a 5 4.9 1.93 24.4 25.1

5-4b 8 8.4 67.2

6-1 76 6-1 34 2.9 0.96 100.1 32.6

6-2 37 6-2 15 9.2 2.11 138 31.7

6-3 67 6-3 32 3.7 1.13 118 36.3

6-4 45 6-4a 14 5.0 1.52 70.5 33.5

6-4b 8 1.5 11.7

7-1 31 7-1 18 3.3 1.17 60.2 21.1

7-2 25 7-2 10 5.6 2.40 55.8 24

7-3 56 7-3 22 4.1 0.99 91 21.8

7-4 20 7-4 9 2.3 2.07 20.8 18.6

Mean 39.0 - 15.4 4.7 1.59 64.9 23.5

Total 1,091 30 463 - - 1945.7 529.3
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SNP linkage map construction

Two linkage bin maps have been constructed to improve genome quality and 

QTL analysis. The linkage maps were constructed with a total of 1,245 (‘L80’) and 

463 bins (‘T137’), and Carthagene software was used. As a result, a linkage maps 

consisting of 33 linkage groups (‘L80’) and 30 linkage groups (‘T137’) 

corresponding to 28 strawberry chromosomes was constructed. In case of ‘L80’ 

population, chromosome 4-1, 6-1, 6-2, 6-3, 6-4 were divided into two linkage groups 

and in case of ‘T137’ population, chromosome 3-1, 5-4, 6-4 were divided into two 

linkage groups. Also, in the ‘T137’ population, the number of SNP markers in the 

chromosome 3-4 was only three, so the linkage group could not be developed (Fig.

1 and Fig. 2). The total length of the linkage maps were 3,974.6 cM (‘L80’) and 

1,945.7 cM (‘T137’) based on the genetic distance, and 780.9 Mb (‘L80’) and 677.6 

Mb (‘T137’) based on the physical distance. In the ‘L80’ population, it was 

confirmed that the genetic and physical lengths were longer than ‘T137’ population. 

Also, in ‘L80’ population, length per bin were approximately 3.4 cM and 0.65 Mb. 

On the other hands, in ‘T137’ population, length per bin were approximately 4.7 cM 

and 1.74 Mb (Table 3 and Table 4). These results indicate that the linkage bin map 

constructed using GBS and Axiom markers is high-density rather than the linkage 

bin map constructed using only GBS markers.
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Relationship between linkage map and physical map

To evaluate the linkage maps constructed with 1,245 (‘L80’) and 463 bins 

(‘T137’), the physical position of ‘Wongyo’ reference genome and genetic position 

of two linkage groups were compared. It was confirmed that the collinearity was 

high in most of the bin markers in all 28 chromosomes. In case of two linkage groups 

are generated in one chromosome, the gap between the genetic position of the last 

marker of one linkage group and the genetic position of the first marker of the other 

linkage group was set to 50 cM and connected. The 50 cM is an option value used 

when developing a linkage group in the Carthagene program. By connecting the two 

divided linkage groups, it was easier to identify the collinearity. Although the ‘L80’ 

population has more bin markers than the ‘T137’ population, the Pearson correlation 

values were generally higher or equal, except for chromosome 5-2 and 7-2. Also, the 

region covering 28 chromosome genome sequences was 719.0 Mb (87.7%) in the 

‘L80’ population and 529.3 Mb (64.6%) in the ‘T137’ population, showing a higher 

coverage in the ‘L80’ population (Fig 3; Table 3 and Table 4). The reason is that the 

number of markers in the ‘L80’ population composed of the GBS and Axiom markers 

is larger than that of the ‘T137’ population composed only GBS markers, and the 

flanking sequence of the Axiom marker has the characteristics of octoploid that align 

with up to four duplicated homoeologous octoploid sequences. Compared to linkage 

maps published in the previous study (Hardigan et al., 2019), it was confirmed that 

the linkage map of the ‘L80’ population showed higher coverage. 
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Figure 3. Comparison of the two linkage bin maps with ‘Wongyo’ reference 

genome.

Left and right bar shows two different linkage bin map. Left bar is ‘L80’ population, 

right bar is ‘T137’ population. Middle bar represents physical map of ‘Wongyo’ 

reference genome. The graph shows the Pearson correlation values and collinearity 

for genetic position and physical position of 28 chromosomes. The markers 

corresponding to ‘L80’ population are indicated by green color lines and dots, and 

the markers corresponding to ‘T137’ population are indicated by orange color lines 

and dots.
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Scaffolds reassembly

To correct the ‘Camarosa’ reference genome, chromosome reassembly of 

scaffolding errors was processed in ALLMAPS program using our linkage bin map 

and two (published) linkage maps. As a result of identifying the collinearity by 

comparing the physical position of the ‘Camarosa’ reference genome and three 

linkage maps, a wide range of scaffolding errors could be identified in the four 

chromosomes 1-2, 2-1, 6-2, 6-4 (Fig 4a). The range of physical positions that 

generated these uncollinearity was 5,288,841 bp to 5,393,984 bp (Chromosome 1-

2), 18,256,718 bp to 18,411,584 bp (Chromosome 2-1), 26,559,923 bp to 27,260,197

bp (Chromosome 6-2) and 1,827,818 bp to 2,786,280 bp (Chromosome 6-4), 

respectively. After that, as a result of extracting the range of the actual gap position, 

it was 5,346,824 bp to 5,347,824 bp (Chromosome 1-2), 18,304,402 bp to 

18,304,427 bp (Chromosome 2-1), 27,212,991 bp to 27,213,991 bp (Chromosome 

6- 2) and 2,204,157 bp to 2,205,157 bp (Chromosome 6-4), respectively. Each 

uncollinearity chromosomes were divided based on the actual gap, and the divided 

chromosomes were reassembled using the three linkage maps and ALLMAPS 

program. We showed four chromosomes completely reassembled (Fig 4b). It was 

identified that the physical position of the ‘Camarosa’ reference genome and the 

genetic position of the three linkage maps became more collinear than ‘Camarosa’

reference genome before reassembly (Fig 4).



26

Figure 4. Four chromosome reassembly of ‘Camarosa’ reference genome.

(a) represents the comparison between physical position of the ‘Camarosa’ reference 

genome and genetic position of the three linkage maps. Show discordance on all 

three linkage maps. (b) represents the comparison between physical position of the 

‘Camarosa’ reference genome, which has been reassembled, and genetic position of 

the three linkage maps. In the bar, black and white color shows that the chromosomes 

were reassembled.
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QTL analysis for firmness in ripe fruit and identify of 

association with firmness-related genes

QTL controlling firmness in ripe fruit were detected in two population. 

Phenotype data for firmness and two linkage bin maps were used to identify QTL. 

In the ‘L80’ population, a total of nine QTL were mapped to the linkage bin map 

constructed in this study. On the other hands, only 5 QTL were detected in the ‘T137’ 

population. In case of ‘L80’ population, QTL were detected on chromosome 1-2, 1-

4, 2-2, 3-1, 3-2, 4-1b, 6-3b, 7-2, 7-3. In case of ‘T137’ population, QTL were detected 

on chromosome 2-2, 3-3, and 4-1. Chromosome 3-2 showed the highest LOD score

and explained 34.6% of total phenotypic variation in the ‘L80’ population.

Chromosome 2-2 and 4-1 showed the highest LOD score and explained 0.1% and 

8.8% of total phenotypic variation, respectively in the ‘T137’ population. 

Chromosome 4-1 region were the common QTL in the two populations, but the LOD 

value was relatively low. The ‘L80’ population detected relatively more QTL regions 

compared to the ‘T137’ population, and detected a region showing a higher LOD 

value because the ‘L80’ population is a linkage bin map composed of a high-density 

marker set rather than the ‘T137’ population (Table 6 and Table 7). As a result, the 

major QTL are not the regions where QTL are commonly detected in the two linkage 

groups, but the QTL on chromosome 3-2 and 6-3b region, which has a relatively 

high LOD value in the ‘L80’ population, appeared to be major QTL controlling 

firmness in strawberry ripe fruit (Fig 5). In addition, we investigated whether QTL 



28

positions associated with fruit firmness are overlapped with firmness-related genes

position. The physical position of the genes was extracted from annotation data of

the octoploid reference genome, ‘Wongyo’ (Appendix 1 and Appendix 2). The 

physical positions of the closest bin markers linked to fruit firmness QTL were 

compared to the firmness-related gene location (Table 7 and Table 8). Since the 

sliding window size of bin markers was 2Mb, the genes existing between the 1Mb 

before and 1Mb after the bin marker was extracted. Comparison of the physical 

positions between the bin markers and firmness-related genes showed that twenty-

nine and thirteen bin markers were located close to the firmness-related gene 

positions in L80 and T137 population, respectively. Among them, there were five

markers belonging to the major QTL region ‘qFaFL7’. The markers’ name are 

‘Chr6-3_30.70’, ‘Chr6-3_32.65’, ‘Chr6-3_32.95’, ‘Chr6-3_33.45’ and ‘Chr6-

3_34.20’ and the markers ranged from 30.7Mb to 34.2Mb. Two firmness-related 

genes ranging from 30.1 Mb to 33.6 Mb associated with the markers, EXPA2 and 

EXPA3 were identified.
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Table 5. Summary of QTL for firmness in ‘L80’ population[o11].

QTL Chromosome
Location

(cM)
LOD R2 (%)

Additive 

effect

Dominant 

effect

Location

(Mb)

qFaFL1 Chr1-2 90.7-98.2 3.6 16.0 0.1858 0.5497 11.1-16.3

qFaFL2 Chr1-4 84.6-87.9 2.8 28.4 0.6971 0.6545 20.9-21.2

qFaFL3 Chr2-2 0-21.5 2.6 5.6 0.4104 0.3789 8.5-17.5

qFaFL4 Chr3-1 112-118.7 3.3 48.9 0.6007 0.6191 27.2-27.5

qFaFL5 Chr3-2 56.9-66.4 6.6 34.6 0.5354 0.1446 19.1-20.4

qFaFL6 Chr4-1b 0-11.1 3.6 8.4 0.3066 0.0756 15.2-15.9

qFaFL7 Chr6-3b 12.8-35.7 6.5 25.6 0.4746 0.0835 30.7-34.2

qFaFL8 Chr7-2 29.8-49.5 2.6 1.2 0.2053 0.2059 20.9-27.4

qFaFL9 Chr7-3 23.3-48.3 2.5 17.2 0.3809 0.302 1.4-11.1
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Table 6. Summary of QTL for firmness in ‘T137’ population[o12]

QTL Chromosome
Location

(cM)
LOD

R2

(%)
Additive effect

Dominant 
effect

Location
(Mb)

qFaFT1 Chr2-2 16.5-24.3 2.7 0.4 0.1098 0.4247 6.0-11.0

qFaFT2 Chr2-2 24.3-46.9 3.2 0.1 0.1091 0.5513 11.0-15.3

qFaFT3 Chr3-3 13-21.4 3.0 22.0 0.3489 0.1647 7.9-9.6

qFaFT4 Chr3-3 21.4-39.3 2.6 18.7 0.3368 0.1382 9.6-17.4

qFaFT5 Chr4-1 22.3-44.6 3.2 8.8 0.0495 0.5186 15.3-17.0
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Fig 5. Positions of two major QTL for firmness in ‘L80’ population.

Two major QTL was identified for firmness in strawberry fruit on chromosome 3-2 

(A) and 6-3b. Major QTL which has highest LOD score was located in 61.4 cM (A) 

and 29.5 cM (B), respectively.
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Table 7. Comparison of bin markers most closely linked to firmness QTL and 

genes[o13] in ‘L80’ population

QTL
Bin marker

(Mb)
Population

QTL 
region
(cM)

Firmness genes

Name
Linkage 
group

Physical 
position

(Mb)

qFaFL1 Chr1-2_12.40 L80 90.7-98.2 PG-1II Chr1-2 12.3
PG-1II Chr1-2 12.5
PG-1II Chr1-2 12.6

qFaFL1 Chr1-2_13.80 L80 90.7-98.2 PG-1II Chr1-2 14.8
qFaFL1 Chr1-2_14.35 L80 90.7-98.2 PG-1II Chr1-2 14.8
qFaFL1 Chr1-2_14.90 L80 90.7-98.2 PG-1II Chr1-2 14.8

BGAL3-1II Chr1-2 15.5
BGAL6-1II Chr1-2 15.5

qFaFL1 Chr1-2_16.25 L80 90.7-98.2 BGAL3-1II Chr1-2 15.5
BGAL6-1II Chr1-2 15.5
EXPA7-1II Chr1-2 16.8

PG-1II Chr1-2 16.9
qFaFL3 Chr2-2_0.85 L80 0-21.5 BGAL3-2II Chr2-2 0.7
qFaFL6 Chr4-1_15.15 L80 0-11.1 PG-4I Chr4-1 14.6

PG-4I Chr4-1 14.6
qFaFL6 Chr4-1_15.50 L80 0-11.1 PG-4I Chr4-1 14.6

PG-4I Chr4-1 14.6
qFaFL7 Chr6-3_30.70 L80 12.8-35.7 EXPA3-6III Chr6-3 30.1
qFaFL7 Chr6-3_32.65 L80 12.8-35.7 EXPA2-6III Chr6-3 33.6
qFaFL7 Chr6-3_32.95 L80 12.8-35.7 EXPA2-6III Chr6-3 33.6
qFaFL7 Chr6-3_33.45 L80 12.8-35.7 EXPA2-6III Chr6-3 33.6
qFaFL7 Chr6-3_34.20 L80 12.8-35.7 EXPA2-6III Chr6-3 33.6
qFaFL8 Chr7-2_21.00 L80 29.8-49.5 EXPA4-7II  Chr7-2 20.6
qFaFL8 Chr7-2_21.35 L80 29.8-49.5 EXPA4-7II  Chr7-2 20.6
qFaFL8 Chr7-2_21.75 L80 29.8-49.5 EXPA4-7II Chr7-2 22.5
qFaFL8 Chr7-2_22.90 L80 29.8-49.5 EXPA4-7II Chr7-2 22.5
qFaFL8 Chr7-2_23.95 L80 29.8-49.5 EXPA8-7II Chr7-2 24.1

PG-7II Chr7-2 24.5
EXPB2-7II Chr7-2 24.7

qFaFL8 Chr7-2_24.20 L80 29.8-49.5 EXPA8-7II Chr7-2 24.1
PG-7II Chr7-2 24.5
EXPB2-7II Chr7-2 24.7

qFaFL8 Chr7-2_24.55 L80 29.8-49.5 EXPA8-7II Chr7-2 24.1
PG-7II Chr7-2 24.5
EXPB2-7II Chr7-2 24.7

qFaFL9 Chr7-3_1.35 L80 23.3-48.3 PG-7III Chr7-3 1.1
qFaFL9 Chr7-3_1.60 L80 23.3-48.3 PG-7III Chr7-3 1.1
qFaFL9 Chr7-3_2.00 L80 23.3-48.3 PG-7III Chr7-3 1.1

EXOPG-7III Chr7-3 2.8
qFaFL9 Chr7-3_2.40 L80 23.3-48.3 EXOPG-7III Chr7-3 2.8

BGAL-7III Chr7-3 3.1
qFaFL9 Chr7-3_2.90 L80 23.3-48.3 EXOPG-7III Chr7-3 2.8

BGAL-7III Chr7-3 3.1
qFaFL9 Chr7-3_3.45 L80 23.3-48.3 EXOPG-7III Chr7-3 2.8

BGAL-7III Chr7-3 3.1
qFaFL9 Chr7-3_3.90 L80 23.3-48.3 BGAL-7III Chr7-3 3.1
qFaFL9 Chr7-3_9.80 L80 23.3-48.3 EXPB18-7III Chr7-3 10.4
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qFaFL9 Chr7-3_10.50 L80 23.3-48.3 EXPB18-7III Chr7-3 10.4

Table 8. Comparison of bin markers most closely linked to firmness QTL and 

genes[o14] in ‘T137’ population

QTL
Bin marker

(Mb)
Population

QTL region
(cM)

Firmness genes

Name Linkage group
Physical 
position

(Mb)

qFaFT1 Chr2-2_6.00 T137 16.5-46.9 BGAL-2II Chr2-2 7.0

qFaFT1 Chr2-2_6.20 T137 16.5-46.9 BGAL-2II Chr2-2 7.0

qFaFT1 Chr2-2_6.50 T137 16.5-46.9 BGAL-2II Chr2-2 7.0

qFaFT1 Chr2-2_6.70 T137 16.5-46.9 BGAL-2II Chr2-2 7.0

qFaFT1 Chr2-2_7.10 T137 16.5-46.9 BGAL-2II Chr2-2 7.0

qFaFT1 Chr2-2_7.70 T137 16.5-46.9 BGAL-2II Chr2-2 7.0

qFaFT2 Chr2-2_13.60 T137 16.5-46.9 EXOPG-2II Chr2-2 13.1

EXPA20-2II Chr2-2 13.1

qFaFT2 Chr2-2_14.90 T137 16.5-46.9 PL8-2II Chr2-2 14.8

PG-2II Chr2-2 15.5

qFaFT3 Chr3-3_7.90 T137 13-39.3 EXPA13-3III  Chr3-3 7.7

qFaFT4 Chr3-3_11.40 T137 13-39.3 EXPA12-3III  Chr3-3 11.8

qFaFT4 Chr3-3_11.90 T137 13-39.3 EXPA12-3III  Chr3-3 11.8

qFaFT4 Chr3-3_12.40 T137 13-39.3 EXPA12-3III  Chr3-3 11.8

qFaFT5 Chr4-1_15.30 T137 22.3-44.6 PG-4I Chr4-1 14.6
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DISCUSSION[W사15]

In strawberry, the first linkage map of octoploid strawberry (F. x ananassa) was 

constructed using AFLP markers (Lerceteau-Köhler et al., 2003). It had several 

limitations: (i) the number of markers was too small per linkage map, (ii) marker 

densities were relatively low, and (iii) the total map size was also relatively small.

After construction of this linkage map, various molecular markers have been 

developed. A high-density linkage map was constructed using the various molecular 

markers (Isobe et al., 2013; Sargent et al., 2016; Vining et al., 2017). In this study, 

we used the Affymetrix IStraw90 Axiom array and genotyping-by-sequencing (GBS)

to construct high density linkage maps. These methods have several competitive 

advantages compared to other genotyping methods. The Affymetrix IStraw90 Axiom 

array has the advantages of high marker density approximately one marker per every

0.5 cM, and no risks of sequencing errors (Bassil et al., 2015). Genotyping-by-

sequencing (GBS) has the advantage of being able to identify high-throughput and 

cost-effective to identify single-nucleotide polymorphisms (SNPs) on a whole-

genome scale. In this study, using the advantages of these two techniques, a marker 

set was selected and used for linkage map construction. In the case of Axiom array

markers, special modification method was applied. It was to convert the Axiom 

marker set based on the diploid reference genome, ‘F. vesca’ into Axiom marker set 

based on the octoploid reference genome, ‘F. x ananassa’. That is, if the flanking 
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sequence of these ‘F. vesca’-based marker is blasted to the octoploid reference 

genome, the flanking sequences are multiple-aligned to the subgenome. Using this 

characteristic, the number of markers was increased and thereby, a linkage map of 

octoploid strawberry was constructed to cover the entire genome spans as much as 

whole genome shotgun sequencing based linkage map, ‘Del norte’ (Hardigan et al., 

2019) and also to cover the break of the physical map caused by large homozygous 

regions.[W사16] Therefore, in this study, the ‘L80’ linkage bin map constructed by 

applying the modification method is a suitable for constructing a physical map of the 

octoploid strawberry reference genome using an inbred line such as ‘Wongyo’ as 

well as for covering the large homozygous regions of ‘Camarosa’. Our high-density 

linkage map will contribute to a molecular marker breeding to enable genomic 

selection and precise mapping of agronomically important genes and have numerous 

applications in genomic research in octoploid strawberry.

With the development of sequencing and scaffolding technologies, a 

chromosome-scale reference genome ‘Camarosa’ was assembled in 2019 (Edger et 

al., 2019). It provided the physical framework needed to molecular breeding. 

However, as reported in Micheal A. Hardigan, wild species octoploid map revealed 

some chromosomal rearrangements on chromosomes 1-2, 1-4, 2-1, 2-3, 6-2, and 6-

4, indicating intra-chromosomal scaffolding errors in the physical reference genome. 

Especially, scaffolding errors occurred large region on chromosome 1-2, 2-1, 6-2, 

and 6-4. In this study, we identified and corrected the scaffolding error using a high-

density map, ‘L80’, and two previously constructed wild species maps. As some 
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chromosomes were reassembled, the scaffolding error of ‘Camarosa’ was corrected 

and improved, and it will be very useful framework for studies on DNA variation 

discovery, gene discovery, genetic mapping, QTL analysis and genome wide 

association study based on this octoploid reference genome.

There are a number of the genes and enzymes associated with fruit firmness: 

Expansin, Polygalactosidase (PG), Pectate lyase (PL), pectin methylesterase (PME), 

and B-galactosidase (Harrison et al., 2001; Posé, S et al., 2011; Jiménez-Bermudez, 

S et al., 2002; Duvetter, T et al., 2005). Among them, the gene associated with the 

major QTL region in my study was expansin, so we explore this genes, intensively. 

The genes are present in cell walls and are associated with cell wall expansion, 

affecting firmness of strawberry. In strawberry, seven expansin genes have been 

reported to regulate fruit softness (Harrison et al., 2001; Dotto et al., 2006). Of these, 

three genes (FaEXP1, FaEXP2, and FaEXP5) showed correlations between fruit-

specific firmness and their mRNA expression level (Dotto et al., 2006). In the 

previous study, QTL for fruit firmness were detected on chromosome 1, 2, 3, 4 and 

7. In addition, the physical position of the markers detected in the QTL region was 

compared with the expansin genes. As a result, three markers were reported to be 

located close to the expansin gene position (Antanaviciute et al., 2016). (

)In this studies, we used the two linkage bin map developed by GBS and Axiom 

array to analyze QTL controlling firmness in strawberry fruit. Mapping populations 

were derived from one relatively high firmness and two relatively low firmness. In 

addition to the detected chromosome in the previous study, it was additionally 
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detected in chromosome 6. The similarity between the QTL analysis of the previous 

study and this study was that QTL is detected in various regions of the chromosome. 

On the other hand, when comparing the QTL analysis of the previous study with this 

study, a few differences were identified. On the contrary to the previous study based 

on the diploid reference genome, QTL analysis was conducted based on the 

octoploid reference genome in this study. In previous study, the physical positions of 

the three markers located closely to the position of the expansin genes were located 

on F. vesca chromosome 2 and 7. By contrast, we were able to detect a total of fifteen 

bin markers located close to the position of the expansin genes. In ‘L80’ linkage bin 

map, the physical positions of five bin markers out of fifteen were located on F. x 

ananassa chromosome 1-2, 1-4, 6-3b, and 7-2. In ‘T137’ linkage bin map, the 

physical position of ten bin markers out of fifteen are located on F. x ananassa

chromosome 2-2 and 3-3. In this study, the major QTLs ‘qFaFL5’ and ‘qFaFL7’ were 

observed only in the ‘L80’ linkage bin map. However, major QTL has not been 

observed in the ‘T137’ linkage bin map, and we think it is because of the low density 

of the marker. Meanwhile, among the major QTL in the ‘L80’ linkage bin map, only 

the one bin marker ‘Chr6-3_4.8’ belonging to QTL ‘qFaFL7’ was located close to 

the physical position of the expansin genes. As the result of this study, we could show 

the potential of using a high-density linkage map for QTL analysis in strawberry and 

it is expected that the reliable marker of the QTL region observed in the ‘L80’ linkage 

bin map will be helpful in the firmness study of octoploid strawberry breeding. 

However, to be more accurate and reliable, functional study is necessary to identify 
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whether the gene associated with these markers affects strawberry firmness, and also 

it will be needed to phenotypic investigations of more diverse environments.
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ABSTRACT IN KOREAN

The allo-octoploid cultivated strawberry (Fragaria x ananassa Duchesne) 는

좋은 맛, 영양학적인 요소, 그리고 건강에 유익한 속성들로 인해

전세계적으로 생산되어오고 있지만, 4 개의 매우 유사한 sub-genomic 

염색체 세트로 구성된 유전체의 매우 복잡한 특성으로 딸기의 분자

육종에 많은 어려움이 있었다. 하지만, 최근 시퀀싱과 스캐폴딩 기술의

발달로 염색체규모의 8 배체 유전체가 구축되어 딸기의 분자 육종을

위한 기반이 다져졌다. 이와 더불어 다양한 분자 마커의 발달로

분자육종뿐만 아니라 유전체 연구에도 도움이 될 수 있는 고밀도의

유전자 지도 구축이 가능하게 되었다. 이 연구에서 우리는 IStraw90 

Axiom® SNP array 와 Genotyping-by-sequencing (GBS)기반의 마커를

슬라이딩 윈도우 방법을 이용하여 고밀도의 빈 맵을 구축하였다. 그

결과, 1,245 개의 빈과 3 개의 연관그룹들로 구성되며 8 배체 유전체 전체

물리적 길이의 87.7%를 커버하는 총 3,974.6 cM 길이의 고밀도

연관지도가 구축되었다. 이렇게 구축된 고밀도의 유전자 지도는

첫번째로 8 배체 유전체인 카마로사 유전체의 품질을 향상시키는데

이용되었다. 큰 길이의 스캐폴딩 오류가 나타나는 카마로사 염색체 1-2, 

2-1, 6-2 그리고 6-4 번이 이 연구에서 구축된 유전자 지도 및 이전

연구에서 구축된 2 개의 유전자 지도의 순서를 기반으로 재조립되었다. 
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이 향상된 8 배체 딸기 유전체로 인해 DNA 변이의 발견, 유전자 발견, 

유전자 지도 구축, QTL 분석 그리고 전장유전체 연관성 분석과 같은

연구 분야에서 더 정확하고 향상된 분석이 가능하게 되었다. 두번째로

이 고밀도의 유전자 지도는 딸기 과실의 품질에 중요하게 여겨지는 형질

중에 하나인 경도에 대하여 QTL 분석을 하는데 이용되었는데, 이

연구에서는 총 9 개의 QTL 을 찾아 낼 수 있었다. 또한, QTL 이 나타나는

영역에 빈 마커들과 딸기 과실의 경도에 영향을 주는 expansin 유전자의

위치를 비교함으로써 염색체 3-2 에서 가장 유의미한 마커를 도출해 낼

수 있었다. 결론적으로 고밀도, 고품질의 8 배체 유전체 및 유전자 지도

구축을 통해 딸기 분자 육종의 기초가 되는 발판이 만들어졌으며, 딸기

과실의 경도에 영향을 주는 expansin 유전자 위치에 가까이 연관되는

분자 마커를 확인 할 수 있었다. 본 연구 결과를 통하여, 경도에 관련된

연구뿐만 아니라 다른 중요한 형질들에 대한 분자 육종에 기반한 연구가

진행되어 딸기 신품종 육성을 가속화할 것으로 기대된다.

주요어: Allo-octoploid strawberry, IStraw90 Axiom SNP array, genotyping-by-

sequencing (GBS), 표준 유전체, 고밀도 유전자 지도, 과실 경도

학번: 2018-53834
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Appendix 1. The physical position and description of genes related to fruit firmness in QTL regions of ‘L80’ population 

Gene Chr. Start End Description (Similar to-)

g00119584 Chr1_2 12304413 12305979 Polygalacturonase (Prunus persica OX%3D3760)

g00119633 Chr1_2 12532414 12533974 Polygalacturonase (Prunus persica OX%3D3760)

g00119634 Chr1_2 12559870 12561066 Polygalacturonase (Prunus persica OX%3D3760)

g00120004 Chr1_2 14775201 14779529 GSVIVT00026920001: Probable polygalacturonase (Vitis vinifera OX%3D29760)

g00120143 Chr1_2 15499044 15508532 Os01g0875500: Beta-galactosidase 3 (Oryza sativa subsp. japonica OX%3D39947)

g00120146 Chr1_2 15528142 15529455 BGAL6: Beta-galactosidase 6 (Arabidopsis thaliana OX%3D3702)

g00120330 Chr1_2 16771309 16772498 EXPA7: Expansin-A7 (Arabidopsis thaliana OX%3D3702)

g00120343 Chr1_2 16858140 16862138 GSVIVT00026920001: Probable polygalacturonase (Vitis vinifera OX%3D29760)

g00088948 Chr2_2 6969685 6976200 BGAL3: Beta-galactosidase 3 (Arabidopsis thaliana OX%3D3702)

g00123344 Chr4_1 14616406 14618375 GSVIVT00026920001: Probable polygalacturonase (Vitis vinifera OX%3D29760)

g00123346 Chr4_1 14621051 14621757 GSVIVT00026920001: Probable polygalacturonase (Vitis vinifera OX%3D29760)

g00001268 Chr6_3 30098678 30099322 EXPA3: Expansin-A3 (Arabidopsis thaliana OX%3D3702)

g00001949 Chr6_3 33620623 33621817 EXPA2: Expansin-A2 (Oryza sativa subsp. japonica OX%3D39947)

g00148152 Chr7_2 20632186 20633500 EXPA4: Expansin-A4 (Arabidopsis thaliana OX%3D3702)

g00145538 Chr7_2 22514418 22515756 EXPA4: Expansin-A4 (Arabidopsis thaliana OX%3D3702)

g00145939 Chr7_2 24147888 24149732 EXPA8: Expansin-A8 (Arabidopsis thaliana OX%3D3702)

g00146038 Chr7_2 24475934 24478370 Polygalacturonase (Prunus persica OX%3D3760)
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g00146108 Chr7_2 24741525 24745696 EXPB2: Putative expansin-B2 (Arabidopsis thaliana OX%3D3702)

g00130361 Chr7_3 1065755 1068121 Polygalacturonase (Actinidia deliciosa OX%3D3627)

g00130651 Chr7_3 2756289 2757938 plaa2: Exopolygalacturonase (Fragment) (Platanus acerifolia OX%3D140101)

g00130694 Chr7_3 3053252 3065124 lacZ: Beta-galactosidase (Photobacterium profundum (strain SS9) OX%3D298386)

g00131920 Chr7_3 10356998 10358206 EXPB18: Expansin-B18 (Oryza sativa subsp. japonica OX%3D39947)
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Appendix 2. The physical position and description of genes related to fruit firmness in QTL regions of ‘T137’ population

Gene Chr. Start End Description (Similar to-)

g00088948 Chr2_2 6969685 6976200 BGAL3: Beta-galactosidase 3 (Arabidopsis thaliana OX%3D3702)

g00090149 Chr2_2 13055686 13058012 plaa2: Exopolygalacturonase (Fragment) (Platanus acerifolia OX%3D140101)

g00090165 Chr2_2 13101184 13102462 EXPA20: Expansin-A20 (Arabidopsis thaliana OX%3D3702)

g00090549 Chr2_2 14801080 14804894 At3g07010: Probable pectate lyase 8 (Arabidopsis thaliana OX%3D3702)

g00090728 Chr2_2 15542817 15545056 Polygalacturonase (Malus domestica OX%3D3750)

g00041214 Chr3_3 7668371 7669882 EXPA13: Expansin-A13 (Arabidopsis thaliana OX%3D3702)

g00042006 Chr3_3 11773161 11774131 EXPA12: Expansin-A12 (Arabidopsis thaliana OX%3D3702)

g00123344 Chr4_1 14616406 14618375 GSVIVT00026920001: Probable polygalacturonase (Vitis vinifera OX%3D29760)

g00123346 Chr4_1 14621051 14621757 GSVIVT00026920001: Probable polygalacturonase (Vitis vinifera OX%3D29760)

g00124150 Chr4_1 18613686 18615890 At1g48100: Polygalacturonase At1g48100 (Arabidopsis thaliana OX%3D3702)
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