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Comparative QTL mapping for male sterility of cultivated strawberry
(Fragaria × ananassa Duch.) using different reference genome sequences
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Male sterility is one of the reproductive isolation systems in plants and quite useful for F1 seed production.
We previously identified three independent quantitative trait loci (QTLs) for male sterility of cultivated
strawberry, Here, we identified the specific subgenomes in which these QTLs are located by QTL-seq
approach. QTLs qMS4.1, qMS4.2, and qMS4.3 were mapped separately in subgenomes Fvb4-4, Fvb4-3, and
Fvb4-1, respectively, in ‘Camarosa’ genome assembly v. 1.0.a1. Candidate regions of qMS4.1 and qMS4.3
were clearly detected around 12–26 Mb in Fvb4-4 and 12–14 Mb in Fvb4-1, respectively; those of qMS4.2
were fragmented in Fvb4-3, which suggests that some scaffolds were incorrectly assembled in Fvb4-3.
qMS4.3 was mapped to chr4X1 of ‘Reikou’ genome assembly r2.3, and qMS4.1 and qMS4.2 were both
mapped to chr4Av, which indicates that differentiation of the subgenomes in which both QTLs are located
was insufficient in ‘Reikou’ r2.3. Although ‘Camarosa’ genome assembly v. 1.0.a1 is an unphased map,
which merges homologous chromosomes into one sequence, ‘Reikou’ genome assembly r2.3 is a phased
map, which separates homologous chromosomes. QTL mapping to different reference genomes clearly
showed the specific features of each reference genome, and that using different kinds of reference map could
accelerate fine mapping and map-based cloning of certain genes of cultivated strawberry.
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Introduction

Male sterility is defined as one of the reproductive isolation
symptoms and frequently observed in many plants (Mohan
and Kaul 1988). This feature not only attracts interest of
researchers from the viewpoint of phylogenetic evolution
but also is practically useful for F1 seed production of many
commercial crops, because application of male sterility
could reduce labor cost for artificial emasculation and polli‐
nation (Duvick 1959).

Cultivated strawberry (Fragaria × ananassa) is one of
the most commercially important berry fruits in the world.
Although genetic and phylogenetic analysis for male steril‐
ity had been conducted with many wild Fragaria species
(Ashman et al. 2015, Goldberg et al. 2010, Govindarajulu
et al. 2013, Spigler et al. 2008, 2010, Spigler and Ashman
2011, Tennessen et al. 2013, 2016, Wei et al. 2017), the
male sterility of cultivated strawberry (Fragaria × ananassa)
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had not been reported until recently. Therefore, uncovering
genetic regions for male sterility in cultivated strawberry
was a critical issue to be solved from not only phylogenetic
view point but also practical use for providing strawberry
seedlings efficiently to local farmers.

Since the genome of cultivated strawberry is octoploid,
alloploid, and highly heterozygous, it has been challenging
to define its genome conformation and detect specific
genomic regions related to agronomically important traits.
However, recent advances in genome analysis and sequenc‐
ing technology have made it possible to uncover the genome
structure. Rousseau-Gueutin et al. (2008) conducted a phy‐
logenetic analysis for the evolutionary history of current
genome conformation of Fragaria species and supported
the AA Aʹ Aʹ BB Bʹ Bʹ structure of cultivated strawberry
proposed by Bringhurst (1990). Tennessen et al. (2014)
studied the genome conformation and proposed the exis‐
tence of Av, Bi, B1, and B2 subgenomes, of which one
subgenome Av was derived from Fragaria vesca and the
other three from Fragaria iinumae.

In our previous research, we performed QTL analysis
using expressed sequence tag-simple sequence repeat (EST-
SSR) markers (Isobe et al. 2013) and identified three
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independent quantitative traits loci (QTLs) for male steril‐
ity of cultivated strawberry (Wada et al. 2020). We also
revealed that the accumulation of recessive alleles of the
three QTLs induced male sterility (Wada et al. 2020) and
all the primer sequences of the flanking SSR markers for
the three QTLs were estimated to be derived from Fvb4 of
the diploid F. vesca genome (Shulaev et al. 2011,
Tennessen et al. 2013). Although our previous study was
the first report of male sterility of cultivated strawberry,
F. × ananassa ssp. ananassa. it did not detect specific
genomic regions for the QTLs in the cultivated strawberry
genome. As for the location of genetic regions for male
sterility, Ashman et al. (2015) reported a QTLs for male
sterility of F. vesca ssp. bracteata in Fvb4. Although
Ashman et al. (2015) reported a different QTL for male
sterility in Fvb6, the QTL in Fvb6 became functional only
when the QTL in Fvb4 was not functional. These facts
strongly suggest that genomic regions in Fvb4 are key re‐
gions for the control of male sterility in cultivated strawberry.

Recently, Edger et al. (2019b) reported a near-complete
chromosome-scale assembly for cultivated strawberry
using the American cultivar ‘Camarosa’ and proposed a
novel phylogenetic theory for the origin of cultivated straw‐
berry. According to their theory, cultivated strawberry orig‐
inated from four different diploid ancestors: F. vesca,
F. iinumae, F. viridis, and F. nipponica. Although their
phylogenetic theory is debated (Edger et al. 2019a, Liston
et al. 2019), the ‘Camarosa’ assembly they defined has
been used as a reference genome for genomic studies of
cultivated strawberry (Barbey et al. 2020, Negrini et al.
2020). A different chromosome-scale assembly for culti‐
vated strawberry was developed using the Japanese cultivar
‘Reikou’ (https://www.biorxiv.org/content/10.1101/2021.
04.23.441065v1). The ‘Camarosa’ map was an unphased
map that merged homologous chromosomes into one
sequence. In contrast, the ‘Reikou’ map was a phased map
that differentiated homologous chromosomes. In order to
detect chromosome conformation, find a linkage between a
preferable allele of a certain gene and DNA marker accu‐
rately, and detect desirable haplotype, phased map is an
ideal one (Browning and Browning 2011, Loh et al. 2016).
But read length of recent next-generation sequencing tech‐
nology was too short to define haplotype information of
individual chromosomes (Leitwein et al. 2020). Therefore,
constructing accurate phased map is challenging approach
and utilizing unphased map is quite useful to map several
QTLs efficiently. Since both maps have unique features,
they will contribute in different ways to the progress of
genomic research on cultivated strawberry.

The objective of this study was to map the three QTLs
for male sterility that were identified by Wada et al. (2020)
in two strawberry reference genome sequences on different
reference maps (‘Camarosa’ and ‘Reikou’) of the cultivated
strawberry genome (Edger et al. 2019b, https://www.
biorxiv.org/content/10.1101/2021.04.23.441065v1).

Materials and Methods

Plant materials
The plant materials used in this study are listed in

Table 1.
(1) qMS4.1: The S2 population of ‘Fukuoka S6’ was

used. As we revealed previously (Wada et al. 2020),
‘Fukuoka S6’ harbors two heterozygous alleles (in QTL
regions qMS4.1 and qMS4.2) and a recessive homozygous
allele (in QTL region qMS4.3). In the DNA marker-assisted
selection (MAS) conducted here, we used the SSR marker
FVES1264 for genotyping of qMS4.1 and FVES1356 for
qMS4.2, both of which were developed by Isobe et al.
(2013) and selected as flanking markers for the two QTLs
(Wada et al. 2020). Before selecting S2 plants, we selected
S1 plants derived from self-pollination of ‘Fukuoka S6’,
which harbored a heterozygous allele in qMS4.1 and a
recessive allele in qMS4.2, and conducted self-pollination
of the relevant S1 plant to obtain S2 seeds. From the S2 pop‐
ulation, we further selected 20 male-fertile and 20 male-
sterile plants in the following manner: We grew 200 plants
in a greenhouse and confirmed their male fertility or steril‐
ity at anthesis by anther color (Wada et al. 2020). From the
male-fertile plants, we used MAS to select “perfect” male-
fertile plants that carried dominant homozygote alleles and
whose self-pollinated progeny did not include male-sterile
plants. From the 200 plants, we also selected 20 male-
sterile plants. We used these 40 plants in our QTL-seq anal‐
ysis (Takagi et al. 2013).

(2) qMS4.2: We used a selection method similar to that
for qMS4.1 to choose the S2 population of ‘Fukuoka S6’.
However, we obtained only 6 perfect male-fertile plants
and 4 male-sterile plants using MAS for use in our QTL-
seq analysis.

(3) qMS4.3: We used a selection method similar to that
for qMS4.1 to choose the S1 population of ‘Kaorino’.
‘Kaorino’ harbors one heterozygous allele in qMS4.3, and
recessive homozygous alleles in qMS4.1 and qMS4.2
(Wada et al. 2020). We grew 50 S1 plants in a greenhouse,
and used MAS to select 12 perfect male-fertile plants and 8
male-sterile plants for use in our QTL-seq analysis.

DNA extraction and genotyping for MAS
DNA extraction was performed with a DNeasy Plant

Table 1. Plant materials used in this study

Source Generation Target
Number of plantsa

F_bulk S_bulk

Fukuoka S6 S2 qMS4.1 20 20
Fukuoka S6 S1, S2 qMS4.2 16 16
Kaorino S1 qMS4.3 12 8

a ‘F_bulk’ and ‘S_bulk’ indicate a population which comprise of
male-fertile and male-sterile plants, respectively.
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Mini Kit (Qiagen Inc., Hilden, Germany) using young
leaves from all of the selected plants. The polymerase chain
reaction (PCR) was performed in an 8-μL reaction volume
that included 1.0 ng of genomic DNA, 4.0 pmol of each
primer (Supplemental Table 1), and 4 μL of 2× GoTaq
Green master mix (Promega, Fitchburg, Wisconsin, USA).
The amplification profile was as follows: an initial 5 min at
95°C, followed by 30 cycles of 30 s at 95°C, 30 s at 55°C,
and 45 s at 72°C, and then 5 min at 72°C for final exten‐
sion. PCR was done in a Biometra Tadvanced 384 thermal
cycler (Analytik Jena AG, Jena, Germany). Amplified
products were electrophoresed in non-denatured 12.0%
polyacrylamide gels and the gels were stained with GelRed
solution (Biotium, Fremont, CA, USA) according to the
manufacturer’s protocol. The electropherogram was ob‐
served with a TP-20MP UV transilluminator (Atto Co.,
Ltd., Tokyo, Japan).

Sample preparation and whole-genome sequencing of
bulked DNA for QTL-seq

For all three QTLs (qMS4.1, qMS4.2, and qMS4.3), we
performed QTL-seq to detect candidate chromosomes and
genomic regions. QTL-seq is an effective way to identify a
candidate genomic region, which is responsible for a spe‐
cific agronomic trait, and was proposed for the first time by
Takagi et al. (2013). First, we prepared a bulked DNA pool
for construction of the DNA library. As an example, for
qMS4.1, we adjusted the DNA concentration of 20 perfect
male-fertile plants to 50 ng/μL, and mixed 20 μL of each
DNA solution to obtain one bulked DNA sample for DNA
of the 20 (F_bulk). We prepared a bulked DNA sample
from DNA of the 20 male-sterile plants (S_bulk) in the
same manner, and used samples of both bulked DNA pools
(F_bulk and S_bulk) for construction of the DNA library.
Second, we constructed the DNA library and performed
adapter ligation using the TruSeq DNA PCR-Free Library
Prep Kit and TruSeq DNA Single Indexes (Illumina Inc.,
San Diego, CA, USA). Finally, we performed paired-end
150 bp sequencing using both DNA libraries on a HiSeq X
sequencing platform (Illumina). Any short reads with a
phred quality score of <30 (Q30) were excluded from the
subsequent analysis.

Cleaning raw reads, mapping, and variant calls
The fastq files that contained the obtained raw reads

were trimmed and cleaned with Trimmomatic software v.
0.39 (Bolger et al. 2014). Sequences were mapped to the
reference sequences in BWA software (Li and Durbin
2009) separately using ‘Camarosa’ genome assembly v.
1.0.a1 (Edger et al. 2019b) and ‘Reikou’ genome assembly
r2.3 (https://www.biorxiv.org/content/10.1101/2021.04.23.
441065v1). The constructed sequence alignment map (sam)
files were converted and sorted to produce binary align‐
ment map (bam) files, then the duplicated reads generated
as PCR duplication artifacts were excluded from the sorted
bam files by the Markduplicates function of Picard tools

(http://broadinstitute.github.io/picard). Variant calls were
performed using the bam files for F_bulk and S_bulk in
samtools software (https://github.com/samtools) and
bcftools software (https://github.com/samtools/bcftools) to
generate variant call format (vcf) files, then the generated
vcf files were converted to tidy data to obtain comma-
separated value (csv) files in the vcfR package for R soft‐
ware (Knaus and Grünwald 2017). The alternate allele
frequency (Alt_AF) for each single-nucleotide polymor‐
phism (SNP) position in F_bulk and S_bulk was calculated
with the dplyr package for R software (Wickham et al.
2019), then we calculated a moving average of Alt_AF
with the simpleSmoothTs command of the latticeExtra
package (Sarkar and Andrews 2016) using Alt_AF values
of the 1,000 front and 1,000 back SNPs. The regions where
the difference in Alt_AF values between the two bulk pop‐
ulations was greater than the threshold value (P < 0.01)
were designated as candidate genomic regions for the rele‐
vant QTL.

Validation of the QTL-seq results using amplified se‐
quences of the flanking DNA markers

In our previous study, we selected the following SSR
markers that were located near the male-sterility QTLs:
FVES1264_196 for qMS4.1 (where the later numerical part
represents the PCR amplicon base pair size), FVES1356_
195 for qMS4.2, and FAES0001_269 for qMS4.3. We then
conducted a BLAST search with ncbi-blast 2.8.1+ (ftp://
ftp.ncbi.nlm.nih.gov/blast/executables/blast+/) using the
amplicon sequence (Supplemental Table 1) of those SSR
markers in each reference map, and tried to detect the
subgenome in which the SSR markers were located with
the highest confidence.

Results

Sequence and mapping information from QTL-seq
Table 2 summarizes the sequence and mapping results.

The largest amount of sequence for the three QTLs was
96,661 Mbp (F_bulk of qMS4.3), and the shortest sequence
was 37 604 Mbp (S_bulk of qMS4.3). Since the genome
size of cultivated strawberry was predicted to be 698 Mb
(Hirakawa et al. 2014) and 805 Mbp (Edger et al. 2019b),
the read depth of sequence in this study was estimated
at 53.9× to 138.5× coverage of the cultivated strawberry
genome.

(1) qMS4.1: Total reads, total bases, Q30 reads, and
mapped reads were higher in F_bulk than in S_bulk. How‐
ever, the proportion of Q30 reads (i.e., the proportion that
met the criterion of phred quality <30) of F_bulk (95.5%)
was almost equal to that of S_bulk (95.3%). Comparing the
results of mapping to both reference maps, the number of
reads mapped to ‘Camarosa’ genome assembly v. 1.0
(503.0 million of F_bulk and 469.1 million of S_bulk) was
almost equal to that for ‘Reikou’ genome assembly r2.3
(508.3 million of F_bulk and 474.0 million of S_bulk).
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Therefore, the proportions of mapping to ‘Camarosa’
(97.9%, 98.0%) were slightly lower than those to ‘Reikou’
(98.9%, 99.0%).

(2) qMS4.2: Total reads, total bases, Q30 reads, and
mapped reads were higher in F_bulk than in S_bulk, as in
qMS4.1. Similarly, the proportion of Q30 reads of F_bulk
(93.4%) was equal to that of S_bulk (93.4%). But the map‐
ping results were the opposite of the qMS4.1 results; the
number of reads mapped to ‘Camarosa’ was higher (505.0
million of F_bulk and 466.3 million of S_bulk) than the
number mapped to ‘Reikou’ (424.6 million of F_bulk and
394.4 million of S_bulk). Therefore, the proportions of
mapping to ‘Camarosa’ (98.4%, 98.5%) were slightly lower
than those to ‘Reikou’ (99.2%, 99.2%).

(3) qMS4.3: Total reads, total bases, Q30 reads, and
mapped reads were much higher in F_bulk than in S_bulk.
Although the difference between the bulk populations was
large, the trend was the same as in the qMS4.1 and qMS4.2
results. However, the proportion of Q30 reads of F_bulk
(93.6%) was equal to that of S_bulk (93.5%), as in the
qMS4.1 and qMS4.2 results. Mapped reads to ‘Camarosa’
(612.1 million of F_bulk and 238.3 million of S_bulk) were
almost equal to those to ‘Reikou’ (620.7 million of F_bulk
and 241.5 million of S_bulk). Therefore, the proportions of

mapping to ‘Camarosa’ (96.3%, 96.3%) were also slightly
lower than those to ‘Reikou’ (97.6%, 97.6%).

Mapping of QTLs for male sterility to the ‘Camarosa’ ref‐
erence genome

(1) qMS4.1: Supplemental Fig. 1 shows the shift of the
moving average of Alt_AF throughout the chromosomes.
Significant differences of Alt_AF were detected only around
the 12 to 26 Mb regions of Fvb4-4 (Fig. 1). Although the
top hit chromosome region of the FVES1264_196 ampli‐
con sequence (Supplemental Table 1) was detected in
Fvb4-2 (Supplemental Table 2), the region in Fvb4-4 was
the third hit.

(2) qMS4.2: Supplemental Fig. 2 shows the shift of the
moving average of Alt_AF throughout the chromosomes.
Significant differences of Alt_AF were detected only
around the 2 to 28 Mb regions of Fvb4-3 (Fig. 2), but the
significant regions were dispersed discontinuously through‐
out this region. The top hit chromosome region of the
FVES1356_195 amplicon sequence was detected in Fvb4-3
(Supplemental Table 2), which also matched the results of
the QTL-seq.

(3) qMS4.3: Supplemental Fig. 3 shows the shift of the
moving average of Alt_AF throughout the chromosomes.

Table 2. Sequence and mapping information of QTL-seq

Target Population Reference Total reads
(M)

Total bases
(Mbp)

Q30a Reads
(Mbp)

Q30
(%)

Reads mapped
(M)

Reads unmapped
(M)

Mapping
rate (%)

qMS4.1
F_bulk

Camarosa
522 78,865 75,334 95.5

503.0 10.8 97.9
Reikou 508.3 5.5 98.9

S_bulk
Camarosa

487 73,558 70,130 95.3
469.1 9.6 98.0

Reikou 474.0 4.7 99.0

qMS4.2
F_bulk

Camarosa
538 81,268 75,868 93.4

505.0 8.0 98.4
Reikou 424.6 3.6 99.2

S_bulk
Camarosa

496 74,946 70,029 93.4
466.3 7.3 98.5

Reikou 394.4 3.3 99.2

qMS4.3
F_bulk

Camarosa
640 96,661 90,479 93.6

612.1 23.8 96.3
Reikou 620.7 15.3 97.6

S_bulk
Camarosa

249 37,604 35,155 93.5
238.3 9.1 96.3

Reikou 241.5 5.8 97.6
a Q30 indicates the proportion that met the criterion of phred quality <30.

Fig. 1. Candidate genomic regions of qMS4.1 on Fvb4-4 of ‘Camarosa’ genome assembly v. 1.0.a1 as a reference genome. Vertical and hori‐
zontal axis indicates frequency of alternate allele (Alt_AF) reads out of total reads in each bulk population and physical position of each
subgenome, respectively. Each line graph was drawn based on the moving average value calculated based on each Alt_AF of front and back
1000 SNP positions. Gray area indicates 99% confidence intervals of the difference of Alt_AF.
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Significant differences of Alt_AF were detected only
around the 12 to 14 Mb regions of Fvb4-1 (Fig. 3), but the
significant regions were divided into two parts. The top hit
chromosome region of the FAES0001_269 amplicon
sequence was in Fvb4-1 (Supplemental Table 2), which
also matched the results of the QTL-seq. But the matched
region (6.6 Mb) of FAES0001_269 amplicon was different
from the candidate region (12 to14 Mb) in Fvb4-1.

Mapping of QTLs for male sterility to the ‘Reikou’ refer‐
ence genome

(1) qMS4.1: Supplemental Fig. 4 shows the shift of the
moving average of Alt_AF throughout the chromosomes.
Significant differences of Alt_AF were detected around the
7 to 14 Mb regions of chr4Ava (Fig. 4A) and the 3 to 7 Mb
regions of chr4Avb (Fig. 4B). Compared with the mapping
results for ‘Camarosa’ (Fig. 1), the difference in Alt_AF of
the two bulk populations was less clear. Furthermore, the
top hit region of the FVES1264_196 amplicon sequence
was ch0, implying that the specific subgenome involved

Fig. 2. Candidate genomic regions of qMS4.2 on Fvb4-3 of ‘Camarosa’ genome assembly v. 1.0.a1 as a reference genome. Other footnotes
were the same as Fig. 1.

Fig. 3. Candidate genomic regions of qMS4.3 on Fvb4-1 of ‘Camarosa’ genome assembly v. 1.0.a1 as a reference genome. Other footnotes
were the same as Fig. 1.

Fig. 4. Candidate genomic regions of qMS4.1 on chr4Ava (A) and chr4Avb (B) of ‘Reikou’ genome assembly r2.3 as a reference genome.
Other footnotes were the same as Fig. 1.
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with FVES1264_196 was unclear (Supplemental Table 3).
(2) qMS4.2: Supplemental Fig. 5 shows the shift of the

moving average of Alt_AF throughout the chromosomes.
Significant differences of Alt_AF were detected only
around the 6.5 to 17 Mb regions of chr4Ava (Fig. 5A) and
the 3 to 14 Mb regions of chr4Avb (Fig. 5B). The top hit
chromosome region of the FVES1356_195 amplicon
sequence was chr4Ava, and the second highest was
chr4Avb (Supplemental Table 3), which also matched the
results of the QTL-seq.

(3) qMS4.3: Supplemental Fig. 6 shows the shift of the
moving average of Alt_AF throughout the chromosomes.
Significant differences of Alt_AF were detected between

the 6 to 15 Mb regions of chr4X1a and between the 4 to
13 Mb and 17 to 22 Mb regions of chr4X1b (Fig. 6). Signif‐
icant regions on chr4X1b were divided into two regions of
this subgenome. The top hit chromosome region of the
FAES0001_269 amplicon sequence was chr4X1a, and the
third highest was chr4X1b, which almost matched the
results of the QTL-seq.

Discussion

Locations of QTLs for male sterility based on the refer‐
ence genomes

In this study we detected candidate subgenomes in which

Fig. 5. Candidate genomic regions of qMS4.2 on chr4Ava (A) and chr4Avb (B) of ‘Reikou’ genome assembly r2.3 as a reference genome.
Other footnotes were the same as Fig. 1.

Fig. 6. Candidate genomic regions of qMS4.3 on chr4X1a (A) and chr4X1b (B) of ‘Reikou’ genome assembly r2.3 as a reference genome.
Other footnotes were the same as Fig. 1.
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the QTLs for male sterility were located, and successfully
mapped qMS4.1, qMS4.2, and qMS4.3 in Fvb4-4, Fvb4-3,
and Fvb4-1, respectively, of the ‘Camarosa’ genome
assembly v. 1.0.a1 (Edger et al. 2019b).

We previously detected three independent male-sterility
QTLs in the ‘Fukuoka S6’ and ‘Kaorino’ genetic back‐
grounds of cultivated strawberry, and hypothesized that
these QTLs were located in the homoeologous regions of
Fvb4 of wild strawberry, F. vesca (Wada et al. 2020). The
present results strongly support those findings. In addition
to that previous work, numerous studies have been con‐
ducted to reveal genetic regions responsible for male steril‐
ity of strawberry. Candidate chromosomes were Fvb4
(Ashman et al. 2015, Tennessen et al. 2013) and Fvb6
(Ashman et al. 2015, Govindarajulu et al. 2013, Spigler et
al. 2008, 2010, Spigler and Ashman 2011) in F. vesca, and
Fvb6 (Wei et al. 2017) in F. virginiana. From the viewpoint
of allele effects, most of the male sterility regions harbor
dominant alleles, except in the study of Ashman et al.
(2015), which suggested that the QTL in Fvb6 has a reces‐
sive effect for male sterility only when the QTL in Fvb4
becomes non-functional. Taking those previous studies into
account, our QTLs appear to be both novel QTLs for male
sterility of cultivated strawberry and novel recessive QTLs
in Fvb4.

It will be interesting to compare the map positions of the
regions responsible for male sterility between our study and
previous research. Edger et al. (2019b) successfully devel‐
oped a first pseudomolecule for cultivated strawberry.
However, we found no other studies that compared genetic
regions of wild and cultivated strawberry except for our pre‐
vious study (Wada et al. 2020). We hope that future studies
will target the genetic regions responsible for male sterility.

Effectiveness and characteristics of QTL-seq approach
We used the QTL-seq approach (Takagi et al. 2013) to

detect candidate chromosome regions for male sterility
using male-fertile (F_bulk) and male-sterile (S_bulk) bulk
populations (Table 2). The improvement of next-generation
sequence technology contributed to the development of
QTL-seq technique, and it has been applied for rapid detec‐
tion of QTLs for many crops and vegetables. Lu et al.
(2014) firstly identified a major QTL controlling early
flowering in cucumber. Das et al. (2015) detected one
major genomic region for seed weight of chickpea, and
Wen et al. (2019) identified heat-tolerance QTLs for tomato.
These previous studies and our study clearly demonstrated
that QTL-seq approach was an effective and rapid detection
method for detecting QTLs for agronomic traits.

In our QTL-seq result, the number of reads and bases for
S_bulk were lower than those for F_bulk, especially in the
analysis of qMS4.3. Although there are no previous reports
which compared next-generation sequencer read length
between male fertile plants and male sterile ones, the dele‐
tion of some genomic regions might have contributed to the
loss of functions of some genes, which are responsible for

the pollen fertility. Speaking of the difference of reference
map, the mapping ratio for ‘Camarosa’ was slightly lower
than that for ‘Reikou’ for all three QTLs. Since the materi‐
als used in this study (‘Fukuoka S6’ and ‘Kaorino’) are
Japanese cultivars, the genetic distance of the American
cultivar ‘Camarosa’ from these cultivars might be greater
than that for the Japanese cultivar ‘Reikou’, and we would
then expect more reads to be mapped to ‘Reikou’ than to
‘Camarosa’.

Comparative mapping of QTLs for male sterility using
phased and unphased maps

As reference maps, we used ‘Camarosa’ genome assem‐
bly v. 1.0.a1 (Edger et al. 2019b) and ‘Reikou’ genome
assembly r2.3 (https://www.biorxiv.org/content/10.1101/
2021.04.23.441065v1). There are critical differences
between these reference maps in addition to the differences
between cultivars. In the ‘Camarosa’ map, subgenomes
were designated as Fvb4-1, Fvb4-2, Fvb4-3, and Fvb4-4,
which suggested that the haplotypes of homologous chro‐
mosomes were not differentiated and were unphased in this
reference map. In contrast, the subgenomes were desig‐
nated chr4Ava, chr4Avb, chr4Bia, chr4Bib, chr4X1a,
chr4X1b, chr4X2a, and chr4X2b in the ‘Reikou’ map,
which implied that haplotypes were differentiated and were
phased in this map. Both maps were constructed using short
reads from illumina HiSeq system and Chromium 10X
Genomics data, which were initially assembled with
DeNovo MAGIC (NRgene), but further assembly proce‐
dures were different from each other. In case of ‘Camarosa’
map, Dovetail HiC reads were used for HiRise (Putnam
et al. 2016), and gapped regions were filled with PacBio
reads. In contrast, linkage analysis of polymorphic markers
was performed in case of constructing ‘Reikou’ map. The
incorporation of linkage analysis of polymorphic markers
could lead to the construction of phased map, and this dif‐
ference of assembly could affect the results of subsequent
comparative mapping of QTLs.

Although constructing a phased map is more difficult
than constructing an unphased map, the ‘Reikou’ map is
more desirable as a reference map than ‘Camarosa’ map
because haplotype is clearly defined. In our study, the
advantage of phased map was clearly indicated in the map‐
ping of qMS4.3; qMS4.3 was mapped on the chr4X1 of
‘Reikou’ map, and Alt_AF of S_bulk was high in chr4X1a,
low in chr4X1b (Fig. 6), implying that recessive allele of
qMS4.3 was located on the haplotype of chr4X1b, not
chr4X1a of ‘Reikou’ map. This linkage between the haplo‐
type and the specific allele could not be detected in ‘Camarosa’
map.

We calculated the moving average of alternative allele
frequency (Alt_AF) for both reference maps, which
revealed the following two major differences. First, the
moving average curves differ. These curves were com‐
monly more notched (i.e., variable) in the ‘Camarosa’ map
than in the ‘Reikou’ map. This difference could be due to
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the difference between unphased and phased maps; that is,
the DNA sequences of the ‘Camarosa’ map represent the
mixture of two homologous chromosomes, whereas those
of the ‘Reikou’ map were separately assembled. This dif‐
ference might be responsible for the notched form of the
moving average for ‘Camarosa’.

Second, both maps show fragmentation of the candidate
regions of the QTLs for male sterility. As Fig. 2 shows, the
candidate regions for qMS4.2 in the ‘Camarosa’ map were
fragmented into several regions of Fvb4-3. Additionally,
FAES0001_269 amplicon, which is a neighboring SSR
marker of qMS4.3, was mapped to the different region of
Fvb4-1 from the significant region. “HiRise” used in the
study of Edger et al. (2019b) is a software pipeline
designed specifically to use proximity-ligation data from
converting scaffold genome assemblies into chromosome-
length pseudomolecules (Putnam et al. 2016). Although
this method is a progressive way to construct pseudo‐
molecules efficiently from short reads of next-generation
sequencing data, it is based on statistical estimation, not
real segregation data from actual sequences or DNA mark‐
ers and has a limited power to reconstruct chromosomes for
autopolyploid genomes, like cultivated strawberry (Zhang
et al. 2019). Additionally, there were no heavily fragmen‐
tated regions on the results of ‘Reikou’ map. Therefore,
incorporation of linkage analysis of polymorphic markers
could contribute to the precise assemble of scaffolds and
mis-assembly possibly occurred in the ‘Camarosa’ map.
However, we believe that another possibility is likely: that
the genetic distance between the American (‘Camarosa’)
and Japanese (‘Reikou’, ‘Fukuoka S6’, and ‘Kaorino’) cul‐
tivars created this fragmentation, and that this should be
taken into account in future research. Isobe et al. (2013)
compared the genome sequence of F. × ananassa with that
of F. vesca, and found that chromosome rearrangement had
occurred between homeologous genomes of both species.
Edger et al. (2019a) and Liston et al. (2019) called this
event “homeologous exchange” and calculated the fre‐
quency of genome exchange to be 11.4% and 12.5%,
respectively. Tennessen et al. (2018) demonstrated that
repeated translocation of a gene cassette drives sex-
chromosome turnover in octoploid strawberries. We previ‐
ously performed cluster analysis of Japanese and world
strawberry cultivars using SSR and cleaved amplified
polymorphic sequence marker and revealed that USA
strawberry cultivars (‘Aiko’, ‘Donner’, ‘Pajaro’, ‘Sequoia’,
and ‘Tioga’) were classified into different clusters from

modern Japanese cultivars (Wada et al. 2017). Therefore,
the American cultivar might have experienced different
chromosome exchanges from the Japanese cultivars.

qMS4.1 was mapped within the same subgenome,
chr4Av, as qMS4.2 in the ‘Reikou’ reference map. More‐
over, amplicons of SSR markers that are adjacent to the
QTLs for male sterility were mapped only in ch0, chr4Av,
and chr4X1, not only for qMS4.1 and qMS4.2 but also for
qMS4.3. This suggests that scaffolds derived from different
subgenomes were accidentally merged in the ‘Reikou’ map.
Since filtering gaps with long reads (e.g. reads from
PacBio) was not performed for constructing ‘Reikou’ map,
scaffolds derived from different homoeologous chromo‐
somes were merged incorrectly. We hope combining whole
genome genotyping of segregation population which is
derived from bi-parental cross with the assemble of scaf‐
folds, which were filtered by long reads, could contribute to
avoid incorrect merge of scaffolds.

Phylogenetic source of QTLs and candidate responsible
genes for male sterility

Edger et al. (2019b) also mentioned wild strawberry
species that were progenitors of cultivated strawberry. On
this basis, we can propose hypothetical sources for the male
sterility genes (Fig. 7). Fvb4-4 (qMS4.1), Fvb4-3 (qMS4.2),
and Fvb4-1 (qMS4.3) were derived from F. iinumae,
F. vesca, and F. viridis, respectively. Of course, since the
origin of cultivated strawberry is currently controversial
(Edger et al. 2019a, 2019b, Liston et al. 2019), it is difficult
to define the progenitor species precisely. Outcrossing
between different plants can increase genetic diversity, and
Darwin (1877) mentioned females (male sterile plants)
were generally developed from hermaphrodites, which
finally lead to the occurrence of dioecious plants. Darwin
(1877) also mentioned that females had been found in wild
strawberry, such as, Fragaria vesca, virginiana, and
chiloensis. Charlesworth and Charlesworth (1978) reported
that females and hermaphrodites coexisted in the popula‐
tion of diploid strawberry, F. vesca ssp. bracteata. But
Ashman (1999) mentioned that female plants and hermaph‐
rodite plants evolved independently based on the evaluation
of heritability of floral organs in F. virginiana population.
These facts indicated that evolutionary procedure of
females (male sterile plants) was a controversial topic, but
they also suggested that it is likely that male sterile plants
already existed in diploid species, and it is also likely that
genetic regions for male sterility of different diploid species

Fig. 7. Location of QTLs for male sterility on reference map of cultivated strawberry and its inferred progenitor.
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were incorporated independently into octoploid cultivated
strawberry and contributed to the development of the male
sterility and fertility system.

Although a genetic region for male sterility was detected
in Fvb4 of F. vesca by Ashman et al. (2015), the allele
effect of that region was dominant, not recessive. They also
detected a region for male sterility in Fvb6, which was
recessive and functional only when the region on Fvb4 was
not functional. Therefore, it is possible that translocation
from Fvb6 to Fvb4 might have occurred during the phylo‐
genetic evolution of cultivated strawberry.

Tennessen et al. (2018) revealed that sex-determining
regions (SDR) of wild North American octoploid straw‐
berries were located on corresponding regions of Fvb6,
and discovered only two genes in this region. One is
GDP-mannose 3, 5-epimerase 2 (GMEW), and the other is
60S acidic ribosomal protein P0 (RPP0W). GMEW cat‐
alyzes the biosynthesis of ascorbic acid (vitamin C), which
is involved in the antioxidant defence, photosynthesis, cell
division, and growth regulation via hormone signaling
pathways (Noctor and Foyer 1998, Pastori et al. 2003,
Smirnoff 2000). Furthermore, ascorbic acid is also indi‐
cated to be involved in the formation of cell wall biosynthe‐
sis (Mounet-Gilbert et al. 2016). RPP0W is a kind of
ribosomal protein and affects the development to stress
response (McIntosh and Bonham-Smith 2006). Although
Tennessen et al. (2013) proposed 57 genes included in the
candidate genomic regions for male sterility of F. vesca,
both genes are not found in this list. Furthermore, expres‐
sion profiles of both genes in male-sterile strawberry still
remained unknown. Paterson et al. (1988) presented a con‐
cept of ‘map-based cloning’ as a rapid gene isolation
method based on the result of QTL analysis. Combining
map-based cloning and expression analysis using our
developed populations could lead to uncovering male steril‐
ity specific genes.

Future prospect for isolating responsible genes for male
sterility

Currently, two different kinds of reference map are avail‐
able to support genome and genetic analysis for cultivated
strawberry: ‘Camarosa’ genome assembly v. 1.0.a1 (Edger et
al. 2019b) and ‘Reikou’ genome assembly r2.3 (https://www.
biorxiv.org/content/10.1101/2021.04.23.441065v1). In this
study, we used both genomes to detect chromosome regions
that contain QTLs for male sterility. When we apply this
result to the development of F1 seed-type cultivars for use
in practical breeding programs, restoration of female fertil‐
ity will also be important, because most of the male-sterile
plants were also female-sterile, and some male-sterile
plants exhibited restoration of female fertility based on our
experience (unpublished data). Extended improvement of
those reference maps could contribute to future fine map‐
ping of the genes responsible for both male sterility and
other important agronomic traits, including the restoration
of female fertility.
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