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Abstract

Red-flowered strawberry is a new ornamental flower derived from intergeneric
hybridization (Fragaria X Potentilla). To date, few molecular markers have been
reported for this plant. RNA sequencing provides a relatively fast and low-cost
approach for large-scale detection of simple sequence repeats (SSRs). In the pre-
sent study, we profiled the transcriptome of red-flowered strawberry by Illumina
HiSeq 2500 to identify SSRs related to petal color. Based on 2 million clean reads of
red and white flowers from red-flowered strawberry hybrids, we assembled 91,835
unigenes with an average length of 717 bp. After functional annotation and pre-
diction, there were 47,058 unigenes; of these, 26,861 had a gene ontology anno-
tation, with 14,264 SSR loci. Mononucleotide SSRs were the predominant repeat
type (47.20%, n=6724), followed by di- (32.50%, n=4641), tri- (19.10%, n=2729),
tetra- (0.90%, n=132), hexa- (0.2%, n=21), and penta- (0.10%, n=16) nucleotide
repeats. The most frequent di-, tri-, and tetra-nucleotide repeats were AG/CT, AAG/
CTT, and AAAG/CTTT, respectively. PCR amplification with 105 SSR primer pairs
yielded four bands specific to red flowers, namely UgRFsr57622, UgRFsr94149,
UgRFsr40142, and UgRFsr54608; corresponding 4 trait-specific markers were
found to co-segregate with white and red flower color in hybrid population, demon-
strating that the genic SSR marker is useful to discriminate between white and red
flowers in strawberry. Markers to discriminate flower color in red-flowered straw-
berry will be useful for early selection of progeny and for breeding management.
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Introduction

All cultivars and wild species of the genus Fragaria are white-flowered. Red-
flowered strawberry, an intergeneric hybrid obtained several decades ago by
crossing F. ananassa (2n=8x=56) and Potentilla palustris (2n=6x =42) has
great market potential and economic value owing to its beautiful flower and edi-
ble fruit (Ellis 1962; Mabberley 2002; Bentvelsen and Bouw 2006).

Although molecular markers have been identified in many fruit trees, only
sequence-characterized amplified regions derived from random amplified poly-
morphic DNA (RAPD) have been reported in red-flowered strawberry (Yan et al.
2006). Molecular markers are useful for screening offspring with target traits at
seed and seedling stages, which can improve the reliability of early selection and
shorten the breeding period (Bematzky et al. 1992). DNA-based molecular mark-
ers include restriction fragment length polymorphism (RFLP), random ampli-
fied polymorphism (RAPD), simple sequence repeat (SSR), amplified fragment
length polymorphisms (AFLP), single nucleotide polymorphisms (SNPs), and
cleaved amplified polymorphic sequences (CAPS), among others. SSR markers
are widely used owing to their high degree of polymorphism and reproducibility
(Miah et al. 2013; Cuadrado et al. 2008). The genetic map of Citrus has been
constructed based on 67 de novo identified SSRs and 129 expressed sequence
tag SSR markers (Chen et al. 2006). However, the traditional approach of SSR
marker development is labor-intensive, costly, inefficient, and cannot meet the
research needs for complex processes (Roder et al. 1998; Ujino et al. 1999; Uzu-
nova and Ecke 1999).

Next-generation sequencing technologies allow the rapid and efficient devel-
opment of SSR markers on a large scale from transcriptome data (Zalapa et al.
2012; Wang et al. 2014a). RNA sequencing (RNA-seq) technology based on
next-generation high-throughput Illumina/Solexa sequencing can provide gen-
eral information on the transcriptome with high speed and accuracy and at low
cost. RNA-seq technology supports de novo sequencing for non-model species
for which a reference sequence is lacking, and can be used to identify unknown
and rare transcripts. It has been applied to many plants including black raspberry
(Hyun et al. 2014), Rosa chinensis cv. ‘Pallida’ (Yan et al. 2014), apple (Bai et al.
2014), strawberry (Pillet et al. 2015), sweet cherry (Wei et al. 2015b), and sesame
(Zhang et al. 2012), among others. Illumina-based RNA-seq has also facilitated
the identification of 57 polymorphic SSR loci in lily (Lilium Oriental hybrid ‘Sor-
bonne’) (Du et al. 2015), and a new orange trait-specific SSR marker was devel-
oped by transcriptome analysis in orange head Chinese cabbage (Brassica rapa L.
ssp. pekinensis) (Zhang et al. 2015).

In this study, we developed a comprehensive set of genic SSRs based on Illumina
RNA-HiSeq 2500 sequencing combined with de novo annotation, and identified uni-
transcript sequences associated with a red flower color. A total of 14,264 genic SSRs
from 12,077 unigenes were generated in the de novo transcriptome, and four trait-
specific genic SSR markers that co-segregated with the red flower trait were identi-
fied that can be useful for red-flowered strawberry selection.
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Materials and Methods
Plant Materials

Plant materials used in this experiment were obtained from the Strawberry Germ-
plasm Repository of Shenyang Agricultural University in China. ‘Pink Princess’,
‘Pink Beauty’, and ‘Pretty Beauty’ were three red-flowered strawberry cultivars
released by Shenyang Agricultural University with pink, pink, and dark pink flow-
ers, respectively (Xue et al. 2014). While ‘Honeoye’ was a famous strawberry cul-
tivar released by New York State Agricultural Experiment Station, Geneva, USA
in 1979. In this paper, four hybridizations, Pink Princess X Pink Beauty, Pink Prin-
cess X Honeoye, Pretty Beauty X Honeoye, and Pink Princess X Pretty Beauty were
carried out in 2012. The six white-flowered hybrids (W) and six red-flowered
hybrids (R) from the cross of Pink Princess X Pink Beauty were used for transcrip-
tome analysis and molecular marker development, respectively. The samples of ‘W’
and ‘R’ were used to construct four libraries, which were named as PH_R1, PH_
R2, PH_WI1 and PH_W2, respectively (Fig. 1). Petals were frozen in liquid nitro-
gen and stored at — 80° until RNA extraction; Hybrids of other crosses (Pink Prin-
cess X Honeoye, Pretty Beauty X Honeoye, and Pink Princess X Pretty Beauty) were
used for molecular marker identification. Their fresh young leaves were collected
and rapidly frozen in liquid nitrogen and stored at — 80°until DNA extraction.

RNA Extraction, cDNA Library Construction, and Sequencing

Total RNA was extracted using the modified cetyl trimethylammonium bromide
(CTAB) method (Shan et al. 2008). RNA quality was analyzed by 1.0% agarose
gel electrophoresis, and concentration and purity (optical density OD260/280 and
0D260/230) were evaluated with a NanoDrop 2000c spectrophotometer (Thermo

Fig. 1 Flowers of red- and white-flowered strawberry used in deep sequencing. Both R1-6 and W1-6
were selected from the cross of Pink Princess X Pink Beauty (Color figure online)
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Fisher Scientific, Waltham, MA, USA). The RNA integrity was assessed with an
Agilent 2100 Bioanalyzer (Agilent, Palo Alto, CA, USA).

A total amount of 3 ng RNA per sample was used as input material for the
RNA sample preparations. Sequencing libraries were generated using NEBNext®
Ultra™ RNA Library Prep Kit for Illumina (NEB, Ipswich, MA, USA) follow-
ing manufacturer’s recommendations and index codes were added to attribute
sequences to each sample. The library quality was assessed on the Agilent Bioan-
alyzer 2100 system. The clustering of the index-coded samples was performed on
a cBot Cluster Generation System using TruSeq PE Cluster Kit v3-cBot-HS (Illu-
mina, San Diego, CA, USA) according to the manufacturer’s instructions. After
clustering, the libraries were sequenced using an Illumina HiSeq 2500 platform
and 125 bp/150 bp paired-end reads were generated. Four cDNA libraries, PH_
R1, PH_R2, PH_WI, and PH_W2 were constructed with two biological repli-
cates by Beijing Novogene Bioinformatics Technology Co., Ltd (Beijing, China).

De Novo Transcriptome Assembly and Functional Annotation

The raw data in FASTQ format were deposited in the National Center for Bio-
technology Information (NCBI) database (accession no. SRP136399), and the
reads were processed with in-house Perl scripts. Clean data were obtained from
raw data by removing reads containing adapter or poly-N sequences as well as
low-quality reads. Clean reads were assembled using Trinity software (http://trini
tyrnaseq.sourceforge.net) with the following parameters: K-mer=25 and group
pair distance =300. The Trinity short read assembly program with default settings
was used to reassemble the clean and high-quality transcriptome sequence data
(Grabherr et al. 2011). The longest transcript of each gene was considered as a
unigene, and a unigene general library of four samples was obtained. These tran-
scripts were used for further bioinformatics analyses. The assembled sequences
were functionally annotated based on NCBI protein (Nr) and nucleotide (Nt),
Swiss-Prot, Protein Family (PFAM), Gene Ontology (GO), EuKaryotic Ortholo-
gous Groups (KOG), and Kyoto Encyclopedia of Genes and Genomes (KEGG)
databases using Basic Local Alignment Search Tool (BLAST)x (E-value < le™).

Identification of Novel Genic SSRs and Primer Design and Synthesis

Using the MISA microsatellite program (Thiel et al. 2003), we searched the
screened unigenes (574 kb) from the transcriptome of red-flowered strawberry
for microsatellite sites. The number of repetitions used to select SSRs was at least
ten times for single nucleotides, six times for dinucleotides, and five times for
tri-, tetra-, penta-, and hexanucleotides. Primers were synthesized by Shanghai
GENEWIZ Biotechnology Co. (Shanghai, China) and are shown in Table S1.
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DNA Isolation, PCR Profiling, and Screening

DNA was isolated from young leaves of red-flowered strawberry using the modified
CTAB method (Liu et al. 2003). DNA quantity and quality were evaluated with a
NanoDrop 2000c spectrophotometer. The DNA was normalized to a concentration
of 20 ng/l and then stored at —20° until use. Purified DNA was used for primary
screening of all the primer pairs by polyacrylamide gel electrophoresis (PAGE).

PCR amplification was performed on a 96-well thermal cycler (Veriti 96-Well
Thermal Cycler). The volume of the reaction was 20 pL. The PCR program was as
follows: 1 min at 94°; 35 cycles of 1 min at 94°, 2 min at the appropriate annealing
temperature, and 2 min at 72°; and 7 min at 72°. All primers were initially screened
by PAGE. PCR products were separated on an 8% non-denaturing polyacrylamide
gel at 160 V for 2-2.5 h and visualized by rapid silver staining (Wei et al. 2012).

Detection of Genic SSR Primers

Primer specificity was verified by 3% (w/v) agarose gel electrophoresis. The PCR
product band of the expected size was recovered and directly cloned into the pGEM-
T vector (Tiangen Biotech, Beijing, China). The sequencing results were aligned to
the original sequence with BLAST.

Results
Red-Flowered Strawberry Transcriptome Sequence Assembly

High-throughput sequencing was performed on the Illumina HiSeq 2500 platform
and the original image data were converted to raw reads by base calling. The number
of raw reads of PH_R1, PH_R2, PH_W1, and PH_W?2 were 62,225,658, 57,080,440,
53,740,688, and 51,381,864, respectively. After removing the impurities and adapt-
ers, 58,914,640, 54,309,114, 50,732,796, and 48,856,812 clean reads were obtained
with a total base number of 26.58 G. The total nucleotide number of each sample
was greater than 6 G. The Q20 ratio of each sample was greater than 95%, and GC
content was approximately 46% (Table 1). Thus, the sequencing data met the quality
requirement for subsequent analyses; transcript sequences assembled with Trinity

Table 1 Overview of sequencing and assembly of transcriptome

Samples Raw reads Cleanreads Cleanbases Error (%) Q20(%) Q30(%) GC content (%)

PH_R1 62,225,658 58,914,640 7.36G 0.04 95.57 91.36 46.11
PH_R2 57,080,440 54,309,114 6.78 G 0.04 95.91 91.94 46.21
PH_WI1 53,740,688 50,732,796 6.34G 0.04 95.87 91.87 46.03
PH_W2 51,381,864 48,856,812 6.10G 0.04 95.86 91.84 45.89

Note Q20 and Q30 percentages are proportion of nucleotides with quality value larger than 20 and 30,
respectively; GC percentage is proportion of guanine and cytosine nucleotides among total nucleotides
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Table 2 Statistics of the assembled transcripts and unigenes

Variety Total number Mean N50 (bp) 500-1 Kbp 1K-2Kbp >2Kbp Total nucleotides

length
(bp)
Transcripts 139,292 909 353 29,636 24,591 16,526 126,608,737
Unigenes 91,835 717 282 17,680 10,330 7122 65,851,703
Table 3_ Unigene function Annotation database No. of unigenes Percentage (%)
annotation
Annotated in NR 38,288 41.69
Annotated in NT 36,092 39.3
Annotated in KEGG 12,832 13.97
Annotated in SwissProt 26,032 28.34
Annotated in PFAM 26,247 28.58
Annotated in GO 26,861 29.24
Annotated in KOG 14,710 16.01
Annotated in all databases 6797 7.4
Annotated in at least one database 47,058 51.24
Total unigenes 91,835 100

were used as reference sequences. Based on the sequence information, the 139,292
transcripts were obtained with the mean length of 909 bp and N50 length of 353 bp,
and 91,385 unigenes were obtained with the mean length of 717 bp and N50 length
of 282 bp. There were 17,452 unigenes with length > 1kbp (Table 2). The assembly
completeness was assessed by the BUSCO tool with the result of 90%, which indi-
cated the high quality of transcriptome.

Functional Annotation of Unigenes

The unigenes were searched against the Nr, Nt, Swissprot, PFAM, KOG, KEGG,
and GO databases. Moreover, 51.24% (47,058) of assembled unigenes had homologs
in at least one of the databases. Based on the Nr database, 38,288 unigenes were
annotated, and 25,410 unigenes had homologs in F. vesca with the highest fre-
quency of 66.5%. A total of 47,058 (51.24%) red-flowered strawberry unigenes have
been annotated in at least one of the above-mentioned databases (Table 3). Of these,
26,032 unigenes were annotated to the Swissprot database (28.34%). A total of 6797
unigenes were annotated to functional genes in all seven databases (7.4%).

The species distribution showed that the species with the most annotations in the
Nr database was F. vesca, followed by Acyrthsiphon pisum, Prunus mume, Prunus
persica, and Zootermopsis nevadensis; the number of unigenes for these species
annotated by BLASTx alignment were 25,410 (66.5%), 3668 (9.6%), 955 (2.5%),
917 (2.4%), and 764 (2.0%), respectively (Fig. 2).
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Fig.2 The species-based distribution of the top BLASTx hits for each assembled red-flowered straw-
berry unigenes search against non-redundant protein database (Nr)

GO Annotation of Assembled Transcripts

A total of 26,861 (29.24%) unigenes were mapped to GO terms in the cellular com-
ponent, molecular function, and biological process categories (Fig. 3) and were fur-
ther classified into 46 terms. In the cellular component category, cell part (31.27%),
cell (31.27%), organelle (20.83%), and macromolecular complex (20.61%) were the
four most enriched GO terms (Table S2).

In the biological process category, cellular process (55.56%), metabolic pro-
cess (54.43%), and single-organism process (41.56%) were the three most highly
enriched terms, followed by regulation of biological regulation (18.00%), biological
process (16.66%), localization (15.95%), and response to stimulus (11.83%). In the
molecular function category, binding (56.84%) and catalytic activity (45.77%) were
the two most highly enriched GO terms, followed by transporter activity (7.03%)
and structural molecule activity (3.48%). This suggests that the identified unigenes
are involved in growth, development, metabolism, and apoptosis in red-flowered
strawberry.

Characteristics of Genic SSRs in the Red-Flowered Strawberry Transcriptome

SSRs were abundant in the assembled unigene dataset; 12,077 unigenes with 14,264
SSR loci were identified from 139,292 transcripts. Among them, 1823 contained
more than one SSR locus, and 758 SSR loci existed in complex form. One SSR
locus was found every 10.70 kb of unigene sequence. Among all repeat types, SSR
length ranged from 10 to 228 bp, with an average length of 16.58 bp. The most
abundant repeat units were single-base repeat sequences—i.e., mononucleotides
(47.2%), followed by di- (32.5%), tri- (19.1%), tetra- (0.9%), hex- (0.2%), and penta-
(0.1%) nucleotides (Fig. 4a). The repeated unit number of SSR loci ranged from 5
to 42. The number of mononucleotide repeated unit ranges from 9 to 23. Of them,
10 and 11 repeated units were the most dominant, with the SSR number of 3127
(21.92%) and 1367 (9.30%), respectively. Most of the di-nucleotide had 5 to 11
repeat units, the majority of which had 6 and 7 repeat units, with the SSR number
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Fig. 3 Gene Ontology (GO) classification of unigene sequences containing SSR loci from red-flowered strawberry. The results are summarized in three ma
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of 1289 (9.04%) and 873 (6.12%), respectively. Most of the tri-nucleotide had 5 to
7 repeat units, and the 5 and 6 repeat units were the most dominant, with the SSR
number of 1647 (11.55%) and 748 (6.12%), respectively. The any repeat units of
the remaining nucleotide were relatively low (<1.2%) (Fig. 4b). Within identified
SSRs, 176 motif sequence types were searched and the most common motifs were
the tetra-nucleotide AAAG (4.54%), tri-nucleotide GAA (8.79%), and di-nucleotide
GA (21.33%).

The 31 most common motifs and frequencies of individual SSR units were
shown in Fig. 4c—e. The three most abundant motifs of the di-nucleotide repeat units
were AG/CT, AC/GT and AT/AT with the frequencies of 52.13, 10.72 and 7.86%,
respectively. Of the tri-nucleotide repeat units, AAG/CTT, AGG/CCT, ATC/ATG,
ACC/GGT and AGC/CTG were the most abundant with the frequencies of 15.45,
5.99, 4.55, 3.36, and 3.25%, respectively. The four most abundant motifs of the
tetra-nucleotide repeat units were AAAG/CTTT, AAAT/ATTT, AAAC/GTTT and
AAGG/CCTT with the frequencies of 27.27, 18.18, 12.88 and 9.85%, respectively.
However, other motifs shown in Fig. 4c accounted for less than 3% of total SSRs,
and the GC motif was not detected.

Development and Detection of Trait-Specific Markers

A total of 12,077 unigenes containing SSRs from red strawberry transcriptome data
were used for primer design; of these, 7621 (63.10%) sequences containing SSRs
were used to develop SSR primers. Based on the transcriptome annotation, we first
chose 33 SSR loci in the sequence of structure gene and transcription factor involved
in anthocyanin biosynthesis pathway. Then, we randomly chose 12 SSR loci from
each of mono-, di-, tri-, hex-, tetra- and penta-nucleotides, respectively (Table S2).
A total of 105 SSR primers were synthesized and initial screening by polyacryla-
mide gel electrophoresis was performed for PCR amplicons with genomic DNA
from red- and white-flowered parents and their hybrid progenies (Fig. S1).

The 105 SSR primer pairs were selected for polymorphism amplification of
176 red- and white-flowered hybrids from crosses of Pink Princess X Pink Beauty,
Pink Princess X Honeoye, Pretty XxHoneoye, and Pink PrincessXxPretty Beauty.
The 94 SSR primer pairs amplified 184 clear bands with an effective amplifica-
tion rate of 90.48%. The 55 SSR primer pairs were polymorphic and 79 polymor-
phic bands were amplified, yielding a polymorphism rate of 42.93%. PCR prod-
ucts were verified by polyacrylamide gel electrophoresis (Fig. Sla—d). The 4 SSR
primer pairs, UgRFsr57622, UgRFsr94149, UgRFsr40142 and UgRFsr54608, were
associated with the red flower trait of red-flowered strawberry, among which only
UgRFsr57622 was polymorphic (Fig. S1a).

An analysis of the representative UgRFsr57622 primer pair by 3% (w/v) aga-
rose gel electrophoresis showed that only one band was amplified from the white-
flowered hybrids used for transcriptome sequencing from Pink PrincessxPink
Beauty and the white-flowered hybrids used for molecular marker identifica-
tion from Pink Princess X Honeoye, Pretty X Honeoye, and Pink Princess X Pretty
Beauty; in addition, a second band was amplified in all red-flowered hybrids
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from transcriptome-sequenced (Pink Princess x Pink Beauty) and hybrid progeny
(Pink Princess X Honeoye, Pretty xHoneoye, and Pink Princess X Pretty Beauty)
(Fig. 5a). A single band was amplified from all red flowers with UgRFsr94149
and UgRFsr40142 primer pairs (Fig. 5b, c¢), with a secondary band amplified by
the UgRFsr54608 primer pair (Fig. 5d). There were no amplicons in white-flowered
progenies using these three primer sets (Fig. 5Sb—d).

The specific fragments were recovered and sequenced after cloning. The fact
that the sequences matched the original sequence indicated that the trait markers
were highly specific. All four trait-specific markers were readily identified as spe-
cific to red- and white-flowered genotypes by specific fragment marker analysis on
polyacrylamide.

Discussion

High-throughput sequencing technology can reveal transcript sequences and allows
the analysis of transcriptomes for species for which there is no available genome
information. The obtained transcriptome data were searched against known pro-
tein databases (Nr, Swiss-Prot, KOG, and KEGG). Many non-model plants have
been sequenced using this method including Salvia miltiorrhiza, buckwheat, bay-
berry, black raspberry, lily, and others (Hua et al. 2011; Logacheva et al. 2011; Feng

Fig.5 Specific primers were used to amplify the gel electrophoresis pattern. a—d Were gel electrophore-
sis amplified by primers UgRFsr57622, UgRFsr94149, UgRFsr40142 and UgRFsr54608, respectively. 1
and 2 was from the cross of Princess X Pink Beauty used for RNA- seq. 3-7 was randomly selected from
Princess X Honeoye, Pretty X Honeoye, Pink Princess X Pretty Beauty used for molecular marker identifi-
cation (Color figure online)
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et al. 2012; Hyun et al. 2012; Du et al. 2015). In this study, red- and white-flowered
hybrids of Pink Princess X Pink Beauty were sequenced on an Illumina HiSeq 2500
platform. In this study, a total of 91,835 unigenes were obtained by transcriptome
sequencing and 51.24% (47,058) unigenes have been annotated in at least one of the
above-mentioned databases (Table 3). On the one hand, the relatively low number
of genes annotated in this work could be due to the fact that these unigenes were
new genes of red-flowered strawberry or that the genetic resources in the current
database were limited; On the other hand, another probable reason was due to the
high ploidy (8x) of red-flowered strawberry, such as 6x chrysanthemum (Hong et al.
2015; Xu et al., 2013) and 4x red-fleshed kiwifruit (Li et al. 2018). Xu et al. (2018)
used 8x sugarcane (Saccharum officinarum L.) to obtain pokkah boeng disease and
drought stress tolerance genotype, and obtained 93,115 unigenes by RNA-seq with
lower annotation unigenes (46.74%).

SSRs have been screened based on transcriptome sequencing in many in angio-
sperm species including castor bean seeds, rubber tree, and sesame (Qiu et al. 2010;
Li et al. 2012; Zhang et al. 2012). Transcriptome-derived SSR markers have been
detected near or within functional gene squences (Li et al. 2002; Morgante et al.
2002). SSR primers based on the transcriptome can identify high-quality flanking
regions (Silva et al. 2013). In this study, about 10.24% of red-flowered strawberry
transcriptome sequences contained SSR loci, which was consistent with the fre-
quency range (2.65-16.82%) reported in other dicotyledonous species (Zheng et al.
2013; Wang et al. 2014b; Chen et al. 2015). The characteristics of SSR nucleotides
differ in various plants, and in barley, maize, rice, sorghum, wheat, gossypium, pea-
nut among others, trinucleotides have the highest repetition frequency (Kantety et al.
2002; Wang et al. 2006; Liang et al. 2009). However, in our study the most abundant
repeat sequence type was dinucleotides, which was consistent with findings in ses-
ame, some Rosaceae plants, and lily (Zhang et al. 2013; Jung et al. 2005; Du et al.
2015). Among di-nucleotide repeat sequences, the AC/GT motif was the most com-
mon in red-flowered strawberry, which is similar to what has been reported for lily,
petunia, and calla lily (Du et al. 2015; Wei et al. 2015a; Wei et al. 2016). Although
the functional significance of most SSRs in plant transcriptome regions is unclear,
a high frequency of purine-pyrimidine motifs homologous to AG/CT in 50 untrans-
lated regions was shown to be associated with acid metabolism and nucleic acid reg-
ulation (Martienssen and Colot 2001; Scaglione et al. 2009; Wohrmann and Weising
2011). Furthermore, (GC), repeats are exceedingly rare in most eukaryotic genomes
(Feng et al. 2009; Biswas et al. 2012).

Correct selection and separation of traits of interest is critical for plant breeding.
Molecular marker-assisted breeding combines modern molecular biology and tradi-
tional genetic breeding, whereby the detection, location, and tracking of a single or
multiple genes are linked to a target trait. Selected SNPs have been used to genotype
populations of wild and cultivated soybeans (Guo et al. 2018). SNPs among con-
trol samples and proton beam-induced mutations have previously been detected in
soybean with a genotyping-by-sequencing approach (Kim et al. 2018). In a study of
gentian flowers of different colors, four allelic variations were associated with a loss
of the anthocyanin biosynthesis regulatory gene Gentiana triflora MYB3 and 4-bp
deletion was existent in the second exon of the anthocyanidin synthase (ANS) gene,

@ Springer



Biochemical Genetics (2019) 57:607-622 619

which was separately determined based on three PCR-based molecular markers
and a CAPS marker that successfully distinguished between white and blue gentian
flowers (Nakatsuka et al. 2012). The F3'5'H gene controlling anthocyanin biosyn-
thesis in petunias was also identified with PCR-based molecular markers (Matsubara
et al. 2006).

At present, a large number of molecular markers have been studied in octoploid-
cultivated strawberries, most of which are PCR-based. SSR markers were used to
distinguish between Florida strawberry genotypes (Brunings et al. 2010). A high-
resolution SSR map of F. virginiana was developed to analyze 30 linkage groups
in each of the male and female maps (Spigler et al. 2010), and molecular mark-
ers have been used to select the flavor volatiles mesifurane and y-decalactone in the
fruit of cultivated strawberry (Cruzrus et al. 2017). Red-flowered strawberry have
a long juvenile period, and the selection of flower color requires a longer period of
time. Thus, techniques for early identification of flower color using DNA markers
are extremely useful for breeding of red-flowered strawberry. In this study, four trait-
specific markers were obtained from SSRs identified by RNA-seq; All four trait-spe-
cific markers can be useful to discriminate flower color in red-flowered strawberry-
breeding programs for early selection of progeny and for breeding management.
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