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Abstract This study investigated the genetics of
seedlessness in grape (Vitis vinifera L.) by the appli-
cation of specific locus amplified fragment sequencing
(SLAF-seq) and genome-wide association mapping.
SLAF-seq was used to provide dense genome-wide
marker coverage for the 199 grape accessions to screen
for genetic controls over seedlessness. After compar-
ison of genome sequences with the reference genome,
single nucleotide polymorphisms (SNPs) were devel-
oped. A phylogenetic tree of the 199 accessions was
then constructed and investigated using principal
component analysis (PCA). Linkage disequilibrium
between the SNPs was estimated and a genome wide
association study (GWAS) was performed to detect trait
loci and candidate genes associated with seedlessness.
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In total, 414,223 SNPs were identified, and were used
for the fine mapping of seed development genes. The 1*
decay to half of its initial value was 11.57 kb. The
phylogenetic tree showed that the 199 accessions were
clustered into 12 branches; PCA indicated that most
grape accessions were clustered. Analysis using a
general linear model identified 294 SNPs significant
correlation with seedlessness, while the compressed
mixed linear model identified 82 SNPs. Candidate
genes involved in seed development were identified at
loci near the significant SNPs. These candidates
included ubiquitin protein, abscisic aldehyde oxidase,
ethylene responsive transcription factor, zinc finger
protein, somatic embryogenesis receptor, and MADs-
box genes. This study demonstrates that integrating
SLAF-seq and GWAS are powerful complementary
approaches for dissecting complex traits in the grape.

Keywords Vitis vinifera L. - Seedlessness - Specific
locus amplified fragment sequencing - Genome wide
association study

Abbreviations

SDI Seed development inhibitor

QTL Quantitative trait locus

GWAS  Genome-wide association study

SLAF Specific-locus amplified fragment
sequencing

SNPs Single nucleotide polymorphisms

OoIv International Organisation of Vine and
Wine
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MAF Minor allele frequencies
LD Linkage disequilibrium
GLM General linear model

MLM Compressed mixed linear model
SSR Simple sequence repeat

GBS Genotyping by sequencing

2b- IIB restriction site associated DNA
RAD

Introduction

Grape (Vitis vinifera L.) is one of the most econom-
ically important fruit crops worldwide. For
table grapes, large berries and seedlessness are the
most appreciated traits (Doligez et al. 2013). Two
types of genetically mediated seedlessness exist in
grape, parthenocarpy and stenospermocarpy (Bouquet
and Danglot 1996; Cabezas et al. 2009; Ingrosso et al.
2011; Sarikhani et al. 2009). In parthenocarpy, the
ovule develops without fertilization, yielding small
berries that completely lack seeds. In stenospermo-
carpy, although pollination occur, the seeds fail to
develop due to the early degeneration of the
endosperm and abnormal development of integuments
(Pratt 1970; Ledbetter and Ramming 2011). Unlike
parthenocarpy, stenospermocarpy can produce berries
of a size compatible with commercial requirements
(Ledbetter and Burgos 1994). However, the develop-
ment of new stenospermocarpy varieties involves the
generation and selection of large numbers of hybrids
each year, which is both expensive and time consum-
ing (Karaagac et al. 2012). Therefore, breeding
stenospermocarpy varieties tends to focus on identi-
fying and exploiting molecular markers associated
with genes that control seedlessness (Striem et al.
1994, 1996).

Many models for the genetic basis of seedlessness
in grape have been proposed based on the traits
associated with the molecular markers. Currently, the
most widely accepted model involves three indepen-
dent and complementary recessive genes, which are
controlled by a dominant regulator locus called seed
development inhibitor (SDI) (Bouquet and Danglot
1996). The seedless phenotype is determined by the
presence of a dominant allele at the SDI locus, which
has been located on chromosome 18 by quantitative
trait locus (QTL) mapping (Cabezas et al. 2009;
Doligez et al. 2002; Mejia et al. 2007). The VWAGLI1
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gene is an orthologue of a MADS-box gene involved
in ovule differentiation, which has been suggested as
the most probable candidate gene at the SDI locus for
seedlessness (Mejia et al. 2011; Bergamini et al.
2013).

Various studies have sought to identify genes for
seedlessness through the comparison of gene expres-
sion profiles in seeded and seedless grape varieties.
Based on differential gene expression patterns in
seeded and seedless cultivars, Wang et al. (2011)
found that VvCBPI was essential for embryo devel-
opment in seedless grape. In addition, Nwafor et al.
(2014) produced a list of genes that were differentially
expressed in a seedless mutant compared to the wild-
type. Although numerous studies have been carried
out, our understanding of the genetic basis of
seedlessness remains limited.

Genome-wide association study (GWAS) has been
widely used to identify QTL and candidate genes due
to its ability to analyse genetic controls of complex
traits (Yan et al. 2011; Verslues et al. 2014; Mamidi
et al. 2013). In this study, we performed specific-locus
amplified fragment sequencing (SLAF-seq) and iden-
tified single nucleotide polymorphisms (SNPs) in 199
grape accessions. Subsequently, we applied GWAS
for detection of trait loci and candidate genes associ-
ated with seedlessness.

Materials and methods
Mapping population

In the present study, 199 grape accessions were
evaluated (Supplement Table 1). These accessions
were obtained from the National Grape Germplasm
Repository at Zhengzhou Fruit Research Institute of
Chinese Academy of Agricultural Sciences (113°42'E
and 34°42'N). The accessions for each treatment
contained three plants, and a completely randomized
selection with twenty replicates was used. For each
accession, the row spacing was 2.5 m, and the
planting distance was 1.0 m. The plants were culti-
vated under the same environmental conditions,
without any growth regulator, and all plants were
12 years old. Seeds were scored repeatedly during
four growing seasons (2012-2015 years) according to
criteria of the OIV (International Organisation of
Vine and Wine; Anonymous 1983). Among 199
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accessions, 124 were seeded and 75 were seedless
(OIV descriptor 241).

SLAF-seq and SNP identification

Genomic DNAs from each grape accession were
isolated from fresh leaves using a previously described
method (Murray et al. 1980). SNP genotyping was
performed using SLAF-seq. Different restriction
enzyme combinations were selected using in silico
digestion-site prediction to obtain more than 400,000
sequencing tags of 300-500 bp per genome that were
distributed evenly in unique genomic regions.
Sequencing tags of 314—464 bp lengths were selected
as SLAF labels. Double digestion with the enzymes
Rasel and Haelll (New England Biolabs, NEB, USA)
were found to be the most suitable. The SLAF tags
were evenly distributed through the genome. The
sequence reads at both ends of each fragment in each
library were generated using Illumina HiSeq™2500
(Illumina, Inc.; San Diego, CA, USA), with a barcode
approach to identify each sample.

All reads were processed for quality control and
then filtered with Seqtk (https://github.com/lh3/seqtk).
High-quality paired-end reads were mapped onto the
reference grape genome (PN40024) (Jaillon et al.
2007) using the Short Oligonucleotide Alignment
Program 2 (SOAP2, Version_2.20) (Li et al. 2009b; Li
and Durbin 2010). The sequences were downloaded
from the grape database, which was available at ftp://
ftp.ensemblgenomes.org/pub/release-23/plants/fasta/
vitis_vinifera/dna/. After comparing the reference
genome with the obtained genomic sequences using
the Burrows Wheeler Aligner (BWA, Version_0.7.10-
r789) software package (Li and Durbin 2010), SNPs
were developed with the Genome Analysis Toolkit
(GATK, Version_3.2) (Mckenna et al. 2010) and
SAMtools (Version_1.1) (Li et al. 2009a) software
packages. The SNPs were filtered according to minor
allele frequency (MAF) >0.05 and integrity of each
SNP >0.8.

Population structure evaluation

The SNPs were used for population structure eval-
uation filtered after the integrity of each SNP more
than 0.8 and the minor allele frequencies (MAF)
more than 0.05. A phylogenetic tree of the grape
accessions based on SNPs was constructed using the

neighbour-joining algorithm (Saitou and Nei 1987)
and the MEGAS software package (Tamura et al.
2011). Population structure of the grape accessions
was analysed by the admixture software package
(Alexander et al. 2009). Principal component anal-
ysis (PCA) (Steinherz et al. 1999) was performed
using the cluster software package (De Hoon et al.
2004).

Linkage disequilibrium (LD) analysis
and genome-wide association mapping

LD between pairs of SNPs was estimated as r* using
TASSEL version 3.0 software package (Bradbury
et al. 2007). 414,223 SNPs from the grape accessions
after filtered by the integrity of each SNP more than
0.8 and the MAF more than 0.05, were used for the
association analysis using a general linear model
(GLM) and compressed mixed linear model (MLM) in
TASSEL. The p value was adjusted with the Bonfer-
roni method at o <0.1 (corresponding to
P<24x10"7) and o < 0.0l (corresponding to
P<24 x 1078) to determine whether the association
was significant (Holm 1979).

Results

SLAF-seq and SNP identification of grape
accessions

An association map was constructed for the 199 grape
accessions to enable fine mapping of seedlessness
genes. Sequencing of the SLAF libraries yielded
approximately 404 million paired-end reads, and
88.65% of these were successfully mapped to the
grape reference genome. The average Qzp-value of
these reads was 90.93%, and GC content was 39.05%.
A total of 421,204 high quality SLAF tags were
obtained from the 199 genotypes, of which 327,872
were polymorphic. In total, 4,180,905 SNPs were
identified from these SLAF-seq tags; 414,223 SNPs
were selected by the criteria MAF >0.05 and integrity
of each SNP >0.8 (Table 1). These 414,223 SNPs
markers covered all 19 chromosomes. The maximum
number of SNPs was located on chromosomes 14
(26,175 SNPs) and 18 (25,948 SNPs); the minimum
number of SNPs was observed on chromosomes 2
(16,078 SNPs) and 17 (16,228 SNPs).
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Table 1 Distribution and frequency of SNPs identified through the SLAF-seq approach in grapevine

Chromosome  SLAF SNPs Filter SNPs ~ SNPs on SLAF  Polymorphism SLAF  Polymorphism percent (%)
1 20,204 203,105 19,424 60,395 16,009 79.24
2 16,226 151,415 16,078 45,726 12,625 77.81
3 17,348 185,429 17,570 55,881 13,694 78.94
4 19,996 189,927 20,482 55,448 15,596 78.00
5 22,789 231,647 23,481 69,315 17,988 78.93
6 17,381 170,631 17,873 47,538 13,824 79.54
7 17,590 171,515 17,547 50,102 13,819 78.56
8 19,307 191,586 19,116 55,830 15,750 81.58
9 19,578 212,285 20,383 63,613 15,274 78.02
10 16,259 174,635 17,247 52,100 13,019 80.07
11 17,999 168,015 17,951 50,857 14,112 78.40
12 20,766 215,883 21,185 65,757 16,539 79.64
13 21,417 224,522 21,831 68,565 17,017 79.46
14 26,663 266,312 26,175 79,406 20,943 78.55
15 18,707 188,461 19,371 58,331 14,487 77.44
16 18,799 202,805 18,246 62,516 14,736 78.39
17 15,565 149,365 16,228 46,018 12,292 78.97
18 26,620 261,701 25,948 78,574 21,320 80.09
19 21,302 223,069 22,877 67,353 16,549 77.69
Random 14,882 149,162 14,082 46,498 11,270 75.73
Un 31,806 249,435 21,128 77,603 21,009 66.05
Total 421,204 4,180,905 414,223 1,257,426 327,872 77.84

LD and population evolution

The extent of LD depended on mapping resolution and
the required marker density for GWAS. r* was
quantified between different physical distances. The
414,223 SNPs detected in the 199 accessions were
used for pair-wise analyses. The r* decay to half of its
initial value was 11.57 kb (Fig. 1a). On the basis that
the reference genome size was 486,265,422 bp, we
estimated our SNP density is approximately one SNP
per 1.17 kb.

The relationships among the grape accessions were
assessed by analysis of the population structure,
construction of a phylogenetic tree, and by PCA.
The population structure analysis identified 414,223
SNPs in the 199 grape accessions. Little divergence
was indicated between the grape groups. The phylo-
genetic tree showed that the 199 accessions could be
clustered into 12 branches (Fig. 1b). Different num-
bers of K populations were explored to reveal the
hierarchical population structure. As shown in Fig. 1c

@ Springer

and d, this analysis estimated the most likely number
of populations at K = 12. A three-dimensional pro-
jection of each sample from the PCA analysis was
plotted on a scatter plot. Most accessions were found
to cluster despite the fact that several accessions were
discriminative (Fig. le).

Genome-wide association analyses of loci
for seedlessness traits

The genetic basis for seedlessness was investigated
using an association panel from the 199 genotypes and
414,223 SNP markers. This analysis suggested that a
major genetic locus for seedlessness might be located
on Chr 18. The GLM and MLM analyses found 294
and 82 SNPs, respectively, which were significantly
related to seed formation, with gene variances of 18%
and 24%, respectively (Table 2; Fig. 2). From the
MLM analysis, 74 SNPs were found to be located at
25.8-29.1 Mb on Chr 18; rs1826891824 was signif-
icantly associated with seed formation and may be an
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Fig. 1 Genetic diversity
and population structure of
199 accessions. a Linkage
disequilibrium (LD) pattern
of the grape genome;

b phylogenetic tree;

¢ population structure. Each
colour represents a group,
and each row represents a
stakeholder value.

d Diagram shows the value
of 199 samples based on
clustering from 1 to 20;

e principal components
analysis (PCA). (Color
figure online)
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Fig. 1 continued

important locus for seed formation. Comparison of the
positions of the SNPs detected by GWAS with
previous QTL studies showed that the SNP
rs1826891824 practically overlapped the simple
sequence repeat (SSR) marker VMCT7f2, which is
associated with seedlessness (Fig. 3).

To confirm the beneficial allele at each peak SNP
associated with the seedless phenotype, gene models
that located in LD decay distance genomic region
upstream and downstream of each peak SNP in the
reference grape genome were considered to be seed-
less gene candidates in the present study. Hundreds of
grape genes were identified in the flanking regions of
each peak SNP based on MLM, however, most of
these had no functional annotation or belonged to
unknown function families. The candidate genes that
had functional annotations are summarized in Sup-
plementary Table 2.

Discussion
GWAS with LD analysis provides an effective tool for

the identification of genetic loci controlling quantita-
tive traits, and has been widely applied to investigate

@ Springer

correlation genes. To date, a number of reduced
representation sequencing methods have been devel-
oped, such as genotyping by sequencing (GBS)
(Elshire et al. 2011), type IIB restriction site associated
DNA (2b-RAD) (Wang et al. 2012), and SLAF-seq
(Sun et al. 2013). We chose the latter for this study
because of its advantages, such as lower sequencing
costs, higher genotyping accuracy, and efficient
detection system. In this study, SNP markers with an
average density of one SNP per 11.57 kb were
obtained. This marker density was sufficient to
achieve association mapping of the seedlessness trait.

Data of this study found that the major genetic locus
responsible for seedlessness may be at Chrl8, sug-
gesting that Chr 18 may be a very important chromo-
some for seedlessness in grape. The SSR marker
VMCT712 is located on Chr 18 and has been confirmed
to have an inhibitory effect on seed development.
Adam-Blondon et al. (2001) reported that SSC8 was a
useful marker for seedlessness in grape. Additionally,
Korpas et al. (2009) have shown that both SCCS8 and
SCF27 are linked to SDI, and are necessary but not
sufficient loci for the seedless phenotype in grape.
Interestingly, association analyses found that the SSR
marker VMC7f2 was closely related to this QTL, and
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Table 2 Details of loci associated with seedlessness via GWAS based on GLM and MLM

SNP Chr Position —lg(P) R? MAF Major allele Minor allele
MLM GLM MLM GLM
1s5127259 5 127,259 6.66 9.66 0.11 0.07 0.12 G A
rs5127278 5 127,278 6.86 10.59 0.11 0.08 0.12 G A
rs5127301 5 127,301 6.92 10.64 0.11 0.08 0.12 G A
rs68399905 6 8,399,905 7.01 9.87 0.12 0.08 0.08 C T
rs68674482 6 8,674,482 6.7 11.58 0.1 0.08 0.07 C T
rs612926700 6 12,926,700 8.28 10.33 0.16 0.09 0.08 T A
rs1011777095 10 11,777,095 7.23 791 0.13 0.07 0.11 C T
rs1712587181 17 12,587,181 6.83 12.21 0.1 0.09 0.16 G A
rs1825838540 18 25,838,540 9.49 16.03 0.17 0.12 0.16 T G
rs1825914393 18 25,914,393 8.24 12.74 0.19 0.11 0.35 T C
rs1825914560 18 25,914,560 8.92 15.74 0.21 0.13 0.31 G A
rs1825914574 18 25,914,574 8.16 12.77 0.19 0.11 0.35 A G
rs1825915795 18 25,915,795 8.95 14.71 0.21 0.13 0.34 G A
rs1825915812 18 25,915,812 10 17.55 0.24 0.14 0.34 G A
rs1825915827 18 25,915,827 8.08 13.57 0.19 0.12 0.37 A G
rs1825915833 18 25,915,833 8.38 13.95 0.2 0.12 0.36 T C
1s1825924165 18 25,924,165 9.06 11.55 0.2 0.1 0.23 G T
rs1825943204 18 25,943,204 8.04 12.72 0.14 0.1 0.17 C T
rs1825990342 18 25,990,342 10.39 15.65 0.22 0.15 0.22 C T
rs1826001171 18 26,001,171 7.69 13.97 0.16 0.11 0.16 G A
rs1826057682 18 26,057,682 11.43 22.1 0.21 0.15 0.17 A C
rs1826066720 18 26,066,720 10.17 19.44 0.19 0.14 0.18 G A
rs1826082343 18 26,082,343 7.52 13.81 0.13 0.11 0.18 G C
rs1826082622 18 26,082,622 7.81 15.57 0.14 0.12 0.18 G T
rs1826110427 18 26,110,427 10.32 21.4 0.19 0.15 0.18 T A
rs1826319475 18 26,319,475 8.05 16.7 0.14 0.13 0.17 A G
rs1826360301 18 26,360,301 9.16 13.63 0.15 0.1 0.16 G A
rs1826574027 18 26,574,027 10.15 20.39 0.19 0.16 0.26 G A
rs1826574120 18 26,574,120 9.32 18.47 0.18 0.15 0.25 G T
rs1826575829 18 26,575,829 9.75 19.93 0.19 0.16 0.25 C A
rs1826575830 18 26,575,830 9.75 19.93 0.19 0.16 0.25 A T
rs1826576114 18 26,576,114 10.01 20.39 0.19 0.15 0.23 G A
rs1826576150 18 26,576,150 10.01 20.39 0.19 0.15 0.23 A G
rs1826618356 18 26,618,356 7.78 15.58 0.14 0.12 0.27 C T
rs1826636373 18 26,636,373 9.71 19.3 0.24 0.15 0.32 G A
rs1826636649 18 26,636,649 9.75 19.45 0.24 0.15 0.32 C T
rs1826659394 18 26,659,394 9.76 18.33 0.19 0.15 0.26 C T
rs1826661169 18 26,661,169 10.03 21.91 0.19 0.16 0.26 G A
rs1826661189 18 26,661,189 10.24 21.74 0.2 0.16 0.26 C T
rs1826665620 18 26,665,620 8.27 12.83 0.17 0.12 0.24 T C
rs1826672829 18 26,672,829 6.62 11.72 0.13 0.1 0.22 A T
rs1826684257 18 26,684,257 7.16 15.02 0.13 0.11 0.2 T G
rs1826700290 18 26,700,290 7.59 13.08 0.15 0.11 0.23 C T
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Table 2 continued

SNP Chr Position —lg(P) R? MAF Major allele Minor allele

MLM GLM MLM GLM

151826700291 18 26,700,291 7.41 11.65 0.15 0.1 0.24 G A
rs1826710253 18 26,710,253 9.27 19.45 0.18 0.15 0.27 G C
rs1826735816 18 26,735,816 9.23 16.29 0.2 0.13 0.26 A G
rs1826735829 18 26,735,829 9.61 18.15 0.19 0.14 0.25 G A
rs1826736068 18 26,736,068 7.78 14.3 0.14 0.12 0.24 C T
rs1826736136 18 26,736,136 9.82 18.86 0.19 0.15 0.23 C T
1s1826782486 18 26,782,486 10.77 20.25 0.2 0.15 0.2 T C
rs1826818533 18 26,818,533 7.22 13.86 0.13 0.11 0.17 A T
rs1826835846 18 26,835,846 10.36 20.81 0.21 0.15 0.25 G A
rs1826854782 18 26,854,782 7.22 11.28 0.16 0.1 0.35 C T
rs1826855045 18 26,855,045 9.15 16.12 0.21 0.14 0.32 C T
rs1826855151 18 26,855,151 7.69 17.27 0.14 0.13 0.18 C T
rs1826872758 18 26,872,758 10.8 24.88 0.21 0.17 0.23 G A
rs1826888315 18 26,888,315 8.46 18.1 0.18 0.15 0.24 G T
151826888702 18 26,888,702 8.6 18.5 0.18 0.16 0.24 A G
151826891468 18 26,891,468 6.72 10.93 0.12 0.09 0.21 T A
rs1826891512 18 26,891,512 8.81 13.65 0.16 0.11 0.23 A G
rs1826891543 18 26,891,543 6.62 12.81 0.12 0.1 0.16 A G
rs1826891783 18 26,891,783 8.27 15.04 0.16 0.12 0.2 G A
rs1826891790 18 26,891,790 8.31 14.13 0.15 0.11 0.21 A G
rs1826891824 18 26,891,824 8.84 15.28 0.16 0.12 0.2 T A
rs1827044219 18 27,044,219 11.52 23.57 0.21 0.16 0.21 G T
rs1827054287 18 27,054,287 12.37 26.1 0.23 0.18 0.22 C G
rs1827076771 18 27,076,771 7.72 14.45 0.14 0.11 0.28 G A
rs1827092060 18 27,092,060 7.05 13.45 0.12 0.11 0.29 G A
rs1827094709 18 27,094,709 6.71 12.38 0.14 0.1 0.26 C A
rs1827118060 18 27,118,060 6.91 13.42 0.12 0.1 0.28 C T
rs1827195719 18 27,195,719 9.42 16.61 0.17 0.13 0.19 G A
rs1827195784 18 27,195,784 10.95 21.04 0.2 0.15 0.18 G A
151827204621 18 27,204,621 8.54 18.24 0.15 0.13 0.21 G T
151827206989 18 27,206,989 9.97 20.48 0.18 0.15 0.18 G T
rs1827286024 18 27,286,024 9.36 20.49 0.17 0.15 0.19 G A
rs1827415669 18 27,415,669 8.88 14.77 0.18 0.12 0.2 G A
rs1827446189 18 27,446,189 8.37 16.55 0.16 0.13 0.19 C T
rs1827458700 18 27,458,700 743 13.31 0.14 0.11 0.15 A G
rs1827510500 18 27,510,500 6.84 12.82 0.12 0.1 0.16 C T
rs1827571968 18 27,571,968 8.88 16.29 0.18 0.13 0.2 A C
rs1829008565 18 29,008,565 7.14 8.12 0.15 0.08 0.34 C T
rs1829056865 18 29,056,865 6.65 8.69 0.13 0.07 0.18 G A
was therefore useful for selection of seedlessness. phenotypic variation for fresh seed weight. In the

Cabezas et al. (2009) reported a major effect QTL present study, the SNP rs1826891824 (P-
located on Chr 18 which explained 50% of the value = 1.43E-9, phenotypic variation 16.3%), was
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found to be associated with the seedlessness trait and
was shown to be located within VMC7f2 and to
practically overlap with the seedlessness SSR marker
VMC7f2. The SNP rs1826891824 was 3.2 kb distant
from VIT 1850041g01880 (VvAGLI1: MADS-box
protein SEEDSTICK) (Nwafor et al. 2014).
MADS-box genes encode transcription factors with
a highly conserved DNA-binding domain termed
MADS domain, which are involved in the regulation
of many aspects of plant growth and development,
such as embryonic development, floral organ deter-
mination, ovule development and fruit ripening (Wang
et al. 2015; Immink et al. 2009). MADS-box genes
generally comprise large families, among which,
VVAGLI1 has been proposed to be the major func-
tional candidate gene for seedlessness through varia-
tions in its promoter region (Mejia et al. 2011).
Additionally, VWAGLII shows homology to the
Seedstick/Agamous-like 11 (STK/AGLII) gene,
which is expressed during Arabidopsis seed develop-
ment. VWVAGLI I is the closest to the seedlessness SSR

= Expected -Ig(p)

threshold, respectively. b Quantile—quantile plot for MLM. The
horizontal axis shows —log10-transformed expected P-values,
while the vertical axis shows —loglO-transformed observed
P-values. ¢ Manhattan plots for the GMLM; d Quantile—quantile
plot for GLM. (Color figure online)

marker VMC7f2, and also contains the SDI locus,
suggesting that VWVAGLI ] may be a functional candi-
date gene for the seedlessness trait (Costantini et al.
2007; Mejia et al. 2011; Bergamini et al. 2013).
Some of the genes that were detected in the
seedlessness association analysis were also associated
with berry development and berry size traits fell within
the previously reported genes (Boss et al. 2002; Houel
et al. 2010; Guillaumie et al. 2011; Doligez et al. 2013;
Wang et al. 2016; Muioz-Espinoza et al. 2016). Two
SNP loci (rs1826914496 and rs176825328) associated
with the genes VWAG3 (MADS-box ovule identity-
MIKC gene that was expressed in flowers and berries)
and EXPA (Alpha-expansin with expression linked to
berry development) were detected from the seedless-
ness trait analysis. As berry growth and seed formation
are known to be related, the correlation between the
subtraits of seedlessness and berry weight/develop-
ment observed at the phenotypic and genetic levels
may be due to pleiotropy and may be directly or
indirectly affected by the growth regulator produced

@ Springer



136 Page 10 of 13

Euphytica (2017) 213:136

Fig. 3 Regions of the
genome showing strong
association signals near
previously identified SSR
markers. The vertical red
line indicates the SNPs of
lowest P-value. The blue 104
horizontal dashed lines
indicate the genome-wide
significance and extreme
significance threshold,
respectively. (Color
figure online)
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by seeds (Mejia et al. 2011). Similarly, the correlation
between flowering time and seedlessness traits
observed at the SNP locus rs188117546 (VVC2892A:
expressed in very early stages of floral development)
(Doligez et al. 2013) may be due to that genes control
the two trait functions independently of each other.
Minor loci were detected on other chromosomes;
these may be due to environment-genotype interac-
tions or to the limited detection power because of a
combination of moderate population size and at least
one major locus responsible for most of the phenotypic
variance. In the present study, some loci were found to
be consistent with several previously reported loci or
related genes for seed traits. Nwafor et al. (2014)
identified the gene VIT_1250059g00560 associated
with seed development and the gene located on the
SNP 15125367605 downstream 43 kb. Additionally,
Royo et al. (2016) reported that the gene
VIT 055002002350 plays an important role in seed
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development and the gene located on the SNP
rs54076883 downstream 40 kb.

Hundreds of positional candidate genes were found
using SNPs, some of which might be valuable in grape
because functional annotation indicated that their
potential orthologues were involved in determining
seed contents. The expression patterns of genes
encoding ubiquitin protein, abscisic aldehyde oxidase,
ethylene responsive transcription factor, zinc finger
protein, somatic embryogenesis receptor, and MADS-
box gene were also obtained by GWAS. The studies of
transgenic tobacco and potato that express ubiquitin
extension protein promoter-GUS fusion, showed that
the uidA gene is expressed in meristematic tissues,
pollen and ovules (Garbarino and Belknap 1994;
Callis et al. 1990). Hanania et al. (2009) reported that
overexpression of the ubiquitin extension protein S27a
in carpels and integuments may lead to embryo
abortion and seedlessness in grape. The abscisic
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aldehyde oxidase gene is found to catalyze the final
step in the biosynthesis of abscisic acid, and the
abscisic acid plays a major role in seed development
(Gonzalez-Guzman et al. 2004). Zinc finger protein
genes constitute a large and complex gene families in
the plant genomes, which have been described to have
functions on seed development (Zhou et al. 2012).
Furthermore, some genes are expected to control
processes associated with seed development (such as
ethylene, gibberellin and auxin), sugar biosynthesis
and transport, cell division or elongation, and signal
transduction (Ledbetter and Ramming 2011; Peng
et al. 2007; Lijavetzky et al. 2012). Furthermore,
MADS-box transcription factors play an important
role in floral and ovule development, which may be
associated with seedlessness traits (Wang et al. 2015).

Conclusions

A high-density map of SNPs markers from 199 grape
accessions was developed using SLAF-seq technology
and used for association mapping to investigate the
genetic control of seedlessness traits. A major locus
with the largest effect on Chr 18 was found, along with
some minor loci on different chromosomes. This study
demonstrates that SLAF-seq and GWAS are powerful
approaches for the dissection of complex traits in grape.
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