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ABSTRACT. A grapevine hybrid population was derived from a crossing
of the early-maturing female parent cultivar ‘87-1" and the late-maturing
male parent cultivar ‘9-22°. A total of 149 plants were selected from
the hybrid population as the mapping population, and after sequence-
related amplified polymorphism and simple-sequence repeat marker
analysis were conducted we constructed molecular genetic maps of the
parents. The molecular linkage map of ‘87-1° had 19 linkage groups
that contained 188 markers, with an average interval of 5.7 ¢cM and a
total distance of 1074.5 cM; the ‘9-22° map had 19 linkage groups that
contained 175 markers, with an average interval of 7.8 ¢cM and a total
distance of 1100.2 cM. The molecular linkage map of both parents had
19 linkage groups that contained 251 markers, with an average interval
of 5.0 cM and a total distance of 1264.2 cM. We used the interval
mapping method to conduct a quantitative trait locus (QTL) analysis
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of grape weight and soluble solid content of the mapping population.
Six QTLs were related to grape weight, and the average contribution
to the phenotypic variance was between 11.3 and 33.0%. Seven QTLs
were related to soluble solid content, and the average contribution to the
phenotypic variance was between 15.7 and 55.8%.
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INTRODUCTION

Grape (Vitis L.) is one of the most widely cultivated fruits in the world, and in 2012
its global cultivation area was close to 7 million ha and its yield was 67.06 million tons (http://
faostat.fao.org). Grapevines are perennial woody plants that exhibit high genetic heterozygos-
ity, large size, and a long generation cycle. To some extent, the characteristics of grapevines
have limited the development of genetic studies on grape traits. Fruit yield and quality are
quantitative characteristics. Traditional quantitative genetic research uses mean values and
variances to describe the overall genetic characteristics of the quantitative trait in question,
and it is difficult to determine the amount of related loci, chromosomal locations, and genetic
effects in order to limit the operational capacity of the quantitative trait in breeding programs.
Molecular markers are widely used for constructing high-density molecular genetic maps and
conducting subsequent the quantitative trait locus (QTL) analysis, in order to determine which
loci are related to the trait under investigation.

Ever since Lodhi et al. (1995) constructed the first molecular genetic map of the
grapevine, researchers around the world have constructed many high-quality molecular genetic
maps using different mapping populations, and conducted QTL analysis for important traits
such as fruit aroma (Doligez et al., 2006a; Battilana et al., 2009), Pierce’s disease (Krivanek
et al., 2006; Riaz et al., 2006, 2008), anti-nematode resistance (Xu et al., 2008), resistance
to powdery mildew (Fischer et al., 2004; Akkurt et al., 2007; Zyprian et al., 2009), and anti-
phylloxera (Zhang et al., 2009).

Developing large grapes with a high sugar content is one of the most important objec-
tives of grapevine breeding. Previous studies have conducted genetic analyses on fruit size and
soluble solid content in grapes (Lin et al., 1993; Wang et al., 1997; Luo and He, 1999; Guo
et al., 2004), but few studies have reported QTL locations for fruit weight and soluble solid
content. However, Doligez et al. (2002), Fanizza et al. (2005), and Mejia et al. (2007) have
obtained the QTLs related to fruit weight.

In this study, after crossing an early maturing female parent with a late-maturing male
parent, we used sequence-related amplified polymorphism (SRAP) and simple-sequence re-
peat (SSR) molecular markers to construct molecular genetic maps and conduct QTL analysis
for fruit size and soluble solid content. Our results should provide the basis for breeding large
and high-quality grapes in the future.

MATERIAL AND METHODS
Plant materials

A total of 149 F| hybrid plants were obtained in 2007 using the cultivar ‘87-1" as the
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female parent and ‘9-22’ as the male parent at the Academy of Agricultural Science, Dalian,
China.

DNA extraction

Total genomic DNA was extracted from the leaves using the cetyltrimethylammonium
bromide method (Hanania et al., 2004).

SSR primers and polymerase chain reaction (PCR) amplification

We used 468 pairs of SSR primers, including the VMC series, the VVS series (Thomas
and Scott, 1993), the VVMD series (Bowers et al., 1996, 1999), the ViIZAG series (Sefc et
al., 1999), the VVI series (Merdinoglu et al., 2005), the UDV series (Di Gaspero et al., 2005),
the Chr series (Blasi et al., 2011), and the VLG series, which were obtained from genomic
sequence information. The PCR volume was 16 pL, which contained 10 ng DNA, 2.0 mM
Mg, 100 uM dNTPs, 0.3 uM primer, 0.8 U Tag DNA polymerase, and 1X PCR buffer. The
protocol for the PCR amplification was an initial denaturation for 4 min at 94°C, denaturation
for 60 s at 94°C, annealing for 60 s at 50°-63°C, extension for 60 s at 72°C for 25 cycles, and
an extension for 7 min at 72°C. The amplification products were separated by electrophoresis
on 5% polyacrylamide gels and silver stained.

SRAP primers and PCR amplification

See Li and Quiros (2001) for information regarding the SRAP primers. We used 30
pairs of SRAP primer combinations to construct the maps, which exhibited stable amplifica-
tion, clear banding patterns, and were rich in polymorphisms. The PCR volume was 20 pL,
which contained 20 ng template DNA, 2.0 mM Mg?, 100 uM dNTPs, 0.5 uM primer, 1.5
U Tag DNA polymerase, and 1X PCR buffer. The protocol for the PCR amplification was
an initial denaturation for 5 min at 94°C, denaturation for 60 s at 94°C, annealing for 60 s at
35°C, extension for 90 s at 72°C for five cycles, denaturation for 60 s at 94°C, annealing for
60 s at 50°C, extension for 90 s at 72°C for 35 cycles, and a final extension for 10 min at 72°C.
The amplification products were separated by electrophoresis on 7% polyacrylamide gels and
silver stained.

Fruit trait determination

We measured the weights and soluble solid contents of the grapes of every individual
plant once they were mature. For grape weight, we averaged the weights of 30 randomly
selected grapes, and soluble solid content was measured using a hand-held sugar-measuring
instrument; we took the average soluble solid content of 10 random fruits.

Construction of genetic maps and QTL analysis

We used JoinMap 3.0 to construct molecular genetic maps with the CP mapping
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model, a log of the odds value of 4.0, and a maximum recombination value of 0.4. We
converted the recombination value into map distance (cM) using the Kosambi function, and
constructed linkage maps of the two parents using MapChart 2.2. The linkage groups were
ordered according to the international reference map coding (Doligez et al., 2006b). We
used MapQTL 5.0 to conduct interval mapping, in order to determine the QTL threshold.

RESULTS
Molecular marker analysis and genetic map construction

From the 468 pairs of SSR primers we screened out 200 pairs to construct the
genetic maps, and obtained 44 special female markers and 54 special male markers and
102 markers that were shared by the two parents. From the 30 pairs of SRAP primers we
obtained 53 special female markers and 27 special male markers, and 39 markers that were
shared by the two parents.

Using the 97 special female markers and the 141 markers that were shared by the
two parents we constructed a genetic map of female parent ‘87-1"; 188 markers were added
to the genetic map, which had a total length of 1074.5 ¢cM (Figure 1). These markers con-
stituted 19 linkage groups; the average length of the groups was 56.6 cM, and the average
distance between each marker was 5.7 cM. The longest group (LG19) contained nine SSR
markers and five SRAP markers, and the length of the linkage group was 111 cM.

Using the 81 special male markers and the 141 markers that were shared by the two
parents we constructed a genetic map of male parent ‘9-22°; 175 markers were added to the
genetic map, which had a total length of 1100.2 ¢cM (Figure 1). These markers constituted
19 linkage groups; the average length of the groups was 57.9 ¢cM, and the average distance
between each marker was 7.8 cM. The longest group (LG12) contained nine SSR markers
and five SRAP markers, and the length of the linkage group was 107.4 cM.

Using all of the 319 markers to construct a genetic map that was shared by the two
parents, 251 markers were added to the genetic map, which had a total length of 1264.2 cM.
These markers constituted 19 linkage groups; the average length of the groups was 66.5
cM, and the average distance between each marker was 5.0 cM (Figure 1).

Fruit trait measurements and QTL locations

Figure 2 shows frequency distributions for fruit weight and soluble solid content of
the mapping population. The grape weights of the filial generation ranged between 1.6 and
10.8 g, and the average was 6.0 g. The soluble solid content ranged between 11.7 and 19.5%,
and the average was 15.1% (Figure 2).

QTLs related to fruit weight were detected in linkage groups 5 and 6, and the
contribution of each QTL to the total phenotypic variation was between 11.3 and 33.0%.
QTLs related to soluble solid content were detected in linkage groups 3 and 10-1, and the
contribution of each QTL to the total phenotypic variation was between 15.7 and 55.8%
(Table 1).
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Figure 1. Linkage map of Vitis vinifera 87-1 x 9-22. Linkage groups are numbered according to Doligez et al.
(2006b). For each linkage group, the parental maps are shown on the left (87-1) and right (9-22) and the consensus
map is in the center. Distances of markers from the top are indicated on the left in cM Kosambi.
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Figure 1. Continued.
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Figure 1. Continued.
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Figure 2. Frequency distribution of the 149 progeny plants for each trait. Parental phenotypes are indicated by
arrows. M = 87-1, F =9-22.

Table 1. Quantitative trait locus distribution for grape weight and soluble solid content in the genetic linkage map.

Trait Linkage group® Map® LODscore LOD threshold® Nearest marker Peak (cM) R (%)
Grape weight 5 M 2.86 2.70 VVMD27 0.83 12.5
5 F 3.62 2.80 VVMD27 0.83 12.5
5 C 3.63 3.00 VVMD27 73.8 12.5
6 F 2.95 2.90 M6e20F-500 34.4 11.3
6 C 3.58 3.10 M8e14C-84, m8e14M-328 5.0 33.0
6 C 3.11 3.10 M6€e20F-500 242 12.4
Soluble solid content 3 M 421 3.20 m6e20C-100, VVIHO2 36.6 16.6
3 M 5.34 3.20 VMCYF4-A1-A, m7¢21C-362 41.0 55.8
3 M 3.44 3.20 m3el9M-155, UDV061 48.9 28.9
3 F 4.44 2.90 m3el9F-150, VVIH02 29.5 332
3 C 430 3.10 m6e20C-100, VVIHO02 35.7 16.6
3 C 3.12 3.10 mlel5M-192, m8e19C-280 54.5 15.7
10-1 F 2.33 2.30 M7¢12F-181, M20E15C-311 8.0 40.5

“Linkage group according to the International Grape Genome Program (IGGP). "M = ‘87-1’; F = ‘9-22’; C =
consensus. ‘Determined by a permutation test at P < 0.05. LOD = log of the odds.

DISCUSSION

Our results show that fruit weight and soluble solid content are quantitative traits that were
widely segregated in the filial generation. Mejia et al. (2007) found QTLs related to fruit weight
in linkage groups 15 and 18, and Doligez et al. (2002) found QTLs in linkage groups 12 and x.
However, Fanizza et al. (2005) found QTLs in linkage groups 4, 5, 13, 16, and 20 over 3 years.

In this study, we detected QTLs related to fruit weight in the female parent map, the
male parent map, and in linkage group 5 that was shared by the two parents, and the loci were
co-segregated with the molecular marker VVMD27. We detected QTLs related to soluble
solid content in linkage group 3, and the molecular marker was VVIHO02. In the future, we will
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increase the density of the genetic map and improve its accuracy, and we will also conduct
QTL analysis in different years. This approach will allow us to test the stability of the QTLs
over time, and lay the foundations for refined QTL detection and marker-assisted selection.
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