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Abstract Soluble sugars and organic acids have a strong im-
pact on the overall organoleptic quality of fruits. In this study,
we report the identification of quantitative trait loci (QTLs) for
individual sugars and organic acids in apple. A high density
linkage map of apple was constructed using the 1536 EST-
derived SNP GoldenGate genotyping platform. The linkage
map consists of 601 molecular markers, including 540 single
nucleotide polymorphisms (SNPs) and 61 simple sequence
repeats (SSRs), spanning 1368.4 cM with an average of
2.28 cM per marker. The contents of soluble sugars, including
sucrose, glucose, fructose, sorbitol, and organic acids,
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including malic acid and citric acid, were used as the pheno-
typic data in QTL analysis. Two QTLs for malic acid content
were detected on linkage groups (LGs) 8 and 16, while no
QTL was found for citric acid content. Four QTLs for the
glucose, sucrose, fructose, and sorbitol content were found
to be clustered in one region on LG 3. Moreover, an additional
QTL for glucose content was detected on the LG 4. Our study
not only expands our understanding of the genetic basis for
fruit organoleptic quality but it also provides molecular
markers that will aid in marker-assisted selection for fruit
quality in apple breeding programs.

Keywords Apple - Soluble sugars - Organic acids - Linkage
map - Genetic mapping

Introduction

Apple (Malus*domestica Borkh.) is one of the most important
temperate fruit crops in the world with the cultivation history
dating as early as 1000 BC (Zohary and Hopf 2000). Apple
breeding is difficult and time-consuming due to its self-incom-
patibility, long juvenile period, and high heterozygosity. To
save time and reduce cost in apple breeding program,
marker-assisted selection (MAS) is a potential process in iden-
tifying young seedlings with favorable alleles or desirable
traits (Longhi et al. 2014). Thus, developing molecular
markers close to candidate gene(s) or quantitative trait loci
(QTLs) which control economically desired traits is an impor-
tant goal in the apple breeding program. In the past couple of
decades, a variety of QTLs or major genes have been identi-
fied which control important horticultural traits, such as dis-
ease resistance (Xu and Korban 2002; Belfanti et al. 2004;
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Calenge and Durel 2006; Le Roux et al. 2010; Gardiner
et al. 2012), tree growth and architecture (Kenis and
Keulemans 2007; Segura et al. 2008; Bai et al. 2012a;
Kumar et al. 2013), fruit quality (Espley et al. 2009;
Mellidou et al. 2012; Longhi et al. 2012; Khan et al. 2012a;
Zhang et al. 2012; Longhi et al. 2013; Di Guardo et al. 2013;
Wau et al. 2014), bud dormancy, and bud break (Brunel et al.
2002; Graham et al. 2009; van Dyk et al. 2010).

Linkage map (also known as genetic map) provides a
framework of marker order and spacing, and it serves as a
starting point to identify QTLs of interest. In apple, several
linkage maps have been constructed with molecular markers
such as amplified fragment length polymorphisms (AFLPs),
random amplified polymorphic DNA (RAPD), restriction
fragment length polymorphism (RFLP), and simple sequence
repeats (SSRs) using a two-way pseudo-testcross mapping
strategy (Maliepaard et al. 1998; Liebhard et al. 2003a; Han
etal. 2011; Zhang et al. 2012). However, the marker density of
these linkage maps is usually low and insufficient for fine
mapping of functional genetic variation. With the develop-
ment of high-throughput DNA sequencing technologies, sin-
gle nucleotide polymorphisms (SNPs), the most common type
of DNA sequence variation in the genome, were explored by
whole-genome resequencing to develop SNP array in apple
(Chagné et al. 2012; Bianco et al. 2014; Gardner et al. 2014).
Recently, we explored SNPs by comparison of expressed-
sequence tag (EST) data that were generated from 14 apple
genotypes and a total of 1536 SNPs were selected to develop a
GoldenGate™ array (Khan et al. 2012c). A couple of high-
density SNP-based linkage maps were successfully construct-
ed using SNP arrays in apple (Antanaviciute et al. 2012; Khan
et al. 2012b; Falginella et al. 2015). The high-density linkage
map will facilitate the identification of candidate genes of
interest embedded in the assembled sequence data of the apple
genome (Velasco et al. 2010).

Improvement of fruit quality is an important goal in all
apple breeding programs. Soluble sugars and organic acids
are important components of fruit taste, and they exert a strong
impact on the overall organoleptic quality of fruits (Borsani
et al. 2009). Soluble sugars in fruits are mainly composed of
sucrose, fructose, and glucose, while malic, citric, and tartaric
acids are the primary organic acids. Different sugar or organic
acid components differ in sweetness or acidity (Doty 1976);
thus, organoleptic fruit quality (or fruit taste) depends on the
content and type of soluble sugars and organic acids. Several
QTLs for fruit acidity in apple have been reported (Maliepaard
et al. 1998; Liebhard et al. 2003b; Kenis et al. 2008; Zhang
et al. 2012; Xu et al. 2012), and a major QTL (also called as
the Ma locus) located on the top of linkage group (LG) 16 was
successfully isolated (Bai et al. 2012b; Khan et al. 2013; Ma
etal. 2015a). Likewise, more than 10 QTLs for fruit sweetness
have been detected, but with no major effect (Liebhard et al.
2003b; Guan et al. 2015). However, in previous QTL mapping
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studies, soluble solids and pH values or titratable acidity were
commonly used as phenotypic data. Our understanding and
knowledge of the genetic basis of the components and con-
tents of soluble sugars and organic acids in apple fruits are still
limited.

In this study, a dense genetic map was constructed using
the 1536 EST-derived SNP GoldenGate genotyping platform
and an F; segregating population. The composition and con-
tent of soluble sugars and organic acids in mature fruits of the
segregating population were quantified using high-
performance liquid chromatography (HPLC). The aim of this
study is to identify QTLs for the component and content of
soluble sugars and organic acids in apple fruit. The results will
not only expand our understanding of the mechanisms under-
lying fruit taste quality but will also aid in map-based isolation
of genes responsible for soluble sugars or organic acid con-
tents in apple fruit.

Materials and methods
Plant material

An apple segregating F; population derived from a cross be-
tween ‘Jiguan (JG)’ and ‘Wangshanhong (WSH),” maintained
at Liaoning Institute of Pomology (Xiongyue, Liaoning
Province, China), was used for linkage map construction and
QTL analysis. The population consists of 191 individuals.
Young leaves of each individual along with parents were col-
lected for genome DNA extraction at spring season. DNA
extraction was conducted using the Plant Genomic DNA Kit
(TianGen, Beijing, China) according to the manufacturer’s
instructions, and DNA quality and concentration were detect-
ed using NanoDrop™ Lite Spectrophotometer (Nanodrop
Technologies, Wilmington, DE, USA). Fruits were collected
at maturity and the maturity was assessed by checking the
color of the peel and a confirmation of the seed color changing
to brown. Three biological replicates from each individual
were prepared, and each consisted of 10 fruits. The fruits were
mechanically peeled and pulps were cut into small pieces. The
fruit samples were immediately frozen in liquid nitrogen,
and then stored at —40 °C for soluble sugars and organic
acid content measurement by high-performance liquid
chromatography.

Measurement of sugar and organic acid content

The fruit samples were ground into a fine powder in liquid
nitrogen and 1 g of powder was dissolved in 6 mL deionized
water that was generated by a Milli-Q Element water purifi-
cation system (Millipore, Bed ford, MA, USA). The mixture
was centrifuged at 5000xg for 15 min at 4 °C and the super-
natants were filtered through a SPE-C18 cartridge (Supelclean
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ENVI C18 SPE) and a 0.22-um millipore membrane. The
filtered fluid was used to measure soluble sugar and organic
acid contents using a Dionex P680 HPLC system (Dionex
Corporation, CA, USA). The refractive index detector was
used to measure fructose, glucose, sucrose, and sorbitol con-
tent. Degassed, distilled, deionized water at a flow rate of
0.6 mL/min was used as the mobile phase. The total injection
volume was 20 pL. Organic acids, including malic acid and
citric acid, were detected using an ultraviolet detector.
Samples were eluted with 0.02 mol/L KH,PO4 solution (pH
2.4). The flow rate was 0.8 mL/min. Eluted compounds were
detected by UV absorbance at 210 nm. Soluble sugars and
organic acid concentrations were expressed in milligram per
gram fresh weight (FW).

Analysis of SNP and SSR genotyping

The SNP genotyping was conducted using the [llumina 1536
GoldenGate™ assay on the BeadStation system (Illumina
Inc., San Diego, CA) at the W. M. Keck Center for
Functional Genomics (University of Illinois at Urbana-
Champaign), according to our previously reported protocol
(Khan et al. 2012c¢). Briefly, a total of 250 ng genomic DNA
each individual was used for SNP genotyping. The fluores-
cence images of an array matrix carrying Cy3- and Cy5-la-
beled beads were generated with the two-channel scanner. The
normalization procedure was carried out using the genotyping
function in the BeadStudio package (Illumina, San Diego,
CA), and genotype calls and clustering were generated using
the GenCall (GC) function of the BeadStudio package. The
GC score >0.35 for each SNP was set as the threshold to
define a successful genotyping call. SNPs with average GC
scores lower than 0.35 were deemed as failures and were thus
removed from the analysis.

For SSR genotyping, PCR reaction was performed in a
GeneAmp PCR System 9700 (ABI, USA) using the following
cycling protocol: 5 min at 95 °C, followed by 35 cycles
consisting of 95 °C for 30 s, 60 °C for 30 s, 72 °C for 30 s,
and with a final extension of 72 °C for 10 min. Three micro-
liters of amplicons was mixed with an equal volume of form-
amide loading buffer (98 % formamide, 10 mM EDTA, pH
8.0, 0.025 % bromophenol blue, and xylene cyanol). The
mixture was denatured at 94 °C for 3 min, and then immedi-
ately chilled on ice. An aliquot of 2 uLL mixture was analyzed
on 8 % denaturing polyacrylamide gel for 1-1.5 h at 1200 V.
Bands were visualized after silver staining and their sizes were
estimated according to a standard 25 bp DNA ladder standard
(Promega, Madison, WI).

Linkage group construction and QTL analysis

The F; population mentioned above were used to construct
genetic linkage maps using JoinMap version 4.0 software

(Van Ooijen 2004), as previously described by Han et al.
(2011) and Zhang et al. (2012). The Kosambi mapping
function was used to calculate the genetic distance be-
tween molecular markers as described by Liebhard et al.
(2003a), map distances were denoted in centimorgan. A
logarithm of odds (LOD) of 4.0 was used to assign
markers to different linkage groups. Linkage maps were
drawn using MapChart for Windows (Voorrips 2002).
The genetic maps for each parent were initially con-
structed, and a consensus map was subsequently built
using the CP population model. Order of markers in
genetic maps for each parent was used as preferred or-
ders for the construction of the consensus map.

QTL analysis was performed with the MapQTL 5.0 soft-
ware (Van Ooijen 2006). The Kruskal-Wallis (KW) test was
used to detect the candidate QTLs for the qualitative data, and
the Interval Mapping (IM) was used to identify QTLs in the
quantitative data. The nearby loci with the highest LOD scores
were selected as co-factors for Multiple QTL model (MQM)
computation. The significant threshold was computed using a
1000 permutation test, at the 95 % genome-wide LOD
thresholds.

Results

Variation in soluble sugar and organic acid contents
among the segregating population

Soluble sugars (sucrose, glucose, fructose, and sorbitol)
and organic acids (malic acid and citric acid) in mature
fruits of the JGXWSH segregating population were
quantified using HPLC and the distribution was shown
in Fig. 1. The content of three sugar components, su-
crose, fructose, and glucose, showed a normal distribu-
tion, whereas the distribution of sorbitol content was
slightly skewed towards low sorbitol contents. The av-
erage concentrations of sucrose, fructose, glucose, and
sorbitol were 3.62, 59.54, 12.75, and 3.41 mg/g FW,
respectively (Table 1). This indicates that fructose and
glucose are the major sugar components in apple mature
fruit.

The malic acid content showed a normal distribution, while
the distribution of citric acid content was skewed towards low
citric acid contents. The average content of malic acid in ma-
ture apple fruit was 4.28 mg/g FW, ranging from 1.31 to
11.58 mg/g FW (Table 1). In contrast, the average content of
citric acid in mature apple fruit was as low as 0.12 mg/g FW,
ranging from undetectable level to 1.11 mg/g FW. These re-
sults demonstrate that malic acid is the predominant organic
acid in apple mature fruit. The ratio of malic acid content to
the total organic acid content ranged from 81.62 to 100.00 %,
with an average of 97.3 % (Fig. S1).
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Fig. 1 Distribution of soluble sugar and organic acid contents in mature fruits of the JGxWSH mapping population. The arrows indicate the phenotypic

values of parents
SNP and SSR genotyping of the segregating population

Genotyping of the segregating F, population was initially con-
ducted using the Illumina GoldenGate™ assay. Of the 1536
SNPs, 806 (52.5 %) had valid GoldenGate assay scores. Later,
189 SNPs with no segregation information in the F; popula-
tion (segregation type of aaxaa, aaxbb, bbxaa, and bbxbb)
were discarded, resulting in a total of 617 valid SNPs with
segregation type of efxeg (1.8 %), hkxhk (23.2 %), ImxIl
(38.9 %), and nnxnp (36.1 %). These valid SNPs were clas-
sified into four categories according to their polymorphisms,
designated type I, type II, type III, and type IV. Type I repre-
sented A/C or T/G transversions, and type Il indicated A/G or
T/C transversions. Types III and IV represented A/T and C/G
transitions, respectively. Type II was the most abundant and
accounted for 60.9 % of all the valid SNPs, while types I, III,
and IV accounted for 13.0, 18.0, and 8.1 %, respectively.

Tablel Mean and range for soluble sugar and organic acid contents in
mature fruits of the JGxWSH mapping population

Sugar content (mg/g FW) Organic acid (mg/g FW)

Sucrose Glucose Fructose Sorbitol Malic acid Citric acid

Max 9.29 32.51 11033 13.14  11.58 1.11
Min 1.19 5.71 30.09 0.00 1.31 0.00
Mean 3.62 1275 59.54 3.41 428 0.12
WSH 3.63 19.86  84.77 3.22 4.55 0.03
IG 6.38 20.88  80.82 6.51 7.65 0.06
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A total of 162 SSR markers were initially used to screen the
parents ‘JG’ and “WSH.” Of the 162 SSR markers, 102 were
selected from a public domain of apple molecular markers
(http://www.hidras.unimi.it/), and 60 with a “WBGCAS’
prefix were recently developed in our laboratory (Zhang
et al. 2012). As a result, 61 SSRs were identified to be poly-
morphic between ‘JG’ and “WSH,’ and were then used to
genotype the F; population. Microsatellite genotyping re-
vealed five segregation types, i.e., Imxll, nnxnp, hkxhk,
abxcd, and efxeg.

Construction of linkage groups of apple

The 620 valid SNPs and 61 SSRs mentioned above were
initially used to construct linkage groups. However, 80
SNPs were subsequently excluded because either they failed
to link with any linkage groups or their distorted segregation
conflicted with segregation patterns of neighboring markers.
In addition, 36 seedlings were excluded from late linkage
analysis as they exhibited several double recombination
events. As a result, a consensus linkage map, which contained
601 loci along 17 linkage groups, was finally constructed
(Fig. S2). The number of molecular markers on each linkage
group ranged from 23 (LG 10) to 47 (LG 3 and LG 11), with
an average of 35.4 (Table 2). Linkage group 10 had the fewest
number of markers, with 23 markers spanning a genetic dis-
tance of 82.0 cM. Whereas, linkage groups 3 and 11 had the
largest number of markers, with 47 markers spanning a genet-
ic distance of 80.2 and 72.5 cM, respectively. Linkage group 8
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Table 2 The number, type, and density of markers on a consensus
linkage map of the JGx WSH mapping population

LG  No. of markers Length (cM) Average marker density (cM)

SNP SSR Total

1 39 0 39 64.7 1.66
2 28 7 35 86.9 2.47
3 44 3 47 80.2 1.71
4 38 2 40 94.0 2.35
5 30 3 33 86.5 2.62
6 37 3 40 67.6 1.69
7 32 3 35 67.0 1.91
8 25 5 30 120.0 3.72
9 22 7 29 82.8 2.86
10 17 6 23 82.0 3.56
11 45 2 47 72.5 1.54
12 40 4 44 59.2 1.36
13 27 4 31 87.2 2.81
14 22 4 26 80.0 3.07
15 26 4 30 91.1 3.04
16 30 4 34 87.1 2.56
17 38 0 38 59.6 1.57
Total 540 61 601 13684 228

contained 30 molecular markers and had the lowest average
density of 3.72 c¢cM per marker, while linkage group 12
consisted of 44 molecular markers and had the highest average
density of 1.36 cM per marker. This suggests that LGs 8 and
12 have the lowest and highest rates of heterozygosity, respec-
tively. With the exception of linkage groups 8 and 12, the
marker density of the linkage groups ranged from 1.54 cM
per marker (LG 11) to 3.56 ¢cM per marker (LG 10).

The genetic length of each linkage group ranged from
59.2 ¢cM (LG 12) to 120.0 cM (LG 8). The consensus linkage
map spanned 1368.4 cM, with an average density of 2.28 cM
per marker. Of the 601 markers along the consensus maps,
256 and 227 were mapped onto the linkage maps of
‘Wangshanhong’ and ‘Jiguan,” respectively. The total lengths
of linkage maps of “Wangshanhong’ and ‘Jiguan’ were 1114.8
and 1225.5 cM, respectively, and the average densities were
4.35 and 5.40 cM per marker, respectively.

Indentifying QTLs for soluble sugar and organic acids
contents in mature apple fruit

QTL analysis was conducted for the content of soluble sugars,
including sucrose, fructose, glucose, and sorbital, and organic
acids, including malic acid and citric acid, using the Kruskal—
Wallis test with a significance level of 0.01 and interval map-
ping and multiple QTL model with a threshold LOD score of
2.8. As a result, a total of seven QTLs were identified

(Table 3). Among those QTLs, one QTL was detected
for sucrose content, two QTLs for the glucose content,
one QTL for fructose content, one QTL for sorbitol con-
tent, and two QTLs for malic acid content. Interestingly,
one QTL cluster responsible for the content of sucrose,
glucose, fructose, and sorbitol was detected in the middle
region of linkage group 3 (Fig. 2). Besides this QTL
cluster, another QTL for glucose content was identified
on LG4. Two QTLs for malic acid content were located
on linkage groups 8 and 16, respectively.

The major QTL for sucrose content on LG 3 accounted for
11.7 % of the phenotypic variation, with a peak LOD score of
3.41. The two major QTLs for glucose content on LGs 3 and 4
accounted for 17.1 and 16.7 % of the phenotypic variation,
with peak LOD scores of 4.47 and 4.49, respectively. The
major QTL for fructose content on LG 3 accounted for
20.6 % of the phenotypic variation, with a peak LOD score
of 5.75. The major QTL for sorbitol content on LG 3 had a
peak LOD score of 7.72 and accounted for 28.0 % of the
phenotypic variation.

The two major QTLs for malic acid content on LGs 8 and
16 accounted for 14.4 and 12.4 % of the phenotypic variation,
with peak LOD scores of 4.0 and 3.42, respectively. The major
QTL on linkage group 8 was flanked by two markers
MdASNPui10630 and Hi01f09, which is consistent with our
previous study (Zhang et al. 2012). The major QTL on top
of LG 16 was flanked by two markers WBGCAS149-1 and
MdSNPuil0630, which is consistent with previous reports
(Maliepaard et al. 1998; Liebhard et al. 2003b; Kenis et al.
2008).

All the QTLs for the content of soluble sugars were
detected on the linkage groups of ‘Wangshanhong.” In
contrast, all the QTLs for malic acid were detected on
the linkage groups of ‘Jiguan.” In addition, we also
checked statistical difference in average phenotypic value
between individuals carrying different genotypes based on
SNPs closest to the QTL peaks (Fig. 3). MdSNPui08437
was closest to the QTL cluster on chromosome 3 and its
genotyping result revealed two groups in the segregating
population. The individuals carrying the homozygous nn
genotype exhibited significantly lower concentrations of
sugar components in fruit compared with the individuals
carrying the heterozygous np genotype. MdSNPui05013
was closest to the QTL peak on chromosome 4 and indi-
viduals carrying on different genotypes at this SNP locus
showed significant difference in glucose content in fruit.
Likewise, MdSNPuil0630 and MdSNPui08981 were clos-
est to the QTL peaks on chromosomes 8 and 16, respec-
tively, and they both generated two genotypes, 1l and Im.
The individuals carrying the homozygous 1l genotype ex-
hibited significant difference in malic acid content in fruit
compared with the individuals carrying the heterozygous
Im genotype.
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Table 3 Summary of QTLs for

soluble sugar and organic acid Content LG Parent Peak (cM) Interval (cM) LOD Variance (%)
contents in the JGxWSH
mapping population Sucrose 3 WSH 48.60 45.47-58.34 341 11.7
Glucose 3 WSH 49.60 38.06-60.34 4.47 17.1
Fructose 3 WSH 50.60 34.94-69.34 5.75 20.6
Sorbitol 3 WSH 49.60 34.94-90.29 7.73 28.0
Glucose 4 WSH 4435 28.77-0.37 4.49 16.7
Malic acid 8 IG 60.53 48.86-74.12 4.00 14.4
16 IG 7.25 0.00-18.12 3.42 12.0

Discussion

SSRs and SNPs have been widely used to construct high-
density linkage map in apple (Han et al. 2011; Zhang et al.
2012; Khan et al. 2012b). In this study, a linkage map was
developed using 601 molecular markers, including 61 SSRs
and 540 SNPs. Mapping results of these SSRs and SNPs were
compared with both their positions along the draft genome of
apple and previously reported linkage maps. Of the 61 SSRs,
60 were mapped on the same linkage groups as previously
reported (Liebhard et al. 2002) and their genetic map positions
were consistent with sequence-based physical-map positions.
One gSSR, CHO02b10, was previously mapped onto LG2
(Liebhard et al. 2002). However, our study revealed for the
first time that it was genetically mapped onto two loci on LG2.
For the 540 SNPs, 483 were consistent between their genetic
map positions and sequence-based physical-map positions,
while 57 were inconsistent (Table S2). Of these 57 SNPs, 30

and 6 were mapped onto the same or different linkage groups,
respectively, as previously reported (Khan etal. 2012b, 2014).
Twenty-one were mapped for the first time onto linkage
groups. These results suggest that our linkage map is likely
to be accurate and the inconsistency as mentioned above may
be attributed to structural variations in the apple genome
(Khan et al. 2012b; Han et al. 2011).

Apple has a long juvenile phase of 5-12 years. Selecting
for organoleptic quality in apple by marker-assisted selection
at the young seedling stage has the potential to save time and
space and reduce the cost for breeding programs. Organic
acids and soluble sugars play a critical role in determining
fruit organoleptic quality. Several QTLs for fruit sweetness
and acidity have been identified in apple (Maliepaard et al.
1998; Liebhard et al. 2003b; Kenis et al. 2008; Zhang et al.
2012; Xu et al. 2012; Guan et al. 2015). For acidity in apple,
the QTL studies were mainly conducted for titratable acidity
(TA) and/or pH, and two QTLs were consistently detected
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Fig. 2 QTLs for the content of soluble sugars and organic acids detected in the JGXWSH mapping population. LG, linkage group; F, female; M, male.
The genetic distance is shown in centimorgan on the lef? side. The confidence interval for QTL location is indicated by black vertical line
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Fig. 3 Phenotypic distribution of soluble sugar and malic acid contents
measured in the ‘JG’x*WSH’ segregating population based on SNPs
closest to the QTL peaks. Capital letters, A, B, C, and D, indicate

across different studies. One is a major QTL on top of LG 16
(also known as the Ma locus) (Maliepaard et al. 1998;
Liebhard et al. 2003b; Liebhard et al. 2003b), and another is
located on LG 8 (Liebhard et al. 2003b; Kenis et al. 2008;
Zhang et al. 2012). In this study, QTL mapping was conducted
for individual acids and two QTLs for malic acid were detect-
ed on LGs 8 and 16. Our result is consistent with the result of
QTL mapping for TA and/or pH (Maliepaard et al. 1998;
Liebhard et al. 2003b; Kenis et al. 2008; Xu et al. 2012).
This consistency is most likely due to the fact that malic acid
is the principal acid and accounts for approximately 90 % of
total organic acids in apple fruit (Wu et al. 2007; Ma et al.
2015b).

Our study reveals that apple fruit accumulates a small
amount of citric acid and its proportion can reach as high as
18.4 % at harvest. However, no QTLs for citric acid were
detected. This is likely due to the following: (1) the two par-
ents of the mapping population both accumulate very low
levels of citrate in fruits; (2) citrate accumulation is influenced
by the interaction between genotype and environment,
resulting in the mapping population segregating for citrate
content in fruits. In addition, uptake of citrate into vacuolar
occurs possibly through the malate channel (Rentsch and
Martinoia 1991), but the malate channel transports citrate
much more slowly than malate (Hafke et al. 2003). Thus,
citrate accumulation in fruit cells is believed to be primarily
controlled by its metabolism as high concentrations of cyto-
solic citrate can increase the transport capacity of citrate into
the vacuole (Etienne et al. 2013). Citrate synthase (CS) direct-
ly controls citrate synthesis, while aconitase (ACO) and
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enzymes such as NAD-dependant isocitrate dehydrogenase
(NAD-IDH) are involved in citrate degradation (Sadka et al.
2001; Wen et al. 2001; Iannetta et al. 2004). Therefore, it is
worthy of further study to ascertain if genes encoding en-
zymes such as CS, ACO, and NAD-IDH are responsible for
the extremely low level of citric acid in apple fruit.

Several studies show that genes encoding malate dehydro-
genase and malic enzyme may play an important role in me-
diating the accumulation of malate in apple fruit (Chen et al.
2009; Sweetman et al. 2009; Yao et al. 2011). However, in-
creasing evidence indicates that malate accumulation in fruit
cells is mainly controlled at the level of vacuolar storage
(Verweij et al. 2008; Etienne et al. 2013). This hypothesis is
proved by the recent finding that the major QTL Ma was
shown to encode an aluminium-activated malate transporter
that functions in transport of malic acid into vacuole (Bai et al.
2012b; Khan et al. 2013; Ma et al. 2015a).

Previous QTL studies for apple sweetness mainly focus on
soluble solid content (SSC) as sugars are the major soluble
solid in fruit juice. To date, QTL mapping for SSC was con-
ducted in five different F, segregating populations and QTLs
were detected on LGs 2, 3, 6, 8,9, 10, 12, 13, 14, 15, and 16
(Liebhard et al., 2003b; Kenis et al. 2008; Kunihisa et al.
2014; Potts et al. 2014; Guan et al. 2015). However, no
QTL was consistently detected across these mapping popula-
tions. The inconsistency is most likely due to the following:
(1) SSC is a trait with complex composition, including not
only the individual sugars but also organic acids, amino acids,
phenolic compounds, and soluble pectins (Young et al. 1993;
Kader 2008); (2) SSC is a quantitative trait highly influenced

@ Springer



1 Page8of10

Tree Genetics & Genomes (2016) 12: 1

by environment (Alspach and Oraguzie 2002; Inglese et al.
2010); and (3) the different mapping populations were used.

Since the composition of soluble solids is complex, several
studies have reported QTL mapping for individual sugars in
apple. Guan et al. (2015) detected a QTL cluster on LG 1 for
the contents of fructose, glucose, sucrose, and sorbitol, while
Kunihisa et al. (2014) reported a QTL cluster on LG 16 for
fructose and sorbitol contents. In this study, four QTLs for the
glucose, sucrose, fructose, and sorbitol content were found to
be clustered in one region on LG 3 from 48.60 to 50.60 cM.
The clustering QTLs for individual sugars were also discov-
ered in peach (Dirlewanger et al. 1999; Etienne et al. 2002).
These interesting clusters are likely caused by the tightly
linked genes for individual sugars or the pleiotropic effect of
a single gene encoding a key enzyme involved in the
glycometabolism (Guan et al. 2015). For example, invertase
could be such a key enzyme as it converts sucrose into glucose
and fructose. Moreover, soluble sugars are mainly stored in
the vacuoles of fruit cells. More recently, two members of the
SWEET family (Sugar Will Eventually Be Exported
Transporter), AtSWEET 16 and AtSWEET 17, reside in the
tonoplast and transport glucose, fructose, and sucrose in
Arabidopsis (Klemens et al. 2013; Chardon et al. 2013).
Thus, genes encoding sugar transporter could be likely candi-
date QTLs for individual sugar accumulation in fruits such as
apple. In addition, correlation between sugar components was
frequently reported in apple fruit (Paterson et al. 1991;
Kunihisa et al. 2014; Guan et al. 2015; Ma et al. 2015b),
and the strong correlation between the sugar components is
also an important reason for forming QTL cluster (Paterson
et al. 1991). In this study, significant positive correlation was
observed between soluble sugar components (Table S1),
which may be partially attributed to gene(s) with pleiotropic
effect on sugar metabolism or the cluster of genes/QTLs for
individual sugars.
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