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Abstract It is necessary to find out the genetic character-
istics of malic acid in the course of apple genomic research
and breeding. In this study, the SSR marker linked to the
acid/low-acid trait in apple fruit was identified from
140 SSR primer pairs, using 91 F; population hybrids
from the intra-specific cross between apple cultivar
‘Dongguang’ and ‘Fuji’ as the experimental materials.
Of 140 SSR primer pairs, only primer SDYO085 produced
a polymorphic band linked to acid trait, and the linkage
distance was 8.89 ¢cM. Also, the titrated acid and malic
acid in different developmental stages were determined.
The SSR marker analysis, coupled with the change of
the total acid and malic acid contents, revealed that the
acid/low-acid trait was governed by a major gene and acid
trait was completely dominant.

Keywords apple, Malus x domestica Borkh., acid/low-
acid trait, SSR marker

1 Introduction

Organic acids are important attributes of fruit flavour
and, as such, contribute with soluble sugars and aromas
to the overall organoleptic quality of fresh apples
(Sweeney et al., 1970). Research on the genetic char-
acter of apple fruit acidity will not only help to study
the Ma gene that can control apple fruit acidity, but
also offer the markers for the assistant selection of the
high-acid processing apples. Presently, the inheritance
of apple fruit acidity was studied mainly by the pheno-
type value of organic acid content. Some researches
have shown that apple fruit acidity was controlled by
the additive factors of the major gene (Ma/ma) and
other minor genes, and the recessive homozygote exhib-
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ited the low-acid phenotype (Nybom, 1959; Visser and
Verhaegh, 1978; Li et al., 1994). Nevertheless, the dom-
inant degree of Ma versus ma was not in union. For
example, Ma was considered to be completely dominant
to ma, and thus the high or mid acidity was attributed
to the other polygenes in the dominant homozygote and
heterozygote (Nybom, 1959; Visser and Verhaegh, 1978;
Liu et al., 2004). Whereas, the incomplete dominance
for Malma was raised by Li et al. (1994), and the dom-
inant homozygote (MaMa) and the heterozygote (Mal
ma) exhibited the high and mid acidity, respectively, the
successive changes in the hybrids of the same type of
acidity were determined by the other polygenes (Li
et al., 1994). At the molecular level, the QTL linked
to Ma was detected by Maliepaard (1998). In our study,
the inheritance of apple fruit acidity was analyzed by
the phenotype values of acidity and screened SSR
molecular markers linked to Ma.

2 Materials and methods

2.1 Experimental materials

The 12-year-old hybrids were selected from the cross of
‘Toko’ x ‘Fuji’ (Malus x domestica Borkh.) in the
experimental orchard of the Liaoning Institute of Fruit
Tree Science (Liaoning, China). The titratable acid of
ripe apple fruits was determined by alkalimetry in the
successive three years. The malic acid content was tested
with capillary electrophoresis in each 6 hybrids of the
high (>0.7%), mid (0.36%-0.7%) and low (<0.36%)
acidity every month. Here, the titratable acid of more
than 0.36% is considered to belong to the acidic char-
acter, when on the contrary, it belongs to the low-acid
character.

2.2 Conditions for capillary electrophoresis (Backman)

The conditions for the detection of organic acids were
mainly through uncoated capillary electrophoresis
(50 pm x 57 cm); effective length: 50 cm; applied voltage:
10 kV; injection time: 3's; A =200 nm; Temp = 20°C;
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100 mmol-L™' K,HPO4+0.5 mmol-L™' CTAB; pH=7;
and indirect detection at 200 nm.

2.3 Preparation of template DNA

Genome DNA from young leaves on autumn shoots was
extracted with the SDS method, and then it was digested by
RNase A. DNA concentration was adjusted to 10 ng-uL ™"
after spectrophotometric analysis.

2.4 Construction of the acid and low-acid gene pools

DNA from eight extremely high- or low-acid apple fruits
were mixed equally to construct the acid or low-acid gene
pool, according to the theory of Bulked Segregation
Analysis (BSA).

2.5 Screening of SSR markers

PCR was performed in a reaction volume of 15 pL includ-
ing 10 ng DNA, 10 mmol-L™' Tris-HCI, pH 9.0,
0.2 mmol-L™! each dNTP, 1.5mmol-L™' MgCl,,
50 mmol-L~! KCI, 0.2 pmol-L™" each of forward and
reverse primers, and 1U Taq E. Amplification was carried
out with the following cycling parameters: 2 min and 30 s
at 94°C; 4 cycles of denaturation at 94°C for 30 s, anneal-
ing at 65°C (decrease 1°C every cycle) for 1 min, and
extension at 72°C for 1 min; then 30 cycles of denatura-
tion at 94°C for 30 s, annealing at 60°C for 1 min, and
extension at 72°C for 1 min. The amplified products were
separated by 6% polyacrylamide gel electrophoresis and
then displayed by silver staining.

2.6 Data analysis

The linkages between SSR markers and target characters
were analyzed by Mapmaker/Exp3.0. Recombination rate
was transformed to genetic distance (centimorgan, cM) by
a Kosambi function.

3 Results
3.1 Distribution of the titratable acid in the hybrids

In the tested 91 hybrids, the titratable acid ranged from 0.10%
to 1.10% and showed a double-peak pattern (Fig. 1). Seventy
hybrids showed the acid character while 21 had the low-acid
character, which accorded with the distribution of 3:1 and
tested by %> (%> = 0.09, %005 = 3.84, ¥* < %%0.05)- Therefore,
the acid/low-acid trait of the apple fruit corresponded to the
single-gene inheritance, i.e., the acid/low-acid trait was con-
trolled by a major gene. In addition, the acid character was
dominant to the low-acid one and the parents of the cross
were probably heterozygotes (Mama).
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Fig. 1 The distribution of fruit titratable acid in the progeny

3.2 Screening of SSR markers linked to the acid/low-
acid trait by near isogenic pools

One hundred and forty pairs of SSR primers were used to
screen the different PCR bands between the acid and low-
acid isogenic pools. Resultantly, 132 pairs of SSR primes
could amplify clear bands, of which 117 pairs amplified
only one locus including less than two alleles and 15 pairs
amplified two different loci including 34 different alleles.
Five pairs were found to produce the polymorphic bands,
whereas only the specific band from the primer pairs of
SDY085 (forward primer: 5’'-gcc cag aag caa taa gta aac c-
3’, reverse primer: 5'-att gct cca tge ata aag gg-3') cose-
gregated with the acid character.

3.3 Cosegregation analysis of the polymorphic bands in
the cross population

SDYO085 primer pairs amplified the two specific bands of
120130 bp, designated as band A and B, in both the acid
isogenic pool and the acid hybrids, while none in the low-acid
pool and the low-acid hybrids. Therefore, it could be con-
cluded that A and B bands together linked to the Ma locus.
The two bands were also found in both parents “Toko’ and
‘Fuji’, indicating that both parents had Ma locus and their
genotypes were Mama. The gene recombination was found
in § of 91 hybrids, with the recombination frequency of
8.79%, which was tested by y* (x*=1.94, ¥%.0s = 3.84,
x> <7%%.0s)- The genetic distance between the screened SSR
marker and Ma locus was 8.89 ¢cM by the Koambi formula.

3.4 Codominance of the screened SSR marker

In the electrophoresis figures, six clear bands of 70-130 bp
were found in the dominant homozygotes, whereas four
bands below 120 bp did not link to Ma for the reason why
they existed in some low-acid hybrids while not in some
acid hybrids. For the recessive homozygotes, four bands
of 140-170 bp were found. From the banding patterns,
the genotypes of both parents were heterozygous
(Mama), while, of 91 hybrids, 25 were dominantly homo-
zygous (MaMa), 45 were heterozygous (Mama) and 21
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were recessively homozygous (mama), which corre-
sponded to the segregation of 1:2:1, tested by ¥°
(x>*=0.84, v%.05s = 5.99, > <%>0.0s)- In this paper, if the
titratable acid of more than 0.7% and 0.36%-0.7% corre-
sponded to the high- and mid-acid genotypes, respect-
ively, only 50% of 22 acid hybrids were dominant
homozygotes (Fig. 2(a) and (b)) and 58% of 48 mid-acid
hybrids were heterozygotes (Fig. 2(c) and (d)), indicating
that genotypes were not consistent with the acidity con-
tents and Ma was completely dominant to ma.

3.5 Position of SDYO085 in the linkage map

Liebhard et al. (2002) positioned some SSR primers on the
genetic linkage map of the cross ‘Fiesta’ x ‘Discovery’.
Here, the screened SSR marker linked to the acid char-
acter of apple fruit was positioned on the sixth linkage
group of both parents, which would contribute to the
precise position on the chromosome of the genes involved
in the acid/low-acid trait. In addition, SSR markers are
transferable among different species. Therefore, the
screened marker also contributes to the construction of
the genetic maps of other species.

4 Discussion

4.1 Screening of SSR markers involved in the acid/low-
acid trait of apple fruit

SSR markers have some advantages over other molecular
markers. They show codominant inheritance and reflect a
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large number of alleles per locus. In addition, since the
uses of SSRs are based on PCR, this technique is simple
and well repeated. It is widely considered that SSRs iso-
lated from a source genome can be transferred to different
individuals of the same species or the same genus.
However, most of SSRs are located in the untranslated
regions, so they can not be used to screened markers at
cDNA level. Up to now, only 140 SSRs have been
developed and are far from the need for marker screening
and constructing genetic linkage maps in apples.

Since fruit trees are perennial and highly heterozygous
with a long juvenile phase, it is very difficult to construct
the near isogenic lines. Nevertheless, the theory of BSA
has been an effective method of screening the molecular
markers linked to specific genes. Generally, the DNA pool
is composed of 6-10 individuals, whereas the optimum
quantity of individuals lies on such factors as the complex-
ity of genome, genetic relationships and types of molecu-
lar markers. In this paper, it was found that there were too
many polymorphic bands to screen normally between the
two pools composed of six hybrids, respectively. On the
other hand, the increase of the individual quantity in one
pool will raise the gene exchange rate and have some
effects on the effective amplification of some bands.
Therefore, eight hybrids were selected to compose the
gene pool and the polymorphism between two pools was
moderate for the next analysis.

Because of the limited quantity of SSR primers, no
SSRs, linked closely to Ma (<5 cM), were obtained,
whereas the SSR marker of 8.89-cM genetic distance to
Ma was acquired and could be used to analyze the Ma
genetic character and construct a genetic map and not to
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Fig. 2 Segregation of specific fragment amplified by SDY085 in the progeny
Notes: M, B1, B2, P1 and P2 represent Marker, DNA pool of acid trait, DNA pool of non-acid trait, Dongguang (@) and Fuji (J),
respectively. 1-11, 23-33,44-70 and 71-91 are acid individuals and 12-22, 34-43 are non-acid individuals. The specific fragment is arrowed.
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assist breeding and perform map-based cloning. At the
same time, we carried out cDNA-AFLP to obtain the
partial sequence of Ma and finally isolate the gene.

4.2 Rules to inheritance of the acid/low-acid trait of
apple fruit

So far, there were no unified criteria of compartmentaliz-
ing the acid character and low-acid character. Here, the
titratable acid content of 0.36% was considered as the
borderline between the acid and low-acid characters in
the light of its distribution, which was also in accordance
with SSR results. The criteria of pH 3.8 and pH 4.2 were
also reported by Visser (1978) and Li (1994), respectively.
From the above, it is difficult to acquire a uniform cri-
terion to compartmentalize the acid/low-acid traits
because the acid content was affected by many factors
such as climate, cross population, determination time
and method of acidity, and so on.

It is worth mentioning that the content of organic acid
is different from the acid trait. The former refers to the
summation of all kinds of organic acid, while the latter is
raised against the low-acid character, i.e. the content of
some organic acid is below its critical value. For example,
in tomato, the inheritance of fruit acidity, which had sev-
eral kinds of organic acids, was shown to be polygenic
(Fulton et al., 2000; Saliba-Colombani et al., 2001),
whereas its low-acid character was governed by the major
gene (Stevens, 1972). The low-acid character was also gov-
erned by a major gene in peaches (Yoshida, 1970), grapes
(Boubals, 1971) and pummelo (Cameron and Soost,
1977).

The low-acid character was controlled by a dominant
major gene in peaches (Monet, 1979), while it was con-
trolled by a recessive one in citrus (Fang et al., 1997),
suggesting the different mechanism of inheritance in dif-
ferent species. Malic acid and citric acid were each gov-
erned by a major gene in tomato (Maliepaard et al., 1998),
which accumulated both of them, and in the pummelo
(Saliba-Colombani et al., 2001), which accumulated only
citric acid. The acidity of apple fruit is mostly from malic
acid. Therefore, the genes controlling the acid/low-acid
trait should affect the metabolism of malic acid. Here,
the screened SSR marker indicated that the corresponding
gene controlled the acid/low-acid trait but did not govern
the successive changes of acidity. Therefore, apple fruit
acidity was also influenced by the other additive poly-
genes. It can be speculated that the major and minor genes
were each affected by other genes in the regulatory net-
work of acidity. Sequentially the formation of apple fruit
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acidity would be determined by so many factors as to the
continuous changes.

References

Boubals D, Bourzeix M, Guitraud J (1971). Gora Chirine, an
Iranian cv. with a low berry acid levels. Ann Amelior Plantes,
21: 281-285

Cameron J W, Soost R K (1977). Acidity and total soluble solids in
Citrus hybrids and advanced crosses involving acidless orange
and acidless pummelo. J Am Soc Hort Sci, 102: 198-201

Fang D Q, Federici C T, Roose M L (1997). Development of
molecular markers linked to a gene controlling fruit acidity in
citrus. Genome, 40: 841-849

Fulton T M, Grandillo S, BeckBunn T, Fridman E, Frampton A,
Lopez J, Petiard V, Uhlig J, Zamir D, Tanksley S D (2000).
Advanced backcross QTL analysis of a Lycopersicon
esculentum x Lycopersicon  parviflorum cross. Theor Appl
Genet, 100: 1025-1042

LiBJ,Jing S X, Ding Y Y, Zhang J E (1994). Studies of the inher-
itance and selection of sweetness and acidity in apples. Acta
Genetica Sinica, 21(2): 147-154 (in Chinese)

Liebhard R, Gianfranceschi L, Koller B, Ryder C D, Tarchim R,
Van De Weg E, Gessler C (2002). Development and character-
ization of 140 new microsatellites in apple. Molecular Breeding,
10: 217-241

Liu Z, Yi K, Wang D M, Yang W, Yang F, Zhang J E (2004).
Studies on the fruit internal characteristics inheritance trends of
Fuji apple variety crossed progenies. Journal of Fruit Science,
21(2): 95-102 (in Chinese)

Maliepaard C, Alston F H, Arkel G V, Brown L M, Chevreau E,
Dunemann F, Evans K M, Gardiner S, Guilford P, Heusden A W
V, Janse J, Laurens F, Lynn J R, Manganaris A G, Nijs A P M,
Periam N, Rikkerink E, Roche P, Ryder C, Sansavini S, Schmidt
H, Tartarini S, Verhaegh J J, Vrielink-van Ginkel M, King G J
(1998). Aligning male and female linkage maps of apple (Malus
pumila Mill.) using multi-allelic markers. Theor Appl Genet, 97:
60-73

Monet R (1979). Transmission of the ‘fruit sweetness’ character.
Incidence on selection for quality. In: INRA, ed. Proceedings of
Eucarpia fruit section Symp. Tree Fruit Breed Angers (FRA),
273-276

Nybom T (1959). On the inheritance of acidity in cultivated apples.
Heriditas, 45: 332-350

Saliba-Colombani V, Causse M, Langlois D, Philouze J, Buret M
(2001). Genetic analysis of organoleptic quality in fresh market
tomato. 1. Mapping QTLs for physical and chemical traits. Theor
Appl Genet, 102: 259-272

Stevens M A (1972). Citrate and malate concentration in tomato
fruits: Genetic control and maturational effects. J Am Soc
Hortic Sci, 97: 655-658

Sweeney J P, Chapman V J, Hepner P A (1970). Sugar, acid and
flavor in fresh fruits. J] Am Diet Assoc, 57: 432-435

Visser T, Verhaegh J J (1978). Inheritance and selection of some fruit
characters of apple. Euphytica, 27: 753-760

Yoshida M (1970). Genetical studies on the fruit quality of peach
varieties. I. Acidity. Bull Hortic Res Stn Jpn Series A, 9: 1-15




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


