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Abstract The organoleptic quality of fleshy fruits is in
a large part defined by their composition of soluble
sugars and organic acids. An F

2
population issuing

from a cross between two peach varieties, ‘Ferjalou
Jalousia’, a non-acid peach, and ‘Fantasia’, an acid
nectarine, was analysed over 2 successive years for
agronomic characters and for molecular-marker
(isoenzymes, RFLPs, RAPDs, IMAs and AFLPs)
segregations. Blooming and maturity dates, as well as
productivity, were noted for each tree. Four fruits per
tree were analysed at maturity for fresh weight, colour,
pH, titratable acidity, soluble-solids content (SSC), acid
(malic, citric and quinic acids) and sugar (sucrose, glu-
cose, fructose, sorbitol) contents. QTLs were detected
for all fruit components analysed, except for fruit col-
our. The QTLs for nearly all components were present
on two linkage groups. For productivity, fresh weight,
pH, quinic acid, sucrose and sorbitol content, all the
detected QTLs displayed the same effect as the parental
phenotypes. By contrast, for maturity date, titratable
acidity, malic and citric acids and fructose, some QTLs
displayed the same effect as the parental phenotypes
while others displayed the opposite effect. The fraction
of the total variation in each trait throughout the
population explained by the QTLs was very high and
reached more than 90% for some characters. For most
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of the characters analysed, epistasis was observed
between QTLs.
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Introduction

Fruit producers must satisfy consumers by producing
fruits of good flavour, colour and texture and must also
provide marketers with fruits resistant to mechanical
damage. In peach production, where the turnover of
new cultivars is very rapid, size, firmness and appear-
ance have now been improved through selection and
have now reached an excellent level. On the other hand,
flavour maintenance or improvement has been much
slower to respond because this character is complex
and difficult to control. The biological and genetic
bases of fruit quality are still poorly known (Tucker
1993). The variation in fruit quality at harvest is related
to a large number of interrelated factors (Génard
and Bruchou 1992). However, acid and sugar content
and composition are major determinants of peach
quality. The sugar-acid ratio is thus commonly used as
a quality index (Robertson et al. 1989; Bassi and Selli
1990). Three organic acids are predominant in peach
fruit: malic, citric and quinic (Byrne et al. 1991). Malic
acid is the most abundant at maturity (50—60% of total
organic acids), citric (20—25%) and quinic (20—25%)
being present in lower quantities. The soluble sugars
present in peach are sucrose, fructose, glucose and
sorbitol. Sucrose is the predominant soluble sugar at
maturity (54—75% of total soluble carbohydrates) while
sorbitol accumulates at very low levels (4—11%). Glu-
cose (9—21%) and fructose (3—25%) reach similar levels
(Yoshida 1970; Meredith et al. 1989; Bassi and Selli 1990).

The fruits with a ‘non-acid’ character are character-
ised at maturity by a pH higher than 4.0, a titratable



acidity lower than 40 milli-equivalents per litre and
a soluble-solids content in the same range of magnitude
as ‘acid’ fruits (Yoshida 1970; Monet 1979). The malic
acid content in some ‘non-acid’ fruit varieties seems to
be low (Byrne et al. 1991; Moing et al. 1997) and the
hypothesis that, contrary to other fruits, this acid is not
accumulated in the ‘non-acid’ fruit at maturity has been
suggested by Monet (1979). The determinism of this
character was reported to be controlled by a single
dominant gene D (Yoshiba 1970; Monet 1979). This
gene was located on a genetic linkage map constructed
by using the progeny of a cross between two peach
varieties, one with ‘non-acid’ fruit and the other with
normal ‘acid’ fruit (Dirlewanger et al. 1998). The map
covers 712 cM and includes 249 markers: involving
four agronomic characters [male sterility (ps), flat (S-)
or round fruit (ss), peach (G-) or nectarine (gg) and
‘non-acid’ (D-) or ‘normal’ fruit (dd)], one isoenzyme, 47
RFLPs, 82 RAPDs, six IMAs and 109 AFLPs. Accord-
ing to the previous estimated size of the peach genome,
between 550 and 740 cM (Dirlewanger et al. 1996),
which is in agreement with a previous map (Foolad et al.
1995), this map covers almost the entire genome.

The reduction of fruit quality into a number of ele-
mentary components has a practical objective, i.e. the
marker-assisted selection of fruit with desirable taste
characteristics, and a fundamental objective, which is
an understanding of the molecular bases of quality. In
some other fruits, particularly in tomato, QTLs con-
trolling soluble-solids content have already been detec-
ted (Osborn et al. 1987; Paterson et al. 1988; Tanksley
and Hewitt 1988; Garvey and Hewitt 1992), but as yet
no similar approach has been reported for peach fruit.
Moreover, in most of the published work related to
QTLs, their location is still imprecise and their functional
role remains unknown. When genes of known function
are cloned, possible effects of their polymorphism on
the variability of certain phenotypic traits can be exam-
ined. The ‘candidate gene’ strategy has been success-
fully used in maize for detecting genes controlling grain
starch and protein content (Edwards et al. 1992), car-
bon-enzyme activities and carbohydrate concentration
involved in early growth variability (Causse et al. 1995).

The aim of the present study was to identify QTLs
for the major components of fruit quality in peach, by
measuring several tree characters possibly interfering
with fruit quality, such as blooming date, fruit maturity
date and the fruit main sugar and organic-acid con-
tents. Furthermore, we tried to identify genes control-
ling the above mentioned agronomic characters using
a candidate gene approach.

Materials and methods

Population development

In 1988, ‘Ferjalou Jalousia’, a peach variety producing ‘non-acid’ flat
fruit, was pollinated with pollen from ‘Fantasia’, an acid nectarine.

Table 1 Fruit characteristics of ‘Ferjalou Jalousia’ and ‘Fantasia’ at
maturity, and of the F

1
individual which was self-pollinated to give

the F
2

population measured in 1995. Mean$standard deviation of
four fruits. Fresh weight corresponds to the entire fruit. The other
measurements were made on fruit juice

Traits ‘Ferjalou ‘Fantasia’ F
1

Jalousia’

Fresh weight (g) 111.5$8.8 199.5$8.8 136.7$17.8
pH 4.9$0.1 3.6$0.04 4.5$0.1
Titratable acidity (mEq/l) 27.5$2.5 148.1$16.0 40.0$3.1
Soluble-solids content (%) 15.6$0.7 15.8$0.4 12.2$0.4
Malic acid (g/l) 2.4$0.4 6.9$0.4 2.2$0.2
Citric acid (g/l) 0.4$0.1 2.9$0.4 0.6$0.1
Quinic acid (g/l) 1.2$0.2 2.1$0.2 1.1$0.2
Sucrose (g/l) 81.3$6.2 59.2$5.6 72.9$2.5
Glucose (g/l) 11.2$1.2 12.6$1.8 4.9$0.4
Fructose (g/l) 8.4$1.2 10.2$1.5 7.0$0.3
Sorbitol (g/l) 1.3$0.4 2.8$1.2 0.7$0.3

In 1992, a hybrid with low-acidity fruits was self-pollinated, produ-
cing an F

2
population of 63 trees. The seedlings were germinated

in vitro, transferred to the greenhouse and transplanted in the
orchard in 1993. ‘Ferjalou Jalousia’, ‘Fantasia’ and the F

1
parent

of the F
2

offspring were grafted onto ‘Rubira’ rootstock. ‘Ferjalou
Jalousia’ and ‘Fantasia’ were cultivated outdoors in containers. The
F
1

parent was transplanted to the orchard near the F
2

offspring in
1993. The trees were grown in a rich sandy loam soil, under a typical
oceanic climate, 45 km South of Bordeaux (45°N). An open-vase
training system with light winter pruning and a 5 m]2m spacing
was adopted. Hand thinning was carried out to reduce fruit load on
the heavily loaded trees. Pest control was performed as usual for
peach. The F

2
trees and the grafted F

1
parent were analysed, when

they were 3 and 4 years old (in 1995 and 1996), for several tree and
fruit agronomic characters. The fruit characteristics at maturity of
the parents and of the F

1
individual which was self-pollinated to

produce the F
2

population, measured in 1995, are summarised in
Table 1. The maturity for each tree was determined according to the
softning of flesh. For ‘Ferjalou Jalousia’, ‘Fantasia’ and for the
F
1

individual, the pH was 4.9, 3.6 and 4.5, respectively. Acid concen-
trations were much higher in ‘Fantasia’ than in ‘Ferjalou Jalousia’.
By contrast, sugar concentrations in ‘Ferjalou Jalousia’ were slightly
higher than in ‘Fantasia’.

Genotyping

For each F
2

tree, the agronomic characters segregating as simple
characters were noted, i.e. male sterility, flat and round fruit, peach
or nectarine and ‘non acid’ or ‘normal’ fruit (Dirlewanger et al. 1998).
For the last character, although no formal taste analysis by a panel
was performed, the acidity of the fruit was roughly estimated on one
fruit per tree by one person.

For molecular-marker analyses, isoenzymes, RFLPs, RAPDs and
AFLPs were employed to elaborate the linkage maps (Dirlewanger
et al. 1998). The different molecular marker procedures are described
in Dirlewanger et al. (1998). Several probe sources were used for
RFLP analyses: genomic or cDNA probes of several Prunus species
(P. persica, P. amygdalus, P. avium, P. ferganensis) as well as probes
corresponding to genes putatively involved in the control of peach
fruit development and composition in terms of sugars and acids. The
latter were obtained from a differential screening of a peach fruit
cDNA library between two early growth development stages of the
‘Fantasia’ variety (probes named PC) (Rothan et al. 1997). We
sequenced some of them and located them on the genetic linkage
map [(e.g. the phosphoenolpyruvate carboxylase (PEPc) candidate
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gene for organic acid content, involved in the synthesis of the major
organic acids (Blanke and Lentz 1989), a S28 ribosomal protein
(S28) and a gene homologous to a tagged sequence of rice (EST-
rice)]. The details of the map construction are described in
Dirlewanger et al. (1998).

Quantitative characters

Quantitative characters were measured for 2 successive years, in
1995 and 1996, with the exception of fruit colour which was mea-
sured only in the 2nd year. The blooming date, when all the flowers
are open, the maturity date, corresponding to the beginning of flesh
softening, and the tree productivity were all noted. For productivity,
trees were given a score ranging from 0 (no or very few fruits on the
tree) to 5 (large number of fruits). For all the fruit characteristics,
four fruits per tree were analysed separately. Skin colour and fresh
weight were measured only at maturity. Skin colour was evaluated
by dividing the surface area of the fruit into ten regions: 0 was given
to the yellow regions and 1 to the red regions. The pH and titratable
acidity were measured in fruit juice extracted with a hand press and
centrifuged at 700 g for 10 min. The supernatant was used crude for
pH measurement with a pH electrode, and diluted with de-ionized
water for titration to an end pH of 8.3 with 0.1 N NaOH. The
soluble-solid content (SSC) of the juice was determined with a hand
refractometer. Five-hundred microliters of juice were rapidly fixed
with ethanol at 80°C (ethanol : juice, 80 : 20, v/v) for further metab-
olite analysis. Organic-acid and sugar contents were measured in the
fruit juice using HPLC. Soluble sugars were purified and analysed
by HPLC with refractive-index detection, as described by Moing
et al. (1992). Organic acids were analysed without purification, using
anion exchange HPLC (IonPac AS-11 4 mm column and ATC
pre-column from Dionex Corporation, Sunnywale Calif., USA). Elu-
tion was done with de-gassed NaOH solutions containing 16% (v/v)
methanol with a 2 ml min~1 flow and according to the following
gradient: 0 to 5 min, 0.5 to 4.2 mM NaOH; 5 to 15 min, 4.2 to
37.5 mM NaOH; and 17 min, 37.5 mM NaOH. Acid detection was
carried out using a PED2 conductivity detector from the Dionex
Corporation after anion chemical suppression with H

2
SO

4
. Sugar

and organic-acid quantification were done with Millenium software
from Waters (Milford Mass., USA) using standards from Sigma
(St Louis Mo., USA).

Statistical analysis

A two-way analysis of variance was employed to test the significance
of the effects due to genotype, year and their interaction. It was
performed with the ‘GLM’ procedure of Statistical Analysis System
software (SAS Institute Inc., Cary, N.C., USA). Correlations between
characters were calculated using the ‘CORR’ procedure of SAS. The
Spearman coefficient was also calculated. QTL analyses were per-
formed using Mapmaker/QTL 1.1 (Lincoln et al. 1992 a, b) and
QGENE 2.23,5/96 (Nelson 1997). In order to clarify if MAP-
MAKER/QTL 1.1 can be used with data including dominant and
co-dominant markers, three sets of data were analysed: (1) one set
included co-dominant markers and dominant markers well disper-
sed throughout the map, (2) another set included only the co-domi-
nant markers; with this set of data the map was only partially
represented, and (3) the last set included the previous co-dominant
markers and some additional ones resulting from the re-coding of
trans-dominant linked marker (TDLM) pairs (trans referring to the
repulsion linkage phase) as a ‘‘co-dominant megalocus’’, as recom-
mend by Plomion et al. (1996). A threshold LOD score value of 2.5
was chosen for declaring the existence of a QTL. However, when
a QTL was detected for a character in one year with a LOD'2.5
and in the other year with a 2(LOD(2.5 in the same region,
the latter was taken into account. The ratio of dominance (d) to

additivity (a) was used to determine the mode of gene action based
on the criteria of Stuber et al. (1987): d/a"0—0.20, additive (A);
d/a"0.20—0.80, partial dominance (PD), d/a"0.80—1.20, domi-
nance (D); d/a'1.20, overdominance (OD). The interactions be-
tween QTLs were tested with QGENE 2.23,5/96 using only the
markers of the third set of data.

Results and discussion

Phenotypic distribution and correlation between
characters

No significant difference between years (P'0.05) was
observed for titratable acidity, malic acid and glucose
content (Table 2). On the other hand, significant mean
differences (P(0.05) were observed for all the other
characters. In 1996, F

2
fruits presented a lower mean

fresh weight, a lower pH and soluble-solids content,
less quinic acid and sorbitol and more citric acid, suc-
rose and fructose. In peach fruit, a year effect has been
reported for SSC, citric acid, fructose and sorbitol
(Brooks et al. 1993). Due to highly significant geno-
type]year interactions for all traits, the data from
1995 and 1996 were analysed separately.

As previously reported, malic acid was the predomi-
nant organic acid (Table 2). Citric- and quinic-acid
contents were about three-times lower, citric-acid con-
tent being slightly higher than that of quinic acid.
Among sugars, sucrose presented the highest concen-
tration and sorbitol the lowest one (Table 2). The
glucose content of fruit was not significantly different
between the 2 years, in contrast with fructose whose
content was respectively lower and higher than those of
glucose in 1995 and 1996.

The distributions of the different characters were
very similar for the 2 years. Therefore, only those ob-
tained in 1995 are shown in Figs. 1 and 2. For blooming
and maturity dates, zero corresponds to the earliest tree
of the F

2
progeny (19 March for blooming date and 29

June for maturity date). Several characters present

Table 2 Mean values of the F
2

individuals for the fruit characters
measured in 1995 and 1996

Traits Year Year effect
prob(F

1995 1996

Fresh weight (g) 138.0 111.1 0.0001
pH 4.13 3.88 0.0001
Titratable acidity (mEq/l) 72.3 74.1 0.6401
Soluble-solids content (%) 12.2 10.7 0.0001
Malic acid (g/l) 3.77 3.61 0.3696
Citric acid (g/l) 1.40 1.67 0.0094
Quinic acid (g/l) 1.28 1.09 0.0001
Sucrose (g/l) 64.6 71.1 0.0003
Glucose (g/l) 10.1 10.3 0.5395
Fructose (g/l) 8.6 13.0 0.0001
Sorbitol (g/l) 1.39 1.02 0.0019
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Fig. 1a–g Distribution of phenotypes for agronomic characters
measured in 1995 on the F

2
progeny. a Blooming date (zero corres-

ponds to the earliest tree of the F
2

progeny: 19 March). b Maturity
date (zero corresponds to the maturity date of the earliest tree of the
F
2

progeny: 29 June). c Productivity [trees were given a score
ranging from 0 (no or very few fruits) to 5 (large number of fruits)].
d Fresh weight. e pH. f Titratable acidity. g Soluble solids. The
values of the parents ‘Ferjalou Jalousia’ (J), ‘Fantasia’ (F) and of the
F
1

individual (F
1
) are indicated by arrows

a typical normal distribution, i.e. blooming date
(Fig. 1 a), fresh fruit weight (Fig. 1 d), quinic acid
(Fig. 2 c), sucrose (Fig. 2 d) and glucose (Fig. 2 e) con-
tents. For pH (Fig. 1 e), titratable acidity (Fig. 1 f ),
malic- (Fig. 2 a) and citric-acid (Fig. 2b) contents, a bi-
modal distribution was observed. For pH, this result is
in agreement with the segregation of the ‘non-acid’ fruit
character: 1/4 with pH(4 for acid fruits and 3/4 with
pH'4 for ‘non-acid’ fruits.

The Spearman correlation coefficients between traits
are shown in Table 3. Blooming date was significantly
negatively correlated with malic-acid content (r"!0.29,
P(0.05 in 1995): early blooming trees have fruits
containing more malic acid. Maturity date was posit-
ively correlated with fresh weight (r"0.32, P(0.05 in
1995), titratable acidity (r"0.29, P(0.05 in 1995),
SSC (r"0.39, P(0.01 in 1995) and fruit sugar con-
tents [sucrose (r"0.35, P(0.05 in 1996), glucose

(r"0.68, P(0.01 in 1996), fructose (r"0.48 in 1995
and r"0.73 in 1996 with P(0.01) and sorbitol
(r"0.47 in 1995 and 0.63 in 1996 with P(0.01)].
Fruit colour was significantly correlated with all char-
acters. Titratable acidity and pH were highly negatively
correlated. As previously suspected, pH was negatively
correlated with all the acid concentrations, except with
quinic acid in 1996, but also with glucose, fructose and
sorbitol contents. pH was positively correlated with
sucrose content. Acid contents were positively corre-
lated, especially malic- and citric-acid contents
(r"0.70 in 1995, r"0.61 in 1996 with P(0.01). Sol-
uble solids content was highly correlated with sucrose
concentration (r"0.60 in 1995, r"0.73 in 1996 with
P(0.01), because sucrose is the main component of
soluble solids, and citric-acid content was negatively
correlated with sucrose content (r"!0.55 in 1995,
r"!0.48 in 1996 with P(0.01). Similar results were

21



Fig. 2a–g Distribution of phenotypes for acids and sugars measured
in 1995 on the F

2
progeny. a Malic acid. b Citric acid. c Quince acid.

d Sucrose. e Glucose. f Fructose. g Sorbitol. The values of the
parents ‘Ferjalou Jalousia’ (J), ‘Fantasia’ (F) and of the F

1
individual

(F
1
) are indicated by arrows

previously reported by Génard and Bruchou (1992).
For sugars, the highest correlation was between glucose
and fructose (r"0.78 in 1995, r"0.90 in 1996 with
P(0.01).

QTL detection

The results obtained with the first set of data including
co-dominant and dominant markers well dispersed
throughout the map are summarised in Table 4 and in
Fig. 3. QTLs were detected for all the quantitative
characters analysed, except for skin colour. With the
second set of data, including only the co-dominant
markers, all the QTLs previously detected within the
region covered by these markers were detected again
and their effects and positions were exactly the same as
those calculated with the first set of data. With the third

set of data, including co-dominant markers and TDLM
pairs covering nearly all the map, the same results as for
the first set of data were obtained. This suggests that
MAPMAKER/QTL can be used with both dominant
and co-dominant markers. This is due to the fact that
QTL effects are calculated at the position of the LOD
peak and not at the nearest marker.

The limited size of the F
2

implies that only QTLs
with large effects could reach statistical significance
(Andersson et al. 1994). For this reason, the number of
QTLs found must be considered as a minimal estimate.
The threshold we chose results from a compromise
between preserving a sufficient power and limiting the
risk of false-positives. On linkage groups 5 and 6, QTLs
for nearly all characters were detected. Moreover,
QTLs for several traits were detected in the same re-
gion. These may correspond to distinct closely linked
QTLs or to only one QTL with a pleiotropic effect on
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Table 3 Spearman correlation coefficients between traits measured on the tree or fruit in the F
2

progeny for two succesive years. For the fruit characteristics the correlation coefficients were
calculated with four values per tree

Traits Year Blooming Maturity Productivity Fresh Colour pH Titratable SSC Malic Citric Quinic Sucrose Glucose Fructose
date date date weight acidity acid acid acid

Maturity date 1995 !0.19
1996 !0.03

Productivity 1995 0.09 0.21
1996 0.29 !0.04

Fresh weight 1995 0.06 0.32* 0.44**
1996 0.02 !0.16 !0.19

Colour 1995 — — — —
1996 0.05 0.07 0.03 0.01

pH 1995 0.04 !0.15 !0.16 !0.11 —
1996 0.19 !0.23 !0.05 !0.33** !0.09

Titratable 1995 !0.19 0.29* 0.09 0.06 — !0.89**
acidity 1996 !0.20 0.19 !0.12 0.28** !0.01 !0.83**
SSC 1995 0.05 0.39** !0.34* !0.03 — 0.17* !0.05

1996 !0.01 0.25 !0.10 !0.02 0.12 0.16* !0.22**
Malic acid 1995 !0.29* 0.14 0.02 0.06 — !0.75** 0.81** !0.09

1996 !0.22 0.10 !0.14 0.05 0.05 !0.70** 0.73** !0.09
Citric acid 1995 !0.12 0.05 0.23 0.11 — !0.77** 0.79** !0.30** 0.70**

1996 !0.20 !0.05 !0.07 0.33** !0.05 !0.82** 0.81** !0.34** 0.61**
Quinic acid 1995 !0.09 !0.08 !0.36* !0.12 — !0.30** 0.27** 0.19** 0.32** 0.30**

1996 !0.24 !0.17 !0.31* 0.15 !0.11 !0.03 0.05 0.24** 0.02 0.20**
Sucrose 1995 0.12 !0.14 !0.32* !0.14 — 0.53** !0.49** 0.60** !0.39** !0.55** !0.05

1996 0.06 0.35* 0.04 !0.11 0.02 0.30** !0.32** 0.73** !0.23** !0.48** 0.12
Glucose 1995 0.12 0.23 0.05 0.05 — !0.30** 0.25** 0.37** 0.17* 0.18* 0.31** 0.24**

1996 !0.14 0.68** !0.08 0.00 !0.02 !0.37** 0.30** 0.12 0.17* 0.24** 0.11 0.26**
Fructose 1995 0.01 0.48** 0.16 0.13 — !0.54** 0.52** 0.26** 0.37** 0.34** 0.26** !0.06 0.78**

1996 !0.20 0.73** !0.04 !0.03 !0.06 !0.27** 0.22** 0.11 0.05 0.18* 0.14 0.25** 0.90**
Sorbitol 1995 !0.39 0.47** !0.19 0.12 — !0.34** 0.50** 0.43** 0.48** 0.26** 0.20** 0.08 0.37** 0.47**

1996 !0.15 0.63** !0.14 0.01 0.01 !0.29** 0.26** 0.48** 0.30** 0.07 0.20** 0.53** 0.54** 0.50**

*P(0.05; **P(0.01; Others not significant
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Table 4 Linkage group locations, effects and modes of gene action of individual QTLs detected using Mapmaker/QTL with a minimum LOD score threshold of 2.5. LG"linkage group
referring to the map, Dist" QTL position described by the distance (cM) from the ‘top’ of the linkage group. R2"fraction of the total variation explained by the QTL. a"additive
effect expressed as the effect of substituting a ‘Ferjalou Jalousia’ allele (J) for a ‘Fantasia’ allele (F). d"dominance effect of the ‘Ferjalou Jalousia’ allele to a ‘Fantasia’ allele. d/a"ratio of
the dominance to additive effects. The explanation for the mode of gene action of QTLs was given in the text. Direc."the direction of additive effect on the phenotype

Trait Year LG R2 LOD F/F J/F J/J Gene action

Location Dist a d d/a Mode Direc.

Blooming date (100%) 1995 2 18 27.4 4.1 17.8 16.4 15.0 !1.4 0.0 0.0 A F
1996 7 10 20.5 3.0 22.2 23.0 24.4 1.1 !0.3 !0.3 PD J

Maturity date 1995 3 0 24.3 2.8 41.9 34.5 21.6 !10.1 2.7 !0.3 PD F
4 2 61.7 8.6 17.3 32.2 45.9 14.3 0.6 0.0 A J
¹ 64.6 9.4

1996 3 0 21.3 2.3 46.1 41.6 29.6 !8.3 3.7 !0.4 PD F
4 2 60.3 7.5 26.5 37.5 51.5 12.5 !1.5 !0.1 A J
¹ 66.5 8.2

Productivity 1995 6 91 76.0 18.8 2.9 2.0 0.1 !1.4 0.5 !0.3 PD F
9 13 62.3 2.6 2.1 2.4 0.3 !0.9 1.2 !1.3 OD F
¹ 75.8 18.9

1996 1 114 62.0 3.4 3.0 3.3 0.3 !1.4 1.7 !1.2 D F
6 90 72.9 17.8 3.4 3.4 0.4 !1.4 1.5 !1.1 D F
9 4 76.2 7.7 2.9 3.5 0.3 !1.3 1.9 !1.5 OD F
¹ 75.6 18.3

Fresh weight 1995 6 95 47.8 5.2 166.9 153.5 100.9 !33.0 !20.5 0.6 PD F
1996 6 92 22.6 2.6 128.0 99.0 99.3 !14.4 !14.6 1.0 D F

pH 1995 5 9 69.7 11.8 3.57 4.24 4.45 0.4 0.3 0.6 PD J
6 8 79.0 5.7 3.61 4.44 3.85 0.1 0.7 5.9 OD J
8 31 73.3 3.1 3.59 4.47 3.95 0.2 0.7 3.9 OD J
¹ 86.8 15.7

1996 5 9 52.6 7.7 3.40 4.02 4.19 0.4 0.2 0.6 PD J
6 6 68.5 3.8 3.50 4.23 3.64 0.1 0.7 9.4 OD J
¹ 88.3 11.4

Titratable acidity 1995 1 106 85.6 6.1 58.5 47.0 129.3 35.4 !46.9 !1.3 OD J
5 8 87.0 17.3 129.0 50.4 47.0 !41.1 !37.6 0.9 D F
6 16 84.1 6.4 127.8 46.0 82.5 !21.3 !60.5 2.8 OD F
¹ 99.2 28.15

1996 1 108 73.9 3.2 62.7 55.4 124.1 30.7 !38.0 1.2 D J
5 8 78.5 10.0 124.8 59.9 51.2 !36.8 !28.1 0.8 PD F
6 8 81.6 7.0 120.6 51.5 102.2 !9.1 !59.9 6.5 OD F
¹ 99.5 22.2
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Table 4 Continued

Trait Year LG R2 LOD F/F J/F J/J Gene action

Location Dist a d d/a Mode Direc.

Soluble-solids content 1995 4 6 32.7 3.9 10.7 12.4 12.8 1.1 0.6 0.5 PD J
1996 6 94 35.7 3.7 9.8 11.3 9.6 !0.1 1.6 !16 OD F

Malic acid 1995 1 106 74.7 4.2 3.45 2.62 6.57 1.6 !2.4 !1.5 OD J
5 32 78.0 12.1 6.47 2.86 2.57 !1.9 !1.7 0.8 PD F
6 7 78.6 5.4 6.02 3.28 5.50 !0.3 !3.3 12.8 OD F
¹ 99.5 25.0

1996 5 26 57.0 8.6 4.88 3.13 2.80 !1.0 !0.7 0.7 PD F
6 7 70.0 3.8 4.95 2.71 4.93 0.0 !2.2 — OD —
¹ 87.4 12.2

Citric acid 1995 5 9 81.7 14.0 2.82 0.84 0.86 !1.0 !1.0 1.0 D F
6 6 74.8 4.8 2.92 0.84 1.46 !0.7 !1.3 1.8 OD F
9 6 71.8 4.1 1.30 0.86 2.87 0.8 —1.3 —1.5 OD J
¹ 96.1 17.2

1996 5 9 57.6 8.7 2.84 1.36 1.10 !0.9 !0.6 0.7 PD F
6 9 68.8 3.7 2.71 1.09 1.77 !0.5 —1.1 2.4 OD F
¹ 78.9 9.3

Quinic acid 1995 1 43 24.4 2.5 1.20 1.44 1.04 !0.1 0.3 4.0 OD F

Sucrose 1995 5 9 34.2 4.2 53.2 68.0 68.0 7.3 8.1 1.1 D J
1996 5 43 25.5 2.8 59.9 77.7 79.3 8.1 9.7 1.2 D J

6 95 36.2 3.6 59.9 80.0 63.5 1.8 18.3 10.2 OD J
¹ 50.2 6.0

Glucose 1996 8 3 29.5 3.3 12.00 11.50 8.10 !1.9 0.8 !0.4 PD F

Fructose 1995 3 54 42.1 3.0 11.68 7.85 7.98 !1.9 !2.0 1.1 D F
4 11 25.1 2.8 6.69 8.78 9.49 1.5 0.6 0.4 PD J
5 37 26.0 2.9 10.23 8.05 7.51 !1.4 !0.8 0.6 PD F
¹ 77.8 10.2

1996 4 0 35.6 4.2 9.62 12.34 15.06 2.7 0.7 0.2 A J
8 6 36.5 4.5 15.70 13.64 9.88 !2.9 0.8 0.3 PD F
¹ 85.7 11.9

Sorbitol 1995 1 108 62.9 3.3 0.96 1.18 4.32 1.7 !1.5 !0.9 D J
6 10 49.9 6.2 0.82 1.40 4.62 1.9 —1.3 !0.7 PD J
¹ 83.5 10.6

1996 6 4 69.7 2.6 1.92 0.62 1.81 0.0 !1.2 — OD —
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Table 5 Interaction between markers located on distinct linkage
groups detected using QGENEsoftware. Only pairs of markers with
the highest F value of the two-way interaction are reported here.
F-threshold for significance of single marker (one way ANOVA):

7.00, corresponding P-value for single test: 0.001852. F-threshold for
significance of a two-way interaction:12, corresponding P-value for
single test 1/1000

Trait Year Significant marker Interaction

Marker Group Marker Group F P

Blooming date 1995 AC31 2 AC47 1 39.52 0.00000
,, ,, AG56 3 77.63 0.00000
,, ,, AG21c 5 74.94 0.00000
I6 2 2CC133 4 60.31 0.00000

Maturity date 1995 CC133 4 AG56 3 15.31 0.00033
,, ,, PC2 6 42.12 0.00000
U9 4 S28 7 16.26 0.00027

1996 CC133 4 AG56 3 30.03 0.00000
,, ,, PC2 6 36.18 0.00000
,, ,, FG42 7 19.00 0.00012
PC1 4 AC9 5 14.65 0.00045

Productivity 1995 PC2 6 AC-CA2/R01-1.0 1 12.82 0.00069
1996 PC2 6 AC-CA2/R01-1.0 1 18.06 0.00008

,, ,, O6 2 13.35 0.00056
,, ,, FG68 7 29.02 0.00000
PC60 6 AA-CG6/AA-CAC7 5 13.08 0.00063

Fresh weight 1995 PC2 6 AC-CA2/R01-1.0 1 15.98 0.00025
,, ,, AA-CAC8/AB04-2.0 3 29.91 0.00000
,, ,, Q4cod 8 21;75 0.00003
PGL1 6 AG12 4 21.24 0.00004
,, ,, FG34 5 13.03 0.00086
,, ,, FG42 7 24.23 0.00002

pH 1995 AC9 5 FG83 1 265.81 0.00000
,, ,, AG106 3 295.70 0.00000
,, ,, PC1 4 203.02 0.00000
,, ,, FG25 6 327.00 0.00000
,, ,, FG6 7 266.3 0.00000
X2 5 I8 2 114.22 0.00000

1996 AC9 5 FG83 1 126.85 0.00000
,, ,, AG106 3 169.76 0.00000
,, ,, PC1 4 124.08 0.00000
,, ,, PGL1 6 50.43 0.00000
,, ,, FG6 7 143.26 0.00000
X2 5 I8 2 105.97 0.00000

Titratable acidity 1995 AC9 5 PC26 1 60.28 0.00000
,, ,, I6 2 15.78 0.00029
,, ,, AG56 3 23.71 0.00002
,, ,, PC1 4 77.29 0.00000
,, ,, PGL1 6 18.02 0.00000
,, ,, FG68 7 40.64 0.00000

1996 AC9 5 AG9 1 14.19 0.00055
,, ,, PC1 4 15.79 0.00033
,, ,, FG68 7 18.53 0.00009

Soluble-solids content 1995 AC-CAG5/AA-CG3 4 AG56 3 102.72 0.00000
,, ,, PC2 6 284.69 0.00000
PC1 4 AC9 5 38.72 0.00000
,, ,, FG42 7 37.56 0.00000

1996 PC2 6 AC-CA2/R01-1.0 1 254.73 0.00000
,, ,, PC80 2 118.05 0.00000
,, ,, AA-CAC8/AB04-2.0 3 225.32 0.00000
,, ,, X04-0.6/I18-0.7 4 78.91 0.00000
,, ,, AG104 7 286.40 0.00000
,, ,, Q4cod 8 305.12 0.00000
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Table 5 Continued

Trait Year Significant marker Interaction

Marker Group Marker Group F P

Malic acid 1995 AC9 5 PC26 1 53.80 0.00000
,, ,, AG56 3 21.77 0.00003
,, ,, X04—0.6/I18—0.7 4 24.02 0.00001
,, ,, FG68 7 30.97 0.00000

1996 AA-CG6/AA-CAC7 5 AG9 1 15.81 0.00029
,, ,, AG56 3 38.02 0.00000
,, ,, FG25 6 17.59 0.00017
AC9 5 PC1 4 13.10 0.00090

Citric acid 1995 AC9 5 AC47 1 21.97 0.00004
,, ,, FG10 2 18.18 0.00011
,, ,, AG106 3 22.05 0.00003
,, ,, X4/I18 4 28.06 0.00000
,, ,, PGL1 6 16.54 0.00029
,, ,, AC-CAG3/X13-0.8 7 26.71 0.00001
,, ,, Q4cod 8 21.31 0.00004

1996 AC9 5 AG12 4 15.94 0.00029
,, ,, FG68 7 20.51 0.00005

Sucrose 1995 AA-CG6/AA-CAC7 5 AC47 1 36.45 0.00000
AC9 5 PC60 6 51.95 0.00000
,, ,, FG68 7 36.53 0.00000

1996 PC2 6 AC-CA2/R01-1.0 1 87.67 0.00000
,, ,, AA-CAC8/AB04-2.0 3 90.25 0.00000
,, ,, X4/I18 4 23.95 0.00000
,, ,, AG104 7 75.63 0.00000
,, ,, Q4cod 8 99.44 0.00000

Glucose 1996 FG40 8 FG22 3 21.58 0.00004

Fructose 1995 AC-CAG5/AA-CG3 4 AG56 3 25.27 0.00001
,, ,, PC2 6 40.40 0.00000

1996 CC113 4 AG56 3 28.83 0.00000
,, ,, PC2 6 32.05 0.00000
,, ,, FG42 7 13.12 0.00097
FG40 8 FG83 1 15.99 0.00029
,, ,, FG22 3 32.46 0.00000
,, ,, ESTrice 6 12.42 0.00110
FG215 8 R6cod 5 17.48 0.00014

Sorbitol 1995 ESTrice 6 PC26 1 19.61 0.00007
,, ,, AC31 2 17.92 0.00012
,, ,, CC63 7 12.75 0.00094

a single gene acting upon several quantitative charac-
ters involved in the same metabolic pathway. This type
of result has previously been observed on tomato chro-
mosome 6 where the same QTL was apparently ob-
served for fruit mass, pH and solid concentration
(Paterson et al. 1988). The apparent co-location of
QTLs for fruit pH and sugars found in tomato was also
found in peach. A physiological interpretation for this
situation has previously been reported (Prioul et al.
1997): a QTL for a proton-driven translocation of
carbohydrate from the cytosol into the vacuole, or for
the proton pump, is likely to affect both pH and soluble
sugars. On linkage group 5, QTLs were located near
the D gene controlling the ‘non-acid’ fruit character,
including QTLs for pH and titratable acidity in agree-
ment with the perception of acidity in the mouth. On
linkage group 6 the two distal regions of the linkage
group were involved in QTLs. Near the S gene, which is

a dominant gene controlling fruit shape, i.e. flat or
round (Lesley 1940), QTLs for fresh weight and pro-
ductivity were detected. This is in agreement with the
fact that flat fruits are generally lower in weight than
round fruits. Moreover, evidence is given here that trees
with flat fruit are less productive. QTLs controlling
malic, citric acid and sorbitol contents were all located
in the upper region of the linkage group.

For the pH of the juice, QTLs were detected on
linkage group 5, as was expected, but also on linkage
groups 6 and 8. The last one was detected only for the
1995 data. The QTLs on groups 5 and 6 presented
exactly the same location in 1995 and 1996. They all
produce effects in the same direction as the parental
phenotypes: the ‘Ferjalou Jalousia’ alleles increased
the pH of the juice. However, surprisingly, the QTL
on linkage group 5 (R2"69.7 in 1995 and 52.6 in
1996) had a lower effect than the QTL on linkage
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group 6 (R2"79.0 in 1995 and R2"68.5 in 1996). The
total variance of the character explained by the QTLs
for pH was similar for each year, i.e. R2"86.8 in 1995
and 88.3 in 1996. These results demonstrate that the pH
of the juice presents a complex determinism with at
least two major regions involved. In tomato, six QTLs
for fruit pH were mapped and accounted for 48% of the
phenotypic variance (Paterson et al. 1988).

For titratable acidity, three QTLs were detected on
linkage groups 1, 5 and 6. Those on linkage groups
5 and 6 produced an effects in the same direction as the
parental phenotypes: the ‘Fantasia’ alleles increased
the titratable acidity of the fruit. They were located in
the same region as the QTL detected for pH. The QTL
on linkage group 1 produced an effect in the opposite
direction. This provides a demonstration of transgress-
ion and indicates that some F

2
individuals or cultivars

having alleles at the three QTLs producing effects in
the same direction may exhibit more extreme pheno-
types than the parental lines. The total variance of the
character explained by the three QTLs was very high
(R2"99.2 in 1995 and 99.5 in 1996). For malic-acid
concentration, similar results were obtained. QTLs on
linkage groups 1, 5 and 6 were detected displaying the
same effect as those for titratable acidity. For citric-acid
concentration, QTLs were detected on linkage groups
5 and 6 but also on group 9. For pH, titratable acidity,
malic and citric acids, each of the QTLs had a very
pronounced effect. These results lead to several main
conclusions which are applicable to other QTL analyses:
(1) a small number of Mendelian factors can explain
a large part of the genetic variance, and (2) traits for different
characters frequently seem to share common QTLs.

For quinic acid and for sugars, an annual effect was
observed, suggesting a high environmental influence on
the expression of the character. The R2 and LOD score
values for these characters were much lower than for
the others.

Interactions between markers were detected for
many quantitative characters. The results obtained

b&&&&&&&&&&&&&&&&&&&&&&&&&&&&

Fig. 3 Localisation of QTLs controlling fruit-quality components
analysed for 2 successive years (1995 and 1996): blooming date (Blo),
maturity date (Mat), tree productivity (Pro), fruit fresh weight (Fwei),
pH, titratable acidity (¹itac), soluble-solids content (SSC), malic
(Mal), citric (Cit), quinic (Qui) acid contents and sucrose (Suc),
glucose (Glu), fructose (Fru), sorbitol (Sor) contents. Only linkage
groups including QTLs are represented. Loci are listed on the right
of each linkage group. Not all of the markers located on the linkage
map are indicated: for co-segregating markers only one was repre-
sented. Genes controlling agronomic characters or corresponding to
candidate genes are indicated in red. Molecular markers presenting
a deviation from the expected Mendelian ratio are noted with an
asterisk. With respect to QTL localisation the highest probability is
indicated by a horizontal line and the confidence interval by a vertical
line. QTLs were detected using MAPMAKER/QTL. QTLs in-
dicated in brackets present a 2.0(LOD(2.5, for the others
LOD'2.5. The sign # or ! indicates that the allele which
increases the trait values is in the ‘Ferjalou Jalousia’ or in the
‘Fantasia’ parent respectively. The asterisk indicates that the QTL
displays the opposite effect to the parental one

using QGENE software are summarised in Table 5. As
the F

2
population was small (63 individuals) the effect

of the interaction was not reported here because the
estimation was not precise enough. For pH, exactly the
same interactions were observed for both years.
Markers on linkage group 5 interact with markers on
all the other linkage groups except for group 8. Most of
the interactions observed for pH were also observed for
titratable acidity, malic and citric acids. The same
markers (AC9), located on linkage group 5, interact
with other markers located on several linkage groups
for pH, titratable acidity, malic and citric acids and for
sucrose concentration.

The candidate-gene approach

Eight putative candidate genes were located on the
map: two with a known function [the PEPc (Group 3)
the S28 ribosomal protein (Group 7)] and seven ob-
tained from the differential screening of a peach fruit
cDNA library at early growth stages: PC26 (Group 1),
PC80 (Group 2), PC1 (Group 4), PC2, PC21, PC60 and
ESTrice (Group 6) (Fig. 3). Only the PC2 clone was
found close to the QTLs controlling fruit fresh weight,
productivity, SSC and sucrose content. The PEPc was
not located in the QTL region of any acid concentra-
tion. This suggests that this enzyme is not directly
involved in the variation in acid content of the acid-less
mutant analysed. One reason for this might be that
PEPc is a highly regulated enzyme (Chollet et al. 1996).
Other known genes involved in fruit sugar metabolism,
such as sorbitol dehydrogenase and acid invertase
(Yamaki and Ishikawa 1986; Moriguchi et al. 1990), or
in the degradation of organic acids, such as malate
dehydrogenase (Taureilles-Saurel et al. 1995) and malic
enzyme (Ruffner et al. 1984), should be tested. Genes
involved in the storage of organic acids in the vacuole,
such as those responsible for tonoplastic H`-ATPase
and pyrophosphatase (Davies 1997), could also be
valuable candidate genes. Unfortunately, the gene(s)
responsible for tonoplastic malate transport through
a malate transporter or a malate-selective anion
channel remain(s) unknown (Cheffings et al. 1997).

Conclusion

The ‘non-acid’ character of peach fruit, as perceived
in the mouth, is segregates like a monogenic dominant
character, as previously reported (Yoshida 1970;
Monet 1979). However, at least two QTLs for the pH of
fruit juice, with similar high effects, were detected on
different linkage groups for the 2 years of observation.
These results indicate that the ‘non-acid’ fruit character
is correlated with other characters besides the fruit pH.
The perception of acidity in the mouth depends not
only on the acid concentration but also on the type of
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acid (Pangborn 1963). The concentration and type of
sugars can also interfere with acid perception (Bassi
and Selli 1990). It is therefore not surprising that QTLs
were detected for citric and malic acids and for sucrose
near the D gene controlling the ‘non-acid’ character.
Consequently, to improve the fruit organoleptic qual-
ity, the QTLs associated with the different acid and
sugar contents must be taken into account.

For productivity, fresh weight, pH, quinic acid, suc-
rose and sorbitol contents all the detected QTLs dis-
played effects in the same direction as the parental
phenotypes. In contrast, for maturity date, titratable
acidity, SSC, malic and citric acids, glucose and fruc-
tose, some QTLs displayed effects in both directions.
For these characters it will be possible to select cul-
tivars with higher values than the parent.

Except for fruit colour, QTLs for all the fruit compo-
nents analysed were detected. Fruit colour was not
correlated with any other character. A maximum of
three QTLs was detected for each character. The frac-
tion of the total variation in each trait throughout the
population explained by QTLs was very high and
reached more than 90% for some characters, sugges-
ting that effective selection can occur with few markers.

On two linkage groups, QTLs for nearly all the
components were present. This suggests that some
QTLs may have a pleitropic effect. Some genes in this
region could be involved in several metabolic path-
ways. Another hypothesis would be that these two
regions include two cluster of genes involved in differ-
ent pathways, as is frequently the case for disease resist-
ance genes (Paran and Michelmore 1993; Ma et al. 1994).

Epistatic interactions between QTLs revealed a com-
plex network, particularly between the genes control-
ling pH and titratable acidity. These results indicate
that they act not only in an additive manner but also in
interaction; for example, as limiting factors of a particu-
lar metabolic pathway.
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