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Abstract Texture is a mgjor component of consumer
preference for eating-quality in apple. A quantitative ge-
netic analysis of traits associated with fruit-flesh firm-
ness was carried out. This was based on segregation in
an unselected mapping population replicated at six sites
and harvested over 2 years. Different methods of assess-
ment were compared, and a principal components analy-
sis carried out. Instrumental measures used were Mag-
ness-Taylor penetrometer readings, stiffness by acoustic
resonance, and a range of sensory descriptors assessed
by a trained panel. There were good correlations be-
tween some measures, although stiffness was poorly cor-
related. Whilst genotype by environment effects were
large, significant effects were attributable to the geno-
type, and these were used to detect QTLs. Significant
QTLs were detected on seven linkage groups, with large
effects on linkage groups LO1, L10 and L16. Whilst
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there was a poor correlation between acoustic stiffness
and other measures, the significant and suggestive QTL
detected for stiffness on linkage group L10 did represent
a subset of significant QTLs detected for the penetrome-
ter measure. The use of sensory assessment proved valu-
able in detecting QTLs representing different attributes
of fruit texture. The possibility of interaction between
significant QTLs for fruit texture and other strongly se-
lected traits such as scab resistance and fruit acidity is
addressed.
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Introduction

Fruit texture is a major component of consumer prefer-
ence for eating-quality in apples, with appearance and
flavour being the other major components. There is a
considerable demand for high quality, firm apples that
will maintain or achieve their optimal texture properties
following harvest, storage, distribution and retailing. In
tests conducted by marketing inspectors at harvest, and
in breeding selection programmes, texture has often been
equated with quality in apples; firm, crisp apples being
the ideal. Existing cultivars vary considerably in their in-
nate textural properties, and in their response to various
environmental factors. However, it is apparent from
breeding programmes, sensory trials and universal anec-
dotal observation that there is a considerable cultivar-
specific, and therefore a genetic, contribution to fruit
texture.

Several approaches have been developed to quantify
the variation in apple fruit texture, for breeding selection
and as an indication of fruit maturity in the production and
marketing chain. The fruit of apples consist of an epider-
mal layer, covering a relatively uniform cortex of paren-
chyma cells which surrounds a complex inner core of the
pericarp and seed. Assessment of texture tends to be fo-
cused on the cortex tissue, although this may be influ-



enced by skin, core or fruit size depending on the tech-
nique adopted. The physical methods developed include
penetrometer readings and non-invasive acoustic reso-
nance measurements to assess fruit stiffness. Sensory
evaluation has been carried out either by trained or un-
trained panels, or else by individual breeders and growers.

The sensory evaluation of apple fruit has played a sig-
nificant role in pre-release trials as well as in the com-
parison of modern and existing cultivars. The perception
of fruit-flesh texture has been studied in various sensory
trials as comprising components of firmness, chewing re-
sponse and juiciness (Watada and Abbott 1985; Daillant-
Spinnler et al. 1996). Due to the large contribution of en-
vironmental factors in fruit texture variation, such stud-
ies are often difficult to interpret where fruit originate
from different orchards or regions, where they differ in
harvest time, or when different or untrained sensory pan-
els are employed. Prior to the work reported here, a pre-
liminary study with a trained and stable sensory panel
was carried out in 1994 and 1995 (Daillant-Spinnler et
al. 1996). This demonstrated that the panel was able to
rank different cultivars consistently, and use an agreed
vocabulary and scoring scale. The same panel was em-
ployed in the present study.

A range of physical measures has been developed in
an attempt to reflect and standardise the sensory percep-
tions of fruit texture. Apple firmness has traditionally
been measured as the maximum force required to push a
manually operated Magness-Taylor (MT) fruit-firmness
probe (penetrometer), of specified shape and with an
11-mm (in some market regions, 8 mm) diameter tip,
7.9 mm into peeled cortex tissue on opposite sides of the
fruit equator (Magness and Taylor 1925; Bourne 1974,
Lehman-Salada 1996). Force is applied perpendicular to
the cut surface in a smooth motion in 2-3 s, with the
depth of penetration in manual tests controlled by the op-
erator. The MT measurement is accepted as the standard
firmness measurement in the apple industry (Abbott
1994). The data obtained are expressed in terms of the
force required to rupture cortex parenchyma cells, and
thus represent a compound of many cellular and macro-
cellular properties including cell turgor and wall
strength. Many variables affect the reliability of destruc-
tive firmness measurements. Lower readings are associ-
ated with slow insertion speed, shallow probe penetra-
tion, or with apples that are large, water-cored, bruised
or warm (Blanpied et al. 1978). Due to the relatively
simplicity of obtaining data with hand-held MT pene-
trometers, readings are also used as a measure of maturi-
ty and ripeness in commercial production.

Techniques for the non-destructive measurement of
apple texture have been developed using sonic or
vibrational methods (Abbott et al. 1992; Chen and De
Baerdemaeker 1993). The indices these detect are essen-
tially the (coefficient of elasticity of stretching), or the
stiffness of intact fruit. Stiffness may thus be assessed in
a non-destructive manner by measuring the acoustic res-
onance of fruit which has been struck with a light object
(Chen and de Baerdemaeker 1993).
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To date there have been relatively few studies relating
to the genetic basis of the firmness of apple, or indeed of
any fruit. Genetic linkage maps for Malus are now avail-
able (Hemmat et al. 1995; Maliepaard et al. 1998). The
European Apple Linkage Map (Maliepaard et al. 1998)
was constructed from segregation data of 290 markers
scored on 152 individuals from a replicated reference
mapping population. This population derives from a
cross between the cultivars *Prima’ and ‘Fiesta' .

Data sets were accumulated over 2 years from six dif-
ferent sites, in order to maximise the possibility of de-
tecting genotype x environment interactions. The indi-
viduals were grown at six sites in five countries, cover-
ing 13 degrees of latitude (King 1996). The experimental
design alowed comparison of two different physical
methodologies, comparison of site effects, and compari-
son of physical measurements with sensory perceptions.
Quantitative trait analyses were carried out to study the
genetic basis of fruit firmness in apple, by identifying lo-
ci in the context of the existing linkage map.

Materials and methods

Plant material

A cross between ‘Prima and ‘ Fiesta' was carried out at CPRO-DLO,
Wageningen, in 1988, using ‘Prima as the female parent. Unselected
seedlings were raised in pots, and planted in the nursery at \Wagenin-
gen in the winter of 1990/1991, and later planted on their own roots
at Elst. Six replicate trees of each genotype were obtained by bud-
grafting wood of 152 seedlings onto M 27 dwarfing rootstock in early
1992. The trees were grown for another year. One set was grown on
rootstock at Elst and the remainder were distributed to the five addi-
tional sitesin early 1993 (Table 1). At Cadriano only one-half of the
population was grown.

The trees were grown either in rows 2 m apart or at East Mal-
ling in cordons 1 m apart. Up to five replicate trees of the parents
were planted at each site, but these replicate trees were often not
assessed separately. The relative positions of the trees were ran-
domised beween Elst, Naoussa, East Malling and Cadriano. At the
remaining sites, the trees were in the same order as the origina
seedlings at Elst. Normal cultural practices were followed. Trees
were sprayed with insecticides and fungicides during the years
that they were being evaluated for fruit characters, to prevent fruit
quality being affected by pests and diseases.

Harvesting and sampling

Fruit were harvested up to twice a week as they reached the tree-
ripe stage in 1995 and 1996 (Table 2). Fruit which were damaged
by hail, insects or birds, or which were asymmetrical, were reject-
ed. In genera, fruit of a median size were picked, with selection
against particularly small or large fruit. Fruit were over-sampled in
the field, to alow for possible damage or decay in transit, and
were placed in standard apple trays, with smaller fruit wrapped in-
dividually in tissue paper. Where the apples were not assessed at
the site where they were harvested, they were stored at 4°C for up
to 3 days, and transported by air- or land-courier as required.

Sampling for fruit firmness measurements

For penetrometer measurements, fruit from Wellesbourne were as-
sessed at East Malling. For other sites, fruit were assessed locally.
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Table 1 Locations of field

sites for harvesting fruit from Site Country Location Propagation

th licated f th

‘P?iiﬁg’lg ‘Fiegggfe:r%i?y © Grid reference Altitude (m)
Wellesbourne England 52° 12'N 1° 36'W 49 M27 staked
East Malling England 51° 17'N 0° 27'E 32 M27 cordons
Elst The Netherlands 51° 55'N 05° 50'E 8 M27 staked,

own roots

Angers France 47° 30'N 00° 35'W 57 M27 staked
Cadriano Italy 44° 32'N 11° 23'E 30 M27 staked
Naoussa Greece 40° 37'N 22° 07'E 121 M27 staked

Table 2 Methods used to assess fruit firmness and texture. Sensory measuresdescriptors of first-bite texture and texture during chewing
were scored on a scale 0-100 based on an arbitrary scale of nil to extreme

Class Descriptor Units
Firmness FFF-1 Fruit flesh firmness by penetrometer with 8-mm probe; 3 readings kg
FFF-2 Fruit flesh firmness by penetrometer with 11-mm probe; 20 fruit g
Stiffness FST-RES-1 Fruit stiffness determined by acoustic resonance Hz2.g23
First-bitetexture Hardness Take one bite from the segment with front teeth Nil to extreme
Textureduring Crispness How crisp the apple seems during chewing — hard but brittle, Nil to extreme
chewing makes a characteristic crunchy noise when chewing.
Granularity Disintegrates into small granules when fruit is chewed Nil to extreme
Spongy texture Pulpy/fluffy type of texture Nil to extreme
Slow breakdown Speed of breakdown of apple flesh (ignoring skin) in the mouth Nil to extreme
until state ready for swallowing
Juiciness Amount of juice produced during chewing Nil to extreme
Overdll liking How much the apple was liked overall Nil to extreme

Sampling for stiffness measurements

For acoustic resonance measurements in 1995 fruit from CPRO,
the Netherlands, were collected from the trees on their own roots
and sent for assessment in Leuven. In the 1996 trial, fruit-set data
across al sites were collated in June and a sampling strategy de-
vised. Due to limitations on sample-throughput for the acoustic
resonance measurements, we maximised population coverage
from two sites (Wellesbourne and Angers, Table 3). To obtain data
indicative of the genotype x environment (G x E) effect, eight
fruit from up to ten individuals replicated from the six sitelyear
combinations were selected.

Sampling for Sensory Evaluation

For sensory evaluation, fruit from East Malling and Wellesbourne
were sent to Sensory Dimensions, Reading, England. In 1995 two
batches of fruit, and in 1996 eight batches of fruit, were sent. Each
batch consisted of 16 separate genotypes per batch included refer-
ence population segregants and fruit of both parent cultivars. The
different batches were assessed separately.

Trait assessments
Penetrometer readings

A small area (up to 15 mm diameter) of peel was removed from
each apple fruit with a knife. The fruit was then placed on a
stand, and the resistance of the flesh determined using a
mechanised 8-mm MT probe (FFF-1, Table 2). At Angers an au-
tomated electronic penetrometer (Penelaupe) was used with an

11-mm (FFF-2) MT probe. Resistance was expressed in g force.
The arithmetic mean of readings from three separate fruit was re-
corded.

Acoustic resonance

The acoustic resonant frequency of fruit was determined using the
Acoustic Response Technique (Chen and De Baerdemaeker 1993)
and recorded in Hz; the mass of each fruit was determined and the
stiffness calculated from Stiffness = (Resonant Fregquency correct-
ed for size/lweight).[Hz2.g%3]. Readings were taken on receipt of
the fruit (day 0) and at 7, 14 and 21 days during storage at 20°C,
to reflect shelf-life changes which would occur during transport or
retailing of the fruit.

Sensory analysis

The fruit were evaluated by a trained sensory panel of 11 individuals
which had been used in the 2 previous years. As part of an initial
standardisation process the panelists scored a comprehensive range
of attributes on fruit from 12 commercia varieties. These scores
were subjected to principal component analysis, as well as anaysis
of variance and a non-parametric test of rank interaction. Following
this, a non-redundant set of descriptor terms was selected such that
each descriptor showed significant differences between the varieties.
Analysis of the pandlist x variety interactions showed that although
interactions were present for most of the descriptors, the interactions
never affected rank order (Daillant-Spinnler et a. 1996). It was
therefore concluded that the mean scores for each variety given by
the panelists for each descriptor could be considered satisfactory esti-
mates of the sensory profiles of the varieties.
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Table 3 Assessments of fruit

texture carried out on the repli- Descriptor Site Fruits per Year Genotypes
cated progeny of the cross be- genotype sampled
tween ‘Prima’ x ‘Fiesta’ at dif- -
ferent sitesand years. Fruit for ~ FFF-1 East Malling 3 1995 37
FST-RES-1 were transported to East Malling 3 1996 105
Leuven, Belgium, for assess- Wellesbourne 3 1995 35
ment. Fruit for Sensory mea- Wellesbourne 6 1996 108
sures were sent to Reading, Elst 3 1996 129
UK, for assessment. Note that Cadriano 3 1995 43
the numbers of fruit per geno- Cadriano 3 1996 82
type given are the largest in a Naoussa 3 1995 81
sample. Some genotypes yield- Naoussa 3 1996 145
ed fewer fruitsthan this FEF-2 Angers 20 1996 74
FST-RES-1 Wellesbourne 72 1996 106
aTogether with a further five Elst 25 1995 75
fruit per genotype from 11 Elst 12 1996 8
genotypes Cadriano 12 1996 12
b Together with a further four Naoussa 12b 1996 10
fruit per genotype from ten ge- Angers 8 1996 112
notypes Sensory descriptors East Malling 11¢ 1996 49
Eleven panel members as- Wellesbourne 11 1995 27
sessed each genotype, using Wellesbourne 11¢ 1996 63

sectors from one fruit or more

Each fruit was peeled and then assessed for a number of attri-
butes relating to internal odour, first-bite texture, internal appear-
ance, texture and flavour during chewing. Descriptors for first
bite-texture and texture during chewing were included in this
study, along with an overall liking score (Table 2).

In 1995, the samples included ‘Prima’, ‘Fiesta’ and 27 segre-
gant genotypes harvested from Wellesbourne. In 1996 the samples
included ‘Prima’, ‘Fiesta’ and a total of 105 genotypes harvested
from East Malling or Wellesbourne, of which seven were sasmpled
from both sites. The total number of genotypes sampled was 115.
Each descriptor was scored individually by 11 panel members on a
scale of 0-100, denoting nil to extreme. The mean of these 11
scores was then taken. Due to the limited sample availability, one
tasting of each sample was made by each assessor. Fruit from indi-
vidual replicate trees of each parent, ‘Prima’and ‘Fiesta’, were

kept separate.

Statistical analysis

The trait data were analysed using REML (Patterson and Thompson
1971) in the satistical package Genstat 5 (Payne et a. 1993).
REML is an analysis of variance also suitable for unbalanced de-
signs. Data were analysed first with al factors as random to obtain
the variance components. Estimates of the proportions of the vari-
ance contributed by various factors were caculated as the ratio of
the variance component for that factor to the sum of al variance
components (the proportion of variance contributed by the genotype
isreferred to as heritability). In order also to obtain the estimates of
genotype means for QTL analysis, the analysis was repeated, first
with the genotype as fixed to obtain the overall genotype estimates,
then with both genotype and genotype x environment fixed, to ob-
tain the genotype estimates per environment. Data were weighted
according to how many fruit of atree had been scored.

Penetrometer data were analysed with crossed effects of geno-
type and environment and an individual-tree effect nested within
this (although the only trees replicated on any site were the par-
ents). The environment effect was represented by a single factor
having a different level for different sites or years. In the analysis
of the penetrometer data, only datasets scored using the descriptor
FFF-1 were analysed (Table 2). Attempts to include datasets
scored using FFF-2 resulted in substantially increased error esti-
mates, even after scaling.

The analysis of stiffness data from acoustic resonance mea-
surements was broadly similar. A preliminary analysis considered

the effect of time in store as randomised, and indicated that al-
though there was a substantial linear trend of stiffness with timein
store, there were no apparent effects of interest, such as interac-
tions with genotype (data not presented). Consequently, in order to
avoid the difficulties of a repeated measures analysis on these un-
balanced data, the formal analysis was confined to the data from
acoustic resonance measurements prior to storage.

For the analysis of the sensory data, the effects included were
those of the batch of fruit, genotype with the site nested within it, and
aresidual term.

The overal genotype estimates of the penetrometer readings,
stiffness and the sensory descriptors were then analysed by principal
component analysis. Due to the differences in scale, correlations
rather than variances were analysed. The components accounting
for most of the variance were subjected to QTL analysis.

QTL analysis

QTL analysis of the REML estimates for genotype, per environ-
ment and over environments, was performed using the Maximum
Likelihood-based interval mapping approach of MapQTL ver. 3.0
software (Van Ooijen and Maliepaard 1996). This version of the
program enables QTL analysis of afull-sib family of a cross-polli-
nating species with four QTL alleles per segregating QTL. Thein-
tegrated linkage map of ‘Prima and ‘Fiesta’ was used (Maliepaard
et al. 1998). This map consisted of 290 markers (124 RFLPs, 133
RAPDs, 10 SSRs, 17 isozymes, four AFLPs, one CAPS-RFLP
and one SCAR). Of these markers 127 were ‘Prima markers, 96
were ‘Fiestas markers and 67 markers were heterozygous in both
parents. Of the heterozygous markers 49 segregated for three or
four aleles and thus were fully informative, while the remaining
18 segregated for two alleles. Linkage phases between markers
were known from linkage analysis. Since the integrated linkage
map consists of markers with different segregation types, the all-
markers mapping approach (Knott and Haley 1992, Maliepaard
and Van Ooijen 1994) was used to upgrade marker information. In
this method markers from neighbouring intervals, as well as flank-
ing markers, are used to calculate the probabilities of QTL alleles.
Five neighbouring intervals were employed, except for linkage
group L1, where ten neighbouring intervals were used. This was
done as the bottom end of L1 was covered mostly by markers
which were informative for ‘Prima’ alleles only. By employing ten
neighbouring intervals, information from ‘Fiesta’ alleles could
also beincluded. A 1-cM step size was used.
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For interval mapping, a LOD score threshold of 3.0 was em-
ployed to indicate evidence for a QTL (suggestive linkage). This
threshold corresponds to a per-linkage-group error rate of 5% for
the average linkage group length, which was 63 cM. A threshold of
4.5 was used to indicate significant linkage, which corresponds to a
genome-wide error rate of 5% (Van Ooijen, personal communica-
tion). Interval mapping results were checked against results from
QTL analysis using the regression approach of Haley et a. (1994),
dlowing for four alleles of a QTL, and from the non-parametric
Kruskal-Wallis test, performed per marker (e.g. Lehmann 1975).

Multiple QTL Model (MQM) analysis (Jansen 1994) was per-
formed for selected sensory data, using this feature in MapQTL
(Van Ooijen and Maliepaard 1996).

Results
Trait distributions

The distribution of trait values across the population dif-
fered between environments and occasions, with evi-
dence of transgressive segregation in all cases. All mea-
sures indicated that fruit of ‘Prima were less firm than
‘Fiesta. ‘Fiesta (Fig. 1a, b, c). For penetrometer read-
ings and stiffness measured by acoustic resonance, there
were differences in the amount and direction of skew-
ness in the distributions.

Variance components

For the penetrometer data, 43% of the variability is ac-
counted for by the site/year (= environment) combination.
A further 25% is accounted for by the genotype x environ-
ment interactions, with a smaller (20%) though still highly
significant (p < 0.001) effect of genotype. For the stiffness
data, the variability accounted for by the genotype was
14%, and that for genotype x environment was 9%.

The genotype X environment interaction was not sig-
nificant (p = 0.05) for any of the sensory descriptors.
The effect of the batch of fruit was significant (p < 0.05)
only for slow breakdown and hardness.

Heritability estimates for the sensory traits ranged
from 14% (granularity) to 57% (crispness). In decreasing
order the estimates were: hardness (52%), slow break-
down (51%), sponginess (48%), juciness (46%) and
overall liking (28%).

Relationships between measurements

A scatter-plot matrix of the different measures is shown
in Fig. 2. The penetrometer measurement FFF-1 has a

Fig. la—c Histograms of genotype estimates for traits relating to
fruit texture scored on individuals from the segregating population
derived from ‘Prima x ‘Fiesta’. Values were calculated using
REML. Y axis = number of genotypesin class. Mean parental val-
ues are indicated with arrows; ‘P’ = ‘Prima’; ‘F' = ‘Fiesta’. a His
togram of fruit firmness scores recorded in 1996. b Stiffness as
measured by resonant frequency in 1996. ¢ Sensory measures as-
sessed in 1996
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Fig. 2 Scatter plot matrix of
mechanical and sensory mea-
sures.descriptors. Correlation
values have been added to the
plots. Individual points corre-
spond to genotype estimates
using REML

FIRMNESS
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correlation of 0.63 with the sensory measuresdescriptors
of hardness and slow breakdown, and of 0.54 with crisp-
ness. The stiffness descriptor is not correlated very high-
ly with any of the other measurements, having a correla-
tion of just below 0.5 with the penetrometer value, slow
breakdown, crispness and hardness. Among the sensory
descriptors, hardness has a correlation over 0.9 with
slow breakdown and crispness, athough that between
crispness and slow breakdown is only 0.76. Crispness is
correlated negatively (— 0.9) with sponginess. Juiciness
has a correlation of 0.54 with crispness, and is also cor-
related positively with hardness, and negatively with
sponginess (— 0.83) and granularity.

Thefirst principal component accounts for 55% of the
total variability. It appears to represent an overall firm-
ness measure as it comprises approximately equal
weights of hardness, crispness, negative sponginess and
slow breakdown together with penetrometer readings
and stiffness, and a smaller component of juiciness. The
second principal component accounts for a further 19%
of the variability, and consists mostly of a contrast be-
tween juiciness and granularity, with smaller compo-
nents of crispness and negative sponginess associated
with the juiciness, and of penetrometer reading and stiff-
ness with the granularity. The third principal component,
explaining just under 10% of the variability, consists of a
contrast between juiciness, granularity, and a smaller

component of stiffness with penetrometer reading and
slow breakdown. We have used negative sponginess in
this description since sponginess is generaly of the op-
posite sense to the other measures (Fig. 2).

QTL analysis

QTL mapping results are presented in Table 4. For the
penetrometer data (FFF-1), LOD scores greater than 3.0
in at least one environment were observed for 12 of the
17 linkage groups. A possible QTL on linkage group
LO1 isobserved in five of the ten site/year combinations,
in five out of the six sites, all of them in 1996. The LOD
score for the sixth site (Angers) was 2.9. A possible QTL
on linkage group L10 was observed also for five of the
ten site/lyear combinations. Significant linkage (LOD
score greater than 4.5) was observed on linkage groups
LO1, LO6, L10 and L12 in different environments. Re-
sults of regression-based interval mapping confirmed
those of the maximum-likelihood approach, the absolute
LOD-score difference usually being less than 0.5. Only
for LO6 was the LOD score much smaller with regres-
sion than with the maximum-likelihood approach (LOD
score of 3.7 compared to 4.8). For the overall estimates
(over environments) linkage groups L01, L08 and L10
yielded LOD scores greater than 4.5.
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Fig. 3a, b LOD plots resulting a Linkage group LO1
from interval mapping of FFF-1, over all environments
REML estimates of the FFF-1 7 - Both parents

trait data over all environments.

Solid lines indicate results - - - -Prima only

where marker data from both
parents were used. a QTL de-
tection on linkage group LO1.
The dashed line indicates re-
sults from using only the ‘Pri-
ma map and ‘ Prima markers.

b QTL detection on linkage
group L10. The dashed line in-
dicates results from using only
the ‘Fiesta’ map and ‘Fiestal
markers. Two-LOD support in-
tervals for the map position of

the QTLs are indicated by bars T
along the x-axes with diagonal "t
hatching
0 . : . : T — EIIFIFFFIF] .
0 10 20 30 40 50 60
Map position (cM)
b Linkage group L10
FFF-1, over all environments
8 Both parents
- - - -Fiesta only

-

For the resonant-frequency data, LOD scores greater
than 3.0 were observed for four of the 17 linkage groups.
LOD scores greater than 4.5 were observed for linkage
group L10 only. A possible QTL on LO1 for the com-
bined data was just below the threshold of 4.5.

The QTL on linkage group LO1 for the penetrometer
and resonant-frequency data was primarily as a contrast
between the two ‘Prima alleles. The QTL maps to a re-
gion introgressed from a wild apple species, Malus flo-
ribunda 821 and which includes the Vf gene, which con-
fers scab resistance (King et a. 1998). The QTL alele
which contributes to firmer fruit is in coupling phase
with V. The penetrometer overall mean was analysed
again, using only the ‘Prima map and ‘ Prima markers to
verify whether the QTL effect was due to a ‘Prima al-
lele. The results of both analyses are presented in Fig.
3a. The QTL from linkage group L10 was mostly a con-

20 30 40 50 60 70 80
Map position (cM)

trast between the ‘Fiesta’ alleles. Here also the data were
re-analysed using only ‘Fiesta markers and the ‘ Fiestal
map to verify this (Fig. 3b). The differences between the
LOD graphs are small, indicating that in each case the
QTL is an effect of a single allele from a single parent,
i.e. a contrast between the *Prima alleles in the case of
L0O1, and a contrast between the ‘Fiesta’ alleles in the
case of L10.

For the sensory data sets, LOD scores greater than
than or equal to 3.0 were found for nine linkage groups
for one or more of the sensory descriptors. LOD scores
greater than 4.5 were observed for L02 and L08, and for
L 16 for three of the sensory descriptors. The high LOD
score for LO2 for granularity was not confirmed by re-
gression. Linkage groups LO1 and L10 showed LOD
scores greater than 3.0 for slow breakdown and hardness
(L10 only), crispness (both), juiciness and sponginess
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(LO1 only). Although less clear, here aso the QTL on
LO1 seem to be mainly the effect of one ‘Prima alelein
coupling phase with Vf. For juiciness, one allelic combi-
nation of the QTL seemed to give less-juicy fruits than
the other three alelic combinations. The QTL on L16
gave high LOD scores for crispness, juiciness, spongi-
ness and overall liking. This QTL was mapped to the re-
gion of Ma, the malic acid gene (Maliepaard et al. 1998).
The effect was a combined effect of alleles from both
parents, showing a distinct contrast between individuals
in the progeny with the dominant Ma and the recessive
ma phenotype, the Ma phenotype (more acidic) being the
more favoured in all three cases.

For crispness, juiciness, sponginess and overall lik-
ing, amarker closely linked to Ma was used as a cofactor
in MQM analysis, so that this marker (OPT-16-1000)
would absorb variation due to the QTL in this region.
For crispness, possible QTLs (LOD > 3.0) were ob-
served on LO5 and LO13, in addition to those previously
observed on LO1, L10, L12 and L 16 (Table 4). For juici-
ness, a possible QTL was observed on L12, and signifi-
cant linkage (LOD score > 4.5) was how observed for
the QTL on LO1. For sponginess, possible QTLs were
observed on L5 and L6, and for overal liking, on L12.

In the QTL analysis of the first two principal compo-
nents, LOD scores greater than 4.5 were found for L16,
while LOD scores greater than 3.0 were found for LO1,
LO5, L0O6, L08, L10, L11 and L15. No LOD scores great-
er than 3.0 were found for the third component.

The 2-LOD support intervals were calculated for the
QTL for the overall mean of the penetrometer data, for
linkage groups LO1, L0O8 and L10. Simulation studies
have shown that a 2-LOD support interval usually has a
probability over 95% of containing the QTL (Van Ooijen
1992). The 2-LOD support interval for LO1 was
[39.0-53.4 cM], for L0O8 the 2-LOD support interval was
the interval [32.1-53.5 cM] and for L10 the interval
[61.7—76.2 cM]. The 2-LOD support intervals for LO1
and L10 areindicated in Fig. 3.

Discussion

The trait distributions for penetrometer readings, stiff-
ness and some of the sensory descriptors show transgres-
sion of the progeny towards softer fruit and firmer fruit.
In all cases ‘Prima’ had softer fruit than ‘Fiesta’, and in
all sensory descriptors ‘Fiesta® was favoured over ‘Pri-
ma’ . The measures juiciness and granularity had skewed
distributions, with the parents clustered towards one end.
This may reflect strong selection for juiciness in market-
ed cultivars.

Large environmental effects and large genotype x en-
vironment interactions were observed for physical mea-
surements of fruit firmness. These effects complicate the
selection in one environment for performance in differ-
ent environments, if traditional breeding methods are
used. Rather small heritability estimates were obtained
for penetrometer readings and stiffness as measured with

acoustic resonance, with those for stiffness being smaller
than for penetrometer readings. Despite these high geno-
type x environment interactions and low heritabilities, a
number of QTL for fruit firmness characters were detect-
ed in this study. Apparently some of these were effective
in multiple environments, and perhaps even in those en-
vironments where the LOD score in this study did not
exceed the significance threshold. Indeed some other ele-
vated LOD scores for linkage groups LO1 and L10 were
observed, but these remained below the thresholds, due
perhaps to larger environmental bias or smaller popula-
tion size. Thisindicates that marker-assisted selection, at
least for these main QTL, may be feasible and effective
for multiple environments, whereas the effectiveness of
traditional selection methods without the additional in-
formation provided by markers might be hampered by
environmental noise and interaction effects.

There are concerns about the relevance or reliability
of penetrometer tests since they are not aways consid-
ered to reflect accurately the textural components
“crisp”, “tough” or “mealy” (Lurie and Nussinovitch
1996). In the current study, low to moderate correlations
were found between physical measurements of fruit
firmness and between physical and sensory measure-
ments. These correlations were determined across 147
different genotypes. Although Lurie and Nussinovitch
(1996) had found much higher correlations for pene-
trometer and sensory descriptors, their data were from
only two cultivars, and correlations were within culti-
vars. Our observations confirm recent findings based on
inter-varietal comparisons (Barreiro et al. 1998).

Correlations among sensory descriptors were high for
hardness, crispness, slow breakdown and negative
sponginess. Correlations of these descriptors with juici-
ness were smaller, and granularity showed only very
small correlations with the other sensory descriptors.
The higher correlations may be attributed to perceptual
interactions. The relationship between crispness and
juicinessis likely to arise from cortex tissue of very crisp
apple fruit possessing stronger inter-cellular bonds in the
middle lamella of adjacent cell walls. When such fruit is
bitten, the cells are more likely to fracture and release
juice. A weaker middle lamella leads to fracture between
cells and thus gives rise to the perception of a mealy or
granular texture. Thisis reflected in the negative correla-
tion of crispness and juiciness with granularity. It is aso
possible that the detection of juiciness is emphasised by
the co-segregation of acidity, which also contributes to
an overall-liking descriptor which was scored by the
same panel. However, recent studies based on three com-
mercial cultivars, each presumably of normal acidity,
have aso shown a high correlation between crispness
and juiciness (Barreiro et al. 1998). They also observed
higher correlations of these descriptors with instrumental
measurements, these being the confined compression of
fruit cylinders and acoustic impul se response.

Despite the moderate correlations between penetrome-
ter readings, stiffness and sensory data, there was evi-
dence for QTL for each of these on linkage groups LO1



and L10. In the sensory evaluation, LO1 and L10 show up
for those data which are expected to reflect firmness most
strongly: crispness, hardness and slow breakdown. More
QTL were detected for penetrometer readings than for
stiffness or individual sensory descriptors. This may be
explained by a higher number of replicate observations of
the genotypes and the higher estimated heritability for
penetrometer readings. Also, the possibility cannot be ex-
cluded that the penetrometer reading comprises more and
different underlying genetic components than those in-
volved in stiffness and sensory descriptors. As a conse-
guence of the lower heritability estimate and the some-
what lower correlations with sensory descriptors, the val-
ue of stiffness measured by acoustic resonance may be
rather limited in breeding selection. For the breeder, the
ease of determination of fruit firmness with a penetrome-
ter isalso likely to continue to favour use of the latter.

The two most significant QTL for penetrometer read-
ings were shown to be derived from the respective par-
ents. The QTL on LO1 appeared to be a contrast of the
‘Prima alleles, with no significant effect from the
‘Fiesta’ alleles (Fig. 3a) whereas with the QTL on L10
the effects were reversed. This demonstrates that each
parent possesses different QTL alleles for penetrometer
readings, and that even ‘Prima’, which has softer fruit
than ‘Fiesta’, is able to contribute to increased fruit
firmness. This is in agreement with previous findings
from breeding studies. It also emphasises the value of
carrying out QTL analysis simultaneously for both par-
entsin across. For example, a QTL analysis which was
based on one parent expected to contribute to greater
fruit firmness would overlook possible QTL contrasts
segregating from the other parent. A similar situation
has been exploited in tomato, where advanced backcross
QTL analysis has been able to detect 25 alleles from a
wild relative which improve traits from a horticultural
perspective, despite the fact that overall the donor is
phenotypically inferior to the elite parent (Bernacchi et
al. 1998). It is aso in agreement with the distributions
shown in Fig. 1a and b which illustrate transgressive
segregation in the progeny, both towards firmer fruit
and towards softer fruit.

The QTL identified on linkage group LO1 of ‘Prima
is linked to the introgressed region originating from
Malus floribunda 821 carrying the Vf locus which confers
scab resistance (King et a. 1998). The allele contributing
to firmer fruit is in coupling phase with Vf. Although
there was a small gap in between two LOD peaks on link-
age group L 01, there was no evidence for a second QTL
on this linkage group. This was verified by using a mark-
er as a cofactor on this linkage group and testing for the
presence of another QTL. It was also confirmed in Bayes-
ian analysis (Maliepaard and Sillanp&g, in preparation).

The sensory analysis attempted to address the ability
of different human perceptions to resolve variation in as-
pects of apple-fruit texture. The use of atrained panel to
assess large populations of fruit in a genetic analysis is
rare, and appears to have been successful. We have been
able to demonstrate that such data may be used to detect
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genetic effects. The fact that relatively few QTL were
detected for the sensory descriptors may indicate that
these do not reflect very strongly the underlying genetic
factors, perhaps due to large environmental effect, or due
to masking of these genetic factors by other genes which
may overrule their expression in human perception.
However, it is also possible that the sensory descriptors
represent simple traits. The crispness QTL on group L16
has a high LOD score (6.0), and accounts for 17% of the
variance. For sponginess, a LOD score of 7.7 was
obtained in this region and this QTL accounts for 30% of
the variance. QTL for hardness and granularity are also
suggested in the same region. These sensory QTL map to
a region known to contain the acidity locus Ma
(Maliepaard et al. 1998). Three aspects emphasise the
correspondence of these sensory QTL with the Ma locus.
Firstly, they are apparently linked rather closely, as
shown by the LOD peaks at the Ma locus. Secondly, the
segregation of the sensory QTL appearsto beidentical to
the segregation at the Ma locus: of the four possible QTL
genotypes for each sensory descriptor, the estimated
mean of one QTL genotype is in the direction of less
firm, less juicy and more spongy fruit, whereas the other
three QTL genotype means are approximately equal. In
each case, the less-favoured QTL genotype corresponds
to the mama genotype in the progeny. This suggests
dominance of a QTL allele present in both parents, iden-
tical to the situation of Ma. Finally, this favoured and
dominant QTL alleleisin coupling phase with Ma.

This association of the sensory texture QTL on L16
with the Ma locus may be due to perceptual interactions.
The marked lack of taste of apples from mama geno-
types may override other positive perceptions, whereas
the better-tasting fruits from MaMa and Mama geno-
types may mask some other negative attributes. The co-
segregation with the Mama locus may also indicate that
they are pleiotropic effects of a gene at the Ma locus. Fi-
nally, a cluster of different genes co-localised in the
same region may exist. In peach, QTL for severa fruit
quality traits including acidity and soluble-solid content,
measured instrumentally, have been located recently in
the same regions of just two linkage groups (Dirlewan-
ger et a. 1999). In tomato a region on chromosome 6
contained a QTL for fruit mass, pH and soluble-solid
concentration (Paterson et al. 1991).

The experimental design was developed when little
initial information about site-to-site variation existed for
the particular measures. These and other results from the
same research programme (King 1996; King et al. 1998)
indicate that a modified design may be more appropriate
in future. For accurate positioning of QTL it is impor-
tant, within a given size of experiment, to maximise the
number of recombinants whilst providing inter- and in-
tra-site replication of only a relatively small proportion
of the population in order to obtain accurate estimates of
variance for site-to-site and occasion-to-occasion varia-
tion (Lynn 1998).

The identification of chromosomal regions contributing
to major attributes of fruit texture is thefirst stage in devel-
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oping selectable markers for the early selection of desir-
able genotypes. Severa issues are raised. One relates to the
accuracy of QTL position and the ability to predict effects
in subsequent generations. The accuracy of mapped QTLs
is still problematic. Some improvement can be made by us-
ing marker cofactors (Jansen 1993; Zeng 1994); further
improvement can be made by using only fully informative
markers, larger progenies or more generations, and by re-
ducing missing values for markers and trait. In apple,
where further pedigree testing is difficult or impossible,
there are no mgjor remedies. However, for marker—assisted
early selection, it may be enough to increase considerably
the probability of selecting the favourable genotype and
this is feasible even for a QTL whose position is known
with little accuracy. This becomes more problematic when
there are disadvantageous genes linked to the positive QTL
alele. The second issue relates to the conservation of the
position of functiona aleles in different genetic back-
grounds. The results from these experiments would need to
be validated in crosses or pedigree analysis involving culti-
vars other than ‘Prima’and ‘Festa before universal state-
ments could be applied.
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