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Abstract. Enhanced fruit quality, plant health, and productivity are major objectives in
apple breeding. The undesirable fruit quality traits frequently associated with pest- and
disease-resistant cultivars may be related to resource allocation tradeoffs. The objective
of the present study was to evaluate the association between insect resistance and fruit
quality in apple. The studied ‘Fiesta’ · ‘Discovery’ apple progeny was characterized by
reasonable fruit firmness and optimal sugar content and acidity but small fruit size.
There was a positive correlation between codling moth (Cydia pomonella) fruit infes-
tation and fruit firmness. Additionally, a positive correlation was detected between shoot
infestation by green apple aphid (Aphis pomi), fruit number as well as sugar content. In-
festation by the apple leaf miner moth (Lyonetia clerkella), the rosy apple aphid (Dysaphis
plantaginea), the leaf-curling aphid (Dysaphis cf. devecta), and the apple rust mite (Aculus
schlechtendali) was not significantly related to fruit quality traits. The positive relation-
ship of increased infestation by some pest insects and quality-determining fruit
characteristics such as firmness or sugar content points to a possibly increased necessity
for plant protection measures in apple cultivars producing high-quality fruits. One
possible explanation of higher pest infestation in cultivars producing fruits with high
quality is a tradeoff between resource allocation to defensive secondary metabolites or
to fruit quality. By identifying a relationship between pest infestation and fruit quality,
the present study highlights the need to consider pest resistance when breeding for high-
quality apple cultivars. The use of genetic markers for fruit quality and pest resistance in
marker-assisted breeding may facilitate the combined consideration of fruit quality and
pest resistance in apple breeding programs.

Host-plant resistance is a principal com-
ponent of the management of pests and
diseases in an integrated cropping system
(Kellerhals, 2009). In addition to enhanced
plant health, crop yield, tree architecture,
storability, and consumer preference are the
major aspects in apple breeding (Beers et al.,
2003; Egger et al., 2009a, 2009b). Desirable
fruit traits include flavor, juiciness, sweetness,

firmness, acidity, size, and color (Eigenmann
and Kellerhals, 2007). Preference is given to
fruit that is crisp (firmness 8 kg�cm–2), sweet
(sugar content 12 to 13 �Brix), and medium-
sized (diameter 70 to 80 mm) with excellent
color and shelf life (Egger et al., 2009b). In
apple (Malus ·domestica Borkh.), several
quantitative trait loci (QTLs) or major genes
for disease (Calenge and Durel, 2006; Khan
et al., 2006) and pest resistance (Bus et al.,
2008; Roche et al., 1997; Stoeckli et al.,
2008b, 2008c, 2009; Wearing et al., 2003)
as well as fruit quality traits (Cevik et al.,
2010; Costa et al., 2008; Liebhard et al.,
2003) have been identified. This highlights the
potential usefulness of marker-assisted selec-
tion in targeted apple breeding (Baumgartner
et al., 2010; Kellerhals, 2009).

The most basic energy resources of green
plants are carbohydrates, proteins, and lipids.
The allocation of resources to plant growth
(e.g., tree growth, fruit yield, and quality) is
costly and competes with the production of
defensive compounds (e.g., phenolics, terpe-
noids, or glucosinolates) (Gayler et al., 2004;
Koricheva, 2002). This tradeoff between de-
mands for growth and defense is especially
relevant in perennial crop plants. These crops
are bred and grown for maximized yield

(Kaplan et al., 2009; Koricheva et al., 1998)
but often have a limited capacity for effective
defense against pests as a result of allocation
of resources to persistent plant organs and
because of their relatively low intimacy of
association with the economically most dam-
aging pests (Coley et al., 1985; Mattson et al.,
1988). Expression of plant defenses would,
however, be particularly important for peren-
nial crops such as apple orchards. Plants in
such perennial systems are confronted with
a notable diversity of pests but also with ef-
fective natural enemies, which can be sup-
ported by adequate pest management schemes
incorporating plant defense to reduce pesticide
use (Beers et al., 2003; Dorn et al., 1999;
Zehnder et al., 2007).

Disease-resistant cultivars often have un-
desirable fruit traits (Kellerhals et al., 2004b),
which underlines a possible resource alloca-
tion tradeoff. Evaluation of fruit quality traits
is highly relevant because the fruit is the
marketable product of an apple tree, and breed-
ing for disease and pest-resistant apple cultivars
should always be performed under consider-
ation of marketable fruit quality (Brown and
Maloney, 2003). The objective of the present
study was to evaluate the association between
insect resistance and different fruit quality traits
in apple. Enhanced knowledge on resource
allocation tradeoffs in apple may be considered
in breeding programs aiming at high-quality
disease- and pest-resistant apples.

Materials and Methods

Plant material and study sites. Herbivore
resistance and fruit quality were assessed on
a ‘Fiesta’ · ‘Discovery’ (Malus ·domestica
Borkh.) F1 progeny. Progeny genotypes were
bud-grafted on M27 rootstocks, and each of
250 genotypes was planted in winter 1998–
1999 at three study sites in Switzerland
(Liebhard et al., 2003): Cadenazzo (Ticino;
lat. 46�09#35$ N, long. 8�56#00$ E; 203-m
altitude), Conthey (Valais; lat. 46�12#30$ N,
long. 7�18#15$ E; 478-m altitude), and Wae-
denswil (Zurich; lat. 47�13#20$ N, long.
8�40#05$ E; 455-m altitude). The distance
between trees was 0.5 m in Conthey and
Waedenswil and 1.5 m in Cadenazzo. Trees
were planted in rows 3.5 m apart from each
other. Climate conditions at the three sites
were characterized by highest temperature
in Cadenazzo (mean annual temperature:
10.5 �C, total annual rainfall: 1772 mm; 30-
year average; MeteoSwiss) and lowest
amount of rainfall in Conthey (9.2 �C, 598
mm) compared with Waedenswil (8.7 �C,
1353 mm). Orchards were treated with fer-
tilizers and herbicides, but no insecticides
and fungicides were applied. Fruit thinning
was carried out by hand. In 2009, insecticide
and fungicide treatments were carried out to
achieve acceptable fruit quality.

Herbivore resistance. Herbivore infesta-
tion per tree was used as a measure of
resistance to two lepidopteran, three aphid,
and one mite species. Herbivore assessment
was carried out on 160 apple genotypes in
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study Years 1 and 2 (2005 and 2006). The
number of codling moth (Cydia pomonella
L.) larval penetrations in fruits was inspected
only on fruits attached to the tree, not on
fallen fruits (Stoeckli et al., 2009). All leaf
mines of the apple leaf miner (Lyonetia
clerkella L.) were counted for each individ-
ual tree by examining every leaf at the end of
July in 2005. At this time of the year, mines
from all generations (two to three per year)
should be visible and the quantified infesta-
tion level should therefore be representative
for the whole year (Baggiolini et al., 1992).
The rosy apple aphid (Dysaphis plantaginea
Pass.) was assessed by evaluation of the
number of colonies (Stoeckli et al., 2008b).
The number of red-curled leaves was taken
as a measure of leaf-curling aphid (Dysaphis
cf. devecta Wlk.) infestation (Stoeckli et al.,
2008b). The number of individual aphids was
counted to quantify overall resistance to the
green apple aphid (Aphis pomi De Geer)
(Stoeckli et al., 2008b). To evaluate rust mite
(Aculus schlechtendali Nalepa) resistance in
apple, mites were extracted from 24 leaves
per tree in 200 mL of a 0.1% Etalfix solution
(surface-active agent; gvz-rossat, Otelfingen,
Switzerland) (Stoeckli et al., 2008c). Several
surveys per year were carried out for evalu-
ation at the three study sites in 2005 and
2006. Herbivore surveys were based on one
(L. clerkella and A. schlechtendali) to four
(A. pomi) assessments per season. Because
C. pomonella was controlled by mating
disruption at Waedenswil, this site was not
considered for evaluation of resistance to this
species. For each herbivore and survey, the
total infestation (e.g., number of C. pomo-
nella larval penetrations on the studied prog-
eny plants) was calculated, and the relative
infestation (RI) in percentage of this total was
determined for each progeny plant. RI from
several surveys was averaged for statistical
analysis.

Fruit traits. Fruit number was assessed
in study Years 1 and 2 simultaneously with the
herbivore survey. Weight, firmness, sugar
content, and acidity of fruits produced by
the study trees were measured on 100 prog-
eny trees at the Waedenswil site in study Year
3 (2009). Trees were inspected for fruit
maturity two times per week from 20 July
to 7 Sept., and fruits were collected for
further processing on the genotype-specific
harvest date (BBCH Stage 87; Meier, 2001),
when they had reached optimal fruit quality
for picking. Fruits with no herbivore damage
were selected. An automated fruit analyzer,
Pimprenelle (Setop Giraud Technology,
84300 Cavaillon, France), was used to assess
fruit quality traits. Fruit firmness (kg�cm–2) of
skinned cortex tissue was determined with
a 11-mm probe, a penetration speed of 4.0
mm�s–1, and penetration depth of 8.0 mm.
Sugar was assessed in �Brix, which equals
grams of sugar per 100 mL juice. Fruit acidity
was determined as grams malic acid per liter
juice. Fruit traits of the same progeny plants
had also been assessed in 2000 (Liebhard
et al., 2003). These data served for an across-
year comparison.

Statistical analysis. Spearman’s rank cor-
relation test was used to analyze the associ-
ation between herbivore resistance and fruit
quality, and the Benjamini-Hochberg correc-
tion for Type I errors in multiple tests was
applied (Verhoeven et al., 2005). All statis-
tics were carried out with R 2.7.0 for Mac
OS X (http://www.stat.ethz.ch/CRAN/).

Results

Herbivore abundance. Mean RI of the
progeny plants (average from several surveys
covering two to three study sites and 2
consecutive years) was 0.7 ± 0.1 (all study
species) and ranged between completely
uninfested trees (RI = 0%; all herbivores
species) and 10.6% (D. plantaginea), 8.7%
(C. pomonella), 8.6% (D. cf. devecta), 7.4%
(A. pomi), 6.4% (A. schlechtendali), and
4.1% (L. clerkella) infestation. The number
of completely uninfested genotypes was 57
(D. cf. devecta), 17 (C. pomonella), six (A.
schlechtendali), four (D. plantaginea), two
(L. clerkella), and one (A. pomi). Maximum
RI values of the progeny trees for a specific
survey were in the range of 60% to 70% (D.
plantaginea, A. pomi; Cadenazzo).

Fruit traits. Mean harvest date for the
‘Fiesta’ · ‘Discovery’ progeny genotypes
was 16 ± 1 Aug. (mean ± SE) and varied
between 4 Aug. and 24 Sept. (CV% = 4.8).
Fruit color was a variable red–orange flush
with a light green–yellow background. Fruits
were small in size (mean ± SE: 120 ± 3 g) but
firm and crisp (9.2 ± 0.2 kg�cm–2). Sugar
content was determined to amount to 10.8 ±
0.1 �Brix, and acidity was characterized by
9.5 ± 0.4 g�L–1 malic acid (Table 1). The CV%
ranged between 8% (sugar content) and 62%
(fruit number; Table 1). Fruit weighed be-
tween 101 g and 138 g, and fruit firmness
ranged between 8.0 kg�cm–2 and 10.0
kg�cm–2, respectively, and these values were

determined for 50% of the randomly chosen
fruits. The corresponding percentiles for
sugar content were 10 and 11�Brix and for
acidity 7 g�L–1 and 12 g�L–1 malic acid,
respectively. Mean fruit number, fruit weight,
fruit firmness, sugar content, and acidity were
not significantly correlated with each other
(P > 0.05; Spearman’s rank test).

Fruit trait comparison between sites and
across years. Fruit firmness was significantly
correlated between the site Waedenswil
(study Year 3) and the two other study sites
(Year 2000; Cadenazzo: n = 33, rs = 0.588,
P < 0.001; Conthey: n = 22, rs = 0.512, P =
0.015; Spearman’s rank test). Apple fruit in
Cadenazzo and Conthey were comparable
considering sugar content (n = 93, rs =
0.522, P < 0.001; Spearman’s rank test), but
there was no significant relationship between
the sugar content at these two sites and the
sugar content at Waedenswil (P > 0.05). Fruit
firmness, sugar content, and acidity at the
Waedenswil site were comparable between
Years 2000 (Liebhard et al., 2003) and 2009
(i.e., study Year 3; Table 1). There was
a significant across-year correlation for acid-
ity (n = 20, rs = 0.641, P = 0.002; Spearman’s
rank test) and for firmness (n = 19, rs = 0.601,
P = 0.007; Spearman’s rank test), but not for
sugar content (n = 20, rs = 0.254, P = 0.280;
Spearman’s rank test). Mean fruit weight was
not significantly correlated between Year
2000 and study Year 3 (n = 20, rs = 0.412,
P = 0.080; Spearman’s rank test; Table 1).
Although mean fruit number was higher in
2005 and 2006 (i.e., study Years 1 and 2) than
in Year 2000 as a result of tree age (Table 1),
a significant across-year correlation in fruit
number was identified (n = 33, rs = 0.481, P =
0.005; Spearman’s rank test).

Association between herbivore resistance
and fruit quality. A significant positive cor-
relation between C. pomonella infestation and
fruit firmness was found (n = 64, rs = 0.297,

Table 1. Fruit traits of ‘Fiesta’ · ‘Discovery’ progeny genotypes in study Years 1 and 2 (2005 and 2006;
fruit number) and study Year 3 (2009; fruit weight, fruit firmness, sugar content, acidity) at one study
site (Waedenswil).z

Fruit trait No. Mean ± SE cv (%)y Minimum Maximum

Fruit number
Study Years 1 and 2 157 35.0 ± 1.7 61 4.0 119.0
Liebhard et al. (2003) 54 6.5 ± 0.8 90 1.0 30.0

Fruit weight (g)
Study Year 3 85 120.0 ± 3.1 24 64.0 184.0
Liebhard et al. (2003) 54 99.0 ± 4.9 36 33.0 199.0

Fruit firmness (kg�cm–2)
Study Year 3 85 9.2 ± 0.2 19 4.0 14.0
Liebhard et al. (2003) 54 10.9 ± 0.3 23 5.2 17.9

Sugar content (�Brix)x

Study Year 3 99 10.8 ± 0.1 8 9.0 13.0
Liebhard et al. (2003) 54 12.3 ± 0.2 9 9.5 16.4

Acidity (g�L–1 malic acid)
Study Year 3 97 9.5 ± 0.4 38 3.0 19.0
Liebhard et al. (2003) 54 8.9 ± 0.5 41 3.3 18.7

zFruit traits of the same progeny plants had been assessed in 2000 (Liebhard et al., 2003) and are presented
here for comparison.
y
CV% = (SD/mean) · 100.

xSugar (g) per 100 mL juice at 20 �C.
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P = 0.017; Spearman’s rank test, Table 2).
For A. pomi, a significant positive relation-
ship between aphid number and fruit number
(n = 155, rs = 0.269, P = 0.001) as well as
aphid number and sugar content (n = 74, rs =
0.337, P = 0.003) was detected. The same
relationship was found considering A. pomi
abundance at the Waedenswil site alone,
which underlines the generality of the identi-
fied effects (fruit number: n = 152, rs = 0.218,
P = 0.007; sugar content: n = 74, rs = 0.469, P
= 0.0001). There was no significant correla-
tion between apple infestation with L. cler-
kella, D. plantaginea, D. cf. devecta, or A.
schlechtendali and any quantified fruit quality
trait (P > 0.05, Spearman’s rank test; Table 2).

Discussion

The present study used 250 ‘Fiesta’ ·
‘Discovery’ progeny plants to relate fruit
traits to infestation by major apple pests. A
strong variation in fruit traits among apple
genotypes was observed (CV up to 61%),
providing a sound basis to study the associ-
ation between herbivore resistance and fruit
traits. Although variable, the average firm-
ness, sugar content, and acidity of the studied
genotypes were comparable to commercial
cultivars such as Ariane, Iduna, and Braeburn
(Egger et al., 2009b; Kellerhals et al., 2004a).
Infestation by codling moth, Cydia pomo-
nella, and green apple aphid, Aphis pomi, was
correlated to some quality-determining fruit
traits, whereas infestation by other major
apple herbivores was not related to the
studied fruit traits.

C. pomonella infestation was positively
correlated to fruit firmness. Fruit firmness
declines during fruit maturation (Volz et al.,
2003), and phenolic compounds or volatile
emissions attracting or repelling C. pomo-
nella undergo qualitative and quantitative
changes during fruit ripening (Hern and
Dorn, 2003, 2004; Mayr et al., 1995; Vallat
and Dorn 2005). Therefore, fruit maturity
may be a factor determining apple infestation
by C. pomonella in addition to other leaf or
fruit traits such as high trichome density
(Plourde et al., 1985), wax deposits (Hagley
et al., 1980), or lignification (Westigard et al.,
1975). So far, the effects of the latter traits
on C. pomonella infestation have been stud-
ied only for a limited number of cultivars or
selections, but they should be effectively
testable in segregating progenies comprising
a marked variation of the respective trait.
First-generation C. pomonella larvae prefer

larger fruit to smaller fruit (Stoeckli et al.,
2008a). Such larger fruit may be riper and
less firm at this stage and may allocate more
resources in fruit growth compared with de-
fensive compounds. Later on, C. pomonella
larvae may prefer unripe and firm fruits for
secured larval development before fruit fall.
For A. pomi, we found a positive correlation
between pest infestation and fruit number or
sugar content. Producing fruits of high firm-
ness and sugar content has a high metabolic
cost (e.g., 1.15 g glucose/g dry weight for
fruit production) (Walton et al., 1999), and it
may compete with production of secondary
defense compounds (Gayler et al., 2004;
Ruhmann et al., 2002). The positive correla-
tion between A. pomi infestation and fruit
number or sugar content may also reflect
aspects of tree vigor with more vigorously
growing genotypes producing more fruits or
fruits of higher sugar content and providing
at the same time best conditions for A. pomi
population development (Stoeckli et al.,
2008d). The relationship among tree vigor,
fruit sugar content, and resistance to aphids
may be explored in more depth also for
commercial cultivars that are known to be
variably resistant to aphids (see Stoeckli
et al., 2008b, for an overview of resistant
apple cultivars).

No significant association between Lyo-
netia clerkella, Dysaphis plantaginea, D. cf.
devecta, or Aculus schlechtendali infestation
and fruit traits was found. The tradeoff
between growth and phenotypic expression
of defensive traits to these species may be
weak in the studied agricultural environment
with suitable nutrient and light conditions.
The detection of a possible tradeoff may also
be impeded by weak phenotypic correlations
(Koricheva, 2002), and it may be masked by
long-term losses in perennial plants (e.g.,
growth distortion caused by aphids affecting
productivity of subsequent years; Welling
et al., 1989) or a relatively low genetic basis
of resistance in the studied apple progeny to
most herbivores (Stoeckli et al., 2008c).
Complex interactions affecting resource al-
location may also hamper identification of
tradeoffs. This is illustrated by the varying
effects of nitrogen-fertilization on scab sus-
ceptibility of apple cultivars susceptible and
resistant to apple scab. Whereas scab suscepti-
bility of ‘Golden Delicious’ was increased by
fertilization, it was unaffected in ‘Rewena’
despite a reduction in phenolic compounds
(Leser and Treutter, 2005). However, ‘Rewena’
carries the Vf resistance gene originating

from Malus floribunda 821, so no scab should
be found on this cultivar.

The finding that the association between
herbivore resistance and fruit quality was not
strongly expressed highlights the potential to
breed high-quality pest-resistant apple culti-
vars by marker-assisted selection, similar
to fire blight-resistant high-quality apples
(Baumgartner et al., 2010; Kellerhals, 2009).
A genetic basis of herbivore resistance
(Stoeckli et al., 2008b, 2008c, 2009) and of
fruit traits (Liebhard et al., 2003) in the
‘Fiesta’ · ‘Discovery’ progeny was indicated
by detection of QTLs and emphasized by the
across-year stability of the studied fruit traits.
Studies in other genetic backgrounds or under
different environmental conditions may com-
plement our findings and help to assess whether
resource allocation tradeoffs between plant
growth traits and insect resistance are in
general and in the context of climate change
no obstacle for successful apple breeding.
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