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Abstract: Codling moth, Cydia pomonella L., is a major pest of pome fruits and walnuts worldwide.
Screening the susceptibility of apple varieties to C. pomonella infestation is an important step to
develop a sustainable management program against this pest. Therefore, the present study aimed
to explore potential correlations between pest damage and several physical (firmness, weight, and
diameter), chemical (pH, SSC, and TA), and biochemical (polyphenols) fruit properties collected from
two sites with distinctively twelve and seven commercial apple varieties. The study was conducted in
two distinct Moroccan regions to highlight whether the traits influencing the insect’s preference could
be similar for different varieties under contrasted climates. In both regions, results revealed that the
pest damage varied significantly across apple varieties as well as between observation dates. The late
and medium maturing varieties had similar damage patterns and were heavily attacked compared to
early maturing ones. The preferred varieties were Galaxy Gala, Obro Gala, Golden Smoothee, Black
Staymen, and Idared, while the least preferred ones were Anna, Dorsett, and Stark Delicious. Some
physical and chemical fruit properties seemed to be associated with the insect behavior, in particular,
firmness and pH were positively correlated to pest damage. Moreover, the research suggested that
infestations might be influenced by diameter, weight, and polyphenol content of fruits.

Keywords: apple varieties; Cydia pomonella; preference; physical; chemical and biochemical
properties; susceptibility

1. Introduction

The codling moth, Cydia pomonella (L.), is an important pest of pome fruits (apples and
pears) and walnuts worldwide [1-4]. Its presence causes substantial economic losses to
production and fruits become unmarketable. Several management strategies have been
adopted to control C. pomonella, but most of them rely on intensive and frequent use of
chemical treatments. This approach has led to the development of pest resistance to various
groups of insecticides [5-11]. C. pomonella is also known for its multivoltine life cycle,
which can vary widely from one geographic region to another [12] depending on several
factors, mainly temperature, photoperiod, and food availability. A study conducted in
Morocco has shown that this pest can have two to four generations per year depending on
the prevalent climatic conditions of the season, especially the temperature factor [9]. These
facts complicate the control of C. pomonella, and thus there is a need to develop alternative
and sustainable methods for its management.

Codling moth has a highly evolved relationship with its host plants, expressed through
its ability to select suitable hosts for oviposition and larvae development [13]. In fact, its
oviposition behavior differs between host plants and varieties, such as pear [14], quince [15],
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and walnut [16]. However, experiments suggested that apple varieties are the preferable
hosts for codling moth females [17,18] and certain apple varieties might be more susceptible
to codling moth infestation than others [19,20]. Moreover, it is reported that codling moth
females could rely on physical, biochemical, and phytochemical fruit traits [18] as well
as olfactory cues [21] in the selection of egg-laying hosts and adult-feeding preferences.
Studies have shown that apple varieties can produce different patterns and amounts of
volatile compounds including E, E-« farnesene, an important stimulant implicated in host
selection by adults (females) and neonate larvae of codling moth [22-24], which can lead to
different levels of susceptibility to C. pomonella infestations.

In addition to volatile emissions, the chemical and physical structure of fruits can
play a role in pest’s infestation as demonstrated in different studies and other insects.
Research has shown that the sugar content of apples can affect the behavior of the green
apple aphid (Aphis pomi) in terms of oviposition [25]. It was also stated that firmness,
weight, and fatty acid composition of olives could influence the oviposition of olive fly
Bactrocera oleae and its selection of olive varieties [26]. Phytochemical composition of
fruits can also have a significant effect on the behavior of the pest. Studies revealed that
certain secondary metabolites, such as phenols could serve as a crucial defense mechanism
against insect development [27-29]. Additionally, it has been demonstrated that these
compounds vary substantially between apple varieties and during different stages of fruit
development [30-32], which might impact the vulnerability /resistance of some varieties
toward pest infestations.

Effective management of codling moth requires an exploration of the relationship be-
tween this pest and its host plants, especially apple varieties. To investigate this, our study
aimed to screen the susceptibility of different apple varieties to C. pomonella infestations
by assessing the damage caused by the pest and examining various physical, chemical,
and biochemical traits of fruits that could influence its preference in two distinct regions
of Morocco. By analyzing the data collected from contrasted climatic conditions, different
localities and varieties, we aimed to highlight the factors that contribute to the susceptibil-
ity /resistance of apple varieties to C. pomonella infestations and verify whether they are
the same, which could help in reducing the impact of this pest on apple productions in
upstream stages of the apple chain.

2. Materials and Methods
2.1. Study Sites

The research was conducted over the year 2022 and analyzed two apple collections
from the National Institute of Agricultural Research (INRA) in Morocco. The first one is
located in Lannoceur region (33°41'03” N 4°51’11” W) in the mountains of the Middle
Atlas (1350 m asl), which is characterized by cold winters and dry summers with high
temperatures (max. 40°; min. —7°). The second one is located in Ain Taoujdate region
(33°55'59.9” N —5°12/60.0" W) in the Saiss Plain (500 m asl), which is characterized by
a semi-arid Mediterranean climate with hot, dry summers and cool winters (max. 37°;
min. 2.8°) (Figures 1 and A1l).
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Figure 1. Experimental stations of the National Institute of Agricultural Research. https://earth.
google.com/web (accessed on 20 February 2023).

2.2. Codling Moth Monitoring

In order to determine the flight dynamic of codling moth adults, pheromone traps
were deployed in this study in both experimental stations. Seven traps were placed in
Lannoceur on 1 April 2022 and four traps were placed in Ain Taoujdate on 20 April 2022.
The lures used for each trap (E8, E10-dodecadienol, Univers Horticole) were changed
every 4/6 weeks. The sticky boards were replaced according to the amount of impurities
deposited on them. The control of catches was carried out two times per week. When moth
catches exceeded the economic threshold level (three males/week), chemical treatments
were applied for pest management.

2.3. Insect Damage Assessment

The study focused on two main apple collections. In Lannoceur station, the collection
has 12 commercial apple varieties: Red Chief, Stark Delicious, Obro Gala, Brookfield, Early
Red One, Washington Spur, Golden Smoothee, Cherry Gala, Galaxy Gala, Golden Delicious,
Anna and Dorsett. While the apple collection in Ain Taoujdate station contains 7 apple
varieties: Vistabella, Ein Sheimmer, Black Stayman, Idared, Stark Delicious, Anna and
Dorsett. There are 10 trees/varieties and they are arranged in rows.

Fruit damage assessment was carried out at four sampling dates in Lannoceur station
(9 June, 7 July, 1 August, 1 September) and three dates in Ain Taoujdate station (25 May,
26 June, 27 July). The observation dates were scheduled according to the flight dynamic of
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C. pomonella adults and different ripening stages of apple fruits. Infestation of fruits was
visually assessed for the total of fruits/trees/varieties in both stations. The infestation level
was expressed as the percentage of infested apple fruits over the total of examined fruits.

2.4. Fruit Characterization

The characterization of fruits concerned the varieties mentioned above in each col-
lection. Twenty fruits/varieties were randomly handpicked from each sampling station
during all observation dates. The sampled fruits were stored in plastic bags at 4 °C until re-
quired for physical traits characterization. The determination of chemical and biochemical
properties required fruit freeze-drying.

2.4.1. Extract Preparation

Samples extraction was based on adding separately 10 mL of distilled water (for
chemical analysis) and 10 mL of ethanol 80% (for biochemical analysis) to 0.5 g of freeze-
dried apple powder. The homogenate was then centrifuged for 20 min at 3000x g. The
supernatants were collected in 10 mL volumetric flasks, sealed tightly, and stored at —20 °C
for further analysis.

2.4.2. Physical and Chemical Properties

Fruits samples were weighed and measured. Then, fruit firmness was determined
with a penetrometer (Force Gauge; PCE-FM 200; PCE Instruments, Strasbourg, France).
Soluble sugar content (SSC), titratable acidity (TA), and pH were systematically measured
on apple samples according to AOAC methods and each measurement was performed in
triplicate [33]. The SSC content was determined with a portable refractometer (Milwaukee;
MA 871; Milwaukee Instruments, Rocky Mount, United States). The TA was determined as
grams of malic acid in one liter of apple extract by titration with 0.1 M NaOH.

2.4.3. Biochemical Properties

Total phenolic content (TPC) was determined by means of Folin—Ciocalteu method [34]
using gallic acid solution as a standard. Briefly, 40 uL of apple extract was mixed with 3 mL
of distilled water, 200 pL of diluted Folin—Ciocalteu reagent, and 600 pL of 20% sodium
carbonate. After incubation in the dark for 30 min at 40 °C, the absorbance was measured
at 765 nm. The results were expressed as grams of gallic acid equivalent per liter of apple
extract (g GAE/L).

2.5. Statistical Analysis

Data were processed with SPSS software to analyze pest damage and fruit charac-
teristics. Analysis of variance (ANOVA) was used to study the significance of difference
between varieties, their maturing stages, and observation dates. In the case of significant
differences, the Duncan post-hoc test was used to identify groups of similar varieties, matu-
rity stages, or observation dates. The correlation between physicochemical and biochemical
characteristics and damage rates was determined by the Pearson correlation coefficient.

3. Results
3.1. Pest Damage Investigation in Both Apple Collections
3.1.1. Lannoceur Station
In Lannoceur station, trap catches attested the massive presence of the insect through-

out the campaign and usually exceeded the economic threshold of three males/trap/week
(Figure 2).
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Figure 2. Trap catches and percentage of damaged apples in each sampling date in Lannoceur station
(Ist survey: 9 June, 2nd: 7 July, 3rd: 1 August, 4th: 1 September) (n = 5 replicates/bar).

The damage rate caused by C. pomonella differs significantly among the apple varieties
(p < 0.001). Moreover, the pest infestations varied considerably between sampling dates
(p < 0.001) with a noticeable increase in damage rate from one sampling date to another. The
maturity factor had not significantly influenced the pest host selection and it was observed
that medium and late maturing varieties had similar patterns in terms of pest damage
(Table 1). During this campaign, considering all observation dates, the varieties Galaxy
Gala, Golden Smoothee, and Obro Gala were distinguished as the most susceptible ones to
the pest compared to the other varieties, while early maturing varieties (Anna and Dorsett)
were the least damaged. It was also noticed that Stark Delicious showed less susceptibility
to C. pomonella attacks throughout the season.

Table 1. Analysis of variance (ANOVA) for studied factors at Lannoceur station.

Source DF Type III SS Mean Square F-Value Pr>F
Sampling Date 3 16.26316134 5.4205378 310.52 <0.0001
Variety 11 0.89688824 0.08153529 4.67 <0.0001
Maturity 2 0.12535089 0.06267544 5.36 0.0057

In June, the highest damage was observed for the varieties Brookfield (6%) and Galaxy
Gala (5%), while the varieties Golden Smoothee, Anna and Dorsett were not infested
(Figure 2). In July, the most infested varieties were Washington Spur (21%), Galaxy Gala
(20%), and Obro Gala (19.80%) and the less infested ones were Stark Delicious (6%) and Red
Chief (5.91%) varieties. Observations on the third survey date (August) showed that the
most attacked fruits were observed for the varieties Galaxy Gala (35%), Golden Smoothee
(21%), and Brookfield (20%), whereas fruits of the early maturing varieties (Anna and
Dorsett), Golden Delicious (9%), and Stark Delicious (10%) were the least damaged. In the
last date of prospection (September), most of the varieties were remarkably attacked by
the pest. The varieties Golden Smoothee, Golden Delicious, and Obro Gala recorded the
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highest damage rates (91%, 87%, and 78%, respectively), while the variety Stark Delicious
recorded the lowest infestations (34%).

Based on Duncan’s test classification, apple varieties could be categorized into three
clusters according to the intensity of damage caused by C. pomonella: Highly attacked
varieties with Obro Gala, Galaxy Gala, and Golden Smoothee; moderately attacked ones
with Golden Delicious, Early Red One, Washington Spur, Cherry Gala, and Brookfield; and
the less attacked group with the varieties Stark Delicious, Red Chief, Anna and Dorsett
(Table A1).

3.1.2. Ain Taoujdate Station

Similarly to the first site, at Ain Taoujdate station, the population of C. pomonella was
abundant and trap catches exceeded the economic threshold of three males/trap/week
(Figure 3). The damage caused by C. pomonella varied significantly across apple varieties
(p <0.001) as well as between observation dates (p < 0.001) (Table 2). The varieties Idared and
Black Stayman were the most attacked by codling moth during the campaign (considering
the three survey dates). Conversely, the early maturing variety Anna was distinctively
not infested by the pest throughout the campaign. In May, the fruits of Stark Delicious
were not available (not fully developed) for damage inspection, which led to the absence
of data in this date. During this survey, the early maturing varieties had lower infestation
rates compared to the other varieties, notably Black Stayman and Idared; although among
this group, Vistabella and Ein Sheimmer were the most infested. In June, the variety Black
Stayman was the most infested across all varieties of the collection. Meanwhile, during this
survey, Vistabella recorded the highest damage rate among the early maturing varieties
group and was similarly attacked as Idared and Stark Delicious. In the last observation
occurring in July, the damage rate increased significantly for the varieties Idared (90%), Ein
Sheimmer (50%), and Dorsett (40%), recording the highest rates (Figure 3).
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Figure 3. Trap catches and percentage of damaged apples in the three sampling dates in Ain Taoujdate
station (1st survey: 25 May, 2nd: 26 June, 3rd: 27 July) (n = 5 replicates/bar).

According to the intensity of pest damage in all sampling dates, the studied varieties
could be categorized into the highly susceptible varieties group represented by Idared and
Black Stayman, and the moderately attacked varieties with Stark Delicious, Ein Sheimmer,
Vistabella, and Dorsett. Finally, the variety Anna can be qualified as the less susceptible
variety in the collection (Table A2).
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Table 2. Analysis of variance (ANOVA) for studied factors at Ain Taoujdate station.

Source DF Type III SS Mean Square F-Value Pr>F
Sampling Date 2 0.56046308 0.28023154 56.70 <0.0001
Variety 8 1.29831612 0.16228951 13.88 <0.0001
Maturity 2 0.18160597 0.09080298 18.37 <0.0001

3.2. Physicochemical and Biochemical Characteristics of Fruits and Percentage of Damaged Apples
3.2.1. Lannoceur Station

On each sampling date, fruits were characterized based on their physical traits (firm-
ness, weight, and diameter), chemical properties (pH, SSC, and TA), and biochemical
parameters (polyphenols) and were correlated to pest damage to exhibit the factors influ-
encing varieties preference (Table 3).

Table 3. Average values of physicochemical and biochemical parameters and percentage of damaged
apples in Lannoceur station during four sampling dates (June, July, August, and September).

Varieties Sampling Damage Weight Diameter Firmness SSC H TA TPC

Dates % ® (mm) (kg/cm?) Brix) P (g/L) (g/L)
9 June 0% £ 0.0 433 £3.6 43.0£3.6 8.6+ 05 10.4+0.5 33+01 9.0+ 16 389+59
Anna 7 July 13% £ 0.1 1332 +£203 664 +46 58+ 05 11.7 + 1.1 34401 65+0.8 139+33
1 August 2% £ 0.0 1419 £30.7 69.0£6.1 51+1.0 15.6 £ 2.6 3.6+0.1 48+09 184 £4.1

1 September - - - - - - - -
9 June 6% % 0.0 209 +5.8 354442 84+15 89+1.0 35+00 75405 610+ 6.1
Brookfield 7 July 8% £ 0.0 54.1 £10.5 480 £49 7.6 +05 88+ 05 36+0.1 53405 285+71
1 August 20% £ 0.1 914 4325 58.1+8.7 72406 11.0£1.1 38+0.1 3.8+0.1 291421
1September  52% +£0.2 1274 +280 681441 64+09 15.0 £ 0.9 37+01 40+01 21.0+ 4.6
9 June 1.4% %+ 0.0 132 £5.1 289447 85+11 95+08 34+01 94+23 68.8+1.0
Cherry 7 July 12% £ 0.1 38.3+10.0 433 +47 70+05 88+0.1 35+01 75+09 29.8+3.7
Gala 1 August 11% £+ 0.1 65.7 £10.7 53.6 £3.0 74+09 11.7 £ 0.4 37+01 55+02 21.3+0.7
1 September  79% £ 0.2 980+ 161  674+145 6.3+£06 137 +13 3.6+£0.1 38+03 15.7 £ 4.2
9 June 0% % 0.0 57.8 £21.0 50.4 + 6.4 85+0.8 11.3+0.9 33401 6.6+1.1 101.0 £ 6.6
Dorsett 7 July 8% %+ 0.0 1047 £30.1 628 £77 6.6 £0.8 134 +24 34+01 70408 14.0 £ 4.7
orse 1 August 2% + 0.0 84.8 +£30.7 59.2+75 56+14 121 £37 37+01 45+09 11.7 £ 3.5
1 September - - - - - - - -

9 June 3% £ 0.0 251+5.6 364 +34 104 £0.5 95+05 35+01 6.0+£0.8 70.7 £5.7
Early Red 7 July 11% £+ 0.1 63.8 £11.6 50.7 £3.5 72+£04 84405 37401 49+ 0.6 445 £33
One 1 August 15% £ 0.1 94.7 +17.9 604 +4.1 73+0.8 102 £ 0.6 39+01 3.6+£02 384421
1September  67% +£0.3  130.8+22.6  67.6+4.6 65+ 04 122 +1.7 38+0.1 39+02 23.3+3.1
9 June 5% + 0.0 128 £7.1 294 +6.1 9.0+16 9.7 +£1.0 35+01 72403 67.6+ 2.8
Galaxy 7 July 20% £+ 0.1 62.5+13.8 51.1+4.8 8.0+14 10.0 £ 0.5 36+0.1 50+1.0 253 £29
Gala 1 August 35% 4+ 0.2 77.0+15.1 549 4+ 4.0 9.0+£0.7 129+ 1.6 39+01 3.6+03 252421
1September  48% =+ 0.1 1117 + 146 643 +35 6.8+1.0 165+ 1.4 38+01 38+01 242 +1.0
9 June 2% £ 0.0 11.7 £ 4.2 27.8+34 70409 94+05 33+01 95+1.1 67.8 =48
Golden 7 July 9% £ 0.1 379+75 428 +3.0 82+08 93+05 34+01 74+1.0 343 +0.8

Delicious 1 August 10% £ 0.1 61.4+13.9 519 +4.1 69 +0.7 11.0 £ 0.8 37+01 48+0.6 275+28
1 September 87% £ 0.1 102.1 £25.3 62.1 £5.2 571£05 126 £1.1 35+01 47 +0.5 128 £2.7

9 June 0% £ 0.0 153 +24 305+1.7 10.9 £ 0.6 10.0 £ 0.5 33+0.1 102 +£1.1 699 +1.7

Golden 7 July 17% £+ 0.1 513 £9.9 47.6 =29 7.0+ 0.6 94 +0.7 35+£01 7.7 £0.8 312£13
Smoothee 1 August 21% £ 0.0 75.0 £ 24.1 549 + 6.4 73+0.8 11.8 £ 0.9 37+0.1 57+0.6 275+28
1 September 91% + 0.1 1269 £ 12.1 66.4 + 2.5 59+05 140+ 14 3.6+0.1 39+02 140+ 1.7

9 June 3.2% £+ 0.0 14.5 £ 6.6 298 £4.8 11.5+22 93+1.1 35+0.1 73+0.5 99.4 +3.9

Obro Gala 7 July 20% + 0.1 71.6 +10.2 473 +£34 9.5+09 92+0.7 37+01 59+12 27.0+3.5
1 August 14% £+ 0.1 73.6 £19.7 55.7 £5.0 73+£12 114 £ 0.9 37+01 50£01 24.0+4.0

1 September 78% £ 0.1 131.9 £ 32.0 67.1+5.3 6.5+ 0.5 152+ 1.1 37+01 3.6+02 16.7 £ 1.5

9 June 4% £ 0.0 206 £6.2 33.1 48 83+22 102 +£1.1 34+01 75£05 739 £ 438

Red Chief 7 July 6% £ 0.0 623+ 1.7 503 +£4.7 7.6 +0.8 79+0.9 3.6+0.1 46+03 48.0+£3.3

1 August 11% £+ 0.1 97.6 £3.9 61.1£75 71+£0.6 102+ 14 39+01 34+04 47.0+7.1
1 September 62% £ 0.2 121.5 £ 405 66.0 = 8.1 6.0 £ 0.6 125+ 1.1 40+£01 34+01 26.1+1.9
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Table 3. Cont.
Varieties Sampling Damage Weight Diameter Firmness SSC H TA TPC
Dates % ® (mm) (kg/cm?) Brix) P (g/L) (g/L)
9 June 2% + 0.0 202 +£4.9 34.0+3.1 10.5 £ 0.6 9.6 £0.7 35401 6.1 0.8 714 +£43
Stark 7 July 5.4% £+ 0.0 64.8 £22.9 525+73 84 £0.6 79+£07 37£01 44+05 65.7 £4.2
Delicious 1 August 10% £ 0.1 90.8 +24.8 60.1 £5.8 71£0.8 10.0 £ 0.9 39+0.1 3.0£02 375+44
1 September 34% + 0.2 1272 £18.7 67.6 £3.9 6.3 £0.6 127 £1.0 39£01 3.0£01 221+6.3
9 June 1% £+ 0.0 21.0 £4.0 342+24 10.6 £0.9 94 +04 35+01 4.6+28 716 £7.0
Washington 7 July 21% + 0.1 519 +11.3 48.6 = 3.7 77+ 13 7.8+ 0.6 37+01 50+1.1 52.0 £4.0
Spur 1 August 12% £+ 0.1 84.7 £19.0 58.3 £5.0 70£0.6 10.6 £1.9 39401 4.6+0.3 429 +49
1September  59.1% 4+ 0.1  160.8 £30.0 73.7+4.6 5.6 +0.6 11.8£15 39+01 26+1.0 33.3+19

SSC: Soluble sugar content, TA: Titratable acidity, TPC: Total polyphenol content.

During this campaign, early maturing varieties (Anna and Dorsett) were particularly
recognized by their large and high weight fruits (an average of 106.1 and 82.5 g, respec-
tively). Relatively, they were the least damaged compared to the other varieties until the
first of August, which generally corresponds to their last ripening stage. In contrast, the
lowest weights were recorded for the varieties Cherry Gala and Golden Delicious (average
of 53.8 and 35.3 g, respectively).

Fruit firmness generally decreased from one sampling date to another as the apples
ripened. Throughout the campaign, measurements showed that the firmest varieties were
Obro Gala and Galaxy Gala, particularly toward the end of the season. In the first survey,
the least firm variety was Golden Delicious, while in the second and third surveys, the least
firm ones were Anna and Dorsett. During the third inspection in August, Obro Gala, Galaxy
Gala, and Golden Smoothee, being the firmest varieties, recorded the highest damage rates.

Chemical and biochemical traits (pH, SSC, and TA) varied markedly among the
different apple varieties and during all prospection dates. In the first periods of sampling,
high levels of sweetness content were measured for the varieties Dorsett and Anna. In the
later periods, in August/September, the sweetest fruits were the varieties Galaxy Gala and
Obro Gala.

On the other hand, the varieties Anna, Golden Delicious, and Golden Smoothee were
the most acidic (lowest pH) and recorded the highest content of malic acid during June,
July, and August. These varieties were the least infested by the pest during the first survey
conducted in June.

The concentration of phenolic compounds differed remarkably between the apple
varieties during all sampling dates. It was noticed that the concentration of polyphenols
decreased as the apples matured. During the first survey, total phenolic content was
elevated for the whole varieties studied, with Dorsett and Obro Gala mainly recording
the highest levels (100.9 and 99.4 g/L, respectively). In the second survey, the variety
Stark Delicious showed the highest total phenolic content value of 65.7 g/L among the
sampled fruits. In the later periods, the highest values of phenolic content were found for
Washington Spur and Red Chief.

3.2.2. Ain Taoujdate Station

Data on the measurements of fruit properties collected from Ain Taoujdate station are
represented in Table 4. In contrast to previous measurements undertaken in Lannoceur
station, physicochemical and biochemical traits of fruits changed remarkably according to
the different maturity stages of varieties.

During the three sampling dates, the variety Anna had the largest fruits among the
studied varieties and recorded the least damage rates. On the other hand, Idared, which
was the most attacked, had the lowest fruit weight and diameter compared to the other
varieties.

In the first survey, the firmest varieties were Vistabella, Idared, and Black Stayman. In
June, these varieties remained the firmest along with Stark Delicious. In the last observation
date, Idared was the firmest variety (8.0 kg/cm?) and the most infested one (90%).
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Table 4. Average values of physicochemical and biochemical parameters and percentage of damaged

apples in Ain Taoujdate station during three sampling dates (May, June, and July).

Varieties Sampling Damage Weight Diameter Firmness SSC H TA TPC

Dates % (g) (mm) (kg/cm?) (°Brix) P (g/L) (g/L)
25 May 0.0% £ 0.0 7224282 50.0 £8.2 70+£1.0 9.6 0.3 33+01 8.8+20 486 £ 12
Anna 22 June 0.0% £ 0.0 127.2 £26.8 64.5+ 6.0 51+08 123 £22 35+01 6.9+1.0 248 +3.0
26 July 0.0% £ 0.0 125.6 £ 25.8 547 £6.2 59403 14.8+0.1 3.6+0.1 524+1.0 19.0 £2.7
Black 25 May 19% £ 0.1 40.0 £13.6 434+54 8.6+13 10.6 £1.0 33+01 125+£39  485+03
Stavman 22 June 25% £ 0.2 75.6 +21.5 55.8 £ 6.3 6.7 £07 135+ 1.1 34403 81404 335+51
ayma 26 July 33% £ 0.1 74.0 £26.3 558 £7.8 49+£07 172+12 35+01 49+£02 252432
25 May 3% +0.0 61.8 +23.2 50.1 6.4 75409 104 £1.1 34+01 68+11 30.5+ 0.6
Dorsett 22 June 5.6% =+ 0.0 112.7 £22.4 61.8 £4.0 60+11 12.6 £ 0.7 36+0.1 58+ 0.7 263 £3.7
26 July 40% + 0.1 60.7+31.6 433 +£232 53+03 179 +0.2 40+01 43+02 17.3 £10.1
Ei 25 May 5.8% £ 0.0 47.1+21.0 456 £72 77+£10 10.0+ 1.1 33+01 104 +1.2 572+81
Sheirlr?mer 22 June 9.4% £ 0.0 726 +£222 539458 6.0+13 129+14 33+01 77+11 215+17
26 July 50% +£ 0.1 78.4 282 555+7.7 5.6+ 1.0 173+ 1.0 35+0.1 47421 195+£26
25 May 9.5% + 0.1 226+71 364 +3.6 92+07 9.7+11 34401 95+04 652+ 6.3
Idared 22 June 14.3% £+ 0.2 299 £17.1 40.0 £9.5 6.8+ 0.6 129+ 1.0 34+01 73+£04 494 £31
26 July 90% £ 0.1 458 +£18.1 39.7+94 8.0+£0.8 18.0 £2.1 35+01 6.5+05 388 +£3.7

Stark 25 May ) _ ) . . . . )

Delicious 22 June 12% £+ 0.2 239+99 369 £5.7 73+£04 72+07 38+0.1 81424 749 £3.1
26 July 33% £ 0.1 55.4 +16.1 49.7+53 78409 132+1.9 39+01 6.7+16 42.0+32
25 May 7.9% £0.1 23.7 £10.9 362 +5.7 10.7 £ 0.4 9.0+03 33+01 122+ 1.8 795+ 1.6
Vistabella 22 June 11.7% £ 0.1 419+154 45.6+7.3 76+04 125+0.8 35+01 6.6 +04 453 +59
26 July 18.8% £ 0.1 53.3 £20.8 49.6 £6.3 57+ 14 19.0+1.1 40+0.1 40+11 433 £44

SSC: Soluble sugar content, TA: Titratable acidity, TPC: Total polyphenol content.

The sweetness level changed between the apple varieties depending on the sampling
dates. During May and June, the highest soluble sugar content was found in the varieties
Ein Sheimmer and Black Stayman. However, in July, the sweetest varieties were Vistabella,
Idared, and Dorsett.

During the first sampling date, the varieties Anna, Vistabella, and Ein Shiemmer had
the most acidic fruits and recorded the highest values of malic acid content. These varieties
were the least attacked in this date. In the later periods, in June and July, the most acidic
fruits and the highest titratable acidity values were recorded for the varieties Idared and
Black Stayman.

Similarly to Lannoceur station measurements in the first survey, most of the varieties
showed elevated levels of phenolic content. The variety Vistabella displayed the highest
phenolic content (79.5 g/L) in this date. In the later periods, in June and July, Stark Delicious
and Vistabella recorded the highest phenolic content among the other varieties.

3.3. Correlation between Fruit Traits and Pest Damage

In both locations, correlations between the studied parameters and pest damage were
analyzed to exhibit the factors influencing the insect’s preference toward apple varieties
(Table 5). In the initial survey, conducted in June at Lannoceur and May at Ain Taoujdate
stations, it was observed that the pH parameter was positively correlated with pest damage
(0.645 * and 0.682 *, respectively). Similarly, in the third survey conducted in late July/early
August, it was found that fruit firmness was positively correlated with pest damage in
both sites (0.788 ** and 0.613 * for Lannoceur and Ain Taoujdate stations, respectively).
Interestingly, in Ain Taoujdate, the survey conducted in July showed a negative correlation
between pest damage and fruit weight and diameter (—0.680 * and —0.663 *, respectively).
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Table 5. Correlations between measured parameters and pest damage.

Lannoceur Station Ain Taoujdate Station

Damage% Damage% Damage% Damage% Damage% Damage% Damage%
6 June 7 July 1 August 1 September 25 May 22 June 26 July
Weight (g) —0.344 —0.069 —0.356 —0.084 —0.551 —0.501 —0.680 *
Diameter (mm) —0.272 —0.135 —0.462 0.121 —0.470 —0.388 —0.663 *
Firmness (kg/cm?) 0.021 0.272 0.788 ** —0.205 0.474 0.423 0.613 *
SSC (Brix%) —0.482 —0.017 —0.008 0.439 0.199 0.362 0.236
pH 0.645 * 0.137 0.406 —0.445 0.682 * —0.507 —0.184
TA (g/L) —0.334 0.151 —0.137 0.362 —0.445 —0.538 —0.189
TPC (g GAE/L) —0.019 —0.012 0.032 —0.447 0.173 0.088 0.640

SSC: Soluble sugar content, TA: Titratable acidity, TPC: Total polyphenol content. *: Significant, at the 5% level,
correlation between the studied parameters and damage rate. **: Highly significant, at the 1% level, correlation
between the studied parameters and damage rate.

4. Discussion

In the present study, we investigated the susceptibility of different apple varieties
to C. pomonella in two different regions. Fruit inspections were programmed according
to fruit maturity stages and the presence of the insect whose abundance was recorded
throughout trap catches. Furthermore, pest damage was correlated to several fruit traits:
Physical (weight, diameter, and firmness), chemical (55C, pH, and TA), and biochemical
(TPC) to potentially understand the host preferences of C. pomonella. Our study aimed to
demonstrate possible differences between apple varieties in terms of C. pomonella infestation
as mentioned for this insect among the walnut varieties [16] and some insects in other
cultures, such as in the case of Prays oleae Bern. and Bactrocera oleae toward olive [35-37],
Ceratitis capitata on grapes [38], and Bactrocera cucurbitae on melon fruits [39]. Two re-
gions and different varieties were considered in our investigations to highlight whether
C. pomonella preferences could be attributed to similar fruit traits even under different
climatic conditions.

Among the two apple collections, some varieties were highly attacked, while others
were found to be less susceptible to the pest (p < 0.001). Moreover, the infestation levels
varied according to the sampling dates and were correlated to some fruit traits: Some
varieties were not/moderately/or severely infested in some surveys compared to other
dates. Overall, the pest damage increased remarkably for all varieties during the last survey
date. In Lannoceur station (the cold site), where twelve varieties were investigated, the
codling moth preferred the varieties Golden Smoothee, Galaxy Gala, and Obro Gala. In
Ain Taoujdate station (the warm site), Idared and Black Stayman varieties were the most
preferred over the seven varieties inspected. Whereas the less susceptible varieties present
in both sampling locations were Anna, Dorsett, and Stark Delicious.

Similar to our results, it has been reported that the infestation by C. pomonella varies
notably among the apple varieties and some varieties are more heavily damaged than
others (in the case of Golden Delicious compared to Granny Smith and Red Delicious) [18].
This preference can be explained by some volatile compounds emitted from the apple
fruits. In both experimental stations, even in their different conditions, results showed
that the medium and late maturing varieties had similar patterns in terms of pest damage
compared to the early maturing ones (Anna, Dorsett, Vistabella, and Ein Shiemmer). An
experiment conducted in the USA, exploring the susceptibility of 10 apple varieties to
C. pomonella oviposition, reached similar results regarding codling moth preferences. It
has been stated that late maturing varieties had higher vulnerability to pest infestations
than the early maturing ones [40]. Moreover, a recent study performed in Norway reported
that late maturing varieties are more susceptible to attacks compared to the early ones [41].
Our observations could be explained through the release of volatile compounds by apples



Horticulturae 2023, 9, 788

11 of 16

according to the variety and the maturity stage of fruits. In fact, some studies have shown
that these volatiles vary greatly across varieties and increase as fruits mature [19,22]. These
compounds could act as attractants and stimulate the moth’s feeding and oviposition
behavior, while others might have repellent properties and deter the moth from laying eggs
and feeding on the fruit [21,23]. This aspect should be explored in further studies.

In addition to the importance of plant emissions in host selection, the susceptibility
of apple varieties to codling moth could be influenced by a combination of other factors.
Therefore, we analyzed the correlations between pest infestations and fruit traits in order to
exhibit the parameters involved in these phenomena (Table 5). In both stations, especially
in the August survey, our results showed that the damage rate was positively correlated
with firmness. In fact, Galaxy Gala and Obro Gala being at Lannoceur station (the cold
site) and Idared at Ain Taoujdate station (the warm site) were the firmest varieties and
recorded the highest damage rates during this campaign. This result concords with the
study of [25] attesting that C. pomonella larvae may prefer unripe and firm fruits for secured
larval development before fruit-fall. A negative correlation established between infestations
and fruit weight/diameter was observed only in one location (Ain Taoujdate), notably with
Anna and Dorsett varieties recording less damage than the other varieties with small fruits.
These correlations were not confirmed statistically at Lannoceur station in the August
survey; however, it was observed in this site (considering all observation dates) that larger
fruits were less susceptible to infestations compared to the small ones. In the same context,
it was attested that fruit size could influence C. pomonella host selection among the walnut
varieties [16].

Moreover, during the first survey, statistical analysis revealed that the pH was cor-
related to C. pomonella infestation (0.645 * and 0.682 * at Lannoceur and Ain Taoujdate
stations, respectively). Comparable findings were uncovered assuming that the pH of
melon fruits has a positive correlation with Bactrocera cucurbitae infestations [42,43]. It has
also been reported that a low pH increases the attraction of Drosophila suzukii to berries [44].
Similarly, other relevant studies have stated that fruit acidity is one of the factors implicated
in Drosophila suzukii host selection in addition to other parameters [45,46].

Finally, the concentrations of phenolic compounds varied substantially between the
apple varieties and sampling dates in both experimental stations (Tables 3 and 4). The
results showed that as the concentration of polyphenol content decreases, the damage
caused by the pest increases (—0.679 * and —0.841 ** at Lannoceur and Ain Taoujdate
stations, respectively) (Figures A2 and A3). These compounds are known to be associated
with resistance to insects since they act as antifeedants, toxicants, mitochondrial oxidation
inhibitors, and ovicides [47]. In both stations, it was observed that the moderately infested
varieties, mainly Stark Delicious, Vistabella, and Red Chief, recorded the highest polyphe-
nol content concentrations among the other varieties. These observations were supported
by [48] attesting that resistant Chinese apple varieties to fruit fly Carpomyia vesuviana have
more phenolic content than susceptible varieties. Similar results were found as well for the
melon fruit fly Bactrocera cucurbitae [43].

5. Conclusions

The present work aimed to investigate the behavior of C. pomonella across apple vari-
eties by examining various fruit characteristics and pest damage. Under two contrasted
climatic conditions, C. pomonella displayed distinct preferences for different apple varieties
and appeared to be influenced by similar fruit traits in specific periods. Firmness parameter
seemed to be associated with codling moth at the end of the season in contrast to pH
parameter, which is associated at the beginning of the campaign. Diameter and weight
were correlated to pest damage only in one location; however, our observations tend to
assume that large fruits are less preferred than small ones. Moreover, according to our
observations, fruit firmness was the predominant factor influencing the insect’s preference,
even stronger than weight and diameter parameters. Overall, it could be concluded that
regardless of the climatic conditions, the insect preferred medium and late maturing vari-



Horticulturae 2023, 9, 788

12 of 16

eties (Obro Gala, Galaxy Gala, Golden Smoothee, and Idared) rather than early maturing
ones (especially Anna and Dorsett). Among the late maturing varieties, Stark Delicious
was relatively less infested compared to the others. Finally, it could be inferred that the
polyphenol content influences C. pomonella infestations as the damage increased at lower
levels of this compound. Further studies are required to explore the role of other secondary
metabolites (flavonoids and tannins) in restricting insect growth and tolerating the insect’s
presence. This investigation might contribute to the enhancement of our understanding
of C. pomonella infestations pattern among the apple varieties and establishment of a sus-
ceptibility / preference pest index of varieties based on many parameters. These outputs
could be considered valuable for planting new orchards and implementing a sustainable
management program against C. pormonella.
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Appendix A

Table Al. Duncan’s multiple range test for varieties classification according to pest damage at
Lannoceur station.

Duncan Grouping Mean N Variety
A 0.60703 18 Golden Smoothee
B A 0.56925 17 Obro Gala
B A C 0.53931 17 Golden Delicious
B A C 0.52616 19 Galaxy Gala
B A C 0.52118 17 Early Red One
B A C 0.50140 16 Washington Spur
B C 0.48605 19 Cherry Gala
B C 0.46880 18 Brookfield
D C 0.43761 18 Red Chief
D 0.36494 15 Stark Delicious
E 0.16874 9 Dorsett
E 0.20153 9 Anna

Table A2. Duncan’s multiple range test for varieties classification according to pest damage at Ain
Toujdate station.

Duncan Grouping Mean N Variety
A 0.65010 3 Idared
B A 0.49802 9 Black Stayman
B A C 0.48090 4 Stark Delicious
B D C 0.31764 7 Ein Sheimmer
D C 0.30299 7 Vistabella
D 0.24826 9 Dorsett
E 0.00000 6 Anna
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Figure A1. Climatic conditions of both experimental stations during the 2022 agricultural campaign.
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Figure A2. Damage interaction with phenolic content at Lannoceur station (r = —0.679 *). *: Signifi-
cant, at the 5% level, correlation between the studied parameters and damage rate.
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Figure A3. Damage interaction with phenolic content at Ain Taoujdate station (r = —0.841 **).
**: Highly significant, at the 1% level, correlation between the studied parameters and damage rate.
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