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Abstract: The olive fruit fly Bactrocera oleae (Rossi, 1790) poses a significant threat to oliviculture
worldwide, despite extensive chemical control measures. The susceptibility of olive (Olea europaea
L.) to this pest varies among cultivars, with fruit size being a key factor of interest, as it can be
assessed using non-destructive automated technologies. In this study, we investigated the oviposition
preferences of the olive fruit fly in six Italian olive cultivars, tracking fertile and sterile punctures in
relation to the diametric growth of the drupe. Additionally, we assessed the genetic diversity among
cultivars using SSR markers, aiming to uncover a potential correlation between variation in the genetic
diversity patterns and infestation levels. The results revealed that the relationship between fruit size
and infestation level is non-linear and varies across different cultivars. The co-inertia analysis (COIA)
performed on the genetic and infestation datasets revealed possible shared patterns of diversity and
relationships between the two datasets. This study emphasizes the complex and diverse nature of the
interaction between the olive fruit fly and its host, underscoring the importance of comprehending
non-linear relationships to develop accurate genotypic-specific predictions and models.
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1. Introduction

The olive (Olea europaea L.) is today an international agricultural crop that has been
cultivated for thousands of years for its drupes and the production of oil. Although this tree
is known for its hardiness and ability to tolerate sub-optimal growing conditions (e.g., poor
soils, drought, and high temperatures), its yield is frequently reduced by the olive fruit
fly Bactrocera oleae (Rossi, 1790) (Diptera: Tephritidae), which is considered the key pest of
olive worldwide [1]. The olive fruit fly is a small insect (approximately 4–6 mm in length)
that lays its eggs in the olive fruit. The feeding tunnel excavated by the hatched larva
causes fruit spoilage and premature drop due to direct (mechanical damage, subtraction of
material) and indirect (opportunistic pathogens) effects [1–3].

The life cycle of the insect is completed in approximately 4–6 weeks, strongly de-
pending on the climate conditions and fruit availability [4,5]. The interaction between the
olive fruit fly and the olive tree is complex [1,6]. The insect is a specialist pest, with a very
narrow host range. It feeds largely on olives and, to a lesser extent, wild olives and some
other species of the genus Olea [1]. B. oleae has coevolved with the olive tree, developing
specific adaptations that allow it to use the fruit resources and overcome most of the plant
defense, as it is one of the very few insects that is able to feed on the olive pulp [7,8]. The
olive has developed a range of direct and indirect defense mechanisms that help both to
reduce pest damage on the fruit and deter the adult fly. One of the most important defense
mechanisms is the production of secondary metabolites such as phenolic compounds (e.g.,
oleuropein, hydroxytyrosol, and tyrosol), terpenes (e.g., alpha- and beta-pinene, limonene,
and linalool), and a range of volatile organic compounds (VOCs) [9–11]. These chemicals
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have been shown to significantly impact plant–pest interaction and are likely to control
the behavior of the olive fruit fly by deterring the females from laying eggs on the fruit,
hampering larval feeding and reducing the attractiveness of the drupe [11–13]. In addition
to chemical defenses, the olive tree also has evolved physical defenses [14]. These include,
for instance, the thickness and elasticity of the fruit skin, which can hamper the sting of the
fruit and subsequent oviposition [14]. Moreover, the olive fruit fly is also influenced by the
skin color and pulp texture [15–17]. It is generally thought that Tephritidae are particularly
attracted to mature fruits that have a softer texture and, according to the variety and species,
also a darker color [18,19].

The olive germplasm has ample diversity because of the long history of cultivation and
selection, the ability of the plant to survive without cultural practices, the diffusion of local
germplasm, and a slow varietal renewal in the widespread traditional, low-input farming
systems [20]. Olive varieties can differ in the level of susceptibility to B. oleae [6,21–23]. The
molecular response of the drupe to the fruit fly involves a number of functions and biological
processes [9,21,24,25], and it is likely that various chemical and physical factors, along with
their interactions with the environment, are the base of the variation in resistance in the
olive germplasm. For instance, different susceptibility levels in olive varieties have been
associated with the physical and/or chemical characteristics of the fruits [16,17,23,26,27]. The
intimate relation between O. europaea and its specialized pest B. oleae implies a coevolutionary
process that should be characterized by reciprocal changes in morphological characteristics
over a long period of time. This process should have generated an intimate adaptation and
counter-adaptation that allow both parties to better exploit or defend against each other [28].
The coevolutionary theory proposes that the reciprocal evolutionary change between a plant
species and its most damaging specialized herbivorous pest should play a role in the diversifi-
cation and composition of genetic diversity [29,30].

The main aim of this work was to investigate the level of fruit infestation of the olive
fly B. oleae on adult olive trees of different varieties in relation to fruit growth. Moreover,
in an attempt to correlate the different levels of observed susceptibility with the genetic
variation among varieties, we also performed DNA typing using highly informative simple
sequence repeats (SSRs). Considering that the phenotypic and genetic data were collected
from the same set of varieties, the co-inertia analysis (COIA) was used as a multivariate
statistical analysis of the relationship between the two datasets [31].

2. Materials and Methods
2.1. Plant Material

This study was conducted on 30-year-old olive trees (Olea europaea L. subp. europaea)
belonging to the collection located at the experimental field of the Department of Agricul-
tural Sciences, University of Naples Federico II (Portici, Naples, Italy). The experiment
was carried out on six cultivars, namely ‘Frantoio’, ‘Leccino’, ‘Nocellara etnea’, ‘Nocel-
lara messinese’, ‘Pendolino’, and ‘Sant’Agostino’. Trees were grafted on wild olive (Olea
europaea subsp. Europaea var. sylvestris) seedlings, spaced 5 × 4 m (corresponding to a
planting density of 500 trees/ha), and trained to an open-vase system. Trees were managed
according to common protocols for commercial olive production with the only exception
that pest management was not applied during the trial. Drupe growth was monitored
on ten dates (7, 18, and 28 July; 4 and 23 August; 5 and 16 September; 4, 14, 28 October
2005, corresponding to the day of the year (DOY) 188, 199, 209, 216, 235, 248, 259, 277,
287, and 301. Two orthogonal, transversal diameters (maximum and minimum transversal
diameters) were measured on thirty randomly selected drupes around the tree using a
digital caliper. The two diameters were averaged to obtain the drupe diameter.

2.2. Fruit Olive Fly Infestation

On DOY 199, 209, 216, 248, 259, 277, 287, and 301, a random sample of 50 drupes was
collected (for a total of 400 drupes per variety) and immediately transported to the lab
for checking the presence of olive fruit fly attacks. First, the olives’ surfaces were visually
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examined to identify the drupes that showed oviposition scars. After the detection, the
drupes with scars were counted and kept separate. Later, each drupe with an oviposition
sign was dissected with a scalpel, and the pulp was examined under a stereomicroscope
to confirm the presence of eggs or larvae. The drupes showing a fertile puncture in
any developmental stage of B. oleae (egg or hatched larva) were counted and classified as
infested. Punctured fruits without any evidence of olive fly eggs or larvae, were categorized
as drupes with a sterile puncture. The total percentage of punctured drupes (%PDtot), the
percentage of drupes with fertile punctures (%PDfert), and the percentage of drupes with
sterile punctures (%PDster) were calculated as follows:

%PDtot =
NPDtot

NDtot
× 100 (1)

%PDfert =
NPDfert
NDtot

× 100 (2)

%PDster =
NPDster

NDtot
× 100 (3)

where NDtot is the total number of sampled drupes, NPDtot is the total number of punctured
drupes, NPDfert is the number of drupes with fertile punctures, and NPDster is the number
of drupes with sterile punctures.

2.3. Statistical Analysis of Morphological Data

The significance of the effect of the cultivar (CV), time (T), and CV × T interaction on
drupe diameter was assessed with a two-way ANOVA using Tukey’s honestly significant
difference (HSD) test for mean separation (p ≤ 0.05). Separately, for each cultivar, the
relationship between drupe diameter and %PDtot, %PDfert, and %PDster was studied by
regression analysis fitting linear or quadratic functions, depending on the parameter and the
cultivar. Model selection was performed using the simplest significant model that allowed
a normal distribution of the residuals. To analyze the contribution to the variation and
reduce the dimensionality of the measured parameters, we used the Principal Component
Analysis (PCA) by identifying patterns and relationships among varieties using, as inputs,
the 24 original variables (drupe diameter, %PDfert, and %PDster measured on the various
dates). Statistical analysis and plot representation were performed using R 4.2.

2.4. DNA Isolation

Genomic DNA was isolated from young leaves (4 g) of two plants per variety using
a modified CTAB-based method [32]. The plant material was ground in liquid nitrogen
with a mortar and pestle. Five mL of DNA extraction buffer (100 mM Tris-HCl, 1.4 M
NaCl, 20 mM EDTA, 2% (w/v) CTAB, 1% (v/v), and 0.2% β-mercaptoethanol, 0.1% (v/v)
NaHSO3; pH 8) preheated to 65 ◦C were added, and the samples were incubated at 65 ◦C
for 30 min. The samples were left on a rotary shaker at room temperature for about 15 min,
and then 25 µL of RNAse A (10 µg/mL) were added. After incubation for 30 min at 37 ◦C,
1 volume of a chloroform:isoamyl alcohol solution (24:1) was added to each sample. The
samples were mixed and centrifuged at 13,000 rpm for 10 min. This step was repeated, and
then nucleic acids were precipitated with the addition of 3 volumes of ice-cold ethanol.
After centrifugation at 13,000 rpm for 10 min, the pellet was washed with 500 µL of a 75%
ethanol solution with 0.2 M sodium acetate, air-dried, and resuspended in 100 µL of 1× TE
solution [33]. All chemicals were purchased from Sigma-Aldrich (Milan, Italy).

2.5. SSR Amplification and Electrophoresis

PCR amplification was carried out in a final volume of 25 µL containing 25 ng of
genomic DNA, 1 mM dNTPs (Promega, Milan, Italy), 0.3 µM each primer, 1× Buffer
(Promega), and 0.5 U Taq DNA polymerase (Promega). The reactions were performed in
the Mastercycler Gradient thermocycler (Eppendorf, Milan, Italy). The sequences of the
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10 primer pairs, the type of labeling at 5′ of each forward primer, and the annealing tem-
perature (Ta) are shown in Supplementary Table S1 [34–36]. The amplification conditions
were one cycle at 94 ◦C for 5 min, followed by 35 cycles consisting of a 30 s step at 94 ◦C,
a step at the specific Ta for 15 s, and an elongation phase at 72 ◦C for 1 min. An ending
polymerization stage was carried out at 72 ◦C for 10 min. The PCR products were first
analyzed first by horizontal 2% (w/v) agarose gel electrophoresis in a 1× TAE buffer [33]
and then by denaturing capillary electrophoresis in an ABI PRISM 3100 Genetic Analyzer
(Applied Biosystems, Milan, Italy). Each run lasted about 45 min and was performed at
15 kV and 60 ◦C using the POP4 polymer (Applied Biosystems). The signal height of each
peak and the allele size were calculated using the ABI Prism Genotyper (v. 3.7) software
(Applied Biosystems) according to the GeneScan 500 Liz dye molecular weight marker
(Applied Biosystems). Duplicate analysis of each variety provided the same SSR profile.

2.6. SSR Data Analysis

The size of each allele was binned according to the core motif reported in the literature.
For each SSR locus, we calculated the number of different alleles (N), Shannon’s information
index, the observed heterozygosity (Ho), and the Polymorphic Information Content(which
isequivalent to the expected heterozygosity), and the Evenness as previously described [37,38].
Principal Component Analysis was carried out on mean-centered allelic frequencies without
scaling using the ade4 package [39].

2.7. Co-Inertia Analysis (COIA)

To evaluate the concordance between the structure of the olive varieties based on
the morphological and molecular datasets, we employed a co-inertia analysis between
the PCAs [31]. We used the RV coefficient as a measure of the similarity between the
configuration of the dataset [40], which was calculated as follows:

RV =
coniertia(X, Y)

√coinertia(X, X)√coinertia(Y, Y)
(4)

where X and Y are two data matrices on the same sample of given individuals (i.e., the
six varieties). A permutation test with 999 replications was performed to create a null
distribution and test for significant differences. These calculations were performed with
R 4.2.

3. Results
3.1. Drupe Growth

The fruit diameter is a relevant factor for olive management, influencing cultural
practices and susceptibility to pests and disease. Figure 1 shows a graphical representation
of the seasonal pattern of the fruit diameter in the six different cultivars under investigation,
with changes over time reported for each variety (Figure 1).

As expected, the diametric growth was found to be significantly influenced by two main
factors, cultivar and time (Table 1). Moreover, the interaction between these two factors
significantly affected the diametric growth of the drupes (CV × T) (Table 1).

As indicated by the main effect analysis, each cultivar differed in drupe diameter.
Specifically, ‘Sant’Agostino’ and ‘Nocellara messinese’ had the largest drupes (mean drupe
diameters of 17.2 and 15.9 mm, respectively) and ‘Pendolino’ and ‘Frantoio’ had the smallest
(drupe diameters of 9.0 and 10.4 mm, respectively), whereas the fruit size of ‘Nocellara etnea’
and ‘Leccino’ was intermediate (a diameter of around 11 mm) (Table 1). Regardless of the
cultivar, drupe diameter increased by 64% during the experiment (between DOY 188 and
301) (Table 1). Differences between cultivars in drupe diameter were significant on all the
measuring dates, and as suggested by the significant effect of the CV × T interaction, these
differences progressively increased during fruit development (Table 1 and Figure 1). For
instance, the diameter of ‘Sant’Agostino’ drupes was 81% and 87% larger than ‘Pendolino’
on the first and last measuring dates, respectively.
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Cultivar (CV)  5 16,047 3209 3038.6 <0.001 
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‘Leccino’ 11.0 ± 0.1 d      

‘Nocellara etnea’ 11.6 ± 0.1 c      
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‘Sant’Agostino’ 17.2 ± 0.2 a      
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DOY 235 12.7 ± 0.2 d      
DOY 248 13.3 ± 0.2 c      
DOY 259 13.5 ± 0.2 c      
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Figure 1. Seasonal pattern of the olive fruit diameter in six olive cultivars. The x-axis corresponds to
the dates of measurement and the y-axis corresponds to the diameter in millimeters. Each cultivar
is represented by a different symbol and color. Separately, for each day of measurement, different
letters indicate significant differences in the fruit diameter between cultivars, according to Tukey’s
post hoc test (p ≤ 0.05).

Table 1. Effect of cultivar (CV: ‘Frantoio’, ‘Leccino’, ‘Nocellara etnea’, ‘Nocellara messinese’, ‘Pen-
dolino’, ‘Sant’Agostino’), time (T: expressed in the day of the year, DOY), and CV × T interaction
(assessed by two-way ANOVA) on the drupe diameter.

Source of Variation
Marginal

Mean of Drupe
Diameter (mm)

df SS MS F Value p-Value

Cultivar (CV) 5 16,047 3209 3038.6 <0.001
‘Frantoio’ 10.4 ± 0.1 e
‘Leccino’ 11.0 ± 0.1 d

‘Nocellara etnea’ 11.6 ± 0.1 c
‘Nocellara messinese’ 15.9 ± 0.2 b

‘Pendolino’ 9.0 ± 0.1 f
‘Sant’Agostino’ 17.2 ± 0.2 a

Time (T) 9 6315 702 664.4 <0.001
DOY 188 9.0 ± 0.1 h
DOY 199 10.2 ± 0.2 g
DOY 209 10.9 ± 0.2 f
DOY 216 11.9 ± 0.2 e
DOY 235 12.7 ± 0.2 d
DOY 248 13.3 ± 0.2 c
DOY 259 13.5 ± 0.2 c
DOY 277 14.3 ± 0.3 b
DOY 287 14.5 ± 0.3 ab
DOY 301 14.8 ± 0.3 a

CV × T 45 627 14 13.2 <0.001
Residuals 1740 1838 1

Footnote: separately, for each source of variation, means followed by different letters are significantly different,
according to Tukey’s test (p ≤ 0.05). df: degrees of freedom; SS: sum of squares; MS: mean squares.

3.2. Olive Fruit Fly Infestation of the Drupes

The seasonal pattern of the infestation by the fruit olive fly largely differed among
cultivars. A visual representation of the impact of the olive fruit fly on the six different
cultivars over time is presented in Figure 2.
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on the first measuring dates (DOY 199) (Figure 2A), whereas the dates when the first at-
tacks were detected were DOY 209 for ‘Leccino’ and ‘Nocellara messinese’ (a %PDtot of 4% 
and 6%, respectively), DOY 216 for ‘Nocellara etnea’ (%PDtot = 4%), and DOY 248 for ‘Fran-
toio’ and ‘Pendolino’ (a %PDtot of 10% and 4%, respectively). On the last measuring date, 
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Figure 2. Seasonal pattern of the olive fruit fly infestation on the six olive cultivars. The graph
displays the changes in the percentage of punctured drupes (panel A), drupes with a fertile puncture
(panel B) and a sterile puncture (panel C) over time. Each cultivar is represented by a different
symbol and color.

One of the interesting differences among cultivars was the DOY when the first attacks
on the drupes were detected. In ‘Sant’Agostino’, a total of 14% of drupes were punctured
on the first measuring dates (DOY 199) (Figure 2A), whereas the dates when the first
attacks were detected were DOY 209 for ‘Leccino’ and ‘Nocellara messinese’ (a %PDtot
of 4% and 6%, respectively), DOY 216 for ‘Nocellara etnea’ (%PDtot = 4%), and DOY
248 for ‘Frantoio’ and ‘Pendolino’ (a %PDtot of 10% and 4%, respectively). On the last
measuring date, the %PDtot also differed among cultivars and was highest in ‘Leccino’
and ‘Sant’Agostino’ (a %PDtot of 96% and 98%, respectively), intermediate in ‘Frantoio’,
‘Nocellara etnea’, and ‘Nocellara messinese’ (a %PDtot of 60%, 64%, and 64%, respectively),
and the lowest in ‘Pendolino’ (%PDtot = 32%). The seasonal pattern of %PDfert was like
%PDtot for most of the cultivars, with the exception of ‘Sant’Agostino’ (Figure 2B). This
difference was mainly related to the relatively high %PDster measured during the fruit
development period in ‘Sant’Agostino’ compared to the other cultivars (an average %PDster
of 22% in ‘Sant’Agostino’ compared to 5% of the other cultivars) (Figure 2C). Despite this,
on the last measuring date, ‘Sant’Agostino’ reached %PDster values like ‘Leccino’ (90%)
(Figure 2B). While the number of punctured olives and drupe diameters increased over
time for all the varieties, there were cultivar-specific relationships between the diameter
and the occurrence of punctures caused by the olive fruit fly (Figure 3).
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Figure 3. Relationship between the diameter of the drupe and the occurrence of (A) punctures (both
fertile and sterile), (B) fertile punctures, and (C) sterile punctures caused by the olive fruit fly. Only
significant regression curves (p ≤ 0.05) were reported.

In all the cultivars, the percent of %PDtot increased, according to a quadratic function
with drupe diameter (dd) with the exception of ‘Nocellara etnea’, for which the relation-
ship was linear (‘Frantoio’: %PDtot = 3.94 dd2 − 66.34 dd + 276.88, R2 = 0.70, p = 0.049;
‘Leccino’: %PDtot = 2.80 dd2 − 36.74 dd + 102.24, R2 = 0.82, p = 0.015;
‘Nocellara etnea’: %PDtot = 12.69 dd − 122.8, R2 = 0.96, p < 0.001; ‘Nocellara
messinese’: %PDtot = 2.57 dd2 − 72.85 dd + 513.36, R2 = 0.93, p = 0.001;
‘Pendolino’: %PDtot = 1.73 dd2 − 22.40 dd + 68.9, R2 = 0.87, p = 0.006; ‘Sant’Agostino’:
%PDtot = 2.15 dd2 − 58.82 dd + 416.41, R2 = 0.97, p < 0.001) (Figure 3A). These relationships
were similar among ‘Frantoio’, Leccino’, and ‘Pendolino’.

The %PDfert also increased according to a quadratic function with drupe diameter,
with the only exception being ‘Frantoio’ and ‘Pendolino’, for which these parameters were
related according to a positive linear relationship (‘Frantoio’: %PDfert = 12.61 dd − 115.12,
R2 = 0.52, p = 0.042; ‘Leccino’: %PDfert = 5.18 dd2 − 90.60 dd + 393.86, R2 = 0.83, p = 0.012;
‘Nocellara etnea’: %PDfert = −1.24 dd2 + 40.01 dd − 272.91, R2 = 0.96, p < 0.001; ‘Nocel-
lara messinese’: %PDfert = 1.29 dd2 − 35.47 dd + 241.69, R2 = 0.97, p < 0.001; ‘Pendolino’:
%PDfert = 7.27 dd − 57.56, R2 = 0.75, p = 0.006; ‘Sant’Agostino’:
%PDfert = 3.71 dd2 − 115.11 dd + 896.26, R2 = 0.91, p = 0.002) (Figure 3B). These relation-
ships were similar between ‘Frantoio’ and Leccino’ and between ‘Sant’Agostino’ and
‘Nocellara messinese’. The %PDster increased with fruit diameter only in ‘Nocellara et-
nea’ and ‘Pendolino’ (a quadratic and linear relationship, respectively) (‘Nocellara etnea’:
%PDster = 1.15 dd2 − 25.17 dd + 137.50, R2 = 0.84, p = 0.011; ‘Pendolino’:
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%PDster = 2.38 d − 19.07, R2 = 0.58, p = 0.028), whereas for the other cultivars, these
two parameters were not related by linear or quadratic relationships (Figure 3C).

We performed a PCA to summarize the multivariate dataset in a reduced number
of variables and graphically illustrate the relationships among the cultivars. Among the
five extracted principal components (PCs), the first three had an eigenvalue higher than 1, and
altogether explained the vast majority (95.8%) of the total variance (Table 2), suggesting that
the observed phenomena can be largely described by a small number of underlying factors.

Table 2. Eigenvalue, percent of explained variance, and cumulated percentage of explained variance
by the five principal components (Dim.) extracted.

Principal
Component Eigenvalue Variance Explained

(%)
Cumulated Variance

Explained (%)

Dim. 1 14.74 61.4 61.4
Dim. 2 5.98 24.9 86.3
Dim. 3 2.27 9.5 95.8
Dim. 4 0.63 2.6 98.4
Dim. 5 0.38 1.6 100.0

PC1 and PC2, which captured 86.3 of the total variance, were retained to visualize the
cultivar resemblance (Figure 4). The cultivars appear scattered and spread out in the different
quadrants, without any obvious clusters or trends related to drupe size or susceptibility. For
instance, the two cultivars with the bigger drupes, ‘Sant’Agostino’ and ‘Nocellara messinese’,
had distinct positions on PC1 and PC2, respectively. On the other hand, the closest varieties in
the plot (‘Frantoio’ and ‘Nocellara etnea’) have very similar infestation levels. All this can be
explained considering that the observed relationships among the measured parameters are
non-linear; hence, they are not well-captured by the PCA.
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3.3. Genetic Diversity

The genetic diversity of the six varieties was assessed using ten highly informative
SSR loci selected from the literature. The main genetic indexes of diversity are reported in
Table 3.
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Table 3. Main genetic indexes of diversity. Na: number of different alleles; ASR: allelic size range
in bp; I: Shannon Index of Diversity; Ho: observed heterozygosity; PIC: polymorphic information
content; E5: evenness.

Locus Na ASR (bp) I Ho PIC E5

DCA3 5 228–250 1.31 0.83 0.67 0.73
DCA4 5 128–160 1.42 0.83 0.72 0.82
DCA5 3 198–206 0.72 0.50 0.40 0.64
DCA9 5 162–206 1.55 1.00 0.78 0.95

DCA16 6 124–176 1.47 0.83 0.69 0.68
DCA17 5 102–140 1.59 1.00 0.79 0.97
DCA18 6 171–185 1.63 0.83 0.78 0.85

GAPU47 6 187–203 1.70 1.00 0.81 0.92
GAPU71b 4 124–144 1.31 1.00 0.71 0.90

UDO31 7 106–150 1.79 0.67 0.81 0.83

The ten loci were all polymorphic, and the size of the alleles was within the variation
reported in the literature (Supplementary Table S1). We detected fifty-two alleles (for an
average of 5.2 alleles per locus), ranging from a minimum of three alleles for DCA5 to a
maximum of seven alleles for UDO31. There was a strong positive correlation between
the number of alleles and the Shannon Index of Diversity (r = 0.90, p < 0.001; Pearson).
The genotypes were highly heterozygotes. The observed heterozygosity was maximum
(i.e., one) at four loci but did not significantly correlate with the number of alleles (r = 0.15,
p > 0.05; Pearson). The Polymorphic Information Content (PIC), a measure of the informa-
tiveness of genetic markers based on allelic frequency, was on average high (0.72) and, as
expected, was positively correlated with the number of alleles (r = 0.77, p < 0.01; Pearson).
Considering the effective number of alleles, a measure of genetic diversity that takes into
account the squared frequencies of different alleles at a given locus, the most informative
loci were GAPU47 and UDO31. DCA17 was the marker that detected more diversity, taking
into consideration the number of genotypes and their relative frequencies (i.e., the evenness,
E5). The ten SSRs were able to provide a unique profile for each variety.

To identify relationships and visualize possible patterns of genetic variation among
varieties using the whole marker set, we performed a PCA (Figure 5).
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Figure 5. Principal Component Analysis (PCA) plot of the olive varieties based on the molecular
markers. Each data point represents a variety, indicated by a different color and symbol. The first
principal component (PC1) explains 40.88 of the variance in the data, while the second principal
component (PC2) explains 20.38.
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This analysis showed a clear separation between the different varieties, indicating
that the genetic markers used were effective at distinguishing the germplasm. The first
two principal components explained 61.26% of the total variation in the data, suggesting
that the SSRs were also informative and able to capture a good proportion of the (hypothet-
ical) underlying factors that determine the genetic diversity between the plant varieties.

3.4. Co-Inertia between the Two Principal Component Analyses

We performed a co-inertia analysis (COIA) to investigate if and how the two detected
PCA patterns are related. A COIA is a dimensionality reduction method that allows for
the simultaneous exploration and visualization of the relationships between variables in
two distinct datasets. This analysis was intended to identify patterns of variation and
covariation that exist between the intrinsically different variables that underlie the structure
of the analysis of the infestation level and genetic diversity. The co-inertia coefficient (RV,
which spans from 0 to 1, according to the strength of the correlation between the two
datasets) was 0.64. Moreover, the first two axes had eigenvalues higher than one (13.23 and
2.4, respectively), with a projected inertia (i.e., the measure of the proportion of variance
shared between two datasets) of 77.6% and 14.2%. We performed a permutation test to
assess, in statistical terms, the strength of the relationship. The simulated p-value was not
significant (p = 0.16).

4. Discussion

The susceptibility of O. europaea to the olive fruit fly is the result of a complex plant–
pest interaction [6,41], and it significantly varies according to the cultivar and the features
of the drupe [42,43]. Among the factors involved, fruit diameter is of interest because it is
relatively easy and quick to monitor, and its measurement is not necessarily destructive.
The rapid development of in-field image analysis suggests that the measurement of fruit
size in relation to infestation level should be an important component of pest management
and crop yield optimization in agricultural systems characterized by large orchards [44–46].
In our field study, the presence of different cultivars allowed us to evaluate the ovipositional
preferences of the fly throughout the fruit growing season. In the same environmental
conditions and with plants of similar age, the overall drupe growth model was similar,
with an almost steady increase in size during the season and early differences among
varieties that were confirmed and amplified at the end of the trial. The statistical analysis
also indicated significant factors’ interaction, which suggests the involvement of (a) factors
related to both drupe and fly phenology and/or (b) differential responses to environmental
factors, such as temperature and water availability. In all the studied cultivars, the per-
centage of total infestation (%PDtot) increased with time and reached the highest and the
lowest values in the cultivars with the largest (‘Sant’Agostino’) and the smallest drupes
(‘Pendolino’), respectively. Conversely, at the end of the experiments, ‘Leccino’ drupes were
severely infested by the fly despite the relatively small fruit size, and ‘Nocellara messinese’
had intermediate %PDtot values despite the large drupes. None of the varieties could be
considered fully resistant, and the infestation level increased differently among cultivars.
Interestingly, the first attack was associated with a high percentage of sterile punctures
for ‘Sant’Agostino’, the cultivar with the largest drupes. Nonetheless, the other variety
with the largest drupes (‘Nocellara messinese’) registered a strong increase in the total
infestation level after DOY 250, while the cultivar that was mostly infected was ‘Leccino’,
which only ranked fourth for drupe size at the end of the trial. In a broad sense, the size
of the drupe is an important factor that determines the level of attack yet, the relation
between size and infestation level is not linear, with differences that seem to be specifi-
cally related to the variety (e.g., the same model can be applied to different cultivars, but
models cannot be grouped according to the size of the drupe). Moreover, a clear relation
between size and puncture seems to explain the fertile punctures, while relationships for
the sterile punctures are less evident. Our study highlights, along with other contributions,
that the interaction that occurs between the olive fruit fly and its host is complex and
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dynamic but not totally unpredictable. Previous multivariate analyses indicated that a
significant linear relationship between the infestation level and quantitative variables (e.g.,
elongation, hardness, and volume) of the drupes holds true when the ‘genotype’ factor
is removed [17]. It seems evident that a larger and more in-depth understanding of the
described non-linear relationships will be important to provide accurate genotypic-specific
predictions and models.

Considering that different varieties have different tolerances to the fruit fly, we wanted
to explore the relationships between the genetic diversity and the different behavior of
the plants in relation to the fruit fly. The genetic analysis confirmed the high discriminant
power of the selected SSR loci, and all six cultivars could be discriminated. Moreover, the
molecular analysis indicated that the olive tree has a large number of alleles and a high
level of heterozygosity, which is typical of perennial trees that are propagated through
cloning [47,48].

We used the COIA to analyze the relationship between the two datasets after dimen-
sionality reduction without the intrinsic limitation of correlating each measured molecular
variable (e.g., the single molecular marker) with each morphological variable. Interestingly,
the co-inertia coefficient indicated that a large covariation exists between the variables in
each dataset. This implies that the structure of the molecular diversity and the susceptibility
to the olive fruit fly are related. It is likely that the relationship among cultivars described
by the SSRs is correlated to the diversity that influences the overall susceptibility of the
cultivar, without meaning or suggesting any linkage with specific morphological traits [49].
Nonetheless, the permutation test for the co-inertia coefficient did not yield a significant
value. Among the various possible reasons, larger sample sizes are needed for more ac-
curate estimates and more power in the permutation test of the co-inertia coefficient [50].
Moreover, when the relationship between the two datasets is non-linear, the co-inertia
coefficient (which is a linear correlation coefficient) may not be fully able to make evident
statistically significant relationships [51]. Another limitation is that the quantification of
genetic variability among the cultivars considered only the allelic diversity of molecular
markers [52]. Moreover, our experimental design did not consider the genetic variability of
the fruit fly that may be present across different environments and years and the differences
in monovarietal and multivarietal agricultural systems in host selection. Finally, additional
analyses related to olive fly infestation, such as the abundance of the insect population,
may positively impact the comprehensive understanding of the infestation dynamics.

5. Conclusions

Understanding and modeling the olive—B. oleae interaction requires considering
various environmental and biological factors [10,16–18,41,53,54]. Our analysis indicated
that the diameter of the drupe is an easy-to-score parameter that, when properly related to
the cultivar, could be exploited in the future to obtain more insights and accurate predictions
of the infestation level. Under this perspective, this study supports the possibility of
developing more effective pest management strategies that can reduce the impact of the
olive fruit fly on olives [55]. Moreover, our work paves the way for the possibility that the
process of reciprocal evolutionary change between the olive tree and its most damaging
specialized pest may have played a significant role in the diversification and composition
of the cultivated germplasm.
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