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Preface to ”From Insect Pheromones to Mating
Disruption: Theory and Practice”

The study of insect chemical ecology with special reference to their pheromones is a fascinating

field of research. Pheromone-mediated mating disruption (MD) represents an effective and

eco-friendly biocontrol technique to manage insect pests of agricultural importance. It is currently

used across more than 800,000 ha globally. This eco-friendly pest management approach is based on

the release of synthetic sex pheromones from dispensers in crops, which interfere with mate-finding

and reproduction of the pest through competitive and non-competitive mechanisms. To date, MD

is still applied on a narrow amount of insect pests, with a major focus on moths. However, the MD

potential is huge and urgently needs to be explored further.

In this framework, the present book, a reprint of the successful Insects Special Issue “From

Insect Pheromones to Mating Disruption: Theory and Practice”, includes laboratory and field studies

dealing with insect pheromones, as well as on mating disruption efficacy against insect species

of economic importance, with special reference to the development and optimization of mating

disruption approaches, their mechanisms of action, and possible non-target effects.

Giovanni Benelli, Andrea Lucchi

Editors

ix





insects

Editorial

From Insect Pheromones to Mating Disruption:
Theory and Practice

Giovanni Benelli and Andrea Lucchi *

����������
�������

Citation: Benelli, G.; Lucchi, A. From

Insect Pheromones to Mating

Disruption: Theory and Practice.

Insects 2021, 12, 698. https://

doi.org/10.3390/insects12080698

Received: 28 July 2021

Accepted: 29 July 2021

Published: 3 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Agriculture, Food and Environment, University of Pisa, Via del Borghetto 80, 56124 Pisa, Italy;
giovanni.benelli@unipi.it
* Correspondence: andrea.lucchi@unipi.it; Tel.: +39-050-221-6119

1. Introduction

Insects perceive and integrate a hierarchy of visual, chemical and tactile cues for feed-
ing and reproductive purposes, as well as for predator and parasitoid avoidance. Among
semiochemicals routing insect’s decisions, pheromones play a key role in mediating in-
traspecific communication [1,2]. The study of insect chemical ecology with special reference
to their pheromones is a fascinating research field. Pheromone-mediated mating disruption
represents an effective and eco-friendly biocontrol technique to manage insect pests of
agricultural importance. Worldwide, agricultural pests affecting more than 800,000 hectares
of crops are managed by mating disruption [3]. This technique relies on the release of
synthetic sex pheromones from dispensers in crops, interfering with mate finding and
reproduction of the pest through both competitive and non-competitive mechanisms [4,5].
Unfortunately, the use of mating disruption is still restricted to a rather limited number
of crop pests, with special efforts being directed toward moths [3]. However, the mating
disruption potential is huge and urgently needs to be explored further.

2. Insect Chemical Ecology: From the Laboratory to the Field

In this framework, the Special Issue “From Insect Pheromones to Mating Disruption:
Theory and Practice” includes both laboratory and field studies on insect pheromones, as
well as on mating disruption efficacy against insect pests of economic importance.

Herein, the following topics have been covered:

(a) Pheromone biology, with special reference to the various factors, often overlooked,
affecting pheromone production in species of economic importance, including wood
boring beetles, e.g., Lyctus africanus Lesne (Coleoptera: Bostrichidae) [6]; a further fo-
cus has been provided on the citrophilous mealybug, Pseudococcus calceolariae (Maskell)
(Hemiptera, Pseudococcidae), assessing the potential negative impact of male multi-
ple matings on mass trapping and mating disruption [7].

(b) Development of novel mating disruption tools and approaches. Several novel mat-
ing disruption approaches have been developed and/or optimized to manage a
broadly diverse number of insect pests. A major focus has been devoted to moth
pests, showing carefully conducted mating disruption experiments on grape (Crypto-
blabes gnidiella (Millière, 1867) (Lepidoptera: Pyralidae)) [8], plum (Grapholita funebrana
Treitschke (Lepidoptera: Tortricidae)) [9], almond (Amyelois transitella (Walker) (Lepi-
doptera: Pyralidae)) [10], and tomato (Helicoverpa armigera (Hubner) (Lepidoptera:
Noctuidae)) [11], as well as on polyphagous leafrollers, such as Proeulia auraria (Clarke)
(Lepidoptera: Tortricidae) [12]. Concerning mealybugs, further research efforts have
been directed to evaluating the potential of P. calceolariae mating disruption in apple
and tangerine orchards [13].

(c) Reviews on insect chemical ecology. The Special Issue ends with two broad reviews.
The first summarizes current knowledge on insect sex pheromone research and its
application in Integrated Pest Management [14]. The second review offers an updated
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analysis of what we really know on tephritid fruit fly semiochemicals, their real-world
applications and the related research challenges [15].

3. The Future

Overall, we enjoyed organizing the Special Issue “From Insect Pheromones to Mating
Disruption: Theory and Practice” greatly, and sincerely thank all the authors for their fine
contributions. On the other hand, we are very aware that the present Special Issue cannot
reflect the wide diversity of topics and challenges currently characterizing the pheromone
and MD research. In particular, further research efforts are still needed to develop novel
approaches to combat emerging pests, with special reference to invasive species, to fully
clarify the mechanisms of action of MD-based control tools, to shed light on potential
non-target effects, as well as to boost the efficacy of MD programs through the optimization
of release geometries.

Author Contributions: Conceptualization, G.B. and A.L.; writing—original draft preparation, G.B.
and A.L.; writing—review and editing, G.B. and A.L. Both authors have read and agreed to the
published version of the manuscript.
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Abstract: The citrophilous mealybug Pseudococcus calceolariae (Maskell) (Hemiptera, Pseudococcidae)
is a primary pest of various crops, including grapevines. The use of insecticides against this species
is difficult in most cases because its life cycle includes an extended duration of eggs, juveniles,
and adults under the bark and on the roots. Pheromone-based control strategies can present new
eco-friendly opportunities to manage this species, as in the case of Planococcus ficus (Signoret) and
Planococcus citri (Risso). With this aim it is critical to understand behavioral aspects that may influence
pheromone-based control strategies. Herein, the capability of males to fertilize multiple females was
investigated, trying to understand whether this behavior could negatively impact the efficacy of
mass trapping, mating disruption, or the lure and kill technique. Results showed that a P. calceolariae
male can successfully mate and fertilize up to 13 females. The copulation time in subsequent mating
events and the time between copulations did not change over time but the number of matings per
day significantly decreased. In a further experiment, we investigated the mate location strategy
of P. calceolariae males, testing the attractiveness of different loadings of sex pheromone on males
in a flight tunnel. Males constantly exposed to 16 rubber septa loaded with the sex pheromone
showed a significant decrease in female detection at 1 and 30 µg loadings (0.18 and 0.74 visits
per female for each visit per septum, respectively), whereas in the control about 9.2-fold more of
the released males successfully detected the female in the center of the array of 16 septa without
pheromone. Male location of females in the control (45%) was significantly higher than in the
arrays with surrounding pheromone (5% and 20% at 1 and 30 µg loadings, respectively). Mating
only occurred in the control arrays (45%). This study represents a useful first step to developing
pheromone-based strategies for the control of citrophilous mealybugs.

Keywords: sex pheromone; biological control; flight tunnel; Integrated Pest Management; mealybug
monitoring

1. Introduction

Vineyards host a great variety of pests worldwide which impact grapevine health in different
ways [1]. Many of these pests belong to the order Hemiptera and especially to the family Pseudococcidae,
commonly known as mealybugs [2]. They compromise grape quality by contaminating bunches with
honeydew, which leads to the development of sooty mold fungi. Furthermore, they can transmit several
important grapevine viral diseases [3]. Farmers usually rely on insecticide applications to manage
these pests. However, mealybugs can develop resistance to currently marketed insecticides and new
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reports are still emerging [4]. Several species of mealybugs have become resistant to insecticides, which
is unsustainable as this negatively affects their control [5–11]. However, to boost grape production
under an environmentally-safe agricultural system, it is necessary to find alternative solutions to
effectively manage crop pests while reducing insecticide overuse [12–14]. Hence, it is critical to develop
more sustainable Integrated Pest Management (IPM) systems [15,16]. An alternative is presented in
synthetic sex pheromones, which disrupt the chemical communication between male and female of a
given insect species, thereby preventing mate location and mating [17]. This approach is currently
known as sex pheromone-based mating disruption (MD). Each mealybug species relies on unique
pheromone(s) for sexual communication, with structures characterized by an irregular non-head-to-tail
monoterpenoid structure [18]. To date, the pheromones of 19 mealybugs species belonging to seven
genera have been identified [19]. This approach can be very effective. For example, mating disruption
of Planococcus ficus (Signoret) (Hemiptera, Pseudococcidae) usually leads to a significant reduction of
the abundance of ovipositing females, an increase of the pre-oviposition period, lower damage rates
on grape bunches, and thus an overall decrease of the pest population densities [20–22].

The citrophilous mealybug, Pseudococcus calceolariae (Maskell) (Hemiptera, Pseudococcidae)
impacts upon grape production through the abundant emission of honeydew, with subsequent
development of sooty mold and transmission of two closteroviruses, GLRaV-1 and GLRaV-3 [23].
Moreover, P. calceolariae is a cosmopolitan and polyphagous pest on different crops (orange, lemon,
and avocado, as well as other vegetable, fruit, and floricultural plants) [24–26].

Notably, comprehensive studies on the basic biology of P. calceolariae have been carried out,
also shedding light on its chemoecology. Rotundo and Tremblay [27] and Rotundo et al. [28] focused
on the male flight activity, providing evidence of the release of sex pheromones. Later, Silva et al. [29]
studied its mating behavior, showing that this mealybug is obliged to mate for reproduction [30].
The sex pheromone of P. calceolariae was identified [25], allowing for the synthesis of a synthetic
pheromone. No evidence of habituation was detected in P. calceolariae males exposed to the sex
pheromone (1 mg for 24 h); indeed, they were able to promptly locate the sex pheromone source despite
earlier pre-exposure to the chemical [31]. However, even though Silva et al. [32] studied multiple
mating in this mealybug species, little is currently known about the potential effect of this factor on
monitoring and control.

Multiple mating occurs in many orders of insects, including moths such as Epiphyas postvittana
(Walker) [33] and Cydia pomonella (Linnaeus) (Lepidoptera, Tortricidae) [34], as well in other mealybug
species such as P. ficus, Pseudococcus longispinus (Targioni Tozzetti) and Pseudococcus viburni (Signoret)
(Hemiptera, Pseudococcidae) [35]. Knowledge about the presence and frequency of multiple mating in
a given pest species is timely and important. Indeed, a key issue to watch for is that the males are
able to mate with several females, thus reducing the efficacy of several control tools, including mating
disruption, mass trapping, and the lure and kill technique, which all have the goal of preventing
mating or reducing it by removing as many males from the population as possible [26].

In this scenario, the present study provides insights into the reproductive biology of P. calceolariae
by having investigated how many females can be fertilized by a single male within a day as well
as during the whole lifespan. The effect of subsequent mating events on copulation duration and
time elapsed between copulations has also been evaluated. By simulating mating disruption in the
laboratory, we tried to assess the potential effectiveness of this technique to manage P. calceolariae,
following recent successful attempts on another mealybug species (P. ficus) [14,21,22,36,37].

2. Materials and Methods

2.1. Insect Rearing

Pseudococcus calceolariae mealybugs tested here were obtained from a colony held at The New
Zealand Institute for Plant & Food Research Ltd. (Lincoln, New Zealand). The new colony was
maintained inside ventilated plastic containers (30 × 25 × 10 cm) and periodically fed with new potato
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sprouts (Solanum tuberosum L.). We did not use individuals from the field to avoid contamination of
other species. Crawlers were collected every 3–4 days and separated in different boxes (10 × 7 × 7 cm)
to obtain mealybug cohorts of different ages. After 15–20 days, mealybugs were sexed by separating
male cocoons before they hatched to avoid possible mating (males were easily identified by the presence
of a cocoon). Immature individuals were reared on fresh potato sprouts in separated ventilated plastic
containers (10 × 7 × 7 cm). Each box contained 20–40 virgin females. We tested 24–32 h-old males; their
sexual maturation was indicated by complete growth of the wax tail, as detailed also for Planococcus
citri (Risso) [38,39].

2.2. Multiple Mating Experiment

To estimate the number of females that could be fertilized by a single virgin male, we followed the
method proposed by Waterworth et al. [35] with minor modifications. Ten P. calceolariae females and a
virgin male were kept close to each other for 6 h in a sterile Petri dish (35 × 10 mm). All replicates were
recorded using a high definition webcam (HD C525, Logitech, Lausanne, Switzerland) placed above
the arena and connected to a computer (OptiPlex 745, DELL, Round Rock, TX, U.S.). Recordings were
analyzed to measure (i) the copulation duration (s), (ii) the copulation number per day, and (iii) the
time interval between matings. Then, each female was moved to a Petri dish (35 × 10 mm) and
provided ad libitum with potato sprouts. Oviposition activity was monitored daily to measure the
time required to produce an ovisac, following Silva et al. [29]. The following day, surviving males
were introduced into a new arena with a new group of virgin females; this procedure was replicated
with 30 males.

All tests were conducted in a room (22.5 ± 1 ◦C, 40 ± 2.5% RH; 16:8 (L:D) photoperiod) illuminated
with daylight fluorescent tubes to obtain a light intensity in the proximity of the arena of 1000 lux.
Each trial was carried out between 8:30 and 14:30.

2.3. Flight Tunnel Experiments

Controlled tests were conducted in a laminar airflow flight tunnel as described by El-Sayed
et al. [40]. For each trial, two P. calceolariae males were set in a plastic vial (20 mL). Before the
start of the experiment, the vial was placed in the center of the floor of the flight tunnel and males
were allowed to acclimatize to the flight tunnel conditions (22.5 ± 1 ◦C, 40 ± 2.5% R.H, wind speed
0.4 ± 0.1 m/s) for 2 min. Each trial lasted 60 min. The different loadings of pheromone used were
chosen based on pre-exposure tests reported by Suckling et al. [31]. Three experiments were carried
out, as detailed below.

Firstly, we measured the flight tunnel response of P. calceolariae males to increasing loadings of sex
pheromone in a 4 × 4 grid composed by 16 lures baited with synthetic sex pheromone; in this way,
we replicated, on a reduced scale, what happens in the field when MD is attempted. We determined
whether the male ability to locate a female could be disrupted using an amount of sex pheromone
that was much higher than that naturally released by the females in the field, having observed much
higher trap catches to synthetic lures when compared with mealybug females [25]. This information,
considering the knowledge acquired on the extent of multiple mating, is critical to fully understand
the potential and effectiveness of pheromone-based control strategies, with special reference to MD.

2.3.1. Trial 1: Male Response to a Single Loading of Sex Pheromone

To simulate the short distance between males and females in a field colony, we released two males
close to a sex pheromone-loaded array of lures. The goal was to see which and how many lures were
visited and whether they preferred the upwind or downwind lures. Herein, a 4 × 4 array of 16 rubber
lures (Ø = 0.5 mm, h = 0.2 mm, 2 cm apart) was placed in the flight tunnel, with each lure loaded with
1 µg of synthetic pheromone; the pheromone was synthesized by the New Zealand Institute for Plant
& Food Research laboratories according to the method described by El-Sayed et al. [25]. An A4 white
sheet with a grid of 16 unloaded lures was used as a control. Herein, we tested both downwind and
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upwind directions (using different males every time) to evaluate the mealybug preference in terms of
number of visits per lure. After confirming that the preferred direction was upwind, we compared all
treatments upwind. With each new couple of males released 10–15 cm from the grid, the grid was
rotated clockwise 90◦ to avoid positional effects [41]. We tested 30 male pairs.

2.3.2. Trial 2: Male Response to Four Different Loadings of Sex Pheromone

In this experiment, we used the same grid used in trial 1; however, it was simultaneously baited
with four increasing sex pheromone loadings from downwind to upwind. The aim was to understand
whether males preferred certain loadings over others. As in the previous experiment, P. calceolariae
males were released close to the grid. An A4 white sheet with 16 rubber septa (4 lines × 4 lines as above)
was used with four different loadings of synthetic sex pheromone for each row: 1, 3, 10, and 30 µg,
respectively, increasing upwind. A control with 16 unloaded lures was used. The odor sources were
renewed after every 10 males tested. During each replicate, we observed which and how many lures
were visited by P. calceolariae males. A total of 30 replicates were carried out.

2.3.3. Trial 3: Mimicking Mating Disruption

Trial 3 followed the array setup of trial 1; attraction of males to a central virgin female surrounded
with a control or either of two loadings of synthetic sex pheromone (each septum was loaded with 0, 1,
or 30 µg of sex pheromone) was tested. By placing one virgin female in the middle of the array, it was
possible to observe whether the lures were able to mask the presence of the female. The female was
held with a small piece of double-sided tape.

During each replicate, we recorded: (i) which septa were visited by P. calceolariae males, (ii) the
number of male visits per septum, (iii) the duration of each visit, and (iv) the mate location success of
males attempting to locate a female in each treatment and control.

2.4. Statistical Analysis

In the multiple mating experiment, data about copulation duration, time between copulations
and number of copulations per day were analyzed by JMP 11 [42] with a general linear mixed model
(GLMM) with one fixed factor, i.e., the day of the observation [43]: yi,w = µ + Di + IDw + eiw, where
yi,w is the observation, µ is the overall mean, Di is the i-th fixed effect of the day of the observation
(i = 1–3), IDw is the w-th random effect of the individual over repeated testing phases (w = 1–30), and
eiw is the residual error. Means of treatments were separated by the Tukey’s HSD test. A p-value of
0.05 was selected as the threshold to assess significant differences.

In flight tunnel trial 1, the possible presence of significant differences among male visits to
different rows of pheromone-baited lures was studied using a contingency analysis, highlighting
that males randomly visited pheromone-baited lures in the flight tunnel. Therefore, data testing
different pheromone loadings in the flight tunnel experiments (i.e., male visits per lure (n), female
location events (n), and time spent on each lure (s)) were not normally distributed and it was not
possible to normalize the distribution to homogenize the variance (Shapiro-Wilk test, goodness of fit
p < 0.001). Therefore, all data were analyzed by Kruskal-Wallis test followed by Steel-Dwass test to
make nonparametric comparisons between all pairs. A p-value of 0.05 was selected as the threshold to
assess significant differences.

3. Results

3.1. Multiple Mating Experiment

Males with multiple mating events showed no significant differences in copula duration over
three days of observations (F2,172 = 2.466; p = 0.088) (Figure 1a) while the copulation number per day
was significantly affected (F2,58 = 39.549; p < 0.0001). The mean number of male successful copulation
events per day was 4.73 the first day and then dropped to 1.73 and 0.47 on the second and third days,
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respectively (Figure 1b). Note that data from the fourth day of observations were not included in
our analysis since only one male survived. The time between copulation events was not significantly
affected by three subsequent days of repeated exposure to females (F2,58 = 0.839; p = 0.434) (Figure 1c).
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After the first day of mating, 56.7% of males survived and were then able to mate on the second
day; 20% survived the second day and then mated during the third day. Just one male survived the
third day and mated on the fourth day (Figure 2).
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Figure 2. Longevity of P. calceolariae males subjected to multiple mating under laboratory conditions.

Overall, the maximum number of lifetime mating events was 13 and the daily number of mating
events for each male ranged from 1 to 10, with a mean mating success of 92.8%. The mean number of
copulation attempts during the whole life of P. calceolariae males was 7.0 ± 0.8 (mean ± SE), leading to
6.5 ± 0.7 fertilized females (n = 30).

3.2. Flight Tunnel Experiments

When exposed to an array of rubber septa baited with synthetic pheromone, P. calceolariae males
were attracted by upwind lures. In trial 1, with all 16 lures loaded with the same quantity of pheromone
(1 µg), males did not show preferences for a specific rubber septum, visiting different rows of septa in a
random way (χ2 = 0.9422, d.f. = 3, p = 0.815) (Figure 3).
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Figure 3. Contingency analysis between the rows of pheromone-baited lures (1 µg per lure, 16 lures,
four per row across the wind) tested in the flight tunnel and the visits received by P. calceolariae males.
The bar on the right represents the relative abundance (%) of male visits to a given row of lures over
the total number of tested individuals. The number within each box shows the percentage of males
visiting a given row of pheromone-baited lures. Yes = the male visited a given row of lures. No = the
male did not visit a given row of lures. No significant differences were found among male visits to the
different row of lures (p > 0.05).
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In trial 2, where we used an array with four different sex pheromone loadings, a significant
effect of the tested loading was present (χ2 = 26.805, d.f. = 3, p < 0.0001). Most of the males showed
positive chemotaxis towards the septa loaded with the highest quantities of pheromone, 10 and 30 µg
(Figure 4). The highest number of visits per lure was achieved when testing 10 µg- and 30 µg-loaded
septa (Figure 4); these septa showed significant differences over 3 µg- (Z = 2.677, p = 0.007; Z = 1.882,
p = 0.05, respectively) and 1 µg-loaded lures (Z = 3.766, p = 0.001; Z = 4.790, p < 0.0001, respectively).
Also, the number of male visits to 3 µg-loaded lures was significantly higher over 1 µg-loaded ones
(Z = 2.426, p = 0.015) (Figure 4).
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Figure 4. Distribution of P. calceolariae male visits to 16 lures organized in four rows with increasing
loadings of sex pheromone going upwind (1, 3, 10, and 30 µg). Box plots indicate the median (line)
within each box and the range of dispersion (lower and upper quartiles and outliers). Green lines and
blue T-bars indicate means and standard errors, respectively. Above each box plot, different letters
indicate significant differences (Steel-Dwass test, p < 0.05).

In trial 3, MD was mimicked at the flight tunnel scale by baiting all lures with 1 or 30 µg of
P. calceolariae pheromone compared with unloaded controls. At 1 µg loading, the males successfully
detected a female in the middle of the grid in just three cases out of 60 (5%) (Figure 5). No males
attempted courtship or copulation. By increasing the loading of each bait to 30 µg, 12 out of 60 males
detected the female (20%); none tried to fertilize her. In absence of the pheromone, 27 out of 60 males
(45%) successfully detected the female and then mated and fertilized her.
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Figure 5. Distribution of visits of P. calceolariae males to the central female and to the 16 surrounding
lures loaded with 0, 1, and 30 µg of synthetic sex pheromone. The diameter of spots represents the
number of visits to each lure during 30 replicates, with two males released in each.

A significant effect of the sex pheromone loadings on successful mate location was detected
(χ2 = 22.317, d.f. = 2, p < 0.0001) (Figure 6a). Successful mate detections were significantly reduced at
both 1 and 30 µg per lure over the control (means: 0.10 and 0.40 versus 0.90 events; Z = 4.539, p < 0.0001
and Z = 2.647, p = 0.008, respectively). Successful mate detection events at 30 µg per lure were higher
compared to those achieved at 1 µg loading per lure (Z = 2.436, p = 0.015) (Figure 6a).

Furthermore, the time spent by P. calceolariae males on the sex pheromone lures was significantly
affected by the tested pheromone loading (χ2 = 235.964; d.f. = 2; p < 0.0001) (Figure 6b).

Indeed, the time spent on the lure was significantly higher at 1 µg of pheromone (421.38 ± 41.29 s,
mean ± SE) when compared to the control (28.17 ± 5.70 s) (Z = −9.599; d.f. = 1; p < 0.0001) as well as to
when 30 µg was used (56.39 ± 7.05 s) (Z = −14.202, p < 0.0001). Also, the time spent on the lure was
significantly higher at 30 µg of sex pheromone over the control (Z = −2.813, p = 0.0049) (Figure 6b).
In the control, the mean duration of copulation attempts was 1663.33 ± 262.73 s, while males did not
attempt copulation when exposed to either sex pheromone loading.
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Figure 6. (a) Number of successful mate locations by P. calceolariae males surrounded by two different
loadings of sex pheromone on 16 rubber septa at 2 cm spacing. (b) Time spent by P. calceolariae males
on lures loaded with 1 or 30 µg of synthetic sex pheromone and control ones. Box plots indicate the
median (line) within each box and the range of dispersion (lower and upper quartiles and outliers).
Green lines and blue T-bars indicate means and standard errors, respectively. Above each box plot,
different letters indicate significant differences (Steel-Dwass test, p < 0.05).

4. Discussion

In mealybugs, the number of nymphs in a population depends on the number of mated
females, which in turn depends on the number of males able to fertilize them. Multiple mating
is common in P. longispinus, P. ficus, P. viburni [35], and P. calceolariae [32]. In the present research, we
investigated the reproductive potential of P. calceolariae males in the context of simulated reduced-scale
mating disruption.

Our research provides new insights into the number of copulations occurring during the
male lifetime, their duration, and the time elapsing between copulations. The life expectancy
and consequently the potential mating capability of P. calceolariae males was lower than that reported
by Silva et al. [32]. The different results are probably due to various factors, i.e., number of males
tested (100 against 30), RH conditions (50–70% in Silva et al. against 40% in our trial), and male life
span (5–6 days in Silva et al. against 3–4 days in our case). In the days following the first mating, the
number of copulation events strongly decreased. Several authors [29,35] have suggested that mated
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males need less time to successfully conclude forthcoming matings, putatively because they have
gained experience after the first copulation event. Males may acquire more experience about how
to approach a female, but, since they do not feed, they could potentially have less energy to devote
to mating approaches [44]. By contrast, we did not find a significant difference in the daily mating
duration nor in the time between copulations.

The multiple mating capacity of this mealybug potentially represents a limit to pheromone-based
control techniques. Indeed, in mass trapping and lure and kill techniques, even if we eliminate a
high number of males, the remaining ones would be able to fertilize several females, allowing the
perpetuation and increase of the population [26]. Studies carried out in citrus orchards infested by
P. citri have demonstrated that mass-trapping using pheromone-baited traps can produce a significant
reduction of males, but this was not enough to decrease infestation on the plants [45]. Considering
other examples on extremely different insect species, such as Calliphora vicina Robineau-Desvoidy
(Diptera, Calliphoridae), mass trapping has proved to be an effective technique, probably because the
traps were baited with an attractant that allowed for the catching of males (20%) but especially many
females (80%) [46]. Moreover, the costs related to attractive products and the labour required for the
installation of numerous traps can be very high [47]. Another potential control system of this pest
could be MD. Indeed, the latter has been found effective for the management of the vine mealybug,
P. ficus [16,20–22,36,37]. Earlier tests revealed that habituation to the sex pheromone did not occur in
P. calceolariae [31]. Our flight tunnel data pointed to the potential use of MD against this mealybug
species by analyzing the male searching behavior towards females in the presence of multiple sources
of synthetic sex pheromone.

The flight tunnel has been used to study several facets of insect behavior and in chemical
ecology [48–51]. The flight tunnel can also be used to assess MD in Lepidoptera [52,53]. In this
framework, our study used a flight tunnel to investigate MD in Hemiptera. We reproduced, on a small
scale, conditions that are essentially comparable with mating disruption in the field, where the male
emerges at a close range to the females in the colony. Results were promising from the perspective
of reducing mating in the presence of an overabundance of P. calceolariae sex pheromone. In fact, as
demonstrated by Lentini et al. [54] on P. ficus, even a mating delay has positive effects if mating is
delayed >7 days. Field trapping trials by Unelius et al. [55] have revealed that synthetic lures are
much more attractive than calling females to P. calceolariae males. Our results from flight tunnel trial 2
support this observation, showing that searching males prefer to arrest on the lure loaded with the
highest loading of pheromone.

The MD tests using synthetic sex pheromone have shown success in obscuring the presence of the
female compared to the control, in which the female was detected and fertilized by males. Testing both
sex pheromone loadings, no females were approached or fertilized, while in the control group males
performed prolonged copulation attempts and all the females were fertilized. Under MD conditions,
a few males found the females and this could raise some doubts about performance in the field, since
spacings were very close (2 cm). However, after finding the female, the males changed direction, and
thus the observed events may be due to male random movements. In the trial testing the effect of
30 µg of synthetic sex pheromone, more males detected the female, showing a significant difference
with male performances in trials testing 1 µg as well as the negative control. Probably the greater
disruption, generated by a high pheromone quantity in the air, caused this difference by stimulating
the males to walk much more instead of dwelling on the lures. Indeed, they spent an average of 56 s
on the lure. The above-cited increased male activity could boost the chance of finding a female. On the
contrary, under MD with 1 µg, males spent about 420 s per lure, eight times more if compared to time
spent in trials testing 30 µg. Furthermore, comparing the male copulation attempts, it was evident
that in the control males spent a lot of time trying to approach females, while in presence of both
pheromone loadings, males did not perform copulation attempts, spending all the time above lures
or walking. This confirms the observations carried out by Silva et al. [29] on the mating behavior
of this species. After finding the female during the courtship phase, the male explores the female
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body by drumming it with the antennae; in response, the consenting female raises her abdomen to
accept mating. Starting from this assumption, we can suppose that the loadings were not subjected
to copulation attempts because they were not recognized as females. Comparable results have been
achieved on Grapholita molesta Busck (Lepidoptera, Tortricidae) males in presence of increasing loadings
of the sex pheromone [56]. Further research is still needed to investigate the behavior of P. calceolariae
in response to the increasing amount of pheromone to identify the most appropriate loading to be used
for MD purposes. At the same time, it would be useful to increase knowledge on the use of potential
biological control agents of this species [57] as already done for other mealybugs [58].

Our results on P. calceolariae, as well as the evidence from field tests outlining the effectiveness of
MD on P. ficus in California, Italy, Israel, and Tunisia [20–22,36,37,59], constitute a basis for undertaking
further investigations into the potential of MD or male removal for P. calceolariae management.
While MD applied to another mealybug species has led to good results at a large scale, other techniques
such as mass trapping and lure and kill have similar limitations [45,60,61] and remain to be investigated.
The flight tunnel can represent a fundamental tool to assess the MD effectiveness at a small scale in a
wider range of species beyond Lepidoptera, where it has been noted that very few mechanistic studies
are usually undertaken [31]. This would provide rapid and relatively cheap preliminary results of MD
efficacy on a given pest. Certainly, the field conditions are more complex than those in the flight tunnel,
since a greater number of variables are involved in field trials, including immigration from upwind by
crawlers, requiring very large plots and multiple measures of population size to demonstrate efficacy.
Nevertheless, flight tunnel experiments can provide important information of the possible efficacy of
MD, as well as assess the absence of habituation and identify the risk of overstimulating male searching
from high pheromone loadings. Indeed, this may be a research topic to be considered in further MD
research, involving evaluating whether MD formulations releasing plumes of pheromones, such as
aerosol or sprayable technologies, might be more effective over hand-held dispensers releasing higher
pheromone loadings per surface area unit. However, at present there does not seem to be any possible
way to make the P. calceolariae pheromone in large amounts at a cost that would be competitive with
insecticides. This is a major and potentially insurmountable problem that could easily prevent MD
ever being used on a large scale for this insect and future research into field applications of the sex
pheromone of this species should focus on male removal strategies [26] and monitoring.
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Simple Summary: The citrophilous mealybug is an economically important pest that is mainly
controlled using insecticides, not always successfully, and with unintended negative environmental
side effects. In our research, we tested a specific and sustainable control tool using the mealybug
sex pheromone. Mating disruption is a technique that aims to reduce mating between males and
females by inundating the area with the synthetic sex pheromone of the species, thereby reducing
reproduction and consequently populations over time and damage. For this purpose, the mealybug
pheromone, incorporated into a polymeric substance for its release, was applied in a tangerine and
an apple orchard, in two seasons (2017/2018 and 2019/2020). In all seasons, a reduction in the males
catches in traps after deploying pheromone was observed, which would indicate a decrease in the
probability of successful mating compared to control plots. The duration of this effect was around
one year. Mealybug abundance on trees was extremely low throughout the trials, so it was not
possible to observe a reduction of populations or damage. This research shows that the use of this
pheromone-based technique has good potential for controlling the citrophilous mealybug, with the
advantage of being environmentally friendly and non-toxic.

Abstract: Pseudococcus calceolariae, the citrophilous mealybug, is a species of economic importance.
Mating disruption (MD) is a potential control tool. During 2017–2020, trials were conducted to
evaluate the potential of P. calceolariae MD in an apple and a tangerine orchard. Two pheromone
doses, 6.32 g/ha (2017–2018) and 9.45 g/ha (2019–2020), were tested. The intermediate season
(2018–2019) was evaluated without pheromone renewal to study the persistence of the pheromone
effect. Male captures in pheromone traps, mealybug population/plant, percentage of infested fruit
at harvest and mating disruption index (MDI) were recorded regularly. In both orchards, in the
first season, male captures were significantly lower in MD plots compared to control plots, with an
MDI > 94% in the first month after pheromone deployment. During the second season, significantly
lower male captures in MD plots were still observed, with an average MDI of 80%. At the third
season, male captures were again significant lower in MD than control plots shortly after pheromone
applications. In both orchards, population by visual inspection and infested fruits were very low,
without differences between MD and control plots. These results show the potential use of mating
disruption for the control of P. calceolariae.

Keywords: citrophilous mealybug; IPM; semiochemicals; sex pheromones; sustainable pest control

1. Introduction

Pheromones and other semiochemicals have been used in pest management world-
wide for more than 50 years, becoming an important tool in the development of sustainable
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management strategies for agriculture and forest pests [1]. Their use in pest management
can be for detection, monitoring or control [1–5]. Their use for pest control may be through
mass trapping, “attract and kill”, or mating disruption (MD). MD has been one of the most
successfully used strategies for controlling various pests, with over 800,000 hectares treated
worldwide [1–3,6]. MD has been mainly used for the control of Lepidoptera species attack-
ing vegetables, orchards and forests [7], such as codling moth (Cydia pomonella L.), grapevine
moth (Lobesia botrana Denis & Schiffermüller), the plum fruit moth (Grapholita funebrana
Treitschke) [8] and gypsy moth (Lymantria dispar L.) [1,2,6,9]. Successful cases of mating dis-
ruption have also been reported in other insect orders such as the Oriental beetle (Anomala
orientalis (Waterhouse)) and Prionus californicus Motschulsky, both Coleoptera [2,10–12].
Only two commercial formulations of MD have been developed so far for Hemiptera, one
against the California red scale, Aonidiella aurantii (Maskell) (Diaspididae), the other for the
vine mealybug, Planococcus ficus Signoret (Pseudococcidae) [3,13–15].

Although the first pheromones for Pseudococcidae were identified in the early 1980s
from Pseudococcus comstocki (Kuwana) [16] and Planococcus citri (Risso) [17], the identifi-
cation and synthesis of pheromones of new species resumed only from 2001 onwards,
summing to date 21 species [17–32]. The most studied mealybug species worldwide has
been Pl. ficus, given its great economic importance as a key pest in several crops, par-
ticularly grapes. Its sex pheromone was first described by Hinkens et al. [18], and later
monitoring methods [33,34] and mating disruption studies were developed [15,34–38]; it
is the first mealybug species for which the successful use of MD has been reported. An
additional case of successful application of MD for a mealybug species has been reported
for Planococcus kraunhiae (Kuwana) in Japanese persimmon orchards [39].

Pseudococcus calceolariae (Maskell), commonly known as citrophilous mealybug, is
distributed in Australia, New Zealand, USA, South Africa, and several countries in South
America and south-eastern Europe [40,41]. This mealybug is a polyphagous species attack-
ing several fruit crops such as orange, lemon, apple, pear, and avocado. Its main economic
impact is due to its quarantine status for many markets. Usually synthetic insecticides are
used for its control, although with low effectiveness due to its cryptic habit [38,42]. The
sex pheromone of P. calceolariae was identified as (1R,3R)-chrysanthemyl (R)-2-acetoxy-3-
methylbutanoate [27,28,43]. The potential use of the P. calceolariae pheromone for moni-
toring its presence and abundance in fruit crops has been reported [43,44]. Recently, Sulli-
van et al. [41] studied the potential use of the pheromone for the control of P. calceolariae
through a mass trapping approach, showing a 90% decrease in male catches in treated plots.
The objectives of the present study were to determine the potential for using P. calceolariae
pheromone for control through a mating disruption (MD) approach in fruit orchards and
to study the persistence of the disruption effect under field conditions.

2. Materials and Methods
2.1. Experimental Sites and Treatment Applications

Field trials were conducted in two commercial orchards in central Chile: a conven-
tionally managed tangerine orchard (6 years-old, cv. Orri, planted at 7 × 2 m) located near
Pomaire (−33.64◦ S, −71.13◦ W) in the Metropolitan Region, and an organic apple orchard
(10 years-old, cv. Fuji, planted at 2.7 × 2 m) near San Fernando (−34.59◦ S, −70.98◦ W)
in the O’Higgins Region. Both orchards were infested with P. calceolariae. In September
2017, 10 plots of 0.1 ha each (experimental unit), separated by at least 50 m, were selected
in each orchard. Five plots of these units were randomly selected to receive the mating
disruption pheromone treatment (MD) and the other half were used as controls (Control).
An isomeric mixture of chrysanthemyl 2-acetoxy-3-methylbutanoate was synthesized as
described previously in El-Sayed et al. [27]. The proportion of the active isomer (R, R, R)
in the mix was approximately 15%. Previous studies have shown that the non-natural
isomers do not interfere with male attraction [43]. On 19–20 December 2017 the pheromone
was applied in the tangerine and apple orchards using SPLAT® (Specialized Pheromone
& Lure Application Technology; ISCA Technologies, Riverside, CA, USA) at a dose of
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6.32 g/ha of isomeric mixture. This dose was based on a small-scale study that we carried
out in 2015. SPLAT® is an emulsified microcrystalline wax matrix allowing controlled
release of formulated volatile compounds [45] that has been successfully used for MD in
lepidopteran and coleopteran pests [45–50]. It can be applied manually or mechanically to
the crop, it is biodegradable and has a low production cost [45]. This matrix (1 g approx.)
was placed on a piece of cardboard of 20 cm2 that was hung on trees, with a density of
750 dispensers / ha (i.e., 75 in the 0.1 ha plots). Control plots received only SPLAT®.

To determine mating disruption effect over time, treatments were not reapplied in
the 2018–2019 season, but dispensers were left hanging on the trees. In September 2019,
treatments were deployed again in the same plots; three plots were relocated in the apple
orchard because of very low populations. The pheromone dose was increased to 9.45 g/ha
in this field season because it was deployed earlier in the season, and also because similar
studies with Pl. ficus have used higher doses. Moreover, in this season the SPLAT®

application was made directly to the tree branches in tangerines, to avoid the cardboard
being broken and/or removed due to pruning.

2.2. Male Captures in Pheromone Traps

To determine if a mating disruption effect was occurring, males were monitored by
placing one Delta sticky trap in the center of each 0.1 ha plot (Feromonas Chile LTDA,
Santiago, Chile) with rubber septum lures loaded with 50 µg (isomeric mixture) of P.
calceolariae sex pheromone. Traps were deployed in September 2017, 3 months before the
first pheromone application, and from then on continuously monitored until March 2020
(30 months, 50–52 monitoring occasions). This comprised three entire apple productive
seasons (September–March in the years 2017/2018; 2018/2019 and 2019/2020) and two and
a partial third for tangerine (September–August 2017/2018 and 2018/2019, and September–
March 2019/2020). The sticky floors of the traps were replaced every two weeks from
August to April (spring-summer) of each year and monthly from May to July (autumn-
winter) of each year. Lures were renewed in July 2018 and August 2019 in both orchards.
Trapped males were counted using a stereomicroscope, and counts were transformed to
males per trap per day.

Additionally, a mating disruption index (MDI) [35] was calculated after the pheromone ap-
plication for each monitoring date when controls captured at least 0.4 males × trap−1 × day−1.
This index indicates the percentage reduction of male captures in pheromone traps in dis-
ruption plots (MCD, mean of 5 plots) in relation to control plots (MCC, mean of 5 plots),
using the following equation:

MDI (%) = [1 − (MCD/MCC)] × 100 (1)

2.3. Mealybugs Population and Damage

To assess the abundance of P. calceolariae population on the plants, every two weeks
(spring-summer) or monthly (autumn-winter), twelve plants were randomly selected in
each plot and inspected for 3 min counting nymphs, ovisacs, and adult females present.

In season 2017–2018, the damage, i.e., presence of mealybugs on fruits at harvest
(April for apples and May for tangerines), was estimated by inspecting 120 fruit per plot
(total = 1200 per field), and counting the number of mealybugs present (ovisacs, nymphs,
and adult females) and the percentage of infested fruits. In the season 2019–2020, damage
at harvest was evaluated in the case of apples (April 2020) by inspecting 50 apples per plot
(500 total for the field). Apples were cut and checked under a stereomicroscope observing
the presence of individuals inside the fruit (calyx and peduncle).

2.4. Statistical Analysis

Male counts (males × trap−1 × day−1) were analyzed for different periods using
Generalized Linear Models (GLM) with Poisson error distribution and log link, with
treatment and date as independent variables. When more than two means were compared,
Tukey HSD test were used. For periods or dates with very low density and many zero
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counts, we used non-parametric Kruskal-Wallis ANOVA. The time periods compared
were before pheromone application in the first season (September to December 2017), first
season after treatment applications (January–April 2018), first season winter (May–July
2018), second growing season (September 2018–April 2019 for apples and only September–
December 2018 for tangerines due to the very low counts after that), second season winter
(May–July 2019), third growing season after 2nd pheromone application (September 2019–
March 2020). We also compared male captures at the beginning of the third growing season,
after renewing the dispensers of traps but before the second pheromone application, using
GLM (Poisson error distribution and log link) with treatment as the independent variable.

Mealybug population density on plants (mealybugs × plant−1) per season were
compared by non-parametric Kruskal–Wallis, as populations were always very low or zero
on many occasions. Mealybug damage was analyzed only for apples in the 2017–2018
season, using GLM with binomial error distribution and logit link for fruit infestation and
Poisson error distribution and log link for insects per fruit. For the 2019–2020 season in
apples and for tangerines only a few insects were found on fruits, so no statistical analyses
were carried out. Means presented in figures and text are adjusted means of untransformed
data ± 1 standard error. Statistical analyses were done with Infostat version 2019 [51] and
R 4.0.4 [52].

3. Results
3.1. Mating Disruption Effect on Males Captures and Persistence in the Apple Orchard

In the first season, before deploying the treatment, male captures were low and increas-
ing in time (Figure 1A). For this period (September–December 2017, 6 monitoring dates)
there was no effect of treatment (F1,48 = 0.45, p = 0.507), with male captures before treatment
being similar in the plots that later received the pheromone applications and the control
plots (mean captures MD = 4.79 ± 0.52, control = 4.30 ± 0.52 males × trap−1 × day−1).
There was a date effect (F5,48 = 108.02, p < 0.0001), with the largest male captures right
before the treatment applications (Figure 1A). No effect of treatment × date was observed
(F5,48 = 1.43, p = 0.232).

In the rest of the first season (January–April 2018), after deploying the treatments, male
captures were lower (Figure 1A). For this period (7 monitoring dates) there was an effect of
treatment (F1,66 = 45.76, p < 0.0001), but no effect of date (F6,66 = 0.43, p = 0.856) or treatment
× date (F6,66 = 0.29, p = 0.938). Male captures were more than tenfold larger in control
than in MD plots, with the latter being very low (“trap shutdown”) (mean January–April:
MD = 0.22 ± 0.1, control = 3.06 ± 0.3 males × trap−1 × day−1). In this period, one month
after the pheromone application, MDI was 97% and remained around 90% for the rest of
the season (Figure 2A). In autumn–winter of the first season, similar results were observed
(May–July 2018, 4 monitoring dates; Figure 1A), with an effect of treatment (F1,32 = 5.04,
p = 0.032), but no effect of date (F3,32 = 1.08, p = 0.372) or treatment × date (F3,32 = 0.24,
p = 0.865). Male captures were very low, but still sevenfold larger in control than in MD
plots (mean May–July: MD = 0.10 ± 0.1, control = 0.70 ± 0.2 males × trap−1 × day−1).
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Although the pheromone was not renewed in the second season, there was a treatment
effect (September 2018–April 2019, 14 monitoring dates, F1,54 = 9.71, p = 0.003). Male
captures in MD plots were still significantly lower than in control plots (mean September
2018–April 2019; MD = 0.16 ± 0.1, control 0.98 ± 0.2 males × trap−1 × day−1, Figure 1B).
There was also a date effect (F13,54 = 3.18, p = 0.001) but not a treatment × date effect
(F13,54 = 0.21, p = 0.998). Male captures were larger in December, similar to the first season,
and lower in October and April, although not significantly different (Figure 1B). The mean
of MDI for this season was 73% (Figure 2A). During winter of the second season (June–
July 2019, 2 monitoring dates) captures in both MD and control plots were very low and
similar (mean captures: MD = 0.02 ± 0.1 and Control 0.04 ± 0.1 males × trap−1 × day−1,
Figure 1B). No effects of treatment, date or treatment × date were found (p > 0.8 for all).

At the end of August 2019, before the beginning of 2019–2020 season, after renewing
the lures in the traps (20 August) but before the new pheromone applications (2 Septem-
ber), there was an increase in male captures, being similar for MD and control plots
(MD = 3.60 ± 0.9, control = 5.77 ± 1.1 males × trap−1 × day−1; F1,8 = 2.47, p = 0.16;
Figure 1C). Subsequently, after the second pheromone application in this third season,
male captures in the MD plots were very low (0.0 ± 0.0 males × trap−1 × day−1) while in
the control plots, even when captures were also low (0.68 ± 0.1 males × trap−1 × day−1),
they followed the temporal dynamics observed in previous seasons, with a peak by the end
of December (Figure 1C). Significant reduction of males captures in MD plots compared
to control plots was detected for October and then from December through February
(H > 4.36; p < 0.05 for all). Mean MDI for this period was 92% (Figure 2A).
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3.2. Mating Disruption Effect on Males Captures and Persistence in the Tangerine Orchard

In the first season, before deploying the treatments, male captures were high but
decreasing in time (Figure 3A). For this period (5 monitoring dates) there was an effect of
treatment (F1,39 = 33.65, p < 0.0001), date (F4,39 = 26.16, p < 0.0001) and treatment × date
(F4,39 = 5.52, p = 0.001). Plots that would receive the control treatment had larger popula-
tions than those that would receive the MD (mean captures September–November 2017
MD = 18.5 ± 0.9; control = 26.8 ± 1.1 males × trap−1 × day−1). Nevertheless, for the date
previous to the treatment applications, male captures were lower and similar for both
(MD = 9.4 ± 1.4; control = 10.9 ± 1.5 males × trap−1 × day−1, LSD p > 0.05). Male captures
significantly decreased in this period, with the least numbers in the last date.
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Figure 3. Season long adult male P. calceolariae (mean ± SEM) captures in pheromone baited traps in
mating disruption (MD) and control plots in tangerine orchard from 1 September to 31 August of
(A) 2017–2018, (B) 2018–2019 and (C) 2019–2020 seasons. Pheromone application dates: 20 December
2017 and 2 September 2019. Note that the scale for the Y axis in the first season differs from the rest.
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During the rest of the first season (December 2017–April 2018), after deploying the
treatments, male captures were lower (Figure 3A). For this period (9 monitoring dates)
there was an effect of treatment (F1,70 = 16.24, p = 0.0001), date (F8,70 = 9.51, p < 0.0001)
but not for treatment × date (F8,70 = 1.41, p = 0.206). Male captures were tenfold larger
in control than in MD plots, with the latter being very low (“trap shutdown”) (mean
December–April: MD = 0.17 ± 0.1, control = 1.78 ± 0.2 males × trap−1 × day−1). Male
captures were also significantly larger in the at the beginning of this period than the rest
of the dates. In this period, one month after the pheromone application, MDI was 94%
and then remained > 80% (Figure 2B). Similar results were observed for the fall-winter
of the first season (May–August 2018, 6 monitoring dates; Figure 3A) with an effect of
treatment (F1,48 = 10.03, p = 0.003), date (F5,48 = 2.43, p = 0.049) but not for treatment × date
(F5,48 = 0.07, p = 0.997). Male captures were fivefold larger in control than in MD plots, with
the latter being very low (mean May–August: MD = 0.20 ± 0.1, control = 1.15 ± 0.3 males
× trap−1 × day−1). MDI in this period was also above 80% (Figure 2B).

In the second season (2018–2019) when pheromone application was not renewed
but dispensers were left on the trees, male captures in the pheromone traps were much
lower than the previous season, and mostly concentrated in the spring (Figure 3B, note
the change in scales of Y axis). In this period (September–December 2018, 7 monitoring
dates) an effect of treatment (F1,56 = 4.93, p = 0.031), but not for date (F6,56 = 0.39, p = 0.885)
or treatment × date (F6,56 = 0.15, p = 0.989) was observed. Male captures were very low,
but nevertheless they were tenfold larger in control than in MD plots (mean September–
December: MD = 0.04 ± 0.04, control = 0.41 ± 0.13 males × trap−1 × day−1). During fall
and winter (May–August 2019, 4 monitoring dates) captures in both, MD and control plots,
were low and similar (mean May–August: MD = 0.07 ± 0.07, control = 0.04 ± 0.06 males ×
trap−1 × day−1) (Figure 3B). No effects of treatment, date or treatment × date were found
(p > 0.8 for all).

At the end of August 2019, before the beginning of 2019–2020 season, after renewing
the lures in the traps (21 August) but before the new pheromone applications (29 Au-
gust), there was an increase in male captures, being similar for MD and control plots
(MD = 2.11 ± 0.7, control = 3.32 ± 0.8 males × trap−1 × day−1; F1,8 = 1.31, p = 0.29;
Figure 3B). After that, male captures were low, with a small increase in captures in the
control plots in October 2019 and March 2020 (Figure 3C). In this period (September 2019–
March 2020, 14 monitoring dates), MD plots had significantly fewer male captures than
control plots (H = 40.94; p = 0.0005; Figure 3C). For October 2019, when the small peak in
male captures in the control plots was observed, MDI was 98% (Figure 2B).

3.3. Mealybugs Population and Fruit Damage in Tangerines and Apples

During the whole evaluation period, mealybug population levels on the plants (visual
counts) were exceptionally low in both orchards, with no significant differences between
MD and control for all seasons (Table 1).

In the first season, the number of mealybugs and percentage of infested fruit was very
low in both crops. In apples, fruit infestation was 4 ± 1% in MD plots and 2 ± 1% in control
plots, without significant differences (F1,8 = 3.10, p = 0.12). Number of P. calceolariae per
fruit were also similar and low (MD = 0.06 ± 0.11, control 0.05 ± 0.10, H = 0.39, p = 0.59).
In the 2019–2020 season, out of the 500 apples harvested and inspected, only one presented
two P. calceolariae nymphs.

In tangerines, only 4 fruits (out of the 1200 inspected) of the control plots were infested,
with a total of 10 P. calceolariae individuals. This resulted in a 0.67% fruit infestation in the
control plots and 0% infestation in the MD plots. Interestingly, a 9% fruit infestation with
P. longispinus was found in both control and MD plots.
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Table 1. Mean number of mealybugs (all life stages) per plant over the season for the three seasons
studies, in mating disruption (MD) and control plots in tangerine and apple orchards. Twelve plants
per experimental unit were monitored (60 plants per treatment in each date).

Fruit Crop and Season

Treatments

Kruskal-Wallis TestMD Control

Mealybugs × Plant−1 ± SE

Apple
September 2017–April 2018 0.27 ± 0.09 0.04 ± 0.01 H = 0.28; p = 0.59
September 2018–April 2019 0.59 ± 0.14 0.30 ± 0.08 H = 1.47; p = 0.22
September 2019–March 2020 0.03 ± 0.01 0.13 ± 0.04 H = 2.79; p = 0.09

Tangerine
September 2017–April 2018 0.30 ± 0.08 0.31 ± 0.09 H * = 0.0; p = 0.96
September 2018–April 2019 0.02 ± 0.009 0.001 ± 0.001 H = 3.83; p = 0.05
September 2019–March 2020 0.00 ± 0.0 0.00 ± 0.0 NA *

* not applicable.

4. Discussion

The results of our experiments provide valuable information about the potential of
mating disruption for the control of P. calceolariae in two fruit crops of worldwide economic
importance, such as apples and tangerines. Previously, studies showing the usefulness
of this technique as a control tool for a mealybug species have been carried out only for
Pl. ficus in grapes [15,34,35,37,38], leading to commercial formulations. Our results showed
that in MD plots “trap shutdown” occurred, as male captures in pheromone traps were
reduced by 97% to 100% in both fruit crops one to two months after the applications in
two seasons.

The pheromone doses used in this study (6.32 and 9.45 g/ha of the stereoisomeric
pheromone mixture) were much lower than those used in studies with Pl. ficus, which
found effects with 62.5 and 93.8 g/ha [35]; 93 g/ha [36]; 54 to 90 g/ha [38] and 20.0 to
61.7 g/ha [15]. When lower doses were tested, such as 4.15 and 8.3 g/ha, male trap captures
were similar in the MD and control treatment [15]. In our study with P. calceolariae, with ten
times less pheromone than other studies with Pl. ficus, we obtained MDI between 80 and
100% in both crops and seasons. In addition to the dosage, the type of dispenser may
play an important role in the successful implementation of mating disruption. In previous
MD studies with Pl. ficus, other different types of dispensers and formulations have been
used, including Checkmate VBM-XL (Suterra LLC., Bend, OR, USA), Isonet® PF (Shin-Etsu
Chemical Co.Ltd., Tokyo, Japan) and a sprayable microencapsulated formulation [15,35–38].
Our study reports for the first time the use of SPLAT® as a dispenser for MD of mealybugs.
The SPLAT® technology for mating disruption has been used and commercialized mainly
in Lepidoptera [45]. The results presented here demonstrate the feasibility of using SPLAT®

as a pheromone dispenser for MD in mealybugs.
Interestingly, MDIs calculated during the first season indicated that the mating dis-

ruption effect was maintained at least 12 months after the application of the pheromone
treatment, with mean MDI values between 65 and 80%. Moreover, in the following season,
2018–2019, when no pheromone was applied (but dispensers were left in the orchard),
MDI was around 80% during spring in tangerines (August to November, 2018) and dur-
ing spring and summer (September 2018 to January 2019) in apples before trap captures
declined. Low male captures were observed in both MD and control plots during the
autumn-winter months (2018 and 2019), since there is a natural decrease of the popula-
tions due to the lower temperatures of the winter months. The amount of pheromone
released or remaining in dispensers (SPLAT®) over time in the field was not measured in
our study, so the results observed in the second season could be due to residual emission
from the dispensers left from the previous season, because of the carry over effect of lower
populations or some other factor. Therefore, to understand more comprehensively the
eventual persistence of a MD pheromone release effect from dispensers under different
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conditions, it should be measured systematically through time. This is important, because
for successful population control the pheromone not only should remain active for a long
period in the field, but it is also key that it be consistently released in a constant amount [38].
The previous studies with Pl. ficus in grapes only evaluated the MD treatments up to six or
seven months, maintaining a satisfactory disruptive effect in males [15,35,37]. However,
in evergreen fruit trees such as tangerines, the MD effect needs to be maintained for a
longer period of time to cover the productive period fully. Our results show that during
the second season 2018–2019 (without pheromone renewal), the mean mating disruption
index for the months of September to November was 88% in tangerines, when a male
flight peak occurs. This long-lasting treatment effect, 6 to 12 months, in mealybug MD is
desirable for farmers, because it makes this technique cost effective compared to insecticide
applications. Pheromones can also be used in combination with insecticides or biological
control, potentially generating a synergistic effect on mealybug control [15].

Trap shutdown is one of the main signs that mating disruption is working [35],
but to measure control effectiveness it is desirable to demonstrate that populations and
damage are reduced [2,46]. The abundance of mealybugs was extremely low throughout
the duration of the trials in both crops in our study. Due to this low abundance, we were not
able to observe a reduction of populations on trees or even of damage of fruits. Probably
the pest control measures taken by the farmers in the experimental fields also impacted
mealybug populations on the plants and did not allow us to evaluate properly the impact
of MD through visual monitoring and fruit infestation. It is important to note that studies
have shown that MD is more effective when used at low population levels [35,37,38], while
at high mealybug levels at least two continuous seasons will be needed to produce an
observable effect of MD [36], or it might even be necessary to combine the use of MD with
insecticide applications [37]. Another factor to consider when dealing with high mealybug
populations is that high doses of pheromone are needed, as otherwise the disruptive effect
can decrease due to the high abundance of females as natural sources of pheromone [15].
Thus, studies in orchards with larger populations of P. calceolariae are desirable to test the
potential of MD for control in a wider range of field situations.

This study shows that mating disruption has a good potential for controlling P. cal-
ceolariae in fruit crops, as previously demonstrated for Pl. ficus in grapes [34,37,38]. The
final growers’ decision to implement disruption will depend on several factors, such as the
cost of the pheromone product, efficiency of the technique, pest population level and cost
comparative to other control alternatives available (e.g. biological control, insecticides) [53].
Nevertheless, it is important to consider that in quarantine pests very low populations
are required to avoid infestation of the products before harvest, and that MD is a more
efficient technique at lower population levels. Moreover, it has been found that a low
pheromone concentration is sufficient to provide good control at low pest population lev-
els [54]. The combination of higher pheromone concentration and insecticide application
may be necessary with high pest populations, which may increase the cost of implementing
the technique, and thus not be economically sustainable [53,54]. However, the long-lasting
effect of the pheromone would make it cost-effective compared to repetitive insecticide
applications. The use of this pheromone-based technique instead of insecticides also has
the advantage of being environmentally friendly and non-toxic.
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Simple Summary: Powderpost beetles, such as Lyctus africanus, are a common pest group for
dried cured wood. The damage is slow and inconspicuous; thus, the infestation is mostly identi-
fied belatedly due to a lack of knowledge of how to locate and monitor it. L. africanus produces
a pheromone, a chemical compound to attract other beetles. This pheromone has been deter-
mined and suggested as a monitoring tool for L. africanus. Here, we examined the physiological
and behavioral parameters that affect pheromone production. We found that food availability
may affect pheromone production in adult L. africanus males. In addition, of three components
in male L. africanus aggregation pheromones, major compounds 2 (3-pentyl dodecanoate) and
3 (3-pentyl tetradecanoate) may be affected by age, not mating status, while compound
1 (2-propyl dodecanoate) was produced steadily and was affected by mating status. This suggests
compounds 2 and 3 might have an important function in aggregation behavior, especially in signal-
ing for mating opportunities. We also were able to clarify the minor effect of compound 1 in the
aggregation pheromone of L. africanus, although not its role. The present information will be helpful
in understanding the chemical communication of these insects, which may be important for the
development of improved pheromone-based management strategies for controlling Lyctus beetles.

Abstract: Powderpost beetles such as Lyctus africanus are a common pest group for dried cured
wood, causing significant harm to wood and wood products. We examined the life span and ef-
fects of aging and mating status on pheromone production in the powderpost beetle L. africanus
(Coleoptera: Lyctinae). Experiments compared starved and unstarved male groups, and chemi-
cal analysis was used to determine factors affecting pheromone production. Regarding lifespan,
male beetles provided food survived up to 14 weeks, while starved beetles died before the fifth
week. Thus, an adult L. africanus male may require food throughout its lifespan, and food availability
may affect pheromone production. There was no significant difference in the quantity of two major
pheromone compounds, compound 2 (3-pentyl dodecanoate) and 3 (3-pentyl tetradecanoate) be-
tween mated and un-mated males. On the other hand, a minor compound, compound 1 (2-propyl
dodecanoate) showed increased quantity after mating. The two major compounds were produced in
low amounts by young L. africanus beetles, increasing until the fifth week, and beginning to decrease
at the ninth week. The minor compound was produced steadily without significant change up to
9 weeks. Our results represent a step forward in the knowledge of the chemical communication of
this important pest.

Keywords: pheromone; Lyctus africanus; powderpost beetle; age; mating
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1. Introduction

Powderpost beetles are a common pest group for dried cured wood, especially the
sapwood of hardwood. They convert wood into a mass of powdery or pelleted frass during
the larval stage [1]. The beetles cause major destruction to wood and its products, such as
hardwood flooring, hardwood timbers, plywood, crating, and furniture [2]. The damage is
slow and inconspicuous; thus, infestation is generally identified belatedly due to a lack
of knowledge on how to locate and monitor them. Powderpost beetles occur worldwide,
having indigenous species plus introduced species in each region, but are mainly found in
tropical and arid areas [3,4].

Lyctus africanus is a powderpost beetle belonging to the subfamily Lyctinae in the
family Bostrichidae [1,5]. The species is endemic to East Asian and East African regions [6,7].
This beetle is recognized as an economically important Lyctus species due to the recent
explosions of infestation in some areas [8]. The beetle is reported to infest dried roots,
seeds, and tubers [6,9] as well as timber and timber products [6,7].

Chemical signaling is a primary strategy in many insect species for communica-
tion among individuals. A semiochemical is a chemical signal released from one or-
ganism that generates a behavioral or physiological response in other members of the
same or different species. Knowing the specific semiochemical of an insect is considered
a promising component in integrated pest management (IPM) programs for controlling
insects. Different control strategies, such as monitoring, mass trapping, mating disruption,
and attract-and-kill and push-pull strategies have been developed using semiochemi-
cals [10]. An aggregation pheromone is one type of semiochemical. Released by an individ-
ual, it generates aggregative behavior in members of both sexes or of the same sex as the
sender [11,12]. Many non-social Arthropod species, such as beetle, release an aggregation
pheromone to attract their conspecific, and some conspicuous similarities of pheromone
function are shown in different taxa [11–14]. We recently began the development of a mon-
itoring system by determining the aggregation pheromones in the L. africanus species [15].
Three esters (Figure 1) were identified as male-specific compounds: 2-propyl dodecanoate
(compound 1), 3-pentyl dodecanoate (compound 2), and 3-pentyl tetradecanoate (com-
pound 3). There was a synergistic effect among the three synthetic esters compounds;
however, compound 2 was recognized to play the main role in the aggregation behavior of
L. africanus, especially in female beetles.

Insects 2021, 12, x  2 of 10 
 

 

1. Introduction 
Powderpost beetles are a common pest group for dried cured wood, especially the 

sapwood of hardwood. They convert wood into a mass of powdery or pelleted frass dur-
ing the larval stage [1]. The beetles cause major destruction to wood and its products, such 
as hardwood flooring, hardwood timbers, plywood, crating, and furniture [2]. The dam-
age is slow and inconspicuous; thus, infestation is generally identified belatedly due to a 
lack of knowledge on how to locate and monitor them. Powderpost beetles occur world-
wide, having indigenous species plus introduced species in each region, but are mainly 
found in tropical and arid areas [3,4]. 

Lyctus africanus is a powderpost beetle belonging to the subfamily Lyctinae in the 
family Bostrichidae [1,5]. The species is endemic to East Asian and East African regions 
[6,7]. This beetle is recognized as an economically important Lyctus species due to the re-
cent explosions of infestation in some areas [8]. The beetle is reported to infest dried roots, 
seeds, and tubers [6,9] as well as timber and timber products [6,7]. 

Chemical signaling is a primary strategy in many insect species for communication 
among individuals. A semiochemical is a chemical signal released from one organism that 
generates a behavioral or physiological response in other members of the same or different 
species. Knowing the specific semiochemical of an insect is considered a promising com-
ponent in integrated pest management (IPM) programs for controlling insects. Different 
control strategies, such as monitoring, mass trapping, mating disruption, and attract-and-
kill and push-pull strategies have been developed using semiochemicals [10]. An aggre-
gation pheromone is one type of semiochemical. Released by an individual, it generates 
aggregative behavior in members of both sexes or of the same sex as the sender [11,12]. 
Many non-social Arthropod species, such as beetle, release an aggregation pheromone to 
attract their conspecific, and some conspicuous similarities of pheromone function are 
shown in different taxa [11–14]. We recently began the development of a monitoring sys-
tem by determining the aggregation pheromones in the L. africanus species [15]. Three 
esters (Figure 1) were identified as male-specific compounds: 2-propyl dodecanoate (com-
pound 1), 3-pentyl dodecanoate (compound 2), and 3-pentyl tetradecanoate (compound 
3). There was a synergistic effect among the three synthetic esters compounds; however, 
compound 2 was recognized to play the main role in the aggregation behavior of L. afri-
canus, especially in female beetles. 

 
Figure 1. Chemical structure of ester in aggregation pheromone of Lyctus africanus. 

This study examined the physiological and behavioral parameters that affect phero-
mone production by L. africanus to provide useful information for pest management. In-
formation on lifespan and the effects of aging and mating status on pheromone produc-
tion in males of L. africanus is important to determine the optimum survival conditions for 

Figure 1. Chemical structure of ester in aggregation pheromone of Lyctus africanus.

This study examined the physiological and behavioral parameters that affect
pheromone production by L. africanus to provide useful information for pest management.
Information on lifespan and the effects of aging and mating status on pheromone produc-
tion in males of L. africanus is important to determine the optimum survival conditions
for adult beetles. It has been suggested that only individuals with a good ability to sur-
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vive engage in intensive signaling [16]. Most members of the Bostrichidae family are
non-feeding at the adult stage. The L. africanus are classified into a group that can taste
and feed on wood [17]; hence, optimum lifespan conditions are evaluated in starved
and unstarved conditions. Further, observation of the effects of age and mating status
of adult male L. africanus beetle is essential to understanding the source of variation in
pheromone production and the optimum conditions for chemical compound production.
Knowing changes in pheromone production of beetles is basic knowledge to develop
further research using pheromone as a pest management tool. This is important for further
studies on behavioral, experimental, and physiological factors influencing pheromone
signaling, and also for developing monitoring strategies for pest management.

2. Materials and Methods
2.1. Insect Source

Adult L. africanus beetles were cultured in a mixture of solid wood-based artifi-
cial diet [18,19] consisting of dried yeast (24%, Asahi Food and Health Care Co., Ltd.,
Sumida-ku, Tokyo, Japan), starch (50%, Nacalai Tesque, Kyoto, Japan), and lauan (Shorea
spp.) wood sawdust (26%). The beetle cultures were kept in glass jars (450 mL) in a dark
climatic chamber with a temperature of 26 ◦C ± 2 ◦C and relative humidity of 65% ± 10%.
These beetles have been maintained in the laboratory for at least 10 years (T. Yoshimura,
personal communication) in the Deterioration Organisms Laboratory (DOL) at the Research
Institute for Sustainable Humanosphere, Kyoto University, Gokasho, Uji, Kyoto, Japan.
Newly emerged L. africanus beetles were used in this study. Adult female and male beetles
were sexed and separated under a stereo microscope (Leica MZ6, Leica Microsystems
GmbH, Wetzlar, Germany) by apical hairs present along the hind margin of the abdominal
segment [6].

2.2. Life Span of Adult Male L. africanus in Starved and Unstarved Conditions

To test the optimum conditions for adult beetle survival, a lifespan experiment was
conducted in starved (cultured without food) and unstarved (cultured with food) con-
ditions. The adults of a related species, L. brunneus, have been reported as not feeding
on wood [20]. In this study, five pairs of males and females L. africanus were put in an
individual petri dish (Ø 5 cm, 1 cm in height, BD Biosciences, San Jose, CA, USA) and
covered with Ø 5 cm filter paper (Whatman No. 2, GE Healthcare, Buckinghamshire, UK)
to facilitate the movement of beetles. A small piece of air-dried wood-based solid food
(2 × 2 × 1 cm, 3.3 g) was placed in the Ø 5 cm Petri dish for the unstarved condition, and no
food was placed in the starved condition dish. All Petri dishes were arranged randomly
in the dark climatic chamber and observed weekly for mortality. The observation was
terminated when all beetles died. Fifteen replications were made for each condition.

2.3. Effects of Mating Status on Pheromone Production

The experiment was set up to determine whether mating history affect pheromone
production. Here, we used unmated and mated male beetles for the chemical analysis
of pheromone compounds. To prepare the unmated and mated male beetles, the pupal-
stage L. africanus beetles were harvested from the artificial diets, then placed individually
in a small container (Ø 5 cm, 1 cm in height, BD Biosciences, San Jose, CA, USA) until
they became new adults. The adults (1–5 days old) were sexed and separated for further
examination. The unmated male beetles were kept separately from female beetles until the
chemical analysis. To prepare the mated beetles, males and females of newly emerged adult
beetles were transferred into the Ø 5 cm Petri dish covered with a Whatman filter paper
No. 2 with 2:3 male-to-female ratio. The greater number of female than male beetles was
intended to ensure the opportunity of male beetles to mate. One dish contained 15 adult
beetles with eight replications were made for each treatment (mating status).
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2.4. Effects of Aging on Pheromone Production

This experiment was set up to determine the effects of time or aging on pheromone
production. For one set of experiments, five pairs of newly emerged male and female adult
beetles were transferred into a Ø 5 cm Petri dish covered with a Whatman filter paper
No. 2. Another small piece of food as described above was placed in the dish to prolong
the life span of the beetles. The Petri dishes were positioned randomly in the dark climatic
chamber. The males were separated from the females by the above-mentioned method.
Observation on pheromone compounds was conducted by GC-MS measurement on
1-, 3-, 5-, and 9-week-old male L. africanus beetles using the whole-body extraction method.
Eight replications were conducted for each variation.

2.5. Chemical Analysis
2.5.1. Collection of Chemical Compounds

To collect chemical compounds, whole-body extraction with hexane was performed
for both mated and unmated male beetles (1–5 days old), using the method described in
previous studies to extract pheromones from other beetles and millipede groups [21–23].
Briefly, each beetle was immersed in hexane (10 µL) for 5 min, and 1 µL of aliquot was
injected into a gas chromatography–mass spectrometry (GC–MS) instrument. Authentic
compounds 1–3 were prepared and synthesized in a similar manner to our previous
study [15].

2.5.2. GC–MS Analysis

The GC–MS analysis was conducted with a Network GC System (6890N; Agilent Tech-
nologies, Santa Clara, CA, USA) coupled with a mass selective detector (5975 Inert XL;
Agilent Technologies, Santa Clara, CA, USA) operated at 70 eV. The column used was
an HP-5MS capillary column (Agilent Technologies, Santa Clara, USA, 0.25-mm I.D.
× 30 m, 0.25-µm film thickness). The carrier gas was helium with a constant flow rate
of 1.00 mL/min. Samples were analyzed in the splitless mode with the temperature pro-
grammed to change from 60 ◦C (initially for 2 min) to 290 ◦C at a rate of 10 ◦C/min.
The final temperature (290 ◦C) was then maintained for 5 min. The GC–MS data were
recorded using Chemstation (Agilent Technologies, Santa Clara, CA, USA) with refer-
ence to an MS database (Agilent NIST05 mass spectral library, Agilent Technologies,
Santa Clara, CA, USA).

2.5.3. Quantitative Determination of Three Ester Compounds

A calibration curve was constructed for each compound. The curve was obtained
by correlating the GC–MS response data of the crude extract of beetle with each con-
centration of three standard solutions. A synthetic sample of each ester (2-propyl dode-
canoate, compound 1; 3-pentyldodecanoate, compound 2; and 3-pentyl tetradecanoate,
compound 3) was diluted with hexane. The following concentrations were prepared:
5, 10, and 25 ng/µL; a 200 ng/µL solution was also prepared for the major compound (2).
A calibration curve was then constructed.

2.6. Data Analysis

To determine the lifespan of male beetles, survival rates of adult male beetles were
recorded weekly defined by fraction surviving. The fraction surviving (Li) was calculated
by dividing the number of male beetles surviving at the age i by the initial number of adult
male beetles [24]. Then, a Kaplan–Meier analysis followed by a log-rank method with a
confidence interval (CI) of 0.05 was used to determine the survival duration of the beetle
for 15 weeks of observation. The mean quantities of pheromone detected over the lifespan
were subjected to log transformation and one-way analysis of variance (ANOVA), followed
by Tukey’s HSD as a post hoc test with CI of 0.05. Meanwhile, the means of pheromone
responses by mating status effect were subjected to a Mann–Whitney U test with CI of 0.05.
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3. Results
3.1. Life Span of Adult Male L. africanus in Starved and Unstarved Conditions

Figure 2 shows lifespan data of male L. africanus adults. Throughout their lives,
the survival of starved male beetles was lower than that of unstarved beetles. The number
of starved male beetles dropped precipitously with time, whereas that of the unstarved
beetles decreased gradually until the end of their life period. The longest lifespan of an
unstarved male beetle was 14 weeks, while that of starved male beetles was only 5 weeks.
The Kaplan–Meier analysis indicated that unstarved beetles survived significantly longer
than starved beetles.
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3.2. Effects of Mating Status on Pheromone Production

Figure 3 shows the quantity of each pheromone compound measured in the mated
and unmated males. The figure reveals a tendency toward higher levels of all three ester
compounds in the pheromones of mated males compared to unmated ones. The difference
between mated and unmated males, however, only reached significance in compound 1;
the quantities of compounds 2 and 3 were not significantly different.

3.3. Effects of Aging on Pheromone Production

As shown in Figure 2, the maximum lifespan of male L. africanus was 14 weeks,
but very few beetles survived this long. Thus, pheromone measurement was not conducted
at 14 weeks.

Table 1 presents the quantitative fluctuation of the pheromone compounds over
time. Pheromone compounds, particularly compounds 2 and 3, were produced in beetles
throughout their lives from youth until death. There were no differences in the quantity
of pheromone compound 1 by time. However, compounds 2 and 3 were both initially
produced at low amounts by young L. africanus beetles, then increased until week 5,
before subsequently decreasing at week 9.
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Table 1. Mean production of pheromone compounds by L. africanus at different ages.

Time (Weeks)
Pheromone Quantity (ng)

Compound 1 Compound 2 Compound 3

1 0.00 ± 0.00 a 93.14 ± 19.15 b 2.22 ± 1.93 c

3 8.06 ± 2.31 a,* 142.73 ± 45.31 b 14.84 ± 6.87 b,c

5 21.67 ± 15.04 a 1185.15 ± 412.60 a 186.73 ± 56.36 a

9 5.84 ± 3.60 a 376.34 ± 154.50 a,b 65.07 ± 20.31 a,b

Note: * Same letter within a column indicates no significant difference (Tukey-Kramer HSD test; p <
0.05) following one-way ANOVA.
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4. Discussion

This study indicates that the survival of starved male L. africanus beetles was lower
than that of beetles provided food, which means L. africanus might utilize the artificial
diet. As mentioned previously, the adults of L. africanus are classified into a group that
can taste and feed on wood. As reported by Cymorex and Schmidt [17], the gnawing or
feeding behavior and feces production of five species of Lyctus were quantitatively and
qualitatively analyzed using an artificial diet. The L. africanus were observed to gnaw,
feed, and produce feces on wood materials, such as wood carvings. The feeding behavior
can be related to the specialization of gut anatomy, where the development of fine villi in
the adult mid-gut section of L. africanus has been observed. The L. africanus is suggested
to have a more functional digestion system than other species, L. brunneus or L. planicollis.
The food may not only act as nutrition and provide a hiding space or means for reducing
stress but also as a water source from polysaccharide decomposition in dry wood.

In addition, the male L. africanus beetle showed a tasting behavior like males of a
closely related species, L. brunneus [20]. In general, tasting behavior is performed by
females of Lyctus beetle in order to select an oviposition site, as the eggs survive best in
starchy wood. A 1984 report on other beetle species in the Bostrichidae family stated that
beetles with lifespans longer than 1 month require feeding for reproduction [25]. As for
L. africanus, the lifecycle of beetles is around 2.5 months with a suitable diet for producing
a new generation after the introduction of the artificial diet [19]. As mentioned earlier,
L. africanus adults survived longer in the unstarved condition. Based on these results,
the adult L. africanus beetles were then maintained with the wood-based diet to prolong
their lifespans.

During their life spans, the lyctines are able to mate and oviposit fertile eggs within
24 h of emergence [26]. Mating is known to trigger immediate changes in the physiology
and behavior of insects. This study revealed that chemical changes in the male L. africanus
beetle occurred after mating. The results of the analysis of chemical compounds measured
on mated and unmated male L. africanus beetles indicate that the quantity of compound 1
was affected by the mating status of male L. africanus beetle, while those of compounds
2 and 3 were relatively unaffected. In other words, the production of compounds 2 and
3 of the aggregation pheromone components of the L. africanus beetle was unaffected by
the mating history. In general, the mating history of male insect beetles had no effect
on insect male-produced pheromones [27]. One study reported that the female of an
ant species, Leptothorax gredleri, was promptly avoided by males after mating, coinciding
with immediate changes of the female cuticular hydrocarbon (CHC) profile, known as
a pheromone. The modification of the CHC produced by the females was detectable by
males, allowing them to distinguish between mated and unmated females [28].

Compound 1 is a minor compound found in the aggregation pheromone of the
male L. africanus beetle, suggesting it would have a minor effect on aggregation behav-
ior [15]. There was a synergistic effect among the three synthetic compounds when they
were blended, indicating the essential role of compound 2 in the aggregation behavior of
L. africanus. The other single compounds 1 and 3 induced an insignificant effect on the
beetle’s responses when used alone. Hence, the increased quantity of compound 1 af-
ter mating could be affected by some factors in relation to mating activity, such as the
stage of sexual maturity and the presence of female beetles. In a study on Tenebrio molitor
(Tenebrionidae), the presence of other females acted to accelerate sexual maturation as
indicated by pheromone emission rate [29]. This mechanism could also occur in L. africanus,
which generates sexual maturity of the male beetle by the female through a mating process.
However, further study is necessary to confirm the function of the compound. Pheromone
exchanges frequently occur during mating, as the act of mating appears to initiate and
inhibit particular pheromone compounds [30–32].

Measurement of pheromone compounds 1, 2, and 3 of the male L. africanus beetle
indicated a continuous production of the compounds throughout their lives. As illustrates
in Table 1, compound 1 production was relatively stable over time. A quantitative fluctua-
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tion of the pheromone compounds with time was found in compounds 2 and 3; however,
both were initially produced in low amounts by young L. africanus beetles, then gradually
increased until week 5, before subsequently decreasing at week 9. Similar patterns have
been reported in other Bostrichidae family members, such as Rhyzopertha dominica [32].
Dominicalure-1 and Dominicalure-2 as pheromone components of R. dominica were re-
leased by male R. dominica in higher quantities when the insects were relatively young,
then declined in significant numbers at 24 weeks, and remained stable thereafter. The de-
crease of emitted pheromone reduces the insect’s lifetime reproductive fitness since the
male-produced pheromone primarily attracts females as potential mates. Hence, aging
could lower the recruitment rate by the insect. The current study found compounds 2 and
3, major components of aggregation pheromone in male L. africanus beetle, were affected
by aging. As previously mentioned, although the unstarved male L. africanus beetle could
survive until 14 weeks, the production of those major compounds started declining at
9 weeks. In general, aging is known as a process that impacts a broad functional decline in
health, increasing vulnerability to diseases and death, and reducing reproductive output.
One study reported that composition changes of CHC were found in both male and female
Drosophila melanogaster consistently with age [33].

Table 1 reveals that compound 2 was by far the dominant aggregation pheromone
component in male beetles, as reported in our previous study [15]. This compound was
detected in large amounts in every measurement, followed by compound 3 and compound
1. These results suggest that compounds 2 and 3 might have an important function in
the aggregation behavior of L. africanus, especially in the signaling behavior for mating
opportunities and oviposition. We previously found that compound 1 is a minor compound
in the aggregation pheromone of L. africanus [15]. This study clarified the minor effect
of compound 1 in the aggregation pheromone of L. africanus, but we were not able to
elucidate its role in the aggregation behavior of L. africanus. Further study is required to
confirm the roles of each compound and their combination in the aggregation pheromone of
L. africanus. The present information will help foster a better understanding of the chemical
communication of the insect, which may be important for the development of improved
pheromone-based management strategies for controlling Lyctus beetles.

5. Conclusions

This study indicated that the adult L. africanus survived longer in an unstarved
condition. The food may act not only as nutrition but also as a hiding space or means
for reducing stress. It was suggested that aggregation pheromones produced by male
L. africanus beetle, which consists of two major compounds 2 and 3, were affected by
age, with maximum production at the 5th week, and not by the mating status.
However, the other minor compound 1 was produced steadily without significant
change up to 9 weeks, and its production was affected by the mating status of the male
L. africanus beetle.
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Simple Summary: Proeulia auraria is a native and growing pest insect in fruit orchards in Chile, which
calls for environmentally friendly management methods. Using synthetic pheromone compounds,
we conducted field trials to optimize the septa load for monitoring adult moths. Using the optimized
blend we studied the phenology of males in vineyards, apples, and blueberries, finding two large
flight cycles lasting from September to May. Afterward, based on field trials, we concluded that
250 point sources loaded with a total of 78 g/ha of the pheromone blend, provided high disruption
of male-female encounters for mating in all crops tested for at least 5 months. We concluded that
mating disruption is feasible for P. auraria, needing now the development of a commercial product
and of protocols to control this pest.

Abstract: The leafroller Proeulia auraria (Clarke) (Lepidoptera: Tortricidae) is a native, polyphagous,
and growing pest of several fruit crops in Chile; it also has quarantine importance to several markets,
thus tools for management are needed. Using synthetic pheromone compounds, we conducted field
trials to optimize the blend for monitoring, and to determine the activity period of rubber septa
aged under field conditions. We concluded that septa loaded with 200 µg of E11-14:OAc + 60 µg
E11-14:OH allowed for efficient trap captures for up to 10 weeks. Using this blend, we studied
the phenology of adult males in vineyards, apple, and blueberry orchards, identifying two long
flight cycles per season, lasting from September to May and suggesting 2–3 generations during
the season. No or low adult activity was observed during January and between late May and late
August. Furthermore, mating disruption (MD) field trials showed that application of 250 pheromone
point sources using the dispenser wax matrix SPLAT (Specialized Pheromone and Lure Application
Technology, 10.5% pheromone) with a total of 78 g/ha of the blend described above resulted in
trap shutdown immediately after application, and mating disruption >99% in all orchards for at
least 5 months. We concluded that MD is feasible for P. auraria, needing now the development of a
commercial product and the strategy (and protocols) necessary to control this pest in conventional
and organic orchards in Chile. As far as we know, this is the first report on MD development against
a South American tortricid pest.

Keywords: pheromone; field trials; moth phenology; vineyards; apple orchards; blueberry orchards;
SPLAT wax matrix; remaining pheromone in point sources
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1. Introduction

The Chilean fruit or pear leafroller, Proeulia auraria (Clarke) (Lepidoptera: Tortrici-
dae: Tortricinae), is distributed in Chile, from Atacama (coordinates −27.37, −70.33) to
Los Lagos (−41.47, −72.94) [1–3]. The species is also mentioned in the literature from
Argentina but restricted to Chile based on the Centre for Agricultural and Bioscience
International [4,5], therefore considered a native moth. Proeulia auraria is the economically
most important species of the Genus Proeulia, endemic to Chile [6–8]. It is a polyphagous
insect that has moved from native hosts to exotic plants [9]; the hosts reported for ei-
ther P. auraria or Proeulia sp, include citrus, figs, grapes, kiwifruits, loquats, pome fruits,
pomegranates, stone fruits, and walnuts; several native plants (e.g., Ugni molinae Turcz),
weeds (e.g., Galega officinalis L.), and ornamental trees (e.g., Platanus orientalis L.) [3,9–12].
During the last four decades, P. auraria has become a key pest in some vineyards and or-
chards in Chile [3,10]. This is probably due to changes in management tactics for other pests
(e.g., withdrawal of insecticide applications because of increasing use of mating disruption
against Cydia pomonella L. and Lobesia botrana (Denis & Schiffermüller)), the decreasing
amount of natural enemies due to insecticide use, and/or replacement of the original vege-
tation including P. auraria native hosts [9,10]. The larvae cause damage by folding foliage
and eating flowers, reducing the photosynthetic potential, the canopy development, and
the fruit set. Larvae also feed on the fruit epidermis, and cause surface tunneling, which
makes the fruits unmarketable, and facilitates the development of saprophagous insects
(e.g., Drosophila melanogaster Meigen) or fungal diseases (e.g., Botrytis cinerea Pers.) [9]. How-
ever, the most important economic impact is due to its quarantine status, frequently causing
rejections of Chilean fresh fruits for export when immature stages (mainly larvae) are found
during fruit inspections after harvest [10,11]. In fact, several reports [13,14] mentioned
P. auraria within the list of new pests representing a risk of introduction to different new
areas importing plants and fresh fruits from South America. For this reason, many growers
currently rely on different insecticides (e.g., Bacillus thuringiensis, organophosphates, etc.)
as the most common pre-harvest tactic used against this pest [15,16].

Monitoring P. auraria males for timing insecticide applications has been conducted
in Chile using pheromone-baited traps [16]. The first report of P. auraria pheromone
established a 7:3-ratio of (E)-11-tetradecenyl acetate (E11-14:OAc) and (E)-11-tetradecenol
(E11-14:OH) as the main components [17], whereas Roelofs and Brown [18] reported only
the alcohol as the sex pheromone. During several years, P. auraria monitoring in Chile was
conducted using pheromone lures for the tufted apple bud moth (TBM), Platynota ideausalis
Walker (Tortricidae) [10] containing a 1:1 ratio of E11-14:OAc and E11-14:OH. However, a
significantly more attractive 4-component sex pheromone for P. auraria populations from
central Chile was reported by our group [19]: tetradecyl acetate (14:OAc), E11-14:OAc, (Z)-
11-tetradecenyl acetate (Z11-14:OAc), and E11-14:OH, in a relative ratio of 11:100:1:37. In
fact, recently this blend was successfully tested in Southern areas of Chile [20]. Additionally,
preliminary data obtained from small-scale field trials suggested that P. auraria males might
be susceptible to mating disruption [21].

Based on that information, the objectives of this study were to develop and optimize
monitoring and to further explore the potential of mating disruption (MD) for P. auraria.
Particularly, we conducted field trials to determine the optimum blend and the longevity
of septa for efficient monitoring, and the initial load and emitter density necessary to
maximize disruption.

2. Materials and Methods
2.1. Orchards

Field trials were conducted in commercial fields in the Region of O’Higgins, central
Chile: a conventional 5-years-old blueberry orchard (cvs. O’Neill and Brigitta planted
at 3 × 0.8 m) near San Francisco de Mostazal (coordinates −33.98, −70.68); two organic
(>20 years old) vineyards (cvs. Cabernet Sauvignon, Carmenere, and Syrah at 2–2.5 × 1–1.3 m)
near Requinoa (−34.28, −70.81) and Nancagua (−34.63, −71.22); and an organic 10-years-
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old apple orchard (cvs. Granny Smith and Gala at 2.7 × 2 m) near San Fernando (−34.59,
−70.98). All four orchards have historically had infestations by P. auraria, thus, spray
programs using Bacillus thuringiensis (Bt) and/or Spinosad were being applied in all of
them. However, neither Bt nor Spinosad were applied in the MD plots during our study.

2.2. Chemicals, Traps, and Pheromone Matrix

E11-14:OAc (purity 99%, containing ca. 1% of Z11-14:OAc), Z11-14:OAc (99%), and
E11-14:OH (>99%) were purchased from Bedoukian Research Inc (Danbury, CT, USA) and
were either used as received (hereafter “NP” or “non-purified”) or were purified by column
chromatography on silica gel impregnated with silver nitrate to remove the respective
geometric isomer and other impurities (hereafter “PU” or “purified”). The isomeric purity
of the compounds after purification was >99%, as determined by gas chromatography.
Tetradecyl acetate (14:OAc) was obtained according to the procedure described previ-
ously [19] and had a purity of >99%. All compounds were dissolved in hexane (Suprasolv®,
Merck, Darmstadt, Germany), and appropriate amounts were loaded on white rubber septa
(Sigma Aldrich) to prepare the treatments described below. Septa for control treatments
were loaded with hexane alone. After evaporation of the solvent, septa were placed inside
Pherocon VI Delta traps (Trécé Inc., Adair, OK, USA) which were hung at canopy level
(1.5–1.8 m) separated 30 m from each other for composition, proportion, and septa aging
trials, or separated >50 m (for phenology and mating disruption studies). Unlike the
vineyard and the blueberry orchard, the plots used in the MD trial in the apple orchard
were uprooted just after harvest (late February) and the respective traps destroyed, pre-
venting us to complete that study. Traps were placed at the south-west quadrant inside
the tree canopy, considering always a distance of ca. 10 m from the plot edges. For mating
disruption trials, an emulsified microcrystalline wax matrix called SPLAT® (an acronym for
“Specialized Pheromone and Lure Application Technology”, [22]) was mixed with P. auraria
pheromone components (10.5% w/w of a blend consisting of non-purified E11-14:OAc and
E11-14:OH at a 1:0.3 ratio), loaded in manual silicone sealant guns, and stored at −20 ◦C
until application in the fields. The mixture was prepared by ISCA Technologies (Riverside,
CA, USA). SPLAT not loaded with pheromone was used as a control treatment in the
mating disruption trials, as also recently reported by other authors [23,24].

2.3. Optimizing Pheromone Load in Septa

The first experiment studied the composition of lures. Treatments for this field trial
(“composition trial”) were: (1) E11-14:OAc (100 µg), E11-14:OH (30 µg)—both NP -, and
14:OAc (14 µg); (2) E11-14:OAc (100 µg) and E11-14:OH (30 µg)—both NP -; (3) E11-14:OAc
(100 µg) and E11-14:OH (30 µg)—both PU -; (4) E11-14:OAc (100 µg), E11-14:OH (30 µg),
Z11-14:OAc (1 µg)—all PU -, and 14:OAc (14 µg); (5) control (only hexane). This experi-
ment was carried out in the Requinoa vineyard starting 12 November 2014. The second
experiment evaluated the effect of the two main pheromonal compounds ratio. Treatments
for this field trial (“proportion trial”) were blends of E11-14:OAc and E11-14:OH (both NP)
at ratios (µg/septum): (1) 100:100; (2) 100:60; (3) 100:30; (4) 100:10; (5) hexane only. This
experiment was carried out in the Nancagua vineyard starting 18 February 2015. In both
trials, the traps were deployed in a randomized complete block design with four replicates.
Blocks, and traps within blocks, were at least 30 m apart from each other. Traps were
checked for captures 7 days after setup in the field. Results are expressed as the average
cumulative catches/trap (n = 4) ± SE. Data were analyzed by straight 2-way fixed-effect
ANOVA and the Tukey HSD test for mean discrimination (p ≤ 0.05) [25]. Statistical analyses
were done with MINITAB version 2019.

To evaluate lures longevity, rubber septa (n = 30/treatment) were loaded with mixtures
of E11-14:OAc and E11-14:OH (both NP) as follows: (1) 50 µg + 15 µg, (2) 200 µg + 60 µg,
(3) 800 µg + 240 µg, (4) hexane only (control). Afterward, twelve septa (3 per treatment)
were placed in a 6 × 4.5 cm tulle bag (n = 10). Thus, on 17 December 2014, all bags were
placed on vines in the vineyard (Nancagua) at ca. 1.5 m height and ca. 10 m apart, and were
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covered by a piece of corrugated cardboard (as a roof) to avoid direct sun exposure. During
up to 10 weeks, one bag per week was removed and maintained in a sealed container at
−20 ◦C until use. On 18 February 2015, septa were placed inside Delta traps (1 septum
per trap) which were deployed in the field in a completely randomized block design
(n = 3), and male catches were counted 5 days later. Trap distribution and setup were
as described previously. Data were analyzed by General Linear Model-ANOVA with a
factorial arrangement and means were separated by the Tukey HSD test (p ≤ 0.05) [25].

2.4. Remaining Pheromone in Septa after Aging under Field Conditions

To determine the amount of remaining pheromone after aging septa under field
conditions, thirty rubber septa were loaded with 200 µg of E11-14:OAc and 60 µg of E11-
14:OH (both non-purified), and 5 septa were placed together in tulle bags (as described
above) in the Nancagua vineyard on 12 October 2016. One bag was immediately taken to
the freezer and the remaining 5 bags were kept under field conditions as described above.
Every 30 days another bag was collected and stored in a sealed container at −20 ◦C until
10 March 2017. The remaining pheromone was extracted from individual septa with 5 mL
hexane for 30 min assisted by ultrasound. Extracts were analyzed by gas chromatography-
mass spectrometry (GC-MS), using a Shimadzu GCMS-QP2010 Ultra equipped with a
fused silica RTX-5 capillary column (30 m × 0.25 mm id, 0.25 µm film, Restek) and a
temperature oven program from 50 ◦C for 5 min to 270 ◦C at 8 ◦C min−1. Quantification
was based on the area under the respective peak, compared to an external calibration curve
obtained using authentic standards.

2.5. Proeulia Auraria Adult Male Phenology

Monitoring of P. auraria males was conducted during two consecutive seasons (2015/16
and 2016/17) in one vineyard (Requinoa) and the two orchards described above. Septa
were loaded with 200 µg of E11-14:OAc and 60 µg of E11-14:OH (both NP) and replaced
every 10 weeks. Delta traps (n = 3/orchard or vineyard) with those septa were installed in
2015: monitoring started at the beginning of September (vineyards and apples) or October
(blueberries) and ended in May 2017. The numbers of trapped males were counted once a
week, except between mid-June and late August, when traps were revised once or twice
a month.

2.6. Proeulia Auraria Mating Disruption Trials

The SPLAT was applied in 30 mL plastic cups (to prevent the material from running
off) in amounts equivalent to 78 g/ha (MD treatment; SPLAT 10.5% w/w of E11-14:OAc and
E11-14:OH both NP, at 1:0.3 ratio) and 0 g/ha (control treatment; SPLAT pheromone-free),
with 250 point sources/ha (based on previous results from small scale field trials [21]).
At the beginning of September 2016, cups were homogeneously distributed in the plant
canopy (1.5–1.8 m height) in the respective plots (ca. 4 ha each); plots were spaced at least
50 m apart in the Requinoa vineyard and the orchards. Two pheromone-baited Delta traps
(as described above, see Proeulia auraria adult male phenology) were placed in July 2016 in
each plot, and captured males were counted weekly until March 2017. Disruption indexes
(DI) for seasonal male captures/treatment were calculated for each fruit species, using
the equation DI = 100 * (C − D)/C (where C = captures in control plots, D = captures in
respective MD plots).

Fruit damage was evaluated at harvest by contrasting two randomly chosen fruit
clusters per tree, in 150 (blueberries), 421 (apples), and 559 (grapes) plants/plot, in the
control and the MD treatment, respectively. The results were analyzed using the test for
the equality of proportions (p ≤ 0.05) [25].

2.7. Remaining Pheromone in SPLAT Matrix after Ageing under Field Conditions

To determine the amount of remaining pheromone in the SPLAT matrix after aging un-
der field conditions, 30 plastic cups containing the pheromone-loaded matrix as described
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above were placed in the Requinoa vineyard on 15 October 2016. After 30, 60, 90, 120, 150,
and 210 days, 5 cups were removed at a time and submitted to analysis. The remaining
pheromone was extracted as described above. After filtration through grade 1 filter paper,
extracts were analyzed and quantified as described above (see Remaining pheromone in septa
after aging under field conditions).

3. Results
3.1. Optimizing Pheromone Load in Septa
3.1.1. Pheromone Composition Trial

The field trial designed to evaluate optimum pheromone composition showed signifi-
cantly larger P. auraria male catches (F = 24.21, df = 4, p < 0.001, Figure 1) when either the 2-
or the 3-component blends, prepared with NP compounds, were used. Treatments using
blends prepared with purified compounds were statistically less attractive. All blends were
significantly more attractive than the control.
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Figure 1. Male P. auraria cumulative catches (avg. ± SE) in traps (n = 4) loaded with different
pheromone compositions or hexane (control), Requinoa, central Chile, 12–19 November 2014. Differ-
ent small letters above a column mean significant differences between treatments. NP = commercial
compounds not purified; if not indicated, the compounds were purified. Figures in parenthesis
represent µg/septa.

3.1.2. Pheromone Proportion Trial

Results from a field trial designed to identify the most attractive ratio of E11-14:OAc
and E11-14:OH, showed that the largest P. auraria captures (F = 215.78, df = 3, p < 0.001,
Figure 2) were obtained with 100 µg of E11-14:OAc and either 10 or 30 µg of E11-14:OH
(1:0.1 or 1:0.3 ratios). Treatments with lower ratios (1:0.6 or 1:1) provided significantly
lower captures. No catches occurred with the control.
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Figure 2. Male P. auraria cumulative catches (avg. ± SE) in traps (n = 4) loaded with different ratios
of E11-14:OAc and E11-14:OH. Nancagua, central Chile, 18–25 February 2015. Different small letters
above a column mean significant differences between treatments. Figures in parenthesis represent
µg/septa.

3.1.3. Septa Longevity

The field trial designed to evaluate the longevity of septa loaded with three different
amounts of E11-14:OAc and E11-14:OH (1:0.3 ratio), aged for up to 10 weeks, showed
significant interaction (pheromone load x aging time; F = 16.57, df = 18, p < 0.001), so both
factors did not act independently. Thus, we perform the contrast with the Tukey test for
every week x pheromone load (Table 1, SE = 1.28). Results shown in most cases (7 out
of 10) 50 µg of E11-14:OAc + 15 µg E11-14:OH significantly lower captures, despite some
week-to-week variability. On the other hand, 200 µg of E11-14:OAc + 60 µg E11-14:OH was
equal to 800 µg of E11-14:OAc + 240 µg E11-14:OH also in seven cases, in two cases the
former treatment was greater, and only in one the latter treatment was greater. Based on
that, we selected the 200 µg of E11-14:OAc + 60 µg E11-14:OH pheromone load for further
studies, considering a septa replacement time of 10 weeks. No males were captured in
control traps.

Table 1. Mean cumulative P. auraria catches in traps (n = 3) within aging weeks for the three tested
pheromone loads, Nancagua, central Chile, 18–23 February 2015.

E11-14:OAc + E11-14:OH (µg)

Aging Weeks 50 + 15 200 + 60 800 + 240

1 13.7 b 24.7 a 26.3 a *
2 26.3 a 20.7 a 20.7 a
3 21.7 a 24.0 a 11.0 b
4 22.7 a 27.7 a 24.0 a
5 8.0 b 27.7 a 23.0 a
6 17.7 b 19.7 b 30.0 a
7 16.0 b 28.3 a 23.7 a
8 13.3 b 21.0 a 22.3 a
9 16.7 b 27.7 a 17.0 b
10 14.7 b 26.0 a 21.0 ab

* Different lowercase letters in a row indicate significant differences (p < 0.05) between pheromone doses within
an aging time (weeks).
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3.2. Remaining Pheromone in Septa after Ageing under Field Conditions

The amount of pheromone remaining in septa originally loaded with 200 µg E11-
14:OAc + 60 µg E11-14:OH, and aged up to 5 months under field conditions, decreased over
time, reaching close to 38% of the initial amount (the acetate and the alcohol) after 150 days,
with a release rate equivalent to 12%/month. Analysis of the individual components
showed that the initial proportion of 1:0.3 (at day 0) had increased to 1:0.1 five months later
(Figure 3).
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Figure 3. Amount of pheromone remaining (µg ± SE) in septa (original load of 200 µg E11-14:OAc
and 60 µg E11-14:OH) aged up to 150 days under field conditions from October 2016 through
March 2017.

3.3. Proeulia Auraria Adult Male Phenology

Regarding P. auraria phenology, adult male catches in the vineyard and the orchards
showed similar patterns in both seasons (2015–2016 and 2016–2017), with two very long
flight cycles, the first one from late September until early January, and the second one
from early February through early/mid-May, in three localities from the O’Higgins region
(Figure 4). Very low or no male adult catches occurred during January, and from early/mid-
May until late August or early September.

3.4. Proeulia auraria Mating Disruption Trials

During the MD field trials conducted in all orchards, P. auraria catches and disruption
showed a similar trend (Figure 5A–C). Captures started at least a couple of weeks before
the application of SPLAT (mid-September) in both plots (MD and control), except in apples,
where no catches in the MD plot were observed during that period, probably due to a
more delayed rise in male activity in the area (as shown in Figure 5B). One week after the
application of pheromone-loaded SPLAT, the captures fell to zero (trap shutdown) in all
disruption plots, whereas captures continued in the control plots. During the following
months, male captures continued to be almost nonexistent in MD plots (0 in blueberries and
apples, and only 8 in grapes between September–March/April), whereas relatively high
numbers of males were caught in the respective control plots during the season (apples:
292, blueberries: 343; and vines: 838 males). Thus, disruption over the season reached 100%
in blueberries and apples, and 99.1% in grapes. The marginal reduction of disruption in
grapes occurs essentially in the last week of April.
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Figure 4. Captures of P. auraria (total males/3 delta traps/date) in a vineyard (A: Requinoa), an apple
orchard (B: San Fernando), and a blueberry orchard (C: San Francisco de Mostazal), all located in the
O´Higgins region, central Chile, during two consecutive seasons (September (A,B)/October (C) 2015
through May 2017), using septa loaded with 200 µg of E11-14:OAc and 60 µg of E11-14:OH.

At harvest, no fruit damage was observed in blueberries. In the apple orchard, the
percentage of damaged fruit was not significantly different between the MD plot (3.39%)
and the control plot (3.95%) (p = 0.6). In grapes, the MD plot had 5.99% of damaged fruits,
while in the control plot, 3.48% of fruits were damaged. These values are significantly
different (p = 0.005).

3.5. Remaining Pheromone in SPLAT Matrix after Aging under Field Conditions

The amount of pheromone remaining in SPLAT originally loaded with 3 g/cup of
10.5% w/w E11-14:OAc and E11-14:OH at 1:0.3 ratio, and aged up to 7 months under field
conditions, decreased over time for both components, reaching close to 29% of the initial
loading after 150 days and keeping close to the original ratio during that period of time.
On the other hand, the evaluation at 210 days showed 82% reduction from the original
load and a significant deviation from the original ratio (Figure 6).
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Figure 5. Proeulia auraria male captures (avg. males/2 traps*plot/date) in disruption plots (darker
color line) and control plots (lighter color line) in a vineyard (A: Requinoa), an apple orchard (B: San
Fernando), and a blueberry orchard (C: San Francisco de Mostazal), all located in the O´Higgins
region, central Chile, July 2016 through April 2017. The arrow indicates the respective date of
SPLAT application.
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Figure 6. Average amount of pheromone remaining (µg ± SE) per point source (SPLAT matrix loaded
as described above, n = 5) aged up to 210 days under field conditions.

4. Discussion

The results from our studies designed to optimize the pheromone composition load in
septa for P. auraria male attraction to traps are generally consistent with our previous reports
about optimum composition, where the 4-component blend (in a 100:37:4:11 ratio) attracted
more males than several incomplete combinations [19]. Furthermore, the synergistic effect
of small amounts of the geometric isomer (Z11-14:OAc) of the main compound (E11-
14:OAc) was also confirmed in our present experiments. This is of particular interest for
applications in the field, because commercially available E11-14:OAc usually contains
small amounts of the geometric isomer. As long as this small impurity does not exceed
1%, a time-consuming purification process is not only not necessary, but even would be
detrimental, as the synergist would be removed. It has been discussed in the literature
whether or not the whole blend is needed for moth monitoring or mating disruption, or
if a partial blend is sufficient [26]. In fact, most monitoring or control strategies using
pheromones are conducted only with the main pheromone component, despite the fact
that many more chemicals have been identified in most tortricid pheromone blends [27],
but there are other examples [28–30] for successful MD studies using binary blends against
lepidopteran pest species. On the other hand, there are also some reports on the effects of
impurities (including those produced by isomerization from the main component within
the septum) modifying attractiveness as well [31]. In the case of P. auraria, we selected an
incomplete 2-component blend (E11-14:OAc and E11-14:OH), considering its efficiency,
ease of use (no further purification needed), and lower cost.

The results from our trial comparing different proportions of E11-14:OAc and E11-
14:OH are not fully comparable to previous studies since the 1:0.1 and the 1:0.6 ratios were
not tested before. On the other hand, the 1:1 ratio was previously tested [19], but this blend
was never the most attractive treatment in field trials, despite the fact it is the ratio used in
a lure commercialized in Chile for P. auraria monitoring [10]. Our results mostly agree with
previous work where a ratio of 1:0.37 [19] was usually the most attractive treatment among
several multi-component blends tested. Thus, considering its efficiency and previous data,
the 1:0.3 ratio was selected for the next studies. Regarding the results obtained in our
study to determine optimum septa replacement timing, we concluded septa loaded with
200 µg of E11-14:OAc + 60 µg E11-14:OH replaced every 10 weeks was more convenient
for monitoring P. auraria. The duration of lures targeting tortricids for monitoring is very
variable (from a few weeks to several months), depending mostly on the dispenser type
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and pheromone loads [32]. Some studies have concluded, similar to our results [33], a 10-
week period for septa replacement when loaded with similar compounds for trapping
tortricids in vineyards. The remaining pheromone in septa over time showed a behavior
approaching the first kinetic dynamic described for this type of chemicals evaporating
from similar dispensers [34], which would explain the relatively long activity observed in
our trials. Considering the aforementioned results, a blend of 200 µg of E11-14:OAc and
60 µg E11-14:OH (1:0.3 ratio) was selected, with replacement of the septa every 10 weeks,
for P. auraria monitoring.

The monitoring of the flight activity of Proeulia auraria based on male captures in
pheromone-baited traps suggests at least two generations during the season in central
Chile. The second-generation complete development the following season, since winter
populations (June–August) are composed mostly of second, third, and fourth larval instars.
These larvae overwinter (with low activity) in refuges [10], and the occurrence of over-
lapping stages [9] led to a large period of adult emergence and flight during next spring,
as was observed in our results. This pattern differs from other tortricid species affecting
the same crops in Chile, for example, C. pomonella and L. botrana, which spend the winter
as a uniform population consisting of a single instar/stage [35,36]. Thus, in the case of
P. auraria, it is necessary to consider a complementary treatment against immatures along
(or before) the installation of mating disruption targeting adult males.

Our results show that male captures in traps tend to be greater in the vineyard,
medium in the apples, and lower in the blueberry orchard, being lesser in the second con-
secutive study season in all localities. Previous studies [1,2] conducted in the Metropolitan
region (100–150 km to the north from our tested area), mostly in pear orchards using the
TBM lure (the tufted apple bud moth, P. ideausalis), showed similar results to those reported
here, but with shorter flights and events occurring a couple of weeks earlier. Those reports
also suggested the occurrence of two generations per season for P. auraria. It should be
mentioned that up to three generations for P. auraria have been estimated for perennial
orchards such as oranges, or in seasons with warmer autumns in central Chile [1,10].
In general, the first generation of adults and its offspring are present in orchards during
sprouting/bloom, whereas the second generation originates most immatures which are
present between fruit set and harvest, and these juveniles (mainly larvae) are the reason for
detections occurring during post-harvest inspections for fruit species.

Previous preliminary studies on mating disruption (MD) carried out in small plots per
treatment (0.1 ha/plot, [21]) suggested that P. auraria was disruptible with the pheromone
deployed in the SPLAT matrix. Those results oriented us to define the pheromone load per
point source (78 g pheromone/ha) and the source density (250/ha) reported herein. In the
present study, we conducted trials at a larger scale (4 ha/plot), aiming at the validation of
these parameters. The values of both parameters -pheromone dose and SPLAT point source
density, per ha- are within the ranges reported for other tortricids using the same matrix for
MD purposes [37,38]. The trap shutdown in all MD plots in our trials was also observed in
other studies conducted to develop mating disruption against different tortricids [39,40].
The very high levels of disruption obtained in our experiments (99–100%) suggest high
efficiency and are above the values reported (77–89%) in several similar reports [41–44].
The marginal reduction of disruption in grapes occurred mostly in the last week of April,
almost seven months after pheromone application, which is longer than the usual protec-
tion required for MD formulations (e.g., 180 days for L. botrana) used against tortricids [36].
Considering the varieties used in our trials and the respective localities, where the lat-
est harvest time is usually in March, the MD tested formulation would cover the whole
season. This reduction in disruption in grapes occurred when the remaining amount of
pheromone in the SPLAT matrix was reduced by 82% and the original components ratio
was significantly changed from 1:0.3 to 1:0.5, which we demonstrated previously to be less
efficient to maximize attraction [19]. Thus, it seems to be important to develop a dispenser
matrix able to keep the proportion of compounds as close to the original as long as possible
(i.e., covering the whole period of male flights) for efficient disruption. The possible mech-
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anism for mating disruption in P. auraria has not been identified. The literature indicates
that the mechanisms in tortricids are either non-competitive (e.g., sensory adaptation)
or competitive based on dispenser attraction (e.g., false-trail following) [44], being the
latter cited for many tortricid species, including the target of that study (Cydia (Grapholita)
molesta (Busck)) [22]. However, researchers in the same group, in a subsequent study [45],
concluded that a competitive mechanism acted on C. molesta when using monitoring lures
(with a low pheromone load per septum) for mating disruption, but a non-competitive one
operated when mating disruption dispensers (with the equivalent to 1500× the release rate
from monitoring lures) were used, demonstrating a switch of the disruption mechanism
depending on the atmospheric pheromone concentration.

Regarding the level of fruit damage at harvest, in apples, no differences occurred
between the control plot (sprayed with Bt and/or Spinosad) and the MD plot (no other
control methods applied), whereas in grapes the damage was significantly greater in the
MD plot. Similar results have been reported previously, where high levels of mating
disruption on males (as observed in our field trials) do not necessarily match with the
absence of damage in crops because fertilized females can migrate from nearby areas [46],
particularly if the MD plot is within an orchard with high pest pressure (as we observed at
the Requinoa vineyard). Thus, mating disruption treatments should consider covering the
whole orchard in order to properly evaluate crop damage when using this technique.

5. Conclusions

In conclusion, our results set the basis for the development of more sustainable man-
agement of this important pest in Chile. We established an optimized blend of pheromone
compounds for monitoring based on commercially available material and also established
that the pheromone lures (septa) remain attractive for at least 10 weeks. The informa-
tion generated about male flight dynamics will help to develop a phenological model for
P. auraria for better timing of insecticide application or installation of mating disruption
dispensers. As far as we know, our findings on mating disruption against P. auraria are the
first report for a South American tortricid affecting vineyards/orchards and demonstrate
that it is possible to confuse males of this increasing pest using this technique. However,
there is still the need to produce a commercial product and to develop protocols for the
application in vineyards and orchards in Chile. The challenge of future work is: to test the
technology on larger scales (whole vineyards/orchards) and to evaluate the respective fruit
damage level; to determine the effects on other synchronic and sympatric pests and natural
enemies; to evaluate the economic feasibility for a commercial product development [47]
given the relatively small size of the Chilean market, and to adapt the technology to the
particular cycle of P. auraria. However, once developed, this will be a valuable tool for local,
particularly organic growers not having many efficient options to manage this pest or those
who look for new and more environmentally friendly tactics against P. auraria.
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Simple Summary: Cryptoblabes gnidiella has recently become one of the most feared pests in the
Mediterranean grape-growing areas. Its expanding impact requires the development of effective
strategies for its management. Since insecticide strategy has shown several weaknesses, we developed
a pheromone-based mating disruption (MD) approach as a possible sustainable control technique
for this pest. Between 2016 and 2019, field trials were carried out in two study sites in central
and southern Italy, using experimental pheromone dispensers. The number of adult captures
in pheromone-baited traps and the percentage of infestation recorded on ripening grapes were
compared among plots treated with MD dispensers, insecticide-treated (no MD) plots, and untreated
plots. Results highlighted that the application of MD may contribute to lowering the damage
significantly. However, further studies aimed at clarifying the still little-known aspects of the biology
and population dynamics of the honeydew moth are needed.

Abstract: The demand for a reduced use of pesticides in agriculture requires the development of
specific strategies for managing arthropod pests. Among eco-friendly pest control tools, pheromone-
based mating disruption (MD) is promising for controlling several key insect pests of economic
importance, including many lepidopteran species. In our study, we evaluated an MD approach for
managing the honeydew moth (HM), Cryptoblabes gnidiella, an emerging threat for the grapevine in
the Mediterranean basin. The trials were carried out in two study sites, located in Tuscany (central
Italy, years 2017–2019) and Apulia (southern Italy, years 2016 and 2018–2019), and by applying MD
dispensers only in April, in April and July, and only in July. To evaluate the effects of MD, infested
bunches (%), damaged area (%) per bunch, and number of living larvae per bunch were compared
among plots covered with MD dispensers, insecticide-treated plots (Apulia only), and untreated
control plots. Male flights were monitored using pheromone-baited sticky traps. Except for the
sampling carried out in Tuscany in 2018, where HM infestation level was very low, a significant
difference was recorded between MD and control plots, both in terms of HM damage caused to
ripening grapes and/or number of living larvae per bunch. Overall, our study highlighted that
MD, irrespective of the application timing, significantly reduced HM damage; the levels of control
achieved here were similar to those obtained with the application of insecticides (no MD). However,
MD used as stand-alone strategy was not able to provide complete pest control, which may instead
be pursued by growers with an IPM approach.

Keywords: chemical ecology; grapevine; Integrated Pest Management; sex pheromone
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1. Introduction

In recent years, the honeydew moth (HM), Cryptoblabes gnidiella (Millière, 1867) (Lep-
idoptera, Pyralidae, Phycitinae), has become one of the most harmful moths in Mediter-
ranean vineyards, raising concerns about the damage caused to ripening grapes [1–3].
Native to the Mediterranean basin, this moth is highly polyphagous, feeding on about 60
different plant species, and it has been recorded in several African and Asian countries, as
well as in India, New Zealand, Hawaii, and North and South America [1,4].

Although widespread throughout the Mediterranean area, the HM has never been
considered a key pest of vineyards, since it usually occurred at low density [1,3], and its
impact on yield has been regarded as negligible compared to that of major vineyard pests,
such as the European grapevine moth, Lobesia botrana (Denis & Schiffermüller) (Lepidoptera:
Tortricidae), or the vine mealybug, Planococcus ficus (Signoret) (Hemiptera: Pseudococci-
dae) [5–8]. Most likely because of the increase in average temperatures, the economic impact
of the HM in vineyards throughout the Mediterranean basin has been growing rapidly over
the last decade [3]. In the warmer coastal vineyards of central and southern Italy, as well as
in Provence (southern France), the HM has already been reported to cause severe losses in
late-ripening grapes, e.g., Aglianico, Montepulciano, Sangiovese, or Grenache [3].

To date, the control of this pest has been achieved mainly through the chemical
management of other key pests such as L. botrana [1]. For example, the use of Bacillus
thuringiensis subsp. kurstaki has proven to be effective in controlling HM larval popu-
lations [1,9]. However, research focusing on the life cycle of this pest [1–4] has shown
that—although the first flights are recorded in April–May—no larvae or grape damage is
found before the end of July, in correspondence with the phenological phase of “majority
of berries touching/beginning of ripening” (79–81 BBCH scale). Consequently, treatments
against the second generation of L. botrana may not ensure the control of HM populations.
In addition, the growing impact of this moth and the general demand for an increasingly re-
duced use of pesticides in agriculture require the development of specific and eco-friendly
strategies for the containment of this pest.

In this context, a shift towards the development of an Integrated Pest Management
(IPM) strategy for the sustainable management of the HM in vineyards is an incoming
challenge for the wine industry. Among eco-friendly pest control strategies, pheromone-
based mating disruption (MD) turned out to be a promising tool for the control of several
insect pests [10–12]. Moth sexual communication is based on the release of a sex pheromone
by the female, which is eventually detected by males through appropriate neurosensory
structures [13,14]. The release of synthetic pheromone plumes interferes with the mate
finding process [15–17]; thus, this technique affects the chance of reproduction of the target
species, with a consequent impact on its population dynamics [18]. As mentioned above,
MD has proved to be a valid control tool to manage the populations of several moths of
economic importance [15,19–24] and has been successfully applied in the control of the
European grapevine moth and the vine mealybug in European vineyards [5,6,8,10,25–27].

The aim of our study was to develop and validate a novel MD approach for managing
the infestations of the HM in Italian vineyards by comparing the percentage of infested
bunches, the percentage of damaged area per bunch, the number of living HM larvae per
bunch, and HM trap catches among MD plots, plots treated with insecticides (hereinafter,
grower’s standard), and untreated control plots. The flight pattern of C. gnidiella in the
Mediterranean area shows four peaks [1,28–31]: the first two are in May–June and July,
respectively, with relatively low captures; the third and fourth peaks are in August–October,
partially overlapping and with high captures. However, although trap catches are recorded,
larvae infesting bunches are hardly ever seen in May–June and appear gradually in bunches
from the second half of July on [3]. For this reason, three different timings of dispenser
application were tested: (i) dispensers applied once in April (i.e., before the beginning of the
first flight); (ii) dispensers applied once in July (at the first appearance of larvae on bunches);
and (iii) dispensers applied twice, once in April and once in July, with the second application
aiming at reinforcing the pheromone cloud in the field before the fourth flight peak.
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2. Materials and Methods
2.1. Experimental Design

Trials were carried out between 2016 and 2019, in two typical wine-growing areas:
one located in Apulia (Southern Italy), in the municipality of Minervino Murge (province
of Barletta-Andria-Trani), characterized by the late-ripening wine grape variety Aglianico
(harvesting period: middle of October), and the other one located in Tuscany (Central Italy),
in the municipality of Capalbio (province of Grosseto), on the wine grape variety Cabernet
Sauvignon (harvesting period: end of September). Vineyard details are given in Table 1.

Table 1. Sites and crop details of the vineyards where Isonet CGX111 dispensers were tested to manage Cryptoblabes
gnidiella populations.

Site Variety Harvesting Period Row Spacing (m) Space within Rows (m)

Tuscany (Capalbio)
42◦25′51.78′′ N
11◦25′4.82′′ E

Cabernet
Sauvignon End of September 1.3 0.6

Apulia (Minervino Murge)
41◦8′56.72′′ N
16◦2′16.09′′ E

Aglianico Middle of October 2.3 0.8

Plastic hand-applied Isonet CGX111 dispensers (Shin-Etsu Chemical Co. Ltd., Naoetsu,
Japan) were tested at the application rate of 500 units/ha. The dispensers were set in
a regular grid, spaced out about 4.5 m from each other. Isonet CGX111 is a reservoir
pheromone dispenser consisting of two parallel brown-red polymer tubes, one filled with
the HM synthetic pheromone blend (Z)-11-hexadecenal >27% and (Z)-13-octadecenal >27%
and the other containing an aluminum wire that enables their placement on supports.

In Apulia, the experiment was carried out by dividing the study area into plots of
6–8 ha. The first study was conducted in 2016. Four sampling plots were established: an
untreated control plot; an MD plot where Isonet CGX111 dispensers were applied only
once in April (11 April); an MD plot where the dispensers were applied twice, once in April
and once in July (18 July); and a plot managed according to local practices for HM control,
hereinafter called the grower’s standard (treated 4 times during berry ripening with Delfin
at 0.75 kg/ha, a.i. B. thuringiensis subsp. kurstaki strain SA 11). In 2018, the study was
carried out by testing an MD plot with Isonet CGX111 dispensers applied in April (9 April)
vs. an untreated control plot and the grower’s standard plot (treated 5 times with Delfin at
0.75 kg/ha and once with Laser 0.25 L/ha, a.i. spinosad, during fruit development/berry
ripening). The trial was repeated in 2019, adding two MD plots: one with two applications,
the first in April (15 April) and the second in July (22 July), both at a rate of 500 dispensers
per ha, and another one where the dispensers were applied only once in July (500 per ha).

In Tuscany, the experiment was conducted by dividing the study area into plots of about
6 ha. In 2017 and 2018, the sampling was carried out testing an MD plot with Isonet CGX111
dispensers applied in April (14 April and 18 April, respectively) vs. an untreated control. In
2019, the survey was repeated, adding an MD plot where 500 dispensers per ha were applied
in April (11 April) and then again in July (23 July) and another MD plot where 500 dispensers
per ha were applied only in July. Experimental plots details per year are given in Table 2.

A randomized block design is not applicable to large plots required for studies on MD
products (see European and Mediterranean Plant Protection Organization 2019 guidelines),
and therefore each treatment (i.e., Isonet CGX111 at 500 dispensers per ha applied once in
April, once in July and/or twice, grower’s standard, and untreated control) was applied to
one large plot of 6–8 ha. For each treatment, 10 sampling units were selected, distributed
in a grid pattern, except for the survey of 2016 in Apulia, where 6 sampling units were
selected. In each of these units, 50 bunches (for a total of 300 bunches per treatment in
2016 and 500 bunches per treatment in the following years) were randomly selected and
checked for HM infestation.
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Table 2. Treatments tested in the different years in Minervino Murge and Capalbio vineyards. A:
Isonet CGX111 dispensers applied only in April; AJ: Isonet CGX111 dispensers applied twice, once
in April and once in July; J: Isonet CGX111 dispensers applied only in July; C: untreated control;
GS: grower’s standard (Delfin at 0.75 kg/ha, a.i. Bacillus thuringiensis kurstaki—SA 11 and Laser
0.25 L/ha, a.i. spinosad); ‘-’: treatment not included in the study.

Year Site Treatements

2016 Minervino Murge A AJ - C GS

2017 Capalbio A - - C -

2018
Minervino Murge A - - C GS

Capalbio A - - C -

2019
Minervino Murge A AJ J C GS

Capalbio A AJ J C -

2.2. Adult Captures and Evaluation of Infestation Levels

Adult flights were monitored each year in each plot using Biogard Delta Traps (BDT sticky
traps, CBC (Europe) S.r.l., Grassobbio (BG), Italy), baited with HM sex pheromone lures (NovaPher,
Settimo Milanese (MI), Italy). Sticky plates and sex pheromone lures were replaced monthly;
adults were counted regularly by direct observation in the field and periodically removed.

Infestation levels were evaluated on selected bunches in September, just before harvest.
Three parameters were considered: percentage of HM-infested bunches, number of living
larvae of C. gnidiella per bunch, and percentage of damaged area per bunch. The percentage
of damaged area per bunch was evaluated visually as the portion of the bunch with wilted
and/or damaged berries, rousers on green parts, feces, and silk.

2.3. Pheromone Release Rate Over the Season

In order to evaluate the gradual release of pheromone, Isonet CGX111 dispensers (n = 5
for sampling) during the field experiment in Apulia in 2016 were periodically collected
and analyzed with GC-MS, following the method recently described by Lucchi et al. [10].
Based on internal (SEC) standard GC-MS analysis, an Agilent 6890 N (Santa Clara, CA,
USA) gas chromatograph equipped with a 5973N mass spectrometer (MS) was used. MS
was set as follows: EI mode, 70 eV, mass-to-charge ratio (m/z) scan between 35 and 400.
HP capillary column (30 m × ID 0.25 mm × 0.25 µm film thickness, J&W Scientific, Folsom,
CA, USA) with helium gas flow (1.0 mL/min) was employed for separation. The GC
temperature program was 50 ◦C for 5 min, then increasing at 20 ◦C/min to 300 ◦C. The
injector temperature was 150 ◦C.

2.4. Statistical Analysis

Estimated parameters were not normally distributed in all the plots of our samplings,
and the variance was not homogeneous (Shapiro–Wilk test, goodness of fit p < 0.05; Levene’s
test, goodness of fit p < 0.05). Data transformation to ln (x + 1) was not able to normalize
the distribution or homogenize the variance. Therefore, differences between plots were
tested using nonparametric statistics, i.e., the Wilcoxon test (for comparisons between two
plots) or the Kruskal–Wallis test (for multiple comparisons among different plots), the
latter followed by the Nemenyi post hoc test; a p-value of 0.05 was used as the threshold
to assess significant differences. Statistical analysis was performed using R software
(www.R-project.org).

3. Results
3.1. Adult Flights

In both trials, adult flights showed a typical trend, with a first and second peak in May
and July, respectively, followed by a third peak in August and a higher peak in September–
October (Figures 1 and 2). In Tuscany, the maximum number of male catches per trap per
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week occurred in the control plot during the fourth flight, with peaks of 25 adults in 2017,
62 in 2018, and 39 in 2019; MD-treated plots accounted for about 0.09% of total catches in
2017, 0.02% in 2018, and 0.10% in 2019. In Apulia, the maximum number of catches per
trap per week in the untreated control plot occurred in 2016 and 2018 during the fourth
flight, with peaks of 132 and 34 adults, respectively, while a maximum of 299 adults was
found in 2019 in the grower’s standard plot; MD-treated plots accounted for about 0.07%
of total catches in 2016, 0.22% in 2018, and 0.12% in 2019.
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Figure 2. Cryptoblabes gnidiella flight trends in mating disruption (MD)-managed and untreated control plots in Apulia in
2016 (A), 2018 (B), and 2019 (C). In all years, there is a marked contrast in the number of catches between plots under MD
(dashed lines), untreated control plots (solid line), and grower standard (dotted lines) especially from August onwards.
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3.2. Pheromone Release Rate over the Season

Figure 3 shows the pheromone release of the Isonet CGX111 dispensers placed in the
field experiment in Apulia during the 2016 grape-growing season. GC-MS results underline
how the pheromone content of the dispensers decreased progressively throughout the
season. During the third HM flight in August, the percentage of residual pheromone in MD
dispensers applied in April was approx. 10%, and it decreased to levels below 5% during
the preharvest period. Concerning MD dispensers applied in July, the residual pheromone
content was about 75–80% in August, and about 25% during the preharvest period.
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Figure 3. Cryptoblabes gnidiella pheromone load in the mating disruption dispensers applied in April or July, tested in
Apulian vineyards during the 2016 growing season. a.i. = active ingredient.

3.3. Field Experiments in Central Italy

In 2017 (Figures 4–6), significant differences were observed between the untreated
control and the plot with dispensers applied in April in terms of percentage of infested
bunches (χ2 = 7.86, d.f. = 1, p = 0.006) and percentage of damaged area per bunch (χ2 = 7.83,
d.f. = 1, p = 0.006), while the difference was not significant for number of living larvae per
bunch (χ2 = 2.11, d.f. = 1, p = 0.167). In 2018 (Figures 4–6), no significant differences between
treatments were found for any of the considered variables (percentage of infested bunches,
χ2 = 3.22, d.f. = 1, p = 0.079; percentage of damaged area per bunch, χ2 = 1.76, d.f. = 1,
p = 0.197; number of living larvae per bunch, χ2 = 0.58, d.f. = 1, p = 0.467). The sampling in
2019 (Figures 4–6) showed significant differences among treatments in terms of percentage
of infested bunches (χ2 = 14.472, d.f. = 3, p = 0.002) and percentage of damaged area per
bunch (χ2 = 13.071, d.f. = 3, p = 0.004), while no significant difference emerged in terms of
number of living larvae per bunch (χ2 = 7.060, d.f. = 3, p = 0.070). Both for percentage of
infested bunches and percentage of damaged area per bunch, a significant difference was
recorded between the untreated control and the plot with double application of dispensers
in April and July (q = 3.976, p = 0.025 and q = 3.719, p = 0.042, respectively).
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Figure 4. Impact of mating disruption (MD) using Isonet CGX111 dispensers on Cryptoblabes gnidiella damaged area (%) per
bunch among treatments and untreated control plots in Apulia (A,C,E) and Tuscany (B,D,F) during three-year samplings.
Boxplots indicate the median (solid line) and the range of dispersion (lower and upper quartiles and outliers) of the
parameter; black dot and dashed line indicate mean value and standard error, respectively. Different letters above boxplots
indicate significant differences among treatments (Wilcoxon test for comparisons between two plots or Kruskal–Wallis test
for multiple comparisons, the latter followed by Nemenyi post hoc test; p < 0.05).
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Figure 5. Impact of mating disruption (MD) using Isonet CGX111 dispensers on Cryptoblabes gnidiella infested bunches (%)
among treatments and untreated control plots in Apulia (A,C,E) and Tuscany (B,D,F) during three-year samplings. Boxplots
indicate the median (solid line) and the range of dispersion (lower and upper quartiles and outliers) of the parameter;
black dot and dashed line indicate mean value and standard error, respectively. Different letters above boxplots indicate
significant differences among treatments (Wilcoxon test for comparisons between two plots or Kruskal–Wallis test for
multiple comparisons, the latter followed by Nemenyi post hoc test; p < 0.05).

63



Insects 2021, 12, 390Insects 2021, 12, x 11 of 16 
 

 

 

Figure 6. Impact of mating disruption (MD) using Isonet CGX111 dispensers on number of living larvae of Cryptoblabes 

gnidiella per bunch among treatments and untreated control plots in Apulia (A,C,E) and Tuscany (B,D,F) during 

three-year samplings. Boxplots indicate the median (solid line) and the range of dispersion (lower and upper quartiles 

and outliers) of the parameter; black dot and dashed line indicate mean value and standard error, respectively. Different 

letters above boxplots indicate significant differences among treatments (Wilcoxon test for comparisons between two 

plots or Kruskal–Wallis test for multiple comparisons, the latter followed by Nemenyi post hoc test; p < 0.05). 

3.4. Field Experiments in Southern Italy 

The Kruskal–Wallis test showed a significant difference (Figures 4–6) among treat-

ments in 2016 in terms of percentage of damaged area per bunch (χ2 = 8.130, d.f. = 3, p = 

0.043) and number of living larvae per bunch (χ2 = 9.205, d.f. = 3, p = 0.027), but the Ne-

menyi post hoc test confirmed a significant difference only in terms of number of living 

larvae between the grower’s standard and the area with MD dispensers applied once in 

Figure 6. Impact of mating disruption (MD) using Isonet CGX111 dispensers on number of living larvae of Cryptoblabes
gnidiella per bunch among treatments and untreated control plots in Apulia (A,C,E) and Tuscany (B,D,F) during three-
year samplings. Boxplots indicate the median (solid line) and the range of dispersion (lower and upper quartiles and
outliers) of the parameter; black dot and dashed line indicate mean value and standard error, respectively. Different letters
above boxplots indicate significant differences among treatments (Wilcoxon test for comparisons between two plots or
Kruskal–Wallis test for multiple comparisons, the latter followed by Nemenyi post hoc test; p < 0.05).

3.4. Field Experiments in Southern Italy

The Kruskal–Wallis test showed a significant difference (Figures 4–6) among treat-
ments in 2016 in terms of percentage of damaged area per bunch (χ2 = 8.130, d.f. = 3,
p = 0.043) and number of living larvae per bunch (χ2 = 9.205, d.f. = 3, p = 0.027), but the
Nemenyi post hoc test confirmed a significant difference only in terms of number of living
larvae between the grower’s standard and the area with MD dispensers applied once in
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April (q = 3.695, p = 0.044). No significant differences emerged in percentage of infested
bunches between treatments (χ2 = 5.284, d.f. = 3, p = 0.152).

In 2018 (Figures 4–6), all the variables showed significant differences among treatments
(percentage of infested bunches, χ2 = 21.690, d.f. = 2, p < 0.0001; percentage of damaged area
per bunch, χ2 = 21.194, d.f. = 2, p < 0.0001; number of living larvae per bunch, χ2 = 22.041,
d.f. = 2, p < 0.0001); significant differences were found for percentage of infested bunches,
percentage of damaged area per bunch, and number of living larvae between the untreated
control and the area with MD treatment in April (q = 3.341, p = 0.048; q = 3.520, p = 0.034;
and q = 3.987, p = 0.013 respectively), and between the untreated control and the grower’s
standard (q = 6.574, p < 0.0001; q = 6.502, p < 0.0001; and q = 6.574, p < 0.0001 respectively).

In 2019 (Figures 4–6) all three variables again showed significant differences among
treatments (percentage of infested bunches, χ2 = 24.089, d.f. = 4, p < 0.0001; percentage
of damaged area per bunch, χ2 = 22.780, d.f. = 4, p = 0.0001; number of living larvae per
bunch, χ2 = 23.089, d.f. = 4, p = 0.0001). In post hoc tests, significant differences were
noted between the untreated control and the area with MD application in April about
the percentage of infested bunches (q = 4.892, p = 0.005) and the percentage of damaged
area per bunch (q = 4.382, p = 0.017); between the untreated control and the area with MD
application in July, in the percentage of infested bunches (q = 5.434, p = 0.001), percentage
of damaged area per bunch (q = 5.716, p = 0.0005), and number of living larvae per bunch
(q = 5.206, p = 0.002); between the untreated control and the area with the application
of MD dispensers in April and July about the percentage of infested bunches (q = 4.371,
p = 0.017) and percentage of damaged area per bunch (q = 4.328, p = 0.019); and between
the untreated control and the grower’s standard in the percentage of infested bunches
(q = 6.020, p = 0.0002), percentage of damaged area per bunch (q = 5.694, p = 0.0005), and
number of living larvae per bunch (q = 6.128, p = 0.0001).

4. Discussion

This study shows that the application of Isonet CGX111 MD dispensers contributed
to reducing grape damage due to HM larval feeding (i.e., percentage of infested bunches
and percentage of damaged bunch area) in most of the trials. MD has been widely rec-
ognized as an effective strategy for managing several important agricultural pests such
as Cydia pomonella (L.) [5,24], Grapholita molesta (Busck) [23], Tuta absoluta (Meyrick) [22],
Eupoecilia ambiguella (Hübner), and L. botrana [6,26,27,32], as well as mealybugs such as
Planococcus ficus (Signoret) and scale insects such as Aonidiella aurantii (Maskell) [8,33].
Concerning C. gnidiella, pheromone-baited traps have been used to track flights of this
moth in vineyards, orchards, and uncultivated areas [3], but little has been done aiming at
the application of MD for the control of this moth [2,34,35].

In our experiments, differences in bunch damage between MD treated and untreated
control plots failed to show significance in Apulia in 2016 and in Tuscany in 2018, but it
must be pointed out that a high variability among sampling units within the untreated
control plot was recorded in these trials. The irregular distribution of the damage is a
consequence of the irregular distribution of larvae, which is likely related to the vigor of
the plants and the concomitant presence of other pests [1–4]. As far as the number of living
larvae per bunch is concerned, it was generally higher in control plots than in MD plots in
Apulia, while differences were never significant in Tuscany; the number of living larvae
found was too low in all study years to be considered conclusive.

In all trials, a considerable reduction was observed in the number of trap catches
in MD-treated plots compared to control plots. When the dispenser application was
performed also or only in July, an almost complete trap catch shut-down was achieved.
However, although pheromone-baited traps can provide useful information about the
efficacy of MD products [36], crop damage reduction was less pronounced than trap catch
reduction. These findings confirm what is stated in the official EPPO guidelines for efficacy
evaluation of mating disruption products. HM catches in the monitoring traps should not
be considered as the only indicator for MD efficacy assessment [36–38].
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No substantial differences emerged in terms of percentage of infested bunches among
MD-treated plots. In all the trials, no significant differences in bunch damage emerged
between the plots treated with the application of MD dispensers in April, the application
of MD dispensers in July, or the double application of MD dispensers in April and July.
However, as indicated by the pheromone release curves and the trap catches, the application
of MD dispensers in April was not sufficient to provide an adequate pheromone release
during the preharvest period. The level of residual pheromone in August–October may
not be sufficient to provide adequate HM control for late-ripening varieties. Furthermore,
as already mentioned above, when MD dispensers were applied in July, a considerable
reduction in adult catches during the fourth flight was observed in comparison to the
untreated control, the grower’s standard, and the plot where MD was applied in April. It
may therefore be assumed that by placing the MD dispensers in July, MD efficacy could be
extended up to harvest time also on very late ripening varieties.

In Apulia, the efficacy of MD in bunch damage reduction was always comparable to
that of the grower’s standard treatments. The level of HM damage reduction achieved both
with MD alone and with insecticide applications only (no MD) was not complete and was
considered not acceptable by growers. However, strategies consisting in the combined use
of MD and a reduced number of insecticidal applications (e.g., B. thuringiensis) are being
successfully used for the control of many lepidopteran pests, and they may constitute a
valuable tool for HM control as well.

It is known that insecticide treatments focused on controlling the third-generation
eggs and young larvae of L. botrana in late July/beginning of August may have an effect
against C. gnidiella. However, as the life cycles of the two pests are not synchronous,
insecticide treatments against the HM must be extended to the end of August or, in the
case of late-ripening varieties, all through September.

As the HM is commonly present alongside L. botrana, a further strategy could be
represented by the application of double dispensers for the control of both pests, followed
by insecticide treatments as needed. Although the life cycles of the two species are not
strictly synchronous, the gradual release of pheromone provided by the dispensers can
cover the period of activity of both species. In a first trial conducted in Israel with MD
against L. botrana and C. gnidiella, no significant differences were observed between plots
treated against one vs. two pests. Moreover, in plots treated with pheromones against
both pests, no pesticides were applied [2]. However, in some cases where MD was applied
against more than a single target pest, mixed results were obtained [2]. In addition, it
should be pointed out that the efficacy of MD in the control of both L. botrana and the HM
has not been verified yet at high population densities of the latter [2].

Further studies aimed at clarifying the still poorly explored aspects of HM biology are
needed. It is unclear whether the high number of catches from August onwards are adults,
which have completed the life cycle (egg to adult) in the vineyard or are adults migrating
from the surrounding environment. Moreover, the life cycle of the HM may be influenced by
several factors such as temperature and relative humidity [39,40], causing wide fluctuations
in HM populations from year to year. Shedding light on the issues concerning the ecology of
this moth in the field and the factors influencing the growth of populations in the vineyard
are crucial for calibrating the use of MD and its further development.

5. Conclusions

This study shows that MD may represent an effective and sustainable method for the
control of the HM in vineyards. However, at least with the formulations used in our trials,
MD was not able to provide complete pest control as a stand-alone strategy, and it may
need to be supported by additional insecticide treatments to reduce the population of this
pest to a level, which could be considered acceptable by growers. Moreover, the HM is a
highly polyphagous species, which likely spends part of its life cycle on wild plants and
then appears in the vineyards at the beginning of grape ripening, most probably attracted
by volatile compounds [1]. One of the caveats for determining a pest’s susceptibility to
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pheromone MD is the prevalence of migrating females, as MD cannot provide protection
against mated females coming from outside the area treated with the disruptant [15].
For this reason, further studies on the HM phenology are necessary, especially in the
months of May and June. In addition, when high populations occur, MD should be
regarded as a control method within an IPM strategy [15,17,41]. An increase in knowledge
about HM occurrence on wild host plants and abiotic factors influencing its population
dynamics is crucial to enhance the application of MD against this emerging threat to
Mediterranean vineyards.
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Simple Summary: Mating disruption is an increasingly important part of pest management for the
navel orangeworm Amyelois transitella. Industry groups have long supported mating disruption
research and development with the divergent objectives of both minimizing damage from this key
pest and reducing insecticide used on these crops. It is therefore important to know whether the
benefits of mating disruption and insecticide are additive or, alternatively, if using both together
provides no additional benefit over either alone. Ten years of data from research trials in a large
commercial almond orchard found that the benefits of mating disruption are generally additive
with lower damage if both are used together than either alone. Substantial year-to-year variability
in navel orangeworm damage was also evident, even with stringent management. These findings
indicate that the combination of mating disruption and insecticide can reduce the impact of navel
orangeworm damage on the almond industry. Further improvements in monitoring and predictions
of navel orangeworm abundance and damage are necessary for mating disruption to effectively
contribute to the industry goal of reduction of insecticide use by 25%.

Abstract: Damage from Amyelois transitella, a key pest of almonds in California, is managed by
destruction of overwintering hosts, timely harvest, and insecticides. Mating disruption has been
an increasingly frequent addition to these management tools. Efficacy of mating disruption for
control of navel orangeworm damage has been demonstrated in experiments that included control
plots not treated with either mating disruption or insecticide. However, the navel orangeworm flies
much farther than many orchard pests, so large plots of an expensive crop are required for such
research. A large almond orchard was subdivided into replicate blocks of 96 to 224 ha and used to
compare harvest damage from navel orangeworm in almonds treated with both mating disruption
and insecticide, or with either alone. Regression of navel orangeworm damage in researcher-collected
harvest samples from the interior and center of management blocks on damage in huller samples
found good correlation for both and supported previous assumptions that huller samples underreport
navel orangeworm damage. Blocks treated with both mating disruption and insecticide had lower
damage than those treated with either alone in 9 of the 10 years examined. Use of insecticide had a
stronger impact than doubling the dispenser rate from 2.5 to 5 per ha, and long-term comparisons
of relative navel orangeworm damage to earlier- and later-harvested varieties revealed greater
variation than previously demonstrated. These findings are an economically important confirmation
of trade-offs in economic management of this critical pest. Additional monitoring tools and research
tactics will be necessary to fulfill the potential of mating disruption to reduce insecticide use for
navel orangeworm.

Keywords: mating disruption; navel orangeworm; Amyelois transitella; almond; integrated pest man-
agement
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1. Introduction

Mating disruption [1–5] is an increasingly important tool in integrated pest management
(IPM) [6,7] and area-wide control of insect pests. It is used primarily against lepidopteran
pests, although there are examples of mating disruption for control of Hemiptera [8,9],
Coleoptera [10–12], and Hymenoptera [13]. Historically, synthetic pheromones and dis-
penser systems have been expensive [14,15]. Mating disruption use is most widespread
in protection of high-value commodities such as horticultural crops, or in programs for
management of invasive pests on public lands or across entire jurisdictions where man-
agement tactics are determined by policy objectives rather than cost-return criteria [5]. In
some cases, mating disruption is used to reduce insecticide input and achieve the IPM goal
of controlling pests with the least non-target impact, and in other cases, it is used with
insecticides to achieve another IPM goal of maintaining economic sustainability. The degree
of efficacy of mating disruption and the precise mechanisms by which it works varies with
the target pest and the dispensing system, so the degree to which mating disruption is used
to reduce insecticides vs. the degree to which it is used to reduce environmental impact
varies with particular situations.

Mating disruption has become an increasingly prominent part of pest management
for the navel orangeworm Amyelois transitella (Walker) (Lepidoptera: Pyralidae) [16]. The
navel orangeworm is the principal pest of almonds and pistachios, and is an important
pest of walnuts [16]. The area planted in each of these crops has increased substantially
in the last 20 years [16]. Biological features of the navel orangeworm important to its
pest status include its wide host range, its multivoltine life history, and a strong dispersal
capacity [17–20]. The navel orangeworm directly attacks fruit, making it economically
destructive. This polyphagous pest depends on host vulnerability for larval entry through
lesions from disease, attack by another insect pest, or increased exposure of fruit with
maturity [16]. Its robust dispersal capacity allows the navel orangeworm to move between
orchards of different host crops, and its multivoltine nature and wide host range allows
the navel orangeworm to amplify in one crop then go to another as earlier-maturing
crops (e.g., almonds) are harvested and later-maturing crops (e.g., pistachios and walnuts)
become vulnerable [16]. The adult does not feed, and the larva remains in its host through
pupation until adult eclosion [16]. The navel orangeworm overwinters in unharvested fruit
remaining on trees or dropped to the ground [16].

Integrated management of the navel orangeworm has long been based on the biology
of the host and the phenology of the crop [16]. The most abundant and economically
valuable almond variety in California is Nonpareil, which has a thinner shell and matures
earlier than other varieties [21]. Nonpareil, like most almond varieties, requires cross-
pollination with a different variety for optimal fruit set and so it is grown in orchards with
multiple varieties [22]. Most of the pollinizer varieties planted alongside Nonpareil have
a harder shell and a later harvest date, so they are less vulnerable to navel orangeworm
but can be challenged by greater abundance [21,22]. Almonds in California generally
flower in February and leaf out immediately afterward. For Nonpareil, hull split and
vulnerability in healthy fruit generally begin in mid-June to early July, and harvest maturity
is attained around six weeks later. The pollinizer varieties are typically three to four weeks
behind in hull split and harvest maturity relative to Nonpareil. Almonds are harvested by
shaking the nuts onto the ground. They are allowed to dry for several days, gathered into
windrows on the ground, and taken to a huller for processing. Navel orangeworm from
the overwintering generation are reproductively active in April and May and depend on
almonds left from the previous year for a host. These overwintered navel orangeworm are
referred to as first flight [23–28]. Their progenies form a second flight, which emerge in
June around the time of Nonpareil hull split. The progeny of this second flight can develop
faster because of better host quality, and the resulting third flight typically arrives in August
around the time of Nonpareil harvest. A fourth flight typically arrives in September, around
the time of harvest of the pollinizer varieties [16].
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The pest management strategy based on this pest biology and host phenology relies
most fundamentally on cultural practices of sanitation (rigorous removal and destruction
of fruit left after harvest) and timely harvest [16,19]. If these tactics are not sufficient to keep
navel orangeworm damage below an acceptable threshold, then insecticide treatments
are also used [29–33]. Mating disruption for navel orangeworm has most often been used
in addition to insecticide rather than as a replacement for it [34,35]. However, there is
potential for reduced insecticide use.

The insecticides currently used most often for navel orangeworm include
methoxyfenozide, chlorantraniliprole, various pyrethroids, and spinetoram [16]. All are
targeted to eggs and/or neonates. Although the pyrethroids have had historically more
activity than the others against adults, resistance has been documented (BH, unpublished
data, and Niu et al. [36,37]). The time period when these products are most effective is the
period immediately after the initiation of Nonpareil hull split [38]. The second most impor-
tant time is a second preharvest application sometime between two weeks after the hull
split application and the last possible application point before the preharvest interval [38].
These are both targeted against the second and third flights. In some cases, an application
is made in April or May targeting first flight [38]. Applications also occasionally target
the third flight in the period between the Nonpareil and pollinizer harvests, but often this
is not done because of the complexity of coordinating the restricted access interval and
other activities necessary during the harvest period. Use of more selective insecticides like
methoxyfenozide or chlorantraniliprole is encouraged earlier in the season because these
have a narrower spectrum of activity and are less likely to kill natural enemies that prevent
defoliation by web-spinning mites. Decisions about the number of insecticide applications
tend to be based on previous history and current crop prices. Monitoring assists in timing
of insecticide applications, but predicting navel orangeworm damage based on in-season
monitoring remains an ongoing challenge [39]. A further challenge to insecticide control
results from the requirement that insecticide residue coverage prevents the larva entering
the host where it is therefore sheltered from further exposure.

Currently, the most well-established formulation for mating disruption for navel or-
angeworm uses aerosol dispensers [40–44]. Peer-reviewed studies have also demonstrated
efficacy for a hand-applied meso-dispenser formulation based on polyvinylchloride emit-
ters [35]. Experimental formulations based on a more complete and attractive pheromone
blend suppress males in pheromone traps more effectively than a single-component for-
mulation, but all commercial formulations still use the single-component blend because of
economic and regulatory considerations [43]. Mating disruption mechanisms are broadly
categorized as competitive (the male interacts with the dispenser) or non-competitive (the
male is made unresponsive to females without interacting directly with dispensers). The
mechanism seems to be a hypothesized hybrid which initially involves attraction to the
dispenser but then makes males unresponsive to females without continued interaction
with the dispenser [2,15,45]. Like a purely non-competitive mechanism, the hybrid mecha-
nism is less density dependent than competitive mechanisms [2,15,45]. Mating disruption
for navel orangeworm provides the greater economic return with greater pressure within a
range from moderate to high baseline damage [35].

Here, we present the damage data from ongoing mating disruption trials at a com-
mercial almond site between 2006 and 2015 near the town of Lost Hills, CA. Methods that
have been used to improve cost-effectiveness of aerosol mating disruption include limiting
the part of the field season during which it is used, limiting the amount of pheromone
loaded in each dispenser, and limiting the number of aerosol dispensers per ha. Previous
studies analyzed the data from this and another site between 2009 and 2015 to examine the
association of various monitoring methods with subsequent navel orangeworm damage,
and to examine the relationship between variety composition and damage in these vari-
eties [22,39]. In this paper, the Lost Hills data are analyzed using the randomized complete
block design with which this site was arranged to compare navel orangeworm damage be-
tween plots treated with mating disruption alone, insecticide alone, or both. This long-term
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data set is used to examine effects of year-to-year variation on outcomes of management
strategies for the navel orangeworm, and also year-to-year variation on relative impact of
navel orangeworm on two major almond varieties, Nonpareil and Monterey.

2. Materials and Methods
2.1. Site and Plot Arrangement

Trials were performed on 971 hectares of almond trees from 2006 to 2015 at the Lost
Hills Ranch, planted in 1990 and 1993, owned and operated by Wonderful Orchards (for-
merly Paramount Farming). From 2008 to 2012, these were part of a USDA Agricultural
Research Service area-wide integrated pest management project to improve navel orange-
worm management [22,46]. General features of this site are illustrated by a plot map from
2011 (Figure 1). The basic management units at this site were partial or complete 54 ha
(160 ace) quarter-sections [47]. Collections of these quarter-sections were referred to as
ranches. In this figure, almond ranches (delineated by heavier green lines) include 3450,
3440, and 3460. The pistachio ranch 4390 was not included in the current analysis. East-
west tiers of quarter-sections served as replicate blocks. For example, in Ranch 3450, the
third and fourth tiers from the top (respectively, purple and pink) served as replicate blocks
for a mating disruption treatment with and without insecticide. All blocks were subject to
an intensive sanitation regime that combined machine and hand removal of nuts from trees
and flail mowing of residue following harvest to eliminate mummies from managed areas.
This resulted in 5–10 mummies/tree on the ground and less than 0.3 mummies/tree in the
canopy [19]. All blocks had Nonpareil almonds. The most common pollinizer variety was
Monterey. Other pollinizer varieties included Butte, Carmel, Fritz, Mission, Price, Ruby,
and Wood Colony.
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Four different experiments were performed at this site from 2006 to 2015: (1) An exper-
iment in 2006 and 2007 comparing mating disruption at label rate used alone, insecticide
used alone, and both together; (2) an experiment from 2008 to 2011 examining aerosol
mating disruption dispensers per hectare; (3) an experiment from 2012 to 2014 examining
different concentrations of pheromone emitted from dispensers at a fixed spatial density;
and (4) an experiment in 2015 examining the date that mating disruption started. The latter
three experiments were elaborations of the initial experiment; thus, they were amenable to
a common analysis.

2.2. Evaluation of Navel Orangeworm Damage

Damage to almonds by navel orangeworm was evaluated by two methods, which
we refer to here as windrow and huller. For research evaluation, windrow samples of
approximately 500 nuts were gathered when each variety was harvested from the ground
or windrow at each of the numbered monitoring sites in Figure 1. Sampled nuts were
evaluated individually in the laboratory. Nuts were opened and scored for whether the
kernel was damaged (navel orangeworm damage), and for whether there were navel or-
angeworm larvae associated with the hull in almonds with undamaged kernels (proportion
of navel orangeworm infestation was the proportion of nuts with either kernel damage
or infestation without kernel damage). The numbered sites corresponded to monitoring
stations and most quarter-sections had a monitoring site on the edge of the orchard and
one on the center. The monitoring sites on the edge were important for trapping and moni-
toring, but only the center sites were used for evaluation of effects of mating disruption
and insecticide treatments.

Huller evaluation used methods similar to industry-standard practice. Windrowed
almonds are picked up from windrows, placed in hopper trailers, and taken to a huller for
initial processing. At the huller, after field debris has been removed and the kernels are
removed from the hulls and shells, damage to kernels is evaluated from a 20 kg sample
from each trailer as a basis of quality control and payment. In standard industry procedure,
kernels are determined to be edible or non-edible, and non-edible kernels are noted by a
broad range of damage categories. In the current study, a further assessment was made to
determine if non-edible status was the result of navel orangeworm damage.

2.3. Individual and Additive Effects of Mating Disruption and Insecticide (2006 and 2007)

In 2006 and 2007, the treatments were: (1) aerosol mating disruption with 5 dispensers
per ha (the first label rate [15,41,43]); (2) applications of the insecticide methoxyfenozide
targeting the first and second navel orangeworm flights (Table S1); and (3) a combination
of both of these treatments.

2.4. Mating Disruption Dispensers per Hectare (2008–2011)

Subsequent experiments examined more and less intensive forms of mating disruption
with and without an insecticide treatment. From 2008 to 2011, aerosol mating disruption
at two different dispenser densities, with or without insecticide, was compared to insec-
ticide treatment alone. Treatments were thus: (1) insecticide treatment without mating
disruption; (2) 2.5 mating disruption dispensers per ha without insecticide; (3) 2.5 mating
disruption dispensers per ha with insecticide; (4) 5 mating disruption dispensers per ha
without insecticide; and (5) 5 mating disruption dispensers per ha with insecticide. Mating
disruption treatments used Suterra Checkmate Puffer NOW aerosol dispensers, each of
which contained 3.8 g of the active ingredient (a.i.) (Z11,Z13)-hexadecadienal and releasing
0.38 mg every 15 min from 17:00 to 05:00 local time for a total of 18.24 mg per dispenser per
night [15,41,43]. The two replicates of the no-mating disruption insecticide treatment were
placed adjacent to each other and at either the north or south end of the site to minimize
the effect of the mating disruption treatments on these no-mating disruption treatment
blocks. Insecticide treatments for navel orangeworm consisted of two applications per year,
approximately as described in the previous section (Table S1).
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2.5. Mating Disruption Active Ingredient Per Hectare (2012–2014)

An experiment from 2012 to 2014 examined aerosol mating disruption with or without
insecticide in a manner similar to the previous experiment. However, all mating disruption
blocks were treated using 5 dispenser per ha, using either the standard rate or half of
the standard rate. Amount of a.i. per ha was varied by the amount of a.i. in the aerosol
cannister (3.8 or 1.9 mg), and therefore 0.38 or 0.19 mg a.i. per emission and 91 or 45 mg a.i.
per ha per night. Treatments were thus: (1) insecticide treatment without mating disruption;
(2) 5 mating disruption dispensers per ha, each containing 1.9 mg a.i., without insecticide;
(3) 5 mating disruption dispensers per ha, each containing 1.9 mg a.i. with insecticide;
(4) 5 mating disruption dispensers per ha, each containing 3.8 mg a.i., without insecticide;
and (5) 5 mating disruption dispensers per ha, each containing 3.8 mg a.i., with insecticide.
In 2012, methoxyfenozide was applied in spring and at hull split, similar to the previous
years. In 2013 and 2014, three applications were made against navel orangeworm, with the
pyrethroid, bifenthrin, applied post-hullsplit, and prior to the Nonpareil harvest (Table S2).

2.6. Time of Start of Mating Disruption (2015)

The variable for aerosol mating disruption for 2105 was the time that mating disruption
began: either early season (17 March, 336 NOW degree-days from 1 January) or normal
deployment (13 April, 577 NOW degree-days from 1 January) of mating disruption in
combination with conventional treatment. Treatments were thus: (1) insecticide treatment
without mating disruption; (2) the standard mating disruption timing without insecticide;
(3) the standard mating disruption timing with insecticide; (4) the early mating disruption
timing without insecticide; and (5) the early mating disruption timing with insecticide. The
insecticide regime in 2015 was similar to 2013 and 2014 (Table S2). Mating disruption trials
at this site were discontinued after a single year of this experiment.

2.7. Data Analysis

Data were processed and plotted using R 4.0 [48]. Correlation, linear regression, and
nonparametric analysis was performed in R, and generalized linear mixed model (GLMM)
analysis was conducted using the SAS system [49]. An initial analysis compared damage
effects between edge windrow samples, interior windrow samples, and huller samples. In
this case, the experimental units were the 65 ha “sections” rather than the tiers that formed
replicate blocks. This was done because the sections were the smallest unit for which there
were independent data for the huller samples. The edge and interior windrow samples
were aggregated (there were not edge samples for all sections, since some were bounded
on all sides by other sections). Damage over 10 years was compared between three types
of treatment (mating disruption, insecticide, or both) for the three types of samples using
the non-parametric Kruskal–Wallis ANOVA followed by the Dunn post hoc test, with the
holm procedure for means separation. In addition, ordinary least squares regression was
used to compare percent A. transitella damage in interior and edge windrow samples with
A. transitella damage in huller samples.

A subsequent analysis compared damage across all 10 years, based on the fact that
the general treatment structure was used in 2008 to 2015 was an overlay on the three-way
comparison in 2006 and 2007. Based on the initial analysis, the interior windrow samples
were used for this analysis. Damage and total nuts examined were pooled across the tier
that formed replicate blocks (Figure 1), and analyzed as using a GLMM (PROC GLIMMIX)
with a binomial error distribution, and Kenward–Roger degrees of freedom [50]. The
treatment (insecticide, mating disruption, or both) was a fixed factor, and the year and tier
(replicate block) were random factors. The binomial samples were based on a mean sample
size of 5336 (range 1072 to 12,753).

In addition to analyzing the entire 10-year data set, experimental variations were
analyzed separately. The same fixed and random independent variables were used for data
from 2006 and 2007. For the experiments from 2008–2011, 2012, 2014, and 2015, data from
the insecticide-only plots were set aside and the experiments were analyzed as a 2 × 2
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factorial design with one factor representing two different intensities of mating disruption,
and the other factor representing presence or absence of insecticide treatments.

Damage in the varieties Nonpareil and Monterey was compared only in the plots
treated with insecticides and not mating disruption, in order to minimize pest management
treatment as a confounding factor in this comparison over the 10 years. Comparisons were
made using the windrow interior samples. In addition, navel orangeworm degree-days
from January 1 were calculated using the UC IPM degree-day calculator [51] and data
from the Lost Hills (Kern County) California Irrigation Management Information System
(CIMIS) site [52], and degree-day accumulation on 15 June was compared between years
in which Nonpareil had more damage than Monterey and years in which the converse
was true.

3. Results
3.1. Comparison of Huller and Windrow Samples

Damage in all almond varieties over the 10-year study differed based on treatment
type and the type of sample used to evaluate the treatment (Table 1). In all cases, damage
over the 10-year period was numerically higher in mating disruption plots than in plots
treated only with insecticide, but this difference was not significant (p > 0.05) in huller
samples and in interior windrow samples collected by researchers. Regression revealed
a significant association of the internal and the edge windrow samples with the huller
sample (Table 2). These comparisons are based on all blocks with both edge and internal
collection sites. Based on these observations, the windrow internal samples were used for
subsequent analysis because the raw data were more uniform than the huller reports, and
more suitable for statistical analysis (i.e., direct quantification of damage and total sample
size was preserved).

Table 1. Median damage (percent) of all almond varieties by treatment type over 10 years.

Treatment Type Huller Windrow (Interior) Windrow (Edge)

Mating disruption only 0.61a 0.91a 2.22a
Insecticide only 0.56a 0.73a 1.58ab

Both 0.3b 0.37b 1.01b
Medians in the same column followed by different letters are significantly different (Kruskal–Wallis ANOVA,
experiment-wise p < 0.05).

Table 2. Linear regression of percent damage of windrow samples on huller samples.

Windrow (Interior) Windrow (Edge)

Intercept −0.01 0.69 ***
Slope 1.42 *** 1.75 ***

Adjusted r2 0.69 0.59
*** p < 0.001.

3.2. Comparison of Overall Damage over the 10-Year Study

Interior windrow samples from all blocks (aggregated into replicate tiers) were used
for a more comprehensive comparison of damage over the period of the study. Over
the 10 years, navel orangeworm damage was different among treatments (F2,91.8 = 14.06,
p < 0.0001). Plots treated with both insecticide and mating disruption had significantly
less damage than those treated with either insecticide alone or mating disruption alone,
while there was no significant different among the latter two treatments (Table 3). A graph
of damage based on interior windrow samples revealed that it was numerically lower in
the plots treated with both mating disruption and insecticide compared to those treated
with only mating disruption or only insecticide in 9 of the 10 years examined (Figure 2).
There was substantial variation in navel orangeworm damage with the average across all
treatments ranging from 0.36% in 2010 to 5.4% in 2015.
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Table 3. Percent navel orangeworm damage (mean ± SE) from interior windrow samples, by
insecticide and mating disruption treatment and across all varieties, 2006–2015.

Treatment Percent NOW Damage

Insecticide only 1.9 ± 0.47a
Mating disruption only 1.8 ± 0.49a

Both insecticide and mating disruption 1.0 ± 0.18b
Means followed by different letters are significantly different (generalized linear mixed model (GLMM) with
binomial distribution, p < 0.05).
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3.3. Comparison of Damage in Specific Experiments

Analysis of data from the first two years, in which there were only three treatments,
revealed similar trends to the 10-year data set. There were significant differences among
the treatments (F2,7.05 = 6.59, p = 0.02), and the mating disruption and insecticide treatments
were not different while the combined treatment had significantly less damage (Table 4).

Table 4. Percent navel orangeworm damage (mean ± SE) from interior windrow samples, by
insecticide, and mating disruption treatment and across all varieties, 2006 and 2007.

Treatment n (Replicate Block by Year) Percent NOW Damage

Insecticide only 9 1.0 ± 0.24a
Mating disruption only 4 1.1 ± 0.32a

Both insecticide and mating
disruption 3 0.4 ± 0.13b

Means followed by different letters are significantly different (GLMM with binomial distribution, p < 0.05).
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→ For the experiment from 2008 to 2011, there were numerical differences among all
levels of the factorial comparison of 2.5 or 5 mating disruption dispensers with or
without insecticide (Table 5). The GLMM analysis of fixed effects revealed significant
effects due to insecticide (F1,13.75 = 11.34, p = 0.0047), not quite significant effects
due to dispenser density (F1,13.76 = 3.33, p = 0.0896), and no significant interaction
(F1,24.59 = 0.42, p = 0.52).

Table 5. Percent navel orangeworm infestation (mean ± SE, n = 8) from windrow samples from
Nonpareil and pooled pollinizer varieties by insecticide and mating disruption (MD) treatment,
2008–2011.

Mating Disruption Dispensers per ha Without Insecticide With Insecticide

2.5 1.67 ± 0.64 0.64 ± 0.20
5 0.93 ± 0.22 0.33 ± 0.09

The row-wise differences (insecticide effect) are significant (p < 0.05), the column-wise differences (dispensers per
ha) are not quite significant (0.1 > p > 0.05), and the interaction is not significant ((p > 0.1) (GLMM with negative
binomial distribution).

→ For the experiment from 2012 to 2014, percent navel orangeworm damage in mating
disruption plots was, respectively, 1.6 ± 0.57 and 1.1 ± 0.39 for half and full label
concentration mating disruption from 5 dispensers per ha in the absence of insecticide
treatments. In the presence of insecticide, these figures were, respectively, 0.9 ± 0.61
and 0.7 ± 0.38 percent damage. There were no significant effects from either in-
secticide or mating disruption release rate, and the interaction was not significant
(p > 0.1).

The analysis also found no significant effects for the 1-year experiment at the time of
the start of mating disruption, conducted in 2015. Percent damage in mating disruption
plots was, respectively, 10.3 ± 9.4 and 3.0 ± 0.93 for the early and standard mating disrup-
tion start times in the absence of insecticide treatments. In the presence of insecticide, these
figures were, respectively, 2.6 ± 0.44 and 1.9 ± 1.31 percent damage.

3.4. Relationship Between Damage in Early-Harvested Nonpareil and a Later Harvested
Pollinizer Variety

Over a 10-year period, the mean navel orangeworm damage in the insecticide-treated
plots was numerically higher in Nonpareil almonds (1.4 ± 0.38) than in Monterey almonds
(1.0 ± 0.32). This difference was not statistically significant (Welch unequal variance t-test,
t = 0.86, df = 17.402, p = 0.40). A year-by-year graph of damage shows that the relative
damage between the varieties was highly variable, and in 4 of the 10 years, damage was
higher in Monterey than in Nonpareil (Figure 3). The mean navel orangeworm degree-day
(◦C) accumulation on June 15 was 638 ± 57 for the 4 years when Monterey damage was
higher than Nonpareil damage, and 726 ± 50 for the 6 years when Nonpareil damage
was higher. This difference was not significant (Welch unequal variance t-test, t = −1.17,
df = 6.915, p = 0.28).

79



Insects 2021, 12, 188Insects 2021, 12, x FOR PEER REVIEW 10 of 15 
 

 

 
Figure 3. Percent navel orangeworm damage by year in Nonpareil and Monterey almonds in plots treated only with 
insecticide. 

4. Discussion 
In this study, windrow samples taken from the interior of the block and the edges 

were both strongly associated with percent damage from huller samples. Huller samples 
provide a more immediately relevant assessment of treatment effects on damage to al-
monds compared to windrow samples more typically used in research projects 
[15,35,41,43,45]. There are, however, trade-offs between the two approaches. Previously, 
industry and extension personnel have estimated that windrow samples have about twice 
the navel orangeworm infestation and damage compared to huller samples [35]. The dif-
ference between these two sampling methods is attributed to loss of damaged almonds 
between the two sampling points [35]. Air legs at various points in the harvest and pro-
cessing pathway separate almonds from lighter field trash. After extensive feeding, dam-
aged almonds can partition with this field trash; therefore, yield loss from navel orange-
worm can be underestimated by the yield data typically received by a grower from a 
huller-processer. In the present study, we were able to take the extra step of further exam-
ination of damaged kernels from the huller to determine which were damaged by navel 
orangeworm. That option is rarely available to researchers. However, in addition to cap-
turing more of the true loss to navel orangeworm damage, the researcher-gathered wind-
row samples have the advantages of being collected for the purpose of analysis. Unlike 
huller reports, which provide a percent damage for a large but imprecisely known sample, 
the windrow data provide integers representing nut damages and nuts examined, and 
therefore work better with analysis by generalized linear models. In contrast to the 2× 
estimates used in previous studies, we found that windrow samples taken from the inte-
rior of the orchard has 1.42× the damage of huller samples.  

Navel orangeworm damage in edge samples also correlated well with huller sam-
ples, albeit not as well as internal windrow samples. Navel orangeworm damage in the 
edge samples was higher for all treatments. This higher damage is likely due both to 
mated females immigrating from sources of higher abundance outside the study site, and 
to faster maturation of almonds on the edges of the orchard. This faster maturation makes 

Figure 3. Percent navel orangeworm damage by year in Nonpareil and Monterey almonds in plots treated only with insecticide.

4. Discussion

In this study, windrow samples taken from the interior of the block and the edges
were both strongly associated with percent damage from huller samples. Huller samples
provide a more immediately relevant assessment of treatment effects on damage to almonds
compared to windrow samples more typically used in research projects [15,35,41,43,45].
There are, however, trade-offs between the two approaches. Previously, industry and
extension personnel have estimated that windrow samples have about twice the navel
orangeworm infestation and damage compared to huller samples [35]. The difference
between these two sampling methods is attributed to loss of damaged almonds between
the two sampling points [35]. Air legs at various points in the harvest and processing
pathway separate almonds from lighter field trash. After extensive feeding, damaged
almonds can partition with this field trash; therefore, yield loss from navel orangeworm
can be underestimated by the yield data typically received by a grower from a huller-
processer. In the present study, we were able to take the extra step of further examination of
damaged kernels from the huller to determine which were damaged by navel orangeworm.
That option is rarely available to researchers. However, in addition to capturing more of
the true loss to navel orangeworm damage, the researcher-gathered windrow samples
have the advantages of being collected for the purpose of analysis. Unlike huller reports,
which provide a percent damage for a large but imprecisely known sample, the windrow
data provide integers representing nut damages and nuts examined, and therefore work
better with analysis by generalized linear models. In contrast to the 2× estimates used in
previous studies, we found that windrow samples taken from the interior of the orchard
has 1.42× the damage of huller samples.

Navel orangeworm damage in edge samples also correlated well with huller samples,
albeit not as well as internal windrow samples. Navel orangeworm damage in the edge
samples was higher for all treatments. This higher damage is likely due both to mated
females immigrating from sources of higher abundance outside the study site, and to
faster maturation of almonds on the edges of the orchard. This faster maturation makes
infestation of the almonds in the outside portion of the orchard a leading indicator of
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infestation in the orchard. Sampling edge site has therefore been tested as part of a multi-
factor monitoring program to improve prediction of damage from navel orangeworm [39].
The association reported here of navel orangeworm damage with huller damage further
supports the utility of this multi-factor monitoring approach.

Because mating disruption is often used with high value crops, studies of its efficacy
are often done as an “overlay” in which plots treated with mating disruption and insec-
ticide are compared to plots treated with insecticide alone [53]. Early mating disruption
studies for navel orangeworm were unusual in using large untreated control plots without
insecticide [41]. Subsequent studies have used the overlay approach [15,35]. The value
of the crop at Lost Hills (10s of millions of dollars annually) precluded further untreated
controls. The present approach allowed a valuable comparison of the contributions of an
established and a new technology in integrated management of navel orangeworm.

Analysis of data for the first three years, when typical use of mating disruption and
insecticide was compared using either alone or both together, found consistently similar
damage between mating disruption and insecticide, and significant reduction when both
were used together (Table 4, Figure 2). Broad analysis found this pattern through the
10-year study (Table 3), but with much variation (Figure 2). Mechanistically, the superior
performance of mating disruption and insecticide together to either alone is plausible
because they act at different points in the pest’s lifecycle. Mating disruption acts against
adults, reducing or preventing fertility [2,4]. Methoxyfenozide, the predominant insecticide
in this study, primarily kills eggs and neonates [29]. Navel orangeworm eggs are laid on
almonds close to the suture, and once the neonate larva enters the almond, it is no longer
exposed to insecticide.

Experiments from 2008 to 2015 sought to improve cost-effectiveness of the aerosol
dispensers. Aerosol dispensers initially proved to perform better than the hand-applied
devices then tested [41]. Subsequent data indicates similar crop protection from several
aerosol formulations now marketed, and from a meso-dispenser formulation [35]. Mecha-
nisms of mating disruption invoked by the aerosol formulations [15,45] are likely broadly
similar to those invoked by the meso-dispenser formulation (CB, unpublished data). Mi-
croencapsulated (sprayable) formulations are also commercially available, but do not offer
the season-long suppression provided by the aerosol and meso-dispenser products (BH,
unpublished data). The data from 2008 to 2011, comparing 2.5 or 5 dispensers per acre,
found a marginally significant effect from the number of dispensers, but a stronger effect
from using insecticide in addition to 2.5 dispensers per acre (Table 5).

The amount and year-to-year variation in the huller damage from navel orangeworm
illustrates additional difficulties in obtaining full IPM benefits from mating disruption.
Another recent study found between 0.9% and 1.1% huller damage as a breakpoint above
which mating disruption for navel orangeworm in almonds increases grower return [35].
That analysis was based on the premium and penalty of another large almond processor,
and may not be entirely applicable to a vertically integrated company such as Wonderful
Farming. Processors and industry groups like the Almond Board of California (ABC) [54]
tend to be concerned with providing the cleanest product possible in order to maintain
the broadest market possible for almonds, and they may receive benefits from extra pest
management input that would not accrue to a grower selling to a major processor. It
is also illustrative that variable and occasionally high damage occurred despite overall
favorable conditions for control of navel orangeworm. The orchards were managed by a
well-capitalized company, and there was an ongoing commitment to orchard sanitation
(winter removal and destruction of unharvested almonds) to a far higher degree than is
common practice [19].

The aforementioned observations are consistent with the recent suggestion that mat-
ing disruption for navel orangeworm is a prudent insurance against high damage [35].
However, these observations also demonstrate the difficulty of fully realizing the potential
for mating disruption to reduce insecticide input, such as the 25% reduction called for
by ABC between 2020 and 2025 [54], and realizing such reduction will require improved
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monitoring methods, and greater adoption and confidence in such measures. Data from
this and other commercial orchards over part of this period were used to determine which
components of a multipart monitoring system best predicted damage [39]. That study
found that pre-harvest sampling of almonds and trapping for females provided the best
available prediction of damage, with an r2 of approximately 0.5. Alternative attractants
provide improved detection of navel orangeworm and are less impacted by mating dis-
ruption [42,55–57]. It is unclear, however, whether captures baited with these attractants
which capture both sexes in traps [42] are as directly related to damage as the female
traps in the previously mentioned study, and it appears there may be a trade-off between
prediction power and detection sensitivity. Further, monitoring gains to provide greater
confidence in the ability to base insecticide applications on in-season data may come from
improved female attractants and trapping systems, possibly aided by improvements in
trap automation and information [58].

The year-to-year variation in relative damage in Nonpareil further illustrates the
complexity of navel orangeworm damage. Monterey is widely planted, and was the
most prevalent variety in the current study site after Nonpareil. Nonpareil is the most
commercially valuable almond variety, and has the poorest shell seal and therefore is
most exposed to navel orangeworm [21]. Monterey has a much tighter shell seal, and is
therefore thought of as less susceptible to navel orangeworm [21]. However, Monterey
matures six weeks later than Nonpareil and, therefore, navel orangeworm populations are
often in another generation and more abundant by the time Monterey is susceptible. This
might be why, in a previous three-year study that found a negative correlation between
shell seal and navel orangeworm infestation across varieties, Nonpareil and Monterey had
similar damage [21]. The more long-term data from this study indicate greater variation
than observed in this previous three-year study [21]. The hypothesis that a tighter shell
seal in Monterey is offset by greater navel orangeworm abundance suggests that greater
damage in Monterey than Nonpareil might come in cooler years, when Nonpareil would
be less exposed to navel orangeworm. The comparison of degree-day accumulation at 15
June suggests that degree-day accumulation does not predict relative damage between
Nonpareil and Monterey. It is possible that phenology of the nut is as important to damage
patterns across varieties as phenology of the moth: for example, years in which poor
conditions at bloom and pollination (in February) might impact Monterey more than
Nonpareil. Such conditions cause more uneven maturation and delay harvest, therefore
causing greater exposure. This hypothetical explanation is speculative, but illustrates that
research to improve prediction of navel orangeworm damage needs to consider both the
phenology of the navel orangeworm and that of the host.

5. Conclusions

Navel orangeworm damage trends in this 10-year case study showed a consistent
trend of lower damage in almond plots treated with both insecticide for navel orange-
worm and mating disruption compared to either alone. This study also provided a more
quantitative estimate of the relationship between field and processor damage from navel
orangeworm, confirming that the processor data understate loss from navel orangeworm.
Variation from year to year in the relative navel orangeworm damage between two widely
planted varieties with different maturities demonstrates the importance of protecting all
varieties, and considering all varieties when comparing tactics for reduction of navel or-
angeworm damage. Year-to-year variation in navel orangeworm damage despite stringent
management illustrates the challenge in taking mating disruption for navel orangeworm
from a tool to lower risk of navel orangeworm damage to a tool to advance the industry
goal of lowering insecticide input.

Supplementary Materials: The following are available online at https://www.mdpi.com/2075-445
0/12/2/188/s1, Table S1: Insecticides used in Lost Hills 2006–2011, Table S2: Insecticide applications
in Lost Hills 2012–2015.
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Simple Summary: Grapholita funebrana is a main pest of plum throughout the Palearctic region.
The management of this pest is generally carried out with chemical insecticides. In this study we
investigated the suitability of the mating disruption as alternative method of control of this pest.
Experiments were carried out in organic plum orchards during 2012 and 2014. Trap catches and fruit
sampling were carried out to estimate the efficacy of this technique in reducing males catch and fruit
infestation. The results indicated that the males caught in traps placed in the treatment plots was
always significantly lower than untreated plots. The chemical analysis of the pheromone emission
from the dispenser, carried out by solid-phase micro-extraction followed by gas chromatography,
indicated an optimal duration of these tool for at least 60 days of field exposure. Fruit sampling
evidenced that pheromone treatment significantly reduced fruit infestation, but not economic damage,
particularly on the cultivar for which a high susceptibility to the moth infestation is known.

Abstract: Control of the plum fruit moth, Grapholita funebrana Treitschke (Lepidoptera: Tortricidae),
has been mainly based on the use of chemical insecticides, which can cause undesirable side effects,
leading to a growing interest towards alternative sustainable strategies. The aim of this study was to
evaluate the effect of the mating disruption technique on G. funebrana infestation in plum orchards,
by comparing the number of male captures in pheromone-baited traps, and evaluating the damage to
fruits in plots treated with the pheromone dispersers and in control plots. The study was carried
out in 2012 and 2014 in three organic plum orchards, on the cultivars Angeleno, Friar, President and
Stanley. To evaluate the pheromone emission curve of the dispensers from the openings to the end
of the trials, a chemical analysis was carried out by solid phase micro-extraction followed by gas
chromatography, followed by mass spectrometry. In all years and orchards the mean number of males
caught in traps placed in the treatment plots was always significantly lower than untreated plots.
Pheromone emission from the dispensers was highest at the opening, and was still considerable at
54 days of field exposure, while it significantly decreased after 72 days of field exposure. Cultivar was
confirmed to be an essential factor in determining the fruit infestation level. Pheromone treatment
significantly reduced fruit infestation, but not economic damage.

Keywords: Grapholita funebrana; Tortricidae; sex pheromones; integrated pest management

1. Introduction

The growing demand for plums is due to their nutritional peculiarities, as they seem to provide
a variety of health benefits, thanks to their healthful compounds [1–4]. As a consequence, there has
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been a worldwide increase in plum cultivated areas (Prunus domestica L. and Prunus salicina Lindl.),
reaching 2.7 million hectares in 2018 [5]. The global production of plums increased at an average
annual rate of 2.3% in the period 2007–2018, and reached the peak of plum fruits production in 2018,
with 12.6 million tons [5].

Grapholita funebrana Treitschke (Lepidoptera Tortricidae), commonly called the plum fruit moth
(PFM), is an oligophagous species, feeding on the fruits of several hosts within the family Rosaceae [6–8].
The species is considered the main pest of plums throughout the Palearctic region [9].

The number of PFM generations per year varies depending on climate: in warmer areas, as in
central and southern Italy, three generations per year can occur [8,10,11]. Females of PFM lay eggs on
the exocarp surface of developing fruits of host plants [12]. Neonate larvae bore into fruits, where
they feed and develop. Damage is due to the feeding activity of the larvae inside the fruits, leading
to changes in fruit coloration, early ripening and fruit fall, with consequent yield decreases [8,10].
Furthermore, infested fruits show penetration holes (characterized by the presence of gum) made by
neonate larvae, and exit holes made by mature larvae leaving the fruit [13]. The losses of production of
plums determined by PFM infestations can be quite significant, especially in plum cultivars particularly
susceptible to this pest [8,11].

The control of PFM in plum orchards has been mainly based on the use of chemical insecticides,
which can cause side effects on beneficial insects, both pollinators and natural enemies, and can have
serious implications for human health and the environment [14], or the development of resistance,
as found in other tortricids, like Grapholita molesta Busck [15,16], Cydia pomonella L. [17–19] and
Lobesia botrana (Denis & Schiffermuller) [20]. Moreover, in organic plum orchards, moth control is
particularly difficult due to the small number of authorised products.

In this context, also in consideration that the European Union policy (Directive 2009/128/CE) is
encouraging a reduction in the use of pesticides [21], growing research attention has been devoted to
the development of alternative environmentally friendly and sustainable strategies to control insect
pests of agricultural importance [22–27]. Among them, the manipulation of insect behavior with the
use of pheromones is receiving increasing attention [28–31]. Pheromones have been effectively applied
in the management of dangerous lepidopteran species, through the technique of the mating disruption,
based on the release of high amounts of synthetic sex pheromones into a crop, thus interfering with the
mate finding processes of a given pest species [32–35].

In the case of PFM, the sex pheromone is characterized by two main active compounds,
i.e., (Z)-8-dodecenyl acetate and (E)-8-dodecenyl acetate [36], with (Z)-8-dodecen-1-ol as a minor
component [37]. The sexual behavior exhibited by PFM is similar to other tortricid pest species that are
controlled by mating disruption, thus suggesting the possibility of the application of this technique for
PFM too. To date, despite the high economic importance of this insect pest, limited information is
available about the application of mating disruption for its control [38,39]. The objective of this research
was to evaluate the efficacy of the mating disruption technique in Sicilian organic plum orchards.
The effect of the mating disruption method on PFM population and fruit damage was assessed by
comparing the captures of PFM males in pheromone-baited traps and evaluating the infestation of
fruits of four different plum cultivars in plots treated with the pheromone and in control plots.

2. Materials and Methods

2.1. Study Areas and Dispenser Placement

The research was performed in three different Sicilian organic plum orchards located in
San Giuseppe Jato, Palermo province, Italy, in two different years. In 2012, field trials were carried
out in a plum orchard of 3 hectares (37◦99′87′′ N, 13◦21′12′′ E), in which pheromone dispensers were
placed (treated plot), while an untreated plum orchard of 1 ha, about 500 m away from the first one,
was used as the control plot. In 2014, trials were carried out in two different orchards. In the first one
(Orchard A, 37◦99′31′′ N, 13◦22′47′′ E), the pheromone dispensers were placed in 4 ha, while a surface
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of 1 ha, about 400 m far from it, was used as the control plot. In the second one, dispensers were placed
in a 3 ha plum orchard (Orchard B, 37◦99′57′′ N, 13◦20′74′′ E), and a surface of 1 ha, about 200 m away,
was used as the control.

All the orchards were on flat land and regularly shaped, planted with 8-years-old plum trees
grafted on Mirabolano (Prunus cerasifera Ehrh.) rootstocks trained to a vase shape. Plum trees were
spaced with 6 m between rows and 3 m between trees within a row. The four cultivars chosen for the
study were Angeleno and Friar (Prunus salicina Lindl.) and Stanley and President (Prunus domestica L.).
In all plum orchards, the four cultivars were distributed along eight rows (two rows for each cultivar).
This distribution pattern of the cultivars was repeated over the entire surface of each orchard. The trees
were managed using routine organic cultural practices; during the research, no insecticide treatments
were carried out in the orchards.

Isomate® OFM Rosso Flex (Shin-Etsu Chemical Co. Ltd., Ohtemachi Chiyoda-ku, Tokyo, Japan)
pheromone dispensers were placed in the field once during the season (on 30 March in all years),
before the adult of PFM of the wintering generation emerged. Dispensers were hung in the upper
third of tree canopy with a density of 550 pieces per hectare. Two dispensers per tree were placed in
the outer row that delimited each experimental plot, while one dispenser per tree was placed in the
rows following the latter and one dispenser every two trees within its perimeter. According to the
manufacturer, each dispenser was loaded with 254 mg of pheromone mixture. Pheromone dispensers
consisted of two parallel capillary tubes made of polyethylene sealed at the ends, filled with the PFM
pheromone blend, consisting of (Z)-8-dodecenyl acetate (89.6%), (E)-8-dodecenyl acetate (5.4%) and
(Z)-8-dodecen-1-ol (1%). The gap in the middle allows each dispenser to form a loop that can be easily
deployed by placing the dispenser on a branch.

2.2. Trap Captures

The monitoring of PFM flight was carried out by placing three pheromone-baited (Isagro, Milano,
Italy) sticky traps in each of the six experimental plots from the second half of March. Traps were
checked every 10 days. Male genitalia extraction and observation of insects caught at each date were
done to confirm the specific identification of the tortricid species.

2.3. Fruit Infestation

To compare the PFM field infestation occurring in the different cultivars present in the pheromone
treated plots and in the control plots, fruit samplings were carried out, followed by dissection under a
microscope to assess the presence of larvae. In detail, in 2012, for each cultivar, four groups of three
plum trees, randomly chosen in each plot, were used for fruit sampling, while in 2014, three groups
of three plum trees were used for each orchard and each cultivar. On these trees, starting from the
first catches in the traps (on 9 April in 2012 and on 5 April in 2014), field observations were carried
out on 100 fruits from each cultivar in each experimental treatment plot, in order to detect the first
eggs laid by PFM. Afterwards, fruit sampling was done every two weeks, from 28 May to 24 July 2012,
and from 23 May to 30 July 2014. In 2012, at each sampling date, 8 fruits per tree (96 per cultivar)
were collected randomly around the canopy, whereas in 2014, 10 fruits per tree (90 per cultivar) were
collected. In 2012, the cultivar Friar was not sampled due to inadequate fruit production. All fruits
were then kept in the Department of Agricultural, Food, and Forest Science (University of Palermo,
Palermo, Italy), and were dissected under a stereomicroscope to record the presence of PFM larvae.
Fruit was considered infested when larvae or their penetration and exit holes were present.

2.4. Estimation of Pheromone Release from Dispensers

In 2014, the residual emission of sex pheromone by field dispensers periodically collected at each
fruit sampling was evaluated, in comparison with a new dispenser. Three dispensers were periodically
collected at each fruit sampling, extracted and analyzed by GC-MS. The pheromone emission rate
from the dispenser was analyzed by headspace using a solid phase micro-extraction (SPME) in static
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air [40], an equilibrium process involving the headspace and the polymeric fiber stationary phase [41].
The stationary phase used as the coatings was poly(dimethylsiloxane) (PDMS, 100 µm). A manual
SPME holder from the same manufacturer was used for injections. Fibers were conditioned in a gas
chromatograph injector port as recommended by the manufacturer: PDMS at 250 ◦C for 30 min. SPME
extractions were performed in climatic chambers (27 ± 2 ◦C and 50 ± 5% RH). For pheromone collection,
the releasers’ samples were placed into 40 mL vials, which were sealed with a poly(tetrafluoroethylene)
silicon septum-lined cap (Supelco, Bellefonte, PA, USA). An SPME needle was then inserted through
the septum and headspace volatiles were absorbed on the exposed fiber for 30 min in a conditioned
room (29 ± 1 ◦C; 40 ± 5% RH). The release rates of the dispensers were measured at the opening and
after 54, 72, 89, and 122 days of field exposure. Experiments were replicated three times for each day of
sampling from the releaser opening and field exposure. In order to perform a chemical analysis on the
collected pheromone, immediately after the end of the sampling time, the loaded fiber was desorbed
in the gas chromatograph inlet port for 2 min. Coupled gas chromatography-mass spectrometry
(GC-MS) analyses of the headspace extracts from the pheromone releasers were performed on an
Agilent 6890 GC system interfaced with an MS5973 quadruple mass spectrometer, which was injected
onto a DB5-MS column in 1/50 split mode. Injector and detector temperatures were 260 ◦C and 280 ◦C
respectively. Helium was used as the carrier gas. The GC oven temperature was set at 40 ◦C for 5 min,
and then increased by 10 ◦C/min to 250 ◦C. Electron impact ionization spectra were obtained at 70 eV,
recording mass spectra from 40 to 550 amu. The measurements of the pheromone emission rate were
accomplished by integrating the pheromones’ peaks.

2.5. Statistical Analysis

Data on the number of males of PFM caught in the traps were analyzed, after a root square
transformation, using a general linear model (GLM) procedure, in which the factors’ treatment
(pheromone treated plot/control plot), date and their interaction were included. Tukey’s HSD test
(p < 0.05) was then applied to assess the significant difference between treatments.

As infestation data were recorded as the presence/absence on fruits, a binary logistic regression
analysis was performed, separately for each year and orchard, to assess the significance of the
independent factors. Treatment (placement of pheromone dispenser vs. control), cultivar and date
were included in the models as factors. Moreover, as variable susceptibility of the studied cultivars
was known from a previous study [8], the interaction effect between the treatment and cultivar was
included in the analysis.

The mean of the chromatographic areas obtained from headspace SPME pheromone collection of
releaser with different field age were integrated and compared by using one-way ANOVA, followed
by Tukey’s HSD test (p < 0.05).

MINITAB software was used for all statistical analyses (Minitab Inc., State College, PA, USA).

3. Results

3.1. Trap Captures

Overall, 2246 males were caught in the traps, of which 2214 were G. funebrana, while 32 were
belonging to G. molesta. Figure 1 shows the trend of PFM male captures per trap per week. First catches
in the traps were recorded on 9 April in 2012 and on 5 April in 2014, in both Orchards A and B.
An increase in catches was recorded from the second half of April, corresponding to the first PFM
generation. After this date, in all years, the number of males in the traps was clearly higher in the
control plots (Figure 1). In 2012, the highest number of captures was recorded on 27 June, with a mean
number of 81.3 males per trap. In 2014, in Orchard A, the peak was recorded on 13 July (60.3 males per
trap); in Orchard B it was recorded on 19 July (21 males per trap). In pheromone plots, the maximum
number of males in the traps were recorded on 27 June 2012 (6 males per trap), and on 19 July 2014
(4.3 males per trap) in Orchard A, and on the same date in Orchard B (5.8 males per trap). Statistical

90



Insects 2020, 11, 589

analysis showed that the effect of treatment, date and their interaction were significant in all years
(Table 1). The average number of males caught in traps placed in the treatment plots was always
significantly lower than in untreated plots (Figure 1). Moreover, treatment was the most important
of the factors included in the analyses (Table 1). Overall, the GLM models allowed us to effectively
explain the variability in the caught number of PFM males, as shown by the values of adjusted R2

values: 80.50 in 2012 and 92.40 in 2014 for Orchard A and 78.97 in 2014 for Orchard B.

Insects 2020, 11, x FOR PEER REVIEW 5 of 14 

 

July 2014 (4.3 males per trap) in Orchard A, and on the same date in Orchard B (5.8 males per trap). 

Statistical analysis showed that the effect of treatment, date and their interaction were significant in 

all years (Table 1). The average number of males caught in traps placed in the treatment plots was 

always significantly lower than in untreated plots (Figure 1). Moreover, treatment was the most 

important of the factors included in the analyses (Table 1). Overall, the GLM models allowed us to 

effectively explain the variability in the caught number of PFM males, as shown by the values of 

adjusted R2 values: 80.50 in 2012 and 92.40 in 2014 for Orchard A and 78.97 in 2014 for Orchard B. 

Table 1. Results of the general linear model (GLM) analyses, performed each year separately on the 

number of Grepholita funebrana males caught in the traps, and effect of the different factors 

considered (asterisks indicate significant factors within each year, * p < 0.01). 

Factors 
Orchard 2012 Orchard A 2014  Orchard B 2014  

df F-Values df F-Values df F-Values 

Treatment 1 101.41 * 1 620.15 * 1 110.91 * 

Date 8 12.16 * 12 18.73 * 11 13.55 * 

Treatment * Date 8 4.64 * 12 9.65 * 11 2.70 * 

Error 36 
 

52 
 

48 
 

Total 53 
 

77 
 

71 
 

 

Figure 1. Trend of Grapholita funebrana males catches per trap per week in (A) Orchard 2012, (B) 

Orchard A 2014 and (C) Orchard B 2014. The mean number of captures per trap over the entire study 

period is reported in the legend; different letters indicate significant differences between the means 

(GLM followed by Tukey’s HSD test, p < 0.05). 

3.2. Fruits Infestation 

The first eggs on plums were found on 18 May 2012 and on 9 May 2014 in both orchards. In 

2012, the first infested fruits were recorded on 28 May 2012 on Angeleno fruits, in both treated and 

control plots, and on President on fruits sampled in the control plot, whereas the first infested fruits 

on the Stanley cultivar were found on 11 June in the control plot (Figure 2). In 2014, in Orchard A, 

the first infested fruits were recorded on 23 May in all cultivars and treatments, with the only 

Figure 1. Trend of Grapholita funebrana males catches per trap per week in (A) Orchard 2012, (B) Orchard
A 2014 and (C) Orchard B 2014. The mean number of captures per trap over the entire study period
is reported in the legend; different letters indicate significant differences between the means (GLM
followed by Tukey’s HSD test, p < 0.05).

Table 1. Results of the general linear model (GLM) analyses, performed each year separately on the
number of Grepholita funebrana males caught in the traps, and effect of the different factors considered
(asterisks indicate significant factors within each year, * p < 0.01).

Factors
Orchard 2012 Orchard A 2014 Orchard B 2014

df F-Values df F-Values df F-Values

Treatment 1 101.41 * 1 620.15 * 1 110.91 *
Date 8 12.16 * 12 18.73 * 11 13.55 *

Treatment * Date 8 4.64 * 12 9.65 * 11 2.70 *
Error 36 52 48
Total 53 77 71

3.2. Fruits Infestation

The first eggs on plums were found on 18 May 2012 and on 9 May 2014 in both orchards. In 2012,
the first infested fruits were recorded on 28 May 2012 on Angeleno fruits, in both treated and control
plots, and on President on fruits sampled in the control plot, whereas the first infested fruits on the
Stanley cultivar were found on 11 June in the control plot (Figure 2). In 2014, in Orchard A, the first
infested fruits were recorded on 23 May in all cultivars and treatments, with the only exception of
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the treated plot of the Stanley cultivar, in which infested fruits were recorded starting from 27 June
(Figure 3). In Orchard B, the first infested fruits were recorded on 23 May, in both treated and control
plots of Angeleno, Friar and President, while in the Stanley cultivar, infested fruits were recorded
starting from 10 June in the control plot and from 27 June in the pheromone treated plot (Figure 4).
During all years and orchards, on most of the sampling dates, the mean number of infested fruits per
tree was lower in the treated plots. Angeleno was always the most infested cultivar and the only one in
which a lower number of infested fruits per tree was recorded in the treated plot for all years, orchards
and sampling dates (Figures 2–4).
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Figure 2. Infestation trend (mean percentage of infested fruits per tree) recorded in 2012 in the cultivars
(A) Angeleno, (B) President and (C) Stanley.

Statistical analysis showed in all years and orchards a significant effect of the factors treatment,
cultivar and date (Table 2). The interaction between cultivar and treatment was not significant,
indicating that the effect of the treatment does not depend on the cultivar, and at the same time that the
differences among the cultivars are not due to the treatment. Overall, the values of the adjusted R2

values obtained in the GLM models allowed us to explain 56.15%, 71.11% and 71.02% of the variability
in the infestation found in 2012 and in 2014 in Orchard A, and in 2014 in Orchard B, respectively.
Moreover, the most important among the factors included in the analyses was the date, always followed
by the cultivar (Table 2).
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Table 2. Results of the binary logistic regression, separately performed for each year and orchard, on
the infestation data and effect of the different factors considered (asterisks indicate significant factors
within each year, * p < 0.01). All of the goodness-of-fit tests of the reported models were found to
be non-significant.

Factors
Orchard 2012 Orchard A 2014 Orchard B 2014

df Chi-Squared df Chi-Squared df Chi-Squared

Regression 9 470.642 * 11 635.21 * 11 597.45 *

Treatment 1 20.42 * 1 9.54 * 1 17.39 *
Cultivar 2 107.49 * 3 77.21 * 3 89.35 *

Date 4 190.87 * 4 436.95 * 4 391.02 *
Treatment * Cultivar 2 1.83 3 2.96 3 3.60

Error 350 348 348
Total 359 359 359

However, the infestation percentages found on the last sampling date (corresponding to fruit
harvesting) showed a reduction, due to mating disruption in treated plots of Angeleno and Friar in all
years (Table 3). In the President cultivar, a reduced infestation due to mating disruption was found
only in 2012 and 2014 in Orchard B, while for Stanley, a reduction was observed only in 2014 in Orchard
B. For Angeleno, the most susceptible cultivar [8], the infestation in treated plots was quite high in all
years (Table 3). In Orchard A, no differences were recorded between treatment and control with regard
to fruit infestation.

Table 3. Percentage of infestation recorded at harvest, and differences between treated and control in
the different cultivars and years.

Orchard 2012 Orchard A 2014 Orchard B 2014

Cultivar Pheromone
Dispenser Control Difference Pheromone

Dispenser Control Difference Pheromone
Dispenser Control Difference

Angeleno 36.46 51.04 −14.58 58.89 62.22 −3.33 41.11 60 −18.89
Friar - - - 31.11 32.22 −1.11 36.67 43.33 −6.66

President 10.42 27.08 −16.66 28.89 24.44 +4.45 31.11 42.22 −11.11
Stanley 8.33 6.25 +2.08 20.00 15.56 +4.44 8.89 13.33 −4.44

3.3. Estimation of Pheromone Release from Dispensers

The mean release rates of pheromone from dispensers, measured by SPME in static air, are shown
in Figure 5. The pheromone emission significantly decreased over the field-ageing period for both
dispensers placed in the field (F = 46.09; df = 5; p < 0.001; ANOVA). Pheromone emission was higher
at releaser opening than at all the other times of sampling (p < 0.05, ANOVA followed by Tukey’s
test). Releasers with 54 days of field exposure emitted more pheromone emission than the releasers
with a longer duration of field exposure (p < 0.01; ANOVA followed Tukey’s HSD test). However,
no statistical differences were observed in pheromone emission from releasers recovered from 72 to
122 days of field exposure.
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Figure 5. Mean (+SE) release rates of Grapholyta funebrana pheromone from dispensers measured by
collecting the volatiles, by using the SPME headspace method at 22 ◦C. No letter in common indicates
significant differences for p < 0.05 (ANOVA followed by Tukey’s HSD test).

4. Discussion

Pheromone-mediated mating disruption aims to interfere with mate finding, reduce insect
population growth, and prevent crop damage [42]. The main system for mate finding in moths is due
to the female release of small amounts of sex pheromone, which is detected by males through their
highly sensitive neurosensory structures [43,44]. In addition to the prevention of mating, pheromone
treatment can also result in a delay in mating, thus impacting the fitness and subsequent population
dynamics of the target insect pest [42]. Mating disruption using pheromone dispensers, distributed into
a crop, has had great success for the control of harmful tortricids like L. botrana [45–47], G. molesta [48,49]
and C. pomonella [50,51]. Nevertheless, some difficulties can occur when high populations of pests
are present, and it may be necessary to reduce the population of the first moth generation, as found
for PFM by [52]. For this reason, mating disruption should be considered as one control method
within a structured strategy of integrated pest management, including other control methods [52,53].
With regard to PFM, few studies on its control by pheromone-based methods have been carried out
in central Europe [39,52–54]. In Italy, the effect of pheromone-based methods on PFM was assessed
in studies carried out in central and northern Italian regions on the Stanley cultivar, adopting the
false-trail or the mating disruption methods [6,9]; no information is available for plum orchards in
Mediterranean environments.

Our results show that catches of male PFM moths in pheromone traps were strongly reduced
in the treated plots in comparison with the control plots, as found in other studies [9,49,53]. In the
control plots, the trend of PFM males catches clearly shows the occurrence of peaks corresponding to
at least two different PFM generations in the study period. Despite the reduction in male captures,
the population trend in treated plots showed capture peaks on the same dates as the control plot.
The pheromone emission rate from the dispensers significantly decreased with field aging until day
72; specifically, the emission of pheromone from the dispenser after opening decreased by about
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25% on the 54th day of field exposure, and by 66% on the 72nd day of field exposure after opening.
Afterwards, the pheromone emission was stable. The lower levels of male catches during the entire
sampling period in treated plots led us to surmise that the pheromone, despite a lowering release rate,
was still effective in reducing the captures of PFM males until the end of July (about 120 days after
dispenser placement in the field), when the insect population increased to its highest levels. However,
the pheromone emission results also suggest that a second application of pheromone dispensers or
the use of automatic aerosol devices releasing pheromone puffs at programmed time intervals [31,46]
might give a better effect on PFM mating disruption.

Fruit infestation recorded in control plots was higher compared to pheromone treated plots in
the entire sampling period in all cultivars and years, with the only exceptions being samples of the
cultivars Friar (Orchard B) and Stanley (Orchard A) collected on 11 July 2014. It should be noted that,
in control plots, the infestation increase followed the trend of catches in the traps, which is related to an
increase of the insect population due to the development of the second generation. In the pheromone
treated plots, the reduction in trap catches was more evident than the reduction in the fruit infestation
level. This led us to suppose that, despite the fact that the pheromone level in the field was effective
in reducing trap attractiveness for PFM males, it did not inhibit the insect mating and oviposition
to the same extent. This was particularly evident in Orchard A, in which no differences in the fruit
infestation were found at harvest, despite the very low PFM catches recorded in the pheromone treated
plot. Moreover, in Orchard B, the infestation level in both treated and control plots was higher than in
2012, although the number of PFM males in traps in the control plot was very low in 2014 compared to
2012. This suggests that the use of pheromone traps to evaluate the efficacy of the mating disruption
technique can give information about changes in moth flights, but cannot be considered reliable as
a stand-alone monitoring tool in areas treated with mating disruption. This has been observed also
in other studies carried out on tortricid moth control in apple orchards and vineyards in Italy, as the
information provided by traps needs frequent field scouting to evaluate the effective control of target
species through mating disruption [46].

In our study, the reduction in fruit infestation recorded in treated plots compared to control plots
cannot be considered suitable from an economic point of view, particularly in the most susceptible
cultivar, Angeleno, in which the infestation in treated plots was 36% (2012), 59% (Orchard A) and 41%
(Orchard B). In contrast, other studies carried out in central Europe showed that the application of
mating disruption significantly reduced fruit damage and maintained a percentage of infested fruits
below the economic injury level [49].

Our study confirmed that cultivar represents an important factor in determining the fruit infestation
level, as already demonstrated by [8]. In particular, Stanley, a cultivar previously studied in Italy
by [6,9], was less infested than Angeleno, Friar and President [8,11]. This complicates the comparison
between our results and most of the literature, in which the cultivar is not reported.

The probability of fruit infestation is related both to the cultivar and to the density of the insect
pest population. The PFM population density can be affected by environmental factors, such as the
occurrence of wild host plants, like Prunus spinosa L. [9,52]. It could be useful to lower the density
of the PFM generation, by chemical or biological methods [52,55], like the use of entomopathogenic
nematodes against diapausing larvae [53].

5. Conclusions

This study showed that mating disruption application in the management of PFM can reduce
the population level and the fruit infestation level. However, the use of mating disruption as a
stand-alone method for controlling the PFM in Mediterranean plum orchards did not prove to be
sufficient to contain the infestation below the economic damage threshold, especially on cultivars
that are particularly susceptible to the PFM attack and when a high population density of the insect
occurs. Therefore, it will require supplemental control methods to reduce fruit infestation. From this
perspective, accurate economic assessments relating to possible combinations of control methods
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should be carried out, in order to achieve a sustainable use of pesticides, as promoted by the European
Union (Directive 2009/128/CE). However, using the mating disruption method requires know-how and
experience, while at present, just a few publications are available for PFM compared to other tortricids
like L. botrana or G. molesta.

Interesting issues to be investigated in future studies could be aimed at improving knowledge about
the susceptibility of the most widely cultivated cultivars, which is an essential factor in determining
the fruit infestation level. Moreover, more efforts should be carried out to assess the effectiveness of the
mating disruption method in the same orchards in consecutive years, to evaluate the additive effect on
the reduction of the population. However, it should be useful to optimise the emission of an adequate
amount of pheromone in the field that can provide control of PFM throughout the entire season, for
example, through the use of automatic aerosol devices [31,46]. Furthermore, improved knowledge
about distribution and forecast models [56,57] could provide further opportunities for the integrated
management of this key pest in plum orchards.
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Abstract: Helicoverpa armigera is a polyphagous and globally distributed pest. In Italy, this species
causes severe damage on processing tomato. We compared the efficacy of mating disruption with
a standard integrated pest management strategy (IPM) in a two-year experiment carried out in
Northern Italy. Mating disruption registered a very high suppression of male captures (>95%) in both
growing seasons. Geostatistical analysis of trap catches was shown to be a useful tool to estimate
the efficacy of the technique through representation of the spatial pattern of captures. Lower fruit
damage was recorded in mating disruption than in the untreated control plots, with a variable efficacy
depending on season and sampling date. Mating disruption showed a higher efficacy than standard
IPM in controlling H. armigera infestation in the second season experiment. Mating disruption showed
the potential to optimize the H. armigera control. Geostatistical maps were suitable to draw the
pheromone drift out of the pheromone-treated area in order to evaluate the efficacy of the technique
and to detect the weak points in a pheromone treated field. Mating disruption and standard IPM
against H. armigera were demonstrated to be only partially effective in comparison with the untreated
plots because both strategies were not able to fully avoid fruit damage.

Keywords: mating disruption; cotton bollworm; processing tomato; geostatistics

1. Introduction

Helicoverpa armigera (Hubner) (Lepidoptera: Noctuidae), the African bollworm or cotton bollworm,
is distributed worldwide with the exception of North America. This polyphagous pest causes severe
damage to many crops including tomato, cotton, pea, chickpea, sorghum, and cowpea [1]. The severity
of cotton bollworm damage varies by crop and region and is influenced by the temporal scale [2]. Due
to its dispersive and migratory behavior, the incidence of this pest is often unpredictable. In Italy, the
severity of damage caused by H. armigera has increased in recent years [3], especially on processing
tomato. Helicoverpa armigera is listed as a quarantine pest by the European and Mediterranean Plant
Protection Organization [4,5].

Italy is the most important tomato (Licopersicon exculentum Mill) producer in Europe, and the
Emilia-Romagna region (Northern Italy) accounts for approximately 30% of all Italian production [6].
Emilia-Romagna is also the leader in organic tomato cultivation (69% of Italian production) because of
favorable pedoclimatic conditions and the presence of important processing companies. The area of
organic tomato production is steadily increasing due to the farmers’ profit and the high demand for
organic tomatoes by consumers.
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A high level of resistance to chemical insecticides by H. armigera (i.e., carbamates) has led to
control failures in many parts of the world including Europe [7]. For this reason, there is an increasing
interest in alternative approaches to controlling this pest. Pheromones have been utilized in a variety of
ways including mass trapping, disruption of mating communication, monitoring, and surveying [8,9].
Mating disruption has been tested on the Noctuidae species including Spodoptera spp. infesting
vegetable crops, onions, cotton, herbs, and ornamentals, both in open fields and greenhouses [10–16],
and has been shown to be an effective method to control pest populations. However, even if pheromone
application has been found to disrupt the males’ ability to locate a pheromone source, in some cases, the
larval populations were not reduced to the point at which insecticide sprays could be eliminated [14].
Mating disruption for H. armigera management has been demonstrated to be effective in reducing field
infestations [17–19]. However, with this species, the efficacy of mating disruption also showed a certain
degree of variability and in some cases, a lower level of control was achieved in comparison to the
chemical sprays. A number of factors including field size, crop species, receiving environment, local
climatic characteristics (e.g., dominant winds), behaviors of insect target species (e.g., pre-oviposition
flight behavior of mated female [19]), can influence the field efficacy of this technique.

Mating disruption seems to be particularly suitable for processing tomato in Northern Italy where
this crop is cultivated on wide areas characterized by an intensive cropping system. Moreover, this
technique is characterized by the lack of negative impacts and can be integrated with reduced risk
insecticides like microbial products.

The objective of the study was to evaluate the efficacy and feasibility of mating disruption to
control H. armigera infestations in an area where processing tomato are intensively grown by analyzing
both the reduced trap capture and subsequent fruit damage reduction. The efficacy of this technique
was also compared with a standard integrated pest management strategy (IPM) by means of fruit
damage evaluation [20]. The field trials were carried out on a farm representative of tomato cultivation
in the Emilia-Romagna region.

2. Materials and Methods

2.1. Site Description

The study was conducted in an area cropped with processing tomato located in Ravenna Province,
the Emilia-Romagna region, Italy. A pilot farm, managed using integrated pest management (IPM)
methods and representative of the tomato cultivation conditions of the region, was selected. The IPM
method consisted of a strategy according to which insecticide need was determined on the basis of
insect density monitoring performed twice a week.

2.2. Mating Disruption Trials Planning

In each year, two treatments were compared: (i) mating disruption (i.e., pheromone-treated) and
(ii) the control (i.e., pheromone-untreated), where pheromones were not applied. The field experiments
were carried out in two consecutive growing seasons, 2011 and 2012, in two nearby fields. In both years,
insecticide sprays were applied across the whole tomato field, according to the IPM strategy (Table 1). In
2011, a 1-ha pheromone-treated area and a 1-ha pheromone-untreated control area (both approximately
100 × 100 m) were delimited into the western half of an 18-ha tomato field (44◦30’31”N, 12◦11’43”E). In
2012, two areas (5 ha each, both approximately 180 × 270 m) were delimited within a 15-ha tomato
field (44◦30’12”N, 12◦11’13”E), and designated pheromone-treated and pheromone-untreated (control).
In each year, the pheromone untreated control area was located upwind, approximately 300 m away
from the pheromone-treated area to avoid pheromone drift into the pheromone-untreated control
area. Pheromone-treated and pheromone-untreated control areas were divided into four quadrants for
replication purposes.
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Table 1. Insecticide sprays applied to tomato fields for H. armigera control.

Year Day Commercial Name Active Ingredient Dose
kg c.p./ha

2011 04 July Steward® Indoxacarb (30 g/L) 0.125
21 July Affirm® Emamectin Benzoate (0.95%) 1.5

2012 19 July Affirm® Emamectin Benzoate (0.95%) 1.5
10 August Steward® Indoxacarb (30 g/L) 0.125

c.p., commercial product.

2.3. Pheromone Treatments

BioSelibate HA dispensers (Suterra Europe, Valencia, Spain), consisting of a sawdust type material
each containing 0.29 g a.i. (Z-11 hexadecenal and Z-9 hexadecenal in a ratio of 91:9), were used. The
target application rate was 100 dispensers/ha (=29 g a.i./ha) that were manually hung on 0.8 m high
rods in a 10 × 10 m grid.

In 2011, the experiment started on May 27 (dispensers were hung on May 27; tomato was
transplanted on May 25 and 26) and continued until August 16. The tomato was harvested from
August 19 to 22. In 2012, the experiment started on June 20 (the dispensers were hung on June 20;
tomato was transplanted from June 6 to 8) and tomato was harvested on September 7. Currently, the
pheromones for the mating disruption of H. armigera are not yet commercial and were provided by
Suterra to cover a total of 6 ha.

2.4. Male Capture Evaluation

Pheromone-baited traps (AgriSense funnel trap green/yellow/transparent) were used to verify if
male cotton bollworm moths were able to locate a pheromone source in the pheromone-treated area. Trap
catches in the pheromone-treated area were compared with those recorded in the pheromone-untreated
control area. Four traps in the 2011 trial and eight in the 2012 trial were placed in each of the
pheromone-treated and untreated control areas. Traps were baited with H. armigera pheromone lures
(Septa pheromone lure, Suterra). Baited traps were hung at about 80–100 cm above the ground and at
least 10 m inside the area and 35 m far apart from each other. Each trap had an insect killing strip (a.i.,
15% diazinon) at the bottom of the trap. Male moths were collected from the traps weekly. In addition
to these traps, a grid of pheromone baited traps (26 traps in total in 2011 and 42 traps in 2012) were
also placed to cover all the area of the tomato field where the areas were delimited with the aim to map
the area where mating disruption may have been effective. All the traps were georeferenced using a
handheld Magellan SporTrak Map® GPS unit.

2.5. Fruit Damage Estimation

Within the pheromone-treated and pheromone-untreated control areas, four plots left without
insecticide sprays (one per quadrant) were delimited with the aim of sampling for the evaluation of
fruit damage. Likewise, four plots were also selected within an area of the field receiving only the
chemical spray to control H. armigera.

Cotton bollworm damage on tomato (proportion of damaged fruits) in the pheromone-treated,
pheromone-untreated control, and insecticide treated areas was estimated by visual inspection using
a sample of fruits from within each of four plots nested within each treatment, over six consecutive
samplings. In both years, samplings 1–6 corresponded to weeks 7–12 after transplanting (WAT). In
each of the four plots, the samplings were performed by checking the fruits for 30 s on 10 randomly
selected plants. Fruit damage estimation in each treatment was taken on a weekly basis. On each
sampling date, a different set of plants were sampled. Fruit damage estimation followed a stratified
design, with treatments (n = 3) nested into years (n = 2), plots (n = 4) nested into each treatment, and
sampling dates (n = 6) in each year.
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2.6. Data Analysis

2.6.1. Male Capture Analysis

The comparison of the male catches in the pheromone-treated and pheromone-untreated areas
was analyzed by the Mann–Whitney U test (p < 0.05). The ratio of the catch reduction in the
pheromone-treated area with respect to the pheromone-untreated area was calculated as follows:

Catch reduction ratio =
Pheromone untreated area catch− pheromone treated area catch

Pheromone untreated area catch
× 100

Data from the pheromone traps were also analyzed using geostatistics, in order to compare
the spatial pattern of the male captures between the pheromone-treated (mating disruption) area
and the pheromone-untreated (control) area. One of the main objectives of geostatistical studies
is to provide a spatial representation of data by estimating variable values at unsampled locations.
Geostatistics offers a great variety of interpolation methods including stochastic techniques like kriging,
and deterministic methods like inverse distance weighting (IDW) [21,22]. IDW was selected as the
interpolation tool to provide a visual representation of the population pattern in pheromone-treated
and pheromone-untreated areas. Maps estimated by IDW were validated by cross-validation analysis,
comparing the predicted and observed trap catch values using linear correlation analysis [23]; in
addition, the mean prediction errors of the estimates were calculated. Geostatistical analysis was
employed using ArcGIS, with the geostatistics ARCMAP extension (ESRI, Redlands, CA, USA).

2.6.2. Fruit Damage Assessment

In each sampling date, fruit damage was calculated as the ratio of damaged fruits on the
total of fruit sampled; standard errors of the damage ratio were calculated according to a binomial
distribution [24]. The ratio of damaged fruits was analyzed using log linear analysis, a method
that mimics a factorial analysis of variance [25] and allows for simultaneous evaluation of multiple
interactions among categorical variables. Log linear analysis uses a likelihood ratio statistic χ2 that
has an approximate χ2 distribution. In our log linear analysis, the response variable was the ratio
of damaged fruits, while the design (or independent) variables were: years (2011–12), treatments
(mating disruption–chemical–untreated control), and sampling dates (n = 6). Additionally, a model
involving “plot” (n = 4) as the design variable was tested, but this variable was removed because it did
not show significant interaction with the response variable and the other design variable (p > 0.05).
Although all interactions between variables were calculated by log linear analysis, only associations of
the response variable (proportion of fruit damage) with design variables were taken into account for
data interpretation.

The fruit damage recorded in the twelfth week after transplant (WAT 12) was the most relevant for
the final evaluation of the treatment efficacy because it was the last sampling date before the harvest. For
this reason, the frequency of damaged fruit at WAT 12 was analyzed by the χ2 test followed by a z-test
to compare the column proportions and rank the efficacy of the treatments [26]. Bonferroni correction
was implemented to adjust the p-level of the z-test. This procedure was performed, separately for each
year, using the IBM SPSS 23 statistics package (IBM corporation, Armonk, NY, USA).

3. Results

3.1. Mating Disruption Evaluation

The suppression of male captures was very high in both growing seasons (Figure 1, Table 2). In
particular, the suppression ratio calculated for total capture was 99.2% and 98.4% in 2011 and 2012,
respectively (Table 2). It is remarkable that capture suppression was also higher than 97% on the last
sampling date at the end of August, corresponding to the harvest (Table 2).
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The validation analysis of IDW maps is reported in Table 3 including the correlation analysis of
the predicted vs. observed values and the calculation of the mean prediction errors. Eleven out of
12 of the contour maps were statistically supported by cross-validation analysis. In Figures 2 and 3,
the IDW maps of H. armigera male distribution, calculated from the total catch per trap during the
sampling period, are shown. Only the maps of the total catch per year are reported, because they
properly describe the spatial pattern of the catches during both full field seasons. In each year, the
male catch within the pheromone-treated area can be visualized and compared with those of the
remaining part of the pheromone-untreated field. The gaps of catches within the treated areas in the
maps can be considered as a demonstration of the effectiveness of the male capture reduction due
to mating disruption (Figures 2 and 3). The catch patches, visualized as the darker filled contours,
indicate the areas of the fields where male disruption was less or not effective. These areas of reduced
efficacy correspond to the hedges and to the east zone of the mating disruption area, which is adjacent
to the pheromone-untreated tomato. Moreover, the catch patches reached the highest values in the
northeast area of the maps (up to 150 and 350 male captures in the 2011 and 2012 maps, respectively),
corresponding to the pheromone untreated (control) area.
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Figure 1. Mean number of Helicoverpa armigera males trapped per night in pheromone-treated (mating
disruption) and pheromone-untreated (control) areas in 2011 (a) and 2012 (b). Bars represent the
standard errors of the means. Male catches were compared using the Mann–Whitney U test: ns = not
significant; * p < 0.05; ** p < 0.01; *** p < 0.001.
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Table 2. Ratio of catches reduction (%) in the pheromone-treated (mating disruption) area with respect
to the pheromone-untreated (control) area in 2011 and 2012.

Year
Weeks after Dispenser Position

1 2 3 4 5 6 7 8 9 10 11 12 Total

2011 NA NA NA - 100 100 100 100 100 100 98.8 98.8 99.1

2012 100 98.5 100 100 98.9 100 98.8 98.6 99.3 96.7 NA 1 NA 1 98.4

NA = not assessed; 1 Tomato harvested; - = no male catches.

3.2. Fruit Damage Estimation

Lower fruit damage was found in the mating disruption and chemical spray areas than in the
control plots for most sampling dates (Figure 4). No damage by other pests was detected during the
field trials (e.g., Tuta absoluta (Meyrick) (Lepidoptera Gelechiidae). Data analysis showed single and
multiple significant interactions between fruit damage and the design variables (Table 4) fruit damage
between treatments (p < 0.001), years (p < 0.001), and sampling dates (p < 0.001). Overall, the damage
on fruits was higher during 2012 (7.72%) than in 2011 (4.8%). Fruit damage had significant multiple
interactions between variables and, for this reason, data were split in each field season and sampling
date to provide an interpretation of the seasonal trend of fruit damage in each treatment.

Table 3. Results of the cross-validation analysis of the inverse distance weighting (IDW) maps. The
linear correlation of the predicted against measured values are reported.

Year Map R p Mean Prediction Error

2011 July, 21 0.80 <0.001 0.01

July, 28 0.75 <0.001 −0.74

August, 4 0.24 >0.05 −0.01

August, 11 0.45 <0.05 −0.44

August, 16 0.45 <0.05 0.34

Total catches 0.71 <0.001 −0.91

2012 August, 1 0.42 <0.05 −0.62

August, 8 0.81 <0.001 −0.99

August, 16 0.69 <0.001 −2.88

August, 23 0.57 <0.001 −1.79

August, 29 0.70 <0.001 −3.67

Total catches 0.73 <0.001 −13.6

Table 4. Log linear analysis of fruit damage. Only the interaction of response variable (fruit damage)
with design variables (treatments–years–plots–sampling dates) are considered in the analysis.

Effect χ2 d.f. p

Treatments * Damage 103.2 2 <0.01

Years * Damage 80.1 1 <0.01

Date * Damage 77.3 5 <0.01

Treatments * Years * Damage 66.7 2 <0.01

Treatments * Date * Damage 48.5 10 <0.01

Years * Date * Damage 39.7 5 <0.01
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It is remarkable that the relative efficacy of both control methods varied during the year, and this
evidence was corroborated by the significant multiple interaction among “treatments * years * fruit
damage” (Table 4); in particular, chemicals were more effective in 2011 than in 2012. Fruit damage
was shown to also be dependent by treatments * sampling date and by treatment * year. Within each
year and corresponding to the harvest (WAT 12), a χ2 test followed by a z-test was used to rank the
efficacy of the treatments. Using this method, chemicals were scored as more effective than mating
disruption in 2011 (Figure 4A), resulting in the following rank of efficacy: chemical > mating disruption
> untreated control. On the other hand, chemical control was less effective in WAT 12 in the 2012
season, resulting in non-significant differences in comparison with the untreated control (Figure 4B).

4. Discussion

Mating disruption demonstrated a variable efficacy in controlling H. armigera, measured by the
analysis of fruit damage. A significant difference between control and mating disruption was obtained
in both seasons, thus showing a robustness of the data obtained in the two-year replication of this
study. In the 2011 season, the efficacy of mating disruption was lower than the chemical control, but in
2012, this trend was reversed. Overall, both control techniques against H. armigera were demonstrated
to be only partially effective in comparison with the untreated control because the strategies were not
able to fully avoid fruit damage. It is remarkable that mating disruption was more effective in the
2012 season when applied on a 5 ha field; in contrast, mating disruption applied on 1 ha (2011 season)
resulted in a lower reduction of fruit damage. A wide area approach is a cornerstone of the mating
disruption approach [9] and it could be hypothesized that the increased area of application in 2012 led
to a higher efficacy of mating disruption.

The geostatistical analysis of trap catch reported in this study was a useful tool to evaluate the
efficacy of mating disruption through the representation of the spatial pattern of catches. Catch gaps
and patches can be interpreted as areas where catch reduction is optimal or ineffective, respectively.
In particular, maps were used to verify how catch reduction was affected by the position of field
dispensers and by dominant winds, in order to highlight and interpret potential border effects. The
maps seem suitable to visualize the effects on male catches as a result of potential pheromone drift out
of the pheromone-treated area, showing a partial efficacy of the capture reduction, in the downwind
borders of the pheromone-treated area. Geostatistical techniques have been used to characterize the
spatial and temporal variability of male H. armigera catches in Spain, affecting pest management
actions, and as a powerful tool in precision agriculture systems [27]. That study demonstrated
that moths were aggregated at the borders of tomato field, gradually colonizing the inner area on
cloudless days when northeastern winds were predominant. A geostatistical analysis of the spatial
heterogeneity of bollworm eggs was studied in China using semi-variance and kriging interpolation,
providing a population risk analysis [21,28]. Authors showed that there was a high risk at early
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pest population stages (mid-June). Geostatistical maps of the spatial distribution of male catches
proved to be suitable to analyze the efficacy of Spodoptera littoralis (Boisduval) (Lepidoptera Noctuidae)
mating disruption [16] and to study the spatial distribution of vegetable pests including Phthorimaea
operculella (Zeller) (Lepidoptera Gelechiidae) and the western corn rootworm Diabrotica virgifera virgifera
LeConte, in Northern Italy [29,30]. Moreover, georeferencing tools can be used to decide on the best
installation site according to topography and wind direction, when pheromone aerosol devices for
mating disruption are intended to be employed [20]. A number of practical applications of spatial
analysis in managing pests are reviewed and discussed by Sciarretta and Trematerra [22].

The reason for the low efficacy of the chemical treatment in 2012 is unknown, but this fact is in
agreement with the field data of the extension services of the Emilia-Romagna region [31]. In particular,
our data seem to corroborate the anecdotal findings that chemical control of H. armigera in Northern
Italy tomato often achieves a partial and variable efficacy. In this context, the application of mating
disruption in wide areas including adjacent fields treated with pheromones, seems to have the potential
to enhance the efficacy of the technique. The crucial role of the pattern of dispenser distribution over a
much greater area outside the cultivated field has been stressed by Kerns [14] and de Souza et al. [11],
in order to make mating disruption effective. For these reasons, future application of the mating
disruption technique should consider an increase in the number of dispensers in the areas adjacent to
the hedges of the field in order to balance the reduced efficacy due to border effects [20,27].

5. Conclusions

Mating disruption could be applied as an IPM strategy to optimize H. armigera control in order to
increase the efficacy of chemical or microbial control or to reduce the number of chemical sprays in
highly infested areas. Pheromone dispensers for mating disruption of H. armigera are not commercially
available yet, but we hope that this technique will be available soon for stakeholders involved in IPM
and organic insect management. Further studies should take into account the application of mating
disruption in combination with microbial agents like Bacillus thuringiensis subsp. kurstaki/aizawai
and nuclear polyhedrosis virus (HaNPV), in order to promote a more ecological and sustainable
control strategy to minimize the negative side effects of chemical control including the selection of
insecticide-resistant strains and the harmful impact on beneficial insects occurring in agroecosystems.
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Simple Summary: Tephritid fruit flies comprise pests of high agricultural relevance and species that
have emerged as global invaders. Chemical signals play key roles in multiple steps of a fruit fly’s
life. The production and detection of chemical cues are critical in many behavioural interactions of
tephritids, such as finding mating partners and hosts for oviposition. The characterisation of the
molecules involved in these behaviours sheds light on understanding the biology and ecology of
fruit flies and in addition provides a solid base for developing novel species-specific pest control
tools by exploiting and/or interfering with chemical perception. Here we provide a comprehensive
overview of the extensive literature on different types of chemical cues emitted by tephritids, with
a focus on the most relevant fruit fly pest species. We describe the chemical identity, production
modality and behavioural relevance of volatile pheromones, host-marking pheromones and cuticular
hydrocarbons, as well as the technological advances available for their characterisation. The variegate
set of approaches integrating the use of the identified chemical signals for the control of wild
populations of key pests is also explored. Last but not least, key challenges for future basic to applied
research regarding tephritids are outlined.

Abstract: The Dipteran family Tephritidae (true fruit flies) comprises more than 5000 species classified
in 500 genera distributed worldwide. Tephritidae include devastating agricultural pests and highly
invasive species whose spread is currently facilitated by globalization, international trade and
human mobility. The ability to identify and exploit a wide range of host plants for oviposition, as
well as effective and diversified reproductive strategies, are among the key features supporting
tephritid biological success. Intraspecific communication involves the exchange of a complex set
of sensory cues that are species- and sex-specific. Chemical signals, which are standing out in
tephritid communication, comprise long-distance pheromones emitted by one or both sexes, cuticular
hydrocarbons with limited volatility deposited on the surrounding substrate or on the insect body
regulating medium- to short-distance communication, and host-marking compounds deposited on
the fruit after oviposition. In this review, the current knowledge on tephritid chemical communication
was analysed with a special emphasis on fruit fly pest species belonging to the Anastrepha, Bactrocera,
Ceratitis, and Rhagoletis genera. The multidisciplinary approaches adopted for characterising tephritid
semiochemicals, and the real-world applications and challenges for Integrated Pest Management
(IPM) and biological control strategies are critically discussed. Future perspectives for targeted
research on fruit fly chemical communication are highlighted.
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1. Introduction

Insect semiochemicals are compounds belonging to different chemical classes that
regulate intra- and inter-specific communication, affecting major behavioural and physio-
logical responses [1–3]. Based on the identity of the emitter and the receiver, semiochemi-
cals can be classified as pheromones (i.e., molecules mediating communication between
co-specifics) or allelochemicals (i.e., compounds involved in communication between indi-
viduals of different species). Allelochemicals include kairomones (beneficial to the receiver
but producing disadvantages for the emitter), synomones (molecules that benefit both the
emitter and the receiver), allomones (beneficial to the producer and with neutral effects
to the receiver), and apneumones (chemicals of non-biological origin beneficial to the
receiver) [4–6]. Semiochemicals mediate a number of behavioural processes, such as the
identification of food sources, the location of mates and hosts for oviposition, and the
avoidance of predators [7].

To achieve these different functions, insects use volatile, semi-volatile, and non-volatile
chemicals that are involved in long-, medium-, and short-distance communication, respec-
tively. These stimuli can be detected by sensory neurons of the olfactory system on the
antennae and maxillary palps [8], such as in the case of volatile molecules, or by neurons of
the gustatory system mainly on proboscis, ovipositor and legs, which are able to perceive
non-volatile chemicals through contact chemoreception [9].

Among semiochemicals, pheromones (from the Greek words “ϕερειν”-transfer, and
“oρµαν”-excite) can be classified in two main categories: (i) releaser pheromones that produce
an immediate response in a recipient individual (e.g., a male fly orienting toward a female
guided by sex pheromone), (ii) primer pheromones that trigger the initiation of a complex
physiological response not immediately observable [10]. The complex functions pheromones
exert are mediated by sex, aggregation, alarm, trails and host-marking compounds [11,12].

Since 1959, when the term ‘pheromone’ was proposed [13] and the first pheromone,
bombykol, was chemically identified in the silkworm moth, Bombyx mori (L.) (Lepidoptera:
Bombycidae) [14], an increasing number of studies have focused on unravelling the
chemistry and biological roles of these substances in numerous species. In most cases,
pheromones are blends of individual chemicals that can be shared among species, but that
are mixed in species-specific combinations (i.e., quantitatively and qualitatively) [15,16].
So far, volatile pheromones have been described as being composed of two or three com-
pounds in moths [17,18], one in Drosophila melanogaster Meigen (Diptera: Drosophilidae)
((Z)-undec-4-enal [19]), or by complex blends in honey bees (Hymenoptera: Apidae) [20].
The chemical diversity of pheromone blends is very high, including acetate esters, alcohols,
aldehydes, carboxylic acids, hydrocarbons, epoxides, ketones, benzenoid compounds, iso-
prenoids, terpenoids, and triacylglycerides [21]. In the case of Lepidoptera, as well as other
insects that mainly rely on long-distance sexual signalling, volatile pheromones are the
primary semiochemicals adopted [22]. Other insects, such as Drosophila species, are charac-
terised by complex courtship rituals and use cuticular hydrocarbons (CHs) of both high
and low-volatility [23]. The body surface of many insect species is indeed covered by a thin
film of wax, composed mainly of hydrocarbons. Complex mixtures of esters, alcohols and
free fatty acids are components of the cuticular wax in some insects [24]. Beside their cuticle
waterproofing function, the long-chain hydrocarbons of insects are involved in chemical
communication, serving as sex pheromones, kairomones, species- and gender-recognition
cues, nestmate recognition compounds, fertility and dominance cues, chemical mimicry,
and primer pheromones. Such key roles boosted research efforts in the past several decades
on many dipteran species, including fruit flies, house flies and mosquitoes [25,26]. Insect
CHs are usually a mixture of compounds that may include n-alkanes, alkenes, terminally
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branched monomethylalkanes, internally branched monomethylalkanes, dimethylalkanes,
trimethylalkanes and others. They are synthesised by an elongation-decarboxylation path-
way in oenocytes, which are associated with epidermal cells or fat bodies. After synthesis,
CHs are transported through haemolymph by lipophorin carrier [27,28].

An additional type of semiochemicals is used by several parasitic and phytophagous
insects immediately after egg-laying, the host-marking pheromone (HMP). Its function is
to affect the oviposition behaviour of conspecifics in a way that subsequent eggs are not
deposited in their already utilised resource, thus reducing the time spent on the already
exploited resource and the competition for limited host resources, with advantages for both
the marker and the seeker [29]. The HMP can be synthetized by female fruit flies in the
form of a complex molecule [30–32] or a simple compound [33–35]. The receptors located
in the tarsi and mouthparts of females searching for an oviposition site allow the detection
of HMPs [29,36,37].

In the last decades, progress has been made to determine the identity and composition
of semiochemicals in insects, as well as the chemical specificity and functional properties of
molecules mediating semiochemical perception such as odour and taste receptors, odorant
and gustatory binding proteins. Insects developed extremely refined abilities to produce
and discriminate among different arrays of chemicals. In this framework, an increasingly
deeper knowledge of the mechanisms underlying semiochemicals’ production and stimuli
coding is being acquired, also due to advancements in analytical approaches, which, in
turn, is providing multiple novel/improved tools for insect pest control.

In the scenario depicted above, true fruit flies (Diptera: Tephritidae) are excellent
models to investigate the differentiation of semiochemicals’ production and perception.
Including more than 5000 species and 500 genera, this family is one of the largest among
dipteran, with a worldwide distribution. Many tephritids are important pests of agricul-
tural commodities infesting a wide range of fruits and vegetables. The most pestiferous
species belong to genera Anastrepha (Schiner), Bactrocera (Macquart), Ceratitis (Macleay),
and Rhagoletis (Loew) [38] (Figure 1).

Anastrepha
(206; Americas)

Bactrocera
(562; Oriental and Australasian regions)

Ceratitis
(92; Afrotropical regions)

Rhagoletis
(68; America, Europe, temperate Asia)

A. fraterculus, A. grandis, A. ludens, A. obliqua, 
A. serpentina, A. striata, A. suspensa

B. carambolae, B. correcta, B. cucurbitae, B. dorsalis, B. latifrons,
B. neohumeralis, B. oleae, B. tryoni, B. zonata

C. anonae, C. capitata, C. cosyra, C. fasciventris, C. rosa R. batava, R. cerasi, R. cingulata, R. completa, R. fausta,
R. indifferens, R. mendax, R. pomonella
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Figure 1. Worldwide distribution of species belonging to the Anastrepha, Bactrocera, Ceratitis and Rhagoletis genera. The map is
based on current distribution data of species belonging to each genus retrieved from the EPPO Global Database (https://gd.
eppo.int) (accessed on 13 November 2020) and integrated with information from CABI (https://www.cabi.org/isc/) (accessed
on 13 November 2020) and the literature. In brackets, the total number of living species (obtained from Catalogue of Life: 2019
Annual Checklist [39]) for each genus and the original geographic range are reported. Lists of the major pests within each genus
are also indicated. Background map was retrieved from https://freevectormaps.com/world-maps/WRLD-EPS-01-0011?ref=atr
(accessed on 29 July 2020). Information about the status of invasion is reported in more details for the species A. ludens, B. dorsalis
and C. capitata, for which yellow and green dots indicate transient presence or achieved eradication, respectively.

As an example, the damage caused annually in Africa by the Oriental fruit fly (Bac-
trocera dorsalis [Hendel]) has been estimated to USD 2 billion mainly due to export trade
bans [40]. Moreover, due to a number of biological features including multivoltinism, long
adult longevity, high fecundity, remarkable response to various stresses, increased capacity
to overwinter [41], several species became aggressive global invaders, imposing strict
quarantine regulations in several fruit-producing countries [42,43]. Because of their high
importance, there is a list of ongoing programs worldwide that aim to eradicate, contain or
suppress the populations of tephritid species [44].

Area-Wide Integrated Pest Management (AW-IPM) has been proven successful for
the control of tephritid pest species and incorporates different components, such as thor-
ough population monitoring employing sophisticated trapping systems, the Sterile In-
sect Technique (SIT), the Male Annihilation Technique (MAT) and often bait insecticidal
sprayings [45]. To ensure effective application of the above components of the AW-IPM
programs, an in-depth understanding of insect communication and mating strategies is
required. This field has been widely investigated in tephritids and an expanding body of
literature is available.

In this review, we critically discuss the current knowledge on pheromone-based
communication in tephritid fruit flies, as well as its applied relevance for pest control.
Starting from the role of these semiochemicals in tephritid reproductive behaviour, we
analysed the most relevant, available literature focusing on (i) volatile pheromones released
by males and/or females, (ii) HMPs, and (iii) CHs. For each of these three groups, the tissues
involved in the production, their chemical identity, and the analytical methods applied
for the identification, as well as the electrophysiological and behavioural tools employed
to shed light on their ecological significance, are considered. Due to their high economic
importance, insights are provided on pest species of the genera Anastrepha, Bactrocera,
Ceratitis and Rhagoletis. Over the last decades, tephritid semiochemical research has not
been equally dedicated to all three groups of semiochemicals. Thus, information related to
volatile pheromones, mostly because of their more direct applied implications, is far more
extended. This is also reflected in the present review, which additionally focuses on the role
of semiochemical-based communication in species evolution. Tephritids display different
levels of host specialisation, covering the whole spectrum from monophagy to polyphagy.
Whether and how the adaptation to novel host plants drove the evolution of such an
extreme diversity is still an open question and requires investigation of multiple factors
(and their interactions), including those related to semiochemical-based communication.
Finally, results focusing on applying the above-mentioned knowledge to fruit fly population
monitoring and management, as well as to chemical taxonomy, are analysed, towards
formulating major challenges for future research.

2. Semiochemicals and Reproductive Behaviour—An Overview

Semiochemicals are involved in the different phases of the reproductive behaviour of
many tephritids, which include male lek formation and sexual signalling (sexual calling),
courtship, acceptance of a mating partner and successful copulation (Figure 2).
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Courtship and Mating

Lekking BehaviourLek Formation Trophallaxis

Oviposition

- assessing fruit quality

- deposition of HMP

- male deposits oral droplets

- female adsorbs the droplets

- wing fanning
- wing buzzing
- head rocking

- attempted copulation
- tactile stimuli (e.g. arista 

contact, ♂ tarsi on ♀ abdomen, 
genitalia contact)

- copulation

- orientation
- sexual signalling

- pheromone dispersal 
through wing fanning

- male-male
aggressive interactions

- perception of microclimate
(temperature, humidity, light)
- olfactory signals exploited 

to compose leks

Figure 2. Diagram showing the main steps of mating behaviour in tephritids and the signals transmitted and perceived.
Lekking behaviour is common in Tephritidae, but notably absent in Rhagoletis species. Similarly, pre-mating trophallaxis is
common, but this phenomenon is known to occur also during and post mating [46]. HMP, host-marking pheromone.

The release and perception of semiochemicals are often accompanied by a range of
intense behavioural interactions, including wing vibration and buzzing and head rock-
ing [47–50].

There is a variety of mating systems in tephritid fruit flies, with lek-based ones being
common in many species of economic importance [51]. Leks are mating arenas where
males aggregate and perform sexual signalling without controlling the access to resources
that may be critical for females or offering parental care, and provide only the sperm to
females that freely choose their mates [52]. Males perform sexual signalling mainly on
the under surface of leaves of preferred host trees that either bear fruits as in Anastrepha
fraterculus (Wiedemann) and B. dorsalis, or do not bear fruits as in certain populations of
the Mediterranean fruit fly (medfly) Ceratitis capitata (Wiedemann) (see [53] for a review).
Instead, in Zeugodacus cucurbitae (Coquillett), lekking takes place more frequently on
non-host plants [54,55]. Likewise, in Bactrocera cacuminata (Hering), the wild tobacco
fruit fly, non-host plants containing the male attractant methyl eugenol (ME) serve as
the main mating sites [56]. Lekking males, in groups of 2–10 individuals [53], perform
sexual signalling that includes a set of visual, acoustic and olfactory signals, with volatile
pheromone acting as the longer-distance cue.

On the other hand, at variance with many tephritids, most Rhagoletis spp. do not
exhibit male lekking [51]. For example, males of Rhagoletis pomonella (Walsh), Rhagoletis
cerasi (L.), Rhagoletis rubicola (Doane) and Rhagoletis mendax (Curran) individually search for
potential mates mainly on host fruits and the top surface of leaves [57], mostly during the
late afternoon and at dusk [51,58,59]. However, in Rhagoletis batava (Hering) individuals
have been reported to form small groups in response to male-released pheromone that
might be considered leks [60]. In certain species, such as Anastrepha suspensa (Loew) and
Bactrocera papayae (Drew & Hancock), males use olfactory cues to locate the leks. However,
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other studies demonstrated that this is not the case for Anastrepha obliqua (Macquart) and
Anastrepha ludens (Loew), and it is rather controversial for C. capitata, B. dorsalis, and Z.
cucurbitae [53]. Whether the cues exploited by males to aggregate in leks derives from
their own pheromone emissions, or from the plants where leks occurs is still under debate.
Indeed, in C. capitata it has been proposed that plant volatiles, rather than male-emitted
pheromones, contribute to male aggregation in leks [61,62], with α-copaene, a natural
sesquiterpene widely present in plants, being regarded as the primary male cue for lek
formation [63–66]. Male pheromone has been shown to attract conspecific males thus acting
as aggregation pheromone in some Bactrocera species [67–72]. Nonetheless, Kobayashi and
colleagues reported no male-male attraction in B. dorsalis [73].

Interestingly, sex pheromones are not uniquely produced by males in all tephritid
species. In the Ceratitis, Anastrepha and Rhagoletis genera, the volatile chemicals identified
in the adult headspace are of male origin. Instead, the role of females in emitting volatiles
is evident in the genus Bactrocera. In all Bactrocera species studied so far, both sexes produce
and release pheromone chemicals, albeit interspecific differences exist. In Bactrocera musae
(Tryon), a polyphagous pest distributed in Australia and Papua New Guinea mainland [74],
both sexes produce volatile pheromones, but its complexity is higher in females than
males [75].

In the olive fruit fly, Bactrocera oleae (Rossi), females release the pheromone that plays
a central role in the mating system of this species [76–79]. However, earlier and most
recent studies suggested that male-emitted chemicals elicit female attraction [80–82]. The
finding that both sexes emit and perceive chemicals during courtship [49,83], together with
the identification of male wing vibration in this species [49], encourage further research
to better understand the role of chemical communication in the mating behaviour of B.
oleae. So far, males have been regarded to swarm before settling on olive canopy [41]. The
modality of male aggregation to form leks in this species needs to be further clarified
too, in order to understand the relevance of chemical communication in a species where
female-borne pheromones have been well documented both as a short- and long-distance
cue [41]. Recently it was proven that ethyl decanoate emitted by olive fruit fly females
attracts other females, and hence may be involved in female-female aggressive interactions
on oviposition sites [84].

Courtship implies a series of ritualized actions, and it is much more complex in
the genus Ceratitis, particularly in C. capitata [85], than in other tephritids, such as many
species of Anastrepha [86,87] and Bactrocera [88]. However, recent studies are revealing
that, even in species where it was believed to be simplified, such as in Bactrocera tryoni
(Froggatt), courtship is more complex than previously thought [48]. During courtship,
volatile chemicals are perceived by either one of both sexes using the antennae, while less
volatile compounds, such as CHs, have been suggested to be important in later stages, when
male and female touch each other during mating attempts and mating per se [35,41,89].
Indeed, in several tephritids, fore- and hind-leg interactions, as well as male foreleg
interaction with the female abdomen, ‘kissing’ (i.e., touching of the labella), and male
tapping with the labellum on female thorax have been reported [41,48,90]. For example,
in Ceratitis rosa (Karsch) and A. fraterculus, sex-specific differences in the quantitative
composition of CH profile, together with reported mating incompatibilities, further suggest
the role of CHs as short-range semiochemicals [89,91,92].

Trophallaxis (i.e., female provision with gifts -oral, genital or transdermal- by males
[90,93,94]), a common behaviour in tephritids, is considered as a courtship signal as well
(see [95] for a review). While in Anastrepha species a pre-mating transfer of male oral prod-
ucts to females by labrum-to-labrum contact is well known [90,96,97], this phenomenon
has been described in medfly only recently [95]. In this species, the consumption of
male-produced oral droplets by the female appeared to increase her receptivity to mating,
suggesting that the chemical composition of these droplets may be a tool to assess male
quality [35,95]. Further research in the medfly and in other major tephritid fruit fly species
is thus essential to unravel how these substances are perceived and how this behaviour
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fits in the complex semiochemical-based communication frame. Interestingly, a recent
work demonstrates that A. ludens males regurgitate more than females, and propose that
regurgitation and deposition of series of droplets organized in lines or spirals by some
fruit fly species may play multiple functions (e.g., collecting bacteria from the environ-
ment, or eliminating ingested toxicants), including the production of oral pheromones [98].
Moreover, signalling males in some Anastrepha spp. deposit pheromone on the leaf surface
by abdominal tip dipping [99]. Some of these deposited components persist on leaves
up to one hour after removal of signalling males and are able to attract females [99]. Ab-
dominal dipping with deposition of a viscous substance from the male cercus (i.e., the
external appendage close to the digestive tract) has also been observed in Rhagoletis boycei
(Cresson) [100].

After mating, tephritid females undergo an almost immediate switch from response
to male pheromone to host plant-oriented olfactory behaviour to seek for appropriate
oviposition background. This phenomenon has been well documented for the medfly
at the behavioural level [101] and molecular data suggest that genes related to olfaction
and/or foraging are also changing in their transcriptional profiles [102]. Mating-related
differential expression in genes involved in chemosensory perception has also been detected
in Bactrocera [103,104], and Anastrepha spp. [105], with females of B. tryoni showing mating-
induced switches in olfactory preference [106].

The oviposition behaviour of tephritids is highly heterogeneous and display species-
specific differences, such as daily patterns of oviposition, clutch size, patterns of positioning
the ovipositor, duration of the oviposition bout, and preferred plant site for the oviposi-
tion [107]. In the medfly, oviposition behaviour has been widely studied and described as
being structured in four steps: arrival to the fruit, exploring (i.e., survey of fruit surface with
head, labellum and ovipositor), ovipositor puncturing and drawing following oviposition
conclusion [108,109]). In the last phase, the fruit surface is again explored by the females,
with the aculeus of the ovipositor protracted, and a HMP is deposited [110].

The presence of conspecific eggs and developing larvae in breeding substrates may
dramatically alter the oviposition behaviour in phytophagous insects. In tephritids, females
often mark already used hosts with a pheromone to avoid overexploitation of the specific
resource and hence reduce/eliminate competition [111,112]. To maximise the chances
of survival and success of their progeny, phytophagous insects tend to avoid egg laying
in already explored host resources [29,107]. Host marking is particularly important in
endophytic species, such as tephritids, in which females oviposit inside fruits or other
plant tissues, with no visible damage and no emission of specific plant volatiles in response
to infestation and presence of fruit fly eggs [113]. HMPs are generally applied by female
drawing the ovipositor following an egg-laying event [111].

Mechano-, hygro- and gustatory receptors are located on female ovipositor in tephri-
tids [114]. Gustatory sensilla present on the tarsi of R. pomonella exhibit sensitivity to
HMP [115]. Sensilla types on female ovipositor have been described in several Bactrocera
and Zeugodacus species (i.e., Z. cucurbitae, Bactrocera diaphora [Hendel], B. dorsalis, Bactro-
cera minax [Enderlein], Bactrocera scutellata [Hendel] and Bactrocera tau [Walker] [116]; B.
tryoni [117]), as well as in R. pomonella [118–120], but their characterisation is still patchy in
species of the Ceratitis and Anastrepha genera [121].

Interestingly, HMPs have been shown to either deter or enhance oviposition, depend-
ing on concentration and other factors [122]. Deterrent effects induce different behaviours
in responding females including suppression/disruption of oviposition, reduction of the
number of egg clutches per fruit and of egg number per clutch, and dispersion to less
infested (occupied) areas [107,113,123–127]. Although HMPs are predominantly recog-
nised by individuals of the same species [29,128], interspecific perception of HMPs has
also been described in tephritids. Cross-recognition has been demonstrated among species
of the Rhagoletis [129,130], Anastrepha [131] and Ceratitis genera [33,34]. The host-marking
behaviour may display different features even among species of the same genus. For
example, small-sized fruit specialists (e.g., Rhagoletis alternata [Fallen], Rhagoletis indifferens
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[Curran], R. pomonella and R. cerasi) often deposit HMPs [132]. Conversely, members of the
Rhagoletis suavis group rarely mark the host targets [133,134] and commonly tend to lay
eggs on infested fruits [133,135,136]. Two hypotheses have been proposed for the sporadic
host-marking behaviour of the suavis group. According to the “no HMP deposition” hy-
pothesis, all species of this group use as host walnut species (Juglans spp.), which are not
infested by other flies of the genus in North America, and hence provide a competition-free
resource for larvae [132]. The second hypothesis proposes the occurrence of a “male host-
marking behaviour”. Rhagoletis boycei males indeed usually touch the host fruit depositing
a substance on its surface and females preferentially oviposit on the unmarked fruit [100].
According to this hypothesis, male host-mark replaces the female’s one, causing a reduction
in female marking behaviour. Male host-marking behaviour has been described in two
species of the suavis group, R. boycei and R. suavis (Loew) [112].

The drawing of the aculeus after oviposition without an evident release of HMP has
been described in B. dorsalis [137], B. tryoni and B. jarvisi (Tryon) [138], and Z. cucurbitae [139].
Instead of using their ovipositor right after oviposition, olive fly females spread the olive
juice that leaks from the oviposition wound over the fruit surface using their labella. This
behaviour appears to prevent other females from ovipositing on the same fruit [140–142].

3. Volatile Pheromones
3.1. Tissues Involved in Volatile Pheromone Production

Male pheromones seem to be released primarily from glands positioned in the rectum
in Ceratitis [143,144], Bactrocera [73,78,145–147], and Anastrepha spp. [148–150]. However,
interesting variations have been reported. This is the case of the goldenrod gall tephritid fly
Eurosta solidaginis (Fitch), which possess no anal glands but enlarged rectum and pleural
epidermis that have been suggested to be involved in pheromone production and/or
storage [151].

In general, the rectal valve of A. fraterculus and C. capitata is located at the distal portion
of the colon, while the intestinal canal enlarges in a chamber comprising four rectal papillae
projecting in the lumen of the rectal ampulla (i.e., the anterior rectum) [152]. In its proximal
region, the ampulla is lined with epithelial cells that increase in number and are organized
in folds in the distal portion. In several Anastrepha species, the structure of the female
rectum is similar, with differences in the features of the epithelium [153]. In Bactrocera
spp. (e.g., B. oleae, B. dorsalis, B. tryoni, and B. papayae), the rectal glands of males and
females display a remarkable sexual dimorphism [154–156]: muscles surrounding male
glands are more abundant, suggesting a more complex contraction capacity to support the
pheromone-storage and -release functions. The rectal sac (i.e., an evagination in the rectal
gland) is present only in males. Because they are not surrounded by muscles and directly
exposed to the haemolymph, the rectal pads, which extend into the gland as rectal papillae,
have been suggested to be involved in transporting chemicals into the rectal gland [156].

During sexual calling, the anal tube is protruded to allow the epithelium of the
distal rectum to be extruded. In medfly, when everted, the folded rectal epithelium is
expanded in a balloon-like structure [143]. This evagination of the anal membranes at the
abdominal tip, which appears as a droplet, has been described in Anastrepha and Ceratitis
species, and it has been explained as a mean of expanding the evaporative surface, thus
increasing pheromone emission and, consequently, attractiveness [99,149,157]. In addition,
this behaviour is accompanied by protrusion of male expansion of the pleural abdominal
region generating two lateral blisters [148,158].

Males of C. capitata and C. rosa display three types of sex-specific glands, (i) the anal
glands, (ii) the pleural glands and (iii) the dimorphic salivary glands [159]. The pair of
anal glands open onto the external cuticle close to the anal opening [159,160]. Males of
Anastrepha species display only the pleural glands and dimorphic salivary glands [150,159].
In Bactrocera species (e.g., B. oleae, B. tryoni and B. dorsalis), both the anal glands and
the dimorphic salivary glands are absent [145,159,161]. Currently, detailed information
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on Rhagoletis species are lacking, although the early work of Nation [159] found neither
dimorphic salivary glands nor pleural glands in both R. pomonella and R. juglandis (Cresson).

In addition to the key function played by rectal tissues, pheromones have been
later found to be also released orally. Salivary glands release pheromone components
in Anastrepha spp. [148–150,162,163]. These glands are sexually dimorphic, with male
salivary glands being ball-like structures associated with the crop [98,159,164]. Salivary
glands have been suggested to be involved in the storage and, potentially, synthesis of
pheromone components in medfly males [165]. This is supported by the fact that some
chemicals of the pheromone blend identified in medfly male headspace were also detected
in the extracts of salivary glands. Figure 3 summarizes the tissues involved in pheromone
production in tephritids.

Figure 3. Tissues involved in semiochemicals’ production in tephritids. Diagrammatic representation of a male (left)
and female (right) generalized tephritid showing the tissues/body compartments involved in pheromone production.
Reproductive tracts and rectum are shown in upper left (male) and right (female) boxes. Bottom left and right boxes
show the abdomen of a calling male, showing the expanded rectal epithelium (pae, pleural abdominal expansion), and the
ovipositor of a female. Abbreviations: Male reproductive system: tes (testes), ves (vas deferens), acg (accessory glands), ejd
(ejaculatory duct), eja (ejaculatory apodeme), aed (aedeagus). Female reproductive system: ova (ovaries), ovr (ovariole),
ovd (oviduct), spm (spermathecae), acg (accessory glands), cgd (colleterial gland duct), ovp (ovipositor). Rectum: rev (rectal
valve), rep (rectal papilla), res (reservoir containing pheromone), ant (anal tube).

3.2. Composition of Volatile Pheromones

In tephritids, the volatile pheromone is a mixture of diverse chemical compounds
with different isomers [166]. These chemicals are either newly synthesised or produced
from precursors acquired from the diet. Plant-borne chemicals introduced with the diet
become integrated into the pheromone mixture and contribute to male mating success.
Diet-derived chemicals can unmodified be incorporated into the pheromone blend (e.g.,
raspberry ketone (RK) in Z. cucurbitae [167,168]) or can go through conversion in other
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compounds that are then used in the pheromone (e.g., ME in B. dorsalis that is converted in
2-allyl-4,5-dimethoxyphenol and trans-coniferyl alcohol [67,68,169,170]). Bactrocera dorsalis
males are attracted to ME, and feeding on this compound was shown to directly benefit
mating success [170,171].

The pheromone mixture comprises both major, minor and trace compounds, with
the complete blend displaying stronger effects than individual compounds or a mix of
a subset of compounds. Indeed, medfly females respond differentially to mixtures of
major male pheromone compounds than to the complete blend [172]. In B. oleae, olean
(1,7-dioxaspiro[5.5]undecane) is the major component of female sex pheromone, and it is
more attractive to males than the other identified components (e.g., α-pinene, nonanal, and
ethyl dodecanoate) [173]. However, the combination of all chemicals is more attractive
than olean alone (see [170] for a review).

The composition of the pheromone mixture has been investigated using two main
approaches: (i) sampling the headspace of calling males (or females in the case of Bactrocera
species), (ii) extracting the chemicals from the rectal glands. Volatiles captured in the
headspace have been so far collected and characterised in 18 tephritid species (Table 1;
Table S1), while gland extracts have been obtained from 26 species (Table 2).

Table 1. List of tephritid species for which volatile pheromone has been chemically analysed from
the headspace.

Genus Species Male/Female-Borne References

Anastrepha A. fraterculus Male [174–178]
A. ludens Male [86,179–185]
A. obliqua Male [186–191]

A. serpentina Male [192]
A. suspensa Male [148,179,184,193–202]

Bactrocera B. carambolae Male [71]
B. dorsalis s.s. Male/Female [67,203–205]

B. musae Male/Female [75]
B. oleae Male/Female [79,173,206,207]

B. tryoni Male/Female [208–211]
B. zonata Male/Female [212]

Zeugodacus Z. cucurbitae Male/Female [203,204]

Ceratitis C. anonae Male [213]
C. capitata Male [165,172,214–224]

C. fasciventris Male [213]
C. rosa Male [213]

Rhagoletis R. batava Male [60]
R. cerasi Male [225]

Table 2. List of tephritid species for which pheromones have been derived from rectal glands extracts.

Genus Species Sex References

Anastrepha A. fraterculus Male * [163]
A. ludens Male * [181]
A. ludens Male * [226]
A. ludens Male * [182]
A. ludens Male * [184]
A. ludens Male * [183]

A. suspensa Male * [202]

Bactrocera B. albistrigatus Male [227]
B. cacuminatus Male [228]
B. carambolae Male [71]

B. cucumis Male [229]
B. correcta Male/Female [230]
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Table 2. Cont.

Genus Species Sex References

B. correcta Male [231]
B. distincta Male [228]
B. dorsalis Male [67]
B. dorsalis Male [227]
B. facialis Male [232]

B. halfordiae Male [229]
B. kirki Male [232]

B. kraussi Male [232]
B. latifrons Male [229]
B. musae Male/Female [75]

B. neohumeralis Male [208]
B. nigrotibialis Male [227]
B. occipitalis Male [229]

B. oleae Male/Female [78]
B. oleae Male/Female [84]
B. oleae Female [228]
B. oleae Male/Female [84]
B. oleae Male [233]
B. oleae Female [173]

B. passiflorae Male [232]
B. tryoni Male [208]
B. tryoni Female * [209]
B. tryoni Female [210]
B. tryoni Male [211]
B. tryoni Male/Female [234]

B. umbrosa Male [235]
B. xanthodes Male [232]

Zeugodacus Z. cucurbitae Male [236]
Z. cucurbitae Male [237]
Z. cucurbitae Male [235]

Z. tau Male [235]

Ceratitis - - -

Rhagoletis - - -
* abdominal extracts.

The two most represented chemical classes of the volatile compounds captured in
the headspace in Anastrepha, Bactrocera, Ceratitis and Rhagoletis species are fatty acyls and
organooxygen compounds. Prenol lipids, which represent most compounds in Ceratitis
and Anastrepha species, and are abundant also in Rhagoletis, are instead poorly represented
in Bactrocera. Lactones are particularly abundant in Anastrepha species (Table S1).

Within each genus, it is evident that only few compounds are shared among species
(Figure 4). For example, in all four Ceratitis species investigated so far, namely C. capitata,
Ceratitis fasciventris (Bezzi), Ceratitis anonae (Graham), and C. rosa, only three volatile chemi-
cals, all belonging to the prenol lipid class, are emitted by males. These three compounds
are linalool, (E)-β-ocimene, and (Z)-β-ocimene that also occur naturally in the host plants.
In C. capitata, the perception of plant volatiles has been investigated by electroantennogram
(EAG) and behavioural studies demonstrating that linalool, a compound representative of
immature citrus fruit associated with high toxicity against immature stages of fruit flies
and considered as an important compound conferring resistance against fruit fly larval
development, has a significant deterrent effect [238]. Linalool was reported by numerous
studies as an active constituent of medfly male sex pheromone that elicits a strong EAG
response [217,220,239]. It also triggers antennal depolarisation in females of C. fasciventris,
C. anonae and C. rosa (so-called Ceratitis FAR complex) [213].
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Prenol lipids:
linalool
(E)-beta-ocimene
(Z)-beta-ocimene

Fatty acyl: (Z)-non-3-enol
Prenol lipid: (E,E)-alpha-farnesene

Prenol lipid: beta-bisabolene
Lactones:    (S,S)-anastrephin
         (S,S)-epianastrephin
         (E,E)-suspensolide

Prenol lipid: (Z)-beta-ocimene

Prenol lipids:
(E)-alpha-bergamotene
limonene

Fatty acyl:
ethyl laurate
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Carboxylic acids and derivatives:
N-(3-methylbutyl)acetamide
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(E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane
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Figure 4. Overlap among chemicals identified in the headspace emissions of tephritids. Venn diagrams (http://bioinformatics.
psb.ugent.be/webtools/Venn/) (accessed on 10 March 2021) illustrating the number of common and unique chemicals found
among the compared species in the (A) Ceratitis, (B) Anastrepha, and (C) Bactrocera genera. Pie charts represent the proportion
in chemical classes of the total number of compounds (in parenthesis) isolated for each species.
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In Anastrepha, (Z)-non-3-en-1-ol (a member of the fatty acyl compound class) is the
unique compound shared among A. fraterculus, A. ludens, A. obliqua, and A. suspensa.
This compound is a typical host plant component and has been shown to elicit an active
behavioural response in all four species [174,187,192,240,241]. For example, A. fraterculus
females are attracted to (Z)-non-3-en-1-ol [174]. These behaviours may be interpreted
as a first step in the complex mating process of this species, i.e., attracting females to
the mating site. Since mating is strongly associated with host plants, the use of plant
typical compounds (e.g., limonene and pinene, among others) would help females to find
simultaneously mating and oviposition sites [242].

N-(3-methylbutyl)acetamide (carboxylic acids and derivatives class) and (E,E)-2,8-
dimethyl-l,7-dioxaspiro[5.5]undecane (organooxygen compounds class) are shared among
Z. cucurbitae, B. dorsalis s.s., B. tryoni, and B. zonata (Saunders). N-(3-methylbutyl)acetamide
elicits female attraction in Z. cucurbitae, B. dorsalis and B. carambolae [71,203,227]. The
spiroacetal (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane elicits an antennal response in
B. musae males, suggesting a biological role for this compound [75].

It is noteworthy that research efforts in investigating pheromone composition have
been particularly intense in certain species such as the medfly, and this may reflect in the
number of identified compounds. Future studies integrating multiple analytical approaches
in all species will enable a more extensive description of the shared and unique chemical
signatures of tephritid volatile pheromones.

The differences in the male pheromone composition that have been reported may be
partially linked to technical aspects (e.g., different sampling techniques, experimental vari-
ables such as airflow, sampling duration, and column features), as well as to several factors
affecting pheromone production and release, such as the time of the day [148,199], social
context [148], food availability [198], and diet [219,243]. Larval diet (i.e., the different host
fruits utilised) and adult age affect both the total amount of pheromone emitted by males,
the relative quantity of major components, and the presence of specific minor compounds
in the medfly [219]. Similarly, in A. ludens, the profile of the male pheromone blend and
the relative abundance of the chemical components change in response to different host
fruits used for larval development [243]. Moreover, qualitative and quantitative differences
in the composition of male-emitted volatile pheromone have been detected among labo-
ratory strains and different populations in A. fraterculus [175,176], and among laboratory
strains and wild populations in C. capitata [220]. In addition, emission of male pheromone
increases in Anastrepha species in response to treatments with methoprene (a synthetic
analogue of the juvenile hormone), with important implications in gaining deeper insights
into tephritid reproductive physiology and in enhancing the application of management
methods such as the release of sterilised males [244,245].

The components of male pheromone also display different volatilities [246]. Six alka-
nes and related compounds have been identified in the headspace of medfly males reared
on a standard wheat bran-based larval diet [219]. These compounds display poor volatility
and do not belong to the published CHs identified in the cuticle of adult medflies. Thus,
similar to Drosophila species [247,248], medfly seems to be able to deposit on the substrate
and emit in the surrounding air CH-like compounds, which may serve as short/medium
distance cues for mate localisation. The ability of males to deposit pheromone on the sub-
strate, in addition to aerial pheromone release, has also been reported in A. suspensa [62,99].
Moreover, saturated C25, C27 and C29 hydrocarbons have been detected in the volatile
pheromone of male melon fly Z. cucurbitae [204].

3.3. Does Host-Preference Affect the Volatile Pheromone Bouquet?

Pheromone precursors are acquired from four main sources: (i) de novo synthesis,
(ii) conversion of precursors that insects acquire from host plants or substrate, (iii) direct
incorporation from the host plants, and/or (iv) from endosymbionts [21,249–252]. Thus, it
is likely that different variables influence the pheromone blend.
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The chemical classes of their pheromone components and their specific identity are
more similar among species of Anastrepha, Ceratitis and Rhagoletis genera, and rather
different from species of the genus Bactrocera. The monophagous B. oleae is the most diverse
species among the genus, with the majority of its pheromone volatiles being species-
specific. To elucidate whether the composition of the pheromone components is related
to feeding strategies of different species, we analysed the lists of volatile compounds
identified in all species of the genera Anastrepha, Ceratitis and Bactrocera. This analysis
could not be extended to Rhagoletis genus, as only the volatiles emitted by R. cerasi have
been identified [225] so far, and a single compound has been isolated in R. batava [60].

The species with a monophagous or oligophagous feeding strategy mostly emit
chemicals that are not shared with other species with the only exception of nonanal, α-
pinene and p-cymene, which are in common between B. oleae and R. cerasi. Figure 5
shows the number of chemicals identified in each species as well as the intersections of
overlapping compounds, represented by connected dots (see Table S2 for the complete lists
of unique and overlapping chemicals).
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Figure 5. Comparison among the chemicals identified in the headspace emissions of monophagous and oligophagous
tephritid species. UpSet plot showing unique and overlapping chemicals across five species belonging to the Zeugodacus,
Bactrocera, Anastrepha and Rhagoletis genera. The intersection matrix is sorted in descending order. Connected dots represent
intersections of overlapping chemicals and horizontal bars show the total number of compounds identified in each species
headspace. The plot was generated using the UpSetR package in R [253].

The polyphagous species shared more compounds, as shown by the higher number
of connected dots in Figure 6 (see Table S2 for the complete lists of unique and overlap-
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ping chemicals). This finding is particularly evident between species belonging to the
same genus.
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Figure 6 also reports the identity of the chemicals that are shared between different
genera. It generally appears that the members of the Anastrepha and Ceratitis genera share
a higher number of compounds, with chemicals belonging to the prenol lipids class being
most frequently in common. Conversely, Bactrocera species display quite unique pheromone
blend features. The only two compounds to be shared belong to the diazine class and are
in common with Ceratitis species. This suggests that at least two major evolutionary forces,
i.e., genomic background and host feeding strategy, interacting in a complex manner, have
shaped the pheromone blend in these species. A comprehensive molecular phylogeny
of tephritid species will be of great help in disentangling the effects of genome evolution
and environmental selective pressures in shaping semiochemical-based behaviour in these
species. Further research is required to deeply investigate how feeding strategies affect the
production of semiochemicals, also with respect to the capacity of colonizing new hosts, a
feature that characterises several invasive tephritid pests. A strong effect of larval host on
the pheromone bouquet produced by the polyphagous species A. ludens and A. obliqua has
been recently demonstrated [243].
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3.4. Analytical Approaches to Unravel Pheromone Composition

The complexity of the signals involved in tephritid chemical communication, together
with their presence in small amounts in natural systems, stimulated the adoption of very
sensitive high-resolution analytical methods for their detection, identification and testing.
These strategies include both conventional as well as reverse chemical ecology approaches.
The workflow of conventional chemical ecology (CCE) approaches generally involves
the following steps: (i) preliminary observation of the existence of pheromone-mediated
communication in the target species, (ii) volatile pheromone sampling, (iii) characterisation
of pheromone blends through analytical techniques, (iv) chemical synthesis of the identified
compounds, (v) evaluation of their electrophysiological activity, (vi) behavioural assays
(bioassays) to test the role of the isolated semiochemicals in laboratory and/or field set-ups
in order to confirm their pheromone identity [254]. Recently, a different approach began
to be utilised for the discovery of semiochemicals, reverse chemical ecology (RCE) [255].
Similarly to what occurs for receptor-based drug discovery, RCE exploits odorant binding
proteins (OBPs) as molecular targets for the screening of behaviourally-active chemicals
based on their binding affinity [256]. The workflow of RCE comprises the following steps:
(i) identification of OBP targets through genomics and bioinformatics approaches, (ii)
characterisation of OBP expression profile, (iii) purification and 3D-structural analysis,
(iv) in vitro OBP: ligand binding assays using semiochemicals collected from insects or
pure compounds, (v) in silico selection of test ligands, (vi) bioassays to verify the effects of
the identified semiochemicals on insects in vivo. The key aspects of these approaches are
described in the following sections.

3.4.1. Conventional Chemical Ecology Approaches

The components of the complex blends of tephritid pheromones can be isolated,
identified and tested using interdisciplinary approaches involving bioassays, sensory
physiology, analytical and organic chemistry, and biochemistry. Recent breakthroughs in
analytical techniques allow the rapid screening of semiochemicals with more sensitive
bioassays and their isolation and identification from relatively smaller amounts of material.
Several non-destructive and artefact-free methods are available for collecting natural
odorants from living organisms. Examples include the adsorption of odours on different
polymer matrices contained in cartridges or filters. Trapped odours can be desorbed
thermally or eluted with organic solvents followed by analysis using gas chromatography.
The direct coupling of a chemical (flame ionization detector and/or mass spectrometer) and
biological detector (e.g., the use of an insect antenna) permits simultaneous isolation and
identification of bioactive components from trapped odours. Furthermore, the discovery
of more efficient chemical synthetic methods now allows the state-of-art synthesis of
semiochemicals of high purity whose field activity may provide answers to ecological and
evolutionary questions associated with the importance of the chemical in the behaviour of
the target insect [257].

Volatile Collection and Analytical Techniques for Their Identification

Chemical identification of tephritid volatiles requires a chromatographic separation
followed by detection using spectrometric analytical methods. Although a wide range of
methods is available in principle, the number which is suitable in practice depends upon
the amount of insect material that can be obtained.

Solvent extraction of tephritid rectal glands using standard solvents such as hep-
tane, hexane, methanol, ethanol, dichloromethane and ethyl ether is commonly used
[165,212,230,231]. More recently, mixtures of solvents (acetonitrile/water and methanol/
acetonitrile/water) were applied for the extraction of semiochemicals from the whole body
of adult medflies [258].

Solid phase microextraction (SPME) is a solvent free, pre-concentration technique
developed by Arthur and Pawliszyn [259] for application in solid, liquid, or gaseous
samples (reviewed in [260]). The results obtained using SPME fibres are similar to those
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obtained with solvent extraction [261–263]. SPME is a known and effective alternative
to liquid-liquid extraction. It provides some advantages over liquid-liquid extraction
process because of reduced solvent consumption. In tephritids, different SPME coating
materials have been used for volatile collections. A polydimethylsiloxane/divinylbenzene
fibre (PDMS/DVB) was applied for pre-concentration of volatile compounds emitted
by male and female medflies in different mating status (virgin or mated), and age (3 or
9 days old) [221]. In total, 70 compounds of diverse chemical classes such as alcohols,
acids, aldehydes, terpenes, branched hydrocarbons and esters were reported and identi-
fied by gas chromatography coupled with mass spectrometric detection (GC-MS) [221].
Similarly, PDMS fibres have been used to compare the composition of the pheromone of
medfly males from a standard laboratory strain reared as larvae on laboratory media and
fresh fruits [219]. Five and 30 day-old males have been used, with 36 and 27 chemicals
(mostly belonging to terpenes, amides, esters and alkanes) identified to be emitted by
these two age-classes, respectively [219]. In a recent work on C. capitata volatiles, divinyl-
benzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) combined with GC-MS
and gas chromatography-flame ionization detection (GC-FID) techniques resulted in the
identification of 27, 23 and 29 compounds from larvae, pupae and adults, respectively [264].
PDMS/DVB SPME fibres have been applied to collect volatiles produced by B. zonata males
and females and R. batava males, respectively [60,212].

Dynamic headspace is a common method for the collection of volatiles produced
by fruit flies. The volatiles emitted by virgin-calling flies are collected using a modified
technique of an air-collection apparatus as described by Nation [148]. In this technique,
a purified airstream is blown over living flies enclosed in a glass chamber. The volatiles
are collected onto traps containing adsorbents such as SuperQ, Tenax, Activated Carbon,
etc. [212,220,222]. The air flow directed through the apparatus is controlled by flowmeter.
Volatile collections are usually performed for 24 h. Afterwards, the traps are washed with
heptane, hexane, diethyl ether or ethanol and the obtained extract is analysed by GC-MS,
electroantennography, gas chromatography coupled to electroantennographic detection
(GC-EAD) methods and used for bioassays.

GC-MS is one of the most useful tools for chemical analysis of volatile semiochemicals.
The gas chromatography provides high-resolution separation of components within a
complex mixture, and the mass spectrometric detection supplies structural information in
addition to its role as a sensitive detector (the current limit of detection is at femtomole
levels). By selection of the appropriate capillary column, practically all volatile organic
compounds can be separated, including carboxylic acids, ketones, aldehydes, alcohols,
aromatic compounds, and hydrocarbons [179,214,225,265–268].

For identification of the absolute configuration of tephritid volatile semiochemicals, the
chiral column or chiral GC-MS can be used, as recently applied for pheromone identification
of R. batava [60]. Most commercial chiral GC phases currently available are composed of
modified cyclodextrins, which give a wide range of enantiomeric separations, but have
the disadvantage of being thermally unstable above 200 ◦C, and are therefore useful for
relatively volatile compounds only. Like chiral nuclear magnetic resonance (NMR) studies,
chiral GC requires homochiral or enantioenriched synthetic standards, but unlike the NMR
technique, only nanograms of impure material are necessary [269]. Two-dimensional gas
chromatography with time-of-flight mass spectrometric detection (GC × GC-TOFMS) is
a recently developed analytical technique that offers a solution to the chromatographic
co-elution and provides high sensitivity and selectivity. In principle, the method consists
of two GC systems (GC × GC) equipped with columns of different polarity connected by
an interface with an integrated cryogenic trap. The cryogenic trap repeatedly condenses
compounds eluting from the primary column and releases them periodically as short pulses
to the secondary column. Parameters like duration and frequency of both condensation
and injection pulses are variable and allow precise tuning of the instrument according
to the requirements of the analysis. Since the GC × GC produces very narrow peaks
(down to 50 ms, depending on the frequency of the cryogenic modulation) a time-of-
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flight mass spectrometric detector (TOFMS) with a high acquisition rate (up to 500 spectra
per second) is required. The pulsed nature of the TOFMS source of ionisation further
enhances the system accuracy by avoiding the spectral skewing common in a continuous
ionisation mode. GC × GC with TOFMS detection thus operates with a high precision
independent of the concentration range [270,271]. This method has been applied for
analyses of fruit fly semiochemicals produced by species of the genera Anastrepha, Bactrocera
and Ceratitis [176,213,220,272].

Gas chromatography coupled with Fourier transformed infrared spectroscopy (GC-
FTIR) is relatively sensitive (detection threshold 10–100 mg) and particularly useful for
identifying geometrical and positional isomers or functional groups. Thus GC-FTIR is an
ideal instrument for the study of volatile organic compounds. Medfly synthetic attractants
composed of trans-trimedlure isomers and cis-trimedlure isomers were analysed by GC-
FTIR spectroscopy [273].

Matrix-assisted laser desorption/ionization with time-of-flight mass spectrometry
(MALDI-TOFMS) and desorption electrospray ionization (DESI) mass spectrometry are
soft ionization techniques developed for the analysis of biomolecules (biopolymers such as
proteins, peptides and sugars) and large organic molecules (such as polymers, dendrimers
and other macromolecules). However, they have been applied very sporadically for studies
of the fruit fly pheromone components [274].

High performance liquid chromatography (HPLC) coupled to a MS detector is at
present the favoured technique for the study of polar non-volatile tephritid semiochemicals.
Other types of detectors that are commonly used with HPLC separation are UV and
ELSD (evaporative light scattering) detectors [275–278]. Normal phase and reversed phase
HPLC separation are still popular in lipid analysis. The mobile phases usually consist
of methanol, propan-2-ol, or n-hexane. Chromatographic columns with C18-phases still
prevail. A few separations were reported on C8-columns. In a recent metabolomic study of
B. dorsalis larvae, liquid chromatography-mass spectrometry (LC-MS) and GC-MS were
applied for the characterisation of endogenous metabolite changes and biochemical effects
of azadirachtin [279].

NMR spectroscopy is one of the most informative, but least sensitive, modern spectro-
metric methods. Fourier transform 1H and 13C NMR spectroscopy require approximately
100 µg and 10 mg pure material, respectively (50 ng – 1 µg with very expensive NMR-
nanoprobe). Since many insect pheromones are only present in nanogram amounts, a very
high number of individuals are required. NMR is widely used to determine the absolute
configuration of optically active compounds (semiochemicals), either using chiral shift
reagents, or by converting enantiomers to diastereoisomers prior to spectroscopic study, or
using chiral solvent. The use of NMR for absolute identification of semiochemicals has two
main disadvantages: isolation of the pure substance is required, and an enantioenriched
or a homochiral synthetic standard is needed. In modern semiochemical research, NMR
spectroscopy is normally used only when insufficient structural information is provided
by more sensitive methods [280]. Baker and Heath [281] applied NMR spectroscopy for
the identification of lactone pheromone components emitted by A. suspensa and A. ludens.

Chemical Synthesis

The chemical synthesis of tephritid pheromones is a key step towards producing
pheromone compounds for use in bioassays (usually very low amounts), and for insect
pest monitoring and management purposes. Moreover, their absolute configuration is an
important determinant of their biological activities [282]. In 1973, Jacobson and colleagues
isolated and synthetized the first medfly pheromone components, i.e., methyl (E)-non-6-
enoate and (E)-non-6-en-1-ol that were attractive eliciting also sexually excitatory response
to females in laboratory trials [214]. Three additional major components of the medfly
pheromone, namely ethyl (E)-oct-3-enoate, geranyl acetate, and (E,E)-α-farnesene were
isolated and synthetized later [224]. In 2010, Olszewski and Grison [283] reported a novel
and versatile synthetic approach to the preparation of (E)-non-6-en-1-ol.
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Since the first successful studies on the isolation and synthesis of the medfly pheromone
components, several efforts have been made to characterise the volatiles emitted by Bactro-
cera and Rhagoletis species, mainly using the enantioselective approach. Moreover, in the
case of chiral pheromones, which occur in tephritids, the synthesis and following bioassays
using stereoisomers are essential for recognition of the stereochemistry-bioactivity rela-
tionships. This knowledge also has practical implications for pest control as in most chiral
pheromones only one enantiomer is biologically active [282]. In the case of B. oleae, olean
(1,7-dioxaspiro[5.5]undecane) was isolated and identified as the major component of the
female-produced sex pheromone in 1980 [78]. (4R*,6R*)-4-hydroxyoleane and (3R*,6R*)-
3-hydroxyoleane (the asterisks indicate the chiral centers) were then isolated as minor
components [78]. Bioassays involving the synthetic enantiomers of oleane showed that
(R)-oleane is active on males, while (S)-oleane on females, and GC analyses showed that
females can produce (±)-oleane [206]. The synthesis of enantiomers of 4-hydroxyoleanes
was conducted by Mori and co-workers [284] and a recent study identified and synthesised
11 new B. oleae female-specific components [285].

Knowledge of pheromone composition in Rhagoletis is still limited to R. cerasi and R.
batava. In this last species, Buda and colleagues recently applied GC-MS analyses of fly
headspace and found that males emit (-)-δ-heptalactone. The authors then synthesised the
two enantiomers of (-)-δ-heptalactone using enantioselective synthesis and found that only
(-)-δ-heptalactone elicited an electrophysiological response in both sexes, proposing that
this chemical may act as aggregation pheromone [60].

Despite these research efforts, similar studies focusing on the optimisation of chemical
synthesis of pheromone components are completely missing for the genus Anastrepha, as
well as for many other species belonging to the Bactrocera, Ceratitis and Rhagoletis genera.

Identification of Electrophysiologically-Active Volatiles

GC-EAD uses the electrophysiological response from a dissected insect antenna to
assign activity to a gas chromatographic peak. The GC eluent is normally split between
a flame ionization detector (FID) and the insect antenna, which is connected to an am-
plifier and recorded by silver or platinum electrodes. The response from each detector is
recorded simultaneously so that an EAD response can be correlated with a specific peak in
the FID chromatogram. This technique is particularly useful for the assignment of activity
to chemicals which may be present as minor components in complex mixtures, although it
provides no information about the function of the active compounds. GC-EAD analyses of
male pheromone or rectal glands extracts have been performed on several tephritid species,
including C. fasciventris, C. anonae and C. rosa [213], C. capitata [220,239], B. oleae [286], A.
serpentina [192], A. fraterculus [176,287–289], A. obliqua [241] and A. striata [290]. Additional
studies performed GC-EAD analyses on the headspace volatiles of both sexes, in the species R.
batava [60], Bactrocera frauenfeldi (Schiner) [291], B. musae [75], and C. capitata [222]. In addition
to GC-EAD, gas chromatography-electropalpogram detection (GC-EPD) has begun to be used
to test the responses of tephritid maxillary palps to the pheromone emissions [291].

Furthermore, electroantennography-based experiments can be performed indepen-
dently from gas chromatography. In this case, pure compounds are employed to assess
the response to a certain stimulus and the required dose to elicit a detectable response.
In this case, chemicals are delivered to insect antennae/palps in controlled conditions
by pumping the odour from a reservoir [254]. Since early works in the ’80s [242,292,293],
numerous EAG-based studies have been performed in tephritids to test the electrophysio-
logical response to volatiles of fruits and flowers [294–297], artificial attractants [298–302],
as well as pheromone components [303,304]. The use of GC-EAD brought the EAG-based
approaches to a higher level of sophistication by using the antenna/palp of the target
insect as a detector for the gas chromatograph. However, while electroantennography is
an excellent technique to quickly measures the change in the electrical potential between
distal and proximal sections of the antenna/palp provoked by olfactory stimulation, EAG
amplitude depends on the position of the electrode, the strength of the connection, and
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insect vitality [303,304]. Thus, EAG is considered a qualitative indicator of olfactory re-
ception [305]. Also in tephritids, EAG signals are indeed known to vary in relation to
the relative density of sensilla, which display a specific distribution on the funiculus, at
the electrode location [306,307]. To increase the recording specificity, a novel method was
developed integrating EAG recordings at multiple antennal positions with current source
density (CSD) modelling [308,309] useful to map the functional activation of individual
antennae. This method was applied to six tephritid species, i.e., C. capitata, C. catoirii
(Bezzi), Neoceratitis cyanescens (Bezzi), B. zonata, Z. cucurbitae, and D. demmerezi to measure
the response to seven volatile chemicals emitted by fruits and plants at four position in
the funiculus.

A more quantitative measurement of the olfactory response, although requiring signif-
icant experimental effort on multiple individuals, can be achieved using single sensillum
recording (SSR). SSR allows to measure the action potentials generated by olfactory sensory
neurons (OSNs) within individual sensilla on antennae or palps using an electrode in
contact with the lymph of the extracellular receptor [305]. To the best of our knowledge,
this approach has been used only in two tephritids so far, but involving, in both cases, fruit
odours as stimuli. The sensilla located on the tarsi of C. capitata [310], and the antennae of
R. pomonella [311] were investigated.

Behavioural Assays to Identify Active Compounds

Bioassays play key roles in the study of tephritid semiochemicals [269]. Bioassays
allow to assess the behavioural effect(s) (e.g., lek formation, male signalling, courtship,
copulation, host finding for oviposition, HMP deposition) of synthesised active compounds
(pure or in mixture) with respect to host or mate interactions, differently from EAG assays
that provide the electrophysiological responses of isolated organs, structures or olfactory
receptors (ORs). The biological response measured by a bioassay is essential to attribute to
a molecule or a mixture of chemicals the pheromone identity. Behavioural effects in tephri-
tid species can be evaluated in laboratory, semi-field and field conditions where both the
stimuli and the background in which the stimuli are presented are tightly controlled [312].
Techniques for insect bioassays have been widely reviewed (see for example [254,313–315])
and widely applied to tephritid species, for which most experiments have been so far
performed in laboratory conditions. Initial studies were done in close-range cage bioassays
estimating medfly female attraction to male pheromone components based on landings on
filter paper soaked with olfactory stimuli [217]. Currently used setups adopted for the study
of tephritid olfaction include (i) two-choice systems, (ii) flight tunnels, and (iii) multi-arm
olfactometers. Two-choice systems, using arenas (i.e., observation chambers) [173,316,317],
as well as Y-tubes/T-maze [84,230,291,318], have been used to evaluate attractive or re-
pulsive responses following exposure to pheromone (isolated from headspace or rectal
glands); in this framework, dynamic systems like the Y-tubes, allowing an air flow car-
rying the chemicals to be evaluated for the chemo-ecological role should be preferred,
since they avoid the risk of saturating receptors of the tested flies, which is common in
still-air arenas. Flight tunnels, also known as wind tunnels, are extremely useful to monitor
medium-distance flight responses to mate-derived chemicals [200,268,319]. Their use, for
example, allowed to assess the attraction of females to male emissions in C. capitata [268]
and A. serpentina [192], or of both sexes to ME-fed B. papayae males [69]. Wind tunnels also
permitted to prove that pheromone components can exert behavioural effects in A. ludens
females [180]. These systems can integrate different components for the simultaneous iden-
tification of released volatile chemicals and the assessment of their attractiveness, as well
as recording environmental parameters and fly activity [200], including the observation
of flight patterns in females responding to male-derived volatiles [319]. Lastly, multi-arm
olfactometers have been mainly used so far to test fruit odours and with flies released into
an area composed of multiple chambers from which airflow-containing odour flows [320].

Moving laboratory results to the field for real-world applications is a timely challenge
in tephritid research. Therefore, field assays to evaluate tephritid attraction should be
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considered after successful laboratory evaluation of a given compound. Field studies can be
performed either using live insects/glands extracts as a source of pheromone or traps with
different types of dispensers releasing pheromone pure chemicals or mixtures, as described
especially for the medfly and the olive fruit fly. In the case of C. capitata, a synthetic
blend releasing three male pheromone compounds (i.e., ethyl (E)-oct-3-enoate, geranyl
acetate and (E,E)-α-farnesene), in a ratio similar to that observed in natural conditions,
was effective in attracting females, as shown by trap catches [224]. Another study found
that trimedlure was more effective than pheromone individual components or mixtures
in trapping flies [321]. For B. oleae, field experiments aimed at determining the attractive
effect of the four major pheromone components stressed the importance of finding the
ideal combination between attractant formulation and trap type/colour [322]. The use
of polyethylene vials as dispensers of either the complete pheromone blend, racemic
mixtures of the major components, or individual synthetic chemicals resulted effective
in trapping B. oleae flies [317,323]. Open field tests were performed either with wild
medfly females [224] or released C. capitata and A. suspensa females [324–327]. Tests in field
cages with potted trees have also been performed, providing valuable information about
behavioural responses to live conspecifics or male extracts in seminatural conditions for A.
obliqua, A. ludens and A. suspensa [187,242,328].

3.4.2. Reverse Chemical Ecology Approaches

In addition to the above-described techniques to identify tephritid semiochemicals,
recent studies are increasingly showing that RCE has great importance in understanding
the molecular basis of insect chemical perception and identifying the active volatile semio-
chemicals [255]. Studies began to be performed to identify genes involved in chemosensory
perception in tephritids, including olfactory, ionotrophic and gustatory receptors (ORs,
IRs and GRs, respectively), OBPs, odorant degrading enzymes (ODEs), and chemosensory
proteins (CSPs) [329]. Insect OBPs are small soluble proteins mostly found in the chemosen-
sillar lymph of sensory organs where they bind molecules of odorants and pheromones
(see [330] for a review). Thus, OBPs are considered ideal molecular targets for binding
assays to identify chemicals with a potential behaviourally-active role in tephritid biology.
The expression of OBPs, followed by their purification and structural analysis, is indeed
adopted to perform OBP ligand binding studies; ligands are screened from sets of volatiles
emitted from host plants, pheromones, or synthetic attractants used in field applications,
and once identified, behavioural responses are evaluated in vivo [254].

Identification and Functional Analysis of OBP Genes

Putative OBP genes have been initially identified through expressed sequence tag (EST)
approaches in C. capitata [331], B. dorsalis [332,333], R. suavis [334], and R. pomonella [335]
and their transcriptional profile started to be explored. Subsequently, with the advent of
next generation sequencing, more OBPs have been discovered through mining of RNA-seq
data and whole genome sequencing in several tephritid species, including B. dorsalis, B.
minax [103,336–339], A. fraterculus, A. obliqua [105,340,341], and C. capitata [342]. Antennal
proteomics profiling has been applied to B. dorsalis to identify differentially expressed
genes, including OBP genes, in ME-responsive males [343]. Functional studies have been
performed to assess their role in odour perception. These include tracing OBP genes expres-
sion profiles in different tissues, developmental stages and in response to maturation and
mating, RNA interference (RNAi) combined to electrophysiology to assess the involvement
of target OBPs in odour detection, followed by behavioural assays [333,339,343–345].

Purification and 3D-Structural Analysis of Identified/Expressed OBPs

The binding specificity of OBPs expressed in the main chemosensory organs, i.e.,
antennae and maxillary palps, may help in the identification of pheromone/pheromone
components that are still uncharacterised. Thus, OBPs that are (i) abundant in olfactory
tissues, or, ideally, specific to these tissues, and (ii) showing sequence similarities to already
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characterised proteins known to be involved in chemical communication in other insects
can be functionally characterised by using ligand-binding assays. OBPs are expressed in
bacterial or yeast systems and the recombinant proteins purified with chromatographic
steps using different techniques, including anion-exchange or gel filtration chromatog-
raphy, or affinity chromatography on nickel columns when histidine-tags are added to
the OBP sequence (see [346] for a review). Purified proteins can then be used for ligand-
binding experiments and to solve their structure through X-ray crystallography or NMR
spectroscopy [346].

The first, and, so far, the only available, structural characterisation of a tephritid OBP was
recently obtained in the medfly using X-ray crystallography [347]. The structure of CcapOBP22
is characterised by six α-helical elements, a typical feature of insects’ OBPs, interconnected
by three disulphide bridges. Differently from other insect OBP structures, CcapOBP22 also
carries a 7th α-helix at the C-terminus, which contributes to delimit the ligand-binding pocket.
CcapOBP22 was co-crystallised with (E,E)-α-farnesene as ligand, further supporting the
potential role of this protein in semiochemical perception in this species.

In vitro and in silico OBP: Ligand Binding Assays

Several approaches have been adopted to measure the affinity of OBPs to odor-
ants (see [348] for a review). The most common method, which is fast and requires
a limited amount of protein, is based on the use of fluorescent reporters, such as 8-
anilinonaphthalene-1-sulfonic acid (ANS) and N-phenylnaphthalen-1-amine (1-NPN) in
competitive binding experiments [349–351]. 1-NPN is a lipophilic crystalline solid that
strongly binds insect OBPs [352]; when increasing amounts of a tested ligand are added to
the OBP/1-NPN system, decreasing 1-NPN fluorescence emission is inferred as 1-NPN dis-
placement since the ligand is assumed to compete for the binding pocket initially occupied
by the fluorescent reporter.

This approach has been used in the medfly to evaluate the binding affinity of CcapOBP22
and CcapOBP24 to electrophysiologically-active components of the male pheromone, as
well as to the two synthetic attractants trimedlure and ME [222,347]. The finding that
also ME, which is a strong attractant for some Bactrocera species [169,353,354] but not
for medfly, displays binding activity (although moderate) to the above medfly proteins
is intriguing. Methyl eugenol is known to induce an electrophysiological response in
medfly [300]. In B. scutellata, ME elicits significant electrophysiological responses too,
but it is not behaviourally active [355]. In medfly, ME has been shown to induce poor
behavioural responses in binary choice bioassays, while o-eugenol was instead strongly
attractive [300]. Thus, it appears that the presence of substituents on the aromatic ring can
be essential to confer attraction to chemical compounds. It will be interesting to further
explore the chemistry of candidate molecules able to bind tephritid OBPs to shed new light
on structures that can be exploited as novel attractants. Both OBPs showed the highest
binding affinity to (E,E)-α-farnesene, which is one of the major components of medfly male
pheromone bouquet, and is known to attract females [319], suggesting its role as a natural
ligand for these OBPs. The verification of the behavioural responses to the presence of ligands
in vivo is essential to identify volatile semiochemicals with active roles in fruit fly behaviour.

Ligand-binding assays have also been performed in B. dorsalis using 13 chemicals,
including pheromone components and attractant molecules, and six proteins with high
expression in the antennae (five OBPs and one CSP) [316]. Authors showed that OBPs
displayed the highest affinity to the attractants, and, in the case of BdorOBP83a-2, RNAi
led to a decrease in neuronal responses to tested molecules, as shown by EAG recordings
and behavioural responses.

Computational reverse chemical ecology (CRCE) is another method applied to the
discovery of behaviourally active chemicals [356,357]. OBP sequences can be exploited
for 3D model prediction, producing 3D structure for docking studies using specific tools.
Molecular docking is commonly employed in pharmaceutical research for structure-based
drug design [358,359]. It implies the use of programs based on different algorithms applied
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to model the interaction between a small molecule and a protein at the atomic level. This
allows the exploration of the behaviour of small molecules in the binding pocket of target
proteins [360]. CRCE has been implemented in B. dorsalis to screen 25 chemicals for their
binding potential to a general OBP (GOBP) showing that this approach may be extremely
useful to quickly predict behaviourally-active semiochemicals, for example selecting chemicals
belonging to specific classes [356]. The described approach is particularly beneficial especially
in tephritids given the wide absence of direct crystallographic data for OBP binding modes.

Identification and Functional Analysis of OR Genes

Although OBPs are excellent study targets to either understanding the molecular and
biochemical mechanisms of odour perception in insects, and to explore the development
of pest control agents, they have broad binding specificity, are also distributed in non-
olfactory tissues and have different functions [361]. Conversely, ORs are transmembrane
proteins showing high specificity and sensitivity. Thus, genes encoding for chemosensory
receptors are also becoming to be identified and characterised in tephritids, such as B.
dorsalis [336,362–364], B. minax [339], B. oleae [365], B. latifrons and Z. cucurbitae [366], and
C. capitata [342]. Olfactory receptors have been described as heteromeric ligand-gated
ion channels consisting of a specific OR and the highly-conserved co-receptor Orco [367].
Olfactory receptors are transmembrane proteins for which no 3D structure is available yet,
and they are a more difficult target than OBPs to be expressed and purified in heterologous
systems. So far, the only three-dimensional structure currently available, obtained using
a cryo-electron microscopy-based approach, is for a tetramer of Orco, described in the
parasitic fig wasp Apocrypta bakeri (Joseph) [368]. Thus, only limited data on the functional
activity of tephritid ORs are available. In a recent study, ten B. dorsalis ORs were co-
expressed with their essential co-receptor BdorORCO in Xenopus laevis Daudin (Anura:
Pipidae) oocytes. Two-electrode voltage clamp was then used to record currents from
injected oocytes when ligands (i.e., 1-octen-3-ol, geranyl acetate, farnesenes, and linalyl
acetate) were diluted in the assay buffer [363]. Some of the identified ORs have been
shown to respond to plant volatiles [363] or ME [369]. Further research efforts oriented to
clarify the structure of tephritid ORs are essential to understand the molecular recognition
mechanisms they are involved in, as well as their interactions with OBPs, and thus their
functional roles. Insect ORs display a different topology from those of other animal G
protein-coupled receptors (GPCRs) [370], with a C-terminal faced to the extracellular
section and the N-terminal to the intracellular section. This feature makes insect ORs ideal
targets to be explored for the development of insect-specific pest control strategies. These
may include the inhibition of either Orco or the ORx/Orco complex by antagonists able to,
for example, disrupt mating behaviour through the manipulation of pheromone receptivity.
Interestingly, in B. oleae, transient knockdown via RNAi gene silencing in adult individuals
showed that knockdown of Orco expression reduces the mating ability in both sexes and
completely inhibits oviposition [365].

Tephritid CSPs have been identified [334,336,371], but their variable pattern of tissue
distribution, the different potential functions, the still unproven binding ability [316] and
unavailability of structural information [361] is locating them in a less attractive field
of investigation.

4. Host-Marking Pheromones
4.1. Chemical Identity, Production and Analytical Approaches to Their Characterisation

In tephritids, host-marking behaviour was first described in R. pomonella [372]. Later,
Hafliger speculated that the biological role of this behaviour was to equally distribute
the offspring in available host fruits [373]. Following these earlier observations, Prokopy
and Cirio were the first that experimentally described in 1972 the HMP deposition in R.
pomonella [111] and R. completa (Cresson) [134]. Since then, the host marking behaviour has
been reported in 25 tephritid species, particularly frugivorous species, belonging to the
Anastrepha, Ceratitis and Rhagoletis genera [113] (Table 3; Table S3).
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Table 3. List of tephritid species for which host-marking behaviour has been identified.

Genus Species Chemical Identity References

Anastrepha A. suspensa - [374]
A. sororcula - [375]

A. fraterculus - [376]
A. pseudoparallela - [377]

A. bistrigata - [378]
A. grandis - [379]

A. ludens

2-(2,14-
Dimethylpentadecanoylamino)pentane-

dioic
acid

[122,380]

A. striata - [96]
A. obliqua - [131]

A. serpentina - [131]

Bactrocera - - -

Ceratitis C. capitata - [110,125]
C. cosyra Glutathione [33]
C. rosa Glutamic acid [34]

Rhagoletis R. pomonella - [111,372,381,382]

R. cerasi N-[15(β-Glucopyranosyl)-oxy-8-
hydroxypalmitoyl]-taurine [30,383,384]

R. completa - [134]
R. fausta - [385]

R. cingulata - [386]
R. cornivora - [386]
R. indifferens - [386]

R. mendax - [386]
R. tabellaria - [386]

R. basiola - [129]
R. zephyria - [130]
R. alternata - [387]

However, it is not a general feature of the family; it seems to be common in Rhagoletis
spp., sporadic in Anastrepha and Ceratitis spp. and rather absent in others (e.g., Bactrocera
spp.) [29,35,128,388,389].

HMPs are low-volatility and highly polar molecules [390]. They are also soluble in
water and methanol [30,130,380,391,392]. HMPs can persist on the surfaces either when
they are directly deposited by the fruit flies or as extracts [107]. For instance, the HMP
half-life has been estimated to 10.7 days with persisting activity for three weeks in R.
pomonella [381], 9 days in R. fausta [385], 12 days in R. cerasi [384], 6 days in A. suspensa [374],
6 days in C. capitata [110] and 4 days in R. indifferens [390].

To the extent of our knowledge, HMPs are produced and stored in the posterior half
of the midgut and, thus, the faecal matter contains a huge quantity of these pheromones,
suggesting the existence of two main routes for HMP deposition: through ovipositor
dragging after egg-lying and through defaecation [131,393,394]. In R. pomonella, HMP
accumulates in the midgut, Malpighian tubules, hindgut and faeces of mature females [393].

HMPs have been isolated from faecal matter extracts using approaches based on
liquid chromatography (LC) and MS, in all four species (Table 3), namely HPLC-FAB-MS
(Fast Atom Bombardment Mass Spectrometry) for A. ludens [380] and R. cerasi [30], and
LC-quadrupole time-of-flight-mass spectrometry (LC-QTOF-MS) in the case of Ceratitis
species [388,395]. Therefore, all the HMPs that have been chemically identified were
isolated from the aqueous or methanol extract of adult female faecal matter. To date, it
remains to be determined whether HMPs are produced by specific glands [393].

HMP chemical identity has been so far determined in a few tephritid species (Table 3).
The first chemical characterisation of an HMP was achieved in R. cerasi. The pheromone was
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a complex molecule, i.e., N-[15(β-glucopyranosyl)-oxy-8-hydroxypalmitoyl]-taurine, with
four stereoisomers [30], showing two chiral centres at the C-8 and C-15 positions. After the
synthesis of the four different stereoisomers [396], it has been demonstrated that a racemic
mixture of two isomers (8R, 15S and 8S, 15R isomers) is able to deter oviposition [397].

Later, the HMP [2-(2,14-dimethylpentadecanoylamino)pentanedioic acid (or N-[2,14-
dimethyl-1-oxopentadecyl)glutamic acid)] of A. ludens has been chemically characterised
and synthesised [380,398]. It presented a relatively simple structure containing an isopalmitic
fatty acid chain substituted by methyl at the C-2 position and coupled to glutamic acid (GA)
as a single diastereomer [380,398]. The HMP of A. ludens exhibited not only intraspecific
but also interspecific oviposition deterring activity to A. obliqua and A. serpentina [131]. Of
note, the HMPs of R. cerasi and that of A. ludens display similarities in structure (i.e., both
contain a long fatty acid residue attached to an amino acid).

Recently, the HMP of C. cosyra and C. rosa have been isolated and both chemical
structures have been determined [33,34]. The C. cosyra and C. rosa HMP identified are the
tripeptide glutathione (GSH) (consisting of glycine, cysteine, and GA [33]), and GA [34],
respectively. Interestingly, GSH and GA levels were 5–10 and 10–20 times higher in the
faecal matter than in the ovipositor or haemolymph extracts of the respective females.
These results suggest that the HMPs may be transferred from the gut into the ovipositor
through the haemolymph and the excess amount may be expelled with the faecal matter.
GSH was shown to express pheromone and allomone action respectively, reducing the
oviposition in individuals of the same species and in those of different species, such as
C. rosa, C. fasciventris, C. capitata, Z. cucurbitae. Interestingly, the GSH acts as kairomone
inducing arrestment behaviour in the egg parasitoid Fopius arisanus (Sonan) (Hymenoptera:
Braconidae). On the other hand, GA perception resulted in oviposition reduction in C. rosa
and C. fasciventris, but not in C. cosyra. It is noteworthy that the HMPs of the two Ceratitis
species are highly distinct from the HMPs identified in the other fruit flies. However, they
appear to be more closely related to the HMP of the Mexican fruit fly, which contains GA,
than of R. cerasi that is a fatty acid glucoside. Taken together, these findings may indicate
that closely related species may utilise a similar pathway for HMP synthesis.

Host marking through HMP deposition is noticeably absent in the Bactrocera genus,
even if contrasting results have been reported [35,138]. To prevent other females from
ovipositing on the same fruit, B. oleae females do not depose an HMP but use their labella
to spread olive juice leaking from the oviposition wound, with the main compounds
responsible for this repulsion being (E)-hex-2-enal and oleuropein derivatives, such as the
hydroxytyrosol [142,399].

The molecular machinery underlying the perception of these substances by other
females remains to be determined. However, early studies in R. pomonella suggested that
D-hairs on specific segments of the ventral tarsal surface and short marginal hairs on the
labellum carry the receptors for HMP detection [393].

4.2. Behavioural Assays

Behavioural studies to assess the ecological role of a potential HMP rely on dual
choice oviposition assays conducted under a completely randomised design [110], where
tephritid females can choose to oviposit on a fruit marked by conspecifics over a control
fruit [33,400].

5. Cuticular Hydrocarbons

Cuticular hydrocarbons act as pheromones in a variety of orders, including Diptera
[25,401–403]. Their behavioural function in flies was first described in the housefly, Musca
domestica L. (Diptera: Muscidae), where (Z)-tricos-9-ene was identified as the main com-
pound on the female cuticle acting as a sex pheromone for males [401,404–406]. Extensive
evidence of the importance of hydrocarbons (7-monoenes) as short-range signals and
contact pheromones comes from Drosophila spp. [23]. These semiochemicals are perceived
by antennae and maxillary palps and/or by contact with the taste organs that are mostly
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located on the tarsi and proboscis [407–409]. Drosophila spp. show relatively stable CH
profiles, although their production can vary as the flies age and even after reproductive
maturation [410,411]. In tephritids, sex- and species-specificity of CHs have been described
in species of the genera Anastrepha, Bactrocera and Ceratitis (Table 4; Table S4).

Table 4. List of tephritid species for which CHs have been characterised.

Genus Species Developmental Stage References

Anastrepha A. ludens larvae and adults [412,413]
A. suspensa larvae and adults [412,414–416]

A. fraterculus larvae and adults [89,92,287,414,415,417]
A. acris larvae [414,415]

A. obliqua larvae and adults [415]
A. serpentina larvae [415]

A. pickeli larvae [415]
A. striata larvae [415]

Bactrocera B. dorsalis larvae and adults [412,418,419]
B. carambolae adults [419]

B. oleae adults [420]
B. tryoni adults [421]
B. zonata adults [420]

Zeugodacus Z. cucurbitae larvae and adults [204,412]

Ceratitis C. capitata larvae and adults [272,287,412,416]
C. fasciventris [272,287]

C. anonae [272,287]
C. rosa larvae and adults [91,272,287,412]

Rhagoletis - - -

Characteristic CHs profiles have been successfully applied for the chemotaxonomic
clarification of fruit fly species complexes of A. fraterculus, B. dorsalis and the so-called
African Ceratitis FAR complex [89,272,412,414–416,418,419]. Nevertheless, studies focused
on the elucidation of CHs behavioural function in fruit fly mating system are still missing,
except for those performed on B. oleae [79,84,286].

5.1. CHs in Tephritid Species and Their Described Roles

Earlier comparative studies on adults of A. ludens, A. suspensa, C. capitata, C. rosa,
Z. cucurbitae and B. dorsalis failed to identify substantial sex-specific differences in CH
profiles [412,418]. It seems that the only difference detected is the much higher amount
of n-alkanes in males compared to females in both B. dorsalis and Z. cucurbitae [418].
However, further research reported sex- and age-dependent differences in CH production
for a laboratory population of A. fraterculus (Brazilian-1 morphotype). Sexually mature
males have specific unsaturated hydrocarbons (7-monoenes) on their cuticles that lack
in females [89,287]. In follow-up studies, sexual dimorphism has been evaluated in the
Brazilian-1 (Argentina), Brazilian-3, Andean, Peruvian and Mexican morphotypes of the
A. fraterculus species complex [91,92]. The Brazilian-1 morphotype expresses the highest
sexual dimorphism (29.46%), followed by the Mexican (15.42%) and Peruvian (13.79%)
ones [92]. Males and females from the five abovementioned morphotypes diverge in
alkene and alkadiene content. In A. ludens, the age-dependent CHs production in males
originated from a standard mass-reared colony, a genetic-sexing strain, a hybrid strain
and a wild population has been recently described [413]. Wild males of A. ludens differ
from the mass-reared strains in the amount of nonacosane, while genetic sexing strain
expressed higher values of 2-methylhexacosane. It has been suggested that the observed
differences in CHs profiles may be due to environmental pressures [413], but additional
research efforts are still needed to clarify these issue.

Further research also focused on the CH composition of males and females of the
African fruit fly cryptic species FAR complex, demonstrating that sex-specific differences in
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the CH composition do exist [213,272]. The CH sex-specificity was proved by multivariate
statistical analyses of the GC×GC-MS data of 59 CHs identified in the epicuticular extracts
of C. capitata, C. fasciventris, and C. rosa. In contrast, the cuticular profiles of C. anonae
display no sex-specificity [272].

In species of the B. dorsalis complex, abundant complex mixtures of sex-specific
oxygenated lipids (i.e., three fatty acids and 22 fatty acid esters) with so far unknown
biological function were identified in epicuticle extracts from females [419]. Such sex-
specificity may be driven by sexual selection if the chemical composition of the cuticle
is used as a pheromone signal in mate choice. Although early studies suggested that B.
dorsalis males are able to recognise females at short distance and that physical contact
may play key roles in courtship and copula [422], only limited functional information are
currently available. These include the data describing the strong attractiveness to males
exerted by the female-specific CH 4-allyl-2,6-dimethoxyphenol (4-DMP), which has been
regarded as close-range sex pheromone [423]. This compound elicits electrophysiological
responses in the mid legs of B. dorsalis males [424]. Moreover, after stimulation with 4-
DMP, five OBP genes are found upregulated in males, with one of them, BdorOBP2, being
a promising candidate for the binding and transport of 4-DMP [424], in addition to its
proposed role in the perception of ME [343]. Recently, the cuticular components of B. tryoni
have been described [421]. The spiroacetals and esters were found to be female-specific,
while amides were presented in both sexes. Nevertheless, the role of these and other CHs
in short-range chemical communication of Bactrocera spp. and other fruit flies needs to
be further elucidated through expansion of the molecular machinery underlying their
production and perception and with proper behavioural assays.

5.2. Analytical Approaches to Trace CH Profiles

Preparation of samples for gas chromatographic analysis of tephritid CHs is usually
made by solvent extraction of whole insect bodies with solvents such as pentane, hexane,
dichlormethane, and chloroform [89,425]. The most widely used method for recovering
tephritid CHs is hexane washing [272,419,426]. This process may contaminate the cuticular
sample with other materials, such as those from the exocrine glands. To collect only the CH
fraction of the extract, the hexane solution is placed on a short chromatographic column
and the CHs eluted with a small volume of hexane. For pre-cleaning of the CHs, thin layer
chromatography (TLC) has proven useful in identifying novel lipid pheromones. TLC
plates consist of glass or aluminium coated with an adsorbent layer of silica gel. Using TLC,
components of the chemical extract can be separated into discrete fractions according to
hydrophobicity [427,428]. After the hydrocarbon fraction has been collected, the solution must
be concentrated to a suitable volume before the analysis. For the determination of the final
concentration of the sample, the number of insects extracted must also be known. Another
reported method involves continuous extraction of the insect in a refluxing solvent [429]. This
procedure also requires column chromatography and re-concentration of solutes. Solvent
extraction procedure involves several steps, in which more volatile compounds may be lost
during the process, and moreover the use of high-purity solvents is required. Besides, the
extraction and sample preparation account for most of the analysis time [426].

The solvent-free SPME technique has been used for the analysis of cuticular compo-
nents of Trupanea vicina (Wulp), an Asteraceae-feeding tephritid [430]. SPME polydimethyl-
siloxane coated fibre (PDMS) was used to wipe samples from various body parts of male T.
vicina and the subsequent GC-MS analyses showed that 1-nonanol, the male-specific com-
pound, was concentrated on the abdomens of males exhibiting pleural distension [430]. In
A. ludens, a PDMS fibre was used to rub down the male wing CHs, which were subsequently
analysed by GC-MS [413]. Recently, the direct immersion-SPME (DI-SPME) coupled with
GC-MS analyses was employed for characterisation of C. capitata semiochemicals in three
different mating stages. This study demonstrated that medfly compound compositions were
not significantly different before and during mating. However, new chemical compounds
were generated after mating, such as (Z)-tricos-9-ene and hentriacontane among ten other
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components [258]. Female medflies seem to discriminate mated from virgin conspecifics
and express higher rates of aggressive behaviour against the later [431]. Considering the
recent findings, it is plausible to argue that changes in CHs of mated females drive the
differential aggressive interactions between virgin and mated female medflies.

The method of choice for the analysis of the CH profile in tephritids has been GC-
MS or GC×GC-MS using two different ionization techniques: electron (EI) and chemical
ionization (CI) [92,287,425,432,433]. EI-MS is the primary tool for assessing the location of
methyl branch points in long-chain alkanes, but it is often difficult to identify the molecular
ion. The EI mass spectra interpretation allows complete identification of a compound, but
often microscale reactions or derivatizations are necessary to provide additional structural
information [434]. A mass spectrum also provides a ‘finger print’ of a compound, which
can be compared with the libraries and mass spectra registries such as the NIST library, the
Wiley/NBS registry of mass spectral data, and the published retention indices [435,436].
Mass spectra of an CI-MS yields the (M-1)+ ion as an intense peak (sometimes as the only
peak), but when the peak consists of mixture of isomeric methyl or dimethyl alkanes,
placement of methyl group position becomes more difficult [433]. Another problematic
aspect is the determination of the double bound position using EI-MS, because of the
lack of cleavage between carbon-carbon double bonds or extensive and facile hydrogen
rearrangement along the chain after molecular ion fragmentation [437]. Nevertheless,
several works documented the CI-MS/MS with acetonitrile ionization gas to be a suitable
method for double bound position determination [89,432,438].

There have also been studies using MALDI-TOFMS and ultraviolet laser desorption
ionization orthogonal time-of-flight mass spectrometry (UV-LDI o-TOFMS) for tephritid
CHs identification [89,427,439]. Cvačka and colleagues [427] applied MALDI-MS for the
identification of insect CHs, using lithium 2,5-dihydroxybenzoate as a matrix [440]. This
work demonstrates that MALDI-TOFMS is a convenient analytical method for the identi-
fication of high molecular weight hydrocarbons from insect cuticles, including saturated
hydrocarbons and highly unsaturated and/or cyclic compounds. In A. fraterculus, appli-
cation of MALDI-TOFMS method allowed for characterisation of high molecular weight
saturated and unsaturated hydrocarbons, up to C37 in length [89]. Mass spectrometric
imaging (MSI) of male and female A. fraterculus was performed using a previously devel-
oped protocol [441]. The preliminary MALDI-MSI experiments indicate differences in the
CH distribution on the wings of males and females [287]. Nevertheless, additional detailed
analyses using MALDI-MSI techniques are necessary for further conclusions concerning
the CHs of A. fraterculus. The imaging data will show if some of the CHs have unique
locations on A. fraterculus body surface and can also indicate if the compounds direct
male/female sexual contacts.

5.3. Behavioural Assays

Behavioural tools currently used for the evaluation of CHs do not substantially differ
from the set up described above for volatile pheromones. Indeed, observation chambers,
as well as two- or multiple-choice systems (i.e., Y-tube/T-maze and multiple-arm olfac-
tometers, respectively) are widely used to evaluate behavioural responses triggered by
CHs with potential pheromone activity [69,74]. Further validation of the observed be-
havioural response can be documented in flight tunnel as well as in field and semi-field
assays [170,317,442].

As a final remark, semiochemical candidates, such as potential volatile pheromones
and CHs, could be evaluated for their biological functions relying on the mixed society
approach [443]. Indeed, mixed societies composed of living insects and small-sized robots
mimicking their conspecifics can represent a valid approach to shed light on factors guiding
insect behaviour, including mating approaches. This ethorobotics-based approach has been
validated on several insect species, such as cockroaches, beetles and blowflies [444–446].
However, no studies have been conducted relying on ethorobotics in tephritid research. In
our opinion, this represents a challenge for future studies.
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6. Tephritid Sexual Chemoecology: Real-World Applications and Challenges

Semiochemical-based interactions have been extensively studied in tephritid fruit flies
and several aspects of the generated knowledge had already been exploited for practical
purposes including (a) trapping and population monitoring, (b) direct population control
approaches (lure and kill methodologies, and push and pull strategies), and (c) support and
improvement of other methods, such as the SIT. More recent progress in the characterisation
of (a) the olfactory molecular machinery, including OBPs and ORs, and (b) CHs may open
new venues in developing inspiring approaches for artificial olfaction and hence generation
of novel long- and medium-range attractants. These tools can be used to address issues
regarding species complexes that may be of vast importance for regulatory and control
aspects. Nonetheless, a deeper knowledge of semiochemical-based communication is
essential to further understand how tephritid species adapt to complex ecosystems, also
with respect to the invasive potential of several pests belonging to this family, further
advancing applied research from several perspectives.

6.1. Population Monitoring and Early Detection of Tephritid Outbreaks

Given the influence semiochemicals play on insect behaviour, a better understanding
of their identity, specificity and biological role(s) may benefit tephritid research by devel-
oping novel specific and environmentally-friendly attractants. Effective attractants are
essential for adult trapping, which is a key tool used to (a) monitor density and seasonal
patterns of established tephritid pest populations, (b) detect new infestations of exotic
species, (c) delimit the detected populations, and (d) confirm the results of eradication
campaigns. Early detection of small populations is particularly important to delimit the
outbreak and thus implement control and eradication measures while the pest population
is still present at low densities [447,448].

The list of odour attractants for tephritid fruit flies is quite long including food-based
(protein-based, ammonia releasing compounds) and mating-related chemicals. The later
can either be purely synthetic or derived from plants. The history of their discovery
and development goes beyond the purposes of this review, and their identity, efficacy,
and the related practical aspects of their use in monitoring and detection are widely
reviewed in [170]. Attractants that are related to the mating behaviour or physiology
of fruit flies have been more thoroughly studied in the case of Bactrocera and Ceratitis
genera and they exclusively concern male lures. For example, both the plant derived
α-copaene and the synthetic trimedlure and Ceralure are highly attractive to male but not
female medflies [170,449,450]. Interestingly, both plant-derived and synthetic attractants
are related to male reproductive success and may enhance lekking behaviour and mating
competitiveness [451–456]. It should be stressed here that trimedlure is rather the most
commonly used attractant for medfly regular population monitoring, control programs
and in detection and eradication campaigns [457,458].

Some Bactrocera species respond to Cue Lure (CL)/RK, others to ME, the most pow-
erful attractant so far identified, others appear to be non-responsive to both. Eugenol
analogues (isoeugenol, methyl-isoeugenol and dihydroeugenol) are also proving successful
in attracting Bactrocera species [459,460]. Similar to species of the genus Ceratitis, the above
compounds attract only males of the Bactrocera species and again are related to their mating
success [461–466]. Methyl eugenol is considered one of the most powerful attractants for
male fruit flies and it is extensively used in detection, population monitoring, delimitation
and eradication campaigns worldwide [169,467,468].

Conversely, no male lures are currently available for Anastrepha and Rhagoletis spp. [170].
Exploring the potential of tephritid pheromones to develop novel specific attractants is
thus important, not only for Anastrepha and Rhagoletis, but also for non-responsive species
belonging to the Bactrocera and Ceratitis genera. Moreover, ME has been suggested to be
carcinogenic [469] and alternatives are required that also do not exert effects on non-target
species. Finally, the available lures are generally effective in attracting one sex, and do not
have a species-specific action.
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Although food-based attractants [470] are still dominant in population monitoring of
the olive fruit fly, the use of the female pheromone can provide additional information on
both the population density of wild populations and the age structure of wild populations.
More recently, Sarles and colleagues identified two lactones released exclusively by males
of R. completa and used lactone-baited traps in walnut orchards [471]. These traps have been
found particularly effective for R. completa monitoring and allowed its earlier detection
in the season, supporting the idea that the analysis of pheromone components may be
particularly promising for trapping tephritids in the field.

6.2. Eradication and Suppression of Fruit Fly Populations Employing Semiochemicals

Male lures such as trimedlure and especially methyl-eugenol (ME), besides being
employed for population monitoring, have been used for more direct control purposes.
Male annihilation technique (MAT) (i.e., elimination of males, mating and oviposition
of fertile eggs, based on strong male-specific lures that are deployed in a mass trapping
or lure and kill approach) is considered as a very successful option to eliminate low
populations of B. dorsalis and a tool that may drive invaded population to extirpation
or even eradication. For example, male annihilation against B. dorsalis has been used
as a main tool in attempts to eradicate incursions or isolated established populations in
California, Hawaii and Florida [472–476], South Africa [477,478], the Marianas Islands in
Micronesia [479], the Okinawa Islands in Japan [480], and Mauritius [481]. Eradication
efforts using the male attractant CL against other Bactrocera species such as B. frauenfeldi
were not successful [482]. Male attraction to CL remained consistent until advanced age in
B. tryoni, although it sharply declined after 12 weeks of age, with potential implications for
pest management [483]. Despite its broad use as a population monitoring tool, trimedlure
is not considered as an eradication tool against medfly.

Male lures and the MAT have been considered in suppression programs often in
combination with other methods and preferably in the frame of an Area Wide application
strategy. As it was demonstrated in Hawaii, combination of MAT with field sanitation,
protein bait, sterile male releases and biological control resulted in satisfactory reduction
of the fruit fly population [484]. Methyl eugenol and CL for Bactrocera species, as well
as trimedlure for the medfly, have been considered. Interestingly, the use of ME for the
suppression of B. dorsalis in Southern Ethiopia proved to be successful [485].

The use of the female pheromone alone or in combination with other baits has been
evaluated for the control of the olive fruit fly [486,487]. These efforts include a male
annihilation component but also tools against females.

Apparently, classical mating disruption approaches involving saturation of target
area with species-specific pheromones are not effective against fruit flies, and the MAT is
prevailing. Indeed, mating disruption approaches against B. oleae in Spain and Greece led to
inconclusive results [488,489]. However, a more recent study, in which authors observed a
decrease in fly catches in the presence of high pheromone (i.e., 1,7-dioxaspiro[5.5]undecane)
concentrations, supports the applicability of a mating disruption approach against this
species [490]. For the medfly, for both trimedlure and the iodinated trimedlure analogue
Ceralure, no mating disruption effects have been so far described [490]. Such an absence
of disruption effect in this species was explained by the lack of saturation in response to
higher trimedlure concentrations [490].

Alternative strategies aimed at interfering with mating deserve to be explored, includ-
ing the potential applications of CHs as disruptors. CHs are known to play a role in the
mating behaviour of different Drosophila species [491–493]. In D. suzukii, alteration of C23
alkanes ratios results in disrupting mate recognition and, as a consequence, courtship and
mating behaviour [494]. The identification of OBP candidates potentially able to transport
the B. dorsalis female-biased CH 4-DMP [423,424] is a promising step in the clarification of
the functional role of CHs in the mating behaviour of fruit flies.

Moreover, in order to improve the efficacy of any semiochemical-based approach
for fruit fly eradication and suppression, additional studies should be devoted to better
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understand the role of abiotic factors on trapping. Indeed, although temperature, humidity,
rainfall and other exogenous abiotic factors do affect the temporal and spatial activity of
fruit flies, data about the role of such factors in tephritid captures are still limited and
mostly available for liquid protein-baited traps (see [267] for an overview). In the case
of semiochemicals, it is known that medfly attractiveness to trimedlure is related to the
release rate of this compound, which is, in turn, dependent on temperature [495,496].
Recently, Cameron and colleagues examined the vapour pressures and thermodynamic
properties of seven attractants (i.e., RK, CL, raspberry ketone trifluoroacetate-RKTA, ME,
methyl isoeugenol, dihydroeugenol, and zingerone) currently used for trapping Bactrocera,
Dacus and Zeugodacus species [497]. The authors provide valuable data regarding the
volatility of these attractants. In particular, they found that (Z)-methyl isoeugenol is the
most volatile of the ME-type compounds, while RKTA is the most volatile among the
RK-type compounds. Interestingly though, the field life of RKTA is not long due to its
susceptibility to humidity [498]. Expanding our understanding of the features of these
chemicals as well as of the identity/impact of multiple abiotic factors that may affect their
activity is essential to determine the design of the eradication and suppression programs,
as well as the location and density of the traps to be used.

6.3. Push and Pull Approaches Based on Repellent Semiochemicals

HMPs have been regarded as attractive tools for tephritid pest control since the ‘70s.
In 1976, Katsoyannos and Boller proposed to use HMPs to prevent fruit fly oviposition into
the fruit. They performed the first field experiment spraying raw HMP extract obtained
from the faecal matter of R. cerasi. In this way, they achieved over 90% reduction of R.
cerasi infestation in cherries orchards [499,500]. Later, once the chemical structure and
the synthesis of R. cerasi HMP have been obtained [29], Aluja and Boller [31] tested the
synthetic R. cerasi HMP in the field and, interestingly, this was the first application of a
“push-pull strategy” in fruit flies. A push-pull strategy exploits a combination of behaviour-
modifying stimuli to manipulate the distribution and abundance of the insect targets. Pests
are repelled from their resource (push) by using stimuli that mask the host or that acts as
repellents. Simultaneously, they are driven away from the resource (pull), by using highly
attractive stimuli such as traps, facilitating their elimination. A reduction of the infestation
of about 90% in cherry plants was achieved by treating one half of tree canopies with a
synthetic HMP. The repelled females were then trapped with visual traps placed on the
other half of the canopy [31,501]. The efficacy of the synthetic HMP was further supported
by another field trial in which the infestation by cherry fruit flies was eliminated [502].

Similarly, field tests were performed using raw pheromone extract from the med-
fly’s faecal matter achieving 84% decrease in infestation in sprayed coffee plants [388].
Exploiting the cross-recognition observed in the Anastrepha genus, Aluja and co-workers
tested three potential oviposition deterrents for A. obliqua in tropical plum and mango
orchards. In their experiments, they used A. ludens faecal extracts and two fully synthetic
simplified analogues of the naturally occurring pheromone, namely desmethyl A. ludens
HMP (DM-HMP) and anastrephamide. They obtained a significant reduction in fruit dam-
age rates with all substances tested, and interestingly, the simplified analogues displayed
comparable levels of efficacy to the natural HMP [32].

The good efficacy of the synthetic HMP analogues found in both R. cerasi and A. obliqua
field tests is promising in view of their potential use as pest control strategy. However, there
is evidence that, after prolonged exposure to the HMP, flies can lay eggs in the treated fruits.
This behaviour could be associated with the sensorial adaptation by the insect [122,501].

Although the use of HMP in the management of fruit flies was initially suggested
as a push-pull system [32,111,391,398,503], the push-pull strategy is not suitable for the
species with high population growth rates [504]. A recent work used anastrephamide in
combination with a protein bait to reduce grapefruit infestation by A. ludens [505]. The
authors found that anastrephamide can push flies out of the treated tree, but the push-pull
system requires a more effective attractant.

143



Insects 2021, 12, 408

Lastly, an alternative use of HMP has been proposed, which implies HMP application
in commercial crops in which the fruit fly populations are not resident. This option
allows achieving pest suppression because of the small population and lower risk for the
occurrence of adaptation [113].

6.4. Implications for Biological Control

The recent findings that fruit fly parasitoids such as F. arisanus responded to HMP
of fruit fly species [113,506] may pave the way for the development of methods and
approaches to enhance the biological control efforts against fruit flies. Intensifying the
research towards understanding the intraspecific interactions among parasitoids and fruit
fly semiochemicals, in particular, oviposition-induced volatiles, is required to further in-
crease parasitoid ability to localise and parasitise tephritid pests in the field [507]. In
particular, expanding our understanding of the identity of HMPs will facilitate approaches
based on the manipulation of parasitoid behaviour to benefit fruit fly control. Indeed, the
incorporation of the identified HMP chemicals in the mass rearing process of the target
parasitoid has the potential to facilitate the associate learning process that allows the para-
sitoid to distinguish HMPs from plant-emitted volatiles [113,508]. Moreover, treatments of
fields and orchards with synthetic HMPs may not only deter fruit fly oviposition, but also
attract parasitoids [509,510]. Among the factors mediating semiochemicals’ production
and perception by tephritid and/or parasitoids, the insect microbiota likely plays a key
role. Interestingly, a recent study showed that the production of β-caryophyllene emitted
by host plants and mediating oviposition avoidance in egg-infested fruit by B. dorsalis is
induced by egg-surface bacteria such as Providencia sp. and Klebsiella sp. [511]. Achieving a
deeper understanding of the interplay between tephritid, their microbiota and host plants
will shed new light on the multifaceted field of trans-kingdom communication [512] and
will provide novel targets to be exploited for pest management.

6.5. Semiochemical-Based Tools to Enhance the Sterile Insect Technique

The identification and functional characterisation of tephritid semiochemicals may
be beneficial for SIT applications and can also favour the integration of SIT and MAT to
maximise the efficacy of pest management campaigns.

In SIT programs, sterilised males are released in the field to mate with wild females
and induce sterility and hence no viable egg production [513]. Typically, sterile males are
release as immature adults, which have to survive until sexual maturation, localise females
and achieve copulation for SIT programs to be successful [514]. Thus, survival, dispersal
capacity and mating competitiveness, for which male signalling is essential [327,515], are
key factors that have to be fulfilled. Mating-enhancing semiochemicals have been widely
described in several tephritid species and include both plant-derived compounds and
synthetic chemicals, such as ME, Cue-Lure, RK, ginger root oil (GRO), citrus and guava
fruit volatiles, and manuka oil (see [516,517] for reviews, and [456]).

SIT campaigns are more effective when pest population density is reduced before
the release of sterile males. MAT applications, as well as inundative releases of biological
control agents, have the potential to reduce the density of feral population size and hence
to precede the implementation of the SIT. In Bactrocera species, the pre-release exposure
of males to plant-derived semiochemicals and synthetic lures has been shown to reduce
their subsequent response to attractants used in MAT [35,518]. Recently, the use of a
diet containing RK fed to immature sterile B. tryoni prior to release resulted in increased
subsequent survival and reduced response to MAT [519]. These results are particularly
promising for the implementation of SIT-MAT simultaneous used in the field, to both
increase control effectiveness and reduce operational costs.

6.6. Artificial Olfaction and Pheromone-Based Nanosensors

The ability of insect to detect olfactory stimuli at low concentrations over long dis-
tances [520] stimulated researchers to exploit these phenomena to develop biosensors based
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on insect behaviour [521], using isolated antennae [522] to detect explosives [523,524], food
toxins [525], and for disease control and diagnosis [526,527]. Biosensors require a biological
and artificial component, able to make the signals readable. OBPs can be expressed and
purified easily and are stable to perturbations in temperature, pH and proteases [528].
Thus, they are considered ideal candidates to be exploited in biosensors development
and were used to engineer systems able to detect floral odorants, alcohols and explosives
in Drosophila and Apis mellifera L. (Hymenoptera: Apidae) [529–532]. More recently, also
a member of the Tephritidae family was target of this type of research: an OBP from B.
dorsalis, BdorOBP2, was expressed, purified and immobilised on an interdigitated electrode
and it was shown to work as an efficient biosensor for chemicals emitted by host plants (e.g.,
isoamyl acetate, β-ionone, benzaldehyde) [533]. As previously described, given their higher
specificity and sensitivity ORs are ideal candidates to be explored for the development
of biosensors. Research in the field of OR-based bioelectronic sensors is indeed recently
emerging as a simpler strategy with respect to the use of the mammalian ORs to detect
environmentally significant volatile organic compounds (VOCs), as shown in mosquitoes
(Diptera: Culicidae) and Drosophila [534–536]. Although interesting, this type of application
is still far from being used in the field for tephritid management, also because only a few
insect ORs have been deorphanised. Conversely, the exploitation of pheromone compo-
nents for the development of innovative strategies to monitor early infestations is emerging
as a powerful alternative to currently adopted strategies. Indeed, by targeting the major
olive fruit fly volatile pheromone component, 1,7-dioxaspiro[5.5]undecane [317], Moitra
and colleagues developed a β-cyclodextrinylated nanosensor specific to the female volatile
pheromone of B. oleae [537]. This device is currently being tested in open field conditions
and may be important not only for the control of B. oleae but also for the development of
similar sensitive microelectromechanical system (MEMS) devices for other tephritid pests.

6.7. Cuticular Hydrocarbons as a Tool for Chemical Taxonomy

Cuticular lipid profiles, which are species-specific both in solitary and social insects,
serve as fingerprints, making it possible to discriminate species taxonomically or to recog-
nise sibling species [441]. The first successful use of CHs for the taxonomic discrimination
of tephritid fruit fly species was reported 20 years ago in five articles on the hydrocar-
bon profile identification of adult Malaysian B. dorsalis complex flies [418] and larvae of
Anastrepha (A. acris, A. fraterculus, A. suspensa, A. ludens, A. obliqua), Ceratitis (C. capitata,
C. rosa), Bactrocera (B. dorsalis), and Z. cucurbitae species [412]. Recently, Vaníčková and
co-workers reported CH profiling is an efficient tool for the resolution of entities in the
African fruit fly cryptic species FAR complex [272,287,412,414–416]. In these studies, twelve
potential chemotaxonomic markers were identified for the distinction of adult male and
female flies of C. fasciventris, C. rosa, C. anonae and C. capitata. Some of the geographically
distinct subspecies hidden in the A. fraterculus complex can also be identified using their
specific CH profiles. For example, Peruvian and Brazilian-1 morphotypes have unique CH
profiles, suggesting CHs could be used to distinguish between these two subspecies [92].
In the B. dorsalis complex, clear segregation of complex cuticle profiles of both B. carambolae
sexes from B. dorsalis was documented, supporting both taxonomic synonymisation of
B. invadens, B. papayae, and B. philippinensis with B. dorsalis, as well as the exclusion of B.
carambolae from B. dorsalis [419].

7. Conclusions and Challenges

Research in the last decades amazingly expanded our knowledge in the field of tephri-
tid fruit fly semiochemical-based communication at the genomic, molecular, physiological
and behavioural level, as outlined by the huge amount of available literature. On the other
side, it is clear that semiochemical-based communication has not been characterised to
an equal extent in all relevant tephritid pests. Moreover, most studies have been focused
on volatile pheromones, with far less information available for CHs and HMPs. Thus, a
major research need is to expand our knowledge to achieve an exhaustive understanding
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of all the semiochemical-based communication modalities in the target species. In addition,
many specific questions remain to be answered. In the case of volatile pheromones, the
application of different techniques and conditions for sampling, as well as the chosen
source (i.e., rectal gland content or headspace), often provided different results in the
detection and quantification of volatiles, making comparisons among identified sets of
chemicals challenging. This urges for the parallel adoption of more than one method to
ensure a comprehensive analysis of volatile pheromones. Moreover, future research on
volatile pheromones will be essential to clarify (i) the identity of the molecular/genomic
machinery underlying rectal (and salivary) gland physiology leading to volatile pheromone
production, (ii) the relative impact of genomic background, evolutionary history and feed-
ing preference in shaping the volatile pheromone bouquet. With respect to HMP research,
it remains to be determined: (i) whether HMP is produced by specific glands, and how it is
produced, (ii) which genes and pathways are involved in its synthesis, (iii) which is the
chemical composition of most HMPs; although their widespread presence in tephritids,
these pheromones were so far characterised in very few species; thus, expanding their
characterisation represents a major challenge; (iv) whether HMPs are really absent in
the Bactrocera genus. Although CHs have been widely described and novel studies are
continuously being published, we still do not know which is their exact function in true
fruit fly mating. Providing an answer to these and to several other questions that may
arise when diving into this multifaceted field will be essential for the implementation
of novel/improved approaches to tephritid pest control. Indeed, a series of knowledge
gaps do exist, which limit the toolbox in the field. First of all, strategies to improve the
formulation of semiochemical-based lures currently used in field applications are needed.
These include the optimisation of liquid and solid dispensers containing individual com-
pounds or mixtures (including isomers). Moreover, no male lures are currently available
for Anastrepha and Rhagoletis spp., and some Bactrocera and Ceratitis species do not respond
to the existing substances. Alternative and species-specific attractants are needed and the
example of the lactone-baited traps used to capture R. completa is stimulating further stud-
ies aiming at exploring volatile pheromones for trapping. In addition to the MAT-based
approaches, other strategies able to interfere with mating need to be explored, including the
potential applications of CHs as disruptors. Overall, expanding our understanding of the
identity of HMPs will facilitate the integration of multiple approaches for fruit fly control,
including biological control, with special reference to the programs relying on the use of
parasitoids. Finally, novel technologies allowing the production of nanosensors able to
specifically detect pheromone components may open new routes for tephritid pest control.
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Table S4: Chemicals detected in the cuticular hexane body washes of 19 tephritid species of high
agricultural relevance.
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Abbreviations
The following abbreviations and acronyms are used in this manuscript:
AW-IPM Area-Wide Integrated Pest Management
CCE Conventional Chemical Ecology
CHs Cuticular Hydrocarbons
CI Chemical Ionization
CL Cue Lure
CRCE Computational Reverse Chemical Ecology
CSD Current Source Density
CSPs Chemosensory Proteins
DESI Desorption Electrospray Ionization
DM-HMP Desmethyl Host-Marking Pheromone
DVB/CAR/PDMS Divinylbenzene/Carboxen/Polydimethylsiloxane
EAG Electroantennogram
EI Electron Ionization
ELSD Evaporative Light Scattering Detectors
FAR Ceratitis complex including C. fasciventris, C. anonae and C. rosa
GA Glutamic Acid
GC-EAD Gas Chromatography-Electroantennographic Detection
GC×GC-TOFMS Two-dimensional Gas Chromatography with Time-Of-Flight Mass Spectrometry
GC-FID Gas Chromatography-Flame Ionization Detection
GC-FTIR Gas Chromatography-Fourier Transformed Infrared Spectroscopy
GC-MS Gas Chromatography-Mass Spectrometry
GOBP General OBP
GPCRs Protein-Coupled Receptors
GRO Ginger Root Oil
GRs Gustatory Receptors
GSH Tripeptide Glutathione
HMP Host-Marking Pheromone
HPLC High Performance Liquid Chromatography
IPM Integrated Pest Management
IRs Ionotrophic Receptors
LC-MS Liquid Chromatography-Mass Spectrometry
LC-QTOF-MS LC-Quadrupole Time-Of-Flight-Mass Spectrometry
MALDI-TOFMS Matrix-Assisted Laser Desorption/Ionization-Time-Of-Flight Mass Spectrometry
MAT Male Annihilation Technique
ME Methyl Eugenol
MEMS Microelectromechanical System
MSI Mass Spectrometric Imaging
NMR Nuclear Magnetic Resonance
OBPs Odorant Binding Proteins
Orco Olfactory receptor co-receptor
ORs Olfactory Receptors
OSNs Olfactory Sensory Neurons
PDMS/DVB Polydimethylsiloxane/Divinylbenzene
RCE Reverse Chemical Ecology
RK Raspberry Ketone
RKTA Raspberry Ketone Trifluoroacetate
RNAi RNA Interference
SIT Sterile Insect Technique
SPME Solid Phase Microextraction
SSR Single Sensillum Recording
TLC Thin Layer Chromatography
UV-LDI o-TOFMS Ultraviolet Laser Desorption Ionization orthogonal Time-Of-Flight Mass Spectrometry
VOCs Volatile Organic Compounds
1-NPN N-phenylnaphthalen-1-amine
4-DMP 4-allyl-2,6-dimethoxyphenol
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Simple Summary: Insect pheromones are specific natural compounds that meet modern pest control
requirements, i.e., species-specificity, lack of toxicity to mammals, environmentally benign, and
a component for the Integrated Pest Management of agricultural pests. Therefore, the practical
application of insect pheromones, particularly sex pheromones, have had a tremendous success
in controlling low density pest populations, and long-term reduction in pest populations with
minimal impact on their natural enemies. Mass trapping and mating disruption strategies using
sex pheromones have significantly reduced the use of conventional insecticides, thereby providing
sustainable and ecofriendly pest management in agricultural crops. In this review, we summarize
the latest developments in sex pheromone research, mechanisms of sex pheromone perception, and
its practical application in agricultural pest management.

Abstract: Since the first identification of the silkworm moth sex pheromone in 1959, significant
research has been reported on identifying and unravelling the sex pheromone mechanisms of
hundreds of insect species. In the past two decades, the number of research studies on new insect
pheromones, pheromone biosynthesis, mode of action, peripheral olfactory and neural mechanisms,
and their practical applications in Integrated Pest Management has increased dramatically. An
interdisciplinary approach that uses the advances and new techniques in analytical chemistry,
chemical ecology, neurophysiology, genetics, and evolutionary and molecular biology has helped
us to better understand the pheromone perception mechanisms and its practical application in
agricultural pest management. In this review, we present the most recent developments in pheromone
research and its application in the past two decades.

Keywords: sex pheromones; integrated pest management; biosynthesis; pheromone perception;
resistance; review

1. Introduction

Sex pheromones are chemical signals emitted by an organism that elicit a sexual
response in a member of the opposite sex of the same species [1,2]. Since the structural
characterization of the first sex pheromone of the silkworm moth Bombyx mori in 1959 [3,4],
more than 600 species [5] of lepidopteran pheromones have been identified. Their main
features, e.g., species-specificity, non-toxicity to mammals and other beneficial organisms,
their activity in minute amounts, and rapid degradation in the environment were soon
envisioned to be promising tools for controlling insect pests, estimating pest populations,
detecting the entry and progress of invasive pests, and preserving endangered species [6–8].
In fact, in recent years the most successful practical applications of sex pheromones in
integrated pest management (IPM) have been the monitoring of pest populations, mass
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trapping, mating disruption, and push-pull strategies [7,9–11]. The number of articles
appearing in the literature on these subjects has dramatically increased over the years,
particularly in the past two decades (Figure 1), with the sex pheromones of the genera
Helicoverpa, Spodoptera, Grapholita and Cydia most frequently cited (Table 1). In this review,
a literature search, including patents, was conducted by the following search tools and
databases: Web of Science, CABI, Agricola, SciFinder, Google Scholar, The Pherobase, and
Espacenet. The following keywords were chosen: sex pheromone, sex pheromone autode-
tection, sex pheromone perception mechanism, sex pheromone biosynthesis, resistance to
pheromone, pheromone and biological control agents, the application of pheromones in
IPM, and push-pull strategy.
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Table 1. Highly concerned genera on sex pheromones since 2000.

Order Family Genus Publications

Lepidoptera

Noctuidae
Helicoverpa 194

Spodoptera 173

Tortricidae
Grapholita 137

Cydia 128

Plutellidae Plutella 72

Crambidae Ostrinia 63

Bombycidae Bombyx 61

Diptera Drosophilidae Drosophila 49

Lepidoptera

Pyralidae Chilo 42

Tortricidae Lobesia 41

Noctuidae Agrotis 40

Diptera Tephritidae Bactrocera 37

Hemiptera Pseudococcidae Planococcus 36

Lepidoptera Lymantriidae Lymantria 36

Coleoptera Scarabaeidae Holotrichia 35

Lepidoptera

Gelechiidae Tuta 33

Geometridae Ectropis 30

Lasiocampidae Dendrolimus 29
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Table 1. Cont.

Order Family Genus Publications

Diptera Psychodidae Lutzomyia 26

Lepidoptera Sesiidae Synanthedon 25

Blattodea Blatteidae Blattella 25

Coleoptera Buprestidae Agrilus 25

Lepidoptera

Crambidae Pyrausta 24

Gracillariidae Phyllocnistis 23

Erebidae Hyphantria 22

Hemiptera Pseudococcidae Pseudococcus 21

Lepidoptera

Pyralidae Plodia 21

Crambidae Cnaphalocrocis 18

Tortricidae Choristoneura 18

Hemiptera Miridae Apolygus 18

Sex pheromones are mainly produced by females and used as attractant compounds
to show the presence of potential mating partners and their reproductive status [8,11].
Sex pheromones comprise sex attractant pheromones, which induce upwind oriented
movements to the conspecific individual, and courtship pheromones, which elicit a variety
of close-range responses in the insect partner [12,13]. Since the first pheromone discov-
ery, the rapid progress of methodologies developed to identify new pheromones, mainly
GC, GC-MS, NMR, electrophysiological techniques [electroantennography (EAG), gas
chromatography coupled to electroantennography (GC-EAD), single sensillum recordings
(SSR), and coupled GC-SSR], have allowed the identification of thousands of compounds as
insect sex pheromones [14] (Table 2 contains new sex pheromones and sex pheromone com-
ponents recently identified from insect pests in the period 2010–2020 and the corresponding
references [15–32]). In addition, an interdisciplinary approach involving advances in ana-
lytical chemistry, neurophysiology, genetics, and molecular biology have improved our
understanding of insect chemical communication and behavior to the level of discrete
neural circuits [8].

Insects’ sex pheromones are generally blends of two or more compounds and only in
few cases, one chemical, usually the primary component, is efficient to attract conspecifics
and mate [33,34]. Löfstedt et al. [35] have reported different types of moth pheromones
based on their production, chemical structure, and biosynthetic origin. Type I pheromones
are C10–C18 monounsaturated or diunsaturated acetates, alcohols, and aldehydes [36] and
constitute ca. 75% of all known moth sex pheromone components. Type II pheromones
are polyunsaturated straight-chain hydrocarbons and the corresponding epoxide deriva-
tives with C17–C25 carbon atoms [36] and comprise about 15% of the moth pheromones
reported. In addition to Types I and II, Löfstedt et al. [35] proposed to extent this classi-
fication by defining two more pheromone Types 0 and III. Type III pheromones include
saturated and unsaturated hydrocarbons, which may be functionalized, containing one
or more methyl branches. Type 0 pheromones, in turn, consist of short chain methyl-
carbinols and methylketones and have been found more recently in Eriocraniidae and
caddisflies (Trichoptera). Another group of pheromones comprising propionate esters of
secondary alcohols, methyl-branched secondary alcohols, methyl-branched methylketones,
and straight-chain (Z)-7-alken-11-ones cannot be categorized in any of the Types 0-III
pheromone groups because their structures are not clearly biosynthetically related to any
of those classifications [35].
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Table 2. New sex pheromones and sex pheromone components recently identified from insect pests (2010–2020).

Pheromone/Pheromone Components Insect References

(E)-11-hexadecenal, (E,E)-10,12-hexadecadienal Diaphania glauculalis
(Lepidoptera: Crambidae) Ma et al. [15]

(E)-10-hexadecenal, (Z)-10-hexadecenal,
(E)-10-hexadecenol, (E,E)-10,12-hexadecadienal,

(Z,Z,Z)-3,6,9-tricosatriene

Conogethes pluto
(Lepidoptera: Crambidae) El Sayed et al. [16]

(Z)-11-hexadecenyl acetate, (Z)-11-hexadecenal,
(Z)-11-hexadecenol

Trichophysetis cretacea
(Lepidoptera: Crambidae) Pong et al. [17]

(4aS,7S,7aR)-nepetalactone,
(1R,4aS,7S,7aR)-nepetalactol

Hyalopterus pruni, Brachycaudus helichrysi
(Hemiptera: Aphididae) Symmes et al. [18]

(E,Z)-3,13-octadecadienyl acetate,
(Z,Z)-3,13-octadecadienyl acetate

Synanthedon vespiformis
(Lepidoptera: Sesiidae) Levi-Zada et al. [19]

(E)-11-tetradecenyl acetate, (E,E)-9,11-tetradecadienyl
acetate, (E)-11-tetradecenol,
(E)-11-hexadecenyl acetate

Epiphyas postvittana
(Lepidoptera: Tortricidae) El Sayed et al. [20]

(Z,E)-9,12-tetradecadienyl acetate, (Z)-9-tetradecenyl
acetate, (Z)-11-hexadecenyl acetate,

(Z,E)-9,12-tetradecadienol,
(Z)-9-tetradecenol, (Z)-11-hexadecenol

Spodoptera exigua
(Lepidoptera: Noctuidae) Acín et al. [21]

(Z,Z)-3,13-dodecadienolide Parcoblatta lata
(broad wood cochroach) Eliyahu et al. [22]

(R,R)-(Z)-3,7,11,15-tetramethyl hexadec-2-enal,
(R,R)-(E)-3,7,11,15-tetramethyl hexadec-2-enal

Dociostaurus maroccanus
(Moroccan locust) Guerrero et al. [23]

(4,5,5)-(trimethyl-3-methylenecyclopent-1-en-1-
yl)methyl

acetate

Delottococcus aberiae
(Hemiptera: Pseudococcidae) Vacas et al. [24]

(Z)-9-tetradecenyl acetate, (Z)-9-tetradecenol,
tetradecyl acetate

Coryphodema tristis
(Lepidoptera: Cossidae) Bouwer et al. [25]

(-)-δ-heptalactone Rhagoletis batava
(Diptera: Tephritidae) Büda et al. [26]

(E,E,Z,Z)-4,6,11,13-hexadecatetraenal Callosamia promethea
(Lepidoptera: Saturniidae) Gago et al. [27]

(-)-iridomyrmecin Leptopilina heterotoma
(Hymenoptera: Figitidae) Weiss et al. [28]

(Z,E)-5,7-dodecadienyl acetate, (Z,E)-5,7-dodecadienol,
(Z,E)-5,7-dodecadienyl propionate

Dendrolimus tabulaeformis
(Lepidoptera: Lasiocampidae) Kong et al. [29]

(E)-7,9-decadienol, (E)-8-decenol Monema flavescens
(Lepidoptera: Limacodidae) Shibasaki et al. [30]

(1S,4R,1′S)-4-(1′,5′-dimethylhex-4′-enyl)-1-
methylcyclohex-2-en-1-ol

Oebalus poecilus
(Heteroptera: Pentatomidae) Oliveira et al. [31]

(3S,6S,7R)-1,10-bisaboladien-3-ol,
(3R,6S,7R)-1,10-bisaboladien-3-ol

Tibraca limbativentris
(Hemiptera: Pentatomidae) Blassioli-Moraes et al. [32]

The chemical structure of pheromones is widely diverse. Thus, many of them are
hydrocarbons, alcohols, esters, epoxides, aldehydes, ketones, lactones, carboxylic acids, iso-
prenoids, and triacylglycerides [8,37]. This structural diversity is the key for the pheromone
specificity but, in a number of species in Lepidoptera, an appropriate combination of the
pheromone components in specific ratio renders the pheromone species-specific. In this
review, we present an update of the latest developments of insect sex pheromones reported
as useful, environmentally benign, tools for the management of agricultural pests in IPM
programs including the mechanisms of pheromone perception, interactions with biological
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control agents, autodetection, and resistance. An excellent book covering the pheromone
communication in moths up to 2015 has recently appeared in the literature [38].

2. Sex Pheromone Biosynthesis

Sex pheromone components are C10–C18 straight chain unsaturated compounds with
an oxygenated functional group [39]. In many Lepidoptera species, sex pheromone pro-
duction is regulated by the pheromone biosynthesis-activating neuropeptide (PBAN), a
neurohormone originated in the subesophageal ganglion and released into the hemolymph
to operate directly on the pheromone gland (PG) [40], which in turn activates functional
group modification enzymes [41] or acetyl-coenzyme A carboxylase (ACC) [42]. In the
first step of pheromone biosynthesis, the carboxylation of acetyl-CoA to malonyl-CoA is
catalyzed by ACC, followed by fatty acid synthase action which leads to production of
saturated fatty acids (C18:0 and C16:0) [42].

Through a series of enzymatic reactions, i.e., desaturation, chain-shortening reaction,
reduction, acetylation, and oxidation, the palmitic or stearic acids are then converted to the
final pheromone components in a stepwise manner [41,43]. Therefore, different enzymes
are likely to be involved in different reactions, and to date, the genes encoding the essential
enzymes—fatty acid desaturases (FADs), fatty acid reductases (FARs), chain shortening via
peroxisomal β-oxidation, and chain elongation—have been functionally identified. The
specificity of the enzymes and their combinations allow formation of an immense array
of pheromone components with different chain lengths, unsaturations, and functional
groups [5,35]. The discovery of the biosynthetic enzymes is generally accomplished by
comparative analysis of gene expression in the female PGs relative to control tissues.
The genes that are overexpressed in the pheromone glands are candidate genes to be
involved in pheromone biosynthesis, such as desaturases, reductases, etc. The enzymes
are expressed in heterologous hosts, such as the yeast Saccharomyces cerevisiae [44], insect
cells [45], or plants [46], and functionally assayed. Transcriptome data from pheromone
glands have been reported for many Lepidopterans, such as Agrotis segetum, Ephestia
cautella, Pectinophora gossypiella, Plutella xylostella, Spodoptera exigua, and Spodoptera litura [5].
Transcriptomes from many other insects can be found in the database http://www.insect-
genome.com (accessed on 8 March 2021) [47].

FADs are the most intensively reported class of enzymes involved in moth sex
pheromone biosynthesis and, thus, more than 50 FADs have been functionally charac-
terized [48]. They are able to display different specificities and introduce double bonds
in different positions and geometry. The most common desaturation processes occur in
positions ∆9, f.i. in Mamestra brassicae [43], Trichoplusia ni [49], and S. litura [50]; and ∆11, f.i.
Ostrinia spp. [51], but they can produce also unsaturations at ∆5 in Ctenopseustis obliquana
and C. herana [52], ∆6 in Antheraea pernyi [53], ∆8 in Dendrolimus punctatus [54], ∆10 in
Planotortrix octo [55], ∆14 in Ostrinia furnacalis [56], and ∆1 in Operophtera brumata [57]. A
multi-functional ∆10–∆12 desaturase was found in B. mori pheromone biosynthesis [45],
∆11-∆12 desaturases were noticed in S. exigua and S. litura [58], and a ∆11–∆13 desat-
urase was characterized in Thaumetopoea pityocampa [59]. In the case of the homologous
∆5 FAD of S. litura (SlitDes5) and S. exigua (SexiDes5), the full-length sequences of Sex-
iDes5 (1017 bp) and SlitDes5 (1017 bp), were obtained from the pheromone gland cDNA
library transcripts [60], and both encoded proteins with 339 amino acids. In the heterol-
ogous expression system, both desaturases inserted a cis double bond at ∆11 position in
palmitic, myristic and stearic acids. However, while both enzymes introduce only a cis
double bond in saturated C16 and C18 substrates, in C14 substrates both cis and trans
unsaturations are created. The differences between substrates and the geometry of the
substrate-binding tunnel might influence the regioselectivity and stereospecificity of the
desaturation reaction [61].

FARs catalyze the reduction of fatty acylCoA precursors into fatty alcohols in a two-
step reaction without releasing the intermediate aldehyde forms [62]. They play an essential
role in regulating the final steps of sex pheromone biosynthesis in some moths, and have
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been functionally identified in species from the genera Agrotis, Bicyclus, Bombyx, Helicoverpa,
Heliothis, Ostrinia, Spodoptera, and Yponomeuta [48]. Reductases from Helicoverpa spp. and
Heliothis spp. can act on a broad range of C8 to C16 fatty acids, preferentially on C14
substrates [63]. In the European and Asian corn borers, Ostrinia nubilalis and O. furnacalis,
in vivo labeling studies demonstrated that the selectivity of the reductase system could
modulate ratios among final pheromone components by exclusive conversion of specific
acid moieties into their corresponding alcohols [64]. Four reductases from Spodoptera
spp. showed different selectivity for C14 and C16 fatty acids, whereas SexpgFAR I and
SlitpgFAR I selectively act on C16 fatty acids, SexpgFAR II, and SlitpgFAR II preferred C14
fatty acids as substrates [65]. The small ermine moths, namely Yponomeuta evonymellus,
Yponomeuta padellus, and Yponomeuta rorellus use pheromone blends made of structurally
related C14 and C16 fatty alcohols and their derivatives [66]. In Y. evonymellus and Y.
padellus, the two primary pheromone components are Z11–14:OAc and E11–14:OAc, and
complete reproductive isolation is ensured by the use of additional pheromone components.
In contrast, Y. rorellus uses only the saturated acetate 14:OAc as a pheromone. By screening
the PG FAR genes, Liénard and coworkers [66] demonstrated that the reduction step of
long-chain C14- and C16-acyl pheromone precursors found in the three insects is accounted
for by a single PG-specific FAR.

There are other important enzymes that have not been functionally confirmed but
are postulated to be involved in the sex pheromone biosynthesis pathway. For example,
biochemical studies have suggested that acetyltransferases (ACTs) and alcohol dehydroge-
nases (ADHs) play a crucial role by converting fatty alcohols into the corresponding fatty
acetates and aldehydes, respectively, since they constitute the last step of the pheromone
biosynthetic pathway in many moths. Currently, no insect ACTs have been characterized
to esterify fatty alcohols, in contrast to plants [67,68] and yeast [69] from which a number of
ACTs (EC: 2.3.1.84) were cloned. In a recent study on the pheromone biosynthetic pathway
of A. segetum, Ding and Löfstedt [44] expressed 34 genes potentially encoding for ACTs but
none of them successfully converted fatty alcohols into the corresponding acetates. The sex
pheromone of P. xylostella is a mixture of (Z)-11-hexadecenal, (Z)-11-hexadecenyl acetate,
and (Z)-11-hexadecenol in 8:100:18 ratio [70]. In its PG transcriptome two transcripts en-
coding proteins homologous to acetyltransferases ACT1 and ACT2 were found [71]. ACT1
was homologous to acetyl-CoA ACT from Amyelois transitella and ACT2 had similar amino
acid sequence to the ACT gene from S. litura. However, neither of them was homologue to
the genes belonging to the group of ACTs EC 2.3.1.84.

With regard to pheromone aldehydes, Chen et al. [71] found that the amino acid
sequences encoded by five transcripts in P. xylostella PG transcriptome resemble alcohol
dehydrogenase (ADH, EC 1.1.1.1) genes, but none of them were cloned and character-
ized. ADHs are a group of enzymes that facilitate interconversion between alcohols
and aldehydes with the reduction of NAD+ to NADH in the biosynthetic pathway of
pheromone aldehydes. β-Oxidation enzymes are supposedly involved in the biosynthesis
of pheromones of shorter chain lengths and may play an important role in regulating the
ratio of sex pheromone compounds with different carbon lengths. The genes involved in
β-oxidation have been identified in some moth PG tissues [72] but not yet characterized.

3. Mechanisms of Insect Sex Pheromone Perception

Insects detect volatile odorants/pheromone molecules using olfactory receptor (OR)
sensilla present on their antennae and maxillary palps [73]. Pheromones and other odorant
molecules that are absorbed on the cuticular surface of an olfactory sensillum diffuse
inside through olfactory pores and the pore tubule [74]. The sensillum lymph contains the
pheromone binding proteins (PBPs) that bind with volatile pheromones and solubilize them
to pass across the sensillum lymph to activate pheromone receptors [75]. The structure and
arrangement of olfactory sensilla and olfactory sensory neurons (OSNs) on the antennae
and palps of insects are very specialized and optimized to detect odorants, especially sex
pheromones in the case of male antennae. OSNs carry the olfactory information from
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the periphery to the antennal lobe in the insect brain. Many studies have reported the
structure and peripheral olfactory mechanisms of odorant perception in insects [73,76,77].
Other works that have investigated these different olfactory elements, and the cellular and
molecular mechanisms of volatile pheromone signal detection in olfactory sensilla have
been published in recent review publications [75,78,79]. Recent studies have also reported
on the evolution of olfactory circuits and processing of these information in the higher
olfactory centers in the insect brain [80,81].

The peripheral olfactory hairs or olfactory sensilla that house the OSNs play an
essential role in odorants perception, especially sex pheromones. Different morphological
types and distribution of olfactory sensilla have been reported in multiple insect species
based on their ecological niches. For example, the long trichoid sensilla house the OSNs
tuned to sex pheromones in many moth species, whereas the antennae in flies and wasps
contain basiconic and placoid sensilla, respectively, which are the most common peripheral
olfactory hairs [82]. In the last decade, significant improvements have been made in
understanding the ultrastructural features of peripheral olfactory sensilla and its correlation
with neuronal mechanisms using electron microscopy and genetic labelling, which has
enabled the integration of morphological and molecular information in different insects,
such as Drosophila sp. and B. mori [83,84]. In this context, a “Cryochem method” has been
developed and used in Drosophila melanogaster. This method rehydrates cryofixed and
high-pressure frozen samples for creating three-dimensional reconstructions of genetically
marked OSNs in different sensilla by serial block-face scanning electron microscopy. It
is found useful in providing insights into the relationship between OSN anatomy and
olfactory physiology [83,84]. A recent review of these new molecular tools and mechanisms
of olfactory detection in insects has been published [85].

A significant amount of research has been done in the last decade to understand
the odorant receptors (ORs) [86,87] involved in chemo-electric signal transduction and
processing of odorant signals in the insect brain. Sato et al. [88] and Wicher et al. [89]
reported the role of OR co-receptor (Orco) that is characteristic for each OR-expressing
sensory neuron. Orco acts as heteromeric ligand-gated and cyclic-nucleotide-activated
cation channel, and is highly conserved across insect species and orders [90]. Sakurai
et al. [91] published a detailed review on the neural and molecular mechanisms involved in
sex pheromone perception and processing in the silkworm moth, B. mori. Rapid progress in
the sequencing technologies, genomics, and transcriptomics of insect olfactory tissues has
helped identify odorant receptor (OR) gene families for multiple insect species in recent
years [79]. These new technologies have helped improve our knowledge of insect sensory
systems and their practical application in product development for pest management.

Many studies have been published to understand the role of odorant binding pro-
teins (OBPs), pheromone binding proteins (PBPs), sensory neuron membrane proteins
(SNMPs), and sex pheromone receptors that are involved in the transport and central
processing of pheromone molecules in Drosophila and different moth species [75,92,93].
Genomic and transcriptomic analysis have allowed the identification of new sensory neu-
ron membrane proteins (SNMPs) in Lepidoptera, Diptera, Coleoptera, and Hemiptera
(see f.i. the excellent review by Cassau and Krieger [94]), and their role in pheromone
signaling has been noticed [95]. Very recently, it has been disclosed that a new sensory
membrane protein, HarmSNMP1, plays an essential role in the detection of long-chain sex
pheromones in Helicoverpa armigera, but this protein was not required for detecting shorter
chain sex pheromones of the same species [96]. Zhao et al. [97] reported the identification
of 49 OBPs and 5 chemosensory proteins (CSPs) in the chive gnat Bradysia odoriphaga,
and Zhang et al. [98] identified 64 ORs, 24 OBPs and 19 CSPs after analyzing transcripts
expressed in chemosensory organs of the beet armyworm S. exigua. Initial studies were
reported in Drosophila, where the pheromone binding protein LUSH carries the hydropho-
bic pheromone, cis-11-vaccenyl acetate (cVA), through the aqueous sensillum lymph to
the olfactory neuron dendrites [99]. In recent years, RNAi techniques have been widely
used to identify OBPs and PBPs in insects [100]. Oliveira et al. [101] has reported the use
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of RNAi technique to identify the PBP RproOBP27, involved in sex pheromone detection
of Rhodnius prolixus. Identification and molecular characterization of PBPs from multiple
insect species, such as Cydia pomonella [100], Chilo suppressalis [102], Loxostege sticticalis [103],
and Conogethes pinicolalis [104] have been reported in recent years. PBP1 from S. exigua [105]
and Cyrtotrachelus buqueti [106] can also bind to plant volatile compounds, such as ben-
zaldehyde, linalool, indole, and other carboxylic acids, in addition to pheromone molecules.
Also, a dual role of the GmolOBP7 from the oriental fruit moth G. molesta in the detection
of both sex pheromone components and host plant volatiles has been disclosed [107].

An insect’s age and the physiological state also affect its responsiveness to sex
pheromones and other host plant volatiles. A very good example is the mating-dependent
olfactory plasticity exhibited by Agrotis ipsilon males. The male copulates only once in a
scotophase and results in a temporary inhibition of attraction to the sex pheromone [108],
but in turn has no effect in their response to plant odors. This olfactory plasticity allows
mated A. ipsilon males to transiently block their central responses to pheromones after
mating. This leads to an increased non-pheromonal odor detection allowing more efficient
finding of food sources in a natural environment [108]. Kromann et al. [109] studied this
olfactory plasticity in Spodoptera littoralis and showed that newly mated males stopped
responding to pheromones and host odors but not to food odors. In addition, Hatano
et al. [110] showed that (E)-4,8-dimethyl-1,3,7-nonatriene (DMNT), a key cotton volatile
compound used by natural enemies in finding prey, is used by females and males of S.
littoralis to avoid induced plant sites and calling females, respectively. This chemical sup-
pressed responses to the main pheromone component, (Z,E)-9,11-tetradecadienyl acetate,
and to (Z)-3-hexenyl acetate, a host plant attractant. In neurophysiological experiments, the
compound interfered with host plant and mate location through suppression of olfactory
signaling pathways. Using Ca2+ imaging, the authors demonstrated that the major compo-
nent of the pheromone elicited calcium responses in the cumulus, the largest glomerulus
of the MGC, but addition of DMNT suppressed them [110]. As DMNT attracts natural
enemies and deters herbivores, it may be useful in the development of push-pull strategies.

Jarriault et al. [111] found that the sensitivity of antennal lobe neurons to pheromones
increases with age and is dependent on the level of octopamine and juvenile hormone (JH)
in A. ipsilon, but posterior studies by these authors indicated that it is not mediated by
octopamine or serotonin [112]. Follow-up studies by Deisig et al. [113] revealed that in A.
ipsilon plant odors, such as heptanal, reduce pheromone sensitivity at the macroglomerular
complex (MGC) level, resulting in an improved temporal resolution of pheromone pulses
by antennal lobe (AL) output neurons [114]. In addition, heptanal activated the special-
ist olfactory receptor neuron (ORN) for (Z)-7-dodecenyl acetate, one of the pheromone
components, and altered the ratio responses of pheromone-sensitive neurons [115]. In
another noctuid moth, H. armigera, Ian et al. [116] used calcium imaging to reveal a reduced
increase of intracellular calcium levels when stimulated with a blend of sex pheromone
and complex plant odors as compared to individual odor application. Recent studies by
Borrero-Echeverry et al. [117] reported that host plant volatiles enhance the selectivity for
conspecific pheromone blends in the noctuid moth S. littoralis, and provided evidence for
the evolution of pheromone specificity within a host plant odor environment, although the
neural mechanisms are unknown. Other studies have reported that interactions between
sex pheromone compounds and some plant-derived signals occur in olfactory receptor
neurons (ORNs) [118,119].

Recent studies have shown a significant interest in understanding the neurophys-
iological mechanisms that regulate the interaction between female sex pheromone and
behaviorally active host plant odorants by using functional imaging of the antennal lobe
(AL) and intracellular recordings (IRs) of projection neurons (PNs) that transmit olfactory
signals to higher centers of insect brain [120]. Galizia et al. [121] reported the specific role of
the macroglomerular complex (MGC) in pheromone coding, and how the sexually isomor-
phic, ordinary glomeruli codes for plant volatile information. The olfactory coding of sex
pheromones and general plant odors are supposed to occur in these different pathways of
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the olfactory system of insects. However, studies by Varela et al. [122] and Trona et al. [123]
revealed some interesting observations on the processing of sex pheromones and general
odorants by moths in the Tortricid family. Varela et al. reported that in Grapholita molesta
the processing of sex pheromones occurs in olfactory glomeruli (OG) rather than in the
macroglomerular complex (MGC), whereas in C. pomonella no clear segregation between
the pheromone and the general odor were observed. Both odor classes were represented
in the MGC and in OG [123] and were correlated with behavioral responses [120]. In the
codling moth C. pomonella, it was noticed that the macroglomerular complex (MGC) in the
antennal lobe (AL), involved in pheromone perception, showed an enhanced response to
blends of pheromone and plant signals, whereas the response in glomeruli surrounding
the MGC was suppressed [123]. This effect implied a higher attraction of males to blends of
female sex pheromone and plant odor compared with single compounds. These findings
show that, in nature, sex pheromone and plant odors are perceived as an ensemble, and
mating and habitat cues are coded as blends in the MGC of the AL highlighting the dual
role of plant signals in habitat selection and in premating sexual communication [120].
Very recently, reviews on the plasticity and modulation of olfactory circuits of insects in a
complex environment with different odorants and pheromones, and new neuroecological
studies directed to understand the evolution of insect sensory systems, have been pub-
lished [124,125]. These studies could eventually provide us with potential tools to protect
endangered species and reduce the risk for the invasion of alien species.

Research studies have also reported the effects of sex-pheromone exposure on non-
sexual behaviors, such as gustatory perception and habituation (a non-associative learn-
ing) in male A. ipsilon moths. Hostachy et al. [12] used proboscis extension response
(PER) assay to investigate the links between reproduction and gustation in A. ipsilon by
assessing whether their sex-pheromone can modulate sucrose responsiveness and gus-
tatory habituation. Experiments showed that the conspecific sex-pheromone (blend of
Z7-dodecenyl-acetate, Z9-tetradecenyl-acetate, and Z11-hexadecenyl-acetate in 4:1:4 ratio)
and the hetero-specific sex pheromone (Z5-decenyl acetate) had time-dependent effects on
gustatory habituation of A. ipsilon moths. This study showed that the sex pheromones can
play modulatory roles in gustatory perception in non-social insects, such as moths, and
may affect their behavioral plasticity. Follow up studies by Murmu et al. [126] showed that
pheromones facilitated both appetitive and aversive olfactory learning in A. ipsilon moths.
The exposure to the A. ipsilon conspecific sex-pheromone before conditioning enhanced
appetitive but not aversive learning, while exposure to a heterospecific sex-pheromone
component facilitated aversive but not appetitive learning. These modulatory effects
of sex pheromones on insects’ learning and memory may have practical applications in
developing specific traps that uses attractants or deterrents for pest control.

4. Evolutionary Aspects of Olfactory Receptors

Insects detect odorants through olfactory sensory neurons (OSNs), housed within
the olfactory sensilla located in the surface of the antennae and maxillary pals [73] The
olfactory capacities of an insect depend essentially on the repertoire of expressed olfactory
receptor (OR) genes and the functional properties of OR proteins (OBPs), their sensitivity
and their variety of responses. These two large gene families, the OBPs and the ORs,
are presumably exclusive to insects but when they first appeared in the insect lineage
remains to be determined [127]. The ORs form a large and highly divergent gene family,
which shows no homology to the OR families of vertebrates. In contrast to the ORs of
vertebrates, insect ORs form heteromeric complexes that are typically composed of a single
ligand OR and the OR corecepotor ORCO [128]. Many OR repertoires have been identified
and unique lineage-specific expansions of OR clades have been observed in different
insect orders. This suggests that in each order ORs have followed different evolutionary
trajectories as insects have adapted to new ecological niches [127]. This adaptation has
been studied through the ORs repertoires from the Diptera D. melanogaster [129] and the
malaria vector mosquito Anopheles gambiae [86], which have demonstrated that the ORs
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repertoires have been specialized in the detection of ecologically relevant natural products.
Apart from Diptera, no other OR repertoire has been functionally characterized. However,
De Fouchier et al. [127] have reported a functional analysis of a large array of ORs from the
cotton leafworm S. littoralis, from which the antennal transcriptome had been previously
sequenced [130]. A total of 35 candidate S. littoralis receptors (SlitORs) were expressed in
Drosophila OSNs and identified SlitORs tuned to a variety of odorant molecules, which had
been previously shown to be physiologically or behaviorally active in this species [127].
These include host plant and herbivore-induced volatiles, oviposition cues, larval frass
volatiles, and pheromone components. The authors reported that receptors have now been
deorphanized in 13 different clades of the lepidopteran OR phylogeny, including previous
results obtained from B. mori, Epiphyas postvittana, and S. exigua, among other moths. A
number of deorphanized receptors had aromatic compounds as their best ligand whereas
others were best activated by terpenes and in a lower extent by aliphatic chemicals. Overall
and from an evolutionary perspective, the results suggest that receptors to aromatics
emerged first and have been more conserved during the evolution of Lepidoptera, whereas
receptors to terpenes and the aliphatic compounds emerged more recently and evolved
faster (especially aliphatic receptors, which include pheromone receptors) [127]. These
properties correlate well with the ecological needs of herbivorous and nectar-feeding
insects, such as moths, since aromatics and monoterpenes are the major constituents of
plant odors emitted by flowers and leaves. Sex pheromone receptors and a large part of
ORs tuned to terpenes and short chain acetates appear to belong to later lineages with a
higher rate of evolution.

5. Sex Pheromone Autodetection

The phenomenon of a sex pheromone producer insect capable of detecting its con-
specific sex pheromone components is termed autodetection [131]. One of the first cases
recorded on autodetection was reported by Schneider et al. [132] in which electroantenno-
graphic responses to both pheromone components released by females of Panaxia quadripunc-
taria Poda (Lepidoptera, Arctiidae) were equally detected and with similar amplitude by
both sexes. It revealed that not only males could detect the female-produced pheromones,
but females were not ‘anosmic’ (unable to detect their conspecific sex pheromone) for their
own attractant. In some cases, the pheromone only attracts males, thus acting as a sex
pheromone, but may induce other behavioral effects on females, e.g., a repellent effect, an
advance or delay in calling initiation, or an increase in calling frequency, among others [133].
Sex pheromones are secreted by one sex and cause an intraspecific attractant response and
mating in individuals of the opposite sex, but in some rare cases, the pheromone attracts
both sexes, functioning more like an aggregation pheromone. The aggregation pheromones
are emitted by insects of one sex and cause individuals of both sexes to join for feeding
and reproduction. In sex pheromone autodetection, female aggregation may increase the
possibilities of mating success or induce dispersal at high population levels.

Until 2015, most of the autodetection studies were focused on Lepidoptera and
Coleoptera, of which 28 cases (67%) involved species in the order Lepidoptera, 12 (29%)
in the Coleoptera, one (2%) in the Blattodea, and one (2%) in the Diptera [133]. Among
Lepidoptera, responses of 7 families (Tortricidae, Noctuidae, Arctiidae, Cossidae, Sesiidae,
Yponomeuta, and Pyralidae) out 11 families were detected positive to their sex pheromone
by Electroantennography (EAG) and Single Sensillum Recording (SSR) of female antennae,
in at least one species within a given family, and only the Saturniidae, Bombycidae, and
Geometridae lepidopteran families showed no response to their pheromones.

Bakthavatsalam and coworkers [134] also proved that gravid females of H. armigera
(Hubner) respond to their pheromone blend (mixture of (Z)-11-hexadecenal and (Z)-9-
hexadecenal in 97:3 ratio) eliciting stronger responses than unmated males. However,
virgin or gravid females showed poor response in wind-tunnel studies, and an oviposition
bioassay where gravid females were allowed to oviposit in the presence and absence of
pheromone odors indicated that there was no difference in the number of eggs laid. Al-
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though morphological differences in antennal size and complexity might correlate with
differential pheromone detection ability between sexes in some families, such as Saturni-
idae, many other families such as Tortricidae and Noctuidae were not morphologically
different [117]. Moreover, comparing studies of antennae morphology and pheromone
sensitivity among various types of sensilla confirmed that sex pheromone detection is not
directly related with the gross morphology of antennae [135]. The proteins of PBPs and PRs
are crucial in pheromone detection. At least one species in each of the 9 Lepidoptera and
Coleoptera families tested contained these proteins (or precursors) [133]. In comparison to
males, female antennae exhibited dramatically fewer PBPs and PRs.

Contradictory results were reported in the autodetection of G. molesta females. Kuhns
et al. [136] found lower mating success after exposure to pheromone but not in calling
behavior, while Stelinski et al. [137] reported no effect of pheromone pre-exposure on
mating success. Also, Stelinski and coworkers [138] previously reported that females
elicited significantly higher EAG responses than solvent-treated controls as well as an
advance of the onset of female calling. These contradictory results from two different
studies on the same insect highlight variations in behavioral responses, depending possibly
on the assay conditions.

As the first report of an insect of the family Gelechiidae exhibiting autodetection, the
tomato leafminer Tuta absoluta Meyrick (Lepidoptera: Gelechiidae) females exhibited elec-
trophysiological responses to their own pheromone. However, the elicited EAG responses
were much lower than those induced by males [139]. The depolarizations displayed by vir-
gin females when stimulated with the binary mixture were significantly higher than those
displayed by mated females, although detection of the individual pheromone compounds
was generally higher in mated females but not significantly.

A new example of autodetection was found recently in female Contarinia nasturtii
(Diptera: Cecidomyiidae) 140]. It represents a second family of Diptera exhibiting a case
of pheromone autodetection. In both laboratory and field experiments, females exposed
to stereospecific and racemic three-component pheromone blends called more frequently
and for longer periods than midges in control treatments. Additionally, pre-exposure to
stereospecific and racemic pheromone component blends reduced subsequent matings on
females (42% and 35%, respectively) vs. 68% of female midges mated under control condi-
tions. The authors concluded that in pheromone-treated fields while more frequent callings
may increase the probability of females being detected by males, a reduction in females
predisposition to mate would enhance the efficacy of mating disruption experiments [140].

Although the combined ecological and molecular data available suggested that sex
pheromones had been detected only in adult moths, Poivet et al. [141] provided a strong
evidence that caterpillars can detect and be attracted by the adult sex pheromone of S.
littoralis. The authors showed that larvae walk towards a sex pheromone source, since their
antennae house olfactory receptor neurons (ORNs) that respond to the pheromone and
express the PBPs already identified in adults. Moreover, the larvae significantly preferred
a food source with the major pheromone component to other lacking the chemical. This
unexpected larval behavior may open new expectations in pest control strategies [141]. The
responses of olfactory sensilla on the larval antennae of Heliothis virescens to specific sex
pheromone components were also later reported by single sensillum recordings (SSRs) [142].
Two pheromone receptors HR6 and HR13 were found to be expressed in two and three
candidate pheromone response cells, respectively, and other cells expressed PBP1 and
PBP2. The results suggested that the responsiveness of larval sensilla to the female sex
pheromone is based on similar molecular machinery as in adult male antennae.

As noticed above, the behaviors of autodetection are diverse, and some are even
contradictory, such as repelling/attraction or dispersal/aggregation. This suggests that
a complete understanding of the autodetection behavior of a species is necessary before
applying sex pheromone traps in monitoring insect pest populations and mating disrup-
tion strategies.
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6. Resistance of Insects to Sex Pheromones

To date, there are only a few reports on the development of resistance of insects to sex
pheromones. The first report on the potential for evolution of resistance to pheromones was
described for the pink bollworm moth, P. gossypiella (Saunders) (Lepidoptera: Gelechiidae)
by Haynes and coworkers [143]. After an extensive examination of the release rates and
blend ratios of pheromonal components emitted by field-collected P. gossypiella females, the
authors found no evidence of resistance to pheromones applied to cotton fields to disrupt
mating. Haynes et al. [143] theorized that while resistance to the P. gosspiella pheromone is
still an opportunity when used profoundly in managing insect pests as a mating disruptant,
there are modern alternative IPM options to prevent the development of resistance to sex
pheromones. On the other hand, since mating disruption using synthetic pheromones did
not cause any insect mortality, resistance was not likely to emerge. Haynes and Baker [144]
stated that a slight change in pheromone emission in insects would represent effective
resistance to disruptant pheromones. They found that female P. gossypiella from the desert
cotton-growing areas of southern California emitted a significantly higher pheromone
(20%) in 1984 and 1985 than in 1982 and 1983. They hypothesized that this upsurge could
result from selection pressure provided by the continuous application of mating disruptants
for population control. However, for blend quality [145] and mating disruption (MD) [146],
higher quantity of pheromones have been used than the previous studies.

Evenden and Haynes [147] suggested that MD experiments using the same pheromone
blend along the years might affect certain pheromone phenotypes, and therefore modify the
chemical communication channels of the insect. This could lead to generation of resistance
to MD. In contrast, other authors reported that resistance to MD may be a function of
a genetically-based change in the output and reaction to pheromone components of the
target pest [148,149].

The first example of resistance to MD was documented on one of Japan’s major tea
pests, the smaller tea leafroller moth, Adoxophyes honmai Yasuda (Lepidoptera: Tortrici-
dae) [150]. The authors noticed that using (Z)-11-tetradecenyl acetate as mating disruptant
for four years induced a disruption percentage of pheromone trap catches of 96%, but
14–16 years later the percentage of catches became less than 50%. Moreover, the application
of the compound to other previously untreated tea fields induced a disruption higher
than 99%. These results brought the authors to term “resistance” of the leafroller to (Z)-
11-tetradecenyl acetate. In new experiments, application of the 4-component pheromone
blend of the insect (63:31:4:2 mixture of (Z)-9-tetradecenyl acetate, (Z)-11-tetradecenyl
acetate, (E)-11-tetradecenyl acetate, and 10-methyldodecyl acetate) to disrupt the resistant
population induced a 99% disruption and a decrease in larval development [150]. More-
over, resistant males supposedly utilize the widespread odor of (Z)-11-tetradecenyl acetate
released from MD devices installed in the tea canopy for orientation, while they trace a
directional plume of (Z)-9-tetradecenyl acetate emitted from the lure [151].

Tabata et al. [152] noticed that resistant males were attracted to lures with significantly
deviated ratios of the pheromone components: 72% responded to the mixture lacking (Z)-
11-tetradecenyl acetate, which is indispensable for the response behavior of the susceptible
males. To avoid this resistance, the authors developed a new strain of resistant insects
by rearing field-collected resistant individuals with the pheromone for more than 70
generations [153]. The new males could respond and copulate with their conspecifics even
in the presence of 1 mg L−1 of the disruptant. In addition, the composition of the sex
pheromone blend produced and emitted by females was not changed compared with those
of females sensitive to MD.

The continuous exposure or pre-exposure to high concentrations of sex pheromone as
in mating disruption experiments can elicit habituation or desensitization [154]. This mech-
anism implies a reduction of response when pest species are treated with species-specific
dispensers [155]. Adaptation of the peripheral neurons system to the sex pheromone has
been shown to occur in most moths, but not in all cases where it has been examined, includ-
ing G. molesta [154], C. pomonella [156], or E. postvittana [157]. In an interesting work, the
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possible different effects of behavioral interference with high pheromone loadings on four
orders of pest insects were studied [157]. The tests were implemented on the light brown
apple moth, E. postvittana (Lepidoptera: Tortricidae), the citrophilous mealybug, Pseudo-
coccus calceolariae (Homoptera: Pseudococcidae), the apple leaf curling midge, Dasineura
mali (Diptera: Cecidomyiidae), and the Argentine ant, Linepithema humile (Hymenoptera:
Formicidae). Only in the tortricid moth, pre-exposure of male moths to the main sex
pheromone, (E)-11-tetradecenyl acetate, significantly reduced their subsequent behavioral
responses to the pheromone stimulus compared with the untreated insects, like in usual
habituation experiments on pheromone pre-exposure [158]. The insects in the three other
orders showed no evidence for habituation to behaviorally active amounts of synthetic
pheromone. The authors concluded that the range of mechanisms opened to use in pest
management for the three order insects is potentially reduced, and at the same time it raises
questions about the adaptive benefit of habituation in Lepidoptera [157].

7. Application of Insect Sex Pheromones

Many of the conventional methods using hazardous chemicals for insect pest manage-
ment have been banned because of their adverse effect on the environment and human
health. To overcome the negative effect of synthetic chemicals, many researchers have
emphasized the need to develop and formulate eco-friendly and more specific agricultural
practices for IPM [159]. The specific characteristics of insect pheromones determine their
potential uses as environmental-friendly behavioral regulators in agriculture. On one
hand, sex pheromones are species specific compounds with a potential use in population
monitoring and mass trapping; on the other hand, pheromones are chemical messengers
between the male and female adults of an insect species, with which one sex communicates
their sex partners the predisposition and willingness to mating, pointing to a potential use
in mating disruption. As early as in the 1970–80s, research studies were undertaken to
confirm the possible practical application of pheromones in pest populations monitoring,
mass trapping, mating disruption and push-pull strategies [7,9–11].

7.1. Interactions between Pheromones and Insects Biological Control Agents

The review article by Sharma et al. [160] has covered the most recent literature on the
interactions between insect biological control agents and semiochemicals (predominantly
pheromones). Therefore, we will discuss the work done in the last two years.

7.1.1. Pheromones vs Entomopathogenic Fungi

It is believed that entomopathogenic fungi act slowly and take time to cause mortality
in insects. On the other hand, the combined use of entomopathogenic fungi with chemi-
cal insecticides [161] or other entomopathogenic fungi [162] improves microbial control
agents’ efficacy. In the same approach, entomopathogenic fungi and pheromones can be
used to increase the effectiveness (additive or synergistic) against the target insects. Thus,
the simultaneous application of Metarhizium anisopliae var. acridum and the aggregation
pheromone phenylacetonitrile to Schistocerca gregaria Forsskål (Orthoptera: Acrididae)
fifth-instar nymphs exhibited an additive interaction [163]. Synergistic interaction was
also demonstrated when nymphs were exposed to pheromone first and then treated with
M. anisopliae var. acridum. Thus, Gutiérrez-Cárdenas et al. [164] disclosed the potential
of entomopathogenic fungi for the management of adults of Spodoptera frugiperda using
the auto-dissemination technique. Three isolates of Beauveria bassiana (Balsamo-Crivelli)
Vuillemin and six isolates of Metarhizium anisopliae (Metschnikoff) (Hypocreales: Clavicipi-
taceae) were reported to be pathogenic to the insect, and the isolate M. anisopliae Ma-San
Rafel-2 was used for auto-dissemination. The fungus and the synthetic sex pheromone
attracted, infected, and killed males 5–8 days after dissemination, paving the way for the
potential management of S. frugiperda [164]. In the same way, Akutse et al. [165] evaluated
the effect of 22 entomopathogenic fungi isolates on the fall armyworm S. frugiperda, and
their compatibility with the pheromone FALLTRACK lure. All fungal isolates screened
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were pathogenic to the moths, particularly Beauveria bassiana ICIPE 621 and M. anisopliae
ICIPE 7, which caused 100% mortality of the moths. Both isolates were also found com-
patible with FALLTRACT lure, as the lure did not affect the conidial germination in the
laboratory [165]. These results suggest that ICIPE 7 and ICIPE 621 could be used com-
bined with S. frugiperda pheromone as an “attract and infect” strategy for sustainable
management of the fall armyworm. Also, Akutse et al. [166] observed high efficacy of M.
anisopliae isolates ICIPE 18, ICIPE 20, and ICIPE 665 against both adult and fourth instar
larvae of the tomato pest T. absoluta, when used in combination with the Tuta pheromone,
TUA-Optima®, for mass trapping and auto-dissemination. The results suggest them as
promising and appropriate applicants as fungal-based biopesticides against T. absoluta and
other solanaceous pests.

7.1.2. Pheromones and Bacteria

Only a few new studies are available on pheromones and bacteria’s combined use
against crop insect pests. For example, Sammani et al. [167] studied the effects of the
sex pheromone components (Z,E)-9,12-tetradecadienyl acetate and (Z)-9-tetradecen-1-yl
acetate of Cadra cautella (Walker) (Lepidoptera: Pyralidae) in the presence of botanical oils
on insect mating, and the burrowing ability of C. cautella larvae in different types of flour
treated with spinosad (Saccharopolyspora spinosa), a bacterial organism isolated from soil.
The mating success was higher with botanical oils alone but declined with pheromone
exposure either alone or combined with botanical oils [167]. These studies indicated that
the mating and burrowing of C. cautella is influenced by its pheromone and by exposure to
botanicals and spinosad.

For the first time, Ren et al. [168] highlighted the influence of microbial symbionts on
insect pheromones and provide an example of direct bacterial production of pheromones
in insects. The authors used Bactrocera dorsalis (Hendel) (Diptera: Tephritidae) as a model
system and demonstrated that Bacillus sp. in the rectum of male B. dorsalis plays a pivotal
role in sex pheromones production. They also showed that 2,3,5-trimethylpyrazine and
2,3,5,6-tetramethylpyrazine are sex pheromones produced in the male rectum.

7.2. Monitoring

One of the most widespread and successful applications of sex pheromones is in
the detection and monitoring of pest populations [11]. Monitoring systems are based on
the relationship between trap captures and the pest population or damage induced by
the pest species. The number of male catches is used to establish thresholds for making
decisions on when it is advisable to take treatment actions. Sex pheromones are very useful
for evaluating trap catches because they are highly sensitive when detecting low insect
population levels and are species-specific. These features also allow for the detection and
survey of invasive species, and permit growers to perform timely insecticidal applications,
thereby reducing economic and environmental costs [2].

Factors including trap design (e.g., type, color, height), trap location, type of dispenser,
pheromone dose and purity, and environmental conditions during the trapping period can
influence male catches by pheromone-baited traps [169–172]. In addition, it is essential to
have a good knowledge of the pest biology and geographical distribution of the pest [11].
For monitoring, pheromone traps are now available for a wide range of insect pests, mostly
Lepidoptera, although some are also for Coleoptera and Diptera. Some examples of using
sex pheromones for monitoring Lepidoptera and Coleoptera follow.

For monitoring Coleophora deauratella Leinig and Zeller (Lepidoptera: Coleophori-
dae), an invasive pest of the red clover in Canada, field experiments were conducted
to optimize several pheromone-baited trap features [169]. The type of substrate used to
release the pheromone and lure age did not affect trap catches. However, moth capture in
non-saturating green Unitraps was significantly higher than other traps and the authors
recommended their use with either gray or red rubber septa lures.
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In studies directed to monitor the presence of the banana root borer Cosmopolites
sordidus (Germar) (Coleoptera: Curculionidae) in banana plantations of the island of Guam
(USA), the male-produced aggregation pheromone (sordidin) was deployed in lure packs
containing 90 mg of pheromone [170]. Ground traps were found to be superior to ramp
and pitfall traps, and brown traps were more attractive to insects than other colored traps.
In addition, ground traps located in the shade of the canopy were more effective than those
placed in sunlight.

To optimize the monitoring of the sweetpotato weevil, Cylas formicarius (Fabricius)
(Coleoptera: Brentidae) with the sex pheromone (Z)-3-dodecenyl-(E)-2-butenoate, several
parameters affecting trap catches were evaluated [171]. Each lure contained 10 mg of
pheromone and emitted the active ingredient at <0.01 mg/day. Pherocon unitraps caught
higher numbers of males than ground, funnel water, and delta traps, with medium-sized
traps being the most effective. The weevil preferred red over other colors, particularly light
red. For optimum catches, traps should be positioned 50 cm above the crop canopy [171].

In monitoring studies of the pea leaf weevil, Sitona lineatus (L.) (Coleoptera: Cur-
culionidae), several factors that potentially could affect capture rates of pheromone-baited
traps were considered [172]. Lures contained 10 mg of pheromone and emitted the active
ingredient at 0.1 mg/day. Pheromone-baited pitfall and ramp traps caught significantly
more adults than ground and delta traps and pitfall traps containing gray rubber septa
captured more adults than traps baited with membrane formulations.

In a dose-response field test for monitoring the processionary moth T. pityocampa
(Denis and Schiffermüller) (Lepidoptera: Thaumetopoeidae), the number of male captures
increased significantly with the dosage of the pheromone to a plateau at ca. 10 mg [173,174].
Among several trap designs, plate sticky traps showed the highest trapping efficiency and
the mean trap captures correlated well with the nest density. The utilization of four plate
sticky traps containing 0.2 mg of pityolure proved to be a cost-effective tool for monitoring
population densities of the pest [174].

Recently, we have investigated the effects of air flow on the host location of adults of
citrus psyllid, Diaphorina citri, and the trapping efficiency of perforated yellow trapping
plate (Zeng, unpublished). It was found that the airflow influenced the movement of
psyllid adults and the catching rate of the trap. The catching number with the perforated
yellow plate was 45.41%, significantly higher than that of the non-perforated yellow trap
plate (21.67%). These results indicated that it is important to use an air-flowable trap device
baited with sex pheromones for the monitoring of certain species of insect pests.

7.3. Mass Trapping

Mass trapping is a direct control strategy that uses a large number of pheromone
traps to reduce the population density of the target species and/or pest damage [175,176].
Compared to mating disruption, mass trapping is more efficient when both control methods
have an equal number of pheromone sources [177]. This is because mating disruption
only delays the searching sex, whereas traps delay them indefinitely. Mass trapping has
been particularly successful in controlling large weevils in tropical crops, such as oil palms,
palmito palms, plantains, and bananas. The key biological factors for success appear to
be the relatively long life and slow reproductive rate of the weevils, and the fact that the
aggregation pheromones attract both sexes. In the case of sex pheromones that only attract
one sex, mass trapping is generally less effective despite some larger projects collecting
billions of individuals [177]. Several factors, such as trap design and density, population
level, biology of the target pest, isolation, and risk of immigration can influence the success
of the application [10,175,178]. The pheromone composition of the target pest and the
cost for its production may be also crucial for an economically feasible control by mass
trapping. This is the case of the economically important click beetle Melanotus communis
Gyllenhal (Coleoptera: Elateridae) whose female-produced pheromone is a single, readily
synthesized chemical, 13-tetradecenyl acetate [179]. In addition, the cost of traps and the
manual labor required to deploy them should be economically competitive to other control
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methods. Another factor that can affect the feasibility of mass trapping is the need for using
a large quantity of pheromone that may not be cost-effective. Traps must catch 80–95% of
the males to effectively reduce population [180].

Mass trapping has been mainly used against the following pests: C. pomonella (L.),
Zeuzera pyrina (L.), and Cossus cossus (L.) in orchards; S. littoralis (Boisduval) and P. gossipiella
(Saunders) in cotton and oilseed; bark beetles; palm weevils; corn rootworms; Ephestia
spp. and Plodia interpunctella (Hb.) in stored products and food industries; or the gypsy
moth Lymantria dispar (L.), and boll weevil Anthonomus grandis (Boheman) as invasive
species [10,178,180].

Mass trapping of T. absoluta Meyrick (Lepidoptera: Gelechiidae), a major threat of
tomato worldwide, has been implemented using homemade traps (translucent plastic
cylinders) or water traps lured with a sex pheromone dispenser [181,182]. The traps are
most effective when placed near ground level and, ideally, they should be loaded with
0.5 mg of pheromone. The use of 48 traps/ha reduced leaf damage more efficiently than
conventional insecticide treatment.

Mass trapping of C. sordidus (Germar) (Coleoptera: Curculionidae) with pheromone-
baited pitfall traps and Metamasius hemipterus (Coleoptera: Curculionidae) with pheromone-
sugarcane-baited traps were conducted in commercial banana plots [183]. Capture rates of
C. sordidus and M. hemipterus declined by >75 % and corn damage decreased by 61–64% in
trapping plots. In addition, banana bunch weights increased 23% relative to control plots.
The authors estimated that the increase in the yield value obtained was about USD $4240
per year per hectare, while the cost of the experiment was approximately USD $185 per
year per hectare [183].

Control of the processionary moth by mass trapping has been pursued over the
years due to the economic impact of the moth on pine forests and woodlands. In 2015,
Martin [184] reported that a minimum of 4 funnel traps baited with 1 mg of the pheromone
(Z)-13-hexadecen-11-ynyl acetate was necessary to be effective in a small site and 6 traps
per hectare in large sites. These results were consistent with those obtained by Trematerra
et al. [185] in central Italy, who reported a reduction of 53% and 79% of adults caught in 2016
and 2017 in the mass trapping parcel in comparison to the control parcel. Consequently,
the average number of winter nests per tree in the trapping parcel was reduced by 88%
after one year and 94% after two years, when compared to the nest reduction of 43% and
80% observed in the control parcel.

7.4. Mating Disruption

Mating disruption (MD) is a strategy based on the permeation of the crop with
synthetic sex pheromone to disrupt chemical communication between sexes and, thus,
preventing mating. To date, MD is the most developed pheromone-based technology for
the direct control of moth pests [186]. The species-specificity and low toxicity of pheromone
applications have led to consider MD a reliable tool for use in area-wide programs to control
insect pests and manage invasive species. Microencapsulation, hand application, aerial
dispensers, and matrix formulations (SPLAT, Specialized Pheromone and Lure Application
Technology), have been used for pheromone emission [34]. Ideally, the dispensers should
release pheromones at a constant rate, should be mechanically applicable, completely
biodegradable, and made from renewable and cheap organic materials, be economically
cheap, and eco-toxicologically inert [187]. The application of this technology has increased
almost exponentially in the last 30 years, and it was calculated that the surface of crops
being controlled for specific pests amounted to 770,000 ha in 2010 [11,188].

The most successful cases of pest control by MD are the gypsy moth L. dispar [186]; the
codling moth C. pomonella [189]; the grapevine moth Lobesia botrana [190]; the oriental fruit
moth G. molesta (Busck) [191]; the raisin moth E. cautella (Walker), the Mediterranean flour
moth Ephestia kuehniella Zeller, and the Indian meal moth P. interpunctella (Hübner) [192],
and the carpenter moth Cossus insularis (Staudinger) (Lepidoptera: Cossidae) [193].
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MD has also been helpful to control plant-feeding midges that cause important crop
losses in forestry and horticultural and fruit crops [2]. For instance, application of the
pheromone of the swede midge Contarinia nasturtii Kieffer (Diptera: Cecidomyiidae) on
fields of Brussels sprouts, broccoli, and cauliflower resulted in a 59–91% reduction in
damage [2]. More recently, Hodgdon and coworkers [140] tested in the laboratory and
in the field whether exposure to synthetic pheromone influenced female calling and the
subsequent propensity to mate. In some species, females possess pheromone receptors and
autodetection of their own pheromones induce them to alter their mating behavior (see Sex
pheromone autodetection above). This was the case for the swede midge; while 68% of
female midges mated under control conditions only 42% and 35% of females mated when
pre-exposed to stereospecific and racemic three-component blends, respectively [140].

MD on tomato greenhouses has been implemented for control of T. absoluta. The use
of 30 g/ha of pheromone can be sufficiently effective in high-containment glasshouses,
with façades closed by insect-proof nets, to control the moth populations for 4 months
and reduce the percentage of damaged fruits, but not in the open field or unscreened
greenhouses [194,195]. The insects’ ability to undergo parthenogenesis or multiple matings
stresses that immigration of mated females into greenhouses should be prevented in order
to improve effectiveness of MD.

The sex pheromone of the European grape vine moth L. botrana in Ecoflex fibers, a
cheap organic co-polyester and completely biodegradable within half a year, has been tested
in MD experiments in Southwest Germany with promising results [187]. After 7 weeks of
treatment, disruption effects of ca. 95% were obtained. The use of suitable mesofibers is
protected by European and US patents. In this line, the authors later developed Electrospun
mesofibers, novel biodegradable pheromone dispensers with diameters ranging from 0.6
to 3.5 µm. The dispensers are biodegradable and harmless to non-target organisms [196].
More recently, Luchi and coworkers [197] evaluated the efficacy of the MD products
Isonet® L TT and the biodegradable Isonet® L TT BIO in reducing L. botrana damage on
grapevine. Experiments were conducted in Central and Northern Italy over three years.
The trials allowed a reliable control of the three generations of L. botrana during the whole
grape-growing season.

A MD approach using pheromone puffer dispensers were considered to control C.
deauratella at three red clover seed production fields in Alberta, Canada [198]. In all plots,
aerosol-emitting pheromone puffers were able to reduce male C. deauratella orientation
to traps by 60.7% to 93.7% compared with control plots. However, there was no corre-
sponding decrease in larval numbers or increase in seed yield. Important challenges of this
experimentation appeared to be the immigration of mated females and high population
densities [198].

Univoltine species, like the processionary moth, might be ideal for MD since a sin-
gle annual application might lead to population suppression without need for another
application. However, the timing of application is always critical. In MD trials conducted
in Aosta Valley (NW Italy) in 2016–2017, the number of males collected was significantly
lower in the plots where MD was performed in comparison to control plots [199]. In
addition, the total number of nests recorded per tree was significantly lower in MD plots.
The technique appears to be the most appropriate control strategy for the processionary
moth, and address that repeated annual applications of MD could dramatically reduce
population densities below the economic injury level [199].

7.5. Push-Pull Strategy

The push-pull strategy, the simultaneous use of an attractant and repellent stimulus
to divert pests, is an increasingly employed sustainable alternative to traditional pesticides.
This strategy aims at reducing crop injury by modifying pest distribution using repellent
stimuli to ‘push’ the insect pest away from the crop, and at the same time attractant stimuli
to ‘pull’ the pest to other areas out of the crop. The development of push-pull strategies
has been mainly directed to agricultural systems to manage insecticide resistance threats
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or diminish the use of insecticides. This strategy requires knowledge of insect biology,
chemical ecology, and interaction between host plants and natural enemies [200]. Although
there is a large variety of ‘push’ and ‘pull’ components, such as synthetic repellents, host-
and non-host volatiles, host-derived semiochemicals, antifeedants, oviposition stimulants,
and oviposition deterrents, among others, we will concentrate only on those strategies
dealing with sex pheromones.

Sex pheromones can contribute in push-pull experiments to establish the timing
of introduction of the stimuli and other population-decreasing actions [200]. Sex and
aggregation pheromones attraction to herbivores can be reinforced by the synergistic action
of host plant volatiles [201,202]. In push-pull trials against aphids, nepetalactone, one of
the aphid sex pheromone component, and (Z)-jasmone a host-plant volatile that attracts
aphid parasitoids, may be used to pull parasitoids into the crop [203]. In addition, the
parasitoids can be pushed to the field from nearby locations by the action of tricosane and
pentacosane, the lady beetle pheromone [204].

In a three years experiment in alfalfa fields, slow-release formulations of the aphid
sex pheromone components (4aS,7S,7aR)-nepetalactone and (1R,4aS,7S,7aR)-nepetalactol
significantly decreased population of the pea aphid, Acyrthosiphon pisum Harris [205]. At the
same time, parasitism by the aphid parasitoids Aphidius ervi Haliday and Praon barbatum
Mackauer was significantly increased, while no pheromone effects were detected for
predators. These results show that the aphid sex pheromone can attract aphid parasitoids
and enhance their ability to suppress aphid abundance in the field [205].

8. Conclusions

The excessive use of synthetic chemical insecticides causes pollution, pest resurgence,
and resistance problems. Sex pheromones are natural insect behavior regulators that serve
as suitable chemical agents in sustainable agriculture. They have the advantages over
the hazardous chemicals of not killing the pest, but reducing the number of male adults,
their reproduction rate, and guiding the timely application of insecticides. In the last two
decades, studies have been mainly focused on the identification of new sex pheromones,
characterization of sex pheromone perception mechanisms, and integration of these new
advances in pheromone research to IPM programs. Mating disruption is probably the
semiochemical-based technique most successfully used in IPM [137]. So far, studies on
MD mechanisms have been focused on male moths almost exclusively, but studies on
pheromone autodetection by females have determined that modeling MD mechanisms will
increase in complexity [206]. The actual effects of the different female behaviors on MD
largely remain to be understood, but their knowledge should prove useful for evaluating
the potential of this strategy in pest control. From the molecular point of view, significant
research is being performed on the discovery of new olfactory receptors, pheromone
binding proteins, sensory binding proteins and chemical signal transduction mechanisms
involved in sex pheromone communication. Advances in sequence technologies, genomics
and transcriptomics of insect olfactory system will help develop new technologies for more
sustainable pest management strategies, thereby reducing the use of synthetic insecticides.
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