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We here review pheromone control strategies for species-specific and environmentally safe management of the tomato
leafminer, Tuta absoluta (Lepidoptera: Gelechiidae). This insect pest originates from South America and is now considered
to be one of the most damaging invasive pests of tomatoes in the Mediterranean Basin countries of Europe and North Africa.
After presenting the general principles of sex pheromone-based control strategies, we describe strategies used to control
T. absoluta including pest detection, population monitoring, mass annihilation and mating disruption techniques.
Keywords. Scrobipalpula absoluta, tomatoes, pheromone control, trapping, mating disruption, pheromone traps.

Synthese bibliographique : les stratégies de lutte phéromonale utilisées pour contrdler la mineuse de la tomate, Tuta
absoluta (Lepidoptera : Gelechiidae). Cette synthese bibliographique fait le point sur les stratégies de lutte phéromonale
développées spécifiquement pour lutter contre la mineuse de la tomate, Tuta absoluta (Lepidoptera: Gelechiidae). Ce ravageur
provient d’Amérique du Sud et est actuellement considéré comme un des plus importants ravageurs de tomates dans les
pays européens et nord africains du bassin méditerranéen. Apres avoir présenté les principes généraux des stratégies de lutte
phéromonale, les stratégies utilisées pour controler T. absoluta, comme les techniques de détection de ravageurs, de suivi des
populations, de piégeage de masse et de confusion sexuelle, sont décrites successivement dans cette synthese.

Mots-clés. Scrobipalpula absoluta,tomates, controle phéromonal, piégeage de masse, confusion sexuelle, pieges a phéromones.

1. INTRODUCTION

The tomato leafminer, Tuta absoluta (Meyrick)
(Lepidoptera: Gelechiidae), is a major pest of
processed and fresh tomatoes, both in greenhouses
and open field crops (Desneux et al., 2010). This pest
has spread rapidly since its introduction to Europe
in 2006, and within just a few years its global status
has changed completely, from a South American
tomato pest into a major threat to world tomato
production (Roditakis et al., 2010; Desneux et al.,
2011). Presently, the pest threatens other cultivated
solanaceous plants such as eggplant and potato
(Desneux et al., 2010; Unlu, 2012; Caparros Megido
et al., 2013). Since its introduction in many countries,
chemical sprays have been the main method of
control used against 7. absoluta (Galarza et al., 1984).
However, the efficiency of chemical control of tomato
leafminer infestations has been poor because of (1)
the endophytic habit of its larvae, which are protected

in the leaf mesophyll or inside fruits (Cocco et al.,
2013), and (2) pest resistance against a number of
applied insecticides (Siqueira et al., 2000a; Siqueira
et al., 2000b; Siqueira et al., 2001; Lietti et al., 2005;
Silva et al., 2011; Reyes et al., 2012). In order to
reduce the excessive use of insecticides in tomato
fields, environmentally sound control strategies have
been developed, including cultural control measures
(e.g. crop rotation, selective removal and destruction
of infested plant material) (Korycinska et al., 2009),
the use of natural enemies (parasitoids, predators,
entomopathogens and nematodes) (Desneux et al.,
2010; Urbaneja et al., 2012) and resistant varieties
of tomato (de Oliveira et al., 2012). Additional
alternative control methods, based on the use of the
insect’s sex pheromones, have also been developed
to control 7. absoluta. After presenting the principles
of sexual pheromone-based control strategies, this
review will focus on pheromone control strategies
developed to specifically control the tomato leafminer.
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2. GENERAL PRINCIPLES OF SEX
PHEROMONE-BASED CONTROL
STRATEGIES

Sex pheromones are chemical signals released by an
organism to attract an individual of the same species
of the opposite sex for mating. Among the 120,000 or
so known moth species, the preponderant system for
finding a mate is upwind flight by the male toward an
attractant sex pheromone released by the female (Cardé
et al., 1995). The majority of female sex pheromones
identified in Lepidoptera consist of a mixture of two
or more compounds, which not only evoke long-range
male attraction but also elicit courtship behavior (Linn
etal., 1987). As an example, the female sex pheromone
of T. absoluta consists of two components. The major
component, which represents about 90% of the volatile
material found in the sex gland of calling females, is
(BE, 87, 117)-3,8,11-tetradecatrien-1-yl acetate or
TDTA (Figure 1) (Attygalle et al., 1996; Griepink
et al., 1996; Svatos et al., 1996). The minor constituent
(10%) was identified as (3E, 87)-3,8- tetradecadien-1-
yl acetate or TDDA (Figure 1) (Svatos et al., 1996).

Sex pheromones have been widely used to monitor,
forecast or control populations of moth pests (Prasad
et al., 2012). The most widespread and successful
applications of sex pheromones concern their use in
detection and population monitoring (Witzgall et al.,
2010). They are also used to control insect populations,
which is achieved by two main techniques: mass
annihilation and mating disruption (Witzgall et al.,
2010). Sex pheromone management strategies are
based on the sexual reproduction of the targeted pest.
A study by Caparros Megido et al. (2012) recently
confirmed that 7. absoluta females were also able to
reproduce without mating (i.e. parthenogenetically).
Asexual reproduction as well as the polygynic nature
of T.absoluta males could have strong implications
for the efficiency of sex pheromone management
strategies and must be considered in further studies on
these control strategies (Silva, 2008; Caparros Megido
etal., 2012).
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Figure 1. The two components of Tuta absoluta female sex
pheromone: (a) (3E, 8Z, 117)-3,8,11-tetradecatrien-1-yl
acetate or TDTA and (b) (3E, 87)-3,8- tetradecadien-1-yl
acetate or TDDA — Les deux composants de la phéromone
sexuelle femelle de Tuta absoluta: (a) (3E, 8Z, 117)-3,8,11-
tetradecatrien-1-yl acétate ou TDTA et (b) (3E, 8Z)-3,8-
tetradecadien-1-yl acétate ou TDDA.
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The sex pheromone management techniques
actually used to control T.absoluta are discussed
below in separate paragraphs.

3. PEST DETECTION AND POPULATION
MONITORING

Captures in traps baited with synthetic pheromone
lures accurately show whether a specific insect
species is present, and when its seasonal flight period
starts (Witzgall et al., 2010). Detection of presence
or absence is all that is required for early warning of
emergence, for warning of arrival or departure of a
pest within a crop, and for survey and quarantine work
(Howse, 1998). After pest detection, synthetic sex
pheromones are principally used to monitor population
levels and trigger applications of chemicals or other
control methods (Salas, 2004). The basic components
of a monitoring system are the attractant source, the
trap design and where to place them (Howse, 1998).

3.1. The attractant source

Although the female sex pheromone of 7. absoluta was
identified in 1995, virgin females were already used to
capture more than 100 males per trap per day (Quiroz,
1978). Uchoba-Fernandes et al. (1994) also used virgin
females to compare different trap designs, heights, and
displacement in tomato fields for capturing 7. absoluta
males. A high specificity and sensitivity of traps baited
with virgin females was recorded and they seemed to
be more economical and convenient than light traps.
Moreover, wind tunnel experiments under laboratory
conditions indicated that the mixture of the two
pheromone components was more effective in evoking
long-range female location and short-range courtship
behavior in males than TDTA alone (Griepink et al.,
1996; Svatos et al., 1996). For more details about
the mating behavior of T. absoluta, see Hickel et al.
(1991). However, it has been observed in laboratory
experiments that 7. absoluta males were far less
sensitive to the absence of the minor component than
most other lepidopterans, which are characteristically
highly sensitive to small qualitative or even quantitative
changes in the composition of pheromone blends
(Svato$ et al., 1996). Field experiments corroborate
these laboratory results, although 7. absoluta males
were not particularly sensitive to the presence of
TDDA in pheromone traps. Finally, it appears that
monitoring pheromone traps could be loaded with just
100 pg of the synthetic major pheromone component
(TDTA), enabling a significant reduction in production
costs without reducing trap efficacy (Michereff Filho
et al., 2000a; Ferrara et al., 2001). Actually, different
loadings of pheromone are suggested for monitoring
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T. absoluta populations: 0.5 mg in greenhouses for
4-6 weeks of longevity, 0.8 mg in open fields for
4-6 weeks of longevity and 3.0 mg in open fields in
hot desert climates for a long lasting lure (Hassan
et al., 2010a). Russell IPM Ltd. (United Kingdom)
provides a new trap formulation in which 0.8 mg
of both pheromone constituents are loaded on a
pheromone lure. According to the manufacturer, this
new formulation showed better results and this loading
delivers the additional benefits of a constant release
of pheromone for a longer period in hotter climates
and a higher trap catch over the standard 0.5 mg lure
(Russell IPM, 2012).

3.2. Traps

The variety of trap designs used for insect pest
monitoring is extensive (Howse, 1998). The most
common types of traps involve a sticky surface to
retain the attracted insect (Cardé, 1984). To monitor
T. absoluta, pheromone lures are principally coupled
with Delta traps (Hassan et al., 2010a; Russell IPM,
2012). Various companies such as ISCA Technologies
(United States), Russell IPM Ltd. (United Kingdom),
Koppert Biological Systems (The Netherlands), and
PRI Pherobank (The Netherlands) manufacture these
traps (USDA APHIS, 2011). Delta traps consist of a
triangular-shaped body (Figure 2) (manufactured
of paper or plastic) open at ends, a removable sticky
insert placed inside on the floor of the triangle, and
a pheromone lure suspended above the sticky insert.
In heavy infestations, the sticky inserts can become
saturated with trapped males, losing their effectiveness
at capturing and retaining additional moths (USDA
APHIS, 2011). The color of the trap also seems to
affect its effectiveness, with dark colors (black, red,
green and blue) giving higher catches of males than
lighter colors (yellow and white) (Uchda-Fernandes

Figure 2. Delta trap with a pheromone lure — Piége a
phéromone de type Delta.
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etal., 1994). The use of completely open traps could
also increase the number of catches (Ferrara et al.,
2001).

3.3. Trap position

Three important elements related to trap placement are
trap height, position with respect to vegetation and trap
density (Howse, 1998).

Trap height and position with respect to vegetation.
The height of the trap in the crop influences male
capture and is related to the height of the vegetation
(Ucho6a-Fernandes et al., 1994; Ferrara et al., 2001).
The trap height must be adapted according to the growth
stage of the plant, knowing that a higher proportion of
moths are found in the upper parts of the canopy but
never beyond 1 m high (Coelho et al., 1987; Uchda-
Fernandes et al., 1994; Laore, 2010). Traps placed
up to 60 cm high captured significantly more males
than traps at higher heights, irrespective of the stage
of plant growth (before planting, 20 cm high plants,
or blooming plants). Therefore, it was suggested to
deploy monitoring traps in a field at a height of 20 cm
before planting and then move them up to 60 cm high
as the plants grow (Ferrara et al., 2001).

Trap density. For monitoring 7. absoluta populations
in greenhouses, different trap densities have been
proposed and different sources are not always in
agreement. It is usually suggested to use 1 trap-ha™! in
greenhouses smaller than 2,500 m? and 2—4 traps-ha’!
in greenhouses wider than 2,500 m? (Bolckmans, 2009;
Fredon, 2009; Laore, 2010). Russell IPM advised that
a total of 4-5 traps-ha! should be deployed, with one
trap near the entrance and 1-2 traps in the warmest
part of the greenhouse (Al-Zaidi, 2009). Laore (2010)
suggested placing traps only in a central position in the
greenhouse.

In open-field crops, Russell IPM suggested a trap
density of 2-3 traps-ha’'; in order to determine the
direction of the infestation, two more traps can be
added along all four edges of the field (Al-Zaidi, 2009).
In plant propagation greenhouses, Bolckmans (2009)
suggested using 10-20 traps-ha!, which seems to be a
mixed monitoring and mass trapping system. Finally, it
is recommended to count the trap catches every week
to follow the evolution of the insect population and
change the traps every 4-6 weeks (Bolckmans, 2009;
Fredon, 2009; Laore, 2010).

3.4. Level of infestation

Several ways have been proposed to evaluate the
infestation level of the tomato leafminer in a tomato
crop, such as counting eggs, larvae, leaf mines or adult
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males (with the help of pheromone traps) (Gomide
et al., 2001). Although counting larvae or leaf mines
provides a reliable assessment of the infestation level,
it seems better, for preventive purposes, to focus on
egg and adult counts to predict the infestation level
(Benvenga et al., 2007). Indeed, Integrated Pest
Management (IPM) programs are principally based
on environmentally sound strategies such as the use
of predators, parasitoids or Bacillus thuringiensis
to control eggs and first instar larvae of 7. absoluta
(Desneux et al., 2010; Urbaneja et al., 2012). If the
evaluation of the infestation level is based on adult
and egg populations, the pest management program
can be set up before oviposition or before emergence
of the first instar larvae, respectively (Benvenga et al.,
2007). However, counting eggs is time demanding and
difficult to carry out because of the small size of the egg
(0.35 mm long and 0.22 mm wide) and the number of
leaves that must be examined (the last three expanded
leaves of the tomato plant) (Gomide et al., 2001;
EPPO/OEPP, 2005). Since the adult male population
caught in pheromone traps should also reflect any
increase in the larval population, it seems easier to use
this method to evaluate the infestation level. Based on
the fact that the number of males caught in pheromone
traps is linearly and negatively correlated with tomato
production in the crop, a table with indicative values
of risk was created (Monserrat Delgado, 2008). Based
on the numbers of adult males of T. absoluta caught in
pheromone traps, the risk of infestation is considered
to be low for 1 to 3 captured moths per week, moderate
for 4 to 30 captured moths per week and high for more
than 30 moths per week (Stol et al., 2009).

4. MASS ANNIHILATION

Mass annihilation, conducted either by mass trapping
or lure and kill techniques, relies on the attraction
of one or both sexes to a lure in combination with a
large-capacity trap or an insecticide-impregnated
target (Witzgall et al., 2010). Mass trapping consists
of the use of a lure (semiochemicals or a light source)
combined with a physical device to “entrap” insects,
like an adhesive surface or water bath, while lure and
kill consist of the use of semiochemical lures combined
with a killing or sterilizing agent (Jones, 1998). The
mate-finding communication system of 7.absoluta
is guided by a female-produced sex pheromone, so
only males are caught in traps, which decreases their
efficiency (Jones, 1998; Witzgall et al., 2010). Since
tomato leafminer males are polygynic and mate on
average 6.5 times (Silva, 2008), a very high proportion
of males must be removed before the number of eggs
oviposited in a population starts to be affected (Jones,
1998; Witzgall et al., 2010). Moreover, Caparros
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Megido et al. (2012) have demonstrated that females
are able to lay eggs without male fertilization, which
could increase the difficulty in affecting the pest
population density.

4.1. Mass trapping

For mass trapping, a high density of pheromone-
baited traps are placed in strategic positions within a
crop (Jones, 1998). Large numbers of adult males are
trapped, resulting in an imbalance in the sex ratio,
which impacts the mating pattern of the pest (USDA
APHIS, 2011). The pheromone trap density should be
20 to 25 traps-ha’ inside greenhouses (30 traps-ha’
in greenhouses destined for plant propagation) and
40 to 50 traps-ha’ in open fields (Bolckmans, 2009).
The most common pheromone traps used for mass
trapping of T.absoluta are water traps, which are
easier to maintain and less sensitive to dust than Delta
or light traps and also have a larger trapping capacity
than Delta traps (Salas, 2004; USDA APHIS, 2011).
Unfortunately, when mass trapping was used alone for
controlling male 7. absoluta populations, it was not
effective in reducing leaf and fruit damage (Coccoetal.,
2012). This could be explained by the traps’ inability to
catch all of the male population and by the ability of
the females to reproduce parthenogenetically (Silva,
2008; Caparros Megido et al., 2012). In addition to
mass trapping techniques, the use of isolation measures
such as insect-proof nets or a double door system at the
greenhouse entrance was shown to decrease leaf and
fruit damage considerably by preventing the entry of
adults from outside and reducing mating probabilities
(Harbi et al., 2012). In addition to the use of isolation
measures, the efficiency of mass-trapping is dependent
on the choice of pheromone capsule (a sufficient
longevity is needed) and regular renewal of the capsules
according to the manufacturer’s recommendations
(Abbes et al., 2011).

Water traps. Water traps consist of a plastic container
holding water and a pheromone lure (Figure 3) (USDA
APHIS, 2011). The lure is secured above the water with
a wire attached at both ends of the container. A small
amount of vegetable oil or soap should be added to
the water to reduce surface tension (and consequently
reduce the insect’s capacity to escape from the trap)
and limit water evaporation (consequently reducing
the frequency of water refills) (USDA APHIS, 2011;
Chermiti et al., 2012). This type of trap can capture
large numbers of adult males without becoming
saturated with insects (USDA APHIS, 2011). Chermiti
et al. (2012) compared the effectiveness of three
commonly used commercial pheromone dispensers
for mass trapping of T. absoluta in open-field tomato
crops: Pherodis® produced by Koppert Biological
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Figure 3. Water trap — Piege a eau.

System (capsule loaded with 0.5 mg of TDTA),
TUA-500® produced by Russell IPM (capsule
loaded with 0.5 mg of TDTA) and TUA-Optima®,
also manufactured by Russell IPM (capsule loaded
with 0.8 mg of TDTA). An efficient reduction in the
male population was achieved with a trap density of
32 traps-ha! (or 1 trap-312 m?) and was correlated
with reductions in the leaf infestation rate and in the
number of larvae found on leaves. The TUA-Optima®
dispenser (0.8 mg of TDTA) was more attractive than
the standard emitters (0.5 mg of TDTA) but all three
tested pheromone plugs suffered at high temperatures
and water had to be continuously supplied. To conclude,
Chermiti et al. (2012) suggested using TUA-Optima®
dispensers for high level infestations (more than
30 males per trap per week) and the two other types
of plugs for low level infestations (under 30 males
per trap per week). On the other hand, Cocco et al.
(2012) compared the effectiveness of mass trapping
using light and pheromone water traps in greenhouses
equipped with insect-proof nets and did not find any
reduction in leaf damage even with a high trap density
(up to 1 trap-350 m™ for light traps and 1 trap-100 m?
for pheromone water traps). Some possible hypotheses
explaining the differences between the two experiments
could be the greater activity of biocontrol agents in
open fields than in high-containment greenhouses or
differences in the initial pest population.

Recently, Russell IPM Ltd (United Kingdom)
designed new traps based on a combination of a water
trap, a sex pheromone and a specific light frequency
that is highly attractive to 7. absoluta adults (Hassan
et al., 2010a; USDA APHIS, 2011; Russell IPM,
2012). These traps attract males with the pheromone
lure but also females with the specific light frequency,
entrapping both sexes in a water pan (Hassan et al.,
2010a; Russell IPM, 2012). These new traps are
considered, by the manufacturer, to be 200-300%
more effective than standard pheromone traps (Hassan
et al., 2010a; Russell IPM, 2012).
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Sticky rolls. Sticky rolls are rolls with T. absoluta
pheromone incorporated into the sticky glue, with
the pheromone gradually released from the adhesive
layer (Hassan et al., 2010b; Russell IPM, 2012). Two
types of sticky rolls are provided: clear and yellow
sticky film. The clear film is used in greenhouses
containing beneficial insects as biocontrol agents
(Russell IPM, 2012). Yellow sticky rolls are used to
catch T.absoluta and, additionally, whiteflies and
aphids. It is recommended not to use the yellow sticky
rolls in greenhouses with beneficial insects because the
yellow color, which attracts different kinds of pests,
could also attract and glue beneficial insects (Hassan
et al., 2010b). It is recommended to apply the sticky
rolls 1.5 m high and 60-70 cm away from the plant
canopy (Hassan et al., 2010b). In greenhouses, placing
sticky rolls vertically at a higher plant level can also
give an indication of the preferred height of insect
oviposition and consequently help to decide where to
focus management efforts (Hassan et al., 2010b).

4.2. Lure and Kill technique

The lure and kill technique involves two components:

the lure, which may consist of odors, visual cues or a

combination of both, and an affector, which eliminates

the attracted insect from the population (Jones, 1998).

This control method can be applied through two

different strategies:

— the semiochemical attractant and the insecticide are
applied separately or mixed to obtain a lure and kill
formulation which is applied in the field;

— the attractant and the insecticide are combined in a
single matrix and deployed as a stand alone
application (Witzgall et al., 2010).

Lure and kill formulations are targeted to a specific
pest, are applied separately or to a limited part of
the plant, reducing the development of insecticide
resistance, and can be integrated with other beneficials.
For the control of 7. absoluta, a matrix formulated with
0.3% sex pheromone and 3% cypermethrin is available
(Al-Zaidi, 2010; Hassan et al., 2010a).

S. MATING DISRUPTION

The mating disruption technique aims at creating
sexual confusion in males by saturating the atmosphere
with a synthetic female pheromone in order to prevent
the pest mating and, consequently, reduce the pest
population (Cardé, 2007; Cocco et al., 2013). Studies
on the application of the mating disruption technique
against T.absoluta in open fields and protected
tomato crops showed mixed results (Michereff Filho
et al., 2000b; Vacas et al., 2011; Cocco et al., 2013).



480 Biotechnol. Agron. Soc. Environ. 2013 17(3), 475-482

Michereff Filho et al. (2000b) examined the use of
mating disruption for T.absoluta in small plots of
fresh market tomatoes in Brazil, finding high levels
of interruption in male orientation (60—90%) in plots
treated with 35 to 50 g-ha! of sex pheromone. However,
the pheromone treatment did not significantly reduce
the damage to leaflets and fruits, probably due to
the synthetic pheromone’s composition and dose,
the high pest population density, or the migration of
mated females to the treated area. Vacas et al. (2011)
reported satisfactory control of 7. absoluta by mating
disruption in high-containment greenhouses with a
dose of 30 g-ha' (dispensers loaded with 60 mg of
sex pheromone applied at a density of 500 dispensers-
ha'). Conversely, dispensers at the same loading and
density were ineffective in reducing crop damage in
low-containment greenhouses (Vacas et al.,2011). This
suggests the importance of the degree of containment
to the success of pheromone treatment on 7. absoluta,
as it prevents migration of the pest from outside the
greenhouses (Vacas et al., 2011). Cocco et al. (2013)
confirmed this hypothesis by showing disruption of the
sexual communication of 7. absoluta and reductions in
leaf'and fruit damages in high-containment greenhouses
with a dose of 60 g-ha! (dispensers loaded with 60 mg
of sex pheromone at a density of 1,000 dispensers-ha™'),
but not in low-containment greenhouses. These results
show that T. absoluta can be controlled by means of
sexual confusion if the treatments are carried out in
greenhouses with good isolation that prevents new
moths from entering. Although the effectiveness of this
method seems demonstrated, the final viability of this
control technique will depend on the pheromone’s end
price (Vacas et al., 2011).

6. CONCLUSION

Tuta absoluta is a very challenging pest to control
(Korycinska et al., 2009). Sex pheromone-based
strategies (i.e. mass trapping and mating disruption)
are promising techniques to control this invading pest.
However, even if large numbers of individual males
can be caught by coupling pheromone releasers and
insect trapping devices, the success of mass trapping
strategies is usually low (Hassan et al., 2010a). This
failure could be explained by the parthenogenetic
reproduction of the pest or by the polygynic nature of
T. absoluta males. If asexual reproduction occurs in
natural populations of 7. absoluta, a reduction in the
efficiency of mass trapping strategies is clearly expected
(Caparros Megido et al., 2012). The mating disruption
technique used against 7. absoluta was effective in
high-containment greenhouses, while poor results were
observed in low-containment greenhouses and open-
field crops (Michereff Filho et al., 2000b; Vacas et al.,
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2011; Cocco et al., 2013). The degree of containment
seems to be the major component contributing to the
success of T. absoluta control with mating disruption,
as it prevents the migration of mated females into the
greenhouses (Cocco et al., 2013). Moreover, some
enhancements to the dispensers are also needed (e.g.
optimization of release rate, maximization of the
saturation rate of the trap, modifications in trap design,
etc.). For these reasons, mating disruption cannot yet
be effectively applied in open field crops. Finally, sex
pheromone strategies are sometimes more expensive
than conventional chemical control of pests. It is
therefore important to reduce the production cost of
T. absoluta pheromone in order to promote their use
by farmers.
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