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Abstract
The performance of herbivorous insects is related to the locations of defenses and nutrients

found in the different plant organs on which they feed. In this context, the females of herbivo-

rous insect species select certain parts of the plant where their offspring can develop well.

In addition, their offspring can adapt to plant defenses. A system where these ecological

relationships can be studied occurs in the specialist herbivore, Tuta absoluta, on tomato

plants. In our experiments we evaluated: (i) the performance of the herbivore T. absoluta in
relation to the tomato plant parts on which their offspring had fed, (ii) the spatial distribution

of the insect stages on the plant canopy and (iii) the larval resistance to starvation and their

walking speed at different instar stages. We found that the T. absoluta females preferred to

lay their eggs in the tomato plant parts where their offspring had greater chances of suc-

cess. We verified that the T. absoluta females laid their eggs on both sides of the leaves to

better exploit resources. We also observed that the older larvae (3rd and 4th instars) moved

to the most nutritious parts of the plant, thus increasing their performance. The T. absoluta
females and offspring (larvae) were capable of identifying plant sites where their chances of

better performance were higher. Additionally, their offspring (larvae) spread across the

plant to better exploit the available plant nutrients. These behavioral strategies of T. abso-
luta facilitate improvement in their performance after acquiring better resources, which help

reduce their mortality by preventing the stimulation of plant defense compounds and the

action of natural enemies.

Introduction
Insects are the most diverse group of living organisms on the planet [1]. To succeed, insects
have adopted strategies to adapt to different environments. One of the most economically
important groups of insects includes herbivorous species, whose success has resulted in several
great losses to crops. Herbivorous insects exhibit complex strategies to adapt to prevalent
adverse environmental conditions, including the activities of their natural enemies, climatic
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hazards and host plant defenses [2–5]. In this context, the spatial distribution of these insects
in the plant canopy and their performance are dependent upon the location of plant defenses
in the canopy [3], [6].

Many species of herbivorous insects specialize in feeding upon specific species or particular
plant parts [7–9]. In this context, studies on the performance and spatial distribution of insects in
the plant canopy can help plan and develop pest control programs on a sustainable basis [9], [10].

During their life cycle, holometabolous herbivorous insects develop via the egg, larva, pupa
and adult stages. These insect females are usually winged and select sites that are most favor-
able for their offspring to survive during the beginning of their life cycle, when the eggs hatch
and the larvae feed on the host plant. This is known as the “mothers know best” strategy [11].
In some of insect species, the female chooses a place to oviposit in a way that their offspring
will have the best possible development [3] However, not all insect species exploit this strategy,
and females can oviposit in places where the food is not suitable for the offspring. In both
cases, the larval stage of these herbivorous insects must adapt to overcome the plant defenses
and select plant sites with higher nutrient levels. This behavior enables the herbivorous insect
to accumulate the energy required to complete its life cycle [3], [4].

Tomato plants (Solanum lycopersicum) possess morphological structures and phytochemi-
cals that act as natural defenses against herbivorous insects. In tomatoes, the plant defenses
consist of trichomes, toxins, anti-nutritive defensive proteins, protease inhibitors and cellular
structures [12], [13]. The quantities in which these defenses are present vary among the differ-
ent plant parts in tomatoes [13–15].

Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae) is a specialist herbivorous insect that
uses the tomato plant as its chief host. This insect is a major pest of tomatoes in South America
[16–18]. It was introduced to Europe via Spain and has now dispersed throughout the entirety
of this continent. Recently, it was introduced to Africa and Asia, where it has caused great crop
losses [19], [20]. The damage caused by this pest is due to its larvae, which mine the leaves and
bore through the stems and fruits. This insect is capable of leaving the mine and walking
throughout the plant to find other suitable place to feed, which can be one of the plant parts
cited above. It can also move in the plant by tunneling through the stems, but this is less com-
mon [13], [16–18].

T. absoluta is a specialist insect, and its development in the tomato plant might be defined
by differences in defenses among different parts of the plant canopy. Despite the significance of
this subject in the understanding of its ecology, as well as planning control programs for this
pest, very little is known about it. Thus, in this study, we aimed to determine whether the bio-
logical success of the specialist herbivore T. absoluta was affected by the selection capacity of
the females and the adaptability of their offspring. Therefore, we conducted studies on (i) the
performance of the insect in the different plant parts, (ii) its spatial distribution in the plant
canopy and (iii) the larval resistance to starvation and their walking speed at different instar
stages.

Material and Methods
This research was conducted at the Federal University of Viçosa, Viçosa, Minas Gerais, Brazil
(20°48’45”S, 42°56’15”W, altitude 600 m and tropical climate). This study was divided into
three parts.

Cultivation of the tomato plants
We used plants of the Santa Clara cultivar, which were grown in a greenhouse without insecti-
cides. The cultivation was performed according to Silva and Vale [21], in which the seedlings
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were grown in a Styrofoam cell tray (68 x 34 x 5 cm) with 200 plugs (each plug with one seed-
ling). The seedlings were then transplanted 24 days after planting to 8-liter plastic pots. The
substrate was composed of 2/3 soil (Oxisol) and 1/3 of cattle manure. Fertilizer was added
according to agronomical recommendations [21]. Plants were watered three times a day
according to the the evapotranspiration of tomato plants in each phase of their development to
replace the water consumed by plants and that lost due to evapotranspiration [21]. During the
cultivation, the temperature of the greenhouse was kept at approximately 30°C by managing
the greenhouse openings.

T. absoluta rearing
The insects used in this study were collected from commercial tomato crops in Viçosa. The
rearing was performed in the laboratory according to Leite et al. [22] and Galdino et al. [23].
The populations were kept in the laboratory at a temperature of 25 ± 0.5°C, a photoperiod of
12 hours and humidity at 75 ± 1%. Four cages made of wood were used (40 x 40 x 40 cm) and
were coated with organza. Each cage contained individuals of similar ages: 1- a cage for adults
to lay eggs, 2- a cage with leaves containing eggs and small caterpillars, 3- a cage containing
large caterpillars and 4- a cage with pupae and emerging adults. In the adult cage 1, we kept a
tomato leaf where the females could lay their eggs. We replaced this leaf daily with a new one,
and the leaf with eggs was transferred to the cage 2 containing eggs and small caterpillars. Once
the eggs hatched, we offered the larvae new leaves from plants grown in a greenhouse to pupate
and become adults. As the caterpillars grew the cage 2 turned into cage 3, and cage 3 in cage 4.
The adults from cage 4 were then transferred again to cage 1 to lay eggs.

Biological performance of T. absoluta in different plant parts
This trial was conducted to evaluate whether the plant parts themselves could influence the
performance of T. absoluta. We performed this test in the greenhouse, with 20 plants in the
reproductive stage. The plants had 22 compound leaves and three clusters with fruit each, and
they were 60 days old after transplantation. The experimental design was completely random-
ized, with 10 repetitions involving two plants each. The first plant was used to evaluate the lar-
val development, while the second plant was used to evaluate the pupation success, oviposition
rate of the females and egg hatching. Each organ of the first plant in the apical, middle and
basal thirds of the canopy was wrapped in an organza bag (40 x 20 cm). This was done to pre-
vent the T. absoluta larvae from moving from one organ to another and to enable collection of
the pupae.

The treatments included were as follows: 1) apical bud, 2) leaves of the apical third, 3) leaves
of the middle third, 4) leaves of the basal third and 5) fruits. Every day the plants were ran-
domly changed in position in the greenhouse.

Each plant organ was then infested with 15 newly hatched larvae. This number was chosen
because we noticed that this was the intensity of the pest attack on tomato plants in the field.
Daily, the number of living individuals in each larval instar was evaluated.

Pupae from each of the treatments were sexed (see [24]), counted and placed in the second
plant of the repetition on the same plant organ where the larvae had developed. Daily, we
counted the number of live and dead insects. When the insects reached the adult stage, the
number of eggs produced and the rate of egg hatching were counted daily.

From the experimental data, for each repetition we built a Fertility Life Table for T. absoluta
according to Southwood and Henderson [25]. With the data from this Life Table, we calculated
the net reproductive rate (R0) and generation time (T) [25]. The R0 and T data for each plant
where the larvae had fed (apical bud, fruits and leaves of the apical, middle and basal thirds)
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were subjected to the analysis of variance, with p< 0.05 considered significant. Means from
the treatments showing significant overall changes were subjected to Tukey's test with signifi-
cance set at p< 0.05.

Spatial distribution of the T. absoluta stages in the plant canopy
Using two greenhouses, we conducted this trial to study the manner in which the T. absoluta
offspring could overcome the defenses of the tomato plants. In the first greenhouse, we culti-
vated 20 plants with 10 plants per stage. To ensure that we had plants at these different stages,
we sowed the seeds with a difference of 35 days between sowing.

The experimental design was completely randomized, with 10 repetitions. Each repetition
involved only one plant. The characteristics studied were the plant stages (vegetative and repro-
ductive) and plant organs. In the beginning of the experiment, the plants in the vegetative stage
(from the second sowing) had 12 leaves and were 25 days old after transplantation, while the
plants in the reproductive stage (from the first sowing) had 22 leaves and three clusters with
fruit and were 60 days old after transplantation. In the first greenhouse containing 20 plants
(10 in each plant stage), we released 300 adults of unsexed T. absoluta at 48 hours after their
emergence. These plants were maintained for three days in the first greenhouse. The use of
insects that were 48 hours of age after their emergence was implemented, as this represented
the period of pre-oviposition for T. absoluta [24]. The rationale for using 15 adults per plant
during three days followed from previous study in which we observed that the number of eggs
produced was similar to that observed in tomato crops in the field.

After the exposure period of plants to the adult insects, the plants were transferred to the
second greenhouse. The second greenhouse was free from T. absoluta adults so that we could
guarantee that the insects on the plants were only from the eggs. Daily, we systematically moni-
tored the number of T. absoluta stages in the plant canopy. In this step, we counted the number
of each insect stage in each plant organ (leaf, leaflet, leaf side, stem, petiole and fruit) in the
plant canopy. Additionally, we evaluated the number of insects in the soil and on the stake that
supported the plants.

The number of eggs on the compound leaf parts (petiole and each side of the leaflet) and on
each leaflet were subjected to analysis of variance (p<0.05) for plants in the vegetative and
reproductive stages. The leaf parts were compared by Tukey’s test at p< 0.05 to determine the
egg laying preference of T. absoluta adults for some parts of the leaf. The same procedure was
performed on the data analysis of the percentage of pupae in each pupation site (soil, plant or
stake) to evaluate the preferred site of pupation.

The egg densities on each leaf position in the canopy were subjected to separate regression
analysis for the plants in the vegetative and reproductive stages to determine the preferred posi-
tion in the plant canopy. The densities of the larvae per plant part as a function of time after
commencement of the larval stage were subjected to regression analysis to determine if the lar-
vae stayed at the oviposition site or moved to other parts of the canopy. For plants in the vege-
tative stage, we fitted curves of the larval densities to the leaves of the apical, middle and basal
thirds of the plant canopy. For plants in the reproductive stage, we fitted curves of the number
of larvae in the fruits and leaves of three-different thirds of the canopy. We selected the models
based on the following criteria: significance of the model (p< 0.05) and the model with the
lesser degree of complexity and greater coefficient of determination (R2).

To determine if there was a preference by the adults for parts of the plant where the larvae
develops better, we performed simple linear regression analysis of the net reproductive rate
(these data were derived from a trial on the performance of the insect in different plant parts)
versus the number of eggs in the plant parts on which the larvae had fed.
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Ability to survive under starvation and walking speed of the larval instars
We conducted this study to elucidate why different T. absoluta instars have different behaviors
as seen in the previous trials because small larvae did not move to different parts of the canopy,
while bigger larvae did. This test was performed in the laboratory under ambient conditions.
The treatments were performed on the four larval instars of T. absoluta. We used newly
emerged larvae that had not fed in the instar for this study. We performed two tests, one to
evaluate the resistance of the larvae to starvation and the other to evaluate the walking speed of
the larvae.

During the trial in which we evaluated the resistance of the larvae to starvation, each repeti-
tion included a Petri dish (9 cm diameter x 2 cm height) with ten larvae. We performed 10 rep-
etitions (10 Petri dishes) for each larval instar. No food was provided for the larvae during the
test. The numbers of live and dead larvae were then monitored until the last larva died. The
results of the ability to survive under starvation (for each larval instar) were subjected to sur-
vival analysis using the non-parametric procedure LIFETEST SAS (SAS Institute, Cary, NC,
USA) [25][26].

During the course of the trial in which we evaluated the walking speed of the larvae, each
repetition consisted of one T. absoluta larva. Each larva was released at an internode (~10 cm
long) of the tomato plant in the reproductive stage. We assessed the distance covered by each
larva over a 2 hour period. This evaluation period was used because no deaths occurred during
this period of larval starvation. We then calculated the walking speed of each larva and
observed whether they fed on the stem.

The mean walking speeds of the larval instars were subjected to analysis of variance
(p< 0.05), and the means from the instars showing significant overall changes were subjected
to Tukey's test with significance set at p< 0.05. These statistical analyses were performed in
SAS Software (SAS Institute, Cary, NC, USA) [26]

Results
The net reproductive rate (R0) of T. absoluta showed differences depending upon the plant
part where the larvae had fed (F4;45 = 52.82, p< 0.0001). The highest R0 of T. absoluta was
observed to occur when the larvae fed on the leaves of the middle third of the canopy. The low-
est R0 occurred when the larvae fed on the apical bud, fruits or leaves of the basal third of the
canopy. Additionally, the R0 of T. absoluta was between these extremes when the larvae fed on
the leaves of the apical third of the canopy (Fig 1). However, we did not verify the effect of the
plant part on which the larvae had fed on the generation time of T. absoluta (F4;45 = 0.001,
p = 0.9990). Therefore, the success of T. absoluta was dependent on the plant part where their
larvae fed.

Oviposition observed on the adaxial and abaxial surfaces of the leaf blade was higher than
that seen on the petioles for the leaves of the apical and middle-thirds of the canopy. In the
leaves of these two-thirds, oviposition was similar in the adaxial and abaxial surfaces, a phe-
nomenon that was seen for the plant in both the vegetative and reproductive stages (Fig 2A
and 2B). In the leaves of the basal third, the oviposition was similar on both the leaf surfaces
and petiole (F2;27 = 2.01, p = 0.1529) (Fig 2C). The oviposition of T. absoluta was similar on the
different leaflets of a leaf in the vegetative (F6;53 = 1.41, p = 0.2459) and reproductive plant
stages (F6;53 = 0.96; p = 0.4393).

In the plants at the vegetative stage, the highest oviposition of T. absoluta was observed to
occur on the leaves of the middle third of the canopy (Fig 3A), while in the plants in the repro-
ductive stage, the highest oviposition of T. absoluta occurred on the leaves between the apical
and middle thirds of the canopy (Fig 3B). Thus, the T. absoluta oviposition basically occurred
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on fully developed leaves and those that had not become senescent, as most apical leaves were
expanding their leaf blades while the basal leaves were becoming senescent.

At the beginning of the larval stage, the number of larvae was higher in the leaves from the
middle third of the canopy. This number was intermediate in the apical third and lower in the
basal third of the canopy of plants in both the vegetative and reproductive stages. The number
of larvae on the leaves remained constant in the first four days of larval development. Over
time, the number of larvae on the leaves of the basal and middle thirds of the canopy decreased,
although on the leaves of the apical third of the canopy, the number of larvae increased over
time to reach a maximum between the 9th and 10th day after the beginning of larval develop-
ment. After 8 (plants in vegetative stage) and 7 (plants in the reproductive stage) days from the
beginning of larval development, the highest number of larvae was observed on the leaves of

Fig 1. Influence of the plant part on net reproductive rate. The net reproductive rate (R0) of Tuta absoluta depends on the plant part on which the larvae
fed. Histograms followed by the same letter have means that do not differ among themselves by Tukey’s test (p <0.05).

doi:10.1371/journal.pone.0143389.g001
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Fig 2. Females preferred leaf sites for oviposition. The number of the eggs (mean ± standard error) of
Tuta absoluta in the petiole and on the sides of leaves (adaxial and abaxial) in the (A) apical, (B) middle and
(C) basal thirds of the plant canopy in the vegetative and reproductive stages. Histograms followed by the
same letter have means which do not differ among themselves by Tukey’s test (p <0.05).

doi:10.1371/journal.pone.0143389.g002
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Fig 3. Oviposition of Tuta absoluta in relation to the leaf position on the plant canopy. Plants in the (A)
vegetative and (B) reproductive stages. On the x-axis: 0 = not expanded leaf at stem apex, 1 = apical-most
leaf fully expanded and showing a higher number (12 in Fig 3A and 21 in Fig 3B) = most basal plant leaf.

doi:10.1371/journal.pone.0143389.g003
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the apical third of the canopy (Fig 4A and 4B). We observed the T. absoluta larvae attacking
the fruits only after the 4th day of larval development. At this time, the larvae were in the begin-
ning of the third instar stage. The maximum number of larvae in the fruits occurred on the
16th day of larval development (Fig 4B).

The 3rd and 4th instar larvae were more tolerant to starvation, while the 1st instar larvae
were the most susceptible. In contrast, the 2nd instar larvae showed moderate tolerance to star-
vation (Fig 5A). The larvae of the 3rd and 4th instars showed higher walking speed than the lar-
vae of the 1st and 2nd instars (Fig 5B). The larvae did not feed during the two hour experiment.

The main site of pupation of T. absoluta for plants in the vegetative (96.82% of the pupae)
and reproductive (91.10% of the pupae) stages was the soil (Fig 6). Upon performing a regres-
sion analysis of the net reproductive rate versus the number of eggs on the plant where the lar-
vae had fed, we found that the cooperative feeding effect resulted in improved performance of
this insect species (Fig 7).

Discussion
Specialist herbivores develop strategies to adapt to their host plant [27], [28]. We observed the
behavior of T. absoluta adult females and larvae in choosing plant parts where their higher per-
formance demonstrated the greatest adaptation of this insect to tomato plants.

The fact that oviposition occurs mainly on the leaf is probably due to the fact that the T.
absoluta larvae feed primarily on the leaf parenchyma, as we observed in this study. Thus, ovi-
position at sites where the larvae can feed reduces larval mortality in the early instar stages [2],
[6], [29]. This effect occurs because the insects in the early instars are less able to move and are
more susceptible to unfavorable conditions [4], [30], [31]. This was found to be true in our
study as we observed that the T. absoluta larvae were highly sensitive to starvation and were
less able to move during the 1st and 2nd instar stages.

The oviposition rate of T. absoluta was similar on both leaf surfaces. We expected the
majority of the eggs to be oviposit on the abaxial surface where the eggs are better protected
from climatic hazards and natural enemies [2], [3], [32], [33]. However, in tomato plants, the
behavior of egg laying on both sides of the leaf was also observed for other species [34]. A simi-
lar type of oviposition revealed by T. absoluta on both leaf surfaces may be related to the fact
that their larvae are leaf miners. The leaf miners feed on the parenchyma by penetrating into
the leaves. In this context, there are species that feed on the palisade parenchyma, while others
feed on the spongy parenchyma. However, there are also leaf miners that feed on both of these
leaf tissues [31], [35], [36].

The leaf miners whose larvae begin feeding on the palisade parenchyma usually oviposit on
the adaxial leaf face because this site is closest to this tissue [31]. For the same reasons, the leaf
miners whose larvae begin feeding on the spongy parenchyma preferentially lay their eggs on
the abaxial surface [35]. Therefore, by laying eggs on both leaf surfaces, some T. absoluta larvae
can start feeding on the palisade parenchyma, while the other larvae can begin to feed on the
spongy parenchyma. This suggests that the joint use of the palisade and spongy parenchyma
enables the insect to better exploit this food resource.

The preference of T. absoluta for oviposition on fully expanded, and not senescent leaves, is
possibly because these leaves represent a better food resource for the larvae. These leaves con-
stitute a better food source because they have a higher mass than the unexpanded leaves from
the plant apex and higher nutritional quality than the senescent leaves at the basal level of the
plant [23], [37]. This can be explained by plant defense theory, one of the assumptions of
which is that plants allocate resources to defend parts that are more important to their
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Fig 4. Number of larvae in different thirds of the canopy over time. Number of larvae in the first (L1),
second (L2), third (L3) and fourth (L4) instars of Tuta absoluta on the leaves in the apical, middle and basal
thirds of the canopy and fruit of plants in the (A) vegetative (B) reproductive stages. All fitted models were
significant by F test (p <0.05).

doi:10.1371/journal.pone.0143389.g004
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Fig 5. (A) Survival curves under starvation and (B) walking speed of the different larval instars. Fig A
represents the survival curves of different Tuta absoluta instars with no food supply (non-parametric
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development and propagation [8], [10]. It seems that fully expanded leaves do not possess
many defenses because they are not as important to plant as the apical leafs and fruit [8].

procedure LIFETEST). In Fig B, histograms followed by the same letter have means that do not differ among
themselves by Tukey’s test (p <0.05).

doi:10.1371/journal.pone.0143389.g005

Fig 6. Pupation sites of Tuta absoluta on plants in the vegetative and reproductive stages. Histograms followed by the same letter have means that do
not differ among themselves by Tukey’s test (p <0.05).

doi:10.1371/journal.pone.0143389.g006
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The first instar larvae remain in the oviposition site due to their low capacity to move on the
plant and also due to the good nutritional quality of the leaves on which the females had laid
their eggs (new leaves). However, over time, these leaves become old and lose their nutritional
quality quite fast, which is further induced by the attack of T. absoluta (either eggs or larvae)
[23], [37–39]. This loss results in the third instar larvae (which possess a good capacity for loco-
motion) moving to the more apical leaves on the plant. This T. absoluta larval movement to

Fig 7. Net reproductive rate in relation to the plant part where the larvae fed.

doi:10.1371/journal.pone.0143389.g007
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the apical sites as the tomato plants develop shows the adaptation of this insect to its host once
the larvae begin to move to the leaves with better nutritional quality.

The high adaptability of T. absoluta to tomato plants noted in our study is highly beneficial
to this species. Insects with better availability of nutrition grow much faster and achieve
advanced phases of their development sooner than normal (e.g., pupal stage). Since they
develop faster, they stay exposed to natural enemies and fatal biotic and abiotic factors for a
shorter time, because of which their chances of mortality due to these factors is highly reduced
[40–43]. In the case of the tomato leaf miner T. absoluta, this fast growth is facilitated by the
early selection of good site by the adult female (Fig 1), followed by the movement of larvae to
places in the plant canopy with better nutrition (Fig 4). It is highly uncommon for a species to
demonstrate both these behaviors (female and larvae choice) at the same time. Normally, when
a larva is capable of selecting a site with good food source, the female species is not and vice
versa [2], [44]. Nevertheless, in our study, T. absoluta demonstrated both these behaviors at the
same time.

The spatial distribution pattern of the T. absoluta larvae in the plant canopy assumes great
importance in planning integrated pest management programs. One consequence is that sam-
pling of the T. absoluta larvae should be performed on the leaves of the apical and middle
thirds of the crop canopy. Additionally, insecticide spraying should be focused on the leaves of
the apical and middle thirds, as these are the sites of major attack by the T. absoluta larvae on
the plants.

The third instar larval movement from the leaves to the fruits possibly occurred because the
older T. absoluta larvae (3rd and 4th instars) were more tolerant to the toxins present in the
fruits, similar to observations for other insect species [45], [46]. These instars also probably
have stronger mandibles that can facilitate the penetration of larvae into the fruit. The fact that
the 3rd and 4th instars became more tolerant to the toxins could be one reason that first instars
do not move to apical leaves. Once these leaves are well defended (optimal defense theory),
only the 3rd and 4th instars establish well on these leaves. The toxins that are present in higher
concentrations in the tomato fruits compared to the leaves include α-tomatine, rutin and dehy-
drotomatine [14], [15]. Moreover, the fruits have higher nutrient concentrations than the
leaves, thus supplying the greatest energy demand of the insects at the end of their larval stages
[47].

Attacks by these insects on the fruits results in a greater reduction in crop yields than when
they attack leaves [17]. Therefore, we must use control methods that reduce pest attacks before
they begin to attack the fruits. For T. absoluta control, one method of achieving this goal is
farmer control of the larvae before the third instar stage, when the insects have not yet migrated
to the fruits. Moreover, the T. absoluta larvae in both the initial instars (first and second) are
more susceptible to control methods than they are at the later stages [23], [45], [46]. Addition-
ally, the efficiency of larval control is much higher when the larvae are at the leaf-mining stage
rather than when they are at the fruit-boring stage [48].

Because T. absoluta feeds on both leaves and fruits, it might be assumed that to produce
plants resistant to this pest, resistance factors must be incorporated into these two plant organs.
However, this approach has its limitations because if the toxins and glandular trichomes that
are the main means of resistance of the tomato plants to T. absoluta were incorporated into the
tomato fruits, it would render them unsuitable for human consumption [49]. However, the fact
that the larvae that attack the fruits originate from the leaves indicates an alternative method of
overcoming this limitation. As shown, these insects mine leaves and walk throughout the plant.
In this phase of the developmental cycle of T. absoluta, trichomes play the most important role
in plant resistance against this pest. Trichomes prevent the larvae from walking on the plant,
mainly on the stems. All types of trichomes are important in this part of the plant because they
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serve as a physical barrier to prevent the movement of the larvae. Glandular trichomes are one
of the most important defenses against this insect, and they act by releasing chemical compo-
nents to kill the larvae. Therefore, in the tomato varieties resistant to T. absoluta, resistance to
the pest needs to be incorporated into the leaves and stems in a manner that would control this
pest without rendering the fruit unsuitable for human consumption.

Plant breeding programs have long sought to identify the sources of such resistance and
then introduce these resistance factors into commercial cultivars. According to our results, we
observed that the most vulnerable locations on the tomato plants to T. absoluta infestation are
the leaves of the apical and middle thirds of the canopy, as these sites sustained the maximum
performance of this insect pest. Therefore, plant breeding programs should work to develop
tomato plants with parts more resistant to T. absoluta.

T. absoluta pupation occurred in the soil because this location provided greater protection
against pupal desiccation [50], [51] and natural enemies [52].

Failures in the chemical control of T. absoluta are quite common. Usually, such failures are
attributed to the great capacity of the pest to develop resistance to the insecticides [17], [18].
However, larval movement through the plant canopy can also be a primary means that contrib-
utes to the failures in the control of this pest. This may occur as a result of the insecticide being
sprayed on a plant part where the pest number is low.

Moreover, we discovered that the T. absoluta females and offspring (larvae) can identify
locations on the plants where their performance is greatest. In addition, their offspring (larvae)
are distributed spatially in the plant canopy to enable a better development due a better exploi-
tation of the food resource.
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