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Simple Summary: The tomato leaf miner, Tuta absoluta, is one of the most harmful pests to greenhouse
tomato crops in the Mediterranean. The biological control of this pest is based on parasitoid and
predator insects. However, it may be worthwhile to measure whether the pest is part of the diet
of domestic and synanthropic vertebrates like birds, bats, and lizards. We carried out our research
in Southern Spain, an area well-known for its extensive tomato farming. TaqMan real-time PCR
was used to find T. absoluta in domestic and synanthropic vertebrate feces. The efficiencies of three
different DNA extraction methods were also compared. Our research demonstrates that in addition
to domestic birds, bats, lizards, and insectivorous birds also consume T. absoluta and may offer an
ecosystem service that merits further study.

Abstract: The ecology of greenhouse pests generally involves parasitoid or predatory insects. How-
ever, we investigated whether the leaf miner Tuta absoluta (Meyrick, 1917) (Lepidoptera: Gelechiidae)
is part of the diet of domestic and synanthropic vertebrate animals, such as birds, reptiles, and
mammals, and that take part in an ecosystem that contains a high density of tomato greenhouses.
Feces from domesticated partridges, common quails, and chickens, as well as from wild lizards were
collected within tomato greenhouses, and fecal pellets from bats, swallows, common swifts, and
house martins living in the vicinity of tomato greenhouses were collected outside. The efficiencies of
three different DNA extraction methods were compared on bird, reptile, and mammal stool samples,
and the DNA extracts were analyzed using probe real-time PCR for the presence of T. absoluta DNA.
The results showed that bats fed on the pest, which was also part of the diet of several bird species:
partridges and common quails kept within tomato greenhouses and swallows and common swifts
living outside but in the vicinity of tomato greenhouses. In addition, fecal samples of three lizard
species living near tomato crops also tested positive for T. absoluta DNA. The results suggest that
aerial foraging bats and insectivorous birds are part of ecosystems that involve leaf miners and
tomato greenhouses.

Keywords: bats; birds; greenhouse; insectivores; lizards; qPCR; tomato; Tuta absoluta

1. Introduction

Currently, the tomato (Lycopersicum esculentum L.) is one of the most cultivated veg-
etables in the world and the one with the highest economic value, exceeding 182 million
tons in 2017. The leading tomato-producing countries globally are China, European Union,
USA, and Turkey [1], and its demand, cultivation, economic value, and trade are increas-
ing continuously. Consequently, investments increase in research and development to
improve productivity, quality, and resistance to pests and diseases, and also because during
the last decades no other intensive vegetable has suffered so many phytosanitary prob-
lems with the emergence of new diseases and pests. Some common tomato arthropod
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pests are whiteflies (Hemiptera: Aleyrodidae), thrips (Thysanoptera: Thripidae), spider
mites (Acari, Tetranychidae), tomato russet mites (Acari: Eriophyidae), aphids (Hemiptera:
Aphididae), flea beetles (Coleoptera: Chrysomelidae), cutworm (Lepidoptera: Noctuidae),
tomato hornworm (Lepidoptera: Sphingidae), and leaf miners like Lyriomyza spp. (Diptera:
Agromyzidae) and Tuta absoluta (Meyrick, 1917) (Lepidoptera: Gelechiidae) [2,3].

The adult of T. absoluta is a moth with a wingspan of around one centimeter. Its
larva feeds on tomato plants, producing large galleries in leaves, burrowing in stalks,
and consuming apical buds and green and ripe fruits. The pest is capable of causing a
yield loss of 100% [4]. Tomato is the main host plant, but T. absoluta also attacks other
solanaceous crops such as eggplant (Solanum melongena L.), pepper (Capsicum annuum
L.), potato (Solanum tuberosum L.), and tobacco (Nicotiana tabacum L.). Under favorable
climatological conditions, eight to ten generations can occur in a single year, during which
the pest exhibits deuterotokous parthenogenesis resulting in a very high population [5].
This invasive pest species is native to South America that has undergone a massive ex-
pansion since 2006 reaching large portions of Central America, the Caribbean, Africa,
and Eurasia [6]. Important factors that lead to such establishment and expansion were
identified as high reproductive capacity [5,7], resistance to pesticides such as pyrethroids
and diamide [8], transport through global and regional trade [9], broad host range [10],
widespread production of tomatoes [11], and the absence of effective surveillance methods
in some areas [12].

Due to the destructive effects T. absoluta has on tomato crops, pest control methods are
critical. Its larvae spend most of their time within the leaf or in the fruit, and thus, chemical
control is difficult and demands up to five sprays per week and 36 times per production
cycle of 12 weeks to be effective. This results in the development of resistance to pesticides,
environmental pollution, and human health risks [13]. Biological control of T. absoluta is
considered to be one of the alternatives, but finding an effective natural enemy for a new,
invasive pest is not an easy task as a pest often has tens to hundreds of species attacking
it [14]. T. absoluta is associated with almost 200 species of predators and parasitoids in
their native and newly invaded areas [6,15]. Currently, four species of all pest-associated
natural enemies are commercially used: the egg parasitoids Trichogramma pretiosum Riley
and Trichogramma achaeae Nagaraja & Nagarkatti (Hymenoptera: Trichogrammatidae),
and the predatory mirids Nesidiocoris tenuis (Reuter) and Macrolophus pygmaeus (Rambur)
(Hemiptera: Miridae) [6,15]. In the Spanish province of Almeria, natural enemies are used
in 64% of tomato crops [16].

Thus, biological control of this greenhouse pest is generally associated with parasitoid
or predatory insects. However, vertebrate animals, such as birds, provide important
ecosystem services, including important pest control effects on productive systems [17].
The typically low bird diversity observed in intensive agricultural landscapes renders
them more susceptible to pests that cause important economic losses [18]. Although these
pests have traditionally been controlled using chemical methods, recent work suggests
that bird-mediated biological control is an effective and environmentally friendly form of
ecological intensification practice [18]. In addition, Kuhl’s pipistrelle bats (Pipistrellus kuhlii)
were recently found to exploit pink bollworm irruptions in cotton fields by opportunistic
feeding. It has been suggested that synanthropic bats provide important pest suppression
services, may function as conservation biological control (CBC) agents of cotton pests, and
potentially contribute to suppressing additional deleterious arthropods found in their diet
in high frequencies. Interestingly, T. absoluta was also found to be part of the diet of Kuhl’s
pipistrelle [19].

In the present paper, we investigate whether T. absoluta is part of the diet of domestic
and synanthropic vertebrate animals, such as birds, reptiles, and mammals, and that take
part in an ecosystem that contains a high density of tomato greenhouses. First, we compared
the efficiency in isolating general and species-specific DNA of three different extraction
methods on stool samples form birds, reptile, and mammal, spiked with homogenates
from adult T. absoluta leaf miners. Second, stool samples from partridges artificially fed
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with T. absoluta adults were used to determine if the DNA from the leaf miner could be
found in subsequently collected feces. And third, feces from domesticated partridges,
common quails, and chickens, as well as from wild lizards, were collected within tomato
greenhouses, and fecal pellets from bats, swallows, common swifts, and house martins
living in the vicinity of tomato greenhouses were collected outside. DNA was extracted
and analyzed using probe real-time PCR for the presence of T. absoluta DNA. The results
confirm that bats feed on T. absoluta and show for the first time that this pest also is part of
the diet of several bird and lizard species.

2. Materials and Methods
2.1. Insects and Feces Collection

The study was carried out in the province of Almería (South–East Spain), one of
the biggest vegetable production regions in Europe (Figure 1) [20]. For insects and feces
sampling, we considered two major regions of vegetable production in Almería, hereinafter
denoted the East (A in Figure 1) and Southeast (B in Figure 1). The two areas present
contrasting production conditions in terms of landscape context, crop type, vegetable
production systems, and therefore, pest pressure. The East is an area characterized by
vegetable crops cultivated in the open field, mainly lettuce (Lactuca sativa L.), broccoli
(Brassica oleracea var. italica), and potato, mixed with citrus orchards (37◦16′ N, 1◦51′ W) (A
in Figure 1). The Southeast is a highly and intensively cultivated greenhouse area, mainly
with tomato, pepper, eggplant, cucumber (Cucumis sativus L.), zucchini (Cucurbita pepo L.),
melon (Cucumis melo L.), and watermelon (Citrullus lanatus L.), and presents a high natural
occurrence of T. absoluta populations (36◦49′ N, 2◦30′ W) (B in Figure 1).
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All the samples were collected in the spring and early summer of 2022. Whole speci-
mens of fifty T. absoluta adults were collected from black sticky traps (25 × 40 cm, Agrobio
S.L. La Mojonera, Almería, Spain) combined with the T. absoluta Russel® sex pheromone
in several tomato greenhouses in the Southeast area. Specimens were carefully removed
with forceps and maintained at −20 ◦C in 2 mL tubes until molecular analysis. To deter-
mine whether the pest under study was being consumed by vertebrates species inhabiting
inside greenhouses, stool samples from lizards, partridges, chickens, and common quails
were collected from organic tomato greenhouses in the Southeast area (B in Figure 1). To
determine whether the pest was being consumed outside greenhouses, stool samples from
nesting boxes and colonies of bats (Pipistrellus pipistrellus), nests of swallows (Hirundo
rustica), house martins (Delichon urbicum), and common swifts (Apus apus) were also col-
lected in the Southeast area (B in Figure 1). To determine whether the pest was being
consumed in areas supporting less pest pressure, and therefore, far away from greenhouses,
stool samples were also collected from nesting bird boxes and colonies of bats in the East
(A in Figure 1). In all cases, the samples were stored at −20 ◦C until molecular analysis.
For the DNA extraction method comparisons (see below), stools of central bearded dragon
(Pogona vitticeps) were obtained from a local exotic pet shop and of healthy partridges from
a local indoor farm. For the same purpose, feces from swallow and P. pipistrellus bats were
collected in the wild.

2.2. DNA Extraction, Quantification and Quality Control

Tuta absoluta adults were homogenized individually using sterile pestles in 100 µL
of 5% Chelex® 100 Resin (Merck-Sigma-Aldrich, Madrid, Spain) [21]. The homogenates
were briefly vortexed and incubated for 15 min at 54 ◦C followed by 3 min at 100 ◦C.
Next, the homogenates were cooled for 5 min at −20 ◦C and then centrifuged for 5 min at
14,000× rpm.

The supernatant was removed and stored at −20 ◦C. For DNA extractions from
vertebrate feces, DNA extraction kits were evaluated following the provided manuals:
PowerFecal DNA Isolation Kit (Mo Bio Laboratories Inc., Carlsbad, CA, USA) and IndiSpin
Pathogen Kit (Indical Bioscience, Leipzig, Germany). In addition, the Chelex method was
also tested on the fecal samples. In a comparative study, feces from healthy partridge,
swallow, Pipistrellus bat, and central bearded dragon were crushed and ground with a
porcelain mortar and pestle. The dry powder was dissolved as 0.01% solutions in Milli-Q
Water. Two hundred µL volumes of these samples then entered the extraction process and
the eluates from the extractions were finally evaluated quantitatively estimating the DNA
concentration using NanoDrop 2000 Ver. 1.6 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA).

The evaluation was repeated with feces homogenates from the four sources, spiked
with 15 µL of water containing 5 µg of extracted T. absoluta DNA, and the performance of
the three methods was tested using real-time PCR. The extraction kit yielding the highest
DNA concentration and T. absoluta DNA was further used for fecal DNA extraction from
the domestic and synanthropic animal feces in this paper.

2.3. Detection of Tuta absoluta in Domestic and Wild Animals

Two partridges, held in captivity, were fed with grain food supplemented with T.
absoluta adults. During the two days, the feces were collected and stored at −20 ◦C before
use. These samples as well as feces collected at different points in the coastal area of the
province of Almeria were homogenized and 0.3 g was mixed in 6 mL of water. The Indispin
method was used to extract 200 µL volumes of the mixtures as described above. The amount
of extracted DNA was estimated using the NanoDrop 2000 Ver. 1.6 spectrophotometer, and
the presence of specific T. absoluta DNA was determined using probe real-time PCR.
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2.4. Real-Time PCR and Sensitivity Analysis

Quantitative detection of T. absoluta DNA was conducted using a probe-based real-time
PCR, adapted from the method described by Zink et al. [22]. One diagnostic primer pair, Ta-
ITS-191F/Ta-ITS-345R, was used together with probe Ta-ITS-286P that was synthesized with
a 5′ FAM fluorophore and dual quenching with a terminal 3′ BHQ1 quencher (Table 1). As
an internal control, we utilized a previously designed 18S rDNA control probe ([23]; Table 1)
using Cyanine (Cy-)5 fluorophore instead of Quasar 670, and a terminal 3′ BHQ3 quencher.
We performed a duplex real-time PCR reaction as described by Ledezma et al. [24] to ensure
the DNA extractions were of PCR quality. The real-time PCR reagent was qMAXSen™
Green Dye qPCR Master Mix2x (CANVAX, Cordoba, Spain), and determinations were
conducted in a LightCycler 96 (Roche, Madrid, Spain) with the following protocol: (1) 95 ◦C
for 30 s; (2) 95 ◦C for 10 s; (3) 60 ◦C for 30 s followed by data capture; and (4) repeat steps
2 and 3—40x. The reactions were carried out using 500 nM of all primers, 250 nM of probe,
and 1 µL of DNA of varying concentration, in 96-well, thin-walled, white well hard-shell
PCR plates (Thermo Fisher Scientific, Madrid, Spain) sealed with highly transparent sealing
films (Brnd Gmbh, Wertheim, Germany).

Table 1. Primers and probes used in this study.

Name Description Sequence Tm (◦C) Source

Ta-ITS-191F ITS (diagnostic forward primer) 5′-GCGAGCCAAGTGATCCAC-3‘ 64.7 [20]
Ta-ITS-345R ITS (diagnostic reverse primer) 5′-AGGCGACGATGTGTACGA-3‘ 63.1 [20]

Ta-ITS-286P ITS (diagnostic probe) 5′-FAM-CTTAGAATACAT-
CGTGCAGGCAGC-BHQ-1-3‘ 67.6 [20] 1

RT-18S-F2 18S (control forward primer) 5′-ACCGCCCTAGTTCTAACCGTAAA-3‘ 65.4 [21]
RT-18S-R2 18S (control reverse primer) 5′-CCGCCGAGCCATTGTAGTAA-3‘ 66.9 [21]

RT-18S-P2 18S (control probe) 5′-Cy5-TGTCATCTAGC-
GATCCGCCGA-BHQ-3-3‘ 72.1 [21] 1

1 The dye/quencher combinations are from the present work.

A group of 10 T. absoluta individuals were ground in 400 µL Chelex solution (5%)
and treated as described below. The assay sensitivity was tested by running serial dilu-
tions of this T. absoluta DNA through the real-time PCR assay. DNA concentrations from
100 ng/µL to 0.0001 ng/µL were run using both the detection and control probes. Dilutions
were prepared by adding appropriate amounts of water to a known starting concentration
of DNA. The results of three independent runs were averaged and the quantitation cycle
(Cq) values were compared to DNA concentration on a logarithmic scale to determine the
slope, y-intercept, and correlation effects of DNA concentration on assay sensitivity [23].

3. Results
3.1. Real-Time PCR and Sensitivity Analysis

Concentrations of DNA from 100 ng/µL to 0.000001 ng/µL, isolated from adult
T. absoluta individuals, were run using both the detection and control probes. The Cq
values for the internal control ranged from 21.35 to 39.05 and for the T. absoluta DNA from
19.23 to 38.33. The average Cq values after three independent runs correlated with the
logarithmic scale of the DNA concentrations down to 0.0001 ng/µL and 0.00001 ng/µL
of DNA for the internal control (Cy5 probe) and the specific detection of T. absoluta DNA
(FAM probe), respectively (Figure 2). The 18S control probe consistently produced a higher
Cq value than the diagnostic FAM probe with the ∆Cq (i.e., Cy5 − FAM Cq) ranging from
−0.12 to 3.43 (mean 1.81 ± SD 1.07), indicating the increased sensitivity of the diagnostic
probe over the control probe. When run in duplex, the standard curve for the two probes
showed an increase in Cq values as DNA concentration decreased (Figure 2). There were
no indications of possible interactive or negative effects of duplexing the probes. Based
on the standard curve, samples with a DNA concentration ≥ 0.01 ng/µL should generate
results suitable for analysis.
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3.2. DNA Yield and Efficiency of Tuta absoluta DNA Purification

The three different methods that were tested for DNA extraction using feces from the
bat, partridge, swallow, and central bearded dragon, each had unique features based on
the inclusion of physical disruption of the samples (beads in PowerFecal, mortar and pestle
in Chelex), chemical (proteinase K in Indispin), heat (100 ◦C in Chelex), and ethanol precip-
itation of DNA (PowerFecal and Indispin) (Table 2). In two separate tests, the PowerFecal
method produced the lowest eluate DNA concentrations, varying from 2.5 to 17.9 ng/µL.
The Indispin method yielded from 21.9 to 800.5 ng/µL DNA, and the Chelex method from
503.9 to 1683.2 ng/µL, depending on the source of feces; the Indispin method yielded the
least amount of DNA from bat feces and the most amount from swallow feces, whereas
the Chelex method yielded the lowest amount of DNA from central bearded dragon (P.
vitticeps) and the highest amounts from swallow (H. rustica) (Table 3).

Table 2. Critical features of the DNA extractions methods used on collected feces.

Treatment
DNA Extraction Methods

PowerFecal DNA
Isolation Kit

Indispin Pathogen
Kit Chelex

Physical disruption yes no yes
Proteinase K no yes no
Boil (100 ◦C) no no yes

Ethanol precipitation yes yes no

The PowerFecal method also produced the lowest eluate DNA concentrations, specif-
ically of T. absoluta, that was spiked into the feces before extraction. Cq values of the
real-time PCR varied between 23.8 and 29.46 (FAM dye probe). The Chelex method was
slightly better (19.42 to 29.08 Cq) whereas the Indispin method yielded the best Cq values,
ranging between 15.57 (for P. perdix) and 24.83 (for H. rustica) (Table 3). The Indispin
Pathogen Kit was the method of choice for evaluating the collected stool samples from
domestic and wild animals associated with tomato greenhouses.
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Table 3. Purification of general DNA and specific T. absoluta DNA from stools of Pipistrelle bat,
partridge, swallow, and Iberian wall lizard.

Method Origin
DNA ng/µL (mean ± SD) 1 Cq 2

Experiment 1 Experiment 2 FAM Cy5

PowerFecal P. pipistrellus 12.4 ± 0.7 17.9 ± 0.9 29.46 28.79
P. perdix 5.4 ± 0.4 17.6 ± 2.3 25.99 27.05

H. rustica 2.5 ± 1.5 13.9 ± 4.6 28.37 29.33
P. vitticeps 4.0 ± 3.7 14.1 ± 3.7 23.8 21.95

Indispin P. pipistrellus 21.9 ± 3.0 22.3 ± 2.1 21.47 22.17
P. perdix 60.5 ± 2.6 101.3 ± 1.6 15.57 15.98

H. rustica 309.5 ± 22.1 800.5 ± 14.3 24.88 25.34
P. vitticeps 61.0 ± 3.9 53.6 ± 18.0 20.26 18.56

Chelex P. pipistrellus 1160.4 ± 22.4 1358.7 ± 16.3 20.05 21.54
P. perdix 1404.4 ± 42.8 1471.6 ± 6.9 28.01 27.79

H. rustica 1269.9 ± 43.8 1683.2 ± 46.3 29.08 27.79
P. vitticeps 503.9 ± 16.2 395.1 ± 7.2 19.42 23.02

1 Purification of DNA from stools of two birds (partridge P. perdix and swallow H. rustica), one mammal (P.
pipistrellus bats), and one reptile (central bearded dragon P. viticeps) in two independent experiments. 2 The Cq
values represent the specific detection of T. absoluta (FAM) and the internal control (Cy5) in real-time PCR from
the second experiment in which samples were spiked with T. absoluta DNA.

3.3. Tuta absoluta DNA in Domestic and Wild Vertebrate Animals

T. absoluta DNA was readily detected in feces from two partridges, fed artificially with
adults from this leaf miner; Cq values of the real-time PCR analyses using the FAM-labelled
probe were 25.60 and 29.25, respectively, whereas feces from partridges not fed with T.
absoluta (healthy controls) were negative (results not shown). This result showed us that
DNA from the pest was detectable in feces from birds fed with the pest. Subsequently, feces
DNA from domestic and wild animals in or close to tomato greenhouses was extracted
using the Indispin Kit. Most showed positive Cq values albeit corresponding to different
concentrations. The highest values were found in feces from bats and swallows (approx Cq
31), followed by feces from partridges, quails, swifts, and lizards (Cq 33-35). No T. absoluta
DNA was detected in feces from house martins, chickens, two swallows, and one common
swift stool sample (Table 4).

Table 4. Sources of collected feces, amounts of total DNA extracted, and specific T. absoluta
DNA detected.

Class
Species Location

Sample
ID *

Total General
DNA (µg/uL)

Specific
T. absoluta
DNA (Cq)Latin Name Common Name Inside/Outside

Tomato Greenhouse

Aves Perdix perdix Partidge Inside 1 91.0 33.92
Gallus

domesticus Chicken Inside 2 26.4 - **

Coturnix
coturnix Common quail Inside 3 126.9 35.25

Apus apus Common swift Outside 4 508.6 34.91
id. id. id. 5 832.0 34.70
id. id. id. 6 450.4 -

Delichon
urbicum House martin Outside 7 774.1 -
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Table 4. Cont.

Class
Species Location

Sample
ID *

Total General
DNA (µg/uL)

Specific
T. absoluta
DNA (Cq)Latin Name Common Name Inside/Outside

Tomato Greenhouse

id. id. id. 8 726.9 -
id. id. id. 9 642.9 -
id. id. id. 10 501.3 -
id. id. id. 11 747.7 -

Hirundo rustica Swallow Outside 12 678.9 31.83
id. id. id. 13 612.0 30.17
id. id. id. 14 187.3 -
id. id. id. 15 559.0 -

Reptilia Podarcis
hispanicus

Iberian wall
lizard Inside 16 66.8 35.47

Tarentola
mauritanica

Common wall
gecko Inside 17 187.9 34.44

Psammodromus
algirus

Algerian sand
racer Inside 18 411.3 35.03

Mammalia Pipistrellus
pipistrellus

Pipistrelle
microbat Outside 19 17.4 31.56

id. id. id. 20 42.1 31.94
id. id. id. 21 54.1 34.31
id. id. id. 22 60.0 33.65
id. id. id. 23 53.7 33.58
id. id. id. 24 178.4 29.53
id. id. id. 25 149.9 27.13
id. id. id. 26 45.9 31.77

* Numbers refer to the locations in Figure 1; ** not detected; id. means idem

4. Discussion

We used Taqman real-time PCR to detect T. absoluta in the feces of vertebrates. Our
test was adapted from Zink et al. [20] that amplifies DNA from this pest species, and
not from other members of the family Gelechiidae such as the tomato pinworm Keiferia
lycopersicella. The assay was adjusted for use in the Roche 96 Lightcycler, and with Cy5
dye for the 18S (control probe) instead of Quasar 670, and also different quenchers in the
probes for the internal control and T. absoluta [22]. The resulting sensitivity of the assay
was compatible and significant amplifications were obtained at concentrations down to
0.00001 ng/mL. This assay also readily detected T. absoluta DNA in DNA extractions of
feces from birds, reptiles, and mammals. This detection, however, is highly dependent on
efficient DNA extraction procedures that ideally would be suited for feces from these three
groups of vertebrates. DNA extraction from avian feces is determined by the nature of
birds mixing digestive residuals and urinary compounds to a single heterogeneous fecal
deposit that may contain uric acid, bile salts, nucleases, and partly/non-degraded complex
polysaccharides [25–27].

DNA Stool Mini Kit (Qiagen) has been recommended for the extraction of DNA from
feces from bats [28], and from birds [29] and reptiles [30]. PowerFecal DNA Isolation
Kit (MoBio) and derivatives from MoBio have been recommended for DNA extraction of
feces from bats [19] and birds [31]. In addition, QIAamp Cador Pathogen Kit has been
recommended for feces from birds [29]. Following the recommendations of Eriksson
et al. [29], ‘feces-specific’ DNA extraction kits were discarded in the present study because
they would perform very poorly, whereas QIAamp Cador Pathogen Kit eluates showed the
best results. The QIAamp Cador Pathogen Kit is now continued as the Indispin Pathogen
Kit (Indical Bioscience), which, for the present study, we compared with the PowerFecal
DNA extraction (MoBio). In addition, we tested the Chelex method, which has been
used specifically to extract T. absoluta DNA [32]. Our results showed that the MoBio
DNA isolation kit produced the lowest eluate total DNA concentration. The Indispin
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method yielded more total DNA from bat, bird, and reptile feces, confirming the reports
from Eriksson et al., [29]. The Chelex yielded the highest amounts of DNA method from
503.9 to 1683.2 ng/mL, depending on the source of feces; the Indispin method yielded the
least amount of DNA from bat feces and the most amount from swallow feces, whereas
the Chelex method yielded the lowest amount of DNA from P. vitticeps and the highest
amounts from H. rustica (Table 3).

From an ecological point of view, feces from partridges, fed artificially with T. absoluta,
contained DNA from this leaf miner that was detected using real-time PCR yielding Cq
values of 25.60 and 29.25. These values were near to those found for feces collected from P.
pipistrellus bats (e.g., 27.13) and swallows (e.g., 30.17), which suggests that the leaf miner is
part of the diet of these wild mammals and birds. Lesser amounts of T. absoluta DNA were
found in domesticated partridges that were reared inside a tomato greenhouse (Cq 33.92),
and even fewer amounts were found in feces from the common swift (Cq 34.91) and from
common quails that were reared inside a greenhouse (Cq 35.25). We detected T. absoluta
DNA in feces from three lizard species found near tomato crops (Cq 34.44–35.47). Most
lizards in arid habitats follow a wide foraging strategy. The Moorish gecko Tarentola mauri-
tanica, a gecko frequently inhabiting humanized habitats, has been repeatedly classified as
a sit-and-wait predator. Dietary analysis, however, suggests that the Moorish gecko is noc-
turnal and captures prey belonging to diverse taxonomic groups, mainly ground-dwelling
arthropods, including lepidopteran larvae and adults [33]. Bats play a relevant action in the
protection of economically important crops against lepidopteran pests [34]. This is the first
report of T. absoluta predation by bats in this important tomato-producing area. Recently,
Kuhl’s pipistrelle (P. kuhlii) was found to feed on T. absoluta. It has been suggested that
synanthropic bats provide important pest suppression services, and may function as CBC
agents of crop pests in the Eastern Mediterranean and potentially contribute to suppressing
deleterious arthropods found in their diet in high frequencies [19].

Bats are opportunistic feeders and typically switch to whatever insects are available,
moving over extensive areas and accumulating at outbreaks of pest insects [35,36]. Sim-
ilarly, bat activity and the consumption of the pecan nut casebearer, Acrobasis nuxvorella
(Lepidoptera: Pyralidae; Neunzig), coincided with peak outbreaks in orchards [37]. The
consumption of the four main pest species by insectivorous bats in Macadamia was also cor-
related with pest outbreaks [38]. Fecal samples from six common bat species in Madagascar
rice fields showed that bats foraged on economically important pests [39]. A continent-
wide landscape analysis across southern Europe and DNA metabarcoding showed that
the dietary patterns of the common bent-wing bat (Miniopterus schreibersii) are predicted
by the agricultural intensification in the landscape [40]. In vineyards, lesser horseshoe
bats (Rhinolophus hipposideros) eat a variety of pest species, and their diet changes sea-
sonally [41]. Rodríguez-San Pedro et al. [42] have provided evidence that bats reduce
grapevine pest insect infections and thus increase vineyard yield and winegrowers’ income.
They conclude that bats should be included in future biodiversity conservation plans in
vineyards and be considered within agricultural management strategies based on natural
pest suppression. So, our results confirm the findings of Cohen et al. [19] that Pipistrellus
sp. feeds on T. absoluta, but this time in the surroundings of tomato greenhouses in the
Western Mediterranean.

Similar amounts of T. absoluta DNA were found in the feces of swallows, and this is the
first report of this pest being found as part of the diet of synanthropic birds. T. absoluta DNA
was also detected, but in fewer amounts in feces from common swifts, and none in those
from house martins (Table 4). Common swifts, swallows, and house martins occur widely
in the Western Mediterranean, breed sympatrically and most of their diet is obtained from
agricultural sources of invertebrate prey [43]. It was quite surprising that bats and swallows’
predation on T. absoluta was so high and persistent over the fields, considering the setting
in an intensively farmed semi-urban area. In comparison with bats, the predation by birds
was variable (Table 4). The results could be partly explained by foraging niche differences
in the use of different air layers—that is, foraging at different heights [44]. T. absoluta
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can move several kilometers by flying or drifting with the wind [45], but it is typically a
low-flying insect found at lower layers near 50–60 cm above the ground [46–48], where
swallows could feed on it [49]. This height is similar to that of the foraging niche of the bat
P. pipistrellus [50]. Nevertheless, house martins have a mean fly height of 21 m [48] (Waugh,
1978) while swifts cover large distances to foraging grounds [51]. This could explain why T.
absoluta constitutes a part of the diet of swallows and bats because predators and preys have
overlapping flight heights. The relationship between flight height and foraging efficiency
of crop pests of swallows, house martins, and swifts, and the potential benefits of all three
bird species in terms of pest reduction, reduced crop damage, and improved crop yield,
has also been proposed in field crops [52]. Moreover, the foraging activity of some bat
species is significantly higher near pheromone lures, i.e., in areas of expected increased
prey availability [53]. Therefore, the detection of considerable amounts of T. absoluta DNA
in the feces of bats near tomato greenhouses is very significant. Sex pheromone-based
biotechnical control of T. absoluta is an increasingly successful management practice in
Almerian greenhouses, which could have influenced the foraging activity of bats species
in our study area. The activity pattern of T. absoluta is usually nocturnal with adults
usually remaining hidden during the day, showing greater morning–crepuscular activity
with adults dispersing among crops by flying [4]. Our results indicate that crepuscular
and nocturnal pests like T. absoluta are exposed to bat predation, not only by spatial co-
occurrence (overlapping foraging niches) but also by merely temporal co-occurrence.

In contrast to domestic birds, this study shows that wild aerial foraging bats and
insectivorous birds feed on T. absoluta and perhaps provide an ecosystem service worth
being investigated. Our results suggest that in the control of the leaf miner in areas of
tomato greenhouses, the potential integration of such bats and birds into pest management
schemes might provide economic benefits. However, further studies are needed on the
movements of T. absoluta outside and between greenhouses, and on the potential role of
foraging vertebrates as agents of the biological control of these crop insect pests.

5. Conclusions

The leaf miner Tuta absoluta is a major pest of tomato. DNA from this insect was
detected in feces from wild lizards and from domesticated partridges and common quails,
that were collected within tomato greenhouses and also in fecal pellets from bats, swallows,
and common swifts, living in the vicinity of tomato greenhouses that were collected outside.
The results suggest that aerial foraging bats and some insectivorous birds species are part
of ecosystems that involve leaf miners and tomato greenhouses.

Author Contributions: Conceptualization, E.G.-M. and E.R.; formal analysis, D.J.; investigation, D.J.;
data curation, D.J. and E.R.; writing—original draft preparation, D.J., E.G.-M. and E.R.; writing—
review and editing, D.J., E.G.-M. and E.R.; visualization, E.G.-M.; supervision, D.J., E.G.-M. and E.R.;
project administration, E.R.; funding acquisition, D.J. and E.R. All authors have read and agreed to
the published version of the manuscript.

Funding: ER was sponsored by the Spanish Research Agency. Financial support was from IFAPA
and the European Regional Development Fund (ERDF), project AVA2017-015.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors would like to thank Antonio Ramón Garriga and farmers from
Almeria province for kindly permitting us to collect samples in their greenhouses. We also offer
special thanks to the biocontrol technician from Agrobio S.L., María del Mar Rodríguez Fuentes, for
her field assistance.

Conflicts of Interest: The authors declare no conflict of interest.



Insects 2023, 14, 673 11 of 12

References
1. FAOSTAT. Food and Agriculture Organization of the United Nations. 2019. Available online: http://www.fao.org/faostat/en/#home

(accessed on 1 February 2021).
2. Gullino, M.L.; Albajes, R.; Nicot, P.C. Integrated Pest and Disease Management in Greenhouse Crops; Springer: Cham, Switzerland, 2020.
3. Jones, J.B.; Zitter, T.A.; Momol, M.T.; Miller, S.A. Compendium of Tomato Diseases and Pests; American Phytopathological Society: St.

Paul, MN, USA, 2014; p. 168.
4. Desneux, N.; Wajnberg, E.; Wyckhuys, K.A.G.; Burgio, G.; Arpaia, S.; Narváez-Vasquez, C.A.; González-Cabrera, J.; Catalan

Ruescas, D.; Tabone, E.; Frandon, J.; et al. Biological invasion of European tomato crops by Tuta absoluta: Ecology, geographic
expansion and prospects for biological control. J. Pest Sci. 2010, 3, 197–215. [CrossRef]

5. Caparros Mejido, R.; Haubruge, E.; Verheggen, F.J. First evidence of deuterotokous parthenogenesis in the tomato leafminer, Tuta
absoluta (Meyrick) (Lepidoptera: Gelechiidae). J. Pest Sci. 2012, 85, 409–412. [CrossRef]

6. Biondi, A.; Guedes, R.N.C.; Wan, F.H.; Desneux, N. Ecology, worldwide spread, and management of the invasive South American
tomato pinworm, Tuta absoluta: Past, present, and future. Annu. Rev. Entomol. 2018, 63, 239–258. [CrossRef] [PubMed]

7. EPPO. Data sheets on quarantine pests: Tuta absoluta. EPPO Bull. 2005, 35, 434–435. [CrossRef]
8. Guedes, R.N.C.; Roditakis, E.; Campos, M.R.; Haddi, K.; Bielza, P.; Siqueira, H.A.A.; Nauen, R. Insecticide resistance in the tomato

pinworm Tuta absoluta: Patterns, spread, mechanisms, management and outlook. J. Pest Sci. 2019, 92, 1329–1342. [CrossRef]
9. Desneux, N.; Han, P.; Mansour, R.; Arnó, J.; Brévault, T.; Campos, M.R.; Chailleux, A.; Guedes, R.N.; Karimi, J.; Konan, K.A.J.; et al.

Integrated pest management of Tuta absoluta: Practical implementations across different world regions. J. Pest Sci. 2021, 95, 17–39.
[CrossRef]

10. Cherif, A.; Verheggen, F. A review of Tuta absoluta (Lepidoptera: Gelechiidae) host plants and their impact on management
strategies. Biotechnol. Agron. Soc. Environ. 2019, 23, 270–278. [CrossRef]

11. Tonnang, H.E.; Mohamed, S.F.; Khamis, F.; Ekesi, S. Identification and risk assessment for worldwide invasion and spread of
Tuta absoluta with a focus on Sub-Saharan Africa: Implications for phytosanitary measures and management. PLoS ONE 2015,
10, e0135283. [CrossRef]

12. Campos, M.R.; Biondi, A.; Adiga, A.; Guedes, R.N.; Desneux, N. From the Western Palaearctic region to beyond: Tuta absoluta 10
years after invading Europe. J. Pest Sci. 2017, 90, 787–796. [CrossRef]

13. Guedes, N.C.; Picanco, M. Tuta absoluta in South America: Pest status, management & insecticide resistance. In Proceedings of
the EPPO/IOBC/FAO/NEPPO Joint International Symposium on Management of Tuta absoluta (tomato borer), Agadir, Marocco,
16–18 November 2011; pp. 15–16.

14. Cock, M.J.W.; van Lenteren, J.C.; Brodeur, J.; Barratt, B.I.P.; Bigler, F.; Bolckmans, K.; Cônsoli, F.L.; Haas, F.; Mason, P.G.; Parra,
J.R.P. Do new access and benefit sharing procedures under the convention on biological diversity threaten the future of biological
control? Biocontrol 2010, 55, 199–218. [CrossRef]

15. Ferracini, C.; Bueno, V.H.P.; Dindo, M.L.; Ingegno, B.L.; Luna, M.G.; Salas Gervassio, N.G.; Sánchez, N.E.; Siscaro, G.; van
Lenteren, J.C.; Zappalà, L.; et al. Natural enemies of Tuta absoluta in the Mediterranean basin, Europe and South America.
Biocontrol Sci. Technol. 2019, 29, 578–609. [CrossRef]

16. Cajamar. Análisis de la Campaña Hortofrutícola. Campaña 2020/2021, Fundación Cajamar/Caja Rural ed.; Cajamar Caja: Almería,
Spain, 2021; Available online: https://publicacionescajamar.es/series-tematicas/informes-coyuntura-analisis-de-campana/
analisis-de-la-campana-hortofruticola-de-almeria-campana-2020-2021/ (accessed on 27 July 2023).

17. Schmidt, J.M.; Acebes-Doria, A.; Blaauw, B.; Kheirodin, A.; Pandey, S.; Lennon, K.; Grabarczyk, E.E. Identifying molecular-based
trophic interactions as a resource for advanced integrated pest management. Insects 2021, 12, 358. [CrossRef]

18. Díaz-Siefer, P.; Olmos-Moya, N.; Fontúrbel, F.E.; Lavandero, B.; Pozo, R.A.; Celis-Diez, J.L. Bird-mediated effects of pest control
services on crop productivity: A global synthesis. J. Pest Sci. 2022, 95, 567–576. [CrossRef]

19. Cohen, Y.; Bar-David, S.; Nielsen, M.; Bohmann, K.; Korine, C. An appetite for pests: Synanthropic insectivorous bats exploit
cotton pest irruptions and consume various deleterious arthropods. Mol. Ecol. 2020, 29, 1185–1198. [CrossRef]

20. European Commision. The Tomato Market in the EU: Vol. 1: Production, Areas and Yields; European Commission: Brussels,
Belgium, 2019.

21. Walsh, P.S.; Metzger, A.; Higuchi, R. Chelex 100 as a medium for simple extraction of DNA for PCR-based typing from forensic
material. Biotechniques 1991, 10, 506–513. [CrossRef]

22. Zink, F.A.; Tembrock, L.R.; Timm, A.E.; Gilligan, T.M. A Real-Time PCR Assay for Rapid Identification of Tuta absoluta (Lepidoptera:
Gelechiidae). J. Econ. Entomol. 2020, 113, 1479–1485. [CrossRef]

23. Barr, N.B.; Ledezma, L.A.; Farris, R.E.; Epstein, M.E.; Gilligan, T.M. A multiplex real-time polymerase chain reaction assay to
diagnose Epiphyas postvittana (Lepidoptera: Tortricidae). J. Econ. Entomol. 2011, 104, 1706–1719. [CrossRef]

24. Ledezma, L.A.; Barr, N.B.; Epstein, M.E.; Gilligan, T.M. Diagnosis of Lobesia botrana (Lepidoptera: Tortricidae) using real-time
PCR. J. Econ. Entomol. 2016, 109, 1957–1962. [CrossRef]

25. Gill, F.B. Ornithology, 3rd ed.; W.H. Freeman and Company: New York, NY, USA, 2007; pp. 1–12.
26. Jedlicka, A. Vo ATE Protocols for metagenomic DNA extraction and Illumina amplicon library preparation for faecal and swab

samples. Mol. Ecol. Resour. 2014, 14, 1183–1197. [CrossRef]
27. Regnaut, S.; Lucas, F.S.; Fumagalli, L. DNA degradation in avian faecal samples and feasibility of non-invasive genetic studies of

threatened capercaillie populations. Conserv. Genet. 2006, 7, 449–453. [CrossRef]

http://www.fao.org/faostat/en/#home
https://doi.org/10.1007/s10340-010-0321-6
https://doi.org/10.1007/s10340-012-0458-6
https://doi.org/10.1146/annurev-ento-031616-034933
https://www.ncbi.nlm.nih.gov/pubmed/28977774
https://doi.org/10.1111/j.1365-2338.2005.00852.x
https://doi.org/10.1007/s10340-019-01086-9
https://doi.org/10.1007/s10340-021-01442-8
https://doi.org/10.25518/1780-4507.18211
https://doi.org/10.1371/journal.pone.0135283
https://doi.org/10.1007/s10340-017-0867-7
https://doi.org/10.1007/s10526-009-9234-9
https://doi.org/10.1080/09583157.2019.1572711
https://publicacionescajamar.es/series-tematicas/informes-coyuntura-analisis-de-campana/analisis-de-la-campana-hortofruticola-de-almeria-campana-2020-2021/
https://publicacionescajamar.es/series-tematicas/informes-coyuntura-analisis-de-campana/analisis-de-la-campana-hortofruticola-de-almeria-campana-2020-2021/
https://doi.org/10.3390/insects12040358
https://doi.org/10.1007/s10340-021-01438-4
https://doi.org/10.1111/mec.15393
https://doi.org/10.2144/000114018
https://doi.org/10.1093/jee/toaa040
https://doi.org/10.1603/EC11093
https://doi.org/10.1093/jee/tow111
https://doi.org/10.1111/1755-0998.12269
https://doi.org/10.1007/s10592-005-9023-7


Insects 2023, 14, 673 12 of 12

28. Zeale, M.R.K.; Butlin, R.; Barker, G.L.A.; Lees, D.C.L.; Jones, G. Taxon-Specific PCR for DNA Barcoding Arthropod Prey in Bat
Faeces. Mol. Ecol. Resour. 2010, 11, 236–244. [CrossRef]

29. Eriksson, P.; Mourkas, E.; González-Acuna, D.; Olsen, B.; Ellström, P. Evaluation and optimization of microbial DNA extraction
from fecal samples of wild Antarctic bird species. Infect. Ecol. Epidemiol. 2017, 7, 1386536. [CrossRef]

30. Jones, R.; Cable, J.; Bruford, M.W. An evaluation of non-invasive sampling for genetic analysis in northern European reptiles.
Herpetol. J. 2008, 18, 32–39.

31. Oehm, J.; Juen, A.; Nagiller, K.; Neuhauser, S.; Traugott, M. Molecular scatology: How to improve prey DNA detection success in
avian faeces? Mol. Ecol. Resour. 2011, 11, 620–628. [CrossRef]

32. Cifuentes, D.; Chynoweth, R.; Bielza, P. Genetic study of Mediterranean and South American populations of tomato leafminer
Tuta absoluta (Povolny, 1994) (Lepidoptera: Gelechiidae) using ribosomal and mitochondrial markers. Pest Manag. Sci. 2011,
67, 1155–1162. [CrossRef]

33. Hódar, J.A.; Pleguezuelos, J.M.; Villafranca, C.; Fernández-Cardenete, J.R. Foraging mode of the Moorish gecko Tarentola
mauritanica in an arid environment: Inferences from abiotic setting, prey availability and dietary composition. J. Arid. Environ.
2006, 65, 83–93. [CrossRef]

34. Riccucci, M.; Lanza, B. Bats and insect pest control: A review. Vespertilio 2014, 17, 161–169.
35. Rydell, J.; Entwistle, A.; Racey, P.A. Timing of foraging flights of three species of bats in relation to insect activity and predation

risk. Oikos 1996, 76, 243–252. [CrossRef]
36. McCracken, G.F.; Westbrook, J.K.; Brown, V.A.; Eldridge, M.; Federico, P.; Kunz, T.H. Bats track and exploit changes in insect pest

populations. PLoS ONE 2012, 7, e43839. [CrossRef]
37. de Torres, E.C.B.; Brown, V.A.; McCracken, G.F.; Kunz, T.H. Sympatric Bat Species Prey Opportunistically on a Major Moth Pest

Pecans. Sustainability 2019, 11, 6365. [CrossRef]
38. Weier, S.M.; Moodley, Y.; Fraser, M.F.; Linden, V.M.G.; Grass, I.; Tscharntke, T.; Taylor, P.J. Insect pest consumption by bats in

macadamia orchards established by molecular diet analyses. Glob. Ecol. Conserv. 2019, 18, e00626. [CrossRef]
39. Kemp, J.; Lopez-Baucells, A.; Rocha, R.; Wangensteen, O.S.; Andriatafika, Z.; Nair, A.; Cabeza, M. Bats as potential suppressors of

multiple agricultural pests: A case study from Madagascar. Agric. Ecosyst. Environ. 2019, 269, 88–96. [CrossRef]
40. Aizpurua, O.; Budinski, I.; Georgiakakis, P.; Gopalakrishnan, S.; Ibanez, C.; Mata, V.; Rebelo, H.; Russo, D.; Szodoray-Paradi, F.;

Zhelyazkova, V.; et al. Agriculture shapes the trophic niche of a bat preying on multiple pest arthropods across Europe: Evidence
from DNA metabarcoding. Mol. Ecol. 2018, 27, 815–825. [CrossRef] [PubMed]

41. Baroja, U.; Garin, I.; Aihartza, J.; Arrizabalaga-Escudero, A.; Vallejo, N.; Aldasoro, M.; Goiti, U. Pest consumption in a vineyard
system by the lesser horseshoe bat (Rhinolophus hipposideros). PLoS ONE 2019, 14, e0219265. [CrossRef] [PubMed]

42. Rodríguez-San Pedro, A.; Allendes, J.L.; Beltrán, C.A.; Chaperon, P.N.; Saldarriaga-Córdoba, M.M.; Silva, A.X.; Grez, A.A.
Quantifying ecological and economic value of pest control services provided by bats in a vineyard landscape of central Chile.
Agric. Ecosyst. Environ. 2020, 302, 107063. [CrossRef]

43. Orłowski, G.; Karg, J. Diet breadth and overlap in three sympatric aerial insectivorous birds at the same location. Bird Study 2013,
60, 475–483. [CrossRef]

44. Bryant, D.M.; Turner, A.K. Central place foraging by swallows (Hirundinidae): The question of load size. Anim. Behav. 1982,
30, 845–856. [CrossRef]

45. van Deventer, P. Leaf miner threatens tomato growing in Europe (Crop protection). Fruits Veg. Technol. 2009, 9, 10–12. Available
online: https://edepot.wur.nl/189532 (accessed on 20 January 2023).

46. Coelho, M.C.F.; França, F.H. Biology, larva chaetotaxy and description of the pupa and adult moth the tomato. Pesqui. Agropecuária
Bras. 1987, 22, 129–135.

47. Uchoa-Fernandes, M.A.; della Lucia, T.M.C.; Vilela, E.F. Mating, oviposition and pupation of Scrobipalpuloides absoluta (Meyr.)
(Lepidoptera: Gelechiidae). An. Soc. Entomol. Bras. 1995, 24, 159–164. [CrossRef]

48. Sabbahi, R.; Khalil, A. The effectiveness of pheromone traps in controlling the tomato leafminer, Tuta absoluta, in the United Arab
Emirates. J. Plant Dis. Prot. 2022, 129, 367–374. Available online: https://hal.archives-ouvertes.fr/hal-01548714 (accessed on
27 July 2023). [CrossRef]

49. Waugh, D.R. Predation Strategies in Aerial Feeding Birds. Unpubl. Ph.D. Thesis, University of Stirling, Stirling, UK, 1978.
50. Seibert, A.M.; Koblitz, J.C.; Denzinger, A.; Schnitzler, H.U. Scanning behavior in echolocating common pipistrelle bats (Pipistrellus

pipistrellus). PLoS ONE 2013, 8, e60752. [CrossRef] [PubMed]
51. Lack, D.; Owen, D.F. The food of the swift. J. Anim. Ecol. 1955, 24, 120–136. [CrossRef]
52. Orłowski, G.; Karg, J.; Karg, G. Functional invertebrate prey groups reflect dietary responses to phenology and farming activity

and pest control services in three sympatric species of aerially foraging insectivorous birds. PLoS ONE 2014, 9, e114906. [CrossRef]
53. Charbonnier, Y.; Barbaro, L.; Theillout, A.; Jactel, H. Numerical and functional responses of forest bats to a major insect pest in

pine plantations. PLoS ONE 2014, 9, e109488. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/j.1755-0998.2010.02920.x
https://doi.org/10.1080/20008686.2017.1386536
https://doi.org/10.1111/j.1755-0998.2011.03001.x
https://doi.org/10.1002/ps.2166
https://doi.org/10.1016/j.jaridenv.2005.08.006
https://doi.org/10.2307/3546196
https://doi.org/10.1371/journal.pone.0043839
https://doi.org/10.3390/su11226365
https://doi.org/10.1016/j.gecco.2019.e00626
https://doi.org/10.1016/j.agee.2018.09.027
https://doi.org/10.1111/mec.14474
https://www.ncbi.nlm.nih.gov/pubmed/29290102
https://doi.org/10.1371/journal.pone.0219265
https://www.ncbi.nlm.nih.gov/pubmed/31318887
https://doi.org/10.1016/j.agee.2020.107063
https://doi.org/10.1080/00063657.2013.839622
https://doi.org/10.1016/S0003-3472(82)80158-9
https://edepot.wur.nl/189532
https://doi.org/10.37486/0301-8059.v24i1.1007
https://hal.archives-ouvertes.fr/hal-01548714
https://doi.org/10.1007/s41348-022-00572-0
https://doi.org/10.1371/journal.pone.0060752
https://www.ncbi.nlm.nih.gov/pubmed/23580164
https://doi.org/10.2307/1882
https://doi.org/10.1371/journal.pone.0114906
https://doi.org/10.1371/journal.pone.0109488

	Introduction 
	Materials and Methods 
	Insects and Feces Collection 
	DNA Extraction, Quantification and Quality Control 
	Detection of Tuta absoluta in Domestic and Wild Animals 
	Real-Time PCR and Sensitivity Analysis 

	Results 
	Real-Time PCR and Sensitivity Analysis 
	DNA Yield and Efficiency of Tuta absoluta DNA Purification 
	Tuta absoluta DNA in Domestic and Wild Vertebrate Animals 

	Discussion 
	Conclusions 
	References

