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ABSTRACT

New strategies are urgently needed to control Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae), one of the most
destructive pests of tomato crops. Originating from South America, it is spreading rapidly and has evolved
resistance to most common insecticides making it highly challenging to control. Regarding biological control, the
parasitoid Necremnus tutae Ribes & Bernardo (Hymenoptera: Eulophidae) is widely present around the Medi-
terranean basin and has adapted to the invader playing a substantial role in its control. In addition, the
neotropical parasitoid Dolichogenidea gelechiidivoris Marsh (Hymenoptera: Braconidae) has established acciden-
tally following its host in Spain and Algeria and a classical biological control program using this species is
ongoing in Sub-Saharan Africa. Understanding the trophic connections between D. gelechiidivoris, N. tutae, the
targeted host T. absoluta and potential non-target hosts is essential to assess their value as augmentative or
classical biological control agents and to promote their establishment in conservation biocontrol. We conducted
host-specificity tests in the laboratory using four European leafminer species to evaluate the specificity of these
two parasitoids to T. absoluta. We then assessed their affinity for T. absoluta by exposing sentinel plants with the
alternative host Phthorimaea operculella (Zeller) (Lepidoptera: Gelechiidae) inside and around greenhouses and
measuring each parasitoid species’ field parasitism rate. Our results show that of the four non-target species
tested in the laboratory, N. tutae attacked three, while D. gelechiidivoris attacked only P. operculella. In the
greenhouse, N. tutae did not prefer P. operculella or T. absoluta, whereas D. gelechiidivoris preferred the latter. The
mean parasitism rate of T. absoluta over the three-month monitoring period in the greenhouses reached 27 % for
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N. tutae and 35 % for D. gelechiidivoris. We discuss the importance of host affinity for understanding potential
non-target effects and the value a natural enemy can have as biological control.

1. Introduction

Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae), recently rein-
stated as “Phtorimaea absoluta” (Chang and Metz, 2021), is a serious
threat to worldwide tomato production (Campos et al., 2017; Desneux
etal.,2011,2010; Han et al., 2019; Mansour et al., 2018). Tuta absoluta is
very difficult to control due to the cryptic behavior of its larvae, its
increasing resistance to synthetic insecticides, and its high reproduction
rate (Guedes et al., 2019; Sylla et al., 2019). Outside of South America,
its endemic region (EPPO, https://gd.eppo.int), the pest has already
spread to more than 90 countries, including all Mediterranean countries.
In 2017, T. absoluta reached China, the world’s biggest tomato producer
causing severe damage (Zhang et al., 2020,2021). North America and
the Oceanian continent are at high risk of being invaded.

In the Mediterranean region, Necremnus tutae Ribes & Bernardo
(Hymenoptera: Eulophidae) is among the most abundant larval para-
sitoids found to attack T. absoluta (Gabarra et al., 2014; Zappala et al.,
2013). It shows an average parasitism rate of about 18 % in tomato crops
(Arno et al., 2021) that can reach 75-80 % in some cases (Giorgini et al.,
2019 and references within). To date, N. tutae is promoted in Europe
only through conservation biocontrol methods (Desneux et al., 2022).
The native hosts of N. tutae are unknown because this species (formerly
reported as N. sp. nr. artynes) has only recently been described (Gebiola
et al., 2015). The species appears to be polyphagous, targeting lepi-
dopteran leafminer species and even some coleopteran species, although
it is reported to parasitize only host larvae encased in mines (Chailleux
et al., 2014). In 2015, N. tutae was found parasitizing the almond bark
beetle Scolytus amygdali Geurin-Meneville (Coleoptera: Scolytinae) in
Tunisia (Zeiri et al., 2015). Cosmopterix pulchrimella Chambers (Lepi-
doptera: Cosmopterigidae), a leafminer of upright pellitory, is the third
host reported to be parasitized by N. tutae (Bodino et al., 2016). In
addition, the closely related parasitoid species N. artynes, often mistaken
for N. tutae in previous surveys on T. absoluta (Gebiola et al., 2015), has a
wide host range. Besides T. absoluta, N. artynes is also reported on
Aproaerema anthyllidella Hiibner and Vulcaniella pomposella (Zeller)
(Lepidoptera: Cosmopterigidae).

Recently, another larval parasitoid of T. absoluta, the braconid Doli-
chogenidea gelechiidivoris Marsh (Hymenoptera: Braconidae) (Syn.:
Apanteles gelechiidivoris Marsh), has been reported from the Mediterra-
nean, i.e., Spain and Algeria (Denis et al., 2022; Krache et al., 2021).
Native to Colombia, Chile, and Peru (Fernandez-Triana et al., 2020; Yu
et al., 2016), it is considered the most important parasitoid for natural
and augmentative biological control in Colombian tomato crops (Bajo-
nero and Parra, 2017). The host range of D. gelechiidivoris seems
confined to lepidopteran hosts belonging to the Gelechiidae family and
related to solanaceous plants (Salas Gervassio et al., 2019). Although no
risk assessment study has been published to date, D. gelechiidivoris has
been widely used in classical biocontrol programs against T. absoluta in
Easter Island, Kenya, Uganda, and Ethiopia, as well as against Phthor-
imaea operculella (Zeller) in North America and Keiferia lycopersicella
(both Lepidoptera: Gelechiidae) in Hawaii, (Desneux et al., 2010;
Aigbedion-Atalor et al., 2020; Aigbedion-Atalor et al., 2021, Nakao and
Funasaki, 1979).

With the ongoing spread of T. absoluta, both parasitoids have gained
increased attention. They could be fostered for their control function in
areas where they are already present or introduced as classical biological
control agents in countries where they are not present. Assessing the
host-specificity of these parasitoids is the first step for evaluating po-
tential environmental risks resulting from their introduction. High host-
specificity enhances the parasitoid’s efficiency in finding and attacking
the target pest species (Kimberling, 2004; Rossinelli and Bacher, 2015)

and reduces the risk of ecological disturbance, such as reducing pop-
ulations of non-target species (McEvoy, 1996; Collatz et al., 2021).
Moreover, studying the network ecology in the field could help under-
stand trophic interactions in both the native and the invaded ranges,
complement laboratory-based host-specificity tests, and provide insights
into potential interactions of biological control agents. Therefore, we
evaluated the specificity for T. absoluta of both parasitoids, first in the
laboratory and then in the field. We (1) assessed whether parasitism is
restricted to leafminers; (2) assessed host-specificity in the laboratory
with different leafminer species; (3) evaluated the parasitism rate from
cultivated tomato plants in different Spanish greenhouses, on T. absoluta
on commercially grown tomato and tomato and potato sentinel plants
infested with T. absoluta and P. operculella, respectively; and (4) sur-
veyed the parasitoid complex/community on other leafminer species
around the greenhouses.

2. Material and methods
2.1. Laboratory experiment

2.1.1. Insect and plant material

The laboratory experiments were conducted in a quarantine facility
at Agroscope in Switzerland and were approved by the Federal Office for
the Environment (order: A22004600). All experiments and insect rear-
ing were conducted in climate chambers at 25 + 1 °C, 70 &+ 10 % RH,
and a 16:8 h L:D photoperiod.

The rearing of T. absoluta was established with individuals provided
by Andermatt Biocontrol, Switzerland. Adult moths were kept in mesh
cages and provided with cotton soaked in honey/water solution (10 %
v/v) placed on the top of the cage and tomato plants (Solanum Lyco-
persicum cv. Rentita) for egg-laying. After seven days, plants with eggs
and young larvae were moved to another cage to start a new generation.
Additional plant material was added regularly.

Colonies of the parasitoids N. tutae and D. gelechiidivoris were initi-
ated with individuals collected in commercial tomato fields in El Mar-
esme county (Barcelona, Spain). Adults were kept in mesh cages (50 x
50 x 50 cm) (bug dorm, MegaView Science Co., Ltd., Taiwan) and
provided cotton soaked in honey/water (10 % v/v) and tomato plants
with T. absoluta second to third instar larvae for parasitism. After
emergence, adult parasitoids were collected and stored at 12 °C with
honey/water solution provided on a cotton pad. At ten-day-intervals, a
new parasitoid generation was initiated by releasing about 30 adult
parasitoids of mixed sexes into a newly prepared cage. All female par-
asitoids used in the experiments were naive, mated (stored with males
for at least two days), and less than a week old.

Four species of leafminers were selected as non-target species: i) The
potato tuber moth P. operculella as a closely related species from the
same clade as T. absoluta (Chang and Metz, 2021), ii) the horse chestnut
leafminer, Cameraria ohridella Deschka & Dimic (Lepidoptera: Gra-
cillariidae) and iii) the pear blister leaf miner Leucoptera malifoliella
Costa (Lepidoptera: Lyonetiidae) as lepidopteran leafminers from two
different families than T. absoluta, and iv) Liriomyza bryoniae (Kalten-
bach) (Diptera: Agromyzidae) as a leafminer from another order but
feeding on tomato.

Rearing of P. operculella was established with individuals provided
by Andermatt Biocontrol, rearing of L. malifoliella and L. bryoniae with
individuals collected in a commercial apple orchard and a tomato field,
respectively, in the Zurich region. After emergence, adults were kept in
mesh cages and provided cotton soaked in honey/water solution placed
on the top of the cage. The species were provided with potato tubers (cv.
Red Pontiac), apple branches (cv. Jonagold), and tomato plants (cv.
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Rentita), respectively, for egg-laying. After seven days, plant materials
with larvae were moved to another cage to start a new colony. Because
of the short life of cut horse chestnut branches, it was impossible to rear
C. ohridella. Therefore, leaves with mines of this sole leafminer species
on horse chestnut in Switzerland were collected in the Berne region and
used directly for the experiment after checking that those larvae were
alive and not previously ectoparasitized. This was possible without
opening the mines by observing each leaf with light from underneath
ensuring that the larva was moving and thus alive.

2.1.2. Preliminary experiments: Are parasitoids attacking larvae outside the
mines?

Experiments were conducted to evaluate if D. gelechiidivoris restricts
its parasitism behavior to hosts inside mines and to confirm this obser-
vation for N. tutae, which has previously been reported (Chailleux
2014). For each parasitoid species, four treatments with only the target
host T. absoluta were conducted: A Two larvae of T. absoluta within their
mine in the presence of a female parasitoid (positive control); B Two
larvae outside of the mine in the presence of a female parasitoid (test); C
Two larvae within their mine without parasitoid (mortality control in-
side the mines); D Two larvae outside the mine without parasitoid
(mortality control outside the mines). Per treatment, 20 replicates were
conducted accounting for a total of 40 larvae tested with 20 female
parasitoids in treatment A and B.

The setup consisted of a Petri dish (10 cm dia.) covered with a mesh
with a wet cotton disc on the bottom to keep the leaf humid and a
droplet of honey as a food source for the parasitoid. Per Petri-dish, two
larvae were offered to single female parasitoids for 36 h. Third instar
larvae were used for N. tutae and second instar larvae for D. gelechiidi-
voris, corresponding to the parasitoid’s preferred host instar (Aigbedion-
Atalor et al., 2020; Calvo et al., 2013). For treatments A and C, larvae
collected with a fine brush were placed on tomato leaflets (5 + 2 cm in
length, freshly cut) to allow time to burrow into a mine 24 h prior to
each experiment; for treatments B and D, larvae were collected just prior
to the experiment.

Every mine was opened under a stereomicroscope three days later,
and each larva was categorized as dead or alive. For N. tutae, ectopar-
asitism was assessed three days later, and for D. gelechiidivoris, 12 days
later, when the parasitoid larvae left the host larvae for pupation. An
approximation of non-reproductive host mortality, which results from
host feeding or host killing (Zhang et al., 2022, hereafter referred to as
“hosts killed”), was calculated by subtracting the natural mortality
found in the absence of a parasitoid (treatment C and D) from the total
dead larvae found in the presence of a parasitoid (treatment A and B).

2.1.3. Host-specificity testing of Necremnus tutae

In a no-choice test, single female parasitoids were offered non-target
host larvae of L. bryoniae, L. malifoliella, C. ohridella, and P. operculella or
larvae of T. absoluta as control. As in the preliminary experiment, both
treatments were repeated without parasitoids to control for natural
mortality, resulting in four treatments: A Target host T. absoluta with the
addition of a female parasitoid (positive control); B Non-target host with
the addition of a parasitoid (test); C Target host T. absoluta without
parasitoid (mortality control with target host); D Non-target host
without parasitoid (mortality control with the non-target host). The
same process and methods were used as in the preliminary experiment.
Per Petri dish, two larvae (third instar T. absoluta larvae or larvae of the
alternative host corresponding in size) were offered to single females for
36 h. Leaves with mines containing larvae were selected and cut (1-2
cm?). Per treatment, at 20-25 replicates were conducted accounting for
at least a total of 40 larvae tested for 20 female parasitoids in treatment
A and B.

2.1.4. Host-specificity testing of Dolichogenidea gelechiidivoris
Because D. gelechiidivoris is a koinobiont endoparasitoid, host larvae
continue to feed after parasitization and the parasitism can be assessed
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only after 12 days when the parasitoid immature leaves the host larva
for pupation. Since the experimental set-up used did not allow to keep
the pieces of cut leaves containing the non-target larvae in a good state
for longer than a few days, behavioral observations were conducted for
this parasitoid. Single parasitoid females (n = 20-32) were offered two
mines of the alternative host in a no-choice setup. Leaves with mines
were collected and cut (1-2 c¢cm?) to select mines containing larvae
similar in size to the second instar T. absoluta larvae. Per Petri-dish, two
pieces of leaf with second instar T. absoluta larvae or alternative hosts
were offered at an equal distance to single females. Subsequently, each
female was offered a leaf with about five T. absoluta mines for one
minute to assess its responsiveness. Observations of females not
responsive during this time were discarded.

When females stung the alternative host, behavioral observations
were repeated in a choice setup. Per Petri dish, two larvae of each host
were offered, totaling four larvae per dish (n = 30 observations). Ob-
servations in no-choice and choice tests were noted using Observer XT11
(Noldus, Netherlands). Behaviors were recorded for seven minutes and
categorized as cleaning, resting, walking on the Petri dish, antennating/
searching the leaf (all: continuous behaviors), and stinging (event). Due
to the noticeable attraction of female D. gelechiidivoris reared on T.
absoluta on tomato plants for P. operculella in the choice setup, obser-
vations were repeated with females reared on P. operculella on potato
plants (n = 30).

2.2. Field experiment

The field experiments were conducted in and around three com-
mercial tomato greenhouses in El Maresme and La Selva counties
(Northeast of Spain), and samples were evaluated at IRTA’s Research
Center (Cabrils, Barcelona, Spain). The greenhouses were located within
a 10 km radius distance and less than 3 km from each other. Location A
(41°40'16" N, 2°46'00" E) was a 1600 m? low-cost tunnel, completely
open at the sides (up to 3 m height) surrounded by arable land. Location
B (41°41'48"N, 2°46'30' E) was a 600 m? semi-closed tunnel with meshes
on the side wall (allowing insects to move in and out) surrounded by a
forest on one side and other greenhouses on the other side. Location C
(41°37'22" N, 2°39'12" E) was a 1'136 m? greenhouse completely closed
beside the roof opening and surrounded by similar greenhouses (see
Fig. S2). Wild herbaceous vegetation occurred around each greenhouse.
The greenhouses were selected based on the presence of T. absoluta and
both parasitoids.

2.2.1. Host preference in the field

Infested tomato and potato sentinel plants were placed inside and
around the three greenhouses to assess the preference of both parasit-
oids for T. absoluta and P. operculella. Sentinel plants were planted in
pots (15 cm dia., 20 cm height) and were used when they were about 30
cm high with at least five fully developed leaves. Before the experiment,
plants were offered for ten days to newly emerged adult moths (10 per
plant, sex ratio 0.5) to obtain infestation with L1 to L3 instar larvae at
the beginning of the experiment. T. absoluta and P. operculella were ob-
tained from an established laboratory colony that originated from field-
sampled adults from El Maresme County and were reared as described
above. Adult moths were fed with honey/water solution during the
entire infestation period. Sentinel plants were then covered with a mesh
(mesh size 0.4 mm) to avoid predation by adult mirids and larger ani-
mals, and the pots were sprayed with insect glue (Soveurode®, Plantin
SARL) to avoid predation by soil-dwelling insects (see Fig. S1 of sentinel
plant).

Three consecutive runs were conducted between September and
November 2022 (starting on 29.09, 20.10, or 10.11), during which the
plants stayed for four days in each location. Twenty-four sentinel plants
were placed in each location: seven tomato and eight potato plants in-
side and nine potato plants outside the greenhouses. Sentinel plants
inside were placed 15 m or more from each other and were distributed
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equally. The potato plants outside were placed to assess the preference
when the target host, T. absoluta, was not close. They were placed at five
to 15 m distance to the greenhouse wall and 15 m or more from each
other (see Fig. S3, 5S4, S5).

After each run, each sentinel plant was individualized in a plastic
container (20 cm dia., 30 cm height) covered with a mesh and incubated
at 22 °C in the lab until moths or parasitoids emerged. Additional plant
material was added when needed (sentinel plant completely consumed).
After emergence, all insects were aspirated for counting. The parasitism
rate for each parasitoid was assessed as follows:

Total number of D. gelechiidivoris emerging
Total number of insects emerging

For D.gelechiidivoris =

For N.tutae =
(Total number of N. tutae emerging

1.41

) / Total number of insects emerging

In addition, mines of T. absoluta were collected during each run to
evaluate the parasitism rate from cultivated tomato plants already
occurring in the greenhouse. Three persons collected mines for 20 min
or up to 150 mines.

2.2.2. Survey of non-target species in the surroundings

Three persons searched for 20 min the surroundings (up to 100 m) of
the greenhouse to collect any leafminer species. All samples were indi-
vidualized and incubated at 22 °C in the lab until the leafminers or
parasitoids emerged.

2.3. Statistical analysis

The software NCSS (2023) (NCSS, LLC, US) was used for statistical
analysis of the laboratory experiments. Data were tested for normal
distribution using the Shapiro-Wilk test, and visual inspections were
made using Q-Q plots. The data were mostly not normally distributed
(Shapiro-Wilk test, P < 0.05). To compare the ratio of the four cate-
gories (Parasitized, Host killed, Dead, and Alive) between hosts inside
and outside of mines (experiment 2.1.3) and target and non-target hosts
(2.1.3), a %2 test on contingency tables (2 x 4) was used. A Mann-
Whitney U test was used to compare the time spent searching on
mines of different non-target hosts under no-choice conditions. Bonfer-
roni correction was used for the multiple comparisons, and a value of P
< 0.05/3 = 0.016 was considered statistically significant. Wilcoxon
signed-rank test was used to compare the searching time between target
and target non-target host in the choice setup. The proportion of females
stinging the mines was compared with a 2 test (experiment 2.1.4).

For experiment 2.2.1, all computations were carried out with the R
4.2.2 software (R Development Core Team 2022). Differences in para-
sitism rate between sentinel plants were assessed with a generalized
linear mixed-effects model (glmm) with binominal data distribution
(parasitism yes/no) and Month*Greenhouse as a random effect in all
models to take into account pseudoreplication (3 greenhouses x 3
months = 9 replicates). We tested all models for evidence of over-
dispersion (based on the ratio of residual deviance to residual degrees of
freedom being close to 1, as in (Bolker et al., 2009). Since we had
relatively large counts (>5) in all groups, it was justified to use
glmmPQL to account for overdispersion (Bolker et al., 2009). Therefore,
we refitted overdispersed models using penalized quasi-likelihood
(function glmmPQL from R package MASS). Two different models
were run for each parasitoid. A) Experiment with potato plants infested
with P. operculella and tomatoes infested with T. absoluta inside the
greenhouse. The influence of host type on the parasitism rate was
evaluated with the host (T. absoluta/P. operculella) as a fixed effect. B)
Experiment with potato plants infested with P. operculella inside and
outside the greenhouse. The influence of the sentinel plant location on
the parasitism rate was evaluated with location (inside/outside) as a
fixed effect. Finally, the parasitism rate of T. absoluta from cultivated
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tomato plants in the greenhouses was evaluated with a generalized
linear model where the months were set as a fixed factor.

3. Results
3.1. Laboratory experiments

3.1.1. Preliminary experiments: Are parasitoids attacking larvae outside the
mines?

In the control group, where host larvae (n = 40) were offered within
the mines, females of N. tutae (n = 20) and D. gelechiidivoris (n = 20)
each parasitized 17.5 % of the T. absoluta larvae. However, when offered
outside of the leaf (n = 40), no larva was parasitized by either parasitoid
species. Non-reproductive host mortality referred to as “hosts killed”
was found for both parasitoids, regardless of whether the larvae were
inside or outside the mines. For N. tutae, however, a significantly higher
percentage of larval hosts were killed when they were in the mines, 47.5
%, vs. outside the mines, 22.5 % (X* = 13.2, df = 2, P = 0.001). D.
gelechiidivoris killed the same percentage of hosts, 32.5 %, inside or
outside the mines.

3.1.2. Host-specificity testing of Necremnus tutae

The proportions of larvae parasitized, host-killed, alive and dead of
the non-target hosts L. bryoniae, L. malifoliella, and C. ohridella differed
significantly from those of the target host T. absoluta (Chi-square test;
all: y2 < 21.6, df = 3, P < 0.001; Fig. 1). No significant difference was
detected for P. operculella (y2 = 6.71, df = 3, P = 0.082). None of the
female N. tutae parasitized the dipteran leafminer L. bryoniae (n = 20).
Conversely, females parasitized all three non-target lepidopteran spe-
cies, ranging from 5 % for L. malifoliella (n = 20) to 7 % for P. operculella
(n = 20) and 16 % for C. ohridella (n = 25) (see Fig S6). The parasitism
rate did not significantly differ from the target host T. absoluta (6 to 10
%) except for C. ohridella, where parasitism was significantly higher (3>
= 30.45, df = 3, P = 0.001). A high percentage of hosts killed ranging
from 35 to 46 % was found in all the control groups with T. absoluta. For
the non-target host L. bryoniae, a low percentage of 5 % was witnessed.
With 42.5 % of P. operculella larvae killed, the percentage appeared to be
slightly higher than for the target host (35 %). No killed larvae of C.
ohridella and L. malifoliella were found.

3.1.3. Host-specificity testing of Dolichogenidea gelechiidivoris

The time spent searching by female D. gelechiidivoris (n = 20) in no-
choice tests on mines of the non-target hosts was low, ranging from 12.5
+ 12.53 (mean seconds + SE) for L. bryoniae to 65.2 + 19.13 for C.
ohridella (Fig. 2A). Females spent significantly more time searching the
mines of C. ohridella than those of L. malifoliella (U = 206, P = 0.001)
and L. bryoniae (U = 121.5, P = 0.001). No differences were found be-
tween the times spent searching the mines of L. bryoniae and L. malifo-
liella (U = 293, P = 0.602; Mann-Whitney U test). None of the females
stung larvae of the dipteran leafminer L. bryoniae. However, a small
proportion of female parasitoids stung L. malifoliella (3.3 %) and even
more C. ohridella (12.5 %) (see Video S1). Since all females stung T.
absoluta mines during the observation, no individuals were rejected as
non-responsive.

When given a choice, females (n = 30) spent significantly more time
searching the mines of the target host T. absoluta than the mines of L.
malifoliella or C. ohridella (Wilcoxon signed-rank test: all Z > 3.84, P <
0.001; Fig. 2B). A proportion of females stung the mines of L. malifoliella
(3.3 %) and C. ohridella (15.4 %), but significantly more (> 93.3 %)
stung the mines of T. absoluta (Chi-square test; y* > 42, df = 1,P <
0.001).

Female D. gelechiidivoris reared from T. absoluta (n = 30) spent
similar time searching the mines of P. operculella and T. absoluta (Wil-
coxon signed-rank test; both Z > 1.11, P < 0.264), and those females did
not show any stinging preference (Chi-square test, all; y? < 1.06, df = 1,
P > 0.302). When reared on P. operculella for one generation, females (n
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Fig. 1. Result of no-choice experiment with the parasitoid Necremnus tutae and from left to right the different non-target hosts (right bars) Liryomiza bryoniae,
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parasitoids.

= 30) spent significantly more time searching the mines of P. operculella
(Wilcoxon signed-rank test; both Z > 3.81, P < 0.001), but more females
(56.6 %) stung the larvae of T. absoluta (Chi-square test; > = 5.55, df =
1, P = 0.018) than P. operculella (26.6 %).

3.2. Field experiment

3.2.1. Host preference in the field

The infestation levels of the sentinel plants were similar, with a mean
of 75.6 and 76.9 individuals (pest + parasitoids) emerging per potato
and tomato sentinel plants, respectively.. Sentinel plant type or location
also did not affect the parasitism rate by N. tutae (Both P > 0.175,
Fig. 3B, Table S1). On potato sentinel plants outside the greenhouse,
parasitism rate for D. gelechiidivoris was significantly higher in compar-
ison to potato sentinel plants inside (P = 0.001, Fig. 3D, Table S1). Inside
the greenhouse, D. gelechiidivoris caused significantly higher parasitism
levels on tomato sentinel plants with T. absoluta when compared to
potato sentinel plants with P. operculella (P = 0.004, Fig. 3B, Table 1 SI).

A higher discovery rate of sentinel plants was found for
D. gelechiidivoris (49.4-60.3 %) than for N. tutae (15.5-33.3 %; Table 1).
Over the three months, the mean parasitism rate from cultivated tomato
plantsby D. gelechiidivoris reached 35.1 %, whereas N. tutae parasitism
rate reached 27 % (Fig. 4). The mean of the added parasitism rate of both
parasitoid species reached 65.2 % in September, 48.8 % in October, and
72.2 % in November.

The number of host insects collected to assess parasitism from
cultivated tomato plants strongly differed between greenhouses due to
different pest densities. The number of insects emerging from collected
mines ranged from 348 to 1234 individuals (pest + parasitoids) for the
open greenhouse, 13 to 76 for the semi-open greenhouse, and 5 to 83 for
the closed (besides the roof opening) greenhouse. In September and
October, a significantly lower parasitism rate of N. tutae was found in the
greenhouses (both P < 0.008; Table. S2).

3.2.2. Survey of non-target species in the surroundings

Only one leafminer species was found during the sampling around
the greenhouses: Chrysoesthia sexguttella (Thunberg) (Lepidoptera:
Gelechiidae) on Chenopodium album. It was present around all three
greenhouses during September and October, the plant being in senes-
cence in November. More than 50 mines were sampled during the two
first monitorings. No parasitism by N. tutae or D. gelechiidivoris was
recorded. However, 15 parasitoid individuals of Pnigalio soemius
(Walker) (Hymenoptera: Eulophidae) emerged from the collected sam-
ples, and one individual of the Pteromalidae family.

4. Discussion

This study investigated host-specificity and parasitism on cultivated
tomatoes of two promising parasitoids of T. absoluta in Catalonia,
thereby giving a first insight into their trophic interactions with the
wider insect community. We found that parasitism of both species is
restricted to leafminers and that the host-range of N. tutae is likely much
broader than the one of D. gelechiidivoris. Both species demonstrated
high natural parasitism rates on cultivated tomato plants in
greenhouses.

The preliminary experiment revealed that both parasitoid species did
not parasitize any T. absoluta larvae offered outside of the mine; how-
ever, both displayed non-reproductive host-killing, regardless if the
larvae were inside or outside of the mines. For a parasitoid, the host is a
crucial resource with distinctive physical, chemical, and behavioral
characteristics, which determine the host’s recognition and acceptance
(Rehman and Powell, 2010). The results here indicate that mine
recognition is highly important for successful parasitism by these two
species. A previous study highlighted that the leafminer parasitoid
Symplesis serieeicornis Nees (Hymenoptera, Eulophidae) already detects
the mine during flight (Casas, 1989). A host within the mine may pro-
vide additional protection for the parasitoid offspring, particularly for
an ectoparasitoid such as N. tutae. It might also be that the host larvae in
the mines are less mobile and likely less able to defend themselves
through aggressive or evasive behavior (Greeney et al., 2012) than
outside the mine, which could explain why a higher host-killing rate for
N. tutae on T. absoluta larvae was found inside the mine. However, in the
case of D. gelechiidivoris, the host-killing rate was the same for larvae
outside and inside the mines. Notably, the host-killing rate for D. gele-
chiidivoris was higher than 30 %, which represents a significant contri-
bution to the control of T. absoluta by this parasitoid. To our knowledge,
this is the first quantification of non-reproductive host-killing by this
Braconidae.

N. tutae, as a native species, was present in the region before T.
absoluta invasion in 2006 and has a pre-existing host range beyond T.
absoluta. Under no-choice conditions, N. tutae attacked all three lepi-
dopteran species tested in the host specificity assays, but not the
dipteran species, and even parasitized more than twice as many larvae of
the non-target host C. ohridella as the target host, confirming a broad
host spectrum. Interestingly, the non-reproductive host-killing behavior
of N. tutae was restricted to T. absoluta, the closely related species P.
operculella, and although quite low, to the dipteran non-target host. This
could be explained by the fact that larvae of these species are relatively
mobile and, once stung, sometimes leave the mines and die outside (J.
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Fig. 2. Mean time spent searching the host mine by female Dolichogenidea gelechiidivoris. Observations were conducted for 7 min. Each female stinging the mine was
also recorded (S = proportion of female stinging). The sample size of observed females ranged from 20 to 32. A) No-choice experiment with the non-target host
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the target host T. absoluta and the non-target host P. operculella, L. malifoliella, and C. ohridella. A y2 test was used to compare the proportion of females stinging a
larva (results given within brackets) and a Wilcoxon signed-rank test was used to compare the searching time; ns P > 0.05; *** P < 0.001.

Gonthier personal observation), preventing N. tutae from laying eggs. In
contrast, the non-target hosts C. ohridella and L. malifoliella are obligate
leafminers (Gross and Price, 1988), which cannot leave the mines,
allowing more time for N. tutae for oviposition. Despite this, N. tutae
accepts many species for oviposition, raising concerns for non-target
lepidopteran leafminer species. In the field, N. tutae showed no prefer-
ence for T. absoluta on tomato-sentinel plants compared to P. operculella
on potato-sentinel plants.

Because of the evolutionary history with T. absoluta (Salas Gervassio
et al., 2019), D. gelechiidivoris has likely evolved a strong affinity for this
pest. In the choice experiment, female D. gelechiidivoris seemed mainly
attracted to the mines of T. absoluta on tomato leaves. It is worth
mentioning that this species is known to display probing behavior and
reject many larvae after “stinging” (Gonthier et al., 2023a). The females
were possibly only probing the non-target host; unfortunately, it was
impossible to rear the stung host to assess parasitism since the larvae
suffered high mortality due to the decaying leaves. Finally, time spent
searching and stinging seems not to be solely determined by the plant

species (tomato) as no female D. gelechiidivoris were recorded stinging
the mine of L. bryoniae, and the time spent searching the tomato leaves
containing this host was very short in the no-choice test. Females spent
the same time searching the mines of P. operculella as the mines of T.
absoluta, and no difference was found between the proportions of fe-
males stinging either host. Interestingly, when reared for one generation
on P. operculella, females spent significantly more time searching the
mines of P. operculella. This behavior change confirms previous studies
demonstrating the influence of the rearing host on parasitoid prefer-
ences (Bodino et al., 2016; Boycheva-Woltering et al., 2019; Gonthier
et al., 2023b).

There are several ways in which biosafety aspects, i.e., host speci-
ficity, can be measured and addressed (Barratt, 2011). Monitoring the
realized host range post-introduction can help to verify predictions
made by host-specificity testing under confined conditions (Louda et al.,
2003). Here, no preference for P. operculella or T. absoluta was observed
in the laboratory experiments for D. gelechiidivoris, but a preference for
the latter was visible in the field. This discrepancy could be explained by
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Table 1 SI).

Table 1

Summary of mean discovery rate (at least one host of the sentinel plant para-
sitized) found over three months on the different sentinel plants placed inside
and outside the three greenhouses for Necremnus tutae and Dolichogenidea
gelechiidivoris.

Discovery rate

Sentinel plants/greenhouses D. gelechiidivoris N. tutae
T. absoluta on tomato plants inside (n = 49) 60.3 % 33.3%
P. operculella on potato plants inside (n = 56) 53.8 % 15.5%
P. operculella on potato plants outside (n = 53) 49.4 % 321 %
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Fig. 4. Mean parasitism rate + SE (black bar) of Tuta absoluta by the parasitoids
Dolichogenidea gelechiidivoris and Necremnus tutae over time in three green-
houses (n = 3). The sample size of hosts collected ranged in September from 9
to 1234, October from 16 to 508, and November from 5 to 348.

the fact that the olfactory cues of a cut leaf with only two larvae are
much weaker than a whole plant, as D. gelechiidivoris attraction for
infested plants increased with increasing infestation rate (Ayelo et al.,

P < 0.001, a summary of the statistics is presented in

2022). This is an encouraging result regarding host specificity and risk
assessment since both species belong to the same clade (Chang and Metz,
2021).

Flying natural enemies, such as parasitic wasps, can move quickly
and cover a large area (Schellhorn et al., 2014), making them impossible
to contain. Both parasitoids intensely parasitized hosts on the potato
plants inside and outside the greenhouses, and they are thus moving in
and out of the greenhouses and potentially impacting non-target species.
In the case of D. gelechiidivoris, parasitism levels were higher on sentinel
plants outside the greenhouse, likely due to the lower density of the
target host outside.

Understanding the seasonal dynamics of both the pest and the nat-
ural enemies is critical for promoting natural enemies for biological
control. The establishment and success of natural enemies can be heavily
influenced by the season due to environmental conditions and host
availability (Welch and Harwood, 2014). Our goal was to assess the
situation towards the end of the tomato season. The parasitism rate of N.
tutae increased towards the end of the season, whereas the rate of D.
gelechiidivoris decreased. Interestingly, a previous study in 2020 (Denis
et al., 2022) recorded a steadily increased parasitism rate for D. gele-
chiidivoris from May (2.7 %) until October (21.8 %). Why we found a
decrease from September to November 2022 remains to be determined,
but it is likely that the population of D. gelechiidivoris reaches its peak
between September and October. The findings raise the need for further
investigation due to the limited scope of our single-year study with a
limited sample size, potentially missing broader seasonal patterns. The
neotropical D. gelechiidivoris may be less adapted to the colder temper-
atures at the end of the growing season (mean temperature in Malgrat de
Mar in November = 14.2 °C, minimum recorded 4.4 °C, see Fig. S7) than
the native N. tutae. Exposing pupae of D. gelechiidivoris to 4 °C for seven
days significantly lowered parasitism abilities (Morales-Perdomo et al.,
2018). Recent studies on the performance of D. gelechiidivoris at 10 °C
found that the net reproductive rate decreases drastically (Agboka et al.,
2022), displaying even a negative intrinsic rate of increase (Aigbedion-
Atalor et al., 2022). Finally, because D. gelechiidivoris is a koinobiont
parasitoid, the immature stages’ survival depends on the host’s cold
tolerance (Bajonero et al., 2008). Larvae of T. absoluta are not very cold-
tolerant; 50 % of larvae died after 12.4 days at 5 °C (Van Damme et al.,
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2015). If D. gelechiidivoris can overwinter via an alternative host remains
to be determined. Consequently, successful overwintering and estab-
lishment of D. gelechiidivoris in countries with colder climates appear
unlikely, and N. tutae is likely mainly responsible for pest reduction
during winter in non-heated greenhouses.

Although both parasitoid species preferably target different host
instars of T. absoluta, interspecific competition (Feng et al., 2015;
Karlsson et al., 2018; Savino et al., 2017) could explain the contrasting
population dynamic at the end of the season. Denis et al. (2022) reported
that 11 % of larvae ectoparasitized by N. tutae yielded a D. gelechiidivoris
adult. Several factors can determine which parasitoid will prevail in a
competition targeting the same host. For instance, the venom of idio-
biont ectoparasitoids may affect the development of endoparasitic koi-
nobionts (Harvey et al., 2013). Thus, when an ectoparasitoid and an
endoparasitoid engage in multiple parasitisms, the ectoparasitoid usu-
ally emerges as the winner (Mitsunaga and Yano, 2004). For a similar
situation, a recent study in Kenya evaluated the interaction between D.
gelechiidivoris and the native ectoparasitoid Stenomesius japonicus (Ash-
mead) (Hymenoptera: Eulophidae), which like N. tutae targets the third
instar of T. absoluta (Mama Sambo et al., 2022). The authors found that
both species coexisted and recorded a low multiparasitism level of 5 %
or less. Even though N. tutae is still present in high density six years after
the arrival of D. gelechiidivoris in Spain (Denis et al., 2021), the outcome
of within-host competition remains to be studied, and the overall
interaction deserves further investigation.

When surveying alternative hosts around the greenhouse, the leaf-
miner C. sexguttella belonging to the same family as the target host T.
absoluta was found repeatedly during the experiment on C. album. Even
though no N. tutae or D. gelechiidivoris emerged from any of the
C. sexguttella collected, the leafminer was found to be parasitized by P.
soemius. This species has been recorded parasitizing T. absoluta and
might contribute to its natural control (Ferracini et al., 2012; Zappala
et al., 2012: Gabarra et al., 2014). Hence, C. album could be a plant to
promote the presence of P. soemius - although its role in controlling the
pest is questionable since no parasitism of T. absoluta by P. soemius was
recorded during our experiments. Another potential alternative host
species is the micro-Lepidoptera C. pulchrimella, which was reported to
be parasitized by N. tutae in the laboratory (Bodino et al., 2016). While
its host plant, Parietaria officinalis (Pellitory-of-the-wall), was recorded
repeatedly in all three greenhouses, no mines of this lepidoptera species
were found. While our study provides valuable insights into the para-
sitoid community within the immediate vicinity of greenhouses, it’s
essential to acknowledge that the radius of exploration was restricted to
100 m, potentially overlooking the broader landscape effects on para-
sitism due to the wide-ranging flight capabilities of parasitoids. A larger
area surveyed beyond the immediate vicinity of the greenhouses might
yield different insights.

The results presented here show that the release of D. gelechiidivoris
could help control P. operculella as much as T. absoluta. This finding is
highly relevant for China, for instance, since T. absoluta is causing severe
damage (Zhang et al., 2021), and P. operculella is the major constraint to
the commercial production of potatoes in the country (Gao, 2018). D.
gelechiidivoris could also benefit the control of future invasions, such as
of the tomato pinworm K. lycopersicella (Aigbedion-Atalor et al., 2022),
whose distribution is now restricted to South and North America. D.
gelechiidivoris could potentially attack the Guatemalan potato tuber,
Tecia solanivora Povolny (Lepidoptera: Gelechiidae), since it is from the
same family and feeds on Solanaceae, which could help to control the
ongoing outbreak of the pest in Spain (Jeger et al., 2018). Finally, based
on these results, P. operculella could be a suitable alternative host for
rearing both parasitoid species. The ease of rearing the P. operculella on
potato tubers (Gui and Li, 2003) makes it a more convenient and cheaper
option than rearing on T. absoluta. Nevertheless, as shown by our result
and the study of Bodino et al. (2016), the rearing host strongly influ-
enced the preference of the offspring for the future host. This charac-
teristic should therefore be taken into account.
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The research presented here is the first to examine the host-
specificity in the laboratory and in the field of N. tutae and D. gelechii-
divoris, which play an important role in the biocontrol of T. absoluta in
the native area of the pest and around the Mediterranean basin (Desneux
et al., 2022; Denis et al., 2022). Overall, our study provides clear evi-
dence for the polyphagy of N. tutae and the oligophagy of D. gelechiidi-
voris in the study area. The high host-specificity and attraction of
D. gelechiidivoris towards T. absoluta and related species such as P.
operculella make it an ideal candidate for augmentative or classical
biological control. In contrast, the polyphagous nature of N. tutae poses a
potential risk for non-target species. The study suggests that countries
interested in classical biocontrol should prioritize D. gelechiidivoris and
conduct host-specificity tests, focusing on leafminers of the Gelechiidae
family. Nevertheless, the Gelechiidae family is incredibly large, con-
sisting of 865 species from 109 genera in Europe alone (Huemer and
Karsholt, 2020). Therefore, when selecting species for host-specificity
testing, it is advisable first to evaluate those belonging to the same
genera as T. absoluta (Gelechiinae) feeding on plants in the Solanaceae
family or other closely related families. Moreover, further research is
needed to understand the potential intraguild competition of both par-
asitoids and the overwintering capacity of D. gelechiidivoris, which could
predict the establishment, spread, and effectivity and be relevant to
assess the risk posed in the case of augmentative biocontrol in the
northern countries. Last, countries at high risk of being invaded by T.
absoluta where P. operculella is already present, such as New Zealand,
Australia, or North America, could develop preemptive biocontrol pro-
grams (Caron et al., 2021) using P. operculella as an alternative host to
screen for native parasitoids.

Credit authorship contribution statement

Jérémy Gonthier: Conceptualization, Data curation, Formal anal-
ysis, Investigation, Methodology, Project administration, Validation,
Visualization, Writing — original draft. Judit Arn6: Methodology, Su-
pervision, Validation, Writing — review & editing. Jorg Romeis:
Conceptualization, Funding acquisition, Supervision, Writing — review
& editing. Jana Collatz: Conceptualization, Funding acquisition,
Methodology, Project administration, Supervision, Writing — review &
editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We would like to thank Andermatt Biocontrol AG for providing eggs
of T. absoluta and P. operculella to start a colony and Julien Kambor-
Prieur for helping us to collect mines of L. malifoliella. We wish to
thank Carmen Denis for her substantial help in identifying parasitoids.
We also want to acknowledge Aleix Teruel, Victor Munoz, and Pilar
Hernéandez from the Sustainable Plant Protection of IRTA in Spain for
outstanding technical support. We thank the Federaci6 d’ADVs SEL-
MAR, who provided the list of possible farms to sample and facilitated
our access to the greenhouses as well as the farmers for allowing us to
carry out your experiment on their properties. JA was funded by the
Horizon Europe project ADOPT-IPM (Project 101060430) and from the
CERCA Program of the Generalitat de Catalunya.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.biocontrol.2024.105464.


https://doi.org/10.1016/j.biocontrol.2024.105464
https://doi.org/10.1016/j.biocontrol.2024.105464

J. Gonthier et al.
References

Agboka, K.M., Tonnang, H.E.Z., Abdel-Rahman, E.M., Odindi, J., Mutanga, O.,
Mohamed, S.A., 2022. A fuzzy-based model to predict the spatio-temporal
performance of the Dolichogenidea gelechiidivoris natural enemy against Tuta absoluta
under climate change. Biology. 11, 1280. https://doi.org/10.3390/
biology11091280.

Aigbedion-Atalor, P.O., Mohamed, S.A., Hill, M.P., Zalucki, M.P., Azrag, A.G.A.,
Srinivasan, R., Ekesi, S., 2020. Host stage preference and performance of
Dolichogenidea gelechiidivoris (Hymenoptera: Braconidae), a candidate for classical
biological control of Tuta absoluta in Africa. Biol. Control. 144, 104215 https://doi.
org/10.1016/j.biocontrol.2020.104215.

Aigbedion-Atalor, P.O., Hill, M.P., Ayelo, P.M., Ndlela, S., Zalucki, M.P., Mohamed, S.A.,
2021. Can the combined use of the mirid predator Nesidiocoris tenuis and a braconid
larval endoparasitoid Dolichogenidea gelechiidivoris improve the biological control of
Tuta absoluta? Insects. 12, 1004. https://doi.org/10.3390/insects12111004.

Aigbedion-Atalor, P.O., Hill, M.P., Azrag, A.G.A., Zalucki, M.P., Mohamed, S.A., 2022.
Disentangling thermal effects using life cycle simulation modelling on the biology
and demographic parameters of Dolichogenidea gelechiidivoris, a parasitoid of Tuta
absoluta. J. Therm. Biol. 107, 103260 https://doi.org/10.1016/j.
jtherbio.2022.103260.

Arné, J., Molina, P., Aparicio, Y., Denis, C., Gabarra, R., Riudavets, J., 2021. Natural
enemies associated with Tuta absoluta and functional biodiversity in vegetable crops.
BioControl. 66, 613-623. https://doi.org/10.1007/s10526-021-10097-4.

Ayelo, P.M., Mohamed, S.A., Chailleux, A., Yusuf, A.A., Pirk, CW.W., Deletre, E., 2022.
The parasitoid Dolichogenidea gelechiidivoris eavesdrops on semiochemicals from its
host Tuta absoluta and tomato. J. Pest Sci. 95, 633-652. https://doi.org/10.1007/
5s10340-021-01424-w.

Bajonero, J., Cordoba, N., Cantor, F., Rodriguez, D., Cure, J.R., 2008. Biology and life
cicle of Apanteles gelechiidivoris (Hymenoptera: Braconidae) parasitoid of Tuta
absoluta (Lepidoptera: Gelechiidae). Agron. Colomb. 26, 417-426. https://doi.org/
10.2307/j.ctv2175ht3.3.

Bajonero, J.G., Parra, J.R.P., 2017. Selection and suitability of an artificial diet for Tuta
absoluta (Lepidoptera: Gelechiidae) based on physical and chemical characteristics.
J. Insect Sci. 17, 13. https://doi.org/10.1093/jisesa/iew105.

Barratt, B.I.P., 2011. Assessing safety of biological control introductions. CABI Rev. 1-12
https://doi.org/10.1079/PAVSNNR20116042.

Bodino, N., Ferracini, C., Tavella, L., 2016. Is host selection influenced by natal and adult
experience in the parasitoid Necremnus tutae (Hymenoptera: Eulophidae)? Anim.
Behav. 112, 221-228. https://doi.org/10.1016/j.anbehav.2015.12.011.

Bolker, B.M., Brooks, M.E., Clark, C.J., Geange, S.W., Poulsen, J.R., Stevens, M.H.H.,
White, J.S.S., 2009. Generalized linear mixed models: a practical guide for ecology
and evolution. Trends Ecol. Evol. 24, 127-135. https://doi.org/10.1016/j.
tree.2008.10.008.

Boycheva-Woltering, S.B., Romeis, J., Collatz, J., 2019. Influence of the rearing host on
biological parameters of Trichopria drosophilae, a potential biological control agent of
Drosophila suzukii. Insects. 10, 183. https://doi.org/10.3390/insects10060183.

Calvo, F.J., Soriano, J.D., Bolckmans, K., Belda, J.E., 2013. Host instar suitability and
life-history parameters under different temperature regimes of Necremnus artynes on
Tuta absoluta. Biocontrol Sci. Technol. 23, 803-815. https://doi.org/10.1080/
09583157.2013.795930.

Campos, M.R., Biondi, A., Adiga, A., Guedes, R.N.C., Desneux, N., 2017. From the
Western Palaearctic region to beyond: Tuta absoluta 10 years after invading Europe.
J. Pest Sci. 90, 787-796. https://doi.org/10.1007/510340-017-0867-7.

Caron, V., Yonow, T., Paull, C., Talamas, E.J., Avila, G.A., Hoelmer, K.A., 2021.
Preempting the arrival of the brown marmorated stink bug, Halyomorpha halys:
Biological control options for Australia. Insects. 12, 581. https://doi.org/10.3390/
insects12070581.

Casas, J., 1989. Searching behaviour of leafminer parasitoids: mechanism and
significance. ETH Zurich). Doctoral dissertatio.

Chailleux, A., Desneux, N., Arno, J., Gabarra, R., 2014. Biology of two key Palaearctic
larval ectoparasitoids when parasitizing the invasive pest Tuta absoluta. J. Pest Sci.
87, 441-448. https://doi.org/10.1007/s10340-014-0557-7.

Chang, P.E.C., Metz, M.A., 2021. Classification of Tuta absoluta (Meyrick, 1917)
(Lepidoptera: Gelechiidae: Gelechiinae: Gnorimoschemini) based on cladistic
analysis of morphology. Proc. Entomol. Soc. Washingt. 123, 41-54. https://doi.org/
10.4289/0013-8797.123.1.41.

Collatz, J., Hinz, H., Kaser, J. M., Freimoser, F. M., 2021. Benefits and risks of biological
control. In Mason, P.G. (Ed.) 2021. Biological control : global impacts, challenges
and future directions of pest management. CSIRO Publishing, pp. 142-165.

Denis, C., Riudavets, J., Alomar, O., Gonzalez-valero, H., Achterberg, K.V., Plant, S.,
Program, P., Susanna, S., Mar, V.D., 2021. Naturalized Dolichogenidea gelechiidivoris
Marsh (Hymenoptera: Braconidae) complement the resident parasitoid complex of
Tuta absoluta (Meyrick) (Lepidopera: Gelechiidae) in Spain. Preprint BioRxiv.
2021-12005. doi:10.1101/2021.05.27.445932.

Denis, C., Riudavets, J., Alomar, O., Agusti, N., Gonzalez-Valero, H., Cub{, M., Matas, M.,
Rodriguez, D., van Achterberg, K., Arnd, J., 2022. Naturalized Dolichogenidea
gelechiidivoris complement the resident parasitoid complex of Tuta absoluta in North-
eastern Spain. J. Appl. Entomol. 146, 461-464. https://doi.org/10.1111/jen.12994.

Desneux, N., Wajnberg, E., Wyckhuys, K.A.G., Burgio, G., Arpaia, S., Narvaez-Vasquez, C.
A., Gonzalez-Cabrera, J., Ruescas, D.C., Tabone, E., Frandon, J., Pizzol, J.,

Poncet, C., Cabello, T., Urbaneja, A., 2010. Biological invasion of European tomato
crops by Tuta absoluta: Ecology, geographic expansion and prospects for biological
control. J. Pest Sci. 83, 197-215. https://doi.org/10.1007/510340-010-0321-6.

Desneux, N., Luna, M.G., Guillemaud, T., Urbaneja, A., 2011. The invasive South
American tomato pinworm, Tuta absoluta, continues to spread in Afro-Eurasia and

Biological Control 191 (2024) 105464

beyond: The new threat to tomato world production. J. Pest Sci. 84, 403-408.
https://doi.org/10.1007/5s10340-011-0398-6.

Desneux, N., Han, P., Mansour, R., Arnd, J., Brévault, T., Campos, M.R., et al., 2022.
Integrated pest management of Tuta absoluta: practical implementations across
different world regions. J. Pest Sci. 95, 17-39. https://doi.org/10.1007/s10340-021-
01442-8.

Feng, Y., Wratten, S., Sandhu, H., Keller, M., 2015. Interspecific competition between
two generalist parasitoids that attack the leafroller Epiphyas postvittana (Lepidoptera:
Tortricidae). Bull. Entomol. Res. 105, 426-433. https://doi.org/10.1017/
S0007485314000923.

Fernandez-Triana, J., Shaw, M.R., Boudreault, C., Beaudin, M., Broad, G.R., 2020.
Annotated and illustrated world checklist of Microgastrinae parasitoid wasps
(Hymenoptera, Braconidae). Zookeys. 1-1089. https://doi.org/10.3897/
zookeys.920.39128.

Ferracini, C., Ingegno, B.L., Navone, P., Ferrari, E., Mosti, M., Tavella, L., Alma, A., 2012.
Adaptation of indigenous larval parasitoids to Tuta absoluta (Lepidoptera:
Gelechiidae) in Italy. J. Econ. Entomol. 105, 1311-1319. https://doi.org/10.1603/
ec11394.

Gabarra, R., Arng, J., Lara, L., Verdd, M.J., Ribes, A., Beitia, F., Urbaneja, A., Téllez, M.
del M., Molla, O., Riudavets, J., 2014. Native parasitoids associated with Tuta
absoluta in the tomato production areas of the Spanish Mediterranean Coast.
BioControl. 59, 45-54. 10.1007/s10526-013-9545-8.

Gao, Y., 2018. Potato Tuberworm: A threat for China potatoes. Entomol. Ornithol.
Herpetol. Curr. Res. 7, e132.

Gebiola, M., Bernardo, U., Ribes, A., Gibson, G.A.P., P Gibson, G.A., Gibson, G.A.P.,
2015. An integrative study of Necremnus Thomson (Hymenoptera: Eulophidae)
associated with invasive pests in Europe and North America: Taxonomic and
ecological implications. Zool. J. Linn. Soc. 173, 352-423. doi:10.1111/z0j.12210.

Giorgini, M., Guerrieri, E., Cascone, P., Gontijo, L., 2019. Current strategies and future
outlook for managing the neotropical tomato pest Tuta absoluta (Meyrick) in the
Mediterranean basin. Neotrop. Entomol. 48, 1-17. https://doi.org/10.1007/s13744-
018-0636-1.

Gonthier, J., Arnd, J., Romeis, J., Collatz, J., 2023a. Few indirect effects of baculovirus
on parasitoids demonstrate high compatibility of biocontrol methods against Tuta
absoluta. Pest Manag. Sci. 79, 1431-1441. https://doi.org/10.1002/ps.7314.

Gonthier, J., Zhang, Y.B., Zhang, G.F., Romeis, J., Collatz, J., 2023b. Odor learning
improves efficacy of egg parasitoids as biocontrol agents against Tuta absoluta.

J. Pest Sci. 96, 105-117. https://doi.org/10.1007/510340-022-01484-6.

Greeney, H.F., Dyer, L.A., Smilanich, A.M., 2012. Feeding by lepidopteran larvae is
dangerous: A review of caterpillars’ chemical. Invertebr. Surviv. J. 9, 7-34.

Gross, P., Price, P.W., 1988. Plant influences on parasitism of two leafminers: a test of
enemy- free space. Ecology. 69, 1506-1516. https://doi.org/10.2307/1941648.

Guedes, R.N.C., Roditakis, E., Campos, M.R., Haddi, K., Bielza, P., Siqueira, H.A.A.,
Tsagkarakou, A., Vontas, J., Nauen, R., 2019. Insecticide resistance in the tomato
pinworm Tuta absoluta: patterns, spread, mechanisms, management and outlook.

J. Pest Sci. https://doi.org/10.1007/s10340-019-01086-9.

Gui, F.R., Li, Z.Y., 2003. A method for rearing the potato tuber moth Phthorimaea
operculella on potato. Entomol. Knowl. 40, 187-189.

Han, P., Bayram, Y., Shaltiel-Harpaz, L., Sohrabi, F., Saji, A., Esenali, U.T., Jalilov, A.,
Ali, A., Shashank, P.R., Ismoilov, K., Lu, Z. zhi, Wang, S., Zhang, G. fen, Wan, F. hao,
Biondi, A., Desneux, N., 2019. Tuta absoluta continues to disperse in Asia: damage,
ongoing management and future challenges. J. Pest Sci. 92, 1317-1327. doi:
10.1007/510340-018-1062-1.

Harvey, J.A., Poelman, E.H., Tanaka, T., 2013. Intrinsic inter-and intraspecific
competition in parasitoid wasps. Annu. Rev. Entomol. 58, 333-351. https://doi.org/
10.1146/annurev-ento-120811-153622.

Huemer, P., Karsholt, O., 2020. Commented checklist of European gelechiidae
(Lepidoptera). Zookeys. 921, 65. https://doi.org/10.3897/zookeys.921.49197.
Jeger, M., Bragard, C., Caffier, D., Candresse, T., Chatzivassiliou, E., Dehnen-Schmutz, K.,

Gilioli, G., Grégoire, J.C., Jaques Miret, J.A., Navajas Navarro, M., Niere, B.,
Parnell, S., Potting, R., Rafoss, T., Rossi, V., Urek, G., Van Bruggen, A., Van der
Werf, W., West, J., Winter, S., Gardi, C., Bergeretti, F., MacLeod, A., 2018. Pest
categorisation of Tecia solanivora. EFSA J. 16, 5102. https://doi.org/10.2903/j.
efsa.2018.5102.

Karlsson, M.F., de Souza, E.O., Ayelo, P.M., Zannou, J.A., Mégnigbeto, G.S.B., Bokonon-
Ganta, A.H., 2018. Interspecific competition between egg parasitoids: Native Fopius
caudatus and exotic Fopius arisanus, in Ceratitis cosyra. Biol. Control. 117, 172-181.
https://doi.org/10.1016/j.biocontrol.2017.11.010.

Kimberling, D.N., 2004. Lessons from history: Predicting successes and risks of
intentional introductions for arthropod biological control. Biol. Invasions. 6,
301-318. https://doi.org/10.1023/B:BINV.0000034599.09281.58.

Krache, F., Boualem, M., Fernandez-Triana, J., Bass, A., Arnd, J., Benourad, F., 2021.
First record in Africa of the parasitoid Dolichogenidea gelechiidivoris (Hymenoptera:
Braconidae) on tomato leafminer Tuta absoluta (Lepidoptera: Gelechiidae) from
tomato fields in Algeria. J. Hymenopt. Res. 88, 115-131. https://doi.org/10.3897/
jhr.88.75279.

Louda, S.M., Pemberton, R.W., Johnson, M.T., Follett, P.A., 2003. Nontarget effects - The
Achilles’ heel of biological control? Retrospective analyses to reduce risk associated
with biocontrol introductions. Annu. Rev. Entomol. https://doi.org/10.1146/
annurev.ento.48.060402.102800.

Mama Sambo, S., Ndlela, S., Azrag, A.G.A., du Plessis, H., Mohamed, S.A., 2022.
Interaction between two parasitoids of Tuta absoluta: The introduced Dolichogenidea
gelechiidivoris and the indigenous Stenomesius sp. near japonicus. Preprint SSRN. J.
https://doi.org/10.2139/ssrn.4213078.

Mansour, R., Brévault, T., Chailleux, A., Cherif, A., Grissa-Lebdi, K., Haddi, K.,
Mohamed, S.A., Nofemela, R.S., Oke, A., Sylla, S., Tonnang, H.E.Z., Zappala, L.,


https://doi.org/10.3390/biology11091280
https://doi.org/10.3390/biology11091280
https://doi.org/10.1016/j.biocontrol.2020.104215
https://doi.org/10.1016/j.biocontrol.2020.104215
https://doi.org/10.3390/insects12111004
https://doi.org/10.1016/j.jtherbio.2022.103260
https://doi.org/10.1016/j.jtherbio.2022.103260
https://doi.org/10.1007/s10526-021-10097-4
https://doi.org/10.1007/s10340-021-01424-w
https://doi.org/10.1007/s10340-021-01424-w
https://doi.org/10.2307/j.ctv2175ht3.3
https://doi.org/10.2307/j.ctv2175ht3.3
https://doi.org/10.1093/jisesa/iew105
https://doi.org/10.1079/PAVSNNR20116042
https://doi.org/10.1016/j.anbehav.2015.12.011
https://doi.org/10.1016/j.tree.2008.10.008
https://doi.org/10.1016/j.tree.2008.10.008
https://doi.org/10.3390/insects10060183
https://doi.org/10.1080/09583157.2013.795930
https://doi.org/10.1080/09583157.2013.795930
https://doi.org/10.1007/s10340-017-0867-7
https://doi.org/10.3390/insects12070581
https://doi.org/10.3390/insects12070581
http://refhub.elsevier.com/S1049-9644(24)00026-4/h0080
http://refhub.elsevier.com/S1049-9644(24)00026-4/h0080
https://doi.org/10.1007/s10340-014-0557-7
https://doi.org/10.4289/0013-8797.123.1.41
https://doi.org/10.4289/0013-8797.123.1.41
https://doi.org/10.1111/jen.12994
https://doi.org/10.1007/s10340-010-0321-6
https://doi.org/10.1007/s10340-011-0398-6
https://doi.org/10.1007/s10340-021-01442-8
https://doi.org/10.1007/s10340-021-01442-8
https://doi.org/10.1017/S0007485314000923
https://doi.org/10.1017/S0007485314000923
https://doi.org/10.3897/zookeys.920.39128
https://doi.org/10.3897/zookeys.920.39128
https://doi.org/10.1603/ec11394
https://doi.org/10.1603/ec11394
http://refhub.elsevier.com/S1049-9644(24)00026-4/h0150
http://refhub.elsevier.com/S1049-9644(24)00026-4/h0150
https://doi.org/10.1007/s13744-018-0636-1
https://doi.org/10.1007/s13744-018-0636-1
https://doi.org/10.1002/ps.7314
https://doi.org/10.1007/s10340-022-01484-6
http://refhub.elsevier.com/S1049-9644(24)00026-4/h0175
http://refhub.elsevier.com/S1049-9644(24)00026-4/h0175
https://doi.org/10.2307/1941648
https://doi.org/10.1007/s10340-019-01086-9
http://refhub.elsevier.com/S1049-9644(24)00026-4/h0140
http://refhub.elsevier.com/S1049-9644(24)00026-4/h0140
https://doi.org/10.1146/annurev-ento-120811-153622
https://doi.org/10.1146/annurev-ento-120811-153622
https://doi.org/10.3897/zookeys.921.49197
https://doi.org/10.2903/j.efsa.2018.5102
https://doi.org/10.2903/j.efsa.2018.5102
https://doi.org/10.1016/j.biocontrol.2017.11.010
https://doi.org/10.1023/B:BINV.0000034599.09281.58
https://doi.org/10.3897/jhr.88.75279
https://doi.org/10.3897/jhr.88.75279
https://doi.org/10.1146/annurev.ento.48.060402.102800
https://doi.org/10.1146/annurev.ento.48.060402.102800
https://doi.org/10.2139/ssrn.4213078

J. Gonthier et al.

Kenis, M., Desneux, N., Biondi, A., 2018. Occurrence, biology, natural enemies and
management of Tuta absoluta in Africa. Entomologia Generalis. 38, 83-112. https://
doi.org/10.1127/entomologia/2018/0749.

McEvoy, P.B., 1996. Host specificity and biological pest control. Bioscience. 46,
401-405. https://doi.org/10.2307/1312873.

Mitsunaga, T., Yano, E., 2004. The effect of multiple parasitism by an endoparasitoid on
several life history traits of leafminer ectoparasitoids. Appl. Entomol. Zool. 39,
315-320. https://doi.org/10.1303/aez.2004.315.

Morales-Perdomo, J.A., Rodriguez-Caicedo, D., Cantor-Rincén, F., 2018. Effect of
different temperatures and cold storage on pupae of Apanteles gelechiidivoris
(Hymenoptera. Braconidae). Rev. Colomb. Entomol. 44, 217-222. https://doi.org/
10.25100/socolen.v44i2.7323.

Nakao, H.K., Funasaki, G.Y., 1979. Introductions for biological control in Hawaii: 1975 &
1976. Proc Hawaiian Entomol. Soc. 13, 125-128.

Rehman, A., Powell, W., 2010. Host selection behaviour of aphid parasitoids
(Aphidiidae: Hymenoptera). J. Plant Breed. Crop Sci. 2, 299-311.

Rossinelli, S., Bacher, S., 2015. Higher establishment success in specialized parasitoids:
support for the existence of trade-offs in the evolution of specialization. Funct. Ecol.
29, 277-284. https://doi.org/10.1111/1365-2435.12323.

Salas Gervassio, N.G., Aquino, D., Vallina, C., Biondi, A., Luna, M.G., 2019. A re-
examination of Tuta absoluta parasitoids in South America for optimized biological
control. J. Pest Sci. 92, 1343-1357. https://doi.org/10.1007/s10340-018-01078-1.

Savino, V., Luna, M.G., Salas Gervassio, N.G., Coviella, C.E., 2017. Interspecific
interactions between two Tuta absoluta (Lepidoptera: Gelechiidae) larval parasitoids
with contrasting life histories. Bull. Entomol. Res. 107, 32-38. https://doi.org/
10.1017/S0007485316000547.

Schellhorn, N.A., Bianchi, F.J.J.A., Hsu, C.L., 2014. Movement of entomophagous
arthropods in agricultural landscapes: Links to pest suppression. Annu. Rev.
Entomol. 59, 559-581. https://doi.org/10.1146/annurev-ento-011613-161952.

Sylla, S., Brévault, T., Monticelli, L.S., Diarra, K., Desneux, N., 2019. Geographic
variation of host preference by the invasive tomato leaf miner Tuta absoluta:
implications for host range expansion. J. Pest Sci. 92, 1387-1396. https://doi.org/
10.1007/510340-019-01094-9.

Van Damme, V., Berkvens, N., Moerkens, R., Berckmoes, E., Wittemans, L., De Vis, R.,
Casteels, H., Tirry, L., De Clercq, P., 2015. Overwintering potential of the invasive
leafminer Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae) as a pest in greenhouse

10

Biological Control 191 (2024) 105464

tomato production in Western Europe. J. Pest Sci. 88, 533-541. https://doi.org/
10.1007/510340-014-0636-9.

Welch, K.D., Harwood, J.D., 2014. Temporal dynamics of natural enemy-pest
interactions in a changing environment. Biol. Control. 75, 18-27. https://doi.org/
10.1016/j.biocontrol.2014.01.004.

Yu, D.S.K., Van Achterberg, C., Horstmann, K., 2016. Taxapad 2016, Ichneumonoidea
2015. Database, Ottawa, Can.

Zappala, L., Bernardo, U., Biondi, A., Cocco, A., Deliperi, S., Delrio, G., Giorgini, M.,
Pedata, P., Rapisarda, C., Tropea Garzia, G., Siscaro, G., 2012. Recruitment of native
parasitoids by the exotic pest Tuta absoluta in southern Italy. Bull. Insectology. 65,
51-61.

Zappala, L., Biondi, A., Alma, A., Al-Jboory, L.J., Arno, J., Bayram, A., Chailleux, A., El-
Arnaouty, A., Gerling, D., Guenaoui, Y., Shaltiel-Harpaz, L., Siscaro, G.,
Stavrinides, M., Tavella, L., Vercher Aznar, R., Urbaneja, A., Desneux, N., 2013.
Natural enemies of the South American moth, Tuta absoluta, in Europe, North Africa
and Middle East, and their potential use in pest control strategies. J. Pest Sci. 86,
635-647. https://doi.org/10.1007/s10340-013-0531-9.

Zeiri, A., Ayberk, H., Braham, M., Braham, M., 2015. Necremnus Thomson
(Hymenoptera: Eulophidae) accidently recorded on the almond bark beetle, Scolytus
amygdali geurin-meneville (Coleoptera: Scolytinae) in Tunisia. Egypt. J. Biol. Pest
Control. 25, 185-192.

Zhang, G.F., Ma, D.Y., Wang, Y.S., Gao, Y.H., Liu, W.X., Zhang, R., Fu, W.J,, Xian, X.Q.,
Wang, J., Wan, F.H., 2020. First report of the South American tomato leafminer, Tuta
absoluta (Meyrick), in China. J. Integr. Agric. 19, 1912-1917. https://doi.org/
10.1016/52095-3119(20)63165-3.

Zhang, Y., Tian, X., Wang, H., Castané, C., Arno, J., Wu, S., Xian, X., Liu, W., Desneux, N.,
Wan, F., Zhang, G., 2022. Nonreproductive effects are more important than
reproductive effects in a host feeding parasitoid. Sci. Rep. 12, 11475. https://doi.
0org/10.1038/541598-022-15296-2.

Zhang, G.F., Xian, X.Q., Zhang, Y.B., Liu, W.X,, Liu, H., Feng, X.D., Ma, D.Y., Wang, Y.S.,
Gao, Y.H., Zhang, R., Li, Q.H., Wan, F.H., Fu, W.J., Wang, J., Kuang, M., Yang, W.J.,
Rao, X., Ying, G., Dai, A.M., 2021. Outbreak of the South American tomato
leafminer, Tuta absoluta, in the Chinese mainland: geographic and potential host
range expansion. Pest Manag. Sci. 77, 5475-5488. https://doi.org/10.1002/
Ps.6588.


https://doi.org/10.1127/entomologia/2018/0749
https://doi.org/10.1127/entomologia/2018/0749
https://doi.org/10.2307/1312873
https://doi.org/10.1303/aez.2004.315
https://doi.org/10.25100/socolen.v44i2.7323
https://doi.org/10.25100/socolen.v44i2.7323
http://refhub.elsevier.com/S1049-9644(24)00026-4/h0255
http://refhub.elsevier.com/S1049-9644(24)00026-4/h0255
http://refhub.elsevier.com/S1049-9644(24)00026-4/h0260
http://refhub.elsevier.com/S1049-9644(24)00026-4/h0260
https://doi.org/10.1111/1365-2435.12323
https://doi.org/10.1007/s10340-018-01078-1
https://doi.org/10.1017/S0007485316000547
https://doi.org/10.1017/S0007485316000547
https://doi.org/10.1146/annurev-ento-011613-161952
https://doi.org/10.1007/s10340-019-01094-9
https://doi.org/10.1007/s10340-019-01094-9
https://doi.org/10.1007/s10340-014-0636-9
https://doi.org/10.1007/s10340-014-0636-9
https://doi.org/10.1016/j.biocontrol.2014.01.004
https://doi.org/10.1016/j.biocontrol.2014.01.004
http://refhub.elsevier.com/S1049-9644(24)00026-4/h0300
http://refhub.elsevier.com/S1049-9644(24)00026-4/h0300
http://refhub.elsevier.com/S1049-9644(24)00026-4/h0305
http://refhub.elsevier.com/S1049-9644(24)00026-4/h0305
http://refhub.elsevier.com/S1049-9644(24)00026-4/h0305
http://refhub.elsevier.com/S1049-9644(24)00026-4/h0305
https://doi.org/10.1007/s10340-013-0531-9
http://refhub.elsevier.com/S1049-9644(24)00026-4/h0315
http://refhub.elsevier.com/S1049-9644(24)00026-4/h0315
http://refhub.elsevier.com/S1049-9644(24)00026-4/h0315
http://refhub.elsevier.com/S1049-9644(24)00026-4/h0315
https://doi.org/10.1016/S2095-3119(20)63165-3
https://doi.org/10.1016/S2095-3119(20)63165-3
https://doi.org/10.1038/s41598-022-15296-2
https://doi.org/10.1038/s41598-022-15296-2
https://doi.org/10.1002/ps.6588
https://doi.org/10.1002/ps.6588

	Insight into the host-specificity of a native and a newly introduced parasitoid of Tuta absoluta and prospect for biologica ...
	1 Introduction
	2 Material and methods
	2.1 Laboratory experiment
	2.1.1 Insect and plant material
	2.1.2 Preliminary experiments: Are parasitoids attacking larvae outside the mines?
	2.1.3 Host-specificity testing of Necremnus tutae
	2.1.4 Host-specificity testing of Dolichogenideagelechiidivoris

	2.2 Field experiment
	2.2.1 Host preference in the field
	2.2.2 Survey of non-target species in the surroundings

	2.3 Statistical analysis

	3 Results
	3.1 Laboratory experiments
	3.1.1 Preliminary experiments: Are parasitoids attacking larvae outside the mines?
	3.1.2 Host-specificity testing of Necremnus tutae
	3.1.3 Host-specificity testing of Dolichogenideagelechiidivoris

	3.2 Field experiment
	3.2.1 Host preference in the field
	3.2.2 Survey of non-target species in the surroundings


	4 Discussion
	Credit authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary material
	References


