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Abstract

The Guatemalan potato moth, Tecia solanivora, is an invasive species. It is
native to Guatemala, from where it spread to Central and South America, arriving
in the Canary Islands in 1999 and reaching mainland Spain in 2015. Although it is in
the process of being eradicated from the Iberian Peninsula, it is established in the
Canary Islands and is not considered eradicable.

The management of T. solanivora is very complex. Almost its entire biological
cycle takes place under the soil and inside the tuber, which protects the pest, and
only the adult stage is exposed. If no management strategies are applied, crop
losses can reach around 50% in the field and 100% in storage. Cultural measures
aim to reduce the pest population in the field during the growing, are combined
with pheromone traps to prevent crop losses. However, pest damage often results
in unacceptable economic losses. In addition, there is currently a lack of enough
effective phytosanitary treatments that can be used in the field or approved for
storage. In this situation, research into biological control agents has become
particularly important. In this context, the study of oophagous natural enemies such
as T. achaeae, T. euproctidis and B. tarsalis is of particular interest for the biological
control of the Guatemalan potato moth, as they prevent the eggs from hatching.
Once the eggs hatch, the larvae migrate to the soil, making it difficult to remove
them before they enter the tubers where they are protected. The use of oophagous
biocontrol agents therefore removes the pest before the potatoes are damaged.

Experimental methodology was applied to evaluate both Trichogramma
species to select the best in three biocontrol contexts, laboratory, semi-field and
semi-storage, and the predatory mite B. tarsalis under laboratory, semi-field and
storage conditions. Although T. euproctidis showed good preliminary results in
laboratory studies for both field and storage conditions, semi-field and semi-storage
trials suggest that it is not a good biocontrol agent due to its poor ability to locate
T. solanivora eggs. In contrast, T. achaeae, although less effective than T. euproctidis
under laboratory conditions, proved to be a promising control agent under field
conditions. These results highlight the importance of testing natural enemies under
semi-field/semi-storage conditions prior to field or storage testing. Indeed,
selecting biocontrol agents on the basis of positive laboratory test results alone
could lead to wrong decisions and unnecessary expenditure of effort and resources.
In the case of B. tarsalis, which has been shown to be a good biocontrol agent in



experimental storage, there is a need to improve mite releases (density of mites per
release and number of releases) and evaluate their use in other storage systems.
Finally, a study of their economic viability will be required, taking into account the
cost of mass rearing.

It is important to note that the use of biological control agents, such as the
parasitoid T. achaeae and the mite B. tarsalis, are only two of the tools available for
integrated pest management. Under field conditions, cultural measures and
trapping must be maintained to reduce adult populations and egg laying. In storage,
visual inspection and screening of infested potatoes should also be maintained.



Resum

L'arna guatemalenca de la creilla, Tecia solanivora és una plaga invasora
originaria de Guatemala des d'on es va disseminar al llarg de Centre i Sud-america,
arribant a les Illes Canaries el 1999 | alcangant I'Espanya peninsular el 2015. Tot i
qgue en la peninsula Ibérica es troba en procés avancat d'erradicacid, en I'arxipélag
canari ja s'ha establit i es considera que |'erradicacié no és possible.

La gestid de Tecia solanivora es molt complexa degut a que pasa la major part
del cicle vital davall del sol, refugiada en I'interior del tubercle, només la fase adulta
estd completament exposta. Per al maneig de la plaga, habitualment s'apliquen
mesures culturals durant tot el cicle vegetatiu, que es combinen amb I'Us de
paranys de feromones, contribuint les esmentades mesures a reduir pérdues en la
collita. Tanmateix, estes continuen sent economicament inassumibles. A més ens
trobem amb una caréncia de productes fitosanitaris per al camp prou eficacos i amb
I'abséncia de productes autoritzats en I'ambit dels magatzems. De portar-se a
terme cap estratégia de gestio de la plaga, les pérdues en la collita poden suposar
al voltant del 50% al camp i del 100% als magatzems.

En este context, la recerca d'enemics naturals per a la gestid integrada de la
plaga ha cobrat especial rellevancia. Particularment, sén interessants els
organismes oofags, com els estudiats en el present treball, els parasitoides
Trichogramma achaeae, Trichogramma euproctidis i I'acar depredador Blattisocius
tarsalis, que permeten eliminar la plaga abans que es produisca I'eclosié dels sous,
fet que resulta transcendent, donat que una vegada es produeix I'emergéncia de la
larva, esta migra cap a l'interior del sol i penetra en els tubercles resultant molt
dificil la seua eliminacid. Per tant, estos organismes de biocontrol eliminen la plaga
abans que les creilles resulten danyades.

En el present treball es va aplicar una metodologia per realitzar un procés
d'avaluacié per ambdés espécies de Trichogramma, amb I'objectiu de seleccionar
la millor, en els tres contextos, laboratori, semicamp i semimagatzem, | I'acar
depredador sota condicions de laboratori, semimagatzem i magatzem. Els resultats
van revelar que si bé, T. euproctidis, mostra molt bon potencial en els estudis
preliminars de laboratori tant per a condicions de camp com de magatzem, els
experiments de semicamp i semimagatzem van indicar que no es un bon agent de



control biologic per a T. solanivora donada la seua escassa capacitat de trobar els
ous. En contraposicié, T. achaeae, encara que va mostrar una eficacia baixa en
condicions de laboratori, es va mostrar prometedor en condicions de semicamp.
Estos resultats il-lustren la importancia de provar els agents de biocontrol en
condicions de semicamp o semimagatzem abans de fer el pas a condicions de camp
0 magatzem, basar-se solament en resultats de laboratori podria suposar la presa
de decisions incorrectes amb una pérdua d'esforcos i recursos. En el cas de B.
tarsalis, s'obtingueren resultats optims en totes les etapes de seleccid, i per eixa
rad va ser provat en magatzem experimental on es va mostrar com un bon agent
de control de I'arna guatemalenca de la creilla. En este sentit, s'han de continuar
les investigacions amb |'objectiu de millorar els alliberaments (densitats i nUmero),
i avaluar el seu Us en altres sistemes d'emmagatzematge. Finalment, es requerira I’
estudi de la seua viabilitat economica tenint en compte el cost de la cria massiva.

Es important assenyalar, que I'is d'agents de control biolodgic, com el
parasitoide T. achaeae i I'acar B. tarsalis seran sols dos de les eines disponibles per
al control integrat de la plaga. En condicions de camp, les mesures culturals i la
instal-lacié de parany deuen mantindre's per reduir les poblacions d'adults i les
postes d'ous. Aixi mateix, en magatzem les inspeccions visuals i el rebuig de creilles
infestades deuen mantindre's.



Resumen

La polilla guatemalteca de la papa, Tecia solanivora, es una plaga invasora
originaria de Guatemala desde donde se extendid a lo largo de Centro y
Sudamérica, llegando a las Islas Canarias en 1999, y alcanzando la Espafia
peninsular en 2015. Si bien en la peninsula Ibérica se encuentra en proceso
avanzado de erradicacién, en el archipiélago canario ya se ha establecido y se
asume que su erradicacidén no es posible.

El manejo de Tecia solanivora es muy complejo debido a que pasa la mayor
parte de su ciclo biolégico bajo el suelo, protegida en el interior del tubérculo,
guedando completamente expuesta solo la polilla adulta. Para la gestion de la plaga
se aplican habitualmente medidas culturales durante el ciclo vegetativo, que se
combinan con el uso de trampas de feromonas, contribuyendo estas medidas a
reducir pérdidas en la cosecha, no obstante, estas siguen siendo econémicamente
inaceptables. Ademds, existe una carencia de productos fitosanitarios
suficientemente eficaces en campo y la ausencia de productos autorizados para su
uso en almacenes. De no ejecutar ninguna estrategia de gestién de la plaga, las
pérdidas en las cosechas pueden alcanzar alrededor del 50% en campo y del 100%
en almacén.

En este contexto, la busqueda de enemigos naturales para la gestién
integrada de la plaga ha cobrado especial relevancia. Particularmente, son
interesantes los organismos o6fagos, como los estudiados en el presente trabajo,
los parasitoides de huevos, Trichogramma achaeae, Trichogramma euproctidis y el
acaro depredador Blattisocius tarsalis, que permiten eliminar la plaga antes que se
produzca la eclosidn de los huevos, hecho que resulta trascendental, dado que una
vez se produce la emergencia de la larva, esta migra hacia el interior del suelo y
penetra en los tubérculos resultando muy dificil su eliminacion. Por lo tanto, estos
agentes de biocontrol eliminan la plaga antes de que las patatas resulten dafiadas.

En el presente trabajo se aplicé una metodologia para realizar un proceso de
evaluacidn para ambas especies de Trichogramma con el objetivo de seleccionar la
mejor en tres contextos, laboratorio, semicampo y semialmacén y el acaro
depredador bajo condiciones de laboratorio, semialmacén y almacén. Los
resultados revelaron que si bien, T. euproctidis mostré muy buen potencial en los
estudios preliminares de laboratorio tanto para condiciones de campo como de
almacén, los experimentos de semicampo y semialmacén indicaron que no es un



buen agente de control bioldgico para Tecia solanivora debido a su escasa
capacidad para localizar sus huevos. En contraposicién, T. achaeae, aunque mostré
una eficacia mas baja en condiciones de laboratorio, dio resultados prometedores
en condiciones de semicampo. Estos resultados confirman la importancia de probar
los agentes de biocontrol en condiciones de semicampo o semialmacén antes de
dar el paso a condiciones de campo o almacén, dado que basarse solo en resultados
positivos de laboratorio podria llevar decisiones incorrectas y una perdida
innecesaria de esfuerzos y recursos. En el caso de B. tarsalis, se obtuvieron
resultados éptimos en todas las etapas de seleccidn, por lo que fue probado en
almacén experimental donde se mostré como un buen agente de control de la
polilla guatemalteca de la papa. En este sentido, se deberan continuar las
investigaciones a fin de mejorar las liberaciones (densidades y niumero), y evaluar
su uso en otros sistemas de almacenaje. Finalmente, se requerird un estudio de su
viabilidad econémica teniendo en cuenta el coste de la cria masiva.

Es importante sefialar que el uso de agentes de control biolégico, como el
parasitoide T. achaeae y el acaro B. tarsalis serdn solo dos de las herramientas
disponibles para el control integrado de la plaga. En condiciones de campo, las
medidas culturales y el trampeo deben mantenerse para reducir las poblaciones de
adultos y las puestas de huevos. Asi mismo, en almacén las inspecciones visuales y
el cribado de patatas infestadas deben mantenerse.
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INTRODUCTION

1. General introduction

Every year, potato crops worldwide suffer significant economic losses due to pests of
the moth complex, namely three species of the order Lepidoptera, within the genus
Gelechiidae: Phthorimaea operculella (Zeller 1873), Symmestrischema tangolias (Gyen
1913) and Tecia solanivora (Povolny 1973) (Sanchez-Aguirre and Palacios 1995). While P.
operculella has a cosmopolitan distribution, T. solanivora and S. tangolias have a more
restricted distribution. In fact, the latter is not present in Europe (Carrillo and Torrado-Leon
2013).

The Guatemalan potato moth, T. solanivora, owes its common name to its origin, from
which point it spread to the rest of Central America and later, to South America. From there
it was introduced to the Canary Islands, before continuing to mainland Spain, initially
Galicia, and then the Principality of Asturias.

In Spain, potatoes are grown in all the autonomous communities, and given the wide
variety of production conditions, they can be planted in different areas at different times of
the year, thus production is year-round (Vigil-Cando 2017). According to 2021 data,
2,141,350 tons of potatoes are grown every year, across a total surface area of
approximately 66,000 hectares (MAPA 2024a), which means an average yield of 31.56 t/ha.

In the context of the Canary Islands, potato farming is important both economically
and culturally, in particular, in mid-altitude zones, being a staple food for the local
population (Carnero et al. 2008). In 2022, this crop was around 10% of the total agricultural
production of the Canary Islands. It yielded 111,208 tons in 4.014 ha, which around 90% is
located in Tenerife and Gran Canaria (ISTAC 2023) (Fig. 1).

2
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Figure 1. Percentage of cultivated potato area (white numbers) and production (orange numbers) per
island respect to the whole Canary Islands. Source: own work, based on ISTAC (2024) data.
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The cultivation of potatoes in the Canary Islands is characterised by the existence of
numerous varieties that are not present in the Iberian Peninsula nor the rest of Europe.
These potatoes are grouped together under the term "Papas Antiguas de Canarias" (Ancient
Potatoes of the Canary Islands) (Tab. 1):

Table 1: Main varieties and species of Ancient Potatoes of Tenerife (Canary Islands).

Solanum tuberosum ssp. tuberosum

1 Moras or Brasilefias or Grasilefias

1 Borrallas, Meloneras or Montaneras

Solanum tuberosum ssp. andigena

" Torrenta, Terrenta or Sietecueros

1 Azucenas (Blancas, Negras)

1 Bonitas (Llagadas, Ojo de Perdiz, Coloradas, Blancas, Negras)
1 Coloradas, Coloradas de Baga or Londreras

Solanum chaucha

1 Negras, Negras Yema de Huevo or Negras Herrefas.

* Note that this is only a selection of the most important Ancient Potatoes of Tenerife, there are other
varieties in the Canary Islands. Source: Author’s own work based on Rios (2012a) data.

It is known that the potato originated in South America, specifically in the Andes,
southern Peru and northern Bolivia, from where it was exported to the rest of the world. In
the Canary Islands, the first reference of this tuber is from 1567 (Lobo-Cabrera, 1988). Many
cultivars of Andean origin have been conserved in situ by local farmers over generations,
and new cultivars may have emerged through selection in the different agricultural
microregions (Rios 2012b). The studies carried out indicate a great diversity, with cultivars
belonging to Solanum tuberosum ssp. andigena, probably of Andean origin, others
belonging to Solanum tuberosum ssp. tuberosum, probably from old European breeding
programmes, or perhaps some material that could have originated in the archipelagos of
Los Chosnos and Chiloe in Chile. Also, there are triploid cultivars that have so far been
classified in the species Solanum chaucha. In addition, some cultivars with intermediate or
distant characteristics from the above groups have been found, which could be hybrids
obtained by different routes in the Canary Islands from potatoes originating in America (Rios
2012b).

There is therefore a significant potential of T. solanivora to cause not only economic
losses, which would be in addition to those already experienced in the Canary Islands, but
also genetic erosion of potatoes cultivars present in the archipelago, or local varieties in the
affected areas of mainland Spain. Besides, there is a high potential risk of the pest spreading
to the rest of the Iberian Peninsula and mainland Europe.



INTRODUCTION

Given the damage that it causes and the potential risks observed, T. solanivora is
regulated by the European Union as a harmful quarantine organism. This was reflected in
Spanish legislation through its inclusion in annex Il, part A, section |, of Royal Decree
58/2005, of January 21 2005, adopting protective measures against the introduction and
spread within the national territory and the European Community of organisms harmful to
plants or plant products, as well as for export and transit to third countries.

Additionally, in 2017 the Ministry of Agriculture, Fishing and Food (MAPA) established
a specific plan for this pest (Royal Decree 197/2017) in the form of the "National program
for the control and eradication of Tecia (Scrobipalpopsis) solanivora (Povolny)". This plan
obligates autonomous communities to monitor and detect the possible presence of the pest
through their competent bodies. They must also notify the Ministry, declare infestation and
buffer zones, and implement the measures outlined in the aforementioned Royal Decree.

2. Origin and distribution

Tecia solanivora was described by Povolny (1973) using moths and larvae collected in
Costa Rica. To that country, it was likely introduced via a shipment of potato seeds from
Guatemala, the country of origin, in 1970, specifically the region between the Isthmus of
Tehuantepec in Mexico, northern Honduras and El Salvador (Puillandre et al. 2008, Vigil-
Cando 2017).In the Americas, the first reports of the pest date back to 1971 in Costa Rica,
and 1973 in Panama, Honduras and El Salvador (Fig. 2). In Nicaragua it was known to be
present in the 1980s, but the moment of its arrival is unknown (Puillandre et al. 2008,
Villanueva and 0Saldamando 2013).

Later, in 1983, it was introduced to Venezuela in the state of Tachira, through an
import of infested potato tubers from Costa Rica, and then spread to the states of Mérida,
Trujillo and Lara. Through the Venezuelan state of Tachira it passed to Colombia, where the
moth was detected in 1985 in the state of Norte de Santander in potato crops in Chitagd, a
municipality bordering Tachira (Arias et al. 1996, Puillandre et al. 2008, Vigil-Cando 2017).
By 1990 the moth had already infested crops in the center of the country and had spread
through Boyacd, Cundinamarca and Antioquia, being reported in Narifio, the southwestern
department of Colombia bordering Ecuador, where its presence was officially declared in
1996 (Arias et al. 1996, Barragan et al. 2004, Carrillo and Torrado-Ledn 2013, Puillandre et
al. 2008).
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Figure 2. Origin and spreading of T. solanivora. The area of origin of the Guatemalan potato
moth was limited to Guatemala and the Isthmus of Tehuantepec. The arrows indicate where
the pest spread and the year it was reported.

In 2010, T. solanivora was detected in El Porvenir, Mexico, a locality in the state of
Chiapas near the border with Guatemala. This location is highly susceptible to the
introduction of pests because there are many areas that lack phytosanitary controls; thus,
it is thought that the moth was introduced to Mexico through the shipment of seed
potatoes in this area (Roblero et al. 2011).

In Europe, its presence was first reported in 1999, when T. solanivora arrived in the Canary
Islands through an illegal import of infested tubers, probably from South America. It was
first detected in the northwest of Tenerife in the municipality of Icod de Los Vinos, and in
2000 its presence was confirmed (Fig. 3). In response, pheromone trapping was initiated
that same year to determine the spread of the pest, and it was found to have reached the
municipalities of La Guancha, San Juan de la Rambla and Los Realejos (Rios 2012c). In March
2001, monitoring of the pest was carried out in potato fields and storage areas, and it was
observed that in the north of the island the population of T. solanivora had increased
dramatically, especially in the highest areas (> 750 m above sea level). The south, on the
other hand, remained free of the pest (Carnero et al. 2008). Nevertheless, its advance could
not be contained, and it eventually spread throughout the island, as well as to La Palma,
Gran Canaria and El Hierro. It was also found in stores in La Gomera and Lanzarote.
Nowadays it is established throughout the archipelago (Puillandre et al. 2008, Corral et al.
2017, Vigil-Cando 2017, MAPA 2024a).
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Figure 3. Distribution of T. solanivora in the Canary Islands. Source: Ramos A. (Specialist
Technician, ICIA).

Subsequently, in 2015 the moth reached the Iberian Peninsula, being detected in the
autonomous community of Galicia, specifically in the municipalities of Ferrol, Narén and
Neda (A Corufia province) (DOG no. 209 on November 3, 2015). The following year, the
demarcations of infested zones were extended following the detection of new outbreaks in
the province of Lugo (DOG no. 38 of 25 February, 2016). In 2017, the area of infestation was
expanded once again (DOG no. 25 of 6 February, and no. 200 of 20 October, 2017), as the
number of affected municipalities in the provinces of A Corufia and Lugo increased (Fig. 4).

Year of declaration Infested area:
N 2015 EE 2018 2017

Figure 4. Distribution of T. solanivora in Galicia according to official declarations in the Diario
Oficial de Galicia (DOG). Source: author’'s own work. DiarioGalicia (DOG). Source: author’'s
own work.

From Galicia, the moth spread to the Principality of Asturias, where it was detected
in 2017 (Fig. 5). The pest was declared present in the municipalities of Castropol, Cudillero,
Navia, San Tirso de Abres, Taramundi, Valdés and Vegadeo (BOPA no. 33 of February, 2017).
That same year, with the entry into force of Royal Decree 197/2017 of March 3, and
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successive Official Gazettes of the Principality of Asturias (BOPA no. 69 of March 24, no. 126
of June 2, and no. 268 of November 20, 2017), 10 municipalities were declared as infested
areas, 20 as buffer zones, and 5 as free zones subject to the declaration of planted crops
(Vigil-Cando 2017) (Fig. 5).

Potatoe cultivation legal status:
mm Infested area Buffer area mmm Cultivation-free under declaration of plantig Area with no declararion

Figure 5. Distribution of T. solanivora in the Iberian Peninsula. Red indicates areas
declarllliled as infested, orange indicates buffer zones, and blue indicates free areas subject
to the declaration of planted crops. Source: author's own work, based on maps from the
Ministry of Agriculture, Fisheries, and Food, 2019, and the Official Gazette of the Principality
of Asturias, no. 268 of November 20, 2017.

The measures taken to control the pest in the mainland have proven to be very
effective. In September 2019 a technical inspection was carried out in Galicia by , composed
of two inspectors, a tuber expert, two interpreters and three officials from the MAPA. It
resulted in a favorable report that found the measures being carried out to eradicate the
pest to be resulting in a rapid and sustained reduction, which, if maintained over time,
would lead to its eradication (Beramendi 2019). In 2020, given the improved situation, the
municipalities of Ares, Cabanas, A Capela, Fene, Ferrol, Mugardos and As Pontes de Garcia
Rodriguez in the province of A Corufia, and Abadin and Ourol in the province of Lugo, were
incorporated into the buffer zone. Likewise, bordering localities were no longer classed as
buffer zones and became free zones (DOG no. 11, of January 17, 2020).

In the Principality of Asturias, these improvements allowed for the ban on planting
potatoes to be lifted in the municipalities of Coafia, El Franco, Gijon, Muros de Nalén and
Tapia de Casariego, converting these areas into buffer zones. Nevertheless, the
municipalities bordering Galicia were established as no potato zones, to act as a
phytosanitary barrier in case of a resurgence owing to unpredictable factors (BOPA no. 24
of Febrary 5, 2020). Finally, in 2023, after six years with no detection of T. solanivora, it was
declared eradicated in Asturias and all municipalities except for San Tirso de Abres
(bordering with Galicia), where potato production remains forbidden (BOPA no. 124 of
Febrery 22, 2023).
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3. Taxonomic framework and synonymous terms

The Guatemalan potato moth, T. solanivora (Povolny 1973), belongs to the
superfamily Gelechioidea, according to phylogenetic studies (Urra 2016) and Tinedoidea,
according to EPPO (Vigil-Cando 2017) within the order Lepidoptera, as shown below in
Table 2:

Table 2. Taxonomic classification of T. solanivora.

Kingdom Animalia

Phylum Arthropoda
Class Insecta

Order Lepidoptera

Suborder Glossata
Superfamily Gelechioidea
Family Gelechiidae

Genus Tecia
Species Tecia solanivora (Povolny, 1973)

Among the terms used to describe the species, there is its current name, Tecia solanivora
(Povolny 1973), and the disused term, Scrobipalpopsis solanivora (Povolny 1973). In
addition, this species is referred to using various common names in different countries and
territories: polilla de la papa (Potato moth), polilla Guatemalteca (Guatemalan moth), polilla
Centroamericana (Central American moth), polilla gigante de la papa (Giant potato moth),
potato tuber moth, as well as others of very limited use (Ricon 2002). In the scientific
literature it is referred to as the Guatemalan potato moth (the main name) and also as the
Guatemalan tuber moth.

Identification
For morphological identification, egg and pupal stages are not reliable, therefore it is
recommended to use larvae and adults. In the case of larvae, a binocular microscope should
be used and the chaetotaxy should correspond to that illustrated in Fig. 6.



INTRODUCTION

o ; ‘i‘."' -
! AS 89Ny
A2) A -
TS, A9
_/,g é W | ‘F/ A10
2
A~ I . A8 % 3 \\%
< o pres 1 /. ,, i &
- | -x R S -._’\ .7' o\
A2 | Pyl ” 13 "‘y‘— ‘_(“ - ‘
. &

Figure 6. Chaetotaxy for identification of T. solanivora larvae. Source: Germain and Povolny
2006.

In the case of adults, although there are other differences, to ensure an unequivocal
identificatin the genitalia should be observed under a microscope (Fig. 7):

V =valva

U =uncus

G = Gnathos

S = Saccus.

Aa = Anterior apophysis
Ap = Posterior apophysis
A = Antrum

Si = Signum

Figure 7. Genitalia of T. solanivora. Male genitalia (left). Female genitalia (right). Source: Vigil-
Cando 2017.

e Male genitalia: differs from other species in that it has a narrowed uncus with a
characteristically obtuse tip, with an elongated, hooked and well-developed
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gnathos. Valvae with cylindrical base, elongating and curving regularly and
acquiring the shape of spatulae at the tips. Aedeagus is long and strong, slightly
shorter in length than the distance between the saccus and uncus (Germain and
Povolny 2006, Hayden et al. 2013).

o Female genitalia: long apophyses, provided on the inner edge with a characteristic
tubercle; the antrum is undeveloped and the signum has a strongly arched, spine
shape (Germain and Povolny2006, Hayden et al. 2013).

4. Biology and life cycle

Tecia solanivora is a holometabolous insect with a life cycle made up of four stages,
the duration of which varies greatly depending on temperature conditions: 42 days at a
temperature of 252C and up to almost 200 days at 102C. Temperature also produces
changes in the number of generations (Notz 1996). Differences in longevity have also been
observed between sexes, with females always living a few days longer than males at the
same temperature (Martinelli 2004).

The duration of the cycle and the number of generations are highly variable
depending on environmental conditions, being strongly linked to temperature (Martinelli
2004, Rincén and Lopez-Avila 2004, Notz 1996). These biological parameters have been
studied by several authors with similar results (Table 3).

Table 3. Duration in days of each phase of the T. solanivora lifecycle and number of
generations at 15, 20 and 25°C. Table based on Martinelli et al. (2004) and own data. Authors:
A) Nortz 1996. B) Torres et al. 1997, 1998. C) Carnero et al. 2008.

The life cycle of T. solanivora (Fig 1.) begins when the adult female oviposits by depositing
eggs both in groups and individually on surfaces that are rough or contain depressions, and
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may choose different areas: the soil surface, clods and crevices near the stem of the plant,
or on the tuber itself if these are exposed, and more rarely on the plant itself on leaves and
stems (Torres 1998, Carrillo and Torrado-Leén 2013)

Adults
10-30 Days

" o
Eggs \

Pupae ! 515Days |
em
11-30 Days . — ’
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~ =
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~lemr—

C Larvae

15 -30 Days

Figure 8. Diagram of the life cycle of T. solanivora. The minimum values for the duration of
each stage are those corresponding to 25 °C and the maximum values are those
corresponding to 15 °C. Source: Modified from Guerra-Luran and Acero-Godoy 2020.

In storage, eggs are deposited on or near the eyes of tubers, in the threads of bags
and in hidden corners in the warehouse (Martinelli 2004, Vigil-Cando 2017). Each female
lays an average of 225 eggs during her first 20 days of life (Ricén 2002).

The newly emerged larvae actively seek out the tuber, displaying strong positive
geotaxic behaviour, burying themselves in the soil, without a chemical signal that
determines their search (Camargo et al. 2010). Once on the tuber, they continue to move
until they locate a point of penetration, entering through the eyes of the potato or the skin,
leaving a totally imperceptible entry hole. Initially, the larvae produce horizontal galleries
that they excavate through the external layers: cortex and vascular ring, until they choose
a point through which they penetrate the most internal structures (pith), making galleries
inside the tuber (Hilje 1994), until they complete their development. At this point, it stops
feeding and leaves the tuber (fourth instar), via a visible exit hole, to pupate near the soil
surface. Afterwards, the adult moth will emerge to copulate (Fig. 9) and initiate a new cycle.
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Figure 9. Couple of T. solanivora adults copulating. Picture: Gavara. J. (ICIA)

5. Tecia solanivora development

Tecia solanivora is a holometabolous insect with a life cycle made up of four stages,
the duration of which varies greatly depending on temperature conditions: 42 days at a
temperature of 252C and up to almost 200 days at 102C. Temperature also produces
changes in the number of generations (Notz 1996). The four stages are:

e Egg: ovoid, almost spherical in shape, measuring 0.46 - 0.6mm long and 0.39 -
0.43mm wide. They are pearly white when freshly laid (Fig. 10A), turning a dark
yellow before hatching (Fig. 10B) due to the darkening of the cephalic case of the
larva, which is visible through the chorion at that time (EPPO 2006, Martinelli 2004,
Torres 1998). This stage lasts between 5 and 25 days, depending on the
environmental temperature (Notz 1996).

A) - : B)

Figure 10. A) Freshly laid 24-hour eggs. B) Egg about to hatch, the arrow indicates the
darkened cephalic case of the larva visible through the chorion. C) Larva in the process
of emergence after breaking the chorion with the mandible. Pictures: Gavara J. (ICIA).
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Larvae: elongated with three pairs of thoracic legs, four pairs of abdominal
pseudopods and one pair of anal pseudopods (Cuartas 2006). In addition, the
larvae of T. solanivora have trapezoidal spots (pinnules) on the dorsum of each
segment that allow them to be differentiated from those of P. operculella (Herrera
1998). To the naked eye, the larvae of these two moths in their advanced stages
can be differentiated by the paler color of the body of P. operculella and the color
of the cephalic case, which is brown in T. solanivora and black in P. operculella (Fig.
11).

Figure 11. Differences in color between larvae of T. solanivora (A and C) and P. operculella
(B and D) at two different developmental stages. Note the paler pink color in P. operculella
and the black cephalic case, versus the darker pink and brown cephalic case of T. solanivora.
Pictures: Gavara J. (ICIA).

As regards their development, the larvae go through four stages, or instars, in which

their size and color change:

First instar: 1.2 - 1.4 mm in length with a white-transparent body, a dark brown
head and prothoracic shield. The duration of this instar has been placed at around
8 days (Torres 1998, Espinel et al. 2009).

Second instar: larger than the previous instar (3.6 mm). Cream color with darker
brown spots. Lasts approximately 5 - 6 days (Torres 1998, Espinel et al. 2009).

Third instar: measures between 3.6 and 15 mm approximately, with yellow-
greenish coloration and more visible spots along the body and head, and a dark
brown prothoracic shield. This instar can last about 8 - 9 days (Torres 1998, Espinel
et al. 2009).

Fourth instar: the larva reaches its maximum length at 16 mm and acquires a blue-
greenish color with some transparency, and later a purple coloration in the dorsal
part and green in the ventral part. The head is pale brown and the mouthparts are
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chestnut brown. Each thoracic segment has a pair of true legs and black spots
(Herrera 1998, EPPO 2006). For this last instar, the approximate duration is 6 - 8
days (Torres 1998; Espinel et al. 2009).

= Pupa: The pupa is obtect, fusiform and measures 7.3 - 9 mm. It is greenish when
newly formed, turning light brown and then dark brown over time (Herrera 1998,
Germain and Povolny 2006). During this phase, T. solanivora already presents
differences between genera that allow for sexing of the species: on the one hand,
there are differences in size, with pupae that will give rise to larger females of 8.5
mm compared to the 7.5 mm of males (Fig. 12). However, the 7 - 8.5 mm range
may include both sexes so this criterion is unreliable (Ricén 2002Furthermore,
these measurements can vary greatly depending on environmental conditions and
feeding, so sexing based on size is not recommended.

6,37 mm

Figure 12. Difference in size of T. solanivora pupae between sexes. Left: female, right: male.
Note that the lengths do not correspond to those established by Ricon (2002), which denotes
the variability of sizes depending on specific conditions. Pictures: Gavara J. (ICIA).

Another criterion for distinguishing sex is the location of the genital pore (Fig. 13). In
females, the genital opening is at the seventh abdominal segment, whereas in males it is
located in the eighth. It may be easier to count from the segment where the sutures of the
legs and antennae converge in the ventral part, in which case the genital pore is found in
the fourth segment in females and the fifth segment in males (Ricon 2002, Rincén and
Lépez-Avila 2004). These criteria relating to the location of the genital pore are much more
reliable than size in determining sex.
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¢

Figure 13. Genital pore position. Left: female pupa with pore in the fourth segment, right: male
pupa with pore in the fifth segment. Pictures: Gavara J. (ICIA)

Adult: a small grayish-brown moth with a body approximately 1 cm long and a
wingspan of 12 - 15 mm (Fig. 14A). At this stage, males and females show sexual
dimorphism in size and coloration (Rincén and Garcia 2007). Females are larger,
with a longer and wider abdomen and three dark, rounded markings on each
forewing, while males have only two (Povolny 1973, Carrillo and Torrado-Ledn
2013). These rounded markings on the forewings, together with the presence of
brown radial lines, allow for differentiation between T. solanivora, P. operculella
and other moths (Fig. 14) (Cuartas 2006, Carrillo and Torrado-Leén 2013). Males
and females of T. solanivora can be distinguished by observing the presence of
genital spicules on the underside of the abdomen under magnification (Fig 14c).

Figure 14. A) Female T. solanivora with the three characteristic rounded markings. B)
Female P. operculella. C) Spicules of the adult female of T. solanivora. Source: A) and
B), United States Department of Agriculture (USDA), C) Piedra-Buena A. (ICIA).
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Although they are similar, it is possible to differentiate the adult moths of the potato
complex by their different wing patterns (Fig. 15): T. solanivora, has an elongated radial line,
P. operculella with closed wings has a pattern reminiscent of an "X" in the center of the
dorsum, and S. tangolias has rhomboid-shaped spots on the upper sides of the wings.
Although S. tangolias is not present in Europe, it is important to be able to recognize it to
warn of its presence.

Figure 15. Different wing patterns of moths of the potato complex: A) T. solanivora. B) P.
operculella. C) S. tangolias. Source: Kroschel and Schaub 2013 (modified).

6. Damage

Tecia solanivora is adapted to different mountain ecosystems distributed across a
wide range of altitudes, having been found between 1600 and 3400 m in the northern states
of the Andes (Torres 1998) and 1300 and 2300 m in Costa Rica. In the Canary Islands, Spain,
the greatest damage is found at lower altitudes, between 500 and 600 m (EPPO 2006).
Several studies have found a negative relationship between altitude and pest population
density. However, management practices and climatic variables in the different areas
invaded by the pest have been shown to be of greater influence (Povolny 1973, Barreto et
al. 2004). Although the damage is similar to that caused by other potato moths, T. solanivora
is considered one of the most harmful invasive pests in potato cultivation, which can have
devastating effects in infested areas. The damage brought about by T. solanivora is caused
only by the larval stages (Torres 1998, Carrillo and Torrado-Le6n 2013, Karlsson et al. 2017).
The larvae don't attack the aerial part of the plant, but only the tuber, where they feed and
develop producing superficial galleries. This distinguishes it from the common moth, P.
operculella, which feeds on leaves, shoots, stems and digs deep galleries. Moreover, it is
also possible to differentiate attacks from both moths after the larvae have left the tuber,
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given that the exit holes of T. solanivora are clean, whereas the edges of the holes of P.
opercuella are dirty with traces of faeces (Fig. 16 and 17) (Trujillo and Perera 2017a, Tascon
and Perera 2021). Damage can be classified as follows:

= Direct damage (Fig. 16): Deterioration of tuber quality due to the presence of
galleries that change and affect its general appearance (Trujillo and Perera 2017b).

= |ndirect damage: These external openings, excavated galleries and excreta
facilitate the entry of microorganisms, thus leading to rotting and total ruin of the
tubers. The tubers cannot be marketed, nor are they suitable for human, industrial
or animal consumption, or for seed. This causes considerable economic damage
(Vigil-Cando 2017).

Damage can occur not only in potato fields but also post-harvest, during which time huge
losses may be experienced. This is because storage conditions are ideal for the reproduction
of the Guatemalan potato moth, since the tubers have no protection and the darkness that
usually exists in warehouses favors the activity of the adults (Herrera 1998).

Figure 16. Infested potatoes of the Guatemalan potato moth: A) short galleries B) Clean exit
holes. C) Damage in cross-section near the surface. Pictures: Estévez J.R. (Specialist
Technician, ICIA).
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Figure 17. Potato infested by P. operculella with soiled exit holes with traces of faeces.
Picture: Perera Gonzalez S. (Cabildo de Tenerife).

7. Monitoring and decision-making

As will be detailed in the section entitled "Biotechnical control measures", monitoring
of T. solanivora is carried out through the combined use of pheromones and traps. Trujillo
and Perera (2011) analyzed data obtained since March 2009 from the potato crop trapping
network and concluded that T. solanivora follows a regular pattern of behavior each year.
They observed that the pest appears at the beginning of the crop in January (winter), albeit
in small numbers, and increases progressively in number until the beginning of May (spring),
when there is a notable increase in captures. The population reaches its highest point
following the harvest. These captures remain high until autumn, decreasing with the onset
of the first rains (Fig. 18).

Figure 18. Average annual population trend of T. solanivora. Source: Graph modified from
Trujillo and Perera (2011).
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Currently, there are no specific scientific studies available on the action threshold for
T. solanivora, and the literature consulted shows significant disparity in terms of
recommended values. According to Ricdn (2022), the threshold is around 50 male captures
per week (7.14 males per trap, per day). However, according to the guidelines of the MAPA
(2015), measures against the pest should be taken when 70 moths per week (10 moths per
trap, per day) if there are mature potatoes in the field. However, in the case of the latter, it
should be clarified that this is not a specific threshold for T. solanivora, but a threshold also
used for the common moth, P. operculella.

For biological control, none of these thresholds apply. The release or inoculation of natural
enemies should be carried out when the first adult moth is trapped or at the beginning of
tuberisation, or even earlier in the case of organisms that require an establishment period.
However, each biocontrol agent should be the subject of a specific study to determine its
optimum time of release/inoculation.

8. Control measures

Although control measures cannot eliminate T. solanivora, they can
significantly reduce its population, if applied together and during all stages of
farming:

8.1 Farming control measures
= Planting

First of all, one month (or at least 15 days) before planting, the soil should be
thoroughly tilled. This exposes the eggs and pupae to drying environmental conditions and
to the action of natural enemies. In addition, unharvested tubers from the previous
plantation (volunteer potatoes) should be removed (Trujillo and Perera 2017a).

For planting, it is advisable to plant at a depth of 10 - 15 cm to prevent the moth from
ovipositing near or on the tubers (Ricén 2002). If using a hoe, soil should be piled high on
both sides, as this increases the distance between the newly emerged larvae and the
potatoes. The larvae will have to travel further through the soil, making it more difficult for
them to reach the tuber (Martinelli 2004, Trujillo and Perera 2017a).

The moment of planting and the potato variety are also important factors to be
considered in pest management. The process of formation and development of the tubers
should be timed to coincide with the rainy season, thus avoiding dry and hot periods (unless
there is a sprinkler irrigation system), to avoid cracks in the soil appearing, where moth eggs
may be laid (Ricén 2002).
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In terms of potato variety, for “Papas blancas” (white potatoes) it is recommended to
use certified seed, while in the case of “Papas de color” (colored potatoes) or second
multiplication potatoes, seed should not be purchased from affected areas. Furthermore, it
is important to avoid moving used sacks, big boxes or crates from infested areas to areas
where the pest is absent, as they could contain moth larvae or pupae.

= Growing

Light irrigation must take place frequently in order to avoid cracks in the soil
appearing, even towards the end of the crop. In the case of sprinkler irrigation, it is advisable
to irrigate at dawn, between 5 and 8 a.m., as this is the time of day when adult moths are
most active, so the mechanical action of the water droplets makes flying and copulating
difficult (Trujillo and Perera 2017a).

In addition, where available, regular cleaning of walls, slopes and other places that
can serve as refuges for moths, as well as crop rotation, are other measures that contribute
to reducing pest populations (Trujillo and Perera 2017a).

= Harvesting

Harvesting should take place when potato skin set is complete, usually one week after
cutting the foliage. It is important to avoid delays as this increases the exposure time of the
tubers to possible moth attacks (Ricon 2002). In addition, it is important to remove all
potatoes from the field (green, split and infested) to avoid the moths multiplying (Trujillo
and Perera 2017a).

In the case of Tenerife and Gran Canaria, removed infested potatoes must be taken
to specific containers provided by the agriculture services of the respective Cabildos
(autonomous island governments of the Canary Islands) (Fig. 19).

Figure 19. Container for infested potatoes. Picture: Perera Gonzéalez S. (Cabildo de Tenerife).
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8.2 Biotechnical control measures

8.2.1 Pheromones

Biotechnical control measures include the use of sex pheromones, which are the most
widely used monitoring tool for T. solanivora (Bosa et al. 2005, Carrillo and Torrado-Ledn
2013). Sex pheromones are used to attract males and capture them in traps. This technique
is used to detect if the pest is present in a new area, to learn about its distribution and to
determine the population fluctuation during the crop cycle and throughout the year. The
application of pheromones in the control of male moth populations is advantageous
because it is cheap, requires little investment in labor, does no damage to the biological
balance of the environment, and does not disrupt the pest's natural enemies (Vigil-Cando
2017).

Once the pest is established, these pheromones have been used to obtain information
on the population density. Based on this information, decisions can be made on applying
control measures, especially regarding the use of chemical insecticides (Trujillo and Perera
2011).

In addition to detection and monitoring, pheromones have other applications in
integrated pest management programs using attractant traps and their combination with
sterilants or insecticides (Bosa et al. 2005). It is also possible to use pheromones when
applying the copulation interruption technique. This involves saturating the field
environment with high concentrations of pheromones using dispensers or by spraying. The
antennae receptors, as well as the nervous system of the males, are blocked, making it
impossible for them to locate females ready to copulate. This interruption of copulation
leads to a reduction or even the elimination of damage to the crop, as a result of the
population decline in the next generation Although this technique has been tested
experimentally by Bosa et al. (2005, 2008), at the time of writing there is no evidence of its
application in real conditions on T. solanivora.

* Types of traps

Two types of traps are used to catch adult T. solanivora using pheromones: water
traps and funnel traps. The water trap (Fig.20a) consists of a plastic carafe with two
openings on the upper sides. The pheromone capsule is placed inside the carafe and held
in place with a wire, which must remain dry without touching the soap or detergent solution
used to fill the bottom of the carafe. The funnel trap (Fig. 20b) consists of a funnel with a
lid and a base attached to it. An approved insecticide tablet is placed inside the base to kill
the insects, and the pheromone diffuser is placed in a small cage located in the center of
the lid (Trujillo and Perera 2011, 2017a).
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Figure 20. A) Top: water trap schematic. Bottom: water trap and adult T. solanivora collected
from the trap. B) Funnel trap. Source: Truijillo and Perera 2017b.

Trujillo and Perera (2011) made a comparative study of the use of the two types of
traps in different potato plots in Tenerife and found no significant differences in the total
number of captures between water traps and funnel traps. However, it was observed that
in the first examination after placement, catch numbers in the water traps were higher than
the funnel traps, although over time, there was little difference between the two. Taking
these data into account, water traps are recommended when detecting pest presence in a
previously non-infested area.

= Trap installation

The traps should be placed at the edge, and if possible, outside of the plots. One trap
should be placed for every two sowing bags (one bag serves approximately 200 m?), at 25
m between them (Trujillo and Perera 2011).

In the case of water traps, the pheromone must not get wet and the trap must never
run out of water. Otherwise, the adults will be attracted but not eliminated. The trap should
remain in the field even after harvest, as the highest number of catches occurs in this period.
The pheromone lasts between 40 and 60 days (depending on the supplier), and when it is
replenished, the previous capsule should not be left lying in the field (Trujillo and Perera
2011).
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8.2.2 Plant extracts

Currently, the application of plant extracts for pest control forms part of integrated
pest management programs, especially for soft-bodied insects such as lepidopteran larvae,
but also for other orders. Commercial products of this type are available (Salazar and
Betancourth 2009, Cabrera et al. 2019).

There are several studies of the use of aromatic plants and their products as repellents
or pesticides for different insects and other arthropods, with a wide variety of effects:
antifeedant, toxic, ovicidal, as well as sub-lethal effects or as interferences in development
and reproduction (Cabrera et al. 2019, Ramirez et al. 2010).

In the case of potato moths, most studies have been conducted on P. operculella.
These management techniques have subsequently been tested on T. solanivora because of
their similarity and proximity in biology and behavior. Ramirez et al. (2010) tested the effect
of different essential oils from a group of Laminaceae on tubers and soil for the
management of T. solanivora. Application to the tubers resulted in a significant reduction
in the proportion of hatched eggs in treatments with extracts of patchouli (Pogostenon
cablin, Linnaeus) and thyme (Thymus vulgaris, Linnaeus). These two plants also showed an
ovicidal effect in the soil, as well as with the treatments with marjoram (Origanum
majorana, Linnaeus), peppermint (Mentha piperita, Linnaeus 1753), rosemary (Rosmarinus
officinalis, Linnaeus 1753) and basil (Ocimum basilicum, Linnaeus 1753).

However, despite the observed effect on egg hatching, no differences were found in
the number of adults emerging from the treated tubers or in their longevity. The authors
associate these results with the low persistence of the oils due to their high volatility,
pointing out the need for further studies and evaluation of the doses, and the search for
new formulations to increase their effectiveness.

Salazar and Betancourth (2009) tested the use of extracts of eucalyptus (Eucalyptus
globulus, Labill 1800), rue (Ruta graveolens Linnaeus) and the commercial product alisin
(chilli and garlic extract) under field conditions in two locations in Narifio (Colombia). These
authors obtained a significant reduction in potato damage, but also pointed out the need
to look for new formulations, or to increase the frequency of application. In the Canary
Islands, Cabrera et al. (2019) tested the repellency of plants endemic to the Canary Island
laurel forest, finding repellency values of 73% for Picconia excelsa (Aiton 1844), which has
potential to be studied for potato moth control in the field.

These studies show that the use of plant extracts in the integrated management of T.
solanivorais is an interesting and promising technique, albeit in need of adjustments in the
formulations.
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8.2.3 Varietal resistance

Breeding pest-resistant host plants is one component of integrated pest management
that is gaining increasing attention due to its low environmental impact, long-lasting action,
relatively low cost and easy implementation by growers (Cely-Pardo et al. 2022, Tai and
Vickruck 2022).

Furthermore, it has been found that when a resistant variety reduces the population
of a pest by up to 50% per generation, there is a drastic reduction in just a few generations
in the pest insect, the effect being cumulative and persistent in contrast to the immediate
and time-declining effect of most insecticides (NAS 1978).

In the context of the Guatemalan potato moth, the use of varietal resistance has been
studied at the Colombian Agricultural Research Corporation - AGROSAVIA. By pre-selecting
from the existing genetic resources of the Colombian Central Potato Collection, chosen for
their resistance to T. solanivora and their agronomic characteristics, as well as existing
commercial varieties, they have obtained promising candidates for varieties resistant to the
Guatemalan potato moth or as possible breeding parents. Materials selection has also been
used to study pest control through genetic transformation strategies, involving the
characterization of Cry proteins of Bacillus thuringiensis strains active against T. solanivora
(Section 5.3.1 Entomopathogenic organisms). This also resulted in varieties that have shown
positive results in field trials and have good prospects for further study of their use
(Villanueva et al. 2014, Sanchez-Ledn et al. 2021, Cely-Pardo et al. 2022).

Nowadays, there is no research being carried out ; Spain on varietal resistance of
potato crops to the Guatemalan potato moth. This could be of interest in the case of the
Canary Islands, given that there is a great diversity of potato varieties that could be analyzed
in the search for varietal resistance, as has been done in Colombia.

8.2.4 Attract and kill

This technique consists of the combined use of attractant pheromones and chemical
substances. Unlike mass trapping, individuals are not captured but are exposed to an active
insecticide (Blanco 2013). In this case, its use in the field would consist of applying drops of
a pheromone and insecticide formulation on the surface of the leaves of the plant.

The attract and kill technique has already been developed and trialed against the
common moth, P. operculella, and the Andean moth, Symmetrischema tangolias, under
experimental conditions, and has delivered some promising results (Kroschel and Zegarra
2010, Kroschel and Schaub 2013). In the Canary Islands, the ICIA, in collaboration with the
Agriculture and Rural Development Service of the Cabildo of Tenerife and the CIP
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(International Potato Centre), is fine-tuning the method with a product authorized in Spain
for application in the management of T. solanivora (Press Release 2021).

8.2.5 Sunlight treatment

This technique involves greening potatoes by exposing them to the sun (Gallegos et
al. 2005), leading to the production of solanine: a toxic substance with insecticidal
properties. This technique can only be applied to seed potatoes since green potatoes are
not suitable for human or animal consumption due to their toxicity.

Studies carried out to test this technique have shown that seven days of exposure to
sunlight for potato greening is sufficient. No reduction in the number of damaged tubers
was observed when the exposure was increased to 15 days. Furthermore, it was observed
that lethality is higher in early larval instars and that sunlight does not work on larvae that
are already inside the potato, therefore it is advisable to place in the sun as soon as possible
after harvesting (Chulde-La Fuente et al. 2003). This technique has shown to be effective,
achieving reductions of up to 50% of the damage caused by T. solanivora in storage. Further
improved results can be obtained by combining this with the use of baculoviruses (Section
5.3.1 Entomopathogenic organisms). In addition, it is a cost-effective and non-polluting
method (Gallegos et al. 2005).

8.2.6 Modified atmosphere

Modified atmospheres are routinely applied post-harvest, and are very useful in the
case of quarantine pests such as T. solanivora. They allow for the obtaining of healthy seed
potatoes, and export is made possible by being able to ensure pest-free material. Although
there are currently no technical impediments to the application of these treatments in the
present case, there are legal limitations, as explained below.

Sanitation with a modified atmosphere involves generating an enveloping
atmosphere over the product with high concentrations of CO>. This technique is based on
the effect that high concentrations of this gas have on the physiological, metabolic and
ethological characteristics of insects, producing lethal effects on their growth, development
and reproduction (Perera et al. 2011, Lobo et al. 2021).

The application of this technique for T. solanivora was first analyzed in 2005 through
a collaboration between the Cabildo of Tenerife and the UDI of Phytopathology (Dept. of
Plant Biology- ULL), and continued in 2006 with the application of gases in the Post-Harvest
and Food Technology Laboratory (Dept. of Tropical Fruit Growing) of the Canarian Institute
of Agricultural Research. During this period, atmospheres with different percentages of CO.,
02 and N2 were tested, with promising results (Perera et al. 2011). Consequently, these
working groups continued the assays to adjust the technique, testing different exposure
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times and evaluating their effects both on pest control and the maintenance of the
organoleptic properties and germination ability of the exposed potatoes, until they were
able to meet the necessary efficacy and requirements to be considered a quarantine
treatment. It proved to be optimal when applied at concentrations of 30% CO2, 20% Oz and
50% N2, with an exposure time of ten days, achieving 100% efficiency in the control of T.
solanivora, without producing adverse effects of any kind on the tuber (Lobo et al. 2021).

This technique was subsequently established by the MAPA as mandatory for the
movement of potatoes from affected areas to areas free of pests within the national
program for the control and eradication of T. solanivora (RD 197/2017). However, it is
important to emphasize that this treatment is only effective under specific application
conditions and with appropriate facilities. At present, the research group involved in the
development of this technique is facing new assays to obtain the approval of the European
Food Safety Authority (EFSA) as a quarantine treatment for potato exports.

8.3 Biological control measures

As an introduced pest, T. solanivora lacks specific native natural enemies. This,
alongside favorable environmental conditions, and the absence of effective chemical
control, have resulted in its rapid population growth and establishment. Given this
situation, it is necessary to search for natural enemies that can serve as biological control
against this pest (Ricdn 2002, Espinel et al. 2009).

Natural enemy species for the eggs and larvae of T. solanivora have been documented
(Table 4), and include both parasitoids and predators, as well as parasitic and pathogenic
nematodes (Vigil-Cando 2017). However, their degree of influence on pest populations is
unknown and few of them have been found to play a significant role in pest management
(Nifio 2004, Carrillo and Torrado-Le6n 2013).

To accelerate the search for biological control agents, given the similarities in biology
and habits of both moths, some authors have suggested and tested the natural enemies of
known efficacy against the common moth, P. operculella, on T. solanivora (Torres 1998,
Carrillo and Torrado-Leén 2013). Among the biological control candidates evaluated in
South America are the granulovirus PhopGV (Zeddam et al. 2003, Espinel et al. 2009) and
the parasitoids Copidosoma koehleri (Torres 1998) and Trichogramma lopezandinensis
(Rubio et al. 2004).
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Table 4. Natural enemies associated with T. solanivoraare documented in the
different countries where it is present (Carrillo and Torrado-Leén 2013).

Nombre cientifico Localizacion

Chenolus phthorimarea Guatemala Navas etal , 1986
Copidosoma koehleri Venezuela Torres, 1998
Trichogramma lopez andinensis Colombia Rincon yLépez-Avila, 1999
Trichogramma off. Prefiosum Colombia Osorio et al , 2001

Apanteles spp. Colombia Osoro et al , 2001

Buchananiella configua Colombia Osorio et al_, 2003

L yctocons campestris Colombia Osorio et al_, 2004
Sterneinema feltiae Colombia, Venezuela Saenz, 2003; Torres, 1998
e s R Ecuador, Colombia Zeddam etal_ , 2003
Venezuela Nifio yNotz, 2000

8.3.1 Entomopathogenic organisms

= Bacillus thuringensis

Bacillus thuringiensis (Bt) is a gram-positive, soil-dwelling bacterium. It is
characterized by the production of paraspore crystals during sporulation, composed of Cry
proteins. These proteins constitute the most important virulence factor of Bt since they
have a specific toxic effect on insects of the orders Lepidoptera, Coleoptera and Diptera,
among others (Rojas et al. 2013).

The infection process begins when a susceptible larva ingests the Cry crystals,
resulting in the release of their protein subunits into the midgut. There, the crystals are
activated by the action of host proteases and bind to specific receptors in the intestinal
epithelium. This results in the formation of pores that alter the membrane potential, leading
to cell lysis and tissue destruction, with the consequent death of the host (Fig. 21) (Lopez-
Pazos et al. 2010, Hernandez-Fernandez and Lépez-Pazos 2011). Larvae affected by Bt
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present a change in coloration from cream to brown, immobility, and body degradation due
to the inability to eat (Martinez and Martinez 2009).
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Figure 21. Infection process of B. thurigiensis in insect larvae. Source: Hernandez-
Fernandez and Lépez-Pazos (2011).

For potato moths, there is currently a commercial product in Spain based on Bt,
registered by MAPA (2024b). However, elsewhere the use of native strains has been
suggested as advantageous over commercial strains. Martinez and Martinez (2009) tested 30
strains native to Colombia against T. solanivora, under laboratory conditions, and found 15
strains that caused between 70 and 94% mortality. When compared with commercial
products, in most cases the native strains showed similar efficacy, and some even showed
higher efficacy. However, the native strains had been applied at lower concentrations than
the commercial, suggesting that the efficacy of the native strains is higher than that observed,
thus revealing great potential for field use in pest-affected areas.

= Entomopathogenic fungi

Research on the application of entomopathogenic fungi in the control of T. solanivora
is scarce. However, studies conducted with fungi of the genera Beauveria and Metarhizium
to evaluate their efficacy on eggs and larvae, both in the laboratory and in the field, have
not obtained satisfactory results so as to recommend their use (Villanueva et al. 2014, Vigil-
Cando 2017). Currently, no commercial products based on entomopathogenic fungi are
available for the control of potato moths (MAPA 2024b).
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=  Baculovirus

Baculoviruses (Baculoviridae) are a group of pathogenic viruses consisting of two
genera: Nucleopolyhedrovirus (nuclear polyhedrosis virus, NPV) and Granulovirus (GV).
These are double-stranded circular DNA viruses whose virions are arranged in protein
inclusion bodies (occlusion bodies, OBs), and infection of the host occurs by ingestion. Once
ingested, due to the alkaline conditions in the midgut of the insects, the protein that makes
up the OBs dissolves and the virions are released. These bind to the membranes of the
epithelial cells of the mesentery, gaining access to their nucleus by fusing with the
membranes, where viral DNA replication takes place. Thus, new virions are produced and
spread throughout the tissues of the insect, producing large quantities of OBs which are
released to initiate a new infective cycle, in which the larva dies due to tissue degradation
(Caballero et al. 2001, Cuartas 2006).

Baculovirus-infected larvae are recognizable by a set of typical symptoms that
manifest between one and several days after the onset of infection (Caballero et al. 2001,
Cuartas 2006, Cuartas et al. 2009):

= Overlapping of instars due to delayed development, which increases the duration of
larval stages.

= Color change: pale pink larvae, uniform milky white due to agglomerations of inclusion
bodies, translucent colors allowing observation of internal organs (Figs. 22 and 23).

= Larvae with less mobility and greater flaccidity.

= Loss of appetite of larvae, with a tendency to move away from the food source.

=
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Figure 22. Signs of the development of granulovirus infection in the larval stage of T. solanivora.
Diseased larvae: A) day 7, B) day 12, C) day 17, D) day 20, 5) detail of agglomerations of
granulovirus inclusion bodies over the 5th, 6th and 7th abdominal segment. Healthy larvae: 1)
day 7, 2) day 12, 3) day 17, 4) day 20. Source: Espinel et al. 2009.
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One advantage of these viruses is that they have a very narrow host range, which,
unlike chemical products makes them highly specific. For this reason, the Food and
Agriculture Organization (FAQO) and the World Health Organization (WHO), as well as the
Oxford Institute of Virology (OVI), consider these viruses as the most promising tool in
integrated pest management (CIP 2001, Cuartas 2006).

Of the two above-mentioned genera for the control of potato moths, granuloviruses
are especially useful since they have only been isolated from Lepidoptera (Caballero et al.
2001). In different countries of the world (Pert, Colombia, Venezuela, Bolivia, Indonesia,
Australia) the Phthorimaea operculella granulovirus, or PhopGV, has been reported to have
naturally infected larvae of the potato moth, P. operculella (Cuartas et al. 2009, Gomez et
al. 2009) both in field and in storage conditions. It is more easily found in places with high
moth populations. Infected larvae, both live and dead, can be located on tubers, at the base
of shoots, inside galleries or within their silk cocoons, although they can also be found in
the aerial part of mined leaves (CIP 2000). Although the granulosis virus was isolated initially
from P. operculella, it is able to infect the Guatemalan potato moth, and is therefore also
used in the control of T. solanivora.

PhopGV, due to the high efficacy demonstrated by its different strains, is considered
the central component of integrated management programs developed for the control of
both P. operculella and T. solanivora in Central and South America (Zeddam et al. 2003,
Gomez et al. 2009). However, its efficacy on the Guatemalan moth is lower, so native strains
have been sought among the populations of this species to obtain genotypes of the virus
that are better adapted, and possibly more effective on this host (Villamizar et al. 2006).
Espinel et al. (2009) tested the use of native isolates from T. solanivora and an isolate from
P. opercullella on T. solanivora larvae. They found that larvae infested with the native
isolates had a greater and earlier overlap between instars. That is, these isolates were more
efficient, while the P. operculella isolate showed greater difficulty in carrying out primary
infection in the alternative host. The works of Villamizar et al. (2006) and Gémez et al.
(2009) agree that native isolates of T. solanivora have greater efficacy than those from P.
operculella, although they note that the effectiveness of the isolates can be enhanced or
reduced when they are formulated.

One aspect to consider in virus multiplication was pointed out by Cuartas et al. (2009)
when studying the production of inclusion bodies in native isolates from T. solanivora on T.
solanivora and P. operculella larvae. The authors found that more inclusion bodies were
produced in P. operculella larvae in all cases, suggesting the use of this species for mass
production to achieve higher yields.

31



INTRODUCTION

Figure 23. Symptomatology of baculovirus-infected larvae. A) Healthy larva with normal pink
coloration, versus milky white larvae due to infection. B) Larva in an intermediate stage of
infection with a pale pink color. C) and D) Larva in an intermediate stage of infection bleached
with some flecks of natural pink on the abdomen and bleached in the dorsoventral area. E)
Larva necrosed by infection. Pictures: Gavara J. (ICIA).
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Regarding the application of baculoviruses in field conditions, it has been observed
that solar UV radiation produces an inactivation effect on them, which has led researchers
to devote great efforts to developing formulations that minimize the effect of this radiation.
This would increase the efficacy of PhopGV. It is also essential to apply it at the right time
since neonate larvae are at their most vulnerable stage. If the application is made against
more developed larvae, concentrations up to a thousand times higher are needed to
achieve median lethal concentrations (LC50). However, monitoring neonate larvae in the
field is very complicated (Sporleder 2003).

Warehouse and field trials with baculovirus formulations against T. solanivora have
yielded good results. In Costa Rica, Gémez-Bonilla et al. (2013) compared the use of
traditional insecticides and PhopGV in storage and found equal or superior efficacy in the
use of the granulovirus formulation with respect to the use of insecticides alone or
combined with viruses.

In Spain, to date, there are no baculovirus-based products registered for the control
of potato moths (MAPA 2023d).

e Entomopathogenic nematodes

Entomopathogenic nematodes of the Steinernematidae and Heterorhabditidae
families have been included in integrated management programs as biological control
agents against pest insects harmful to soil-dwelling plants. The Guatemalan potato moth
falls into this category since it spends most of its life cycle under the soil inside potato tubers
(Fan et al. 2001, Perera et al. 2009).

In both nematode families, the third juvenile stage (J3) is the only free-living stage
(Fig. 24) with infective capacity, due to its symbiotic association with bacteria of the genus
Xenorhabdus. During this free stage it actively seeks out the host, penetrating it. The
Steinernematidae family does this through the natural openings (mouth, anus and
spiracles), while the Heterorhabditidae family can also enter via the epidermis. Once inside
the insects, the nematodes pass through the wall of the gastrointestinal tract, reaching the
general cavity of the insect. There, at the infective stage, it transforms into a parasite by
releasing the symbiont bacteria it carries in its intestine, causing the death of the host by
septicemia (Sdenz 2003, Perera et al. 2009).
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Figure 24. Steinernema carpocapsae. Source: Perera et al. (2009).

The basic symptoms to recognize in hosts affected by entomopathogenic nematodes
are as follows:

= Larvae killed by J3 become brown and flaccid, with no foul odor (Fig. 25A).

= After 10 days, white spots are observed on their cuticles due to the creation of new
cuticles, due to the migration of new infective juveniles (Fig. 25B).

= On dissection, the tissues take on a rubbery appearance and appear to be
completely disintegrated (Fig.25C).

Figure 25. A) Last instar larva of T. solanivora affected by the entomopathogenic nematode
Steinernema feltiae. B) Mass of infective juvenile S. feltiae in the intersegmental spaces of a
final instar larva of T. solanivora. C) Rubbery appearance and disintegration of tissues under
dissection of a final instar larva of T. solanivora. Source: modified from Saenz (2003).

Several laboratory studies have shown that T. solanivora larvae are highly susceptible
to infection by Steinernema feltiae, S. carpocapsae and Heterorhabditis bacteriophora.
These entomopathogenic nematodes cause 80 - 100% mortality of infected moth larvae in
between 24 and 48 hours, in most cases (Fan et al. 2001, Sdenz 2003, Benitez and Duarte
2016). Sdenz (2003) pointed out the need to study the different restrictions that could be
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encountered in the use of entomopathogenic nematodes in real field conditions. Perera et
al. (2009) studied the differences in efficacy of two commercial products based on
Steinernema on T. solanivora in potato crops under irrigated and rainfed field conditions.
These authors found no significant differences with respect to the control treatment,
attributing this to the fact that the trial coincided with rainfall. Benitez and Duarte (2016)
pointed out that more laboratory, greenhouse and semi-field studies with these organisms
are needed, since several previous experiences have prematurely discarded promising
entomopathogens for biological control, when going directly from testing under laboratory
conditions to real agricultural productions. From the above, it can be concluded that more
research is still needed to better understand the optimal conditions for the application of
entomopathogenic nematodes for potato moth control.

8.3.2 Parasitoids and predators

Various surveys, both in South America and in the Canary Islands, have identified
several different parasitoids and predators of potato moths (Osorio et al. 2001, Martinelli
2004, Benitez and Duarte 2016, Piedra-Buena et al. 2019). Those that have obtained better
results in different efficacy trials are detailed below.

= Copidosoma koehleri
o Description and identification

Copidosoma koehleri (Blanchard 1944), belongs to the superfamily Chalcidoidea,
within the suborder Apocrita of the order Hymenoptera, as indicated in Table 5:

Table 5. Taxonomic classification of Copidosoma koehleri.

Kingdom Animalia
Phylum Arthropoda
Class Insecta
Order Hymenoptera
Suborder Apocrita
Superfamily Chalcidoidea
Family Encyrtidae
Genus Copidosoma
Species Copidosoma Koheleri (Blanchard, 1940)
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As discussed above, proven parasitoids of the common potato moth, P. operculella are
being tested for biological control of T. solanivora, including C. koehleri, which is a good
candidate for this role (Ricon 2002).

The egg of Copidosoma koehleri is dumbbell-shaped, consisting of a bulb, a neck, and
an elongated basal portion, approximately 0.17 mm length (Fig. 26A). The adult body
measures up to 2 mm long and is black with a metallic sheen (Fig. 26D). It has a broad head
and short antennae, which are lanceolate in males and truncated clavate in females. The
second pair of legs has a pale-yellow coloration in its apical portion. In addition, these are
developed, allowing it to jump, containing internal spines on the tibia. The forewings are
hyaline, with a smoky spot in the region of the stigma. Females have an ovipositor that allows
them to deposit the egg inside the host (Ricon 2002).

o Life cycle

Since it is a polyembryonic species, the fertilized egg of this encyrtid contains several
embryos, with an egg of C. koehleri having up to 40. Each of these embryos divides, giving
rise to two forms, one of which will result in the adult individual, and the other a soldier
larva whose function is to eliminate other parasitoid species they find in the host (Cafiedo
et al. 2016). Regarding larval stages, observations and measurements of the width of the
cephalic box (Dyar's law) point to the existence of four instars whose duration is linked to
the development time of the host (Ricdn 2002, Cafiedo et al. 2016). L1 juvenile larvae,
initially transparent and colorless, become creamy white at first and orange later as feeding
progresses (Fig. 26B). They consume the internal tissue of the moth larva and its vital
organs, preventing it from pupating. It then takes on a flaccid and unhealthy appearance,
ceasing to feed and remaining almost immobile. Feeding continues until the host is empty
and reduced to a carcass surrounding the parasitoid brood, the mummy (Fig. 27A). At this
stage, the larval development of C. koehleri ends and it secretes a sheath and pupa. This
pupa is initially slightly translucent white, but after 24 hours the eyes acquire a red
pigmentation (Fig. 26C) and melanization of its structures begins, turning black. At this
moment they are visible from the outside of the mummy, to which they give dark coloration
(Fig. 27B). From this moment on, the appendages of the pupae begin to be released, and
with their mandibles they open holes above the head of the parasitized larva, through which
the adults emerge from the mummy (Fig. 26D and 27C). It can harbor between 25 and 75
new individuals (Sanchez-Aguirre and Palacios 1995, Ricon 2002, Cafiedo et al. 2016).
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Figure 26. Copidosoma koehleri stages inside the mummy: A) Eggs. B) Larva.C) Pupa. D)
Adult emerged. Source: A) Composition based on Santamaria et al. (2007), B) and C) Cafiedo
et al. (2016); D) Gavara J. (ICIA).

B)

Figure 27. Mummy of T. solanivora produced by C. koehleri: A) newly formed pupae. B)
pupae with black melanized structures. C) Empty mummy, when the adults have already
emerged. Pictures: Gavara J. (ICIA).

This parasitoid was introduced in Venezuela in 1994 from Peru and Bolivia, where it
showed low development and parasitism rates on T. solanivora under their conditions
(Torres 1998). In the Canary Islands, laboratory rearing was carried out, obtaining variable
parasitism rates (10-20%). In the field, parasitoid releases have been tested in potato crops
in Tenerife, resulting in a reduction in the number of affected potatoes. However, this
coincided with a rainy season, so the reduction occurred in all plots of the island and it was
not possible to relate the reduction of infestations in the experimental farm with the
parasitoidism of C. koehleri (Ricdn 2002, Carnero et al. 2008). Subsequently, during the
2015, 2016 and 2017 harvests, studies were conducted comparing plots using an integrated
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management strategy with the use of pheromones, authorized products (neem oil and B.
thuringiensis) and releases of C. koehleri, with plots applying traditional management.
Significantly lower percentages of damaged tubers were obtained in the plots under
integrated management than in those under traditional management: 11% vs. 21%,
respectively, in 2015, and 26% vs. 30% in 2017. In 2016, due to various logistical difficulties
(destroyed traps, non-delivery of data by some farmers), the authors of the study were
unable to establish reliable comparisons between farms under integrated management and
those under traditional management (University of La Laguna, 2017).

= Trichogramma spp.

o Description and identification

Trichogramma is a genus of the superfamily Chalcidoidea, within the suborder
Apocrita of the order Hymenoptera:

Table 6. Taxonomic classification of Trichogramma spp.

Kingdom Animalia
Phylum Arthropoda
Class Insecta
Order Hymenoptera
Suborder Apocrita
Superfamily Chalcidoidea
Family Trichogrammatidae
Genus Trichogramma
Species Trichogramma spp.

These hymenoptera parasitize mainly moth and butterfly eggs. The vast majority of
the species of this genus are polyphagous and parasitize a wide range of Lepidoptera, as
well as insects of other orders. This preference for Lepidoptera has led to species of this
genus being commonly used worldwide as biological control agents for pests of this order
(del Pino et al. 2013a).

Identification of Trichogramma species has traditionally been based on morphological
differences in the genitalia and male antennae (Fig. 28). However, this identification is very
complex due to the small size of the individuals of this genus, which usually measure less
than 1 mm, making it necessary to resort to experts in the genus. However, in recent years,
molecular diagnostics have been developed to facilitate species identification (Polaszek et
al. 2012, del Pino et al. 2013a).
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Figure 28. Sexual dimorphism in antennae in Trichogramma sp. Left: female with smooth-
looking antennae. Right: male with feathery antennae. Pictures: Gavara J. (ICIA).

Due to the great polyphagy of the species of this genus of egg parasitoids, their study
for biological control has great potential. Of particular interest are the autochthonous
species given that they are more adapted to local conditions (Hassan 1993). In Colombia,
different species of Trichogramma have been found, identified and tested on T. solanivora
(Osorio et al. 2001, Rubio et al. 2004). A total of six species of this genus have been found
in the Canarian archipelago: T. achaeae (Nagaraja and Nagarkatti 1969), T. bourarachae
(Pintureau and Babault 1968), T. euproctidis (Girault 1911), T. evanescens (Westwood
1833), close to T. brassicae (Bezdenko 1968) and T. canariensis (del Pino and Polaszek 2013),
which have been found on other lepidopteran eggs and studied on other moths, such as the
golden twin-spot moth (Chrysodeixis chalcites) and the tomato moth Tuta absoluta
(Polaszek et al. 2012, del Pino et al. 20133, 2013b).

In the present work, as explained in Chapter 1, T. achae and T. euproctidis were tested
against T. solanivora on the basis of a previous prospection of eggs parasitoids in potato
crops.

o Life cycle
The life cycle duration from egg to adult can vary from 8-17 days depending on
temperature (15-30°C). Temperature on eggs, larvae and pupae also affects all aspects
related to adult biology, such as emergence, sex ratio, longevity and fecundity (Vargas and
Cabello 1989, Foerste and Foerste 2009, Firake and Khan 2014). In addition, it has been
observed that light can influence the parasitism rate, being reduced under conditions of
darkness and favored by light (Rubio et al. 2004).
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Figure 29. A) Healthy egg of T. solanivora. B) Trichogramma sp. ovipositing in a healthy egg.
C) Parasitized egg with black coloration due to the growth of parasitoid larvae inside. D) Empty
parasitized egg with exit hole due to the emergence of Trichogramma sp. Pictures: Gavara J.
(ICIA).

The wasp finds the moth egg by capturing the kairomones from the scales that the
female leaves near the egg during oviposition (Fig. 29A). Once a female finds a susceptible
host egg, she examines it for a while by touhing it with her antennae, and if it is of the right
quality and size, she drills a hole through the chorion (eggshell) and inserts two or three
eggs inside (Fig. 29B) (Knutson 1998). When a female finds a group of host eggs for which
she has a preference, she will generally remain on or near them for a long period until all or
most of them are parasitized. Conversely, if less preferable host eggs are involved, the
female will tend to reject them all or lay very few eggs before leaving the site to search for
suitable eggs. Under laboratory conditions, a female parasitizes from one to 100 moth eggs
during her lifetime. After the hatching of the parasitoid egg, the larval period lasts
approximately 7 days, consisting of three instars, and then passes into the pupal period.
During this period, parasitized eggs of T. solanivora can be distinguished from healthy ones
as their color changes from white to black (Fig. 29C) (Knutson 1998). This pupal stage lasts
about six days, after which the adult wasps emerge from the pupae and escape from the
moth egg by chewing a circular hole in its shell. A black coating inside the chorion and the
exit hole are evidence of parasitism.
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Adults emerge from the host eggs early in the morning. First, the males, who remain
near the eggs of the females to mate when they emerge. Reproduction is facultative,
parthenogenetic and arrhenotocous. That is, females are diploid and come from fertilized
eggs, while haploid males come from unfertilized eggs. Thus, mated females produce male
and female offspring, and unmated females produce only male offspring. Females are
capable of ovipositing as soon as they emerge, suggesting that at least a fraction of their
eggs are already mature when they hatch (Knutson 1998, Ricén 2002).

®* |chneumonidae

In Martinelli's (2004) natural enemy survey research, an ichneumonid was found
emerging from both the Guatemalan moth (T. solanivora) and common moth (P.
operculella) pupae. Preliminary identification determined that it was a species of the genus
Pimpla and provided the following description: wasp between 10 and 15 mm, males and
females very similar with almost identical thorax, black abdomen, and reddish legs. The
females are always larger and have an ovipositor approximately equal to the length of the
abdomen (Fig. 30).

Figure 30. Ichneumonid found on T. solanivora. Left: male. Right: female just emerged from
pupa. Source: Martinelli 2004.

Once the prepupa is exposed to the action of the parasitoid, the new fully developed
adult takes only 15 - 19 days to emerge from the pupa. This emerging ichneumonid makes a
characteristic cross-section at the end of the exuvia (Fig. 31), which allows it to be
differentiated from the cut of T. solanivora, which breaks it longitudinally (Martinelli 2004).
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Figure 31. Left: longitudinal section of T. solanivora, right: typical cross-section of an
ichneumonid. Source: left: Shaw et al. (2015), right: Gavara, J.

Laboratory tests did not show significant levels of parasitism of T. solanivora with this
parasitoid; therefore, its identification was not pursued further (Cabrera, R., pers. comm.).

* Predatory mites

The Dept. of Biology and Geology of the University of Almeria (UAL) and the Plant
Protection Unit of the ICIA are proceeding with the study of moth egg predatory mites of
the genus B. tarsalis (Fig.32) for the control of potato moths in storage, including both the
common moth, P. operculella, and the Guatemalan moth, T. solanivora, in order to provide
alternatives to chemical control which is increasingly restricted in these areas, due to the
scarcity of authorized products. In the first laboratory results against P. operculella, the
mites under study, Blattisocius tarsalis and Blattisocius mali showed suitability for possible
application in small, non-commercial farmers' storage (Gallego et al. 2020b; Gallego et al.
2020c; Gavara et al. 2021). In the present work the study of B.tarsalis on T. solanivora is
aproached.

Figure 32. Blattisocius tarsalis preying on an T. solanivora egg. Picture: Gavara, J. (ICIA)
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9. Chemical control

Although the application of phytosanitary products is useful for the management of
the common moth, P. operculella, so far, products have shown little efficacy in the control
of T. solanivora. Therefore, the use of insecticides is a complementary measure to be used
alongside other practices (Trujillo and Perera 2017a). One of the main reasons for the lack
of efficacy of phytosanitary products is due to larval development takes place inside the
tuber, which limits the use of contact insecticides. Systemic insecticides are also restricted
due to the resulting environmental and consumer risks (Nifio 2004).
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Objectives

The main objective of this work is to select new biological control agents for
the management of the Guatemalan potato moth, Tecia solanivora, under field and
storage conditions. This general objective is subdivided into two specific objectives,
in accordance with the two chapters of this thesis:

1. Evaluation and selection of the egg parasitoids Trichogramma achaeae and
Trichogramma euproctidis for field conditions (Chapter 1).

2. Evaluation of Trichogramma euproctidis and the predatory mite B. tarsalis
for storage conditions (Chapter 2).
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Chapter I.
«Evaluation and Selection for biological control in field
and storage conditions of the Trichogramma species
(Chalcidoidea: Trichogrammatidae), T. achaeae and T.
euproctidis.”

This chapter corresponds to the science article: “Evaluation and Selection of New
Trichogramma spp. as Biological Control Agents of the Guatemalan Potato Moth (Tecia
solanivora) in Europe” which was published in Insects journal of MPDI publisher on 1t
August 2023 (DOI: 10.3390/insects14080679).






CHAPTER 1

Evaluation and Selection of New Trichogramma spp. as
Biological Control Agents of the Guatemalan Potato
Moth (Tecia solanivora) in Europe.

Jorge Gavara 12, Tomas Cabello®, Manuel Gamez®, Saskia Bastin!, Estrella
Hernandez-Suarez ! and Ana Piedra-Buenal!

1. Instituto Canario de Investigaciones Agrarias (ICIA), Finca Isamar, Ctra. de El Boquerén, s/n,
38201 San Cristobal de la Laguna, Spain.
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3. Research Centre for Mediterranean Intensive Agrosystems and Agri-Food Biotechnology
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Abstract

The Guatemalan potato moth (Tecia solanivora) is designated a quarantine pest by the
European Union, causing severe production losses in potato crops. No effective chemical
control alternatives are currently available, and cultural techniques are unable to reduce
harvest losses to acceptable levels. With a focus on biological control, two egg parasitoids
(Trichogramma euproctidis and Trichogramma achaeae) were selected and evaluated for
use under field and storage conditions. Laboratory assays (choice and no-choice) indicated
the preference of both parasitoids for T. solanivora vs. Phthorimaea operculella. T.
euproctidis showed the highest parasitic activity for both moths. Analysis of functional
response (at 15, 20, 25 and 27 °C) confirmed the high parasitic potential of T. euproctidis.
Furthermore, in assays conducted under darkness conditions, T. achaeae was unable to
parasitize eggs. However, in semi-field assays, T. achaeae was more efficient in searching
for eggs in the soil than T. euproctidis. Based on these results, T. achaeae was selected to
be tested under field conditions, and T. euproctidis was selected for testing under storage
conditions.

Keywords: biological control; crop protection; egg parasitism; semi-field; host suitability;
parasitoids; storage.
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Resum

L’arna guatemalenca de la creilla (Tecia solanivora), declarada plaga de quarantena per la
Unid Europea ocasiona grans perdues en el cultiu de la creilla. Actualment, no hi ha
alternatives al control quimic, que s'ha mostrat insatisfactori i I'aplicacié de tecniques
culturals tampoc aconsegueix reduir les perdues a nivells acceptables. En el present treball
es centra en |'Us del control biologic, concretament es van avaluar i seleccionar dos
parasitoides d'ous, Trichogramma achaeae i Trichogramma euproctidis, per a la seua
aplicacié en condicions de camp i magatzem. Els assajos de laboratori (Eleccié i No-eleccid)
van mostrar la preferéncia d'ambdds enemics naturals per T. solanivora front Phthorimaea
operculella. T. euproctidis va presentar major potencial parasitic per les dos arnes,
confirmant-se el mateix en I'analisi de la resposta funcional (15,20,25 y 27 °C). Per la seua
banda, els assajos d'il-luminacié van mostrar la incapacitat de T. achaeae per parasitar en
condicions d'obscuritat. Tanmateix, |'assaig de semicamp va mostrar una major eficiencia
de T. achaeae trobant els ous de la plaga front T. euproctidis. D'acord amb els resultats
obtinguts, es va determinar la seleccié de T. achaeae per a ser testada en camp i T.
euproctidis per a condicions d'emmagatzematge.

Resumen

La Polilla Guatemalteca de la papa (Tecia solanivora), declara plaga de cuarentena por
la Unidn Europea, causa pérdidas severas en el cultivo de la patata. El control quimico se ha
mostrado deficiente y no existen alternativas eficientes. Por su parte, tampoco las las
medidas culturales logran reducir las perdidas en vineles aceptables. En el presente trabajo,
se centra la atencién en el control bioldgico, habiéndose realizado un evaluacidn y seleccion
de dos parasitoides de huevos, Trichogramma achaeae y Trichogramma euproctidis, para
su aplicacién en condiciones de campo y almacén. Los ensayos de laboratorio (Eleccion y
No-eleccién) mostraron la preferencia de ambos parasitoides por T. solanivora frente a
Phthorimaea operculella, mostrando T. euproctidis un mayor potencial de parasitismo sobre
a las dos polillas, confirmandose el mismo durante el andlisis de la respuesta funcional
(15,20,25 y 27 °C). Por su parte, los ensayos de iluminacidon mostraron la incapacidad de T.
achaeae para parasitar en ausencia de luz. Sin embargo, en los ensayos de semicampo, T.
achaeae se mostré mas eficiente encontrando huevos que T. euproctidis. Atendiendo a
estos resultados, T. achaeae fue seleccionada para ser testada en condiciones de campo y
T. euproctidis para condiciones de almacén.
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1. Introduction

Tecia solanivora (Povolny 1973) (Lepidoptera: Gelechiidae), commonly known as the
Guatemalan potato moth, is native to Guatemala and was reported for the first time in 1956
(Villanueva and Saldamando 2013). This pest spread to several countries of South America
both through trade and the illegal transport of seeds and tubers. In 1999, the Guatemalan
potato moth reached Tenerife (Canary Islands, Spain) from Venezuela, then presumably
spread from the Canary Islands to mainland Spain: Galicia (2015) and Asturias (2017) (Vigil-
Cando 2017, Gavara et al. 2023a). The Guatemalan potato moth pest causes important
harvest losses in all countries where it is present. If not managed, 50% or more of the
harvest may be lost in the field, and up to 100% may be lost in storage (Gallegos et al. 2005,
Trujillo and Perera 2011). The European Union declared the Guatemalan potato moth a
guarantine pest owing to its severity, and the import of potato tubers from countries or
internal regions with T. solanivora presence is forbidden (Villanueva and Saldamando
2013). Female Guatemalan potato moths lay their eggs in soil irregularities and cracks near
the stems of plants. When the eggs hatch, the larvae move to the tubers and start to feed
on them (Torres 1998) (RD 197/2017). They remain inside the tubers, feeding and growing
until the last instar, when they move toward the soil surface to pupae. Only adult moths live
outside of the soil to reproduce and start a new cycle (Gavara et al. 2023a). The process
described above necessitates a complex pest management regime. Chemical control is
ineffective because only adult moths and the most exposed eggs are removed, whereas
most eggs and larvae are protected under the soil. Consequently, current management is
based on cultural techniques throughout the growing cycle and on pest population
monitoring using pheromone traps (Trujillo and Perera 2011 and 2017). However, these
techniques are not effective enough to reduce harvest losses to acceptable economic levels
for growers either in the field or under storage conditions, as no authorized chemical
treatments are currently available, and infested potatoes usually evade phytosanitary visual
control due to their undamaged appearance during the first stage of infestation (Lobo et al.
2021).

The ineffectiveness of current phytosanitary and cultural techniques to control the
Guatemalan potato moth has resulted in an increase in efforts to search for and evaluate
potential candidates to improve integrated management of the pest (Villamil and Martinez
2014, Piedra-Buena et al. 2019, Keasar and Sadeh 2007, Osorio et al. 2001, Gavara et al.
2023a). In this sense, the study of egg predators or parasitoids is especially interesting with
respect to the biological control of T. solanivora, as once the eggs hatch, the larvae migrate
into the soil, making it difficult to remove them before they enter the tubers. In particular,
this type of biocontrol agent is interesting for storage conditions, where the eggs are laid
on the surface of potatoes. Few eggs parasitoids are found on T. solanivora; one example is
the braconid, Apanteles sp., although it does not protect tubers, as this parasitoid does not
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prevent the growth and feeding of larvae but may reduce the population of the pest in the
next generation (Villamil and Martinez 2014, Cafiedo et al.2016, Weber et al. 2022). The
encyrtid, Copidosoma koehleri (Blanchard 1940), presents the same limitation, despite
sometime proving successful under field conditions on common tuber moth, Phthorimaea
operculella (Zeller 1873). Therefore, C. koehleri is considered to be among the main natural
enemies of potato moths in tuber complexes (Symmetrischema tangolias (Gyen 1913), P.
operculella and T. solanivora) (Sanchez-Aguirre and Palacios 1995). Several authors have
tested this parasitoid against Guatemalan potato moth under laboratory conditions and
found that it does not achieve satisfactory acceptance and preference results (Ricon, 2002,
Baez and Gallegos 2011). Ichneumonidae (Pimpla sp.) were also found on T. solanivora but
were discarded because the establishment of rearing was not possible owing to a
considerable lack of female offspring (Martinelli 2004). A Colombian Trichogrammatid
strain, Trichogramma lopezandinensis (Sarmiento 1993), has shown promising results as a
biological control agent under semi-storage conditions (Rubio et al. 2004); however, this
species has a restricted distribution and is not present in the Canary Islands nor in mainland
Spain  (CABI 2019). The species of the genus Trichogramma (Hymenoptera:
Trichogrammatidae) would be ideal biological control agents for the Guatemalan potato
moth. They have been extensively studied and are usually used as biocontrol agents against
lepidopteran pests with successful results. They can also be used along with other control
methods, and their mass rearing with alternative hosts is easy (Cabello et al. 1996, Smith
1996, Cherif et al. 2021). Furthermore, this genus has been tested and used against other
Gelechiids as Tuta absoluta (Meyrick 1917) and P. operculella, which are present in potato
crops, with promising results (Hassan 1993, Gallego et al. 2020a, Schafer and Herz 2020).

The efficacy of Trichogramma species for biological control of pests depends the
suitability of the host target eggs. Therefore, correct election of species/strain has been
shown to be essential for a successful release program (Hassan 1989, Myint et al. 2022).
The appropriate selection of a biological control agent should be based on laboratory, semi-
field and field experiments, starting with the testing of
indigenous Trichogramma species/strains, because they are better adapted to the climate,
habitat and host conditions than non-local strains (Hassan 1993, Cherif et al. 2021). The
same approach should be applied under storage conditions. In the present work, one local
strain of T. achaeae (Nagaraja & Nagarkatti 1969) and T. euproctidis (Girault 1911) from the
Canary Islands were evaluated under laboratory conditions for the first time against T.
solanivora to evaluate their potential use under field and storage conditions. The present
work also represents the first time that acceptance of T. euproctidis has been evaluated
on P. operculella, whereas T. achaeae was evaluated in a previous work (Smith 1996). Mixed
infestations of the two potato moths present in the Canary Islands are common, and both
parasitoids may be able to contribute to the control of these pests.
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2. Materials and Methods

2.1. Insects Rearing

Both Trichogramma species, T. achaeae and T. euproctidis, were obtained from local
mixed populations from a parasitoid collection program on potato crops carried out by the
Canarian Institute of Agricultural Research (Instituto Canario de Investigaciones Agrarias,
ICIA).

The mixed population of T. achaeae and T. euproctidis was separated using using
molecular methods (see next section). Purebred rearing of each species was established
on Ephestia kuehniella eggs at 20-25 = 1 °C under 60-65% RH with a photoperiod of 16L:8D.
Rearing was carried out in Falcon™ tubes (v = 50 mL) using modified covers with stainless-
steel mesh. Parasitoids were fed a thin line of honey placed on the walls of the tubes.

The two moth species, T. solanivora and P. operculella, were obtained from local
populations on Tenerife Island. During rearing, between 20 and 25 pupae of each species
were placed in individual cylindrical plastic glasses (r1=11.5cm,r2=7.5cm, h=5cm; v =
1 L) covered on the upper side with a gauze held by a rubber band and filter paper for
oviposition. As a food source, the gauze was moistened with a 50:50 solutions of water and
honey using a paintbrush. The colonies were kept in climatic chambers at 20 °C under 70%
RH in the dark. During the assays, filter papers with the new lays were changed daily to
ensure that eggs were less than 24 h old.

Both moths and parasitoids were reared by Agrobiologica S.L. company (Located at
the Canarian Institute of Agricultural Research through a collaboration agreement), which
periodically provided the insects needed for assays. All insect colonies were started during
the year 2021.

2.2. Molecular Identification

Two local Trichogramma species, T. achaeae and T. euproctidis, were used in this
study. Owing to their small size (<1 mm) and the absence of obvious morphological
distinctions between closely related species, morphological identification of Trichogramma
is particularly difficult (del Pino et al. 2013). Therefore, molecular identification was carried
out following the approach described by Polaszek et al. (2012), DNA was extracted from a
whole individual specimen using the Chelex protocol (Casquet et al. 2012). Each specimen
was placed in a 1.5 mL Eppendorf tube and ground in 5 uL of proteinase K (10 mg-mL-1-1)
and 75 pL 10% Chelex-100. The tubes were then sealed and incubated overnight at 55 °C.
The polymerase chain reaction and sequencing protocols described by Bastin et al. (2021)
were followed (Piedra-Buena et al. 2019). The polymerase chain reaction primers for ITS2
are provided by Stouthamer et al. (1999). Sequences were checked, edited and assembled
with CLUSTALW within MEGA software (version 7). The obtained sequences were then
compared with the known Trichogramma spp. sequences published in the Genbank
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database: (Accessed on 12 March 2023) using
BLAST.

At the end of the parasitism period in each bioassay, females were extracted and
collected in Eppendorf tubes with alcohol (90%) for subsequent molecular identification
using the described method. Every sample of choice and illumination assays were identified,
whereas in the rest of the assays, only 5 random samples were identified for each
treatment. In all cases, molecular analysis confirmed the correctness the species used in
each treatment.

2.3. Host Acceptance (No-Choice)

Four “no-choice” (acceptance) bioassays (two with T. achaeae and another two with T.
euproctidis on eggs of T. solanivora and P. operculella) were carried out following an
adapted version of the methodology described by Gallego et al. (2020a) (Fig. 1). In each
trial, 20 newly emerged, mated Trichogramma females (less than 24 h old) without previous
parasite experience and that had previously been provided with a fine line of honey as a
food source were individualized in test tubes (7 cm x 1 cm diameter). In order to ensure
their complete sexual maturation and acclimatization, the individualized females were
subjected to a 24 h period under assay conditions in a climatic chamber (25 °C, 70% RH,
with a photoperiod of 16L:8D).

/ Sexed Parasitization Egg development anm

(24h, T2 constant, 70 % HR) counting
(Trichogramma, larvae and
Parasitized eggs)

R S
No choice: 259C; 16L:8D; 30 eggs -

[
Choice: 259C; 16L:8D; 15 TCS and 15 PTM eggs. [ “

|

~= Functional response: 15/20/25/27°C 16L:8D;
10-30-50-70-90 eggs. —

Illumination acceptance: 252C; 24L: 0D/0L:24D;
15 eges.
[l ]
T. solanivora

Figure 1. Summary of laboratory assay methods (no-choice, choice, functional response and
illumination acceptance). TCS = T. solanivora; PTH = P. operculella.
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After the acclimatization period, 30 fresh T. solanivora eggs (not sterilized, less than
24 h of age) were glued on white cardboard (0.9 cm x 5.0 cm) in groups of five using a
distilled-water-moistened paintbrush. No special glue was used, as the moisture of the
paintbrush was enough to keep the eggs fixed. Next, one cardboard section with eggs was

54


http://blast.ncbi.nlm.nih.gov/Blast.cgi

CHAPTER 1

introduced to each Trichogramma sample. The test tubes were then closed with plastic film
and returned to the climatic chamber, where parasitism was allowed for 24 h. At the end of
the parasitism period, the females were removed, and development was allowed to
continue for seven days in the climatic chamber. Finally, the numbers of parasitized, black
(melanized) eggs and surviving larvae were counted. Removal of previously hatched larvae
was not necessary because T. solanivora do not have a cannibalistic habit.

For statistical analysis, data were checked for homogeneity of variance (F test, Levene
test) and the normal distribution of residuals (Shapiro-Wilk test). Next, the average values
were compared by ANOVA test using the GLM procedure (Tukey’s test, p = 0.05) in
IBM™ SPSS™ Statistics Version 25. In each trial, the experimental design was random and
univariate with a single factor at four levels: T. euproctidis against T. solanivora, T.
euproctidis against P. operculella, T. achaeae against T. solanivora and T.
achaeae against P. operculella, with 16 replicates.

2.4. Host Preference (Choice)

For the choice trials, the same methodology was as for the non-choice trials described
above, with one difference: instead of 30 eggs, 15 T. solanivora eggs and 15P.
operculella eggs localized in opposite corners of the cardboard sections were offered at the
same time to each isolated Trichogramma female (Fig.1). In these assays, removal of
previously hatched larvae was not necessary because neither T. solanivora nor P.
operculella showed cannibalistic or predation relations between them. Trichogramma
achaeae and T. euproctidis host preferences were analyzed using the Manly preference
index (f2) (Manly 1972), with Chesson (1983) expression:

11‘1 H;—r;

f) . 1
2 = 1 i—T: (Equation 1)
I I
) 5 In =~ ”

where 52 is the Manly preference index (without replacement), r:is the number of
parasitized eggs, n; is the number of exposed eggs and i = 1 or 2 represents the host eggs
of each tested species. A preference index value of 82 > 0.5 corresponds to preference, 52 =
0.5 indicates indifference and 82 < 0.5 represents rejection.
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The number of parasitized eggs was analyzed by ANOVA test using the GLM
procedure, and the average values were compared by Tukey’s test (p = 0.05) and Manly
preference index with one-sample t-test against a hypothetical mean of 0.5. Previously, the
homogeneity of variance (F test and Levene test) and normal distribution of residuals
(Shapiro-Wilk test) were checked. These analyses were carried out with
IBM™ SPSS™ Statistics Version 25.

8.5. Functional Response and Parasitism

The functional responses of T. achaeae and T. euproctidis were determined at 15, 20,
25 and 27 + 1 °C at densities of 10, 30, 50, 70 and 90 T. solanivora eggs under 70% RH with
a photoperiod of 16L:8D. For these assays, the same procedures explained in the previous
section were followed, but the data were collected upon the emergence of
the Trichogramma adult. The following data were registered: parasitized eggs, emerged
host larvae, collapsed eggs and number of emerged Trichogramma males and females. A
total 10-15 replications were performed for each egg density in
each Trichogramma species.

The data of parasitized eggs concerning to the functional response of
both Trichogramma species at each tested temperature were subjected to two different
statistical analyses. First, the homogeneity of variance and normality of the data were
checked with the same procedure as in the previous assays; then, the density factor
significance was analyzed by GLM analysis, and the mean values were compared using
Tukey’s test (p = 0.05) in IBM™ SPSS™ Statistics Version 25. Next, equations of functional
response types |, Il and Il were adjusted for T. achaeae and T. euproctidis at all tested
temperatures according to the following expressions (Cabello and Gamez 2007, Garcia-
Martin et al. 2008, Cabello et al. 2011):

= Typel:
I"\.rri. ;"".rf [1 — E,?XP(—HF . T - Pp}] (Equation 2)
= Typell:

(Equation 3)

: a-T-P
N =N (1= |~ |)
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= Typelll:

(Equation 4)

. T.N,- P,
Ny = N; - (l—exp{— “ . . 2})
14+a- Ty Ny +a- Ty N;

where Nq is the number of parasitized hosts, N is the density of the host or prey, a'is
the instantaneous search rate (equivalent to Nicholson-Bailey’s “area of discovery”: a =
a'T, days™; T) on day?, Tis the total available search time (days), Ptis the number of
parasitoids, Th is the host manipulation time and ' is parasitoid mortality potential. The
cited adjustments were performed with Tablecurve 2D software, version 5.0.

The corrected Akaike information criterion (AIC:) was applied to select the best
adjustment model because it supposes better statistical precision for comparisons between
models than the regression coefficient (r?) (Motulsky and Christopoulos 2003. However, the
latter was calculated to determine the goodness of each performed adjustment.

For parasitism and the sex ratio, the differences at the assayed temperatures (15, 20,
25 and 27 °C) in each species and between species, the number of parasitized eggs and the
percentage of females were analyzed by two-way ANOVA and Tukey’s test (p = 0.05) with
the GML procedure.

2.5. lllumination Assays

Two illumination acceptance assays were conducted under light conditions, and two
assays were conducted under dark conditions for T. achaeae and T. euproctidis following
the same methodology as that applied in the no-choice assay, with the exception of the
photoperiod, which was 24L:0D under light conditions and OL:24D in dark assays.

In each trial, the experimental design was random and univariate with a single factor
at two levels: parasitized eggs under light condition versus parasitized eggs under darkness
conditions, with 20 replicates. Because the Shapiro-Wilk test confirmed the non-normality
of the data, the numbers of parasitized T. solanivora eggs under illuminated and darkness
conditions were compared using a non-parametric Kruskal-Wallis one-way analysis with a
level of significance of p = 0.05. Both analyses were carried out with IBM™ SPSS™ version
25.
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2.6. Search Ability under Semi-Field Conditions

The search ability assay (Fig 2.) was carried out under greenhouse conditions in insect
cages (45 x 45 x 45 cm). Twenty potatoes (washed and numbered) were placed in 15 L trays
and covered with a 5 cm layer of a mixed substrate of orchard soil and lapilli (2:1), previously
disinfected with a steam machine (90 °C, 45 min). Three treatments were carried out
(control, T. achaeae and T. euproctidis) with four replicates per treatment. Five couples
(male and female) of T. solanivora were released in all treatments. The first release of 60
females of T. achaeae and 60 of T. euproctidis was carried out after a period of 48 h in each
treatment. To obtain Trichogramma females, T. solanivora eggs developed for eight days at
25 °C were parasitized based on the sex ratio, as indicated in the “Results” section. This
procedure yielded 80 and 76 parasitized eggs for T. achaeae and T. euproctidis, respectively.
The second Trichogramma release was performed seven days later, with the same number
of females of each species. No wasps were released in the control treatment. After a
parasitism period of 20 days, the tubers were transferred to plastic boxes for 25 extra days
to allow for the emergence of most of the larvae. The mean temperature during the
greenhouse assay was 23.18 + 5.30 °C, whereas the RH was 67.38 + 16.06%. The evaluation
of the assay consisted of counting, damaged tubers, number of mines per tuber and the
survival of T. solanivora individuals (larvae, pupae and adults). Additionally, tubers were cut
to search for any larvae remaining inside, which were also counted.

1. Steam disinfection 2. Cleaning and numbering 3. Greenhouse
— = XN "
4 0

4. Releases 5. Transfer 6. Survivors and mines count

Control @

S couples

r . T.euproctidis W + ‘ 20 days
) L , S couples 60 Q
T. achaeae @ + \
5 couples 60 Q

Figure 2. Summary of the searching semi-field assay
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For statistical analyses, once the variance homogeneity and normality of data (Levene
test and Shapiro-Wilk test, respectively) were checked, the mean number of survivors were
compared by ANOVA test using the GLM procedure (Tukey’s test, p = 0.05). In the case of
the number of mines per potato and undamaged tubers, the data were analyzed by a
generalized linear model (GZLM) using the Poisson distribution function and the log linear
link function.

3. Results

3.1. Host Acceptance (No-Choice)

Statistical analysis showed the major parasitism capacity of T. euproctidis and T.
achaeae against P. operculella relative to that of T. solanivora, with a higher number of
parasitized T. solanivora eggs with T. euproctidis than with T. achaeae (F2359 = 50.72;
59; p < 0.05) under no-choice conditions.

Figure 3 shows the parasitism level of T. euproctidis and T. achaeae against T. Solanivora
and P. operculella eggs.

T. euproctidis T. achaeae
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Figure 3. Mean number of parasitized T. solanivora (TCS) and P. operculella (PTH) eggs
(xSE) when which are exposed to T. euproctidis and T. achaeae females at 25 °C under 70%
RH with 16L:8D. Different letters denote significant differences in the number of parasitized
eggs between treatments with different combinations of parasitoids (T. euproctidis or T.
achaeae) and egg hosts (p = 0.05).
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3.2. Host Preference (Choice)

Significant differences were found in mean values of the number of parasitized eggs
in both species. Trichogramma euproctidis showed a higher number of parasitized eggs
for T. solanivora than for P. operculella: 10.87 £ 0.58 vs. 4.81 + 0.56 (F1,1.29= 52.03; p < 0.05).
The same pattern was observed for 7. achaeae, with 6.35 * 0.33 parasitized T.
solanivora eggs vs. 3.88 + 0.74 for P. operculella (F1132 = 5.27; p < 0.05). The Manly
preference index (MI) showed the preference of T. euproctidis and T. achaeae for T.
solanivora against P. operculella (t = 4.65; p = 0.001 and t = 2.03; p = 0.001, respectively).

Figure 4 shows the parasitism level of T. euproctidis and T. achaeae against T. Solanivora
and P. operculella ggs exposed for 24 h under choice conditions.

T. euproctidis T. achaeae
® ®0 0 0O°"OD OO0 e|l|®®@® 00 ™MO0OO e
@ @ ®8 OO0 0O 00 @ @ @ O OO0 0 00 e
® ® @ © O O O0O0C @ @| |® ® O OO o OO0 O e
10.87 +0.58 a 4.81+0.56b 6.35+0.74a 3.88+0.74b
MI: 0.73 * MI: 0.33 MI: 0.67 * MI: 0.33
@ Parasitized TCS eggs @ Parasitized PTH eggs O Non-parasitized eggs

Figure 4. Number of parasitized T. solanivora (TCS) and P. operculella (PTH) eggs (xSE)
and Manly Index (MI) when which are exposed to T. euproctidis and T. achaeae females the
same time (25 °C, 70% RH, 16L:8D. Different lowercase letters represent significant
differences (one-way ANOVA and Tukey’s test; p = 0.05), and “” indicates significant
preference (t-test; p < 0.05) of each parasitic wasp

3.2. Functional Response

3.3.1. Trichogramma euproctidis

Analysis of functional response showed that at all the tested temperatures (15, 20, 25
and 27 °C), the parasitic behavior of adult females of T. euproctidis corresponded with type
IIl. The adjustments showed the lowest values in the corrected Akaike indices (AIC¢). With
respect to the adjustment parameters, the handling times (Tx) were similar; on the other
hand, the mortality potential (a’) showed similar values at the three highest temperatures
(Table 1). The graphs in Fig. 5 do not look like the typical “S” curves of functional response
type lll. It's because that the inflexion point of the type Il curves,
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from which the parameter “a” or parasitoid mortality potential occurs at very low
densities of host eggs offered in the species T. solanivora.

Table 1. Parameters and statistical significance for the type I, Il and Il functional response
equations when different densities of T. solanivora eggs were exposed to the adult female
of T.euproctids for 24 h under laboratory conditions. “*” indicates the lowest AIC. value at each

temperature.

Temperature Type Fit Curve Parameters Statistical Parameters
a ® Ty df. R? AICr

I 0.5155 - - 5 0.8052 7.30895

15°C Il 59158 - 0.0466 4 0.8845 8.77405

i - 0.2569 0.0491 4 09053 B£96387*

I 0.7024 - - 5 0.8681 7.33837

20°C Il 1750.9 - 0.0372 4 0.9647 6.52153

i - 3.8x 10 0.0372 4 09653  -06938~

I 0.6725 - - 5 0.8232 7.78767

25°C Il 4347 2 - 0.0436 4 0.9302 7.90383

i - 778 % 101 0.0394 4 09557  £52805*

I 0.6218 - - 5 0.7786 8.29285

27 °C Il 2.27 x 10%° - 0.0412 4 0.9655 6.04313

i - 9.07 x 104 0.0418 4 0.9661 576405~

Figure 5 shows the functional response curves of T. euproctidis against T. solanivora at four
temperatures (15, 20, 25 and 27 °C).
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Figure 5. Functional response of T. euproctidis female parasitizing T. solanivora eggs at four
temperature levels (15 °C, 20 °C, 25 °C and 27 °C) under laboratory conditions (70% RH and
16L:8D). Vertical bars indicate 95% confidence intervals. Note: For a correct interpretation of

the figures it should be taken into account that the y-axis scales may be different.

Analysis of variance showed a significant effect of the host density on parasitism for
all tested temperatures (Fa,4s = 26.47; p < 0.05 at 15 °C; F4,4.42 = 25.40; p < 0.05 at 20 °C; F4,4.50
= 31.78; p< 0.05 at 25 °C and Fs45 = 33.71; p < 0.05 at 27 °C, respectively). At every
temperature except 27 °C, T. euproctidis reached the maximum parasitism activity with 30

eggs.

62



CHAPTER 1

3.3.2. Trichogramma achaeae

Trichogramma achaeae showed a type Il functional response at the three lowest
temperatures (15, 20 and 25 °C) that changed to type Il at the highest temperature (27 °C).
Thus, in relation to the adjustment parameters, in the present case, only the manipulation
times (Tx) can be compared. As shown in Table 2, the values decreased with increased
temperature. In Fig. 6, the graph at 27 °C, the typical sigmoidal shape of type Il
functional response cannot be seen for the same reason explained for T. euproctidis in the
previous section.

Table 2. Parameters and statistical significance for the type I, Il and Il functional response
equations when different densities of T. solanivora eggs were exposed to the adult female
of T. achaeae for 24 h under laboratory conditions. “*” indicates the lowest AIC. value at each

temperature.

Temperature Type Fit Curve Parameters Statistical Parameters
a’ I Th R? AIC,
| 0.2767 0.6347 5.49962
15°C 1 3.4655 0.0845 0.9543 2.30479 "
M - 0.6533 0.0576 0.9515 248573
| 0.3882 0.3079 9.34299
20°C 1 2.23 % 10° 0.0680 0.9660 2.93269 7
If - 148 x 10"  0.0651 09608  2.99312
| 0.3835 0.3343 868488
25°C 1 19.4182 0.0585 0.9782 2.22521*
M - 2.55 % 107 0.0588 0.9775 226747
| 0.4465 0.621 822257
27°C 1 26.851 0.0547 0.9766 2.96402
M - 1.0972 0.0540 0.9783 273542
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Figure 6 shows the functional response curves of T. achaeae against T. solanivora at the four

tested temperatures (15, 20, 25 and 27 °C).
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Figure 6. Functional response of T. achaeae female parasitizing T. solanivora eggs at
four temperature levels (15 °C, 20 °C, 25 °C and 27 °C) under laboratory conditions (70% RH
and 16L:8D). Vertical bars indicate 95% confidence intervals. Note: For a correct interpretation
of the figures, it should be taken into account that the y-axis scales may be different.

With regard to host density, a significant influence on the number of eggs was
observed at the four evaluated temperatures Fs,46 = 5.22; p < 0.05 at 15 °C; Fs,46 = 11.70; p <
0.05 at 20 °C; Fass = 15.83; p< 0.05 at 25 °C and Fs46 = 9.65; p< 0.05 at 27 °C). T.
achaeae reached the maximum parasitism level at all tested temperatures at a density of

30 eggs.
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3.4. Parasitism

Analysis of the number of parasitized eggs (Fig. 7) shows a significant effect of the
species and the temperature (F1,74=11.75; p <0.05 and F1,74 = 11.75; p < 0.05, respectively),
with no effect of the interaction. T. euproctidis showed the highest parasitic activity
between 20-27 °C, with significant differences relative to 15 °C (F33s = 4.69; p < 0.05). In the
case of T. achaeae, the highest level of parasitic activity was found at 20 and 25 °C (F3,36 =
6.37; p > 0.05). These temperatures only presented significant differences relative to 15 °C
(F336 = 6.37; p < 0.05). On the other hand, analysis of the number of eggs parasitized by T.
euproctidis compared with T. achaeae at each temperature showed higher mean values
for T. euproctidis at all tested temperatures: 15, 20, 25 and 27 °C (F1,20 =38.07; df = 1, 20; p <
0.05, F1,18=13.73; p < 0.05, F1,18 =6.37; p < 0.05 and F1,17 = 45.14;p < 0.05, respectively).

B 7. euproctidis
30 T. achaeae
Ba
25
3 sl ABa ABa
. =
> Aa Bb S
o = o]
2 Bb %3
o 2%
S .0 Ll I~ b
& 15
Ab
10
5
15°C 20°C 25°C 27°C
Temperature

Figure 7. Mean number of eggs parasitized by T. solanivora (+SE) for T. euproctidis compared
to T. achaeae at a host density of 90 eggs in the temperature range of 15-27 °C. Different
uppercase letters represent differences in the number of parasitized eggs among the tested
temperatures in each species. Different lowercase letters indicate significant differences
between the two species (two-way ANOVA and Tukey’s test, p = 0.05).
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3.5. Sex Ratio and Fecundity

Statistical analysis of both Trichogramma progeny showed a significant influence of
temperature and species (Fs271 = 5.57; p < 0.05 and F3,271 = 5.57; p < 0.05, respectively) with
no effect of the interaction interaction (Fs271 = 5.57; p > 0.05) on the sex ratio. In T.
euproctidis didn’t find significant differences with temperature (F3137 = 1.29; p > 0.05). In
contrast, T. achaeae showed significant differences at 27 °C compared to 15 and 20 °C (F3,134
= 8.08; p < 0.05). However, a comparison of the two Trichogramma species only showed
significant differences at the lower assayed temperatures (15 and 20 °C) with a higher
number of T. euproctidis females (Fies = 6.37;p< 0.05 and Fies = 12.27;p< 0.05,
respectively) (Fig. 8).

Fecundity results show the emergence of between one and two adults by each
parasitized egg for both species at all the assayed temperatures (Table 3).

Table 3. Mean number (+SE) of emerged adults per parasitized egg obtained in the
functional response assays at each temperature for T. euproctidis and T. achaeae.

Species 15°C 20°C 25°C 27 °C
T. euproctidis 1.08+0.3 1.20 £ 0.04 1.26 £ 0.04 1.27 £0.04
T.achaeae 1.41+0.11 1.16+0.04 1.13£0.05 1.23+£0.04

Figure 8 shows the percentage of female T. euproctidis and T. achaeae at the tested
temperatures in functional response assays.

T. euproctidis T. achaeae

27 [ IRTETNPREE]  4.09+0.28:1a
Q
ol
g 25 [ ERETFIRE 3.438:061:1a
2
jud
3
g 20 [ 4.29+0.29:1a JEEREFLPLEET) *
2
15 [ IEETECRE] 2.57+029:1b *
4100 80 60 -40  -20 0 20 40 60 80 100
Sex-ratio %

Figure 8. Mean sex ratio (F:M) (+SE) obtained for T. achaeae and T. euproctidis with
temperature on T. solanivora eggs. Different lowercase letters indicate significant differences
between temperatures (two-way ANOVA and Tukey's test, p = 0.05) for each species. "*"
indicates significant differences between the two species at the same temperature (t-test, p =
0.05).
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3.6. lllmination Acceptance Assays

The parasitism activity analysis result did not show significant differences between
light and darkness conditions for T. euproctidis (Kruskal-Wallis test, X» = 125.00, p > 0.05).
In contrast, T. achaeae was unable to parasitize the host eggs under darkness conditions
(Kruskal-Wallis test, X»=210.00, p < 0.05) (Fig. 9).

Figure 9 shows the average number of parasitized T. solanivora eggs for T. euproctidis and
T. achaeae under light and darkness conditions.
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Figure 9. Mean number of T. solanivora eggs parasitized (+SE) by T. euproctidis and T.
achaeae under light conditions compared with darkness conditions at 25 °C and 70% RH.
Values with different letters indicated significant differences (Kruskal-Wallis test, p = 0.05).

3.7. Search Ability under Semi-Field Conditions

The statistical analysis results show significant differences in all the evaluated
parameters between T. achaeae and control treatments: T. solanivora survival (F2,9 = 6.25;
p <0.05, Fig. 10), number of mines per tuber (omnibus likelihood ratio X% =7.459; df=2; p =
0.24) and percentage of undamaged tubers (omnibus likelihood ratio X? =14.004; df=2; p =
0.001) (Fig.11). Trichogramma euproctidis did not differ significantly in any parameter
compared to the control (omnibus likelihood ratio X2 = 7.459; df = 2; p = 0.62 for number of
mines; omnibus likelihood ratio X? = 14.004; df = 2; p = 0.24 for undamaged tubers; and F2,9
= 6.25; p = 0.137, for the number of survivors) and presented significant differences with
respect to T. achaeae in the number of mines per tuber (omnibus likelihood ratio X? =
14.004; df = 2; p = 0.04) but not in the percentage of undamaged tubers (omnibus likelihood
ratio X?=14.004; df = 2; p = 0.056) (Fig. 10 and Fig. 11).
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Figure 10 shows the mean number of surviving T. solanivora obtained in the control, T.
euproctidis and T. achaeae treatments under semi-field conditions.
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Figure 10. Mean (+SE) values of the number of surviving T. solanivora. Values with different
letters indicated significant differences (one-way ANOVA and Tukey’s test, p = 0.05).

Figure 11 shows the damages observed in the control, T. euproctidis and T. achaeae
treatments, as well as the mean number of mines per tuber and the percentage of undamaged
tubers.
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Figure 11. Mean values of the number of mines per tuber (+SE) and the percentage of
undamaged tubers (+SE) obtained in each treatment. Different letters indicate significant
differences (omnibus test, p = 0.05).
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4. Discussion

In the present work, with the main objective of determining the potential application
of T. achaeae and T. euproctidis as biological control agents against the Guatemalan potato
moth (T. solanivora) in field and storage conditions, an evaluation and selection procedure
were carried out. The applied methodology analyzed the four steeps defined for Vinson
(1976) in host selection process of parasitoids: host habitat location, host location, host
acceptance and host suitability. For the first steps, i.e., habitat location and host location,
because the analyzed Trichogramma species were recollected on potato crops, it is
reasonable to assume that the appropriate habitat corresponds to the field conditions
rather than artificial storage conditions.

Host acceptance was analyzed using the non-choose assays. As mentioned in the
Introduction, mixed infestations of T. solanivora and P. operculella are common. In such
contexts, both hosts are available for parasitic activity of the analyzed Trichogramma spp.
The presence of an alternative compatible host is known to result in a reduction in
parasitism efficacy against the target pest and undesired ecological effects. Therefore,
achieve maximum success in biological control programs, the selection of a candidate with
a strong preference for the target pest is important (Babendreier et al. 2002, Mansfield and
Mills 2004, Cherif et al. 2021). In the present work, we confirmed that T. achaeae and T.
euproctidis have good acceptance for both hosts (Fig. 2). This is the first report of T.
solanivora as a compatible host for the studied parasitoids, i.e., T. achaeae and T.
euproctidis. Our study also confirmed the acetance of P. operculella by T. achaeae, which
was previously reported by Gallego et al. (2020a). In all cases, both parasitoids showed
significantly higher parasitism levels against P. operculella under no-choice conditions, and
the major efficacy of T. euproctidis compared to T. achaeae was observed against both
hosts. When the tested Trichogramma species were exposed to eggs of the two moths at
the same time, both parasitic wasps showed a considerable number of parasitized eggs over
Guatemalan potato moth, in agreement with the results of the Manly index, which indicated
a clear preference for this host (Fig. 4). The obtained preference results are interesting
because under field conditions P. operculella, eggs are present on the leaves and more
accessible than T. solanivora eggs, which are laid in the soil (Tascon and Perera 2021, Gavara
et al. 2023a). The major preference for Guatemalan potato moth eggs could facilitate wasps
to find them in mixed infestations. Multiple factors have been pointed to with respect to
the egg preference of Trichogramma species, such as egg age, chorion thickness and
hardness, among other factors. However, previous works found that
when Trichogramma are exposed to different host eggs, they usually select the largest eggs,
most likely because a larger host size is preferred because parasitoids recognize that there
are more nutrients available for their progeny (Mackauer and Sequeira 1993, Mansfield and
Mills 2004, Samara et al. 2011, Myint et al. 2022). This phenomenon is consistent with our
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results, i.e., that T. solanivora eggs are larger than P. operculella eggs (around 0.41 x 0.53
mm, compared to 0.50 x 0.35 mm (Samara et al. 2011, Kroschel and Schaub 2013, Martinez
et al. 2019). In the evaluation of acceptance and preference, some authors have also
counted the number of wasp-egg contacts; however, their results showing correspondence
between high levels of parasitism and a high number of contacts were inconsistent (Hassan
1989 and 1993, Schafer and Herz 2020). Therefore, wasp-egg contacts do not seem to be a
clear criterion.

The last step, i.e., host suitability, is concerned with biological factors related to the
development of the parasitoid in the potential host, i.e., survival, parasitism rate, sex-ratio
of progeny and emergence, which are strongly influenced by temperature (Mackauer and
Sequeira 1993, Samara et al. 2011). Another factor in the selection of a pest control agent
is the functional response, i.e., the number of eggs parasitized in response to host densities
(Berryman 2009, del Pino et al. 2020) which is a basic factor that allows contributes to the
understanding of host interactions and is among the main influences on the stability of the
system (Oaten and Murdoch, 1975). Functional response can be categorized into three
forms: type |, linear increase in killed host/prey to a plateau; type Il, a curvilinear rise to a
plateau that then levels off under the influence of handling time or satiation; and type lll, a
sigmoidal increase in attacked hosts (Holling 1959, Hassell 2000, Mills and Lacan, 2004). In
our study, the parasitoids showed different patterns in functional response, whereas T.
euproctidis maintained type Ill (Table 1), and T. achaeae presented type Il at the three
lower temperatures and changed to type Il at 27 °C (Table 2). The type Il functional
response, as shown by T.achaeae is the most common response found in
Trichogrammatidae and has been suggested to be associated with suitable parasitoid hosts
(Alphen and Jervis 1996, Rincon 1999, Fernandez-Arhex and Corley 2003). This response
result is in accordance to those reported by several authors at a temperature of 25 °C (Reay-
Jones et al. 2006, del Pino et al. 2020, Manohar et al. 2020). However, our results contrast
with the type | response reported in previous work for T. achaeae over Ephestia kuehniella,
likely reflecting the effect of the different host (del Pino et al. 2020). In the same work, the
author showed a change in functional response to type Il at 25 °C, becoming type Il to lll at
27 °C, as reported by Wang and Ferro (1998) in Trichogramma ostridina. This case illustrates
the influence of temperature on functional response. The constant type Il response at all
temperatures shown by T. euproctidisis a reflection of a major potential against T.
achaeae because type Il is considered the best kind of behavior to obtain a successful
biological control of pests because it is theoretically the only response that can achieve
direct density dependence at a low population host level and stabilize the host-parasitoid
system (Rincon 1999). The potential of T. euproctidis in functional response is in accordance
with parasitic activity, as this wasp showed a higher parasitism level than T. achaeae at all
temperatures (Fig. 7). A possible justification for the parasitization behavior of T.
euproctidis in relation to T. achaeae, under laboratory conditions is the different

70


https://www.mdpi.com/2075-4450/14/8/679#table_body_display_insects-14-00679-t001
https://www.mdpi.com/2075-4450/14/8/679#table_body_display_insects-14-00679-t002
https://www.mdpi.com/2075-4450/14/8/679#fig_body_display_insects-14-00679-f007

CHAPTER 1

manipulation times (Tx) (the sum of drumming, drilling and oviposition), as found in the
functional response (Table 1 and 2); thus, the first species has a host manipulation time
that ranges from 0.0372 to 0.0418 days compared to second species, with values ranging
from 0.0540 to 0.0845 days, meaning that T. euproctidis spends less manipulation time
saving within the day, leaving more time for searching and finding more host eggs. Handling
time was previously identified as an important factor in parasitization by Trichogramma
species (Pak et al. 1986).

observed that both parasitoids reach the maximum parasitism level at the density of
30 eggs, except T. euproctidis at 25 °C, which was at the density of 50 eggs, but only
parasitized 21 eggs. Using different combinations of Trichogramma species and hosts, other
authors also found that parasitoids could not parasitize all eggs within 24 h when 30 host
eggs were exposed (Reay-Jones et al. 2006, Andrade et al. 2011, del Pino et al. 2020
Manohar et al. 2020), meaning that 30 eggs is the optimal offer for comparison
of Trichogramma species.

Our results only reflect an influence of temperature on the sex ratio in T. acaheae at
27 °C, showing a higher number of females, whereas previous works obtained different
conclusions about the effect of temperature on the number of female progeny (Bari et al.
2015, Andrade et al. 2011, del Pino et al. 2020, Tabebordbar et al. 2022), probably indicating
a greater influence of parasitoid and host species than temperature. Comparing both
species, we found a higher number of females on T. euproctidis compared to T. achaeae at
15 and 20 °C (Fig. 8). This is an interesting result because it is the usual range of small
growers’ warehouses, who usually store their harvest at room temperature. Under all
evaluated temperature conditions, the parasitoids clearly exceeded the minimum of 50%
female progeny recommended by the IOBC (Van Lenteren et al. 2003).

Regarding fecundity, our results did not show any influence of temperature. Between
one and two emerged adults per parasitized egg was observed under all tested conditions
for both species, indicating a high level of host suitability, over the 80% recommended by
the I0BC, although considered a minor factor in inundative control strategies, which is the
case for Trichogramma species (Van Lenteren et al. 2003, Schafer and Herz 2020).

In spite of the better values shown by T. euproctidis for most of the analyzed
biological parameters in the laboratory evaluations, in the semi-field assay, this species did
not reduce T. solanivora populations or prevent damage in tubers. However, T.
achaeae reduced the pest population, reaching an efficacy around 50%, and yielding 20%
of undamaged tubers (Fig. 9). Taking into consideration the fact that the same number of
individuals of both species was released and that the parasitic potential was higher at all
tested temperatures for T. euproctidis under laboratory conditions, these results suggest a
lower searching ability in soil of this wasp under field conditions. Therefore, even when it
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can access the host, it is not an effective pest control agent. Although the importance of
kairomones in host search and selection and their role in biological pest control are not
mentioned in this paper, they have been addressed by other authors (Murali-Baskaran et
al., 2018). In this regard, the superior effectiveness of T. achaeae in relation toT.
euproctidis in the semi-field test may be due to the fact that the first species presents a
greater attraction, as well as a greater stimulus in response to oviposition by the kairomones
of the host species than the second species, as has been reported for other species and
habitat conditions for this group of egg parasitoids (Murali-Baskaran et al. 2018). In contrast
to semi-field conditions, the illumination assays showed the inability of T. achaeae to
parasitize under darkness conditions compared to T. euproctidis, which kept its potential
unchanged under both light and darkness conditions. These results indicate thatT.
achaeae is not suitable for storage conditions.

5. Conclusions

In the present study, a systematic methodology was applied to select and evaluate
two Trichogramma species (T. achaeae and T. euproctidis) against the Guatemalan potato
moth (T. solanivora).

In the laboratory assays (host acceptance, host preference and functional
response), T. euproctidis showed better performance than T. achaeae in controlling the
pest. However, in semi-field trials, T. euproctidis did not reduce T. solanivora populations or
protect tubers from the pest, whereas T. achaeae behaved as an effective biocontrol agent
under field conditions, suggesting a higher host searching ability or attraction to the host
than that of T. euproctidis. Nonetheless, only T. euproctidis showed parasitic activity in the
dark. Therefore, this species will be evaluated under semi-storage conditions in future
studies.

The results obtained in this work highlight the relevance of performing assays with
natural enemies under semi-field/semi-storage conditions before testing them in the field
or in storage facilities. The selection of pest biocontrol agents based only on positive
laboratory assay results could lead to incorrect decisions and unnecessary expense of effort
and resources.
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Chapter Il.

“Evaluation and Selection for biological control in
storage conditions of predator mite Blattisocius tarsalis
(Berlese 1918) and egg parasitoid Trichogramma
euproctidis (Girault 1911).”

This chapter corresponds to two science articles: “Evaluation of the Egg Predator B. tarsalis
(Mesostigmata: Blattisociidae) for the Biological Control of the Potato Tuber Moth Tecia
solanivora under Storage Conditions”, published in Agriculture journal of MPDI publisher on
24 June 2022 (DOI: 10.3390/agriculture12070920) and “Postharvest Biological Control of
Guatemalan Potato Moth, Tecia solanivora, by Trichogramma euproctidis and B. tarsalis”
which was published in Agriculture journal of MPDI publisher on 28 November 2023 (DOI:
10.3390/agronomy13122927).
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Evaluation of the Egg Predator B. tarsalis (Mesostigmata:
Blattisociidae) for the Biological Control of the Potato
Tuber Moth Tecia solanivora under Storage Conditions.
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Abstract

Tecia solanivora is the most prevalent pest causing damage to potato crops in fields
in the Canary Islands, but even more so in the postharvest storage period. However,
currently, there are no authorized chemical insecticides for potato storage facilities.
Analysis of the viability of the predator mite B. tarsalis as a biological control agent for this
moth was carried out. The study of the temperature effect showed B. tarsalis maintains
predatory capacity in the range of 10-27 °C. Though predatory activity increases with
temperature, no differences in mortality rates were observed between 10 and 20 °C (33.52
+ 2.44 and 40.14 + 3.54% efficacy rate, respectively), nor between 25 and 27 °C (59.26 +
4.59 and 75.19 + 4.64% efficacy rate, respectively). Under microcosm conditions, at low pest
infestation (10 eggs), B. tarsalis achieved the highest mortality of eggs at a density of five
mites, with an efficacy rate of 91.67 + 8.33%. At high infestation levels (50 eggs), maximum
mortality was achieved with a density of 10 mites with an efficacy of 98.52 + 1.48%. The
choice-assay showed no preference of B. tarsalis between T. solanivora and Phthorimaea
operculella, suggesting this mite could be useful in mixed infestations of potato moths. The
results show B. tarsalis is a very good candidate as a control agent in storage conditions and
even in mixed infestations of T. solanivora and P. operculella.

Keywords: warehouse; natural enemies; predatory mite; non-refrigerated; efficacy;
microcosm; Phthorimaea operculella.
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Resum

Tecia solanivora és la principal plaga causant de danys en el cultiu de creilla en camp
a les llles Canaries, tanmateix, les perdues son majors després de la collita en el periode
d'emmagatzematge. Actualment, no hi ha productes fitosanitaris autoritzats per a
magatzems. L'analisi de I'acar depredador B. tarsalis com a agent de control biologic es va
portar a terme en el present treball. L'estudi de I'efecte de la temperatura va mostrar que
B. tarsalis és capag de mantindre la capacitat predatoria en el rang de 10 a 27 °C. En este
sentit, Si bé es va observar que I'activitat depredadora s'incrementa amb la temperatura,
no es van trobar diferéncies en les taxes de mortalitat entre els 10 els 20 °C (amb un 33.52
+2.44 140,14 + 3,54% d'eficacia, respectivament), tampoc entre els 2527 °C (59,26 + 4,59
i 75,19 + 4,64% d'eficacia, respectivament). En condicions de microcosmos a baix nivell
d'infestacié (10 ous), B. tarsalis, va produir la maxima mortalitat a la densitat de cinc
individus amb una eficacia del 91,67 * 8,33%. En canvi, a I'alt nivell d'infestacio (50 ous) el
maxim de mortalitat es va assolir a la densitat de 10 individus amb una eficacia del 98,52 +
1,48%. En l'assaig d'eleccidé es va observar que B. tarsalis no mostra preferéncia entre T.
solanivora i Phthorimaea operculella, suggerint la utilitat de |'acar en infestacions mixtes
d'ambdos arnes. Els resultats obtinguts denoten que B. tarsalis és molt bon candidat com a
agent de biocontrol en condicions d'emmagatzematge, inclis en cas d'infestacions
combinades de T. solanivora i P. operculella.

Resumen

Tecia solanivora es la plaga mas daiina en el cultivo de patatas en campo en las Islas
Canarias, no obstante, las mayores pérdidas se producen en postcosecha en el periodo de
almacenamiento. Actualmente no hay productos fitosanitarios autorizados para
instalaciones de almacenaje. En el presente trabajo se ha llevado a cabo un andlisis de
viabilidad del 4caro B. tarsalis como agente de control bioldgico. El estudio del efecto de la
temperatura, mostrd que B. tarsalis mantiene su capacidad depredadora en el rango de 10
a 25 °C. A este respecto, si bien se observé que la actividad predatoria se incrementd con la
temperatura, no hubo diferencias en las tasas de mortalidad observadas entre 10 y 20 °C
(33,52 + 2,44 y 40,14 + 3,54% de eficacia, respectivamente), tampoco entre los 25 and 27
°C (59,26 + 4,59 i 75,19 + 4,64%de eficacia, respectivamente). Bajo condiciones de
microcosmos, al nivel bajo de infestacién (10 huevos), B. tarsalis produjo la maxima
mortalidad a la densidad de cinco individuos con una eficacia del 91,67 + 8,33%. En cambio,
al alto nivel de infestacidn (50 huevos) el maximo de mortalidad se alcanzé a la densidad de
10 individuos 98,52 + 1,48%. El ensayo de eleccién no mostro preferencias por parte de B.
tarsalis respecto a T. solanivora i Phthorimaea operculella, sugiriendo que puede ser util en
condiciones de infestacidon mixta con las dos polillas. Los resultados obtenidos denotan que
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B. tarsalis es muy buen candidato como agente de biocontrol en condiciones de almacén,
incluso cuando se den infecciones mixtas.

1. Introduction

Potato crops (Solanum tuberosum L.) worldwide suffer important yield losses due to
the potato moth complex (Lepidoptera: Gelechiidae). This pest complex consists of three
species: the common potato tuber moth, Phthorimaea operculella (Zeller 1873); the Andean
potato tuber moth, Symmetrischema tangolias (Gyen 1913); and the Guatemalan potato
tuber moth, Tecia solanivora (Povolny 1970) (Sanchez-Aguirre and Palacios 1995) While P.
operculella is a cosmopolitan pest, T. solanivora and S. tangolias have more restricted
distributions. In fact, the latter is not present in Europe (Carrillo and Torrado-Ledn 2013),
and neither is it present in the Canary Islands, where P. operculella and T. solanivora are
currently common potato pests.

Tecia solanivora is originally from Guatemala (1970), from the area between the
isthmus of Tehuantepec in Mexico to northern Honduras and El Salvador. In a relatively
short period, through successive shipments of seed potatoes, it has spread to Costa Rica
(1970), Panama (1973), Venezuela (1983), Colombia (1985), and Ecuador (1996). This insect
was first detected in Tenerife (Canary Islands) in 1999, probably introduced from Venezuela
(Villanueva and Saldamando 2013). In 2015, T. solanivora was found in Galicia (mainland
Spain), probably introduced from the Canary Islands, and spread quickly to the neighbouring
region of Asturias (Arias et al. 1996, Puillandre et al. 2008, Corral et al. 2017).

In the Canary Islands, T. solanivora produces great yield losses in potato crops, where
it can damage more than 50% of harvested tubers in the field and 100% during storage, if
the pest is not managed (Gallegos et al. 2005, Trujillo and Perera 2011). Moreover, the
Guatemalan tuber moth has led to a reduction in cultivated area and an increase in
production costs. If this pest is not controlled, it could cause a collapse in the local potato
production, and many local potato varieties could be lost (Carnero et al. 2008, Lobo et al.
2021). In the Iberian Peninsula, the management of the Guatemalan tuber moth is essential
to prevent its spread through the rest of the European continent.

The severity of this pest has led to its declaration as a quarantine organism by the
European Union, and eradication programs have been established in Galicia and Asturias.
However, in the Canary Islands, T. solanivora is so well established and widespread, it is
assumed it cannot be eradicated (Gavara et al. 2023a) (RD 197/2017).

In the field, the use of phytosanitary treatments to reduce their populations has
shown to be ineffective (Perera et al. 2009). This moth spends most of its lifetime under soil
in a larval state inside the tuber or in pupal stage near the surface. Therefore, contact
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pesticides have a very limited effect, whereas systemic pesticides would be dangerous for
both the environment and consumers’ health (Torres 1998, Nifio 2004). Consequently, at
present its management is based on cultural techniques throughout the growing cycle, and
on insect population monitoring using pheromone traps.

However, in storage warehouses, larges losses occur due to conditions favouring
tuber moth reproduction (i.e., potatoes are exposed without any protection; the typical
darkness of these sites benefit adult moths’ activity, and the low temperatures promote egg
laying, reaching 311 eggs at 15 °C (Herrera 1998, Kroschel and Schaub 2013). In storage,
chemical control of the tuber moth has limited potential, as most insecticides cannot be
applied to potatoes shortly before they are marketed, as this would make them unsafe for
human consumption. In fact, at present, there are no pesticides authorized for storage
facilities (MAPA 2024b). Therefore, research efforts are aimed at the use of natural
enemies.

For the use of a biological control, it is very important to pay attention to different
storage conditions, as temperature is a vital factor that affects biological efficacy (Ferragut
et al. 1987, Guzman 2013). The temperature affects the pest as a natural enemy.
Specifically, the development time of T. solanivora decreases from 208 days at 10 °C to 37
days at 27 °C (Schaub et al. 2021). Moreover, the development time of B. tarsalis decreases
from 22 days at 15 °C to 6 days at 27 °C, and it was observed that the predatory activity of
mites rises with temperature (Nielsen 1999 and 2001). Therefore, refrigerated and non-
refrigerated conditions should be differentiated. Under refrigerated conditions, usual
temperatures range between 5 and 12 °C, depending on the variety and destination (fresh
consumption, processing, or seed potatoes) of the tubers. Nevertheless, in large
refrigerated facilities, higher temperatures can be found, because potatoes are stored
between 12 and 16 °C with a relative humidity of 90-95% for two weeks or more to facilitate
wound healing and lowering their sugar content (Pinhero et al. 2009).

Surveys of natural enemies in potato storage facilities and crops have been
conducted, and a selection of natural enemies have been initiated, focusing on organisms
that have already been tested on the common tuber moth, P. operculella (Torres 1998,
Carrillo and Torrado-Ledn 2013). The use of predators on the Guatemalan tuber moth has
been little studied. Even if some works on natural enemies of T. solanivora have been
carried out (Osorio et al. 2001, Martinelli 2004, Benitez and Duarte 2016, Piedra-Buena et
al. 2019), few predators have been found.

Osorio et al. (2001) found two heteropteran, Lyctocoris campestris (Parajulee and
Phillips 1993) and Buchananiella contigua (White 1880), and some other occasional,
generalist predators, and suggested the use of both heteropterans in storage conditions.
However, these species are not commercially available, and consequently, they are very
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difficult to obtain for research and use. In addition, species and strains of other natural
enemies have been tested against T. solanivora: entomopathogenic fungi, Beauveria spp.
(Villamil and Martinez 2014); bacteria, Bacillus thurigiensis (Berliner 1915) (Rojas Arias et
al., 2013); virus, Phthorimaea operculella granulovirus (PhopGV) (Villamizar et al. 2006,
Gomez-Bonilla et al. 2013); and the egg parasitoid Trichogramma lopezandinensis
(Sarmiento 1993) (Rubio et al. 2004).

In a warehouse survey, Piedra-Buena et al. (2019) found two egg-predator mite
species from the Blattisocius genus, B. mali (Oudemans 1929) and B. tarsalis (Berlese 1918),
which have been tested against the common tuber moth, P. operculella, showing high
efficacy under laboratory conditions (Gallego et al. 2020b, Gallego et al. 2020c, Gavara et
al. 2021). Although these species are not commercially available, the Blattisocius genus is a
cosmopolitan group, and its species often appear in stored plant products and in laboratory
cultures, so it is relatively easy to find (Haines 1981). Owing to its relative availability and
promising preliminary results in a similar host, the study of these B. tarsalis species has been
considered interesting for IPM control of T. solanivora.

Therefore, in the present work, the predation of B. tarsalis on T. solanivora has been
studied under different storage conditions in order to assess its viability as a biological
control agent in warehouses.

2. Materials and Methods

2.1.Biological Materials and Experimental Conditions

B. tarsalis mites were identified and obtained from a fortuitous infestation
of Ephestia kuehniella in the Agricultural Entomology Laboratory at the University of
Almeria. Subsequently, the primary colony of the mite was sent to the laboratory of the
Plant Protection Unit at the Canary Institute of Agrarian Research. The mite colony was
maintained and multiplied in 100 mL plastic containers with a layer of vermiculite. The
brood was fed three days a week with fresh or frozen T. solanivora eggs, which were
provided by BioAgrolLogica SL Company (San Cristobal de La Laguna, Spain). The
environmental conditions for the brood were 25 + 1 °C, 70% RH, and total darkness.
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2.2. Prey Acceptance Test and Evaluation of the Predatory
Potential at Different Temperatures

A “no-choice” bioassay test was carried out, in which prey acceptance and mortality
of T. solanivora eggs by B. tarsalis was assessed, following the methodology of Gallego et
al. (2020b). Pieces of cotton were introduced into glass test tubes (7.0 cm x 1.0 cm in
diameter) and moistened with five drops of water. White cardboard strips (5.0 x 0.9 cm)
containing five T. solanivora eggs laid 1-24 h before, followed by a female adult mite with
24 h of starvation (no attempt was made to determine their age, nor to synchronise), were
then introduced into each test tube. In the control, the same process was carried out with
no female mite placed into the test tube. The test tubes were covered with plastic film, and
the females were allowed to prey for 48 h in a climatic chamber.

At the end of the predation period, the female mites were extracted, and all eggs
were examined under a stereo microscope (10x) to register the number of eggs predated
(no present or less than 25%) and/or partially consumed by the mites’ feeding activity (Fig.
1). The eggs were allowed to evolve under the previous conditions of temperature until
hatching, and the surviving larvae were counted.

Figure 1. (A) Healthy egg. (B) Partially consumed egg. (C) Totally consumed egg.

The predation of T. solanivora eggs by B. tarsalis was evaluated under four
temperatures: 10+ 1,20+ 1, 25+ 1, and 27+ 1 °C, with 70% RH and in total darkness. The
experimental design for each trial was totally random univariate with a single factor at two
levels: predatory mite versus the control, with 30 replicates for the mite and 30 for the
control at each temperature. The number of surviving larvae and the killed T. solanivora
eggs were statistically analyzed using a generalized linear model (GLM) with a Poisson
distribution and logarithm link function. In turn, the mean values were compared in pairs
using the Wald test at p= 0.05. In addition, the percentage of partially consumed T.
solanivora eggs at every tested temperature were compared using nonparametric Kruskal—
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Wallis one-way analysis with a level of significance of p = 0.05. All the analyses were carried
out with IBM SPSS version 25 statistical software.

Moreover, the effectiveness of T. solanivora egg control by the mite was evaluated
using the modified Abbott’s equation (Robertson et al. 2009):

P = (u) x 100 (Equation 1)
100 — M’

where EP = efficacy percentage (correcting % efficacy for the natural mortality), M =
mortality rate in the treatment (Mite), and M’ = mortality rate in the check (Control).

2.3. Microcosm

Two microcosm bioassays were carried out, following and adapting the methodology
of Gallego et al. (2020b). The procedure consisted of infesting potatoes (cultivar: Slaney;
size: 75/60 mm) with T. solanivora eggs laid 1-24 h before, simulating two infestation levels:
10 or 50 eggs. The eggs were spread out on the surface of potatoes with a moistened
paintbrush, in groups between 5-10 eggs, over the irregularities or “eyes” of the tubers.
Cylindrical containers (15.5 cm height, 10.5 cm diameter, and 1 L volume) were prepared,
introducing 15 g of vermiculite (pupation substrate) at the bottom. Then, 10 mL of distilled
water was added to maintain humidity and facilitate T. solanivora eggs hatching.

Two potatoes were carefully placed in each container, at the corresponding
infestation level (10 or 50 eggs), and different densities (0, 5, 10 and 20) of non-sexed adult
predatory mites were released in the containers. Finally, the plastic containers were closed
with muslin pieces and rubber bands, and placed in a climatic chamber (25 + 1 °C, 70% RH)
for 45 days.

After this period, the surviving individuals, larvae, pupae, and adult moths of each
treatment were counted. In both bioassays, the experimental design was univariate and
completely randomised, with only one factor, predatory mite density at four levels: 0
(control), 5, 10, and 20 mites released once per container. In each bioassay, there were five
replicates per treatment. The values obtained of the number of surviving T. solanivora were
analysed statistically through a generalised linear model (GLM) with normal distribution and
the identity link function. The average values were compared in pairs through a Wald test
at p = 0.05. These analyses were carried out with IBM SPSS version 25 statistical software.
Finally, the results were corrected for the mortality in the control with the modified
Abbott’s equation (Robertson et al. 2009).
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2.4. Host Choice: Tecia solanivora (Tcs)-Phthorimaea
Operculella (PTH)

For the choice bioassay, the same methodology of “no-choice” test was used, with
two exceptions: (1) only the standard temperature of 25 °C was tested, and (2) instead of
five T. solanivora eggs, three T. solanivora and three P. operculella eggs were offered
simultaneously to each isolated female mite. At the end of tanhe predation period (48 h),
female mites were extracted, and the eggs were returned to the climatic chamber (25 + 1
°C, 70-80% RH, total darkness) until hatching. Finally, the surviving larvae of both species
were counted, and the number of killed eggs was calculated. Mite preference for hosts was
determined through the Manly preference index (f2) (Manly et al. 1972). In accordance with
Chesson (1983), the expression of this index is:

n;

1 n;—r;
Z2ln 1;

(Equation 2)

P2

where (f2) is the Manly preference index (without replacement); r; is the number of
preyed eggs; ni is the number of offered eggs; and i = 1 or 2 represents the host eggs of
each species tested. When the value of the preference index is ($2) > 0.5, this means
preference; indifference when (f2) = 0.5; and rejection if (52) < 0.5 (Manly et al. 1972). The
values of the Manly index obtained for both moth species were analysed statistically by the
Wilcoxon test with IBM™ SPSS™ version 25 statistical software.

2.5. Functional Response: Predatory Behaviour at Different
Prey Densities

The methodology of Gallego et al. (2020b) was followed. Tubes with a piece of
moistened cotton were used, analogous to the test of the predatory potential at different
temperatures, but in this case different T. solanivora egg densities (1, 2, 3, 6, 9, and 12)
were offered to the one female adult mite, and the exposure time to predation was 24 h at
25 oC. The number of replicates was 20 per treatment. The mortality data were collected to
fit the type of functional response, and two statistical analyses were performed. In the first
one, the data were fitted to the polynomial function used by Juliano (2001):
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N, exp (Pn + P1Np 4+ PoNoNg + Pg.'\'czl) - Pj,.\-l'“
N-u a 14 exp (Pn + P]J’Vl,\ + 1”2?\[3 + f;ﬁ (Equation 3)

Where Ne is the number of preys eaten; No the initial value of prey offered;
and Po, P1, P>, and P3 are the intercept, linear, quadratic, and cubic coefficients,
respectively, estimated using the maximum likelihood method. Statgraphics version 18
software was used for the adjustments. Po—P3 parameters were obtained from a logistic
regression. If the P1 coefficient was not significantly different from zero, it corresponded to
a type | functional response. It was considered a value to be different from zero when zero
was not included in its confidence interval. If the P1 value was significantly negative, this
would demonstrate type Il functional response, while a significantly positive P1 value would
demonstrate a type Il functional response. A more exact statistical analysis was then
conducted, and mortality data were fitted to the equations proposed by Hassell (1978) (Eq.
4 and 5) and Cabello and Gamez (2007) (Eg. 6) for predators when there is no prey
replacement:

= Typel:
N” =N (1 — €xp _”'TP) (Equation 4)
= Typell
. J\th
N, =N(1 — exp (—n’P(T—T” ’)))
P (Equation 5)
= Typelll
N,=Nl1— |- aNP : ] -
[ 1+Ty(exp (—a) —1)N T T“‘J | (Equation 6)

where Nqrepresents the number of prey attacked, N the number of prey offered, a
the attack rate of the predator, T the time length of the assay, P the number of predators
used, Tr the handling time of the prey by the predator (capture time and feeding time),
and a the predation potential. In this assay, T= 1 day and p = 1 predator. The statistical
software used for the functional response fitting was TableCurve 2D, version 5.
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3. Results

3.1. Evaluation of the Predatory Potential at Different
Temperatures

The number of surviving eggs was significantly lower (p < 0.05) in treatments with the
female mite than in control treatments without it, at all the temperatures tested. This
indicates that the mite can predate on T. solanivora eggs at the four assayed temperatures.
Results also show the influence of temperature on mortality caused by B. tarsalis. The
lowest mortality rates were registered at 10 and 20 °C (40.00 £ 2.34% and 45.33 + 4.06%,
respectively), whereas at higher temperatures (25 and 27 °C), the mortality increased
markedly (64.67 +4.15% and 76.67 + 4.40%, respectively (Table 1). When Abbott’s equation
was applied, it was observed that the efficacy percentage also increased with temperature:
33.52 £ 2.44%, 40.14 £ 3.54%, 59.26 + 4.59%, and 75.19 + 4.64% at 10, 20, 25, and 27 °C,
respectively.

Table 1 presents the mean values obtained in the number of surviving eggs, mortality
percentage, and efficacy percentages in the 48 h predation period of adultB.
tarsalis females on T. solanivora eggs in the temperature tests.

Table 1. Average values (+SE) of the predatory potential evaluated at 10, 20, 25,
and 27 °C.

Temperature °C  Surviving Eggs (n?2 * SE) Mortality (% *SE)
Efficacy %
Treatment Check Treatment Check
10 3.15+035a 430+039b 40.00+2.34 13.10+1.80 33.52+2.44
20 2.87+031a 453+0.18b 45331406 345%1.43 40.14+3.54
25 1.90+0.25a 4.62+040b 64.67+4.15 733+1.83 59.26+4.59
27 1.17+0.20a 4.4+038 b 76.67+4.40 12.41+251 75.19+4.64

In Table 1, the statistical analysis showed a highly significant treatment effect in the
number of surviving eggs at the four temperatures tested (10+1,20+1,25+*1and 27 1
°C) using omnibus tests (X?=4.911, d.f. = 1, p < 0.0001; X>= 14.261, d.f. = 1, p <0.0001; X? =
35.384 and d.f. = 1; likelihood ratio chi-squared test = 60.035 and d.f. =1, p < 0.0001, at 10,
20, 25, and 27 °C, respectively).
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In Figure 2 the statistical analysis showed a highly significant effect of temperature in
partially consumed eggs using the omnibus tests (X2 = 154.784, d.f. = 3, p < 0.0001). The
comparison in pairs using the Wald test at p = 0.05 did not reveal significant differences at
temperatures of 10 and 20 °C, nor between 25 °C and 27 °C. Significant differences were
only observed with temperatures over 20 °C (p > 0.05 in all case). The Kruskal-Wallis test
results showed the same pattern for the mean of killed eggs with p-value = 0.05.

Parcial consumed and killed eggs with temperature
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Figure 2. Mean percentage values of partial killed eggs (+SE) and number killed eggs (+SE)
in the predatory potential bioassays. Values with different letters mean significant differences
at p = 0.05, using the Wald test in the case of number of killed eggs and Kruskal-Wallis test
for partially consumed eggs.
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3.3. Microcosm

In the bioassay at low infestation level (10 eggs), a highly significant effect was
observed in the number of surviving eggs with significant variance (omnibus test: X2 =
17.177, d.f. = 3, p < 0.001). The efficacies obtained for the mite densities of 5, 10, and 20
were 91.67 + 8.33%, 82.29 + 17.73%, and 81.25 + 11.97%, respectively.

At a prey density of 50 eggs, statistical analysis of the number of surviving eggs found
a highly significant effect (significant variance with omnibus test: X2=41.233, d.f. =3, p<
0.0001). The efficacies obtained for mite densities of 5, 10, and 20 were 67.02 + 13.53%,
82.29 +5.77%, and 98.52 + 1.48%, respectively.

The number of surviving larvae and the mortality percentage of TCS resultant from B.
tarsalis predatory activity at the two infestation levels of pest (10 and 50 eggs) when

exposed to different densities of the predator mite are shown in Figure 3.

Low infestation level (Density: 10 eggs) High infestation level (Density: 50 eggs)
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Figure 3. Mean values of surviving eggs (+SE) and mortality rate (+SE) at the infestation
levels of 10 and 50 T. solanivora eggs and doses of 0, 5, 10, and 20. Values with different
letters denote significant differences at p = 0.5, using Wald test.

In the bioassay at low infestation level (10 eggs), a highl significant effect was
observed in the number of surviving eggs with significant variance (omnibus test: X? =
17.177, d.f. = 3, p < 0.001). The efficacies obtained for the mite densities of 5, 10, and 20
were 91.67 + 8.33%, 82.29 + 17.73%, and 81.25 + 11.97%, respectively. At a prey density of
50 eggs, statistical analysis of the number of surviving eggs found a highly significant effect
(significant variance with omnibus test: X? = 41.233, d.f. = 3, p < 0.0001). The efficacies
obtained for mite densities of 5, 10, and 20 were 67.02 + 13.53%, 82.29 + 5.77%, and 98.52
+ 1.48%, respectively.
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3.3. Host Choice

The number of killed eggs in the choice bioassay showed that there was not a
significant difference in egg predation of TCS and P. operculella by the mite (p = 0.482;
omnibus test: X2 = 0.495; d.f. = 1; p = 0.482), nor was the difference in the Manly index
significant (p = 0.293). These results indicate indifference in the hunt of B. tarsalis mite
between TCS and P. operculella eggs.

The mean values of killed eggs for both moths (TCS and P.operculella ) and the Manly
index obtained in the choice test are shown in Table 2.

Table 2. Mean number (+SE) of killed eggs in the “choice” trials.

Host Eggs Mortality Manly Index
T. solanivora 1.77+043 a 0.57+0.07 a
P. operculella 146+0.23a 0.43+0.07a

3.4 Functional Response: Predatory Behaviour at Different Prey
Densities

Table 3 shows the adjustment parameters to the polynomial function (equation 3) of the
number of TCS eggs killed by B. tarsalis female mites. As mentioned above (Materials and
Methods section), the P1 value is significantly negative, therefore, in this previous analysis it
is shown that this mite shows a type Il functional response (when considering a value different
from zero, when zero is not included in its confidence interval, as is the case).

Table 3. Results of logistic regression analyses of the proportion of T. solanivora eggs killed
by the adult female of B. tarsalis in the bioassay carried out under laboratory conditions.

Parameter Value SE 95% Confidence Level F.R. Type
Py (Intercept) 1.1707 0.05593 0.9805 1.3609 Il
Py (Linear) -0.1661 0.025 -0.0865 -0.0865 Il

The above result is consistent with the results of the fits carried out with the three
types of functional responses shown in Table 4. These confirm type Il (Equation (5)),
because the corrected Akaike information criterion (AICC) shows the lowest value.
Therefore, Fig. 4 shows the type Il functional response of the predatory mite. This figure
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also shows a comparison of the number of killed eggs, where a highly significant effect was
found (omnibus tests: X2 = 61.361, d.f = 5, p< 0.0001), the maximum value of B.
tarsalis predation was for the offer of nine eggs, without significant differences as to the
number of offered eggs increased (p > 0.05).

Table 4. Parameters and statistical significance for the functional response equations type I,
11, and 11l when different densities of T. solanivora eggs were exposed to the adult female of B.
tarsalis, during 24 h, under laboratory conditions.

Type Fit Curve Parameters (£SE) Statistical Parameters
a T a d.f. R? AICe
I 0.4999 - - 6 0.7237 -2.2467
I 2.0502 0.2081 E 5 0.9457 -6.1924
1 - 0.2934 0.7833 5 0.8358 1.8271

In Figure 4 the mean number of killed T. solanivora eggs at all tested densities is shown.

® Observed value

Model

Killed eggs (number)

0 2 4 6 8 10 12
Eggs density (number)
Figure 4. Functional response (number of pest eggs killed), type Il, of the adult female of B.

tarsalis when different densities of T. solanivora eggs were offered as prey for 24 h under
laboratory conditions (whisker plot: 95% confidence intervals).
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4. Discussion

Currently, Tecia solanivora management in the field relies on cultural practices and
population monitoring using pheromone traps, as there are not effective phytosanitary
products. As for storage conditions, there are not authorised products for chemical control
nor commercial biological control agents available. The use of B. tarsalis has already been
analysed in laboratory conditions on other storage pests: two pyralids, Cadra
cautella (Walker 1863) and Ephestia kuehniella (Zeller 1879) (Nielsen 1999, Pinhero et al.
2009), and most recently, on other gelechiid, P. operculella, with promising results under
non-refrigerated conditions (Gallego et al. 2020b, Gavara et al. 2021).

This study reports results of the efficacy and suitability of B. tarsalis as an egg
predator on T. solanivora in storage, as evaluated in a series of laboratory assays. This is the
first attempt to evaluate a natural enemy against T. solanivora in postharvest conditions. It
is known that temperature is one of the main factors in the predator—prey relationship (Rall
et al.,, 2010). In this sense, the temperature bioassays performed showed that B.
tarsalis maintained its predatory activity on T. solanivora at the range of 10 to 27 °C.
Additionally, it was observed that, while the predator mite increased prey mortality
significantly between 20-27 °C, there were no differences at the lowest assayed
temperatures (10-20 °C; Table 1). Evaluation at low temperatures is important to
determine the viability in refrigerated conditions. At 10 °C, the number of T. solanivora killed
eggs by B. tarsalis was 1.25 + 0.11 in 48 h, which is equivalent to 0.63 eggs/day. This result
is similar to Nielsen (1999), who also found a mortality rate less than 1 egg/day on Ephestia
kuehniella, but contrasts with the result of Gavara et al. (2021), who found a higher
predatory activity of B. tarsalis on P. operculella, the common moth, with a rate of 1.44
eggs/day. The differences in our results could be explained by difference in size between
preys, because it has been observed that a greater size of eggs favours partial consumption,
since the greater the size, the earlier the mite would be satisfied and the greater the survival
possibilities of the prey eggs, although other chemical and mechanical factors may be
involved (Haines 1981, Gallego et al. 2020b, Gallego et al. 2020c). The T. solanivora eggs at
around 0.41 x 0.53 mm (RD 197/2017) (Nifio 2004; Kroschel and Schaub 2013) are bigger
than E. kuehniella and P.operculella , which are approximately 0.57 x 0.30 (Richards and
Thomson 1932) and 0.5 x 0.35 (Kroschel and Schaub 2013), respectively.

This theory was confirmed by our experiment, where we could observe that partially
consumed egg percentage remained high at all evaluated temperatures. This value was
around 65-70% at low temperatures and was significantly lower, around 50%, at 25-27 °C.
Conversely, the number of killed eggs increased with increasing temperature (Fig. 2). The
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mortality rate at 10 °C yields an efficacy of 33.52 + 2.44%. It is a lower value than that
obtained by Gavara et al. (2021) for P. operculella under the same conditions (49.66 +
5.06%). This result is interesting for large, refrigerated facilities during the recommended
period of 12-16 °C mentioned in the introduction.

In addition, the results obtained at the temperature range of 20-27 °C are promising
for most small farmers, who keep their harvest in small storage facilities at room
temperature. At 25 °C (no difference with 27 °C (Table 1)), our results showed surviving egg
mean values of between 1.17 + 0.20 and 1.90 + 0.25 in 48 h (Table 1). This value is lower
than that found by Gallego et al. (2020b), who reported a mean value of 0.05 + 0.05 for P.
operculella eggs under the same conditions. Efficacies were 59.26 + 4.59 — 75.19 + 4.64%
for T. solanivora against 98.86% for P. operculella (Gallego et al. 2020b). These results
contrast with those obtained in the microcosm bioassay (Fig. 3), where we obtained
mortality rates for T. solanivora similar to those reported for P. operculella under the same
conditions (Gavara et al. 2021). As B. tarsalis mainly preys on the egg stage (Haines 1981)
differences in acceptance tests but similar results in microcosm assays could be partially
explained by differences in egg stage duration between the two moths. While T. solanivora
eggs in our experimental conditions (25 °C, 70% RH) hatch between the sixth and seventh
day (Andreadis et al. 2017, Gavara et al. 2023a), P. operculella eggs hatch between the
fourth and fifth day. This means additional time for predation activity by B. tarsalis on T.
solanivora eggs against P. operculella eggs. The effect of this additional time could not be
observed in the acceptance assay because the predation period was interrupted at 48 h.

At a low infestation level in the microcosm assay (10 eggs; Fig. 3A), higher mortality
was reached at minimum predator density, with an efficacy of 91.67 + 8.33%. At high
infestation level (50 eggs; Fig. 3B), mortality increased with mite density until the highest
efficacy, 98.52 + 1.48%, when 10 mites were released. These values show the same pattern
reported by Gavara et al. (2021) on P. operculella with similar efficacy values, 96.97 + 3.03%
and 92.31 + 2.74%, at low and high infestation levels, respectively.

Similar exposed efficacies of B. tarsalis against T. solanivora and P. opercuelella are
consistent with the results observed in the host-choice assay, in which B. tarsalis did not
show any preference for the eggs of one or the other of the moths. The mite did not present
any differences in the number of predated eggs, and the values obtained to apply the Manly
index indicate indifference in selection (Table 2). However, a preference of the mite to
lepidopteran eggs has already been observed by Haines (1981) and Riudavets & Quero
(2002), who found a clear preference of B. tarsalis for moths’ eggs with respect to different
coleopteran eggs species present in storage conditions. However, no preference prey
studies among tuber moths have been found. Therefore, the indifference result in the
predatory efficacy of the mite against both tuber moths is very interesting for potato
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growers in the Canary Islands, as mixed infestations by T. solanivora and P. operculella in
potatoes are frequent.

For predators, the most commonly found response is Holling’s type I, with a
negatively accelerating rise to an upper limit, above which further increases in prey density
do not influence attack rate (Mills 1982). This is the case of B. tarsalis, who presents a type-
[l functional response at 25 °C using T. solanivora eggs as prey (Fig. 4). This type of functional
response has been previously corroborated for B. tarsalis with eggs of several species of
insects, such as Lasioderma serricorne (Coleoptera: Ptinidae), Plodia interpunctella
(Lepidoptera: Pyralidae), and P.operculella (Riudavets et al. 2002, Gallego et al. 2020b).

B. tarsalis has shown a consumption rate (') in T. solanivora of 2.0502 days™ These
values are higher than those reported for L. serricorne and P. operculella eggs (1.032
days™and 1.776 days™, respectively), and similar to those obtained by Gallego et al.
(2020b) with P. operculella eggs as prey (a’ = 2.1258 days™).Regarding handling time (Th),
with T. solanivora eggs (Th = 0.2091 days™), it was higher than values previously reported
for P. operculella and L. serricorne eggs (Trh= 0.1014 days™ and Th= 0.1626 days™,
respectively) (Riudavets et al. 2002, Gallego et al. 2020b). By contrast, the values were lower
than those reported for P. interpunctella (T) = 0.3467 days-1) (Riudavets et al. 2002).
Changes in Trintrinsically involve several biological parameters, such as digestion time,
attack time, gut content, hunger threshold, prey weight, and proportion of prey eaten, in
place of a single parameter (Mills 1982). Thus, differences in predators’ Th may be due to
one or more of these causes at the same time. For example, larger prey egg size may be
related to higher food content, leading to earlier satiation of B. tarsalis, which would imply
an increase in Txr. In this case, the egg size of T. solanivora is larger than the species
mentioned above (0.41 x 0.53 mm, compared to 0.50 x 0.35 mm for P. operculella, 0.45 x
0.27 mm for P. interpunctella and 0.38 x 0.20 mm for L. serricorne) (Arbogast et al. 1980,
Diaz 2013, Kucerova and Stejskal 2010, Martinez et al. 2019), which seems to support the
results obtained for P. operculella and L. serricorne. However, it would not explain the
values for P. opercuella. Therefore, in addition to size, differences could be attributed to
other causes, for example: the hardness and/or thickness of the chorion, which would imply
a longer time to access the egg’s content; the presence of chemical compounds with
protective functions (unpalatable or toxic) against predators (Blum and Hilker 2002) and
even differences in the nutritional value of the egg.

Some works suggested predatory mites could be used as biological control agents for
lepidopteran pests (Nielsen 1999, Thomas et al. 2010; Ghoneim 2014). In the case of the
potato moth complex (P. operculella, T. solanivora, and S. tangolias), recent works in Spain
reported the effectiveness of B. maliand B. tarsalis against P. operculella, the common
potato moth, in storage conditions (Gallego et al. 2020b, Gallego et al. 2020c, Gavara et al.
2021). Similar results have been obtained in this work on the effectiveness of B.
tarsalis against T. solanivora, the Guatemalan potato moth, also present in Spain. Our work
completes the evaluation of B. tarsalis as a biological control agent for both potato moths
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under laboratory conditions and, considering the promising results obtained, encourages
proceeding with evaluation in real storage conditions.

5. Conclusions

The experiments have shown the potential use of the predator mite B. tarsalis as a
biological control agent of T. solanivora under storage conditions in the range of 10-27 °C.
By contrast, the results show low and insufficient efficacy of B. tarsalis at 10 °C; for this
reason, it would not effective under the usual refrigerated conditions (5—10 °C). Thus, the
mite achieves greatest control of tuber moths under non-refrigerated storage conditions,
even against high infestations levels. It has also been observed that the mite could maintain
its efficacy in the case of mixed infestation of T. solanivora and P. operculella. For these
reasons, future studies should proceed on the evaluation of B. tarsalis under non-
refrigerated semi-storage and storage conditions.
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Postharvest Biological Control of Guatemalan Potato
Moth, Tecia solanivora, by Trichogramma euproctidis
and B. tarsalis
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Abstract

Tecia solanivora (Povolny 1973), is a quarantine pest in Europe. Identified in Guatemala in
the 1970s, it spread throughout Central and South America, reaching the Canary Islands in
1999 and mainland Spain in 2015. The pest has caused prohibitive economic losses both in
the field and in storage, where losses can reach 100%. In the absence of approved chemical
treatments, the use of an egg predatory mite, Blattisocius tarsalis (Berlese 1918), and the
egg parasitoid, Trichogramma euproctidis (Girault 1911), is being studied for use in storage.
Previous laboratory studies have confirmed their potential for use in non-refrigerated
stores, typically between 15 and 20 °C. In the present work, we compared the efficacy of
both natural enemies under semi-storage conditions. We observed that while both T.
euproctidis and B. tarsalis reduced the T. solanivora populations (with an efficacy of 82.95
+ 7.32% and 49.06 * 2.69%, respectively) and the number of mines per tuber, only B.
tarsalis resulted in undamaged tubers (65%). For this reason, the mite was selected and
tested in storage conditions, obtaining promising results in the protection of infested
tubers, suggesting potential for further investigation, adaptation and standardization of its
use in real conditions.

Keywords: Storage; predator mite; egg parasitoid; Solanaceae; Lepidoptera; integrated pest
management.
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Resum

Tecia solanivora (Povolny 1973), és una plaga de quarantena en I'Europa. Fou identificada
en Guatemala el 1970, des d'on es va disseminar al llarg del Centre i Sud-américa, aplegant
alesllles Canaries I'any 1999 i I'Espanya peninsular el 2015. Esta plaga esta causant perdues
econdmiques inassumibles tant en camp com en magatzem, on poden suposar la pérdua
total de la collita. L'abséncia de tractaments fitosanitaris autoritzats en este ambit ha
comportat I'estudi de solucions alternatives com I’is de I'acar depredador d’ous Blattisocius
tarsalis (Berlese 1918) i del parasitoide d’ous Trichogramma euproctidis (Girault 1911).
Investigacions previes de laboratori han confirmat el potencial d'ambdds enemics naturals
per al seu possible Us en magatzems a temperatura ambient, normalment entre els 15i 20
°C. En el present treball, hem comparat la eficacia dels dos agents de control biologic en
condicions de semi-emmagatzematge i hem observat que si bé tant T. euproctidis com B.
tarsalis redueixen les poblacions de T. solanivora (amb unes eficacies del 82,95 + 7,32% i el
49,06 + 2,69%, respectivament) i el nombre de galeries, sols I'acar depredador va aconseguir
obtindre tubercles sans (65%). Per esta rad I'acar va ser seleccionat i assajat en condicions
d'emmagatzematge obtenint resultats reeixits en la proteccio dels tubercles, suggerint per
tant potencial per futures investigacions en les quals s'haura de procedir a la adaptacid i
estandarditzacio del seu Us en condicions reals.

Resumen

Tecia solanivora (Povolny 1973), es una plaga de cuarentena en Europa que fue identificada
en Guatemala en los afos 70, disemindndose a lo largo de centro y Sudamérica, llegando a
las Islas Canarias en 1999 y alcanzando el territorio peninsular espafiol en 2015. Esta plaga,
causa pérdidas econdmicas inasumibles tanto en campo como en almacén, donde las
mismas pueden suponer el 100% de la cosecha. Ante la ausencia de productos fitosanitarios
autorizados para estas instalaciones, se estd estudiando el uso del dcaro depredador de
huevos, Blattisocius tarsalis (Berlese 1918), y el parasitoide de huevos, Trichogramma
euproctidis (Girault 1911). En este sentido, los estudios previos de laboratorio ya han
confirmado su potencial para su posible aplicacion en almacenes no refrigerados,
habitualmente con temperaturas entre 15 y 20 °C. En el presente trabajo, primero se
compard la eficacia de los dos enemigos naturales bajo condiciones de semialmacén y se
observd que si bien ambos candidatos, T. euproctidis and B. tarsalis redujeron la poblacion
de T. solanivora (con eficacias del 82.95 + 7.32% y 49.06 + 2.69%, respectivamente) y el
numero de galerias, solo B. tarsalis proporciono tubérculos sanos (65%). Por esta razon, el
acaro fue seleccionado y puesto a prueba en condiciones de almacenaje real donde mostré
buenos resultados que sugieren su potencial para futuras investigaciones de adaptacion y
estandarizacién de su uso en condiciones reales.
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1. Introduction

Tecia solanivora (Povolny 1973) (Lepidoptera: Gelechiidae), commonly known as the
Guatemalan potato moth, is native to Guatemala and was reported for the first time in 1956
(Villanueva et al., 2013). Its spread has occurred mainly through the illegal trade and
shipment of seed potatoes and tubers to several countries in Central and South America
(Puillandre et. al., 2008). In 1999, the moth arrived in Tenerife (Spain) from Venezuela, and
then spread to all the Canary Islands, from where is assumed it arrived in continental Spain,
specifically in Galicia (2015) and Asturias (2017), i.e., the pest arrived in Europe (Puillandre
et al. 2008).

Currently, the Guatemalan potato moth is the main pest on potato crops in the Canary
Islands. It produces severe damages and high harvest losses, =50% in the field, and even
100% in storage facilities (Trujillo and Perera 2011). Due to its severity and to prevent its
spread throughout Europe, T. solanivora was declared a quarantine pest in 2006 by the
European Union. Eradication programs have been established in Galicia and Asturias (Spain)
since 2015 and 2017, respectively, but because of the large implantation of this pest in the
Canary archipelago at this moment, it was assumed to be not eradicable there (RD
197/201).

In the field, unlike other moths, the T. solanivoralarvae do not feed on the leaves or
stems of the plant. The adult females lay their eggs in the irregularities and crevices of the
soil, near the stems. When the eggs hatch, the larvae migrate to the tubers and begin
feeding on them, where they are protected from phytosanitary treatments (Herrera 1998).
During harvest, the eggs laid on the potatoes, as well as the first instar larvae, are difficult
to distinguish from soil particles by the operator in charge of discarding infested tubers.
Thus, frequently, these tubers bearing eggs/young larvae enter the warehouses and arrive
at the market (Lobo et al. 2021).

In warehouse facilities, substantial losses occur due to favorable environmental
conditions for the proliferation of the Guatemalan potato moth. The low temperatures
favor egg laying, which can reach 311 eggs along adult life at 15 °C, and the darkness favors
the activity of the adult moths (Gavara et al. 2023a, Kroschel et al. 2013). In addition,
potatoes are stored unprotected. Unfortunately, during storage, options for chemical
control of the Guatemalan potato moth are limited because most insecticides are not
allowed to be applied just before potatoes are placed on the market as this would render
them unsafe for human consumption. Presently, no pesticides are registered to control this
moth in storage (Lobo et al. 2021; MAPA 2023d). Therefore, research efforts are now
focused on finding effective natural enemies of T. solanivora (Piedra-Buena et al. 2019,
Osorio et al. 2021).
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On this subject, Sola (2017) reviewed papers focused on the use of natural enemies
for biocontrol in storage facilities. She found the most studied organisms are parasitoids
(51%), followed by entomopathogens (21%), and the smallest group is predators (18%). In
all cases, most of the studies were performed exclusively under laboratory conditions.
Concerning parasitoids, the most studied species are in the families Pteromalidae and
Braconidae, followed by Bethylidae, Ichneumonidae and Trichogrammatidae.

Several entomopathogenic organisms have been tested against the Guatemalan
potato moth, e.g., the fungi Beauveria spp., but these organisms showed very low potential
in laboratory studies (Villamil et al. 2013); some strains of the bacterium Bacillus
thuringiensis (Berliner 1915) showed good result under laboratory conditions, but it has not
been tested against the pest in warehouses (Rojas-Arias et al. 2013). For its part, the virus
Phthorimaea operculella-granulovirus (PhopGV) has been tested in experimental conditions
in warehouses with promising results (Goémez-Bonilla et al. 2013), but unfortunately, the
use of this natural enemy is not authorized in Spain.

In the case of predators, works mainly focused on mites, such as species in the genus
Blattisocius, e.g., B. dendriticus (Berlese 1918), B. keegani (Fox 1947), and B. tarsalis (Berlese
1918), and also on heteropterans, mainly anthocorids (Sola, 2017). The use of predators and
parasitoids on T. solanivora has received little attention and there are few papers available.
However, several advantages of their application in storage facilities have been pointed out:
once released in a storage facility, many biological control agents can maintain their
population as long as there are available hosts, and they are often small and can feed on
pests in the deep areas of stacked products. Furthermore, unlike chemicals, which must be
carefully applied to fill the entire storage area, natural enemies can be released in a single,
small area and are easily removed with normal cleaning routines. Nevertheless, the use of
natural enemies requires more information about their biology and careful timing than
traditional chemical insecticides (Scholler et al. 2006). On this matter, Osorio et al. (2001),
proposed the use of two generalist predators, the heteropterans Lyctocoris campestris
(Fabricious 1794) and Buchananiella contigua White (1880), based on laboratory
experiments. Rubio et al. (2004) tested Trichogramma lopezandinensis (Sarmiento 1993)
under semi-storage conditions, a Trichogramma species not present in The Canary Islands
(Biota Database, https://www.biodiversidadcanarias.es (accessed on 21 November 2023).
Gavara et al. (2022, 2023) tested the parasitoid Trichogramma euproctidis and the predator
mite Blattisocius tarsalis in laboratory conditions. Predators and parasitoids are usually
specialized in certain developmental stages of the target host or prey. In this case, both
natural enemies are egg specialists (Haines 1987, Scholler et al. 2000, Cherif et al. 2021).
This is an advantage because the larvae die before hatching, which is crucial as it prevents
the larvae from feeding and protects the tubers (Gavara et al. 2023b). The authors found
that both T. euproctidis and B. tarsalis have a high potential to be tested against T.
solanivora in the non-refrigerated conditions of smallholder potato storage (usually
between 15 and 20 °C).
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In the present work, therefore, B. tarsalis and T. euproctidis were tested in
microcosms, semi-storage and storage conditions, following up the laboratory assays, with
the aim to select and apply the most effective biocontrol agent against T. solanivora.

2. Materials and Methods
2.1. Insect Rearing

The primary individuals for the establishment of the Tecia solanivora culture were
collected from local populations on the island of Tenerife. In the rearing process, 20 to 25
pupae were placed in a set of plastic glasses (d1=11.5cm, d2=7.5cmh=15,cm;v=1L),
the openings of which were covered with gauze tied with rubber bands and filter paper for
oviposition. The gauzes were moistened with a solution of water and honey, mixed at 50%,
using a paintbrush as a food source. The colonies were kept in climatic chambers under
controlled conditions (20 °C, 70% RH, darkness). To ensure that eggs were not more than
24 h old, filter paper with fresh eggs was changed daily during the tests.

Trichogramma euproctidis was obtained as part of the natural enemy collection
program in potato crops carried out by the Canarian Institute of Agricultural Research
(Instituto Canario de Investigaciones Agrarias, ICIA). Rearing was performed with Ephestia
kuehniella (Zeller 1879) host eggs in Falcon™ tubes (v = 50 mL) with modified covers with
stainless steel meshes. The culture was maintained at 20-25 + 1 °C, 60-65% RH, 16L:8D
conditions. Parasitoids were fed on a thin line of honey placed on the walls of the tubes.

Tecia solanivora and T. euproctidis were reared by the company Agrobiologica S.L.
(located at the Canarian Institute of Agricultural Research through a collaboration
agreement), which regularly provided the insects needed for the experiments. The colonies
were started at the beginning of 2021.

The original colony of B. tarsalis was provided by the Agricultural Entomology
Laboratory at the University of Almeria, where the mite was collected and identified from a
fortuitous infestation in a laboratory Ephestia kuehniella culture. Rearing was established
in 2019, in the laboratory of the Plant Protection Unit of the Canarian Institute of
Agricultural Research. In 15 x 20 cm plastic containers with a layer of vermiculite, the mite
colony was maintained and propagated (25 + 1 °C, 70% RH, darkness). The brood was fed
three times a week with T. solanivora eggs supplied by BioAgrolLogica SL.
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2.2. Microcosm 15 °C

Following an adaptation of Gallego et al. (2020b)’s methodology (Fig. 1), two
bioassays were carried out, one at low infestation and another at high infestation level. In
each of them, four treatments were applied that consisted of the following release
densities: 0 (Control), 5 mites, 10 mites and 20 mites. The number of replicates per
treatment was four.

1. Potatoes were washed and air-dried. Next, were infested with 2. Each potatoes’ group was introduced in a \

T. solanivora eggs in groups of three: container with 15 g vermiculite.
16 groups with 10 eggs each one (low infestation level). Mite treatments
16 groups with 50 eggs each one (high infestation level).

3 Densities
LY j 4 O
&
! f Climatic o 0
[’ . chamber - B. tarsalis - 2
E : ; .
4 50 days /

P T=15°C
B RH=70%
¥ L:D =16:8

4, Counting of surviving individuals
(larvae, pupae and adult moths)

3. Releases of the four B. tarsalis densities were
carried out in the corresponding containers of both
assays (low and high infestation level).

Figure 1. Summary steps of microcosm assay.

First, 15 g of vermiculite (pupation substrate) was added to the bottom of 32
cylindrical containers (di= 10.5 cm, h=19 cm; v=1 L), and 10 ml of distilled water was
added to maintain humidity and favor egg hatching.

Next, 48 potatoes (cv. Slaney, size 60x7560x75 mm) were infested in groups of three
with T. solanivora eggs (not older than 24 h) to simulate two levels of infestation: a low level
of 10 eggs/group (divided between the three potatoes) and a high level of 50 eggs/group
(divided between the three potatoes). The eggs were spread in groups of 3—10 on the
potato skin, on the irregularities or ‘eyes’ of the tubers, using a moistened brush. The groups
of infested potatoes were then carefully placed in each container of their respective
treatment.

Once the infested tubers were placed in the containers, B. tarsalis releases (unsexed

adults) were carried out (5, 10 and 20 individuals), each in its respective treatment, and
replicated at both infestation levels.
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Finally, the plastic containers were sealed with pieces of muslin and rubber bands and
placed in a climatic chamber (15 = 1 °C, 70% RH) for 50 days. At the end of this period, the
surviving larvae, pupae and adults of each treatment were counted and a second count was
made 10 days later.

For statistical analysis, the data were tested for homogeneity of variance (F-test,
Levene test) and normal distribution of residuals (Shapiro—Wilk test). For the high density
(50 eggs), both parameters were confirmed and the means of each treatment were
compared by ANOVA test using the GLM procedure Tukey’s test at p = 0.05. In the case of
low density (10 eggs), the data did not pass the normality test so were analyzed by a
generalized linear model (GLM) using the Poisson distribution function and the log linear
link function. In both cases, the analyses were carried out using IBM™ SPSS™ version 25
software. Finally, the efficacy was corrected with respect to the control with the modified
Abbott equation (Robertson et al. 2009):

EP = (M_—M) x 100
100 — M’

where EP (%) = Efficacy percentage (correcting efficacy by the natural mortality), M
= mortality rate in the treatment (Mite) and M’ = mortality rate in the check (control).
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2.3. Semi-Storage

2.3.1. Experimental Procedure

In a cold chamber (17 °C, RH 60%, 0L:24D), 12 buckets (d =17 cm,d=24cm,v=71)
with 20 potatoes tubers cv. Slaney (62x73.562x73.5 mm), previously washed, air-dried and
numbered, were put over 1 cm of vermiculite as pupation subtract. Three treatments were
carried out (control, B. tarsalis and T. euproctidis), each with four replicates (Fig. 2).

1. Cleaning, drying and numbering of the 2. Deposition of the pupation substrate 3. Tecia solanivora release (five couples
potatoes (vermiculite) and the potatoes. per replicate)

Ak |
—
%

S i -

4. Climatic room at 17°C, 65% HR
6. Survivors, mines and undamaged 5. B. tarsalis and T. euproctidis in darkness.
tubers counted. releases.

Figure 2. Summary steps of semi-storage assay.

Initially, 100 pupae (50 males and 50 females) of T. solanivora were sexed and when
adults emerged, the most apparently healthy 40 males and females were selected. In all
replicates of treatments, five couples (male and female) of moths were released and the
buckets were sealed with a piece of fine muslin tied with a rubber band. After four days,
360 individuals (based on Gavara et al. (2022) results) of B. tarsalisand 120T.
euproctidis (based on Gavara et al. (2023) results) females were released in each replicate
of their respective treatments.

After the release, the activity and development of moths and both natural enemies were
allowed for 40 days. The muslin was then removed from the buckets and the infested
potatoes were counted and carefully cut into thin slices to count surviving larvae, pupae
and adults of T. solanivora. Healty-seeming tubers were returned to their respective
buckets, which were again sealed with muslin, and left in the cold chamber for 10 additional
days. At the end of this period, the potatoes were inspected again as described above.
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2.3.2. Release Preparation of Natural Enemies

Based on the sex ratio of T. euproctidis obtained by Gavara et al. (2023), the release
procedure of this parasitoid consisted of cardboard with 150 T. solanivora parasitized eggs
of 7-8 days of age (at 25 °C) per replicate of each treatment.

For B. tarsalis treatment, the mite-rearing container was shaken to homogenize the
mite population within the vermiculite. Then, 20 samples (1 g each) were observed under a
magnifying lens over a gridded petri dish, and mites were counted. The obtained average
of mites per gram of vermiculite was used to obtain the weight of vermiculite needed to
release 360 mites in each replicate of B. tarsalis treatment. The calculated average was 23.7
+ 1.2 B. tarsalis individuals g-1-1, so 15.2 g of rearing vermiculite was applied in each
replication of the treatment.

2.3.3. Statistical Analysis

The experimental design was univariate and completely randomized, with only one
factor—the presence of natural enemies—in three levels: Control (without natural
enemy), T. euproctidis and B. tarsalis. The obtained mean values for the number of
surviving T. solanivora, number of mines per tuber, and undamaged tubers percentage of
the three treatments were compared using ANOVA test applying the GLM procedure by
Tukey’s test (p = 0.05), with previous confirmation of the homogeneity of variance (F test,
Levene test) and the normal distribution of residuals (Shapiro—Wilk test). These analyses
were performed with the statistical software IBM™TM SPSS™ version 25.

2.4 Storage

The assay was carried out in two cold chambers with the same environmental
conditions (16.58 £+ 1 °C, 74.91 + 5% RH, 0L:24D): one chamber for the Control treatment
and another one for the Mite treatment. Each treatment consisted of nine stacked boxes
(55 cm x 33 cm, h = 31 cm) containing 25 kg of potatoes (45 x 60 mm, cv Druid) with 10
numbered tubers. The numbered tubers were infested with 20 T. solanivora eggs (not older
than 48 h) using a paintbrush moistened with distilled water. The infested tubers were
placed in three different positions in the three boxes of each replicate: top, middle, and
bottom as is shown in Fig. 3.

Prior to stacking, 1315 individuals of B. tarsalis were released in each box of the Mite
treatment. The mite sample was collected using the same method as described in the
section “Preparation of natural enemies for release” of the semi-storage test: an average of
69.1 + 4.1 (=70) B. tarsalis individuals g™! was obtained. Therefore, 19 g of mite-rearing
vermiculite was added to each box to obtain 1315 mites.
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1. Preparation of potatoes, numbering and infestation 2. Mite release (1315 individuals per crate) and

of 10 potatoes with 20 eggs of 7. solanivora: 9 control potato storage was maintained for 30 days at 17 °C.
and 9 treatment boxes.

3. Placement of infested potatoes among 25 kg 4. Collection and transfer of infested potatoes
of healthy potatoes at different heights in plastic to mesh bags.
boxes.

5. Counting of undamaged tubers and mines.

Figure 3. Experimental design of treatments in the storage assay: In 3, “*” indicates the
location of the ten infested tubers in the fruit plastic boxes (up, middle or bottom).

After the release of B. tarsalis, the development of T. solanivora eggs and the
predatory activity of the mites were allowed to occur for 30 days under the experimental
conditions. Numbered potatoes from all replications of both treatments (Control and Mite)
were then collected and placed in pre-labelled clothing bags. These bags were kept in a
climate chamber at 25 °C, 70% RH and 0L:24D for one week to complete the development
and emergence of the surviving larvae from the infested potatoes. Finally, the potatoes in
each net bag were examined and the number of infested and healthy tubers and their
number of mines was counted.

For the number of mines per tuber, the statistical analysis first checked normality and
homogeneity using the Shapiro and Levene tests, respectively. Then, the ANOVA test with
GML procedure with one factor at two levels (Control and Mite) was applied to compare
the mean values with Tukey’s test (p = 0.05). The analysis of the percentage of undamaged
tubers was carried out using the Omnibus test (p = 0.05). The statistical analysis of the Mite
treatment position was supported by the Kruskal-Wallis test with one factor on three levels:
Top, Center and Bottom.
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3. Results

3.1. Microcosm 15 °C

Both at the low (10 eggs, Fig. 4A) and high (50 eggs, Fig. 4B) prey infestation levels, a
significant effect of mite presence was observed comparing the number of surviving T.
solanivora in Control vs. Mite treatments infestation (Omnibus test, X2=161.42,df =3, p <
0.001 at 10 eggs and F3,2 =13.38; p < 0.001 at 50 eggs).

A Low infestation level (Density: 10 eggs)

2 1.
-‘Z’J’Kfﬁil I\/Ilgrglltlf; 2omites

" High infestation level (Density: 50 eggs)

E » b f 7 b 60 E

g 10 % 20 =

M Survival Mortality

Figure 4. Mean values of surviving eggs (+SE) and mortality rate (+SE) at the infestation
levels of 10 (A) and 50 (B) T. solanivora eggs, and doses of 0, 5, 10 and 20 mites. Different
letters denote significant differences (Omnibus test, p = 0.05 (A); one-way ANOVA, Tukey
test, p = 0.05 (B)).

103


https://www.mdpi.com/2073-4395/13/12/2927#fig_body_display_agronomy-13-02927-f004
https://www.mdpi.com/2073-4395/13/12/2927#fig_body_display_agronomy-13-02927-f004

CHAPTER 1I-B

At both infestation levels no differences were found between B. tarsalis densities (p >
0.05 at all densities). The efficacies obtained for mites assayed densities (5, 10 and 20) for
10 eggs infestation were 92.85 + 7.14%, 100.00 + 0.00% and 100 * 0.00%, respectively. The
efficacies at high infestation levels were 50.28 + 13.20% for 5 mites, 52.30 + 7.94.53% for
10 mites and 71.02 £ 4.64% for 20 mites.

The number of surviving T. solanivora and their corresponding mortality rate at low
and high infestation levels when exposed at the densities of 5, 10 and 20 B. tarsalis mites is
shown in Fig. 4.

3.2. Semi-Storage

3.2.1. Survival of T. solanivora

The statistical analysis showed highly significant differences for both natural enemies’
treatments, B. tarsalis and T. euproctidis, with respect to Control in the number of
surviving T. solanivora (F2,9= 177.64, p < 0.001). The Mite (B. tarsalis) treatment showed a
significantly lower mean value of surviving T.  solanivora compared toT.
euproctidis treatment (F2,9 = 177.64; p < 0.001), with efficacies of 82.95 + 7.32% and 49.06
+2.69%, respectively (Fig. 5).
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Figure 5. Mean number of surviving T. solanivora (xSE). Different letters indicate significant
differences (one-way ANOVA, Tukey test, p = 0.05).

104


https://www.mdpi.com/2073-4395/13/12/2927#fig_body_display_agronomy-13-02927-f004
https://www.mdpi.com/2073-4395/13/12/2927#fig_body_display_agronomy-13-02927-f004

CHAPTER 1I-B

3.2.2. Tuber Damage

The number of mines per tuber showed the same pattern as the number of
surviving T. solanivora. Both natural enemies, B. tarsalis and T. euproctidis, showed
significant differences compared to the Control treatment (F29 = 27.29; p < 0.05), with a
lower significantly mean value for B. tarsalis with respect to T. euproctidis (F2,9=27.29; p <
0.05) (Fig. 6A).

(A) 5 (8)
80
a
15 o
™ 60
3 »
£ -
o
g E
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2 °
E- 10 § 40
[’ £ a
g 'g
— c
= D
5 20
c
0 0

Control T. euproctidis B. tarsalis Control T. euproctidis

Treatment Trestment

Figure 6. Mean number of mines per tuber (+SE) (A) and mean percentage of undamaged
tubers (£SE) (B). Different letters indicate significant differences (one-way ANOVA, Tukey
test, p = 0.05)

The analysis of undamaged tubers (Fig. 6B) showed that only B. tarsalis treatment
obtained significant differences respect to the Control (F2,9= 14.80; p = 0.001), while T.
euproctidis did not (F2,9= 14.80; p = 0.39), but it showed significant differences respect to B.
tarsalis (F2,9=5.21; p = 0.30).
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3.3. Storage

Statistical analyses showed that the mean number of mines per tuber (Fig. 7A) and
the percentage of undamaged tubers (Fig. 7B) were significantly different in the B.
tarsalis treatment compared to the Control (F1,14=46.31; p <0.001, and Omnibus test, X2 =
40.34; df = 1; p < 0.001, respectively). On the other hand, the analysis of the effect of the
position (Top, Center and Bottom) on tuber damage in the B. tarsalis treatment revealed
that position did not affect mite efficacy (F2,6=1.22; p > 0.05).
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Figure 7. Mean number of mines per tuber (+SE) (A) and mean percentage of undamaged
tubers (£SE) (B) of Control and Mite (B. tarsalis) treatment at storage conditions. Different
letters denote significant differences (one-way ANOVA, Tukey-test, p = 0.05 and Omnibus
test, p = 0.05; respectively).
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4. Discussion

In the present work, the predator B. tarsalis and the parasitoid T. euproctidis were
evaluated under microcosm, semi-storage and storage conditions to determine which of
the two natural enemies was most effective in reducing populations and postharvest losses
caused by the Guatemalan potato moth.

The potential of the predator mite was analyzed previously, under laboratory
conditions, in the work of Gavara et al. (2022). This author pointed out that B. tarsalis would
be unable to provide a successful biological control of the pest in big refrigerated store
facilities (5-12 °C) due to the low predation efficacy obtained at 10 °C. Moreover, it is in
agreement with the very low activity and development showed at low temperatures in
previous works by other authors (Nielsen 1999 and 2001). Nevertheless, it could be used in
non-refrigerated stored conditions, where the temperature range is usually between 15 and
20 °C, in the Canary Islands.

Concerning T. euproctidis, it was considered a good candidate as a biological control
agent for T. solanivora under storage conditions by Gavara et al. (2023), who confirmed its
parasitizing capacity in darkness conditions and the constant parasitism activity in the range
of 15-27 °C, with the maximum parasitism at 20 °C. Therefore, T. euproctidis would find
suitable conditions for parasitism at the usual parameters of non-refrigerated warehouses.
Our semi-storage assay showed that T. euproctidis reduced surviving T. solanivora by
around 50%. However, the parasitoid did not avoid tuber damage, while B. tarsalis reduced
the Guatemalan potato moth population by 80% and protected 65% of potatoes. These
results suggested that the predator mite is the best bio-agent for pest control of T.
solanivora. Solano-Rojas et al. (2022) applied the same experimental method to compare
the efficacy of Trichogramma cacoeciae (Marchal 1927) and B. tarsalis mali (Oudemans
1929) against the tuber moth Phthorimaea operculella (Zeller 1873) and also obtained
higher moth mortality with the mite than with the parasitoid. We observed that in all
treatments, especially in the control and T. euproctidis treatments, most of the infested
tubers were located in the middle and bottom layers, those in contact with the walls and
ground of the buckets. This is in agreement with the observations by Torres (1998) who
indicated that, under storage conditions, T. solanivora prefers to lay its eggs underneath the
tubers, in the areas in contact with the floor or other surfaces, where it is more difficult for
natural enemies to gain access. Searching efficiency has already been identified as a key
criterion for the success of biological control, likely more relevant than the rate of intrinsic
rise in natural enemies (Van Alebeek, 1996; Schéller et al. 2000). Our results suggest that T.
euproctidis would have a low foraging ability to detect T. solanivora eggs and go inside gaps
between tubers to descend to the layers below. Gavara et al. (2023) also found no
differences in the number of undamaged tubers for T. euproctidis compared to the control
under semi-field conditions. It is known that the scales that adult hosts leave on eggs induce
kairomonal activity in several parasitoid species, such as Trichogramma species (Murali-

107



CHAPTER 1I-B

Baskaran et al, 2018). As a possible explanation, they pointed to the T. euproctidis’ poor
ability to detect T. solanivora egg kairomones. It could be hypothesized that this may also
occur under stored conditions, but further studies would be required in this regard. The low
searching efficiency showed by the parasitoid entails increasing the number of individuals
in the release density would not significantly improve the results. For this reason, T.
euproctidis was discarded and only B. tarsalis was evaluated under storage conditions.

Based on non-refrigerated facility’s temperature range, a first assay to test the mite
activity was carried out at 15 °C under microcosm conditions. In this case, B. tarsalis reached
its maximum mortality rate at the minimum release of five mites at both infestation levels
(10 and 50 eggs, Fig. 7). The efficacy of B. tarsalis against T. solanivora under microcosm
conditions has already been tested at 25 °C in previous work of Gavara et al. (2022), where
similar results of efficacy were obtained at all mite densities at the low infestation level (10
eggs, =100%). However, at the high infestation level (50 eggs), compared to 25 °C, the
efficacy of B. tarsalis in our experiments was lower: 50.28 + 13.20%, 52.30 + 7.94% and
85.77 + 4.64% compared to 67.02 + 13.53%, 82.29 + 5.77%, and 98.52 + 1.48% (for the
densities of 5, 10 and 20 mites, respectively). These results denote the increase in the
predator activity of B. tarsalis with temperature. This could be an advantage in non-
refrigerated storages, subjected to changing temperatures, in which the control of the pest
would be enhanced.

Although temperature is known to be one of the most important factors in predator—
prey relationships, the coexistence of several predators in the same habitat, exploiting and
sharing the same resources, can lead to intraspecific competition, which can also be
detrimental to the biological control of a pest (Rall et al. 2022; Gavara et al. 2021,
Schausberger 2021). In this regard, our results did not show any negative effect on efficacy
with the increase in the number of released mites.

In the semi-storage test, B. tarsalis showed good efficacy at high levels of infestation.
This result was expected, as the trial was conducted under controlled conditions where the
mites were confined to containers and had no choice but to move and feed on the moth
eggs. However, in real commercial conditions, visual inspections are carried out during
harvest prior to storage, resulting in the detection and removal of a proportion of infested
potatoes. Consequently, the presence of infested potatoes should be relatively low, making
it more difficult for the mites to find moth eggs.

Remarkably, in the storage test, B. tarsalis showed satisfactory efficacy even at very
low infestation levels. It effectively reduced tuber damage (number of mites) by 50% (as
shown in Fig. 6), and this level of protection was consistently achieved throughout the
volume of the plastic boxes. This underlines the ability of the mite to move between tuber
stacks, efficiently finding T. solanivora eggs. Consequently, its efficacy can be increased with
higher release densities. However, it is important to remember that actual infestation levels
are typically higher than those tested, and as the semi-storage test results showed, B.
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tarsalis tends to perform even better under higher infestation conditions. Based on our
results, a future application of B. tarsalis mites for biological control of the pest would
require the study of different mite densities under real conditions. The need for additional
mite releases, especially in long-term storage, should also be evaluated. Another critical
aspect to consider is the timing of the release (Flinn et al. 2012). In this case, B.
tarsalis should be applied as soon as possible after harvest to prevent hatching of the eggs.

The use of B. tarsalis should also consider the safety measures to be taken by the
farmer or operator during the mite release process to avoid the occurrence of allergies and
diseases associated with high concentrations of mites in enclosed spaces, particularly
warehouses (Mullen et al. 2012).

The choice of the storage system plays a crucial role in the use of natural enemies
(Scholler et al. 2000). Although B. tarsalis was studied in storage boxes in this study, it is
worth noting that potatoes are often stored in burlap sacks. In this scenario, despite the
presence of holes that facilitate the passage of mites, it may be necessary to adapt the
application method to the specific characteristics of the sack-based storage system.

It is important to emphasize that the use of a biocontrol agent such as the B.
tarsalis mite is only a tool within an integrated pest management approach. In this context,
it is important to recognize that B. tarsalis primarily targets the eggs and cannot reach the
inside part of the potato where the larvae develop. Therefore, it remains imperative to
maintain cultural practices such as routine inspection and removal of infested tubers from
the crop.

5. Conclusions

Evaluation of the parasitoid T. euproctidis and the predatory mite B. tarsalis at semi-
storage conditions showed that the parasitoid was ineffective, failing to produce intact
tubers even when the T. solanivora population was low. In contrast, B. tarsalis showed
promising results under storage conditions, suggesting potential for further investigation.
Adaptation and standardization of its use in real conditions should be prioritized. In
addition, the performance of predatory mites in alternative storage systems warrants
further investigation. Finally, the economic viability of mass rearing and mite application
should be analysed.
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General discussion

The present work aims to select new biocontrol agents as tools for integrated pest
management of the Guatemalan potato tuber moth, T. solanivora. The potential application
of the parasitoids T. achaeae and T. euproctidis under field and storage conditions is
evaluated in Chapter 1. Chapter 2, studies the potential of natural enemies B. tarsalis and
T. euproctidis under storage conditions. This chapter is divided into: Chapter 2A, laboratory
analyses to determine the suitability of B. tarsalis as a biocontrol agent for storage
conditions, and Chapter 2B, testing of the two natural enemies under semi-storage
conditions, followed by the testing under storage conditions of the most effective of the
two.

Tecia solanivora is an invasive pest whose management is very complex. Almost its
entire biological cycle occurs under the soil and inside the tuber, which offers protection to
the pest, and the adult stage is the only moment in which it is exposed (Introduction: 3.2
Biology and Ecology). When no management strategies are applied, harvest losses can
reach around 50% in the field and 100% in warehouses (Trujillo and Perera 2011). Cultural
measures aim to reduce the pest population in the field during the growing cycle to prevent
harvest losses (Introduction: 5.1 Cultural control measures). These measures are combined
with pheromone traps (Introduction: 5.2 Biotechnical control measures), which can
significantly reduce harvest losses. Nevertheless, pest damage frequently causes
unacceptable economic losses (Trujillo and Perera 2011). In addition, currently there is a
lack of effective phytosanitary treatments to be used in the field or approved for storage
(Trujillo and Perera 2017, MAPA 2023c). Given this situation, research into biological control
agents has become particularly important. In this regard, the study of oophagous natural
enemies, as is the case of T. achaeae, T. euproctidis and B. tarsalis, is of particular interest
for the biological control of the Guatemalan potato moth, as they prevent egg hatching.
Once the eggs hatch, the larvae migrate to the soil, making it difficult to remove them before
they enter the tubers, where they are protected. Therefore, the use of oophagous biocontrol
agents removes the pest before the potatoes are damaged.

In Chapter 1, an experimental methodology was applied to analyze and monitor the
four basic steps in the parasitoid selection process: host habitat location, host location, host
acceptance and host suitability (Vinson, 1976). As both Trichogramma species are obtained
from local potato crops, it can be assumed that the habitat location is appropriate for field
conditions. However, it would not be the same for storage conditions, where the parasitoids
are exposed to an artificial environment.

For the next step, host acceptance, it should be taken into account that the presence
of an alternative host of a target pest can reduce the efficacy of the parasitoid. In the Canary
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Islands, mixed infestations of T. solanivora and the common potato tuber moth, P
operculella, are common. Hence, a host acceptance study was carried out using non-choice
and choice assays of T. achaeae and T. euproctidis against eggs of the two potato moths. Our
experiments showed that both parasitoids had a good acceptance on both moths, with a
strong preference for T. solanivora eggs. Regarding T. euproctidis, it showed higher
parasitism levels than T. achaeae against T. solanivora, P. operculella and a mixture of both
moths (Chapter 1, Fig. 3 and 4). These results are consistent with previous observations
pointing out that several factors (egg age, chorion thickness and hardness, etc.) are involved
in the target preference of Trichogramma spp. This parasitoid usually selects the largest
available host, as was the case in our study: about 0.53 x 0.41 mm for T. solanivora eggs
compared to 0.50 x 0.35 mm for P. operculella eggs (Mackauer et al. 1993, Mansfield et al.
2004, Samara et al. 2011, Kroschel et al. 2013, Martinez et al. 2019, Myint et al. 2022). The
preference results obtained are interesting because, under real conditions, P. operculella
eggs are more accessible on leaves than T. solanivora eggs laid in the soil. Further studies
under field conditions would be required to determine if the parasitoid shows a preference
for larger eggs and thus might choose T. solanivora eggs.

Host suitability is concerned with biological factors related to the development of the
parasitoid in the potential host, i.e. survival, parasitism rate, offspring sex ratio and
emergence. The functional response is also a fundamental factor in understanding host
interactions and is one of the main influences on the stability of the system. All these factors
are strongly affected by temperature (Oaten and Murdoch 1975, Berryman 2009, Andrade
et al. 2011, Samara et al. 2011, del Pino et al. 2020). For the study of suitability and
functional responses, studies were performed at temperatures of 15, 20, 25 and 27°C. The
test results revealed greater preliminary potential of T. euproctidis as a biocontrol agent than
T. achaeae, as it obtained the highest egg parasitism capacity and maintained a type llI
functional response at all the temperatures tested (Chapter 1: Fig. 7, Tab. 1, respectively).
Trichogramma achaeae maintained a type Il response, except at 27°C, where it showed type
lIl (Chapter 1: Tab. 2). Type lll is considered the best behavior to obtain a successful
biological control of pests. In theory, it is the only response that can achieve a direct density
dependence at a low population host level and stabilize the host-parasitoid system (Rincon
1999). One possible cause for the observed parasitization behaviour of T. euproctidis in
relation to T. achaeae is the lower egg manipulation times (Th), which ranged from 0.0372
to 0.0418 days for T. euproctidis compared to 0.0540 to 0.0845 days for T. achaeae. This
behavior gives the parasitoid more time to seek and find more host eggs. In particular,
handling time was previously identified as an important factor in parasitization by
Trichogramma species (Pak et al. 1986).

Our results show that temperature does not impact fecundity or female offspring,
with the only exception being T. achaeae at 27°C, where the number of females was higher.
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Different conclusions on the effect of temperature have been mentioned in previous works
(Andrade et al. 2011, Bari et al. 2015, del Pino et al. 2020, Tabebordbar et al., 2020), perhaps
indicating a greater influence of the parasitoid-host species relationship than temperature.
Both parameters, fecundity and sex ratio, exceeded the minimum values of 50% and 80%
recommended by the I0BC for biological control parasitoids (Chapter 1: Fig. 8 and Tab. 5)
(Van Lenteren et al. 2003).

Despite the better results of T. euproctidis for most of the biological parameters
analyzed in the laboratory trials, this species did not reduce T. solanivora populations or
prevent tuber damage under semi-field conditions. Nevertheless, T. achaeae reduced the
pest population, reaching an efficacy of about 50% and yielding 20% of undamaged tubers
(Chapter 1: Figs. 10 and 11). This low search ability of T. euproctidis in relation to T. achaeae
could be explained by a low stimulus in response to the kairomones of T. solanivora eggs, as
reported for other species and habitat conditions for this group of egg parasitoids (Murali-
Baskaran et al. 2018). Thus, only T. achaeae has emerged as a potentially effective biocontrol
agent for testing under field conditions. Higher densities of the parasitoid should be
evaluated, and more releases should be taking place in order to improve its efficacy,
especially at the beginning of the tuberization period.

In contrast to the semi-field conditions, the illumination assays showed the inability
of T. achaeae to parasitize in the dark, compared to T. euproctidis, which maintained its
parasitism capacity in both light and dark conditions (Chapter 1: Fig. 9). These results
suggest that T. achaeae is not suitable for storage conditions, and that T. euproctidis has the
potential to be evaluated under storage conditions.

Regarding the suitability of the mite B. tarsalis, it is known that temperature is one of
the most important factors in the predator-prey relationship. It is particularly important to
pay attention to storage conditions for the biological control of this pest, as it affects the
biological efficacy of both organisms (Nielsen 1999, 2001; Rall et al., 2010) (Chapter 2A:
Introduction). In our bioassays, B. tarsalis maintained its predatory activity on T. solanivora
in the range of 10 to 27°C (Chapter 2A: Tab. 1). While the predatory mite significantly
increased prey mortality between 20-25°C, there were no differences at the lowest
temperatures tested (10-20°C), nor the highest (25-27°C) (Chapter 2A: Fig. 2). The efficacy
values obtained for T. solanivora were lower than those found in another previous study on
P. operculella under the same experimental conditions. Specifically, we obtained an efficacy
of about 34% on T. solanivora compared to the 50% found by Gavara et al. (2021) on P.
operculella at 10°C. We also observed between 40 - 75% efficacy on T. solanivora compared
to the 75 - 98% in the 20 - 30°C range for P. operculella found by Gallego et al. (2020b) and
Gavara et al. (2021). These differences cannot be explained by prey preferences since the
choice test did not show any preference in consumption between the two hosts (Chapter
2A: Table 2). Therefore, it could be caused by the difference in prey size. Given that it has
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been observed that larger egg sizes favor partial consumption, the larger the size, the sooner
the mite would be satisfied. Hence, the prey eggs would have a greater chance of survival,
although other chemical and mechanical factors may be involved (Haines 1987; Gallego et
al. 2020b). Our results support this theory, as we observed that the percentage of partially
consumed eggs decreased and egg mortality increased at the highest temperatures tested
(25 - 27°C) (Chapter 2A: Fig. 2). The predatory indifference shown by the mite between T.
solanivora and P. operculella could be an advantage in mixed infestations where B. tarsalis
will feed on both preys.

Another factor that may influence the outcome of biological control measures is the
density of prey, as well as the interaction between the density of predators (conspecific
interactions) and the density of available prey. B. tarsalis displayed a type Il functional
response, in accordance with previous studies on prey eggs of other insect species, such as
Lasioderma serricorne (Coleoptera: Ptinidae), Plodia interpunctella (Lepidoptera: Pyralidae)
and P. operculella (Riudavets et al. 2002; Gallego et al. 2020b). This means that the mite
increases its predatory activity with the increase of available T. solanivora eggs up to a
certain prey density level, at which point predatory efficacy stabilizes. Further increases in
prey eggs do not improve predator activity (Mills 1982) (Chapter 1: Fig. 4). In our microcosm
bioassays, no negative effect was observed on the predator efficacy as the number of
released mites increased (Chapter 2A: Fig. 3; Chapter 2B: Fig. 4). At 25°C, the predatory mite
showed similar efficacy to that revealed in previous studies on P. operculella (Gallego et al.
2020b, Gavara et al. 2021), with values between 92and 99%. These results are in contrast
with those of the acceptance trials, where B. tarsalis achieved lower mortality rates on T.
solanivora than on P. operculella. This could be partially explained by the longer duration of
the egg stage on the common tuber moth, which means there is more time available for
consumption by the mite (Martinelli 2004; Andreadis et al. 2017).

When low levels of T. solanivora egg infestation were tested, the results at 15°C
(storage temperature in smallholder facilities) and 25°C gave 100% efficacy. However, at high
levels of T. solanivora infestation, efficacy was lower, with values around 50 - 71% at 15°C
compared to 67 - 98% at 25°C (at densities of 5, 10 and 20 mites, respectively). These results
indicate that the predatory activity of B. tarsalis increases with temperature. This could be
an advantage in non-refrigerated stores subject to changing temperatures, where pest
control would be improved. Conversely, this predatory mite would not be suitable for cold
stores, where temperatures are usually between 5 - 12°C depending on the end use of the
potatoes, given the low efficacy observed at 10°C. This is in line with previous studies
showing that B. tarsalis has very low activity and development at low temperatures (Nielsen
1999, 2001). Nevertheless, this predatory mite showed good potential for non-refrigerated
facilities, such as those of small farmers in the Canary Islands, where the typical temperature
is around 15 - 20°C.
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For this reason, B. tarsalis was trialed under semi-storage conditions. Trichogramma
euproctidis was also included because of its ability to parasitize in the dark and its good
parasitization rate within this temperature range (Chapter 1). The results of this trial showed
that the parasitoid reduced the survival of the Guatemalan potato moth and the number of
mines in the tubers, but did not protect a significant number of tubers. In contrast, B. tarsalis
produced a notable reduction in the T. solanivora population and yielded 65% of undamaged
potatoes (Chapter 2B: Fig. 5 and 6). It should be noted that in all treatments, especially in
the control set and that of T. euproctidis, most of the infested tubers were found in the
middle and lower layers, in contact with the walls and at the bottoms of buckets. This finding
is in line with the observations of Torres (1998) on the oviposition preferences of T.
solanivora in storage conditions. Also, it suggests that T. euproctidis has a low detection
ability of T. solanivora eggs or/and a poor ability to penetrate the gaps between tubers and
reach the deeper layers, where adult moths usually lay most of their eggs. The potential role
of poor kairomone detection by T. euproctidis on T. solanivora eggs under semi-field
conditions has also been discussed. The same is likely to occur under storage conditions, but
further studies would be required to confirm this. The low foraging efficiency shown by the
parasitoid means that increasing the parasitoid release density would not significantly
improve the results. For this reason, in the evaluation under storage conditions, T.
euproctidis was discarded and only B. tarsalis was tested.

In the storage trial, B. tarsalis showed satisfactory efficacy, with a high reduction in
tuber damage in comparison to the control set, protecting 50% of the infested potatoes
(Chapter 2B: Fig. 7). This level of protection was consistently achieved throughout the
volume of the plastic boxes used in the trial. This underlines the ability of the mite to move
between tuber stacks and efficiently locate T. solanivora eggs. One critical aspect to consider
is the timing of the release (Flinn et al. 2012). We consider that B. tarsalis should be
introduced as soon as possible after harvest to prevent hatching of the moth eggs. Based on
our results, mite efficacy would improve with higher release densities. Additional mite
releases should also be investigated, especially for long-term storage. Furtermore, it is
known that the type of storage system plays a crucial role in the use of natural enemies
(Scholler and Flinn 2000). In our study, B. tarsalis was evaluated in storage boxes, but further
trials should assess their performance when potatoes are stored in burlap bags, as is often
the case in the Canaries.

In this study, three natural enemies were evaluated and assessed: two egg parasitoids,
T. achaeae and T. euproctidis, and a predatory mite, B. tarsalis. Although T. euproctidis
revealed good preliminary results in laboratory studies to be used under both field and
warehouse conditions, semi-field and semi-storage trials indicate that it is not a good
biocontrol agent due to its poor ability to locate T. solanivora eggs. In contrast, T. achaeae,
although displaying lower efficacy than T. euproctidis under laboratory conditions, showed
to be a promising control agent for field conditions. These results highlight the importance
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of conducting assays with natural enemies under semi-field/semi-storage conditions before
testing them in the field or in storage facilities. In fact, selection of biocontrol agents based
on positive laboratory trial results alone could lead to incorrect decision-making and
unnecessary expenditure of effort and resources. In the case of B. tarsalis, which has been
shown to be a good biocontrol agent in experimental storage, there is a need for
improvement of mite releases (density of mites per release and number of releases), and
evaluations in other storage systems. Also, the economic viability of using and rearing this
biocontrol agent should be assessed.

It is important to highlight that the use of biocontrol agents such as the parasitoid T. achaeae
and the mite B. tarsalis are only two of the available tools that exist within the integrated
pest management approach. Both natural enemies target moth eggs and cannot attack the
pest once the larvae have hatched. Under field conditions, cultural measures and trapping
should be maintained to reduce the population of adults and their eggs. Under storage
conditions, visual inspection and removal of infested tubers before storage should be
maintained.
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e Under field conditions, although both parasitoids (Trichogramma achae and
Trichogramma euproctidis) gave good results in laboratory tests, only T. achaeae
showed promising results for protecting tubers under semi-field conditions, and
therefore should be the only one that is tested under field conditions.

e  Future field trials of Trichogramma achaeae will need to include higher densities
and more releases, particularly at the start of the tuberization period, to ensure
higher efficacy.

e Under storage conditions, Trichogramma achaeae was not suitable due to its
inability to parasitize in dark conditions.

e Trichogramma euproctidis in the semi-storage trial showed poor searching ability
to locate Teci solanivora eggs and protect tubers.

e  Blattisocius tarsalis did not prove to be suitable for normal refrigerated storage
conditions due to its very low efficacy in laboratory tests at low temperatures, but
showed promising results for room temperature storage, as it was observed under
semi-storage and experimental storage trials.

Considerations for future works

e For the use of Blattisocius tarsalis in real (room temperature) conditions, the
release densities should be standardized and the number of releases should be
tested, especially under long-term storage of tubers.

e The use of Trichogramma achaeae and Blattisocius tarsalis against Tecia solanivora
could be complementary measures to improve pest control in the context of
integrated pest management, but could not solve the problem alone. All of the
various management measures should be maintained.

e Selection of biocontrol agents should be based on a comprehensive methodology
of assays with natural enemies: laboratory, semi-field/semi-storage, and
field/storage trials, to avoid incorrect decision-making and unnecessary
expenditure of effort and resources.

o Before recommending new biologicontrol agents such as Blattisocious tarsalis, they
must not only demonstrate their effectiviness, but should also prove the economic
viability of their use and rearing.
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Legislation

Diario Oficial de Galicia (DOG) Nim. 209. 3 de noviembre de 2015. Resolucion de
16 de octubre de 2015, de la Direccién General de Ganaderia, Agricultura e
Industrias Agroalimentarias, por la que se declara la presencia de la plaga de
cuarentena denominada Tecia solanivora Povolny o polilla guatemalteca de la
papa, se establecen las zonas demarcadas para esta plaga y se adoptan medidas
urgentes para su erradicacion y control en la Comunidad Auténoma de Galicia.

Diario Oficial de Galicia (DOG) NGm. 209. 25 de febrero de 2016. RESOLUCION de
2 de febrero de 2017, de la Direccién General de Ganaderia, Agricultura e
Industrias Agroalimentarias, por la que se amplian las zonas demarcadas por la
presencia de la plaga de cuarentena denominada Tecia solanivora Povolny o
polilla guatemalteca de la patata.

Diario Oficial de Galicia (DOG) Num.25. 6 de febrero de 2017. Resolucion de 2 de
febrero de 2017, de la Direccién General de Ganaderia, Agricultura e Industrias
Agroalimentarias, por la que se amplian las zonas demarcadas por la presencia de
la plaga de cuarentena denominada Tecia solanivora Povolny o polilla guatemalteca
de la papa. (P. 5426-5427). Diario Oficial de Galicia (DOG) Num.38. 25 de febrero
de 2016. Resolucion de 11 de febrero de 2016, de la Direccién General de
Ganaderia, Agricultura e Industrias Agroalimentarias, por la que se amplian las
zonas demarcadas por la presencia de la plaga de cuarentena denominada Tecia
solanivora Povolny o polilla guatemalteca de la papa.

Diario Oficial de Galicia (DOG) Nim.200. 20 de octubre de 2017. Resolucién de 17
de octubre de 2017, de la Direccién General de Ganaderia, Agricultura e Industrias
Agroalimentarias, por la que se amplian las zonas demarcadas por la presencia de
la plaga de cuarentena denominada Tecia solanivora Povolny o polilla guatemalteca
de la papa.

Diario Oficial de Galicia (DOG) Nim.11. 17 de enero de 2020. Resolucién de 13 de
enero de 2020. de la Direccion General de Ganaderia, Agricultura e Industrias
Agroalimentarias, por la que modifican las medidas fitosanitarias establecidas en la
resolucion de 8 de marzo de 2017, de la Direccion General de Ganaderia,
Agricultura e Industrias Agroalimentarias, por la que se establecen las zonas
infestadas y las zonas tampdn y se implementan las medidas para la erradicacion y
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el control con respecto al organismo de cuarentena Tecia solanivora Povolny, o
polilla guatemalteca de la patata, en la comunidad auténoma de Galicia.

Boletin Oficial del Principado de Asturias (BOPA) Num. 33 de 10 de febrero del
2017. Resolucion de 8 de febrero de 2017, de la Consejeria de Desarrollo Rural y
Recursos Naturales, por la que se declara la presencia de la plaga de cuarentena
denominada Tecia solanivora (Povolny) o polilla guatemalteca de la papa en
diversas zonas del Principado de Asturias y se establecen actuaciones transitorias
para esta plaga. 4 pp.

Boletin Oficial del Principado de Asturias (BOPA) Num. 69 del 24 de marzo del
2017. Resolucion de 21 de marzo de 2017, de la Consejeria de Desarrollo Rural y
Recursos Naturales, por la que se establecen zonas demarcadas adicionales a las
contempladas en la Resolucién de 13 de marzo de 2017, de la Consejeria de
Desarrollo Rural y Recursos Naturales por la que se establecen las zonas infestadas
y zonas tampodn, y se fijan los baremos de indemnizacién derivados de la
erradicacion del organismo de cuarentena denominado Tecia (Scrobipalpopsis)
solanivora (Povolny) o polilla guatemalteca de la papa en el Principado de Asturias.

Boletin Oficial del Principado de Asturias (BOPA) Nim. 126 del 2 de junio del 2017.
Resolucién de 26 de mayo de 2017, de la Consejeria de Desarrollo Rural y Recursos
Naturales, por la que se modifica la Resolucion de 13 de marzo de 2017, de la
Consejeria de Desarrollo Rural y Recursos Naturales por la que se establecen las
zonas infestadas y zonas tampdn, y se fijan los baremos de indemnizacién derivados
de la erradicacién del organismo de cuarentena denominado Tecia
(Scrobipalpopsis) solanivora (Povolny) o polilla guatemalteca de la papa en el
Principado de Asturias.

Boletin Oficial del Principado de Asturias (BOPA) number 268, on 20 of November
2017. Resolucién de 13 de noviembre de 2017, de la Consejeria de Desarrollo Rural
y Recursos Naturales, por la que se actualiza la delimitacién de las zonas
demarcadas establecidas en la Resolucion de 13 de marzo de 2017, de la Consejeria
de Desarrollo Rural y Recursos Naturales, por la que se establecen las zonas
infestadas y zonas tampdn, y se fijan los baremos de indemnizacién derivados de la
erradicacion del organismo de cuarentena denominado Tecia (Scrobipalpopsis)
solanivora (Povolny) o polilla guatemalteca de la patata en el Principado de
Asturias.
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Boletin Oficial del Principado de Asturias (BOPA) number 24, on 5 of Febrary
2020. Resolucién de 31 de enero de 2020, de la Consejeria de Desarrollo Rural,
Agroganaderia y Pesca, por la que se actualiza la delimitacién de las zonas
demarcadas establecidas en la Resolucién de 13 de noviembre de 2017 dentro del
programa de erradicacion de Tecia (scrobipalpopsis) solanivora (Povolny) o polilla
guatemalteca de la patata en el Principado de Asturias.

Boletin Oficial del Principado de Asturias (BOPA) number 33, on 7 of February
2023. Resolucién de 7 de febrero de 2023, de la Consejeria de Medio Rural y
Cohesidn Territorial, por la que se actualiza la delimitacidn de las zonas demarcadas
establecidas en la Resolucién de 29 de enero de 2021, de la Consejeria de Medio
Rural y Cohesion Territorial, dentro del programa de erradicacién de Tecia
(scrobipalpopsis) solanivora (Povolny) o polilla guatemalteca de la patata, en el
Principado de Asturias.

Real Decreto 197/2017, de 3 de marzo, por el que se establece el Programa
Nacional de control y erradicacién de Tecia (Scrobipalpopsis) solanivora (Povolny).
(P. 15749-15760). Boletin Oficial del Estado (BOE) NUum. 54 de 4 de marzo de 2017.
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The management of Tecia solanivora is a highly intricate
process. The majority of its biological cycle occurs below the
soil and within the tuber, which protects the pest. Only the
adult stage is exposed. Without management strategies crop
losses can reach as high as 50% in the field and 100% in
storage. Current measures to prevent crop loss are often
insufficient and result in unacceptable economic losses.
Furthermore, there is currently a lack of effective
phytosanitary treatments that can be used in the field or
approved for storage. In this context, research into biological
control agents has become particularly important. The study of
oophagous natural enemies such as Trichogramma achaeae,
Trichogramma euproctidis and Blattisocius tarsalis is of
particular interest as they prevent the eggs from hatching,
thereby removing the pest before the potatoes are damaged.

In the present study, an experimental methodology was
employed to assess the efficacy of both Trichogramma species
in field and storage conditions, as well as the predatory mite B.
tarsalis in storage conditions. The results demonstrated that T.
euproctidis is unsuitable for use against T. solanivora, both in
the field and in storage. In contrast, T. achaeae exhibited
promising results when tested in semifield conditions. The
predatory mite has also demonstrated promising results in
experimental storage conditions. Further research is necessary
to enhance its efficacy through improvements in release
densities and numbers, as well as to assess its suitability for
use in other storage systems. Additionally, a comprehensive
economic analysis is essential to determine the viability of this
approach, considering the costs associated with mass rearing.
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