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Resumen

Introduccidn general

Los artrépodos son el grupo mas numeroso y diverso del reino animal con una riqueza de
5 a 10 millones de especies (ddegaard, 2000) que se extiende por todo el planeta. Insecta
es la clase mas abundante y estd compuesta por mas de 5,5 millones de especies segln
estimaciones recientes (Garcia-Robledo et al., 2020). Aunque algunas tienen efectos
nocivos (White, 1976), muchas otras son beneficiosas para el ser humano, los animales

domeésticos y los cultivos.

El anélisis de estos efectos, tanto los perjudiciales como los beneficiosos, son objeto de
estudio de la entomologia aplicada. Dicha disciplina engloba el estudio de insectos y otros
artrépodos de interés para el ser humano, ya sea por los productos que proporcionan o por
el impacto negativo que causan en bienes importantes. Existen siete grandes ramas en las
que los insectos nos benefician (Clark, 2009): i) la polinizacion en el &ambito ambiental
(Gabriel & Tscharntke, 2007; Sawe et al., 2020); ii) en la agricultura se utilizan para el
control biologico, es decir, organismos entomoOfagos (parésitos, parasitoides,
depredadores, patdgenos o competidores) son empleados para la supresion de especies
plaga (Chatterjee et al., 2009; Sethuraman et al., 2020), y para la produccion de
fertilizantes (Arango-Gutiérrez & Agudelo-Bentacur, 2004; Pifiero et al., 2018); iii) en la
silvicultura también se emplean como control biol6gico (Sethuraman et al., 2020); iv) en
el &mbito sanitario tanto en animales como en humanos, el tratamiento larvario se esta
convirtiendo en una terapia emergente para la eliminacion de tejidos necroticos (Forero-
Becerra, 2011; Reyes-Parrado et al., 2020), aunque también se incluyen en este campo
aspectos como las enfermedades causadas de forma pasiva y directa (reacciones alérgicas
por picadura, contacto o inhalacién, y el papel vectorial de las enfermedades); v) en el
ambito legal se pueden explotar como datadores forenses (Smith, 1986) y otras
aplicaciones (Baz et al, 2015; Eon, 2019); vi) en el ambito alimentario los insectos son
cada vez mas valiosos debido a su alto contenido en proteinas, asi como en actividades
tan antiguas como la astacicultura, la apicultura y la sericultura (Lizhang et al., 2008; Van
Huis et al., 2020); y vii) en la produccion de piensos los insectos se estan incorporando,
vivos 0 como proteinas hidrolizadas en animales de compafiia, acuicultura, aves de corral
y cerdos (Van Huis et al., 2020).

En este trabajo nos centramos en dos de las aplicaciones mencionadas de los insectos: 1)

el uso legal o forense y 2) la produccion de alimentos y piensos.



Resumen

Entomologia Forense

La entomologia forense es una rama de las ciencias forenses que extrae conclusiones de
la informacion proporcionada por los artrépodos. Se trata de una disciplina que se basa
en el estudio de la interaccion de una gran diversidad de diferentes especies de insectos y
otros artropodos con su entorno. Ademas, esta fauna manifiesta disparidades
morfoldgicas, lo que resulta dificil de manejar para un no experto en entomologia (Lutz
etal., 2021).

Son muchas las especies que intervienen en las investigaciones, pero las pertenecientes
al orden Diptera son las mas comunes, ya que son las primeras en colonizar el cuerpo.
Las hembras adultas son atraidas por el cadaver para depositar sus huevos, ya que una
vez que las larvas eclosionan se van alimentando de él (Smith, 1986). Sin embargo, se
debe tener en cuenta que hay especies que acuden al cuerpo Unicamente porque depredan
insectos necrofagos (Gennard, 2007). Como ya se ha mencionado, una de las principales
fuentes de invasion de tejidos se produce a traves del orden Diptera que puede causar
efectos tan perjudiciales como la miasis, parasitando tanto animales como humanos
(Smith, 1986). Asimismo, al parasitar animales domeésticos pueden llegar a propagar todo

tipo de zoonosis (Grzywacz et al., 2017b).

El primer caso documentado de entomologia forense aparece en un manual juridico chino
del siglo XI1I escrito por Sung Tz'u que explica el asesinato de un campesino. Médicos y
juristas comenzaron a emplear esta ciencia como técnica complementaria en las
investigaciones criminales. Los procesos de descomposicion del cadaver (fisicos y
quimicos) y todos los fendmenos que los acomparian, también llamaron la atencion en el
mundo del arte (Benecke, 2001). Sin embargo, no fue hasta 1894 cuando Megnin observo
la atraccion selectiva y ordenada de artropodos hacia el cadaver ayudando a indicar el
tiempo transcurrido desde la muerte, y los definié como "Escuadrones de la Muerte". Este
descubrimiento dio lugar a la publicacién de "La Faune des Cadavres: Application de
I'Entomologie a la Médicine Légale”, donde se describen las diferentes etapas de
descomposicion de un cadaver. En la actualidad existen diferentes escalas de
descomposicion, los patologos forenses emplean una escala compuesta por cuatro
estadios establecidos segun el estado del cadaver (fresco, enfisematoso, putrefaccion y

esquelético); mientras que los entomdlogos forenses describen cinco fases donde se
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valora el estado de descomposiciéon y los grupos de artrépodos asociados (fresco,
enfisematoso, putrefaccion temprana, putrefaccion tardia y esquelético) (Gennard, 2007).

El establecimiento de la entomologia forense como instrumento reconocido para la
investigacion de las escenas del crimen no se produjo hasta 1850. El cuerpo momificado
de un recién nacido fue encontrado dentro de una chimenea detras de la repisa de una
casa. El Dr. Marcel Bergeret realiz6 la autopsia y descubrio larvas de mosca (Sarcophaga
carnaria L) y varias especies de polillas. Lleg6 a la conclusion de que el cuerpo del bebé
habia sido sellado en 1848 y que los insectos accedieron a €l en 1849. Como resultado,
los habitantes anteriores a 1848 fueron acusados mientras que los ocupantes actuales

fueron exonerados (Bergeret, 1855).

Esta disciplina se pudo perfeccionar y desarrollar como estudio cientifico a finales del
siglo XXy principios del XXI. Analiza todos los aspectos relacionados con los insectos
que afectan o implican aspectos legales, pero su &mbito de actuacion va mas alla de la
mera identificacion de la fauna entomologica propia de los cadaveres (entomologia
médico-legal) (Hall, 1990), que debe realizarse de forma correcta e inequivoca. La
colonizacién de los cadaveres por parte de los insectos sigue un patron caracteristico que
estd modulado por las condiciones ambientales y la ubicacion (enterrado, al aire libre o
sumergido en el agua). También puede utilizarse para datar las especies protegidas,
determinar cuando se produjo la muerte e identificar la causa de la misma (Smith, 1986).
Ademas de su utilidad para estimar aspectos del intervalo post-mortem (PMI), la
determinacion de la especie en relacion con la distribucion geografica de esa especie

puede ser Util para determinar la localizacion (Byrd & Sutton, 2019).

El orden Diptera es el primero en ser atraido por el cadaver, siendo las familias
Calliphoridae, Sarcophagidae y Muscidae las mas comunes (Smith, 1986; Gennard, 2007,
Amendt et al., 2009). Sin embargo, la familia Fanniidae también ocupa un lugar destacado

en la medicina forense, pero menos conocida (Szpila, 2019).

Fannia pusio (Diptera: Fanniidae)

Fanniidae (Diptera) es una familia Calyptratae con aproximadamente 330 especies
distribuidas en cinco géneros: Fannia Robineau-Desvoidy, 1830, Piezura Rondani, 1866,

Euryomma Stein, 1899, Australofannia Pont, 1977 y Zealandofannia Dominguez & Pont,
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2014 (Couri & Sousa, 2019). El género Fannia es el méas amplio, abarcando hasta 60
especies (De Carvalho & Mello-Patiu, 2008) con las siguientes caracteristicas (Al Gazi
et al., 2004): i) tamafio pequefio; ii) tegumento oscuro; iii) abdomen predominantemente
amarillo (Rozkosny et al., 1997); iv) seta dorsal submediana en la tibia posterior; v) vena
corta CuA+1A como prolongacion de la vena 2A del margen del ala (Pont, 1977).

Fannia pusio (Wiedemann, 1830) es una de las especies dentro del género Fannia y se
conoce comunmente como "mosca del estiércol de las gallinas” por su aparicion habitual
en las granjas de gallinas ponedoras (Al Gazi et al., 2004). Los caracteres taxondmicos
mas relevantes de F. pusio son la tibia trasera con largas setas en la superficie ventral en
los machos, y la pilosidad de los parafrontales destacando alrededor del margen del ojo
en las hembras (De Carvalho & Mello-Patiu, 2008). Aunque la especie tiene un origen
neartico (Couri & Sousa, 2019) actualmente se encuentra en todo el mundo debido al
transporte de ganado (Grzywacz & Prado e Castro, 2012). Tiene preferencia por las zonas
calidas (Smith, 1986; Bélo et al., 1998) y fue en Brasil, distribucion nativa de la especie
(Marchiori et al., 2000), donde se empez06 a considerar su importancia en medicina y
veterinaria. Sin embargo, varios estudios la han encontrado durante todas las estaciones
del afio (Leandro & D'Almeida, 2005; Omar et al., 2008; Barbosa et al., 2009; Kruger et
al., 2010; Aballay et al., 2012).

Se trata de una especie bien estudiada (véase De Carvalho et al., 2002, 2003 y sus
referencias) debido a su importancia econdmica y a sus habitos sinantropicos (Linhares,
1981; Leandro & D'Almeida, 2005). Sin embargo, son necesarios mas estudios para
mejorar el conocimiento de su biologia, ecologia y comportamiento (Szpila et al., 2019).
El interés sanitario y legal alberga por su presencia en cadaveres animales y humanos
(Mendes & Linhares, 2002). Ademas, parte de la importancia econémica y sanitaria de la
especie proviene del papel comin de la hembra como huésped forético de huevos de
Dermatobia hominis (la mosca de la botanica humana) que causa miasis en humanos y

en animales domésticos (Gomes et al., 2002).

Para que las especies sean Utiles desde el punto de vista forense es crucial su correcta
identificacion. En particular, las especies del género Fannia son muy similares entre si a
nivel morfologico (Couri & Sousa, 2019) y las claves taxondmicas basadas en la
morfologia suelen ser insuficientes (Grzywacz et al., 2017b). Asimismo, en las claves de
identificacion de Muscidae y Fanniidae de Europa, las especies F. canicularis y F.
scalaris son las mas citadas (Pont, 2015; Grzywacz & Prado e Castro, 2012) mientras que
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F. pusio no fue incluida pese a ser comdn en el sureste de la Peninsula Ibérica. Por ello,
en los estudios legales se utilizan técnicas mas especializadas para la correcta
identificacion (Ekrem et al., 2007; Dujardin, 2008; Kosmann, 2009; Alves-Rolo, 2010;
Arnaldos et al., 2015; Yussef-Vanegas & Agnarsson, 2017; Onder et al., 2019; Fuentes-
Lopez et al., 2020).

Métodos de identificacion

La aplicacion de los insectos en las ciencias forenses requiere de una identificacion
precisa, a pesar de que las pruebas entomoldgicas halladas en las investigaciones suelen
estar dafiadas, contaminadas y fase del ciclo bioldgico en las que las claves dicotomicas
son limitadas (Zehner et al., 2004). Por ello, las técnicas mas potentes que se han
desarrollado en las Gltimas décadas, tienen un mayor rango de fiabilidad y eficacia, y
permiten identificaciones previas que tienen una aplicacion importante en casos reales de

investigaciones forenses.
Técnicas moleculares

Las técnicas moleculares ofrecen ventajas alli donde otros métodos son insuficientes. Uno
de los mayores problemas son las muestras dafiadas o mal conservadas que hacen inviable
el reconocimiento de los fenotipos caracteristicos de cada especie (Hoyos-Lopez et al.,
2012; Li et al., 2015; Shi et al., 2017). EI ADN esta presente no sélo en huevos, larvas y
adultos, sino también en las pupas vacias (cuando el adulto ha emergido) (Mazzanti et al.,
2010). Esto representa una enorme ventaja para utilizar este Gltimo estadio para la
identificacion de especies mediante técnicas moleculares, y poder emplearlo, asi, con

fines forenses.

La técnica més utilizada es el "barcoding™ que utiliza un pequefio fragmento llamado
"barcode” del gen de la subunidad uno de la citocromo oxidasa (cox1) con un tamafio de
658 pb (Hebert et al., 2003). Sin embargo, fragmentos mas pequefios (240 pb) llamados
“mini-barcode” estan comenzando a emplearse por la dificultad de su amplificacion en
ciertas ocasiones (Meusnier et al., 2008, Lee et al., 2015; Grzywacz et al., 2017b; Yeo et
al., 2020). EIl barcode es la subunidad catalitica de la enzima que predomina en la
mitocondria (Kerr et al., 2009; Alves-Rolo, 2010; Pérez & Henao, 2013) siendo de
naturaleza haploide con herencia materna sin recombinacion (Kosmann, 2009). Esto

genera marcadores especificos de especie lo que proporciona la eficacia de esta
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metodologia (Harvey et al., 2003). Es por ello que este gen se ha utilizado en el estudio
de los origenes y evolucion de las poblaciones de insectos mediante el andlisis de
haplotipos (Lopez-Lopez et al., 2016; Hurtado-Burillo et al., 2017; Silva et al., 2020).

Las secuencias obtenidas en los trabajos cientificos para todos los organismos se
depositan en la base de datos del NCBI (National Centre for Biotechnology Information)
como requisito previo a su publicacion. Esas secuencias estan disponibles para todos los
cientificos y pueden ser descargadas del NBCI usando la herramienta BLAST
permitiendo ser incluidas en andlisis posteriores con nuevos enfoques (Altschul et al.,
1997). De esta manera podemos comparar nuestras secuencias generadas con otras ya
registradas procedentes del mismo taxon y de otros relacionados. Para ello se debe tener
en cuenta el menor valor E y el mayor Score en la herramienta BLAST, es decir,
maximizar las similitudes entre secuencias para construir filogramas de union de vecinos

que permitan la identificacion de especies (Hebert et al., 2003).

El ADN es una de las herramientas de mayor crecimiento en las ciencias forenses que ha
permitido identificar numerosas especies del orden Diptera aumentando la fiabilidad de
los informes v juicios forenses (Coyle et al., 2005; Kosmann, 2009; Alves-Rolo, 2010;
Boehme et al., 2012; Arnaldos et al., 2015; Grzywacz et al., 2017b; Fuentes-Ldpez et al.,
2020, 2021). Sin embargo, otros campos relacionados con los insectos también han
recurrido a técnicas moleculares como la genémica ambiental (Valentini et al., 2009;
Kang et al., 2017), asi como otros aspectos de importancia medica y veterinaria (Hoyos-
Lopez et al., 2012; Rodrigues et al., 2018; Onder et al., 2019).

La informacion genética obtenida también puede utilizarse para estudiar las relaciones
filogeogréficas entre diferentes especies y dentro de especies estrechamente relacionadas
(Lambertini et al., 2006; Fuentes-L6pez et al., 2021). Es un campo de estudio que aborda
1) la identificacion de los patrones de distribucion geografica de los linajes, mediante la
construccién de las genealogias de las poblaciones y los genes, y 2) la inferencia de los

procesos que han originado esos patrones (Avise, 2000).
Técnica morfométrica

La morfometria geométrica (MG) es una metodologia que junto con el analisis molecular
da resultados muy efectivos de identificaciones a nivel de especie (Hurtado-Burillo,

2015). La MG estudia la morfologia utilizando coordenadas cartesianas de puntos de
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referencia que son capaces de recoger distintas variables de forma y se pueden analizar
mediante diversas técnicas estadisticas (Bookstein, 1982).

Por tanto, es un potente enfoque para cuantificar variables como la forma bioldgica, la
variacion y la covariacion de la forma (Zelditch et al., 2004) con otras variables o factores
bidticos o abioticos (Webster & Sheets, 2017). Estos puntos de coordenadas corresponden
a particularidades presentes en todos los individuos que siguen la misma disposicion
(Zelditch et al., 2004). La técnica solo analiza la forma ignorando el tamafio, la posicion
y la orientacion del ejemplar y, por tanto, ayuda a entender muchas cuestiones no resueltas
sobre la evolucion y el desarrollo del organismo (Klingenberg, 2013).

La gran ventaja del método es que los datos pueden ser analizados de forma rutinaria y
directa con programas estadisticos (Klingenberg, 2013). Dichos analisis son, el Analisis
de Componentes Principales (PCA) para reducir la dimensionalidad de los datos y
determinar las variables elegidas para el estudio (Dujardin et al., 2014); el Analisis de
Variacion Candnica (CVA) para explorar las diferencias entre grupos (Zelditch et al.,
2004); y “Transformation Grid” y “Wireframe” para representar los cambios de forma de
PCA y CVA, mostrando las variaciones para la ubicacion relativa de cada punto de
referencia. Ademas, una reclasificacion con validacion cruzada (Refaeilzadeh et al.,
2009) y distancia de Mahalanobis (McLachlan, 1999) con permutacion por pares, también

son necesarias para verificar los resultados (Wink-da-Silva et al., 2018).

Los insectos son uno de los grupos que mas atencion han recibido en la aplicacion de la
MG (Calle et al., 2008; Bolufe-Torres et al., 2014; Dujardin et al., 2014; Gerard et al.,
2015) con especial énfasis en los dipteros (Loh et al., 2008; Hall et al., 2014; Espra et al.,
2015; Grzywacz et al., 2017a; Macedo, 2017; Godoy et al., 20018; Mikery et al., 2019;
Szpila et al., 2019). Ademas de ser una herramienta para diferenciar poblaciones,
subespecies o incluso especies muy emparentadas, la morfometria, en cuanto a forma y
dimensiones del exoesqueleto, también nos da informacion sobre el estilo de vida del
animal (Menes-Hernandez, 2004). Esta herramienta, junto con el andlisis molecular, son
metodologias complementarias para obtener una buena y adecuada identificacion a nivel

de especie (Grzywacz et al., 2017a).



Resumen

Estimacion del intervalo post-mortem (PMI)

La forma en que los insectos parasitan y colonizan los cadaveres se debe a un reloj
enddgeno de origen genético que marca la pauta de sus ritmos circadianos (Smith, 1986).
Este oscilador interno afecta a su comportamiento y etologia, que depende de la
temperatura, la humedad, la intensidad de la luz y la duracion relativa entre el nimero de
horas de luz y oscuridad entre otros factores. El ritmo circadiano permite estimar el
tiempo transcurrido desde la muerte o, lo que es lo mismo, el PMI junto con la
identificacion del posible traslado del cuerpo y, en su caso, las caracteristicas de las zonas
de origen (Amendt et al., 2009). El inicio del PMI coincide con el momento en el que
ocurre la primera oviposicion por parte del diptero, mientras que el final es el
descubrimiento del cadaver y el reconocimiento del estadio vital de la especie
colonizadora mas antigua que lo infesta (Gennard, 2007).

Las mediciones longitudinales de las larvas a diferentes temperaturas son las que se
utilizan para calcular el tiempo minimo transcurrido desde la muerte (Cavallari et al.,
2015). Los estudios de casos forenses en la literatura han utilizado esas metodologias de
calculo del PMI para resolver investigaciones criminales (Dutra-Kirst, 2006; Barros et
al., 2008; Kruger et al., 2010; Grzywacz & Prado e Castro, 2012; Faria et al., 2013;
Cavallari et al., 2015; Defilippo et al., 2019). Ademas, hay bibliografia existente donde
se recogen curvas de crecimiento a distintas temperaturas de diferentes especies de
dipteros que pueden emplearse como base cientifica (Reiter, 1984; Marchiori & Do
Prado, 1996, 1999; Grassberger & Reiter, 2001; Grassberger et al., 2003; Monteiro & Do
Prado, 2006).

Existen varios métodos para calcular este intervalo, sin embargo, los diagramas de
isomegalen e isomorfen son las herramientas mas utilizadas ya que proporcionan

informacion grafica de forma sencilla y muy intuitiva.
Diagramas isomegalen e isomorfen

Por un lado, el isomegalen-diagrama mide el tiempo transcurrido desde la eclosion de los
huevos del insecto hasta el estado de desarrollo que alcanza en el cadaver. Dicha medida
se realiza mediante la longitud de las larvas, expresada en milimetros, y se representa
frente a la temperatura. Ademas, el diagrama también muestra el tiempo que tardan los

huevos en eclosionar en funcion de la temperatura (Gennard, 2007).
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Por otro lado, el isomorfen-diagrama representa las fases del insecto desde la oviposicién
hasta la emergencia del imago. Las zonas entre las lineas del diagrama simbolizan un
cambio en el ciclo vital que da lugar al siguiente estadio (Gennard, 2007). Esta
herramienta es Gtil cuando se encuentran larvas o pupas migratorias en el cadaver, ya que
la longitud no es un criterio significativo para estimar la edad (Grassberger & Reiter,
2001).

La correcta identificacion de las especies de insectos es un punto critico y decisivo para
su adecuada aplicacién. Sin embargo, es igualmente importante enriquecer los
conocimientos sobre morfologia, taxonomia, evolucién, biogeografia, ecologia e historia
de vida. Por ello, esta primera parte de la tesis se centra en la combinacion de diferentes
métodos de identificacion, tanto morfométricos como moleculares, de las especies del
género Fannia recogidas en un muestreo por toda la Peninsula Ibérica. Dados los
resultados, nos centramos en la especie Fannia pusio, de la que se establecié una colonia
en condiciones de laboratorio y se calcularon las curvas de crecimiento de su ciclo
bioldgico a diferentes temperaturas. Ademas, esta especie se ha introducido en Espafia,
por lo que su interés y la necesidad de aumentar nuestro conocimiento sobre ella es un
punto relevante. Finalmente, los datos recogidos en esta parte se aplicaron por primera

vez en la elaboracion de diferentes métodos para el calculo del PMI.

Insectos con fines alimenticios

Los insectos han sido utilizados como alimento desde los inicios de la humanidad, pero
el coste de su recoleccidon era mayor que la energia que proporcionaban. Por ello, la
entomofagia se establecié como un habito basado en la oportunidad (Cortes-Ortiz et al.,
2016). Los paises de las regiones tropicales y subtropicales son los que mantienen la
entomofagia como costumbre ya que en estas zonas los insectos se reproducen y crecen
rapidamente debido a las altas temperaturas y humedades durante todo el afio. Pese a
carecer de estas condiciones, la alta tasa reproductiva y el corto ciclo biolégico convierten
a los insectos en alternativa a la ganaderia convencional reduciendo asi, la huella
ecologica (Pérez-Altamirano, 2019). Ademas, al tratarse de animales de sangre fria, no
tienen que gastar energia para regular su temperatura (Cortes-Ortiz et al., 2016) por lo
que la transformacion de residuos bioldgicos la realizan de manera muy eficiente (Lainez,
2017).
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El consumo de insectos como fuente no convencional o adicional tiene muchas ventajas
(Guiné et al., 2021): i) un gran namero de propiedades nutricionales (FAO, 2010a; Alves
et al., 2019) que pueden ser moduladas a traves de la dieta (De Marco et al., 2015), ii)
tienen un bajo impacto ambiental (Veldkamp et al., 2012; Biasato et al., 2016)
convirtiéndolos en un ingrediente sostenible, y iii) pueden ser producidos en espacios
reducidos (Gahukar, 2020). Todas estas caracteristicas supondrian una gran oportunidad

para sostener a los paises pobres (Rumpold & Schliiter, 2013; Guiné et al., 2021).

La demanda de alimentos, especialmente de proteina animal, esta creciendo rapidamente
debido al desarrollo de la poblaciéon (FAO, 2010a; Alves et al., 2019). Este hecho impulsa
la investigacion de nuevas alternativas de insumos proteicos (Cortes-Ortiz et al., 2016).
La Organizacion Mundial de la Salud (OMS) y la Organizacién de las Naciones Unidas
para la Alimentacion y la Agricultura (ONUAA) han revelado que el consumo de insectos
podria ser una forma viable de abordar las deficiencias nutricionales. Es por ello que,
desde enero de 2018, los insectos estan clasificados como "nuevo alimento™ por la
Agencia Europea de Seguridad Alimentaria (AESA) donde la especie Tenebrio molitor
Linnaeus, 1758 (Coleoptera: Tenebrionidae), cominmente llamada "gusano amarillo de

la harina", ha sido recientemente autorizada (EFSA et al., 2021)

Hay otras especies de insectos segun la AESA (2015) con potencial para ser consumidas
en la UE: Musca domestica Linnaeus, 1758 (Diptera: Muscidae), Hermetia illucens
Linnaeus, 1758 (Diptera: Stratiomyidae), Tenebrio molitor Linnaeus, 1758 (Coleoptera:
Tenebrionidae), Zophobas atratus Fabricius, 1775 (Coleoptera: Tenebrionidae),
Alphitobius diaperinus Panzer, 1797 (Coleoptera: Tenebrionidae), Galleria mellonella
Linnaeus, 1756 (Lepidoptera: Pyralidae), Achroia grisella Fabricius, 1754 (Lepidoptera:
Pyralidae), Bombyx mori Linnaeus, 1758 (Lepidoptera: Bombycidae), Acheta domesticus
Linnaeus, 1758 (Orthoptera: Gryllidae), Gryllodes sigillatus Walker, 1869 (Orthoptera:
Gryllidae), Locusta migratora migratorioides Linnaeus, 1758 (Orthoptera: Acrididae),

Schistocerca americana Drury, 1770 (Orthoptera: Acrididae).

Granja de Tenebrio molitor a pequefia escala

El escarabajo amarillo de la harina, Tenebrio molitor, es una de las especies permitidas
para el consumo humano y animal segun la normativa antes mencionada (EFSA et al.,

2021). Su perfil nutricional es valioso con una alta cantidad de proteina bruta (20 — 71
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%), amino&cidos esenciales (46,3 %) y acidos grasos (22 — 55 %) (Gasco et al., 2019).
Ademas, Bosch et al. (2014) establecen una digestibilidad de la materia organica del
90,85 %y de la proteina del 91,60 %; y la cantidad de quitina es un valor afiadido por su
actividad prebidtica sobre la microbiota intestinal (Bovera et al., 2015). Sin embargo, el
uso de insectos en los piensos tiene pequefias desventajas, ya que pueden provocar
reacciones alérgicas (Bessa et al., 2020) y contener sustancias toxicas. Van Broekhoven
et al. (2017) y Niermans et al. (2019) vieron en sus estudios como las larvas de T. molitor
degradan y excretan micotoxinas y metales pesados, por lo que este Gltimo problema

podria resolverse.

El uso de subproductos industriales, agricolas y ganaderos para alimentar insectos hace
que la competitividad de los recursos con los humanos sea practicamente nula (Vifieta-
Valdelvira, 2017), por lo que la cria de T. molitor sigue sumando puntos como alternativa
alimentaria. Esta practica fomenta la economia circular, la sostenibilidad, reduce el
impacto ambiental y la huella ecologica debido a las bajas emisiones de gases de efecto
invernadero (Biasato et al., 2016). La alta eficiencia de conversion alimenticia es también
una caracteristica a valorar en su eficiencia productiva frente a la ganaderia convencional
(Garnett et al., 2015; Cortes-Ortiz et al., 2016), asi como su rapida reproduccion y corto
ciclo de vida (Pérez-Altamirano, 2019). Ademas, tienen un menor riesgo de zoonosis
(Ramon-Vazquez, 2014), e incluso se han utilizado en la terapia contra el cancer (Suo et
al., 2016; Wu et al., 2020).

T. molitor es un insecto holometabolo (Cruz-Lozano, 2005), que tiene una metamorfosis
completa siguiendo un ciclo vital de cuatro etapas: huevo, larva, pupa e imago. Las larvas
del primer instar eclosionan aproximadamente a los 10 dias de ser ovipositados los
huevos. Estas se alimentan y completan las mudas necesarias hasta alcanzar un tamario
adecuado para llevar a cabo la pupacién. El tiempo transcurrido desde la eclosion de la
larva mas pequefia hasta la pupa suele ser de unos tres meses. Pasados 10 dias desde que
se forman las pupas, emergen los adultos que alcanzan la madurez sexual a los 12 dias
aproximadamente. Una vez copulan, necesitan ocho dias para ovipositar. De esta forma,
el ciclo completo de la especie puede durar hasta seis meses, ya que un adulto puede vivir
hasta tres meses en condiciones dptimas: 25 — 28 °C de temperatura ambiente, 50 — 55
% de humedad relativa, ciclo de luz 12:12, agua y dieta ad libitum a base de cereales y

restos vegetales (Bernad-Gonzélez, 2019).
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La informacion sobre la automatizacion y optimizacién de la cria de T. molitor ayuda a
separar cada fase del ciclo biolégico de manera mecéanica (Morales-Ramos et al., 2012;
Cortes-Ortiz et al., 2016; Gahukar, 2016; Bernad-Gonzalez, 2019; Cadinu et al., 2020).
En la oviposicion se necesita el mayor nimero posible de huevos con el mayor porcentaje
de viabilidad; en la fase larvaria se requiere el mayor tamafio posible con un tiempo
rapido; y en la fase adulta se busca la mayor fertilidad posible de los individuos para

asegurar el éxito de la reproduccion (Morales-Ramos et al., 2012).

Por tanto, la cria de insectos requiere de baja tecnologia y capital donde el espacio
necesario es asequible incluso para pequefios agricultores que empleen modulos a

pequefia escala.

Anomalias encontradas en la cria de insectos

La produccion de cualquier ser vivo tanto a pequeiia como a gran escala debe estar
controlado y monitorizado. La higiene, la alimentacion, el control de los distintos
procesos biologicos y la manipulacién en cria son los factores mas importantes en la
produccion de insectos con fines alimenticios. Si estas condiciones se ignoran pueden dar
lugar a malformaciones desconocidas o, incluso, la muerte del individuo. Las teratologias
en artropodos son bastante comunes (Socha & Sehnal, 1972) pero pueden estar
ocasionadas por factores muy diferentes: cambios fisicos resultantes de alteraciones
hormonales (Bong et al., 2018), productos quimicos, alteraciones genéticas (Mun et al.,
2019) o enfermedades derivadas de infecciones bacterianas (Zeikus & Steinhaus, 1968).
En T. molitor se han observado diferentes anomalias que, principalmente, afectan a la
pupay a la emergencia del adulto dando lugar a un individuo con el abdomen y los élitros
incompletos (Zeikus & Steinhaus, 1968; Socha & Sehnal, 1972).

La esclerotizacion y melanizacion del exoesqueleto de los insectos es la primera barrera
de defensa frente a patdgenos invasores y factores de estrés ambiental (Hayakawa et al.,
2018). Ademas, la pigmentacion también estd implicada en la comunicacion,
comportamiento de apareamiento, cripsis, mimetismo e interacciones entre depredador y
presa (Fukatsu & Futahaski, 2016; Mun et al., 2019). Por tanto, el exoesqueleto y su
correcto desarrollo es esencial para la respuesta inmune del insecto, asi como para la
resistencia a parasitos; una sintesis incorrecta de las proteinas implicadas en la formacién

de la cuticula puede provocar la muerte del individuo (Parkinson et al., 2003; Hattori et
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al., 2005; Hoegger et al., 2006; Bettedi et al., 2011; Strong & Claus, 2011; Balabanidou
et al., 2018; Wang et al., 2018). Es por ello, que el silenciamiento génico mediante RNA
de interferencia de algunos de estos genes se ha propuesto para controlar plagas (Du et
al., 2017; Matsumoto & Hattori, 2019; Liu et al., 2020).

Mudltiples genes intervienen en la ruta metabdlica del endurecimiento y pigmentacién del
exoesqueleto (Mun et al., 2019), y el correcto desarrollo del individuo depende del nivel
de expresion. La Laccase2 (Lac2) es una de las proteinas mas importantes en dicha ruta
metabdlica ya que es la responsable del oscurecimiento y endurecimiento de la cuticula
(Simon et al., 2009); mientras que en la coloracion intervienen Arilalquilamina N-
acetiltransferasa (AANAT1) y Tirosina Hidroxilasa (TH) (Mun et al., 2019). Para
examinar los niveles de expresidn génica se emplea la reaccion en cadena de la polimerasa
en tiempo real (RT-gPCR) como metodologia principal. Existen trabajos donde se han
visto alteraciones de dichas expresiones en diferentes condiciones (Lord et al., 2010;
Toutges et al., 2010; Liu et al., 2015; Sang et al., 2015; Garcia-Reina et al., 2018; Mun
etal., 2019).

Debido a la escasez de proteina de origen animal se estan estudiando sustitutos cuya
produccion sea sostenible y que, ademas, potencien la economia circular. Segun la AESA
los insectos son los principales candidatos con este fin y es, por esta razon, que las granjas
de insectos estan en auge, no sélo en diversos paises de Europa, sino también en Espafia.
La puesta en marcha de instalaciones de este tipo esta sacando a la luz a problemas de
cria antes desconocidos. Es por ello, que es necesario aumentar el conocimiento de la
biologia y etologia de las especies de interés alimentario, para permitir una produccién

eficiente y con la misma seguridad desde el punto de vista sanitario.
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Objetivos

Los dos objetivos principales de esta tesis son la correcta identificacion de especies de
dipteros necr6fagos mediante metodologias moleculares y morfomeétricas, y el correcto
manejo y mantenimiento de especies de insectos comestibles en condiciones controladas
de cria a baja escala. Esta informacion permitira ampliar el conocimiento de la biologia,
ecologia y etologia de los insectos para su aplicacion en dos ramas principales de la

entomologia aplicada: la entomologia forense y los insectos con fines alimentarios.

Los resultados obtenidos se dividen en cinco capitulos organizados en dos partes. La
primera parte se compone de los capitulos I, Il y I, donde se identifican muestras de
Fannia pusio recogidas en la Peninsula Ibérica, y se analizan mediante técnicas
moleculares y morfométricas para generar conocimiento que permita su posterior uso en
el célculo del intervalo post-mortem (PMI). La segunda parte se compone de los capitulos
IV y V donde se optimiza la cria de Tenebrio molitor a pequefia escala realizando estudios
técnicos y econOmicos; en este proceso, la visualizacion de malformaciones en la
transformacion de pupa a imago, nos lleva a analizar las diferencias de expresion génica

entre individuos sanos y anémalos.

Capitulo 1. Identificacion por barcoding y analisis filogeografico de Fannia pusio

(Diptera: Faniidae) en la Peninsula Ibérica.

El objetivo general de este capitulo es la identificacion a nivel de especie mediante
analisis molecular de individuos del género Fannia recogidos en un muestreo realizado
en toda la Peninsula Ibérica. Este capitulo se centra en Fannia pusio (Wiedemann, 1830)

como la especie de Fanniidae mas abundante en el muestreo.
Los objetivos especificos son:

- Aumentar el nimero de secuencias del género en la base de datos del GenBank.

- Comprobar la capacidad de la region mini-barcode coxl en la correcta
identificacién de F. pusio de la Peninsula Ibérica.

- Identificar a F. pusio reconociendo sus peculiaridades genéticas, su patréon de

distribucion filogeogréfica e inferir los procesos implicados.
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Capitulo Il. La cabeza de Fannia pusio (Diptera: Fanniidae) como nueva fuente de
datos morfométricos para la evaluacion de la variacion a lo largo de lineas

geograficas y bioldgicas.

El objetivo general de este estudio es complementar los resultados de los datos
moleculares recogidos en el capitulo | con un andlisis morfométrico, donde se evaluara la

variacion geogréfica y bioldgica de la especie.
Los objetivos especificos son:

- Estudiar la cabeza de F. pusio como estructura taxonémica valida.
- Validar los puntos de referencia de la cabeza en el contexto de las diferencias
geogréficas y bioldgicas de F. pusio.

Capitulo I11. Desarrollo de Fannia pusio (Diptera: Fanniidae) en condiciones de
temperatura controlada y su aplicacion en la estimacion del intervalo post-mortem
(PMI).

El objetivo general de este capitulo es evaluar, por primera vez, el efecto de la temperatura
en el desarrollo de F. pusio proporcionando datos para que los especialistas forenses

puedan determinar su idoneidad para una estimacion mas precisa del PMI.
Los objetivos especificos son:

- Obtener las longitudes de todos los estadios larvarios a diferentes temperaturas,
desde la eclosion hasta la emergencia de los imagos.
- Calcular los diagramas de isomegalen e isomorfen, mediante la curva de

crecimiento obtenida de la matriz de datos.

Capitulo IV. Estudios de produccion y viabilidad econémica en la elaboracion de un

proyecto de cria del gusano de la harina, Tenebrio molitor.

El objetivo general de este estudio es analizar las condiciones éptimas para la cria y el
manejo de T. molitor en una instalacion de produccion a pequefia escala que permita a los
emprendedores con algin espacio disponible a convertirse en pequefios ganaderos de

insectos.

Los objetivos especificos son:
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- Calcular la produccion anual de una pequefia instalacion de T. molitor en
condiciones dptimas en las dimensiones disponibles, segun las etapas del ciclo
vital de la especie.

- Calcular la viabilidad econdémica de la instalacion para establecer su rentabilidad.

Capitulo V. Andlisis de la expresion de los genes Lac2, TH y AANAT1 relacionados
con las malformaciones del exoesqueleto en Tenebrio molitor (Coleoptera:
Tenebrionidae) criado.

El objetivo general del estudio es analizar la expresion génica de tres genes relacionados
con la formacién de la cuticula de T. molitor en individuos con un desarrollo de la cuticula
normal frente a individuos con desarrollo andmalo. La expresion alterada de estos genes,
que codifican proteinas esenciales para la vida adulta, puede conducir a un desarrollo
anomalo de la cuticula con las correspondientes limitaciones para la supervivencia y la
reproduccion. Una mejor comprension de los mecanismos genéticos implicados ayudara

a mejorar los sistemas de produccion minimizando los costes.
Los objetivos especificos de este trabajo son:

- Verificar los niveles de expresion de las proteinas Lac2, AANAT1 y TH en adultos
normales y malformados mediante RT-gPCR.
- Discutir la relacion de estas malformaciones con el manejo de la produccion vy el

estrés de la colonia.
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Resumenes de capitulos

La informacion reunida en esta tesis aumenta el conocimiento de dos especies con
objetivos diferentes en entomologia aplicada. Los resultados obtenidos en la Parte |
aportan informacion que pone de manifiesto la utilidad potencial de Fannia pusio en
entomologia forense, mientras que los resultados de la Parte 11 abarcan informacion sobre

Tenebrio molitor, una especie recientemente aprobada para fines alimentarios.

Capitulo 1. Identificacion por barcoding y anlisis filogeografico de Fannia pusio

(Diptera: Fanniidae) en la Peninsula Ibérica.

Fannia es un género de dipteros perteneciente a la familia Fanniidae con
aproximadamente 300 especies; son atraidos por la materia organica en descomposicién
y presentan habitos necrofagos, lo que arroja luz sobre cuestiones criminologicas.
Ademas de la importancia juridica, tienen interés médico y econdémico, ya que son
capaces de causar miasis en animales domésticos y en el hombre. Por estas razones, su
identificacion a nivel de especie basada en caracteres morfologicos en ocasiones es dificil
debido a la mala conservacion de las muestras en los cadaveres en descomposicion. Una
alternativa para superar esta situacion es el cddigo de barras de ADN mediante el anélisis
molecular de un fragmento de 658 pb del genoma mitocondrial (cox1). Sin embargo, las
secuencias de este fragmento pueden estar contaminadas con restos de ADN externos,
por diferentes motivos. Una alternativa es el uso de regiones cortas e internas (mini-
barcode); en este trabajo mostramos como un fragmento mas pequefio de 240 pb es capaz
de identificar correctamente las especies del género Fannia que se recogieron en un

estudio en toda la Peninsula Ibérica.

La identificacién molecular mostr6 que Fannia pusio (Wiedemann, 1830) fue la especie
mas abundante recogida. Ademas, se han identificado mutaciones particulares que
permiten diferenciar los haplotipos de los individuos del noreste y del sureste. Las
secuencias disponibles en las bases de datos analizadas junto con los resultados de este
trabajo sugieren que la especie es originaria de América y que posteriormente se introdujo
en la Peninsula Ibérica a través de Portugal, sufriendo una continua expansion de su area

de distribucion.
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Capitulo Il. La cabeza de Fannia pusio (Diptera: Fanniidae) como nueva fuente de
datos morfométricos para la evaluacion de la variacion a lo largo de lineas

geograficas y bioldgicas.

Fannia Robineau-Desvoidy, 1830 es el género mas diverso de la familia Fanniidae
(Diptera) con 288 especies que incluyen muchas de interés sanitario, econdmico y legal.
La homogeneidad morfoldgica dentro del género dificulta a menudo la determinacion de
las especies. La mejor opcién para una correcta identificacion es la combinacion del
analisis molecular con los estudios morfometria. La variacion en la forma de una
seleccion de caracteres corporales es evaluada por la Morfometria Geométrica empleando
la cabeza como estructura innovadora. El sexo debe tenerse en cuenta como una
covariable clave en este tipo de estudios, ya que Fannia, como muchos otros dipteros,
tiene una estructura de cabeza sexualmente dimorfica, con machos holopticos y hembras
dicopticas. En primer lugar, analizamos un conjunto de ejemplares de Fannia sp.
muestreados en la Peninsula Ibérica (2012 — 2015), de los cuales F. pusio (Wiedemann,
1830) se establecio como la especie mas abundante. Nuestros analisis proporcionaron
informacion morfoldgica significativa donde F. pusio muestra una clara variacion
morfométrica intraespecifica a lo largo de un eje este-oeste en toda la Peninsula Ibérica.
Un patron similar se obtuvo de una colonia criada en laboratorio frente a muestras

silvestres.

Capitulo I11. Desarrollo de Fannia pusio (Diptera: Fanniidae) en condiciones de
temperatura controlada y su aplicacion en la estimacion del intervalo post-mortem
(PMLI).

Fannia pusio (Wiedemann, 1830) es una especie perteneciente a la familia Fanniidae de
gran interés forense, sanitario y veterinario. Las peculiaridades de comportamiento que
presenta esta especie pueden aportar informacién adicional para futuras investigaciones.
La aplicacion de la entomologia en el ambito forense se ha centrado especialmente en los
primeros taxones colonizadores de cadaveres en la fase inicial de descomposicion. Sin
embargo, las especies que aparecen en fases mas avanzadas pueden contribuir a ampliar

los conocimientos, como es el caso de F. pusio. Ademas, tiene la capacidad de colonizar
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cadaveres enterrados, condicion en la que los dipteros de mayor tamafio son incapaces de
hacerlo.

En este trabajo se estudia el comportamiento de F. pusio en un rango de temperaturas que
va desde los 5 °C hasta los 40 °C. Se han realizado diferentes anélisis estadisticos para
estudiar su comportamiento y los datos recogidos se han aplicado para calcular el
intervalo post-mortem (PMI) mediante los diagramas de isomorfen e isomegalen. Por lo
tanto, los resultados mostrados en este manuscrito ayudan, junto con la bibliografia
existente de otras especies, a ampliar el conocimiento de la entomofauna que se da en las

investigaciones forenses.

Capitulo IV. Estudios de produccion y viabilidad economica en la elaboracion de un

proyecto de cria del gusano de la harina, Tenebrio molitor.

La demanda de alimentos aumenta considerablemente debido al incremento de la
poblacion. Ademas, dicha necesidad también nace de la competencia generada por el uso
de proteina animal en piensos. Para paliar la escasez, los insectos se han convertido en
una alternativa prometedora en vista de su alto contenido en proteinas, grasas y fibras. A
su vez, es una fuente de alimento sostenible y de bajas emisiones de carbono, dando lugar
a una reduccion de la huella ecologica que suele estar tan castigada por el ganado
convencional. Recientemente, La Agencia Europea de Seguridad Alimentaria ha
aceptado al gusano amarillo de la harina (Tenebrio molitor) como especie segura para
alimentacion humana. Esto conlleva a que se convierta en el principal candidato para la
elaboracion del estudio de viabilidad de una granja de insectos. En este trabajo se analizan
las condiciones dptimas de la cria de T. molitor, su manejo en dichas condiciones, el
calculo de la produccion anual en las instalaciones y su viabilidad econémica para

conocer la rentabilidad del proyecto.

Capitulo V. Analisis de la expresion de los genes Lac2, TH y AANAT1 relacionados
con las malformaciones del exoesqueleto en Tenebrio molitor (Coleoptera:

Tenebrionidae) criado.

En el correcto desarrollo de los insectos influye la esclerotizacion y melanizacién del

exoesqueleto, que interviene en la funcién inmunitaria del individuo. Con el auge de las
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granjas de insectos, las anomalias que antes se desconocian son ahora mas frecuentes.
Nuestra granja de Tenebrio molitor (Coleoptera: Tenebrionidae) es una instalacion a
pequefia escala, donde la produccidn de esta especie es rutinaria. Se ha observado en
muchas ocasiones que el proceso de metamorfosis no se completa, dando lugar a
individuos anémalos con diferentes teratologias. Los mas comunes son los adultos con

un desarrollo andmalo que muestran el abdomen y los élitros incompletos.

Tres de los genes implicados en la via metabolica de la esclerotizacion y melanizacion
(TH, AANAT1 y Lac?) se analizan mediante RT-gPCR, utilizando un gen de referencia
previamente validado (Rps3), para determinar el nivel de expresion de estos genes. Se
eligieron individuos anémalos con la misma malformacion e individuos normales y se

utilizaron como controles.
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Conclusiones

Capitulo 1. Identificacion por barcoding y analisis filogeografico de Fannia pusio

(Diptera: Fanniidae) en la Peninsula Ibérica.

Un muestreo exhaustivo en la Peninsula Ibérica muestra la presencia del género Fannia

del cual, F. pusio es la especie predominante.

Un mini-barcode de 240 pb ha demostrado ser Gtil para la identificacion de las
especies de Fannia, contribuyendo a la investigacion forense y médica.

Las mutaciones particulares diferencian los haplotipos del noreste y del sureste de
la Peninsula Ibérica.

F. pusio se origind en América y se introdujo en la Peninsula Ibérica a través de
Portugal, sufriendo posteriormente una continua expansion del éarea de

distribucién.

Capitulo Il. La cabeza de Fannia pusio (Diptera: Fanniidae) como nueva fuente de

datos morfomeétricos para la evaluacion de la variacion a lo largo de lineas

geograéficas y biologicas.

Los puntos de referencia de la cabeza de F. pusio proporcionan informacion
morfométrica valida para los estudios de identificacion de la especie.

Las areas parafacial y fronto-orbital de F. pusio son las estructuras de la cabeza
maés variables.

La variacion de las condiciones ambientales en la Peninsula Ibérica parece haber
originado en F. pusio la diferenciacion intraespecifica entre las poblaciones del
este y del oeste.

Los individuos de F. pusio criados en el laboratorio presentan particularidades
morfométricas que los diferencian de los recolectados en la naturaleza,
probablemente debido a las condiciones ambientales estables y a la elevada

endogamia en la colonia de laboratorio.
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Capitulo I11. Desarrollo de Fannia pusio (Diptera: Fanniidae) en condiciones de
temperatura controlada y su aplicacion en la estimacion del intervalo post-mortem
(PMI).

- Los resultados obtenidos indican que el rango de viabilidad para el desarrollo en
F. pusio oscila entre 15 °C y 35 °C, siendo 25 °C la temperatura en la que el estrés
de los individuos parece ser menor.

- Los diagramas de isomegalen e isomorfen dan resultados coherentes, mostrando
un crecimiento mas acelerado con tallas mas pequefias a temperaturas mas altas.

- F. pusio parece ser un buen indicador estacional que proporciona informacion util

en las investigaciones forenses.

Capitulo IV. Estudios de produccion y viabilidad economica en la elaboracion de un
proyecto de cria del gusano de la harina, Tenebrio molitor.

- La informacion recopilada y la proyeccion realizada proporcionan datos
optimizados para poner en marcha una granja de T. molitor a pequefa escala,
basandose en el ciclo bioldgico de la especie y en el espacio disponible de la
instalacion.

- Se obtiene por primera vez una estimacion de la produccién anual de T. molitor y
su viabilidad econémica, proporcionando resultados rentables para su desarrollo.

- Los célculos muestran un VAN de 82.468,87 € y una TIR del 27,50 %,

proporcionando datos para una vida Util del proyecto de cinco afios.

Capitulo V. Analisis de la expresion de los genes Lac2, TH y AANAT1 relacionados
con las malformaciones del exoesqueleto en Tenebrio molitor (Coleoptera:

Tenebrionidae) criado.

Los individuos andmalos muestran una sobreexpresion del gen TH y una subexpresion de
los genes AANAT1 y Lac2.

- El patron de expresion obtenido podria alterar la via metabdlica de melanizacion
y esclerotizacion de los adultos, aumentando los niveles de dopamina en la

hemolinfa y provocando una alteracién del desarrollo normal.
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- El patron de expresion encontrado en los individuos anémalos podria estar
correlacionado con el estrés generado por la manipulacién diaria, provocando un

aumento de la dopamina en la hemolinfa.
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Introduction

General introduction

Arthropods are the most numerous and diverse group in the animal kingdom with a
species richness of 5 to 10 million species (ddegaard, 2000) that extends over the entire
planet. Insecta is the most abundant class and consists of more than 5.5 million species
according to recent estimates (Garcia-Robledo et al., 2020). Although some species have
harmful effects (White, 1976), many others are beneficial to humans, domestic animals

and crops.

The analysis of these effects, both harmful and beneficial, is the subject of study of
applied entomology. This discipline encompasses the study of insects and other
arthropods of interest to humans, either for the products they provide or for the negative
impact they cause on important goods. There are seven major branches where insects
benefit us (Clark, 2009): i) In the ecological field it is worth mentioning services of
pollination (Gabriel & Tscharntke, 2007; Sawe et al., 2020); ii) in agriculture they are
used for biological control, i.e. entomophagous organisms (parasites, parasitoids,
predators, pathogens or competitors) are used for the suppression of insect pest species
(Chatterjee et al., 2009; Sethuraman et al., 2020) and for fertilizer production (Arango-
Gutiérrez & Agudelo-Bentacur, 2004; Pifiero et al., 2018); iii) in forestry they are also
used as biological control (Sethuraman et al., 2020); iv) in both animal and human health,
larval treatment is becoming an emerging therapy for the removal of necrotic tissues
(Forero-Becerra, 2011; Reyes-Parrado et al., 2020), although aspects such as passively
and directly caused diseases (allergic reactions caused by stinging, contact or inhalation,
and the vectorial role of diseases); v) in the legal field they can be exploited as forensic
daters (Smith, 1986) and other applications (Baz et al., 2015; Eon, 2019); vi) in the food
field, insects are increasingly valuable due to their high protein content, as well as in such
ancient activities as astaciculture, beekeeping, and sericulture (Lizhang et al., 2008; Van
Huis et al., 2020); and vii) in the feed production insects are being incorporated, either
live or as hydrolysed proteins in pets, aquaculture, poultry and pigs (Van Huis et al.,
2020).
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Figure 1. Phylogenetic tree of insect diversity relationships. The timeline at the bottom of the tree relates the geological
origin of the insect clades to the main geological and biological events (Misof et al., 2014).
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In this work we focus on two of the above-mentioned applications of insects: 1) legal or
forensic use and 2) food and feed production.

Forensic Entomology

Forensic entomology is a branch of forensic science that draws conclusions from
information provided by insects. It is a discipline based on the study of the interactions
of a great diversity of different species with their environment. Furthermore, this fauna
manifests morphological disparities, which is difficult to handle for a non-expert in

entomology (Lutz et al., 2021).

Many species are involved in the investigations, but those belonging to the order Diptera
are the most common, as they are the first to colonise the corpse. Adult females are
attracted to the carcass to lay their eggs and, once the larvae hatch, feed on the carcass
(Smith, 1986). However, it should be noted that other species only come to the body
because they prey on necrophagous insects (Gennard, 2007). As mentioned, one of the
main sources of tissue invasion is through the order Diptera which can cause such
detrimental effects as myiasis, parasitising both animals and humans (Smith, 1986). Also,
by parasitising domestic animals they can spread all kinds of zoonoses (Grzywacz et al.,
2017b).

The first documented case of forensic entomology appears in a 13" century Chinese legal

manual written by Sung Tz'u explaining the

Jgipii il;n(j Frune

murder of a farmer. Doctors and jurists began
to use this science as a complementary
technique in criminal investigations. The
processes of corpse decomposition (physical
and chemical) and all the accompanying
phenomena also attracted attention in the art
world (Fig. 2) (Benecke, 2001). However, it
was not until 1894 that Megnin observed the

3 'l': Jmy oy Jngo b

Figure 2. Observation of decomposition of human
corpses: “Dance of the Death” (Stammler, 1460) (left);
to the corpse he|p|ng to indicate the time grave of Robert Touse who “expects the resurrection of

selective and orderly attraction of arthropods

the dead” (exact time of making unknow) (right)

elapsed since death, and defined them as
(Benecke, 2001).

"Death Squads". This discovery led to the
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publication of "La Faune des Cadavres: Application de I'Entomologie a la Médicine
Légale”, which describes the different stages of decomposition of a corpse. Forensic
pathologists use a scale composed of four stages established according to the state of the
corpse (fresh, emphysematous, putrefactive and skeletal); while forensic entomologists
describe five stages where the state of decomposition and the associated arthropod groups
are assessed (fresh, emphysematous, early putrefaction, late putrefaction and skeletal)
(Gennard, 2007).

The establishment of forensic entomology as a recognised tool for crime scene
investigation did not occur until 1850. The mummified body of a new born was found
inside a chimney behind the mantelpiece of a house. Dr. Marcel Bergeret performed the
autopsy and discovered fly larvae (Sarcophaga carnaria L) and several species of moths.
He concluded that the baby's body had been sealed in 1848 and that the insects gained
access to it in 1849. As a result, the previous to 1848 inhabitants were indicted while the

current occupants were exonerated (Bergeret, 1855).

This discipline could be perfected and developed as a scientific study at the end of the
20" century and the beginning of the 21% century. It analyses all aspects related to insects
that affect or involve legal aspects, but its scope goes beyond the mere identification of
the entomological fauna of corpses (Medico-Legal Entomology) (Hall, 1990), which must
be carried out correctly and unequivocally. The colonisation of corpses by insects follows
a characteristic pattern that is modulated by environmental conditions and location
(buried, outdoors or submerged in water). It can also be used to date of protected species,
determine when death occurred and identify the cause of death (Smith, 1986). In addition
to its usefulness in estimating aspects of the post-mortem interval (PMI), determining the
species in relation to the geographic distribution of that species can be useful in
determining location (Byrd & Sutton, 2019).

The order Diptera is the first to be attracted to the corpse, with the families Calliphoridae,
Sarcophagidae and Muscidae being the most common (Smith, 1986; Gennard, 2007,
Amendt et al., 2009). However, the family Fanniidae also figures prominently in forensic

medicine, but is less well known (Szpila, 2019).
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Fannia pusio (Diptera: Fanniidae)

Fanniidae (Diptera) is a Calyptrate family with approximately 330 species distributed in
five genera: Fannia Robineau-Desvoidy, 1830, Piezura Rondani, 1866, Euryomma Stein,
1899, Australofannia Pont, 1977 and Zealandofannia Dominguez & Pont, 2014 (Couri &
Sousa, 2019). The genus Fannia is the largest, comprising up to 60 species (De Carvalho
& Mello-Patiu, 2008) with the following (Al Gazi et al., 2004): i) small size; ii) dark
integument; iii) predominantly yellow abdomen (Rozkosny et al., 1997); iv) submedian
dorsal seta on the posterior tibia; v) short vein CuA+1A as a prolongation of vein 2A of
the wing margin (Pont, 1977).

Fannia pusio (Wiedemann, 1830) is one of the species within the genus Fannia and is
commonly known as the “chicken dung fly” because of its common occurrence on laying
hen farms (Al Gazi et al., 2004). The most relevant taxonomic characters of F. pusio (Fig.
3) are hind tibia with long setae on ventral surface in
males, and pilosity of the parafrontal hairs protruding
around the eye margin in females (De Carvalho & Mello-
Patiu, 2008). Although the species has a Nearctic origin
(Couri & Sousa, 2019) it is currently found worldwide

due to livestock transport (Grzywacz & Prado e Castro,

2012). It has a preference for warm areas (Smith, 1986;
Figure 3. Fannia pusio adult (Quinn, Bglo et al., 1998) and it was in Brazil, the native
2018. College Station, Brazos Caunty, distribution of the species (Marchiori et al., 2000), that
Texas, USA).

its importance in medicine and veterinary medicine
began to be considered. However, several studies have found it during all seasons of the
year (Leandro & D’ Almeida, 2005; Omar et al., 2008; Barbosa et al., 2009; Kriger et al.,

2010; Aballay et al., 2012).

It is a well-studied species (see De Carvalho et al., 2002, 2003 and references therein)
due to its economic importance and synanthropic habits (Linhares, 1981; Leandro &
D’Almeida, 2005). However, further studies are needed to improve knowledge of their
biology, ecology and behaviour (Szpila et al., 2019). The sanitary and legal interest
harbours for its presence in animal and human carcasses (Mendes & Linhares, 2002). Part
of the economic and sanitary importance of the species stems from the common role of
the female as a phoretic host for eggs of Dermatobia hominis (the human botfly) (Fig. 4)
that causes myiasis in humans and some domestic animal species (Gomes et al., 2002).
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For species to be forensically useful, correct identification is crucial. In particular, species
of the genus Fannia are very similar to each other morphologically (Couri & Sousa, 2019)

and taxonomic keys based on morphology are ,". T

often insufficient (Grzywacz et al., 2017b). = py
| Bl
Likewise, in the identification keys of Muscidae | . - 2

and Fanniidae from Europe, the species F. I
canicularis and F. scalaris are the most cited |5
(Pont, 2015; Grzywacz & Prado e Castro, 2012),
while F. pusio was not included despite being

» 4 LY y e - ‘ _
Figure 4. Ventral view of Sarcopromusca pruna

common in the southeast of the Iberian (Diptera) as a vector of D. hominis eggs on the
Peninsula.  Therefore, more  specialised abdomen (Azevedoetal., 2007).

techniques are used in legal studies for correct identification (Ekrem et al., 2007;
Dujardin, 2008; Kosmann, 2009; Alves-Rolo, 2010; Arnaldos et al., 2015; Yussef-
Vanegas & Agnarsson, 2017; Onder et al., 2019; Fuentes-Lopez et al., 2020).

Identification methods

The application of insects in forensic science requires correct identification, as mentioned
above. In addition, entomological evidence found in investigations is often damaged,
contaminated and in a pre-imaginal state, where dichotomous keys are limited (Zehner et
al., 2004). Therefore, the more powerful techniques that have been developed in recent

decades have a greater range of reliability and efficacy.
Molecular techniques

Molecular techniques offer advantages where other methods are insufficient. One of the
biggest problems is damaged or poorly preserved samples that make it unfeasible to
recognize the characteristic phenotypes of each species (Hoyos-Lépez et al., 2012; Li et
al., 2015; Shi et al., 2017). DNA is present not only in eggs, in each larval stage and in
adults, but also in empty pupae (when the adult has emerged) (Mazzanti et al., 2010).
This represents an enormous advantage for using the latter stage for species identification

by molecular techniques, and thus for forensic purposes.

The most commonly used technique is "barcoding™ which uses a small fragment called

“barcode” of the cytochrome oxidase subunit one gene (cox1) with a size of 658 bp
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(Hebert et al., 2003). However, smaller fragments (240 bp) called “mini-barcode” are
starting to be used because of the difficulty of extraction in certain occasions (Meusnier
et al., 2008, Lee et al., 2015; Grzywacz et al., 2017b; Yeo et al., 2020). Barcode is the
catalytic subunit of the enzyme that predominates in mitochondrial (Kerr et al., 2009;
Alves-Rolo, 2010; Pérez & Henao, 2013) and is haploid in nature with maternal
inheritance without recombination (Kosmann, 2009). This generates species-specific
markers which provides the efficacy of this methodology (Harvey et al., 2003). This is
why this gene has been used in the study of the origins and evolution of insect populations
through haplotype analysis (Lépez-Lbpez et al., 2016; Hurtado-Burillo et al., 2017; Silva
et al., 2020).

Sequences obtained in scientific works for all organisms are deposited in the NCBI
(National Centre for Biotechnology Information) database (Fig. 5) as a prerequisite for
publication. These sequences are available to all scientist and can be downloaded from
NBCI using the BLAST tool (Altschul et al., 1997) allowing them to be included in
subsequent analyses with new approaches producing new data for publications. In this
way we can compare with new approaches. In this way we can compare our generated
sequences with other already recorded sequences from the same and related taxa. To do
so, the lowest E-value and the highest Score in the BLAST tool must be taken into
account, i.e., maximising the similarities between sequences (Hebert et al., 2003) to

construct neighbour-joining phylograms for species identification.
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Copying of Comparison with Drosophilo suzukii

Unknown species DNA extraction
DNA barcode DNA-sequence database Species ID

Figure 5. Diagram of the steps to follow for the molecular DNA Barcoding technique (Sinsoma,
https://sinsoma.com/en/technology/dna-barcoding/).

This technique has allowed the identification of numerous species of the order Diptera in
forensic cases (Coyle et al., 2005; Kosmann, 2009; Alves-Rolo, 2010; Boehme et al.,
2012; Arnaldos et al., 2015; Grzywacz et al., 2017b; Fuentes-Lopez et al., 2020, 2021).

However, other insect-related fields have also turned to molecular techniques such as
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environmental genomics (Valentini et al., 2009; Kang et al., 2017), as well as other
aspects of medical and veterinary importance (Hoyos-Ldpez et al., 2012; Rodrigues et
al., 2018; Onder et al., 2019).

The genetic information obtained can also be used to study phylogeographic relationships
between different species and within closely related species (Lambertini et al., 2006;
Fuentes-Lépez et al., 2021). It is a field of study that addresses 1) the identification of
geographic distributions patterns of genealogical lineages, by constructing genealogies of
populations and genes, and 2) the inference of the processes that have originated those
patterns (Avise, 2000).

Morphometric technique

Geometric morphometrics (GM) is a methodology that together with molecular analysis
gives very effective results for species-level identifications (Hurtado-Burillo, 2015). GM
studies morphometric using Cartesian coordinates (landmarks) of reference points that
are capable of collecting different shape variables and can
be analysed using various statistical techniques
(Bookstein, 1982). It is therefore a powerful approach to
quantify variables such as biological shape, variation and
covariation shape (Zelditch et al., 2004) with other biotic
or abiotic variables or factors (Webster & Sheets, 2017).

These coordinate points correspond to particularities

. o present in all individuals that follow the same

Figure 6. Distribution of the landmark

used to analyse the head of Chagasi arrangement (Zelditch et al., 2004). The technique only

Series species (Diptera: Psychodidae: gnalyses shape while ignoring the size, position and

Phlebotominae) (Godoy et al., 2018). . . .
) (Godoy ) orientation of the specimen and therefore helps to

understand many unresolved questions about the evolution and development of the

organism (Klingenberg, 2013).

The great advantage of the method is that the data can be analysed routinely in a directly
manner with statistical software (Klingenberg, 2013). Such analyses are Principal
Component Analysis (PCA) to reduce the dimensionality of the data and determines the
variables chosen for the study (Dujardin et al., 2014); Canonical Variation Analysis
(CVA) to explore differences between groups (Zelditch et al., 2004); and Transformation

Grids and Wireframe to represent PCA and CVA shape changes, showing the variations
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for the relative location of each reference point. In addition, a cross-validated
reclassification (Refaeilzadeh et al., 2009) and Mahalanobis distance (McLachlan, 1999)
with pairwise permutation are also necessary to verify the results (Wink-da-Silva et al.,
2018).

Insects are one of the groups that have received most attention in the application of GM
(Calle et al., 2008; Bolufe-Torres et al., 2014; Dujardin et al., 2014; Gerard et al., 2015)
with special emphasis on Diptera (Loh et al., 2008; Hall et al., 2014; Espra et al., 2015;
Macedo, 2017; Grzywacz et al., 2017a; Godoy et al., 2018; Mikery et al., 2019; Szpila et
al., 2019). In addition, to being a tool for differentiate populations, subspecies or even
closely related species, morphometric, in terms of shape and dimensions of the
exoskeleton, also gives us information about the animal’s lifestyle (Menes-Hernandez,
2004). This tool, together with molecular analysis, are complementary methodologies to
obtain a good and adequate identification at species level (Grzywacz et al., 2017a).

Post-mortem interval estimation (PMI)

The way insects parasitise and colonise corpses is due to an endogenous clock of genetic
origin that they all possess and that sets the pattern of their circadian rhythms. This
internal oscillator affects their behaviour and ethology, which depends on temperature,
humidity, light intensity and the relative duration between the number of hours of light
and darkness, among other factors. The circadian rhythm allows estimation of the time
since death or, in other words, the PMI together with the identification of the possible
movement of the body and, if applicable, the characteristics of the areas of origin (Amendt
et al., 2009). The beginning of the PMI coincides with the time when the first oviposition
by the dipteran occurs, while the end is the discovery of the corpses and the recognition

of the life stage of the oldest infesting colonising species (Gennard, 2007).

Longitudinal measurements of larvae at different temperatures are used to calculate the
minimum time since death (Cavallari et al., 2015). Forensic case studies in the literature
have used such PMI calculation methodologies to solve criminal investigations (Dutra-
Kirst, 2006; Barros et al., 2008; Kriger et al., 2010; Grzywacz & Castro, 2012; Faria et
al., 2013; Cavallari et al., 2015; Defilippo et al., 2019). In addition, there is existing

literature where growth curves at different temperatures of different dipteran species are
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collected and can be used as a scientific basis (Reiter, 1984; Marchiori & Do Prado, 1996,
1999; Grassberger & Reiter, 2001; Grassberger et al., 2003; Monteiro & Do Prado, 2006).

There are several methods for calculate this interval, the isomegalen and isomorphen
diagrams are the most commonly used tools as they provide graphical information in a

simple and very intuitive way.
Isomegalen and isomorphen diagrams

On the one hand, the isomegalen-diagram measures time elapsed from the hatching of the
insect eggs to the stage of development reached in the corpse. This is measured by the
length of the larvae, expressed in millimetres, and plotted against temperature. In
addition, the diagram also shows the time it takes for the eggs to hatch as a function of
temperature (Gennard, 2007).
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Figure 7. Isomegalen-diagram of Lucilia sericata (Diptera: Calliphoridae). The X-axis is time and is measured from
egg hatching, represented in hours (at the top) and days (at the bottom). The Y -axis represents temperature which is

measured in degrees Celsius (on the left) and in degrees Fahrenheit (on the right). Each line of the graph shows larval
lengths (in millimetres) (Grassberger & Reiter, 2001).

On the other hand, the isomorphen-diagram represents the stages of the insect from

oviposition to the emergence of the imago. The areas between the lines of the diagram
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symbolise a change in the life cycle leading to the next stage (Gennard, 2007). This tool

is useful when larvae or migrating pupae are found in the carcass, as length is not a
significant criterion for age estimation (Grassberger & Reiter, 2001).
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Figure 8. Isomorphen-diagram of Lucilia sericata (Diptera: Calliphoridae). Time is expressed in days on the X-axis
and temperature expressed in degrees Celsius on the Y-axis. The space between each line represents each stage of the

life cycle of the species: a = egg, b = first larval stage, ¢ = second larval stage, d = third larval stage, e = prepupa, f =
pupa, g = imago (Grassberger & Reiter, 2001).

The correct identification of insect species is a critical and decisive point for their proper
application. However, enriching knowledge on morphology, taxonomy, evolution,
biogeography, ecology and life history are equally important. Therefore, this first part of
the thesis focuses on the combination of different methods of identification, both
morphometric and molecular, of species of the genus Fannia collected in a survey
throughout the Iberian Peninsula. Given the results, we focus on the species Fannia pusio,

of which a colony was established under laboratory conditions and the growth curves of

its biological cycle at different temperatures were calculated. Moreover, this species has
been recently introduced to Spain, so its interest and the need to increase our knowledge

of it is a relevant point. Finally, the data collected in this part were applied for the first
time in the elaboration of different methods for the calculation of the PMI.
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Insects for food purposes

Insects have been used as food since the beginning of humanity, but the cost of collecting
them was greater than the energy they provided. Therefore, entomophagy was established
as a habit based on opportunity (Cortes-Ortiz et al., 2016). The countries that still
maintain entomophagy as a habit are those located in tropical and subtropical regions. In
these areas, insects reproduce rapidly and tend to grow more due to the combination of
high temperatures and humidity throughout the year. But generally, insect breeding is fast
due to its high reproductive rate and short biological cycle compared to mammals,
reducing the ecological footprint (Pérez-Altamirano, 2019). In addition, they have high
food conversion efficiency by transforming biological waste (Lainez, 2017) because they
are cold-blooded and therefore do not have to expend energy to regulate their temperature
(Cortes-Ortiz et al., 2016).

The consumption of insects as a non-conventional or additional source has many
advantage (Guine et al., 2021): i) a large number of nutritional properties (FAO, 2010a;
Alves et al., 2019) which can be modulated through the diet (De Marco et al., 2015), ii)
insect production has a low environmental impact (Veldkamp et al., 2012; Biasato et al.,
2016) makes them a sustainable ingredient, and iii) insects can be produced in small
spaces (Gahukar, 2020). Figure 9 shows a graphical comparison of all resources and
environmental impact between an insect farm and conventional farms, with insects being
the most efficient. All these characteristics would be a great opportunity to sustain poor
countries (Rumpold & Schliter, 2013; Guiné et al., 2021).

Demand for food, especially animal protein, is growing rapidly due to the population
development (FAO, 2010a; Alves et al., 2019). This fact encourages research into new
alternatives for protein inputs (Cortes-Ortiz et al., 2016). The World Health Organization
(WHO) and the Food and Agriculture Organization of the United Nations (FAQ) have
revealed that insect consumption could be a viable way to address nutritional deficiencies
by being used as human food and livestock feed. Since January 2018 insects are classified
as a “novel food” by European legislation. However, the European Food Safety Agency
(EFSA) has recently concluded that the specie Tenebrio molitor Linnaeus, 1758
(Coleoptera: Tenebrionidae), commonly called “yellow mealworm”, is safe as food and
feed (EFSA et al., 2021).
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Figure 9. Comparison of resources and environmental impact of insect farm and conventional farm. (A) Digestible
biomass percentage, (B) Feed conversion ratio, (C) Greenhouse gas equivalent production per kilogram of body weight
gain, (D) Ammonia pollution production per kilogram of body mass, (E) Global warming potential, (F) Energy use,
(G) Land use, (H) Water use (Gahukar, 2016).
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There are other insect species according to EFSA (2015) with potential to be consumed
in the EU, but are not authorised for the time being. These are Musca domestica Linnaeus,
1758 (Diptera: Muscidae), Hermetia illucens Linnaeus, 1758 (Diptera: Stratiomyidae),
Tenebrio molitor Linnaeus, 1758 (Coleoptera: Tenebrionidae), Zophobas atratus
Fabricius, 1775 (Coleoptera: Tenebrionidae), Alphitobius diaperinus Panzer, 1797
(Coleoptera: Tenebrionidae), Galleria mellonella Linnaeus, 1756 (Lepidoptera:
Pyralidae), Achroia grisella Fabricius, 1754 (Lepidoptera: Pyralidae), Bombyx mori
Linnaeus, 1758 (Lepidoptera: Bombycidae), Acheta domesticus Linnaeus, 1758
(Orthoptera: Gryllidae), Gryllodes sigillatus Walker, 1869 (Orthoptera: Gryllidae),
Locusta migratora migratorioides Linnaeus, 1758 (Orthoptera: Acrididae), Schistocerca

americana Drury, 1770 (Orthoptera: Acrididae).

Farming Tenebrio molitor to low-scale

The yellow mealworm beetle, Tenebrio molitor (Fig. 10), is one of the species permitted
for human and animal consumption according to the aforementioned regulations (EFSA
et al., 2021). Its nutritional profile is valuable with a high amount of crude protein (20 —
71 %), essential amino acids (46.3 %), and fatty acids (22 — 55 %) (Gasco et al., 2019).
Furthermore, Bosch et al. (2014) set a digestibility of organic matter of 90.85 % and
protein of 91.60 %; and the amount of chitin is an
added value due to its prebiotic activity on gut
microbiota (Bovera et al., 2015). However, the use
of insects in feed has minor disadvantages as they
can cause allergic reactions (Bessa et al., 2020) and
contain toxic substances. Van Broekhoven et al.
(2017) and Niermans et al. (2019) saw in their

studies how T. molitor larvae degrade and excrete

Figure 10. Larval stage of T. molitor, ]
mycotoxins and heavy metals so the latter problem
commonly called yellow mealworm.

could be solved.
Breeding of T. molitor has numerous other advantages as a food alternative. The use of
industrial, agricultural and livestock by-products to feed insect’s income that the
competitiveness of resources with humans is practically nil (Vifieta-Valdelvira, 2017).

This inspires circular economy, encourages sustainability, reduced environmental impact,
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and decrease the ecological footprint due to the low greenhouse gas emissions (Biasato
et al., 2016). The high feed conversion efficiency of insects is also a feature to be valued
in their production efficiency compared to conventional livestock (Garnett et al., 2015;
Cortes-Ortiz et al., 2016) as well as their rapid reproduction and short life cycle (Pérez-
Altamirano, 2019). Additionally, they have a lower risk of zoonosis (Ramon-Vazquez,
2014), and even been used in cancer therapy (Petit et al., 2005; Suo et al., 2016; Wu et
al., 2020).

This species is a holometabolous insect (Cruz-Lozano, 2005), which has a complete
metamorphosis following a four-stage life cycle: egg, larva, pupa and imago (Fig. 11).
Once the larva stops feeding and has completed all its moults, it moves on to the pupal
stage. The process from egg hatching and larval growth to pupation can take up to four
months. After about 10 days, the adult emerges from the pupa and reaches sexual maturity
after 12 days. After copulation, eggs are laid within eight days. The full cycle of this
species can be up to six months as an adult can live up to three months under optimal
conditions. Those conditions are 25 — 28 °C ambient temperature, 50 — 55 % relative
humidity, 12:12 light cycle, water and diet ad libitum based on cereals and plant remains
(Bernad-Gonzalez, 2019).
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Figure 11. Phases of the holometabolous life cycle of T. molitor (Singh, 1975).
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Information on the automation of small-
scale breeding of this species is already
collected in several papers (Morales-
Ramos et al., 2012; Cortes-Ortiz et al.,
2016;  Gahukar, 2016;
Gonzalez, 2019; Cadinu et al., 2020).

There is a mechanism that facilitates the

Bernad-

management of each phase of the
biological cycle for better collection of
eggs oviposited by adults, subsequent
hatching of larvae and growth. Figure
12 shows the two management systems,
the reproduction system and the rearing
system. In this way, the separation of
phases to optimise each phase of the life
cycle is more mechanical and can
handle quantities where one manpower
is insufficient. In oviposition, the largest
possible number of eggs with the
highest percentage of viability is
needed; in the larval phase, the largest
possible size is required with a fast time;
and in the adult phase, the greatest
possible fertility of the individuals is
sought in order to ensure successful
reproduction (Morales-Ramos et al.,

2012).

Therefore, insect farming requires low-tech

and low-capital activities. The space
required for insect production is affordable
even for small farmers creating small-scale

modules.

Breeding system

Rearing system

Figure 12. T. molitor farming systems. Breeding
system: the adults are in tray B which has a porous
surface that lets the newly hatched larvae fall from the
eggsto tray C where they are collected. Rearing system:
stacked trays with pores of different diameters to
separate the larvae by size, the last tray is where the
waste is collected (Morales-Ramos et al., 2012).

42



Introduction

Anomalies found in insect rearing

The production of any living creature, whether on a small or large scale, must be perfectly
controlled. Hygiene, feeding, control of the different biological processes and rearing
manipulation are the most important factors in the production of insects for food. If these
conditions are ignored, they can lead to unknown malformations or even death of the
insect. Teratologies in arthropods are quite
common (Socha & Sehnal, 1972) (Fig. 13) but
can be caused by many different factors:
physical alterations resulting from hormonal
disturbances (Bong et al., 2018), spontaneity,
chemicals, genetic alterations (Mun et al.,
2019) or diseases resulting from bacterial
infections (Zeikus & Steinhaus, 1968).

Different anomalies have been observed in T.

molitor, mainly affecting the pupa and adult
emergence’ resulting in an individual With Figure 13. Callipogon relictus pupaes with different
. ] deformations of teguments and limbs (Yi et al., 2017).
incomplete abdomen and elytra (Zeikus &

Steinhaus, 1968; Socha & Sehnal, 1972).

Sclerotization and melanisation of the insect exoskeleton is the first defence barrier
against invading pathogens and environmental stressors (Hayakawa et al., 2018). In
addition, pigmentation is also involved in communication, mating behaviour, crypsis,
mimicry and predator-prey interactions (Fukatsu & Futahaski, 2016; Mun et al., 2019).
Therefore, the exoskeleton and its correct development is essential for the insect's
immune response, as well as for resistance to parasites; poor synthesis of proteins
involved in cuticle formation can lead to the death of the individual (Parkinson et al.,
2003; Hattori et al., 2005; Hoegger et al., 2006; Bettedi et al., 2011; Strong & Claus,
2011; Balabanidou et al., 2018; Wang et al., 2018). Therefore, RNA interference gene
silencing of some of these genes has been proposed to control pests (Du et al., 2017,
Matsumoto & Hattori, 2019; Liu et al., 2020).

Multiple genes are involved in the metabolic pathway of hardening and pigmentation of
the exoskeleton (Mun et al., 2019), and the correct development of the individual depends
on the level of expression. Laccase2 (Lac2) is one of the most important proteins in this
metabolic pathway as it is responsible for cuticle darkening and hardening (Simon et al.,
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2009); while Arylalkylamine N-acetyltransferase (AANAT1) and Tyrosine Hydroxylase
(TH) are involved in colouring (Mun et al., 2019). To examine gene expression levels,
real-time chain reaction (RT-qPCR) is used as the main methodology. Some studies have
shown alterations in these expressions depending on the conditions (Lord et al., 2010;
Toutges et al., 2010; Liu et al., 2015; Sang et al., 2015; Garcia-Reina et al., 2018; Mun
etal., 2019).

Due to the shortage of animal protein, substitutes are being studied whose production is
sustainable and, in addition, enhances the circular economy. According to the European
Food Safety Authority (EFSA), insects are the main candidates for this purpose, which is
why insect farms are booming. The implementation of such facilities is giving rise to
previously unknown rearing problems. Therefore, increasing knowledge of the biology

and ethology of the species is necessary.
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Objectives

The two main objectives of this thesis are the correct identification of necrophagous
dipteran species by means of molecular and morphometric methodologies, and the correct
management and maintenance of edible insect species in controlled low-scale rearing
conditions. This information will allow us to broaden the knowledge of the biology,
ecology and ethology of insects for its application in two main branches of applied

entomology: forensic entomology and insects for food and feed purposes.

The results obtained are divided into five chapters organised in two parts. The first part
is composed of chapters I, 1l and 111, where samples of Fannia pusio collected in the
Iberian Peninsula, are identified and analysed by means of molecular and morphometrics
techniques for generating knowledge that allows its subsequent use in the calculation of
the post-mortem interval (PMI). The second part is made up of chapters IV and V where
the breeding of Tenebrio molitor on a small scale is optimised accomplishing technical
and economic studies; in this process, the visualisation of malformations in the
transformation from pupae to imago, lead us to analyse gene expression differences

between healthy and anomalous individuals.

Chapter 1. Barcoding identification and phylogeographic analysis of Fannia pusio

(Diptera: Fanniidae) in the Iberian Peninsula

The general aim of this chapter is the identification to species level by molecular analysis
of individuals of the genus Fannia collected in a survey carried out throughout the Iberian
Peninsula. We will focus on Fannia pusio (Wiedemann, 1830) as the most abundant

species in the sampling.
The specific objectives are:

- To increase the number of sequences of the genus in the GenBank database.

- To test the capacity of the mini-barcode cox1 region in the correct identification
of F. pusio from the Iberian Peninsula.

- To identify F. pusio by recognising its genetic peculiarities, its phylogeographic

pattern distribution and the inference of the process involved.
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Chapter Il. The head of Fannia pusio (Diptera: Fanniidae) as a new source of
morphometric data for the evaluation of variation along geographical and biological

lines.

The general objective of this study is to complement the results of the molecular data
collected in chapter I with a morphometric analysis, where the geographical and

biological variation of the species will be assessed.
The specific objectives are:

- To study the head of F. pusio as a valid taxonomic structure.
- To validate the head landmarks in the context of the geographical and biological

differences of F. pusio.

Chapter I11. Development of Fannia pusio (Diptera: Fanniidae) under temperature-
controlled conditions and its application in post-mortem interval (PMI) estimation.

The general objective of this chapter is to assess for the first time, the effect of temperature
on the development of F. pusio providing data for forensic specialists to determine its

suitability for a more accurate PMI estimation.
The specific objectives are:

- To obtain the lengths of all larval stages at different temperatures, from hatching
to imagoes emergence.
- To calculate isomegalen and isomorphen diagrams, by means of the growth curve

obtained from the data matrix.

Chapter 1V. Production and economic feasibility studies in the development of a

rearing project for the yellow mealworm, Tenebrio molitor.

The overall objective of this study is to analyse the optimal conditions for the rearing and
management of T. molitor in a small-scale production facility to encourage entrepreneurs

with limited space available to become small-scale farmers.

The specific objectives are:
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- To calculate the annual production of a T. molitor small facility under optimal
conditions in the available dimensions, according to life cycle stages of the
species.

- To calculate the economic feasibility of the facility in order to establish its
profitability.

Chapter V. Expression analysis of Lac2, TH and AANAT1 genes related to

exoskeleton malformations in reared Tenebrio molitor (Coleoptera: Tenebrionidae).

The general objective of the study is to analyse the gene expression of three genes related
to the formation of the cuticle of T. molitor in individuals with normal versus anomalous
cuticle development. The altered expression of these genes, which encode essential
proteins for adult life, can lead to an anomalous development of cuticle with the
corresponding limitations for survival and reproduction. A better understanding of the
genetic mechanisms involved will help to improve production systems while minimising

costs.
The specific objectives of this work are:

- To verify the expression levels of the proteins Lac2, AANAT1, and TH in normal
and malformed adults using RT-qPCR.
- Todiscuss the relationship of these malformations to the production handling and

the stress of the colony.
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Barcoding identification and phylogeographic analysis of Fannia pusio (Diptera:
Fanniidae) in the Iberian Peninsula

Abstract

Fannia is a genus of diptera belonging to the family Fanniidae with approximately 300
species; they are attracted to decaying organic matter and exhibit necrophagous habits,
thus shedding light on criminological issues. In addition to legal importance, they have
medical and economic concern, as they are capable of causing myiasis in domestic
animals and humans. For these reasons, their identification to species level based on
morphological characters is sometimes difficult due to poor preservation of samples in
decomposing corpses. An alternative to overcome this situation is DNA barcoding by
molecular analysis of a 658 bp fragment of the mitochondrial genome (cox1). However,
the sequences of this fragment may be contaminated with external DNA debris, due to
different reasons. An alternative is the use of short, internal regions (mini-barcodes); in
this work we show how a smaller fragment of 240 bp is able to correctly identify the
species of the genus Fannia that were collected in a survey throughout the Iberian

Peninsula.

Molecular identification showed that Fannia pusio (Wiedemann, 1830) was the most
abundant species collected. In addition, particular mutations have been identified, that
allows to differentiate haplotypes of individuals from northeast and southeast. The
available sequences in the databases analysed together with the results of this work
suggest that the species originates from America and it was subsequently introduced into
the Iberian Peninsula via Portugal, undergoing a continuous expansion of its distribution

area.

Keywords

Forensic Entomology, cox1, Haplotype Network, Mini—Barcode, Molecular Analysis,
NJ tree.
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Introduction

Fannia Robineau-Desvoidy, 1830 is a genus of diptera belonging to the family Fanniidae
with importance in the legal, medical, and economic fields. They are attracted to decaying
organic matter (Grzywacz et al., 2017b) exhibiting necrophagous habits that decompose
carrion and corpses (Pérez & Henao, 2013). The feeding habits and biology together with
the decomposition of carrion shed light on criminological issues (Amendt et al., 2011).
Although there are no cases in Spain, it is worth noting the sanitary and economic interest
of this genus in Latin America due to its distinctiveness of being an egg carrier for the
human botfly, Dermatobia hominis (Linnaeus, 1781) which cause myiasis in both humans
and livestock (Bélo et al., 1998; Al Gazi et al., 2004). It is the most diverse genus in the
family Fanniidae (Diptera), with 288 species (Couri & Sousa, 2019); it is native to
America but currently distributed in many parts of the world due to the transportation of
livestock (Al Gazi et al., 2004; Grzywacz & Prado e Castro, 2012). The high biodiversity
of this genus makes the correct species identification much needed (Grzywacz et al.,
2017b).

DNA barcoding is a molecular instrument that is assisting in the taxonomic classification
of organisms, particularly in difficult groups, that has attracted much attention from insect
taxonomists to achieve correct identification (Pérez & Henao, 2013; Li et al., 2015; Shi
et al., 2017). This method uses a small fragment called “DNA barcode” which consists
of the Cytochrome ¢ Oxidase subunit I gene (cox1); it is the catalytic subunit of the
predominant enzyme in the mitochondrial genome, and easy to amplify and sequence
(Kerr et al., 2009; Alves-Rolo, 2010). A wide variety of molecular markers have been
used in insects with forensic (Coyle et al., 2005; Kosmann, 2009; Alves-Rolo, 2010;
Arnaldos et al., 2012; Boehme et al., 2012; Grzywacz et al., 2017b; Fuentes-Lopez et al.,
2020), medical and veterinary importance (Hoyos-Lopez et al., 2012; Rodrigues et al.,
2018; Onder et al., 2019) as well as from the point of view of environmental genomics
(Valentini et al., 2009; Kang et al., 2017). In turn, many dipteran families were analyzed
using this same methodology, such as the Calliphoridae (Yusseff-Vanegas & Agnarsson,
2017), Culicidae (Guo et al., 2018; Osoério et al., 2018), Drosophilidae (Liu et al., 2017,
Liu & Chen, 2018), Muscidae (Renaud et al., 2012), Sarcophagidae (Arnaldos et al.,
2015; Buenaventura et al., 2018), Tephritidae (Li et al., 2018) and Fanniidae which is the
subject of this study (Grzywacz et al., 2017b).
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This tool typically uses 658 base pairs, which is the so-called "barcode"; however, these
sequences can be contaminated with external DNA remnants due to poor preservation in
decomposing remains (Couri & Sousa, 2019). For this reason, there are studies where
smaller fragments called "mini-barcodes” are being used as an alternative (Meusnier et
al., 2008; Grzywacz et al., 2017b). In this study, a 240 bp fragment (Lee et al., 2015; Yeo
et al., 2020) was used as a discriminant molecular marker showing Fannia pusio
(Wiedemann, 1830) as the most abundant species in the sample. In addition, this gene has
been used in the study of the origins and evolution of insect populations through
haplotype analysis (Lopez-Lopez et al., 2016; Hurtado-Burillo et al., 2017; Silva et al.,
2020), specifically in the order Diptera (Pfeiler et al., 2013; lzumitani et al., 2016;
Rampasso et al., 2017; Iglesias et al., 2018; Fuentes-LOpez et al., 2020).

The aim of this work is the identification to species level by molecular analysis of
individuals of the genus Fannia collected in a survey carried out throughout the Iberian
Peninsula, focusing on Fannia pusio as the most abundant species in the survey. The
specific objectives are: 1) to increase the number of sequences of the genus in the
GenBank database, 2) to test the capacity of the mini-barcode cox1 region in the correct
identification of F. pusio from the Iberian Peninsula, 3) to identify F. pusio by recognizing
its genetic peculiarities, its phylogeographic distribution pattern and to infer the processes
involved. Therefore, this work will show the advantages and shortcomings of the mini-

barcode method for the identification of fanniids species of forensic interest.

Materials and methods

Sampling

Samples for this study were collected using bottle traps baited with pig liver and blood
(Couri & Sousa, 2019), by members of the Department of the Zoology and Physical
Anthropology research group of the University of Murcia. The areas sampled in Spain
were covered in summer and autumn 2012, while the area of Lisbon was sampled in
autumn 2015. Although intensive sampling was carried out throughout the Iberian
Peninsula, only the points marked on the map represent localities where specimens of the

genus Fannia were found (Fig. 14).
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Figure 14. Sampling points of the Iberian Peninsula where the genus Fannia was found. 1 (pink point) = Villanueva
de Cameros (La Rioja), 2 (blue point) = Villar del Arzobispo (Valencian Community), 3 (blue point) = Catarroja
(Valencian Community), 4 (orange point) = Campus of Espinardo (Region of Murcia), 5 (orange point) = Aguilas
(Region of Murcia), 6 (green point) = Estremadura (Lisbon) (for more details see Table 1).

The traps were placed in peri-urban areas of each locality (Table 1) for 3-6 days. All
individuals collected in the decaying liver and blood were washed in 70 % ethanol and
subsequently preserved in absolute ethanol until analysis. Furthermore, a laboratory
Fannia pusio colony, maintained in controlled laboratory conditions (25 °C, 60 % relative
humidity, 12:12 light cycle). Sugar and water ad libitum was also provided to the colony.
The collection was obtained from larvae recovered from a cat carcass in advanced stages
of decomposition that was found near an urban area 11 km from Murcia (Region of
Murcia, Spain) in September. The identification of specimens was corroborated by Dr.
Andrej Grzywacz, an expert in the family Fanniidae and Muscidae, and subsequently at
a molecular level by barcoding analysis. The samples considered here were from
generation 165, which was obtained after approximately four years of laboratory breeding

of the same lineage.

DNA extraction and PCR amplification

Due to the small size of the individuals, we had to use the complete body for DNA
extraction. Only the head was removed to prevent eye pigments from interfering with the

DNA amplification process. The CCDB Glass Fiber Plate DNA extraction protocol was

57



Part | Chapter |

used (lvanova et al., 2006). Briefly, 100 ul of insect lysis buffer and 10 ul of proteinase
K were added to the plate, and maintained in an incubator at 56 °C overnight.
Subsequently, 100 pl of binding mix was added and all this was transferred to a PALL2
plate. Two washes were performed with 200 pl of protein wash buffer and 600 pl of wash
buffer, and left in the incubator at 56 °C for 30 minutes. Additionally, 100 pl of water
previously warmed up to 56 °C was added. After extraction, the DNA concentration was

verified by Nanodrop (NanoDrop ™ Thermo Scientific ™ spectrophotometers).

Map point Locality Exact area Coordinates Elevation (m)
1 La Rioja Villanueva de Cameros 42°10'04"N; 1265
2°39'00"W
2 Valencian Villar del Arzobispo 39°44'7"N; 520
Community 0°49'40"W
3 Valencian Catarroja 39°24'0"N; 8
Community 0°24'0"W
4 Region of Murcia ~ Campus of Espinardo 38°01'06"N; 150
1°10'12"W
5 Region of Murcia Aguilas 37°24'22"N; 326
1°34'58"W
6 Estremadura Campus of Lisbon 38°7526"N; - 84
9015'82"W

Table 1. Details of sampling zones of the Iberian Peninsula where the genus Fannia was found (see Figure 14).

Amplification of the cox1 barcode region was performed in a 2720 thermocycler (Applied
Biosystems, Foster City, USA) using a KAPA BIOSYSTEMS PCR kit (Wilmington,
USA). The PCR cocktail contains buffer, 0.2 uM of each primer, LCO1490 and
HCO02198 as described by Folmer et al. (1994) and 0.3 U / tube of Taqg polymerase. Once
the cocktail is prepared, 10.5 pl of the reaction mix and 2 pl of DNA were added to the
PCR plate. The PCR program consists of an initial activation of 95 °C for 3 min, followed
30 cycles of 30 sec at 94 °C, 30 sec at 55 °C, and 1 min at 72 °C, with a final extension
of 5minat 72 °C. The PCR product was then electrophoretically checked in a 2 % agarose
stained with RED SAFE (iNtRON Biotechnology, Seongnam, South Korea).
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Sequencing of cox1 and molecular analyses

The samples were sequenced at Macrogen (Amsterdam, The Netherlands) and the cox1
gene fragment was obtained. However, the sequences contained gaps and were
contaminated, so manual editing using GENEIOUS 7.1.3. (Kearse et al., 2012), clean
sequences of 240 bp (mini-barcode) were gained. In addition, sequences included in the
NCBI (National Centre for Biotechnology Information) database were incorporated using
the BLAST tool (Altschul et al., 1997). The alignment was made using MUSCLE (Edgar,
2004) and it is free-gaps translating to amino acid sequences correctly. The sequences
were uploaded to GenBank databases where a label was assigned (Supplementary Table
1 of Appendix).

A Neighbour Joining (NJ) tree with a 1000 bootstrap and the statistical analysis were
calculated with MEGA-X 10.0.5 software (Tamura et al., 2007). The Kimura two-
parameter (K2P) model (Kimura, 1980), the most widely used in phylogenetic studies
(Ekrem et al., 2007; Kosmann, 2009; Arnaldos et al., 2015; Borges et al., 2016; Grzywacz
et al., 2017b; Emmam et al., 2020; Fuentes-LoOpez et al., 2020), was used as nucleotide
substitution model for estimating genetic differences and phylogenetic relationships. The
mitochondrial lineage of the samples was decisive for analysing whether there was
separation in the different groups by means of the K2P pairwise distance analysis. The
haplotype networks were obtained with the PopArt software (Leigh & Bryant, 2015)
using the median binding algorithm (Bendelt et al., 1999).

Results

Genomic DNA was isolated from 78 samples belonging to the genus Fannia (Diptera:
Fanniidae). The present work provides a good species-level identification of Fannia
aequilineata Ringdahl, 1945 (N = 2), Fannia canicularis Linnaeus, 1761 (N = 5), Fannia
lepida Wiedemann, 1817 (N = 2), Fannia leucosticta Meigen, 1838 (N = 4) and F. pusio
(N = 65), using only an internal and shorter 240 bp fragment of the cox1 gene (mini—
barcode). All sequences were uploaded into the GenBank systems with the numerical
references MT527094 — MT527174. In addition, for correct identification and subsequent
comparative study, sequences from the NCBI database of the different species studied

were incorporated (Supplementary Table 1 in the Appendix).
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In the NJ tree of cox1 a clear separation of the studied species was observed with a support
value of 100 %. Within the genus Fannia, each species studied in this work presents a
monophyletic relationship (Fig. 15). The distance analysis shows an intraspecific distance
of 0—4.3 % and an interspecific distance of 7.9 — 21.6 % (Table 2). The distances showed
a clear gap of 3.6 %, thus indicating that the species were correctly separated. The
greatest intraspecific distances appeared for F. canicularis, followed by F. leucosticta
and F. pusio and with 4.3 %, 3.4 %, and 3 % respectively (Table 2). On the other hand,
the greatest interspecific distances were for F. leucosticta with F. aequilineata (19.4 %),
F. leucosticta with F. lepida (19.1 %), and F. leucosticta with F. canicularis (18.3 %)
(Table 2) which were the most distant in the NJ tree (Fig. 15). Furthermore, the shortest
interspecific distance occurred between F. aequilineata and F. canicularis with 7.9 %
(Table 2) indicating a close relationship in the NJ tree.

Maximum Minimum distances (interspecific)
distances
(intraspecific) F. aequilineata  F. canicularis F. lepida F. leucosticta  F. pusio
0 F. aequilineata 0.079 0.140 0.194 0.155

0.043 F. canicularis 0.142 0.183 0.162
0.008 F. lepida 0.191 0.157
0.034 F. leucosticta 0.157
0.030 F. pusio

Table 2. Intraspecific and interspecific Kimura two-parameters distances of Fannia species collected in the sampling.

The haplotypic network (Fig. 16) shows a clear distribution of haplotypes of the analysed
species of the genus Fannia. Focusing on F. pusio, the wide distribution of a common
haplotype (1) was observed, which includes all the regions studied in the Iberian
Peninsula, with the exception of the Valencian Community. It can be seen how the latter
locality showed a haplotype that was connected to another (2) that has not been detected
in the USA or in La Rioja (Spain).
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Figure 15. NJ tree of mini—barcode of cox1 gene of Fannia species. Red = F. pusio, Blue = F. leucosticta, Green = F.
lepida, Yellow = F. aequilineata, Purple = F. canicularis. Sequences with an asterisk are those obtained from the NCBI
database for comparison.
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Figure 16. Haplotype network of mini—barcode of Fannia species collected in the Iberian Peninsula and sequences
obtained from the NCBI database for comparison.

The localities that showed the highest number of haplotypes were Lisbon with seven
and Region of Murcia with six, sharing both haplotype 1 and haplotype 2. On the one
hand, a new haplotype (3) occurred in Lisbon, which connected with haplotype 2 and
gave rise to three other new haplotypes. It should be noted that in the Region of Murcia,
the individuals established and maintained in laboratory conditions were also included,
as this is where they were collected (see Materials and methods). However, in Figure 17
the same analysis was performed but classifying the sequences belonging to the
individuals bred in the laboratory and the samples collected in the wild during the
sampling. Both groups of samples also shared haplotypes 1 and 2 as in the previous case
(Fig. 16). Five haplotypes of the laboratory specimens and three of the wild type were
observed. The main difference is that the wild type specimens collected in the Region of
Murcia show haplotypes arising from 1, while the individuals from the laboratory arise
from both 1 and 2 (Fig. 17).
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Figure 17. Haplotype network of mini—barcode of cox1 of Fannia pusio individuals collected in the Iberian Peninsula
and sequences obtained from the NCBI database for comparison. In addition, the individuals from the colony
established in the laboratory (collected in Murcia) are separated from the individuals collected from the Region of
Murcia.

Discussion

To our knowledge, there are studies based on morphology of fanniids species (Dominguez
& Roig-Juiient, 2008; Ochoa, 2014), however, there are few published molecular
analyses. Only Grzywacz et al. (2017b) have provided find cox1 sequences available in
GenBank databases. As it is well known, the attention in fanniids is concentrated not only
in the work undertaken in the forensic field (Grzywacz et al. 2017b), but also in the
sanitary, medical, and economic fields (Bartak et al. 2016) due to their association with
animals and humans (Rozkosny et al. 1997). For these reasons, their molecular
identification constitutes substantial improvement in practical knowledge, which can be

used to carry out good management and prevention policies (Hoyos-Lo6pez et al. 2012).

The individuals collected in the sampling had some taxonomic structures damaged,
making it impossible to identify the species using keys based on morphology (Rozkosny
et al. 1997). The use of a barcoding analysis offers a quick identification method to

overcome this difficulty (Arnaldos et al. 2015; Fuentes-Lopez et al. 2020) even with
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smaller fragments (mini—barcode) of the cox1 gene (Meusnier et al. 2008; Reibe et al.
2009; Guo et al. 2012; Lee et al. 2015; Grzywacz et al. 2017b; Yeo et al. 2020). In our
study we used a mini—barcode of 240 bp which was adequate for a correct identification
of the species of the genus Fannia, showing a clear gap in the distance analysis of 3.6%
(Table 2) (Meier et al. 2006). Only 85 species of fanniids are known in Europe (Bartak et
al. 2016), so that, the scarcity of data on this group (Grzywacz et al. 2017b) makes studies
such as this one necessary. Fannia is a genus of Diptera of recent diversification (Pont,
1977) that has been subjected to a rapid radiation (Wiegmann et al. 2001), thus resulting
in less genetic variability among species, many of which are closely related (Fig. 2). The
results obtained by Grzywacz et al. (2017b) corroborate these hypotheses.

The sampling presented in this manuscript was carried out at various locations in the
Iberian Peninsula (Fig. 14), where F. pusio was the predominant species. This information
is relevant since in previous studies this species was almost absent (Grzywacz & Prado e
Castro, 2012). The presence of this species in the Iberian Peninsula has been explained
as a consequence of entries through Portugal via livestock transportation (Baz et al.,
2015). These statements are corroborated by the results obtained, as shown in Figure 16
where the existence of a common haplotype for all the regions studied can be observed.
Furthermore, sequences from the NCBI database were included in the analysis (only
available from USA samples) and it is clear that they share the haplotype 1 with the

exception of the Valencian Community (Fig. 16).

It is known that rapidly diverging species, as in this case (Wiegmann et al. 2001), can
form hybrid species through genetic introgression (Genner & Turner, 2011). After the
entry of F. pusio in the Iberian Peninsula, pioneers may have undergone mutations that
generated new haplotypes such as that carried by individuals from Lisbon, the Valencian
Community and the Region of Murcia. However, the specimens from La Rioja harbor
only haplotype 1 and another haplotype separated by one mutation. It could be said that
there is a clear difference between individuals of F. pusio from the northeast (La Rioja)
and the southeast (Valencian Community) of Spain. Unfortunately, the presence of F.
pusio in Spain was not detected by previous studies (Velasquez et al. 2010; Grzywacz &

Prado e Castro, 2012), which makes it difficult to propose more sound hypotheses.

Another issue that could be controversial is the recommendation to avoid the use of
individuals from an established colony under laboratory conditions for DNA barcoding
studies (Paz etal., 2011), particularly in long-term established colonies which would have
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a homogeneous diversity of COI haplotypes due to inbreeding. However, in our short-
term colony (165 generations) the results obtained show the opposite (Fig. 17) where five
haplotypes are present, two of which are shared with the specimens collected in the
Region of Murcia in the wild. In this particular case, inbreeding should not be a limitation
in the study of the haplotypic diversity of F. pusio, as much more time should be required
for haplotype homogenization in captive colonies.
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Chapter 11

The head of Fannia pusio (Diptera: Fanniidae) as a novel source of morphometric
data for assessing of variation along geographic and biological lines

Abstract

Fannia Robineau-Desvoidy, 1830 is the most diverse genus in the family Fanniidae
(Diptera), with 288 species, many of which are include many of sanitary, economic and
legal interest. The morphological homogeneity within the genus often makes species
determination difficult. The best option for correct identification is to combine molecular
and morphometric analyses. The variation in the shape of a selection of body characters
can be assessed by Geometric Morphometrics using the head as an innovative structure.
Sex must be accounted for as a key covariate in this kind of study, since Fannia, as many
other Diptera, has a sexually dimorphic head structure, with holoptic males and dicoptic
females. Firstly, we analysed a set of Fannia sp. specimens sampled across the Iberian
Peninsula (2012-2015), of which Fannia pusio (Wiedemann, 1830) was found to be the
most abundant species. This species Our analyses provide significant morphological
information. Fannia pusio exhibits clear intraspecific morphometric variation along an
Iberian-wide East-West axis. A similar pattern emerged when comparing a laboratory-

bred colony and wild samples.

Keywords: Biological Variability, Geographical Variability, Geometric Morphometrics,

Head landmarks, Iberian Peninsula.
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Introduction

Insects are one of the groups that have received most attention in the application of
Geometric Morphometrics (GM) (Dujardin et al., 2014; Gerard et al., 2015), particularly
the Diptera (Espra et al., 2015; Grzywacz et al., 2017a; Macedo, 2017; Mikery et al.,
2019; Szpila et al., 2019). Morphology, in terms of shape and dimensions of the

exoskeleton, gives us information about an animal’s lifestyle (Menes-Hernandez, 2004).

Wings are an ideal biological structure for this type of analysis due to the taxonomic
information they provide (Grzywacz et al., 2017a; Sontingun et al., 2017), but other
structures such as the head have also received attention (Baylac et al., 2003; Khamis et
al., 2012; De Souza et al., 2015; Godoy et al., 2018). These types of studies allow us to
establish the degree of diversity at both inter (Fuentes-Lépez, 2018) and intra-
populational levels (Menes-Hernandez, 2004), and to determine the history of the species
establishing the processes that explain the evolutionary patterns observed in organisms
(Bustamante et al., 2004).

Fannia Robineau-Desvoidy, 1830 is the most diverse genus in the family Fanniidae
(Diptera), with 288 species. The morphological similarities among its species become a
significant hurdle for reliable identification. Fannia spp. share the following
characteristics (Al Gazi et al., 2004): i) small size; ii) dark integument; iii) predominantly
yellow abdomen (Rozkosny et al., 1997); iv) dorsal submedian seta on the hind tibia; v)

short vein CuA+1A as an extension of vein 2A of the margin of the wing (Pont, 1977).

Fannia pusio (Wiedemann, 1830), commonly known as the “chicken dung fly” because
of its common appearance in laying hen farms, is a species of great sanitary, economic
and legal interest. The originally Nearctic species (Couri & Sousa, 2019) is currently
found worldwide thanks to the transportation of livestock. Part of the species’ economic
and sanitary interest stems from the female’s common role as the phoretic host of the eggs
of Dermatobia hominis, the human botfly, which causes myasis in humans and other
animals (Gomes et al., 2002). Females can be easily identified due to the sexuality
dimorphic eye arrangement in F. pusio: they are dichoptic with the eyes well separated
by the frons (Dominguez & Pont, 2014). On the other hand, the legal interest refers to the
forensic field, as this species exploits decaying organic matter, both animal and human
(De Souza et al., 2008; Grzywacz & Prado e Castro, 2012; Vasconcelos & Araujo, 2012).
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For all these reasons, a correct identification is essential. The best option is to use
molecular analysis with morphological tools like Geometric Morphometrics, which use
the shape variability of body characters (Bookstein, 1982). Landmark-based
morphological analysis has been successful in examining the morphological variations in
different animal groups, including the cranial morphology of rodents (Vallejo et al., 2017)
and carapaces of zooplankton (Wong et al., 2018; Hethke & Weeks, 2020). This tool has
not yet been used as an identification methodology in the genus Fannia, so the present
study is the first in its field. However, Grzywacz et al. (2017) used GM as an alternative
to the classical morphology in Muscidae due to the fact that the identification of adults is
considered difficult. In that paper, the wings were chosen as the study structure, and it
was concluded that this method facilitates identification compared to more difficult and

time-consuming approaches, with a very high success rate in terms of results.

From the data obtained, we formulated two main questions: i) is the head of F. pusio a
structure of enough taxonomic resolving power? and furthermore, ii) does the
documented distribution of head landmarks match the geographical and biological

differences in F. pusio?

Materials and methods
Sampling

The individuals analysed in this work were collected over the course of several collection
trips made throughout the Iberian Peninsula from 2012 to 2015 (sampling design detailed
in Fuentes-Ldpez, 2018). Eighty-one specimens were keyed to the family level using the
keys provided by Szpila (2012) and identified as Fanniidae. The geographical information
on the samples analysed in this study is presented in table 3. We collected the following
samples: F. aequilineata (N = 2), F. canicularis (N =5), F. lepida (N = 2), F. leucosticta
(N =4), F. monilis (N = 1), F. pusio (N = 65) and Hydrotaea floccosa (N = 2); F. pusio
was by far the most common species recorded. In addition to the field sampling, a colony
of F. pusio was stabilized under controlled laboratory conditions in the Laboratory of
Necrophagous Diptera at the University of Murcia (Spain): 25°C, 65 % relative humidity
and a 12:12 light cycle. Adults were given water and sugar ad libitum, supplemented with
canned cat food to induce oviposition (Couri, 1991). The choice of this product for
obtaining eggs was a consequence of the poor success of other substrates—e.g., dog and

human faeces and chicken and pig liver (D’ Almeida, 1994). The samples considered here
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were from the 165" generation, which was obtained after about four years of laboratory
breeding of the same lineage. Initially, 30 individuals were sampled for a study on the
morphogeometric differences between lab-raised individuals (domestic) versus wild-
captured specimens (wild type). These samples were also preserved, although four of the
lab-raised specimens were removed from the study due to excessive damage. Finally, 26
domestic samples were used together with 39 wild type samples collected in the sampling.

Species N  Collection  Country Region Latitude Longitude Elevation
date
F. aequilineata 2  28-09-2015  Portugal Lisbon 38.75818  -9.15804 79 m.
F.canicularis 5  28-09-2015  Portugal Lisbon 38.75818  -9.15804 79 m.
F. lepida 2 28-09-2015  Portugal Lisbon 38.75818  -9.15804 79 m.
F. leucosticta 3  28-09-2015  Portugal Lisbon 38.75818  -9.15804 79 m.
1 22-07-2012 Spain Valencian ~ 38.45880  -0.77851 403 m.
Community
F. monilis 1  28-09-2015  Portugal Lisbon 38.75818  -9.15804 79 m.
F. pusio 28  4-09-2012 Spain Region of  38.02773  -1.17556 150 m.
Murcia
30 28-09-2015  Portugal Lisbon 38.75818  -9.15804 79 m.
3  23-06-2012 Spain La Rioja 42.09369 -2.56187 1265 m.

4 19-07-2014 Spain Valencian  38.45880  -0.77851 403 m.
Community

Table 3. Information on the geographic data of the sampling of each species and the number (N) of individuals
collected.

Molecular analysis

To verify the identification at the species level, we performed a molecular analysis of the
cox1 gene of the mitochondrial genome, which was described elsewhere. Briefly, DNA
extraction was performed using the CCDB Glass Fiber Plate DNA extraction protocol
(Ivanova et al., 2006). Amplification of the cox1 barcode region was performed on a 2720
Thermal Cycler (Applied Biosystems, Foster City, USA) using a PCR kit from KAPA
BIOSYSTEMS (Wilmington, USA) (Folmer et al., 1994). Finally, the samples were
sequenced at Macrogen (Amsterdam, Netherlands). The software GENEIOUS 7.1.3 was

used to manually edit the sequences (Kearse et al., 2012) and the alignment was
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performed using MUSCLE (Edgar, 2004). The sequences were uploaded to GenBank
under reference codes MT527094-MT527174.

Data analysis

As stated in the introduction, wings are generally the best insect structure for this type of
study. In our particular case, Fannia has a small body size, which compounded the poor
state of conservation of some samples, making the wings impossible to use. We therefore
decided to use the better conserved heads of the 81 samples (Fig. 18) to search for useful
landmarks (described in Table 4). The strongly
dimorphic sexual character of Fannia made it a
straightforward choice to focus only on one sex for
a meaningful analysis. We focused our analysis on
the more frequently caught females, which have a
stronger tendency to enter the traps in their search
for moist and nutritious substrate to deposit their

eggs on (Dominguez & Pont, 2014). To examine

the variation in head shapes in the samples studied, &g re 18, Head of Fannia pusio female. The

data files were generated with a STEMI-200-C numbered points indicate the location of the 18
stereoscopic (Fisher Scientific, Madrid, Spain) '2ndmarks usedforhead measurements.
calibrated with the SPOT 4.6 AdvancedTM program. TpsDig2 v.2.31 and tpsULtil32

v.1.73 were used to digitize the landmarks (Fig. 18).

The resulting numerical data were analysed with MorphoJ statistical software
(Klingenberg, 2013). Based on the results of Fuentes-Ldopez (2018) on three species of
Lucilia, we selected 18 landmarks. It should be noted that landmarks 12—15 (Table 4) are
antennal and thus mobile relative to the head capsule, so these landmarks were analysed
separately to not introduce any artifacts. The plot of the two first relative warps shows the
scores of each specimen in that shape space, as well as the shape changes explained by
each axis. Principal Component Analysis (PCA) was performed to reduce the
dimensionality of the data and to determine the variables chosen for this study (Dujardin
et al., 2014). We followed up with a Canonical Variate Analysis (CVA) to explore the
differences among groups (Zelditch et al., 2004). Transformation Grids and Wireframes
representing the PCA and CVA shape changes, showing variations for the relative

location of each landmark, were presented. Finally, a reclassification with Cross-
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validation (Refaeilzadeh et al., 2009) and Mahalanobis distance (McLachlan, 1999) with
permutation for pairwise was made to verify our results (Wink-da-Silva et al., 2018).

Landmarks Description of the landmarks
1 Right eye upper margin

2 Left eye upper margin

3 Right eye lateral margin

4 Left eye lateral margin

5 Right eye lower margin

6 Left eye lower margin

7 Lower right margin of the mouth

8 Lower left margin of the mouth

9 Lower margin of the clypeus

10 Interior angle of right eye

11 Interior angle of left eye

12 Flagellum base of the right antennae
13 Flagellum base of the left antennae
14 Flagellum apex of the right antennae
15 Flagellum apex of the left antennae
16 Upper margin of the frontal suture

17 Upper final of right orbital bristles line
18 Upper final of left orbital bristles line

Table 4. Description of the landmarks used in the analysis of Fannia head (see also Figure 18).

Results

Three sets analyses were performed. The first concerned the species of the genus Fannia
present in the initial sample (N = 81) and was intended to test if the head is a suitable
structure for this type of analysis and if the chosen landmarks are adequate. Hydrotaea
floccosa (Muscidae) was used as an outgroup, allowing the effectiveness of the analysis
to be tested. Identification at the species level was achieved through molecular analysis
of DNA sequences (cox1), which are now available on GenBank. The other two analyses
were performed only on a sub-sampling of F. pusio (N = 65). One was geography based,
to interpret the morpho-geometric differences according to the sampling locations (Table
3). The other was based on the biological of the species to test for differences between

our domestic lineage and the samples collected in the wild.
Search for suitable head landmarks in the genus Fannia

As previously mentioned, for the comparative study of the Fannia species present in the
sampling, we recovered 81 individuals (Table 3). First, the Principal Component Analysis

(PCA) showed great differences in the landmarks located in the parafacial zone. This area

75



Part| Chapter Il

is where the antennae and interocular space are located. Specifically, the landmarks that
show this difference ordered by degree of variation are: 10, 11, 13, 12, 14 and 15. These
differences can be observed in the Transformation Grid and the Wireframe (Fig. 19). The
projection of the geometric configuration of the landmarks in the tangent space is shown
in figure 20. On the other hand, according to the Canonical Variate Analysis (CVA), the
landmarks that show most differences between species were: 5, 6 and 16. These
landmarks cover the lower margins of the eyes and the ptilinal suture respectively (Fig.
21). As portrayed in figure 22, these results allow us to differentiate most of the species.
However, the samples of F. lepida overlap with F. leucosticta. As observed in table 5, the
statistics contradict the graphic results obtained. Statistically significant differences of p-
value < 0.05 were observed between F. pusio and all other species, except for F.
canicularis and F. leucosticta. However, the cross validation obtained was higher than

75% in all comparisons between F. pusio and the other species.

PC1
Figure 19. Transformation Grid (left) and Wireframe (right) representation of shape variations between Fannia species

based on Principal Component Analysis. *In the wireframe the turquoise outline characterizes the position of consensus
landmarks, while the blue outline represents landmarks configurations.
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Figure 20. Discrimination of Fannia species with a Hydrotaea floccosa as outgroup based on Principal Component

Analysis.

Vv

Figure 21. Transformation Grid (left) and Wireframe (right) representation of shape variations between Fannia species

based on Canonical Variate Analysis. *In the wireframe the turquoise outline characterizes the position of consensus

landmarks, while the blue outline represents landmarks configurations.
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Figure 22. Discrimination of Fannia species with a Hydrotaea floccosa as outgroup based on Canonical Variate
Analysis.

Regarding the differences among other species comparisons, no statistical significance
was obtained with a p > 0.05. However, the pairs F. aequilineata — F. leucosticta and F.
leucosticta — F. monilis showed a percentage higher than 75 % in the cross validation
(Table 5). Most of our samples belonged to F. pusio and it is in this species where
statistically significant differences are actually observed. This led us to carry out two
further analyses in this species, the first according to the locations where F. pusio was
collected (Table 4) to evaluate whether geography has an explanatory role in the morpho-
geometric differences found in the species. In the second analysis, we evaluated whether
environmental fluctuations affected the GM parameters of the species. To this end, we
compared the previously considered individuals of F. pusio with a set of lab-reared flies

originating from a colony kept under constant laboratory conditions for several years.
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Species Mabhalanobis distance Cross-validation

F. aequilineata — F. canicularis p — value > 0.05 71.43 %
F. aequilineata — H. floccose p — value > 0.05 25%

F. aequilineata — F. lepida p —value > 0.05 50 %

F. aequilineata — F. leucosticta p —value > 0.05 83.33%
F. aequilineata — F. monilis p — value > 0.05 33.33%
F. aequilineata — F. pusio p —value < 0.01** 97.01 %
F. canicularis — H. floccosa p — value > 0.05 57.14 %
F. canicularis — F. lepida p — value > 0.05 57.14 %
F. canicularis — F. leucosticta p —value > 0.05 44.44 %
F. canicularis — F. monilis p —value > 0.05 50 %

F. canicularis — F. pusio p — value > 0.05 75.71 %
H. floccosa — F. lepida p — value > 0.05 50 %

H. floccosa — F. leucosticta p —value > 0.05 16.67 %
H. floccosa — F. monilis p —value > 0.05 33.33%
H. floccosa — F. pusio p —value < 0.01** 94.03 %
F. lepida — F. leucosticta p — value > 0.05 16.67 %
F. lepida — F. monilis p — value > 0.05 33.33%
F. lepida — F. pusio p — value < 0.05* 97.01 %
F. leucosticta — F. monilis p —value > 0.05 80 %

F. leucosticta — F. pusio p —value > 0.05 84.06 %
F. monilis — F. pusio p —value > 0.05 98.48 %

Table 5. Results of Mahalanobis distances (p-value) and Cross-validation (%) between different Fannia species.

Geographical differences among F. pusio populations

The PCA shows that the landmarks with the greatest difference in order of variation are:
13, 10, 11, 9, 14, 15 and 12. All of them are points arranged along the parafacial area,
where the antennae and interocular space are located. A further visualization of these
differences is offered in figure 19. The projection of the geometric landmark
configuration onto the tangent space is shown in figure 23. According to the CVA, the
landmarks that bear the most differences between species are: 9, 14, 12 and 15. These
points also reflect the parafacial area (Fig. 24). As can be gleaned from figure 25, these
results are sufficient to differentiate between the sites where F. pusio was found. In the
case of the individuals from the Region of Murcia and the Valencian Community, there
is extensive overlap. Further statistical analysis was applied for full validation (Table 6).

They reflect statistical significance in shape difference between the Lisbon — Region of
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Murcia (p < 0.01), while cross-validation shows us a considerable percentage in all of
them (> 60 %), except between the Region of Murcia — VValencian Community.

La Rioja

Valencian Community

Principal component 2

Principal component 1

Figure 23. Geographical differences among Fannia pusio populations based on Principal Component Analysis.

V1

Figure 24. Transformation Grid (left) and Wireframe (right) representation of shape variations among Fannia pusio
populations in terms of geographical distribution based on Canonical Variate Analysis. *In the wireframe the turquoise
outline characterizes the position of consensus landmarks, while the blue outline represents landmarks configurations.
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Lisbon Lisbon Lisbon La Rioja La Rioja R. Murcia

La Rioja R. Murcia Valencian C. R. Murcia Valencian C.  Valencian C.
Mahalanaobis p>0.05 p<0.01** p>0.05 p > 0.05 p > 0.05 p >0.05
Cross-validation 71.86% 69.49 % 62.5 % 78.79 % 66.67 % 39.39 %

Table 6. Results of the Mahalanobis distances (p-value) and Cross-validation (%) among F. pusio populations in terms

of geographical distribution.

La Rioja

Valencian Community

Canonical variate 2

4 T 1
4 : 0o N

Canonical variate 1

Figure 25. Geographical differences between the populations of Fannia pusio from the four localities of the Iberian
Peninsula where they were found (La Rioja, Lisbon, Region of Murcia and Valencian Community) based on the

Canonical Analysis of Variables.

Variations between a laboratory bred colony versus wild samples of F. pusio

Regarding the ecology of the species, some differences were observed; The PCA shows
variation in the same landmarks as in the geographical comparison: 13, 10, 11, 9, 14, 15
and 12 (points of the parafacial area) that can be observed in the Transformation Grid and
the wireframe (Fig. 19). However, the projection on the scatter diagram varies (Fig. 26).
On the other hand, in the CVA the landmarks present another order of variation: 9, 10, 15
and 13, also from the parafacial area, as shown in figure 27. Figure 28 shows the
alterations that exist between the subspace projections of individual landmark
configurations according to environmental and life-history differences. Furthermore, in

the same manner as with the previous analyses, statistical testing was performed.
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Mahalanobis distances returned a very high statistical significance (p < 0.01) and cross-
validation with a considerably high percentage (72.3 %).

Domestic

Principal component 2

0.00 0.10 0,20 0.30 0.40

Principal component 1

Figure 26. Variation between a laboratory bred colony versus wild sample of Fannia pusio based on Principal
Component Analysis.

eVt

Figure 27. Transformation Grid (left) and Wireframe (right) representation of shape variations between a laboratory
bred colony versus wild samples of Fannia pusio based on Canonical Variate Analysis. *In the wireframe the turquoise
outline characterizes the position of consensus landmarks, while the blue outline represents landmarks configurations.
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Domestic

Frequency

LT

Canonical variate 1

Figure 28. Geometric morphometrics variation of Fannia pusio head landmarks based on Canonical Variable Analysis.
Individuals from the colony reared under laboratory conditions are compared against wild-caught individuals.

Discussion

The present work provides a case study of the application of GM on the species F. pusio,
and alleviates the scarcity of information in the scientific literature on this important
Dipteran family (Szpila et al., 2019). The samples used were collected all throughout the
Iberian Peninsula. Despite the fact that the wings are the Diptera structure from which the
most taxonomic information regarding morphometric applications has been obtained
(Grzywacz et al., 2017a), other structures may also hold promise, and in this work, we

assess the usefulness of the head (De Souza et al., 2015; Fuentes-Lopez, 2018).

We reported for the first time the application of GM to aid in the differentiation of Fannia
species morphology and assess the intraspecific variability of F. pusio from head
landmarks, focusing on the parafacial area. As mentioned above, most Fannia are
morphologically very similar and GM may deliver an important tool for defining some
ambiguously or hither to unidentifiable specimens (Dobigny et al., 2002). The possibility
to identify them with GM suggests that shape is more relevant than size (Sumruayphol &
Chaiphongpachara, 2019).

Results of our data analysis showed a clear differentiation among species, except for the
pairs F. pusio — F. canicularis and F. pusio — F. leucosticta (p > 0.05). In the latter case,
we know that the lack of differences between the species may also be associated with

close phylogenetic relationship—within the same subgroup (pusio-group)—which is
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classified in higher canicularis-group described by Chilcott (Wang et al., 2016).
However, members of the pair F. pusio — F. canicularis are phylogenetically separate
taxa and yet offer no clearly differentiated results. It is possible that, in this case, the
inability of the analysis to reflect differences between them could result from the low
number of specimens of (N = 5) available in our sampling. However, comparison between
species belonging to different families, such as H. floccosa (Muscidae) — F. pusio
(Fanniidae), even though we found a low number of the former (N = 2), allowed us to
demonstrate clear differentiation with a p < 0.01 and a reclassification with cross
validation of 94.03%.

We view the following alternative conclusions as the most likely: i) the structures and
landmarks chosen are efficient for differentiating at the family level (De Souza et al.,
2015), but not as good at the genus level. Alternatively, ii) it could be inferred that the
species that show this overlap (p > 0.05) have a close phylogenetic relationship (Dos

Santos et al., 2003) and therefore present smaller measurable morphometric differences.

The Fannia species from which the greatest number of samples could be analysed in this
work was F. pusio. The sampling was carried out from June to September (Table 3), with
the bulk of specimens collected in September. This was been observed in the samplings
carried out in other studies (De Carvalho et al., 2003; Carles-Tolra, 2006; Grzywacz &
Prado e Castro, 2012; Monteiro et al., 2014), confirming that this Fannia species
predominates in autumn (Smith, 1986; Bélo et al., 1998). Based on the samples available,
we focused on intraspecific variations according to geographic location and differences
in lifestyle, comparing wild caught samples to a laboratory population. These two
approaches analysed through GM will help better understand the variability that this
species carries (Webster & Sheets, 2017). This goal has medical, economic and forensic
importance. First, F. pusio is a vector of myasis in humans and cattle; furthermore, it is a
useful indicator species in forensic entomology, since it is known to be present in animal
remains and human corpses (Grzywacz et al., 2017a; Szpila et al., 2019). Furthermore,
Nufiez-Rodriguez & Liria (2017) already observed that GM provides the means to
differentiate ecological conditions and geographic range in forensic entomology, thus

helping in criminal investigations.

Regarding the geographic range of F. pusio, different phenomena are observed. First, the
specimens collected in the Valencian Community and the Region of Murcia do not show
GM differentiation (p > 0.05; cross-validation of 39.39 %) apart from indicating overlap
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(Fig. 25). The explanation could be the small sample size obtained in the Valencian
Community; however, a low number of samples was also obtained in La Rioja and the
analysis does in this case show a great difference to the rest of the locations. Therefore,
we understand that there is a close relationship between the samples of the Valencian
Community and the Region of Murcia, which is plausible since they are geographically
closely located in the East of the Iberian Peninsula where environmental conditions are

very similar.

Consequently, the morpho-geometric differentiation along the observed Iberian locations
ranges among the Northeast (La Rioja), Southeast (Valencian Community + Region of
Murcia) and Southwest (Lisbon), giving a cross validation > 60 % among all (Table 5).
Nevertheless, at statistically significant difference is found between Lisbon - Murcia
Region with a p-value in the Mahalanobis distance < 0.01 (Table 6). Intraspecific
differentiation is a clear example of how abiotic factors affect individual development
(Pacheco et al., 2017; Sumruayphol & Chaiphongpachara, 2019); and GM represents the
best option to analyse population segregation (Mikery et al., 2019). From these data it
can be inferred that the environmental conditions shaped by the Atlantic Ocean in Lisbon
and the Mediterranean Sea in the Region of Murcia may result in morpho-geometric
changes to the species. The areas bordering the Atlantic are colder and less humid, while
the Mediterranean areas are much warmer and wetter. These climatic variations provide
morphometric alterations among populations of the same species (Hajd et al., 2014; Espra
et al., 2015; Fuentes-L6pez, 2018).

Regarding the comparison between samples of lab-raised F. pusio under constant
conditions and those collected in the wild, we see that there is no overlap between the
domestic and the wild samples (Fig. 28). This is a fairly noticeable component within the
same species, with statistically significant differences among individuals’ flies (p < 0.01,;
cross validation > 70 %) (Table 6), indicating that environmental fluctuations also affect
the morphology of the species. Although all samples belong to the same species, the
variation in shape could be affected by environmental conditions instead of genetic drift
and evolutionary divergences (Arias et al., 2017). Another aspect to take into account is
the high inbreeding of the colony since it is a 165" generation. Alternatively, the fact that
domestic individuals are raised ad libitum and with the absence of predators might

provide advantageous conditions for their development (Riafo et al., 2008).
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In the different analyses carried out in this paper, all the results show the variation in the
parafacial and fronto-orbital zones. As previously mentioned, the landmarks fixed at the
apices and base of the antennas study the differences between them and not with the rest
of the structure of the head. This should be clear since they are two mobile organs and
can change their position. These results differ from those obtained by Godoy et al. (2018)
where it shows differences in landmarks fixed in the contour of the head instead of in
internal areas. It should be noted that this work is innovative, with a relatively scarce
bibliographical background to draw form, especially regarding the Fanniidae. As
mentioned by Szpila et al. (2019), more studies should be performed on the Fanniidae
using GM to improve our knowledge of the family. This study has provided some proof
that previously unused structures, such as the head, are useful to discriminate between
species and even to find differences within the same species, along geographic and
ecological axes of variation (Garzon & Schweigmann, 2018).
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Chapter 111

Development of Fannia pusio (Diptera: Fanniidae) under temperature-controlled
conditions and its application in post-mortem interval (PMI) estimation

Abstract

Fannia pusio (Wiedemann, 1830) is a species belonging to the family Fanniidae of great
forensic, sanitary and veterinary interest. The behavioural peculiarities exhibited by this
species may provide additional information for further research. The application of
entomology in the forensic field has focused especially on the first colonising taxa of
corpses in the early stage of decomposition. However, species that appear at more
advanced stages can help to broaden knowledge, as is the case with F. pusio. In addition,
it has the ability to colonise buried bodies, a condition where larger dipterans are unable
to do so.

In this work, the behaviour of F. pusio is studied in a temperature range from 5 °C to 40
°C. Different statistical analyses have been carried out to study its behaviour and the data
collected have been applied to calculate the post-mortem interval (PMI) using the
isomorphen and isomegalen diagrams. Therefore, the results shown in this manuscript
help, together with the existing bibliography of other species, to broaden the knowledge

of entomofauna occurring in forensic investigations.

Keywords: Forensic importance, Growth rate, Isomegalen-diagram, Isomorphen-

diagram, Sanitary importance, Veterinary importance.
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Introduction

Forensic entomology studies the association of arthropods in evidence with judicial
examinations (Grzywacz et al., 2017b). These arthropods colonise the corpse in a specific
order according to the stage of decomposition (faunal succession) and climatic conditions
(Barrios & Wolff, 2011). The data obtained following this behaviour are essential for the
determination of the post-mortem interval (PMI) (Amendt et al., 2011; Charabidze, 2012;
Cavallari et al., 2015; Faris et al., 2020; Wang et al., 2020).

There are various methodologies for the estimation of PMI, however, the isomorphen and
isomegalen diagrams are the simplest and most intuitive techniques. Diptera are the order
of insects with the greatest application in forensics as they are the first colonisers (Amendt
et al., 2011). That is why there are many studies carried out on different families:
Calliphoridae (Benecke & Lessig, 2001; Oliveira-Costa & Mello-Patiu, 2004; Michaud
& Moreau, 2009), Muscidae (Benecke & Lessig, 2001; Garcia-Rojo et al., 2009),
Sarcophagidae (Nassu et al., 2014) and Fanniidae (Barros et al., 2008; Amat, 2010;
Matuszewski et al., 2010; Quiroga & Dominguez, 2010; Aballay et al., 2012; Akbarzadeh
et al., 2012; Grzywacz & Prado e Castro, 2012; Baz et al., 2015; Cavallari et al., 2015).
The most commonly used species for PMI estimation are those belonging to the first
colonising families (Benecke & Lessig, 2001; Garcia-Rojo et al., 2009; Nassu et al.,
2014; Defilippo et al., 2019). However, there is also a need for research on insect species
that occur in the most advanced stages of decomposition due to their increasingly frequent
occurrence (Dias-Vasconcelos et al., 2017). Fanniidae is one of the examples that
highlight this need, since despite preferring very advanced stages of decomposition, there

is evidence of their appearance in the early stages (Amat et al., 2013).

In this work we will focus on Fannia pusio (Wiedemann, 1830), a species belonging to
the family Fanniidae. This species was established under controlled environmental
conditions in the laboratory after being found in a cat carcass in an advanced state of
decomposition in an urban area of the Region of Murcia (Spain). It is also known as the
"chicken dung fly" due to its presence on laying hen farms. They are native to the Nearctic
and Neotropical regions (Smith, 1986; Bélo et al., 1998; Couri & Sousa, 2019), but are
widespread in tropical and warm temperate areas of the Old World. However, they have
adapted to survive low temperatures and wet periods (Linhares, 1978; Leandro &

D’Almeida, 2005). Therefore, F. pusio is considered a synanthropic species (Monteiro &
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Do Prado, 2006) and is found in all seasons (De Souza & Linhares, 1997; Barbosa et al.,
2009; Kriger et al., 2010; Aballay et al., 2012; Faria et al., 2013).

The forensic interest of this species is its ability to colonise buried bodies that have been
partially protected from colonisation by larger diptera, which provides a notable added
point of forensic interest (Introna et al., 2011; Grzywacz et al., 2017b). The sanitary and
economic interest of this species is also relevant as it acts as an egg carrier of Dermatobia
hominis, which causes myiasis in both domestic animals and humans (Gomes et al., 2002;
De Carvalho et al., 2003; Espindola & Couri, 2004; Amat, 2010; Quiroga & Dominguez,
2010; Amat et al., 2013; Velasquez et al., 2013). Unfortunately, there is still no studies
on the effect of temperature on the development of F. pusio (Faris et al., 2020). Therefore,
the aim of this work is to evaluate the effect of temperature on its development, for the
first time, providing data to specialists for determining its suitability for a more accurate
PMI determination. The importance of this information for medical, veterinary and

forensic purposes (Marchiori, 2014) is also discussed.

Materials and methods

A colony of F. pusio was established under controlled environmental conditions (25 °C
of temperature, 60 % relative humidity and a 12:12 light cycle) in Laboratory of
Necrophagous Diptera at the University of Murcia (Spain). Water and sugar ad libitum,
supplemented with caned cat food, were provided to adults (Couri, 1991) for three hours
to induce oviposition and obtain eggs (Marchiori & Do Prado, 1996). Canned cat food
was chosen after unsuccessfully testing various substrates such as dog and human faeces
and chicken and pork liver (D’ Almeida, 1994). Its composition is based on meat and meat
by-products, fish and fish by-products and minerals, similar to that used by Marchiori &
Do Prado (1996).

Once the eggs were obtained, they were moved to cages (25 cm x 25 cm x 10 cm) with
this substrate and sand to allow larvae growth and pupariation, after which the pupae were
returned to the adult cage (40 cm x 30 cm x 30 c¢cm). The process was repeated as
necessary. The eggs cages were kept at constant temperatures (eight different
temperatures were tested: 5 °C, 10 °C, 15 °C, 20 °C, 25 °C, 30 °C, 35 °C and 40 °C) and
60 % of relative humidity, until hatching and pupae were transferred thereafter to plastic

jars to rear to adults. Three replicates were carried out for each experiment and twenty
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individuals were sampled twice a day, until more than 50 % of larvae had reached the
pupae stage. Immediately upon collection, samples (larvae, prepupae, pupae) were
immersed in boiling water for a few seconds, and preserved in 70 % ethanol. Each
individual was measured according to the protocol described by Byrd & Allen (2001) and
Charabidze et al. (2008). Data analysis was performed using SPSS v20 statistical
software (IBM, Armonk, New York, USA) where analysis of variance (ANOVA) was

carried out to evaluate the effect on response variability and statistical significance.

Longitudinal measurements of the specimens were used to calculate PMI using the
isomorphen and isomegalen diagrams. These methodologies are graphical representations
that cover information from oviposition until the pre-imaginal stages are reached
(Richards et al., 2008; Bambaradeniya et al., 2018). The isomorphen represents the
duration of development of the various stages at different temperatures where each line
shows the transition time of each stage according to temperature; the spaces between these
lines are the periods corresponding to each stage. Whereas, the isomegalen represents the
development time needed to reach certain lengths versus temperature. Each line groups
larvae of the same size within each temperature range studied (Reiter, 1984; Gennard,
2007).

Results

This study is based on the longitudinal data of 8908 individuals (including eggs, larvae,
prepupae and pupae) of F. pusio established under laboratory conditions at different
temperatures. Two types of analysis were carried out, a statistical analysis comparing the
length and time of each stage of the life cycle versus temperature (see Table 7), and their

application to the calculation of the PMI by isomegalen and isomorphen diagrams.

Statistical comparisons

The results are summarized in Table 7 with the measurements of each stage and the time
each one has taken depending on the temperature studied. However, at 5 °C, 10 °C and 40
°C it has been observed that adult F. pusio can survive but oviposition does not occur.
Thus, the viable temperature range for the species is from 1 5°C to 35 °C and this is where

further analysis will be focused.
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Temperature
°C)

25

15
20
25
30
35

15
20
25
30
35

15
20
25
30
35

15
20
25
30
35

15
20
25
30
35

Mean
length £
SD (mm)

0.74+0.01

1.07+0.03
1.07+0.28
1.25+0.04
0.82+0.03
0.83+0.03

1.94+0.04
1.94+0.04
2.75+0.05
1.68 £0.09
1.31+0.02

5.40 £ 0.04
5.39+0.04
5.11 +£0.06
5.01£0.07
4.73+0.06

4.87+0.02
4.87+0.02
5.39+£0.04
4.77 +£0.05
4.96 +0.03

4.07+£0.04
4.08 £0.04
4.57+0.03
4.07£0.41
4.25+0.05

95 %
Confidence

interval (mm)

0.72—0.75

1.01-1.12
1.01-1.12
1.18—1.33
0.75—0.89
0.78—0.89

1.87—2.01
1.87—2.01
2.65—2.85
1.50—1.86
1.26—1.35

5.34—5.48
5.32—5.46
4.99—5.23
4.95—5.22
4.60—4.86

4.82—4.92
4.82—4.91
5.31-5.46
4.68—4.87
4.90—5.03

3.99—4.15
4.00—4.20
4.50—4.63
3.92—4.22
4.15—4.36

Minimum-
maximal length
(mm)
Eggs
0.59—0.91
L1
0.44—1.91
0.44—191
0.58—2.39
0.36—1.63
0.47—1.64
L2
1.23—3.18
1.24—3.18
1.52—3.67
0.74—3.67
0.68—1.95
L3
2.14—7.13
2.14—7.13
2.15—7.15
1.13—=7.00
1.00—7.24
Prepupae
3.24—6.22
3.24—6.22
3.53—6.95
3.15—6.89
2.52—6.30
Pupae
2.27-5.10
2.27—5.40
3.05—6.05
2.53—5.54
2.13—5.94

Total
sample

(N)
57

163
163
124
81
75

156
156
90
70
118

816
825
369
371
535

690
690
346
214
371

167
199
139
94
219

Chapter lll

Time since hatching
(h./ days)

9—165h/0.4—6.9 d
9—69 h/0.4—2.9 d
9—68 h/0.5—2.8 d
9—33h/0.4—1.4d
9—33h/0.4—1.4d

9—237h/0.4—9.9d
9—69 h/0.4—2.9 d
9—84 h/1.5-3.5d
12—81 h/0.9—-3.4d
9—451h/0.4—1.9d

81—549 h/3.4—22.9d
33—285h/1.4—11.9d
36—189 h/1.5—7.9d
21—165h/1.9—6.9d
9—537h/0.4—22.4d

137—549 h/5.7—22.9 d
105—285 h/4.4—11.9d
96—224 h/4—9.3 d
57—165h/2.4—6.9d
57—537h/2.4-22.4d

321—537 W/13.4—22.4d

129—285 h/5.4—11.9d
92—248 h/3.8—10.3 d
81—165h/3.4—6.9d
81—720 h/3.4-30d

Table 7. Descriptive statistics on the length of the different stages of Fannia pusio at each constant temperature studied.

Comparative analyses are carried out of the stages (expressed in length, mm) in relation

to the mentioned temperatures. The length of the first instar larvae (L1) varies for all the
temperatures tested (ANOVA F = 28.189, p < 0.01) with the lengths at 15 °C and 20 °C

being very similar. The largest L1 was obtained at 25 °C and the smaller larvae cannot be

determined at what temperature they are established since at 30 °C and 35 °C rather similar

data are observed (Fig. 29, Table 7). The same applies to the second instar larvae (L2)
(ANOVA F =94.464, p <0.01); at 25 °C the largest larvae are also obtained and at 35 °C,
clearly, the smallest (Fig. 29, Table 7).
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Figure 29. Comparative results for the length (mm) on the y-axis of a) L1, b) L2, ¢) L3, d) Prepupae and e) Pupae at
different temperatures (° C) on the x-axis. The legend indicates the minimum and maximum length values for each

stage.

Third instar larvae (L3) represent a very extended period and, in addition, there is no
homogeneity of variances at all temperatures (ANOVA F = 89.053, p < 0.01). Figure 1
shows an average more or less similar to all temperatures, with the largest larvae at 15 °C
and the smallest at 35 °C (Table 7). These results are in line with those obtained in the
prepupae since these two states (L3 and prepupae) (ANOVA F =105.841, p < 0.01) are
developed in a synchronized way (Fig. 29, Table 7).

Finally, significant differences were observed in the length of pupae at all the
temperatures tested (ANOVA F = 142.512, p < 0.01). In this state the largest larvae are
also observed at 15 °C, while the smallest are between 30 °C and 35 °C (Fig. 29). When
measuring pupae, the curvature that modifies the length of individuals must be taken into
account. The highest number of curved pupae (70.2 %) was obtained at 30 °C; while the

lowest number (6.9 %) was obtained at 25 °C.

The relationship between the body length of the F. pusio larvae and the time from egg
hatching to pupation (age of specimens) varies with different temperatures, being at 30

°C and 35 °C similar. An inverse relationship between the viable temperature range and
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development time (Fig. 30). At higher temperatures the development time to complete it
is much shorter than at lower temperatures. The inverse relationship shown by these two

variables can be observed in the regression analyses with high-quality models of

explained variance of more than 95 % and p < 0.01 (Table 8).

Temperature Quadratic model regression RZaj.
15°C L = 0.028*T- 3.228E-005*T? 0,968
20°C L = 0.051*T- 0.001*T? 0,969
25°C L = 0.056*T- 0.0001*T? 0,967
30°C L = 0.078*T- 0.00001*T? 0,951
35°C L = 0.083*T- 0.0001*T? 0,961

Table 8. Quadratic model regression, variance absorbed (R?aj), coefficients of regression (F-value) and coefficients
significance (p-value) of the relationship between the body length of F. pusio larvae (L) (mm) and the time (T) (h) at

F-value
F = 5889.85
F =2695.14
F =2013.09
F =934012
F =1820.34

Chapter lll

p-value

p <0.01*
p <0.01*
p <0.01*
p <0.01*
p <0.01*

five constant temperatures (see Figure 30). * Indicates coefficients in the model are statistically significant.

Lengtn ()

Lengtn (mm)

R2aj: 0.951; R2af: 0.961;

peant peom

T X0 N 0 %0 & T M % & %0 &
Tune Pours| Time Prours)

Figure 30. Quadratic model regression curves between length (mm) on the y-axis and age samples (h) on the x-axis at

a) 15°C, b) 20 °C, c¢) 25 °C, d) 30 °C and e) 35 °C (for more details see Tabe 8).
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Application in the calculation of the PMI

First, figure 31 displays the time required for each stage of F. pusio to complete its cycle
at each temperature within its viable range. It can be seen how at high temperatures this
time is less, while at low temperatures the time is greater. However, at 35 °C a slowing
down of the pupal stage can be seen, prolonging the complete time of development more
than at 30 °C.

The inverse variation between temperature and time can also be seen in the isomorphen
(Fig. 32a) and the isomegalen (Fig. 32b) diagrams. That is, at a lower temperature, the
development of F. pusio takes longer, while at higher temperatures, it takes less time. The
eggs development is not altered by the temperatures analysed; however, we have
documented that 10 °C and 40 °C are the limits in which clutch was obtained and larvae

were able to hatch and develop (Fig. 32).
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Figure 31. Time development variations in each instar stage of F. pusio reared at different temperatures within the

maximum and minimum threshold.

The isomorphen-diagram shows a similar behaviour in L1 and L2, undergoing the same
drop at 20 °C. L3 and prepupae also show the same behaviour pattern. However, the
results of the pupal stage do show differences, with a decrease in the development time
at 25 °C to rise again at 30 °C. This means that the adult's emergence is also prolonged in

time (Fig. 32a). In addition, isomegalen has other peculiarities; at 20 °C a very noticeable
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acceleration of development is observed for the smallest lengths (1 — 4 mm.), but for
individuals of 5 mm a deceleration was registered (Fig. 32b).
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Figure 32. a) Isomorphen-diagram of F. pusio: representation of the time expressed in hours (x-axis) required for the
development of each stage of the biological cycle within each test temperature range (y-axis); b) Isomegalen-diagram

of F. pusio: representation of the time expressed in hours (x-axis) needed to reach a certain length expressed in
millimetres within each range of temperatures studied (y-axis).

Discussion

There are few studies on the oogenesis, oviposition and hatching of F. pusio eggs
(Linhares, 1978; D'Almeida, 1994; Marchiori & Do Prado, 1996, 1999) and on their use
to calculate the post-mortem interval (Aballay et al., 2012). In this work, the behaviour
of F. pusio at different temperatures was studied for its subsequent application in the
calculation of PML. It has been observed that the viable temperature range of the species
is between 15 °C and 35 °C, below and above these thresholds adults can barely survive
but oviposition does not occur. It has also been found that the minimum time of
embryonic development is 19 hours and eggs begin to hatch between 9 — 12 hours, results
which differ from those presented by Marchiori & Do Prado (1996). These differences
could be due to the sample size of the analyses since Marchiori & Do Prado (1996) used
only 10 individuals, whereas we have used 20 individuals per cage. Regarding the

immature stages, unexpected results were also obtained. The non-existent differences
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between eggs and L1 larvae suggest that the youngest larvae seek a good place to feed, in
which they remain until reaching the minimum size required to undergo the moult to L2
(Fig. 29, Table 7). Furthermore, the largest individuals were L3 and the time that this
species spends to enter the pupal stage is generally longer than in other dipteran families
such as Calliphoridae, Sarcophagidae or Muscidae, regardless of temperature (Reiter,
1984; Grassberger & Reiter, 2001; Grassberger et al., 2003; Defilippo et al., 2019).

In this work, remarkable data previously unknown have been obtained. In the pupal stage,
a natural dehydration occurs, which causes tissue contraction. The higher the temperature,
the lower the relative humidity, the more pronounced this curvature is, affecting pupal
viability. In addition, the larval masses of larger larvae increase the temperature of their
microenvironment due to their own metabolism (Highley & Haskell, 2001; Charabidze et
al., 2011; Diaz-Martin et al., 2014). This is why, at 30 °C and 35 °C, the highest
percentage of curvature and non-viability was obtained. These results improve at 25 °C
where larger and more viable larvae are observed (Table 7, Fig. 29), coinciding with the
predominant temperature in their areas of origin (Pont, 1977; De Carvalho et al., 2003).

Insects are ectothermic animals and their metabolic activity depends on environmental
conditions (Grassberger & Reiter, 2001; Nassu et al., 2014). Therefore, the forensic
activity of the different dipteran species depends on these conditions. Often, they must
save energy to keep their metabolic processes active in stressful situations such as low
temperatures, which leads to a slowdown in development (Fig. 31). However, at
extremely high temperatures it behaves in the same way (Velasquez et al., 2013; Diaz-
Martin et al., 2013) as can be observed in F. pusio at 35 °C. These same behaviours can
be observed in the PMI calculation diagrams (Fig. 32) which coincides with the behaviour
of other species (Reiter, 1984; Grassberger & Reiter, 2001; Grassberger et al., 2003; Diaz-
Martin et al., 2014; Yanmanee et al., 2016; Wang et al., 2017; Yang et al., 2017;
Defilippo et al.,, 2019; Zhang et al., 2019). However, F. pusio presents certain
peculiarities that unfortunately cannot be contrasted due to the lack of studies in this

species.

Both the isomorphen (Fig. 32a) and isomegalen diagrams (Fig. 32b) show the same
patterns. The only variation shown in the egg phase by temperature is the hatching time,
as the morphology does not vary. The results obtained for L1 and L2 show a comparable
pattern of behaviour with an increase in developmental speed and length at 20 °C. L3 and
prepupae also grow in the same way with a decreasing rate as temperature increases. In
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addition, pupae and adults accelerate their development at 30 °C, which is not the case
for the other temperatures tested. All these behaviours are consistent with other species
of forensic interest (Bambaradeniya et al., 2018). In other words, the two methodologies
used to calculate the PMI are complementary to each other and show the same patterns

of behaviour.

In summary, this work expands the knowledge of the behaviour of F. pusio at different
temperatures, offering data relevant to its forensic application that have been little studied
so far. The peculiarities shown by this species may offer additional information in the

resolution of legal cases.

100



part It






omic feasibility studies

In the development of a rearing project for

¢
%%2 ,

d €t

Production and

the yellow mealworm, Tenebrio molitor.






Partll Chapter IV

Chapter 1V

Production and economic feasibility studies in the development of a rearing project

for the yellow mealworm, Tenebrio molitor.
Abstract

The demand for food is increasing considerably due to the increase in population.
Furthermore, this need also arises from the competition generated by the use of animal
protein in feed. To overcome the shortage, insects have become a promising alternative
in view of their high protein, fat and fibre content. At the same time, it is a sustainable,
low-carbon source of feed, resulting in a reduction of the ecological footprint that is often

so severely punished by conventional livestock.

The European Food Safety Agency has recently accepted the mealworm (Tenebrio
molitor) as a safe species for human consumption. This leads to it becoming the leading
candidate for the development of an insect farm feasibility study. In this work, the optimal
conditions for the breeding of T. molitor are analysed, as well as its management under
those conditions, the calculation of the annual production in the facilities and its economic

feasibility in order to know the profitability of the project.

Keywords: Breeding, Edible insects, Management, Maintenance, Rearing, Scaled-up

production.
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Introduction

Agricultural intensification, population pressures, poverty, urbanisation and lifestyle
changes have reshaped our food production and consumption to a limit that is beginning
to be detrimental to human and environmental health (Dalton & Al-Zubiedi, 2019),
increasing the demand for food considerably (FAO, 2010a; Alves et al., 2019). The World
Health Organization (WHO) and the Food and Agriculture Organization of the United
Nations (FAO) have revealed that insect consumption could be a viable way to fill
nutritional gaps by using insects as food and feed. Insects thus become a promising
alternative to fishmeal and soybean meal offered to conventional livestock and
aquaculture, respectively (Grau et al., 2017; Van Broekhoven et al., 2017; Ao et al., 2019;
Pérez-Altamirano, 2019; Shafique et al., 2021). This substitution curbs competition as it
increases protein availability (Rumpold & Schliter, 2013). Aligned with this trend, insect
farms are starting to be set up for large-scale rearing (Morales-Ramos et al., 2012;
Ramon-Vazquez, 2014; Cortes-Ortiz et al., 2016; Vifieta-Valdelvira, 2017; Ribeiro et al.,
2018; Alves et al., 2019; Bernad-Gonzalez, 2019; Koutsos et al., 2019; Cadinu et al.,
2020).

Insects have many advantages when considering their production as a food alternative:
high quantity and quality of protein, essential amino acids and minerals (Ravzanaadii et
al., 2012; Grau et al., 2017), low competitiveness in terms of food as insects are fed on
biological waste, reduced need for water (Vifieta-Valdelvira, 2017), lower environmental
impact for the reduced emission of greenhouse gases (Biasato et al., 2016), high
efficiency in feed conversion (Garnett et al., 2015; Cortes-Ortiz et al., 2016), a reduced
risk of zoonoses (Ramon-Vazquez, 2014), and even a potential use in cancer therapy
(Petit et al., 2005; Suo et al., 2016; Wu et al., 2020). Likewise, insect breeding is fast due
to its high reproductive rate and short biological cycle compared to mammals (Pérez-
Altamirano, 2019).

However, the use of insects in food has small disadvantages as they can cause allergic
reactions (Bessa et al., 2020) and contain toxic substances, but VVan Broekhoven et al.
(2017) and Niermans et al. (2019) saw in their studies how the larvae of Tenebrio molitor
(Coleoptera: Tenebrionidae), commonly called yellow mealworm, degrade and excrete

mycotoxins and heavy metals.
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The legal framework in charge of regulating the food and feed chains has evolved
favourably towards the progressive incorporation of insects into food and feed. Since
January 2018 there has been a new Regulation (EU) 2015/2283 on "novel food". This
regulation amends regulation (EU) 1169/2011 and repeals regulation (EC) 258/97 and
regulation (EC) 852/2001. However, the European Food Safety Agency has recently
accepted T. molitor as a safe species for human consumption. They are intended to make
it easier for businesses to market novel foods in the European Union while maintaining a

high level of food safety.

Novel food is defined as “foods or novel food ingredients not consumed in the European
Union in significant quantities before 15 May 1997 (date of entry into force of the first
regulation on novel foods)" (Bernhardt, 2018). However, in some European countries
there still exist a legal void regarding entomophagy in humans. With regard to animal
feed, Regulations (EU) 142/2011 and (EC) 999/2001 on by-products of animal origin not

authorized for human consumption have been amended.

The aim of this work is to analyse the optimal conditions for the rearing and management
of T. molitor in a small-scale production facility with information obtained from existing
literature, and its economic viability, in order to encourage entrepreneurs with little
available space to become small-scale farmers. In addition, we calculated the annual

production to establish the profitability of the project.

Tenebrio molitor

The mealworm beetle, whose common name comes from their unwanted appearance in
grain stores, were already used as pet food in their larval stage. It is known as a model
organism in immunity studies and its complete sequence of the mitochondrial genome
has been published (Liu & Wang, 2014). The availability of information on T. molitor
with respect to other edible insects, allows the improvement of the development of mass
breeding (Grau et al., 2017). It is a good candidate for the development of an insect farm
project to obtain high quality protein in a sustainable way (Finke, 2002; Bovera et al.,
2015; Grau et al., 2017; Hussain et al., 2017; laconisi et al., 2017; Khan et al., 2017;
Gasco et al., 2019).

Designing diets from plant by-products allows us to create a circular economy while

shaping the nutritional profile of the insect (De Marco et al., 2015). This nutritional
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profile contains raw protein (20 — 71 %), total essential amino acids (46.3 %) and fatty
acids (22 — 55 %), as the most remarkable nutrients (Gasco et al., 2019), in addition to a
high digestibility of organic matter (90.85 %) and protein (91.60 %) (Bosch et al., 2014).
It is considered highly nutritious and more reliable than other orders of edible insects as
substitutive of meat and fish meal and soya derivatives (Vifieta-Valdelvira, 2017).
Moreover, the amount of chitin in the larval stage, which corresponds to the stage that
they are consumed, represents an added value due to its prebiotic activity on the intestinal
microbiota (Bovera et al., 2015).

T. molitor is a holometabolous insect (Cruz-Lozano, 2005), i.e., it has a complete
metamorphosis following a cycle of four phases during its life: egg, larva which can vary
from seven to twenty stages depending on environmental conditions pupa and imago
(Park et al., 2014). Once it has stopped feeding and has completed all its moulting, it goes
into the pupal stage. After approximately 10 days, the adult emerges from the pupa and
reaches sexual maturity after 12 days approximately. Later copulation, the eggs are laid
over a period of eight days. The complete cycle of the T. molitor can reach 6 months
under steady state conditions, since an adult can live up to three months in optimal
conditions (Ludwig & Fiore, 1960; Urs & Hopkins, 1973; Ribeiro et al., 2018).

Breeding of T. molitor

The optimal conditions of T. molitor for its adequate development cycle are 26 — 28 °C
ambient temperature, 50 — 55 % relative humidity, and a diet for both adults and larvae
based on flour bran ad libitum and vegetables remains as a source of water. In addition,
it prefers dark areas to light ones, so they should be located in areas located in semi-
darkness with a 12:12 hour light cycle (Ribeiro et al., 2018; Bernad-Gonzéalez, 2019).

T. molitor colony was started from a stock purchased at La Grilleria (Valencia, Spain) in
2017. The proposed rearing system is based on the descriptions of Morales-Ramos et al.
(2012) and Cortés-Ortiz et al. (2016) where 800 adult individuals are placed in a 60 x 40
x 12 cm box with a sieved bottom of 0.85 mm diameter. A 1 kg of wheat bran was added
to serve as food and oviposition substrate. In addition, 100 grams of vegetable and fruit
scraps together with 25 ml of water were provided as a water source, which was changed
three times a week to avoid fungal proliferation, as well as the removal of dead individuals

(Eilenberg et al., 2015). Adults oviposited on the sides of the box and on the bran flakes.
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Once the first larval stages hatched, they fell through the mesh into the lower tray with

the same dimensions (60 x 40 x 12 cm) but with an unmodified bottom (Fig. 33). The

wheat bran and vegetable scraps that fell to the bottom also served as food for the newly

hatched larvae.
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Figure 33. éreeding system of T. molitor. A: Reproduction
procedure, adults are deposited on top while first instar larvae
newly hatched from eggs fall to the bottom through the
screened bottom. B: Adults with food and water source in the
upper box with screened bottom. C: Lower box where larvae

are collected with food scraps.
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First instars were collected weekly from
the lower tray and placed in plastic
boxes (42 x 9 x 9 x 10 cm) where they
remained for a period of 30 days (Fig.
34A) until they reached a size larger
than the diameter of the mesh. After this
period, the three-week-old larvae were
transferred to another box with the same
design as the adults (60 x 40 x 12 cm
dimension + 0.85 mm diameter sieved
bottom) (Fig. 35) to separate the larger
larvae from the smaller ones. One kg of
wheat bran and 100 grams of non-
perishable vegetables (e.g., potato
peelings, carrot peelings, bean pods) are
added and replenished as needed. At the
bottom is another tray of the same
dimensions (60 x 40 x 12 cm) but with
a 0.5 mm diameter sieved bottom that
retains the smallest larvae and allows
unwanted excrement particles and food
scraps to pass through. In this way, a
hygienic environment is maintained in
which droppings and food debris fall
through three stacked boxes to an
unmodified bottom tray that is cleaned

weekly.
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As mentioned above, T. molitor has a great plasticity, so the development time varies and

different larval stages coexist in each box. The larvae of the last stage must be separated

8 \-

from the rest to avoid cannibalism
(Weaver & McFarlane, 1990;
Morales-Ramos et al., 2012). For
this reason, once a month the
larvae are subjected to a screening
of different pores to separate them
by size and thus speed up the
distinction of the different stages.
Larger larvae were transferred to a
box with a solid bottom and oats to
allow pupation. The remaining
larvae were returned to the system
created for rearing to continue
their development. Pupae were
collected daily using a 3.5 mm
diameter sieve and separated from
the larvae into a separate box (42 x
9 x 10 cm) to complete
metamorphosis undisturbed (Fig.
34B). Oats are added to the tray so
that the newly emerged adults
have food and do not eat the

pupae; and soil is added to

Figure 34. A: Storage of first instar larvae on solid bottom to reach

minimum size for screening, approximately 30 days. B: Oats are added
to the tray so that the newly emerged adults have food and do not eat
the pupae (approximately 10 days); and soil is added to maintain
adequate moisture to prevent the pupae from drying out.

maintain adequate moisture to prevent the pupae from drying out. After the emergence of

the adults (approximately 10 days), they were separated daily in order to have them by

age and thus synchronise sexual maturation.

Production of T. molitor

Three worksite modules of 36 m® (6 m long, 2.4 m wide and 2.5 m high) are needed to

complete a production facility for T. molitor. This design has been projected on the basis
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of our own experience in maintaining this species in the facilities of the Veterinary Farm

at the University of Murcia.
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Figure 35. Developmental system of T. molitor larvae. A:
Larval development procedure, the larger larvae stay at the top
while the smaller larvae fall through the screened bottom. In the
last box with a solid bottom, unwanted droppings and food
debris are collected, thus maintaining a hygienic environment.
B: Larger larvae on top with a 0.85 mm sieve to allow smaller
larvae to pass through. These larvae are collected in other trays
with a 0.5 mm sieve through which unwanted droppings and
food debris will pass. Finally, the last tray will collect the waste,

which will be removed weekly.
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One of them will be used for the
production of the insect and will house
280 boxes inside. Half of these boxes
will be used for breeding stock where the
eggs will be collected, and the other half
for the growth and development of the
larvae that have hatched from the eggs.
In the second module there will be a
freezer cabinet for the storage of
perishable food, a refrigerator for the
storage of the weekly food, a storage
room for the material and a sink for the
cleaning of the material. Finally, the
third module will contain the machinery
necessary for processing the larvae:
drying machine, crushing machine and

sieving machine.

To start the colony, a number of 800
individuals in each adult box with
approximately 400 females is proposed.
The product of 84 boxes with 800 adults
will be 67,200 individuals,
approximately 33,660 females. This
would be equivalent to the number used
in the "Pre-Status” (Fig. 36) with a
duration of about 3 months. If each can
lay about 150 eggs, we will start with
5,049,000.
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From here, the annual production of T. molitor amounts to 3.61 tons (Fig. 36). The
biological cycle is completed after approximately six months, under the conditions
already mentioned. In this way, two production batches are obtained each year, 510.3 kg
and 3,100.7 kg adding up to the above-mentioned total. In these quantities, a 10 %
decrease in each stage of the insect has already been taken into account, since there are
always casualties, and another 10 % of individuals destined to maintain the farm, where

the exploitation is progressively increased.

prestatus| | JAN | FEB | MAR | APR | maY | un | suL | au | ser | oct | nov | pic |
W » 10% mainlenance:‘-1_3-1;37:1606;:.‘

Eges
A
, -+ 4,536,000
33,660 Q| —*[5040,000 |~ * 4,536,000~ 453,600 = 4,082,400 —> 201v = 0.0025 kg; 4,082,400 Lv = 510.3 kg

CEDY \ 20 L = 0,0025 kg; 27,556
10 % diminish * 408,240 200v= 3,100.07 kg
Lv «
. : 10 % diminish 10 % maintenance =
408,240/2 = 204,120 Q x 150 Eggs = 30,618,000 » - 27,556,200 -7 355 630

(2,755,620)

10 % diminish '« [SAS

2,480,058

Figure 36. Calculation of the annual production schedule and life cycle of T. molitor. It is estimated that approximately
3 tonnes are produced in one year. *Lv: last larval stage; Pup: pupae; AD: adults.

The product to be sold is the live and dried insect as pet food, and insect meal as a
supplement in animal feeds. Before slaughter, the insects are left without food for 24
hours to remove any internal residue naturally. This process must be carried out at low
temperatures as the lethargy prevents cannibalism due to lack of food (Vifieta-Valdelvira,
2017). Slaughter shall be carried out by freezing between 5 and - 20 °C for processing of
the product other than the live insect. This procedure is supported by Regulation (EC)
1069/2009 and its implementation (EU) 142/2011 classifying insect meal in category
three as feed (Bernad-Gonzélez, 2019).

The three forms for selling T. molitor occur in the last larval stage, when the insect reaches
its largest size. To process the dry insect and insect meal, they must undergo a bulking
process for 5 minutes and a subsequent one at 55 °C for 24 hours (Klunder et al., 2012).
However, the insect meal needs to be milled, which can be done by various methods.

According to Bernad-Gonzalez (2019) the most commonly used method for grinding is
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three consecutive steps: 100 °C for 95 minutes, 110 °C for 55 minutes and 120 °C for 13

minutes.

As we know, insects are rich in nutrients and have an intestinal microflora that provides
a medium for the growth of unwanted microorganisms. That is why the processing and
storage of the dry insect in flour format must be adequate. Many microorganisms are
inactivated by heat, but many others are resistant. After processing at high temperatures,
it would be most appropriate to store it at - 20 °C (Klunder et al., 2012).

Economic Feasibility

The study of the economic feasibility of a project is a necessary starting point. This
analysis will use different economic indicators that will show us if the project is profitable
or not. To do this, you must first calculate the ordinary cash flows which are the net
outflows and inflows of money that the project has in a given period.

Therefore, the indicators to be calculated to carry out this section are:

1) Annual net asset value (NPV): this procedure makes it possible to calculate the
present value of future cash flows arising from an investment. The methodology
consists of discounting all the cash flows at the present time.

2) Internal rate of return (IRR): the geometric average of the expected future returns
on such an investment and implies the assumption of an opportunity to reinvest.

3) Payback: a static investment valuation criterion that allows a given project to be
selected on the basis of how long it will take to recover the initial investment

through cash flows.

The study of the economic feasibility extracted from a simulated Profit and Loss

statement. The development of the project through his parts:
Investment

The initial investment amounts to a total of thirty-six thousand five hundred and fifty
euros (36,550 €). Table 1 details the necessary installations with their price per unit and
the number of pieces of equipment. Here we can see the non-current assets that will
remain in the project for more than one year, so that the annual depreciation amounts to

3,615 €. The estimated useful life of the project is 5 years.
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When the project comes to an end, we value the non-current asset at a balance amount of
18,475 € recoverable, i.e., the residual value (Table 9). This value can be transferred to a

new project or even recovered by selling the assets.

Structural investment € N°  Investment Depreciation Residual Value
(x 5 years)

Modules 5,000 3 15,000 750 11,250
PVC Curtains 150 3 450 45 225
Air-conditioning unit 400 3 1,200 240 0
Air extractor 300 3 900 180 0
Fridge 400 1 400 80 0
Chest freezer 1,000 1 1,000 100 500
Boxes 9 280 2,520 504 0
Drying machine 5,000 1 5,000 500 2,500
Installation 1,500 1 1,500 300 0
Grinding machine 8,000 1 8,000 800 4,000
Air extractor installation 80 1 80 16 0
Drying machine installation 200 1 200 40 0
Grinding machine installation 300 1 300 60 0
TOTAL 22,339 36,550 3,615 18,475

Table 9. Investment and amortisation of the different start-up facilities. The amortisation is the amount for each year

of the project's life, which is estimated to be 5 years.

Finance

The funding for this project comes from different ways. We have set an initial
contribution of the 40 % of the Working Equity (36,550 €) which the associates will

disburse.

A further 40 % comes from a grant of “Centro para el Desarrollo Tecnologico Industrial”
(CDTI). The strategic R&D projects within this type of funding are large applied research
and business development projects to create or significantly improve the production
process, product, or service. They must also prove a differential technological aspect over
existing technologies on the market. These projects must be strategic nature for the
company. They must involve R&D activities with an incentive effect that stimulate the
development and incorporation of new technological knowledge into products, processes

or services.
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The balance 20 % comes from the Animal Biology Research Group of the Faculty of
Veterinary, as it is a spin-off from the University of Murcia, the get integrated into the

funding for further development and employment of the university's researchers.
Operating Revenue

The source of income is the sale of live and processed T. molitor (dried insect and meal)
for animal feed. The price can vary significantly, from 1.50 €/50 g, 19 €/kg to 17 € for 5
kg (La Grilleria, live pet food). We have set the price at 10 €/kg live, 20 €/kg dry for pet
food and 30 €/kg meal for animal and human food.

In the section "Production of T. molitor" we have calculated the yield of a colony of T.
molitor kept under controlled conditions (Fig. 36). Table 10 shows a summary of
production and revenue for the different sales formats (live, dried and meal). It should be
noted that 60 % of the total production has been allocated to the live format, 20 % to the
dried format and the remaining 20 % to meal. As we can see, T. molitor increases
geometrically until the third year, when we can stabilise production and focus on

improving quality, increasing income.

YEAR 1 2 3 4 5 Total
kg (live) 2,166 3,720 3,900 4,080 4,170 18,036
€ (live) 21,660 37,944 66,300 70,747.20  73,753.96  27,0405.16
kg (dry) 274.36 471.20 494 516.80 528.20 2,284.56
€ (dry) 548720  9,612.48 9,880 10,542.72  10,990.79  46,513.19

kg (flour) 216.60 372 390 408 417 1,803.60
€ (flour) 6,498 11,383.20 11,700 12,484.80  13,015.40  55,081.40

Table 10. Quantities, price and format of T. molitor production during the 5-year life of the project. Production in

different formats (live, dried and meal) expressed in kilograms (kg) and euros (€).

Cost Analysis

Through the cost analysis, we divided the structural, direct and indirect costs, consisting
of the difference if the cost is involved in the production or a structural cost that the

company has, not directed related to the kg produced.

The Direct Costs are detailed in table 11. Here we include the kilograms of raw material

consumed for each insect format which amounts to a total of 1,679.26 €. The cost of
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transporting the raw material is also specified with a total of 3,399.01 € for the estimated
production. Labour is the biggest expense at 214,316 €, as only one person is employed
in the first year, but from the second year onwards another person will be needed due to

the increase in production.

Direct costs Year 1 Year 2 Year 3 Year 4 Year 5 TOTAL
Live insect 105.19 184.26 197.05 210.26 219.20 915.96

Dry insect 35.06 61.42 65.68 70.88 73.07 305.32

Insect in flour 35.06 61.42 65.68 70.88 73.07 305.32

Diminish 17.53 30.71 32.84 35.04 36.53 152.66

Raw material 192.84 337.82 361.25 385.48 401.86 1,679.26
consumption

Manpower 22,780 46,471 47,400 48,349 49,316 214,316
Transport 400 663 728.28 795.91 811.82 3,399.01

Table 11. Direct costs during the 5-year life of the project. The raw material for each type of insect for sale (live, dried
and meal) is taken into account. Both larvae and adults are offered a diet of 90 % wheat bran and 10 % vegetable by-
products.

The rest of the costs involved in production are Indirect Costs and are shown in table 12.
These are the structure costs where mainly supplies are detailed with a total of 19,243.29
€. This section also takes into account the depreciation detailed in table 9 where 3,615 €
per year of the project was available but, as already mentioned, these are paid at the

beginning of the project and hence the need for financing.

YEAR 1 2 3 4 5 TOTAL
Air conditioning 1,800 1,836 1,872.72 1,910.17 1,948.38 9,367.27
Air extractor 500 510 520.20 530.60 541.22 2,602.02
Lighting 450 459 468.18 477.54 487.09 2,341.82
Consumption of the 207.36 356.12 373.36 390.59 399.20 1,726.63
drying machine
Contracted power 335.54 342.25 349.09 356.07 363.20 1,746.15
Grinding machine 33.49 57.51 60.29 63.08 64.47 278.37
Water 360 367.20 374.54 382.03 389.68 1,181.04
TOTAL 3,686.39 3,560.88 4,018.38 4,110.08 3,867.56 19,243.29

Table 12. Indirect costs broken down by project year and total expressed in euros (€).
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Operating cash flow

We need an investment of 36,550 € to start the project. Table 13 shows how this
investment is recovered every year. In the last year of the project (5th) of the 51,657 €
recovered, 33,182 € is from the production and sale of insects and the remaining 18,475
€ are from return on the initial investment obtained from the property and machinery of

the operation.

Funding 1 2 3 4 5 Settlement

Operating -36,550 5,843 6,558 27,432 31,005 51,657
cash flow

\ 33,182 18,475
Liquidity‘ -36,550 -30,707  -24,148 3,284 34,289 78,104

Table 13. Cash flow of the project expressed in euros (€) per year, showing the investment made, and the liquidity at
the end of the project. Negative figures are indicated in red.

The project is generating profit every year, and it is recovering the amount invested. We
need almost three years to recover the funding amount, but one of our project's exciting
points is that it is profitable since it gets started. When the project is over, we generate
33.182 € from the operation, and we recover the 18.475 € from the liquidation of the

assets not depreciated.

Project profitability
After the economic feasibility study, two data are obtained (NPV and IRR) that show the
viability and profitability of the project. In our case we have obtained an NPV of
82,468.87 € and an IRR of 27.50 %.
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Chapter V

Expression analysis of Lac2, TH and AANAT1 genes related to exoskeleton
malformations in reared Tenebrio molitor (Coleoptera: Tenebrionidae).

Abstract

The proper development of insects is strictly dependent on the sclerotization and
melanisation of the exoskeleton, which is involved in the immune function of the
individual. With the increased presence of insect farms due to their recent approval for
animal and human consumption, previously unknown abnormalities are becoming more
and more frequent. Abnormal individuals with different teratologies have been observed
as a result of a partially complete metamorphosis process of Tenebrio molitor
(Coleoptera: Tenebrionidae) in a small-scale rearing facility. The absence of a complete
developed abdomen and elytra is showed among the most common abnormally developed
adults.

Three of the genes involved in the metabolic pathway of sclerotization and melanisation
(TH, AANAT1, and Lac2) were analysed by RT-gPCR, using a previously validated
reference gene (Rps3), to determine gene differences between abnormally developing and
normally developing control specimens. The results showed clear distinctions between
the two groups and the possibility that a hormonal mismatch or an epigenetic change is
responsible for these malformations is assessed. This work provides a first insight into
the genetic basis of T. molitor abnormal development, and highlights the necessity of
further research to elucidate all the molecular mechanisms involved to achieve a more

efficient production of this insect species for food and feed.

Keywords

Dopamine, Incomplete development, Insect farm, Pupation development, RT-qPCR.
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Introduction

The envelope and melanisation of the insects exoskeleton is the first defence barrier
against invading pathogens and environmental stressors such as droughts or predators
(Hayakawa et al., 2018). The four arthropod sub-phyla (Chelicerata, Myriapoda,
Crustacea and Insecta) present structural similarities in their cuticle (Asano et al., 2019).
that has allowed them to be one of the first terrestrial colonizers (Engel & Grimaldi, 2004;
Kenrick et al., 2012). In addition, body colour is involved in communication, mating
behaviour, crypsis, mimicry and predator-prey interactions (Fukatsu & Futahaski, 2016;
Mun et al., 2019). Different kind of chemical pigments are responsible for the darkening

and hardening of the cuticles of many insects (Arakane et al., 2009; Mun et al., 2019).

One of the most important proteins related to the insect cuticle formation process
(darkening and hardening) is the Laccase2 (Lac2 gene) (Simon et al., 2009), although it
also appears in the formation of eggs and pupae (Arakane et al., 2005; Asano et al., 2019).
Other putative functions are the involvement in cellulose digestion in some termite
species (Coy et al., 2010; Geng et al., 2016), immune response, iron metabolism or
resistance against parasites and insecticides (Parkinson et al., 2003; Hattori et al., 2005;
Hoegger et al., 2006; Bettedi et al., 2011; Strong & Claus, 2011; Balabanidou et al., 2018;
Wang et al., 2018). All arthropods studied so far have this protein and its reduced
synthesis results in the death of specimens. That is why it has been proposed for gene

silencing for pest control (Du et al., 2017; Matsumoto & Hattori, 2019).

The Lac2 is also involved in the pigmentation process of the cuticle. Mun et al. (2019)
observed that the expression of this gene in Tenebrio molitor (Coleoptera: Tenebrionidae)
is activated on the fourth-sixth day of pupation but remained at lower levels during the
adult stage. Other enzymes such as arylalkylamine N-acetyltransferase (AANAT1), and
tyrosine hydroxylase (TH) also participate in this process, in particular in the tyrosine-
mediate cuticle tanning pathway (Noh et al., 2016b). AANAT1 is consistently expressed
in the pupal and adult stages, while TH is expressed in all moulting periods of larvae and

pupae showing the highest levels just after adult emergence (Mun et al., 2019).

Although T. molitor is one of the best studied species both histochemical and genetically
(Zeikus & Steinhaus, 1968; Socha & Sehnal, 1972; Liu & Wang, 2014; Bong et al., 2018;
Mun et al., 2019), and its whole genome is now published (Liu & Wang, 2014),

information on specific references genes for RT-gPCR studies on this species is still
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needed. The anomalies undergone by this species are increasingly documented as small-
and large-scale farming is becoming standardised due to recent approval for food and feed
purposes (EFSA et al., 2021).

The aim of the study is to analyse the gene expression of three genes related to the
formation of the cuticle of T. molitor in individuals with normal versus anomalous cuticle
development. The altered expression of these genes, which encode essential proteins for
adult life, can lead to an anomalous development of cuticle with the corresponding
limitations for survival and reproduction. A better understanding of the genetic
mechanisms involved will help to improve production systems while minimising costs.
To test this hypothesis, the objective of this work is to analyse the expression levels of
proteins Lac2, AANAT1, and TH in normal and anomalous adults using RT-gPCR

Material and methods
Specimens

Tenebrio molitor were collected from a breeding facility of the University of Murcia and
reared under controlled conditions: 24 — 28 °C temperature, 47 — 50 % relative humidity
and a photoperiod L:D 12 h: 12 h. The specimens are established in differentiated plastic
boxes for larvae and adults with 60 x 40 x 12, L x W x H cm dimensions each;
approximately 1500 individuals live in the larvae boxes while approximately 700
individuals live in the adult box. They have an ad libitum food supply (oat flakes) and the
water source is ingested from the fresh fruit offered to them every two days. For the
analysis we collected 10 adult individuals without physical deficiencies (control) and
another 10 adults with deformed elytra and abdomen (anomalous) (Fig. 37), all of them
at the same age, i.e., newly emerged from the pupa. Each individual was given small
perforations in the abdomen with an entomological needle and was immersed in 2 pl of
RNA later (Qiagen, Crawley, UK). Finally, they are kept at 5 °C until the RNA extraction

process.

RNA extraction

A total of 20 samples were homogenised in 350 ul Buffer RLT with TissueRuptor 11
(Qiagen) and RNA extraction was performed on ice using the RNeasy Mini Kit (Qiagen)

following manufacturer protocols. 50 ul of were used to the final elution of total RNA.
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Before storing it at — 80 °C, the RNA concentration was quantified by NanoDrop 1000
from Thermo Fisher Scientific® (Waltham, MA, USA).

.

Figure 37. a) Adult of T. molitor with deformed elytra and abdomen. b) Healthy adult of T. molitor without physical
deficiencies.

cDNA synthesis

Equal concentrations of RNA were used for all samples to perform the cDNA synthesis.
This standardisation was carried out by diluting each sample to a concentration of 100
pg/ul with RNase free water. 2 pl of total RNA were used to perform the cDNA synthesis,
using the Reverse Transcription Kit of Quantitect (Qiagen) according to the manufacturer

protocol. Samples were then stored at — 20°C until following procedures.
RT-PCR

Prior to real-time PCR experiments, validation of each primer and reference gene must
be performed to ensure a correct data interpretation and reliability of the results (Thellin
et al., 1999; Radonic et al., 2004; Garcia-Reina et al., 2018). T. molitor target genes TH,
Lac2, AANATL1, DDC (DOPA decarboxylase), ADC (aspartate 1-decarboxylase), ebony
(N-B-alanyldopamine synthase) and, Y-y (yellow-y) were tested using primer from Mun
et al. (2019), and three additional pair of primers were designed for Lac2, ATPase and
GADPH genes from sequences obtained from the NCBI database using Primer Express 3
software (Applied Biosystems®). Five reference genes were tested: 185 RNA (18S
ribosomal RNA) and L27a (60S ribosomal protein L27a) from T. molitor (Mun et al.,
2019); Actp (B-actin), RPL13a (60S ribosomal protein L13a) and RpS3 (40S ribosomal
protein S3) from T. castaneum (Lord et al., 2010; Liu et al., 2015). A serial diluted pool

of cDNA was amplified in triplicate to evaluate the amplification efficiencies of all genes
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by the standard curve method in a StepOnePlusTM instrument using SYBR® Green
(Applied Biosystem®). Melt curves analyses and negative controls were carried out to
check the specificity of the amplifications and genes with good efficiencies (Table 14)
were used for RT-qPCR experiments in the same equipment with 1.5 pl of cDNA for
each sample. The PCR conditions were: one cycle at 95 °C for 2 min, and 40 cycles at 95
°C for 15 s and 60 °C for 30 s. For each condition tested, 10 individuals were considered

as 10 biological replicates, and 10 technical replicates were used from each one of them.

Gene Gene name E (%) R? Primers
TH Tyrosine 79.6 0.994 F-5’-TCTTGGTCACATGCCCTTAC-3’
hydroxylase R-3’-CTTTCACGACTCCGCTTTCT-5’
AANATL1  Arylalkylamine 84.5 0.985 F-5’-GAGCTGGGCTGTGGTATAATG-3’
N-acetyltrasferase R-3’-CTTCTCCGTTGACCTTGTAGTC-5’
Lac2 Laccase 2 97.279 0.984 F-5’- CCCTCTGGACGCGAGATGTA-3’
R-3’- CAACACGCCCTTGTCAATGT-5’
RpS3 Ribosomal 83.184 0.999 F-5’-GTGGTCGTTTCTGGCAAACT-3’
protein S3 R-3’- CAACACTCCTTGCCTCAACA-5’

Table 14. Primers used for gRT-PCR experiments for T. molitor. E = Amplification efficiency.

Data analysis

For all further analyses, the threshold cycle (Ct) raw values obtained with the software
7500 v.2.0.5 (Applied Biosystem®) were used, considering gene efficiencies corrections.
As RpS3 and Actf were the only candidate reference genes available, their stability was
evaluated before expression analyses using geNorm (Vandesompele et al., 2002) and
NormFinder (Andersen et al., 2004) algorithms, adding the rest of the target genes data
to the analysis (Table 15). Expression values were obtained as MeanACt and statistical
significance between healthy and anomalous individuals was assessed with a Student’s t-
test using GraphPad Prism version 5.00 software (GraphPad Software, San Diego

California USA, www.graphpad.com).
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Stability values

geNorm NormFinder
Laccase2 2,820 1,640
AANAT1 1,998 0,985
TH 2,195 0,971
Actf 2,902 1,524
RpS3 1,779 0,617

Table 15. Stability values obtained from geNorm and NormFinder algorithms for all genes tested.

Results

Three target genes (TH, AANAT1, and Lac2) and two candidate reference genes (RpS3
and Actf5) showed proper amplification and efficiency values and thus were selected for
further analyses. The other genes tested (DDC, ADC, ebony, Y-y, ATPase, GADPH, 18S
RNA, L27a and RPL13a) did not provided an efficiency within the acceptable range to be
considered viable for RT-PCR (Table 14), so they were discarded. RpS3 was selected as
reference gene for expression analysis according to the results obtained with geNorm and
NormFinder tools (Table 15). This gene was the only that showed low stability values
and therefore the most recommended for using as a reference gene. Actf was discarded

as it did not show proper stability values.
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Figure 38. Relative expression of TH, Lac2 and AANAT1 genes (control and anomalous samples) using the reference
gene RpS3. Error bars represent the standard error for the normalised relative amount. Asterisks represent statistical
significance (** = p <0.01, *** = p < 0.001).

Finally, TH, Lac2, and AANAT1 genes were analysed for expression using RpS3 as a

reference gene (Fig. 38). Statistically significant changes in the expression of the three
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genes were observed for the anomalous individuals. Lac2 (p < 0.001) and AANAT1 (p <
0.01) were downregulated, whereas TH (p < 0.001) was upregulated, in anomalous

individuals in comparison to control individuals.

Discussion

Deformity in arthropods arises for a variety of reasons: bacterial infections (Zeikus &
Steinhaus, 1968), physical disturbances (Bong et al., 2018) or stressful conditions (Rolff
et al., 2019) resulting in hormonal, chemicals and genetic alterations (Mun et al., 2019)
due to exposure to toxic compounds (Pierzynowska et al., 2017), or epigenetics
modifications such as methylations, histone modification and non-coding RNAs
(Burggren, 2017).

In colony maintenance, T. molitor individuals are continuously handled. Pupae are
separated from larvae to optimise biological development, but this leads to a change in
the original position adopted by the larva. Daily manipulation produces a stress condition
in the pupa (Bong et al., 2018), which induces dopamine production, while juvenile
hormone (JH) degradation decreases (Gruntenko & Rauschanbach, 2008). However, an
increased frequency of moulting is also an unfavourable stress factor for the development
of the individual (Bong et al., 2018).

This hormonal cascade is the biochemical basis of the metamorphosis process where JH
acts simultaneously with ecdysone, responsible for insect growth and moulting (Connat
et al., 1991; Rolff et al., 2019). In addition, behind the hormonal action there are
molecular mechanisms that translate hormonal signals into cellular, tissue and
morphological changes (Bellés, 2021). Grutenko et al. (2005) observed that an increase
in dopamine concentration in the haemolymph of young Drosophila virilis females
corresponded with an increase in JH and a decrease in ecdysone. This series of events,
with augmented dopamine in the haemolymph (Noguchi et al., 1995; Verlinden, 2018),
could be responsible for the physical alterations visible at the time of adult emergence
(Fig. 37). Furthermore, in anomalous individuals, overexpression of TH and
underexpression of AANAT1 and Lac2 are observed, favouring the increase in dopamine
(Fig. 39). The correlation between malformations and Lac2 deficiency has also been

shown in Lepidoptera where wing deformation was observed (Pierzynowska et al., 2017).
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Figure 39. Metabolic pathway of T. molitor exoskeleton pigmentation adapted and modified from Mun et al. (2019). The enzymes in red are those that have been analysed in this work together
with the expression graph differentiating between healthy and anomalous individuals.
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The three genes whose expression was analysed in this paper (TH, AANAT1, and Lac2)
are involved in the sclerotization and pigmentation of the exoskeleton of T. molitor (Mun
et al., 2019). Gene expression analysis showed that anomalous individuals had lower
expression of AANAT1 and Lac?2 than control individuals, as expected. However, the TH
expression in the anomalous versus the control individuals is much higher (Fig. 38). This
causes the metabolic pathway to be disrupted and accumulate overproduction of
dopamine, as mentioned above. Additionally, information on specific reference genes for
T. molitor is scarce so that RpS3 was chosen as it is commonly used in the order
Coleoptera (Lord et al., 2010; Toutges et al., 2010; Liu et al., 2015; Sang et al., 2015).

Other work has shown that decreased sclerotization occurs due to reduced TH function
(Gorman & Arakane, 2010) and that overexpression of TH leads to melanism in many
insects (Liu et al., 2015). However, our results show that anomalous individuals with
irregular sclerotization and pigmentation have increased TH expression. It is an essential
survival gene in holometabolous insects that mediates in cuticle sclerotization and
immunity (Verlinden, 2018) found in the secretory cells of the cuticle (Gorman &
Arakane, 2010). This knowledge is being used in pest control by applying RNA

interference silencing this gene (Liu et al., 2020).

The malformations found in our individuals are similar to those described by Zeikus &
Steinhaus (1968) where different teratologies of T. molitor are reported. Such
physiological responses may be related to the environmental factors such as the relative
humidity, the ambient temperature, the mechanical damage to larvae and pupae, the
change in pupal microclimate (Yi et al., 2017), the photoperiod, nutrition or viral infection
(Burggren, 2017). All of these factors may be producing epigenetic changes in the insects
(Jaenisch & Bird, 2003). Although the concentration of toxic compounds presents in the
food provided to T. molitor (agriculture by-product) have not been measured in this work,
small amounts could be sufficient to cause methylations in their DNA, leading to the
abnormalities found. In addition, the high energy generated in the metamorphosis process
could lead to further methylation (Guo et al., 2019). Although methylation levels in
insects are very low, they affect key genes, producing disturbance in individual
phenotypes, even across multiple generations (Burggren, 2017). New experiments to test
these hypotheses from an epigenetic point of view, could highlight the molecular basis of

the metamorphosis process.

130



Part i Chapter V

Unfortunately, there is little information on epigenetic changes in insects caused by
physicochemical environmental factors (Maleszka, 2008; Maeno & Tanaka, 2011; Chen
et al.,, 2015; Cridge et al.,, 2015). This work contributes to add knowledge to the
explanation of malformations found in the rearing of T. molitor, an increasingly

standardised activity due to its recent authorisation for animal and human consumption.

131






Conclusions &






Conclusions

Chapter 1. Barcoding identification and phylogeographic analysis of Fannia pusio

L. in the Iberian Peninsula

- Exhaustive sampling in the Iberian Peninsula shows the presence of the genus
Fannia of which, F. pusio is the predominant species.

- A 240 bp mini-barcode has shown to be useful for the identification of Fannia
species, contributing to forensic and medical research.

- Particular mutations differentiate the haplotypes from the north-east and south-
east of the Iberian Peninsula.

- F. pusio originated in the Americas and it was introduced into the Iberian

Peninsula via Portugal, subsequently undergoing a continuous range expansion.

Chapter Il. The head of Fannia pusio (Diptera: Fanniidae) as a new source of
morphometric data for the evaluation of variation along geographical and biological

lines.

- Head landmarks of F. pusio provide valid morphometric information for species
identification studies.

- The parafacial and fronto-orbital areas of F. pusio are the most variable head
structures.

- Variation in environmental conditions in the Iberian Peninsula seem to have
originated in F. pusio the intraspecific differentiation between the east and west
populations.

- Individuals of F. pusio reared in the laboratory show morphometric particularities
that differentiate them from those collected in the wild, probably due to the stable

environmental conditions and the high inbreeding level in the laboratory colony.

Chapter I11. Development of Fannia pusio (Diptera: Fanniidae) under temperature-

controlled conditions and its application in post-mortem interval (PMI) estimation.

- The results obtained indicate that the viability range for development in F. pusio
oscillates between 15 °C and 35 °C, being 25 °C the temperature in which the

stress of the individuals seems to be lower.
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- The isomegalen and isomorphen diagrams give coherent results, showing more
accelerated growth with smaller sizes at higher temperatures.
- F. pusio seem to be a good seasonal indicator providing useful information in

forensic investigations.

Chapter 1V. Production and economic feasibility studies in the development of a

rearing project for the yellow mealworm, Tenebrio molitor.

- The information gathered and the projection made provide optimised data for
starting a small-scale T. molitor farm based on the biological cycle of the species
and the available space of the facility.

- An estimate of the annual production of T. molitor and its economic feasibility is
obtained for the first time, providing cost-effective results for its development.

- Calculations show an NPV of 82,468.87 € and an IRR of 27.50 %, providing data
for a five-year profitable project life.

Chapter V. Expression analysis of Lac2, TH and AANATL1 genes related to

exoskeleton malformations in reared Tenebrio molitor (Coleoptera: Tenebrionidae).

- Anomalous individuals show an overexpression of TH gene and an
underexpression of AANAT1 and Lac2 genes.

- The expression pattern obtained could alter the metabolic pathway of melanisation
and sclerotization of adults, increasing the levels of dopamine in the haemolymph
and leading to a disruption of normal development.

- The expression pattern found in anomalous individuals could be correlated with
the stress generated by the daily handling, causing an increase of dopamine in the

haemolymph.
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Supplementary Table 1. GenBank code, species, location of sampling and date of sampling. * The sequences at the end of the table that have an
asterisk are those incorporated from the NCBI database.

GenBank Code Species Location of Sampling Data of Sampling
MT527094 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527095 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527096 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527097 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527098 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527099 F. pusio Elda (Valencian Community, Spain) 22-jul-12
MT527100 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527101 F. pusio Catarroja (Valencian Community, Spain) 19-jul-14
MT527102 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527103 F. pusio Aguilas (Region of Murcia, Spain) 08-sep-12
MT527104 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527105 F. aequilineata Estremadura (Lisbon, Portugal) 28-sep-15
MT527106 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527107 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527108 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527109 F. canicularis Estremadura (Lisbon, Portugal) 28-sep-15
MT527110 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527111 F. pusio Villanueva de Cameros (La Rioja, Spain) 23-jun-12
MT527112 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527113 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527114 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527115 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527117 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
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Appendix

MT527118 F. aequilineata Estremadura (Lisbon, Portugal) 28-sep-15
MT527119 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527120 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527121 F. lepida Estremadura (Lisbon, Portugal) 28-sep-15
MT527122 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527123 F. canicularis Estremadura (Lisbon, Portugal) 28-sep-15
MT527124 F. leucosticta Estremadura (Lisbon, Portugal) 28-sep-15
MT527125 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527126 F. leucosticta Estremadura (Lisbon, Portugal) 28-sep-15
MT527127 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527128 F. leucosticta Elda (Valencian Community, Spain) 22-jul-12
MT527129 F. pusio Catarroja (Valencian Community, Spain) 19-jul-14
MT527130 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527131 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527132 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527133 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527134 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527135 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527136 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527137 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527138 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527139 F. canicularis Estremadura (Lisbon, Portugal) 28-sep-15
MT527140 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527141 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527142 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527143 F. canicularis Estremadura (Lisbon, Portugal) 28-sep-15
MT527144 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527145 F. leucosticta Estremadura (Lisbon, Portugal) 28-sep-15
MT527146 F. pusio Villanueva de Cameros (La Rioja, Spain) 23-jun-12
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Appendix

MT527147 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527148 F. pusio Aguilas (Region of Murcia, Spain) 08-sep-12
MT527149 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527150 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527151 F. pusio Aguilas (Region of Murcia, Spain) 08-sep-12
MT527152 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527154 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527155 F. pusio Catarroja (Valencian Community, Spain) 19-jul-14
MT527156 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527157 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527158 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527159 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527160 F. lepida Estremadura (Lisbon, Portugal) 28-sep-15
MT527161 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527162 F. pusio Villanueva de Cameros (La Rioja, Spain) 23-jun-12
MT527163 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527164 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527166 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527167 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527168 F. canicularis Estremadura (Lisbon, Portugal) 28-sep-15
MT527169 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527170 F. pusio Campus of Espinardo (Region of Murcia, Spain) 04-sep-12
MT527171 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527172 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527173 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
MT527174 F. pusio Estremadura (Lisbon, Portugal) 28-sep-15
KY511155* F. aequilineata Plock (Poland) 28-may-16
HQ979164* F. canicularis Massachusetts (USA) 30-sep-10
KY511183* F. lepida Las Piwnicki (Torun, Poland) 28-sep-14
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Appendix

KY511189* F. leucosticta Vairao (Porto, Portugal) 07-oct-15
JX438031* F. pusio Campo Grande (Lisbhon, Portugal) 04-aug-11
KY511210* F. pusio Snook (Brazos Co., Texas, USA) Jul-14
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