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SUMMARY

The need to develop new pest management strategies which are
effective and ecologically sustainable has stimulated significant
research efforts on molecules of natural origin and on gene regulation
strategies that mimic and/or enhance mechanisms of pest suppression
by insect antagonists. This area of research can allow the exploitation
of a nearly untapped source of genes and molecules with potential
bioinsecticide activity. Besides the direct use of virulence factors as
physiological disruptors of pest insects, it is possible to target the
molecular targets of these factors and alter vital functions of pests. This
latter approach is made possible by genetic tools now available, such
RNA interference (RNAIi), which can be used to suppress the
expression of host genes targeted by virulence factors, reproducing the
negative/lethal effects that the natural antagonists have on their hosts.
In this context, the present PhD thesis aims to develop (1) new solutions
for insect pest control using RNAiI mediated suppression of gene
expression, and (2) sustainable and safe field delivery systems of
dsRNA.

The first part of the thesis reports the expression analysis of the immune
gene SI102, that is suppressed in parasitized noctuid moth larvae,
during the embryogenesis of Spodoptera littoralis (Lepidoptera:
Noctuidae). The functional role was analyzed by RNAi and by
transmission electron microscopy (TEM) observations. The very high
mortality observed upon gene silencing was associated with
morphological alterations associated with a general delay in the
embryonic development, suggesting a possible role of this gene in
tissue organization and differentiation during embryogenesis. This
embryonic mortality is of particular interest from an applied point of
view, since it prevents the damage caused by the larval feeding stages.
The second part concerns the study of a gene encoding a protein of the
REPAT (REsponse to PAThogens) family, which is known to be
involved in the response to entomopathogens infection. Here, the
Slrepatl gene in S. littoralis larvae has been identified and functionally
characterized. This gene is mostly expressed in the midgut, and its
dsRNA-mediated silencing determines an immunosuppressed
phenotype that makes larvae more susceptible to the entomopathogen
Bacillus thuringiensis. Therefore, the combined administration of the
dsRNA targeting this gene and of B. thuringiensis would enhances the



killing activity of the entomopathogen in an integrated pest
management strategy.

The third part is focused on the development of a new delivery and
protection system for dsSRNA molecules, which is based on the use of
chitosan polymers and humic substances for the synthesis of a
nanoconjugate. The results in terms of synthesis efficiency,
physicochemical characterization, and in vivo administration to
S.littoralis larvae indicate that the Chi/Hum-dsRNA nanoconjugate can
be a valuable and a sustainable tool for the delivery of dsRNAs.

The results of this PhD thesis pave the way towards the development
of novel strategies of pest control which are not only based on direct
pest suppression, but also on the enhancement of natural biocontrol
agents, reinforcing the ecosystem services they provide.



RIASSUNTO

L'intensificazione delle pratiche agricole ha determinato un
concomitante aumento dell'uso di pesticidi e fertilizzanti di sintesi,
caratterizzati da un elevato impatto ambientale, tra i piu importanti
fattori della progressiva erosione della biodiversita degli
agroecosistemi. Emerge, quindi, la necessita di adottare un modello
integrato per la protezione delle colture (Integrated Pest Management,
IPM), che consideri tutte le strategie attuabili per il controllo dei
parassiti, consentendo la riduzione sia delle popolazioni di insetti
infestanti, sia dell'uso di pesticidi dannosi per la salute umana e
I'ambiente. Uno dei pilastri dellIPM ¢ il controllo biologico, che si basa
sull’utilizzo di antagonisti naturali per ridurre le popolazioni di insetti
dannosi. Lo studio funzionale e molecolare delle relazioni
antagonistiche tra insetti dannosi e i loro antagonisti naturali
rappresenta una fonte preziosa di molecole e geni coinvolti
nellinduzione di rilevanti alterazioni patologiche, che possono essere
riprodotte attraverso strategie di controllo ispirate da meccanismi
naturali. 1 due gruppi di organismi maggiormente studiati in questo
senso, sono gli entomopatogeni e i parassitoidi.

Tra i diversi entomopatogeni, i batteri rappresentano i piu utilizzati per
il controllo dei parassiti, sebbene, il loro uso massiccio ha determinato
I'evoluzione di fenomeni di resistenza negli insetti bersaglio che ne
minaccia l'uso sostenibile e prolungato nel tempo. In generale, la
patogenesi indotta da batteri entomopatogeni € mediata dalla
produzione di molteplici fattori di virulenza, come le tossine, che
raggiunto l'intestino, si legano ai recettori delle cellule dell’epitelio
provocando la formazione di pori non selettivi per il traffico ionico e
conseguente lisi osmotica delle cellule epiteliali. Le lesioni della barriera
intestinale che ne derivano consentono il passaggio di batteri nella
cavita emocelica, causando una setticemia letale.

Gli imenotteri parassitoidi sono in grado di svilupparsi a carico
dell’ospite parassitizzato, portandolo rapidamente a morte (idiobionti) o
lasciandolo lungamente in vita (coinobionti) e interagendo finemente
con esso regolandone fisiologia, sviluppo e riproduzione, al fine di
consentire la sopravvivenza e la crescita della propria progenie. Fra le
varie funzioni regolate, 'immunita &, ovviamente, quella che risulta piu
profondamente condizionata. Questo controllo € mediato da fattori di
regolazione dell'ospite divisi in fattori di origine materna che includono
il veleno, le proteine ovariche e, in alcuni braconoidi parassiti di larve di
lepidotteri, virus simbionti, e in fattori di origine embrionale che



includono teratociti (cellule derivanti dalla membrana embrionale del
parassitoide) e secrezioni larvali. Tra i fattori di origine materna ci sono
i Polydnavirus (PDV), virus simbionti il cui genoma, integrato in quello
del parassitoide, si replica solo in alcune cellule degli ovari (cellule del
calice ovarico). Una volta iniettati nell'emocele delle larve dei lepidotteri,
I virioni dei PDV infettano diversi tessuti, esprimendo geni che
inducono, in particolare, soppressione della risposta immunitaria e
alterazione del sistema endocrino, di fondamentale importanza per la
sopravvivenza degli stadi giovanili del parassitoide. Da queste
considerazioni € chiaro che lo studio dei meccanismi molecolari alla
base delle interazioni ospite-parassitoide, puod consentire
I'identificazione di molecole e geni con un potenziale impiego per lo
sviluppo di nuovi bioinsetticidi e di strategie innovative di controllo,
basate sulla regolazione dell’espressione genica, ad esempio,
attraverso I'uso del’lRNA interference (RNAI), per alterare I'espressione
di quei geni dell’'ospite che sono colpiti dai fattori di virulenza parassitari.
L'RNAi € un meccanismo di modulazione dell'espressione genica,
conservato negli organismi superiori, che sfrutta un RNA
complementare allRNA messaggero (mMRNA target) per formare una
struttura a doppio filamento (dsRNA). Il dsRNA, riconosciuto dai
macchinari molecolari delle cellule, induce la degradazione del mMRNA
target e quindi il blocco dell'espressione genica in maniera altamente
selettiva. Negli ultimi anni, 'RNAI e stato utilizzato nel controllo degli
insetti dannosi, prendendo come target geni essenziali dell’ospite, con
un ridotto impatto sulle specie non bersaglio. Un aspetto fondamentale
per il miglioramento di questa tecnica riguarda la stabilita della molecola
di double strand RNA (dsRNA) utilizzata, che risente di diversi fattori
ambientali.

Lo scopo della mia tesi di dottorato consiste nello sviluppo di strategie
di controllo basate sull'utilizzo della tecnica dellRNAi per |l
silenziamento di geni essenziali per l'insetto bersaglio, in diversi stadi
di sviluppo, isolati da studi sulle basi molecolari e funzionale delle
interazioni fra insetti e loro antagonisti naturali. La mia attivita di ricerca
e stata indirizzata, non solo verso lidentificazione di nuovi target
molecolari, ma anche verso il miglioramento dell'applicabilita in campo
delle molecole di dsRNA, attraverso un sistema di rilascio ambientale
basato su nanoconiugati di origine naturale. Nello specifico, il progetto
si articola in tre parti: 1) Il silenziamento mediato da RNAi di un gene
immunitario in Spodoptera littoralis (Lepidoptera, Noctuidae) che ne
altera lo sviluppo embrionale; IlI) Analisi e caratterizzazione di un gene
immunitario (Slrepatl), un potenziale bersaglio per sviluppare nuove
strategie di controllo degli insetti dannosi basate sulla tecnica RNAI; 111)

4



Sviluppo di una nuova strategia di rilascio delle molecole dsRNA basata
sulla formulazione di nanoconiugati a base di chitosano e sostanze
umiche.

La prima parte della tesi riguarda lo studio funzionale del gene
immunitario SI102 durante I'embriogenesi di S. littoralis e include la
valutazione degli effetti fenotipici associati al suo silenziamento
mediato da RNAI. Negli ultimi anni, grazie allo studio dell'interazione
ospite-parassitoide, € stato isolato e caratterizzato un gene,
denominato 102, espresso negli emociti delle larve di Heliothis
virescens (Lepidoptera, Noctuidae), che codifica per una proteina
precursore delle fibrille amiloidi. Tali fibre amiloidi, favoriscono la
biosintesi localizzata di melanina, a ridosso delloggetto non-self,
evitando la diffusione sistemica di precursori tossici. Nel sistema ospite
parassitoide in cui & stato isolato, la sua espressione viene fortemente
ridotta in ospiti parassitizzati, che mostrano una severa
compromissione della loro competenza immunitaria. L'omologo di
guesto gene e stato isolato e caratterizzato anche nel lepidottero
nottuide S. littoralis, mostrando un ruolo analogo nella risposta
immunitaria allo stadio larvale. Poiché questo gene risulta espresso
anche durante lo stato embrionale, nelle fasi in cui le difese immunitarie
non sono ancora attive si € proceduto a studiare il suo possibile ruolo
durante questa fase precoce dello sviluppo. Da un’analisi del profilo
temporale di espressione si desume la presenza di un picco molto
evidente a 32 ore dopo I'ovideposizione. Il silenziamento di questo gene
e stato effettuato prima del picco di espressione, immergendo le uova
di S. littoralis in una soluzione di dsRNA per 120, 60, 30 e 15 minuti.
Cio ha consentito di osservare un livello di silenziamento linearmente
associato al tempo di trattatmento, con la massima diminuzione
dell'espressione genica ottenibile quando le uova sono immerse per 2
ore. Il silenziamento del gene SI102 nelle uova di S. littoralis ha ridotto
significativamente la percentuale di schiusa, indicando un ruolo cruciale
per questo gene nello sviluppo dell'embrione. Cio e evidenziato anche
dall'osservazione fenotipica degli embrioni dissezionati, in cui € visibile
una chiara differenza morfologica tra il gruppo dei silenziati e quello dei
controlli. Inoltre, & stata registrata un’elevata mortalita anche nelle
poche larve sgusciate dalle uova sottoposte a silenziamento. Infine, il
silenziamento é stato associato a un evidente ritardo nello sviluppo
degli embrioni, come osservato al microscopio ottico. Nel distretto
dell'intestino medio sono state osservate cellule indifferenziate e scarsa
organizzazione tissutale. Le proteine del tuorlo, che forniscono la
nutrizione per I'embrione in via di sviluppo, sono consistentemente
presenti nel lume dell'intestino medio degli individui silenziati a 72 ore



dall'ovideposizione, mentre queste proteine sono completamente
assorbite nei controlli. Questi risultati sono stati confermati anche
dall'analisi ultrastrutturale TEM, che ha mostrato evidenti ritardi nello
sviluppo delle cellule dell’epitelio intestinale nel gruppo dei silenziati,
mentre nei gruppi di controllo le stesse cellule presentano strutture
differenziate come, ad esempio, i microvilli. Infine, anche la formazione
della cuticola dell'insetto, che appare meno spessa e stratificata,
sembra risentire degli effetti del silenziamento del gene SI102. L'elevata
mortalita osservata nel gruppo dei silenziati unitamente alle
osservazioni morfologiche, che hanno evidenziato un generale ritardo
nello sviluppo embrionale, suggeriscono che questo gene, noto per il
suo ruolo nel sistema immunitario delle larve di lepidotteri, possa avere
una funzione chiave nellorganizzazione strutturale e nel
differenziamento di diversi tessuti/organi durante I'embriogenesi.
Ulteriori indagini funzionali saranno necessarie per meglio
caratterizzare la funzione embrionale di questo gene, il cui
silenziamento negli embrioni induce un elevato livello di mortalita
precoce, utile a prevenire i danni inflitti dalle larve.

La seconda parte della tesi riguarda lo studio della famiglia di geni repat
(REsponse to PAThogens), che sono stati isolati per la prima volta in
larve di S. exigua. Sebbene il loro ruolo non sia ancora chiaro, le
proteine di questa famiglia sembrano essere coinvolte in molteplici
processi attivati in risposta ad entomopatogeni. Nel presente lavoro,
viene studiato uno dei membri di questa famiglia di geni, Slrepatl, nelle
larve di S. littoralis. E stato dimostrato che esso & espresso
principalmente nell'intestino medio delle larve di quinto stadio
analizzate, sebbene un'espressione basale sia evidente anche
nell'intestino posteriore e nel tessuto adiposo. Il silenziamento del gene
Slrepatl mediato da RNAI risulta stabile nelle larve trattate e le rende
maggiormente suscettibili ad una dose sub letale della formulazione
commerciale di B. thuringiensis (Xentari™), con una sopravvivenza
ridotta di circa il 60% rispetto al gruppo di controllo. Questi risultati
dimostrano l'ipotesi di un coinvolgimento dei membri della famiglia
repat nelle risposte di difesa agli entomopatogeni e offrono una nuova
possibilita di potenziamento dell’azione del B. thuringiensis attraverso
il silenziamento dei membri di questa famiglia proteica.

L'ultima parte della tesi riguarda lo sviluppo di nanoconiugati, chiamati
Chi/Hum-dsRNA, per il rilascio ambientale e la protezione delle
molecole di dsRNA, ottenuti utilizzando polimeri di chitosano e
sostanze umiche. L'approccio innovativo di questo lavoro consiste
nell'uso delle sostanze umiche, ottenute dal compostaggio di residui
vegetali, che sono noti per avere vari effetti benefici sulla fertilita del
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suolo e sulla crescita delle piante, agendo anche come biostimolanti.
Abbiamo adottato diverse condizioni sperimentali per la sintesi del
nanoconiugato Chi/Hum-dsRNA, e tra quelle testate abbiamo
selezionato quella che fornisce la migliore percentuale di
intrappolamento (91,1%). L'analisi per DLS (dynamic light scattering)
ha mostrato una misura delle dimensioni del formulato pari a 300 nm,
un valore superiore alla dimensione media spesso riportata in
letteratura di circa 200 nm. Le analisi FE-SEM e TEM hanno mostrato
forme irregolari simili a scaglie senza una nanostruttura ben definita.
Ciononostante, la struttura amorfa ottenuta ha dimensioni
nanoscopiche ed elevata percentuale di intrappolamento del dsRNA. In
seguito, allo scopo di ottenere informazioni sulla stabilita del
nonoconiugato in diverse condizioni di pH, che includono l'elevata
alcalinita dell’intestino dei lepidotteri, abbiamo valutato il rilascio e
I'integrita del dsRNA in seguito ad alterazione del pH della sospensione
di Chi/Hum-dsRNA. Come previsto, il rilascio di dsRNA e stato
osservato per valori di pH > 7, probabilmente dovuto al fatto che il
polimero di chitosano e stabile in ambiente acido. Questi risultati
suggeriscono che questo formulato e efficace per il controllo dei
Lepidotteri, caratterizzati da forti condizioni alcaline nell'intestino. Per
verificare la stabilita del Chi/Hum-dsRNA nel tempo, abbiamo trattato
con il nanoconiugato e con il dsSRNA nudo due diverse superfici:
capsula di Petri e foglia di pomodoro, in condizioni di laboratorio. Il
risultato ha mostrato che la formulazione sintetizzata e stabile su
entrambe le superfici fino a 30 giorni dopo l'applicazione. Tuttavia, lo
stesso risultato e stato ottenuto con dsRNA nudo, suggerendo che in
condizioni di laboratorio controllate I'utilizzo del nanoconiugato non
consente una maggiore stabilita rispetto al dsRNA non coniugato.
Pertanto, futuri esperimenti saranno condotti in condizioni di campo,
testando sia la stabilita che l'efficacia del Chi/Hum-dsRNA. Inoltre, é
stata valutata la stabilita del prodotto a 4°C e a 25°C (shelf-life), dopo
6 e 12 mesi di conservazione. In entrambi i casi nanoconiugati
rimangono nella loro condizione iniziale e il dSSRNA, una volta rilasciato,
risulta integro. Questi risultati non sono sorprendenti, dato che in
letteratura & descritto che le condizioni di conservazione a 4°C e 25°C
sono le piu efficienti, anche utilizzando procedure diverse. Infine, per
valutare l'efficacia in vivo del nanoconiugato sintetizzato, abbiamo
utilizzato S. littoralis come insetto modello e SI102 come gene
bersaglio. E stato eseguito un saggio biologico confrontando l'efficacia
del nanoconiugato con quella del dsRNA nudo mediante alimentazione.
Le larve alimentate con Chi/Hum-dsSI102 hanno mostrato alti livelli di
silenziamento genico, sia a 24 che a 48 ore dopo il trattamento,
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paragonabili a quelli ottenuti con il dsRNA nudo. In conclusione,
abbiamo sintetizzato un nuovo tipo di nanoconiugato a base di
chitosano e sostanze umiche per il rilascio e la protezione di molecole
di dsRNA, con l'obiettivo di migliorare I'efficienza della loro applicazione
in campo per il controllo degli insetti nocivi.

| risultati di questo lavoro di ricerca promuovono lo sviluppo di di nuove
strategie di controllo che non sono solo basate sull’effetto diretto sugli
insetti bersaglio, ma anche sul potenziamento dei loro antagonisti
naturali, rafforzando i servizi ecosistemici da essi forniti.



1. GENERAL INTRODUCTION

1.1. Biological control

With a predicted increase in world population to 10 billion over the next
years (Figure 1.1), one of the biggest challenges of the 215t-century is
to maximize food production in an environmentally sustainable and
cost-effective manner. To meet the world's future food security and
sustainability needs, to reduce the use of chemical pesticides is a
priority and an imperative for agriculture imposed by the Farm to Fork
Strategy in the European Green Deal (European Commission, 2020).
Indeed, reducing the use of chemical pesticides is one of the main
objectives to be pursued to make the agriculture both ecologically and
economically more sustainable.
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Fig. 1.1 Graph showing global human population growth from the mid-18" century to
the end of the 21st century (figure from Roser, 2020;
https://ourworldindata.org/world-population-growth-past-future).

However, the control of pest insects in intensive agriculture is still
largely dependent on the use of synthetic agrochemicals, which have
generated several problems, such as resistance, environmental
contamination, toxicity for non-target organisms (including humans),
and biodiversity loss (Mahmood et al., 2016). A pivotal role in pesticides
use reduction is played by biological control, a strategy for insect control



based on the use of parasites, predators, and pathogens (DeBach,
1964). Starting from the second half of the last century, this pest control
strategy, has been increasingly adopted for plant protection against
phytophagous insects (Pennacchio et al., 2014) and it has successfully
been improved for more than a century and still represents one of the
key-aspects in the integrated pest management (IPM) (Bale et al.,
2008). According to the Food and Agriculture Organization of the United
Nations (FAO), “Integrated Pest Management (IPM) means the careful
consideration of all available pest control techniques and subsequent
integration of appropriate measures that discourage the development
of pest populations and keep pesticides and other interventions to
levels that are economically justified and reduce or minimize risks to
human health and the environment. IPM promotes the growth of a
healthy crop with the least possible disruption to agro-ecosystems and
encourages natural pest control mechanisms” (FAO 2020). IPM is an
ecosystem-based strategy that focuses on long-term prevention of
pests or their damage through a combination of techniques such as
biological control, habitat manipulation, modification of cultural
practices, use of resistant varieties, and the use of low-risk compounds
(Baker et al., 2020). Pesticides should be used as a final alternative,
when all the other approaches fail, and treatments are made with the
goal of removing only the target organism, when present at a level that
can cause economic damage. This is a promising approach to minimize
losses in crop quality and quantity caused by pests, which reduces the
negative impact of pest management on human health, environment
and nontarget organisms. Biological control should be a core
component of sustainable IPM plans, increasingly based on the
protection and use of natural enemies, such as pathogens, parasitoids,
and predators, to regulate pest densities and keep them below the
economic threshold (DeBach, 1964). In addition to the use of living
organisms, it is possible to use nature-based substances such as plant-
derived molecules (Isman 2006), semiochemicals (Bruce et al., 2005;
Witzgall et al., 2010), protein applications (Thakur and Sohal, 2013),
and RNA interference (Koch et al., 2016; Zhu et al., 2011). The
International Biocontrol Manufacturers’ Association (IBMA) promotes
the broader term bioprotection, which includes the use of both
biocontrol agents and non-living plant protection tools originated from
nature (Stenberg et al., 2021). The growing knowledge on the functional
basis of biological control allows to include in this definition also the use
of molecules/genes deriving from natural antagonists, which can
reproduce the lethal syndrome they induce in the target pests they use
as hosts (Bale et al., 2008; Pennacchio et al., 2012; Mahmood et al.,
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2016). Many bioactive molecules, that regulate insect antagonistic
interactions, have been already isolated and characterized from plants
and microorganisms (bacteria, fungi, and viruses), to obtain
insecticides of natural origins (Kachhawa, 2017), and many untapped
sources are available in nature.

Plant and microorganisms are clear examples of natural sources of
molecules that regulate insect antagonistic interactions and thus can
have insecticide activity. This basic concept of mimicking the natural
killing mechanisms can be extended to the interaction between insects
and their natural antagonists and underlies the potential of using them
beyond the organism level, not only as biocontrol agents, but also as a
source of molecules and genes that may have a relevant role in crop
protection.

The bacterium Bacillus thuringiensis (Bt) provides the best example of
a very effective natural antagonist used in spraying formulations and as
a source of toxin genes expressed in transgenic plants (Romeis et al.,
2006), which encode proteins produced as parasporal inclusions during
the sporulation process. These insecticidal toxins are extremely
selective against insects and then, ideal candidates for sustainable IPM
plans (Bale et al., 2008). The most widely used are the &-endotoxins,
which belong to the two large multigene families cry and cyt (Palma et
al., 2014). The Cry toxins are active against Lepitopteran larvae,
Coleoptera, Hymenoptera and Diptera. The Cyt proteins are produced
by Bt strains active against Diptera. Genes encoding Cry toxins have
been used, since 1996, to produce insect-resistant plants (Roh et al.,
2007). Bt plants are currently used in many countries and their use has
led to a significant reduction in chemical pesticides applications
(Toenniessen et al., 2003; Brookes and Barfoot, 2005), without any
scientific evidence of negative impact on non-target organisms and
environment (Rukarwa et al.,, 2014). Thanks to the studies of the
interactions between this entomopathogen and some of its target
insects, it is possible to characterize new genes of interest to be used
for the development of new control strategies. An example is given by
the repat (REsponse to PAThogens) gene family, characterized for the
first time by Herrero et al. (2007) in Spodoptera exigua larvae. The
proteins of this family are expressed in response to Bt infection and
appear to be involved in defense mechanisms that have not yet been
clarified. Understanding these mechanisms and associated gene
pathways may therefore improve current pest control strategies.
Among the wealth of insect natural enemies, predators and parasitoids
are by far the most abundant and used as biocontrol agents (Bale et al.,
2008). However, recent studies do also uncover their interesting
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potential as source of molecules and genes to be used for the
development of new biotechnologies for insect pest control
(Pennacchio et al., 2012). The molecules involved in the regulation of
host physiology and its killing by parasitic wasps (Pennacchio and
Strand, 2006) are ideal candidates for the development of new
biological insecticides, in theory highly selective, given the stenophagy
level exhibited by these beneficial insects. The identification of the
genes regulating the molecular interactions between insect hosts and
their natural antagonists offers the opportunity to identify new virulence
factors and their cognate target receptors in the host, that can be used
to develop innovative biotechnologies for insect control (Pennacchio et
al., 2012). These biotechnologies, based on molecules and genes that
are produced and delivered by natural enemies, could fall into an
expanded definition of biological control, denoted also as bioprotection,
which includes not only the use of the organisms, but also of genes and
molecules derived from them.

1.2. The host-parasitoids interaction as sources of new
bio-inspired control strategies

Parasitoid wasps are entomophagous insects that are free-living during
their adult stage, while their juveniles have a parasitic life habit and feed
on all different life stages of insect hosts, showing a wide range of
exploitation strategies of the living food source they colonize and
regulate to their own advantage (Harvey, 2005; Pennacchio and Strand,
2006).

Parasitoids are largely represented in Hymenoptera (Quicke, 1997),
although they can be found in other several orders of insects, such as
Coleoptera, Diptera, Lepidoptera, Trichoptera, Neuroptera,
Strepsiptera (Pennacchio and Strand, 2006). The high species diversity
is almost matched by an equally wide spectrum of interactions with
hosts (Godfray, 1994; Pennacchio and Strand, 2006). Parasitoids are
generally classified as "idiobiont" (e.g., Bracon hebetor), which develop
on a permanently paralyzed host, and "koinobiont" (e.g., Aphidius ervi),
whose host continues to feed and grow after parasitization (Quicke,
1997; Askew and Shaw, 1986). Furthermore, idiobionts are mostly
ectoparasitoids (external) and koinobionts are mostly endoparasitoids
(internal), although rarely a parasitoid can use a combination of
strategies (Heraty, 2017).
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Fig. 1.2 lllustration of a caterpillar (Lepidoptera) parasitized by a solitary koinobiont
endoparasitoid (left) or a solitary idiobiont ectoparasitoid (right) (figure from Harvey
et al., 2013).

The interactions between parasitoids and hosts are mainly controlled
by regulation factors, which originate from the parasitoid adult female
(maternal regulation factors) and/or from her progeny (embryonic
regulation factors) (Figure 1.2).

The host regulation factors injected by the ovipositing wasp females are
venom, ovarian proteins and symbiotic viruses named Polydnavirus
(PDVs) (Quicke, 1997). Among these factors, the PDVs and virus-like
particles described in many parasitoid wasps have a crucial role in the
disruption of the lepidopteran host immunity and development
(Beckage and Gelman, 2004, Beck and Strand, 2007, Strand and Burke
2013, Strand and Burke, 2015, Wang et al., 2018; Shi et al., 2019;
Strand and Burke, 2019).

1.3. Polydnaviruses

PDVs are divided into two genera called bracovirus (BVs) and
ichnovirus (IVs), which are associated with Hymenoptera belonging to
Braconidae and Ichneumonidae families, respectively (Strand and
Drazen, 2012; Strand and Burke, 2013).

The absence of PDVs in basal lineages of Hymenoptera strongly
suggests that the association of BV with braconids and IV with
ichneumonids arose independently (Huguet et al., 2012), driven by
strong evolutionary constraints leading to unique cases where a
eukaryotic organism uses a virus to genetically manipulate the
physiology of another eukaryote (Drezen et al., 2003).
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PDVs are obligate symbionts stably integrated into the genome of
Hymenoptera parasitizing lepidopteran larvae, capable of replication
only in the female ovaries and once injected (Strand and Burke, 2012,
Strand and Burke 2019) infect different host cell types, without
replicating (Figure 1.3).

PDV persists in wasp somatic
and germ cells as a provirus

Wasp ovaries
PDV replication in calyx cells

PDV virions accumulate in the
lumen of the reproductive tract

Female wasp parasitizes

host insect Provirus in wasp egg

PDV virions infect
host cells

Adult wasp

PDV replication Wasp larva develops and then
begins in calyx cells emerges from host to pupate

Current Opinion in Virology

Fig. 1.3 The life cycle of parasitoid wasps and PDVs (figure from Strand and Burke,
2013).

After host cells infection the PDV express several virulence genes that
result in numerous alterations, essential for the success of parasitism
(Beckage and Gelman, 2004, Webb et al., 2006, Strand and Burke
2019), including physiological alterations, development arrest and the
suppression of the host immune response (Shelby and Webb, 1999,
Strand and Burke, 2012; Gueguen et al., 2013; Strand and Burke, 2015;
Gauthier et al., 2018; Shi et al., 2019; Strand and Burke 2019).

The wealth of virulence factors required for successful parasitism target
different functions in the host and makes the PDVs a natural source of
potential bioinsecticides molecules (Pennacchio et al., 2012). The study
of the mechanism of action of these virulence factors offers the
possibility not only to exploit them as new bioinsecticides but also to
develop new control strategies based on the use of molecular tools
(e.g., RNAi and genome editing) to target the same functions which are
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disrupted in naturally parasitized hosts (Price and Gatehouse, 2008;
Pennacchio et al., 2012; Perkin et al., 2016).

1.4. PDV-inspired pest control strategies: an example

The characterization of the virulence factors encoded by the bracovirus
(TnBV) associated with Toxoneuron nigriceps (Hymenoptera,
Braconidae), an endophagous parasitoid of the tobacco budworm
larvae, Heliothis virescens (Lepidoptera, Noctuidae), allowed the
isolation of a host gene that is negatively modulated soon after
oviposition This gene designated 102 plays an important role in the
cellular and humoral immune response (Falabella et al., 2012). 102
gene codes for a protein essential in the encapsulation process which
generates a scaffold of amyloid fibrils promoting the binding of toxic
melanin precursors and polymerization of melanin itself onto the target
site, avoiding their harmful diffusion outside the capsule (Falabella et
al., 2012) that would be fatal for the insect (Lemaitre and Hoffmann,
2007, Cerenius et al., 2008, 2010; Nappi et al., 2009). Interestingly, 102
silencing leads to an immunosuppressed phenotype probably
reproducing the syndrome observed in parasitized larvae from T.
nigriceps. In the H. virescens larvae treated with 102 dsRNA a reduced
level of encapsulation is observed (Falabella et al., 2012).

A homolog of 102 gene was detected in S. littoralis (Lepidoptera,
Noctuidae), named SI102. This gene was highly expressed in the
haemocytes (Di Lelio et al., 2014) and its silencing trough RNAi induces
an immunosuppressed phenotype with an enhanced sensitivity to the
entomopathogen B. thuringiensis (Caccia et al., 2020; Di lelio et al.,
2022).

1.5. RNAi-based pest control strategies

The discovery of RNA interference (RNAI) has significantly expanded
our understanding of gene regulation, by revealing an array of related
pathways in which small, ~20- to 30-nucleotide (nt) long, noncoding
RNAs and their associated proteins control the expression of genetic
information (Carthew and Sontheimer, 2009; Wilson and Doudna,
2013). RNAI is a mechanism of modulation of gene expression,
conserved in higher organisms, which acts in the transcriptional, post-
transcriptional and translational phases (Carthew and Sontheimer,
2009; Berezikov, 2011). In the presence of complementary RNA, a
messenger RNA (mRNA) forms a very stable double-stranded
structure, which, recognized by other factors, determines its
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degradation and therefore the blocking of gene expression (Bartel,
2009). The mechanism of action of RNAi was first demonstrated in C.
elegans (Fire et al., 1998), where double-stranded RNA (dsRNA), of
exogenous or endogenous origin, was described as the trigger of whole
process. The three pathways of RNAi (miRNA, siRNA, piRNA) share a
common mode of action: after dSRNA processing, a ribonucleoprotein
complex comprising an Argonaute family protein bound to a single-
stranded ~20- to 30-nt RNA that grants silencing specificity via base-
pairing interactions with the target gene transcript. In miRNA and siRNA
pathways, this is known as RNA-induced silencing complex (RISC), and
it drives silencing of a target mRNA via degradation and/or
transcriptional repression (Figure 1.4) (Wilson and Doudna, 2013).
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Fig. 1.4 The siRNA (left) and miRNA (right) pathways of RNA interference (figure
from Wilson and Doudna, 2013).
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Given its high sequence specificity, this technique has been used for
functional studies of genes involved in insect development, physiology,
and reproduction (Schmitt-Engel et al., 2015; Ulrich et al., 2015).
Furthermore, in recent years, RNAi has had extensive use in the
selective control of insect pests, targeting essential genes, without
adversely affecting non-target species (Gordon and Waterhouse, 2007,
Price and Gatehouse, 2008; Gu and Knipple, 2013). This approach can
be pursued either directly, by suppressing functions in the target insect
host that generate lethal phenotypes, or, indirectly, by enhancing the
impact and biocontrol efficiency of natural pathogens, because of the
immune disruption syndrome of the host (Washburn et al., 2000; Fath-
Goodin et al., 2006). The immunosuppressed host is made more
susceptible to a wide range of other pathogens including fungi, viruses,
and bacteria. This offers the possibility to develop new integrated
control strategies not exclusively relying on toxic molecules but aiming
at achieving a sustainable manipulation of biocontrol agents.

An interesting aspect of the RNAI technique concerns the ability of
dsRNA to pass intestinal barriers reaching other tissues, a mechanism
called systemic (sys) RNAi (Joga et al.,, 2016), which makes this
approach very interesting for the control of insect pests. Specifically, in
some insects, administration of dSRNA can result in the generation of
an RNAI response throughout the entire insect's body. The systemic
RNAI is robust in Coleoptera, absent in Diptera and not uniformly
present in other insect orders (Joga et al., 2016; Cooper et al., 2019),
such as in Lepidoptera, where it occurs in several noctuid species (e.g.,
Helicoverpa and Spodoptera spp.) (Di Lelio et al., 2014; Lim et al.,
2016; Cooper et al., 2019). To maximize the potential of RNAI for insect
control it is important to understand the different dsRNA delivery
methods for insecticidal applications, such as microinjection, ingestion,
soaking, electroporation, and virus-mediated delivery. Another
fundamental aspect for the improvement of this technique concerns the
dsRNA stability, which is affected by different environmental causes
such as the presence of nucleases produced by microorganisms, UV
rays, chemical hydrolysis due to gut pH or to enzymes present in the
hemolymph (Terenius et al., 2011; Singh et al., 2017). Therefore, the
use of dsRNAs for insect control requires that adequate delivery
strategies must be defined to reduce environmental degradation and
enhance efficacy. This will be taken into consideration by developing
polymer-based nanomaterials to protect dsRNA and assessing their
impact on delivery efficiency. One of the most widely used polymers for
the development of nanocarriers is chitosan, and its first application as
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a delivery strategy for insect control was reported in mosquito (Zhang
et al., 2010).

1.6. Objectives

The aim of this PhD thesis is to develop novel field deliverable control
strategies based on the use of RNAI for the silencing of target genes
involved in the insect antagonistic associations.

This general objective is pursued with 3 experimental approaches:

) RNAi-mediated silencing of the immune gene SI102 in
embryos of Spodoptera littoralis (Lepidoptera, Noctuidae),
causes morphological alterations and blocking of embryonic
development (Chapter 2).

1)) Analysis and characterization of a nhew immune target gene
(Slrepatl) for the development of a new approach based on
the enhancement of the Killing activity of entomopathogens
through RNAI- mediated silencing (Chapter 3).

) Development of a new delivery strategy for dsRNA
molecules, using  chitosan/humic  substances-based
nanoconjugates (Chapter 4).
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2. RNAi-mediated silencing of the immune gene SI102
in embryos of Spodoptera littoralis (Lepidoptera,
Noctuidae), causes morphological alterations and
blocking of embryonic development

2.1. INTRODUCTION

Lepidoptera are among the most harmful pests in agriculture causing
important damages to a wide range of crops (Hill, 1987). Considering
their ability to develop resistance to different insecticides, including
Bacillus thuringiensis (Bt) toxins (Matten et al., 2008), the development
of new sustainable control strategies using cutting-edge techniques
against these insects is of fundamental importance. The study of the
molecular interaction between pest insects and their Hymenoptera
parasitoids is an important and unexplored source of gene and
molecules to be implemented in control strategies (Pennacchio et al.,
2012). Indeed, virulence factors encoded by the wasp or by associated
symbiotic viruses in the family polydnaviridae can disrupt vital functions,
influencing, among others, the neuroendocrine balance, and the
immune barriers (Pennacchio and Strand, 2006). The suppression of
the immune defense is under strong selection pressure, since if it fails
the parasitoid’s progeny dies (Pennacchio and Strand, 2006).
Therefore, this aspect has received considerable attention, leading to
the identification of several parasitoid-derived factors and their cognate
targets in the host (Pennacchio and Strand, 2006). Among these latter,
a novel immune gene, named 102, was identified, and found to be
highly expressed in the haemocytes, producing a protein which gives
rise to functional amyloids mediating immune response in Heliothis
virescens (Lepidoptera, Noctuidae) larvae (Falabella et al., 2012). A
homologue gene has also been found in the related noctuid moth
species Spodoptera littoralis (Di Lelio et al., 2014). In both species,
these amyloids, by coating the non-self-intruders in the haemocoel,
provide the structural scaffold that mediates a strictly localized
polymerization of melanin on the surface of the invader to be
suppressed. Indeed, the RNAi-mediated silencing of SI102 gene
generates an immunosuppressed phenotype, unable to encapsulate
and melanize non-self-objects, enhancing susceptibility to the
entomopathogens (Di Lelio et al., 2014; Caccia et al., 2020; Di lelio et
al., 2022).
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The fibrillar/tubular material present in the cisternae of the rough
endoplasmic reticulum of H. virescens haemocytes originates from
P102, as supported by immunogold detection experiments, further
confirmed by overexpression of the 102 gene in insect cells (Falabella
et al., 2012). It is interesting to note that several literature reports
indicate that consistent amounts of secreted tubular material, contained
in large mature vesicles, which also accumulates in immune capsules,
significantly contribute to the formation of the basal lamina (Akai and
Sato, 1973; Beaulaton, 1968; Sass et al., 1994; Wigglesworth, 1973).
Immunodetection studies, which demonstrate the presence of shared
molecular epitopes in the basal lamina and haemocytes, have further
reinforced these ultrastructural evidence (Nardi and Miklasz, 1989;
Sass et al., 1994). Therefore, it is reasonable to speculate that SI102
protein, in addition to its role in insect immune response, could have an
impact on development due to its putative function on the formation of
the basal lamina lining the haemocoel and all internal organs of insects,
as already proposed for P102 by Falabella et al. (2012). Therefore, the
disruption of SI102 gene expression can potentially affect both immunity
and development. Here we investigated the hypothesis that SI102 gene
has a role in the formation of epithelial basal membranes during the
embryonic development. Indeed, if so, the disruption of the fast growth
at the embryo stage would likely generate more pronounced phenotypic
changes. Therefore, we developed a successful RNAi-based protocol
to silence SI102 gene during the embryogenesis of S. littoralis,
performed by eggs immersion in a solution containing dsRNA targeting
this gene, and characterized the major ultrastructural changes
associated with the very high mortality rate induced by gene silencing.
The possibility to suppress S. littoralis embryogenesis offers an
interesting opportunity of precocious killing of this pest, totally
preventing any damage, but adequate delivery strategies will have to
be defined to pursue this objective.

2.2. MATERIALS AND METHODS

2.2.1. S. littoralis rearing and collection of eggs

S. littoralis is permanently lab-reared at the Department of Agricultural
Sciences and derives from a population collected on flower crops in
Agro-Pontino (Latina, Italy). The larvae were reared on an artificial diet
(41.4 g/l wheat germ, 59.2 g/l brewer’s yeast, 165 g/l corn meal, 5.9 g/
ascorbic acid, 1.53 g/l benzoic acid, 1.8 g/l methyl-4-hydroxybenzoate,
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and 29.6 g/l agar), as previously described in Di Lelio et al., (2014), at
25 £ 1°C, 70 £ 5% RH, and photoperiod of 16:8 hours light/dark until
pupation. The pupae were collected in a plastic box (40 x 30 x 20)
closed with a paper sheet until the adult’s emergence. The moths (male
and female) were collected, soon after emergence, in a cylindric glass
jar with the internal perimeter totally covered with two paper sheets, fed
with water/honey solution (50%), and allowed to mate for 16 hours at
the rearing condition described above. The jar was closed with a paper
sheet. The female moth laid the eggs in mass (usually of 100-600
eggs/mass) on the paper sheet, which was collected and replaced. The
freshly laid eggs, collected from the same mass, cleaned from the
maternal scales, singly separated, and selected with a brush, were then
used for the experiments reported above.

2.2.2. SI102 gene expression during embryogenesis

A time course analysis was carried out to evaluate the expression level
of SI102 gene during embryogenesis. Highly synchronized egg mass,
laid in a time interval of 30 minutes, were used. Nine time points were
investigated 8, 16, 24, 32, 40, 48, 56, 64, 72 hours after oviposition.
Briefly 9 pools of 20 eggs, for each time points, were collected from the
same mass with a brush in a 1.5 mL Eppendorf tube. Each pool of eggs
was processed for total RNA extraction as described below. The
obtained RNA samples were used to assess the absolute number of
gene transcripts during the embryonic development through an
absolute quantitative Real Time PCR (gRT-PCR).

2.2.3. Total RNA extraction

Total RNA was extracted from S. littoralis eggs using Invitrogen™
TRIzol™ Reagent (Thermo Fisher Scientific) and stored at -80°C
according to the manufacturer’s instructions. The concentration and
purity of total RNA were determined by measuring the 260/280 nm
absorbance ratio with a Varioskan Flash (Thermo Fisher Scientific).

2.2.4. Production of standards for absolute gRT-PCR

Total RNA extracted from S. littoralis eggs was subjected to retro-
transcription (Ambion® RETROscript® Kit, Thermo Fisher Scientific)
and then, used for PCR amplification of SI102 gene, with specific
primers RT-SI102-Fwd/Rev (Table 2.1). PCR products were ligated into
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the pCR4-TOPO TA Vector (Thermo Fisher Scientific) (Figure 2.1), that
was introduced into chemically competent One Shot® TOP10 E. coli
cells and, plated on LB agar. Plasmids from colonies grown overnight
were extracted (GRS Plasmid Purification Kit — Mini, Grisp Research
Solutions) and sequenced. The plasmid copy number was quantified by
spectrophotometry using a Varioskan Flash (Thermo Fisher Scientific),
and calculation of the gene copy number was performed according to
the molar mass derived from the plasmid and amplicon sequences
(Paulin et al., 2009).

Table 2.1 Primer pairs used for gqRT-PCR analysis and in vitro dsRNA production.
Underlying nucleotides indicate the T7 promoter.

m Sequence 5’ - 3’ Amplicon size (bp) Tm (°C)

RT-SIActin-Fwd  CCGTCTTCCCATCCATCGT

RT-SiActin-Rev. = CCTTCTGACCCATACCAACCA o6 60
RT-S/102-Fwd GGCGGTGTCGTCGATTAT
RT-S/102-Rev ATTGAACATTTCCTCGCTC " o0
EST-SI102-Fwd  TACATCCAAGTAAATTTGCAAGGC
EST-S/102-Rev = TGCCCACGAACATCGTCACCTC 580 62
T7-SI102-Fwd TAATACGACTCACTATAGGGAGAAAC
CTCCTGAGCGTGCCTGA =4 -
T7-SI102-Rev TAATACGACTCACTATAGGGAGAGGA
GTGCTGCTTCAGAATCAT
T7 Fwd/Rev TAATACGACTCACTATAGGGAGA 720 60

Fig. 2.1 Invitrogen pCR4-TOPO TA Vector for the direct ligation of Tag-amplified
PCR products.
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2.2.5. gRT-PCR absolute quantification of SI102 gene
during embryonic development

An absolute quantification of the SI102 gene expression during
embryonic development was achieved using a standard curve
constructed by amplifying known amounts of target DNA. The
quantification was performed by gRT-PCR, wusing Applied
Biosystems™ SYBR™ Green master mix (Thermo Fisher Scientific).
The quantity of transcripts in the samples was determined by relating
the obtained Ct values to an established standard calibration curve
(Figure 2.2), according to the absolute quantification method (Rutledge
and Co6té, 2003). The standard curve for SI102 transcripts was
established by plotting the logarithm of 8 10-fold dilutions of a starting
solution containing 10 ng/ul (number of copies: about 3*10"9) of PCR®4
TOPO vector (Figure 2.2) with insert (RT-PCR fragment of SI102)
against the corresponding Ct values. The PCR efficiency was
calculated based on the slope and the coefficient of correlation (R?) of
the standard curve, according to the following formula: E = 10("/slope) —
1. Primers RT-SI102-Fwd and RT-SI102-Rev were used for this
experiment (Table 2.1).
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Fig. 2.2 Standard calibration curve of SI102 RT-PCR fragment. PCR efficiency is E
=112,676%; slope = - 3,0514; intercept = 13,408; coefficient of correlation R? =
0,9981.

2.2.6. In vitro synthesis of SI102 dsRNA

Total RNA was extracted from S. littoralis eggs using Invitrogen™
TRIzol™ Reagent (Thermo Fisher Scientific) according to the
manufacturer's instructions, retro-transcribed with the Applied
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Biosystems™ High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific), and a 580 bp long SI102 cDNA fragment was
obtained by PCR, using primers EST-SI102-Fwd and EST-SI102-Rev
(Table 2.1). This cDNA fragment was used as template for a nested
PCR reaction, performed with primers containing at their 5’ ends the T7
polymerase promoter sequence, T7-SI102-Fwd and T7-SI102-Rev
(Table 2.1). The resulting PCR product was used as a template for an
in vitro synthesis of SI102 dsRNA (dsSI102) using the MEGAScript®
RNAI Kit (Thermo Fisher Scientific), according to the manufacturer’s
instructions. Synthesized dsRNA (514 bp long) was quantified by
measuring its absorbance at 260 nm with a Varioskan Flash Multimode
Reader (Thermo Fisher Scientific), and purity was evaluated by
assessing 260/280 nm absorbance ratios. The quantified dsRNA
molecules were visualized on 1% agarose gel to evaluate their integrity.
A GFP dsRNA (dsGFP), used in control experiments, was similarly
produced starting from the cloning vector pcDNA® 3.1/CT-GFP
TOPO® (Thermo Fisher Scientific) (Figure 2.3), which was used as
template for a PCR reaction, performed with a T7 primer (Table 2.1).
The resulting PCR product served as template to synthesize a dsRNA
(720 bp long), as described above.

pcDNA3.1/
CT-GFP

Fig. 2.3 pcDNA™3.1/CT-GFP-TOPO® vector cloning containing the green
fluorescent protein (GFP) sequence.

2.2.7. SI102 gene silencing by eggs soaking

The silencing efficiency of the SI102 gene was tested on eggs collected
over a 16 hours' time interval (overnight). Briefly, 8 pools of 100 eggs
each were collected from the same mass, as described above, and
placed in a 1.5 mL Eppendorf tube. The experimental eggs were
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soaked at room temperature in 50 L of a PBS 1 x solution (phosphate
buffered saline 1 x; 137 mM NacCl, 2.7 mM KCI, 10 mM Na2HPO4, 1.8
mM KH2PO4; pH 7.4) containing 250 ng/uL of dsSI102 or dsGFP (as
control). For each experimental condition, after 15, 30, 60 and 120
minutes, the eggs were washed with 1 x PBS (2 times), checked under
the stereomicroscope for integrity, and placed, using a paint brush, in a
Petri dish which was maintained under the conditions reported above.
After 48 hours, for each experimental time, 10 eggs were collected in
an Eppendorf tube (1.5 mL), using a paint brush, for total RNA
extraction in Trizol reagent, as described above. The RNA was stored
at -80 °C until gRT-PCR which was carried out, using the 2-AACT
method (Livak and Schmittgen, 2001; Pfaffl, 2001), as described in Di
Lelio et al., 2014, using SI102 gene-specific primers and SlActin gene-
specific primers (Table 2.1). The phenotypic alterations induced by
S1102 gene silencing were characterized on S. littoralis eggs soaked for
120 minutes in 50 pL of dsSI102 solution, which induced the highest
level of gene silencing, and dsGFP solution. The eggs were treated as
described above and the experiment was replicated 12 times. For each
experiment a group of 10 eggs were collected and processed for total
RNA extraction and qRT-PCR as described above, 10 eggs were
processed for optical and transmission electron microscopy, and the
remaining were allowed to develop in the Petri dishes at the rearing
conditions described above. The eggs were daily observed until
hatching. For each experimental group the newborn larvae were placed
in 4-wells plastic rearing trays (RT32W, Frontier Agricultural Sciences,
Pitman, NJ, United States), with a piece of artificial diet, closed with
perforated plastic lids (RTCV4, Frontier Agricultural Sciences), and
daily checked for survival.

2.2.8. Optical and Transmission Electron Microscopy

The silenced and the control eggs, obtained as described above, 72
hours post dsRNA treatment, were dissected in 10 pL 2%
glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4), the obtained
embryos were fixed with 2% glutaraldehyde in 0.1 M sodium cacodylate
buffer (pH 7.4) for 2 h and then washed three times (5 min each) with
the same buffer. Specimens were postfixed with 1% osmium tetroxide
in cacodylate buffer for 2 h at room temperature and, after standard
dehydration in ethanol, they were embedded in Epon-Araldite 812
mixture (Sigma-Aldrich, Milan, Italy). Sections were obtained with
Reichert Ultracut S ultramicrotome (Leica, Wien, Austria). Semithin
sections (0.75-pm-thick) were stained with crystal violet and basic
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fuchsin, analysed with Nikon Eclipse Ni light microscope (Nikon, Tokyo,
Japan), and images were obtained with DS-5 M-L1 digital camera
system (Nikon). Ultrathin sections (70-nm-thick) were collected on
copper grids, stained with uranyl acetate and lead citrate, and analysed
with JEOL-1010 TEM (Jeol, Tokyo, Japan) equipped with Morada
digital camera (Olympus, Tokyo, Japan) - Centro Grandi Attrezzature,
University of Insubria.

2.2.9. Statistical analysis

Time course analysis was analyzed by using the one-way ANOVA and
Tukey’s multiple comparisons test. The SI102 gene expression in egg
soaking experiments were analyzed by using the unpaired Student’s t
test. The percentage of hatching eggs was analyzed by using the
Fisher’s exact test (Chi-square test), while the survival rate of newborn
larvae was analyzed by using the Log-rank (Mantel-Cox) test. Normality
of all data was checked by using the D’Agostino-Pearson test and/or
Kolmogorov-Smirnov test. All the data were analyzed using GraphPad
Prism (version 6.0).

2.3. RESULTS

2.3.1. Expression profile of SI102 gene during
embryogenesis

The qRT-PCR analysis revealed that the SI102 gene is expressed
during the entire embryonic development in S. littoralis (Figure 2.4).
Starting from the basal expression at 8 hours (number of copies: about
750) after oviposition, a sharp peak was observed at 32 hours (number
of copies: about 2*10"4) (One-Way ANOVA, P < 0.0001). Then, a
drastic decrease to basal levels of expression was recorded at 40 hours
(number of copies: about 820). Subsequently, a gradual increase
occurred, which culminated at 64-72 hours (number of copies: about
1*1074), just before hatching.
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Fig. 2.4 Absolute quantification of SIL02 gene expression during embryogenesis.
The values reported are the mean + standard error. Mean values denoted with
different letters are significantly different (One-Way ANOVA, F g95 = 9,71, P <

0.0001).

2.3.2. Impact of gene silencing on egg survival and
development

The gene silencing experiment was carried out at different times of
soaking (15, 30, 60 and 120 minutes) in a dsSI102 solution, using
dsGFP as control. The transcription level of the target gene resulted,
for all experimental times considered, significantly lower in dsSI102
treated eggs (Fold-change: 15-minutes 0.73; 30-minutes 0.61; 60-
minutes 0.5; 120-minutes 0.05) compared to controls (Fold-change 1)
(Student’'s ttest, P <0.0001). The level of gene silencing increased over
time reaching its maximum after 2 hours of soaking (Fig. 2.5).
Therefore, this soaking time interval was used to characterize the
phenotypic alterations induced by gene silencing by evaluating the
survival of both eggs and hatching larvae, along with morphological and
ultrastructural alterations.
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Fig. 2.5 Transcript levels of SI102 gene in S. littoralis eggs soaked in a dsSRNA
solution (250 ng/uL). In green, the relative expression of the gene in eggs soaked in
dsGFP, in red those soaked in dsSI102, for different time intervals. The values
reported are the mean * standard error (Student’s t test: (15 minutes) t-test: t =
2.429, df = 23, P = 0.0234; (30 minutes) t-test: t = 6.249, df = 19, P < 0.0001; (60
minutes) t-test: t = 6.373, df = 24, P < 0.0001; (120 minutes) t-test: t = 28.96, df =
22, P <0.0001).

The gene silencing analysis confirmed a strong reduction of SI102 gene
expression in eggs soaked in dsSI102 solution (Fold-change 0.04)
compared to controls (Fold-change 1) (Student’s t test, P < 0.0001)
(Figure 2.6 A). The silenced eggs treated suffered a very high
embryonic mortality and only 5.58% hatched, compared to a hatching
rate of 84.21% recorded for the control eggs (Fisher's exact test, P <
0.0001) (Figure 2.6 C). The observed reduction of the survival rate was
associated, at a first observation with the stereomicroscope, with the
presence of only partially formed larvae inside the silenced eggs,
compared to the normally developed control larvae (Figure 2.6 B).
Silenced larvae gave rise only to 43 new-born larvae, while for controls
a 10-fold higher hatching rate was observed (450 larvae). Moreover,
the larvae hatched from the silenced eggs showed a survival rate by far
much lower than controls (Log-rank (Mantel-Cox) test, P < 0.0001)
(Figure 2.6 D).
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Fig. 2.6 (A) Transcript levels of SI102 gene in S. littoralis eggs soaked in a dsRNA
solution. In green, the relative expression of the gene in eggs soaked in dsGFP, in
red those soaked in dsSI102. The values reported are the mean + standard error

(Student’s t test: t = 24.97, df = 14, P < 0.0001). (B) Stereomicroscope observations

of larvae treated with dsS1102 and dsGFP (controls). (C) Percentage of
hatched/unhatched eggs after treatments (Fisher’s exact test: P < 0.0001). (D)
Survival rate of new-born larvae after eggs soaking treatment (Log-rank (Mantel-
Cox) test: Chi square = 133; df = 1; P < 0.0001).

2.3.3. Light and electron microscopy observations

Figure 2.7 shows a comparison of the silenced and control 72 hours old
embryos. Optical microscopy demonstrated a developmental delay in
dsSI102 embryos (Figure 2.7 B), as clearly evidenced in the midgut,
where the undifferentiated morphology of midgut cells, in addition to the
presence of yolk granules in the lumen, could be attributed to a delay
in the development of this organ (Figure 2.7 B). This evidence was
confirmed by the ultrastructural analysis of this organ. Goblet cells were
not completely differentiated in dsSI102 embryos (Figure 2.7 D). In
detail, above the big basal nucleus that was visible in both samples, the
goblet cavity was just at the beginning of its formation in dsSI102
embryos, while in dsGFP embryos it was completely differentiated and
covered by microvilli (Figure 2.7 C). The apical membrane of columnar
cells was also affected by SI102 gene silencing. In fact, differently from
columnar cells of dsGFP embryos, in which a well-developed brush
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border was clearly visible (Figure 2.7 E), no microvilli were observed in
the apical membrane of these cells in dsSI102 embryos (Figure 2.7 F).
Finally, SI102 gene silencing also affected the stratification and
thickness of the cuticle. Although the electron-dense envelope of the
epicuticle was visible in both samples (Figure 2.7 G, H), a higher
thickness of the cuticle (due to the presence of a developed procuticle)
in control embryos (Figure 2.7 G) (average thickness: 1 um (n=4))
compared to dsSI102 embryos (Figure 2.7 H) (average thickness: 0.12
um (n=4)) was detected.

dsS1102

Apical membrane Goblet cells

Cuticle

Fig. 2.7 Morphological analysis of dsGFP and dsSI102 embryos. (A, B) optical
microscopy; (C-H) TEM. arrowhead: goblet cavity; black arrow: envelope of the
epicuticle; black square bracket: microvilli; dotted line: midgut; e: epithelium; g:
goblet cell; I: lumen; out: outer environment; white arrow: apical membrane; white
square bracket: procuticle; y: yolk granule. Bars: 10 um (A, B), 5 um (C, E), 2 um (D,
F, G), 500 nm (H).
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2.4. DISCUSSION

In the recent years, thanks to the study of host-parasitoid interaction, a
gene, called 102, expressed in the hemocytes of Heliothis virescens
larvae was isolated and characterized (Falabella et al., 2012). This
gene encodes a precursor protein of amyloid fibrils, which mediates the
addition of melanin and therefore the encapsulation mechanism against
foreign intruders (Falabella et al., 2012). The homolog of this immune
gene was also isolated and characterized, through an RNAIi approach,
in S. littoralis larvae (Di Lelio et al., 2014), showing an analogous role
in larval immune response. The indirect evidence that haemocytes are
involved not only in the immune response but also in the basal lamina
formation, by releasing consistent amounts of secreted tubular material,
which also accumulates in the immune capsules (Akai and Sato, 1973;
Beaulaton, 1968; Wigglesworth, 1973, Nardi and Miklasz, 1989; Sass
et al., 1994), lead us to investigate trough RNAI strategy, the role of the
SI102 in embryonic development. Our results further expand the
understanding of the SI102 gene function during embryonic
development of S. littoralis, assessing the phenotypic effects
associated with its silencing mediated by RNAIi. The time-course
analysis showed that SI102 is expressed during all the embryonic
development stage, from oviposition to hatching, suggesting a possible
functional role during later stages of embryogenesis. Indeed, a peak of
maximum expression has been observed around 32 hours after
oviposition, suggesting that SI102 may exert its function in the following
hours, corresponding to an advanced stage of organogenesis. Gene
silencing can be obtained by soaking S. littoralis eggs in a dsRNA
solution for 120, 60, 30, and 15 minutes. However, the highest decrease
in gene expression was obtained when the eggs were soaked for 2
hours, while at shorter time intervals the silencing level resulted
gradually lower. This data demonstrated that the entry of molecules
such as dsRNA, through the egg chorion, occurs in a time-dependent
manner with the same dose applied (250 ng/uL). This result can be
explained by looking at the structure of the insect egg chorion. The
chorion is a complex structure that protects the developing embryo in a
hostile environment, allowing gas exchange and preventing
desiccation. The specialized regions that facilitate gas exchange
between the embryo and the environment are called aeropyles, while
micropyles, located at the anterior end of the egg, form a channel which
allows the sperm entrance for fertilization (Spradling, 1993; Raikhel,
2005). Another specialized structure is the operculum, which is the
chorion region through which the larva will exit (Spradling, 1993;
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Raikhel, 2005). Therefore, dsSRNA molecules may enter in the egg
through one of the structures/openings described above, to overcome
the almost completely impermeable protective layer, requiring a certain
amount of time to being in contact with the embryo tissues, where gene
silencing occurs. The SI102 gene silencing in the egg resulted in a high
percentage reduction of the hatching rate, suggesting that SI102 has a
crucial role in the development of the embryo itself, also evidenced by
the phenotypic observation of embryos after dissection, in which a clear
morphological difference between silenced and controls is evident. The
SI102 silenced embryos lack head and cuticle sclerotization, a process
which starts during the last stage of embryonic development in
lepidopteran larvae (Abidalla and Battaglia 2018). Even the new-born
larvae of the group of silenced eggs showed a high mortality. The
optical microscope observations pointed out an evident delay in the
development of the silenced embryos. In the midgut district
undifferentiated cells and a poor tissue organization was observed. Yolk
proteins, that provides the nutrition for the developing embryo (Correia
et al., 2013) are consistently present in the midgut lumen of silenced
individuals at 72 hours after oviposition, while these proteins are
completely absorbed in the controls. These findings were also
confirmed by TEM ultrastructural analysis. Goblet cells appear to be still
undifferentiated in the silenced group, where a cavity is observed above
a not well-defined nucleus, whereas in the control groups a vesicle is
present at the apical level, that is in continuity with the microvilli: a clear
signal of differentiation as evidenced in Manduca embryos (Hakim et
al., 1988). The apical membrane of the columnar cells in the silenced
group is also undifferentiated, as the absence of microvilli suggests. In
contrast, the control group shows the brush border membrane, which is
a clear signal of differentiation of midgut epithelial cells (Kadiri and
Louvet, 1982). Also, insect cuticle, which appears to be less thick and
stratified, seems to be affected by SI102 gene silencing. This is
probably due to the different development of the procuticle, which in the
control group is structurally similar the one described in Drosophila by
Moussian et al. (2010). These results demonstrate that the SI102 gene
could play a fundamental, but still unclear, role in the embryonic
development of S. littoralis. The high mortality observed in the silenced
group together with the morphological observations, which highlighted
a general delay in the embryonic development, suggest that this gene,
which is known for its role in the immune system of lepidopteran larvae,
may have a key function in the structural organization and differentiation
of different tissues/organs during embryogenesis. These findings
appear to corroborate the hypothesis made by Falabella et al. (2012)
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concerning the role of haemocytes in the formation of the basal laminae
by generated by fragments of the protein encoded by SI102. Although
these data provide convincing evidence in support of this hypothesis,
further functional investigation will be necessary to better characterize
the embryonic function of this gene. Finally, the use of RNAI, which
regulates the expression of this gene, appears to be promising for the
development of control strategies targeting the early stages of
development, although further research efforts are necessary to
develop more effective and applicable delivery strategies in the
environment.
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3. Analysis and characterization of a new immune
target gene (Slrepatl) for the development of a new
approach based on the enhancement of the killing
activity of entomopathogens through RNAi-mediated
silencing

3.1. INTRODUCTION

The insect gut represents the major contact interface with external
microorganisms which were ingested along with food, especially during
the larval stage, when the insect spends much of its time feeding.
Insects have developed unique intestinal defenses against invasion by
foreign microorganisms, including physical defenses and immune
responses. The physical defenses of the insect gut consist mainly of
the peritrophic matrix (PM) and mucus layer, which are the first barriers
to pathogens (Zeng et al., 2022). Moreover, several signaling molecules
produced by pathogens activate a range of immune responses,
controlled by molecular pathways such as Toll, Imd, and JAK/STAT
(Wang and Ligoxygakis, 2006; Cherry and Silverman, 2006). The Imd
and JAK/STAT signaling pathways produce antimicrobial peptides
(AMPs) (Cheng et al., 2006; Zhang et al., 2014), Duox enzymes
reactive oxygen species (ROS) (Bouchon et al.,, 2009), while the
melanization response produces a range of bactericidal substances
(Rivkin et al.,, 2006; Blissard, 1996). Many studies for the
characterization of the genes involved in the activation of immune
responses have been carried out using several non-pathogenic and
pathogenic bacteria, including Bacillus thuringiensis. The pathological
effect of this bacterium is mediated by crystal proteins (Cry), produced
during sporulation, which are pore-forming toxins that bind specific
receptors in the microvilli of the gut epithelium (de Maagd et al., 2001),
generating tissue lesion and a consequent haemocoelic septicemia
(Caccia et al., 2016). From the study of the interaction between this
bacterium and Spodoptera exigua, Herrero et al. (2007) identified a
novel family of midgut proteins that are expressed in response to
pathogens, called REPAT, (REsponse to PAThogens). Members of this
gene family are up regulated after feeding S. exigua larvae with different
Bt toxins as well as in response to baculovirus. Moreover, a reduction
of virulence following overexpression of REPAT1 was observed after
infection with baculovirus, suggesting a possible role of this family in
responses against pathogens. The repat genes encode small proteins
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with a molecular weight of about 15 kDa and their expression is mainly
restricted to midgut cells (Herrero et al., 2007; Hernandez-Rodriguez et
al., 2009). The first four isolated family members (REPAT1 to 4) are up-
regulated in response to CrylCa and CrylA toxins and baculovirus
(Herrero et al., 2007), while three other members (REPAT5 to 7) were
isolated in populations of S. exigua resistant to Bt (Hernandez-Martinez
et al., 2010). Following a yeast two-hybrid experiment, the protein
REPATS8 which interacts with REPAT1 was also isolated (Navarro-
Cerrillo et al., 2012). Subsequently, the analysis of the transcriptome of
S. exigua larvae (Navarro-Cerrillo et al., 2013) led to the identification
of other REPAT-related proteins, revealing the existence of at least 46
repat genes. This family has been divided into two main groups:
aREPAT present only in Spodoptera spp and closely related species,
and BREPAT also present in distant species and in other insect orders
(Diptera). Among the REPAT homologs in other species, only MBF2
proteins have been characterized and appear to be involved in
developmental processes as co-transcriptional activators (Liu et al.,
2000). Moreover, MBF2-R, a homologous protein of MBF2, is up
regulated upon exposure to different types of bacteria (Tanaka et al.,
2010). Based on these findings, together with the fact that REPAT1-
REPATS proteins are translocated in the cell nucleus (Navarro-Cerrillo
et al., 2012), it is possible that REPAT proteins may act as
transcriptional activators. However, given the large number of members
in this family, REPAT proteins may be involved in multiple processes
associated with insect midgut physiology. A recent study identified repat
genes also in Spodoptera frugiperda, predicting their function and their
cellular localization using bioinformatic tools (Machado et al., 2016).
This study pointed out that some members of this family are expressed
in fat body, hemocytes and are included in functional categories related
to protein transport and binding, energy metabolism, cell envelope and
repair of cellular damage. Finally, Hrithik et al. (2021) investigated the
role of REPAT33 in mediating humoral and cellular immune responses
of S. exigua. This member of the REPAT family is a secretory protein
possessing a multiprotein-bridging factor 2 (MBF2) domain, suggesting
that REPAT33 may have a function of co-activator of some transcription
factors (TFs) that induce specific immune genes. Its expression occurs
in various tissues such as gut, epidermis, hemocytes and fat body, and
is controlled by eicosanoids, known as mediators of both cellular and
humoral immune responses in insects (Liu et al., 2000). The in-depth
study of this protein family, with members controlling several important
physiological processes related to immune response, could provide
new mechanistic insights that may guide the development of new pest
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control strategies. The aim of the present work is to increase our
knowledge about this gene family by identifying repat genes also in
Spodoptera littoralis (Lepidoptera, Noctuidae), that is one of the most
dangerous pests in agriculture (Hill, 1987). Here we have focused our
research efforts on the molecular and functional characterization of the
Slrepatl gene, using RNAI to negatively modulate its expression, which
allowed to discover an important role in immunity. Indeed, silenced
moth larvae exposed to sublethal doses of a commercially available Bt-
based biopesticides (Xentari™) showed an enhanced mortality. These
results pave the way towards the development of new pest control
strategies aiming at enhancing the killing activity of biocontrol agents.

3.2. MATERIALS AND METHODS

3.2.1. Insect rearing

Spodoptera littoralis larvae were reared as described above (see
section 2.2.1.). 5 new molted 5" instar larvae were selected, to collect,
in separate Eppendorf tube (1.5 mL), different tissues: midgut, hindgut,
fat body, hemocytes, and carcass. Bleeding of larvae anesthetized on
ice was carried out by cutting an abdominal proleg to isolate
haemocytes as previously described (Di Lelio et al., 2014). Then, the
larva was lengthwise dissected to isolate the internal tissues to be used
for RNA extraction. Total RNA extraction was carried out using TRIzol®
reagent (Thermo Fisher Scientific), according to manufacturer’s
instructions.

3.2.2. Analysis of the new target gene Slrepatl in S.
littoralis larvae

S. littoralis repatl gene sequence (Accession Number. JQ660356.1),
found in the public database National Center for Biotechnology
Information (NCBI, https://www.ncbi.nlm.nih.gov/), was used to design
two pairs of oligos on the Primer3 Input online tool
(https://primer3.ut.ee/) (Table 3.1). The first pair of oligos (RT-Slrepatl-
Fwd/Rev) was designed to be used in gRT PCR experiments, while the
second pair of oligos (T7-Slrepatl-Fwd/Rev) was designed to
synthesize dsRNA targeting Slrepatl gene (dsSlrepatl), to be used in
RNAI gene silencing experiments.
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Table 3.1 Primer pairs used for gRT-PCR analysis and in vitro dsRNA production.
Underlying nucleotides indicate the T7 promoter.

m Sequence 5 - 3’ Amplicon size (bp) Tm (°C)

RT-S/Actin-Fwd  CCGTCTTCCCATCCATCGT

66 60
RT-S/Actin-Rev. CCTTCTGACCCATACCAACCA

RT-SIRepat1-Fwd AGTTAGTTAGGATGAGGAGCTTCA

101 60
RT-SIRepat1-Rev.  GGTGACCATCTCCTCTTCGC

T7-SIRepat1-Fwd TAATACGACTCACTATAGGGAGA
CGAGCGAAGAGGAGATGGTC

T7-SiRepat1-Rev. TAATACGACTCACTATAGGGAGA
AACCCGACTCAAGTGGTAGC

522 65

The total RNA, extracted from S. littoralis midgut and carcass was
converted into cDNA, using High-Capacity cDNA Reverse Transcription
Kit (Thermo Fisher Scientific) according to the manufacturer's protocol.
The obtained template was used to perform the semiquantitative PCR
with DreamTaq Green PCR Master Mix (2X) (Thermo Fisher Scientific)
according to the manufacturer's protocol, by using both the pairs of
oligos (RT-Slrepatl-Fwd/Rev; T7-Slrepatl-Fwd/Rev) (Table 3.1). The
obtained template was visualized on 1% agarose gel electrophoresis,
to verify if the amplified sequence had the expected size (see amplicon
size in Table 3.1).

3.2.3. Cloning and sequencing of amplified products

Amplified PCR products were purified by using the GRS PCR & Gel
Band Purification Kit (GRISP Research Solutions, Porto, Portugal)
according to the manufacturer's protocol. Then, the resulting purified
products were cloned using the TOPO® TA Cloning® Kit (Thermo
Fisher Scientific) according to the manufacturer's protocol, to obtain
PCR4-vectors (Figure 2.2) containing the target sequences of interest
to be analyzed. The obtained plasmids (pT7-Slrepatl and pRT-
Slrepatl) were finally sequenced by using the Sanger method, single
sequencing (Eurofins Genomics, Germany). The obtained pT7-
Slrepatl sequence was aligned with the published Slrepatl sequence
(Accession Number: JQ660356.1) by using MuscleWS alignment
(Jalview 2.11.2.5 software).
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3.2.4. Slrepatl gene expression profile in S. littoralis
larvae

The cDNA obtained as described above, from the different 5" instar S.
littoralis larvae tissues (midgut, hindgut, fat body and hemocytes), was
used to perform a semiquantitative PCR with DreamTaq Green PCR
Master Mix (2X) according to the manufacturer's protocol, using the pair
oligos RT-Slrepatl-Fwd/Rev and RT-SIActin-Fwd/Rev (Table 3.1).

3.2.5. In vitro synthesis of Slrepatl dsRNA

The obtained T7-flanking purified PCR product (522 bp) was used as a
template to synthesize dsRNA directed against Slrepatl gene
(dsSlrepatl), using the MEGAscript® RNAi kit (Thermo Fisher
Scientific), according to the manufacturer’s instructions. A dsGFP used
in control experiments, was similarly produced as above (see section
2.2.6.). The obtained dsRNA solutions were quantified by measuring its
absorbance at 260 nm with a Varioskan Flash Multimode Reader
(Thermo Fisher Scientific), and purity was evaluated by assessing
260/280 nm absorbance ratios. dsSRNA was run on 1% agarose gels to
check its integrity. The obtained dsRNA was stored in the elution
solution at -20°C, at concentration of 200 ng/uL.

3.2.6. Slrepatl gene silencing by oral administration

To assess the efficiency of gene silencing, 5" instar S. littoralis larvae
were treated with dsSlrepatl and dsGFP, as previously described (Di
Lelio et al., 2014; Caccia et al., 2016). Briefly, 16 newly molted S.
littoralis 5™ instar larvae were anaesthetized on ice and 1 uL of
dsSlrepatl (or dsGFP for control larvae) solution, was directly poured
into the larva foregut lumen by means of a Hamilton Microliter syringe
(1701RNR 10 pL, gauge 26 s, length 55 mm, needle3). This treatment
was repeated 3 times, at 24 hours intervals, during which the larvae
returned to normal growth conditions on artificial diet (see section
2.2.1.). The midgut of treated larvae was collected 24 and 48 hours after
the last administration for total RNA extraction, as described above, to
evaluate the silencing efficiency through gRT-PCR experiments. The
experiment was replicated twice.
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3.2.7. qRT-PCR analysis

Differential relative expression of Slrepatl was assessed by means of
gRT-PCR, using the primer pairs RT-Slrepatl-Fwd/Rev and RT-
SlActin-Fwd/Rev reported in Table 3.1, to check gene silencing
efficiency. One-step qRT-PCR using the SYBR Green PCR Kit (Applied
Biosystems) and 1 pL containing 200 ng of total RNA extracted as
described above was performed according to the manufacturer’s
instructions. Relative gene expression data were analyzed using the 2-
AACT method (Livak and Schmittgen 2001; Pfaffl, 2001). For validation
of the AACt method the difference between the Ct value of Slrepatl and
the Ct value of SlActin transcripts [ACt = Ct (Slrepatl) - Ct (SlActin)]
was plotted versus the log of two-fold serial dilutions (400, 200, 100, 50,
and 25 ng) of the extracted RNA. The plot of log total RNA input versus
ACt displayed a slope lower than 0.1 (slope = -3.171; R? = 0.9972)
indicating that the efficiencies of the 2 amplicons were approximately
equal.

3.2.8. Slrepatl gene functional analysis

To assess if Slrepatl gene was involved in S. littoralis larvae response
against the entomopathogen Bacillus thuringiensis (Bt) (as reported for
S. exigua by Herrero et al.,, 2007) a bioassay was performed using
Xentari™ (Valent BioSciences), a bioinsecticide based on Bt subsp.
aizawai, containing several Cry toxins (CrylAa, CrylAb, CrylCa, Cryl
Da and Cry2ADb). Preliminary trials were performed to identify sublethal
Bt doses (i.e., with no or very low effect on mortality and only
moderately affecting the speed of larval development), which was 12
ug/cm? for 5% instar larvae. The use of this Bt dose allowed the
assessment of any increase in the mortality rate caused by the Slrepatl
gene silencing induced by RNAI. Briefly, 14 synchronous 5" instar
larvae were silenced by oral administration of dsSlrepatl (and dsGFP
as control) as described in the previous paragraph. Four hours after the
administration of the last dsRNA dose, the experimental larvae were
fed with a small piece of artificial diet with the upper surface (1 cm?)
uniformly overlaid with the sublethal dose of Xentari™. The treatment
with Xentari™ was repeated 3 times, at 24h interval, and, since
Xentari™ was suspended in distilled water (ddH20), the control
consisted of pieces of diet overlaid with ddH20. Mortality was daily
recorded for 8 days. This experiment was repeated 2 times.
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3.2.9. Statistical analysis

The Slrepatl gene expression in the larval midgut was analyzed by
using the unpaired Student’s t test. The survival curves of silenced and
control larvae after Bt treatment were compared using the Log-rank
(Mantel-Cox) test. Normality of all data was checked by using the
Kolmogorov-Smirnov test. All the data were analyzed using GraphPad
Prism (version 6.0).

3.3. RESULTS

3.3.1. Molecular characterization of the Slrepatl gene

Slrepatl gene fragment was successfully amplified using the
retrotranscribed total RNA isolated form S. littoralis larvae midgut as
template. Nonspecific bands were observed after PCR amplification
with the cDNA obtained from the carcass (Figure 3.3). The PCR
products obtained from larval midgut samples, separated on a 1%
agarose gel, have the expected size (T7 amplicon size: 522 bp; RT
amplicon size: 101 bp) (Figure 3.3).

T7 oligo pairs RT oligo pairs
[ . | [ . |
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Mo @‘b < cvé' » =

Fig. 3.3 PCR on obtained cDNA from midgut and carcass of S.littoralis larvae. From
the first to the last lane: marker ExcelBand™ 100 bp+3K DNA Ladder; carcass
cDNA, midgut cDNA, negative control for the T7 oligos; carcass cDNA, midgut

cDNA, negative control for the RT oligos.
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Sequencing of cloned Slrepatl showed 98.02% identity (2 gaps, 7
mismatches of which 4 for degenerate nucleotides) (Figure 3.4) with the
predicted Slrepatl sequence (Accession number: JQ660356.1).

10 . 20 3IO 40 50 60 70 80 20

pT7 - SiRepat - Al
>JQ660356.1 A Ri

100 110 120 130 140 150 160 170 180 190
pT7 - SIRepat! T (g c T
>JQ660356.1 c R Yi Y

200 210 220 230 240 250 260 270 280 200
pT7 - SIRepat! 3 A
>JQ660356.1 Al g

300 310 320 330 340 350 360 370 380 390
pT7 - SIRepat! 6
>JQe60356.1 Al

400 410 420 430 440 450
>JQ660356 1

Fig. 3.4 MuscleWsS alignment between pT7-Slrepatl sequence and predicted
Slrepatl sequence on NCBI.

3.3.2. Semiquantitative expression of the Slrepatl gene

Semiquantitative PCR showed that the Slrepatl gene is more
expressed in the midgut, even if it is also consistently expressed in the
fat body. In hindgut and hemocytes only faint bands were observed
(Figure 3.5), likely deriving from sample contamination.

M MG HG HC FB N

: Marker
: Midgut
: HindGut
: Hemocytes
: FatBody

SIRepat1 Negative

Fig. 3.5 PCR on cDNA from different tissues of S. littoralis larvae. From the first to
the last lane: marker ExcelBand™ 100 bp+3K DNA Ladder; larval midgut cDNA,
larval hindgut cDNA, larval hemocytes cDNA, larval fat body cDNA, negative for the
RT oligos of Slrepatl and SlActin (as a positive control) genes.
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3.3.3. Gene silencing efficiency of Slrepatl

Agarose gel demonstrated that the produced dsRNA molecules
(dsSlrepatl and dsGFP) are intact and of the expected size (522 bp for
dsSlrepatl and 720 bp for dsGFP), therefore usable for gene silencing
experiments (Figure 3.6 A). Both 24 (Fold-change 0.101) and 48 (Fold-
change 0.128) hours after dsRNA administration the target gene
resulted significantly downregulated in dsSlrepatl treated larvae
compared to controls (Fold-change 1) (Student’s t-test, P < 0.005)
(Figure 3.6 B). Gene silencing levels are nearly equal between 24 and
48 hours after treatment.

3
2

2.0+

Relative Expression (SIRepat1)

. dsGFP dsSIRepat1 " dsGFP dsSIRepat1 ,

24 hours 48 hours

Fig. 3.6 (A) In vitro synthesis of dsRNA for Slrepatl and GFP (control) genes. 1%
agarose gel: in the first lane the Marker ExcelBand 100 bp + 3K DNA Ladder; in the
second lane the dsSlrepatl; in the third lane the dsGFP (control). (B) Relative
expression of Slrepatl gene in the midgut of S. littoralis larvae. In green, the relative
expression of the gene in larvae treated with dsGFP solution, in red larvae treated
with dsSlrepatl. The values reported are the mean +* standard error (Student’s t-test,
24h:t=4.181, df = 8, P < 0.005; 48h: t = 5.017, df = 8, P < 0.005).

3.3.4. Survival rate of silenced larvae after Xentari™
treatment

The susceptibility of S. littoralis larvae treated with dsSlrepatl to a
sublethal dose of the commercial formulation of B. thuringiensis
(Xentari™) was significantly increased compared to controls. The
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silenced larvae showed a strong reduction of the survival rate (about
60% less) starting from the day 4. No mortality was recorded for dsGFP
treated larvae, which received ddH20 or the Xentari™ sublethal dose,
and for the silenced control group larvae which received only ddH20
(log-rank (Mantel-Cox) test, P < 0.0001) (Figure 3.7 A). The gRT-PCR
experiment confirmed that statistically significant silencing occurred in
the dsSlrepatl group (Fold-change 0.41) compared to controls (Fold-
change 1) (dsGFP) (Student’s t test, P < 0.005) (Figure 3.7 B).
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Fig. 3.7 (A) Bioassay with S. littoralis 5 instar larvae exposed to dsRNA before Bt
treatment. Survival was monitored until day 8 (log-rank Mantel-Cox test: x2 = 33.32,
df = 3, P <0.0001). (B) Relative expression of Slrepatl gene in the midgut of
S.littoralis larvae 24 hours after the last dsSRNA administration. In green, the relative
expression of the gene in larvae treated with dsGFP dsRNA solution, in red larvae
treated with dsSlrepatl dsRNA. The values reported are the mean * standard error
(Student’s t test: t = 3.922, df = 8, P < 0.005).

3.4. DISCUSSION

The repat (REsponse to PAThogens) genes were first isolated by
Herrero et al. (2007) in S. exigua larvae exposed to the Cry1Ca toxin of
B. thuringiensis. Although their role is still unclear, proteins of this family
appear to be involved in multiple processes activated in response to
entomopathogens. In the present work, we studied one of the members
of this gene family, Slrepatl, in S. littoralis larvae. The nucleotide
sequence amplified and cloned in this study was confirmed as a
member of the previously described repat gene family, since its high
identity score of 98.02% (2 gaps, 7 mismatches of which 4 for
degenerate nucleotides) and it is mainly expressed in the gut of S.
littoralis larvae, as described for S. exigua by Herrero et al. (2007). In
previous studies it has been shown that some of the proteins of this
family, such as REPAT1, participate in immune responses during
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midgut infection by entomopathogens (Herrero et al., 2007; Hernandez-
Rodriguez et al., 2012; Navarro-Cerrillo et al., 2012, 2013). In the
present work, we demonstrated that Slrepatl is mainly expressed in the
midgut of the analyzed 5™ instar larvae of S. littoralis, although a basal
expression is also evident in the hindgut, according to what described
by Herrero et al. (2007) in S. exigua larvae, and in the fat body,
suggesting that in S. littoralis larvae this gene has a similar expression
pattern compared to that previously observed. After selecting the
nucleotide sequence for synthesis of dsSlrepatl, it was performed
sequence alignment with the other genes of the same family. The only
gene that shows consistent similarity is Slrepat3 (Query cover: 62%;
percent identity 78.45%). The possibility that Slrepat3 gene is partially
silenced after dsSlrepatl treatment, and whether any silencing has an
additive effect on the observed phenotypes will be demonstrated in
future studies. Slrepatl RNAI mediated silencing through dsRNA
administration showed a consistent and stable downregulation of the
target gene in the treated larvae. The Slrepatl silenced larvae showing
an enhanced susceptibility to a sublethal dose of a commercial
formulation of B. thuringiensis (Xentari™) with a survival reduced of
about 60% compared to control group. This finding corroborates the
hypothesis made by Herrero et al. (2007) regarding the possibility that
members of the REPAT family are involved in defense responses to
entomopathogens. Moreover, it provides additional support and new
opportunities to develop control strategies based on the enhancement
of the impact of biocontrol agents. As recent studies have shown
(Caccia et al., 2020; Di Lelio et al., 2022), the modulation of the immune
competences of a target pest can enhance the insecticidal activity of an
entomopathogen such as B. thuringiensis. A fundamental problem with
the use of Bt-based bioinsecticides is that prolonged administration in
the field can lead to the emergence of resistance and a decline in
efficacy on mature larvae (Peralta and Palma, 2017; Cory, 2017).
Therefore, to mitigate this problem, it is important to develop methods
that can affect the insect's immune system, which can counteract the
pathogenic effects induced by Bt. Therefore, this gene, along with other
immune genes, can concur in the definition of a control strategy based
on multiple gene silencing, with possible synergistic effects in terms of
insect immunosuppression and susceptibility to natural antagonists. In
conclusion, Slrepatl gene in S. littoralis larvae plays a functional role in
line with that observed for the other members of this gene family, which
has an important role entomopathogens control. Therefore, it can be
used as a target for indirect killing strategies based on the exploitation
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of the insect natural antagonists, broadening the tools available and the
potential of this approach.
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4. Development of a new delivery strategy for dsRNA
molecules, using chitosan/humic substances-based
nanoconjugates

4.1. INTRODUCTION

Besides its well-recognized importance in reverse genetics studies,
RNA interference (RNAI) technique represents a powerful tool for
developing sustainable pest control strategies, given its target species
specificity allowing a high degree of selectivity (Menezes et al., 2022).
The RNAI mechanism, conserved among higher organisms, can be
initiated by exogenously applied or endogenously expressed double-
stranded RNAs (dsRNA) in many species (Kim et al., 2015; Jain et al.,
2020). RNAi-mediated post-transcriptional gene silencing is triggered
by the processing of a dsRNA precursor into short single stranded RNA
effector molecules, among which the most studied is siRNA (small-
interfering RNA) (Schuster et al., 2019). Briefly, upon processing of the
dsRNA molecule, the produced siRNA strand identifies matching
MRNA in a sequence dependent manner, resulting in a suppression of
translation or mRNA degradation (You et al., 2020). In pest control
framework, RNAI efficacy is highly dependent on the target species, the
target gene and its function, the site of expression of the target gene,
and dsRNA delivery system (Huvenne and Smagghe, 2010; Terenius
et al.,, 2011). Recently, one of the most studied aspects of RNAI
concerns the stability of dSRNA in different environments (Pantchev et
al., 2021). Indeed, the success of RNAI as a pest control technique in
the field depends mainly on the dsRNA stability, which is affected by
several biotic and abiotic aspects: its short half-life, degradation by
nucleases produced by microorganisms, degradation due to UV rays,
chemical hydrolysis mediated by the insect gut pH or by the enzymes
present in the hemolymph, and its uptake by insect cells (Terenius et
al., 2011; Singh et al., 2017). In this scenario, developing a suitable
dsRNA delivery system, which could also protect it from environmental
degradation, could facilitate RNAIi applications in insect pest control.
The use of carriers conjugated to dsRNA molecules can increase their
stability and improve cellular and/or tissue internalization, without
altering its ability to silence the target gene. These carriers can be
molecules of natural or synthetic origin and can include viral particles,
lipids, metals, sugars, peptides, proteins, and polymers (De Schutter et
al., 2021). Among these, the most studied carriers are those based on
peptides and polymers (Vogel et al., 2019; Christiaens et al., 2020). The
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use of nanoconjugates or polymer-based nanomaterials, for the
delivery and protection of bioactive molecules, has been increased in
recent years. One of the most studied polymers for the synthesis of
nanoconjugates is chitosan (Howard et al., 2006), which is a non-toxic
and biodegradable polymer obtained by deacetylation of chitin, a
naturally occurring and the second most abundant biopolymer after
cellulose (Dass and Choong, 2008; Mujtaba et al., 2019). Chitosan-
based nanomaterials have been actively used in different forms
including nanoparticles, microbeads, microfibers for several
applications in agriculture (Sathiyabama and Parthasarathy, 2016).
Chitosan can be combined with other biomaterials or active compounds
to synthesize nanocomposites with enhanced characteristics to
overcome problems such as hydrophilicity, weak mechanical
properties, low gas permeability, low encapsulation efficiency, along
with enhancing the bioavailability and biological properties. Active
compounds of plant extracts or essential or non-essential oils can be
used in combination with the chitosan polymers for enhancing the
biological properties of chitosan (Yu et al., 2021). In the present study,
we report the development of a new delivery and protection system for
dsRNA molecules obtained by the synthesis of chitosan-based
nanoconjugates and humic substances, which are macromolecules
derived from the degradation of products of plant residues and soil
microorganisms (Gerke, 2018). Humic substances are known for their
beneficial effects on plant growth, soil fertility, Fe acquisition by plants,
nutrient uptake, and modification of the plant metabolism (Pinton et al.,
1999; Varanini and Pinton, 1995; Nardi et al., 2002). As described
above, adequate delivery strategies can contribute to the reduction of
environmental degradation and to the enhancement of RNAI efficacy
(Christiaens et al., 2020). Recently, it was shown that it is possible to
induce RNAi-mediated silencing of the immune gene SI102 in
Spodoptera littoralis larvae (Lepidoptera: Noctuidae) by different
application strategies (Di Lelio et al., 2014, 2019; Caccia et al., 2020).
Here, we have shown that Chi/Hum-dsSI102 nanoconjugates can
efficiently entrap and shield the dsRNA molecules that are only
released at specific pH conditions, such as those found in the gut of
lepidopteran insects (Wieczorek et al., 2009). Administration of the
nanoconjugates caused silencing of the SI102 gene in S. littoralis
larvae, suggesting that Chi/Hum-dsSI102 may be useful for formulating
new dsRNA-based biopesticides.
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4.2. MATERIALS AND METHODS

4.2.1. Synthesis of chitosan-humic nanoconjugates

Chitosan/Humic substances - dsRNA nanoconjugates (Chi/Hum -
dsRNA) were obtained by mixing chitosan polymer, dsRNA targeting
S1102 (naked dsSI102) (synthetized in vitro as described in 2.2.6.
section) and humic substances (HS), obtained by mixing coffee peels
with corn straw and pruning shavings at 70/30 w/w (Figure 4.1).

CHITOSAN Chi/Hum-dsSI102
nanoconjugates

3 + =)
@ + C:Mi)ST-

dsRNA 5/102 DERIVED HS

Chi/Hum - dsSi102

Fig. 4.1 Scheme of the synthesis protocol of the nhanoconjugates based on chitosan
(irregular blue line)/humic substances (green spots)/dsRNA molecules (red double
strand RNA molecules).

First, chitosan and HS were dissolved in 0.5% acetic acid and ddH20,
respectively, at the desired concentrations (see Table 4.1). Then, the
pH of the HS solution was raised up to 9.0 with KOH 0.1 N. In the first
reaction (A) condition, two different amounts of dsSRNA (Sample 1 =0.5
Hg; Sample 2 = 1 ug) were added to a 0.4% chitosan solution, and then
added to HS 0.25%. The second condition (B) was instead carried out
by adding two different amounts of dsSRNA solution (Sample 1 = 0.5 pg;
Sample 2 =1 ug), first to 0.25% HS solution, and then this mixture was
added to 0.1% chitosan solution. As a final third reaction (C) condition,
two different amounts of dsRNA solution (Sample 1 = 0.5 pg; Sample 2
=1 pg) were first added to 0,25% HS solution, and thereafter added to
0.1% chitosan solution. For each condition, empty nanoconjugates (i.e.,
with no dsRNA) were synthetized as a control. The different conditions
are reported in the Table 4.1 reported below.
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Tab. 4.1 Different conditions used for Chi/Hum — dsRNA synthesis.

A B C
0.5 g dSRNA (40 pL) | 0.5 pg dsRNA (100 pL) | 0.5 ug dsRNA (40 pl)
Sargple 200 pL chitosan 04% | 100 uL HS 0.25% 160 pl HS 0.25%
100 pL I—TS 0.25% 500 pL chi?osan 0.1% | 500 pL chi:-osan 0.1%
1pg dsRNA (40 1) | 1pg dsRNA (100 ) | 1 pg dsRNA (40 )
Sargple 200 pL chitosan 04% | 100 ul HS 0.25% 160 i HS 0.25%
100 ul H+S 0.25% 500 pL chi;osan 0.1% | 500 pL chi:osan 0.1%

All the mixtures were then heated at 55 °C for 1 minute at 100 rpm in a
termoblock, vortexed for 30 seconds and incubated for 15 minutes in
the dark. Then, the samples were centrifuged at 13,000 x g for 10
minutes and the supernatants were collected in a new Eppendorf tube
(2.5 mL), while the pellets were added with 200 pL ddH20 and
resuspended by sonication (130-Watt, 20 kHz, 20 seconds ON, Amp1l
95%). Both the supernatant and resuspended pellets were analyzed by
electrophoresis on 1% agarose gel, to observe the possible presence
of non-entrapped dsRNA. To assess the presence of dsRNA within
nanoconjugates, Chi/Hum - dsRNAs were treated with 3% SDS and
bicarbonate buffer (pH 9), a condition which determine the breakup of
the nanoconjugates and the release of content (Yang et al., 2015).
Furthermore, using the Image Lab software (Bio-Rad), the amount of
entrapped dsRNA was assessed by measuring the band intensities on
the agarose gels. Then, the entrapment efficiency for each condition
was measured using this equation:

entrapped dsRNA

entrapment ef ficiency = o tal dSEN A x 100

Since the condition A (Al and A2) resulted to best fit for dsRNA
entrapment (see results in section 4.3.1.), all experiments described
below were realized using nanoconjugates produced with this method.

59



4.2.2. Dynamic Light Scattering analysis

Size and zeta potential were calculated by determining the
electrophoretic mobility of the nanoconjugates dispersions and then by
applying the Stokes-Einstein and Henry equations. The following
parameters were assumed in the calculations: Media viscosity = 0.8872
cP, dielectric constant = 78.5, temperature = 25 - C. The measurements
were performed using Zetasizer Nano ZS (4.0 mW He-Ne laser, 632.8
nm, Malvern Instruments, UK) while the respective calculations were
performed using Zetasizer software version 7.11. The measurements
were done in triplicates at 25° C and the average size and zeta potential
were recorded.

4.2.3. Scanning Electron and Transmission Electron
Microscopy of nanoconjugate

The morphology of the produced nanoconjugates were investigated by
both field emission scanning electron microscopy (FE-SEM) and
transmission electron microscopy (TEM). FE-SEM (FEI Nova
NanoSEM450) was carried out by drying the samples and depositing
them onto a glass slide. They were then coated with a thin layer (5-7
nm) of gold-palladium alloy and the images were acquired at an
accelerating voltage of 5 kV by collecting secondary electrons (SE) with
an ETD or TLD detector. The TEM was performed by using a FEI
Tecnai G2 S-twin apparatus operating at 200 kV (LaB6 source)
equipped with 4K Eagle camera. A drop (5 pL) of aqueous suspensions
of the various nanoconjugate was placed on one side of the carbon
coated copper grid (200 mesh) which were allowed to air-dry before
imaging.

4.2.4. Stability and Adherence of Chi/Hum = dsRNA
nanoconjugates

A time course analysis was performed to test the stability on tomato
plants and on Petri dishes. For each condition 8 red spots (of one
centimeter in diameter and circled with a pen) of 35 ul of Chi/Hum -
dsSI102 containing approximately 150 ng of dsRNA were applied on
tomato leaves and Petri dishes (Figure 4.2). As control, 8 blue spots of
35 pl of naked dsSI102 were applied as above. The plants and the Petri
dishes were maintained at 25 °C + 1°C, 70 £ 5% RH, and photoperiod
of 16:8 h light/dark. After different time intervals (0, 1, 2, 5, 9, 14, 21,
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and 30 days), the nanoconjugates and controls were recovered from
leaf and Petri dish surfaces by washing with 35 pl of ddH20, then stored
at -20 ° C until analysis. The collected samples were then analyzed on
the 1% agarose gel, both before and after treatment with SDS 3% and
bicarbonate buffer (pH 9).

Fig. 4.2 Tomato leaves and Petri dishes overlaid with naked dsRNA and Chi/Hum —
dsRNA nanoconjugates. The spots circled with a pen are used to rediscover the
previously applied solution. In red the spots for Chi/Hum-dsRNA and in blue the

spots for naked dsRNA.

4.2.5. Shelf-life

To evaluate stability over time, the nanoconjugates were stored for 6
and 12 months at 4 and/or 25 °C. For each temperature, 7 different
storage conditions were tested:

a) Dried pellet (at +4°C)

b) Dried pellet (at +25°C)

c) Pellet resuspended in 500 uL of ddH20 (at +4°C)

d) Pellet resuspended in 500 pL of ddH20 (at +25°C)

e) Pellet resuspended in 500 pL of acetate buffer (at +25°C)

f) Pellet resuspended in 500 pL of ddH20, and sonicated (as described
above) (at +4°C)

g) Pellet resuspended in 500 pL of ddH20, and sonicated (as described
above) (at +25°C)
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After storage, the pellets were treated as reported above and analyzed
on 1% agarose gel.

4.2.6. Stability at different pH conditions

The fate of the ingested Chi/Hum - dsRNA nanoconjugates would be
subject to conditions encountered in the lepidopteran insect foregut,
midgut, and hindgut that range from pH 9 to 11 (Wieczorek et al., 2009).
The Chi/Hum - dsSI102 nanoconjugates were resuspended in
solutions with an increasing pH (5, 7, 9, and 11) and analyzed on 1%
agarose gel, using as control the naked dsSI102 and nanoconjugates
resuspended in ddH20.

4.2.7. Chi/Hum — dsRNA nanoconjugates bioassay

To assess the efficiency of the dsRNA labeled with chitosan/humic
substances complex, S. littoralis larvae were fed on tomato leaf disks
treated with Chi/Hum — dsRNA. Briefly, tomato leaf portions were
uniformly overlaid with 35 pL of a suspension of a Chi/Hum — dsSI102
(or Chi/Hum - dsGFP as control) containing a total of 150 ng of dsRNA.
As an additional control, naked dsSI102 and naked dsGFP (control),
containing 150 ng of dsRNA, were used.

Chi/Hum - dsGFP Chi/Hum - dsS/102

Fig. 4.3 Bioassay tray wells with a piece of tomato leaf overlaid with nanoconjugates
or naked dsRNA. A larva is placed in each well.

A group of 16 newly molted 5" instar larvae (obtained as described
above, section 2.2.1.), for each condition, were isolated in multi-well
plastic trays, fed with the treated tomato leaves, and maintained under
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rearing conditions (Figure 4.3). Fresh treated leaves were offered to
larvae for 3 consecutive days (450 ng of dsRNA per larva). The
experimental larvae were processed, 24 and 48 hours after the last
dsRNA administration, for RNA extraction from hemocytes by using
Trizol reagent, as described above (section 3.2.1.). Silencing efficiency
was evaluated through gRT-PCR experiments, conducted using the 2
AACr method (Livak and Schmittgen 2001; Pfaffl, 2001) as described
above (section 2.2.7.).

4.2.8. Statistical analysis

The SI102 gene expression in the treated larvae was analyzed using
the unpaired Student’s t test. Normality of all data was checked by using
the Kolmogorov-Smirnov test. All data were analyzed using GraphPad
Prism (version 6.0).

4.3. RESULTS

4.3.1. Chi/Hum — dsRNA nanoconjugates analysis

The presence of non-entrapped dsRNA in the supernatant obtained
from each synthesis condition was preliminary assessed. While a band
of 514 bp referable to the positive control (dsSI1102) is clearly visible on
the agarose gel, no bands are visible in the supernatant of each
condition, therefore indirectly supporting a high rate of entrapment
(Figure 4.4).
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Fig. 4.4 Agarose gel electrophoresis of supernatants of the three experimental
conditions considered. From the first to the last lane: Marker ExcelBand 100 bp +

3Kb DNA Ladder (M); empty nanoconjugates (ENC) and samples of Chi/Hum —
dsRNA nanoconjugates with 0.5 and 1 pg of entrapped dsRNA for each condition;

dsSI102 (positive control); chitosan (CHI); humic substances (HS); marker (M).

After the treatment with 3% SDS and bicarbonate buffer pH 9, the
nanoconjugates released the dsRNA, which was clearly visible on the
agarose gel as bands resolving to the approximate size of the positive
control (dsSI102). The synthesis conditions A) and C) showed an
encapsulation efficiency of 91.1% and 88.1% respectively (Figure 4.5 A
and C). While no bands were observed for the synthesis condition B),
with an entrapment efficiency not measurable (Figure 4.5 B).

Entrapped Released
B dsrNA dsRNA

Prreme
b ;
!

PLRRIT

Fig. 4.5 Agarose gel electrophoresis of nanoconjugates for the three experimental
conditions, A, B and C. From the first to the last lane: Marker ExcelBand 100 bp +
3Kb DNA Ladder (M); empty nanoconjugates (ENC) and samples of Chi/Hum —
dsRNA nanoconjugates with 0.5 and 1 pg of entrapped dsRNA (both before and
after treatment with SDS 3% and bicarbonate buffer pH 9); dsSI102 (positive
control); chitosan (CHI); humic substances (HS); marker (M).

4.3.2. Light scattering analysis of Chi/Hum - dsRNA
nanoconjugates

The obtained nanoconjugates showed a homogeneous size
distribution, with a z-average equal to 300 nm (Figure 4.6). Also, the z-
potential was + 23.5 mV. This data suggested an unequal charge
distribution of chitosan and HS within the obtained nanoconjugates,
with chitosan being predominantly located at the outer layer of the
structure.
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z-average (nm) PDI Zeta potential (mV)

Chi/Hum-
dsRNA 300 0.16 +23.5
nanoconjugates

300 nm (PDI = 0.159)

Size Distribution by Intensity
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Fig. 4.6 Dynamic Light Scattering diagram. On the Y-axe is reported the Intensity
(percent). On X-axe is reported the size (d.nm).

4.3.3. SEM and TEM observations

The morphology of the obtained products was analysed by both FE-
SEM and TEM. According to the FE-SEM micrographs, irregular, flake-
like blocks without a well-defined nanostructure were noted for the
nanoconjugate (Figure 4.7). Additionally, TEM micrographs confirmed
the occurrence of clusters without a well-defined nanometric shape
(Figure 4.8). Taken together, SEM- and TEM-derived data pointed out
that the reaction of chitosan with HS from composted coffee husks did
not result in the formation of a proper nanomaterial with a spherical
conformation.
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Fig. 4.7 Scanning Electron Microscopy (SEM) micrographs of nanoconjugates
entrapping dsRNA obtained by chitosan and humic substances from composted
coffee husks.

Fig. 4.8 Transmission Electron Microscopy (TEM) micrographs of hanoconjugates
entrapping dsRNA obtained by chitosan and humic substances from composted
coffee husks.

4.3.4. Stability analysis of nanoconjugates

The nanoconjugates used for the time course analyses, before the
experiment, were analysed on agarose gel to verify the presence of the
dsRNA, as in the previous section (4.3.1.). As shown in Figure 4.9, no
dsRNA was found in the supernatants and in the untreated pellets,
while after treatment the dsRNA was efficiently released in the solution,
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indicating the nanoconjugates used in the experiment reported below
contained the dsRNA.

Supernatant Pellet Treated pellet

|
[4 s 4wl 2 3 alml 4 )

Fig. 4.9 Electrophoresis of nanoconjugates used for the stability test. 1, 2, 3 and 4
are different nanoconjugates samples used. Treated pellet refers to 3% SDS and
bicarbonate buffer (pH 9) treatment (releasing of dsRNA).

After 30 days, the dsRNA was still entrapped into the nanoconjugates
on both tomato leaf and Petri dish surfaces (Figure 4.10). The same
result can be found for naked dsRNA, which under the controlled lab
conditions showed no sign of degradation (Figure 4.11).

Untreated Treated
pellet pellet

1 A
[ ) [ \
On Petri dish On tomato leaf On Petri dish On tomato leaf

A A A A

,2401 484 SD 9D 14D 21D MD‘ M ,24N 48H 5D 9D 14D 21D JOD] ’2‘“ 48H 5D 9D 14D 21D 30D‘ M 'Z‘N 484 SD 9D 14D 21D 300‘

Fig. 4.10 Agarose gel analysis of nanoconjugates applied on both Petri dishes and
tomato leaf surfaces. Treated pellets were dissolved in 3% SDS and bicarbonate
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buffer (pH 9), releasing the entrapped dsRNA). The samples were collected after 24
hours, 48 hours, 5 days, 9 days, 14 days, 21 days, and 30 days.

On Petri dish On tomato leaf

A A

'24H 48H 5D 9D 14D 21D 300‘ M ’24” 48H 5D 9D 14D 21D 300‘

N e P

Fig. 4.11 Agarose gel analysis of naked dsRNA applied on both Petri dishes and
tomato leaf surfaces. The samples were collected after 24 hours, 48 hours, 5 days,
9 days, 14 days, 21 days, and 30 days.

4.3.5. Shelf-life analysis of Chi/Hum - dsRNA
nanoconjugates

The Shelf-life experiment demonstrated that the Chi/Hum - dsRNA
nanoconjugate remains stable under the storage conditions
considered. Released dsRNA was intact both after 6 and 12 months
after the synthesis (Figure 4.12 A and B). Furthermore, after 12 months,
condition g) seems to show a more intense band than the others (Figure
4.12 B).

Pellet Treated pellet Pellet Treated pellet
A B
| A A A
M ' a b c d e f g ‘ M ’n b c d e f g \ M ‘ a . b c d e f g \ M , a b c d ) f g‘

o
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Fig. 4.12 Agarose gel analysis of nanoconjugates stored for 6 (A) and 12 (B)
months. Storage conditions considered: a) Dried pellet (at +4°C); b) Dried pellet (at
+25°C); c) Pellet resuspended in 500 pL of ddH20 (at +4°C); d) Pellet resuspended
in 500 pL of ddHz20 (at +25°C); e) Pellet resuspended in 500 pL of acetate buffer (at
+25°C); f) Pellet resuspended in 500 pL of ddH20, and sonicated (at +4°C); g) Pellet
resuspended in 500 pL of ddH20, and sonicated (at +25°C). Treated pellet refers to

3% SDS and bicarbonate buffer (pH 9) treatment (releasing of dsRNA).

4.3.6. Content release after pH changes

To assess Chi/Hum - dsRNA stability under different pH conditions,
including those reported in the lepidopteran gut, the nanoconjugates
complex was exposed to different pH (5, 7, 9, and 11) and analyzed by
gel electrophoresis (Figure 4.13). No release of dsRNA was observed
at pH 5, likely due to tight binding of the dsRNA molecules to the
nanoconjugates. At the pH ranging from 7 to 11 the dsRNA was
efficiently released, as demonstrated by the presence of bands on the
electrophoresis gel, that resolve to the approximate size of the dsSI102
band (positive control) (Figure 4.13).

M pH5 pH7 pH9 pH 11 dsSI102 NC M

Fig. 4.13 Agarose gel analysis of nanoconjugates resuspended in solutions at
different pH values. dsSI102 is the positive control; nanoconjugates (NC) is the
negative control.
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4.3.7. Gene silencing efficiency of Chi/Hum - dsSI102
nanoconjugates on S. littoralis larvae

The 5™ instar larvae fed with tomato leaves overlaid with Chi/Hum —
dsSI102 nanoconjugates (or Chi/Hum — dsGFP nanoconjugates as
control) and naked dsSI102 (or naked dsGFP as control) were
processed 24 and 48 hours after the last administration for RNA
extraction, to measure the relative expression of the target gene by
gRT-PCR. At 24 hours SI102 gene expression resulted significantly
reduced in larvae fed with Chi/Hum — dsSI102 nanoconjugates (Fold-
change 0.05) compared to control larvae (Fold-change 1) (Student’s t-
test, P <0.0001), as similarly observed in larvae fed with naked dsSI102
(Fold-change 0.1) (Student’s t-test, P < 0.0001) (Figure 4.14 A).
Furthermore, the silencing level remained significant at 48 hours after
the last administration of dsRNA, under both experimental conditions
(Fold-change: Chi/Hum-dsSI102 0.06; dsSI102 0.1) compared to
controls (Fold-change 1) (Student’s t-test, P < 0.0001) (Figure 4.14 B).
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Fig. 4.14 Relative expression of SI102 gene after 24 hours (A) and 48 hours (B) by
the treatment. In red, the relative expression of the gene in larvae treated with
Chi/Hum-dsSI102 solution; in green larvae treated with Chi/Hum-dsGFP; in orange
larvae treated with naked dsSI102; in blue larvae treated with naked dsGFP. The
values reported are the mean * standard error (Student’s t-test, 24h: t = 8.037, df =
14, P <0.0001;t= 8.6, df = 15, P < 0.0001; 48h: t = 10.54, df = 8, P < 0.0001; t =
8.292, df = 8, P < 0.0001).

4.4. DISCUSSION

In this work we focused on the development of nanoconjugates
incorporating a dsRNA directed against the SI102 gene, which is
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involved in the immune response of S. littoralis larvae (Di Lelio et al.,
2014, 2019; Caccia et al., 2016, 2020). We have developed a new
delivery and protection system for dsSRNA molecules which involves the
use of the chitosan polymer (cationic crosslinker) and the humic
substances (anionic crosslinker) for the synthesis of a nanoconjugate.
The use of chitosan polymer to produce nanomaterials has been
widespread for decades, and the first application of this polymer as a
dsRNA delivery system for insect control was reported in mosquito
Anopheles gambiae (Zhang et al., 2010). The innovative approach of
this work is the use of the humic substances, obtained from the
composting of plant residues, which are known to have various
beneficial effects on soll fertility as well as on plant growth, acting as bio
stimulants by improving nutrient absorption, and metabolism (Nardi et
al., 2021). Taken together, the two components used for the synthesis
of the nanoconjugates have a dual task: the delivery and protection of
the dsRNA molecules, and the bio-stimulation of the treated plants. We
have adopted different experimental conditions for the synthesis of the
Chi/Hum-dsRNA nanoconjugate, to obtain the formulation with the
highest percentage of dsRNA entrapment. Both the analysis of the
agarose gel of the supernatant (synthesis waste) and of the
nanoconjugates obtained demonstrated that condition A (see section
4.3.1.) provides the best entrapment percentage (91.1%), even higher
than that seen in a recent work by Dhandapani et al. (2019), who used
chitosan cross-linked to sodium tripolyphosphate (TPP), obtaining an
entrapment rate of 80%. This could be due to the chitosan
concentrations used, as reported in the literature that increasing
chitosan can lead to lower trapping efficiency (Vandenberg et al., 2001;
Papadimitriou et al., 2012). The analysis for DLS (dynamic light
scattering) was performed only for the nanoconjugate with the best
entrapment efficiency, showing a homogeneous size distribution, with
a z-average equal to 300 nm. Thus, the mean structure size is about
300 nm, which is higher than the average size often reported (about
200 nm) (Zhang et al., 2010; Kumar et al., 2016; Dhandapani et al.,
2019). This could be due to the different ratios between the various
components or to the presence of humic substances, which are
mixtures of macromolecules and salts that can have a negative effect
on the optical properties of the sample (da Costa Cunha et al., 2014).
FE-SEM and TEM analysis showed an irregular, flake-like blocks
without a well-defined nanostructure. Although chitosan-based
nanomaterials with spherical nanoscopic structures are reported
(Dhandapani et al., 2019), there are many examples of chitosan-based
nanomaterials presenting amorphous and aggregating shapes (Mudo
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et al., 2022) as well as for nanomaterials based on humic substances
or other biopolymers (da Costa Cunha et al., 2014, Lichtenberg et al.,
2020). The amorphous structure obtained, which could also explain the
larger dimensions obtained with the DLS analysis, however, has
nanoscopic dimensions and high dsRNA entrapment percentage,
suggesting its possible use as a nanoconjugate. The release of dsSRNA
could be due to the alkaline environment of the lepidopteran gut (pH 8-
11) (Wieczorek et al., 2009), as chitosan is less stable at high pH (pH
> 7), as seen in our tests, where we used a pH 9 bicarbonate buffer to
determine dsRNA release. Indeed, we assessed whether increasing pH
of the Chi/Hum-dsRNA nanoconjugate suspension could determine the
release of the dsRNA. As expected, dsRNA release was observed for
pH values > 7, a result that confirms what was already described
(Dhandapani et al., 2019). These results suggests that the synthesized
nanoconjugate is effective for the control of lepidopteran pests,
characterized by strong alkaline conditions in the gut. However, the
transition of dsRNA from the laboratory to field environment needs to
be optimized to improve its stability in the environment (Yang et al.,
2022), which is a key factor that affects the application of RNA
biopesticides (Martinez et al., 2021). For this reason, we conducted an
experiment of stability for Chi/Hum-dsRNA nanoconjugate and naked
dsRNA on two different surfaces, Petri dish and tomato leaf, under
laboratory conditions. The result showed that the synthesized
formulation is stable on both surfaces up to 30 days after application.
However, the same result was obtained with naked dsRNA, suggesting
that controlled laboratory conditions (see section 4.2.4.) allows a
greater stability. Therefore, future experiments will be conducted testing
the stability of the dsRNA nanoconjugate (and naked dsRNA as control)
both in response to degradation factors such as RNase, pH, and UV
rays, and under field conditions. The stability (shelf-life) of chitosan-
based nanomaterials in different storage conditions, is relevant to its
potential use as a delivery agent, as this can alter the functioning of the
nanoconjugate itself (Hu et al., 2008; Tsai et al., 2011). Therefore, it is
important to understand the relationship between storage conditions
and the effects on nanoconjugate stability (Morris et al., 2011). Our
shelf-life analysis for the different storage conditions used (see section
4.2.5.), indicated that both after 6 and 12 months, the nanoconjugates
remain in their initial condition and that the released dsRNA appears to
be unaltered, although the condition (g) in which the nanoconjugates,
after their synthesis, were resuspended in ddH20, sonicated, and
stored at +25°C, gave a more intense dsRNA band. This could be due
to sonication, which allows better resuspension of nanoconjugates in
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the aqueous solution. These results are not surprising, given that in
literature it is described that storage conditions at 4°C and 25°C are the
most efficient (Morris et al.,, 2011), even using different procedures.
Finally, to test the efficacy of the synthesized Chi/Hum-dsRNA
nanoconjugate in the delivery of dsRNA, we used S. littoralis as a model
insect and SI102 as a target gene. A bioassay was performed
comparing the efficacy of the dsRNA-nanoconjugate with the naked
dsRNA by feeding. Larvae fed with Chi/Hum-dsSI102 showed high
levels of gene silencing, both 24 and 48 hours after treatment,
comparable to those obtained with the naked dsRNA, suggesting that
the nanoconjugate did not inhibit the RNAI response to the dsRNA,
which was released and active. In conclusion, we have synthesized a
new type of nanoconjugate based on chitosan and humic substances
for the delivery and protection of dSSRNA molecules (Chi/Hum-dsSI102),
with the aim of improving the efficiency of their field application for
insect pest control. We demonstrated that the synthesis protocol used
lead to a high percentage of dsRNA entrapment, although size and
shape of nanoconjugates can be improved by modifying some
parameters, such as the concentration of chitosan polymer and/or
humic substances used for the synthesis. Furthermore, our results
confirm the potential use of the Chi/Hum-dsRNA nanoconjugate for the
delivery of bioactive molecules. Moreover, the proposed delivery
strategy could be profitably used also for other bioactive molecules,
such as peptides and proteins, trying also to enhance the efficiency of
their entrance in plant and insect tissue where they exert their biological
activity.
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Abstract

Background: Females of the Mediterranean fruit fly Ceratitis capitata (Medfly) are major agricultural pests, as they
lay eggs into the fruit crops of hundreds of plant species. In Medfly, female sex determination is based on the
activation of Cctransformer (Cctra). A maternal contribution of Cctra is required to activate Cctra itself in the XX
embryos and to start and epigenetically maintain a Cctra positive feedback loop, by female-specific alternative
splicing, leading to female development. In XY embryos, the male determining Maleness-on-the-Y gene (MoY) blocks
this activation and Cctra produces male-specific transcripts encoding truncated CcTRA isoforms and male
differentiation occurs.

Results: With the aim of inducing frameshift mutations in the first coding exon to disrupt both female-specific and
shorter male-specific CcTRA open reading frames (ORF), we injected Cas9 ribonucleoproteins (Cas9 and single guide
RNA, sgRNA) in embryos. As this approach leads to mostly monoallelic mutations, masculinization was expected
only in Gy XX individuals carrying biallelic mutations, following crosses of Gq injected individuals. Surprisingly, these
injections into XX-only embryos led to Gy adults that included not only XX females but also 50% of reverted fertile
XX males. The Gy XX males expressed male-specific Cctra transcripts, suggesting full masculinization. Interestingly,
out of six Gg XX males, four displayed the Cctra wild type sequence. This finding suggests that masculinization by
Cas9-sgRNA injections was independent from its mutagenic activity. In line with this observation, embryonic
targeting of Cctra in XX embryos by a dead Cas9 (enzymatically inactive, dCas9) also favoured a male-specific
splicing of Cctra, in both embryos and adults.

Conclusions: Our data suggest that the establishment of Cctra female-specific autoregulation during the early
embryogenesis has been repressed in XX embryos by the transient binding of the Cas9-sgRNA on the first exon of
the Cctra gene. This hypothesis is supported by the observation that the shift of Cctra splicing from female to male
mode is induced also by dCas9. Collectively, the present findings corroborate the idea that a transient embryonic
inactivation of Cctra is sufficient for male sex determination.

Keywords: iCRISPR, Sex determination, Ceratitis capitata, Epigenetics, Autoregulation, Transformer

* Correspondence: giuseppe.saccone@unina.it

"Pasquale Primo and Angela Meccariello contributed equally to this work.
'Department of Biology, University of Naples Federico Il, 80126 Naples, Italy
Full list of author information is available at the end of the article

© The Author(s). 2020 Open Access This is an open access article distributed under the terms of the Creative Commons
Attribution IGO License (https://creativecommons.org/licenses/by/3.0/igo/) which permits unrestricted use, distribution, and
reproduction in any medium, provided appropriate credit to the original author(s) and the source is given.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12863-020-00941-4&domain=pdf
https://creativecommons.org/licenses/by/3.0/igo/
mailto:giuseppe.saccone@unina.it

Primo et al. BMIC Genetics 2020, 21(Suppl 2):150

Background

In the last few decades, the Mediterranean fruit fly Cera-
titis capitata (Tephritidae, Medfly) has become a major
invasive agricultural pest worldwide, following its spread
from Africa and its globalization [1]. For the local sup-
pression of this invasive species, alternatives to the use
of pesticides are genetic control strategies. One of them
is the Sterile Insect Technique (SIT), which has been ap-
plied successfully over the last six decades in various
countries [2].

The prerequisites of SIT include a method to mass
rear the target species in a cost-effective way and a
method to sterilize them with a low impact on their fit-
ness once released. As the released sterile females con-
tribute to the fruit crop mechanical damage with the
ovipositor and consequent infections, and the sterile
males tend to mate with the released females rather than
with the wild ones, it is highly preferable to develop a
method of sexing and only release sterile males [3]. A
number of strategies have been developed, including
transgenic approaches for sexing, which allow the mass
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rearing of the two sexes, and sorting the males at the ex-
panded last generation before the release. These strains
can be based on the expression of a conditional female-
lethal dominant gene [4] or on the transformation of
genotypic female individuals into males by manipulating
a gene involved in female sex determination [5]. Molecu-
lar genetics studies on Medfly sex determination have
been useful for this aim, uncovering a cascade of regula-
tory genes widely conserved in the Tephritidae family
(Fig. 1) [6-10]. This taxon includes many other invasive
agricultural pests, such as species of the Bactrocera and
Anastrepha genera [11, 12]. This fundamental know-
ledge is not only interesting and valuable per se [13], but
also useful to develop novel sexing strategies necessary
to improve the applicability of SIT. Evolutionary conser-
vation of homologous genes and the use of transgenesis
and/or CRISPR/Cas9 potentially will enable the
realization of additional versatile sexing methods that
can be applied in different species [8, 9, 14—16].

The sex determination of Medfly is based, as in Dros-
ophila melanogaster, on sex-specific alternative splicing
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Fig. 1 Genetic pathway of sex determination in Ceratitis capitata. Cctra and Ccdoublesex (Ccdsx) pre-mRNAs exon-intron structures and sex-
specific transcripts are shown. Female-specific and male-specific Cctra exons are indicated as pink and dark blue boxes, respectively. Cctra female-
specific transcript on the left contains a 429 aa long ORF. Cctra male-specific exons introduce premature stop codons in male-specific longer
transcripts (orange vertical bars). CCTRA M1 and M2 male-specific isoforms contain truncated CcTRA ORFs represented by azul regions. In XX
embryos, maternal CcTRA (orange circle) and CcTRA-2 (green circle) proteins promote female-specific splicing of newly transcribed Cctra pre-
mRNA, suppressing male-specific splicing by binding to TRA/TRA-2 cis regulatory elements (red spots). Female-specific Cctra mRNA encodes
zygotic CcTRA (violet circle) that maintains (together with zygotic CcTRA-2; dark green circle) the Cctra autoregulation induced by the maternal
contributions by a feedback loop. Both CcTRA and CcTRA-2 proteins promote also female-specific splicing of the downstream Ccdsx pre-mRNA,
producing mRNAs that include a female-specific exon (pink) and encode CcDSXF isoform inducing female sexual differentiation [6]. In XY
embryos the Y-linked Maleness-on-the-Y gene (MoY) induces male-specific Cctra splicing and, hence, the collapse of the positive feedback loop
[7]. By default, male-specific splicing of Ccdsx leads to male-specific splicing and CcDSM isoform inducing male sexual differentiation [6, 8]
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of key regulatory genes, including transformer (tra),
transformer-2 (tra-2) and doublesex (dsx) orthologues
(Fig. 1) [6, 7, 17-20]. Cctra is a sex determining genetic
switch, which is set to ON in XX embryos and to OFF
in XY embryos during a narrow temporal window at 5—
6h from oviposition [8]. In contrast to Drosophila, in
XX Medfly embryos, Cctra and the auxiliary Cctransfor-
mer-2 (Cctra-2) maternal mRNAs are also required to
establish a stable activation of Cctra by female-specific
splicing which relies on a positive feedback loop [6, 19].
The female-specific Cctra mRNA encodes a full-length
429 aa protein arising from the translation of an evolu-
tionarily conserved ORF contained in the first, fourth
and fifth exons (Fig. 1). In males, two longer alternative
Cctra RNA isoforms, containing all five exons, encode
for two truncated CcTRA proteins called CcTRA M1
(59 aa) and CcTRA M2 (99 aa) (Fig. 1). Embryonic tran-
sient RNA interference targeting mRNAs of either genes
led to XX males, which are fertile even in the absence of
the Y chromosome [6, 19]. As in Drosophila, Cctra and
Cctra-2 are required for the female-specific splicing of
Ccdoublesex (Ccdsx). The observation that some XX in-
dividuals are transformed in gynandromorphs (showing
male-specific antennae and ovipositor or no antennae
and male gonads) suggests that sex determination is
cell-autonomous, as in Drosophila [6]. A TRA/TRA-2
binding element (13 nt long) is present in multiple copies
in the Ccdsx female-specific exon, permitting a positive
regulation by CcTRA/CcTRA-2, which leads to the use of
this exon in Cedsx transcripts of XX individuals, similarly
to Drosophila [7, 18]. In contrast to Drosophila, multiple
copies of this splicing regulatory element are also present
in Cctra locus, within and in proximity to the male-
specific exons. In this other novel case, these cis elements
mediate, by CcTRA/CcTRA-2 binding, exon skipping in
XX individuals leading to CcTRA-encoding female-
specific mRNAs [6]. In XY embryos, Maleness-on-the-Y
(MoY) encodes a novel short protein, MOY, of still un-
known biochemical function, that leads, either directly or
indirectly, to male-specific splicing of Cctra and exons in-
clusion, at 5-6h from oviposition [8]. The presence of
male-specific exons introducing stop codons in the 429 aa
long Cctra ORF leads to two major RNAs encoding trun-
cated polypeptides (respectively 59 and 99 aa long) and
hence considered to be non-functional [6].

We planned to experimentally confirm this deduction,
by Cas9-induced mutations in the Cctra, which would im-
pact both the male- and female-specific ORFs. Further-
more, the availability of an efficient single RNA to induce
mutations in a female-determining gene would open the
future possibility to develop a gene drive strategy aimed at
manipulating the sex ratio and hence the reproduction
rate of this harmful species [4]. CRISPR/Cas9 has been
used in the Medfly genome to target autosomal genes
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having two copies for each cell [16, 21, 22]. After targeting
the white eye Medfly gene by injecting into early embryos
in vitro pre-assembled and solubilized Cas9 ribonucleo-
protein complexes (RNPs), containing sgRNA, adults
showed partial mutant phenotypes caused by somatic mo-
saicism [16]. The most extreme mutant phenotype con-
sisted of a fly mosaic with one of the two eyes fully
colorless. While biallelic mutations were observed only in
somatic clones of the fly, the germ line transmission rate
was very high, reaching 100% in one case. On the con-
trary, targeting a Medfly single copy gene, as the Y-linked
MoY, in XY individuals by Cas9 ribonucleoproteins injec-
tions, 70% of mutant G, individuals showed intersexual
phenotype and 30% were transformed into XY mutant Gg
females [8].

We reasoned that introducing loss-of-function frame-
shift mutations in the first Cctra exon with CRISPR/
Cas9 would lead to mutant alleles coding for truncated
CcTRA proteins. The expected truncations would affect
not only the 429 aa long female-specific ORF, but also
the carboxy-terminal ends of two male-specific 59 and
99 aa ORFs. A masculinization of XX individuals by per-
manent loss-of-function mutations of Cctra altering also
the male-specific CcTRA polypeptides would support
the previous suggestion that these products are indeed
non-functional.

Since in Drosophila tra and tra-2 mutant alleles are re-
cessive, we reasoned that also in the Medfly the presence
in the same cell and in its clonal descendants of only
monoallelic indel (insertion/deletion) mutations in Cctra
(+/- heterozygous state) would be insufficient to
masculinize XX cells. Thus, in the somatic mutant
clones of these XX individuals, the CcTRA protein
expressed from the wild-type allele would lead to
female-specific splicing of Cctra pre-mRNAs from both
wild-type and mutant alleles, leading to female sexual
phenotype. Hence, only biallelic loss-of-function Cctra
mutations (Fig. 2; Cctra’ /Cctra®") in the same XX cell
and its cellular descendants would lead to a male-
specific Cctra and the downstream Ccdsx RNAs, causing
a partial (mosaicism) or full (very early and high bi-
allelic mutagenesis) masculinization of XX adults.

Results

Cas9-RNP injections targeting Cctra lead to fully
masculinized XX flies in the G, progeny

With the aim of inducing indels leading to frameshift
mutations in Cctra, we used Cas9 RNPs injections as a
delivery method. In particular, a CRISPR/Cas9 Cctra tar-
get site was chosen within the coding region of exon 1
on the antisense strand to design a single guide RNA,
named sgtraEx1 (Additional file 1: Fig. S1A). The tar-
geted 20bp long sequence is about 20 bp upstream of
the first donor splicing site and upstream to the female-
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Fig. 2 Experimental design to produce G; XX males bearing heteroallelic mutation of Cctra. Two sets of parallel Cas9-RNP injections to target
Cctra into XX embryos can lead to both Gy XX males and XX females. The G, adults from the two sets can bear some Cctra monoallelic
independent mutations (mosaicism) both in the soma and in the germ line. In set n. 1, the injection mix contains also Cctra-dsRNA to induce full
masculinization of XX embryos (Pane et al, 2002). Hence, the Gy XX males from set n. 1 can be crossed with Gy XX females from set n. 2, to
produce a G; XX progeny, expected to be composed mostly of XX females (carrying either none or monoallelic mutations) and of few G; XX

males, carrying heteroallelic mutations of Cctra (Cctra'~/Cctra®") inherited from the respective parents

specific long open reading frame encoding the CcTRA
protein (Additional file 1: Fig. S1B). As described above,
previous literature data showed that Cas9 RNPs applied
to Medfly embryos led to a relatively low somatic bialle-
lic mutation rate overall but a high rate in the germ line
[16]. Based on this study, we speculated to observe
masculinization of XX Cctra mutant individuals only at
G after crossing G XY males and Gy XX females devel-
oped from Cas9-injected. However, the discrimination of
rare Cctra’ /Cctra®™ heteroallelic mutant XX males
among the 50% of the G; progeny being XY males would
have been tedious and challenging. We simplified their
identification by planning to detect them among a G
female-only XX progeny, obtained crossing XX males and
females obtained from RNP-injected embryos (Fig. 2).
Among these G; XX females, Cetra ™'~ /Cetra® XX males
would be easily detected even if very few, with the respect
of the majority of XX females carrying either none or only
one Cctra mutant allele (Fig. 2).

To produce a larger number of XX males (Fig. 2, set 1),
from Cas9-injected XX embryos, a mix of Cas9-sgtrabEx1
RNP and Cctra dsRNA, to efficiently masculinize XX, was
injected into 370 XX embryos (Table 1, set n. 1). The aim
was to obtain XX fertile males potentially carrying Cas9-
induced Cctra monoallelic mutations also in the germ line.
However, no pupae and adult flies emerged from this set of

injections. When Cas9-sgtrabEx1 RNP alone targeting Cctra
were delivered into 400 XX embryos, few adults developed
(3%; 12/400) (Table 1, set n. 2). It is likely that the co-
presence of dsRNA+Cas9/sgRNA molecules could have a
combined higher lethal effect for unclear reasons. Injections
of dsRNA-Cctra alone resulted in 78 adults out of 200 XX
embryos injected, with 73 XX being masculinized individ-
uals and 5 being intersexes (Table 1, set n. 3). A similar sur-
vival rate was obtained when we injected sgtraExl RNA
molecules but no effect (1 ug/uL), at a 5 times higher con-
centration being more susceptible to RNA degradation (70
females out of 160 injected embryos; Table 1, set n. 4).

Although upon Cas9-sgtrabEx1 RNP injections we ob-
served a very limited survival rate, the XX adults dis-
played some interesting features (Table 1, set n. 2).
Indeed, the Gy progeny was composed not only of six
unaffected females, as we expected (Fig. 2 set 2), but also
six XX males. These findings are suggestive of an un-
usually high rate of biallelic mutations. It is also worth
noting that no intersexes were observed, suggesting an
all-or-none effect on Cctra female-specific function of
the Cas9 + sgtraEx1 injection.

Considering the apparently high efficiency of the ribo-
nucleoprotein injections in set n. 2 (Table 1) in mascu-
linizing 50% of the Gy XX individuals, we reasoned that
1) also the XX females contained at least some somatic
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Table 1 XX-only embryonic injection sets
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Injection Cas9 delivery /[] sgRNA name /[] dsRNA name/[] XX XX XX XX XX Cctra male-
set embryos Larvae Females Males intersexes specific in XX
1 Cas9 Protein / sgtrabx1 / dsRNA-Cctra / 370 48 0 0 0 -

1,8 pg/uL 200 ng/pL 0.5 pg/uL
2 Cas9 Protein / sgtrabx1/ - 400 60 6 6 0 yes in XX males

1,8 pg/uL 200 ng/plL
3 - - dsRNA-Cctra / 200 83 0 73 5 -

0.5 pg/pL
4 - sgtrakbx1/ - 160 75 70 0 0 no
1 ug/ul

5 Plasmid-dCas9 / sgtrakbx1/ - 290 37 7 0 3 yes

1 pg/uL T pg/uL
6 Cas9 Protein / sgtrakbx1 / - 40 - - - - yes

1,8 ug/uL 200 ng/pL
7 Plasmid-Cas9 / sgtrakx1 / - 40 - - - - yes

T pg/pL 1 pg/pL
8 Plasmid-dCas9 / sgtrabx1 / - 40 - - - - yes

T Hg/pL T Hg/pL
9 buffer buffer buffer 40 - - - - no
10 - sgtrakx1 / - 40 - - - - no

1 pg/pl

" Cas9 Protein / - - 40 - - - - no

1,8 pg/uL
12 Plasmid-Cas9 / - - 40 - - - - no

1 pg/uL
13 Plasmid-dCas9 / - - 40 - - - - no

1 pg/pL

clones bearing monoallelic Cctra mutations, though with
no phenotypic effect, and that 2) a high mutagenic rate
could also be present in the germ lines of these XX fe-
male adults as in the XX males. Assuming a 20-50%
transmission rate of mutant alleles for each Gy parent to
the next progeny as previously observed in the Medfly
[16], the probability to observe a double mutant individ-
ual in the G; progeny (Fig. 2) would be in a range of 4—
25%. When we crossed among them the six XX males
and six XX females from injection set n. 2 (Table 1), all
100 individuals of G; were females, indicating that the
six XX masculinized fathers were fertile. However, the
absence of XX males in the G; progeny indicated that, if
any Cctra mutation was induced by Cas9 in the parental
germ lines (male and female ones), the transmission rate
was lower than 10% for each parent as the expected G;
heteroallelic mutants frequency would be less than 1% of
the progeny (hence not detectable among a number of
100 individuals).

Lack of indels in the targeted Cctra region in most cDNA
clones from XX G, males and in all genomic DNA clones
from Gy XX females

The six females and six XX males, which composed the
Go progeny of set n. 2, were analyzed respectively by

RT-PCR and genomic PCR, to investigate Cctra splicing
and DNA sequence of the targeted site.

The six reverted XX Gy males showed only male-
specific Cctra transcripts, as expected for adult flies hav-
ing a full fertile male phenotype (Fig. 3). These data, to-
gether with the absence of female-specific Cctra mRNAs
in all six males, suggested the presence of biallelic muta-
tions in most, if not all, of the somatic cells of these XX
Go males. Shotgun plasmid cloning of the RT-PCR reac-
tions from the six XX Gy males, followed by PCR colony
screening of 30 clones (five colonies A-E, for each of the
six XX males) led us to arbitrarily select 13 clones for se-
quencing (two or three cDNA clones for each male)
(Additional file 1: Figure S2 and Figure S3)(Add-
itional file 2). The splicing isoforms detected in the six
XX males corresponded mostly to the know M1 and M2
Cctra male-specific isoforms. Out of 13 ¢cDNA clones
from the six XX males, seven correspond to male-
specific Cctra isoform M1 (59 aa), two correspond to
the male-specific isoform M2 (99 aa), one to a new spli-
cing male-specific isoform (Male 1D encoding a 44 aa
long protein isoform, named M3), one to the female-
specific isoform (429 aa) and one to an unspliced longer
isoform (male 5C) (Additional file 1: Figure S3; Add-
itional file 2) [6]. Very surprisingly, despite the observed
Cctra male-specific full shift, 11 ¢cDNA clones showed
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Fig. 3 RT-PCR analysis of reverted XX males. (A) The six XX males from injection set n. 2 (Table 1) showed only male-specific Cctra transcripts
(500 bp) and shorter less abundant splicing variants. No traces of female-specific transcripts were visible in the gel electrophoresis (160 bp) (B) RT-
PCR with MoY-specific primers indirectly confirmed the absence of the Y chromosome in these six fully reverted XX males and its presence in XY
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only wild-type sequences (Additional file 1: Figure S3).
In one XX male, we have found a ¢cDNA showing a 16
bp long deletion (cDNA 3E), in addition to a wild type
c¢DNA clone (cDNA 3B) (Additional file 1: Figure S1D).
The mutated cDNA encodes a 35 aa long CcTRA trun-
cated protein. Another XX male contained two wild type
(5B and 5D) cDNA clones and a mutated one lacking of
5bp (5C) (Additional file 1: Figure S1C). This cDNA
Male 5C encoded a truncated CcTRA protein of only 42
aa (Additional file 1: Figure S1C). The male 5C cDNA
from unspliced Cctra RNA seems to correspond to a
previously described RNA only present in adult females
[6]. The female specificity of this unspliced product
could be due to the binding of female-specific CcTRA/
CcTRA-2 complex to the Cctra pre-mRNA required for
the autoregulation. Interestingly, the Cctra unspliced iso-
form we found in one XX male contains also the Cas9-
induced 5bp deletion. We speculated that the 5bp long
deleted region of Cctra could be involved in enhancing
the recognition of the 5" donor site, which is only 20 bp
downstream to the deletion by the spliceosome. We
have found that these 5bp are perfectly conserved in
other Tephritidae tra orthologues, suggesting their re-
quirement for proper Cctra male-specific default splicing
(Additional file 1: Figure S1E). On the other hand, the
c¢DNA 3E containing even a larger deletion (16 bp) of
the same Cctra region performed a male-specific spli-
cing, indicating that this sequence (14 bp out of 20 bp
targeted sequence conserved in 5 distantly related
Tephritidae species; Additional file 1: Figure S1E) is not
strictly required to perform this alternative splicing but

could be involved in performing the female-specific one.
Collectively, these data showed intriguingly that the six
XX males had a full switch from female-specific to male-
specific splicing of Cctra, even in the presence of a very
low (hence, mostly monoallelic) or even zero number of
mutant Cctra alleles.

As the six XX females showed a normal female pheno-
type, female-specific Cctra splicing was expected to be
found, even if they were carrying monoallelic Cctra muta-
tions (Fig. 2). Hence, Cctra genomic DNA (rather than
RNA or cDNA) was analyzed and eight plasmid clones
showed only Cctra wild-type sequences (Additional file 1:
Figure S4; Additional file 3). The lack of Cctra mutations
in the DNA clones from all six G, females and in most of
the ¢cDNA from the six XX males is consistent with the
absence of XX mutant heteroallelic Cctra™'/Cctra
males we observed in their G; progeny.

Embryos co-injections of dCas9 and sgtraEx1 lead to
partially masculinized XX embryos and adult flies,
indicating a long-lasting effect in the absence of
mutations

We speculated that this Cas9 ribonucleoprotein complex
was able to bind but not efficiently cut the Cctra DNA
target site. The dead Cas9 (dCas9) is a mutant Cas9
which lacks of only the endonuclease activity and it can
be used to perform transient transcriptional repression,
named CRISPR interference, or iCRISPR [23-25]. We
co-injected the sgRNA sgtraEx1 (1 pg/pl) with a plasmid
bearing a dCas9 transgene under a Drosophila actin pro-
moter, expecting that dCas9 would be produced after
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transcription and translation and would bind the avail-
able sgRNA [24] (Table 1, set n. 5). A higher concentra-
tion of sgRNA (1 pg/pl; see mat. & meth.) was used in
the injected mix because we expected that these RNA
molecules being not pre-assembled with Cas9 before in-
jections, could have been more exposed to degradation.
This high concentration of sgRNA alone had no effect
on Cctra female-specific splicing in injected XX embryos
and in developed XX adults (Table 1, set n. 10; Fig. 4,
B). Three out of ten XX adult females showed malfor-
mations of the gonadal apparatus, which suggested a
mild masculinization effect (Additional file 1: Figure
S5A). RT-PCR analysis of Cctra on RNA from these
three XX adult flies confirmed the presence of also
male-specific RNAs, indicating that the ovipositor mal-
formations are likely the result of a partial
masculinization during development (Additional file 1:
Figure S5B). These data indicated that the dCas9 can in-
duce a partial masculinization of XX embryos and a
stable shift toward male-specific splicing of Cctra likely
in some somatic clones.

We investigated the sex-specific splicing pattern of
Cctra in XX-only embryos, injected at 1 h after egg laying,
and developed for additional 14 h (set n. 6-13). Injections
of Cas9 recombinant protein+sgtraEx1 RNP (set n. 6), or
co-injections of sgtraEx1 with plasmids encoding either
Cas9 (driven by E1 early promoter [23]) or dCas9 (set n. 7
and set n. 8) led to the appearance of additional male-
specific Cctra transcripts (Table 1, Fig. 4A). Injections of
only buffer, sgtraEx1, Cas9 protein, Cas9-encoding and
dCas9-encoding plasmids had no effect (Fig. 4B). These
data suggest that, as Cas9, also dCas9 can induce male-
specific splicing of Cctra during the first hours of develop-
ment. Hence, no Cctra mutations are required for this
splicing change.

Discussion

The Cas9-sgtraEx1 RNPs injected into XX Medfly em-
bryos led to a masculinization of 50% of XX individuals.
All six XX males showed by RT-PCR and cDNA sequen-
cing analyses mostly male-specific Cctra isoforms, con-
cordant with the observed male phenotype.
Unexpectedly, no indel mutations were detected in
c¢DNA fragments from the Cas9 targeted site in four out
of six males. Two XX males showed a mix of wild type
and mutated cDNA fragments, suggesting the presence
of monoallelic mutations in some cellular regions. XX
males and XX females from injected embryos produced
a G; consisting of only XX females, which indicated ab-
sence of homozygous individuals for mutant Cctra al-
leles. We concluded that very low mutation rate, if any,
was reached not only in the soma but also in the germ
line of injected Gy individuals. In contrast, Meccariello
et al. [16], observed that mutant mosaic G, flies
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Fig. 4 Molecular partial masculinization of XX embryos by dCas9
targeting Cctra. (A) RT-PCR analysis of Cctra sex-specific transcripts in
15 h old XX embryos, following injections of various samples (Table
1, set n. 6-8) at 1 h after egg laying (Panel 1). The XX embryos were
injected respectively with Cas9 protein+sgtrabx1 (first lane), with
sgtrabx1 + Cas9-encoding plasmid (plE1-Cas9; second lane) and with
dCas9-encoding plasmid (pAct-dCas9) (third lane). Male-specific
Cctra transcripts were detected (500 bp cDNA fragment) in all three
samples of injected XX embryos, in addition to the female-specific
transcripts (160 bp cDNA fragment). RT-PCR analysis of the Y-linked
MoY gene indirectly confirmed the absence of Y chromosome in all
3 samples and in XX females, and its presence in a mixed XX/XY
embryos sample and in adult XY flies (Panel 2). CcSOD positive
control is shown in panel 3. (B) Negative controls. RT-PCR of Cctra
sex-specific transcripts in 15 h old XX embryos, following injections
at 1h after egg laying (Table 1, set n. 9-13). The XX embryos were
injected respectively with Cas9 protein, Cas9-encoding plasmid,
dCas9-encoding plasmid, with sgtrabx1 and with buffer alone. Only
female-specific Cctra transcripts were detected (160 bp) in all
samples of injected XX embryos (Panel 1). In Panel 2 and 3, the
control of the karyotype and positive controls, conducted as in A,
are shown
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mutagenized by Cas9 in the white-eye gene transmitted
germ line mutations to the progeny at a very high rate
(up to 100%). Hence, the Cas9-sgtraEx1 is likely very in-
efficient in mediating Cas9 gene disruption but surpris-
ingly very efficient in masculinizing XX individuals.
These data suggested that the Cas9 ribonucleoprotein
promoted masculinization by inducing male-specific
Cctra splicing in 50% of XX embryos which developed
into adults by a mechanism different than gene
disruption.

We reasoned that the sgRNA designed for the CRISPR
experiment and/or the Cctra targeted region structural
features posed limitations in the second step of the Cas9
action, namely the endonuclease activity, but not in the
first step, the binding to the Cctra genetic locus. Indeed,
a two-state model for Cas9 binding and cleavage was re-
cently proposed: a seed match triggers binding but only
extensive pairing with target DNA leads to cleavage [26].
Target sequence mismatches can induce the Cas9-RNP
complex to bind also off-target sites without DNA cleav-
age, because the transition to the active conformation is
prevented [26, 27]. Co-injections of sgtraEx1 and a plas-
mid encoding dCas9 into XX embryos induced a partial
shift of Cctra splicing toward male-specific pattern after
few hours of development and the development of XX
females (three out of ten) with malformed ovipositor.
These females were found to be molecular intersexes, as
they showed both female-specific and male-specific
Cctra isoforms. Also, these malformed females showed a
mix of male and female-specific Cctra transcripts and,
hence, correspond to partially masculinized individuals
(intersexes) [6]. Similar malformed ovipositors were ob-
served by Pane et al. [6] following embryonic RNA
against Cctra. The lack of fully masculinized XX individ-
uals in the progeny of ten individuals suggests a reduced
efficiency of dCas9 in masculinizing XX individuals.
However, this could be due to the different delivery
methods of Cas9 and dCas9. In the first case, purified re-
combinant Cas9 ready to act was injected, while in the
second case a dCas9 encoding transgene was transcribed
from a Drosophila actin promoter, after embryos injec-
tions of a plasmid. Lower efficiency is to be expected in
the second delivery method, due to the transcription and
translation steps required to express dCas9. The transi-
ent binding of Cas9 RNPs to the 5’ Cctra DNA region
could have reduced the Cctra zygotic transcription dur-
ing the first hours of embryogenesis and, hence, the ac-
cumulation of female specifically spliced Cctra mRNA,
promoted by the maternal Cctra contribution in XX em-
bryos. This transient reduction of newly transcribed
Cctra female-specific mRNA and of the encoded CcTRA
protein in the XX embryos could have blocked the es-
tablishment of Cctra female-specific autoregulation lead-
ing to a negative epigenetic effect on Cctra. Similarly, a
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transient depletion of Cctra mRNA by embryonic RNAi
led to a collapse of its positive autoregulation and to ob-
tain XX fertile males expressing male-specific Cctra
RNAs [6].

Conclusions

The question if CcTRA male-specific ORFs are required
for male-specific Cctra splicing remains still open, as
biallelic Cctra mutant XX males were not obtained. The
second question if the chosen sgtraEx1l guide RNA is
suitable for future gene drive strategy aimed to efficient
mutagenesis by Cas9 had a conclusive and negative
reply, as very low mutagenesis rate was observed. How-
ever, these data support the hypothesis that the transient
binding of the Cas9-sgtraEx1 ribonucleoprotein complex
on the first Cctra exon during the first hours of embryo-
genesis led to a repression of the establishment of the
Cctra female-specific autoregulation in XX embryos
even in the absence of induced mutations. Our study
raises new general issues concerning the use of CRISPR/
Cas9 method. We serendipitously uncovered a novel
problem of unplanned stable changes in the expression
of genes able to autoregulate, which calls for further in-
vestigation. If a Cas9 +sgRNA binds to off target se-
quences of autoregulating bistable genes, this event can
provoke long lasting epigenetic effects even in the ab-
sence of DNA mutations.

Methods

Rearing of Ceratitis capitata

Wild type (WT) and transgenic Medfly lines were main-
tained under standard rearing conditions. The WT
Benakeion strain, which has been reared in laboratories
for more than 20 years, was obtained from P. A. Mouri-
kis 30 years ago (Benakeion Institute of Phytopathology,
Athens, Greece). The strains were reared in standard la-
boratory conditions at 25°C, 70% relative humidity and
12:12 h light—dark regimen. Adult flies were fed yeast/
sucrose powder (1:2).

RNP complex assembly and injections

Cas9 was expressed as his-tagged protein and purified
from bacteria [16, 19]. sgRNA was designed using the
CHOPCHOP online software [28]. The lack of SNPs
within this 20 nt long sequence in three different Cerati-
tis lines (Benakeion, used in this study, ISPRA [22] and
FAMI18 Ceratitis [8]) suggested that no Cas9-resistant
Cctra alleles would be already present in individuals of
these lab strains. Template for sgRNA in vitro transcrip-
tion were generated by annealing two complementary
oligonucleotides (PAGE-purified, Life Technologies) as
previously described [16, 21], using the primers F-
sgtraEx1 and Reverse-Crispr from Life Technologies
(Additional file 4). sgRNA was synthesized according to
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instructions of the Megascript® T7 kit (Ambion) with
1pg of DNA template and a 5° flanking T7 promoter.
After RNA synthesis, the template was removed by incu-
bating with TurboDNase® (Ambion) for 15 min at 37°.
Prior to the injection, the RNP complex was prepared by
mixing 1.8 ug/uL of purified Cas9 protein with approxi-
mately 200 ng/pL of sgtraEx1, containing 300 mM KCl
[16]. The mix was incubated for 10 min at 37 °C. A glass
needle was filled with the pre-loaded sgtraEx1-Cas9 mix
and the injection was performed into the posterior end
of embryos collected 45 min after egg laying as described
for RNA interference in Ceratitis capitata [6]. When
injecting sgRNA alone, a 5 times higher concentration
(1 pg/puL) was used in the injected mix, because we ex-
pected that these RNA molecules, being not pre-
assembled with Cas9 before injections, could have been
more exposed to degradation.

RNAi and XX-only progeny production

A Cctra ¢cDNA 800 bp long fragment was PCR amplified
using RNA from female adults of C. capitata and longer
164+/900- primers, introducing a T7 promoter sequence
at each extremity. In vitro transcription of Cctra dsSRNA
was performed using the Ambion MEGAscript® RNAi
kit T7 RNA polymerase, following manufacturer instruc-
tions. Embryonic RNAi (0.5 pg/uL. dsRNA solution) was
used to repress Cctra in XX/XY embryos and to produce
male only progeny. Single males from this progeny were
crossed with three females in small cages and the crosses
having XX males were identify by Y-specific PCR (Y-spe-
cific primers) [8] on a small sample of laid embryos.

dCas9 encoding plasmid and injections

Plasmid expressing dCas9 under the control of the Dros-
ophila melanogaster actin promoter was kindly provided
to GS by Lenny Rabinow (Perrimon’s lab, Harvard, USA)
[23]. A mix containing 1 pg/pL of pAct-dCas9 plasmid
and 1pg/pL of sgtraExl transcribed in vitro into the
posterior end of embryos. We used 5 times higher con-
centration of sgRNA because we expected that these
small RNA molecules being not pre-assembled with
Cas9 before injections, could have been more exposed to
degradation.

RNA extraction and RT-PCR

Total RNA was extracted from pools of embryos, in-
tersexes, male and female adults using TRIzol® Re-
agent (Invitrogen®) following manufacturer
instructions. Oligo-dT-primed cDNA was prepared
from DNAse-treated total RNA using EuroScript” m-
MLV reverse transcriptase (Euroclone®). RT-PCR ex-
pression analysis was performed with the following
primers: Cctra 164+/320-, CcSOD+/CcSOD- and
CcMoY A+/CcMoY A- (Additional file 4). For XX
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malformed females obtained from XX only embryos
with dCas9 and sgtraExl Cctra RT-PCR was per-
formed using Cctra 164+/900- primers pair, annealing
on the same exon as Cctra 320- primer (Additional
file 4). Gel electrophoresis diagnostic amplicon run
was performed using Marker III (Lambda genomic
DNA digested with EcoRI/HindIII) or 100bp ladder
from Thermo Scientific®.

DNA extraction and molecular analysis

DNA extraction was performed, with minor modifica-
tions, according to the protocol of Holmes and Bonner
et al. [29]. Adult XX female flies Gy were placed in a 1.5
ml tube and manually crushed with a pestle in 200 ml
Holmes Bonner buffer (Urea 7 M, 281 Tris-HCI 100 mM
pH 8.0, EDTA 10 mM pH 8.0, NaCl 350 mM, SDS 2%).
Subsequently, DNA was purified by phenol/chloroform
extraction, followed by chloroform extraction and etha-
nol precipitation. The pellet was resuspended in 30 pl
water containing RNase A.

cDNA and gDNA cloning and sequencing

PCR ¢DNA fragments from XX adult males were cloned
into pGEM-T Easy Promega® vector according manufac-
turer instruction. PCR colony screening was carried out
using 164+ and 320- primers. Positive colonies were
used to extract plasmid DNA which was sequenced
using Applied Biosystem® Big Dye v 3.1. Genomic DNA
from the six Gy XX females was used as template to
amplify the region encompassing the target sites, using
the primers Cctra 164+ and Cctra 164-Rev (Additional
file 4). DreamTaq (Life Technologies) polymerase was
used for PCR amplifications according to the manufac-
turer’s instructions. The PCR products were purified
with StrataPrep PCR Purification Kit (Agilent Technolo-
gies) and subcloned using StrataClone PCR cloning Kit
(Agilent Technologies). Positive clones were sequenced
by Sanger method and ABI 310 Automated Sequencer
(Applied Biosystems) using the primer Cctra 164+ (Add-
itional file 4).

RNA extraction from injected embryos after 15 h of
development

The pools of 40 embryos injected with various mixes
(Table 1) were let develop for 15h at 25°C, 70% relative
humidity. The embryos were then detached from the
cover slip using heptane, which dissolves the glue, and
collected in a 1.5 mL tube. They were then washed three
times with 1X PBS to remove heptane before RNA ex-
traction was performed using TRIzol® Reagent (Invitro-
gen®) following manufacturer instructions. The RNA
samples were analyzed for Cctra splicing pattern by RT-
PCR using the primers Cctra 164+ and Cctra 900-
(Additional file 4).). The cDNA and genomic sequences
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were deposited at the GenBank database with the follow-
ing accession numbers: MW200161 to MW200180.
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Abstract: An undescribed 5,6-dihydropyran-2-one, namely diplopyrone C, was isolated and char-
acterized from the cultures of an isolate of the fungus Diplodia corticola recovered from Quercus
suber in Algeria. The structure and relative stereostructure of (55,65,7Z,95,10S)-5-hydroxy-6-(2-(3-
methyloxiran-2-yl)vinyl)-5,6-dihydro-2H-pyran-2-one were assigned essentially based on NMR and
MS data. Furthermore, ten known compounds were isolated and identified in the same cultures.
The most abundant product, the tetracyclic pimarane diterpene sphaeropsidin A, was tested for
insecticidal effects against the model sucking aphid, Acyrthosiphon pisum. Results showed a toxic
dose-dependent oral activity of sphaeropsidin A, with an LCs of 9.64 mM.

Keywords: fungal metabolites; botryosphaeriaceae; metabolomics; natural products; sphaeropsidins

1. Introduction

Diplodia (Dothideomycetes, Botryosphaeriaceae) is a widely diffused genus of fungi
with more than 1000 described species [1]. Over the years, these species have been reported
as pathogens or endophytes of many woody plants [1,2]. Moreover, they represent a prolific
source of bioactive products with huge structural variability and bioactivities [3-6]. In this
respect, the capacity of Diplodia spp. to have distinct habitus and interactions with plants
may be related to the release of bioactive compounds during the spread in host tissues.

Among the Diplodia species, Diplodia corticola A.J.L. Phillips, A. Alves, and J. Luque is
particularly regarded for the production of secondary metabolites [7-10]. It is frequently as-
sociated with dieback and canker diseases of oaks in many Mediterranean countries [11-13].
Among the metabolites frequently isolated from in vitro cultures of D. corticola, sphaerop-
sidin A is particularly promising for practical applications in agriculture and medicine due
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to its exciting biological properties, including antimicrobial, insecticidal, herbicidal, and
anticancer activities [14]. Besides potential applications, the documented antimicrobial and
insecticidal effects of sphaeropsidin A [15-18] are relevant for further consideration of the
ecological role of the fungus.

In this work, a strain of D. corticola isolated from Quercus suber in Algeria was investi-
gated in order to increase the available data on the secondary metabolism of this fungus,
leading to the isolation of a new 5,6-dihydropyran-2-one, namely diplopyrone C, and ten
known compounds which include sphaeropsidin A. Following documented evidence of
insecticidal properties [15,18], sphaeropsidin A was tested for aphicidal activity on the
pea aphid Acyrthosiphon pisum (Harris) (Hemiptera, Aphididae), which is a cosmopolitan
polyphagous insect and one of the primary species used as laboratory models for testing
the susceptibility of sucking insects to oral administration of insecticidal products by using
a feeding bioassay on an artificial diet.

2. Results
2.1. Secondary Metabolites from Cultures of Diplodia corticola B305

Crude extract obtained from the culture of D. corticola (strain B305), through a chro-
matographic purification process (see Section 4.3), gave a new metabolite, herein named
diplopyrone C (1, Figure 1). Its structure was determined by spectroscopic methods, essen-
tially 1D and 2D NMR, IR, and UV combined with mass spectrometry, as reported below
(Figures S1-5S8). Moreover, ten known metabolites were identified by comparison of their
proton spectra (Figures S9-518), and eventually optical rotation, with those reported in the
literature for: sphaeropsidins A and B (2 and 3, [19]), sphaeropsidin C (4) [20], (R)-mellein,
(BRA4R)- and (3R 45)-4-hydroxymelleins (5-7) [21], sapinofuranone B (8) [22], pinofuranoxin
A (9) [23], diplobifuranylone B (10) [24], and tyrosol (11) [25] (Figure 1).

Figure 1. Structures of diplopyrone C (1), sphaeropsidins A (2), B (3), and C (4), (3R)-mellein
(5), (3R,4R)-(6), and, (3R,45)-4-hydroxymelleins (7), sapinofuranone B (8), pinofuranoxin A (9),
diplobifuranylone B (10), and tyrosol (11).
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The HRESI-MS of compound 1 showed picks at m/z = 235.0395 [M + K]*, and 219.1860
[M + Na]* suggesting the molecular formula C19H1,0;, and five degrees of unsaturation.
Moreover, fragment ion at m/z = 179.0721 [M-OH]J* was evident (Figure S8).

'H and '3C NMR analysis showed signals typical of 5,6-disubstitute-5,6-dihydropyran-
2-one (Figures S1 and S2) [26] in agreement with IR and UV spectra. In fact, the 'H NMR
spectrum showed signals at 6 (J in Hz): 7.03 (dd, 9.8, 5.4), 6.17 (d, 9.8) 5.40 (dd, 7.9, 3.3),
and 4.28 (dd, 5.4, 3.3) assigned to H-4, H-3, H-6 and H-5 of 5,6-dihydropyran-2-one ring
(Table 1). The COSY spectrum (Figure S3) confirmed this hypothesis, and chemical shifts
H-3 to H-6 protons were assigned. In the '>*C NMR spectrum (Figure S2), signals at § 162.8,
122.9, 144.3, and 76.9 confirmed the presence of an «, 3-unsaturated lactone. Moreover, the
signal at 6 4.28 (H-5) correlated to the carbon at 6 63.2 in the HSQC spectrum (Figure S4),
indicating the presence of the hydroxyl group at C-5. The remaining signals observed in the
1H NMR spectrum at § (J in Hz): 5.93 (ddd, 11.7,7.9, 1.1), 5.63 (ddd, 11.7, 6.7, 1.1), 3.34 (dd,
5.2,2.1 H), 3.00 (dq, 5.2, 2.1 Hz), and 1.40 (d, 5.2) were correlated, in the HSQC spectrum, to
6127.2,132.4,55.5,56.7, and 17.5, respectively. Analysis of the HMBC spectrum (Figure S5)
showed correlations between H-6 and C-7 and C-8, and H-8 with C-9 and C-10 indicated a
3,4-oxirane-1-pentenyl side chain at C-6 (Figure 2).

Table 1. NMR data of diplopyrone C (1) in CDCl3 2.

No. 5C SH (J in Hz) HMBC
1 - -
2 162.8 -
3 122.9 6.17 (1H) br d (9.8) C-2,C-5
4 1443 7.03 (1H) dd (9.8, 5.4) C-2,C-5,C-6
5 63.2 4.28 (1H) dd (5.4, 3.3) C-3,C-4,C-6
6 76.9 5.40 (1H) dd (7.9, 3.3) C-7,C-8
7 127.2 5.93 (1H) ddd (11.7, 7.9, 1.1) Cc-9
8 1324 5.63 (1H) ddd (11.7, 6.7, 1.1) C-6,C-9,C-10
9 55.5 3.34 (1H) dd (6.7, 2.1) C-8,C-7,C-10
10 56.7 3.00 (1H) dq (5.2, 2.1) c-11
11 17.5 1.40 BH) d (5.2) C9,C-8

! The chemical shifts are in & values (ppm). 22D 1H, 'H (COSY) 13C, and 'H (HSQC) NMR experiments delineated
the correlations of all the protons and the corresponding carbons. Numbering is according to that in Figure 1.

Figure 2. Significant HMBC (A) and NOESY (B) correlations of 1.

The Z configuration of the double bond at C-7-C-8 was assigned on the basis of the
typical coupling constant (11.7 Hz) [27]. The relative configuration of compound 1 was
assigned on the basis of the NOE effects observed in the NOESY spectrum (Figure S6). The
NOE effect of H-7 with H-8 confirmed the Z configuration of the chain double bond. The
NOE effect of H-5 with H-6 and the coupling constant of 3.3 Hz indicated a cis configuration
of the hydroxyl group and the side chain of the dihydropyrone ring. The absence of
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the NOE effect between the H-9 and the H-10 and the NOE effect of the H-11 methyl
with the H-9 indicated a trans configuration of the oxirane ring (Figure 2). All spectral
data allowed to the determine the structure and relative stereostructure of compound 1
as (55,65,77,95,105)-5-hydroxy-6-(2-(3-methyloxiran-2-yl)vinyl)-5,6-dihydro-2H-pyran-2-
one, named diplopyrone C.

2.2. Oral Toxicity of Sphaeropsidin A on Acyrthosiphon pisum

Sphaeropsidin A showed an oral lethal activity on aphids at all the doses tested, and
the resulting survival rate was significantly lower compared to the control (log-rank test:
)(2 =561.1, p < 0.0001, dF = 4). The highest doses induced mortality starting from day 2.
The mortality increased over time in a dose-dependent manner, and no aphids survived
after 7 days of administration (Figure 3).

100 ‘ﬁ_'\

C
3.6 mM
7.2 mM
14.4mm
28.8 mM

Survival rate (%)
3

R L

Days

Figure 3. Sphaeropsidin A oral toxicity on A. pisum. Aphids’ survival rate was negatively affected by

sphaeropsidin A oral administration. Asterisk indicates a statistical difference to log-rank (Mantel—-
Cox) test (p < 0.0001).

The lethal concentrations of sphaeropsidin A, resulting in 10%, 50%, and 90% mortality
of the pea aphids (LCyg, LCsp, and LCyg, respectively) and 95% confidence intervals, were
determined on day 6 and showed that LCyg (95% CI) is 4.5 mM (4.12—4.93), LCsg (95%
CI) is 9.64 mM (9.23-10.06), and LCyq is 20.43 mM (18.81-21.57). The lethal activity of
sphaeropsidin A on day 6 is shown in Figure 4.
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Figure 4. The dose-dependent survival rate of aphids exposed to sphaeropsidin A. Values are reported
as mean + standard deviation (SD) of three replicates in four separate experiments and expressed as
a percentage of the control aphids.
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3. Discussion

Secondary metabolites are often used by microbes to enable unique trophic lifestyles,
overcome competition with other microbes, or cope with environmental biotic and abiotic
stress [28-31]. Hence, in this study, the production of secondary metabolites from a strain
of D. corticola was examined with reference to its possible ecological role.

The new 5,6-dihydropyran-2-one, namely diplopyrone C, and several known metabo-
lites were isolated and identified from the fungal strain under examination. This metabolite
is closely related to diplopyrone B, which was recently isolated from the same fungal species
associated with Q. suber in Sardinia (Italy) and characterized as the 5-hydroxy-6-(penta-1,3-
dienyl)-5,6-dihydro-pyran-2-one [7]. The 6-substituted derivatives of 5,6-dihydropyran-2-
ones (or 5,6-dihydro-a-pyrones) are polyketides produced by several microorganisms and
plants. Many of these products are biologically active, exhibiting phytotoxicity, cytotoxicity
against tumor cells, and antimicrobial activity [32,33].

Moreover, accurate screening of the existing literature showed that a number of
metabolites identified in this study were previously reported as products of Diplodia species.
In particular, sphaeropsidins A-C (2-4), (3R4R)- and (35,4R)-hydroxymelleins (6,7), sapino-
furanone B (8), and diplobifuranylone B (10) were already identified from cultures of
D. coriticola (Table 2).

Table 2. Secondary metabolites identified in this work and previously reported as products of

Diplodia spp.
Code Name Source Ref.
> Sphaeropsidin A D. corticola, D. sapinea, D. africana, [3,10,34-37]
D. quercivora
3 Sphaeropsidin B D. corticola, D. sapinea [10,34,37]
4 Sphaeropsidin C D. corticola, D. sapinea, [10,34,36,37]
D. quercivora
. D. africana, D. fraxini, D. mutila,
5 (R)-mellein D. seriata, D. sapinea [3:4,21,38]
6 (BR/4R)-4-hydroxymellein  D. corticola, D. africana, D. sapinea [3,10,21]
7 (354R)-4-hydroxymellein  D. corticola, D. africana, D. sapinea [3,10,21]
8 Sapinofuranone B D. corticola [10]
9 Pinofuranoxin A D. sapinea [23]
10 Diplobifuranylone B D. corticola [10]
11 Tyrosol D. fraxini, D. mutila [4,38]

(R)-Mellein, (3R,4R)- and (35,4R)-hydroxymelleins (5-7) belong to the group of 3,4-
dihydroisocoumarins, also known as melleins, which are lactonic natural products [39]
commonly produced in vitro by botryosphaeraceous fungi, such as Lasiodiplodia spp.,
Macrophomina spp., and Neofusicoccum spp. [40-42]. Furthermore, (R)-mellein is consid-
ered a vivotoxin since it was also isolated from plants inoculated with the mycelium of
Neofusicoccum parvum [43].

The high production rate of sphaeropsidin A suggests its possible involvement in the
dynamic interaction with the host plant; in this regard, the anti-insectan properties deserve
particular attention in regard to the hypothesis that this compound is also released in vivo.
In fact, a widespread anti-insectan effect is corroborated by results of previous studies
showing fagodeterrent and larvicidal activity against the mosquito Aedes aegypti (Diptera,
Culicidae) [15] and oral toxic activity against larvae of the chewing model insect Spodoptera
littoralis (Lepidoptera, Noctuidae) [18].

Here we have demonstrated the possible effects of sphaeropsidin A on sucking insects
based on a dose-dependent toxic oral activity against the model phloem sucking insect,
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A. pisum. Hence, if confirmed in planta, production of this secondary metabolite may
reduce the impact of herbivorous insects, representing an indication of defensive mutualism
established during the development of this fungus as an endophyte or latent pathogen.

Moreover, the oral toxic activity shown by sphaeropsidin A on pea aphids stimulates
further investigation of its mode of action from the perspective of its possible application
as a new pesticide that meets the growing demand for alternative products with low
environmental impact.

4. Materials and Methods
4.1. General Experimental Procedures

The optical rotations of pure metabolites were measured in CHCl3 or MeOH on a
Jasco P-1010 digital polarimeter (Tokyo, Japan). FT-IR spectra were recorded in modality
ATR (attenuated total reflectance) with model Nicolet 5700 by Thermo Electric Corporation
(Waltham, MA, USA). The measuring cell consisted of a mono crystal of zinc selenide.
The blank was recorded using air as reference. UV spectra were recorded in CH3CN by
Cary model 5000 Spectrophotometer by Varian C. (Palo Alto, CA, USA). 'H and '3C NMR
spectra were recorded on a Bruker AMX instrument at 400 and 100 MHz, respectively, in
CDCl3. The same solvents were used as internal standards. COSY-45, HSQC, HMBC, and
NOESY were performed using standard Bruker microprograms. TLC was performed on
silica gel (Kieselgel 60, Fp54, 0.25 mm, Merck, Darmstadt, Germany) or reverse-phase plates
(Whatman, KC18 Fps4, 0.20 mm). The spots were visualized by exposure to UV radiation
(253 nm) or by spraying first with 10% H;SOy in methanol followed by heating at 110 °C
for 10 min. Chromatography was performed on silica gel column (Merck, Kieselgel 60,
0.063-0.200 mm). HRESI-TOF mass spectra were measured on an Agilent Technologies
ESI-TOF 6230DA instrument in the positive ion mode (Milan, Italy).

4.2. Fungal Strain and Cultures Production

Diplodia corticola strain (B305) employed in this study was previously isolated from
Q. suber trees showing canker and dieback symptoms in Algeria. The strain was identified
and characterized as a pathogen in a previous work [11] based on the integration of
morphological features and phylogenetic analysis of the combined ITS and tefl-a sequence
data. The nucleotide sequences of D. corticola are available in GenBank database under
accession numbers MT015626 and MT066136.

Liquid cultures of the strain were prepared in Czapek-Dox broth (Oxoid, Thermo
Scientific, Waltham, MA, USA) amended with 2% cornmeal in 500 mL Erlenmeyer flasks
containing 250 mL of the substrate [44] and grown in a stationary phase in the dark at 25 °C
for 30 days.

4.3. Extraction and Purification Processes of Metabolites 1-11

The culture broth and mycelia were homogenized in a mixer with 350 mL of MeOH
(1% NaCl). Then, the suspension was centrifuged for 40 min at 7000 rpm and 10 °C. The
pellet was resuspended in 150 mL of a mixture of H,O:MeOH (45:55 v/v, 1% NaCl) and
submitted to a second homogenization followed by centrifugation. Supernatants were
collected, and MeOH was evaporated under reduced pressure to obtain an aqueous solution
for the subsequent extraction (3 times) with ethyl acetate at native pH (=6.0). The organic
phases were combined, dried with anhydrous Nay;SOy, and evaporated under reduced
pressure, yielding crude extract as brown 0il (156.7 mg). The organic extract was purified by
column chromatography (CC) on silica gel (40 cm x 1.5 cmi.d.) eluted with CHCl3 /i-PrOH
(95:5, v/v), originating 8 homogeneous fractions (A 3.7 mg, B 6.7 mg, C 43.3 mg, D 15.2 mg,
E 9.1 mg, F 15.9 mg, G 2.3 mg, H 32.4 mg), the last of which was collected by eluting with
methanol. Fraction C was purified by TLC on silica gel eluted with n-hexane/EtOAc (6:4,
v/v) to give 2 (35.4 mg, white crystalline solid, R¢ 0.59), 4 (2.0 mg white solid R¢ 0.50), and 5
(1.2 mg yellowing oil, R¢ 0.79). Fraction D was purified by TLC on silica gel eluted with
n-hexane/EtOAc (1:1, v/v) to give 3 (5.2 mg, white crystalline solid, R¢ 0.76), and a mixture
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of 6 and 7, which was separated by reversed-phase TLC using H,O-EtOH (1:1, v/v) (2.5 and
3.1 mg, white amorphous solids, R¢ 0.54 and 0.58, respectively), 9 (2.1 mg, homogeneous oil,
R¢ 0.48), and 8 (1.3 mg, yellowing oil, R¢ 0.45). Fraction F was purified by TLC on silica gel
eluted with CHCl5/i-PrOH (95:5, v/v), giving 10 (7.8 mg as colorless oil, R¢ 0.42), 11 (1.5 mg
as white amorphous solid, R¢ 0.39), and 1 (5.4 mg, yellowing amorphous solid, R¢ 0.37).

Diplopyrone C (1): yellowing amorphous solid; [a]®p +36 (c 0.24); IR Vinax: 3433,
1720, 1629, 1373, 1254, 1221 cm™!; UV Apax nm (log ¢) 203 (2.87); 'H and *C NMR
spectra: see Table 1; HR-ESIMS (+) m/z: 235.0395 [calcd. for C;oH;,KO4 235.0373, M + K],
219.1860 [caled. for C1gH1pNaOy4 219.1896, M + Nal*, 179.0721 [calcd. for C19H1103
179.0708 M-OH]*.

4.4. Insects Rearing and Oral Toxicity Bioassay

Acyrthosiphon pisum was reared on potted broad bean plants (Vicia faba) at 20 + 1 °C,
75 £ 5% RH, and under a 16:8 h light:dark photoperiod, starting with insects originally
collected from alfalfa plants in Eboli, southern Italy. In order to synchronize the aphid
population, parthenogenetic adult females were placed on plants for 6 h, resulting in
neonate nymphs with an age of 0-6 h that were used throughout the experiments.

The oral toxicity of sphaeropsidin A (2) on A. pisum was investigated using a standard
basal diet previously developed for assays of test compounds [45]. The feeding system for
the pea aphid was realized as described in [45] with minor modifications. Each experimental
unit was a feeding system with 10 aphids; four replications per treatment were realized,
each replicate consisting of three experimental units per treatment. A total of 120 aphids per
treatment were used. In each feeding system, 300 uL of artificial diet containing 1 3.6 mM,
7.2 mM, 14.4 mM, and 28.8 mM was dispensed; negative control was realized using the
artificial diet only. The experiment was carried out under the rearing conditions described
above. Briefly, on day 0, neonate nymphs were transferred to a freshly prepared diet sachet
feeding apparatus. Mortality was recorded daily for one week, and dead nymphs were
removed. The artificial diet was replaced every two days. The lethal concentrations of 1
resulting in 10%, 50%, and 90% aphid mortality (defined as LCyp, LCsp, and LCqg) and the
corresponding 95% confidence intervals were determined.

4.5. Statistical Analysis

Aphid survival curves were compared using Kaplan-Meier and log-rank analysis.
The results obtained were analyzed using non-linear sigmoid curve fitting, and the activity
of each treatment was evaluated on day 6 on the basis of dose-response concentrations;
the goodness of fit to the curve model was evaluated on the basis of R? values. Data were
analyzed using Prism 6 (GraphPad Software Inc. version 6.0b, San Diego, CA, USA).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules27072327/s1, Figure S1: TH NMR spectrum of diplopy-
rone C (1) recorded in CDClj at 400 MHz; Figure S2: 13C NMR spectrum of diplopyrone (1) recorded
in CDCl3 at 100 MHz; Figure S3: 'H,'H COSY spectrum of diplopyrone C (1) recorded in CDCl; at
400 MHz; Figure S4: HSQC spectrum of diplopyrone C (1) recorded in CDCl3 at 400 MHz; Figure S5:
HMBC spectrum of diplopyrone C (1) recorded in CDCl3 at 400 MHz; Figure S6: NOESY spectrum
of diplopyrone C (1) recorded in CDCl3 at 400 MHz; Figure S7: IR spectrum of diplopyrone C (1);
Figure S8: HRESI MS spectrum of diplopyrone C (1) recorded in positive mode; Figure S9: TH NMR
spectrum of sphaeropsidin A (2) recorded in CDCl;3 at 400 MHz; Figure S10: 'H NMR spectrum of
sphaeropsidin B (3) recorded in CDCl3 at 400 MHz; Figure S11: IH NMR spectrum of sphaeropsidin
C (4) recorded in CDCl; at 400 MHz; Figure S12: IH NMR spectrum of (3R)-mellein (5) recorded
at 400 MHz in CDCI3; Figure S13: 'H NMR spectrum of (3R,4R)-4-hydroxymellein (6) recorded
at 400 MHz in CDCls; Figure S14: 'H NMR spectrum of (3R,4S)-4-hydroxymellein (7) recorded
at 400 MHz in CDCl3; Figure S15: 'H NMR spectrum sapinofuranone B (8) recorded at 400 MHz
in CDCl3; Figure S16: 'H NMR spectrum of pinofuranoxin A (9) recorded at 400 MHz in CDClj;
Figure S17: TH NMR spectrum of diplobifuranylone B (10) recorded at 400 MHz in CDCl3; Figure S18:
I'H NMR spectrum tyrosol (11) recorded at 400 MHz in CDCls.
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Abstract: Sphaeropsidin A (SphA) is a pimarane diterpene produced by several fungi associated
with plants. Following previous evidence of insecticidal properties of SphA, we investigated its
contact and oral toxicity against the model chewing lepidopteran Spodoptera littoralis. The compound
showed no lethal effect when directly sprayed on larvae, while it produced an evident oral toxic
effect, associated with sublethal effects. These results demonstrated that SphA might play a defensive
role against lepidopteran insects in plants harboring the producing fungus, depending on the extent
at which the endophytic strains are able to perform biosynthesis of this and eventually other bioactive
metabolites in vivo.

Keywords: endophytic fungi; secondary metabolites; oral toxicity; lepidopteran pests

1. Introduction

Microbiome associated to plants is more and more regarded as a basic factor regulating
their fitness, with reference to the effects of the mutual interactions among and between the
holobiont constituents [1-3]. In most instances, symbiotic relationships between fungi and
plants are considered with reference to the opposite categories of ‘antagonists” and ‘mutu-
alists’; nevertheless, in the absence of indications enabling their circumstantial ascription
to one or the other, endophytic fungi are often considered as neutral [4]. Studies on host
genotype versus symbiotic lifestyle expression revealed that individual isolates of some
fungal species could span the symbiotic continuum by expressing either mutualistic or
pathogenic lifestyles in different host plants [5,6]. In recent years, the increasing evidence
that many fungal pathogens are able to spread endophytically in unrelated plant species
has introduced the perspective that they can actually shift between these categories de-
pending on a series of ecological factors [7]. Indeed, recent papers have reported how fungi
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colonizing plants can either directly or indirectly interfere with arthropod development [8],
particularly, in the case of fungi producing bioactive secondary metabolites, this adaptation
could be related to the toxic or phagodeterrent effects on pests possibly induced by these
products [9,10].

The secondary metabolites are not essential for the primary metabolic processes but
modulate the microorganism interactions with the surrounding environment [11], underline
survival functions by modulating competition, parasitism or symbiosis [12]. These natural
compounds also exhibit several biological activities, which may offer potential applications
in medicine [13,14] and in agriculture as natural biopesticides [15,16].

Mainly described as a secondary metabolite of Diplodia species (Dothideomycetes,
Botryosphaeriaceae) [17,18], sphaeropsidin A (SphA, Figure 1) is a pimarane diterpene
which was previously reported with the number LL-5491§3 as a product of a strain of
Aspergillus chevalieri [19]. However, it is produced also by other fungi which are associated
as endophytes with plants [20-26]. This compound has displayed larvicidal and phagode-
terrent effects against the yellow fever mosquito (Aedes aegypti) (Diptera: Culicidae) [27].
Here we have further explored the spectrum of activity of this compound focusing on a
herbivore insect, the lepidopteran Spodoptera littoralis.

Figure 1. Structure of sphaeropsidin A (SphA).

2. Materials and Methods
2.1. Fungal Strain and Culturing

Diplodia corticola strain (B305) used in this study was previously isolated from Quercus
suber trees showing canker and dieback symptoms in Algeria. The strain has been identified
and characterized, using morphological characters and phylogenetic analysis of molecular
data [28]. The nucleotide sequences of B305 are available in GenBank database, under
accession numbers MT015626 and MT066136. Liquid cultures of the strain were prepared
in Czapek-Dox broth (Oxoid) amended with 2% corn meal in 500 mL Erlenmayer flasks
containing 250 mL of the substrate [29] and grown on stationary phase in the dark at 25 °C
for 30 days.

2.2. Isolation of SphA from Crude Extract

The culture broth and mycelia were homogenised in a mixer with 350 mL of MeOH
(1% NaCl). Subsequently, the suspension was centrifuged for 40 min at 7000 rpm and
10 °C. The pellet was resuspended in 150 mL of a mixture HyO:MeOH (9:11 v/v, 1% NaCl)
and submitted to a second homogenization followed by centrifugation. Supernatants
were collected and MeOH was evaporated under reduced pressure obtaining an aqueous
solution for the subsequent extraction (3 times) with ethyl acetate at native pH (=6.0).
The organic phases were combined, dried with anhydrous Na;SO,4 and evaporated under
reduced pressure yielding crude extract as brown oil (156.7 mg). The organic extract was
purified by column chromatography (CC) on silica gel (40 cm x 1.5 cm i.d.) eluted with
CHCl3/i-PrOH (19:1, v/v), originating 8 homogeneous fractions (A: 3.7 mg, B: 6.7 mg, C:
40.3 mg, D: 15.2 mg, E: 9.1 mg, F: 15.9 mg, G: 2.3 mg, H: 32.4 mg), the last of which was
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collected by eluting with methanol. Fraction C was purified by TLC on silica gel eluted
with n-hexane/EtOAc (6:4, v/v) to obtain SphA (35.4 mg, white crystalline solid, R¢ 0.70, in
the same chromatographic conditions).

2.3. General Experimental Procedures

Optical rotation of SphA measured in MeOH on a Jasco polarimeter (Tokyo, Japan).
'H NMR spectrum was recorded at 400 MHz in deuterated chloroform (CDCl3) on Bruker
(Karlsruhe, Germany) spectrometer and the same solvent was used as internal standards.
Thin Layer Chromatography were performed on silica gel plates (Kieselgel 60, F254, 0.25
Merck, Darmstadt, Germany). The spots were visualized by exposure to UV radiation
(253 nm), or by spraying first with 10% H,SO, in methanol followed by heating at 110 °C
for 10 min. Chromatography was performed on silica gel column (Merck, Kieselgel 60,
0.063-0.200 mm).

2.4. Bioassays on Spodoptera littoralis

Larvae of S. littoralis (Lepidoptera, Noctuidae) were reared on artificial diet at 25 &= 1 °C
and 70 £ 5% RH, with 16:8 h light-dark period as previously described [30] and used in
two different bioassays hereafter described.

2.4.1. Topical Application

Newborn larvae were allowed to grow on the artificial diet until they molted in 2nd
and in 5th instar. The 2nd instar larvae were collected and tested in 4 replicates of 25 larvae
each (n = 100), while 5th instar larvae (n = 16) were singly treated as described below. The
larvae were kept on sterile filter paper in Petri dishes and were directly sprayed with a
water/ethanol 50% (v/v) solution containing SphA at the concentration of 0.4 ug/ cm?,
using a fine perfume atomizer. Control larvae were identically treated with a water/ethanol
50% (v/v) solution (Cgiop) and with water alone (Cyyater). After treatment, the experimental
larvae were kept, with a piece of diet (1 cm?), in 4-well plastic rearing trays (RT32W, Frontier
Agricultural Sciences, Pitman, NJ, USA) closed by perforated plastic lids (RTCV4, Frontier
Agricultural Sciences). Larval mortality was daily recorded for six days for 2nd instar
larvae and until pupation for 5th instar larvae. All bioassays were carried out in duplicate,
under the same rearing conditions reported above.

2.4.2. Oral Administration

Newly molted 5th instar larvae, obtained as described above, were anesthetized on
ice and 2 puL of a water/ethanol 50% (v/v) solution, containing SphA at the concentration
of 0.02 ug/uL, were poured into the foregut lumen of the larvae by means of a Hamilton
Microliter syringe (1701RNR 10 1, gauge 26 s, length 55 mm, needle 3). Control larvae
were treated as described above. The treatment was repeated for 3 consecutive days, for a
total amount of 0.12 pg/larvae of SphA. After treatment, larvae were singly isolated in the
bioassay tray as described above. Larval development and larval mortality were recorded
until pupation: larval weight, pupal weight and the adults’ fertility were also recorded. The
bioassays were carried out in duplicate, under the same rearing conditions reported above.

2.5. Statistical Analysis

Differences in larval weights were analyzed by One-Way ANOVA followed by the
Tukey-Kramer Honestly Significant Difference (HSD) multiple range test (p < 0.05). Dif-
ferences in survival rate were compared by using Kaplan-Meier and long-rank analysis.
Data were analyzed using GraphPad Prism version 6.01 (GraphPad software; San Diego,
CA, USA).

3. Results and Discussion

SphA (Figure 1) used in this study was obtained as white crystals (35.4 mg) from
culture of D. corticola B305. In particular, the organic extract was subjected to a chromato-
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graphic purification process as described in detail in Section 2.2. This compound was
identified on the basis of spectroscopic (‘{H NMR) and optical rotation data previously
determined [13].

Topical application of SphA did not affect the survival rate of both 2nd (Log-Rank
test: p = 0.9437) (Figure 2A) and 5th instar larvae (100% survival) (Figure 2B). These latter
achieved the same weight before pupation (One Way ANOVA. p = 0.7536) (Figure 2C) and
when they attained the pupal stage (One Way ANOVA: p = 0.6772) (Figure 2D).
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Figure 2. Effect of SphA topical application on S. littoralis larvae. SphA sprayed at the concentration
of 0.4 pug/ cm? on S. littoralis larvae did not affect the survival rate of 2nd instar (A) (Log-Rank test:
x% =0.1159, p = 0.9437, dF = 2) and 5th instar larvae (B), as well as the larval weight before pupation
(C) (One Way ANOVA: F(, 93y = 0.2838, p = 0.7536) and the pupal weight (D) (One Way ANOVA:
F(, 93) = 0.3914, p = 0.6772). Values are reported as means =+ SE.

Experimental larvae orally treated with SphA showed a very strong reduction of
the survival rate, which was significantly lower compared to controls (Log-Rank test:
p <0.0001) (Figure 3A). The larval mortality started from the last administration of SphA
(day 3) and increased over the time until pupation (Figure 3A) with a recorded pupal
survival rate of about 67% (for the controls 100%). A significant difference was recorded
also for the larval weight before pupation (One Way ANOVA: p < 0.0001) (Figure 3B).
SphA-treated larvae also showed a modified bodily appearance, and they were smaller
than controls (Figure 4). Moreover, despite no alteration of the development time was
observed, the pupal weight of the SphA-treated larvae resulted lower than controls (One
Way ANOVA: p < 0.0001) (Figure 3C). All the adults obtained survived, without differences
in their longevity, and no differences in their fecundity was observed (One Way ANOVA:
p = 0.8695) (Figure 3D).
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Figure 3. Effect of SphA oral administration 5th instar S. litforalis larvae. Orally treated larvae
showed a strong reduction of the survival rate compared to controls, decreasing from day three to
pupation. (A) (Log-Rank test: x2 = 53.66, p < 0.0001, dF = 2). A significant reduction of the larval
weight before pupation (B) (One Way ANOVA: F(; 71y = 22.14, p < 0.0001) and of the pupal weight
(C) (One Way ANOVA: F(p 71y = 21.41, p < 0.0001) was also observed. No differences were observed
in the fecundity of adults obtained from SphA-treated larvae compared with controls (D) (One Way
ANOVA: Fy, 51y = 0.1408, p = 0.8695 Asterisk indicate significant differences in the survival curves
(Log-Rank test, p < 0.0001)). The values in the histograms are means + SE. Different letters indicate a
statistical difference (One Way ANOVA, p < 0.0001).

Cuwater Ceton SphA 0.12 pg/larva

&,

Figure 4. Alteration of S. littoralis larval development following oral administration of SphA. Larvae
treated with SphA for three days showed a clear reduction of vitality and body size (C) No difference
in the larval head capsule size indicates that all the larvae are in the same instar. compared to control
larvae treated with water (A) or EtOH 50% (B). Scale bar, 0.5 cm.

Taken together our results indicate that although SphA has no lethal contact activity
against S. littoralis larvae it showed clear lethal and sublethal effects after ingestion in 5th
instar larvae, unequivocally indicating the oral direct toxicity of SphA. Further investi-
gations are needed to better define the insecticidal role of SphA against chewing insects.
In case its production by endophytic fungi is demonstrated in planta, SphA might be
considered to play a role in the modulation of insect-plant interactions, which is worth
of further research efforts aiming to elucidate its mechanism of action and functional role
under in vivo conditions.
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