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Abstract

Coping with adverse environmental conditions is ohehe most crucial challenges for all
living beings. The coupling between external cued hormonal signaling is key to allow
survivorship of individuals and insects in partemuhave been intensively studied to better
understand this connection. Although the hormormatade that promotes insect development
and reproduction is well known (insulin signalinguvenile hormone — 20-Ecdysone), how
this neuroendocrine axis is modulated by envirortalestimuli remains still largely elusive.
To deepen the molecular features of 11S-JH-20E eegsilation, we focused our attention on
one of the best examples of physiological strategigggered by environmental stimuli,
diapause. Diapause is an inducible developmentastamhich characterizes the life cycle of
several species, fror@aenorhabditis elegan®® mammals. We have investigated in detail
how adverse environmental signals are transducdedcuoiarly to impair the [1S-JH-20E axis
in the model organisnDrosophila melanogasterTwo fundamental aspects need to be
clarified: the regulation of neural insulin signaling (118yd the role of dopamine in insect
dormancy. IS down-regulation is necessary to edigpausan several speciesand in the
fruit fly we know at least some of the moleculeatthegulate negatively brain insulin-like
peptides (DILPs) expression/release (i.e. serotamith GABA). First we demonstrated the
key role of serotonin in modulating IS under diape-promoting conditions. The over-
stimulation of serotonergic neurons leads to ane@e in diapause levels, while the knock-
down of the 5HT-1A serotonin receptor in the instygroducing cells (IPCs) dramatically
decreases diapause levels. Moreover, it is wellWknthat GABAergic signaling inhibits
neural IIS in Drosophila according to the feedingtes (sensed by fat bodies, FB).
Furthermore, a role for FB metabolism as a straagalise modulator has been proposed in
the cotton bollworm,Helicoverpa armigera For this reason, we down-regulat&BR
(metabotropic GABA receptor) on the IPCs, observorgy slight phenotypic changes,
whereas, the over-expressionldhd2 (a molecule secreted from the FB which inhibits th
[IS-suppressing GABA release, therefore promotirigH3 release) in the FB provided no
effects on diapause levels.

Even dopamine seems to play an evolutionary coedemgulatory role in insect dormancy.
We confirmed its relevance as a diapause-promdéomr, and extended its regulatory role
also to reproductive/adult dormancy. Subsequently,impaired Protein Kinase A (PKA)
activity (increased also by dopamine via Dopamimedptor 1, DopR1) within theorpus
allatum (CA, the neurohemal gland that synthesizes JH) taedFB, and we observed a
marked drop in diapause levels. A convergent rega#t obtained down-regulatim@ppR1in
these tissues. This could represent the first tieeacdence about a mechanism by which
dopamine can modulate insect dormancy.

In conclusion, we propose a double regulation & tI5-JH-20E axis induced by low
temperatures, with serotonin that regulates IPCgsiplogy, whereas dopamine acts on
downstream key metabolic organs such as the CAtlamd=B to regulate JH release and
impair vitellogenesis, respectively. Our resultedmew light on the regulation of key
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neuroendocrine pathways fgrowth and developmenand suggest how organisms couple
environmental conditions with inner hormonal phyiyy.



Abstract italiano

Sopravvivere a drastici cambiamenti climatici ragg@nta una delle sfide principali per gli
esseri viventi. Gli insetti non solo forniscono ge straordinari di adattamenti morfologici e
fisiologici a climi sfavorevoli, ma sono anche naoktudiati per comprendere quali sono i
meccanismi molecolari responsabili di questi adadtati. Negli insetti, i principali processi
ormonali che promuovono lo sviluppo e la riprodmecsono ben noti e comprendono tre
attori principali, il segnale insulinico (1IS), Foone giovanile (JH) e lidrossi-ecdisone
(20E). Nonostante questo importante asse neurogndddS-JH-20E) sia ben studiato, poco
si conosce riguardo i meccanismi molecolari chedwaono le informazioni ambientali ai
componenti fondamentali del sistema endocrino, Haodlone lattivita regolatoria. Per
questo abbiamo rivolto la nostra attenzione ad degli esempi piu interessanti di strategie
fisiologiche evocate dagli stimoli esterni, la diapa, un arresto dello sviluppo inducibile che
rappresenta un evento estremamente diffuso neloragmmale. Al fine di comprendere
appieno guesto fenomeno, due sono gli aspettiipaiiche rimangono ancora da chiarire, la
regolazione delle cellule neurosecretrici (IPCpomsabili del rilascio degli “insulin-like
peptides” (DILPs) ed il ruolo della dopamina nebgolazione della diapausa negli insetti. La
riduzione dei livelli di IS € un requisito necessan molte specie per entrare in dormienza, e
in Drosophila si conoscono almeno alcune delle oude responsabili dell’inibizione
dell'espressione e/o del rilascio dei DILPs (adngse serotonina e GABA), ed e sui
potenziali effetti sulla diapausa di queste viesdgnalazione che abbiamo focalizzato la
nostra attenzione. La stimolazione dei neuronitsegrgici, indotta geneticamente, induce un
aumento dei livelli di diapausa, mentre al contrala riduzione dell’espressione del recettore
per la serotonin@HT-1Anelle IPCs provoca un abbassamento delle perdediudiapausa.

E’ stato dimostrato che il GABA ¢ in grado di inmiiil rilascio dei DILPs a seconda dello
stato nutrizionale dell’individuo, ed inoltre, easi suggerito che i corpi grassi (strutture che
svolgono un ruolo chiave nell’accoppiare lo statdrizionale con la regolazione ormonale
dello sviluppo) siano in grado di controllare I'negso o il mantenimento dello stato di
dormienza nel lepidotterdelicoverpa armigeraAl contrario, inibendo I'espressione @BR
(recettore metabotropico del GABA) nelle IPCs, ss@vano solamente lievi variazioni
fenotipiche, mentre l'incremento dell’espressioneUgd2 (una molecola secreta dai corpi
grassi che inibisce I'azione del GABA sulle IPC®mpuovendo il rilascio dei DILPS) nei
corpi grassi non ha prodotto alcun effetto suillivéi diapausa. Negli insetti, la dopamina
sembra conservare un ruolo cruciale nella regat@zdella dormienza. Abbiamo confermato
la sua importanza come fattore che promuove laadisgy, estendendone ['attivita regolativa
anche alla diapausa riproduttiva. Successivamabtdamo compromesso l'attivita del PKA
signaling (innescato anche dal dopamine ReceptoDdpR1) nel corpus allatum (la
ghiandola neuroemale che sintetizza JH) o nei cagmaissi, riscontrando un drastico
abbassamento delle percentuali di diapausa. Quissiitati sono stati successivamente
riprodotti anche riducendo l'espressione RIbpR1 negli stessi tessuti, fornendo le prime
evidenze riguardo un meccanismo mediante il g@atiopamina pud modulare la dormienza
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negli insetti. In conclusione, proponiamo un moalé cui una doppia regolazione dell'asse
neuroendocrino 11IS-JH-20E e innescata dalle bassepdrature, con la serotonina
responsabile della modulazione di IIS, mentre lpadioina agisce su altri organi chiave come
il corpus allatumed i corpi grassi per regolare rispettivamentelalscio di JH e ridurre la

vitellogenesi. | nostri risultati forniscono un d¢obuto alla comprensione degli aspetti
regolativi dei meccanismi neuroendocrini fondamierpar la crescita, lo sviluppo e la

riproduzione, e suggeriscono alcune modalita cayubdi gli insetti accoppiano la percezione

delle condizioni ambientali con la loro fisiologdamonale.
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1. Introduction

1.1 Diapause

Diapause is an actively-induced developmental a(ceegmancy) that characterizes the life-
cycle of several organisms froth elegango mammals. This phenomenon can be facultative
or obligate and the dormant stages are speciedispéococcurs to prevent a developmental
transition according to environmental cues perakidaring earlier developmental stages,
which signal to individuals whether an adverse @ealscondition is coming (Saundegsal,,
2002). In several species, diapause is elicitecprevent desiccation (for instance, the
aestivation ofAntheraea yamampi(Suzukiet al, 1990), starvationd. elegans (Wadsworth
and Riddle, 1989) or to face hypoxia (killifish) (s, 1952; Wourms, 1972), but especially
in insects, this phenomenon is mainly an overwingestrategy. In the latter case, diapause
relies on the perception of reliable cues suchhast photoperiods and low temperatures,
typical features of autumn/early winter. Diapausset, diapause termination, as well as the
competence of the specific stage that will entapduse and will overwinter, require
genetically encoded mechanisms (Tauddeal, 1986), which can be different among species,
although, as we will see, they comprise common lboahsignaling pathways. Diapause is
not merely a block in development, but rather a glem physiological strategy considered a
distinct life-history stage, which also increasesvival potential as well as hibernation
potential (promoting the synthesis of cryoprotetdaree Kostatt al, 2011; Liet al, 2014;
Guz et al, 2014), regulates energy storage consumptionyoves stress resistance, and
reduces metabolic rate (see Hahn and Denlinger7;2Z80@1). Metabolic suppression during
diapause varies among insects according to thasmtrcharacteristics of the dormant stage: a
little suppression of metabolic rate affects migrdrapausing individuals of the monarch
butterfly (Chaplin and Wells, 1982), while in immigbpupal diapauses, even a 90% shut-
down can be reached (Denlingsral, 1972). In some extreme cases (like in the Cdlora
potato beetleleptinotarsa decemlineatareduction in metabolic costs expects even the
consumption of energetically costly tissues likght muscles and the digestive tract (de Kort,
1990). Especially in those diapauses in which idials do not feed (because of the
developmental stage, if eggs or pupae undergo asapar, although diapause occurs during
stages capable of feeding, if nutrient intake ckiced or even blocked), store a proper amount
of nutritional reserves prior to diapause is key $wrvival. For instance, in the pink
bollworm, Pectinophora gossypielladiapause-destined individuals store 50% lipicerness
more if compared with non-diapausing ones as la¢dakissonet al, 1963), whereas in the
mosquito,Culex pipiensabout twice lipids and carbohydrates stores egsgmt in diapausing
females with respect to their non-diapausing caparé (Mitchell and Briegel, 1989). The
most widely used molecules to improve cryopretecpetential in insects are represented by
sorbitol and glycerol, but some species synthealge other polyols like ethylene glycol,
erythritol, mannitol, ribitol, and threitol, or sags such as trehalose and glucose (Denlinger
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and Lee, 2010). IIBombyx moriresistance to cold (also at -32°C) relies onsyrgthesis of
glycerol and sorbitol (Horiet al, 2000; Lee and Denlinger, 1991), whereas trelkapdays

an analogous role in Drosophila (MacRae, 2010)bi8drand glycerol are employed as
cryoprotective agents also in the goldenrod ggllEurosta solidaginisandin the flesh fly,
Sarcophaga crassipalpigStorey and Storey, 1986; 1990; Denlinger and L2@10).
Interestingly, in bottHyalophora cecropiaandPhilosamia cynthiaa temperature-dependent
activation under cold conditions of the glycogeroghorylase (the enzyme that allows
glycogen stores degradation, in this case to peopigcursors for glycerol synthesis) occurs
(Ziegler et al, 1979; Hayakawa and Chino, 1982). The most natidwyoexamples about
freezing tolerance and cryoprotectants role reganés drosophilid,Chymomyza costata
which enters a facultative diapause as mature thgtar larva under short days (Riihimaa and
Kimura, 1989).C. costatalarvae exhibit an outstanding freeze tolerancé ahaws them to
supercool between -15°C and -25°C but also to geraifter immersion for 1 h in liquid
nitrogen (-196°C) (Mooret al, 1997). Falling in diapause has been demonstrieloe
fundamental to ensure high levels of survival tpid nitrogen (an ability enhanced by cold
acclimation), and a metabolites screening idemtipeoline as a potential key cryoprotectant.
During diapause transition and/or cold acclimatitwe, concentration of this amino acid raises
from 20 to 147 mM, and increasing its levels bydiag larvae with a proline-enriched diet
improves their freeze tolerance (Kostalal, 2011). It has been suggested that high levels of
proline, coupled with freeze dehydration, detern@neater glass-like transition, giving rise to
a physical state which helps to avoid cryoinjurycbnclusion, it seems to be present a direct
correlation between proline content (either natoradrtificial) and survival to adult stage for
diapausing larvae o€. costata Enhanced cold tolerance can be achieved alsaughro
modifications of biophysical properties of lipide several tissues induced by diapause
developmental program. I@strinia nubialis fat bodies fatty acids in diapausing and non-
diapausing individuals (larvae) show different teas, and in general, in the first a higher
level of unsaturation (a crucial characteristiertaintain membrane properties and to allow an
effective lipid metabolism) occurs (VukaSinéwt al, 2013). A similar change occurs also in
C. costatato enhance freeze-tolerance: changes in phosptislgumposition has been found
in fat bodies and muscles cells of larvae in respao chilling (5°C) and diapause entry, as
well as a concomitant decrease in the proportiosatiirated fatty acids (Kosted al, 2003).
Thus, holometabolous insects provide the vast ntgjof diapause examples and, for this
reason, we will focus our attention especially lo@n. In this taxon, all developmental stages
can be exploited to overwinter, egg/embryo, lapapa or adult/imago, and below some
examples are reported.

1.1.1 EMBRYONIC DIAPAUSE

Embryonic diapauses can be divided into two suljggpdepending on whether individuals
undergo diapause as early embryos or as pharateirfgtar larvae (“hatch-ready” larvae)
(Schiesari and O’Connor, 2013). In spite of thistidction, all of these dormancies rely on
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ecdysone signaling modulation, even if the directad the effects varies according to the
developmental stage in which diapause occurs (Sasatal, 2002; Denlingeet al, 2012).

In the latter phenomenon, in the studied specby/sone promotes the developmental arrest,
as described foLymantria dispay Thymelicus lineolaand A. yamamai(Denlinger and Lee,
1997; McNeil and Fields, 1985; Suzwial, 1990). Dormant individuals of the gypsy moth,
L. dispar terminate diapause solely after exposition to ¢béd, a stimulus necessary to
reactivate growth (Schiesari and O’Connor, 2013jghHlevels of ecdysone induce and
maintain diapause state in this species: ecdyseaarient prevents chilled/activated embryos
to terminate diapause also if they were exposeamptional conditions; on the other hand, the
injection of an ecdysone antagonist impedes indasl to fall in dormancy (Lee and
Denlinger, 1996; Denlinger and Lee, 1997). An yamamai prolonged ecdysone pulses
trigger diapause entry, while the shut-down ofsignaling, as well as head-thorax excision
from diapausing embryos, leads to precocious ne@in of development (Suzuldt al,
1990). On the contrary, whereas in these specegmdse induction and maintenance is based
on a general increase of ecdysone titers, in odhdsryonic dormancies, where an earlier
arrest occurs (mid-embryonic development), diapandection is caused by the impedance
of the ecdysone pulse at this stage (SchiesariG@dnnor, 2013). The most documented
example about this phenomenon concerns the silk,/Boimbyx moriin nature, females that
developed as embryos and larvae under long daysvand temperatures eclose in autumn
and will lay melanized diapausing eggs (Schiesadi @ Connor, 2013). Also in this type of
developmental arrest, a genetically defined pemothe cold (2-3 months at 5°C) is needed
for the termination of dormancy (Hore al., 2000); this process depends on the restoration
of ecdysone signaling, which relies solely on tbioa of the enzyme ecdysteroid-phosphate-
phosphatase (EPPase) in transforming the resefvemaive ecdysone-phosphate into its
active form (Fujiwaraet al, 2006). The activation of the EPPase is promdigdERK
signaling, a pathway responsible also for the atitm of another key enzyme for Bombyx
diapause termination, sorbitol dehydrogenase-2tdwa al, 2005). This enzyme converts
sorbitol (a cryoprotectant factor that is accumedain diapause-destined eggs) into glycogen,
which will provide the energy pool for developmémieogression. Sorbitol does not act only
as a cryoprotectant, but it appears also to coveegalatory role, given that diapause
induction can be elicited by the application ofsthmolecule, whereas its absence from
dormant embryos causes their precocious develominesgctivation (Horiest al, 2000). In
1951, Fukuda noted that the removal of the subdesggal ganglion (SOG) from pupae,
exposed during their development to diapause-prnmgnabnditions, inhibited future females
to lay dormant eggs, while the transplant of SCé@nfidiapause-conditioned pupae into non-
diapause-conditioned pupae induced the lattersytdibpausing eggs (Hasegawa, 1951). This
suggests the possible existence of a SOG-releas@ar fwhich action stimulates diapause
induction. In subsequent decades, this key acterdeen characterized and identified as
diapause hormone (DH), a peptide that, produceflitoye females pupae, destines embryos
to diapause (Nakagakt al, 1991; Sateet al, 1994; Shiomet al, 2007). Once released in
the haemolymph, DH binds to the DH receptor locabeddeveloping eggs, increasing
cryoprotectant leves (sorbitol and glycerol) (Hometaal, 2006; Horieet al, 2000), and
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promoting thus diapause entry. The understandinth@fmolecular mechanism linking the
perception of environmental (thermal) stimuli arediroendocrine actors modulating diapause
has been recently fueled thanks to the discoverith®B. mori the thermosensitive transient
receptor potential TRPAL affects diapause inductionthe silk moth, diapause can be
elicited in laboratory conditions also exposing £¢m 25°C in DD (but no diapause has been
observed at 15°C in DD) (Watanabe, 1924), undeglyire strong thermosensitive feature of
this response. The authors recorded the activaicdBmTRPAL under temperatures above
~21°C and surprisingly, the injection of dsSRNA BinTRPAlwithin embryos incubated at
25°C induces them to lay non-diapausing eggs ondelt afemales. Moreover,

MACROPTERUS
PUPA

BRACHYPTERUS

MACROPTERUS MORPH BRACH YPTERUS MORPH

! o
.\' \Qo '©
@9 95 00©0%9g"
DEVELOPING EMBRYOS DIAPAUSING EMBRYOS

N NG INCREAS DARKER / GIANT
sommoa. GLYCGROI. SHELL TICKNESS

Figure 1. Normal and diapause-destined developmen®inthyellinawith the associated seasonal
stage-specific morphs. DH=Diapause hormone, T=tangmns (from Schiesari and O’Connor, 2013).

immunohistochemical evidences demonstrated thatetfext of the down-regulation via
RNAI of BmTRPAlaffects DH release during pupal-adult developn{&atoet al, 2014).
Interestingly, DH seems also involved in regulatBgmbyx wing diphenism as well as
energetic demands; indeed, DH injection in non-aigng pupae leads to autumnal (with
darker wings) or intermediate morphs (Yamanakal, 2000), whereas its up-regulation
prolongs feeding period in diapause-programmedaaifXuet al, 1995). Another example
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of DH modulation of dormancy regards the tussockhmOrgyia thiellina This species is
characterized by a seasonal polyphenism, with aediMacropteres(summer morph) that
eclosed from pale pupae when larvae are reared lomg days; on the contrary, under short
days, from dark pupae a short wings autumnal moghled Brachyptereswill hatch. While
the first morph lays developing embryos, the seaomeldeposits darker and heavier eggs in a
dormant state (Kimura and Masaki, 1977) (Fig. 1s0An this species, diapause is induced
transgenerationally as a maternal effect, and ialgshis case by DH: the injection of DH in
Macropteres pupae gives rise to females which will lay diapagseggs, whereas
Brachypteregpupae injected with a DH antagonist will lay depghg embryos after eclosion
(Ueharaet al, 2011). The examples reported, although with teognized differences,
underline common pathways and actors involved ibrgonic diapauses from several insect
species. Recently, new pathways which regulate k& hormones for insect development
and diapause have been identifiedBinmori Short Neuropeptide F (SNPF), a neuropeptide
that promotes Insulin-like peptides (DILPs) expr@ssn Drosophila (Leeet al, 2008), has
been identified as a negative regulator of JH. sEf#fthesized by theorpus cardiunseems

to be involved in a fine-tuned stage-specific aatasfic action on JH production, and its
expression is increased counter-intuitively bytati@pin (Kaneko and Hiruma, 2014). On the
contrary, ecdysone synthesis has been demonstateel promoted by Pigment Dispersing
Factor (PDF), a neuropeptide which represents goubwf the circadian clock (Pask al,
2000). The authors suggested that PDF could agfabysone signaling through a translational
and/or post-translational regulation, activating thboProtein Kinase A (PKA) and
phosphatidylinositol 3-kinase/Target of Rapamydt3K/TOR) signaling pathways (Iget
al., 2014).

1.1.2 LARVAL DIAPAUSE

Some insects can overcome an unfavourable seagwitingla diapause phenomenon as
larvae, an event that will block development prewenpupation and metamorphosis, and
maintaining individuals in larval stages. Giventthah levels of JH characterize insect larval
life, and only a drop in its titers allows ecdysopelse to initiate metamorphosis, it is
plausible to expect an involvement of a prolongddadtion or a failure of ecdysone signaling
in triggering larval diapause, and in fact, bothchreisms are employed. An example of
larval diapause is represented by the pyrdiditraea grandiosellaDiapause entry in this
moth is accompanied by a modification in the bodlpuar pattern after the last larval instar,
when the normal “spotted” morph (with direct/norrdalvelopment) molts into an immaculate
(diapausing) one (Schiesari and O’Connor, 2013)high the latter morph maintains its
size during subsequent possible extra “stationarglts, its physiology dramatically changes,
suppressing feeding, lowering respiration and imimg dehydration, lipid storage and cold
resistance (Chippendale, 1977; 1984). As in mahgraspecies which show larval diapause,
also inD. grandiosellathe block of development occurs via JH action,ahilike during
normal/direct development, prevents ecdysone sigmpalrom triggering metamorphosis,
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promoting larval-larval molts; instead, normal depenental progression in immaculate
larvae is allowed just after the drop in JH lev@igy. 2). Indeed, ecdysone injection into
immaculate/diapausing larvae stimulates solelyiastaty molts (immaculate-immaculate)
and not metamorphosis, because of JH activity, @ed®erJH application on “spotted”/non-
diapausing individuals elicits the comparison ofe timmaculate/dormant morph.
(Chippendale, 1977; 1984; Yin and Chippendale, 19834; 1979). A similar phenomenon

DIAPAUSE TRAJECTORY POST DIAPAUSE GROWTH
PROLONGED JH PULSES INDUCE DIAPAUSE JH DROP RESUMES LARVAL GROWTH
SPOTTED LARVA I arsd o+ ARAGLEATE LARMA

LAST INSTAR LARVA =7 /N )

9

. T O.I:‘-l I:". % ~ | " = |I I ‘
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a4 5/ £ 5
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Figure 2. Endocrine mechanisms underlying diapause induciimh diapause termination . grandiosella
JH=juvenile hormone, ECD=ecdysone, Ts=target orgkrfat accumulation (from Sclsari and O’Conna
2013).

of stationary molts, without an increase in siz&urs inSesamia nonagriodewith up to 12
events. Also in this noctuid, high levels of JHidgrlarval diapause impede metamorphosis,
but instead of promoting this developmental traosjtthe application of an ecdysone analog
stimulates diapausing larvae to accelerate statjamalts (Eizaguirreet al, 1998; Eizaguirre
et al, 2005). In larval dormancies which do not inclugdra molts, the loss of ecdysone
signaling rather than high levels of JH seems toelsponsible for diapause maintenance. In
Ostrinia nubialis JH injection in larvae did not elicit a developrted arrest, while injecting
ecdysone in diapausing larvae, they undergo pupdbenlingeret al, 2012; Schiesari and
O’Connor, 2013). It is interesting to note that larval diapause of both.aspeyresia
polmonellaand O. nubialis the impairment of ecdysone signaling seems talle to a
suppression in prothoracicotropic hormone (PTTHjnaling (Saunderset al, 2002;
Denlingeret al, 2012; Schiesari and O’Connor, 2013).

It is noteworthy the case of the parasitic wad@sonia vitripennis which shows a
maternally-induced larval diapause. The adult femial the sensitive stage and if short
photoperiods are perceived" 4nstar larvae of its progeny will enter diapauSaunders,
1965). Clinal differences in photoperiodic perceptihave been demonstrated to be
established in Europe. Northern populations exhabitanticipate switch-point (the time in
which females begin to give birth to diapause-aestiprogeny), higher levels of diapause
within populations and longer critical photoperio@the day-length at which diapause
response is elicited in the 50% of a population;dtauand Shimada, 2003; Waepal., 2012;
Paolucciet al, 2013).
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1.1.3 PUPAL DIAPAUSE

Although there are some evidences in other inseatd) as the flesh fIgarcophaga bullata
which pupae enter diapause if these individualseiee, as embryos of'dnstar larvae, short
photoperiods (<13,5h of light per day) (Denling&9,72), the major part of the information
related to pupal diapause comes from Lepidopteramgupal diapauses, the hallmark is
represented by the prevention of metamorphosis imp through the suppression of
ecdysone action, which peak marks the beginninghisf process (Riddiforet al, 2000;
Thummel, 2001) (see Fig. 3). In the hornworm mdlanduca sextathe perception of short
days during larval period induces a developmeniaich that will lead to dormant pupae.
Although, in spite of short photoperiods, ecdysdéesels remain unchanged during larval
development, they markedly decrease in diapaus@iddspupae, and this phenomenon
prevents the continuation of metamorphosis (Boeeal, 1984; 1985; Smitlket al, 1986;
Schiesari and O’Connor, 2013). A direct evidenceh&f prominent role of low ecdysone
levels in triggering pupal diapause has been pealith M. sextaand Pieris brassicaethe
injection of an ecdysone agonist in diapausingviddials of the first species stimulates the
termination of dormancy (Sielezniew and Cymborow4ki97), whereas the excision of the
prothoracic gland (PG, which represents the maimcgoof ecdysone during larval and pupal
development) provokes the comparison of a permattiapause in the second (Calvez, 1976;
Pullin and Bale, 1989). In insects, ecdysone swishes stimulated by PTTH-producing
neurons (Smith and Rybczynski, 2012), which liketyinect the PG with higher integrational
brain areas; thus, it is plausible to expect alolot PTTH signaling as one of the crucial
points in in pupal diapause induction (Saundral, 2002; Denlingeet al, 2012; Smith and
Rybczynski, 2012). Also in this case, evidencesehdeen extensively provided by
Lepidopterans: in botM. sextaandHelicoverpa armigeraptth expression drops in dormant
pupae (Xu and Denlinger, 2004; Wi al, 2005), while the injection of PTTH breaks their
diapause states (Shionogh al, 2003; Weiet al, 2005) as well as i\ntheraea pernyi
(Sauman and Reppert, 1996). PTTH failure could dtedoe solely to an impairment in its
synthesis or to the refractoriness of downstreargeta. InMamestra brassicaealthough
PTTH haemolypmphatic levels of diapausing pupaeewewer than those characterizing
non-diapausing ones, PTTH amount of brains aftgpapon was higher in the first,
suggesting that the block of the release of PTTtHerathan changes in its expression is
responsible for diapause onset. Interestingly, PTOEFHciency (lower haemolymphatic titers
and expression) characterizes already diapausme@stlarvae, suggesting that the
programmed fate is already established before mtmar (Mizoguchiet al, 2013). The
identity of candidate inhibitors of PTTH-releasevédeen elusive for a long time. Recently,
in the Chinese silk moti#. pernyj the presence of PTTH with the SHTRB serotonirepdar
has been detected in two pairs of neurosecretdiy ioethe brain. Moreover, the injection of
dsRNAS5HTRB in diapausing pupae elicited a precocious ternmanadf dormancy. Thus,
serotonin could shut-down PTTH production/secretibrough 5HTRB, but whether this
mechanism can regulate diapause induction/maintenam other insects remains to be
discovered (Wangt al, 2013). Many species of insects in which pupabduse has been
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investigated show a termination mechanism thatdependent from the PTTH-ecdysone one
previously mentioned. Indeed, de-brained diapaugumgae can resume metamorphosisiin
sexta P. brassicag Antheraea polyphemuand Helicoverpa zeaJudy, 1972; Wilson and
Larsen, 1974; Maslennikova, 1970; McDaniel and Bet®67; Meola and Adikisson, 1977;
Denlingeret al, 2012). The possibility that the PG can reacéivdgvelopment autonomously,
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Figure 3. Diapause termination in the lepidopter&raschnia levanaand seasonal wing colour pattern:
adults emerging from diapausing or non-diapausingpap, respectively. ImD=Imaginal wing disi
ECD=ecdysone (from Schiesari and O’Connor, 2013).

responding directly to environmental stimuli, haseb suggested (Saundess al, 2002;
Denlingeret al, 2012). Ozeki (1954) showed that the P@apilio xuthusis directly cold-
responsive, whereas in other butterflies IMesexta M. brassicaeandP. brassicagthe PG
of diapausing pupae results refractory to the bdaiived PTTH signaling, and autonomous
in terminating dormancy (Bowegt al, 1984; 1985; Agui, 1975; Calvez, 1976), althotigh
molecular insights remain to be clarified. As wev$a embryonic diapause, also during pupal
dormancy DH seems to have an important role (aghowith opposite direction), acting in
synergism with PTTH to mediate diapause terminatlanM. sextaand H. armigera DH
expression is down-regulated in diapausing indizisy{Xu and Denlinger, 2004; Zhang and
Denlinger, 2012) and interestingly, an increasBlhexpression, as well as the perception of
favourable temperatures (25°C), has been describethduce diapause termination in
activated (chilled) pupae &f. zea(Zhang and Denlinger, 2012). Moreover, in sevspalcies
of the Haliothis/Helicoverpa complex, DH injectignomotes diapause termination in non-
chilled diapauisng individuals exposed to 25°C ittt 20°C (Xu and Denlinger, 2003; Zhang
et al, 2008; Zhanget al, 2011). Taken together, these evidences undahHmeomplexity of
diapause termination, suggesting the need of argigtie action of different cues (hormonal
and environmental) to ensure the proper timingeMetbpment resumption.

1.1.4 ADULT/REPRODUCTIVE DIAPAUSE

Reproductive diapause can be commonly consideradlasdeficiency condition (Denlinger,
2002; Denlingeet al, 2012).The monarch butterflydfanaus plexippysis known especially
for its outstanding autumnal migration of North Amga populations. What is probably less
known is that these migrants exhibit a reproductiv@pause, showing refractory mating
behaviour and suppressed gonadic development taotamaithe needed energy stores for the
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exhausting journey (Oberhauser and Solensky, 2@34jyell as increased fat reserves and
lifespan, and reduced levels of JH (JH deficienfiyerman and Tatar, 2001). Another
example is provided by the Linden buByrrhocoris apterous which shows an adult
dormancy triggered by short photoperiods (Hodek,1)9In Hodkova (1976), a mechanism
for photoperiodic control otorpus allatum(CA) physiology through neurons of tipars
intercerebralishas been depicted. Evidences suggest that underdgtys these neurons, with
a double effect, could lock their stimulatory effen JH production in the CA (blocking the
release of specific neuropeptides), and at the sengeexert an inhibitory action on CA. The
best documented cases of reproductive dormancydegfae mosquitdCulex pipiensand the
fruit fly, Drosophila melanogastern C. pipiens females enter an overwintering diapause
according to short photoperiods and cold tempeeat@ventually perceived during th® 4
larval instar/first pupal stage (Eldridge, 1966;nBarg and Larsen, 1973; Spielman and
Wong, 1973). During this transition, haemophagusdies switch into a carbohydrates-rich
diet (based on nectar, rotting fruits, etc.rgpressing host-seeking behaviour, increase fat
storage (fat body hypertrophy to provide the enesgyrce for winter survival) and stop
ovarian development (Eldridge, 1966; Sanburg anddrg 1973; Spielman and Wong, 1973;
Mitchell, 1983; Mitchell and Briegel, 1989; Bowelf92). After spending winter in protected
sites, diapausing mosquitoes will terminate diapauasspring, and they will start again to
seek a blood meal. Robich and Denlinger (2005) dogene expression data which confirm
this behavioural switch: in diapausing females, @éRpression of genes encoditmgpsin and
chymotrypsin-likeenzymes (needed to digest a blood meal) droppéereasfatty acid
synthasewas up-regulated. This species has been extepsiv&d to investigate the
endocrine regulatory mechanisms of adult dormaapplication of JH on diapausing females
breaks this developmental arrest (Spielman, 19Whjle the removal of the CA from
individuals reared under long photoperiods (and thot programmed for diapause) induces
diapause entry (Meola and Petralia, 1980; Reatlial., 1999). Recently, Kangt al. (2014)
demonstrated that, in non-diapausing mosquitokgptiopin (an hormone responsible for the
stimulation of JH production, see Unat al, 1991; Liet al, 2005; Kanget al, 2014)
transcript was more abundant than in diapausingvichaals; furthermore, the down-
regulation via RNAI of thallatotropin-encoding gene in non-diapausing flies halts ovaria
development, confirming the key role of allatotropshut-down in determining the JH
deficiency that characterizes Culex diapause.

In the model organisnd. melanogasterwhich exhibits a shallow photoperiodic diapause
(Saunders, 1989) mainly triggered by low tempeestua decrease of JH levels, as well as a
drop in ecdysone titers, is key to trigger diapaflike in Culex), even characterized by fat
body hypertrophy (Gilberet al, 1998; Saunderst al, 1989; Saunderst al, 1990; Richard

et al, 1998; Saunderst al, 2002). Studies on Culex and Drosophila in th& Becade
revealed the nature of the brain signaling whikblii links environmental perception with JH
synthesis/release. Insulin signaling (lIS), a kegumendocrine pathway involved in
reproduction, development, growth and aging has liEsnonstrated to be responsible for
reproductive/adult dormancy regulation. The dowgutation of Insulin receptor(InR) in
non-diapausing females @. pipiensleads to a shut-down of ovarian maturation, a lbloc
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rescuable via topical application of the JH anategthopreneon dsinRinjected females.
Moreover, the injection otisFOXO reduces lipid content in diapausing individuald an
shortens their lifespan (Sim and Denlinger, 2008ulex insulin-like peptides(ilp) 1
(homolog ofdilp2 in D. melanogastgrand 5 mRNA were less abundant in diapausing
mosquitoes compared to non-diapausing ones, andativa-regulation oflpl (but notilp5)

in the latters resulted in a diapause-like bloclowdrian growth, that also in this case can be
restored through JH Ill application (Sim and Degén 2009). Furthermore, in fat bodies (the
organ responsible for vitellogenins production), XD content was higher in diapausing
females (~7 times higher), and topical applicatimisJH 1l in diapausing individuals
dramatically lowe=OXO levels reducing fat storage (Sim and Denlingef,0Williamset

al (2006) identified the genBp110 (encoding PI3K, a component of the InR downstream
signaling cascade), as a candidate locus which hadudiapause incidence in Drosophila;
lines with a deficiency iPI3K showed a general increase of dormant females,eabehe
up-regulation of its expression within the centralvous system was sufficient to stimulate
ovarian growth and the subsequent exit from diapaRcently, other evidences about the
importance of the IIS shut-down in altering physgt and hormonal homeostasis in
Drosophila dormancy accumulated. Food intake ardly bweight decrease under diapause-
inducing conditions, while glucose, trehalose (uasanergy source and cryoprotectant) and
triacyl-glycerols (TAG) levels increase, as well @asino acids (also potentially used as
cryoprotectants) (Kubrakt al, 2014), all modifications depending on IIS levariations
(Wu et al, 2005; Honget al, 2012; Zhanget al, 2009; Gronkeet al, 2010). As a
confirmation, diapause significantly altedslps and akh (a peptide with a glucagon-like
function) gene expression, and elicits an up-rdguiaof transcripts encoding important
metabolic regulators. Consistently with an improge@ss resistance and survival, expression
data revealed that also antimicrobial peptidese (tikosomycinand cecropin A} increased
abundance (Kubralet al, 2014). In our lab, in a previous study, we ided insulin
producing cells (IPCs) as a key neuroendocrine corapt in diapause induction/termination.
A higher proportion of dormant females was foundli@s in which IPCs were genetically
ablated (over-expressing two pro-apoptotic gehead involution defectiyédid andreaper,

rpr) and whendilp2 or dilp5 were down-regulated in this neurons. On the coptra
genetically-induced increased release of DILPs aB asdilp2 and dilp5 over-expression
within IPCs led to a precocious exit from diapa@Sehiesariet al, submitted). Counter-
intuitively, diapausing females showed an up-reumaof dilp2 anddilp5 transcripts within
the head; this mirrors braidilps over-expression characterizing germline-less f(ldatt et

al., 2008) and flies with a systemic IIS impedance thuimpL2 (an insulin-binding protein
that sequesters haemolymphatic DILP2 and 5) ovpression (Songt al, 2010). This result
confirms a potential negative feedback loop fronar@s to the IPCs to modulate DILPs
release. Interestingly, common cosmopolitan chramad inversions with a latitudinal clinal
distribution, which characterizes also diapausquescies in many natural populations, show
associations with sets of genes belonging to 1i&(T) (De Jong and Bochdanovits, 2003).
These findings suggest that at higher latitude®sBphila populations could have higher
frequencies of genotypes/aplotypes associated loith levels of 1IS, whereas at lower
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Table 1. Common cosmopolitan chormosomal inversions asstiaith 11S and TOR pathway in Drosopt
(from de Jong and Bochdanovits, 2003).

Frequency correlation with latitude

Inversion Chromosome range North America Australia Insulin-signalling pathway genes
Inf2L)t 22D3-El: 34A8-9 —0.92 —0.84 chico, Pten, Tor

Inf2L)NS 23E2-3: 35F1-2 chico, Pten, Tor

In(2R)NS  52A2-Bl: 56F9-13 —0.90 —0.67

In(3L)P 63C; 72E1-2 —0.74 - 0.74 S6k, Iipl, . . ., 1lp3, Pi3K68D
In(3L)M 66D: 71D /73 [— Ilp35, Pi3K68D
In(3R)P 89C2-3: 96A1-19 —0.80 -0.72 Pi3K92E, InR, Tscl

In(3R)K 86F1-87A1: 96F11-97A1 Aktl, Pi3K92E, InR, Tscl

latitudes genomes which correspond to higher IVl are favoured. Moreover, genome-
wide-next generation sequencing of DNA from fliesmpled along the Eastern North
American Coast (flies which showed clinal variaom life-history traits like diapause
frequencies, see Schmiet al, 2005a; 2005b) revealed intense sequence variatigenes
involved in insulin/TOR signaling, as well as ecolys, torso (PTTH receptor), EGFR,
TGH3/BMP, JAK/STAT, immunity and circadian rhythm pathys (Fabianet al, 2012).
Taken together these results underline the deepection between IS and diapause fate in
insects. In our work previously mentioned, we gisoposed a model to explain diapause
inducibility evolution: mutations irdilps promoters/cis-regulatory regions, or the rise of
specific aplotypes (characterized by specific pat®f chromosomal inversions, for instance)
could set lower baseline IS levels, which, afteremvironmental perturbation (like the fall of
temperatures), will drop under the hormonal thréddhonecessary to allow normal
development, promoting diapause induction througje@etic accomodation mechanism. In
C. pipiens the first evidences have been provided aboutssiple role in adult dormancy
modulation of another hormone which effects on pdspause are well known, PTTHitth
transcript cycles daily during thé"4and final) larval instar, and the differencesténms of
longer developmental time and increased size aVihghals exposed to short days have been
explained with a furtheptth cycle. Counter-intuitively, in both pupae and aslybtth levels
slightly increase in individuals reared under sliays. The interesting result raised from this
study is the dramatic increase pith transcript in both diapausing and non-diapausing
females (up to 7 fold change in the latters) atbiood meal (Zhang and Denlinger, 2011). It
is noteworthy that, in Drosophila, PTTH is a kegukator of developmental time (McBrayer
et al, 2007), likely connecting sensory and/or highetegrational brain structures with
ecdysone production in the PG (on which PTTH-praayoeurons impinge), and promotes
larval light avoidance before wandering (Yamanekal, 2013), another key developmental
process. In adults, the PG disappears, and sonres adPTTH-producing neurons seem to
impinge on the ellipsoid body (McBrayet al, 2007), a structure that, to our knowledge,
does not represent neither a neuroendocrine sitamecdysone producing tissue, but which
is involved in regulating walking and flight behaur (lliuset al, 1994; Martinet al, 2001).
Recently, Hentzet al (2013) demonstrated that genes encoding key ezzyor ecdysone
(but not 20-ecdysone) synthesis are expressed ile mecessory glands ofribolium
castaneum in Drosophila males, the expression of the PTHdeptor, torso, was also
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detected in the same organs, where it regulategstrdids levels. Nevertheless, there are no
evidences about potential connections between P3igHaling and tissue responsible for
ecdysteroids production in adult females, the oy&igdiford, 1993; Chaveet al, 2000;
Niwa et al, 2004; Warreret al, 2002; 2004)Finally, in L. decemlineatalow levels of short
neuropeptide F (sNPF, a Drosophila NPY peptide obotf) characterize brains from
diapausing individuals (Huybrech&t al, 2004). Interestingly, iD. melanogastetarvae,
sNPF regulates positively I1IS, acting on IPCs imsltate the expression dfilpl anddilp2
through ERK activation (Leet al, 2008).

1.1.5 DOPAMINE AND DIAPAUSE

The deepening of the relationship between inseepalise and dopamine deserves a
discussion aside. As in all the metazoans, aldnsects, dopamine acts as neurotransmitter,
neuromodulator or endocrine factor. Ih melanogasterdopamine is involved in many
physiological processes: locomotor activity (Drapeil, 2007), low quality food rejection
(Bjordal et al, 2014), wake-sleep modulation (van Swinderen Andretic, 2011; Liuet al.,
2012), odors-induced aversive reinforcement (Scheehet al., 2003; Riemensperget al.,
2005; Asoet al, 2010; Galiliet al, 2014), courtship learning (Kelemat al, 2012),
temperature-preference behaviour regulation (Bang@l, 2011), appetitive odor memory
formation and rewarding memory reinforcement (lgual, 2012), appetitive motivation
(Burkeet al, 2012), pigment synthesis (Sugumaran, 1988; P1®@2; Wright, 1987), stress
response (Neckameyer and Weinstein, 2005; Argue Neckameyer, 2013a; Argue and
Neckameyer, 2013b) and several developmental pseseqNeckameyer, 1996). In
Drosophila, dopamine is synthesized in a two-stegegss; first tyrosine is converted into L-
3,4-dihydroxy-phenylalanin (L-DOPA) by the enzynyeosine-hydroxylase (encoded by the
gene pale), and subsequently L-DOPA is in turn modified inttopamine by dopa-
decarboxylase (DDC) (Liet al, 2009; Riemensperget al, 2011; Livingstone and Tempel,
1983). This biogenic amine acts through two typeseoeptors, D1-like and D2-like which
are positive and negative regulators, respectilihe PKA signaling pathway that mediates
dopamine effects within cells (Brody and Cravctik00; Gotzest al, 1994; Fenget al,
1996; Hanet al, 1996; Hearret al, 2002). In the fruit fly genome, there are 4 duopee
receptorsDoplR1(also calleddumbor DA1) andDop1R2which belong to the first class, and
Dop2R (also known aD2R) of the second one. DoplR1 and Dop2R are mainly ot
exclusively) expressed in the fly brain whereas IR localization is restricted to a brain
region with functions in learning, memory formatiand temperature preference setting, the
mushroom bodies (McGuiret al, 2001; Akalalet al, 2006; Berryet al, 2012; Banget al,
2011). The fourth receptor, dopamine/ecdysterot@ptor (DopEcR), deserves to be treated
separately. Like the others, also this recepta {S-protein-coupled receptor (GPCR), and
like DoplR1 and DoplR2 is coupled with gs@at activates the adenylate-cyclase activity
increasing intracellular cAMP levels. Through thégeptor, dopamine triggers the activation
of both PKA and PI3K signaling pathways, whereagdysone and 20-ecdysone can inhibit
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dopamine effects and elicit the activation of th#ogen-activated protein kinase pathway
(MAPK) (Srivastaveet al, 2005). After the release in the synaptic cldfpamine re-uptake
is allowed by the dopamine transporter (DAT), ermtbtty the genéumin (Porzgenet al,
2001).

Dopamine seems also to have an evolutionary coedeime in regulating insect diapause
(see Fig. 4). In the cabbage armywonvh, brassicae(a species with a photoperiodically
determined pupal diapause), higher levels of dopanm central nervous system, integument
and haemolymph characterize the whole pre-pupadpdgvelopment in individuals exposed
to diapause-promoting conditions (LD 10:14, 18°@mepared to those reared at long
photoperiod and higher temperatures (LD 16:8, 22h@¢restingly, dopamine levels peaked
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Figure 4. Schematic representation of the role of dopamineegulating diapause in several holometabo
insects (see bibliography for pictures references).

during the transition between pre-pupa/pupa in lootiditions, but always with higher levels
in diapausing individuals. Both DDC activity and MR abundance followed the same
pattern in the integument, confirming the enhandepamine synthesis in diapausing pupae.
Moreover, the increase in dopamine titers, by fegdiast instar larvae with L-DOPA,
promoted a diapause onset in more than 50% of pujespite they were reared under long
photoperiods (Noguchi and Hayakawa, 1997). Takegettwr, these results led to the
hypothesis that dopamine could gate the releaggosith-promoting factors from the brain,
such as PTTH, and thus inhibiting development al@tieg dormancy. InP. brassicae
(another species with a photoperiodically-determhipeipal diapause), both dopamine and
serotonin are involved in diapause modulation.hia last period of the photosensitive phase
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(that lasts from the beginning of th@ Brval instar to the middle of thésdopamine content

in the haemolymph was two-fold higher in dormamtiwduals, and serotonin detectable only
in these individuals. In diapausing pupae, dopamias 28 times higher than in non-
diapausing ones, whereas serotonin was 13 timéeig the firsts compared with the latters
(Isabelet al, 2001). Dopamine role as a pro-diapause factesh@vn also in the embryonic
diapause of the silk worn3. mori Larvae and pupae which were exposed during emiryo
stages to diapause-promoting conditions (long gieriod, LD 14:10 and high temperature,
25°C) showed higher dopamine titers in both haemply and brain-suboesophageal
ganglion complex (Br-SOG) compared to non-diapgusgrammed individuals (DD, 18°C).
Moreover, female adults exposed to optimal condgjand in which dopamine concentration
was increased by feeding L-DOPA during last-instargae, laid between 31% and 59% of
diapausing eggs, while those whose dopamine comtastincreased by L-DOPA/dopamine
injection in 2 days old pupae laid 71% and 67% iafpdusing eggs, respectively (in both
feeding and injection experiments, the controld @%#o of diapausing eggs). In this study also
the activity and expression of DDC (the last stepyene in dopamine biosynthesis) have
been investigated in diapause and non-diapauss,tgpd the results were consistent with the
previous ones, with both activity and mRNA leveigher in the Br-SOGs of pupae exposed
to diapause-promoting conditions during developmarterestingly, the incubation with L-
DOPA or dopamine of isolated Br-SOGs from non-dimea type pupae increased the
expression ofliapause hormonéDH) (Noguchi and Hayakawa, 2001). In the Chinese oak
silk moth, A. pernyj a saturniid moth that overwinters as pupa, loagsdare required to
promote the escape from diapause in both univol{reproduction once per year) and
bivoltine (reproduction twice per year) strainst outhe latters, diapause intensity is reduced,
and the addition of a period of chilling is alsceded to resume development. Interestingly,
the photoperiodic-dependent and the chilling-depahdiapause terminations seem to rely on
two independent mechanisms (Tohabal, 2000). Although under long days (LD 16:8,
25°C) dopamine content, as well as norepinephrimé eépinephrine-like ones, was higher
than that under diapause-maintaining conditions (2212, 25°C), after a period of chilling
(DD, 5°C) it decreased progressively, suggestiraj thdrop in dopamine levels could be
required to trigger the temperature-dependent degpéermination (Matsumoto and Takeda,
2002). Evidences regarding dopamine as a diapauseeting factor have been found also in
the photoperiodically-induced larval dormancy®(star larvae) of the drosophilidC.
costata where non-diapausing mutants (incapable to edi@pause and programmed to
normal development) exhibit lower levels of dopagin the integument during thé%2and
the 3% larval instar. On the contrary, wild-type straimgintained relatively high levels of
dopamine titers during these developmental evdfastal et al, 1998). Moreover, a similar
decrease in dopamine levels has been observedhalat-type individuals exposed to long
photoperiods (LD 16:8, 18°C) compared to thoseecdamnder short days (LD 10:14, 18°C),
and in larvae kept under diapause-inducing conutiovhere dopamine and serotonin levels
gradually increased with time in the central nes/gystem (Kostatt al, 1999). In spite of
these findings, the role of dopamine and serotaonthe regulation of diapause in this species
seems to be not straightforward along developnfenir(stance, individuals with a dopamine
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depletion in the central nervous system showedyddlaevelopment and reduced growth),
suggesting perhaps a stage-specific or tissuefgpaminergic developmental regulation.

The relationship between dopamine and diapausess&eross the border between insects
and other taxa. I€. elegandor instance, the impairment of dopamine signal(imgt even its
increase) via the ablation of dopamine-producingiroes stimulates the movement of
quiescent individuals calledauerlarvae (a diapause-like state) (Gaglia and Keng®@9).

In mammals, there are some evidences regardingssilgh® role of dopamine in blastocyst
diapause. The injection of cabergoline or bromditrgy two dopamine synthetic agonists, has
been demonstrated to be sufficient to induce tleetrneation of diapausing blastocysts
(inhibiting prolactin secretion) in the tammar veddl/, Macropus eugeni{Tyndale-Biscoe and
Hinds, 1984; Fletcheel al, 1990; Renfree, 1994; Heamt al, 1998). The effects of
bromocriptine and another dopamine agonist, dordpe&, on prolactin secretion and
diapause have been reported also for the Bennetlaby Macropus rufogriseus
rufogriseu$, and they are consistent with the previously eggoones (Curlewist al., 1986).

In the mink, Mustela vison a dopamine antagonist, pimozide, has been deratestto
stimulate the precocious termination of diapauseyvating prolactin levels (Markst al,
2006). Hence, we can argue that in this speciggardme should promote diapause rather
than suppress this phenomenon like in marsupitlseéms clear from these examples of
embryonic diapause in mammals that, both in maatsigind eutherians, dopamine retains its
role of prolactin secretion-inhibiting factor; dmet contrary, prolactin changes the direction of
its effect in promoting or inhibiting the reactii@i of the dormant blastocyst in eutherians
and marsupials, respectively. In conclusion, altoa sufficient amount of information to
generalize the role of dopamine in the regulatibnm@ammalian embryonic diapause is
lacking, it is interesting to note that the funatiof dopamine as a prolactin inhibiting factor
seems conserved across mammals.

1.1.6 DIAPAUSE AS A WIDESPREAD PHENOMENON IN ANIMALKINGDOM:
THREE EXAMPLES FROM NON-INSECTS METAZOANS SPECIES

Probably the most documented example of diapaugards the round wornC. elegans
During its life-cycle, this nematode normally passkrough 4 larval stages (L1-L4), but
when L1 individuals are exposed to adverse enviental conditions like starvation, high
temperatures and high levels aduer pheromone (a lipophilic factor released constrelti

by individuals, which conveys the information aboahspecifics density, Jeoeg al, 2005;
Butcher et al, 2007), they enter an alternative developmentthway and arrest their
development as a L3 diapausing stage calkager (Cassada and Russell, 1975; Golden and
Riddle, 1984). Like its insect counterpart, thisrrdant stage is associated to typical
morphological and physiological changes, like meliabsuppression, suspension of feeding
and lifespan extension (also till several montiRiddle and Albert, 1997). Compared to
insect diapauses, the molecular mechanisms anditkese signaling pathways involved in
C. elegansdauer formation are better known, and rely mainly on Bfanming Growth
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Figure 5. A model for the regulatory signaling network invedl in normal developmendtiuerformation

switch (from Fielenbach and Antebi,

2008).

Factor B (TGFf) and insulin signaling (IIS) pathway®auer pheromone, for instance,
activates ASJ and ASI sensory neurons (Riddle dbdrfy 1997); in the first set, it stimulates
dauerformation through the guanylyl cyclase, DAF-11H{&ckwitzet al, 1996; Birnbyet al,
2000), whereas acting on the second alaeier pheromone blocks DAF-7 (TG[F)- release
(Bargmann and Horvitz, 1991; Schackwizal, 1996). When activated, ASI chemosensory
neurons, which expreskaf-7 anddaf-28(an insulin-like peptide), release these growtidies
(Ailion et al, 1999; Pierceet al, 2001; Li et al, 2003), inhibitingdauer formation
(Schackwitzet al, 1996; Reret al, 1996; Liet al, 2003; Kulalert and Kim, 2013; Reinet
al., 2008). Instead, AFD sensory neurons perceivecamdey temperature stimuli, and the
impairment of their downstream signaling diaf-7 mutants decouples temperature stimuli
from diapause induction or termination (Hobettal, 1997; McKemy, 2007). Low levels of
nutrients can also promottauer formation (Golden and Riddle, 1984), but the molac
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mechanism which underlies this response remainsampletely understood. What is known,
regards TOR signaling involvement in diapause-lihkaetabolic switch like higher fat
storage. Moreover, mutations in genes encodi@R (let-363 and its binding partners
Raptor (daf-15 result indauer formation and lifespan extension (&taal, 2004). On the
contrary, the loss of LKB1/AMPK (adenosine monopitade-activated protein kinase, a
stress-responsive TOR inhibitor, activated in Dpdsla by energy break-down, nutrient
restriction, or DNA damage, see Hay and Sonenb20@4; Towler and Hardie, 2007)
signaling in fat tissues allows larvae to enterpdise, but in this case, stored energy
consumption duringlauer stage is not slowed, leading to precocious ded#drbonne and
Roy, 2009). Like in Drosophila, IS plays a keyeadh regulatingdauer formation: for
instance, mutations in tregelanddaf-2 genes (which encode, respectively, the mammalian
homologs ofPI3K andInR) cause diapause formation and promote longevitgr(iglet al,
1996; Kimuraet al, 1997). On the contrarglauer formation fails indaf-16 (a C. elegans
FOXO transcription factor) mutants (Kenyon, 200% € al, 2005). Both TGH signaling
and 1IS (which can exert its effect independentty astivated by upstream TQF-see
Narasimharet al, 2011; Shavet al, 2007) converge on DAF-12 (a nuclear hormoneptece
whose mutants show dauerdefective phenotype, which retains high homologghw
vertebrate vitamin D and LXR receptors, Antabial, 2000; Snow and Larsen, 2000) to
suppress itslauerpromoting function (Kimuraet al, 1997; Reret al, 1996; Schackwitzt

al., 1996). In detail, TGIB- and IIS are thought to act directly or indirectdg DAF-9, a
cytochrome P450 responsible for the synthesis oF D2 ligands called “dafachronic acids”
(Gerischet al, 2001; Jieet al, 2002). Liganded DAF-12 promotes reproduction autnibits
dauer program, whereas on the contrary, unliganded D2Haltarget tissues inducesuer
formation and, associated with its co-repressor-DI80R (homolog of mammalian SHARP
co-repressor) halts reproduction (Ludewigal, 2004) (Fig. 5) (see Fielenbach and Antebi,
2008). daf-9 is expressed in sensory neurons, XXX neuroendealls, hypodermis and
somatic gonadal cells, revealing this tissues &snpi@al endocrine sites for dafachronic acids
production (Geriscret al, 2001), whereaslaf-12 which expression characterizes several
tissues during the whole life, is expressed in oesvsystem and in the somatic part of the
adult gonad, suggesting its key role in regulatigmng and reproduction (Anteét al., 2000).
Motola et al (2006) identified two steroid@\4 andA7 dafachronic acids, as metabolites of
DAF-9 and ligands for DAF-12. Interestingly, alsé\B-36, a Rieske-like oxygenase which
Drosophila homolog is involved in ecdysone synthg€¥ioshiyamaet al, 2006), represents
an enzyme of the dafachronic acids biosynthesibwat, and in turn a key actor in
dauernormal developmental switch (Rottiexsal, 2006).

Also within vertebrates several examples of diapadesvelopmental arrest exist. The annual
killifish, Austrofundulus limanaeudéives in waterholes that during the dry seasopirex In
this period, individuals can survive entering diag@aas embryo, a phenomenon triggered by
hypoxia; once the rainy season comes, embryosesatart development in refilled puddles
(Beroiset al, 2012; Podrabsky and Hand, 1999; Podraleslat, 2007). Killifishes can block
development at three different embryonic stagesdiBet al, 2012; Podrabskgt al, 2010;
Schiesari and O’Connor, 2013), and like has beescrdeed for several insect dormancies,
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also in this case diapause is associated with @saimgdevelopmental time (Podrabskyal.,
2010). Diapausing embryos are characterized by diaktign and hypoxia stress resistance
and they are able to survive for months withoutgexy (Podrabsket al, 2010; Podrabsky
and Hand, 1999). Intriguingly, like in the majorrpaf insects, also in these species,
diapausing individuals show lower levels of sterbmrmones (in this case JBfestradiol),
and they terminate diapause if exposed t@-E&tradiol (Pri-Talket al, 2011). Moreover, in
both A. limanaeusandNothobranchius guentherdiapause can be maternally-induced; in the
latter species, molecules similar to pheromonessaudeted by adults seem responsible for
eliciting diapause (Inglimat al, 1981). Given that embryonic diapause can octso &
other species of Cyprinodontiformes (Inglireaal, 1981; Levelset al, 1986; Murphy and
Collier, 1997), whereas in some non-diapausingispecdelay in hatching occurs, it has been
suggested that Killifish diapause could derive frdhe eliciting of a pre-exisisting
developmental plasiticity (Bero&t al, 2012; Schiesari and O’Connor, 2013).

Diapause is a phenomenon which characterizes &aksdife-cycle of several species of
mammals. In these animals, an embryonic diapauser&@cwhich consists in a reversible
suspension of embryonic development within the ustewith a postponed blastocyst
implantation (Renfree and Shaw, 2000). Diapauskinvinammals is maternally induced, and
it can be stimulated by lactation (lactational diage) or by seasonal environmental cues like
photoperiod (seasonal diapause) (Flait al, 1981). This phenomenon shows a wide
distribution across mammals, in both placentals arasupials (see Tab. 2), and can be
facultative, like in many rodents, or obligate (alinicharacterizes many species of mustelids),
while marsupials show both types (Fenetral, 2014). The facultative variant of diapause
embryonic arrest is induced by lactation, and timplantation delay increases with the
increasing of the progeny in the suckling litterii@hett-Corninget al, 2013). Although the
cellular mechanism that causes embryonic develotaharrest in mice remains elusive, Liu
et al (2012) reported a significant up-regulation ofesal miRNAs in arrested blastocysts
compared with the non-dormant ond4oreover, the increased abundance of one of these
MiRNAs, Lethal-7a (whose target genes are involved in cell proliierg Gurtanet al,
2013), counteracts blastocyst implantation. Oncibrgrary, carnivores, especially mustelids,
provide many examples of obligate diapause. In markd skunks, an increase in day-length
is accompanied by an enhanced release from thiggpytigland of prolactin (Murphy, 1983),
which exogenous administration reactivates embryamhevelopment and in turn halts
diapause (Papket al, 1980; Murphyet al, 1981). Both prolactin and luteotropic hormone
(LH, another pituitary hormone) seem to concur liagesterone synthesis from therpus
luteum (Murphy and Rajkumar, 1985; Douglasal, 1998), which increase is necessary for
blastocyst implantation (Stoufflett al, 1989; Murphy, 2012). It is noteworthy that, also
rats, LH promotes diapause termination: LH treatmeh hypophysectomized females
stimulates implantation (Macdonakt al, 1967), whereas its immunological inactivation
impedes this phenomenon (Maneckjee and Moudgal5)19so in marsupials diapause
represents a widespread and extensively studiedopienon especially in kangaroos like the
tammar wallaby,Macropus eugeniiwhich is able to enter both facultative and odutiég
diapause (Renfree and Shaw, 2000). Like euthegaulthtive diapause, also in marsupials
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TABLE 1

LIST OF CURRENTLY KNOWN SPECIES WITH PRE-IMPLANTATION EMBRYONIC DIAPAUSE

Order Family ‘Common name Species Order Family ‘Common name Species
OBLIGATE FACULTATIVE
EUTHERIA Eulipotyphla Soricidae Eurasian water shrew Neomys fodiens
N Common shrew Sorex araneus
Arlmglaclyla Cew\;!ae Roe deer Caprgq/us capreolus Pygmy shrew Sorex minutus
Camivora Maphitidaa Hooded skunk Mephilis macroura Rodentia Cricetidae Red tree vole Arborimus longicaudus
Striped skunk Mephitis mephitis Small vesper mouse Calomys laucha
i Western spotied skunk Spilogale gracilis Northern collared lemming  Dicrostonyx groenlandicus
Mustelidae Hog-badger Arctonyx collaris Field vole Microtus agrestis
American hog-nosed skunk Conepalus njesofeucus Bank vole Myodes glareolus
Sea oller Enhydra lutris Northern grasshopper Onychomys leucogaster
Wolverine Gulo gulo mouse
North Ameriqan ofter Lonira candens!s Cotton mouse Peromyscus gossypinus
Nsolrpplcal river otter Lontra tungpcgud:s White-footed mouse Peromyscus leucopus
American marten Maries americana Deer mouse Peromyscus maniculatus
Yellow-throated marten Martes flavigula Pinyon mouse Peromyscus truei
Beech marten Martes foina Campbell's hamster Phodopus campbeili
Nilgiri marten Martes gwatkinsii Dzhungarian hamster Phodopus sungorus
European pine marten Martes martes Chiriqui brown mouse Scotinomys xerampelinus
Japanese marten Martes melampus Muridae Lesser short-tailed gerbil ~ Gerbillus simoni
Fisher Martes pennanti Common water rat Hydromys chrysogaster
Sable Martes zibeliina Natal mastomys Mastomys natalensis
European badger Meles meles Sundevall's jird Meriones crassus
Honey badger Mellivora capensis Shaw's jird Meriones shawi
Short tailed weasel (stoal) Mustela erminea Mongolian getbil Meriones unguiculatus
Long tailed weasel Mustela frenata House mouse Mus muscults
Eurapean mink Mustela lutreoia Spinifex hopping mouse  Notemys alexis
Amartican mink Naovison vison Fawn hopping mouse Notomys cervinus
American badger Taxidea taxus Sandy island mouse Pseudomys
. European marbled polecat  Viormela peregusna hermannsburgenesis
Qdobenidae Walrus Odobenus rosmarus New holland mouse Pseudomys novaehollandiae
Otariidae New Zealand fur seal Arctocephalus forsteri Bush rat Rattus fuscipes
An[arcucfur seal Arctocephalus gazella Brown rat Rattus norvegicus
South African fur seal Arctocephalus pusillus Indian gerbil Tatera indica
Subantarctic fur seal Arclocephalus tropicalis
Northem fur seal Caflorhfﬁus Ur'SinLﬁ‘ MARSUPIALIA,
Stellar sea lion Eumelopias jubatus Dasyuromorphia Dasyuridae Brown antechinus Antechinus stuartii
Australian sea lion Neophoca cinerea Diprotodontia Acrobatidae Feathertail glider Acrobates pygmaeus
Southern sea lion Otaria byronia Feathertail possum Disteeuchurus pennatus
California sea lion Zalophus californianus Burramyidae Western pygmy pessum Cercartetus concinnus
Phocidae Hooded seal Cystophora cristata Litile pygmy possum Cercartetus lepidus
Bearded seal Erignathus barbatus Eastern pygmy possum Cercartetus nanus
Grey seal Halichoerus grypus Macropodidae Banded hare wallaby Lagorchestes fasciatus
Weddell seal Leptonychotes weddellii Western hare wallaby Lagorchestes hirsutus
Crabeater seal Lobodon carcinophagus Agile wallaby Macropus agilis
Northern elephant seal Mirounga angustirostis Black-striped wallaby Macropus dorsalis
Southern elephant seal Mirounga lecnina Tammar wallaby* Macropus eugenii
Ross seal Ommatophoca rossi Eastern grey kangaroo Macropus giganieus
Harp seal Pagophilus groenlandicus Weslern brush wallaby Macropus irma
Ribbon seal Phoca fasciata Parma wallaby Macropus parma
Ringed seal Phoca hispida Pretty-faced wallaby Macropus parryi
Spotted seal Phoca largha Common wallaroo Macropus robustus
Baikal seal Phoca sibirica Red-necked wallaby* Macropus rufogriseus
Harbour seal Phoca vitulina Red kangaroo Macropus rufus
Ursidae Giant panda Ailuropoda melanoleuca Bridled nailtail wallaby Onychogalea fraenata
Spectacled bear Tremarctos ornaius Allied rock wallaby Petrogale assimilis
Black bear Ursus americanus Narbarlek Petrogale concinna
Brown bear Ursus arctos Black-footed rock wallaby  Petrogale lateralis
Sun bear Ursus malayanus Brush-tailed rock wallaby  Peirogale pencillata
Polar bear Ursus maritimus Prosperine rock wallaby Petrogale persephone
Asiatic black bear Ursus thibetanus Purple-necked rock wallaby Petrogale purpureicollis
Sloth bear Ursus ursinus Yellow-footed rock wallaby Peifrogale xanthopus
Chiroptera Miniopteridae Little bent-winged bat Miniopterus australis Quokka Selonix brachyurus
Common bent-winged bat  Miniopterus schreibersii Red-bellied pademelon Thylogale billardierii
Pteropidae Straw-colored fruit bat Eidolon helvum Red-necked pademelon Thylogale thetis
Cingulata Dasypodidae Southemn long-nosed Dasypus hybridus Swamp wallaby Wailabia bicolor
armadillo Potoroidae Rufous bettong Aepyprymnus rufescens
Nine-banded armadillo Dasypus novemcinctus Tasmanian bettong Bettongia gaimardi
Eulipatyphla Talpidae Siberian mole Taipa altaica Burrowing bettong Betiongia lesusur
Pilosa Myrmecophagidae Giant anteater Myrmecophaga tridactyla Brush-tailed bettong Battongia peniciliata
Northern bettong Battongia tropica
Gilbert's potorco Poatorous gilbertii
Long-nosed potoroo Potorous tridactylus
Tarsipedidae Honey possum Tarsipes rostratus

Table 2. Currently known mammal species which exhibit embig diapause (from Fenelogt al, 2014
reproduced with permission frofhe International Journal of Developmental Biold@$14),58,163-174.

this phenomenon is regulated by neural inputsedipothalamus triggered by the feeding of
the newborns, while melatonin release from theaig&and modulates the photoperiodically-
induced obligate diapause, which can reinforceataaral diapause eventually delaying much
more blastocyst reactivation (Renfree al, 1981; Renfree, 1979; Tyndale-Bisceet al,
1986; Renfree and Shaw, 2000). Although prolactiesdnot affect embryonic diapause in
rodents, in both mustelids and marsupials its secr@lays a key role, but while in the first
group this pituitary hormone induces diapause teation and in turn blastocyst reactivation,
in the latters it promotes developmental arregtath facultative and obligate variants (Hinds,
1989; Hinds and Tynkale-Biscoe, 2013). Moreoverthase species prolactin blocks the
progesterone titer increase necessary to allowantation (Hearn, 1974; Tyndale-Biscoe and
Renfree, 1987; Hinds, 1989), and the suppressiais aiction favours blastocyst reactivation.
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In both placentals and marsupials, steroid hormtkesstradiol and progesterone often play
a key role in diapause termination. In rodentspalise can be arrested by an increased
release of estradiol from the ovary (necessary limvaimplantation) (McCormack and
Greenwald, 1974) or via its administration (Cka al, 2013), whereas progesterone
concentration increases Mustela visorprior to implantation, when the blastocyst resumes
growth (Stouffletet al, 1989). In the tammar wallaby, both estradiol anogesterone can
stimulate blastocyst reactivation, but this process be further carried on solely by
progesterone (Renfree and Tyndale-Biscoe, 1973¢Hdeet al, 1988). In mammals, like in
insects, it is likely that diapause evolved indafsrlly many times, given the
presence/absence of diapause in species belorggihg same genus and the great variety of
species characterized by this phenomenon (Sarf#0). Despite this hypothesis, it has
been recently demonstrated that ovine embryos anabénter diapause can arrest reversibly
their development if inserted into mouse uteri @héles which were exposed to diapause-
promoting stimuli, suggesting contrarily that entdomic diapause, or at least its potential, was
not secondarily acquired, but it could have beas@nt in the mammalian common ancestor
(Ptaket al, 2012).

1.2 Drosophila 11S-JH-20E axis: an overview
1.2.1 INSULIN/IGF SIGNALING

Insulin/IGF signaling (IIS) is a widely evolutionarconserved signaling pathway which
regulates growth and development in a multituderganisms, fronC. elegando chordates
(Broughtonet al, 2005; Gronkeet al, 2010) In Drosophila, 8 insulin-like peptides &r@mwn
(DILP 1-8) which, although acting through a unigimsulin Receptor (InR) (Ruast al,
1995; Fernandeet al, 1995; Yenuslet al, 1996; Cheret al, 1996; Brogioloet al, 2001;
Shingletoret al,, 2005), show temporal and spatial specific exgpoespatterns. Brain insulin-
Producing Cells (IPCs) consist in two neuronal tedtss which retain functional and
developmental analogies with vertebrate hypothatarand pituitary axis, showing also
homology with pancreatig cells (de Velascet al, 2007; Clementst al, 2008; Okamotet

al., 2012; Wanget al, 2007). This subset of neuroendocrine cells spaasible for the
production and release of DILP2 (frorft ihstar), DILP5 (from the ) and DILP3 (from the
3rd) (in larvae also DILP1) (Brogiolet al, 2001; Ikeyaet al, 2002; Rulifsoret al, 2002;
Gronke et al, 2010) (Fig. 6). In adultsdilp2 is expressed in the IPCs (but during
development also in salivary glands and imaginsd<)idilp5 is expressed also in Malpighian
tubules (organs analogous to human kidney) withpgpgsed role in oxidative stress response
(Soderberget al, 2011) and in the follicular cells of the ovaBrdgiolo et al, 2001), whereas
dilp3 also in glial cells, withdilp6, where they promote the reactivation of quiescent
neuroblasts (Sousa-Nunes al, 2011). DILP2 is likely the most potent growthoproting
DILP: dilp2 mutant flies exhibit longer developmental timecmased body weight and
increased threalose levels (Grordteal, 2010), whereadilp2 over-expression in the IPCs
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accelerates developmental rate (Walkiewicz andn$St2009). Furthermore, It has been
extensively demonstrated that the knock-oudif2 extends lifespan (Hwanglet al., 2004;
Wanget al, 2005; Baueet al, 2007; Leeet al, 2008; Gronkest al, 2010). On the contrary,
dilp3 and dilp5 mutants do not show effects on developmental @me lifespan, but like
dilp2 knock-out flies, they are characterized by a desmd lifetime fecundity (Gronket al,
2010). IPCs-derived DILPs
are also responsible fo
coupling nutrient uptake
with systemic growth. Upd2,
a humoral factor secreted b
fat cells in response to sugal
and fats nutritional uptake
promotes the release ¢
DILP2 and 5; moreover,
dilp3 and dilp5 are down-
regulated in larvae unde
starvation conditions (lkeye
et al, 2002; Colombaniet
al., 2003), whereasdilp5

also in adult flies exposed t . R ]
dietary restriction (Min et : \ ov ’
al., 2008). Expression date [BIFSZEE] | Axw -S| \) » /
shown in Gronkeet al, e

l Ecdysone | | JH I \J N\

2010, reveal that e

compensatory mechanism irigure 6. Simplified anatomical representation of the laraati adult IS
established within the IPCJH-20E neuroendocrine axis regulating Drosophila ghovaging an
reproduction, with key organs responsible for theease of the:

between DILP2, DILP3 aNCendocrine factors. br=brain, MNCs=Medideurosecretory or Insulii
DILP5 (Broughton et al, Producing Cells (IPCs), CASorpus allatum CC=Corpus cardium
. . PG=Prothoracic gland, oe=oesophagus, vnc=ventraltvenecord
2008; Gronk_eet al, 2019)' vg=ventral ganglia, ao=aorta, cr=crop, fb=fat badieOV=ovaries
Moreover, in Drosophila,DILPS=Drosophila Insulinike peptides, AKH=adipokinetic hormol

DILPs share a high degree JH=juvenile hormone (from Toivonen and Partridg#)9).

functional redundancy and,

like other organisms, also the fruit fly genometeams severalps-encoding genes; these two
mechanism, as well as the compensatory scenanaopsty mentioned, could provide an
evolutionary advantage (Zhamg al, 2009; Gronkeet al, 2010), creating a robust growth-
regulatory system, less fragile in case of potémtevironmental perturbations or mutations
that could affectlilps gene expression. For IPCs-derived DILP3 has beapoped a role as
autocrine regulator oflilp2 and dilp5 transcription, according tdilp2 and dilp5 down-
regulation indilp3 single null mutant (Gronket al, 2010). From IPCs, DILPs are released
into the haemolymph through tlerpus cardium(part of a neurohaemal complex) and the
aorta (Rulifsoret al, 2002) (see Fig. 6); after their secretion, Dllc@s bind to IGF Binding
Proteins (IGFBPs) which modulate their action. fstance, dALS and ImpL2 can bind both
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DILP2 and DILP5, counteracting their role as growtbmoting factors and metabolic
regulators (Colombaret al, 2003; Arquieret al, 2008; Songet al, 2010). Recently, another
DILPs binding partner has been identified by Okaedtal (2013), called Secreted decoy of
InR, which shows affinity for several DILPdilpl is co-expressed witHilp2,3,5in larval
IPCs (Brogioloet al, 2001; Rulifsoret al, 2002), but no information is available about its
expression in adults. Gronk al. (2010) demonstrated a slight decrease in bodgtweif
dilp1” flies, but this was not coupled with differencesdevelopmental time or in other
modifications in related traits. However, the dase in body weight is consistent with the
reduction of body length in adults characterizdilpl interfered flies (Leeet al, 2008). A
lack of information characterizes DILP4: this pdptis expressed in embryonic midgut and
mesoderm (Brogiolet al, 2001), revealing its presence also within therb(Gronkeet al.,
2010), but no evidences have been provided to awaode to DILP4. Interestingly, another
DILP relays growth-promoting signals when feedirsg suppressed (for instance during
metamorphosis, starvation or dietary restrictiddll.P6, mainly expressed in fat cells. Its
expression in both conditions depends on FOXO, ed®eduring pupal stages it is governed
by ecdysone (Slaidinat al, 2009; Okamotet al, 2009). In adults, DILP6 released from fat
bodies also promotes longevity, impairing both D2Lproduction and release as wellddp5
expression in the IPCs (Bat al, 2012).dilp7 expression is limited to some neurons (within
suboesophageal ganglion, ventral nerve cord andadlm-abdominal ganglion) which
impinge on the reproductive tract; this localizates well as the sterility caused by silencing
these neurons leads to the conclusion that DILRY & a relaxin (peptide involved in egg-
laying behaviour) (Yangt al, 2008; Miguel-Aliageet al, 2008); nevertheless, this inference
is not consistent with fertility data afilp7 mutants (Grénkeet al, 2010). The recently
discovereddilp8, expressed within larval imaginal discs, delaysam®rphosis when larval
organs are not developing harmoniously or tissumerwent abnormal growth, suppressing
ecdysone production and allowing to coordinateugssgrowth progression with the proper
developmental time (Colombaei al, 2012; Garellet al, 2012). To mediate DILPs different
actions, it has been suggested that InR could fammplexes with still unknown co-receptors
(Taniguchiet al, 2006; Belfioreet al, 2009; Teleman, 2010; Gronlet al, 2010). Insulin
Receptor (InR) binding with DILP ligands triggehetphosphorylation of Tyr sites, allowing
the recruitment of two scaffod Insulin—Receptor Stdies (IRSs), CHICO and SH2B.
CHICO binding activates PI3K, which converts phagptylinositol 4,5-bisphosphate (PIP2)
in PIP3, a molecule that activates Phosphoinosdef@ndent kinase-1 (PDK1), which in
turn phosphorylates AKT/PKB (Protein kinase B)g@ering its activation. At the end of this
pathway, AKT/PKB can phosphorylate Forkhead BoxfDXO) (a transcription factor
which activates the transcription of genes involuedtress response, blocking growth and
development), preventing its nuclear translocatidwangboet al, 2004; Teleman, 2010;
Tanget al, 2011; Wanget al, 2011).

Although direct axonal connections as well as cl@evelopmental repercussions are still
elusive, the relationship between IIS and JH réflen low JH titers characterizinipR
mutants (Tataet al, 2001). Furthermore, it has been demonstratetd B@@s-derived DILPs
modulate JH production in the adult, up-regulatiig 3-hydroxy-3mehylglutaryl CoA
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reductase (hmgcr, one of the enzymes involved in JH biosynthesisheg expression
(Belgacem and Martin, 2007; Jonesal, 2010). Recently, Mirtlet al (2014) have shown
that the ablation of theorpus allatum(the organ responsible for JH synthesis) affeatsvth
rate and in turn final body size; this action wagrfd to be mediated by both FOXO (thus IIS)
and ecdysone. IS effects on the timing of metamoss also suggest a functional
connection between DILPs release from the IPCseadgisone. Genetic ablation of IPCs or a
partial loss of function mutation &R decrease growth rate, delaying metamorphosishen t
contrary, over-expression dflp2 within these cells increases larval growth raté simortens
developmental time (Shingletaat al, 2005; Rulifsoret al, 2002). Moreover, the activation
of PI3K in the prothoracic gland (the site of eanlys production) leads to a precocious
metamorphosis through an early ecdysone synthgbeseas suppression of IS (expressing
PTEN Phosphatidylinositol-3,4,5-triphosphate 3-phosaé@, a negative regulator of 1IS, or a
dominant negative form of PI3K) lengthens developtak time, attenuating ecdysone
synthesis(Colombaniet al, 2005; Caldwellet al, 2005; Mirthet al, 2005; Layalleet al.,
2008). In 2009, Walkiewicz and Stern demonstrated the impairment of PKA signaling
pathway in the IPCs up-regulated systemic IIS, Whesulted in an early ecdysone synthesis,
and in turn accelerated larval growth rate andcgrated metamorphosis. Interestingly, a
recent study showed that IIS in larval mushroomidé®dstructures which govern learning,
memory and temperature-preference setting) regulttted intake and growth (Zhao and
Campos, 2012).

1.2.1.1 Insulin-Producing Cells requlation and pblgs)y

As previously exposed, IPCs are a pivotal neuroemae center for the modulation of insect
growth, development and reproduction. Given thethpi&a of physiological processes
involving DILPs, it is easy to explain the great@mt of neurotransmitters or hormones
whose producing neurons impinge on the IPCs tolasgUILPs expression and/or release.
This regulation is extremely complex and fine-tunaccording to the diverse environmental
signaling that these neurons receive. In the Thblew (Tab. 3) a schematic overview about
the nature of the different neurotransmitters/newrdulators which control brain-IIS is
reported (reviewed in Nassetl al, 2013).
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Table 3.Neuromodulators or endocrine factors affectingdP@ysiology.

Factor Receptor on Effect Effects within the Nature of the References
— the IPCs onllS IPCs signaling -
sNPF sNPFR1 + it 2 Nutrition-derived?* HEREED, AAUOE,
expression Kapanet al, 2012
1 dilp2-5 IPCs autocrine Broughtonet al, 2008;
U IR - expression regulation Gronkeet al, 2010
| dilp2-5 i
DILP6 InR - expression; e bst?dza%erlved Baiet al, 2012
| DILP2 release 9
| dilp2 Low levels of Enellet al, 2010;
GABA GBR - expressiof] nutrition-derived Rajan and Perrimon.,
| DILP2-5 release sugars/fats 2012
DTK | DTKRINKD - Vg2 € Nutrition-derived?*  Birseetal, 2011
expression
Adiponectin-| Adiponectin 1 dilp3 Fat body-derived
like* Recentor + expression; sianaf Kwak et al, 2013
P 1 DILP2 release 9
| dilp2 ;
. i expressio S Luoet al, 2012;
Serotonin 5-HT1A | dilp2-5 Nutrition- derived Luoet al, 2014
expression
Octopamine OAMB ? 1 dilp3 expression ? Luoet al, 2014
Ca'-activated
SLOB SLO* + 1 dilp3 expression  K*channel binding Sheldoret al, 2011

partner
Lonly in larval stages;

* Not confirmed;
$The environmental stimulus which induces the reeasnains unknown;
" measured via immunocytochemistry.

As can be noted from the information reported il.T& environmental cues triggering the
signaling of some of these factors remain stilsele. Further studies have to be performed to
better understand the nature of various signalatbways affecting IPCs physiology.
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1.2.2 JUVENILE HORMONE AND ECDYSTEROIDS

JHs and ecdysteroids (like ecdysone and 20-ecdysmadwo classes of lipophilic hormones
which retain pleiotropic roles in insect growth,vd®pment, reproduction, aging and
behaviour (Toivonen and Partridge, 2009) and ridg an functional 11S, see above (Bownes,
1982; Carney and Bender, 2000; Drummond-Barbosa Sprddling, 2001; LaFever and
Drummond-Barbosa, 2005; Solletral,, 1999).

JHs are acyclic sesquiterpenoids mainly known heirtrole as developmental modulators,
but they are also crucial in regulating life-his¢grand fitness trade-off (Flat al, 2005). In
Drosophila, thecorpus allatumsynthesizes three JHs (JH IIl, JHB3 and methyldaoate),
but the differences in their signaling are elus{i#att et al, 2005; Richardet al, 1989;
Toivonen and Partridge, 2009) (thus, we will refedJH to include all of them). Apart from
hmgcr (see above), genes involved in JH synthesis dreisknown, as well as the exact JH
transduction mechanism. To explain how JH can affaascription, both a direct regulation
within the nucleus and a cell-surface receptor-atedi interaction have been proposed
(Wheeler and Nijhout, 2003). Methoprene-tolerante(Mnuclear transcriptional regulator
(Wilson an Fabian, 1986; Ashait al, 1998) and Ultraspiracle (USP), a nuclear reaepto
which constitutes also an EcR binding partner (Scared Sharp, 1997; Jones al, 2006)
have been suggested as putative JH receptors fisenaking as a dimer, like the ECR-USP
complex, see Yaet al, 1992; Yacet al, 1993). JH is involved in a multitude of phenomen
including imaginal disc growth, ovarian maturatiodiapause, polyphenisms, memory,
learning and courtship behaviour, but it is maikipwn for its involvement in the regulation
of insect development (see Flatt al, 2005). Although in distinct insect groups JH \8ko
different effects on developmental processes (Trumand Riddiford, 2002), in
holometabolous insect development, like the Drodapine, JH exhibits a role as atétus
qud factor. While 20-ecdysone peaks dictate the tengdodifferent developmental
transitions, like larval molts, the maintenancéigh levels of JH during larval life allows 20-
ecdysone increase to lead towards a further latagle instead of metamorphosis. In other
words, drops in JH titers determine if the develeptal transition will give rise to a new
morph or not (Nijhout, 1994; Riddiford, 1993; Ritld, 1994). Before metamorphosis, the
corpus allatumblocks JH synthesis, whereas in other tissueselifadation becomes more
efficient to provide an effective JH clearance natbm, allowing 20-ecdysone to promote
metamorphosis. Reproduction and lifespan reprgastbther few extraordinary examples in
which JH plays a key role. Applications of a JHlagaduring Drosophila larval development
induces a dramatic reduction of adult female sumgkiip as well as an increased early life
fecundity (Flatt and Kawecki, 2007). JH promotegNaogenesis in concert with 1IS, directly
or indirectly, promoting ecdysone synthesis fronartan follicular cells (Solleet al, 1999;
Gilbert et al, 1998; Bownes, 1982; Drummond-Barbosa and SprgdR001), whereas in
males, it induces the production of specific pegdith male accessory glands (Wilssral,
2003) like inTribolium castaneuniParthasarathgt al, 2009).
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Ecdysteroids, which in Drosophila comprise ecdys()eand 20-hydroxy-ecdysone (known
also as 20-ecdysone, 20E), are steroid hormoneshwdlicit the transcription of specific
genes (Thummel, 2002; Riddiforet al, 2000). During larval life, E is produced in the
prothoracic gland (PG), and its secretion into tleemolymph, controlled by diverse
neuropeptides such as PTTH and DILPs (which dictateelopmental timing and final body
size, McBrayeet al, 2007, Walkiewicz and Stern, 2009, Caldvetlal, 2005; Colombanét
al., 2005; Mirthet al, 2005), triggers key events for development.dolafemales, ovaries
represent the main source of E (Riddiford, 1993avelz et al, 2000; Niwaet al, 2004;
Warren et al, 2002; 2004)while in males, the site of ecdysteoids productialthough
elusive for a long time, has been recently repoa®dnale accessory glandsTincastaneum
and Drosophila (Hentzet al, 2013). E released is further converted int@adsve form 20E
in peripheral tissues by 20-monooxygenase (encbgeshade Petryket al, 2003), and the
latter provides the ligand for a receptor complédxoh involves EcR and USP (Koeks al.,
1991; Yaocet al, 1993; Bakeet al, 2000). These receptors represent the vertefanatesoid

X receptor (FXR) or liver X receptor (LXR), and ireiid X receptor (RXR) homologs,
respectively (King-Jones and Thummel, 2005). Indk®, the importance of ecdysteroids in
fueling yolk protein synthesis and uptake from dvary is well known (Gilberet al,, 1998;
Buszczaket al, 1999; Carney and Bender, 2000), but also in snidlexhibits a key role in
gonads maturation, spermatogenesis and reprodubtviour (Wismaret al, 2000).
Moreover, combined with JH, ecdysteroids contrd$® aourtship behaviour (Ringet al,
1992; Ganteet al, 2007) as well as longevity (Tatar al., 2001; 2003). Although the shut-
down of both IIS and ecdysteroids signaling de@sd®rtility and increases lifespan in
Drosophila (Clancet al, 2001; Tataet al, 2001; Tuet al, 2002; Simoret al, 2003; Carney
and Bender, 2000)he coordination of these pathways in modulatirsgat aging seems more
complex, given that, for instancehico mutants (which exhibit lifespan extension) showed
neither impairment in E release nor reduced haemuaiyecdysteroids levels (Richagd al,
2005).

Considering that Drosophila reproductive diapausesists in a shut-down of ovarian
development, it seems quite important to have aildet perspective of the hormonal control
of fruit fly oogenesis. The current endocrine mofiel Drosophila oogenesis is based on a
complex interaction between IIS, JH and 20E sigwgpiathways. The release of DILPs from
IPCs promotes JH synthesis (Belgacem and Marti@7 20one<t al, 2010), and JH release
from thecorpus allatumis responsible for both fuel early synthesis @éNagenins from fat
cells and stimulate ovarian follicular cells to gwee E, which will carry on late
vitellogenesis, promoting vitellogenins production fat bodies. Finally, vitellogenins
secreted into the haemolymph will be uptaken bygitweving oocytes (Richaret al, 1998;
Richardet al, 2001) (see Fig. 7). It has been also demondtitiia DILPs release into the
haemolymph is required for ovarian maturation ireegently from JH and ecdysone (Tatar
al., 2001; LaFever and Drummond-Barbosa, 2005; Ritkaral, 2005), according ténR
expression in the ovary. Taken together, theseeecies underline the deep connection and
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synergism between 1IS, JH and 20E signaling patsywayen thought suggesting the possible
existence of molecular mechanisms by which theysoguoit their functions independently.

Ecdysone
=g
&Qgenins W\

JH

OVARIAN
DEVELOPMENT

Figure 7. Current model for Drosophila endocrine regulatidéwvitellogenesis. IPCs=Insulin Producing Ce
CA=Corpus allatum; CC=Corpus cardium; FB=fat bodid3lLPs=Drosophila Insulinike peptides
JH=juvenile hormone.

37



38



2. Results

2.1 Serotonin but not octopamine signaling promotegiapause in Drosophila

Taking into consideration all the information abagect reproductive diapause reviewed in
the Introduction, it appears plausible to hypotheshat diapause-promoting environmental
stimuli, are they cold, day-length, desiccation/ldity or starvation, should modulate
(through still unknown neural networks) insulin-guzing cells (IPCs) physiology, to induce
or prevent the expression and/or the release aflimbke peptides (ILPs, in Drosophila
DILPs), thus regulating the neuroendocrine axipaasible for the diapause/non-diapause
fate. For this reason, we first focused our attentin the different receptors located on the
IPCs, searching potential candidate receptors wiaictivation can impair brain insulin
signaling (IIS). As previously reported, at the nemhthree receptors are known which
signaling contribute to DILPs secretion shut-dovdrosophila Tachykinin-related peptide
receptor (DTKR), 5HT1A serotonin receptor, and thetabotropic GABA receptor, GBR.
More complex is the role of the Insulin receptariklin these neuroendocrine cells: it has
been proposed to fuel IIS through its activationyP3 (Gronkeet al, 2010), but also
inhibit dilp2/dilp5 expression and DILP2 release via DILP6 bindingi (8aal, 2012). We
decided to include the OAMB octopamine receptdhanfirst screening, because, although its
involvement in IIS regulation remains unclear (Bret al, 2012), in the IPCs this receptor
plays its function triggering the activation of tiRKA signaling pathway (Balfanet al,
2005; Nassekt al, 2013), which impairment within larval IPCs haseh demonstrated to
increase 1IS (Walkiewicz and Stern, 2009). In marsects, evidences about the key role of
aminergic signaling in diapause accumulated in ldst years, therefore we focused our
attention on potential aminergic effects on IPCysaiogy. We started over-stimulating
specific subsets of aminergic neurons expressibgcterial sodium channelN& ChBag in
order to stimulate an enhanced release of serotandh octopamine respectively under
diapause-promoting temperatures (12°C), but undeg Idays (a conditions that should
promote diapause termination), in order to couctepassible positive results, making them
more robust. The over-stimulation of serotonergarons, employing a driver based on the
Trh (the gene encoding the first step of serotoninspgthesis) promotefM¢(h>Na ChBag,
induces a bigger proportion of flies to undergopdiase (87,5% = 5,1) with respect to the
controls Trh>+, 61,5% + 6,4 antDAS-NdChBac/+ 42,4% + 4,2 (Fig. 8a). On the contrary,
an increased octopamine signalifgl¢2>Na ChBag driver built on théldc promoter, where
Tdc encodes the enzyme responsible for the first stegrtopamine biosynthesis), based on
the same approach, leads to a decreased respdosestdemperatures, causing a precocious
exit from diapause state (26,0% + 7,5) with respiedthe controls {dc2>+, 44,7% + 3,8;
UAS-NdChBac/+ 42,4% + 4,2) (Fig. 8a). In order to confirm oueyious evidences about
serotonergic and octopaminergic signaling in digpawe first impaired serotonin signaling
to the IPCs down-regulating the expression of Bhl'1A serotonin receptor via RNAI,
expressing &8HT1AdsRNA, specifically in the IPCs. We used two inglegeentGal4 lines to
direct the dsRNA expression, the firdilp2(p)-Gal4 which expression starts during the
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second larval instar and tlidp2-Gal4 that allow UAS-dependent expression from the mid-
late third larval instar. The results of this gemenhanipulation under diapause-inducing
conditions (12°C and LD 8:16) are consistent usimgge two different drivers, with interfered
flies that show a marked drop in dipause levdi$p2(p)>5HT1A-RNAj 15,9% + 2,3 and
dilp2>5HT1A-RNAj 11,7% + 4,8) compared with control fliedilp(p)>+, 47,5% + 3,7;
dilp2>+, 37,5% + 1,9 antAS-5HT1A-RNAI/+49,9% = 4,3) (Fig. 8b). With the sarGal4
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Figure 8. a) Diapaise levels of flies characterized by an increasdebse of serotonin (blue) or octopan
(red); b) diapause proportion of flies wiliHT1A (blue) orOAMB (red) downregulation in the IPCs; c) ge
expression oinR and 4E-BP used as proxy for IS supm®on. Numbers within bars refer to sample

Diapause data are shown as Mean * SD, 5-7 eef0;rexpression data are shown as Mean + SE, Jrdpl
2-Way-ANOVA-Interaction: $<0.05; **p<0.01; ***p<0.001.

lines we knocked-dow®AMB, the gene encoding the octopamine receptor locatethe
IPCs, to down-regulate the octopaminergic signatliirgcted toward the IPCs, observing
negligible effects on diapause resporditp?(p)>OAMB-RNA| 42,3% =+ 3,7dilp2>0OAMB-
RNA| 31,3% * 4,9; controls werdilp(p)>+, 47,5% =+ 3,7dilp2>+, 37,5% * 1,9 andJAS-
OAMB-RNAI/4 57,9% =+ 4,2) (Fig. 8b). Afterwards, to confirmetinole of serotonin as a
potential candidate in mediating the block of DILRtease transduced into a systemic IS
down-regulation (which characterizes diapause) wasured in bodies &HT1Ainterfered
flies, transctipt levels onR and4E-BP, which expression can be used as a proxy for IS
activity (they are both under the control of FOX@®)iron et al, 2001; Puiget al, 2003).
Flies with an impaired serotonin signaling to tHeC$ exhibit a statistically significant
decrease of transcript levels of bdtiR and 4E-BP, under diapause-promoting conditions
(dilp2(p)>5HT1A-RNAI IR, 0,84 + 0,044E-BP, 0,59 + 0,02dilp2>5HT1A-RNAi InR, 0,84

*+ 0,04;4E-BP, 0,59 * 0,02dilp2(p)>+ anddilp2>+ flies were used as controls) (Fig. 8c).
Also in this case, at the molecular level, perfargiihe analysis with two different drivers did
not affect the uniqueness of the results. Takeattmy, these evidences suggest that serotonin
but not octopamine promotes diapause entry andribatés to [IS down-regulation
characterizing the dormant state.

40



2.2 The modulation of the nutrient signaling conneting fat bodies and brain shows weak
or no effects on diapause

In Helicoverpa armigerathe injection of a mixture of fat bodies catatedi (Tricarboxylic
acids intermediates) in dormant pupae has been mrated to be sufficient to stimulate a
precocious termination of diapause increasig H expression (Xtet al, 2012). Moreover,
Rajan and Perrimon (2012) identified in Drosophalafat bodies-released molecule that
promotes DILPs (DILP2 and DILP5) release from tih@irbas a cytokine-like protein called
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Figura 10. Diapause levels of flies with a) genetycally-inddmver-stimulation of GABA release; b) down-
regulation of GBR in the IPCs; c) ovexpression of Upd2 within fat cells. Numbers witliars refer t
sample size. Data are shown as Mean * SD, 5-8ef0. 2-Way-ANOVA-Interaction: j<0.05; **p<0.01
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Unpaired 2 (Upd2). This peptide plays a role analsgto that of the human Leptin (satiety
hormone), and its expression is strongly down-ra&gal under starvation conditions, whereas
it is up-regulated if high sugar or high fat di€tsut not high amino acids diets) were
administered. This suggest that Upd2 signals to IB@s nutritional information about
nutrition-derived sugars and fats. Taken togettiegse evidences suggest that insect fat cells
could have a key role in shaping diapause acting agetabolic sensor and not simply as a
downstream effector of the [IS-JH-20E axis. Thusg, wondered if fat bodies metabolism
could affect diapause response modulating brainroegwalocrine activity also inD.
melanogaster In Drosophila, Upd2 released from fat bodies potew indirectly DILPs
secretion, acting on GABAergic neurons juxtaposethé IPCs: here, it binds to the receptor
Domeless (Dome), triggering the activation of thRKISTAT signaling pathway, whose
activation suppresses GABA release form this subeteurons. As we previously said,
GABA, through its metabotropic receptor (GBR) oe tRCs impedes DILPs secretion, thus
the release of Upd2 is translated into an enhaliedh order to investigate the potential role
of the Upd2-GABA nutrient signaling connecting fabdies and brain in diapause
modulation, we started over-stimulating specificdlABAergic neurons to increase GABA
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release, expressing the bacterial sodium chah®dhBag. As shown in Fig. 9a, no effects
on the proportion of dormant females have beenrebdeGad1>Na ChBag 46,0% + 4,4;
controls:Gad1>+, 61,9% + 5,8 antWAS-NdChBac/+ 50,2% + 6,5) (Fig. 9a). Furthermore,
we impaired GABA signaling to the IPCs to verify @ther also this perturbation could be
responsible for IS down-regulation under diapaps®noting conditions. The down-
regulation via RNAIi of theGABA receptor GBR in the IPCs, leads to weak effects on
diapause responsdilp2(p)>GBR-RNA(1), 34,7% + 6,3dilp2>GBR-RNAI(1), 29,9% + 7,8;
dilp2(p)>GBR-RNAI(2), 38,6% * 9,3dilp2>GBR-RNAIi(2), 24,1% + 5,7), with significant
differences only with respect to the UAS contraJ®\G-GBR-RNAf1)/+, 57,1% * 6,9UAS-
GBR-RNAIi(2)/+, 45,1% + 6,0;Gal4 controls werdilp2(p)>+, 47,5% £ 3,7; andlilp2>+,
37,5% £ 1,9) (Fig. 9b). Finally, we over-expressdod2 in fat cells to induce the over-
activation of the fat bodies-brain nutrient signgliin diapause-promoting conditions,
employing two independer@al4 lines, cg-Gal4 and ppl-Gal4, which expressions (anyhow,
mainly driven in fat cells) overlap solely in fabdies. Also in this case we found weak or no
effects on diapause@>Upd2 41,0% + 1,6;ppl>Upd2 61,6% + 3,3,cg>+, 46,4% = 8,3;
ppl>+, 56,8% + 3,7;UAS-Upd2/+ 38,7% + 5,1) (Fig. 9¢). Our results suggest that
enhanced nutrient sensitivity to sugars and fatsqies little or no effects on diapause and
likely GABA action is not responsible

for the major shut-down of DILPs @ @ DiLPs

release caused directly or indirectly t 2 @ amino acids

low temperatures.

2.3 Modulation of TOR signaling in
the fat bodies affects diapause

The effects due to IIS pathwa \ X_

activation on organismal and cellule @@
physiology are very often linked to th FOXO /

activation of another pathway, the
shares some actors with 1S, but whic
can be activated also independen

from 1IS. Target of Rapamycin (TOR

signaling represents a nutrient SENSOr | GROWTH SUPPRESSORS
. . . AND STRESS RESPONSE

Drosophila fat bodies: here, amin | associatep Genes

acids can enter in the cells through t

amino acids channel SLIMFAST an

trigger TOR activation disabling the SYSTEMIC GROWTH

two negative TOR regulator COmplexeﬁigura 10. Simplified representation of Insulin and T
Tuberous Sclerosis Complex 1 (TSCsignaling pathways in Drosophila fat bodies.

and TSC2, which, as an heterodimer,
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inhibit the GTPase Rheb, the factor required forRT@ctivation (Colombanet al, 2003).
Together with Rheb and other two binding partn&aptor and LST8), TOR can activate
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Figura 1. Diapause levels of flies characterized by a) segged TOR activity in fat cells; b) TOR activity-up
regulation within fat bodies. Numbers within baeger to sample size. Data are shown as Mean + Sxep.
n>60. 2-Way-ANOVA-Interaction: <0.05; **p<0.01; ***p<0.001.

S6K to stimulate protein synthesis, TIF1A to inddlee transcription of specific genes, and
repress 4E-BP, coordinating growth with nutriti@n the contrary, when TOR pathway is
suppressed, 4E-BP is unabled to repress translabiocking protein synthesis and thus
cellular and organismal growth (Colombaial, 2001) (see Fig. 10). Moreover, an increased
TOR activity within the fat cells has been demcetstd to drive the release of a humoral
factor able to promote DILPs release from the bridievertheless, at the moment no potential
candidates have been suggested (Gémietad, 2009). Although IIS and TOR pathway are
deeply linked, functional studies in a diapauséifas on the latter are lacking. In order to
investigate the potential role of TOR pathway ia teproductive diapause of Drosophila, we
first down-regulated TOR activity specifically withthe fat bodies, using two approaches,
the over-expression oFSCland TSC2 or the expression of a dominant negative form of
TOR protein (TORN, a mutated form of TOR that contributes to therfation of a disabled
TOR complex). Also in this case, to strengthen analysis, we employed two independent
Gal4 lines, which expression is mainly driven in fatdies, ppl-Gal4 and DJ634-Gal4 As
showed in Fig. 11a, the inhibition of TOR activitysing both approaches and both drivers
raises the percentage of dormant females beyond @@8>TSC1-2 94,8% = 5,0;
ppl>TORN, 92,6% + 5,2DJ634>TSC1-293,4% + 4,7DJ634>TORN, 93,2% + 3,9) with
respect to their controlpgl>+, 57,0% + 7,1PDJ634>+, 56,9% + 7,4JJAS-TSC1-2/+42,0%

+ 6,6; UAS-TORN/+, 73,1% + 4,5). Subsequently, to provide evidermesgirming TOR key
role in diapause regulation, we tested whethemdaoded over-activation of TOR within fat
cells could lead to the opposite phenotype, inrotvards, lower levels of diapause. Thus, we
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expressed a constitutively active form $8K (S6K*) which acts downstream to TOR. We
found a marked decrease in diapause incidence hwith drivers ¢g>S6K*, 4,5% + 2,8:
ppl>S6K", 12,1% + 6,5) while controls showed higher projportof dormant females
(cg>+, 52,4% + 10,6ppl>+, 54,1% + 7,1;UAS-S6K"/+, 32,5% + 5,7) (Fig. 11b). These
results suggest a functional connection betweeratiigity of the amino acids sensor TOR
within the fat bodies and diapause.

2.4 Loss of dopamine signaling represses diapause

As reported in the chapter “Dopamine and diapaubgh levels of dopamine in several
tissues characterize diapausing morphs in manyctsisexhibiting embryonic, larval and
pupal diapauses, but evidences are lacking abdettefon reproductive dormancies. To
investigate the role of dopamine in the reprodectiiapause of Drosophila, we started testing
in diapause-promoting conditions (12°C, LD 8:16gdl with mutatedple and Ddc genes,
encoding for the two enzymes responsible for dopansiynthesis, TH and DDC. Tipde’
null-mutantwas tested as heterozygdqpte®/+) given that in homozygosis it causes lethality.
Exposed to cold temperaturgde’/+ flies showed extremely low levels of diapaus2,(% *+
4,9), as well aBdc hypomorphic mutant{dc hyp which causes a reduced functionality and
not a gene knock-out) females (6,4% + 3,5) (Figa)12he latters showed strikingly high
levels of vitellogenesis (also oocytes at stagdHiel)ast and ready-to-be-laid) even if exposed
to a diapause-inducing temperature, resemblingptagian development of flies maintained
at optimal conditions (Fig. 12b). Interestinglyettesults abouytle* andDdc hypflies can be
partially phenocopied analyzing the diapause respah an hypomorphic mutant fBopR1
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(DopR1 hypor dumb), one of the four dopamine receptors (21,8% + 83). 12a). To
exclude potential effects due to the genetic bamkga of these mutants, in this experiment
we used multiple controls: bothhite mutantgw'*% W', 39,2% + 2, 2w'ds, 57,6% +
6,0), representing the genetic background of outants, and transgenic flies withve’
background but in which at least a partial resduta@w gene is presentAS-Nd ChBac/+
42,4% = 4,2;dilp2(p)>+, 42,7% + 9,8;,DJ634>+, 62,8% + 5,6;UAS-PI3K’/+, 50,5% =
3,9), to prevent possible pleiotropic effects caulsg mutations at thes locus. These results
demonstrated that the loss of dopamine signaliognptes ovarian maturation, affecting, in
turn, diapause response.

2.5 The increase in dopamine levels promotes diapse

We wondered if an increase in dopamine endogeremats! is sufficient to induce an increase
in diapause response. Thus, we analyzed the ovarauration at low temperatures (12°C,
but under LD 16:8 in order to promote photoperiooi@rian development) of the mutant
ebony €', characterized by a double dopamine content (Htslgend Konopka, 1973;
Ramadaret al, 1993). The proportion of dormant females in stigin settled around 90%
(88,1% = 3,1), while the controls spanned betwee8% + 2,9 P0206>+) and 51,6% + 3,7
(w'™s) (Fig. 13a). The ovaries of the females appeared extremely atrophic, as shown in
Fig. 13b. Subsequently, we used another geneategly to induce an increase in dopamine
titers, exploiting theUAS-Gal4 binary system. Using the same strategy employed fo

11 days at 12°C, LD 16:8
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Figura 13. a) Diapause levels of ebony mutants; b) represeatatvarian development of ebony gor
under diapauspromoting conditions. White bars represent 0.2 nejndiapause proportion of fema
showing a geneticallinduced increased release of dopamine. Numbersnwiithrs refer to sample si
Data are shown as Mean + SD, 5-7 regg6(h 2-Way-ANOVA-Interaction: <0.05; **p<0.01; ***p<0.001.
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serotonin and GABA, we over-stimulated specificallgpaminergic neurons expressing a
bacterial sodium channeN& ChBag in these neurons, using a dopaminergic neurons
specific driver,TH/ple-Gal4and a second onBdc-Gal4 specific for dopaminergic but also
serotonergic neurons (the expression of these tiv@rd overlaps solely in dopaminergic
neurons). The induced enhanced dopamine releade tlea statistically significant increase
in diapause response in both cadd$Na’ ChBag 87,8% + 8,2 an®dc>Na ChBag 65,5%

* 6,4), whereas controls maintained lower perceedag dormant female3 >+, 70,1% +
3,2; Ddc>+, 44,1% =+ 5,8; UAS-NdChBac/+ 42,4% =+ 4,2) (Fig. 13c). Thus, we
demonstrated that a genetically-driven increasalagamine levels is sufficient to elicit
diapause.

2.6 Diapause-inducing conditions increase endogermdopamine levels

At this point, we hypothesized that diapause-pramgot
conditions are responsible for a physiological (n
artificially-induced) increase of endogenous dopan 3 -
titers. For this reason, we measured dopamine deviel
High-Performance-Liquid-Chromatography  (HPLC) .

flies maintained for 11 days at 12°C or at 23°Cn{od
flies). In detail, flies exposed to low temperatingere
divided into two batches, exposed to different tangths
(LD 8:16 and LD 12:12) to check for possib
photoperiodic effects. Flies exposed under diapat
inducing temperatures (at both LD 8:16 and LD 1p::
showed more than a double dopamine content (2032 05

and 2,49 £ 0,28 pug dopamine/g flies, respectivaith 15001500
respect to flies kept in optimal thermal conditidfs90 +
0,07 pg dopamine/g flies) (Fig. 14). Finally, w N 2
demonstrated that low temperatures are sufficient O O
determine the endogenous dopamine increase rebjmor ©
for diapause induction/maintenance. SN

1,5

pg dopamine/g flies

Figura 14. Dopamine whole boc

2.7 Impairment of PKA signaling in thecorpusallatum  content of flies exposed for 11 d
. . . under diapauseducing condition
decreases diapause response and is phenocopied by  (12°c, LD8:16 or LD12:12) «

DopR1 down-regulation 23°C (LD12:12). Number withir
bars refer to sample size. Data

shown as Mean + SE, 3 r
As we previously demonstrated iD. melanogaster n=1500. Student test: *p<0.0t

dopamine exerts a potent role in the modulatiodiapause, ~ P<0-01 **p<0.001.
as well as in other kinds of dormancies. Moreov..,
increased dopamine levels have been found aldeeimaemolymph in moths, suggesting an
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endocrine inhibitory action likely on the IIS-JHR@xis rather than one as a neurotransmitter
within interneuron networks. In order to understamavhich level of this axis dopamine acts
to molulate this complex life-history trait in Digshila, we have reviewed the expression and
immunohistochemical data reported in the litergtaed
we found no confirmed evidences about the presefc
dopamine receptors in the IPCs. Interestingly, t
dopamine receptors, DopR1 and D2R seem to be bbc
on other organs with key functions for hormonaltsys
integrity: corpus allatumand fat bodies (Gruntenlet al.,
2012a) (see Fig. 15a). Although in opposite die]
these two receptors, when activated, perform tf
functions modulating the same intracellular sigmali
cascade, the Protein Kinase A (PKA) pathway. Inde
DopR1 is coupled with a G-protein with a stimulagtor
subunit ) (Gotzeset al, 1994) (see Fig. 15b), whicl
activates the adenylate cyclase enzyme (AC). O
activated, this enzyme converts ATP in cAMP, thdt v
bind to the regulatory subunit of PKA (PKAR). Th ) DOPAMINE RECEPTORS
subunit works as a dimer, inhibiting another diffeemed
by catalytic subunits (below PKA). When PKAR is n
bound with cAMP, it represses PKA, blocking th o, %4
signaling; on the contrary, when cAMP binds PKAR YRS
provokes the detachment between catalytic and aeanyl BiidallbAIbS
subunits, enabling PKA to phosphorylate the cAMP- — )
Responsive  Element Binding protein (CREErFe'ggg’tlolrg' a)a':l)(';tgbu“tﬁg of I?gf?&rgg
Phosphorylation activates this transcription factbat neuroendocrine axis of Drosoph
now can enter the nucleus to bind CRE DNA sequetmceg’ff&')r:;‘dg” aIIatEr:'lOdFué:g:‘at bg'gi"esf
promote the expression of specific genes. D2Rgaukt DILPs=Drosophila Insulirike
has been suggested to be coupled with a G-profiginaw Peptides; JH=juvenile hormone.
. ) ) Effect of the four dopamine recpetor:
inhibitory o subunit ¢;) (Renet al, 2002), which blocksp. melanogast on PKA signalin
AC activity, suppressing the signaling pathway. €githe pathway (modified fromClyne an

. Miesenbdck, 2009).
previously reported results abddopR1 hypfemales and
the ambivalence of dopamine signaling in theseaudéiss
we decided to start impairing PKA signaling witline of these organs, tieerpus allatum
Surprisingly, the over-expression BKARin the corpus allatumcaused an almost complete
absence of diapausAyg21>PKAR330,3% = 0,6; controls werkug21>+, 69,5% + 5,2 and
UAS-PKAR33/+ 34,4% * 4,6) (Fig. 16a and b). To demonstrateursctional connection
between the endogenous increase of dopamine leaelsed by low temperatures and the
effects on ovarian development due to PKA modufaiio the corpus allatum we down-
regulatedDopR1 (between the two dopamine receptors the only whichild activate PKA)
in this tissue. We expressed a dsRNADoipR1specifically in thecorpus allatumfinding a
pronounced decrease of diapause incideAcgZ1>DopR1-RNAIi22,6% + 2,3) if compared

DopR1 DopR2 DopEcR D2R
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with controls Aug21>+, 62,8% + 3,3UAS-DopR1-RNAI/+50,0% + 5,2) (Fig. 16c). Taken
together, these evidences suggest that dopaminalatesl diapause response acting through

11 days at 12°C, LD 8:16 11 days at 12°C, LD 8:16
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Figura 3. a) Diapause levels of flies with reduced activifyttie PKA pathway within the corpus allatum
representative ovarian development of Aug21>PKAR§@nads under diapaupeemoting conditior
compared to controls. White bars represent 0.2 wmindiapause proportion of DopRdterfered female
Numbers within bars refer to sample siData are shown as Mean + SD, 5-8 rep6th 2-Way-ANOVA
Interaction: $<0.05; **p<0.01; ***p<0.001.

DopR1 in thecorpus allatum

2.8 Shut-down of PKA signaling in the fat cells deeases diapause incidence and is
phenocopied byDopR1 down-regulation

Focusing our attention on the other organ involwedIS-JH-20E axis regulation where
dopamine receptors are expressed, fat bodies, \woged an analogous approach, but using
two different drivers which expression, althougmast fat body-specific, converges solely in
fat bodies (see above). We first shut-down PKA wathover-expressingKAR obtaining a
lower percentage of dormant femalescgrPKAR33flies (10,1% + 6,2) with respect to the
appropriate controls c¢>+, 46,4% =+ 8,3; UAS-PKAR33/+ 39,8% * 4,1), whereas
ppl>PKAR33 manipulation showed a significant decrease in aliap incidence (24,8% =
6,7) compared tppl>+ (56,8% * 3,7) but not ttddAS-PKAR33/+39,8% * 4,1) (Fig. 17a). A
clearer response was observed impairing PKA patrexayessing a dominant negative form
of CREB (CREBM). In this case, botleg>CREB™ and ppl>CREB™ responses were
significantly down-regulated (13,4% + 2,6 and 21,2%,3, respectively), whereas controls
ranged between 45-60 %g>+, 46,4% + 8,3ppl>+, 56,8% + 3,7UAS-CREBY/+, 60,2% +
6,4) (Fig. 17b). Also in this case, DopR1 is thdyomhopamine receptor whose directional
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action can fit with both diapause-driven dopaminerease and PKA-mediated effects on
ovarian growth. Thus, we down-regulated specificatl the fat bodiedDopR1 expression
(using two drivers also in this case). Batg>DopR1-RNAiand ppl>DopR1-RNAiflies
showed very low levels of diapause (3,5% = 3,1 &#®]6% + 2,4, respectively),
phenocopying low proportion of dormant females bkbd by flies with impaired PKA
signaling within this tissue (controls wecg>+, 46,4% = 8,3ppl>+, 56,8% + 3,7 antDAS-
DopR1-RNAIi/4 50,0% + 5,2) (Fig. 17c). As previously proposedthecorpus allatumalso

in this case our results suggest that dopamine hatedudiapause phenotype via DopR1/PKA
signaling also acting on fat cells.

11 days at 12°C, LD 8:16 11 days at 12°C, LD 8:16 11 days at 12°C, LD 8:16
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Figure 4. Diapause levels of flies with a) and b) an impa&ntin PKA activity in fat cells; ¢) DopR1 down-
regulation within fat bodies. Numbers within bagger to sample size. Data are shown as Mean + SDep
n>60. 2-Way-ANOVA-Interaction: p<0.05; **p<0.01; ***p<0.001.

2.9 PKA signaling within corpus allatum and fat bodies alters gene expression of JH-
related and vitellogenins genes, respectively

The corpus allatumis known solely to be the JH producing gland, thtuss reasonable to
envisage changes in JH release to explain theteffat diapause of the dopamine-PKA
signaling shut-down. Given that measuring diredtt titers is extremely complex (the vast
majority of papers on JH employ indirect assays PCR on JH-target genes or estimation
of JH degradation, see Mir#t al, 2014 and Rauchenbaehal, 2011), we measured mRNA
levels of three genes which expression has beeromgnated to be strongly affected by
corpus allatumgenetic ablation (and thus JH deficiency) (Yamanedtal, 2013). As shown

in Fig. 18a, expression levels @dorant binding protein 99(Obp99l), Jonah 25Bii
(Jon25Bi) andKruppel homolog 1Kr-h1), measured in fly body (thorax + abdomen) of flies
with impaired dopamine-PKA signaling within theorpus allatum (Aug21>PKAR33
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Aug21>CREB"; Aug21>DopR1-RNAiAug21>+ as control) maintained at 12°C for 11 days
showed deep alterations (Fig. 18a). These dataesu@g) least a partial involvement of JH in
mediating the effects on diapause of dopamine-PigAading manipulation.

Fat bodies are key organs to couple nutrition vgjetemic growth, but also for metabolic
regulation and yolk production. Thus, to investigtte role of PKA signaling in fat cells, we
hypothesized its potential involvement in regulgtyolk proteins production and/or release.
We measured transcripts levels of the three vgelhin genes encoded in the Drosophila
genome ¥pl, yp2 ypJ in flies with a shut-down of PKA signaling withifat cells. We
employed the most widely usqupl-Gal4 line to drive the over-expression BKAR or
CREP™, and we exposed flies under cold temperature (126€ 11 days. We found a
marked and significant up-regulation of almost thk threeyp genes (Fig. 18b), a result
which demonstrates that PKA signaling could blodgtellogenesis in fat cells and thus
promote diapause.
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Figure 5. a) Expression levels of JH-regulated genes in fesnaith impaired PKA activity or DopR1 down
regulation in the corpus allatum (Aug21>+ flies eersed as controls); b) Expression levels of Drbia
vitellogenins genes in females with PKA impairménthe fat bodiesppl>+ flies were used as contro
Data are shown as Mean = SE, 3 rep. n=14. Student:t<0.05; **p<0.01; ***p<0.001.
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3. Discussion

3.1 Aminergic control of brain IIS and diapause inDrosophila

Like the mosquitcC. pipiens the model organisr®. melanogasteexhibits a reproductive
diapause caused by a systemic Insulin signaling) (hut-down. Insulin Producing Cells
(IPCs) physiology is regulated by several factarsufopeptides, biogenic amines, other
humoral factors) which exert a positive or a negateffect on Drosophila Insulin-like
peptides (DILPs) secretion from these neuroendectiils. Although the understanding of
many of these mechanisms is well established, mrspite of the well acknowledged role of
[IS in modulating many life-history traits, nothing known about the identity of the IPCs
regulators whose effect triggers the activationadfaptive responses in nature such as
diapause. For this reason we focused our atterdgiorthe identification of the negative
regulator(s) of brain 1IS which action on IPCs detimes an impaired systemic IIS, a
condition necessary for entering diapause. We feetusainly on aminergic signaling which
represent an outstanding example of signaling ¢mopgiven the involvement of many
biogenic amines in the regulation of dormancy anoetazoans. In Drosophila, serotonin,
GABA and octopamine signaling converge on IPCscéfig their physiology, and a role in
IIS regulation has been demonstrated for all ofrthin detail, the knock-down &HT-1A
(serotonin receptor) increases DILP2 productiono(les al, 2012) anddilp2 and dilp5
expression (Luet al, 2014), wherea&BR (metabotropic GABA receptor) down-regulation
results in an enhanced production and release bP®I(Enellet al, 2010; Rajan and
Perrimon, 2012). Recentlgilp3 up-regulation has been found in flies expressirgAMB
dsRNA (an octopamine receptor) within the IPCs (Letoal, 2014). Thus, we tested flies
characterized by a down-regulation of each of thesseptors in the IPCs in diapause-
promoting conditions (12°C, LD 8:16), with the aitm identify which of these genetic
manipulations have the potential to increase bil&reven under unfavourable conditions for
growth and development, and therefore to affegpalise response. The down-regulation of
5HT-1Ain the IPCs led to a remarkable drop in the pasggnof dormant females using two
different drivers, whilesGBRandOAMB RNAIflies exhibited weak or no effects on diapause
incidence. To confirm these results, we also indugenetically an increased stimulation of
the different aminergic neurons in order to pronmetnstitutive release of specific biogenic
amines. The over-stimulation of serotonergic nesirpromotes consistently high levels of
diapause whereas, GABAergic neurons excitation skhowo significant effects; on the
contrary, an increased release of octopamine lesigiwificantly lower levels of diapause
percentages. Phenotypic evidences suggest thabseraould mediate diapause-inducing
stimuli to the IPCs, causing the suppression of lhSfact, in5HT-1A interfered flies, both
4E-BP and InR expression (used as read out for 1IS shut-downjewdown-regulated,
confirming also molecularly the enhanced IIS atyiun flies with an impairment in serotonin
signaling, and in turn, the pivotal role of this lexule in diapause signaling cascade. As
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demonstrated by Schiesatial (submitted)dilp2 anddilp5 expression within the fly brain is
up-regulated in females exposed to diapause-prognatinditions, a scenario which seems to
clash with the role of serotonin/5HT-1A as negatiegulators oflilp2 anddilp5 expression.
Luo et al (2012) did not focused their attention on axaeaminations (in which DILP2
immunofluorescence could have provided more raialgta to infer a role in serotonin also
in gating DILPs release), nevertheless, all thenphgic effects observed in both their and
our experiments oBHT-1A-RNAIfflies are consistent even with an impaired DILEsrstion,

a conclusion supported by our expression data abatBP and InR in fly bodies, which
suggest a systemic IS up-regulation5GHT-1A interfered flies. Unfortunately, there is no
information about the nature of serotonin signalioghe IPCs. Although Luet al (2012)
showed an impaired survival under both starvatioh lzeat-stress (39°C) conditions5iT-

1A interfered flies, these results do not necessamitwve a serotonin involvement in the
conveyance of thermal or nutritional informationthe IPCs. In fact, DILPs share pleiotropic
functions, and the modulation of their productieiéase could affect indirectly phenotypes in
which IS results somehow involved. However, Lebal, (2012), on the basis of studies
accomplished on the larger blowfly and in DrosopHdrvae (Nassel, 1988; Kapla al.,
2008; Agrawalet al, 2009), suggested that serotonin signaling tolt&s could be part of
the suboesophageal ganglion-brain neuronal netwehich mediates chemosensory inputs
and regulates feeding as well as neuroendocrinetituns. Nevertheless, further studies are
required to understand what are the environmentatmation triggering serotonin signaling
towards the IPCs. We should also consider the pitisgithat the activity of serotonergic
neurons on the IPCs could be affected by an eluanc still unknown fat body-derived
humoral factor, able to stimulate DILPs releasemfrthe brain in relation to amino acids
sensing (Géminaret al, 2009) preventing serotonin release, in a cirsumilar to the
sugars/fats-Upd2-GABA one. Another intriguing andsgible explanation infers that
serotonin signaling could mediate thermal informatrather than being involved in nutrient
signaling networks. Although the regulatory patteoh IPCs physiology have been
significantly dissected, no evidences have beewuiged so far about the existence of factors
mediating cues not related to nutrition. Given streng effects on growth, development and
reproduction exerted by temperature and the pramiimele of IPCs as neuroendocrine
regulators of these biological processes, it isglde to hypothesize the existence of a
temperature-dependent neural signaling which conwates favourable or unfavourable
thermal conditions to the IPCs. The analysis obtemtial temperature-dependent regulation
of dilps transcripts is difficult due to the existence eédiback regulatory mechanisms from
other organs such as ovaries. 12°C represents telaperature which anyway allows a basal
metabolism, although reduced. Thus, temperaturerdgnt effects odilps expression can
be masked by the ovarian feedback likely actinghenlPCs, and demonstrated by brdiips
up-regulation under diapause-promoting conditio&h(esari et al, submitted) or in
germline-less flies (Flatet al, 2008). Moreover, our results abddAMB down-regulation
within the IPCs are consistent with the existingriture. Octopamine has been argued to
counteract the expressiondifp3 (Luo et al, 2014), a DILP which, although likely involved
in a positive autocrine feedback to stimuldiip2 anddilp5 expression (Gronket al, 2010),
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if knocked-out, shows no increase in diapause respaontrarily todilp2 and dilp5 null
mutants(Schiesariet al, submitted). Apparently, this result does notwith the autocrine
role proposed by Gronket al for DILP3, but could be easily explained by thieely
temperature-dependent gating of DILPs release undetemperature. If we take for granted
why DILP3 effect is dispensable under diapause itiong, it appears clear WiQAMB-RNAI
flies showed no changes in the proportion of dotnri@males with respect to the controls.
More complex it seems to find an explanation fa lilw diapause levels characterizing flies
with increased octopamine secretion. It has beenodstrated that flies with enhanced
activity of octopaminergic neurons are characteribg an up-regulation of trehalose and
glucose haemolymphatic levels, as well as highevuants of total triglycerides, a metabolic
effect partially decoupled from IIS (Eriogt al, 2012). Thus, these evidences suggest that
octopamine, affecting sugar and lipid metabolisrhi¢lv changes concur in insect diapause)
also independently from IIS, can potentially infige diapause phenotype in Drosophila.
Alternatively, given that octopamine seems to iaseeecdysone production and conversion
into the active form 20-hydroxy-ecdysone (Rauschehlet al 2007; Rauschenbadt al.,
2008), the significantly lower diapause levels obeé in Tdc>Na ChBacflies could be also
explained via an increased ecdysone titer. In 212et al provided interesting data about
precocious diapause termination kh armigera due to the direct or indirect action of
tricarboxylic acids (TCAs) intermediates on braeuroendocrine activity (PTTH release).
TCAs are key components to fuel the Krebs cyclackvinepresents the central core of both
sugars, fats and amino acids metabolism. In sditésoeffect on DILPs expression and
release, a shut-down in GABA signaling does notrseeaffect strongly diapause behaviour,
as well as a genetically-induced increase in GABXAease. Moreover, also the over-
expression ofJpd2 (the cytokine-like protein released by fat bodiesording to nutrition-
derived fats and sugars able to prompt DILP2 arnidPBlrelease) within the fat bodies using
two independent drivers, showed no or weak effestthe percentage of diapausing females.
Data about diapause response obtained employingpaiations of GABA-Upd2 signaling
are not sufficient to exclude the role of fat baedés regulators of insect brain neuroendocrine
activity depicted by Xtet al (2012). In fact, the activation of this signaliisgtriggered only
by sugars and fats obtained from feeding, but notamino acids sensing (Rajan and
Perrimon, 2012), which represents the most proninerrition-derived cue able to affect
growth, development and lifespan (see Colombanial, 2003; Min and Tatar, 2006;
Grandisonret al, 2009; Bjedowt al, 2010; Katewaet al, 2012). As already mentioned, the
amino acids-based mechanism is mediated by TORgyamodulator of cellular growth,
which, in fat cells, plays a nutrient-sensing rdt@r this reason, we down-regulated TOR
activity within fat bodies via' SC1-TSC2ver-expression or expressing a dominant negative
form of TOR (TORM), using two different drivers, showing a strongmiuse phenotype.
Although we can not exclude completely a developaleeffect, at least for thppl-Gal4
driver, given that thisGal4 line employed to induc&JASmediated expression in fat cells
drive Gal4 expression also during larval stages (see Colométal, 2003), no obvious
phenotypic differences between these females anilate have been observed. Nevertheless,
TOR-S6K activity promotes vitellogenesis in the dhaick, Haemaphysalis longicornis
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(Umemyia-Shirafujiet al,, 2012), in the yellow fever mosquitdedes aegyptHanseret al.,
2005; Roy and Raikhel, 2011) and in the German roaah,Blattella germanicagMaestroet
al., 2009), but, although surprisingly, there is néormation about this mechanism in the
model organisnD. melanogasterAll these findings suggest that our results orRTi®@le as
diapause regulator could be explained as due t@caedse or increase in vitellogenins
production and in turn to an extension or an e@tgnination of the diapause state; the other
possibility relies on an indirect effect of TOR iaityy within fat bodies on vitellogenesis,
exerted through its control of DILPs secretion.conclusion, the fat body-derived humoral
factor released upon TOR activation must be idietiin order to investigate the role of TOR
in diapause, and to better understand fat bodiegribation in insect dormancy as
downstream effector or main control structure.

3.2 Dopamine signaling is key for diapause onset/nmienance in Drosophila

As previously discussed, dopamine signaling showglaspread regulatory role in dormancy
across insects. Although this role has been estaddlifor a long time, no evidences have been
provided in the model organisBh melanogasterdespite the huge amount of genetic toolkits
available to study this mechanism. In a great waoé species, dopamine exhibits a powerful
role in promoting diapause onset and/or maintenaneeertheless nothing is known about
the target organs of diapause-induced dopaminaselas well as the molecular mechanisms
through which dopamine exerts its effect. To inigde the role of dopamine in the
regulation of Drosophila diapause, we started aady diapause behaviour of flies with
impaired dopamine production or signaling. In dizgepromoting conditions (12°C, LD
8:16), bothTH" andDdc hypmutants (mutants for the two enzymes involved dpaine
synthesis) exhibited very low levels of diapausthwespect to the controls, suggesting that
the disruption of dopamine biosynthesis resultstle failure of diapause entry or
maintenance, favouring a precocious terminatioreréstingly, low levels of dormant females
characterized also the hypomorphic mutantDopR1, one of the four dopamine receptors
encoded in the Drosophila genome. Subsequentlylen®nstrated that a genetically-induced
up-regulation of dopamine titers, employing the amaiebonyor exploiting theUAS-Gal4
binary system to stimulate an increased secretiom fdopaminergic neurons, led to high
percentages of diapausing females, confirming ¢hee of dopamine as a positive regulator of
insect diapause. Furthermore, we measured dopalewmets in flies exposed to diapause-
promoting conditions, observing higher dopamineslewvith respect to control flies kept in
optimal conditions for growth and reproduction (@3°LD 12:12). Taken together, these
results show robust evidences about the importahapamine production and release in
determining diapause/normal developmental fate wosBphila. Dopamine absence or
anyhow a disruption in its synthesis can disalbhedies to enter diapause properly, in spite of
the perception of diapause-inducing environmentssc whereas an enhanced dopamine
release seems to halt or slow-down ovarian matmaloreover, the remarkable vitellogenic
levels exhibited byDdc hyp females, with many oocytes at stage 14 (readyettaial),
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provide a strong evidence about the pivotal roleaih dopamine and serotonin as diapause-
inducing factors, given that an impairment in thymteesis of these amines gives rise to
phenotypes similar to those characterizing femabgsosed to favourable conditions for
oogenesis. Considering dopamine strong effectsemeldpmental arrest across insects, it is
plausible to envisage that this biogenic amine a#fect in some way the 11S-JH-20E
neuroendocrine pathway, and supporting evidencessdich a role, although with some
inconsistencies, have been provided by Gruntenkd eolleagues, in several papers.
Intriguingly, a juvenile hormone (JH) deficiencyarhcterizes the adwbonymutant females
(see Gruntenket al, 2012a), which has a double dopamine content aoeapto wild-type
flies (Hodgetts and Konopka, 1993), providing aeothevidence about a potential
involvement of dopamine in regulating key stepsh#f neuroendocrine axis governing fly
development, growth and reproduction, as confirngdour data on diapause in these
mutants. Thus, we wondered at what level dopammddcinteract with the 11S-JH-20E
regulatory network. To our knowledge, examining #xésting literature and thanks to some
personal communications kindly shared by Prof. én&dwWolf and Prof. Dick Nassel (see
also Kimet al, 2007), no dopamine receptors seem to be presethie IPCs, whereas two of
them, DopR1and D2R, are expressed icorpus allatumand fat bodies (Gruntenket al,
2012a). Thecorpus allatunmis the neurohaemal gland responsible for JH sgiglend release
in insects, and its removal or genetic ablationseasevere developmental or reproduction-
defective phenotypes (Meola and Petralla, 1980dRezt al, 1999; Riddifordet al, 2010;
Gruntenkoet al, 2010), while fat bodies represent key structdoesmetabolic regulation,
energy storage and vitellogenesis. Although we mainexclude the involvement of other
dopamine receptors (like DopEcCR, which expressientngps has not been analyzed in detail
in these tissues yet), our data suggest that domaeffects on Drosophila dormancy are
mediated, at least partially, by DopR1, given tbe Iproportion of dormant individuals
shown by the hypomorphic mutant for this recepteor this reason, we tested diapause
response in flies in which we down-regulated spealiff DopR1in each of these tissues,
driving the expression of a dsRNBopR1within corpus allatumor fat cells. As previously
exposed, botlcorpus allatumand fat bodie®opR1linterfered flies showed lower proportion
of dormant females compared to the controls. Mageogenetic manipulations of PKA
signaling (which acts downstream to DopR1) withiage structures, confirmed our previous
results. In fact, PKA signaling impairment withimet corpus allatum obtained over-
expressing th&®KA regulatory subunitPKAR resulted in extremely well developed ovaries
even under diapause-promoting conditions. Focusimgfat bodies, experiments of PKA
signaling impairment (both over-expressiPi§AR or expressing a dominant negative form of
CREB, CREB", a PKA downstream effector) resulted in a conststeduction in diapause
proportion with respect to the controls. Dopamide ras a diapause-promoting actor is
widespread across insects, nevertheless, no regula¢tworks have been proposed to place
diapause-induced dopamine increase in a biologmatext. Our experiments provide the first
evidence about a potential regulatory mechanisnthvimvolves dopamine action in insect
diapause. The diapause governing mechanisms thahav emerging appear much more
complex than those previously expected, based enalmost hierarchical relationship
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between the main actors involved in insect devekgnmand reproduction, IS, JH and
ecdysteroids. The potential adaptive value of hanleast a double control, at two different
levels, of the neuroendocrine cascade governingdptula reproduction seems undoubted if
we consider the fundamental role of diapause moplyi to block or delay reproduction, but
even for survival of individuals themselves. Indead we have already reported, diapause
program enhances survival potential, slowing-dowetaiolic rate and energy storage
consumption, as well as increasing thermotolerateeryoprotectants synthesis. Thus, this
redundant control mechanism could ensure hormati-down in conditions where, if not
gated, the effect of just one of these actors codgersibly compromise individual survival.
Moreover, although closely related, DILPs, JH amdysteroids retain also independent
functions, as reported in the Introduction, anddeethis double mechanism can be exploited
to sunder at least partially 11IS and lipophilic mmmes signaling even under sub-optimal or
optimal conditions. In this view, the depicted riegory network could allow a harmonious
ovarian growth, coupling egg chamber growth anelligenins up-take with the proper
hormonal balance. Thus, the double regulatory amioenechanism described by us could
also provide a fine tuned hormonal homeostasis alf & ensure a suitable hormonal
secretion gating which fit the environmental coiuis experienced.

DopR1andD2R are differentially expressed gorpus allatumand fat bodies depending on
fly age: in young females (1 day old), DopR1 andRD&e more abundant in tlwrpus
allatumand fat bodies, respectively, whereas in matureafes (6 days old), these expression
pattern is overturned, withb2R more expressed in tlwrpus allatumandDopR1in fat cells
(Gruntenkoet al, 2012a). Both the receptors act on the PKA siggapathway but in
different directions. Indeed, DopR1 is coupled vatks-protein carrying a &ubunit, which
activates adenylate cyclase and then PKA, while D&fResses PKA activity. In spite of the
expression pattern observed by Grunteekal (2012a), the dopamine effects that we have
observed on Drosophila diapause could be explas@dly through its interaction with
DopR1, which leads to the activation of PKA signglia process that, in case of impairment,
induces diapause loss in the majority of femalgms&d to low temperatures. However, it is
difficult to assess the aging delay which charamtsrfemales exposed to low temperatures
like 12°C. In the future, it could be useful to Baa the dopamine effects @orpora allata

of diapausing females, analyzing dopamine recembumdance on this gland at the time of
the ovarian dissection (after 11 days at 12°C)gisimmunocytochemistry, and then compare
the results with the pattern shown by Grunteekal (2012a). A biological explanation for
the concomitant presence (although with differeneegdundance) of two dopamine receptors
(with opposite effects on PKA signaling) on the satissues remains puzzling. Perhaps, this
scenario could be part of a fine-tuned hormonal netabolic regulation in which a
constitutively low basal expression of the two goes provides a sort of buffering system in
the case of important perturbations in dopamingerds which could in turn cause dramatic
effects on hormonal homeostasis. In addition, th®se receptors could trigger also the
activation of other, still unknown, intracellulagsaling pathways specific for each dopamine
receptor.
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Dopamine role as an endocrine modulator of bothadd ecdysone production has been
reported in several insect species, |Battella germanicawhere dopamine promotes JH
synthesis during the early days of adult life bubws already opposite effects at the end of
the first week (Pastast al, 1991). A similar pattern has been observedarvale ofM. sexta
with dopamine stimulating JH production during tast larval instar but counteracting JH
synthesis once the individual reaches the pre-pafmje (Grangeet al, 1996). Also in
Drosophila JH and ecdysteroids titers vary accgrdindopamine signaling, and even in this
organism, dopamine seems to induce JH and ecdysankesis in young females but not in
the sexually mature ones, where this amine plagsofiposite role (Gruntenket al, 2000;
Rauschenbaclet al, 2007). This kind of scenario, with an ambiguous and sommesi
opposite role of dopamine signaling depending entigsue or on the developmental stage, is
not surprising even in Drosophila. For instance, Dmosophila dopamine has been
demonstrated to promote developmental progressidnreproduction (Neckameyer, 1996),
although in adults its synthesis is induced aftstlstress exposure (Grunterdtaal, 2004).

To complicate this scenario, dopamine seems tonmehvied in a complex feedback interplay
with JH and 20-hydroxy-ecdysone (20E) to ensuregp@rdhormonal balance. The genetic
ablation of thecorpus allatuncauses a drop in tyrosine hydroxylase (TH) agtifgbnsistent
with the opposite result provided by JH applicatisee Rauschenbaeh al, 2011a), but at
the same time an unexpected higher dopamine cof@nhtenkoet al, 2012b). In young
females of D. melanogasterand D. virilis, TH activity is increased by 20E or JH
administration (Gruntenket al, 2009), whereas in matui®. virilis females, these two
hormones reduce and enhance TH activation, respbct{(Rauschenbackt al, 2011a).
Furthermore, irD virilis, even dopamine content appears mutable in timerdicg to 20E
regulation: indeed, 20E administration resultsighlr dopamine levels in young females (3
days old) but lower in 7 days old females (Grunteekal,, 2005b) (For other details about
this potential mechanism of hormonal balance sse @runtenkcet al, 2005a; Gruntenko
and Rauschenbach, 2008; Grunter&toal, 2009). InD. melanogasterthe activation of
DopR1 seems to reduce JH degradation (Rauscheebath2011b). The authors stated that
dopamine stimulates JH production, a conclusionedbasn the measurement of JH
degradation (and other indirect assays such asitgalecarboxylase activity, and JH stress-
reactivity). However, this conclusion clashes witle results about JH degradation in stress
conditions obtained by the same group, given thigtgarameter counter-intuitively drops in
heat stressed flies (Gruntenlat al, 2004), potentially favouring JH rise in adverse
environmental conditions. These authors showed pppoite pattern of JH degradation in
flies after a pharmacological inhibition or actiest of D2R. In 2 days old females, JH
degradation was higher, while, in 6 days old fesaleis parameter was lower with respect to
the controls (Karpova&t al, 2010). Moreover, in females expressin@2R-dsRNA in the
corpus allatum JH synthesis, estimated by the same indirectyassas prompted in both
young and mature females (Grunten&bal, 2012c), a result which does not mirror the
previous one. Taken together, all these studiesateat least three paradoxes: 1) both DopR1
and D2R activation in young females leads to highittevels, in spite of the opposite effects
on PKA pathway; 2) pharmacological inactivationD#R and its down-regulation via RNAI
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show opposite patterns of JH degradation; 3) JHadkzgion levels are surprisingly higher in
control flies with respect to flies exposed to h&tagss, another puzzling result if we consider
the role of JH in adult Drosophila. In conclusidhgese data reveal how some indirect
parameters adopted to estimate JH titers are fifitisatly reliable to infer putative effects
on its metabolism and claim the urgence of furtbteidies to clarify some aspects about
dopamine effects on trerpus allatunphysiology.

Corpus allatumis mainly known as the structure responsible férpdoduction and release,
thus we hypothesized that dopamine-PKA action @ reurohaemal gland could result in
changes in JH levels. As the direct measuremenitbflevels shows several technical
difficulties, we analyzed mRNA levels of gene®bp99h Jon25Bii and Kr-h1l) whose
expression is regulated by JH (see Yamaneotal, 2013) in flies with an impaired DopR1-
PKA signaling within thecorpus allatum Our results suggest an implication of this sigal
pathway in JH secretion. In detail, two out of tho# the selected geneln25BiiandKr-hl,
showed a consistent expression pattern betweenlféaring @opR1down-regulation or a
PKA shut-down (achieved employiiRiKAR over-expression or the expression of a dominant
negative form of CREB), althoughon25Bii down-regulation irDopR1interfered flies was
more severe. Yamamotet al (2013) did not specify the tissues they used RNA
extraction, likely the whole body (given that inetkame study alsdilp2, dilp3 and dilp5
transcripts are measured), whereas we used saldigd (and not heads) for our analysis, to
avoid potential feedback mechanisms (like thosabdished for brairdilps, see Flatet al.,
2008; Yamamoteet al, 2013; Schiesa®t al, submitted). This difference could potentially
affect the expression of the selected genes, makingast in part unrelaible a comparison
between the results obtained by Yamameital (2013) and ours. Indeed, bdfibp99band
Kr-h1 are even expressed in the head (the latter evessaimsects) (Liet al, 2009; Abdou

et al, 2011; Grozinger and Robinson, 2007; Minakusthal, 2009; Kayukawat al, 2012;
Yamamotoet al, 2013; Flybase modENCODE). Moreover, Yamansital (2013) induced
the genetic ablation of theorpus allatumfrom the adult stage, while the expression of our
transgenes driven bjug21-Gal4(the same driver used by those authors) stariagllarval
stages, and perhaps even this difference coulelctefi altered transcripts levels.

Finally, it is worthnoting that their expressiontalaoncern a scenario different from ours,
with a complete or partial ablation of tlwwrpus allatum and not the impairment of a
signaling pathway within the same tissue, althowgh propose PKA as an upstream
modulator of JH synthesis/releas®bp99b expression shows a non univocal pattern
comparingDopR1-RNAfemales and flies characterized by an impaired BlgAaling within
the corpus allatum In flies over-expressinPKAR Obp99b levels result extremely low,
consistently with the expression in flies bearingeaetic ablation of theorpus allatum(see,
Yamamoteet al, 2013), whereas on the contrary, in b6REB™ andDopR1-RNA#lies, this
gene is surprisingly up-regulated. One possibiligfies on the different effect of the
transgenes employed. Unfortunately, there are tealailable about the PKA role within the
corpus allatum which could be useful to disentangle this complssenario. Thus,
surprisingly, we obtained an unexpected expregsaitern of JH-dependent genes which, in
some cases, is consistent with a JH gain rather thalH deficiency induced by PKA
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activation in thecorpus allatum something that both the only known rolecofpus allatum
and our phenotypic results strongly suggest. Tdkgether, our expression data potentially
reveal a complex regulation of JH metabolism medidty dopamine and PKA signaling
rather than a simple JH lock-down.

Fat bodies are key structures for diapause regulalindeed, these key organs couple feeding
with tissue growth, regulate metabolism and enstgyage consumption, represent lipid and
glycogen store tissues as well as the site of legehins synthesis and secretion. To
investigate dopamine signaling role on fat bodes started focusing on the latter processes,
measuring transcript levels of the three yolk pgrogenes ¥pl, yp2, ypBin flies with an
impaired PKA signaling within fat cells. Femalespeessing in fat cell®KAR or CREB™
showed a significant up-regulation of almost alkyorotein genes (onlyp3in ppl>CREE™
was not significantly increased). These evident®gether with our phenotypic data, suggest
that dopamine, acting through DopR1-PKA signalimg the fat bodies could promote
vitellogenins production and consequently diapamg®irment. It is possible that changes in
vitellogenins expression are not the unique maodaliitns induced by PKA shut-down within
fat cells, considering the multiple roles of thdssues, some of which have been listed
above. In the future, it would be interesting talgme further this possibility, for instance
measuring expression levels of genes involved wsdhbiological processes (i.e., genes
encoding the enzymes involved in JH degradatioogyeed specifically in the fat bodies, see
Gruntenkoet al, 2012a). Finally, to explore further potentialtad®lic changes induced by
an impaired dopamine signaling within fat cellssould be worth to estimate free sugar levels
in the haemolymph, glycogen and lipid stores, aretabolic rate (for instance evaluating
oxygen consumption).

The upstream neural network as well as the speeifiGronmental signaling which triggers
dopamine release in diapause-promoting conditiersain elusive. A recent finding shows
that some dopaminergic neurons are activated porse to an incomplete diet to promote
food rejection (Bjordaét al, 2014). In this study, the authors found thatdarin the middle

of their 3% instar with a genetically-induced activation ofdminergic neurons fed less than
controls. Although this finding could suggest tiiat>Na’ ChBacflies exhibited higher levels
of diapause because of a reduced food intake diamgl stages (but we observed no evident
morphological differences with respect to controlahother study has demonstrated that
starvation stimulates an increased dopamine senrdtwards sugar-sensing Gustatory
Receptor Neurons (GRNSs) to enhance proboscis eatensflex (PER), a behaviour related
to food intake (Inagaket al, 2012). Moreover, food deprivation itself enhanéeod intake
levels (Riemenspergeat al, 2011). Taken together, these results underheepleiotropic
role of dopamine signaling in regulating feedindpdpa@our, suggesting that our results about
diapause in flies with a manipulated dopamine diggacan be rather unlikely explained
through local effects within the brain. Moreovdre imarked increase of dopamine content in
flies exposed to diapause-promoting conditions waamain difficult to explain considering
dopamine as a neurotransmitter. Like for serotsignaling, also for the dopamine one there
is no information about the precise environmentialgus triggering the release of this amine
and in turn diapause. Further studies could be esddd towards potential alteration of
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dopamine release/content in flies with mutationsgemes encoding Transient Receptor
Potential (TRP) channels involved in cold perceptio

l

serotonin

3 dopamine

DIAPAUSE

Figure 19. Proposed model for a Drosophila double level angjisecontrol of diapause. IPCs=Inst
Producing Cells; CA€orpus allatum CC=Corpus cardium FB=fat bodies; DILPs=Drosophila Insulin-
like peptides; JH=juvenile hormone.
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4. Additional experiments

During my PhD, | carried out also some additione¢liminary experiments, not strictly
related to the main project characterizing the arpental work which | have described in the
previous part of this thesis. Nevertheless, thegemments have been performed with the
aim of understanding other aspects of the complelecnlar mechanisms underlying insect
diapause. Here | summarize the most relevant sesutich | have obtained investigating
these additional features of diapause.

The long ticking of the clock: a natural variant atthe timeless locus affects development
and reproduction in Drosophila melanogaster

In millions of years, evolution shaped biologic&baks allowing organisms to regulate the
timing of physiological processes according to emwnental cues. These molecular
oscillators provide a reliable mechanism to anéitgpboth positive and negative external
conditions, and their ability to be entrained byedfpc environmental stimuli can be
fundamental in a changing environment like a sealsone. As exposed in the chapter on
insect diapause, temperature and day length (pbaotap), both capable of entraining
endogenous clocks (Peschel and Helfrich-Forsterl R@epresent very often key information
to induce changes in growth and development. Aljhoa potential connection between the
circadian clock and putative endogenous oscillataite to regulate longer-than-a-day
phenomena (like development and diapause) has pemosed in the last decades (see
Saunders and Bertossa, 2011), evidences undergirthi involvement of gears of the
circadian clock machinery in life-history settingealacking. Period (per) mutants,
characterized by arrhythmic circadian behaviouvehaeen reported to discriminate between
long and short days in a diapause assay (12°C)nfleaset al, 1989); nevertheless, their
critical day length (the day-length at which 50%dadpause response is elicited, Kurota and
Shimada, 2003; Wangt al, 2012; Paoluccet al, 2013) was 2 light-hours shorter, when
compared with the wild-type one (Saundetrsl, 1989). Kyriacotet al (1990) demonstrated
how artificially induced mutations at thger locus, which alter the period of circadian
rhythmicity (without causing arrhythmicity), affectlevelopmental time.perS flies,
characterized by having a shorter free runningadian period in locomotor activity (19 h
instead of 24 h) and eclosion pattern (Konopka Bedzer, 1971), showed also a shorter
developmental time, wheregpsrL flies, which free-running period settled around2$ad a
longer developmental time. In 2007, Kyriacou andt@dabs published two papers dealing
with a natural polymorphism at theneless(tim) locus that affects Drosophila reproductive
diapause. The authors characterized the role ofwbealleles involved and found that the
short isoform {im§ exhibits lower proportion of dormant females, wades individuals
harboring the long isoforntifnL) are more prone to enter diapause (Ta@bel., 2007). To
explain the different diapause propensity of the tim variants, a molecular mechanism has
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been proposed, showing how TIM-L binding with thaibitory parther CRYPTOCHROME
(CRY) is more labile with respect to TIM S-CRY irdetion (Sandrelliet al, 2007).
Although scarce, the evidences mentioned aboveestiggat components of the circadian
clock machinery could be causally involved in redgulg processes, which need more than a
day to be completed. To investigate whether natgeaktic variation at circadian clo&bci
can provide the molecular substrate for life-higteetting, allowing organismal adaptation to
seasonal environments, we focused our attentiothets-s tim polymorphism previously
described. First, we analyzed diapause responstinen (Hu, Netherland) wild-type flies
homozygous fots or s timalleles (already employed in Taukatral, 2007 and Sandrelét

al., 2007) in our experimental conditions (12°C andi2@ medium). Our results not only
confirmed the previously published ones, but shoaled more pronounced differences in the
proportion of dormant females betwesrands individuals, in both short and long day$u

Is 8:16, 87,8% + 5,1Hu s8:16, 16,6% + 4,9Hu Is 16:8, 79,2% + 7,0Hu s16:8, 11,9% +
6,0) (Fig. 20a). Life history traits, such as diaga developmental time, fecundity and aging,
are deeply linked each other, relying on the saegaendocrine mechanisms. Thus, it is not
surprising to observe that populations @f melanogastefrom northern latitudes, which
individuals are more prone to enter diapause, sh®w reduced early-life fecundity and
increased lifespan (Schmidt al, 2005a; Schmidét al, 2005b; Schmidt and Paaby, 2008).
To demonstrate a potential involvementsst timpolymorphism in shaping other biological
phenomena linked to insect dormancy we assayedagewental time oHu Isands flies. To
avoid over-crowding effects, twenty first-instardae were placed in each vial (10 vials and 2
replicates for each genotype) containing Drosogioikel medium, and their development was
monitored till pupariation (see McBrayet al, 2007) under LD 12:12 and 24°Bu Is flies
exhibited a longer developmental time, with an agerincrease of about 12 h with respect to
Hu s individuals (data not shown). To test whether arél@se in temperature (mimicking
autumnal-like conditions) can exacerbate this phgmo difference, we repeated this assay
maintaining the same experimental conditions (idicig day length, LD 12:12), but at 15°C
(a lower temperature which does not cause a sogmfi pupal mortality, see David and
Clavel, 1966). We found the same general patteith, Mu-Is flies characterized by a slower
development, but the average difference betweear@ion curves settled around 48 h (Fig.
20Db). In Drosophila, the genetic-induced lengthgrohdevelopmental time, observed down-
regulating TOR signaling within the prothoracicrgiais transduced into an increase in body
weight (Layalleet al, 2008). For this reason, we weight@thelesss and s homozygous
flies reared at 15°C, finding a statistically sfgrant increase in body mass in bdglfemales
andls males with respect to the thercounterparts (Fig. 20c). Finally, we measured also
female fecundity scoring every day the number ofsetpid by 11 females for 12 days
(females were allowed to mate for two days aftdoseon); as shown in Fig. 20d{u-s
females laid more eggs per day in the interval idemed if compared witlHu-Is. Taken
together, these evidences demonstrate Ifhattim natural polymorphism affects not solely
diapause propensity, but also other life-histoaytérlinked to insect dormancy. Thus, natural
variations withinloci encoding for circadian clock components could conto shape
complex developmental processes providing genetisisbfor organismal adaptation to
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temperate environments. Sandretlial (2007) interpreted the weaker interaction betwtaen
L-TIM isoform and its photosensitive binding panti@RY compared to the S-TIM/CRY one,
as a light-buffering system which dampens phot@gepotential effects on diapause onset or
termination in regions at high latitudes. Indeead,these regions, even in the presence of
diapause-promoting or diapause-suppressing phaotaler conditions, flies can often
experience “hazardous” temperatures (Pittendrigth Bakamura, 1989; Pittendriget al.,
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Figure 20. a) Diapause levels dflu sandHu Is flies under long and short photoperiods. Data amave a
Mean + SD, 5 rep.x60. 2-Way-ANOVAInteraction: *p<0.05; **p<0.01; **p<0.001; b) del@mental tim
of Hu sandHu Isflies at 15°C, LD12:12Data are shown as MeanSE, 2 rep. n=200 c) bodghvef Hu s an
Hu Is females reared under 15°C, LD12:12. Datashoavn as Mean + SE, 10 rep:10. Student t-test:px0.05
** n<0.01; **p<0.001; d) estimated earlife fecundity of Hu s and Hu Is females along fhist 12 days c
adult life; n=10.

1991). The causal connection between the proposathanism and its effect on diapause
remains still elusive and needs further studigsetadentified. The results reported in Tauber
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et al. (2007) coupled with our preliminary evidence® also consistent with the possibility
that thels-tim allele could cause a slow-down of the ticking lmbge endogenous clocks
potentially able to scan developmental and metalielinpo, affecting in this way multiple
life-history traits. However, further experiments aequired to validate this hypothesis.

The impairment in thermosensation promotes diapausetermination in Drosophila
melanogaster

In all living beings, the ion channels Transientc&#or Potential (TRPs) provide the
interface between the external and the internalrenment. In Drosophila, for instance, they
have been found to mediate responses to sevearallstiike temperature (Leet al, 2005;
Hamadaet al, 2008; Rosenzweigt al, 2008; Kwonet al, 2010; Gallicet al, 2011), light
(Wong et al, 1989; Niemeyeet al, 1996; Reuset al, 1997), humidity (Liuet al, 2007),
sounds (Kimet al, 2003; Gonget al, 2004; Zhanget al, 2013), gravity (Kamikouchet al.,
2009) and mechano-stimuli, like pain (Tracey, al, 2003) (for review see Fowler and
Montell, 2013). TRP channels can elicit changescétiular physiology and membrane
excitability perceiving directly the external stihag, or indirectly, being activated by an
upstream signaling (Christensen and Corey, 2007¢rKet al, 2008; Sheret al, 2012;
Delgadoet al, 2014). Surprisingly, there is just one exampieliterature demonstrating
whether an impairment in specific TRP signaling] anturn in specific sensitive processes,
could affect adaptive events relying on these dtiike diapause. Recently, Satt al
(2014) have shown that the down-regulationT&#PAlin B. mori and the consequent
impaired thermosensitivity, affects diapause horen@@H) release and in turn diapause. In
Drosophila, low temperatures seem to be the majms dn promoting the switch into
diapause fate; for this reason we focused our tadteron those TRP channels which are
involved in low temperature perception. In 2011,lliGaet al identified the first cold-
responsive (19°C — 11°C) TRPs in adult fruit fliealled brivido 1 (brvl), brv2 and brv3, all
of them located on Drosophila antennae. To detexmimether an impairment in cold
perception could rescue the shut-down in ovariaturaion which characterizes diapause
response, we started testing in diapause-promotogditions (12°C, LD 8:16) an
hypomorphic mutant fobrvl (NP4486 calledbrvl hyp and a null mutant for the same gene
(brv1™). As shown in Fig. 21ahrvl hypflies exhibit very low levels of dormant females
(11,5% + 3,1) with respect to control fliedAS-PI3K*+, 50,5% + 3,9 an®J634>+ 62,8%

+ 5,6). Focusing on thbrv’ null mutant, we observed a consistent reducedagptiop of
diapausing females (26,4% + 1,4) compared to trengtypically similarw'*ds (57,6% +
6,0), but not lower than that observed in flieshwihe same genetic background used as
controls pw'st, 2,0% + 0,7). It has to be considered that thesetral flies showed
extremely low levels of diapause response if comgbam all the controls that we have used in
our experiments. It has been demonstratedit@tn (bw') null mutant flies as well as the
scarlet (st') ones are characterized by lower levels of seintand dopamine (as well as
histamine) within the brain (Borycet al, 2008), two biogenic amines which increase we
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have shown to be sufficient to promote diapauseadtidn/maintenance. Moreover, these two
mutants showed a decrease in biogenic amine contanparable with that characterizing
white null mutants \¢"), which mimic phenotypicallyow";st' individuals. The genew
encodes for a co-transporter that concurs in bodsapterins and ommochromes precursors
trafficking, coupled with BROWN and SCARLET transfess, respectively (Reaunat al,
1991, Tearleet al, 1991). Drosopterins and ommochromes are bothpayeents, and the
contemporary impairment of their trafficking withiphotoreceptor cells, due to the"
mutation or theow";st' combination, results in a similar absence of eigenpntation (white
phenotype). Thus, althougti” andbw!;st' mutations cause similar phenotypic effects on eye
pigmentation, they can lead to different effectsaomnergic metabolism, and the comparison
between diapause percentagesadf and bw';st* flies supports this hypothesis Fig. 21a .
Under this scenario it is plausible to envisagetemtial synergistic effect betweem' and

st mutations in suppressing serotonin and dopaminéhegis, affecting strongly diapause
response. What is anyway remarkable is the ovatiarelopment obrvl’ flies after being
shifted (5 h after eclosion) for 11 days at 12°Qthdugh characterized by low fecundity
(Gallio, personal communication), these femalesehaell developed vitellogenic oocytes
(also stages 14, the last and ready-to-be-laice}tsepe Fig. 21c , with respect to the controls,
even under very restrictive temperatures. In theréy it will be interesting to createbavl’

line with a wild-type background, in order to exatupotential effects due to other mutations,
and test again the effects of tw1 null mutation on cold-induced insect diapause. Eay,
taken together, our preliminary evidences suggedt signaling as a candidate TRP signaling
affecting complex developmental processes likeandermancy.

In Drosophila larvae, mutants defective for anothBP channellnactive (lav), located on
chordotonal organs (thermosensory and mechanogessactures) showed a compromised
avoidance behaviour, with individuals unable toeselthe preferred temperature (17,5°C)
over 14-16°C (Kwonet al, 2010). Furthermore, two TRP channels involved in
phototransduction, TRP and TRPL, have been repddethediate cool avoidance (cold
temperatures ranged from 18°C to 10°C) in larvamugh a distinct downstream signaling
(the phototransduction regulators NORPA and INAFKenia fact dispensable) (Rosenzweig
et al, 2008). Interestingly, these TRP channels areesged in larval photoreceptors but not
in the terminal organ (the larval thermosensitivgan). TRP and TRPL show the same
photoreceptor-specific expression pattern in atlids, where they retain their function in
phototransduction (but also in hearing, see Setleil al, 2012). Although direct evidences
are lacking in adult individuals, it is plausible hypothesize an analogous involvement of
TRP and TRPL in cold-temperature perception. Thwesanalyzed diapause responserin
loss of function mutants. As shown in Fig. 21b, figes carrying these mutations are
characterized by a marked decrease in the propasfidormant femalegrp™3*® 7,8% + 3,0;
trpP3%> 14,1% + 7,0) with respect to the controle’¢, 39,2% + 2,2UAS-PI3KA+ |, 38,1%

+ 3,4). Lower levels of diapause response werergbdealso in a null mutant for the other
TRP channel, TRPLpI**% 8,2% + 4,6; controls werev'*4s, 57,6% * 6,0 anddJ634>+
62,8% = 5,6). SurprisinglynorpA mutants phenocopied the drop in diapause incidémate
characterizesrp andtrpl mutants forpA™, 10,3% + 6,9), opposite to what Rosenzweig
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al. (2008) have found about cold avoidance. The rlattsult could reflect a potential
difference between TRP and TRPL signaling betwaeval and adult stages, but we did not
provide sufficient evidences to delineate the datuechanism. Extremely low percentages of
diapausing females were found alsotip® flies (6,8% + 4,9), characterized by a thermo-
sensitive loss of function mutation. From electrggiblogical analysis, TRP functionality of
trp! mutants results impaired under warm/high tempezat(25°C) (Minke, 1983), as well as
trp expression in the eye (Pollo@t al, 1995). The suppression of both functionality and
expression are temperature-dependent, with robdigcte at 25°C which decrease
progressively with the lowering of temperature. $hwur results concerning diapause
response intrp’ mutants could suggest possible developmental tsffe€ trp and trpl
mutations which can cause an abnormal developnfesgrsory structures (see Stortkehhl
al., 1999). Nevertheless, although wild-type coolidsnce has been observedtip® flies
reared under permissive temperature (18°C) (Roseigat al, 2008), the wave of receptor
potential recorded itrp! mutants grown at 19°C (permissive temperaturé)sstbws a “non-
wild-type” pattern, with a trend comparable to tree of mutants grown at 25°C (restrictive
temperature which generates the loss of functidhjs raises the possibility that also at
temperatures lower than the permissive ones, TRRti@inality could be sufficiently
compromised to impair its signaling. If true, oasults should be considered evidences of
TRP channels involvement in triggering diapausehds to be mentioned that, unlike
Rosenzweiget al (2008), Kwonet al (2010) did not find differences imp”>*** mutants for
larval cold avoidance when individuals were expaseti4°C (they preferred 17.5 °C against
14°C) from wild-type larvae. Furthermore, Kwehal (2008) demonstrated thap® larvae,

as well asorpA’* ones, preferred the optimal larval temperaturéG)@gainst temperatures
< 16°C (again contrarily to what Rosenzweigal. found regardindrp®). Contradictions in
literature underline the complexity of sensory egst; the difficult understanding of the
molecular mechanisms underlying environment pereeps emphasized by the promiscuity
and pleiotropy of some TRP channels which can lieeated by different external stimuli,
likely thanks to different upstream or downstreamgnaling pathways. Problems in
identifying whether the thermo-TRP signaling cafeetf complex developmental processes
derive from the redundancy characterizing tempesagensing (as previously hinted), which
can provide an effective compensatory mechanisdeiicits in this sensory system occur.
Taken together, our results provide a first preliany evidence about a potential role of cold
temperature-perceiving TRP channels in triggerimg developmental switch into diapause
fate. However, further experiments are necessargaointo depth about the molecular
relationships between the environmental perceptwd TRP channels and adaptive
physiological phenomena.
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Figure 21.a and b) Diapause proportions of mutants for soiR® Thannels involved in cold temperat
perception with corrisponding controls. Numbershivitbarsrefer to sample size. Data are shown as Me
SD, 2-7 rep. B60. 2-Way-ANOVA-Interaction: *p<0.05; *p<0.01; ***p<0.001; c) vitellogenic levels of br
and trp mutants. White bars represent 0.2 mm.
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5. Materials and Methods

Fly stocks

The following fly strains were usedilp2(p)-Gal4 (gift from Erik Rulifson) anddilp2-Gal4
(gift from Linda Partridge),Gadl-Gal4 (gift from Pierre Leopold)ppl-Gal4 (gift from
Michael Pankratz)UAS-NdChBac (gift from Michael O’Connor) UAS-TSC1-ZXgift from
Nicolas Tapon)JUAS-Upd2(gift from Norbert Perrimon)JUAS-PKAR33gift from Frargois
Rouyer),w(tim-s) (gift from Charlotte Helfrich-Foster)\P4486(calledbrvl hyp andbrvl’
(gift from Charles S. Zucker), wild-type flies froklouten (called Hu-s and Hu-Is) (gift from
Charalambos Kyriacou)e!, ple* (called TH"), DdcP®! (called Ddc hyp, dumb (DopR1
hypomorphic mutant, calledopR1 hyp, Aug21-Gal4 Trh-Gal4, ple-Gal4 (calledTH-Gal4),
Ddc-Gal4 cg-Gal4 Lk6"'**~Gal4 (calledDJ634-Gald, Tdc-Gald UAS-Tor =P (calledUAS-
Tor"™™), UAS-S6RPETE (called UAS-S6K?), bwhst, trpt, trp™*2 trpP3%° trpl*®2 norpAT*
were from Bloomington Drosophila Stock CentedAS-5HT-1A-RNAIUAS-DopR1-RNAI
UAS-GBR-RNAI(1); UAS-GBR-RNAI(2); UAS-OAMB-RNAI(1), were from VDRC and
w(tim-Is) Drosophila strains were maintained at 23°C uhdizri2:12 on standard cornmeal
food, (1 liter: 50 g inactivated yeast powder, §,8gar, 72 g cornmeal, 79,3 g sucrose, 13,5
mL Nipagin in 75% EtOH).

Diapause assay

Larvae were maintained at 23°C under LD 12:12 anthe same density conditions until
eclosion. Newly-eclosed adults (males and femalesk collected in tubes (about 60 flies
each) within 5 h since eclosion. Samples were dyiekposed to 12°C at two different
photoperiods, LD 8:16 (short photoperiod) or LD 8.§tong photoperiod). After 11 days,
individuals were anesthetized and killed in EtOH6/@emales dissected in PBS and ovaries
observed at 40X zoom with a LeicaMZ6 stereomicrpsc®iapause was scored according to
Saunderet al (1989) (females scored as diapausing if no wigghic stages were present, in
other words before stage 8). Diapause levels asepted as the percentage of diapausing
females + Standard deviation (SD). At least 5 oapés of r60 flies were dissected for each
genotype, unless stated. Ovary pictures show @&septative situation of the ovarian growth
for each genotype of interest. Bars represent @2 m

Is-s timeless genotyping

10 females per strain were sampled, and indivigiugbred in eppendorf vials at -20°C. For
each specimen, 50 pL of Tris HCI pH 8.2 10 mM, EDZAnM, NaCl 25 mM was added.
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Afterwards flies were homogenized and 1 pL of gratse K (10mg/mL) were added to each
sample. Samples were incubated at 37°C for 45 méhsaibsequently at 100°C for 3 min.
Samples were centrifuged 3 min at maximum speegereatant collected and stored at -
20°C.

Fruit flies are characterized by a single nucleofodlymorphism at thémeless(tim) locus
and this polymorphism affects diapause response.dd@rmine thetim allelic variant
characterizing each line/stock examined in the gmestudy, an ARMS (Amplification
Refractory Mutation System) PCR analysis was usedrding to Taubeet al (2007). Two
reactions were performed, that differed each gtinstrfor one forward primer, specific for the
different polymorphic nucleotide. Anothem region was also amplified as an internal control
of reaction efficiency.

The primers used were:

- GA: 5-TGGAATAATCAGAACTTT GA-3’ (forward primer specific fols-tim allele)
- AT: 5-TGGAATAATCAGAACTTT AT -3’ (forward primer specific fos-timallele)
- tim3: 5-AGATTCCACAAGATCGTGTT-3’ (reverse primer)

- C3:5-TATTCATGAACTTGTGAATC-3' (forward primer fotinternal control)

- Cb5:5-CATTCATTCCAAGCAGTATC-3 (reverse primer fanternal control)

guantitative PCR

All the adult females analyzed for gPCR were reae@5°C during larval-pupal life and

shifted for 11 days at 12°C under LD 8:16 withinh5post-eclosion. For each analyzed
genotype, we sampled 3 biological replicates offlie4 each and subsequently we divided
heads and bodies, collecting only the latters. Rid& extracted using the Trizol (Invitrogen)-
Chloroform extraction method and reverse-transdritoecDNA using the SuperScript Il Kit

(Invitrogen). Transcript levels were assayed usboyaq gPCR Master Mix (Promega) and
normalized tap49 expression. Primers are listed in Table 4. Stahdarves were generated

using three serial dilutions of total RNA extractesin 10 adult females.

Table 4
Gene forward primer reverse primer
Obp99b 5-CGAGCACGGATTCGATGT-3 5-CGATTCGTGCACCTCAACT-3’

Jon25Bii 5'-CAGGCTCAGTACACCCACAC-3 5-TGGTGTTGTAGTCCGAGTGE
Kr-hnl  5-CAGAAAACATTCGCCGTACC-3’ 5'-ATGGCCGTTCACCAGTGT-3’
InR 5'-GCAAACTCTGCCAGACGAA-3’ 5’-CGCATCCACCCAAACAAT-3
4E-BP 5-CACCACTCCTGGAGGCACCAA-3' 5-GAAGGGAGTACGCGGAGTTC-3’
ypl 5-CATTGAGCGTCTGGAGAACA-3’ 5-GGATCTGCGACAGGTGGTA-3
yp2 5-ACGCTGTTGGACAAGCTCTAC-3'" 5-GGTGTAATCGGGCTTGAAGA-3’
yp3 5-GACTGAAGCCGACCAAGTG-3’ 5-TGATTTGGCCAACGTGGTA-3
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Dopamine quantification

We reared larvae at 23°C (LD 12:12) until pupalchatg. After 5 h post-eclosion we
collected adult flies and transferred them intce¢hdifferent conditions (12°C, LD 8:16;
12°C, LD 12:12; 23°C, LD 12:12) for 11 days in tame density conditions. Afterwards, we
sampled 3 replicates of 500 females (1500 flies)efach condition and we froze them at -
80°C. Subsequently, flies were homogenized in ald-eiCIO, 0.1M, samples centrifuged at
13.000 rcf (relative centrifugal force) for 10 mand supernatant filtered through Minisart®
0,45 um filters. A commercial kit for catecholanmsndetermination (Chromsystems) was
used. This kit requires a preparation phase of ssripefore chromatographic analysis. 100
puL of Internal Standard and 6 mL of NeutralizatBaffer were added to 3 mL of sample to
reach an adequate pH. Samples have been purifiedgih a Sample Clean Up Column
(which retains catecholamines), subsequently wairgdwith water and subsequently with
Elution Buffer (all these reagents were providedGiyomsystems). Dopamine levels were
measured by HPLC-ECD. The HPLC system consisted@fC330 Solvent delivery system
coupled with a programmable autosampler (CLC200)cadumn thermostat and an
electrochemical detector (CLC100) (Chromsystem3 )R of eluted sample were injected in
a C18 reverse-phase column (Chromsystems). Gemsofiware was used for data
acquisition (Chromsystems).

Statistical analysis
Data from diapause assay were convertedrasenvalues prior to be statistically analyzed.

One way ANOVA was performed using the R statistg@tware version 2.15.1. HPLC and
expression data were analyzed by means of Studesit tExcel).
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