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Kolbjonoks V., Popovs S., Munkevics M., Krama T., Krams R.,
Sledevskis E., Trakimas G., Zants K., Grigorjeva T., Mizers V., Joers
P., Indrikis Krams.

Latvijas Universitates 82. Starptautiska zinatniska konference, Riga,
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Mutisks zinojums “Link between serotonin concentration changes and
the lateral movements of fruit flies (Drosophila melanogaster Meigen,
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Grigorjeva T., Kotova A., Malutina V.V., Krama T., Popovs S.,
Munkevics M., Zants K., Krams R., Joers P., Trakimas G., Krams I.

27th European Drosophila Research Conference, Lyon, France.
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T., Krams I.
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Grigorjeva T., Munkevics M., Zants K., Krams R., Merivee E., Must
A., Rantala M.J., Krams 1., Joers P.

Daugavpils Universitates 65. starptautiska zinatniska konference,
Daugavpils, Latvija.
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P., Popovs S., Zants K., Sledevskis E., de Bivort B.L., Krams 1.
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1. IEVADS
1.1. Fenotipiskas adaptacijas mehanismi mainigas vides apstaklos

Organismi un to populacijas nepartraukti saskaras ar dazadiem mainigiem
biotiskiem un abiotiskiem faktoriem. Lai reag€tu uz mainigajiem apstakliem,
organismi un to populacijas attista dazadas adaptacijas un izdzivoSanas
strat€gijas. Organismiem ir jaapstrada informacija par vides izmainam, lai varétu
reaget atbilstosi, palielinot savu adaptivitati un izvairoties no izmir$anas riska.
Galvenie fenotipiskas adaptacijas mehanismi ir adaptivas mainibas veidoSanas
dabiskas atlases cela, adaptivais fenotipiskais plastiskums un likmju izkliede.

Jau vairak neka pirms gadsimta Carlzs Darvins izvirzija ideju par adaptivo
mainibu ka izdzivoSanas mehanismu (1859). Lai gan §is mehanisms uzlabo
populacijas dzivotsp&ju, tas ir ierobezots individuala Iimeni. Lai ari vairumu
pazimju iesp&jams uzturét ar genétiskas mainibas lidzsvaru, ko nodrosina
mutaciju un atlases mijiedarbiba, jaunu pazimju rasanas ir salidzino$i l€ns
process, Tpasi strauju vides parmainu gadijuma (Tufto, 2015).

Plastiskums ir vél viena fenotipiskas adaptacijas forma. Organismu
fenotipiskas pazimes veidojas, ietekmé&joties gan no genétiskiem, gan vides
faktoriem, ka ar to kombinacijam. Ekologiskais un fiziologiskais plastiskums
tiek uzskatits par loti elastigu mehanismu, tomér ar tam ir ierobezojumi, kas var
limitét organismu sp&ju adaptéties vides un evoliicijas faktoru ietekm ei. Galvena
probléma ir ta, ka plastiskums attistds génu un vides mijiedarbibas rezultata
individa attistibas procesa, savukart, dabiska atlase notiek arT p&c individualas
attistibas posma beigam (Gavrilets & Scheiner, 1993).

Tresais fenotipiskas adaptacijas mehanisms ir likmju izkliede — riska
sadali$anas stratégija, kas dazado atSkirigus fenotipus populacija nejausa veida
(Morawska et al., 2022). Lai ar adaptivais plastiskums un likmju izkliede dazreiz
tiek uzskatiti par konkurgjo$am izdzivoSanas un vairo$anas strat€gijam
heterogéna vidé (Draghi, 2023), visi tris mingtie fenotipiskas adaptacijas
mehanismi var lidzaspastavet mainiga vide.

1.2. Likmju izkliedes pieeja adaptaciju izpete

Vide reti ir stabila, tapéc organismiem jaizstrada sarezgitas strategijas, lai
maksimali palielinatu izdzivoSanas un vairosanas iesp&jas. Kad tadi kritiski
faktori ka temperattira, nokrisni, partikas pieejamiba un pl€sonibas risks mainas
neprognozg&jami, apdraud@ti var klast batiski biologiski procesi, pieméram,
vairoSanas sekmes un pe&cnacgju attistiba. Tas veicina likmju izkliedes pieejas
attistibu: lai mazinatu risku, organismi sadala savus resursus, neieguldot tos tikai
viena stratégija, kas mainigos apstaklos varétu biit neveiksmiga. Sada veida tie



laika gaita uzlabo izdzivosanas iesp&jas kopuma (Chirgwin et al., 2015; Merild
& Hendry, 2014; Trakimas et al., 2019).

Likmju izkliedes pieeja neaprobezojas tikai ar reproduktivajam stratégijam;
ta attiecas arl uz citam pazimém, tostarp uzvedibas formam. Piem@ram,
organismi var pielagot savu uzvedibu ta, lai ta kliitu mainiga un neparedzama,
tadgjadi samazinot vides izmainu, piem&ram, temperatiiras svarstibu vai
plésonibas izraisita stresa, negativo ietekmi. Saja konteksta uzvedibas
elastigumu var uzskatit par adaptivu reakciju uz vides apstaklu neparedzamibu
(Olofsson et al., 2009; Siepielski et al., 2017).

1.3. Stresa izraisitas izmainas uzvediba un metabolisma

Pleésonibas ietekme un tas gala rezultats neaprobezojas tikai ar upura navi.
Plésoniba var izraisit ilgstosu bail€s balstitu stresu, kas ietekme arT izdzivojusos
individus (Hossie et al., 2010; Lehmann et al., 2014). Bailes stimulé bégSanas un
slépsanas reakcijas, kas izraisa morfologiskas un fiziologiskas parmainas
organisma (Janssens & Stoks, 2014). Stresa ietekme péc neletalam saskarém ar
plésgjiem izraisa ilgtermina fiziologiski smagas sekas (Zanette et al., 2019).
Metabolisma izmainas biezi izraisa uzvedibas un morfologiska fenotipa
parmainas. Lidzigas stresa reakcijas agrak noverotas ari cilvekiem, kur hronisks
stress biezi vien izraisa insulina rezistenci (Beaupere et al., 2021).

Drosophila melanogaster gadijuma hronisks stress nozimé organisma
parslégsanos uz alternativajiem energijas avotiem. Samazinata sp&ja metabolizet
glikozi, kas mu$am ir galvenais energijas avots, liek tam pariet uz paaugstinatu
tauku izmantosanu. ST promocijas darba ietvaros veiktie péijumi ir paradijusi,
ka centralas regul&josas kinazes Akt aktivitates samazinaSanas butiski ietekmé
glikozes metabolismu (Huang et al., 2018).

Tas, ka glikoze neiekliist audos, kas to varétu metabolizet, var biit adaptiva
reakcija, kas izraisa bioktmiskas izmainas un sagatavo organismu iespg&jamam
nakotnes stresam (Roozendaal, 2002). Tomér hronisks stress, kas ierobezo
glikozes izmantoSanu, izraisa sisteémiska metabolisma parorienté$anos uz tauku
izmantosanu (Tennessen et al., 2011). Tas var samazinat metabolisko elastibu un
I1dz ar to arT dzivotspgju, jo samazinas ATF sint€ze un pasliktinas rezistence pret
baribas kvalitates un pieejamibas izmainam.

Metabolisma traucjumi skaidri ietekmé ari kustibu aktivitati. Energijas
taupiSanas noliikos mainas ne tikai kustibu intensitate, bet ar1 visas kustibas un
nekustéSanas periodu raksturs. lerasta kustibu aktivitate tiek aizstata ar
peksniem, 1siem skr&jieniem, un atpltas pauzes kliist neregularas. Atpttas
periodos musas, kas paklautas hroniskam pl€sonibas stresam, var negaiditi sakt
iz8kiest energiju haotiskam kustibam, ta vieta, lai atplistos un gatavotos
nakamajam gajienam vai skr&jienam. Sads kustibu modelis bieZi saistits ar
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patologiskam fiziologiskam izmainam, ko raksturo tadi simptomi ka, pieméram,
trauksme, haotiska higiéniska uzvediba un koncentrésanas sp&jas zudums (Hart,
1988).

Tradicionali tiek uzskatits, ka plesgji dod prieksroku viegli iegistamiem
upuriem, pieméram, jaunajiem, nepieredz€juSajiem vai slimiem individiem
(Genovart et al., 2010). Misu pétijumi rada, ka auglu musas, attistoties stresa
apstaklos, sak uzvesties lidzigi slimiem individiem. Tomeér “slimo” musu
izdzivosanas raditaji ir daudz augstaki neka kontrolgrupas. Tas varétu bt tadel,
ka neparedzamas kustibas, kas raksturigas stresa apstaklos augusiem upuriem,
maldina plésgjus par to turpmakajam kusttbam un kustibas virzienu
(Bilecenoglu, 2005; Card & Dickinson, 2008; Eifler & Eifler, 2014; Yager et al.,
1990). Tapat ir iesp&jams, ka dazi plEs€ji izvairas no inficEtiem upuriem
(Gutierrez et al., 2022; Hamilton & Zuk, 1982; G. A. Jones et al., 2005; Meyling
& Pell, 2006).

1.4. Serotonins un paredzamiba

Likmju izkliede jeb uzvedibas mainigums var bt nozimiga strat€gija, lai
adaptétos mainigajai videi un izvairitos no plésgjiem. Saja pétijuma pieradits, ka
serotonins ir butisks adaptacijas procesa elements. Ieprieksgjie petijumi liecina,
ka serotonins regulé fototaksi — butisku reakciju, kas lauj musam reagét uz
neparedzamiem apstakliem. Evolucionarie modeli atklaj, ka uzvedibas
mainigums nav nejauss, bet gan apzinati izvéléta izdzivoSanas strat€gija, kura
serotonins pastiprina adaptacijas spgjas (Kain et al., 2015).

ST adaptacija ir Tpasi butiska mainiga klimata un kldist vél nozimigaka
plésonibas apstaklos. Saskare ar plés€jiem kritiskos attisttbas posmos maina
serotonina signalus, palielinot uzvedibas mainigumu un, iesp&ams, arl
izdzivoSanas izredzes (Krama et al., 2023; Maloney, 2021). Tas liecina, ka
serotonins ne tikai ietekmé& garastavokli un vispargjo uzvedibu, bet tam ir ari
butiska loma specifisko aizsardzibas reakciju pret pl€s€jiem nodrosinasana.

Serotonins ir iesaistits dazados neirokimiskajos un metabolajos procesos,
un tam ir butiska loma Drosophila biologija. Tas regulé mieriga stavokla
uzvedibu, ietekmé telpisko atminu un ar smarzam saistito maciSanos, ka arl
fototaksi un orienteSanas sp&jas (Anaka et al., 2008; Diegelmann et al., 2006;
Kain et al., 2012; Zhang & Odenwald, 1995). Serotonins ir svarigs ar1 citu
uzvedibas veidu gadijuma, parklajoties ar citu neirotransmiteru, piemeram,
dopamina un oktopamina, funkcijam (Kaplan et al., 2008). Ta daudzpusiga loma
neironu tiklos biezi dublé citu neirotransmiteru funkcijas. Serotoninergiskie
neironi izvietoti tuvu insulina sintez&josiem neironiem centrala nervu sistéma,
un abas S§is sisteémas savstarpgji mijiedarbojas (Al-Zoairy et al., 2017).
Paaugstinats serotonina Iimenis uzlabo metabolo lidzsvaru, veicina glikozes
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homeostazi un palielina pieejamas energijas daudzumu, tadgjadi palidzot
izdzivot bada periodus.

Turklat pétfjumi par izmainam kustibu parametros un atruma saistiba ar
izdzivosanu atklaj papildu adaptacijas, kas uzlabo reakcijas pret plésonibas risku.
Pazeminats serotonina Itmenis izraisa butiskas izmainas uzvediba — piemé&ram,
samazinatu kustibu atrumu, ilgdku apstasanos un lielaku uzvedibas
neparedzamibu, kas var samazinat pl€s€ju iesp&jas uzbrukt un tadejadi uzlabo
musu izdzivoSanu. Serotonins darbojas ka regulators plasa adaptaciju spektra,
sakot no metaboliskiem procesiem lidz pat uzvedibas aspektiem, apstiprinot ta
nozimi adapt€joties mainigiem un nelabvéligiem vides apstakliem un pastiprinot
aizsardzibas spgjas pret pleésgjiem.

1.5. Mérki un uzdevumi

S1promocijas darba galvenais mérkis ir noskaidrot, vai neparedzamiba, pati
par sevi, var biit adaptiva stratégija, ko upuris izmanto, lai izvairitos no plésgjiem,
un vai ta kalpo par biitisku mehanismu, kas nosaka uzvedibas neparedzamibu.

D. melanogaster izcelas ar augstu individualo mainibu fototakses uzvediba.
Pirmais meérkis Saja darba bija izpetit iesp&jamo saikni starp uzvedibas
neparedzamibu un serotonina regulaciju (I). Nemot véra, ka auglu musas ir
izplatitas dazados klimatiskajos regionos, tika parbaudits, ka populacijas no
dazadiem klimatiskajiem apstakliem veic gaismas vai tumsas izveli sava
fototaktiskaja uzvediba. Tika izvirzita hipotéze, ka muSas no stabila klimata
zonam izrada augstu uzvedibas paredzamibu un paaugstinatu serotonina
koncentraciju. Saskana ar o pienémumu, serotonina inhibitoriem ir japalielina
izvelu mainigumu mu$am, kas augusSas stabila ekvatoriala klimata.

Mainigie klimata apstakli rada lielu stresu organismiem, ta¢u dabiskaja vidé
organismiem jasaskaras ar7 ar citiem stresa faktoriem, no kuriem biitiskakais ir
plésoniba. Darba otrais mérkis bija noskaidrot, vai paklausana neletalam
plésonibas stresam musSu ontogenézeé var ietekm& $adu musu uzvedibas
paredzamibu (II). Tika izvirzita hipotez€, ka Sads stress var veicinat augstu
kustibas virziena izvélés mainigumu, tad&jadi palielinot izdzivosSanas iespgjas
brizos, kad pl€sonibas risks ir augsts. Tika pienemts, ka Sos procesus regulé
serotonina signalkaskade.

Hronisks stress ir faktors, kas ietekm& dzivnieku vielmainu. Ta ka
Drosophila serotoninergiskie neironi atrodas Joti tuvu insulinu sintez&joSajiem
neironiem, nakamais promocijas darba mérkis bija noskaidrot, cik specigi gan
stress, gan serotonina trikums var ietekmét auglu musu vielmainu (III). Tika
pielauts, ka serotoninam ir nozimiga loma glikozes vielmainas regulésana, kas
ietekm€ Drosophila dzivotspgju. Tika izvirzita hipotéze, ka pleésoniba samazina
izturibu pret badu un pieejamas energijas (glikozes) limeni.
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Augsta individualo atskirtbu pakape, neparedzamiba kustibu virzienu
izvel€ un samazinata energijas pieejamiba, iesp&jams, izraisa izmainas uzvedibas
modelos. Darba ceturtais mérkis bija izprast, ka hronisks stress ietekme
Drosophila kustibas un vai tas varétu pozitivi ietekmét izdzivoSanu (IV).
Balstoties uz ieprieksgjo eksperimentu datiem, tika prognozéta auglu musu
kopgjas aktivitates samazinasanas. Tomér rezultati atklaja, ka musas izradijja
pastiprinatu atpiitas uzvedibu un investgja iev@rojamus resursus haotiskas
kustibas. Tika izvirzita hipoteze, ka $ada uzvediba rada viltus signalus plesgjiem
par musu turpmakajam kustibam un kustibu trajektoriju, tadejadi palielinot upura
neparedzamibu un, iesp&jams, uzlabojot izdzivosanas iespéjas.
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2. MATERIALI UN METODES
2.1. Drosophila audzesana un bariba (I, IL, 1IL, IV)

Petijuma tika izmantotas auglu musu (D. melanogaster) savvalas linijas
Oregon-R-modENCODE (nr. 25211) un w'!!5, kas iegiitas no Bloomington
Drosophila krajumu centra, Indiana, ASV. MusSas turgja inkubatoros temperatiira
23 £1 °C, 12:12 stundu gaismas un tumsas cikla apstaklos..

Lai musas vairotos, 10 matites un 5 t€vinus ievietoja meégenés (24,5 x 95
mm), kas piepilditas ar 18 ml speciali sagatavotas baribas. Sajas mégengs musam
bija iesp&ja paroties un deét olas. Tévini un matites tika tureti kopa 24 stundu
laika, p&c ka tevinus no mégeném iznéma.

Drosophila baribas sastavs bija §ads: 500 ml tidens, 20 g dekstrozes, 15 g
saharozes, 10 g alus rauga, 35 g kukurlizas miltu un 4,5 g agara. Pelgjuma
veidoSanas novérSanai pievienoja 12,5 ml 10% Tegosept Skiduma (metil-p-
hidroksibenzoata). Noteiktam eksperimentalajam grupam bariba tika papildinata
ar metforminu vai 5-hidroksitriptofanu (5-HTP) koncentracijas attiecigi 20 mM
un 5%, péc tam, kad maisijums bija atdzeséts l1dz zemak par 65 °C.

Mgégenes ar Drosophila olam tika ievietotas plastmasas burkas (10 cm
augstums x 12 cm diametrs). Eksperimentos ar plésgju klatbuitni katra burka
ievietoja vienu parastu vilkzirneklu (Pirata piraticus), laujot tam brivi ieklit
auglu musu mégenés un medit Drosophila kapurus.

Bioktmiskajam analizém pieaugusas musas tika savaktas 5-7 stundas péc
eklozijas un uzglabatas -80 °C temperatiira. Metabolitu analizém paredz&tas
musas tika ievaktas 2-3 dienu vecuma.

Baribas uzpemsSanas atrumu noteica, mu$am piedavajot baribu ar
pievienotu Zilo FCF krasvielu. Krasvielas uznemsana tika kvantificéta ar
spektrofotometrisko analizi, tadéjadi nosakot patérétas baribas daudzumu. Musas
sakotngji uzturgja standarta partikas pudel€s un péc tam parnesa uz baribu ar vai
bez krasvielas piedevas. Homogeniz&tu musu supernatanta absorbciju mérija pie
650 nm, un vertibas no mus$am, kas turétas uz baribas bez krasvielas, tika
izmantotas ka atskaites punkts.

2.2. Kimisko vielu ietekmes izpete (I)

Tika veikti novérojumi tris eksperimentalajas grupas katra geografiskaja
vietd: musas (t€vini un matites), kas audz&tas bez papildus kimiskajam vielam,
musas, kas audzetas uz baribas, kas papildinata ar 5-HTP, un musas, kas audzetas
uz baribas, kas papildinata ar serotonina sintézes blokatoru aMW (Dasari et al.,
2007; Dierick & Greenspan, 2007; Hu et al.,, 2020; Majeed et al., 2016;
Neckameyer, 2010; Ries et al., 2017). Vielas tika iemaisitas un izskidinatas
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Drosophila sausaja baribas maisjjuma. Grupas, kas tika eksponétas pret
kimiskajam vielam, FO musas olas d&ja kimiskas vielas saturosajas barotnés. P&c
izskilSanas pieaugusas F1 musas tika testStas otraja — tresaja dzivibas diena.
Kimisko vielu $kidumi tika samaisiti ar Vorteksa maisitaju un pievienoti baribas
pulverim. 5-HTP galiga koncentracija bija 50 mM, bet aMW galiga
koncentracija bija 20 mM (Huber, 2004; Kain et al., 2012).

2.3. Neiromediatoru ietekmes izpéte (II)

Eksperimenta tika noverotas divas galvenas D. melanogaster grupas:
musas, kas audzg&tas kopa ar plés€jiem, un musas, kas audzetas bez plesgjiem.
Katra no §Tm grupam tika sadalita trTs apak$grupas: musas, kas audztas uz
baribas ar pievienotu 5-HTP, musas, kas audz&tas uz baribas ar pievienotu cMW,
un musas, kas audz&tas uz baribas bez papildu kimikalijam (Dasari et al., 2007;
Dierick & Greenspan, 2007; Hu et al., 2020; Krams et al., 2021; Majeed et al.,
2016; Neckameyer, 1996; Ries et al., 2017).

Kimisko vielu skidumi tika samaisiti ar vorteksa maisitaju un pievienoti
baribas pulverim. 5S-HTP un aMW tika iz§kidinati Cal Tech bariba (United States
Biological, Salem, MA, USA). Galiga 5-HTP koncentracija bija 50 mM, bet
oMW — 20 mM (Kain et al., 2012; Krams et al., 2021). Uzvedibas eksperimenti
tika veikti ar 5—7 dienas vecam musam. Dierick un Greenspan (2007), izmantojot
HPLC, pieradija, ka baroSana ar 5-HTP bautiski paaugstina 5-HT koncentraciju
musu smadzenés 3 dienu laika p&c eksperimentu sakuma, savukart aMW
lietoSana ieverojami samazina 5-HT Itmeni 4 dienu laika. Honegger et al. (2020)
ar ELISA pieeju noveroja lidzigus efektus (aptuveni 8x samazinajumu, lietojot
oMW, un apméram 20x pieaugumu, lietojot 5S-HTP).

2.4. Barosanas eksperimenti (I1T)

Lai novertétu barosanas atrumu, musam tika piedavata bariba, kas
papildinata ar zilo krasvielu (Blue FCF krasviela, Acros Organics A0373695,
ThermoFisher Scientific). Krasvielas daudzums musas tika kvantificéts
spektrofotometriski no parauga homogenata. Katra eksperimenta 140
kontrolgrupas musas un 140 musas no pl&s€ju stresa grupas tika ievietotas divas
atseviskas standarta baribas pudel@s un atstatas atgiities nakti pe&c CO: iedarbibas.
Nakamaja diena musas bez gazes tika parceltas uz jaunu standarta baribu vai uz
baribu, kas papildinata ar 1% Blue FCF krasvielu.

Pec 1,5 stundam 20 musas tika savaktas un homogenizétas uz ledus,
samalot tas un sastampajot piesta kopa ar 800 pl fosfata buferskiduma (PBS).
Homogenats tika centrifugéts pie 10 000 g speka 10 mintites 4 °C temperatura.
400 pl no skiduma augsgjas dalas tika parvietoti uz divam spektrofotometra 96
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ligzdu plaksnes iedobém (katra sanema pa 200 pl). Absorbance tika mérita pie
650 nm vilpa garuma, un mérjjumi no musu lizatiem, kas baroti bez zilas FCF
krasvielas, tika izmantoti ka atskaites punkts.

2.5. Izdzivosana pléséju klatbitné (11, I11, IV)

Lai noveértétu pléséju un farmakologisko manipulaciju ietekmi uz
Drosophila izdzivosanu, tika izstradats eksperiments ar dazadiem apstakliem,
iesaistot plés€jus un kimisko vielu papildinadjumu. P&tfjums ietvéra seSas
eksperimentalas grupas, lai novertetu divu zirneklu sugu ietekmi uz trim
dazadiem kimisko vielu radttajiem apstakliem: (1) auglu musu tevini, audzeti bez
zirneklu klatblitnes un bez kimiska papildinajuma, (2) tévini audz&ti bez
zirnekliem, uz baribas ar pievienotu 5-HTP, (3) tévini audzgeti bez zirnekliem, uz
baribas ar pievienotu aMW, (4) tevini audzeti P. apacheanus zirneklu klatbtitng
bez kimiska papildinajuma, (5) t€vini audz&ti ar P. apacheanus zirnekliem uz
baribas ar pievienotu 5-HTP, un (6) tévini audzeti ar P. apacheanus zirnekliem
uz baribas ar pievienotu cMW.

IzdzivoSanas testiem katrai eksperimentalajai grupai tika izmantotas desmit
Plexiglas burkas (katra burka 10 cm augsta un 12 cm diametra), katra burka
ievietojot desmit auglu musas, kopa 480 musas 48 burkas. Eksperimenta laika
burkas tika tur€tas dienas apgaismojuma 12 stundas. Lai simul&tu pl€s¢ju stresa
ietekmi, katra burka kopa ar baribas mégeni ievietoja vienu jaunu, aptuveni 67
meénesus vecu P. apacheanus zirnekli. Zirnekliem tika nodrosinats tidens, tacu
pirms eksperimenta sakuma tie 10 stundas tika atstati bez baribas, lai nodroS§inatu
vienméerigus bada apstaklus; katrs zirneklis tika izmantots tikai vienu reizi.

Papildus, lai novértetu diab&tam lidziga fenotipa adaptivo vertibu plésgju
klatbiitng, izveidojam 20 grupas (10 eksperimentalas un 10 kontroles), katra no
tam bija 10 auglu musu tevini. Sis grupas tika izvietotas plastmasas konteineros
(20 cm platums, 10 cm dzilums, 10 cm augstums). Lidzigi ka ieprieks, katra
konteinera ievietoja vienu pléséju — Floridas 1&cgjzirnekli vai vilka zirnekli —un
Drosophila baribas m&geni, kas sastav&ja no kukurlizas miltu, dekstrozes,
saharozes un rauga agara barotnes. Uz konteinera gridas tika novietots filtrpapira
slanis, un augsa tika parklata ar smalku sietu. Zirnekliem pirms testiem tika radits
12 stundu baribas liegums ar pieeju dzeramajam tidenim. P&c 12 stundam tika
saskaititas izdzivojusas musSas, lai novértétu plésgju ietekmi un musu
fiziologiskas reakcijas fenotipa adaptivas vértibas noteiksanai.
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2.6. BadoSanas panesamibas mérijumi (III)

Hroniskas bada tolerances tests: musas tika turétas mégengs ar 1% agaru,
katra m&gené pa 10 individiem. Izdzivosana tika noveérota ik péc 3 stundam.
Nave tika defincta ka pedgjais aktivitates laika punkts katrai musai, kad netika
noverota turpmaka kustiba.

Akiitas bada tolerances tests: musas tika badinatas mégengs ar filtrpapiru,
kas bija samitrinats dejonizéta udeni; katra mé&gené bija 10 individi. Lai
kontrol&tu papira mitruma Iimeni, Gidens tika pievienots reizi diena, izmantojot
Slirci.

2.7. Fototakses pétijjuma aprikojums (I)

F1 auglu musu fototakses uzvedibas mainiguma tika pétita, izmantojot
FlyVac iekartu, kas lauj vienlaikus kvantificét vairaku atsevisku musu fototakses
uzvedibu (Kain et al.,, 2012). Detalizéta informacija par FlyVac darbibas
principiem pieejama literatiira (Kain et al., 2012). FlyVac ir ierice, kas izstradata
atrai fototakses uzvedibas kvantifikacijai. Katra eksperimenta, lidz 32
atseviskam auglu musam tika ievietotas fototakses modulos, no kuriem katrs
sastav no T-veida labirinta, kurd musa var izv€leties starp apgaismotu (LED) un
tumsu (neapgaismotu LED) stimulu - koridoru. T-veida labirinta abos zaros ir
uzstaditi LED, bet katra izm&ginajuma nejausi tiek apgaismota tikai viena no
diodém.

Fototakses sesija tiek uzsakta, aspirgjot atseviSkas musas no kultivésanas
mégenes un ievietojot musu T-veida labirinta vertikalaja sakuma caurulé. Musa,
reag€jot uz negativo geotaksi, kapj pa vertikalo cauruli augSup, lidz sasniedz
izveles punktu labirinta. Sasniedzot izv€les punktu, musa var izvél&ties vienu no
diviem virzieniem — izgaismoto vai tumso koridoru T-labirinta . Izveli fikse
optisks sensors, kas registré musu kustibas virzienu attieciba pret apgaismotas
LED poziciju un aktiviz€ vakuumu, lai musu atgrieztu — aspir€tu starta koridora..
Katra izm&ginajuma nejausi tiek iedegta viena no divam gaismas diodeém.

P&c 40 izméginajumu pabeigsanas fototakses modulis tiek deaktivizéts, un
musas paliek modult [1dz iznemsanai. Ja musa dazu stundu laika nepabeidz visus
40 izm&ginajumus, ta tiek iznemta no modula un tiek veikta turpmaka analize.
Pirms eksperimenta sakuma FlyVac ierice tika parbaudita, lai parliecinatos, ka ta
pati par sevi neietekm& musu uzvedibu. Veicot vairaku parbauzu sé€riju ar divam
ieslégtam un divam izslégtam diodem, ieghtie rezultati neatskiras no nejausa
binomiala sadalfjuma, tad€jadi apstiprinot FlyVac neitralitati attieciba uz musu
uzvedibu.
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2.8. PagrieSanas uzvediba (II)

Lai pétitu mainTgumu ka vienu no fenotipa pazimém, nepieciesami lieli
paraugu apjomi (Caballero et al., 2021). Uzvedibas izpéetei tika pielietots augstas
caurlaidibas eksperimentala iekarta, kas lava izsekot atsevisku musSu uzvedibai
Y-veida labirintos (Ayroles et al., 2015; Buchanan et al., 2015). Musas tika
ievietotas Y-labirintu masiva, kas sastav&ja no 95 atseviskiem Y-labirintiem, un
katrs labirints sastavéja no trim simetriskiem koridoriem (katrs 12 mm garsg), kas
bija izgatavoti no akrila plaksnes. Y-koridori akrila plaksnés tika izgriezti ar
lazera palidzibu. Labirintu masivs tika apgaismots no apaksas ar 100 baltas
gaismas LED (5500K, Knema) spuldzitém, kas atradas zem akrila difuzoriem.

Lai registrétu uzvedibu, labirintu masivu film&ja ar 2MP digitalajam
kameram (Point Grey), un katras musas centroida X-Y pozicijas tika automatiski
izsekota un ierakstita, izmantojot LabView pielagotu programmatiiru (National
Instruments, ASV) (Buchanan et al., 2015). Eksperimentos tika registréta 3—6
dienu vecu musu pagrieSanas uzvediba, kas ir standarta vecums §adu uzvedibas
mérfjumu veikSanai, un uzvediba tika novérota divu stundu garuma. Dati no
individiem, kuri veica mazak par 30 pagriezieniem, tika izsleégti no analizes.
Katru musu eksperimenta izmantoja tikai vienreiz.

Lai kvantitativi noteiktu pagrieziena paredzamibu (pagrieziena novirzes
mainigumu starp individiem), tika aprékinata MAD veértiba, kas ir vid€ja absoltita
novirze no grupas vidgjas vertibas (Buchanan et al., 2015). MAD ir izkliedes
raditajs, kas ir noturigs pret novirzém. MAD vértiba tika aprékinata katrai
eksperimentalajai grupai.

2.9. Kustibu aktivitates petijjumi (I1T)

Ka jaunas arénas atseviSku musu kustibu aktivitates registréSanai tika
izmantoti sterili Petri trauki, kas izgatavoti no caurspidiga polistirola (60 x 15
mm; Flystuff, El Cajon, ASV). Katra testa trauka tika ievietota tikai viena musa.
Vienlaikus (vienas video kameras skatu laukuma) tika registréta seSu musu
lokomotora aktivitate ar izskirtspgju 1920 x 1080 pikseli un atrumu 5 kadri
sekundg, izmantojot video izsekoSanas sistému ar Logitech HD Pro Webcam
C920 (Logitech Inc., Newark, CA, ASV), kas nostiprinata 25 cm augstuma virs
arénam, un programmatiru Debut Video Capture (NCH Software, Greenwood
Village, CA, ASV). Lai paatrinatu eksperimenta norisi, tika sagatavotas divas
identiskas video izsekoSanas sist€mas, kas lava vienlaikus izsekot 72 musas.
Video izsekoSana ilga 15 mindites, un katrai minditei tika aprékinats musu vid&jais
atrums.

Arénas tika apgaismotas ar izkliedetu gaismu no augsas, izmantojot Cetras
MR 16 LED lampas (12 V, 6 W, 400 Im, 3000 K), kas atradas 0,9 m virs arénam.
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Apgaismojuma intensitate arénu ItmenT (3000 luksu) tika mérita ar TES-1335
digitalo gaismas meéritaju (TES Electrical Electronic Corporation, Taipei,
Taivana). Visi video ieraksti tika veikti laboratorija temperattira no 21 °C lidz 22
°C un relativaja mitruma no 35% lidz 40%.

Lai kvantificétu lokomotoras aktivitates galveno parametru — parvietoSanas
atrumu, tika izmantota atruma robeza (sakuma atrums > 0,20 mm/s™'; apstaSanas
atrums < 0,20 mm/s!), un attalums tika aprékinats vienas minites intervalos.
ParvietoSanas atrums tika ieglts no ierakstitajiem video failiem bezsaistg,
izmantojot programmatiru EthoVision XT Version 11 (Noldus Information
Technology, Wageningen, Niderlande). Parvietosanas atrumi tika izmantoti
atruma aprékinasanai, kas atspogulo attaluma un laika integralo vertibu.

2.10. Auglu musu gaitas parametri (IV)

Sim pétfjumam tika izgatavota plaksne ar Y formas labirintiem (Buchanan
et al., 2015; Krama et al., 2023). Katra plaksne sastavéja no diviem slaniem:
augsSgjais slanis tika izgatavots no cietas caurspidigas plastmasas, savukart
apaksgjais slanis, kura ar lazeru iegravéti 60 labirinti, bija izgatavots no melnas
matétas plastmasas, lai mazinatu gaismas atspulgus. Katrs labirints sastavéja no
trim koridoriem, kas tika novietotas 120 gradu lenki viena pret otru; katra
koridora platums bija 3 mm, bet garums — 12 mm. Katra atzara gala bija aplis ar
5 mm diametru. Katrs labirints tika noslégts ar plana stikla trisstiiri, ko no augsas
uzlika uz labirinta virsmas ta, lai musa varétu staigat zem segstikla. Stikla virsma
tika parklata ar Sigmacote (Sigma-Aldrich, St. Louis, MO, ASV), lai padaritu to
slidosu un novérstu musu apgriesanos un staigasanu pa griestiem. Katra labirinta
augstums bija 2 mm, nodro§inot pietickami daudz vietas musam, lai brivi
parvietotos, bet nelaujot tam apgriezties un paléninat atrumu.

Labirintu plaksne tika apgaismota no apaksas, izmantojot biezu mat&tu
plastmasu, lai nodro$inatu kontrastgjoSu virsmu musSu kustibu fiks€Sanai.
IerakstiSana notika tumsa telpa (bet ar ieslégtam LED gaismam), lai izvairitos no
gaismas atspidumiem uz stikla, kas var€tu traucét precizu kustibu analizi. Virs
plaksnes tika uzstadita Basler Ace kamera ar 1/1.8 collu sensoru (Basler,
Ahrensburga, Vacija) un Kowa F1.6/4.4-11 mm objektivu (Kowa Optimed
Germany GmbH, Diseldorfa, Vacija). Iestattjumi tika pielagoti, lai nodrosinatu
maksimalu precizitati un minimalus izkroplojumus.

Katra musa tika uzmanigi ievietota atseviska labirinta, izmantojot 1su
oglekla dioksida anestéziju. P&c pamosanas visam musam tika dotas vismaz 25
miniites, lai atgtitos. P&c tam sekoja divu stundu nepartraukta auglu musu kustibu
registréSana. Katra musa piedalijas tikai viena izm&ginajuma. Video faili tika
augSupieladeti programmatira Noldus EthoVision XT v.15.0 (Noldus
Information Technology, Wageningen, Niderlande) un analiz&ti, izmantojot
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$adus parametrus: parvieto$anas attalums (mm), augsta paatrinajuma stavokla
biezums un ilgums, maksimalais paatrindjums (mm/s?) un kustibas partraukumu
(stavésanas) biezums un ilgums. Sie parametri ir batiski kukainu kustibas
raksturo$anai (Nilsson & Renshaw, 2004; Russig et al., 2003; Winberg et al.,
1993). Katram mérfjumam tika aprékinata vidgja vertiba katram individam.

Paatrinajuma meérfjumi tika izmantoti, lai identificetu straujas kustibas
periodus. Augsta paatrindgjuma stavoklis tika registréts, kad objekta vidgjais
paatrinajums parsniedza 2,5 mm/s? slieksni. SliekSna vertiba tika pielagota,
izmantojot EthoVision XT integréto vizualizacijas riku. Tika izmantots vidgjais
intervals 2, lai novérstu nejauSu atruma izmainu ietekmi starp secigiem
paraugiem, kas var€tu izraisit kliidainas parejas uz augsta paatrinajuma stavokli.
Optimalais stavokla ilguma slieksnis tika noteikts ka 0,5 sekundes, lai izslegtu
1slaicigus paatrindgjumus, kas saistiti ar kermena vibracijam vai nelielam
kustibam, kuras var€tu radit kameras vibracijas. Augsta paatrinajuma stavokla
biezums tika aprekinats ka visu vértibu mediana katrai grupai.

Maksimalais paatrinajums tika aprékinats ka visu veértibu mediana katrai
grupai. Pirms paatrinajuma aprékinasanas tika nodrosinats, ka zaud&to paraugu
Tpatsvars bija mazaks par 1%.

Parvietosanas attaluma mérjjumi tika veikti divu stundu intervala,
izmantojot izlases atrumu ar 6 datu punktiem (saskana ar Noldus ieteikumiem).
Augstaki izlases atrumi var radit klidainus radijumus un attaluma parvertesanu,
savukart zemaki izlases atrumi var izlaist nelielas kukaina centrala punkta
kustibas (Pham et al., 2009).

2.11. Auglu musu kustibas bez parvietosanas (IV)

Kustiba bez parvietoSanas (jeb "Mobilitate" Noldus programmattra)
apraksta objekta kermena kustibu intensitati, pat ja centralais punkts telpiski
nevirzas. Tas nozime, ka mérjumi tiek veikti tikai tad, ja kukaina centralais
punkts horizontalaja plakné paliek nemainigs. Drosophila musam biezi
novérojama tada uzvediba ka "kustiba uz vietas". So kustibu raksturo$anai nav
nepiecieSamas x un y koordinates, bet gan tiek izmantotas izmainas atsevisku
pikselu pozicijas. Sis parametrs ir biitisks, lai novértétu kukaina kustibu
intensitati neatkarigi no ta parvieto$anas pa x un y asim. Klasisks §T parametra
piemérs ir kukaina tiriSanas uzvediba: lai gan kukaina ekstremitates un kermenis
ir aktivi, kukainis pats paliek viena un taja pasa telpas punkta.

Kustibas bez parvietoSanas biezums (jeb "Loti mobilais" saskana ar Noldus
programmatiiru) tika novértets, izmantojot 50% izmainu slieksni pikselu skaita,
kas att€lo objektu. Tika izmantots noklus€juma vidgjas vertibas intervals — 1 datu
punkts, kas nozime, ka m&rfjumi netika izlidzinati pirms vertibu noteikSanas.
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Viens no kustibas bez parvietoSanas parametra ierobezojumiem ir ta
atkariba no pikselu skaita, kas veido analiz€jamo objektu, un tadgjadi arT no
kameras izskirtsp€jas. Drosophila musas ir nelieli objekti, kas sastav no aptuveni
100 + 20 pikseliem, tade] tika noteikts augsts kustibas slieksnis — 50%. Tas
nozimé, ka kukaina kustiba tika registréta tikai tad, ja 50% pikselu mainija savu
poziciju, tadgjadi samazinot nepatiesu nolasijumu iesp&jamibu. Lai izvairitos no
nepreciziem datiem, netika zinots par nekustiguma raditaju $aja konteksta.

2.12. Western analize (III)

30 musu paraugi tika homogenizeti ar piestu uz ledus, izmantojot 300 ul
Western liz€sanas bufera (PBS ar 1,5% Triton X-100), kam pievienoti proteazu
un fosfatazu inhibitoru maistjumi (Roche Complete Mini, nr. 11836170001 un
PhosSTOP, nr. 04906845001), ievérojot raZotaja protokolus. Lizati tika inkubé&ti
uz ledus 15 minites un p&c tam centrifugéti pie 13 000 g 15 mintites pie 4 °C, lai
atdalitu sarnus. Supernatanta proteinu koncentracija tika noteikta, izmantojot
Bradforda analizi (Thermo, nr. 1856209), un uz Bio-Rad Criterion AnyKD
gradienta g€liem tika ievietoti 70 pg apjoma paraugi. Elektroforéze tika veikta
ProSieve EX darbibas bufert (Lonza).

Proteini tika parnesti uz Amersham Protran nitrocelulozes membranu (nr.
10600020) ProSieve EX parsttisanas buferi (Lonza), izmantojot BioRad
Criterion Transfer kameru ar 35 V spriegumu 50 mintitSu laika. Membranas tika
bloketas 1 stundu ar 5% BSA skidumu TBS / 0,05% Tween buferT un p&c tam
inkubg&tas pa nakti 4 °C temperatlira taja pasa buferT ar primarajam antivielam.
Antivielu koncentracijas bija $adas: Akt (1:5000, Cell Signaling, nr. 9272),
fosfo-Akt (1:5000, Cell Signaling, nr. 4054), ACC (1:5000, Cell Signaling, nr.
3676), HRP-konjuggta antiviela (1:10 000, PI-1000-1).

P&c membranu triskartgjas skaloSanas (katra 15 minttes) ar TBS / 0,05%
Tween, tas 1 stundu istabas temperatiira tika inkub&tas ar marrutku peroksidazes
(HRP) konjugétu sekundaro antivielu pret truSu antivielam. P&c papildu tris
skaloSanas reizém, ka aprakstits ieprieks, signals tika vizualiz&ts, izmantojot
BioRad ChemiDoc XR detekcijas sistému. Kvantitativas noteiksanas noltikos
paraugi no kontrolgrupas un plés€ju grupa audzetam musam tika palaisti uz viena
g€la ar Cetriem biologiskiem atkartojumiem katra grupa.

Lai normalizétu olbaltumvielu daudzumu katra josla, membranas tika
iekrasotas ar Ponceau S $kidumu (0,1% Ponceau S 5% etikskabg), 1si noskalotas
ar Udeni un dokumentgtas ar BioRad ChemiDoc XR sistemu. Signals tika
kvantific@ts, un dati tika analiz&ti, izmantojot ImageQuant programmattru.
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2.13. Metabolritu analizes (IIT)

Oglhidratu meérijumi

Desmit musas tika homogenizétas 400 pul PBS un inkub&tas 5 miniites 70
°C temperatiira. No kopgja lizata 40 pl tika parnesti uz Cetram atseviskam
Eppendorf mé&geném, kuram tika pievienots 1 U amiloglikozidazes no
Aspergillus niger (Sigma, kopgjais glikozes merijums), 2% PBS (brivas glikozes
un fona merfjjumam) un 5 mU ciiku nieru trehalazes (Sigma T8778, trehalozes
mérjjumam). Visas reakcijas tika inkubg&tas 2 stundas 37 °C temperattira, pec tam
centrifugétas, un 30 pl supernatanta tika parnesti uz 96 kuveSu mikrotitra
plaksném. Visam reakcijam tika pievienots 100 ul glikozes analizes reagenta
(Sigma G3293), iznemot vienu PBS apstradatu lizatu, kam pievienoja 100 pl
PBS fona signala noteik$anai. Reakcijas tika inkubé&tas 37 °C temperatiira 30
mintites, péc tam absorbance tika mérita pie 340 nm. Briva glikoze, glikogéns un
trehaloze tika aprekinati, atnemot attiecigos fona radijumus no mérfjumu
vertibam. Glikozes standarta Itkne tika generéta, izmantojot 1-20 pg glikozes (uz
kuveti). Rezultati tika normaliz&ti, izmantojot olbaltumvielu daudzumu, ko
noteica ar Bradforda testu (Thermo nr. 1856209).

Trigliceridu merijumi

Desmit musas tika homogenizétas 800 ul PBS ar 0,1% Tween 20 un
inkubgtas 5 miniites 70 °C temperatiira. No katra lizata tika parnesti 20 pl uz trim
Eppendorf m&geném ar pievienotam sastavdalam: 20 ul trigliceridu reagenta
(Sigma T2449, kopgjam glicerida m&rfjjumam) un 2 x 20 ul PBS (briva glicerida
un fona mérfjumam). Visas reakcijas tika inkub&tas 30 minttes 37 °C
temperatiira, péc tam centrifugétas, un 30 ul supernatanta tika parnesti uz 96
kuvesu mikrotitrazas plaksném. Visam reakcijam tika pievienots 100 ul briva
glicerida reagenta (Sigma F6428), iznemot vienu PBS apstradatu lizatu, kam
pievienoja 100 pl PBS fona noteikSanai. Reakcijas tika inkubétas 37 °C
temperatiira 5 minites, péc tam absorbance tika mérita pie 540 nm. Trigliceridu
koncentracija tika aprékinata, atnemot briva glicerida vertibu no kopgja glicerina
meérjuma. Glicerida standarta Itkne tika aprékinata, izmantojot 0,5-3 pg
glicerida (uz kuveti). Rezultati tika normalizeti, izmantojot olbaltumvielu
daudzumu, ko noteica ar Bradforda testu (Thermo nr. 1856209).

ATF Kkoncentracijas mérijumi

ATF koncentracija tika noteikta, izmantojot ATF noteikSanas komplektu
(ThermoFisher Scientific). Trisdesmit musSas tika homogenizétas ATF izolacijas
bufer (6 M guanidina-HCl, 4 mM EDTA, 100 mM Tris/Cl, pH 7,8), péc tam
strauji sasaldetas Skidra slapekli un varitas 5 mintites. Atkritumi tika nos€dinati,
centrifuggjot pie 10 000 g 10 miniites 4 °C temperatiira. No supernatanta, kas
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atskaidits 12,5 reizes, tika panemti 5 pl un pievienoti 100 ul ATF reakcijas
maisijuma (Thermo Fisher; sagatavots saskana ar razotdaja noradijumiem).
Meérfjumi tika veikti ar Tecan luminometru, izmantojot Greiner polipropiléna
plaksnes (nr. 655207). Rezultati tika normalizeti, izmantojot olbaltumvielu
daudzumu, ko noteica ar Bradforda testu (Thermo nr. 1856209).

Piruvata koncentracijas mérijumi

Piruvata koncentracija tika noteikta, izmantojot BioVision komplektu (nr.
K709) un modificétu razotaja protokolu. Piruvata mérjjumiem 20 musas tika
homogenizetas 200 pl piruvata analizes buferT uz ledus un péc tam centrifuggtas
pie 10 000 g 10 mindtes pie 4 °C. Piecpadsmit mikrolitri supernatanta tika
sajaukti ar 35 pl piruvata testa buferskiduma 96 kuvesu mikrotitrésanas plaksnes
kuveté. Piecdesmit mikrolitri reakcijas maisjjuma (saskana ar raZotaja
noradijumiem) tika pievienoti katrai kuvetgi, kas satur€ja supernatantu, un to
inkubg&ja 30 miniites istabas temperatiira; péc tam tika mérita absorbcija pie 570
nm. Paralélas fona reakcijas tika veiktas, sajaucot supernatantu ar fona
maisijumu, kas sagatavots saskana ar razotaja noradijumiem. Rezultati tika
normalizeti attieciba pret olbaltumvielu daudzumu, kas noteikts ar Bradforda
testu (Thermo nr. 1856209).

2.14. 1zdalitas oglskabas gazes un patereta skabekla attiectba (I1T)

Elposanas apmainas koeficients (RER) tika aprékinats ka musu radita CO,
un izmantota O attieciba. O, pat€rin$ atseviskam mus$am tika merits ar
kulometrisko respirometriju nepartraukta O, kompensacijas sisttma nemainiga
temperatiira un mitruma (23 °C un 55% relativais mitrums). Musas tika ievietotas
mérkameras, un mérijjumi tika uzsakti, kad muSas parstaja kusteties un tika
sasniegta minimala gazes apmainas vertiba. CO, Iimeni tika noteikti, izmantojot
LI-700 diferencialo CO»/H,O analizatoru (LiCor, Linkolna, Nebraska, ASV).

2.15. Datu analize un statistiskas metodes (I, IL, III, I'V)

Datu analize tika izmantots Puasona visparinatais linearais modelis (GLM)
ar logaritmisko saistibas funkciju, kur atkarigais mainigais bija pozitivo gaismas
izvelu skaits. Sis modelis ietvéra geografisko atraianas vietu (Somija, Kenija),
pievienoto kimisko vielu grupas (kontrole, 5-HTP, aMW) un dzimumu ka
neatkarigos mainigos, ka arT mijiedarbibas terminu starp dzimumu un vielu
grupam. Kad tika konstatéts, ka dzimums bitiski neietekmé rezultatus, tas tika
iznemts no modela, tadgjadi izveidojot vienkarSotu GLM, kas fokusgjas uz
geografiskas atraSanas vietas un vielu grupu mijiedarbibu. Fototaktiskas izvéles
mainigums tika novertets, izmantojot parmeriga mainiguma metriku (VBE), kas
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ieglita no datu vidgjas absoliitas novirzes no medianas, pielagojot to
paredzamajai izlases kliidai. VBE standarta kludas tika aprékinatas, veicot
individualu musu atkartotu izvérteésanu (5000 atkartojumi).

Papildu statistiska analize ietvéra permutacijas testus, lai salidzinatu
uzvedibas vidgjas absollitas novirzes (MAD) starp grupam, izmantojot P
vertibas, kas iegiitas, nejausi sajaucot datu tabulas un salidzinot nejausas grupas
ar sakotngjiem datiem. Pieauguso musu izdzivosanas izmainas pl€s€ju klatbiitné
saistiba ar attistibas apstakliem un kimiskajam piedevam tika novertetas ar divu
faktoru ANOVA, kam sekoja Tukey testu vairakkartgju salidzinajumu veik$anai,
ka arm Kruskala-Vallisa un Manna-Vitnija U testiem, lai analiz€tu tadas
uzvedibas pazimes ka pagrieziena tendence un kustibas atrums.

Visas analizes tika veiktas R vidé (versija 4.1.0). Lai nov&rstu viltuspozitivu
rezultatu iesp&jamibu vairakkartgjiem salidzinajumiem tika piemérota
Benjamini-Hochberg metode (Benjamini & Hochberg, 1995). Biologisko
atkartojumu skaits svarstijas no ¢etriem Iidz desmit, individualie datu punkti tika
att€loti diagrammas, un statistiska nozimiguma slieksnis tika noteikts pie P <
0,05.

Lokomotoras aktivitates un izdzivo$anas datu analizei tika izmantoti gan
visparinatie linearie, gan nelinearie regresijas modeli, pielagojot saistibas
funkciju atbilsto§i datu sadalfjumam. Saja analizé tika izmantotas gamma un
kvazi-Puasona sadalfjumi, lai noveértétu faktorus, kas ietekmé tadas pazimes ka
maksimalais paatrinajums un bieza augsta paatrinajuma stavokla frekvence.
Dzivildzes analize plésgju vide tika veikta, izmantojot binomidlo sadalfjuma
modeli, un visos modelos statistiska nozimiguma slieksnis tika noteikts pie P <
0,05.

Grafisko att€lojumu un statistisko aprékinu veikSanai tika izmantota
programmatiira GraphPad Prism, ietverot divpus&jos Stjidenta #-testus kontroles
un plésgju grupu salidzinasanai, ka arm1 Mantel-Cox testus dzivildzes analizém.
Lai precizak interpretétu kustibu datus, tika izmantota Lowess trajektorijas
izlidzinasanas metode.
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3. REZULTATI
3.1 Gaismas izvéles varbiitiba (I)

Musu matisu un tévinu LCP (izvéles dala virziena uz apgaismoto LED)
butiski neatSkiras ne Somija, ne Kenija (Puasona GLM ar log saiti, Wald Chisq:
= 0,66, P > 0,4), tapec dzimumu dati tika apvienoti turpmakai LCP analizei.
Noskaidrots, ka geografiska atraSanas vieta bija nozimigs gaismas izvéles
varbiitibas prognozetajs (Puasona GLM ar log saiti, Wald Chisq: = 290,8, P <
gaismu attiecigi 80% un 68% gadijumu (1. tabula; 1. attéls). Kenijas musas bija
ievérojami fotopozitivakas neka Somijas musas (P < 0,001; 1. tabula; 1. att€ls).

Kaut arT izpétes grupas galvenajam efektam uz gaismas izvéli nebija
bitiskas ietekmes (Poisson GLM ar log saiti, Wald Chisqz = 0,449, P =0,8), tika
konstatéta nozimiga mijiedarbiba starp geografisko atrasanas vietu un izpétes
grupu (Poisson GLM ar log saiti, Wald Chisq. = 40,93, P < 0,0001). Kenijas
musam aMW barosana ievérojami palielinaja LCP, savukart 5-HTP baro$ana to
samazinaja (1. tabula; 1. attéls). Somijas musam, turpreti, aMW baroSana
samazinaja LCP, bet 5-HTP palielinaja to. Tom&r Somijas musu LCP, kas tika
barotas ar 5-HTP, joprojam bija zemaks neka Kenijas musu LCP (1. tabula;
1. attels).

1. tabula
LCP un VBE aprakstosie statistikas dati = SE tika iegiiti, izmantojot
bootstrapping metodi ar 5000 replikatiem

Light choice Variability beyond
probability expectation
Geographic location Treatment n (LCP) + SE (VBE) + SE
Finland 5-HTP 286 0.695 + 0.00665 0.5278 + 0.06943
Finland Control 255 0.6798 + 0.00779 0.7225 £ 0.0703
Finland aMwW 201 0.6454 + 0.00977 0.8394 + 0.07307
Kenya 5-HTP 176 0.7673 + 0.00745 0.5458 + 0.085
Kenya Control 256 0.7964 + 0.00564 0.3839 + 0.07685
Kenya oMW 197 0.8379 + 0.00863 0.6392 + 0.07468
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1. attels. Gaismas izv€les varbiitiba atkariba no geografiskas vietas un
farmakologiskas ietekmes. Kladu joslas attélo + 1 SE; tas aprékinatas,
izmantojot bootstrapping metodi. ***P < (0.001.

3.2 Mainigums aiz paredzamibas limitiem (I, IT)

Musu matitem un teéviniem fototaktiskas atskiribas starp individiem, ko
novérte, izmantojot VBE, Somija un Kenija bija lidzigas (visi bootstrapped
sadalfjumi, P > 0,05), tap&c dzimumi tika apvienoti turpmakajam VBE analizem.
Somijas auglu mu$am bija ievérojami lielaks VBE neka Kenijas musam (P <
0,001; 1. tabula; 2. att€ls). Somijas musam aMW barosana neietekmé&ja VBE,
savukart 5-HTP pievienoSana baribai ievérojami samazinaja VBE (P = 0,023).
Kenijas musam oMW baroSana ieverojami palielinaja VBE, bet 5-HTP uz to
neietekmgja (1. tabula; 2. attéls). Svarigi, ka 5-HTP barosana padarija Somijas
musu VBE lidzigu Kenijas musu VBE (1. tabula; 2. attéls).
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2. attéls. Uzvedibas mainiguma, kas parsniedz statistisko varbiitibu (VBE),
atkariba no geografiskas vietas un farmakologisko vielu ietekmes. Logaritma
(baze 2) Iikne ar VBE = 0 norada uz normalu mainigumu, neparsniedzot
statistisko varbiitibu, savukart VBE = 1 norada uz divkarsu statistiskas
varbiitibas parsniegSanu. Kliidu joslas ir +1 SE, aprékinatas, izmantojot
bootstrapping metodi; n.s., P> 0,05; *P < 0,05; ***P < 0,001 norada
vienpusgju statistisko nozimigumu.

Tevinu auglu musu, kas audzetas kopa ar zirnekliem, pagriezienu tendences
mainigums (MAD = 0,11, » = 153 musSas) bija ievérojami lielaks neka
kontrolgrupas musam (MAD = 0,08, n = 143), kas tika audz&tas bez plesgju
klatbuitnes (Permutacijas tests: P = 0,006; 4. attéls). Musu, kas audzetas ar
zirnekliem, baroSana ar 5-HT (MAD = 0,12, n = 116) neizraisija butisku
pagriezienu mainiguma palielinasanos (P = 0,34), savukart barosana ar atMW
(MAD=0,10, n=140) ievérojami samazinaja pagriezienu tendences mainigumu
(P =0,021; 3. attels). Kontrolgrupas musam barosana ar 5-HTP (P = 0,33) un
aMW (P =0,12) neizraisja butiskas pagriezienu mainiguma izmainas (4. attels).
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3. att€ls. Sheémas pagriezienu parbaudes (A) un izdzivoSanas
eksperimentam (B)
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4. attels. Pagriezienu tendences mainigums auglu musam, kas audzgtas gan
zirneklu klatbiitng, gan bez tiem un sanémusas dazadas farmakologiskas vielas.
Kladu joslas ir = SE, novertetas, izmantojot bootstrapping metodi. Zvaigznites

norada statistiski nozimigas atskiribas, kas noteiktas ar permutacijas testiem:
*0,05>P>0,01; **0,01 > P> 0,001.

3.3 Prieksroka vienai kermena pusei un pagriezienu skaits Y-labirinta (II)

Pagriezienu pa labi proporcija (pagriezienu tendence) starp dazadam musu
grupam bitiski neatskiras (Kruskala Wollesa tests: > = 6,41, P=0,268; 5. att€ls).
Tapat neviena no grupam neuzradija butisku atSkiribu no 0,5 attieciba uz
pagriezieniem pa labi (Vilkoksona testi: visi P > 0,05; 5. attels), t.i., katra grupa
bija Iidzigs pagriezienu skaits gan pa labi, gan pa kreisi.
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5. att€ls. Pagriezienu tendence auglu musam, kas audzg&tas ar un bez zirneklu
klatbuitnes un sanémusas dazadas farmakologiskas vielas attistibas laika.
Eksperimentalas grupas, kuras statistiski butiski neatskiras (Vilkoksona testi, P
> 0,05), ir noraditas ar vienadu burtu att€la augsSpuse.

Musas, kas audzetas kopa ar zirnekliem, Y-labirintd veica ieverojami
mazak pagriezienu laika vieniba (2,6 + 1,3 pagriezieni/min) salidzinajuma ar
kontrolgrupas musam (3,4 + 1,5 pagriezieni/min) (Manna-Vitnija tests: P =
0,0001; 6. attels). 5-HTP barosana mus$am, kas audzetas ar zirnekliem,
ievérojami palielinaja pagriezienu skaitu (3,4 + 1,4 pagriezieni/min; P < 0,0001),
savukart aMW barosana biitisku efektu neradija (2,7 £+ 1,3 pagriezieni/min; P =
0,50; 6. attels). Kontrolgrupas musam barosana ar aMW ieverojami samazinaja
pagriezienu atrumu (2,6 + 1,5 pagriezieni/min; P = 0,0003), bet barosana ar 5-
HTP neizraisija butisku ietekmi (3,5 + 1,7 pagriezieni/min; P = 0,94; 6. attéls).
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6. attels. Pagriezienu biezums (pagriezieni miniit€) Y-veida labirinta musam,
kas audz@tas ar un bez zirneklu klatblitnes un sanémusas dazadas kimiskas
vielas. Musas, kas audzgtas ar plésgju klatbutni, kapuru stadija bija paklautas
plesgju ietekmei, savukart kontrolgrupas musas tika audzgetas bez
1ecgjzirnekliem. Biezas Iinijas att€lo vidgjo vertibu, lodzini norada uz Q1 un Q3
kvartilem, bet “@sas” apzime diapazonu starp augs€jo un apaksgjo kvartili,
neieklaujot izn@muma vertibas. Melnie punkti att€lo novirzes jeb datu punktus,
kas parsniedz 1,5 reizes starpkvartilu diapazonu no Q1 un Q3. Eksperimentalas
grupas, kuras statistiski batiski neatskiras (Manna-Vitnija testi, P > 0,05), ir
att€lotas ar vienu un to pasu burtu att€la augSpuse.

3.4 Kataboliska pareja uz tauku oksidaciju pléséja stresa ietekme (III)

Gan oglhidrati, gan lipidi ka galvenas biokimiskas energijas uzkrasanas
molekulas tika méritas Oregon Iinijas auglu musam, kuras tika audz&tas ar un
bez zirnekliem. Lai gan briva glikoze, tas disaharids trehaloze un tas poliméra
forma glikogéns (n = 8) saglabajas bez bitiskam izmainam, neskatoties uz
plesgju stresa ietekmi, trigliceridu daudzums samazinajas, bet briva glicerida
koncentracija palielinajas salidzinajuma ar kontroli (n = 10; 7. attels a, b). Sis
rezultats norada uz paaugstinatu lipidu izmantoSanu, jo trigliceridu lipolize
nodroSina brivo taukskabju pieejamibu katabolisma procesiem, vienlaikus
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palielinot briva glicerida koncentraciju. Sads specifisks tauku krajumu zudums
bez izmainam oglhidratu koncentracija liecina par izmainam kataboliskajos
procesos, nevis uz musu badosanos.
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7. attéls. Plesonibas stresa ietekme uz metabolismu, lokomotoro aktivitati un
izdzivosanu auglu musam, kas audzgtas zirneklu klatbtutng (plesgji) un bez
zirnekliem (kontrole). (a) Briva glicerida un uzkrato tauku limeni. Kontroles
musu relativas, bet ne absoliitas vertibas ir zinamas un publicétas agrak (Krams
et al., 2020). TG — trigliceridi. (b) Oglhidratu limeni: glikogéns, trehaloze un
briva glikoze. (c) Elpo$anas apmainas koeficients. (d) Acetil-KoA
karboksilazes (ACC) daudzums, normalizgts pret Ponceau S krasviela
iekrasotajam kop&jam olbaltumvielam. (e) Partikas uznemsana, izmantojot 1%
zilo FCF krasvielu. (f) ATF (ATP) koncentracija. (h) Izdzivosanas liknes
musam uz agara bazes uztura (akiita bada gadijuma, logaritmiskais rangu tests
P <0,0001) un uz 1% saharozes uztura (hroniska bada gadijuma, logaritmiskais
rangu tests P < 0,0001). Visos gadijumos: *P < 0,05, **P < 0,01, ****P <
0,0001, n.s. — nebitiski. C — kontrole, P — plés&ju klatbhitné audz&tas musas.
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Zemais RER (n = 20) 0,76 musam, kas audzétas zirneklu klatbiitng,
apstiprina $o interpretaciju (7. attéls c), noradot uz intensivu taukskabju
oksidaciju, lai veicinatu sisteémiskas ATF sintézi.

3.5. Kopé€ja energijas limena samazinasanas pléséju stresa ietekmé (III)

Lai gan katabolisms tiek parorientets uz taukskabju oksidaciju, oglhidrati
var veicinat energijas radiSanu, izmantojot de novo lipidu sintézi. Tomer $1
procesa atrumu ierobezojosa ACC, kas regule lipidu sintézi, Itmenis bija
pazeminats musam, kas piedzivoja pl€s€ju izraisitu stresu (n = 8; 7. attéls d).
Paaugstinata baroSanas intensitate (n = 14), kas Drosophila sugam parasti
raksturiga ka reakcija uz resursu trilkumu, netika novérota (7. attéls e). Pilniga
atkariba tikai no viena kataboliska energijas avota izraisija ATF limena 20%
samazinajumu (n = 10; 7. attéls f).

Samazinato ATF Itmeni nevargja kompenset, palielinot partikas uznemsanu
vai veicinot lipidu sint€zi, kas negativi ietekmgja visparéjo metabolismu. Tika
novérots, ka musas, kas audzétas zirneklu klatbiitng, uzradija zemaku aktivitati
staigasanas/rapSanas testos salidzinajuma ar kontroles grupu (n = 24 un 16; 9.
att€ls g). Tapat §1s musas bija mazak izturigas pret gan akiitu (n = 220), gan
hronisku (n = 274 un 275) badu, izradot 1saku izdzivosanu apstaklos ar
ierobezotiem partikas resursiem (7. h attels).

3.6 Glikozes uznemsanas kavésana (I1I)

Akt — konservéta centrala regulatora mehanisma, kas kontrole glikozes
uznemsSanu — aktivitate ir atkariga no treonina fosforilacijas stavokla kinazes
doména un serina atlikuma hidrofobaja motiva (pozicija 505 Drosophila Akt). ST
aktivitate bija iev@rojami samazinata musam, kas audzetas zirneklu klatbttné (»
= 8; 8. attels a). Sis samazinajums norada uz ierobezotu glikozes transportu, kas
samazina glikolizes pieejamibu un pazemina tas gala produkta piruvata
daudzumu (n = 4; 8. att€ls b).

Metformina, pretdiabg&ta lidzekla, kas atvieglo glikozes uznemsanu (Bahhir
et al., 2019; Niccoli et al., 2016), pievienosana baribai atjaunoja musu normalu
oglhidratu un lipidu izmantoSanas lidzsvaru (#n = 10) un paaugstinaja RER (n =
20) lidz normalai vertibai (8. attels c).
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8. attls. PIEsEju stresa ietekme uz vielmainu, uzvedibu un farmakologisko
komplementaciju auglu musam, kas audzetas zirneklu klatbiitng (plesgji) un bez
tiem (kontrole). (a) Akt kinazes fosforilacija pie Ser505. (b) Piruvata limeni. (c)

Metformina pievienosanas baribai ietekme uz uzkratajiem taukiem, brivo

gliceridu un elpoSanas apmainas koeficientu musam, kas audzetas ples€ju

klatbiitng. (d) Serotonina pievienosanas baribai ietekme uz Akt fosforilaciju,
piruvata ltmeni, uzkratajiem taukiem, brivo gliceridu, ATF un RER musam, kas
audzgtas ples€ju klatbuitn€. Visos gadijumos: *P < 0,05, **P < 0,01, ****P <
0,0001, n.s. — nav nozimigs. C — kontrole, P — pl&sg€ju klatbiitné audzetas
musas.

3.7 Serotonins uzlabo vielmainas disfunkciju (I1I)

Reakcijas uz argjiem kairinajumiem, ko izraisa dazadas stresa situacijas,
biezi vien tiek realizétas pateicoties izmainam neirotransmiteru koncentracija.
Serotonina disfunkcija ir tie$i saistita ar neirologisko stresu, kas var izraisit
dazada veida traucgjumus. Pieméram, musu linija w//’¢, kam ir mutacija white
geéna un ieverojami pazeminats serotonina Itmenis salidzinajuma ar sarkano acu
Itijam (Borycz et al., 2008; Sitaraman et al., 2008), uzradija butiski atskirigu
vielmainu (n = 10). Tas varétu noradit, ka serotonins ka starpnieks starp plésgju
stresu un uzvedibu, ietekmé dazadus musu vielmainas procesus.

Tapéc rodas jautajums, vai paaugstinats serotonina Iimenis var mazinat
plesgju izraisttos vielmainas trauc€jumus. Musas tika barotas ar paaugstinatam
5-HTP devam, un tika analizéta to ietekme uz Akt fosforilaciju (n = 8), piruvatu
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(n = 8), trigliceridiem (» = 10), brivo gliceridu (n = 10), ATF (n = 10) un RER
(n = 20) (8. attels d). Visos gadijumos serotonina prekursora pievienoSana
atjaunoja Sos parametrus musam, kas audzgetas zirneklu klatbtitng, lidz kontroles
limenim, noradot, ka serotonina sintézes stimuléSana ir pietickama, lai noverstu
konstatgtas vielmainas izmainas.

3.8. Plés€ju izraisita stresa ietekme uz kustibu aktivitati (IL1, I'V)

Tiek noverots straujs aktivitates samazinajums musas, kas audzgtas ar
zirnekliem (attels. 9).

(g) activity max. speed mean speed

time (min) time (min)

Attels 9. Nelineara regresija maksimalajam atrumam un vid€jam atrumam, kas
mérits 15 mintisu laika; testa P-vértibas abos gadijumos ir zemakas par 0,0001.
Punkti attelo vidgjas vertibas no 16 (kontrole) un 23 (plesgjs) eksperimentiem.
Neatkarigu paraugu t-testu P-vertibas ir 0,00017 vidéjam un 0,0047
maksimalajam atrumam. Partrauktas Itnijas att€lo 95% ticamibas intervalus.

Tika konstatétas butiskas atSkiribas noietaja attaluma (y*> = 13,00, P =
0,003): kontroles grupas musas divu stundu laika veica garakus attalumus (5039
+ 3517 mm; vidgja vertiba + standartnovirze) salidzinajuma ar eksperimentalas
grupas musam (4403 + 3443 mm) (10. attels A).

Bija noteiktas augsta paatrinajuma stavokla sasniegSanas biezuma bitiskas
atSkiribas (y* = 53,376, P < 0,001), ka arT maksimala paatrinajuma atSkiribas
starp grupam (y*> = 119,82, P < 0,001). Kontroles grupas musas augsta
paatrinajuma stavokli nonaca retak (4781 + 1474 reizes; vidgji £ SD) neka auglu
musas, kas audzetas zirneklu klatbtitng (5746 + 1823 reizes) (10. attels B).
Kontroles grupas musas paatrinajuma laika sasniedza zemaku atrumu (7,807 +
5,665 mm/s? vidgja vertiba + standartnovirze) salidzinajuma ar musam, kas
audzgtas ar zirnekliem (9,829 + 8,086 mm/s?) (10. attEls C).

Kontroles grupa kustiba bez parvietosanas bija ievérojami retak sastopama
(o = 19,183, P < 0,001) (828 + 476 reizes; vidgji + SD) neka grupa, kas tika
audzeta ar zirnekliem (1005 + 654 reizes) (10. attéls D). Tas liecina, ka musam,
kas audzetas ar zirnekliem, bija biezakas "miasanas" kustibas.
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10. attels. Vidgjais attalums kontroles grupa un musam, kas audzgetas ar
zirnekliem divu stundu laika; atSkiriba ir nozimiga ar P < 0.003 (A). Atskiriba
starp kontroles grupas musam un kopa ar zirnekliem augus$ajam musam augsta

paatrinajuma stavokla biezuma; atkiriba ir nozimiga P < 0.001 Itmeni (B).
Atskiriba starp kontroles grupu un ar zirnekliem audz&tam musam maksimala
paatrinajuma vertibas: atskiriba ir nozimiga ar P <0.001 (C). Biezums, ar kadu
noverota kustiba bez parvietoSanas kontroles grupa un ar zirnekliem audzeto
musu grupa: atSkiriba ir nozimiga ar P <0.001 (D). Kltdu joslas ir + SD.

3.9 Musu izdzivosana pléséju klatbaitne (IL, III, IV)
Picauguso musu paklauSana plés€jiem 12 stundu perioda ievérojami
ietekmgja to izdzivosanu. To noteica plés€ju klatblitne kapuru attistibas laika

(divu faktoru ANOVA: Fi,sa =81,37, P <0,0001), kimisko vielu lietoSana (F2,s4
= 14,76, P <0,0001), ka ari abu faktoru mijiedarbiba (F2,sa = 12,57, P <0,0001).
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leverojami vairak musu izdzivoja, ja tas tika audzgtas plesgju klatbutné (videja
izdzivotiba: 62% + 11,4% SD, n = 10), salidzinot ar kontroles grupu (30 £ 9,4%,
n=10) (Tukey HSD: P <0,0001; 11. attels).

Zirneklu klatbutné audzetu musu barosana ar 5-HTP bitiski neietekmé&ja to
izdzivosanu (65 £ 8,5%, n = 10) (P = 0,985; 11. attels), savukart aMW barosana
butiski samazindja to izdzivosanu (35 + 7,1%) (P < 0,0001; 11. attéls). Kontroles
grupas musu izdzivosanu butiski neietekméja ne barosana ar 5-HTP (32 + 6,3%,
n=10; P=0,998; 11. attels), ne aMW (30 + 15%, n = 10; P =1,00; 11. attels).

a a a b b a

75

50

Survival (%)

Control  Control 5-HTP Control aMW Spider Spider 5-HTP Spider aMW

11. attels. Pieauguso auglu musu izdzivoS$anas procents 12 stundu ilga
lecgjzirneklu ekspozicijas laika. Musas, kas audzgetas 1&cgjzirneklu klatbutne,
tika paklautas plesgju ietekmei kapuru stadija, savukart kontroles grupas musas
tika audzgetas bez zirnekliem. Biezas Itnijas norada medianu, lodzini attélo
pirmo un treso kvartili, un “Gisas” parada augs€jo un apaksgjo kvartili,
neieklaujot ekstrémas novirzes. Melnie punkti norada uz ekstrémam novirzém
— datu punktiem, kas atrodas vairak neka 1,5 reizes attaluma no interkvartila
diapazona no pirma un tresa kvartila. Eksperimentalas grupas, starp kuram nav
statistiski nozimigu atskiribu (Tukey HSD, P > 0,05), ir noraditas ar vienadiem
burtiem att€la augSpuse.
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Metabolisma izmainas un samazinata lokomotora aktivitate var ietekmét
musu izdzivo$anu. Musas tika izvietotas kopa ar zirnekliem (katra grupa 10 musu
tevini un 1 zirneklis; kopa 10 eksperimentalas grupas), un to izdzivosana tika
novérota 12 stundu laika. levérojami augstaka izdzivosana tika novérota musam,
kas audzgtas ar plesgjiem, salidzinot ar kontroles musam (12. att€ls). Jaatzimé,
ka metformina un serotonina prekursora pievienoSana baribai, kas normalizgja
metabolisma raditajus, samazinaja plés€ju klatbiitneé audz&to musu izdzivoSanu
11dz kontroles grupas Itmenim (n = 20). Tas liecina, ka paaugstinata izdzivosana,
reag€jot uz plésgju klatbatni, notiek pateicoties metabolisma izmainam.

live flies

12. attels. Pl€sgju klatbiitn€ audzeto un kontroles musu izdzivoSana pec 12
stundu zirneklu ekspozicijas, ar vai bez 5-hidroksitriptofana vai metformina
pievieno$anas baribai. Visos gadijumos: ****P < 0,0001. C — kontrole, P —
plésgju klatbutng audz&tas musas.

P&c serotonina un vielmainas izmainu datu apkoposanas tika ievakts liels
datu apjoms par kustibu raksturu un musu izdzivoSanu. Tika konstatéts, ka
musas, kas audzgtas kopa ar zirnekliem, 12 stundu eksperimenta izdzivoja
ievérojami labak (y* = 10,605, P = 0,0011) neka kontroles grupas musas, kuras
kapuru stadija audzetas bez zirnekliem (13. att€ls). Vidgji kontroles grupa
izdzivoja 1,6 + 0,97 (vidgja vértiba + standartnovirze) no desmit musam, bet
grupa, kas audzeta ar zirnekliem, izdzivoja 3,6 + 0,97 (vidgja vértiba =+
standartnovirze) musas.
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Control Spider

13. attels. Vidgjais skaits, kas no 10 musam izdzivoja kontroles grupa un ar
zirnekliem audz&to musu grupa péc to paklausanas zirneklu pleésonibai 12
stundu laika. Atskiriba ir nozimiga ar P = 0.0011; Kltdu joslas ir +
standartnovirze.
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4. DISKUSIJA

4.1 Gengétisko faktoru un vides ietekme uz D. melanogaster fototaktisko
mainigumu (I)

Saja pétijuma tika parbaudita auglu musu kas dzivo tropiskaja un borealaja
klimata gaismas izv€les varbiitiba un mainiba p&c $is uzvedibas pazimes. Lai gan
visas musas tika audz@tas un testetas identiskos apstaklos, Kenijas auglu musas
naca no regioniem ar stabilu un paredzamu klimatu, savukart Somijas auglu
musas parstavéja sugas izplatibas ziemelu robezu, kur klimats ir loti mainigs.
Rezultati paradija, ka Kenijas musas kustgjas uz gaismu vairak (augstaka LCP)
un individuali konsekventak (zemaka VBE) neka ziemelos augus$as musas.
Pretgji tam, musas no ziemelu platuma gradiem uzradija mazaku tieksmi uz
gaismu un zemaku individualo izvelu konsekvenci.

Likmju nodrosinasanas teorija paredz, ka augstaka fenotipiska dazadiba var
biit adaptiva apstaklos ar mazak paredzamu klimatu. Kain et al. (2015) izstradaja
datoriz&tu pétijumu metodi un modeli, kas norada, ka $T hipotéze varétu bt Tpasi
piemérojama Drosophila gaismas izvéles uzvedibai. ST promocijas darba
ietvaros veikta petijuma rezultati empiriski apstiprina Kain et al. (2015) modeli,
izmantojot musu linijas, kas nokertas geografiskas vietas ar atSkirigu klimata
mainibas pakapi (Akhund-Zade et al., 2020).

Agrak veiktie pétfjumi liecina, ka muSu laboratorijas liniju genétiska
mainiba, visticamak, nespgj izskaidrot fototaktisko reakciju mainigumu (Kain et
al., 2012). Turklat VBE batiski atskiras starp Austrumafrikas un Ziemeleiropas
auglu musam. Tas norada uz gen&tiskiem faktoriem, kas sp&j ietekmét variaciju
apjomu. Japiezimég, ka ir konstatéts vairaku citu Drosophila uzvedibas formu un
reakciju mainiguma genétiskais pamats, tostarp tas ir zinams ari par lokomotoro
uzvedibu (Ayroles et al., 2015) un smarzas izvéles uzvedibu (Honegger et al.,
2020).

Attieciba uz fototaksi ir konstatets, ka génam white ir svariga loma
metabolisko prekursoru, pieméram, serotonina, transportvielu regulacija (Kain et
al., 2012). Saja pétijuma tika novérots ievérojams Kenijas musu VBE
samazinajums, kad tas tika barotas ar tMW. Savukart Somijas auglu musu VBE
butiski samazinajas, barojot tas ar 5-HTP. Tadgadi manipulacijas, kas
pazeminaja serotonina [tmeni Kenijas mus$as un paaugstinaja to Somijas musas,
padarTja abu grupu VBE par statistiski [1dzigiem.

Jaatzime, ka Kenijas muSu baroSana ar 5-HTP VBE biitiski nesamazinaja,
tapat ka oMW baroSana biitiski nepalielinaja Somijas musu VBE. Sie rezultati
parada, ka Kenijas muSam jau ir sasniegts maksimalais efekts (ceiling effect),
padarot tas nejutigas pret papildu serotonina palielinasanos. Savukart Somijas
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musu minimalais sakotngjais efekts var izskaidrot to nejutigumu pret serotonina
inhibitoriem (Lam et al., 1996).

Tomér pastav iespéja, ka 5-HT ietekme uz gaismas izveli un tas mainiguma
var bit saistita ar citiem - neatkarigiem mehanismiem. Pieméram, neatkarigie
gengtiskie efekti uz LCP un mainigumu tika novéroti, deaktivéjot génu white
(Kain et al., 2012).

Tika atklats, ka Somijas muSas uzradija augstu fototakseés VBE, lidzigi ka
tas tika novérots laboratorijas w'/’® Iinija (Kain et al., 2012). STm musam ir
raksturigas baltas acis (Green, 1996; Morgan, 1910), ko nosaka géna white
mutacija, kas ietekmé centralo acu pigmentacijas signalkomponenti (Ferreiro et
al., 2018). Geéns white kode ATF saistosas kasetes transportieri white (Pepling &
Mount, 1990), kas heterodimerizgjas ar brown vai scarlet proteiniem, kurus kode
attiecigi brown un scarlet géni, lai transportétu guaninu vai 5S-HTP. Neironos Sie
transportieri veicina aminu biosintgzi.

Pieradits, ka white mutantiem ir ievérojami zemaki neirotransmiteru [imeni,
pieméram, serotonina (samazinats Iidz piecam reizém), dopamina un histamina,
pasi glija un smadzenu neironos (Borycz et al., 2008; Sitaraman et al., 2008).
Sie samazinatie neirotransmiteru [imeni rada dazadas sekas, ietekmgjot vairakus
neirologiskos fenotipus, tostarp tévinu miermiligo uzvedibu (Anaka et al., 2008;
Lee et al., 2008; Zhang & Odenwald, 1995), rezistenci pret anestgziju (Campbell
& Nash, 2001), agresivo uzvedibu (Hoyer et al., 2008), telpisko atminu un
smarzu iemacisanos (Anaka et al., 2008; Diegelmann et al., 2006; Sitaraman et
al., 2008), kustiguma atjaunos$anas ilgumu péc anoksijas (Xiao & Robertson,
2016), jutigumu pret etanolu (Chan et al., 2014), jutigumu pret noteiktiem
taktiliem stimuliem (Titlow et al., 2014) un noslieci uz tiklenes degeneraciju
(Ferreiro et al., 2018).

Lai gan Somijas auglu musam ir normalas sarkanas acis, to vidgja LCP
(68%) un VBE (0,72) bija lidzigas white mutantu vértibam. Piem&ram, white
mutanti izveélgjas gaismu 61% gadijumu, un to VBE bija aptuveni 0,87. Sie
raditaji bija tuvaki Somijas musu raditajiem neka standarta laboratorijas savvalas
tipa Itnijai Canton-S (76% un 0,56) (Kain et al., 2012).

Iesp&jams, ka Somijas un w//*® musu uzvedibas mérijumus ir ietekméjusi
vairaki faktori vienlaicigi. Tika atklats, ka 5-HTP ieveérojami ietekm&ja Somijas
musu VBE, kamer tas neietekmé&ja Kenijas musu VBE. Lidzigs rezultats tika
novérots ar w'//$ un Canton-S musam (Kain et al., 2012). Sie novérojumi liecina,
ka Afrikas musu smadzenés ir augstaka serotonina koncentracija, iesp&jams,
pateicoties to daudzveidigakajiem baribas avotiem, kas var saturét vairak
metabolitu prekursoru neka Somijas musam. Triptofans, kas ir serotonina
prekursors, ir neaizvietojama aminoskabe, kuru dzivnieki pasi nespgj sintez&t un
tapec to var iegiit tikai ar baribu. Kamér Afrikas mu$am visa gada garuma ir
pieejami dazadi augli, s€nes un augu sulas, Somijas auglu musam ir daudz Tsaka
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vasaras sezona, kas ierobezo triidosu auglu un sénu pieejamibu (Sardeshpande &
Shackleton, 2019). Triptofana deficita procediira ir plasi izmantota, lai p&titu
smadzenu serotonina funkcijas cilvékiem (Lam et al., 1996). ST metode var atri
samazinat smadzenu triptofana Iimeni cilvékiem par vairak neka 80% dazu
stundu laika (Young et al., 1985), kas var tilit&ji ietekm&t depresijas pacientus
(Neumeister et al., 1998; Smith et al., 1997). Sadas izmainas var izraistt
uzvedibas novirzes, pieméram, samazinatu partikas uznemsanu (Rantala et al.,
2018, 2019).

Evolicijas teorija paredz, ka relativa Kenijas klimata stabilitate veicina
genétiski determinétas un mazak mainigas fototaktiskas preferences, citiem
vardiem sakot, stratégiju ar mazak stohastisku likmju nodro§inasanu (Hopper,
1999). Sada stratégija izveidotais vidgjais fenotips vienmér nedaudz atpaliek no
vides izmainam, jo evoliicija dabiskas atlases cela nenotiek uzreiz. Prognozgjama
vide §is atpalicibas seku ietekme uz organismu individualo genétisko pielagotibu
(fitness) ir minimiz&tas. Pretstata tam, Somijas muSas uzradija ievEérojami
mainigakas fototaktiskas preferences, kas norada uz adaptivu likmju
nodro§inasanu, kas saskan ar termiskas preferences uzvedibas likmju
nodros§inasanas modeliem (Kain et al., 2015).

Interesanti, ka adaptacijas karstumizturibai var uzlabot arT aukstumizturibu
(Condon et al., 2014). Tas liecina, ka adaptéSanas ekstremaliem temperatiiras
apstakliem ne tikai uzlabo sp&ju izturét vid€jas temperatiiras novirzes, bet ari
palielina toleranci pret krasam temperatiiras svarstibam. Turklat spgjas izturet
ekstremalas temperatiiras tick uzlabotas populacijas, kas attistas mainiga vidg,
salidzinot ar populacijam, kuras dzivo stabilos augstas temperatiiras apstaklos
(Condon et al., 2014; Tobler et al., 2015). Augstais Somijas musu, kuras daba
varétu piedzivot dazadas temperatiiras izmainas, VBE var biit veértg§jams ka
adaptiva stratégija dzivei neprognoz&jama vide. Tas lauj musam atrast citus savas
sugas individus, uzlabo vairoSanas sp&jas un sekmé olu désanu dazados, art
nelabveligos, apstaklos, nevis veicinat palausanos uz optimalu apstaklu
gaidiSanu, kas var arT neiestaties kada konkrétaja sezona. Izmantojot likmju
nodro§inasanas strat€giju, populacijas nepartraukti piedzimst individi ar plasu
preferencu diapazonu visa veida vides apstakliem. Ja vasara ir vésaka,
izdzivosanas prieksroku giis zemakam temperattiram adaptetie individi, savukart
karstas un garas vasaras gadijuma prieksrocibas bis siltumam adaptétam musam
(Bergland et al., 2014). Kawecki (2000) ir ierosingjis, ka genctiskas mainiguma
fenotipiska izpausme mainigas atlases apstaklos var tikt apspiesta, tadgjadi
samazinot genétisko komponenti. Dinamiska serotonina modulacija, kas mazina
mainigumu, var sniegt iesp&jamo fototaktiska fenotipa kanalizacijas mehanismu.
Lai parbauditu $adu ideju, varetu merit musu , kuras dzimusas karstas un vesas
vasaras, pie sugas izplatibas arealu ziemelu robezam, smadzenu 5-HT
koncentraciju un VBE. Miisu rezultati liecina, ka plastiskas reakcijas uz vides
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at8kiribam, kas ir v€l viena svariga vides heterogenitates parvaré$anai stratégija,
nesniedz ticamu novéroto starp Afrikas un Eiropas izcelsmes musu atSkiribu
izskaidrojumu. Abas musu populacijas tika audzetas identiskos laboratorijas
apstaklos, un nav liecibu, ka vides svarstibas varétu biit rosinajusas ekologiska
un fiziologiska plastiskuma stratégijas.

Lai gan Kain et al. (2012) p&tijuma tika noverota biitiska 5-HTP ietekme uz
musu VBE, §1 viela neizraisija gaismas izve€les varbiitibas izmainas. Savukart
miisu pétijuma tika konstateta nozimiga 5-HTP un aMW baroSanas ietekme uz
LCP, kas bija atkariga no linijas izcelsmes. Turklat novérojam, ka LCP bija
salidzinajuma ar Somijas musam. Somijas musu baroSana ar 5-HTP neietekmgja
LCP, savukart baro$ana ar aMW to ieverojami samazinaja, kas ir pretgji tam, kas
tika novérots attieciba uz VBE §aja grupa. Kenijas musu LCP, barojot tas ar 5-
HTP ievérojami samazinajas, bet barosana ar aMW to ievérojami palielingja.
Tadgjadi 5-HTP samazindja Kenijas musu LCP, kamér tas neietekmé&ja So
Somijas musu raditaju. Svarigi atzimét, ka kontrol&tos apstaklos Kenijas musas
biezak izvelgjas gaismu neka Somijas musas. Tas var liecinat, ka Kenijas musam,
vismaz barojoties ar dabisku uzturu, ir augstaka 5-HT koncentracija smadzengs.

Iespgjams, ka atskirigie serotonina Itmeni nevar pilniba izskaidrot So Iiniju
videjo LCP, jo ieprieks zinots, ka serotonins vai ta prekursors samazina Begula
neiritina fotopozitivitati kapuru stadija (Pires & Woollacott, 1997). Ir iespgjama
arT genétiska fona un serotonina iedarbibas mijiedarbiba. Tomer ir zinams, ka
dopamins pastiprina gaismas izveli (Pires & Woollacott, 1997). white mutantiem
raksturiga samazinata dopamina koncentracija smadzenés (Borycz et al., 2008;
Sitaraman et al., 2008), un, ja Somijas musu neiromodulatorais stavoklis ir
lidzigs white mutantu stavoklim, tam var€tu bit zemaki dopamina ltmeni. Tas,
savukart, varétu izskaidrot zemako LCP, savukart zemaks serotonina Itmenis
varétu izskaidrot augstaku VBE. Kain et al. (2012) konstatgja, ka dopaminu
modulgjosas kimiskas vielas bitiski neietekm&ja ne VBE, ne LCP dazadam
auglu musu Iiniju grupam, tostarp white mutantiem. Tomér ir pieradits, ka
dopamins ietekm& melatonina sint€zi un izdalisanos (Gonzalez et al., 2020), kas
ir galvenais biologisko ritmu regul&josais faktors (Arendt & Skene, 2005).
Somijas musu smadzen&s melatonina sintéze varétu bt traucéta, lai adaptétu to
aktivitati garajam vasaras dienam augstos platuma grados. Tas norada, ka borealo
auglu musu dopaminam, Tpasi ta receptoru apakstipiem un receptoru blivumam,
bitu japievers Ipasa uzmaniba turpmakajos petijumos.

Ir butiski atzimét, ka 5-HT ir melatonina prekursors (Richter et al., 2000),
un tas ari tiek uzskatits par vielu, kas ietekmé bezmugurkaulnieku fiziologiskos
ritmus, tiem adapt€joties gaismas-tumsas ciklam (Hardeland & Poeggeler, 2003).
Kenijas un Somijas musam, iesp&jams, ir atskirigi diennakts ritmi un miega
modeli. Tropu regionos, kur dienas un nakts cikli ir relativi regulari, Kenijas
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musam varétu biit konsekventaki miega un aktivitates ritmi. Savukart Somijas
mus$am, kas augstos platuma grados piedzivo nepartrauktu dienas gaismu Iidz pat
diviem ménesiem vasara, $ie ritmi var bat ievérojami traucéti. Sis atkiribas var
ietekm@&t serotonina neiromodulaciju, jo melatonins, kura sintéze parasti tiek
aktivizéta tumsa, ziemelu vasards var bilit maz pieprasits vai pat netikt
metabolizéts. Tas varétu izraisit paaugstinatu 5-HT Iimeni nervu audos.
Melatonins, ka galvenais miega/modribas ciklu regulators, ir zindms arT ar savam
spécigajam antioksidanta Ipasibam un svarigo lomu bezmugurkaulnieku
iminfunkciju uzturé$ana (Tan et al., 2010). Nakts laika samazinata melatonina
sint€ze ir kaitiga organismu antioksidantu sisttmam (Jones et al., 2015), kas var
veicinat likmju nodro$inaSanas stratégijas invazivam sugam augstos platuma
grados. Sada strategija vardtu biit Tpa§i svariga Somijas musam, kurds tiek
parvarétas nepartrauktas dienasgaismas raditas fiziologiskas sekas.

Musas, kas seko likmju nodro$inasanas strat€gijai, var saskarties ar savam
uzvedibas repertuaram atbilstoSiem apstakliem tikai tad, ja tas izdzivo ilgaku
mizu mainigas vides apstaklos. Tadgjadi iesp&jama mijiedarbiba starp
paaudzu/miza ilgumu un vides svarstibu laika mérogu. Modelé$ana liecina, ka
likmju nodros§inasanai piemit adaptiva vertiba, ja ta tiek izmantota mainiga vidé
visa dzives garuma (Krams et al., 2020). Melatonins ir antioksidants un var
pagarinat musu miizu (Teran et al., 2012). Tadgjadi tam ir potencials ietekmét
evoliicijas uzvedibas stratégijas gan tieSi caur neiromodulatoro stavokli, gan
netiedi caur ietekmi uz miiza ilgumu. Sis hipotézes pilniga parbaude pieprasa
precizus auglu musu 5-HT, melatonina, dopamina koncentraciju un uzvedibas
meérfjumus visa sezona un to izplatibas diapazona dienvidu-ziemelu gradienta.

4.2. Serotoninergiska regulacija un izvairiSanas no pléséjiem
stratégijas regulacija (I)

Plésgju klatbutne ir zinama ka faktors, kas ietekmé organismu morfologiju
(Hossie et al., 2010; McCollum & Leimberger, 1997) un rada selektivu spiedienu
uz izvairisanas sp&jam (Janssens & Stoks, 2018; Krams et al., 2016; O’Steen et
al., 2002). Saja pétijuma tika konstatéts, ka auglu musam, kas audzétas plesgju
klatbiitng, ir mazak paredzama pagriezienu veikSanas uzvediba salidzinajuma ar
musam, kas audzetas bez plesgjiem. Tika arT atklats, ka musas, kas audzgtas
plesgju klatbiitng, ieverojami labak izdzivoja zirneklu pl€sonibas apstaklos neka
kontroles musas. Sie rezultati liecina, ka lielaka uzvedibas mainiguma un zemaka
pagriezienu paredzamiba, kas noverota ar plésgjiem auguso musu grupa, varetu
biit adaptiva pazime, kas uzlabo izvairiSanas no plésgja spejas.

Farmakologiskie eksperimenti apstiprina, ka plés&ju klatbiitnes ietekme uz
D. melanogaster pagrieSanas uzvedibas mainigumu un izdzivosanu tiek reguléta
ar serotoninu — neirotransmiteru (de Bivort et al., 2022). Tomér Sis
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serotoninergiskas ietekmes efekti ir novérojami tikai auglu musam, kas audzetas
plesgju klatbiitne.

Neparedzama un haotiska uzvediba, Tpasi pagriezienos, daziem kukainiem
padara tos griitak notveramus (Bilecenoglu, 2005; Eifler & Eifler, 2014; Yager
et al., 1990). Tas ir demonstréts gan eksperimentalajos (Jones et al., 2011), gan
modelésanas petijumos (Richardson et al., 2018). Dazi kukaini demonstrg
ieverojamas atSkiribas izvairiSanas uzvediba pat tad, ja nav nov€rojama STs
pazimes genctiska mainiba (Schuett et al., 2011). Miisu rezultati liecina par
saikni starp mazaku uzvedibas paredzamibu un augstaku izdzivoSanu plésgju
riska apstaklos, ipaSi, ja ples€ji pieckopj gaidiSanas stratégiju, ka to dara,
piem@ram, 1&cgjzirnekli.

Viens no izskaidrojumiem ir tads, ka augsana plésgju klatbiitn€ nodroSina
individu ar vides signaliem, ko nevar nodro$inat islaicigs kontakts ar plesg€jiem
péc attistibas perioda. Iesp&jams, ka $o signalu ietekmi regulé serotoninergiska
neiromodulacija attistibas laika. ST ideja saskan ar novérojumu, ka musas, kas
attistibas laika tika barotas ar oMW, bet bez plés€ju klatbiitnes, picaugusa
vecuma izradija lidzigas izdzivoSanas sekmes zirneklu klatblitné ka kontroles
grupas musas. Tas liecina, ka auglu musSu individuala uzvediba nav pilniba
atkarTga tikai no serotoninergiskas sistémas (Maloney, 2021).

Ieprieks veiktie pé€tijumi ir paradijusi, ka auglu musSas, kas audzgtas
identiska laboratorijas vid€, demonstre plasu dazadibu savas fototaktiskajas
izvéles. ST mainiguma, ka norada Kain et al. (2012) un Krams et al. (2021), ir
ciesi saistita ar serotonina regulaciju. Proti, 5-HT sintézes inhib&Sana veicina
lielaku fototaktiskas uzvedibas mainigumu, savukart $aja petijuma tika noverots,
ka serotonina Iimena samazinaSanas arl mazina pagriezienu uzvedibas
paredzamibu musam, kas audzgtas zirneklu klatbiitne.

Fototakses geografiskas atSkiribas starp auglu musam korelé ar negativu
saistibu starp serotoninu un fototakses izvéles mainigumu. Musam no ziemelu
regioniem, kur partika ir nabadzigaka ar serotonina metaboliskajiem
prekursoriem, bija zemaka VBE salidzinagjuma ar mu$am no tropu regioniem
(Krams et al, 2021). Si atklajuma pretrunigais raksturs, salidzinot ar
ieprieks€jiem pétjjumiem, kuros serotonins tika pétits fototakses konteksta,
liecina, ka 5-HT ietekme uz dazadam uzvedibam var bit atskiriga atkariba no
neironu tikliem un uzvedibas veida.

Pettjuma rezultati atbalsta Pantoja et al. (2016) atklajumus par Danio rerio
pretplésgju lokomotorajas reakcijas mainigumu. Sim zivim tika novérota batiska
atSkiriba akustisko izbila reakciju biezuma, kas saistita ar serotoninergisko
dorsalo raphe neironu aktivitati. Paaugstinats serotonina Itmenis uzlaboja
pretpleés€ju uzvedibas efektivitati, noversot pierasanu pie plesgju stimuliem, kas
bitiski uzlaboja individu izdzivosanu. Sie rezultati uzsver serotoninergiskas
signalu nozimi centralaja nervu sistéma un tas lomu uzvedibas attistiba.
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S1 promocijas darba ietvaros veikta pétijuma rezultatiem ir nozime ari
evolucionaraja konteksta, jo fenotipiska mainiba ir bitiska evoliicijas procesam
dabiskas atlases cela. Pétfjums parada, ka individi ar Iidzigiem genotipiem, kas
audzgeti vienados apstaklos (iznemot ples€ju klatbiitni), var izradit ievérojamas
atSkiribas  vienkarS$ajas uzvedibas reakcijas, piem&ram, izveéle starp
pagriezieniem pa kreisi un pa labi Y-labirinta. Sis atskiribas varétu bat saistitas
ar smadzenu asimetriju un neironu aktivitati, kas ietekmé& uzvedibas individualo
mainibu (Buchanan et al., 2015). Ta ka §is noslieces ir stabilas, bet atSkirigas
starp individiem, tas tiek dévetas par personalitati (animal personality).

Rezultati norada, ka auglu musas var izmantot vienkarSu mehanismu, lai
dinamiska veida regulétu savu uzvedibas individualitati, kas nodroSina
izdzivoSanu mainiga vide (Molla-Albaladejo & Sanchez-Alcaiiiz, 2021). Tomer
precizi mehanismi, kas izraisa uzvedibas mainigumu ka atbildi uz vides
svarstiba, vél ir janoskaidro. Uzvedibas fenotipi veidojas dazados biologiskas
organizacijas Iimenos, ieskaitot plés€ju konstatéSanu, adaptivu genétisko
ekspresiju un pat tas stohastiskumu (Honegger & de Bivort, 2018; Liet al., 2017,
Raj et al., 2010), radot individualas un unikalas uzvedibas reakcijas (Werkhoven
etal., 2021).

Saja pétijuma tika konstatéts, ka musas, kas audzétas kopa ar zirnekliem,
demonstréja samazinatu kustigumu salidzinajuma ar kontroles grupas musam.
Ieprieksgjie petijumi liecina, ka plés€ju stresa ietekme Drosophila kapuru
attistibas laika traucé oglhidratu metabolismu, inhib&jot Akt proteinkinazi —
centralo glikozes uznemsanas regulatoru (Krama et al., 2023). Sie metabolisma
traucjumi, iesp&jams, izraisa diab&tam lidziga biokimiska un uzvedibas fenotipa
attistibu. Glikozes izmantoSanas traucgjumi liek auglu muSam parorient&t
metabolismu uz trigliceridu patérinu, kas samazina kustibu aktivitati un varétu
biit tieSais iemesls paaugstinatai izdzivoSanai musam, kas audzetas zirneklu
klatbiitne.

So ideju atbalsta atklajums par to, ka oglhidratu metabolisms ir viena no
molekularajam funkcijam, kuru regul@ géni, un kuru ekspresijas mainiba nosaka
musu lokomotoras aktivitates individualo mainibu (Werkhoven et al., 2021).
Tomér mehanisms, kas izraisa musu ar diab&tam Iidzigo fenotipu pagriesanas
uzvedibas mainigumu, vél nav pilniba izprasts.

Pretplésgju uzvediba ir sarezgits reakciju kopums, kurd iesaistiti vairaki
neironu signalceli papildus serotontnam. Honegger et al. (2020) atklaja, ka gan
5-HT, gan dopamins ietekm& mus$u smarzas izvéles mainigumu. Ir ar1 zinams, ka
auglu musas sp&j uztvert plés€jus péc to smarzam (Krams et al., 2021). Citi
pétijumi liecina, ka tadi neiromodulatori ka tiramins, oktopamins, npr-1 un daf-
7 ar1 var ietekm&t dzivnieku parvietoSanas atrumu (Omura et al., 2012; Stern et
al., 2017). Sie atklagjumi norada, ka turpmakie pretplésgju reakciju neironu
regulacijas pétijumi bitu japaplasina, izp&tot vairaku neirotransmitoru ietekmi
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un to iespgjamo mijiedarbibu. Eksperimentalas manipulacijas, kas péta vairak
neka viena neirotransmitora ietekmi vienlaicigi, varétu radit buitisku progresu
pétijumos, jo viens neirotransmitors var ietekmét ari citu neirotransmitoru
efektivitati (Niederkofler et al., 2015; Niens et al., 2017). Papildus tam, reakcijas
pret neirotransmitoriem var atSkirties atkariba no organisma personalitates
(Krams et al., 2018). ST neirotransmitors sarezgita mijiedarbiba un to specifiska
ietekme uz uzvedibas paredzamibu padara So p&tjumu jomu 1pasi perspektivu
turpmakai izpé&tei.

4.3. Metabolisma un uzvedibas adaptacijas plesonibas stresam (I1I)

PlIesgju ietekme uz upuriem neaprobezojas tikai ar upura naves izraisisanu;
ta var izraisit ilgstoSas izdzivojuso individu bailu reakcijas. Sis reakcijas biezi
izpauZas ka upuru morfologisko un fiziologisko fenotipu izmainas attistibas laika
(Hawlena & Schmitz, 2010a, 2010b; Hossie et al., 2010; Krams et al., 2016;
Lehmann et al., 2014). Lai gan $is izmainas uzlabo izvairiSanas sp€jas un
izdzivosanu (Janssens & Stoks, 2014; Krams, 2002), tas var izraisit ilgstosas
negativas sekas, tostarp metaboliskus un uzvedibas traucgjumus (Siepielski et al.,
2014; Zanette & Clinchy, 2020).

Petfjumiem par ple€s€ju izraisito bailu ietekmi ir nozimiga loma pé&tot
psihologiska stresa ietekmi uz vielmainas trauc€jumiem, pieméram, 2. tipa
diab&tu, un ta saistibu ar klinisko depresiju (Zanette et al., 2019). Pieradits, ka
glikokortikoidu koncentracijas paaugstinasana un kateholaminu izdaliSanas ir
saistita ar insulina rezistences attistibu (Beaupere et al., 2021). Saja pétfjuma tika
konstatets, ka Drosophila, kas audz€tas pleés€ju klatbutne, attistija diab&tam
lidzigu fenotipu. Tas izpaudas ka nesp€ja metabolizet glikozi un metabolisma
parorientgSanas uz trigliceridu paterinu.

So fenotipu izraisa Akt kinazes aktivitates samazinasanas, kam ir batiska
loma glikozes transporta regulacija (pieméram, caur GLUT4 signalceliem
muskulos) (Huang et al., 2018). Glikozes uznemsanas uzlabosana, izmantojot
metforminu, atjaunoja sakotngjo metabolisko lidzsvaru musam, kas tika audzgetas
plésgju klatbutne.

Plesgju klatbltne butiski maina vides kvalitati, veicinot adaptivu
izdzivoSanas stratégiju raSanos. Lai noteiktu/atpazitu pl€s€jus, piemeram,
zirneklus, Drosophila palaujas gan uz vizualam, gan ozas signaliem (Flor et al.,
2017; Krams et al., 2016). Ir pieradits, ka $T ozas sisteéma ir tik attistita, ka musas
sp&j dzivot un reaget paaudzém pilniga tumsa (Izutsu et al., 2016). Zirneklu
smarzas pasas par sevi var izraisit metaboliskas un attistibas izmainas (Krams et
al., 2016; Krams et al., 2021).
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Interesanti, ka w!//® musu redzes sp&jas joprojam mums nav skaidras, lai

gan tam ir pieradita sp&ja izmantot vizualos stimulus Y-labirinta eksperimentos
(Buchanan et al., 2015).

Serotonina sint€zes paaugstinasana antagoniz€ plésgju stresa ietekmi uz
metabolismu, noradot uz serotonina centralo lomu $ada biokimiskaja regulacija.
Serotonins regul€ ne tikai miera stavokla uzvedibu (Zhang & Odenwald, 1995),
bet arT telpisko atminu (Diegelmann et al., 2006), fototaktisko un pagriesanas
uzvedibu (Krama et al., 2023), ka arT mijiedarbojas ar citiem neirotransmiteriem,
piem&ram, dopaminu un oktopaminu.

Petfjumi parada, ka serotonins ir cie$i saistits ar insulinu sintezgjoSiem
neironiem (Kaplan et al., 2008). Sis divas neironu sistémas savstarpgji komunicg,
kontrolgjot insulina  signalus. Cilvékiem serotonina  koncentracijas
paaugstinasana uzlabo insulina jutibu un glikozes homeostazi (Al-Zoairy et al.,
2017). Tas liecina par lidzigu serotonina-insulina regulacijas mehanismu ari
Drosophila.

Drosophila nav tieSa analoga HPA asij, kas cilvékiem regulé
glikokortikoidu izdalisanos. Tomér tas hormonala sisteéma ietver ekdizonu, kas
darbojas ka stresa hormons, samazinot glikozes izmanto$anu un veicinot lipidu
oksidaciju (Kovalenko et al., 2019). Sis mehanisms ir loti lidzigs cilveku
glikokortikotidu reakcijam uz stresu.

ST pétijuma rezultati parada, ka pléséju klatbitnes izraisitie metaboliskie
trauc€jumi var biit adaptivi, jo tie uzlabo izdzivosanu, samazinot kustigumu un
taupot energiju. Tomér ilgtermina hroniska stresa apstaklos $is adaptivas
reakcijas izraisa negativas sekas, pieméram, samazinatu ATF sintézi un bada
rezistenci.

Lai pilniba izprastu plés€ju stresa un metabolisko fenotipu attistibas
saistibu, ir nepiecieSami turpmaki pé&tijumi, kas ietver neironu specifiskus
meérfjjumus un neirotransmiteru kompleksas mijiedarbibas analizi.

4.4. Uzvedibas mainigums un vielmainas trauceéjumi ka reakcija uz
plésonibas stresu (IV)

Saja pétfjuma tika iegliti aptuveni 70 miljoni datu punktu par D.
melanogaster no divam grupam: mu$am, kas kapuru attistibas laika nebija
paklautas zirneklu klatbiitnei (n» = 839), un musam, kuras tika audz€tas pleseju
stresa apstaklos (n = 729). Datu vaksanai tika izmantota augstas caurlaidspgjas
metode (Kain et al., 2012; Krama et al., 2023). Tika konstatéts, ka Tslaicigs stress
palielina oksidativo stresu un veicina metaboliska lidzsvara izmainas,
parorient&jot energijas resursus no anaboliskiem procesiem uz glikogéna
uzkrasanu, tadgjadi palielinot oglhidratu lomu (Trakimas et al., 2019). Tomer

47



hronisks stress, pieméram, plésgju raditais stress, var izraisit metaboliskus
trauc€jumus, kas turpinas ari pieaugusa vecuma.

Musam, kas audzgtas kopa ar zirnekliem, tika novérots samazinats kop&jais
aktivitates Itmenis. Tas, iesp&ams, saistits ar diab&am Iidzigu metabolisko
traucgjumu attistibu, kas samazina organisma sp&ju izmantot oglhidratus.
Rezultata organisms sak iegiit energiju no taukskabju oksidacijas (Krama et al.,
2023). Tauku oksidacija, lai gan energétiski izdeviga, ir lénaka salidzinajuma ar
oglhidratu metabolismu, jo tai nepiecieSama oksidativa fosforilacija (Brosnan,
1999). Sis izmainas var izskaidrot musu, kas audzétas ar zirnekliem, raksturigo
mazaku noieto attalumu un lielaku sakotngjo paatrinajumu, salidzinot ar
kontroles grupu. Tadgjadi §Ts musas izrada atraku energijas izsikumu un mazak
efektivu tas izmantoSanu.

ST promocijas darba ietvaros veikto pétfjuma rezultati atklaja kustibu
rakstura biitiskas atSkiribas starp abam musu grupam. Kontroles grupas musas
kustgjas mereni atri, ar retakiem un zemas intensitates paatrinajumiem. Savukart
musam, kas audz€tas kopa ar zirnekliem, bija raksturigi biezi, Tsi kustibu
paatrindjumi, ka ar augstaka kustibu intensitate un "minasanas" jeb kermena
kustibas bez ta parvietoSanas telpa. Sada uzvediba var maldinat plésgjus par
musu nakamajam darbibam, piem&ram, lidojuma uzsaksanu, tadejadi mazinot to
risku tikt notvertam (Card & Dickinson, 2008).

Zirneklu klatbitne izraisija ievérojamas metaboliskas un fiziologiskas
izmainas musu dzives noris€s. Tika konstatéts, ka musam, kas izaugusSas kopa
ar plésg€ju, ir paaugstinats kermena slapekla (N) saturs, mazaka muskulu masa un
samazinati tauku krajumi (Krams et al., 2016). Sis izmainas, kopa ar paatrinatu
energijas avotu izstkumu un haotiskam kustibam, iesp€jams, kalpo ka adaptiva
strat€gija, kas uzlabo izdzivoSanu plesgju klatbiitne.

Sis pétijums parada, ka ne tikai infekcijas slimibas, bet arT hronisks stress
var padarit auglu muSas mazak pievilcigas, ka baribas avotus, plésgjiem.
Turpmakie pétljumi bitu javeic, lai noteiktu, vai pl€s€ji aktivi izvairas no
metaboliskus traucgjumus piedzivojosam vai infic€tdm musam, un vai Sada
uzvediba korelé ar fiziologiskam izmainam. IpaSa uzmaniba japiever$ saiknei
starp hronisko stresu, uzvedibas izmainam un metaboliskam slimibam.

Kopuma §is promocijas darbs atklaj, ka hronisks stress, pieméram, plésgju
raditais stress, var ietekm&t gan uzvedibu, gan metabolismu, nodrosinot
izdzivoSanai svarigas adaptivas priekSrocibas. Tomér tas notiek par cenu, kas
saistita ar pavajinatu vispar¢jo fiziologisko stavokli (veselibu) un energétisko
efektivitati.
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SECINAJUMI

Tika pieradits, ka ples€ju raditais risks bitiski ietekm& serotonina
signalcelus, ka rezultata pieauguSu auglu musSu pagriezienu uzvediba kluva
mazak paredzama. ST uzvedibas neparedzamiba, kas tiek izteikta, ka vidgja
absollita novirze no pagrieSanas tendencém pa labi/pa kreisi, liecina par
dinamisku kukainu personalitates ipaSibu regulaciju, reag€jot uz vides
stresoriem, Saja gadijuma — plésgju klatbiitni. Atklajumi norada, ka plésgju
klatbtitne agrinos attistibas posmos palielina auglu musu izdzivosSanas iespgjas,
padarot to kustibas mazak prognozgjamas, kas, savukart, apgriitina plesgju
uzbrukumu precizitati un sekmigumu.

Saja promocijas darba veikto pétfjumu rezultati lieck daudz nopietnak
attiekties pret plésgju radita stresa fundamentalo ietekmi uz D. melanogaster
metaboliskajiem procesiem. Attistibas raditais stress kopa ar pléséju radito stresu
izraisija diab&tam lidzigu fenotipu, ko raksturo traucéts oglhidratu metabolisms,
sisttmiska Akt proteinkinazes inhibicija un energijas sintézes pareja no
oglhidratu izmantoSanas uz taukskabju izmanto$anu energijas vajadzibu
apmierina$anai. ST metaboliska disregulacija organismam ir kaitiga, jo negativi
ietekm@ to energijas bilanci un lokomotoro aktivitati. Tomér vide, kur ir pl€sgji,
S§is biokimiskais fenotips nodrosina priekSrocibas, kas uzlabo pretplesgju
stratégiju realiz€Sanai nepiecie$amo uzvedibas reakciju adaptivo raksturu (un,
iespgjams, uzlabo ar1 kognitivas funkcijas), kas nepiecieSamas plesgju
izvairiSanas stratégiju realizéSanai.

Tika atklats ka muSu baribai pievienotajs metformins un 5-HTP spgj
noverst metaboliskos traucgjumus, ka ari eliminét visas ar serotoninu saistitas
pretpléséju adaptacijas. Tas norada uz cieSo saikni starp plés€ju izraisitajam
metaboliskajam un uzvedibas izmainam un serotonina signalceliem. So
eksperimentu rezultati norada uz iesp€jam manipul€t ar metaboliskajiem un
neirotransmiteru signalkaskadém, lai ietekm&tu uzvedibas izpausmes un
izdzivoSanas stratégijas sugam, kas baroSanas k&des un trofiskajos tiklos ir
plEs&ju upuri.

S1 promocijas darba ietvaros veiktie pétfjumi skaidri norada, ka upuru
reakcijas uz plés€ju radito stresu var biit loti sarezgitas. leglitie rezultati liecina,
ka plésgju radita neletala ietekme neietver tikai tiilit€ju izvairiSanos no plés¢ja,
bet var radit biitiskas biokimiskas un fiziologiskas izmainas. Sis izmainas ir
adaptivas plésonibas riska apstaklos. Tomé&r miisu veiktie atklajumi norada uz
sarezgito lidzsvaru starp D. melanogaster izdzivo$anas stratégijam un
metabolisko veselibu. Promocijas darba ietvaros veiktie petjjumi sniedz
informaciju par evoliicijas procesu ietekmi uz upuru aizsardzibas mehanismiem,
un ar tiem saistitajiem fiziologiskajiem un uzvedibas kompromisiem, kas
nodroSina adaptacijas dzivei plés€ju klatbiitne.
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1. INTRODUCTION
1.1. Mechanisms of phenotypic adaptation to fluctuating environments

Populations of organisms are constantly exposed to numerous variable
biotic and abiotic factors. Organisms and their populations must respond to these
ever-changing conditions by evolving various adaptations and survival strategies
to process the information on environmental variability, react appropriately to
increase fitness and avoid extinction. Three main mechanisms of phenotypic
adaptation include adaptation through the continual natural selection on heritable
variations (adaptive tracking), adaptive phenotypic plasticity, and bet-hedging.
Charles Darwin suggested adaptive tracking as a survival mechanism more than
a century ago (1859). Although this mechanism improves the viability of
populations, it has some limitations regarding the individual level. Even though
standing genetic variation of most traits can be successfully maintained by a
balance between mutation and selection, acquiring novel traits is a relatively slow
process when the rate of environmental change is high (Tufto, 2015).

Plasticity is another form of phenotypic adaptation. The phenotypic traits
of organisms develop under the influence of genetic and environmental factors
and their combinations. Ecological/physiological plasticity is considered a highly
flexible mechanism. However, it also has some limitations in providing
organisms with resistance to environmental and evolutionary factors. The main
problem arises because plasticity is developed by the interaction between genes
and the environment during development. In contrast, natural selection occurs in
another environment sometime after development (Gavrilets & Scheiner, 1993).
A third form of phenotypic adaptation is bet-hedging, which is a risk-spreading
strategy to diversify phenotypes in a population randomly (Morawska et al.,
2022). Although adaptive plasticity and bet-hedging are sometimes considered
two competing survival and reproductive strategies under conditions of
environmental heterogeneity (Draghi, 2023), the three mechanisms of
phenotypic adaptation to fluctuating environments may co-occur.

1.2. Bet-hedging

The environment is rarely stable, requiring complex strategies for
organisms to optimize chances of survival and reproductive success. When
critical factors such as temperature, precipitation, food resources, and predation
threat exhibit high levels of variability, critical processes such as reproduction
and offspring development are at risk. This defines a bet-hedging approach:
rather than investing all resources in a single strategy that may fail when
conditions change, organisms spread their risks to improve the overall chance of
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success over time (Chirgwin et al., 2015; Merild & Hendry, 2014; Trakimas et
al., 2019).

Bet-hedging is not limited to reproductive strategies; it can be applied to a
variety of traits, including all kinds of behavior. For example, organisms can vary
their behavior so that it appears unpredictable, thereby reducing the chances of
negative impacts from unfavorable changes in the environment, such
temperature- or predation-induced stress. Thus, behavioral flexibility can be
considered as an adaptive response to environmental uncertainty (Olofsson et al.,
2009; Siepielski et al., 2017).

1.3. Behavioral and metabolic consequences of stress

Predation is not reduced to the simple death of individual prey, but can
induce long-lasting fear effects in large numbers of surviving individuals (Hossie
et al., 2010; Lehmann et al., 2014). Fear stimulates fleeing and hiding behaviors,
yet these changes in response indicate morphological and physiological changes
occurring in the prey (Janssens & Stoks, 2014). Stress disorders following non-
lethal encounters with predators have long-term and costly consequences
(Zanette et al., 2019). Certainly, behavior and phenotype changes do follow
metabolism, and we can relate here to studies of stress in humans. The underlying
mechanisms of interaction are not clear, but it is known that chronic stress leads
to the development of insulin resistance (Beaupere et al., 2021). For Drosophila
melanogaster, this means switching the organism to other biochemical patterns,
where a reduced ability to metabolize glucose (the main energy source for flies)
forces a switch to increased fat consumption. Our studies have shown that this is
due to a dramatic decrease in the activity of the central regulatory kinase Akt, an
enzyme that plays an important role in glucose uptake (Huang et al., 2018).

The fact that glucose does not enter tissues capable of processing it may be
an adaptation creating memories at the biochemical level and preparing for future
stresses (Roozendaal, 2002). However, chronic suppression of glucose utilization
due to stress, switches systemic metabolism to fat usage (Tennessen et al., 2011).
Loss of metabolic flexibility leads to decreased fitness due to reduced ATP
production and poor resistance to nutritional deficiencies.

Metabolic disorders necessarily lead to changes in locomotor activity. Yet
it is not only the intensity of movements to conserve energy that changes
dramatically, but the whole pattern of walking and even standing in place. The
measured movement has been replaced by sudden and short sprints, and the
resting stops have changed their character. Unexpectedly, during rest periods,
flies subjected to chronic predation stress expended a great amount of energy on
senseless chaotic movements rather than preparing for the next dash. This reflects
morbid changes in physiology characterized by a variety of coordinated
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symptoms such as anxiety, chaotic grooming behavior, and inability to
concentrate (Hart, 1988).

It is traditionally believed that predators prefer easy prey: young,
inexperienced or sick individuals (Genovart et al., 2010). In contrast, our studies
have shown that despite the counterintuitive sickness-resembling behavior of
Drosophila with high levels of stress, their survival rate is much higher than in
control groups. This may be because the randomness of prey movements gives
predators many false signals for immediate future actions (Bilecenoglu, 2005;
Card & Dickinson, 2008; Eifler & Eifler, 2014; Yager et al., 1990). It can also
be hypothesized that some predators are selective in avoiding infected prey
(Gutierrez et al., 2022; Hamilton & Zuk, 1982; G. A. Jones et al., 2005; Meyling
& Pell, 2006).

1.4. Serotonin drives predictability

Bet-hedging might be a key strategy for adapting to environmental changes
and predation threats, and we were able to establish that serotonin plays a
particularly important role in this process. Observations have shown that
serotonin regulates the predictability of light choices, a crucial behavior that
allows flies to respond to unpredictable conditions. Evolutionary modeling
suggests that this variability in behavior may not be random, but a deliberate
survival strategy in which serotonin levels in the flies' brains adjust their ability
to adapt (Kain et al., 2015).

This is extremely important in a variable climate, but potentially even more
important when threatened by predation. Exposure to predators during critical
developmental periods leads to changes in serotoninergic signaling, which
increases behavioral variability and potentially increases survival (Krama, et al.,
2023; Maloney, 2021). This highlights how serotonin not only affects mood and
general behavior, but is also critical for specific behavioral responses to avoid
predators.

We hypothesize that serotonin plays a central role in the association
between neurochemistry and metabolism. Serotonin has multiple biological
functions in Drosophila: it regulates courtship behavior, affects spatial memory
and olfactory learning, and influences phototactic and turning behavior (Anaka
et al., 2008; Diegelmann et al., 2006; Kain et al., 2012; Zhang & Odenwald,
1995). It is also involved in several pathways that overlap with the roles of other
neurotransmitters such as dopamine and octopamine (Kaplan et al., 2008). The
roles of serotonin in neuronal networks are extremely diverse and can even be
redundant, and its effects on metabolism have an unusual mechanism underlying
them. Serotoninergic neurons are closely adjacent to insulin-producing neurons,
and these two systems exist in constant interaction (Al-Zoairy et al., 2017).

61



Increased serotonin levels have a favorable effect on metabolic balance,
improving glucose homeostasis and increasing the amount of energy available.
Also, through its effect on metabolism, serotonin can increase the chances of
survival in the event of starvation.

Still, research on altered walking and survival patterns reveals an additional
layer of adaptations that arise in response to predation. Reduced serotonin levels
cause major changes in behavioral patterns. Decreased speed, extended stopping
times, and unpredictability may reduce visibility to predators, improving chances
of survival. Thus, serotonin serves as a regulator of a spectrum of adaptations
from metabolic changes to behavioral strategies, highlighting its role as a critical
mediator in adapting to changing environmental conditions and predation.

1.5. Aims and goals of the thesis

The main aim of the thesis is to investigate whether unpredictability can be
considered an important adaptive strategy used by prey to avoid predation and
what is the central mechanism controlling this characteristic.

D. melanogaster exhibits high inter-individual diversity in phototactic
behavior. The first objective of this thesis was to investigate a possible link
between choice unpredictability and serotonin (I) regulation. We took advantage
of the fact that the fruit fly inhabits a wide variety of regions around the world
and tested how populations living in different climates make light or dark
phototactic choices. The basic assumption was that flies living in stable climates
would exhibit high predictability of behavior and high levels of serotonin.
Consistent with our expectations, serotonin inhibitors increased the variability of
choices in flies reared in stable equatorial climates.

Variable climatic conditions can be a tremendous stressor for organisms,
but in the natural environment they also face other stressors throughout their
lives, the main one being predation. A second thesis objective was to test whether
predictability of behavior changes in flies exposed to non-lethal predation stress
early in life (II). We predicted that flies could exhibit high variability in the
choice of movement direction and that this behavior could enhance survival
when directly exposed to a predation threat. We also expected that these
processes are controlled through serotonin signaling.

Chronic stress is known to affect the metabolism of animals. Drosophila
serotoninergic neurons are located extremely close to insulin-producing neurons,
so the next thesis objective was to find out how strongly both stress and serotonin
deficiency might affect the metabolism of fruit flies (III). We predicted that
serotonin would prove to be a key element in the regulation of glucose
metabolism, which would affect Drosophila fitness. We also hypothesized that
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predation would reduce resistance to hunger conditions and available energy for
utilization.

High levels of individuality, unpredictability in directional choices, and
reduced energy availability are supposed to cause changes in behavioral patterns.
The next goal of the thesis was to understand exactly how the movements of
chronically stressed Drosophila change and why this has a positive effect on
survival (IV). Based on data from previous experiments, we predicted a decrease
in overall Drosophila activity. However, an unexpected finding was the data on
resting behavior of flies - they expended considerable resources on meaningless
chaotic movements. We hypothesized that in this way the prey gives the predator
a large number of false signals about its future movements and thus becomes less
predictable and conspicuous, which increases the chances of survival.
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2. MATERIALS AND METHODS
2.1. Drosophila husbandry and food formulations (I, IL, III, IV)

The study utilized wild strains Oregon-R-modENCODE (no. 25211) and
w18 of D. melanogaster, sourced from the Bloomington Drosophila Stock
Center, Indiana, USA. The flies were maintained in incubators set to 23 £ 1 °C
with a 12:12 h light-dark cycle to simulate natural conditions.

To facilitate breeding, 10 female and 5 male flies were placed together in
vials measuring 24.5 x 95 mm. These vials were filled with 18 ml of a specially
prepared food mixture, allowing the flies to copulate and lay eggs for a 24-hour
period.

The food for the Drosophila consisted of a mixture combining 500 ml
water, 20 g dextrose, 15 g sucrose, 10 g brewer's yeast, 35 g cornmeal, and 4.5 g
agar. To prevent mold growth, 12.5 ml of a 10% Tegosept (methyl-p-
hydroxybenzoate) solution was added. For certain experimental groups, the food
was supplemented with metformin or 5-hydroxytryptophan (5-HTP, a precursor
of 5-HT synthesis) at concentrations of 20 mM and 5%, respectively, after the
mixture cooled to below 65 °C.

Vials containing Drosophila eggs were positioned within plastic jars (10
cm height x 12 cm diameter). In experimental setups involving predation, each
jar housed a pirate otter-spider (Pirata piraticus), allowing it to freely enter the
vials and predate on the Drosophila larvae.

For biochemical analyses, adult flies were collected within 5-7 hours post-
imaginal eclosion and subsequently stored at -80 °C. Flies intended for
behavioral assays were utilized within 2-3 days following eclosion.

The rate of feeding was assessed by providing flies with food supplemented
with Blue FCF dye. Spectrophotometric analysis of homogenates was used to
quantify dye uptake, indicating the amount of food consumed. Flies were initially
recovered from CO; exposure in standard food bottles before being transferred
to food with or without dye supplementation. The absorbance of the supernatant
from homogenized flies was measured at 650 nm, with values from flies on dye-
free food serving for background subtraction.

2.2. Drug treatments (I)

We had three experimental groups per geographic location: flies (males and
females) grown without any drugs, flies grown on food supplemented with 5-
HTP and flies grown on food supplemented with a-methyl-tryptophan (aMW, a
serotonin-synthesis inhibitor) (Dasari et al., 2007; Dierick & Greenspan, 2007;
Hu et al., 2020; Majeed et al., 2016; Neckameyer, 2010; Ries et al., 2017). Drugs
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were dissolved in Formula 4-24 instant Drosophila media. For the drug-feeding,
FO flies laid eggs in drug-containing media. Upon eclosion, adult F1 flies were
assayed on days 2—3. The drug stock solutions were vortex-mixed and added to
food powder. The final concentration of 5-HTP was 50 mM and the final
concentration of aMW was 20 mM (Huber, 2004; Kain et al., 2012).

2.3. Neurotransmitter treatments (IT)

We had two main experimental groups of D. melanogaster: flies grown
together with predators and flies grown with no predators; each of these two
groups was further divided into three subgroups: flies raised on food
supplemented with 5-HTP, flies grown on food supplemented with aMW, and
flies grown without any drugs (Dasari et al., 2007; Dierick & Greenspan, 2007;
Hu et al., 2020; Krams et al., 2021; Majeed et al., 2016; Neckameyer, 1996; Ries
et al., 2017). The drug stock solutions were vortex-mixed and added to food
powder. 5S-HTP and aMW were dissolved in Cal Tech instant media (United
States Biological, Salem, MA, USA). The final concentration of 5-HTP was 50
mM, and the final concentration of aMW was 20 mM (Kain et al., 2012; Krams
et al.,, 2021). The flies were 5-7 days old at the moment of behavioral
experiments. Dierick and Greenspan (2007), by using HPLC, showed that 5-HTP
feeding significantly increases the brain 5-HT within 3 days of treatment, while
oMW significantly decreases the amount of brain 5-HT during 4 days of
treatment. Honegger et al (2020) confirmed similar effects (~8x reduction of 5-
HT with aMW treatment; ~20% increase with 5-HTP) using ELISA assays.

2.4. Feeding experiments (I1I)

To measure the rate of feeding, food supplemented with blue dye (Blue FCF
dye, Acros Organics A0373695, ThermoFisher Scientific) was fed to flies. The
amount was quantified spectrophotometrically from homogenate. For each
experiment, 140 flies from the control condition and 140 from the predator-stress
condition were placed in two separate standard food bottles, and allowed to
recover overnight from CO; exposure. On the next day, the flies were transferred
without gas either to a new standard food or to food supplemented with 1% Blue
FCF dye. After 1.5 h, 20 flies were collected and homogenized on ice by grinding
in a mortar and pestle in 800 pl phosphate-buffered saline (PBS). Debris was
pelleted at 10 000 gmax for 10 min at 4 °C, and 400 pl of each supernatant was
transferred to 2 wells (200 pul each) of 96-well plates. Absorbance was measured
at 650 nm, and values from lysates of flies kept on food without Blue FCF were
used for background subtraction.
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2.5. Survival under predation (1L, III, IV)

To investigate the impact of predation and pharmacological manipulation
on the survival of Drosophila, we structured our experimental design around
various conditions involving predator exposure and drug supplementation. Our
study comprised six experimental groups, assessing the effects of two spider
species under three different drug conditions: (1) fruit fly males grown without
any spider presence and without any drug treatments, (2) male flies raised
without spiders, with food supplemented with 5-HTP, (3) male flies also grown
without spider exposure, on food supplemented with MW, (4) males raised in
the presence of P. apacheanus spiders with no drug supplementation, (5) males
grown with P. apacheanus spiders on 5-HTP supplemented food, and (6) males
raised with P. apacheanus spiders with food supplemented with cMW.

For the survival assays, we used ten Plexiglas jars for each experimental
group, each jar measuring 10 cm in height and 12 cm in diameter. Each jar housed
ten fruit flies, summing up to 480 fruit flies across 48 jars, maintained for 12
hours during daylight time. To simulate predation stress, a single young P.
apacheanus spider, around 6—7 months old, was placed in each jar along with a
vial containing fruit fly food. Spiders had access to water but were deprived of
food for approximately 10 hours before the start of the survival tests, ensuring
each spider was used only once to maintain consistency.

In parallel, to assess the adaptive value of a diabetes-like phenotype under
predatory conditions, we established 20 groups (10 experimental and 10 control),
each comprising 10 male Drosophila. These groups were placed in plastic
containers measuring 20 cm in width, 10 cm in depth, and 10 cm in height.
Similar to the previous setup, each container housed a single predator - either a
pirate otter-spider or a wolf spider, referred to in our experiment - and a vial with
Drosophila food made of cornmeal, dextrose, sucrose, agar, and yeast medium.
A layer of filter paper lined the bottom of each container, and the tops were
covered with mash. Spiders were subjected to a 12-hour food deprivation period
before the trials and provided water before and during the tests to standardize
hunger levels. Surviving flies were counted after the 12-hour period to evaluate
the effectiveness of the predation pressure and the potential adaptive value of the
flies' physiological responses to it.

2.6. Starvation tolerance measurements (I11)
In the chronic starvation tolerance test, flies were kept on 1% agar in tubes
containing 10 individuals. Survival was monitored every 3 h. Death was

determined as the last activity time point from the final recorded activity for each
fly. In the acute starvation tolerance test, flies were starved on deionized water-
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soaked filter paper in tubes containing 10 individuals. The moisture content of
the paper was controlled by injecting water with a syringe once a day.

2.7. Phototaxis equipment (I)

We studied the variability of phototaxis behavior in F1 flies. The FlyVac
apparatus allowed us to measure the startled phototaxis behavior of many
individual fruit flies simultaneously (Kain et al., 2012). The operational details
of FlyVac are detailed elsewhere (Kain et al., 2012). In brief, FlyVac is an
instrument for the rapid quantification of phototaxis behavior. Up to 32
individual fruit flies were loaded into separate phototaxis modules, each
consisting of a phototactic T-maze in which the fly could choose between a light
[an illuminated light-emitting diode (LED)] and dark stimulus (a non-illuminated
LED). Both branches of the T-maze are equipped with an LED but only one LED
is illuminated, at random, in each trial.

To begin a phototaxis session, individual flies are aspirated from its culture
vial into the vertical start tube of the T-maze. After insertion, a fly climbs upward
through the vertical tube of the T-maze under negative geotaxis until it reaches
the choice point of the T-maze. Upon making a choice by entering one of the
corridors of the T-maze, the fly is detected by an optical interrupter. This trigger
recording the direction of the choice done with respect to the direction of the
illuminated stimulus LED and opens a vacuum to pull the fly back into the start
tube. In each trial, one LED out of two is lit at random. After completing 40 trials,
the phototaxis module is deactivated and the flies are simply contained until
removal. In the event that a fly does not complete 40 trials within several hours,
that fly is removed from the module and further analyses. Before the trials, we
have checked whether the FlyVac apparatus itself was not affecting behavior.
We have performed a long series of assays with two LEDs on and with two LEDs
off. In both cases, the resulting distributions are statistically indistinguishable
from the random binomial distribution.

2.8. Turning behavior (II)

Since using variance as a phenotypic trait requires large sample sizes
(Caballero et al., 2021), we used a high-throughput assay to monitor the behavior
of individual flies placed into individual Y-mazes (Ayroles et al., 2015;
Buchanan et al., 2015). We put flies into an array containing 95 individual Y-
mazes consisting of three symmetrical arms (each 12 mm long) fabricated from
laser-cut acrylic. Maze arrays were illuminated from below with a grid of 100
white LEDs (5500K, Knema) below acrylic diffusers. Maze arrays were imaged
with 2MP digital cameras (Point Gray), and the X-Y positions of each fly’s
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centroid were automatically tracked and recorded with software custom written
in LabView (National Instruments, USA) (Buchanan et al., 2015). We recorded
the turning behavior of 3—-6-day old flies, the standard age for measuring this
behavior, for 2 h. Data from the small portion of individuals making fewer than
30 turns were discarded. Each fly was used only once.

To quantify turning predictability (the variability in turning bias across
individuals), we computed the MAD, the median of the absolute deviation from
each observation’s median (Buchanan et al., 2015), a metric of variability that is
robust to outliers. We estimated MAD for each experimental group.

2.9. Behavioral assays (1II)

We used sterile Petri dishes molded from clear polystyrene (60 x 15 mm;
Flystuff, El Cajon, USA) as novel arenas to record individual flies' locomotor
activity. Only one fly was aspirated into the arena for each test. The locomotor
activity of six flies was recorded with the resolution of 1920 x 1080 pixels at 5
frames per second simultaneously by a video-tracking system using the Logitech
HD Pro Webcam C920 (Logitech Inc., Newark, CA, USA), fixed at a height of
25 cm above the arenas, and the software Debut Video Capture (NCH Software,
Greenwood Village, CA, USA). To shorten the experiment duration, two
identical video-tracking systems were prepared, which allowed tracking of 72
flies simultaneously. The video-tracking course was 15 min. We calculated the
flies” average speed for each minute. The arenas were illuminated by reflected,
diffused light from above by four MR 16 LED lamps (12 V, 6 W, 400 Im, 3000
K) located 0.9 m above the arenas. Illumination at the level of the arenas (3000
lux) was measured by a TES-1335 Digital Light Meter (TES Electrical Electronic
Corporation, Taipei, Taiwan). All video recordings were made in the laboratory
at between 21 and 22 °C, and 35-40% relative humidity. Distance moved (start
speed > 0.20 mm s™!; stop speed < 0.20 mm s™!) with the temporal bin width of
1 min as the most important locomotor activity parameter was extracted offline
from the recorded video files using EthoVision XT Version 11 software (Noldus
Information Technology, Wageningen, The Netherlands). The distances moved
were used to calculate the speed, representing the integral values of distances and
time.

2.10. Mobility parameters of fruit fly walks (IV)
A plate with Y-shaped mazes was made for this study (Buchanan et al.,
2015; Krama, et al., 2023). Each plate consisted of two layers: the first layer was

made of solid transparent plastic; the second layer, with 60 mazes carved into it,
consisted of black matte plastic to reduce light reflections. Each maze consisted
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of three sleeves equally spaced 120 degrees apart, each 3 mm wide and 12 mm
long. Each arm ended in a circular turn with a diameter of 5 mm. Each maze was
individually closed by a triangle of thin glass projecting above the plate surface.
The glass was coated with Sigmacote (Sigma-Aldrich, St. Louis, MO, USA) to
make it slippery and prevent the flies from turning upside down and walking on
the ceiling. The height of each maze was 2 mm. In this way, all the flies had
enough space to move freely but could not flip over and reduce their speed
because of insufficient adhesion to the surface of the glass. The plate with mazes
was illuminated from below through a thick matte plastic to create a contrasting
surface for further recording of the movements of each fly. The recording was
done in darkness to avoid the light reflections on the glass, which would have
obstructed an accurate analysis of the movements. A Basler Ace camera with a
1/1.8" sensor (Basler, Ahrensburg, Germany) and Kowa F1.6/4.4-11 mm optics
(Kowa Optimed Germany GmbH, Duesseldorf, Germany) was mounted above
the plate. Custom settings were chosen to ensure the highest accuracy and lowest
distortion.

Each fly was gently placed in one maze, using a short carbon dioxide
anesthesia. All flies were given at least 25 min to adapt after awakening. This
was followed by two hours of continuous recording of the walking behavior of
fruit flies. Each fly only participated in one trial. The video files were
subsequently uploaded to Noldus EthoVision XT v.15.0 (Noldus Information
Technology, Wageningen, The Netherlands) and analyzed using the following
parameters: Distance Moved (mm), High Acceleration State frequency (see
below), Maximum Acceleration (mm/s?) and Motion Without Movement
frequency. These are the most important parameters by which insect movement
patterns can be characterized (Nilsson & Renshaw, 2004; Russig et al., 2003;
Winberg et al., 1993). For each metric, data was obtained as a mean value per
individual fly.

The Acceleration metrics were used to mark bursts of rapid movement. The
High Acceleration State was observed when the average acceleration of the
object exceeded the 2.5 mm/s? threshold. The threshold value was adjusted by
using the EthoVision XT Integrated Visualization tool. We used averaging
interval of 2 to remove the effect of random changes in velocity between
consecutive samples that would result in false transitions to High Acceleration
State. The optimal state duration threshold was defined as 0.5 s and was found
using the Integrated Visualization plot (i.e., we did not consider accelerations
with a duration of less than half a second). It was used to filter out false readings
from the body-point jitter that can be introduced by camera vibrations or minor
body motions. The frequency of the High Acceleration state is presented as the
median of all values for each group. Readings were recorded for the entire
duration of the experiment.
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Maximum Acceleration is presented as the median of all values for each
group. Before calculating the acceleration, we ensured that the proportion of lost
samples was less than 1%.

Distance Moved was determined within 2 h periods. We used a sample rate
of 6 data points (according to Noldus). Higher values can lead to false readings
and overestimation of the covered distance. On the other hand, small movements
of the animal’s central point may be missed due to lower values (Pham et al.,
2009).

2.11. Fruit fly motions without movements (IV)

Motion Without Movement (“Mobility” in the Noldus software) describes
the degree to which an object’s body moves without regard to the spatial
displacement of the central point. This implies that measurements are taken only
when there is no movement of the animal’s central point in the horizontal plane.
Drosophila flies often perform “stomping in place” type behaviors. To describe
this motion, calculations do not require x and y coordinates but instead, use the
change in the position of individual pixels. This is an important parameter to
estimate the degree of an animal’s motion regardless of its locomotion along the
x and y axes. A classic example of this parameter is animal grooming: although
the animal’s limbs and body are busy, the animal remains in one place.

We estimated the frequency of Motions Without Movements (“Highly
Mobile” according to Noldus) using a threshold of 50% change in the pixel arca
of the detected subject. We used the default Averaging Interval set to 1 data point,
which means that the measures are not smoothed before determining values.

One limitation of Motion Without Movement is that it directly depends on
the number of pixels that compose the object under examination and,
consequently, on the camera resolution. Drosophila is a small object consisting
of approx. 100 + 20 pixels, so we set an extremely high Immobility threshold of
50%. This means that the animal’s motion was counted only if 50% of the pixels
changed their position. In this way, we excluded the probability of recording false
readings. To avoid false readings, we do not report the Immobility metric here.

2.12. Western analyses (III)

Batches of 30 flies were homogenized with a pestle on ice in 300 pl of
western lysis buffer (PBS with 1.5% Triton X-100) supplemented with protease
and phosphatase inhibitor cocktails (Roche Complete Mini no. 11836170001 and
PhosSTOP no. 04906845001) following the manufacturer's protocols. Lysates
were incubated on ice for 15 min and then centrifuged at 13 000gmax for 15 min
at 4 °C to pellet debris. Supernatant protein concentrations were measured using
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the Bradford assay (Thermo no. 1856209), and 70 pg aliquots were loaded onto
precast Bio-Rad Criterion AnyKD gradient gels. Gels were run in ProSieve EX
running buffer (Lonza). Proteins were transferred to Amersham Protran
nitrocellulose membrane (no. 10600020) in ProSieve EX transfer buffer (Lonza)
at 35 V for 50 min in a BioRad Criterion Transfer chamber. Membranes were
incubated in 5% BSA in 1x TBS/0.05% Tween for 1 h for blocking, after which
they were incubated overnight at 4 °C in the same buffer with primary antibodies.
Antibodies and dilutions used were: Akt 1: 5000 (Cell Signaling no. 9272),
phospho-Akt 1: 5000 (Cell Signaling no. 4054), ACC 1: 5000 (Cell Signaling
no. 3676), HRP-conjugated anti-rabbit 1: 10 000 (PI-1000-1).

After washing membranes three times for 15 min with 1x TBS/0.05%
Tween, they were incubated with anti-rabbit secondary antibody conjugated with
horseradish for 1 h at ambient room temperature. After an additional three rounds
of washing as before, results were visualized with the BioRad ChemiDoc XR
detection system. For quantitation purposes, samples from control and predator-
reared flies were run on the same gel with four individual biological replicates
per group. When protein amount per lane was used for normalization,
membranes were stained with Ponceau S solution (0.1% Ponceau S in 5% acetic
acid), rinsed briefly with water, and documented using the BioRad ChemiDoc
XR system. The signal was quantified, and the data were analyzed with
ImageQuant software.

2.13. Metabolite analyses (I1I)

For carbohydrate measurements, 10 flies were homogenized in 400 pl of
PBS and incubated for 5 min at 70 °C. A total of 40 pl of lysate was transferred
to four separate Eppendorf tubes with additions of 1 U of amyloglucosidase from
Aspergillus niger (Sigma, total glucose measurement), 2x PBS (free glucose and
background measurement) and 5 mU of porcine kidney trehalase (Sigma T8778,
trehalose measurement). All reactions were incubated for 2 h at 37 °C, after
which they were briefly centrifuged, and 30 ul of supernatant was transferred to
96-well microtiter plates. One hundred microliters of Glucose Assay Reagent
(Sigma G3293) were added to all reactions except for one PBS-treated lysate
mixed with 100 pl of PBS to measure the background signal. Reactions were
incubated at 37 °C for 30 min, after which absorption was measured at 340 nm.
Free glucose, glycogen and trehalose were calculated by subtracting relevant
backgrounds from measured values. A glucose standard curve was generated
using 1 to 20 pg of glucose (per well). The results were normalized against
protein amount measured with Bradford assay (Thermo no. 1856209).

For triglyceride measurements, 10 flies were homogenized in 800 ul of PBS
with 0.1% Tween 20 and incubated for 5 min at 70 °C. Twenty microliters of
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each lysate were transferred to three Eppendorf tubes with additions of 20 ul of
Triglyceride Reagent (Sigma T2449, total glycerol measurement) and 2 x 20 pl
of PBS (free glycerol and background measurement). All reactions were
incubated for 30 min at 37 °C, then briefly centrifuged, and 30 ul of supernatant
was transferred to 96-well microtiter plates. One hundred microliters of Free
Glycerol Reagent (Sigma F6428) were added to all reactions except for one PBS-
treated lysate mixed with 100 pl of PBS to measure the background. Reactions
were incubated at 37 °C for 5 min, after which absorption was measured at 540
nm. Triglycerides were calculated by subtracting free glycerol from total glycerol
measurement. A glycerol standard curve was calculated using 0.5 to 3 pg of
glycerol (per well). The results were normalized against protein amount
measured with Bradford assay (Thermo no. 1856209).

ATP concentration was measured using the ATP Determination kit
(ThermoFisher Scientific). Thirty flies were homogenized in ATP isolation
buffer (6 M guanidine-HCI, 4 mM EDTA, 100 mM Tris/Cl pH 7.8) and snap-
frozen in liquid nitrogen, followed by boiling for 5 min. Debris was pelleted by
centrifugation at 10 000gmax for 10 min at 4 °C. Five microliters of a 12.5-fold
diluted supernatant was added to 100 pl of ATP Reaction Mix (Thermo Fisher;
formulated according to the manufacturer's recommendations), and values were
recorded using a Tecan luminometer with Greiner polypropylene plates (no.
655207). The results were normalized against protein amount measured with
Bradford assay (Thermo no. 1856209).

Pyruvate was measured using BioVision kit no. K709 according to the
modified protocol provided by the manufacturer. For pyruvate measurements, 20
flies were homogenized in 200 pl Pyruvate Assay Buffer on ice and then
centrifuged at 10 000gmax for 10 min at 4°C. Fifteen microliters of supernatant
were mixed with 35 pl of Pyruvate Assay Buffer in a well of the 96-well
microtiter plate. Fifty microliters of reaction mix (formulated according to the
manufacturer's guidelines) were added to each well containing supernatant and
incubated for 30 min at room temperature, after which absorption was measured
at 570 nm. Parallel background reactions were performed by mixing supernatant
with background mix, formulated according to the manufacturer's guidelines.
The results were normalized against protein amount measured with Bradford
assay (Thermo no. 1856209).

2.14. Respiration exchange ratio measurements (III)
Respiration exchange ratio (RER) was calculated as the ratio of CO»
produced and O used by flies. O, consumption in individual flies was measured

by coulometric respirometry in a continuous O»-compensating system at constant
temperature and humidity (23 °C and 55% relative humidity). Flies were placed
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into measuring chambers, and measurements were begun when the flies stopped
moving and the minimum value of gas exchange was reached. CO; levels were
determined using a LI-700 differential CO»/H,O analyzer (LiCor, Lincoln,
Nebraska, USA).

2.15. Data analysis and statistical methods (I, II, ITI, IV)

We employed a Poisson generalized linear model (GLM) with a log link
function, considering positive light-choice count as the dependent variable. This
model incorporated geographic location (Finland, Kenya), treatment groups
(control, 5-HTP, aMW), and sex as predictors, with an interaction term for sex
and treatment groups. Upon discovering that sex did not significantly influence
the results, it was removed from the model, leading to a refined GLM that
focused on the interaction between geographic location and treatment groups.
The variability of phototactic choices was assessed using the variability beyond
expectation (VBE) metric, a measure derived from the mean absolute deviation
of data from their median, adjusted for expected sampling error, with standard
errors for VBE calculated through bootstrap resampling of individual flies (5,000
replicates).

Further statistical analyses included permutation tests for comparing
behavioral mean absolute deviations (MADs) across groups, with P-values
determined by shuffling data tables and comparing randomized groups against
original data. The impact of developmental conditions and drug supplementation
on adult fly survival under predation was evaluated using two-way ANOVA,
followed by Tukey’s honest significance test for multiple comparisons, alongside
the Kruskal-Wallis and Mann—Whitney U tests to compare behavioral traits such
as turn bias and locomotory speed.

All analyses were performed in the R environment (version 4.1.0), ensuring
rigorous statistical evaluation and adjustment for multiple comparisons using the
Benjamini—-Hochberg procedure (Benjamini & Hochberg, 1995). Biological
replicates ranged from four to ten, with individual data points indicated on
diagrams, and statistical significance set at P < 0.05.

For locomotor activity and survival analyses, data were analyzed using both
generalized linear models and non-linear regression models, fitting data to
specific distributions based on the nature of the data collected, including gamma
and quasi-Poisson distributions for traits such as maximum acceleration and high
acceleration state frequency. Survival analysis under predation employed a
binomial distribution model, with all models considering statistical significance
at P <0.05.
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GraphPad Prism software was utilized for graphical representation and
further statistical calculations, including two-tailed Student's #-tests for
comparing control and predator-reared populations, and Mantel-Cox tests for
survival analyses. The application of the Lowess track smoothing method
facilitated the nuanced interpretation of motion data.
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3. RESULTS
3.1 Light-Choice Probability (I)

Female and male flies did not differ significantly in their LCP (fraction of
choices toward the illuminated LED) either in Finland or Kenya (Poisson GLM
with log link, Wald Chisq; = 0.66, P > 0.4) and, therefore, we pooled sexes in
the further analyses of LCP. We found that geographic location was a significant
predictor of light-choice probability (Poisson GLM with log link, Wald Chisq; =
290.8, P < 0.0001). Flies were photopositive both in Kenya and Finland,
choosing the light 80% and 68% of the time (Table 1; Fig. 1), respectively.
Kenyan flies were found to be significantly more photopositive than Finnish flies
(P <0.001; Table 1; Fig. 1). While the main effect of treatment group on light-
choice was not significant (Poisson GLM with log link, Wald Chisq, = 0.449, P
= 0.8), however, there was significant interaction between geographic location
and treatment group (Poisson GLM with log link, Wald Chisq, = 40.93, P <
0.0001). Feeding Kenyan flies, aMW increased their LCP significantly while
feeding 5-hydroxytryptophan, a serotonin precursor reduced LCP (Table 1; Fig.
1). In contrast, feeding Finnish flies aMW reduced LCP, while 5-HTP increased
their LCP. However, LCP of Finnish flies fed 5-HTP was still lower than the
LCP of Kenyan flies (Table 1; Fig. 1).

Table 1.
Descriptive statistics of light-choice probability and variability beyond
expectation; = SE were based on bootstrap resampling (5,000 replicates).

Light choice Variability beyond
probability expectation
Geographic location Treatment n (LCP) + SE (VBE) & SE

Finland

5-HTP

286

0.695 + 0.00665

0.5278 + 0.06943
0.7225 + 0.0703
0.8394 £ 0,07307

0.3839 + 0.07685
0.6392 + 0.07468

Finland Control 255 0.6798 + 0.00779
Finland aMW 201 06454 & 0.00077
Kenya 5-HTP 175 0.7673 + 0.00745 0.5458 + 0.085
Kenya Control 256 0.7964 + 0.00564
Kenya aMW 197 0.8379 + 0.00663
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Figure 1. Light-choice probability by site and pharmacological treatment. Error
bars are + 1 SE, calculated by bootstrap resampling; ***P < 0.001.

3.2 Variability Beyond Expectation (I, II)

Female and male flies had similar among-individual phototactic variability,
as measured by VBE, in both Finland and Kenya (all bootstrapped distributions,
P > 0.05) and sexes were pooled in the further analyses of VBE. Finnish fruit
flies had significantly higher VBE than flies in Kenya (P <0.001; Table 1; Fig.
2). Feeding aMW did not affect the VBE of Finnish flies, whereas adding 5-HTP
to their food significantly suppressed VBE (P = 0.023). In Kenyan flies, feeding
aMW significantly increased VBE, while 5-HTP did not affect their VBE (Table
1; Fig. 2). Importantly, feeding 5-HTP made VBE of Finnish flies similar to VBE
of Kenyan flies (Table 1; Fig. 2).
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Figure 2. Behavioral variability beyond statistical expectation by site and
pharmacological treatment. On a log2 scale, VBE = 0 indicates no excess
variability, and VBE = 1 indicates twice as much variability as would be
expected by chance alone. Error bars are +1 SE, calculated by bootstrap
resampling; n.s., P> 0.05, *P < 0.05, ***P < (0.001 represent one-tailed
significance.

Turn bias variability of male fruit flies grown with spiders (MAD =0.11, n
= 153 flies) was significantly higher than that of control flies (MAD = 0.08, n =
143) grown in a predator-free environment (Permutation test: P = 0.006; Fig. 4).
Feeding 5-HT to flies reared with spiders (MAD =0.12, n=116) did not increase
the turning variability (P = 0.34) while feeding these flies aMW (MAD = 0.10,
n = 140) significantly decreased turn bias variability (P =0.021; Fig. 3). Feeding
5-HTP (P = 0.33) and aMW (P = 0.12) did not affect the variability of turning
behavior of control fruit flies (Fig. 4).
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Figure 3. Schematic of the turning assay (A) and the survival experiment (B)
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Figure 4. Turn bias variability (MAD) of fruit flies reared with and without

spiders receiving different drug treatments. Error bars are + SE estimated by

bootstrap resampling. Asterisks indicate significant differences according to
permutation tests: *0.05 > P > 0.01; **0.01 > P> 0.001.

3.3 Handedness and the number of turns in the y-maze (IT)
The proportion of the right turns (turn bias) did not differ among the groups
of flies (Kruskal-Wallis: x> = 6.41, P = 0.268; Fig. 5). Proportion of right turns

by each group was also not significantly different from 0.5 (Wilcoxon tests: all
Ps > 0.05; Fig. 5), i.e., an equal number of right and left turns in each group.
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Figure 5. Turn bias of fruit flies reared with and without spiders and receiving
different drug treatments during development. Experimental groups that are not
statistically significantly different (Wilcoxon tests, P > 0.05) are indicated by
the same letter at the top of the figure.

Flies reared with spiders made significantly fewer turns per unit time (2.6
+ SD 1.3 turns/min) in the Y-maze compared to control flies (3.4 + 1.5
turns/minute) (Mann—Whitney test: P = 0.0001; Fig. 6). Feeding 5-HTP to flies
reared with spiders significantly increased the turn rate (3.4 + 1.4 turns/min) (P
< 0.0001), whereas feeding them oMW had no significant effect (2.7 + 1.3
turns/min) (P = 0.50; Fig. 6). Feeding aMW to control flies significantly
decreased the turn rate (2.6 = 1.51 turns/min) (P =0.0003), whereas feeding them
5-HTP had no significant effect (3.5 + 1.71 turns/min) (P = 0.94; Fig. 6).
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Figure 6. Turn rate (turns/minute) in the Y-maze of flies reared with and
without spiders receiving different drug treatments. The flies reared with
predators were previously exposed to predation during the larval stage, while in
the control group, the flies were raised without jumping spiders. Thick lines
indicate the median, boxes show the Q1 and Q3 quartiles, and whiskers
represent the upper and lower quartile, excluding outliers. Black dots represent
outliers (data points more than 1.5 times interquartile range away from Q1 and
Q3). Experimental groups that are not statistically significantly different
(Mann—Whitney tests, P > 0.05) are indicated by the same letter at the top of
the figure.

3.4 Predator stress induces a catabolic shift towards lipid oxidation (I1I)

Both carbohydrates and lipids, as key biochemical energy storage
molecules, were measured in Drosophila Oregon strain flies reared with and
without predatory spiders. While free glucose, its disaccharide trehalose, and
polymeric form glycogen (n = 8) remained stable regardless of predator stress,
triglycerides decreased, and free glycerol increased compared with controls (n =
10, Fig. 7a, b). This indicates increased utilization of lipids since lipolysis of
triglycerides would provide free fatty acids for catabolism and simultaneously
increase free glycerol concentration. Such specific loss of fat stores without any
change in carbohydrate concentrations strongly indicates a shift in catabolism
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rather than inducing an overall starvation phenotype. Indeed, the RER (n = 20)
of 0.76 in spider-reared flies supported this interpretation (Fig. 7c), indicating a
firm reliance on a fatty acid breakdown in fueling systemic ATP production.
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Figure 7. Effects of predator stress on the metabolism, locomotor activity, and
survival in flies reared with spiders (predators) or without spiders (control). (a)
Levels of free glycerol and storage fats. Relative but not absolute values of
control flies have been published before (Krams et al., 2020). TG, triglyceride.
(b) Levels of carbohydrates: glycogen, trehalose, and free glucose. (c)
Respiration exchange ratio. (d) Amount of acetyl-CoA carboxylase (ACC)
quantified against Ponceau S-stained total protein. (e) Uptake of food
containing 1% Blue FCF dye. (f) ATP concentration. (h) Survival curves of
flies kept on agar food (acute starvation, log-rank test P < 0.0001) and on 1%
sucrose food (chronic starvation, log-rank test P < 0.0001). In all cases: *P <
0.05, **P < 0.01, ****P < (0.0001, n.s.—not significant. C—control, P—
predator-reared.
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3.5 Predator stress reduces overall energy levels (III)

Even if catabolism is re-oriented towards fatty acid oxidation,
carbohydrates can contribute to this through de novo lipid synthesis. However,
the levels of the rate-limiting ACC controlling this process were decreased in
flies experiencing predator stress (n = 8, Fig. 7d). Increased feeding intensity (n
= 14), a typical response to resource scarcity in Drosophila, was not found (Fig.
7e). Complete reliance on only one type of catabolic fuel source caused a 20%
decrease in steady-state ATP levels (n = 10, Fig. 7f). Not compensating for
diminished ATP production by increasing food uptake or lipid synthesis must
come at the cost of lower metabolism. Spider-reared flies were indeed observed
to have lower speed than controls in walking/climbing assays (n = 24 and 16,
Fig. 9g). Similarly, these flies were less resistant to both acute (n = 220) and
chronic (n =274 and 275) starvation, exhibiting shorter survival in conditions of
limited food resources (Fig. 7h).

3.6 Glucose uptake is inhibited (IIT)

The activity of Akt, a central regulator of the conserved glucose uptake
mechanism, is dependent on the phosphorylation state of threonine at its kinase
domain and serine residue in its hydrophobic motif (at position 505 in Drosophila
Akt), which was found to be significantly decreased in spider-reared flies (n =8,
Fig. 8a). This indicates reduced glucose transport, depriving glycolysis of its
substrate and decreasing its end-product pyruvate (n = 4, Fig. 8b). Administering
metformin, an anti-diabetic drug that facilitates glucose uptake in both humans
and flies (Bahhir et al., 2019; Niccoli et al., 2016), restored the normal balance
in the flies' carbohydrate/lipid usage (n = 10) and increased their RER (n = 20)
to normal value (Fig. 8c).
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Figure 8. Effects of predator stress on metabolism/behavior and
pharmacological complementation in flies reared with spiders (predators) or
without (control) spiders. (a) Phosphorylation of Akt kinase at Ser505. (b)
Levels of pyruvate. (c) Effect of metformin feeding on storage fats, free
glycerol, and predator-reared flies' respiration exchange ratio. (d) Effects of
serotonin feeding on Akt phosphorylation, pyruvate, storage fats, free glycerol,
ATP and predator-reared flies’ RER. In all cases: *P < 0.05, **P < 0.01, ****pP
< 0.0001, n.s.—not significant. C—control, P—predator-reared.

3.7 Serotonin complements metabolic dysfunction (I1I)

The responses to external stimuli leading to different stress conditions are
often mediated by changes in neurotransmitter levels. Serotonin dysregulation
has been specifically associated with neurological stress that can cause several
types of disorders in humans. In fact, w//’® strain flies with a mutation in the
white gene and severely reduced serotonin levels compared with red-eyed strains
(Borycz et al., 2008; Sitaraman et al., 2008) displayed a much stronger metabolic
shift (n = 10). This could mean that serotonin mediates the effects of predator
stress downstream from other parts of fly metabolism. We therefore asked
whether elevated serotonin can alleviate predator-induced metabolic impairment.
We fed flies with elevated concentrations of the serotonin precursor and analyzed
its effects on Akt phosphorylation (n = 8), pyruvate (n = 8), triglycerides (n =
10), free glycerol (n = 10), ATP (n=10) and RER (» =20) (Fig. 8d). In all cases,
external administration of serotonin precursor restored these parameters in
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spider-reared flies to control levels, suggesting that supporting serotonin
synthesis is sufficient for countering these metabolic alterations.

3.8 Effects of predator-induced stress on movement activity (I11, IV)

We observed a rapid decrease in the activity of flies reared with spiders
(Fig. 9).

(g) activity max. speed mean speed

time (min)

time (min)

Figure 9. Nonlinear regression of maximum speed and mean speed measured
across 15 min; test P-values for both cases are below 0.0001. Dots represent
averages of 16 (control) and 23 (predator) experiments. The P-values of
independent samples #-tests are 0.00017 for mean and 0.0047 for maximum
speed. Dashed lines represent 95% confidence intervals.

We found significant (x* =13.00, P = 0.003) differences in the distance
travelled: the flies of the control group covered longer distances (5039 + 3517
mm; mean = SD) within a 2-h period than the flies of the experimental group
(4403 + 3443 mm) (Fig. 10A).

There were significant differences in frequency of entering the High
Acceleration State x> =53.376, P < 0.001), and in Maximum Acceleration ()2
=119.82, P< 0.001) between the groups. Flies of the control group entered the
High Acceleration State less often (4781 + 1474 times; mean + SD) than fruit
flies raised with spiders (5746 + 1823 times) (Fig. 10B). The flies of the control
group exhibited lower speed during accelerations (7.807 + 5.665 mm/s?; mean =
SD) than flies grown with spiders (9.829 + 8.086 mm/s?) (Fig. 10C).

The control group had Motion Without Movement significantly less often
(x=19.183, P <0.001) (828 =476 times; mean + SD) than the group raised with
spiders (1005 = 654 times) (Fig. 10D). This shows that flies raised with spiders
exhibited more “stomping in place” movements.
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Figure 10. The median distance covered by the control group and flies grown
with spiders within the 2-h period; the difference is significant at P < 0.003 (A).
Difference between control flies and flies grown with spiders in the occurrence

of Frequency of High Acceleration State; the difference is significant at P <
0.001 (B). Difference between control group and flies grown with spiders in the
values of Maximum Acceleration; the difference is significant at P <0.001 (C).
Frequency of Motion Without Movement in the control group and in flies
grown with spiders; the difference is significant at P < 0.001 (D). Error bars are
+ SD.

3.9 Survival of flies under predation (1L, I1I, IV)

When exposing adult flies to predation for 12 h, their survival was
significantly affected by predator presence during the larval development (two-
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way ANOVA: Fiss = 81.37, P < 0.0001), drug treatment (Fas4 = 14.76, P <
0.0001), and an interaction of both those factors (F2s54 = 12.57, P < 0.0001).
Significantly more flies survived if they were reared under predator presence
(mean survival: 62% = SD 11.4%, n = 10) compared to the control group (30 =
9.4%, n = 10) (Tukey HSD: P < 0.0001; Fig. 11). Feeding flies reared with
predators 5-HTP did not significantly affect their survival (65 £ 8.5%, n = 10) (P
= 0.985; Fig. 11), while feeding aMW significantly decreased their survival (35
+ 7.1%) (P < 0.0001; Fig. 11). Feeding 5-HTP (32 + 6.3%, n = 10) (P = 0.998;
Fig. 11) or aMW (30 £ 15%, n = 10) (P = 1.00; Fig. 11) did not significantly
affect the survival of flies of the control group.

a a a b b a
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Figure 11. Survival percentage of adult fruit flies during a 12-h exposure to
predation by jumping spiders. The flies reared with predators were exposed to
predation during the larval stage; flies in the control group were raised without
jumping spiders. Thick lines indicate the median, boxes show the Q1 and Q3

quartiles, and whiskers represent the upper and lower quartile, excluding
outliers. Black dots represent outliers: data points more than 1.5 times
interquartile range away from Q1 and Q3. Experimental groups that are not
statistically significantly different (Tukey HSD, P > 0.05) are indicated by the
same letter at the top of the figure.

86



The changes in metabolism and decreased locomotor activity may also
affect the survival of flies. We housed flies together with predatory spiders (10
male flies and 1 spider per group; 10 experimental groups in total) in a closed
space and observed the survivability of flies over 12 h. There was an apparent
increase in the survivability of predator-reared flies over control flies (Fig. 12).
Remarkably, feeding metformin and a precursor of serotonin that reversed
metabolic defects also decreased the survival of predator-reared flies to levels
observed in the control group (n = 20). This demonstrates that the increased
survival of flies in response to predator presence comes at the cost of metabolic
health.

live flies

Figure 12. Survival of predator-reared and control flies with or without feeding
5-hydroxytryptophan or metformin after 12 h of incubation with spiders. In all
cases: *¥***P < (.0001, C—control, P—predator-reared.

Lastly, following data on changes in serotonin-signaling and metabolism,
we collected a vast amount of data on movement patterns and also tested the
effects of these motions on fly survival.

We found that flies grown with spiders survived the 12 h experiment
significantly better (x*= 10.605, P = 0.0011) than naive individuals from the
control group grown without spiders during their larval stage (Fig. 13). On
average, 1.6 £ 0.97 (mean + SD) out of ten flies survived in the control group
and 3.6 £ 0.97 (mean = SD) survived in the group grown with spiders.
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Figure 13. A mean number of ten control flies and ten flies grown with spiders
surviving after a 12-h exposure to a spider. The difference is significant at P =
0.0011; Error bars are = SD.
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4. DISCUSSION

4.1 Genetic and environmental influences on phototactic variability in D.
melanogaster (1)

In this study, we examined light-choice probability and the variation
beyond expectation of the light choice probability in fruit flies from tropical and
boreal climates. Although all flies were raised and tested in identical conditions,
Kenyan fruit flies originated from areas with stable and predictable climate,
while Finnish fruit flies originated in the northernmost limits of the species’
distribution range, a zone characterized by an intensely fluctuating climate. We
found that flies from the southern climate and were more strongly attracted to
light (higher LCP), and more consistent across individuals (lower VBE) than flies
from the northern climate. Conversely, flies from the higher latitude site were
less attracted to light and less consistent across individuals. Bet-hedging theory
predicts that higher phenotypic diversity may be adaptive under conditions of
less predictable climate. Kain et al. (2015) developed a computational model
suggesting that this hypothesis is plausible specifically with respect to
Drosophila light-choice behavior. The results of this study provide empirical
evidence in support of this model using fly strains caught at geographic sites with
differential climatic variability (Akhund-Zade et al., 2020).

Previous work shows that genetic variation within lab strains likely cannot
account for the variation of phototactic responses (Kain et al., 2012). In contrast,
VBE varied significantly between flies collected in eastern Africa and northern
Europe, suggesting that genetic factors underlie differences in the magnitudes of
variation. A genetic basis for variability has been found in several other
Drosophila behaviors including locomotor bias (Ayroles et al., 2015) and odor
preference (Honegger et al., 2020). With respect to phototaxis, it was found that
the gene white has an important role as an importer of metabolic precursors of
serotonin (Kain et al., 2012). In this study, we significantly decreased VBE of
Kenyan flies by feeding them oMW. Feeding Finnish fruit flies 5-HTP, a
serotonin biosynthesis precursor, significantly reduced their VBE. Thus,
manipulations to reduce serotonin levels in Kenyan flies and increase them in
Finnish flies made VBE of these groups statistically similar. Notably, feeding
Kenyan flies 5-HTP did not significantly reduce the VBE of these flies. Likewise,
feeding Finnish flies aMW did not increase their VBE. These results suggest that
a possible ceiling effect in Kenyan flies renders them insensitive to additional
serotonin. Conversely a floor effect in Finnish flies may explain their
insensitivity to serotonin inhibitors (Lam et al., 1996). However, we cannot
exclude the possibility that the 5-HT-related effects on light choice and the
variability of choices are also due to independent mechanisms. For example,
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independent genetic effects on the mean and variability of light choice were
observed when the white gene was muted (Kain et al., 2012).

We found that Finnish flies exhibited high VBE for phototaxis, similarly to
what was observed in a laboratory strain, D. melanogaster w'!/® (Kain et al.,
2012). These flies have white eyes (Green, 1996; Morgan, 1910) due to a
mutation in the gene white, which is a central part of the eye-pigmentation
pathway (Ferreiro et al., 2018). This gene encodes white, an ATP binding cassette
transporter (Pepling & Mount, 1990), that heterodimerizes with either Brown or
Scarlet proteins, encoded by brown and scarlet genes to transport guanine or 5-
HTP, respectively. In neurons, these transporters contribute to the biosynthesis
of amines. It has been shown that white mutants have significantly reduced levels
of the neurotransmitters serotonin (up to five times lower), dopamine, and
histamine (Borycz et al., 2008; Sitaraman et al., 2008), especially in glia and
neurons of the brain (Borycz et al., 2008). These diminished concentrations of
the neurotransmitters in white mutants (Borycz et al., 2008; Sitaraman et al.,
2008) have multiple consequences on a variety of neurological phenotypes
affecting male courtship behavior (Anaka et al., 2008; Lee et al., 2008; Zhang &
Odenwald, 1995), anesthesia resistance (Campbell & Nash, 2001), aggressive
behavior (Hoyer et al., 2008), spatial learning and olfactory learning (Anaka et
al., 2008; Diegelmann et al., 2006; Sitaraman et al., 2008), duration of periods of
locomotion recovery following anoxia (Xiao & Robertson, 2016), sensitivity to
ethanol (Chan et al., 2014), sensitivity to certain tactile stimuli (Titlow et al.,
2014) and propensity to retinal degeneration (Ferreiro et al., 2018). Although
Finnish fruit flies have normal red eyes, they displayed average light preference
(68%) and VBE (0.72) similar to the values seen in whife mutants. For example,
w8 mutants chose light 61% of the time and their VBE is ~0.87, values which
are closer to those in Finnish flies than, for example, flies of the standard lab wild
type strain Canton-S (76% and 0.56, respectively; Kain et al., 2012).

Common factors may be responsible for the behavioral metrics of Finnish
and w'!8 flies. We found that 5-HTP significantly affected VBE of Finnish flies,
while it had no effect on VBE of Kenyan flies. The same pattern was observed
in w//’8 and Canton-S flies, respectively (Kain et al., 2012). This suggests that
the brains of African flies contain a higher concentration of serotonin, perhaps
because their food sources are more diverse and may contain more metabolite
precursors than Finnish flies. Tryptophan, a serotonin precursor, is an essential
amino acid because animals cannot synthesize it but instead must obtain it
through their diet. While African flies often enjoy the availability of different
fruits, mushrooms, sap fluxes year-round, Finnish fruit flies have much shorter
summer season in general, with reduced availability of rotting and decaying fruits
and mushrooms in particular (Sardeshpande & Shackleton, 2019). The depletion
of tryptophan from the diet has been used to assess brain serotonergic function
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in humans (Lam et al., 1996). This procedure is capable of rapidly lowering brain
tryptophan levels in human patients by over 80% within just a few hours (Young
et al., 1985), which may have immediate effects on depression patients
(Neumeister et al., 1998; Smith et al., 1997) such as deviations from normal
behavior and lowered food intake (Rantala et al., 2018, 2019).

Theory predicts that the relative stability of the local climate in Kenya
should favor heritable and lower variability phototactic preferences, i.e., a
strategy with less stochastic bet-hedging (Hopper, 1999). In such strategies, the
current mean phenotype always lags environmental fluctuations, because
evolution by natural selection is not instantaneous. In predictable environments,
the penalty for this lag is minimized. By contrast, Finnish flies showed
significantly more variable phototactic preferences, suggestive of an adaptive
bet-hedging and consistent with previous modeling of bet-hedging in thermal
preference behavior (Kain et al., 2015). Interestingly, adaptations for heat
resistance have the potential to improve cold resistance (Condon et al., 2014).
This shows that adaptations to extreme temperatures improve not only the ability
to withstand a particular deviation from mean temperatures, but also the
magnitude of temperature variation. Moreover, the ability to tolerate extreme
temperatures is improved in populations that evolve in fluctuating environments
relative to when populations are exposed to a stable increase of high temperatures
(Condon et al., 2014; Tobler et al., 2015). The high VBE of Finnish flies, which
in the wild may result in a variety of thermal experiences, may serve as parallel
adaptation to life in relatively unpredictable thermal and visual environments,
leading flies to find conspecifics, breed and oviposit in a variety of conditions,
rather than wait for specific optimal conditions that might not arrive in a
particular season.

In a population utilizing a bet-hedging strategy, individuals exhibiting a
wide variety of preferences are born continuously across a season. If the summer
is cooler, spring-adapted individuals will survive, while summer-adapted flies
will survive if the summer is hot and long (Bergland et al., 2014). Kawecki
(2000) has suggested that the phenotypic expression of genetic variation can be
suppressed, and heritability reduced under fluctuating selection. Dynamic
modulation of variability-suppressing serotonin is a potential mechanism to tune
the canalization of the phototactic phenotype. To test this possibility, one could
measure VBE and 5-HT concentration in the brains of flies, born during hot and
cool summers near the northernmost areas of their distribution ranges. Our results
suggest that plastic responses to environmental differences, which is another
major strategy for dealing with environmental heterogeneity, is not a likely
explanation for the observed differences between African and European flies.
The flies of both populations were grown under identical conditions and we are
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not aware of any environmental fluctuations to which a plasticity strategy could
respond.

While Kain et al. (2012) observed significant effects of 5-HTP on the VBE
of flies, this treatment did not show any influence on light-choice probability in
their study. However, we found significant effects of feeding 5-HTP and aMW
on LCP, which depended on the origin of the strain. In addition, we observed
effects on LCP of line origin, with Kenyan flies ~10% more photopositive. In
Finnish flies, feeding 5-HTP did not affect LCP, while feeding aMW
significantly reduced it, which was the opposite of what we observed in the case
of VBE in these flies. Feeding 5-HTP significantly lowered LCP and feeding
aMW significantly raised LCP in Kenyan flies. Thus, 5-HTP decreased the light
choice probability in Kenyan flies and did not affect it in Finnish flies.
Importantly, Kenyan flies on control media chose the light more often than
Finnish flies on control media. Kenyan flies are likely to have a higher
concentration of 5-HT in the brains, at least when fed natural diets.

It is possible that differential levels of serotonin do not explain the mean
LCP of these strains, since serotonin or its precursor 5-HTP have been previously
reported to decrease photopositivity in larval bryozoans (Pires & Woollacott,
1997). There may also be genetic background by serotonin-exposure effects.
However, dopamine was previously reported to increase light choice (Pires &
Woollacott, 1997). White mutants have reduced concentrations of dopamine in
the brain (Borycz et al., 2008; Sitaraman et al., 2008) and if the neuromodulatory
state of Finnish flies mirrors that of white mutants, they may also have lower
dopamine levels. This in turn might explain their lower LCP, while lower
serotonin could explain their higher VBE. Kain et al. (2012) did not find any
effect of dopamine drugs on VBE or LCP of different strains of fruit flies
including white mutants. However, it has been shown that dopamine affects the
production and release of melatonin (Gonzalez et al., 2020), a key driver of
biological rhythm (Arendt & Skene, 2005). Melatonin production might be
disrupted in the brains of Finnish flies to ensure activity during long summer
days at high latitudes indicating that dopamine of boreal fruit flies, especially the
receptor subtypes and the density of receptors deserve a special attention in future
research.

Importantly, 5-HT is a precursor of melatonin (Richter et al., 2000), and 5-
HT is also regarded as a substance affecting physiological rhythms according to
the light—dark cycle in invertebrates (Hardeland & Poeggeler, 2003). Kenyan and
Finnish flies likely have different diurnal rhythms and sleep patterns: While there
is a relatively regular day/night cycle in the tropical zone, Finnish flies enjoy
never-ending daylight for up to two months at high latitudes. This may affect
their serotonergic neural regulation because melatonin may be in low demand
and not metabolized much during the northern summer, perhaps allowing the
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accumulation of elevated 5-HT in neural tissues in summer. Besides a leading
role of melatonin in the determination of sleep/wake cycles, it is also a potent
antioxidant with a proposed role in immune function in invertebrates (Tan et al.,
2010). The suppression of nocturnal production of melatonin has detrimental
effects on antioxidant systems of organisms (Jones et al., 2015) which may
facilitate the bet-hedging strategy of invasive species at high latitudes.

Flies that follow a bet-hedging strategy might only attain environmental
conditions well-matched to their behavioral biases if they live through long
periods of poorly matched conditions. Thus, there is likely an interplay between
generation/lifespan length and the timescale of environmental fluctuations.
Indeed, modeling suggests that bet-hedging is an adaptive response to
environmental fluctuations at specific timescales roughly corresponding to the
lifespan (Krams et al., 2020). Melatonin is an antioxidant, and may lengthen the
lifespan of flies (Teran et al., 2012). Thus, it has the potential to affect
evolutionary behavioral strategies both directly through the neuromodulatory
state, but also indirectly through an effect on lifespan. These hypotheses call for
precise measurements of 5-HT, melatonin, dopamine and behavior in fruit flies
across the season and the south-north gradient of their distribution range.

4.2. Serotoninergic regulation of predator-evasion tactics (II)

The presence of predators is known to alter prey morphology (Hossie et al.,
2010; McCollum & Leimberger, 1997) and exert selective pressure on prey
escape ability (Janssens & Stoks, 2018; Krams et al., 2016; O’Steen et al., 2002).
In this study, we found that the turning choices of fruit flies grown with predators
are less predictable than those of flies grown in a predator-free environment. We
also show that flies raised with predators survived under predation by spiders
significantly better than flies grown without predators. Our results suggest that
the higher variability/lower predictability of turning behavior of flies grown with
predators may make them better at evading predation. We also show with
pharmacological experiments that the effects of predator-rearing on turning
variability and survival of D. melanogaster are regulated by the neurotransmitter
serotonin, which also regulates the variability of turning behavior (de Bivort et
al., 2022). However, these serotonin-associated effects applied only for fruit flies
grown with spiders.

Unpredictable and erratic turning behavior in some animals makes them
more challenging to attack (Bilecenoglu, 2005; Eifler & Eifler, 2014; Yager et
al., 1990), as is seen in both experimental (Jones et al., 2011) and modeling
(Richardson et al., 2018) studies. Individual insects can exhibit substantial
differences in escape behaviors, even in the absence of genetic variation (Schuett
etal., 2011). Our results suggest a link between less predictable turning behavior
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and better survival under predation risk by jumping spiders that are sit-and-wait
predators. One explanation is that growing up with predators provides prey with
signals that are not generated by transient contact with predators’ post-
development. Perhaps the effect of these signals is mediated by serotonergic
neuromodulation during prey development. This idea is consistent with the
observation that flies fed oMW during development, but without predators
present, showed similar adult survival in the presence of spiders as control flies,
suggesting that fruit fly individuality is not solely driven by 5-HT (Maloney,
2021).

Some previous work has shown that fruit flies reared in identical lab
environments show broad diversity in their phototactic choices, variability which
is under the control of 5-HT (Kain et al., 2012; Krams et al., 2021). Notably,
inhibiting 5-HT synthesis was associated with higher phototactic variability —
here we observed that inhibiting 5-HT reduced the excess turn bias variability
seen in flies reared with spiders. Geographic variation of fruit fly phototaxis was
consistent with a negative relationship between 5-HT and variability of
phototactic choices. Flies from northern climates grow on food relatively
deficient in the metabolic precursors of serotonin and had lower predictability of
phototactic choices (Krams et al., 2021). Thus, the association between 5-HT and
behavioral predictability went in opposite directions in the present study and
previous work examining phototaxis. These contradictory results suggest that the
control of 5-HT over different behaviors may lead to different results, probably
because different serotonin-responsive neuronal circuits are involved in different
behaviors. To better understand the developmental, epigenetic and
neurophysiological changes caused by direct predation and non-lethal predator
presence, more study of behavior-specific neurobiological effects is required.

Our results support the results by Pantoja et al. (2016) examining variability
in zebrafish (Danio rerio) antipredator locomotor behaviors. They found that
zebrafish individuals show significant variation in acoustic startle responses.
These responses are linked with the neurosecretion of dorsal raphe neurons
(Pantoja et al., 2016). It was shown that zebrafish individuals show a higher
fraction of serotonergic dorsal raphe nucleus neurons active during predator
attacks. Pantoja et al. (2016) also showed that heightened 5-HT prevented
habituation to predator stimuli, which improves the efficiency of antipredator
behavior and survival of the prey. Together, these results suggest the importance
of serotonergic signaling in the CNS and its ontogenetic development in
establishing a distribution of antipredator behaviors across individuals.

The results of this study may have evolutionary implications. It is known
that without phenotypic variation, there would be no evolution by natural
selection. However, we show that individuals with similar genotypes raised in
similar environments, except for the presence/absence of spiders, may
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significantly differ in their simple behavioral reactions, (such as left vs. right
decision in the absence of an asymmetric stimulus in the Y-maze). This suggests
that asymmetries within the brain predispose the animal to go one way rather
than the other and that neural activity influences the variation between animals
(Buchanan et al., 2015). As these predispositions are relatively stable within
individuals with considerable among-individual differences in behaviors
(Buchanan et al., 2015; Reale et al., 2010; Roche et al., 2016; Trakimas et al.,
2019), behavioral reactions of this kind are coined animal personality. Our results
show that fruit flies may use a simple mechanism to dynamically regulate their
behavioral individuality with individual variation in wiring and behavior as a
general feature of neural circuits to facilitate individual adaptations and survive
in changing environments (Molla-Albaladejo & Sanchez-Alcaiiz, 2021).
However, explaining the proximate origins of changes in behavioral variability
as a response to environmental challenges is not easy. Behavioral phenotypes
emerge from many different levels of biological organization, including sensing
of predators in the environment, adaptive gene expression, and even stochasticity
in gene expression (Honegger & de Bivort, 2018; Li et al., 2017; Raj et al., 2010)
to develop biases in idiosyncratic behavioral responses (Werkhoven et al., 2021)
without changes in average left-right turning preferences.

This study found that flies reared with spiders were less mobile than control
flies. Our recent study shows that predator stress during larval development of
Drosophila impairs carbohydrate metabolism by systemic inhibition of Akt
protein kinase, which is a central regulator of glucose uptake (Krama et al.,
2023). This metabolic disorder is a likely cause of developing a diabetes-like
biochemical and behavioral phenotype. An inability to metabolize glucose shifts
the metabolism of fruit flies to triglyceride consumption, which decreases
walking activity and might be a direct reason for the enhanced survival of fruit
flies grown with spiders. Consistent with this idea, carbohydrate metabolism was
found as one of the molecular functions most enriched in genes whose expression
variation predicts variation in locomotor activity among individual isogenic flies
(Werkhoven et al., 2021). However, the mechanism causing the higher variability
of the turning behavior in flies with a diabetes-like phenotype remains unknown.

Antipredator behavior consists of a complex set of behavioral and
physiological reactions and therefore likely involves neural pathways other than
5-HT. Honegger et al. (2020) found that both 5-HT and dopamine affect olfactory
preference variability in fruit flies, and it is known that fruit flies can detect
predators by their odors (Krams et al., 2021). Omura et al. (2012) and Stern et al.
(2017) showed that the roaming speed of animals might depend on such
neurotransmitters as tyramine, octopamine, npr-1, and daf-7, in addition to 5-HT.
This suggests that future research on the neural regulation of antipredator
responses in fruit flies should examine the effects of several neurotransmitters
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and their possible interactions. Experimental manipulations targeting more than
one neuromodulator may be essential, as one neuromodulator can alter the
efficacy of other neuromodulators (Niederkofler et al., 2015; Niens et al., 2017).
Finally, animals may respond to neuromodulators differentially based on their
personalities (Krams et al., 2018). The complex interactions of neuromodulators
and their behavior-specific effects on predictability will make this a rich and
challenging area of research.

4.3. Metabolic and behavioral adaptations to predator stress (III)

The effects predators have on prey are not limited to the death of prey
individuals, but can induce a lasting condition of fear in the prey that survive in
the presence of predators. As a result, prey often respond to predators in their
environment by altering their morphological and physiological phenotypes
during development (Hawlena & Schmitz, 2010a, 2010b; Hossie et al., 2010; 1.
Krams et al., 2016; Lehmann et al., 2014). Although these changes facilitate
survival by improving escape abilities (Janssens & Stoks, 2014; 1. Krams, 2002),
predators may have enduring costly effects on prey individuals (Siepielski et al.,
2014; Zanette & Clinchy, 2020). For example, predator-induced fear is one of
the most common stressors employed in animal model studies of post-traumatic
stress disorder (Zanette et al., 2019). This research has gained scientific interest
because of the relevance of psychological stress in causing clinical depression
and other metabolic disorders, such as type 2 diabetes, in humans. Although the
underlying mechanism has remained unclear, increased serum glucocorticoid
concentrations and catecholamine release are commonly associated with the
development of insulin resistance (Beaupere et al., 2021). Our results align with
these findings by showing that Drosophila reared with predators develop a
diabetes-like biochemical phenotype characterized by an inability to metabolize
glucose, forcing a shift to triglyceride consumption. This is caused by a decreased
activity of Akt kinase, a central regulatory kinase that has a major role in
controlling glucose uptake. This protein facilitates a highly conserved glucose
transport mechanism (e.g., via GLUT4-dependent pathway in muscles), and
defects in this pathway are therefore closely associated with the development of
diabetes (Huang et al., 2018). Improving glucose transport using metformin,
which has similar effects in flies to those in humans (Bahhir et al., 2019), restored
the original metabolic balance in flies grown with predators.

Predator presence eventually changes the quality of the environment and
affects the survival strategies of prey. While Drosophila flies rely on visual and
olfactory cues for detecting predators such as spiders and mantises, it is currently
unclear to what extent flies use separate sensory systems in different
environmental conditions (Flor et al., 2017; I. Krams et al., 2016). However, they
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do have a highly developed olfactory system that allows them to live for
generations in complete darkness (Izutsu et al., 2016). This sensory system is
sufficient by itself to detect the presence of spiders, and even exposure to spider
odors can elicit metabolic and developmental changes (Krams et al., 2016;
Krams et al., 2021). Regarding w'/’® flies, it is also unclear whether they can use
vision to detect predators, as they may have poor visual acuity (Kalmus, 1943).
However, w!!% flies easily chose walking corridors when tested in the Y-maze
experiments (Buchanan et al., 2015), suggesting w'!!% flies actively rely on vision
while exploring their environment.

Although a number of studies have described how chronic stress can have
enduring effects on metabolism and behavior (Chen et al., 2014; Wu et al., 2019;
Zanette et al., 2019), the connection between neural chemistry and metabolism
has remained unclear. Our finding that supporting serotonin synthesis
antagonizes the described metabolic effects suggests a central role for serotonin
in such biochemical communication. Serotonin has multiple biological functions:
regulating courtship behavior (Zhang & Odenwald, 1995), affecting spatial
memory (Diegelmann et al., 2006) and olfactory learning (Anaka et al., 2008),
influencing phototactic behavior (Kain et al., 2012; Krams et al., 2021), and
affecting turning behavior (Krama, et al., 2023). Furthermore, it participates in
several pathways that overlap with the roles of other neurotransmitters, such as
dopamine and octopamine (norepinephrine homologue in Drosophila). Owing to
the variety of serotonin's roles in neural circuits, which are at least partially
redundant, its effect on metabolism can be caused by a number of different
mechanisms. One plausible explanation could be related to the observed
interconnection between serotonergic and insulin-producing nervous systems. In
Drosophila, serotonergic neurons are closely apposed with insulin-producing
neurons, and these two neuronal systems communicate (Kaplan et al., 2008).
They control insulin signaling and, if defective, serotonin and insulin accumulate
together, with suppressed peripheral insulin sensitivity. In humans, elevating
serotonin has beneficial effects on metabolic balance, improving insulin
sensitivity and glucose homeostasis (Al-Zoairy et al., 2017). This effect is
relayed through serotonylation of the small GTPase Rab4, which elicits
beneficial effects on glucose uptake, thus representing a convergence point
between serotonin and insulin signaling. Since serotonin is decreased in human
psychological disorders resembling the effects of predator stress, it is tempting
to speculate a linear relationship between the metabolic reprogramming
described here and serotonin levels. Tentative support for this hypothesis comes
from a quantitatively stronger metabolic shift in the serotonin-depleted w'//$
strain. However, serotonergic upregulation caused by the exogenous
administration of serotonin might also elicit the observed reversion of metabolic
changes.
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Systemic effects on catabolism in predator-stressed flies resembled the
effect of glucocorticoids in humans, a group of hormones released in response to
stress conditions through activation of the HPA axis. These hormones antagonize
the function of insulin by inhibiting the uptake of glucose in muscles and adipose
tissue. They also downregulate glycolysis, inducing lipolysis and hepatic
gluconeogenesis (Kuo et al., 2015). This mobilizes and reroutes energy reserves
for specific tasks, e.g. increasing blood glucose levels to prepare the organism
for a ‘flight-or-fight’ response.

Drosophila has no apparent neuroanatomical homologue of the mammalian
HPA axis nor the same glucocorticoid hormones as humans. However, it has a
central steroid hormone ecdysone, converted into 20-hydroxyecdysone (20HE)
in hemolymph after its release. Best known for its role in inducing larval mounts
and metamorphosis (Yamanaka et al., 2013), it also regulates metabolism by
suppressing glucose use. Binding with its receptor (EcR) induces this protein's
translocation to the nucleus, where it represses the transcription of genes central
to glucose utilization (Kovalenko et al., 2019). This is antagonistic to the function
of an oestrogen-like receptor (ERR) recently described as a receptor for
glucocorticoids in Drosophila, suggesting an interplay with other steroid
hormones in this organism (Bartolo et al., 2020; Tennessen et al., 2011). The
effects of 20HE are very similar to the deletion of ERR, which blocks the use of
carbohydrates as a fuel source, leading to a shift towards lipid oxidation and
depleting triglyceride reserves (Tennessen et al., 2011). Furthermore, 20HE acts
as a stress hormone in flies, upregulated in response to adverse environmental
conditions and stressful social interactions (Ishimoto et al., 2009).

Intriguingly, we found that predator stress enhances the survival of spider-
reared flies in the adult stage when kept together with the spiders. This effect
correlated precisely with metabolic reprogramming since the administration of
metformin and serotonin precursor reverted the survival advantage to control
levels. This indicates that this metabolic reprogramming is adaptive and provides
a clear survival benefit at the expense of reduced metabolic fitness. One
explanation for this finding is associated with the speed of movement and overall
locomotor activity of the flies. Another possibility is linked to the glucocorticoid
stress effect on memory. Stress-induced glucocorticoid release enhances memory
consolidation and long-term memory in humans (Roozendaal, 2002). The effect
is the same in flies, with ecdysone having a clear beneficial impact on long-term
memory formation (Ishimoto et al., 2009, 2013). It is believed that these effects
of glucocorticoids are linked to the conservation of glucose for neural tissue
function, which is a primary carbon source. This adaptation fuels increased
neural activity, especially learning and memory (Wirth, 2015). Brains are
metabolically costly organs, as is the process of creating new memories (e.g., via
increased synaptic connections) (Burns et al., 2010). In fact, elevated
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carbohydrate uptake in humans and animals, including Drosophila, has an
apparent memory-enhancing effect, especially for long-term memory
(Greenwood & Winocur, 2001; Placais et al., 2017; Smith et al., 2011; Totani et
al., 2020; Winocur & Gagnon, 1998).

In the aggregate, the results of this study allow us to propose a model
explaining how chronic psychological stress, such as predator stress, induces
metabolic disorders. Shunting glucose away from catabolically active tissues like
muscle to be consumed by neurons is likely an adaptation to create memories and
prepare for similar stressful conditions in the future. However, when stress
persists and leads to chronic activation of the HPA axis and sustained
glucocorticoid release, it will impair normal glucose metabolism and
permanently shift systemic catabolism towards lipid oxidation, preventing the
use of carbohydrates. Such loss of metabolic flexibility, especially in animals
that use carbohydrates as the main form of energy source, will inflict fitness
costs, leading to decreased ATP production and downstream effects on resistance
to nutritional scarcity and locomotor activity. Therefore, this chronic activation
of a mechanism that provides short-term benefits will cause decreased fitness if
stress persists. This is supported by the observation that chronic activation of
ecdysone signaling, although beneficial for an immediate response, can cause
negative long-term effects (Ishimoto & Kitamoto, 2011).

The results of this study suggest that although the diabetes-like phenotype
induced by predator presence reduces general health, it might be beneficial for
survival. The insulin-producing system in Drosophila and other invertebrates
differs to some extent from that of vertebrates, including humans. Drosophila
flies have eight insulin-like peptides (Wu & Brown, 2006), which likely have
different and partially overlapping roles in metabolism regulation (Gronke et al.,
2010). This shows that insects may have numerous ligands for one receptor,
while mammals have receptors with somewhat redundant functions but a
restricted number of ligands. Also, while the effect of extra 5-HTP in increasing
serotonin is straightforward, it might affect concentrations of another
neurotransmitter. Tryptophan is a precursor of biopterin (Joh, 2000), a cofactor
associated with serotonin and dopamine synthesis. While the metabolic shift in
serotonin-depleted w//*® flies compared with the Oregon strain provides tentative
support for decreased serotonin concentration in response to predator stress,
neuron-specific measurements are required to fully understand the mechanism
underlying this hypothetically adaptive metabolic shift.

Finally, metabolic disorders are often associated with the impairment and
loss of dopaminergic function (Bell et al., 2020). Predator-induced stress affects
the levels of brain dopamine, which are decreased in rats exposed to predator
stress (Dremencov et al., 2019; Kondashevskaya et al., 2022). Since the w!//
strain has reduced dopaminergic activity, the interconnected serotonin and
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dopamine pathways should be studied simultaneously in predator-induced stress.
These numerous aspects must be considered to fully understand the role of stress
in the development of metabolic phenotypes and similarities/dissimilarities of
stress perception in humans and Drosophila (Graham & Pick, 2017).

4.4. Behavioral variability and metabolic disorders as responses to
predator stress (IV)

In this study, nearly 70 million data points were collected for D.
melanogaster not exposed to spider presence during their larval development (n
= 839) and those flies (n = 729) subjected to predation stress during their larval
stage using a high-throughput data sampling method (Kain et al., 2012; Krama
et al., 2023). Short-term stress promotes oxidative stress and changes the
metabolic balance away from anabolism and high-molecular-mass compound
production, resulting in increased glycogen generation and hence a more
significant requirement for carbohydrate intake (Trakimas et al., 2019).
However, chronic psychological stress differs from short-term acute stress
because prolonged stress, such as predator stress, may induce metabolic disorders
(Krama et al., 2023). As a result, the stress of encountering a predator early in
life may alter an adult organism’s phenotypic appearance, behavior, and
metabolism. Our results support earlier findings that walking activity is reduced
in flies grown with spiders; a possible explanation for this is because diabetes-
like metabolic disorder prevents fruit flies from using carbohydrates and shifts
catabolism toward fat utilization (Krama et al., 2023). Therefore, oxidation of
lipids is expected to contribute proportionally more to major metabolic functions,
including walking and flight movements in fruit flies grown with spiders than in
control flies. Although fats are the most energy-rich macronutrient, fatty acids
are a slower energy source than carbohydrates, requiring oxidative
phopshorylation to generate ATP (Brosnan, 1999). We show that fruit flies raised
with spiders walk less while their initial movement acceleration is higher than in
the control group, suggesting a more rapid exhaustion in flies grown with spiders.

In this study, we also confirmed that flies grown with spiders survived
better in adulthood under direct exposure to predation risk than those from the
control group grown without any previous contact with predators. The flies
affected by predation risk were observed to move in frequent and short dashes.
Importantly, their initial speed (acceleration) was substantially higher than that
of flies of the control group. We found that fruit flies from the control group
moved at a more measured pace characterized by rare and low-intensity
accelerations. Thus, the two groups of fruit flies radically differed in their
movement pattern. Interestingly, during their rest stops, fruit flies reared with
spiders moved their bodies (stomped in place) more often, which was found

100



using the Motion Without Movement parameter. Thus, fast accelerations, less
distance walked, and distinctive “stomping in place during rest” behavior may
make fruit flies grown with spiders sooner to leave dangerous areas and become
less attractive to spiders while resting between two subsequent walks.

The swift and sporadic stomping in place is a kind of unexpected behavior
of fruit flies grown with spiders. Instead of efficiently accumulating energy for
the next series of walks, these flies spend their rest while quickly moving/shaking
their bodies without spatial displacement. Despite being potentially more
conspicuous to predators because of this activity, flies grown with spiders
survived better than control flies when exposed to predators as adults. One
explanation for this is that by turning in place and making small movements
while staying in the same spot, these flies give predators false signals of their
immediate future activities, such as flight initiation behavior (Card & Dickinson,
2008).

Another explanation for the improved survival of flies reared with spiders
is that the exposure of fruit flies to predators may cause metabolic disorders, and
active motions without spatial displacement may reflect conditions of altered
physiology, such as sickness behavior characterized by a variety of coordinated
symptoms such as anxiety, chaotic grooming behavior, and failure to concentrate
(Hart, 1988). It has been traditionally considered that predators are supposed to
select substandard prey such as young, inexperienced, or sick individuals
(Genovart et al., 2010). However, it has also been shown that some predators can
non-randomly avoid infected prey (Hamilton & Zuk, 1982; Jones et al., 2005;
Meyling & Pell, 2006). Although this strategy of predation has received much
less attention in the literature (Gutierrez et al., 2022), our results show one more
mechanism for the improved survival of sick animals expressing less predictable
and more erratic walking responses than fruit flies without a diabetes-like
biochemical phenotype (Krama et al., 2023). Previous research showed that fruit
flies with a diabetes-like biochemical phenotype rely only on fat as a catabolic
fuel source, causing lower body fat content (Krams et al., 2016) and a 20%
decrease in ATP levels (Krama et al., 2023). Also, fruit flies grown with spiders
are known to have higher body nitrogen (N) content, suggesting increased muscle
mass in these flies (Krams et al., 2016). Thus, higher body N and muscle mass,
lower fat reserves, faster accelerations and faster exhaustion, more “stomping in
place” behaviors, and lowered availability of ATP may explain more erratic and
less predictable walking locomotion and better survival of fruit flies grown with
spiders. Future research should test whether spiders actively avoid fruit flies with
metabolic disorders and flies with infectious diseases and whether the behavior
of infected flies resembles that of fruit flies experiencing metabolic diseases.

This study shows that some conditions other than infectious diseases can
make fruit flies unpreferred prey as individuals grown under sustained stress of
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predation survived better than control individuals when exposed to spider
predation. Encountering stress during development and adulthood may lead to
metabolic disorders, such as PTSD (Zanette et al., 2019) and diabetes-like
phenotypes (Krama et al., 2023), often affecting the nervous and endocrine
systems. Although the link between psychological conditions and dysfunctional
glucose catabolism has been established (Hackett & Steptoe, 2017), our
understanding of the signaling pathways connecting environmental stress,
behavior, and biochemistry is rudimentary, and little is known about the impact
of environmental stress on systemic metabolism. Based on the interconnections
between physiology and behavior, we would predict higher senescence rates of
walking behavior in flies grown with spiders. Eventually, even young fruit flies
demonstrate a shift toward inefficient energy consumption at short sprints and an
incapacity to cover long distances without accessible energy sources. Overall, a
link between sickness behavior and improved survival under predation risk looks
tempting; however, future research on the sickness behavior of fruit flies and
other animals is needed because the underlying biochemical and behavioral
mechanisms seem complex. Further studies on metabolism and movement of
larvae, as well as the effects of senescence and their influence on behavior are
also essential to develop a comprehensive interpretation of the observations.
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CONCLUSIONS

Predation risk was shown to significantly impact the serotonin signaling
pathway, leading to increased variability in turning behavior among adult fruit
flies. This increased behavioral unpredictability, as measured by the Median
Absolute Deviation of turning biases, suggests a dynamic regulation of animal
personality traits in response to environmental stressors, in this case, predation.
The findings demonstrate that exposure to predators during developmental stages
enhances the survival chances of fruit flies by making their movement patterns
less predictable to predators, thereby complicating predator attack strategies.

Moreover, the studies highlighted a profound impact of predation stress on
the metabolic processes within Drosophila melanogaster. Exposure to predators
induced a diabetes-like phenotype characterized by impaired carbohydrate
metabolism, systemic inhibition of Akt protein kinase, and a shift towards the
utilization of fatty acids over carbohydrates. This metabolic dysregulation, while
detrimental to the organism’s energy balance and locomotor activity under
normal conditions, conferred an advantage in predator-rich environments by
possibly enhancing cognitive functions and behavioral responses crucial for
evading predators.

Interestingly, the administration of metformin and 5-hydroxytryptophan
was found to reverse the metabolic impairments and the survival advantage under
predation, suggesting that the predator-induced metabolic and behavioral
changes are closely linked to serotonin signaling pathways. These interventions
highlight the potential for manipulating metabolic and neurotransmitter
pathways to influence behavioral outcomes and survival strategies in prey
species.

The research underscores the complexity of prey responses to predation
stress, revealing that the non-lethal effects of predator exposure extend beyond
immediate behavioral adaptations to encompass significant biochemical and
physiological alterations. These changes, while adaptive in the context of
predation, underscore the intricate balance between survival strategies and
metabolic health in D. melanogaster. The findings suggest insights into the
evolutionary pressures shaping prey defenses and the potential trade-offs
involved in adapting to predation risk.
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