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Streszczenie

Starzenie sie jest naturalnym procesem prowadzgcym do obnizenia aktywnosci
metabolicznej komorek, tkanek i narzadéw, co zwieksza podatnos¢ na choroby i
ostatecznie prowadzi do smierci. Mimo wielu badan z zakresu gerontologii dotyczgcych
ludzi oraz innych kregowcéw, zjawisko to jest mato poznane wsrdd bezkregowcow.
Takim organizmem jest pszczofa miodna, ktéra jako istotny zapylacz, narazona jest na
liczne czynniki stresowe, wptywajace na wystepowanie znaczgcych odstepstw od
naturalnego procesu starzenia zwigzanego z wiekiem. Na tempo starzenia wptywajg
liczne czynniki, takie jak stres, choroby i nieprawidtowa dieta. Jednym z tych czynnikéw
jest takze powszechnie wystepujgcy roztocz Varroa destructor, ktéry skraca zycie
pszczoti powoduje straty rodzin pszczelich. Pasozyt ten, bytujgc na dorostych owadach
(faza foretyczna), odzywia sie gtéwnie ich ciatem ttuszczowym, ktére odpowiedzialne
jest za synteze biatek (np. odpornosciowych), metabolizm energetyczny i detoksykacje.
Pierwszg linig obrony pszczoty sg mechanizmy odpornosci biochemicznej ztozone z
uktaddéw: antyoksydacyjnego i proteolitycznego, ktorych dziatanie jest uzaleznione od
energii. W zwigzku z tym, celem dysertacji doktorskiej byto okreslenie aktywnosci
uktadu antyoksydacyjnego (CAT, SOD, GPx, GST, TAC) i uktadu proteolitycznego
(proteazy kwasne, neutralne, zasadowe i ich inhibitory) oraz stezen/aktywnosci
zwigzkow cyklu Krebsa (acetyl-CoA, IDH, AKG, bursztynian, fumaran, NADH>) i
tancucha oddechowego (COX, UQCR, ATP) w segmentach subkutikularnego ciata
ttuszczowego u robotnic zdrowych (starzejgcych sie naturalnie/fizjologicznie; w
warunkach naturalnych) oraz =zarazonych V. destructor (starzejgcych sie
przedwczesnie; w warunkach stresowych). Zaznakowane 1-dniowe robotnice
umieszczono w rodzinach bez V. destructor i z roztoczami. Z kazdej rodziny, co 7 dni
pobierano robotnice, od ktérych preparowano ciata ttuszczowe z tergitu 3, tergitu 5 i
sternitu, a nastepnie wykonano oznaczenia biochemiczne. Aktywnosci enzymdéw
antyoksydacyjnych i proteolitycznych oraz zwigzkéw metabolizmu energetycznego byty
nizsze u robotnic zarazonych V. destructor niz tych zdrowych. Aktywnosci CAT, SOD,
GST, GPx oraz proteaz i ich inhibitorow oraz aktywnosci/stezenia zwigzkow
metabolizmu energetycznego zwiekszaty sie w ciele ttuszczowym zdrowych robotnic
wraz z ich wiekiem do 21/28 dnia zycia, a nastepnie zmniejszaty sie. Natomiast u
pszczot zarazonych V. destructor, wartosci tych charakterystyk biochemicznych
zmniejszaty sie wraz z procesami starzenia sie. Najwyzsze aktywnosci ukfadu
antyoksydacyjnego i proteolitycznego zaobserwowano w ciele ttuszczowym w tergicie
5. Tergit 3 charakteryzowat sie najwyzszymi poziomami metabolizmu energetycznego.
Okreslenie zmian charakterystyk biochemicznych w segmentach ciata ttuszczowego
pszczét starzejgcych sie naturalnie (fizjologicznie) i przedwczesnie (z V. destructor) jest
pierwszym krokiem do lepszego poznania interakcji gospodarz — pasozyt oraz
przygotowania skutecznych strategii zapobiegania i zwalczania roztoczy, a takze
opracowania terapii wptywajgcych na polepszenie jakosci zycia i odpornosci tych
owadow.

Stowa kluczowe: pszczota miodna, starzenie sie, Varroa destructor, uktad
antyoksydacyjny i proteolityczny, metabolizm energetyczny



Abstract

Aging is a natural process that leads to a decrease in the metabolic activity of
cells, tissues, and organs, which increases susceptibility to disease and ultimately leads
to death. Despite numerous gerontological studies on humans and other vertebrates,
this phenomenon is little understood among invertebrates. One such organism is the
honeybee, which, as a significant pollinator, is exposed to numerous stress factors, that
contribute to significant deviations from the natural aging process associated with age.
The rate of aging is influenced by various factors, such as stress, disease, and poor
diet. One of these factors is the common Varroa destructor mite, which shortens the
lifespan of bees and causes colony losses. This parasite, lives on adult insects (in the
phoretic phase), and feeds primarily on their fat bodies, which are responsible for
protein synthesis (e.g., of immune proteins), energy metabolism, and detoxification. The
bee's first line of defense is biochemical immunity mechanisms, composed of
antioxidant and proteolytic systems, which depend on energy to operate. Therefore, the
aim of this doctoral dissertation was to determine the activities of the antioxidant system
(CAT, SOD, GPx, GST and TAC) and the proteolytic system (acidic, neutral, and
alkaline proteases and their inhibitors), as well as the concentrations/activities of Krebs
cycle compounds (acetyl-CoA, IDH, AKG, succinate, fumarate, NADH,) and the
respiratory chain (COX, UQCR, ATP) in the subcuticular fat body segments of healthy
worker bees (aging naturally/physiologically; under natural conditions) and those
infected with V. destructor (aging prematurely; under stressful conditions). Marked 1-
day-old workers were placed in colonies without V. destructor and with mites. Workers
were sampled from each colony every 7 days, and the fat bodies from tergite 3, tergite
5, and sternite were prepared for biochemical assays. The activities of antioxidant and
proteolytic enzymes and energy metabolism compounds were lower in workers infected
with V. destructor than in healthy workers. The activities of CAT, SOD, GST, GPx,
proteases and their inhibitors, as well as the activities/concentrations of energy
metabolism compounds, increased with age in the fat body of healthy workers until
21/28 days of age, and then decreased. In contrast, in bees infected with V. destructor,
the values of these biochemical characteristics decreased with aging. The highest
activities of the antioxidant and proteolytic systems were observed in the fat body of
tergite 5. Tergite 3 was characterized by the highest levels of energy metabolism.
Determining changes in biochemical characteristics in the fat body segments of bees
aging naturally (physiologically) and prematurely (with V. destructor) is the first step
towards better understanding the host-parasite interactions and preparing effective
strategies for preventing and controlling mites, as well as developing therapies that
improve the quality of life and immunity of these insects.

Keywords: honeybee, aging, Varroa destructor, antioxidant and proteolytic system,
energy metabolism



1. Wstep

Starzenie sie jest naturalnym procesem, ktérego skutkiem jest obnizenie
aktywnosci metabolicznej w tkankach, komérkach oraz organach. W konsekwenc;ji
dochodzi do zwiekszenia podatnosci na choroby, a ostatecznie do smierci
organizmu. Obecnie trwajg dyskusje na temat wyjasnienia podstaw proceséw
starzenia. Wyrozni¢ mozna dwa gtéwne nurty tego procesu: pierwszy - fizjologiczny
(nieprogramowany), ktoéry polega na gromadzeniu uszkodzen komodrkowych
spowodowanych m.in. stresem oksydacyjnym oraz drugi - genetycznie
kontrolowany (programowany), obejmujacy szereg kontrolowanych zmian m.in. w
ekspresji genéw (Goldsmith, 2014; Libertini, 2015; Menail i in., 2023; Pamplona i
in., 2023). Na proces starzenia wptywa wielu czynnikéw, takich jak np. stres fizyczny
i psychiczny, choroby czy zte/niezbilansowane odzywianie (zbyt duza ilos¢
weglowodandéw oraz ttuszczy w diecie), ktore sg etiologicznymi przyczynami
wiekszosci chorob wspoétczesnej cywilizacji. Te wszystkie czynniki prowadzg do
powstania tzw. zespotu metabolicznego u ludzi. Zespdt metaboliczny jest
charakteryzowany jako ztozone zaburzenie, w ktérym obserwuje sie nastepujace
Zmiany w organizmie: podwyzszone cisnienie krwi i masy ciata, zwiekszony stres
oksydacyjny, otyto$¢, insulinoopornos¢ oraz stan zapalny. Efektem zespotu
metabolicznego jest zwiekszone ryzyko zachorowania na rézne choroby m.in.
nowotwory czy choroby neurodegeneracyjne i autoimmunologiczne. W
konsekwencji prowadzi to do przyspieszonego starzenia sie oraz $mierci (Bonomini
iin., 2015; Fohriin., 2024; Holmannova i in., 2024). Interesujace jest to, ze zespot
metaboliczny moze wystepowaé rowniez u bezkregowcdw np. u wazek. Po
zakazeniu gregarynami (pierwotniakami pasozytniczymi) stwierdzono u nich
zaburzony metabolizm lipidow, zwiekszony poziom cukru w hemolimfie,
gromadzenie sie ttuszczu w tutowiu oraz zmniejszenie sity miesni lotnych (Schilder

I Marden, 2006). Nasuwa sie pytanie czy takie zjawisko moze wystepowac u innych

owadow np. u pszczoty miodnej? Analiza tego zagadnienia u tych zapylaczy wpisuje

sie w nurt badan zwigzanych z ich fizjologia, a tym samym w zakres mojej rozprawy

doktorskie].
Procesy starzenia bada sie wykorzystujgc organizmy modelowe, takie jak

Saccharomyces cervisiae, Drosophila melanogaster, Caenorhabditis elegans, Mus
musculus oraz myszy (Weinstock i in., 2006; Wang i in., 2018; Menail i in., 2023).

W przypadku tej pracy skupiam sie na wyjasnieniu procesdw zwiazanych ze
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starzeniem u pszczoty miodnej (Apis mellifera). Jednak ze wzgledu na plastycznosé

fenotypowa, istnienie réznych form polimorficznych (kast) oraz rewersji (na

poziomie behawioralnym i fizjologicznym) organizm ten stanowi réwniez cenny

model w badaniach gerontologicznych (Mdnch i in., 2008; Minch i Amdam, 2010;

Lee i in., 2015; Lourenco i in., 2019; Menail i in., 2023; Yun i in., 2025). Drugim

przyczynkiem wyboru A. mellifera jako obiektu moich badan byt aspekt zwigzany ze

znaczeniem pszczoty miodnej w gospodarce i Srodowisku. Pszczota miodna jest

jednym z najwazniejszych zapylaczy na kuli ziemskiej i odpowiada za zapylenie 70-
80% roslin entomofilnych, ktére sg kluczowe w diecie cztowieka oraz zwierzat
gospodarskich (Jankielsohn, 2018). Zapylanie roslin przez pszczoty wptywa na
zwiekszenie plonéw oraz zapewnia ciggtos¢ w produkcji zywnosci. Ekonomiczna
wartos¢ zapylania jest wyzsza niz produkcja rolnicza i pszczelarska. Ponadto,
pszczoty odpowiadajg za utrzymanie bioréznorodnosci w réznych ekosystemach.
To wszystko sprawia, ze w ostatniej dekadzie, coraz czesciej, naukowcy,
pszczelarze i ekonomidci zwracajg uwage na zwiekszong Smiertelnos¢ pszczét,
obnizanie ich odpornosci oraz konsekwencje (ekologiczne, ekonomiczne i
spoteczne) tych zjawisk.

Na skrécenie dtugosci zycia pszczét wpltywajg czynniki Srodowiskowe oraz
antropogeniczne tj. zanieczyszczenia Srodowiska, obecnos¢ pestycydow, patogeny
(Vairimorpha/Nosema ceranae, Paenibacillus larvae) czy roztocza (Varroa
destructor) (Minchiin., 2008; Zhu i in., 2020; Jabal-Uriel i in., 2022; Christen, 2023;
Menail i in., 2023). Z dotychczasowych badan wynika, ze te czynniki powodujg
skrécenie dtugosci zycia pszczét. Jednak nie zostato ustalone czy moze byc¢ to
skutek przyspieszonego starzenia sie spowodowanego wystgpieniem przewlektego

stanu zapalnego. Istotnym zagadnieniem jest wiec ustalenie, na jakim etapie zycia

pszczoty i w ktérych tkankach/organach pojawiajg sie pierwsze oznaki starzenia
(Khaniin., 2017; Guo i in., 2023; Li i in., 2023; Menail i in., 2023). Dlatego w mojej

pracy skoncentrowatam sie na charakterystyce procesu starzenia sie pszczot pod

wplywem jednego z najgrozniejszych i popularnie wystepujacych pasozytow, jakim

jest roztocz V. destructor, wywotujgcy chorobe zwang warrozg.

Pierwszy przypadek infestacji roztocza (Varroa jacobsoni) odkryto w Indonezji
na pszczole wschodniej Apis cerana. W 2000 roku dokonano podziatu klasyfikaciji
V. jacobsoni na dwa rozne gatunki, w tym na V. destructor (Anderson i Trueman,

2000). Cykl zyciowy tego pasozyta obejmuje dwie fazy: faze reprodukcyjng, w ktorej
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samice roztoczy wchodzg do komérek czerwia (zazwyczaj do larw w ostatnim
stadium, L5), zerujg na nim i sktadajg jaja; oraz faze rozproszenia (foretyczng), w
ktorej pasozyty przyczepiajg sie do dorostych osobnikow, dzieki czemu moga tatwo
rozprzestrzeniac¢ sie w catej rodzinie pszczelej i pomiedzy rodzinami (Rosenkranz i
in., 2010; Piou i in., 2024; Jeyapriya i in., 2025). V. destructor wykazuje w kazdej z
tych faz, rézny sposob odzywiania, zalezny od rodzaju spozywanej tkanki z
organizmow pszczot. Piou i in. (2024) udowodnili, ze w fazie rozrodczej pasozyty
,Wysysajg” hemolimfe z larw i poczwarek, poniewaz zawiera ona biatka oraz
aminokwasy, ktére sg im potrzebne do reprodukcji. Natomiast w fazie rozproszenia
,,zjadajg” ciato tluszczowe (pod warstwg kutikuli) dorostych pszczot, ktore jest dla
roztoczy zrodtem energii niezbednej do przezycia. Dzigki temu metabolizm tego
pasozyta jest plastyczny i dostosowuje sie do aktualnych potrzeb — od spalania
lipidow po synteze biatek. V. destructor zywigc sie ciatem ttuszczowym oraz
hemolimfg narusza strukture tych tkanek w pszczelim organizmie. Dlatego

zastanawiajgce jest w jaki sposodb uszkodzenia te wptywaja na dysfunkcje proceséow

biochemicznych w tych tkankach. Analiza teqo zagadnienia wpisuje sie w nurt

badan zwiagzanych z patofizjologig pszczoét i tym samym w zakres mojej dysertacii

(co doktadniej wyjasnitam w publikacjach P1-P3).

Niezwykle waznym zagadnieniem jest interakcja zwigzkéw uwalnianych w
,Slinie” roztocza z enzymami w pszczelim organizmie. W wydzielinie gruczotéw
slinowych V. destructor sg biatka oraz enzymy, ktérych rolg jest zaburzenie
mechanizméw krzepniecia hemolimfy i proceséw odpornosciowych u gospodarza
(Kanbar i Engels, 2003; Zhang i Han, 2019; Becchimanzi i in., 2024; Jeyapriya i in.,
2025). Przyktadami biatek i enzyméw obecnych w wydzielinach gruczotéw
Slinowych roztoczy sa: lizynofosfolipaza (uszkadza btony komodrkowe), lizozym
(degraduje $ciany komorkowe bakterii  symbiotycznych pszczoty), czy
dipeptydylopeptydaza [l (uczestniczy w trawieniu komorek pszczoty).
Konsekwencjg zerowania V. destructor jest stres oksydacyjny (Kanbar i Engels,
2003; Ramsey i in., 2019; Zhang i Han, 2019; Morfin i in., 2023) i szereg zmian
zachodzacych w organizmie gospodarza (pszczoty miodnej). U zarazonych pszczot
zaobserwowano m.in. utrate masy ciata, zmniejszenie stezen biatek oraz cukrow,
immunosupresje czy zaburzenia w ekspresji genoéw (Dainat i in., 2012; Cournoyer i

in., 2022; Pervez i in., 2025). Ostabione przez roztocza pszczoty i larwy sg bardziej
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podatne na patogeny, co prowadzi do pasozytniczego syndromu warrozowego
(PMS). Ponadto roztocza przenoszg wirusy (np. wirus zdeformowanych skrzydet
(ang. Deformed Wing Virus)), ktére potegujg u pszczdét objawy/wystepowanie

chorob wtornych (Morfin i in., 2023). W tym miejscu chciatabym podkreslic, iz aby

przeanalizowaé¢ metaboliczne/fizjologiczne zmiany na poziomie chordb wtérnych

nalezy doktadnie pozna¢ wartosci parametrow biochemicznych na poziomie

choroby pierwotnej, jaka jest warroza. Dlatego moje badania stanowig pierwszy,

kluczowy etap ukierunkowany na poznanie patofizjologicznych zmian

zachodzacych w ciele ttuszczowym pszczdét po infestacji V. destructor. Badania te

pomoga réwniez w ustaleniu uwarunkowan czasowych (zaleznych od wieku

pszczot) tych zmian oraz umozliwig scharakteryzowanie procesdw zwiazanych ze

starzeniem w warunkach stresowych/przyspieszonym starzeniem pszczelego

organizmu. Jest to novum niniejszych badan, poniewaz wiekszos¢ publikaciji (przed

rozpoczeciem przeze mnie badan w ramach dysertacji doktorskiej) charakteryzuje

wplyw wieku i w nielicznych przypadkach prezentuje procesy starzenia sie jedynie

w warunkach naturalnych (fizjologicznych) (Omholt i Amdam, 2004; Behrends i in.,

2007; Menail i in., 2023). Dodam, iz zatozytam, ze pszczoly z roztoczami

charakteryzuja sie progeria, czyli przedwczesnie sie starzeja.

Ciato ttuszczowe (corpus adiposum) petni wiele waznych funkcji, np.
uczestniczy @ w  procesach  odpornosciowych  (jest zrodtem  biatek
przeciwdrobnoustrojowych i zwigzkéw antyoksydacyjnych), metabolizmie
energetycznym oraz w detoksykacji (Arrese i Soulages, 2010; Ramsey i in., 2019;
Strachecka i in., 2022; Brejcha i in., 2023). Ciafo ttuszczowe sktada sie z dwdch
czedci: pierwsza to czesC okototrzewna (wisceralna), ktéra otacza narzady
wewnetrzne np. jelita; oraz druga - subkutikularna, zlokalizowana pod warstwg
kutikuli (Arrese i Soulages, 2010; Roma i in., 2010; Strachecka i in., 2022).
Subkutikularne ciato ttuszczowe odznacza sie segmentowym charakterem i jest
zroznicowane pod wzgledem morfologicznym i fizjologicznym. To wiasnie w tej
czesci corpus adiposum zachodzi wiekszos¢ procesow metabolicznych, a przede
wszystkich sg syntetyzowane biatka, w tym te odpornosciowe (Strachecka i in.,
2021). Uwzgledniajgc funkcje subkutikularnego ciata tluszczowego oraz

wykorzystanie go jako zrodta pokarmu w fazie foretycznej przez roztocza (o czym

wspomniatam wczesniej) postanowitam wiasnie te tkanke poddaé¢ analizie
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biochemicznej u dorostych robotnic A. mellifera. Gtéwnymi komérkami ciata

ttuszczowego sa: trofocyty i enocyty. Trofocyty sg odpowiedzialne za synteze biatek,
lipidow i hormondéw oraz magazynowanie zwigzkéw energetycznych i krysztatow
kwasu moczowego. Owalne lub trojkatne enocyty, umiejscowione pomiedzy
trofocytami, uczestniczg w syntezie lipidow, lipoprotein i feromondéw oraz
neutralizujg ksenobiotyki (Skowronek i in., 2021; Wéjcik i in., 2022; Jaremek i in.

2024). Najbardziej aktywnymi pod wzgledem metabolicznym oraz zréznicowanymi

morfologicznie komoérkami ciata tluszczoweqgo sa te zlokalizowane w tergitcie 3,

tergitcie 5 i sternicie. Ciato ttuszczowe z tergitu 3 zbudowane jest wylgcznie z

trofocytow (wyjatek: matki pszczele). Dominujgcymi komoérkami w  ciele
ttuszczowym ze sternitu sg enocyty, natomiast z tergitu 5, uznawanego za pszczelg

,watrobe” - trofocyty (Brys i in., 2024; Strachecka i in., 2021, 2022). Uwzgledniajgc

powyzsze informacje, a takze fakt, ze V. destructor zeruje na metasomie, gtdwnie

pod sternitem oraz terqgitem 3, ciato tluszczowe z ww. lokalizacji/segmentéw

wybratam do badan w ramach mojej dysertaciji.

Pszczota miodna do ,walki” z patogenami, w tym z V. destructor, posiada
wyspecjalizowane mechanizmy odpornosciowe: 1) odpornos¢ zbiorowg (spoteczng
— na poziomie rodziny) oraz 2) odpornos¢ indywidualng/osobniczg (na poziomie
pojedynczych osobnikéw). Pierwszg linig obrony, na poziomie odpornosci
indywidualnej, sg bariery anatomiczno-fizjologiczne, do ktérych zaliczono: kutikule,
uktad pokarmowy i oddechowy. Po przetamaniu tych barier przez patogeny zostajg
uruchomione jednoczesnie mechanizmy odpornosci komérkowej oraz odpornosci
humoralnej. W odpowiedz komdrkowg zaangazowane sg wyspecjalizowane
komorki zwane hemocytami, dzieki ktorym zachodzg nastepujgce procesy tj.:
fagocytoza, nodulacja i inkapsulacja (Evans i in., 2006; DeGrandi-Hoffman i Chen,
2015; Larseniin., 2019; Migdatiin., 2021a; Morfiniin., 2021; Strachecka i in., 2021;
Foster i in., 2024; Hurychova i in., 2024). Odporno$¢ humoralna ztozona jest z: 1)
odpornosci biochemicznej; 2) biatek odpornosciowych dziatajgcych w hemolimfie
(np. lektyny, lizozym, fenolooksydaza); 3) biatek odpornosciowych dziatajgcych w
innych tkankach (np. ceratotoksyna, rojalizyna, melityna). Na odpornosé
biochemiczng skfadajg sie wspodtpracujgce ze sobg systemy: antyoksydacyjny oraz
proteolityczny, ktorych dziatanie jest wspomagane przez biomarkery. System

proteolityczny, ztozony z proteaz asparaginowych, cysteinowych, serynowych oraz
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metaloproteaz oraz ich inhibitorow, jest syntetyzowany w ciele ttuszczowym, a
nastepnie zwigzki te sg rozprowadzane przez hemolimfe po organizmie pszczoty
(DeGrandi-Hoffman i Chen, 2015; Larsen i in., 2019; Morfin i in., 2021; Strachecka
I in., 2021). W centrum aktywnym tych enzymow znajdujg sie aminokwasy (np.
seryna, cysteina, asparaginian, treonina, glutamina) oraz jony metali (np. Zn?*,
Ca?"). Proteazy charakteryzujg sie wysokg selektywnos$cig dziatania w okreslonym
pH: a) proteazy kwasne (asparaginowe) - uczestniczg w procesach degradaciji
biatek komorkowych; b) proteazy obojetne — sg zaangazowane w proces obrobki
potranslacyjnej; c) proteazy zasadowe (serynowe i cysteinowe) - aktywujg kaskade
profenolooksydazy (syn. pro-oksydaza fenolowa) (Grzywnowicz i in., 2009; Ward,
2019). Z kolei, inhibitory proteaz regulujg aktywacje proteaz poprzez zmiane ich
konformacji lub blokowanie ich centrum aktywnego (Leung i in., 2000; Glinski i in.,
2011; Ward, 2019).

Po przetamaniu barier anatomiczno-fizjologicznych przez patogeny dochodzi
do aktywacji pszczelich enzymow proteolitycznych, ktére ,tng” ich biatka i enzymy.
W wyniku tych reakcji, powstajg toksyczne metabolity i reaktywne formy tlenu,
prowadzgce do pojawienia sie stresu oksydacyjnego. Stres oksydacyjny, ktéry jest
efektem zaburzenia rownowagi pomiedzy reaktywnymi formami tlenu i azotu a
ukltadem antyoksydacyjnym, prowadzi do zaburzenia wielu waznych proceséw u
pszczot m.in. utleniania biatek, peroksydacji lipidow, uszkodzen DNA i RNA
(Harrison i Fewell, 2002; Margotta i in., 2018; Chakrabarti i in., 2020; Cassano i
Naug, 2022; Menail i in., 2023; Vili¢ i in., 2024). Enzymy antyoksydacyjne (m.in.
dysmutaza ponadtlenkowa (SOD), peroksydaza glutationowa (GPx), S-transferaza
glutationowa (GST) oraz katalaza (CAT)) przeciwdziatajg negatywny skutkom
dziatania wolnych rodnikéw (Chakrabarti i in., 2020; Vili¢ i in., 2024). Aktywnosci
systemow proteolitycznego i antyoksydacyjnego zalezg od wielu czynnikéw, w tym
tych biologicznych, srodowiskowych i antropogenicznych (np. wiek, kasta pszczot,
dieta, biostymulatory, pestycydy, pole elektromagnetyczne) (Migdat i in., 2020a;
Migdat i in., 2021a; Dostalkova i in., 2022; Strachecka i in., 2022; Bry$ i in., 2025a,

b). Poniewaz ww. systemy stanowig pierwszg, kluczowg linie uktadu

immunologicznego A. mellifera  (po przetamaniu barier anatomiczno-

fizjologicznych), postanowitam skupi¢ sie na nich w mojej pracy doktorskiej.

Chciatam takze odpowiedzie¢ na pytanie: czy V. destructor ostabia mechanizmy
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antyoksydacyjne i proteolityczne w  ciele tluszczowym z trzech

lokalizacji/segmentow (terqgit 3, terqit 5 i sternit) u pszczot?

Prawidtowe funkcjonowanie organizmu, w tym uktadu odpornosciowego (wraz
z systemem antyoksydacyjnym i proteolitycznym) uzaleznione jest od energii w
postaci ATP (adenozynotrifosforan). Jest ona niezbedna do utrzymania homeostazy
komérkowej, szczegodlnie w warunkach stresu. Energia jest pozyskiwana podczas
oddychania komérkowego, na ktory sktadajg sie: glikoliza, cykl Krebsa (cykl kwasu
cytrynowego) i tanncuch oddechowy (fosforylacja oksydacyjna) (Martinez-Reyes i
Chandel, 2020; Arnold i Finley, 2022). Pszczota miodna odznacza sie najwyzszym
tempem metabolizmu wsrdéd zwierzat. Substratami do produkcji energii sg glukoza
i trehaloza, gdzie ta ostatnia jest wytwarzana w ciele ttuszczowym, a nastepnie
uwalniana do hemolimfy i przeksztatcana do glukozy (Arrese i Soulages, 2010). Z
glukozy, poprzez szereg etapow posrednich (w glikolizie), powstaje pirogronian, a z
niego acetylo-CoA, ktory tgczy sie ze szczawiooctanem. Powstaty cytrynian ulega
catkowitemu utlenieniu do dwutlenku wegla, a w trakcie tych reakcji czgsteczki
NAD+ i FAD redukowane sg do NADH i FADH:z (cykl Krebsa). Zwigzki te sg
kluczowe podczas fosforylacji oksydacyjnej. W trakcie infestacji V. destructor
wydatek energetyczny jest dwukrotnie wyzszy w porownaniu do zdrowych pszczot.
Konsekwencjg takiego stanu jest zuzycie substratdw energetycznych w organizmie

pszczoty i skrocenie ich zycia (Aldea i Bozinovic, 2020). Zastanawiajgce jest wiec:

jak infestacja V. destructor wptywa na kluczowe etapy procesu wytwarzania enerqii?

Odpowiedzi na to pytanie udzielitam w publikacji P3. Ponadto, dostepna literatura

prezentuje wyniki ekspresji gendw kodujacych enzymy zaangazowane Ww

metabolizm energetyczny (Corona i Robinson, 2006; Kunieda i in., 2006; Rand i in.,

2015; Christen, 2023; Kong i in., 2023), pomijajgc informacje o wartosciach ich

aktywnosci. Uzyskanie informacji na ten temat jest bardzo wazne w zrozumieniu
szlakbw metabolicznych regulowanych przez ekspresje gendéw. Nie zawsze
wysoka/niska ekspresja danego genu oznacza, ze okreslony enzym wykazuje
wysoka/niskg aktywnos¢. Czesto jego dziatanie jest uwarunkowane przez wiele
czynnikéw np. dostepnosc¢ substratu, warunki srodowiskowe, patogeny itp. Dlatego

W mojej dysertacji postanowilam oznaczy¢ stezenia/aktywnosci zwigzkow

kluczowych w cyklu Krebsa i fancuchu oddechowym w ciele ttuszczowym pszczot,

uwzgledniajac jako czynnik negatywny infestacje V. destructor.
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Dodatkowy — metodyczny watek dysertacji:

Dysertacja jest nowatorska ze wzgledu na fakt zastosowania w niej metod
biotechnicznych. Od lat w zwalczaniu warrozy stosuje sie substancje pochodzenia
chemicznego tj. kwas szczawiowy, mréwkowy, amitraze czy pyretroidy (Kosch i in.,
2024; Bahreiniiin., 2025; Bertola i Mutinelli, 2025). Jednak w ostatnim czasie coraz
wiecej mowi sie o pojawiajgcej sie opornosci V. destructor na te zwigzki, szczegodlnie
na amitraze (Bahreini i in., 2025; Bertola i Mutinelli, 2025). Dlatego nalezy szuka¢
nowych rozwigzan opartych na naturalnych zwigzkach bgdz metodach zarzgdzania
pasiekg takich jak np. metody biotechniczne, w ktérych najczesciej izoluje sie matke
pszczelg oraz doprowadza rodzine to stanu bezczerwiowego (Olszewski, 2025). W

mojej pracy wykorzystatam te metody celem ograniczenia populacji pasozytow i

uzyskania rodzin, w ktérych pszczoly beda zdrowe a procesy starzenia beda

zachodzity naturalnie (fizjologicznie) w ich organizmach. Pszczoty te nie byty

traktowane lekami, ktore jak wiadomo maja czesto negatywny wptyw na parametry

biochemiczne w ich organizmach. O ile metody biotechniczne, od przetomu 2023-

2024 roku, sa silnie propagowane w pszczelarstwie, to do chwili obecnej nie ma

badan koncentrujacych sie na charakterystyce mechanizmoéw odpornosci na

poziomie indywidualnym u pszczot po ich zastosowaniu. Dlateqo moja dysertacje

(dodatkowo) mozna uznaé jako pionierski etap przyblizajacy naukowcéw do

scharakteryzowania potencjatu odpornosciowego pszczdt po zastosowaniu
biotechniki.
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2. Hipoteza i cel pracy
W niniejszej dysertacji sformutowano nastepujgce hipotezy badawcze:

H1: U robotnic, u ktérych procesy starzenia uleglty przyspieszeniu (przebiegaty w
warunkach stresowych), a ich dtugo$¢ zycia skréceniu w wyniku infestacji V.
destructor, obserwuje sie obnizong aktywnos¢ enzymdéw antyoksydacyjnych w
réznych lokalizacjach ciata ttuszczowego (sternit, tergit 3 i tergit 5) w poréwnaniu z

robotnicami starzejgcymi sie w warunkach naturalnych.

H2: Robotnice zarazone V. destructor wykazujg nizszg aktywnosSC¢ proteaz
kwasnych, obojetnych i zasadowych oraz ich inhibitorow w ciele ttuszczowym z

tergitu 3, tergitu 5 i sternitu w poréwnaniu do zdrowych robotnic.

H3: Przedwczesnie starzejgce sie robotnice (pod wptywem infestacji V. destructor)
wykazujg nizsze stezenia/aktywnosci wybranych zwigzkéw cyklu Krebsa oraz
tancucha oddechowego w segmentach ciata ttuszczowego (tergit 3 i 5, sternit) w

porownaniu z naturalnie (fizjologicznie) starzejgcymi sie robotnicami.

H4: Aktywnos¢ uktadu proteolitycznego, antyoksydacyjnego oraz metabolizmu
energetycznego (cykl Krebsa, tancuch oddechowy) wzrasta wraz z wiekiem u

zdrowych robotnic, a maleje — u chorych pszczét.

W celu weryfikacji hipotez badawczych okreslono nastepujgce cele:

1. Poréwnanie aktywnosci enzyméw antyoksydacyjnych w segmentach ciata
ttuszczowego (tergit 3 i 5 oraz sternit) u robotnic starzejgcych sie naturalnie
(fizjologicznie) oraz przedwczesnie na skutek infestacji V. destructor. (P1)

2. Okreslenie wptywu V. destructor na aktywnos¢ uktadu proteolitycznego w ciele
ttuszczowym tj. sternicie, tergicie 3 i 5 robotnic w zaleznosci od ich wieku/etapow
starzenia. (P2)

3. Ocena efektywnosci cyklu Krebsa i tarnicucha oddechowego w segmentach ciata
ttuszczowego u robotnic starzejgcych sie naturalnie (fizjologicznie) i
przedwczesnie (pod wptywem V. destructor). (P3)

4. Zbadanie dynamiki Zmian aktywnosci uktadu proteolitycznego,
antyoksydacyjnego oraz metabolizmu energetycznego u zdrowych i chorych
robotnic w r6znym wieku. (P1-P3)
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3. Materiaty i metody badawcze

Doswiadczenia przeprowadzono w 2024 roku w pasiece usytuowanej na
terenie Stacji Dydaktyczno-Badawczej Zwierzat Drobnych im. L. Kaufman (51°22'N,
22°63'E), nalezacej do Uniwersytetu Przyrodniczego w Lublinie. W laboratorium
Katedry Ekofizjologii Bezkregowcow i Biologii Eksperymentalnej (Wydziat Biologii
Srodowiskowej Uniwersytetu Przyrodniczego w Lublinie) preparowano ciato
ttuszczowe pod mikroskopem stereoskopowym oraz wykonano analizy
biochemiczne. Praca doktorska obejmuje trzy niezalezne doswiadczenia pasieczne,
ktorych metodologia byta identyczna. Doswiadczenia réznity sie hipotezami oraz
celami (publikacje P1-P3). Gtéwne doswiadczenia pasieczne prowadzono w
rodzinach osadzonych w mini-ulach, natomiast pszczoty 1-dniowe (od ktérych
rozpoczynano dos$wiadczenia) pozyskano z rodzin osadzonych w ulach typu
Dadant.

3.1. Pozyskiwanie 1-dniowych pszczot do doswiadczen

Osiem sztucznie inseminowanych matek-siéstr A. mellifera carnica zamknieto
na 12 godzin w jednoramkowych izolatorach (w ulach typu Dadant), celem
pozyskania jaj w jednym wieku. Po tym czasie matki uwalniano, natomiast
zaczerwione plastry pozostawiano w izolatorach. Dwudziestego dnia, plastry z
czerwiem umieszczano w inkubatorze w temperaturze 35+0,5°C az do momentu
wygryzienia sie robotnic. Od trzydziestu jednodniowych robotnic (od razu po
wygryzieniu sie) pobrano hemolimfe (wyniki analiz do tej tkanki zostafy
przedstawione w publikacjach P1-P3 i mimo iz nie wchodzg w zakres dysertacji to
Stanowig wazny element uzupetnienia dyskusji) oraz ciato ttuszczowe do analiz
biochemicznych. Pozostate jednodniowe robotnice zaznakowano szeScioma
réznymi kolorami olejowych markeréw (POSCA PC-3M marker, Uni Mitsubishi
Pencil, Shinagawa, Tokyo, Japan) i wsypano po ok. 1000 sztuk do wczesnigj
przygotowanych rodzin w szesciu mini-ulach (ramki: 210 mm x 170 mm; opis

przygotowania rodzin — rozdz. 3.2.).

3.2. Przygotowanie doswiadczenia pasiecznego

Rodziny w mini-ulach podzielono na dwie grupy (2 grupy x 3 rodziny): 1 —
rodziny bez V. destructor (zdrowe; Varroa-free); 2 — rodziny z V. destructor (chore).

Rodziny zdrowe byly poddawane zabiegom biotechnicznym dwa razy na rok (po
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pierwszym miodobraniu i jesienig), przez dwa kolejne lata, przed rozpoczeciem
doswiadczenia. Zabiegi biotechniczne polegaty na izolacji matki pszczelej (w
izolatorach sekcyjnych) i doprowadzeniu rodziny do stanu bezczerwiowego. Brak
czerwiu w rodzinach umozliwia przerwanie cyklu reprodukcyjnego V. destructor. Po
uzyskaniu stanu bezczerwiowego, rodziny sublimowano kwasem szczawiowym
(tzw. lekka chemia; Olszewski, 2025). Takie zabiegi pozwolity na unikniecie
stosowania lekow/akarycyddw w rodzinach przeznaczonych do doswiadczen, jako
tych wolnych od warrozy. W rodzinach z roztoczami nie wykonywano zabiegow
leczniczych przez rok, przed rozpoczeciem doswiadczenia. Takie postepowanie

umozliwito namnozenie sie roztoczy.

3.3. Procedura pobierania robotnic

Zaznakowane robotnice, umieszczone w rodzinach bez V. destructor
(zdrowe), traktowano jako starzejgce sie naturalnie (fizjologicznie). Z kazdej
rodziny, co 7 dni (liczagc od 14 dnia od momentu rozpoczecia doswiadczenia),
pobierano po 10 tych robotnic (3 rodziny x 10 robotnic x 4 pobrania [robotnice w
wieku 14, 21, 28 i 35-dni]). Podczas pobierania pszczét, kazdg z nich oglgdano pod
katem obecnosci V. destructor na ciele i miedzy segmentami odwioka (P1-P3).

Zaznakowane robotnice, umieszczone w rodzinach z V. destructor (chore),
traktowano jako starzejgce sie przedwczesnie/starzejgce sie w warunkach
stresowych. Z kazdej rodziny, co 7 dni (liczagc od 14 dnia od momentu rozpoczecia
doswiadczenia), pobierano po 10 tych robotnic (3 rodziny x 10 robotnic x 2 pobrania
[robotnice w wieku 14 i 21-dni]).

Do kazdego z trzech doswiadczen pasiecznych pobrano: 30 robotnic
jednodniowych, 120 robotnic starzejgcych sie naturalnie (fizjologicznie; robotnice
bez V. destructor) i 60 robotnic starzejgcych sie przedwczesnie (z V. destructor). W

sumie pobrano 630 robotnic (210 robotnic x 3 doswiadczenia/publikacje).

3.4. Pobieranie ciata ttuszczowego do analiz biochemicznych

Robotnicom po pobraniu hemolimfy (wg. metodyki £os$ i Strachecka (2018))
odcinano gtowy, a nastepnie odwitok. Odwiok pszczoty rozcinano nozyczkami
mikrochirurgicznymi na styku tergitow i sternitéw, a nastepnie otwierano za pomoca
pesety/igty preparacyjnej oraz przytwierdzano szpilkami do polistyrenowego

podtoza. Ciato ttuszczowe z tergitu 3 i 5 oraz sternitu (Strachecka i in., 2021; Brys$ i
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in., 2024) umieszczano indywidualnie w probéwkach typu Eppendorf, w ktérych
znajdowato sie po 200 pl 0,6% NaCl. Doktadng lokalizacje segmentow ciata
ttuszczowego pokazano na Figurze 1 w publikacji P1. Nastepnie tkanki poddawano
homogenizacji recznej i odwirowywano (3000x g, 4°C, 1 min). Uzyskany
supernatant przechowywano w temperaturze —25°C do analiz biochemicznych (Los
i Strachecka, 2018) (P1-P3).

3.5. Analizy biochemiczne
3.5.1. Oznaczanie stezenia biatka

Stezenie biatka w supernatantach z segmentow ciata ttuszczowego (tergit 3 i
5 oraz sternit) oznaczano spektrofotometrycznie metodg Lowry ego zmodyfikowang
przez Schacterle i Pollack (1973) oraz £o$ i Stracheckg (2018). Do sporzgdzenia
krzywej kalibracyjnej wykorzystano albumine bydlecg (BSA). Doktadny opis

procedury oznaczania stezenia biatka znajduje sie w publikacji P3.

3.5.2. Oznaczenie aktywnoséci uktadu antyoksydacyjnego (publikacja
P1)

W supernatantach z segmentéw ciata ttuszczowego okreslono aktywnosc¢
uktadu antyoksydacyjnego wykorzystujgc metodyki zawarte w komercyjnie
dostepnych zestawach, ktére zostaty zmodyfikowane przez Strachecks i in. (2022):
e Aktywnosc¢ katalazy (CAT) - Catalase Assay Kit, Cayman Chemical Company,
East Ellsworth, Road Ann Arbor, USA, no. 707002;

e Aktywnosc¢ S-transferazy glutationowej (GST) - Glutathione S-transferase Assay
Kit, Sigma Aldrich, Schnelldorf, Germany, no. MAK 435-1KT;

e Aktywnosc¢ peroksydazy glutationowej (GPx) - Glutathione Peroxidase Assay Kit,
Sigma Aldrich, Schnelldorf, Germany, no. MAK437-1KT,

o Aktywnos¢ dysmutazy ponadtlenkowej (SOD) — SOD Assay Kit, Sigma Aldrich,
Schnelldorf, Germany, no. 19160-1KT-F;

e Catkowity potencjat antyoksydacyjny (TAC) - Antioxidant Assay Kit, Cayman,
Chemical Company, East Ellsworth Road Ann Arbor, USA, no. 709001.

Parametry antyoksydacyjne oznaczano spektrofotometrycznie (Synergy HTX,

BioTek Instruments) w ptytkach 96-dotkowych wobec préby zerowej. Krzywe
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kalibracyjne przygotowano wedlug metodyki opisanej w danym zestawie.

Aktywnosc¢ enzymow antyoksydacyjnych przeliczono na 1 mg biatka.

3.5.3. Oznaczenie aktywnosci uktadu proteolitycznego (publikacja P2)

Aktywnos$¢ uktadu proteolitycznego w supernatantach z segmentéw ciata

ttuszczowego oznaczano spektrofotometrycznie przy dtugosci fali 280 nm

wykorzystujgc nastepujgce metody:

Aktywnos¢ proteaz kwasnych, obojetnych oraz zasadowych oznaczano wedtug
metody Ansona (1938), zmodyfikowanej przez Stracheckg i in. (2022);
Aktywnos$¢ naturalnych inhibitoréw proteaz kwasnych, obojetnych oraz

zasadowych wedtug metody Lee i Lina (Lee i Lin, 1995).

Aktywnos$¢ badanych proteaz i ich inhibitorow wyrazono w U na 1 mg biatka.

3.5.4. Oznaczanie efektywnosci cyklu Krebsa i tancucha oddechowego

(publikacja P3)

Metodg spektrofotometryczng w supernatantach z segmentéw ciata

ttuszczowego oznaczano nastepujgce zwigzki cyklu Krebsa:

Stezenie acetylokoenzymu A (acetyl-CoA) - Acetyl-CoA Carboxylase Microplate
Assay Kit, MyBioSource, Inc., San Diego, USA, no. MBS4504202;

Stezenie dehydrogenazy izocytrynianowej (IDH) - Human IDH2/Isocitrate
dehydrogenase 2 ELISA Kit, Assay Genie Ltd, Dublin, Irland, no. HUFI01073;
Stezenie alfaketoglutaranu (AKG) - Alpha-Ketoglutarate Assay Kit (Colorimetric),
Cell Biolabs, Inc., San Diego, USA, no. MET-5131;

Stezenie bursztynianu - Succinate Colorimetric Assay Kit, Sigma Aldrich,
Schnelldorf, Germany, no. MAK184;

Stezenie fumaranu - Fumarate Assay Kit, Sigma Aldrich, Schnelldorf, Germany,
no. MAKOG60;

Stezenie dinukleotydu nikotynoamidoadeninowego (NADH2) - Mouse
nicotinamide adenine dinucleotide (NADH) ELISA Kit, MyBioSource, Inc., San
Diego, USA, no. MBS2602852;

oraz sktadniki tancucha oddechowego:
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e Aktywnosc¢ oksydazy cytochromu ¢ (COX) - Cytochrome ¢ Oxidase Assay Kit,
Sigma Aldrich, Schnelldorf, Germany, no. CYTOCOX1-1KT;,

o Aktywnos¢ reduktazy cytochromu c¢ (UQCR) - Cytochrome c Reductase
(NADPH) Assay Kit, Sigma Aldrich, Schnelldorf, Germany, no. CY0100-1KT,

e Stezenie adenozynotrifosforanu (ATP) - ATP Assay Kit
(Colorimetric/Fluorometric), Abcam, Cambridge, UK, no. ab83355.

Wszystkie oznaczenia zwigzkdw wykonano wykorzystujgc komercyjne
zestawy zgodnie z metodykg w nich zawartg, natomiast krzywe Kkalibracyjne

wykonano w oparciu o wzorce dostarczone w zestawach.

3.5. Analiza statystyczna

Analize statystyczng wynikdw uzyskanych w rozprawie doktorskiej
przeprowadzono w programie Statistica 13.3 (2017) dla systemu Windows (StatSoft
Inc., Tulsa, OK, USA). Za pomocg testu Shapiro-Wilka sprawdzano normalno$¢
rozktadu danych. Wptyw lokalizacji/segmentow ciata ttuszczowego (tergit 3 i 5 oraz
sternit) oraz wieku u pszczét starzejgcych sie fizjologicznie (1, 14, 21, 28 i 35-
dniowych) i przedwczesnie, w wyniku infestacji V. destructor (1, 14 oraz 21-
dniowych) na aktywnos¢ uktadu antyoksydacyjnego (P1), proteolitycznego (P2)
oraz metabolizm energetyczny (P3) okreslano testem Kruskala-Wallisa. Dla kazde;j
lokalizacji ciata ttuszczowego poréwnywano miedzy grupami wiekowymi aktywnos¢
enzymow antyoksydacyjnych (P1), enzymow proteolitycznych i ich inhibitorow (P2)
oraz zwigzkéw cyklu Krebsa i tarnicucha oddechowego (P3) stosujgc test U Manna-

Whitneya.
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4. Omoéwienie wynikéw i dyskusja

Niniejsza dysertacja sktada sie z trzech powigzanych tematycznie publikacji
badawczych opublikowanych w czasopismach z listy Journal Citation Reports o
tgcznej liczbie punktéw MNiISW = 340 oraz sumarycznym Impact Factor = 15,1.
Tematyka publikacji dotyczy wptywu V. destructor, jako czynnika przyspieszajgcego
starzenie sie, na aktywnos$¢ uktadu antyoksydacyjnego i proteolitycznego oraz
stezen/aktywnosci zwigzkéw cyklu Krebsa i tancucha oddechowego w ciele
ttuszczowym z uwzglednieniem jego segmentowej budowy u robotnic pszczoty
miodnej A. mellifera. Grupg kontrolng byly robotnice z rodzin zdrowych - Varroa-
free, u ktérych procesy starzenia zachodzg w sposob naturalny/fizjologiczny. Mimo,
iz to wiasnie ciato ttuszczowe byto kluczowg tkankg analizowang w mojej dysertaciji,
to w wielu miejscach dyskusji nawigzuje rowniez do hemolimfy, aby mocniej

uargumentowac procesy zachodzgce w pszczelim organizmie.

4.1. Zmiany aktywnosci uktadu antyoksydacyjnego i proteolitycznego
oraz aktywnosci/stezen zwigzkdw kluczowych w cyklu Krebsa i

tancuchu oddechowym w segmentach ciata ttuszczowego pszczot

Ciato tluszczowe, nazywane do konca XX w. ciatem biatkowo-tluszczowym,
jest kluczowg tkankg odpowiedzialng za synteze biatek, magazynowanie i
przetwarzanie energii, detoksykacje, czy regulacje metaboliczng i hormonalng
(Arrese i Soulages, 2010; Roma i in., 2010; Strachecka i in., 2022; Brys i in., 2024,
2025a, b). Jego struktura i funkcje zmieniajg sie u pszczot letnich vs. zimowych

(Koubova i in., 2021; Brejcha i in., 2023). Do momentu rozpoczecia przeze mnie

badan w ramach pracy doktorskiej, niewiele byto publikacji na temat biochemicznej

charakterystyki ciata ttuszczowego, ze szczegdlnym uwzglednieniem efektywnosci

proceséw w nim zachodzgcych wraz ze starzeniem sie organizmu pszczoty. Jedyne

publikacje, autorstwa Stracheckiej i in. (2021, 2022) i Brysia i in. (2024), skupiaty sie
na poréwnaniu parametrow biochemicznych w ciele ttuszczowym u mtodych,

maksymalnie 14-dniowych robotnic. Dlatego zgtebitam ten temat u pszczét

starzejacych sie naturalnie (fizjologicznie), ale réwniez tych ktérych oczekiwana

dlugosc¢ zycia jest skrocona pod wptywem czynnika negatywnego/stresoweqo — w

przypadku moich badan byty to roztocza V. destructor. Charakterystyka parametrow

biochemicznych w tkankach (ciele tluszczowym, hemolimfie), a nie w
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homogenatach z catych pszczét, umozliwia precyzyjny wglagd w mechanizmy i szlaki
biochemiczne stricte dotyczgce A. mellifera, a nie np. mikroorganizméw ktére bytujg
w owadzie (Weirich i in., 2002; Gulmez i in., 2016; Orci¢ i in., 2017; Bamidele i in.,
2023; Spremo i in., 2024). Wiadomo, iz wraz z wiekiem/postepujgcymi procesami
naturalnego starzenia sie pszczelego organizmu, dochodzi w hemolimfie do zmian
w aktywnosciach/stezeniach wielu parametréw biochemicznych; np. enzyméw
antyoksydacyjnych (Stowinska i in., 2016; Brys i in., 2025a) czy systemu
proteolitycznego (Bry$ i in., 2025b). Warto réwniez zauwazy¢, iz wiele publikaciji
charakteryzuje te parametry u pszczot przetrzymywanych w klatkach, czyli w

warunkach dalece odbiegajgcych od naturalnych. W__moich badaniach

przedstawitam wartosci tych parametrow takze w hemolimfie, ale przede wszystkim

w poszczeqolnych segmentach ciata ttuszczoweqo pszczdt zyjacych w rodzinie

pszczelej/srodowisku naturalnym (P1-P3). wW przypadku systemu

antyoksydacyjnego i proteolitycznego, a takze zwigzkéw zaangazowanych w cyklu
Krebsa i fancuchu oddechowym, tylko kilka pozycji literatury przedstawia informacje
na ich temat w ciele ttuszczowym pszczot. Santos i in. (2020) przedstawili ekspresje
gendéw antyoksydacyjnych (CuZnSOD, MnSOD, Gst1, katalazy i GSH/GSSG) w
ciele tluszczowym larw robotnic i matek. Brejcha i in. (2023) opisali ekspresje genéw
antyoksydacyjnych w komérkach ciata ttuszczowego u robotnic letnich i zimowych.
Hsu i Hsieh (2014) okreslili aktywnosci SOD, CAT i GPx w komdérkach ciata
ttuszczowego u 1- i 50-dniowych robotnic. Strachecka i in. (2022) poroéwnali
aktywnosci antyoksydantow i systemu proteolitycznego w réznych segmentach
subkutikularnego ciata ttuszczowego u réznych kast/sub-kast pszczét — robotnic,
matek i rebeliantek — tuz po ich wygryzieniu. Z kolei Brys i in. (2025a ,b) podali
wartosci aktywnosci enzymow antyoksydacyjnych i proteolitycznych u 1-, 7- i 14-
dniowych robotnic karmionych monodietg pytkowg w warunkach klatkowych.
Jedyna publikacja obrazujgca aktywnosci/stezenia zwigzkéw cyklu Krebsa i
tancucha oddechowego, autorstwa Paleologa i in. (2025) charakteryzuje te
parametry w ciele ttuszczowym miedzy trzecim a pigtym segmentem odwtoka.

Podsumowujac, publikaciami P1, P2 i P3 wchodzacymi w skiad pracy doktorskiej

uzupefnitam dotychczasowa wiedze z zakresu fizjologii ciata tluszczoweqo o

nastepujgce tresci: (1) scharakteryzowatam aktywnosci antyoksydantow i systemu

proteolityczneqo, a takze aktywnosci/stezenia zwiazkéw cyklu Krebsa i tancucha

oddechowego w roznych segmentach ciata ttuszczowego (w publikacjach P1-P3:
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rowniez w_hemolimfie) nie tylko u 1-14-dniowych robotnic, ale takze u robotnic

starzejgcych sie (naturalnie/fizjologicznie) do 35 dnia _ich zycia; (2) okreslitam

wartosci ww. parametrow biochemicznych w tkankach pszczoét, ktdrych oczekiwana

dlugos¢ zycia jest skrocona pod wptywem V. destructor (maksymalna diugosé zycia

pszczdt to 21 dni) i charakteryzujg sie przyspieszonymi procesami starzenia.

W mojej dysertacji wykazatam, ze aktywnosci enzymoéw antyoksydacyjnych i

proteolitycznych réznig sie w zaleznosci od segmentu/lokalizacji ciata ttuszczowego

(terqit 3, tergit 5 i sternit). Wyniki te sg zgodne z badaniami Stracheckiej i in. (2022).

Ponadto, autorzy ci wykazali, ze aktywnosci SOD i CAT byly zawsze najwyzsze w
sternicie, podczas gdy poziomy TAC byty najwyzsze w tergicie 3 u réznych kast/sub-

kast jednodniowych owadow. W moich badaniach wykazatam, ze aktywno$ci

antyoksydantow bvly najnizsze w ciele ttuszczowym ze sternitu, podczas qdy

najwyzsze wartoéci obserwowatam w tergicie 5 (P1). Natomiast w_przypadku

aktywnosci systemu proteolitycznego wykazatam, ze najnizsze wartosci byty w ciele

tluszczowym z terqgitu 3, a najwyzsze - w ciele tluszczowym z tergitu 5 (P2). Jest to

zgodne z wynikami uzyskanymi przez Brysia i in. (2024), ktérzy zasugerowali, ze
cialo tluszczowe przyjmuje rézne funkcje fizjologiczne w poszczegdlinych
segmentach/lokalizacjach. Ciato ttuszczowe ze sternitu i tergitu 3 zbudowane jest z
wielu duzych trofocytéw, ktoérych gtdéwng funkcjg jest magazynowanie glukozy,
glikogenu, trojglicerydow i innych sktadnikdw odzywczych (Hsieh i Hsu, 2011; Lu i
in., 2017; Huang i in., 2022; Strachecka i in., 2021, 2022; Brysiin., 2025a, b). Tym,
co wyrodznia ciato ttuszczowe z tergitu 5, jest duza liczba oenocytéw (Strachecka i
in., 2021), ktore, jak donoszg Huang i in. (2022), odpowiadajg za detoksykacje i sg
komérkami analogicznymi do hepatocytdw w watrobie ssakéw. Mozna zatem
wnioskowac, ze ciato ttuszczowe z tergitu 5 moze zapobiegaé skutkom stresu
oksydacyjnego, przypadkowej proteolizie i przedwczesnemu starzeniu poprzez
intensyfikacje proceséw zwigzanych z neutralizacjg reaktywnych form tlenu. Z kolei

nizsze wartosci uktadu antyoksydacyjnego i proteolityczneqo u pszczot o

skroconym okresie zycia/przedwczesnym starzeniu sie (P1 i P2) sa

najprawdopodobniej wynikiem zmniejszenia objetosci ciata ttuszczowego (gtdwnie

ze sternitu i tergitu 3) po zerowaniu V. destructor (Ramsey i in., 2019). Warto w tym

miejscu podkresli¢, iz charakterystyka biochemiczna ciata ttuszczowego,

szczegdlnie z tergitu 3 (nagromadzenie zwigzkow energetycznych; Strachecka i in.,
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2021; Brys i in., 2024) umozliwia wyjasnienie, dlaczego roztocza wybierajg te
lokalizacje, przyczepiajgc sie do kutikuli pszczoty. Wyczerpywanie sie rezerw
energetycznych i destabilizacja uktadéw: proteolitycznego oraz antyoksydacyjnego
w ciele ttuszczowym pszczot postepujg wraz z procesem starzenia, ktory jest

wyraznie przyspieszany po infestacji V. destructor. Tym samym, moimi wynikami

uzupefnitam dotychczasowag wiedze na temat funkcjonowania poszczegdlnych

segmentdow ciata tluszczoweqgo, =ze szczegdlnym uwzglednieniem jego

biochemicznej charakterystyki oraz dostarczaja nowych informacji o wptywie V.

destructor na segmenty ciata ttuszczowego.

Novum mojej dysertacji jest przedstawienie stezen/aktywnosci zwigzkéw

kluczowych w cyklu Krebsa (acetyl-CoA, IDL, AKG, burszytynian, fumaran, NADH>)

oraz tancuchu oddechowym (UQCR, COX, ATP) w segmentach ciata ttuszczowego

pszczot starzejgcych sie naturalnie i przedwczesnie (wskutek V. destructor). Jak

napisatam wczesniej, w jedynej publikacji autorstwa Paleologa i in. (2025)
wykazano, ze stezenia/aktywnosci wyzej wymienionych zwigzkéw byty wyzsze w
catym ciele thuszczowym w poréwnaniu do hemolimfy. Natomiast w badaniach Hsu
i Chan (2013), Chuang i Hsu (2013) oraz Hsu i Chuang (2014) okreslono jedynie
aktywnosci ATP-azy oraz stezenia ATP w ciele ttuszczowym, homogenatach i
hemolimfie. W_dysertacji stwierdzitam, Zze najwieksze stezenia acetyl-CoA, IDH,
AKG, bursztynianu, fumaranu, NADH2, ATP oraz aktywnosci UQCR i COX byty w

ciele ttuszczowym z tergitu 3 zardwno u pszczot starzejgcych sie naturalnie, jak i

przedwczesnie (wskutek V. destructor) (P3). Obserwacja ta jest spdjna z wysokimi

stezeniami substratow/zwigzkow energetycznych (glukoza, glikogen i trojglicerydy)
(Brysiin., 2024) niezbednych do zainicjowania reakcji (np. w glikolicie, B-oksydacji).
Tergit 3 zlokalizowany blisko jam ciata i serca, omywany jest przez hemolimfe, ktéra
rozprowadza zsyntetyzowany ATP po catym organizmie pszczoty (Strachecka i in.,
2021, 2022; Brysiin., 2024). Niniejsze wyniki sg kolejnym dowodem na wyjasnienie,
dlaczego pasozyt V. destructor preferuje jako miejsce zerowania ciato ttuszczowe z
tergitu 3.

Podsumowujgc: Badania w zakresie aktywnosci systemu antyoksydacyjnego

i proteolityczneqo oraz stezen/aktywnosci zwiazkow kluczowych w cyklu Krebsa i

tanncuchu oddechowym w ciele ttuszczowym robotnic (pomiedzy 1 a 35 dniem zycia

dla tych Varroa-free oraz 21 dniem dla tych z V. destructor) wnoszg nowe, istotne
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tresci do wiedzy w zakresie metabolizmu tych owaddéw, a takze w fizjologii i

patofizjologii procesdéw zachodzacych wraz z wiekiem/starzeniem sie naturalnym

(fizjologicznym) oraz przedwczesnym (V. destructor jako czynnik stresogenny).

Novum niniejszych badan jest charakterystyka tych parametrow biochemicznych w

poszczeqgolnych segmentach ciata tluszczowego u pszczot zarazonych V.

destructor, szczegolnie w tych lokalizacjach, do ktdrych przyczepiajg sie roztocza.

Skuteczne opracowanie strategii zwalczania tego pasozyta jest uzaleznione od
dogtebnego zrozumienia mechanizmow interakcji zywiciel-pasozyt, a moja

dysertacja uzupetnia luki w dotychczasowej wiedzy na ten temat.

4.2. Zmiany w aktywnosciach uktadu antyoksydacyjnego i
proteolitycznego oraz w aktywnosciach/stezeniach zwigzkow
kluczowych w cyklu Krebsa i tancuchu oddechowym podczas

procesoOw starzenia

W dostepnej literaturze jest niewiele informacji na temat funkcjonowania
biochemicznych barier = odpornosciowych (na przyktadzie systemu
antyoksydacyjnego i proteolitycznego) oraz metabolizmu energetycznego (cykl
Krebsa, tancuch oddechowy) w przebiegu proceséw starzenia. Na te parametry
wptyw majg czynniki srodowiskowe, takie jak monodieta (Brysiin., 2024, 2025a, b),
pestycydy (Stowinska i in., 2016; Paleolog i in., 2025; Sukkar i in., 2025) czy pole
elektromagnetyczne (Migdat i in., 2020a, b; Migdat i in., 2021a, b; Murawska i in.,

2024), ktére mogg przyspieszal proces starzenia. Dotychczas nie badano tych

parametrow w przebiequ infestacji V. destructor jako czynnika skracajaceqo zycie

pszczot, dlateqgo zdecydowatam sie wykorzysta¢ teqgo pasozyta jako model

przyspieszonego starzenia tych zapylaczy.

4.2.1. Naturalne procesy starzenia

Naturalny (fizjologiczny) proces starzenia rozpoczyna sie w chwili, gdy
pszczota osigga wiek okoto 18-21 dni, przechodzi od prac wewnatrz ula do tych na
zewnatrz gniazda i staje sie pszczotg lotng (zbieraczka) (Page i Peng, 2001; Minch
i in., 2008; Minch i Amdam, 2010). Pszczoty zbieraczki narazone sg na wiele
czynnikbw zewnetrznych, takich jak patogeny, zanieczyszczenia Srodowiska,
pestycydy czy metale ciezkie, ktdre powodujg u nich stres oksydacyjny. Intensywna

aktywnosc¢ zbieraczek podczas lotu wigze sie z duzym wydatkiem energetycznym,
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przyspieszeniem metabolizmu oraz zwiekszong produkcjg reaktywnych form tlenu
(ROS). W konsekwencji obserwuje sie u nich m.in. uszkodzenia mechaniczne,
degeneracje w ptatach wzrokowych oraz ostabienie odpornosci, co wskazuje na
postepujgcy proces starzenia (Behrends i in., 2007).

W niniejszej dysertacji wykazatam ze aktywnos$ci enzyméw antyoksydacyjnych

(CAT, GST, GPx, SOD) oraz poziomy TAC w segmentach ciata tluszczowego (ale

rowniez w hemolimfie) wzrastaly wraz z wiekiem osiagajac maksimum u 21 lub 28—

dniowych pszczo6t, a nastepnie zmniejszaty sie u 35-dniowych robotnic. Taka sama

tendencje zaobserwowatam w przypadku aktywnosci proteaz kwasnych,

neutralnych i zasadowych oraz ich inhibitoréw w ciele ttuszczowym pszczét (P1,

P2). Warto w tym miejscu zaznaczy¢, ze publikacje P1 i P2 sg jedyne, ktére
charakteryzujg aktywnosci uktadu antyoksydacyjnego i proteolitycznego nie tylko w
hemolimfie, ale takze w réznych lokalizacjach/segmentach ciata ttuszczowego
starych robotnic. Zaréwno Strachecka i in. (2022), jak i Brys i in. (2025a, b)
przedstawili aktywnos$ci tych enzyméw tylko u miodych, 1-14-dniowych pszczét,
ktore przetrzymywano w klatkach, czyli w sztucznych warunkach stworzonych na
potrzeby eksperymentu. Dlatego moje wyniki sg tym bardziej cenne, gdyz
prezentujg wartosci tych biochemicznych parametréw u pszczdét zyjgcych w
naturalnych warunkach ula. Strachecka i in. (2015) wykazali, ze aktywnosci CAT i
GPx sg najwyzsze w hemolimfie 28-dniowych pszczdt, natomiast SOD i CAT
osiggajg maksymalne aktywnosci u 21-dniowych robotnic. Z kolei Skowronek i in.
(2022) stwierdzili, ze aktywnosci SOD i GST w hemolimfie byly najwyzsze u 28-
dniowych robotnic, a CAT i GPx u 21-dniowych owadow. W_moich badaniach

odnotowatam, ze w ciele ttuszczowym (ale rowniez w hemolimfie) wszystkie badane

enzymy wykazywaly najwyzszg aktywnos¢ u pszczoét 21- lub 28-dniowych (P1).

Podobnie jak w doswiadczeniach Brysia i in. (2025a, b) wykazatam, ze aktywnosci
enzymow antyoksydacyjnych i proteolitycznych u pszczét do 14 dnia zycia
systematycznie wzrastaty w segmentach ciata ttuszczowego (P1, P2). Ponadto
udowodnitam, ze ten systematyczny wzrost aktywnosci ww. enzymow utrzymuje sie
przez kolejne 1-2 tygodnie zycia robotnic. Warto zauwazyC, Zze tendencje te
zaobserwowano zarowno u pszczét utrzymywanych w warunkach klatkowych (Bry$
i in., 2025a, b), jak i w ulach (P1 — Wykresy 1-5; P2 — Wykresy 2-7). AktywnosSci
enzymow sg Scisle powigzane z funkcjg/metabolizmem poszczegdinych organelli w

komoérkach ciata ttuszczowego, a takze reakcjami neutralizacji ROS. Jak podajg
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Scofield i Amdam (2024), pszczoty karmicielki zachowujg podwyzszony poziom
lipidéw i innych zwigzkow w odwitoku, a takze w ciele ttuszczowym, podczas gdy
pszczoty zbieraczki majg bardzo niski poziom tych zwigzkéw. Jest to wzorzec, ktory
prawdopodobnie przyczynia sie do skutecznego petnienia przez nie rol/funkcji
spotecznych w rodzinie. Wynika to nie tylko z ewolucji organizmoéw eusocjalnych
(Scofield i Amdam, 2024), ale takze z adaptacji do zmieniajgcych sie warunkoéw
srodowiskowych (Liakopoulos i in., 2022) oraz przebytych choréb (np. warrozy).
Poziomy TAC, jak pokazujg moje badania w ramach dysertacji doktorskiej oraz
publikacje Stowinskiej i in. (2016), Stracheckiej i in. (2014a, 2016) oraz Skowronek

iin. (2022), wzrastaty w ciele ttuszczowym robotnic wraz z wiekiem do 21-28 dnia

Zycia, a nastepnie zmniejszaty sie. Mozna zatem wnioskowaé, iz uktad

antyoksydacyjny dziata skuteczniej u pszczodt, ktére wtasnie staty sie zbieraczkami
(21-28-dniowe) i sg bardziej narazone na szkodliwe czynniki Srodowiskowe
(powodujgce stres oksydacyjny) niz pszczoty gniazdowe. Obnizenie poziomu TAC
u lotnych-starych pszczét (P1 — Wykres 6; robotnice 35-dniowe), jak wykazali
rowniez Margotta i in. (2018), jest wynikiem zmniejszonej wydajnosci oddychania
mitochondrialnego i aktywnosci taricucha transportu elektronéw, co w konsekwenciji
prowadzi do zintensyfikowania procesu starzenia (Lane i in., 2014). W tym okresie
zycia robotnic, po 21/28 dniu zycia, zmniejsza sie takze aktywnosSc¢ systemu
proteolitycznego w ciele ttuszczowym (P2 — Wykresy 2-7). W konsekwencji moze
dochodzi¢ do gromadzenia sie uszkodzonych biatek. Co ciekawe, aktywnosc¢

proteaz i ich inhibitorow w hemolimfie byla wyzsza u 35-dniowych pszczét w

poréwnaniu z tymi 28-dniowymi (systematyczny wzrost od pierwszego do 35 dnia

zycia), co wskazuje na waznos¢ tej tkanki w mechanizmach odpornosci. Aktywacja
kaskad proteaz i ich inhibitorow odpowiada za szybkie rozpoznanie
zagrozenia/patogena i jego neutralizacje (Sharifi i in., 2012; Haloi i in., 2023; Shan
iin., 2023).

Funkcjonowanie roznych uktadéw, w tym tych opisanych powyzej (enzymdw
proteolitycznych i antyoksydacyjnych) wymaga energii. Pszczoty potrzebujg energii
do termoregulacji oraz lotu, ktorg uzyskujg w procesie oddychania komérkowego.
Co ciekawe, zbieraczki podczas lotu wykazujg 100-krotny wzrost metabolizmu w
porownaniu do pszczot ulowych. Intensywnemu metabolizmowi czesto towarzyszy
stres oksydacyjny, co w konsekwencji prowadzi do starzenia sie pszczét (Harrison
i Fewell, 2002; Schippers i in., 2010; Margotta i in., 2018; Cassano i Naug, 2022;
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Menail i in., 2023). Jako pierwsza wykazatam, ze stezenia/aktywnosci kluczowych

zwiazkow cyklu Krebsa oraz farnicucha oddechowego wzrastaty wraz z wiekiem,

o0siggajac maksimum u 21- lub 28— dniowych pszczo6t starzejacych sie naturalnie, a

nastepnie ulegaty obnizeniu w segmentach ciata tuszczoweqo (tergitach 3 i 5 oraz

sternicie) u 35 — dniowych owaddéw. W jedynej publikacji o tej tematyce, Paleolog i

in. (2025) podali wartosci tych zwigzkéw (acetylo-CoA, dehydrogenaza
izocytrynianowa, AKG, bursztynian, fumaran, NADH2, UQCR, COX i ATP) w ciele
ttuszczowym i hemolimfie, ale tylko u pszczét karmicielek. Do chwili obecnej
wiekszos¢ badan z tego zakresu koncentrowata sie na analizie aktywnosci ATP-azy
lub stezen ATP w homogenatach z catych pszczot pomijajgc aspekt ich wieku
(Chuang i Hsu, 2013; Hsu i Chan, 2013; Hsu i Chuang, 2014). Moje badania

precyzuja i uzupetniajg dotychczasowa wiedze o analize stezen/aktywnos$ci az

dziewieciu kluczowych skiadnikdow uczestniczacych w cyklu Krebsa i tancuchu

oddechowym w okreslonych segmentach/lokalizacjach ciata ttuszczowego pszczot

z uwzglednieniem wptywu wieku/procesdéw starzenia. Hsu i Chuang (2014) wykazali

wyzsze stezenia ATP w trofocytach mtodych pszczot w poréwnaniu ze
zbieraczkami. W moich badaniach zaobserwowatam podobng tendencje i
wykazatam, ze stezenia ATP wzrastaty wraz z wiekiem, osiggajgc maksimum u 28-
dniowych naturalnie (fizjologicznie) starzejgcych sie robotnic, a nastepnie
zmniejszaty sie w ciele ttuszczowym z tergitu 3 i 5 oraz sternitu u 35-dniowych
pszczot (P3 — Wykres 9). Z kolei Menail i in. (2023) zaobserwowali wzrost
aktywnosci dehydrogenazy jabtczanowej (enzym cyklu Krebsa) oraz
dehydrogenazy NADH (enzym tancucha oddechowego) w miesniach pszczét wraz
z ich wiekiem. Cervoni i in. (2017) zauwazyli, ze wyzszg aktywnoscig
mitochondrialng charakteryzujg sie gtowy i odwtoki pszczot karmicielek niz pszczét
zbieraczek. Wzrost aktywnosci metabolicznej w miesniach podczas lotu, np. po
pozytek, prowadzi do szybszego zuzywania energii. Natomiast badania Schippers’a
i in. (2010) pokazuja, ze u zbieraczek aktywnosci enzymow zwigzanych z
oddychaniem komérkowym, takich jak syntaza cytrynianowa czy oksydaza

cytochromu c, pozostajg niezmienione, podczas gdy tempo metabolizmu wzrasta.

Na podstawie wynikdw uzyskanych w mojej dysertacji mozna zasugerowad, iz

pomiedzy hemolimfg, a segmentami ciata tltuszczoweqo zachodzi interakcja, ktéra

jest kluczowa dla requlacji metabolizmu energetycznego. Hemolimfa zawiera w
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swoim sktadzie substraty energetyczne i zwigzki metaboliczne, tj. glukoze i
aminokwasy, ktore mogg byC¢ wchtaniane przez komorki ciata ttuszczowego, a
nastepnie przeksztatcane w metabolity uczestniczace w cyklu Krebsa. U 35—
dniowych robotnic wykazatam wysokg aktywnos¢ metaboliczng hemolimfy oraz
niskg segmentéw ciata ttuszczowego (P3). Taka zaleznos¢ moze oznaczacé, ze wraz
z wiekiem gtéwna aktywnos$é metaboliczna jest transferowana z ciata ttuszczowego
do innych tkanek, np. hemolimfy, lub Zze ciato ttuszczowe stopniowo traci swojg
funkcje metaboliczng, co skutkuje zmniejszeniem wydajnosci metabolicznej oraz

Zaawansowanym procesem starzen ia.

U starych, 35-—dniowych zbieraczek szczeqgdlnie byly widoczne oznaki

starzenia tj. zmniejszenie efektywnos$ci produkcji energii oraz aktywnos$ci

mechanizmoéw odpornosciowych, szczegdlnie biochemicznej odpornosci w postaci

systemu antyoksydacyjnego i proteolitycznego. W efekcie wystepuje wieksza

wrazliwos¢ na zmiany temperatury i niedobory pokarmu czy stres oksydacyjny
(Mdnch i in., 2008; Munch i Amdam, 2010).

4.2.2. Przedwczesne procesy starzenia i interakcje pasozyt-gospodarz

Pasozyt V. destructor, zywigc sie ciatem ttuszczowym oraz hemolimfg pszczot,
powoduje ubytki tych tkanek a w konsekwencji doprowadza do zmniejszenia ilosci
weglowodanow w odwioku pszczét (Bowen-Walker i Gunn, 2001; Garedew i in.,

2004; Ramsey i in., 2019; Cournoyer i in., 2022). Jest to zgodne z moimi

obserwacjami, w ktérych wykazatam po raz pierwszy, ze przedwczesnie postarzate

pszczoty zarazone V. destructor mialy nizsze stezenia/aktywnosci acetylo-CoA,
IDH, AKG, bursztynianu, fumaranu, NADH2, ATP, COX oraz UQCR w poréwnaniu

do naturalnie (fizjologicznie) starzejacych sie robotnic (P3 — Wykresy 1-9). W

konsekwencji produkcja energii w organizmach pszczét zmniejszyta sie, co
doprowadzito do ich przedwczesnej Smierci. Pszczoty zarazone V. destructor
przezyty zaledwie 21 dni, w poréwnaniu z naturalnie (fizjologicznie) starzejgcymi sie
robotnicami, ktore przezyty 35 dni. topienska-Biernat i in. (2013) wykryli wiele
zwigzkéw w sktadzie chemicznym V. destructor, gtdwnie weglowodany, a takze
lipidy i biatka, ktére pochodzg z tkanek pszczét i sg niezbedne tym roztoczom do
prawidtowego wzrostu, rozmnazania oraz przezycia (Garedew i in., 2004; Ramsey

i in., 2019). Sposrdod tych weglowodandéw glukoza byta gtéwnym substratem (o
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najwyzszym stezeniu) w organizmie V. destructor; mniejsze stezenia
zaobserwowano w przypadku glikogenu i trehalozy (Lopienska-Biernat i in., 2013).
Kang i in. (2025) wykazali, ze synergia infestacji V. destructor z pestycydami
drastycznie obniza odpowiedz immunologiczng pszczoty i w konsekwenciji
doprowadza do wtérnych zakazen patogenami, w tym ponownie roztoczami. Na
przyktad, jednoczesne dziatanie V. destructor i acetamiprydu powoduje zaburzenia
metabolizmu energetycznego i uszkadza jelito srodkowe pszczo6t (Kangiin., 2025).
Jednoczesna ekspozycja V. destructor oraz chlorotalonilu skraca zycie pszczot,
prowadzi do zmian strukturalnych w ich tkance ttuszczowej i zaburza ekspresje
genow odpowiedzialnych miedzy innymi za detoksykacje i metabolizm skfadnikow
odzywczych (Wu i in., 2024). Z kolei potgczenie infestacji z imidaklopridem
zmniejsza zdolnos¢ pszczot do lotu i ogranicza zerowanie (Blanken i in., 2015).
Wszystkie te badania koncentrowaty sie przede wszystkim na zmianach w ekspresiji

genow; w_literaturze brakowato do chwili obecnej badan dotyczacych wptywu V.

destructor na stezenia/aktywnosci zwigzkéw =z cyklu Krebsa i ‘tancucha

oddechowego w organizmach pszczdét wraz z ich wiekiem. Wynikami badan

przedstawionymi w publikacji P3, wchodzacej w skitad mojej dysertacji, wypetnitam

te luke, dostarczajac ponadto nowych danych na temat mechanizmow

przyspieszonego starzenia sie u pszczdét. W przysziosci warto zbadaé

synergistyczne dziatanie wielu czynnikdbw stresogennych, np. pestycydow,
niedoborow pokarmowych i patogenow, na proces starzenia sie pszczoét.
Doktadniejsze zrozumienie licznych mechanizméw, w tym metabolizmu
energetycznego, ktore przyczyniajg sie do przyspieszonego starzenia sie pszczot,
moze umozliwi¢ opracowanie réznych strategii opézniajgcych ten proces. Paleolog
i in. (2025) zauwazyli, ze czynnik negatywny, jakim jest imidakloprid, podawany w
dwoch dawkach 200 ppb i 5 ppb, doprowadzit do zmniejszenia stezen gtéwnych
nosnikow energii, tj. ATP, NADH2 oraz acetylo-CoA. Ponadto zaobserwowano, ze
przy wyzszym stezeniu imidakloprydu zmniejszyty sie stezenia AKG, fumaranu i
bursztynianu w ciele ttuszczowym pszczoét (niezaleznie od segmentu), podczas gdy
przy nizszej dawce zaobserwowano odwrotng tendencje, co moze wskazywac na
zjawisko zwane hormezg, czyli reakcje obronng na niskg dawke/stres. Autorzy ci
traktowali jednak ciato ttuszczowe jako tkanke jednorodng (o czym wspomniatam

we wczesniejszych rozdziatach). Moje badania uscislajg te informacije i i stanowig

novum mojej pracy  doktorskiej, wykazujac  znaczne roznice = w
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stezeniach/aktywnosciach dziewieciu kluczowych zwiazkéw w cyklu Krebsa i

tancuchu oddechowym miedzy lokalizacjami ciata ttuszczowego - terqit 3 vs. terqit

5 vs. sternit — u pszczdt chorych na warroze (analize tego zagadnienia zrobitam w
rozdz. 4.1.). Migdat i in. (2021b) wykazali, ze poprzez obnizenie aktywnosci

biomarkerow enzymatycznych (aminotransferazy asparaginianowej — AST,

aminotransferazy alaninowej — ALT i fosfatazy alkalicznej — ALP), pole magnetyczne
moze rowniez zaburzyé kluczowe procesy metaboliczne odpowiedzialne za
produkcje energii, w tym cykl Krebsa, fosforylacje oksydacyjng i synteze ATP. Z kolei
Murawska i in. (2024) wykazali zmniejszong ekspresje genu COX5a (biorgcego
udziat w fosforylacji oksydacyjnej) u 7-dniowych pszczét narazonych na dziatanie
pol elektrycznych, co w konsekwencji prowadzi do szybszego starzenia sie.
Réwniez inne patogeny — mikrosporydia (Nosema apis, Nosema ceranae), zywig
sie substancjami odzywczymi gospodarza i pozyskujg z nich energie (poniewaz
same nie posiadajg mitochondridow), powodujgc stres energetyczny u pszczét. W
rezultacie pszczoty ulegajg przedwczesnemu starzeniu i nastepuje przyspieszone
przejscie do roli zbieraczki (Mayack i Naug, 2009; Martin-Hernandez i in., 2011).
Pasozyt V. destructor potrzebuje z pszczelego organizmu biatek — do
rozmnazania i ttuszczy - do syntezy energii (zagadnienie to omowitam szerzej w

rozdz. 1; Ramsey i in., 2019; Piou i in., 2024). Wykazatam, ze biatka

wykorzystywane przez pasozyta pochodzg gtdwnie z ciata ttuszczoweqgo z terqgitu 3

i sternitu, a takze z hemolimfy (P2). Ponadto w tych segmentach ciata ttuszczowego,

stezenia biatek u robotnic z zarazonych rodzin byly bardzo niskie i zmniejszaty sie

wraz z ich wiekiem/starzeniem sie. Tym samym, poniewaz poziom biatka jest

wskaznikiem odpornosci pszczot, tak niskie stezenia wskazuja na zlty stan zdrowia

pszczot (Cabbriiin., 2018; Elfar i in., 2023). Stezenia biatka w ciele ttuszczowym z

tergitu 5 u robotnic z porazonych rodzin byly podobne lub nawet wyzsze niz u

robotnic z grupy kontrolnej (P2 — Wykres 1). Piou i in. (2024) stwierdzili, ze w jelicie

V. destructor znajdujg sie takie same biatka jak w hemolimfie pszczot, na przyktad
heksameryna, apolipoforyna czy witelogenina. Zaobserwowano, ze biatka te sg
najczesciej i w duzych ilosciach spozywane przez pasozyta, niezaleznie od etapu
rozwoju pszczoty. Ponadto zauwazono, ze stezenia biatek w jelicie roztoczy sg
zmienne i zalezne od zmian w skfadzie biatkowym organizmu pszczoty wraz z jej
wiekiem. Z pszczelich tkanek roztocza pozyskujg szerokg game zwigzkdéw, w tym

takze proteazy i ich inhibitory. Najwyzsze aktywnosci tych zwigzkow
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zaobserwowatam w ciele ttuszczowym tergitu 5 nie tylko u pszczét zdrowych (opis
w rozdz. 4.1.), ale rowniez u tych chorych niezaleznie od ich wieku (P2). Jak
opisywatam w rozdz. 1 roztocza przektuwajg btone miedzysegmentalng gtéwnie
miedzy tergitami 3 i 4 oraz miedzy sternitami w pszczelim organizmie; stad
aktywnos¢ ukfadu proteolitycznego w ciele ttuszczowym z tych lokalizacji byta
drastycznie mata u pszczot z V. destructor w poréwnaniu z grupg kontrolng.
Tewarson i Jany (1982) oraz Piou i in. (2024) sugeruja, ze inhibitory proteaz pszczot
miodnych mogg by¢ wykorzystywane przez pasozyta do kontrolowania degradacji
biatek w jego ciele. Wskazuje to, ze aktywnosc¢/efektywnos¢ procesow
metabolicznych zachodzacych u roztoczy jest $cisle zalezna od stezen/aktywnosci
biatek, hormonow oraz enzymdéw pochodzacych z tkanek pszczot na roznych
etapach rozwoju/w roznym wieku. Fraczek i in. (2013) wykazali, ze proteazy dziatajg
w trzech punktach pH: przy pH = 3,5 sg gtéwnie aktywne proteazy V. destructor;
przy pH = 5 sg aktywne proteazy pszczoty i pasozyta, ktorych poziomy sg podobne
oraz przy pH = 7,5 najwiekszg aktywnos¢ wykazujg proteazy pszczele. We
wszystkich zakresach pH stwierdzono, Zze ekstrakty z V. destructor hamujg
aktywnosci proteaz pszczelich, a w szczegdlnosci proteaz serynowych, ktoére
zaangazowane sg W mechanizmy obronne gospodarza. Udowodniono, ze V.
destructor zawiera w swoich gruczotach slinowych trypsyne i jej inhibitory, ktére
zapobiegajg krzepnieciu hemolimfy i pomagajg pasozytowi w Zzerowaniu na

pszczotach miodnych (Fragczek i in., 2013). Podczas zerowania dochodzi do

interakciji pomiedzy enzymami proteolitycznymi pasozyta a pszczoty, co skutkuje

zmniejszeniem aktywnosci proteaz kwasnych, neutralnych i zasadowych oraz ich

inhibitorow (P2) u pszczoét. Sita i efektywnosé tych interakcji jest uzalezniona od

warunkow panujacych w rodzinie pszczelej i lekdw podawanych przez pszczelarza.

Strachecka i in. (2013) wykazali, ze V. destructor po kontakcie z akarycydami,
wytwarza proteazy asparaginowe, serynowe, tiolowe, metaloproteazy i inhibitory
proteaz serynowych, natomiast roztocza, ktore nie miaty kontaktu z tym
pestycydem, syntetyzowaty przede wszystkim proteazy serynowe i asparaginowe.

Jest to zgodne z moimi obserwacjami, w ktdérych proteazy kwasne, neutralne i

zasadowe oraz ich inhibitory w segmentach ciata tluszczowego miaty niskie

aktywnosci _po kontakcie z roztoczami. Warto w tym miejscu podkresli¢, ze w

rodzinach uzytych w doswiadczeniach nie uzywano akarycydéw. Wytyczajgc

kierunek przysztych badan, nalezy zwroci¢c uwage, iz poznanie doktadnego
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mechanizmu dziatania systemu proteolitycznego oraz okreslenie jakiego rodzaju
(jakie podstawniki majg w centrum aktywnym) enzymy sg dezaktywowane po
infestacji V. destructor, przyblizy naukowcow do opracowania skutecznych metod
zwalczania tego pasozyta. Ponadto, monitorowanie zmian w systemie
proteolitycznym pszczét w odpowiedzi na patogeny, takie jak mikrosporydia,
bakterie i roztocza, moze by¢ skutecznym sposobem oceny zdrowia rodzin
pszczelich oraz poziomu infekcji. Pozwoli to na wczesne wykrywanie problemow w
pasiece i wdrozenie sSrodkdw ochronnych w celu ograniczenia rozprzestrzeniania
sie choréb oraz poprawy zdrowia kolonii pszczelich.

Moje badania pokazujg, iz pszczoty 14-dniowe porazone przez roztocza miaty
juz zaawansowane procesy starzenia sie na co wskazujg bardzo niskie aktywnosci
uktadu proteolitycznego, ale rowniez poziomy zwigzkow kluczowych w cyklu Krebsa
i tancuchu oddechowym w ich ciele ttuszczowym, ktdre zmniejszyly sie jeszcze
bardziej u pszczot 21-dniowych. Podobne tendencje zaobserwowatam réwniez w

przypadku systemu antyoksydacyjnego. Udowodnitam, ze aktywnosci enzymow

antyoksydacyjnych (CAT, GPx, GST i SOD) oraz poziomy TAC w poszczeqgolnych

segmentach ciata ttuszczowego (jak réwniez w hemolimfie) u robotnic zarazonych

V. destructor byty mniejsze niz u pszczoét starzejgcych sie naturalnie (P1). Moje

badania sg pierwszym doniesieniem na ten temat, gdyz jak opisatam w rozdziale

4.1, parametry te byly analizowane m.in. w homogenatach pszczét, a wyniki tych
analiz sg rozbiezne i niejednoznaczne. Gllmeziin. (2016) wykazali, ze homogenaty
catych robotnic zarazonych V. destructor charakteryzujg sie wyzszg aktywnoscig
SOD oraz nizszg aktywnoscig CAT oraz GST w poréwnaniu z tymi ze zdrowych
robotnic. Z kolei topienska-Biernat i in. (2017) wykazali, ze dzikozyjgce pszczoty
miodne zarazone V. destructor majg nizsze aktywnosci SOD oraz wyzsze
aktywnosci CAT i GST w poroéwnaniu z niezarazonymi robotnicami. Farjan i in.
(2014), Badotra i in. (2013) oraz Lipinski i Zéttowska (2005) réwniez wykazali
zwiekszong aktywnos¢ antyoksydacyjng i oznaki stresu oksydacyjnego w
homogenatach réznych stadiéw preimaginalnych pszczdét zarazonych roztoczami,
wskazujgc to jako gtowng przyczyne wad rozwojowych i zwiekszonej Smiertelnosci
czerwiu. Moje badania potwierdzajg, ze zarazone pszczoty tracg swoje zdolnosci
antyoksydacyjne i detoksykacyjne w ciele ttuszczowym. W rezultacie dochodzi do
nagromadzenia sie¢ ROS, ktore uszkadzajg biatka, lipidy, cukry i inne zwigzki

strukturalne oraz metaboliczne komorek pszczét. Brak lub utrata ciata ttuszczowego
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u pszczoty (po kontakcie z V. destructor) prowadzi do zaburzen w syntezie,
aktywacji i funkcjonowaniu wielu zwigzkéw, w tym jak wskazujg moje badania,
uktadu antyoksydacyjnego. To prowadzi do zaburzen immunologicznych oraz
przyspieszonych proceséw starzenia, a ostatecznie do Smierci owada. Skutki stresu
oksydacyjnego, jak donoszg Farjan i in. (2012; 2014), mozna opdzni¢, nawet u
pszczot zarazonych V. destructor, dodajgc do diety przeciwutleniacze, np. witamine
C lub inne stymulanty (np. CBD, koenzym Q10, kofeine, kurkumine) (Strachecka i
in., 2014a, b; Strachecka i in., 2015; Skowronek i in., 2022).

Warto podkreslic, ze podobnie jak w przypadku publikacji P2 i P3,

charakteryzujac uktad antyoksydacyjny w P1 uniknetam bteddéw zwigzanych z

przynaleznoscia gatunkowa (pszczota vs. mikroorganizmy vs. roztocza) oraz

specyficznoscig tkankowa (hemolimfa vs. cialo ttuszczowe) i segmentalng ciata

tluszczoweqo (terqit 3 vs. terqit 5 vs. sternit) w charakterystyce tych enzymoéw. Pod

tym wzgledem moje publikacje sg nowatorskie i wpisujg sie we wspoétczesny
dyskurs naukowy na temat przedwczesnego starzenia sie pod wptywem

niekorzystnych czynnikow. Ponadto mogg stanowi¢ punkt wyjScia do dalszych

analiz proceséw starzenia.

Przeprowadzone przeze mnie badania dostarczyty nowych informaciji na temat

mechanizmoéw przedwczesnego starzenia, pokazujgc, ze V. destructor moze

stanowié wartosciowy model do analizy tych proceséw.
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5. Podsumowanie i wnioski

W ostatnich pieciu latach zmienit sie miedzynarodowy dyskurs naukowy na
temat funkciji i roli ciata ttuszczowego u owaddéw. Moje badania uzupetnity ten dialog,
wnoszgc wktad w lepsze zrozumienie mechanizmoéw i powigzan pomiedzy
zwigzkami kluczowymi w ksztaltowaniu odpornosci pszczét (na poziomie
biochemicznych barier odpornosciowych) i odpowiedzialnymi za synteze energii; z
uwzglednieniem zmian zachodzgcych wraz z wiekiem i procesami
naturalnegof/fizjologicznego starzenia sie tych zapylaczy. Ponadto, moimi
badaniami wniostam wkfad w dyskurs naukowy z zakresu patofizjologii,
wykorzystujgc V. destructor jako czynnik negatywny/stresowy, wptywajgcy na
przyspieszenie procesow starzenia u dorostych robotnic A. mellifera. Warto w tym
miejscy podkresli¢, iz termin ,przedwczesne starzenie sie” (ang.: prematurely aging)
nie byt uzywany w literaturze polsko- i angielskojezycznej w odniesieniu do pszczoty
miodnej, i zostat przeze mnie wprowadzony do terminologii apidologicznej po raz
pierwszy w publikacji P1. Wykorzystanie V. destructor jako organizmu wzorcowego
do badania proceséw i zwigzkdw zwigzanych ze starzeniem sie pszczét mozna
réwniez potraktowac jako innowacyjne rozwigzanie w doswiadczalnictwie z zakresu
pszczelarstwa. Okreslenie zmian w charakterystykach biochemicznych w réznych
segmentach subkutikularnego ciata ttluszczowego pszczét starzejgcych sie
naturalnie (fizjologicznie) i przedwczes$nie (z V. destructor) jest pierwszym krokiem
do lepszego poznania interakcji gospodarz — pasozyt (lub inny patogen) oraz
opracowania skutecznych strategii zapobiegania i zwalczania roztoczy oraz innych
zrodet zagrozenia, a takze opracowania terapii wptywajgcych na polepszenie
jakosci zycia tych owadow. Z kolei, traktujgc A. mellifera jako organizm modelowy,
m.in. w badaniach gerontologicznych ssakéw (w tym dla cztowieka), moje badania
mozna potraktowaé jako ,wzor’/odnosnik do wykorzystania w przypadku stanow
chorobowych watroby, ktéra jest organem analogicznym do ciata ttuszczowego w
pszczelim organizmie. Tym samym mojg pracg doktorskg wytyczam kierunki
przysztych badan nastawionych na: 1) poznanie kolejnych charakterystyk
biochemicznych (np. okreslenie aktywnosci/stezen markeréw biochemicznych [np.
AST, ALT, ALP, cholesterol i in.]) w ciele tluszczowym pszczét starzejgcych sie
przedwczednie; 2) okreslenie czynnikow/biostymulatoréw wptywajgcych na
zrbwnowazenie mechanizméw i kaskad enzymatycznych umozliwiajgcych
regeneracje ,pszczelej watroby”; 3) opracowanie nowych lub dostosowanie

38



istniejacych metod zarzgdzania rodzinami pszczelimi celem eliminacji zagrozen (w
tym patogendéw), wzmacniania odpornos$ci i spowalniania procesow starzenia tych
waznych dla srodowiska zapylaczy.

Wiekszos$¢ badan okreslajgcych wptyw V. destructor na organizm pszczoty
koncentrowata sie na zmianach w ekspresji wybranych gendw oraz stezen cukrow,
pojedynczych biatek, enzymow i ATP. W zwigzku z tym uzyskane przeze mnie
wyniki stanowig cenne uzupetnienie dotychczasowej wiedzy w zakresie aktywnosci
systemu proteolitycznego i antyoksydacyjnego oraz aktywnosci/stezen zwigzkéw
kluczowych w cyklu Krebsa i tancuchu oddechowym w ciatach ttuszczowych z
tergitu 3, tergitu 5 i sternitu u robotnic od pierwszego do 21 (w przypadku pszczét
chorych) lub 35 (w przypadku pszczot zdrowych) dnia zycia. Potwierdzitam, ze
subkutikularne ciato ttuszczowe ma charakter segmentalny, nie tylko u robotnic
miedzy pierwszym a 14 dniem Zzycia, ale réwniez u tych starszych/lotnych.
Dotychczas, nie poruszano tego aspektu w badaniach naukowych i stanowi to
novum, ktére zmienia podejScie do doswiadczen zwigzanych z fizjologig i
patofizjologig A. mellifera. Moimi badaniami uzupetnitam dotychczasowg wiedze o
nastepujgce wyniki:

- aktywnosci, analizowanych w ramach dysertacji, charakterystyk biochemicznych
byly zawsze nizsze w ciele ttuszczowym robotnic zarazonych V. destructor (o
przyspieszonych procesach starzenia) w poréwnaniu z tymi zdrowymi — Varroa-free
(o naturalnych/fizjologicznych procesach starzenia);

- aktywnosci systemu  antyoksydacyjnego i  proteolitycznego oraz
aktywnosci/stezenia zwigzkéw kluczowych w cyklu Krebsa i farncuchu oddechowym
zwickszaty sie w ciele ttuszczowym zdrowych robotnic wraz =z ich
wiekiem/procesami starzenia sie do 21/28 dnia zycia, a nastepnie zmniejszaty sie;
- aktywnosci antyoksydantéw, proteaz i ich inhibitoréw oraz UQCR i COX oraz
stezenia acetyl-CoA, IDH, AKG, bursztynianu, fumaranu, NADH2z, ATP zmniejszaty
sie w ciele tluszczowym robotnic zarazonych V. destructor wraz z ich
wiekiem/procesami starzenia sig;

- najwyzsze aktywnosci uktadu antyoksydacyjnego i proteolitycznego
zaobserwowano w ciele tltuszczowym w tergicie 5 u pszczét starzejgcych sie

naturalnie (fizjologicznie) i przedwczesnie (wskutek V. destructor);
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- najwieksze stezenia acetyl-CoA, IDH, AKG, bursztynianu, fumaranu, NADH2, ATP
oraz aktywnosci UQCR i COX byty obecne w ciele ttuszczowym z tergitu 3 zaréwno

u pszczot starzejgcych sie naturalnie, jak i przedwczesnie (wskutek V. destructor).

Dodatkowym wynikiem, ktory zamiescitam w publikacjach P1-P3 byto:

- aktywnosci systemu  antyoksydacyjnego i  proteolitycznego oraz
aktywnosci/stezenia zwigzkdéw kluczowych w cyklu Krebsa i fancuchu oddechowym
byty nizsze w ciele ttuszczowym (niezaleznie od segmentu) 1-dniowych robotnic niz
w hemolimfie; od 14-dnia zycia pszczét — tendencja byta odwrotna; wyzsze wartosci

obserwowano w ciele ttuszczowym, a nizsze w hemolimfie.

Otrzymane wyniki pozwolity wysuna¢ nastepujace wnioski:

1. Wzrost aktywnosci enzymoéw antyoksydacyjnych i proteolitycznych w ciele
ttuszczowym pomiedzy pierwszym, a 21/28 dniem zycia pszczot naturalnie
(fizjologicznie) starzejgcych sie, wskazuje na systematyczne wzmacnianie
biochemicznych mechanizmow odpornosciowych, zabezpieczanie organizmu
przed reaktywnymi  formami tlenu i niekorzystnymi  czynnikami
Srodowiskowymi/antropogenicznymi.

2. Obnizenie aktywnosci systemu antyoksydacyjnego i proteolitycznego w ciele
ttuszczowym u starych/lotnych pszczét (28/35-dniowych w przypadku pszczoét
zdrowych; 21-dniowych — w przypadku pszczét chorych) wskazuje na
stresogenny wptyw srodowiska pozaulowego i zaangazowanie biochemicznych
barier odpornosciowych w neutralizacje stresoréw i patogenow.

3. Bardzo niskie aktywno$ci systemu antyoksydacyjnego i proteolitycznego oraz
aktywnosci/stezenia zwigzkéw kluczowych w cyklu Krebsa i fancuchu
oddechowym w ciele tluszczowym robotnic zarazonych V. destructor w
poréwnaniu z tymi zdrowymi - Varroa-free, wskazujg na zaburzenia
wielokierunkowych kaskad enzymatycznych zwigzanych 2z odpornoscig i
metabolizmem energetycznym oraz sg przyczyng silnego stresu i zachwiania
homeostazy.

4. Zmniejszenie aktywnosci wiekszosci analizowanych parametréw
biochemicznych w ciele ttuszczowym robotnic, z rodzin porazonych przez V.
destructor, po 14 dniu ich zycia wskazuje na uruchomienie u nich procesow

przedwczesnego starzenia sie.
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. Nizsze wartosci uktadu antyoksydacyjnego i proteolitycznego oraz zwigzkoéw
metabolizmu  energetycznego u  pszcz6t o skroconym  okresie
zycia/przedwczesnym starzeniu sie sg najprawdopodobniej wynikiem
zmniejszenia objetosci ciata ttuszczowego (gtdwnie ze sternitu i tergitu 3) po
zerowaniu V. destructor i interakcji biatek/enzyméw pszczoty z
biatkami/enzymami pasozyta.

. Wysokie aktywnosci ukfadu antyoksydacyjnego i proteolitycznego w ciele
ttuszczowym z tergitu 5 u pszczot starzejgcych sie naturalnie (fizjologicznie) i
przedwczes$nie swiadczg o funkcjonalnym zaangazowaniu tego segmentu w
procesy detoksykacji zwigzkéw toksycznych/szkodliwych i zbednych w
organizmie pszczoty.

. Wyzsze stezenia acetyl-CoA, IDH, AKG, bursztynianu, fumaranu, NADHz, ATP
oraz aktywnosci UQCR i COX w ciele ttuszczowym z tergitu 3 w poréwnaniu z
ciatem ttuszczowym z tergitu 5 i sternitu zaréwno u pszczot starzejgcych sie
naturalnie, jak i przedwczesnie (wskutek V. destructor) $wiadczg o
zaangazowaniu tego segmentu w intensywny metabolizm energetyczny.

. Najwyzsze aktywnosci proteaz zasadowych, w poréwnaniu z proteazami
kwasnymi i neutralnymi, wskazujg na ich mozliwe wykorzystanie w diagnostyce
chorob, jako markeréw odpornosci, umozliwiajgcych wczesne wykrywanie

zagrozen tj. patogeny czy pestycydy.
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Abstract: Aging is a multifactorial process that occurs in all living organisms, including
bees. One of the factors accelerating this process is stress caused in bees by Varroa destruc-
tor. The research aim was to compare antioxidant system activities in different tissues
and in different fat body segments (sternite, tergite 3 and 5) in workers aging naturally
(physiologically) and prematurely (affected by V. destructor). The CAT, GPx, GST, and SOD
activities in naturally aging workers were higher in all the tissues/fat body segments and
age groups compared to prematurely aging workers. These antioxidant activities increased
with age, reaching a maximum at 21 (in tergite 3 and sternite) or 28 days of age (in the
hemolymph and tergite 5) in naturally aging workers, and then decreased in the oldest
ones (at 35 days of age). In the prematurely aging workers, the antioxidant activities in the
fat body decreased along with age. The highest activities were identified in the fat body of
tergite 5, which may suggest its role in detoxification processes. Our results are a starting
point for a better understanding of the mechanisms related to oxidative stress, aging, and
their correlation with the health and lifespan of bees.

Keywords: antioxidant; fat body; hemolymph; honeybee aging; workers; Varroa destructor

1. Introduction

Aging is a natural biological process that is characterized by a decrease in the effi-
ciency of processes occurring in cells, tissues, and organs, which consequently leads to
many diseases and death. We can distinguish two models of aging: the first is adaptive
aging, which assumes that the aging process is genetically controlled, and the second is
physiological aging, also described as uncontrolled (non-programmed) aging. The latter
has become one of the key areas of research in recent years due to the growing number of
older people in society and the need to improve the quality of life in old age [1].

Current knowledge of the aging process is based on experiments using model or-
ganisms characterized by short life cycles, such as Drosophila melanogaster, Caenorhabditis
elegans, Saccharomyces cerevisiae, or mice. When the bee genome was sequenced in 2006,
revealing that it shares many genes with humans, including genes encoding enzymes
related to metabolism and components of the innate immune system, it started to be used
in studies to better understand the mechanisms of aging [2,3]. Firstly, research on bees,
as invertebrates, is not subject to ethical restrictions as with vertebrates, which in turn
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reduces the costs associated with conducting basic research [3,4]. Secondly, honeybees
exhibit double polymorphism, which on the one hand is characterized by the presence of a
long-lived queen and short-lived workers, while on the other hand, it classifies workers
depending on the roles they perform [1,5,6]. A very important phenomenon occurring in
bees is the reversion of worker life cycles, which is manifested by the ability to change the
roles performed and reverse the physiological aging processes under certain conditions.
For example, foragers can become nurses when the number of larvae in the hive exceeds
the number of nurses. In turn, the absence of foragers due to starvation or pathogen
infections accelerates the maturation of young bees, which take over their tasks [6-12].
During the transition between the roles of nurses and foragers, workers undergo significant
physiological changes. These include changes in hormone levels, metabolic rate, gene
expression, signaling mechanisms, nutrient storage, e.g., of the vitellogenin protein, and
stress resistance [7,12]. For example, during flight, foragers consume more energy, as
a result of which they show an almost 100-fold increase in metabolic rate compared to
hive-dwelling bees. As a consequence, foragers may produce reactive oxygen species due
to their enormous energetic and metabolic effort, which leads to oxidative stress, which in
turn accelerates the aging process [1,13,14]. Thirdly, honeybees are similar to vertebrates,
among other things, in terms of organ function, i.e., the fat body plays a role analogous to
the liver, pancreas, or adipose tissue in mammals [3,15].

The fat body in bees is located inside the body, filling the spaces in the organism. The
fat body can take two forms: the first is the perivisceral layer, which surrounds the internal
organs, e.g., the intestines or reproductive system, and the second is the subcuticular layer,
which is located close to the inner side of the cuticle [16-18]. It consists of several types of
cells, which include chromatocytes, mycetocytes, oenocytes, trophocytes, and urocytes. The
fat body of winter bees (with a lifespan up to 250 days) compared to summer workers (with
a shorter lifespan of 25 to 40-days) is characterized by increased volume, trophocyte, and
oenocyte sizes, and metabolism due to endothermic heat production (thanks to which, they
can survive at low temperatures), as well as large nutrient reserves, consisting mainly of
proteins and lipids [19,20]. The fat body performs many functions in bees, being primarily
responsible for key metabolic processes, including the synthesis of proteins, lipids and
glycogen, and energy storage [15,16,20-22]. It is also an endocrine organ, as it produces
many immune peptides, e.g., the antimicrobial peptides (AMPs) [16,23]. In addition,
various compounds, including those with antioxidant properties, are produced in different
fat body locations/segments and then released into the hemolymph [22].

Ramsey et al. [24] showed that Varroa destructor, which is the main cause of the
shortening of the expected lifespan of bees and consequently the acceleration of their aging
processes and the decline in their population, feeds directly on the apian fat body, not on
the hemolymph. However, since that study, it has not been shown what effect infestation
with mites will have on the functioning of the subcuticular fat body, which is segmental.
Therefore, our research fits into this scientific discourse. These authors have shown that
mites on the metasoma are found with the greatest frequency (88.5%) underneath the
sternite or tergite of the third metasomal segment. Strachecka et al. [18] revealed that
the fat body from these locations has the highest metabolic activities. Therefore, the
material for our study was from the fat body of the sternite, tergite 3, and tergite 5. In
addition, it is known that the parasite causes a reduction in the number of hemocytes and
an increase in the level of reactive oxygen species in the hemolymph, reduces the volume
of the fat body, and thus weakens the immune system of adult bees [14,24-28]. Moreover,
V. destructor infection leads to significant reductions in protein and antioxidant enzyme
levels in developing bee larvae [29]. Antioxidant enzymes provide protection against
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oxidative stress, for example, by neutralizing harmful radicals and oxidants generated
during parasitic infections.

Hence, we hypothesized that workers whose aging processes are accelerated and
their lifespan shortened as a result of parasitization by V. destructor are characterized by
reduced activities of the antioxidant enzymes catalase (CAT), glutathione S-transferase
(GST), glutathione peroxidase (GPx), and superoxide dismutase (SOD), and reduced levels
of total antioxidant capacity (TAC) in various tissues (hemolymph vs. fat body) and in
different fat body locations (sternite, tergite 3, and tergite 5). The aim of our study was to
compare antioxidant levels in various tissues and different fat body locations in naturally
(physiologically) and prematurely aging (V. destructor-affected) workers.

2. Materials and Methods
2.1. Obtaining 1-Day-Old Bees

Eight colonies kept (in Dadant beehives) in an apiary that belongs to the University
of Life Sciences in Lublin (51°22" N, 22°63’ E), Poland provided one-day-old bees for the
experiments. The colonies were made up of healthy bees. A queen-excluder comb-cage
was used to house the queens for 12 hours in confinement with one void comb for laying
eggs in it. In twenty days’ time following the queens having laid their eggs, the combs were
moved to an incubator, in which the 1-day-old workers emerged. Thirty freshly emerged
workers were collected for laboratory analyses. The remaining workers were marked with
different colors (POSCA PC-3M marker, Uni Mitsubishi Pencil, Shinagawa, Tokyo, Japan;
6000 workers) separately and randomly placed in six colonies (in mini beehives) with small
frames (210 mm x 170 mm). The colonies were previously prepared in such a way that the
workers and brood were healthy and free from V. destructor in three of them, and this group
was treated as the control group in which the workers aged normally /physiologically. Bees
not infected by Varroa came from colonies successfully treated against varroosis. The same
treatment was applied to colonies not infected to which bees were introduced. Therapeutic
treatments were carried out in autumn in October and in spring in March after bringing
the colony to a brood-free state through prior isolation of the queen. In such a short time,
mites would not have been able to multiply to a point where they could strongly infest the
colony. In addition, during the collection of bees for testing, each individual was observed
to see if there were any parasites on the body and between the segments of the abdomen.
In contrast, in the other three colonies, the workers and brood had mites, and this group
was treated as infested /diseased, with the bees aging prematurely. The marked bees from
the colonies free of V. destructor were collected on the 14th, 21st, 28th and 35th day of age
(3 colonies x 4 samplings x 10 bees); while in the mite-infested colonies, only the 14- and
21-day-old workers that had V. destructor mites on them were collected, as the bees did not
survive until the next samplings (3 colonies x 2 samplings x 10 bees). In each sampling,
10 workers were collected from each colony of each of the two experimental groups. This
allowed for obtaining a representative number of bee samples. A total of 210 workers were
collected for the study.

2.2. Laboratory Analyses
2.2.1. Hemolymph and Fat Body Collection

To obtain fresh hemolymph, a glass capillary (20 puL, “end to end” type, without
anticoagulant; Medlab Products, Raszyn, Poland) was individually inserted between the
third and fourth tergites of a living worker as per L.o$ and Strachecka [30]. The hemolymph
volumes were separately measured in each capillary. Hemolymph from an individual bee
was collected in one sterile Eppendorf tube containing 25 uL of ice-cooled 0.6% NaCl. The
hemolymph solutions were immediately refrigerated at —40 °C for further biochemical
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analyses. Subsequently, the individual insects were thawed gradually and the fat body
from the third and fifth tergites and the sternite was prepared according to the methodology
described by Brys et al. [31]. The choice of these three locations for biochemical analyses
was based on previous studies by Strachecka et al. [18], which demonstrated that the fat
body from these locations is metabolically the most active (Figure 1). Next, the tissues were
manually homogenized and centrifuged at 4 °C for 1 min at 3000x g. The supernatants
were frozen at —25 °C for further biochemical analyses.

Tergite 3

— . Sternite

Figure 1. Location of the individual segments from which the fat body was collected.

2.2.2. Biochemical Analyses

The following antioxidants were assayed in the hemolymph solutions and fat body
supernatants.

Catalase (CAT) activities using the method specified in a commercial catalase assay kit
from Cayman Chemical Company, East Ellsworth Road, Ann Arbor, MI, USA; 707002.

Glutathione peroxidase (GPx) activities using the method specified in a commercial
glutathione peroxidase assay kit from Sigma Aldrich, Schnelldorf, Germany; MAK437-1KT.

Superoxide dismutase (SOD) activities based on the method specified in a commercial
SOD assay kit from Sigma Aldrich, Schnelldorf, Germany; 19160-1KT-E.

Glutathione S-transferase (GST) activities following the method explained in the
commercial glutathione S-transferase assay kit from Sigma Aldrich, Schnelldorf, Germany;
MAK 435-1KT.

Total antioxidant capacity (TAC) employing the method described in a commercial
antioxidant assay kit from Cayman Chemical Company, East Ellsworth Road Ann Arbor,
MI, USA; 709001.

The antioxidant enzyme activities were calculated per 1 mg of protein. All the tested
parameters were measured using a spectrophotometer [22].

2.3. Statistical Analyses

The results were analyzed statistically using Statistica software, version 13.3 (2017) for
Windows, StatSoft Inc., Tulsa, OK, USA. Data distribution was checked using the Shapiro—
Wilk test. The effects of the tissue/fat body location (hemolymph and the fat body from
tergite 3, tergite 5, and sternite) in each age group (n = 30 bees) on CAT, GPx, GST and
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SOD activities and TAC levels were measured with the Kruskal-Wallis test. The effects of
age (1, 14, 21, 28 and 35-day) on CAT, GPx, GST, and SOD activities and TAC levels for the
particular tissues/fat body locations (hemolymph and the fat body from tergite 3, tergite 5,
and sternite) were assessed in a similar fashion. For each tissue/fat body location, CAT,
GPx, GST, and SOD activities and TAC levels were compared between the age groups with
the Mann-Whitney U test.

3. Results

With the exception of GPx activities in the control group, the effects of tissue/fat body
location (hemolymph or the fat body from tergite 3, tergite 5, and sternite) were statistically
significant (Table 1).

Table 1. Effects of tissue/fat body location (hemolymph or the fat body from tergite 3, tergite 5, and
sternite) in physiologically and prematurely (V. destructor-infested) aging workers on the activities of
CAT, GPx, GST, SOD and TAC levels.

Group Age (Days) CAT GPx GST SOD TAC
H =106.88 H=6.10 H =100.31 H=11157 H=73.56
control 1
p =0.000 p =0.106 p =0.000 p =0.000 p =0.000
control 14 H =109.64 H =100.37 H=111.58 H=111.57 H=108.24
p =0.000 p =0.000 p =0.000 p =0.000 p =0.000
V destructor 14 H=111.58 H=73.31 H=111.15 H =105.36 H=111.57
’ p =0.000 p = 0.000 p =0.000 p = 0.000 p =0.000
control 2 H=112.44 H=112.07 H=112.22 H=111.07 H=112.02
p =0.000 p =0.000 p =0.000 p =0.000 p =0.000
V destructor 2 H=110.33 H=11157 H=97.80 H =109.06 H =104.98
’ p =0.000 p = 0.000 p =0.000 p = 0.000 p =0.000
control 28 H=110.64 H =110.63 H=110.63 H=110.63 H=110.63
p =0.000 p = 0.000 p = 0.000 p = 0.000 p = 0.000
control 35 H=111.59 H=111.57 H=111.27 H =108.88 H=107.51
p =0.000 p =0.000 p =0.000 p =0.000 p =0.000

H—Kruskal-Wallis test; p—probability value.

The age of the workers (1, 14, 21, 28, and 35 days) had a statistically significant effect
on the activities of antioxidant enzymes and TAC levels (Table 2).

Table 2. Effects of age: 1, 14, 21, 28, and 35 days old for the particular tissues/fat body locations on
the activities of CAT, GPx, GST, SOD, and TAC levels.

CAT GPx GST SOD TAC
Hemolomon H=19987  H=19518  H=20060 H=19563 H=195.18
YEPR 5 = 0.000 p =0.000 p =0.000 p =0.000 p =0.000
Tersites  H=19825  H=19090 H=19875 H=19506 H=20474
& p =0.000 p =0.000 p =0.000 p =0.000 p =0.000
Tersies ~ H=20075 H=19213 H=19369 H=19512 H=20432
& p =0.000 p =0.000 p =0.000 p =0.000 p =0.000
. H=20031 H=19040 H=20257 H=20026 H =202.79
Sternite

p=0000  p=0000  p=0000  p=0000  p=0.000
H—KTruskal-Wallis test; p—probability value.
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3.1. Activities of Antioxidant Enzymes: CAT, GPx, GST, and SOD

The activities of CAT, GPx, GST, and SOD increased with age, reaching a maximum in
the 21-day-old (the fat body from tergite 3 and the sternite) and 28-day-old (the hemolymph
and the fat body from tergite 5) naturally (physiologically) aging workers, and then de-
creased in the oldest (35-day-old) workers (Figures 2-5).
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Figure 2. Catalase (CAT) activities in the hemolymph and the fat body from tergite 3, tergite 5,
and sternite of the naturally (physiologically) aging 1-, 14-, 21-, and 35-day-old workers and in the
prematurely aging 14- and 21-day-old workers (affected by V. destructor). A, B, C, D, E, F, G—capital
letters indicate statistically significant differences between the groups at p < 0.01. a, b—lowercase
letters indicate statistically significant differences between the groups at p < 0.05.
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Figure 3. Glutathione peroxidase (GPx) activities in the hemolymph and the fat body from tergite 3,
tergite 5, and the sternite of the naturally (physiologically) aging 1-, 14-, 21-, and 35-day-old workers
and in the prematurely aging 14- and 21-day-old workers (affected by V. destructor). A, B, C, D, E,
F, G—capital letters indicate statistically significant differences between the groups at p < 0.01. a,
b—lowercase letters indicate statistically significant differences between the groups at p < 0.05.
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Figure 4. Glutathione S-transferase (GST) activities in the hemolymph and the fat body from tergite 3,
tergite 5, and the sternite of the naturally (physiologically) aging 1-, 14-, 21-, and 35-day-old workers
and in the prematurely aging 14- and 21-day-old workers (affected by V. destructor). A, B, C,D, E, F,
G—capital letters indicate statistically significant differences between the groups at p < 0.01.
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Figure 5. Superoxide dismutase (SOD) activities in the hemolymph and the fat body from tergite 3,
tergite 5, and the sternite of the naturally (physiologically) aging 1-, 14-, 21-, and 35-day-old workers
and in the prematurely aging 14- and 21-day-old workers (affected by V. destructor). A, B, C, D,
E, F—capital letters indicate statistically significant differences between the groups at p < 0.01. a,
b—lowercase letters indicate statistically significant differences between the groups at p < 0.05.
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The CAT, GPx, GST, and SOD activities in naturally (physiologically) aging workers
were statistically significantly higher in all tissues/fat body locations and age groups
compared to the (affected by V. destructor) prematurely aging workers (Figures 2-5). The
exceptions were the activities of CAT, GPx, and GST in the fat body of tergite 5 in the
14-day-old bees, where higher values were observed in those infected with V. destructor
than in those from the control group (Figures 2—4).

As regards the prematurely aging workers (affected by V. destructor), CAT, GPx, GST,
and SOD activities were significantly higher in all the tissues/locations in the 14-day-old
workers in comparison with the 21-day-old workers (Figures 2-5). Hemolymph was an
exception, where the opposite trend was noted for the GST and SOD activities, and the GPx
activity remained at a similar level both in the 14- and 21-day-old workers (Figures 3-5).

3.2. Levels of Total Antioxidant Capacity (TAC)

The TAC levels in the naturally (physiologically) aging workers were statistically
significantly higher in all the tissues/fat body locations and age groups compared to the
prematurely aging workers (affected by V. destructor). The TAC levels increased along with
the age of the workers in the control group until the 21st (in the hemolymph and the fat
body from tergite 3 and the sternite) or the 28th day of age (in the fat body from tergite 5),
and then these values decreased. The highest values of TAC in this group were identified
in the fat body from tergite 5 of the workers from day 14 to day 28 of their life. The TAC
levels in the oldest workers were the highest in the hemolymph and the lowest in the fat
body from the sternite (Figure 6). As far as the prematurely aging workers (affected by
V. destructor) are concerned, the highest TAC levels were observed in the fat body from
tergite 5 in the 14-day-old workers. In a similar way to the CAT activities in the 14-day-old
prematurely aging workers, the TAC levels in each tissue/location were higher than in
the 21-day-old workers. The age-related trend in the TAC levels was similar to that of the
antioxidant enzymes, the exception being the hemolymph of the uninfected bees, where
the TAC levels fluctuated within a small range.
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Figure 6. Total antioxidant capacity (TAC) levels in the hemolymph and the fat body from tergite 3,
tergite 5, and the sternite in the naturally (physiologically) aging 1-, 14-, 21-, and 35-day-old workers
and in the prematurely aging 14- and 21-day-old workers (affected by V. destructor). A, B, C, D, E, F,
G—capital letters indicate statistically significant differences between the groups at p < 0.01.
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4. Discussion

Antioxidant enzymes, such as catalase (CAT), superoxide dismutase (SOD), glu-
tathione S-transferase (GST), and glutathione peroxidase (GPx), as well as the total an-
tioxidant capacity (TAC) in bees are commonly used to monitor their oxidative stress and
vitality and immunity levels. In our study, we focused on the analysis of the antioxidant
system of bees in the context of aging processes. Antioxidant activities have been primar-
ily described in apian hemolymph [32], entire bees [33] or in thoraces or/and abdomina
or/and heads [14,34-36] in the context of the influence of anthropogenic factors, e.g., elec-
tromagnetic waves [37], monodiets [38], pesticides [39,40], or stimulators [41], etc. Only
a few publications present information on the antioxidant system in the fat body of bees.
Santos et al. [42] presented the expression of antioxidant genes (CuZnSOD, MnSOD, Gstl,
catalase and GSH/GSSG) in the fat body of worker and queen larvae. Brejcha et al. [20]
reported the expression of antioxidant genes in fat body cells of short-lived summer and
long-lived winter workers. Hsu and Hsieh [43] characterized CAT, GPx and SOD activities
in trophocytes and other fat body cells of 1- and 50-day-old workers. Strachecka et al. [22]
compared the activities of antioxidants in different locations of the subcuticular fat body
in different castes of bees—workers, queens and rebels—just after their emergence. Bry$
et al. [38] compared the activities of antioxidant enzymes in 1-, 7-, and 14-day-old worker
bees fed monodiets in cage conditions. This publication supplements the knowledge of
the physiology of the fat body with the following information: (1) profiles of the antioxi-
dant activities in different segments/locations of the fat body not only in 1- to 14-day-old
workers, but also in older ones, even those 35 days of age; (2) comparisons of the activities
of antioxidants in naturally/physiologically aging bees and those aging prematurely due
to V. destructor infestation; (3) presentation of the effects of V. destructor on the activities
of the above enzymes in the fat body from tergite 3, tergite 5, and the sternite and in the
hemolymph of workers; (4) description of the antioxidant activities in the hemolymph and
fat body of bees kept in hives, not in cage conditions, like in most publications.

4.1. Antioxidant Activities in Naturally/Physiologically Aging Bees

Physiological aging of bees begins when they transition to foraging, i.e., around day
18-21 of worker life [44,45]. At this age, workers fly out of the hive in search of nectar
and pollen, and are therefore more exposed to external factors, including pathogens and
pesticides that cause oxidative stress in them. In addition to these factors, workers use
a lot of energy during flight, which causes an acceleration of their metabolism and in
consequence leads to the production of ROS [14,46]. In the later stages of foraging, such
features of worker aging can be observed as mechanical damage, weakened immunity, and
damage due to oxidative stress in the optic lobes [47]. In order to limit the negative effects
of oxidative stress, workers activate their antioxidant defenses, which include antioxidant
enzymes such as CAT, GST, GPx, and SOD.

Our studies revealed that the activities of antioxidant enzymes increase with age,
reaching a maximum on the 21st or 28th day (i.e., at an age when they are outside the
hive foraging) depending on the tissue/fat body location and the enzyme type. It is worth
noting here that this is currently the only publication that characterizes the activity of the
antioxidant system not only in the hemolymph but also in various locations/segments of
the fat body of old workers. Both Strachecka et al. [22] and Brys et al. [38] presented the
activities of these enzymes only in young bees at ages between 1 and 14 days that were kept
in cages, i.e., in artificial conditions created for the purposes of the experiment. Therefore,
our results are all the more valuable, as they illustrate the activity of the antioxidant system
in natural hive conditions. Strachecka et al. [48] showed that the activities of CAT and GPx
in the hemolymph are the highest in healthy 28-day-old workers, while the activities of
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SOD and GST are the highest at age 21 days. In turn, Skowronek et al. [49] showed that
the SOD and GST activities in the hemolymph were the highest in the 28-day-old workers
and CAT and GPx in the 21-day-old insects. The antioxidant activities in the bees in our
experiment reached their maximum values in the 28-day-old naturally (physiologically)
aging workers. The one-week difference in the highest-activity values of these enzymes
between our workers and those in the study by Strachecka et al. [48] and Skowronek
et al. [49] may be due, among other things, to environmental conditions, bee genetics, or
other factors influencing the antioxidant system. The bees leaving the hive environment
as well as the cage conditions [48,49] were associated with a decrease in the activity of
the antioxidant system in the hemolymph of the workers (which was observed at age
35 days). Moreover, similarly to the experiment of Brys et al. [38], we showed that the
values of all the antioxidants in the bees up to 14 days of age systematically increased
not only in the hemolymph but also in the individual segments/locations of the fat body;,
with the highest activities of GST and SOD identified in tergite 5. It is worth noting that
this tendency was observed both in the bees kept in cage conditions [38] and in hives
(Figures 2-5). The activities of the enzymes closely relate to the function/metabolism of
particular organelles in the fat body cells as well as ROS neutralization reactions. As
reported by Scofield and Amdam [50], nurse bees retain elevated levels of lipids and other
substances in the abdomen, also in the fat body, while forager bees contain very low levels of
these compounds. This is a pattern that is likely to contribute to the efficacious performance
of their social roles, which upholds the colony in an appropriate condition. This not only
stems from the evolution of eusocial organisms [50] but also from the adaptation to volatile
environmental conditions [51] and disease influence (as in the case of Varroa).

The TAC levels, as shown in publications by Stowiriska et al. [40], Strachecka
et al. [52,53], and Skowronek et al. [49], increased in the hemolymph of workers along
with their aging processes until the 21st-30th day of age and then decreased. Hence, the
antioxidant system works the most effectively in bees that have just turned foragers and
are more exposed than nesting bees to harmful environmental factors causing oxidative
stress. This reduction in TAC in flying/old bees, as shown by Margotta et al. [14], is the
result of a decreased efficiency of mitochondrial respiration and electron transport chain
activity, which results in early metabolic and behavioral senility [54]. As foragers age, the
synthesis of many compounds (e.g., glycogen) slows and even eventually ceases, suggest-
ing that multiple metabolic pathways (e.g., carbohydrates, lipids, etc.) are damaged. As
a result, ROS accumulate to be then neutralized by the antioxidant system. Antioxidant
consumption is conducive to low TAC levels.

The lowest antioxidant enzyme activities and TAC levels were noted in the oldest
workers (35 days old), which were at an advanced stage of life and showed signs of aging
(Figures 2—6). They are characterized by greater sensitivity to food deficiency, temperature
changes, and oxidative stress [55]. The aging rate of bees may to a large extent be influenced
by access to the food base and environmental pollution, including the presence of pesticides
and heavy metals, which accelerate the aging process. Precisely determining the influence
of these factors on the aging processes in bees will allow for a thorough understanding of
the biochemical, physiological, genetic, and epigenetic mechanisms occurring in bees as
they age.

4.2. Antioxidant Activities in Prematurely Aging Bees (Affected by V. destructor)

There is little information on the effect of V. destructor infestation on the activities of the
antioxidant enzymes as one of the factors in the aging processes in bees. It is known that
this ectoparasitic mite causes a shortening of the lifespan of bees by feeding on the fat body
and hemolymph [24,56], among other factors, its salivary proteins damage bee hemocytes
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and alter the profile of apian proteins and other metabolically important compounds, and
the mite is a vector of viruses [56]. In our study, the workers with a shortened lifespan due
to V. destructor survived only 21 days compared to those aging naturally (physiologically),
which survived 35 days. This age was also reported by Morfin et al. [56] for workers that
had one mite on them. However, in the case of workers that emerged with two or three
mites, their life expectancy was only 8.5 days. Additionally, we observed that the activities
of the antioxidant enzymes were lower in the prematurely aging workers (affected by V.
destructor) than in the normally aging (healthy) bees and tended to decrease along with
their age (Figures 2-5). Giilmez et al. [26] showed that homogenates from entire workers
infested with V. destructor are characterized by higher SOD activities and lower CAT and
GST activities compared to healthy workers. In turn, Lopieniska-Biernat et al. [57] showed
that V. destructor-infested feral bees from tree holes had lower SOD activities and higher
CAT and GST activities compared to uninfested workers. The above results of these two
publications are burdened with error and present the activity of the antioxidant system
in whole insects (bee homogenates) taking into account the entire microflora that is on
them (on the cuticle) and in them, and perhaps also the mites that were present on the bees.
Farjan et al. [58], Badotra et al. [29], and Lipiriski and Zéttowska [59] also showed increased
antioxidant activity and signs of oxidative stress in homogenates of various preimaginal
stages of bees infested with mites, indicating this as the main cause of developmental
defects and increased brood mortality. By characterizing the antioxidant system in terms of
tissue specificity (hemolymph vs. fat body) and taking into account the segmentation of
the fat body, we avoided errors related to the species affiliation (bee vs. microorganisms
vs. mite) of the enzymes. In this respect, our publication is innovative and fits into the
contemporary scientific discourse on premature aging under the influence of unfavorable
factors. Reduced antioxidant system activities in all tissues/fat body locations of bees
infested with V. destructor is most likely a consequence of mites feeding on the fat body of
bees, as a result of which this tissue loses its structure and consequently its functions [24].
Our studies confirm that infested bees lose their antioxidant and detoxification capacities
in the fat body and hemolymph. As a result, they most likely accumulate ROS, which
damage proteins, lipids, sugars, and other structural and metabolic compounds of bee
cells. The lack or loss of the fat body in a bee leads to disorders in the synthesis, activation,
and functioning of many compounds, including the antioxidant system, which leads to
immunological disorders and accelerated aging processes and ultimately the death of the
insect. The effects of oxidative stress, as reported by Farjan et al. [58,60], can be delayed,
even in bees infested with V. destructor, by adding antioxidants to the diet, e.g., vitamin C
or other stimulants (e.g., CBD, CoQ-10, caffeine, curcumin) [48,49,53,61].

4.3. Antioxidant Activities in Different Tissues/Fat Body Locations

Various authors, including Giilmez et al. [26] and Orcic et al. [62], have determined
antioxidant activities, usually in homogenates of whole bees. Hsu et al. [43] have found fat
body CAT activities to increase with age, while SOD activities were observed to decrease.
Unfortunately, these authors did not specify the part of the fat body sampled (visceral or
subcuticular) or its location (segment), hence the difference between our and their results.
In our study, we focused on determining the activity of the antioxidant system in the
hemolymph and in individual segments of the subcuticular fat body, i.e., tergite 3, tergite
5, and the sternite, while taking into account the natural (physiological) and accelerated
aging of workers. We corroborated the findings of Strachecka et al. [22] showing that
antioxidant activities vary depending on the type of tissue (hemolymph vs. fat body) and
fat body segments/locations (tergite 3, tergite 5, and sternite). These authors showed that
the SOD and CAT activities were always the highest in the sternite, while the TAC levels
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were the highest in tergite 3 in different castes/subcastes of the 1-day-old insects. In our
experiment, we showed that the antioxidant levels were the lowest in the fat body from
the sternite or tergite 3, while being the highest in tergite 5. This is consistent with the
results obtained by Bry$ et al. [38], who suggested that the fat body assumes different
physiological functions in individual segments/locations. The fat body from tergite 3 and
the sternite is responsible for the accumulation of energy compounds, and that from tergite
5 for antioxidant and detoxification mechanisms [18,22,38]. The sternite and tergite 3 fat
bodies are composed primarily of many large trophocytes, whose main function is to store
glucose, glycogen, triglycerides, and other nutrients [18,22,63—-65]. Furthermore, lower
values of the antioxidant system in bees with a shortened lifespan (Figures 2—-6) are most
likely the result of a decrease in the volume of the fat body (from the sternite and tergite
3) after being fed on by V. destructor [24]. What distinguishes the tergite 5 fat body is the
large number of oenocytes [18], which, as reported by Huang et al. [65], are responsible for
detoxification and are an analogue of the mammalian liver. Hence, it can be concluded that
the fat body from tergite 5 shows the best predispositions to neutralize ROS, which in turn
can prevent the effects of oxidative stress and premature aging of the organisms.

5. Conclusions

This study is the first report comparing antioxidant activities in different tissues/fat
body locations in naturally (physiologically) aging workers and prematurely aging ones
(affected by V. destructor) at different ages. V. destructor infestation leads to decreased
activities of enzymes that are crucial for the functioning of the antioxidant system. This
results in the accumulation of reactive oxygen species that cause damage at the cellular
level, which in turn accelerates aging and shortens lifespan. The antioxidant system is the
most active in the fat body from tergite 5. This location shows the best predisposition to
neutralize ROS, which in turn can prevent the effects of oxidative stress and premature
aging of the organisms. Mites sucking out the fat bodies, mainly from the sternite and
tergite 3, contribute to their dysfunction and further reduce the antioxidant activities.
Understanding the functions of individual fat body segments in bees will allow for a better
understanding of their role in mechanisms related to oxidative stress and their correlation
with bee health and longevity. Thus, this will help protect bees from environmental stress
and support their health in the difficult conditions of the modern world. Gerontology is a
field of science that allows us to better understand what factors and mechanisms underlie
the complex processes of aging and to learn methods of delaying it, as in the context of
bees as model organisms. Such studies have a practical aspect, because they will enable the
creation of effective strategies for protecting these valuable pollinators, e.g., by enriching
their diet with antioxidants or using preparations that strengthen their immunity, we
can provide them with increased protection against pathogens, improve their subsistence
conditions, and minimize/delay the effects of aging.
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Abstract

The proteolytic system plays a crucial role in maintaining the homeostasis and defence
against pathogens. Its proper functioning depends on the balance between the activities
of proteases and their inhibitors. The disturbing of this balance, caused, for example, by
Varroa destructor, brings about physiological /metabolic changes leading to premature aging.
Therefore, our study aimed to investigate the effect of V. destructor on the activities of
acidic, neutral, and alkaline proteases and their inhibitors in bee hemolymph and fat body
segments (from tergite 3, tergite 5 and sternite). The parasite caused a decrease in the
protease and protease inhibitor activities, accelerating the aging process. In healthy worker
bees, proteolytic activity in the fat body segments increased with age, peaking at 21-28 days,
and subsequently declined in 35-day-old workers. Additionally, it was observed that
tergite 5 was the segment characterized by the highest activity of the proteolytic system,
which indicates that it can be used as a biomarker of aging and immunity. Studying the
proteolytic system is important because it allows for a more detailed understanding of
immunity mechanisms, aging processes, and responses to infection, which may contribute
to the development of preparations promoting apian health.

Keywords: immunity; protease inhibitors; proteases; Varroa destructor; workers; aging; fat
body; hemolymph

1. Introduction

The honeybee (Apis mellifera) is a pollinator that plays a crucial ecological and eco-
nomical role. Its lifespan depends on the number of environmental stressors, such as
climate change, pesticides, and pathogens such as Varroa destructor, Nosema ceranae, and
Paenibacillus larvae. Bees, like other insects, have a complex immune system composed
of many interconnected mechanisms that help them respond to environmental stressors
and pathogens.

The first line of defence is composed of anatomical and physiological barriers, which
include the tough cuticle, tracheal tubes, and peritrophic membranes. Once these barri-
ers are broken down, cellular and humoral immune responses are initiated. The cellular
response involves hemolymph cells, known as hemocytes, whose role is to participate in
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nodulation, encapsulation, and phagocytosis. The humoral response, on the other hand,
begins with the activation of two closely interconnected systems: the proteolytic and
antioxidant one. The proteolytic system of Apis mellifera consists of proteases and their
inhibitors, which are synthesized in the fat body and transported through the hemolymph.
These enzymes are activated in the host after pathogen entry to degrade pathogen proteins.
This degradation produces reactive oxygen species (ROS), which are then removed by
antioxidant enzymes [1-5]. Proteases are involved in various processes, such as DNA
repair, food digestion, receptor and zymogen activation, regulation of the mitochondrial
function, stress response, intercellular signaling and many others [6]. Thus, they are re-
sponsible for maintaining body homeostasis and regulating the aging process. Among the
proteases present in A. mellifera, we can distinguish aspartic, serine, thiolic and metallic
proteases [2,7-9]. The largest group of bee proteases are alkaline proteases, which include
serine proteases [10]. Their main functions are participation in hemolymph coagulation,
immune protein production, melanization, and wound healing. Furthermore, they are
involved in the activation of the prophenoloxidase cascade [7,9,11,12]. Importantly, genes
encoding serine proteases have been shown to play a significant role in the embryonic
development of bees [7]. Aspartic and cysteine proteases are primarily activated at an acidic
pH. Their main functions include regulating cell proliferation and death (programmed
cell death). They are also released during viral and bacterial infections [13]. Neutral pro-
teases include, for example, metalloproteases, which are involved in the body’s defence
processes during antimicrobial hemocyte or protein reactions and also participate in di-
gestive processes, in the biosynthesis of peptide hormones and neurotransmitters, and in
melanization, as well as influencing the development of the reproductive system and the
proper development of larvae and pupae [14].

Bees also produce protease inhibitors, including serpins, which inhibit the activities
of serine proteases. Serpins, also called suicide molecules, are a superfamily of proteins
that act by permanently binding to proteolytic enzymes and blocking their functioning [15].
These molecules inhibit excessive melanization and production of immune proteins and
help control the excessive activation of the immune system [7,8].

One of the diseases causing an accelerated aging of bees and the collapse of bee colonies
is varroasis, caused by V. destructor. Characteristic symptoms of varroasis include reduced
protein and sugar content, weight loss, and immunosuppression [16-18]. It is known that
V. destructor feeds on apian fat bodies and hemolymph. While feeding, V. destructor secretes
proteolytic enzymes that degrade the host proteins [19,20]. As a result, the parasite gains
easy access to essential nutrients from the bee’s body [21-23]. The enzymes produced by
V. destructor also include chitinases, esterases, and phosphatases [16,21]. Chitinase enables
V. destructor to penetrate the bee cuticle [21]. Esterases, in turn, neutralize various chemicals,
including pesticides and acaricides, and enable the deactivation of the host inhibitors. This
may represent an example of a strategy for protecting the parasite from the host defences.
At the same time, these enzymes, contained in the saliva and secretions of V. destructor
constitute the first line of defence that is analogous to the anatomical and physiological
barriers of the bee [16]. The consequence of hemolymph volume being reduced in bees
as a result of parasitism caused by V. destructor, is a reduction in the concentration of
hemocytes (by up to 50%), a decrease in the expression of immunity genes, secondary
infections with pathogenic microorganisms, or even dysfunctions of other tissues and
organs, e.g., the hypopharyngeal gland [24] the mandibular glands and smaller vessel
glands [25], antennal sense organs [26], flight muscles and the midgut [27].

The available literature still lacks detailed information on the effects of V. destructor on
aging and immunity in bees. Therefore, further research is necessary. Moreover, there is no
information about the influence of V. destructor on the functioning of the proteolytic system
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in bees in two tissues that are key for immunity, i.e., the fat body and the hemolymph. Our
analyses significantly contribute to our understanding of these biochemical processes that
accompany V. destructor infestation. We assumed that V. destructor negatively affects the
activity of the bee proteolytic system and formulated the following hypotheses: (1) workers
infested with V. destructor exhibit lower activities of acidic, neutral, and alkaline proteases
and their inhibitors compared to healthy workers in the fat body segments, i.e., tergites 3
and 5, and the sternite (H1), and (2) the activity of the proteolytic system in healthy worker
bees increases with their age/aging, while in those infested with V. destructor it decreases
(H2). Therefore, the aim of our work was to investigate the effect of V. destructor on the
proteolytic system activity in the fat body of the sternite and tergite 3 and 5, as well as in
the hemolymph of the workers, and how these activities change with age.

2. Materials and Methods
2.1. Collecting Honeybees for Experiments

For the experiments, eight healthy bee colonies were selected, maintained in Dadant
hives at the apiary of the University of Life Sciences in Lublin (51°22" N, 22°63' E). The
collection of one-day-old bees for the experiments was described in our earlier work by
Kunat-Budzyniska et al. [28,29]. After obtaining one-day-old bees, 30 were collected for
analysis to determine the proteolytic system activity, and 6000 were marked with a special
marker (POSCA PC-3M marker, Uni Mitsubishi Pencil, Shinagawa, Tokyo, Japan). The
marked workers were then placed in six mini-hives with small frames (210 mm x 170 mm),
which were divided into two groups: a control group (three healthy bee colonies) and a
test group (three bee colonies infested with V. destructor).

In the control group, V. destructor was effectively controlled in July and October (during
the brooding /beekeeping season preceding the experiment) by temporarily isolating the
queen (a biotechnical method devised by Olszewski [30] to prevent brood presence in the
colonies). This prevented the reproduction of V. destructor and, consequently, its spreading
in the control group. After achieving a broodless state, the colonies were treated with
oxalic acid vaporization, which further increased the effectiveness of the treatment against
V. destructor.

For the experiments, 14-, 21-, 28-, and 35-day-old workers were collected from the
control group (free from V. destructor—healthy workers; 3 colonies x 4 samplings x 10 bees).
However, only 14- and 21-day-old workers with a visible presence of the V. destructor parasite
on their bodies were collected from the test group (3 colonies x 2 samplings x 10 workers).
Due to a high mortality in the test group, the 28- and 35-day variants could not be collected.

Ten worker bees of the respective ages were sampled from each colony in the control
and test groups to obtain a representative number of workers. In total, 210 worker bees
were sampled for analysis.

2.2. Fat Body and Hemolymph Collection

Hemolymph was collected from the abdomen of the living worker bees by inserting a
glass capillary between the third and fourth tergites (20 pL, “end-to-end” type, without
anticoagulant; Medlab Products, Raszyn, Poland) according to the method described by
Los and Strachecka [31]. 5 uL of hemolymph was collected from each bee and placed in
25 uL of ice-cold 0.6% NaCl in an Eppendorf tube. The hemolymph solutions were then
stored at —40 °C for further analysis. The abdomina of the bees were dissected along
the pleural membrane with microsurgical scissors and gently opened using tweezers or
a dissecting needle. Using thin needles, the tergite side of the abdomen was attached to
a polystyrene insert. To avoid contaminating the fat body, the digestive tract and trachea
were removed. Next, under a stereoscopic microscope, the fat body was collected from the
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selected segments, representing the most metabolically active ones, i.e., tergites 3 and 5 and
the sternite, according to the methodology of Kunat-Budzyriska et al. [28], Wojcik et al. [32],
and Strachecka et al. [33]. The collected tissue was placed in a 0.6% sodium chloride
solution. The tissues from the fat body segments were manually homogenized and then
centrifuged (3000 g, 4 °C, 1 min). The obtained supernatants were stored at —25 °C until
further biochemical analyses [33].

2.3. Determination of Protein Concentration

Protein concentration in the hemolymph and fat body segments, i.e., tergites 3 and 5
and the sternite, was determined using the Lowry method, as modified by Schacterle and
Pollack [34] and Lo$ and Strachecka [31]. 10 pL of the hemolymph/fat body supernatant
was supplemented with 10 uL of an alkaline copper solution, and the samples were
incubated at 25 °C for 10 min. After incubation, 40 pL of Folin’s reagent (1:17) were
added to the samples, and the samples were incubated again at 55 °C for 5 min. Protein
concentration [mg/mL] was determined spectrophotometrically [Synergy HTX (SILFA);
Warsaw, Poland] at a wavelength of 650 nm.

2.4. Determination of Proteolytic Activity and Protease Inhibitor Activity

To determine proteolytic activity, 2 uL of substrate, i.e., hemoglobin (1% w/v), was
added to 1 uL of hemolymph and fat body supernatant and incubated at 37 °C for 90 min in
the appropriate buffer, depending on the type of proteases to be detected: acidic—100 mM
glycine-HCl, pH 2.4; neutral—100 mM Tris-HCI, pH 7.0; alkaline—100 mM glycine-NaOH,
pH 11.2. The enzymatic reaction was stopped by adding 8 uL of cold 5% trichloroacetic
acid (TCA) to the samples. Undigested proteins were then precipitated and centrifuged for
1min at 17,709 x g. Absorbance was measured spectrophotometrically at 280 nm [2,35].

To determine the activities of acidic, neutral, and alkaline protease inhibitors, 1 uL
of the enzyme pepsin (a marker for acidic proteases) or trypsin (a marker for neutral and
alkaline proteases) at a concentration of 1 mg/mL was added to 1 uL of the hemolymph
or fat body supernatant. The samples were incubated at 37 °C for 30 min. Then, 5 pL of
hemoglobin (1%) dissolved in an appropriate buffer was added and incubation continued
for 60 min. The enzymatic reaction was stopped by adding 12 pL of the trichloroacetic acid
(TCA), and the samples were centrifuged at 17,709 x g for 1 min. The absorbance of the
resulting supernatants was measured spectrophotometrically at 280 nm [36].

The acidic, neutral, and alkaline proteases and their respective inhibitory activities
were calculated per 1 mg of protein.

2.5. Statistical Analysis

The results were analyzed statistically using the Statistica software, version 13.3 (2017)
for Windows, StatSoft Inc., Tulsa, OK, USA. Data distribution was checked using the
Shapiro-Wilk test. The data were not normally distributed. The effects of the tissue/fat
body location (the hemolymph and the fat body from tergite 3, tergite 5, and the sternite) in
each age group (n = 30 workers) on the activities of acidic, neutral and alkaline proteases
and those of acidic, neutral and alkaline protease inhibitors were measured with the
Kruskal-Wallis test. The same assessment was made to assess the effects of age (1, 14,
21, 28 and 35 days of age) on the activities of acidic, neutral and alkaline proteases and
those of acidic, neutral and alkaline protease inhibitors for the particular tissues/fat body
locations (the hemolymph and the fat body from tergite 3, tergite 5, and the sternite). For
each tissue/fat body location, the activities of acidic, neutral and alkaline proteases and
those of acidic, neutral and alkaline protease inhibitors were compared between the age
groups with the Mann-Whitney U test.
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3. Results

The tissue location (hemolymph vs. fat body from different segments—tergite 3,
tergite 5, and the sternite) had a statistically significant effect on the activities of the acidic,
neutral, and alkaline proteases, their inhibitors, and the concentrations of proteins in both
the healthy and V. destructor-infested workers (Table 1).

Table 1. The effect of tissue location: hemolymph, tergite 3, tergite 5, and the sternite in the particular
age groups on the concentrations of proteins and the activities of acidic, neutral, and alkaline proteases
and their inhibitors in both the healthy and V. destructor-infested workers.

Acidic Neutral Alkaline Protein
Proteases Proteases Proteases Concentration
Hemolvmph H =175.49 H=175.19 H =138.93 H =181.96
ymp p <0.001 p < 0.001 p <0.001 p <0.001
Tereite 3 H=168.18 H =146.89 H=62.45 H =78.56
& p <0.001 p <0.001 p <0.001 p <0.001
Tereite 5 H =168.18 H=131.76 H =53.56 H =187.20
& p <0.001 p < 0.001 p <0.001 p < 0.001
Sternite H=168.17 H =129.95 H =22.83 H=76.66
p <0.001 p < 0.001 p <0.001 p <0.001
Acidic Neutral Alkaline
Protease Protease Protease
Inhibitors Inhibitors Inhibitors
Hemolvmph H=141.16 H =135.04 H =138.01
ymp p < 0.001 p < 0.001 p < 0.001
Tereite 3 H=124.71 H=132.38 H =98.88
& p <0.001 p < 0.001 p <0.001
Toreite 5 H=125.14 H=101.75 H=141.32
& p < 0.001 p < 0.001 p < 0.001
Sternite H =131.60 H=131.62 H=131.43
p <0.001 p < 0.001 p <0.001

H—statistic from the Kruskal-Wallis test; p—probability value.

The activities of acidic, neutral, and alkaline proteases, and those of their inhibitors, as
well as the concentrations of proteins significantly differed statistically depending on the
age of the workers (1, 14, 21, 28 and 35 days) (Table 2).

The highest protein concentrations were observed in tergite 5 and in the hemolymph.
The protein levels increased with worker age, reaching a maximum concentration in the
21/28-day-old healthy workers, after which the protein levels decreased at 35 days of age.
The V. destructor parasite leads to a decrease in protein levels, except in tergite 5, where
the protein levels are comparable to or slightly higher than those in the healthy workers
(Figure 1).

The highest activities were observed in the alkaline proteases. The activities of acidic
and neutral proteases increased with age, reaching the highest levels in all the fat body
segments of the 28-day-old healthy workers, and then decreased in those of the 35-day-old
workers. In contrast, in the hemolymph, the activities of acidic and neutral proteases
increased with age, reaching the highest values in the 35-day-old workers (Figures 2 and 3).
A different trend was observed in the case of the alkaline protease activities—the activities
of these enzymes in the tergite 5 and sternite increased in the 14-day-old workers and then
gradually decreased with age (Figure 4).
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Table 2. The effect of age: 1, 14, 21, 28 and 35 days for the individual tissues (the hemolymph
and fat body segments: tergites 3 and 5, and the sternite) on the concentrations of proteins and the
activities of acidic, neutral, and alkaline proteases and those of their inhibitors in both the healthy

and V. destructor-infested workers.

Grou Age Acidic Neutral Alkaline Protein
P (Days) Proteases Proteases Proteases Concentration
control 1 H =100.45 H=9251 H =100.85 H =100.62
p <0.001 p <0.001 p <0.001 p <0.001
control 14 H=111.57 H=11155 H=111.58 H =100.98
p <0.001 p <0.001 p <0.001 p <0.001
V destructor 14 H=11142 H=10453 H=11157 H =100.72
' p <0.001 p <0.001 p <0.001 p < 0.001
control 2 H=11157 H=11153 H=10945 H =108.02
p <0.001 p <0.001 p <0.001 p <0.001
V. destructor 2 H=10209 H=10078 H=111.58 H =100.04
' p <0.001 p <0.001 p <0.001 p <0.001
control )8 H=10279 H=111.57 H=109.81 H =104.07
p <0.001 p <0.001 p <0.001 p < 0.001
control 35 H=11138 H=11159 H=111.58 H=107.13
p <0.001 p <0.001 p <0.001 p <0.001
Age Acidic Neutral Alkaline
Group (Dag s) protease protease protease
y inhibitors inhibitors inhibitors
control 1 H=103.75 H=10210 H=100.59
p <0.001 p <0.001 p <0.001
control 14 H=11153 H=10045 H=11157
p <0.001 p <0.001 p <0.001
H=111.57 H=85.47 H =110.60
V. destructor 14 p<0001  p<0001  p<0.001
control 2 H=11055 H=11157 H=110.316
p <0.001 p <0.001 p <0.001
H=111.57 H =99.37 H =108.79
V. destructor 21 p<000l  p<0.00l  p<0.001
control )8 H=11157 H=11156 H=11157
p <0.001 p <0.001 p <0.001
control 35 H=111.57 H=11156 H=111.58
p <0.001 p <0.001 p <0.001

H—statistic from the Kruskal-Wallis test; p—probability value.

In the fat body segments (tergites 3 and 5, and the sternite), the activities of acidic,
neutral, and alkaline protease inhibitors increased with age, reaching maximum values in
the 28-day-old healthy workers and then decreasing in the 35-day-old workers (Figures 5-7).
Among the protease inhibitors tested, the acidic protease inhibitors exhibited the highest
activity, while alkaline protease inhibitors displayed the lowest activity (Figures 5 and 7).

Varroa destructor reduces the activities of acidic, neutral, and alkaline proteases and
their inhibitors in the fat body segments and hemolymph (Figures 2-7). The highest
activities of proteases and their inhibitors were noted in the 14-day-old workers. In contrast,
the lowest activities were observed in the 21-day-old workers infested with V. destructor.
(Figures 2-7).
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Tergite 5 was characterized by the highest activities of proteases, while the highest
activities of the protease inhibitors were found in the hemolymph (Figures 2-7).

Hemolymph
A
B
N B control
D E B V. destructor
F
a0l
1 14 21 28 35
Day
Tergite 5
A
B Ba Bb
HEcontrol
C
D aV. destructor
E II
1 14 21 28 35
Day

Protein concentration [mg/mL]

Protein concentration [mg/mL]

1.8
1.6
14
1.2

0.8
0.6
0.4
0.2

o

© o

Tergite 3
A
B
i
21 28
Day
Sternite
A
cb
: I
21 28
Day

B control

V. destructor

HEcontrol

B V. destructor

o HT

5

Figure 1. Protein concentrations in the hemolymph and the fat body from tergite 3, tergite 5, and the
sternite of the healthy 1-, 14-, 21-, 28-, and 35-day-old workers and in the V. destructor-infested 14-
and 21-day-old workers. A, B, C, D, E, E, G—capital letters indicate statistically significant differences
between the groups at p < 0.01. a, b—lowercase letters indicate statistically significant differences

between the groups at p < 0.05.
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Figure 2. Activities of acidic proteases [U/mg protein] in the hemolymph and the fat body from
tergite 3, tergite 5, and the sternite of the healthy 1-, 14-, 21-, 28-, and 35-day-old workers and in
the V. destructor-infested 14- and 21-day-old workers. A, B, C, D, E, F, G—capital letters indicate
statistically significant differences between the groups at p < 0.01.
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Figure 3. Activities of neutral proteases [U/mg protein] in the hemolymph and the fat body from
tergite 3, tergite 5, and the sternite of the healthy 1-, 14-, 21-, 28-, and 35-day-old workers and in
the V. destructor-infested 14- and 21-day-old workers. A, B, C, D, E, F, G—capital letters indicate
statistically significant differences between the groups at p < 0.01.
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Figure 4. Activities of alkaline proteases [U/mg protein] in the hemolymph and the fat body from
tergite 3, tergite 5, and the sternite of the healthy 1-, 14-, 21-, 28-, and 35-day-old workers and in
the V. destructor-infested 14- and 21-day-old workers. A, B, C, D, E, F, G—capital letters indicate
statistically significant differences between the groups at p < 0.01. a, b—lowercase letters indicate

statistically significant differences between the groups at p < 0.05.
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Figure 7. Activities of alkaline protease inhibitors [U/mg protein] in the hemolymph and the fat body
from tergite 3, tergite 5, and the sternite of the healthy 1-, 14-, 21-, 28-, and 35-day-old workers and
in the V. destructor-infested 14- and 21-day-old workers. A, B, C, D, E, F, G—capital letters indicate
statistically significant differences between the groups at p < 0.01.

4. Discussion

The proteolytic system serves many functions in bees. Firstly, it is responsible for
regulating numerous physiological processes, including protein digestion, and secondly, it
is one of the bees’ primary defence barriers against viruses, parasites, fungi, and bacteria.
Proteolytic enzymes, along with their inhibitors, can be found on the surface of the cuticle,
constituting the first line of defence against pathogens. They are produced internally in
the fat body and distributed through the hemolymph [2,37]. The activation of the protease
cascade is responsible for rapid threat recognition and subsequent neutralization. Reduced
protease activities are conducive to digestive disorders [38,39] and also lead to metabolic
disorders, preventing zymogens from being activated. This results in the blockage of many
processes occurring in bees. For example, proteins and hormones are not secreted properly,
which weakens the immune system, making bees more susceptible to pathogens such as
Nosema apis or Varroa destructor. Among the proteases, serine proteases play a key role
in immunity, being responsible for initiating the proPO cascade, leading to melanization,
sclerotization, and mounting effective defence against pathogens [11,40,41].

The activity of the proteolytic system is influenced by many environmental and
anthropogenic factors, such as electromagnetic fields [42,43], the diet [10], pesticides [44],
drugs [45], and the cell size in the comb [13,46], in addition to others. As mentioned earlier,
the efficient functioning of proteases and their inhibitors is essential for the bee’s body
to defend itself and fight pathogen infections. However, little attention has been paid to
illustrating the effects of disease states on the activities of proteases and their inhibitors
within the bee. Therefore, with this publication, we have filled this gap and demonstrated
how V. destructor affects the activity of this crucial immune system. Furthermore, we
focused on illustrating the effects wrought by Varroa in two tissues crucial for bee immunity
and physiology: the hemolymph and the fat body. These tissues were selected because they
serve as a nutrient source for the mites. To develop effective strategies for controlling this
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parasite, a thorough understanding of the mechanisms governing host-parasite interactions
is essential. Additionally, we considered the fat body as a heterogeneous, segmented
tissue [33] and presented the activities of acidic, neutral, and alkaline proteases and their
inhibitors in tergites 3 and 5, and the sternite—the locations to which the mites most
frequently attach [22].

4.1. Host (Honeybee)—Pathogen/Parasite Interaction

Varroa destructor, as one of the parasites causing losses in bee colonies, is an interesting
model for research. In order to develop a strategy to combat this parasite, it is essential to
understand its biology and physiology, including protease and protease inhibitor activities,
which are crucial for the host defence.

Ramsey et al. [22] in 2019 showed that V. destructor feeds primarily on apian fat
bodies, which allows it to maintain high reproductive rates. Piou et al. [20] provide new
information on the proteome of V. destructor as it feeds on the hemolymph and fat bodies
at various stages of bee development, i.e., larvae, pupae, and mature forms. V. destructor
has two life stages: the first, the reproductive one, in which the parasite lays eggs in cells
containing larvae or pupae, and the second, pertaining to dispersal, in which the parasite
feeds on adult bees. Depending on the life stage, V. destructor requires different nutrients.
During the dispersal phase, it feeds primarily on the fat bodies of adult bees, which provide
them with energy for survival, while during the reproductive phase, it uses the larvae
and pupae to extract the hemolymph, rich in proteins and amino acids essential for egg
production. This allows its metabolism to adapt to current needs—from lipid burning to
protein synthesis [47]. We add new information that the proteins used by V. destructor
in the bee’s body come primarily from the fat body from tergite 3 and the sternite, as
well as from the hemolymph (Figure 1). Moreover in these tissues/fat body locations, the
protein concentrations in the workers from the infested colonies were very low. The protein
concentrations in the fat body from tergite 5 in the workers with mites on their bodies
were similar or even higher than in those in the control group. Piou et al. [20] showed, that
the same proteins found in the bee hemolymph were identified in the gut of V. destructor
mites. These proteins include apolipophorin, vitellogenin, hexamerin, and transferrin,
which are involved in energy transport and storage. These proteins were observed to be
consumed the most frequently and in large quantities by the parasite, regardless of the
bee’s developmental stage. Furthermore, it was noted that the amount of protein in the
mite gut is variable, which is due to the protein composition of the bee body changing
throughout the apian life cycle. There was no correlation between the parasite’s proteome
and the bee fat body. This may be due to the fact that the hemolymph is more readily
available and contains a high proportion of nutrients as it flows around the fat body and
transports these compounds away from it. It is from this bee tissue that the mites obtain a
wide range of nutrients, as well as proteases and their inhibitors. We observed the highest
activities of these compounds in the fat body of tergite 5 (see the control group; Figures 2-7).
The mites primarily penetrate the intersegmental membrane between tergites 3 and 4 and
between the sternites; hence the activity of the proteolytic system in the fat body from these
locations was drastically reduced compared to the control group. Moreover, Piou et al. [20]
suggest that, the mite may encounter difficulties in directly obtaining nutrients from the
fat body, which is connected with a significant energetic cost for them. The hemolymph
is a more easily digestible tissue. However, as suggested by Tewarson and Jany [48] and
Piou et al. [20], honeybee protease inhibitors may be used by the parasite to control protein
degradation and physiology within its body. This indicates that the activity/efficiency of
metabolic processes occurring in the mites is closely dependent on proteins, hormones, and
enzymes derived from various bee tissues at different stages of development. Furthermore,
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as our research suggests, mites utilize the proteolytic system compounds from both the
hemolymph and the fat body, regardless of its location, and in each of these tissues, we
observed a significant reduction in these enzyme activities in the bodies of the infested bees.

The main source of the enzymes and enzyme inhibitors produced by the parasite is
its salivary secretion, which contains substances such as cystatin-L2. The parasite injects
saliva into the bee’s white-eyed pupa to digest its tissues and decrease the expression of
1483 genes responsible, among others, for ATP production and nutrient metabolism, which
reduces the parasite’s energy consumption and facilitates its absorption of food to the
detriment of the bee [49].

Proteolytic activity is assessed depending on the environmental pH and the enzyme’s
origin, i.e., whether it comes from the host or the pathogen. In a study of host—parasite
interactions, Fraczek et al. [50] determined the activity of the proteolytic system in three
pH ranges: 7.5—at this pH, bee enzymes exhibit high activity; 5—moderate activity in both
the bees and V. destructor; and pH 3.5, where the parasite protease activity is the highest
(Figure 8). They demonstrated that in all the pH ranges, V. destructor extracts inhibit the
activities of bee proteases, primarily the serine proteases, resulting in a suppression of host
defence mechanisms. V. destructor has been found to contain trypsin and its inhibitors,
which aid the parasite in feeding on honeybees by preventing hemolymph clotting, which
facilitates parasitism [50]. Strachecka et al. [19] showed that V. destructor which had no
contact with acaricides (e.g., through the use of tau-fluvalinate) produced primarily aspartic
and serine proteases, while the mites exposed to acaricides synthesized aspartic, serine, and
thiol proteases, metalloproteases, as well as serine protease inhibitors. This is consistent
with the results obtained in our study. Most likely, during the digestion of bee tissue by
V. destructor, a reaction between the enzymes of these two organisms occurs, consequently
inhibiting the activities of acidic, neutral, and alkaline proteases and their inhibitors in the
host (Figures 2-7). At this point, it is worth posing the following questions: what type of
proteases and their inhibitors are these, and what is the precise mechanism by which they
are activated and act within the bee? These questions will guide future research.

pH=7.5

High activity of bee
proteolytic enzymes

High activity of V. destructor
proteolytic enzymes

Moderate activity of V.

destructor and bee

proteolytic enzymes

Figure 8. Dependence of the activities of proteolytic enzymes of bees and V. destructor on the
pH value.

Nazzi et al. [51] demonstrated that in response to the presence of V. destructor and
the accompanying infection with the deformed wing virus (DWV), the expression of
genes encoding serine proteases increases in the bee body, which may indicate an active
attempt on the part of the bee to defend itself against the pathogen. Furthermore, the
research by Zou et al. [7] indicates that infestation with V. destructor and DWV can lead to
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a reduction in the activities of some serine proteases, suggesting a complex nature of the
host—parasite interactions.

Similarly to the V. destructor parasite, other pathogens also cause changes in the activity
of the proteolytic system, which can be observed as an increase or decrease in this activity.
Malone and Gatehouse [52] demonstrated that N. apis reduces the activities of digestive
enzymes, such as trypsin and chymotrypsin, compared to healthy bees. Furthermore,
Doughuzlu et al. [53] demonstrated the presence of serine proteases with molecular masses
in the range of 23-35 kDa and cathepsins in bees infected with N. ceranae. On the one hand,
at low activities, these enzymes can act as immunostimulants and induce a host immune
response. On the other hand, especially at high activities, they facilitate the penetration
of host tissues by N. ceranae. The bacteria P. larvae infecting the larva produce proteases.
Studies have shown that these are primarily metalloproteases, which play a significant
role in pathogenesis. Therefore, they are considered the main factors responsible for the
virulence of P. larvae. Importantly, protease production in P. larvae may be regulated by
a quorum-sensing mechanism [54,55]. Monitoring changes in the bees’ proteolytic system
in response to pathogens such as microsporidia, bacteria, and mites can be an effective way
to assess bee colony health and infection levels. This will allow for an early detection of
problems in the apiary and the implementation of protective measures to limit the spread
of disease and improve the health of bee colonies.

4.2. The Relationship Between the Proteolytic System, Tissue Location and Aging Processes in
the Workers

Maintaining proper homeostasis in the body involves various proteins. The synthesis
and degradation of these proteins are controlled by proteases and their inhibitors. These
enzymes work in balance to ensure proper cell function.

As the bees age, the efficiency of the proteolytic system declines. This leads to the
accumulation of damaged proteins, decreased immunity, and higher susceptibility to
various diseases. The available literature has reported that high levels of hemolymph
proteins indicate that bees are more resistant to various pathogens, while a decrease in
protein levels may indicate poor health. Low protein concentrations may be a consequence
of an impaired functioning of proteases and their inhibitors, one of whose functions is
the post-translational processing of proteins, including the enzymatic ones. We observe a
phenomenon referred to as a vicious circle here: low activity of the proteolytic system—Ilow
concentration of functional proteins—even lower activity of the system [56,57]. This
observation is consistent with our results, as we found that low levels of proteins, proteases,
and their inhibitors are associated with V. destructor infestation in both the bee hemolymph
and the fat body segments, i.e., tergites 3 and 5, and the sternite (Figures 1-7). Thus,
V. destructor is one of the factors that accelerate the aging process in bees.

It is known that the activity of the proteolytic system increases in the hemolymph of
healthy bees with age/aging [10,43,45]. However, to our knowledge, the way these activi-
ties change in the bee fat body has not been presented in the literature. Strachecka et al. [2]
focused on demonstrating differences in the activity of this system in the fat body between
the bee castes, but only in 1-day-old bees. Brys et al. [10] presented the activities of proteases
and their inhibitors in various locations of the fat body of bees up to 14 days of age. In this
publication, we expand on the existing knowledge about the functioning of the proteolytic
system in both the hemolymph and the fat body of healthy summer workers up to 35 days
of age. Furthermore, we showed how the activity of this system changes in varroa-infested
workers up to 21 days of age. It is worth emphasizing that the bee samples were collected
from apiary tests, not cage tests as in numerous publications. We demonstrated that pro-
tease activities increased in healthy workers until 21 or 28 days of age, after which a decline
was observed in the 35-day-old individuals. A similar trend was observed in the bees
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infested with the V. destructor parasite—the highest protease activities were observed in the
14-day-old workers and the lowest in the 21-day-old workers (Figures 2-7).

The apparent decline in the efficiency of the proteolytic system in 35-day-old healthy
workers may indicate progressive degenerative changes associated with aging. Therefore,
the values of its activity may be a biomarker of aging. As a result of these phenomena,
bees experience accelerated aging that resembles the metabolic syndrome characteristic
of vertebrates. In humans, the metabolic syndrome consists of various factors such as
high blood sugar levels, hypertension, lipid metabolism disorders, and abdominal obesity.
These factors ultimately lead to the development of diabetes and heart disease, which, if left
untreated, accelerate aging. In insects, specifically dragonflies, a number of physiological
changes resembling the metabolic syndrome have been observed. Dragonflies infected
with gregarines (intestinal parasites) have been observed to exhibit high hemolymph sugar
levels, impaired lipid metabolism, fat deposition in the thorax, and weakened flight muscles.
These changes and infection result in impaired carbohydrate regulation and the activation
of p38 MAP kinase, which is associated with stress and the immune response. These
observations suggest that the metabolic syndrome occurs not only in vertebrates but can
also be identified in insects. Based on the available research, we suggest that honeybees
may be a valuable model for studying the mechanisms of the metabolic syndrome and the
associated aging process [58,59].

We also observed that after emergence, the worker bees had the most active proteolytic
system in their hemolymph. From day 7 until the end of their lives, these values were
higher in the fat body, particularly elevated in tergite 5. This is consistent with our previous
studies [28], which showed that the fat body in tergite 5 was characterized by the highest
antioxidant activities. This may suggest that this location of the fat body is responsible
for detoxification, neutralization, and proteolysis, and is the “bee liver” (analogous to the
vertebrate liver). Comparing the activity of the proteolytic system in different locations
of the fat body, we found the lowest values in tergite 3, and particularly depressed in the
workers infested with V. destructor. The fat body of tergite 3 accumulates large amounts of
energy compounds (glycogen, triacylglycerols, glucose) [33,60], which participate in the
Krebs cycle and the respiratory chain [29]. This would explain why the mites choose this
location, attaching themselves to the bee cuticle. The depletion of energy reserves and the
destabilization of the proteolytic and antioxidant systems in the bee fat body progress with
the aging process, which is clearly accelerated by V. destructor.

5. Conclusions

e  Our results showed that the activities of acidic, neutral, and alkaline proteases, and
their inhibitors were highest in the fat body of tergite 5. Therefore, the fat body of
tergite 5 not only plays a significant role in the antioxidant defence but also in other
mechanisms, such as the activation of the proteolytic system. Understanding these
various (other) mechanisms is crucial, particularly in the context of immunity and
aging in bees. It is worthwhile to focus on analyzing the fat body from this segment in
the future, as it may provide valuable information on bee colony health.

e V. destructor reduces the activities of proteases and their inhibitors, which in turn
causes an accelerated aging of the bees. It is important to monitor bee colonies for
infestations with this parasite and to develop effective methods of combating this
parasite, as it leads to the decline of bee colonies.

e  Serine proteases were the most active among these enzymes. Perhaps they could
become a new indicator of immunity, which could help monitor the condition of bees
and relatively quickly identify emerging stressors, such as pathogens or pesticides
that threaten bee colonies.
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e Changes in the proteolytic system are one of the effects of aging. Therefore, it is
important to develop strategies for the early detection of disturbances in the prote-
olytic system. It is also crucial to create new supplements and management methods
for honey bee colonies that enhance immunity while simultaneously slowing the
aging process.
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Abstract

The process of aging in organisms is associated with progressive metabolic changes that
affect energy production. In our study, we compared the activities/concentrations of
components related to the Krebs cycle and the respiratory chain (such as acetyl-CoA, IDH,
AKG, succinate, fumarate, NADH,, UQCR, COX and ATP) in the hemolymph and fat body
segments (tergites 3 and 5, sternite) in naturally and prematurely (affected by V. destructor)
aging workers. Tergite 3 showed the highest metabolic activity, indicating its key role in
energy storage and production. In naturally aging workers, the concentrations/activities
of the tested components were higher in all the segments of the fat body and all the age
groups when compared to the prematurely aging workers. The concentrations/activities
of these components increased with age, usually reaching the maximum at 28 days of age
in the fat body segments of naturally aging workers, and then decreasing in the oldest
ones (at 35 days of age). An analysis of changes in the metabolic processes can provide
a lot of important information on the mechanisms of aging. In the future, such studies
can contribute to the development of effective strategies to delay the aging processes and
improve the overall condition of bee colonies.

Keywords: fat body; hemolymph; honeybee aging; respiratory chain; Krebs cycle; workers;
V. destructor

1. Introduction

Aging is a complex process influenced by various factors. Recent studies suggest
that the main factors influencing the aging process are primarily the oxidative stress, gene
expression, hormonal signals, as well as metabolic processes and energy metabolism [1]. Ag-
ing is characterized by chronic systemic inflammation, accompanied by cellular senescence,
immunosenescence and organ dysfunction. Various anthropogenic and environmental
factors (e.g., pathogens, mites, pesticides, environmental pollutants) promote chronic in-
flammation, which leads to immunopathology and, consequently, accelerated (or even
premature) aging. At the same time, chronic inflammation accelerates the aging of immune
cells, leading to weakened immune function and an inability to clear senescent cells and
inflammatory factors, creating a vicious cycle of inflammation and aging [2—4].

Int. J. Mol. Sci. 2025, 26, 7294

https://doi.org/10.3390/ijms26157294


https://doi.org/10.3390/ijms26157294
https://doi.org/10.3390/ijms26157294
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-8614-9169
https://orcid.org/0000-0003-2827-8250
https://orcid.org/0000-0002-4968-4621
https://orcid.org/0000-0002-7621-2363
https://orcid.org/0000-0003-1313-9880
https://doi.org/10.3390/ijms26157294
https://www.mdpi.com/article/10.3390/ijms26157294?type=check_update&version=2

Int. J. Mol. Sci. 2025, 26, 7294

2of 16

Energy metabolism consists of many processes and mechanisms that are complex and
still not fully understood. With age, a number of changes occur, including a decrease in the
efficiency of the processes responsible for obtaining and using energy, which in consequence
may affect health, susceptibility to diseases and the ability to regenerate. Therefore, it is
important to understand the interrelationships between the aging process and the processes
of obtaining and using energy, which can provide a lot of important information on the
mechanisms of longevity, protection against cellular stress or physiological processes
occurring in both humans and animals.

An excellent research model for studying changes in energy metabolism is insects,
including honeybees. Honeybees have one of the highest rates of metabolism among
animals. The metabolic rate is a key factor that determines how the body functions, how
much energy it has and how it uses it, which is important in the context of the research
on aging processes. The main components for energy production in bees are glucose
and trehalose, where trehalose is produced in the fat body and can be released into the
hemolymph where it is converted to glucose to satisfy the demand for energy [5]. The
energy needed for thermoregulation and flight is produced in mitochondria during the
Krebs cycle and oxidative phosphorylation. Bees achieve the highest level of energy
efficiency during flight, showing a 100-fold increase in metabolism compared to those that
stay inside the hive and have not flown yet [1,6-9]. As a result of intensive metabolic activity,
oxidative stress occurs, which contributes to the aging of the organism. Our previous
studies [10] have shown that the activity of antioxidant enzymes (catalase, glutathione-S-
transferase, glutathione peroxidase, superoxidase dismutase) decreases with age and is
lower in prematurely aging workers (affected by V. destructor).

The available literature provides information on the expression of genes-encoding
enzymes in relation to the energy metabolism, but there is no information on the concentra-
tions/activities of these enzymes [11-17]. High or low gene expression does not always
indicate high or low activities of the tested enzymes, because the efficiency of their action is
determined by various factors, e.g., environmental conditions or substrate availability.

Recently, in a study of the aging processes, changes occurring in the fat body have
been analyzed on the strength of, among other things, the fact that the fat body in bees
performs a function analogous to the human liver and adipose tissue and takes part in
many metabolic processes. Furthermore, fat body cells do not show proliferative activity in
adult bees [18-21]. Interestingly, lower rates of activity of mechanisms regulating energy
management, energy consumption and metabolic changes were observed to correlate with
age in workers, while such changes were not observed in queens, remaining at a similar
level in them. The most numerous cells that build the fat body are trophocytes, which
contain numerous lipid droplets in their cytoplasm. The main function of trophocytes is the
accumulation of nutrients that are necessary for energy production and consumption. These
reserve substances are stored in the form of glycogen and triglycerides, which are broken
down into glucose or fatty acids. These then serve as an energy source for bees in various
conditions [5,22,23]. The second most numerous cells in the fat body are oenocytes, whose
key function is carbohydrate synthesis [18-21,24,25]. Chuang and Hsu [26] and Hsu and
Chuang [27] showed that young workers have higher levels of ATP and NAD* and a higher
NAD*/NADH ratio in trophocytes than foragers, whose metabolic activity is reduced. We
decided to supplement these studies with determinations of concentrations/activities of a
larger number of Krebs cycle and respiratory chain compounds, not only in the hemolymph
and in the entire fat body (without specifying the location: visceral vs. subcuticular),
but above all in individual segments of the subcuticular fat body [26-28]. The fat body
segments, i.e., tergites 3 and 5 and the sternite, were selected for the study due to their
highest metabolic activity. For example, the sternite fat body, composed mainly of oenocytes,
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is characterized by a high protein content, providing amino acids that are converted into
Krebs cycle intermediates, such as acetyl-CoA. In contrast, the fat body from the third
tergite, consisting predominantly of trophocytes, has high levels of glucose, glycogen and
lipids—energy substrates essential for ATP production. The fat body from the fifth tergite
is the “bee liver” and is responsible for detoxification and proteolytic reactions [29-31].

One of the reasons causing the previously mentioned early inflammation and pre-
mature aging in honeybees is infestation by the V. destructor mite [32]. This mite has an
inefficient metabolism and requires large amounts of nutrients, which it obtains by sucking
the bees” hemolymph and feeding on their fat body [33,34]. According to the literature, V.
destructor infestation affects bee metabolism. Aldea and Bozinovic [35] demonstrated that
the energy expenditure of a bee infested with two mites is double that of a healthy bee. This
causes the bees to tire more quickly because they use up more energy, which accelerates
the aging process and consequently leads to their death.

Therefore, we hypothesized that V. destructor, which accelerates the aging processes,
affects the energy metabolism of bees. Prematurely aging workers (affected by V. destructor)
exhibit lower concentrations/activities of the Krebs cycle components [acetyl coenzyme
A (acetyl-CoA), isocitrate dehydrogenase (IDH), alpha-ketoglutarate (AKG), succinate,
fumarate, nicotinamide adenine dinucleotide (NADH,;)], lower activities of the respiratory
chain enzymes [cytochrome c reductase (UQCR), cytochrome c oxidase (COX)], as well
as lower levels of adenosine triphosphate (ATP)] compared to naturally (physiologically)
aging workers.

The aim of our study was to evaluate the efficiency of the Krebs cycle and the respira-
tory chain in the hemolymph and fat body segments between naturally (physiologically)
aging workers and prematurely aging ones (affected by V. destructor). Our research will
supplement the existing knowledge of the concentrations/activities of compounds in-
volved in the processes of energy acquisition, using the example of the Krebs cycle and the
respiratory chain in naturally (physiologically) and prematurely aging workers (affected
by V. destructor).

2. Results

The tissue location (hemolymph or fat body from different segments—tergite 3, tergite
5, sternite) had a statistically significant effect on the compound levels in the naturally
(physiologically) and prematurely aging workers (Table S1).

The concentrations of acetyl-CoA, AKG, succinate, fumarate, NADH,, ATP and the
activities of COX and UQCR and IDH differed statistically significantly depending on the
age of the workers (1, 14, 21, 28 and 35 days) (Table S2).

The highest concentrations of AKG, succinate, fumarate, NADH;, ATP, as well as the
highest IDH, COX and UQCR activities were noted in the fat body from tergite 3, while for
acetyl-CoA the highest concentrations were observed in the fat body from tergite 5 in the
naturally (physiologically) aging workers (Figures 1-9).

The concentrations of AKG, succinate, fumarate, NADH,, ATP, as well as the IDH,
COX and UQCR activities increased in the fat body from tergite 3 and 5 and the ster-
nite with age, reaching a maximum in the naturally (physiologically) aging workers at
28 days of age, and then decreased in the oldest (35-day-old) workers. In the hemolymph,
the concentrations and activities of the above-mentioned compounds increased with age
reaching a maximum at 35 days of age (Figures 2-9). The highest concentrations of acetyl-
CoA were observed in the following: in the hemolymph and fat body from the stern-
ite in the 21-day-old workers, in the fat body from tergite 3 in the 28-day-old workers
and in the fat body from tergite 5 in the 35-day-old naturally (physiologically) aging
workers (Figure 1).
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Figure 1. Acetyl coenzyme A (acetyl-CoA) concentrations [nmol/mg tissues] in the hemolymph and
the fat body from tergite 3, tergite 5 and the sternite of the naturally (physiologically) aging 1-, 14-,
21-, 28-, and 35-day-old workers and in the prematurely aging 14- and 21-day-old workers (affected
by V. destructor). A—-G—capital letters indicate statistically significant differences between the groups
atp < 0.01. a, b—lowercase letters indicate statistically significant differences between the groups at
p < 0.05. Bars indicate standard deviation.
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Figure 2. Isocitrate dehydrogenase (IDH) activities [U/mg protein] in the hemolymph and the fat
body from tergite 3, tergite 5 and the sternite of the naturally (physiologically) aging 1-, 14-, 21-, 28-
and 35-day-old workers and in the prematurely aging 14- and 21-day-old workers (affected by V.
destructor). A-G—capital letters indicate statistically significant differences between the groups at
p < 0.01. Bars indicate standard deviation.
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A-G—capital letters indicate statistically significant differences between the groups at p < 0.01. Bars
indicate standard deviation.
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Figure 4. Succinate concentrations in the hemolymph and the fat body from tergite 3, tergite 5
and the sternite of the naturally (physiologically) aging 1-, 14-, 21-, 28- and 35-day-old workers
and in the prematurely aging 14- and 21-day-old workers (affected by V. destructor). A-G—capital
letters indicate statistically significant differences between the groups at p < 0.01. a, b—lowercase
letters indicate statistically significant differences between the groups at p < 0.05. Bars indicate
standard deviation.
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Figure 5. Fumarate concentrations in the hemolymph and the fat body from tergite 3, tergite 5
and the sternite of the naturally (physiologically) aging 1-, 14-, 21-, 28- and 35-day-old workers
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Figure 6. Nicotinamide adenine dinucleotide (NADH;) concentrations in the hemolymph and the
fat body from tergite 3, tergite 5 and the sternite of the naturally (physiologically) aging 1-, 14-, 21-,
28- and 35-day-old workers and in the prematurely aging 14- and 21-day-old workers (affected by V.
destructor). A-G—capital letters indicate statistically significant differences between the groups at
p < 0.01. Bars indicate standard deviation.
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Figure 9. Adenosine triphosphate (ATP) concentrations in the hemolymph and the fat body from
tergite 3, tergite 5 and the sternite of the naturally (physiologically) aging 1-, 14-, 21-, 28- and
35-day-old workers and in the prematurely aging 14- and 21-day-old workers (affected by V. destruc-
tor). A-G—capital letters indicate statistically significant differences between the groups at p < 0.01.
Bars indicate standard deviation.

The concentrations of acetyl-CoA, AKG, succinate, fumarate, NADH,, ATP, and IDH,
COX and UQCR activities in the naturally (physiologically) aging workers were statistically
significantly higher in all the fat body tissues/locations and age groups compared to
prematurely aging workers (affected by V. destructor) (Figures 1-9). An exception was
UQCR activity in the fat body from tergite 5, where the activity was slightly higher in
the 14-day-old prematurely aging workers compared to naturally (physiologically) aging
workers (Figure 7). In the prematurely aging workers, the concentrations of acetyl-CoA,
AKG, succinate, fumarate, NADH, and ATP, and the IDH, COX and UQCR activities
reached a maximum in the 14-day-old workers and were significantly higher compared to
the 21-day-old workers (Figures 1-9).

3. Discussion

The main source of energy for cells is ATP, which is produced in the cytoplasm of the
cell in the process of glycolysis and then in the mitochondria in the processes of the Krebs
cycle and oxidative phosphorylation [36,37].

It has been documented that two intermediary components of the Krebs cycle, i.e.,
alpha-ketoglutarate and succinate, play an important role in the aging process. In addition
to their role in energy metabolism, these components also influence important cellular
processes such as amino acid synthesis, gene control, cell differentiation and cancer de-
velopment [38]. In addition, the role of alpha-ketoglutarate has been studied in various
models, including mice, nematodes and Drosophila melanogaster in the context of aging
processes. AKG has antioxidant properties, inhibits cancer development and controls
energy production [39].

In our work, we took into account the fundamental role played by the Krebs cycle
and the respiratory chain in regulating energy metabolism, which in turn may have a
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direct impact on the aging processes in various organisms, including bees. Bees are an
interesting research model in the context of aging processes because there is clear evidence
of relationships between energy metabolism and their lifespan. For example, bees have
a division of labor, i.e., into younger hive bees, whose main task is to care for the larvae,
and older forager bees, which are responsible for working outside the hive. The transition
of a bee from a nurse to a forager is associated with many changes in its metabolism
and physiology. Foragers feed during flights mainly on pollen and nectar, which contain
predominantly simple sugars. Such a diet, combined with intense exercise during the
flight, can lead to increased energy consumption in comparison with the nurses, whose
diet is more diverse. A change in the diet can affect the composition of the gut microbiome,
impaired nutritional conditions, differential gene expression and increased protein oxidation
processes. Consequently, such changes accelerate the aging process [1,40—42].

3.1. The Role of Age and Tissue/Locations of the Fat Body in Changes in Energy Metabolism

Various factors and compounds, such as pesticides or the magnetic field, can accelerate
the aging process and influence the tendency of energy changes in bee tissues [17,28,43].
Paleolog et al. [28] noted that the activities/concentrations of the respiratory chain and the
Krebs cycle compounds (acetyl-CoA, isocitrate dehydrogenase, AKG, succinate, fumarate,
NADH,, UQCR, COX, and ATP) are higher in the fat body compared to the hemolymph
in worker bees. Imidacloprid administered in two doses of 200 ppb and 5 ppb led to a
decrease in the concentrations of the main energy carriers, i.e., ATP, NADH,; and acetyl-
CoA. In addition, it was observed that at a higher concentration of imidacloprid there was
a decrease in the concentrations of AKG, fumarate and succinate, while at a lower dose the
opposite trend was observed, which may indicate a phenomenon called hormesis, i.e., a
defensive reaction to a low dose/stress. However, these authors treated the fat body as a
homogeneous tissue, specifying only that it was collected from the tergites between the
third and fifth abdominal segments. Our study refines this information and shows the
concentrations/activities of these compounds in individual fat body segments from the
third tergite, fifth tergite and sternite indicating considerable differences between these fat
body segments. In turn, Migdat et al. [43] showed that, by reducing the activities of enzy-
matic biomarkers (aspartate aminotransferase—AST, alanine aminotransferase—ALT and
alkaline phosphatase—ALP), the magnetic field can also disrupt key metabolic processes
responsible for energy production, including the Krebs cycle, oxidative phosphorylation or
ATP synthesis. Additionally, Murawska et al. [17] showed reduced expression of the COX5a
enzyme (involved in oxidative phosphorylation) in 7-day-old bees exposed to electric fields,
which consequently led to faster aging [17].

The influence of various substances that improve metabolic activity in bees has also
been studied. Burzynski et al. [11] showed increased mRNA expression of enzymes
related to the Krebs cycle in bees” heads, including isocitrate dehydrogenase and succinate
dehydrogenase, with the exception of the alpha-ketoglutarate dehydrogenase (down-
regulation) after the administration of phenylbutyrate and phenylacetylglutamate. An
important phenomenon is that with the increase in the activity of the Krebs cycle, glucose
metabolism in neurons increases, which in turn has a positive effect on the brain function.
Increased metabolic activity after the administration of the above-mentioned compounds
is also associated with enhanced antioxidant protection, which consequently inhibits the
aging process by removing free radicals responsible for cell damage.

To date, most studies have focused on the analysis of ATPase activities or ATP concen-
trations in whole bees or in the entire fat body or in the hemolymph of bees [26,27,44]. Our
studies specify and complement these reports with the analysis of concentrations/activities
of as many as nine key components participating in the Krebs cycle and the respiratory
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chain. An innovative approach is to analyze these compounds not in the entire tissue, but
in specific segments/locations of the fat body and in the hemolymph. Hsu and Chuang [27]
found higher ATP concentrations in the trophocytes of young bees in comparison with
foragers. We observed a similar trend in our study, where the ATP concentrations increased
with age, reaching a maximum in the 28-day-old naturally (physiologically) aging workers,
and then decreasing in the 35-day-old workers in the fat body from tergite 3 and 5 and the
sternite (Figure 9). In addition, our studies elaborated this information by determining the
changes in the activities/concentrations of these nine compounds in bees along with their
aging processes, taking into account natural (physiological) and accelerated aging.

In the analysis of the functions of the honeybee fat body, we focused on its segmented
structure. The individual fat body segments, i.e., tergites 3 and 5 and the sternite, play
separate functional roles, which may be important for the metabolic and physiological
differences between the different stages in bee life [23]. Strachecka et al. [23] and Bry$
et al. [29] showed that the largest production and storage of energy compounds, i.e., glucose,
glycogen and triglycerides, take place in tergite 3, which is composed mainly of trophocytes.
These compounds are essential substrates for energy production in the Krebs cycle and
oxidative phosphorylation. The location of tergite 3 is also important, because it is situated
close to the heart and body cavities, which allows for a rapid distribution of components to
tissues via the circulatory system [29]. This is consistent with our results as we have shown
for the first time that the highest concentrations/activities were reached by the Krebs cycle
and respiratory chain components in tergite 3 in both the naturally and prematurely aging
bees (Figures 1-9).

In our studies, we have shown the highest concentrations/activities of the Krebs cycle
and respiratory chain components in the fat body segments in the 21- and 28-day-old
bees, which are physiologically foragers in the bee colony. This indicates high energy
metabolism in such naturally aging foragers (21 and 28-day-old) (Figures 1-9). At the
same time, bees of this age are characterized by high antioxidant (catalase, glutathione-S-
transferase, glutathione peroxidase, superoxidase dismutase) activities in the particular
fat body segments and in the hemolymph [10]. This is partly consistent with the results
obtained by Menail et al. [1] who observed an age-related increase in the activities of malate
dehydrogenase (a Krebs cycle enzyme) and NADH dehydrogenase (an enzyme in the
respiratory chain) in the muscles of bees. Cervoni et al. [41] noticed that the heads and
abdomens of nurse bees have higher mitochondrial activity than those of foragers. They
found the highest activity in the thorax to be connected with the flight muscles located
there. During flight, metabolic activity increases, leading to faster energy consumption and,
consequently, cell loss. At the same time, greater antioxidant activities are also observed. In
turn, Schippers et al. [9] showed that in foragers, the enzyme activities related to cellular
respiration, citrate synthase and cytochrome c oxidase, remained constant, but the metabolic
rate increased.

In the worker bees, we have observed that there is an interaction between the
hemolymph and the segments of the fat body, which is crucial for the regulation of energy
metabolism. The hemolymph of bees contains metabolic compounds, such as glucose and
amino acids, which can be absorbed by the fat body cells and transformed inside them into
metabolites participating in the Krebs cycle. In the 35-day-old naturally (physiologically)
aging workers, we found metabolic activity to be elevated in the hemolymph, while it
decreased in the fat body (Figures 1-9). This may indicate that with age, the main metabolic
activity is transferred from the fat body to other tissues, for example the hemolymph, or
the fat body gradually loses its metabolic function, which leads to a decrease in metabolic
efficiency and accelerated aging.
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3.2. The Role of V. destructor Infestation in Changes in Energy Metabolism

Another important issue that we addressed in our studies was the influence of the V.
destructor parasite on the aging processes in the context of changes in energy metabolism. To
date, it is known that by feeding on the fat body and hemolymph of bees [33,34], V. destruc-
tor reduces the amount of carbohydrates in the bees” abdomen [45] and hemolymph [46].
This is consistent with our observations, in which we showed that prematurely aged bees
infested with V. destructor had lower concentrations/activities of acetyl-CoA, IDH, AKG,
succinate, fumarate, NADH,, ATP, COX and UQCR as compared to naturally (physiolog-
ically) aging workers (Figures 1-9). As a result, energy production in the bees” bodies
decreased and they became weaker, which led to their premature death. The bees infested
with V. destructor survived only 21 days in comparison with the naturally (physiologically)
aging workers, which survived 35 days (Figures 1-9). Lopieriska-Biernat et al. [47] detected
many compounds in the chemical composition of V. destructor, mainly carbohydrates, as
well as lipids and proteins which come from bee tissues and are necessary for these mites
for proper growth, reproduction and survival [33,34]. Of these carbohydrates, glucose
was the most abundant in the body of V. destructor, with smaller amounts of glycogen and
trehalose, which are the basic substrates for energy production in the process of cellular
respiration [47]. Studies showed that V. destructor infections combined with pesticides can
cause adverse changes in honeybees. This synergy leads to a weakened immune response,
which in turn makes bees more susceptible to various diseases, including Varroa. For ex-
ample, combining V. destructor with the pesticide acetamiprid disrupts energy metabolism
and damages the midgut, which in turn disrupts the physiological balance of the bees [48].
Exposure of V. destructor to chlorothalonil shortens the lifespan of bees, leads to structural
changes in their adipose tissue and disrupts the expression of genes responsible for, among
other things, detoxification or nutrient metabolism [49]. Furthermore, combining infesta-
tion with imidacloprid reduces the bees’ flight ability, limiting their ability to forage [50].
However, the aforementioned studies focused primarily on changes in gene expression;
the literature lacks studies examining the effects of V. destructor in combination with other
stressors on the activity of compounds in the Krebs cycle and respiratory chain. Our study
fills this gap by providing new data on the mechanisms of accelerated aging in bees. In the
future, it is worth examining the synergistic effects of multiple stressors, e.g., pesticides,
food deficiency and pathogens, on the aging process of bees. A more detailed understand-
ing of the many mechanisms, including energy metabolism, that contribute to accelerated
aging in bees may allow the development of various strategies to delay the aging process
in bees.

Another group of pathogens, microsporidia, which include Nosema ceranae, Nosema
apis and Nosema bombycis, also cause energy stress in bees. Microsporidia are intracellular
pathogens that feed on the host’s nutrients and also obtain energy from it, since they are
unable to produce energy in the form of ATP due to the absence of mitochondria [51,52].
Bees infected with N. ceranae are more likely to feel hungry and lose energy due to infection,
which exerts energy stress on them. As a result, bees undergo premature aging and an
accelerated transition to the role of foragers occurs, which exposes the bees to various risks,
e.g., they may come into contact with various environmental pollutants, such as pesticides
or heavy metals [51,52]. Another species of microsporidia, i.e., N. bombycis, in silkworm
embryo cells caused an increase in the concentrations of compounds involved in glycolysis
and the Krebs cycle: oxaloacetate, alpha-ketoglutarate and citrate. This may indicate an
activation of energy-acquisition processes in response to the infection. In addition, the
concentration of the end product of cellular respiration, ATP, did not change in the host
cells under the influence of the infection, consequently leaving the host’s vital processes,
including energy metabolism, undisturbed and allowing them to survive the infection [53].
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4. Materials and Methods
4.1. Collecting One-Day-Old Bees for Experiments

Bees for the experiments were obtained from the apiary of the University of Life
Sciences in Lublin (51°22' N, 22°63’ E), Poland. Eight healthy bee colonies (in Dadant
beehives) were selected for the experiments. A queen-excluder comb-cage was used to
house the queens for 12 h in confinement with one void comb for laying eggs in it. On
the twentieth day after the combs were laid with eggs, they were transferred to an incu-
bator, where one-day-old bees emerged. Six thousand one-day-old bees were color coded
(POSCA PC-3M marker, Uni Mitsubishi Pencil, Shinagawa, Tokyo, Japan) and transferred
to six colonies prepared in mini hives with small frames (210 mm x 170 mm), and thirty
one-day-old bees were immediately collected for biochemical analysis. The aforementioned
colonies were divided into two experimental groups, i.e., a naturally /physiologically ag-
ing control group (3 colonies) and a prematurely aging group infested with V. destructor
(3 colonies). The colonies from the control groups were effectively treated against Var-
roa. The applied treatments consisted of isolating the queen to bring her to a brood-
free state preventing V. destructor from rapidly multiplying and heavily infecting the
colony. Such treatments were carried out in the summer in June and in the autumn
in October. After obtaining a brood-free state, the colonies were sublimated with ox-
alic acid. In addition, during the collection of workers for laboratory analyses, individ-
ual insects were selected, on the body of which the presence of V. destructor was not
observed. Worker bees from the control groups were collected on the 14th, 21st, 28th
and 35th day of life (3 colonies x 4 samplings x 10 bees). In the V. destructor infested
group, 14- and 21-day-old worker bees with mites visible on their bodies were collected
(3 colonies x 2 samplings x 10 bees). Due to the shortened lifespan of the infested bees, 28-
and 35-day-old worker bees could not be collected.

From each colony in the control and infested groups, 10 workers were collected in
each sampling session to obtain a representative number of bees. A total of 210 workers
were taken for the experiments.

4.2. Laboratory Analyses
4.2.1. Hemolymph Collection

Hemolymph was collected from living workers using a glass capillary (20 pL; the
‘end to end’ type; without an anticoagulant; Medlab Products, Raszyn, Poland) placed
between the third and fourth tergites on the abdomen [54]. The volume of hemolymph was
determined individually for each capillary. The hemolymph collected from the individual
bees in a volume of 5 uL was then placed in an Eppendorf tube containing 25 uL of ice-
cold 0.6% NaCl. The obtained hemolymph solutions were stored at —40 °C until further

biochemical analyses.

4.2.2. Fat Body Collection

For biochemical analyses, the most metabolically active segments of the fat body, i.e.,
tergites 3 and 5 and sternites [23], were collected according to the methodology described
by Bry$ et al. [29]. The location of individual segments was shown in photos in our earlier
publication [10]. Tissues were weighed at a maximum temperature of 4 °C. The tissues were
manually homogenized and then centrifuged at 3000x g at 4 °C for 1 min. The obtained
supernatants were stored at —25 °C until further biochemical analyses.

4.2.3. Biochemical Analyses

Selected compounds of Krebs cycle and respiratory chain were determined in the
hemolymph solutions and fat body supernatants:
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o Acetyl Coenzyme A (acetyl-CoA) concentration according to the protocol provided
by the manufacturer of the commercial kit Acetyl-CoA Carboxylase Microplate Assay
Kit, MyBioSource, Inc., San Diego, CA, USA, no. MB54504202;

e Isocitrate dehydrogenase (IDH) activity according to the protocol provided by the
manufacturer of the commercial kit Human IDH2 /Isocitrate dehydrogenase 2 ELISA
Kit, Assay Genie Ltd., Dublin, Irland, no. HUFI01073;

e Alpha-Ketoglutarate (AKG) concentration according to the protocol provided by the
manufacturer of the commercial kit Alpha-Ketoglutarate Assay Kit (Colorimetric),
Cell Biolabs, Inc., San Diego, CA, USA, no. MET-5131;

e  Succinate concentration according to the protocol provided by the manufacturer of
the commercial kit Succinate Colorimetric Assay Kit, Sigma Aldrich, Schnelldorf,
Germany, no. MAK184;

e  Fumarate concentration according to the protocol provided by the manufacturer
of the commercial kit Fumarate Assay Kit, Sigma Aldrich, Schnelldorf, Germany,
no. MAKO060;

e Nicotinamide adenine dinucleotide (NADH,) concentration according to the protocol
provided by the manufacturer of the commercial kit Mouse nicotinamide adenine dinu-
cleotide (NADH) ELISA Kit, MyBioSource, Inc., San Diego, CA, USA, no. MB52602852;

e  Cytochrome ¢ Oxidase (COX) activity according to the protocol provided by the
manufacturer of the commercial kit Cytochrome ¢ Oxidase Assay Kit, Sigma Aldrich,
Schnelldorf, Germany, no. CYTOCOX1-1KT;

o  Cytochrome c reductase (UQCR) activity according to the protocol provided by the
manufacturer of the commercial kit Cytochrome ¢ Reductase (NADPH) Assay Kit,
Sigma Aldrich, Schnelldorf, Germany, no. CY0100-1KT;

e Adenosine triphosphate (ATP) concentration according to the protocol provided by
the manufacturer of the commercial kit ATP Assay Kit (Colorimetric/Fluorometric),
Abcam, Cambridge, UK, no. ab83355.

Enzyme activities were expressed in U/mg protein. Protein concentrations [mg/mL]
were determined using the Lowry method, which was modified by Schacterle and Pol-
lack [55] and Lo$ and Strachecka [54].

4.3. Statistical Analyses

The results were analyzed statistically using Statistica software, version 13.3 (2017)
for Windows, StatSoft Inc., Tulsa, OK, USA. Data distribution was checked using the
Shapiro-Wilk test. The effects of the tissue/fat body location (hemolymph and the fat body
from tergite 3, tergite 5 and the sternite) in each age group (n = 30 bees) on acetyl-CoA,
AKG, succinate, fumarate, NADH, and ATP concentrations and IDH, COX and UQCR
activities were measured with the Kruskal-Wallis test. The effects of age (1-, 14-, 21-, 28- and
35-day-old) on acetyl-CoA, AKG, succinate, fumarate, NADH; and ATP concentrations and
IDH, COX and UQCR activities for the particular tissues/fat body locations (hemolymph
and the fat body from tergite 3, tergite 5 and the sternite) were assessed in a similar fashion.
For each tissue/fat body location (hemolymph and the fat body from tergite 3, tergite 5
and the sternite), acetyl-CoA, AKG, succinate, fumarate, NADH, and ATP concentrations
and IDH, COX and UQCR activities were compared between the age groups with the
Mann-Whitney U test.

5. Conclusions

e  This paper compares for the first time the concentrations/activities of the main com-
ponents of the Krebs cycle and the respiratory chain in the hemolymph and fat body
segments (tergites 3 and 5 and the sternite) of naturally and prematurely (affected by
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V. destructor) aging worker bees. The obtained results suggest that these components
can be used as biomarkers of the aging process.

e  The highest concentrations/activities of the tested compounds were detected in tergite
3. An analysis of the fat body segments will allow for a better understanding of
the metabolic functions of the particular segments. This knowledge will enable an
elucidation of the aging processes, mechanisms of immunity, adaptation to new
conditions or resistance to various pollutants, e.g., pesticides.

e V. destructor causes a decrease in the concentrations/activities of acetyl-CoA, IDH,
AKG, succinate, fumarate, NADH,, UQCR, COX and ATP. Consequently, V. destructor
infestation of bees can lead to changes in their physiology and immunity, resulting in
weakened bee colonies and premature aging of bees.

e  One of the markers of aging in both bees and humans is changes in energy metabolism.
Humans, like bees, age at different rates and times, therefore a comparison between
younger (1-day-old) and older workers (28 and 35 days of age) will allow for under-
standing interindividual differences in the context of the aging process. In the future,
research on changes in energy metabolism may help develop strategies to delay the
aging process and improve human health.
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Table S1. Effect of tissue location: hemolymph, tergite 3, tergite 5 and sternite in the particular age groups on the
concentrations of acetyl-CoA, AKG, succinate, fumarate, NADH>2, ATP and the activities of IDH, COX and UQCR
in the naturally (physiologically) and prematurely (affected by V. destructor) aging workers.

Acetyl-CoA IDH AKG Succinate Fumarate
temolvmon | H=4797 H =131.25 H =130.22 H=141.78 H=137.35
ymp p =0.000 p =0.000 p =0.000 p =0.000 p =0.000
. H=13491 H = 98.81 H =109.41 H =100.84 H =142.58
Tergite 3
p =0.000 p =0.000 p =0.000 p =0.000 p =0.000
. H =168.17 H=111.96 H = 141.89 H = 142.49 H =142.58
Tergite 5
p =0.000 p =0.000 p =0.000 p =0.000 p =0.000
, H=7187 H = 108.63 H =109.68 H=102.31 H=131.87
Sternite
p =0.000 p =0.000 p =0.000 p =0.000 p =0.000
NADH: COX UQCR ATP
Hemolvmpp, = 12953 H = 136.00 H=131.67 H=136.15
ymp p =0.000 p =0.000 p=0.000 p=0.000
Teroite 3 H = 80.63 H = 142.58 H=131.78 H =109.68
8 p =0.000 p =0.000 p =0.000 p =0.000
Teroite 5 H=-101.28 H=142.34 H=135.21 H =109.68
8 p =0.000 p =0.000 p =0.000 p =0.000
Stermite H=85.41 H = 142.59 H = 133.02 H=118.56
p =0.000 p =0.000 p =0.000 p =0.000

H — statistical value for the Kruskal-Wallis test; p—probability value.

Table S2. Effect of age: 1, 14, 21, 28 and 35 days old for individual tissues on the concentrations of acetyl-CoA,
AKG, succinate, fumarate, NADH:, ATP and the activities of IDH, COX and UQCR in the naturally
(physiologically) and prematurely (affected by V. destructor) aging workers.

Group  Age (Days) Acetyl-CoA IDH AKG Succinate Fumarate
H=102.29 H=111.57 H=111.52 H=100.24 H=101.44
control 1
p=0.000 p=0.000 p=0.000 p=0.000 p=0.000
control 14 H=97.33 H=93.55 H=280.36 H =88.00 H=68.05
p=0.000 p=0.000 p=0.000 p=0.000 p=0.000
V. destructor 14 H=96.75 H=281.66 H=89.19 H=99.70 H=104.86
p=0.000 p=0.000 p=0.000 p=0.000 p=0.000
control 1 H=111.47 H=111.57 H=99.99 H=107.89 H=104.85
p=0.000 p=0.000 p=0.000 p=0.000 p=0.000
V. destructor 21 H="70.26 H=104.96 H=101.04 H=102.65 H =96.09
p=0.000 p=0.000 p=0.000 p=0.000 p=0.000
control 28 H =106.09 H=108.34 H=103.17 H=111.31 H =100.96
p=0.000 p=0.000 p=0.000 p=0.000 p=0.000
control 35 H=105.17 H=110.13 H=110.63 H=110.14 H=111.57
p=0.000 p=0.000 p=0.000 p=0.000 p=0.000
Group  Age (Days) NADH: COX UQCR ATP
H=111.60 H=100.43 H=89.81 H=98.22
control 1 p =0.000 p=0.106 p=0.000 p=0.000
control 14 H=88.15 H=39.62 H=109.36 H=_87.05
p=0.000 p=0.000 p=0.000 p=0.000
H=89.71 H=98.48 H=91.30 H=82.74
V. destructor 14

p =0.000 p =0.000 p=0.000 p =0.000




control ” H=10929 H=101.05 H=10046  H=106.99
p =0.000 p =0.000 p=0.000 p =0.000

v destructor 21 H=11157 H=101.60 H=10059  H=93.38
p =0.000 p =0.000 p=0.000 p =0.000

control o8 H=11157 H=10790 H=11132  H=102.38
p=0.000 p =0.000 p=0.000 p =0.000

control 35 H=10635 H=11157 H=11155  H=110.98
p =0.000 p =0.000 p=0.000 p =0.000

H — statistical value for the Kruskal-Wallis test; p — probability value.
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oraz na poziom reaktywnych form tlenu i azotu u pszczoty miodnej Apis
mellifera”, Projekty badawcze dla miodych naukowcow finansowane ze
srodkéw z subwencji MNiISW pozostajgcych w dyspozycji Dyrektora Instytutu
Nauk Biologicznych (MN/2021/9), termin realizacji: 16.03.2021-31.01.2022.


https://doi.org/10.1016/j.sjbs.2020.12.040

3.

,,Analiza ekspresji gendéw odpornosciowych u pszczoty miodnej Apis
mellifera utrzymywanej w warunkach naturalnych i laboratoryjnych”, Projekty
badawcze dla mtodych naukowcéw finansowane ze Srodkow z subwencji
MNiSW pozostajgcych w dyspozycji Dyrektora Instytutu Nauk Biologicznych
(MN/2020/10), termin realizacji: 30.04.2020-31.01.2021.

Projekty naukowe — wykonawca:

1.

Wykonawca w projekcie wewnetrznym Instytutu Nauk Biologicznych UMCS
,2Glukooligosacharydy jako czynniki immunostymulujgce organizm gasienic
Galleria mellonella do walki z patogenami grzybowymi”, termin realizac;ji:
22.03.2024-31.12.2024; kierownik projektu: dr Sylwia Stgczek.

Wykonawca w projekcie wewnetrznym Instytutu Nauk Biologicznych UMCS
pt. ,Ocena wybranych  witasciwosci  prebiotycznych  preparatu
nigerooligosacharydéw u pszczoty miodnej (Apis mellifera L.)”, termin
realizacji: 01.04.2022-31.12.2023, kierownik projektu: dr hab. Adrian Wiater,
prof. UMCS.

Wykonawca w projekcie pt. ,Opracowanie innowacyjnej szczepionki dla
pszczot, chronigcej pszczoty przed zakazeniem nosemozg” ,Inkubator
Innowacyjnosci 4.0” projekt realizowany przez konsorcjum Uniwersytetu
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WitasciwoSci przeciwgrzybowe miodow pozyskanych z terenow miejskich i
czystych ekologicznie. Ogolnopolska Przyrodnicza Konferencja Naukowa
,Mater naturae” — osiggniecia, wyzwania i problemy nauk przyrodniczych,

Lublin, 14.12.2019, s. 47-78 (osoba prezentujgca - wystgpienie ustne).

21. Brys M. S., Stawiarz E., Kunat M., Sudzinski M., Ptaszyhska A.A., Analiza
mikroskopowa oraz wybrane wfasciwosci fizykochemiczne miodow
pozyskanych z pasieki miejskiej. Ogolnopolska Przyrodnicza Konferencja
Naukowa ,Mater naturae” — osiggniecia, wyzwania i problemy nauk
przyrodniczych, Lublin, 14.12.2019, s. 19-20 (wspofautor).

22. Kunat M., Brys M. S., Andrejko M., Ptaszynska A. A., WiaSciwosci
przeciwbakteryjne miodu spadziowego i wierzbowego, Xl Interdyscyplinarna
Konferencja Naukowa TYGIEL 2019 Interdyscyplinarnos¢ kluczem do

rozwoju, Lublin, 23-25.03.2019, s. 278-279 (osoba prezentujgca - poster).

23. Kunat M., Brys M. S., Wydrych J., Andrejko M., Ptaszynska A. A,
Nosemosis development can damage the honeybee intestine, Ecology in a
Changing World PhD Student Conference, miedzynarodowa konferencja,

Warszawa, 23-25.03.2019, s. 41-42 (osoba prezentujgca - poster).



24. Kunat M., Sieminska-Kuczer A., Brys M. S., Andrejko M., Ptaszyninska A. A.,
Aktywnos$¢ przeciwgrzybowa hemolimfy ggsienic Galleria mellonella
zakazonych bakteriami Pseudomonas aeruginosa, MycoRise Up! Mtodzi w
Mykologii  Ogolnopolska konferencja mykologiczna dla studentéw i
doktorantéw, Spata, 12-13.04.2019, s. 104-105 (osoba prezentujgca - poster

w formie multimedialnej).

Staze naukowe

» staz naukowy na Uniwersytecie Przyrodniczym w Lublinie 03.03.2025-
03.04.2025r.

» staz naukowy ,Staz za miedzg” Zwigzku Uczelni Lubelskich na Uniwersytecie
Przyrodniczym w Lublinie 01.09.2025-30.09.2025r.

Kursy i szkolenia

1. ,Analiza wynikbw badan Real-time PCR”, MBS, szkolenie online,
24.02.2022.

N

. Certyfikat DOBRA PRAKTYKA KLINICZNA (GOOD CLINICAL PRACTICE
STANDARD ICH GCP E6), Soft Communication, szkolenie online,
23.01.2021.

W

Szkolenie ,Monitorowanie badan klinicznych czes¢ podstawowa”, Soft

Communication, szkolenie online, 10.01.2021.

4. Szkolenie ,Monitorowanie badan klinicznych czes¢ zaawansowana”, Soft

Communication, szkolenie online, 09.01.2021.

5. Udziat w szkoleniu ,Optimize your RNA workflow-hints and pitfalls of RT-
gPCR” zorganizowanym przez firme Promega w Lublinie, 19.03.2019.

6. Szkolenie ,Podstawy techniki Real-Time PCR” — POLYGEN Sp. z.0.0.,
Krzemieniecka 53, 54-613 Wroctaw, 07-09.11.2018.

7. Kurs ,Zasady udzielania pierwszej pomocy przedmedycznej” — Osrodek
Doksztatcania i Doskonalenia Zawodowego Towarzystwa Wiedzy
Powszechnej w Lublinie, 29.10.2018, Lublin.



8. Udziat w dniu informacyjnym ,Prestizowe granty i stypendia dla naukowcéw

na kazdym szczeblu kariery” organizowanym przez Regionalny Punkt
Kontaktowy Programow Badawczych UE i Katolicki Uniwersytet Lubelski,
23.10.2018, Lublin.

Nagrody

1. Nagroda Rektora Zespotowa za wysokopunktowany artykut naukowy,

22.04.2025r.
Nagroda Rektora Zespotowa za wysokopunktowany artykut naukowy,
17.02.2025r.
Nagroda Rektora Zespotowa za wysokopunktowany artykut naukowy,
15.01.2021r.
Nagroda im. Dr Anny Siedleckiej dla najlepszego absolwenta w roku 2018
na kierunku biologia II° za wybitne wyniki w nauce oraz dziatalnos¢

naukowg i organizacyjng podczas studiow (01.10.2018).

Dziatalnos$¢ popularnonaukowa

1.

Wspotorganizacja projektu ,Bezkregowce jako zrédio czgsteczek o
aktywnosci biologicznej” XXI Lubelski Festiwal Nauki, 19.09.2025.
Wspdtorganizacja projektu ,Bezkregowce jako zrédto czgsteczek o
aktywnosci biologicznej” Drzwi Otwarte, 09.04.2025r.

Wspdtorganizacja projektu ,Co kryje hemolimfa owadéw” Noc Biologdw,
12.01.2024.

Wystgpienie ustne pt. ,Jak zmienia sie ukfad odpornosciowy pszczét pod
wplywem nosemozy?” w ramach spotkania Naukowe 15 minut, 09.02.2022.
Zajecia dla szkoty partnerskiej w Sandomierzu Wiasciwosci fizykochemiczne
oraz zdrowotne miodoéw — warsztaty/zajecia laboratoryjne”. | Liceum
Ogodlnoksztatcgce Collegium Gostomianum w Sandomierzu, 06.12.2021.
Cztonek Komitetu Okregowego Olimpiady Biologicznej (Prowadzenie dziatan
logistycznych, merytorycznych oraz recenzyjnych zwigzanych z 48, 49 i 50
Olimpiadg Biologiczng - etapem szkolnym, okregowym i czesciowo
centralnym).



7. Udziat w sympozjum dotyczgcym wiasciwosci i jakosci miodow z Miejskiej
Pasieki Artystycznej na CSK pt. ,,Miéd: boski pokarm na wolnym rynku”,
28.11.2019, wygtoszenie prezentacji pt. ,Wtasciwosci przeciwbakteryjne
miodow”.

8. Wspodtorganizacja projektu ,Jak bezkregowce bronig sie przed zakazeniem”
Noc Biologéw, 10.01.2020.

9. Wspotorganizacja projektu ,Dlaczego pszczoty sg wazne” XVI Lubelski
Festiwal Nauki (5 grup x 1 godz.), 16.09-17.09.2019.

10. Wspotorganizacja projektu pt. ,Paprocie i ich kuzyni” warsztaty w ramach
miedzynarodowej akcji ,Fascination of Plants Day”, 22.05.2019, Wydziat
Biologii i Biotechnologii UMCS Lublin.

11. Wspotorganizacja projektu pt. ,Poznaj warsztat pracy mykologa -
prezentacja Zaktadu Botaniki i Mykologii w ramach Drzwi Otwartych UMCS”
22.03.2019 .

12. Forum Mtodych Naukowcow — Miodzi pytajg — mtodzi i doswiadczeni
odpowiadajg. Spotkania na wydziatach — prowadzenie panelu Il (Fajny
pomyst — Skad wzig¢ pienigdze?), 21.03.2019.

13. Wspotorganizacja projektu pt. ,Glony — pozyteczne i niebezpieczne”
02.03.2019 r. (4 grupy x 1 godz.), Uniwersytet Dzieciecy UMCS.

14. Wspotorganizacja projektu pt. ,Tajemnicze porosty”, 27. 02.2019 r. (2 grupy
x 1 godz.), Szkoty z okolic Niska (woj. podkarpackie).

15. Wspotorganizacja projektu pt. ,Tajemnicze porosty”, 02.02.2019 r. (3 grupy
x 1 godz.), Uniwersytet Dzieciecy UMCS.

16. Wspodtorganizacja pokazu pt. ,Pszczota miodna i inne owady spoteczne w
pracy mykologa”, Noc Biologéw, 11.01.2019 r., Lublin.

17. Wspotorganizacja projektu pt. ,O0d malenkiej komorki do poteznej ,rosliny”.
Zréznicowanie morfologiczne glonéw”, 07.01.2019 r. (2 grupy x 2 godz.)
Szkota Partnerska | LO z Ryk.

18. Wspodtorganizacja projektu pt. ,Od malenkiej komorki do poteznej ,rosliny”.
Zroznicowanie morfologiczne glonéw”, 03.12.2018 r. (2 grupy x 2 godz.),
05.12.2018 r. (2 grupy x 2 godz.), 18.12.2018 r. (2 grupy x 2 godz.), Szkota

Partnerska | LO z Jarostawia.



Aktywnoscé popularyzatorska w mediach

Informacja o publikacji ,Antioxidant activities in the hemolymph and fat body
of physiologically and prematurely aging bees (Apis mellifera)” na stronie
https://warroza.pl/pszczele-wiesci-044/ (17.05.2025r.)

Wywiad w gazecie »Wiadomosci Uniwersyteckie”
https://www.umcs.pl/pl/aktualnosci,52,w-marcowym-wydaniu-wiadomosci-
uniwersyteckich,115395.chtm (marzec 2022r.)

Wywiad https://pionier.tv/wideo/czas-nauki/na-ratunek-pszczolom/
(14.04.2020r.)
Wywiad https://www.radio.lublin.pl/news/miod-z-miejskiej-pasieki-

artystycznej-csk-smaczny-i zdrowy? (12.12.2019r.)
Materiat promocyjny ,Naukowcy sitg UMCS-u” Dziennik Wschodni,
(18.10.2019r.)


https://warroza.pl/pszczele-wiesci-044/
https://www.umcs.pl/pl/aktualnosci,52,w-marcowym-wydaniu-wiadomosci-uniwersyteckich,115395.chtm
https://www.umcs.pl/pl/aktualnosci,52,w-marcowym-wydaniu-wiadomosci-uniwersyteckich,115395.chtm
https://pionier.tv/wideo/czas-nauki/na-ratunek-pszczolom/

Oswiadczenia autorow

Publikacja P1

Kunat-Budzynska, M., Staniszewska, P., Olszewski, K., Strachecka, A. (2025)
Antioxidant activities in the hemolymph and fat body of physiologically and
prematurely aging bees (Apis mellifera). Antioxidants (Basel), 14, 373.
Do0i:10.3390/antiox14040373.



Lublin, dnia 02.10.2025 .

mgr Magdalena Kunat-Budzyriska

Katedra Immunobiologii

Instytut Nauk Biologicznych

Uniwersytet Marii Curie-Skiodowskiej w Lublinie
ul. Akademicka 19

20-033 Lublin ;
magdalena.kunat-budzynska@mail.umcs.pl

Rada naukowa Instytutu Nauk Biologicznych
Uniwersytetu Marii Curie-Sktodowskiej
w Lublinie

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w publikacji:
Kunat-Budzynska, M., Staniszewska, P., Olszewski, K., Strachecka, A. (2025) Antioxidant
activities in the hemolymph and fat body of physiologically and prematurely aging bees (Apis
mellifera). Antioxidants (Basel), 14, 373. Doi:10.3390/antiox14040373
bedacej podstawg rozprawy doktorskiej moj udziat polegat na:;
e opracowaniu hipotez badawczych oraz sformutowaniu celéw pracy,
e zebraniu materiatu badawczego (pobranie hemolimfy oraz ciata ttuszczowego);
e wykonaniu analiz biochemicznych (oznaczenia aktywnosci enzymow
antyoksydacyjnych i poziomu TAC),
e analizie statystycznej i interpretacji wynikdw,
e graficznym opracowaniu wynikéw,
o sformutowaniu wnioskow,
e doborze literatury,
e napisaniu pierwszej wersji manuskryptu,
e przestaniu manuskryptu oraz korespondencji z czasopismem,

e odpowiedzi na recenzje oraz korekcie manuskryptu po recenzjach.
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dr inz. Patrycja Staniszewska
Katedra Ekofizjologii Bezkregowcow
i Biologii Eksperymentalnej

Wydziat Biologii Srodowiskowej
Uniwersytet Przyrodniczy w Lublinie
ul. Doswiadczalna 50a

20-280 Lublin
patrycja.staniszewska@up.lublin.pl

Lublin, dnia 02.10.2025 .

Rada naukowa Instytutu Nauk Biologicznych
Uniwersytetu Marii Curie-Sktodowskiej

Oswiadczenie o wspoétautorstwie

Niniejszym o$wiadczam, ze w publikacji:

w Lublinie

Kunat-Budzyriska, M., Staniszewska, P., Olszewski, K., Strachecka, A. (2025) Antioxidant

activities in the hemolymph and fat body of physiologically and prematurely aging bees (Apis
mellifera). Antioxidants (Basel), 14, 373. Doi:10.3390/antiox14040373
bedacej podstawg rozprawy doktorskiej mgr Magdaleny Kunat-Budzynskiej moj udziat

polegat na:

e pomocy W analizach biochemicznych oraz w udzieleniu odpowiedzi na recenzje.

zf%z MJWJK/

Podpis



Lublin, dnia 02.10.2025r.

prof. dr hab. Krzysztof Olszewski

Zaktad Pszczelnictwa,

Instytut Biologicznych Podstaw Produkcji Zwierzecej,
Wydziat Nauk o Zwierzetach i Biogospodarki,
Uniwersytet Przyrodniczy w Lublinie

ul. Akademicka 13

20-950 Lublin

krzysztof.olszewski@up.lublin.pl

Rada naukowa Instytutu Nauk Biologicznych
Uniwersytetu Marii Curie-Skiodowskiej
w Lublinie

Oswiadczenie o wspotautorstwie

Niniejszym oswiadczam, ze w publikaciji:
Kunat-Budzynska, M., Staniszewska, P., Olszewski, K., Strachecka, A. (2025) Antioxidant
activities in the hemolymph and fat body of physiologically and prematurely aging bees (Apis
- mellifera). Antioxidants (Basel), 14, 373. Doi:10.3390/antiox14040373
bedace] podstawg rozprawy doktorskiej mgr Magdaleny Kunat-Budzynskiej moj udziat
polegat na:
e przygotowaniu i opiece nad rodzinami pszczelimi wykorzystywanymi w
doswiadczeniach (pozyskiwanie jednodniowych pszczét oraz zdrowych i zakazonych
V. destructor pszczo6t w roznym wieku do badan),
e pomocy W opracowaniu pasiecznej czesci doSwiadczenia,

e pomocy w analizie statystyczne;j.

Podpis



Lublin, dnia 02.10.2025 r.

prof. dr hab. Aneta Strachecka
Katedra Ekofizjologii Bezkregowcow
i Biologii Eksperymentalnej

Wydziat Biologii Srodowiskowej
Uniwersytet Przyrodniczy w Lublinie
ul. Doswiadczalna 50a

20-280 Lublin
aneta.strachecka@up.lublin.pl

Rada naukowa Instytutu Nauk Biologicznych
Uniwersytetu Marii Curie-Sklodowskiej
w Lublinie

Oswiadczenie o wspoélautorstwie

Niniejszym o$wiadczam, ze w publikacji:

Kunat-Budzynska, M., Staniszewska, P., Olszewski, K., Strachecka, A. (2025) Antioxidant
activities in the hemolymph and fat body of physiologically and prematurely aging bees (Apis
mellifera). Antioxidants (Basel), 14, 373. Doi:10.3390/antiox14040373
bedgcej podstawg rozprawy doktorskiej mgr Magdaleny Kunat-Budzyniskiej méj udziat
polegat na:

e opracowaniu koncepcji pracy oraz metodyki,

e pomocy w analizie wynikow,

e pomocy w opracowaniu ostatecznej wersji manuskryptu oraz odpowiedzi né recenzje,

e opiece naukowej i merytorycznej nad realizacjg cyklu doswiadczen.

Aeta... Strachecka

Podpis



Oswiadczenia autorow

Publikacja P2

Kunat-Budzynska, M., Staniszewska, P., Olszewski, K. Strachecka, A. (2025)
Changes in proteolytic system activity due to Varroa destructor infestation in Apis
mellifera workers. Agriculture, 15, 1942. Doi: 10.3390/agriculture15181942



Lublin, dnia 02.10.2025 r.

mgr Magdalena Kunat-Budzynska

Katedra Immunobiologii

Instytut Nauk Biologicznych

Uniwersytet Marii Curie-Sktodowskiej w Lublinie
ul. Akademicka 19

20-033 Lublin
magdalena.kunat-budzynska@mail.umcs.pl

Rada naukowa Instytutu Nauk Biologicznych
Uniwersytetu Marii Curie-Sktodowskiej
w Lublinie

Oswiadczenie o wspétautorstwie

Niniejszym o$wiadczam, ze w publikagji:
Kunat-Budzynska, M., Staniszewska, P., Olszewski, K. Strachecka, A. (2025) Changes in
proteolytic system activity due to Varroa destructor infestation in Apis mellifera workers.
Agriculture, 15, 1942. Doi: 10.3390/agriculture15181942
bedacej podstawg rozprawy doktorskiej moj udziat polegat na:
* opracowaniu hipotez badawczych oraz sformutowaniu celéw pracy,
e zebraniu materiatu badawczego (pobranie hemolimfy oraz ciata ttuszczowego);
e wykonaniu analiz biochemicznych (oznaczenie aktywnosci proteaz i ich inhibitorow
oraz stezen biatek), '
e analizie statystycznej i interpretaciji wynikow,
e graficznym opracowaniu wynikow,
e sformutowaniu wnioskoéw,
e doborze literatury,
e napisaniu pierwszej wersji manuskryptu,

e odpowiedzi na recenzje oraz korekcie manuskryptu po recenzjach.
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- Lublin, dnia 02.10.2025 .

dr inz. Patrycja Staniszewska
Katedra Ekofizjologii Bezkregowcow
i Biologii Eksperymentalnej

Wydziat Biologii Srodowiskowej
Uniwersytet Przyrodniczy w Lublinie
ul. Doswiadczalna 50a

20-280 Lublin
patrycja.staniszewska@up.lublin.pl

Rada naukowa Instytutu Nauk Biologicznych
Uniwersytetu Marii Curie-Sklodowskiej
w Lublinie

Oswiadczenie o wspétautorstwie

Niniejszym oéwiadczam, ze w publikaciji:
Kunat-Budzynska, M., Staniszewska, P., Olszewski, K. Strachecka, A. (2025) Changes in
proteolytic system activity due to Varroa destructor infestation in Apis mellifera workers.
Agriculture, 15, 1942. Doi: 10.3390/agriculture15181942
bedgcej podstawg rozprawy doktorskiej mgr Magdaleny Kunat-Budzynskiej mo¢j udziat
polegat na:

e pomocy w analizie wynikéw oraz odpowiedzi na recenzje.




Lublin, dnia 02.10.2025 .

prof. dr hab. Krzysztof Olszewski

Zaktad Pszczelnictwa,

Instytut Biologicznych Podstaw Produkcji Zwierzecej,
Wydziat Nauk o Zwierzetach i Biogospodarki,
Uniwersytet Przyrodniczy w Lublinie

ul. Akademicka 13

20-950 Lublin

krzysztof.olszewski@up.lublin.pl

Rada naukowa Instytutu Nauk Biologicznych
Uniwersytetu Marii Curie-Skiodowskiej
w Lublinie

Oswiadczenie o wspoélautorstwie

Niniejszym o$wiadczam, ze w publikaciji:
Kunat-éudzyhska, M., Staniszewska, P., Olszewski, K. Strachecka, A. (2025) Changes in
proteolytic system activity due to Varroa destructor infestation in Apis mellifera workers.
Agriculture, 15, 1942. Doi: 10.3390/agriculture15181942
bedgcej podstawg rozprawy doktorskiej mgr Magdaleny Kunat-Budzynskiej méj udziat
polegat na:
e przygotowaniu i opiece nad rodzinami pszczelimi wykorzystywanymi w
doswiadczeniach (pozyskiwanie jednodniowych pszczét oraz zdrowych i zakazonych
V. destructor pszczo6t w réznym wieku do badan),
e pomocy w opracowaniu pasiecznej czesci doswiadczenia,

e pomocy w analizie statystyczne;j.

//r//wwé/ (O szess b

Podpis



Lublin, dnia 02.10.2025 r.

prof. dr hab. Aneta Strachecka
Katedra Ekofizjologii Bezkregowcow
i Biologii Eksperymentalne;j

Wydziat Biologii Srodowiskowej
Uniwersytet Przyrodniczy w Lublinie
ul. Doswiadczalna 50a

20-280 Lublin
aneta.strachecka@up.lublin.pl

Rada naukowa Instytutu Nauk Biologicznych
Uniwersytetu Marii Curie-Skiodowskiej
w Lublinie

Oswiadczenie o wspoétautorstwie

_Niniejszym o$wiadczam, ze w publikaciji:

Kunat-Budzynska, M., Staniszewska, P., Olszewski, K. Strachecka, A. (2025) Changes in
proteolytic system activity due to Varroa destructor infestation in Apis mellifera workers.
Agriculture, 15, 1942. Doi: 10.3390/agriculture15181942
bedacej podstawa rozprawy doktorskiej mgr Magdaleny Kunat-Budzynskiej méj udziat
polegat na:

e opracowaniu koncepciji pracy oraz metodyki,

e pomocy w analizie wynikéw,

e pomocy W opracowaniu ostatecznej wersji manuskryptu oraz odpowiedzi na recenzje,

e opiece naukowej i merytorycznej nad realizacjg cyklu doswiadczen.



Oswiadczenia autorow

Publikacja P3

Kunat-Budzynska, M., Staniszewska, P., Olszewski, K., Cytrynska, M., Strachecka,
A. (2025) The efficiency of the Krebs cycle and the respiratory chain in
physiologically and prematurely aging bees (Apis mellifera). International Journal of
Molecular Sciences, 26, 7294. D0i:10.3390/ijms26157294.



Lublin, dnia 02.10.2025r.

mgr Magdalena Kunat-Budzyrska

Katedra Immunobiologii

Instytut Nauk Biologicznych

Uniwersytet Marii Curie-Sktodowskiej w Lublinie
ul. Akademicka 19

20-033 Lublin
magdalena.kunat-budzynska@mail.umcs.pl

Rada naukowa Instytutu Nauk Biologicznych
Uniwersytetu Marii Curie-Sktodowskiej
w Lublinie

Oswiadczenie o wspoétautorstwie

Niniejszym o$wiadczam, ze w publikaciji:
Kunat-Budzynska, M., Staniszewska, P., Olszewski, K., Cytrynska, M., Strachecka, A.
(2025). The efficiency of the Krebs cycle and the respiratory chain in physiologically and
prematurely aging bees (Apis mellifera). International Journal of Molecular Sciences, 26,
7294. Doi:10.3390/ijms26157294
bedacej podstawg rozprawy doktorskiej moj udziat polegat na:
e opracowaniu hipotez badawczych oraz sformutowaniu celéw pracy,
e zebraniu materiatu badawczego (pobranie hemolimfy oraz ciata ttuszczowego);
e wykonaniu analiz biochemicznych (oznaczenia aktywno$ci/stezen zwigzkéow
zaangazowanych w cykl Krebsa i taficuch oddechowy),
e analizie statystycznej i interpretacji wynikow,
e graficznym opracowaniu wynikow,
e sformutowaniu wnioskdw,
e doborze literatury,
e napisaniu pierwszej wersji manuskryptu,

e odpowiedzi na recenzje oraz korekcie manuskryptu po recenzjach.
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Lublin, dnia 02.10.2025 .

dr inz. Patrycja Staniszewska
Katedra Ekofizjologii Bezkregowcow
i Biologii Eksperymentalnej

Wydziat Biologii Srodowiskowej
Uniwersytet Przyrodniczy w Lublinie
ul. Dodwiadczalna 50a

20-280 Lublin
patrycja.staniszewska@up.lublin.pl
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