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1. Streszczenie

Zbilansowana dieta zapewnia prawidlowy rozwdj, a takze homeostaz¢ organizmu pszczoty
miodnej. Pytek pszczeli stanowi podstawowe zrodlo biatek, aminokwasow, tluszczow
1 innych zwigzkow odzywczych. Wielkoobszarowe gospodarstwa i zanik bior6znorodnosci
ros§linnej naraza owady zapylajace na korzystanie w gldwnej mierze z jednego zasobu
pokarmowego — tzw. monodiety. W zwigzku z tym, celem dysertacji doktorskiej byto
okreslenie wplywu pylkow z okreslonych roslin (leszczyna, rzepak, sosna, gryka, facelia
i nawlto¢), w ujeciu monodiety, na morfologi¢ i1 fizjologi¢ subkutikularnego -ciala
thuszczowego z réznych segmentdéw/lokalizacji u pszczoty miodnej. W doswiadczeniu
klatkowym, robotnice z grup badawczych otrzymywaly ciasto cukrowe z 10% dodatkiem
okreslonego pytku, za$ z grupy kontrolnej - ciasto cukrowe. Od zywych pszczét w wieku 1-
, 7- 1 14 dni wypreparowano ciala ttuszczowe z tergitow 3-7 i sternitdow oraz wykonano
analizy morfometryczne (dtugo$¢ i1 szerokos$¢ trofocytow, sSrednica jader enocytow).
W ciele tluszczowym z tergitu 3, tergitu 5 1 sternitu oznaczano st¢zenia substratow
energetycznych (biatko, glukoza, triacyloglicerole i glikogen), poziom TAC, aktywnosci
enzymow antyoksydacyjnych (SOD, CAT, GST i GPx) oraz aktywno$¢ systemu
proteolitycznego. Pylek wplywal statystycznie istotnie na st¢zenia/aktywnosci ww.
parametréw biochemicznych w poszczegdlnych segmentach ciata ttuszczowego. Pszczoly
karmione ciastem cukrowym z pytkami, szczegdlnie roslin owadopylnych, miaty wicksze
trofocyty 1 $rednice jader enocytow oraz wyzsze stezenia substratow energetycznych oraz
aktywnosci systemu antyoksydacyjnego 1 proteolitycznego w poréwnaniu z grupg kontrolna.
Niezaleznie od spozywanego pokarmu (ciasto cukrowe vs. ciasto cukrowe z pytkiem)
rozmiary trofocytow, stezenia substratdéw energetycznych oraz aktywnosci systemu
antyoksydacyjnego 1 proteolitycznego w roznych segmentach/lokalizacjach ciata
thuszczowego zwigkszaty si¢ wraz z wiekiem robotnic. Najwyzsze aktywnoS$ci systemu
antyoksydacyjnego 1 proteolitycznego zaobserwowano w ciele tluszczowym z tergitu S.
Pylek facelii wptywal najkorzystniej na funkcjonowanie ciata tluszczowego pszczot
(w poréwnaniu z pozostatymi pytkami). Wyniki uzyskane w dysertacji moga pomoc
w lepszym zrozumieniu mechanizmoéw, ktéore doprowadzity do roznicowania
morfologicznego 1 funkcjonalnego ciala thuszczowego zaleznego od diety oraz wieku samic

eusocjalnych owadow btonkoskrzydtych.

Stowa kluczowe: dieta pytkowa, ekofizjologia, odpornos¢, ciato tluszczowe, substraty

energetyczne, antyoksydanty, system proteolityczny, pszczota miodna



2. Summary

A balanced diet ensures proper development as well as homeostasis of the honey bee
organism. Bee pollen is the primary source of proteins, amino acids, fats and other nutrients.
Large-scale farming and the decline of plant biodiversity expose pollinating insects to the
use of mainly one food resource — the so-called monodiet. Therefore, the aim of the doctoral
dissertation was to determine the effect of pollen from specific plants (hazel, rapeseed, pine,
buckwheat, Phacelia, and goldenrod), in the context of a monodiet, on the morphology and
physiology of the subcuticular fat body from different segments/locations in the honey bee.
In a cage experiment, worker bees from the experimental groups received sugar paste with
a 10% addition of a specific pollen, while the control group received sugar paste. From live
bees aged 1, 7, and 14 days, fat bodies were dissected from tergites 3—7 and sternites, and
morphometric analyses were performed (length and width of trophocytes, diameter of
oenocyte nuclei). In the fat body from tergite 3, tergite 5, and the sternite, concentrations of
energy substrates (protein, glucose, triacylglycerols, and glycogen), TAC level, activities of
antioxidant enzymes (SOD, CAT, GST, and GPx), and the activity of the proteolytic system
were determined. Pollen had a statistically significant effect on the concentrations/activities
of the aforementioned biochemical parameters in individual fat body segments. Bees fed
sugar paste with pollen, especially from entomophilous plants, had larger trophocytes and
oenocyte nuclei diameters, as well as higher concentrations of energy substrates and
activities of the antioxidant and proteolytic systems compared to the control group.
Regardless of the food consumed (sugar paste vs. sugar paste with pollen), the size of
trophocytes, concentrations of energy substrates, and activities of the antioxidant and
proteolytic systems in various fat body segments/locations increased with the age of the
workers. The highest activities of the antioxidant and proteolytic systems were observed in
the fat body from tergite 5. Phacelia pollen had the most beneficial effect on the functioning
of the bee fat body (compared to the other pollens). The results obtained in the dissertation
may help to better understand the mechanisms that led to the morphological and functional

differentiation of the fat body depending on diet and age of eusocial Hymenoptera females.

Keywords: pollen diet, ecophysiology, immunity, fat body, energy substrates, antioxidants,

proteolytic system, honey bee



3. Wprowadzenie teoretyczne

W dobie XXI wieku, wiele czynnikow stresogennych, w tym narazenie na dziatanie
sztucznego pola elektromagnetycznego (Lupi 1 in., 2021; Migdat i in., 2023; Plotnik 1 in.,
2023; Migdat i in. 2024a), srodki ochrony roslin (Migdat i in., 2024b; Paleolog i in., 2021),
zafalszowania wosku stearyng i/lub parafing (Che¢ i in., 2021; Strachecka 1 in., 2024),
patogeny oraz pasozyty (Dmochowska-Slezak i in., 2016; Ptaszynska i in., 2016),
mikroplastik (Al Naggar 1 in., 2024) powoduja zaburzenia homeostazy organizmu
pszczelego. W ostatnich 3-4 latach coraz czes$ciej mowi sig, ze industrializacja gospodarki,
gospodarstwa wielkoobszarowe, czgste koszenie poboczy, nasypow kolejowych i rozwoj
aglomeracji miejskich prowadzi do degradacji siedlisk roslinnych (Jachuta i in., 2021;
Jachuta 1 in., 2022). Zanik bior6znorodnosci roslinnej zapewniajacej zbilansowang dietg
pylkowa, naraza owady zapylajace na stres zywieniowy, ktory ostabia mechanizmy
odpornosci. Nie ulega watpliwosci, ze zbilansowana dieta zapewnia hemodynamike
organizmu, za§ konsekwencja jej zachwiania jest narazenie na inne czynniki stresogenne,
takie jak patogeny [tzw. wtorne zakazenia] (Jack 1 in., 2016). Wiekszo$¢ doniesien
naukowych, rekomendujacych rosliny wazne w diecie pszczoty miodnej, skupia si¢ na
sktadzie fizyko-chemicznym pytku i/lub nektaru (Denisow i in., 2019; Dmitruk i in., 2024;
Tymoszuk 1 in., 2024). Jednakze silna antropopresja oraz czynniki $rodowiskowe
1 klimatyczne wptywaja na warto$¢ odzywcza pytkow (np. roslin tego samego gatunku),
a w konsekwencji na metabolizm i1 odporno$¢ owaddéw zapylajacych. Analiza tego

zagadnienia wpisuje sie w nurt badan zwiazanych z nutrifizjologia owadow

1 tym samym z zakresu niniejsze] dysertaciji doktorskiej.

U pszczot miodnych wyrdznia si¢ mechanizmy odpornosci indywidualne;
1 zbiorowej. Oprocz barier anatomiczno-fizjologicznych (uktadu pokarmowego,
oddechowego 1 kutikuli), na odporno$¢ indywidualng sktada si¢ odpornos¢ komoérkowa
(fagocytoza, nodulacja i inkapsulacja) 1 odporno§¢ humoralna (zlozona z: 1 - odpornosci
biochemicznej, na ktora sktadajg si¢ zwigzki systemu proteolitycznego, antyoksydacyjnego
1 markery biochemiczne; 2 - biatka odpornosciowe dzialajgce w hemolimfie, np.
fenolooksydaza, lizozym itp.; 3 - biatka odpornosciowe dziatajgce w innych tkankach, np.
melityna, rojalizyna) (Grzywnowicz 1 in., 2009; Glinski i in., 2011; Strachecka
1 Demetraki-Paleolog, 2011; Stracheckaiin., 2013; Larsen i in., 2019; Skowronek i in., 2021;
Strachecka 1 in. 2021a; Strachecka 1 in., 2021b). Mechanizmy odpornosci komoérkowej 1

biochemicznej uruchamiane sa jednocze$nie po przetamaniu przez patogen barier
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anatomiczno-fizjologicznych. Zwiazki systemu proteolitycznego ,tng” swoiste biatka
patogenu na mate jednostki. Produkty tych reakcji wraz z reaktywnymi formami tlenu (ROS)
1 toksycznymi metabolitami sg neutralizowane 1 detoksyfikowane przez system
antyoksydacyjny. Markery biochemiczne dopetniajg te dwa systemy 1 sg uwazane za
wskazniki zdrowotno$ci pszczot (Ma 1 in., 2016; Strachecka i in., 2022). Jednoczes$nie,
hemocyty otaczaja patogen tworzac fagosom (fagocytoza), ktory nastgpnie taczac sie
z lizosomem (fagolizosom), uczestniczy w uwalnianiu enzyméw degradujagcych kwasy
nukleinowe, lipidy 1 biatka patogenu. Kolejne hemocyty oraz melaniny, otaczajac takie
struktury, uwalniaja hemokiny, ktérych zadaniem jest, przede wszystkim, zainicjowanie
produkc;ji biatek odpornosciowych (np. fenolooksydazy, lizozymu, antymikrobiologicznych

peptydow itp.) w ciele thuszczowym (Arrese 1 Soulages, 2010). Poniewaz mechanizmy

odporno$ci biochemicznej stanowia pierwsza 1 niezwykle wazna linie ukfadu

immunologicznego pszczoly miodnej, postanowilem skupié sie wlasnie na nich w mojej

dysertacji.

Proces proteolizy katalizowany jest przez enzymy proteolityczne (proteazy)
i polega na hydrolizie wigzan peptydowych pomigdzy aminokwasami w tancuchu
biatkowym. Endopeptydazy hydrolizuja wigzania peptydowe w glebi lancucha
peptydowego, za$ egzopeptydazy — na koncach biatka (Bankowski, 2014). W centrum
aktywnym tych enzyméw sa aminokwasy (np. asparaginian, seryne, cysteing, treoning,
glutaming) oraz jony metali (Zn** lub Ca*"). Proteazy wykazuja wysoka selektywnos$¢
dziatania wzgledem okreslonego pH, stad wyrdznia si¢ proteazy kwasne, obojetne
1 zasadowe (Grzywnowicz 1 in., 2009). Proteazy kwasne (asparaginowe) zaangazowane s3
glownie w procesy degradacji bialek komorkowych, obojetne uczestnicza w obrdobce
potranslacyjnej, za§ zasadowe (serynowe 1 cysteinowe) aktywuja kaskade pro-oksydazy
fenolowej zaangazowanej m.in. w syntez¢ melanin. System proteolityczny, oprocz ww.
proteaz, sktada si¢ rowniez z inhibitorow proteaz, ktore §cisle reguluja aktywacje enzymow
proteolitycznych poprzez blokowanie ich centrum aktywnego lub zmiang ich konformacji
(Glinski 1 in., 2011). Systemem proteolitycznym (proteazy i inhibitory proteaz) opisano na
powierzchni kutikuli, w hemolimfie, przewodzie pokarmowym, gruczotach kieszonkowych,
jadzie, a takze w ciele ttuszczowym pszczoty miodnej (Grzywnowicz i in., 2009; Strachecka
i1in., 2013; Dziechciarz i in., 2022; Strachecka i in., 2022; Jaremek i in., 2024). Aktywnosci
tych enzymow determinowane s3 kasta, wiekiem, stanem fizjologicznym organizmu,

wpltywem biostymulatoréw, a takze wcze$niej wspominanymi czynnikami stresogennymi
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(Grzywnowicz 1 in., 2009; Strachecka i in., 2014; Strachecka i in., 2015; Migdat i in.,
2021a,b; Dziechciarz i in., 2022).

Bodzce stresowe (biotyczne, abiotyczne 1 antropogeniczne) poprzez stres
oksydacyjny powoduja uszkodzenia organelli komorkowych, struktur komoérkowych
a takze tkanek prowadzac do zaburzenia homeostazy w organizmach owadoéw. Stres
oksydacyjny definiowany jest jako stan zaburzonej rownowagi pomig¢dzy produkcja
reaktywnych form tlenu — RFT (np. anionorodnik ponadtlenkowy O2, rodnik
hydroksylowy HO", tlen singletowy 'O, nadtlenek wodoru H,05), a zdolnoscig organizmu
do ich neutralizacji za pomoca enzymow antyoksydacyjnych (np. dysmutaza ponadtlenkowa
- SOD, katalaza - CAT, peroksydaza glutationowa - GPx, S-transferaza glutationowa - GST).
RFT uczestniczg w regulacji proceséw komodrkowych, takich jak r6znicowanie, proliferacja,
apoptoza, czy odpowiedz immunologiczna. RFT w wysokich stezeniach dzialajg szkodliwie
1 inicjuja m.in. (1) peroksydacje lipidow, prowadzac do uszkodzenia bton komorkowych, (2)
powstanie mutacji w DNA oraz (3) degradacj¢ lub nieprawidtowe faldowanie biatek, co
wpltywa na zaburzenia w funkcjonowaniu komorek i1 catych tkanek (Birch-Machin i
Bowman, 2016). Funkcje antyoksydantow enzymatycznych uzupelniane sa przez
nieenzymatyczne antyoksydanty (Krishanan i Kodrik, 2006; Sandmann, 2019). Przyktadami
tych zwigzkow sa: witamina C (kwas askorbinowy), koenzym Q10 (ubichinon), witamina E
(a-tokoferol), glutation (GSH), kwas moczowy oraz zwiazki roslinne takie jak karotenoidy
1 flawonoidy obecne w pytku 1 nektarze roslinnym. Ogo6lng zdolnos¢ organizmu do
neutralizowania reaktywnych form tlenu okresla si¢ za pomocg poziomu TAC (7Total
Antioxidant Capacity). Poziom catkowitego potencjatu oksydacyjnego jest sumg aktywnosci
przeciwutleniaczy enzymatycznych
1 stezen antyoksydantéw nieenzymatycznych w badanej tkance. Aktywno$¢ systemu
antyoksydacyjnego u pszczél, podobnie jak systemu proteolitycznego, zalezy od wielu
czynnikow, tj. kasta, stan fizjologiczny, wiek, czynniki antropogeniczne i in. (Strachecka
1 in., 2022). W ostatnim 10-leciu, obserwuje si¢ zwickszone wykorzystanie naturalnych
zwigzkow czynnych (biostymulatoréw, przewaznie roslinnych), aby zastymulowaé uktad
odpornosciowy owada poprzez zwigkszenie aktywnos$ci systemu proteolitycznego
1 antyoksydacyjnego (Strachecka i in., 2015; Skowronek i in., 2021; Skowronek i in.,
2022a,b).

W ksztattowanie uktadu odpornosciowego u pszczoty miodnej zaangazowane jest

przede wszystkim ciato tluszczowe. Corpus adiposum (cialo thuszczowe) u dorostych
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pszczot zlokalizowane jest w cze$ci Sciennej (subkutikularnej), pod warstwag kutikuli oraz
w czesci wisceralnej (trzewiowej), otaczajacej narzady jamy brzusznej (Skowronek i in.,
2021). Czes$¢ Scienna ciata tluszczowego odznacza si¢ segmentowym charakterem.
W obrazie morfologicznym komorek ciata tluszczowego robotnic wystepuja réznice
pomiegdzy poszczegdlnymi segmentami, zwlaszcza tergitem 3 i tergitem 5 oraz sternitem
(Strachecka i in., 2021b). Omawiana tkanka zbudowana jest z dwoch gléwnych typoéw
komorek: trofocytow i enocytéw. Trofocyty sa najliczniejszymi, duzymi, wielokgtnymi lub
owalnymi komoérkami z widoczng ziarnistoscig (Skowronek i in., 2021). W cytoplazmie tych
komoérek zawieszone sa ziarna glikogenu, krople tluszczéw, struktury biatkowe,
a takze cialka pegcherzykowe, ktore sg widoczne bez koniecznos$ci wybarwiania. Wielko$¢
komorek, a takze ich ksztalt, barwa moze ulec zmianie na skutek przemian rozwojowych
1 patologicznych owada, a takze innych czynnikow $rodowiskowych. Trofocyty oprocz
magazynowania zwigzkéw energetycznych, a takze krysztaldw kwasu moczowego,
uczestniczag w procesie syntezy biatek (np. witellogeniny), lipidow i hormondéw (Arrese
1 Soulages, 2010; Skowronek iin., 2021). Pomigdzy trofocytami (wyjatek — ciato ttuszczowe
z tergitu 3 u robotnic) wystepuja owalne, trojkatne lub wrzecionowate enocyty z centralnie
potozonym jadrem komoérkowym (Strachecka i in., 2021b; Jaremek i in., 2024). Enocyty
uczestniczg w syntezie feromondw ptciowych, lipidow, lipoprotein, a takze biorg udzial w

neutralizacji ksenobiotykow (Wojcik i in., 2022).

W chwili rozpoczgcia przeze mnie badan w zakresie dysertacji, niewiele bylo
informacji na temat tozsamosci morfologicznej 1 biochemicznej ciata ttuszczowego pszczot.
Jedyne publikacje w bazach naukowych byty autorstwa zespotu, do ktérego dotgczytem
(Strachecka 1 in., 2021a,b) 1 skupialy si¢ na pordwnaniu cech ciata thuszczowego u réznych
kast/sub-kast (tj. matki, rebeliantki 1 normalne robotnice). Dlatego postanowilem zglebi¢ ten
temat u mlodych, gniazdowych pszczot pomiedzy 1 a 14 dniem zycia. Jedng z gtéwnych
czynno$ci tych robotnic jest karmienie kolejnego pokolenia pszczot. Jakos¢ mleczka
pszczelego wytwarzanego przez karmicielki zalezy przede wszystkim od spozywanego
przez nie pokarmu, ich witalnosci 1 zdrowotnosci. Stad

w moich badaniach skupitem sie na wplywie diety pyltkowej (w kontek$cie monodiety) na

parametry morfologiczno-biochemiczne ciala tluszczowego jako te, ktore warunkuja stan

odpornosci, u 1-. 7- i1 14-dniowych robotnic.

Otwarty uktad krwiono$ny umozliwia obmywanie komorek ciata thuszczowego przez

hemolimfe. Nastepuje dwukierunkowa wymiana zwigzkoéw, ktora polega na
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przetransportowaniu tych wchtonigtych z przewodu pokarmowego (po trawieniu pytku) za
pomoca hemolimfy do ciata tluszczowego, a nastgpnie tych zsyntetyzowanych w ciele
thuszczowym do hemolimfy 1 w dalszej kolejnosci do innych tkanek np. do migsni
poruszajacych skrzydiami, mozgu itp. W ten sposdb hemolimfa umozliwia przenoszenie
sktadnikéw pokarmowych i zwigzkéw chemicznych pomiedzy poszczegdlnymi segmentami

ciata thuszczowego i innymi tkankami.

Dostep do pokarmu stanowi fundament proceséw fizjologicznych u prawie
wszystkich poznanych do tej pory organizméw (Cai i in., 2022; Mensah, 2024). Owady
zapylajace sa catkowicie uzaleznione od zasobow pokarmowych w postaci pytku
kwiatowego 1 nektaru wytwarzanego przez rosliny w zasiegu zerowania pszczot (Tsuruda
1 in., 2021). Jest to przyklad mutualistycznej relacji migdzygatunkowej, w ktorej rosliny
zapewniajg pszczotom pokarm (nektar i/lub pytek), a w zamian pszczoty zapylaja rosliny

(Vaudo i in., 2024).

W klimacie umiarkowanym, wczesng wiosng, robotnice pszczoty miodnej zbieraja
pytek produkowany przez meskie kwiatostany leszczyny (Corylus sp.). Pylek wspomnianej
rosliny, juz pod koniec lutego, stanowi czesto jedyne zroédto pokarmu dla owadow
zapylajacych (Weryszko-Chmielewska i Piotrowska, 2012). W literaturze brakuje informacji
na temat wtasciwosci fizyko-chemicznych pytku leszczyny. Biorgc pod uwage fenologie
kwitnienia, kapusta rzepak (Brassica napus L.) stanowi jeden z gltownych pozytkéw
pytkowych 1 nektarowych w okresie marca-maja. Kapusta rzepak (zwana dalej rzepakiem)
jest powszechng ro$ling oleista uprawiang w Kanadzie, Europie, Chinach, czy Indiach.
Roslina ta produkuje pytek, ktorego zawarto$¢ biatka catkowitego wynosi od 20 do 27%,
za$ srednia wydajnos¢ miodowa to 80-160 kg/ha (Yang i in., 2013; Taha 1 in., 2019; Hsu 1
in., 2021). Dzigki temu rzepak jest cennym zrodlem pozywienia dla pszczoly miodnej,
trzmieli 1 pszczol samotnic. Sosna zwyczajna (Pinus sylvestris L.), kwitngca w maju 1
czerwcu, jest ro$ling zapylang przez wiatr. Mimo masowej produkcji pytku, nie jest on
chetnie zbierany przez robotnice pszczoly miodnej, w przeciwienstwie do pszczot samotnic
(Splitt 1 in., 2021). Powszechnie przyjmuje si¢, ze pylek roslin wiatropylnych jest ubogi w
biatko calkowite (mniej niz 14%), lecz z drugiej strony, stanowi cenne zrodto makro- i
mikroelementéw w diecie pszczot poprzez jej urozmaicenie (Somerville and Nicol, 2006;
Fernandez-Gonzalez 1 in. 2021). Facelia (Phacelia tanacetifolia Benth) jest rosling
wysiewang w czerwcu/lipcu przez rolnikow jako poplon, a takze przez pszczelarzy w celu

uzupetienia niedoboru nektaru i pytku w okresach bezpozytkowych. Ze wzgledu na szybki
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okres wegetacji, a takze dlugi okres produkcji nektaru i pytku jest atrakcyjng rosling dla
owadow zapylajacych. Kwitngca latem facelia, produkuje pytek zawierajacy okoto 27%
biatka, a takze liczne polifenole i flawonoidy o charakterze przeciwutleniajacym (Owayss 1
in., 2020; Vergun, 2023). Gryka zwyczajna (Fagopyrum esculentum Moench) zwana
pseudozbozem, masowo uprawiana jest w Azji Srodkowej, Stanach Zjednoczonych a takze
w Europie Srodkowej (Sk¥ivan i in., 2023). Wielohektarowe uprawy gryki maja na celu
pozyskanie nasion, z ktorych produkuje si¢ kasze i make gryczang. Ponadto, roslina ta
wysiewana jest w celu pozyskania miodu gryczanego. W Europie Srodkowej jednym z
ostatnich pozytkow pytkowych (pomigdzy lipcem a pazdziernikiem) jest nawto¢ (Solidago
sp.). Nawto¢ kanadyjska, jako gatunek inwazyjny, wypiera rodzime rosliny zapewniajace
réznorodno$¢ diety pytkowej, przez co w sposob naturalny wymusza monodiete na owadach
(Jachuta 1 in., 2020; Lenda i in., 2021; Moron i in., 2021). Nierzadko, ekspansywna
gospodarka wielkoobszarowa, a takze monokultury wspomnianych roslin warunkujg diete
opartg o jeden rodzaj pytku, tak zwang monodiete (Bry$ i Strachecka, 2024). Uwzgledniajac
aspekt odzywiania pszczot miodnych, nalezy zwrdci¢ uwage na jakos¢, a nie tylko na ilo§¢
produkowanego pytku. Zagadnienie jakos$ci pytku wytwarzanego przez ros$liny, w
konteks$cie monodiety, ktory to temat jest przedmiotem niniejszej dysertacji doktorskiej,

omoéwilem szerzej w publikacji przegladowej Bry$ i Strachecka (2024) (Publikacja P0).

Dieta oparta na pylku z réznych roslin, ze wzgledu na rdéznorodny sktad
biochemiczny, uwazana jest za najbardzie; wartosciowa (Filipiak 1 in., 2017). Jako$¢
odzywcza pytku jest zalezna od pochodzenia botanicznego 1 geograficznego. Dynamiczne
zmiany w §rodowisku determinujg zanik bioréznorodno$ci i tym samym ograniczajg dostep
pytku dla zapylaczy (Boranski i in., 2025). Ilos¢ produkowanego pytku przez ro$liny nie
przeklada si¢ na warto$¢ odzywcza umozliwiajaca prawidtowy rozwdj larw. Jakos¢ pytku
powinna by¢ definiowana pod wzgledem zawartosci biatka catkowitego, proporcji
aminokwasow, stechiometrii makro- i mikroelementow, a takze innych zwigzkow jak kwasy
tluszczowe, flawonoidy etc. (Filipiak, 2019; Tsuruda i in., 2021). Niezbilansowana ilo$¢
sktadnikow odzywczych w diecie moze doprowadzi¢ do zaburzen metabolicznych zwianych
z ostabiong odpowiedzig immunologiczng, zmniejszong masg ciata, czy przedwczesnym
starzeniem si¢ (Alaux iin., 2010; Thle i in., 2014; Bry$ i in., 2021; Cai i in. 2022; Ara Begum
11in., 2023). Spozycie pytku stymuluje rozw6j acini gruczolow gardzielowych (Crailsheim i
in., 1989; Di Pasquale iin., 2013; Omar i in., 2017), liczbe i rodzaj hemocytow (El Mohandes
11n., 2010), a takze prawidlowa gospodarke/prace jelita sSrodkowego (Roulston and Cane,
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2000; Szymas i in., 2012;). W dodatku, aminokwasy zawarte w pytku stymuluja produkcje
hormonoéw, neuroprzekaznikdéw, uczestnicza w termoregulacji a takze sg intermediatami
wielu szlakow biochemicznych, w tym odpornosciowych (Locatelli i in., 2005; Di Pasquale
1 in., 2013; Frias i in., 2016; Ma 1 in., 2016; Bry$ i Strachecka, 2024). Egzogenne
aminokwasy, dostarczane wraz =z dieta pytlkowa warunkuja ekspresje genow
odpornosciowych (np. Defensin2) 1 synteze peptydow przeciwdrobnoustrojowych (Danihlik
1 in., 2017). Peptydy przeciwdrobnoustrojowe np. defesyna i apidycyna hamujg rozwoj
bakterii Gram-dodatnich i Gram-ujemnych, wirusow 1 grzyboéw (Wu i in., 2020; Depta i in.,

2022).

Jak juz wczesniej wspominano, ciato thuszczowe pelni wiele kluczowych funkcji,
w tym magazynuje substraty energetyczne, jest tkankg endokrynng produkujaca hormony,
uczestniczy w procesach detoksykacyjnych, i in. (Wang i in., 2019, Strachecka i in., 2021b;
Wojcik i in., 2022). Badania Stracheckiej i in. (2021b) wykazaty, ze cechy morfologiczne
1 aktywnos$ci zwigzkoéw waznych metabolicznie sa rézne w zalezno$ci od

segmentow/lokalizacji ciata ttuszczowego. Dlatego, pojawito si¢ pytanie — w jaki sposéb

dieta pytkowa wplywa na morfologie oraz stezenia substratOw energetycznych, aktywnosci

enzymOw antyoksydacyijnych i proteolitycznych w poszczegdlnych segmentach ciala

thuszczowego? Nie ulega watpliwosci, ze dieta wielopytkowa begdzie bardziej wartoSciowa
dla pszczol, lecz aby zrozumie¢ mechanizmy z pogranicza biochemii, fizjologii, anatomii
1 ekofizjologii, zasadnym wydaje si¢ rozpatrywanie diety w kontekscie monodiety. Wybor

monodiet zostal podyktowany powszechnym wystepowaniem leszczyny, rzepaku, sosny,

facelii, gryki i nawloci w klimacie umiarkowanym. Ponadto, rosliny te stanowia dominujacy

pozytek dla pszczdt od wiosny do jesieni.
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4. Hipotezy i cele badawcze
W niniejszej rozprawie doktorskiej przyjeto nastepujgce hipotezy badawcze:

H1: Pylek roslin owadopylnych (rzepak, facelia, gryka i nawto¢) 1 wiatropylnych (leszczyna
1 sosna) w aspekcie monodiety w odmienny sposob wptywa na morfologi¢ subkutikularnego

ciata thuszczowego z tergitu 3, tergitu 5 i sternitu u 7- i 14-dniowych pszczoét robotnic.

H2: Pyiki rzepaku, facelii, gryki i nawtoci (pytki roslin owadopylnych), w poréwnaniu do
pytkow leszczyny 1 sosny (pytki roslin wiatropylnych), bardziej zwigkszaja stezenia
substratow rezerw energetycznych w okre§lonych lokalizacjach/segmentach ciala

thuszczowego pszczot.

H3: Pylek roslin owadopylnych w wigkszym stopniu wptywa na aktywacje systemow:
antyoksydacyjnego i proteolitycznego w ciatach tlhuszczowych (z tergitu 3, tergitu 5

1 sternitu) robotnic w poréwnaniu z pytkiem produkowanym przez ro$liny wiatropylne.

H4: Dieta pytkowa, nawet w ujeciu monodiety, wptywa stymulujagco na biochemiczne
mechanizmy odpornosci w subkutikularnym ciele ttuszczowym w przeciwienstwie do diety

opartej tylko na pokarmie weglowodanowym.

Aby zweryfikowac hipotezy sformutowano nastgpujace cele:

1. Okreslenie wpltywu 10% dodatku pytku z poszczegélnych roslin (leszczyna, rzepak,
sosna, facelia, gryka, nawto¢) w diecie pszczot na dtugos¢ i szerokos¢ trofocytéw oraz
na S$rednicg jader enocytow we wszystkich segmentach subkutikularnego ciala
thuszczowego — Publikacja P1.

2. Okreslenie stezenia glukozy, triacylogiceroli, biatka catkowitego 1 glikogenu
w tergicie 3, tergicie 5 1 sternicie ciala thuszczowego pod wplywem diet monopytkowych
— Publikacja P1.

3. Okreslenie aktywnos$ci enzymdéw antyoksydacyjnych w ciele tluszczowym z tergitu 3,
tergitu 5 1 sternitu u pszczot robotnic zZywionych réznymi dietami monopytkowymi

1 poréwnanie ich do tych karmionych samym ciastem cukrowym — Publikacja P2.
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. Okres$lenie aktywnosci proteaz i ich inhibitoréw w ciele ttuszczowym z tergitu 3, tergitu
5 1 sternitu u pszczét robotnic karmionych ~monodietami pytkowymi
1 poréwnanie ich do tych z grupy kontrolnej (bez dodatku pytku, samo ciasto cukrowe)

— Publikacja P3.
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5. Materialy i metody

W celu wykluczenia wptywu czynnikéw srodowiskowych, doswiadczenie prowadzono
w warunkach laboratoryjnych (nazywane dalej: doswiadczenie klatkowe) w Katedrze
Ekofizjologii Bezkrggowcow 1 Biologii Eksperymentalnej. Klatki nasiedlono
jednodniowymi robotnicami pobranymi z rodzin pszczelich ze Stacji Dydaktyczno-
Badawczej Zwierzat Drobnych im. Laury Kaufman, nalezacej do Uniwersytetu
Przyrodniczego w Lublinie. W laboratorium ww. Katedry preparowano ciata thuszczowe pod
mikroskopem stereoskopowym oraz wykonano analizy biochemiczne. Pomiary trofocytow
1 enocytdow wykonano z wykorzystaniem kamery Olympus DP72 i Mikroskopu Olympus
BX61 (powigkszenie 40%) z przystawka DIC w Katedrze Zoologii i Ochrony Przyrody
Uniwersytetu Marii Curie-Sklodowskiej w Lublinie. Analizy chromatograficzne pod katem
obecnosci 1 ilosci  pestycydow w  obndézach  pylkowych  przeprowadzono
w europejskiej sieci laboratoriow badawczych GBA POLSKA Sp. z 0.0. Member of GBA
GROUP, Filia w Lublinie.

Dysertacja obejmuje trzy niezalezne doswiadczenia klatkowe, ktore byly prowadzone
w latach 2023-2024. Metodologia prowadzonych do$wiadczen byta identyczna (Figura 1),

za$ eksperymenty rdznity si¢ hipotezami i celami.

grupy badawcze

ciasto cukrowe + 10% dodatek okreslonego pytku

grupa kontrolna

3

b
—

clasta cukrowe

segregacja obnézy pytkowych

rzygotowanie ciast cukrowo-pytkowych
z okre$leniem pochodzenia botanicznego . s NrSrlek o il sl

Figura 1. Schemat do§wiadczen klatkowych (Na podstawie: Bry$ i in., 2025).

18



Pozyskanie obnozy pylkowych i okreslenie pochodzenia botanicznego

Obnoza pytkowe pozyskano za pomoca wylotowych potawiaczy pyltkowych
zamontowanych przed ulami u pszczelarzy z wojewodztwa lubelskiego i podkarpackiego.
Tereny te powszechnie uznawane sg za tzw. ,,czyste ekologicznie”, czyli nieskazone, wolne
od metali ciezkich, pestycydow i innych zanieczyszczen. Do czasu klasyfikacji, pytek
przechowywano w suchym pomieszczeniu w temperaturze okoto 20°C+ 0,5°C. Obnoza
pylkowe sortowano re¢cznie, tak aby wyodrebni¢ dominujace kolory pytku. Botaniczne
pochodzenie pytku (kazdego koloru z osobna) potwierdzono mikroskopowa analizg
pytkowa zgodnie z walidowang metoda Filipiaka 1 in. (2022). Podczas klasyfikacji ziaren
pytku korzystano z wilasnych preparatow poréwnawczych, tzw. zielnikow pytkowych
(opracowanie wilasne, ziarna pytku zbierano bezposrednio z roslin w latach 2015-2024) oraz
wykorzystano klucze do oznaczania ziaren pytku dostepne online (https://www.paldat.org/

1 https://pollen.tstebler.ch/MediaWiki/ index.php?title=Pollenatlas#gsc.tab=0).

W ten sposdb wyrdzniono nastepujace obndza pylkowe roslin owadopylnych:

- kapusta rzepak (Brassica napus L.),

- facelia (Phacelia tanacetifolia Benth);

- gryka (Fagopyrum esculentum Moench);
- nawto¢ (Solidago sp.);

oraz ro$lin wiatropylnych:

- leszczyna (Corylus sp.);
- sosna (Pinus sylvestris L.).

Obnodza te traktowano jako monokwiatowe (=monodieta, dieta monopytkowa).
Do czasu przygotowania ciast cukrowych z pylkami, a nastgpnie przeprowadzenia
doswiadczenia  klatkowego, posegregowane obnoza pylkowe przechowywano

w temperaturze -25°C+0,2°C.
Przygotowanie ciast cukrowych z okreslonym pylkiem

W doswiadczeniu przedstawionym w P1, przygotowano manualnie ciasta cukrowe
mieszajagc cukier puder z woda w proporcji 2,3kg : 0,5. W doswiadczeniach
przedstawionych w P2 i P3 wykorzystano komercyjnie dostepne ciasto cukrowe Apifonda
(Lyson sp. z o. 0., Polska). Ciasta cukrowe (w P1, P2 i P3) dzielono na 7 czg$ci; pierwsza

z nich nie zawierata zadnego dodatku pytku (grupa kontrolna). Do pozostatych czgsci
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dodawano, zmielone za pomoca mlynka elektrycznego, obnéza pylkowe (z leszczyny,
rzepaku, sosny, facelii, gryki lub nawtoci) w stezeniu 10%. Dodatek pytku w stezeniu 10%
do ciasta cukrowego wynika z zapotrzebowania pszczol na biatko 1 weglowodany
w stosunku 1:9 1 jest uzasadniony warunkami ekonomicznymi (Altaye i in., 2010). Do czasu
przeprowadzenia  doswiadczenia  klatkowego, przygotowane ciasta  mrozono

w temperaturze -25°C+ 0,2°C.
Przygotowanie doswiadczenia klatkowego

Wszystkie doswiadczenia rozpoczeto od pozyskania 1-dniowych robotnic pszczoty
miodnej rasy krainskiej (Apis mellifera carnica). Trzykrotnie (do kazdego doswiadczenia
z osobna), w P1 — 10, w P2 i P3 po 3 sztucznie inseminowane matki-siostry zamykano na
12h w jednoramkowych izolatorach, w celu pozyskania jaj w jednakowym wieku. Po tym
czasie matki uwalniano, za$ zaczerwione plastry pozostawiano w izolatorach do 20 dnia.
W 20. dobie plaster przenoszono do cieplarki/inkubatora z kontrolowang temperatura
3540,5°C, az do momentu wygryzienia si¢ robotnic. Cze$¢ §wiezo wygryzionych robotnic
(robotnice 1-dniowe) pobrano do preparacji ciala tluszczowego. Pozostate jednodniowe
robotnice liczono i recznie umieszczano w drewnianych klatkach (w P1 — 7 grup x 15 klatek
x 100 pszczol; w P2 — 7 grup x 10 klatek x 40 pszczoét, w P3 — 7 grup x 12 klatek
x 40 pszczot) o wymiarach 12 x 12 x 4 cm z szybka. Klatki wyposazone byty w dozowniki
strzykawkowe z woda, ktorag podawano ad libitum. Pszczoty miaty nieograniczony dostep
do okreslonych ciast (cukrowego lub cukrowo-pytkowych), ktoére byly podawane na
spodeczkach (nakretki probowkowe). Pszczoty karmiono co 2 dni w godzinach porannych
rozmrozonym ciastem, usuwano martwe osobniki i zmieniano wodg. Do$wiadczenie
prowadzono w kontrolowanych warunkach (w pakamerze) w temperaturze 32+1°C
1 wilgotnosci wzglednej 65+£5%. W Tabeli nr 1 zestawiono liczbe zywych 1-, 7- 1 14-
dniowych robotnic wybieranych do preparatyki ciata tluszczowego w poszczegolnych

doswiadczeniach.
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Tabela 1. Liczba pszczoét z ktorych wypreparowano ciala tluszczowe w poszczegdlnych

doswiadczeniach w publikacjach P1-P3.

liczba probek Liczba Liczba 7-1 14-
publikacja 1-dniowych robotnic dniowych robotnic
Publikacja P1 45 40-55

Publikacja P2 10 10

24 (wyjatek: pszczoty karmione
Publikacja P3 24 ciastem cukrowym

z rzepakiem, n=12)

Pobieranie i przygotowanie tkanek do analiz

Cialo thuszczowe pobierano od robotnic w wieku 1-, 7- 1 14-dni.

Procedura przygotowania i wykonania analiz morfologicznych ciala thuszczowego w Pl

Od kazdej losowo wybranej pszczoty, z plastra w przypadku robotnic 1-dniowych
lub z klatek w przypadku robotnic 7- i 14-dniowych, odcigto glowe, a nastgpnie
wypreparowano ciato thuszczowe z: tergitu 3, tergitu 5, tergitu 6, tergitu 7 oraz sternitu. Ciato
thuszczowe z tergitu 3, tergitu 5 oraz sternitu dzielono na pol; pierwsza czgs$¢ przeznaczono
do analiz morfologicznych, a druga do analiz biochemicznych. Cialo thuszczowe z pierwszej
czesci, a takze z tergitow 4, 6 1 7, umieszczano na szkietku podstawowym w 0,6% chlorku
sodu (pro. inj.) 1 przykrywano szkietkiem nakrywkowym. W 100 losowych komoérkach ciata
thuszczowego mierzono dlugo$¢ 1 szeroko$¢ trofocytow oraz $rednice jader enocytow
wykorzystujac Mikroskop Olympus BX61 (powigkszenie 40x z przystawka DIC) sprzezony
z Camera Olympus DP72; zgodnie z metodyka Stracheckiej 1 in. (2021b). Pomiarow we
wszystkich segmentach/lokalizacjach (wyjatek - brak enocytow w tergicie 3) ciala

thuszczowego dokonano na zywych komorkach.

Procedura przygotowania ciala tluszczowego do analiz biochemicznych (P1, P2 i P3)

Ciata tluszczowe z tergitu 3, tergitu 5 i sternitu (w P1 - z drugiej polowy; z P2 i P3
— cale ciato tluszczowe z ww. segmentow/lokalizacji) umieszczono indywidualnie
w sterylnych probowkach typu Eppendorf zawierajacych 200 pl schlodzonego 0,6%
roztworu NaCl (stezenie dedykowane dla owadow). Nastepnie tkanki rozdrabniano

z wykorzystaniem regcznego homogenizatora w temperaturze 4 °C i wirowano przez
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1 minute 3000 g. Otrzymany supernatant natychmiast zamrazano w temperaturze —40 °C do

p6zniejszych analiz.

Analizy biochemiczne supernatantow z ciala tluszczowego

W supernatantach ciat thuszczowych z tergitu 3, tergitu 5 oraz sternitu oznaczono:

L. Stezenia substratow  energetycznych (zgodnie =z metodyka zawartg

w komercyjnych zestawach odczynnikéw):

e Glukozy (Alpha Diagnostic),

e Triacylogliceroli (Alpha Diagnostic),

e Glikogenu (Sigma Aldrich, USA, No. MAKO016),

II. Stezenie biatka catkowitego (og6lnego) metoda Lowry’ego i in. (1951)
zmodyfikowang przez Schacterle i Pollack’a (1973),

III.  Aktywno$¢ systemu antyoksydacyjnego (zgodnie z metodyka zawarta
w komercyjnym zestawie odczynnikdéw, zmodyfikowana przez Strachecka 1 in.,
(2022)):

e Dysmutaza ponadtlenkowa (SOD Assay Kit, Sigma Aldrich, Schnelldorf,
Germany, no. 19160-1KT-F),

e S-transferaza glutationowa (Glutathione S-transferase Assay Kit, Sigma
Aldrich, Schnelldorf, Germany, no. MAK 435-1KT),

e Peroksydaza glutationowa (Glutathione Peroxidase Assay Kit, Sigma
Aldrich, Schnelldorf, Germany, no. MAK437-1KT),

e Katalaza (Catalase Assay Kit, Cayman Chemical Company, East Ellsworth
Road Ann Arbor, USA, Item: 707002),

e Calkowity potencjat antyoksydacyjny (Antioxidant Assay Kit, Cayman
Chemical Company, East Ellsworth Road Ann Arbor, USA, Item: 709001).

Aktywnos$¢ enzymow antyoksydacyjnych przeliczono na 1 mg biatka.

IV.  Aktywnos¢ specyficzng proteaz kwasnych, obojetnych i zasadowych wg metody
Ansona (1938) zmodyfikowanej przez Strachecka i in. (2011).

V. Aktywno$¢ naturalnych inhibitorow proteaz  kwasnych, obojetnych
1 zasadowych wg metody Lee i Lina (1995).
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Celem okre§lenia stgzen substratdow energetycznych oraz  aktywnosci
antyoksydantow, krzywe kalibracyjne wyznaczano zgodnie z instrukcjga producenta
dolaczong do zestawu odczynnikéw. Krzywa kalibracyjna dla oznaczania st¢zenia biatka
catkowitego w supernatantach metoda Lowry’ego zostata sporzadzona przy uzyciu
albuminy bydlecej (BSA), jako wzorca referencyjnego. Do oznaczenia aktywnosci
proteolitycznej wykorzystano hemoglobing jako substrat reakcji. Absorbancj¢ mierzono
spektrofotometrycznie (Synergy HTX, BioTek Instruments) przy dtugosci fali 280 nm

wobec proby zerowej z wykorzystaniem ptytki 96-dotkowe;.

Analiza statystyczna

Wyniki poddano analizie statystycznej przy uzyciu oprogramowania Statistica wersja
13.3 (2017), TIBICO Software Inc, version 13. Modelem statystycznym byta
trojczynnikowa analiza wariancji ANOVA 1 test t-Studenta. Testem Shapiro-Wilka
dokonano oceny, czy wyniki posiadajg rozktad normalny. W przypadku danych nie
zaklasyfikowanych do rozkladu normalnego zastosowano test Kruskala-Wallisa.
Dane o rozkladzie normalnym testowano analiza wariancji ANOVA,
w ktorej jako czynniki uwzgledniano m.in. lokalizacje ciata ttuszczowego, wiek pszczot
(1-, 7- i 14-dniowe robotnice) oraz rodzaj diety. Dla danych niespeiniajacych zalozen
parametrycznych ~ zastosowano  porOwnania  parami  przy  uzyciu  testu
U Manna—Whitneya. Poréwnywano wplyw pylkow pochodzacych z roslin
wiatropylnych (sosna i leszczyna) 1 owadopylnych (rzepak, facelia, gryka i nawlo¢) na
stezenia substratow energetycznych oraz na aktywnosci enzymow antyoksydacyjnych
(SOD, CAT, GPx, GST), catkowita pojemnos¢ przeciwutleniajaca (TAC) oraz

aktywnos$¢ systemu proteolitycznego w réznych lokalizacjach ciata thuszczowego.
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6. Omowienie wynikow i dyskusja

Wyniki uzyskane w niniejszej dysertacji potwierdzity hipotezy badawcze
przedstawione w tym opracowaniu na stronie 16, jak rowniez w kazdej publikacji. Trzy
publikacje oryginalne (tzw. badawcze) sa spdjnym tematycznie cyklem (P1-P3)
opublikowanym w czasopismach z listy Journal Citation Reports o sumarycznym Impact
Factor rownym 12,7 (zgodnie z rokiem wydania publikacji) i tacznej liczbie punktow 340
wg punktacji MNiSW. Publikacje skupiaja si¢ na okresleniu wpltywu monodiet pytkowych
na morfologie komodrek oraz na aktywnos$ci/stezenia podstawowych parametréw odpornosci
w okreslonych segmentach/lokalizacjach subkutikularnego ciata tluszczowego robotnic

pszczot miodnych (4. mellifera).

Wedtug Caroll i in. (2017), robotnice pszczoty miodnej bardziej preferuja Swiezy
pytek niz pierzge. W badaniach niniejszej dysertacji wykorzystano obndza pytkowe (pytek
pszczeli) do przygotowania ciast cukrowo-pytkowych. Obnéza po pobraniu mrozono,
a nastgpnie rozmrazano, mikronizowano 1 mieszano z ciastem cukrowym w stezeniu 10%.
Takie podejscie zabezpieczato pylek pszczeli przed fermentacja i jest zgodne z badaniami
Frias’a i in. (2016) oraz Omar’a i in. (2017). Bezposredni zbidr pytku z kwitngcych roslin
jest mozliwy, lecz mato praktyczny, ze wzgledu na niewielkg jego ilo$¢ wytwarzang
w kwiecie (Omar 1 in. 2022). Podczas przechowywania pytku, zachodzi wyzej wspomniany
proces fermentacji kwasu mlekowego, ktory zwicksza dostepno$s¢ do sktadnikow
odzywczych zmagazynowanych w cytoplazmie. Jednakze, Caroll 1 in. (2017) wykazali, ze
nie wszystkie parametry fizjologiczne pszczoly miodnej sa zalezne od czasu
przechowywania pytku. Warto zwroci¢ uwage, ze pierzga przechowywana w komorkach
plastra zawiera roznorodne ziarna pytku, czesto z poprzedniego sezonu. Aby ujednolici¢
metodyke pozyskania monodiet pytkowych, wykorzystano metodg wylotowych potawiaczy
pyltku.

Sktad biochemiczny pytku kwiatowego roslin wiosennych vs. letnich vs. jesiennych
rozni si¢ gléwnie proporcjami aminokwasoéw, kwasow tluszczowych, makro-
1 mikroelementow, zwigzkoéw o charakterze przeciwutleniajacym i innych substancji
biologicznie czynnych (DeGrandi-Hoffman 1 in., 2018). Informacje te wykorzystano
podczas planowania doswiadczen ujetych w publikacjach P1-P3. Mimo, ze wystepuja
roznice w skladzie fizyko-chemicznym pytku w zaleznosci od pochodzenia botanicznego
1 geograficznego, to w przypadku wlasciwosci pytku monokwiatowego nie sg one tak

rozbiezne, jak w przypadku pytku wielokwiatowego (Castle i in., 2022; Giovanetti i in.,
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2022; Vergun i in.. 2023). W tym miejscu nasuwa si¢ pytanie, czy roéznice w stezeniach
okreslonych zwigzkéw w pyltku kwiatowym sa na tyle istotne, ze wptyna statystycznie
istotnie na parametry fizjologiczne owaddéw? Dieta oparta o pylek wielokwiatowy jest
optymalna dla pszczoét 1 innych owadow zapylajacych (Di Pasquale i in., 2013), lecz aby
w pelni zrozumie¢ jak okreslony pylek wplywa na parametry fizjologiczne ciala
thuszczowego, w eksperymencie zbadano ten aspekt przez pryzmat monodiety. Ponadto,
wybrane rosliny tj. leszczyna, rzepak, sosna, facelia, gryka i nawlo¢ stanowig glowny
pozytek pytkowy w wielu krajach. Przypadajace okresy kwitnienia tych roslin sg rdzne,
ustalenie proporcji dla mieszanki wielopylkowej réwniez mogloby budzi¢ wiele
kontrowersji, dlatego w ukladzie tych eksperymentow odstgpiono od grupy pszczot

zywionych pytkiem wielokwiatowym.

Wplyw monodiety pylkowej na parametry morfologiczne komorek ciala thuszczowego

z poszczegolnych segmentow/lokalizacji

Objetos¢ komorek ciata thuszczowego, a takze $rednica ich jader sa dodatnio
sprzezone z aktywno$cig metaboliczng tej tkanki (Brejcha 1 in., 2023). Te morfologiczne
parametry sg zwigzane z gromadzeniem zwigzkow zapasowych - im wigksza powierzchnia
komoérek ciata thuszczowego tym wicksze jest stezenie zmagazynowanego glikogenu
1 triacylogliceroli. Wykazatem, Ze pszczoly karmione samym ciastem cukrowym miaty
krotsze trofocyty niz te otrzymujace ciasto cukrowe z dodatkiem okreslonego pytku.
Wyjatkiem byly trofocyty w trzecim i czwartym tergicie ciata thuszczowego u 7-dniowych
pszczét karmionych ciastem z pytkiem leszczyny. Rowniez w ciele thuszczowym 7- 1 14-
dniowych pszczo6t karmionych ciastem z pylkiem sosny zaobserwowano mniejsze dtugos$ci
1 szerokoS$ci trofocytow. Te wyniki wskazuja, iz pylki roslin wiatropylnych maja nizsza
warto$¢ odzywcza niz pyiki roslin zapylanych przez owady (Somerville, 2005). Pyiki roslin
wiatropylnych sg gtownie Zroédlem btonnika 1 skrobi, a st¢zenie bialka jest czgsto w nich
nizsze (np. pytek sosny — 11,7 g biatka na 100 g pytku) w poréwnaniu z pytkami roslin
owadopylnych (np. pylek facelii — 27,44 g biatka na 100 g pytku) (Somerville, 2005; Vergun,

2023). Cennym i poszerzajgcym wiedze o fizjologii i morfologii owadéw spostrzezeniem

bylo odkrycie, ze niezaleznie od spozywanego pokarmu (ciasto cukrowe vs. ciasto cukrowe

z pvtkiem) dlugosci i1 szerokosci trofocytow w roznych segmentach/lokalizacjach ciala

thuszczowego zwigkszaty si¢ wraz z wiekiem robotnic. Innym waznym spostrzezeniem byto
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stwierdzenie, ze najdtuzsze trofocyty posiadaja 14-dniowe robotnice A. mellifera karmione
10% dodatkiem pytku rzepaku, facelii i nawloci. Pyiki tych roslin sg cennym zZrédiem biatek,
aminokwasow 1 tluszczy (Ara Begum i in., 2023), i sg ,,aktywatorem” wielu procesow
metabolicznych. Tym samym wptywaty, jak prezentuja wyniki moich badan, na wielko$¢
trofocytdw. Pozytki te (mimo iz zbierane w okresie wegetacyjnym) sa kluczowe dla pszczot
zimujacych, u ktérych wielko$¢ komorek ciata tluszczowego moze decydowad o ich
przezimowaniu — to zagadnienie wymaga jednak wyjasnienia w przysztych badaniach.
Nalezy tutaj wspomnie¢, iz w dotychczasowych pracach z zakresu apidologii nie znalaztem
tak szczegdtowych danych o dlugosci 1 szerokosci komoérek ciata thuszczowego u

gniazdowych pszczot letnich. Dlatego moje badania z tego zakresu mozna uznaé za

pierwszy, pionierski etap, ktéry umozliwi pelne poznanie morfologii ciala tluszczowego

pszczot.

Moimi badaniami potwierdzilem obserwacje Stracheckiej 1 in. (2021b), ze enocyty
sa obecne u robotnic we wszystkich segmentach ciata thuszczowego za wyjatkiem tergitu
3. Srednice jader oenocytow (w ciele thuszczowym z tergitu 4, tergitu 5, tergitu 6, tergitu
7 1 sternitu) w grupach pszczot karmionych pytkiem byly poréwnywalne, ale statystycznie
istotnie wigksze niz $rednice jader w grupie pszczot karmionych wylacznie ciastem.
W 7 dniu, najmniejszg $rednice jader odnotowano w ciele thuszczowym z tergitu 4 i 6
u pszczot karmionych 10% pytkiem nawloci, podczas gdy najwyzsze warto$ci odnotowano
w ciele tluszczowym z tergitu 5 1 7 u pszczo6t spozywajacych pytek rzepaku. U 14-dniowych
robotnic karmionych ciastem z pytkiem facelii zaobserwowano, ze ich oenocyty miaty
najwieksze Srednice we wszystkich segmentach ciata thuszczowego w poréwnaniu z innymi
grupami pszczol. Zauwazone przez mnie roznice w S$rednicach enocytow pomigdzy
poszczegdlnymi segmentami/lokalizacjami ciata tluszczowego w  obrgbie grup
doswiadczalnych sa zgodne z wynikami Wojcika i in. (2022). Ponadto autorzy ci zauwazyli,
ze nie tylko $rednica jader enocytow, ale rowniez dtugos¢ 1 szeroko$¢ enocytow zmieniajg
si¢ w zaleznosci od lokalizacji/segmentu ciata ttuszczowego. Koubova 1 in. (2021) 1
Strachecka 1 in. (2021a) zasugerowali, ze wielko$¢ enocytow zalezy rowniez od zmian
sezonowych bedacych wynikiem stanu fizjologicznego i fenotypu osobnika. Co wazne,
liczba enocytow zwigksza si¢ wraz z wiekiem pszczot 1 jest Scisle skorelowana z mianami
hormonu juwenilnego 1 witellogeniny (Strachecka i in., 2021a).

Podsumowujac, monodieta pytkowa wptywata na wymiary trofocytow i $rednice

jader enocytow, co stanowi potwierdzenie przyjetej hipotezy. Moje odkrycia moga pomdc

w_lepszym zrozumieniu mechanizméw, ktore doprowadzily do rdéznicowania sie

26



morfologicznego 1 funkcjonalnego ciala tluszczowego zaleznego od diety oraz wieku samic

eusocjalnych owaddéw blonkoskrzydtych.

Wplyw monodiety pylkowej na stezenia substratow energetycznych w ciele

tluszczowym z tergitu 3, tergitu S i sternitu

Robotnice pszczot miodnych karmione ciastem cukrowym z dodatkiem pytku
leszczyny, sosny, rzepaku, facelii, gryki i nawloci mialy wyzsze stezenia biatka catkowitego
w ciele thuszczowym w tergicie 3, tergicie 5 oraz sternicie w poroOwnaniu z tymi z grupy
kontrolnej. Najprawdopodobniej, zwiazki (gléwnie biatka i aminokwasy) z pytku sa
wchianiane z uktadu pokarmowego i przetransportowywane przez hemolimfe do ciata
thuszczowego, gdzie dochodzi do syntezy wiekszosci biatek, w tym tych odpornosciowych,
krazacych w pszczelim organizmie (Skowronek 1 in, 2021). Przykladem biatka
wytwarzanego przez trofocyty jest witellogenina (Paes-de-Olivera i in., 2008), ktora posiada
silne wlasciwo$ci przeciwdrobnoustrojowe i1 przeciwstarzeniowe (Nicewicz 1 in., 2025).
Nawet pylek kwiatowy wytwarzany przez ro$liny wiatropylne, wptywa regulujaco na
aminokwasowe szlaki metaboliczne owadoéw. Bialko wraz z aminokwasami jest
podstawowa miarg jakosci pytku. De Grandi Hoffman 1 in. (2018) stwierdzili, Zze mieszanki
pytkéw wiosennych i jesiennych maja podobne st¢zenia biatka catkowitego, a roznig si¢
sktadem aminokwasow. Pytek ros§lin wiosennych, np. rzepaku, zawiera stosunkowo wysokie
stezenia tryptofanu, waliny, glutaminy 1 seryny. Te aminokwasy sag sktadnikami apisiminy,
peptydu alfa-helikalnego, ktory wspomaga syntez¢ mleczka pszczelego (Bilikova i in.,
2002). Z kolei, rosliny jesienne produkuja pylek bogaty w proling i hydroksyproling,
aminokwasy wspomagajace termoregulacje, co umozliwia pszczolom przetrwanie zimy.

Wykazalem, ze stezenia bialek w ciele tluszczowym wzrastaly wraz z wiekiem robotnic

z wiekszo$ci grup (z wyjatkiem 7-dniowych robotnic karmionych pylkiem leszczyny

1 sosny). Biatka te s3 biatkami odpornosciowymi, enzymatycznymi, strukturalnymi itp.
Chang i in. (2017) oraz Breygina i in. (2023) wykazali, Zze pyiki rzepaku, gruszy i moreli
odgrywaja wazng role w szlakach metabolicznych aminokwaséw, ktérych stezenia
zmniejszaja si¢ wraz z wiekiem pszczol przetrzymywanych w  klatkach. Ponadto,

potwierdzitem w moich badaniach obserwacje Stracheckiejiin. (2021b), ze cialo tluszczowe

ma charakter segmentalny nie tylko z uwzglednieniem cech morfologicznych, ale przede

wszystkim w_przypadku charakterystyk biochemicznych. Stezenia biatek roznity sie
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pomiedzy segmentami ciala thuszczowego. Szczegélnie wysokie wartosci obserwowano
w ciele tluszczowym z tergitu 5 u robotnic karmionych pytkiem gryki. Cennym

1 poszerzajacym wiedze o fizjologii owadow spostrzezeniem bylo odkrycie, ze im wieksze

byly trofocyty, tym wyzsze bylo stezenie biatka. Zwiazek miedzy dlugos$cia i szerokoscia

trofocytow, a stezeniem bialka, obserwowany w niniejszy eksperymencie, wnosi nowe tresci

dotyczace funkcjonalno$ci ciala tluszczowego.

Strachecka 1 in. (2021b) sugeruja, ze zwiazki, ktére sg szybko metabolizowane
w celu uzyskania energii (np. glukoza i triacyloglicerole), sa przechowywane w ciele
thuszczowym w tergitach (w przeciwienstwie do sternitow), zwtaszcza w tergicie 3. Tergit
ten znajduje si¢ w bliskim sgsiedztwie serca i zwigzki sg natychmiast przenoszone do
okreslonych tkanek przez ukiad krazenia. Potwierdzilem, Ze ciala tluszczowe w tergicie
3 i tergicie 5 s3 metabolicznie najbardziej aktywne w produkcji glukozy, glikogenu
1 triacylogliceroli. Wykazalem, ze nie tylko 1-dniowe pszczoty, jak opisali Strachecka i in.
(2021b), ale takze starsze robotnice (7- 1 14-dniowe) charakteryzowaly si¢ zwykle
najwyzszymi warto$ciami ww. zwigzkow w ciele tluszczowym z tergitu 3 w pordwnaniu
z innymi segmentami/lokalizacjami. Bardzo wysokie st¢zenia glukozy obserwowano u 14-
dniowych robotnic karmionych ciastem cukrowym z dodatkiem pytku gryki i facelii. Okres
kwitnienia tych roslin przypada na koniec lata, kiedy w rodzinie pojawia si¢ pokolenie
robotnic zimowych. Zapotrzebowanie wzrasta wowczas nie tylko na biatko (gtoéwne dla
stadiow preimaginalnych 1 do ,,budowania” ciata tluszczowego imago), ale takze na inne
zwigzki, w tym weglowodany. S3a one wykorzystywane do pozyskiwania energii
(np. w mig$niach; do lotu i ogrzewania larw), do syntezy chityny (gtownego sktadnika
kutykuli) 1 w innych procesach (Kunieda i in., 2006). Zarowno gryka, jak i1 facelia
dostarczaja pszczotom nie tylko pytku, ale takze nektaru, ktéry jest wodnym roztworem
cukrow, gtéwnie fruktozy i1 glukozy. Weglowodany moga pochodzi¢ z enzymatycznego
trawienia cytoplazmy ziaren pytku (zardwno przez enzymy pszczol, jak i enzymy uwalniane
przez mikroorganizmy w przewodzie pokarmowym pszczot). Weglowodany z przewodu
pokarmowego docieraja do ciata thuszczowego poprzez hemolimfg, gdzie sa wiaczane w
procesy metaboliczne (Zheng 1 in., 2019). Nastepnie glukoza jest magazynowana w postaci
glikogenu w trofocytach (Brejcha i in., 2023). Warto zauwazy¢, ze pylek leszczyny, ktory
jest jednym z pierwszych zrodet pytku wiosna, doprowadzit do najwiekszego wzrostu
stezenia glukozy w hemolimfie w poréwnaniu z grupg kontrolng (Brys$ 1 in., 2024 — P1,

badania nie wchodzgce w dysertacje). Mimo ze roslina ta jest zapylana przez wiatr, jest
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bardzo czgsto odwiedzana przez pszczoly. Stad mozna wnioskowad, iz pylek roélin

wiosennych wzmachnia pszczela rodzine, dostarczajac substratOw energetycznych, podczas

ody pylek ros$lin jesiennych, umozliwia magazynowanie zwiazkow w ciele ttuszczowym.

Glikogen zapewnia przetrwanie owadéw w okresach glodu (Bretscher i Connor,
2020). Najwyzsze stezenia glikogenu obserwowano u pszczot karmionych pytkiem gryki,
facelii 1 nawtoci. Wartosci te byly zawsze wyzsze w ciele thuszczowym, zwlaszcza z tergitu
3, np. w poréwnaniu do hemolimfy. Pytki gryki, facelii i nawtoci sg szczegdlnie pozadane
u dlugowiecznych pszczot zimowych. Stezenia glikogenu 1 innych zwigzkow
(np. triacyloglicerole) przekladaja si¢ na mase ciala ttuszczowego, ktora jest najwyzsza
u pszczot zimowych (Brejcha 1 in., 2023). Wartosci parametréw biochemicznych ciata
thuszczowego byly najnizsze u pszczot karmionych pytkiem sosny w pordéwnaniu
z pozostalymi grupami do$§wiadczalnymi. Pytek produkowany przez sosne charakteryzuje
si¢ malym stezeniem cukréw —13,92% i stezeniem biatka —13,45%. Oprécz glikogenu,
w ciele tluszczowym magazynowane sg takze triacyloglicerole. Zwiazki te wraz ze sterolami
1 fosfolipidami dostarczane sa do organizmu wraz z pylkiem (Furse 1 in., 2023).
Antropogeniczne czynniki stresogenne, takie jak pole elektromagnetyczne czy patogeny,
powoduja zmniejszenie stgzenia triacylogliceroli w tkankach pszczot (Aronstein i in., 2012;

Migdat i in., 2021a).

Badania w zakresie stezen substratow energetycznych w ciele thuszczowym pszczot

gniazdowych (pomigedzy 1 a 14 dniem Zycia) wnoszg nowe, istotne tresci do wiedzy o roli

glukozy, bialek i triacylogliceroli w metabolizmie tych owaddow, a takze w fizjologii

procesOw zachodzacych wraz z wiekiem/starzeniem sie w kontek$cie wplywu monodiety

jako stresogennego czynnika srodowiskowego.
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Wplyw monodiety pylkowej na aktywno$¢ enzymoéw antyoksydacyjnych w ciele

tluszczowym z tergitu 3, tergitu S i sternitu

Aktywnos$ci enzymow antyoksydacyjnych, takich jak SOD, CAT, GST, GPx i TAC
u pszczot, sa powszechnie wykorzystywane do monitorowania stresu oksydacyjnego. Do
oceny aktywno$ci antyoksydacyjnej powszechnie stosuje si¢ homogenaty z calych
odwlokow (Jovanovic i in., 2023; Yazlovytska i in., 2023) 1 hemolimfy (Migdat i in., 2020;
Paleologiin., 2021; Skowronek i in., 2022b; Dziechciarz i in., 2023; Skowronek i in., 2023).
Istnieje niewiele publikacji na temat aktywnosci tych enzyméow w ciele thuszczowym. Santos
1in. (2020) opisali ekspresje genéw antyoksydacyjnych (MnSOD, CuZnSOD, katalaza, GST
1 GSH/GSSG) w ciele tluszczowym larw matek i robotnic. Brajcha i in. (2023) poréwnali
ekspresje gendw (w tym antyoksydacyjnych) w komorkach ciata tluszczowego zaréwno
u dlugowiecznych zimowych, jak i krotkowiecznych letnich robotnic. Hsu i Hsieh (2014)
scharakteryzowali aktywno$¢ CAT, GPx i SOD w trofocytach i innych komorkach ciata
thuszczowego u 1- 1 50-dniowych robotnic. Strachecka i in. (2022) skupili si¢ na pordwnaniu
aktywno$ci antyoksydantow w roznych segmentach/lokalizacjach ciata tlhuszczowego
u $wiezo wygryzionych osobnikow z réznych kast/sub-kast pszczot (u matek, robotnic

i rebeliantek). W _publikacji P2 wchodzacej w sktad dysertacji doktorskiej uzupetnitem

wiedze z zakresu fizjologii ciala thuszczowego o nastepujace tresci: (1) scharakteryzowatem

aktywno$¢ antyoksydantéow w réznych segmentach/lokalizacjach ciata tluszczowego nie
tylko u 1-dniowych robotnic, ale takze u robotnic gniazdowych w wieku 7 i1 14 dni; (2)
przedstawilem wptyw poszczegdlnych pytkow (w monodiecie) na aktywno$¢ powyzszych
enzymoOw w ciele thuszczowym ze sternitu, tergitu 3 i tergitu 5 u robotnic do 14 dnia Zycia;
(3) porownatem wptyw pytkow roslin wiatropylnych i owadopylnych na aktywno$¢ systemu

antyoksydacyjnego w tkance kluczowej dla odpornosci pszczot.

Dodanie pytku leszczyny, rzepaku, sosny, facelii, gryki i nawtoci do ciasta
cukrowego zwigkszyto aktywnosci SOD i GST w ciele tluszczowym ze sternitu, tergitu 3
1 tergitu 5 u robotnic w 7. 1 14. dniu ich zycia. Podobne tendencje zaobserwowano
w przypadku aktywnosci GPx w ciele thuszczowym z tergitu 3 u 7- 1 14-dniowych robotnic,
a dodatkowo w ciele tluszczowym z tergitu 5 u I14-dniowych pszczét. Ponadto,
zaobserwowatem wzrost aktywnos$ci tych trzech enzyméw wraz z wiekiem pszczot
z poszczegblnych grup eksperymentalnych. W przypadku CAT, dieta pytkowa spowodowata
zwigkszenie aktywnos$ci antyoksydantéw w ciele tluszczowym z tergitu 3 (wyjatek:

leszczyna 1 sosna), tergitu 5 i sternitu, ale tylko u 7-dniowych robotnic. W pozostatych
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przypadkach tendencje nie byly tak wyrazne. Hsu i Hsieh (2014) wykazali, ze aktywno$¢
CAT w ciele tluszczowym wzrasta wraz z wiekiem robotnic, podczas gdy aktywnos¢ SOD
maleje. Roznice migdzy moimi wynikami a wynikami uzyskanymi przez tych autorow moga
wynika¢ z faktu, ze okreslitem aktywno$ci antyoksydantow w poszczegdlnych
segmentach/lokalizacjach subkutikularnego ciata tluszczowego. Ponadto, Hsu i Hsieh
(2014) nie okreslili, ktora czgsci ciala tluszczowego (trzewiowa [=wisceralng], czy
subkutikularng) pobierali do badan, ani nie podali lokalizacji (segmentu) tej tkanki. W moich
badaniach potwierdzitem obserwacje Stracheckiej i in. (2022), ze aktywno$ci enzymow
antyoksydacyjnych réznig si¢ w poszczegdlnych segmentach/lokalizacjach ciala
thuszczowego (tergit 3, tergit 5 i sternit). Autorzy ci wykazali, ze aktywnos$ci SOD i CAT sa
zawsze najwyzsze u 1-dniowych robotnic w ciele tluszczowym ze sternitu, podczas gdy
poziomy TAC sa najwyzsze w tkance z tergitu 3. W moich badaniach, najnizsze aktywnos$ci
SOD, GST i GPx zaobserwowalem w sternicie (z pewnymi wyjatkami) we wszystkich
grupach  pszczét.  Aktywnosé tych enzymow  jest scisle zwigzana
z funkcjonowaniem/metabolizmem poszczegdlnych organelli w komoérkach ciata
thuszczowego 1 reakcjami zwigzanym z neutralizacjag ROS. Jak sugeruja Scofied i Amdam
(2024), pszczoty karmicielki utrzymujg wysoki poziom lipidow i innych zwigzkow (w tym
antyoksydantow) w odwtoku, w tym w ciele thuszczowym, podczas gdy zbieraczki maja
bardzo niski poziom tych zwigzkéw. Zjawisko to prawdopodobnie jest zwigzane z
efektywnym wykonywaniem roznorodnych rél przez robotnice w rodzinie pszczelej
(polietyzm), a tym samym wptywa na kondycje kolonii. Wynika to z ewolucji organizmow
eusocjalnych (Scofied 1 Amdam, 2024), ale takze z adaptacji do zmieniajacych si¢ warunkdéw
srodowiskowych (Vasilevskaya, 2022), na co rowniez wskazalem w moich badaniach

obrazujac niezwykle duzy wptyw monodiety na organizm pszczét. Chociaz monodieta jest

czynnikiem stresogennym dla pszczdl, pordwnujac aktywnosci antyoksydantow w ciele

tluszczowym pszczot karmionych ciastem cukrowym z pytkiem 1 bez pylku, stwierdzitem.,

ze zwykle wyzsze warto$ci byly u tych spozywajacych 10% dodatek pylku. Podobne

wnioski sformutowali réwniez Yazlovytska 1 in. (2023). Ponadto autorzy ci wykazali, ze
pszczoty, ktorym podawano roztwor sacharozy z dodatkiem pytku wierzby lub sztuczng
pierzge z rzepakiem lub sztuczng pierzge z wierzba, zyly dluzej i charakteryzowaly sie
wyzszymi wartosciami peroksydacji lipidéw 1 aktywnosci katalazy (jako biomarkerow
stresu oksydacyjnego) w gltowach i odwtoku w poréwnaniu z grupa karmiong wytacznie
roztworem sacharozy. Aktywnosci CAT sa zgodne z moimi wynikami, zwlaszcza w

odniesieniu do 7-dniowych robotnic. Autorzy tej publikacji niestety nie podali, w jaki sposob

31



zawieszali/mieszali pytek w roztworze cukru i w jaki sposob karmili pszczoty zawiesing, np.
czy bylo to réwnomierne karmienie. Uniknatem tego btedu, podajac pszczotom pytek w

cie$cie cukrowym (posta¢ stata).

Poziomy TAC byly wyzsze w ciele ttuszczowym z tergitow 3 i 5 u 7-dniowych
pszcz6t karmionych ciastem cukrowym z dodatkiem pytku w poréwnaniu do tych
karmionych wylacznie ciastem cukrowym. U 14-dniowych robotnic, wyzsze poziomy TAC
obserwowano w ciele thuszczowym ze sternitow, tergitu 3 i tergitu 5 po karmieniu pszczoét
ciastem cukrowym wzbogaconym pytkami (z wyjatkiem pytku sosnowego) w poréwnaniu
do tych w grupie kontrolnej. Poziom TAC zwigkszat si¢ w ciele tluszczowym z tergitu
3 i sternitu wraz z wiekiem pszcz6t karmionych 10% dodatkiem rzepaku, facelii, gryki lub
nawtoci. Na podstawie danych literaturowych wiadomo, ze pytek rzepaku, facelii i gryki ma
wysoka zawartos¢ kwasow fenolowych i flawonoidéw (Nesovi¢ i in., 2020; Barbieri 1 in.,
2020). Flawanoidy i karotenoidy sa uwazane za przeciwutleniacze nieenzymatyczne.
Karotenoidy chronig lipoproteiny znajdujace si¢ na przyktad w ciele thuszczowym przed
tlenem singletowym, ktory powoduje peroksydacje lipidow (Sandmann i in., 2019).
Po utlenieniu flawonoidy dzialaja jako donory elektronow dla tlenu czasteczkowego,
tworzac rodniki ponadtlenkowe (Krishnan i in., 2006). Warto$ci stezen gtownych zwigzkow
fenolowych réznig si¢ w kwiatostanach nawtoci: Canadian goldenrod L. 1 Solidago
gigantea Aiton (Likhanov i in., 2021). Poniewaz ekstrakty z tych roslin r6znig si¢ sktadem
zwiagzkow antyoksydacyjnych, mozna zalozy¢, ze te tendencje beda rowniez wystgpowac w
pytku. Nalezy jednak zada¢ pytanie: czy pylek wytwarzany przez rézne gatunki nawloci
bedzie mial taki sam, czy rézny wptyw na parametry fizjologiczne ciata thuszczowego?

Pytaniem tym wytyczam kierunek przysztych badan.

Pytek z roslin zapylanych przez owady miat wigkszy wplyw na aktywnos¢
antyoksydantow w poréwnaniu z pytkiem z roslin zapylanych przez wiatr. Pytek leszczyny
1 sosny, wywotal wzrost aktywnosci SOD i GST dopiero w 14 dniu Zycia robotnic
w poréwnaniu z tymi karmionymi wytacznie ciastem cukrowym. Chociaz leszczyna jest
rosling wiatropylna, jest bardzo czg¢sto odwiedzana przez pszczoty. Jako jedno z pierwszych
zrédel pytku wiosennego w Europie Srodkowej moze mie¢ kluczowe znaczenie dla ochrony
pszczot przed stresem oksydacyjnym wywolanym przez rdézne czynniki, w tym
antropogeniczne. Rosliny wiatropylne mogg okaza¢ si¢ dobrym sposobem na uzupeinienie

luk pokarmowych dla pszczo6t. Ponadto, luki te moga uzupeinia¢ sami pszczelarze siejac np.
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facelie. Moje badania wykazaly, ze pylek facelii bardziej zwigksza aktywnosci

antyoksydantow w porownaniu z pytkiem leszczyny, rzepaku, sosny, gryki i nawloci.

Industrializacja 1 modernizacja rolnictwa 1 lesnictwa sprzyjaja stosowaniu
insektycydow, herbicydow, fungicydéw i innych pestycydow (Shakir i in., 2018; Jabtonska-
Trypu€ i in., 2022). Zaobserwowano, ze pestycydy wywotuja stres oksydacyjny u pszczot
(Jabtonska-Trypu¢ i in., 2022), a efekt koncowy zalezy od rodzaju zwigzku chemicznego,
dawki, sposobu podawania, czasu ekspozycji i rodzaju probki biologicznej pobranej do
oznaczen biochemicznych (Murawska i in., 2021). Aby wykluczy¢ wplyw pestycydow
zawartych w pylku, okreslitem ich stgzenia za pomoca metod chromatograficznych.
Wykazalem, ze tylko w pytku rzepaku byly szkodliwe zwigzki chemiczne. Ze wzgledu na
wielohektarowa uprawe rzepaku (praktycznie na calym $wiecie), do ochrony tej roslin
stosuje sie pestycydy, ktorych pozostatosci moga by¢ obecne nie tylko w pytku, ale tez w
pierzdze i1 miodzie (Karise i in., 2017). Domniemuj¢, iz substancje czynne wykryte w
fadunkach pytku rzepakowego nie miaty negatywnego wpltywu na aktywno$¢ enzymow
antyoksydacyjnych w moim doswiadczeniu. Przemawia za tym wyzsza aktywnoS$ci
antyoksydantow u pszczét karmionych ciastem z tym pylkiem w poréwnaniu z grupa
kontrolng. Mimo to naukowcy zalecaja stosowanie naturalnych zwigzkéw chemicznych
(biostymulatorow, tj.: kurkumina, koenzym Q10, kofeina, kannabidiol i witamina C), aby
przeciwdziata¢ negatywnym skutkom stresu (Farjan i in., 2012; Strachecka 1 in., 2014;
Strachecka 1 in., 2015; Skowronek 1 in., 2022b;). Prawidlowo zbilansowana dieta pytkowa,
minimalizujac skutki stresu oksydacyjnego poprzez wzrost aktywnosci antyoksydantow,
moze stanowi¢ rodzaj bariery/tarczy ochronnej przed innymi szkodliwymi czynnikami,

takimi jak Varroa destructor, Vairimorpha/Nosema spp. itp.

Wplyw monodiety pylkowej na aktywnos¢ systemu proteolitycznego w ciele

tluszczowym z tergitu 3, tergitu S i sternitu

Aktywnosci systemu proteolitycznego w ciele tluszczowym pszczét karmionych
jednym rodzajem pytku byty wyzsze niz u tych karmionych wylacznie ciastem cukrowym.
Na tej podstawie mozna wysung¢ wniosek, ze chociaz monodieta jest czynnikiem
stresogennym dla pszczot, jej wplyw na fizjologi¢ organizmu pszczoly mozna uznaé
w jakims$ stopniu za korzystny w poroéwnaniu z dietg oparta na samym cukrze. Potencjal

biatkowy organizmu pszczotly jest budowany z bogatej w sktadniki odzywcze cytoplazmy
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pytku po rozerwaniu jego $ciany komoérkowej w przewodzie pokarmowym owada (Koubova
1 in., 2021). Jak wspomniano we wczesniejszych podrozdziatach, zwiazki te dostajg si¢
poprzez hemolimfe do ciata thuszczowego, gdzie uczestniczg w syntezie biatek, w tym tych,
ktore sg czescig systemu proteolitycznego. Roéznice w aktywnos$ciach zwigzkoéw systemu
proteolitycznego w ciele thuszczowym robotnic karmionych ciastem cukrowym z pytkiem
r6éznych roslin moga wynikac, po pierwsze - z réznych stezen biatek catkowitych w kazdym
z analizowanych pylkow (publikacja P3 - Tabela 1); po drugie - zwigzki te mogg by¢
trawione 1 wchtaniane do organizmu w ro6znym stopniu (Crailsheim 1 Stolberg, 1989;
Bayram i in., 2021; Alshallash i in., 2023). Warto doda¢, ze stezenia biatek, weglowodanow,
lipidow 1 innych zwigzkow biologicznych w pylku zaleza od czynnikéw geograficznych
(pochodzenie ro$lin i warunki $rodowiskowe) (Thakur 1 Nanda, 2020). Nalezy zatem
postawi¢ pytanie: czy rdéznice w skladzie biochemicznym pytku w obrebie tego samego
gatunku sg na tyle znaczace, aby wptyna¢ na aktywnosci systemu proteolitycznego pszczot?
Tym pytaniem wytyczam kierunek przysztych badan. Basulado i in. (2013) zauwazyli, ze
rodzaj spozywanego pytku wptywa na stezenie biatka catkowitego w ciele thuszczowym
pszczoél. Z kolei Alaux 1 in. (2010) wskazali na korelacje miedzy zawarto$cig biatka
surowego w pytku a odpornoscia owadow. Ponadto Danihlik i in. (2018) oraz Negri i in.
(2017) wykazali, ze pytek pszczeli, dostarczajac egzogennych aminokwasow, wplywa na
syntez¢ peptydow 1 reguluje ekspresje¢ gendéw odpornosciowych. Moimi badaniami

uzupelitem dotychczasowy stan wiedzy 1 wykazalem, ze aktywno$ci proteaz i ich

inhibitoréw zalezaly od rodzaju pviku i byly zawsze wyzsze u pszczdt karmionych ciastem

cukrowym z dodatkiem pviku rzepaku, facelii, gryki 1 nawloci w poréwnaniu do robotnic

karmionych ciastem z pytkiem leszczyny i sosny. Wyniki te sa zgodne z tymi otrzymanymi

w publikacji P1, w ktorej wykazalem, Ze st¢zenia biatek w ciele ttuszczowym byly zawsze
WyZsze po spozyciu przez pszczoly pokarmu uzupetionego pytkiem z roslin entomofilnych
niz z roslin wiatropylnych. Ros$liny zapylane przez wiatr wytwarzaja pylek o niskiej
zawarto$ci biatka surowego. W wielu obszarach Europy Srodkowej i Wschodniej, leszczyna
jest gtownym zrodtem pytku wczesng wiosng, a pszczoly miodne sg od niej niemal
catkowicie uzaleznione. Wyniki tej pracy jednoznacznie potwierdzilty, ze pyitki leszczyny
1 sosny s3 bardzo dobrym pokarmem dla pszczot po zimie lub w okresach ,bez
nektarowania” i dostarczajg owadom duzej dawki cukréw niezbednych do produkcji energii
(publikacja P1) oraz do wychowania czerwiu, a takze do zaktywowania procesoéw
metabolicznych zwigzanych z odpowiedzia immunologiczng (komérkowa i humoralng)

(Degrandi-Hoffman 1 in., 2015). Jest to szczegodlnie istotne w czasach zmieniajacego si¢
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klimatu, czego konsekwencja jest przyspieszone kwitnienie roslin, zmiany w dostepnosci
zasobdw roslinnych (Romanovskaja i in., 2023) i zmiany temperatur, szczegolnie jesienig i
zima (Rajagopalan 1 in., 2024). Dlatego diety oparte na pytkach pdznego lata i wczesnej
jesieni, takich jak facelia, gryka i nawto¢, poprzez aktywowanie systemu proteolitycznego,
wplywaja w rezultacie na witalno$¢, dlugowieczno$¢ i udane przezimowanie pszczot.
Szczegolnie wysoka aktywno$¢ proteaz i inhibitorow proteaz zaobserwowano u pszczot
karmionych ciastem z pytkiem facelii. Szybki wzrost i kwitnienie tej ro§liny sprawiaja, ze
idealnie nadaje si¢ ona do obszaréw rolniczych, oferujac pytek bogaty w biatko, ktory jest
wykorzystywany  przez  pszczoly w  przypadku  ograniczonych  zasobow

ro$linnych/pouzytkowych (Vergun, 2023).

Wykazatem, ze aktywno$¢ systemu proteolitycznego wzrastala wraz z wiekiem

robotnic w ich ciele thuszczowym. Mimo iz analiza aktywnosci systemu proteolitycznego
w hemolimfie robotnic nie jest przedmiotem niniejszej dysertacji to jednak zwroce uwage
na odwrotny wzor odpowiedzi organizmu na zadany czynnik (dieta) pomiedzy ta ptynng
tkankg a cialem tluszczowym. W pierwszym dniu zycia, wyzsza aktywno$¢ systemu
proteolitycznego obserwowano w hemolimfie robotnic w pordéwnaniu do roéznych
segmentoéw/lokalizacji ciata thuszczowego. Natomiast w kolejnych dniach (w 7 i 14 dniu)
zwykle bylo odwrotnie. Mozna zatem zalozy¢, Zze §wiezo wygryziona robotnica ma w
hemolimfie ,,zapasy” aktywnych proteaz i ich inhibitoréw, ktore najprawdopodobniej
zostaty zsyntetyzowane 1 zaktywowane w okresie preimaginalnym. Aby system ten mogt
sprawnie funkcjonowa¢, wymaga dosyntetyzowania 1 zaktywowania okreslonych proteaz 1
ich inhibitorow, do czego niezbedne jest biatko z pytku (publikacja P3, Fig. 6). Co ciekawe,
jesli pszczoty nie mialy dostepu do pytku (dieta bezbiatkowa; grupa kontrolna), to nie w
ciele tluszczowym, ale w hemolimfie 7- 1 14-dniowych robotnic obserwowano najwyzsze
aktywno$ci proteaz i inhibitoréw proteaz, podobnie jak u 1-dniowych pszczo6t. Moge zatem
wnioskowa¢, ze brak pylku w diecie pszczot ogranicza syntezg i aktywacje zwigzkow
systemu proteolitycznego, i tym samym zwigksza potencjalne ryzyko narazenia owadoéw na

inne czynniki stresogenne. Niniejszymi badaniami wzbogacitem wiedz¢ na temat

funkcjonowania systemu proteolitycznego nie tylko w hemolimfie, ale w poszczegdlnych

segmentach/lokalizacjach ciala tluszczowego u pszczol gniazdowych pomiedzy 1 a 14

dniem zycia. Wykonujac badania tylko na 1-dniowych pszczotach, Strachecka i in. (2022)
zauwazyli, ze aktywnosci tych zwigzkdéw sg najwyzsze w ciele thuszczowym z tergitu 3.

Porownujac  aktywno$¢  systemu  proteolitycznego  miedzy  poszczegdlnymi
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lokalizacjami/segmentami ciata tluszczowego, zaobserwowalem najwyzsze wartoSci w
tergicie 5, niezaleznie od wieku pszczo6t karmionych ciastem wzbogaconym pytkiem. Jest to
zbiezne z moja wczesniejsza obserwacja zawartg w publikacji P2, iz tergit 5 peini funkcje
detoksykacyjne 1 neutralizujgce. Wiadome jest, ze te dwa systemy (proteolityczny i
antyoksydacyjny) wspolpracuja w celu wyeliminowania negatywnych skutkéw réznych
zagrozen (np. patogenow, pestycydéw itp.). Enzymy proteolityczne ,,tng” bialka patogenu
na mniejsze jednostki (Grzywnowicz i in., 2009). Zwigkszona aktywnos$¢ inhibitorow
proteaz zapewnia organizmowi pszczot ochrong przed proteazami wytwarzanymi przez
patogeny, zapobiegajac ich penetracji do jam ciala (Glinski i in., 2011). Strachecka i in.
(2022) wykazali, ze inhibitory proteaz kwasnych oddzialywuja na grzyby patogenne,
inhibitory proteaz zasadowych - na bakterie i wirusy, a inhibitory proteaz neutralnych - na
inne czynniki stresogenne. Tak wiec dieta oparta wylacznie na cieScie cukrowym, bez
dostepu do biatka, czyni pszczoty bardziej podatnymi na choroby i pasozyty. Podczas reakcji
patogen vs. enzymy pszczoly, wytwarzane s3 reaktywne formy tlenu, ktore sg nastgpnie
usuwane przez antyoksydanty (Paleolog i in., 2021). Ponadto miedzykomoérkowe enzymy
proteolityczne rozpoznaja 1 degraduja oksydacyjnie uszkodzone biatka do aminokwasow
(Strachecka 1 in., 2022). Zrdéznicowanie aktywnosci proteaz i ich inhibitorow pomiedzy
lokalizacjami/segmentami ciata tluszczowego potwierdzilo segmentowy charakter
subkutikularnego ciata ttuszczowego, jak zaproponowali Strachecka i in. (2021). Co wigcej,
wyzsze aktywnos$ci proteaz i ich inhibitoréw wywotane dieta pylkowa moga stanowic¢
barier¢/ochron¢ przed innymi szkodliwymi czynnikami, takimi jak Vairimorpha/Nosema
spp., Varroa destructor itp. (analogicznie jak w przypadku systemu antyoksydacyjnego;

publikacja P2).
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Podsumowanie

Obecnie ciato thuszczowe owadow jest intensywnie badane 1 w mi¢dzynarodowym
dyskursie naukowym obserwujemy zmian¢ pogladow na funkcje¢ i rolg tego organu. Moje
badania wzbogacity ten dyskurs, wnoszac wklad w lepsze zrozumienie roli ciata
thuszczowego, jako kluczowej tkanki wptywajacej na ksztattowanie odpornosci pszczot.
Ponadto, moje badania wpisujg si¢ w aktualny dyskurs naukowy zwigzany z nutrifizjologia
pszczot, biorae pod uwage zanik biordznorodnosci pytko- 1 nektarodajnej, ekspansje roslin
inwazyjnych, zwigkszenie obszaru gospodarstw wielkoobszarowych, ktore to czynniki sa
przyczyna zubozenia diety owaddéw i warunkowania monodiet. Wyniki (uzyskane przeze
mnie 1 opisane we wczesniejszych podrozdziatach) wniosty nowe tresci na temat wptywu
tych monodiet na parametry morfologiczno-biochemiczne ciala thuszczowego. Wiekszos¢
badan analizujacych wptyw diet biatkowych, pytkowych lub substytutow proteinowych
skupia si¢ na ich wptywie na rozwoj acini gruczotéw gardzielowych, jako wyznacznika
jakosci pokarmu (Omar 1 in., 2017). Niewiele publikacji naukowych obrazuje wplyw diety
na procesy zwigzane z immunokopetencja (Alaux i in., 2010; Danihlik 1 in., 2018).
W zwiazku z tym uzyskane wyniki stanowig cenne uzupetnienie dotychczasowej wiedzy
w zakresie odpornosci biochemicznej pszczot ksztattowanej w ich ciatach thuszczowych.
Potwierdzitem, Ze ciato tluszczowe ma charakter segmentalny; jednak nie tylko u 1-
dniowych robotnic lecz takze u tych starszych — 7- i 14-dniowych. Aspekt ten nie byt
uwzgledniany do tej pory w badaniach naukowych 1 stanowi novum, ktoére catkowicie
zmienia stan wiedzy 1 podej$cie do badan zwigzanych z morfologia i fizjologig pszczot.
Moimi badaniami uzupetnitem dotychczasowa wiedzg o nastgpujace wyniki:

- pszczoty karmione ciastem cukrowym z pytkami roslin owadopylnych miaty dluzsze
1 szersze trofocyty oraz wigksze $rednice jader niz te otrzymujace samo ciasto cukrowe;

- niezaleznie od spozywanego pokarmu (ciasto cukrowe vs. ciasto cukrowe z pytkiem)
dlugosci 1 szerokosci trofocytow w roznych segmentach/lokalizacjach ciata ttuszczowego
zwigkszaly si¢ wraz z wiekiem robotnic;

- robotnice karmione ciastem cukrowym z dodatkiem pytku (leszczyny, sosny, rzepaku,
facelii, gryki i nawloci) mialy wyzsze stezenia biatka catkowitego oraz aktywnos$ci systemu
antyoksydacyjnego i proteolitycznego w ciele tluszczowym w tergicie 3, tergicie 5 oraz

sternicie w pordwnaniu z tymi z grupy kontrolnej;
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- stezenia substratow energetycznych oraz systemu antyoksydacyjnego i proteolitycznego
w ciele tluszczowym wzrastaly wraz z wiekiem robotnic w wigkszos$ci grup
eksperymentalnych;

- wartosci stezen/aktywnosci ww. parametrow biochemicznych byly wyzsze u pszczot
karmionych ciastem cukrowym z pytkiem roslin owadopylnych w poréwnaniu do tych
spozywajacych ciasto z dodatkiem pytku roslin wiatropylnych;

- najwyzsze aktywnosci systemu antyoksydacyjnego i1 proteolitycznego zaobserwowano

w ciele thuszczowym z tergitu 5.
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7. Stwierdzenia i wnioski

Na podstawie uzyskanych wynikéw badan, sformutowano nastepujace wioski:

1.

Zréznicowane warto$ci pomiardw (dlugo$¢ 1 szerokos¢) trofocytow w ciele
thuszczowym z tergitow 3-7 1 sternitu oraz jader (Srednica) enocytéw w ciele
thuszczowym z tergitow 4-7 1 sternitu wskazujg na odmienne aktywnosci metaboliczne
oraz funkcje komoérek w tych segmentach/lokalizacjach. Mozna zatem stwierdzi¢, ze
ciato ttuszczowe jest tkanka niehomologiczng.

Zwigkszone dlugosci i szerokosci trofocytow, a takze wicksze srednice jader enocytow
w kazdym z segmentow/lokalizacji ciala tluszczowego warunkowane monodietg
pytkowa moga $wiadczy¢ o stymulujacym wplywie takiego pokarmu na metabolizm
komorek. Dopiero okreslenie wptywu diety wielopytkowej na morfologi¢ ciata
thuszczowego umozliwi pelng charakterystyke funkcjonalng tej tkanki.

Zwigkszone stezenia substratow energetycznych (biatka catkowitego, glukozy,
glikogenu 1 triacylogliceroli) w ciele thuszczowym, szczegdlnie z tergitu 3, u robotnic
karmionych ciastem cukrowym z dodatkiem pytku §wiadczy o mobilizacji organizmu
celem pozyskania energii niezbednej do prawidlowego funkcjonowania i utrzymania
homeostazy oraz umozliwia magazynowanie zwigzkéw w tej tkance. Dieta bez dodatku
pylku jest matowartoSciowa 1 umozliwia uzyskanie energii tylko z szybko
metabolizowanych cukrow.

Wyzsze aktywnos$ci antyoksydantow w ciele thtuszczowym z tergitu 3, tegitu 5 1 sternitu
u pszczol karmionych ciastem cukrowym z dodatkiem pytku, w poréwnaniu z tymi
karmionymi ciastem bez pylku, wskazuja na zabezpieczenie organizmu przed
reaktywnymi formami tlenu, wzmacniaja biochemiczne mechanizmy odpornosci
1 umozliwiajg np. szybka neutralizacj¢ pozostato$ci po stresorach i patogenach.
Wyzsze aktywnosci systemu proteolitycznego w ciele thuszczowym pszczot karmionych
ciastem cukrowym z dodatkiem pytku §wiadcza o wysokim potencjale metabolicznym
tego pokarmu, nawet w ujeciu monodiety, oraz o wzmozonych, wielokierunkowych
kaskadach enzymatycznych zwigzanych z podniesieniu odpornosci u tych owadow,
w porownaniu do pszczot karmionych jedynie ciastem cukrowym.

Wyzsze aktywnosci systemu proteolitycznego 1 antyoksydacyjnego w ciele
thuszczowym pszczot karmionych pytkiem roslin owadopylnych (rzepaku, facelii, gryki
1 nawtoci) w pordwnaniu z grupa pszczot zywionych pytkiem roslin wiatropylnych

(leszczyny 1 sosny) wskazuja na projakosciowe wiasciwosci pytku roslin entomofilnych
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oraz na pozytywna stymulacj¢ organizmu robotnic i wzmocnienie ich barier
ochronnych.

7. Wysokie aktywnos$ci antyoksydantow, ale rowniez proteaz i ich inhibitorow w ciele
thuszczowym z tergitu 5 $wiadcza o funkcjonalnym zaangazowaniu tego
segmentu/lokalizacji w procesy detoksykacji i neutralizacji zwigzkéw toksycznych
1 zbednych w pszczelim organizmie.

8. Pytek facelii wptywa najkorzystniej na funkcjonowanie ciata tluszczowego pszczot
(w poréwnaniu z pozostalymi badanymi pytkami) poprzez silng aktywacje systemu
proteolitycznego i antyoksydacyjnego, a takze zwigkszenie rozmiaréw trofocytow. Tym
samym ro$lina ta idealnie nadaje si¢ do obszardéw rolniczych, oferujac pylek bogaty
w biatko, ktory moze by¢ wykorzystany przez pszczoly w przypadku ograniczonych

zasobow roslinnych/pozytkowych.

Aspekt praktyczny:

1. W praktyce pszczelarskiej, 10% dodatek pytku do ciasta cukrowego, nawet w ujeciu
monodiety, bedzie ekonomicznie oplacalny w celu wiosennej stymulacji rozwoju
rodziny pszczelej, a takze moze stanowi¢ alternatywe w okresach bezpozytkowych.

2. Ograniczenie stawiania pasiek wedrownych przy pozytkach
o stabych/nieodpowiednich wlasciwosciach prozdrowotnych.

3. Niniejsze badania stanowig przyczynek do opracowania mieszanki nasiennej, ktora
bedzie mogta by¢ wysiewana/wysadzana w bliskim sgsiedztwie rodzin pszczelich na
zasadzie ,.tak kwietnych o wzbogaconym skladzie”.

4. Opracowanie zbilansowanej diety dla pszczot wykorzystywane; w testach

laboratoryjnych, tzw. klatkowych.
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Abstract: When studying honey bee nutrition, it is important to pay attention not only to the quantity
but also to the quality of pollen for floral visitors. The recommended way to determine the value of
pollen is to determine both the protein concentration and the amino acid composition in the insect’s
hemolymph. In addition, the composition of pollen also includes lipids, sterols and biogenic elements
such as carbon, nitrogen, etc. Very high protein concentration is observed in aloe pollen, averaging
51%. Plants with a high protein content, at the level of 27% in Europe, are rapeseed and phacelia. In
turn, a plant that is poor in protein (at the level of 11%) is buckwheat. The aforementioned plants
are sown over very large areas. Vast acreages in Central and Eastern Europe are occupied by pollen-
and nectar-providing invasive plants, such as goldenrod. Therefore, bees are forced to use one
food source—a mono diet—which results in their malnutrition. In the absence of natural pollen,
beekeepers use other foods for bees; including soy protein, powdered milk, egg yolks, fish meal, etc.
However, the colony is the strongest when bees are fed with pollen, as opposed to artificial protein
diets. More research is needed on the relationship between bee pollen composition and nutrition,
as measured by protein concentration and amino acid composition in apian hemolymph, colony
strength, honey yield and good overwintering.

Keywords: mono diet; amino acid; metabolism; honey bee; nutrition; digestion

1. Introduction

The topic of pollinating insects’ diets has recently come to the forefront of scientific
debate [1,2]. An improper diet disrupts the functioning of the gastrointestinal tract, leading
to impaired absorption of nutrients; and promotes the development of pathogenic fungi,
e.g., Nosema spp. [3]. Nutritional stress caused by a mono diet or lack of food results in
premature mortality of bee colonies. The physiological nutritional needs of honey bees
are not well understood, unlike other farm and companion animals [4]. Bees use flower
resources to provide food. Nectar is the main source of simple sugars such as fructose and
glucose [5]. In the process of glycogenesis, glucose is transformed into glycogen. Glycogen
and triacylglycerols are stored in the cells of the fat body (trophocytes) [6,7]. Compounds
such as glycogen, triglycerides and proteins are used to generate energy for ‘fuel’ during
flight, for wintering purposes and for basic metabolic processes (Figure 1). A natural source
of easily digestible protein, lipids, vitamins and minerals for bees is pollen [8]. A honey bee
consumes it after lactic fermentation, in the form of bee bread [9]. The demand for bee bread
depends on the apian genotype, the availability of floral resources around the apiary, the
number of workers, the number of larvae and the accumulated resources [10]. An average
honey bee colony collects from 15 to 55 kg of pollen per season [11]. The environment
around the apiary plays a key role in the nutrition of honey bees, as it provides or does
not provide protein food resources that vary throughout the year [4,12]. Protein-rich diets,
including the pollen diet, determine a significant overlap in proteome expression patterns
and influence the nutritional and metabolic effects in flower visitors [13]. In addition, a
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well-balanced diet determines the body’s homeostasis through the correct concentration
of reserve compounds stored in the fat body. Currently, the relationship between the
species diversity of pollen-producing plants and the metabolism of flower-visiting insects
is still insufficiently understood [14]. Lack of availability and poor quality of nutrients
contained in pollen affects some plant species, so it is important to ensure a variety of
food. When talking about the diet of honey bees and other floral visitors, nutritional
balance must be taken into account. Moreover, it is not enough to use random mixtures of
bee-friendly plants, but they should be selected for their nutrient composition [15]. It is
important to understand the foraging preferences of honey bees and other floral visitors
throughout the season in different ecosystems. Beekeepers should take into account specific
recommendations, such as limiting lawn mowing for the cultivation of Taraxacum sp.,
Ranunculus sp., etc., which will help to properly balance the bees” diet [16]. Moreover,
the above actions will promote the number of plant species and their numerical strength
within the particular species, to increase the population of pollinators. However, these
measures are still not sufficient and must evolve to consider what we have learned so
far. An important scientific discovery was the identification of the segmental structure of
the fat body in Apis mellifera L. [6,7]. The segmentation lends it a multi-tasking character,
which makes the fat body comparable to the liver, spleen, pancreas and adipose tissue of
vertebrates. Trophocytes and oenocytes that build the fat body participate in the energy
metabolism of carbohydrates, lipids and proteins. Currently, there are many unanswered
questions related to the pollen diet and its impact on the segmental structure of the fat body.

] —  €nergy for flight
concentration proteins strong

in fat body ——  COTTect wintering bees
glycogen
m—effective immunocompetence

triglycerides

Figure 1. The effect of a well-balanced pollen diet on honey bee fat body and physiology of the
honey bee.

The aim of this review is a comprehensive analysis of the literature and a sum-
mary/collection of the current and most important data on the impact of amino acids
contained in pollen on the physiology of honey bees.

2. Composition of Bee Pollen

Scientists define plants as pollinator-friendly based on the amount of pollen or nectar
produced, not its chemical quality [17]. Moreover, recommendations regarding plants that
are valuable to insects, widely available to farmers, beekeepers and scientists, are usually
inconsistent and unfocused [16]. When scientific data reports mention the biochemical
composition of pollen, they usually refer to the crude protein content. This value ranges
from 2.5 to 60% of the dry weight of angiosperm pollen [18-20]. A honey bee colony needs
a diet containing approximately 20-25% protein for its proper growth and survival [19].
Amino acids and proteins present in the diet of bees should come from the pollen of
various plant species (Figure 2). Therefore, it is widely acknowledged that a mono diet is
not a balanced diet. Among the exceptions are plants such as Castanea sp. and Trifolium
sp., which produce pollen with a high protein concentration (Table 1). We are not able
to document all plant species for the physicochemical content of pollen. Scientists are
focusing on the protein content of pollen from plants that dominate the diet of honey
bees. Some plants, such as aloe (Aloe Greatheadii var. davyana), produce pollen with a high
total protein content. There are also insect-pollinated plants in the environment that can
produce pollen with a low protein content; e.g., sunflower (Helinathus annus L.). Freshly
collected aloe pollen for worker bees is characterized by a high protein content (51%), as
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opposed to sunflower pollen (26%). Therefore, aloe pollen is preferred for overwintering
bees by African beekeepers [21]. The pollen of Echium plantagineum L. [22] contains a high
percentage of protein, at 37.4%. Buckwheat pollen (Fagopyrum esculentum Moench) is quite
low in protein (11.4%). Buckwheat pollen, in turn, has a diverse composition of amino
acids—especially exogenous amino acids—which enhances its nutritional value [22].

Figure 2. A diverse pollen diet contains different amino acids than a mono diet.

Table 1. Comparison of total protein content and amino acid composition in pollen (based on Google

Scholar and Scopus).
Total
Taxon Protein Dominant Amino Acid Composition Literature
Content [%]
Brassica napus from 22 to 27 Aspartic a.c1d, Glut?mlc acid, [22-26]
Lysine, Leucine
Phacelia tanacetifolia 27.44 Glutamic ac.1d, Prol{ne, Asparhc acid, [27]
Leucine, Lysine, Valine

So?zdag © gzgunteuf' >20 No literature data available [28]

Solidago canadensis

Glutamic acid, Proline, Aspartic acid,
Fagopyrum 114 Leucine, Tryptophan, Lysine, Valine, [22,25]
Alanine, Arginine

. . Valine, Leucine, Izoleucine
Medicago sativa 20.23 Phenylalanine, Proline [24]
Phoenix dactylifera 19.77 Methionine, Histidine, Glycine, Alanine [24]
Vicia faba from 22 to 24 Proline, Aspartic acid, Glutamic acid, [29,30]

Arginine, Leucine, Tryptophan

Leucine, Valine, Lysine, Histidine,
Helianthus annus 15.19 Aspartic acid, Arginine, Tryptophan, [24,25,29]
Glutamic acid

Proline, Aspartic acid, Lysine, Alanine,
Zea mays 14.9 Arginine, Tryptophan [22,26]
Eucalyptus bridgesiana: 23.1 Proline, C;lg?nﬁlecuij;i, Aspartic [22]
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Table 1. Cont.
Total
Taxon Protein Dominant Amino Acid Composition Literature
Content [%]
Echium plantagineum 37.4 Aspartic ac1.d, Glutémlc acid, [22]
Leucine, Lysine
Salix discolour 21.9 Glutamic ac.ld’ Aspgrtlc acid, [22]
Leucine, Lysine
Castanea sativa 21.6 Proline, Aspartic acid, Glutamic acid [31,32]
Rubus sp. » Leucine, Lysme,' Valine, Ph?nylalanlne, [31,33]
Threonine, Izoleucine
L No literature Aspartic acid, Glutamic acid,
Sinapis data . . [34]
. Proline, Lysine
available
Acacia sp. 21.8 Aspartic acid, Glutamic, Glycine [35]
Calluna vulgaris 17 Glutamic, Aspartic acid, Glycine [36]

The percentage of protein in the insect diet changes with the season and, therefore,
with the frequency of the flowering of pollen-bearing plants. In pollen samples collected
from Mediterranean countries, the highest protein concentration was found in the spring
pollen, while lower concentrations were found in samples from late summer [37,38]. Re-
searchers have observed a similar trend of decreasing protein content with subsequent
seasons in countries surrounded by the Atlantic Ocean and the region bordering the
Pacific Ocean [19,39,40]. DeGrandi-Hoffman et al. [41] compared the protein content in
pollen mixtures collected in pollen traps in spring and autumn. Microscopic botanical anal-
yses revealed Brassica sp., Raphanus sp., and Sisymbirium L. in the spring pollen and mainly
Xantihium spp., Amaranthus cruentus L. in the autumn pollen. The protein concentration
was 421 pg/mg in the spring mixture and 425 pg/mg in the autumn mixture. Although
the total protein content was comparable, differences were observed in the proportions
of amino acids. Spring plants contained more amino acids, such as tryptophan, valine,
isoleucine, serine, asparagine and glutamine; while autumn plants were poorer in proline
and hydroxyproline [41]. The individual composition of pollen of the same species collected
from different geographical locations may differ. The total protein content of Brassica napus
pollen among the tested samples ranged from 18.9% (Saudi Arabia) to 27.3% (China) [26].
The authors found a similar trend in other pollens. This is due to the botanical and genetic
origin, soil type, climatic conditions and the activities of beekeepers.

The profile and content of pollen amino acids differs between plant species [42]. De
Groot’s [43] division into ‘essential” and ‘non-essential” amino acids is justified by presence
of arginine, histidine, lysine, phenylalanine, tryptophan, leucine, isoleucine, threonine and
valine; and some non-essential amino acids, e.g., alanine, arginine, asparagine, cysteine,
glycinma, proline, tyrosine. Our review of the amino acid composition of pollen from
selected plants shows that a significant number of plants produce pollen rich in leucine,
glutamine, lysine and aspartic acid (Table 1). According to Somerville [44], pollen grains
often lack isoleucine and valine. Pollen rich in isoleucine is provided by Eucalyptus L'Héritier
de Brutelle (Myrtaceae) [22]. Proline and glutamic acids are the dominant exogenous amino
acids found in most pollen [45]. The high proline content can also be a marker for assessing
the freshness of pollen clusters. If the ratio of proline to all amino acids is lower than
0.65, it is assumed that the pollen samples are fresh and have undergone proper drying
treatment [46]. In total, 19 amino acids have been identified in rapeseed, pear and apricot
pollen. The contents of valine and leucine in rapeseed and apricot are higher than in
pear pollen. Statistically significantly higher phenylalanine concentrations are observed
in pear pollen. Moreover, rapeseed pollen has the highest level of tryptophan. It turns
out that plants such as Trifolium pratense, Trifolium repens and plants from the Rosaceae
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family—that are eagerly visited by honey bee workers—are deficient in one or several
amino acids that are necessary for bees [42]. These deficiencies should be supplemented by
the insects from other pollen sources and stored in the form of bee bread. Some fluctuations
in the amino acid composition are observed in bee bread versus pollen. Bee bread has a
higher nutritional value, mainly due to the greater bioavailability of amino acids caused
by the action of lactic acid bacteria supplied by the honey bee. This ensures some of
the amino acids from proteins are released [46]. Leucine and threonine have 60% higher
levels in bee bread [47]. However, bee bread contains significantly lower concentrations
of asparagine, proline and aspartic acid compared to pollen grains [26]. For example, the
content of essential amino acids (EAA) in corn, eucalyptus and clover pollen is 61.8, 73.0
and 83.5 mg/g, respectively [48].

The nutritional value of pollen also depends on the content of saturated and unsatu-
rated fatty acids. The total lipid content in pollen is 3-20% of its dry weight [4]. The content
of individual fatty acids varies depending on the plant species. The most common ones are
palmitic acid, linoleic acid and alpha-linolenic acid. In addition to their nutritional proper-
ties, decanoic, dodecanoic and myristic acids have antimicrobial properties [2]. Bees also
have a nutritional need for sterols, including B-sitosterol and 24-methylene-cholesterol—
which determine the synthesis of ecdysteroids—inducing the transformation of larvae and
the maturation of female ovaries [1,49]. The above-mentioned sterols are not synthesized
by flower-visiting insects, so they must be supplied in a pollen diet. Pollen and nectar are
also rich in secondary metabolites produced by plants, such as amygdalin [50], quercitin
or falvonol. Amygdalin is a cyanogenic glycoside (a plant secondary metabolite) com-
monly found in the pollen produced by apple trees, cherry trees, etc. [51,52]. Honey bee
workers, while pollinating almonds, come into contact with plant tissues that contain high
concentrations of amygdalin in their vacuoles. During digestion, amygdalin is broken
down into prunasin and glucose. Prunasin is then further broken down into benzaldehyde
and hydrogen cyanide. Hydrogen cyanide is toxic to animals, including bees. Nonetheless,
forager bees willingly collect almond pollen. On the other hand, amygdalin reduces the
titers of some viruses and other microorganisms [51].

In addition to proteins and amino acids, pollen contains small amounts of carbohy-
drates, lipids, phenolic compounds and fiber [53]. In addition, an important aspect is
the stoichiometry of individual elements, especially carbon, nitrogen, sulfur, potassium,
sodium, calcium, magnesium, iron, zinc, manganese and copper. Macronutrients and
micronutrients play an important role in the functioning of the bee organism as precursors
of enzymes and hormones in all metabolic processes [54,55]. Just like humans, insects
lack the ability to synthesize most vitamins, so they must ingest them along with pollen.
Bee pollen contains about 0.02-0.7% vitamins in relation to its total content [55]. Due to
the deficiency of certain vitamins in some pollens [56], supplementation with artificial
vitamins administered with sugar syrup or sugar paste is necessary. Water-soluble vitamins,
such as those from the B group (thiamine, riboflavin, niacin, folic acid, etc.), dominate in
bee pollen. Additionally, bee pollen contains fat-soluble vitamins A, D, E, and K [55]. A
plant that produces pollen with a balanced content of the above-mentioned elements is
clover (Trifolium sp.), while sunflower pollen (Helianthus sp.) is characterized by extremely
low values of micro- and macroelements [57]. Filipiak and Filipiak [58] showed, in an
experiment with solitary bees, that limiting selected elements inhibits the development of
larvae and the formation of cocoons in mason bees.

3. Recognition of the Nutritional Value of Pollen by Worker Bees

The demand for pollen depends on internal factors such as the number of larvae
present in the comb cells, the amount of stored bee bread and the genotype of the bee
colony; as well as external (environmental) factors; for example, the seasonal availability of
resources, time of day, relative humidity, rainfall wind speed, etc. [10,59,60]. It turns out
that the pollen preferences of worker bees depend on the interaction of nutrients in relation
to their proportions, rather than being related to a single nutrient. Assessment of pollen
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quality and nutritional value by workers and nursing bees seems to be difficult because the
cytoplasm of pollen grains is surrounded by a thick cell wall [61]. According to research by
Beekemna et al. [62], foraging bees are unable to distinguish protein content. This fact is
also confirmed by Roulston et al. [63], and by Pernal and Curie [64], who suggest that bees
do not prefer diets with higher protein content. In turn, Fewell and Winson [65] found that
worker bees are more likely to visit pollen that is rich in nitrogen, which correlates with
high protein content. As opposed to the honey bee, research on bumblebees has shown
that these insects choose plants with a higher protein content [66]. It is also scientifically
confirmed that honey bees collect pollen containing protein and lipids in a ratio of 1:1 to
2:1. For comparison, this ratio in bumblebees is as high as 10:1 [67]. The issue related to
the dietary preferences of the honey bee requires further investigation. The diversity of
food sources is associated with the possibility of choosing pollen and/or nectar. Human
activities related to monocultures (mass flowering of rapeseed) limit the choice of food
resources available to honey bee workers [68,69].

4. Physiology of Protein Digestion

A pollen grain is composed of an outer exine layer and an inner layer, where the
cytoplasm and cell nucleus are located. Some lipids and amino acids cover the outer pollen
membrane. In order to get inside the pollen grain, the cell wall must be digested [46].
Access to the protein stored in the pollen grain depends on the degree of cell wall digestion.
Honey bees use osmotic shock to disrupt the pollen wall, digestive enzymes, or mechanical
grinding through the mouthpiece [20,63,70]. The average time that pollen stays in the
digestive tract of a worker bee ranges from 3 to 24 h. The efficiency of the digestion process
is estimated at 75% and is measured by the ratio of digested (empty) grains to intact grains
in the feces. Proteins of other origins (e.g., soy) found in artificial diets are digested by
bees at a digestive efficiency of 25% [2]. Proteins are digested into amino acids which, like
building blocks, form long strings made of tens or even thousands of amino acids. Amino
acids can be divided according to the presence of different functional groups, e.g., carboxyl,
hydroxyl, or the presence of a ring. Honey bees are invertebrates and share the same
protein, lipid and carbohydrate metabolism pathways as mammals. Amino acid metabolic
pathways in bees are complicated due to the lack of typical organs such as the vertebrate
liver. As in mammals, amino acids can be deaminated or converted into pyruvate and then
incorporated into the Krebs cycle (TCA cycle) for the energy to be produced and stored
in ATP; e.g., for flight (Figure 3). Most amino acids are transformed into pyruvic acid and
then glucose is synthesized. Therefore, some amino acids belong to the group of glucogenic
amino acids. The second group are ketogenic amino acids such as phenylalanine, isoleucine,
leucine, lysine, tryptophan and tyrosine, which are broken down into acetyl-CoA. From an
energy point of view, burning one molecule of pyruvate is more energetic than burning
one molecule of acetyl-CoA. The intermediates incorporated into the Krebs cycle come out
in the form of malate. The malate will be converted into pyruvate in the mitochondrion
and NADPH,, and ATP will be produced. A simpler way is to directly incorporate amino
acids—e.g., valine and isoleucine—into the Krebs cycle and ultimately produce energy.
The final stage of amino acid digestion is the urea cycle. In the urea cycle, ammonia is
converted to urea. The enzyme xanthine oxidoreductase converts urea into uric acid. Uric
acid is stored in cells in the vacuoles of the fat body [6,71]. Finally, it is excreted with feces.



Molecules 2024, 29, 2605 7 of 15

Aarp
acetyl-CoA
metabolism X i

of sugars L _» Glucose

digestion £
(am 5"1“”/‘ a-Keto Acids

* digestion
* (proteinase) asp Glu \
Leun \
Gly Ala —— Pyravic acid ——— acetyl-CoA

pollen oTAIs N
A[‘nil]o acid Tlrea acid Omaloscerats Citrate
E g AT - S
digestion degradation ™,
(lipase) oeh
metabolism of == g 'AL po
. &
triacylglycerols Denithine citrulline TCA
Malate 3 A
Urea cycle Eetymardte
‘ cycle l \ j

Argining

Arginine
Tires +H,0 b succinate +— aspartate > i s

Figure 3. Pollen digestion: amino acid pathway [6,72-79].

5. The Key Role of Protein and Amino Acids in the Metabolism of Apis mellifera
Workers

The site of protein synthesis in bees is mainly the fat body, and hemolymph distributes
proteins throughout the tissues. Hemocytes are found in the hemolymph. Hemocytes
are essential during the body’s response to pathogens in cellular immunity. The number
of hemocytes is higher in bees fed a protein-free diet. Pollen diets (Salix sp., Acer sp.,
Cistus sp.) with high percentages of proteins induce enhanced glucose oxidase (GOX)
activities [80]. Consumption of a protein-rich pollen diet leads to an increase in the total
protein concentration in seven-day-old worker bee hemolymph relative to worker bees fed
sucrose syrup [81]. In addition, the total protein concentrations in the hemolymph of bees
fed fermented pollen are about 39 pg/uL after seven days, and are higher than in bees fed
fresh pollen (about 32 ug/uL) [81]. Dietary proteins play direct and indirect roles in the
insect immune system. The crude protein contained in the bee’s pollen diet determines the
synthesis of the isoform of the antimicrobial peptide apidaecin 1. Bees fed with Castanea
spp. pollen showed the highest increase in the apidaecin 1 isoform compared to pollen
from Helianthus spp., Sinapis spp. and Asparagus spp. [82]. Bee pollen also contains short
peptides of 3-20 amino acids, which have strong anti-inflammatory properties and free
radical scavenging effects, especially against reactive forms of nitrogen [83].

Apart from proteins, smaller fractions, such as amino acids, also play a role in the
bodies of pollinating insects. The amino acids leucine, lysine, phenylalanine, valine,
methionine, threonine, histidine, isoleucine and tryptophan are not synthesized by bees
(exogenous amino acids); therefore, they must be supplied with pollen [1]. Exogenous
amino acids have a higher energy value than endogenous amino acids. The largest amounts
of amino acids required for the proper development of honey bee workers include: leucine,
isoleucine, valine, lysine and threonine [43,84].

Amino acids perform various functions in bees (Table 2). In addition to their functions
as building blocks of proteins and polypeptides, they play direct and indirect roles as
neurotransmitters. In addition, they are precursors of digestive enzymes, neurohormones
and neuropeptides [85]. Amino acids contained in bee pollen consumed in the first five days
of life increase the concentration of free amino acids found in the brain tissue of worker bees.
The results suggest that access to pollen in early adulthood influences the development of
the nervous system [85].
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In many insects, especially honey bees, proline is an important amino acid. Proline
is synthesized in fat body cells from acetyl-CoA and alanine [86]. The fat body is washed
by hemolymph; so amino acids, including proline, enter the hemolymph. The dominant
amino acid in the hemolymph of honey bee workers is proline [87]. The average proline
concentration in emergence workers is 20 mM. The value of proline fluctuates throughout
the life of the worker, but decreases towards the end of life. Amino acids such as methionine,
alanine and phenylalanine did not show statistically significant differences [74]. The
complete lack of access to pollen in the diet changed the amino acid profile in the nurse’s
brain, and this may translate into disorders related to the working behavior of nursing
bees [85]. Additionally, an important amino acid in the honey bee’s diet is isoleucine.
Honey bees need 4% of isoleucine from pollen. However, isoleucine is a limiting factor and
less access to this amino acid will result in a lack of protein bioavailability [88]. This result
is consistent with the general statement that pollen rich in essential amino acids is more
nutritious than other amino acids. Tryptophan plays an important role in the development,
olfactory learning, and memory abilities of honey bee workers [76]. In addition, tryptophan
can stimulate the development of the pharyngeal gland, which translates into greater
production of royal jelly in nurses [76].

Table 2. The role of amino acids in the metabolism of honey bees.

Amino Acids Role in the Honey Bee Metabolism Literature

A precursor of serotonin, a neuromodulator and a

hormone whose level in the brain increases with age (8]

Tryptophan

The major substitute and active methyl donor for
Methionine DNA methylation, which is an epigenetic driver of [89]
caste differentiation

A substrate used by the enzyme nitric oxide
Arginine synthase to produce NO, participates in the immune [38]
response during injury

Affects many TOR signaling pathways and genes; in
insects, as in other animals, it may be associated
Leucine with the activity of many enzymes such as alanine [90]
aminotransferase (ALT), aspartate aminotransferase
(AST) and creatine kinase (CK)

Phenylalanine Has a strong phagostimulatory effect [91]
Tyrosine Partici}.)a’Fes in %n the .fgrnTation of sclerotin, the [91]
matrix in which chitin fibers are embedded
Histidine A precursor to histamine [92]
A limited resource in most insects and is necessary
Cysteine for the production of glutathione; an antioxidant that (93]

neutralizes the oxygen forms produced as a result of
the reaction and supports immune functions

Takes part in physiological changes in temperature,
preventing overcooling; proline increases
cold tolerance;
Proline participates in energy metabolism during flight [87,94,95]
(energy boost for flight);
increases the survival rate and weight of
brood larvae

An important neurotransmitter regulating the

Glutamic acid .
processes of learning and memory

This amino acid is directly involved in the synthesis
Lysine of nitric oxide, a known neurotransmitter [85]
affecting memory
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6. The Phenomenon of Hunger and Low Protein Diversity in a Bee Colony Conditioned
by a Mono Diet and Invasive Plants

Stressful situations caused by periods of starvation for bee colonies are very dangerous.
The first symptom associated with starvation is inhibited brood rearing. Then the queen bee
stops laying unfertilized eggs, and eggs and young larvae may be eaten by adult worker
bees to obtain protein [97]. Additionally, during starvation, disturbed worker bee behaviors
such as ejecting larvae outside the hive or disrupted hygiene mechanisms are observed,
leading to the development of diseases [56,98]. Starvation is conditioned by either a com-
plete lack of access to food or an unbalanced access to nutrients caused by a mono diet. The
problem of the declining diversity of these fodder plants, including: monocrop plants [99],
causes nutritional stress [100]. An important effect on pollinators is exerted by vegetation
growing on field margins, fallow lands, roadsides and railway embankments [99]. Such
vegetation provides extended development and diversity, depending on the environment.
Weeds in field margins also diversify pollen production. Unfortunately, most farmland
is acres long, providing insects with an invasive monopoly on the agricultural landscape.
An example of a mass-grown crop is rapeseed [101]. This plant provides huge amounts
of pollen and nectar, which makes it a very attractive food source for honey bees [102].
The percentage of protein in rapeseed pollen is approximately 27% [78,103]. Unfortunately,
the crop is often treated with pesticides, which poses a secondary threat to the honey
bee. Phacelium and buckwheat are also widely cultivated on a large scale. Phacelia pollen
(Phacelia tanacetifolia Benh.) contains 27.44% soluble, and other organic compounds such
as beta-carotene [27]. In contrast, buckwheat pollen contains approximately 11.4% of
protein [44]. Our findings show that buckwheat pollen has the lowest protein content
in comparison with other pollen plants mentioned in this study. Large-scale farms are
a common phenomenon in Europe and in China. In this case, pollinating insects have
access to large amounts of pollen not only from rapeseed, but also from pear and apricot
trees. The protein content in monocultures may be low and the amino acid composition
not very diverse. Moreover, the periods of rapeseed, apricot and pear flowering overlap
and bees are observed to have flower preferences. According to Chang et al. [76], more
frequent visits to rapeseed flowers, as opposed to pear flowers, result from the higher sugar
content in the rapeseed nectar. In a laboratory experiment, bees fed a mono diet showed a
significant preference for apricot pollen over pear pollen. This fact may indicate an amino
acid preference. Color and olfactory preferences cannot be ruled out either.

Nutrient deficiency and the natural phenomenon of a mono diet may be caused by
pollen from invasive plants, due to honey bees visiting both native plants and invasive
plants. Additionally, it is said that as invasive plant species increase, the number of native
flower-visiting insects decreases. Nevertheless, the honey bee successfully pollinates some
invasive plants. According to a study of pollinator visits conducted by Salisbury et al. [104],
higher numbers of pollinators are found on native and near-native plant species than on
exotic species. Pollinating insects are reluctant to visit newly introduced plant species,
unlike flowers that occur naturally in a given climate zone [51,105]. The reluctance may
be due to the low sugar content in the nectar or the poor chemical composition of the
pollen, especially low amino acid levels. Pollen from invasive plants, such as Buddleia
davidii Franch and Impatiens glandulifera Royle, contained lower concentrations of amino
acids than native species [106]. Goldenrod provides pollen and nectar for honey bees in late
summer and early autumn. The total protein content in the pollen produced by Solidago
spp. is over 20% [28]. The expansion of the invasive Solidago sp. species determines the
natural creation of the mono diet [99]. According to Denisow [107], several plant species in
the Polish climatic zone that bloom in late summer—e.g., Echium vulgare L., Medicago sativa
L. and Melilotus officinalis L.—produce pollen with a higher total protein content. Never-
theless, goldenrod is considered a major source of protein due to its abundant flowering.
Goldenrod (Solidago canadensis L.) globally creates high competition for native fauna. Due
to the rapid expansion of its range through seed dispersal, vegetative reproduction, rapid
growth dynamics, and the production of allelopathic compounds that inhibit the growth
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of neighboring plants, goldenrod is categorized as an invasive species [108]. Pollen and
nectar secreted by goldenrod are an important late autumn food for pollinators in North
America and Europe, including Poland, stored in the form of bee bread and honey in bee
combs [109]. Goldenrod honey is being promoted for its unique properties, driving the
demand for it [110]. Discussions among beekeepers on online forums about goldenrod are
divided. We are unable to answer the question: How does this plant affect the wintering of
bees, and especially the immune processes in bees? Therefore, there is a need for research
on a goldenrod pollen-based diet.

The global problem of declining quality and shortage of pollen determines the hu-
man search for alternative methods of providing protein to honey bee workers. There
are a number of tested supplements based on soy protein, skimmed milk powder, egg
yolk powder, casein or fish meal, the ingredients of which were tested on Apis mellifera L.
colonies [9,111,112]. They stimulate the development of the brood, determine the develop-
ment of the hypopharyngeal glands (HPG), and all this translates into honey production in
the colonies. There are also yeast—gluten mixtures available on the market with the addition
of vitamins, amino acids, pollen, etc. It has been reported that the mixtures are perfect for
periods of malnutrition and have a positive effect on colony parameters [9,113,114]. Bees
fed with pollen, fishmeal and sugar were compared. Sugar had no effect, fishmeal worked
satisfactorily, and pollen was the best in terms of bee colony development rate [9].

7. Conclusions and Further Research Directions

Bee pollen is one of the best sources of digestible protein for worker bees. Metabolites
formed as a result of protein digestion play an important role in their physiology, especially
energy production. Unavailability of one of the amino acids may be a factor that limits
individual development. More research is needed on the protein content of worker pollen
diets in relation to effects on biochemical parameters such as protein concentration, amino
acid and fat content in the hemolymph and fat body. The cited parameters correlate
with over-wintering, royal jelly production and honey bee immunity. In addition to the
protein contained in pollen, other parameters should be considered, such as elemental
composition and sterols etc. The influence of pollen produced by monoculture plants, such
as rapeseed, and invasive plants, such as goldenrod, Solidago spp., on proper overwintering
and resistance, cannot be overlooked.
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The effect of pollen monodiets

on fat body morphology
parameters and energy

substrate levels in the fat body

and hemolymph of Apis mellifera L.
workers

Maciej Sylwester Brys!™, Bernard Staniec? & Aneta Strachecka*

Human activities associated with large-scale farms and the monocultures expose honey bees to one
type of food. Moreover, there is an ongoing decline of plant species producing pollen and nectar in
Europe. A poorly balanced diet affects a number of processes occurring in a bee’s body. The fat body
and hemolymph are the tissues that participate in all of them. Therefore, the aim of our study was

to determine the effect of hazel, pine, rapeseed, buckwheat, phacelia and goldenrod pollen on the
morphological parameters of fat body trophocytes, the diameters of cell nuclei in oenocytes and the
concentrations of compounds involved in energy metabolism (glucose, glycogen, triglycerides and
protein). In the cage tests, the bees were fed from the first day of life with sugar candy (control group)
or candy with a 10% addition of one of the 6 pollen types. Hemolymph and fat body from various
locations were collected from 1-, 7- and 14-day-old workers. Pollen produced by plant species such as
hazel and pine increased glucose concentrations in the bee tissues, especially in the hemolymph. It can
therefore be concluded that they are valuable sources of energy (in the form of simple carbohydrates)
which are quickly used by bees. Pollen from plants blooming in the summer and autumn increased the
concentrations of proteins, glycogen and triglycerides in the fat body, especially that from the third
tergite. The accumulation of these compounds was associated with an increased the length and width
of trophocytes as well as with enhanced metabolic activity, which was evidenced in the increasing
diameter of oenocyte cell nuclei. It seems a balanced multi-pollen diet is more valuable for bees, but
it is important to understand the effects of the particular pollen types in the context of a mono-diet.
In the future, this will make it possible to produce mixtures that can ensure homeostasis in the apian
body.
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The causes of the decline in honey bee populations are to be sought in the disruption of immune mechanisms,
which are weakened by pathogens, parasites and, above all, human errors, e.g. treating bee colonies with delete-
rious substances, adulterating beeswax with stearin and paraffin and environmental chemisation'. In recent
years, a serious problem for pollinating insects is the nutritional stress resulting from the lack of sufficient food
and/or the lack of a balanced diet. This is the upshot of the expansion of intensive farming, crop acreage, mono-
cultures and decreasing plant diversity (depending on the season and landscape composition)®. The nutritional
quantity and quality of pollen and nectar can differ between plant species®. A poorly balanced diet and periods
of starvation contribute to losses in bee colonies in Europe and around the world”®. Already in the second half
of the twentieth century, supplements based on soy protein, yolk powder, and fish meal were being added to bee
diets, but they failed to fully replace flower pollen®!’. Mixed pollen is considered the most valuable for honey
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bees!! due to the great diversity and composition of the nutrients it contains. Alaux et al.'? identified an increased
expression of several genes, relevant to oxidative stress prevention of, longevity and immune functions in bees
that consumed pollen compared to those fed sugar syrup.

Pollen consumption depends not only on the age of bees and the tasks they undertake, but also on the size of
the colony and the available plant sources of pollen and nectar within the flight range"*. Pollen loads are the main
source of not only amino acids, saturated and unsaturated fatty acids, vitamins, minerals but also carbohydrates'!.
Nectar provides mainly simple carbohydrates®. Assuming a pollen load a strong bee colony needs about 50 kg
of pollen per year'. In addition, 6-9-day-old nurses also require large amounts of pollen in order to activate
the larva feeding mechanisms and also need a source of protein to produce the jelly to feed the larvae!>!®. As
workers age, they mainly switch to food rich in simple carbohydrates, i.e. nectar, because they are no longer able
to digest pollen grains. Pollen deficiency in bees results in the consumption of the glycogen stores accumulated
in the trophocytes of the fat body. In such a case, it is necessary for the beekeeper to provide, for example, sugar
candies with pollen, which will important nutrients to rebuild the reserves in the fat body'”. Pollen loads are also
a source of lipids stored in trophocytes in the form of triglycerides.

In spring, the first food for bees in Central and Eastern Europe is hazel pollen. Even though it is a wind-
pollinated and non-nectariferous plant, bees make use of its potential'®. Another such pollen is that of pine trees,
well-known as a “natural micro-nutrient bank’, which contains the male spores of Pinus massoniana Lamb., Pinus
tabuliformis Carr. and other plants of the same genus. Rich in nutrients and bioactive compounds, it can provide
the necessary support for the bee body’s normal functioning and metabolic regulation. Moreover, it has strong
anti-ageing, antioxidant and immunomodulatory properties’®. In May and June, rapeseed blooms intensively.
It is widely cultivated and in many cases constitutes the basic and quantitatively dominant food resource for
honey bees?. Rapeseed produces significant amounts of both pollen and nectar, which makes it a very attractive
food source for honey bees?'. The protein content in rapeseed pollen is approximately 27%?*. Phacelia, which
blooms in late June-early July, is a plant sown by beekeepers to supplement the bees’ nutritional base. The great
potential phacelia, well-known for its antioxidant, antibacterial and anti-inflammatory properties, lies in the
combined provision of nectar and pollen**?*. Giovanetti et al.> found a 25% phacelia pollen protein content in
fresh beebread. This highly nutritional pollen, reduces the bees’ sensitivity to pesticides. In July, bees also benefit
from buckwheat, which blooms for 3-4 weeks. Being a pseudocereal, buckwheat is ecologically undemanding
and boasts a wealth of nutrients*. Buckwheat pollen contains phenolic acids, including galloylated derivatives
and procyanidin dimers, which are antioxidants”. At the beginning of August, goldenrod begins to bloom and
continues to do so for about 6 weeks. Individual flowers of Solidago sp. do not produce large amounts of nectar
and pollen. However, the plants grow in large clusters, forming a mass flower display. The average pollen yield
is 30.7 kg/ha®.

An interesting phenomenon is the negative feedback effect associated with pollen collection. Honey bee
workers make use of the plants available around the apiary. If one particular pollen accumulates to a high level,
it inhibits foragers from collecting other pollen types®. This is of high practical significance, because if the bees
quickly fill the honey combs with just one type of pollen loads (e.g. rapseed pollen), the appearance of new, more
attractive pollen produced by different plants will soon not encourage the bees to fly enmasse.

Enzymes produced in the head glands, the so-called glycoside hydrolases, help convert nectar into honey™.
The actual process of digestion of pollen grains begins only in the midgut, because proteins, lipids and some
carbohydrates are broken down in this section of the digestive tract. Pollen consumption stimulates the secretion
of proteases, which are analogues of mammalian trypsin and chymotrypsin®*2. Proteolytic enzymes break down
polypeptide chains. Deamination leads to the formation of alpha-keto acids which are transformed into glucose,
the simplest sugar, or intermediate products for the formation of other compounds. A properly functioning
midgut ensures the flow of nutrients to the hemolymph. This tissue distributes nutrients among the organs. In
addition, it is an energy reserve for quick use of ingredients, for example during the flight, and participates in the
defense against pathogens®. The circulatory system being open, the circulating hemolymph washes the fat body.
The honeybee’s fat body is a very important tissue with regard to metabolic carbohydrates, proteins and lipids.
In this tissue the process of glycogenesis occurs, i.e. the transformation of glucose into glycogen. This form is
stored in the fat body as an energy reserve. On the other hand there are synthesis, transport, accumulation and
release of proteins, lipids and carbohydrates take place.

The fat body consists of two main types of cells—trophocytes and oenocytes. Trophocytes in addition to the
storage function, secrete and detoxify organic substances. Oenocytes have vacuoles containing drops and granules
of lipids, proteins, and glycogen. In turn, the sizes of the nuclei of the oenocytes are indicative of the nuclear
metabolic activities’>**. The quantity and quality of nutrients stored in pollen grains will, to a greater or lesser
extent, be incorporated into the cells of the fat body. Nutrients stored in the fat body in the form of glycogen
and triglycerides are necessary to maintain homeostasis. Thanks to this, trophocytes and oenocytes will produce
proteins, including immune proteins and hormones, and synthesize biological compounds.

Therefore, we hypothesized that spring, summer and autumn pollen differently affects the morphology and
metabolism of the fat body and hemolymph. Pollen from plants such as rapeseed, buckwheat, phacelia and
goldenrod has a greater impact on the metabolism of energy reserves in the form of glucose, triglycerides and
glycogen, and also protein synthesis than anemophilous pollen due to its different nutritional composition.
The aim of the research was to determine the influence of a mono-diet of pollen from specific plants (hazel,
pine, rapeseed, buckwheat, phacelia, goldenrod) on the morphological parameters of the fat body and energy
metabolism (glucose, glycogen, triglycerides and protein) in this tissue and in the hemolymph in Apis mellifera L.
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Materials and methods

Pollen load collection, pollen analysis and preparation of sugar candy with different pollen
loads

From May to September 2022 mixed bee pollen loads were collected using pollen traps located at hives of local
beekeepers in the Lublin region. The areas from where the pollen was obtained are considered unpolluted and
free from heavy metals and pesticides. Until classification, the pollen was stored at a temperature of 20 °C. Pol-
len loads were then manually color-sorted to obtain the dominant pollen in each sample. Granules of the same
color were pooled. For pollen analysis, 3.5 g of bee pollen were collected and suspended in a 1:1 10 ml solution
of distilled water with glycerin. The microscopic preparations were prepared from such suspensions/solutions
according to the method of Filipiak et al. (2022)%. The results of the botanical analysis of pollen samples of
uniform colors are presented in Table 1.

The sugar candy prepared from 500 ml water and 2.3 kg of white granulated sugar, was divided into 7 parts.
No pollen was added to the first part and this candy was fed to bees in the control group. Specific, previously
micronized, pollen particles (according to Table 1) were then added to every other part at a concentration of 10%
and the bees were fed with them ad libidum (6 groups). According to Altaye et al.’’, worker bees need 10 mg of
protein and 90 mg of carbohydrates per 100 mg diets.

Obtaining 1-day-old bees and experimental cages

One-day-old bees were obtained from 10 colonies in an apiary that belongs to University of Life Sciences in
Lublin (51° 22"N, 22° 63’ E), Poland. The bees in the colonies were in good health. The queens were confined for
12 hin a queen-excluder comb-cage containing one empty comb to lay eggs. Twenty days later, after the queens
had laid their eggs, the combs were transferred to an incubator, where the 1-day-old workers emerged. These
workers were randomly placed in 105 wooden cages (100 bees per cage) and divided into seven groups (15 cages
each). Additionally, 45 freshly emerged workers were collected for laboratory analyses.

All the cages with bees were kept in controlled conditions at 35 °C and 65% relative humidity. The control
group was fed sugar candy only while the other groups were fed candy containing the addition of 10% of a specific
pollen, such as hazel, pine, rapeseed, buckwheat, phacelia or goldenrod. Thus, 7 groups were formed, the feeding
of which began on the first day of the workers’ lives. Throughout the entire experimental period, diets and water
were replaced every two days and dead individuals were removed from the cages. In each group, 7- and 14-day
old workers were collected from the cages for laboratory analysis (2-4 bees per cage). This yielded the following
database: 40-55 workers x 7 groups x 2 sampling + 45 1-day old workers.

Laboratory analyses

Hemolymph collection

Fresh hemolymph was individually taken from between the third and fourth tergite of living workers to a glass
capillary (20 pl; ‘end to end’ type; without anticoagulant; Medlab Products, Raszyn, Poland) according to the
Lo$ and Strachecka’s’” method. Prior to hemolymph collection, each bee was punctured with a sterile needle in
the abdomen. Hemolymph from one bee was collected into one sterile Eppendorf tube containing 200 pl of ice-
cooled 0.6% NaCl and then immediately refrigerated at — 25 °C for further biochemical analyses.

Fat body analysis

Immediately after the hemolymph was collected, the fat bodies from the sternites and from the third, fourth,
fifth, sixth, and seventh tergites were dissected under a Stereo Zoom Microscope in 0.6% natrium chloratum.
Moreover, the fat bodies from these tergites and sternites were divided in half the first half was used to make a
microscopic preparation and the second half (from the third and fifth tergites and sternites) was used in the bio-
chemical analyses. The choice of these three locations for biochemical analyses resulted from Strachecka’s et al.**
previous research, which proved that the fat body from these three locations is the most metabolically active.

No | Pollen loads samples | Dominant pollen species Frequency [%] | Other species

1 Hazel Corylus sp. 98 Prunus sp.

Taraxacum sp.

2 Pine Pinus sylvestris L. 98 Brassica napus

Juglans sp.
Quercus sp.
Carex sp.
Pinus sylvestris
Taraxacum sp.
Prunus sp.

3 Rapeseed Brassica napus L. 92

Trifolium sp.
Centaurea sp.
Vicia sp.
Brassicaceae

4 Buckwheat Fagopyrum esculentum Moench | 75

5 Phacelia Phacelia tanacetifolia Benth 99 Centaurea sp.

Anthriscus sp.
6 Goldenrod Solidago sp. 95 Fagopyrum esculentum
Centaurea sp.

Table 1. Frequency (%) of the most widely represented pollen species in the bee diets.
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The fat bodies from the first half were placed on glass slides in 0.6% natrium chloratum (pro inj.) and covered
with cover-glasses. The microscopic preparations were observed with Camera Olympus DP72 (Microscope
Olympus BX61; magnification 40x) with a DIC attachment and the fat body cells were measured according to
Strachecka et al’s** method. This method enables (undistorted) visualization of living preparation according to
Strachecka et al.*®. The following measurements made under the microscope are the maximum in 100 randomly
selected cells:

o the length and width of the trophocytes for each segment,

e diameter of the oenocyte nuclei for all segments except tergite 3, because honey bee workers do not have
oenocytes in this place or they are sporadic. We also confirmed these observations in our experiment. Meas-
urements were made according to Strachecka et al’s** method. Eight people were involved in the preparation
and measurement of the length and width of trophocytes and oenocytes of the fat body.

The fat bodies from the second half were collected in sterile Eppendorf tubes, containing 25 pl of ice-cooled
0.6% NaCl. Next, the tissues were homogenised at 4 °C and centrifuged for 1 min at 3000 g. The supernatants
were immediately refrigerated at — 40 °C for further biochemical analyses.

Biochemical analysis
The following parameters were determined in the supernatants from the fat bodies and hemolymph solutions:

® glucose and triglyceride concentrations were determined using the Alpha Diagnostics reagent kit (Glucose
DST G6620-100; G6620-500; Triglycerides DST T6630-100; T6630-500) according to the manufacturer’s
instructions;

e total protein concentrations were determined using the Lowry method modified by Schacterle and Pollack®;

® glycogen concentrations were determined colorimetrically using the Glycogen Assay Kit (Sigma Aldrich,
USA, No. MAKO16).

Statistical analyses

The data were analyzed using Statistica formulas (TIBCO Software, Palo Alto, CA, USA), 13.3 (2017) version for
Windows—StatSoft Inc., Tulsa, OK, USA. The normal distribution of data was analyzed using the Shapiro-Wilk
test (p>0.05). In order to compare the measurements under the microscope and the biochemical parameters
among the workers in the seven groups, a mixed model two-way and three-way ANOVAs were used. If a differ-
ence among the groups was statistically significant, the ANOVA procedure was followed with multiple compari-
son testing using the post hoc Tukey HSD test. In the case of correlations determined with a distribution other
than normal (oenocyte diameter), the Kruskal-Wallis test was used.

Results

The fat body in all the groups of bees fed with sugar candy with the addition of 10% bee pollen was better
developed than in those fed with sugar candy only. Regardless of the pollen intake, the bees’ fat body cells had
greater energy reserves in the form glucose, glycogen, triglycerides and protein than those of the bees in the
control group. The values of these biochemical parameters were usually higher in bees fed with candy + pollen.
Increased metabolic activity is associated with larger trophocyte sizes and oenocyte nucleus diameters in each
fat body segment.

Length of trophocytes

Bees fed sugar candy with the pollen addition tended to have longer trophocytes than those fed candy only;
exceptions were some trophocytes in bees fed with candy and hazel (in 7-day-old workers—in the third and
fourth tergites) and pine pollen (in 7- and 14-day-old workers—in the third to seventh tergites) (Table 2). When
comparing 7-day-old bees from different groups, those fed with rapeseed pollen candy had the longest tropho-
cytes. Overall, the 14-day-old bees fed with candy to which rapeseed, phacelia and goldenrod pollen was added
had the longest trophocytes.

Width of trophocytes

The trophocyte widths increased with age in all the groups (Table 3). The trends in these widths were similar to
those in the trophocyte lengths. The trophocyte widths in each segment in the bees fed pine pollen were similar
to those in the cells of the bees in the control sample. In other groups, the bees fed with sugar candy plus added
pollen tended to have wider trophocytes than those fed candy only.

Diameters of oenocyte nuclei

The diameters of oenocyte nuclei in the groups of bees fed with pollen were comparable, but statistically sig-
nificantly larger than those of the nuclei in the group of bees fed with sugar candy only (Table 4). On day 7, the
smallest diameter was recorded in tergites 4 and 6 of the bees fed with 10% goldenrod pollen, while the highest
values were recorded in tergites 5 and 7 for rapeseed pollen. On day 14, the oenocytes of bees fed the phacelia
pollen had the largest diameters in all segments compared to the other groups of bees.
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Three-Way Anova

Fs70 =576.51; p=0.05

Pollen added to sugar candy
Control Hazel Pine Rape Buckwheat P hacelia Goldenrod
Day of life Localization tissues Mean | SD Mean |SD |Mean |SD Mean | SD Mean | SD Mean | SD Mean | SD
Sternite 30.69 |3.03
Tergite 3 | 50.20 | 5.47
. Fat body Tergite 4 | 45.86 | 7.27
Tergite 5 | 46.02 | 8.87
Tergite 6 | 41.32 | 13.62
Tergite 7 | 48.82 | 10.36
Sternite 39.26 | 2.55 52.17 3.57 |40.12 |10.84 |52.02 8.21 92.36 | 5.54 48.70 10.29 | 44.09 8.71
Tergite 3 | 57.82 | 5.47 44.31 3.57 | 4319 |7.12 82.46 7.58 55.10 | 4.47 66.46 5.62 41.77 10.05
Tergite 4 | 56.92 | 7.27 48.68 8.24 |50.00 |5.13 97.05 14.19 | 72.25 |9.65 65.35 8.02 50.35 15.09
7 Fatbody Tergite 5 | 52.16 | 8.87 59.72 395 |40.58 |4.78 106.27 | 18.13 | 73.21 4.48 56.71 6.15 54.19 8.82
Tergite 6 | 50.68 | 13.62 |48.27 4.65 |37.87 |4.95 117.21 | 15.07 | 47.99 |9.63 67.82 9.31 56.94 12.29
Tergite 7 | 56.65 | 10.36 | 69.01 8.24 | 4490 |3.86 49.41 11.30 | 69.86 |7.84 65.31 10.99 | 85.19 12.77
Sternite 39.43 | 2.74 80.98 6.63 | 50.53 6.54 83.85 13.11 | 90.26 | 6.61 162.00 | 4.69 97.29 14.11
Tergite 3 | 57.53 | 5.40 69.86 542 |37.79 |7.71 109.30 | 14.54 | 7525 |7.71 137.37 | 5.11 142.01 | 11.43
Tergite4 | 55.15 |7.34 12529 | 551 |53.70 |3.21 152.63 | 19.52 | 79.59 | 9.60 110.82 | 10.05 | 130.12 |8.64
H Fatbody Tergite 5 | 54.38 | 8.76 84.24 4.47 | 4710 |3.74 80.41 6.34 71.59 | 10.12 | 11537 |15.06 |113.12 |15.69
Tergite 6 | 50.23 | 13.18 | 83.90 3.32 | 39.18 |7.41 101.30 | 10.99 | 7572 |11.09 |154.20 |8.82 133.64 | 11.51
Tergite 7 | 52.69 | 10.18 | 82.65 9.52 | 47.63 |8.84 86.73 14.87 | 5493 |8.26 134.81 |12.29 | 131.13 |9.47
Group

Localization
Fs.70 = 248.09; p=0.049

Age
F(1,674)=16,724.0; p=0.00

Group * age
Fg674)=779.68; p=0.05

Group * localization tissue
Fis.706 =42.527; p=0.00

Age * localization tissue
F3,674)=1235.5; p=0.00

Group * localization tissue * age
F15674)=234.90; p=0.01

Table 2. Length of trophocytes (um) in the fat body from different locations in the 1-, 7- and 14-day-old
workers (n=40-55 bees per group) fed sugar candy only (control group) and in those fed sugar candy with
various pollen additions.

Glucose concentrations

Glucose concentrations were always higher in the workers which consumed pollen (candy + 10% pollen) com-
pared to those fed sugar candy only (Table 5). The smallest increase in glucose concentrations was caused by
pollen from spring-pollinating flowers, i.e. hazel and pine, while the highest increases were observed in the case
of buckwheat and phacelia. Glucose concentrations increased in all the tissues (hemolymph and fat body from
three locations) along with the age of the workers, regardless of the food they consumed. The lowest values,
within a specific group of workers, were observed in the hemolymph, and the highest usually in the fat body in
the third tergite.

Triglyceride concentrations

The addition of pollen to the sugar candy diet increased the concentrations of triglycerides in all the tissues
(Table 6). Both sternite and tergite 3 stored the largest amounts of triglycerides, regardless of the age and the study
group. Buckwheat and rapeseed pollen produced the greatest increase in triglyceride concentrations compared
to the control sample in the two locations above, especially on day 14.

Protein concentrations

Protein concentrations increased with the age of the workers in most groups (with the exception of the 7-day-old
workers fed with hazel and pine pollen) (Table 7). The addition of pollen from summer and autumn plants to
the diet increased protein concentrations in all the tissues to the greatest extent compared to the control sample.
Particularly high values of protein concentrations were observed in the fat body from the fifth tergite in the
worker bees fed with buckwheat pollen.
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Pollen added to sugar candy
Control Hazel Pine Rape Buckwheat Phacelia Goldenrod
Day of life Localization tissues Mean | SD Mean |SD | Mean |SD Mean | SD Mean | SD Mean |SD Mean |SD
Sternite | 28.95 | 4.71
Tergite 3 | 37.90 | 5.66
Tergite 4 | 39.26 | 5.80
1 Fat body
Tergite 5 | 38.23 | 11.58
Tergite 6 | 33.25 | 6.68
Tergite 7 | 37.07 | 4.37
Sternite 33.02 | 421 65.09 |8.51 |3890 |8.14 44.07 |8.59 29.00 |11.58 |33.79 8.63 40.99 4.40
Tergite 3 | 40.15 | 4.71 40.14 | 457 |34.87 |11.02 |52.71 |7.99 4090 |13.36 |50.04 5.41 32.93 7.26
; Fat bod Tergite 4 | 42.49 | 5.66 4296 |556 |37.03 |10.54 |55.06 |18.13 |39.02 |11.28 |51.43 8.21 40.28 11.03
at bo
Y Tergite 5 | 40.94 | 5.80 59.36 | 9.65 |42.44 |9.58 81.91 9.44 35.56 14.57 | 43.34 5.33 48.00 8.17
Tergite 6 |35.95 |11.58 |39.18 |4.25 |37.52 |7.51 83.97 |9.77 42.60 |10.09 |47.79 8.50 47.11 8.09
Tergite 7 | 39.68 | 6.63 4722 1654 |38.51 |485 44.96 | 8.89 26.10 |5.54 57.54 12.99 |83.94 11.27
Sternite 3456 |4.24 49.90 | 4.7 4394 |8.63 84.23 |8.41 56.30 |[9.91 100.00 | 8.63 78.62 3.50
Tergite 3 | 42.00 |4.73 5401 |7.81 |3481 |7.69 65.92 |6.32 70.00 |10.74 |86.53 12.82 | 98.73 10.14
14 Fat bod Tergite 4 | 46.16 |5.56 7648 |6.03 |65.66 |6.31 96.01 |4.58 71.54 |12.54 |100.02 |12.25 |112.19 |12.25
at bo
Y Tergite 5 | 42.69 | 5.74 43.10 |7.81 |51.60 |4.85 48.74 | 11.58 |69.00 |14.85 |88.22 11.14 | 106.58 |13.13
Tergite 6 | 36.84 |11.48 |58.95 |4.15 |64.59 |8.69 86.24 |8.98 50.14 |8.51 113.00 |12.24 |139.47 |13.60
Tergite 7 | 41.67 | 6.57 46.79 |7.65 |47.85 |12.27 |65.00 |14.93 |5425 |11.02 |114.08 |11.84 |116.00 |14.41
Group
Fis706 = 576.515 p=0.00
Localization
F3 705 = 248.09; p=0.05
Age
Fy 674 = 16,724.0; p = 0.00
Three-Way Anova Group * age
Fs 674 = 779.68; p=0.00
Group * localization tissue
F15.706 = 42.527; p=0.00
Age * localization tissue
Fy 674 = 1235.5; p=0.00
Group * localization tissue * age
Fis674 = 234.90; p=0.01

Table 3. Width of the trophocytes (um) in the fat body from different locations in the 1-, 7- and 14-day-old
workers (n=40-55 bees per group) fed sugar candy only (control group) and in those fed sugar candy with
added pollen.

Glycogen concentrations
The glycogen concentrations in the bees fed with sugar candy only (control group) and with candy plus hazel and
pine pollen were similar in all the tissues (Table 8). However, the other bee groups (fed with rapeseed, phacelia,
buckwheat and goldenrod pollen) were characterized by higher glycogen concentrations. As in the case of the
triglyceride concentrations, the fat body in the sternites and tergites 3 contained higher glycogen concentrations
than in all the tissue locations.

Discussion
The honey bee exhibits floral fidelity, which consists in visiting mainly one plant species, which is why the pol-
len load composition is almost uniform*’. Consequently, we used pollen traps to obtain pollen collected by the
bee workers!>!¢. Other scientists have applied a similar methodology using pollen loads from traps in feeding
experiments™**2 It is possible to obtain fresh pollen grains directly from plants, but manual collection is dif-
ficult due to the fact that pollen is available in small amounts. This method is effective only for plants with large
flowers producing a lot of pollen. The method of combing corn pollen is used to study the total protein content
in the hemolymph of insects**. However, in the case of the pollen produced by the plants in our experiment,
this is mostly impossible because, unlike wind-pollinated plants, rapeseed, phacelia, goldenrod, and buckwheat
produce only small amounts of pollen. In order to use the same methodology, hazel and pine pollen were also
collected from traps installed in front of the hives. Forager bees mix pollen with saliva, nectar and honey. The
pollen grains brought to the hive also contain sugar and enzymes of animal origin. The amount of nectar and
honey added to form pollen grains varies, but can be up to 50% of dry matter'®.

Pollen provides bee colonies mainly with protein. This parameter, together with the amino acid composition,
is the basic measure of pollen quality'®. De Grandi Hoffman et al.*, found that spring and autumn pollen mix-
tures had similar total protein concentrations. Plant pollen from these seasons differs in its amino acid
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Pollen added to sugar candy

Control Hazel Pine Rape Buckwheat Phacelia Goldenrod
Day of life Localization tissues Mean |[SD |Mean [SD |Mean |[SD |Mean |SD |Mean |[SD |Mean |SD | Mean |SD
Sternite 10.80 | 0.31
Tergite 4 | 6.32 0.34
1 Fat body Tergite 5 | 8.58 0.24
Tergite 6 | 7.41 0.54
Tergite 7 | 8.40 0.66
Sternite 11.59 |061 |16.52 |032 |1570 |0.34 |1591 |0.22 |14.14 |0.68 |12.09 |0.29 |13.92 |0.37
Tergite 4 | 9.85 095 |16.12 |0.41 |11.21 |0.41 |1446 |037 |14.79 |0.54 |9.85 0.33 |9.82 0.39
7 Fat body Tergite 5 | 10.90 | 0.84 |14.08 |0.54 |14.37 |0.29 |17.53 |0.31 |16.15 |0.41 |1090 |0.31 |10.37 |0.54
Tergite 6 | 9.05 0.41 | 1558 |0.41 |1478 |038 |1545 |042 |16.16 |0.29 |10.05 |0.39 |9.69 0.57
Tergite 7 | 9.99 0.85 | 17.32 0.29 |16.07 |041 |17.34 |0.33 |17.28 0.61 10.99 0.41 12.66 0.54
Sternite 1249 |0.81 |[1513 |047 |14.67 |0.65 |15.09 |0.33 |14.62 |0.68 |19.63 |0.48 |14.04 |0.87
Tergite4 | 10.58 | 0.65 |13.78 |0.40 |13.76 |0.41 |1563 |0.28 |16.61 |0.54 |18.00 |0.51 |1554 |0.54
14 Fat body Tergite 5 | 11.46 | 0,32 |15.77 |0.33 |1356 |0.33 |16.95 |[0.33 | 1566 |0.41 |16.00 |0.41 |1585 |0.41

Tergite 6 | 9.56 0,22 |15.05 |0.32 |1436 |[0.70 |1527 |0.31 |16.06 |029 |1825 |049 |9.33 0.46
Tergite7 | 11.02 | 0.34 |17.20 |0.30 |14.41 |0.65 |17.11 [0.32 |14.63 |0.33 |17.99 |0.37 |17.96 |0.39

Group
Fi6,5537=386.36; p=0.00

Localization
F 5537, = 19.677; p=0.00

Age
F(p,557)=495.63; p=0.01

Three-Way Anova

Group * age
F(s 5408 = 1362.7; p=0.05

Group * localization tissue
Fp45537)=40.417; p=0.05

Age * localization tissue
Fig.5557,= 15.200; p=0.05

Group * localization tissue * age
F23,5108) = 124.46; p=0.05

Table 4. Diameters of the oenocyte nuclei (um) in the fat body from different locations in the 1-, 7- and
14-day-old workers (n=40-55 bees per group) fed sugar candy only (control group) and in those fed sugar
candy with added pollen.

composition. Spring pollen, e.g. from Brassica, contains relatively high concentrations of tryptophan, valine,
glutamine and serine. These amino acids are components of apisimin, an alpha-helical peptide that promotes
the formation of royal jelly**. Autumn plants produce pollen rich in proline and hydroxyproline, amino acids
that support thermoregulation related to muscle vibration that enables the bees to survive the winter. In our
experiment, we noticed that the bees fed with sugar candy supplemented with hazel, pine, rapeseed, phacelia,
buckwheat and goldenrod pollen had higher protein concentrations in the fat body and hemolymph compared
to those fed with candy only (control group). This is due to the fact that the plants have different nutrient
contents*. Chang et al.*! and Breygina et al.*’ showed that rapeseed, pear and apricot pollen play an important
role in amino acid metabolic pathways and their concentrations decrease with the age of bees kept in cages. These
plants are grown in China on large areas and are classified as monocultures. In turn, we showed that the protein
concentrations increased with the age of the workers fed rape, buckwheat, phacelia and goldenrod pollen. These
proteins in question are immune proteins, enzyme proteins, structural proteins, etc. According to Paes-de-
Oliveira et al.*® one of such proteins is vitellogenin produced by trophocytes. Presumably, the larger these cells
are, the higher their protein concentrations. The relationship between the length and width of trophocytes and
the protein concentrations was evident in our experiment. These values differ depending on the location of the
fat body. This confirms (cf. Strachecka et al.>*) that the segmental nature of the apian fat body is not only struc-
tural, but primarily pertains to the functions of this tissue and the biochemical and physiological processes that
take place in it. Moreover, Strachecka et al.** suggest that the compounds that are rapidly metabolized for energy
(e.g. glucose and triglycerides) are held in the fat body in the tergites (as opposed to the sternites), especially the
third tergite. This tergite is in close proximity to the heart, ostia and body cavities, and the compounds are
immediately transferred to the appropriate tissues by the circulatory system. Our study also confirmed that the
fat body in the third and fifth tergites is metabolically the most active in the production of glucose, glycogen and
triglycerides. However, we demonstrated that not only 1-day-old bees, as described by Strachecka et al.**, but
also older workers (7- and 14-day-old) were usually characterized by the highest values of these parameters in
the third tergite fat body. The highest concentrations of these compounds are noted in queens (compared to
workers) because, unlike honey bee workers, this caste has oenocytes in the third tergite. In turn, we have shown
that not only the reproductive status but also the diet can influence the biochemical parameters in the fat body
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Pollen added to sugar candy
Control Hazel Pine Rape Buckwheat Phacelia Goldenrod
Day of life Tissues/localization tissues Mean |[SD |Mean [SD |Mean |[SD |Mean |SD |Mean |[SD |Mean |SD | Mean |SD
Hemolymph 1.53 0.02
Sternite 1.85 0.02
! Fat body Tergite 3 2.45 0.03
Tergite 5 2.26 0.03
Hemolymph 2.09 0.15 |3.57 0.10 |2.75 0.07 |2.52 0.03 |3.21 0.19 | 247 0.18 |2.92 0.13
Sternite 2.42 0.00 |2.64 0.03 | 2.60 0.06 |3.17 0.19 |8.48 0.19 |9.54 0.38 |7.47 0.26
¢ Fat body Tergite 3 247 0.13 | 5.67 0.05 |2.75 0.05 |2.92 0.17 | 3.64 021 |295 0.15 | 3.85 0.19
Tergite 5 2.94 0.04 |3.0 0.04 |2.98 0.10 |2.99 0.07 |5.84 0.58 | 6.42 0.29 | 3.64 0.64
Hemolymph 3.38 0.09 |3.89 0.04 |3.78 0.06 | 4.6 0.04 |5.03 0.12 | 4.65 0.20 | 4.61 0.05
Sternite 3.46 0.04 |2.64 0.04 |3.78 0.04 |4.77 0.02 | 14.7 0.38 |10.44 |0.10 |8.15 0.05
1 Fat body Tergite 3 4.55 0.05 |5.47 0.21 |5.07 0.10 | 8.06 0.02 |10.54 |0.35 |12.13 |0.06 |9.53 0.04
Tergite 5 3.84 0.02 |3.94 0.04 |3.87 0.01 |6.15 0.02 |13.39 |0.18 |11.06 |0.03 |8.89 0.09
Group

Fs705 =576.51; p=0.00

Localization

F3.705) = 248.09; p=0.00

Age

Fy 674 = 16,724.0; p=0.00

Three-Way Anova

Group * age

Fios74)=779.68; p=0.02

Group * localization tissue
Fig. 706 =42.527; p=0.00

Age * localization tissue
Fi7=1235.5; p=0.00

Group * localization tissue * age
Fy5.674 = 234.90; p=0.00

Table 5. Glucose concentrations (mmol/ml) in the hemolymph and fat body from different locations in the
1-, 7- and 14-day-old workers (n=40-55 bees per group) fed sugar candy only (control group) and in those fed
sugar candy with various pollen additions.

from various locations. Very high glucose concentrations were observed in the 14-day-old worker bees fed with
sugar candy with the addition of buckwheat and phacelia pollen. The flowering period of these plants is at the
end of the summer, when the generation of winter workers appears in a colony. The demand then increases not
only for protein (mainly for the preimaginal stages and for “building” the imago fat body) but also for other
compounds, including carbohydrates. They are used to obtain energy (e.g. in muscles; to fly and to warm the
larvae), for the synthesis of chitin (a major cuticle component) and in other processes**°. Both buckwheat and
phacelia provide bees not only with pollen but also with nectar, which is an aqueous solution of sugars, mainly
fructose and glucose. Carbohydrates may be derived from the enzymatic digestion of the cytoplasm of pollen
grains (both by bee enzymes and enzymes released by microorganisms in the bee’s digestive tract; Fig. 1). Car-
bohydrates from the digestive tract reach the fat body through the hemolymph, where they are incorporated into
metabolic processes®. Glucose present in the hemolymph is used primarily in the bees’ metabolic processes.
This may explain why its concentration in our study was the lowest in the hemolymph (regardless of the group).
In the natural environment, glucose is used up in metabolic processes faster than in the cage environment.
Glucose is stored in the form of glycogen in the trophocytes that form the fat body*****>%_ 1t is worth noting
that hazel pollen, which is one of the first sources of pollen in spring, led to the highest increase in glucose con-
centration in the hemolymph compared to the control group. Even though the plant is wind-pollinated, it is very
often visited by bees as it provides the first pollen available in spring>*. Hence, spring pollen boosts the bee colony
by providing carbohydrate energy, while autumn pollen does so by enabling compounds to be stored in the fat
body. Glycogen is referred to as “metabolic security” because it ensures the survival of insects during periods of
starvation®. The glycogen concentration in the fat body depended on the availability of pollen in the bees’ diet.
The highest concentrations were observed in the bees fed with buckwheat, phacelia and goldenrod pollen. These
values were always higher in the fat body, especially from the third tergite, compared to the hemolymph. As
mentioned above, these types of pollen come from plants that bloom in late summer and in autumn. Therefore,
they must play a special role in shaping the fat body in long-lived winter bees whose tasks include the regulation
of in-hive temperatures during winter and the initiation of brood rearing in early spring®®. The concentrations
of glycogen and other compounds (e.g. triglycerides) undoubtedly translate into the fat body mass, which is the
highest in winter bees. The values of the biochemical parameters of the hemolymph and fat body were the lowest
in the bees fed pine pollen in comparison with the other experimental groups. Pollen produced by the pine has
alow sugar — 13.92% and protein concentration—13.45%, which it is not preferred by bees*”*%. Despite the low
content of carbohydrates and proteins, this pollen is rich in numerous polyphenolic compounds, e.g. coumaric,
methoxycinnamic, and dihydroxydecanoic acids® and its small addition to the diet of insects, especially in

Scientific Reports |

(2024) 14:15177 | https://doi.org/10.1038/s41598-024-64598-0 nature portfolio



www.nature.com/scientificreports/

Pollen added to sugar candy
Control Hazel Pine Rape Buckwheat Phacelia Goldenrod
Day of life Tissues/localization tissues Mean |SE | Mean |SE Mean | SE Mean | SE Mean | SE Mean | SE Mean | SE
Hemolymph 0.23 0.01
Sternite 0.31 0.00
! Fat body Tergite 3 0.32 0.01
Tergite 5 0.38 0.00
Hemolymph 1.06 0.19 | 1.01 0.07 | 1.42 0.11 | 1.42 0.03 | 0.96 0.11 | 1.63 0.13 |0.87 0.16
Sternite 1.36 0.09 |1.16 0.02 |1.24 0.02 | 1.06 0.07 | 1.76 0.02 | 1.65 0.04 |18 0.02
¢ Fat body Tergite 3 0.94 0.15 |1.21 0.03 |1.14 0.02 | 1.46 0.05 |1.51 0.06 | 1.64 0.04 |1.49 0.05
Tergite 5 1.06 0.07 |1.14 0.02 |1.21 0.05 | 1.46 0.02 |1.42 0.06 |1.53 0.04 | 1.53 0.05
Hemolymph 1.55 0.05 | 1.66 0.05 | 1.67 0.02 |2.18 0.02 |2.29 0.07 |2.05 0.03 | 1.84 0.01
Sternite 2.09 0.03 |22 0.04 |2.16 0.03 |2.94 0.13 | 4.24 0.17 | 2.55 0.03 |2.36 0.03
1 Fat body Tergite 3 247 0.05 |3.17 0.09 |2.94 0.06 |4.54 0.17 |5.51 0.26 | 4.65 022 |4.14 0.26
Tergite 5 1.85 0.02 |2.03 0.09 |19 0.03 |2.56 0.04 |3.37 0.21 |237 0.03 | 2.06 0.02
Group

Fis705 = 126.89; p=0.00

Localization

F3.705) = 240.82; p=0.00

Age

Fy 674 =7986.0; p=0.00

Three-Way Anova

Group * age

Fo674) = 176.43; p=0.00

Group * localization tissue
Fii706)= 12.590; p=0.01

Age * localization tissue
Fa675=613.03; p=0.01

Group * localization tissue * age
Fs67) = 25.613; p=0.01

Table 6. Triglyceride concentrations (mmol/ml) in the hemolymph and fat body from different location in the
1-, 7- and 14-day-old workers (n=40-55 bees per group) fed sugar candy only (control group) and in those fed
sugar candy with added pollen.

monocultures, results in a diversification of nutrients. The phenomenon of dietary diversification can be observed
in the pollen mixture from which rapeseed was isolated. In addition to rapeseed, honey bee workers collect pollen
from anemophilous plants in order to diversify their diet. After manual sorting, there was still 8% of other pollen
grains present, including pine pollen, which we were unable to manually separate due to similar colors or con-
tamination. That is why weeds and other plants growing on floral strips are so important, and bush communities
significantly increase the biodiversity in the agricultural landscape®®®!. The available literature shows that despite
large resources of cultivated pollen plants, honey bees willingly visit non-cultivated plants®. Scientists report a
lack of research that will allow to assess the impact of individual pollen plants on the physiology of insects,
including their immunity'®. Most studies to date have focused on the impact of pollen diets on the development
of the hypopharyngeal glands (HPG)**. There are relatively few studies on their impact on immunocompetence'?.
Therefore, our research is in line with the latest trends in the field of bee nutriphysiology. Moreover, the variability
of protein content in pollen grains depends on the season® and onthe number and species of plants present in
the area of the apiary. Reducing dietary protein results in higher worker mortality'®. It has been pointed out that
in order to help diversify the bees’ diet with protein, it is important to know the changes in its concentration
throughout the season®. Our research partially explains this phenomenon, as we have recorded changes in the
protein contents and other biochemical parameters in bee tissues depending on the type of pollen. To understand
the effect of different pollen types, we selected for research those plants that might be the most important for
bees in particular seasons/months and provide a significant proportion of their diet. Although homogenous
pollen has a stimulating effect, a pollen combination should produce better results. Frias et al. ° suggest that the
extension of life is positively related to the amount of consumed protein contained in pollen, and negatively
correlated with the low survival of adult workers whose diet contained pollen from the Asteraceae family. In our
research, we also used the pollen of Solidago sp., a member of this family. In both biochemical and morphometric
studies, goldenrod pollen had a similar impact to summer and autumn pollen (e.g. buckwheat and phacelia).
Canadian goldenrod, Solidago canadensis L., is classified as an invasive species whose encroachment into new
geographical regions has accelerated, thereby decreasing native biodiversity®!. However, it turns out this plant is
highly attractive tohoney bees®. Goldenrod flowers at the very end of the beekeeping season, making up 80% of
the bees’ diet as compared to other plants®. During this period, honey bee workers feed only on goldenrod. In
this way, the environment itself provides a mono-diet. In the case of rapeseed, buckwheat, phacelia, soybean and
corn, people create large-scale cultures themselves.

Current research shows that bees prefer plants that produce pollen with a higher protein content. Moreo-
ver, this preference depends on the ratio of macronutrients contained, not on a single ingredient °. Phacelia
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Pollen added to sugar candy
Control Hazel Pine Rape Buckwheat Phacelia Goldenrod
Day of life Tissues/localization tissues Mean |SE | Mean |SE Mean | SE Mean | SE Mean | SE Mean | SE Mean | SE
Hemolymph 0.24 0.01
Sternite | 0.45 0.01
! Fat body Tergite 3 | 0.45 0.01
Tergite 5 | 0.40 0.01
Hemolymph 0.27 0.00 |0.34 0.00 |0.32 0.02 |047 0.00 |0.52 0.04 | 0.46 0.00 |0.42 0.00
Sternite 0.42 0.00 | 0.44 0.00 |0.44 0.01 |0.85 0.00 | 0.96 0.01 | 0.60 0.00 |0.51 0.00
¢ Fat body Tergite 3 | 0.41 0.00 |0.40 0.00 |0.41 0.00 |0.42 0.00 |0.51 0.01 |0.42 0.00 | 0.46 0.00
Tergite 5 | 0.53 0.00 | 0.60 0.00 |0.57 0.02 |0.61 0.00 |0.75 0.00 |0.57 0.00 |0.54 0.00
Hemolymph 0.54 0.00 |0.58 0.00 | 0.59 0.02 | 0.64 0.00 | 0.65 0.02 |0.73 0.00 | 0.68 0.00
Sternite 1.06 0.00 | 1.39 0.00 |1.18 0.02 | 1.55 0.00 | 1.99 0.02 |1.98 0.00 |1.85 0.00
1 Fat body Tergite 3 | 0.85 0.01 |0.93 0.02 |0.89 0.02 |1.07 0.00 | 1.93 0.02 | 1.75 0.01 |1.36 0.00
Tergite 5 | 0.53 0.00 |0.94 0.02 |0.88 0.02 |0.95 0.00 |3.12 0.02 |1.21 0.01 |0.96 0.00
Group

Fs705 = 126.89; p=0.05

Localization

F3705 = 240.82; p=0.05

Age

Fy 674 =7986.0; p=0.05

Three-Way Anova

Group * age

Foers = 176.43; p=0.05

Group * localization tissue
Fig.706 = 12.590; p=0.05

Age * localization tissue
Fia7=613.03; p=0.05

Group * localization tissue * age
Fys.67) = 25.613; p=0.05

Table 7. Protein concentrations (mg/ml) in the hemolymph and fat body from different locations in the 1, 7
and 14-day-old workers (n =40-55 bees per group) fed sugar candy only (control group) and in those fed sugar
candy with added pollen.

is a valuable plant for bees from a physiological perspective. When fed with sugar candy supplemented with
phacelia pollen in the cage experiments, our bees had higher concentrations of glucose, glycogen, triglycerides
and proteins than the worker bees fed with sugar candy only. A standard, balanced diet for bees in commercial
beekeeping continues to be sought to meet the nutritional needs of bees around the world®. We propose the use
of phacelia as a rapidly-growing plant and a tested “superfood” for pollinating insects.

The nutritional value of pollen lies not only in the proteins but also the fats. Pollen is also the principal dietary
source of sterols, triglycerides and phospholipids®’. Fatty acids are stored in the form of triglycerides as energy
reserves for use in the fat body. Reserves are used during winter and in times of famine. This means that fats are
gradually released into the hemolymph, which is why their concentration increases with age. It turns out that
stress, e.g. in the form of pathogens or an E-field, reduces the level of triglycerides in the hemolymph®. Bee colony
supplements are administered to increase resistance to pathogens and other environmental factors. Natural
supplements counteract the negative effects caused by stressors and, for example, increase the concentration of
triglycerides®. In our case, the addition of pollen resulted in an increase in the concentrations of triglycerides
in all the tissues/tissue locations, especially in the fat body of the third tergite. These results correspond to the
results of Strachecka et al.®. They showed that the greatest amounts of triglycerides were stored in the third ter-
gite. As compared with spring pollen, summer and autumn pollen caused the greatest increase in triglyceride
concentrations, especially in the third tergite. This means that insect-pollinated plants produce pollen that is
richer in floral rewards than that of wind-pollinated plants”.

Nutrients including proteins, lipids and glycogen are stored in trophocytes. There are differences in the cel-
lular structure of trophocytes and enocytes of the fat body between castes and segments in worker bees**. The
pollen diet will also be a factor determining the length and width of cells in the fat body. The greatest influence
on the growth of trophocytes was exerted by the addition of summer and autumn pollen. In our case, the increase
in trophocyte dimensions was associated with a higher concentration of triglycerides and glycogen. The pine
turned out to be the most physiologically neutral pollen (neither harmful nor helpful) with respect to trophocyte
dimension. Oenocytes in worker bees are present in all segments except tergite 33%. All the pollen diets resulted
in an increase in the oenocyte diameter. Hence, the pollen diet affects the metabolic activities of oenocyte nuclei.
The diameter of oenocytes is not normally distributed. According to the Kruskal-Wallis test, the diameter of
oenocytes between the groups is statistically significant (see supplementary material S1).
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Pollen added to sugar candy
Control Hazel Pine Rape Buckwheat Phacelia Goldenrod
Day of life Tissues/localization tissues Mean |SE | Mean |SE Mean | SE Mean | SE Mean SE Mean | SE Mean | SE
Hemolymph 0.02 0.00
Sternite | 0.05 0.00
! Fat body Tergite 3 | 0.06 0.00
Tergite 5 | 0.02 0.00
Hemolymph 0.02 0.00 |0.04 0.00 |0.04 0.00 |0.15 0.02 | 0.06 0.00 |0.15 0.02 |0.14 0.01
Sternite 0.08 0.00 |0.11 0.00 |0.09 0.00 |0.15 0.02 |0.24 0.00 |0.16 0.02 |0.17 0.01
¢ Fat body Tergite 3 | 0.09 0.00 |0.09 0.00 |0.1 0.00 |0.23 0.02 |0.32 0.00 |0.24 0.02 |0.25 0.02
Tergite 5 | 0.03 0.00 |0.05 0.00 |0.04 0.00 |0.08 0.02 |0.08 0.00 |0.10 0.02 |0.09 0.02
Hemolymph 0.03 0.00 |0.05 0.00 |0.06 0.00 |0.20 0.02 |0.09 0.00 |0.23 0.02 | 0.09 0.01
Sternite 0.10 0.00 |0.22 0.00 |0.16 0.00 |0.16 0.02 |0.25 0.00 |0.19 0.02 |0.22 0.01
1 Fat body Tergite 3 | 0.15 0.00 |0.14 0.00 |0.16 0.00 |0.27 0.02 |0.34 0.00 |0.32 0.02 |0.33 0.02
Tergite 5 | 0.04 0.00 |0.07 0.00 |0.05 0.00 |0.09 0.02 |0.14 0.00 |0.10 0.02 |0.15 0.02
Group

Fo51)=190.24; p=0.04

Localization

Fy571=402.62; p=0.01

Age

F(y 530 = 247.15; p=0.00

Three-Way Anova

Group * age

Figs39) = 1.093; p=0.251

Group * localization tissue
Fig571=24.398; p=0.05

Age * localization tissue
Fis.539= 18.854; p=0.05

Group * localization tissue * age
Fi5530) = 7-8998; p=0.05

Table 8. Glycogen concentrations (pg/pl) in the hemolymph and fat body from different locations in the 1, 7
and 14-day-old workers (n =40-55 bees per group) fed sugar candy only (control group) and in those fed sugar
candy with added pollen. Explanations: value for SE: Control: 0.00226-0.00362; Hazel: 0.00162-0.00198, Pine:
0.00214-0.00288; Buckwheat: 0.00246-0.00222.

Conclusions

We need to know how particular types of plant pollen that dominate the honey bee’s diet influence the physi-
ological parameters of the fat body. This research will enable the development of mixtures from nectar-producing
and pollen-producing plants that will meet the nutritional needs of bees.

Further research is needed on the pollen diet of workers in relation to its impact on biochemical parameters,
including immunity and ageing-related processes. Healthier bees correspond with higher pollination efficiency
and greater yields of honey and other bee products from a colony. This is obviously financially profitable to the
beekeeper. Our pioneering research has shown how particular types of pollen from plants blooming from early
spring to late autumn influence the morphology of fat body cells in different locations and the concentrations of
compounds important for energy metabolism in the hemolymph and fat body of worker bees. Pollen from early
spring plants provides bees only with carbohydrates which are quickly used up by their bodies during the rearing
of the first generation of summer bees and during the work performed for the colony at that time. However, pollen
from plants blooming in late summer and early autumn increases the concentrations of proteins, glycogen and
triglycerides in the fat body, especially in the third tergite. Thus, large amounts of compounds are accumulated,
which causes the trophocytes to increase in size. It is important to bear in mind that a multi-pollen diet is always
more beneficial for the apian body than a mono-diet. However, in order to understand the mechanisms that
occur in bees under the influence of pollen, it is important to know the interactions of the particular pollen types.
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Figure 1. Pollen digestion: the main metabolic pathway, including the function of the fat body (orig.)
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Abstract: The increasing prevalence of monocultures has reduced floral diversity, dimin-
ishing pollen diet variety for bees. This study examines the impact of monofloral pollen
diets (hazel, rapeseed, pine, buckwheat, Phacelia, goldenrod) on the antioxidant enzyme
activities in the fat body from tergite 3, tergite 5, sternite, and hemolymph of honey bees.
We show that pollen from plants such as rapeseed, Phacelia, buckwheat, and goldenrod
(rich in phenolic compounds and flavonoids) increases the activities of SOD, CAT, GST,
and GPx in the fat body and hemolymph compared to the control group. Although it is
commonly known that a monodiet is one of the stress factors for bees, the increase in the
activities of these enzymes in the hemolymph and fat body of workers fed with pollen
candy compared to those fed only sugar candy has a positive (although inconclusive) effect.
These activities in the hemolymph and fat body of bees fed with pollen from anemophilous
plants are usually lower compared to those in bees fed with candy containing 10% pollen
from rapeseed, Phacelia, buckwheat, or goldenrod. Further research is needed to fully
understand the complex interactions among monofloral pollen diets, antioxidant enzyme
activities, and the overall physiology of honey bees.

Keywords: antioxidant system; diets; nutrition; immunity; honey bee

1. Introduction

The honey bee diet consists of nectar and pollen. Simple sugars present in nectar are
utilized by worker bees as a primary energy source, for example for flight and thermoregu-
lation, while pollen provides essential nutrients, such as proteins, fats, and enzymes [1,2].
Access to pollen produced by various plant species positively influences physiological
parameters such as worker lifespan, the size of hypopharyngeal glands, and gene ex-
pression levels and modulates immune competence, as well as conditioning the energy
reserves stored in the fat body [2-5]. Pollen also contains antioxidant compounds, the
concentrations of which vary depending on the plant of origin. Antioxidant compounds
found in pollen are synthesized as secondary metabolites [6]. These compounds, known as
free radical scavengers, include phenolic acids and flavonoids [7]. In bee pollen, the most
common forms of flavonoids are quercetin, flavones, isoflavones, flavanones, anthocyanins,
catechins, and isocatechins [8]. Depending on the botanical origin, the composition of
phenolic acids present in bee pollen also varies [6]. In the context of humans, regular
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consumption of bee pollen is of great significance for the prevention of metabolic diseases
as well as cardiovascular and neurodegenerative disorders, all of which are closely related
to oxidative damage [7,9,10].

In Central Europe, spring plants such as hazel, willow, rapeseed, and blackthorn play
a crucial role in the development of bee colonies. In addition to their energetic properties,
early spring pollens contain antioxidants. Strong antioxidant properties are characteristic
of the pollen of Brassica napus and Prunus mume [11]. It turns out that monofloral pollen,
primarily from Salix sp., is characterized by a higher total content of phenolic compounds
(TPC) compared to other monoflorals, such as Cistus sp., Taraxacum sp., Rosaceae, Apiaceae,
and even by higher concentrations than multifloral pollen [7,12]. In Poland and throughout
Europe, the pollen of summer and early autumn plants, such as buckwheat, Phacelia, and
goldenrod, is crucial and determines the good wintering of bees. The chemical composition,
including protein, lipid, and antioxidant profiles, of the selected bee pollen samples is
summarized in Table 1. The chemical composition of pollen is specific to each plant species,
while the content of polyphenols may differ between flower pollen and nectar [13-16].
Phacelia pollen has a well-balanced biochemical composition, with an exceptionally high
concentration of crude protein (27.44%) and is a good source of phenolics, flavonoids,
and other antioxidants [14]. Asteroideae pollen, such as Solidago sp., contains 37 different
polyphenols, with flavonols and flavonoid glycosides predominating, both of which act
as strong free radical scavengers [17]. No information has been found regarding the
antioxidant properties of goldenrod pollen, but the total content of polyphenols in samples
of goldenrod honey ranges from 1.19 to 6.16% and that of flavonoids from 0.53 to 2.21% [18].
Pine pollen exhibits antioxidant properties attributed to the presence of flavonoids and
phenolic acids. These compounds contribute to the scavenging activity of the DPPH radical
and hydrogen peroxide [19,20]. Bee pollen not only offers a rich source of nutrients, but
also exhibits antioxidant properties, likely attributable to its high content of polyphenols
and flavonoids. These compounds are thought to modulate the activity of antioxidant
enzymes in the hemolymph and fat body of bees, thereby contributing to their resistance.
Unfortunately, it happens that bees collect pollen loads contaminated with pesticides. The
antioxidant properties of pollen are weakened or lost due to the presence of pesticides. The
active substances found in bee pollen impair bee metabolism or can lead to death [21,22].

In recent times, there has been a significant interest in bee pollen as a “superfood” for
humans and other animals due to its nutritional and therapeutic properties. According
to a literature review, scientists determine the physicochemical and biological properties
of pollen depending on its botanical and geographical origin [23—-25]. Multifloral pollen
loads differ in terms of physicochemical, functional, and sensory properties due to seasonal
and regional changes, while the properties of monofloral pollens with a specific botanical
origin are fairly consistent [24]. It is generally accepted that the properties of pollen change
depending on storage (time, temperature, etc.) due to the lactic acid fermentation process,
which increases the availability of nutrients found in the cytoplasm of pollen grains [26].
This hypothesis was contradicted by Caroll et al. [27], who proved that bees prefer fresh
pollen. Worker bees fed with pollen stored for 1, 7, and 10 days did not show differences in
selected physiological parameters, suggesting that the nutritional value and digestibility of
the pollen did not change over time [27].

There is a strong link between the immune system of the honey bee and the quality of
pollen food [3,28]. High-quality pollen provides amino acids necessary for the synthesis
of immune peptides. The antioxidant system is one of the immune mechanisms [29-31].
ROS are generated primarily in mitochondria, which are, among others, present in the
fat body of honey bees [32]. Increased production of reactive oxygen species (ROS) in
the fat body causes damage to cellular components, the inactivation of enzymes and
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transport proteins, lipid peroxidation, inflammation, premature aging, etc. [30,33]. Stress
factors can increase ROS production. Internal stressors include, for example, age, disease
state, parasites [31,34-38], while external (environmental) factors comprise pesticides,
landscape changes, monoculture, exposure to electromagnetic fields, as well as the type
of beekeeping management and beekeepers’ mistakes such as adulteration of wax with
stearin or paraffin [39—42]. The antioxidants produced by the organism protect it against
harmful ROS. In bees, antioxidant enzymes such as superoxide dismutase (SOD), catalase
(CAT), and glutathione S-transferase (GST) have been identified. However, thioredoxin
reductase (TrxR) and thioredoxin peroxidase (TPX) exhibit a similar activity in bees to these
antioxidants [43,44]. We hypothesize that (1) different types of pollen affect the activities of
antioxidant enzymes in the fat body and hemolymph in different ways, and that (2) pollen
produced by insect-pollinated plants has a greater impact on increasing the activities of
antioxidant enzymes than pollen from wind-pollinated plants. Finally, we want to find
out whether (3) monodiets can disrupt the activities of the antioxidant enzymes of the fat
body and hemolymph and be harmful to worker honey bees. The aim of the study is to
determine the effect of pollens from individual plants (hazel, rapeseed, pine, buckwheat,
Phacelia, goldenrod) on antioxidant parameters (SOD, CAT, TAC, GPx) in the fat body
and hemolymph.

Table 1. Comparison of total protein, fatty acids, and phenolic and flavonoid compound content of
bee pollen samples.

Total Protein Fatty Acid Phenolic and Flavonoid

Taxon Content [%] Composition Compounds Literature
Corylus sp. No literature data available
TS:47.6g/100 g TFC:2.9-4.9
Brassica napus 20 TP:36.7 g/100 g FRAP: 8.3-9.3 [13,14,23]
Fat: 6.56 g/100 g DPPH: 12.8-13.5
TS:13.6 mg/g .
Pinus sp. 10.84 TP: 132 mg/g Tpgclz'gz_;%mrﬁ / ?k [19]
Fat: 7.3g/100 g T ME/RE
TPC: 27.5 mgGAE/g
. ) o TFC: 3.58 mgQE/g
Phacelia sp. 27.44 Fat: 5.35% FRAP: 8.16 mgAAE/g [13,14]
DPPH: 10.39 mgTE/g
TS:372¢g/100 g
Fagopyrum sp. 11.4-14.3 TP:21.6g/100 g TFC: 0.24 ppm, [16,23]
Fat: 5.15¢g/100 g
Solidago sp. >20 No literature data available [45]

Total saturated fatty acids (TS); total polyunsaturated fatty acids (TP); total phenolic content (TPC); total flavonoid
content (TFC); antioxidant capacity-FRAP, antioxidant capacity-DPPH.

2. Materials and Methods
2.1. Selection of Pollen Loads, Palynological Analyses, and Preparation of Pollen Monodiets

The selection of monofloral pollen diets was dictated by the common occurrence
of plant pollen in a temperate climate. Fresh pollen was collected using pollen traps
mounted in front of hives belonging to beekeepers from the Lubelskie and Podkarpackie
provinces (Poland). The pollen was manually sorted by color to obtain the dominant pollen
from a specific plant in each sample [46]. To confirm the botanical origin, microscopic
preparations were made and analyzed using the methods described by Filipiak et al. [47].
Microscopic pollen preparations were then used to confirm the identity of the pollen
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through morphological features. Samples were examined using a microscope MBL 800
at a 40 x 15 magnification. At least 300 pollen grains were counted per slide, with two
replicate counts for each slide. Pollen assignation was performed to the most accurate taxon
(species, genus). Pollen load samples were obtained from wind-pollinated plants, i.e., hazel
(Corylus sp.) and pine (Pinus sylvestris L.), and insect-pollinated plants, i.e., rapeseed
(Brassica napus L.), Phacelia (Phacelia tanacetifolia Benth), buckwheat (Fagopyrum esculentum
Moench), and goldenrod (Solidago sp.). The percentage of the dominant pollen in the
sample is presented in Figure 1.

100
90

80
7
6
5
4
3
2
1
0

Hazel Rape Pine Phacelia Buckwheat Goldenrod

o O O o o o

Frequency (%) of the most widely
represented pollen species
o

m dominant pollen other species

Figure 1. Pollen frequency in the examined pollen loads.

The sorted pollen was frozen at —25 °C until the preparation of sugar candy with the
respective pollen types. Commercial sugar candy (Apifonda, Lyson, Poland) was divided
into seven equal parts. The first part did not contain any pollen supplement (bees from the
control group were fed with it). To the remaining parts of sugar candy, one of the six types
of pollen, previously micronized using an electric mill, was added at a concentration of 10%
(Figure 2). The addition of 10% pollen in this experiment was valid economically, confirmed
by its effectiveness [4], and was also based on the theoretical protein requirement of bees
at an approximate ratio of 10% protein and 90% carbohydrates according to Altaye [48].
The manually mixed candy batches were frozen at —25 °C and gradually thawed before
feeding the bees.

replacment every
2days

sugar candy with various pollen additions

T . » 10%

e Thalf® ! !
_
- &
S ¥ f-. sugar candy onby
. {cantrol group)

. <2 e 0%
/4

Figure 2. Sugar candy preparation and serving scheme for various pollen additions.
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2.2. Analyses of Active Substance Residues in Pollen Loads

The pollen samples were analyzed for pesticide residues. The initial sample prepa-
ration was based on the QUEChERS method by Anastassiades et al. [49]. A 2 g portion
of pollen was weighed and homogenized. The prepared pollen was subjected to salting
out and solid-liquid extraction using acetonitrile [50]. For pesticide detection, liquid chro-
matography coupled with mass spectrometry (LC-MS) (Agilent 6470 Triple Quad) and
gas chromatography mass spectrometry (GC-MS) (Agilent 7000 Triple Quad) analyses
were performed according to the methodology described by Kaila [50], with a limit of
quantification (LOQ) of 0.01 mg kg~ !. To detect polar pesticides, 2 g of monofloral pollen
was homogenized and 10 mL of pure water and 10 mL of cold methanol with 1% formic
acid were added. For analysis, 100 pL of standards (depending on the type) or deuterated
pesticide analogs were used. The sample was then shaken for 5 min and centrifuged for
5 min. A total of 200 pL of the supernatant was collected and 800 puL of mobile phase A
for the chromatograph was added for the analysis of polar pesticides. The mixture was
mixed using a vortex. A cellulose filter was applied for filtration according to the QuPPe
method. The samples were analyzed using liquid chromatography with mass spectrometry
detection (Ultivo Triple Quad). The results are presented in Table 2.

Table 2. Concentrations of active substances detected in pollen loads, LQ < 0.01 mg kg_l.

No. Pollen Load Samples Active Substance Mean + SD [mg/kg]
1. Hazel Anthraquinone 0.053 £ 0.027
Acetamiprid 0.025 £+ 0.013
2. Rape Azoxystrobin 0.15 4+ 0.07
Thiminamethoxam 0.009 £ 0.004
3 Pine <LOQ
4. Phacelia <LOQ
5 Buckwheat <LOQ
6. Goldenrod <LOQ

Limit of quantification (LOQ) of 0.01 mg kg’l.

2.3. Obtaining One-Day-Old Bees and the Experiment

Queen bees from three hives originating from an apiary belonging to the University
of Life Sciences in Lublin (51°22" N, 22°63' E), Poland, were placed in an isolator on a
single frame to obtain eggs and then larvae of a similar age. After 24 h, the queen was
released, and the frame with the brood was left in the hive. After 20 days from egg laying,
the frame with the brood was removed from the hive and placed in an incubator (35 °C)
until the workers emerged. Then, one-day-old workers from the three hives were mixed to
ensure uniformity and placed in 70 sterile wooden cages measuring 12 x 12 x 4 cm with a
glass window. The experiment was conducted under controlled conditions with a constant
temperature of 32 °C and humidity of 65%. The cages were randomly divided into seven
groups (10 cages per group). Each cage contained 40 worker bees. At the beginning of the
experiment, one-day-old bees were collected for biochemical analyses. The control group
received only sugar candy, while the remaining groups received sugar candy and a 10%
addition of one of the specific pollens such as hazel, rapeseed, pine, Phacelia, buckwheat, or
goldenrod. The pollen diets were introduced from the first day of life and were provided
ad libitum throughout the experiment. Apart from supplying sugar candy with pollen,
water was changed every two days and dead individuals were removed from the cages. At
the age of 7 and 14 days, living worker bees were collected from the cages for laboratory
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analyses (one bee per cage, n = 10 bees per group). This resulted in the following dataset:
10 1-day-old workers + 10 worker bees x 7 groups X 2 samplings.

2.4. Laboratory Analyses
2.4.1. Obtaining Biological Material for Research

Hemolymph and fat body were used as materials for biochemical analyses [4]. The
method of collecting hemolymph from the venous sinus in the bee’s abdomen was validated
by Lo$ and Strachecka [51]. After collecting hemolymph from each bee individually, it was
placed in a separate Eppendorf tube containing 200 pL of 0.6% NaCl. The collected samples
were immediately frozen at —25 °C for further analysis. After collecting the hemolymph,
the bees were frozen. Subsequently, the individuals 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. [4]. The choice of these three locations for biochemical analyses was
based on previous studies by Strachecka et al. [52] which demonstrated that the fat body
from these locations is, metabolically, the most active. Next, the tissues were manually
homogenized and centrifuged at 4 °C for 1 min at 3000 x g. The supernatants were frozen
at —25 °C for further biochemical analyses.

2.4.2. Biochemical Analyses

The following parameters were determined in hemolymph solutions and fat
body supernatants:

e  Superoxide dismutase (SOD) activity according to the method described in the com-
mercial kit SOD Assay Kit, Sigma Aldrich, Schnelldorf, Germany, no. 19160-1KT-F;

e  Glutathione S-transferase (GST) activity according to the method described in the com-
mercial kit Glutathione S-transferase Assay Kit, Sigma Aldrich, Schnelldorf, Germany,
no. MAK 435-1KT;

e  Glutathione peroxidase (GPx) activity according to the method described in the com-
mercial kit Glutathione Peroxidase Assay Kit, Sigma Aldrich, Schnelldorf, Germany,
no. MAK437-1KT;

o Catalase (CAT) activity according to the method described in the commercial kit
Catalase Assay Kit, Cayman Chemical Company, East Ellsworth Road Ann Arbor,
USA, Ttem: 707002;

e  Total antioxidant capacity (TAC) according to the method described in the commercial
kit Antioxidant Assay Kit, Cayman Chemical Company, East Ellsworth Road Ann
Arbor, USA, Item: 709001.

The antioxidant enzyme activities were calculated per 1 mg of protein.

2.5. Statistical Analyses

Statistical analyses were performed using Statistica formulas (TIBCO Software, Palo
Alto, CA, USA) 13.3 (2017), version for Windows—StatSoft Inc., Tulsa, OK, USA. Data
distribution was checked using the Shapiro-Wilk test. The effect of the tissue/location
of fat body (hemolymph and fat body from tergite 3, tergite 5, and sternite) in the 1-day-
old workers (n = 10 bees) on SOD, GST, GPx, and CAT activities, and TAC levels were
measured. ANOVA was used for normally distributed data and the Kruskal-Wallis test was
employed for non-normally distributed data. Activity’s tissues/locations of fat body for
the enzymes (SOD, GST, GPx, CAT, and TAC) for normally distributed data were compared
with the Tukey HDS test, and, for non-normally distributed data, the Mann—-Whitney U test
was used. For each type of pollen, the effect of the tissue/location of fat body (hemolymph
and fat body from tergite 3, tergite 5, sternite) on SOD, GST, GPx, and CAT activities, and
TAC levels was assessed in the 7- and 14-day-old workers (1 = 10 bees per group). ANOVA



Antioxidants 2025, 14, 69

7 of 21

was used for normally distributed data and the Kruskal-Wallis test was employed for
non-normally distributed data. SOD, GST, GPx, CAT activities, and TAC levels for hazel,
rape, pine, Phacelia, buckwheat, and goldenrod pollen were compared with respect to the
tissue/location of fat body (hemolymph and fat body from tergite 3, tergite 5, and sternite).
The student’s t-test was used for normally distributed data and the Mann-Whitney U test
was employed for non-normally distributed data. Likewise, the influence of pollen from
wind-pollinated plants (hazel and pine) on enzyme activities was compared with that of
pollen from insect-pollinated plants (rapeseed, Phacelia, buckwheat, goldenrod).

3. Results

3.1. Activities of Superoxide Dismutase (SOD), Glutathione S-Transferase (GST), Glutathione
Peroxidase (GPx), Catalase (CAT), and Total Antioxidant Capacity (TAC) Levels in
One-Day-Old Workers

The effect of the tissue/location of fat body (hemolymph and fat body from ter-
gite 3, tergite 5, and sternite) on the enzyme activities was statistically significant:
SOD — H=36.63, p = 0.000; GST — F = 85.12, p = 0.000; GPx — H = 7.09, p = 0.069;
CAT — F=70.69, p = 0.000; and TAC — H =24.84, p = 0.000, respectively. The highest activ-
ities of SOD, GST, and CAT were identified in tergite 5 and the lowest in the hemolymph
(Figure 3). There were no statistically significant differences in GPx activities, whereas TAC
levels in the hemolymph were statistically significantly higher than those in all the fat body
locations, which, in turn, did not significantly differ among each other (p < 0.05).

3.2. The Effect of the Tissue and Location of the Fat Body on the Enzyme Activities

In all the pollen monodiets and in the control group, both in 7-day-old and 14-day-old
workers, the location of the fat body exerted a significant effect on the activities of SOD,
GST, GPx, and CAT enzymes and on the TAC levels (Table 3).

Table 3. Effect of the hemolymph and fat body location from tergite 3, tergite 5, and sternite in different
age groups of workers (7 and 14 days) on SOD, GST, GPx, CAT, and TAC activities in A. mellifera
workers fed sugar candy only (control group) and in those fed sugar candy with a pollen addition.

Age of Workers
Groups 7-Day-Old 14-Day-Old
SOD GST GPx CAT TAC SOD GST GPx CAT TAC

Control H=3667 F=41670 F=22234 F=4681 F=11042 H=3673 H=3673 H=3304 F=15371 F=227.25
OMrolgr 5 =0.000 p=0000 p=0000 p=0.000 p=0000 p=0000 p=0000 p=0000 p=0000 p=0.000
Hazel H=3664 H=3665 H=3552 H=2209 H=3491 H=3672 H=3269 H=3412 F=1505 H=3361
p=0000 p=0000 p=0000 p=0000 p=0000 p=0000 p=0000 p=0000 p=0000 p=0.000
Rape H=3661 H=3535 H=3496 H=2029 H=3663 H=3664 H=3665 H=3666 H=3251 H=3621
p p=0000 p=0000 p=0000 p=0000 p=0000 p=0.000 p=0000 p=0000 p=0000 p=0.000
Pine H=3376 H=3665 H=3528 F=1988 H=3456 H=3667 H=3666 H=3573 H=1579 H=33.89
p=0000 p=0000 p=0000 p=0000 p=0000 p=0.000 p=0000 p=0000 p=0000 p=0.000
Phacelia  H=3665 H=36.63 H=3647 H=3549 H=3478 H=3662 H=3665 H=3662 H=3664 H=3030
p=0000 p=0000 p=0000 p=0000 p=0000 p=0000 p=0000 p=0000 p=0000 p=0.000
Buckwheat H=236:63 H=3671 H=3661 H=1084 H=3346 H=3665 H=3664 H=3482 H=228 H=3443
p=0000 p=0000 p=0000 p=0013 p=0000 p=0.000 p=0000 p=0000 p=0000 p=0.000
Goldenrod H=36:61 H=36.68 H=3308 F=2206 H=3430 H=3665 H=3671 H=3663 H=3178 H=3306
p=0000 p=0000 p=0000 p=0000 p=0000 p=0.000 p=0000 p=0000 p=0000 p=0.000

H—value of statistics for the Kruskal-Wallis test; F—value of Fisher’s test for ANOVA; p—probability value.
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Figure 3. Superoxide dismutase (SOD), glutathione S-transferase (GST), glutathione peroxidase
(GPx), and catalase (CAT) activities and total antioxidant capacity (TAC) levels in the hemolymph
and fat body from tergite 3, tergite 5, and sternite in 1-day-old workers; a,b,c,d—differences between
tissues /location for individual enzymes significant at p < 0.01; n = 10; vertical bars indicate standard
deviation.

3.3. Activities of Superoxide Dismutase

In both the 7- and 14-day-old workers fed with a 10% pollen supplement (except
for hazel and buckwheat in the tergite 3 and hazel in the sternite), the SOD activities
were statistically significantly higher compared to those in the control group (Figure 4).
Compared to the other locations, the highest values of superoxide dismutase were observed
in the tergite 5. In all cases (tissues/locations of fat body), the SOD activities were higher in
the 14-day-old than in the 7-day-old workers. The SOD activities in the hemolymph and
fat body of the 7- and 14-day-old workers fed with hazel pollen candy were statistically
significantly higher compared to the bees fed with candy containing different pollens
produced by insect-pollinated plants (p = 0.01).
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Figure 4. Superoxide dismutase (SOD) activities in the hemolymph and fat body from tergite 3,
tergite 5, and sternite in the 7- and 14-day-old workers fed sugar candy only and in those fed sugar
candy with various pollen additions; *—differences between the pollen-fed workers and the control
group workers in the same tissues/locations are significant at p = 0.01; **—p = 0.05; n = 10; NS—not
significant; vertical bars indicate standard deviation.

3.4. Activities of Glutathione S-Transferase

The addition of pollen to the sugar candy diet increased GST activities in both the
hemolymph and the fat body in 7- and 14-day-old workers (Figure 5). Statistically signifi-
cantly lower GST activities were found in the sternite compared to the other locations. In
the bees fed only with sugar candy, especially in the 14-day-old ones, GST activities were
lower than in those fed with candy containing individual pollen additions. The highest
GST activities in the hemolymph and individual locations of the fat body were observed in
the bees fed sugar candy containing Phacelia pollen. The GST activities in the hemolymph,
tergite 3, tergite 5, and sternite of the bees at 7 days of age fed sugar candy with hazel or
pine pollen were statistically significantly lower compared to those in the workers fed with
pollen produced by insect-pollinated plants (p = 0.01).
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Figure 5. Glutathione S-transferase (GST) activities in the hemolymph and fat body from tergite 3,
tergite 5, and sternite in the 7- and 14-day-old workers fed sugar candy only and in those fed sugar
candy with various pollen additions; *—differences between the pollen-fed workers and the control
group workers in the same tissues/locations are significant at p = 0.01; n = 10; NS—not significant;
vertical bars indicate standard deviation.

3.5. Activities of Glutathione Peroxidase

The addition of pollen to sugar candy caused an increase in GPx activities in the
hemolymph and respective fat body locations in the 7- and 14-day-old workers (Figure 6).
Particularly high GPx activities were observed in tergite 3 on the 7th day of life of the bees
and in tergites 3 and 5 on the 14th day. Glutathione peroxidase was always higher in the
workers which consumed Phacelia pollen (sugar candy + 10% pollen) in tergite 3 compared
to those fed sugar candy only. The GPx activities in the hemolymph and fat body of the
bees fed pollen from wind-pollinated plants were statistically significantly lower only in
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Activity of GPx [mU/mg]
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the 14-day-old workers compared to the bees fed sugar candy with 10% pollen from rape,
Phacelia, buckwheat, or goldenrod (p = 0.01).
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Figure 6. Glutathione peroxidase (GPx) activities in the hemolymph and fat body from tergite 3,
tergite 5, and sternite in the 7- and 14-day-old workers fed sugar candy only and in those fed sugar
candy with various pollen additions; *—differences between the pollen-fed workers and the control
group workers in the same tissues/locations are significant at p = 0.01; **—p = 0.05; n = 10; NS—not
significant; vertical bars indicate standard deviation.

3.6. Activities of Catalase

Catalase activities were higher in the hemolymph of the 7-day-old workers and in the
sternite fat body of the 7- and 14-day-old workers fed candy with pollen (hazel, rapeseed,
pine, Phacelia, buckwheat, and goldenrod) compared to those fed with sugar candy alone
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(control group) (Figure 7). A similar situation was observed in the fat body of tergite 3 and
5 in the 7-day-old bees fed Phacelia, buckwheat, and goldenrod pollen. In the 14-day-old
workers fed candy containing pine pollen, lower CAT activities were observed in the
hemolymph and fat body of tergites 3 and 5 compared to the control group. Considering
catalase activities, the lowest statistically significant differences (p < 0.05) were observed
in the bees fed with hazel and pine pollen compared to the other groups of bees fed with
sugar candy containing a 10% addition of pollen from entomophilous plants.
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Figure 7. Catalase (CAT) activities in the hemolymph and fat body from tergite 3, tergite 5, and sternite

in the 7- and 14-day-old workers fed sugar candy only and in those fed sugar candy containing various

pollen additions; *—differences between the pollen-fed workers and the control group workers in the

same tissues/locations are significant at p = 0.01; **—p = 0.05; n = 10; NS—not significant; vertical

bars indicate standard deviation.
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3.7. Levels of Total Antioxidant Capacity

TAC levels were higher in the fat body of tergites 3 and 5 in the 7-day-old bees fed
candy with pollen supplements compared to those fed sugar cake alone (Figure 8). In
the 14-day-old workers, higher TAC levels were observed in the fat body of sternites and
tergites 3 and 5 after feeding the bees with pollen-enriched candy (except pine pollen)
compared to those in the control group. The TAC levels were statistically significantly
higher in the fat body of tergite 5 and sternite of the 7-day-old workers fed candy with
hazel pollen than in those of bees fed with other types of pollen (p < 0.05).
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Figure 8. Total antioxidant capacity (TAC) levels in the hemolymph and fat body from tergite 3,
tergite 5, and sternite in the 7- and 14-day-old workers fed sugar candy only and in those fed sugar
candy containing various pollen additions; *—differences between the pollen-fed workers and the
control group workers in the same tissues/locations are significant at p = 0.01; **—p = 0.05; n = 10;
NS—not significant; vertical bars indicate standard deviation.
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4. Discussion

The activities of antioxidant enzymes such as SOD, CAT, GST, GPx, and TAC in bees are
commonly used to monitor oxidative stress. To assess antioxidant activities, homogenates
from entire abdomens [37,53-55] and hemolymph [29,30,39-41,56] are widely used. There
are few publications on the activities of these enzymes in the fat body. Santos et al. [32]
reported the expression of antioxidant genes (MnSOD, CuZnSOD, catalase, Gstl, and
GSH/GSSG) in the fat body of queen and worker larvae. Brajcha et al. [57] compared
the expression of genes (including antioxidant ones) of fat body cells in both long-lived
winter and short-lived summer worker bees (the youngest stage of hive bees and forager
bees). Hsu and Hsieh [58] characterized the activities of CAT, GPx, and SOD in trophocytes
and other fat body cells in 1- and 50-day-old workers. In our previous study [31], we
focused on comparing the activities of antioxidants in different locations of the fat body
in different castes of bees—queens, workers, and rebels just after their emergence. This
publication supplements the knowledge of the fat body physiology with the following
content: (1) it characterizes the activities of antioxidants in different segments/locations
of the fat body not only in 1-day-old workers, but also in nest workers at the age of 7 and
14 days, (2) it presents the influence of particular pollens (in a monodiet) on the activities
of the above enzymes in the fat body of the sternite, tergite 3, and tergite 5 and in the
hemolymph of workers up to 14 days of age, and (3) it compares the influence of pollen
from anemophilous and entomophilous plants on the antioxidant system in two tissues
crucial for bee immunity.

The underlying problem of beekeeping all over the world, and especially in Europe,
is an improper, poorly balanced pollen diet which results in reduced immunity [3,59,60].
Indeed, one of the lines of defense is the antioxidant system. We assessed the effect of spe-
cific pollens on the physiological /biochemical parameters of the fat body and hemolymph
in laboratory conditions (in cage tests), with strictly controlled parameters and limited
environmental influence. Filipiak et al. [46] showed that even a small addition of pollen
to the diet of bees has a beneficial effect on their vitality. In turn, Jachuta et al. [61] found
that there is no ideal mixture that will meet all the metabolic needs of bees. In order to
verify the dietary potential of pollen, it is necessary to know its content of polyphenols
and flavonoids, the composition, as well as their direct effect on the bee’s organism. It is
undeniable that a multipollen diet is optimal for honey bees, but to fully grasp how the
properties of pollens interact with honey bee antioxidant system, we need to examine this
diet through the lens of monodiets. Hence, our research complements this discourse.

The addition of hazel, pine, rapeseed, Phacelia, buckwheat, and goldenrod pollen to
sugar candy increased the activities of SOD and GST in both the hemolymph and the fat
body of the sternite, tergite 3, and tergite 5 in the workers on the 7th and 14th day of their
life. Similar trends were observed in the case of GPx activities in the hemolymph and fat
body of tergite 3 in the 7- and 14-day-old workers and, additionally, in the fat body of tergite
5 in the 14-day-old bees. Moreover, we observed an increase in the activities of these three
enzymes corresponding with the age of the bees. In the case of CAT, the pollen diet resulted
in higher activities in the hemolymph and fat body of tergite 3 (exception: hazel and pine),
tergite 5, and sternite in the 7-day-old workers. In the remaining cases, the trends were not
so clear. Hsu and Hsieh [58] indicate that CAT activities in the fat body increase with age,
while SOD activities decrease. The difference between our results and those obtained by
these authors may be due to the fact that we presented the activities of the antioxidants in
individual segments/locations of the subcuticular fat body. Hsu and Hsieh [58] did not
specify the part of the fat body sampled (visceral or subcuticular) or its location (segment).
In our study, we confirmed the observations of Strachecka et al. [31] that antioxidant
enzyme activities vary depending on the type of tissue (hemolymph vs. fat body) and fat
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body segments/locations (tergite 3, tergite 5, and sternite). These authors showed that the
activities of SOD and CAT were always highest in the sternite, while the levels of TAC
were highest in tergite 3 in the workers. In our study, a monodiet produced the lowest
activities of SOD, GST, and GPx in the sternite (with some exceptions) in each group of
bees. The activities of these enzymes are closely related to the functioning/metabolism of
individual organelles in the fat body cells and ROS neutralization reactions. As suggested
by Scofied and Amdam [62], nurse bees maintain high levels of lipids and other substances
in the abdomen, including the fat body, while foragers have very low levels of these
compounds, a phenomenon which probably contributes to the efficient performance of
their social role and, thus, to the colony’s fitness. This results from the evolution of eusocial
organisms [62], but also from the adaptation to changing environmental conditions [63],
as indicated also in our studies showing how much influence a monodiet has on the bee
organism. Although the monodiet is a stress factor for bees, by comparing the hemolymph
and fat body of bees fed sugar candy with pollen, antioxidant activities were usually
found to be higher than in the control group. Similar conclusions were also formulated
by Yazlovytska et al. [53]. Moreover, under cage conditions, these authors showed that
bees which received a sucrose solution with the addition of willow pollen or artificial
rapeseed beebread or artificial willow beebread lived longer and were characterized by
higher values of lipid peroxidation and catalase activities (as oxidative stress biomarkers) in
their heads and abdomen compared to the group fed with the sucrose solution only. These
CAT activities are consistent with our results, especially in reference to the 7-day-old bees.
The authors of that publication, unfortunately, did not state how they suspended/mixed
the pollen in the sugar solution and how they fed the suspension to the bees, e.g., whether
it was an even feeding. We avoided this mistake by giving the bees pollen in sugar candy.

TAC levels were the least consistent and there were virtually no statistical differences
in the hemolymph of the 14-day-old bees, regardless of the diet. This is probably due to
the fact that the total antioxidant activity is the sum of the activities of enzymatic and non-
enzymatic antioxidants. Nevertheless, it was noted that the TAC level increased with age
in tergite 3 and sternite in bees fed with a 10% addition of rapeseed, Phacelia, buckwheat, or
goldenrod. Based on literature data, the pollen of rapeseed, Phacelia, and buckwheat plants
has a high content of phenolic acids and flavonoids [16,64]. Flavonoids and carotenoids
are considered non-enzymatic antioxidants. Carotenoids protect the lipoproteins found,
for example, in the fat body from singlet oxygen, which causes lipid peroxidation [65].
Upon oxidation, flavonoids act as electron donors to molecular oxygen, forming superoxide
radicals [66]. There was no information to be found on phenolic compounds in goldenrod
pollen, but the concentrations of the main phenolic compounds differ in the inflorescences
of Canadian goldenrod L. and Solidago gigantea Aiton [67]. Since there are differences in the
composition of antioxidant compounds in plant extracts, there will most likely also be
differences in the composition of pollen. However, the question arises: will pollen produced
by different species of goldenrod have the same or different effects on the physiological
parameters of hemolymph and fat body? Goldenrod is a key plant species throughout Eu-
rope, as it provides vast amounts of pollen (about 100-200 kg of pollen per hectare) for bees.
From a botanical point of view, goldenrod is an invasive plant, but, on the other hand, it is
valuable for pollinators [68,69]. The industrialization and modernization of agriculture and
forestry promote the use of various groups of chemical compounds, including insecticides,
herbicides, fungicides, and other pesticides [70,71]. There is increasing research on the
toxicity of pesticides to honey bees. It has been observed that contact of bees with pesticides
induces oxidative stress [71], and the final effect may be different, even within the same
chemical group, and may vary depending on the dose, mode of administration, exposure
time, and type of biological sample taken for biochemical determinations [72]. To exclude
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the influence of pesticides contained in pollen, we determined their concentrations using
chromatographic methods. The concentrations of active substances detected in the pollen
samples were not a cause for concern, except for rapeseed pollen. Three groups of chemical
compounds were identified in rapeseed pollen. Due to the multihectare cultivation of
rapeseed practically all over the world, pesticides are used to protect plants, and residues
of active substances in rapeseed pollen, beebread, and honey pose a global problem [73].
In our study, the enzymatic activities of antioxidants in the hemolymph of bees fed with
candy supplemented with rapeseed pollen were significantly higher (p = 0.01) than in the
control group. In our case, the active substances detected in rapeseed pollen loads did not
have a negative impact on the activities of antioxidant enzymes. Many of the aforemen-
tioned stressors have a harmful effect on the homeostasis of the antioxidant system. To
counteract the negative effects caused by stress, scientists recommend the use of natural
chemical compounds. A positive effect of biostimulants such as curcumin, coenzyme
Q10, caffeine, cannabidiol, and vitamin C has been observed, consisting of increasing the
activity of the antioxidant enzyme system [29,30,44,74—-77]. There is a high probability that
a well-balanced pollen diet will condition an increase in the activities of enzymatic and
non-enzymatic markers of oxidative stress. Higher concentrations of, for example, SOD,
CAT, and GPx generated by a pollen diet will constitute a kind of barrier against other
harmful factors such as varroa, Vairimorpha/Nosema, etc.

Each pollen type possesses unique biological characteristics that impact various aspects
of apian physiology, including its immune and antioxidant systems. This influence is
evident in the activities of antioxidant enzymes such as SOD, CAT, GST, GPx, and in the
total antioxidant capacity (TAC) levels. However, pollen from insect-pollinated plants
induced a greater increase in antioxidant parameters compared to pollen from wind-
pollinated plants. Hazel and pine pollen, specifically, led to an increase in SOD and GST
activities at 14 days of age compared to the bees fed sugar candy only. Although hazel
is a wind-pollinated plant, it is very frequently visited by bees. As one of the first spring
pollen sources in Central Europe, it can be crucial for protecting bees from oxidative stress
caused by various factors. As Romanovskaja et al. [78] report, shifts in earlier phenological
phases during blooming, including in Corylus sp., reflect climate change. Wind-pollinated
plants prove to be a good way to fill food gaps for bees. Beekeepers frequently sow Phacelia
between June and July/August to provide bees with a consistent supply of pollen and
nectar. This plant’s rapid growth and flowering make it ideal for agricultural areas, offering
protein-rich pollen, especially when bee food sources are scarce. Our studies have revealed
that Phacelia pollen has a pronounced effect on enzyme activities in comparison with hazel,
rape, pine, buckwheat, and goldenrod.

Enzyme SOD, GPx, GST, and CAT activities and TAC levels varied among tergite 3,
tergite 5, and the sternite. Our earlier research indicates that monodiets influence the
concentrations of energy storage compounds in the fat body differently based on the
segment [4]. This study, thus, corroborates the segmented organization of the fat body, as
proposed by Strachecka et al. [52]. The segmented structure of the fat body underlies the
varying activities of antioxidant enzymes (particularly in tergite 5) and energy compounds
(in tergite 3 and the sternite), implying distinct physiological functions of individual
fat body segments. Diverse stressors disrupt antioxidant activities within bee tissues,
notably in the hemolymph. Our study suggests that higher enzymatic activities of CAT,
SOD, GPx, and GST and higher levels of TAC in bees fed various pollen monodiets are a
consequential response to the presence of certain compounds in the flower pollen. We posit
that this enhanced enzymatic activity functions as an endogenous protective mechanism,
safeguarding against the deleterious effects of additional stressors, such as parasites.
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5. Conclusions

Each pollen has individual biological properties, which translate into the functioning
of the bee’s organism, including its immune and antioxidant systems. Specific pollen
types, such as those from rapeseed, Phacelia, buckwheat, and goldenrod, can positively
influence the activity of antioxidant enzymes as opposed to sugar candy only, contributing
to improved bee health and colony survival. SOD, GPx, and GST activities increased with
the age of the bees, while CAT showed the opposite trend, and this parameter may be an
indicator of monodiet harmfulness. We provide further evidence that the spring pollen
diet plays a significant role in the early development of the short-lived generation of bees.
Moreover, summer and autumn pollens, e.g., from Phacelia, buckwheat, and goldenrod,
support antioxidant systems, creating potential for the long-lived generation. Furthermore,
based on literature data, considering the strong antioxidant properties of Phacelia pollen,
as well as its beneficial effects on antioxidant properties, the introduction of this plant
to flower mixtures may have an impact on antioxidant parameters and may counteract
unfavorable environmental factors.
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Abstract

The homogenization of landscapes through the introduction of large-scale farms, the decline
of biodiversity conditioned by high summer temperatures and dry weather, as well as the
expansion of alien species determine the monodiet feeding of honeybees. In this study, we
investigated the effect of monopollen feeding regimens (containing hazel, rape, pine,
buckwheat, Phacelia, and goldenrod) on the activity of the proteolytic system in the tergite 3,
tergite 5 or sternite apian fat body, and hemolymph. We showed that pollen from rapeseed,
phacelia, buckwheat, and goldenrod increased the activities of acidic, neutral, and alkaline
proteases and their inhibitors in the fat body and hemolymph when compared to the group fed
with sugar candy only. The activities of proteases and their inhibitors in bees fed with pollen
from hazel and pine were usually higher compared to the activities of bees fed with sugar
candy only, but lower than in workers fed sugar candy with the pollen of entomophilous
plants. Moreover, when comparing the proteolytic system activity between
localizations/segments, the highest values were observed in tergite 5, regardless of what age
the bees were and whether they were fed candy with added pollen. It is important to
understand the impact of individual types of pollen in the context of potential future
monodiets. Furthermore, the beneficial impact of Phacelia pollen to drive the rise of protease
and protease inhibitor activities, helping to counteract negative environmental factors, can be
supported by introducing, for example, flower mixtures for the insects or pollen-supplemented
sugar candies for bees during periods without access to pollen.

Keywords: proteases; protease inhibitors; diets; nutrition; immunity; honey bee
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Introduction

While changing their diet from meat to pollen during evolution, honeybee populations
began to be domesticated and used by humans ever since the Stone Age, as evidenced by the
remains of cave art [1]. In the 21st century, progressing industrialization, the development of
technologies that generate electromagnetic fields [1,2], chemical contamination of the
environment [3-6], the adulteration of bee products [7], frequent mowing of roadsides and
railway lines [8], as well as the homogenization of agriculture through monoculture practices

[9-13], among other things, have led to a massive decline in bee populations.

Pollen quality, defined as the content of essential and non-essential amino acids, plays
a crucial role in the physiology of the honey bee [14,15]. It turns out that access to a large
amount of pollen produced by a single plant (the so-called monodiet) may not ensure proper
development of insects due to an unbalanced nutritional profile [16]. Firstly, humans, through
large-area farm cultivation of, for example, rapeseed, buckwheat, sunflower, etc., expose bees
to stress caused by an undifferentiated diet. Secondly, large-area crops of industrial cereals
around the world, such as corn, rice, sorghum and soybeans, provide honey bees with poor
quality pollen [17]. Moreover, cereal plants are wind-pollinated and do not produce nectar,
which does not encourage bees to visit them. Thirdly, there is also the phenomenon of
invasive alien species, such as the Canadian goldenrod (Solidago canadensis L.), which
outcompetes native plant species and almost forces bees to use its floral resources [18,19].
Good practices to supplement nutritional gaps include sowing flower meadows and
cultivating specific plants, such as Phacelia (Phacelia tanacetifolia Benth). Phacelia has a
short growing season and produces large amounts of biochemically balanced pollen and
nectar [20,21]. According to our previous research, Phacelia pollen increases the energy
reserves stored in the fat body and increases the activities of oxidative stress markers,
preventing adverse stressors [10,22]. Therefore, the selection of pollen in our study was
dictated by the basic diet of honeybees in Poland and Central Europe. Hazel (Corylus sp.)
pollen is the first source of pollen, even before the flowering period of other insect-pollinated
plants. Pine (Pinus sylvestris L.) pollen is produced in large quantities, but it is not readily
collected by foraging bees. Buckwheat (Fagopyrum esculentum Moench) blooms between July
and early autumn and is a valuable source of pollen, although the biochemical composition of
the pollen is poorly balanced. Goldenrod (Solidago sp.) is a common invasive plant, and in

many countries this plant is the last source of food before wintering. Data concerning the
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amount of pollen produced as well as the total protein content percentage for the plants

discussed in this work are presented in Table 1.

Table 1. The amount of pollen produced and the percentage of total protein content

Taxon Pollen production Total Protein References
Content [%0]

Corylus sp. 0.17 kg/bush no literature data [23]
available

Brassica napus L. 9.3 kg pollen per ha per 27.27 [24]
day

Pinus sp. 100-1000 kg/ha 11.7-13.7 [25,26]

Phacelia tanacetifolia Benth 180 kg/ha 27.44 [20]

Fagopyrum esculentum 25 kg/ha 9-114 [27]

Moench

Solidago  canadensis L. 30.7 kg/ha 29.22 [28]

Solidago gigantea Aiton 6.5 kg/ha 23.61

Hunger and malnutrition are serious problems facing the present-day world, affecting
not only humans but also animals. Little is known about the impact of hunger and
malnutrition on insect physiology [29]. As a result of anthropogenic threats related to climate
change, honeybees are being increasingly exposed to nutritional stress [30,31]. Moreover,
there is a link between nutritional stress and microbial infections of the insect digestive tract,
which impair digestion and nutrient absorption, causing energy stress [32,33]. From a
physiological perspective, a pollen-based diet conditions the development of hypopharyngeal
glands, influencing jelly production, midgut histology, and the quantity and types of
hemocytes in hemolymph. It also impacts hormone production, immunity peptide synthesis,
gene expression, bee mass, energy metabolism and ultimately, longevity [10,11,22,34-39]. A
properly balanced diet ensures homeostasis between the honeybee digestive tract,
hemolymph, and fat body. Hemolymph serves as a reservoir of nutrients that are rapidly
utilized, for example, during the flight [40]. In honeybees, the open circulatory system causes
the fat body cells to be washed by the hemolymph, facilitating nutrient exchange. The fat
body acts as the primary storage site for nutrients, such as protein, glycogen and triglycerides,
derived from a pollen-based diet. Besides their storage function, fat body trophocytes secrete
and detoxify organic substances [41-43]. The metabolic activity of oenocyte nuclei depends

on the nutrients provided from a pollen diet [10]. Moreover, a pollen diet influences the
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synthesis of antimicrobial peptides (AMP) such as apidaecin, abaecin, defensin, and
hymenoptaecin in the fat body [11]. AMP are short peptides that inhibit the viability of Gram-

positive and Gram-negative bacteria, viruses and fungi [44,45].

Nutritional stress triggers the activation of the insect's innate immune system.
Honeybee innate immunity comprises cellular and humoral responses. Cellular immunity
involves the action of hemocytes in the hemolymph, facilitating processes such as nodulation,
encapsulation, and phagocytosis [46-48]. Humoral immunity involves the production of
proteins that protect against pathogen invasion and development. This response includes the
proteolytic system (proteases and protease inhibitors), the antioxidant system, and
biochemical markers [47]. Proteolytic enzymes indirectly influence the activation of the
phenoloxidase cascade [49]. The proteolytic system in honeybees consists of proteases (endo-
and exoproteases) and protease inhibitors [50]. Proteases exhibit relative specificity
depending on the pH. The activities of these enzymes are influenced by factors such as
individual development, caste (queen, worker, drone), environmental pollution levels,
physiological state, stress factors, pathogens like bacteria, viruses, fungi, exposure to
substances, such as acaricides and biostimulants, and even the size of the comb cell as a factor
within the bee environment [6,48,50-54]. Given the multitude of factors affecting proteases
and their inhibitor activities, it is highly probable that the proteolytic system of honeybees is
also shaped by pollen-based diets.

Therefore, we decided to investigate how the main pollens from Central and Eastern
Europe and other regions, particularly in the context of a mono-diet, affect the proteolytic
system of honeybees as one of their immunity mechanisms. We hypothesized that (Hypothesis
1) different types of pollen would affect proteolytic enzyme activities in the fat body and
hemolymph in distinct ways, (Hypothesis 2) pollen from insect-pollinated plants would have a
greater impact on increasing protease and protease inhibitor activities than pollen from wind-
pollinated plants, and (Hypothesis 3) a diet based on sugar candy only may disturb the
balance of proteases and their inhibitors in the fat body and hemolymph and be more harmful
than a monodiet. The aim of the study was to determine the effects of pollen from wind-
pollinated plants: hazel (Corylus sp.) and pine (Pinus sylvestris L.) and insect-pollinated ones:
rapeseed (Brassica napus L.), phacelia (Phacelia tanacetifolia Benth), buckwheat
(Fagopyrum esculentum Moench), and goldenrod (Solidago sp.) on the activities of the

proteolytic system in the tergite 3, tergite 5 or sternite fat bodies and in the hemolymph.
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Material and methods

Pollen loads collection and microscopic pollen analysis

Monofloral pollen diets were chosen to reflect the most frequently occurring plant
pollen types in Central and Eastern Europe and other parts of the world. Fresh pollen loads
were collected from hives using pollen traps at various times throughout the flowering season,
spanning the period from May 2022 to October 2023. The colonies were subject only to
minimal disturbance due to pollen collection, and all other experimental conditions were
carefully controlled to ensure their undisturbed development. The areas in Poland from which
the pollen loads were sourced are considered unpolluted and free from heavy metal and
pesticide contamination. A manual colour sorting process was implemented to isolate the
dominant pollen type from each pollen load. Microscopic preparations were then made and
analyzed using the methods described by Filipiak et al. [16] to confirm the botanical origin of
the pollen. In this way, pollens were obtained from wind-pollinated plants: hazel (Corylus
sp.) and pine (Pinus sylvestris L) and insect-pollinated ones: rapeseed (Brassica napus L.),
phacelia (Phacelia tanacetifolia Benth), buckwheat (Fagopyrum esculentum Moench), and
goldenrod (Solidago sp.). The percentage of the dominant pollen in the sample of pollen loads
was at least 80%. The sorted pollen was maintained at a temperature of -25°C until it was

utilized for the preparation of sugar candy.
Experimental Design

Studies were conducted on bees from the apiary of the University of Life Sciences in
Lublin, Poland (51.224039N-22.634649E), originating from colonies of similar strength and
age, which were not subjected to any treatment with antibiotics or fungicides. In this way, it
was assumed that the bees' immune system functioned naturally, without the influence of
harmful external factors, as well as without the action of stimulants. The experiment began
with obtaining 1-day-old worker honey bees (4. mellifera carnica) according to the method of
Brys et al. 2025 [22]. Freshly emerged worker bees were placed in 12 cages per the group (40
workers in each cage), with a division into 7 groups: a control group fed with sugar candy and
six groups fed from the first day with sugar candy with the addition of 10% of the given
pollen: hazel, rapeseed, pine, phacelia, buckwheat, and goldenrod (Fig. 1). We did not record
any spores of Vairimorpha/Nosema in the cage test bees during the experiment (each group of

sample worker bees was checked when 7 days old and 14 days old). Every two days, dead
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workers were removed from the cages and food and water were supplemented ad libitum.

When the workers were 7 and 14 days old, 2 of them were collected from each cage (n=24

workers per group, the exception group fed rapseed where n=12 workers per group) and

laboratory analyzes were performed. This produced the following dataset: 24 one-day-old

workers + (24 worker bees x 7 feeding groups) x 2 age groups (7- and 14-day-old).

Apiarypart
000' @

@
mixed fresh pollen a

/ Sohdaga sp.
Corylus sp. / I \ \
%9

&)
Brassica napus . Fagopyrum sp.

Pinus sp. Phacelia sp.

Figure 1. Schematic overview of the experiment design

Laboratory part
Control Sugar candy || Sugar candy || Sugar candy
group with 10% with 10% with 10%
- sugar added haze added added
candy only pollen pollen pollen
Sugar candy Sugar candy Sugar candy
with 10% with 10% with 10%
added added added
Phacelia buckwheat goldenrod
pollen pollen pollen
I‘ ;
fat body hemolymph
tergite 3 B
tergite 5 é /
sternite

Hemolymph, Fat Body Collection and Determination of Proteolytic System

Activities

Hemolymph samples were collected from living bees using a glass capillary (20 pl; ‘end

to end’ type; without an anticoagulant; Medlab Products, Raszyn, Poland) according to the

Lo$ and Strachecka’s [55] method into a sterile Eppendorf tube containing 200 pL of 0.6%

natrium chloratum (concentration dedicated for honeybees) and immediately frozen at -23°C.

Using a stereomicroscope, the fat body from tergite 3, tergite 5 and sternite was prepared [42].

The proteolytic system activity was determined in fat body homogenates and hemolymph

samples:

- activities of acidic (pH 2.4), neutral (pH 7.0) and alkaline (pH 11.2) proteases

according to the Anson method [56] modified by Strachecka et al. [50]




174
175

176
177

178

179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196

197

198

199
200
201
202
203
204

- activities of natural inhibitors of acidic (pH 2.4), neutral (pH 7.0) and alkaline (pH
11.2) proteases according to the Lee and Lin method [57].

The supernatants were analyzed spectrophotometrically (Synergy HTX (S1LFA); Warsaw,

Poland) to measure absorbance at 280 nm.
Statistics

Statistical analyses were performed using Statistica formulas (TIBCO Software, Palo
Alto, CA, USA), 13.3 (2017) version for Windows — StatSoft Inc., Tulsa, OK, USA. Data
distribution was checked using the Shapiro-Wilk test. Proteolytic enzyme activities in
different tissues / fat body locations (tergite 3, tergite 5, sternite and hemolymph) in the 1-day-
old workers (n=24 bees) were compared using the Mann-Whitney U test. For each type of
pollen, the effect of tissue / fat body locations (tergite 3, tergite 5, sternite and hemolymph) on
the activities of acidic, neutral and alkaline proteases and their inhibitors was assessed in the
7- and 14-day-old workers (n =24 bees per group, with the exception of the group receiving
sugar candy with rapeseed where n = 12). Normally distributed data were analysed with
ANOVA and the Kruskal-Wallis test was employed for non-normally distributed data.
Proteolytic enzymes activities for hazel, rape, pine, phacelia, buckwheat and goldenrod pollen
were compared inside the tissue/location of fat body (fat body from tergite 3, tergite 5,
sternite) and hemolymph. A comparison was made with a control group within the age group
for the 7- and 14-day-old insects, respectively. The t-Student test was used for normally
distributed data and the Mann-Whitney U test was employed for non-normally distributed
data. According to the above model, a comparison was also made between the influence of
pollen from wind-pollinated plants (hazel and pine) and that from insect-pollinated ones

(rapeseed, phacelia, buckwheat, goldenrod) on the enzyme activities.

Results

In the one-day-old worker bees, the tissue location (hemolymph or fat body from tergite 3,
tergite 5 or sternite) had a statistically significant effect on the activities of proteases and their
inhibitors (Table 2). The statistically significant highest activities of proteases were identified
in the hemolymph and the lowest in tergite 3 of 1-day-old honeybee workers (p<0.01). The
same trends were observed for protease inhibitors. The activities of protease inhibitors in the

1-day-old workers were statistically significant in the comparison between the hemolymph

7
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and different fat body locations at p < 0.05 (Table 2). At both 7 and 14 days of age, in each of

the feeding groups, the tissue / fat body locations (tergite 3, tergite 5, sternite fat body or

hemolymph) had a statistically significant effect on the activities of proteases and their

inhibitors (Table 3).

Table 2 Activities of the proteolytic system in the hemolymph and fat body (tergite 3, tergite

5 or sternite) of 1-day-old 4. mellifera L. workers

Protease Activities (U/mg)

Protease Inhibitor Activities (U/mg)

Tissue/location Acidic Neutral Alkaline Acidic Neutral Alkaline
Hemolymph 0.13 (£0.02) A 0.19 (£0.02) A 2.32(£0.29) A 2.91 (£0.37)A 0.58 (+0.07)4 1.12 (20.14) A
Tergite 3 0.07 (£0.01) BP 0.11 (0.01)8 1.24 (£0.08) Bd 1.53 (£0.10)BP2 0.31 (£0.02) BP 0.61(0.04) B8P
Tergite 5 0.08 (£0.01) B¢ 0.12 (£0.01)€ 1.45 (£0.05) B¢ 1.79 (£0.07) B¢ 0.31 (£0.02) 8¢ 0.61 (£0.03) B¢
Sternite 0.07 (£0.01) BP 0.10 (£0.01)° 1.21 (£0.02) 8P 1.64 (£0.02) BP® 0.34 (£0.01)BP 0.79 (£0.01) 8P

The average protease activities and their inhibitors in a bee organism. Standard deviation is shown in round

brackets. Different uppercase letters A, B, C, D indicate statistical differences between the tissue / fat body

location (in columns) at the p < 0.01 significance level; different lowercase letters a and b at the p < 0.05

significance level.

Except for the acid protease activities in tergite 5 of the rapseed-fed 14-day-old

workers, protease activities in the hemolymph and the tergite 3, tergite 5, and the sternite

apian fat bodies were statistically significant (p < 0.01) in the 7- and 14-day-old workers

consuming rapseed, phacelia, buckwheat, and goldenrod compared to those fed sugar candy

only (Fig. 2, Fig. 3).



228  Table 3. Effect of tissue (fat body, hemolymph) / fat body location (tergite 3, tergite 5,
229  sternite) in the different age groups of workers (7 and 14 days) on the activities of proteases
230  and their inhibitors in the 4. mellifera workers fed sugar candy only (control group) and in
231  those receiving sugar candy with a pollen addition
Age of workers
7-day-old 14-day-old
Groups
Acidic Neutral Alkaline Acidic Neutral Alkaline Acidic Neutral Alkaline Acidic Neutral Alkaline
proteases  proteases  proteases proteases proteases proteases | proteases proteases  proteases protease protease protease
inhibitors inhibitors inhibitors inhibitors inhibitors inhibitors
H=289.07 F=89.07 F=89.07 F=8023 F=7552 F=80.18 | H=89.07 H=89.07 H=89.07 H=89.07 H=89.07 H=89.07
Control gr.
p=0.000 p=0000 p=0000 p=0.000 p=0000 p=0.000 | p=0.000 p=0.000 p=0000 p=0.000 p=0.000 p=0.000
H=89.72 H=89.72 H=89.72 H=86.51 H=89.72 H=6590 | H=89.08 H=89.08 H=89.08 H=89.08 H=89.08 H=89.08
Hazel
p=0.000 p=0000 p=0000 p=0.000 p=0000 p=0.000 | p=0.000 p=0.000 p=0000 p=0.000 p=0.000 p=0.000
H=4408 H=4408 H=44.08 H=44.08 H=44.08 H=43.61 H=44.08 H=44.09 H=4409 H=44.09 H=44.09 H=44.09
Rapseed
p=0000 p=0000 p=0000 p=0.000 p=0000 p=0000 | p=0.000 p=0000 p=0.000 p=0000 p=0000 p=0.000
H=289.07 H=89.07 H=89.07 F=8895 F=89.07 H=87.09 | H=89.08 H=89.08 H=89.08 H=89.08 H=89.08 H=89.08
Pine
p=0000 p=0000 p=0000 p=0.000 p=0000 p=0000 | p=0.000 p=0000 p=0.000 p=0000 p=0000 p=0.000
H=88.13 H=8813 H=88.13 H=88.14 H=88.14 H=8196 | H=87.17 H=87.16 H=87.17 H=87.18 H=87.18 H=87.18
Phacelia
p=0.000 p=0000 p=0000 p=0.000 p=0000 p=0.000 | p=0.000 p=0.000 p=0000 p=0.000 p=0.000 p=0.000
H=89.07 H=89.07 H=89.07 H=89.07 H=89.07 H=88.05 | H=89.08 H=89.08 H=89.08 H=89.08 H=89.08 H=89.08
Buckwheat
p=0.000 p=0000 p=0000 p=0.000 p=0013 p=0.000 | p=0.000 p=0.000 p=0000 p=0.000 p=0.000 p=0.000
H=89.06 H=89.09 H=89.08 F=8495 F=89.08 H=86.88 | H=89.07 H=89.07 H=89.08 H=89.08 H=89.07 H=89.07
Goldenrod
p=0.000 p=0000 p=0000 p=0.000 p=0.000 p=0.000 | p=0.000 p=0.000 p=0.000 p=0.000 p=0.000 p=0.000
232 H - statistical value in the Kruskal-Wallis test; F — value of Fisher’s test in ANOVA; p — probability value.
233 Protease activities in the hemolymph increased with the age of the (1-, 7- and 14-day-
234 old) workers on all the pollen monodiets and in the control group (Fig. 2, Fig. 3).
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Figure 2. The activities of acidic, neutral, and alkaline proteases in the hemolymph and in the
tergite 3, tergite 5 and sternite fat body in the 7-day-old workers fed sugar candy only and in
those receiving sugar candy with various pollen additions; * — discrepancies between the
workers administered pollen and the control ones in identical tissues/sites are meaningful at p
< 0.05; ** — discrepancies between the workers administered pollen and the control ones in
identical tissues/sites are meaningful at p < 0.01; n=24 (with the exception of the group fed

rapseed where n=12); NS — not significant; vertical bars indicate standard deviation.

As compared to the control group, the acid, neutral and alkaline protease activities
were statistically significantly higher in the 7- and 14-day-old workers fed with a 10% pollen

supplement (except for alkaline protease in tergite 5 and sternite in the 7-day-old-workers)

(Fig. 2).
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Figure 3. The activities of acidic, neutral, and alkaline proteases in the hemolymph and the fat
body from tergite 3, tergite 5 and sternite in the 14-day-old workers fed sugar candy only and
in those receiving sugar candy with various pollen additions; * — discrepancies between the
workers administered pollen and the control ones in identical tissues/sites are meaningful at p
< 0.05; ** — discrepancies between the workers administered pollen and the control ones in
identical tissues/sites are meaningful at p < 0.01; n=24 (except for the group fed rapseed

where n=12); vertical bars indicate standard deviation.

The activities of acidic, neutral and alkaline protease inhibitors in the hemolymph
increased with age regardless of the group (Table 2, Fig. 4, Fig. 5). In the tergite 3, tergite 5,
and sternite fat bodies and also in the hemolymph, the activities of acid and alkaline protease
inhibitors in the bees fed sugar candy only (control group) at 7 and 14 days of age were
significantly lower as compared to all the pollen monodiets (p < 0.01) (Fig. 5) even in those

receiving hazel pollen or pine pollen candy (p < 0.05) (Fig. 4, Fig. 5).
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Figure 4. The activities of acidic, neutral, and alkaline protease inhibitors in the hemolymph
and the tergite 3, tergite 5 and sternite fat bodies in the 7-day-old workers fed sugar candy
only and in those receiving sugar candy with various pollen additions; * — discrepancies
between the workers administered pollen and the control ones in identical tissues/sites are
meaningful at p < 0.01; n=24 (with the exception of the group fed rapseed where n=12);

vertical bars indicate standard deviation.
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Figure 5. The activities of acidic, neutral, and alkaline protease inhibitors in the hemolymph
and the tergite 3, tergite 5 and sternite fat bodies in the 7-day-old workers fed sugar candy
only and in those receiving sugar candy with various pollen additions; * — discrepancies
between the workers administered pollen and the control ones in identical tissues/sites are
meaningful at p < 0.05; ** — discrepancies between the workers administered pollen and the
control ones in identical tissues/sites are meaningful at p < 0.01; n=24 (except for the group

fed rapseed where n=12); vertical bars indicate standard deviation.

No significant differences between the bees fed hazel and pine pollen were found for
the activities of proteases or protease inhibitors in the hemolymph between the 7- and 14-day-
old workers (p > 0.05). Proteolytic activities in the fat body (tergite 3, tergite 5 and sternite) of
the 7- and 14-day-old workers fed with pollen produced by insect-pollinated plants (rape,
phacelia, buckwheat and goldenrod) were significantly higher than those determined for the

bees fed with candy containing hazel or pine pollen (p = 0.01).

Discussion

It is widely recognized that the expression of the immune system in vertebrates and
invertebrates, including pollinating insects, depends closely on their nutritional status [58-63].
In an era of anthropopressure, the growth of large-scale farms and monocultures, bee dietetics
is a rapidly developing field [64]. Most publications focus on the quality of pollen (its
biochemical composition) [58,65], omitting aspects related to the impact of this food on the
physiology and immunity of honeybees. Therefore, our publication fits into this scientific
discourse and complements the available knowledge with these aspects. In our study, we
utilized pollens from plants commonly consumed by bees throughout Europe, including hazel,

rapeseed, pine, Phacelia, buckwheat, and goldenrod.

We have shown that the activity of the proteolytic system in bees fed with one type of
pollen is higher than in those fed with sugar candy only (Hypothesis 3). This leads to the
conclusion that although a monodiet is a stress factor for bees, in comparison to feeding bees
with only sugar, its influence on the physiology of the bee organism can be considered
beneficial. As indicated by [66], in order to build the protein potential of a bee organism,
pollen cell walls are dismantled in the digestive tract by various mechanisms (e.g. enzymes or

osmotic shock) to get to the nutrient-rich cytoplasm. These compounds enter the fat body
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through the hemolymph, where they participate in the synthesis of proteins, including those
that are part of the proteolytic system. The differences in the activities of the proteolytic
system compounds in workers fed with different types of pollen may result firstly from
different concentrations of total proteins in each of the analyzed pollens, cf. Table 1.
Secondly, the compounds can be digested and absorbed into the organism in different degrees
[67,68]. It is worth adding that the contents of proteins, carbohydrates, lipids and other
biological compounds in pollen are determined by various geographical factors (plant origin
and environmental conditions) [69], and the question arises whether the differences in the
biochemical composition of pollen within the same species are significant enough to affect the
proteolytic system of bees. This issue requires clarification in further studies. Basulado et al.
[70] also noted that the type of pollen consumed influenced the total protein concentrations in
the fat body of bees. Moreover, Alaux et al. [35] showed a correlation between the crude
protein contents of pollens and insect immunity. Also, Danihlik et al. [11] and Negri et al. [60]
showed that, by providing exogenous amino acids, bee pollen affects peptide synthesis and
the regulation of immune gene expression. As our studies have shown, the activities of
proteases and their inhibitors depend on the type of pollen and were always higher in the bees
fed with candy supplemented with rapeseed, phacelia, buckwheat and goldenrod pollen as
compared to those fed with hazel and pine candy (Hypothesis 1 and 2). These results are
consistent with our previous observations [10], in which we showed that the protein
concentrations in the hemolymph and fat body are higher after bees have consumed food
supplemented with pollen from entomophilous plants rather than from anemophilous plants.
The wind-pollinated plants produce pollen that is low in crude protein. In many areas of
Central and Eastern Europe, hazel is the primary pollen source in early spring, and honey bees
are almost entirely reliant on it. The results of this paper clearly confirm that hazel and pine
pollen are very good food for bees after winter or during periods without nectar production
and provide them with a large dose of sugars necessary for energy production to rear brood
[10] and also for metabolic processes related to cellular and humoral immune responses [58].
This is important at a time of climate change, which results in accelerated flowering of plants,
modifications in the availability of floral resources [71,72] and temperature changes,
especially in autumn and winter [73]. Therefore, diets based on late summer and early autumn
pollens, such as Phacelia, buckwheat and goldenrod, by moderating the activity of the
proteolytic system, consequently influence the vitality, longevity and successful overwintering
of bees. Particularly high activities of proteases and protease inhibitors were observed in the

bees fed with phacelia pollen candy. Beekeepers frequently sow Phacelia in the summer
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(between June and July/August) to provide bees with a consistent supply of pollen and nectar.
The rapid growth and flowering of this plant make it ideal for agricultural areas, offering
protein-rich pollen, especially when bee food sources are scarce.

We have shown that the activity of the proteolytic system increased with the age of the
workers, both in the hemolymph and in the fat body. On the first day of life, higher activities
of these compounds were observed in the bee hemolymph as compared to the different fat
body locations. However, on the following days, the opposite is usually the case. It can
therefore be assumed that a newly emerged bee has reserves of active proteases and their
inhibitors synthesized during the preimaginal period. In order for this system to perform its
function efficiently, it requires the additional synthesis and activation of individual proteases
and protease inhibitors, for which protein from pollen is necessary (Fig. 6). It is worth noting
here that the activity of the proteolytic system has so far been described only in the
hemolymph and no relationship has been demonstrated between this tissue and the fat body,
especially using the segmental approach, in older bees. Performing studies of only 1-day-old

bees, Strachecka et al. >°

observed that the activities of these compounds were the highest in
the fat body of tergite 3. The differences in the results between these two experiments may
stem from the season in which they were conducted, the conditions that prevailed in the
colonies, and other factors (e.g. stressors). Strachecka et al. [50] do not provide any
information about the health condition of the bees in their publication. The bees for our
experiment came from strong and healthy colonies. Undoubtedly, an innovative aspect of the
present study is to determine the effect of the particular types of pollen on the activity of the
proteolytic system in different tissues (hemolymph vs. fat body) and different fat body
locations (tergite 3 vs. tergite 5 vs. sternite). When comparing the activities of the proteolytic
system between the respective fat body locations/segments, we observed the highest values in
tergite 5, regardless of the age of the bees fed with pollen-supplemented candy. In line with
Brys et al.'s [22] studies, this suggests that tergite 5 performs detoxification and neutralization
functions, and these two (proteolytic and antioxidant) systems cooperate to eliminate the
negative effects of active threats (e.g. pathogens, pesticides, etc.). Proteolytic enzymes “cut”
the pathogen’s proteins into smaller units [51]. Increased activities of protease inhibitors
provide protection for the bee organism against proteases produced by the pathogens,
preventing them from penetrating body cavities and developing [49]. Strachecka et al. [50]
demonstrated that acidic protease inhibitors target pathogenic fungi, basic inhibitors target
bacteria and viruses, and neutral inhibitors target other stressors. Thus, a diet solely based on

sugar candy, without access to protein, makes bees more susceptible to diseases and
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370  parasities. The associated reactions generate reactive oxygen species, which are removed by
371 antioxidants [74]. Moreover, intercellular proteolytic enzymes can recognize and
372 preferentially degrade oxidatively damaged proteins to amino acids [50]. The differentiation
373  of'the activities of proteases and their inhibitors in different fat body locations/segments, thus,
374  corroborates the segmented organization of the subcuticular fat body, as proposed by
375  Strachecka et al. [42]. The segmented structure of the fat body underlies the varying activities
376  of proteolytic and antioxidant enzymes (particularly in tergite 5) and energy compounds (in
377  tergite 3 and the sternite), implying distinct physiological functions of the individual fat body
378  segments [10,22,50]. Moreover, higher activities of proteases and their inhibitors generated by
379 a pollen diet will constitute a kind of barrier against other harmful factors such as
380  Vairimorpha/Nosema, Varroa, etc. Interestingly, if the bees did not have access to pollen (a
381  protein-free diet; control group), then it was not in the fat body but in the hemolymph of the
382  7- and 14-day-old workers that the highest activities of proteases and protease inhibitors were
383 identified, just like in 1-day-old bees. We can therefore conclude that the lack of pollen in the
384  diet limits the synthesis and activation of the compounds of the proteolytic system. This
385  observation clearly verifies our hypothesis that a diet based on sugar candy only may disturb

386 the proteolytic system activity and pose a potential risk of exposure to other stressors.
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387

388  Figure 6 The effect of the pollen monodiets on protease and protease inhibitor activities in the
389  A. mellifera workers fed sugar candy only (control group) and in those receiving sugar candy

390  with a pollen addition.
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Various stressors, such as JVarroa destructor, pesticides like imidacloprid,
electromagnetic fields, and beekeeping practices (e.g. the comb cell size, formic acid use)
affect the proteolytic system [6,52,54,75]. For example, exposing bees to a 50 Hz electric
field at different intensities for 12 hours increased protease activities [75]. Paleolog et al. [6]
showed that imidacloprid destabilizes the hemolymph proteolytic system of bees and impairs
the cuticular proteolytic layer. In our study, the monodiet, considered an environmental
stressor, did not significantly stress the hemolymph proteolytic system but performed better
than a sugar-only diet. To counteract biotic, abiotic, and anthropogenic stressors, natural
biostimulants such as caffeine, coenzyme Q10, curcumin, and the hemp extract are
recommended, as they enhance protease and protease inhibitor activities in honeybee
hemolymph [48,53,76,77]. However, although biostimulants have a positive effect, we believe
that pollen-based diets are more desirable for stimulating the proteolytic system, as they
provide protection against other stressors. We confirmed that a balanced diet is essential for
the proper functioning of the immune system. Hence, further studies are needed to establish

the relationship between nutrition and immunity in the face of other stressors.

Conclusion

Large-scale cultivation of oilseed plants, multi-hectare cereal crops, and the expansion
of invasive plants lead to honey bees subsisting on monodiets. That is why our research fits
into the current trend and scientific discourse. Understanding the associated biochemical
mechanisms, also in terms of the immune system, is the starting point for attempting to stop
the decline in the numbers of pollinating insects. To our knowledge, our research is the first to
show the effect of the main pollen-producing plants (hazel, rapeseed, pine, phacelia,
buckwheat and goldenrod) that constitute the basic source of pollen from spring to autumn in
many European countries on the immune system, in relation to the hemolymph and the

segmental structure of the subcuticular fat body in 4. mellifera.

We have proven that the activity of the proteolytic system in bees fed with one type of
pollen is higher than in those receiving sugar candy only. Although a monodiet is a stress
factor for bees, its effect on the physiology of a bee's body can be considered beneficial in

comparison with feeding the insects exclusively with sugar candy. The activities of proteases
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and their inhibitors depend on the type of pollen and were always higher in the bees fed with
candy supplemented with rapeseed, Phacelia, buckwheat and goldenrod pollen (insect-
pollinated plants) compared to those fed with hazel and pine (wind-pollinated plants). The
highest activities of proteases and protease inhibitors were observed in the bees fed with
candy enriched with phacelia pollen. In practical terms for beekeepers, a 10% addition of
pollen to sugar candy will be a viable and economical solution during the spring development
or periodic gaps in the availability of pollen sources. A multi-pollen diet is always more
beneficial for the bee's body than a mono-pollen diet, but in order to understand the
mechanisms in action here, the feeding regimen should be considered in the context of a

monodiet.
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10. Aneks

Powstanie niniejszej dysertacji doktorskiej byto rezultatem oddzialywania wielu
czynnikéw, w tym tych zwigzanych z doskonaleniem metod analitycznych, poznaniem
technik mikroskopowania, a takze rezultatem odbytych mig¢dzynarodowych i krajowych
stazy naukowych oraz konferencji — zar6wno naukowych, jak i branzowych (z otoczenia
spoteczno-gospodarczego 1 pszczelarskich). Przedstawiony ponizej dorobek naukowy,

stanowi posredni przyczynek ksztattujgcy moja postawe do napisania i1 przediozenia

rozprawy doktorskiej.

L. Wykaz osiagnie¢ naukowych

A. Przed rozpoczeciem ksztatcenia w Szkole Doktorskiej

Wykaz publikacji naukowych IF Pkt.
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Brys M.S., Kunat M., Stawiarz E., Ptaszynska A. (2021) Physicochemical - 20
characteristics and melissopalynological analysis of commercial buckwheat honeys
from Poland. Journal of Experimental Biology and Agricultural Sciences 9(2):200-
205;
DOI: 10.18006/2021.9(2).200.205
Brys M.S., Skowronek P., Strachecka A. (2021) Pollen diet—properties and impact | 3,139 100
on a bee colony. Insects 12(9): 798; DOI: 10.3390/insects12090798

Sumarycznie | 3,139 125

Wykaz rozdzialow w monografiach naukowych Pkt.
MNiSW

Cholewinska E., Ognik K., Krasucka M., Bry§ M., Czubak 1. (2017) Zagrozenia 5
wystepujace wsrdd pracownikow salonow fryzjerskich. W: Nyckowiak J., Lesny J.
(red.) Mtodzi Naukowcy, UPP, Poznan, 42—48.
Cholewinska E., Stepniowski D., Wodyk T., Wojewoda A., Ognik K., Stepniowska A., 5
Brys M. (2018) Prozdrowotne wlasciwosci czystka. W: Nyckowiak J., Lesny J. (red.)
Mtodzi Naukowcy, UPP, Poznan, 26-30.

Sumarycznie 10




B. W trakcie ksztalcenia w Szkole Doktorskiej

Publikacje naukowe
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Sumarycznie
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II. Wykaz doniesien konferencyjnych

A. Przed rozpoczeciem ksztatcenia w Szkole Doktorskiej

Doniesienia konferencyjne
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miodnej ,,Jugo”. 55 Konferencja Pszczelarska, Kazimierz Dolny, 06—-07.03.2018, 78.




Kunat M., Sieminska-Kuczek A., Bry§ M., Andrejko M., Ptaszynska A. (2019) Antifungal activity of
Galleria mellonella larvae hemolymph infected with Pseudomonas aeruginosa bacteria. Ogdlnopolska
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Interdyscyplinarno$¢ kluczem do rozwoju, Lublin, 23-25.03.2019, 278-279.
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Konferencja Pszczelarska, Cieszyn, 10-12 marca 2020, 74-75.
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Lublin 18.11.2023, 37-38.
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43.
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01.02.2024, 54.

Brys ML.S., Strachecka A. (2024) Wptyw diety pytkowej na metabolizm energetyczny pszczoly miodnej.
W: II Naukowa Konferencja Pszczelarska dla otoczenia spoteczno-gospodarczego ,,Nauka praktyce”,

Lublin, 01.02.2024, 30.

Bry$ MLS., Dziechciarz P., Olszewski K., Strachecka A. (2024) Immunity components of honey bees
present in scientific research. W: 3rd International PhD Student’s Conference at the University of Life
Sciences in Lublin, Poland: ENVIRONMENT — PLANT — ANIMAL — PRODUCT, Lublin-Jané6w Lubelski,
24-26.04.2024, 02.
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Conference, Nature 2024. Lublin, 27.05.2024, 17.

Nowosad J., Grybo$§ A., Huszcz W., Miecznikowska-Ziotek, Bry§ M.S. (2024) Diapausis — a process
essential for survival of most insects. Forum Mtodych Naukowcow, XI Forum Mtodych Naukowcow

,,.Nauki przyrodnicze i medyczne”, Lublin, 6-7.12.2024, 20.

Jaremek M., Bry§ MLS. (2025) Pylek pszczeli jako naturalny surowiec leczniczy i kosmetyczny. II
Ogolnopolskiej Konferencji Naukowej pt. Naturalne surowce lecznicze i kosmetyczne, Lublin 18-

19.03.2025, 86.

Brys ML.S., Grybo$ A., Strachecka A. (2025) Effect of feeding Phacelia pollen monodiets on antioxidant
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Digital Union (LUC) — digital solutions and artificial intelligence in medical, natural and technical sciences,

Lublin, 09.04.2025 r.




III.  Wykaz uczestnictwa w pracach zespolow badawczych realizujacych projekty

finansowane ze Zrodel zewnetrznych:

- ,,Wlasciwosci przeciwdrobnoustrojowe i1 fizykochemiczne miodow z wojewodztwa
podkarpackiego”, projekt naukowy wspotfinansowany ze srodkéw Europejskiego Funduszu
Spotecznego w ramach Programu Operacyjnego Wiedza Edukacja Rozw0j poprzez udziat
w projekcie poza konkursowym o charakterze koncepcyjnym pn. ,,Najlepsi z najlepszych!

4.0.” okres trwania wrzesien 2019-czerwiec 2020, kierownik tematu;

- ,,Zwigzane z procesem starzenia zmiany w systemach zaangazowanych w reakcje
odpornosciowe pszczot w kontekscie monodiety pytkowej jako kluczowego stresora
srodowiskowego”, Projekt Preludium nr UMO-2022/45/N/NZ9/01333, finansowany przez

Narodowe Centrum Nauki, 2023 — obecnie, kierownik projektu;

- doktorant-stypendysta w konkursie NCN Opus realizowanego na Uniwersytecie
Rolniczym im. Hugona Kotataja w Krakowie pt.: ,,Wptyw emocji na kondycj¢ zdrowotng
pszczolty miodnej”, nr 2019/35/B/NZ8/00666, kierownik projektu dr hab. Karolina

Kuszewska, czerwiec 2024 — obecnie, wykonawca w projekcie.
Wykonawca w projektach ustugowych i badawczych

(1) Wplyw bioekstraktow na witalno$¢ 1 odporno$¢ pszczot, Przedsigbiorstwo Pszczelarskie
Tomasz Lyson Spotka z o.0., nr projektu LKE.UBAD.23.195/BIO, okres realizacji 06.07-
30.10.2023 r.;

(2) Przedsigbiorstwo Pszczelarskie Tomasz Lyson Spotka z o0.0.,, nr projektu

UBAD.WLE.24.036, okres realizacji 05.03-30.07.2024 r.;

(3) Wykorzystanie urzadzen pomiarowych w monitorowaniu zdrowia pszczot, podmiot
zlecajacy: Akademia Gorniczo-Hutnicza im. St. Staszica w Krakowie; Wydzial Geologii,
Geofizyki i Ochrony Srodowiska, nr projektu UBAD.WLE.24.162, okres realizacji 10-
31.07.2024 r.;

(4) Monitoring stanu zdrowia pszczot w 100 rodzinach pszczelich w ramach projektu
»ApiGuard - Ochrona pszczot i jakosci produktow pszczelich” nr UBAD.WLE.24.213.BIO.
12.2024, okres realizacji 15.11-31.12.2024 r.



IV. Staze krajowe i zagraniczne:

- 09.08.2021-09.09.2021 r. staz krajowy w formie wolontariatu w Katedrze Ekofizjologii

Bezkregowcow i1 Biologii Eksperymentalnej, Uniwersytet Przyrodniczy w Lublinie;

-28.11.2022-27.01.2023 r. staz krajowy w europejskiej sieci laboratoriow GBA Polska Filia

,,Lublin”, DoSwiadczalna 50a, Lublin;

- 11.02.2024-11.03.2024 r. mobilno§¢ w ramach programu Ersusmust+ na Palacky
University Olomouc, Faculty of Science , Department of Biochemistry, Slechtiteli 27, 783
71 Olomouc, Czechy;

- 01-17.09.2024 r. mobilno$¢ w ramach programu Ersusmus+ na Freie Universitdt Berlin

Institute of Veterinary Biochemistry, Oertzenweg 19b, Haus 12, 14163 Berlin, Niemcy;

- 22.11.2024-23.12.2024 r. staz naukowy w ramach programu NAWA STER -
Umigdzynarodowienie Szkot Doktorskich na University of Maribor, Faculty of Agriculture

and Life Sciences, Pivola 10, 2311 Hoce, Stowenia;

V. Wykaz udzialu w komitetach organizacyjnych i naukowych konferencji

krajowych i miedzynarodowych

- Praca w komitecie organizacyjnym VI Forum Mtodych Przyrodnikéw, Lublin,

25.05.2019 .

- Praca techniczno-organizacyjna podczas Naukowej Konferencji Pszczelarskiej dla

otoczenia spoteczno-gospodarczego ,,Nauka w Praktyce”, Lublin 19.01.2023 r.

- Praca w komitecie organizacyjnym, X Forum Mlodych Naukowcow Nauki Przyrodnicze 1

Medyczne, Lublin 1-2.12.2023 .

- Praca w komitecie organizacyjnym, Polish Scentific Cnonference NATURE 2024, Lublin,
24.05.2024 1.

- Praca w komitecie organizacyjnym ,,Biodiversity in Agriculture”, 17.01.2022 r.

- Praca w komitecie naukowym i organizacyjnym ,,Biodiversity in Agriculture”, Lublin, 12-

13.10.2023 r.



- Praca w komitecie organizacyjnym, 2rd International PhD Student’s Conference at the
University of Life Sciences in Lublin, Poland: ENVIRONMENT- PLANT-ANIMAL-
PRODUCT (ICDSUPL), Lublin — Janéw Lubelski, 19-20.04.2023 r.

- Praca w komitecie organizacyjnym, 3rd International PhD Student’s Conference at the
University of Life Sciences in Lublin, Poland: ENVIRONMENT- PLANT-ANIMAL-
PRODUCT (ICDSUPL), Lublin — Janéw Lubelski, 24-26.04.2024 r.

- Praca w komitecie organizacyjnym, 4th International PhD Students’ Conference:
Environment-Plant-Animal-Product (I-SDUPL) together with the Information campaign on
the Lublin Digital Union (LUC) — digital solutions and artificial intelligence in medical,
natural and technical sciences, Lublin (format hybrydowy), 9.04.2025 r.,

VI.  Wykaz ukonczonych kursow i szkolen

- uprawnienia do nauczania przyrody w szkole podstawowej oraz biologii w szkole
podstawowej i ponadpodstawowej, we wszystkich typach szkot;

- ukonczone szkolenie taczone dla o0s6b wykonujacych czynnos$ci zwigzane
z wykorzystaniem zwierzat do celéw naukowych lub edukacyjnych;

- ukonczone szkolenie System zarzadzania wg norm PN-EN ISO/IEC 17025 w laboratorium
badawczym;

- ukonczone szkolenie Audytor wewngtrzny Systemow zarzadzania wg normy PN-EN
ISO/IEC 17025:2018 w laboratorium badawczym;

- szkolenie Podstawy psychologii, Niepubliczna Placéwka Ksztatcenia Ustawicznego
"Psychodia", Lubaczow, 45 godz.;

- szkolenie, Trening rozwoju osobistego, Centrum Rozwoju Personalnego we Wroctawiu,
30 godz.;

- szkolenie, Komunikacja interpersonalna, Centrum Rozwoju Personalnego we Wroctawiu,
30 godz.;

- kurs Zarzagdzanie danymi badawczymi dla naukowcow — kurs podstawowy”, Narodowe
Centrum Nauki;

- kurs Podstawy kryminalistyki z elementami psychologii zeznaf, Niepubliczna Placowka
Ksztatcenia Ustawicznego "Psychodia", Lubaczow, 15 godz.;

- kurs Planowanie Projektow B+R oraz Wspotpraca w projektach B+R , PFR Operacje Sp.
z 0.0. z siedzibg w Warszawie, przy ul. Kruczej 50, 00-025 Warszawa;



VII. Wykaz czlonkostwa organizacjach i towarzystwach naukowych

- 2018 — obecnie Cztonek Stowarzyszenia Mtodych Naukowcow;

- 2018 — obecnie Cztonek Polskiego Towarzystwa Entomologicznego, oddzial w Lublinie;
- 2018-2020 — redaktor pomocniczy na portalu popularno-naukowym Biomist.pl;

- 2020 — obecnie Cztonek Pszczelniczego Towarzystwa Naukowego;

- 2022 — obecnie Biegly sadowy z zakresu pszczelarstwa przy Sadzie Okregowym

w Lublinie 1 Rzeszowie;

- 2024 — 2025 Czionek zespotu ds. Popularyzacji nauki dziatajacym przy Krajowej

Reprezentacji Doktorantow;

- 2024 2025 cztonek Rady Samorzadu Doktorantow Uniwersytetu Przyrodniczego

w Lublinie,

VIII. Promocja i popularyzacja nauki

Wykaz artykuléw popularnonaukowych:

- Miody miejskie okiem biologa, Pasieka, 1, 2021,

- Miody wiosenne okiem biologa, Pasieka, 2, 2021

- Pszczoty jako naturalne biofiltry, Pasieka, 3, 2021,

- Konsumencie- zapoznaj si¢ z miodami, Zdowie bez lekow, 3, 2021,

- Z dzienniczka pszczelarza — warunki przechowywania miodu, Zdowie bez lekow, 3,

2021,

- Produkty pszczele w Zywieniu zwierzat gospodarskich i laboratoryjnych, Pszczelarstwo,

4,2021,

- Mechanizm dzialania i wlasciwos$ci przeciwdrobnoustrojowe mioddéw krajowych i

zagranicznych, Naturoterapia w praktyce, 2021

- Ciasto pyltkowe okiem biologa, Pasieka, 1, 2022,



- Barciak wigkszy - szkodnik pszczot i bezkregowiec laboratoryjny, Pasieka, 4, 2022,

Organizacja i przeprowadzenie zaje¢/warsztatow/szkolen:

- organizator Lubelskiego Festiwalu Nauki (2016, 2017 1 2023) oraz Nocy Biologow (2019
12020);

- przeprowadzenie szkolenia w ramach sympozjum organizowanego przez Miejska Pasieke

Artystyczng Centrum Spotkan Kultur (CSK) w Lublinie, 28.11.2019 r.;

- prelegent podczas Webinaru organizowanego przez pasieke Michatow, 9.01.2021 r.

128.02.2021 r.;

- Rodzinny Ekopiknik w Pszczelej Woli polaczony z warsztatami na temat owadow

zapylajacych, Pszczela Wola, 04.06.2023 r.;

- Letni Dzien Otwarty Uniwersytetu Przyrodniczego w Lublinie oraz wspotorganizowanie

stoiska Wydziatu Biologii Srodowiskowej, Lublin, 01.07.2023 r.;

- kierownik projektu ,,I Ty mozesz zosta¢ pszczelarzem!”, warsztaty dla uczniéw szkoty

podstawowej, 19.09.2023 r.;

- przeprowadzenie warsztatbw pszczelarskich dla dzieci: "Pszczoty nasze zycie"

realizowanego przez Stowarzyszenie LGD Krzemienny Krag, 05.10.2023 r.;
- przeprowadzanie szkolenia dla pszczelarzy z Ziemi Minskiej, 25.11.2023 .

- przeprowadzenie 9 warsztatow dla szkot podstawowych m.in. w Janiku, Bodzechowie,

Battowie, Pawlowicach, Lipsku, Siennie, Grabowcu, Brzostowce, Chotczy, 2024 r.;

- Warsztaty dla maturzystow w projekcie ,,Kolezenskie korepetycje” i charytatywnie
przygotowywatem maturzystow do matury z biologii, przyznane wyrdznienie ,,ambasador

akademickiego Lublina”, maj 2024 r.;

- Wyklad goscinny podczas I Edition of the School of Immunology "50 Shades of
Immunology". Biatystok, 18-21.05.2024 r.;

- Wyktad goscinny dla Stuchaczy Lubelskiego Uniwersytetu Trzeciego Wieku, pt.: ,Jak

prawidlowo powinnis$my stosowa¢ produkty pszczele?”’; 24.05.2024 r.;

- Wyktad goscinny dla Stuchaczy Gminnego Klubu Seniora z Konopnicy, Marynin,
28.02.2025 r,;



Aktywno$¢ medialna w zakresie popularyzacji biologii

- Udzielenie wywiadu radiowego na temat miejskich miodéw odmianowych pozyskanych
z Miejskiej  Pasieki  Artystycznej w  Lublinie, Polskie Radio  Lublin,
https://www.radio.lublin.pl/news/miod-z-miejskiej-pasieki-artystycznej-csk-smaczny-i-
zdrowy?fbclid=IwAROSsaclDK20ils_anppAS6xiuY2EvI2UuOmKB3XJ7LwT{p8gGdZ8n
tn3uk, 12.12.2019 r,;

- Udzielenie wywiadu radiowego dla Radia Lublin na temat znaczenia diety pytkowej dla
pszczot (miodnych i dzikich) ,,Specjalna mieszanka dla pszczol. Mtodzi naukowcy

prezentuja swoje pomysty”, https:/radio.lublin.pl/2023/12/specjalna-mieszanka-dla-

pszczol-mlodzi-naukowcy-prezentuja-swoje-pomysly-zdjecia/, 02.12.2023 r.;

- reportaz dla telewizji Polsat News na temat monodiety pytkowej pszczot (miodnych),
https://www.lepszapolska.pl/czysta-polska/czysta-polska-odcinek-153 16337/,
30.03.2024 r.;

- Udzielenie wywiadu radiowego dla Radia Lublin na temat znaczenia emocji u pszczot.
Realizacji badan zwigzanych z wykonywaniem projektu ,,Wpltyw emocji na kondycje
zdrowotng pszczoly miodnej” https://radio.lublin.pl/2024/06/pszczele-emocje-pod-lupa-
lubelskich-naukowcow-wideo/, 13.06.2024 r.

Wspolautorstwo materialow edukacyjnych z biologii

a) Biologia Zbiér zadan, Matura 2018, Mieszkowicz J., Ogiela M., Bry§ M., Wydawnictwo

Biomedica, Rzeszow, 2018;

b) Matura na cito, Biologia, Probne arkusze egzaminacyjne, Mieszkowicz J., Ogiela M.,

Brys M., Wydawnictwo Biomedica, Rzeszow, 2017;

c) Biologia zbiér zadan, Egzamin 6smoklasisty, Cichy D., Bak B., Bry§ M., Grzywna M.,

Wydawnictwo Biomedica, Rzeszow, 2021;

d) Biologia bez tajemnic, podrecznik dla klasy 5, Praca zbiorowa, Wydawnictwo WSIP,
Maciej Brys — wspotpraca redakcyjna, Warszawa 2024;

e) wspotautor licznych zadan z biologii na egzaminie dojrzatosci (matura i probna matura).


https://www.radio.lublin.pl/news/miod-z-miejskiej-pasieki-artystycznej-csk-smaczny-i-zdrowy?fbclid=IwAR0SsaclDK20i1s_anppA56xiuY2Evl2UuOmKB3XJ7LwTfp8gGdZ8ntn3uk
https://www.radio.lublin.pl/news/miod-z-miejskiej-pasieki-artystycznej-csk-smaczny-i-zdrowy?fbclid=IwAR0SsaclDK20i1s_anppA56xiuY2Evl2UuOmKB3XJ7LwTfp8gGdZ8ntn3uk
https://www.radio.lublin.pl/news/miod-z-miejskiej-pasieki-artystycznej-csk-smaczny-i-zdrowy?fbclid=IwAR0SsaclDK20i1s_anppA56xiuY2Evl2UuOmKB3XJ7LwTfp8gGdZ8ntn3uk
https://radio.lublin.pl/2023/12/specjalna-mieszanka-dla-pszczol-mlodzi-naukowcy-prezentuja-swoje-pomysly-zdjecia/
https://radio.lublin.pl/2023/12/specjalna-mieszanka-dla-pszczol-mlodzi-naukowcy-prezentuja-swoje-pomysly-zdjecia/
https://www.lepszapolska.pl/czysta-polska/czysta-polska-odcinek-153_16337/
https://radio.lublin.pl/2024/06/pszczele-emocje-pod-lupa-lubelskich-naukowcow-wideo/
https://radio.lublin.pl/2024/06/pszczele-emocje-pod-lupa-lubelskich-naukowcow-wideo/

IX. Nagrody i wyroznienia

- laureat konkursu na artykut popularnonaukowy dotyczacy nauk przyrodniczych,

czasopismo ,,Antocyjan”, redaktor prof. dr hab. Barbara Bednarczyk-Cwynar; 2020;

- nagroda za dzialalno$¢ naukowg od Prorektora ds. Nauki i Wspotpracy z Zagranicg oraz

Dyrektora Szkoty Doktorskiej, Lublin 19.04.2023 r.;

- 4 wyr6znienia przyznane za wygloszone referaty na konferencjach krajowych

2021-2025 1.

X. Wskazniki bibliometryczne na dzien 15.04.2025 r.

Wedlug bazy Scopus
Liczba prac indeksowanych w bazie 7
Liczba cytowan opublikowanych prac 59
Liczba cytowan opublikowanych prac bez autocytowan 55
Indeks Hirsha 3




