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1. WSTEP

Ptaki (4ves) 1 ryby kostnoszkieletowe (Osteichthyes) naleza do strunowcéw, podtypu
kregowcow (Vertebrata). Kregowce zamieszkuja rézne srodowiska; z tego wzgledu stanowia
podtyp o silnym zrdéznicowaniu morfologicznym 1 fizjologicznym. Szacuje si¢, ze pierwsze
kregowce pojawily si¢ na Ziemi w okresie ,,kambryjskiej eksplozji zycia”, okoto 525 mln lat
temu. W podtypie kregowcow jako pierwsze wyewoluowaty ryby kostnoszkieletowe (okoto
400 mln lat temu), natomiast pierwsze ptaki pojawily w nastgpstwie procesu ewolucyjnego
ryb okoto 250 mln lat pozniej (Korzeniewski 1996). Ta odleglos¢ ewolucyjna powoduje, ze
migdzy przedstawicielami obu gromad wystepuja znaczace rdznice na poziomie
srodowiskowym  (§rodowisko zycia), morfologicznym (odmienna budowa ciata),
fizjologicznym (r6znica w sposobie termoregulacji) oraz molekularnym (sekwencja genomu).
Réznice na poziomie molekularnym dotycza przede wszystkim rozmiaru genomowego DNA.
Genom karpia zwyczajnego (Cyprinus carpio) ma dlugos¢ 1423,63 Mpz
(https://www.ncbi.nlm.nih.gov/ genome/?term=carp). DNA genomowe karpia jest podzielone
na 50 chromosomow. Liczba ta najprawdopodobniej wynika z duplikowania genomu czyli
allotetraploidyzacji, ktéra nastgpita okoto 8 min lat temu (Wang i in. 2012). Genom kury
(Gallus gallus domesticus) obejmuje 1043,19 Mpz (https://www.ncbi.nlm.nih.gov/genome/?
term=gallus+gallus). Kariotyp kury sktada si¢ z 38 chromosomoéow autosomalnych (GGAI-
GGA38) i dwoch chromosoméw piei (GGAW 1 GGAZ). Wielkos¢ chromosoméw kury jest
zréznicowana 1 waha si¢ w granicach od 5Mpz do 200 Mpz. Z tego wzgledu, chromosomy
autosomalne (GGA1-GGAS8) oraz chromosomy ptci (GGAW i GGAZ) zaliczane s3 do
makrochromosomdw, natomiast pozostale chromosomy autosomalne (GGA9-GGA38) nalezg
do mikrochromosoméw (Stawinska i Siwek 2010). Pomimo tak znaczacych réznic na
poziomie genetycznym, wspotdzielenie linii ewolucyjnej powoduje, ze wiele S$ciezek
rozwojowych dla ryb i1 ptakéw, takich jak uklady narzadow oraz niektére mechanizmy
fizjologiczne, wykazuja pewne podobienstwo.

Uktad immunologiczny to uktad narzadow 1 naczyn limfatycznych, komorek
limfatycznych oraz wytwarzanych przez nie molekul immunomodulujgcych. Uktad
immunologiczny bierze udziat w odpowiedzi immunologicznej, ktora stanowi reakcj¢ na
czynniki prowadzace do zaburzenia homeostazy. U wszystkich organizméw zywych
wystepuje uktad immunologiczny. Moze on mie¢ charakter prymitywny lub bardziej ztozony.
Wszystkie zuchwowce (w tym ryby kostnoszkieletowe oraz ptaki) posiadajg strukturg uktadu
immunologicznego cechujaca si¢ wysoka konserwatywno$cia odpornosci nieswoistej
(wrodzonej) oraz dwustronng komunikacja migdzy elementami odpornosci nieswoistej
(wrodzonej) i swoistej (adaptacyjnej) (Rauta, Nayak 1 Das 2012). Uktad immunologiczny jest
wyposazony w warstwowe mechanizmy obronne, ktorych specyficzno$¢ wzrasta, jezeli
wystepuje taka potrzeba. Bariery fizyczne zapobiegaja przedostawaniu si¢ patogendéw do
organizmu. Jezeli dojdzie do przekroczenia tej bariery, natychmiastowej aktywacji ulega
nieswoista odpowiedz immunologiczna. Dopiero, gdy ta okaze si¢ niewystarczajaca,
uruchamiane s3 mechanizmy swoistego uktadu immunologicznego (m.in. odpowiedz
komorkowa i humoralna ze strony limfocytow) (Gotab i in. 2017).

U ryb kostnoszkieletowych najsilniejsze dziatanie przypisuje si¢ odpornosci nieswoistej,
gdyz mechanizmy odporno$ci swoistej sg bardziej zlozone i1 biologicznie kosztowne.
Specyfika srodowiska wodnego naraza ryby na state dziatanie stresorow mikrobiologicznych,
fizycznych oraz mechanicznych. Dlatego u ryb skora stanowi pierwsza lini¢ obrony i jest
uznawana za jeden z najwazniejszych narzadow immunologicznych (Wang 1 in. 2011). Poza
mechaniczng barierg, skora ryb wyposazona jest w wysoko aktywna metabolicznie btong
Sluzowa (Fast i in. 2002). W warstwie $luzu pokrywajacego ciato ryby znajduja si¢ liczne
komponenty przeciwbakteryjne, w tym bialka i enzymy, takie jak: lizozym i enzymy
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proteolityczne, immunoglobuliny, biatka dopelniacza, lektyny i1 biatka C-reaktywne (Swain
1in. 2007). Naskorek i skora wlasciwa ryb zawierajg szereg komorek immunokompetentnych,
w tym komorki nabtonkowe, §luzowe, maczugowate i kubkowe, ktore odpowiadaja tkance
limfatycznej zwiazanej ze skora (SALT — skin-associated lymphoid tissue). Gtéwng funkcja
SALT jest lokalne rozpoznawanie antygendéw i neutralizowanie ich za pomocg mechanizméow
nieswoistych, jak i swoistych (Streilein 1983), co przypomina dziatanie mechanizmoéow
odpornosciowych btony sluzowej jelit (Xu 1 in. 2013).

Ptaki sg pierwszymi kregowcami, u ktoérych mozna wyr6zni¢ wyrazng dychotomi¢ uktadu
limfatycznego. Nie posiadajg one w swoim uktadzie immunologicznym takiej struktury, jak
wezty chlonne. Natomiast, mozna u nich wyodrgbni¢ dwa centralne narzady limfoidalne,
czyli burs¢ Fabrycjusza, w ktorej dojrzewaja 1 nabierajg wiasciwosci immunokompetentnych
limfocyty B oraz grasice, w ktorej analogicznie dojrzewaja limfocyty T (Zhang i in. 2019).
Grasica sktada si¢ z siedmiu ptatow zlokalizowanych po kazdej stronie zyt szyjnych. Grasica
otrzymuje informacje z innych tkanek limfatycznych (pierwotnych i wtdérnych) przez
naczynia krwionosne. Bursa Fabrycjusza jest uchytkiem kloaki. U kurczat stanowi owalng
struktur¢ znajdujaca si¢ migdzy kloaka a koscig krzyzowa. Kanat kaletki umozliwia ciagla
komunikacj¢ miedzy kloaka a bursg (Olah, Nagy, 1 Vervelde 2013). Kolejnym elementem
uktadu limfatycznego ptakow jest tkanka limfatyczna zwigzana z jelitami (GALT — gut-
associated lymphoid tissue), ktoéra stanowi integralng cze$¢ rozleglej tkanki limfatycznej
zwigzanej z blonami $luzowymi. GALT sktada si¢ z komoérek limfoidalnych rozproszonych
w tkance nabtonkowej 1 zorganizowanych struktur limfatycznych w obrgbie blaszki
wlasciwej, kepek Peyera, migdatkéw jelit §lepych oraz — w mniejszym stopniu — w uchytku
Meckela (Lorenzoni 2012). Sledziona jest najwiekszym wtornym narzadem limfatycznym
u ptakéw. Posiada kulisto-wydtuzony ksztalt i1 jest usytulowana po prawej stronie
przedzotadka. Sledziona odpowiada za produkcje immunoglobulin oraz oczyszczanie krwi
z wadliwych lub starych elementow morfotycznych (Olédh i in. 2013). Podczas rozwoju
embrionalnego, $ledziona dziata jako narzad krwiotwérczy. Po migracji limfocytow
1 wytworzeniu czerwonej i bialej miazgi, $ledziona odgrywa kluczowa role w odpowiedzi
immunologicznej, szczegodlnie zwigzanej z reakcja na antygeny krwiopochodne (Zhang 1 in.
2019).

Kluczowym elementem w przebiegu odpowiedzi immunologicznej jest mikrobiota
zasiedlajaca btong $§luzowa i1 $wiatlo jelita. W $§wiecie zdominowanym przez mikroorganizmy,
prawidtowa interakcja eukariotycznego gospodarza z mikrobiota zasiedlajaca jego btony
sluzowe jest wazna dla osiggnigcia i utrzymania homeostazy. Mikrobiota jelitowa tworzy
barier¢ ochronng poprzez adhezje do $cian nabtonka jelit (enterocytow), zmniejszajac tym
samym mozliwo$¢ kolonizacji blony Sluzowej przez Dbakterie chorobotworcze.
Mikroorganizmy wchodzace w skltad mikrobioty jelitowej wytwarzaja zwiazki
przeciwdrobnoustrojowe oraz utrzymuja rownowage miedzy procesami tolerancji wzglgdem
bakterii komensalnych i lokalnej odpowiedzi immunologicznej skierowanej przeciwko
patogenom jelitowym (Yegani i Korver 2008). Zachowanie prawidlowego sktadu mikrobioty
jelitowej jest niezbedne do produkcji mucyny i utrzymania odpowiedniej warstwy §luzowej
w ukladzie pokarmowym, ktéore Zabezpieczaja komodrki nabtonkowe gospodarza
przed kontaktem z mikroorganizmami (Drozdowski i Thomson 2006). Na sktad mikrobioty
jelitowej ma wplyw wiele czynnikéw, zaréwno korzystnych (m.in. suplementacja
prebiotykami, probiotykami, synbiotykami lub eubiotykami), jak i niekorzystnych (m.in.
podanie antybiotykow lub stres cieplny) (Suzuki 1 in. 1983). Stan niezrOwnowazenia
mikrobioty nazywany jest dysbioza i moze prowadzi¢ uposledzenia funkcji bariery jelitowe;.
Podczas dysbiozy tres¢ jelitowa przedostaje si¢ do krwioobiegu, powodujac przewlekte
ogolnoustrojowe zapalenie (Tellez Jr., Tellez-Isaias i Dridi 2017), w wyniku przenikania do
ustroju endotoksyn bakteryjnych (Heled, Fleischmann i Epstein 2013).



Prebiotyki to niestrawne weglowodany, ktére korzystnie wptywaja na zdrowie
gospodarza, poprzez selektywne stymulowanie wzrostu i aktywnosci mikrobioty (Roberfroid
1 in. 2010). Dodatek substancji prebiotycznych w regularnej mieszance paszowej lub jako
wczesna stymulacja mikrobiomu poprzez iniekcje in ovo, pozwala na rozwoj i zachowanie
korzystnej mikrobioty jelitowej zwierzat (Baurhoo, Phillip, i Ruiz-Feria 2007; Sohail 1 in.
2010; Wang i in. 2018). Galaktooligosacharydy (GOS) sa syntetyzowane z laktozy na drodze
reakcji enzymatycznej. Reakcja ta jest katalizowana przez glikozydazy (EC 3.2.1.X),
z ktorych najpowszechniej stosowane sa B-galaktozydazy (EC 3.2.1.23). GOS powstaje
poprzez przeniesienie glikozylu jednej lub wiecej jednostek D-galaktozylu na ugrupowanie
D-galaktozy laktozy. Posiada on od 2 do 8 jednostek sacharydowych, przy czym jedna z tych
jednostek jest koncowa glukoza, a pozostate jednostki sacharydowe to galaktoza
1 disacharydy, zawierajace dwie jednostki galaktozy (Tzortzis i in. 2005). GOS ma pozytywny
wpltyw na mikrobiote jelitowa roznych gatunkow zwierzat w tym drobiu i ryb (Hughes 1 in.
2017; Slawinska 1 in. 2019; Hoseinifar, Doan i Ashouri 2019). Stanowi on selektywng
pozywke dla korzystnych bakterii oraz moze on wywieraé bezposredni efekt
przeciwdrobnoustrojowy poprzez przyleganie do miejsc wigzania bakterii na powierzchni
enterocytow, a tym samym blokowa¢ adhezj¢ bakterii chorobotworczych do nabtonka jelit
(Gibson i in. 2005).

Wykorzystanie GOS w akwakulturze wplywa pozytywnie na funkcje SALT ryb.
Wykazano wzrost aktywno$ci czynnikow immunologicznych na poziomie biatka u karpia
zwyczajnego (Hoseinifar 1 in. 2017). W powyzszym doswiadczeniu poréwnano dziatanie
trzech prebiotykéw (FOS, GOS i inuliny) i wykazano znaczaco wyzszy poziom aktywnosci
lizozymu skérnego oraz w surowicy krwi. Podobne efekty uzyskano u innych gatunkéw ryb,
w tym u pstraga teczowego (Oncorhynchus mykiss) (Hoseinifar i in. 2015) oraz biatych rybek
kaspijskich  (Rutilus frisii kutum) (Hoseinifar 1 in. 2016). Poprawg¢ wlasciwosci
immunologicznych bton $luzowych w efekcie suplementacji GOS wykazano réwniez
u karasia zlocistego (Carassius auratus auratus) (Miandare i in. 2016). Dodatkowo, GOS
poprawit funkcjonowanie jelit i budowe migéni u karpia zwyczajnego (Ziodtkowska i in.
2020). Obraz histologiczny ujawnit poprawe wysokosci 1 grubosci kosmkow jelitowych, co
sugeruje lepsza dojrzatlos¢ btony sluzowej jelita po suplementacji GOS.

GOS wplynat pozytywnie na mikrobiote jelitowa drobiu (Hughes i in. 2017). Szczegolnie
interesujacy jest sposob podania GOS przy zastosowaniu technologii in ovo w celu wczesnej
stymulacji mikrobioty jelitowej kurczat (Slawinska i1 in. 2016; Slawinska 1 in. 2019;
Slawinska 1 in. 2020). Dane molekularne dotyczace do$wiadczen na brojlerach kurczecych
wykazaty, ze GOS podany in ovo rownowazy ogdlnoustrojowa odpowiedz immunologiczng
1 stresowg wywotang przez indukowany stres cieplny u dorostych osobnikow (Slawinska i in.
2019). Ponadto, GOS poprawia cechy zwigzane z wydajnoS$cia, takie jak tempo wzrostu,
wykorzystanie paszy (Slawinska i in. 2020) oraz jako$¢ migsa (Tavaniello 1 in. 2020)
u brojlerow kurczecych poddanych dhugotrwalemu stresowi cieplnemu.



2. WYKAZ ARTYKULOW NAUKOWYCH
STANOWIACYCH CYKL PUBLIKACJI ROZPRAWY
DOKTORSKIEJ

1. (P-1) Pietrzak E.; Dunislawska A.; Siwek M.; Zampiga M.; Sirri F.; Meluzzi A,
Tavaniello S.; Maiorano G.; Slawinska A. Splenic Gene Expression Signatures in Slow-
Growing Chickens Stimulated in ovo with Galactooligosaccharides and Challenged with
Heat. Animals 2020, 10, 474, DOI: 10.3390/ani10030474, Punktacja MNiSW 7919 = 100
pkt., Impact Factor 919= 2,323

2. (P-2) Pietrzak E.; Mazurkiewicz J.; Slawinska A. Innate Immune Responses of Skin
Mucosa in Common Carp (Cyprinus carpio) Fed a Diet Supplemented with
Galactooligosaccharides. Animals 2020, 10, 438, DOI: 10.3390/ani10030438,
Punktacja MNiSW 5019 = 100 pkt., Impact Factor 319 = 2,323

Podsumowanie wskaznikow cyklu publikacji:

Sumaryczna liczba punktow MNiSW = 200 pkt.
Sumaryczny Impact Factor = 4,646

10



3. UZASADNIENIE SPOJNOSCI TEMATYCZNEJ CYKLU
PUBLIKACJI ROZPRAWY DOKTORSKIEJ

Problematyka badawcza niniejszej rozprawy doktorskiej dotyczy immunomodulujacego
wplywu prebiotyku GOS (galaktooligosacharydy) na dwa rdézne gatunki zwierzat
gospodarskich z gromady ptakéw i ryb. Wprowadzenie GOS do praktyki hodowlanej moze
mie¢ pozytywny wptyw na system immunologiczny zwierzat, ktérych srodowisko bogate jest
w réznorodne stresory. Wyzwania wystepujace w  produkcji  drobiarskiej oraz
w akwakulturach ryb stodkowodnych pociagaja za soba potrzeb¢ poszukiwania metod
poprawy statusu immunologicznego w sposob przyjazny dla zwierzat, konsumentow
1 srodowiska. Prebiotyk GOS stanowi pozywke dla rozwoju mikrobioty jelitowej, nawet
w wymagajacych warunkach, takich jak stres cieplny lub gesta obsada zwierzat. Pomimo
znacznych réznic biologicznych wystgpujacych w $rodowisku zycia, morfologii, czy
termoregulacji, kury i1 karpie wykazuja pewien wspolny potencjal, ktory przejawia si¢ poprzez
mozliwo$¢ modulacji nieswoistej odpowiedzi immunologicznej w wyniku dostarczenia GOS.
Badania nad wplywem GOS na zmian¢ poziomu mRNA gendéw zwigzanych z odpowiedzig
immunologiczng u odlegtych ewolucyjnie gatunkéw zwierzat, jak kury 1 karpie, dostarczaja
szerokie spektrum danych o interakcji mig¢dzy podanym prebiotykiem a modulacja
nieswoistej odpowiedzi immunologicznej. W tym konteks$cie, spdjno$¢ tematyczna cyklu
publikacji wiagze si¢ z zastosowang substancjg bioaktywng (GOS), jak réwniez metoda
badawczg (RT-qPCR), odnoszacg si¢ do modulacji odpowiedzi immunologicznej w badanych

organizmach.
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3.1.HIPOTEZA BADAWCZA 1 CEL BADAWCZY

Gtowna hipoteza sformutowana w tej pracy brzmi nastepujaco: ,,Prebiotyk GOS podany
in ovo lub w paszy wplywa na modulacj¢ ekspresji genow zwiazanych z ukladem
immunologicznym u ptaka (kura) i ryby (karp)”.

Hipotezy szczegotowe:

(P-1) GOS podany in ovo w 12. dobie inkubacji jaj wptywa na odpowiedz immunologiczng
oraz odpowiedz na stres cieplny u kur wolno rosnagcych (Gallus gallus domesticus);

(P-2) GOS podany w formie dodatku paszowego wplywa na modulacj¢ wzglednej ekspresji
gendw zwigzanych z nieswoistag odpowiedzig immunologiczng w §luzie skérnym karpia
zwyczajnego (Cyprinus carpio).

Celem ogolnym niniejszej rozprawy doktorskiej jest ocena wplywu prebiotyku GOS
podanego in ovo lub w paszy na wzgledna ekspresje genow zwigzanych z ukladem
immunologicznym u ptakow na przykladzie kury domowej (Gallus gallus domesticus)
i ryb na przykladzie karpia zwyczajnego (Cyprinus carpio).

Cele szczegolowe:

(P-1) Celem eksperymentu byta analiza molekularnych podstaw nieswoistej odpowiedzi
immunologicznej na stres cieplny u kur wolno rosngcych stymulowanych in ovo
prebiotykiem GOS;

(P-2) Celem eksperymentu byla analiza molekularnych podstaw nieswoistej odpowiedzi
immunologicznej w btonie $luzowej skory karpi suplementowanych prebiotykiem GOS.
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3.2. MATERIALY I METODY BADAN

3.2.1. Uklad eksperymentalny

Galaktooligosacharydy (GOS) wykorzystane w obu eksperymentach to produkt Bistos®™
pochodzace od producenta Clasado Biosciences Ltd. (Jersey, UK). Otrzymywany jest on na
drodze enzymatycznej przez transgalaktozylacje laktozy pochodzacej z mleka przez komorki
Bifidobacterium bifidum 41171 (Tzortzis, Goulas, 1 Gibson 2005). Otrzymany w ten sposob
prebiotyk GOS ma posta¢ suchego proszku zawierajacego nastgpujacy sktad
oligosacharydow: 45% laktozy, 9,9% disacharydow, [Gal (B 1-3)- Glc; Gal (B 1-3)- Gal; Gal
(B 1-6)- Gal; Gal (a 1-6)- Gal], 23,1% trisacharydow [Gal (B 1-6)-Gal (B 1-4)- Glc; Gal (B 1-
3)- Gal (B 1-4)- Glc], 11,55% tetrasacharydow [Gal (B 1-6)-Gal (B 1-6)- Gal (f 1-4)- Glc]
oraz 10,45% pentasacharydow [Gal (B 1-6)- Gal (B 1-6)- Gal (B 1-6)- Gal (p 1-4)- Glc].

W doswiadczeniu stanowigcym podstawe publikacji (P-1), material badawczy pobrano
od kur (Gallus gallus domesticus) w typie wolno rosnagcym. Genotyp kurczat wykorzystanych
do badan powstal w wyniku kojarzenia samca Hubbard RedBro z samicg Hubbard JAS7.
W 12. dobie inkubacji jaj (600 jaj, po 300 jaj na grupe) przeprowadzono iniekcje in ovo,
poprzez wprowadzenie do komory powietrznej jaja roztworu GOS dla grupy
eksperymentalnej (3,5 mg GOS/jajo) lub roztworu soli fizjologicznej dla grupy kontrolnej (C)
(procedura opisana w publikacji P-1). Po wylegu, kurczeta przeniesiono do kurnika
z kontrolowanymi warunkami utrzymania (szczegoty odchowu zawiera publikacja P-1), gdzie
podzielono je na kolejne dwie podgrupy ze wzgledu na temperaturg otoczenia (termoneutralna
lub stres cieplny). Stres cieplny, polegajacy na podniesieniu temperatury otoczenia zwierzat
do 30°C, wprowadzono w 36 dobie odchowu kurczat. Dla kazdej grupy wykonano sze$¢
powtorzen (kojec jako powtorzenie, 25 osobnikdéw/kojec, 150 osobnikow/grupe).
Eksperyment opisany w publikacji (P-1) przeprowadzono w ukladzie czynnikow 2x2x2
(C/GOS x warunki termoneutralne/stres cieplny x stres cieplny ostry/stres cieplny
chroniczny). Uboju 1 dysekcji dokonano w dwoch punktach czasowych, zwigzanych
z dlugos$cig trwania stresu cieplnego (stres cieplny ostry i chroniczny). Stres cieplny ostry
zdefiniowano jako reakcje kurczat na pierwsze osiem godzin stresu cieplnego (36. doba
odchowu), a stres chroniczny jako reakcje¢ kurczat na 14 dni stalego stresu cieplnego (50.
doba odchowu). Materialem biologicznym stuzagcym do pozyskania RNA od kurczat byt
fragment $ledziony (n=8). Cze$¢ doswiadczen opisanych w publikacji (P-1) zwigzana
z odchowem, ubojem 1 dysekcja odbyta si¢ w Zakladzie Doswiadczalnym Uniwersytetu
w Bolonii (Wlochy) i zostala przeprowadzona na podstawie zgody o numerze 503/2016
wydanym przez Komisje Etyczng w Rzymie (Wtochy).

Dos$wiadczenie opisane w publikacji (P-2) przeprowadzono na 300 jednorocznych rybach
z gatunku karp pospolity (Cyprinus carpio). Ryby odchowano w Zaktadzie Doswiadczalnym
Technologii Produkcji Pasz i Akwakultury w Muchocinie (woj. wielkopolskie) nalezacym do
Uniwersytetu Przyrodniczego w Poznaniu. Karpie o §redniej masie ciata 180g umieszczono
w 12 zbiornikach (po 25 szt. w kazdym). Eksperyment przeprowadzono w uktadzie dwdch
grup: eksperymentalnej, suplementowanej dodatkiem GOS, stanowigcym 2% regularnej
mieszanki paszowej (doktadny sktad mieszanki podano w publikacji P-2) oraz kontrolnej (C),
zywionej pasza pozbawiong prebiotyku. Cze$¢ zywieniowa eksperymentu trwata 50 dni.
Tkanki do badan stanowit §luz skérny pobrany przyzyciowo (n=8). Sluz pobrano z okolicy
linii bocznej przy pomocy szkietka podstawowego. Doswiadczenie opisane w publikacji (P-2)
zostato przeprowadzone zgodnie z wytycznymi Lokalnej Komisji Etycznej Uniwersytetu
Przyrodniczego w Poznaniu i nie wymagato odrebnej zgody Komisji Etyczne;.
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3.2.2. Izolacja RNA

Materialem badawczym w obu eksperymentach (P-1 i P-2) byly fragmenty tkanek
pobrane do probowek zawierajacych substancje stabilizujgcg fixRNA (EURx, Gdansk,
Polska). Catkowity RNA pozyskano z fragmentu §ledziony (P-1) oraz §luzu skornego (P-2)
poprzez homogenizacj¢ tkanki w TRI Reagent® (MRC, Cincinnati, OH, USA) oraz
ekstrakcje z dodatkiem chloroformu. Oczyszczanie RNA wykonano metoda kolumienkowa,
z wykorzystaniem Universal RNA Purification Kit, zgodnie z zaleceniami producenta (EURXx,
Gdansk, Polska). Koncentracje 1 poziom oczyszczenia RNA sprawdzono metoda
spektrofotometryczng, poprzez pomiar absorbancji przy dtugosci swiatta 260 nm i 280 nm
(stosunek warto$ci pomiaréw 260/280 miedzy 1,8 a 2,0). Integralno$¢ czasteczek 18S i 28S
rRNA oceniono metoda elektroforetyczna, poprzez rozdziat w 2% zelu agarozowym
(stosunek poziomu fluorescencji prazkéw 28S/18S co najmniej 2,0).

3.2.3. RT-qPCR

Do analizy wzglednej ekspresji gendow w obu eksperymentach wykorzystano metode
odwrotnej transkrypcji w polaczeniu z ilosciowym PCR (RT-gPCR Reverse Transcription —
quantitative PCR), ktérg przeprowadzono dwuetapowo. W pierwszym etapie wykonano
syntez¢ ¢cDNA na bazie calkowitego RNA, z wykorzystaniem kitu Maxima First Strand
cDNA Synthesis Kit for RT-qPCR (Thermo Scientific/Fermentas, Wilno, Litwa) W drugim
etapie przeprowadzono reakcje qPCR, w oparciu o uzyskane cDNA. Do tego celu
wykorzystano kit Maxima SYBR Green qPCR Master Mix (Thermo Scientific/Fermentas,
Wilno, Litwa). Reakcje przeprowadzono w termocyklerze LightCycler® 480 II (Roche
Molecular Systems, Bazylea, Szwajcaria). Amplifikacja qPCR obejmowata poczatkowy etap
denaturacji przez 15 min w 95°C, a nastgpnie 40 cykli denaturacji (10s w 95°C), przylaczanie
starterow (15s w 58°C, dla genu IL-12p40 zastosowano 65°C) i elongacja starterow (30s
w 72°C). Fluorescencj¢ mierzono na koncu kazdego etapu elongacji starterow. Program
termiczny zostat uzupetlniony w krzywa topnienia, ktora zostala wygenerowana przez
zwigkszenie temperatury w matych przyrostach do 98°C i pomiar fluorescencji topniejacego
amplikonu. Kazda reakcja RT-qPCR zostata przeprowadzona w dwoéch (P-1 1 P-2 geny
badane) lub trzech (P-2 geny referencyjne) powtdrzeniach technicznych.

3.2.4. Geny referencyjne

Do normalizacji obliczen w do$wiadczeniu opisanym w publikacji (P-1) wykorzystano
srednig geometryczng wartosci Ct dla genow ACTB (beta-aktyna) i UB (ubikwityna). Geny te
sg zwigzane z podstawowym metabolizmem i zostaly wybrane na podstawie wcze$niejszego
do$wiadczenia, w ktorym zastosowano podobny uklad eksperymentalny (Slawinska i in.
2019). Dla eksperymentu (P-2) konieczne bylo ustalenie, jaki zestaw gendw bedzie najlepszy
do normalizacji badanych genéw. W tym celu, na podstawie dostepne;j literatury wytypowano
kandydujace geny referencyjne: ACTB (beta-aktyna), EF-lo (Czynnik elongacyjny 1-alfa),
GAPDH (dehydrogenaza aldehydu 3- fosfoglicerynowego), [/8S rRNA (gen malej
podjednostki rybosomalnego RNA) oraz 40s s/I (gen biatka rybosomalnego 40s sll).
Sekwencje poszczegolnych starterow przedstawiono w publikacji (P-2). Dla kazdego
z wytypowanych gendw przeprowadzono reakcj¢ RT-qPCR oraz obliczenia przy pomocy
nastepujacych algorytmow: metody porownawczej delta Ct, BestKeeper, NormFinder oraz
GeNorm. Dzigki temu ustalono, ze genami referencyjnymi wykazujacymi najwyzsza
stabilno$¢ w badanym uktadzie eksperymentalnym byty ACTB 1 40s s11 (P-2).
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3.2.5. Geny badane

Systemowa odpowiedz immunologiczna opisana w publikacji (P-1) byta wyrazong jako
zmiana wzglednej ekspresji genow w sledzionie. Oceniono modulacj¢ ekspresji dwoch paneli
genoéw, opracowanych przez Slawinska i in. (2019b). W ich sklad weszty nastepujace geny:

1.

Panel genow zwigzany z odpowiedzia immunologiczna:

Interleukina 2 (/L-2),

Interleukina 4 (IL-4),

Interleukina 6 (/L-6),

Interleukina 10 (/L-10),

Interleukina 12 podjednostka 40 (IL-12p40),
Interleukina 17 (IL-17).

. Panel genow zwiazany z odpowiedzia na stres:

Biatko Szoku Cieplnego, podjednostka mata 25 (HSP25),
Biatko Szoku Cieplnego 90-alfa (HSP90AAI),

BAG bialtko opiekuncze 3 (BAG3),

Katalaza (CAT),

Dysmutaza ponadtlenkowa (SOD]).

Panele gendw zwigzane z nieswoista odpowiedziag immunologiczng w SALT karpia (P-2)
wytypowano na podstawie literatury odnoszacej si¢ do komponentow obecnych w $luzie
skornym karpia, stanowigcych pierwsza lini¢ obrony przeciwko patogenom i stresorom
obecnym w $rodowisku wodnym. Poszczegdlne komponenty nieswoistej odpowiedzi
immunologicznej aktywowanej w SALT pogrupowano i wybrano geny reprezentatywne dla
danego procesu. W ten sposob stworzono unikatowy panel gendéw. Funkcje gendéw oraz
sekwencje nukleotydowe starterow uzytych do reakcji RT-qPCR przedstawiono w publikacji
(P-2). Panel gendow zawieral:

1.

2.

Bialko ostrej fazy

Biatko c-reaktywne (CRP).

Peptydy przeciwdrobnoustrojowe

Histon H2Av 5-podobnej (His2Av),
Biatko glutaminowej gamma-glutamylotransferazy 5-podobnej (GGGTS5L).

. Cytokiny

Interleukina 1-beta (IL-15),
Interleukina 4 (IL-4),
Interleukina 8 (IL-8),
Interleukina 10 (/L-10),
Interferon gamma (/FNy).

. Lektyny

Lektyna 4 typu C (CLEC4M).

. Lizozymy

Lizozym typu G (LyzG),
Lizozym typu C (LyzC).

. Mucyna

Mucyna 5 AC (M5ACL).

. Peroksydaza

Mieloperoksydaza (MPO).
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8. Proteazy
e Katepsyna B (CTSB),
e Katepsyna D (CTSD).
9. Oksydoreduktaza
e Tioredoksyna (TXNL).

3.2.6. Wzgledna analiza ekspresji genow

Metodg obliczeniowa sluzaca do uzyskania wynikéw wzglednej ekspresji genow byt
algorytm AACt (delta delta treshold cycle/delta delta warto$¢ progowa) zaproponowany przez
Livak i Schmittgen (2001). Metoda ta bazuje na wartosciach Ct (treshold cycle/wartosé¢
progowa) uzyskanych w reakcji RT-qPCR. Wzgledng ekspresje genow wyrazono jako zmiane
krotnosci (FC —fold change). Metoda AACt wymaga obecnos$ci kontroli wewnetrznej dla
eksperymentu (kalibratora). Wartosci logoFC w obu eksperymentach przedstawiono w formie
wykresow sporzadzonych przy pomocy oprogramowania GraphPad Prism 7 (GraphPad,
La Jolla, CA, USA).

3.2.7. Analiza statystyczna

Otrzymane wartosci dCt (delta Ct) dla badanych gendéw przeanalizowano w aplikacji
SAS Enterprise Guide 9.4 (SAS Institute, Cary, NC, USA). W doswiadczeniu opisanym
w publikacji (P-1) przeprowadzono dwuczynnikowg analiz¢ wariancji z interakcja
(dwuczynnikowa ANOVA) w dwoch modelach. W pierwszym modelu rozpatrzono wptyw
iniekcji in ovo (sOl fizjologiczna vs. GOS), temperatury otoczenia zwierzat (warunki
termoneutralne vs. stres cieplny) oraz wptyw interakcji obu czynnikow na wzgledna ekspresje
badanych genow. Procedur¢ wykonano osobno dla zestawow danych obejmujacych stres
cieplny na poziomie ostrym i chronicznym. W drugim modelu sprawdzono wplyw iniekcji in
ovo (s6l fizjologiczna vs. GOS), wplyw rodzaju zastosowanego temperaturowego czynnika
stresowego (stres cieplny ostry vs. stres cieplny chroniczny) oraz interakcji obu czynnikoOw na
wzgledna ekspresj¢ badanych genow. Wplyw czynnika lub interakcji czynnikoéw uznano za
istotny statystycznie gdy p<0,05. W celu przedstawienia roznic statystycznych w poziomie
wzglednej ekspresji gendw (wyrazonej jako logoFC) miedzy grupami przeprowadzono test
t-Studenta. Roznice istotne statystycznie wykazano, gdy p<0,05 (P-1). Ze wzgledu na uktad
eksperymentu przedstawionego w publikacji (P-2), poréwnanie dwoch réwnych
1 niezaleznych grup wykonano testem t- Studenta, z warto$cia p<0,05 dla istotnych réznic.
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3.3. WYNIKI

3.3.1. Efekt stymulacji in ovo oraz temperatury otoczenia na badane geny

Przeprowadzona dwuczynnikowa analiza wariancji w dos§wiadczeniu (P-1) pozwolila na
przeanalizowanie wptywu zastosowanych czynnikéw (stymulacja in ovo 1 temperatura
otoczenia) na zmian¢ poziomu mRNA w §ledzionie. Analizy przeprowadzono niezaleznie dla
stresu cieplnego ostrego i chronicznego. W czgsci eksperymentu zwigzanym z ostrym stresem
cieplnym, ustalono, Ze istotng zmiang poziomu wzglednej ekspresji wykazat si¢ gen /L-4,
ktérego ekspresja byta zalezna od stymulacji in ovo (p < 0,001), temperatury otoczenia (p < 0,05)
oraz interakcji obu tych czynnikow (p < 0,01). W tej samej grupie (ostry stres cieplny), na
skutek stymulacji in ovo, istotne réznice wykazano dla gendw zwigzanych ze stresem BAG3,
CAT 1 SOD (p < 0,05). W przypadku czgsci eksperymentu, gdzie jako czynnik stresowy
zastosowano chroniczny stres cieplny, GOS wywotal immunomodulujacy efekt regulujac
poziom ekspresji genu IL-2 (p < 0,05) i IL-4 (p < 0,001). Natomiast, czynnik temperaturowy
znaczgco modulowat ekspresje IL-4 (p < 0,01) 1 IL-12p40 (p < 0,05). Na skutek interakcji obu
czynnikdw, zmianom ulegly geny zwigzane ze stresem oksydacyjnym, CAT 1 SOD (p <0,01).

3.3.2. Efekt stymulacji in ovo oraz formy stresu cieplnego na badane geny

W drugim modelu analizy wariancji (P-1) sprawdzono, jaki wplyw na ekspresj¢ genow
w $ledzionie kur wolno rosnacych wywarla stymulacja in ovo oraz rodzaj stresu cieplnego
(ostry oraz chroniczny). Analizy przeprowadzono dla zbioru danych obejmujacych zaréwno
wyniki dla stresu ostrego, jak i chronicznego z pominigciem danych dla warunkow
termoneutralnych. Dzigki temu ustalono czy rodzaj zastosowanego stresu cieplnego (ostry
oraz chroniczny) wptywa na poziom ekspresji badanych genow. W rezultacie stymulacja in
ovo (GOS vs. sdl fizjologiczna) wywarta istotny immunomodulujacy wptyw tylko na gen /L-4
(p < 0,001), co zostato rowniez wykazane w pierwszym przeprowadzonym modelu analizy
wariancji omowionym w podrozdziale 4.2. Rodzaj zastosowanego stresu cieplnego (stres
ostry vs. stres chroniczny) wptynat na poziom wzglednej ekspresji genu /L-2 (p < 0,05) oraz
aktywowal zmian¢ dla poziomu genu biatka szoku cieplnego HSP25 (p < 0,05), czego nie
zaobserwowano przy porownaniu wpltywu warunkow termo neutralnych z warunkami
o podniesionej temperaturze otoczenia. Interakcja pomiedzy stymulacjg in ovo (GOS vs. s6l
fizjologiczna) oraz rodzajem zastosowanego stresu cieplnego (stres ostry vs, stres
chroniczny), wywarta modulujacy wptyw na poziom wzglednej ekspresji gendéw zwigzanych
z odpowiedzig na stres oksydacyjny, w tym CAT i SOD (p < 0,05).

3.3.3. Profil wzglednej ekspresji genow w odpowiedzi na stres cieplny

W celu ustalenia, jaki efekt na wzgledng ekspresj¢ genow, wyrazong w logoFC, wywiera
stres cieplny (P-1), porownano grupy iniekowane solg fizjologiczng ale utrzymywane
w odmiennych warunkach (warunki termoneutralne vs. stres cieplny). Na tej podstawie
stwierdzono, ze ostry stres cieplny nie wplynal zmiang ekspresji gendéw zwigzanych
z odpowiedzia immunologiczng oraz odpowiedzig na stres u kurczat wolno rosnacych.
Z drugiej strony, chroniczny stres cieplny aktywowal niektore geny zwigzane z odpornoscia
w tym cytokinge przeciwzapalng IL-10 (log;FC = 1,88, p < 0,05) i prozapalng IL-12p40
(logFC = 2,01, p < 0,05) oraz geny zwigzane z odpowiedzig na stres, CAT (log, FC = 1,72,
p <0,01)1SOD (log,FC = 1,55, p <0,05).
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3.3.4. Wzgledna ekspresja genow po stymulacji in ovo w warunkach stresu cieplnego

GOS podany in ovo spowodowal obnizenie poziom wzglednej ekspresji gendow
zwigzanych z odpowiedzig immunologiczng oraz odpowiedzig na stres w warunkach stresu
cieplnego (P-1). Najsilniejszy efekt dotyczyt cytokiny IL-4, ktérej poziom obnizyl si¢ na
skutek podania GOS zaréwno w stresie ostrym (log,FC = -6,10, p < 0,01), jak i chronicznym
(logx FC =-3,45, p <0,01). W efekcie podana GOS u ptakow utrzymywanych w chronicznym
stresie cieplnym, obnizeniu ulegt poziom mRNA genu /L-12p40 (logFC = -1,13, p < 0,05).
Ponadto, stres oksydacyjny w $ledzionie wywotany przez chroniczny stres cieplny, ulegt
zahamowaniu na skutek podania GOS in ovo. Ograniczenie stresu oksydacyjnego pod
wptywem GOS zostalo wyrazone obnizong ekspresja genow CAT (log, FC =-1,72, p < 0,05)
180D (log, FC =-1,56, p < 0,05).

3.3.5. Geny referencyjne dla blony §luzowej karpia

Wszystkie zastosowane metody (pordwnawcza metoda delta-Ct, BestKeeper,
NormFinder i GeNorm), pozwalajagce na ustalenie poziomu stabilnosci ekspresji genow
w S$luzie skornym karpia (P-2) wykazaty, Ze najwyzsza stabilnos¢ w badanej tkance osiggnety
geny: 40s sl 1 ACTB. Ponadto, algorytm wykorzystywany przez GeNorm wskazal, ze do
dalszych obliczen najbardziej optymalne bedzie zastosowanie S$redniej geometrycznej
z wartosci Ct obu tych genow referencyjnych.

3.3.6. Wplyw suplementacji GOS na sygnatury ekspresji genow w SALT

Dodatek GOS w mieszance paszowej karpi (P-2) spowodowat wzrost ekspresji mRNA
wiekszosci badanych gendw, w pordwnaniu do grupy kontrolnej. Wyjatek stanowily geny:
CRP (log; FC = -0.93, p < 0,01) i LyzC, (logFC = -1,74, p > 0,05). Wsrod genow
o podniesionej ekspresji, istotne statystycznie réznice w poziomie mRNA w §luzie skornym
wykazano dla genéw INFy (log, FC = 2,05, p < 0,05) 1 LyzG (log,FC = 1,32, p < 0,05). Co
wigcej, sugestywny trend statystyczny stwierdzono dla genu MPO (log,FC = 1,41, 0,05 <p <0,1).

18



3.4. DYSKUSJA

Badania nad zmianami poziomu ekspresji gendw na skutek réznych czynnikéw
srodowiskowych daje wglad w mechanizmy nieswoistej odpowiedzi immunologiczne;j.
Immunomodulujgca rola prebiotykow moze by¢ bezposrednia, na skutek rozpoznania
czasteczki prebiotyku przez receptory komorek limfatycznych. Szersza rola prebiotykdéw
w immunomodulacji jest posrednia i wynika z selektywnej stymulacji mikrobioty, ktéra
wchodzi w interakcje z komorkami limfatycznymi organizmu gospodarza (Cerezuela,
Meseguer, i Esteban 2011; Huynh i in. 2017). GOS jest prebiotykiem o dzialaniu
immunomodulujacym, ktorego efekty mozna stwierdzi¢ w tkankach immunologicznych,
takich btona §luzowa, odpowiadajagca za pierwsza lini¢ obrony przed czynnikami
srodowiskowymi (reakcja lokalna) lub $ledziona (reakcja systemowa). Podstawa niniejszej
dysertacji s3 wyniki uzyskane na podstawie dwoch eksperymentow, przeprowadzonych na
gatunkach odlegtych filogenetycznie i réznigcych si¢ srodowiskiem zycia. W eksperymentach
tych wykorzystano ten sam prebiotyk 1 oceniono jego wptyw na ekspresje gendw zwigzanych
z odpowiedzig immunologiczng w réznych ukladach eksperymentalnych. W publikacji (P-1)
przeanalizowano wptyw stymulacji in ovo prebiotykiem GOS na ekspresj¢ genow zwigzanych
z odpowiedzig immunologiczng i odpowiedzig na stres cieplny u kurczat. W publikacji (P-2)
okreslono wplyw prebiotyku GOS podanego w formie dodatku paszowego na ekspresje
gendw zwigzanych z btonami §luzowymi skory u karpia.

3.4.1. Efekty podania GOS in ovo u kurczat w odpowiedzi na stres cieplny

3.4.1.1. Regulacja sygnatur ekspresji cytokin

W publikacji (P-1) zbadano wplyw prebiotyku GOS na wzgledng ekspresje gendw
zwigzanych z odpowiedzig immunologiczng w warunkach stresu cieplnego. GOS podano w
12. dobie inkubacji jaj, z wykorzystaniem technologii in ovo. Sygnatury ekspresji genow
oznaczono w $ledzionie, ktora odgrywa kluczowsa role w uktadzie immunologicznym kurczat
(Zhang 1 in. 2017). Kinetyka ekspresji genow zwigzanych z odpowiedziag immunologiczna
w $ledzionie stanowi informacje o ogdlnoustrojowej odpowiedzi na stres w tym na stres
cieplny (Ohtsu i in. 2015), ktérego efekty w polaczeniu ze stymulacja in ovo okreslono w tym
eksperymencie. Przewdd pokarmowy (GIT — gastrointestinal tract) jest szczegdlnie wrazliwy
na stres cieplny. Stres cieplny wplywa negatywnie na homeostaze jelit powodujac
zmniejszanie wchtaniania sktadnikow odzywczych z pokarmu, przerwanie integralnosci
Sciany jelita oraz aktywacje uktadu immunologicznego (Liu i in. 2009; Varasteh i in. 2015).
W  eksperymencie (P-1) okreslono reakcje kurczat wolno rosngcych na dziatanie
indukowanego stresu cieplnego (ostrego i chronicznego). Stres na poziomie ostrym nie
wywotat reakcji w postaci zmian sygnatur ekspresji analizowanych genow. Natomiast, stres
chroniczny spowodowal wzrost regulacji poziomu gendéw IL-10 i IL-12p40. Migdzy tymi
cytokinami dochodzi do silnej negatywnej interakcji. Interleukina IL-10 kieruje odpowiedz
immunologiczng w stron¢ odpowiedzi Th2 (humoralnej), hamujac tym samym odpowiedz
Thl, a interleukina IL-12p40 — w stron¢ Thl (komorkowa), hamujac Th2 (Ma 1 in. 2015).
Wyjasnienie aktywacji obydwu genow o przeciwstawnej funkcji nie jest jednoznaczne.
Mozna przypuszczaé, ze wynika ona z aktywacji szlaku TLR2 w §ledzionie kurczat, wskutek
przenikania bakterii Gram-dodatnich z jelit do ustroju gospodarza podczas stresu cieplnego
(Heled, Fleischmann, i Epstein 2013). Rézne ligandy bakteryjne moga stymulowaé receptory
TLR2 na réznych komorkach prezentujacych antygen (limfocyty B, komorki dendrytyczne
lub makrofagi) w §ledzionie (Duell i in. 2012). Innym wyjasnieniem moze by¢ wyzwolenie
silnej odpowiedzi prozapalnej (za posrednictwem IL-12p40) w wyniku endotoksemii, ktora
jest rownowazona przez cytokine przeciwzapalng (IL-10) (Waal Malefyt i in. 1991).
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Stres cieplny spowodowat wzrost ekspresji genow [L-10 oraz IL-12p4(0, natomiast
wczesne podanie GOS doprowadzil do obnizenia ekspresji mRNA obu cytokin. W badaniach
Slawinska 1 in. (2019) wykazano, ze GOS podany in ovo wptywa na wzrost ekspresji genow
zwigzanych z funkcja barierowa w jelitach kurczat brojlerow. Zachowanie integralno$ci
Sciany jelit w trakcie dzialania czynnikéw stresowych zabezpiecza organizm gospodarza
przed naplywem antygendw przez ,,nieszczelne jelita”, ktore prowadza do ogdlnoustrojowego
zapalenia (Vancamelbeke 1 Vermeire 2017). Na tej podstawie mozna stwierdzi¢, ze
odpowiedZ immunologiczna wywolana podniesiong temperatura otoczenia u kurczat wolno
rosngcych moze by¢ ztagodzona przez wezesng stymulacje mikrobioty przez GOS podany in ovo.

W wyniku dziatania obu wprowadzonych czynnikow (GOS podany in ovo oraz stres
cieplny), interleukina IL-4 ulegta inhibicji ekspresji na poziomie mRNA. Cytokina ta bierze
udziat w odpornosci humoralnej jako cytokina plejotropowa, ktora jest wytwarzana przez
komorki typu Th2, bazofile 1 komorki tuczne w odpowiedzi na aktywacje odpowiedniego
receptora (Silva-Filho, Caruso-Neves, i Pinheiro 2014). Jej gléwnag funkcja jest regulacja
roznicowania si¢ naiwnych limfocytow T stymulowanych antygenem oraz ekspresji
specyficznej immunoglobuliny E (IgE) i immunoglobuliny G (IgG) przez komoérki B (Keegan
1998). Przewlekly stres cieplny obniza poziom immunoglobuliny A (IgA) oraz IgG u kurczat
(Quinteiro-Filho i in. 2017). GOS dostarczony w czasie rozwoju embrionalnego do jaja moze
wptywa¢ hamujacg na odpowiedz typu Th2 podczas indukowanego stresu cieplnego
u dorostych osobnikow.

3.4.1.2. Regulacja szlaku antyoksydacyjnego

Na skutek dziatania czynnikow stresowych, dochodzi do akumulacji reaktywnych form
tlenu (ROS - reactive oxygen species) w komorkach organizmu gospodarza. Pierwszg linig
obrony przed szkodliwym dzialaniem ROS jest aktywacja wydzielania enzyméw
przeciwutleniajacych, w tym katalazy (CAT) 1 dysmutazy ponadtlenkowej (SOD) (Halliwell
1 Whiteman 2004). W eksperymencie opisanym w (P-1), podczas chronicznego stresu
cieplnego doszto do podwyzszenia ekspresji gendw CAT i SOD. Razem z aktywowang
odpowiedzig przeciwzapalng (/L-10) i prozapalna (IL-12p40), reakcja ta moze wskazywac¢ na
rozw6] w organizmie tagodnego subklinicznego =zapalenia. Stan ten, nazywany
,»OxInflammation”, zaburza naturalng homeostaz¢, co w konsekwencji moze prowadzi¢ do
silnego ogdlnoustrojowego zapalenia (Valacchi i in. 2018). Wyeliminowanie stresoréw ze
srodowiska zwierzat jest niezwykle trudne. W zwigzku z tym, zasadne wydaje si¢
zwigkszenie mozliwosci aklimatyzacyjnych, np. poprzez stymulacje mikrobioty jelitowe;.
U kurczat stymulowanych in ovo prebiotykiem GOS stwierdzono obnizong ekspresj¢ genow
CAT 1 SOD. Wskazuje to na zmniejszenie poziomu stresu oksydacyjnego u tych zwierzat.
GOS podany in ovo ma dziatanie bifidogenne (tj. promuje rozwoj bakterii z rodzaju
Bifidobacterium) 1 wypiera z niszy srodowiska jelita slepego bakterie z rodzaju Lactobacillus
(Slawinska i in. 2019). Bakterie Lactobacillus wyzwalaja produkcje ROS zaréwno in vitro,
jak 1 in vivo (Kumar 1 in. 2007). Mozna spekulowa¢, ze wcze$nie podany GOS wptynat na
zmiang¢ sktadu mikrobioty jelitowej kurczat, co ograniczyto produkcj¢ ROS przez komorki
nablonka jelit w czasie chronicznego stresu cieplnego.

3.4.1.3. Walidacja genow referencyjnych karpia

Kluczowym elementem do$wiadczenia (P-2) bylo ustalenie, jakie geny zwigzane
z metabolizmem podstawowym karpia zwyczajnego wykazujg najwyzsza stabilnos¢ w §luzie
skornym. Krok ten byl niezb¢dny do przeprowadzenia analizy wzglednej ekspresji genow
metoda AACt. W dostgpnej literaturze brakowato jednoznacznej informacji na temat
rekomendowanych genéw referencyjnych dla skornej blony $luzowej karpia.
Z wytypowanych kandydujacych genow referencyjnych (ACTB, 18s rRNA, 40s sll, EFlo
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1 GAPDH), do normalizacji reakcji RT-qPCR wybrano geny ACTB oraz 40s si1. Geny te
wykazaly najwyzsza stabilno$¢ w testowanym ukladzie doswiadczalnym. Do dalszych analiz
wzglednej ekspresji genow metodg AACt wykorzystano $rednig geometryczng wartosci Ct
obu gendéw. Gen ACTB kodujacy beta-aktyne, nalezy do grupy aktyn wykazujacych wysoka
konserwatywnos¢. Aktyny to biatka odpowiadajgce za strukture integralnos$¢ i ruch komorek
oraz za sygnalizacj¢ migdzykomoérkowa. Biatko ACTB jest waznym elementem cytoszkieletu
1 wystepuje w wiekszosci komorek u kregowcow  (https://www.genecards.org/cgi-
bin/carddisp.pl?gene=ACTB). Bialko kodowane przez gen 40s sil jest cztonkiem
rybosomalnych biatek nalezacych do rodziny S17P. Biatka nalezace do tej rodziny stanowig
komponenty matej podjednostki 40s rybosomu. Gléwng funkcja genu 40s s// jest wigzanie
RNA 1 rRNA (https://www.genecards.org/cgi-bin/carddisp.pl?gene=RPS11&keywords=40S,
ribosomal, protein,S11). Badania nad wzgledna ekspresja genow przy wykorzystaniu techniki
RT-gPCR, wymagaja obecnosci kontroli wewnetrznej. W badaniach na karpiach najczesciej
wykorzystywane sg pojedynczo lub w uktadach podwojnych geny takie jak: ACTB (Mo i in.
2014), B2M, 18s, EFlo 1 GAPDH (Filby i1 Tyler 2007; Jorgensen i in. 2006; Julin, Johansen
i Sommer 2009; McCurley i Callard 2008). Decyzja o tym jakiego genu lub zestawu genow
uzy¢ do normalizacji danych w badaniach nad ekspresja zalezy gltownie od pochodzenia
analizowanej tkanki oraz wieku ryb. W badaniach Zhang i in., dotyczacych stabilno$ci genow
kandydujacych, testowaniu poddano karpie na rdéznych etapach rozwoju. Ustalono, ze
u dorostych dwuletnich karpi, u ktorych poziom ekspresji sprawdzono w 14 tkankach (serce,
watroba, nerka, przodomdézgowie, gonady, mozdzek, jelito przednie, jelito grube, tuski,
Sledziona, ptetwa, migsien, oko, skrzela) najlepszym genem kandydujacy do zastosowania
w celu normalizacji obliczen jest gen 40s (40s sil). Natomiast u mtodocianych
jednorocznych osobnikéw zarekomendowano zastosowanie zestawu genoéw 18s rRNA/ACTB.
Badaniu poddano réwniez larwy karpia, od ktorych pod mikroskopem wypreparowano
gonady, w ktorych réwniez oznaczono poziom ekspresji genéw. Na tej podstawie
wytypowano geny GAPDH oraz 40s w uktadzie podwojnym. (Zhang i in. 2016). Pomimo
szerokiego zakresu omowionego do$wiadczenia, zabraklo w nim danych dotyczacych $luzu
skornego karpi, ktore to zostaty uzupelnione w niniejszej dysertacji (P-2).

3.4.1.4. Ekspresja genow w blonie sluzowej skory karpia po podaniu GOS

Suplementacja mieszanki paszowej karpi prebiotykiem GOS spowodowala znaczny
wzrost ekspresji genow zwigzanych z ukladem immunologicznym, w tym odpowiedzig
antywirusowa, regulowang poprzez dzialanie interferonoéw (IFN). INFy jest cytoking majaca
funkcj¢ immunomodulujaca, niezbedna do obrony komorkowej organizmu. Wytwarzana jest
przez limfocyty T oraz komoérki NK (natural killer), jako dimeryzowana, rozpuszczalna
glikoproteina (Yabu i in. 2011). W eksperymencie opisanym w publikacji (P-2), nastgpit
rowniez wzrost wzglednej ekspresji genu kodujacego lizozym G (LyzG) w grupie ryb
suplementowanych GOS. Ten czynnik przeciwdrobnoustrojowy odgrywa wazng role
w nieswoiste] odpowiedzi immunologicznej ryb. Czasteczki lizozymu majg zdolnosé
katalizowania hydrolizy bakteryjnych wiazan glikozydowych. W wyniku suplementacji GOS,
obnizeniu poziomu ekspresji ulegt gen kodujacy biatko ostrej fazy (CRP) w poréwnaniu do
grupy kontrolnej (niesuplementowanej). Biatko CRP nalezy do rodziny bialek
rozpuszczalnych, ktore biorg udzial w reakcji ostrej fazy na zranienie lub infekcje. Biatko
CRP moze wigza¢ si¢ z fosforylocholing, pneumokokowym C-polisacharydem
1 fosfolipidami, a takze ze zwigzkami autogennymi, takimi jak apoptotyczne komponenty
jadrowe i inne komponenty wewnatrzkomérkowe uwalniane po $mierci komorki (Hicks i in.
1992). Wigze ono takze szkodliwe czasteczki, takie jak rte¢; zwigksza poziom fagocytozy
1 wyzwala klasyczny szlak aktywacji uktadu dopetniacza (Falco i in. 2012).
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3.5. PODSUMOWANIE WYNIKOW I WNIOSKI

Przeprowadzone eksperymenty, dotyczace wplywu prebiotyku GOS na kinetyke ekspresji
gendw zwigzanych z ukladem immunologicznym u ptakow i1 ryb , pozwolity na potwierdzenie
postawionej hipotezy. GOS podany in ovo lub w paszy wptynal na modulacje ekspresji genow
zwigzanych z uktadem immunologicznym zar6wno w modelu wolno rosnacych kurczat, jak
1 karpi utrzymywanych w akwakulturze. Ponadto, poszczegolne eksperymenty pozwolity
zweryfikowac¢ hipotezy szczegolowe:

(P-1) Prebiotyk GOS, podany in ovo w 12. dobie inkubacji jaj, wplyngl na modulacje
ekspresji genéw zwigzanych z uktadem immunologicznym w §ledzionie kurczat wolno
rosngcych (Gallus gallus domesticus) poddanych stresowi cieplnemu;

(P-2) Prebiotyk GOS, zastosowany jako dodatek w mieszance paszowej, wplynal na
sygnatury ekspresji gendw zwigzanych z odpowiedziag immunologiczng w btonie
sluzowej skory karpia zwyczajnego (Cyprinus carpio).

Z przeprowadzonych doswiadczen ptyng nastepujace wnioski:

1. (P-1) Pod wplywem ostrego stresu cieplnego, kury wolno rosngce nie aktywuja szlakow
zwigzanych z odpowiedzig immunologiczng oraz odpowiedzig na stres w §ledzionie, co
moze $wiadczy¢ o dobrej adaptacji tego genotypu do naglych i krétkotrwatych wzrostow
temperatury otoczenia;

2. (P-1) Na skutek dziatania stresu cieplnego o przebiegu chronicznym u kur wolnorosnacych
dochodzi do aktywacji odpowiedzi prozapalnej (nadekspresja [L-12p40) oraz
przeciwzapalnej (nadekspresja IL-10). Ponadto, aktywacji ulegaja geny zwigzane ze
stresem oksydacyjnym (CAT i SOD), w efekcie tego dochodzi do wywotania stanu
»zapalenia oksydacyjnego” (z ang. OxInflammation);

3. (P-1) GOS podany in ovo w 12 dobie inkubacji jaj tagodzi stan ,,zapalenia oksydacyjnego”
wywotanego u kur wolno rosnacych indukowanym chronicznym stresem cieplnym. GOS
podany in ovo obniza odpowiedz szlaku Th2 (obnizenie regulacji /L-2) zarbwno w stresie
cieplnym o przebiegu ostrym, jak i chronicznym,;

4. (P-2) Najbardziej stabilnym zestawem genow referencyjnych do badan nad wzgledng
ekspresja gendéw (RT-qPCR) w $luzie skérnym mtodocianych karpi zwyczajnych sa geny
ACTB 140s sl

5. (P-2) Suplementacja karpi zwyczajnych prebiotykiem GOS wywoluje immunomodulujacy
efekt w blonie §luzowej skory, poprzez obnizenie poziomu ekspresji genu CRP nalezacego
do bialek ostrej fazy oraz aktywacje ekspresji genow [FNy i LyzG, wptywajacych na
poprawe wlasciwosci przeciwwirusowych i antybakteryjnych.
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3. STRESZCZENIE

Wptyw galaktooligosacharydéw na modulacje ekspresji genéw zwigzanych z uktadem
immunologicznym ptakow i ryb

mgr inZ. Elzbieta Pietrzak

Stowa kluczowe: ekspresja gendw; GOS; odpowiedZ immunologiczna nieswoista; odpowiedz
systemowa; SALT

Ptaki (Aves) i ryby kostnoszkieletowe (Osteichthyes) to kregowce odlegte od siebie
filogenetycznie, zyjagce w réznych srodowiskach i o odmiennej anatomii i fizjologii. Jednak,
wspotdzielg one droge ewolucyjng, co sprawia, ze niektére elementy rozwojowe, takie jak
uktad immunologiczny, wykazujg pewne podobienistwa. Mikrobiota zasiedlajgca przewdd
pokarmowy (GIT — gastrointestinal tract) odgrywa kluczowa role w utrzymaniu homeostazy
organizmu gospodarza. Scista zalezno$¢ miedzy mikrobiotg a organizmem gospodarza
wyksztatcita sie w procesie koewolucji. Mikrobiota jelitowa to ztozona populacja
mikroorganizmow zasiedlajgcych Swiatto i Sciany jelita, biorgca udziat w trawieniu
i fermentacji weglowodanodw, produkcji witamin, utrzymaniu prawidtowej funkcji kosmkow
jelitowych, ochronie przed drobnoustrojami chorobotwdrczymi oraz regulacji odpowiedzi
immunologicznej.  Prebiotyki, jako selektywna pozywka dla mikroorganizmow
zamieszkujgcych GIT, zapewniajg odpowiedni sktad gatunkowy mikrobioty oraz wptywajg na
jej aktywnos¢. Galaktooligosacharydy (GOS) to funkcjonalne oligosacharydy, ktére regulujg
sktad mikrobioty jelitowej oraz modulujg odpowiedZz immunologiczng gospodarza. Celem
niniejszej rozprawy doktorskiej byto okreslenie wptywu GOS na modulacje ekspresji genow
zwigzanych z uktadem immunologicznym ptakoéw i ryb.

Wczesna stymulacja mikrobioty kurczat przy pomocy GOS podanego
w 12. dobie inkubacji jaj z wykorzystaniem technologii in ovo (P-1) wptywa korzystnie na
sktad mikrobioty jelitowej. Korzystny profil mikrobioty pozwala zachowaé¢ prawidtowe
funkcje btony Sluzowej jelit, takie jak produkcja sluzu, czy zachowanie szczelnosci nabtonka
jelitowego. Nabtonek jelitowy jest szczegdlnie wrazliwy na niekorzystne warunki srodowiska
i moze utraci¢ swoje wfasciwosci na skutek czynnikow zewnetrznych, takich jak stres cieplny,
czesto towarzyszacy produkcji drobiarskiej. Wptyw GOS na modulacje ekspresji genow
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zwigzanych z uktadem immunologicznym kury (Gallus gallus domesticus) po indukowanym
stresie cieplnym byt przedmiotem badan raportowanych w (P-1). Kury wolno rosngce
poddano stymulacji prebiotykiem GOS z wykorzystaniem technologii in ovo w 12. dobie
inkubacji jaj, a stres cieplny zostat wprowadzony w 36 dobie zycia kurczat na 8 godzin (stres
cieplny ostry) lub na 14 dni (stres cieplny chroniczny).

Ryby zZyjace w srodowisku wodnym sg bezposrednio narazone na rdozne czynniki
stresowe. W zwigzku z tym, kluczowym mechanizmem obronnym jest dla nich
wyspecjalizowana warstwa $luzowa skory o duzej aktywnosci immunologicznej. Dodatek
GOS do regularnej mieszanki paszowej w zywieniu ryb (P-2) pozwala promowac korzystne
bakterie jelitowe, ktéore moga stymulowaé wtasciwosci ochronne w tkance limfatycznej
zwigzane] ze skorg (SALT — skin-associated lymphoid tissue) ryb. Publikacja (P-2) dotyczy
wptywu suplementacji GOS w trakcie 50-dniowego odchowu rocznych ryb z gatunku karpia
zwyczajnego (Cyprinus carpio).

W obydwu doswiadczeniach, po zakonczonym odchowie, zwierzeta poddano
eutanazji i pobrano tkanki immunologiczne, tj. fragment sledziony (P-1) i $luz skérny (P-2).
Z pobranych tkanek wyizolowano RNA, ktéry postuzyt jako matryca do reakcji RT-qPCR.
Wzgledng ekspresje gendw zwigzanych z uktadem immunologicznym obliczono metodg
AACt. Otrzymane wyniki poddano analizie statystycznej. Wyniki publikacji (P-1) wykazaty, ze
GOS wptynat na modulacje odpowiedzi immunologicznej w sledzionie kur wolno rosngcych
po indukowanym stresie cieplnym. Obnizeniu ulegta ekspresja gendw: IL-4 (stres ostry
p < 0.001; chroniczny p < 0.01), IL-12p40, CAT i SOD (stres chroniczny p < 0.05). Z kolei,
wyniki publikacji (P-2) wykazaty, ze GOS podany w paszy zmienit ekspresje gendw w tkance
SALT karpia, co przejawito sie obnizeniem ekspresji genu CRP (p < 0.01) oraz wzrostem
ekspresji gendw INFy (p < 0.05) i LyzG (p < 0.05).

Stosowanie prebiotyku GOS w praktyce hodowlanej zwierzat, poprzez wczesng
stymulacje mikrobioty jelitowej z wykorzystaniem metody in ovo lub podanie jako dodatek
paszowy, moze przyczyni¢ sie do poprawy zdrowotnosci zwierzat w produkcji drobiarskiej

oraz w akwakulturze.
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4. ABSTRACT

Impact of galactooligosaccharides on immune-related gene expression signatures in birds
and fish

Elzbieta Pietrzak, MSc.

Key words: gene expression; GOS; innate immune response; systemic response; SALT

Birds (Aves) and skeletal fish (Osteichthyes) are phylogenetically divergent
vertebrates, living in different environments, and characterized by distinct anatomy and
physiology. However, they share common evolutionary pathway and retained similarities in
some bodily functions such as immune system. Microbiota inhabiting gastrointestinal tract
(GIT) plays a key role in maintaining host homeostasis. A close relationship between
microbiota and its host was developed during co-evolution of both systems. Intestinal
microbiota is a complex population of microorganisms, whose functions include digestion
and fermentation of carbohydrates, vitamin production, maintenance of the required
intestinal villi functions, protection against pathogenic microorganisms, and regulation of the
immune responses. Prebiotics are a selective medium for GIT microbiota, and as such they
influence microbiota composition and activity. Galactooligosaccharides (GOS) are functional
oligosaccharides that regulate the composition of the intestinal microbiota and modulate
the immune responses of the host. The aim of this doctoral thesis was to determine the
effects of GOS on the immune-related gene expression in birds and fish.

Early stimulation with GOS carried out on day 12 of egg incubation with in ovo
technology improves composition of the intestinal microbiota, which is formed in the
perinatal period (P-1). Beneficial profile of microbiota contributes to proper functions of the
intestinal mucosa, including mucus production or maintaining the barrier function, which
may lose its properties due to environmental challenge, such as heat stress. The effects of
GOS on the modulation of immune-related gene expression in chickens (Gallus gallus
domesticus) exposed to heat stress was reported in (P-1). Slow-growing chickens were

stimulated with GOS prebiotic through in ovo technology applied on day 12 of egg
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incubation. Heat stress was induced on day 36 post-hatching and lasted 8 hours (acute heat
stress) or 14 days (chronic heat stress).

The aquatic environment contains various stressors, to which fish are constantly
exposed. The key defense mechanism for fish is a specialized mucous layer of the skin with
high immunological activity, i.e., skin-associated lymphoid tissue (SALT). Supplementing the
regular feed mix with GOS in fish nutrition promotes growth of beneficial intestinal bacteria
that can have immunostimulatory effects in all mucosal tissues, including SALT (P-2). Paper
(P-2) presents the effects of GOS supplemented in-feed for 50 days in common carp
(Cyprinus carpio).

In both experiments, the animals were euthanized and lymphoid tissues were
collected. The spleen (P-1) and cutaneous mucus (P-2) were sampled. RNA was isolated from
harvested tissues and used for RT-gPCR. Relative immune-related gene expression was
calculated with AACt algorithm. The obtained results were statistically analyzed. The results
from paper (P-1) indicate that GOS modulates immune-related gene expression in spleen of
slow-growing chickens challenged with heat. The gene expression of IL-4 (acute stress
p < 0.001; chronic p < 0.01), IL-12p40, CAT and SOD (chronic stress p < 0.05) was down-
regulated in GOS-stimulated chickens. The result reported in paper (P-2) show that GOS
supplemented in-feed modulated gene expression in SALT in carp. The gene CRP (p < 0.01)
was down-regulated, while genes INFy (p < 0.05) and LyzG (p < 0.05) were down-regulated.
The use of GOS prebiotic in animal farming through in-ovo delivery or in-feed

supplementation, contributes to animal health in poultry production and in aquaculture.
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Simple Summary: The exposure of animals to excessive heat leads to heat stress, heat stroke, or
even death. The first negative effects of heat exposure occur in the gut. The elevated temperature
leads to damage in intestinal walls and shifts in the composition of intestinal microbiota. In effect,
the gut content (mainly intestinal microbiota and their metabolites) leaks through compromised
intestinal walls into milieu of the body. Prebiotics (e.g., GOS—galactooligosaccharides) can be used
to mitigate the negative effects of the heat stress in poultry. GOS that are delivered in ovo on day 12
of egg incubation stimulates the development of healthy intestinal microbiota in a chicken embryo.
Healthy intestinal microbiota enhances the barrier function of the gut and the immune system.
Chickens were originally domesticated in southeast Asia and are therefore genetically adapted to
handle high temperatures. However, genetic selection towards performance leads to sensitization
to high ambient temperature. In this paper, we studied slow-growing chickens with a reputation for
heat resistance. We used in ovo stimulation with the GOS prebiotic that was delivered in ovo to
promote healthy gut microbiota. In this manner, we combine genetics and environment to describe
a model of heat resistance in poultry.

Abstract: Galactooligosaccharides (GOS) that are delivered in ovo improve intestinal microbiota
composition and mitigate the negative effects of heat stress in broiler chickens. Hubbard hybrids
are slow-growing chickens with a high resistance to heat. In this paper, we determined the impact
of GOS delivered in ovo on slow-growing chickens that are challenged with heat. The experiment
was a 2 x 2 x 2 factorial design. On day 12 of incubation, GOS (3.5 mg/egg) was delivered into the
egg (n = 300). Controls (C) were mock-injected with physiological saline (n = 300). After hatching,
the GOS and C groups were split into thermal groups: thermoneutral (TN) and heat stress (HS). HS
(30 °C) lasted for 14 days (days 36-50 post-hatching). The spleen (n = 8) was sampled after acute (8.5
h) and chronic (14 days) HS. The gene expression of immune-related (IL-2, IL-4, IL-6, IL-10, IL-12p40,
and IL-17) and stress-related genes (HSP25, HSP90AA1, BAG3, CAT, and SOD) was detected with
RT-qPCR. Chronic HS up-regulated the expression of the genes: IL-10, IL-12p40, SOD (p < 0.05), and
CAT (p < 0.01). GOS delivered in ovo down-regulated IL-4 (acute p < 0.001; chronic p < 0.01), IL-
12p40, CAT and SOD (chronic p < 0.05). The obtained results suggest that slow-growing hybrids are
resistant to acute heat and tolerant to chronic heat, which can be supported with in ovo GOS
administration.

Animals 2020, 10, 474; doi:10.3390/ani10030474 www.mdpi.com/journal/animals
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1. Introduction

Acute and chronic thermal stress significantly hinders the growth performance of poultry [1].
This is due to the fact that the feed intake of chickens that are reared in intensive poultry farms is
negatively correlated with environmental temperature [2]. The main ancestor of the domestic chicken
is red junglefowl (Gallus gallus) from the hot jungle climate of Southeast Asia [3]. However, intensive
genetic selection for growth and feed efficiency leads to an increased sensitivity of heavy-weight
broilers to environmental conditions, including ambient temperature [4]. There is a negative
correlation between heat tolerance and growth rate [5]. Fast-growing broilers produce more heat and
have a higher heat load [6], which reduces feed intake and growth parameters [7-9]. Heat stress (HS)
could lead to meat quality issues due to increased ante- and post-mortem glycolytic metabolisms
coupled with a reduced protein synthesis and turnover, enhanced fat deposition, and the
overproduction of reactive oxygen species [10]. The gastrointestinal tract (GIT) is also very responsive
to heat, which alters intestinal microbiota composition [11] and decreases the integrity of the
intestinal epithelium [12]. Since exposure to high temperatures is difficult to avoid in intensive
production systems, losses in the production and mortality are high [13]. The negative effects of HS
in poultry are due to high animal stocking, the insufficient ventilation of poultry houses, as well as
geographical factors [14]. Intergovernmental Panel on Climate Change (IPCC) reports clearly show
that the climate is warming [15]. Problems related to maintaining optimal temperatures in poultry
houses will become more challenging, especially during predicted heat waves, even in moderate
climates. HS leads to behavioral, biochemical, and physiological changes. Responses to heat vastly
depend on the genetic adaptation of the individual [16] but also on environmental factors, such as
intestinal microbiota [17]. Compromised genetic or environmental conditions result in poorer
thermoregulation [18].

Heat-resistance depends on the genetic adaptation of the chickens. Native chickens from tropical
and sub-tropical regions are more tolerant to high ambient temperatures than fast-growing lines
[19,20]. Since they are smaller and lighter and have not been subjected to selective pressure for meat-
related traits, they have retained their genetic adaptation to handle high temperatures. Studies on
Brazilian breeds (Pelaco and Caneluda) [18] and Egyptian breeds (Fayoumi, Dandarawi, and Sinai)
[21] have shown a good tolerance to elevated ambient temperature, manifested by the increased
expression of heat shock proteins (HSP). In some countries, native breeds are crossbred with
commercial broiler lines to obtain heat-resistant hybrids with good meat production [22]. The hybrids
that were used in our experiment are slow-growing free-range chickens that are obtained by crossing
a Hubbard RedBro male with a Hubbard JA57
(https://www hubbardbreeders.com/products/crosses/ja57/) female. These free-range poultry
hybrids are distinguished by a good adaptation to a warm climate and a high disease resistance
(Federico Sirri, unpublished data).

HS in poultry influences the composition of intestinal microbiota [23], leading to gut dysbiosis
[24]. Unstable microbiota impairs the morphology and barrier function of the GIT [25]. Feed additives
such as prebiotics support the gut microbiota under stressful conditions [26-28]. Prebiotic and
probiotic supplementation allow for the maintenance of stable microbiota populations in the gut [29]
and prevent “leaky guts” [30]. One of the most efficient ways to improve intestinal microbiota
composition in poultry is in ovo stimulation. It allows for the precise introduction of a specific
substance directly into the internal environment of the incubating egg. During in ovo stimulation, a
prebiotic or synbiotic is injected into the air cell of the incubating egg (in this study, on day 12 of egg
incubation) and stimulates the development of indigenous microbiota prior to hatching [31]. The
prebiotic supplementation at the embryonic stage supports not only the microbiota development in
the growing chickens [32-34] but also improves the immune system [35,36], gut morphology [37] and
the intestinal barrier function [32].
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The positive effect of GOS supplementation on the poultry intestinal microbiome has been
demonstrated [38]. Galactooligosaccharides are potent prebiotics that exert beneficial effects on
intestinal microbiota in chickens. Particularly interesting is the possibility of using in ovo technology
for the early stimulation of the microbial communities with GOS [32,39,40]. The molecular data on
broiler chickens have indicated that HS triggers systemic immune and stress responses, which are
balanced by GOS that are delivered in ovo [41]. It also mitigates the negative effects of HS in broiler
chickens on performance traits, including improved growth efficiency, feed efficiency [39], and meat
quality [10]. In this study, we focused on chickens with a different genetic background, i.e., slow-
growing hybrids. The aim of this study was to assess the impact of GOS that were delivered in ovo
on the modulation of the immune-related and stress-related gene expression signatures in the spleens
of slow-growing chickens that were subjected to HS. Hereby, we hypothesize that the genetics of
slow-growing chickens combined with in ovo stimulation with GOS will contribute to increased HS
resistance.

2. Materials and Methods

2.1. Ethical Statement

The animal procedures were conducted in compliance with decision of the Ethical Committee
in Rome (Italy), decision number 503/2016.

2.2. Experimental Trial and Tissue Collection

The experimental material was slow-growing crossbred Hubbard chickens. After 12 days of
incubation, 300 eggs were injected with a single dose of 3.5 mg GOS/egg (GOS group) suspended in
0.2 mL of physiological saline into the air chamber. Controls (the C group) were mock-injected with
sterile physiological saline (n =300, volume 0.2 mL/egg). Injection was carried out according to the in
ovo procedure [32]. After hatching, the GOS and C groups were divided into two subgroups:
maintained in thermoneutral condition (TN) and under the HS condition. In all groups, chicks were
sexed and vaccinated against coccidiosis, infectious bronchitis virus, Marek’s disease virus,
Newcastle disease, and Gumboro disease, and they received food and water ad libitum. The
composition of the diets is presented in Table 1. Male chicks (n = 600, 300 per treatment) were
transferred to an environmentally controlled poultry house and divided into 4 groups of 150
chicks/treatment/environmental condition. Each group was composed of 6 replicates of 25 birds each.
HS had two forms: acute (on day 36, the temperature in the poultry house was raised to 30 °C for 8.5
h) and chronic (on day 36, the temperature was raised to 30 °C, and these conditions were maintained
for 14 days). After that, 8 randomly selected animals from each group with an average body weight
were slaughtered and dissected. Fragments of the spleen were collected in the tubes with 3 mL of an
RNAlater solution (Invitrogen, Waltham, MA, USA) for RNA stabilization and stored at —80 °C until
further processing.

Table 1. Dietary formulation supplied in slow-growing chickens during three feeding phases.

Ingredient Starter (0-14 d) Grower (15-36 d) Finisher (37-50 d)
Corn 42.17 34.96 12.73
White corn 0.00 0.00 15.00
Wheat 10.00 20.00 25.01
Sorghum 0.00 0.00 5.00
Soybean meal 23.11 20.63 17.60
Expanded soybean 10.00 10.00 13.00
Sunflower 3.00 3.00 3.00
Corn gluten 4.00 3.00 0.00
Soybean oil 3.08 4.43 5.48
Dicalcium phosphate 1.52 1.20 0.57
Calcium carbonate 0.91 0.65 0.52

Sodium bicarbonate 0.15 0.10 0.15
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Salt 0.27 0.27 0.25

Coline cloride 0.10 0.10 0.10

Lysine solfate 0.59 0.55 0.46

Dl-methionine 0.27 0.29 0.30

Threonine 0.15 0.14 0.14

Enzyme-roxazyme g2g 0.08 0.08 0.08

Phytase 0.1% 0.10 0.10 0.10
Coccidiostat

Vit-min premix ! 0.50 0.50 0.50

Dry matter, % 88.57 88.65 88.64

Protein, % 22.70 21.49 19.74

Lipid, % 7.06 8.24 9.74

Fiber, % 3.08 3.04 3.07

Ash, % 5.85 5.17 4.49

Lys, % 1.38 1.29 121

Met, % 0.67 0.62 0.59

Met + Cys, % 1.03 0.97 0.91

Calcium, % 0.91 0.80 0.59

Phosphate, % 0.63 0.57 0.46

Metabolizable energy (kcal/kg) 3.076 3.168 3.264

! Provided the following per kg of diet: vitamin A (retinyl acetate), 1,3000 IU; vitamin D3
(cholecalciferol), 4000 IU; vitamin E (DL-a_tocopheryl acetate), 80 IU; vitamin K (menadione sodium
bisulfite), 3 mg; riboflavin, 6.0 mg; pantothenic acid, 6.0 mg; niacin, 20 mg; pyridoxine, 2 mg; folic
acid, 0.5 mg; biotin, 0.10 mg; thiamine, 2.5 mg; vitamin B1220 pg; Mn, 100 mg; Zn, 85 mg; Fe, 30 mg;
Cu, 10 mg; I, 1.5 mg; Se, 0.2 mg; and ethoxyquin, 100 mg.

2.3. RNA Isolation

Total RNA was isolated from the spleen. Fragments of the spleen tissue were homogenized with
the TissueRuptor homogenizer (Qiagen GmbH, Hilden, Germany) in TRIzol® LS Reagent
(Ambion/Thermo Fisher Scientific, Valtham, MA, USA). Further steps of RNA isolation and
purification were performed with a commercial kit (Universal RNA Purification Kit, EURX, Gdansk,
Poland). RNA quality and quantity were evaluated by using electrophoresis in 2% agarose gel and a
NanoDrop 2000 spectrophotometer (Scientific Nanodrop Products, Wilmington, NC, USA).

2.4. Quantitative Reverse Transcription PCR (RT-gPCR)

Complementary DNA (cDNA) was synthesized by using the Maxima First Strand cDNA
Synthesis Kit for RT-qPCR (Thermo Scientific/Fermentas, Vilnius, Lithuania), following the
manufacturer’s recommendations. Obtained cDNA was diluted to 70 ng/uL and stored at —20 °C. RT-
qPCR reactions were conducted with a total volume of 10 pL. The reaction mixture included Maxima
SYBR Green qPCR Master Mix (Thermo Scientific/Fermentas, Vilnius, Lithuania), 1 uM of each
primer (Sigma-Aldrich, Schnelldorf, Germany), and 2 pL of diluted cDNA. Thermal cycling was
performed in a LightCycler II 480 (Roche Diagnostics, Basel, Switzerland). Each RT-qPCR reaction
was conducted in two technical replicates. Gene expression analysis was performed for two gene
panels, which were reported earlier [41]. The first gene panel was associated with the immune
response and included the genes: IL-2, IL-4, IL-6, IL-10, IL-12p40, and IL-17. The second gene panel
was associated with stress response and included the genes: HSP25, HSP90AA1, BAG3, CAT, and
SOD. UB and ACTB were used as reference genes. The sequences of the primers that were used in
this experiment are presented in Table 2.

2.5. Relative Quantification of Gene Expression and Statistical Analysis

The normalization of the expression levels (Ct — cycle threshold) of the target genes was
performed with a geometric mean of the two reference genes (UB and ACTB). ACt was calculated by
subtracting the Ct of the reference genes from the Ct of the target genes (Ct target — Ct reference). All
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statistical analyses were based on ACt values. The full-factorial study design allowed us to analyze
the impact of GOS that were delivered in ovo and different levels of HS on gene expression signatures
in slow-growing hybrid chickens. The first statistical model was two-way ANOVA with interaction,
in which in ovo treatment and ambient temperature (acute or chronic HS vs. TN) were considered
independent variables (factors). In this analysis, the two time-points of tissue collection (day 36—
acute HS and day 50—chronic HS) were independently analyzed. The second statistical model
included in ovo treatment and HS (acute vs. chronic HS) as factors. In this model, the datasets from
acute and chronic HS were combined. In both ANOVA analyses, the factors (or interaction between
them) were considered significant at p <0.05, p <0.01, or p < 0.001.

Relative gene expression was calculated with the AACt algorithm. In the AACt algorithm, a
selected a calibrator (control ACt) was subtracted from the ACt of the experimental group. The fold
change (FC) of the target gene in the experimental group vs. the control group was calculated
according to the formula: 2-24Ct [42]. To visualize the pairwise differences between the treatment
groups, the results of the log2 fold change were graphed and compared with a Student’s t-test. The
pairwise comparisons were considered significant at p <0.05. The calculations were performed in MS
Excel and SAS Enterprise Guide 9.4 (SAS Institute, Cary, NC, USA). Graphs were drawn by using
Graph Pad Prism 7 (GraphPad, La Jolla, CA, USA).
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Table 2. List of target genes and primers sequences for RT-qPCR.
Gene ? NCBI Gene ID Primer Sequences (5'-3") Function ® Ref.
Panel 1. Inmune-related genes
12 373958 F: GCTTATGGAGCATCTCTATCATCA Cytokine important for the proliferation of T and B lymphocytes. Important role in the [41]
R: GGTGCACTCCTGGGTCTC immune response to antigenic stimuli.
F: GCTCTCAGTGCCGCTGATG . . . . .
IL-4 416330 R: GGAAACCTCTCCCTGGATGTC Pleiotropic cytokine produced by activated T cells. B-cell stimulatory factor. [43]
-6 395337 F: AGGACGAGATGTGCAAGAAGTTC  Cytokine that plays a role in inflammation and the maturation of B cells. Produced at sites [44]
R: TTGGGCAGGTTGAGGTTGTT of acute and chronic inflammation.
F: CATGCTGCTGGGCCTGAA . . . . . . i . .
IL-10 428264 R: CGTCTCCTTGATCTGCTTGATG Pleiotropic effects in immunoregulation and inflammation. Inhibits synthesis of cytokines. ~ [45]
1112040 404671 F: TTGCCGAAGAGCACCAGCCG Can act as a growth factor for activated T and Natural Killer cells. Stimulates production of [46]
P R: CGGTGTGCTCCAGGTCTTGGG IFN-gamma.
117 395111 F: GGGATTACAGGATCGATGAGGA Cytotoxic T-lymphocyte-associated protein 8. Proinflammatory cytokine produced by [41]
R: GAGTTCACGCACCTGGAATG activated T cells.
Panel 2. Stress response genes
v mow | FCCOICICIGCIGGAGGAGTG e St b Bl e Rl el e
R: ACCGTTGTTCCGTCCCATCAC u P e sbep 888
misfolding under stressful conditions.
HSPIOAA] 423463 F: GGTGTTGGTTCCTACTCTGCTTAC Heat shock protein family class A member 1. Is a molecular chaperone that aids protein [47]
R: ACTGCTCATCATCATTGTGCTTGG folding and quality control for a large proteins.
F: AGGGTCGTGCGGATGTGC .
BAG3 423931 R: TGTGGTGGCTTAGGCTCTGC BAG family molecular chaperone regulator 3. Cellular response to stress. [47]
F: GGGGAGCTGTTTACTGCAAG . . . . A
CAT 423600 R: CTTCCATTGGCTATGGCATT Catalase a key antioxidant enzyme in the bodies defense against oxidative stress. [48]
SOD1 395938 F: AGGGGGTCATCCACTTCC Superoxide Dismutase binds copper and zinc ions. Responsible for destroying free (48]
R: CCCATTTGTGTTGTCTCCAA superoxide radicals.
Reference genes
ACTB 396526 F: CACAGATCATGTTTGAGACCTT Beta-actin is highly conserved protein involved in cell motility, structure, integrity and [49]
R: CATCACAATACCAGTGGTACG intercellular signaling. Ubiquitously expressed in all eukaryotic cells.
UB 101747587F F: GGGATGCAGATCTTCGTGAAA Ubiquitin is associated with protein degradation, DNA repair, cell cycle regulation kinase (49]

R: CTTGCCAGCAAAGATCAACCTT

modification, and regulation of other cell signals pathways.

2 Annealing temperature for RT-qPCR was 58 °C except from IL-12p40 (65 °C); ® gene function derive from GeneCards (http://www.genecards.org).
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3. Results

3.1. Effects of in ovo Treatment and Thermal Challenge on Gene Expression

The results of two-way ANOVA with interaction, using the first statistical model (GOS vs. C; HS
vs. TN; GOS vs. C x HS vs. TN), are presented in Table 3. In acute HS, among the immune-related
genes, only IL-4 responded with differential messenger RNA (mRNA) expression to GOS treatment
(p < 0.001), temperature (p < 0.05), and the interactions between those two factors (p < 0.01). GOS
treatment modulated the expression of the stress-related genes: BAG3, CAT and SOD (p < 0.05). In
chronic HS, GOS that were delivered in ovo had immunomodulatory effect on: IL-2 (p < 0.05) and IL-
4 (p <0.001). Temperature significantly modulated the expression of IL-4 (p < 0.01) and IL-12p40 (p <
0.05). GOS treatment, in interaction with the temperature, showed a modulatory effect on stress-
related genes: CAT and SOD (p <0.01).

Table 3. Effects of in ovo treatment and ambient temperature on gene expression signatures in the
spleens of slow-growing chickens.

Gene Treatment ! Temperature 2 Treatment x Temperature 3
Acute HS
Immune-related panel
IL-2 NS NS NS
IL-4 <0.001 <0.05 <0.01
IL-6 NS NS NS
IL-10 NS NS NS
IL-12p40 NS NS NS
IL-17 NS NS NS
Stress -related panel
BAG3 <0.05 NS NS
CAT <0.05 NS NS
SOD <0.05 NS NS
HSP25 NS NS NS
HSP90 NS NS NS
Chronic HS
Immune-related panel
IL-2 <0.05 NS NS
IL4 <0.001 <0.01 NS
IL-6 NS NS NS
IL-10 NS NS NS
IL-12p40 NS <0.05 NS
IL-17 NS NS NS
Stress -related panel
BAG3 NS NS NS
CAT NS NS <0.01
SOD NS NS <0.01
HSP25 NS NS NS
HSP90 NS NS NS

Effects: 1 In ovo delivery of galactooligosaccharides (GOS) vs. physiological saline (C); 2 ambient
temperature (TN—thermoneutral vs. HS); 3 interaction between in ovo treatment and ambient
temperature on immune-related and stress-response genes in chicken spleens. Gene expression
analysis was done with RT-qPCR. The significance of effects that were calculated with two-way
ANOVA. Significance levels: p < 0.05, p < 0.01 or p < 0.001 (significant), and p > 0.05 (non-significant,
NS).

The results of the two-way ANOVA that was performed with the second statistical model (GOS
vs. C; acute HS vs. chronic HS; GOS vs. C x acute HS vs. chronic HS) are presented in Table 4. In this
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statistical model, we evaluated the effects of acute and chronic HS on the associated gene expression
in the splenic tissue of slow-growing chickens. In ovo treatment had an effect on gene expression of
IL-4 (p <0.001), which was consistent with the results obtained in the first statistical model. HS (acute
vs. chronic) changed the gene expression of IL-2 (p < 0.05) and HSP90 (p < 0.05), which was not
observed by comparing TN vs. HS (acute or chronic). The interaction of the two factors significantly
affected the stress-related genes CAT and SOD (p < 0.05).

Table 4. Effects of in ovo treatment and the duration of heat stress (HS) on gene expression signatures
in the spleens of slow-growing chickens.

Gene Treatment ! HS? Treatment x HS 3
Immune-related panel
IL-2 NS <0.05 NS
IL-4 <0.001 NS NS
IL-6 NS NS NS
IL-10 NS NS NS
IL-12p40 NS NS NS
IL-17 NS NS NS
Stress -related panel
BAG3 NS NS NS
CAT NS NS <0.05
SOD NS NS <0.05
HSP25 NS NS NS
HSP90 NS <0.05 NS

Effects: ! In ovo delivery of galactooligosaccharides (GOS) vs. physiological saline (C); 2 HS (acute HS
vs. chronic HS); 3 interaction between in ovo treatment and ambient temperature on immune-related
and stress-response genes in chicken spleens. Gene expression analysis was done with RT-qPCR. The
significance of effects was calculated with two-way ANOVA. Significance levels: p <0.05, p <0.01 or
p <0.001 (significant), and p > 0.05 (non-significant, NS).

3.2. Relative Gene Expression Changes in Heat Stress

Short-term (acute) heat (TN-C vs. HS-C) did not affect the gene expression signatures that are
associated with immune and stress responses in slow-growing chickens. On the other hand, long-
term (chronic) heat activated some immune-related and stress-related genes, presented in Figure 1.
Chronic HS up-regulated anti-inflammatory (FC logz of IL-10 = 1.88, p < 0.05) and pro-inflammatory
cytokines (FC logz IL-12p40=2.01, p < 0.05). Additionally, oxidative stress was activated in the spleen
during chronic HS (FC log: CAT gene = 1.72, p < 0.01 and FC logz SOD gene = 1.55, p < 0.05).
Surprisingly, the genes encoding chaperones (HSP25 and HSP90) were not activated by either acute
or chronic heat (p > 0.05).
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Effects of Chronic Heat Stress
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Figure 1. Relative messenger RNA (mRNA) expression of immune-related and stress-related genes
in the spleens of slow-growing chickens that were challenged with chronic heat. Gene panel includes:
interleukin: IL-2, IL-4. IL-6, IL-10, IL-12p40, and IL-17 and stress-related genes: CAT, SOD, BAGS3,
HSP25 and HSP90. The x-axis shows a list of genes. The y-axis indicate the relative mRNA abundance
of the genes after heat challenge (n = 8). Gene expression analysis was carried out with RT-qPCR.
qPCR reactions were performed in triplicate. The geometric mean of the ACTB and UB reference genes
was used to calculate delta cycle threshold (dCt) values. The relative gene expression (FC — fold
change) was calculated with the delta delta cycle threshold (ddCt) formula and the fold change (FC)
was calculated as follows: FC= 2744¢t, EC values were transformed and presented as Log:FC. The
standard error of the means (SEM) shows distribution of the Ct values. Normalized data (dCt values)
of thermoneutral control (mock-injected) and heat-stressed control (mock-injected) groups were
compared with a Student’s t-test. Significant differences (p < 0.05) are labelled with an asterisk (*).
Figures were prepared by using GraphPad Prism 7 (GraphPad, La Jolla, CA, USA).

3.3. Effects of GOS Delivered in ovo on Gene Expression Modulation during Acute and Chronic Heat Stress

Figure 2 presents effects of GOS that were delivered in ovo on gene expression signatures during
HS. Overall, GOS that were delivered in ovo decreased the splenic expression of the immune-related
and stress-related genes during HS (HS-GOS). The most striking effects of GOS that were delivered
in ovo on the immune-related gene expression signatures was the down-regulation of IL-4 cytokine
during acute (FClogz IL-4 =-6.10, p <0.01) and chronic (FC logz IL-4 =-3.45, p <0.01) HS. Furthermore,
GOS that were delivered in ovo decreased the expression of pro-inflammatory cytokine, IL-12p40,
during chronic heat (FC log: IL-12p40 = -1.13, p < 0.05). Finally, in ovo treatment reduced oxidative
stress induced by chronic heat (FC log: CAT =-1.72, p < 0.05 and SOD = -1.56, p < 0.05). GOS that
were delivered in ovo did not modulate expression of the chaperones (p > 0.05).
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Effects of GOS in Acute Heat Stress
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Figure 2. Relative mRNA expression of immune-related and stress-related genes in the spleens of
slow-growing chickens injected in ovo with GOS and challenged with heat on two levels: A—acute
(30° C for 8.5 h); and B— chronic (30° C for 14 days). Gene panel includes: interleukin: IL-2, IL-4. IL-6,
IL-10, IL-12p40, IL-17 and stress-related genes: CAT, SOD, BAG3, HSP25 and HSP90. X-axis shows a
list of genes. Y-axis indicate relative mRNA abundance of the genes after heat challenge (n = 8). Gene
expression analysis was carried out with RT-qPCR. qPCR reactions were performed in triplicates.
Geometric mean of ACTB and UB reference genes was used to calculate dCt values. The relative gene
expression was calculated with ddCt formula (FC=2-24¢t). FC values were transformed and presented
as Log2FC. Standard error of the means (SEM) shows distribution of the Ct values. Normalized data
(dCt values) of heat-challenged (A-acute, B-chronic) control (mock-injected) and heat-stressed GOS
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treatment groups were compared with Student’s t-test. Significant differences (p < 0.05) were labelled
with an asterisk (*). Figures were prepared by using GraphPad Prism 7 (GraphPad, La Jolla, CA,
USA).

4. Discussion

4.1. Immune-related Gene Expression Signatures

In this study, we determined impact of two factors (i.e., the GOS that were delivered in ovo and
HS) on immune-related and stress-related gene expression signatures in the spleens of slow-growing
chickens. The spleen is the largest peripheral lymphoid organ and plays a key role in immune
responses in chickens [50]. Gene expression signatures that were determined in the splenic tissue
informed about the systemic immune response to challenging factors, including heat [51]. The GIT is
highly responsive to heat. The detrimental effects of HS on intestinal homeostasis include a reduced
nutrient absorption, a disrupted integrity of the intestinal wall, and an activated immune system
[52,53]. Intestinal epithelial cells are connected with gap junctions, tight junctions, adherent junctions,
and desmosomes [54]. Under the influence of high temperature, the barrier function is compromised,
and the intestinal lumen content enters the bloodstream, causing chronic systemic inflammation [25].
The activation of Toll-like receptors (TLR) by microbial signatures triggers myeloid differentiation
primary response 88 (MyD88), which in turn induces cytokine secretion [55].

Cytokines are intracellular peptides that serve as immune mediators. During HS, the levels of
both pro-inflammatory and anti-inflammatory cytokines increase. This is due to endotoxemia, which
is a storm of microbial endotoxin (i.e., LPS—lipopolysaccharides) infiltrating the milieu of the body
[56]. In the current study, slow-growing chickens that were subjected to chronic HS demonstrated a
significantly higher expression of IL-10 and IL-12p40. IL-10 skews immune responses towards Th2-
type (humoral) responses, while IL-12p40 is associated with Thl-type (cellular) immune responses
[57]. There is a strong interaction between these cytokines. IL-10 causes a negative regulation of the
Th1 response [58]. In this paper, chronic (but not acute) HS increased the level of splenic mRNA
encoding both IL-10 and IL-12p40. There are two hypotheses of such the counter-balancing expression
of pro- and anti-inflammatory cytokines in the spleens of heat-stressed chickens. First, the IL-10 and
IL-12p40 cytokine expression in the spleen can be mediated by the TLR2 signaling pathway, triggered
by Gram-positive cell wall components [59]. In heat-stressed individuals, those Gram-positive cell
wall components originate from intestinal content, which leaks into the milieu of the body due to
increased intestinal permeability [56]. Different bacterial ligands can stimulate TLR2 receptors on
different antigen presenting cells (e.g., lymphocyte B, dendritic cells, or macrophages) in the spleen
[60]. The gastrointestinal origin of those TLR ligands suggests their variability, and, as such, the
ability to activate TLR signaling pathways in different cells. The second hypothesis is associated with
endotoxemia that is mediated by LPS influx from the gut due to HS (as mentioned above).
Endotoxemia triggers strong pro-inflammatory responses (mediated by IL-12p40) that are balanced
by anti-inflammatory IL-10 cytokine [61]. In summary, the activation of two major cytokines in the
spleens of slow-growing chickens indicates that the individuals responded to heat with increased
pro- and anti-inflammatory immune responses.

GOS that were delivered in ovo balanced the level of IL-10 and IL-12p40 to the baseline (under
acute HS) or even down-regulated cytokine expression (under chronic HS). Previously, we have
determined that GOS that were delivered in ovo increased the expression of the genes that are
involved in the barrier function of the gut of broiler chickens [32]. An improved barrier function
allows for a decrease of intestinal permeability due to stress and the influx of antigens into the milieu
of the body [62]. In the absence of an antigenic cocktail, TLR-mediated immune responses are not
activated. In a broiler study that was conducted with the same experimental design as the current
study, IL-12p40 was up-regulated by acute HS, but in ovo GOS stimulation decreased its expression
to the level of the control groups [41]. It can be concluded that heat induced mild immune responses
in slow-growing chickens, but GOS that were delivered in ovo managed to dampen immune
responses under HS.
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Interleukin 4 (IL-4) was one of the cytokines that was modulated in slow-growing chickens by
both environmental factors, i.e., GOS that were delivered in ovo and HS. Individuals that were
treated with GOS under acute and chronic HS expressed a decreased mRNA level of the IL-4 cytokine,
confirmed by a significant interaction between the two factors. In our earlier study on broilers [41],
the mRNA level of IL-4 was elevated by acute HS (similarly as IL-12p40), but in ovo stimulation with
GOS dampened its level to the baseline (i.e., mock-injected controls). In the current study on slow-
growing chickens, IL-4 was numerically down-regulated by HS alone, and the down-regulation was
further enhanced by the in ovo delivery of GOS (the interaction between treatment and temperature
was significant). IL-4 cytokine acts in humoral immunity as a pleiotropic cytokine that is produced
in response to receptor activation by Th2-type T cells, basophils, and mast cells [63]. Its major function
is regulating antigen-stimulated naive T cell differentiation and the expression of the specific
immunoglobulin E (IgE) and immunoglobulin G (IgG) by B cells [64]. Quinteiro-Filho et al. (2017)
found that chronic HS decreased the plasma levels of Immunoglobilin A (IgA) and IgG in broiler
chickens [65]. It seems that splenic IL-4 is a good biomarker of the HS response in different chicken
genotypes. Early GOS delivery dampens heat-induced Th2 immune responses in slow-growing
chickens.

4.2. Stress-related Gene Expression Signatures

Exposure to HS can lead to oxidative stress, which is characterized by the accumulation of
reactive oxygen species (ROS) in the cells. The first line of defense is the production of cellular
antioxidant enzymes including CAT and SOD, which protect the cells from ROS-induced cellular
damage [66]. The current study showed a significant increase in the mRNA expression of CAT and
SOD genes during chronic HS. Such increase indicates the activation of the pathways that are
associated with counteracting the effects of oxidative stress. HS has been reported to increase the
hepatic activity of CAT and SOD enzymes in two broiler chicken genotypes (Ross 308 and Cobb 500)
(http://en.aviagen.com/brands/ross/products/ross-308) [67]. Habashy et al. (2018) reported the up-
regulation of the mRNA level of SOD (but not CAT) gene under chronic HS (12 days) [68]. Low/basic
levels of oxidative stress can play an important role in adapting to stressful environmental conditions
[69]. In poultry, antioxidants use ROS to activate the expression of vitagenes, which are responsible
for biological adaptation to stress. Vitagenes include the SOD and HSP genes.

In slow-growing chickens, only chronic HS triggered mRNA responses. Long-term HS (14 days)
activated anti-inflammatory (IL-10), pro-inflammatory (IL-12p40), and oxidative stress responses
(CAT and SOD). Long-term HS can lead to chronic systemic oxidative stress, which is associated with
mild subclinical inflammation. This condition, called “OxInflammation,” impairs natural
homeostatic adaptation, which leads to stronger systemic inflammation and an increased
susceptibility to diseases [70]. If it is not possible to eliminate stressors from the environment,
OxInflammation can be reduced by improved acclimatization (e.g., by stimulating intestinal
microbiota) and adaptation (e.g., by using slow-growing hybrids).

In this study, both CAT and SOD were up-regulated by chronic (but not acute) HS, but in ovo
delivered GOS dampened the mRNA expression of both genes. GOS-stimulated chickens expressed
down-regulated signatures of oxidative stress compared to mock-injected birds. Oxidative stress has
been recently linked with intestinal microbiota [71]. Apparently, direct contact between intestinal
epithelial cells and microbiota induces the production of physiological ROS [72]. Different species of
intestinal microbiota induce different levels of ROS production in the gut. For example, Lactobacillus
has been reported to trigger ROS production both in vitro and in vivo [72]. We previously determined
that GOS that were delivered in ovo elicited bifidogenic effects in broiler chickens (i.e., a higher level
of Bifidobacteria), which resulted in a decreased Lactobacilli level in the caecum [32]. We can speculate
that GOS that were delivered in ovo had a potent effect on intestinal microbiota composition, which
led to a decreased intestinal ROS production under chronic HS.

Splenic HSP genes in slow-growing chickens did not respond to HS, neither acute nor chronic.
The up-regulation of HSP is a cellular reaction to reduce the risk of damage (by protein misfolding)
during stress. In our earlier study, we observed that the mRNA expression of HSP was triggered in
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broiler chickens by acute HS, which did not cause any molecular responses in slow-growing chickens
(data not presented). This suggests that slow-growing chickens are heat-tolerant, and the mild
elevated ambient temperature (30 °C) did not activate HS response via chaperone proteins [73].
Comparative studies on two Brazilians native chicken breeds and commercial line Cobb chickens
have shown that HSP70 and HSP90 gene expression differs significantly between breeds. HSP genes
were highly up-regulated in native breeds only at a very high ambient temperature (39 °C), which
proved them resistant to high temperatures [18].

On a performance level, HS causes losses in feed intake and growth rate. In broiler chickens,
chronic HS has been found to significantly reduce (p < 0.01) final body weight (BW) (2.52 kg in TN
vs. 3.11 kg in HS) [32,39,40]. In the current study, chronic HS also reduced final BW (p < 0.001), but
the difference between TN and HS was almost two times lower than in broiler chickens (2.21 kg in
TN vs. 1.94 kg in HS), even with the longer rearing period (42 days in broilers vs. 50 days in slow-
growing chickens). The slow-growing crossbreds, which were analyzed in this study, are considered
by the Hubbard breeding company as “exceptional in their rusticity.” This indicates better hardiness
in comparison to highly selected and fast-growing broilers. The results presented in this paper
confirm that slow-growing crossbreds lost only 12% of their total BW due to HS, whereas the losses
in fast-growing broilers amounted to 24% of their total BW. GOS that were delivered in ovo improved
(p < 0.01) the final BW in broiler chickens (2.76 kg in control chickens vs. 2.89 kg in GOS). In the
current study, the final BW of slow-growing chickens was not improved (p > 0.05) by GOS that were
delivered in ovo (2.04 kg in control chickens vs. 2.00 kg in GOS) (Federico Sirri, personal
communication). The differences in growth rate seemed to have had an impact on the responses to
HS in chickens. However, at this point, the data on slow-growing chickens are limited. Therefore, we
find it difficult to provide an explanation for why this genotype reacted differently than the highly
selected, fast-growing broilers.

5. Conclusions

Slow-growing chickens proved to be well adapted to acute HS, which did not trigger immune-
related or stress-related gene expression in the spleen. On the other hand, chronic HS activated genes
that are associated with inflammation and oxidative stress (i.e., OxInflammation). GOS that were
delivered in ovo mitigated heat-induced OxInflammation and decreased Th2 responses (down-
regulation of IL-4). We demonstrated that the genetic adaptation of slow-growing chickens to HS
combined with in ovo stimulation with GOS has mitigating effects on the molecular pathways that
are associated with immune and stress responses.
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Simple Summary: The skin mucosa in fish is equipped with innate immune mechanisms, which
constitute the first line of defense against potentially harmful factors in the aquatic environment.
Prebiotics, such as galactooligosaccharides (GOS), mediate modulation of the immune responses.
Dietary prebiotics promote the development of intestinal microbiota, which interacts with the immune
system. In this study, we analyzed the effects of the GOS prebiotic applied as a feed additive on
molecular responses in the skin mucosa of the common carp. The genes analyzed encode various
proteins associated with the innate immune response in skin mucosa in fish, such as mucin secretion,
antimicrobial peptides, and enzymes. Modulated expression of those genes at the mRNA level
regulates the defense mechanisms in the skin mucosa. In this study, supplementation with GOS
increased the mRNA level of interferon and lysozyme, which are involved in fighting infection. At the
same time, GOS decreased the mRINA level of CRP, which is a marker of inflammation. We conclude
that supplementation with GOS modulates innate immune processes in the skin mucosa of common
carp. Further studies could be focused on analyzing the effects of GOS on the microbiota composition
of the skin mucosa and the mitigating effects against environmental stress.

Abstract: Galactooligosaccharides (GOS) are well-known immunomodulatory prebiotics. We hypothesize
that GOS supplemented in feed modulates innate immune responses in the skin-associated lymphoid
tissue (SALT) of common carp. The aim of this study was to determine the impact of GOS on mRNA
expression of the immune-related genes in skin mucosa. During the feeding trial, the juvenile fish
(bodyweight 180 + 5 g) were fed two types of diet for 50 days: control and supplemented with 2% GOS.
At the end of the trial, a subset of fish was euthanized (n = 8). Skin mucosa was collected, and RNA was
extracted. Gene expression analysis was performed with RT-qPCR to determine the mRNA abundance of
the genes associated with innate immune responses in SALT, i.e., acute-phase protein (CRP), antimicrobial
proteins (His2Av and GGGTS5L), cytokines (IL16, IL4, IL8, IL10, and IFNYy), lectin (CLEC4M), lyzosymes
(LyzC and LyzG), mucin (M5ACL), peroxidase (MPO), proteases (CTSB and CTSD), and oxidoreductase
(TXNL). The geometric mean of 40s s11 and ACTB was used to normalize the data. Relative quantification
of the gene expression was calculated with AACt. GOS upregulated INFy(p < 0.05) and LyzG (p < 0.05),
and downregulated CRP (p < 0.01). We conclude that GOS modulates innate immune responses in the
skin mucosa of common carp.

Keywords: fish; GOS; prebiotic; mucosal immunity; reference genes; skin-associated lymphoid tissue
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1. Introduction

The aquatic environment constantly challenges the water fauna with microbiological, physical,
and chemical stressors (e.g., bacteria, viruses, parasites, osmotic pressure, and physical obstacles).
Skin serves as the first line of defense against microorganisms and other stressors, and it is, therefore,
considered a major immune organ in fish [1]. Fish skin consists of the dermis and a layer of the
mucus-secreting epidermis (known as skin mucosa), covered with calcified scales [2]. The skin mucosa
has high metabolic activity and unique morphology [3]. Fish skin has developed distinct mechanisms
of mucosal immunity. First, it is covered by mucus that prevents pathogens from sticking to the skin
surface. Second, it contains a large variety of antibacterial compounds, including proteins and enzymes,
such as lysozyme and proteolytic enzymes, immunoglobulins, complement proteins, lectins, and
C-reactive proteins [4,5]. Third, the dermis and epidermis contain a number of immunocompetent cells,
including epithelial, mucus, club, and goblet cells, that account for the skin-associated lymphoid tissue
(SALT) [6,7]. The major function of SALT is to locally recognize antigens in the skin and neutralize them
with various types of innate and specific mechanisms [8]. Immunoglobulin T (IgT) plays a significant
role in the immune responses mounted by SALT, which directly resembles the mechanisms of the
intestinal mucosal immunity [9].

Animportant adaptation of the skin mucosa to the aquatic environment is the microbiota inhabiting
the mucus. Skin microbiota consists mostly of the commensal bacteria, with a population of about
102-10* bacteria per cm? of the skin [10]. Most fishes are oviparous, which means that from the moment
of hatching, they are exposed to the microorganisms inhabiting water reservoirs. For this reason, a rich
skin microbiota enhances the fish’s protection against environmental pathogens [11]. The known
mechanisms in which skin microbiota prevents colonization of the pathogens are competitive exclusion
and secretion of antimicrobial compounds [12,13]. The structure of the microbial community in
the skin microbiota reflects the surrounding environment and is characterized by large interspecies
diversity [14,15]. For example, 16S rRNA analysis of intestinal samples from several fish species revealed
that the most abundant order in freshwater fish is Aeromonadales, whereas in saltwater—Vibrionales.
It shows the influence of a single factor, which is the level of the water salinity, on the microbiota
composition. The trophic level also has an effect on the microbiota; the microbiota of herbivorous
fishes (including common carp) typically resemble the microbiota of mammals [16]. Pyrosequencing
of 16S rRNA revealed that the gastrointestinal microbiota of common carp contains Fusobacteria
(46%), Bacteroidetes (21%), Planctomycetes (12%), Gammaproteobacteria (7%), as well as Clostridia (3%),
Verrucomicrobiae (1%), and Bacilli (1%) [17].

The gastrointestinal microbiota can be modulated by prebiotics supplemented in feed. The most
commonly used prebiotics in aquaculture include inulin, beta-glucan, fructooligosaccharides
(FOS), mannanoligosaccharides (MOS), galactooligosaccharides (GOS), xylooligosaccharides (XOS),
arabinoxyligosaccharides (AXOS), and isomaltooligosaccharides (IMO) [18]. The use of a prebiotic
or synbiotic (prebiotic + probiotic) in the fish’s diet improves growth parameters [19,20], stimulates
digestive enzymes [21], increases resistance to bacterial and viral diseases [22], improves hematological
parameters [23], modulates composition of the intestinal microbiota, enhances intestinal microvilli and
absorption surface [19,24-26], and also affects the level of the immune-related gene expression [27].

Modulating the innate immune responses in fish by feed additives can support health and prevent
diseases [19]. Various feed additives with immunostimulatory effects have been studied, such as herbs,
prebiotics, probiotics, and synbiotics [20,28-30]. The mucus layers of the fish skin are rich in ingredients
associated with the innate immune system, such as immunoglobulins, complement proteins, c-reactive
proteins, lysozymes, proteases, and antimicrobial peptides [31]. The aim of the study was to analyze
the effects of GOS prebiotic applied as a feed additive on the mRNA expression of the genes associated
with the innate immune responses in the skin mucosa of the common carp (Cyprinus carpio).
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2. Materials and Methods

2.1. Fish, Feeds, and Experimental Design

The experiment was conducted at the Experimental Station of Feed Production Technology and
Aquaculture (affiliated with Poznani University of Life Sciences) in Muchocin (Poland). Three hundred
one-year-old fish of the common carp (Cyprinus carpio), with a mean bodyweight of 180 g (+5 g),
were placed in 12 concrete tanks (60 m?®). The distribution of the fish was 25 individuals per tank.
The tanks were individually supplied with water from the Struga Dormowska river, in an open system
with a mechanical prefiltration chamber. Construction of the tanks allowed the maintenance of the
maximum water level with constant water flow. Each tank was equipped with an automatic belt feeder
allowing permanent access to the feed for 12 h a day.

The daily diet ration was calculated based on the carp feeding key developed by Miyatake [32].
Water temperature and the current fish weight was accounted for. The dietary formulation and
proximate composition of the feeds are shown in Table 1. The feeds were processed using a single-screw
warm extruder (Metalchem 5-60, Gliwice, Poland). The extrusion conditions were as follows: cylinder
temperature under stress of increasing pressure 90 °C, 100 °C in the high-pressure zone, 110 °C in the
head, with a screw diameter of 6 mm and a speed of 52 rpm. The fish were divided into two groups:
control group (CON), which received a diet without supplements, and experimental group (GOS),
fed a diet supplemented with 2% GOS (Biztos®, Clasado Biosciences Ltd., Jersey, UK). The feeding
trial lasted 50 days, from 30.04. to 19.06.2018. Every ten days, individual weights of all fish in each
tank were measured, and the feed ration and rearing indices were calculated.

Table 1. Dietary formulation and proximate composition of the feed.

Composition (%)

Ingredient
CON  GOs™?
Wheat meal 32.8 30.8
Fish meal ! 12.3 12.3
Blood meal 2 10.0 10.0
DDGS 3 11.0 11.0
Soybean meal 4 15.0 15.0
Rapeseed meal ° 10.0 10.0
Fish oil ® 4.6 4.6
Soybean lecithin 7 1.0 1.0
Vitamin-mineral premix 8 1.5 1.5
Vitamin premix 9 0.1 0.1
Choline chloride 0.2 0.2
Fodder chalk 15 15
Prebiotic 10 0 2

Proximate composition (% dry matter)

Crude protein 35.06
Essential amino acids (g 100 g ~1 of crude protein)
Arginine 4.53
Histidine 2.80
Lysine 3.50
Tryptophan 1.04
Phenylalanine + Tyrosine 4.96
Methionine + Cysteine 1.75
Threonine 3.13
Leucine 6.72
Isoleucine 3.90

Valine 4.97
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Table 1. Cont.

Composition (%)

Ingredient
CON™  GOs™

Total lipid 9.08
Crude fiber 3.93
Total phosphorus 0.83
Calcium 1.36
Ash 7.17
Gross energy (MJ-kg ~1) 18.51

1 Danish fishmeal, Type E, 72% total protein, 12% fat, FF Skagen, Denmark. 2 AP 301 P, 92% total protein, APC
(GB) Ltd, Ings Road, Doncaster, UK. % Dried Distillers Grains with Solubles, stillage >45% total protein, <6% ash.
4 Toasted, 46%—47% total protein. 533% total protein, 2% fat. 6 Agro-fish, Kartoszyno, Poland. 7 BergaPure, deoiled
lecithin, 97% pure lecithin, Berg+Schmidt GmbH & Co. KG, Hamburg, Germany. 8 Polfamix W, BASF Polska Ltd.
Kutno, Poland - 1 kg contains: vitamin A 1,000,000 IU, vitamin D3 200,000 IU, vitamin E 1.5 g, vitamin K 0.2 g,
vitamin By 0.05 g, vitamin B, 0.4 g, vitamin By, 0.001 g, nicotinic acid 2.5 g, D-calcium pantothenate 1.0 g, choline
chloride 7.5 g, folic acid 0.1 g, methionine 150.0 g, lysine 150.0 g, Fe 2.5 g, Mn 6.5 g, Cu 0.8 g, Co0.04 g, Zn4.0 g,
J 0.008 g, carrier up to 1000.0 g. 9 Vitazol AD3E, BIOWET Drwalew, Poland — 1 kg contains: vitamin A 50,000 IU,
vitamin D3 5000 IU, vitamin E 30.0 mg, vitamin C 100.0 mg. '° Bitos®trans-galactooligosaccharide (GOS), Clasado
Ltd. 1! Control group without GOS supplementation. 12 Group supplemented with galactooligosaccharides.

2.2. Tissue Collection and RNA Isolation

Samples of the skin mucosa were collected from randomly selected individuals (n = 8) with
an average body weight of 500 g (+10 g). The mucus was gently scraped from the skin using a sterile
glass slide and stabilized in 3 ml of RNAlater (Invitrogen, Waltham, MA, USA). The samples were
stored at —80 °C until total RN A isolation. Prior to total RNA isolation, the samples of skin mucosa were
homogenized with the TissueRuptor homogenizer (Qiagen GmbH, Hilden, Germany) in TRIzol®LS
Reagent (Ambion/Thermo Fisher Scientific, Waltham, MA, USA). The lysate was processed using
a EURx Universal RNA Purification Kit (EURX, Gdansk, Poland). The RNA quality and quantity
were determined by gel electrophoresis using 2% agarose gel (to verify the integrity of 18S and 285
rRNA) and NanoDrop 2000 (to measure the absorbance at 260/280 nm) (Scientific Nanodrop Products,
Wilmington, DE, USA). RNA was frozen at -80 °C prior to downstream analyses.

2.3. Reverse Transcription—Quantitative PCR (RT-gPCR)

Reverse transcription (RT) was performed using a Maxima First Strand ¢cDNA Synthesis
Kit for RT-qPCR (Thermo Scientific/Fermentas, Vilnius, Lithuania), following the manufacturer’s
recommendations. Obtained cDNA was diluted to 70 ng/uL and stored at —20 °C. RT-qPCR reactions
were conducted with a total volume of 10 pL. The reaction mixture contained 1x Maxima SYBR
Green qPCR Master Mix (Thermo Scientific/Fermentas, Vilnius, Lithuania), 1 uM of each primer
(Sigma—Aldrich, Germany), and 2 pl of diluted cDNA. Thermal cycling was performed in a LightCyclerII
480 (Roche Diagnostics, Basel, Switzerland). The qPCR amplification comprised an initial denaturation
step for 15 min at 95 °C, followed by 40 cycles of denaturation (10 s at 95 °C), annealing (15 s at 58 °C),
and extension (30 s at 72 °C). Fluorescence was measured at the end of each extension step. The thermal
program was completed by the melting curve, which was generated by increasing the temperature in
small increments up to 98 °C and measuring the fluorescence of the melting amplicon. Each RT-qPCR
reaction was conducted in triplicates (reference genes) or duplicates (target genes). Oligonucleotide
primers were synthesized based on sequences from literature or in-house designed. The selection of
reference and target genes and primer details are described in the Section 2.4. “Gene selection”.
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2.4. Gene Selection

2.4.1. Reference Genes

Reference genes for the relative gene expression analysis were selected based on a two-step
selection process. First, the related literature was studied to pinpoint the relevant panel of reference
genes for carp [24,33-35]. Second, the RT-qPCR analysis was performed on a full set of cDNA samples
to determine the reference genes’ quality and stability in the samples from skin mucosa. The RT-qPCR
for reference genes was performed based on the methodology described in Section 2.3. “Reverse
Transcription Quantitative PCR (RT-qPCR)”. Table 2 presents the list of the reference genes and
the respective oligonucleotide primers. Ct values from CON and GOS groups were analyzed using
RefFinder [36]. RefFinder integrates different algorithms that are commonly used in reference genes
analysis, including BestKeeper [37], NormFinder [38], geNorm [39], and the comparative delta-Ct
method [40]. Analysis of the panel of reference genes allowed for selecting the best combination of the
reference genes for relative expression of the target genes.

Table 2. Reference genes for reverse transcription-quantitative PCR (RT-qPCR) in common carp.

Name Gene NCBI Gene ID Primer Sequences (5'—3") Ref
. F:ATCCGTAAAGACCTGTATGCCA
Beta-actin ACTB 109073280 R:GGGGAGCAATGATCTTGATCTTCA 2]
. F-TGGAGATGCTGCCATTGT
Elongation factor 1-alpha EF-l1a 109111735 RTGCAGACTTCGTGACCTT [34]
Glyceraldehyde-3-phosphate F:ATCTGACGGTCCGTCT
dehydrogenase-like GAPDH 109106399 RCCAGCACCGGCATCAAA [341

F:GAGTATGGTTGCAAAGCTGAAAC
R:AATCTGTCAATCCTTTCCGTGTCC
F:CCGTGGGTGACATCGTTACA

40S ribosomal protein S11 40s s11 109061205 RTCAGGACATTGAACCTCACTGTCT [33]

18S ribosomal RNA 18s rRNA FJ710826.1 [35]

2.4.2. Target Genes

The selection of the target genes was based on the literature on the immune responses generated
in SALT [5,41-44]. First, a list of immunological processes that occur in SALT to protect fish from
external factors was determined. These processes include defense against Gram-positive bacteria,
Gram-negative bacteria, viruses, fungi, and yeast; hydrolyzing peptide and glycosidic bonds of the
cell walls; promoting phagocytosis; activating complement pathways; turning off opsonization; and
stress response. Next, proteins involved in these processes were pinpointed, and the underlying genes
were considered target genes for this study. In effect, a comprehensive panel of the genes expressed
in the fish skin mucosa was selected. A DNA sequence of the respective target genes was derived
from a gene-related section of the NCBI database (https://www.ncbi.nlm.nih.gov/gene). The RT-qPCR
primers were designed using Primer-BLAST [45], which is a primer designing tool implemented in the
NCBI database (https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi). The RT-qPCR primers
were designed based on the following criteria: amplicon size between 70 and 200 bp, span of an
exon—exon junction (does not apply to CRP gene due to the presence of only one exon), optimal melting
temperatures around 60 °C, the 3’ end of primers contains a C or G residue (if possible), CG content
around 40%—-60%, and exclusion of primer-dimer formation. The list of the analyzed genes, including
their biological function and primer sequences, is presented in Table 3.
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Table 3. Inmune-related genes and primer sequences for RT-qPCR analysis of the skin mucosa in common carp.

6 of 16

Name Gene Gene ID Function ! Primer Sequences (5'—3’) Ref. 2
Acute-phase protein
Host defense: it promotes agglutination, bacterial
) . . capsular swelling, phagocytosis, and complement F:AGCTTTGGAAAATTCGGTTCACC .
Creactive protein CRP 109083752 fixation through its calcium-dependent binding to R:ACTCACCCTCGTGTCACTGC This study
phosphorylcholine.
Antimicrobial peptides (AMP)
. . . Main role in transcription regulation, DNA repair, DNA F:CTGGTGGAGGTGTGATTCCT .
Histone H2A. V-like His24v 109068402 replication, and chromosomal stability R:AGCGGGAACTACACGGTCTT This study
Protein-glutamine Key role in the gamma-glutamyl cycle and maintains F:AGCTGCATATCATGGACGAGTT .
gamma-glutamyltransferase 5-like CGGTSL 109112827 normal redox status R:CTCCGCAGAACCAGAGTGCT This study
Cytokines
Mediator of the inflammatory response, and is involved
. . . . L F:AAGGAGGCCAGTGGCTCTGT
Interleukin 1 beta-like IL1p 109097442 in a variety of ceuular a@ylhes, including c.ell R-CCTGAAGAAGAGGAGGCTGTCA [46]
proliferation, differentiation, and apoptosis
Participates in at least several B-cell activation processes
. as well as other cell types. It is a costimulator of FTTTCTGGGCTGTCTGGTGCCAA
Interleukin 4 14 109064937 DNA-synthesis. It induces the expression of class II RTTTCTTGTCAGTACGGAAATGCTCA (471
MHC molecules on resting B-cells
Chemotactic factor that attracts neutrophils, basophils,
. . and T-cells, but not monocytes. It is also involved in F:GATGCAAATGCCCTCAAATACA )
Interleukin 8-like ILs 109085034 neutrophil activation. It is released from several cell R:GGCTCTTGACGTTCCTTTTG 431
types in response to an inflammatory stimulus
Major immune-regulatory cytokine that acts on many
. . cells of the immune system where it has profound F:CGCCAGCATAAAGAACTCGT )
Interleukin 10-like [L10 109076801 anti-inflammatory functions, limiting excessive tissue R:TGCCAAATACTGCTCGATGT 46l
disruption caused by inflammation
Produced by lymphocytes activated by specific antigens ~ F:-TGAGCTTAAAGAATGTGTGGCCCAA
Interferon gamma IENy 109053615 or mitogens R:ACTCCATATGTGACGGCTTTTGGT (471
Lectins
. . F-TCAACTGGTCAGAGGCACGA .
C-type lectin 4 CLEC4M 109066444 Binds carbohydrates mannose and fucose R-GAAAGGCCCACTCTTCATCGTC This study
Lyzosymes
. . F:ATGAAGGTGACTATTGCTGTCTTG .
Lyzosyme C LyzC 109090952 Protection against pathogens RAGTAGGCCGTGCACACATAGTT This study
. . F:GGCCTTCAGACGATACTTACCA .
Lyzosyme G LyzG 109087581 Protection against pathogens RTGGAAGCCTCGACACCCTTT This study
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Table 3. Cont.
Name Gene Gene ID Function ! Primer Sequences (5'—3’) Ref. 2
Mucins

. . M5ACL 3 Forming protective mucous barriers on epithelial F:CGATCAGTGCTATGTCCTGTCA .

Mucin-5AC-like (LOC109110796) 109110796 surfaces R:ACAGTTGGGCTCACGTTTGT This study
Peroxidases
Produces hypochlorous acid from hydrogen peroxide

. gy and chloride anion during the neutrophil’s respiratory F:CAACCTGGTCCACAAGGTGTAGC .

Myeloperoxidase-like MPO 109052003 burst, oxidizes tyrosine to the tyrosyl radical using R:GGCAGACTGTTGTCCTGTGG This study
hydrogen peroxide as an oxidizing agent
Proteases

. I - o F:CACTGACTGGGGTGATAATGGATA .
Cathepsin B CTSB 109064698 Bacteriolytic activity against fish pathogen R-GGTGCTCATTTCAGCCCTCCT This study

. . . F:CGACGGCTCGCCAAAATGAG .
Cathepsin D CTSD 109105685 Regulates production of parasin I RAGAGGAATCCGTACAATTGCGT This study

Oxidoreductase

. o TXNL3 . F:GCGGGCTGCTGCTTTGACTG .

Thioredoxin-like (LOC109108046) 109108046 Cell redox homeostasis R-GTCGAAGGCAGGCTTATCCTCA This study
Reference genes
Actins are highly conserved proteins that are involved
. . R . . . F:ATCCGTAAAGACCTGTATGCCA )
Beta-actin ACTB 109073280 in cell motility, structlslirgel;;Titsgnty, and intercellular RCGGGAGCAATGATCTTGATCTTCA [24]
Relation with viral mRNA translation and activation of
40S ribosomal protein S11 40s s11 109061205 the mRNA pathways upon binding of the cap-binding FCCGTCGGTGACATCGTTACA [33]

complex and elFs, and subsequent binding to 43S

R:TCAGGACATTGAACCTCACTGTCT

1 gene function derive from GeneCards (http://www.genecards.org); 2 primers marked as “this study” were designed using Primer-BLAST [45]; 3 name given for this experiment.
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2.5. Relative Quantification of Gene Expression and Statistical Analysis

Normalization of the expression levels (Ct values) of the target genes was performed with two
selected reference genes (ACTB and 40s s11). The geometric mean of Ct values between reference
genes was used to calculate ACt, according to the formula: ACt = Ct target — Ct reference. Relative
gene expression was calculated with the AACt algorithm, in which CON was considered a calibrator.
The fold change in the target genes in GOS was calculated as 2724Ct [48]. To compare the data between
GOS and CON, a Student’s t-test was performed using the SAS Enterprise Guide 9.4 program (SAS
Institute, Cary, NC, USA). The difference between GOS and CON was considered significant when
p < 0.05. Figures were prepared using GraphPad Prism 7 (GraphPad, La Jolla, CA, USA).

3. Results

3.1. Reference Genes

The results of the reference genes used for relative gene expression analysis in skin mucosa of
common carp are presented in Figure 1. All computational methods (the comparative delta-Ct method,
BestKeeper, NormFinder, and GeNorm) showed that the two genes that are most stable in the carp
skin mucosa are: 40s s11 and ACTB. In addition, GeNorm indicated that the best set of the candidate
genes for normalization of the experiment would be the geometric mean of the ACTB/40s s11 genes.
In the following calculations of the relative immune-related gene expression analysis, the geometric
mean of those two reference genes was used.

A.
Comprehensive gene stability
6-
5. B.
Delta Ct
41 7
34 6
5
2 4
3
14 2
1
0 0
K 2 ‘\?' N OQ‘ 0\" N2 \;‘? Q\«y O‘b
° 9 & & 3 o ¥ & & R
R v ,&6‘ < s o & o
-
Most stable genes Least stable genes
C. D. E.
NormFinder BestKeeper GeNorm
7 4 4
6
5 3 3
: 2 2
2 1 1
i
0 0 0
I\ SN °~b N P O’b NI IR SRS O‘b
o & < < 2 O & < < 2 O & < <
N '\%ex 2 & AR 5 ,\‘be‘ < P AR '\q’e« < &

Figure 1. Analyses of the candidate reference genes for gene expression study in skin mucosa of
common carp (Cyprinus carpio) using different algorithms: (A) comprehensive gene stability, (B) Delta
Ct, (C) Normfinder, (D) BestKeeper, and (E) GeNorm. Candidate reference genes: Beta-actin (ACTB),
Elongation factor 1-alpha (EF-1«x), Glyceraldehyde-3-phosphate dehydrogenase-like (GAPDH), 18S
ribosomal RNA (18s rRNA), and 40s ribosomal protein s11 (40s s11). Dataset was generated for
GOS-supplemented and control animals (n = 8) using RT-qPCR. qPCR reactions were performed in
triplicates. RefFinder was used to calculate the gene stability values. 40s s11 and ACTB (labeled green)
were selected as the most stable pair of reference genes for skin mucosa study in carp. Figures were
prepared using GraphPad Prism 7 (GraphPad, La Jolla, CA, USA).
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3.2. Immune-Related Gene Expression

The relative gene expression analysis for immune-related genes in the carp skin mucosa is shown
in Figure 2. The majority of the genes were upregulated in GOS vs. CON. Only CRP and LyzC
were downregulated. Statistically significant differences at the mRNA level were demonstrated for
INFy and LyzG genes, which were upregulated in GOS (p < 0.05). The CRP gene was significantly
downregulated in GOS (p < 0.01). Furthermore, a suggestive statistical trend was found for the MPO
gene, which was upregulated in GOS compared to CON (0.05 < p <0.1).

Relative Gene Expression
< e ——
Gene Function  Down-regulation Up-regulation

CRP{ APP *
HIS2AVA amp
GGGTA5LA
IL1B-
1L4-
/L84 |Cytokine
IL10-
IFNy- *
CLEC4MA{ Lectin
LyzCH
LyzG-:I Lysozyme
M5ACL{ Mucin
MPQO- Peroxidase
CTSB-
CTSD-:I Protease
TXNL{ Oxidoreductase

N LN
/"b /‘L y Q Vv i)

mRNA abundance (Log, Fold Change)

Figure 2. Immune-related gene expression signatures identified in the skin mucosa of common carp
(Cyprinus carpio) supplemented with GOS. The Y-axis shows a list of genes (black) and enzymatic
function of encoded proteins (green). Horizontal bars on the X-axis indicate the relative mRNA
abundance of the genes of GOS-supplemented animals (n = 8). Gene expression analysis was carried
out with RT-qPCR. qPCR reactions were performed in triplicates. The geometric mean of the 40s s11 and
ACTB reference genes was used to calculate dCt values. The relative gene expression was calculated with
the ddCt formula (FC = 272ACt) EC values were transformed and presented as Log, FC. The standard
error of the means (SEM) shows the distribution of the Ct values. Normalized data (dCt values) of
control and treated groups were compared with the Student’s t-test. Significant differences (p < 0.05)
were labeled with an asterisk (*). Figures were prepared using GraphPad Prism 7 (GraphPad, La Jolla,
CA, USA). Abbreviations used in the figure: APP—acute-phase proteins; AMP—antimicrobial proteins.

4. Discussion

Expression of the immune-related genes gives insight into the mechanisms of the innate immune
responses. In aquaculture, replacing antibiotics with prebiotics, probiotics, or synbiotics, increases
immunological competence and resistance to diseases in an environmentally friendly way [49].
The immunomodulatory role of prebiotics results from direct interactions with the innate immune
system and/or indirectly, by selectively stimulating the growth of commensals inhabiting the host’s
mucosa [50,51]. This way, prebiotics can stimulate intestinal epithelial cells to release cytokines that
modulate the spectrum of the mucosal immune system, including dendritic cells, T cells, and B
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cells, which, in turn, trigger the transcription of immune-related genes (e.g., tumor necrosis factor «,
or lysozyme). This process leads to an increase in innate immune responses [52,53].

4.1. mRNA Expression Stability of the Reference Genes

One of the most important factors that can skew the results of the relative gene expression at the
mRNA level is the selection of the most stable reference genes for a given tissue. To our knowledge,
the information regarding the most suitable genes for normalizing the RT-qPCR data in the skin
mucosa of common carp was lacking. In fish, the most common reference genes are ACTB [54],
B2M, 18s rRNA, EFla, and GAPDH [55-58]. This diversity may be due to the species characteristics,
individual tissues, age, and type of experiment. Thus, it is necessary to test and compare different
housekeeping genes in all experimental conditions [59]. In this study, five candidate genes were
evaluated for the normalization of RT-qPCR in the skin mucosa of the common carp. The highest
expression stability in skin mucosa was found for ACTB and 40s s11 genes. Gene ACTB encodes actin.
All actins are highly conserved and involved in cell motility, structure, integrity, and intercellular
signaling. ACTB is a protein found in most vertebrate cells as components of the cytoskeleton
(https://www.genecards.org/). The protein encoded by the 40s s11 gene is a member of the S17P family
of ribosomal proteins. This family is a component of the small ribosome subunit (40S). The main
function of this gene is binding RNA and rRNA. Protein 40s s11 is also a structural component of the
ribosome (https://www.genecards.org/). In our experiment, the mRNA expression of ACTB and 40s s11
genes was not affected by the experimental factor (GOS). For this reason, they are good candidates for
internal control genes in RT-qPCR experiments.

4.2. Immune-Related Gene Expression in Skin Mucosa

The obtained results of the immune-related gene expression in response to GOS supplementation
showed a significant increase in the genes associated with antiviral (IFNy) and antimicrobial (LyzG)
immune responses. On the other side, the CRP gene representing the acute phase response, was
decreased in the GOS-supplemented group. IFNY is an antiviral and immunoregulatory cytokine that
is necessary for cellular defense. It is produced by T cells and natural killer cells as a dimerized soluble
glycoprotein [60]. Lysozymes are an important element of innate immunity. They are able to catalyze
hydrolysis of the bacterial glycosidic bonds. Several types of lysozymes have been described, such as
lysozyme C (chicken), lysozyme G (goose), phage, bacterial and plant lysozymes [61]. In fish, lysozyme
is found in mucus, serum, and ova [62] and is found in two forms, C and G. Fish lysozymes are thought
to have a much more bactericidal effect than those produced by the higher vertebrates [61]. CRP
belongs to the family of soluble proteins that are involved in the acute phase reaction (APR) to injury,
damage, or infection. CRP is able to bind to phosphorylcholine, pneumococcal C-polysaccharide, and
phospholipids, as well as to autogenic compounds, such as apoptotic nuclear components and other
intracellular components released after cell death [63]. It also binds harmful molecules, such as mercury,
increases phagocytic clearance, and triggers complement activation via the classical pathway [64].

4.3. Effects of GOS in Fish

Several papers have reported improvement in the immunological properties of the fish skin
mucosa after application of the GOS prebiotic. They refer to the increase in the activity of immunological
factors at the protein level in the skin mucosa. Hoseinifar et al. [65] compared the effects of three
prebiotics (FOS, GOS, and inulin) in common carp. A significant increase in dermal lysozyme activity in
the experimental group fed GOS was demonstrated, which is in line with the present study. Hoseinifar
et al. [23] demonstrated similar effects in rainbow trout (Oncorhynchus mykiss) fed diets supplemented
with 2% GOS. The supplementation of GOS (1%—-2%) in the nutrition of the white Caspian fish (Rutilus
frisii kutum) for eight weeks also increased the lysozyme activity and total immunoglobulin level [66].
The introduction of XOS in diets fed to the white Caspian fish also increased bactericidal activity in the
skin mucus [67]. In goldfish (Carassius auratus auratus), 1% and 2% GOS significantly improved the
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immune parameters of the skin mucus (lysozyme and total protein) compared to the control and to
the reduced proportion of GOS in the mix (0.5%) [68]. These studies suggest that dietary prebiotics
(including GOS) indirectly support mucosal immunity. However, further research is needed on total
IgA initiation by prebiotics in fish to fully understand the effect of immunomodulation [69].

The effects of GOS supplemented to the fish also improved intestinal function and muscle structure
in common carp (Cyprinus carpio). The feeding trial reported in this paper lead to the discovery that
GOS provided in the diet improved the histological picture of the intestines, including the height and
thickness of intestinal villi. Such morphological changes in the fish guts increased the absorptive
surface of the small intestine. The elevated ratio of villi height to intestinal crypt depth suggests
improved maturity of the intestinal mucosa of the GOS-supplemented carp diet (Ziétkowska et al.,
submitted). Regarding the muscle structure, the addition of 2% GOS increased the diameter and
density of the white muscle fibers responsible for the marbling of the fish meat. Along with that, the
percentage of muscle fiber atrophy decreased (Zidtkowska, personal communication). In conclusion,
GOS supplementation in carp improved intestinal and muscular morphology.

4.4. Immunomodulatory Role of GOS

GOS used in this study was produced from lactose by galactosyltransferases from Bifidobacterium
bifidum NCIMB 41,171 isolated from a human stool sample [70]. The immunomodulatory effects
of this particular compound have been well-established in human and poultry. The introduction
of GOS to human diets increased fecal bifidobacteria abundance while reducing less desirable
strains [71-73]. Dietary GOS significantly increased fagocytosis, stimulated NK activity, increased
levels of anti-inflammatory cytokine (IL-10) and decreased levels of pro-inflammatory cytokines (IL-6,
IL-1, and TNF-«) in elderly people [72]. Supplementation of GOS in diets of overweight adults led
to an increased abundance of colonic Bifidobactera, as well as increased production of fecal secretory
IgA [71]. GOS has also been reported to alleviate the syndromes of irritable bowel syndrome [74],
prevented the symptoms of traveler’s diarrhea [75], and exerted positive effects on GI symptoms,
including bloating, abdominal pain, and flatulence [76].

The immunomodulatory effects of GOS used for early stimulation of the chicken microbiota
through in ovo technology have been widely documented [77-79]. Transcriptomic analysis revealed
that GOS delivered in ovo modulated genes associated with lymphocyte proliferation, activation and
differentiation, as well as cytokine production in the caecal tonsils of broiler chickens [78]. It was also
found that GOS delivered in ovo increased expression of the genes related to mucosal immune response,
intestinal barrier function, and nutrient sensing in the chicken gastrointestinal tract [77]. Particularly
beneficial effects of GOS delivered in ovo were determined during heat stress in broiler chickens. Even
a short-term increase in ambient temperatures resulted in elevated expression of the genes associated
with immune response and stress response [80]. These effects were alleviated by GOS delivered in ovo,
most likely due to maintaining intestinal eubiosis [80]. Furthermore, GOS delivered in ovo mitigated
harmful effects of chronic heat stress on the performance and welfare of broiler chickens [81], as well
as meat composition and quality [82].

5. Conclusions

Supplementation of the standard diets with GOS modulated innate immune responses of common
carp. In this study, we found that dietary GOS exerted immunomodulatory effects on skin mucosa,
which was manifested by mRNA expression of the genes involved in cytokine, lysozyme, and
acute-phase protein production. In conclusion, GOS activated immunomodulatory pathways leading
to gene expression modulation in SALT of common carp.
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