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ABSTRACT

Rotavirus A (RVA) is a major cause of acute gastroenteritis in mammalian and avian species,
especially offspring. Although sporadic interspecies transmission has been documented
globally, research is largely human-focused, with far fewer genotyped strains from domestic
pigs and, in particular, wildlife. Prior to this work, no animal-derived and only one human-
derived RVA whole genome (G8P[8]) from Croatia had been published, leaving a major gap in
understanding local RVA evolution. Therefore, this thesis aimed to investigate interspecies
transmission and genomic characteristics of autochthonous porcine-originated RVAs
(poRVAs) in domestic pigs, humans, and wildlife using a synchronized spatiotemporal One
Health approach. Between 2018 and 2021, 2152 samples were collected in Croatia from five
host populations: 445 domestic pigs, 441 wild boars, 533 red foxes, 131 golden jackals, and
602 hospitalized human patients. Samples were analyzed using VP2-based real-time RT-PCR
and VP4/VP7 genotyping. RT-PCR products of untypable human strains and all animal strains
underwent Sanger sequencing. The VP4/VP7 genotyping identified poRVAs in the
aforementioned host species, indicating sporadic interspecies transmission between domestic
pigs and humans or wildlife. Strains derived from humans, wildlife, and domestic pigs with
matching genotypes were further subjected to NGS, followed by phylogenetic, reassortment
and intragenic recombination analyses. The results determined the RVA prevalence of 49.9%
in domestic pigs, 9.3% in wild boars, 15% in red foxes, and 36.6% in golden jackals. Human
samples were RV A-positive by study design. The genotyping of VP7 and VP4 segments
revealed 23 G/P combinations in domestic pigs (dominated by G5P[13] and G9P[23]) and four
in wild boars (dominated by G3P[13]). Shared genotypes and close phylogenetic clustering
indicated recurring interspecies transmission between domestic pigs and wild boars. Zoonotic
transmission was investigated in humans through six G4P[6] strains, including three human-
and three domestic pig-derived strains. All genome segments were of porcine origin, strongly
suggesting porcine-to-human interspecies transmission. Further investigation in wildlife
revealed poRVA strains sharing both G/P genotypes and porcine genogroup 1 constellation
with domestic pig strains, providing additional evidence of interspecies transmission. This
study presents the first complete RVA genome from golden jackals and the second from red
foxes globally, as well as the first from wild boars outside Asia. In animals, infections with
mixed RVA genotypes were found only in domestic pigs, perpetuating genotype diversity and
suggesting their role as reservoirs. Additionally, one double-reassortant strain and intragenic
recombination in multiple zoonotic and animal strains (in VP4, NSP1, NSP3 and NSP4

segments) further contributed to poRVA's genetic heterogeneity. Overall, these findings



confirm the hypothesis that interspecies transmission of RVAs, typical for domestic pigs,
sporadically occurs in the Croatian ecosystem. This thesis provides the first comprehensive
genomic characterization of autochthonous poRVAs in Croatia, addressing a knowledge gap in
local RVA evolution, revealing the interspecies transmission and evolutionary mechanisms

shaping their genetic properties.

KEYWORDS: Rotavirus A, molecular epidemiology, genetic diversity, interspecies
transmission, zoonotic transmission, domestic pig, wildlife, recombination, reassortment, One

Health



PROSIRENI SAZETAK

UVOD: Vrsta Rotavirus alphagastroenteritidis/Rotavirus A (RVA) glavni je uzro¢nik
nebakterijskog akutnog gastroenteritisa (AGE) u sisavaca i ptica, osobito mladuncadi. Genom
RVA ¢ini dvolanc¢ana RNK (engl. double-stranded ribonucleic acid; dsSRNA) sastavljena od 11
genskih segmenata koji kodiraju Sest strukturnih (VP1-VP4, VP6 i VP7) i Sest nestrukturnih
proteina (NSP1-NSP6). Povrsinski proteini VP7 i VP4 definiraju binomnu nomenklaturu,
oznacavaju¢i genotipove G (glikozilirani) 1 P (protein osjetljiv na proteazu). Do danas je
poznato 42 G i 58 P genotipova. Osim klasifikacije temeljene na VP4 i VP7 segmentima,
klasifikacija cijelog genoma pruza osnovu za detaljnu genomsku analizu RVA, dodjeljujuci
genotip svakom genskom segmentu na temelju definiranih grani¢nih postotaka podudarnosti
nukleotidnih slijedova. Tri genogrupe ljudskih RVA su Wa-like, DS-1-like i AU-1-like za koje
se smatra da dijele zajedni¢ko evolucijsko podrijetlo sa sojevima RVA podrijetla od svinja,
goveda i macaka. RVA se izlucuje u vrlo visokim koncentracijama putem izmeta te je izrazito
kontagiozan. Prijenos se prvenstveno odvija fekalno-oralnim putem, iako je opisano i Sirenje
putem sline te respiratornim putem. RVA je dokazan u Sirokom rasponu domacina diljem
svijeta. lako je u pravilu specifi¢an za vrstu domacina, ima sposobnost prelaska meduvrsnih
barijera. Evolucijski mehanizmi RVA ukljucuju tockaste mutacije, genetsko preslagivanje i
intragenske rekombinacije. Navedeni mehanizmi dovode do genetske raznolikosti RVA, Sto
moze dovesti do pojave novih sojeva. U ljudskoj populaciji, RVA je najistraZeniji te moZze
zahvatiti sve dobne skupine, a djeca mlada od pet godina najranjivija su te se procjenjuje da su
u toj dobnoj skupini ove infekcije odgovorne za priblizno 128.000 smrtnih slucajeva godisnje
u svijetu. Za razliku od ljudi, RVA u domacih zivotinja znatno je slabije istrazen, dok je u
divljih Zivotinja nedostatak spoznaja, ovisno o vrsti, jo§ izraZeniji. U domacih svinja (Sus scrofa
domesticus) RV A je glavni uzro¢nik virusnog AGE-a, osobito u sisajuce i odbijene prasadi, Sto
dovodi do znaajnih ekonomskih gubitaka u svinjogojstvu. Iako je bolest najCesce
samoograni¢avajuca, u prasadi moze biti fatalna zbog dehidracije. Istrazivanja u divljih svinja
(Sus scrofa) pokazuju veliku genetsku raznolikost RVA te meduvrsni prijenos s domacim
svinjama, kao i filogenetsku srodnost pojedinih sojeva s onima dokazanima u ljudi. Divlji
kanidi posebno su zanimljivi zbog prilagodbe urbanim i poluurbanim staniStima, ¢ime se
povecava rizik prijenosa patogena na domace zivotinje 1 ljude. Prethodno ustanovljena
prevalencija RVA u crvenih lisica (Vulpes vulpes) u Hrvatskoj iznosila je 14,9%, a u zlatnih
cagljeva (Canis aureus) 20,6%, Sto je uputilo na moguénost da navedene vrste predstavljaju

rezervoare RVA. Globalno je do danas opisan samo jedan cijeli genom RVA dokazan u crvene



lisice, dok cijeli RVA genomi podrijetlom od ¢agljeva dosad nisu opisani. Nadalje, dosada
opisani cijeli genomi RVA dokazani u divljih svinja potjecu isklju¢ivo iz Azije.
Patofizioloski, RV infekcija ponajprije zahvaca gastrointestinalni trakt, no radi se o sustavnoj
infekciji te je RVA dokazan u mozgu, jetri, bubrezima, itd. Klinicki znakovi nisu
patognomonicni te ukljucuju povisenu tjelesnu temperaturu i proljev bez krvi. Infekcija RVA
oSte¢uje epitel tankog crijeva, uzrokuju¢i malapsorpciju, osmotski proljev te elektrolitnu
neravnotezu. Posljedicno moze nastati dehidracija sa Sokom i smrtnim ishodom, osobito u
mladih, pothranjenih i imunokompromitiranih jedinki. Odrasle jedinke najc¢esce su inficirane
asimptomatski. Za klinicku dijagnostiku 1 genotipizaciju, zlatni standard predstavljaju
molekularne tehnike, poput lan¢ane reakcije polimerazom uz prethodnu reverznu transkripciju
u stvarnom vremenu (engl. Reverse Transcription-quantitative Polymerase Chain Reaction;
RT-gPCR) te konvencionalne lancane reakcije polimerazom wuz prethodnu reverznu
transkripciju (engl. Reverse Transcription-Polymerase Chain Reaction; RT-PCR). U
istrazivackom kontekstu, naj¢es¢e koriStena metoda jest sekvenciranje sljedece generacije
(engl. Next Generation Sequencing; NGS) koje omogucéuje otkrivanje vrsno-specificnih RVA
genotipova u sekundarnim vrstama domacina, infekcije mijeSanim genotipovima, kao i
prepoznavanje genetskog preslagivanja i ranije neopisanih genotipova.

Lijecenje se temelji na potpornoj i simptomatskoj terapiji, u odsutnosti etioloskog lijecenja, uz
primjenu antibiotika za lijeCenje sekundarnih bakterijskih infekcija. Profilaksa se zasniva na
op¢im biosigurnosnim mjerama i cijepljenju. Cilj cijepljenja razlikuje se u ljudi i Zivotinja. U
ljudi podrazumijeva primarno poticanje aktivne imunosti nakon smanjenja razine majc¢inih
protutijela, dok se u Zivotinja zaStita temelji na poticanju pasivne imunizacije maj¢inim
protutijelima preko kolostruma. U Republici Hrvatskoj istrazivanja RVA dugo su bila
usmjerena iskljucivo na ljudsku populaciju te od 2018. godine krecu istraZzivanja domacih i
divljih Zivotinja te okoliSa. Prethodno ovom istrazivanju, cijeli genomi RVA Zivotinjskog
podrijetla iz Hrvatske nisu objavljeni, dok je od onih ljudskog podrijetla objavljen tek jedan
(G8P[8]), Sto podrazumijeva manjak dostupnih informacija o lokalnoj evoluciji RVA. Iz
navedenog proizlazi nuznost pristupa ,,Jednog zdravlja “, koji pruza nove spoznaje o evoluciji
genoma RVA te potencijalnom utjecaju na u€inkovitost postojecih cjepiva.

HIPOTEZA 1 CILJEVI: Ovo istrazivanje temelji se na hipotezi da se meduvrsni prijenos
RVA sojeva klasi¢nih za domace svinje sporadic¢no pojavljuje u ekosustavu Hrvatske. Op¢i cilj
bio je istraziti meduvrsni prijenos 1 genomska svojstva autohtonih RVA sojeva svinjskog
podrijetla (engl. porcine-originated Rotavirus alphagastroenteritidis; poRVA) u domacih

svinja, ljudi i divljih Zivotinja kroz sinkroniziran prostorno-vremenski pristup “Jednog



zdravlja”. Specifi¢ni ciljevi bili su odrediti prevalenciju 1 genetsku raznolikost RV A koji kruze
u populaciji domacih i divljih svinja; usporediti prevalenciju RVA u domacih svinja izmedu
dvije skupine za svaki od ¢imbenika, na¢ina uzgoja, dobi, spola te prisutnosti klinickih znakova;
istraziti zoonotski prijenos poRVA; istraziti meduvrsni prijenos poRVA izmedu domacih svinja
1 divljih zivotinja te procijeniti utjecaj genetskog preslagivanja i1 intragenskih rekombinacija na
raznolikost cijelih genoma poRVA.

MATERIJAL I METODE: Na podrucju Republike Hrvatske od 2018. do 2021. godine,
primjenjujuci pristup “Jednog zdravlja”, ukupno je prikupljeno 2152 uzoraka fecesa i rektalnih
briseva, podrijetlom od domacih (n = 445) i divljih svinja (n = 441), crvenih lisica (n =533),
zlatnih Cagljeva (n =131) te hospitaliziranih ljudi (n = 602) s potvrdenom RVA infekcijom.
Uzorkovanje svih domacina provodeno je tijekom cijele godine, a uzorkovanje zivotinja
geografski je obuhvatilo osam hrvatskih Zupanija. Zivotinje su grupirane prema dobi, spolu i
zdravstvenom statusu (prisustvo ili odsustvo proljeva). Domace svinje uzorkovane su na 24
ekstenzivnih i osam intenzivnih gospodarstava, a veéina uzoraka (98,2%) prikupljena je od
listopada do ozujka. Divlje svinje uzorkovane su nakon redovnog odstrela u 15 lovista
smjeStenih u osam hrvatskih Zupanija, a vecina (78,9%) uzoraka prikupljena je od listopada do
ozujka. Ljudski uzorci uglavnom su uzeti od djece mlade od pet godina s prisutnim klinickim
znakovima akutnog gastroenteritisa, koja su posljedi¢no primljena u Kliniku za infektivne
bolesti ,,Dr. Fran Mihaljevi¢* Zagreb, Klinic¢ki bolnicki centar Osijek 1 Klini¢ki bolni¢ki centar
Split. Uzorci fecesa divljih kanida prikupljeni su od crvenih lisica i zlatnih cagljeva
odstrijeljenih u sklopu aktivhog nadzora kampanje oralnog cijepljenja protiv bjesnoce, u
organizaciji Uprave za veterinarstvo 1 sigurnost hrane Ministarstva poljoprivrede, Sumarstva i
ribarstva Republike Hrvatske. Za razliku od domacih svinja, u kojih je uzorkovanje bilo
usmjereno uglavnom na mlade dobne skupine, uzorci divljih Zivotinja (divlje svinje, crvene
lisice, zlatni ¢agljevi) prikupljeni su u skladu s lovnim propisima, odnosno ve¢inom od odraslih
zivotinja. Uzorci su prikupljani izravno iz rektuma leSina divljih kanida primljenih u Hrvatski
veterinarski institut (HVI). Laboratorijska obrada slijedila je odmah nakon prijema uzoraka na
HVI ili su oni bili pohranjeni na -20°C do daljnje obrade. Izdvajanje RNA odradeno je iz
supernatanta 20%-tne suspenzije fecesa/rektalnog brisa pomocu KingFisher™ Flex sustava s
MagMAX™ CORE kompletom. Egzogena interna pozitivna kontrola (Xeno™ RNA Control)
dodana je svakom uzorku kako bi se nadzirala moguca pojava PCR inhibitora. Prisutnost RVA
dsRNA potvrdena je RT-PCR-om u stvarnom vremenu usmjerenim na dio VP2 gena
konzerviranim medu razli¢itim RV A genotipovima koji inficiraju ljude i domace Zivotinje. Svi

uzorci pozitivni na prisutnost RVA dsRNA bili su podvrgnuti genotipizaciji u svrhu



odredivanja G (VP7) 1 P (VP4) genotipova. Za zivotinjske uzorke, zbog vece genetske
raznolikosti, koristeni su visestruki setovi pocetnica 1 vise protokola, dok je za ljudske uzorke
koristen multipleks VP7/VP4 RT-PCR protokol Europske organizacije za istraZivanje
rotavirusa (Eurorotanet). Genotipizacija je provedena pomoc¢u SuperScript™ III RT-PCR-a 1
GoTaq® G2 Master Mix kompleta, dok su rezultati (PCR produkti) vizualizirani kapilarnom
elektroforezom QIAxcel Advanced. Svi uzorci zivotinjskog podrijetla pozitivni na prisutnost
VP7 i VP4 segmenata RVA 1 netipizirani uzorci ljudskog podrijetla poslani su na Sanger
sekvenciranje u Macrogen Europe (Amsterdam, Nizozemska). Nukleotidni slijedovi dobiveni
Sanger sekvenciranjem analizirani su pomo¢u BLAST/ViPR alata, prate¢i grani¢ne vrijednosti
genotipova. Tijekom procesa genotipizacije i analize podataka Sanger sekvenciranja, VP7 i
VP4 RVA genotipovi klasi¢no svinjskog podrijetla otkriveni su u ljudi i divljih Zivotinja, §to je
potvrda pretpostavljenog sporadiénog meduvrsnog prijenosa poRVA u ekosustavu Hrvatske.
Stoga su za NGS odabrani uzorci izdvojeni od ljudi (¢lanak II) 1 viSe vrsta divljih Zivotinja
(divlje svinje, crvene lisice i zlatni ¢agljevi) (¢lanak IIT) u kojima su poRV A dokazani, zajedno
sa sojevima domacih svinja s podudarnim genotipovima (¢lanak I). Uzimajuéi u obzir dodatne
prakti¢ne kriterije (npr. volumen prikupljenih uzoraka), za NGS je odabrano ukupno 25 uzoraka
koji odgovaraju navedenim kriterijima (¢lanak II, ¢lanak III). NGS je proveden koriStenjem
[Nlumina® NextSeq 500 platforme, nakon uklanjanja DNA te pretvorbom RNA u cDNA preko
sinteze prvog 1 drugog lanca. KnjiZnice su pripremljene Nextera XT DNA kompletom.
Kvalitativna procjena knjiZnica provedena je pomoc¢u 2100 Bioanalyzer uredaja, a kvantitativna
procjena pomocu QubitTM 4 fluorometra. NGS je proveden koriStenjem NextSeq 500/550
High Output kompleta s postavkom 300 ciklusa, uz 150 ocitanja uparenih krajeva.
Bioinformaticka analiza sirovih NGS ocitanja provedena je uklanjanjem Illumina adaptera i
mapiranjem ocitanja na referentne nukleotidne slijedove, specificne za pojedini RVA genotip,
pomoc¢u CLC Genomics Workbench programa. ZadrZani su konsenzusni nukleotidni slijedovi
koji su zadovoljili kriterije pokrivenosti >90% 1 dubine >10x%. Genotipovi su potvrdeni alatima
BLASTn 1 ViPR. U slucajevima pojave praznina u konsenzus nukleotidnim slijedovima,
koriSten je de novo pristup sastavljanja nukleotidnih slijedova (¢lanak II, ¢lanak III) i ciljani
RT-PCR s novodizajniranim poc¢etnicama (¢lanak IIT) sa svthom popunjavanja praznina u onim
nukleotidnim slijedovima u kojima je bilo moguce. U svrhu istraZivanja evolucijskih odnosa
izmedu autohtonih sojeva poRVA predstavljenih u ovom doktorskom radu, izradena su
pojedinacna filogenetska stabla za VP7 1 VP4 segmente (Clanak I) ili za svih 11 genskih
segmenata RVA (€lanak II, ¢lanak III). U sva tri ¢lanka, koriStenjem MEGA 11 programa, svi

nukleotidni slijedovi viSestruko su sravnjeni MUSCLE algoritmom (koriStenjem zadanih



postavki). Za svako filogenetsko stablo primijenjeni su modeli supstitucije s najnizim
rezultatom Bayesian informacijskog kriterija (engl. Bayesian Information Criterion; BIC) u
kombinaciji s metodom maksimalne vjerojatnosti (engl. maximum likelihood; ML).
Primijenjeno je 1000 pseudoreplikacija (engl. bootstrap) za procjenu pouzdanosti grananja
svakog filogenetskog stabla koja su zavr$no vizualizirana primjenom programa iTOL. U ¢lanku
I, matrice postotaka podudarnosti nukleotidnih i aminokiselinskih slijedova te graficki prikaz
vremenske raspodjele RVA genotipova koji cirkuliraju u domacéih svinja izracunati su u ,,R*
programu koriStenjem bio3d paketa, ggplot2 i Scatter Pie Plot alata. U ¢lancima I1 1 ITI, program
CLC Genomics Workbench 22.0.2 koriSten je za izraCun matrica postotaka podudarnosti
nukleotidnih i aminokiselinskih slijedova izmedu prethodno poravnatih RVA nukleotidnih
slijedova iz GenBank-a i autohtonih poRVA nukleotidnih slijedova. Odredivanje genotipskih
linija provedeno je u ¢lancima I 1 II. U ¢lanku I, genotipske linije odredene su prema prethodno
objavljenim granicama za genotipove G1, G2, G3, G4, G6, G9, P[6] 1 P[8], zbog njihove visoke
ucestalosti u ljudi (G1-G4, G9 1 P[8]) ili zbog bliske filogenetske povezanosti uocene izmedu
ljudskih i zivotinjskih sojeva RVA (G6 1 P[6]). U ¢lanku 11, razli¢ite G4 i P[6] linije takoder su
odredene na temelju prethodno objavljenih granica. Zbog nedosljednosti u nomenklaturi i
nedostatka propisanih kriterija, genotipske linije nisu dodijeljene ostalim G 1 P genotipovima iz
¢lanka I, niti genima osim VP4 i VP7 u ¢lanku II. U ¢lanku III, G i P genotipske linije nisu
odredivane zbog nedosljednosti u nomenklaturi 1 nedostatka referentnih nukleotidnih slijedova
RVA u divljih Zivotinja §to onemogucuje pouzdanu usporedbu. Analize intragenskih
rekombinacija i genetskog preslagivanja opisane su u ¢lancima II i III. Intragenska’/homologna
rekombinacijska analiza, ukljuuju¢i 1 intragenotipske 1 intergenotipske slucajeve
rekombinacija (za gene s mijeSanim genotipovima), provedena je koriStenjem RDP programa.
Primijenjeno je sedam metoda detekcije rekombinacija integriranih u navedeni program: RDP,
GENECONYV, MaxChi, Bootscan, Chimera, SiScan i 3Seq. Slu¢ajevi rekombinacija utvrdeni s
najmanje Sest od sedam metoda smatrani su pozitivnim rekombinacijskim signalima. Slucajevi
genetskog preslagivanja u ¢lanku II procijenjeni su tijekom filogenetske analize, uz izraune
postotaka podudarnosti nukleotidnih i aminokiselinskih slijedova. Dodatno je u ¢lanku III
koristen 1 Simplot++ program za ,bootscan“ analizu koriStenjem algoritma susjednog
sparivanja (engl. Neighbor-Joining). Deskriptivna statistika provedena je u ¢lanku I, ukljucujuci
analizu prevalencije RVA u domacih i divljih svinja te usporedbu utjecaja razli¢itih ¢cimbenika
na prevalenciju (tip uzgoja, dob, spol, prisutnost ili odsutnost klini¢kih znakova). U tu svrhu
koriSten je SYSTAT program, a za kategoricku analizu podataka koristeni su y2 test i log-

linearni model (LLM). Za sve analize, p < 0,05 smatralo se statisticki znac¢ajnim. U ¢lancima II



1 III, Bonferroni korekcija p-vrijednosti 0,05 primijenjena je u RDP softveru za utvrdivanje
statisticki znaCajnih intragenskih rekombinacija.

REZULTATI I RASPRAVA: Ovaj doktorski rad, u Sirokom rasponu potencijalnih RVA
domacina, usredotocen je na domace svinje, ljude te divlje Zivotinje prisutne u poluurbanim
staniStima u Hrvatskoj, ukljucujuéi divlje svinje, crvene lisice i zlatne ¢agljeve. U navedenih
vrsta, prethodno su opisani RVA G i P genotipovi klasi¢nog svinjskog podrijetla, na temelju
cega je pretpostavljen sporadicni meduvrsni prijenos poRVA u Hrvatskoj. Za istrazivanje
znacajki pojedinih gena, cijelih genoma i meduvrsnog prijenosa autohtonih poRVA u domacih
svinja, ljudi i divljih Zivotinja koriSten je prostorno-vremenski pristup te nacela ,,Jednog
zdravlja®. Djelomic¢ni i cjeloviti nukleotidni slijedovi gena poRV A objavljeni u ¢lancima I, 11 i
IIT ovog doktorskog rada, validirani su prema unaprijed odredenim kriterijima za klasifikaciju
svih 11 dsRNA genskih segmenata RVA. Rezultati predstavljeni u c¢lanku 1 pruzaju
sveobuhvatne podatke o prevalenciji i genetskoj raznolikosti autohtonih RVA u domacih i
divljih svinja, kao i analizu prevalencije RVA u domacih svinja u odnosu na razliite
epidemioloske ¢imbenike. Prevalencija RVA u domacih svinja iznosi 49,9%, a u divljih svinja
9,3%. U domacih svinja uocene su statisti¢ki znacajne razlike u prevalenciji RVA prema nacinu
uzgoja i klinickom statusu. Domace svinje drzane u intenzivnom uzgoju pokazale su znacajno
veéu RV A prevalenciju (68,1%) u usporedbi s onima drzanim u ekstenzivnom uzgoju (38,8%)
(p < 0,05). Prema klinickom statusu, u domacih svinja s proljevom utvrdena je znacajno veca
prevalencija (71,5%) (p < 0,05) nego u domacih svinja bez proljeva. Prema klinickom statusu,
skupina domacih svinja s proljevom iskazala je znacajno vecu prevalenciju (71,5%) (p < 0,05)
nego skupina domacih svinja bez proljeva (37,1%). Navedeni rezultati podupiru postojece
spoznaje o0 RVA kao uzro¢niku proljeva u domacih svinja te o olakSanom prijenosu virusa
uslijed bliskog kontakta izmedu svinja u intenzivnhom uzgoju. Daljnja analiza podataka o
prevalenciji pokazala je da spol nije utjecao na prevalenciju RVA. Relativno visoka ukupna
prevalencija dokumentirana u ¢lanku I vjerojatno je rezultat vece zastupljenosti mladih dobnih
kategorija domacih svinja ukljucenih u studiju te posljedi¢no intenzivnije cirkulacije virusa.
Medutim, unutar dvije mlade dobne skupine (sisajuce i odbijene prasadi) nije uocena statisticki
znacajna razlika u prevalenciji RVA. RVA sojevi u domacih svinja pokazali su visok stupanj
genetske raznolikosti, s osam utvrdenih G genotipova (G9, G5, G3, G1, G4, G2, G6, G11) i
sedam P genotipova (P[13], P[23], P[8], P[6], P[32], P[7], P[11]). Navedeni G i P genotipovi
formirali su 23 razli¢ite G/P kombinacije, naj¢eS¢e G5P[13] 1 G9P[23] koje Cine gotovo
polovicu opisanih sojeva (49,6%). Veca genotipska raznolikost utvrdena je u intenzivnim

uzgojima u usporedbi s ekstenzivno drzanim svinjama, $to je vjerojatno odraz intenzivne



proizvodnje i trgovine te posljedi¢no bliskog kontakta medu svinjama i cirkulacije raznih sojeva
RVA. Osim toga, u domacéih svinja otkriveni su G4 i P[6], genotipovi koji se smatraju rijetkima
1 poznati su po zoonotskom potencijalu. Njihovo blisko filogenetsko svrstavanje sa zoonotskim
RVA sojevima u ljudi pruzilo je osnovu za istrazivanje predstavljeno u ¢lanku II.

U divljih svinja, podaci o znacaju RVA do sada su bili prilicno oskudni, sa samo dva dostupna
istrazivanja iz Japana i Ceske. Clanak I do sada je najopseznije istraZivanje o RVA u divljih
svinja, obuhvacajuci uzorak od 441 jedinke. Takoder, uzorkovanje divljih svinja provedeno je
paralelno s uzorkovanjem domacih svinja, pruzajuci prostorno-vremensku komponentu vaznu
za znacaj filogenetskih usporedbi. Prevalencija RVA u divljih svinja utvrdena u ¢lanku I
iznosila je 9,3%. Sliéno domacim svinjama, dob i spol nisu bili znacajni ¢imbenici za
prevalenciju RVA. Genotipska raznolikost RVA u divljih svinja bila je niza u usporedbi s
domacim svinjama te je otkriveno pet G genotipova (G3, G5, G9, G6, G11) te jedan P genotip
(P[13]). U ¢lanku I, genotip G3 po prvi puta je opisan u populaciji divljih svinja. Istovremeno,
to je bio najzastupljeniji G genotip u hrvatskih divljih svinja te tre¢i G genotip po zastupljenosti
u domacih svinja. Svi genotipovi otkriveni u divljih svinja takoder su otkriveni u domacih, uz
blisku filogenetsku povezanost, §to podupire pretpostavljeni meduvrsni prijenos izmedu
domacih 1 divljih svinja. Uzimajuéi u obzir sve navedeno, ¢lanak I pruza vazne podatke o
prevalenciji RVA, genetskoj raznolikosti i molekularnoj epidemiologiji, kao i znacaj
meduvrsnog prijenosa izmedu domacih 1 divljih svinja, pruzaju¢i osnovu za ¢lanak II 1 III.
Rezultati predstavljeni u ¢lanku II odnose se na istraZivanje zoonotskog prijenosa autohtonih
poRVA. Koliko je poznato, hrvatski sojevi RVA dokazani u ljudi do sada nisu podvrgnuti
sekvenciranju cijelog genoma, osim jednog soja G8P[8] iz 2006. godine. Navedeno ukazuje na
znacajan nedostatak znanja o lokalnoj evoluciji RVA u Hrvatskoj. Rezultati otkrivaju kako je
svih 11 genskih segmenata u svakom od Sest G4P[6] RV A sojeva (tri izolirana iz domacih
svinja i tri iz covjeka) imalo klasi¢no svinjsko podrijetlo ili se radilo o sojevima RVA utvrdenim
u drugoj vrsti domacina (ljudima), a koji su sli¢ni svinjskim RV A sojevima. Navedeno upucuje
na mogucnost da su G4P[6] sojevi otkriveni u djece rezultat meduvrsnog prijenosa s domace
svinje na ¢ovjeka, a neizravan zoonotski prijenos preko okoliSa smatra se najvjerojatnijim
putem prijenosa, obzirom na izrazito mladu dob zaraZenih ljudi. Sest G4P[6] sojeva, sadrzavalo
je RVA konstelaciju genogrupe 1, dok je filogenetska analiza svih genskih segmenata opisanih
RVA sojeva otkrila njithovo svinjsko podrijetlo. Uz potvrdu zoonotskog prijenosa, dodatna
analiza genoma otkrila je postojanje mijeSovitih RVA genotipova, genetsko preslagivanje te
intragenske (homologne) inter- i intragenotipske rekombinacije. Ovim pristupom procijenjen

je njihov utjecaj na cjelokupnu raznolikost genoma autohtonih poRVA. Svi hrvatski P[6] sojevi



bili su usko evolucijski povezani sa susjednim madarskim zoonotskim P[6] sojevima, Sto
naglasava utjecaj geolokacije na raznolikost sojeva RVA. MijeSoviti RV A genotipovi potaknuli
su pojavu genetskog preslagivanja i intragenskih rekombinacija utvrdenih u nekoliko sojeva. U
dva ljudska soja sli¢na svinjskim sojevima i1 jednom svinjskom soju utvrdena je pojava
intragenskih rekombinacija barem u jednom od genskih segmenata VP4, NSPI1 ili NSP3.
Zanimljivo je da su u G4P[6] soju iz Dominikanske Republike, takoder genogrupe 1, utvrdene
rekombinacije u istim genskim segmentima kao i tri spomenuta rekombinantna soja iz
Hrvatske. Suprotno rezultatima ranije objavljenog istrazivanja o prevalenciji intragenskih
rekombinacija RVA, gdje analiza rekombinacija nije dala rezultate u segmentu NSP3, ¢lanak
I izvjeStava o T1-T7 intergenotipskim rekombinacijama u sva tri rekombinantna NSP3 soja.
To takoder govori o pojavi NSP3 rekombinacija u svakom soju u kojem su bili prisutni T1/T7
mijeSoviti genotipovi. Rezultati poput ovog dodatno podupiru spoznaju da mijeSoviti
genotipovi doprinose evoluciji novih RVA sojeva i njihovoj genetskoj raznolikosti. Clanak III
usmjeren je na istrazivanje meduvrsnog prijenosa poRVA sojeva izmedu domacih svinja i
divljih zivotinja unutar ekosustava Hrvatske. IstraZzen je 1 utjecaj genetskog preslagivanja i
intragenskih rekombinacija na genomsku raznolikost autohtonih poRVA sojeva temeljem
cjelogenomske analize, kao i1 u ¢lanku II. Rezultati su otkrili konstelaciju svinjske genogrupe
1, s genotipovima povrsinskih proteina svojstvenim za domace svinje u svim opisanim RVA
sojevima. Nadalje, istrazivanje pruza znacajan uvid u raznolikost domac¢ina RVA, jer biljezi
prvi cijeli genom RVA izdvojen iz zlatnog ¢aglja te drugi izdvojen iz crvenih lisica. Osim
navedenog, sadrzi i prve cijele genome RVA izdvojene iz divljih svinja izvan Azije. U ¢lanku
III, utvrdena je prevalencija RVA u crvenih lisica (15%) i zlatnih Cagljeva (36,6%), ¢ime se
nadopunjuju podaci o prevalenciji RVA u divljih 1 domacih svinja prikazani u ¢lanku 1.
Rezultati potvrduju postojanje meduvrsnog prijenosa, buduéi da je nekoliko poRVA sojeva
otkrivenih u divljim Zivotinjama bilo filogenetski blisko povezano s onima dokazanim u
domacih svinja Sto pretpostavlja divlje zivotinje kao prijemljive domacine, ali 1 kao potencijalne
rezervoare poRVA. Sveukupno, viSe ¢imbenika i kontaktnih to¢aka pridonosi meduvrsnom
prijenosu izmedu domacih i1 divljih Zivotinja, ukljucujuéi zajednicka stanista, nedovoljnu
biosigurnost ekstenzivnih uzgoja, bliski kontakt izmedu domacih svinja i divljih Zivotinja,
strvinarstvo, oportunisti¢ku prirodu divljih kanida i divljih svinja te preklapajucée troficke niSe
zlatnih Cagljeva 1 crvenih lisica. Svi navedeni ¢imbenici znacajno olakSavaju te izravno ili
neizravno omogucuju meduvrsni prijenos patogena koji inficiraju viSe vrsta domacina. RVA
pritom iskazuje sposobnost dugotrajnog prezivljavanja u okoliSu, zadrzavajuéi infektivnost od

nekoliko sati do nekoliko mjeseci izvan domacina. Od 19 cijelih poRVA genoma opisanih u



¢lanku II1, najzastupljeniji VP7 genotip u divljih Zivotinja bio je G3, u domacih svinja G5, dok
dok je zoonotski P[6] potvrden u domace svinje i zlatnog caglja. Nekoliko utvrdenih
rekombinantnih sojeva upucuje na znacajan doprinos intragenskih rekombinacija genetskoj
raznolikosti poRVA, pri ¢emu su one zabiljezene u segmentima gena VP4, NSP1 i NSP4,
obuhvacdajué¢i genotipove P[13], P[23], A8 i E9. Nedvosmisleni slucajevi genetskog
preslagivanja nisu otkriveni. Istrazivanje u okviru ovog doktorskog rada daje znacajan doprinos
razumijevanju lokalne evolucije RVA u Hrvatskoj, gdje nukleotidni slijedovi cijelih genoma
RVA podrijetlom od Zivotinja prethodno nisu objavljeni, dok je iz ljudskog uzorka objavljen
tek jedan cijeli RVA genom (G8P[8]) 2006. godine. Istrazene su nepoznanice vezane uz
raznolikost RVA u populaciji svinja, prisutnost poRVA sojeva u populaciji ljudi i divljih
zivotinja te filogenetske 1 genetske znacajke poRVA, s ciljem donoSenja zakljucaka o
pojavnosti 1 znacaju meduvrsnog prijenosa poRVA unutar ekosustava Hrvatske. Nulta hipoteza
glasila je da se meduvrsni prijenos RVA sojeva klasi¢nih za domace svinje sporadi¢no
pojavljuje u ekosustavu Hrvatske. Rezultati predstavljeni u ¢lancima I, IT i III zajedno potvrduju
ovu hipotezu.

ZAKLJUCCI: Prevalencija RVA u Hrvatskoj u doma¢ih svinja u razdoblju od 2018. do 2021.
godine bila je izrazito visoka (49,9 %), uz znacajnu genotipsku raznolikost koja je obuhvacala
23 razli¢ite G/P kombinacije. Populacija divljih svinja pokazala je nizu prevalenciju RVA (9,3
%) 1 manju genetsku raznolikost s Cetiri razlicite G/P kombinacije. Zastupljenost jednakih
genotipova u domacih i divljih svinja, uz njihovu blisku filogenetsku povezanost, pruza dokaze
o opetovanom meduvrsnom prijenosu izmedu ove dvije vrste. U domacih svinja, tip uzgoja 1
klinicki status utvrdeni su kao statisticki zna€ajni ¢imbenici koji utje€u na prevalenciju RVA.
Domace svinje s velikih farmi te one koje su pokazivale klinicke znakove proljeva imale su
znatno vecu vjerojatnost pozitivnog testa na RVA. Nisu utvrdene znac¢ajne razlike u prevalenciji
s obzirom na dob ili spol ni u jedne vrste. Zoonotski prijenos autohtonih poRVA u ekosustavu
Hrvatske utvrden je izmedu domacih svinja 1 ljudi, uz pretpostavku neizravnog zoonotskog
prijenosa G4P[6] sojeva svinjskog podrijetla neizravno putem okoliSa, obzirom na izrazito ranu
dob zaraZzenih ljudi. Takoder, istrazivanje meduvrsnog prijenosa autohtonih poRVA sojeva
unutar ekosustava Hrvatske otkrilo je jasne dokaze prijenosa izmedu domacih svinja i divljih
zivotinja. Ovaj doktorski rad ukazuje na potencijal divljih Zivotinja 1 kao prijemljivih jedinki 1
kao rezervoara poRVA. Ovdje prikazani poRVA sojevi opisani u divljih Zivotinja su prvi
cjelogenomski podatci o RVA dokazanog u zlatnog ¢aglja te drugi podrijetlom iz crvenih lisica,

ali 1 prvi cijeli genomi RVA iz divljih svinja izvan Azije. Svi oblici meduvrsnog prijenosa u



ovom doktorskom radu istraZzeni su sinkroniziranim prostorno-vremenskim pristupom prateci
principe ,,Jednog zdravlja “. Nadalje, rezultati naglaSavaju kontinuiranu prisutnost intragenskih
rekombinacija i sporadi¢nog genetskog preslagivanja kao virusnih evolucijskih mehanizama
koji doprinose genetskoj raznolikosti autohtonih poRVA. Sveukupno, ovaj doktorski rad daje
znacajne odgovore o nepoznanicama u lokalnoj evoluciji RVA te otkriva meduvrsni prijenos i

evolucijski mehanizme koji utjeCu na genetska svojstva i raznolikost poRVA.

KLJUCNE RIJECI: Rotavirus A, molekularna epidemiologija, genetska raznolikost,
meduvrsni prijenos, zoonotski prijenos, domaca svinja, divlje Zzivotinje, rekombinacije,

genetsko preslagivanje, Jedno zdravlje
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1. INTRODUCTION

1.1. Rotavirus History and Taxonomy

Rotaviruses (RVs) are enteropathogenic viruses that infect vertebrate hosts and are
classified into the genus Rotavirus in the family Sedoreoviridae, order Reovirales
(MATTHIJNSSENS et al., 2022). Based on serological reactivity of the VP6 protein and
genetic variability of its coding VP6 gene, nine groups, also termed species of RVs, were
distinguished (MATTHIINSSENS et al., 2012). In 2024, the International Committee on
Taxonomy of Viruses (ICTV) included two additional RV species in the genus Rotavirus,
Rotavirus kappagastroenteritidis (RVK) and Rotavirus lambdagastroenteritidis (RVL). Also,
new taxonomy names were given by the ICTV to all RV species and are summarized in Table

1 (ICTV, 2024).

Table 1. Taxonomy of the genus Rotavirus (ICTV, 2024).

Abbreviation Previous species name Current species name

RVA Rotavirus A Rotavirus alphagastroenteritidis
RVB Rotavirus B Rotavirus betagastroenteritidis
RVC Rotavirus C Rotavirus tritogastroenteritidis
RVD Rotavirus D Rotavirus deltagastroenteritidis
RVF Rotavirus F Rotavirus phiagastroenteritidis
RVG Rotavirus G Rotavirus gammagastroenteritidis
RVH Rotavirus H Rotavirus aspergastroenteritidis
RVI Rotavirus I Rotavirus iotagastroenteritidis
RVJ] Rotavirus J Rotavirus jotagastroenteritidis
RVK Rotavirus K Rotavirus kappagastroenteritidis
RVL Rotavirus L Rotavirus lambdagastroenteritidis

Among the officially recognized species, Rotavirus A / Rotavirus alphagastroenteritidis (RVA)
has the utmost importance in human and animal health, as the leading cause of non-bacterial
acute gastroenteritis (AGE) in mammalian and avian species, especially offspring (ESTES and
GREENBERG, 2013).

In 1973, Rotavirus was first discovered in human hosts in Australia (BISHOP et al.,
1973). In 1974, Flewett et al. suggested the name rotavirus due to its characteristic wheel-like

shape (Latin rota = “wheel”) observed under an electron microscope (EM) (FLEWETT et al.,
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1974), and the name was officially adopted by the ICTV four years later. Following the
discovery of RVs in mammalian hosts, they were also found in avian hosts, examining the
intestinal contents of turkey poults using EM and finding particles morphologically identical to
rotavirus (BERGELAND et al., 1977). In 2012, sequence-based species demarcation criteria,
based on phylogenetic analyses and pairwise identity profiles of the VP6 encoding gene, were
introduced, resulting in a 53% amino acid cut-off value to differentiate RVs per species
(MATTHIJNSSENS et al., 2012). Among all RV species, RVA is the most significant in both
human and veterinary medicine. This is attributed to its high prevalence and pathogenicity in
humans, various mammals, and birds, as well as its remarkable genetic and antigenic diversity
(HACKER et al., 2012; DORO et al., 2015). RVA is continuously reported as a leading cause
of non-bacterial gastroenteritis in mammal and avian species, especially offspring. Nearly all
morbidity and mortality caused by RVs are attributed to RVA (PATTON, 2012). Within five
years of its identification, RVA was acknowledged as one of major causes of diarrhea in infants
and young children globally, connected to around a third of required hospitalizations (ESTES
and GREENBERG, 2013; OMATOLA and OLANIRAN, 2022). Today, RVA continues to be
the leading cause of acute non-bacterial gastroenteritis in the said population, with decreasing
but consistently high rates of hospitalizations and deaths globally (OMATOLA and
OLANIRAN, 2022).

So far, species RVB and RVC have been found only in mammals, while species RVD,
RVF, and RVG have been detected exclusively in birds (McNULTY, 2003; PINHEIRO et al.,
2023). Rotavirus species A, B, C, E, and H have been confirmed to infect domestic pigs
(VLASOVA et al.,, 2017; KUMAR et al., 2022). Although the RVE species was initially
reported in domestic pigs (PEDLEY et al., 1986), it was subsequently excluded from the official
ICTV species list due to the lack of original virus isolates and supporting sequence data
(MATTHIJNSSENS et al., 2019; WALKER et al., 2020). RVH is notable for infecting
mammals and was detected in humans, domestic pigs and bats (PUENTE et al., 2020), RVI was
discovered in dogs in Hungary (MIHALOV-KOVACS et al., 2015), and RV] was identified in
bats in Serbia (BANYAI et al., 2017). Newly ICTV recognized species, RVK and RVL, were
first detected in 2013 in the intestinal contents of common shrews (Sorex araneus) from
Germany. Both reference strains originate from the same animal, which was co-infected with

RVK and RVL (JOHNE et al., 2019; JOHNE et al., 2022; JOHNE et al., 2023; ICTV, 2024).



1.2. Structure

RVAs have a morphologically distinctive non-enveloped virion, 100 nm in diameter,
with a three-layered protein capsid of icosahedral shape (DESSELBERGER, 2014). RVA’s
genome consists of 11 double-stranded RNA (dsRNA) gene segments with a total genome
length of 18.5 kb. The 11 gene segments code for 12 viral proteins, six structural (VP1-VP4,
VP6, and VP7) and six nonstructural proteins (NSP1-NSP6) (CRAWFORD et al., 2017). The
structural viral proteins (VPs) constitute the viral particle, whereas the non-structural proteins
(NSPs) are involved in the viral replication process or interact with host proteins, influencing

viral pathogenesis and the host immune response (GELETU et al., 2021).



Table 2. RVA genes, names, and number of genotypes, cutoff values, protein functions and properties.

Coding Gene Segment/ Protein

Genotype Name/ Abbreviation

Number of genotypes (RCWG,

Genotype Cuttoff Value

Properties (ESTES and

product (MATTHIJNSSENS et al., 2008b)  2023) (MATTHIJNSSENS et al., 2008b) ~ GREENBERG, 2013; GOMEZ-
RIAL et al., 2020)
Segment 9/ VP7 Glycosylated / G 42 80% G-type neutralizing antigen
Segment 4/ VP4 Protease sensitive / P 58 80% P-type neutralizing antigen, cell
attachment, host range, virulence
Segment 6/ VP6 Inner capsid /I 32 85% Serological grouping and
subgrouping antigen
Segment 1/ VP1 RNA-dependent 28 83% RNA-dependent RNA polymerase
RNA polymerase / R RNA binding
Segment 2/ VP2 Core protein / C 24 84% RNA binding, required for
replicase activity of VP1
Segment 3/ VP3 Methyltransferase / M 24 81% Guanylyltransferase,
methyltransferase, ssSRNA binding,
complex with VP1
Segment 5/ NSP1 Interferon 39 79% Host interferon antagonist
Antagonist / A Anti-apoptosis
Segment 8/ NSP2 NTPase /N 28 85% Forms viroplasms with VP1 and
NSP5; NTPase; helix-destabilizing
helicase
Segment 7/ NSP3 Translation 28 85% Viral translation enhancer,
Enhancer / T inhibition of host translation
Segment 10/ NSP4 Enterotoxin / E 32 85% Enterotoxin, transmembrane
protein, viroporin, virulence
Segment 11/ NSP5 pHosphoprotein / H 28 91% Phosphoprotein, RNA binding

Note: NTPase = nucleoside triphosphatase



The VP7 and VP4 segments are the basis for the binomial nomenclature of RVs,
providing the G (Glycosylated) and P (Protease-sensitive) genotypes, respectively (ESTES and
GREENBERG, 2013). The Rotavirus Classification Working Group (RCWG) currently
acknowledges 42 G and 58 P genotypes (RWCG, 2023). In addition to the binomial RV
classification system, the complete genome-based classification was developed (MAUNULA
and von BONSDORFF, 2002). It implies respective genotypes assigned to each genomic
segment based on the predefined percentage identity cutoff values for nucleotide (nt) coding
sequences of each VP and NSP (MATTHIJNSSENS et al.,, 2008a). Complete genome
constellation nomenclature is described in scheme Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx,
with x presenting genotype number for VP7, VP4, VP6, VP1-3, NSPI1-5, respectively
(MATTHIJNSSENS et al., 2008a). The complete genome classification system was constructed
as it allows direct determination of genetic relationships, providing an understanding of
phylogenetic analyses to study the evolution of RVs (MATTHIINSSENS et al., 2008b). Three
main human RVA genotype constellations have been identified: Wa-like (genogroup 1), DS-1-
like (genogroup 2), and AU-1-like (genogroup 3). Consequently, the complete genome
classification system revealed genetic relationships among RV As from different host species,
including evidence that human RVAs belonging to the Wa-like genogroup have a common
origin with porcine RVAs, while those belonging to the DS-1-like genogroup have a common
origin with bovine RVAs. The less common AU-1 genogroup likely has a feline origin
(MATTHIJNSSENS et al., 2008b). These genetic similarities between animal and human
RVAs underscored the importance of a standardized naming system for use in medical,
veterinary and public health contexts (MALIK et al., 2020).

In addition to the methods such as RNA-RNA hybridization assays, the development of
next-generation sequencing (NGS) platforms provided the basis for the greater availability of
the in-depth genomic analyses of viral genomes (MATTHIINSSENS et al., 2008b;
HOULDCROFT et al., 2017). In general, NGS in virology is considered to provide information
on antigenic epitopes, virus evolution and evidence of recombination between different viral
strains (HOULDCROFT et al.,, 2017). Through the utilization of the complete genome
classification system of RVs (MATTHIJNSSENS et al., 2008b), the NGS enables the detection
of the species specific RVA genotypes in a secondary host species, the detection of mixed
genotype infections in the singular host, as well as allowing for the detection of reassortment
events. Moreover, it helps in determination whether certain gene constellations play a role in
RV host range restriction or virulence, and the identification of distinct or previously unknown

genotypes (MATTHIJNSSENS et al., 2008b; DORO et al., 2015; HULL et al., 2020).



1.3. Evolution of Rotaviruses

RVAs are among the most genetically unstable and rapidly evolving viruses (MALIK
et al., 2020). Their high evolutionary rate stems from several RNA-level mechanisms that
contribute to genomic heterogeneity, driven by genomic drift and shift (LAGAN et al., 2023).
Genetic drift occurs via point mutations, which are introduced during replication by the error-
prone RNA-dependent RNA polymerase (VP1 protein), due to the lack of proofreading
capability (ESTES and GREENBERG, 2013; DESSELBERGER, 2014). These mutations may
accumulate over time or arise sporadically in key genomic regions, resulting in immune-
evading variants that can lead to the emergence of novel strains (HAKIM et al., 2024). Genetic
and antigenic shift primarily result from reassortment. This exchange of gene segments between
RVA strains sometimes results in the assembly of chimeric human-animal RVA strains as a
result of co-infection of the same host cell. Frequent co-infections with different genotypes are
critical for reassortment to occur, a condition met by RV A as infectious units are often vesicles
containing 5 to 15 viral particles rather than individual viruses (SANTIANA et al., 2018). This
process facilitates significant RV evolutionary diversification, including interspecies
transmission (MARTELLA et al., 2010). Although replication in non-natural hosts often results
in evolutionary dead ends, reassortment increases the chances of generating variants capable of
spreading in new populations (NGUYEN et al., 2024). In addition, reassortment is also relevant
to vaccine efficacy when immune responses are G and P genotype-specific (GELETU et al.,
2021).

Along with point mutations and genome reassortment, intragenic recombination events
present another potential RVA's evolutionary diversifying mechanism. Although previously
underestimated, recent studies indicate that recombination is a significant factor in RVA
evolution (HOXIE and DENNEHY, 2020). The VP7 and VP4 proteins are under strong
selective pressure for diversification, as their alteration helps evade the host immune response.
Given the high co-infection rate with different RVA strains, recombination is likely to occur.
Previously, intragenic recombination events have been detected in all gene segments except
NSP3 (HOXIE and DENNEHY, 2020). While recombination can sometimes interfere with
viral replication, its role in helping viruses evade immune detection can outweigh these
drawbacks (HOXIE and DENNEHY, 2020). When recombination affects conserved epitopes,
particularly those involved in host cell attachment, it may provide an evolutionary advantage
by allowing the virus to temporarily escape antibody neutralization. Although these

recombinant variants may initially display reduced fitness, further adaptation can restore or



even enhance their ability to compete with circulating RVA strains (HOXIE and DENNEHY,
2020).

In addition to genome diversification mechanisms listed above, RVA’s broad host
range, extensive genotype diversity across all gene segments, and frequent mixed infections
(infections with more than one RV A strain) are additional co-factors for generating outstanding
RVA genome heterogeneity. RVA co-infection rates exceed 20% in some developing countries,

while in more developed regions, the rate is approximately 5% (PATTON, 2012).

1.4. Epidemiology

1.4.1.RVA Infection Dynamics

RVs are highly contagious pathogens, shedding up to 10'® — 10" viral particles per
milliliter of feces. Typically, the RVA viral shedding begins two days after the onset of the
clinical signs. Symptomatic disease can last up to 7-8 days, continuously contaminating the
environment, though some reports suggest the virus may be detected in feces for even longer
(DHAMA et al., 2009; BERTONI et al., 2021). The virus can remain infectious for up to nine
months at room temperature or for one hour at 60°C (GELETU et al., 2021). Transmission
primarily occurs through the fecal-oral route, though salivary and possibly respiratory routes
have also been suggested (DIAN et al., 2021; GHOSH et al., 2022). Infection spreads through
direct contact with symptomatic or asymptomatic individuals or via contaminated objects, feed,
or water (GELETU et al., 2021). Once inside the body, RV As target mature enterocytes and
enteroendocrine cells in the middle and tip regions of the small intestinal villi (CRAWFORD
etal., 2017).

1.4.2. RVA in different hosts

Species of interest in this thesis include humans, domestic pigs, wild boars, red foxes
and golden jackals. Within the human population, RVA can infect all age groups, with the most
vulnerable group being children under five years of age. Nearly every child worldwide is
expected to contract RVA at least once before the age of five (CRAWFORD et al., 2017). The
global RVA mortality burden started decreasing after the early 2000s, counting more than
250,000 deaths, to an estimated 128,500 deaths in 2016 as more countries introduced vaccines
into their National Immunization Programs (NIP) (TATE et al., 2016; TROEGER et al., 2018).
Whole genome classification identified three main human RVA genogroups: Wa-like, DS-1-
like, and AU-1-like. First, the most widespread human RV A strains belonging to the Wa-like
genogroup (G1P[8], G3P[8], G4P[8], and GI9P[8]) share the backbone genotypes with porcine



RVA strains of genogroup 1: R1-C1-M1-A1-N1-T1-E1-H1, and are considered to share a
common origin (MATTHIJNSSENS et al., 2008b; PAPP et al., 2013a; THEUNS et al., 2015;
SILVA et al., 2016). A close evolutionary relationship between human DS-1-like and bovine
RVAs has been described, as these data suggest a common origin between the human DS-1-
like and bovine RVAs (12-R2-C2-M2-A2-N2-T2-E2-H2) (MATTHIJNSSENS et al., 2008b).
The third, and the most rare, human AU-1-like genogroup 3 (I3-R3-C3- M3-A3-N3-T3-E3-
H3), is believed to have a close evolutionary relationship with canine and feline RVA strains
(MATTHIJNSSENS et al., 2008b).

In low-income countries, RV disease in humans is more frequently caused by
uncommon RV strains and occurs at a younger age than in high-income countries
(CRAWFORD et al., 2017). For example, the proportion of all RV hospitalizations that occur
in infants by eight months of age is 43% in Africa but only 27% in Europe (CRAWFORD et
al., 2017). In addition, seasonality correlates with the income level of a country, as more
seasonal outbreaks are reported in high-income countries than in low-income countries
(CRAWFORD et al., 2017). During the summer months, the efficiency of RVA transmission
might be reduced, considering environmental conditions such as higher temperature and
humidity, though RV A seasonality was proven only in human hosts and in the temperate climate
(HUNGERFORD et al., 2016; KRAAY et al., 2018).

In domestic pigs, RVA is a major causative agent of viral AGE, particularly in suckling
and weaned piglets, leading to substantial economic losses in the pork industry (CHANG et al.,
2012). Regardless of the disease being mainly self-limiting, it can be fatal in young piglets due
to dehydration, especially during outbreaks in intensive farm settings (PALMARINI, 2017).
Intensive production environments often exhibit higher disease prevalence due to crowding,
frequent animal introduction, and production-related stress, all of which increase the likelihood
of pathogen spread (MANZOOR et al., 2023). In such conditions, RV A-induced mortality may
be as high as 15% (DEWEY et al., 2003). The RV A prevalence in both clinically affected and
asymptomatic pigs ranges from 3.3% to 67.3%, showing no consistent seasonal patterns, but
displaying spatio-temporal variations and occasional re-emergence of certain genotypes
(VLASOVA etal., 2017). The pig health management remains continuously challenged due to
the RVA’s ubiquity and environmental resilience (CHANG et al., 2012). Previously, RVA in
domestic pigs showed remarkable genotype diversity, with more than 50 detected genotype
combinations (DORO et al., 2015). Despite a variety of RVA genotypes discovered in pigs, G3,
G4, G5, G9 and G11 in combination with P[5], P[6], P[7], P[13] and P[28] are most common
(DORO et al., 2015; VLASOVA et al., 2017) and are considered as porcine genotypes. To
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summarize RVA findings in domestic pigs in Europe, a study conducted between 2003 and
2007 in Denmark, Hungary, Slovenia, and Spain, revealed a broad diversity of porcine RVA
genotypes, including 10 G types (G1-G6, G9—G12) and nine P types (P[6], P[7], P[8], P[9],
P[10], P[13], P[23], P[27], P[32]) (MIDGLEY et al., 2012). G4 and P[6] were the most
commonly detected genotypes across several countries, while in Slovenia, G3, G4, G5, and P[6]
were particularly prevalent. Subsequent studies in Ireland, Poland, and the Netherlands
confirmed ongoing diversity (e.g., G2, G5, G11, P[26]) and the absence of a consistently
dominant genotype, highlighting the dynamic and regionally varied epidemiology of porcine
RVA in Europe (WINIARCZYK et al., 2002; COLLINS et al., 2010; MIDGLEY et al., 2012).
In the United Kingdom, analysis of samples collected from diarrheic pigs between 2010 and
2012 identified G4P[6] and G5P[7] as the most common combinations, suggesting some
distinct differences in genotype distribution compared to the rest of Europe (CHANDLER-
BOSTOCK et al., 2014). Domestic pigs have been suggested as reservoirs for RVAs and a
source of newly adapted emerging strains for humans and other animals (DHAMA et al., 2009;
WU et al., 2022).

In comparison with domestic animals, and especially humans, RVA in wildlife is far
less studied. Nevertheless, previous data on RVA detection rates in wildlife suggests that they
may serve as additional potential RVA reservoirs (MARTIN et al., 2011; COLIC et al., 2021;
JOTA BAPTISTA et al., 2023). The research on wild boars (Sus scrofa) remains limited, albeit
existing studies have demonstrated the genetic diversity of RVA strains circulating in wild
boars, supporting evidence of interspecies transmission between them and domestic pigs. These
findings also underscore the close phylogenetic relationship between certain wild boar RVA
strains and those detected in humans (OKADERA et al., 2013; MOUTELIKOVA et al., 2016).
Although epidemiological data on RVAs in wild boars remains scarce, several VP7/VP4
genotypes had been identified. These include: G4P[25], G4P[6], G11P[13], G5P[13] detected
in Czech Republic (MOUTELIKOVA et al., 2016); G9P[23], G4P[23], GOP[13], G4P[6],
G3P[23] in Japan (OKADERA et al., 2013; SHIZAWA et al., 2024); G3P[13], G9P[13],
G5P[13] in China (LE et al., 2025).

Among wild canids, red foxes (Vulpes vulpes) hold particular interest due to their
adaptation to urban and semi-urban habitats, increasing the risk of pathogen spread to other
animals and humans (ZECCHIN et al., 2019). Thus far, research on RVAs in red foxes was
limited to a single outcome garnered from negative-contrast EM (EVANS, 1984), along with
the more recent revelation of RVA causing encephalitis (BUSI et al., 2017). In Croatia, red

foxes were found to host 11 G and nine P genotypes, including those typically associated with
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pigs (e.g., G5, G9, G11, P[13], P[23]), and had a prevalence of 14.9%, suggesting a reservoir
possibility (COLIC et al., 2021). Data on golden jackals (Canis aureus) are even more scarce.
The only known study, also from Croatia, reported a 20.6% prevalence and identified two G
and three P genotypes (COLIC, 2021). To date, only one complete RVA genome has been
obtained from a red fox (BUSI et al., 2017), and none from jackals. These findings highlight a
significant knowledge gap regarding the role of wild canids in RVA transmission and the

zoonotic potential of wild and domestic animal-derived RVA strains within the ecosystem.

1.4.3. Interspecies transmission

RVAs have been detected in a wide range of hosts worldwide. Some RVA genotypes
are more common in certain species, and many of them are shared between different species
(MARTELLA et al.,, 2010; McDONALD et al.,, 2016). Therefore, aside from the
aforementioned genome variations in individual RVA genomes, another major RVA
diversification factor is significant interspecies transmission potential. Although typically host-
specific, RVA can cross species barriers as demonstrated experimentally in murine models
infected with avian PO-13 strains (MORI et al., 2001). Field studies have also detected avian-
like RVAs in calves with diarrhea (BRUSSOW et al., 1992; ROHWEDDER et al., 1995) and
in a red fox with encephalitis (BUSI et al., 2017). Interspecies transmission events involving
porcine (e.g., G3, G4, G5, G11, P[6], P[7]) and avian genotypes (G17P[17], G18P[17]) being
found in cattle have also been observed (DiAZ ALARCON et al., 2022; GHOSH and
KOBAYASHI, 2014). Furthermore, the multiple events of zoonotic transmission of porcine
originated RV As were detected globally (VLASOVA et al., 2017).

In parallel, domestic pigs can be infected with porcine and human RVA strains and
develop clinical disease (SAIF et al., 1996). Additionally, similar polymorphic histo-blood
group antigens (HBGAs) are observed in humans and animals, antigens A and H in pigs and
humans specifically. That may provide an explanation why RVA strains of the P[6] genotype
(that recognize H antigen) are commonly found in and transmitted between humans and pigs in
different countries (MARTELLA et al., 2006; DORO et al., 2015; VLASOVA et al., 2017),
and why P[6] displays accentuated zoonotic potential compared to other VP4 genotypes. Even
though it is considered unusual in the human population, a G4P[6] genotype was discovered to
reappear in humans globally (TACHAROENMUANG et al., 2021). Some RV A genotypes that
adapted to human hosts, such as G9 or G12, are considered to be of porcine origin
(MARTELLA et al., 2010).

Except for a standalone G or P genotypes, certain G/P genotype combinations are

considered usual or unusual depending on the species in which they are detected. For example,
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the G4P[6] genotype combination is regarded as an unusual combination in humans, but it is
quite common in pigs (DORO et al., 2015). The detection of a rare genotype combination like
this one in a secondary host species may indicate a recent interspecies transmission event. In
such cases, whole-genome sequencing can be used as a method of choice for strain investigation
(DORO et al., 2015).

Direct interspecies transmission, frequently involving reassortment, represents a key
mechanism by which RVA crosses host barriers. However, the limited detection frequency of
zoonotic strains suggests that such occurrences remain rare (MARTELLA et al., 2010).
Furthermore, the majority of molecular epidemiology studies on RVA are conducted in human
populations, most often in children hospitalized due to acute RVA infection. In such
populations, only about 2% of strains have been identified as having a zoonotic origin
(MIDGLEY et al., 2012), affirming that interspecies transmission of RVAs in humans occurs
sporadically (DHAMA et al., 2009). However, even sporadic transmission can potentially
influence the epidemiology and the protective efficacy of available vaccines (MARTELLA et
al., 2010), especially since the successful viral adaptation to a human host has been described
(NGUYEN et al., 2024). It is theorized that the currently detected rate of zoonotic transmission
is significantly lower than the actual rate, as RVA strain surveillance is almost exclusively
limited to individuals with symptomatic illness (DORO et al., 2015). Approximately 75% of
emerging infectious diseases in humans originate from animals, with wildlife serving as
primary reservoirs for some high-impact pathogens (WOAH, 2024). These diseases
disproportionately affect socioeconomically disadvantaged populations, particularly in
developing countries (MALIK et al., 2020). Therefore, a collaborative One Health approach to
the ecosystem as a whole is needed to address the health of humans, animals, and the
environment, especially considering multi-species pathogens like RVA (CUNNINGHAM et
al., 2017; MALIK et al., 2020; WEGNER et al., 2022).

1.5. Pathogenesis

The triple-layered capsid structure of RV provides relative stability on the virion and
delivery into the small intestine without inactivation (ESTES and GREENBERG, 2013). RVs
primarily infect mature enterocytes located at the tips and middle of intestinal villi and
enteroendocrine cells in the small intestine. After entering the host’s organism, the RV attaches
to cell surface receptors of targeted cells via its VP4 protein (CRAWFORD et al., 2017). Upon
exposure to trypsin, the VP4 protein cleaves into VP5 and VP8 subunits. The VPS8 interacts

with cell membrane receptors (such as sialoglycans and HBGAs), allowing the virus to enter
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the cell through endocytosis or direct fusion with enterocytes (DHAMA et al., 2009;
LUNDGREN and SVENSSON, 2001). Considering differences in receptor usage for target cell
entry, studies have distinguished human RVs from animal RVs, with most human RVs binding
human HBGAs and animal RVs binding sialylated glycans (BOHM et al., 2015; SAXENA et
al., 2015). It has been found that RV binds different glycans in a genotype-dependent manner,
and this interaction can even be strain-specific (ARIAS and LOPEZ, 2021). This interaction via
polymorphic HBGA happens in red blood cells, mucosal secretions, and epithelia, biased by a
particular rotavirus P genotype (OMATOLA and OLANIRAN, 2022). HBGAs, namely antigen
A and Lewis antigen, have been suggested to be genetic factors that determine host
susceptibility. In addition, both secretor status and Lewis status (regulated by the
fucosyltransferase 2 (FUT2) and fucosyltransferase 3 (FUT3) enzymes, respectively) have been
proposed to mediate susceptibility to infection and possibly response to vaccination in an RV
genotype-dependent manner (NORDGREN et al., 2014; SAXENA et al., 2015). Additionally,
the binding pattern of three human RVs (P[9], P[14], and P[25]) to the type A antigen was
observed. Their VP8 proteins were proven to bind the A antigens of the porcine and bovine
mucins, suggesting the A antigen as a possible factor for cross-species transmission of RVs
(LIU et al., 2012).

As described previously, once internalized by the receptor-mediated endocytosis, the
low concentration of Ca?" ions in the endosome causes the outer capsid layer to detach, releasing
a transcriptionally active double-layered particle (DLP) in the cytoplasm (DESSELBERGER,
2014). The next step is the messenger RNA (mRNA) transcription and translation of viral
proteins. The RNA genome is packaged into newly made DLPs in specialized structures called
viroplasms, formed from lipid droplets. The newly made DLPs bind to NSP4, which serves as
an endoplasmic reticulum receptor. The NSP4 also acts as a viroporin to release Ca** from
intracellular stores. The triple-layered particle maturation happens as transient membranes are
removed and the outer capsid proteins VP4 and VP7 assemble. Progeny virions are released
through cell lysis or the Golgi-independent non-classical vesicular transport mechanism
(ESTES and GREENBERG, 2013; DESSELBERGER, 2014; CRAWFORD et al., 2017;
GELETU et al., 2021).

After the cellular release, RV from the intestinal lumen can enter the bloodstream and
lymphatic system, circulating to various organs, including the liver, heart, lungs, kidneys, and
central nervous system (DIAN et al., 2021). Although its presence outside the gastrointestinal
tract is confirmed in both animals and humans, its full impact on these organs remains unclear

(DIAN et al., 2021). The presence of avian RV A in the tissue outside the gastrointestinal tract
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was discovered in the pancreas and spleen of broilers; however, the ability of RVs to cause
viremia was hypothesized as a reason (NUNEZ et al., 2016).

Nonetheless, the most common clinical manifestation of RV infection is gastrointestinal
distress, which results from several mechanisms. These include malabsorption resulting from
enterocyte destruction, ischemia of the intestinal villi, and the neuro-regulatory release of
vasoactive substances from infected epithelial cells. In addition, NSP4 protein functions as an
enterotoxin, triggering age- and dose-dependent diarrhea. It acts as a secretory agonist that
increases Ca?'-dependent cellular permeability and disrupts epithelial barrier integrity
(VLASOVA et al., 2017). Through cell damage and death of the mature enterocytes, immature
enterocytes migrate more rapidly from the intestinal crypts to the surface of the villi, while still
not being able to absorb, causing the shortening of the intestinal villi (CRAWFORD et al.,
2017). The destruction of enterocytes following viral replication reduces the absorptive surface
area, resulting in unabsorbed glucose and loss of electrolytes, which leads to osmotic imbalance
and fluid accumulation in the lumen. Additionally, increased fluid secretion from intestinal
crypts leads to diarrhea and acidosis (CRAWFORD et al., 2017). Consequently, chloride,
sodium, potassium, and water malabsorption occur, leading to rapid osmotic watery diarrhea
with a loss of electrolytes and dehydration (CRAWFORD et al., 2017). Another diarrhea-
inducing mechanism of RVA is through the NSP4 enterotoxin protein, which has similar
activity in mammals and birds, despite significant amino acid (aa) differences observed between
these strains (DHAMA et al. 2015). Recent studies suggest RVs exploit the host's paracrine
purinergic signaling to generate intercellular calcium waves that amplify the dysregulation of
host cells and alter gastrointestinal physiology, resulting in diarrhea (CHANG-GRAHAM et
al., 2020). Finally, with nutrient malabsorption reducing the food conversion ratio and
dehydration possibly leading to death, animal husbandry faces severe economic impacts

(DHAMA et al., 2015).

1.6. Clinical signs, gross and histopathology lesions

RV infection presents with a broad clinical spectrum, ranging from asymptomatic or
mild watery diarrhea to severe gastroenteritis with vomiting and high fever. This can lead to
dehydration with shock, electrolyte imbalances, and potentially death, particularly in young
children and undernourished individuals (DIAN et al.,, 2021). Adults are also frequently
infected, but mostly asymptomatic. Main clinical signs include fever and diarrheal stools
without blood, mucus, or leukocytes (ESTES and GREENBERG, 2013). RVA-induced AGE

is generally more severe than many other diarrheal etiologies, necessitating hospitalization
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more frequently. Illness typically lasts three to five days in immunocompetent individuals,
sometimes with hospital stays ranging from two to 14 days (ESTES and GREENBERG, 2013).
In case of death, it was mainly attributed to dehydration and severe electrolyte imbalance, with
vomit aspiration being a rarer cause. Over the years, mortality rates have decreased significantly
due to early and aggressive rehydration therapy (ESTES and GREENBERG, 2013).

RV infection mainly affects the gastrointestinal tract, but is not limited to it.
Experimentally, during the acute phase of RV infection, both antigenemia and viremia were
detected in animals and children, indicating that RV can reach a multitude of host compartments
(RAMIG, 2007; GOMEZ-RIAL et al., 2018). Likewise, naturally occurring infection with wild-
type RV in both humans and other animals, viremia, and systemic spread were reported. RV
was detected in multiple organs, including the brain, liver, spleen, lungs, heart, kidneys,
pancreas, thymus, adrenal gland, bladder, testis, and immune cells (DIAN et al., 2021). The
systemic spread has been associated with neurological symptoms, hepatobiliary diseases,
pancreatitis, thrombocytopenia, respiratory illness, myocarditis, renal failure, and autoimmune
diseases such as type 1 diabetes and celiac disease (DIAN et al., 2021; XU et al., 2023).
Neurological symptoms may include seizures, meningitis, encephalopathy, and encephalitis
(DIAN et al., 2021). Viral RNA is frequently detected in the cerebrospinal fluid, although this
may reflect systemic viremia rather than direct RV replication in the central nervous system
(ESTES and GREENBERG, 2013). Moreover, benign seizures in young children perhaps occur
due to the elevated temperature, as seen regularly in RV infections (ESTES and GREENBERG,
2013). The RV findings in upper and lower respiratory tract samples indicated respiratory
involvement, which may precede or accompany gastrointestinal symptoms (DIAN et al., 2021).
Nevertheless, extraintestinal RV pathogenesis has been largely overlooked in research, leaving
its key aspects poorly understood.

Reports of intussusception after oral administration of various (particularly first-
generation) live attenuated RV vaccines were an unexpected outcome of the effective RV
vaccination program (ESTES and GREENBERG, 2013). Previously, ultrasound examinations
of infants showed that RV infection may cause lymphoid hyperplasia and intestinal wall
damage, potentially predisposing to intussusception (ROBINSON et al. 2004; ESTES and
GREENBERG, 2013). However, later evidence suggests that neither natural RV infection nor
modern vaccines significantly increase the intussusception risk (BURNETT et al., 2020).

Experimental infection of piglets with G9P[23] and G9P[7] strains demonstrated
clinical signs such as diarrhea and virus shedding beginning on day 1 post-inoculation and

continuing for eight to 10 days (KIM et al., 2013). Clinical signs in affected pigs include white-
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yellow diarrhea and possible dehydration (DEWEY et al., 2003; CHANG et al., 2012). The
RVA-induced AGE typically lasts up to three days and can lead to lower weaning weights and
poor average daily weight gain in both colostrum-deprived and colostrum-fed piglets. In some
cases, body weight can drop by as much as 59% by the ninth day post-infection. Recovery time
varies, as three-day-old piglets usually recover from intestinal lesions within six to 10 days,
while 21-day-old piglets recover more quickly, in about two to four days. Litters that have had
preweaning RV diarrhea are more likely to suffer from postweaning diarrhea, as well as
additional issues such as skin and respiratory problems and reduced growth rates (DEWEY et
al., 2003). RVA infection in domestic pigs results in pathoanatomical lesions primarily
affecting the small intestine. Macroscopically, the intestinal wall becomes thin and dilated,
particularly in the jejunum and ileum, with luminal contents appearing watery or containing
undigested feed or milk (LUNDGREN and SVENSSON, 2001; BURROUGH, 2024).
Histological studies, in both human and animal models (piglets, calves, lambs and
mice), illustrated RV-induced intestinal damage, including villous atrophy, loss of epithelial
microvilli, and intraepithelial lymphocytosis, immune cells infiltration in the lamina propria,
and intestinal wall hypotrophy, leading to functional impairment of the intestinal barrier in the
small intestine (CRAWFORD et al., 2017). RV infection commonly affects the caudal two-
thirds of the small intestine, where segmental villous atrophy is observed. Villi become
shortened, blunted, and are covered by immature cuboidal epithelial cells that replace destroyed
enterocytes (LUNDGREN and SVENSSON, 2001; BRNIC et al., 2023). This structural
damage significantly reduces the villus-height to crypt-depth ratio to around 5:1, impairing
nutrient absorption and resulting in osmotic diarrhea. RV-induced damage is further
characterized by irregular and sparse microvilli and infiltration of mononuclear cells into the
lamina propria (VLASOVA et al., 2017). RVA antigens were also detected in the colon of
RVA-infected pigs. Immunohistochemistry confirmed the presence of RVA antigens in the
enterocytes and the crypts of Lieberkiihn (Figure 1) (BRNIC et al., 2023). Findings included a
moderate increase in lymphocytes within the lamina propria, necrosis of individual surface

epithelial cells, and the mesocolon edema (BRNIC et al., 2023).
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Figure 1. Histopathological and immunohistochemical findings in RVA infected piglets. A.

Lesions in the colon were characterised by a moderate increase in the number of lymphocytes
in the lamina propria, necrosis of individual surface epithelial cells, and oedema of the
mesocolon (hematoxylin and eosin staining, 10x magnification). B. Positive
immunohistochemistry reaction (brown colour) to RV A antigens was detected in the intestinal
mucosa in colon (immunohistochemistry, 10x magnification). C. Intracytoplasmic brown
granular staining was seen in the crypts of Lieberkithn (immunohistochemistry, 40x

magnification) (Source: BRNIC et al., 2023).

In addition to villus atrophy and crypt hyperplasia, substantial quantities of viral RNA
were found in mesenteric lymph nodes, and viremia was confirmed by the detection of viral
RNA in serum on days three and five days post-infection (KIM et al., 2013). Viral antigens can
even be detected in the liver, lungs and choroid plexus, indicating a systemic spread of RVA in
pigs (KIM et al., 2013). In general, villus shortening due to RV infection in pigs is less
pronounced than when induced by coronaviruses (LUNDGREN and SVENSSON, 2001).

1.7. Diagnosis

Differential diagnosis in pigs includes the common causes of infectious diarrhea. This
includes viruses (transmissible gastroenteritis virus, porcine epidemic diarrhea virus and other
coronaviruses, other RV species, norovirus, other enteric viruses), bacteria (Escherichia coli,
Clostridium perfringens, Clostridium difficile, Enterococcus spp., Lawsonia intracellularis,
Salmonella spp., Brachyspira spp.), and parasites (Cystoisospora suis, Cryptosporidium spp.
and nematodes). These agents can cause diarrhea ranging from mild to severe, potentially

leading to high morbidity and mortality. Moreover, the underlying cause and clinical signs in
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pigs or other hosts cannot be distinguished based on clinical presentation alone (KUMAR et
al., 2022; LUPPI et al., 2023; BRNIC et al., 2023).

Molecular techniques such as real-time reverse transcription PCR (RT-qPCR) and
conventional reverse transcription PCR (RT-PCR) are considered standard methods for the
detection and genotyping of RV A in fecal or gastric samples. These assays offer high sensitivity
and specificity, with multiplex RT-PCR enabling simultaneous detection of multiple RV
species or genotypes (LUPPI et al., 2023). Real-time RT-qPCR assays usually target the VP6,
VP2, and NSP3 gene segments (LOGAN et al., 2006; GUTIERREZ-AGUIRRE et al., 2008;
MIJATOVIC RUSTEMPASIC et al., 2013). However, accurate surveillance depends on
continuous updates of primers to compensate for RV genetic variability.

While virus isolation in cell culture is possible for RVA, it is laborious and time-
consuming, prone to contamination, and as such, not requested for clinical diagnosis
(OMATOLA and OLANIRAN, 2022). Commercially available ELISA kits serve as rapid
screening tools for RVA antigen detection in feces, though equivalent assays for RVB and RVC
are still lacking. In addition to antigen-based tests, histopathology can reveal intestinal lesions,
and immunohistochemistry or in situ RNA hybridization techniques allow localization and
differentiation of the virus within tissue samples. These complementary approaches support
comprehensive diagnostic strategies, particularly in settings where subclinical infections or
multiple enteric pathogens coexist (LUPPI et al., 2023).

Other methods can also be used, mainly in addition to the aforementioned methods.
Firstly, the latex agglutination test (LAT) is a quick, simple test used to detect viral antigens in
feces by observing the agglutination of latex particles coated with antibodies.
Immunochromatographic assay (ICA), also known as a rapid test kit, is a rapid method suitable
for field use, although it is generally less sensitive than ELISA or RT-PCR. However, ICAs
present the method of choice for rapid clinical testing (EL-AGEERY et al, 2020).
Polyacrylamide gel electrophoresis (PAGE) is used to identify RV by separating the viral RNA
genome segments but is used less often (EL-AGEERY et al, 2020). Furthermore, EM allows
for the direct visualization of the virus particles in feces but requires expensive equipment and
skilled personnel (OMATOLA and OLANIRAN, 2022).

Sequencing technologies in virology have advanced through three main generations,
each defined by its methodology and technological platform (HEATHER and CHAIN, 2016).
The first generation, represented by Sanger sequencing, uses primer-based targeted sequencing
and is known for its accuracy, but has limited throughput and shorter read lengths (HEATHER
and CHAIN, 2016). Targeted sequencing of RVA can be used for singular gene segments or

17



for all 11 gene segments, in which case it can provide a complete genome. Gene-specific
primers are designed to amplify each of the 11 genomic segments, allowing precise genotyping
and detection (WHO, 2009). However, genetic variability often necessitates the redesign of
primers or the use of degenerate primers to detect divergent strains, as seen in studies where
variant-specific primers have improved genotyping accuracy (WHO, 2009). The second
generation, also known as NGS, utilises Illumina platforms, which introduced massively
parallel sequencing, enabling high-throughput and cost-effective analysis of large quantities of
short DNA fragments (HEATHER and CHAIN, 2016). It enables various techniques for whole
genome sequencing (WGS), such as target enrichment, PCR amplification and metagenomics
shotgun sequencing (HOULDCROFT et al., 2017). The third generation, with technologies
such as Oxford Nanopore and PacBio, allows for long-read sequencing (HEATHER and
CHAIN, 2016). The development of NGS platforms, especially second and third generation,
allows for abundant research and diagnostics opportunities by enabling comprehensive
genomic characterization and overcoming limitations of primer-dependent methods.
Metagenomic sequencing bypasses specific pathogen amplification biases entirely in
order to recover complete viral genomes directly from clinical specimens (WYLIE et al., 2018).
It employs methods such as sequence-independent random amplification or sequence-
independent adaptor-ligated dsSRNA enrichment. Often used random amplification methods are
multiple displacement amplification (MDA) or sequence-independent single-primer
amplification (SISPA) (SMITS et al., 2014; VIBIN et al., 2018). The SISPA technique was
used to successfully amplify RVA, RVC, and RVH genomes from metagenomic porcine
samples, revealing evolutionary patterns undetectable by conventional methods (HULL et al.,
2020). Metagenomics also enables broad surveillance of enteric viruses, as demonstrated in
Dutch public health studies, where it detected RVA alongside norovirus, sapovirus, and
enteroviruses in 39% of pediatric samples (SCHMITZ et al., 2023). For enhanced sensitivity,
targeted capture panels like ViroCap enrich viral nucleic acids prior to sequencing, resulting in
a consistent increase in viral read counts and enabling detection of antiviral resistance mutations
(WYLIE et al., 2018). These high-throughput approaches provide critical data for updating
molecular assays and tracking emerging variants across human and animal reservoirs (WHO,

2009; VIBIN et al., 2018).

1.8. Immunity
RVA infection impacts both the innate and adaptive immune responses. Upon RVA

infection, mammalian cells, including intestinal epithelial cells, recognize viral dSRNA through
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pattern recognition receptors (PRRs) (SPARRER and GACK, 2015). One key PRR involved is
Toll-like receptor 3 (TLR3), which detects dsSRNA and plays a critical role in the innate immune
system. TLR3 is primarily located in the endosomes of immune cells such as dendritic cells and
macrophages (SPARRER and GACK, 2015). Upon binding to dsRNA, TLR3 triggers a
signalling cascade that leads to the production of type I interferons and other pro-inflammatory
cytokines, which are crucial for fighting viral infections. Cytoplasmic, intracellular, PRRs RIG-
I-like receptors (RLRs), including retinoic acid-inducible gene I (RIG-I) and melanoma
differentiation-associated protein 5 (MDAS), mediate intracellular dsRNA detection.
Engagement of these PRRs triggers downstream signaling leading to activation of IRF3 and
NF-«kB, resulting in the induction of type I and III interferons (IFNs) and pro-inflammatory
cytokines like IL-6, IL-8 and IL-12 (ANGEL et al., 2012; HOLLOWAY and COULSON, 2013;
DESSELBERGER, 2014; CLEMENTE et al., 2015). These responses inhibit early viral
replication and recruit immune cells, notably macrophages and natural killer (NK) cells, to the
site of infection. However, RVA has evolved potent immune evasion mechanisms. Its
nonstructural protein NSP1 degrades key interferon regulatory factors (IRF3, IRFS5, IRF7),
suppressing IFN production and facilitating viral persistence (LIU et al., 2009). Meanwhile, the
enterotoxic effects of NSP4 disrupt Ca®* homeostasis and epithelial barrier integrity, resulting
in diarrthea (DESSELBERGER, 2014).

Adaptive immunity is essential for viral clearance and long-term protection. Upon RV
infection, acquired immune responses are triggered, including both, B cells producing virus-
specific antibodies (Abs) and T cells recognizing RV epitopes on the surface of infected cells
in MHC I and II antigen complexes (DESSELBERGER, 2014). During RV infection, Abs are
produced against VP7, VP4, VP6, NSP3, and NSP4. However, the immune response to
different proteins varies, and only VP7 and VP4 stimulate neutralizing Ab responses, many of
which are neutralizing in vitro and protective in vivo (DESSELBERGER, 2014; KUMAR et
al., 2022). Humoral responses, particularly the production of mucosal IgA targeting the outer
capsid proteins VP4 and VP7, are the strongest correlates of protection. High intestinal and
serum IgA titers correlate with immunity across species, including pigs and humans, rather than
neutralizing antibody titers (DESSELBERGER and HUPPERTZ, 2011).

Humoral Abs boosted after repeated infection are directed against both serotype-specific
and cross-reactive epitopes on VP4 and VP7 proteins, providing heterotypic protection
(FRANCO et al., 2006). Cellular immunity also plays a role: CD8+ T cells secrete antiviral
cytokines such as IFN-y and TNF-q, aiding viral clearance (OMATOLA and OLANIRAN,
2022). Cross-reactive T cell epitopes present on VP4, VP6, and VP7 may contribute to
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heterotypic protection. Nevertheless, RVA is a relatively poor inducer of robust cytotoxic T
cell responses, especially in young human infants, where immune immaturity limits T cell
memory development (DESSELBERGER and HUPPERTZ, 2011).

Piglets can be infected with porcine and human RV strains, resulting in disease either
way (DESSELBERGER and HUPPERTZ, 2011). The absence of intrauterine immunoglobulin
transfer in pigs makes neonatal piglets highly vulnerable, with protection relying heavily on
passive lactogenic immunity (KUMAR et al., 2022). Passive immunity is primarily conferred
to piglets transmammary, through high concentrations of IgG in colostrum and secretory IgA
in both colostrum and milk. Among these, secretory IgA acts locally at the intestinal mucosal
surface to neutralize RV (KUMAR et al., 2022). Strategies such as sow vaccination and natural
planned exposure are employed to enhance maternal Ab levels and confer early protection.
Additionally, the interaction between RVA infection, intestinal damage, and the gut
microbiome in domestic pigs remains an area requiring further research. Understanding the
complex interplay between RV and the host immune system is crucial for optimizing vaccine
design, particularly to enhance mucosal IgA responses and cross-reactive immunity, and to
overcome barriers observed in different host species and geographic settings (VLASOVA et

al., 2017; KUMAR et al., 2022).

1.9. Vaccination

The goal of RV vaccination differs in humans and animals (MARTELLA et al., 2010).
In humans, the primary objective is to induce active immunity once maternal Ab levels decline,
ensuring protection during the early years of life. Conversely, in animals the primary method
of protection is passive immunization through colostrum maternal antibodies. Commercial
vaccines, particularly modified live vaccines, have demonstrated efficacy in reducing viral
shedding and clinical disease during homologous challenges, though their effectiveness may
vary against different RV strains (OMATOLA and OLANIRAN, 2022).
1.9.1. Vaccination in humans

The primary strategy for controlling RV infection currently relies on the use of live
attenuated oral vaccines, particularly in countries with high child mortality rates. Several factors
associated with the human host (e.g., malnutrition, HBGAs, concurrent administration with oral
polio vaccine), pathogen (e.g., strain diversity, co-infections with other pathogens, and the viral
load at exposure), and environment (enteropathy or dysbiosis of gut microbiome) have been
suggested to possibly influence the differences in the efficacy of RV vaccines (OMATOLA and
OLANIRAN, 2022). In addition, transplacentally acquired RV-specific IgG Abs in humans
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protect newborns from infection and can interfere with immune responses to RV vaccination
(APPAIAHGARI et al., 2014).

An advantage that RV A vaccination provides is the immune responses not only against
the specific serotype included in the vaccine but also against heterologous serotypes
(SCHWARTZ-CORNIL et al., 2002; DESSELBERGER, 2014). Since their World Health
Organization (WHO) prequalification in 2008 and 2009, RotaTeq (RVS5) and Rotarix (RV1)
have become the most widely used vaccines for preventing rotavirus infections worldwide
(BURKE et al., 2019). As of the end of 2018, Rotarix and RotaTeq have been enrolled in NIPs
of 92 countries globally (BURKE et al., 2019), excluding Croatia (VRDOLJAK et al., 2019).
Developed by GlaxoSmithKline Biologicals, Rotarix is an oral, monovalent vaccine introduced
to the market in 2005 (DESSELBERGER, 2014). It contains a live-attenuated human G1P[§]
RVA strain. In low-mortality countries, Rotarix prevented 90% of severe RVA diarrhea cases,
and 51% of all-cause severe diarrhoea episodes. However, in high-mortality countries, Rotarix
prevented 58% of severe RVA diarrhoea cases and 27% of severe all-cause diarrhoea cases
(BERGMAN et al., 2021). In the same year, another oral vaccine launched by Merck and Co.
Inc. as the pentavalent RotaTeq vaccine, which contains reassorted bovine-human RVA strains
representing four common human G (G1, G2, G3, and G4) and one P genotype (P[8])
(DESSELBERGER, 2014). In low-mortality countries, RotaTeq prevented 97% of severe
rotavirus diarrhoea cases. In medium-mortality countries, RotaTeq prevented 79% of severe
rotavirus diarrhoea cases, while in high-mortality countries, RotaTeq prevented 57% of severe
rotavirus diarrhoea cases with little to no difference in severe all cause diarrhoea cases
(BERGMAN et al., 2021).

In 2018, the WHO prequalified two additional RV vaccines from India: Rotavac and
Rotasiil. Rotavac is a monovalent vaccine containing a live-attenuated wild-type reassortant
GOP[11] RV strain, that was developed by Bharat Biotech Ltd. Rotavac has not been assessed
in any randomized controlled trials in countries with low or medium child mortality. In high-
mortality countries, Rotavac prevented 57% of severe rotavirus diarrhoea cases and 16% of
severe all-cause diarrhoea cases (BERGMAN et al., 2021). Rotasiil, developed by the Serum
Institute of India Ltd., is a pentavalent vaccine containing human-bovine reassortant strains
covering genotypes G1-G4 and G9. Both Rotavac and Rotasiil have been licensed
internationally and have been introduced in India’s NIP. Besides in India, Rotavac is currently
used in Palestine and several African countries (OMATOLA and OLANIRAN, 2022).

As of early 2025, more than 131 countries had adopted either Rotarix or RotaTeq as part
of their NIPs, including 127 countries that administer them routinely (IVAC VIEW-hub, 2025).
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Only 13 countries in Europe provide a fully-funded program, and another five countries provide
a partially-funded program. Partially funded implies either full funding for certain risk-groups
and requires a parent co-payment for healthy children (Croatia) or is fully funded in specific
regions (Sweden), or requires a parent co-payment (Belgium, Greece and Slovakia)
(POELAERT et al., 2018).

Overall, Rotarix, RotaTeq, Rotasiil, and Rotavac are considered effective in preventing
RV diarrhea. Relative effectiveness appears lower in high mortality rate countries in
comparison with low mortality rate countries. Nevertheless, the absolute number of prevented
cases is larger in high-mortality settings due to the higher baseline risk (BERGMAN et al.,
2021). Importantly, no increased risk of serious adverse events, including intussusception, has
been associated with any of the WHO-prequalified RV vaccines (BERGMAN et al., 2021). In
addition to WHO-prequalified vaccines, two regionally licensed vaccines, Rotavin-M1
developed in Vietnam, and Lanzhou Lamb developed in China, are currently used nationally in
Vietnam and India, respectively. However, WHO prequalification for these vaccines has not
been received, and comprehensive large-scale efficacy trials and post-introduction impact
evaluation are currently lacking for broad application (OMATOLA and OLANIRAN, 2022).
1.9.2. Animal Vaccination Strategies

In addition to minimizing RVA transmission through stringent hygiene practices,
enhancing lactogenic immunity via vaccination remains the most effective strategy to prevent
severe outcomes associated with RVA infection (PALMARINI, 2017). This strategy relies on
maternal Abs, which are transferred either through the placenta (depending on the permeability
of the placenta to maternal Abs) or via colostrum, offering short-term immunity against
symptomatic RV infection. Since maternal Abs cannot transfer through the epitheliochorial
(horses, pigs, etc.) or synepitheliochorial (ruminants, etc.) placentas, foals, piglets, and
ruminant neonates are born without circulating maternal Abs and rely entirely on colostrum
intake after birth to acquire passive immunity (CHUCRI et al., 2010). Therefore, pregnant
animals are vaccinated in the later stages of pregnancy using either live attenuated or inactivated
vaccines to boost lactogenic passive immunity in offspring (PAPP et al., 2013b, DORO et al.,
2015).

In pigs, the variable efficacy of maternal RV vaccines observed in the field is influenced
by several factors, including vaccine dose, viral strain, type of inactivating agent, choice of
adjuvant, route of administration, and the level of RV exposure (VLASOVA et al., 2017).
Interestingly, a live modified vaccine for active immunization of young piglets is available in

the United States, following a strategy similar to that used in children. However, no such
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vaccines are currently approved for use in pigs within the European Union, though importation
from the USA remains an option (MONTEAGUDO et al., 2022).

Notably, aa variations of VP4 and VP7 antigenic epitopes may ultimately have an
impact on vaccine efficacy, particularly if protection is based chiefly on G and P type specific
responses (GELETU et al., 2021; PACKER and LITCHFIELD, 2025). The effective Ab titer
of the G-specific neutralizing antiserum is affected by the aa composition of VP7 antigenic
epitopes, even of the same G genotype (GELETU et al., 2021). In general, previous assumption
was that vaccine efficacy was mainly influenced by protection based on specific G and P
genotype responses, however new study has shown that backbone gene differences between
RV strains influence vaccine effectiveness, highlighting the need for a broader approach to

vaccine design (PACKER and LITCHFIELD, 2025).

1.10. Treatment and Non-vaccine Prevention Approaches

RV infection in pigs is managed primarily through supportive care, as there is no
specific antiviral treatment available. Regardless, several potential anti-rotavirus drugs were
described (OMATOLA and OLANIRAN, 2022). The main course of treatment for an RV
infection is oral, subcutaneous, and intravenous rehydration (DESSELBERGER, 1999). To
reduce losses, supportive care should involve administering fluids with glucose and
electrolytes, using antibiotics to treat or prevent secondary bacterial infections, and providing
warm, clean housing to lessen stress and the risk of additional infections (BURROUGH, 2024).
Nutritional interventions, such as supplementing diets with spray-dried plasma have shown
promise in alleviating intestinal damage and improving growth performance during and after
infection (YAN et al., 2024). Probiotics, especially Lactobacillus and Bifidobacterium species,
may help mitigate the severity of RVA infections by enhancing gut health and modulating
immune responses, mechanisms still being under investigation (OMATOLA and OLANIRAN,
2022). In piglets, the orally administered L-glutamine has shown to improve fluid absorption
(DESSELBERGER, 1999). In addition, oral administration of specific IgY appears to have
considerable potential as a means of controlling diarrheal diseases and exerting growth-
promoting activity in swine. The IgY technology is emerging as a promising alternative to
antibiotics, with its key advantage being the ability to effectively control a wide range of
pathogens (LI et al., 2015).

Since the development of RV vaccines proved to be difficult, largely due to the high
antigenic variation of RVs, non-vaccine preventive strategies are crucial in management of RV

outbreaks and include practices of good husbandry, and strict biosecurity. Biosecurity measures
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do not make it possible to eradicate RVs from farming environments due to their ubiquity and
resilience in the environment (CHANG et al., 2012). While enhanced hygiene practices can
help reduce the incidence of RV infections, they are generally considered insufficient on their
own. As a result, greater emphasis was placed on developing a strong local immune response,
particularly because systemic immunity plays a relatively limited role compared to the critical
importance of antibodies present in the intestinal lumen (MACLACHLAN and DUBOVI,
2016). Therefore, the ingestion of colostrum and milk rich in RV-specific Abs provides
effective protection for piglets MACLACHLAN and DUBOVI, 2016).

In conclusion, thorough and timely investigation of diarrhea outbreaks is essential for
implementing effective pig health and biosecurity measures. Evaluating the impact of past
outbreaks on specific production metrics can provide valuable insights, helping to inform and

guide future management improvements (BRNIC et al., 2023).

1.11. Rotavirus Research in Croatia

In the past, research of the RVAs in Croatia had primarily focused on human-originated
RVAs. The first insights into the prevalence of specific genotype combinations date back to the
2005 and 2006 RV seasons. During this period, the most frequently detected genotype
combinations in humans were G1P[8] (21.8%), G2P[4] (19.2%), G4P[8] (12.6%), G8P[8]
(6.8%), and G3P[8] (5%) (TCHEREMENSKALIA et al., 2007). This distribution pattern was
considered uncommon, with a notably high prevalence of the G8P[8] genotype combination,
which in 2006 appeared at an unusually high rate, predominantly among children under one
year of age (TCHEREMENSKAIA et al., 2007, DELOGU et al., 2013). Additionally, a
retrospective study was conducted at the Clinical Hospital Center Split, analyzing hospitalized
preschool children with RVA-caused AGE from 2006 to 2008, during which a 35.12%
contracted nosocomial RVA infections, with a median Vesikari score of 12 (VLASTELICA et
al., 2010). In 2008, a notification of RV infection in Croatia became mandatory (MESZNER et
al., 2013), while the active immunization against RV infection was introduced in 2011 just for
risk populations. This recommendation addresses that infants should be vaccinated within the
first six months of age with two (for RV1) or three (for RV5) doses of vaccine (TESOVIC et
al., 2012). The next comprehensive study on RVA genotype diversity in the pediatric population
was conducted between July 2012 and July 2014 (VRDOLJAK et al., 2019). During this period,
GI1P[8] emerged as the most prevalent genotype again (60.5%), commonly observed in
countries where RV vaccination is not included in the NIP. It was followed by G2P[4] (21.2%),

with various other genotype combinations each accounting for less than 4%. Genotype
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prevalence was provided without the aspect of phylogenetic analysis (VRDOLJAK et al.,
2019).

Until recently, no studies had been conducted in Croatia on RVs in animals or the
environment. However, in April 2018, a comprehensive One Health RV A surveillance program
of RVA in domestic and wild animals, humans, and environmental samples (RECO) was
launched (BRNIC et al., 2018; SIMIC et al., 2019). This project marked the first study of its
kind in Croatia to examine RVA in both animals and the environment, while also continuing
the surveillance of genotype diversity in the human population. The RECO project lasted five
years and yielded new insights, particularly regarding the molecular epidemiology and zoonotic
potential of autochthonous RVA strains (BRNIC et al., 2018).

Prior to this doctoral thesis, in the scope of the RECO project, several studies about
human RVAs were conducted from 2018 to 2022 (VILIBIC CAVLEK et al., 2021), and
indicated a dominance of genotype G3 (54%) with rising season-to-season prevalence of G3
equine-like (G3e) lineage. Furthermore, the P[8] genotype was detected in 79% of samples. On
the contrary, strains with a zoonotic background were infrequent, with only 1.6% (BRNIC et
al., 2022a). Furthermore, the circulation of human—animal reassortant strains in Croatia has
been hypothesized by the sporadic detection of typical bovine genotypes G6, G8, G10, and
P[14] in the human population (BRNIC et al., 2020; VILIBIC CAVLEK et al., 2021). The
zoonotic background of autochthonous RV A strains was especially evident for genotype G10
(BRNIC et al., 2019).

Master theses on animal and environmental RV As, in the scope of the RECO project,
discovered the high genetic heterogeneity of circulating strains in different domestic
(DZAKULA, 2019) and wild animal species (COLIC, 2021). In addition, the reported RVA
prevalence in bivalve molluscan shellfish from December 2019 to January 2021 was 23% (17/
74) (BRNIC et al., 2022b). The same study detected the presence of RVA genetic material in
22.2% (2/9) of surface water samples and 100% (21/21) of wastewater samples, suggesting
possible environmental contamination (BRNIC et al., 2022b).

The aim of the Master’s thesis from 2021, about genotyping of RVAs detected in
wildlife in the Croatian territory, was to determine the RVA genotypes circulating in
populations of red foxes (Vulpes vulpes), golden jackals (Canis aureus), wild boars (Sus scrofa),
yellow-legged gulls (Larus michahellis), and black-headed gulls (Larus ridibundus). Using
real-time RT-PCR, the presence of the RVA genes was confirmed in 11% of all analyzed
samples. The genotyping results indicate a remarkable diversity and heterogeneity of RVA

among wild animals in Croatia, while phylogenetic analysis suggests the potential for
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interspecies transmission and underscores the importance of further RVA research in wild
animal populations (COLIC, 2021). To our knowledge, the RVs of golden jackals (Canis
aureus) have not been researched globally. The only available data are from Croatia, where a
prevalence of 20.6% was reported, along with two G and three P genotypes (COLIC, 2021).
In the following study about the prevalence, molecular epidemiology, and genetic diversity of
RVA strains circulating in the red fox (Vulpes vulpes) population in Croatia, 370 fecal samples
were collected from 2018 to 2019. The results revealed the RVA prevalence of 14.9%, while
the circulating RVA strains showed a remarkable genetic diversity in terms of 11 G and nine P
genotypes, including G5, G9, G11, P[13] and P[23], considered to have a porcine origin. These
were discovered along with a 14.9% prevalence (COLIC et al., 2021). These findings indicate
a complexity behind the previous interspecies transmission events in the Croatian ecosystem,
offering new insights into the possible role of foxes in the RVA epidemiology and the theory
that they may serve as reservoirs for various RVA strains.

To elaborate further on enteric viruses in domestic pigs, including RVA and RVB, two
diarrhea outbreaks on a large farrow-to-finish holding and subsequent circulation of outbreak-
related enteric viruses were investigated (BRNIC et al., 2023).

Currently, significant knowledge gaps exist regarding autochthonous RVA in animals
or the environment. Only limited data are available on the presence of domestic animal-derived
RVA strains in humans and wild animal populations. Furthermore, information on their
phylogenetic and whole-genome characteristics, as well as insights into interspecies
transmission within the Croatian ecosystem, remains scarce. Considering this, it is crucial to
downsize the current knowledge gaps about RVA prevalence and genomic diversity across
human, domestic and wildlife populations. Conclusively, addressing the knowledge gaps may
help to assess the occurrence of interspecies transmission and the putative influence on the

protectiveness of currently available vaccines.
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2. HYPOTHESIS AND OBJECTIVES

The hypothesis: The interspecies transmission of RVAs, typical for domestic pigs, sporadically
occurs in the Croatian ecosystem.
General objective: To investigate interspecies transmission and genomic properties of
autochthonous porcine-originated RVAs (poRV As) in domestic pigs, humans and wild animals
through a synchronized spatiotemporal One Health approach.
Specific objectives:
1. To determine the prevalence and genetic diversity of RV As circulating in domestic pigs
and wild boars.
2. To compare the prevalence of RVA in domestic pigs between two groups for each of
the factors of farm type, age, sex and the presence of clinical signs.
3. To investigate the zoonotic transmission of poRV As.
4. To explore the interspecies transmission of poRVAs among wild animals and domestic
pigs.
5. To evaluate the influence of gene reassortment and intragenic recombination on

poRVAs complete genome diversity.
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3. MATERIAL AND METHODS

3.1. Sampling

The poRVA genomes analyzed in this doctoral thesis were obtained from samples
collected in Croatia over three consecutive years (2018-2021), as part of the broader One
Health RVA surveillance project Reco- “Rotaviruses in Croatian Ecosystem: molecular
epidemiology and zoonotic potential”. Sampling was carried out continuously throughout this
period, encompassing, but not limited to, the RV seasons of 2018/2019, 2019/2020, and
2020/2021. Moreover, sampling comprised both in-season and out-of-season periods, ensuring
year-round RVA surveillance. Each individual was sampled only once. During this
surveillance, 445 fecal samples or rectal swabs were collected from domestic pigs (Sus scrofa
domesticus), 441 from wild boars (Sus scrofa), 533 from red foxes (Vulpes vulpes), 131 from
golden jackals (Canis aureus), and 602 from humans (Homo sapiens). In total, 2152 fecal
material or rectal swab samples were processed. The sampling plan targeted a minimum of 420
samples per group to enable detection of an estimated RVA prevalence of approximately 30%
in domestic animals and 9% in wildlife, with 95% confidence, a margin of error between 5%
and 8%, and assumed test sensitivity and specificity of 95% and 99%, respectively
(SERGEANT, 2018). For sample size calculations, red foxes and golden jackals were grouped
under the mutual category of wild canids. Humans were excluded from the sample size
calculation, since these samples came exclusively from symptomatic individuals hospitalized
due to RVA infection. Nevertheless, the sample size of human samples matched that of the
other species.
Domestic pigs were sampled at large industrial and small backyard holdings in Croatia. Most
of their samples (98.2%) were collected during October to March. According to the NUTS-2
classification, sampled domestic pigs originated from seven counties located in Continental
Croatia (Pannonian Croatia, Northern Croatia, and the City of Zagreb) and one county (Split-
Dalmatia County) located in Adriatic Croatia. Domestic pigs included in the present study were
locally bred on 24 small backyard holdings (n = 276) and eight large holdings (n = 169).
Holdings that breed imported weanling and fattening pigs were excluded from the study. The
age, gender and status of diarrhea were registered at the time of sampling. Domestic pigs were
divided into four age groups: suckling piglets (<28 days; n =231), weanling pigs (29—-84 days;
n = 177), fattening pigs (>85 days, n = 28) and sows (n = 9). The sex was reported for 385

domestic pigs, comprising 178 females and 207 males. Diarrhea was observed in 165 domestic
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pigs (37.1%), while the remaining 280 domestic pigs (62.9%) showed no gastrointestinal
clinical signs and were considered clinically healthy. Wild boars were sampled after regular
hunting in 15 hunting areas in Croatia. The hunting areas were located in eight counties in three
regions of Continental Croatia (Pannonian Croatia, Northern Croatia, and the City of Zagreb).
On the other hand, three age groups were defined for wild boars: <1 year (n = 151), 1-2 years
(n=135) and >2 years (n = 155), based on farrowing date. The sex was reported for 440 wild
boars (223 females and 217 males). Diarrhea was registered in only eight wild boars (1.8%),
while 433 wild boars (98.2%) were free of clinical signs regarding the gastrointestinal tract.
Like in domestic pigs, the majority (78.9%) of wild boar samples were collected during the
autumn/winter months (October to March). Samples were collected from individual animals
using rectal swabs for domestic pigs, and with a plastic scoop attached to the container lid for
fecal or intestinal content from wild boars.

Human samples mostly included children under 5 years of age with present clinical signs
of acute gastroenteritis, consequently admitted to the University Hospital for Infectious
Diseases “Dr. Fran Mihaljevi¢” Zagreb, Clinical Hospital Center Osijek, and Clinical Hospital
Center Split. The collected human stool samples were initially tested for the presence of
rotaviral and adenoviral antigens in their respective hospital centers, using a commercial
immunochromatographic assay, the Rota-AdenoGnost (BioGnost, Zagreb, Croatia).

Fecal samples from wild canids were collected from red foxes and golden jackals hunted as a
part of active surveillance conducted during the anti-rabies oral vaccination campaign,
organized by the Veterinary and Food Safety Directorate of the Croatian Ministry of
Agriculture, Forestry and Fisheries. In contrast to domestic pigs, where sampling targeted
mostly younger age groups, wildlife samples (wild boars, red foxes, and golden jackals) were
collected upholding hunting regulations, resulting in the majority being adult animals. Samples
were collected directly from the rectum of wild canid carcasses received at the Croatian
Veterinary Institute. Upon collection, all samples were transferred to the Croatian Veterinary
Institute for subsequent laboratory testing, maintaining a cold chain while in transportation. The

samples were further processed immediately after reception or stored at —20°C.

3.2. Rotavirus A detection and genotyping
3.2.1. RNA Extraction

RNA was extracted from the supernatant of 20% w/v fecal/rectal swab suspension,
which was prepared using Medium 199 (Sigma Aldrich, St. Louis, USA), vortexed and
centrifuged at 14,000g. The RNA extraction procedure was performed on the KingFisher™
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Flex purification system (ThermoFisher Scientific, Waltham, USA) using the MagMAX™
CORE Nucleic Acid Purification Kit (ThermoFisher Scientific, Waltham, USA) following the
manufacturer’s instructions for fecal samples known as the complex workflow. The exogenous
Internal Positive Control (IPC) RNA, Xeno™ RNA Control (ThermoFisher Scientific,
Waltham, USA), was added to each sample (2uL) to supervise the appearance of potential PCR
inhibitors. The extracted RNA was stored at -80°C if not processed immediately.

3.2.2. Real-time RT-PCR

Detection of RVA dsRNA was performed using real-time RT-PCR targeting a fragment
of the VP2 gene, which is conserved among various RVA genotypes infecting humans and
domestic animals (GUTIERREZ-AGUIRRE et al., 2008). Nevertheless, this protocol was
previously successfully applied for RVA detection in wildlife-related research (JAMNIKAR-
CIGLENECKI et al., 2016; COLIC et al., 2021). Before performing one-step real-time RT-
PCR, the RVA dsRNA was denatured at 95°C for 2 minutes in the presence of the primer mix
(600 nM) and PCR-grade water. The final reaction mixture included the denatured RNA
solution from the previous step, reagents of the VetMAX™-Plus One-Step RT-PCR Kit
(ThermoFisher Scientific, Waltham, USA), the VP2-specific probe (200nM), and the
VetMAX™ Xeno™ Internal Positive Control (IPC)—VIC™ Assay (ThermoFisher Scientific,
Waltham, USA). The reaction setup and thermal cycling conditions were carried out according
to the manufacturer’s instructions. The runs were performed on a Rotor-Gene Q or QIAquant
96 Splex (Qiagen, Hilden, Germany). If inhibition was observed, the samples were diluted to
1:5 and retested.

3.2.3. VP7 and VP4 Genotyping

All VP2-positive samples underwent genotyping to determine G (VP7) and P (VP4) genotypes.
For animal samples, due to higher genetic diversity, multiple primer sets and protocols were
utilized (Table 3). In human samples, a multiplex VP7/VP4 RT-PCR (EUROROTANET, 2009;
FUIJII et al., 2019) was used, with Sanger sequencing for untypable strains.

In PAPER I, the VP7 genotyping was performed utilizing a combination of VP7 Beg9
and VP7 End9 primers (GOUVEA et al., 1990) in the first round of RT-PCR followed by the
nested PCR using VP7-up2 and VP7-down3 primers (ABE et al., 2009). The next approach was
the RT-PCR using VP7-F and VP7-R primers, followed by the seminested PCR using VP7-F
and VP7-RINT primers (EUROROTANET, 2009) if the result of the first RT-PCR reaction
was negative. In some cases, we applied primers N-VP7F1 and N-VP7R1 in the first round of
RT-PCR, and primers N-VP7F2 and N-VP7R2 in the nested PCR. These primer sets were
designed for samples containing low RVA load (MIJATOVIC-RUSTEMPASIC et al., 2016).
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The VP4 genotyping was a combination of three different approaches as well. One approach
was the application of VP4-HeadF and VP4-1094R2 primers in the RT-PCR followed by the
seminested PCR using VP4-HeadF and VP4-887R primers (ABE et al., 2009). The other one
was a combination of VP4 1-17F and VP4R DEG primers in the RT-PCR reaction (THEUNS
et al., 2014). The last approach consisted of N-VP4F1 and N-VP4R1 in the RT-PCR, and N-
VP4F2 and N-VP4R2 in the nested PCR (MIJATOVIC-RUSTEMPASIC et al., 2016).

In PAPERS 1, II, III, all RT-PCR reactions were conducted with the utilization of
SuperScript™III One-Step RT-PCR System with Platinum™ Taq DNA Polymerase
(ThermoFisher Scientific, Waltham, USA). For the nested or seminested PCR, GoTaq® G2
Hot Start Colorless Master Mix (Promega, Madison, USA) was utilized. Primer concentrations
and annealing temperatures used in each RT-PCR and nested or seminested PCR reaction were
as recommended by the article, citing respective primer sequences, listed in the previous
paragraph. Other conditions related to reaction mixture preparation and thermal cycling were
applied according to the manufacturer’s recommendations. Each reaction started with the initial
dsRNA denaturation step at 95°C for 5 min, in which the extracted RNA was combined with
the respective forward primer and PCR-grade water. Hereafter, the remaining reagents were
added to the reaction mixture, which was run on the ABI 9700 GeneAmp thermal cycler
(Applied Biosystems, Foster City, USA) or Biometra TRIO (Analytic Jena, Jena, Germany).
PCR products were visualized on the QIAxcel Advanced System for capillary electrophoresis
using the QIAxcel DNA Screening kit (Qiagen, Hilden, Germany). All animal-derived VP7 and
VP4 PCR products were sent for Sanger sequencing, regardless of typeability.
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Table 3. Primers for RVA VP7 and VP4 genotyping in animal-derived samples.

Primer ID°  Primer Primer sequence (5' —3') Locationin Tm (°C) Product
orientation genome (nt) length (bp)
VP7-F forward ATGTATGGTATTGAATATACCA 51-71 50.0 881
C
VP7-R reverse AACTTGCCACCATTTTTTCC 914-932 56.3
VP7-RINT reverse ANAYNGANCCWGTYGGCCA 331-334 63.9 293
VP7 Beg9 forward GGCTTTAAAAGAGAGAATTTCC 1-28 62.1 1062
GTCTGG
VP7 End9 reverse GGTCACATCATACAATTCTAAT 1036-1062 54.4
CTAAG
VP7-up2 forward GCTCCTTTTAATGTATGGTA 39-58 50.4 956
VP7-down3 reverse GATCTYGATCTYTTGGACAT 976-995 54.1
N-VP7F1 forward TAGCTCCTTTTRATGTATGGTA 37-58 53.0 333
N-VP7R1 reverse GTNGGCCATCCTTTNGT 354-370 58.1
N-VP7F2 forward ATGTATGGTATTGAATATACCA 49-71 50.0 193
C
N-VP7R2 reverse GTRTCCATDGATCCAGTNATTG 220-242 59.1
G
VP4 _1-17F forward GGCTATAAAATGGCTTCGC 1-19 55.0 700
VP4R_DEG reverse TCYCTRTTRTATTGCATYTCYTT ? 57.9
CC
VP4 HeadF forward GGCTATAAAATGGCTTCGCTCA 1-27 58.2 1100
TTTA
VP4-1094R2  reverse AATGCTTGTGARTCRTCCCART 1076-1101 60.4
AATC
VP4-F forward TATGCTCCAGTNAATTGG 132-149 52.1 663
VP4-R reverse ATTGCATTTCTTTCCATAATG 775-795 47.7
Rota-Seg4-s forward TCTAARACATCATTNTGGAARG 766-788 54.7 312
A
Rota-Seg4-as  reverse GCTTGTGAATCRTCCCARTTC 1057-1078 58.4
N-VP4F1 forward GGCTATAAAATGGYTTCNYT 1-20 52.9 257
N-VP4R1 reverse ARYADCCARTAATCRNYDRTG 236-257 56.9
N-VP4F1 forward ATGGYTTCNYTMATTTATAGAC 10-32 52.6 214
A
N-VP4R2 reverse GNTGGYTGATAWGGACCRCKA 203-224 62.0

*citations for each primer pair are provided in subsection 3.2.3.
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3.2.4. Sanger Sequencing and Genotype Assignment

RT-PCR and nested PCR products were purified with ExoSAP-IT" PCR Product
Cleanup Reagent (ThermoFisher Scientific, Waltham, USA) or Monarch DNA Gel Extraction
Kit (New England Biolabs, Ipswich, USA) following the manufacturer’s instructions.
Subsequently, the samples were subjected to Sanger sequencing in forward and reverse
directions using the services of Macrogen Europe (Amsterdam, the Netherlands). The RVA
genotypes of VP7 and VP4 segments were assigned by following previously defined genotype
cutoff values (MATTHIINSSENS et al., 2008a), in addition to using BLAST search
(https://blast.ncbi.nlm.nih.gov/Blast.cgi ) in combination with the ViPR tool (PICKETT et al.,

2012), available at https://www.viprbrc.org/. During the genotyping process and Sanger

sequencing data analysis, VP7 and VP4 RV A genotypes of typical porcine origin were detected
in multiple species, leading to the presumed sporadic interspecies transmission of poRVAs in
Croatia. These strains were investigated to expand the One Health perspective of poRVA
interspecies transmission in the Croatian ecosystem. Therefore, samples from humans (PAPER
IT) and multiple wildlife species (wild boars, red foxes, and golden jackals) (PAPER III) in
which poRVAs were detected, along with strains from domestic pigs with matching genotypes
(PAPER 1), were selected for NGS. Considering additional excluding practical criteria (e.g.
quantity of collected samples), a total of 25 samples matching these criteria were selected for

NGS (PAPER I1, PAPER III).

3.3. NGS

Following administrative processing, all samples underwent initial laboratory
procedures, including nucleic acid extraction, RVA VP2 real-time RT-PCR, VP7 and VP4
genotyping, Sanger sequencing and sequence analysis, as detailed in PAPERS 1, II and III.
During the genotyping process and Sanger sequencing data analysis, VP7/VP4 RVA genotypes
of typical porcine origin were detected in multiple species. These strains were investigated to
expand the One Health perspective of poRVA interspecies transmission in the Croatian

ecosystem.

3.3.1. Library preparation and NGS

For PAPER II and PAPER III, rectal swab suspensions and fecal suspensions (20% w/v)
prepared with Medium 199 (Sigma-Aldrich, St. Louis, USA) were used as a starting material
for the NGS sample preparation. Suspensions were vortexed and centrifuged at 14,000g. The
supernatant was used for nucleic acid extraction, which was performed on a Maelstrom 9600

device (TANBead Inc., Taoyuan City, Taiwan) using an OptiPure Viral Auto Plate (TANBead
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Inc., Taoyuan City, Taiwan) extraction kit. In addition to the initial RVA VP2 detection by real-
time RT-PCR (described in subsection 3.2.2.), a real-time RT-PCR assay using the LightMix
Modular Rotavirus A assay (TIB Molbiol, Berlin, Germany) on a LightCycler 480 instrument
(Roche, Basel, Switzerland) was also employed. Since viral RNA genome loads in
metagenomic samples tend to be exceptionally low in concentration, DNA depletion was
performed using the TURBO DNA-free™ Kit (Thermo Fisher Scientific, Waltham, USA).
After the DNA removal, the Maxima H Minus Double-Stranded cDNA Synthesis Kit (Thermo
Scientific™, Waltham, USA) was used for the first- and second-strand complementary DNA
(cDNA) synthesis. Prepared cDNA was then purified utilizing the GeneJET PCR Purification
Kit (Thermo Fisher Scientific, Waltham, USA) to remove excess ANTPs and other reagents
such as competing enzymes or buffer components. All procedures referenced above were
performed following the respective manufacturer’s instructions. The ¢cDNA was finally
quantified before proceeding with library preparation, using a Qubit™ 4 Fluorometer with a
Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, USA). NGS libraries were
constructed using a Nextera XT DNA Library Preparation Kit (Illumina Inc., San Diego, USA)
with barcoding respective samples with the IDT® for Illumina® Nextera DNA/RNA Unique
Dual Indexes Set B and C (Illumina Inc., San Diego, USA) according to the manufacturer’s
instructions. After tagmentation and amplification, NGS libraries were purified using
Agencourt AMPure XP magnetic beads (Beckman Coulter, Brea, USA). The quality and
quantity of the purified libraries were assessed with a 2100 Bioanalyzer instrument (Agilent,
Santa Clara, USA) using a High Sensitivity DNA Kit (Agilent, Santa Clara, USA), and a
Qubit™ 4 Fluorometer using Qubit dsSDNA HS Assay (Thermo Fisher Scientific, Waltham,
USA), respectively. NGS was performed on lllumina® NextSeq 500 sequencer (Illumina Inc.,
San Diego, USA) utilizing the NextSeq 500/550 High Output Kit v 2.5 on 300 cycles (Illumina
Inc., San Diego, USA) to produce 150 paired-end reads.
3.3.2. NGS data analysis

NGS data analysis, in the scope of PAPER II, and III, was performed using CLC
Genomics Workbench 22.0.2 (Qiagen, Hilden, Germany). Representative reference sequences
for each of the 11 RVA genomic segments, covering various genotypes, were selected from
NCBI’s Virus Variation Rotavirus Database (HATCHER et al., 2017) to build reference lists
for each gene segment. Coding sequences (CDS) were assembled using a reference-based
mapping process for each segment, reflecting the segmented nature of the RV genome. The
workflow consisted of trimming raw reads of [llumina adapters, mapping trimmed reads to the

segments reference lists, and extracting consensus sequences and mapping reports. Consensus
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sequences were not considered for further investigation if they did not meet the previously
defined minimum sequence length and identity criteria (MATTHIJNSSENS et al., 2008a) or
distribution coverage of 90% and coverage depth of 10%. Final consensus sequences for every
gene segment prior to the genotyping process were selected based on the mapping quality and
the consequent full-length consensus sequence completeness. Genotypes were confirmed using
final consensus sequences as queries, in the BLAST search tool3 in addition to the ViPR tool
version 3.28.224 (PICKETT et al., 2012), and characterized following previously described
guidelines defining genotype cutoff values (MATTHIINSSENS et al., 2008a). During these
searches, any consensus sequence that did not hold up to the respective genotype it was initially
mapped to was herein discarded as a result of the mapping error. Strain names were assigned
according to the RVA nomenclature uniformity guidelines administered by the RCWG. The
CDSs that shared the highest percentage identity with each query or representatives of a certain
group of sequences were used to assemble multiple sequence alignments and conduct
evolutionary analyses in MEGA 11 software (TAMURA et al., 2021).
3.3.3. Addressing gaps in reference-based consensus assemblies

In PAPERS 1I and III, consensus sequence gaps were addressed when possible. In
PAPER II, the approach included performing de novo assembly for the NGS samples and
correlating contigs with the gapped reference-based consensus assemblies. The de novo
assembly was performed in CLC Genomics Workbench 22.0.2 (Qiagen, Hilden, Germany),
using default program settings. In addition to the first approach, in PAPER III the second
approach was to design segment-specific primers (Table 4) if the first approach produced no
results. The primers were designed using partial reference-based consensus assemblies,
ensuring high specificity to enhance the completeness of the targeted consensus sequences. In
accordance with the codon degeneracy, each primer pair was designed to cover multiple partial
sequences. RVA gene segment-specific primers were designed to address gaps in reference-
based consensus assemblies. Primer pairs that successfully amplified partial RVA CDSs for
their respective segments as PCR products are listed in Table 4. In total, these primers improved

the completeness of six reference-based assemblies.
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Table 4. List of RVA gene segment-specific primers designed for addressing gaps in reference-

based consensus assemblies. The Primer ID column quotes the targeted RVA gene segment for

each primer. The table details the primer orientation, primer sequences, location in respective

RVA gene segments, melting temperature (Tm), and product length. The location in the genome

was determined considering the location in the Open Reading Frame (ORF) of the respective

gene segments.

Primer ID Primer Primer sequence (5' —3') Locationin Tm (°C) Product
orientation genome (nt) length
(bp)

VP1-F_12-31 forward CTRTACWATGGGGAAGTA  13-31 53.0 932
C

VP1-R 925- reverse  TCTTGAATCATYCTYGGT 925-944 50.2

944 AT

VP2-F _11-27 forward GGYTCAATGGCGTACAG 11-27 52.4 493

VP2-R 485-  reverse TCAAYTTCCAATACCATCT 485-503 48.7

503

VP4_(P6)- forward ~ GTATGGACGGAYGTYTC 1774-1790 50.0 586

F_1774-1790

VP4_(P6)- reverse GGTCACATCCRCTATAG 2343-2359  50.0

R _2343-2359

NSP1-F 13- forward TTTATGAAAAGTCTTGTG 13-31 48.7 481

31 G

NSP1- reverse ~ CACCATCSAATTCTAYYG 475-493 50.9

R _475-493 A

NSP3-F 22-  forward GTTGATGCTCAAGATGGA  22-39 51.6 932

39

NSP3- reverse ATTCRTARTTGCATTGCC  936-953 47.0

R _936-953

RT-PCR was applied using a SuperScript™ III One-Step RT-PCR System with

Platinum™ Taq DNA Polymerase (Applied Biosystems, Waltham, USA) on a Biometra Trio

thermocycler (Analytik Jena, Jena, Germany). The dsSRNA denaturation step was done at 95°C

for 5 minutes in which extracted RNA was combined with the respective forward primer and
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PCR grade water. Hereafter, the remaining reagents were added to the reaction mixture and the
thermal cycling conditions were as follows: reverse transcription at 45 °C, 30 min and
denaturation at 94 °C, 2 min, followed by 40 cycles that included denaturation at 94 °C for 15
s. Annealing temperatures (Ta) cycles were applied for 30 s. The Ta was adjusted for each
primer pair, corresponding to primer melting temperatures (Tm) according to MIQE guidelines
(NOUR AND PFAFFL, 2020); continuing with 1 min elongation step at 68 °C. The final step
was elongation at 68 °C for 5 min. Forward and reverse primer concentrations in the reaction
mixtures were adjusted to 600 nmol/L. RT-PCR products were visualized on the QIAxcel
Advanced System for capillary electrophoresis using the QIAxcel DNA Screening kit (Qiagen,
Hilden, Germany), and sent to Sanger sequencing to Macrogen (Amsterdam, Netherlands).
Finally, RT-PCR product sequences were matched with reference-based consensus assemblies

to fill consensus gaps, where applicable.

3.4. Phylogenetic analysis and pairwise identity matrices

To investigate the evolutionary relationship between autochthonous poRVA strains
presented in this thesis, individual phylogenetic trees for VP7/VP4 (PAPER 1), or for the 11
RVA genomic segments (PAPER II, PAPER III) were constructed. Therefore, the
representative strains from GenBank were selected based on their high percentage identity with
the herein presented query sequences and comparability based on geolocation, origin, host, or
lineage for comparison purposes. In each PAPER, the evolutionary history was inferred using
the maximum-likelihood (ML) method for each multiple sequence alignment obtained by the
MUSCLE algorithm, both acquired utilizing MEGA 11 software (TAMURA et al., 2021). In
PAPER I, two substitution models with the lowest Bayesian Information Criterion (BIC) score
were applied: T92+G+I (all VP7 and VP4 sequences of P[13], P[23] and P[32] genotypes) and
T92+G (VP4 sequences of P[6], P[7], P[8] and P[11] genotypes). The substitution models
yielding the lowest BIC scores in the PAPER II dataset were as follows: T92+G (VP6, NSP2,
NSP4, NSP5), T92+G+I (VP7, NSP1, NSP3), TN93+G+I (VP2), GTR+G+I (VP1, VP3), and
HYK+G+I (VP4). In the PAPER III dataset, substitution models demonstrating the lowest BIC
value were T92 + G + I (VP7, VP6, NSP2, NSP3, NSP5), GTR + G + I (VP4, VP2, VP3,
NSP1), TN93 + G + I (VP1), and T92 + G (NSP4).

In all three PAPERS, the bootstrap analysis with 1,000 replicates was used to assess the
branching support for each ML tree. At the same time, the evolutionary history was inferred
using the maximum-likelihood (ML) method for each multiple sequence alignment obtained by

the MUSCLE algorithm (using default settings), both performed in MEGA 11 software
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(TAMURA et al., 2021). The phylogenetic trees were visualized and annotated using the iTOL
version 6.5.8. in PAPER I and II, and iTOL version 7 in PAPER III (LETUNIC and BORK,
2021).

In the PAPER 1, the nt and aa pairwise identity matrices and graphical overview of the
temporal distribution of RV A genotypes circulating in domestic pigs were calculated in R using
the bio3d package, ggplot2 and Scatter Pie Plot (GRANT et al., 2006; WICKHAM, 2016; YU,
2021; R CORE TEAM, 2022). In PAPERS 1II and III, CLC Genomics Workbench 22.0.2
(Qiagen, Hilden, Germany) was used to calculate pairwise identity matrices among the

previously aligned RVA sequences from the GenBank and the autochthonous poRVAs.

3.5. Lineage demarcation

Lineage demarcation was conducted in the PAPERS I and II. In PAPER I, lineage
demarcation for a particular genotype was set by the previously recommended classification for
Gl, G2, G3, G4, G6, GY, P[6] and P[8] genotypes (PHAN et al., 2007a; PHAN et al., 2007b;
STEYER etal., 2008; AFRAD et al., 2014; JAMNIKAR-CIGLENECKI et al.; 2016; KATZ et
al., 2019; WANDERA et al., 2021; BONURA et al., 2022). It was done so due to their high
frequency in humans (G1-G4, G9 and P[8]) or due to the close phylogenetic relatedness
observed between human and animal RVA strains (G6 and P[6]). Due to the overall
inconsistency in nomenclature and the lack of consensus on lineage demarcation, lineages were
not assigned for other G and P genotypes reported in PAPER 1. In PAPER II, different G4
lineages were determined based on lineage attribution from WANDERA et al. (2021). Lineages
of the P[6] genotype were assigned according to the attributions described by MARINGA et al.
(2020) and WANDERA et al. (2021). Lineage determination for backbone RVA gene segments
was not performed due to the general inconsistency in the nomenclature and/or the absence of
consensus in the lineage demarcation.

In PAPER III, G and P genotype lineages were not defined due to inconsistencies in
nomenclature and the lack of consensus on lineage demarcation criteria. Additionally, the RVA
genomes derived from wildlife reported in PAPER III were either the first or among the earliest
published, resulting in a lack of sufficient reference sequences to support reliable lineage

demarcation for these strains.

3.6. Intragenic recombination and reassortment analysis
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Intragenic recombination and reassortment analyses were conducted in PAPER II and
111, since these analyses are whole-genome based. In PAPER 11, utilizing the BLAST tool, we
identified and downloaded complete BLAST search results for each of the 11 gene segments of
six G4P[6] Croatian strains, including their respective mixed genotypes where applicable.
Multiple sequence alignment sets were constructed as described earlier (subsection 3.4.). In
PAPER III, intragenic recombination analysis was also performed on each of the 11 RVA gene
segments, on the same taxa used in the phylogenetic analysis for each RVA gene segment.
Intragenic/homologous recombination analysis, including both intragenotype and
intergenotype (for genes with apparent mixed genotypes), was conducted using RDP software
(v.4.101 in PAPER II and v.5.64 in PAPER III). Seven integrated recombination detection
methods were applied: RDP, GENECONYV, MaxChi, Bootscan, Chimera, SiScan, and 3Seq
(MARTIN et al., 2015). For every detected recombination event, the UPGMA method
integrated in RDP constructed breakpoint-defined major and minor parent phylogenetic trees
(data not shown). The term "parent" does not identify the exact evolutionary progenitors of
recombinant strains, but rather represents groups of RVA strains from which the actual
progenitors may have originated. Only recombination events predicted by at least six of the
seven methods were considered as positive homologous recombination signals (HOXIE and
DENNEHY, 2020). Since ancestral state reconstruction was not conducted, sequences with
detected recombination were retained in the phylogenetic analysis without removing
recombinant regions. This was done to illustrate the phylogenetic effects of recombination-
induced genotype divergence.

Reassortment events in PAPER II were evaluated during the phylogenetic analysis,
alongside nt and aa percentage identity calculations. To explore reassortment more thoroughly,
in PAPER III, complete genome concatenation was conducted in CLC Genomics Workbench
22.0.2 (Qiagen, Hilden, Germany) for 10 RVA genomes with fully acquired ORFs for all 11
gene segments. Multiple sequence alignment of concatenated genomes was acquired as
previously described in subsection 3.4. The concatenated ORFs were uploaded to Simplot++
software (SAMSON et al., 2022) for bootscan analysis using the following parameters: a
window size of 200 bp, a step size of 200 bp, 500 repetitions, the Kimura 2-Parameter distance
model, and a percentage of permuted trees calculated using the Neighbor-Joining algorithm.
3.7. Statistical Analysis

In PAPER 1 descriptive statistics (prevalence) and comparison of the type of holding
(farm/backyard), age and gender in affected (diarrheic) and non-affected animals (non-

diarrheic) were performed in SYSTAT Software v.13.2 (Systat Software, Inc., Chicago, USA).
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For the categorical data analysis , the ¥* test and log-linear model (LLM) were used. For all
analyses, p < 0.05 was considered statistically significant. In PAPERS II and III, a Bonferroni-
corrected p-value threshold of 0.05 was applied in the RDP software to identify statistically

significant intragenic intra- and intergenotype recombination events.

3.8. Data availability
3.8.1. Deposited RVA sequences

RVA nt and aa sequences characterized in the PAPER I are deposited in the GenBank
under accession numbers OL440064-OL440111, ONO17591-ON017611, ON647404-
ON647430, ON721080-ON721102, and OP136969.

RVA nt and aa sequences characterized in PAPER II were submitted to the GenBank
with adjacent accession numbers: D230: 0Q440159-0Q440170; D329: 0Q440171-
0Q440184; D572: 0Q440185-0Q440195; S243: 0Q440196-0Q440210; S338: 0Q440211-
0Q440223; and S344: 0Q440224-0Q440236 (listed in PAPER II-Supplementary Table 4, link
available in subsection 3.8.).

RVA nt and aa sequences characterized in PAPER III sequences were submitted to the
GenBank with adjacent accession numbers: PQ299823- PQ300023 and PQ273712- PQ273720
(listed in PAPER III-Supplementary table 1, link available in subsection 3.8.2.).

3.8.2. Supplementary material

Additional data related to PAPERS II and III are provided in their respective

supplementary materials. Supplementary material adjacent to PAPER II is available online at

https://www.frontiersin.org/articles/10.3389/fmicbh.2023.1194764/full#supplementarymaterial

. It comprises the following content: Supplementary table 1. Reference-mapping data;
Supplementary table 2. Nucleotide and amino acid percentage identity data; Supplementary
table 3. Nucleotide and amino acid percentage identity data for VP7 and VP4 mixed genotypes;
Supplementary table 4. GenBank accession numbers of deposited sequences, and
Supplementary figure 1. The phylogenetic tree of the detected mixed genotypes G1, G4, GS,
G11 in the VP7 (A) and P[6], P[8], P[13] in the VP4 (B) gene segments.

The supplementary material characterized in PAPER III is available online at

https://www.sciencedirect.com/science/article/pii/S004896972501650X?decid=author. It

comprises the following content: Supplementary table 1. GenBank accession numbers;
Supplementary table 2. Pairwise comparison; Supplementary table 3. Number and distribution

of RVA-positive and sampled individuals by host, county and year of sampling in Croatia;
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Supplementary Figure 1. Recombination analysis with wild-canid major parent NSP3 strains,
and Supplementary methods 1. Addressing gaps in reference-based consensus assemblies.
3.9. Ethics approval and consent to participate

The scientific research on animal samples included in this doctoral thesis was evaluated
and approved by the Board of Ethics of the Croatian Veterinary Institute, reference number Z-
VI-4-5206/17, and the Committee for Ethics in Veterinary Medicine of the Faculty of
Veterinary Medicine, University of Zagreb, class number: 640-01/23-17/45, and editorial
number: 251-61-41-23-01. Human samples were collected from children under 5 years of age
with present clinical signs of acute gastroenteritis, consequently admitted to the University
Hospital for Infectious Diseases “Dr. Fran Mihaljevi¢” Zagreb, Clinical Hospital Center
Osijek, Clinical Hospital Center Split, and the Institute of Public Health of Osijek-Baranja
County. Each establishment issued its Ethics Committee approval for participation in the
research conducted for this doctoral thesis, under the reference numbers 01-157-2-2018, R2-

640/2018, 2181-147-01/06/M.S.-17-2, and 381-17-152, respectively.
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4. RESULTS
4.1. PAPER I

BRNIC, D., D. COLIC, V. KUNIC, N. MALTAR-STRMECKI, N. KRESIC, D.
KONJEVIC, M. BUJANIC, I. BACANI, D. HIZMAN, L. JEMERSIC (2022): Rotavirus
A in Domestic Pigs and Wild Boars: High Genetic Diversity and Interspecies
Transmission. Viruses 14, 9, 2028, doi: 10.3390/v14092028

The results presented in PAPER I address Specific Objectives 1 and 2 by providing
comprehensive data on the prevalence and genetic diversity of autochthonous RVA in domestic
pigs and wild boars, as well as analyzing RVA prevalence across various epidemiological
factors in domestic pigs. RVA was detected in 49.9% of domestic pigs and 9.3% of wild boars,
with prevalence by county depicted in Figure 1. For domestic pigs, all eight large industrial
holdings and 20 out of 24 small backyard holdings were positive for RVA in at least one
sampled animal. Statistically significant differences in RVA prevalence were observed by farm
type and clinical status: large commercial farms exhibited a significantly higher prevalence
(68.1%) compared to backyard holdings (38.8%), and diarrheic pigs were significantly more
likely to test positive (71.5%) than non-diarrheic pigs (37.1%). RV A strains in domestic pigs
displayed high genetic diversity, with eight G genotypes (G9, G5, G3, G1, G4, G2, G6, G11)
and seven P genotypes (P[13], P[23], P[8], P[6], P[32], P[7], P[11]) identified. They formed 23
different G/P combinations, most commonly G5P[13] and G9P[23], together comprising nearly
half of the characterized strains (49.6%), with higher genotype diversity being found on large
holdings. Detected genotypes differed between RV seasons, as depicted in the temporal
distribution of genotypes (Figure 2). Furthermore, PAPER I revealed notable intragenotype
diversity among poRVAs and suggested the presence of potentially novel VP7 and VP4
lineages (Figures 3 and 4). In addition, the G4 and P[6] genotypes, considered rare and noted
for zoonotic potential, were detected in domestic pigs. The most prominent result was their
close phylogenetic clustering with human strains previously reported as zoonotic (Figure 3B
and 4A), providing a foundation for the investigation presented in PAPER II.

In wild boars, the RVA genetic diversity was lower compared to domestic pigs, as five
G genotypes (G3, G5, G9, G6, G11) and only one P genotype (P[13]) were detected. Notably,
in PAPER [, the G3 genotype was described for the first time in wild boars. At the same time,
it was the most prevalent G genotype in Croatian wild boars, and the third G genotype in

Croatian domestic pigs. All genotypes detected in wild boars were also detected in domestic
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pigs, sharing a high nt pi and close phylogenetic relatedness (Figure 3A, 3B and 4B), marking
the most prominent putative interspecies transmission between domestic pigs and wild boars.

Possible interspecies transmission between domestic pigs and other species was also detected.
A small number of samples presented with bovine-like G6 and P[11] genotypes, implying
interspecies transmission between bovines and domestic pigs, which is also evident from their
phylogenetic clustering (Figures 3B and 4A). One of the most interesting findings was the
emergence of G1P[8] strains (n = 7), considered a typical human genotype combination, and as
such marking the possible reverse zoonotic transmission events. Both G1 and P[8] genotypes
found in domestic pigs clustered within typical human lineages (Figures 3A and 4A) and were
detected during the same sampling season (2020/2021) in several holdings in three different

counties.

4.2. PAPER 11

KUNIC, V., T. MIKULETIC, R. KOGOJ, T. KORITNIK, A. STEYER, S. SOPREK, G.
TESOVIC, V. KONJIK, I. ROKSANDIC KRIZAN, M. PRISLIN, D. BRNIC (2023):
Interspecies transmission of porcine-originated G4P[6] Rotavirus A between pigs and
humans: a synchronized spatiotemporal approach. Front. Microbiol. 14 , 1194764, doi:
10.3389/fmicb.2023.1194764

The results presented in PAPER II address Specific Objective 3 by investigating the
zoonotic transmission of autochthonous poRVA. The study employed a synchronized
spatiotemporal approach, analyzing whole-genome sequences of G4P[6] RVA strains collected
from symptomatic children under the two years of age and weanling piglets with diarrhea in
Croatia between 2018 and 2021. Initial screening identified three human-derived and three
domestic pig-derived G4P[6] strains, which were subjected to NGS and comprehensive
complete genome analysis. The findings revealed that all 11 gene segments in each of the six
strains were of porcine or porcine-like origin, strongly indicating that the G4P[6] strains
detected in children resulted from porcine-to-human interspecies transmission. Six porcine-
originated G4P[6] strains displayed a genogroup 1 constellation, while phylogenetic analysis
revealed that in every genomic segment, these strains were genetically closely related to
porcine-like human RV As or porcine-originated strains (Figure 1-4). Notably, further genetic
analysis revealed that the diversity of Croatian G4P[6] strains was shaped by both reassortment
and recombination events. Therefore, the results presented in PAPER II also address Specific

Objective 5 by evaluating the roles of gene reassortment and intragenic recombination in
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shaping the complete genome diversity of poRV A strains. Human-derived strain D572 did not
show similarity to any available human-derived R1 or A8 sequences. This was evident from its
complete phylogenetic separation from human-derived strains and clustering exclusively with
porcine-originated R1 and A8 strains, making it a putative porcine/porcine-like human
reassortant strain in VP1 (Figure 3A) and NSP1 (Figure 4A) gene segments. In addition to
reassortment, this study detected evidence of intragenic/homologous recombination within the
VP4, NSP1, and NSP3 gene segments across several strains (Table 3). The final result included
VP2 sequence insertions in the 38-41 aa region, where five out of six C1 strains presented with

different insertions.

4.3. PAPER 111

KUNIC, V., LJ. BARBIC, J. SIMIC, T. MIKULETIC, R. KOGOJ, T. KORITNIK, A.
STEYER, D. KONJEVIC, M. BUJANIC, M. PRISLIN SIMAC, D. BRNIC (2025):
Interspecies transmission and genome heterogeneity of porcine-originated Rotavirus A
between domestic pigs and wildlife in the Croatian ecosystem. Sci. Total Environ. 994,
180010, doi: 10.1016/j.scitotenv.2025.180010

The results presented in PAPER III address Specific Objectives 4 and 5. It focuses on
the interspecies transmission of poRV A strains between domestic pigs and wild animals within
the Croatian ecosystem, while evaluating the impact of gene reassortment and intragenic
recombination on genome diversity based on a complete genome analysis of autochthonous
poRVA strains. Results revealed porcine genogroup 1 constellation, with surface protein
genotypes characteristic of porcine hosts in all presented RV A strains (Table 2). Furthermore,
the study provides valuable insights into RV A host diversity, presenting the first complete RVA
genome data from golden jackals and the second from red foxes globally. In addition, it presents
the first complete RVA genomes from wild boars outside of Asia to date. PAPER III reports
the RVA prevalence in red foxes (15%) and golden jackals (36.6%), complementing the wild
boar and domestic pig RVA prevalence data reported in PAPER 1. The findings revealed clear
evidence of interspecies transmission, as several poRVA strains detected in wildlife were
phylogenetically closely related to those found in domestic pigs, confirming that wildlife serves
as both recipients and potential reservoirs of poRVAs (Figures 3, 5, and 7). Notably, in the 19
complete genomes characterized in the PAPER III, G3 was the dominant VP7 genotype in
wildlife, G5 in domestic pigs, while the zoonotic G4 genotype was identified in domestic pig

and a red fox (Table 2). The most prevalent VP4 genotype was P[13], and the zoonotic P[6]
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genotype was identified in a domestic pig and a golden jackal (Table 2). Mixed-genotype
infections, involving VP7, VP4, and NSP4 segments, were found exclusively in domestic pigs,
while no mixed genotypes occurred in wildlife-derived RVAs (Table 2). Comprehensive
genome analysis revealed that intragenic recombination contributed significantly to poRVA
genetic diversity, with several recombinant strains. Recombination events were detected in
VP4, NSP1, and NSP4 gene segments, encompassing genotypes P[13], P[23], A8 and E9
(Figure 4). Moreover, the wild canid-derived RV As influenced recombination events in human-
derived zoonotic strains (Supplementary Figure 1). As for reassortment analysis, no
unequivocal reassortment events were detected since each discovered segment was conclusive
with RVA genogroup 1 constellation and porcine origin. Lastly, VP2 sequence insertions in

occurred at 37—41 aa positions (Figure 6) in 10 out of 19 C1 strains.
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5. DISCUSSION

RVA is a significant cause of viral acute gastroenteritis in mammals and birds, with
sporadic zoonotic events (MARTELLA et al., 2010; ESTES and GREENBERG, 2013). It poses
a persistent public health challenge due to its capacity for genome reassortment and intragenic
recombination (McDONALD et al., 2016; HOXIE and DENNEHY, 2020; HAKIM et al.,
2024). Mixed genotype infections propel these evolutionary mechanisms as they drive the
emergence of novel strains, sporadically resulting in interspecies transmission. Despite
demonstrated sporadic interspecies transmission potential of poRVAs, the specific role of
wildlife in these dynamics remains poorly understood.

RVA genomes analyzed in this doctoral thesis were obtained from samples collected
over three consecutive years (2018-2021) in Croatia, as part of a broader One Health RVA
research project (BRNIC et al., 2018). Among the wide range of potential RVA hosts, this thesis
focused on domestic pigs, humans, and naturally occurring wildlife species in Croatia, namely
wild boars, red foxes, and golden jackals, in which VP7/VP4 genotypes of typical porcine origin
had previously been detected. That discovery led to the presumed sporadic interspecies
transmission of poRVAs in Croatia. Therefore, the One Health spatiotemporal approach was
employed to investigate genome characteristics and interspecies transmission of autochthonous
poRVAs in domestic pigs, humans, and wildlife in the Croatian ecosystem. Initially, partial and
complete genomes of the poRVA strains in PAPER 1, II and III of this doctoral thesis had to
comply with the criteria stipulated by Matthijnssens et al. for the classification of RVAs using
all 11 genomic RNA segments (MATTHIINSSENS et al., 2008a). After defining partial and
whole genome sequences of autochthonous poRVA strains among domestic pigs, humans and
wild animals, further investigation of their genetic properties was warranted to establish their
interspecies transmission and evolutionary relationship.

In preexisting research, domestic pigs have shown remarkable genotype diversity as
RVA hosts, with more than 50 detected genotype combinations (DORO et al., 2015).
Furthermore, a shared ancestral link between human Wa-like RVAs and porcine genogroup 1
RVAs was recognized (MATTHIINSSENS et al., 2008b). In comparison with domestic pigs,
far fewer studies have focused on RV A in wild boars. Nevertheless, existing research supports
the occurrence of interspecies transmission of RVAs between domestic pigs and wild boars,
and highlights the close phylogenetic relationship of some poRVA strains detected in humans
with those detected in wild boars (OKADERA et al., 2013; MOUTELIKOVA et al., 2016).
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Considering all aforementioned, PAPER I aimed to reveal the concurrent prevalence,
molecular epidemiology, genetic diversity and possible interspecies transmission between
domestic pigs and wild boars in Croatia during three consecutive years (2018-2021). It focused
on the first and the second specific objectives of this thesis. In the scope of the first specific
objective, PAPER I determined the prevalence and genetic diversity of RVA strains circulating
in domestic pigs and wild boars in Croatia. This was achieved by investigating comprehensive
data on the prevalence and genetic diversity of autochthonous RVA in domestic pigs and wild
boars from 2018-2021, indicating recurring interspecies transmission of poRVA strains
between domestic pigs and wild boars. The second specific objective was achieved by
comparing the prevalence of RVA in domestic pigs between two groups for each factor: farm
type, age, sex and the presence of clinical signs. The observed RVA prevalence in domestic
pigs was 49.9%, aligning with previous reports from the USA (MARTHALER et al., 2014),
Spain (MONTEAGUDO et al., 2022), and Italy (FERRARI et al., 2022). These studies were
also consistent with PAPER I in the detection method used for determining RV A prevalence,
all employing real-time RT-PCR. Since the detection method can significantly influence the
results, the Taiwanese study, which used an Enzyme Immunoassay for initial screening,
followed by end-point RT-PCR for confirmation, reported a much lower and non-comparable
prevalence rate (WU et al., 2022). The relatively high overall RVA prevalence reported in
PAPER 1 is likely influenced by the predominance of younger age categories (suckling and
weanling pigs), which favour more frequent RV A circulation. Further analysis of the prevalence
data showed that sex and age group (suckling versus weanling) are not significant risk factors
for RVA infection. In contrast, significantly higher RVA prevalence was detected in domestic
pigs from large commercial holdings compared to those from small backyard farms. Moreover,
diarrheic animals showed a significantly higher RV A prevalence than healthy ones., supporting
the existing evidence that RVA is a causative agent of diarrhea in domestic pigs (PALMARINI,
2017) and that close contact between pigs in intensive farming facilitates viral transmission
(MAES et al., 2020).

Data on the RV A significance in wild boars have been rather scarce so far with only two
available reports from Japan (OKADERA et al, 2013) and the Czech Republic
(MOUTELIKOVA et al., 2016). PAPER I is the most comprehensive study to date,
encompassing a sample set of 441 animals. It is also noteworthy that the sampling was
performed in parallel with domestic pigs, which provides a temporal component important for
relevant phylogenetic comparisons. The RVA prevalence in the present study (9.3%) was

higher compared to those of the two previous studies, primarily due to a different approach to
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RVA detection. We applied the real-time RT-PCR compared to the conventional end-point RT-
PCRs applied by others (OKADERA et al., 2013; MOUTELIKOVA et al., 2016), which are
usually less sensitive. The method we implemented has been previously successfully applied in
RV A-related research on domestic animals and wildlife (GUTIERREZ-AGUIRRE et al., 2008;
JAMNIKAR-CIGLENECKI et al., 2016; COLIC et al., 2021). Nevertheless, the unknown
range of VP2 genotypes that this method detects, and the fact that the assay design was limited
to only human strains of C1 and C2 genotypes, might have underestimated the prevalence in
both species. Moreover, the prevalence in wild boars might be even higher, as we did not have
access to the youngest age categories, where higher RV A circulation is expected, due to hunting
regulations. Similar to domestic pigs, age and gender were not significant factors for RVA
prevalence.

Genetic diversity of RVA in domestic pigs was high, with eight identified G (G1-G6,
G9, G11) and seven P genotypes (P[6]-P[8], P[11], P[13], P[23], P[32]). In wild boars,
genotype diversity was somewhat lower, with five detected G (G3, G5, G6, G9, G11) and one
P genotype (P[13]). The genotyping procedures were more challenging for wild boar samples,
since 63.4% of RVA-positive wild boars had Cq values greater than 32, indicating low RVA
genome concentrations in these samples. Such low viral loads may be indicative of the latent
infection and a possible reservoir trait (MANDL et al., 2015), but they also pose challenges for
sequencing (HOULDCROFT et al., 2017). On the other hand, the higher genetic diversity of
RVA strains in domestic pigs bred on large holdings in comparison with small backyard
holdings is likely a reflection of intensive production and trade practices, diverse RVA strain
circulation, and close contact among pigs (CHANG et al., 2012; PALMARINI, 2017). The
actual genetic diversity may be underestimated, considering that the diverse RVA strains could
potentially affect primer specificity due to possible primer mismatch and genotyping
incongruities. Apart from the remarkable genetic diversity of each segment (VP7/VP4), we
observed a striking 23 different genotype combinations, which is higher than previously
reported in Denmark, Hungary, Slovenia, and Spain combined (n = 21) (MIDGLEY et al.,
2012). However, this number was lower than the 33 genotype combinations previously reported
in Poland (KOZYRA et al., 2019).

In the PAPER I dataset, interspecies transmission was detected between domestic pigs
and each of the following species: wild boars, humans, and cattle. It was the most prominent
between domestic pigs and wild boars. All genotypes detected in wild boars (G3, G5, G6, G9,
G11, and P[13]) were also detected in domestic pigs, and some of those genotypes were already

proven relevant to wild boars (OKADERA et al., 2013; MOUTELIKOVA et al., 2016). To the
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best of our knowledge, as reported in PAPER I, the G3 genotype was identified for the first
time in the wild boar population, where it emerged as the most dominant genotype.
Simultaneously, the G3 was the third most prevalent in domestic pigs within the same study.
Furthermore, possible sporadic interspecies transmission between domestic pigs and other
species was detected. Sporadic occurrence of typical bovine G6 and P[11] genotypes and the
emergence of typical human G1 and P[8] strains marked the possible bovine-porcine and
reverse zoonotic human-porcine transmission events. Finally, G4 and P[6] genotypes,
considered as rare and noted for their accentuated zoonotic potential (PAPP et al., 2013a), were
detected in Croatian domestic pigs. Although less prevalent, these genotypes underscored their
zoonotic potential by exhibiting close phylogenetic relationships with porcine-like RVA strains
identified in humans (PAPER I, Figures 3B and 4A), thereby providing a foundation for the
investigation presented in PAPER 1I.

PAPER I provided important baseline data on RVA prevalence, genetic diversity, and
molecular epidemiology, as well as the extent of interspecies transmission between domestic
pigs and wild boars. These findings are critical for understanding RV A epidemiology in swine
populations and underscore the need for targeted control measures, including vaccine
development, particularly given the lack of an approved porcine RVA vaccine in the EU.

The PAPER II investigates whole genomes of RVA of porcine origin in humans and
domestic pigs that were initially found to share the same G4P[6] genotype. Consequently, it
expanded on the One Health perspective by investigating potential zoonotic transmission of
poRVA between domestic pigs and humans, thereby addressing the third specific objective of
this thesis. Three samples from children under two years of age containing typical porcine-
originated G and P genotypes, along with three samples from domestic pigs with matching
genotypes (PAPER 1I, Table 1), were selected for NGS to acquire complete RVA genomes. To
our knowledge, Croatian RV A strains in humans have not been subjected to complete genome
sequencing thus far, except for one G8P[8] strain from 2006 (DELOGU et al., 2013), which
indicates a significant knowledge gap in RVA evolution in Croatia. By characterizing whole
genomes and multiple mixed genotypes in VP7, VP4 and NSP3 gene segments, PAPER II
further corroborated the host and genotype diversity of the poRVA in Croatia (PAPER II, Table
2). The findings revealed that all 11 gene segments in each of the six RVA strains were of
porcine or porcine-like origin, strongly indicating that the G4P[6] strains detected in children
likely resulted from porcine-to-human interspecies transmission. In addition to phylogenetic
analysis confirming zoonotic transmission of G4P[6] RVA strains, in-depth genome analysis

revealed the mixed RV A infections, gene reassortment, and intragenic (homologous) inter- and
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intragenotype recombination events. This approach addressed the fifth specific objective by
evaluating the influence of gene reassortment and intragenic recombination on the complete
genome diversity of autochthonous poRVAs. PAPER II highlighted how genetically
intertwined an unusual zoonotic G4P[6] RVA genotype can be in porcine and human
populations concurrently, accentuating the influence of animal RVAs on the evolution and
recurrence of heterotypic RVAs in humans. Notably, porcine RVA strains exhibited a porcine
genogroup 1 origin in all gene segments, with typical porcine genotypes, such as 15, A8, T7,
and E9, standing out. Three porcine-like human G4P[6] strains displayed a Wa-like genogroup
1 constellation. At the same time, phylogenetic analysis revealed that in every genomic
segment, these strains were genetically closely related to porcine-like human RV As or porcine-
originated strains. Human RVA Wa-like genogroup constellation is known to share its origin
with porcine RVA genogroup 1 strains (MATTHIJINSSENS et al., 2008b; STEYER et al.,
2008;MARTELLA et al., 2010; PAPP et al., 2013b). Considering surface protein coding gene
segments, the G4 genotype has been proven to infect humans sporadically, and for pigs, it is
the third most prevalent VP7 genotype in pigs (DORO et al., 2015). The same is accurate for
P[6], which is also a major porcine genotype. Nevertheless, human porcine-like RVA P[6]
strains have been identified in a very sporadic pattern in Europe, but recurrence was continuous
(BANYAI et al., 2004; MARTELLA et al., 2006; STEYER et al., 2008; PAPP et al., 2013a;
VRDOLIJAK et al., 2019). All these P[6] strains were closely evolutionary connected to
neighboring Hungarian zoonotic P[6] strains, underlining the influence of regional geolocation
on RVA strain diversity.

The timing of detection of human-derived G4[6] strains was uncommon as all three
G4P[6] strains were detected in symptomatic children in the summer months, an RVA out-of-
season period in Croatia. This is consistent with reports from Europe showing increased rates
of mixed and rare genotypes out-of-season (HUNGERFORD et al., 2016). Similar findings
were also reported in Southern Italy; a 6-month-old child infected with the zoonotic G4P[6]
RVA strain paired with the Wa-like backbone constellation, was also hospitalized in August.
The foreign origin of this strain was further hypothesized (IANIRO et al., 2019). Similar to
neighboring Italy, Croatia is a Mediterranean country with an immense amount of tourism in
July and August, thus, the import of an unusual zoonotic strain at that time was hypothesized.
However, based on the pairwise nt identities and phylogenetic relatedness of Croatian porcine
and human-derived G4P[6] strains in the majority of gene segments, these cases are likely the
result of independent events of indirect zoonotic interspecies transmission within Croatia.

Moreover, the recombination analysis on multiple RVA segments provided additional evidence
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in favor of this conclusion. Environmental transmission may have played a role in the
epidemiology of these infections, as direct piglet-child transmission was deemed highly
unlikely due to the very young age of infected children. RVA mixed genotypes, detected in
G4P[6] complete genomes, propelled an incidence of reassortment events and intragenic
homologous recombination that occurred in a few strains (PAPER II, Table 3). Due to the
divergence of the D572 strain in VP1 and NSPI segments from the rest of the human and
porcine-like human strains, as well as clustering with exclusively porcine-derived strains in
these segments, it most likely signifies the occurrence of reassortment between typical porcine
and porcine-like human RV A strains (PAPER II, Figures 3A, 4A). No human-derived VP1 and
NSP1 sequences similar to the D572 strain were available in GenBank for comparison, pointing
out a lack of known human-derived evolutionary relatives of the D572 R1 and A8 segments,
reaffirming its classification as a putative porcine/porcine-like human reassortant. It is accepted
that heterologous RVAs of the porcine origin or porcine—-human RVA reassortants had
sporadically occurred and successfully spread among humans (MARTELLA et al., 2010). This
kind of human-to-human transmission is generally short-lived since the heterologous RVA
strains do not spread horizontally as efficiently among their non-specific hosts
(MATTHIJNSSENS et al., 2006). Consequently, the significance of zoonotic transmission is
potentially overlooked because clinically hospitalized symptomatic individuals are the focal
point of RVA strain surveillance (VILIBIC-CAVLEK et al., 2021). However, successful virus
adaptation to a human host has been documented (NGUYEN et al., 2024), underscoring the
potential public health risks posed by unresearched animal RVAs. Moreover, two human
porcine-like strains and one porcine strain have shown recombination events in at least one of
the gene segments (VP4, NSP1, or NSP3). Interestingly, a G4P[6] RV A strain with a Wa-like
constellation detected in the Dominican Republic was reported with the recombination events
in the same genome segments as these three Croatian recombinants (ESONA et al., 2017).
Conversely to the comprehensive study on RVA intragenic recombination prevalence, where
recombination analysis of the NSP3 gene segment yielded no evidence of recombination
(HOXIE and DENNEHY, 2020), PAPER II reported TI1-T7 intergenotype recombination
events in all three NSP3 recombinant strains. This also means that the NSP3 recombination was
detected in every strain presented with a T1/T7 mixed genotype (PAPER II - Table 2, Table 3).
Findings like this further endorse the cognition that mixed genotypes predispose the evolution
of novel RVA strains (ESTES and GREENBERG, 2013). Zoonotic transmission events like
these highlight the importance of continuous surveillance of animal RV As and raise awareness

on the role of animal RV As in the evolution of strains affecting the human population.
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In PAPER III, the focus was on exploring the interspecies transmission of poRVAs
between domestic pigs and wild animals. During the genotyping process, VP7/VP4 RVA
genotypes of typical porcine origin were detected in species other than domestic pigs, including
wild boars, red foxes, and golden jackals, leading to the presumption of sporadic interspecies
transmission of autochthonous poRVAs between domestic pigs and wildlife. In PAPER 11,
zoonotic spillover in Croatia was corroborated, underscoring the need for further investigation
of poRVAs to enhance understanding of interspecies transmission and support the One Health
perspective within the Croatian ecosystem. Therefore, samples from wildlife species in which
poRVAs were detected, along with strains from domestic pigs with matching genotypes, were
selected for NGS to acquire complete RVA genomes. Considering additional excluding
practical criteria (e.g. quantity of collected samples), a total of 19 samples matching these
criteria were selected (PAPER III, Table 1 in Figure 1). In addition, PAPER III evaluated the
influence of gene reassortment and intragenic inter- and intragenotype recombination on the
complete genome diversity of autochthonous poRVAs. Hence, PAPER III addressed the fourth
and the fifth specific objectives of this thesis. Notably, the analysis of complete poRVA
genomes confirmed the interspecies transmission events inferred from VP7 and VP4 gene data,
previously hypothesized by COLIC et al., 2021, and PAPER I. Domestic pig-derived RVAs
showed significant genetic heterogeneity, as mixed genotypes in VP7, VP4, and NSP4 genes
were found only in domestic pigs, likely a consequence of intensive production and trade,
diverse RVA strain circulation, and close contact among pigs (CHANG et al., 2012;
PALMARINI, 2017). This finding is in accordance with the remarkable G and P genotype
diversity in domestic pigs described in PAPER I. Most Croatian poRV As phylogenetically
clustered with each other or with other European RVA strains of porcine origin across all gene
segments, underlining the influence of regional geolocation on RVA strain diversity as
mentioned in PAPER II. To date, research efforts have been predominantly focused on human
RVAs, with domestic pig-derived RVA strains being genotyped roughly 100 times less
frequently (PAPP et al.,, 2013a). This information gapis even more pronounced when
considering the limited data on genotyped RVA strains circulating in wildlife (GHOSH and
KOBAYASHI, 2014). The importance of considering host species when evaluating disease
model systems for multi-species pathogens is well-supported by One Health research, as
understanding this dynamic is crucial for accurately predicting disease emergence and
informing effective prevention strategies (SINGH et al., 2023; RUI et al., 2024). The potential
significance of animal-derived RV A strains may be underestimated, especially considering the

frequent wildlife origin of emerging infectious diseases (CUNNINGHAM et al., 2017;
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VILIBIC-CAVLEK et al., 2021). Approximately 75% of emerging infectious diseases in
humans originate from animals, with wildlife serving as primary reservoirs for some high-
impact pathogens (WOAH, 2024). Therefore, a One Health-based spatiotemporal approach is
crucial for understanding the genetic interconnectedness of multi-species pathogens, like RVA,
in various human and animal populations.

Despite their potential role in RVA transmission, research on wild canid-derived RVA
is scarce, with only two studies focused on red foxes (EVANS, 1984; BUSI et al., 2017). The
previous research about the genetic diversity of RV A strains circulating in red foxes in Croatia
discovered a remarkable 11 G and nine P RVA genotypes, including G5, G9, G11, P[13] and
P[23] considered to have a porcine origin. These were discovered along with a 14.9%
prevalence, suggesting a reservoir possibility (COLIC et al., 2021). To our knowledge, the RVs
of golden jackals have not been researched. The only available data are from Croatia, where a
prevalence of 20.6% was reported, along with two G and three P genotypes (COLIC et al.,
2021). To our understanding, only one available RVA complete genome was acquired from red
fox (BUSI et al., 2017), and none from jackals on a global scale. This highlights a significant
knowledge gap regarding the role of wild canids in RVA circulation. Furthermore, the zoonotic
potential of porcine-like RVAs (poRV As) originating from wild animals within the Croatian
ecosystem remains largely unexplored. To the best of our knowledge, PAPER III presents the
first reported complete RVA genome in golden jackal and the second in red fox worldwide.
Additionally, the complete RVA genomes reported in wild boars are the first documented
outside of Asia (SHIZAWA et al., 2024; LE et al., 2025). The concern regarding infectious
disease transmission from domestic animals to wildlife has been well recognized (AGUIRRE,
2009; MARTIN et al., 2011). Domestic pigs have already been suggested as reservoirs for
RVAs and a source of newly adapted emerging strains for humans and other animals (DHAMA
et al., 2009; WU et al., 2022; PAPER [; PAPER II). Nevertheless, previous data on RVA
detection rates in wildlife suggest that they may serve as additional potential RVA reservoirs
(MARTIN et al., 2011; COLIC et al., 2021; JOTA BAPTISTA et al., 2023). The current study
shows the close evolutionary relationship between wild canid- and wild boar-derived RV As
(PAPER III - Figure 1), which aligns with the fact that these animals share the same habitat
and, at times, even prey-predator dynamic (BASSI et al., 2012). The trophic niche ranges of the
golden jackal and red fox in the Pannonian ecoregion proved to be very narrow, with a mean
food overlap index of 73% (LANSZKI et al., 2006). Based on prey remains found in scat, the
golden jackals and red foxes are known for predation upon wild boar piglets (LANSZKI et al.,
2006). The wild canid-derived RV As from this study consistently exhibit porcine RVA origin
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across all gene segments, clustering closely with RVAs derived from either domestic pigs or
wild boars. Pig populations may also act as intermediate hosts, amplifying infectious agents
transmitted from other wild or domestic animal species, and then transmitting them to humans,
as described for the Nipah virus (FOURNIE et al., 2015). Nevertheless, in each gene segment,
at least one fox-derived RVA strain clustered closely with zoonotic poRV As from human hosts
(PAPER III - Figure 3, 5, and 7). Furthermore, wild canid-derived RVAs were identified as
either major or minor parents in five out of seven recombinant strains detected in the present
dataset, including two zoonotic NSP3 recombinants reported in PAPER II (PAPER 1II -
Supplementary Figure 1). Considering all of the above, current results may imply that the
evolutionary relationship may exist between Croatian wildlife-derived RVAs and zoonotic
human-derived RVAs of porcine origin without the domestic pig as the intermediate host. A
more conclusive portrayal of RVA geoevolutionary patterns and reservoir determination
remains limited due to the current lack of domestic pig- and wildlife-derived complete RVA
genomes, both from the affected area and globally. In contrast to the intensive pork industry, in
Croatia, the pig farming sector is largely composed of small, traditional rural farms, with fewer
than ten sows and less than three hectares of land, accounting for up to 75% of all pig holdings
(WELLBROCK, 2008). Due to their size and resources, these farms fall under biosafety
category 1 and generally lack the capacity to implement effective biosecurity measures,
increasing the risk of pathogen transmission among multiple susceptible species. Rural farming,
especially with outdoor or free-range systems, is more vulnerable to predation by foxes and
jackals due to insufficient protective barriers (FLEMING et al., 2016). Furthermore, in rural
outdoor farms, wild boars and domestic pigs can interact and even interbreed (ANDERSON et
al., 2019). Overall, there are multiple factors and contact points between these animals, such as
shared habitat, insufficient barriers for outdoor farms, interactions between domestic pigs and
wildlife, scavenging and opportunistic nature of wild canids and wild boars, overlapping trophic
niches of golden jackals and red foxes, etc. All mentioned factors significantly influence and
enable interspecies transmission of multi-species pathogens. Therefore, direct or indirect
interspecies transmission through environmental exposure may serve as a potential RVA
infection source for domestic animals and wildlife alike. RVA can survive for prolonged
periods in the environment, preserving infectivity for several hours to several months outside
the host (D’SOUZA et al., 2008). Although RVA is primarily transmitted via the fecal-oral
route, it is also recognized as a foodborne and waterborne virus (SVENSSON, 2000; DHAMA
etal., 2009; KRAAY etal., 2018). Lately, increasing attention has been given to the waterborne

transmission of RVA, taking into account environmental conditions such as temperature and
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humidity (KRAAY et al., 2018). In Croatia, a study from December 2019 to January 2021
detected RVA in 22.2% (2/9) of surface water samples and 100% (21/21) of wastewater
samples (BRNIC et al., 2022b), suggesting possible environmental contamination. Similar
results were reported in neighbouring Slovenia, where 60.3% of surface water samples tested
positive for at least one enteric virus, including rotaviruses, noroviruses, and astroviruses,
indicating widespread environmental contamination (STEYER et al., 2011). These
contaminated environments may serve as hotspots for the transmission of enteric viruses to
wildlife, while also posing a potential risk to public health. These aforementioned wildlife-
urban interface (WUI) sites, dispersed throughout Croatia and Europe (SCHUG et al., 2023),
combined with the rising wild canid and wild boar density in Europe (STATHAM et al., 2018;
COLOMER et al., 2024), emphasize the importance of wildlife surveillance for multispecies
pathogens like RVA (SCHUG et al., 2023; JIMENEZ-RUIZ et al., 2024). The recurrent
zoonotic transmission and recombination potential of poRVAs in Croatia, reported in PAPERS
IT and III, further emphasize this concern.

The PAPER III highlights the spatiotemporal recurrence of poRV As in Croatian wildlife
over several years. A comprehensive complete RVA genome analysis provided evidence on
interspecies transmission of poRVAs. However, it remains unclear whether these RVAs
successfully adapt to non-dominant hosts long-term or if such interspecies transmission events
are transient. Integrating wildlife into RV A studies is crucial from both conservation medicine
and One Health perspectives, emphasizing the interconnectedness of ecological and human
health. Studies like this are essential to address the knowledge gap about the role that wildlife
holds in RVA epidemiology, particularly their role as reservoirs of emerging and potentially
zoonotic RVA strains. Applying One Health principles and a spatiotemporal approach can
advance our understanding of the evolutionary dynamics of poRVA, facilitating the assessment
of interspecies transmission impacts on vaccine efficacy.

This doctoral thesis addressed the aforementioned knowledge gaps by investigating the
diversity of RVA in the porcine population, the presence of poRV A strains in human and wild
animal populations, and the phylogenetic and whole-genome characteristics of poRVAs, with
the aim of drawing conclusions about their interspecies transmission within the Croatian
ecosystem. The hypothesis of this thesis stated that interspecies transmission of RVAs, typical
of domestic pigs, sporadically occurs within the Croatian ecosystem. The results presented in

PAPERS 1, II, and III collectively confirm this hypothesis.

55



6. CONCLUSIONS

The results reveal that Rotavirus A (RVA) is present in both species, the domestic pig and wild
boar, with a higher prevalence found in the domestic pig population. The observed genotype
overlap, together with the close phylogenetic relationship, provides strong evidence for
recurrent interspecies transmission between the two species, despite the higher genotype
diversity observed in domestic pigs. In domestic pigs, farm type and clinical status were
statistically significant factors affecting RVA prevalence. Animals from large holdings and
those exhibiting clinical signs of diarrhea were considerably more likely to test RV A-positive.
On the contrary, age and sex in either species did not influence the prevalence.

Zoonotic transmission of autochthonous porcine-originated RVA (poRVA) in the Croatian
ecosystem was corroborated through a synchronized spatiotemporal approach. Three human-
derived porcine-like G4P[6] strains exhibited close phylogenetic clustering with domestic pig-
derived strains in all gene segments, accentuating their porcine origin. Indirect zoonotic
transmission via environmental route was considered the most plausible, given the young age
of infected humans.

The investigation of interspecies transmission of autochthonous poRVA strains within the
Croatian ecosystem revealed clear evidence of transmission between domestic pigs and wild
animals. RVA strains detected in wildlife were phylogenetically closely related to those found
in domestic pigs, highlighting the ecological interconnectedness between domestic and wild
animals in the transmission dynamics of RVA. The present study indicates the potential of
wildlife to act as both reservoirs and recipients of poRV As.

PoRVA strains characterized in wildlife present the first complete RVA genome data from
golden jackals and the second from red foxes worldwide. Additionally, this study reports the
first complete RVA genomes from wild boars outside of Asia.

Intragenic recombination events proved to be significant drivers of genome diversity in
autochthonous poRVAs. This is based on several exhibited intragenic recombination found in
poRVA strains derived from humans, domestic pigs and wildlife. One human-derived porcine-
like strain exhibited a unique plausible double reassortant profile in VP1 and NSP1, lacking
close human-derived phylogenetic relatives, thus highlighting its exclusive porcine origin.
These results highlight the perpetual role of intragenic recombination and sporadic reassortment

as viral evolutionary mechanisms shaping the genetic diversity of autochthonous poRVAs.
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Abstract: Rotavirus A (RVA) is an important pathogen for porcine health. In comparison to humans,
RVA in domestic animals and especially in wildlife is under researched. Therefore, the aim of the
present study was to investigate the prevalence, genetic diversity, molecular epidemiology and
interspecies transmission of RVA in domestic pigs and wild boars. During the three consecutive
RVA seasons (2018-2021) we collected 445 and 441 samples from domestic pigs and wild boars,
respectively. Samples were tested by real-time RT-PCR, and RVA-positive samples were genotyped in
VP7 and VP4 segments. Our results report an RVA prevalence of 49.9% in domestic pigs and 9.3% in
wild boars. Outstanding RVA genetic diversity was observed in VP7 and VP4 segments, especially in
domestic pigs exhibiting a striking 23 different RVA combinations (G5P[13] and G9P[23] prevailed).
Interspecies transmission events were numerous between domestic pigs and wild boars, sharing G3,
G5, G6, G9, G11 and P[13] genotypes. Furthermore, our data indicate that such transmission events
involved even bovines (G6, P[11]) and, intriguingly, humans (G1P[8]). This study contributes to the
basic knowledge that may be considered important for vaccine development and introduction, as a
valuable and currently missing tool for efficient pig health management in the EU.

Keywords: rotavirus A; domestic pig; wild boar; genotype; genetic diversity; molecular epidemiology;
phylogenetic analysis; interspecies transmission; Croatia

1. Introduction

Rotaviruses (RV), the species Rolavirus A (RVA) in particular, represent a major health-
care burden worldwide [1]. They are a significant enteric pathogen in intensive animal
farming as well, especially among younger animals [2]. The focus of the research commu-
nity has been primarily oriented towards human rotaviruses, with 30 and 100 times fewer
genotyped RVA strains of bovine and swine origin, respectively [3]. The knowledge gap is
even wider on rotaviruses circulating in wildlife [4].

The family Reoviridne and the genus Rotavirus encompass a diverse group of rotavirus
species; Rotavirus A-D and Rotavirus F=] [5]. The RVA is by far the species with the most
significant impact on human and animal health [6]. These dsSRNA viruses possessa genome
consisting of 11 segments, which are enclosed in a triple-layered capsid [7]. The rotavirus
nomenclature is binomial and based on the two genomic segments encoding two outer
capsid structural proteins, VP7 and VP4, which define the G and P genotypes, respectively.
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However, the nomenclature based on the genotype assignment for all 11 segments has
been developed [8]. Currently, there are at least 41 G and 57 P genotypes recognized by the
Rotavirus Classification Working Group (RCWG) [9].

Direct interspecies transmission and transmission coupled with reassortment are con-
sidered to be two major routes for rotaviruses lo cross the host barrier [10]. The segmented
form of the rotavirus genome is a prerequisite for the occurrence of new chimeric reassortant
strains, very often of human and animal origin with many examples involving domestic
animals [11]. However, the importance of wildlife in such interspecies transmission events
might be underestimated since the research on that topic has largely been neglected by
scientists worldwide.

Rotaviruses provide an everlasting challenge for pig health management due to their
ubiquitous nature and high resistance in the environment [12]. The disease they cause is
usually self-limiting gastroenteritis, which can be fatal in young piglets due to dehydration,
with outbreaks being especially severe in intensive farming systems [2]. The prevalence of
RVA in clinically affected and asymptomatic pigs ranges between 3.3 and 67.3%, without
evidence of seasonality, but with spatio-temporal variations and the re-emergence of certain
genotypes [13]. Despite being under-researched, RVAs circulating in domestic pigs exhibit
high diversity with at least 50 known genotype combinations [6]. Domestic pigs are
considered to be the origin of some RVA genotypes circulating in humans, such as G9
and G12 genotypes [11]. Moreover, it is considered that human Wa-like and porcine RVAs
share a common ancestor [14]. Apart from reducing RVA build-up through strict hygiene
measures, the importance of boosting lactogenic immunity with vaccination remains the
most important tool for confronting RVA infection adverse outcomes [2]. Nevertheless,
currently, there is no authorized vaccine against porcine RVA in the European Union,
yet some pig producers rely on vaccine importation from the USA [15]. In light of the
high genetic diversity of porcine RVAs, there are concerns regarding vaccine efficacy on
heterologous strains [13,15].

RVA in wild boars, to the best of our knowledge, has been scarcely researched so
far with only two papers dealing with molecular epidemiology and genetic diversity of
circulating strains. Both advocate interspecies transmission of RVAs between domestic
pigs and wild boars [16,17]. In addition, the close phylogenetic relatedness to certain RVA
strains detected in humans was described [16,17].

The aim of the present study was to reveal the concurrent prevalence, molecular
epidemiology, genetic diversity and possible interspecies transmission events of RVA
strains circulating in domestic pig and wild boar populations in Croatia during three
consecutive RVA seasons.

2. Materials and Methods
2.1. Sampling

From 2018 to 2021 (covering rotavirus seasons 2018/2019, 2019 /2020 and 2020/2021),
we sampled 445 domestic pigs and 441 free-living wild boars (Sus scrofa). All animals
were sampled only once. Most of the samples (98.2% of domestic pigs and 78.9% of wild
boars) were collected during the autumn/winter months (October to March). Sampled
animals originated from 10 counties (seven for domestic pigs and eight for wild boars) of
the Continental Croatia (Pannonian Croatia, Northern Croatia and City of Zagreb according
to the NUTS-2 classification) and in one county (Split-Dalmatia County: domestic pigs) of
the Adriatic Croatia (Figure 1). Domestic pigs included in the present study were locally
bred on 24 small backyard holdings (N = 276) and eight large holdings (N = 169). Holdings
breeding imported weanling and fattening pigs were not included in the present study.
Some holdings were visited for sampling more than once, but different animals were
sampled each time. Wild boars were sampled after regular hunting in 15 hunting areas
located in eight counties (Figure 1).

82



Viruses 2022, 14, 20128

3o0f20

No.of domestic No.ofwild  RVA
:"::’ Comnly pige (No.™ :‘: “:_‘ ”ﬁ"“:i?':"‘ boses (No/% grantypes, wild
VA positivel RVA positive)  boars

1,62, 53,65, 0h

1 Medimurie 9 (49'50) e , 1) N/A

2 Varazdin 17 (33591 GLGHP23LP32I 0 N/A

S 3 % G363, Gl

3 ZogrbCowty 200575 C4.G3:7113) USUGI8) iy

4 City of Zagweb 0 N/A 115(7/6.1) G, Go, G

3 Kadovac 0 Nia 2283 63

i Sisah-Mosloving 43 (17/39.3) G2,G3. 713 31001 N/A

7 onia 13 (0) N 0 NIA

B 0 36{1)2.8] =3

a Vubovar Seijom 152 (91/5¢.9) CS, Gl P{6) FI8],  49(35.2) €5 C11; P13
PR3 PR3
C1,62 53, 55,69,

10 Osigk-Sarana 650523 Pi6), P17}, Pl6], 631175 GG PN
#L3), P2

1 Spiit-Dalmatiz A7 (10°25) GLGS ML F23 0 NIA

Toval A4 (272/49.9) 141(41/93)

Figure 1. Geographical distribution of sampling sites and the results of RVA detection and genotyping
(VP7 and VP4) in domestic pigs and wild boars. Counties included in the present study are marked in
grey. N/A stands for Not Applicable in the case there were no samples taken or all collected samples
were negative on RVA. The map source is available at: https://commons.wikimedia.org/wiki/File:
Croatia_location_map.svg (NordNordWest; CC BY-SA 3.0; accessed on 11 January 2019).

All samples were taken from individual animals by rectal swabs (young age categories
of domestic pigs) or by a plastic scoop attached to a container’s lid when fecal samples
or intestinal content were sampled (wild boars). The age, gender and status of diarrhea
were registered at the time of sampling. Domestic pigs were divided into four age groups:
suckling piglets (<28 days; N = 231), weanling pigs (29-84 days; N = 177), fattening pigs
(>85 days, N = 28) and sows (N =9). On the other hand, three age groups were defined for
wild boars: <1 year (N = 151), 1-2 years (N = 135) and >2 years (N = 155). The gender was
reported for 385 domestic pigs (178 females and 207 males) and 440 wild boars (223 females
and 217 males). Diarrhea was registered in 165 domestic pigs (37.1%) and in only eight
wild boars (1.8%). Other animals were observed as healthy regarding their gastrointestinal
tract: 280 domestic pigs (62.9%) and 433 wild boars (98.2%). All samples were transferred
to the laboratory maintaining the cold chain and stored at —20 °C until further use.

2.2. RNA Extraction and Real-Time RT-PCR

RNA was extracted from the supernatant of 20% w/v fecal suspension, which was
prepared using Medium 199 (Sigma Aldrich, St. Louis, MO, USA), vortexed and centrifuged
at 14,000 x g. The RNA extraction procedure was performed on the KingFisher™ Flex
purification system (ThermoFisher Scientific, Waltham, MA, USA) using the MagMAX"™
CORE Nucleic Acid Purification Kit (ThermoFisher Scientific, Waltham, MA, USA) by
following the manufacturer’s instructions (complex workflow). The exogenous Internal
Positive Control (IPC) RNA, Xeno™ RNA Control (ThermoFisher Scientific, Waltham, MA,
USA), was added to each sample (2 uL) to supervise the appearance of potential PCR
inhibitors. The extracted RNA was stored at —80 “C if not processed immediately.

Detection of the RVAs dsRNA was performed by real-time RT-PCR, which amplifies
the fragment of VP2 segment of different RVA genotypes infecting humans and domestic
animals [18]. Nevertheless, this protocol was previously successfully applied for RVA
detection in wildlife-related research [19,20]. The reaction mixture setup and thermal
cycling conditions were described previously [20]. The runs were performed on a Rotor-
Gene Q or QlAquant 96 5plex (Qiagen, Hilden, Germany). If inhibition was observed, the
samples were diluted at 1:5 and retested.
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2.3. VP7 and VP4 Genotyping

All VP2 positive samples were subjected to genotyping in order to define the G
genotype (VI'7) and P genotype (VP4). Several approaches were applied to overcome
possible bottlenecks due to the RVA strain genetic diversity.

The VP7 genotyping was performed with a combination of VP7 Beg9 and VP7 End9
primers [21] in the first round of RT-PCR followed by the nested PCR using VP7-up2 and
VP7-down3 primers [22]. The next approach was the RT-PCR using VP7-F and VP7-R
primers, followed by the seminested PCR using VP7-F and VP7-RINT primers [23] if the
result of the first RT-PCR reaction was negative. In some cases, we applied primers N-
VP7F1 and N-VP7R1 in the first round of RT-PCR, and primers N-VP7F2 and N-VP7R2 in
the nested PCR. These primer sets were designed for samples containing low RVA load [24].

The VP4 genotyping was a combination of three different approaches as well. One
approach was the application of VP4-HeadF and VP4-1094R2 primers in the RT-PCR
followed by the seminested PCR using VP4-HeadF and VP4-887R primers [22]. The other
one was a combination of VP4_1-17F and VP4R_DEG primers in the RT-PCR reaction [25].
The last approach consisted of N-VP4F1 and N-VP4R1 in the RT-PCR, and N-VP4F2 and
N-VP4R2 in the nested PCR [24].

All RT-PCR reactions were conducted with the utilization of SuperScript'™ I1I One-Step
RT-PCR System with Platinum™ Taq DNA Polymerase (ThermoFisher Scientific, Waltham,
MA, USA). For the nested or seminested PCR, GoTaq® G2 Hot Start Colorless Master Mix
(Promega, Madison, W1, USA) was utilized. Primer concentrations and annealing tempera-
tures used in each RT-PCR and nested or seminested PCR reaction were as recommended
by the corresponding article. Other conditions, related to the reaction mixture setup and
thermal cycling, were as recommended by the reagent’s manufacturer. Each reaction started
with the initial dAsSRNA denaturation step at 95 °C for 5 min in which extracted RNA was
combined with the respective forward primer and PCR grade water. Hereafter, the remain-
ing reagents were added to the reaction mixture, which was run on the ABI 9700 GeneAmp
thermal cycler (Applied Biosystems, Foster City, CA, USA) or Biometra TRIO (Analytic
Jena, Jena, Germany). Reactions were visualized on the QIAxcel Advanced System for
capillary electrophoresis using the QlAxcel DNA Screening kit (Qiagen, Hilden, Germany).

2.4. Genotype Assignment and Phylogenetic Analysis

The purification of RT-PCR and PCR products was performed by ExoSAP-IT™ PCR
Product Cleanup Reagent (ThermoFisher Scientific, Waltham, MA, USA) or Monarch DNA
Gel Extraction Kit (New England Biolabs, Ipswich, MA, USA) as described previously [20].
Subsequently, the samples were subjected to direct Sanger sequencing in both directions
using the services of Macrogen Europe (Amsterdam, the Netherlands). The RVA genotypes
of VP7 and VP4 segments were assigned by following previously defined cutoffs [$] and us-
ing BLAST search (https:/ /blast.ncbi.nlm.nih.gov /Blast.cgi, accessed on 24 February 2022)
in combination with the ViPR tool [26] available at https: / /www.viprbrc.org/ (accessed on
24 February 2022).

The phylogenetic analysis was performed with the selected sequences of adequate
quality and length, which represented a certain genotype, lineage and origin. In the analysis,
we included the selected number of referent sequences obtained from the GenBank. The
MUSCLE algorithm was utilized for the purpose of building a multiple sequence alignment,
preceding a phylogenetic analysis conducted with the maximum-likelihood (ML) method.
Two substitution models with the lowest BIC score were applied: T92+G+I (all VP7 and
VP4 sequences of P[13], P[23] and P[32] genotypes) and T92+G (VP4 sequences of P[6]-P[8]
and P[11] genotypes). The branching support of the ML tree was assessed by the boolstrap
analysis with 1000 repetitions. These analyses were performed in MEGAT11 software [27].
The phylogenetic trees were visualized and annotated using iTOL (version 6.5.8) [28]. The
nucleotide pairwise identity matrix and graphical overview of the temporal distribution of
RVA genotypes circulating in domestic pigs were calculated in R using the bio3d package,
ggplot2 and Scatter Pie Plot [29-32]. The lineage designation of a certain genotype was set
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by the previously recommended classification for G1, G2, G3, G4, G6, G9, P[6] and P[8]
genotypes [19,33-39] due to their high frequency in humans (G1-G4, G9 and P[8]) or due to
the close phylogenetic relatedness observed between human and animal RVA strains (G6
and P[6]). As a result of the general inconsistency in the nomenclature and /or the absence
of consensus in the lineage demarcation, we opted not to define lineages for other G and P
genotypes reported within the present study.

RVA sequences characterized in the present study are deposited to the GenBank un-
der accession numbers OI 440064-OL440111, ON017591-ON017611, ON647404-ON647430,
ON721080-ON721102 and OP136969.

2.5. Statistical Analysis

Descriptive statistics (prevalence) and comparison of the type of holding (farm /backyard),
age and gender in affected (diarrheic) and non-affected animals (non-diarrheic) were per-
formed in SYSTAT 13 For Windows®© Version No.13.2, Systat Software, Inc. 2017. For the
categorical data analysis, x? test and log-linear mode! (LLM) were used. Forall analyses,
p < 0.05 was considered statistically significant.

3. Results
3.1. RVA Prevalence in Domestic Pigs and Wild Boars

Our results demonstrate that RVA is a highly prevalent pathogen in domestic pigs with
49.9% (222 /445; 95% CI, 45.1-54.6%) positive samples. Tt was significantly more prevalent
(p <0.00001) in pigs bred on large holdings (115/169; 68.1%) compared to small backyard
holdings (107 /276, 38.8%). Moreover, the prevalence was significantly (p < 0.00001) higher
in diarrheic animals (118/165, 71.5%) compared to those that were healthy, i.e., without
gastrointestinal symptoms (104/280, 37.1%). On the other hand, statistical significance
was not found in the RVA prevalence between suckling (113/231, 48.8%) and weanling
pigs (93/177, 52.5%) (p < 0.468; older age categories were excluded from the analysis due
to the small sample number) and between females (83/178, 46.6%) and males (99/207,
47.8%) (p < 0.895). All large holdings (N = 8) and 20 out of 24 small backyard holdings were
positive for RVA in at least one sampled animal.

Wild boars were mostly RVA negative since only 41 of 441 tested animals were positive,
which gives an RVA prevalence of 9.3% (95% CI, 6.8-12.4%). All positive wild boars were
within the healthy group. The age group was not a significant factor (p < 0.341) for the
RVA prevalence in wild boars since RVA was detected in 11.9% (18/151) of animals under
one year of age, in 8.9% (12/135) of those between one and two yeats of age, and in 7.1%
(11/155) of animals older than two years of age. Similarly, gender was not a significant
factor (p < 0.291) either, since RVA was detected in 10.7% (24 /223) of female compared to
7.8% (17/217) of male wild boars.

RVA prevalence on the county level for domestic pigs and wild boars is shown in
Figure 1.

The observed Cq values for the RVAs detected in domestic pigs were in 55% (122/222)
and 45% (100/222) under and over 32, respectively. In wild boars, a Cq lower than 32 was
observed in 36.6% (15/41) of samples compared to 63.4% (26/41) of samples in which it
was higher than 32. The result of IPC amplification reveals the general absence of PCR
inhibitors in the majority of samples of domestic pigs (99.3%, 442/445) and wild boars
(95.7%, 422 /441). Those samples that were retested in 1:5 dilutions (22 in total: 3 and
19 in domestic pig and wild boar sample sets, respectively) were mostly RVA negative
(20/22). Only two RVA positives were detected in diluted samples that originated from
domestic pigs.
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3.2. VP7 and VP4 Genotype Diversity in RVA Strains Circulating in Domestic Pigs and
Wild Boars

The genotyping procedure, described in Materials and Methods, was at least partially
successful (G or P genotype was defined) in 176 out of 222 (79.3%) RVA-positive samples of
domestic pigs and in 24 out of 41 (58.5%) RVA-positive samples of wild boars.

In domestic pigs, we determined the circulation of eight and seven different G and
P genotypes, respectively. The G genotype was detected in 163 samples. Namely, G9
(N =42,25.8%), G5 (N =40, 24.5%), G3 (N = 30, 18.4%), G1 (N =19, 11.7%), G4 (N =16,
9.8%), G2 (N = 14, 8.6%), G6 (N =1, 0.6%) and G11 (N = 1, 0.6%). The G3, G5 and
G9 genotypes combined were the most dominant genotypes (68.7%). The P genotype
was determined in 140 samples as follows: P[13] (N = 60, 42.9%), P[23] (N = 55, 39.3%),
P[8] (N =8, 5.7%), P[6] (N = 6, 4.3%), P[32] (N = 5, 3.6%), P[7] (N = 3, 2.1%) and P[11]
(N =3, 2.1%). The most dominant genotypes were P[13] and P[23] with a combined share
of 82.1%. The geographical distribution of RVA G and P genotypes circulating in domestic
pigs was shown in Figure 1 and the temporal distribution in Figure 2. Not all genotypes
were present in all three RVA seasons covered by this study; for instance, the G1 and P[8]
genotypes were detected only in the season 2020/2021, G6 in the season 2018/2019 and G11
in the season 2019/2020. The G /P genotype combination was defined for 127 RVA strains
in domestic pigs. In total, there were 23 different genotype combinations with G5P[13]
and GI9P[23] being the most prevalent (49.6%). Genetic diversity was the highest on large
holdings where we detected up to six different G and six different P genotypes in one
holding. On the contrary, the genetic diversity was lower on backyard holdings with up to
three and two different G and P genotypes per holding, respectively. If we consider only
one sampling time point per holding, the observed genetic diversity of circulating RVA
strains was at four different G and six different P genotypes on large holdings and up to
three different G and two different P genotypes on small backyard holdings.

In wild boars, the genetic heterogeneity of circulating RVA strains was lower with five
different G genotypes and only one P genotype detected during three consecutive RVA
seasons. The G genotype was detected in 23 and the P genotype in 13 wild boar samples.
The most frequent G genotype was G3 (N = 12), followed by G5 (N =4), G9 (N = 3), G6
(N =2)and G11 (N = 2). All 13 samples with the successful detection of the I’ genotype,
belonged to the P[13] genotype. The G/P genotype combination was defined for 12 RVA
strains, namely, G3P[13] (N = 8), G5P[13] (N = 2), GIP[13] (N =1) and G11P[13] (N =1).
The geographical distribution of RVA G and P genotypes detected in wild boars was shown
in Figure 1, and the temporal distribution was described in Section 3.3.

Even though successful and reliable genotype definitions can be achieved for shorter
sequences [23,24], a small portion of G genotypes and all P genotypes did not meet the pre-
viously defined requirements [§]; hence, these genotypes are to be considered as candidate

genotypes of already established ones.

3.3. The Results of Phylogenetic Analysis of RVA Strains in Domestic Pigs and Wild Boars
3.3.1. VP7 Genotyping
G1

The RVA strains of this common human genotype were detected in season 2020/2021
(Figure 2) on four domestic pig holdings in three counties (Figure 1). All these porcine G1
strains were closely phylogenetically related since they share 99.9-100% nucleotide (nt)
sequence identity and 99.6-100% amino acid (aa) sequence identity. They branched within
lineage I (Figure 3A), which is a common lineage for the majority of human RVA strains
with which they share 96.8-98.5% on the nt and 97-98.1% on the aa level. The G1 genotype
was detected in combination with P[7], P[8], P[11] and P[23].
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Figure 2. Temporal distribution of RVA's G genotypes (A), P genotypes (B) and G/P genotype
combinations (C) detected in domestic pigs. The circle sizes are proportional to the number of
detected RVA strains.

G2

The G2 RVA strains detected in domestic pigs within the present study were placed
in the potentially novel lineage (Figure 3B), since they share less than 90% nt identity and
91.8-93.5% aa identity with the closest porcine RVA strains. Nevertheless, they are more
closely related to porcine than to human strains (Figure 3B). If we observe only G2 slrains
from the present study, they share a high resemblance with 98.7-99.9% and 98.9-100%
on the nt and aa levels, respectively. These G2 strains were detected on seven holdings
in six counties (Figure 1), covering all three sampling seasons (Figure 2). They come in

combination with P[13], P[23] and P[32] genotypes.

G3

Genotype G3 was the third most abundant genotype circulating in domestic pigs,
and the most prevalent genotype in wild boars. These RVA strains form a diverse group
of sequences, sharing 85.9-100% sequence identity on the nt level and 93.1-100% on the
aa level. Two clusters of RVA strains detected in the present study can be recognized;
the first one with mixed strains originating from domestic pigs and wild boars and the
second one observed only in domestic pigs (Figure 3A). Within the first cluster, RVA strains
from domestic pigs and wild boars share sequence identity in the range between 90.3 and
97.5% on the nt and 94.7-98.5% on aa level. The second cluster might represent a distinct
lineage since sequence identities were lower than 89% (Figure 3A). All RVA strains from
our study were quite clearly separated from the two lineages circulating in humans, lineage
I representing classical human RVA strains, and lineage IX representing equine-like RVA
strains (Figure 3A). The phylogenetically closest RVA strains to Croatian autochthonous
strains were those detected in domestic pigs, sharing the highest 91.7% nt and 96.9% aa
identity with the Slovakian RVA strain TOPC23 (MN203555). The strains of G3 genotype
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in domestic pigs were detected in eight holdings and three counties (Figure 1) during all
three sampling seasons (Figure 2). They circulated in combination with six out of seven
P genotypes detected in our study (P[6]-P[8], P[11], P[13] and P[23]). On the other hand,
wild boar RVA strains were detected in six hunting grounds and four counties (Figure 1)
during all sampling seasons, as well. More precisely, three, eight and one G3 strain in the
2018/2019, 2019/2020 and 2020/2021 seasons, respectively. Since the circulation of only
one P genotype in wild boars was determined, the G3 strains combined solely with the

P[13] genotype.

G4

RVA strains of this genotype were detected only in domestic pigs in all three sam-
pling seasons (Figure 2). They were circulating in seven holdings and three counties
(Figure 1). These strains were quite diverse, clustering in three separate groups (Figure 3B),
which may represent three different lineages due to the low nucleotide sequence identity,
ranging between 82.6 and 85.8%. Nevertheless, if the lineage designation described in
Wandera et al. [39] was applied, these strains would cluster within lineage VI, which is in
contrast with the demarcation threshold of previously established lineages (I-V). The G4
strains detected in the current study, share a high phylogenetic relationship with the differ-
ent RVA strains detected in domestic pigs, wild boars and humans (Figure 3B). The latter
are considered to be a zoonotic spillover [40]. The G4 genotype was found in combination
with P[6], P[13] and P[23] RVA strains.

G5

This typically porcine RVA genotype was confirmed to circulate in both species:
domestic pigs and wild boars. It was present during all three sampling seasons in domestic
pigs (Figure 2) and during the last two sampling seasons in wild boars (three strains in
the season 2019/2020 and one in the season 2020/2021) The RVA strains of this genotype
clustered in three groups (Figure 3A) potentially representing three distinctive lineages
since the nucleotide identity is in the range between 83 and 88.4%. The first group includes
strains from domestic pigs and wild boars, while the other two were detected only in
domestic pigs. The RVA strains of domestic pigs and wild boars described in the present
study are highly phylogenetically related (Figure 3), sharing 95.5-97.4% and 96.7-98.9% on
the nt and aa levels, respectively. Overall, this genotype was detected in the largest number
of holdings (N = 14) from six counties (Figure 1), when domestic pigs are considered.
Within the wild boar population, the G5 genotype was detected in two hunting grounds
from two counties (Figure 1). When we look at combinations with the P genotype, they
were less diverse compared to the other prevalent G genotypes. Accordingly, in domestic
pigs, we observed only combinations with P[13] and P[23] genotypes, whereas G5P[13]
was the sole combination observed in wild boars.

Gé

The G6 genotype, acommon RVA genotype in cattle, was detected in one domestic pig
and two wild boars during the season 2018 /2019 (Figure 2), each from a different county
(Figure 1). The strain detected in the domestic pig was found in combination with the P[13]
genotype. The length of sequences derived from wild boars was not informative enough
for the inclusion of these strains into the phylogenetic analysis. Nevertheless, the genotype
assignment was reliable [24]. The sequence detected in a domestic pig was closely related
to a bovine RVA strain from Hungary and a bovine-like RVA strain detected in a child from
Slovenia (97.7%/99.2% on the nt/aa level) and clustered within the lineage V (Figure 3B).
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Figure 3. Phylogenetic relationship between RVA strains of G1, G3, G5 (A) and G2, G4, G6, G9, G11
(B) genotypes. The strains from the present study that were derived from domestic pigs and wild
boars are marked in blue and green, respectively. The accession numbers of all strains, including
referent strains from the GenBank, are designated within taxa. Based on the partial VP7 sequences
(~800 nt), both trees were generated by the ML method and T92+G+I model in MEGA 11 software.
The branching stability of each phylogenetic tree was assessed by 1000 bootstrap replicates (values
indicated adjacent to the nodes if >0.7). The scale bar represents the number of substitutions per site.
In displaying RVA strain nomenclature within taxa, the brackets for the P genotype were omitted for
the sake of simplicity.
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G9

This genotype was the most prevalent genotype in domestic pigs and the third most
prevalent genotype in wild boars. It was detected in 10 domestic pig holdings located
in three counties, whilst wild boar G9 strains were detected in three hunting grounds
from three counties (Figure 1). It circulated during each sampling season of domestic pigs
(Figure 2), and in the first (2018/219, N = 2) and third (2020/2021, N = 1) sampling seasons
of wild boars. Despite being the most prevalent, this genotype was found in combination
with only P[13], P[23] and P[32] genotypes. In wild boars, it combined with P[13], the
sole P genotype detected in that species. All G9 RVA sequences from the present study
were closely related (92.2-99.5%/94.7-100% on the nt/aa level) and showed high identities
(95.3%/95% on the nt/aa level) among wild boar and domestic pig strains (Figure 3B).
Together with the Italian and Belgian domestic pig strains, they form a potentially novel
lineage as already proposed [41]. As a matter of interest, the strain derived from the red fox,
described in our concurrent study [20], phylogenetically clustered together with porcine
strains from this study sharing high sequence identities with several strains (99.7/99.5% on
the nt/aa level) (Figure 3B). Human and porcine G9 strains from the current study were
clearly phylogenetically distinct (Figure 3B).

GI1

The low prevalent, porcine-related genotype was confirmed in only one domestic pig
and two wild boars during seasons 2019/2020 and 2020/2021, respectively, and geographi-
cally originated from two counties. Indeed, the majority of related referent RVA sequences
were of porcine origin with an evident close phylogenetic relationship (Figure 3B). Our
G11 RVA strains detected in a domestic pig and wild boars were clustered in clearly distin-
guished lineages (Figure 3B) sharing only 86% nucleotide sequence identity. Likewise, for
the G9 genotype, it is interesting to note that this genotype was detected in a red fox during
our concurrent study [20]. However, the red fox G11 strain clusters in a separate lineage
(Figure 3B) considering the low 86.4% and 87.7% nucleotide identities it shares with wild
boar and domestic pig strains, respectively.

3.3.2. VP4 Genotyping
P[6]

The P[6] genotype was not among the most prevalent VP4 RVA genotypes in domestic
pigs during the present study. However, the importance of these strains lies in the close
phylogenetic connection to human P[6] strains from Hungary and Slovenia within lineages
IV and V, respectively (Figure 4A). With these human strains, they share nt/aa identities
of 94.1-97.8%/90.3-97.7%. These human RVA strains are reported to represent the event
of porcine-to-human zoonotic transmission [33,40]. The six P[6] strains from the present
study originated in two counties (Figure 1) and four holdings and were detected in all
three sampling seasons (Figure 2). These strains were detected in combination with G3 and
G4 genotypes.

Pl7]

This primarily porcine genotype was detected in three domestic pigs in the last sam-
pling season (2020/2021) in two holdings from two counties (Figure 1). Our strains shared
the highest similarity with the wild boar strain from the Czech Republic (95.9%/92.6% on
the nt/aa level) (Figure 4A). However, none of the wild boar samples in our study presented
this genotype. These three P[7] strains were detected in combination with human-like G1
and G3 genotypes.

P[8]

Likewise the P[7] genotype, this genotype emerged in the 2020/2021 season (Figure 2).
It is considered to be the most common genotype in humans; hence, the expected high
sequence identities (up to 99.5/98.6 on the nt/aa level) were observed with human strains
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of lineage IIT (Figure 4A). Nevertheless, the close phylogenetic relatedness was identified
with porcine strains detected in the United Kingdom and Taiwan (Figure 4A). When we
look at the mutual relatedness of our P[8] strains, they share 96.2-100% and 93-100% on
the nt and aa levels, respectively. These RVA strains emerged in three holdings and three
counties (Figure 1) and were combined with human-like G1 and G3 genotypes.
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MN203585 RVA/Pig-wt/SVK/IBOC15/P6

Lincagel

Lineage 11

KCBI5859 RVA/Cow-WIARGI/BZ592 B Co/2004/G6P L1

MWE92157 RVA/HUMEN-WIIND/NIV-1220800/2012/G 12P 11 Pl

KC175140 RVA/Human-wt/IND/N187/2004/G10P1L
KC174669 RVA/Human-wt/IND/N36/2003/G10P11

JX402794 RVAICow-wl/SVYN/SI-B17/2004/G6P11

MG 269551 RVA/Cow-wi/BRA/1029-PR/2013/GAP11
LCE53809 RVA/Cow-1c/IPN/GB14-45/2007/G8P11

o ON721082 RVA/Pig-wt/HRVI/S291-SD/2019/GXP11
g ON721096 RVA/Pig-wt/HRV/S431-MZ/2021/G3P11
KCdA8BEBE RVA/Rahbit-1c/NLDIK1130027/2011/G6F 11
JX0DE0208 RVAICOW-WI/TUR/AKsaray/2002/G6P 1L
JXDE4031 RVA/HUman wiSVN/ISI-R56/07/2007/G6P11
MW727441 RVAJFox-wt/HRVIL32B-PG/2019/GXP1L

Figure 4. Conl.
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FJ402835 RVAPIG-wt!XXXI6107M1e/GXP32 P32

71

ONO17611 RVA/Pig-WUHRV/S21-MZ/2018/GOP32
ON721080 RVA/Pig-wi/HRV/S205-MZ/2019/G9P32
KR261954 RVA/Pig-Wi/UK/C+ 8/2008/GXP32

KR261361 RVAPig-wl/UK/G+22/2009/GXP32

KR251383 RVAPig wW/UK/P02/2010/GXP32

KX376975 HYAPIg-v/BRAVERS52012/G0P23

KMB20720 RVARIg-WUBEL/LZR04B/2012/G9P23 P(23]

MRBIE586 RVAF g-MUUSAICklahomal 63/2014/59923
ON721094 RVAIPig-wi/HRV/S430-MZ/2021/G2P23
0ON721090 RVA/IPig-wt/HRV/S408-MZ/2021/G3P23
MK936413 RVARig-WIESP/PE56/2017/G4P 23

MKO38414 RVAIPIQ- WHESPNC7C/20171G5P23

MK936415 RVARIG-WUESPNC20B/20111G9P23
ON721100 RVAIPig-wi/HRVIS445-0B/2021/GoP23
ON017594 RVA/Pig-wi/HRV/S134-08/2018/G3P23
MWT27348 RVA'Fox-wt/HRVIL167-OB/2018/GIF 23
ON017608 RVA/PIg-wI/HRVISE3-VS/20191GOP23
ONO17598 RVAIPig-WIUHRV/52256-VS/2019/G9P23
MH238290 RVA/FIg-WESPIFI86/2017/GAP23

ONO017604 RVA/Pig-wi/HRV/S281-SDJi2019/G5P23
ON721081 RVA/IPig-wit/HRVIS284-5Di2019/G2P23
ON017607 RVAIPig-wiiHRVIS72-VS/2018/G9P13
ONO017603 RVA/Pig-wi/HRV/S26-VS/2018/GaP23
ONO17585 RVA/PIg-WIUHRVIS16-MZ/2018/G3P23

LT A

o

INGTAR0A RVAIPOICAN-EPAZ00RP12
MNZ0G587 RVAPIg-aUSVKIKO16/16/P13
ON647406 RVAMWild hoar-wtiHRVIDS302-0B/2020/G3P13
ONG47405 RVA/Wild boar-wt/HRVIDS306-0B/2020/G3P13
KX363302 RYA/P g wi/VNMI14225 46/P13
MN203506 RVAF g WUSVKIRIPVA/PLZ
HMLAS307 RVAIP [0/a8/IRLIZ0)6/PL3
ONO017610 RVAIPig-wi/HRVIS22-MZi2018/G5P13
ONG47407 RVAIWIld boar-wtiHRV/DS295-0B/2020/G3P13
ONG47404 RVA/WIld boar-wtiHRV/DS318-0B/2020/G3P13
ONO017600 RVA/IPig-wi/HRVIS230-VS/2019/C4P13
ON721102 RVA/WIid boar-WUHRVIDS404-VS/2020/G5P13
ONT721083 RVAIPig-wi/HRV/S298-SMI2019/GXP13
ONO17592 RVA/PIg-wi/HRV/5344.7G/2020/G5P13
ON647408 RVAIWild boar-wtiHRVIDS228-Zag/2020/G3P13
KF614078 RVAPIg w/BELI12R013/2012/G5P13
MH238288 RVAPig-ntESPIFAT1/2017/G3P13
ONO017608 RVAIPIg-wi/HRV|S95-MZ/2018/G6P13
MW 727882 RVATFOX-WUHRVIL3S 2-Kar20 LOIGX P13
MK227934 RVA/Rig-wiTWN/1D4-P-D03-1-0309/2015/G5F 13
ON721092 RVAIPig-wilHRYIS421-M2/2021/G5P13
ON721093 RVA/Pig-wi/HRV/S426-M2/2021/G5P13
DQ003291 RVARIQNINC/HP LA/ XXX X/P13
MW727484 RVAFox-WHRVILEA- SM/201BIG11P 13
ONO017606 RVAIPIg-WIHRV/S70-VS/2018/G4P13
ABTO1786 RVAPIg-wI/P pigd-11 20/2003/G11P 13

= MT 198755 RVA/PIg-WUCHN/SZLZ-FB/2019/GSP13
MH228287 RVAF ig-M/ESPIF456/2017/G5P13
ONO017591 RVA/Pig-wt/HRV|S348-0B/2020/G3P13
ON647411 RVA/Wild boar-wt/HRVIDS84-2ag/2018/GEP13
ONO17801 RVA/Pig-wUHRV/S238-VS/2019/G5P13
ONOL17597 RVA/Pig-wi/HRV|S224-VS/2019/G5P13
KUBB7656 RVAWIlUBoar-wi/CZE/P218/2014/GXP13
ON721101 RVA/Wild boar-wt/HRV/D5327-Zag/2020/C11P13
ON721086 RVAIPiIg-wUHRVIS391-VSI2020/G5P13

P[13]

Figure 4. Phylogenetic relationship between RVA strains of P[6], P[7], P[8], P[11] (A) and P[13], P[23],
P[32] (B) genotypes. The strains from the present study that were derived from domestic pigs and
wild boars are marked in blue and green, respectively. The accession numbers of all strains, including
referent strains from the GenBank, are designated within taxa. Based on the partial VP4 sequences
(~b650 nt), both trees were generated by the ML method and T92+G (A) or T92+G+1 (B) model in
MEGA 11 software. The branching stability of each phylogenetic tree was assessed by 1000 bootstrap
replicates (values indicated adjacent to the nodes if >0.7). The scale bar represents the number of
substitutions per site. In displaying RVA strain nomenclature within taxa, the brackets for the P
genotype were omitted for the sake of simplicity.

P[11]

The P[11] genotype is considered to be one of the most frequent bovine genotypes.
However, in the present study, we detected it in three domestic pigs from two counties
(Figure 1). These strains elicited a high sequence identity with different RVA strains
circulating in cattle (95.3-98% on the nt and 93.9-99.5% on the aa level) (Figure 4A). Our
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previous investigation reports the presence of this genotype in red foxes, which is closely
phylogenetically related to domestic pig strains from the present study (97.1%/98.1% on
the nt/aa level) (Figure 4A). The P[11] genotype was determined in combination with

human-like G1 and G3 genotypes.

P[13]

One of the two most numerous P genotypes characterized in the present study was
detected in 16 domestic pig holdings located in five counties (Figure 1) in all three sampling
seasons (Figure 2). Moreover, this genotype was detected in wild boars in five hunting
grounds from three counties during all sampling seasons (one, nine and three strains in the
2018/2019,2019/2020 and 2020/2021 seasons, respectively). It was detected in combination
with seven different G genotypes (all except human-like G1) in domestic pigs and four
different G genotypes (all except G6) in wild boars. The phylogenetic analysis revealed
that P[13]-circulating RVA strains have the highest intragenotype diversity of all genotypes
detected in the present study. In total, six clusters (Figure 4B) were defined: one cluster
with wild boar strains (DS302-OB as representative strain), three clusters with strains from
domestic pigs (§95-MZ, 5421-MZ and 570-VS) and two clusters of combined RVA strains
originating in both species (5§22-MZ/DS229-Zag and S348-OB/DS327-Zag). The highest
sequence identily between these clusters was 88.9% and 89.3% on the nt and aa levels,
respectively. Tt is evident that the closest relatives to our P[13] are RVA referent strains
originating from domestic pigs and wild boars (Figure 4B). The interesting observation
is the close resemblance of two red fox RVA strains described in our previous study [20]
and strains/clusters from domestic pigs 570-VS and 595-MZ (nt sequence identity approx.
95%) (Figure 4B). The phylogenetic grouping of domestic pig and wild boar strains within
two clusters was confirmed with high sequence identities of up to 98.6%/98.1% on the
nt/aa level in cluster 522-MZ/D5229-Zag and 97.4%/96.8% on the nt/aa level in cluster
5348-OB/DS327-Zag.

P[23]

The second most numerous P genotype, detected only in domestic pigs, showed a
significantly lower genetic heterogeneity since all sequences are grouped within a single
cluster (Figure 4B) with identities ranging between 90.1-99.8% on the nt and 92.9-99.5% on
the aa level. This genotype was detected in 11 holdings in five counties (Figure 1) during
all three seasons (Figure 2). Furthermore, it was found circulating in combination with
six G genotypes (G1-G5, GY). Interestingly, one fox strain from our previous study [20]
was phylogenetically closely related to domestic pig RVA strains (Figure 4B) sharing up to
99.7/100% identity on the nt/aa level.

P[32]

This rare genotype was confirmed circulating in Croatia, but with restricted regional
importance since it was detected only in five strains originating in three holdings from two
neighboring northernmost counties (Figure 1). It circulated in all three seasons (Figure 2)
and came in combination with G2 and G9 RVA strains. The closest P[32] strains from the
GenBank were those from the UK (Figure 4B) and Switzerland (not shown) sharing less
than 89% identity on the nt level and 90% on the aa level. The evident separate clustering
indicates a possible circulation of a distinct lineage.

4. Discussion

The present study brings a comprehensive concurrent investigation of the prevalence,
molecular epidemiology and genetic diversity of circulating RVA strains in domestic pigs
and wild boars during three consecutive RVA seasons. The concurrent spatio-temporal
study of RVA strains circulating in certain reservoir species and the environment has
previously been recognized as important in order to draw relevant conclusions on their
prevalence and health impact [3,42]. Furthermore, this is one of the rare studies on RVAs in
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domestic pigs in this part of the world (South East Europe), and only the third in general,
to the best of our knowledge, where RVAs in wild boars have been considered.

The prevalence in domestic pigs presented in the current study is relatively high
(49.9%), similar to previously described studies in Spain [15], Italy [43] and the USA [44].
Most certainly, the predominantly represented young age categories of suckling and wean-
ling pigs, favor the more frequent circulation of RVAs. Moreover, the used method of
detection has a substantial influence on the final result. Similar to our study, Spanish,
Italian and US researchers [15,43,44] used the real-time RT-PCR based method, while in
contrast, Taiwanese researchers used the Enzyme Immunoassay as screening and end-point
RT-PCR as the confirmatory method [45], which finally resulted in a significantly lower
prevalence that is incomparable. Our results indicate that there is no significant difference
in the prevalence between the suckling and weanling age categories and between females
and males, but the difference in RVA prevalence was significant in diarrheic compared
to healthy animals, and in those bred on large holdings compared to the small backyard
holdings. RVAs are known causative agents of diarrhea in mammals [2], and our research
brings more to that knowledge.

Data on the RVA significance in wild boars have been rather scarce so far with only
two available reports from Japan [16] and the Czech Republic [17]. Our study is the most
comprehensive to date, encompassing a sample set of 441 animals. It is also noteworthy
that the sampling was performed in parallel with domestic pigs, which provides a temporal
component important for relevant phylogenetic comparisons. RVA prevalence in the
present study (9.3%) was higher compared to those two previous studies, primarily due to
having a different approach to RVA detection. We applied the real-time RT-PCR compared
to the conventional end-point RT-PCRs applied by others [16,17], which are usually less
sensitive. The method we implemented has been previously successfully applied in RVA-
related research on domestic animals and wildlife [18-20]. Nevertheless, the unknown
range of VP2 genotypes that this method detects, and the fact that the assay design was
limited to only human strains of C1 and C2 genotypes, might have underestimated the
prevalence in both species. Moreover, the prevalence in wild boars might be even higher,
since, due to the hunting regulations, we did not have access to the youngest age categories
where the higher RVA circulation is expected. Similar to domestic pigs, age and gender
were not significant factors for RVA prevalence.

Genetic diversity in domestic pigs was high in both genomic segments, with eight
different G (G1-G6, G9 and G11) and seven different P genotypes (P[6]-P[8], P[11], P[13],
P[23] and P[32]). In wild boars, the RVA strains were less genetically diverse with five
detected G (G3, G5, G6, G9 and G11) and one detected P genotype (P[13]). The genotyping
protocols were more challenging for wild boar samples, similar to what we previously
reported in another wildlife species, i.e., red foxes [20]. The impact of the low RVA genomic
concentrations (63.4% of RVA positive wild boars with Cq > 32), and the presence of
diverse RVA strains influencing primer specificity, should not be excluded. Therefore, the
underlying RVA genetic diversity might be even higher. On the other hand, the higher
genetic diversity of RVA strains that was discovered in domestic pigs bred on large holdings,
compared to the small backyard holdings, was predictable due to the more frequent animal
movements in that type of holding,.

The most dominant G genotypes found to be circulating in domestic pigs during the
course of the study were G9, G5 and G3 and they account for 68.7% of all sequenced RVA
strains. Considering the P genotypes, only two genotypes, more precisely P[13] and P[23],
equaled 82.1% in total. All these genotypes are common in domestic pigs with varying
spatio-temporal prevalence [3]. Previous reports indicate the substantial dominance of
the G5P[7] genotype combination in domestic pigs worldwide [3]. Our results report
a changing pattern, with G5P[13] and G9P[23] being the most abundant with 49.6% of
all detected genotype combinations (Figure 2C). The combination G9P[23] was recently
reported to be among the most frequent in Germany [46] and Spain [13]. Apart from the
remarkable genetic diversity of each segment (VP7/VP4), we observed a striking number
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(N =23) of different genotype combinations, higher than previously reported data for four
countries combined (N = 21) [10], but lower than what was previously reported in Poland
(N = 33) [47]. Moreover, a distinguished intragenotype diversity, i.e., the circulation of
several lineages (genotypes G3-G5, G11, P[6] and P[13]) or the existence of possibly novel
lineages (genotypes G2, G3 and P[32]), was further observed. The orientation of our study
tolocally bred domestic pigs, excluding the holdings with imported weanling and fattening
pigs, might have contributed to these results. Nevertheless, the import of domestic pigs,
which is common in Croatia, primarily from Western European countries, still has an
important impact on animal health and the introduction of novel viral pathogens or certain
genomic variants [48].

Among other less prevalent genotypes, the most interesting finding is the emergence of
G1P[8] strains (N = 7), which are commonly observed in humans [4Y]. Both genotypes which
were found in domestic pigs clustered within typical human lineages (Figures 3A and 4A)
and were detected during the last sampling season (2020/2021) in several holdings in
three counties. This is not the first time such possible reverse zoonotic events, including
G1 and/or P[8] strains, have been reported in domestic pigs [45,47,50-52]. Notably, our
investigation of other samples collected on these holdings revealed that G1 and P[8]
strains were involved in reassortment events with other circulating RVA strains of different
genotypes. However, it seems that the VP7 is more readily involved in such reassortment
events compared to the VP4, since G1 was found in combination with three additional
different I’ genotypes (P[7], P[11] and P[23]) in a total of six reassortant strains, compared
to only one G3P[8] reassortant strain. A possible reason lies in the VP7 segment having the
lowest host-species barrier of all RVA segments, despite the proposition that VP4 may be
the segment that reassorts more frequently [53]. Therefore, it is not surprising that in the
present study, G1 strains were detected more often (N = 19) in domestic pigs compared to
the P[8] strains (N = 8), indicating possible enhanced host adaptation. Most certainly, the
host adaptation was further driven by reassortment with the already present genotypes.
Such assumptions need to be further investigated on a larger sample set by implementing
multiplex RT-PCR and whole genome sequencing. Sanger sequencing applied in the
present study may underestimate the presence of certain genotypes in mixed infections.
Therefore, the combination of different approaches may result in more certain conclusions.

The porcine-to-human spillover was often reported for the G4 and P[6] strains [40],
which were not among the highly prevalent RVA genotypes within the present study.
Nevertheless, their close phylogenetic relatedness with different referent porcine-like RVA
strains in humans (Figures 3B and 4A) speaks in favor of their zoonotic potential.

The interesting finding of the current study is the circulation of the P[32] genotype,
which was first detected in Ireland [54] and Denmark [10] and further in the UK [50],
Germany [46], Poland [47] and Switzerland [55]. Even though it was confirmed circulating
in all three sampling seasons (Figure 2), it was restricted to only the two northernmost
counties (Figure 1) and to only five samples, indicating its regional potential. These
strains were rather distantly related to other available P[32] strains from the GenBank
(<89% nucleotide sequence identity), which may indicate the circulation of this certain
lineage for some extended period of time within the area. Continuous monitoring of RVA
strains in domestic pigs, which is generally not present, would provide more information
on the importance of such underrepresented genotypes.

Apart from possible interspecies transmission with humans (G1P[8]), we identified
a small number of samples with G6 and P[11] genotypes, implying interspecies trans-
mission events with bovines, which is also evident from their phylogenetic clustering
(Figures 3B and 4A). Both genotypes were detected as reassortants with typical porcine
G3 and P[13] genotypes. Similar findings were reported elsewhere [3], confirming the
existence of similar, but sporadic porcine-bovine reassortant strains.

Nevertheless, the most prominent number of interspecies transmission events in the
current study was observed between domestic pigs and wild boars. More precisely, all
genotypes detected in wild boars (G3, G5, G6, G9, G11 and P[13]) were detected in domestic
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pigs as well. The evidence that supports the statement that the natural transmission of RVAs
between these two species actually occurs is the high sequence identities and phylogenetic
relatedness depicted in Figures 3A,B and 4B. Most of these RVA genotypes (G5, GY, G11
and P[13]), which we discovered circulating in the wild boar population, were already
confirmed relevant for that species [16,17]. The exception was primarily the G3 genotype,
which was detected for the first time in wild boars and it was in fact the most dominant
genotype within the present study. Considering that the G3 genotype was the third most
prevalent genotype in domestic pigs, it is not a surprise. Moreover, the RVA strains of the
G3 genotype are believed to have the broadest host range [56]. The extent of inclusion of
these two species in the natural transmission of certain RVA genotypes was observed by
the previous detection of G4, P[6] and P[23] genotypes in wild boars in the Czech Republic
and Japan [16,17] and, additionally, the G1 and the P[7] in the Czech Republic (unpublished
genotypes available in the GenBank) (Figures 3A and 4A).

An interesting observation on how porcine RVA strains impact the genetic hetero-
geneity of RVAs retrieved from another, yet distant, wildlife species was described in our
previous investigation conducted on red foxes [20]. When fox RVA strains were compared
to strains derived from the current study, it was evident they share porcine-related G9, G11,
P[13] and P[23] genotypes with the prominent phylogenetic relatedness for the three most
common genotypes (G9, P[13] and P[23]) (Figures 3B and 4B). Since both species, wild
boars and red foxes, tend to enter rural and urban areas, their contact with different animal
species and their pathogens is expected. The contact of wildlife with domestic pigs and
their manure is foreseen, especially in the matter of small backyard holdings, which usually
have low biosecurity conditions.

In conclusion, our results contribute to the basic knowledge of RVA prevalence, genetic
diversity and molecular epidemiology and to the extent of interspecies transmission events
in domestic pigs and wild boars. Such baseline data may be considered important for the
development and introduction of RVA vaccines in domestic pigs, an essential tool for pig
health management. This is especially valuable for countries in the European Union where
currently no authorized RVA vaccine for domestic pigs is commercially available. Lastly,
the continuous monitoring of RVA in different species allows the prompt detection of new
emerging variant strains that could become important for human health and the future
effectiveness of vaccines currently in use.
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rotavirus A between pigs and
humans: a synchronized
spatiotemporal approach
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As a leading viral cause of acute gastroenteritis in both humans and pigs.
rotavirus A {RVA] poses a paotential public health concern. Although zoonotic
spillover of porcine RVA strains to humans is sporadic, it has been detected
worldwide. The origin of chimeric human-animal strains of RVA is closely linked
to the crucial role of mixed genotypes in driving reassortment and homologous
recombination, which play a major role in shaping the genetic diversity of RVA.
To better understand how genetically intertwined porcine and zoonatic human-
derived G4P[6] RVA strains are, the present study employed a spatiotemporal
approach to whole-genome characterization of RVA strains collected during three
consecutive RVA seasons in Croatia (2018-2021). Notably, sampled children under
2 years of age and weanling piglets with diarrhea were included in the study.
In addition to samples tested by real-time RT-PCR, genotyping of VP7 and VP4
gene segments was conducted. The unusual genotype combinations detected
in the initial screening, including three human and three porcine G4P[6] strains,
were subjected to next-generation sequencing, followed by phylogenetic analysis
of all gene segments, and intragenic recombination analysis. Results showed a
porcine or porcine-like arigin for each of the eleven gene segments in all six
RVA strains. The G4P[6] RVA strains detected in children most likely resulted from
porcine-to-human interspecies transmission. Furthermore, the genetic diversity
of Croatian porcine and porcine-like human G4P[6] strains was propelled by
reassortment events between porcine and porcine-like human G4P[6] RVA strains,
along with homologous intragenotype and intergenotype recombinations in
VP4, NSP1, and NSP3 segments. Described concurrent spatiotemporal approach
in investigating autochthonous human and animal RVA strains is essential
in drawing relevant conclusions about their phylogeographical relationship.
Therefore, continuous surveillance of RVA, following the One Health principles,
may provide relevant data for assessing the impact on the protectiveness of
currently available vaccines.

KEYWORDS

rotavirus A, human, zoonosis, domestic pig, G4P[6], reassortment, recombination, Croatia
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1. Introduction

Rotavirus A (RVA) group is continuously reported as a leading
cause of non-bacterial gastroenteritis in mammal and avian species,
especially offspring. Tn humans, it can infect neonates, older
children, and sometimes adults, with children younger than 5 years
being the most affected (Trojnar et al., 2009; Estes and Greenberg,
2003 Desselberger, 2014). Global RVA mortality burden started
decreasing alfter the early 2000s, counting more than 250,000
deaths, to estimated 128,500 deaths in 2016 as more countries
introduced vaccines into their National Immunization Programs
(NIP) (Tate et al,, 2016; Troeger et al,, 2018). The most common
symptoms associated with RVA-induced acute gastroenteritis
(AGE) typically include profuse diarrhea, vomiting, and fever. The
need for hospital care often stems from dehydration and reduced
ability for oral intake (Dennehy, 2008; Crawford et al, 2017). RVAs
are also a major causative agent of viral AGE in pigs, mainly in
suckling and weaned pig age groups, causing substantial financial
costs to the pork industry (Chang ct al., 2012). Rotavirus A species
belongs to the Rofavirus genus within the Reoviridae family, whose
genome consists of double-stranded RNA arranged in 11 genome
segments. The VP7 and VP4 segments are the basis for the binomial
nomenclature of rotaviruses, providing the G and P genotypes,
respectively (Estes and Greenberg, 2013). However, whole-genome-
based classification has been developed and increasingly used in
recent years (Maunula and von Bonsdorfl, 2002). The respective
genotypes are assigned to each genomic segment based on
the percentage identity cutoff values for nucleotide (nt) coding
sequences of each viral (VP) and non-structural protein (NSP)
(Matthijnssens et al, 2008a). This whole-genome classification
aims to detect the genetic relationships between RVAs derived
from different host species, reassortment events, and previously
undetected genotypes (Marthijnssens et al, 2008h). Reassortment
and recombination events are driving rotavirus diversification,
which sometimes results in the emergence of chimeric human-
animal strains. It is well-known that some RVA genotypes are
more common in certain species, and many of them are shared
between different species (Martella et al., 20105 McDonald et al,
2016), The human Wa-like and porcine RVAs are considered to
have a common origin source since genogroup 1 genes found in
the human RVA strains with the Wa-like constellation (i.c., 11-
R1-C1-M1-A1-N1-T1-E1-H1) are also frequently found in porcine
RVA strains (Matthijnssens et al., 2008b; Papp et al, 2013a;
Theuns et al, 2015; Silva et al, 2016). Moreover, certain G/P
genotype combinations can be considered usual or unusual for
the given species. Therefore, the G4P[6] genotype combination
is considered an unusual combination in humans, but it is
quite common in pigs (Doro el al, 2015). Detection of a rare
genotype combination like this one in a secondary host species
may indicate a recent interspecies transmission event. In such cases,
whole-genome sequencing can be used as a method of choice
for strain investigation (Doro et al. 2015). Even though it is
considered unusual in the human population, a G4P[6] genotype
was discovered to reappear globally (Tacharoenmuang etal., 2021).
A previous epidemiological study about the occurrence of RVA
genotypes in children in Croatia reports a single case of the G4P[6]
genotype (Vrdoljak et al., 2019). In our recent study on RVAs
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circulating in domestic pigs and wild boars, G4P[6] combination
showed its modest appearance in domestic pigs, with the overall
prevalence of G4 and P[6] strains among genotyped samples of only
9.8 and 4.3%, respectively (Brnic et al., 2022).

The present study aimed to comparatively analyze whole
genomes of G4P[6] RVA strains detected in symptomatic children
and pigs in Croatia with the synchronized spatiotemporal
approach. It offers an insight into G4P[6] RVAs circulating in
both populations during the same timeframe and relatively
small geographical region, giving an opportunity for drawing
adequate conclusions on the possible interspecies transmission,
reassortment, and intragenic recombination events, which
individually and collectively boost RVA genetic diversity in
Croatian ecosystem.

2. Material and methods
2.1. Sampling

Stool samples and rectal swabs were collected from RVA-
infected children and domestic pigs, respectively, which were
sampled from 2018 to 2021, accounting for RVA seasons 2018/2019,
2019/2020, and 2020/2021. Sampling was conducted continuously,
comprising rofavirus in-season and out-of-season samples. Mostly,
children under 5 years of age with present clinical signs of
acute gastroenteritis, consequently admitted to the University
Hospital for Infectious Diseases “Dr. Fran Mihaljevic” Zagreb
and Clinical Hospital Center Osijek, were included in this study.
The collected stool samples were initially tested for the presence
of rotaviral and adenoviral antigens using a single commercial
immunochromatographic assay, the Rota-AdenoGnost (BioGnost,
Zagreb, Croatia). During the same timeframe, the piglets with or
without diarrhea were sampled, each by individual rectal swabbing,
at large industrial and small backyard holdings in multiple counties
as described in our recent work (Hrnic «f al | 2022). The piglets
whose samples are reported in this research showed clinical signs
of acute gastroenteritis at the time of sampling. Collected stoo! and
swab samples were transferred to the Croatian Veterinary Institute
for subsequent laboratory testing, maintaining a cold chain while
in transportation. The samples were further processed immediately
after reception or stored at —80"C. Detailed information about the
sampled individuals is shown in Table 1.

2.2. Molecular diagnostics

Molecular diagnostics including RNA extraction, VP2 real-
time RT-PCR, VP4, and VP7 genotyping were conducted within
the scope of the initial screening of samples and are described
in our study on RVAs in domestic pigs and wild boars (Brnic
et al, 2022). For the human samples, the exception was the
VP4/VP7 genotyping which was performed with the application of
amultiplex VP7 and VP4 RT-PCR (EuroRotaNet, 2009%; Fujii et al.,

https://wanww. surorctanet. com/project-info rmation/documents-and-

d April 20, 2022)
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TABLE 1 Data about human and domestic pig samples included in the present study.

RVA strain ID Gender Age Sampling Diarrhea Vesikari

time score
RVA/Human-wi/HRV/D230- H lyand 10m | August/2019 | yes 11 No City of Zagreb Croatia
7GI2019/G4P[6]
RVA/Human-wt/HRV/D329- f lyand9m fuly/2019 ves ND* No Osijek-Baranja Croatia
OB2019/G4P(6]
RVA/Human-wt/HRV/D572- f lyand4m July/2021 yes 9 No City of Zagreb Croatia
ZGR0211GAP[6]
RVA/Pig-Wt/HRV /5243- m 30--40 days November; yes nia* No Vukovar-Srijem Croatia
VS2019/G4P16] 2019
RVA/Pig-wt/HRV /S338-7/2020/C4P[6] f 37 days March/2020 yes N/A* No Zagreb Croatia
RVA/Pig-wi/HRV/$344-7/2020/G4P[6] { 37 days | March/2020 | yes N7A* No Zagreb Croatia

‘ND-not  determined  since a child was not hospitalized. She was admitted to the padiatric ambulatory care unit. with symptoms resolved  afler 2 days,

*N/A-notapplicable

2019) complemented with the Sanger sequencing of untypable
strains. Based on genotyping results, six G4P[6] strains, three
of human and three of porcine origin, were selected for next-
generation sequencing (NGS).

2.3. Library preparation and NGS

Three individual sequencing runs were performed
chronologically as samples were collected. Firstly, 20% w/v fecal
and swab suspensions prepared with Medium 199 (Sigma-Aldrich,
St. Louis, USA) were used as a starting material. Suspensions
were sent to the Institute of Microbiology and Immunology,
Slovenia, where sample preparation and NGS were conducted.
Nudleic acid extraction from the supernatant of 20% w/v fecal
and swab suspension was performed on a Maelstrom 9600 device
(TANBead Inc., Taoyuan City, Taiwan) using an OptiPure Viral
Auto Plate (TANBead Inc, Taoyuan City, Taiwan) extraction kit,
followed by the real-time RT-PCR detection of RVA by LightMix
Modular assay (TTB Molbiol, Berlin, Germany) on a LightCycler
480 instrument {Roche, Basel, Switzerland). Since viral genome
loads in metagenomic samples tend to be exceptionally low in
concentration, DNA depletion was performed using TURBO
DNA-free™ Kit (Thermo Fisher Scientific, Waltham, USA). After
DNA removal, the Maxima H Minus Double-Stranded cDNA
Synthesis Kit (Thermo Scientific™, Waltham, USA) was used for
the first- and second-strand ¢DNA synthesis. Prepared dsDNA
was then purified utilizing GeneJET PCR Purification Kit (Thermo
Fisher Scientific, Waltham, USA) to remove excess dNTPs and
other reagents such as competing enzymes or buffer components.
All procedures referenced above were performed following the
respective manufacturers instructions. Complementary DNA
(cDNA) was finally quantified before proceeding with library
preparation, using a Qubit™ 4 Fluorometer with a Qubit dsDNA
HS Assay Kit (Thermo Fisher Scientific, Waltham, USA).

NGS libraries were constructed using a Nextera XT DNA
Library Preparation Kit (Ilumina Inc., San Diego, USA] with
barcoding respective samples with the IDT® for Hlumina®
Nextera DNA/RNA Unique Dual Indexes Set B and C (Illumina
Inc, San Diego, USA) according to the manufacturer’s instructions.

Frontiersin Microbiology

After tagmentation and amplification, NGS libraries were
purified using Agencourt AMPure XP magnetic beads (Beckman
Coulter, Brea, USA). The quality and quantity of the purified
libraries were assessed with a 2100 Bioanalyzer instrument (Agilent,
Santa Clara, USA) using a High Sensitivity DNA Kit ( Agilent, Santa
Clara, USA), and a Qubit™ 4 Fluorometer using Qubit dsDNA
HS Assay (Thermo Fisher Scientific, Waltham, USA), respectively.
NGS was performed on lllumina® NextSeq 500 sequencer
(lllumina Inc,, San Diego, USA) utilizing the NextSeq 500/550 High
Output Kit v 2.5 on 300 cycles (Illumina Inc., San Diego, USA) to
produce 150 paired-end reads. The herein-described procedure was
applied for all three individual sequencing runs.

2.4. NGS data analysis

Data analysis for the NGS was performed using a CLC
Genomics Workbench 22.0.2 (Qiagen, Hilden, Germany). For each
of the 11 RVAs genomic segments, representative sequences of
various pgenotypes were selected using NCBI's Virus Variation
Rotavirus Database? (Hatcher et al, 2017). Those were used for
building reference lists for each gene segment, regardless of the
genotype. Genomes were assembled utilizing the reference-based
mapping process for cach gene segment individually due to the
segmented nature of the rotavirus genome. The workflow consisted
of trimming raw reads of Illumina adapters, mapping trimmed
reads to all the reference lists, and finally extracting consensus
sequences and mapping reports. Consensus sequences were not
considered for further investigation if they did not meet the
previously defined minimum sequence length and identity criteria
(Matthijnssens et al, 2008a) or distribution coverage of 90%
and coverage depth of 10x. Any occurring sequence gaps were
managed by performing a de novo assembly on the same samples
and correlating relevant contigs with the relevant reference-
based consensus assemblies. Additional mapping data containing
accession numbers of each genotype reference sequence used for
the mapping process can be found in Supplementary Table | for

2 https: /www.netinlm nih.gov/genomes/VirusVanation/ Database/nph

select coiftaxid=28875 (accessed January 9, 2023)
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each RVA strain characterized in the present study. Final consensus
sequences for every gene segment prior to the genotyping process
were selected based on the mapping quality and the consequent
full-length consensus sequence completeness. Genotypes were
confirmed using final consensus sequences as queries, in the
BLASTn search tool® in addition to the ViPR tool version 3.28.22%
(Pickett el ul, 2011), and characterized following previously
described guidelines defining genotype cutoff values (Matthijnssens
et al, 20082). During these searches, any consensus sequence that
did not hold up to the respective genotype it was initially mapped to
was herein discarded as a result of the mapping error. Strain names
were assigned according to the RVA nomenclature uniformity
guidelines administered by the Rotavirus Classification Working
Group® (RCWG). The CDSs that shared the highest percentage
identity with each query or representatives of a certain group of
sequences were used to assemble multiple sequence alignments and
conduct evolutionary analysesin MEGA 11 software (Tamura et al |
2021).

2.5. Phylogenetic analysis and pairwise
comparison

To investigate the evolutionary relationship between human
and porcine RVA G4P[6] genotype strains, we constructed
individual phylogenetic trees for each of the 11 RVA genomic
segments, alongside the calculation of pairwise identity matrices.
Therefore, we chose the representative strains from GenBank
based on their high percentage identity with our query sequences
and comparability based on geolocation, origin, host, or lineage
for comparison purposes. The evolutionary history was inferred
using the maximum-likelihood (ML) method for each multiple
sequence alignment obtained by the MUSCLE algorithm, both
acquired utilizing MEGA 11 software (Tamura et al, 2021).
Substitution models that demonstrated the lowest BIC score
values were as follows: T92+4+G (VP6, NSP2, NSP4, NSP5),
T92+4+G-+I (VP7, NSP1, NSP3), TN93+G-+1 (VP2), GTR4G+I
(VP1, VP3), and HYK+G+I (VP4). The bootstrap analysis
with 1,000 replicates was used to assess the branching support
for each ML tree. Different G4 lineages were determined based
on lineage attribution from Wandera et al. (2021). Different
P[6] genotype lineages were determined based on the lineage
attribution from Maringa et al. (2020) and Wandera et al. (2021).
For graphical editing and annotation of phylogenetic trees, we
used iTOL version 6° (Letunic and Bork, 2021). Furthermore, CLC
Genomics Workbench 22.0.2 (Qiagen, Hilden, Germany) was used
for calculating pairwise identity matrices among the previously
aligned RVA sequences from the GenBank and the strains from
the present study (Supplementary Tables 2, 3). Obtained nt and
amino aad (aa) sequences of complete CDS for each RVA gene
segment, including additional genotypes in mixed infections,

3 https //blast ncbinlm mih gov/Blast coi {accessed December 14, 2022)

1ivwwew.ov- bre.org/ (accessed December 20, 2022

s /irega kuleuven be/ceyviralmeatageromicsivirus- classification/
rewq (accessed December 16, 2022)
6 tps//itol emblde/ (accessed February 24, 2023)
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were submitted to the GenBank with adjacent accession numbers:
D230: 0Q440159-0Q440170; D329: 0Q440171-0Q440184;
D572:  0Q440185-0Q440195;  5243:  0Q440196-0Q440210;
§$338: 0Q440211-0Q440223; and S344: 0Q440224-0Q440236
(Supplementary Table 4).

2.6. Intragenic recombination analysis

Utilizing the BLASTn tool, we identified and downloaded
complete BLAST search results for each of the 11 genome segments
of six G4P[6] Croatian strains, including their respective mixed
genotypes where applicable. Multiple sequence alignment sets were
constructed as described earlier, with the number of sequences
analyzed per gene alignment ranging from 110 to 383. The
RDP4v.4.101 software was used to perform intragenotype (for
each gene) and intergenotype (for genes with apparent mixed
genotypes) recombination analysis by applying seven integrated
recombination detection methods: RDP, GENECONV, MaxChi,
Bootscan, Chimera, SiScan, and 3Seq (Martin et al, 2015).
For every detected recombination event, the UPGMA method
constructed the breakpoint-defined major and minor parent
phylogenetic trees (data not shown). The term parent in this
context does not point out the exact evolutionary progenitors
of the recombinant strains, it rather signifies a group of RVA
strains from which the actual progenitors might have originated.
Only putative homologous recombination predicted by at least six
program methods was considered positive recombination signals
(Hoxie and Dennehy, 2020).

3. Results

3.1. NGS results and the whole-genome
constellation of RVA strains

Tllumina NextSeq 500 platform yielded 23.5 x 10° reads (~122
bp average length), 18.1 x 10° reads (~110 bp av. Length),
285 x 10° reads (~110 bp av. length), 296 x 10° reads
(~115 bp av. length), 247 x 10 reads (~147 bp av. length),
and 168 x 10° reads (~111 bp av. length) for strains D230,
D329, $243, §338, $344, and D572, respectively. Complete coding
sequences were successfully determined for all 11 gene segments
of all sequenced strains, and their respective mixed genotypes,
except for the P[13] genotype of the S243 strain, which was a
partial CDS (979%). A number of mapped reads, average coverage,
and other reference mapping-related data are summarized in
Supplementary Table | for each reported RVA strain. Concatenated
11-gene segmented genome constellations are presented in |able 2.
Croatian G4P[6] porcine-like human RVA strains displayed a Wa-
like genogroup constellation, and porcine G4P[6] strains displayed
an RVA genogroup 1 constellation. Each gene segment of both
human and domestic pig RVA strains uncovered the evolutionary
connection with porcine and porcine-like human strains from
neighboring countries but also with some distant global RVA
strains. Pairwise identity matrices for each gene segment can be
found in Supplementary Table 2.
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TABLE 2 Whole-genome constellations of six Croatian RVA G4Pi6] strains.
RVA strain ID VP7 VP4 VP6 VP1 VP2 VP3 NSP1 NSP2 NSP3 NSP4 NSP5
RVA/Human-wt/HRV/D230- G4 ple] 11 Rl Cl Ml Al NI TVI7 El HI1
ZGi2019/G4P(6)
RVA/Human-wt/HRV/D329- G4/Gl P[6]/P[8] 18} Rl Cl ML Al NI TUHT7 El H1
OBR2019/GAP[6]
RVA/Human-wt/HRV/D572- G4 Pl6] 11 Rl Cl ML A8 NI T7 El H1
ZGIR20211GAP[6]
RVA/Pig-wt/HRV /5243 G4/G5/GI1 Pl&]/P[13] 15 Rl Cl Ml A8 NI TUT? E9 Hl
VS/2019/G4Pl6]
RVA/Pig-wt/HRV/8338- G4/G3 P[6]/P[13] 5 R1 Cl M1 Al NI T7 El HI1
Z/20200GAP[6]
RVA/Pig-wi/HRV/S344- G4/G3 P[6]/P[13] 15 R1 Cl M1 Al N1 T7 El H1
Z120200G4P[6]

Mixed genotypes are designated for the respective genomic segment.

3.2. Phylogenetic and recombination
analysis

3.21.VP7

Croatian G4 strains presented in this research belonged to
lineage VI (Figure 1), which shared an nt percentage identity
of approximately 83-86% with other G4 lincages. Intralineage
nt percentage identity was larger than 86%. Our G4 strains
(both porcine and human detected) formed a separate cluster
within lineage VI with two porcine-derived strains from the
Czech Republic and Slovakia and three G4 zoonotic strains
detected in humans in Hungary and Kenya (Figure 1). Sequences
in this cluster shared high nt similarities (94-100%), revealing
that the three human-derived G4 Croatian strains have a
porcine origin. Phylogenetic analysis for mixed genotypes that
occurred in the VP7 segment, listed in lable 2, can be found
in Supplementary Figure 1A, In addition, respective nt and aa
% identities are located in Supplementary Table 3. The RDP4
recombination analysis detected no intragenotype or intergenotype
recombination events in this gene segment.

3.2.2. VP4

Phylogenctic analysis of the VP4 segment grouped Croatian
P[6] strains within the lineage V, among the zoonotic P[] strains
from Hungary, multiple zoonotic P[6] African strains, and P[6]
strains detected in European pigs (Figure 2). Three Croatian pig
RVA strains formed a separate clade, human-detected strains also,
all of which shared the greatest nt similarity within their respective
clades, while the D329 P[6] strain displayed porcine origin closest
to Hungarian zoonotic P[6] (Figure 2). Genotype P6| displayed
intragenotype differences much like the G4; hence, nt percentage
identities between different lineages ranged from 82 to 88%, and
within the lineage V from 90 to 99.6%. Recombination analysis of
the VP4 segment resulted in identifying the porcine S338 strain
as an intragenotype P[6] recombinant of two human Pé strains
of zoonotic porcine origin, from Hungary and Russia as major
and minor parents (1ablz 3), The recombination event has been
detected with six of seven RDP4 detection methods, therefore,
strongly supported. Phylogenetic analysis for mixed genotypes that
occurred in the VP4 segment, listed in Tablc 2, and can be found
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in Supplementary Figure 1B, [n addition, respective nt and aa %
identities are located in Supplementary Table 3.

3.2.3.VP6

Two different genotypes were established in this segment,
15 for domestic pig-derived, and [l for human-derived strains
(Figure 3D). Intragenotype I5 nt similarity fell in the range of 92.8-
99.8%. Among the typical porcine 15 genotype, two clusters of
different sources of origin can be recognized, one that includes
strain $243 mixed with other European strains (from Italy, Belgium,
and Spain) and one of remote origin that includes strains $338 and
$344 mixed with North American strain (Figure 3D). Genotype
11 human-derived strains presented as porcine-originated, since
these strains branch together with Hungarian and Kenyan porcine-
like strains previously reported as zoonotic (Papp el al, 20133
Wandera et al,, 2021) with nt similarity surpassing 95%. The RDP4
recombination analysis detected no intragenotype or intergenotype
recombination events in this gene segment.

3.24.VP1

Six Croatian G4P[6] strains were identified as genotype R1,
although they proved to be a diverse group of sequences with nt
similarity ranging from 86 to 100%. Human-derived strain D572
clustered with various European porcine R1 strains (94-96% nt
identity) including an autochthonous $243 domestic pig-derived
strain, and with the USA Gottfried, a representative strain for
the porcine-originated Wa-like G4P[6] constellation (Figure 3A).
Strain D572 R1 did not prove similar to any human-derived R1
available sequences (<87%). This complete phylogenetic separation
from human-derived R1 strains suggests a VP1 porcine/porcine-
like human reassortment event. The second human-derived Rl
strain, D230, clustered with Hungarian zoonotic porcine-like
strains (Figure 3A). Interestingly, the human-detected D329 strain
also displayed a porcine-like origin but was similar to porcine and
porcine-like R1 strains from South Korea and Nepal (Figure 3A).
The remaining two porcine-detected strains (S344, S348) were
mixed with other European porcine strains in a different RI
lineage (Figure 3A). The RDP4 recombination analysis detected
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MF469224 RVA/Human-lab/USA/Rotarix/2016/G1PX
KP836290 RVA/Pig-wt/BEL/14R125/2014/G4P23
LC569885 RVA/Human-wt/THA/DU2014-259/2014/G4P6
KF726066 RVA/Human-wt/CHN/R1954/2013/G4P6 Lineage V
GQ229049 RVA/Human-wt/IND/mani-362/2007/G4P6
DQ873680 RVA/Human-tc/CHN/R479/2004/G4P6
MT025917 RVA/Pig-tc/USA/Gottfried/1975/G4P6
KJ659447 RVA/Pig-tc/USA/LS00008/1975/G4P6
JN129125 RVA/HUman/NCA/OL/2010/G4P6
KJ870905 RVA/Human-wt/COD/KisB332/2008/G4P6
GU565090 RVA/Vaccine/lUSA/RotaTeq-BrB-9/1996/G4P5
AF161817 RVA/Human-wt/ZAF/GR442/1986/G4P6 L
LC482503 RVA/Human-tc/JPN/Hosokawa/1983/G4P8
HQ846884 RVA/Vaccine/Rotashield ST3XxRRV/G4PX
T[-e MT784830 RVA/Pig-wt/MOZ/MZ-MPT-115/2016/G4P6
+ KJ412569 RVA/Human-wt/PRY/1809SR/2009/G4P6
f£“ KF835933 RVA/Human-wt/HUN/BP1490/1994/G4P6
I KF835931 RVA/Human-wt/HUN/BP1227/2002/G4P6

Lineage Il

Lineage VI

L1 | 1 MN203543 RVA/Pig-wt/SVK/BOC11/G4PX e
MN203542 RVA/Pig-wt/SVK/BOC8/GAPX

[m KF835936 RVA/Human-wt/HUN/BP1901/1991/G4P6
KF835929 RVA/Human-wt/HUN/BP271/2000/G4P6

~ AB924100 RVA/Pig-wt/JPN/BU8/2014/G4P6

—=MK227832 RVA/Pig-wt/TWN/103-P-004-1-0213/2014/G4P13

E- KC713876 RVA/Hu-wi/RUS/Nov11-N2687/2011/G4P6

FJ915091 RVA/Hu-wt/RUS/Nov05-394/2005/G4P6

0Q440196 RVA/Pig-wt/HRV/S243-VS[2019/G4P6

0Q440185 RVA/Human-wt/HRV/D572-ZG/2021/G4P6

0Q440171 RVA/Human-wt/HRV/D329-0B/2019/G4P6

4 0Q440159 RVA/Human-wt/HRV/D230-ZG/2019/G4P6

*F LCB00814 RVA/Human-w/KEN/KCH148/2019/G4P6
MN203548 RVA/Pig-wt/SVK/LUHB/GAPX

. KU887645 RVA/WildBoar-wi/CZE/P211/2014/G4P6
KF835932 RVA/Human-wt/HUN/BP1231/2002/G4P6
KF835934 RVA/Human-wt/HUN/BP1547/2005/G4P6
0Q440224 RVAIPig-wt/HRVIS344-Z/2020/G4P6
0Q440211 RVAIPig-wt/HRV/S338-Z/2020/G4P6
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GUS65055 RVA/Vaccine/USA/RotaTeq-W179-9/1992/G1P7P5
= IN129097 RVAHuman/NCA/OL/2010/G4P6 Lresge v
0 AB924098N RVA/Pig-wi/JPN/BU8/2014/GAP6 st
AB770153 RVA/Human-tc/JPN/AU19/1997/G1P6
~+_KF835919 RVA/HUman- wy/HUN/BP1792/2004/G4P6 s

KJ752298 RVA/Human-wt/ZMB/MRC-DPRU3495/2009/G9P6

KJ752098 RVA/Human-wt/ETH/MRC-DPRU1873/2008/G3P6

KP752496 RVA/Human-wt/TGO/MRC-DPRU2206/2009/G3G9P6
v JF460837 RVA/Human-wt/BEL/F01498/2009/G3P6

Linaace |
*¥ JF460826 RVA/Human-wt/BEL/F01322/2009/G3P6
—+M33516 RVA/Pig-tc/USA/Gottfried/1983/G4P6 Lineage I
MK936416 RVA/Pig-WVESP/VT29/2018/G4P6
KF835915 RVA/Human-wi/HUN/BP1227/2002/G4P6
0Q440197 RVAIPig-wt/HRVIS243-VS/2019/G4P6 Lineage v

0Q440212 RVAIPig-wt/HRV/S338-Z/2020/G4P6
0Q440225 RVAIPig-wt/HRVIS344-Z/2020/G4P6
KF835914 RVA/Human-wi/HUN/BP1125/2004/G4P6
0Q440172 RVA/Human-wt/HRV/D329-0B/2019/G4P6
KF835917 RVA/Human-wt/HUN/BP1490/1994/G4P6
KM820719 RVA/Pig-wt/BEL/12R006/2012/G3P6
JQ993319 RVA /Human/BEL/BE2001/2009/GIP6
0Q440186 RVA/Human-wt/HRV/D572-ZG/2021/G4P6
0Q440160 RVA/Human-wt/HRV/D230-ZG/2019/G4P6
0OM982738 RVA/Pig-wt/CHE/S19-1115/2019/G4P6

| OM982775 RVA/Pig-wi/CHE/S18-1097/2018/G5G3P6P7P13P32
MT271026 RVA/Human-wt/ZMB/MRC-DPRU4723/2014/G5P6
KJ870903 RVA/Human-wt/COD/KisB332/2008/G4P6
LC600812 RVA/Human-wt/KEN/KCH148/2019/G4P6

FIGURE 2

The phylogehetic tres of the full-length VP4 segment P6] genotype CDS sequencas, Trie strains from the prasent study were bolded and marked in
purple (pig-derived strains) and in biue (human-derived strains. Accession numbers of all strains are included In the taxa labels. The tree was
gererated by the ML method and the HYK+G+1 model in MEGA 11 software The bootstrap analysis with 1,000 replicates was used to assess the
branching support [showed values > 0.7). The scals bar represents the number of substitutions per site. RotsTeq P[5] strain stands as an outgroun.

TABLE3 RVA intragenotype and intergenotype recombination data.

Recombinant strain ~ S338 P6 D329 A1 D329 77 S243 17 D230T1
Recombination type Intragenotype Intragerotype ‘ [ntergenotype Tntergenotype Intergenatype
Major parent KF835917 RVA/Hu- KF835940 RVA/Hu- KF723308 RVA/Pig- D572°17 OM982754 RVA/Pig-
wi/HUN/1490/1994/ wt/HUN/BP1231/2002/ vt/TTA/S19RE 2010/ wt/CHE/SI8- 14632018/
4P[6] G4P[6]AL G5P23T7 GSP[32]T1
Minoar parent JX156399 RVA/Hu- ON992465 RVA/Hu- D329 11 SH3T1 D230T7
wi/RUS/N2687/2011/ w/CHN/IL18221043/
G4P[6] 2018/GOP{3]A 1
Starting breakpoint* 1.858 885 | 246 1/838 310
Ending breakpoint* 2,156 971 5 174943 692
No, of detection methods 6/7 i w7 bl W
confirming recombination
cvent
*Breakpoint confidence interval 99%.
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GUS65085 AVAVaccine/USA/RataTeq \WI79-4/1992/06PL
«  MH238206 RVAPig-wESPIF3?6/12017/G4P7

OMO82790 RVAIPg-wUCHE/S20-0073/2020/G5G9P13
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KCG10700 RVAPig Wi/l TATRE2009/G9P23
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no intragenotype or intergenotype recombination events in this
gene segment.

3.25.VP2

All presented Croatian strains genotyped as Cl shared a porcine
or porcine-like origin. A few typical human strains with Wa-
like backbone constellation, including the Rotarix vaccine strain,
were added to phylogenetic analysis for comparison purposes, and
have formed a separate cluster, thus outlining the phylogenetic
distance between human and porcine-originated genotype Cl1
(Figure 3B). Two porcine-derived Croatian strains, $338 and $344,
sampled at the same time and on the same holding, separated
into different clusters in this gene segment (Figure 3B). What
probably influenced this separation is the insertion of S amino
acid at position 41 in the amino acid sequence for strain S338.
Moreover, additional insertions were observed in other Croatian
C1 sequences, such as NNKN amino acids at positions 38-41 for
strains D329 and 5243, and KAS amino acids at positions 39-40
for strain D230. Listed insertions were sequenced with the high
coverage for each nt position. The typical genotype C1 strains
of human origin shared an insertion similar to the strains D329
and 5243, differing in two amino acids (KNRNJ. In contrast, the
insertion described for the D230 strain has not been, to the best
of our knowledge, described yet. Regardless of the mentioned
differences, nt similarity among porcine- and human-derived C1
strains ranged [rom 93 to 99%, The RDP4 recombination analysis
detected no intragenotype or intergenotype recombination events
in this gene segment.

3.2.6.VP3

Croatian strains shared an M1 genotype consistent with porcine
or porcine-like origin. Croatian human-originated M1 sequences
clustered separately as shown in Figure 3C but phylogenetically
connected to porcine RVA strains, Domestic pig-derived strains
8344 and $338 clustered separately from strain S243, but all
were phylogenctically related to porcine or human RVA strains
of porcine origin. All six strains described in the present study
displayed the highest nt identity with Hungarian zoonotic porcine-
like strains, but interestingly, except for the porcine-derived 5338
and $344 strains mutually, none of the strains shared more than
94.3% similarity with another autochthonous or database-accessed
strain. The said divergence of herein included M1 genotype strains
was also suggested by the phylogram branching pattern and branch
lengths (Figure 3C). The RDP4 recombination analysis detected
no intragenotype or intergenotype recombination events in this
gene segment.

3.2.7.NSP1

Within the NSPI gene segment, the Croatian strains clustered
into two genotypes, Al and A8 (Figure4A). A typical porcine
A8 genotype was found in one porcine and one human-derived
strain. The latter, the human-derived D572 A8 strain, was presented
as a putative porcine/porcine-like human reassortment event,
possessing a typical porcine genotype. Consequently, it separated
phylogenetically with porcine strains, forming a clade with the
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porcine A8 strain detected in Switzerdand (89.4% nt identity)
supported by a high bootstrap value, while it barely reached
the genotype cutoff value with other A8 strains. We accentuate
the proximity of the Swiss porcine strain in this case since the
reassortment suggests a putative evolutionary connection between
D572 and porcine strains from Switzerland, which already occurred
in the VP1 segment (Figure 3A). This finding marks a second
reassortment event for the D572 strain, making ita porcine-human
RVA reassortant in VP1 (Figure 3A) and NSPL (Figure £A). No
available human-derived A8 sequences that would be similar to
this strain were available in GenBank for comparison, pointing
out a lack of known human-derived evolutionary relatives of the
D572 A8 strain. In genotype Al, taxons branched in two separate
directions, one of typical human-originated Al, and the other of
porcine-like-originated Al. One human and two porcine Croatian
sequences formed a clade in a porcine-like Al cluster, while the
human D329 strain branched individually within the same Al
cluster, with evident divergence, showing the highest nt identity
of only 87.7% with a zoonotic porcine-like strain from Kenya
(Figure 4A). The explanation for D329 A1 phylogenetic divergence
was found in the NSP1 gene segment recombination analysis, It
was identified as an intragenotype Al recombinant between two
human Al strains, one of which was a zoonotic porcine-like origin
strain from Hungary serving as a major parent, and in the role of
the minor parent, there was a Chinese Al strain of typical human
origin (Table 3). This outcome is completely cohesive with the
fact that in the D329 sample, along with the porcine-like G4P[s],
G1P[8] genotype combination was also present, which is a typical
human RVA genotype combination (Supplementary Figure 1), This
recombination event was strongly supported by seven of seven
RDP4 detection methods.

3.2.8.NSP2

In the NSP2 phylogeny, Croatian strains were genotyped
as N1 genotype, while clustering in three different branches
(Figure 4B). One formed a cluster consisting of Croatian strains,
two human and two porcine-derived, paired with a Hungarian
zoonotic porcine-like strain. These four Croatian strains shared the
highest percentage nt identity of approximately 97%, underlying an
obvious connection between autochthonous porcine and porcine-
like human strains. Furthermore, this cluster shared high identities
at the nt level (>95%) with East Asian strains. Another strain,
D572, also demonstrated phylogenetic proximity to far-eastern
strains in a form of a clade with Chinese and South Korean
pig strains (Figure 413). The third putative source of origin was
presented by two North American porcine N1 genotype strains,
including Gottfried, in the same clade as the Croatian porcine 5243
strain, as supparted by pairwise nt identity comparison, and high
bootstrap support (Figure 1B). The RDP4 recombination analysis
detected no intragenotype or intergenotype recombination events
in this gene segment.

3.2.9. NSP3

The translation enhancer gene segment is presented in two
genotypes, T7 and T1. In addition to VP7 and VP4 segments,
mixed genotypes were also detected in NSP3 (lable 2, Figure 40).
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All Croatian G4P[6] strains presented with typical porcine T7
genotype, grouping with other European and global porcine T7
strains (89-98%). Two human-derived strains (D230, D329) and
one porcine strain (S243) were presented as a mix of T1/T7
genotypes. These strains shared the highest identity (92%) with
other porcine and porcine-like human T1 strains (Figure 40). In
the T1 phylogram, the branches forming a clade with T1 RVA
strains of human origin are highlighted in red to accentuate a
divergence of porcine and porcine-like human strains detected
in the present study. Moreover, the NSP3 segment headlined in
recombination analysis, since every mixed genotype strain was
also presented as an intergenotype T1-17 recombinant (Iable 3).
This finding was also obvious in the phylogenetic tree as these
strains occupied sequestered branches falling on the edges of their
respective genotypes (Figure 4C). Human strain D329 T7 was
profiled as a recombinant of the Italian porcine T7 strain (major
parent) and D329 T1 (minor parent). Furthermore, human strain
D230 T1 was detected to be a recombinant between a Swiss porcine
T1 strain (major parent) and D230 T7 (minor parent). Finally,
one more recombination event took place in the NSP3 segment,
with a porcine strain $243 T7 as a recombinant, having §243 T1
as a minor, and another Croatian human porcine-like strain D572
‘I'7 as a major parent (lable 1). Every listed recombination event
was strongly supported because detection was achieved with six or
seven RDP4 integrated detection methods.

3.2.10. NSP4

Genome analysis of the RVA enterotoxin segment
demonstrated two genotypes, E9 and El. The porcine strain
$243 presented with a typical porcine E9 genotype and is evidently
related to a variety of European porcine strains (Figure4D).
The other five Croatian RVA strains described in the present
study are positioned in the El genotype. Red-branching clade
including the Rotarix vaccine strain shows the El genotype
of human-origin RVAs (Figure 1D), Croatian E1 strains are
positioned among porcine or porcine-like human strains in
three different subclades, expressing high nt identity (92-100%)
with autochthonous, European, African, Asian, and even Latin
American strains, making it difficult to presume exact origin.
The RDP4 recombination analysis detected no intragenotype or
intergenotype recombination events in this gene segment.

3.2.11. NSP5

All Croatian strains of human and porcine origin were
genotyped as H1 genotypes showing over 97% nt identity among
intragenotype strains (Figure 4E). Nevertheless, three clusters of
Croatian Hl sequences can be determined phylogenetically. Two
porcine sequences (S344, S388) branched with Chinese porcine
HI strain, one porcine (5243) and two human H1 porcine-like
strains (D230, D572) sequestered in a separate clade, and finally, a
human-derived porcine-like D329 strain branched with porcine H1
strain detected in Italy (Figure 4E). For origin reference, H1 strains
of human RVA origin were marked in a red branching pattern
and hence illustrated a separation from porcine-like H1 strains.
The RDP4 recombination analysis detected no intragenotype or
intergenotype recombination events in this gene segment.
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4. Discussion

In the present study, we sequenced and analyzed the whole
genomes of six Croatian RVA G4P[6] strains detected in children
under 2 years of age with AGE symptoms and in weanling
piglets with diarrhea, during a synchronized spatiotemporal 3-
year study (2018-2021). The aim was to illustrate how genetically
intertwined an unusual zoonotic G4P[6] RVA genotype can be
in both populations concurrently, accentuating the influence that
the animal rotaviruses have on the evolution and recurrence of
heterotypic RVAs in humans. Expectedly, porcine RVA strains
displayed to have a porcine genogroup 1 origin in all gene segments,
with typical porcine genotypes such as I5, A8, T7, and E9 standing
out. Three porcine-like human G4P[6] strains displayed a Wa-
like genogroup 1 constellation, while phylogenetic analysis revealed
that in every genomic segment, these strains were genetically closely
related to porcine-like human RVAs or porcine-originated strains.
Human RVA Wa-like genogroup constellation is known to share
its origin with porcine RVA genogroup 1 strains (Matthiinssens
et al,, 2008b; Steyer et al,, 2008; Martella et al., 2010; Papp et al,
2013h). Considering surface protein coding gene segments, the
(G4 genotype has also been proven to infect humans and pigs,
predominantly as a part of the G4P[8] genotype combination in
humans, and as a third most prevalent VP7 genotype in pigs (Doro
et al, 2015). The same is accurate for P[6], which is also a major
porcine genotype. Nevertheless, human porcine-like RVA P[6]
strains have been identified in a very sporadic pattern in Europe,
but recurrence was continuous (Banvai et al , 2004; Martella et al,
2006; Steyer et al., 2008; Papp et al., 2013a; Vrdoljak et al., 2019). In
the present study, G4 genotype strains clustered within lineage VI
as defined by Wandera et al. (2021). However, as we have already
hypothesized, G4 lineage VI could actually be formed of three
distinct lineages if the lineages -V demarcation threshold was
applied (Brnid et al, 2022), but the consensus threshold criterion
for lineage definition is currently unknown. In actuality, all G4
lineage VI strains presented in that study branched into three
groups, possibly marking different lineages (Brni¢ et al.. 2022).
Nevertheless, despite the linage notation, all human-derived G4
strains from the present study are of porcine origin (Figure 1),
This could also be said for strains of the P[6] genotype which
clustered within the lincage V (Figure 2). In our previous study
on porcine RVAs in Croatia, two porcine P[6] strains clustered
within lineage IV in addition to lineage V strains (Brnic et al.,
2022). All these P[6] strains were closely evolutionary connected
to neighboring Hungarian zoonotic P[6] strains, underlining the
influence of regional geolocation on RVA strain diversity.

The timing of detection of human-derived (G4[6] strains
was uncommon as all three G4P[6] strains were detected in
symptomatic children in the summer months, an RVA out-of-
season period in Croatia. This comes in agreement with earlier
reports that emphasize an increase in mixed and rare genotype
rates in multiple European countries in out-of-season months
(Hungerford et al, 2016). Similar findings were also reported in
Southern Italy; a 6-month-old child infected with the zoonotic
G4P[6] RVA strain paired with the Wa-like backbone constellation,
was also hospitalized in August. The foreign origin of this strain was
further hypothesized (Janiro et al, 2019). Similar to neighboring
Ttaly, Croatia isa Mediterranean country with an immense amount
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of tourism in July and August, thus, the import of an unusual
zoonotic strain at that time could be hypothesized. However,
based on the pairwise nt identities and phylogenetic relatedness
of Croatian porcine and human-derived G4P[6] strains in the
majority of gene segments, we believe that these cases are the
result of independent events of indirect zoonotic interspecies
transmission within Croatia. Moreover, the recombination analysis
on multiple RVA segments provided additional evidence in favor
of this conclusion. In all three human RVA cases, most probably
an indirect RVA transmission occurred because of the very young
age of infected children, where a direct piglet-child transmission
is deemed highly unlikely. Environmental transmission might
have played a role in the epidemiology of these infections. Since
our human samples were collected during the summer months,
the eflidency of RVA transmission might be reduced in higher
temperature conditions (IKraay et al, 2018).

RVA mixed genotypes detected in Croatian porcine and
porcine-like human G4P[6] strains propelled an incidence of
reassortment cvents and intragenic homologous recombinations
occurred in a few strains (Table 3). Due to the divergence of the
D572 strain in VP1 and NSP1 segments from the rest of the
human and porcine-like human strains. as well as clustering with
exclusively porcine-derived strains in these segments, it most likely
signifies the occurrence of reassortment between typical porcine
and porcine-like human RVA strains (Figures 34, 4A). No human-
derived VP1 and NSP1 sequences that would be similar to the D572
strain were available in GenBank for comparison, pointing out a
lack of known human-derived evolutionary relatives of D572 R1
and A8 strains, reaffirming D572 as a putative porcine/porcine-
like human reassortant. It is accepted that heterologous RVAs
of the porcine origin or porcine-human RVA reassortants had
sporadically occurred and successfully spread among humans
(Martella et al., 2010). Nevertheless, this kind of human-to-human
transmission is generally short-lived since the heterologous RVA
strains do not spread horizontally as efliciently among their
non-specific hosts (Matthijnssens et al,, 2006). Consequently, the
significance of zoonotic transmission is potentially overlooked
because clinically hospitalized symptomatic individuals are the
focal point of RVA strain surveillance (Vilibic-Caviek et al, 2021).

Moreover, two human porcine-like strains and one porcine
strain have shown recombination events in at least one of the gene
segments (VP4, NSP1 or NSP3). Interestingly, a G4P[6] RVA strain
with a Wa-like constellation detected in the Dominican Republic
was reported with the recombination events in the same genome
segments as these three Croatian recombinants {(Esona el al., 2017).
Conversely to the comprehensive research of rotavirus A intragenic
recombination prevalence, where recombination analysis of the
NSP3 gene segment gave no results (Hoxie and Dennehy, 2020),
herein we report T1-T7 intergenotype recombination among all
three NSP3 recombinant strains, which also means that the NSP3
recombination was present in every strain presented with a T1/T7
mixed genotype. Findings like this further endorse the cognition
that mixed genotypes predispose the evolution of novel RVA strains
(Estes and Greenberg, 2013).

Finally, the VP2 nt sequence insertions in the 1-134
region are quite common (Matthiinssens et al, 2008a), and
insertions detected in Croatian C1 sequences were found in the
same region.
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In conclusion, zoonotic interspecies transmission like
these highlights the importance of continuous surveillance
of animal RVAs and raises awareness on the role of animal
RVAs in the evolution of strains affecting the human
population. Such events of zoonotic transmission may have
a short-term and long-term impact on the protectiveness
of currently available vaccines. Thus, it is important to
monitor the possible emergent liabilities which stem
from the interconnection of human-animal RVAs. In that
process, a One Health approach in RVA research brings an
immense contribution,
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provides insights into RVA host diversity, presenting the firsst complete RVA genome data from golden jackals

and the second from red foxes globally. In addition, it

the first plete RVA from wild boars

outside of Asia to date. Wildlife-derived RVAs showed evolutionary links to domestic pig strains, including
zoonotic strains, highlighting the role of wildlife in RV~\ xhssemxuauon 'l'hese ﬁuduwa emphasize the need for

expanded animal RVA surveillance to better unds 1 envir tx

ic risks, and control

strategics within a One Health frameworlk.

1. Introduction

Rotavirus A (RVA) is the leading cause of non-bacterial gastroenter-
itis in mammalian and avian species (Estes and Greenberg, 2013), with
an estimated 128,000 deaths annually in children under the age of five
(Troeger et al., 2018). It is a multispecies virus infecting a wide range of
hosts, including h domestic animals, and wildlife. The RVA's
double-stranded RNA (dsRNA) genome consists of 11 gene segments
encoding six structural (VP1-VP4, VP6, and VP7) and six non-structural
(NSP1-NSP6) proteins [Crawford et al., 2017). The VP7 and VP4 surface
proteins define its binomial lature, designating the G (Glycosy-
lated) and P (Protease-sensitive) genotypes, respectively (Fstes and
Greenberg, 2013), with 42 G and 58 P genotypes currently recognized
(Rotavirus Classification Working Group, 2023). Additionally, the
whole genome-based classification provides the basis for in-depth
genomic analysis of the RVA genome, assigning genotypes to each
gene segment based on predefined nucleotide (nt) percenmge identity
(pi) cutoff values (Matthijnssens et al., 2008a), Transmission primanly
occurs through the fecal-oral route, though salivary and possibly respi-
ratory routes have also been suggested (Dian et al, 2021; Ghosh et al,
2022). Infection spreads through direct contact with symptomatic or
asymptomatic individuals or via contaminated objects, feed, or water.
Degradation of natural habitats exacerbates multispecies pathogen
transmission tisks by forcing wild animals into closer proximity with
humans and domestic animals, increasing opportunities for cross-
contamination via shared water sources, discarded food or excrements
(de Barros et al., 2018; Senira et al., 2024). RVs are highly contagious,
with infected individuals shedding large quantities of vitus in feces and
contaminating the environment, where RVA can preserve infectivity for
several howrs to several months outside the host (D'Souza et al., 2008;
Geleru etal,, 2021). This underscores the ecologlcnl connectivity of RVA
indirect transmission, where ¢ d envi p
reservoir hosts, :md ovalappmg t:roplm: niches perpetuate interspecies
spillover risks. Ei route is especially relevant
in wildland-urban interface (WUl) regions where wildlife, domestic
animals and humans share habitats, facilitating interspecies and zoo-
notic transmission of multi-species pathogens, like RVA (Malil et ol
2020). The global incidence of zoonotic diseases is steadily increasing,
with several potential risk factors identified, such as wbanization,
deforestation, changes in population dynamies and human eneroach-
ment in wildlife habitats (Cunningham et al., 2017; Desvars-Lamrive
et al.. 2024). Therefore, a collaborative One Health approach to the
ecosystem as a whole is needed to address the health of humans, ani-
mals, and the envir especially ing multi-species patho-
gens in shared habitats (Cunningham et al., 2017; Wegner et al., 2022).
Combined with a spatiotemporal approach, it provides context for
sampling all investigated species conducted within the same timeframe
and geographic area (Mathian and Sanders, 2014; Galvez et al., 2024).

To date, research efforts have been predominantly focused on human
RVAs, with domestic pig-derived RVA strains being genotyped roughly
100 times less frequently (Papp et al., 2013a). The information gap is
even more pronounced when considering the limited data on genotyped
RVA strains circulating in wildlife (Ghosh and Kobayashi, 2014), The
importance of considering host species when evaluating disease model
systems for multi-species pathogens is well-supported by One Health
research, as understanding this dynamic is erucial for accurarely pre-
dicting disease emergence and informing effective prevention strategies

(Singh et al., 2023; Rui et al., 2024), The potential importance of
wildlife-derived RVA strnins may be underestimated, especially
considering the frequent wildlife origin of emerging infectious diseases
(Cunmugham et al, 2017; Vilibic-Cavlek et al., 2021). Approximately
75 % of emerging infectious diseases in humans originate from animals,
with wildlife serving as primary reservoirs for some high-impact path-
ogens (World Organisarion for Animal Health, 2024). Therefore, One
Health-based spatiotemporal approach is crucial for understanding the
genetic interconnectedness of RVAs in various human and animal pop-
ulations. In the swine industry, particularly in suckling and weanling
pigs, RVA outbreaks can cause significant losses due to dehydration,
especially in intensive farm settings (Chang et al, 2012; Palmarini
2017). Domestic pigs exhibit remarkable genotype diversity as RVA
hosts, with over 50 genotype combinations identified (Dorc =t al.
2015). Globally, the most common porcine RVA genotypes include G5
(46 %), G3 (11 %), and G4 (10 %) for VP7, while VP4 genotypes are
dominated by P[7] (47 %), P[6] (16 %) and P[13] (3 %) (Doro et al.,
2015). Conversely, far less research was conducted on RVAs in wild
boars. Nonetheless, existing research endorsed the occurrence of RVA
interspecies transmission between d ic pigs and wild boars, along
with highlighting the elose phylogenetic relationship of some RVA
strains detected in humans (Oladera et al | 2013; Mouteltkovs et al._
2016; Broic et al., 20222). Wild canids hold particular interest due to
their presence in semi-urban habitats, potentially posing a risk of
spreading disease to human and animal populations (Zecchin et al.,
2019). Despite their potential role in RVA transmission, research on wild
canid-derived RVA is scarce, with only two studies focused on red foxes
(Evans, 1984; Busiet al, 2017). The golden jackal has notably expanded
across Eutope, including Croatia and neighboring countries (Spassov
and Acostu-Pankov, 2019; Kiofel etal., 2023; Bijl etul,, 2024), while red
foxes remain widespread across the contnent (Statham et al., 2015).
Previous Croatian studies reported an RVA prevalence of 14.9 % in red
foxes and 20.6 % in golden jackals with a remarkable RVA genetic di-
versity in terms of 11 G and nine P circulating genotypes, including
those of typical porcine origin (Colic et al., 2021; Colic, 2021). To the
best of our knowledge, studies on RVA in golden jackals have not been
conducted so far, leaving a significant knowledge gap regarding the wild
canids’ role in RVA epidemiology. This study aimed to analyze porcine-
originated complete RVA genomes from Croatian domestic pigs and
wildlife utilizing a spatiotemporal One-Health approach to assess the
genetic interconnectedness of poreine-originated RVAs (poRVAs) and
their potential interspecies transmission within the Croatian ecosystem.
Additionally, we aimed to use comprehensive complete RVA genome
analysis to verify previously hypothesized interspecies transmission
based on surface protein coding VP7/VP4 genes (Colicetnl,, 2021; Binic
er al, 2022n). The decribed complete RVA genomes derived from
wildlife may contribute to narrowing the knowledge gap about wildlife
influence on RVA epidemiology in the context of the One Health
framework.

2. Methods

2.1. Sampling and molecular diggnestics

Ni complete poRVA g analyzed in this study were
obtained from samples collected over three consecutive years
(2018-2021) in Croatia, as part of a broader One Health RVA
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surveillance program. In total, 445 fecal samples or rectal swabs were
collected from domestic pigs (Sus scrofa domesticus), 441 from wild boars
(Sus scrofu), 533 from red foxes (Vulpes vulpes), and 131 from golden
jackals (Canis aureus). Each animal was sampled only once. In domestic
pigs, suclding and weaning caregories were sampled, ench by individual

Science of the Total Environment 994 (2025) 180010

rectal swabbing, while fecal samples from wild boars were sampled after
regular hunting practices. Both domestic pigs and wild boars were
sampled in multiple counties in Croatia, on various industrial and small
backyard holdings and different hunting areas, as described by Bioie
er al.. 20220, Upon collection, all samples were transferred to the

Year of Collection

® 2018
® 2019
@ 2020
Sample Count
® 10
® s
® :o
®:s
®:
Host
Domestic Pig
Jackal
® Red Fox
¢ Wild Boar
ID Host Month |Year ICountry Sex Age Diarrhea
[ [s55 Domestic Pig 12 2018|Croatia F 20 days No
M |s219 Domestic Pig 11 2019|Croatia Unknown |23 days Yes
. S224 Domestic Pig 11 2019|Croatia M 40 days Yes
M [s225 Domestic Pig 11 2019|Croatia M 40 days Yes
M [s236 Domestic Pig 11 2019|Croatia Unknown |14 days Yes
B |s224 Domestic Pig 11 2019|Croatia M 40 days Yes
[ |s280 Domestic Pig 12 2019|Croatia M 22 days No
@ |sa Red Fox 7 2018|Croatia Unknown |3-4 years No
@ |62 Red Fox 7 2018|Croatia  |Unknown |6months  No
® 1352 Red Fox 10 2019|Croatia  |M 4-5years No
® |La65 Red Fox 10| 2020|Croatia  |F Unknown No
® |1533 Red Fox 11 2020|Croatia  |F 1-2 years No
A [cas Jackal 2 2020(Croatia  |F Unknown  No
. DS76 Wild Boar 11 2018|Croatia M Under 1year No
’ Ds84 Wild Boar 11 2018|Croatia F Under 1year No
‘ DS229 Wild Boar 1 2020|Croatia M 1-2 years No
’ DS306 Wild Boar 1 2020|Croatia F Under 1year No
. DS327 Wild Boar 6 2020|Croatia M 1-2 years No
‘ DS404 Wild Boar 12 2020{Croatia F Under 1year No
Fig. 1. Map of Croaria illustrating the spatiotempoml distribution of ssmpled animals. Different shapes represent animal species: squares for domestic pigs, diamond
shape for wild boars, circle for red foxes, and a uiangle for a jackal, The color coding indicates the sampling year, with green ing 2018, pink ing
2019, and blue representing 2020 (legend shown). Sample count per location spot 1s indicated m a shown legend, Below the map, Table 1 with sample information is
provided. The image was generated with RStudio (2024.12.1). The map was acquired from the GADM repository (hittps:/gadm org/, accessed on February
18th, 2025),
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Croatian Veterinary Institute for further molecular diagnostics. Fecal
samples from wild canids were collected from red foxes and golden
jackals hunted in the scope of the active surveillance of the indirect anti-
rabies oral vaceination campaign, organized by the Veterinary and Food
Safety Directorate of the Croatinn Ministry of Agriculture. Feeal samples
were collected directly from the rectum of wild canid carcasses received
at the Croatian Veterinary Institute. In contrast to domestic pigs in
which younger categories were sampled, all wildlife (wild boars, red
foxes, and golden jackals) fecal were coll 1 upholding
hunting regulations, i.e., mostly adults were sampled.

All samples underwent initial sample processing, including nucleic
acid extraction, RVA VP2 real-time RT-PCR, VP7 and VP4 genotyping,
Sanger sequencing and sequence analysis, performed as previously
described (Coli¢, 2021; Colié et al., 2021; Brni¢ et al., 20223a), The RVA
prevalence mtes in investigated species were based on results obtained
by the VP2 real-time RT-PCR protocol (Colic et al, 2021; Bmic =t al,
20224). The RVA prevalence was 49.9 % in domestic pigs, 9.3 % in wild
boars (Biuic et al., 20224), 15 % in red foxes (previously published
prevalence was 14.9 % on 370 samples (Colic et al, 2021)) and 36.6 %
in golden jackals (previously published prevalence was 20.6 % on 34
samples (Colic, 2021)). During the genotyping process, VP7/VP4 RVA
genotypes of typical porcine origin were detected in multiple species,
leading to the presumed sporadic interspecies wansmission of poRVAs in
Croatia. Sinee in previous research a zoonorie spillover of poRVAs in
Croatia was already detected (Kunic er al | 2023), we further investi-
gated these strains to expand on the One Health perspective of poRVA
interspecies transmission in the Croatian ecosysten1. Therefore, samples
from multiple wildlife species in which poRVAs were detected (wild
boars, red foxes, and golden jackals), along with strains from domesrie
pigs with matching genotypes were selected for next-generation
sequencing (NGS). Considering additional excluding practical ariteria
(e.g. quantity of collected samples), a total of 19 samples matching these
criteria were selected for NGS (Fig. 1).

2.2. Library preparation and NGS

For NGS sample preparation, fecal and swab suspensions (20 % w/v)
prepared as described earlier served as the starting material. The nucleic
acid extraction, DNA depletion, ¢cDNA synthesis, purification, and
quantification steps, as well as NGS library preparation, were conducted
using previously described protocols (Kunic =t al,, 2023). In brief, key
steps included nucleic acid extraction using the Maelstrom 9600 deviee
with OptiPure Viral Auto Plates (TANBead Inc., Taoyuan City, Taiwan),
while cDNA synthesis was conducted with the Maxima H Minus Double-
Stranded cDNA Synthesis Kit (Thermo Scientific, Waltham, USA). Li-
braries were constructed using the Nextera XT DNA Library Preparation
Kit (Illumina Inc., San Diego, USA), barcoded with IDT for Mumina
Nextern DNA/RNA Unique Dual Indexes (Illumina Inc., San Diego,
USA), and purified utilizing Agencourt AMPure XP magnetic beads
(Beckman Coulter, Brea, USA). Library quality and quantity were
assessed using a 2100 Bioanalyzer (Agilent, Santa Clam, USA) and a
Qubit™ 4 Fluorometer (Thermo Fisher Scientifie, Waltham, USA).
Sequencing was performed on the lllumina NextSeq 500 system with n
NextSeq 500,550 High Output Kit v2.5 (Illumina Inc., San Diego, USA)
on 300 cycles, to generate 150 paired-end reads.

2.3. NGS data analysis

NGS data analysis was performed using CLC Genomics Workbench
22.0.2 (Qiagen, Hilden, Germany). Representative sequences for each of
the 11 RVA genomie segments, covering various genotypes, were
selected from NCBI's Virus Variation Rotavirus Database (Hatcher etal |
2017) to build reference lists for each gene segment. Coding sequences
(CDS) were assembled using a reference-based mapping process for each
segment, reflecting the segmented nature of the rotavirus genome. The
worliflow consisted of mimming raw reads of Illumina adapters,
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mapping trimmed reads to the segments reference lists, and extracting
co quences and mapping reports. C eq were
not considered for further investigation if they did not meet the previ-
ously defined minimum sequence length and identity criteria
(Marthijnssens et al, 2008a) or distribution coverage of 90 % and
coverage depth of 10x. All RVA genotypes were confirmed using final
consensus sequences as queries in both the BLASTn search tool and the
ViPR tool version 3.28.224 (Pickett et al, 2011), following previously
defined genotype cutoff values (Marthijnssens et al., 2008a). During
genotyping, any q thar mi hed the inidally
mapped genotype was discarded as a mapping error. Obtained nt and
amino acid (aa) sequences of acquired CDS for each RVA gene, were

bmitted to the GenBank with accessi bers listed in Supple-
mentary Table 1.

t

2.4. Phylogenetic analysis, pairwise comparison, and Simplot analysis

To explore the evolutionary relationship berween domestie pig- and
wildlife-derived porcine-like RVA strains, we construeted individual
phylogenetic trees for each of the 11 RVA genomic segments. Repre-
sentative strains from the GenBank were selected for comparison with
herein presented RVAs based on their high pi with our query sequences,
their geolocarion, or host erigin. The evolutionary history was inferred
using the maximum-likelihood (ML) method for each multiple sequence
alignment generated with the MUSCLE algorithm (using default set-
tings), both performed in MEGA 11 software ( Tamurs et al,, 2021). The
substitution models yielding the lowest Bayesian Information Criterion
(BIC) scores were T92 + G + [ (VP7, VP6, NSP2, NSP3, NSPS), GTR + G
+ 1(VP4, VP2, VP3, NSP1), TN93 + G + 1 (VP1), and T92 + G (NSP4),
respectively, Bootstrap analysis with 1000 replicates was used to assess
branching support for each ML tree. Phylogenetic trees were graphically
edited and annotated using iTOL version 7 (Letunic and Bok, 2021).
Pairwise nt and an identity matrices between GenBank and study RVA
sequences, using the same datasets as for phylogenetic analysis, were
calculated with CLC Genomics Workbench 22.0.2 and are presented in
Supplementary Table 2. Additionally, for the samples in which whole
RVA genome completeness was acquired (5219, $224, $225, 5236,
L465, €48, DS76, DS84, DS229, DS327), we did a whole genome
concatenation of each gene segment open reading frames (ORFs) in CLC
Genomics Workbench 22.0.2. Among those, where a mixed genotype
was present (Tuble 2), a dominant genotype with the most mapped reads
per respective gene segment was selected for coneatenation. Finally,
conentenated ORFs were aligned as deseribed earlier and uploaded to
Simplot-++ software for a Simplot analysis (Samson =t al | 2022).

2.5. Intragenic recombination and reassortment analysis

Intragenic recombination analysis was performed on all taxa used in
the phylogenetic analysis (Fig. 3, Fig 5, Fiz 7) for each RVA gene
segment. Multiple sequence alignment sets were constiucted as
described earlier. Recombination analysis, including both intragenotype
and intergenotype (for genes with apparent mixed genotypes, Tabls 2),
was conducted using RDP v.5.64 software. Seven integrated recombi-
nation detection methods were applied: RDP, GENECONV, MaxChi,
Bootscan, Chimera, SiScan, and 3Seq (Mastin =t oL, 2015). For each
detected recombination event, the RDP-integrated UPGMA method
constructed breakpoint-defined phylogenetic trees for major and minor
parent strains (data not shown). Herein, “parent” does not indicate the
exact evolutionary progenitors of rec 1t strains but rather rep-
resents groups of RVAs from which the progenitors may have originated.
Only recombination events predieted by ar least six methods were
considered positive signals of homologous r bination (Hoxie and
Dennehy, 2020). Since ancestral state reconstruction wasnot conducted,
sequences with detected recombination were retained in the phyloge-
netic analysis without removing the recombinant parts to illustrate the
phylogenetic effects of recombination-induced genotype divergence.
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Table 2
Whale genome constellations of Croatian typical poreine and porcine-like RVA strains.’
Host Sample 1D VP7 VP4 VPG VP1 VP2 VP3 NSP1 NSP2 NSP3 NSP4 NSPS
855 G5 P[13] 5 R1 cl ML A8 N1 T1 El1 H1
ﬂ s219 G3/G5/G9 PIL31/P[23] 5 R1 Ccl ML A8 N1 T1 EV/E9 HL
5224 G5/G9 P[131/P[23] 5 R1 Cl M1 Ag NI Tl E9 Hi
8226 Gs/G9 P(6]/P[23) 5 Rl cl M1 A8 N1 Tl E9 HL
8236 G5 P[13] 5 R1 Cc1 M1 A8 N1 T1 El1 H1
8244 G1L P[L3] 5 Rl C1 ML A8 N1 7 El HL
5280 G5 P[23] 5 R1 a1 M AB NI Tl El H1
154 an P[13] 5 R1 cl M1 Al N1 T7 El Hl
“ 162 Gs P[13] 5 R1 cl ML A8 N1 T1 EX HX
L1352 G4 PIL3] B Rl c1 ML Al N1 Tl El HI
1465 Gs P[13] 5 Rl cl M1 A8 N1 T El HI
1533 @5 P[13] 5 Rl cl ML AX NX T7 EX H1
ﬁ a8 G3 PI6] 5 R1 c1 ML A8 N1 T1 El H1
DS76 G3 P[L3] 5 R1 cl M1 A8 N1 T1 El1 Hi
' Ds84 G9 PIL3] 5 R1 C1 ML A8 N1 T1 El H1
DS229 G3 P[13]) 5 R1 cl M A8 N1 ™ El H1
DS306 G3 P[13] 5 R1 Cl M1 A8 N1 T EX H1
Ds327 GIL PIL3] 5 R1 Cl ML A8 N1 T1 El HI
Ds404 G5 P31 5 R1 c1 ML A3 N1 7 EX Hl

“X

Detection of reassortment events was considered during the phylo-
genetic analysis approach, along with the nt and aa pi caleulation. In
addition, in the samples in which whole RVA genome completeness was
acquired (5219, $224, §225, 5236, L465, C48, DS76, DSB4, DS229,
DS327) a complete genome concatenation and multiple sequence
alignment were conducted as described earlier. Therein, 1

! Gene segments that did not meet the minimum criteria for genotype assignment outlined by Marthijnzsens et al., 2008a, remained undetermined and are shown as

name and accession numbers for each strain used in the analysis.
Additional information about the sample pool investigated to acquire
RVA genomes described in Toble 2 were summarized in Supplementary
Table 3. Importantly, the complete poRVA genome analysis provided
conclusive evidence supporting the previously proposed interspecies
transmission events based on VP7 and VP4 gene data (Colic et al., 2021;

ORFs were uploaded to Simplot | software (Samson et al., 2022) for a
bootscan analysis. Selected bootsean parameters included window size
of 200 bp, step size of 200 bp, 500 repetitions, Kimura 2 Parameter
distance model, and % of permuted trees calculated utilizing the
Neighbor-Joining algorithm.

3. Results
3.1. NGS results and RVA whole-genome constellation

The number and the average length of reads yielded by Hlumina
NextSeq 500 platform for presented RVA strains (Table 2) ranged from
3.5 % 10°-4.0 « 107 and ~90-118 bp, respectively. Complete CDs for all
11 gene segments were successfully determined in 10 sequenced
porcine-originated RVA strains (S219, 8224, §225, §236, L465, €48,
DS76, DS84, DS229, DS327), and a Simplot analysis of their concare-
nated ORFs is shown in Fig. 2. For the rest, partial CDS was acquired in at
least one gene segment. Gene segments that did not meet the minimum
criteria for genotype assignment outlined by Matthijnssens et al., 20083,
remained undetemmined and are shown as “X” (1able 2) (Matthijnssens
et al., 20084). Datw of all the obtained nt and aa RVA CDS sequences of
determined genotypes (Tahle 2) are submitted in the GenBank with their
accession numbers listed in Supplementary Table 1. Moreover, mixed
genotypes wete detected in three domestic pig-derived RVA strains
(5219, 8224, 8225), induding VP7, VP4, and NSP4 gene segments, while
ne mixed genotypes oceurred in wildlife-derived RVAs (Tuble 2). As for
reassortment analysis, no unequivoenl reassortment events were detec-
ted since each discovered segment was conclusive with RVA genogroup
1 constellation and porcine origin.

AlL RVA strains exhibited an RVA genogroup 1 constellation, paired
with typically porcine I5, A8, T7, and E9 genotypes in the backbone VP,
NSP1, NSP3, and NSP4 segments, respectively. Additionally, typically
porcine VP7 and VP4 genotypes were detected across all investigated
species. Phylogenetic analysis for each gene segment is comprised in
Figs. 3. 5, and 7, while nt and aa pairwise identity matrices are
comprised in Supplementary Table 2, both conraining complete strain

Broic et al., 2022a),
3.2. Phylogeny and pairwise identity analysis

3.2.1. Phylogenetic and pairwise identity analysis of surface protein coding
RVA genes

In the VP7 gene segment, RVA strains from this study were detected
in domestic pigs, wild boars, red foxes, and a golden jackal presented
with G5, G11, G3, G9, and G4 genotypes (Fig. 3A). In the given dataset,
Croatian G5 RVAs branched out in two separate branches, one where
two strains formed a clade with Czechian wild boar G5 strain, also the
closest in nt similarity with S219 and $224, 90.8 % and 91.3 %,
respectively. Inaddition to domestic pig-derived strains published in our
previous study, another G5 branch included a newly identified fox-
derived G5 L533 strain which shared the highest nt similarity of
98.78 % with the domestic pig-derived $338 strain and 93.48 % with the
Swiss §S3 strain, further supporting a porcine origin.

In contrast to the G5 genotype, herein presented wildlife-derived
G11 RVAs displayed more heterogeneous and divergent from domestic
pig-derived G11 strains. For example, the Canadian G11 derived from a
domestic pig was the most similar strain to the fox-derived 154 G11,
sharing a 93.58 % nucleotide similarity (Fig. A). On the other hand, the
closest Croatian RVA to fox-derived L54 was domestic pig-derived 5244
with considerably less nt similarity of 88.69 %. Furthermore, the wild
boar-derived DS327 strain sequestered in a separate branch with Euro-
pean pig and wild boar-derived RVAs, distanced from the other Croatian
RVAs and displayed the highest similarity to Slovakian pig-derived G11
strain (91.03 %). On the other hand, domestic pig-derived G11 $244
strain claded with previously reported domestic pig-derived 5243 strain,
as they branched out separately from wildlife-derived G11 strains.

Within the given dataset, the G3 genorype (Fig. 3A) stood out as the
most frequently detected VP7 genotype in wildlife hosts. Croatian pig
and wildlife-derived G3 strains branched out together, except for the
wild boar-derived DS306 strain, which was the closest to the Japanese
wild boar-derived G3 strain with 92.86 % nt similarity. The mentioned
cluster of Groatian G3 RVAs included two red fox-derived strains (162,
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Fig. 2. SimPlot analysis comparing the concatenated ORFs of the domestic pig-derived $224 RVA genome with other complete RVA genomes in the present study
(8219, 8225, 5236, L465, C48, DS76, DS84, DS229 and DS327). For RVA strains with mixed genotypes (T:bl= 2), the dominant genotype is presented, defined as the

Anal

one with the highest number of ped reads per r ive gene
a step size of 50 bp.
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L465), one golden jackal (C48), rwo wild boar (DS76, DS229), and one
domestic pig-derived G3 strain (5219) (Fig 3A). The nt similarity for
these RVA strains was high and ranged between 95.62 % and 97.86 %,
with the closest match being the Swiss domestic pig-derived G3 strain
(518) (94.6 %). In the VP7 gene segment, this is the third example of
Swiss porcine RVAs being the closest phylogenetie relatives to Croatian
poRVAs.

The G9 genotype occurred in three domestic pig-derived RVAs that
branched out together (Fig. 3A). Interestingly, G9 was not present as a
single VP7 genotype in Croatian domestic pig-derived RVAs, only in
mixed genotype constellations (Trble 2). Furthermore, G9 oceurred in a
wild boar-derived DS84 strain while branching very distantly from
mentioned strains, and most similar (95.11 %) to mixed genotype Swiss
domestic pig-derived 883 stain, already mentioned for G5 genotype in
connection to Croatian fox-derived 1533 RVA strain. The G9 also
showed less geographic divergence since European porcine RVAs proved
mutually similar, but Chinese and North American RVAs branched out
separately, hence showing a different dynamic than G11 (Fig. 3A).

The G4 genotype proved heterogeneous and putatively with the
highest zoonotic potential of all typical porcine genotypes. Thiee
human-derived G4 strains, reported as zoonotic porcine-originated
strains in our previous study (Kunic =t al.. 2023), have herein clus-
tered with fox and domestic pig-derived G4 strains from the present
study (Fig. 3A). The fox-derived L352 G4 strain exhibited the highest nt
similarity to the zoonotie, human-derived G4 strains D329 (95.82 %)
and D572 (95.3 %) from our previous study, suggesting n closer rela-
tionship to human than to domestic pig-derived G4 strains. Although
both the Croatian fox- and human-derived G4 RVAs are clearly of
poreine origin, this raises questions abour the primary souree of infec-
tion. The remaining domestic pig-derived G4 strain 5225 clustered with
other Croatian domestie pig-derived, and Hungarian zoonotic human-
denived G4 strains (Fig. JA).

In the VP4 gene segment, RVA strains from this study were charac-
terized with P[13], P[23] and P[6] genotypes. Poreine-originated P[13]

is was carried out using the Kimura 2 parameter, with a window size of 200 bp and

genotype proved the most frequent among animal hosts in the Croarian
ecosystem with five strains identified in domestic pigs, five in foxes, and
six in wild boars (Tuble 2). The VP4 phylogram (Fig. 3B) formed two
main branches, each with two sub-branches, with RVA strains from the
present study exhibiting nt pairwise identities ranging from 82.01 % to
99.44 %. All five fox-derived P[13] strains (L62, L54, L352, L533, and
L465) clustered in multiple clades either with domestic pig- or wild
boar-derived P[13] RVAs, undedlining potential interspecies trans-
mission between poreine and wild canid hosts. Wild boar-derived DS306
strain branched out separately from other Croatian RVAs displaying
significant divergence, sharing only 86.48 % nr pairwise identity with
fox-derived L533 strain, as the closest reported evolutionary relative.
Furthermore, wild boar-derived DS229 P[13] strain presented as an
intragenotype recombinant (Fig. 3B, Fig. 1A).

Conversely to P[13], the P[23] genotype was not detected in wildlife
hosts, only in domestie pigs, and displayed less intragenotype hetero-
geneity than P[13], attributing the nt similarity range from 88.05 % to
98.46"% between RVAs from the present study. However, two inter-
genotype recombination events were detectex in P[23], the first inter-
genotype recombinant being domestic pig-derived P[23] S224 strain
(Fig. 2B, Fig. 4B), which consequently resulted in its recombinarion-
induced phylogenetic separation from the other P[23] RVAs, sharing
only 91.22 nt similarity with $225 P23 as the closest evolutionary
relative (Fig. 3B). Secondly, the $225 P[23] strain (Fig. 4C) presented as
an intergenotype recombinant.

The P[6] genotype, much like the G4 in the VP7 segment, displayed
the greatest zoonotic potential in the given dataset. Domestic pig-
derived $225 strain branched out individually, shaiing the closest nt
similarity of 91.71 % with rhe human-derived zoonotic D230 P[6] strain
characterized in our previous study (Kunic er al, 2023) (Fig. 3B).
Moreover, another zoonotic P[6] strain (D329) from the said study,
clustered with the jackal-derived C48 P[6] stain, sharing a high nt
similarity of 96.82 %.
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to the RVA strains reported in this study and previously reported Croatian RVA strains. Strains from the present

study (Table 2) are highlighted in bold and labeled in blue, while recombi

highlighted in bold and labeled in red. Accession numbers for all RVA

strains are included in the taxa labels. The phylogenetic trees were constructed using the Maximum Likelihood (ML) method in MEGA 11 software. The nucleoride
substitution models with the lowest BIC scores used for VP7 and VP4 were T92 + G + 1 and GTR + G + [, respectively. Branching support was assessed through
bootsuap analysis with 1000 replicates, and only bootstrap values >0.7 ave displayed. The scale bar represents the number of substitutions per site.

3.2.2. Phylogenetic and pairwise identity analysis of backbone VP RVA
genes

The RVA strains from the present study exhibited a wide nr similarity
range across the backbone VP d ating both conserva-
tion and divergence. The nt smn]anty across VP1, VP2, VP3, and VP6
segments ranged as follows: VP1 (85.5 % to 99.9 %), VP2 (86.26 % to
99.93 %), VP3 (86.28 % to 99.96 %), nnd VP6 (91.12 % to 99.5 %).
Despite the variations in genetic similarity, all segments consistently
affirmed a predominant porcine origin, with strains clustering alongside
domestic pig-derived and zoonotic human-derived RVA strains of
porcine origin, further emphasizing interspecies transmission and zoo-
notie potential of poRVAs.

In the VP1 segment, RVA strains from the presmt study were clas-
sified as the R1 genotype with ble genetich i hlshhxhted
by the phylogenetic clustering of RVA strains into four main branches
(Fig 5A). However, all strains were confirmed to have a poreine origin,
as they grouped with domestie pig strains or zoonotic human-derived
RVA strains of porcine origin. A certain level of divergence was
observed in three clades, where wildlife-derived RVA strains branched
out separately from domestic pig-derived strains.

In the VP2 segment, RVA strains from the present study presented as
the C1 genotype. The VP2 phylogram displayed two main branches,
with the majority of herein presented RV As showing little phylogenetic
divergence from one another, as domestic pig-derived and wildlife-
derived strains generally clustered together. Some wildlife-derived
strains (154, DS84, DS327) clustered in proximity to zoonetic human-
derived RVA strains of poreine origin (Fiz. 5B). In a second main
branch, two wildlife-derived smains (1352, DS206) displaved more
divergence, as they separated from the rest of the Croatian strains while
clustering with porcine strains from Russia and China making their
evolutionary ancestral origin uncertain. Despite this phylogenetic
closeness among the majority of Croatian C1 strains, cermin genetic
diversification was evident through insertions observed in 10 sequences
from the present study. Insertions were observed in Cl sequences
derived from three domestic pigs (8225, §236, $244), one red fox
(1.352), and six wild boars (DS76, DS84, DS229, DS306, DS327, DS404).
These insertions occurred at amino acid positions 37-41 of the VP2
segment and the graphical representation of their respective nt and na
sequences can be found in Iig. 6. Listed insertions were sequenced with
the high coverage for each nt position. No connections were observed
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d using the i Likelihood (ML) method in MEGA 11 software, The

support was d

through bootstrap analysis with 1000 replicates, and only bootstrap values 0.7 are displayed. The scale bar represents the number of substitutions per site,

considering the spatiotemporal distribution of the strains containing
these insertions within the VP2 seq ns these ples corre-
sponded with different sampling locations, years, and host species
(Fig: 1).

In the VP3 segment, RVA strains from the present study shared a
porcine or porcine-like originared M1 genortype. Initially, M1 strains
formed two main branches (¥ig. 5C). Firstly, the heterogeneous branch
with diversified clustering pattem, and secondly, the branch where

Croatian wild boar-derived DS327 clustered with three domestic pig-
derived strains from East Asia, sharing >93 % nt similarity. The
DS327 evolutionary ancestral onigin remains uncertain considering the
current lack of known phylogenetically and geographically close
evolutionary relatives. Two wild canid-derived strains (L352, L533)
exhibited a close phylogeneric relationship with zoonotic human-
derived strains of porcine origin from Hungary and Croatia (¥ig. 5C).
In the VP6 gene segment, RVA strains from the present study
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PQ290E5S-RVAPIQ-WIHRWSZ24 VE2018/G5GIP13P28 TGGAGAATAAAAC SESSTAATAACAAAAAGCAACAATTAT 36 IDATMENKS = S5 SNNKKQGQL 15
PO299B63-RYAPIg-wHRVISZ25-VEZ019G4CAPEP2] TEGAGAATAAAACT = == AATAARAACTAATAACAAAAAGCAACAATTAT 45 IDATMENKTENKTNNKKQOL 12
PQ2SIATI-RVAFIG-WIHRWS236-VSZ019G5G11P13 TGGAGAGTAAAGCTAATAATAALAATAATAATAAAAAGCAACAATTAT 48 VDATMESKANNKNNNKKQOL 20
PC RVAPIG VS201HG11P13 TGGAGAGTAAAGCTAATAATAAAAATAATAATAAAAAGCAACAATTAT 48 VOATMESKANNKNNNKKQAL 20
PO299901 RYAPIgwtHRVIGZ80-8D2019/G5P2) TGGAGAGT AAGGCE S S8 s SRR SRR S TAGTAATAAAAAGCAATAATTAT 36 IDATMESKE =SS SSNKKGOL 15
POZEAS1 2-AVAF 0w HRVILE4-SM201 BG11P13 TOOAGABCARADG < =< -« - - s ==~ TAATAATARAAACCRACAATTAT 36 IDATMESK S« s = SNNKKQQL 15
POZIG23. RYAFOXWIHRWVL352.K2019/G4P13 TGGAGAGT AAAAATAGTAATALAAATAGTAATAAAAAGCAACAATTGT 48 ADVIMESKNSNENSNKKQOL 20
PQ2e3934 i 465 13 TGGAGAGCAAAGT SSTAATAATAAGAAGCAACAATTAT 36 IDATMESK s & “NNKKQOL 15
POR954 5-RVAS ckal-whHRVICAE. VS’ZDZ(HGJPB TGGAGAGTAAAGGr ===~ 3 TAATAATAAGAAGCAACAACTAT 36 IDATHESK: =« =NNKKQQL 15
PC239S5A-RVAMIId-BoanwHRUWDSTE-KZ018/GI13 TGGAGAGT ARAACT AACAATARRAATAACAATARAAAGCAACAATTAT 48 IDATHESK TNNKNNNKKQOL 20
PQ285RE7-RVAWIC-Boar-wHRVIDSB4-22018/G9P13 TGGAGAATAARAGCTAACAATARAAATAACAATAARAAGCAACAATTAT 48 IDATHENKANNKNNNKKCQOL 20
Pazwwmvmm BOarwWtHRVIDS229. Z2020/G3P12 TGGAGAATAAAGTTAATAATAAAAATAATAAT AAAAAGCAACAACTAT 48 IDATHMENKVNNKNNNKKQQL 20
PC S9-RUAWIK HRVIDS306-C 13 TGGAGAGTAAAACTAATAATAARAATAATAATAARAAGCAGCAACTAT 48 TOVTMESKTNNKNNNKKQOL 20
PO239593-RYAWIID-BoarwiHRVDS327-220200311P12 TOOAAAACAAAACTARAAATAAAAATACTAATAARGAAACAACAACTAT 48 ADVTMENK TKNKNTNKKOQL 20
PQ300010-RVAWAID-Boar wiHR WD S404 VS2020/G5P 13 TGGAGAGTAAAGCTAATAATAAAAATAATAATAAAAAGCAACAATTAT 48 IDVTHESKANNKNNNKKQAL 20
L RVAFoxwiHRVLS33 13 TGGAGAGCAAAGT = AATAATARAAAGCAACAATTAT 36 IDATMESK:vm--NNKKQQL 15
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exhibited a typical porcine IS genotype (Fig. 5D). With an intragenotype
nt similarity in the range of 91.12 % to 99.5 %, it stood our as the mosr
homogenous backbone VP genotype. Croatian IS domestic pig- and wild
boar-derived RVAs clustered among themselves, or with Italian, Span-
ish, and Swiss 15 domestic pig-derived RVAs. One cluster comprised
solely of Croatian 15 sequences phylogenetically sequestered in a sepa-
rate branch with no foreign RVAs, suggesting a more local evolutionary
pathway.

3.2.3. Phylogenetic and pairwise identity analysis of backbone NSP RVA
genes

Backbone NSP segments exhibited a wide nr similarity range,
comprising of both h and h genotypes. Despite
variations in genetic similarity, all segments indicated a porcine origin
of wildlife RVA strains, predominantly elustering with domestic pig-
derived and zoonotic human-derived RVA strains of poreine origin.

In the NSP1 segment, RV As from the present study were presented as
Al and A8 genotypes (Fig 7A). The typical porcine A8 genotype was the
most common, exempting only two fox-derived A1 stiains. The AS RVAs
from the present study exhibited a broad nt similarity range of
81.04-99.53 %, dispersing in ramified branching pattern with strong
bootstrap support (Fig. 7A), making the A8 the most diverse genotype of
this study. Furth e, A8 seq d in two main branches, possibly
standing for two genotype lineages, considering the highest nt similarity
between the respective branches is 85.09 %, between domestic pig-
derived strains S55 and $224. The respeetive lowest value is 78.88 %
between human-derived A8 reassortant D572 and South Afriean do-
mestic pig-derived MRC-DPRU1557 A8 strain and between D572 and

d using the MUSCLE algorithm with default settings in MEGA 11 software, and the graphic rep-

Swiss domestic pig-derived S20 strain. The said lowest value falls
slightly beneath the genotype cutoff value of 79 9% (Marthijnssens er al .
20083), accentuating the significant genetic heterogeneity of this ge-
notype. In both branches (Fig. /A), wildlife-derived A8 RVAs from this
study clustered with domestie pig-derived strains, further underscoring
their poreine origin in all investigated species. The domestic pig-derived
5224 stmain phylogenetically separared from Croatian strains and clus-
tered with two Chinese strains, making its evolutionary ancestral origin
uncertain, likely due to its identification as an intragenotype recombi-
nant (Fig 4D). In the A1 genotype, two fox-derived strains (L54, L352)
clustered with previously reported Croatian domestic pig-derived strains
5338, and $344 with the strong branching support (7ig. 7A). The nt
similarity in the said cluster ranged from 95.14 % to 98.79 %, affirming
their porcine origin.

In the NSP2 segment, RVA stiains from the present study were
genotyped as N1 genotype with an intragenotype nt similarity range of
86.58 % to 99.9 %, instructing a similar heterogeneity pattemn as the
majority of the backbone gene s. The N1 cl d into three
main branches. In each, most RVA strains from the present study, do-
mestie pig- and wildlife-derived alike, elustered together or with pre-
viously reported European poRVAs, underscoring interspecies
t ission (Fig. 7B). H . Zoonotic p 1 was also evident,
since wildlife-derived strains (L54, L465, DS327, DS306, DS404) clus-
tered with zoonotic human-derived RVAs of porcine origin from Russia,
Kenya, and Croatia.

Inthe NSP3 segment, RVA strains from the present study divided into
the T1 and T7 genotypes. For the T1, the intragenotype nt similarity
varied 88-100 %, and 91.4-96.71 % for the T7 genotype. Most of the T1
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Fig. 7. Phylogenetic rees of the NSP1 (A), NSP2 (B), NSP3 (C), NSP4 (D) and NSPS (E) RVA

hal. 1; 1

values are indicated in the legend. Host are

based on nucleotide Hosts and b

to both the RVA strains from the present study and previously reported Croatian RVAs. RVAs

from the present study (Table 2) are highlighted in bold zmd labeled in blue, while recombinant strains from the present study are highlighted in bold and labeled in
red. In NSP3, recombinant strains from the previous study with major parent strains from the present study are highlighted in bold and labeled in black. Accession
numbers for all RVA strains are included in the taxa labels. The phylogenetic trees were constructed using the Maximum Likelihood (ML) method in MEGA 11
software. The nucleotide substitution models with the lowest BIC scores were as follows: T92 | G + [ (NSP2, NSP3, NSP5), GTR + G + I [NSP1}and T92 + G (NSP4).

Branching support was 1 th h bootstrap 1
of substitutions per site.

RVAs from the present study clustered together, reinforcing the porcine
origin of wildlife-derived Croatian strains. Conversely, in the T7 geno-
type. herein reported RVAs followed a more phylogenetically dispersed
pattern (Fig. 7C). Nevertheless, both T1 and T7 wild canid-derived
strains demonstrared putatively increased zoonotic potential, evident
in phylogenetic (Fig 7C) and recombination analysis (Supplementary
Fig. 1) alike.

Within the NSP4 segment, the majority of the RVA strains from the
present study were chamcterized as the E1 genotype, including all
wildlife-derived strains, while only three strains derived from domestic
pigs were genotyped ns E9. The E1 exhibited an intragenotype nt simi-
larity of 87.12-99.24 %, with Croatian domestic pig- and wildlife-
derived strains clustering together, indicating a porcine origin. Inter-
estingly, domestic pig-derived 5219 E1 phylogenetically branched our
between the E1 and E9 genotypes indicating a recombination event
(Fig /D, Fig. 4E). The typically porcine E9 genotype was present in
three herein-reported domestic pig-derived strains, in $224 and $225 as
the only NSP4 genotype, and in $219 as a mixed E1/E9 genotype
(Table 2, Fig. 7D). These three E9 strains shared a 100 % nt similarity,

is with 1000 replicates, and only bootstrap values 0.7 are displayed. The scale bar represents the number

making the E9 the most homogenous genotype in this dataset.

In the NSP5 segment, RVAs from the present study belonged to the
H1 genotype, with the nt similarity range of 94.78 % to 100 %, indi-
cating a relatively homogenous nature and porcine origin. In the H1
phylogram, two main branches with onward ramified branching pat-
temns were observed (Fiz. 7E). Across the H1 phylogram two domestic
pig- (855, 5236), three wild canid- (C48, L54, L533), and two wild boar-
derived (DS84, DS306) strains phylogenetically positioned in proximity,
ot even formed a clade with human-derived zoonotic RVAs of poreine
origin, geographically close and distant alike (Fig 7E).

3.3. Recombination analysis

In the p study, rec events were identified in the
VP4, NSP1, and NSP4 segments. Interestingly, the recombination po-
tential of poRVAs was also confirmed in the role of major parents for the
NSP3 recombinants from the previous study ({lwue et al, 2023). The
Jjackal-derived C48 (T1) and fox-derived L54 (T7) strains were identified
as major parental sources for these human-derived T1/T7 intergenotype
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bi D230 T1 (Suppl y Fig. 14) and D329 T7 strains
(Supplementary Fig. 1B). The following sections detail the recombina-
tion events detected in the VP4, NSP1, and NSP4 segments.

In the VP4 segment, putative recombination events occurred in ge-
notypes P[13] and P[23]. To begin with, in the P13 genotype wild boar-
derived DS229 P[13] strain presented as an intragenotype recombinant
(Fig 3B, Fig, 1A) between fox-derived L533 P[13] strain and Japanese
domestic pig-derived P[13] strain (T-HgOg13) as major and minor
parents, respectively (Fig. 3B; Fig. 4A). The recombination event was
strongly supported as it was identified by six out of seven RDP5 detec-
tion methods. Furthermore, two intergenotype recombination events
were detected in the P[23] genotype. Firstly, the domestic pig-derived P
[23] $224 strain presented as an intergenotype recombinant between
the domestic pig-derived S225 P[23] strain and fox-derived L62 P[13]
strain as major and minor parents, respectively (Fig 3B; Fig. 4B).
Consequently, the recombination-induced divergence of the 5224 P[23]
stain led to its phylogenetic separation from the rest of the P[23] RVAs,
sharing only 91.22 nt similarity with its major parent as the closest
evolutionary relative (Fig 3B). Interestingly, the $225 P[23] strain
posing as a major parent in the above-mentioned recombinant, pre-
sented as an intergenotype recombinant itself (Fig. <C). Domestic pig-
derived $219 P[23] strain was detected as a major parent while the
§225 P[6] strain, mixed with P[23] genotype (Table 2), posed as the
minor parent (Fig. 3B, Tig 4G). Both P[23] recombinarion events were
detected with all seven recombination detecting methods, hence
strongly supported. Conversely, no recombination events were detected
in the P[6] genotype.

In the NSP1 segment, The RDP5 analysis produced a positive
recombination signal within the A8 genotype. The domestic pig-derived
$224 strain was detected as an intragenotype A8 recombinant, by all
seven RDPS integrated methods. The Chinese human-derived
SD20200276 strain and fox-derived L62 presented as major and minor
parents, respectively (Fig. 4D). This resulted in $224 being divergently
sequestered from rhe rest of the RVAs from this smdy while clustering
with two Chinese strains, one dog- and one human-derived (Fig. 7A). On
the other hand, no recombination events were detected in the Al
genotype.

In the NSP3 gene, no recombinant strains were detected among RVAs
from the current study. Nevertheless, two previously reported T1/T7
intergenotype recombinant human-derived D230 and D329 strains
(Kunic et al, 2023), were also detected as T1/T7 intergenotype
recombinants within the herein presented dataset (Fig. 7C, Supple-
mentary Fig. 1A, Supplementary Fig. 1B). Notably, the jackal-derived
€48 T1 and the fox-derived L54 T7 strains were derected as major par-
ents for mentioned zoonotic recombinants, further highlighting the

lex genetic inter and ic potential of poRVA
strains,

In the NSP4 gene, the domestic pig-derived $219 E1 strain was
detected as an intergenotype recombinant by five out of seven RDPS
methods. On the NSP4 phylogram (Fig. 7D}, 5219 phylogenetically
branched out between the E1 and E9 genotypes, whereas its mixed ge-
notype 5219 E9 (Table 2) was detected as a minor, while domestic pig-
derived $280 E1 presented as a major parent (Fig. 4E). Although this
recombination event was detected by five/seven RDPS integrated
methods, it was clearly depicted in the E1 phylogram (Fig. D), sup-
porting its validity as a positive recombination signal.

réec

Ine

3.4. Discussion

During this study, we sequenced and analyzed the whole genomes of
19 RVA strains detected in domestic pigs, wild boars, red foxes, and a
golden jackal over a three-year period (2018-2021). Animals were
sampled utilizing the spatiotemporal approach, and the acquired RVA
genomes were compared and characterized following One Health prin-
ciples, aiming to explore genetic interconnectedness and interspecies
transmission of poRVAs within the Croatian ecosystem. Norably, the
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lysis of plete poRVA g confimed the previously hy-
pothesized interspecies transmission events inferred from VP7 and VP4
genes data (Colic et ul,, 2021; Bmic =t al,, 2022a). To the best of our
knowledge, this study presents the first complete RVA genome in &
golden jackal and the second in a red fox (Busi =t al | 2017) on n global
scale. Additionally, the complete RVA genomes reported in wild boars
are the first documented outside of Asia (Shizaws et al, 2024; Le et al.,
2025). Each described RVA strain (Table 2) exhibited a typical porcine
RVA constellation, i.e. poreine genogroup 1 constellation paired with
backbone genotypessuch as 15, A8, T7, and E9, which are characreristic
of porcine hosts (Matthiinssens et al,, 2008b; Doro et al., 2015).
Regarding the surface protein-coding gene segments VP7 was identified
with G3, G4, G5, G9, and G11 genotypes, whileVP4 was identified with
PI6], P[13], and P[23] genotypes, all of which are typically found in
porcine hosts (Matthijnssens et al , 2008b; Doro et al, 2015). Domestic
pig-derived RVAs showed significant genetic heterogeneity, as mixed
genotypes in VP7, VP4, and NSP4 genes were found only in domestic
pigs, likely a consequence of intensive production and trade, diverse
RVA stmin eirculation, and elose contact among pigs (Changetal , 2012;
Palmarini, 2017). Moest Croatian poRVAs phylogenetically clustered
with each other or with other European strains across all gene segments.

The intensification of the pork industry and trade accelerates the
spread of porcine-originated infectious agents (Founie et al., 2015). As
live pig transport and pork products may impact the WUI environment,
the risk of future pathogen spillover should be considered (Fournie et al
2015). The wildlife movement in the shared WUI environment is pre-
sumed to account for pathogen wansmission between countries, as
wildlife was described to carry pathogens across national borders (You
et al, 2019). Interestingly, in a few segments (VP3, NSP1, NSP4, and
NSP5), some Croatian RVAs clustered with strains from Asian countries,
including Japan, China, Taiwan, and Russia (Fig. 5C, Fig. 7A, Fig. 7D,
Fig. 7E). This evolutionary link may result from a significant under-
reporting of animal-derived RVA sequences globally, making it difficult
to presume the exact strain origin. NSP5 was the only segment where
human and animal-derived strains were more phylogenetically inter-
twined (Fig. 7E), as it lacks distinct host-specific clustening between
human and porcine hosts (Silva et al., 2016).

The concern regarding infectious disease transmission from domestic
animals to wildlife has been well recognized (Aguirre, 2009; Martin
etal, 2011). Domestic pigs have already been suggested as reservoirs for
RVAs and a source of newly adapted emerging strains for humans and
other animals (Dhiama et ol, 2009; Wu et al, 2022). Nevertheless,
previous data on RVA detection rates in wildlife suggests that they may
serve as additional potential RVA reservoirs (Mustin et ol , 2011; Calie
etal., 2021; Jota Baprista et al.. 2023). The current study shows the close
evolutionary relationship between wild canid- and wild boar-detived
RVAs (Fig. 1) which aligns with the faet these animals share the same
habitat and, at times, even prey-predator dynamic (Bassi e al | 2012).
The trophie niche range of golden jackal and red fox in the Pannonian
ecoregion proved to be very namrow with a mean food overlap index of
73 % (Lanszl et al, 2006). Based on prey remains found in scat, the
golden jackals and red foxes are known for predation upon wild boar
piglets (Lanezki et al., 2006). The wild canid-derived RVAs from this
study consistently exhibit porcine RVA origin across all gene segments,
clustering closely with RVAs derived from either domestic pigs or wild
boars. Pig populations may also act as intermediate hosts, amplifying
infectious agents transmitred from other wild or domestic animal spe-
cies, and then transmitring them to humans, as deseribed for the Nipah
virus (Fournie e al | 2015). Nevertheless, in each gene segment, at least
one fox-derived RVA strain dustered closely with zoonotic poRVAs from
human hosts (Fig. 3, Fig. 5, Fig. 7). Furthermore, wild canid-derived
RVAs were identified as either major or minor parents in five out of
seven recombinant strains detected in the present dataset, including two
zoonotic NSP3 recombinants from our previous study (unic et al.
2023) (Supplementary Fig. 1). Considering all of the above, current
results may imply that the evolutionary relationship may exist between
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Croatian wildlife-derived RVAs and zoonotic human-derived RVAs of
porcine origin without the domestic pig as the intermediate host. A more
conclusive portrayal of RVA geoevolutionary patterns and reservoir
determination remains limited due to the current lack of domestie pig-
and wildlife-derived complete RVA genomes, both from the affectad
area and globally. In contrast to the intensive pork industry, in Croatia,
the pig farming sector is largely composed of small, traditional rural
farms, with fewer than 10 sows and less than three hectares of land,
accounting for up to 75 % of all pig holdings (Wellbiock, 2008). Due to
their size and resources, these farms fall under biosafety category 1 and
generally lack the capacity to imp effective bi ity
important for spread of various pathogens among multiple susceptible
species. Rural farming, especially with outdoor or free-range systems, is
more vulnerable to predation by foxes and jackals due to unsufficient
protective barriers (Fleming et al_, 201 6). Furthermore, in rural outdoor
farms, wild boars and domestic pigs can interact and even interbreed
(Andetson et al., 2019).

Overall, there are multiple factors and contact points between these
animals such as shared habirat, insufficient barriers for outdoor farms,
interactions between domestic pigs and wildlife, scavenging and
opportunistic nature of wild canids and wild boars, overlapping trophic
niches of golden jackals and red foxes, etc. All mentioned factors
significantly influence and enable interspecies transmission of multi-
species pathogens. Therefore, direct or indirect interspecies trans-
mission through environmental exposure may serve as a potential RVA
infection source for domestic animals and wildlife alike. RVA can sur-
vive for prolonged periods in the environment, preserving infectivity for
several hours to several months outside the host (D' Souza et ul., 2008),
Although RVA is primarily rransmirted via the fecal-oral route, it is also
recognized as a foodbome and waterbome virus (Svensson, 2000;
Dhama et al,, 2009; Kiaay =t al., 2018). Lately, increasing attention has
been given to the waterbome transmission of RVA, taking into aceount
environmental conditions such as temperature and humidity (Tiay
etal, 2015). In Croaria, a study from December 2019 to January 2021
detected RVA in 22.2 % (2/9) of surface water samples and 100 % (21/
21) of wastewater samples (Bruic =t al, 2022b), suggesting possible
environmental eontamination. Similar results were reported in neigh-
boring Slovenia, where 60.3 % of surface water samples tested positive
for ar least one enteric virus, including rotaviruses, noroviruses, and
astroviruses, indicating widespread envi al inati
(Steyer et al, 2011). These contaminated environments may serve as
hotspots for the tr: of enteric viruses o wildlife, while also
posing a potential risk to public health. The aforementioned WUI sites,
dispersed throughout Croatia and Europe (5chug =t al., 2023}, combined
with the rising wild canid and wild boar density in Europe (Statham
etal, 2018; Colomer et al,, 2024), emphasize the importance of wildlife
surveillance for multispecies pathogens like RVA (Schug ot ul, 2023;
Jiménez-Ruiz et al., 2024). RVA infections ing from i peci
transmission, including zoonoric transmission, are generally considerad
limited in non-dominant host species (Mart=lla et al, 2010). Certain
genotypes are known to exhibit host tropism (Matthijnssens et al,
2008w; Papp et al,, 2013b; Doro etal., 2015; Lagan et al., 2023). How-
ever, successful virus adaptation to a human host has been documented
(Hoa Tran et al.. 2024), underscoring the potential public health risks
posed by underresearched animal RVAs. The recurrent zoonotic trans-
mission and recombination potential of poRVAs in Croatia further
emphasize this concern (Kunic ot al,, 2023).

To conclude, this study provides the first detection of RVA in a
previously unreported host, the golden jackal, and highlights the
spatiotemporal recurrence of poRVAs in Croatian wildlife over several
years. A comprehensive complete RVA genome analysis provided evi-
dence on interspecies transmission of poRVAs. However, it remains
unclear whether these RVAs successfully adapt ro non-dominant hests
long-term or if such interspecies transmission events are transient.
Integrating wildlife into RVA studies is crucial from both conservation
medicine and One Health perspectives, emphasizing the

con
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interconnectedness of ecological and human health. Studies like thisare
essential to address the knowledge gap of the role that wildlife holds in
RVA epidemiology, particularly their role as reservoirs of emerging and
potentially zoonotic RVA strains. Applying One Health principles and
spatiotemporal approach ean advanee our understanding of the evolu-
tionary dynamics of poRVA, facilitating the assessment of interspecies
transmission impacts on vaccine efficacy.

Supplementary data to this article can be found online at hittps:/doi.

o1 g/10.1016/}.scitotenv.2025.180010.
CRediT authorship contribution statement

Valentina Kunic: Writing - original draft, Visualization, Validation,
Project administration, Methodology, Investigation, Formal analysis,
Data curation, Coneeptualization. Ljubo Barbic: Supervision, Concep-
rualization. Jakob Simié: Visualization, Formal analysis. Tina
Mikuletic: Resources, Methodology. Rok Kogoj: Resources, Method-
ology. Tom Koritnik: Visualization, Validation, Methodology, Formal
analysis. Andrej Steyer: Writing — review & editing, Resources. Dean
Konjevie: Writing — review & editing, Resources. Miljenko Bujanic:
Resources. Marina Prislin Simac: Writing — review & editing. Dragan
Brnic: Writing — original draft, Validation, Supervision, Resources,
Project administration, Methodology, Iu ion, Pundi isi-
tion, Data curation, Coneeptualization.

5“4y

Funding

This research was funded by the Croatian Science Foundation
installation research project Reco "Rotaviruses in Croatian Ecosysteny:
molecular epidemiology and zoonotic potential” Grant No. HRZZ-UIP-
2017-05-8580. The work of VK was funded by the Croatian Science
Foundation project DOK-2021-02-3623.

ion of ing I

P -3

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We would like to thank Croatian Veterinary Institute for financing
VK's NGS and data nnalysis edueation, through funds from the Ministry
of Science and Education, Republic of Croatia.

Data availability

Data will be made available on request.

References

Aguirre, AA., 2009, Wild canids as Is of ecological health: a
medicine perspective. Parasit Vectors 2 (Suppl 1), 87, 1-8. hrpe
10.1156/1756-3305-2-51-§7,

Anderson, D., Toma, R, Negishi, Y., Okuda, K., Ishiniwa, H., Hinton, T.G., Nanba, K.,
Tamate, H.B., Kaneko, §., 2019. Mating of escaped domestic pigs with wild bear and
possibility of their offs after the Fukush Daiichi nuclear power
plaat accident. Scl. Rep. 9, 11537, hiutps //dol org/10.10358/641598-019-47082-2,

Bassl, E, Donagglo, E., Marcon, A., Scandura, M., Apollonio, M., 2012. Trophic niche
overlap and wild ungulate consumption by red fox and wolf in a mountain area In
Ttaly. Mamum. Blol. 77 (5), 369-376. biupe:/ dol ary/10.1016/]
mambio.2011.12.002.

Bijl, H., Schally, G., Mirtan, M., Heltai, M., Csdinyi, §., 2024, From invaders to residents:
the golden jackal (Canis aureus) expansion in Hungary since the mid-1990s. PLoS
One 19 (7), e0306489. hittps://dol.ovg/ 10.1371 journsl pons 0306489,

Brnié, D., Colic, D., Kunic, V., Maltar-Strmecki, N, Kresic, N., Kanjevic, D, Bujanié, M.,
Bacani, L, Hizman, D, Jemersic, L., 2022a. Rotavirus 1 in domestic pigs and wild
boars: high genetic diversity and interspecies transmission, Viruses 14 (9), 2028,

10.3390/%1 4092028,

dof.org;

hittps: //doi.org

129



V. Kuni¢ et al

Braid, D, Lojki¢, I, Skoko, 1., Kresic, N., Simi¢, 1., Keros, T., Ganjto, M., Stefanac, D.,
Vlduh B., Karzaj, D., Sdler, D., Hnbnln B. Jem«nc. L., 2022b. SARS-CoV-2

lation in Croatian and the absence of SARS-Co¥-2 in bivalve
molluscan shellfish. Environ. Res. 207, 112638, https://doiorg,/ 10,1016/).

envres 2021112638,

Busi, C., Martella, V., Papetti, A., Sabelli, C., Lelli, D., Alborali, G.L., Gibelli, L.,
Gelmeri, D., Lavazza, A., Cordioli, P., Boniotti, M.B., 2017, Group a rotavirus
associated with encephalitis in red fox. Emerg. Infect. Dis. 23 (9), 1535-1538.
hitpe:s/dolorg /10,3201 gd.30° 17015¢

Chang, K5, Kim, Y., Saif, LJ., 2012 Rﬂov'.m'.e* (Rozaviruses and Rsoviruses). I
Zimmerman, J.J., Xcml;er. LA\‘. Ramirez, A., Schwartz, K.J,, Stevenson, G.W, (Eds. ),
Disenser of Swine, 11th ed. Wiley-Blackwell, United Kingdou, pp. 621 634,

Colig, D., 2021. Genotyping of Rotavirus A from wild animals In Croatia, Master's thesis.

Faculty of Veterinary Medicine, University of Zagreb_ Littpe wn ceh b b by
217:900539.
lelé. . Kredle, N, M(h.’l.l}evlc.z Andmnsﬂkv 'I' Ballg, D, Lolic, M., Bmlc.D 2021.
kable genetic di 3 circulating in red fox p in

Cmmh Pathogens 10 (4), 485. l.upv /dolorg/ 10 3’1')" pathogens] 1 0(\4’148 3.

Colomer, J., Massel, G., Roos, D., Rosell, C, Rodriguez-Teljelro, J.D 2024, What dedves
wild boar density and population growth in Medi ? Sei. Total
Environ. 931, 172739, hitox //dei.ocg? 10, 1016/ scitoteny. 2024 17

Crawford, 5.E., Ramani, §,, Tate, J.E., Parashar, U.D., Svensson, L, Haghom, M.,
Franco, M.A., Greenberg, HH., O'Ryan, M., Kang, 0., Desselberger, U., Estes, M.K.,
2017. Rotavirus infection. Nat. Rev. Dis Primers 3, 17088 hitps:/ ‘dologg/10. 1050
nrdp,2017 83,

Cunningham, AA., Daszak, P., Wood, J.L.N., 2017, One health, emerging infectious
diseases and wildlife: two decades of progress? Philos, Trans. R. Soc. B, hrtps://dol
org/10.1096 /rsth 201 6.0167,

de Barros, B., Chagas, EN., Bezerra, LW., Ribeiro, L.G., Barboza Duarte, J.W.,

Percira, D.. da Penha, ET., Silva, J.R., Melo Bezerra. D.A, Bandeira, R.S., Costa
Pinheiro, H.H., dos Santos Guerra, S.def., J. R., de Pavla Souza ¢ Guimaraes,
Mascarenhas, J.D.A.P., 2018. Rotavirus a in wild and domestic animals from areas
with 1 d d: in the lian Amazon. PLoS One 13, hrtps:/ ‘dol
org/10.1371 fournal pone, 0209005,

Desvars-Larrive, A., Vogl, A.E, Pmpnnrmi. G.A., Yang L., denm. A. Kasbohrer, A..
2024. A one health fr ris for
through a case study. Nat. Commun. 15, lepe:
40967-7.

Dhama, K., Chauhan, RS., Mahendran, M., Malik, $.V.S., 2009. Rotavirus diarrhea in
bovines and other domestic anlmals. Vet. Res. Comumun. 33, 123, horpey dol crgs
10,1007 /511259-008-9070-x,

Dian, Z,, Sun, Y., Zhang, G., Xu, Y., F:z.n. X, Y:mg, X, Pan, Q. Pq)pehnbocch M
Miao, Z., 2021. Rotavir I; clinical

doi crg/10,1038/541467-024-

and path Cuit. Rev. Microbiol. litsps: //dol.oxg/10.1080/
1040841 X.2021 1907738,
Doxo, R, Farkas, S.L, Mastella, V., Banyal, K., 2015. Zoosotl fon of

survelllance and conwol, Expert Rev. Anti-lnfect. Ther, 13 {117, 13371350, Leps
doi.org/ 10.15686/ 14787210.2015 108917 1.
D'Soun R.M Hall, 0., Becker, NO 2008. Climatic factors associated with
ioas for rotavi boes in children unde: 5 yencs of age. Epidemiol.
fdoi.args 10,101 7/ 50950 2688 07008229

Infect. 156(!),
s, MK,

Evans, RH., 1984, Rotuvn'ux associated diarchea in young raccoons (Procyon lotor),
striped skunks (Mephitis mephitis) and red foxes (Vulpes vulpes). J. WildL Dis, 20,
79-85. https://dot.org/ 10.7589/0090-3556-20.2.79,

Fleming, P.A., Dundas, S.J., Lau, Y.Y.W., Pluske, J.R., 2016. Predation by red foxes
(Vulpes vulpes) at an outdoor piggery. Animals 6. hrtpas/ ‘dotorg, 109590,
ani6 100060,

Fournié, G., Kearsky-Fleet, L., Otte, J., Pfeiffer, D.U., 2015, Spatiotemporal trends in the
discovery of newr swine infectious ngents. Vet, Res, 46, 114, hetpz/ /doiorg,
10.1186; 367-015-0226-8.

Galvez, A., Peres-Neto, P.R.. Castillo-Escriva, A., Bonilla, F.. Camacho, A., Garcia-
Roger, E.M,, lepure, S., Miralles, J., Moards, J.S., Olmo, C., Picazo, A., Rojo, C.,
Rueda, J., S.-na. M., Segum M., Annengol X., Mesquita-Joanes, F., 2024, Spatial

Science of the Total Environment 994 (2025) 180010

from Vietnamese children with acute gastroenteritis (2014-21): adaptation and loss
of animal irus-derived genes during h to-h spread. Virus Evol. 10
[1), veac045, httpsy/ /doi.orz/ 10.1093/ ve/ \::clH:.

Hoxie, L, Dennehy, JJ., 2020, rotavirus d Y
and evolution. Virus Evol 6 (1), vez059. kttps://dolorg /10,1093 v/ 59.

Jimeénez-Ruiz, S., Santos, N., Barasona, J.A., Fine, AE., Jori, F., 2024, Editorial: pathogen

az the di ildlife rface: a growing chall that requires
integrated solutions. Front. Vet. Sci. 11, 1415335, hrrpe:/‘dolocs /10,3389
frets 2024.141 5335,

Jot Baptista, C, Seixas, F., Gonzalo-Orden, J.M., Oliveira, P.A., 2023, Wild boar (Sus
scrofa) as a potential reservoir of infectious agents in Portugal: a review of two
decades {2001 -2021). Eur. J. WildL Res. 69, 101, Littpe: //dolocy /10,1007 £10344-
023-017328,

Kraay, AN.M., Brouwex, AF., Lin, N’ Callender P A Remals, J V., Eisenberg, JN.S.,
2018 Modeling fon: the role of
temperatuce and hydrologic factors, Proe. Natl Acad. Sel. 115 (12), E2782 E2790.
bittpe://doi.org/ 10,1073/ puas. 1219579115,

Krofel, M., Berce, M., Berce, T., Krystufel, B., Lamut, S, Tarman, J., Fleiar, U, 2023.
New mesocarnivore at the doorstep of Central Ewope: historic development of
5old=n jackal (Canis aureus) pupulnhon in Slovenia. Mamm. Res. 68, 329-339.

/daiorg/ 101007

Kuni¢, V., Mikuletic, T., Kogoj, R., Koritnik, T., Skya. A Soprek, 8., Tesovic, 0.,
Kenjil, V., Roksandic Keizan, L, Prislin, M., Jemersic, L., Brnic, D., 2023, Interspecies

af por iginated G4P[6] 5 bebween pigs aad humans: a
uynd\mnm 5pnnotemporal approach. Front. Microbiol. 14, 1194764, hetp=/ /doi
arg/10.3389 mich 20231194764,

Lagan, P., Mooney, M.H., Lemon, K., 2023. Genome analyses of species a rotavirus
isolated from various mammalian hosts in Northern Ireland during 2013-2016.
Virus. Evolution 9 (2), vead039. https:// doi orz/ 1. 1093 fve /vend 039,

Lanszki, J., Heltai, M., Szabo, L., 2006, Feeding habits and trophic niche overlap between
sympatric golden jackal (Canis aurcus) and red fox (Vulpes vulpes) in the Pannonian
ecoregion (Hungary). Can. J. Zool 84, 1647-1656. https:, /dol orz 10,1139/206
147,

Le, X, Tao, Y., Wang, B., Hau. Y. Nl.ng. Y., Hou, J., Wnng R, Li, Q., Xia, X., 2025.
Diversity and a in wild animals in
Yunnan. China, Mlcmorgmuml 13 M, l45.l*rp. “doL.org/10.3390,
microor ganlsnis 1301014

Letunic, L, Bork, P., 2021, In(ermive tree of life (ITOL) v5: an online tool for
phylogenetic tree disphy and annotation. Nucleic Acids Res. 49 (1), W293-W296.
htpe://dokorg/10.1093/nar/ ghab301,

Malik, YS Bhat, 8., Dar, P.S., Slﬂ.:u S, Dh.'l.m:l K., Singh, RK., 2020. Evolving

Open Virol J 14, 1_6. hitps:/

dolorg/10.21747 var::s'w»omwuav
Martella, V., Baayal, K, Matthijnssens, J., Buonavoglia, C., Ciacler, M., 2010. Zoonotic
aspects of rotaviruses. Vet. Microbiol. 140 (3-4), 246-255. hitps //doineg/1 01016,

| vetmie. 2009.08.028,
M:m]n, P P:mox!l, PP, Blo:h.ler. B HumNeL MF., Saegerman, C, 2011. A survey of
of i ions between wild and domestic

umlh in Europe. Vet. Res. 42, 70. http://doi org/10.1 186/ 1207-9716-42-70,
Martin, D.P., Murrell, B., Golden, M., Khoosal, A., Muhire, B., 2015. RDP4: det=ction and

amalysis of recombination pnlbenu in virus genomes. Virus Evol. 1 (1), vev003.

hitps

/doi.ong/ 10,1099/ ve/vev

Mathion, H., Sonders, L., 2014 lmwnl Approaches:
Change Process, ISTE Lid md Joha Wiley and Sons, I l

Mnnhl_;nmm,.! Ciarlet, M., Rahman, M., Attoui, H,, Banyai, K., Estes, M.K., Gentsch, J
R., Iturriza-Gomara, M., Kirkwood, C.D., Martella, V., Mertens, P.P.C., Nakagomi, O,
Patton, J.T., Ruggeri, FM., Saif, L. J., Santos, N., SKcyer. A Tamgud\l. >
Desselberger, U., Van Ranst, M., 2008a. for the classification of
group a rotaviruses using all 11 genomic ANA segments. Arch. Virel, 153,
1621-1629, https.//doi.org/10,1007 5007050060155 1,

Matthijnssens, J., Giarlet, M., Heiman, E., Axijs, L, Delbeke, T., McDonald, S.M.,
Palombe, E.A,, Iturriza-Gomara, M., Maes, P., Patton, J.T., Rahman, M., Van
Ranst, M., 2008b. Full genome-based classifi of reveals a
origin between human Wa-like and porcine rotavirus strains and human DS-1-like
and bovine romvmu strains. J. Virol, 82 (7), 3204-3219. http=//doiorg/10.1128,
1.1,0}.25

versus spa hes for studying a multi-t
:m.'ly:ls Ln'\iedixermnmn and tropleal temporary ponds. Proe. R. Soc. B Biol Sci.
201, heepe:/ /doi.org/10.1098/rspb. 2023.2768.

Geletu, U.S,, Usmael, M A, Baxi, F.D., 2021, Rotavirus In calves and its zoonotic
impostance. Vet Med Int. https//dol.org/10.1 155/2021 /4639701,

Ghosh, 5., Robayashl, N., 2014, Exotic rotaviruses In animale and rotaviruses In exotic
animals VirusDis 25, 158-172. hrips:/ ‘dol org/10.1007 /13337-014-0104-2.

Ghosh, 3, Kumar, M., Santiana, M., Mishra, A, Zhang, M., Labayo, H., Chibly, A M.,
Nokamura, H., Tanaka, T., Henderson, W., Lewis, E., Voss, O,, S, Y., Belkaid, Y.,
Chiorini, JA., Hoffman, M P., Altan-Bonnet, N., 2022 Enteric viruses replicate in
sallvary glands and infect through aliva. Nature 607, 345-350. Lt

‘/dol.otg

10,1038 /241 566-022-04895-4,
Hatcher, E.L., Zhdanov, S.A., Bae, Y., Blinkova, 0., N EP Ostapchuck, Y.,
Schaffer, A.A., Brister, JR., 2017. Virus vari d to

emeigent viral outbreaks. Nucleic Acids Res, 45, 462-490, hitpee /dol.org/1 0,109/
aar/ghkw 1065,
Hoa-Tran, T.N., Nakagomi, T., Manh Vu, H., Thu Thi Nguyen, T., Thi Hai Dao, A, The
Nguyen, A., Bines, J E., Thomas, §., Grab ", Kataoka-Nak
Taichiro, T., Hasebe, F., Kodama, T, Knneko.M Thl Thanh Dang. H., Thi Duong H.
Duc Anh, D., Nakagomi, 0., 2024, Evalution of DS-1-like G8P[8] rotavirus a strains

likovd, R., Dufkova, L., Kamler, J., Drimaj, J., Plhal, R., Prodélalovi, J., 2016.
Epidemiological survey of enterle viruses In wild boas In the Czech Republic: first
evidence of clos= relationship between wild boar and human rotavirus a strains. Vet,
Microblol 193, 28-35. hetpe//delocg/10.1016,7 vee 2016.08:003.

OLadem.R. AbeM Ito, N., Morikawa, S., Y ki, A, M T., Nak K.,

85 M., 2013, Evid, of natural of group a
rotavirus between domestic pigs and wild boars (Sus scrofa) in Japan. Infect. Gener.
Evol. 20, 54.60. dol.org/10.1016/| meegid 2013.07.029.

Palmarlal, M., 2017, In: MacLachlan, NJ., Dub E.J. (Eds.), Reoviridse, In Fenpes's
vetsrinary virology acodemic press, Boston, MA, USA, pp. 296-317, Sth «d

Papp, H. Laszlo, B, Jakab, F., Ganesh, B., De Grazia, S., Matthijnssens, J., Clarles, M.,
Martells, V., Banyai, K.. 2013a. Review of group a rotavirus strains reported in swine
and cattle. Vet. Microbiol. 165 (3-4), 190-199. ¢ //doiong/ 10,1016/

etmic.2013.03.020.

Papp, H., Borzak, R, Farkas, S, Kisfali, P., Lengyel, G., Molnar, P., Melegh, B.,
Matthijnssens, J., Jakab, F., Martella, V., Banyai, K., 2013b. Zoonotic transmission of
reassortant porcine G4P[6] rotovirnses in Hun, iacric patients identified
sporadically over a | Syear period, Infect. Genet, Evol. 19, 71-80, frtps /
10.1016/f meegid 201306003,

/doi.org

130



V. Kuni¢ et al

Pickett, B.E, Sadat, E.L, Zhang, Y., Naronha, /.M., Squires, R.B., Hunt, V., et al., 2011.
ViPR: an open bicinformatics database and analysis resource for virology research.
Nuceic Acid Res, 40 (1), D593-D598. hetps://doLorg/ 10,1093/ nar/ghr 559,

Rotavirus Classification Working Group, 2023. List of accepted genotypes. Rega Instituut
KU Leuven. Available online: hetps://regakuleuven. be/cev/viralmetagenom

icervirus classification rews, accessed on January 7, 2025,

» L, K., Wei, H., Guo, X., Zhao, Z., W:u:g Y., Song. 'W., Abudunaibi, B, Chen, T.,

P

Rui,

2024. MODELS: a six-step fr k for develop disease model.
Infect. Dis. Povesty 13, htipe// dolorg/ 10,1184 AJO’ 0-024.01 1953,

Samson, S, Lord, E., Makxenkw M., 2022, SimPlot++: a Python nppllmdonx’or
representing and detecti binati 38

,«.-

(11), 3118-3120. hittpe://doLes 3.1095/ blolnfosmatics 87.

Schug, F., Bar-Massada, A., Cadéon, AR., Cox, H., Hawbaker, T.J., Helmers, D.,
Hostest, P., Kaim, D., Kastace, N.E., Martinuzal, S., Mockeln, MH., Pfoch, KA.,
R:\dei.oﬁ‘ /.C., 2023, The global wildlaad urban interface, Nature 621, 94-99,

oeg/10,1038/341586-023-05320-0.

Semca. P, 2ele Venguit, D., Vengust, G., Kuhar, U., 2024, Genomic revelations:

apr in wild rumi and its tial. Front
Vet Sci 11, hutpe:/ /dol org/ 10,3389/ fvets 2024, 1420654,
Shizawa, S., Fuknd:l,F IGkk:wv:n,Y ‘I' Takemae, H., Masuda, T, Ishida, H.,

i, 8., M. i, T., Nagai, M., Oba, M., 2024. Genomic
diversity of gmup a rotaviruses from wild boars and domestic pigs in Japan: wide
prevalence of NS carrying the H2 genotype. Arch. Virol 169, 63. littps:
101007 /£00705-023-05954-8.

Silva, F.D.F., Gregori, F., McDonald, 5.M., 2016. Distinguishing the genotype 1 genes and
proteins of human Wa-like rotaviruses vs. porcine rotaviruses. Infect. Genet, Evol.
43, 6-14, hetps://doi.org/10,1016/) meegid. 2016.05.01 4,

Singh, B.B., Ward, M.F., Dhand, N K., 2023, Host charncteristics and their influence on
zoonosis, isease emergence and multi-host pathogenicity. One Health 17, hitps:
doi.org/ 101016/ j onchit 2023100596,

Spassov, N., Acosta-Pankov, 1., 2019. Dispersal history of the golden jackal (Canis aureus
moreoticus Geoffroy, 1835) in Europe and possible causes of its recent population
explosion. Biodivers. J. 7. httpat,'/dolorg/10.3897 /BDJ.7.e34525. E34825,

Statham, M.J., Edwards, C.J., Norén, K., Soulsbury, C.D., Sacks, B.N,, 2018, Genetic
analysis of European red foxes reveals multiple distinct peripheral populations and
central continental admixture. Quat. Sci. Rev. 197, 257-266, hteps:/ /dol.arz/
10.1016/1. quascliev, 20 18.08.019.

Stever, A., Godi¢ Tarkar, K., Gutiérrez-Aguirre, I, Polgak-Prijatelj, M., 2011. Hizh
prevalence of enteric viruses In untweated individual drinking water sources and
surface water In Slovenia. Int. J. Hyg. Environ. Health 214 [5), 392398, hitpe://dol
o19/10.1016/}.1/heh.2011.05.006.

/doi.arg/

Science of the Total Environment 994 (2025) 180010

s L., 2000. Di is of foodb viral inf in patients. Int. J. Food
Microbiol. 59 (1-2), 117-126. hrtpe:/ /doi.org/ 10.1016/50168-1605(00)00281-5.

Tamur, K., Stecher, G., Kumar, 5., 2021, MEGA11: molecular evolutionary genctics
analysie version 11, Mol Biol. Evol. 38 (7), 30223027, hetpat/ “dolors /10,1093
molbev/meab120,

Troeger, C., Khalil, LA., Rao, P.C,, Cao, S., Blacker, B.F,, Ahmed, T., Armah, G., Bines, J.
E., Brewer, T.G., Colombam, D.V,, Kang, G., Kirkpatrick, B.D., Kitkwood, C.D.,
Mwenda, JM., Parashar, U.D., Petri, W.A., Riddle, M.S., Steele, A.D., Thompson, R.
L., Walson, J.L., Sanders, JW., Mokdad, A H., Murray, C.JL, Hay, 5.1, Relner, R.C,
2018. Rotavirus vaccination and the global burden of rotavirus diarrhea among
children vounger than 5 years, JAMA Pediatr. 172 (10), 958-965, hrpe:// dolors,
10,1001 /jamapediatries. 201 8.1960,

Villbie-Cavlek, T., Barble, L., Mezljak, A., Bmic, D., Klobucar, A., Ilic, M., Janev-
Holcer, N., Bogdanie, M., Jemersie, L., Stevanovic, V., Tabain, I., Krema, S.,
Vueel[:l M, Pzpic,.’ Bollfel.k M., Jelicic, P.. Mad.lc,.l Ferencak, I, Savlc,V 2021.

d viruses of In Croatia. Pa
hittps.//dot.org/ 10.3990/ pathogens 10010073,

Wegner, G1, Munay, KA, Springmann, M., Muller, A., Sokolow, S.-H., Saylars, K.,
Morens, D.M., 2022, Averting wildlife-bomne nfectious disease epidemics requires a
focus on socio-scological drivers and a redesign of the global food system-NC-ND

/doi.org/ 10,1016/

8. Pig Welfare in Croatia: A Crifical Reflection on

ives. Manter's thesis.. Wa

license. he
Wellbrock, W

Direc

EU Pig Welfare

ageningen University of Animal Sciences.

World Organisation for Animal He:nllh, 2024 The lmportance of Ihe One Health
Approach in Tackling and R ing Zoonotic Epi ics and
Pandemics, Licence: CC BY-5A 3.0 1GO. heips //doiong/ 10 20506 /voah, 3480,

Wu, F.T., Liu, LTGC, Jiang, B., Kvo, T.Y., Wu, C.Y., Liao, M.H., 2022 Prevalence and
diversity of rotavirus a in pigs evidence for a possible reservoir in human infection,
Infect. Genet. Evol. 98, 105198. https://doi.arg/ 10,1016/ meegid 2021105198,

Yon, L., Duff, J.P., Agren, E.O., Exdélyi, K., Fa:loglm E., Godfroid, J.. Hars, J.,

Hestvik, G., Horton, D, Kuiken, T., Lavazza, A, Markowska-Daniel, |, Martel, A.,
Neimanis, A., Pazmans, F., Price, SJ., Ruiz-Fons, F., Ryser-Degiorgis, M.P.,
Widén, F., Gavier-Widén, D., 2019, Recent changes in infectious diseases in
curopean wildlife, J. WildL Dis, https //doiorg/10.7589/2017-07-172,

Zecchin, B., De Nardi, M., llec, P., Vernesi, C., Babbuccl, M., Cr llo, B..

Bagd, Z., Bedekovie, T., Hostnik, P., Milani, A., Donnelly, C.A., Bargelloni, L.,

Lozenzetto, M., Cltterio, C., Obber, F., De Benedictis, P, Cattoll, G., 2019. Genete

and spatal characterization of the red fox (Vulpes vulpes) population In the area

stretching between the eastern and Dinaric Alps and its relationship with rabies and

canine distemper dynamics. PLoS One 14, €0213515. herpe:/ /dol oy, 10,1371/

Journal pons 021 3515,

131



9. BIOGRAPHY OF THE AUTHOR WITH BIBLIOGRAPHY OF PUBLISHED WORK

Valentina Kuni¢ was born on April 30", 1993, in Zagreb, Croatia. After graduating from
the III. Gymnasium Ivan Kuslan, Zagreb, she enrolled in the Faculty of Veterinary Medicine at
the University of Zagreb. Valentina graduated in 2018 and started to work in B. Braun Adria d.
0. 0. as a Sales representative for the Hospital care program until September 2021, when she
joined the Department of Virology at Croatian Veterinary Institute. She was employed as a
research assistant on the project “Reco: Rotaviruses in Croatian ecosystem: molecular
epidemiology and zoonotic potential*“, funded by the Croatian Science Foundation. The work
of Valentina was funded by the Croatian Science Foundation project DOK-2021-02-3623. In
2022, she enrolled in the postgraduate doctoral program in Veterinary Sciences at the Faculty
of Veterinary Medicine, University of Zagreb. In 2024, Valentina participated in 28th
International Bioinformatics Workshop on Virus Evolution and Molecular Epidemiology
(VEME 2024), held at Fiocruz, Brasilia. In addition, she completed several training programs,
including next generation sequencing, bioinformatics analyses, cell culture and flow cytometry
training. Valentina has published 9 scientific papers, with an h-idex of 4, and has participated

in 14 international conferences.

Scientific articles in WoS journals
KUNIC, V., LJ. BARBIC, J. SIMIC, T. MIKULETIC, R. KOGOJ, T. KORITNIK, A.
STEYER, D. KONJEVIC, M. BUJANIC, M. PRISLIN SIMAC, D. BRNIC (2025):
Interspecies transmission and genome heterogeneity of porcine-originated Rotavirus A
between domestic pigs and wildlife in the Croatian ecosystem. Sci. Total Environ. 994,
2025, 180010. doi:10.1016/j.scitotenv.2025.180010
PRISLIN SIMAC, M., S. NALETILIC, V. KOSTANIC, V. KUNIC, T.M. ZOREC, M.
POLJAK, D. VLAJ, R. KOGOJ, N. TURK, D. BRNIC (2024): Canid alphaherpesvirus 1
infection alters the gene expression and secretome profile of canine adipose-derived
mesenchymal stem cells in vitro. Virol. J. 21, 336, 18. doi:10.1186/s12985-024-02603-8
PRISLIN, M., A. BUTORAC, R. BERTOSA, V. KUNIC, 1. LIOLJE, P. KOSTESIC, D.
VLAHOVIC, S. NALETILIC, N. TURK, D. BRNIC (2024): In vitro aging alters the gene
expression and secretome composition of canine adipose-derived mesenchymal stem cells.
Front. Vet. Sci. 11, 1387174, 12. doi:10.3389/fvets.2024.1387174
KUNIC, V., T. MIKULETIC, R. KOGOJ, T. KORITNIK, A. STEYER, S. SOPREK, G.
TESOVIC, V. KONJIK, I. ROKSANDIC KRIZAN, M. PRISLIN, D. BRNIC (2023):

132



Interspecies transmission of porcine-originated G4P[6] rotavirus A between pigs and
humans: a synchronized spatiotemporal approach. Front. Microbiol. 14, 1194764, 14.
doi:10.3389/fmicb.2023.1194764

BRNIC, D., D. VLAHOVIC, A. GUDAN KURILJ, N. MALTAR-STRMECKI, 1. LOJKIC, V.
KUNIC, L. JEMERSIC, 1. BACANI, G. KOMPES, R. BECK, T. MIKULETIC, A.
STEYER (2023): The impact and complete genome characterisation of viruses involved in
outbreaks of gastroenteritis in a farrow-to-finish holding. Sci. Rep. 13, 18780, 14.
doi:10.1038/541598-023-45994-4

BRNIC, D., D. COLIC, V. KUNIC, N. MALTAR-STRMECKI, N. KRESIC, D. KONJEVIC,
M. BUJANIC, I. BACANI, D. HIZMAN, L. JEMERSIC (2022): Rotavirus A in domestic
pigs and wild boars: high genetic diversity and interspecies transmission. Viruses 14, 9,
2028, 20. doi:10.3390/v14092028

PRISLIN, M., D. VLAHOVIC, P. KOSTESIC, 1. LJOLJE, D. BRNIC, N. TURK, L. LOJKIC,
V. KUNIC, T. KARADJOLE, N. KRESIC (2022): An outstanding role of adipose tissue
in canine stem cell therapy. Animals 12, 9, 1088, 19. doi:10.3390/ani12091088

Scientific articles in Scopus journals
PRISLIN, M., S. NALETILIC, M. HOHSTETER, V. KUNIC, N. KRESIC, N. TURK, L.
LOJKIC, L. JEMERSIC, D. BRNIC (2024): Patologija pseée herpesviroze. Vet. Stanica
55,1, 99-110. doi:10.46419/vs.55.1.7
KUNIC, V., Z. GOTTSTEIN, M. PRISLIN, V. SAVIC, D. BRNIC (2024): Health
repercussions of avian rotaviruses on poultry and fancy pigeons. Vet. Stanica 55, 6, 677—

689. d0i:10.46419/vs.55.6.3

Conference papers (in Proceedings)

KOSTANIC, V., V. KUNIC, M. PRISLIN SIMAC, M. LOLIC, T. SUKALIC, D. BRNIC
(2024): Klinicki i epidemioloski uvid u akutni gastroenteritis uzrokovan rotavirusom A 1
koronavirusom kod goveda. Zbornik radova, 7. Hrvatski veterinarski kongres, Dubrovnik,
Croatia, pp. 145-145.

PRISLIN SIMAC, M., V. KUNIC, V. KOSTANIC, R. BECK, D. JURKOVIC ZILIC, S.
DUVNIJAK, L. REIL, I. LOJKIC, D. BRNIC (2024): Procjena kontaminacije patogenima
u pripravcima mezenhimskih maticnih stanica porijeklom iz masnog tkiva pasa. 7. Hrvatski

veterinarski kongres, Dubrovnik, Croatia, Abstract book, pp. 123—124.

133



KUNIGC, V., T. MIKULETIC, T. KORITNIK, A. STEYER, D. KONJEVIC, M. BUJANIC, M.
PRISLIN SIMAC, D. BRNIC (2024): Porcine-originated rotavirus A shows significant
genetic heterogeneity and interspecies transmission potential. 9th European Rotavirus
Biology Meeting, Abstract Book, pp. 49—49.

PRISLIN SIMAC, M., 8. NALETILIC, V. KOSTANIC, V. KUNIC, T.M. ZOREC, M.
POLJAK, D. VLAJ, R. KOGOJ, N. TURK, D. BRNIC (2024): In vitro interaction between
canid alphaherpesvirus 1 and canine adipose-derived mesenchymal stem cells: impact on
cell gene expression and secretome profile. Power of Viruses 2024, Zadar, Croatia. Book
of Abstracts, pp. 48—48.

PRISLIN, M., A. BUTORAC, R. BERTOSA, V. KUNIC, 1. LIOLJE, P. KOSTESIC, D.
VLAHOVIC, S. NALETILIC, N. TURK, D. BRNIC (2024): In vitro ageing changes the
gene expression and secretome proteomic profile of canine adipose-derived mesenchymal
stem cells. International Society for Stem Cell Research, Hamburg, Germany. Poster
Abstract Guide 2024, 659-659.

PRISLIN, M., N. KRESIC, D. VLAHOVIC, I. LOLIJE, P. KOSTESIC, N. TURK, V. KUNIC,
L. LOJKIC, D. BRNIC (2023): Primjena mezenhimskih mati¢nih stanica masnog tkiva u
lijeCenju bolesti pasa. Veterinarski dani 2023, Osijek, Croatia, Abstract book, pp. 53.

BRNIC, D., I. SKOKO, V. KUNIC, J. PRPIC, L. JEMERSIC (2023): Viral contaminants of
bivalve molluscan shellfish harvested from production areas in Croatia: the results of a
three-year study. 58th Croatian and 18th International Symposium of Agronomists,
Abstract book, pp. 195-195.

KUNIC, V., T. MIKULETIC, R. KOGOJ, T. KORITNIK, A. STEYER, S. SOPREK, G.
TESOVIC, V. KONJIK, I. ROKSANDIC KRIZAN, M. PRISLIN, L. JEMERSIC, D.
BRNIC (2023): Interspecies transmission of G4P[6] rotavirus A between pigs and humans
revealed by synchronized spatiotemporal approach in Croatia. MEEGID XVI, Dresden,
Germany, Abstract Book 05.2:145.

BRNIC, D., D. VLAHOVIC, A. GUDAN KURILJ, I. LOJKIC, V. KUNIC, I. BACANI, N.
MALTAR-STRMECKI, A. STEYER, L. JEMERSIC (2023): Outbreaks of viral
gastroenteritis in domestic pig farming: the impact on production results and complete
genome characterisation of implicated pathogens. Thai J. Vet. Med. 53 Suppl. 2, pp. O21-
022.

PRISLIN, M., T. M. ZOREC, D. VLAHOVIC, S. NALETILIC, I. LJIOLJE, P. KOSTESIC, V.
KUNIC, N. TURK, D. BRNIC (2023): In vitro interaction of canine adipose-derived

mesenchymal stem cells with canid alphaherpesvirus: influence on cell differentiation

134



genes and variations of viral genome. ISSCR Int. Symp. “From Concepts to Clinic,” Sao
Paulo, pp. 76-77.

BRNIC, D., V. KUNIC, N. KRESIC, J. JUKIC GUC, V. KRZELJ, V. KONJIK, L
ROKSANDIC KRIZAN, S. SOPREK, G. TESOVIC (2022): Pristup “Jednog zdravlja” u
istrazivanju rotavirusa A: znacaj zivotinjskih sojeva u epidemiologiji rotavirusnih infekcija
u djece. 0O-90.

KUNIC, V., T. MIKULETIC, A. STEYER, R. KOGOJ, S. SOPREK, G. TESOVIC, V.
KONIJIK, J. JUKIC GUC, V. KRZELJ, N. KRESIC, D. BRNIC (2022): Whole genome
characterization of unusual Rotavirus A strains with zoonotic background detected in
hospitalized children in Croatia. 14th International dsSRNA Virus Symposium, Banff,
Canada

BRNIC, D., V. KUNIC, T. MIKULETIC, A. STEYER, R. KOGOJ, A. KOVACEVIC, N.
KRESIC, V. KONJIK, M. SIPL, I. ROKSANDIC KRIZAN, J. JUKIC GUC, V. KRZELJ,
S. SOPREK, G. TESOVIC (2022): Rotavirus A infection in hospitalized children in
Croatia during three seasons: the predominance of G3 genotype and the emergence of
intergenogroup reassortant strains. 14th International dsSRNA Virus Symposium, Banff,
Canada.

KUNIC, V., S. SOPREK, G. TESOVIC, J. JUKIC GUC, V. KRZELJ, N. KRESIC, L.
JEMERSIC, D. BRNIC (2022): Overview of the Rotavirus A genotypes circulating in
hospitalized children in wider Zagreb and Split areas during 2020 and 2021. 7th Croatian
Congress of Microbiology with International Participation, Sveti Martin na Muri, Croatia.

Book of Abstracts, pp. O 51.

135



