
 

 

 

 

Faculty of Veterinary Medicine 

 

 

 

 

Iva Benvin 

 

 

 

 

 INSIGHT INTO THE RE-EMERGENCE 

OF LEPTOSPIRA spp. SEROGROUP 

POMONA  
 

 

 

 

 

DOCTORAL DISSERTATION 

 

 

 

 

 

 

 
Zagreb, 2025 



 

 

 

 

Veterinarski fakultet 

 

 

 

 

Iva Benvin 

 

 

 

 

REEMERGENTNOST BAKTERIJE 

LEPTOSPIRA spp. SEROLOŠKE SKUPINE 

POMONA 
 

 

 

 

 

DOKTORSKI RAD 

 

 

 

 

 

 

 
Zagreb, 2025. 



 

 

 

 

Faculty of Veterinary Medicine 

 

 

 

 

Iva Benvin 

 

 

 

 

INSIGHT INTO THE RE-EMERGENCE 

OF LEPTOSPIRA spp. SEROGROUP 

POMONA 

 

 

 

DOCTORAL DISSERTATION 

 

 

 

 

Supervisor: 

 

Prof Nenad Turk, PhD, MSc, DVM  

 

 

 
Zagreb, 2025 



 

 

 
 

Veterinarski fakultet 

 

 

 

 

Iva Benvin 

 

 

 

 

REEMERGENTNOST BAKTERIJE 

LEPTOSPIRA spp. SEROLOŠKE SKUPINE 

POMONA 
 

 

 

DOKTORSKI RAD 

 

 

 

 

Mentor: 

 

Prof. dr. sc. Nenad Turk 

 

 

 
Zagreb, 2025.



 

 

 

VETERINARSKI FAKULTET 

 

 

 

I Z J A V A 

 

 

 

 

Ja, Iva Benvin, potvrđujem da je moj doktorski rad izvorni rezultat 

mojega rada te da se u njegovoj izradi nisam koristila drugim izvorima 

do onih navedenih u radu.  

 

 

__________________________________ 

(potpis studenta) 

 

 

 

 

Zagreb, 2025. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This dissertation was prepared in the Department of Microbiology and Infectious Diseases with 

Clinic of the Faculty of Veterinary Medicine, Croatia, under the supervision of Professor Nenad 

Turk, PhD. One part of the research was conducted at the Centers for Disease Control and 

Prevention (CDC), Atlanta, GA, USA, within the framework of the Zoonotic Disease Integrated 

Action (ZODIAC) project of the International Atomic Energy Agency (IAEA), whose funding 

and coordination of training greatly contributed to the development of this scientific work.  



 

 

INFORMATION ON SUPERVISOR 

 

Professor Nenad Turk works at the Department of Microbiology and Infectious Diseases with 

Clinic, Veterinary Faculty, University of Zagreb. He finished PhD at the Veterinary Faculty, 

University of Zagreb, in the field of molecular epizootiology of pathogenic bacteria. The topic 

of his dissertation was the molecular characterisation of different strains of pathogenic 

bacteria Leptospira spp. Scientific activity is focused on the investigation of infectious diseases 

in animals, particularly zoonoses as well as the investigation of the role of stem cells in therapy. 

His role as a mentor was in the development of the idea of the proposed investigation as well 

as an adviser in all aspects necessary for the preparation of this dissertation. Up to now, 

according to Scopus, he published 73 scientific papers with 957 citations and an h-index of 16. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

Najveću zahvalnost upućujem svojem mentoru, prof. dr. sc. Nenadu Turku, na uloženom trudu, 

nesebičnoj podršci i vodstvu tijekom čitavog razdoblja doktorata. Njegovi savjeti, ispravci i 

poticaji nisu bili samo profesionalna smjernica, već i dragocjen izvor motivacije, ohrabrenja i 

stalne inspiracije za moj daljnji rad. 

Posebnu zahvalnost dugujem Vesni i Maji, koje su svojom toplinom, veseljem i posebnom 

pozitivnom energijom učinile svaki trenutak proveden u laboratoriju ljepšim i lakšim, a bez 

njihove pomoći i podrške mnogo toga ne bi bilo moguće.  

Zahvaljujem i Maji Maurić Maljković na velikoj pomoći i savjetima oko statističke obrade 

podataka. 

Veliko hvala i mojim kolegama sa Zavoda i Klinike na stalnoj podršci i motivaciji, a osobito 

Mariji, Suzani, Matku, Josipi i Valentini na svim korisnim razgovorima, savjetima, iskrenom 

ohrabrenju i toplim riječima, koje su mi puno značile. Zahvaljujem i prof. dr. sc. Zoranu Milasu 

na pruženoj podršci i poticajnim savjetima.  

Od srca hvala svim mojim prijateljicama i prijateljima na razumijevanju, podršci, motivaciji i 

svim zajedničkim trenucima koji su mi uvijek vraćali energiju i vjeru da nastavim dalje. 

Neizmjerno sam zahvalna svojoj obitelji – mami, tati, bratu, sestrama i mojim ljubimcima – 

koji su od samih početaka vjerovali u mene, pružali mi bezuvjetnu podršku i bili moji najveći 

navijači, pratili me u svim izazovima te s puno ljubavi i razumijevanja bili moj najsigurniji 

oslonac u teškim trenucima. Bez njih sve bi ovo bilo nemoguće. 

Na kraju, posebnu zahvalu dugujem svojoj Lumi, koju sam udomila upravo u trenutku kada sam 

započela pisati svoj prvi rad, danas dio ovog doktorskog rada. Od tada je bila uz mene na 

svakom koraku, unosila radost u moje dane te učinila cijelo ovo razdoblje neusporedivo 

ljepšim.



 

 

ABSTRACT 

 

Leptospirosis is a re-emerging zoonosis of global importance caused by pathogenic spirochetes 

of the genus Leptospira, affecting humans, domestic and wild animals. Recent evidence 

indicates an increasing dominance of Leptospira spp. serogroup Pomona in various hosts, 

which is associated with severe clinical manifestations. In this dissertation, it was hypothesised 

that serogroup Pomona is re-emerging as the most virulent within the pathogenic Leptospira 

complex and is becoming a dominant infectious entity in different animal species. The research 

was based on three studies that included horses, cats and small rodents as representative hosts. 

Horses and cats represent two extremes in susceptibility to Leptospira spp. infection and clinical 

manifestation, while rodents serve as the main reservoir and play a crucial role in environmental 

persistence. In horses, a ten-year serological study of 61,724 samples revealed a seroprevalence 

of 10.8 %, with the serogroup Pomona emerging as the most prevalent and showing a clear 

increasing trend over time. In contrast to previous reports, most horses appeared clinically 

healthy, suggesting a possible evolutionary adaptation of Pomona to the equine host. In cats, a 

one-year survey of 54 pets revealed a remarkable seroprevalence of 18.5 %, with Pomona again 

identified as the most common serogroup. Importantly, the results show that infected cats can 

develop clinical signs, particularly in immunocompromised individuals or with comorbidities, 

and the results suggest a possible link between Pomona seropositivity and respiratory 

manifestations. Finally, whole genome sequencing of 48 isolates collected from small rodents 

over a 14-year period revealed that the Croatian isolates form a distinct, geographically 

restricted lineage of the L. kirschneri serogroup Pomona, most likely corresponding to the 

serovar Mozdok, suggesting long-term adaptation to the host. Overall, the convergence of 

results from horses, cats and small rodents shows that Pomona is not a sporadic occurrence but 

a re-emerging serogroup with established ecological stability, high pathogenic potential and 

significant impact in the context of One Health. These findings form the basis for the 

development of improved diagnostics, the design of targeted preventive measures and the 

prioritisation of future vaccine development to contain the growing threat from this serogroup. 

 

Keywords: leptospirosis; Leptospira spp.; serogroup Pomona; horses; cats; small rodents; 

seroprevalence; whole genome sequencing; re-emergence; Croatia; One Health 

  



 

 

PROŠIRENI SAŽETAK 

UVOD: Leptospiroza je reemergentna zarazna bolest brojnih domaćih i divljih životinja te 

čovjeka, uzrokovana patogenim bakterijama iz roda Leptospira. Globalno je rasprostranjena 

zoonoza, često klinički neprepoznata, a time i zapostavljena bolest. Leptospire su genetski i 

imunološki heterogeni mikroorganizmi, trenutačno podijeljeni na 69 vrsta i više od 300 

patogenih serovarova organiziranih u 30 seroloških skupina. Varijacije u virulenciji serovarova 

ili sojeva leptospira, prijemljivost i imunosni status domaćina te infektivna doza, dovode do 

različitih kliničkih očitovanja koja mogu varirati od blažih ili subkliničkih do izrazito teških 

oblika sa smrtnim ishodom. Sitni glodavci poput štakora, miševa i voluharica glavni su 

rezervoari leptospira ključni za njihovo održavanje u prirodi. Nakon infekcije kontinuirano ili 

povremeno izlučuju leptospire urinom tijekom cijeloga života. Ljudi i životinje mogu se zaraziti 

izravnim kontaktom s inficiranim urinom ili neizravno putem kontaminirane vode ili tla. Kod 

nekih životinjskih vrsta dolazi do prilagodbe određenim serovarovima, što rezultira 

asimptomatskim infekcijama te takve životinje predstavljaju održavajuće domaćine. Kod 

drugih vrsta životinja infekcija istim serovarovima može izazvati teške kliničke posljedice te 

one predstavljaju slučajne domaćine. Konji i mačke predstavljaju dvije krajnosti u smislu 

osjetljivosti na infekciju leptospirama i kliničkog očitovanja. Konji se smatraju izrazito 

imunogenom vrstom ili hiperreaktivnim domaćinima jer razvijaju snažan imunološki odgovor 

na Leptospira spp., što rezultira značajnom proizvodnjom protutijela i izraženim kliničkim 

očitovanjima. Nasuprot tome, smatralo se da mačke ne obolijevaju od leptospiroze i da su 

rezistentne budući da su često u kontaktu s glodavcima i infekcije su obično asimptomatske ili 

blage. Osim toga, konji proizvode značajno veći volumen alkalnog urina, što pogoduje 

preživljavanju leptospira radi čega se smatraju značajnim izlučivačima, dok mačke proizvode 

manju količinu kiselog urina, nepovoljnog pH za leptospire radi čega se mačke ne smatraju 

značajnim izlučivačima. Zanimljivo je da obje vrste mogu predstavljati održavajuće i slučajne 

domaćine. Trenutno nije poznato koji serovarovi uzrokuju slučajne infekcije, a koji su razvili 

prilagodbe određenim vrstama. Obzirom na to da sitni glodavci predstavljaju glavne rezervoare 

leptospira, njihova uloga u epizootio/epidemiološkom ciklusu leptospiroze u Republici 

Hrvatskoj istraživana je dugi niz godina. Oni ne samo da omogućuju dugotrajno preživljavanje 

i održavanje leptospira u prirodi, već pružaju uvid u trenutačno cirkulirajuće serovarove 

patogenih leptospira. Serološka skupina Icterohaemorrhagiae oduvijek se smatrala 

najpatogenijom unutar širokog spektra patogenih leptospira i povezivala se s teškim kliničkim 

oboljenjima. Međutim, posljednjih dvadesetak godina posebno se ističe serološka skupina 



 

 

Pomona, koja se povezuje s pojavom novog kliničkog oblika leptospiroze - plućnog 

hemoragijskog sindroma kod pasa, konja i ljudi. Pretpostavlja se da je serološka skupina 

Pomona trenutno najpropulzivnija od svih leptospira u smislu patogenosti. Dosadašnja 

istraživanja u Hrvatskoj ukazuju na povezanost teških slučajeva leptospiroze i serološke 

skupine Pomona, osobito kod pasa i ljudi. Dijagnostika bolesti otežana je radi složene 

taksonomije roda Leptospira. Zbog nespecifičnih kliničkih znakova i poteškoća u izdvajanju 

leptospira na hranidbenim podlogama, dijagnostika i epizootio/epidemiološka istraživanja 

uglavnom se temelje na serološkim i molekularnim metodama. Standardni serološki test je 

mikroskopski test aglutinacije (engl. microscopic agglutination test, MAT), a od molekularnih 

metoda u svrhu dijagnostike najviše su u upotrebi lančana reakcija polimerazom (engl. 

polymerase chain reaction, PCR) i lančana reakcija polimerazom u stvarnom vremenu (engl. 

real-time polymerase chain reaction, qPCR). PCR proizvodi iz pozitivnih kliničkih uzoraka 

mogu se sekvencirati kako bi se identificirala vrsta leptospira koja uzrokuje infekciju. Međutim, 

koncentracija DNA Leptospira spp. u kliničkim uzorcima često je vrlo niska, što utječe na 

dobivanje visokokvalitetnih podataka putem sekvenciranja. S druge strane, uspješno izdvajanje 

Leptospira spp. na hranidbenim podlogama omogućuje primjenu naprednih molekularnih 

tehnika, poput sekvenciranja cijeloga genoma (engl. whole genome sequencing, WGS), za 

identifikaciju i detaljnu analizu specifičnih sojeva. Sekvenciranje cijeloga genoma omogućava 

proučavanje razlika u strukturi genoma, što je posebno korisno kada se analiziraju sojevi 

Leptospira spp. izdvojeni iz specifičnih geografski ili ekološki različitih područja. Genomska 

obilježja lokalnih sojeva omogućuju usporednu analizu s drugim sekvenciranim genomima 

patogenih Leptospira spp., što doprinosi razvoju dijagnostičkih testova i vakcina, 

razumijevanju raznolike patogenosti Leptospira spp. te pruža genetske i 

epizootio/epidemiološke informacije koje mogu unaprijediti postojeće spoznaje o infekcijama 

izazvanim patogenim leptospirama. U Republici Hrvatskoj leptospiroza je endemska bolest i 

predstavlja značajni javnozdravstveni problem. Iako je jedna od najčešćih zoonoza globalnog 

značaja, leptospiroza ostaje nedovoljno dijagnosticirana i zapostavljena bolest, što zahtijeva 

sustavno praćenje i daljnja istraživanja. 

HIPOTEZA I CILJEVI: Ovo istraživanje temelji se na hipotezi da serološka skupina Pomona 

postepeno preuzima vodeću ulogu najpatogenije leptospire unutar kompleksa patogenih 

leptospira te da njezin spektar djelovanja postaje dominantan u različitim vrstama životinja. Da 

bi se ova hipoteza potvrdila ili opovrgnula, postavljeni su opći i specifični ciljevi. Opći cilj 

istraživanja je dokazati reemergentnost Leptospira spp. serološke skupine Pomona. Specifični 



 

 

ciljevi uključuju istraživanje seroprevalencije u konja i mačaka, dvije životinjske vrste koje 

predstavljaju krajnosti u prijemljivosti leptospirama, zatim utvrđivanje zastupljenosti serološke 

skupine Pomona kao vjerojatno infektivne u konja i mačaka te analizu cijeloga genoma 

Leptospira spp. serološke skupine Pomona u sojeva izdvojenih iz sitnih glodavaca kao glavnih 

rezervoara leptospira tijekom dužeg vremenskog perioda i utvrđivanje njihova genomska 

obilježja te raznolikost. 

MATERIJAL I METODE: Ovaj doktorski rad temelji se na tri znanstvena rada koja 

obuhvaćaju istraživanja provedena na konjima, mačkama i sitnim glodavcima u Republici 

Hrvatskoj. U prvom znanstvenom radu analizirano je ukupno 61 724 ostatnih uzoraka seruma 

konja iz arhive Laboratorija za leptospire, prikupljenih u razdoblju od deset godina (2012.–

2022.). Reprezentativni uzorci potjecali su od klinički naizgled zdravih konja različitih 

pasmina, dobi i spola iz različitih geografskih područja Hrvatske. U drugom znanstvenom radu 

obrađeni su ostatni uzorci pune krvi, seruma i urina od ukupno 54 mačke koje su tijekom 

jednogodišnjeg razdoblja (2022.–2023.) zaprimljene u Sveučilišnu veterinarsku bolnicu radi 

različitih kliničkih indikacija. Za sve mačke bili su dostupni uzorci seruma i urina, dok su uzorci 

pune krvi prikupljeni od ukupno 27 mačaka koje su zadovoljile barem jedan od sljedećih 

kriterija: izostanak antibiotske terapije, prisutnost imunosupresivnog stanja (retrovirusne 

infekcije, tumori, dijabetes melitus, imunosupresivna terapija) ili hematološki poremećaji koji 

ukazuju na anemiju, trombocitopeniju i/ili leukocitozu. Uzorci su prikupljeni u svrhu rutinske 

obrade pacijenta, a pohranjeni u Laboratoriju Klinike za unutarnje bolesti i Bakteriološkom 

laboratoriju. Ostatni uzorci seruma pohranjeni su na -20 °C do serološke analize, dok su ostatni 

uzorci pune krvi i urini pohranjeni na 4 °C i unutar 24 sata preliminarno obrađeni 

centrifugiranjem i ispiranjem u svrhu pripreme za daljnji protokol izdvajanja DNA. Dio ostatnih 

uzoraka urina odmah je pohranjen na na -20 °C do izdvajanja DNA. Podaci o epizootiološkim 

čimbenicima, kliničkim znakovima i laboratorijskim nalazima zabilježeni su za svaku mačku 

pretraživanjem zapisa iz ambulantnog protokola. U trećem znanstvenom radu analizirano je 48 

izolata Leptospira spp. serološke skupine Pomona izdvojenih iz bubrega sitnih glodavaca. 

Uzorci su prikupljeni tijekom četrnaestogodišnjeg razdoblja (2005.–2018.) na različitim 

lokacijama u Hrvatskoj i dio su zbirke patogenih leptospira Laboratorija za leptospire gdje su 

se održavali u Korthof i Fletcher hranidbenim podlogama. Vrste sitnih glodavaca Apodemus 

agrarius i Microtus lavernedii bilo je moguće morfološki determinirati, dok su Apodemus 

flavicollis i Apodemus sylvaticus morfološki nerazlučivi te je determinacija vrste učinjena PCR 

metodom za mitohondrijski gen citokrom b uz daljnje sekvenciranje. Uzorci seruma iz prvog i 



 

 

drugog znanstvenog rada pretraženi su referentnom serološkom metodom mikroskopske 

aglutinacije na prisutnost protutijela za leptospire. Za uzorke seruma konja koristio panel 

antigena od osam serovarova patogenih Leptospira spp., a za uzorke mačaka panel od 12 

patogenih serovarova. Pripremljena su dvostruka serijska razrjeđenja s fosfatnim puferom te 

nakon inkubacije, rezultat je očitan mikroskopom s tamnim vidnim poljem. Konačan titar 

predstavljalo je najveće razrjeđenje seruma koje pokazuje najmanje 50 % aglutiniranih 

leptospira. Granična vrijednost za mačke je iznosio titar 1:50, dok za konje 1:200 za serovar 

Bratislava i 1:400 za ostale serovarove. Vjerojatno infektivna serološka skupina je određena 

najvišim titrom za jedan ili više serovarova koji pripadaju određenoj serološkoj skupini. 

Molekularne metode provedene u drugom radu uključivale su izdvajanje DNA, real-time PCR 

i konvencionalni PCR s naknadnim Sanger sekvenciranjem. Statistička analiza podataka iz 

prvog i drugog znanstvenog rada provedena je uporabom programa R, Statistica i MedCalc. 

Izolati Leptospira spp. iz trećeg rada, serološki su tipizirani panelom od 14 referentnih 

hiperimunih seruma proizvedenih na kunićima (OIE Reference Laboratory for Leptospirosis, 

AMC, Nizozemska). Istraživani izolat pripadao je onoj serološkoj skupini s čijim je 

hiperimunim serumom aglutinacija vidljiva u najvećem titru. Izolati koji su pripadali serološkoj 

skupini Pomona analizirani su sekvenciranjem cijeloga genoma na Illumina MiSeq platformi, 

a rezultati su obrađeni bioinformatičkim alatima korištenjem Nextflow radnog tijeka 

bioinformatičkog tima laboratorija Zoonoses and Select Agent Laboratory (ZSAL), Centra za 

kontrolu i prevenciju bolesti (CDC), Atlanta, Georgia, SAD. Provedene genomske analize 

obuhvatile su prosječnu sličnost nukleotida (engl. average nucleotide identity, ANI), 

pangenomsku analizu, tipiziranje na osnovi multilokusnih sekvenci (engl. multilocus sequence 

typing, MLST), sekvenciranje ključnih regija genoma (engl. core genome multilocus sequence 

typing, cgMLST), analizu polimorfizama pojedinačnih nukleotida cijeloga genoma (engl. 

whole genome single nucleotide polymorphism, whole genome SNP) te filogenetske analize. 

REZULTATI I RASPRAVA: Provedenim istraživanjima ovaj doktorski rad daje detaljan 

uvid u epizootiološku situaciju leptospiroze u Republici Hrvatskoj gdje je ova bolest endemski 

prisutna, s posebnim naglaskom na serološku skupinu Pomona. U desetogodišnjem serološkom 

istraživanju provedenom na 61 724 seruma konja zabilježena je ukupna seroprevalencija od 

10,8 %. Najčešće utvrđena vjerojatno infektivna serološka skupina bila je Pomona koja je 

tijekom promatranog razdoblja pokazala jasan trend porasta i postupno preuzela dominaciju 

nad ostalim serološkim skupinama. Većina serološki pretraženih konja bila je naizgled klinički 

zdrava, što otvara mogućnost da se Pomona djelomično prilagodila na konje kao domaćina, 



 

 

održavajući se u populaciji uz minimalna klinička očitovanja, za razliku od ostalih studija koje 

su zabilježile povezanost infekcije serološkom skupinom Pomona i izraženih kliničkih 

očitovanja poput periodične oftalmije (engl. equine recurrent uveitis, ERU) i akutnih pobačaja. 

U jednogodišnjem istraživanju provedenom na 54 mačke utvrđena je seroprevalencija od 18,5 

%, pri čemu je Pomona ponovno bila najzastupljenija serološka skupina. Rezultati su pokazali 

da mačke, iako se tradicionalno smatraju rezistentnima na leptospirozu, mogu razviti kliničke 

znakove bolesti, osobito u slučajevima imunosupresije i prisutnih komorbiditeta. Najčešće su 

zabilježeni simptomi poput anoreksije, letargije, povraćanja te respiratornih poremećaja, pri 

čemu je u seropozitivnih mačaka uočena potencijalna povezanost respiratornih očitovanja sa 

serološkom skupinom Pomona kao vjerojatno infektivnom. Učestalost urinarnog izlučivanja 

leptospira bila je niska (1,85 %), no i ovakav nalaz potvrđuje da mačke mogu doprinijeti širenju 

uzročnika u okolišu, iako vjerojatno u ograničenom opsegu radi općenito kiselog pH urina i 

visokog osmolaliteta koji otežavaju preživljavanje leptospira u urinu mačaka. Analizom 48 

izolata Leptospira spp. serološke skupine Pomona prikupljenih iz bubrega sitnih glodavaca 

tijekom četrnaestogodišnjeg razdoblja potvrđena je njihova pripadnost vrsti L. kirschneri, 

najvjerojatnije serovaru Mozdok. Genomskim analizama (ANI, pangenomska analiza, 

cgMLST, SNP i filogenetske analize) utvrđeno je da hrvatski izolati čine zasebnu, genetski 

homogenu i geografski ograničenu liniju. MLST-om je utvrđena pripadnost sekvencijskom tipu 

ST-98, a cgMLST-om je ustanovljena podjela u sedam genotipskih klastera (označenih kao A-

G) s jasnim geografskim obrascima u većine uzoraka. Filogenetskom analizom temeljenom na 

polimorfizmima pojedinačnih nukleotida (SNP) među hrvatskim uzorcima uočena su 

grupiranja povezana s geografskom lokacijom, dok je u usporedbi s drugim L. kirschneri 

dostupnim genomima iz Nacionalnog centra za biotehnološke informacije (NCBI) ustanovljeno 

grupiranje s nekoliko uzoraka iz Brazila i nepoznate lokacije koji su također pripadali ST-98 te 

su determinirani kao L. kirschneri serovar Mozdok. Unatoč tome, svi hrvatski izolati čine 

filogenetski dobro podržanu monofiletičku skupinu, što upućuje na njihovu blisku genetsku 

srodnost i sugerira postojanje regionalno dominantne linije koja cirkulira u Republici 

Hrvatskoj. Ovi nalazi potvrđuju važnu ulogu glodavaca kao primarnih domaćina serološke 

skupine Pomona te čine molekularni dokaz njezine dugotrajne evolucijske prisutnosti u 

Republici Hrvatskoj. Kombinirani rezultati iz konja, mačaka i glodavaca jasno pokazuju da 

Pomona nije sporadična pojava, već reemergentna serološka skupina sa stabilnim ekološkim 

ciklusom, visokim patogenim potencijalom i kliničkom važnošću. Ovi nalazi imaju šire 

implikacije u okviru pristupa ‘Jedno zdravlje’ jer ukazuju na stalnu izloženost različitih 



 

 

životinjskih vrsta, ali i ljudi, ovoj serološkoj skupini. Stoga rezultati naglašavaju potrebu za 

integriranim dijagnostičkim i preventivnim strategijama, kao i razvojem učinkovitih cjepiva 

protiv serološke skupine Pomona. 

 

ZAKLJUČCI: Zaključci ovih triju znanstvenih radova objavljenih u okviru doktorskog rada 

potvrđuju da je Pomona reemergentna serološka skupina koja je dominantna u različitim 

vrstama životinja te preuzima vodeću ulogu najpatogenije leptospire unutar kompleksa 

patogenih leptospira u Hrvatskoj. Prvi rad prikazuje da je Pomona tijekom posljednjeg 

desetljeća postala najčešće zastupljena serološka skupina u konja, uz jasan trend porasta koji 

ukazuje na dinamičnu promjenu u epizootiologiji leptospiroze u Hrvatskoj. Nadalje, drugi rad 

potvrđuje da se Pomona pojavila i u mačaka kao vodeća serološka skupina, uz dokaze da 

infekcija može rezultirati kliničkim očitovanjima, osobito u imunosuprimiranih životinja, što 

upućuje na podcijenjenu ulogu mačaka u epizootiologiji leptospiroze. Na kraju, treći rad donosi 

rezultate sekvenciranja cijeloga genoma izolata Leptospira spp. iz glodavaca koji su potvrdili 

da hrvatski izolati čine zasebnu, geografski ograničenu liniju L. kirschneri serološke skupine 

Pomona, najvjerojatnije serovara Mozdok, što ukazuje na dugotrajnu prilagodbu rezervoaru i 

potvrđuje njihovu ulogu kao značajnog izvora infekcija. Kombinirani nalazi u konja, mačaka i 

glodavaca pružaju jasan dokaz da Pomona nije sporadična pojava, već reemergentna serološka 

skupina s utvrđenom ekološkom stabilnošću, visokim patogenim potencijalom i značajem u 

okviru koncepta ‘Jedno zdravlje’. 

 

KLJUČNE RIJEČI: leptospiroza; Leptospira spp.; serološka skupina Pomona; konji; mačke; 

sitni glodavci; seroprevalencija; molekularne metode; sekvenciranje cijeloga genoma; 

reemergentnost; Republika Hrvatska; Jedno zdravlje 
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1. INTRODUCTION 

1.1. General overview of leptospirosis 

Leptospirosis is a re-emerging infectious disease with worldwide distribution caused by 

pathogenic bacteria of the genus Leptospira (LEVETT, 2001). This ubiquitous disease affects 

humans, domestic and wild animals and has even been found in birds, amphibians, reptiles and 

fish (PICARDEAU, 2017). Although leptospirosis is a widespread zoonotic infection that 

occurs on all continents except Antarctica, it is often underdiagnosed and neglected (PAPPAS 

et al., 2008). Global factors such as climate change and urbanisation, together with 

environmental and socio-economic conditions, have a significant impact on the increasing trend 

of leptospirosis, with warm, humid climates, heavy rainfall, flooding and inadequate housing 

infrastructure increasing the risk of infection (HARTSKEERL et al., 2011; BAHAROM et al., 

2024; MUÑOZ-ZANZI et al., 2025). 

Leptospirosis is a systemic disease with variable clinical signs, usually characterised by 

fever, renal and hepatic insufficiency, pulmonary manifestations and reproductive failure 

(ADLER and DE LA PEÑA MOCTEZUMA, 2010). Worldwide, leptospirosis is estimated to 

cause more than 1 million severe human cases per year, resulting in approximately 58,900 

deaths and 2.9 million disability-adjusted life years (DALYs) lost per year (COSTA et al., 

2015). A comparable incidence of infection and the role it plays in causing serious illness and 

death has been estimated in companion animals, livestock and wildlife (SYKES et al., 2022). 

In addition to the impact on public health, leptospirosis also causes considerable financial and 

economic losses. In particular, the infection of livestock leads to a significant global economic 

burden due to reduced productivity, reproductive losses and increased veterinary costs 

(CARVALHO et al., 2024). 

1.2. History of leptospirosis  

The significance of leptospirosis has been known for more than a century, with important 

milestones marking the history of the disease. Although many ancient texts are thought to 

describe diseases consistent with leptospirosis, the modern history of the disease began in 1886 

when Adolph Weil provided the first detailed clinical description, characterizing it by jaundice, 

splenomegaly, renal dysfunction, conjunctivitis and skin rashes (WEIL, 1886). In recognition 

of his contribution, the icteric form of the disease in humans is still referred to as Weil’s disease. 

The causative agent was first observed in 1907 by Stimson, who used Levaditi silver staining 

to detect spirochetes in the kidneys of patients who had died of yellow fever and named the 
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organism Spirochaeta interrogans (STIMSON, 1907). The first successful isolation of the 

pathogen took place in Japan in 1915, when blood from infected patients was injected 

intraperitoneally into guinea pigs (INADA and IDO, 1915). Almost simultaneously and 

independently of this, the agent was isolated in the same way in Germany by two groups of 

doctors who examined infected German soldiers (HÜBENER and REITER, 1915; 

UHLENHUTH and FROMME, 1915). 

In Croatia, leptospirosis was first confirmed in a dog in 1926 (BABIĆ, 1927), while the 

first human case was reported in 1935 (ANTUNOVIĆ-MIKAČIĆ, 1935). Croatia occupies a 

notable place in the history of leptospirosis research, as it was the second country in the world 

to detect an infection in horses, with Leptospira Pomona being isolated in 1951 (ZAHARIJA, 

1953). Remarkably, Croatia was also the first country in Europe and the third in the world to 

document leptospirosis in cats. Carrier status in clinically healthy cats was first reported in 1974 

with Australis (MODRIĆ, 1978), followed by evidence of Pomona, Icterohaemorrhagiae and 

Bataviae in 1977 (MODRIĆ, 1979). 

Since then, advances in microbiology and molecular biology have increased knowledge 

of the complex taxonomy, epidemiology and clinical manifestations and highlighted 

leptospirosis as a zoonosis of significant importance to veterinary medicine and public health 

worldwide. 

1.3. Etiology of leptospirosis 

1.3.1. Taxonomy and systematics of leptospires 

Leptospires are spiral-shaped bacteria belonging to the genus Leptospira, the family 

Leptospiraceae and the order Spirochaetales (FAINE et al., 1999).  

Due to their remarkable ability to adapt to different hosts and environmental conditions, 

leptospires are genetically and immunologically heterogeneous microorganisms. In the past, 

the genus Leptospira was divided into two species: pathogenic (L. interrogans) and saprophytic 

(L. biflexa), based on phenotypic characteristics such as growth at 13 °C and in the presence of 

8-azaguanine, and the ability to form spherical cells in 1 M NaCl (JOHNSON and FAINE, 

1984). However, the phenotypic approach proved to be unreliable and insufficient 

(ALEXANDER et al., 2015). 

The heterogeneity among leptospires has led to the development of two complementary 

classification systems: a serological system based on differences in the carbohydrate component 

of the outer lipopolysaccharide membrane and a genomic system based on genetic relatedness. 

Traditionally, leptospires have been divided into two main groups by serological typing: 
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pathogenic (L. interrogans) and saprophytic (L. biflexa), with serovars defined using cross-

agglutination absorption tests (CAAT) with homologous antigen (DIKKEN and KMETY, 

1978; KMETY and DIKKEN, 1993). The serovars are categorised into serogroups on the basis 

of their antigenic relatedness. Accordingly, serological typing has shown that the genus 

comprises more than 60 serovars of L. biflexa grouped into three serogroups, and more than 

300 serovars of L. interrogans grouped into 30 serogroups (FAINE and STALLMAN, 1982; 

KMETY and DIKKEN, 1993). 

With the advances in molecular methods and sequence analysis, the genus has been 

subdivided into 69 genomic species that are further classified into four subclades: pathogenic 

(P1), intermediate pathogenic (P2) and two saprophytic groups (S1 and S2) (Figure 1) 

(VINCENT et al., 2019; KORBA et al., 2021; FERNANDES et al., 2022). 

It is important to emphasise that the serological and genomic classification systems do 

not always correlate directly with each other, which is why both systems are still in use. Indeed, 

it is now recognised that serogroup and serovar do not reliably correspond to Leptospira 

species, as pathogenic and non-pathogenic serovars can occur within the same species 

(ALEXANDER et al., 2015). 

Differences in the pathogenicity of the species and serovars, the susceptibility and 

immune response of the hosts and the infectious dose lead to different clinical manifestations, 

ranging from mild or subclinical infections to severe, life-threatening outcomes (LEVETT, 

2001; ADLER and DE LA PEÑA MOCTEZUMA, 2010). 
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Figure 1. Phylogenetic tree based on the sequences of 1371 genes inferred as orthologues. The 

matrix represents the calculated ANIb values for all genomic sequences. The branches are 

coloured according to their affiliation to the four main subclades: P1 (red), P2 (purple), S1 

(green) and S2 (blue). According to the legend, a coloured circle represents the geographical 

origin of each of the newly described species. Node 1 indicates the node from which the 

pathogenic species most frequently involved in human diseases originate (VINCENT et al., 

2019).  

1.3.2. Morphological and phenotypic characteristics of leptospires  

Leptospires are thin, filamentous, highly motile bacteria with a length of about 6–20 μm 

and a width of about 0.1 μm, with characteristic hook-shaped ends (ADLER and DE LA PEÑA 

MOCTEZUMA, 2010). In native preparations, leptospires can be visualised most effectively 

using dark-field microscopy (CAMERON, 2015). Alternatively, they can also be observed 

under a light microscope using special silver-based staining techniques such as Levaditi, 

Warthin-Starry or Dieterle (FAINE et al., 1999). Leptospires have a double membrane structure 

with a cytoplasmic membrane and a peptidoglycan cell wall overlaid by an outer membrane, in 

which lipopolysaccharide (LPS) is the main antigen, structurally and immunologically similar 

to that of Gram-negative bacteria (Figure 2B) (CULLEN et al., 2004). Motility is enabled by 
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two periplasmic flagella with polar insertions located in the periplasmic space that allow active 

movement by anti-clockwise rotation, resulting in a spiral-shaped end, and by clockwise 

rotation, resulting in a hook-shaped end (Figure 2A) (WOLGEMUTH et al., 2006). Leptospires 

are obligate aerobes that grow optimally at 28–30 °C and a pH value of 7.2–7.6. Pathogenic 

leptospires can grow at 37 °C, but not at low temperatures compared to saprophytic strains that 

can grow at 11–13 °C (CAMERON, 2015). 

 

 

 

Figure 2. Cell wall morphology and envelope architecture of Leptospira interrogans.  

(A) Schematic representation of the spiral cell shape and the endoflagella responsible for 

motility. (B) Schematic representation of the envelope structure with inner and outer 

membranes, peptidoglycan layer and surface-exposed LPS (PICARDEAU, 2017). 

 

For in vitro cultivation, they require media supplemented with long-chain fatty acids as 

the main carbon source, ammonium salts as the main nitrogen source and additional nutrients 

such as thiamine (vitamin B1), biotin (vitamin B7), phosphorus, calcium, magnesium, iron, 

copper, manganese and sulphate. As essential fatty acids contain toxic substances, 

detoxification is achieved by the addition of serum albumin (rabbit serum or bovine serum) or 
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polysorbates (Tween) (FAINE et al., 1999). Vitamin B12 was previously thought to be essential 

for the growth of pathogenic leptospires at 37 °C, but the discovery of the complete vitamin 

B12 biosynthetic operon has shown that it is not required (NASCIMENTO et al., 2004). 

Leptospires can be stored long-term in semi-solid medium, but storage in liquid nitrogen 

is the preferred method for maintaining virulence (CAMERON, 2015). 

1.3.3. General features of the Leptospira genome  

The genome of Leptospira usually consist of at least two circular replicons, a large 

circular chromosome (cI) and a smaller replicon (cII). It is characterised by a guanine-cytosine 

content (G+C) of 35–42 % and a relatively large genome size of 3.9 to 4.6 Mbp, which varies 

depending on the species and strain (PICARDEAU, 2015). This genomic variability gives 

Leptospira an improved adaptability to different hosts and environmental conditions 

(PICARDEAU et al., 2008). 

 The larger chromosome (cI) with about 4,277 kb and a G+C content of 35 % has a gene 

density of 75-92 % and contains housekeeping genes. The smaller replicon (cII) with a size of 

about 350 kb and a G+C content of 35 % carries essential genes such as metF and asd, which 

code for the enzyme’s methylenetetrahydrofolate reductase and aspartate semialdehyde 

dehydrogenase (ZUERNER et al., 1993; BOURHY and SAINT GIRONS, 2000). In addition, 

a third circular replicon (p74) with a size of 74 kb and a G+C content of 36 % was identified 

only in L. biflexa by whole genome sequencing (PICARDEAU et al., 2008). These additional 

replicons, cII and p74, can be considered as “chromids” (HARRISON et al., 2010) as they carry 

core genes that are normally located on larger chromosomes in other Leptospira species and 

share similar nucleotide composition and codon usage with large chromosomes (PICARDEAU 

et al., 2008). Pangenome analyses have shown the presence of a conserved “core genome” 

(essential genes) and a large “accessory genome” that contributes to genetic diversity and 

virulence (XU et al., 2016; VINCENT et al., 2019). 

Comparative genome analyses have provided important insights into the diversity of 

saprophytic and pathogenic Leptospira species. These analyses have shown that the genomes 

of L. biflexa and L. borgpetersenii are similar in size, but the gene density is much higher in L. 

biflexa, which is due to insertion sequence (IS)-mediated genome erosion in L. borgpetersenii. 

This gene loss has led to a reduction in the size of the L. borgpetersenii genome by 

approximately 700 kb, which is associated with greater host dependence and diminished 

environmental survival (BULACH et al., 2006). In contrast, the larger genome of L. interrogans 

provides additional genetic information required for survival in both mammalian hosts and 

aquatic environments, whereas L. biflexa is more restricted to aquatic niches, and L. 
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borgpetersenii to mammalian hosts (PICARDEAU et al., 2008). Moreover, comparative 

genomics of pathogenic (L. interrogans and L. borgpetersenii) and saprophytic (L. biflexa) 

species has identified pathogen-specific genes (Figure 3), with genes coding for proteins of 

unknown function being significantly overrepresented. Among the proteins unique to L. 

interrogans, 78 % have no known function, indicating the possible presence of as yet 

undiscovered pathogenic mechanisms unique to Leptospira (PICARDEAU et al., 2008; 

ADLER et al., 2011). The genome of L. biflexa contains only five IS elements, in contrast to L. 

interrogans (36–69 IS elements, depending on strain) and L. borgpetersenii (167 IS elements) 

(PICARDEAU et al., 2008). A higher number of IS elements indicates genomic plasticity in 

Leptospira species, reflecting a less stable genome that is more prone to rearrangements and 

emphasises the evolutionary adaptability of pathogenic leptospires. 

 

 

Figure 3. Comparative genomics of Leptospira spp. Venn diagram representing numbers of 

shared and species-specific genes of L. interrogans, L. borgpetersenii, and L. biflexa 

(PICARDEAU et al., 2008). 

 

1.4. Epizootiology of leptospirosis 

Small rodents such as rats, mice and voles serve as the main reservoirs for Leptospira 

spp. and play a crucial role in the persistence of the disease in the environment. Once infected, 

they are asymptomatic carriers, which excrete leptospires in their urine continuously or 

intermittently throughout their lifespan (LEVETT, 2001; ADLER and DE LA PEÑA 
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MOCTEZUMA, 2010). In humans and animals, infection occurs through mucous membranes 

and microlesions of the skin directly via infected urine or indirectly via contaminated water or 

soil (BARANTON and OLD, 1995; KO et al., 2009; MWACHUI et al., 2015). Direct 

transmission can also occur through the ingestion of infected animals or tissues, as well as via 

placental or venereal routes. Leptospires colonise and persist in the epithelial cells of the 

proximal renal tubules and are subsequently excreted in the urine (KO et al., 2009; ADLER and 

DE LA PEÑA MOCTEZUMA, 2010) and contaminate the environment, where they may 

remain pathogenic for as long as six to twenty months (ANDRE-FONTAINE et al., 2015; 

BIERQUE et al., 2020). Excretion in the urine of incidental hosts is usually of limited duration 

but may persist for up to six months after infection. Under favourable environmental conditions 

such as a neutral pH, humidity, and moderate temperatures, they can remain infectious for 

several months (LEVETT, 2001). 

The ability of Leptospira spp. to form biofilms plays an important role in their survival 

in the environment and their persistence in the host (SILVA DIAS and PINNA, 2025). A 

biofilm is a structured community of microorganisms embedded in a self-produced extracellular 

polymeric matrix that adheres to surfaces and provides physical and chemical protection. Once 

attached, leptospires develop microcolonies that secrete a protective matrix, leading to the 

formation of a mature biofilm (TOYOFUKU et al., 2016). This ability favours the survival and 

dissemination, enabling leptospires to persist for prolonged periods in water, soil or on surfaces 

by protecting them from ultraviolet radiation, pH fluctuations, desiccation and other 

environmental stressors (THIBEAUX et al., 2020; SILVA DIAS and PINNA, 2025). Biofilm 

formation is also thought to contribute to the colonisation of renal tubules in animal hosts, 

supporting bacterial persistence and chronic urinary excretion. Furthermore, biofilm-associated 

leptospires show increased resistance to antimicrobial agents and the host immune response, 

which further enhances their epidemiological importance (CARVALHO et al., 2023; 

REZENDE MIRES DE CARVALHO et al., 2023; SILVA DIAS and PINNA, 2025). 

Some animals had coadaptation with some serovars causing minimal pathological 

damage and asymptomatic infections, and these animals represent maintenance hosts. For 

example, the brown rat (Rattus norvegicus) is considered the maintenance host for the serovar 

Icterohaemorrhagiae, cattle and sheep for the serovar Hardjo, horses for the serovar Bratislava, 

pigs for the serovars Pomona, Tarassovi, and possibly Bratislava, and dogs for the serovar 

Canicola (ELLIS, 2015). Such hosts are an important source of infection as they may excrete 

leptospires in their urine for years, and leptospires often show tropism for other tissues, 

including the genital tract (ELLIS et al., 1986a, 1986b). However, under certain conditions, 
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such as immunocompromised states or the presence of comorbidities, maintenance hosts can 

develop a pronounced clinical disease (ELLIS, 2015). 

In contrast, the same serovars may cause severe clinical consequences in other species 

that are considered incidental hosts. Incidental hosts usually develop acute clinical disease, and 

the shedding of leptospires is limited to a certain period after recovery, during which they may 

act as convalescent carriers (ELLIS, 2015). Humans are incidental hosts and are not a 

significant source of infection, although leptospires may be excreted in urine for several weeks 

(CHOW et al., 2012; HAAKE and LEVETT, 2015). 

1.5. Susceptibility of animal hosts: Horses and cats as opposite animal models 

The development and progression of leptospirosis are determined by the virulence of the 

infecting strain, the susceptibility of the host and the size of the inoculum (KO et al., 2009). 

Horses and cats represent two extremes in terms of susceptibility to infection with 

Leptospira spp. and clinical manifestations. Horses are considered highly immunogenic or 

hyperreactive hosts that develop strong immune responses with significant antibody production 

and occasionally prominent clinical signs (ELLIS, 2015). Leptospirosis in horses manifests as 

lethargy, anorexia, jaundice, anaemia and renal dysfunction as well as reproductive disorders 

such as abortion, stillbirth or birth of infected foals (VERMA et al., 2013). Severe pulmonary 

forms such as acute respiratory distress syndrome and severe pulmonary haemorrhagic 

syndrome have also been reported (HAMOND et al., 2011; BROUX et al., 2012). A significant 

manifestation is equine recurrent uveitis (ERU), which is characterised by periodic ophthalmia 

and possible blindness (VERMA et al., 2010). 

Cats, on the other hand, were considered resistant to leptospirosis because they frequently 

come into contact with rodents and are usually asymptomatic or show only mild signs (ELLIS, 

2015). However, under certain conditions, such as a weakened immune system or the presence 

of comorbidities, cats may develop more pronounced clinical signs (MOREIRA DA SILVA et 

al., 2020; MAZZOTTA et al., 2023). When clinical signs occur in cats, these may include 

polyuria, polydipsia, lethargy, anorexia, gastrointestinal disturbances, haematuria, uveitis, 

lameness, weight loss, ascites and inflammatory skin lesions (MURILLO et al., 2020; MIOTTO 

et al., 2024). Kidney and liver damage have also been reported (RODRIGUEZ et al., 2014). 

Moreover, pulmonary haemorrhages have been described in both naturally and experimentally 

infected cats (BRYSON and ELLIS, 1976; MODRIĆ, 1978). 

Although rats excrete the highest concentration of Leptospira per millilitre of urine 

(median = 5.7 × 106 cells), the total daily excretion in large animals is much greater (5.1 × 108 
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to 1.3 × 109 cells) due to the higher volume of urine they produce (BARRAGAN et al., 2017). 

This underlines that the volume, together with the physicochemical properties of the urine, 

determines the epizootiological/epidemiological relevance of the different animal hosts. In this 

context, horses produce a large amount of alkaline urine, which favours the survival of 

leptospires and makes them one of the most significant shedders, while cats produce a smaller 

amount of acidic urine in which pathogenic leptospires do not survive well (LEVETT, 2001). 

Although cats are not considered significant shedders, it has been reported that naturally 

infected cats can shed leptospires in urine under certain conditions, even without clinical signs 

(RODRIGUEZ et al., 2014; WEIS et al., 2017; ZAIDI et al., 2018). The estimated overall 

prevalence of Leptospira spp. in cat urine is 3.7 % (RICARDO et al., 2023) and 8 % (MIOTTO 

et al., 2024). Recent studies on seroprevalence in cats show varying exposure, with reported 

rates ranging from 0.26 % (GRIPPI et al., 2023) to 18.18 % (ALASHRAF et al., 2019) 

depending on geographical location. On the other hand, no meta-analyses or systematic reviews 

of seroprevalence or urinary excretion in horses have been conducted to date. However, some 

recent studies report urinary excretion in 8 % of asymptomatic horses (HAMOND et al., 2024) 

and up to 55 % of horses with acute disease onset (RAMSAY et al., 2024). In addition, recent 

studies have reported high seropositivity in horses, ranging from 28.57 % (DEWES et al., 2020) 

to 97.2 % (RIZZO et al., 2022).  

Interestingly, both species can be both maintenance and incidental hosts. Currently, which 

serovars are responsible for incidental infections and which have developed adaptations to each 

species remain unknown. 

1.6. Pathogenesis of leptospirosis 

After entering the host, leptospires multiply rapidly in the bloodstream within a day of 

infection and may circulate for up to a week. They disseminate to several organs, especially the 

kidneys and liver, where replication and inflammation cause tissue damage (ADLER and DE 

LA PEÑA MOCTEZUMA, 2010). Bacteraemia usually begins 1–2 days after infection, with 

leptospires detectable in the blood, most organs and cerebrospinal fluid, and typically persists 

until circulating antibodies appear, which is usually within the first week (ELLIS, 2015). At 

this stage, the bacteria are generally cleared from the bloodstream and most tissues by 

opsonophagocytosis. However, leptospires colonise the proximal renal tubules, where they 

presumably survive by forming an amorphous biofilm-like structure (KO et al., 2009). They 

multiply in this niche and are excreted either intermittently or continuously in the urine, with a 

bacterial load of up to 10⁸/ml (ADLER and DE LA PEÑA MOCTEZUMA, 2010). Leptospires 
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can also colonise the oviduct and uterus of females, the male genital tract (ELLIS et al., 1986a, 

1986b; OLIVEIRA et al., 2007) and the mammary glands (THIERMANN, 1982). 

The pathogenesis of leptospirosis is multifactorial and remains incompletely understood. 

The most important virulence factors include motility, adhesion and toxin production. Among 

the most extensively studied proteins are LipL32, OmpL1, Lig and Len, which are thought to 

be virulence factors and play a central role in pathogenesis. These surface proteins facilitate 

adhesion to components of the host extracellular matrix (fibronectin, elastin, collagen) and 

contribute to immune defence by conferring resistance to pathways of complement activation 

(KO et al., 2009; MURRAY, 2015). In addition, the OmpA-like outer membrane protein Loa22 

is a key virulence factor that is essential for disease initiation (RISTOW et al., 2007). Motility 

mediated by endoflagella enables leptospires to rapidly penetrate mucous membranes and 

connective tissue and spread rapidly in the bloodstream (JOHNSON, 2018). The primary 

pathogenic mechanisms include damage to the endothelium of small blood vessels, leading to 

local ischaemia and necrosis in target organs such as the kidneys, liver and lungs (ADLER and 

DE LA PEÑA MOCTEZUMA, 2010; MURRAY, 2015). These processes may also lead to 

meningitis, myositis and placentitis. The secretion of numerous enzymes that degrade the 

membranes of the host cells further exacerbates the clinical manifestations (NASCIMENTO et 

al., 2004). Leptospirosis activates the coagulation cascade and causes thrombocytopenia and 

disseminated intravascular coagulation (DIC) (CHIERAKUL et al., 2008). It is hypothesised 

that severe disease progression is often associated with an exaggerated host immune response, 

including excessive release of cytokines, leading to tissue destruction (CAGLIERO et al., 

2018). Furthermore, haemolysins have been detected in several leptospiral serovars, with genes 

encoding sphingomyelinases identified in pathogenic species. At least seven sphA-like genes 

have been described, including a putative pore-forming haemolysin, SphH, which is thought to 

play a role in tissue injury and haemolysis (ADLER and DE LA PEÑA MOCTEZUMA, 2010). 

Immune-mediated reactions also contribute to chronic ocular complications, such as 

equine recurrent uveitis (ERU), in which cross-reactive antibodies against the leptospiral 

proteins LruA and LruB, which share epitopes with ocular tissues, are thought to play a role in 

immunopathogenesis (VERMA et al., 2010). In addition, one study suggests that ERU is 

associated with biofilm-associated intraocular leptospiral infection (ACKERMANN et al., 

2021). Another severe manifestation is leptospiral pulmonary haemorrhagic syndrome (LPHS), 

which is increasingly recognised as a major cause of mortality in dogs and humans (KOHN et 

al., 2010; NICODEMO and DUARTE-NETO, 2021). LPHS is thought to be caused by toxins 

that target endothelial cells and bind to vascular cadherins, resulting in endothelial damage, 
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increased permeability and disruption of intercellular junctions (MEDEIROS et al., 2010; 

NICODEMO and DUARTE-NETO, 2021). It is characterised by acute and progressive intra-

alveolar bleeding associated with coagulation abnormalities such as thrombocytopenia and 

DIC, vascular injury and immune-mediated mechanisms (MEDEIROS et al., 2010; 

SCHULLER et al., 2015). 

1.7. Diagnosis of leptospirosis 

The diagnosis of leptospirosis is a challenge due to the complex taxonomy of the genus 

Leptospira. Diagnostic methods for direct detection of the causative agent include culture, 

histopathology, immunostaining of tissues and clinical specimens, and nucleic acid 

amplification tests (NAATs). Indirect methods comprise serological approaches such as the 

microscopic agglutination test (MAT), the enzyme-linked immunosorbent assay (ELISA) and 

lateral flow assays (SYKES et al., 2022). Direct methods are particularly valuable in the early 

phase of the disease, while indirect methods have a higher sensitivity in the later course of the 

infection (Figure 4). Accordingly, these methods are interdependent and diagnosis should not 

rely on a single test but rather on a combination of factors, including potential exposure, clinical 

presentation, laboratory findings and the results of multiple diagnostic methods (NALLY et al., 

2020; PHILIP et al., 2020). 
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Figure 4. Schematic representation of the kinetics of leptospiral infection and the 

corresponding diagnostic tools, illustrating the temporal dynamics of leptospiremia, 

leptospiruria, antibody production, and test applicability (SYKES et al., 2022). 

 

1.7.1. Culture and direct examination 

The cultural isolation of Leptospira spp. is a definitive test for the diagnosis of the disease, 

but the method is technically demanding. Its limitations include the slow growth of leptospires, 

frequent contamination and the requirement for specialised growth conditions (SYKES et al., 

2022). In addition, samples must be collected before antibiotics are administered, and storage 

conditions prior to inoculation also strongly influence the success of isolation. For example, the 

viability of leptospires in urine decreases rapidly, making culture difficult if the sample is left 

for more than two hours (ZARANTONELLI et al., 2018), while tissue samples are prone to 

autolysis if they are not inoculated on the same day (MILLER et al., 1990). To improve the 

chances of successful isolation, it is recommended to inoculate samples at different dilutions 

and use antimicrobials such as 5-fluorouracil or a combination of sulfamethoxazole, 

trimethoprim, amphotericin B, fosfomycin and 5-fluorouracil to reduce contamination (FAINE 

et al., 1999; LEVETT, 2001; CHAKRABORTY et al., 2011). Inoculated cultures are incubated 
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at 28–30 °C and examined under a dark-field microscope weekly for up to 13 weeks before 

being discarded (GALLOWAY and GULVIK, 2023), making this approach time-consuming 

for routine diagnostics. On the other hand, improvements in culture media and inoculation 

methods (CHAKRABORTY et al., 2011; HORNSBY et al., 2020; NARKKUL et al., 2020) 

have increased the successful isolation of Leptospira spp. which is a great advantage as it 

enables subsequent analyses that allow accurate identification of the infecting species and 

serogroup. 

Although leptospires can be directly observed in clinical specimens under the darkfield 

microscope as thin, coiled, motile organisms, this method is unsuitable for routine diagnostics 

due to its low sensitivity (requires ~104 organisms/L) and specificity and is prone to 

misinterpretation of fibrin or protein filaments in blood and urine (GALLOWAY and GULVIK, 

2023). To improve detection in direct examination, alternative approaches such as silver 

staining, Warthin-Starry staining, immunofluorescence, immunoperoxidase, 

immunohistochemistry or in situ hybridisation may be used, although these methods also carry 

the risk of false-positive and false-negative results (MUSSO and LA SCOLA, 2013).  

1.7.2. Serological methods 

Due to the non-specific clinical signs and the difficulties in culture isolation and direct 

examination, the laboratory diagnosis and epizootiological/epidemiological investigation of 

leptospirosis are mainly based on serological and molecular methods (MUSSO and LA 

SCOLA, 2013; PICARDEAU, 2013; ANONYMOUS, 2021). 

The microscopic agglutination test (MAT) is the standard serological test and the most 

commonly used method for the diagnosis of leptospirosis. It has a high sensitivity and 

specificity and detects both IgM and IgG antibodies. An initial antibody titre ≥1:400 or ≥1:800 

in endemic areas in simptomatic patients or a fourfold increase in paired sera is considered 

indicative of acute infection (FAINE et al., 1999). In some rare cases, seroconversion may take 

longer, which is why repeated sampling is recommended (GALLOWAY and GULVIK, 2023). 

A major limitation of MAT is that it cannot distinguish between antibodies resulting from 

infection or vaccination and frequent cross-reactions between different serogroups, especially 

in the acute phase. Paradoxical reactions may also occur, where the highest titres are directed 

against a serogroup unrelated to the infecting one. Another challenge is the requirement for a 

panel of live leptospiral cultures that are prevalent in certain geographical regions (ADLER and 

DE LA PEÑA MOCTEZUMA, 2010). Due to its technical complexity and demanding 

interpretation, MAT is often limited to national and regional reference laboratories 

(GALLOWAY and GULVIK, 2023). Nevertheless, the MAT is the most suitable test for 
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epizootic/epidemiological studies and can best provide information on the serogroups prevalent 

in the population and specific geographical areas (GALLOWAY and GULVIK, 2023). 

The enzyme-linked immunosorbent assay (ELISA) offers a rapid and automatable 

alternative to MAT, but with lower sensitivity and specificity, so that it should not be used as 

the only diagnostic method (ADLER and DE LA PEÑA MOCTEZUMA, 2010). Lateral flow 

assays and IgM dipsticks are also available and show comparable sensitivity to ELISA. 

However, positive results must be confirmed by MAT, especially in endemic areas where 

antibodies may be present long after exposure (GALLOWAY and GULVIK, 2023).  

1.7.3. Molecular methods 

Nucleic acid amplification tests (NAATs) such as polymerase chain reaction (PCR) are 

commonly used to diagnose leptospirosis from blood, plasma, serum, urine, aqueous humour, 

cerebrospinal fluid and tissue samples (LEVETT, 2015). The main advantage of NAATs is their 

ability to confirm infection during the acute phase when treatment is most effective (RIEDIGER 

et al., 2017). The use of real-time PCR is recommended due to its superior sensitivity, 

specificity and low risk (BOURHY et al., 2011; MUSSO and LA SCOLA, 2013). In addition, 

it enables quantification (LOURDAULT et al., 2009). Targeting genes that are specific for 

pathogenic Leptospira spp. such as lipL32 further increases the specificity of the test 

(STODDARD et al., 2009). PCR-based diagnosis detects leptospiral DNA in clinical material 

and allows identification to species level, although it cannot determine the infecting serogroup 

or serovar (BOURHY et al., 2011). However, molecular characterisation is sometimes possible 

directly from clinical samples (WEISS et al., 2016; MENDOZA and RIVERA, 2021;).  

1.7.4. Identification and typing methods 

The identification of Leptospira spp. is performed using serological methods or sequence-

based techniques. Among the serological methods, the cross-agglutinin absorption test (CAAT) 

is traditionally used to identify serovars (DIKKEN and KMETY, 1978). However, this method 

is technically demanding and is only carried out in a few laboratories. The MAT, on the other 

hand, reliably identifies the presumptive infectious serogroup, but not the specific serovar 

(LEVETT, 2003). Due to the challenges associated with the serological identification of 

leptospiral isolates, many molecular methods for identification and subtyping have been 

developed, such as restriction endonuclease digestion of chromosomal DNA, restriction 

fragment length polymorphism (RFLP) analysis, pulsed-field gel electrophoresis (PFGE), 16S 

ribosomal RNA sequencing, matrix-assisted laser desorption ionisation-time of flight mass 

spectrometry (MALDI-TOF MS), multiple-locus variable-number tandem repeat analysis 
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(MLVA), detection of variable number of tandem repeats (VNTR), multilocus sequence typing 

(MLST), core genome multilocus sequence typing (cgMLST), and average nucleotide identity 

(ANI) based on whole genome sequencing (GALLOWAY and GULVIK, 2023). Among these 

molecular methods, PFGE can enable identification at the serovar level (GALLOWAY and 

LEVETT, 2010). However, all these molecular methods require high quality DNA in sufficient 

concentration, which is often a limitation in clinical samples due to the typically low bacterial 

load. This affects the quality of the sequencing data and prevents successful strain 

characterisation.  

1.7.5. Advanced approaches: whole genome sequencing  

The history of DNA sequencing has made remarkable progress over the last five decades, 

from the first laborious methods that enabled the reading of short DNA fragments to today's 

technologies that can sequence entire genomes. It all began with the development of DNA 

sequencing with chain-terminating inhibitors introduced by Sanger and colleagues in 1977, 

which remained the gold standard for DNA sequencing for more than two decades (SANGER 

et al., 1977). Sanger sequencing was the key to creating the first complete bacterial genomes 

and laid the foundation for comparative bacterial genomics. 

The advent of next-generation sequencing (NGS) technologies in the early 2000s 

represented a breakthrough in genomics, enabling the rapid and cost-effective sequencing of 

multiple bacterial genomes (GOODWIN et al., 2016). More recently, third-generation long-

read platforms such as PacBio SMRT and Oxford Nanopore have further advanced genome 

assembly by generating complete, closed bacterial genomes; however, they are limited by lower 

raw data accuracy compared to Illumina short-read sequencing (RHOADS and AU, 2015; 

TYLER et al., 2018). Today, the combination of short-read and long-read sequencing represents 

the gold standard for whole-genome sequencing (WGS), offering both accuracy and 

completeness. 

The application of WGS to Leptospira spp. began with the sequencing of L. interrogans 

in 2003 (REN et al., 2003), followed by L. borgpetersenii in 2006 (BULACH et al., 2006). 

These studies have already demonstrated how comparative genomics can reveal major 

biological differences, such as the larger genome of L. interrogans, which supports 

environmental survival, versus the reduced genome of L. borgpetersenii, reflecting adaptation 

to a host-dependent lifestyle (PICARDEAU et al., 2008). Since then, an increasing number of 

Leptospira genomes have been sequenced, establishing that the genus possesses an open 

pangenome, with the capacity to acquire new genes through horizontal gene transfer (JORGE 

et al., 2018; VINCENT et al., 2019). 
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With the introduction of WGS, extended typing methods of Leptospira spp. such as 

cgMLST were developed. In contrast to classical MLST, where only a small number of 

housekeeping genes are analysed, cgMLST is based on 545 genes representing key regions of 

the genome. It offers a much higher resolution and enables the identification of serogroups and 

closely related serovars (GUGLIELMINI et al., 2019).  

A common limitation of WGS is the inability to determine the infecting serovar. Recently, 

approaches based on the prediction of the serovar using the rfb cluster, which encodes genes 

for O-antigen biosynthesis, have gained attention (GIRAUD-GATINEAU et al., 2025). Several 

studies indicate that the gene composition of the rfb cluster correlates with the determination of 

the Leptospira serovar (NIEVES, 2022; CHINCHILLA et al., 2023; FERREIRA, 2024). While 

this method is promising, it requires further validation across different genomes and closely 

related serovars may still be difficult to distinguish (GIRAUD-GATINEAU et al., 2025).  

Today, WGS is an important tool for analysing bacterial evolution, diversity and 

pathogenicity. Nevertheless, genomic sequence analyses have shown that Leptospira spp. 

possess an open pangenome, reflecting their ability to acquire new genetic material through 

horizontal gene transfer. This increases their genetic potential to adapt and infect a wide range 

of host species (SYKES et al., 2022). Furthermore, WGS enables the study of differences in 

genome structure, which is particularly useful for analysing strains isolated from geographically 

or ecologically diverse areas (JORGE et al., 2018). It not only provides deeper insights into the 

genetic characteristics of local strains, but also supports the development of improved 

diagnostics and vaccines, linking basic genomic research with applied clinical and 

epidemiological outcomes. 

1.8. Leptospirosis in Croatia  

Leptospirosis is an endemic disease in Croatia and has significant veterinary and public 

health concern. Between 1990 and 2007, the mean annual incidence was 1.83 cases per 100,000 

inhabitants, with peaks exceeding 2.5 per 100,000 every three to four years (BALEN TOPIC et 

al., 2010), while in the subsequent period from 2009 to 2014, the mean incidence decreased 

slightly to 1.53 cases per 100,000 inhabitants (HABUS et al., 2017). Despite this decline, 

Croatia is still one of the European countries with the highest incidence of leptospirosis in 

humans. Although it is one of the most common zoonoses worldwide, leptospirosis in Croatia 

remains underestimated and often underdiagnosed, which emphasises the need for systematic 

surveillance and further research. 
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1.8.1. The role of small rodents and circulating Leptospira serogroups in Croatia 

The role of small rodents as primary reservoirs in the epizootiological and 

epidemiological cycle of leptospirosis in Croatia has been studied over the years (BORČIĆ et 

al., 1982, 1983; MILAS et al., 2002; TURK et al., 2003; ŠTRITOF MAJETIĆ et al., 2014; 

HABUS et al., 2017). They not only enable the long-term survival and persistence of Leptospira 

spp. in the environment, but also provide insight into the currently circulating pathogenic 

serovars of Leptospira spp. 

Epizootiologically, the risk of disease is strongly linked to the presence and abundance 

of rodent populations as one of the main reservoirs of leptospirosis (MILAS et al., 2002). 

Appropriate weather conditions can further increase forest vegetation and biomass, support 

rodent populations in forest ecosystems and directly influence their density and distribution 

(TURK et al., 2009). 

While Leptospira spp. can infect a wide range of animal species, only a limited number 

of serovars tend to persist within a particular geographic area. Each serovar is typically 

maintained in certain reservoir hosts, whereas other species are infected incidentally upon 

exposure (ELLIS, 2015). For example, the black-striped field mouse (Apodemus agrarius) is 

considered a reservoir for the serovars Pomona and Mozdok, the common vole (Microtus 

lavernedii) for Grippotyphosa, the brown rat (Rattus norvegicus) for Icterohaemorrhagiae and 

the house mouse (Mus musculus) for Sejroe (MILAS et al., 2002; TURK et al., 2003; ŠTRITOF 

MAJETIĆ et al., 2014).  

The serogroup Icterohaemorrhagiae is considered the most pathogenic of the broad 

spectrum of pathogenic leptospires (LEVETT, 2001; ELLIS, 2015). In addition, serogroups 

capable of producing haemolysins, such as Pomona or Icterohaemorrhagiae, are frequently 

associated with severe clinical manifestations in both animals and humans (ADLER and DE 

LA PEÑA MOCTEZUMA, 2010; ELLIS, 2015). In Croatia, the most frequently reported 

presumptive infectious serogroups in humans are Sejroe, Pomona, Australis and 

Icterohaemorrhagiae (PERIĆ et al., 2005; CVITKOVIĆ, 2007; BALEN TOPIC et al, 2010; 

HABUS et al, 2017), while the most common serogroups in various animal species are 

Australis, Pomona, Grippotyphosa, Sejroe, Icterohaemorrhagiae and Bataviae (TURK et al., 

2003; ŠTRITOF MAJETIĆ et al., 2014; HABUS et al., 2017). 

1.8.2. Increasing trend of the serogroup Pomona in different hosts 

In the last two decades, the serogroup Pomona has gained importance, as it is considered 

one of the most pathogenic among Leptospira spp. It has been associated with a severe clinical 

form of leptospirosis - pulmonary haemorrhagic syndrome (LPHS). This is further supported 
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by studies in Croatia that have linked severe clinical outcomes of leptospirosis to infections 

with the serogroup Pomona, particularly in humans (unpublished data) and dogs (HABUŠ et 

al., 2017; HABUŠ et al., 2020), although the specific serovars responsible within this serogroup 

remain unclear. This serogroup consists of eight serovars, Altodouro, Kennewicki, Kunming, 

Mozdok, Pomona, Proechimys, Tropica and Tsaratsovo, which are distributed across five 

distinct species: L. interrogans, L. kirschneri, L. borgpetersenii, L. noguchii and L. santarosai 

(SEMENOVA, 1965; GALE et al., 1966; MANEV, 1976; SULZER et al., 1982; ZHANG et 

al., 1987; BOURHY et al., 2012; PAIVA-CARDOSO et al., 2013). Pigs have been considered 

the main carriers of the serogroup Pomona, especially for the serovars Pomona and Kennewicki, 

which in the past caused widespread clinical disease and became endemic in North and South 

America, Australia, New Zealand and several parts of Europe (ELLIS, 2012). On the other 

hand, small rodents, particularly the black-striped field mouse (A. agrarius), are recognised as 

important reservoirs for the serovar Mozdok (ŠTRITOF MAJETIĆ et al., 2014). Although 

vaccination programmes and the switch to indoor housing systems in certain regions have 

contributed to a decline in swine-associated Pomona outbreaks (BOLIN and CASSELLS, 1992; 

RIBOTTA et al., 1999), rodent-origin incidental infections and outbreaks with the serovars 

Mozdok and Pomona are still reported in Europe (ARENT et al., 2017a; BERTASIO et al., 

2020; GAJDOV et al., 2024). Importantly, recent studies indicate an increasing prevalence of 

Pomona in various domestic and wild hosts worldwide (GUEDES et al., 2021; ALIBERTI et 

al., 2022; HELMAN et al., 2023; PETAKH and KAMYSHNYI., 2025), and during the last 

decade, Pomona has emerged as the most common serogroup detected in clinical cases of 

leptospirosis in Croatia (ŠTRITOF MAJETIĆ et al., 2012; HABUS et al., 2017; TADIĆ et al., 

2024; ZEČEVIĆ et al., 2024). 
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2. HYPOTHESIS AND OBJECTIVES  

The hypothesis of this doctoral dissertation was that the Pomona serogroup was emerging as 

the most virulent within the pathogenic Leptospira spp. complex and that its presence and 

pathogenicity were becoming dominant in different animal species. 

 

In order to confirm or refute this hypothesis, the following objectives were defined: 

The general objective of this study was to demonstrate the re-emergence of Leptospira spp. 

serogroup Pomona. 

The specific objectives of this study were: 

1. To investigate seroprevalence in horses and cats, two animal species representing extremes 

in susceptibility to leptospires. 

2. To investigate the prevalence of the serogroup Pomona as a presumptive infectious serogroup 

in horses and cats. 

3. To analyse the whole genome of Leptospira spp. serogroup Pomona in strains isolated over 

time from small rodents, which are the primary reservoirs for leptospires, and to determine their 

genomic characteristics and diversity. 
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3. MATERIALS AND METHODS 

3.1. Materials 

 This doctoral dissertation was based on three scientific papers that encompassed material 

originating from different animal species in Croatia. Scientific Papers I, II and III analysed 

equine serum samples, feline blood and urine samples, as well as bacterial cultures of 

Leptospira spp. isolated from small rodents, respectively.  

For Paper I, a total of 61,724 residual equine sera from the archive of the Laboratory for 

Leptospires, Faculty of Veterinary Medicine, University of Zagreb, were used. Representative 

sera were selected based on their availability in the archive over a ten-year period, between 

January 2012 and December 2022. The samples originated from apparently healthy horses of 

various breeds, ages, and sexes from different geographical regions of Croatia, where the 

endemicity of leptospirosis had previously been confirmed. 

Paper II analysed blood and urine samples collected from a total of 54 cats presented for various 

reasons at the Veterinary Teaching Hospital of the University of Zagreb between December 

2022 and December 2023. The samples were collected for diagnostic purposes, including 

haematology, serum biochemistry, urinalysis and/or bacteriological examination of urine, and 

were subsequently stored in the laboratory of the Clinic for Internal Diseases and in the 

Bacteriological Laboratory, Faculty of Veterinary Medicine, University of Zagreb, until 

processed for this study. From all 54 cats, serum and urine samples were available, while 

EDTA-anticoagulated blood samples were collected from 27 cats that met at least one of the 

following selection criteria: no antibiotic administration, immunocompromising conditions 

(retroviral infection, tumours, diabetes mellitus, immunosuppressive therapy), or blood count 

abnormalities such as anaemia, thrombocytopenia, and/or leukocytosis. Data on 

epizootiological factors and clinical signs were obtained by reviewing records from the patient 

protocol. Therefore, breed, age, sex, clinical signs, and retroviral status were recorded for each 

cat. Information on living conditions (indoor/outdoor, presence of other pets in the household), 

a possible immunocompromised state and laboratory results (complete blood count (CBC), 

biochemistry profile and urinalysis) were recorded for almost all cats, and cats were categorised 

into three groups according to the primary diagnosis established at the Veterinary Teaching 

Hospital: kidney and urinary tract diseases, diseases associated with immunosuppression, and 

other conditions such as trauma, hyperthyroidism, heart disease, and hypertensive retinopathy. 

The procedure for sample storage and pretreatment for DNA extraction is described in detail in 

Paper II. Briefly, serum samples were stored at −20 °C until serologically analysed, while 
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EDTA-anticoagulated blood was stored at 4 °C and processed with pretreatment extraction 

steps within 24 h. Urine samples were collected either by cystocentesis (n=36), catheterisation 

(n=7), or free-flow collection (n=11). Urine samples were stored either immediately at −20 °C 

(n=26) or at 4 °C for a maximum of 24 h (n=28) until subjected to pretreatment. The 

pretreatment extraction steps of urine included centrifugation and resuspension in Tris-EDTA 

solution, followed by the DNA extraction protocol. 

Paper III analysed a total of 48 archived isolates of Leptospira spp. originating from the kidneys 

of small rodents. These isolates were collected over a 14-year period (2005-2018) from various 

regions of Croatia and were part of the collection of pathogenic leptospires in the Laboratory 

for Leptospires, Faculty of Veterinary Medicine, University of Zagreb. The isolates were 

maintained in Korthof and Fletcher media until analysis. Data on host species, collection 

location, and sampling dates were available for all isolates and is attached as Supplementary 

Material (Table S2) in Paper III. The small rodent species, including Apodemus agrarius and 

Microtus lavernedii, were identified based on morphological characteristics, while Apodemus 

flavicollis and Apodemus sylvaticus, which are morphologically indistinguishable, were 

differentiated using polymerase chain reaction (PCR) targeting the mitochondrial cytochrome 

b gene, followed by sequencing of the PCR products. Species differentiation was previously 

performed for 45 samples (unpublished data), while it was performed for three samples in this 

study using primers L14771 (5’-CAACATTCGTAAAACCCACC-3’) and H15149 (5’-

AAACTGCAGCCCCTCAGAATGATATTTGTCCTCA-3’) and the protocol described by 

TADIN et al. (2012). 

3.2. Microscopic agglutination test (MAT)  

 The serological reference method of microscopic agglutination, described in Papers I and 

II, was used to test serum samples for the presence of antibodies against leptospires. The antigen 

panel consisted of reference strains of different serovars of live leptospires adapted to the 

species tested and to previous epizootiological and epidemiological analyses (DIKKEN and 

KMETY, 1978). Accordingly, a panel of eight pathogenic Leptospira spp. serovars was used 

for equine sera (Table 1), while a panel of twelve pathogenic serovars was used for feline 

samples (Table 2). For this method, Leptospira spp. cultures cultivated in Korthof medium for 

up to 10 days old, having a density of 2–4 × 10⁸ leptospires/mL, were used as antigens. Serial 

dilutions of the tested sera were prepared in microtitre plates with phosphate-buffered saline 

(PBS), starting with a dilution of 1:50. After a two-hour incubation at 28–30 °C, the results 

were read under a darkfield microscope. A serologically positive reaction was determined by 
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the presence of live, non-agglutinated leptospires compared to the negative control. The 

endpoint titre was defined as the highest serum dilution that showed at least 50 % agglutination 

of leptospires. The endpoint titre was set at 1:50 in cats, at 1:200 for horses for serovar 

Bratislava, and at 1:400 for horses for the other serovars. The presumptive infectious serogroup 

was determined on the basis of the highest titre detected for one or more serovars belonging to 

a certain serogroup. Based on the results of this method, the seroprevalence was calculated and 

defined as the frequency of serologically positive samples in relation to the total number of 

samples analysed, expressed as a percentage. 

 

Table 1. The panel of Leptospira spp. serovars used as antigens for serological screening of 

equine serum samples.  

No. Serogroup Serovar Strain Genomic species 

1 Grippotyphosa Grippotyphosa Moskva V L. kirschneri 

2 Sejroe Sejroe M84 L. borgpetersenii 

3 Australis Bratislava Jež Bratislava L. interrogans 

4 Pomona Pomona Pomona L. interrogans 

5 Canicola Canicola Hond Utrecht IV L. interrogans 

6 Icterohaemorrhagiae Icterohaemorrhagiae RGA L. interrogans 

7 Sejroe Saxkoebing Mus 24 L. interrogans 

8 Bataviae Bataviae Swart L. interrogans 

 

 

 

Table 2. The panel of Leptospira spp. serovars used as antigens for serological screening of 

feline serum samples. 

No. Serogroup Serovar Strain Genomic species 

1 Grippotyphosa Grippotyphosa Moskva V L. kirschneri 

2 Sejroe Sejroe M84 L. borgpetersenii 

3 Australis Bratislava Jež Bratislava L. interrogans 

4 Pomona Pomona Pomona L. interrogans 

5 Canicola Canicola Hond Utrecht IV L. interrogans 

6 Icterohaemorrhagiae Icterohaemorrhagiae RGA L. interrogans 

7 Tarassovi Tarassovi Perepelitsin L. borgpetersenii 

8 Sejroe Saxkoebing Mus 24 L. interrogans 

9 Ballum Ballum Mus 127 L. borgpetersenii 

10 Bataviae Bataviae Swart L. interrogans 

11 Javanica Poi Poi L. borgpetersenii 

12 Sejroe Hardjo Hardjobovis L. interrogans 
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3.3. Serological typing of Leptospira spp. isolates 

The affiliation of the Leptospira spp. culture isolates to specific serogroups was tested 

using a panel of 14 reference hyperimmune sera (Table 3) prepared in rabbits (OIE Reference 

Laboratory for Leptospirosis, AMC, Amsterdam, The Netherlands) according to the standard 

procedure (DIKKEN and KMETY, 1978). Antigens, serial dilutions, incubation, and evaluation 

of the reactions were carried out in the same way as for the MAT method and was thoroughly 

described in Paper III. A positive reaction was determined as agglutination of at least 50 % of 

the leptospires. The infectious serogroup of each culture was determined on the basis of the 

hyperimmune serum showing the highest agglutination titre. 

 

Table 3. Panel of 14 reference hyperimmune sera used for serological typing of Leptospira spp. 

isolates. 

No. Serogroup Serovar Strain 

1 Grippotyphosa Grippotyphosa Moskva V 

2 Sejroe Sejroe M 84 

3 Australis Bratislava Jež Bratislava 

4 Pomona 
Pomona Pomona 

Mozdok 5621 

5 Canicola Canicola Hond Utrecht IV 

6 Icterohaemorrhagiae Icterohaemorrhagiae RGA 

7 Tarassovi Tarassovi Perepelitsin 

8 Sejroe Saxkoebing Mus 24  

9 Ballum Ballum Mus 127 

10 Bataviae Bataviae Swart 

11 Javanica Poi Poi 

12 Sejroe Hardjo Sponselee 

13 Autumnalis Rachmati Rachmat 

14 Hebdomadis Hebdomadis Hebdomadis 

 

3.4. Detection of pathogenic Leptospira spp. using molecular techniques 

3.4.1 DNA extraction 

After the pretreatment extraction steps of feline EDTA-anticoagulated blood and urine 

samples, described in detail in Paper II, the pellets were resuspended in 180 μL of Lysis Buffer 

T1 and 25 μL of proteinase K. Total DNA was then extracted using the NucleoSpin Tissue Mini 

Kit for DNA from Cells and Tissues (MACHEREY-NAGEL GmbH & Co. KG, Germany), 

following the manufacturer’s protocols, with a final elution volume of 100 μL to increase the 
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DNA concentration. The extracted DNA was stored at −20 °C until testing. The purity and 

concentration of DNA were determined for all extracted samples using the BioDrop µLITE 

spectrophotometer. 

Leptospira spp. cultures up to 10 days old, having a density of 2–4 × 10⁸ bacteria/mL in 

Korthof medium, were sent to the Zoonoses and Select Agent Laboratory, Centers for Disease 

Control and Prevention (CDC), Atlanta, Georgia, USA, where further analyses and processing 

were conducted to identify, characterise, and study the isolates. Pretreatment of the cultures for 

DNA extraction, including centrifugation and resuspension in PBS, is described in detail in 

Paper III. DNA extraction was subsequently performed using the Maxwell CSC 48 automated 

extraction system (Promega Corporation, Madison, WI, USA) with the Maxwell® RSC 

Cultured Cells DNA Kit (Promega Corporation, Madison, WI, USA). The extracted DNA was 

stored at −20 °C until testing. 

3.4.2. Real-time polymerase chain reaction (qPCR) 

Real-time PCR protocol is thoroughly described in Paper II. The extracted DNA was 

analysed using the Rotor-Gene Q system (Qiagen, Hilden, Germany) with a TaqMan probe 

targeting the lipL32 gene. The QuantiFast Pathogen PCR + IC Kit (Qiagen, Hilden, Germany), 

which includes an internal control assay, was used. Primers LipL32-45F (5′-AAG CAT TAC 

CGC TTG TGG TG-3′) and LipL32-286R (5′-GAA CTC CCA TTT CAG CGA TT-3′), with 

the probe LipL32-189P (FAM-5′-AA AGC CAG GAC AAG CGC CG-3′-BHQ1), and 

amplification protocol were applied as described by STODDARD et al. (2009). Samples were 

tested in duplicate, and a Ct value below 35 in both replicates was considered positive, 

indicating urinary excretion of Leptospira spp. 

3.4.3. Conventional polymerase chain reaction (PCR) 

Conventional PCR was performed on the extracted DNA from feline EDTA-

anticoagulated blood and urine using the primers LipL32 F (5′-ATC TCC GTT GCA CTC TTT 

GC-3′) and LipL32 R (5′-ACC ATC ATC ATC ATC GTC CA-3′), as described by AHMED 

et al. (2006), which amplify a 474-bp fragment of the lipL32 gene. Each amplification reaction 

was carried out in the T100™ thermal cycler (Bio-Rad, USA) under the conditions described 

in detail in Paper II. The amplified DNA was electrophoresed through a 1 % agarose gel and 

compared with a molecular size marker.  

3.4.4. Sanger sequencing 

Positive results of conventional PCR were sequenced to confirm the presence of 

pathogenic Leptospira species as detailed in Paper II. Sanger sequencing was performed at 
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Macrogen Europe Inc. (Amsterdam, The Netherlands). The obtained sequences were aligned 

using Clustal X (version 2.0), analysed with BioEdit software (version 7.7), and compared with 

the GenBank nucleotide database using the BLAST programme of the National Center for 

Biotechnology Information (NCBI). 

3.4.5. Whole genome sequencing (WGS)  

Strains isolated from the kidneys of small rodents, identified by serological typing as 

belonging to the serogroup Pomona, were analysed by whole genome sequencing, as described 

in detail in Paper III. The workflow included DNA extraction, with a minimum concentration 

of 3.3 ng/μL and purity of A260/A280 between 1.8 and 2.0, followed by library preparation in 

which the genomic DNA samples were converted into fragment libraries compatible with 

sequencing on the MiSeq instrument. Library preparation was carried out using the Nextera XT 

DNA Library Preparation Kit (Illumina, San Diego, CA, USA), while sequencing was 

performed on the Illumina MiSeq platform (Illumina, San Diego, CA, USA) using the MiSeq 

v3 600-cycle kit (2 × 300 bp reads). The MiSeq system applies Sequencing by Synthesis (SBS) 

technology, which detects individual bases as they are incorporated into growing DNA strands. 

3.4.6. Genome assembly 

For the whole genome sequencing samples analysed in Paper III, genome assembly was 

performed using the Nextflow v24.04.2 assembly pipeline with default parameters developed 

by the bioinformatics team at the Zoonoses and Select Agent Laboratory (ZSAL), Centers for 

Disease Control and Prevention (CDC), Atlanta, Georgia, USA (Figure 5) This pathogen-

agnostic, general-purpose workflow was specifically designed for the genome assembly of 

Illumina paired-end sequencing data and was applied to ensure accurate and efficient data 

assembly. To improve assembly quality, contigs shorter than 500 bp were removed and only 

genomes with a minimum sequencing coverage of 39.5× (median 53.3×, range 39.5×–74.4×) 

were retained. These quality control steps ensured that only high-quality assemblies were used 

for genomic analyses. 
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Figure 5. General schematic of the steps in the Nextflow-based genome assembly workflow used for Leptospira spp. whole-genome sequencing 

(Paper III). The diagram outlines the key computational steps — from raw paired-end Illumina FastQ inputs through quality filtering, assembly to 

contig correction and post-assembly quality assessment (https://github.com/bacterial-genomics/wf-paired-end-illumina-assembly, v3.0.0). 

https://github.com/bacterial-genomics/wf-paired-end-illumina-assembly
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3.4.7. Genomic analyses  

The genomic analyses included four complementary approaches: average nucleotide 

identity (ANI), pangenome analysis, core genome multilocus sequence typing (cgMLST), and 

whole genome single nucleotide polymorphism (SNP) analysis. Computational resources for 

genomic analyses are described in detail in Section 2.3.6 of Paper III. 

3.4.7.1. Average nucleotide identity (ANI) 

 To assess genomic relatedness among isolates, ANI was computed using the automated 

workflow available at the bacterial-genomics GitHub repository (https://github.com/bacterial-

genomics/wf-ani, v1.0.0), which implements three complementary ANI methods: Biopython 

v1.6.8, FastANI v1.33, and SKANI v0.1.3 (COCK et al., 2009; SHAW and YU, 2023). Two 

datasets were analyzed: 118 genomes comprising 70 reference Leptospira spp. strains from 

NCBI RefSeq and 48 Croatian isolates, and 99 genomes including the 48 Croatian isolates and 

51 L. kirschneri reference genomes. Analyses were performed with Nextflow workflow 

manager to ensure reproducibility and scalability (DI TOMMASO et al., 2017). Default 

parameters were employed and ANI values >95 % were considered indicative of the same 

genomic species, in line with accepted prokaryotic species thresholds.  

3.4.7.2. Pangenome analysis 

 Pangenome analysis of the 48 Croatian Leptospira genomes was performed to 

characterize core and accessory genome components. Assemblies were filtered to remove 

contigs <500 bp and annotated with Bakta v1.9.4 (SCHWENGERS et al., 2021). The annotated 

GFF3 files were processed with Panaroo v1.3.4 in strict mode (95 % identity threshold) to 

account for gene presence–absence variation and assembly errors (TONKIN-HILL et al., 2020). 

Outputs included a gene presence–absence matrix and definitions of core and accessory 

genomes. Gene presence–absence patterns were visualized using R v4.3.1 to explore genomic 

diversity and to identify genes associated with specific clusters or traits. The pangenome was 

further analyzed to estimate core genome size and overall gene repertoire. 

3.4.7.3. Core genome multilocus sequence typing (cgMLST) 

 To establish a cgMLST scheme, a gene-by-gene approach was applied using 

chewBBACA v3.3.10 (SILVA et al., 2018). Coding sequences were predicted with Prodigal 

v2.6.3, and loci were filtered with BLAST Score Ratio (threshold 0.6) to to retain non-

paralogous, high-quality loci. Only loci present in ≥95 % of genomes were included in the final 

schema. A preliminary Leptospira cgMLST schema from BIGSdb v1.51.4 (JOLLEY et al., 

2010) served as the basis for locus selection. Allele calling was then performed on the 48 

https://github.com/bacterial-genomics/wf-ani
https://github.com/bacterial-genomics/wf-ani
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Croatian isolates, generating allelic profiles and identifying novel alleles. The final schema and 

profiles were integrated into a local BIGSdb instance, enabling comparative analysis and core 

genome sequence type (cgST) assignment across isolates. 

3.4.7.4. Whole genome single nucleotide polymorphism (SNP) analysis 

 Genomic variation at the single nucleotide level was further assessed through whole-

genome SNP analysis, using the wf-assembly-snps pipeline (https://github.com/bacterial-

genomics/wf-assembly-snps, v1.0.3) implemented in Nextflow v24.04.2 (DI TOMMASO et 

al., 2017). This reference-free workflow applies Parsnp v1.5.6 (TREANGEN et al., 2014) for 

core genome alignment and SNP identification and was run both on the 48 Croatian Leptospira 

assemblies and on an extended dataset including 23 additional genomes from NCBI RefSeq. 

Parsnp identified high-confidence core genome SNPs and generated multiple sequence 

alignments, which were used to build phylogenetic trees with IQ-TREE v2.4.0 (MINH et al., 

2020). SNP alignments and phylogenetic trees were further analyzed and visualized in R 

packages (ape, ggtree) to explore evolutionary relationships and clustering among isolates. 

3.4.8. Phylogenetic analysis 

A maximum likelihood phylogeny was inferred with IQ-TREE v2.4.0 (MINH et al., 

2020) using the core SNP alignment generated from the 48 Croatian isolates and 23 additional 

L. kirschneri genomes obtained from NCBI RefSeq. The best-fitting substitution model was 

determined automatically using ModelFinder based on the Bayesian Information Criterion. 

Branch support was assessed using 1000 ultrafast bootstrap replicates (MINH et al., 2020). The 

phylogenetic tree was then visualized and annotated in R with ggtree package v3.10.0 (YU et 

al., 2017), which enabled the exploration of clustering patterns, evolutionary relationships, and 

potential geographic or host-associated structure among the isolates. 

3.5. Statistical Analysis 

The data from Papers I and II were statistically analysed and detailed descriptions of each 

statistical software, method, and criterion applied can be found in the respective individual 

papers. Briefly, the data were processed using the statistical software R 4.4.0 (R Core Team, 

2024), Statistica v14 (TIBCO Software Inc., 2020), and the MedCalc Odds Ratio Calculator 

(https://www.medcalc.org/calc/odds_ratio.php). Descriptive statistics were presented as 

numbers and percentages. The odds ratio (OR) test was applied to calculate the effects of 

individual risk factors (frequencies), with results expressed as OR with a 95 % confidence 

interval (CI). For multinomial risk factors (more than two categories), logistic regression was 

used to calculate the OR. For quantitative variables, the normal distribution was assessed using 

https://github.com/bacterial-genomics/wf-assembly-snps
https://github.com/bacterial-genomics/wf-assembly-snps
https://www.medcalc.org/calc/odds_ratio.php?utm_source=chatgpt.com
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the Kolmogorov-Smirnov test. Depending on the number of groups, either a t-test or a one-way 

ANOVA was applied, or their non-parametric variants, with results presented as arithmetic 

means and standard deviations or medians and interquartile ranges. Statistical significance was 

determined at a p-value of <0.05. 

3.6. Ethics approval and consent to participate 

The scientific research included in the doctoral dissertation was evaluated and approved 

by the Faculty Council of the Faculty of Veterinary Medicine, University of Zagreb, at its 6th 

regular session in the academic year 2024/2025, based on the proposal of the Committee for 

Ethics in Veterinary Medicine, held on January 22, 2025 (Editorial number: 251-61-01/139-25-

20; Class: 640-01/25-02/01). The owners provided written informed consent before sampling. 
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4. RESULTS 

4.1. Paper I 

BENVIN, I.; MOJČEC PERKO, V.; MALJKOVIĆ, M.M.; HABUŠ, J.; ŠTRITOF, Z.; 

HAĐINA, S.; PERHARIĆ, M.; ZEČEVIĆ, I.; CVETNIĆ, M.; TURK, N. (2023): 

Serological Surveillance of Equine Leptospirosis in Croatia in the Period From 2012 to 

2022: A Key Insight into the Changing Epizootiology. J. Equine Vet. Sci. 127, 104844. 

https://doi.org/10.1016/j.jevs.2023.104844  

The results presented in Paper I (BENVIN et al., 2023) meet specific objectives 1 and 

2 by providing a comprehensive serological overview of equine leptospirosis in Croatia over a 

ten-year period. Out of 61,724 serum samples tested, 6,665 (10.80 %) were seropositive, with 

annual prevalence ranging from 5.00 % to 15.94 %. Titres ranged from 1:400 (1:200 for serovar 

Bratislava) to 1:51,200. The distribution of infectious serogroups showed that Pomona was the 

most common presumptive infectious serogroup (41.98 %), followed by Grippotyphosa (31.34 

%), Sejroe (8.03 %), Icterohaemorrhagiae (7.05 %) and Bratislava (6.47 %). This study is the 

first in Europe in which such high seropositivity for Pomona was found in apparently healthy 

horses, indicating the increasing epizootiological importance of the disease. These results show 

that horses in Croatia are particularly exposed to Leptospira spp. and confirm the changing 

epizootiology and re-emergence of the serogroup Pomona as the dominant infectious serogroup 

in this species (Figure 6). 

 

 
 

Figure 6. Distribution of presumptive infective Leptospira spp. serovar within each year of the 

investigated period, showing changing epizootiology (adapted from Figure 3 in BENVIN et al., 

2023).  

https://doi.org/10.1016/j.jevs.2023.104844
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4.2. Paper II 

BENVIN, I.; FITZ, D.; MOJČEC PERKO, V.; MAURIĆ MALJKOVIĆ, M.; ĐURIĆ, V.; 

HABUŠ, J.; ŠTRITOF, Z.; PERHARIĆ, M.; HAĐINA, S.; ZEČEVIĆ, I.; TURK, N. 

(2024): Insights into Leptospira spp. infection in pet cats in Croatia: Clinical, serological 

and molecular findings with emphasis on the potential important role of serogroup 

Pomona. Acta Trop. 260, 107465. https://doi.org/10.1016/j.actatropica.2024.107465  

The results presented in Paper II (BENVIN et al., 2024) also address specific objectives 

1 and 2 by analysing seroprevalence and presumptive infectious serogroups in cats in Croatia. 

Out of 54 serum samples tested, 18.52 % were seropositive, with titres ranging from 1:50 to 

1:12,800. Pomona was the most common presumptive infectious serogroup (40 %), followed 

by Sejroe, Icterohaemorrhagiae, Australis and Javanica (Table 4). In addition, one cat (1.85 %) 

was confirmed by PCR and sequencing to shed pathogenic Leptospira spp. in its urine, while 

all tested EDTA-anticoagulated blood samples were negative for the lipl32 gene. Importantly, 

several risk factors for seropositivity were identified in the study, including 

immunocompromised conditions, multi-cat households and renal disease. Clinical associations 

were also observed, as seropositive cats, particularly those that were seropositive for Pomona, 

were more likely to have respiratory signs and radiographic lung changes. These results provide 

new evidence that cats may play a role in the epizootiology of leptospirosis in Croatia and 

confirm the emergence of the serogroup Pomona as the dominant infectious serogroup in 

various animal species. Furthermore, the results indicate that cats can also develop a 

pronounced clinical disease and show high antibody titres, especially those that were Pomona 

seropositive. Importantly, these cats often had an established alternative diagnosis, suggesting 

that feline leptospirosis is underdiagnosed and neglected in Croatia. 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1016/j.actatropica.2024.107465
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Table 4. Individual MAT titre results and presumptive infectious serogroup from seropositive 

cat (adapted from Table 1 in BENVIN et al., 2024).  

  Serovars Presumptive 

infectious 

serogroup Cat Pomona Icterohaemorrhagie Tarassovi Bratislava Saxkoebing Sejroe Gryppotyphosa Poi 

1 - 50 - - - - - - Icterohaemorrhagie 

2 - - 100 - - - - 100 ND 

3 100 - - - - - - - Pomona 

4 - - - 100 - - - - Australis 

5 - - - - 200 - - 200 ND 

6 - - - 100 200 50 - - Sejroe 

7 12800 - - - - - 6400 - Pomona 

8 1600 - - - - - 200 - Pomona 

9 100 - - - - - - - Pomona 

10 - - - - - - - 100 Javanica 

ND = nondetermined 

 

4.3. Paper III 

BENVIN, I.; PAISIE, T. K.; CAETANO VARANDA, I.; WEINER, Z. P.; STODDARD, 

R. A.; GEE, J. E.; GULVIK, C. A.; MARSTON, C. K.; MOJČEC PERKO, V.; 

ŠTRITOF, Z.; HABUŠ J.; MARGALETIĆ, J.; VUCELJA, M.; BJEDOV, L.; TURK, N. 

(2025): Whole Genome Characterization of Leptospira kirschneri Serogroup Pomona in 

Croatia: Insights into Its Diversity and Evolutionary Emergence. Pathogens, 14, 860. 

https://doi.org/10.3390/pathogens14090860  

The results presented in Paper III (BENVIN et al., 2025) contribute to specific objective 

3 by providing the characterisation of the whole genome of Leptospira spp. serogroup Pomona 

in strains isolated from the primary reservoirs, small rodents, and by determining their genomic 

characteristics and diversity. A total of 48 strains were obtained from small rodents over a 

period of 14 years and all were serologically confirmed as belonging to the serogroup Pomona. 

ANI and MLST analyses assigned all isolates to L. kirschneri ST-98, which corresponds to the 

serovar Mozdok or Tsaratsovo. Core genome MLST (cgMLST) further resolved the population 

into seven genotype clusters (A-G), many of which showed clear geographic structuring, while 

SNP-based phylogenetic analyses revealed monophyletic clades associated with specific 

regions, suggesting localised clonal expansions. Comparative analyses with global L. kirschneri 

genomes showed that the Croatian isolates formed a distinct, geographically restricted lineage 

that was genetically cohesive but distinct from other international strains (Figure 7). Pangenome 

analysis confirmed a stable core genome with limited variation in accessory genes, further 

https://doi.org/10.3390/pathogens14090860


34 

supporting the clonality of the isolates. Overall, these results indicate the existence of a 

regionally dominant and potentially host-adapted lineage of L. kirschneri serogroup Pomona in 

Croatia, underlining its evolutionary emergence and epizootiological significance. 

 

 

Figure 7. Maximum-likelihood phylogeny of Leptospira kirschneri isolates from Croatia and 

global references, showing the distinct monophyletic clade formed by Croatian Pomona 

isolates. The phylogenetic tree was reconstructed from a core SNP alignment of 99 genomes, 

including 48 Croatian isolates from rodents and 51 international references. The Croatian 

isolates are closely clustered, indicating the presence of a geographically restricted and 

genetically cohesive lineage distinct from other global strains (according to Figure 5 in 

BENVIN et al., 2025). 
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5. DISCUSSION 

Leptospirosis is widely distributed among both animals and humans in Croatia, where it 

occurs both in natural and increasingly in synanthropic foci. Croatia ranks first among European 

countries and 13th in the world in terms of endemic leptospirosis (PAPPAS et al., 2008). The 

climatic conditions and geomorphological diversity of the country contribute to an 

exceptionally high biodiversity, which in turn harbours large rodent populations that serve as 

the main reservoir for leptospires. These ecological factors characterise the endemic nature of 

leptospirosis in Croatia and ensure active transmission cycles in different geographical regions 

(MILAS et al., 2002; TURK et al., 2003). 

The outcome of a leptospiral infection is determined by complex interactions between 

host and pathogen, including host age, immune response and infectious dose as well as intrinsic 

differences in virulence between serovars (LEVETT, 2001). Previous genomic studies have 

shown that not all pathogenic Leptospira spp. have the same pathogenic potential, with genetic 

variations in virulence factors contributing to different clinical outcomes (PICARDEAU, 2017; 

JORGE et al., 2018). Although serogroup Icterohaemorrhagiae is traditionally considered the 

most pathogenic within the genus Leptospira and is associated with severe clinical 

manifestations (LEVETT, 2001), the importance of serogroup Pomona has recently been 

increasingly emphasised. Pigs are considered to be the most important maintenance hosts, 

particularly for the serovar Pomona, which has caused widespread disease and became endemic 

in North and South America, Australia, New Zealand and parts of Europe in the past (ELLIS, 

2012). On the other hand, small rodents, especially A. agrarius, are considered a reservoir for 

the serovar Mozdok (ŠTRITOF MAJETIĆ et al., 2014). In addition, sporadic cases and 

outbreaks with Pomona have been reported in several European countries, including Spain and 

the United Kingdom, underlining the epizootiological importance of the disease beyond 

endemic regions (ARENT et al., 2017a; ARENT et al., 2017b). In addition, a Spanish study 

showed the genetic heterogeneity of serovar Pomona and identified three different types 

(ARENT et al., 2017a). Importantly, serious clinical consequences such as pulmonary 

haemorrhagic syndrome in dogs (HABUŠ et al., 2020), uveitis in horses (TIROSH-LEVY et 

al., 2021) and even acute reproductive disorders, so-called "abortion storms" in cattle 

(GROOMS, 2006), have been associated with Pomona infection, underlining the pathogenic 

potential and the need for continuous surveillance. 

Horses, which are considered highly immunogenic animals and were systematically 

monitored as part of the national surveillance programme for leptospirosis, provided the 
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opportunity to test samples collected throughout the entire country, including both healthy and 

clinically affected animals. This broad sampling enabled the most objective possible insight 

into the epidemiological and epizootiological situation of leptospirosis in Croatia. By analysing 

61,724 samples collected over a ten-year period (2012–2022), it was possible to obtain a 

representative picture of the situation. The results showed that infection with Leptospira spp. is 

still widespread in horses in Croatia, with 6,665 seropositive samples and a seroprevalence of 

10.8 %. Most importantly, Pomona emerged as the most prevalent serogroup with 41.98 % of 

seropositive animals, followed by Grippotyphosa, Sejroe, Icterohaemorrhagiae, Bratislava, and 

Saxkoebing. Furthermore, Pomona showed a clear increasing trend over time, indicating a 

dynamic shift in the epizootiology of leptospirosis. While recent studies in Europe report that 

other serogroups such as Grippotyphosa (WASIŃSKI et al., 2021), Bratislava (VERA et al., 

2019) or Sejroe (ŻMUDZKI et al., 2025) are most prevalent in horses, the Croatian situation 

seems to be unique with its strong dominance of Pomona. This difference is probably due to 

ecological and reservoir-specific factors, including the abundance of certain rodent hosts and 

environmental conditions that favour the persistence of Pomona. 

The clinical relevance of Pomona infection in horses has been emphasised in recent 

literature. TIROSH-LEVY et al. (2021) reported that most Pomona-seropositive horses had 

clinical signs of equine recurrent uveitis (ERU), while FAGRE et al. (2020) found that almost 

all horses with high Pomona titres (≥800) had uveitis, ERU or another ophthalmic ailment. 

Furthermore, HAMOND et al. (2024) reported that infection with serovar Pomona was 

associated with acute spontaneous abortion. In contrast, the majority of horses examined in this 

study were apparently healthy, raising the possibility that Pomona may have undergone an 

evolutionary adaptation to the equine host. This adaptation could allow the persistence of the 

infection with limited clinical signs while posing a risk of urinary excretion. Given that horses 

are long-lived animals that are often kept in close contact with other domestic animals and 

humans, their role as potential carriers and contributors to environmental contamination by 

leptospires should not be underestimated. Further studies are needed to clarify whether Pomona 

is indeed adapting to a subclinical course in horses or whether clinical outcomes are 

underdiagnosed in this population. 

In contrast, cats have traditionally been neglected due to the perception of natural 

resistance and the assumption that infections remain asymptomatic. However, due to their 

instinctive predatory behaviour and frequent contact with rodents, cats are inevitably exposed 

to leptospires in the environment. Considering that Leptospira spp. infections in cats have not 

been the focus of research in Croatia for many years, we wanted to determine the current status 
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of Leptospira spp. infection in this species, especially in pet cats that have the closest contact 

with humans, and to clarify the question of whether infection in cats is associated with clinical 

manifestations and under what circumstances. To address this, pet cats were examined 

immediately after the comprehensive study in horses in the period 2022–2023 to provide a 

contemporary status. A seroprevalence of 18.5 % was found, which is significantly higher than 

in most comparable recent European studies that included pet cats (LEHTLA et al., 2020; 

ŽÁKOVSKÁ et al., 2020; DONATO et al., 2022), and once again Pomona was identified as 

the most common serogroup, followed by Sejroe, Icterohaemorrhagie, Australis and Javanica. 

Apart from our study, only one study in Europe reported Pomona as the most common 

serogroup in cats (LEHTLA et al., 2020). Importantly, the results also showed that infected cats 

can develop clinical signs, and the most common clinical findings were anorexia, lethargy, 

vomiting, respiratory symptoms, anaemia and leukocytosis. Furthermore, the highest titres and 

suggestive symptoms of clinical leptospirosis were observed in immunocompromised cats with 

severe systemic comorbidities, which is also described by MAZZOTTA et al. (2023). In 

addition, all cats with respiratory symptoms were seropositive for Pomona and showed anaemia 

at the same time. This observation is consistent with reports of leptospirosis causing pulmonary 

involvement in other species, including pulmonary haemorrhage and acute respiratory distress 

syndrome in horses (BROUX et al., 2012), dogs (SCHULLER et al., 2015) and humans 

(NICODEMO and DUARTE-NETO, 2021). The association between Pomona and such 

manifestations suggests that cats may not be as resistant to clinical disease as previously 

thought. 

The role of cats as potential shedders of leptospires also warrants attention. In this study, 

urinary shedding of leptospires was found in only one cat (1.85 %) that was seronegative but 

presented with acute kidney injury, elevated renal biochemical parameters and ultrasonographic 

signs of glomerulonephritis. The possibility of typical rapid drop in titres in cats (SHOPHET, 

1979; MARKOVICH et al., 2012), coupled with the prolonged excretion of leptospiral DNA 

after confirmed infection (WEIS et al., 2017), could explain the seronegative result in this cat. 

This case shows that cats may excrete leptospires while showing clinical disease, even when 

no antibodies are detectable in serum. Factors such as the acidic pH and high osmolality of cat 

urine may reduce the survival of leptospires and the detectability of DNA (RUBINI and WOLF, 

1957; LEVETT, 2001), which could contribute to the low prevalence of shedding observed. 

These factors also influence the concentration and quality of DNA in urine samples. 

Consequently, identification of Leptospira species by sequencing was not possible due to the 

low DNA concentration and poor DNA quality, which is a common limitation in clinical 



38 

samples with low bacterial load. Nevertheless, the possibility that cats may act as sources of 

infection cannot be ruled out. Overall, these results challenge the long-held view of resistance 

in cats and suggest that cats should be considered more carefully in the epizootiology of 

leptospirosis, especially given their close and frequent contact with humans. 

To further investigate the reasons for the apparent re-emergence and increased 

pathogenicity of serogroup Pomona, it was necessary to examine its characteristics in natural 

reservoirs. Small rodents are the most important reservoirs of leptospires, acting as 

asymptomatic carriers that maintain the bacteria in the environment through lifelong urinary 

excretion. Therefore, they represent an ideal model for studying long-term evolutionary 

dynamics. For this purpose, archival cultures of Leptospira spp. serogroup Pomona isolated 

from rodent kidneys over a period of 14 years were analysed. This time frame included the 

years prior to the surveillance of horses (2005–2012) as well as the overlapping surveillance 

period (2012–2018), allowing sufficient time to investigate whether genomic changes in 

Pomona might have contributed to the trends observed in horses and cats. This study 

specifically selected isolates from rodents identified by serotyping as belonging to the 

serogroup Pomona.  

Genomic analyses further clarified the taxonomic position of these isolates and classified 

them as L. kirschneri based on high similarity values obtained by ANI. The assignment of the 

isolates to ST-98 using classical MLST suggests that the isolates belong to a single species L. 

kirschneri, most likely serovar Mozdok, and a single sequence type (ST-98). However, the 

subdivision into seven distinct genotype clusters (labelled A-G) identified by cgMLST, based 

on allelic similarity and minimum spanning tree topology, suggests remarkable genetic 

diversity within the population, with many clusters associated with geographic locations. This 

geographic structuring suggests that local ecological conditions and the distribution of rodent 

hosts play an important role in shaping genetic variation within Pomona populations. However, 

cgMLST provided only a broad resolution, and further analysis with SNP-based phylogeny 

revealed additional fine-scale differences and identified distinct sub-clusters within cgMLST 

groups. 

Phylogenetic analyses based on SNP data provided further evidence for this adaptation 

and revealed a monophyletic clade of Croatian isolates that is clearly distinct from other L. 

kirschneri strains reported worldwide. This indicates that the Pomona lineage circulating in 

Croatia is geographically restricted and likely host-adapted. The classification of isolates as L. 

kirschneri, serogroup Pomona and most likely serovar Mozdok, although Tsaratsovo cannot be 

completely ruled out, is of particular significance, since serovar Mozdok has been associated 
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with rodent reservoirs in Europe, especially A. agrarius, which were prevalent in this study. 

Such reservoir-pathogen associations support the idea of long-term host adaptation, which 

could explain the persistence of Pomona in Croatia and its spread to other species. 

The discovery of a distinct and geographically confined Pomona lineage in rodents adds 

weight to the findings in horses and cats. In horses, Pomona was the most prevalent serogroup 

with an increasing trend, while in cats Pomona was the leading serogroup associated with 

clinical disease in some individuals. The fact that the same serogroup dominates in both 

incidental hosts and natural reservoirs suggest a stable ecological cycle that maintains Pomona 

in the environment and continuously exposes other species to infection. This convergence 

between host species is strong evidence that Pomona is not a sporadic or transient occurrence, 

but rather a re-emerging serogroup that is ecologically and evolutionarily entrenched in Croatia, 

thereby reinforcing the central hypothesis of this dissertation.  

Genomic comparisons with global L. kirschneri isolates further highlight the significance 

of these findings. Only a few strains outside Croatia, such as those from Brazil and one of 

unknown origin, clustered with the Croatian lineage as ST-98, indicating a very limited global 

distribution and supporting the idea of geographic confinement and long-term in situ evolution. 

Since all 48 Croatian isolates belong to MLST ST-98 and are phylogenetically clustered with 

the L. kirschneri serovar Mozdok strains, it is plausible that they all represent the L. kirschneri 

serogroup Pomona serovar Mozdok and less likely the serovar Tsaratsovo. Interestingly, a 

closely related isolate classified as ST-101 and associated with serovar Mozdok was previously 

shown to cause severe pulmonary hemorrhagic lesions in an experimental hamster model, 

suggesting a high virulence potential within this lineage (MORENO et al., 2016). These 

observations are consistent with our previous findings in which the serogroup Pomona was 

frequently associated with severe disease, particularly leptospiral pulmonary haemorrhagic 

syndrome (LPHS) in dogs (HABUŠ et al., 2017; HABUŠ et al., 2020), although the role of 

individual serovars remains unclear. Given the high incidence of leptospirosis and the 

predominance of Pomona in clinical cases in Croatia, these results underscore its high 

pathogenic potential and the need for further investigation within One Health concept to clarify 

its pathogenicity, host range and environmental persistence. This observation, together with 

reports linking Pomona and Mozdok to severe clinical manifestations in animals and humans, 

emphasises the pathogenic capacity of this serogroup and reinforces the relevance of our 

findings.  

Taken together, the results of this dissertation provide a coherent picture of Pomona as a 

re-emerging serogroup with broad epidemiological and clinical significance. In horses, Pomona 
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has established itself as the most prevalent serogroup, with an increasing trend observed even 

in apparently healthy individuals. In cats, traditionally overlooked in the context of 

leptospirosis, Pomona has emerged as the leading serogroup, with infections associated with 

clinical manifestations in certain circumstances, particularly in immunocompromised animals. 

In rodents, the primary reservoirs, Pomona has been confirmed as a distinct, geographically 

confined lineage of L. kirschneri, most likely corresponding to the serovar Mozdok, which is a 

stable ecological source of spillover infections. This convergence between reservoir and 

incidental hosts emphasises the strength of the central hypothesis that Pomona has re-emerged 

as a dominant and potentially highly virulent serogroup in Croatia. 

The broader implications of these findings become clear when viewed through the lens 

of the One Health framework. The simultaneous presence of Pomona in wildlife reservoirs, 

livestock species and companion animals create multiple transmission pathways that ultimately 

pose a threat to human health. The presence of Pomona in pet cats, which live in close contact 

with humans, raises particular concern regarding household exposure. Likewise, the role of 

horses as long-lived carriers that frequently shed leptospires into the environment increases the 

risk of environmental contamination and incidental infections in other species. In combination, 

these factors highlight the need for integrated surveillance and control strategies that link 

veterinary and human health. 

Ecological factors have a further influence on the persistence and transmission of 

Pomona. Changes in rodent population dynamics, often related to climate change, land use 

change and urbanisation, are likely to affect the prevalence of certain serogroups in natural 

reservoirs. Mixed farming systems, where horses, cats and other companion and domestic 

animals live together and share environments contaminated with rodent urine, increase the 

potential for cross-species transmission. In such contexts, Pomona, as a serogroup with proven 

adaptability and pathogenic potential, is particularly well positioned to persist and spread. 

These ecological and anthropogenic influences must therefore be considered when developing 

preventive measures and diagnostic approaches. 

At the same time, this research opens several important avenues for further investigation. 

In cats, the relatively small sample size does not allow definite conclusions, but the observed 

findings emphasise the need to better determine the clinical relevance of Pomona infections in 

this species, especially in relation to respiratory manifestations. Future work should extend 

comparative analyses across different species, including humans, dogs, pigs, and cattle, and 

include more comprehensive genomic studies to clarify the associations between virulence and 

clinical outcomes across species. Given that there are currently no licensed vaccines against the 
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serogroup Pomona available in Croatia, these findings also emphasise the urgent need for the 

development and implementation as part of preventive strategies. Future priorities should also 

include defining the role of individual serovars in pathogenesis, implementation of whole 

genome sequencing directly on clinical samples, monitoring the impact of environmental 

changes on reservoir dynamics and developing integrated prevention and control strategies. 

In conclusion, this dissertation shows that Pomona has re-emerged as the most virulent 

and dominant serogroup within the pathogenic Leptospira spp. complex in Croatia. By 

including data from horses, cats and rodents, Pomona is shown to be an ecologically stable and 

clinically significant serogroup with important implications for human and animal health. The 

recognition of a geographically restricted lineage of L. kirschneri serogroup Pomona 

emphasises the need for country-specific surveillance, while the documented clinical impact in 

cats and high prevalence in horses calls for increased vigilance in veterinary practise. These 

findings underline the importance of a One Health concept approach that fully recognises the 

interconnectedness of reservoir hosts, domestic and companion animals and human health. 

Ultimately, the re-emergence of Pomona in Croatia demonstrates the evolutionary resilience 

and pathogenic capacity of this serogroup and emphasises its importance as a priority veterinary 

and public health target. 
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6. CONCLUSIONS 

1. The serogroup Pomona has re-emerged as the most virulent and dominant lineage within the 

pathogenic Leptospira spp. in Croatia. 

2. Pomona was identified as the most prevalent serogroup in horses, with a clear increasing 

trend in the last decade, indicating a dynamic shift in the epizootiology of leptospirosis. 

3. Pomona also emerged in cats as the leading serogroup, with evidence that infection can lead 

to the clinical disease, particularly in immunocompromised individuals, indicating that 

leptospirosis is underdiagnosed in cats and that cats may play a more important role in the 

epidemiology than previously thought. 

4. In rodents as primary reservoirs, whole genome sequencing revealed that Croatian isolates 

form a distinct, geographically restricted lineage of the L. kirschneri serogroup Pomona, most 

likely serovar Mozdok, suggesting long-term host adaptation and supporting its role as a 

primary reservoir and stable ecological source of spillover infections. 

5. The convergence of findings in horses, cats and rodents is clear evidence that Pomona is not 

a sporadic occurrence, but a re-emerging serogroup with established ecological stability, high 

pathogenic potential and importance in the context of One Health concept.  
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