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ABSTRACT

Escherichia coli (E. coli) is the most common bacterial cause of decreased
production and high mortality rates in the poultry industry. Avian pathogenic E. coli
(APEC) is one of the extraintestinal E. coli (EXPEC) subpathotypes, characterized by
high genetic diversity. Regardless of their diversity, EXPEC strains share many common
virulence factors that allow them to colonize tissues outside of the intestine. APEC
genetic diversity complicates the efficacy of the immunoprophylaxis programs, which
are the foundation of poultry health protection. In this research, 115 E. coli strains were
longitudinally isolated from the chicken carcasses diagnosed with colibacillosis. The
strains originated from four and five flocks, on Farm A and Farm B, respectively, which
are part of the same broiler breeder company. The selected strains originated from the
flocks vaccinated with commercial, combination of commercial and autogenous, or
solely autogenous vaccines. The strains were sequenced, individually analysed and
mutually compared based on the phylogenetic groups, multilocus sequence types
(MLST), virulence-associated genes (VAGs), antimicrobial resistance (AMR) genes,
and core-genome single-nucleotide polymorphisms (cgSNPs). The aim of this
dissertation was to investigate the effect of autogenous vaccines on the genetic
heterogeneity of E. coli strains on poultry farms. The results showed that autogenous
vaccine application gradually induced lower genetic heterogeneity of the isolates on
both farms, based on the prevalence of phylogenetic groups, STs and cgSNP phylogeny.
In total, 23 sequence types (STs) were detected, with 52.58% of the isolates belonging
to two clonal complexes. Nevertheless, the average number of virulence genes per
isolate increased on both farms, while the prevalence of the antimicrobial resistance
genes decreased. Out of the highly prevalent STs, ST95, ST390 and ST131 had the
highest average number of VAGs per isolate. The overall results of the research
confirmed that application of autogenous vaccines affects the genetic heterogeneity and

virulence profiles of E. coli.

Key words: Escherichia coli, APEC, poultry, virulence, autogenous vaccine, WGS,
MLST, SNP, AMR



PROSIRENI SAZETAK

UVOD: Kolibaciloza predstavlja znacajan problem u peradarskoj industriji, uzrokujuci
velike ekonomske gubitke i smanjenje dobrobiti Zivotinja na farmama. Uzrokovana je
bakterijom Escherichia coli (E. coli), koja moze biti primarni ili sekundarni patogen,
Cesto U koinfekciji s drugim mikroorganizmima kao $to su Mycoplasma ili virus
zaraznog bronhitisa, ili uslijed razli¢itih oblika imunosupresije. TeZina infekcije ovisi o
razli¢itim ¢imbenicima kao §to su soj, mjesto ulaska patogena i opée zdravstveno stanje
zivotinje. U pili¢a zaraza najceS¢e nastaje putem nezacijeljenog pupcanog tracka u
valionici ili vertikalnim prijenosom od zarazenog roditeljskog jata. Kod koko$i u
proizvodnji, najc¢esce lezije ukljucuju poliserozitis, peritonitis, salpingitis i salpingitis-
peritonitis sindrom (SPS), pri ¢emu infekcija nastaje ascendentno putem jajovoda. lako
infekcija moze biti lokalizirana, ceS¢e se radi o sistemskoj infekciji, odnosno
septikemiji. Izbijanje bolesti je vrlo Cesto povezano s pocetkom proizvodnje jaja, pa se
septikemija kod kokosi nesilica smatra boles¢u koja je potaknuta stresom.

Sojevi E. coli mogu se podijeliti u crijevne i izvancrijevne (engl. extraintestinal
pathogenic E. coli, EXPEC), pri ¢emu pticji patogeni sojevi (engl. avian pathogenic E.
coli, APEC) pripadaju skupini izvancrijevnih sojeva. Svi EXPEC sojevi sadrzavaju
¢imbenike virulencije koji im omogucavaju prezivljavanje i kolonizaciju tkiva izvan
crijeva, ali su genetski vrlo raznoliki, S§to komplicira detaljnu klasifikaciju i
dijagnostiku. Geni virulencije u APEC sojevima vrlo ¢esto su grupirani na otocima
patogenosti (engl. pathogenicity islands, PAIs) koji mogu biti smjesteni na
kromosomima ili plazmidima. S obzirom da izrazito virulentni APEC sojevi vrlo Cesto
sadrzavaju takve plazmide, oni se smatraju njihovom karakteristikom, iako dosadasnjim
istrazivanjima nije uspjeSno utvrdeno koji pojedini geni virulencije su svojstveni za
APEC sojeve. Rezultati istrazivanja razli¢itih EXPEC podskupina pokazali su da su svi
takvi sojevi genetski vrlo sli¢ni, $to je stvorilo temelj za istrazivanje zoonotskog
potencijala APEC sojeva.

U svrhu tipizacije sojeva E. coli koristene su mnoge metode, od kojih se u
danasnje vrijeme vrlo Cesto primjenjuje filogenetska tipizacija temeljena na dokazu
gena koji se smatraju reprezentativnima za pojedine filogenetske skupine. Prema
trenutnoj podjeli, postoji osam skupina, te tzv. ,,cryptic clade” I-V, pri ¢emu se skupine

B2, D, F 1 G smatraju patogenima, dok ostale ¢ine komenzalni sojevi. Primjena takve



metode omogucéava brzu dijagnostiku i monitoring sojeva E. coli na farmama. U
Istrazivanjima i dijagnostici, sve ¢e$¢e se primjenjuje tehnologija sekvenciranja novih
generacija (engl. next-generation sequencing, NGS), koja ima veliki potencijal u
populacijskoj genomici i molekularnoj epidemiologiji. Primjenom metoda
sekvenciranja moguce je pratiti evoluciju bakterijskih populacija, te njihovu prilagodbu
razli¢itim domacinima.

Zastita peradi na farmama temelji se na provedbi strogih biosigurnosnih mjera i
primjeni cjepiva. S obzirom da su sojevi E. coli genetski vrlo raznoliki, komercijalne
vrste cjepiva su Cesto nedovoljno ucinkovite jer pruzaju zastitu od nekolicine sojeva. 1z
toga razloga, sve CeS¢e se koriste autogena cjepiva koja su proizvedena od sojeva
izdvojenih na farmama na kojima ¢e se i primjenjivati, pa su zato vrlo specifi¢na i
u¢inkovita. Dosadasnja istrazivanja pokazala su da primjena autogenoga cjepiva ima
pozitivan utjecaj na zdravlje Zivotinja i njihove proizvodne rezultate. Longitudinalnim
praéenjem genetske strukture populacije E. coli na farmama na kojima se primjenjuje
autogeno cjepivo, moze se dobiti uvid o utjecaju cjepiva na raznolikost i virulenciju

sojeva.

HIPOTEZA: Osnovni cilj bio je istraziti utjecaj primjene autogenoga cjepiva na genski
sastav i selekciju sojeva E. coli. Analiza longitudinalno izdvojenih sojeva omoguéila bi
detekciju genskih varijacija kroz nekoliko jata, uzimaju¢i u obzir utjecaj primjene
autogenoga cjepiva. Hipoteza istrazivanja bila je da kontinuirano cijepljenje jata

autogenim cjepivom utjece na gensku heterogenost i profile virulencije E. coli.

MATERIJALI | METODE: Istrazivanje je provedeno na ukupno 115 sojeva E. coli
izdvojenih iz lesina kokosi s dvije odvojene farme roditeljskih jata teske linije genetike
Ross 308. Sojevi su izdvojeni iz Cetiri i pet jata, na Farmi A, odnosno Farmi B, koje su
dio iste tvrtke. Obje farme imale su kontinuirane probleme uzrokovane kolibacilozom,
zbog Cega je zapocCeta primjena autogenoga cjepiva. Prvo jato na obje farme cijepljeno
je komercijalnim cjepivom, dok je primjena autogenoga cjepiva posebno dizajniranog
za svako jato zapocela u drugom jatu. Uzorci su prikupljeni tijekom patomorfoloskih
pretraga uginulih kokoS$i u sklopu kontinuiranog nadzora na farmi 1 u slu€aju izbijanja
bolesti. Uzorci su ukljucivali obriske makroskopski promijenjenih organa, te Su

nasadeni na tri vrste ¢vrstih hranjivih podloga. Identifikacija bakterija provedena je na



temelju morfoloske pretrage i biokemijskih karakteristika, a potvrdena MALDI-TOF
metodom masene spektrometrije (engl. matrix-assisted laser desorption/ionization- time
of flight mass spectrometry). Svi uzorci su ¢uvani u Brain Heart Infusion bujonu s
dodatkom 50%-tnog glicerola pri temperaturi od -20 °C. Odabir sojeva za daljnje
analize temeljen je na organu podrijetla i dobi zivotinje. Ciljani organi bili su
peritoneum, jetra, jajovod i koStana srz, s obzirom da su najée$c¢e zahvaceni u
slu¢ajevima kolibaciloze. Kada sojevi iz odabranih organa nisu bili dostupni, analizirani
su sojevi iz drugih Cesto zahvacenih tkiva kao $to su pluca i perikard. Svi uzorci
izdvojeni su iz Zivotinja starijih od 21 tjedna, kada najc¢esée dolazi do izbijanja bolesti.
Sojevi su usporedivani na temelju filogenetskih skupina, odrzavateljskih gena (engl.
housekeeping genes), skupine odabranih gena virulencije koji su prethodno istrazivani
kao moguce odrednice virulencije ExXPEC sojeva, detektiranih steCenih gena
rezistencije, te  jednonukleotidnih  polimorfizama  (engl.  single-nucleotide

polymorphism, SNP) ¢itavog genoma istraZivanih sojeva.

REZULTATI I DISKUSIJA: Rezultati istrazivanja pokazali su postepeno smanjivanje
genske heterogenosti sojeva E. coli nakon kontinuirane primjene autogenoga cjepiva.
Tipizacija sojeva u filogenetske skupine pokazala je neSto vecu prevalenciju
komenzalnih sojeva na Farmi A (49.02%) — uzimaju¢i u obzir i udio netipiziranih
sojeva (5.88%). Na Farmi B bili su znacajno ucestaliji patogeni sojevi (82.3%), te je
posljednje jato bilo izrazito homogeno sa 100%-tnom prevalencijom skupine B2. Na
Farmi A doslo je i do porasta prevalencije komenzalnih sojeva, to jest skupine ,,cryptic
clade” u posljednjem jatu (46.2%), koju karakterizira fizioloSki visoka prevalencija u
probavnom sustavu ptica.

Filogenetske analize temeljene na MLST (engl. multilocus sequence typing) i
cgSNP (engl. core-genome single-nucleotide polymorphism) metodama potvrdile su da
primjena autogenoga cjepiva uzrokuje smanjenje heterogenosti sojeva, dok je analiza
gena virulencije pokazala suprotno. Kontinuirana primjena cjepiva na Farmi A dovela je
do znacajnog porasta prosjeénog broja gena virulencije po izolatu kroz vrijeme, dok se
na Farmi B, usprkos pocetnom porastu, taj broj do kraja istrazivanja blago smanjio.
Usporedujuci prosjecan broj gena virulencije svih jata, na Farmi B je od pocetka bio
znacajno vec¢i nego na Farmi A. Pojedini ¢imbenici virulencije prethodno vezani

isklju¢ivo uz uropatogene sojeve (engl. uropathogenic E. coli, UPEC), dokazani su u



velikom broju istrazivanih izolata, $to je takoder jedan od moguéih pokazatelja da
infekcija moze nastati ascendentno putem jajovoda. Detektiran je porast prevalencije
¢imbenika virulencije s funkcijom vezanja i transporta zeljeza na obje farme. U
usporedbi s drugim skupinama gena virulencije, udio ¢imbenika transporta zeljeza bio
je znacajno visi. Takoder je detektirana visoka prevalencija toksin-kodiraju¢ih gena
(>85%), pa tako i bakteriocina, S$to ukazuje na kompetitivni fenotip istrazivanih
bakterija, te mogu¢u dominaciju jednog ili nekoliko sojeva prilikom izbijanja
kolibaciloze na farmama. Osobitosti virulencije sojeva zavisne su o0 dokazanim ST
profilima (engl. sequence type), potvrduju¢i mogucnost primjene MLST metode u
istrazivanju raznolikosti virulencije sojeva E. coli. Suprotno tome, pojavnost gena
antimikrobne rezistencije (AMR) nije bila specifi¢na za odredeni ST.

Analiza gena AMR pokazala je najviSu prevalenciju gena mdf(A) (100%) i sit
operona (71.3%). Ekspresija gena mfd(A) omogucava multirezistentnost sojeva na
razli¢ite skupine antimikrobnih pripravaka, $to ukazuje na to da su se sojevi prilagodili
uvjetima okolisa posjedovanjem gena AMR Sirokog spektra. S druge strane, sit operon
geni bitni su ¢imbenici virulencije zbog njihove funkcije u vezanju i transportu metalnih
iona i rezistenciji na vodikov peroksid, Sto predstavlja vaznu ulogu u patogenezi
kolibaciloze. Prevalencija veéine ostalih detektiranih AMR gena bila je znacajno niza,
te je iznosila do 4.35%, osim za gen tet(A) koji je detektiran u ukupno 17 izolata
(14.78%). Prac¢enjem frekvencije AMR kroz vrijeme moze se uociti pad prevalencije,
Sto je zasigurno i rezultat primjene autogenoga cjepiva koje je smanjilo potrebu za
primjenom antimikrobnih pripravaka u svrhu terapije kolibaciloze na istrazivanim
farmama.

ZAKLJUCAK: Primjena autogenoga cjepiva utjecala je na prevalenciju filogenetskih
skupina istrazivanih izolata E. coli, pri ¢emu je doslo do eliminacije slabije virulentnih
sojeva homolognih cijepnim sojevima i perzistencije patogenih, ali uz uspjesnu kontrolu
klini¢ke manifestacije na farmama. Kontinuirana primjena uzrokovala je smanjenje
genetske raznolikosti sojeva, §to je dokazano Clermont metodom filotipizacije, te
filogenetskim analizama temeljenima na MLST i cgSNP metodama. Suprotno tome,
nije doSlo do smanjenja genske raznolikosti ¢imbenika virulencije. Prosje¢an broj
navedenih gena na Farmi A se znacajno povecao, dok se na Farmi B blago smanjio.

Profili gena virulencije odgovarali su specificnim ST-ovima i filogenetskim skupinama



E. coli. Detektirana su 23 ST profila, od ¢ega su ST95, ST117, ST390 i ST23 ¢inili
62.61% od ukupnog broja izolata. Od navedenih, ST95, ST390 i ST131 imali su najveci
prosjecan broj gena virulencije po izolatu. Dok je vecina ST profila bila prisutna samo
na jednoj farmi, ST117 je izdvojen na objema farmama, $to ukazuje na mogucnost
vertikalnog prijenosa iz djedovskih jata ili uzgojnih peradnjaka.

Analiza gena antimikrobne rezistencije pokazala je najvecu zastupljenost gena
mdf(A) i sit operona, koji pruzaju zaStitu protiv Sirokog spektra antimikrobnih
pripravaka i omogucavaju patogenezu same infekcije. Ostali geni AMR detektirani su u
bitno manjem broju i njihova pojavnost nije bila vezana uz specifican ST. Rezultati
ukazuju i na mogucéi sinergisticki u¢inak terapije i autogenoga cjepiva ¢ime se slabije
virulentni ali rezistentniji sojevi uspje$no kontroliraju imunosnim sustavom potaknutim
cjepivom, dok se patogeni ali manje rezistentni sojevi u slu¢aju izbijanja bolesti mogu

kontrolirati terapijom.

Klju¢ne rijeci: Escherichia coli, APEC, perad, kokos, virulencija, autogeno cjepivo,
WGS, MLST, SNP, AMR



ABBREVIATIONS

pL

AEEC
AMR

AFEC
APEC

CC
CGE
CgSNPs
DNA
E. coli
EHEC
EIEC
EnPEC
EPEC
ETEC
ExXPEC
MLEE
min
MLST
MPEC
NCBI
NGS
NMEC
PAI
PCoA
PCR
PFGE

pmol

microlitre, a metric unit of volume equal to one-millionth

(10°®) of a litre

attaching and effacing Escherichia coli
antimicrobial resistance

avian fecal commensal Escherichia coli
avian pathogenic Escherichia coli

base pair

clonal complex

Center for Genomic Epidemiology
core-genome single-nucleotide polymorphisms
deoxyribonucleic acid

Escherichia coli

enterohemorrhagic Escherichia coli
enteroinvasive Escherichia coli
endometrial pathogenic Escherichia coli
enteropathogenic Escherichia coli
enterotoxigenic Escherichia coli
extraintestinal pathogenic Escherichia coli
multilocus enzyme electrophoresis

minute

multilocus sequence typing

mammary pathogenic Escherichia coli
National Center for Biotechnology Information
next-generation sequencing

neonatal meningitis Escherichia coli
pathogenicity island

principal coordinate analysis

polymerase chain reaction

pulsed-field gel electrophoresis

picomole, a metric unit of molar mass equal to one-



rDNA
RFLP

s

SPS
SEPEC
SNP
STEC
ST
TraDIS
UPEC
Vv

VAG
WGS

wk

billionth (10°) of amount of substance
ribosomal deoxyribonucleic acid

restriction fragment length polymorphism
second

salpingitis-peritonitis syndrome
sepsis-associated Escherichia coli
single-nucleotide polymorphism

Shiga toxin (stx)-producing Escherichia coli
sequence type

transposon-directed insertion site sequencing
uropathogenic Escherichia coli

version

virulence-associated gene

whole-genome sequencing

week
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1. INTRODUCTION

1.1. Colibacillosis

Escherichia coli (E. coli) presents a major problem in the poultry industry,
causing great economic losses and affecting the welfare of birds on farms (NOLAN et
al., 2020; POULSEN et al., 2020). It was considered a secondary pathogen, usually in
coinfection with Mycoplasma or viral agents such as infectious bronchitis virus, but
current opinion is that E. coli can also be a primary pathogen (NOLAN et al., 2020).
The localization and severity of the infection varies depending on the strain, site of
entry and general health of the bird (NOLAN et al., 2020; CHRISTENSEN et al., 2021).
E. coli is most commonly acquired through the respiratory system, navel, skin, or by
bacteria ascending through the cloaca and oviduct (LANDMAN et al.,, 2013;
GUABIRABA and SCHOULER, 2015; POULSEN et al., 2020). In young chicks, the
most common lesion is omphalitis, which occurs because of the contamination of the
unhealed navel in the hatchery or by vertical transmission from the hens with oophoritis
or salpingitis (POULSEN et al., 2017; NOLAN et al., 2020; CHRISTENSEN et al.,
2021). However, in adult egg-laying hens the most common lesions are polyserositis,
peritonitis, salpingitis and salpingitis-peritonitis syndrome (SPS) (Figures 1, 2 and 3)
(JORDAN et al. 2005; LI et al., 2017). One of the localized forms of colibacillosis is
coliform cellulitis, characterized by sheets of caseated exudate in the subcutaneous
tissue. The lesions are usually located on the skin over the abdomen or between the
thigh and midline, and can be accompanying other forms of localized infection
(ELFADIL et al., 1996; GOMIS et al., 1997; ONDERKA et al., 1997). In case the
bacteria enter the circulation, the infection results in colisepticaemia, which may be
differentiated depending on the place of entry to the circulation (NOLAN et al., 2020).
In the respiratory-origin form of colisepticaemia, E. coli is usually a secondary
pathogen, spreading to circulation through the respiratory mucosa damaged by other
microorganisms or ammonia, or because of the impaired immune response caused by
other ongoing infections (NAGARAJA et al., 1983; MATTHIJS et al.,, 2009).
Generally, the systemic form of colibacillosis occurs in stressed and
immunocompromised birds (GUABIRABA and SCHOULER, 2015). As the majority of

outbreaks are associated with the onset of egg production, layer colisepticaemia is



Figure 1. In situ view of the organs after opening the coelomic cavity showing different
severity of colibacillosis. A. Serous perihepatitis. B. Serofibrinous polyserositis
(perihepatitis, airsacculitis, pericarditis) C. Fibrinous polyserositis (perihepatitis,
airsacculitis, pericarditis). D. Fibrinous perihepatitis, airsacculitis and pericarditis,
characterized by thick yellow exudate on the affected organs. (Photo: L. Lozica, Faculty

of Veterinary Medicine, University of Zagreb)



considered a disease of young birds triggered by stress (ZANELLA et al., 2000). It can
lead to synovitis, osteomyelitis or osteoarthritis. In that case, the symptoms usually
include lameness and poor growth due to inability to approach the feeders, so the
affected birds are often victims of cannibalism (NOLAN et al., 2020). As opposed to E.
coli infection in mammals, enteritis caused by E. coli is a rare manifestation in poultry.
It can result from an infection with enterotoxigenic (ETEC), enterohemorrhagic
(EHEC), enteropathogenic (EPEC) or enteroinvasive E. coli (EIEC), collectively known
as attaching and effacing E. coli (AEEC), as opposed to other forms of colibacillosis
which are caused by extraintestinal pathogenic E. coli (EXPEC) (NOLAN et al., 2020).

Figure 2. E. coli peritonitis and oophoritis. A. Serofibrinous exudate on the serous
membranes in the peritoneal cavity. B. Thick, fibrinous exudate on the follicles and
serous membranes in the peritoneal cavity. (Photo: L. Lozica, Faculty of Veterinary

Medicine, University of Zagreb)



Figure 3. Severe oophoritis and salpingitis-peritonitis syndrome (SPS) in laying hens.
A. Oophoritis and salpingitis characterized by caseation of the ovaries and follicles, and
expansion of the oviduct, respectively. B. Caseous exudate in the ruptured follicles and
lumen of the opened oviduct. C. Degenerated ovaries and SPS characterized by
distended, thin-walled oviduct filled with caseous exudate and sheets of caseated
exudate in the peritoneal cavity. D. Cross section of the large caseous mass in the
oviduct. (Photo: L. Lozica, Faculty of Veterinary Medicine, University of Zagreb)



1.2. Strain classification and genetic diversity

E. coli is classified into approximately 180 serotypes based on somatic (O),
capsular (K), fimbrial (F) and flagellar (H) antigens (NOLAN et al., 2020). Whole
genome consists of 4.5-5.5 Mb, which includes 4000-5500 genes, of which over 1700
genes are involved in the virulence (ANTAO, 2010). It can be divided to intestinal and
extraintestinal pathogenic E. coli (EXPEC). To date, EXPEC group includes four
confirmed subpathotypes - avian pathogenic E. coli (APEC), uropathogenic E. coli
(UPEC), neonatal meningitis E. coli (NMEC) and sepsis-associated pathogenic E. coli
(SEPEC) (SAROWSKA et al., 2019), and two emerging - mammary pathogenic E. coli
(MPEC) and endometrial pathogenic E. coli (EnPEC) (SHPIGEL et al., 2008;
SHELDON et al., 2010). Although all mentioned groups share some of the virulence
factors that allow them to colonize different tissues outside of the intestine
(RODRIGUEZ-SIEK et al., 2005b; EWERS et al., 2007; MOULIN-SCHOULEUR et
al., 2007; NOLAN et al., 2019; POULSEN et al., 2020), they exhibit a high genome
diversity JORGENSEN et al., 2019), which can complicate allocation to subpathotypes
(Figure 4). Diverse phenotypes of E. coli are considered a result of the genome
plasticity, which allows a large number of different gene combinations (TOUCHON et
al., 2009; CLERMONT et al., 2011). The greatest overlap in virulence profiles has been
detected between APEC and UPEC (RODRIGUEZ-SIEK et al., 2005b). UPEC is a very
common cause of urinary tract infections in humans and animals. It has developed the
ability to colonize the environment outside of the host’s intestine, most frequently the
urinary tract, but can easily spread to bloodstream and cause septicaemia (TERLIZZI et
al., 2017).

Virulence-associated genes (VAGs) in APEC are often clustered into
pathogenicity islands (PAIs), mostly plasmid-located (JOHNSON et al., 2006). Many
research groups are focused on the importance of certain VAGs and their role in the
pathogenesis of E. coli infection (RODRIGUEZ-SIEK et al.,, 2005a; DZIVA and
STEVENS, 2008; JOHNSON et al., 2010; DE OLIVEIRA et al., 2015). To date, there
are no defined virulence determinants for APEC, although recent research has suggested
the virulence is dependent on the sequence variations of the plasmid genes, not their
occurrence (MAGEIROS et al., 2021).
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Figure 4. Genomic comparison of APEC O2 with other strains of E. coli. The analysis
included genome wide comparison of APEC 02 (AY214164) with APECO78
(CP004009.1), three isolates of uropathogenic E. coli — UTI CFT073 (NC_004431.1),
UTI89 (NC_007946.1) and UTI536 (NC_008253.1), three isolates of intestinal
pathogenic E. coli — E. coli HUS (PRINA68275), E. coli 0127 (PRINA204937) and E.
coli O157:H7 (GCA _000008865.1), AIEC (GCA 000183345.1) and a non-pathogenic
E. coli K12 (GCA_000005845.2). Solid colour of concentric rings indicates genomic
areas also present in APEC O2 (inner black circle), whereas absence of colour in a ring

indicates absence of the region. Source: Jargensen et al. (2017).



1.3. Molecular typing methods

In the late 1980s, many researchers were investigating the efficacy of multilocus
enzyme electrophoresis (MLEE) in the bacterial population genetics, systematics and
epidemiology (SELANDER et al., 1987). This method was based on using 35 enzyme
loci to differentiate six phylogroups — A, B1, B2, C, D and E of E. coli, in a panel of 72
strains representative of the species diversity. Afterwards, these phylogroups have been
confirmed by various methods such as rDNA restriction fragment length polymorphism
(RFLP), multilocus sequence typing (MLST) and whole-genome sequencing (WGS)
(ESCOBAR-PARAMO et al., 2006, TOUCHON et al., 2009, CLERMONT et al.,
2019). Additionally, pulsed-field gel electrophoresis (PFGE) has been used to produce
DNA fingerprints of bacterial strains in order to compare the isolates.

Extensive phylotyping analyses of E. coli have shown there are eight phylogenetic
groups including A, B1, B2, C, D, E, F and G with cryptic clades I-V (CLERMONT et
al., 2019). Allocation to said phylogroups is based on the presence of certain genes,
which are considered distinctive. Analyses based on phylotyping methods have been
routinely used for research, as well as diagnostic purposes, and many studies have
confirmed lineages B2 and D to be the most common among the highly virulent strains
(PICARD et al., 1999; CARLOS et al., 2010; PIRES-DOS-SANTOS et al., 2013), with
group G now being the most prevalent in poultry (CLERMONT et al., 2019; MEHAT et
al., 2021). In the longitudinal epidemiological study on pullets and layers, which was
based on serotypization and PFGE, no single clonality among the isolates was found in
regard with the geographical region, age of the host or pathological lesions (PAUDEL
et al., 2016). Moreover, research on the risk of E. coli transmission from broiler
breeders with salpingitis to broilers revealed that only specific clones are transmitted to
progeny where they cause first week mortality, whereas horizontal transmission in the
hatchery occurs with both pathogenic and apparently non-pathogenic strains
(POULSEN et al., 2017). There is still no clear evidence which factors are most
responsible for the virulence of EXPEC, but former studies have reported they include
adhesins, invasins, protectins, iron acquisition systems, toxins, two-component systems,
a quorum-sensing (QS) system, transcriptional regulators, secretion systems and genes
associated with metabolism (KATHAYAT et al., 2021). Current classification of E. coli
pathogenic strains is not unified. Certain pathotypes are defined by the organ (e.g.



UPEC), host of the infection (e.g. APEC) or specific genes (e.g. Shiga toxin (stx)-
producing E. coli, STEC) (DENAMUR et al., 2020; MEHAT et al., 2021). WGS has a
great potential for investigating the population genomics and molecular epidemiology
of E. coli from different niches, ultimately clarifying the classification (MEHAT et al.,
2021). Next-generation sequencing (NGS) has provided new insights in the
evolutionary processes affecting bacterial populations (SHEPPARD et al., 2018). NGS-
based population studies have revealed signatures of host adaptation in the bacterial
genomes, which included mutations and horizontal acquisition of genetic elements from
the host-specific gene pools (SHEPPARD et al., 2018; MEHAT et al., 2021). Such
studies investigating the evolutionary history can also be used for identification of
outbreak sources, and defining the specific genetic factors determining the success of E.
coli infection in different host species (MEHAT et al., 2021).

In 2019, transposon-directed insertion site sequencing (TraDIS) strategy was used
to screen for virulence-essential genes in avian and mammalian models of E. coli-
related septicaemia (ZHANG et al., 2019). Several genes and gene clusters were
identified as essential for systemic infection and host adaptation. From 280 detected
essential genes in avian models, mprA and nhaA were identified as vital genes for
EXPEC virulence and considered as possible targets for the development of broadly
conserved vaccine antigens (ZHANG et al., 2019).

Since the prices for whole-genome sequencing have decreased, it is now more
available, cost-effective and gradually becoming more applicable in the clinical
diagnostics and epidemiological investigations of pathogens (WU et al., 2016; RONCO
et al., 2017; BLANC et al.,, 2020). As E. coli is the most important model in
biochemical genetics, molecular biology and biotechnology, it has been selected as one
of the first organisms for WGS (BLATTNER et al., 1997). Although extensive genome
analyses have been performed in order to compare the APEC strains from various
serogroups and phylogroups, still no single APEC strain can be considered as the

representative of the subpathotype.

1.4. Treatment

Treatment of colibacillosis is based on the application of antimicrobials, usually

through drinking water. Unfortunately, the effect is often only temporary, especially if



the infection is secondary (LANDMAN and VAN ECK, 2017). If the treatment with
antimicrobials is unavoidable, it should be prescribed according to the results of the
antimicrobial susceptibility testing. Apart from the obvious negative effect of the
disease on health of the birds, excessive use of antimicrobials also leads to clonal
dissemination and acts as selective pressure for the development of antibiotic resistance
(IEVY et al., 2020; CHRISTENSEN et al., 2021). Besides the influence of the class of
antimicrobials and the route of their administration, the colonization of birds with
antibiotic resistant E. coli is also affected by the initial prevalence and fitness of the
strains (CHANTZIARAS, et al., 2017; CHRISTENSEN et al., 2021). Therefore, the
overall effect of antimicrobials on the microbiota and common pathogens in micro-
locations such as poultry barns or farms should always be considered.

Nowadays, many farms lean toward antibiotic-free production, and use alternative
products such as herbal supplements, organic acids, probiotics or bacteriophage therapy
for the control of colibacillosis (CHRISTENSEN et al., 2021). Despite the decreased
use of antimicrobials, multidrug resistant bacteria often persist on farms, which
maintains a concern for the health of people, animals, and the environment. By relying
less on the antimicrobial therapy and investing more in the basic prevention strategies
including bio-exclusion, -management and -containment, and carefully planned
vaccination programs, the long-term effect of the prudent use of antimicrobials should

alleviate the selection pressure and positively influence the antimicrobial resistance.

1.5. Vaccination

Given the heterogeneity of APEC serogroups and quantity of genes involved in
the pathogenesis of colibacillosis, there is little or no cross-protection between different
strains (GUABIRABA and SCHOULER, 2015; KOUTSIANOS et al., 2020). As
poultry health protection is based on good biosecurity practices, adequate
immunoprophylaxis programs and controlled production, being aware of the current
state in the field is essential. Improvement of the immunoprophylaxis programs on
farms should reduce the need for antimicrobials, and consequently reduce the selection
pressure for multidrug-resistant strains (BELANGER et al., 2011), but there are several
challenges in developing the efficacious E. coli vaccine. It has to be able to induce

cross-protection against various virulent APEC serotypes, it should be deliverable



through mass immunization and, ideally, it should be economically feasible.
Commercially available vaccines are often ineffective, mostly because of the high
diversity of APEC strains. For that reason, application of autogenous vaccines that are
specifically designed for each flock on the farm has become frequent (LANDMAN et
al., 2014). In that way, the isolates used for the vaccine are compatible with strains in
the specific flock and consequently more effective in respect to the level of provided
protection against E. coli. Live attenuated vaccines are more appealing because they are
available for mass administration and therefore easier to apply, as opposed to
inactivated vaccines, which have to be administered individually. Several factors have
to be taken into consideration in determining the efficacy of an inactivated vaccine, such
as serotypes included in the vaccine, type of adjuvant, method of inactivation, route and
frequency of administration, and age of the flock at the time of vaccination (GHUNAIM
et al., 2014). On the other hand, subunit vaccines prepared from one or few
immunogenic epitopes have proved to be efficacious against both homologous and
heterologous challenges, although there are not enough studies confirming the field
success. Nowadays, whole-genome sequences enable us to discover new virulence
factors suitable for development of new subunit vaccines that could be more effective

and provide cross-protection between a wider range of serogroups.

1.6. Economic and public health significance

E. coli infections are one of the most frequently reported diseases in the poultry
production worldwide (GUABIRABA and SCHOULER, 2015; NOLAN et al., 2020).
The economic impact of the disease includes direct profit losses through mortalities and
loss of meat and eggs, but also indirect losses through the cost of treatment,
immunoprophylaxis, diagnostics, destruction of dead birds, downgrading and
condemnation at processing (GUABIRABA and SCHOULER, 2015; LANDMAN and
VAN ECK, 2015; KATHAYAT et al., 2021).

Apart from the economic significance, colibacillosis presents a public health
problem. APEC strains can act as reservoirs of virulence and antimicrobial resistance
genes, which are mostly horizontally transmitted on plasmids and other mobile genetic
elements (EWERS et al., 2007; SINGER et al., 2007; BELANGER et al., 2011;

10



MANGES et al., 2012; MANGES et al., 2016; NJI et al., 2021). Extensive and
irresponsible use of antibiotics in agriculture has greatly contributed to the transmission
of resistance genes and global development of multidrug-resistant bacteria.
Transmission of genes may occur between different EXPEC strains, pathogenic and
commensal strains, or even different bacterial species (SKYBERG, 2006; BELANGER
et al., 2011; MANGES et al., 2016; NJI et al., 2021). Careless use of antimicrobials in
the poultry industry is a major problem, presenting an additional danger to human
health as these highly resistant strains can be transmitted through contaminated natural
environment or food contamination during meat processing (JOHNSON et al., 2009;
BELANGER et al., 2011; MELLATA, 2013; MANGES et al., 2016; KATHAYAT et
al., 2021; NJl et al., 2021).

2. AIMS AND HYPOTHESES

The aim of this research was to determine the effect of autogenous vaccine
application on the genetic profile of E. coli strains residing on studied poultry farms.
The research included strains longitudinally isolated from the daily mortalities in
several consecutive flocks, which enabled detection of the genetic variations occurring
over time. The strains were compared based on their phylogenetic groups, housekeeping
genes, a set of virulence-associated genes that have previously been studied as possible
virulence determinants for EXPEC, antimicrobial resistance genes and core-genome
single-nucleotide polymorphisms (cgSNPs).

The hypothesis of the dissertation was that application of the autogenous vaccine
affects the strain selection and virulence profiles of E. coli present on the farms,
consequently influencing the overall diversity and pathogenicity of E. coli strains.

Besides the scientific value, the obtained research results will contribute to better
understanding of how to improve the selection of strains for the production of
autogenous vaccines, which would provide better protection of the flocks and maintain

the quality of poultry production and food safety for public health.
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3. MATERIAL AND METHODS

The research included 115 E. coli strains isolated from the poultry carcasses on
two production farms located in Donji Pustakovec (Farm A) and Palinovec (Farm B),
that are part of the same broiler breeder company. Four and five flocks, from Farm A
and B, respectively, were selected for this study. Both farms repeatedly reported
problems with colibacillosis, which were ultimately controlled through implementation
of autogenous vaccine to the immunoprophylaxis program. Autogenous vaccines were
manufactured using several E. coli strains isolated from the previous flock on the farm
(Table 1 — Paper 1. and Ill., Table Il — Paper Il.), and therefore every flock was
vaccinated with a specifically designed vaccine. The samples were acquired during
necropsies of the dailly mortalities diagnosed with colibacillosis. The
pathomorphological examinations were done as a part of regular monitoring of poultry
health on farms or during outbreaks. Weekly mortality rates above 0.4% were
considered as outbreaks and the description of strains was provided in the

Supplementary Table S1 (Paper I.) and Supplementary Table S1 (Paper I1.).

3.1. Sampling and bacteria identification

The swabs were taken from pathomorphologically changed organs during
necropsies and streaked directly on basal, enriched and selective types of growth media.
After overnight incubation at 37 °C, identification of the bacteria was done based on the
morphological and biochemical characteristics, and confirmed using Bruker Microflex
LT MALDI TOF mass spectrometer (Bruker Daltonics, Bremen, Germany).
Afterwards, all samples were stored in Brain Heart Infusion broth (Oxoid, Basingstoke,
UK) with 50% glycerol (Fagron Hrvatska d.o.0., Donja Zelina, Croatia) at -20 °C until

further analyses.

3.2. Selection of bacterial strains

The strains for the analyses were selected based on the target organs and age of
the birds. Target organs were peritoneum, liver, oviduct and bone marrow as they are

most often affected with colibacillosis. In case the strains from the targeted organs were
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not available, strains from other tissues such as lungs and pericardium were selected for
the analyses (Supplementary Table S1 — Paper 1., Supplementary Table S1 — Paper 11.).
All strains were isolated from the birds older than 21 weeks of age, after the relocation
to the production poultry houses and revaccination procedure, when colibacillosis

usually start emerging.

3.3. DNA isolation

Bacterial DNA for phylogenetic group determination was isolated using Chelex
100 (BioRad, Hercules, CA, USA). The isolation was performed according to the

manufacturer's instructions and stored at -20 °C.

DNA for whole-genome sequencing was isolated using Maxwell RSC Cultured
Cells DNA kit (Promega, Madison, WI, USA) and MagAttract HMW DNA kit (Qiagen,
Hilden, Germany) for the first 40 and remaining 75 strains, respectively, according to

the manufacturer's instructions.

3.4. Phylogenetic group determination

DNA samples were analysed following the slightly adapted PCR protocol
developed by Clermont et al. (2013), as described in Paper I. The procedure included
quadruplex reaction and additional PCR reaction with specific primers if needed, in
order to allocate the investigated strains to phylogroups A, B1, B2, C, D, E, F or cryptic
clades I-V.

3.5. Library preparation and whole-genome sequencing

Sequencing library was prepared based on the Illumina technologies and
following the manufacturer’s recommendations. Forty isolates were sequenced using
MiSeq (lllumina, San Diego, CA, USA) with paired-end 250 bp strategy at the
Department of Veterinary and Animal Sciences, Faculty of Health and Medical

Sciences, University of Copenhagen, Denmark, while the remaining 75 isolates were
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sequenced using NovaSeq 6000 platform (Illumina, Beijing, China) with paired-end 150
bp strategy at the Novogene Co. Ltd., Cambridge, United Kingdom. The whole genome
sequences analysed in this research were deposited to the National Center for
Biotechnology Information (NCBI) as BioProject under the accession number
PRINA681385.

3.6. Genomic analyses

3.6.1. MLST and phylogenetic analysis

Assembling and initial editing of the raw sequencing reads was performed using
the Assembler v1.2 (LARSEN et al., 2012) on the Center for Genomic Epidemiology
(CGE) online platform. Sequence typing analysis was done using the MLST tool on the
same platform (LARSEN et al. 2012), after which the obtained sequences of the
housekeeping genes (adk, fumC, gyrB, icd, mdh, purA, recA) were concatenated, aligned
and phylogenetically analysed using the Molecular Evolutionary Genetics Analysis
software (MEGA X) v10.0.5. (KUMAR et al., 2018).

3.6.2. Analysis of the virulence-associated and antimicrobial resistance genes

Database of 84 virulence-associated genes was constructed using the MyDbFinder
tool on the CGE platform. The created database included genes that were considered
important virulence determinants for EXPEC, and was later used for the analysis of the
researched isolates.

Antimicrobial resistance (AMR) genes were detected using ResFinder v4.1.
(BORTOLAIA et al., 2020) on the CGE platform, after which the correlation of their

prevalence with the application of antimicrobial treatment was statistically analysed.

3.6.3. Single-nucleotide polymorphism analysis

Single-nucleotide polymorphism (SNP) analysis was performed with raw

sequence reads, which were previously assembled using SPAdes v3.13.1. After the
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analysis, Parsnp v1.2 was used to construct the core-genome SNP tree, which included

the investigated and reference genomes (Supplementary Table S2 — Paper I11.).

3.7. Statistical analyses

Statistical analyses were done using Statistica v13.2.0.17. (TIBCO Software Inc.,
Tulsa, OK, USA) and R v4.0.5. (R Core Team, Vienna, Austria).
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Phylogenetic characterization of avian pathogenic Escherichia
coli strains longitudinally isolated from broiler breeder flocks
vaccinated with autogenous vaccine
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ABSTRACT Escherichia coli is the most common
bacterial cause of infections in poultry farms. It is
known for its genetic heterogenicity that complicates
the protection of poultry health through immunopro-
phylaxis. In farms with continuous problems with col-
ibacillosis, autogenous E. colivaccine was implemented
to the vaccination program instead of commercial vac-
cines. In this study, we investigated the effect of the
autogenous vaccine on E. coli phylogroup diversity on 2
broiler breeder farms with 4 and 5 flocks, respectively.
The first flocks on both farms were vaccinated with
commercial vaccines, while application of autogenous
vaccine was introduced in the second flock on both
farms. In total, 113 strains were selected based on the
target organs and age of chickens. Targeted organs were
the peritoneum, liver, oviduct, and bone marrow, and
analyzed strains were isolated from chickens older than
21 wk of age when problems with colibacillosis start

emerging. The strains were phylotyped by PCR and
allocated to phylogroups A, B1, B2, C, D, E, F or clades
I-V. The results showed that autogenous vaccine could
significantly affect the phylogroup shift of the strains.
On farm A, application of the autogenous vaccine
induced significantly lower prevalence (P = 0.01) of the
phylogroups represented in the vaccine among the
strains later isolated from the vaccinated flock, while on
farm B, the results showed a decrease in the phyloge-
netic diversity with a dominant prevalence of group B2
despite the vaccine application. The results indicate
that implementation of the autogenous vaccine can
repress the majority of the strains, but also be unable to
eliminate the presence of certain phylogroups, and thus
lead to strain shift. Further detailed analyses of multi-
locus sequence typing and virulence genes will elucidate
the pathogenic potential and selection of certain strains,
with emphasis on B2 phylogroup.

Key words: Escherichia coli, PCR, phylotyping, poultry, autogenous vaccine

INTRODUCTION

Escherichia coliis the most common bacterial cause of
infections in poultry farms, collectively known as coliba-
cillosis (Jergensen et al., 2019; Nolan et al., 2020). It has
been considered as the secondary pathogen in coinfec-
tions with other microorganisms such as Mycoplasma,
Gallibacterium, or infectious bronchitis virus or to
some predisposing factors such as stress and inadequate
housing, but recent studies agreed it is often a primary
pathogen (Collingwood et al., 2014; Nolan et al.,
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2020). E. coli infection is most commonly acquired
through the mucosal colonization of the respiratory or
reproductive system or by faecal contamination of the
eggs that leads to omphalitis and yolk sac infection
(Landman et al., 2013; Guabiraba and Schouler, 2015).
Such localized infections often develop into coliseptice-
mia (Nolan et al., 2020), which results in high mortality
rates and, consequently, significant economic losses.

E. coli can be divided into intestinal and extraintesti-
nal (ExPEC) strains. The ExPEC group includes 4 path-
otypes — avian pathogenic E. coli (APEC),
uropathogenic E. coli, neonatal meningitis F. coli, and
sepsis-associated E. coli (Sarowska et al., 2019). All
pathotypes share some of the virulence factors, but
they exhibit an extensive genetic diversity, which com-
plicates early detection of the highly virulent strains.
Virulence-associated genes in ExPEC are frequently
encoded on pathogenicity islands, plasmids, and other
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mobile genetic elements (Sarowska et al., 2019), but
studies have shown that most of the proposed genes in
APEC are located on plasmids which enables easy
dissemination of different traits among the strains
(Johnson et al., 2006, 2008). As ExPEC strains share
similar virulence profiles and clonal backgrounds,
APEC is a potential zoonotic pathogen (Ewers et al.,
2007; Mitchel et al., 2015; Sarowska et al., 2019) and
should be researched using the One Health approach.

Clermont et al. (2019) have elaborated a phylotyping
method for allocation of E. coli strains to different phy-
logroups. Because genetic heterogenicity often compli-
cates planning of the adequate immunoprophylaxis
program, phylotyping is a cost-effective method for
determining the phylogenetic relationships between the
strains, their diversity, and possible virulence of E. coli
on farms. Many studies have reported a high prevalence
of the EXPEC strains belonging to groups B2 and D
(Picard et al., 1999; Clermont et al., 2000; Escobar-
Paramo et al., 2006; Pires-dos-Santos et al., 2013;
Cordoni et al., 2016). However, some studies have re-
ported a higher prevalence of the strains in groups A
and B1, which are considered commensal (Carlos et al.,
2010; Sola-Ginés et al., 2015; Cordoni et al., 2016).
Former research of APEC strains on Croatian poultry
farms has shown that most of the strains were less com-
mon serotypes such as 08, 024, 073, O75, 083, and
0172 (Gottstein et al., unpublished), and therefore,
vaccination with available commercial vaccines is mostly
unsuccessful. On farms with continuous problems with
colibacillosis, autogenous FE. coli vaccine was imple-
mented to the vaccination program instead of commer-
cial vaccines. Adaptation of the immunoprophylaxis
program has resulted in enhanced production parame-
ters and a significant decrease of morbidity and mortal-
ity rates (Gottstein et al., 2019). Because the application
of autogenous vaccine has proved to be successful, we
wanted to investigate its influence on the phylogenetic
profiles of E. coli strains later isolated from the vacci-
nated flocks. In this study, we investigated the phyloge-
netic relationships of APEC strains longitudinally
isolated from broiler breeder flocks before and after the
implementation of autogenous E. coli vaccine to the
immunoprophylaxis program on the farms. The objec-
tive was to investigate the effect of the autogenous vac-
cine on the phylogroup selection of E. coli strains in the
studied flocks.

MATERIALS AND METHODS
Study Design

Two broiler breeder farms, Farm A and Farm B, with
4 and 5 flocks, respectively, were chosen for this study
because of the previous history of severe colibacillosis,
which was later controlled using autogenous vaccines.
Flocks are later described with a number (flock number)
and letter (farm) combination, for example flock 1A
meaning flock 1 on farm A. Flock 1A was vaccinated
with commercial E. coli vaccines and flocks 2A—4A

with the autogenous E. coli vaccines, while flock 1B
was vaccinated with commercial, flock 2B with a combi-
nation of commercial live and autogenous vaccines, and
flocks 3B-5B only with autogenous vaccines (Table 1).
Autogenous vaccines were made from 3 to 4 E. coli
strains isolated from clinical colibacillosis cases from
the previous flock, with the exception of flocks 1B and
2B where 8 and 6 strains were used, respectively. Hence,
every flock, where the autogenous vaccine was used, was
vaccinated with a specifically designed vaccine manufac-
tured from the strains isolated in the previous flock.

Bacteria Isolation

Swabs were taken from pathomorphologically
changed organs during necropsies of the daily mortalities
as a part of regular monitoring of poultry health on
farms or after high mortality outbreaks. Samples were
then streaked directly on Columbia agar (Oxoid, Basing-
stoke, UK) enriched with 5% sheep blood (BioGnost,
Zagreb, Croatia), Brilliant Green agar (Oxoid, Basing-
stoke, UK), and UTI Brilliance Clarity Chromogenic
agar (Oxoid, Basingstoke, UK) and incubated aerobi-
cally at 37°C overnight. Identification was carried out
based on morphologic characteristics and biochemical
analyses, and afterward, it was confirmed using a Bruker
Microflex LT MALDI TOF mass spectrometer (Bruker
Daltonics, Bremen, Germany). All the samples were
stored in brain heart infusion broth (Oxoid, Basingstoke,
UK) with 50% glycerol at —20°C until further analyses.

Selection of Strains

Altogether, 113 E. coli strains were selected for this
study (Supplementary Table 1). One strain per bird
was analyzed, with the exception of flocks 1B and 2B
where 2 to 3 strains per bird were analyzed because of
the lack of samples. The selection was based on the
target organs the bacteria were isolated from and the
age of birds. Targeted organs were the peritoneum, liver,
oviduct, and bone marrow as they are most frequently
affected. In case of insufficient amount of strains from
selected organs, strains isolated from the lungs, pericar-
dium, and subcutaneous caseous exudate were used.
Because the vaccinations occurred no later than week
20, after the relocation process to production barns, we
chose strains from hens older than 21 wk of age when
problems with colibacillosis usually start emerging.

DNA Extraction and PCR Reactions

DNA extraction was performed using Chelex 100
(Hercules, CA) as per the manufacturer’s instructions.
After extraction, samples were stored at —20°C. Phy-
logroups were determined by slightly adapted PCR pro-
tocol developed by Clermont et al. (2013). Primer
sequences for the PCR reactions are listed in Table 2.
First, the quadruplex reaction was performed. Based
on the results, an isolate was assigned to a certain phy-
logroup or additionally analyzed with C- or E-specific
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Table 1. Description of Escherichia coli vaccination program for each flock in this study.

Farm Flock Number of analyzed strains per flock Vaccination Age at the time of vaccination
A 1 10 Commercial vaccines (live 0d
attenuated + inactivated 2x) 10 wk
18 wk
2 14 Autogenous vaccine 2x 10 wk
18 wk
3 14 Autogenous vaccine 2x 12 wk
19 wk
4 13 Autogenous vaccine 2x 10 wk
19 wk
B 1 13 Commercial vaccines (live 0d
attenuated + inactivated 2x) 13 wk
19 wk
2 8 Commercial vaccines (live attenuated 2x) 0d
Autogenous vaccine 2x 5wk
11 wk
18 wk
3 13 Autogenous vaccine 2x 9 wk
20 wk
4 15 Autogenous vaccine 2x 10 wk
18 wk
5 13 Autogenous vaccine 2x 9 wk
17 wk

primers as described in Table 3. The reaction mixture
was composed of 6 pL. GoTaq G2 Hot Start Green Mas-
ter Mix (Promega, Madison, WI), 0.4 pL of each 10 pmol
forward and reverse primers, 2 pL of DNA, and 3.8 uL or
6.2 pL of nuclease-free water (Promega, Madison, WI)
for the quadruplex reaction or C/E-specific reaction,
respectively (total volume = 15 pL). The cycling param-
eters for amplification included: 95°C for 5 min and then
30 cycles of denaturation at 95°C for 10 s, annealing at
59°C for 30 s (quadruplex and group C) or 57°C for
30 s (group E), elongation at 72°C for 30 s, and final
extension step at 72°C for 5 min. PCR products were
visualized on 1.5% agarose gel electrophoresis stained
with Midori Green Advance (Nippon Genetics Europe
GmbH, Diiren, Germany).

Statistical Analyses

The statistical analyses were performed in Statistica
13.5.0.17. (TIBCO Software Inc.) software. The signifi-
cance of differences in the frequency of strains between
individual flocks (within farm) was analyzed using chi-
square test with statistical significance set at level

P < 0.05. In addition, Mann-Whitney U test was used
to compare the results for B2 phylogroup on farm B
with expected theoretical values, and t-test to compare
total frequency of merged phylogroups on farm B.

RESULTS AND DISCUSSION

The objective of this study was to investigate the ef-
fect of the autogenous vaccine on the phylogroup selec-
tion of APEC strains in the studied flocks. Owing to
high genetic diversity and poor cross-protection among
E. colistrains, application of autogenous vaccines specif-
ically produced for each flock has become frequent
(Landman et al., 2014). Isolates used for the production
of the vaccines were phylotyped as per the protocol
designed by Clermont et al. (2013), together with the
isolates chosen for this research. Our results indicate
that autogenous vaccines have had an influence on the
phylogroup selection of the strains on both farms, but
the selection occurred in different directions. On farm
A, application of the autogenous vaccine induced lower
prevalence of the phylogenetic groups represented in
that vaccine among the strains later isolated from the

Table 2. Primer sequences and sizes of PCR products used in PCR reactions.'

PCR reaction Primer Target Primer sequence PCR product (bp)

Quadruplex chuA.al chuA 5-ATGGTACCGGACGAACCAAC-3 288
chuA.2 5-TGCCGCCAGTACCAAAGACA-3
yjaA.lb yjaA 5-CAAACGTGAAGTGTCAGGAG-3 211
vjaA.2 b 5-AATGCGTTCCTCAACCTGTG-3'
TspE4.C2.1b  TspE4.C2  5-CACTATTCGTAAGGTCATCC-3' 152
TspE4.C2.2 b 5~AGTTTATCGCTGCGGGTCGC-3'
AceK.f 5-AACGCTATTCGCCAGCTTGC-3 400
ArpAl.r arpA 5-TCTCCCCATACCGTACGCTA-3'

Group E ArpAgpE.f arpA 5-GATTCCATCTTGTCAAAATATGCC-3' 301
ArpAgpE.r 5-GAAAAGAAAAAGAATTCCCAAGAG-3

Group C trpAgpC.f trpA 5-AGTTTTATGCCCAGTGCGAG-3' 219
trpAgpC.r 5-TCTGCGCCGGTCACGCCC-3

"Reference (Clermont et al., 2013).
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Table 3. Description of genotypes for phylogroup assignment.’

Quadruplex genotype

Phylogroup arpA chuA yjaA TspE4.C2

A

B1

F

B2

B2

B2

AorC

Dor E
DorE

E or clade I
Clade I or IT
Clade IIL, IV or V
Unknown”
Unknown
Unknown
Unknown

Bl+++ L ++++ 11
(=)

2

bt ool W N Y I o . - - Y T M . -
Fopaps | L] [ T L T
b e i i O VO e o O P - I |

+ 11

'Reference (Clermont et al., 2013).

2The quadruplex PCR reaction can result in strains belonging to cryptic
clade III, IV or V yielding a 476 bp PCR product. If this is the case, such
strains should be screened using the cryptic clade detection primers
(Clermont et al., 2011b).

3These unassignable strains represent phylogroups that are very rare or
are the results of large-scale recombinations and therefore untypable unless
multilocus sequence typing (MLST) is performed.

next flock (Table 4). In flock 3A, there was a significant
change in the prevalence of isolated phylogroups
(P = 0.00). The prevalence of phylogroup A dropped
because it was the only group present in the vaccine,
while the prevalence of phylogroup F increased. The
same occurred in Flock 4A that was vaccinated with iso-
lates belonging to phylogroup F. Vaccination led to a
highly significant change of prevalence (P = 0.00), which
resulted in a decreased number of isolates in phylogroup
F and considerable increase of clades I/II and phy-
logroup C, as well as distinct phylogenetic diversification
of the strains. Because flock 2A was the first one in which
autogenous vaccine was applied, phylogenetic groups
were diverse with less obvious shift than in the next
flocks, but the tendency of the vaccine effect could be
seen. Prevalence of phylogroups A and Bl in flock 2A
increased, phylogroups B2 and C were represented
with only 1 isolate per group, while the prevalence of
phylogroups D and F decreased. The applied autogenous
vaccine contained isolates belonging to phylogroups B1,
D, and F, which implies that strain shift was initiated
from the beginning of autogenous vaccine application
(Table 4). Interestingly, phylogroup B2 on farm B was
the most prevalent with constantly increasing preva-
lence throughout the flocks, with the exception of flock
4B in which phylogroup F was dominant (Table 4). In
flock 5B, the prevalence of B2 phylogroup was 100%,
despite its application in the vaccine, which implies there
were possibly several highly virulent and resistant
strains in the initial flocks that subsisted. Although the
manufactured vaccine for every flock contained strains
belonging to phylogroup B2, strain shift went in the
opposite direction contrary to the results on farm A. Sta-
tistical analyses showed a significant change of phy-
logroup prevalence in flocks 2-4A (P = 0.00), as

opposed to farm B where vaccination with autogenous
did not have the same effect, and there were no statisti-
cally significant changes in the prevalence (P = 0.766).
However, significant resistance to reduction of the iso-
lates belonging to B2 phylogroup was confirmed on
farm B using Mann-Whitney U test. When compared
to expected frequencies after autogenous vaccine appli-
cation, based on the results achieved on farm A, phy-
logroup B2 strains on farm B showed significant
resistance to reduction (P = 0.0317). Regarding phylo-
typic similarity of isolates from the same animal
(Supplementary Table 1), the results agree with both
previous reports, confirming homogenicity of the isolates
(Poulsen et al., 2017) but also simultaneous infection
with different strains (Paudel et al., 2016). Further ana-
lyses including the comparison of the isolates based on
multilocus sequence typing and presence of virulence-
associated genes will elucidate the reason for strain shift
and reveal how related are the analyzed isolates. Exten-
sive analysis of the virulence-associated genes could
clarify which genes have the potential to be used in the
production of commercial broad-spectrum subunit FE.
coli vaccines.

In the research by Horvatek Tomi¢ et al. (2017), 32
strains from the same broiler breeder company that
was studied in this research were phylogenetically char-
acterized and the results showed a very high prevalence
of B2 phylogroup (53.13%). The study was carried out as
per the protocol reported by Clermont et al. (2000)
which included phylogenetic analysis for identification
of only 4 main groups — A, Bl, B2 and D. Since then,
phylotyping method has been improved and extended
to identification of 7 phylogroups — A, B1, B2, C, D, E
and F — with addition of cryptic clades I-V (Clermont
et al., 2013), all of which could be determined using
different sets of primers following given protocol for
typing. A recent study by Clermont et al. (2019) has pro-
posed novel phylogroup G, which is considered a sister
group to B2, along with F group. Phylogenetic analyses
have shown similarity among A, B1, C, and E groups
and B2, D, F, and G groups, with highest relatedness
of B2, F, and G groups (Clermont et al., 2013, 2019),
which could explain the increased prevalence of phy-
logroup F in flock 4B. If groups on farms A and B are
merged based on their phylogenetic relatedness and
examined together, the results show the highest preva-
lence of group B2/D/F (45.1, 82.3%), following A/B1/
C/E (37.3, 14.5%), clades I-V (11.8, 3.2%), and 3 un-
known isolates (5.9%) on farm A (Table 4), which agrees
with previous research (Horvatek Tomié et al., 2017).
When analyzed statistically, results on farm B showed
significantly higher prevalence of B2/D/F phylogroups
(P = 0.0003), what is also in congruence with aforemen-
tioned resistance to reduction of B2 phylogroup
(Table 4).

Various environmental factors additionally affect
the genetic diversity of pathogens, as well as physiolog-
ical microflora. Most of the former attempts to decrease
the prevalence of colibacillosis in poultry farms were
based on the excessive use of antibiotics, which led to
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Table 4. Frequency of individual and merged phylogroups per flock and farm (number [%]).

Phylogroup
Farm Flock A Bl B2 C D E F Clades  Unknown A/B1/C/E B2/D/F
A 1 4 (40) 1' (10) - - 1 (10) - 4 (40) - - 5 (50) 5 (50)
2% 6 (42.9) 2 (14.3) 1(7.1) L{(7.1) - - 1(7.1) - 3 (21.4) 9 (64.3) 2 (14.3)
S b 1(7.1) - - - - - 13 (92.9) - - 1(7.1) 13 (92.9)
4rrE 1 (7.7) - - 3(23.1) 1(7,7) - 2(154) 6 (46.2) - 4(30.8) 3(23.1)
In total** 12(235) 3 (5.9) 1(2) 4(78)  2(3.9) 5 20 (39.2) 6 (11.8)  3(5.9) 19 (37.3) 23 (45.1)
B 1 1(7.7) B 7 (53.8) - B 1(7.7) 4 (30.8) - - 2 (15.4) 11 (84.6)
2 2 (25) - 5(62.5) 1(12.5) - - - - - 3 (37.5) 5 (62.5)
3 2 (15.4) - 9 (69.2) - - - 2 (15.4) - - 2 (15.4) 11 (84.6)
4 2(133) . 4(26.7) - . . 7(46.7) 2(13.3) - 2(13.3) 11 (73.3)
5 - - 13 (100) - - - - - - - 13 (100)
In total 7 (11.3) 2 38 (61.3) 1(1.6) 1(1.6) 13(21)  2(32) 3 9°B (14.5) 51" (82.3)

'Numbers in bold in each flock row represent phylogroups used in the autogenous vaccine for the next flock.
2. . . . . . P . . . . .
“Every flock is compared with the previous flock on the same farm, with regard to the prevalence of individual phylogroups. Statistically significant

values are indicated as follows: *P < 0.05, **P < 0.01, and ***P < 0.001.

3Statistically significant differences (P = 0.0003) between total merged phylogroups on farm B are indicated with different capital alphabet letters (A,B).

the development of multidrug-resistant strains that are
hard to eradicate (Thomrongsuwannakij et al., 2020).
On farm A, the number of therapies and the total num-
ber of hens which were under therapy decreased over
time, what most likely affected the heterogenicity of
the strains as well. Flock 1A was given antibiotics
through drinking water 2 times during production
period and flock 2A only once, while flocks 3A and
4A did not receive any therapy (Gottstein et al.,
2019). On the contrary, on farm B, the number of ther-
apies in the first 3 flocks was decreasing but in the last 2
flocks increased again because of the problems with
necrotic enteritis that was most likely caused by low-
quality feed. Overuse of antimicrobials can potentially
induce a strain shift as well (Walk et al., 2007; Bibbal
et al., 2009). Zakariazadeh et al. (2019) have reported
in their study that overconsumption of antibiotics has
resulted in alteration of commensal phylogenetic
groups and has influenced the genetic structure of
both commensal and pathogenic microflora. Owing to
infection pressure on poultry farms, different stressful
conditions can result in the emergence of infectious dis-
eases that could possibly be prevented by applying
basic management measures. E. coli strains that are
classified into clades are phenotypically hard to differ-
entiate from FE. coli sensu stricto but genetically are
highly divergent (Lescat et al., 2013). They have
been considered commensal in the digestive tract of
various species, with high prevalence in birds, as
opposed to low prevalence in humans (Clermont
et al., 2011a; Lescat et al., 2013). Our results on farm
A show an increase of strains allocated to clades I/1I
in the last flock, which indicates a possible decrease
of pathogenic strains’ pressure over time after regular
application of autogenous vaccine. In contrast, the re-
sults on farm B imply there is an increase of potentially
highly virulent strains that subsisted on the farm,
which resulted in decreased phylogenetic diversity,
possibly as a result of the use of antimicrobials. Such
highly virulent strains could be eliminated using alter-
native methods such as bacteriophage therapy and
application of organic acids.

In conclusion, the results indicate that application of
autogenous vaccine affects the phylogroup prevalence
and phylogenetic relationships of APEC strains on
poultry farms. This study investigated the distribution
of different phylogroups in longitudinally sampled flocks,
which showed that implementation of the autogenous
vaccine could repress most phylogroups used in a vaccine
but also enable selection of certain phylogroups and lead
to strain shift.
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ARTICLE INFO ABSTRACT

Keywords: Colibacillosis is one of the most common problems in the poultry industry. Escherichia coli strains on farms are

Escherichia coli often genetically diverse and therefore commercial vaccines provide little protection to the flocks. Here, we

QPEIC investigated the effect of the autogenous E. coli vaccines on the prevalence of 84 virulence-associated genes in
oultry

E. coli isolated from four and five consecutive flocks on two broiler breeder farms, respectively. 115 E. coli
isolates were sequenced using Illumina technologies, and compared based on both their set of housekeeping
genes and their virulence profiles, defined through the composition of virulence genes. Predominantly, phylo-
genetic analysis showed obvious distinction between the isolates originating from different farms suggesting
spatial-dependent transmission of pathogenic strains. We detected 23 sequence types, while 52.58 % of the
isolates belonged to two clonal complexes. Analysis of the virulence genes showed highest prevalence (>85 %) of
feoB, uspA, uspB, uspG, uspE, fimH, ompA, astA, focA, hlyE, uspC, crl, csgA, ompT and iss, of which 50 % are toxin
associated genes, demonstrating the importance of competition in the pathogenesis process. Interestingly, usp
genes, which are primarily associated with uropathogenic E. coli strains, were detected in all investigated iso-
lates. The heatmap analysis demonstrated that strains belonging to same phylogenetic groups often share similar
virulence profiles, confirming the usefulness of quick tests for phylogenetic typing. However, our results suggest
the need to update the list of the minimal predictors used for the identification of avian pathogenic strains.
Overall results indicate that continuous application of autogenous vaccines led to lower genetic diversity of
E. coli housekeeping genes, but not virulence genes.

Autogenous vaccine
Whole genome sequencing
Sequence type

1. Introduction 2008; Sheldon et al., 2010). Many studies have reported specific sets of

virulence factors that can be used as APEC predictors (Dziva and Ste-

Colibacillosis is one of the most common problems in the poultry
industry, causing decreased production and, consequently, major eco-
nomic losses (Nolan et al., 2020). It is caused by Escherichia coli (E. coli),
which can be divided into intestinal and extraintestinal (EXPEC) strains.
All EXPEC subpathotypes depend on the virulence factors to survive in
the environment outside of the intestine. However, there are no
conclusive criteria which virulence factors define different sub-
pathotypes. To date, there are four confirmed subpathotypes including
avian pathogenic E. coli (APEC), uropathogenic E. coli (UPEC), neonatal
meningitis E. coli (NMEC) and sepsis-associated E. coli (SEPEC) (Sar-
owska et al., 2019), and two emerging- mammary pathogenic E. coli
(MPEC) and endometrial pathogenic E. coli (EnPEC) (Shpigel et al.,
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vens, 2008; Johnson et al., 2008a; Schouler et al., 2012; Dissanayake
et al., 2014; De Oliveira et al., 2015). Therefore, various PCR multiplex
assays have been developed in order to simplify the process of di-
agnostics (Ewers et al., 2005; Johnson et al., 2008a; Schouler et al.,
2012; Cordoni et al., 2016; de Oliveira et al., 2020). Some research
studies have concluded that all APEC-associated virulence factors are
carried on plasmids, specifically ColV and ColBM (Johnson et al., 2006b;
Skyberg et al., 2008; de Oliveira et al., 2015). As plasmid pathogenicity
islands (PAIs) have been frequently detected in the highly virulent
strains, they are considered a defining trait of the APEC subpathotype
(Rodriguez-Siek et al., 2005).

Poultry health protection is based on the controlled production, good
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biosecurity practice and immunoprophylaxis programmes. However,
many farms do not have the conditions or resources to implement strict
biosecurity measures and maintain entirely closed production, so health
protection often depends on the quality of the immunoprophylaxis
programme, which has to be adjusted to the epidemiological area in
which the farm is located. Farms usually use live or inactivated com-
mercial E. coli vaccines that consist of one or a few strains such as 01, 02
and 078, which are considered most common (Ewers et al., 2004; Dziva
and Stevens, 2008; Schouler et al., 2012; Nolan et al., 2020). However,
E. coli strains causing disease on farms are often very diverse and com-
mercial vaccines may not provide significant cross protection to be
effective against this diversity. Currently, there is no specific vaccination
procedure that is highly efficacious against multiple serotypes (Nolan
et al., 2020). For that reason, many farms have started using autogenous
vaccines that are designed specifically for each flock, and have proven to
be efficient (Landman et al., 2014; Landman and van Eck, 2017).

Based on the significant improvement in the morbidity and mortality
rates, as well as performance parameters, continuous application of the
autogenous vaccines on Croatian farms has proven to be successful
(Gottstein et al., 2019). Previous phylogenetic analyses have indicated
that autogenous vaccines can induce strain shift on the farms, depending
on the strain type (Lozica et al., 2021). In this longitudinal study, we
investigated the prevalence of the selected virulence-associated genes in
several consecutive flocks on two broiler breeder farms that have had
continuous problems with colibacillosis despite the application of the
commercial vaccines. The phylogenetic relationship of the isolates was
assessed based on the set of E. coli housekeeping genes (adk, fumC, gyrB,
icd, mdh, purA, recA) used for the multilocus sequence typing (MLST).
The aim was to investigate the variability of virulence-associated genes
over time after the implementation of the autogenous vaccine instead of
the commercial E. coli vaccines to the immunoprophylaxis programme
on the studied farms.

2. Material and methods
2.1. Study design

Two broiler breeder farms that are part of the same company- Farm A
and Farm B, with four and five flocks, respectively, were chosen for this
study. Each flock included 35,000 birds on average. Due to the repeated
problems with colibacillosis, autogenous vaccine was implemented to
the immunoprophylaxis programme instead of the commercial E. coli
vaccines. Autogenous vaccines were produced using three to four E. coli
strains isolated from the clinical cases from the previous flock, with the
exception of Flocks 1 and 2 on Farm B where seven and six strains,
respectively, were used in order to cover a wider range of the strains.
Each flock was vaccinated with a specifically designed vaccine manu-
factured from the strains isolated in the previous flock. After the effect of
autogenous vaccines on the health status (Table 1) and performance of
the flocks proved to be successful (Gottstein et al., 2019), 115 E. coli
strains originating from the flocks vaccinated with the commercial
and/or autogenous vaccines were selected for whole-genome
sequencing (Table 2).

2.2. Bacterial strain selection

Bacterial strains were isolated from the daily mortalities diagnosed
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Table 2
Description of E. coli vaccination program for each flock in this study’.
Farm  Flock  Number of Vaccination Age at the
analysed time of
strains per vaccination
flock
. 3 A 3 od
Commercial vaccines (live
1 10 % i 10w
attenuated + inactivated 2x)
18w
F 10w
A 2 14 Autogenous vaccine 2x 18w
12w
3 3 Aut ine 2
1 utogenous vaccine 2x 19w
; 10w
4 14 Autoge 2 2
utogenous vaccine 2x 19w
. . . : od
. Commercial vaccines (live >
1 13 g ¢ 13w
attenuated + inactivated 2x)
19w
i 5 A od
Commercial vaccines (live 5w
2 7 attenuated 2x) Autogenous 1w
B vaccine 2x 18w
F 9w
3 5 enous va .
1 Autogenous vaccine 2x 20w
i 10w
4 6 Aut 2;
1 utogenous vaccine 2x 18
" 9w
5 13 Aut 2
utogenous vaccine 2x 17w

! Lozica et al. (2021).

with colibacillosis that were subjected to the pathomorphological ex-
amination as a part of the routine health surveillance or after unex-
pected rise of mortality rates (Supplementary Table S1). Weekly
mortality rates above 0.4 % were considered as outbreaks. All isolates
were recovered from the birds with lesions consistent with colibacillosis
and the most frequently found were polyserositis, fibrinous peritonitis,
pericarditis, pneumonia, salpingitis and septicaemia. As all the samples
were recovered from the organs that were severely affected, the pre-
sumption was that the most virulent strains in each flock would be
analysed. Identification of E. coli was confirmed by Bruker Microflex LT
MALDI TOF mass spectrometer (Bruker Daltonics, Bremen, Germany).
All the samples were stored in Brain Heart Infusion broth (Oxoid,
Basingstoke, UK) with 50 % glycerol at -20 °C until further analyses.
Selection of the strains was based on the target organs they were isolated
from and age of the birds. Target organs were peritoneum, liver, oviduct
and bone marrow as they are most often affected with colibacillosis. In
case the strains from targeted organs were not available, strains from
other tissues such as lungs and pericardium were selected. All strains
were isolated from birds older than 21 weeks of age, when problems
with colibacillosis usually appear. Minimum three strains per flock used
in the vaccine production were sequenced and included in the analyses
(Supplementary Table S1). The selection procedure was expected to
produce some bias toward more virulent strains of E. coli, but this was
considered an advantage, as these are the strains whose virulence pro-
files are of the greatest interest.

2.3. DNA isolation

Bacterial DNA was isolated using Maxwell RSC Cultured Cells DNA
Kit (Promega, Madison, WI, USA) and MagAttract HMW DNA Kit (Qia-
gen, Hilden, Germany) for the first 40 and the remaining 75 strains,

Table 1
Average weekly mortality (%+SD) during the production period on both farms. Statistically significant differences are marked with lowercase superscripts.
Farm A B
Flock 1 2 3 4 1 2 3 4 5
Average weekly mortality  0.52 4 0.23*  0.38 £ 0.23°  0.31 £0.08° 0.43+0.18" 059 £0.2*  0.47 £0.09" 037 4+0.34" 028 +0.11* 0.25 + 0.09°
(%) (p = 0.019) (p = 0.002) (p = 0.03) (p = 0.000003) (p = 0.018)
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respectively, according to the manufacturers’ instructions.
2.4. Library preparation and whole-genome sequencing

Sequencing library was generated based on the Illumina technologies
and following the manufacturer’s recommendations. The library was
analysed for size distribution and quantified using real-time PCR. Forty
and 75 isolates were sequenced using MiSeq (Illumina, San Diego, CA,
USA) with paired-end 250 bp strategy, and NovaSeq 6000 platform
(Novogene Co. Ltd., Beijing, China) with paired-end 150 bp strategy,
respectively.

2.5. MLST and phylogenetic analysis

Raw sequencing reads were assembled and trimmed using Assembler
1.2 on the Center for Genomic Epidemiology (CGE) online platform
(Larsen et al., 2012). Next, sequence typing analyses were done using
MLST tool on the same platform. Obtained sequences of the house-
keeping genes (adk, fumC, gyrB, icd, mdh, purA, recA) were concatenated
and aligned using ClustalW (I{umar et al., 2018). Afterwards, a phylo-
genetic tree was constructed by the Maximum Likelihood method and
Tamura-Nei parameter model with gamma distributed rates with
invariant sites using the Molecular Evolutionary Genetics Analysis
software (MEGA X) version 10.0.5. (Tamura and Nei, 1993; Kumar et al.,
2018). Four E. coli and one E. fergusonii genome sequences with the
following accession numbers- CP000243, CP004009, CP007275,
NC0026952 and CP055696, respectively, were used as outgroups for the
construction of the phylogenetic tree. Whole-genome sequences ana-
lysed in this study were deposited to the National Center for Biotech-
nology Information (NCBI) as BioProject under the accession number
PRJNA681385.

2.6. Analysis of the virulence-associated genes

We constructed a database of 84 virulence-associated genes, which
was later used for the analysis of the researched isolates (see Table 4 for
the list of virulence genes). The database was constructed based on the
previous research done on the virulence profiles of APEC (Rodri-
guez-Siek et al., 2005; Johnson et al., 2006a; Johnson et al., 2008a;
Jorgensen et al., 2019). Detection of the virulence-associated genes was
done using MyDbFinder tool on the CGE online platform.

2.7. Heatmap construction

We have transformed gene presence/absence data into a colour scale
via the heatmap() function in base R programming language (v4.0.3).
The scaling option was switched off. By default, the heatmap() function
performs hierarchical clustering on both sample and feature data and
reorders it accordingly.

2.8. Principal coordinate analysis

To inspect patterns within the gene composition datasets, we used
principal coordinate analysis (PCoA) as implemented in R language
ade4 package (v1.7-15). The dissimilarity matrix for the PCoA was
calculated using Jaccard distance between samples, as they consisted of
the binary data representing the presence/absence of genes. The
matrices were confirmed as euclidean using is.euclid() function of ade4.
The ellipses were calculated and visualised using R car package (v3.0-
10).

2.9. Statistical analyses
The statistical analyses were done in Statistica 13.5.0.17. (TIBCO

Software Inc., Tulsa, OK, USA). The results were tested for the normality
of data distribution using Smirnov-Kolmogorov test. Afterwards, the
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significance of differences in the frequency of STs between flocks within
each farm, considering the STs used in the vaccine, was analysed using
Wald-Wolfowitz Runs Test, while total virulence gene frequency per
flocks and farms was tested with parametric ANOVA LSD test. Total
grouped virulence gene frequency per flocks and average weekly mor-
tality between flocks within each farm were tested using nonparametric
Kruskal-Wallis test, with statistical significance set at level p < 0.05.

3. Results and discussion
3.1. MLST and phylogenetic analysis

Phylogenetic analysis found distinct differences between the isolates
originating from different farms, in most cases (Fig. 1). This finding
indicates a spatial-dependent transmission of the pathogenic E. coli
strains. Eleven out of fourteen isolates (79 %) from Flock 4 on Farm A
were grouped in one individual cluster, compared to the lower per-
centages in previous flocks, suggesting a decrease in strain diversity over
time (Supplemetary Table S1). The phylogenetic analysis revealed high
relatedness of our samples to APEC and other EXPEC subpathotypes used
as outgroups, which was expected in light of the previous research
(Ewers et al., 2007; Danzeisen et al., 201 3; Pires-dos-Santos et al., 2013).

In total, 23 sequence types (ST) and one unknown ST were identified
(Table 3). Four STs constituted more than 60 % of the total strains
investigated, with ST95 and ST117 being the far most prevalent and
constituting 42.24 %. Interestingly, ST95 was detected only on Farm B,
while ST117 was the only diverse type that was present on both Farms in
high quantity. ST95, ST69, ST23 and ST131 are very common causes of
extraintestinal infections in human population and poultry (Bert et al.,
2010; Danzeisen et al., 2013; Pires-dos-Santos et al., 2013; Stephens
et al., 2017; Jorgensen et al., 2019), confirmed here by the highest
prevalence of ST95 in our study. Previous research on E. coli genetic
diversity in broiler breeder flocks in Denmark has showed that STs are
not infection-type or host-specific, which suggests there may be a zoo-
notic potential (Bert et al., 2010; Pires-dos-Santos et al., 2013). Our data
revealed high diversity of virulence genes in general, but within a small
number of clonal complexes (CC), with 52.58 % of the isolates belonging
to two clonal complexes. Virulence profiles are strongly ST-dependent
(Fig. 2) which indicates a possible link between the phylogenetic
groups and STs. ST117 has been reported as a causative agent of an
increased incidence of colibacillosis cases on Nordic poultry farms from
2014 to 2016 (Ronco et al., 2017). In accordance with that, our data
shows the highest prevalence of said ST in Flock 3 on Farm A, and Flock
4 on Farm B, after which the frequency abruptly decreases, presumably
due to the application of autogenous vaccine, as previously reported
(Lozica et al., 2021). Since its prevalence on both farms is high and the
strains are genetically similar (Fig. 1), the origin of ST117 could be from
the grandparent flocks (Ronco et al., 2017) or from the rearing houses
they share. Over time, clonal complexes evolve and only highly virulent
strains are able to subsist on farms. According to the prevalence data in
the studied flocks, ST117 was probably not adapted as well as CC95, and
consequently did not persist after adequate treatment. Global increase of
the antimicrobial resistance to fluoroquinolones and extended-spectrum
B-lactamases has been linked to the emergence and worldwide spread of
E. coli ST131, which is nowadays the predominant EXPEC lineage
(Nicolas-Chanoine et al., 2014). As a carrier of a large number of
resistance and virulence-associated genes, ST131 clonal complex has
been frequently reported as a causative agent of human urinary in-
fections and bacteraemia (Nicolas-Chanoine et al., 2014). In our study, it
was detected only on Farm B, illustrating further the spatial dependence
of E. coli transmission. Despite the presence of this highly virulent ST,
the mortality rates in the Farm B significantly decreased over time
(Table 1), possibly due to the use of vaccines. Lastly, the analyses
showed a significant reduction of STs in the vaccine compared to the
strains later isolated in the Flock 4 on Farm A (p < 0.019) and Flock 3 on
Farm B (p < 0.00002), confirming that implementation of autogenous
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Fig. 1. Phylogenetic tree showing relatedness of the isolates from both farms.
The letter represents the farm (A- Farm A; B- Farm B), while the number rep-
resents the flock. STs are marked with different colours. BioSample accession
numbers are displayed in the brackets.
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Table 3
Prevalence of sequence types (STs) according to the farm of origin and average
number of virulence-associated genes (+ SD) per ST.

ST Farm Farm In total Average number of virulence genes
A B (%) (%)

10 4 2 6(5.22) 22.33 +9.11 (26.27)

23 11 0 11 (9.57) 35.27 + 11.04 (41.5)

46 0 1 1 (0.87) 18 (21.18)

48 4 0 4(3.48) 14 + 0.00 (16.47)

58 0 1 1 (0.87) 38 (44.71)

69 1 0 1 (0.87) 24 (28.24)

93 0 2 2(1.749) 41 + 5.66(48.24)

95 0 26 26 (22.61) 46 + 7.60 (54.12)

101 1 0 1 (0.87) 48 (56.47)

117 13 10 23 (20) 41.65 + 6.59 (49)

131 0 6 6(5.22) 51.83 £ 8.77 (60.98)

135 3 0 3(2.61) 41 + 0.00 (48.24)

162 7 0 7 (6.09) 23.71 + 7.63 (27.9)

297 0 1 1 (0.87) 21 (24.71)

390 0 12 12 (10.43) 45.25 + 6.08 (53.24)

428 0 2 2(1.79) 37 + 11.31 (43.53)

429 1 0 1(0.87) 54 (63.53)

616 1 0 1 (0.87) 35 (41.18)

746 0 1 1(0.87) 34 (40)

1485 1 0 1 (0.87) 48 (56.47)

3232 1 0 1 (0.87) 37 (43.53)

7013 1 0 1 (0.87) 46 (54.12)

8573 1 0 1 (0.87) 38 (44.71)

unknown 1 0 1 (0.87) 35 (41.18)

vaccine repressed some of the STs that were used in the vaccine (Sup-
plementary Table S1).

3.2. Analysis of the virulence-associated genes

The results showed highest prevalence (>85 %) of the virulence
factors feoB, uspA, uspB, uspG, uspE, fimH, ompA, astA, focA, hlyE, uspC,
crl, csgA and ompT, which are located on the chromosome, with the
exception of iss gene which is plasmid borne (Table 4). Half of the
mentioned factors are toxins (see Table 4 for classification of gene
functions), namely bacteriocin-related, which indicates that the
competitive phenotype of the bacteria is very important in the patho-
genesis process and for the survival of highly virulent strains. Associa-
tion of the bacteriocin-encoding genes and virulence determinants in
ExPEC strains has already been documented by Micenkova et al. (2014).,
who proved their positive correlation. The prevalence of toxin genes
supports the idea of clonal selection and dominance of several strains per
flock. Our data shows an increasing trend of the average number of
virulence-associated genes per isolate on Farm A (Fig. 3A), while the
trend on Farm B is minimally decreasing (Fig. 3B), probably due to the
average frequency being initially very high on Farm B (Fig. 3C). A study
investigating the diversity and genetic population overlap between the
ST95 of human and avian origin (Jorgensen et al., 2019) has had results
similar to ours. Although the prevalence of the investigated
virulence-genes was variable, the results mainly corresponded to our
findings.

According to the analysis based solely on the previously suggested
minimal predictors for identification of APEC strains (Johnson et al.,
2008a; de Oliveira et al., 2015), only 6/10 (60 %), 5/14 (37.71 %),
11/13 (84.62 %), 8/14 (57.14 %) of the isolates in the Flocks 1-4 on
Farm A, and 11/13 (84.62 %), 6/7 (85.71 %), 15/15 (100 %), 12/16 (75
%) and 10/13 (76.92 %) of the isolates in the Flocks 1-5 on Farm B could
be categorized as APEC. No correlation was detected between the organ
of origin or the phylogroup and identification of the isolate as APEC. A
considerably lower number of confirmed APEC strains was detected on
Farm A, which is in agreement with the less severe clinical symptoms
detected on that farm.

Iron is the essential micronutrient for bacteria as it enables their
growth, colonization and survival in the host (Kronstad and Caza, 2013).
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Fig. 2. Heatmap with dendrograms showing relatedness of the strains from both farms according to the presence/absence of the virulence genes. The rows of the
legend represent heatmap, ST and phylogroup colours, respectively. Labels on the right represent farm, flock and isolate number.

The aerobactin system is one of the iron acquisition mechanisms that has
been detected more frequently in the pathogenic than in the commensal
E. coli strains (Gao et al., 2012). Our results showed a gradual increase in
the prevalence of the iron acquisition factors on both farms (Fig. 4B, see
Table 4 for the list of the factors). Their frequency in Flocks 1 and 3 on
Farm B was significantly higher compared to other groups, and highest
of all studied gene groups in the research (Fig. 4A).

Chouikha et al. (2006) have previously reported the importance of
the aec-35 to aec-37 gene cluster in the virulence and carbohydrate
metabolism. In their experiment, the mutant strain with a deletion of
this gene cluster was less able to induce specific lesions of colibacillosis,
bacteraemia and colonization of the liver. Interestingly, this gene cluster
was detected in only two individual isolates (1.72 %) from different
farms, although 56.9 % of the isolates originate from the liver and bone

marrow, and have caused severe clinical symptoms characterized by
fibrinous peritonitis, caseous exudate in the oviduct, splenomegaly and
septicaemia. On the contrary, Pourbalkhsh et al. (1997) have reported no
difference in the chicken serum invasion between the mutant and
wild-type E. coli strain in the in vitro experiments. This gene cluster is
possibly involved in the early stages of infection through the respiratory
system. Therefore, the low prevalence of this cluster in our collection
may reflect the type of infection associated with the disease in the
breeder layers, which is likely ascending through the oviduct.

Usp operon genes are associated primarily with UPEC causing py-
elonephritis, prostatitis and bacteraemia. Previous research has showed
enhanced infectivity in a mouse ascending urinary tract infection model,
as they act as bacteriocins against other competitive strains (Crnigoj
et al, 2014). In that way, they are responsible for the increased
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Fig. 3. Total virulence gene frequency in flocks on Farm A (A), Farm B (B), and average virulence gene frequency per farm (C). The dotted/dashed lines represent the
frequency trend over time. The box plots marked with different lowercase letters (a, b, ¢) are significantly different (p < 0.05).
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Fig. 4. Virulence gene frequency per gene group in each flock on Farm B (A),
and virulence gene frequency for iron acquisition factors for each flock on Farm
A and B (B). Abbreviations for gene groups are: A = adhesins, I = invasins,
TB = toxins/bacteriocin-related factors, PSR = protectins/serum resistance
factors, IRA = iron acquisition factors, M = miscellaneous. The bars marked
with different lowercase letters (a, b) present statistically significant difference
(p < 0.05) between gene groups within Flock 1 and 3 on Farm B (Fig. A), while
the box plots marked with different lowercase letters (a, b, ¢) present statisti-
cally significant difference (p < 0.05) within IRA gene group between all flocks
on both farms (Fig. B).

virulence and fitness of the pathogenic E. coli strains. Interestingly, in
our case they were detected in 98.26-100 % of our isolates, depending
on the gene (Table 4), which additionally indicates that infection
possibly occurs more frequently ascendingly through the oviduct.
Another gene frequently used as a PAI marker for UPEC strains is malX
(Johnson et al., 2008b; Nowrouzian et al., 2009), which was detected in
56.03 % of our isolates (Table 4).

The average number of virulence-associated genes was significantly
higher in phylogroups B2 and F (Supplementary Fig. S1), which was
expected since said phylogroups are considered as common causes of
ExPEC infections (Pires-dos-Santos et al., 2013; Stephens et al., 2017).
The results also show a significant increase in average number of viru-
lence genes in phylogroup A on both farms (Supplementary Fig. S2), as
opposed to the persistently high amount in phylogroups B2 and F. That
could be explained by the competitive exclusion principle formed by
autogenous vaccine and/or more pathogenic strains, which allowed
only more virulent strains to survive and persist in the environment.
Additionally, horizontal gene transfer in the bacterial population with
more pathogenic strains could result in higher gene frequency, which
could be seen in the isolates belonging to phylogroup A on Farm B, with
10 % higher virulence gene frequencies’ in the first two flocks compared

10
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to Farm A.

The analysis based on the heatmap with dendrograms shows high
similarity of the strains belonging to same phylogroups and STs, in most
cases, with regard to the presence or absence of the virulence genes
(Fig. 2). Therefore, the results confirm the distinction of the phylogroups
and STs based on the presence of certain sets of virulence-associated
genes, and consequently, based on the virulence level of the isolates.

To additionally visualize and explore the gene presence/absence
datasets, we used the PCoA method to project the samples onto two-
dimensional plots (Fig. 5). The proximity of the sample points in the
PCoA plots represents their similarity calculated on the basis of the
virulence profiles - the more similar the samples with regard to the
composition of virulence genes, the closer they are expected to group
together. Otherwise, there is a great overlap between strain virulence
profiles of Farm A and Farm B indicating similar virulence genes
composition, when all the strains within a farm are taken into account
(Fig. 5A). Similarities aside, the virulence genes composition is not the
same between the two Farms, probably due to differences of locally
transmitted E. coli strains. The farm-dependent differences of E. coli
strains were also observable in the phylogenetic analysis as described
above. Separate flocks show distinctive virulence profiles demonstrating
that the virulence profiles change over time (Fig. 5B and C).

Our results are consistent with the previous report indicating
continuous clonal selection of the virulent strains that successfully avoid
the vaccine effect (Lozica et al., 2021). Further analyses will elucidate
which of the analysed virulence-associated genes could be possible
candidates for the subunit E. coli vaccines.

4. Conclusion

The results of this study show that many of the formerly used min-
imal predictors are possibly not sufficient for identification of the APEC
strains, and should be updated with other virulence-associated genes
linked to highly severe clinical symptoms. The results of the phyloge-
netic analysis indicate that continuous application of the autogenous
vaccine gradually leads to lower genetic diversity of E. coli strains. As a
result, the strains on investigated farms should now be more easily
managed with regular vaccination using autogenous vaccine made with
recent strains. There was no such effect on the diversity of virulence
genes. Longitudinal data revealed an increase over time in average
frequency of virulence-associated genes on Farm A, which had signifi-
cantly lower average number of virulence genes per isolate than Farm B
and less severe clinical manifestation. Virulence profiles corresponded
to STs and phylogroups of the isolates, which confirms the accuracy of
phylotyping and MLST analyses that are often used because they are
more approachable and less expensive diagnostic tools. As less virulent
strains can cause infections in the typically immunocompromised farm
birds, in vivo assays should be performed in order to confirm the sig-
nificance of certain virulence factors for the disease pathogenesis in
healthy birds.
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Abstract: Escherichia coli is the main bacterial cause of major economic losses and animal welfare
issues in poultry production. In this study, we investigate the effect of an autogenous vaccine on E.
coli strains longitudinally isolated from broiler breeder flocks on two farms. In total, 115 E. coli iso-
lates were sequenced using Illumina technologies, and compared based on a single-nucleotide pol-
ymorphism (SNP) analysis of the core-genome and antimicrobial resistance (AMR) genes they car-
ried. The results showed that SNP-based phylogeny corresponds to a previous multilocus-sequence
typing (MLST)-based phylogeny. Highly virulent sequence types (STs), including ST117-F, ST95-
B2, ST131-B2 and ST390-B2, showed a higher level of homogeneity. On the other hand, less frequent
STs, such as ST1485, ST3232, ST7013 and ST8573, were phylogenetically more distant and carried a
higher number of antimicrobial resistance genes in most cases. In total, 25 antimicrobial genes were
detected, of which the most prevalent were mdf(A) (100%), sitABCD (71.3%) and tet(A) (13.91%). The
frequency of AMR genes showed a decreasing trend over time in both farms. The highest prevalence
was detected in strains belonging to the B1 phylogenetic group, confirming the previous notion that
commensal strains act as reservoirs and carry more resistance genes than pathogenic strains that
are mostly associated with virulence genes.

Keywords: Escherichia coli; colibacillosis; poultry; autogenous vaccine; whole-genome sequencing;
SNP; AMR

1. Introduction

Escherichia coli (E. coli) is the main bacterial cause of major economic losses and ani-
mal welfare issues in poultry production [1,2]. Colibacillosis on poultry farms is con-
trolled through vaccination programs, in addition to strict biosecurity standards and rig-
orous farm management [1]. There are several available commercial E. coli vaccines, but
no vaccination procedure to date has proved to be highly efficacious due to the genetic di-
versity of the bacteria [1]. As the avian pathogenic E. coli (APEC) is closely related to other
extraintestinal pathogenic E. coli (EXPEC) subpathotypes, which cause infections in the hu-
man population, colibacillosis in poultry also presents a danger to public health [2-8].

The localization and severity of the infection varies depending on the strain, site of
entry and general health of the bird [1,9]. Usually, the most common lesions in adult birds

Microorganisms 2022, 10, 377. https://doi.org/l().3390/microorganismsl()020377

www.mdpi.com/joumaI/microorganisms

37



Microorganisms 2022, 10, 377

2 of 12

are airsacculitis, peritonitis, salpingitis and septicaemia, although in egg laying hens, per-
itonitis, salpingitis and salpingitis-peritonitis syndrome (SPS) have been considered the
most prevalent, as the infection usually occurs by bacteria ascending through the cloaca
[2,9-11].

Many studies have focused on the importance of certain virulence-associated genes
(VAGs) and their role in the pathogenesis of E. coli infection [12-15]. The validation of
specific sets of VAGs as definite predictors of E. coli virulence could help to improve the
diagnostics process and enable quicker response during colibacillosis outbreaks. Cur-
rently, ColV plasmids are associated with the pathogenicity of E. coli and considered a
defining trait of APEC [15-17]. However, Mageiros et al. (2021) have reported a high prev-
alence of the putative plasmid genes among both pathogenic and commensal E. coli strains
in chickens, with a higher average number of plasmid genes per isolate in the commensal
strains, suggesting that the virulence of E. coli is linked with the homologous sequence
variations of the genes [18]. Several population genomics studies have detected signatures
of adaptation to different hosts in the bacterial genomes, which are manifested as muta-
tions or horizontal acquisition of genetic elements [8,19,20]. Additionally, the antimicro-
bial resistance (AMR) genes are often located on plasmids [21]. They are similarly easily
acquired by horizontal transmission, which presents an additional growing concern for
animal and human health [22].

Single-nucleotide polymorphisms (SNPs) are the most common form of genetic code
variation in the genome [23]. They are considered the most useful biomarkers for disease
diagnosis and prognosis because they can influence the rate of the disease progression
and immune response of the host [23]. They can also be used to track transmission, predict
important phenotypes of the bacteria and monitor disease outbreaks [24]. The aim of this
study is to investigate the heterogeneity of the isolates using SNP analysis and to detect
the prevalence and horizontal transmission of AMR genes between and within flocks on
two broiler breeder farms after the application of the autogenous vaccine.

2. Material and Methods
2.1. Study Design

This study is a continuation of previous research on E. coli gene variability after the
application of the autogenous vaccine [25]. While the previous study was focused on the
frequency of virulence-associated genes and MLST, the focus of the present study was on
the use of SNPs for the phylogenetic analysis and the effect of the autogenous vaccine on
antimicrobial resistance gene prevalence.

Two broiler breeder farms that are part of the same company, Farm A and Farm B,
with four and five flocks, respectively, were selected for the longitudinal research on E.
coli gene variability after the application of the autogenous vaccine. The selected farms
reported continuous problems with colibacillosis despite the regular use of commercial
vaccines. From our suggestion, they started using an autogenous E. coli vaccine instead of
the commercial vaccine, which proved to be successful [26]. Each flock was vaccinated
with a specifically designed vaccine prepared from the strains isolated in the previous
flock. In total, 115 E. coli strains originating from the flocks vaccinated with the commer-
cial and/or autogenous vaccines were selected for whole-genome sequencing and further
analyses (Table 1).
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Table 1. Description of E. coli vaccination programs and antimicrobial treatment data (rearing and
production period) for each flock in this study *.

Farm Flock Numb.er of Analysed Vaccination Age at tl.\e T.lme of Treatment
Strains per Flock Vaccination
Commercial vaccines 0d
1 10 (live attenuated + 10w Doxycycline
inactivated 2x) 18 w
i 10w Doxycycline,
2 14 Autogenous vaccine 2x . .
18 w tiamulin
2 3 13 Autogenous vaccine 2x e =
19w
Amoxicillin,
4 14 Autogenous vaccine 2x ol dOXYCyClll'.IC,
19w enrofloxacin,
oxytetracycline
Commercial vaccines 0d Doxycycline,
1 13 (live attenuated + 1Bw enrofloxacin,
inactivated 2x) 19w tylosin
Commercial vaccines g i Amoxicilllin,
2 7 (live attenuated 2x) i polymyxin E,
B Autogenous vaccine 2x 18 w tylosin
3 15 Autogenous vaccine 2x gl Doxycycl.me,
20w ~ polymyxin E
. 10w Doxycycline,
4 16 Autogenous vaccine 2x .
18 w enrofloxacin
. 9w Amoxicillin,
5 13 Autogenous vaccine 2x .
17 w enrofloxacin

'adapted from Lozica et al., 2021.

2.2. Bacterial Strain Selection and DNA Isolation

Bacterial strain selection, DNA isolation and sequencing were previously described
in more detail [25]. Briefly, 115 E. coli strains were isolated from the daily mortalities di-
agnosed with colibacillosis. The carcasses were routinely subjected to the pathomorpho-
logical examination as a part of the health surveillance or during outbreaks. The strains
were recovered from the birds with lesions consistent with colibacillosis and selected for
whole-genome sequencing based on the tissue of origin and age of the birds. Target or-
gans were the peritoneum, liver, oviduct, and bone marrow, as they are often severely
affected by colibacillosis. In case the strains from targeted tissues were not available,
strains from other organs, such as lungs and the pericardium, were selected. The strains
originated from birds older than 21 weeks, when outbreaks caused by colibacillosis usu-
ally emerge. Three or more strains per flock used for the vaccine production were also
sequenced and included in the analyses. DNA was isolated as previously described [25]
and stored at —20 °C until further analyses. The isolates used in this study are described
in Supplementary Table S1.
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2.3. DNA Sequencing and Deposition

Sequencing libraries were created based on the Illumina technologies, following the
manufacturer’'s recommendations. Afterwards, whole-genome sequencing was con-
ducted using MiSeq (Illumina, San Diego, CA, U.S.A.) with paired-end 250 bp for 40 iso-
lates, and NovaSeq 6000 platform (Novogene Co. Ltd., Beijing, China) with paired-end
150 bp strategy for the remaining 75 isolates. The whole-genome sequences analyzed in
this study were deposited in the National Center for Biotechnology Information (NCBI)
as a BioProject under the accession number PRJNA681385.

2.4. Phylogenetic Analysis

SPAdes (v3.13.1) was used to assemble the raw reads of the 115 E. coli isolates to
generate 115 draft genomes. Parsnp (v1.2) was used to construct the SNP tree, including
115 draft genomes and reference genomes, which were chosen based on their genetic di-
versity. In total, 19 reference genomes belonging to different phylogenetic groups and STs
were included in this analysis [27]. All other genomes were aligned to the genome of the
isolate B4, one of the input 115 sequences, to detect core SNPs and generate the core-ge-
nome SNP tree [28] by using Parsnp (Supplementary Table S2).

2.5. Antimicrobial Resistance Gene Analysis

For the analysis of the AMR genes, raw reads were assembled and trimmed using
Assembler v1.2. [29]. Acquired antimicrobial resistance genes were detected using
ResFinder v4.1. [30], and the assembled genomes were analysed with 90% ID and 60%
minimum length threshold.

2.6. Statistical Analysis

The statistical analyses were performed in Statistica 13.2.0.17. (TIBCO Software Inc.,
Tulsa, OK, U.S.A.) and R 4.0.5. (R Core Team, Vienna, Austria). The results were tested
for normality of data distribution using the Kolmogorov-Smirnov test. The statistical sig-
nificance of differences in the frequency of AMR genes between and within both farms
was analysed using the Kruskal-Wallis test, with statistical significance set at level p <
0.05. Poisson regression analysis was used to calculate the incident rate, standard error
(SE) and 95% confidence intervals (95% CI) between the antimicrobial treatment and AMR
gene prevalence among different flocks.

3. Results and Discussion

The results of the phylogenetic analysis correspond to the MLST-based phylogeny
from the previous research (Figure 1) [25]. Isolates belonging to identical STs and phylo-
genetic groups were distributed both within the same and adjacent phylogroups in the
phylogenetic tree based on the core-genome SNP clustering. Highly pathogenic strains,
including ST117-F, ST95-B2, ST131-B2, and ST390-B2, formed larger clusters and showed
higher homogeneity between the isolates originating from the same farm. This indicates
their possible resistance to vaccination, despite continuous inclusion in the vaccine, and
longitudinal spread to the consecutive flocks, but with reduced general clinical implica-
tions and improved production traits on Farm B. Additionally, ST117-F clustered together
regardless of the flock or farm of origin, which has already been observed and explained
by the mutual origin of the strains from the grandparent flocks or from the shared rearing
houses [25,31]. ST162 and ST23 formed separate clusters and were detected only on Farm
A. Both STs included a variety of phylogenetic groups of which most are considered com-
mensal, although they have previously been isolated from both diseased and healthy
poultry [32-34]. Vaccination on Farm A significantly influenced the selection of strains in
the consecutive flocks, but also showed to be non-protective against the heterologous
strains. As the majority of the strains on Farm A were low pathogenic, they were probably
more easily controlled by vaccination compared to Farm B, where the majority of the
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strains were more pathogenic and the phylogroup B2 resisted vaccination. SNP genotyp-
ing generally reveals a more detailed clonal relationship between the investigated isolates
[9]. In our study, it showed slightly more discriminatory results compared to the MLST-
based phylogeny, showing distribution of several isolates with the same ST in adjacent
clusters based on the core SNPs. The strains belonging to less frequent STs, such as ST1485,
ST3232, ST7013 and ST8573, were phylogenetically more distant and usually clustered
separately. However, their average number of detected AMR genes was variable, mostly
depending on the phylogenetic group.

We identified 25 AMR genes, of which mdf(A) and sitABCD showed the highest prev-
alence on both farms (Table 2). Although mdf(A) has a broad-spectrum specificity, which
includes six classes of antimicrobials, the phenotypes and the level of resistance it pro-
vides is unclear. Previous studies reported that mdf(A) encodes for a multidrug efflux
pump and its expression confers multidrug resistance in E. coli, indicating that resistance
could have occurred in isolates where we did not detect corresponding resistance genes
[35,36]. Similar results were reported by Rafique et al. (2020), who detected the mdf(A)
gene in all 92 investigated E. coli strains isolated from chickens in different Pakistani prov-
inces [22].

The SitABCD system mediates the transport of iron and manganese. Its ability to ob-
tain manganese contributes to the resistance to oxidative stress and protection against
agents such as hydrogen peroxide [37]. Additionally, sit operon genes are often associated
with clinical infections caused by EXPEC, and have a contributing role as virulence factors
by mediating the metal ion transport [37,38]. ResFinder analyses of our isolates discovered
multiple copies of sitABCD genes. Previous phylogenetic analyses of the sit operon origi-
nating from E. coli and Shigella flexneri revealed they are most likely acquired by several
distinct genetic events involving horizontal gene transfer [38]. Said events probably con-
tributed to the presence of multiple gene copies in a single isolate, from which some are
plasmid borne, and some are carried on chromosomes, and led to their high occurrence in
E. coli populations [16,38].

The gene tet(A) showed relatively high prevalence (13.91%), although it was detected
only on Farm A and predominantly in Flock 4 (68.75%). The prevalence was probably a
result of doxycycline application, which is commonly used as treatment for various bac-
terial poultry diseases. The dominance of tet(A) out of different tetracycline resistance
genes was reported in E. coli isolated from chickens and several other animal species, as
opposed to the strains isolated from humans where tet(B) was more prevalent [39-42].

Interestingly, mobilized colistin resistance (mcr) gene was not detected, although col-
istin (polymyxin E) has been used as antibiotic treatment on the studied farms (Table 1).
It has been widely used to treat colibacillosis and as a growth promoter in the poultry
industry for a long time [1,43,44]. Since polymyxins have been reintroduced as treatment
for infections in humans and their application can influence the antimicrobial selective
pressure [45], its use in veterinary medicine has been minimized [44].
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Figure 1. SNP-based phylogenetic tree showing distribution of AMR genes among 115 E. coli se-
quences. The analysis includes 19 reference E. coli genomes representing different STs and phyloge-
netic groups.

Table 2. Prevalence of the identified acquired AMR genes (1 (%)).

Number of AMR Number of AMR
AMR Gene Phenotype Geneson Farm A*  Genes on Farm B ** Total Number of AMR Genes
n=51 n=64
apramycin, gentamicin,
aac(3)-1la tobramycin, dibekacin, 1(1.96) 0 1(0.87)
netilmicin, sisomicin
aac(3)-Vla gentamicin 1 (1.96) 0 1(0.87)
andAl spectinomycin 2(3.92) 0 2 (1.74)
aad A2b L s e 1(1.96) 0 1(0.87)
streptomycin
aph(3")-Ib streptomycin 5(9.8) 0 5 (4.35)
aph(6)-1d streptomycin 5(9.81) 0 5 (4.35)
amoxicillin, amoxicillin +
clavulanic acid,
ampicillin, ampicillin +
clavulanic acid,
R e A 1(1.96) 0 1(0.87)
ceftazidime, piperacillin,
piperacillin +
tazobactam, ticarcillin,
ticarcillin + clavulanic
acid
amoxicillin, ampicillin,
blatemaa  cephalothin, piperacillin, 3 (5.88) 0 3 (2.61)
ticarcillin
amoxicillin, ampicillin,
blarevas  cephalothin, piperacillin, 4(7.84) 0 4 (3.48)
ticarcillin
amoxicillin, ampicillin,
blatemac  cephalothin, piperacillin, 2(3.92) 0 2 (1.74)
ticarcillin
amoxicillin, amoxicillin +
clavulanic acid,
ampicillin, ampicillin +
e, Saviamicadd, 2(3.92) 0 2 (1.74)
piperacillin, piperacillin
+ tazobactam, ticarcillin,
ticarcillin + clavulanic
acid
blatem-1s0 unknown beta-lactam 3 (5.88) 0 3(2.61)
catAl chloramphenicol 1 (1.96) 0 1(0.87)
cmlAl chloramphenicol 1(1.96) 0 1(0.87)
dfrA5 trimethoprim 2(3.92) 1(1.56) 3 (2.61)
dfrA14 trimethoprim 1(1.96) 0 1 (0.87)
pggay  vewiLmaclide 51 (100) 64 (100) 115 (100)
? aminoglycoside,
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tetracycline,
fluoroquinolone,
phenicol and rifamycin
benzylkonium chloride,
ethidium bromide,

qacE chlorhexidine, 1(1.96) 0 1(0.87)
cetylpyridinium
qnrB19 ciprofloxacin 2(3.92) 0 2 (1.74)
sitABCD hydrogen peroxide 31 (60.78) 51 (79.69) 82 (71.3)
sull sulfamethoxazole 1 (1.96) 0 1(0.87)
sul2 sulfamethoxazole 3(5.88) 2(3.13) 5 (4.35)
sul3 sulfamethoxazole 1 (1.96) 0 1(0.87)
tet(A)  doxycycline, tetracycline 17 (33.33) 0 17 (14.78)
pufy, DO Cn IERHCHEIE, 2 (3.92) 2(3.13) 4(3.48)
minocycline
*, ** Statistically significant difference in AMR gene frequency was detected between the farms (p <
0.01).

The frequency of AMR genes decreased over time on both farms, with a more appar-
ent change on Farm A (Figure 2A). When considering the phylogenetic groups of the an-
alysed isolates, the results showed the highest prevalence of AMR genes in the B1 phy-
logroup and strains belonging to untypeable phylogenetic groups (Figure 2B). The high
prevalence of resistance genes in phylogroup Bl confirms the notion that commensal
strains act as reservoirs of AMR genes. Previous studies indicated that commensal strains
carry more AMR genes, as opposed to pathogenic strains that usually possess more viru-
lence factors, but are more susceptible to antimicrobials [46,47]. This concept was con-
firmed by this study by the significantly higher frequency of AMR genes on the Farm A
(Table 2), in addition to our previous study, which showed a significantly lower average
frequency of VAGs on Farm A than on Farm B [25]. The strains of unknown phylogenetic
groups were identified as ST162 (Supplementary Table S1). As other detected ST162
strains were identified as the A or Bl phylogenetic group, we assume that untypeable
strains were variations of said commensal phylogroups, further confirming the highest
prevalence of AMR genes in the commensal strains. Overall, the average number of AMR
genes per isolate was 2.71 and 1.87 on Farm A and B, respectively, and there was no sta-
tistical significance in the prevalence of resistance genes between and within different
studied flocks. The antimicrobial susceptibility testing of strains on the Farm A and B
showed continuous decrease in resistance, especially on Farm A (unpublished data),
which is consistent with the AMR gene results.
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Figure 2. AMR gene frequency per flock on each farm (A) and per each detected phylogenetic group
(B).

The results showed the treatment with antimicrobials possibly affected the preva-
lence of certain E. coli strains, in addition to the effect of autogenous vaccine application
[48], although there was no correlation between the antimicrobials used in the flocks and
the detected AMR genes (Supplementary Table S3). The implementation of the autoge-
nous vaccine induced genetic homogenization of the isolates [26,48], which increased the
selection pressure and alleviated the management of colibacillosis on the investigated
farms. The present results correspond to previous studies, which reported that the appli-
cation of autogenous vaccines alone or in combination with a commercial vaccine serves
well as a preventive measure on poultry farms [49-51]. The results showed a probable
positive interaction of the autogenous vaccine and antimicrobial treatment, which could
have reduced the overall prevalence of AMR genes on the farms in the long term. The
antimicrobials and the vaccine possibly interacted and formed a more powerful selection
mechanism where strains with AMR genes, if not removed by treatment, could be con-
trolled by the immune system. In addition, on the investigated farms, vaccination with
autogenous vaccines reduced the need for treatment with antimicrobials, therefore the
stimulation and emergence of resistant E. coli strains significantly decreased.

4. Conclusions

Genomic analysis showed that both MLST and SNP-based phylogeny can provide a
detailed characterization of E. coli strains, taking into consideration their virulence and
overall genetic relatedness. Although none of the STs or phylogenetic groups could be
associated with specific AMR genes, strains belonging to more uncommon STs and com-
mensal phylogenetic groups carried more AMR genes in most cases. The results showed
the highest prevalence of mdf(A) and sit operon genes, which provide a wide-spectrum
protection, indicating that the bacterial population was adapted over time by carrying less
specialized genes. The autogenous vaccine induced the lower heterogeneity of the strains
and possibly interacted with the antimicrobial treatment leading to the selection of strains
with a lower amount of AMR genes over time, which is consistent with previous research.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/microorganisms10020377/s1,Table S1: Description of isolates used
in this study. Isolates in bold were used for the production of autogenous vaccines for the next
consecutive flock on the farm, Table S2: Description of reference genomes used for the SNP analysis,
Table S3: The results of the Poisson regression analysis showing the incident rate, standard error
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(SE) and 95% confidence intervals (95% CI) between the antimicrobial treatment and AMR gene
prevalence among different flocks.
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5. DISCUSSION

E. coli is one of the most frequently reported causative agents of infection in the
poultry industry (GUABIRABA and SCHOULER, 2015; NOLAN et al., 2020). In
addition to its major impact on poultry production, it has a zoonotic potential and a role
as a reservoir for extraintestinal infections in humans (JORGENSEN et al., 2019).
Therefore, comprehensive longitudinal analyses of the strains after implementation of
autogenous vaccines to the vaccination program can provide information how to
improve the selection of strains for the vaccine development in the future.

E. coli strains investigated in this study have shown high genomic diversity, as
expected. The results of the phylogenetic analysis revealed that application of
autogenous E. coli vaccine induced a strain shift and led to a decreased genetic diversity
over time. Interestingly, the strain shift was not the same on both farms. On Farm A, the
prevalence of specific phylogenetic groups was highly dependent on the strains used in
the autogenous vaccine, as opposed to Farm B where phylogroup B2 showed resistance
to reduction despite vaccination (Paper 1.). In general, phylogenetic groups B2 and F are
considered highly virulent, as opposed to A, B1 and clades I-V, which are considered
commensal, especially the latter one, which is highly prevalent in the digestive tract of
birds (LESCAT et al., 2013). The strain shift was probably additionally influenced by
application of antimicrobials (Paper Il1.). Interaction of the autogenous vaccine and
antimicrobials could have created a more powerful selection mechanism, where highly
resistant strains were either removed by the treatment, or successfully controlled by the
immune system. Although intensive poultry farming is based on strictly controlled
production and good biosecurity practice, application of antimicrobials is inevitable in
case of disease outbreaks. However, exposure to antimicrobials can lead to selection
pressure and emergence of resistance (HEDMAN et al., 2020), while overuse of
antimicrobials can induce a strain shift (WALK et al., 2007; BIBBAL et al., 2009;
ZAKARIAZADEH et al., 2019). In this research, the overall frequency of AMR genes
decreased on both farms, with a more obvious change on Farm A (Paper Ill.). The
results also correspond to previous reports describing the higher prevalence of AMR
genes in the commensal strains, as opposed to pathogenic strains that carry more VAGS,
which was confirmed on Farm B (SMITH et al., 2007; CHAKRABORTY et al., 2015).
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The results of the phylotyping and MLST analysis overlapped in most cases,
confirming the efficacy of the phylogroup typing method (Paper I1.). Said method is
cost-effective and efficient in the everyday diagnostics, and should be used for
continuous monitoring of the strain diversity and suspected virulence.

MLST and SNP-based phylogenetic analyses confirmed the spatial-dependant
transmission of the strains, in most cases (Paper Il., Paper Ill.). Strain diversity
decreased over time, showing less genetic heterogeneity within the later flocks. Large
clusters mostly contained E. coli lineages originating from multiple flocks on a single
farm, additionally confirming the horizontal transmission of the strains. Out of 23
detected sequence types (STs), four constituted more than 60% of the total investigated
strains, of which ST95 and ST117 were the most prevalent with 42.24%. ST23, ST95
and ST117 are considered the dominant lineages in poultry, although they are all
adapted to colonize and cause an infection in poultry, livestock and humans, but to
different extent (MEHAT et al., 2021). From the abovementioned, ST95 is more
commonly associated with infections in humans. Here, ST95 showed the highest
prevalence (22.61%), confirming the zoonotic potential in addition to the genetic
similarity of the investigated strains to UPEC and NMEC isolates in the phylogenetic
analysis (Paper 11.). From the highly prevalent STs, ST23, ST95 and ST390 were
identified only on one farm, while ST117 was the only lineage detected on both farms
(Paper I1., Paper I11.). According to Ronco et al. (2016), the possible origin of ST117
are grandparent flocks, indicating the isolates were vertically transmitted to the progeny.
In this case, both farms have the same rearing flocks, which could have been the source
of this lineage that showed significantly high genetic homogeneity of the strains
originating from both farms.

Core-genome SNP phylogeny showed high homogeneity between the highly
virulent strains including ST117-F, ST95-B2, ST131-B2 and ST390-B2, which
originate from the same farm (Paper I11.). The results indicate these particular strains
averted the effect of the autogenous vaccine, but the application led to reduced clinical
implications and improved production performance of the birds. On the other hand,
vaccination on Farm A significantly affected the selection of strains, but showed to be
non-protective against the heterologous strains (Paper 111.), as previously suggested by
other researches (LANDMAN and VAN ECK, 2017; KOUTSIANOS et al., 2020).
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Identification based on the previously suggested five minimal predictors (iutA,
hlyF, iss, iroN, ompT) (JOHNSON et al., 2008; DE OLIVEIRA et al., 2015) showed
that only 58.82% and 84.38% of the investigated isolates on Farm A and B,
respectively, should be categorized as APEC. As these virulence factors were
significantly more prevalent in the highly virulent E. coli strains, they are considered
useful for distinguishing APEC from avian commensal fecal E. coli (RODRIGUEZ-
SIEK et al., 2005a; JOHNSON et al., 2006; JOHNSON et al., 2008). However, other
studies have reported that APEC contains various traits associated with intestinal E. coli
pathotypes, further complicating the classification (NOLAN et al., 2020). The same was
observed in this research. Out of 31 isolates that were not categorized as APEC, 58.06%
of the strains belonged to the commensal phylogenetic groups. On the other hand,
32.26% of the strains belonged to the pathogenic phylogenetic groups, indicating the
present set of predictors is insufficient and that phylotyping method according to the
Clermont protocol (CLERMONT et al., 2013) is more effective for routine diagnostics.

Analysis of the VAGs showed the highest prevalence of the chromosome-borne
genes, with the exception of iss gene, even though the plasmids containing PAIs are
considered a defining trait of APEC (NOLAN et al., 2020). High prevalence of the
bacteriocin-related toxins indicate a competitive phenotype of the bacteria, which
enables selection of one or few dominant phenotypes in the host and development of a
systemic infection (MAJEED et al., 2011). Colicins, i.e. bacteriocins produced by E.
coli (CASCALES et al., 2007), often serve as a model for studying the mechanisms of
bacteriocin action (MAJEED et al., 2011). In natural populations, 10-50% of E. coli
produce colicins and their production is cross-induced (GORDON AND O’BRIEN,
2006; BARNES et al., 2007; MAJEED et al., 2011). In addition, strains belonging to
phylogenetic group B2 often produce more than one type of bacteriocins (GORDON
and O’BRIEN, 2006), which presumably contributes to their virulence. Although APEC
are generally considered less toxigenic than mammalian pathogenic E. coli (NOLAN et
al., 2020), in this research genes encoding toxins were highly prevalent, while colicins
were present in up to 51.31% of the studied isolates, depending on the type of colicin
(Paper IL.).

The average number of VAGs per isolate showed an increasing trend on Farm A,

in parallel to the increasing prevalence of clades I-V (Papers 1., Paper 1l.), which are
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considered commensal. On the contrary, average number of VAGs on Farm B was
slightly decreasing, and the strains originating from the same farm showed high
similarities based on the phylogeny (Paper Il.). The overall virulence profiles of the
investigated isolates were strongly ST dependant (Paper 11.), confirming that MLST is
an efficient method for detection of E. coli clones (CHRISTENSEN et al., 2021). The
results obtained from the phylotyping method, MLST-phylogeny and VAG analysis
were visualized in the heatmap (Paper I1.), which additionally showed the relatedness of
the strains and confirmed the overlap in the results from different investigation methods.
Out of all gene groups studied in the research, iron acquisition factors have shown the
highest prevalence (Paper 11.). Various iron acquisition mechanisms, such as aerobactin,
sit or iro systems, are more frequently detected in the pathogenic strains as they enable
colonization of the host and are important in the pathogenesis of extraintestinal
colibacillosis (GAO et al., 2012; CAZA and KRONSTAD, 2013; SAROWSKA et al.,
2019; NOLAN et al., 2020). Therefore, their high prevalence was expected in the
studied isolates.

The results of the AMR gene analysis showed the highest prevalence of mdf(A)
and sit operon genes (Paper I11.). Expression of mdf(A) confers the multidrug resistance
(EDGAR et al., 1977; ONG et al., 2020), indicating the strains adapted to the
environment by carrying broad-spectrum specificity AMR genes. On the other hand, sit
operon genes mediate the transport of iron and manganese, and have a contributing role
as virulence factors, ultimately affecting the development of clinical infections (SABRI
et al., 2006; SABRI et al., 2008; NOLAN et al., 2020). Sit operon also increases
resistance to the bactericidal effects of hydrogen peroxide and, consequently, resistance
to oxidative stress (SABRI et al., 2006). Hydrogen peroxide is an effective mean of
cleaning the drinking water systems on farms (HANCOCK et al., 2007; MAHARJAN,
2013), so the continuous exposure to the residual disinfectant possibly induced
emergence of the corresponding resistance genes. As various classes of antimicrobials
have been used on the investigated farms, application could have disrupted the
prevalence of more specialized genes. Gene tet(A) also showed relatively high
prevalence (14.78%), which was probably a result of the frequent use of doxycycline as
antimicrobial treatment (Paper I11.). Interestingly, it was detected only on Farm A, and

predominantly in Flock 4 (64.71%), although it was used on both farms.
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Several factors in the last decade could have contributed to the emergence of E.
coli as a primary pathogen in poultry, including the reduced use of antimicrobials in
livestock production and intensification of poultry husbandry (MEHAT et al., 2021).
Use of antimicrobials on animal farms is difficult to control. Although the European
Commission banned their use as growth promoters in feed in 2006 (Regulation (EC) No
1831/2003), they are still frequently applied in order to prevent common disease
outbreaks. Unfortunately, their purchase and usage in animal production is not
efficiently controlled, and the overuse is significantly contributing to the growing global
problem of multidrug resistance. Thus, continuous monitoring of STs, VAGs and AMR
gene transmission could provide a better insight in the evolution and adaptation of
bacteria to current environment, and enable improvement of the disease control in the

future.
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. CONCLUSIONS

. Application of the autogenous vaccine affected the prevalence of phylogenetic groups
and phylogenetic relationships of APEC strains. Implementation of the autogenous
vaccine repressed most phylogenetic groups used in the vaccine, enabled selection of
specific groups and led to a strain shift on Farm A.

. Continuous application of autogenous vaccine gradually led to a lower genetic
diversity of E. coli strains on the investigated farms. Higher genetic homogeneity of
the isolates from the later flocks was confirmed based on the Clermont phylotyping
method, MLST and cgSNP-based phylogenetic analyses.

. Application of the autogenous vaccine did not lead to a lower genetic diversity of
VAGs. The average frequency of VAGs on Farm A increased over time, while on
Farm B it marginally decreased.

. Virulence gene profiles corresponded to specific STs and phylogenetic groups of E.
coli isolates. Out of the highly prevalent sequence types, ST95, ST390 and ST131
had the highest average number of VAGs per isolate.

. In total, 23 sequence types were identified, of which ST95, ST117, ST390 and ST23
constituted 62.61% of the STs.

. Most STs were present only on one farm, showing the transmission of E. coli is
generally horizontal. ST117 was the only sequence type present on both farms,
indicating the transmission possibly occurred vertically from the grandparent flocks
or the rearing houses.

. AMR gene analysis showed the highest prevalence of gene mdf(A), which provides a
wide-spectrum protection against six classes of antimicrobials, and sit operon genes
that mediate the transport of iron and manganese and have an important role as
virulence factors.

. None of the STs and phylogenetic groups could be associated with specific AMR
genes, but the overall prevalence of AMR genes was higher in the commensal
strains.

. Interaction between the autogenous vaccine and antimicrobial treatment possibly led
to a gradual decrease of AMR genes on both farms.

10. Genomic analysis showed that both MLST and cgSNP-based phylogeny could

provide a detailed clonal characterization of E. coli isolates.

54



7. BIBLIOGRAPHY

ANTAO, E.-M. (2010): Identification of avian pathogenic E. coli (APEC) genes
important for the colonization of the chicken lung and characterization of the novel
EXPEC adhesion 1. Dissertation, Faculty of Mathematics and Natural Sciences,

Humboldt University of Berlin, Berlin, Germany.

BARNES, B., H. SIDHU, D. M. GORDON (2007): Host gastro-intestinal dynamics and
the frequency of colicin production by Escherichia coli. Microbiology. 153, 2823-
2827.

BELANGER, L., A. GARENAUX, J. HAREL, M. BOULIANNE, E. NADEAU, C. M.
DOZOIS (2011): Escherichia coli from animal reservoirs as a potential source of
human extraintestinal pathogenic E. coli. FEMS Immunol. Med. Microbiol. 62(1),
1-10.

BIBBAL, D., V. DUPOUY, M. F. PRERE, P. L. TOUTAIN, A. BOUSQUET-MELOU
(2009): Relatedness of Escherichia coli strains with different susceptibility
phenotypes isolated from swine feces during ampicillin treatment. Appl. Environ.
Microbiol. 75(10), 2999-3006.

BLANC, D. S., B. MAGALHAES, I. KOENIG, L. SENN, B. GRANDBASTIEN
(2020): Comparison of whole genome (wg-) and core genome (cg-) MLST
(BioNumerics™) versus SNP variant calling for epidemiological investigation of

Pseudomonas aeruginosa. Front. Microbiol. 11, 1-7.

BLATTNER, F. R., G. PLUNKETT IIl, C. A. BLOCH, N. T. PERNA, V. BURLAND,
M. RILEY, J. COLLADO-VIDES, J. D. GLASNER, C. K. RODE, G. F.
MAYHEW, J. GREGOR, N. WAYNE DAVIS, H. A. KIRKPATRICK, M. A.
GOEDEN, D. J. ROSE, B. MAU, Y. SHAO (1997): The complete genome
sequence of Escherichia coli K-12. Science. 277, 1453-1462.

BORTOLAIA, V., R. S. KAAS, E. RUPPE, M. C. ROBERTS, S. SCHWARZ, V.
CATTOIR, A. PHILIPPON, R. L. ALLESOE, A. R. REBELO, A. F. FLORENSA,
L. FAGELHAUER, T. CHAKRABORTY, B. NEUMANN, G. WERNER, J. K.
BENDER, K. STINGL, M. NGUYEN, J. COPPENS, B. B. XAVIER, S.

55



MALHOTRA-KUMAR, H. WESTH, M. PINHOLT, M. F. ANJUM, N. A.
DUGGETT, 1. KEMPF, S. NYKASENOIJA, S. OLKKOLA, K. WIECZOREK, M.
AMARO, L. CLEMENTE, J. MOSSONG, S. LOSCH, C. RAGIMBEAU, O.
LUND, F. M. AARESTRUP (2020): ResFinder 4.0 for predictions of phenotypes
from genotypes. J. Antimicrob. Chemother. 75, 3491-3500.

CARLOS, C., M. M. PIRES, N. C. STOPPE, E. M. HACHICH, M. I. Z. SATO, T. A.
T. GOMES, L. A. AMARAL, L. M. M. OTTOBONI (2010): Escherichia coli
phylogenetic group determination and its application in the identification of the

major animal source of fecal contamination. BMC Microbiol. 10, 161-171.

CASCALES, E., S. K. BUCHANAN, D. DUCHE, C. KLEANTHOUS, R. LLOUBES,
K. POSTLE, M. RILEY, S. SLATIN, D. CAVARD (2007): Colicin biology.
Microbiol. Mol. Biol. Rev. 71(1), 158-229.

CAZA, M., J. W. KRONSTAD (2013): Shared and distinct mechanisms of iron
acquisition by bacterial and fungal pathogens of humans. Front. Cell. Infect.
Microbiol. 3, 1-23.

CHAKRABORTY, A,, V. SARALAYA, P. ADHIKARI, S. SHENOQY, S. BALIGA, A.
HEGDE (2015): Characterization of Escherichia coli phylogenetic groups
associated with extraintestinal infections in South Indian population. Ann. Med.
Health Sci. Res. 5, 241-246.

CHANTZIARAS, I., A. SMET, F. HAESEBROUK, F. BOYEN, J. DEWULF (2017):
Studying the effect of administration route and treatment dose on the selection of
enrofloxacin resistance in commensal Escherichia coli in broilers. J. Antimicrob.
Chemother. 72(7), 1991-2001.

CHRISTENSEN, H., J. BACHMEIER, M. BISGAARD (2021): New strategies to
prevent and control avian pathogenic Escherichia coli (APEC). Avian Pathol.
50(5), 370-381.

CLERMONT, O., M. OLIER, C. HOEDE, L. DIANCOURT, S. BRISSE, M.
KEROUDEAN, J. GLODT, B. PICARD, E. OSWALD, E. DENAMUR (2011):

Animal and human pathogenic Escherichia coli strains share common genetic

56



backgrounds. Infect. Genet. Evol. 11, 654-662.

CLERMONT, O., J. K. CHRISTENSON, E. DENAMUR, D. M. GORDON (2013):
The Clermont Escherichia coli phylo-typing method revisited: Improvement of
specificity and detection of new phylo-groups. Environ. Microbiol. Rep. 5(1), 58—
65.

CLERMONT, O., O. V. A. DIXIT, B. VANGCHHIA, B. CONDAMINE, S. DION, A.
BRIDIER-NAHMIAS, E. DENAMUR, D. GORDON (2019): Characterization and
rapid identification of phylogroup G in Escherichia coli, a lineage with high

virulence and antibiotic resistance potential. Environ. Microbiol. 21(8), 3107-3117.

DE OLIVEIRA, A. L., D. A. ROCHA, F. FINKLER, L. B. DE MORAES, N. L.
BARBIERI, D. B. PAVANELO, C. WINKLER, T. T. GRASSOTTI, K. C. T. DE
BRITO, B. G. DE BRITO, F. HORN (2015): Prevalence of ColV plasmid-linked
genes and in vivo pathogenicity of avian strains of Escherichia coli. Foodborne
Pathog. Dis. 12(8), 679-685.

DENAMUR, E., O. CLERMONT, S. BONACORSI, D. GORDON (2020): The
population genetics of pathogenic Escherichia coli. Nat. Rev. Microbiol. 19(1), 37-
54,

DZIVA, F., M. P. STEVENS (2008): Colibacillosis in poultry: Unravelling the
molecular basis of virulence of avian pathogenic Escherichia coli in their natural
hosts. Avian Pathol. 37(4), 355-366.

EDGAR, R., E. BIBI (1977): MdfA, an Escherichia coli multidrug resistance protein
with an extraordinarily broad spectrum of drug recognition. J. Bacteriol. 179,
2274-2280.

ELFADIL, A. A, J.-P. VAILLANCOURT, A. H. MEEK, R. J. JULIAN, C. L. GYLES
(1996): Description of cellulitis lesions and associations between cellulitis and

other categories of condemnation. Avian Dis. 40(3), 690-698.

ESCOBAR-PARAMO, P., A. LE MENAC’H, T. LE GALL, C. AMORIN, S.
GOURIQU, B. PICARD, D. SKURNIK, E. DENAMUR (2006): Identification of

S7



forces shaping the commensal Escherichia coli genetic structure by comparing
animal and human isolates. Environ. Microbiol. 8(11), 1975-1984.

EWERS, C., G. LI, H. WILKING, S. KIERLING, K. ALT, E. M. ANTAO, C.
LATURNUS, |. DIEHL, S. GLODDE, T. HOMEIER, U. BOHNKE, H.
STEINRUCK, H. C. PHILIPP, L. H. WIELER (2007): Avian pathogenic,
uropathogenic, and newborn meningitis-causing Escherichia coli: How closely
related are they? Int. J. Med. Microbiol. 297(3), 163-176.

GAO, Q., X. WANG, H. XU, Y. XU, J. LING, D. ZHANG, S. GAO, X. LIU (2012):
Roles of iron acquisition systems in virulence of extraintestinal pathogenic
Escherichia coli: salmochelin and aerobactin contribute more to virulence than
heme in a chicken infection model. BMC Microbiol. 12, 143-154.

GHUNAIM, H.,, M. A. A. MADI, S. KARIYAWASAN (2014): Advances in
vaccination against avian pathogenic Escherichia coli respiratory disease:
potentials and limitations. Vet. Microbiol. 172(1-2), 13-22.

GOMIS, S. M., R. GOODHOPE, L. KUMOR, N. CADDY, C. RIDDELL, A. A.
POTTER, B. J. ALLAN (1997): Isolation od Escherichia coli from cellulitis and
other lesions of the same bird in broiler at slaughter. Can. Vet. J. 38(3), 159-162.

GORDON, D. M., C. L. O'BRIEN (2006): Bacteriocin diversity and the frequency of
multiple bacteriocin production in Escherichia coli. Microbiology. 152, 3239-
3244,

GUABIRABA, R., C. SCHOULER (2015): Avian colibacillosis: Still many black holes.
FEMS Microbiol. Lett. 362(15), 1-8.

HANCOCK, A., J. HUGHER, S. WATKINS (2007): In search of the ideal water line

cleaner. Avian advice. 9(1), 1-4.

HEDMAN, H. D., K. A. VASCO, L. ZHANG (2020): A review of antimicrobials

resistance in poultry farming within low-resource settings. Animals. 10, 1-35.

IEVY, S., M. S. ISLAM, M. A. SOBUR, M. TALUKDER, M. B. RAHMAN, M. F. R.
KHAN, M. T. RAHMAN (2020): Molecular detection of avian pathogenic

58



Escherichia coli (APEC) for the first time in layer farms in Bangladesh and their

antibiotic resistance patterns. Microorganisms. 8(7), 1021-1035.

JOHNSON, T. J.,, K. E. SIEK, S. J. JOHNSON, L. K. NOLAN (2006): DNA sequence
of a ColV plasmid and prevalence of selected plasmid-encoded virulence genes

among avian Escherichia coli strains. J. Bacteriol. 188(2), 745-758.

JOHNSON, T. J., Y. WANNEMUEHLER, C. DOETKOTT, S. J. JOHNSON, S. C.
ROSEBNBERGER, L. K. NOLAN (2008): Identification of minimal predictors of
avian pathogenic Escherichia coli virulence for use as a rapid diagnostic tool. J.
Clin. Microbiol. 46(12), 3987-3996.

JOHNSON, T. J., C. M. LOGUE, Y. MANNEMUEHLER, S. KARIYAWASAM, C.
DOETKOTT, C. DEBROY, D. G. WHITE, L. K. NOLAN (2009): Examination of
the source and extended virulence genotypes of Escherichia coli contaminating
retail poultry meat. Foodborne Pathog. Dis. 6(6), 657-667.

JOHNSON, T. J., D. JORDAN, S. KARIYAWASAM, A. L. STELL, N. P. BELL, Y.
M. WANNEMUEHLER, C. FERNANDEZ-ALARCON, G. LI, K. A.
TIVENDALE, C. M. LOGUE, L. K. NOLAN (2010): Sequence analysis and
characterization of a transferable hybrid plasmid encoding multidrug resistance and
enabling zoonotic potential for extraintestinal Escherichia coli. Infect. Immun.
78(5), 1931-1942.

JORDAN, F. T.W., N. J. WILLIAMS, A. WATTRET, T. JONES (2005): Observations
on salpingitis, peritonitis and salpingoperitonitis in a layer breeder flock. Vet. Rec.
157 (19), 573-577.

JORGENSEN, S. L., E. KUDIRKIENE, L. LI, J. P. CHRISTENSEN, J. E. OLSEN, L.
NOLAN, R. H. OLSEN (2017): Chromosomal features of Escherichia coli
serotype O2:K2, an avian pathogenic E. coli. Stand. Genomic Sci. 12, 33-41.

JORGENSEN, S. L., M. STEGGER, E. KUDIRKIENE, B. LJILJE, L. L. POULSEN,
T. RONCO, T. PIRES DOS SANTOS, K. KILL, M. BISGAARD, K. PEDERSEN,
L. K. NOLAN, L. B. PRICE, R. H. OLSEN, P. S. ANDERSEN, H.
CHRISTENSEN (2019): Diversity and population overlap between avian and

59



human Escherichia coli belonging to sequence type 95. mSphere 4:e00333.

KATHAYAT, D., D. LOKESH, S. RANJIT, G. RAJASHEKARA (2021): Avian
pathogenic Escherichia coli (APEC): An overview of virulence and pathogenesis

factors, zoonotic potential, and control strategies. Pathogens. 10(4), 467-498.

KOUTSIANQOS, D., H. GANTELET, G. FRANZO, M. LECOUPEUR, E. THIBAULT,
M. CECCHINATO, K. C. KOUTOULIS (2020): An assessment of the level of
protection against colibacillosis conferred by several autogenous and/or
commercial vaccination programs in conventional pullets upon experimental
challenge. Vet. Sci. 7(3), 1-12.

KUMAR, S., G. STECHER, M. LI, C. KNYAZ, K. TAMURA (2018): MEGA X:
Molecular evolutionary genetics analysis across computing platforms. Mol. Biol.
Evol. 35(6), 1547-1549.

LANDMAN, W. J. M., A. HEUVELINK, J. H. H. VAN ECK (2013): Reproduction of
the Escherichia coli peritonitis syndrome in laying hens. Avian Pathol. 42(2), 157-
162.

LANDMAN, W. J. M., G. J. BUTER, R. DUKMAN, J. H. H. VAN ECK (2014):
Molecular typing of avian pathogenic Escherichia coli colonies originating from
outbreaks of E. coli peritonitis syndrome in chicken flocks. Avian Pathol. 43(4),
345-356.

LANDMAN, W. J. M., J. H. H. VAN ECK (2015): The incidence and economic impact
of the Escherichia coli peritonitis syndrome in Dutch poultry farming. Avian
Pathol. 44(5), 370-378.

LANDMAN, W. J. M., J. H. H. VAN ECK (2017): The efficacy of inactivated
Escherichia coli autogenous vaccines against the E. coli peritonitis syndrome in
layers. Avian Pathol. 46(6), 658-665.

LARSEN, M. V., S. COSENTINO, S. RASMUSSEN, C. FRIIS, H. HASMAN, R. L.
MARVIG, L. JELSBAK, T. SICHERITZ-PONTEN, D. W. USSERY, F. M.
AARESTRUP, O. LUND (2012): Multilocus sequence typing of total genome

60



sequenced bacteria. J. Clin. Microbiol. 50(4), 1355-1361.

LESCAT, M., O. CLERMONT, P. L. WOERTHER, J. GLODT, S. DION, D.
SKURNIK, F. DJOSSOU, C. DUPONT, G. PERROZ, B. PICARD, F.
CATZEFLIS, A. ANDREMONT, E. DENAMUR (2013): Commensal Escherichia
coli strains in Guiana reveal a high genetic diversity with host-dependant

population structure. Environ. Microbiol. Rep. 5(1), 49-57.

LI, L., I. THOFNER, J. P. CHRISTENSEN, T. RONCO, K. PEDERSEN, R. H.
OLSEN (2017): Evaluation of the efficacy of an autogenous Escherichia coli
vaccine in broiler breeders. Avian Pathol. 46(3), 300-308.

MAGEIROS, L., G. MERIC, S. C. BAYLISS, J. PENSAR, B. PASCOE, E.
MOURKAS, J. K. CALLAND, K. YAHARA, S. MURRAY, T. S. WILKINSON,
L. K WILLIAMS, M. D. HITCHINGS, J. PORTER, K. KEMMETT, E. J. FEIL,
K. A. JOLLEY, N. J. WILLIAMS, J. CORANDER, S. K. SHEPPARD (2021):
Genome evaluation and the emergence of pathogenicity in avian Escherichia coli.
Nat. Commun. 12, 765-767.

MAHARJAN, P. (2013): Evaluation of water sanitation options for poultry production.
MSc Thesis, Center of Excellence for Poultry Science, University of Arkansas,

Fayetteville, USA.

MAJEED, H., O. GILLOR, B. KERR, M. A. RILEY (2011): Competitive interactions

in Escherichia coli populations: The role of bacteriocins. ISME J. 5, 71-81.

MANGES, A. R, J. R. JOHNSON (2012): Food-borne origins of Escherichia coli
causing extraintestinal infections. Clin. Infect. Dis. 55(5), 712-719.

MANGES, A. R. (2016): Escherichia coli and urinary tract infections: The role of
poultry-meat. Clin. Microbiol. Infect. 22(2), 122-129.

MATTHUS, M. G. R.,, M. P. ARIAANS, R. M. DWARS, J. H. H. VAN ECK, A.
BOUMA, A. STEGEMAN, L. VERVELDE (2009): Course of infection and
immune responses in the respiratory tract of IBV infected broilers after

superinfection with E. coli. Vet. Immunol. Immunopathol. 127(1-2), 77-84.

61



MEHAT, J. W., A. H. M. VAN VLIET, R. M. LA RAGIONE (2021): The Avian
Pathogenic Escherichia coli (APEC) pathotype is comprised of multiple distinct,
independent genotypes. Avian Pathol. 50(5), 402-416.

MELLATA, M. (2013): Human and avian extraintestinal pathogenic Escherichia coli:
Infections, zoonotic risks, and antibiotic resistance trends. Foodborne Pathog. Dis.
10(11), 916-932.

MOULIN-SCHOULEUR, M., M. REPERANT, S. LAURENT, A. BREE, S.
MIGNON-GRASTEAU, P. GERMON, D. RASSCHAERT, C. SCHOULER
(2007): Extraintestinal pathogenic Escherichia coli strains of avian and human
origin: Link between phylogenetic relationships and common virulence patterns. J.
Clin. Microbiol. 45(10), 3366-3376.

NAGARAJA, K. V., D. A, EMERY, K. A.,, JORDAN, J. A. NEWMAN, B. S.
POMEROQY (1983): Scanning electron microscopic studies of adverse effects of
ammonia on tracheal tissues of turkeys. Am. J. Vet. Res. 44(8), 1530-1536.

NJI, E., J. KAZIBWE, T. HAMBRIDGE, C. A. JOKO, A. A. LARBI, L. A. O.
DAMPTEY, N. A. NKANSA-GYAMFI, C. STALSBY LUNDBORG, L. T. Q.
LIEN (2021): High prevalence of antibiotic resistance in commensal Escherichia

coli from healthy human sources in community settings. Sci. Rep. 11, 1-11.

NOLAN, L. K., C. M. LOGUE, N. L. BARBIERI (2019): APEC: A global one health
pathogen and the myths that complicate its control. Proceedings of the XXIst
World Veterinary Poultry Association Congress, 16-20 September 2019, Bangkok,
Thailand, pp. 86-90.

NOLAN, L. K., J.-P. VAILLANCOURT, N. L. BARBIERI, C. M. LOGUE (2020):
Colibacillosis. In: Diseases of Poultry, 14" Ed. (Swayne, D. E., Ed.), Wiley-
Blackwell, Hoboken, New Jersey, USA, pp. 770-860.

ONDERKA, D. K., J. A. HANSON, K. R. MCMILLAN, B. ALLAN (1997):
Escherichia coli associated cellulitis in broiler: Correlation with systemic infection
and microscopic visceral lesions, and evaluation for skin trimming. Avian Dis.
41(4), 935-940.

62



ONG, K. H.,, W. C. KHOR, J. Y. QUEK, Z. X. LOW, S. ARIVALAN, M. HUMAIDI,
C. CHUA, K. L. G. SEOW, S. GUO, M. Y. F. TAY, J. SCHLUNDT, L. C. NG, K.
T. AUNG (2020): Occurrence and antimicrobial resistance traits of Escherichia
coli from wild birds and rodents in Singapure. Int. J. Environ. Res. Public Health
17, 5606-5622.

PAUDEL, S., B. STESSL, C. HESS, A. ZLOCH, M. HESS (2016): High genetic
diversity among extraintestinal Escherichia coli isolates in pullets and layers
revealed by a longitudinal study. BMC Vet. Res. 12(1), 1-13.

POULSEN, L. L., I. THOGFNER, M. BISGAARD, J. P. CHRISTENSEN, R. H.
OLSEN, H. CHRISTENSEN (2017): Longitudinal study of transmission of
Escherichia coli from broiler breeders to broilers. VVet. Microbiol. 207, 13-18.

PICARD, B., J. S. GARCIA, S. GOURIOUS, P. DURIEZ, N. BRAHIMI, E. BINGEN,
J. ELION, E. DENAMUR (1999): The link between phylogeny and virulence in

Escherichia coli extraintestinal infection. Infect. Immun. 67(2), 546-553.

PIRES-DOS-SANTOS, T., M. BISGAARD, H. CHRISTENSEN (2013): Genetic
diversity and virulence profiles of Escherichia coli causing salpingitis and
peritonitis in broiler breeders. Vet. Microbiol. 162(2-4), 873-880.

POULSEN, L. L., I. THOGFNER, M. BISGAARD, J. P. CHRISTENSEN, R. H.
OLSEN, H. CHRISTENSEN (2017): Longitudinal study of transmission of

Escherichia coli from broiler breeders to broilers. VVet. Microbiol. 207, 13-18.

POULSEN, L. L., E. KUDIRKIENE, S. L. JORGENSEN, S. P. DJORDJEVIC, M. L.
CUMMINS, J. P. CHRISTENSEN, H. CHRISTENSEN, M. BISGAARD, I.
THOFNER (2020): Whole genome sequence comparison of avian pathogenic
Escherichia coli form acute and chronic salpingitis of egg laying hens. BMC Véet.
Res. 16, 1-9.

Regulation (EC) No 1831/2003 of the European Parliament and of the Council of 22
September 2003 on additives for use in animal nutrition [2003] OJ L268/29.

RODRIGUEZ-SIEK, K., C. GIDDINGS, C. DOETKOTT, T. JOHNSON, L. NOLAN

63



(2005a): Characterizing the APEC pathotype. BMC Vet. Res. 36(2), 241-256.

RODRIGUEZ-SIEK, K., C. W. GIDDINGS, C. DOETKOTT, T. J. JOHNSON, M. K.
FAKHR, L. K. NOLAN (2005b): Comparison of Escherichia coli isolates
implicated in human urinary tract infection and avian colibacillosis. Microbiol.
151(6), 2097-2110.

RONCO, T., M. STEGGER, P. S. ANDERSEN, K. PEDERSEN, L. LI, I. C. N.
THOFNER, R. H. OLSEN (2016): Draft genome sequences of two avian
pathogenic Escherichia coli strains of clinical importance, E44 and E51. Genome
Announc. 4:e00768.

SABRI, M., S. LEVEILLE, C. M. DOZOIS (2006): A SitABCD homologue from an
avian pathogenic Escherichia coli strain mediates transport of iron and manganese

and resistance to hydrogen peroxide. Microbiology. 152, 745-758.

SABRI, M., M. CAZA, J. PROULX, M. H. LYMBEROPOULOS, A. BREE, M.
MOULIN-SCHOULEUR, R. CURTISS llI, C. M. DOZOIS (2008): Contribution
of the SitABCD, MntH, and FeoB metal transporters to the virulence of avian

pathogenic Escherichia coli O78 strain x7122. Infec. Immun. 76, 601-611.

SAROWSKA, J., B. FUTOMA-KOLOCH, A. JAMA-KMIECIK, M. FREJ-
MADRZAK, M. KSIAZCZYK, G. BUGLA-PLOSKONSKA, |. CHOROSZY-
KROL (2019): Virulence factors, prevalence and potential transmission of
extraintestinal pathogenic Escherichia coli isolated from different sources: Recent
reports. Gut Pathog. 11(10), 1-16.

SELANDER, R. K., J. M. MUSSER, D. A. CAUGANT, M. N. GILMOUR, T. S.
WHITTAM (1987): Population genetics of pathogenic bacteria. Microb. Pathog.
3(1), 1-7.

SHELDON, I. M., A. N. RYCROFT, B. DOGAN, M. CRAVEN, J. J. BROMFIELD,
A. CHANDLER, M. H. ROBERTS, S. B. PRICE, R. O. GILBERT, K. W,
SIMPSON (2010): Specific strains of Escherichia coli are pathogenic for the
endometrium of cattle and cause pelvic inflammatory disease in cattle and mice.
PloS One. 5(2):€9192.

64



SHEPPARD, S. K., D. S. GUTTMAN, J. R. FITZGERALD (2018): Population
genomics of bacterial host adaptation. Nat. Rev. Genet. 19(9), 549-565.

SHPIGEL, N. Y., S. ELAZAR, |. ROSENSHINE (2008): Mammary pathogenic
Escherichia coli. Curr. Opin. Microbiol. 11(1), 60-65.

SINGER, R. S., L. A. COX JR,, J. S. DICKSON, H. S. HURD, I. PHILLIPS, G. Y
MILLER (2007): Modeling the relationship betweed food animal health and
human foodborne illness. Prev. Vet. Med. 79(2-4), 186-203.

SKYBERG, J. A, T. J. JOHNSON, J. R. JOHNSON, C. CLABOTS, C. M. LOGUE, L.
K. NOLAN (2006): Acquisition of avian pathogenic Escherichia coli plasmids by
a commensal E. coli isolate enhances its ability to kill chicken embryos, grow in

human urine, and colonize the murine kidney. Infect. Immun. 74(11), 6287-6902.

SMITH, J. L, P. M. FRATAMICO, N. W. GUNTHER (2007): Extraintestinal
pathogenic Escherichia coli. Foodborne Pathog. Dis. 4, 134-163.

TERLIZZI, M. E., G. GRIBAUDO, M. E. MAFFEI (2017): Uropathogenic Escherichia
coli (UPEC) infections: Virulence factors, bladder responses, antibiotic, and non-

antibiotic antimicrobial strategies. Front. Microbiol. 8, 1-23.

TOUCHON, M., C. HOEDE, O. TENAILLON, V. BARBE, S. BAERISWYL, P.
BIDET, E. BINGEN, S. BONACORSI, C. BOUCHIER, O. BOUVET, A.
CALTEAU, H. CHIAPELLO, O. CLERMONT, S. CRUVEILLER, A.
DANCHIN, M. DIARD, C. DOSSAT, M. EL KAROUI, E. FRAPY, L. GARRY,
J. M. GHIGO, A. M. GILLES, J. JOHNSON, C. LE BOUGUENEC, M. LESCAT,
S. MANGENOT, V. MARTINEZ-JEHANNE, I. MATIC, X. NASSIF, S. OZTAS,
M. A. PETIT, C. PICHON, Z. ROUY, C. S. RUF, D. SCHNEIDER, J. TOURRET,
B. VACHERIE, D. VALLENET, C. MEDIGUE, E. P. C. ROCHA, E.
DENAMUR (2009): Organised genome dynamics in the Escherichia coli species
results in highly diverse adaptive paths. PL0oS Genet. 5:e1000344.

WALK, S. T., J. M. MLADONICKY, J. A. MIDDLETON, A. J. HEIDT, J. R.
CUNNINGHAM, P. BARTLETT, K. SATO, T. S. WHITTAM (2007): Influence

of antibiotic selection on genetic composition of Escherichia coli populations from

65



conventional and organic dairy farms. Appl. Environ. Microbiol. 73(19), 5982—
5989.

WU, J., M. WU, T. CHEN, R. JIANG (2016): Whole genome sequencing and its
applications in medical genetics. Quant. Biol. 4(2), 115-128.

ZAKARIAZADEH, N., J. SHAYEGH, A. GHORBANI. 2019. Phylogenetic typing and
virulence gene profile of pathogenic and commensal avian Escherichia coli in Iran:
A notable finding. Comp. Clin. Path. 28, 525-530.

ZANELLA, A., G. L. ALBORALI, M. BARDOTTI, P. CANDOTTI, P. F.
GUADAGNINI, P. A. MARTINO, M. STONFER (2000): Severe Escherichia coli
0111 septicaemia and polyserositis in hens at the star of lay. Avian Pathol. 29(4),
311-317.

ZHANG, H., X. CHEN, L. K. NOLAN, W. ZHANG, G. LI (2019): Identification of
host adaptation genes in extraintestinal pathogenic Escherichia coli during

infection in different hosts. Infect. Immun. 87:¢00666.

66



8. APPENDICES

Supplementary Table S1 from Paper I. Description of strains used in the study.

Farm Flock Phylogroup Organ of origin Age of the
bird (wk)

A 1 D2 liver 33

Bl liver 33

A liver 33

A liver 33

A liver 33

A liver 33

F lungs 33

F liver 35

F liver 35

F liver 35

2 A liver 34

C liver 34

A liver 34

A liver 34

A peritoneum 34

A peritoneum 34

Bl peritoneum 34

unknown peritoneum 34

unknown peritoneum 34

unknown peritoneum 38

Bl liver 43

F peritoneum 43

A lungs 47

B2 oviduct 56

3 F peritoneum 25

F bone marrow 25

F oviduct 25

F peritoneum 25

F liver 25

F liver 25

F liver 44

F liver 49

F peritoneum 49

F liver 49

F bone marrow 49

A peritoneum 55

F peritoneum 55

F peritoneum 55

4 clade I/11 peritoneum 25

clade I/11 liver 25

clade I/11 peritoneum 25
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clade I/11 liver 25
C oviduct 25
clade I/11 liver 32
clade I/11 bone marrow 32
A liver 32
C bone marrow 36
C bone marrow 36
F liver 41
F peritoneum 41
D peritoneum 41
ot liver 49
°B2 peritoneum 49
B2 liver 49
F liver 62
F peritoneum 62
*B2 peritoneum 62
*B2 liver 62
°E liver 62
°B2 peritoneum 62
F peritoneum 62
B2 liver 62
B2 peritoneum 62
A liver 62
C peritoneum 29
A peritoneum 39
B2 peritoneum 41
0A oviduct 41
0B2 subcutaneous caseous 41
exudate

AB2 liver 41
AB2 oviduct 41
AB2 pericardium 41
B2 liver 46
B2 liver 46
F peritoneum 46
B2 peritoneum 46
A peritoneum 46
A peritoneum 46
B2 liver 46
F liver 53
B2 peritoneum 53
B2 liver 53
B2 bone marrow 60
B2 liver 60
B2 bone marrow 60
F liver 22
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F liver 22
clade I/11 liver 22
B2 bone marrow 35

F oviduct 35
clade I/11 peritoneum 35
F bone marrow 35

F liver 41

A liver 41

A liver 41

F liver 51

F bone marrow 51

B2 liver 58
B2 peritoneum 58
B2 bone marrow 58

5 B2 peritoneum 37
B2 peritoneum 37
B2 liver 37
B2 bone marrow 39
B2 bone marrow 39
B2 bone marrow 39
B2 peritoneum 43
B2 liver 43
B2 liver 43
B2 liver 43
B2 liver 43
B2 peritoneum 43
B2 liver 43

aStrains used for the production of autogenous vaccine are written in bold. Isolates from

the present flock were always used for the production of the vaccine for the next flock.

bStrains marked with same symbols (o/+/2/+/¢/a) originate from the same bird.
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Supplementary Table S1 from Paper Il. Description of isolates used in this study.
Isolates in bold were used for the production of autogenous vaccines for the next
consecutive flock on the farm.

Surveillance (S)/

Farm-Flock Isolate Location of isolation ST Outbreak () Accession number
A-1 9 liver 8573 O SAMN16954579
A-1 13 liver 162 @) SAMN16954580
A-1 17 liver 48 O SAMN16954581
A-1 20 liver 48 O SAMN16954582
A-1 21 liver 48 O SAMN16954583
A-1 27 liver 48 O SAMN16954584
A-1 29 lungs 1485 O SAMN16954585
A-1 47 liver 117 S SAMN16954586
A-1 50 liver 117 S SAMN16954587
A-1 52 liver 117 S SAMN16954588
A-2 116 liver 10 O SAMN16954591
A-2 117 liver 10 O SAMN16954592
A-2 118 liver 10 @) SAMN16954593
A-2 121 liver 7013 O SAMN16954594
A-2 124 peritoneum 162 O SAMN16954595
A-2 125 peritoneum 162 @) SAMN16954596
A-2 126 peritoneum 162 @) SAMN16954597
A-2 127 peritoneum 162 O SAMN16954598
A-2 128 peritoneum 162 O SAMN16954599
A-2 140 peritoneum 162 O SAMN16954600
A-2 146 liver 3232 S SAMN16954601
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A-2 149 peritoneum 117 S SAMN16954602
A-2 152 lungs 616 S SAMN16954603
A-2 173 oviduct 429 S SAMN16954604
A-3 466 peritoneum 117 @) SAMN16954605
A-3 467 bone marrow 117 @) SAMN16954606
A-3 469 oviduct 117 O SAMN16954607
A-3 470 peritoneum 117 O SAMN16954608
A-3 474 bone marrow 117 @) SAMN16954609
A-3 607 liver 117 S SAMN16954612
A-3 632 liver 135 S SAMN16954613
A-3 633 peritoneum 117 S SAMN16954614
A-3 637 liver 135 S SAMN16954615
A-3 639 bone marrow 135 S SAMN16954616
A-3 731 peritoneum 101 S SAMN16966892
A-3 733 peritoneum unknown S SAMN16966893
A-3 734 peritoneum 10 S SAMN16966894
A-4 951 peritoneum 23 O SAMN16966900
A-4 967 liver 23 O SAMN16966902
A-4 968 peritoneum 23 @) SAMN16966903
A-4 970 peritoneum 23 O SAMN16967643
A-4 971 liver 23 O SAMN16967644
A-4 975 oviduct 23 O SAMN16967645
A-4 1025 liver 23 S SAMN16967646
A-4 1028 bone marrow 23 S SAMN16967647
A-4 1031 liver 23 S SAMN16967648
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A-4 1124 bone marrow 23 S SAMN16967651
A-4 1125 bone marrow 23 S SAMN16967652
A-4 1206 liver 117 O SAMN16967653
A-4 1207 peritoneum 117 @) SAMN16967654
A-4 1209 peritoneum 69 O SAMN16967682
B-1 1 liver 117 O SAMN16951411
B-1 3 peritoneum 390 O SAMN16951412
B-1 5 liver 390 @) SAMN16951413
B-1 32 liver 117 O SAMN16951414
B-1 33 peritoneum 117 O SAMN16951415
B-1 34 peritoneum 390 O SAMN16951416
B-1 36 liver 390 O SAMN16951417
B-1 38 liver 95 O SAMN16951418
B-1 39 peritoneum 95 @) SAMN16951419
B-1 41 peritoneum 117 O SAMN16951420
B-1 43 liver 390 O SAMN16951421
B-1 44 peritoneum 390 @) SAMN16951422
B-1 46 liver 297 @) SAMN16951423
B-2 68 peritoneum 46 S SAMN16954590
B-2 79 peritoneum 390 S SAMN16951424
B-2 80 oviduct 390 S SAMN16951425
B2 83 subcutaneous caseous 390 S SAMN16951426
exudate
B-2 85 liver 390 S SAMN16951427
B-2 87 oviduct 390 S SAMN16951428
B-2 88 pericard 390 S SAMN16951429
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B-3 324 liver 95 O SAMN16951430
B-3 325 peritoneum 95 @) SAMN16951431
B-3 327 peritoneum 95 @) SAMN16951432
B-3 328 liver 95 O SAMN16951433
B-3 333 peritoneum 131 O SAMN16951434
B-3 342 peritoneum 95 O SAMN16951435
B-3 344 peritoneum 93 @) SAMN16951436
B-3 346 peritoneum 58 @) SAMN16951437
B-3 347 liver 131 O SAMN16951438
B-3 455 liver 428 S SAMN16951439
B-3 459 peritoneum 95 S SAMN16951440
B-3 463 liver 95 S SAMN16951441
B-3 507 bone marrow 131 S SAMN16954610
B-3 509 liver 95 S SAMN16951442
B-3 510 bone marrow 95 S SAMN16954611
B-4 629 liver 117 S SAMN16951443
B-4 631 liver 117 S SAMN16951444
B-4 641 liver 10 S SAMN16951445
B-4 795 bone marrow 95 S SAMN16966895
B-4 798 oviduct 117 S SAMN16966896
B-4 801 peritoneum 10 S SAMN16966897
B-4 802 bone marrow 428 S SAMN16966898
B-4 911 liver 117 O SAMN16951446
B-4 917 liver 746 O SAMN16951447
B-4 918 liver 93 O SAMN16966899
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B-4 962 liver 117 S SAMN16951448
B-4 964 bone marrow 117 S SAMN16966901
B-4 1034 liver 95 @) SAMN16951449
B-4 1035 peritoneum 95 @) SAMN16967649
B-4 1036 bone marrow 95 @) SAMN16967650
B-4 1037 liver 95 O SAMN16951450
B-5 1407 peritoneum 95 O SAMN16967683
B-5 1409 peritoneum 95 @) SAMN16967684
B-5 1412 liver 131 O SAMN16967685
B-5 1465 bone marrow 95 @) SAMN16967686
B-5 1466 bone marrow 95 @) SAMN16967687
B-5 1467 bone marrow 131 @) SAMN16967688
B-5 1509 peritoneum 131 S SAMN16967689
B-5 1512 liver 95 S SAMN16976350
B-5 1514 liver 95 S SAMN16976351
B-5 1516 liver 95 S SAMN16976352
B-5 1521 liver 95 S SAMN16976353
B-5 1526 peritoneum 95 S SAMN16976354
B-5 1528 liver 95 S SAMN16976355

aThe samples were collected during an outbreak (O) or as a part of regular surveillance

(S) of poultry health.
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Supplementary Table S1 from Paper Ill. Description of isolates used in this study.

Isolates in bold were used for the production of autogenous vaccines for the next

consecutive flock on the farm.

Isolate ST Phylogroup Accession number
Al 9! 8573 D SAMN16954579
Al 13 162 Bl SAMN16954580
Al_17 48 A SAMN16954581
Al 20 48 A SAMN16954582
Al 21 48 A SAMN16954583
Al_27 48 A SAMN16954584
Al 29 1485 F SAMN16954585
Al 47 117 F SAMN16954586
Al 50 117 F SAMN16954587
Al 52 117 F SAMN16954588
A2 116 10 A SAMN16954591
A2 117 10 C SAMN16954592
A2 118 10 A SAMN16954593
A2 121 7013 A SAMN16954594
A2_124 162 A SAMN16954595
A2 125 162 A SAMN16954596
A2_126 162 Bl SAMN16954597
A2_127 162 unknown SAMN16954598
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A2_128 162 unknown SAMN16954599
A2_140 162 unknown SAMN16954600
A2_146 3232 Bl SAMN16954601
A2_149 117 F SAMN16954602
A2_152 616 A SAMN16954603
A2 173 429 B2 SAMN16954604
A3_466 117 F SAMN16954605
A3_467 117 F SAMN16954606
A3_469 117 F SAMN16954607
A3_470 117 F SAMN16954608
A3 474 117 F SAMN16954609
A3_607 117 F SAMN16954612
A3 632 135 F SAMN16954613
A3 _633 117 F SAMN16954614
A3_637 135 F SAMN16954615
A3_639 135 F SAMN16954616
A3 731 101 A SAMN16966892
A3 733 unknown F SAMN16966893
A3 734 10 F SAMN16966894
A4 951 23 clade I/11 SAMN16966900
A4 967 23 clade I/11 SAMN16966902
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A4_968 23 B2 SAMN16966903
A4 970 23 clade I/11 SAMN16967643
A4 971 23 clade I/11 SAMN16967644
A4 975 23 C SAMN16967645
A4 1025 23 clade I/11 SAMN16967646
A4 1028 23 clade I/11 SAMN16967647
A4 1031 23 A SAMN16967648
A4 1124 23 C SAMN16967651
A4 1125 23 C SAMN16967652
A4_1206 117 F SAMN16967653
A4_1207 117 F SAMN16967654
A4_1209 69 D SAMN16967682
Bl 1 117 F SAMN16951411
B1 3 390 B2 SAMN16951412
B1 5 390 B2 SAMN16951413
B1_32 117 F SAMN16951414
B1_33 117 F SAMN16951415
B1_34 390 B2 SAMN16951416
B1_36 390 B2 SAMN16951417
B1_38 95 C SAMN16951418
B1_39 95 B2 SAMN16951419
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Bl 41 117 F SAMN16951420
B1_43 390 B2 SAMN16951421
Bl 44 390 B2 SAMN16951422
B1 46 297 A SAMN16951423
B2_68 46 A SAMN16954590
B2_79 390 B2 SAMN16951424
B2_80 390 A SAMN16951425
B2_83 390 B2 SAMN16951426
B2_85 390 B2 SAMN16951427
B2_87 390 B2 SAMN16951428
B2_88 390 B2 SAMN16951429
B3_324 95 B2 SAMN16951430
B3_325 95 A SAMN16951431
B3_327 95 B2 SAMN16951432
B3_328 95 B2 SAMN16951433
B3_333 131 F SAMN16951434
B3_342 95 B2 SAMN16951435
B3_344 93 A SAMN16951436
B3_346 58 A SAMN16951437
B3_347 131 B2 SAMN16951438
B3_455 428 F SAMN16951439
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B3_459 95 B2 SAMN16951440
B3_463 95 B2 SAMN16951441
B3_507 131 B2 SAMN16954610
B3_509 95 B2 SAMN16951442
B3_510 95 B2 SAMN16954611
B4_629 117 F SAMN16951443
B4_631 117 F SAMN16951444
B4_641 10 clade I/11 SAMN16951445
B4_795 95 B2 SAMN16966895
B4_798 117 F SAMN16966896
B4_801 10 clade /11 SAMN16966897
B4_802 428 F SAMN16966898
B4 911 117 F SAMN16951446
B4 917 746 A SAMN16951447
B4 918 93 A SAMN16966899
B4_962 117 F SAMN16951448
B4_964 117 F SAMN16966901
B4_1034 95 B2 SAMN16951449
B4_1035 95 B2 SAMN16967649
B4_1036 95 B2 SAMN16967650
B4_ 1037 95 B2 SAMN16951450
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B5_1407
B5_1409
B5_1412
B5_1465
B5_1466
B5_1467
B5_1509
B5_1512
B5_1514
B5_1516
B5_1521
B5_1526

B5_1528

95

95

131

95

95

131

131

95

95

95

95

95

95

B2

B2

B2

B2

B2

B2

B2

B2

B2

B2

B2

B2

B2

SAMN16967683

SAMN16967684

SAMN16967685

SAMN16967686

SAMN16967687

SAMN16967688

SAMN16967689

SAMN16976350

SAMN16976351

SAMN16976352

SAMN16976353

SAMN16976354

SAMN16976355

!Labels of the isolates include farm, flock and isolate number (i.e. Farm A, Flock 1,

isolate 9).
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Supplementary Table S2 from Paper Ill. Description of reference genomes used for the

SNP analysis.

Isolate Phyg:?gsgetlc ST Accession number
ECCNB20-2 A ST2705 GCA _004006575.1
EK2009 A unknown GCA _005954625.1
E308 A unknown GCA 003443815.1
AH62 A ST1788 GCA 013371745.1
AHG65 A ST1788 GCA _013389695.1
AH25 Bl ST156 GCA 013371725.1
C21 Bl ST156 GCA _012974525.1
3R Bl ST156 GCA 011067085.1
AHO01 Bl ST602 GCA 013371685.1
HB37 B2 ST127 GCA _013004045.1
EXPECXM B2 ST95 GCA _002844685.1
ST95-32 B2 ST95 GCA _008632595.1
ACNO001 C ST23 GCA 001051135.1
ACNO002 C ST23 GCA 001515725.1
ECCNB12-2 F ST6862 GCA _003790525.1
104 F ST117 GCA _003095635.1

APEC 078 C ST23 CP004009

SF-088 B2 ST95 CP012635

EC958 B2 ST131 HG941718
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Supplementary Table S3 from Paper Ill. The results of the Poisson regression analysis
showing the incident rate, standard error (SE) and 95% confidence intervals (95% CI)
between the antimicrobial treatment and AMR gene prevalence among different flocks.

The first flock on both farms was used as a reference group for the analysis.

Farm Flock Incident rate SE 2.5% 97.5% p value
1 2.40 0.60 1.47 3.93
2 1.49 0.44 0.83 2.67 0.18
A 3 1.09 0.32 0.62 1.93 0.77
4 1.07 0.28 0.64 1.78 0.79
1 2.15 0.24 1.73 2.68
2 0.80 0.12 0.59 1.07 0.13
B 3 0.84 0.11 0.64 1.09 0.19
4 0.81 0.10 0.63 1.04 0.10
5 0.89 0.11 0.71 1.12 0.34
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