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Abstract
Infections associated with Escherichia coli are responsible for immense losses in poultry
production; moreover, poultry products may serve as a source of pathogenic and/or resistant
strains for humans. As early as during the first hours of life, commercially hatched chickens are
colonized with potentially pathogenic E. coli from the environment of hatcheries. The source of
contamination has not been quite elucidated and the possibility of vertical spread of several avian
pathogenic E. coli (APEC) lineages has been suggested, making the hatcheries an important node
where cross-contamination of chicken of different origin can take place. The recent technological
progress makes the method of whole-genome sequencing (WGS) widely accessible, allowing
high-throughput analysis of a large amount of isolates. Whole-genome sequencing offers an
opportunity to trace APEC and extended-spectrum/plasmid-encoded AmpC beta-lactamasesproducing E. coli (ESBL/pAmpC-E.coli) along the poultry processing chain and to recognize the
potential pathways of “epidemicˮ sequence types. Data from WGS may be used in monitoring
antimicrobial resistance, comparative pathogenomic studies describing new virulence traits
and their role in pathogenesis and, above all, epidemiologic monitoring of clonal outbreaks
and description of different transmission routes and their significance. This review attempts to
outline the complexity of poultry-associated E. coli issues and the possibility to employ WGS
in elucidating them.
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Escherichia coli is an intriguing pathogen of poultry. It contributes to several distinct
syndromes, commonly referred to as colibacillosis, a cause of non-negligible losses in
poultry industry (Nolan et al. 2013). Different forms of colibacillosis affect all production
categories; E. coli is the most common cause of increased first-week mortality in chicken
due to yolk-sac-infection and septicaemia with or without omphalitis (Olsen et al. 2012;
Poulsen et al. 2017), airsacculitis, polyserositis and septicaemia in broilers (Pourbakhsh
et al. 1997) and salpingitis/peritonitis or acute septicaemia in layers (Vanderkerchove
et al. 2004). Until recently, colibacillosis had been considered merely an opportunistic
infection, secondary to several predisposing factors, such as viral and mycoplasmatal
respiratory infections, high ammonium concentrations, environmental stress and
immunosuppression (Oyetunde et al. 1978; Nakamura et al. 1992; 1994), although
its association with several serogroups (O1, O2, O78) had been acknowledged (Sojka
and Carnaghan 1961). However, progress in genotyping methods has revealed that
strains implicated in poultry E. coli infections are distinct from common commensals,
differing in possession of putative virulence-associated sequences (Rodriguez-Siek et
al. 2005; Maturana et al. 2011) and presumably forming a specific pathotype – APEC
(avian pathogenic E. coli). Nonetheless, this pathotype remains ill-defined. The inherent
genomic plasticity, leading to the extreme diversity of colibacillosis-associated strains,
as well as high prevalence and economic importance of colibacillosis make effective
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diagnosis, monitoring and intervention strategies both the more desirable and challenging.
While useful rapid typing methods based on PCR-detection of selected virulenceassociated genes have been proposed (Ewers et al. 2005; Johnson et al. 2008; Schouler
et al. 2012), our knowledge of the APEC virulence and its interaction with the host organism
is still extremely deficient. It is clear that in order to understand such complex pathogens,
more complex approaches must be employed.
Difficulties with definition of APEC and the role of plasmids
As avian colibacillosis comprises almost exclusively extraintestinal infections, APEC
may be also considered a subgroup of ExPEC (extraintestinal pathogenic E. coli) along with
well-established pathotypes NMEC (neonatal meningitis) and UPEC (uropathogenic) of
humans and other mammals. In fact, they share enough genotypic and phenotypic features
to raise concern about APEC’s zoonotic potential. Human ExPEC as well as APEC strains
typically carry a set of virulence-associated genes encoding for adhesins, siderophores,
serum resistance etc., enabling them to invade and survive in the hostile environment of the
host’s system (Dho-Moulin and Fairbrother 1999; Johnson and Russo 2005). Some
highly-conserved virulence-associated genes are encoded in the so called core genome,
most of them, though, form a part of the accessory genome and are carried on mobile
genetic elements, such as plasmids or genomic islands (Dobrindt 2005).
Virulence traits have been associated with ColV-type plasmids of the F incompatibility
group. They are known to encode for colicin V, which is not considered a virulence
factor itself, and several iron-acquisition systems, complement resistance and other traits
(Waters and Crosa 1991). In UPEC, prevalence of these plasmids is relatively low and
several chromosomal pathogenicity-associated islands (PAIs) have been described, but
they are very common in NMEC and namely APEC (Johnson et al. 2005; Johnson et
al. 2006; Johnson et al. 2007; Johnson et al. 2010; Johnson et al. 2012); in fact, the
presence of plasmid-associated virulence genes is so high that it has been suggested to be
a defining feature of the APEC pathotype (Rodriguez-Siek et al. 2005). Johnson et al.
(2006) described a virulence-associated conserved region of ColV plasmids and developed
a PCR protocol detecting 5 of these genes (ompT, iutA, iroN, iss and hlyF) as minimal
predictors of APEC (Johnson et al. 2008).
Not only are ColV plasmids highly prevalent in APEC, they are also positively associated
with its virulence and their presence can turn a non-pathogenic commensal strain into
a pathogen, with enhanced virulence in both chicken and mammalian infection model
(Skyberg et al. 2006). Co-transfer with resistance plasmids is also possible. However,
this can be achieved only with a suitable recipient and a certain chromosomal background
is required for these virulence plasmids to be maintained and/or expressed (Ginns et al.
2000). While human ExPEC mostly derive from phylogenetic groups B2 (Johnson and
Russo 2005), the suitable core genome of APEC is more obscure; APEC are commonly
found also in groups widely associated with commensals and intestinal pathotypes,
such as A, B1 and C (Ewers et al. 2007; Cordoni et al. 2016). Moreover, although
ColV-associated virulence region is recognized as a distinctive feature of APEC and its
genes have been shown to contribute to virulence, its role in pathogenesis of particular
colibacillosis syndromes has never been elucidated. Both NMEC and UPEC are usually
more easily defined by determinants specific to the syndrome’s pathogenesis (e.g. Ibe
invasins mediating invasion of brain endothelium in NMEC) (Dale and Woodford 2015)
– although this is always less clear than in intestinal pathotypes. Anyway, we know no
set of genes that could be held responsible for specific pathogenesis of colibacillosis or
its particular syndromes. Existence of distinct syndrome-specific subpathotypes has been
proposed by Maturana et al. (2011). Is it possible that there are other genetic features,
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establishing different APEC subpathotypes, e.g. airsacculitis or salpingitis-associated? Or
are they generalists, not quite as adapted as UPEC or NMEC to cause a specific disease,
forming something we might call a quasi-pathotype?
Da Silveira et al. (2002) described low virulence in omphalitis-associated isolates from
one-day-old chickens, stressing the opportunistic character of many E. coli infections in
poultry. On the other hand, outbreaks caused by a highly virulent strain, supposedly acting
as a primary pathogen, have been described (Zanella et al. 2000; Vanderkerchove
et al. 2004). It is conceivable that different syndromes are more or less associated with
opportunistic infections, which are caused by heterogenous, commensal-like strains,
whereas for a certain portion “typicalˮ APEC are responsible. The role of predisposing
factors must always be taken into consideration while dealing with colibacillosisassociated outbreaks. This fact renders definition of APEC pathotype particularly difficult.
Traditionally, an isolate obtained from an affected extraintestinal tissue from a bird showing
typical clinical symptoms may be considered APEC; not always such isolates carry APECdefining features (virulence-associated genes). This may be explained by contamination of
the sample, opportunistic character of that infection or presence of unrecognized virulenceassociated genes. However, these discrepancies have led to doubts whether the concept of
the APEC pathotype can be justified (Collingwood et al. 2014).
Sequence types and clonal lineages of APEC
Among diverse ExPEC strains implicated in human hospital or community-acquired
infections, several highly successful clonal lineages have been described, e.g. sequence
types ST69, ST73, ST95, ST131, ST648 etc. These lineages are effective gut colonizers,
easily transmitted between hosts, often linking high virulence with antimicrobial resistance;
these characteristics render them fit to gain world-wide predominance over other ExPEC
strains (Dale and Woodford 2015; Methers et al. 2015). Despite the overall diversity,
evidence of the clonal character of some colibacillosis outbreaks has been given as early
as in the 1980’s (Whittam and Wilson 1988; White et al. 1993). Since then, several
studies have confirmed the existence of predominant poultry-adapted sequence types,
both outbreak-associated and asymptomatic gut colonizers (Ewers et al. 2009; Ronco
et al. 2017; Pietsch et al. 2018). Interestingly, the phylogenetic origin and virulence
genotype can be very diverse, although ColV-plasmid virulence-associated region is
widely distributed; e.g. O78-H9-ST23 strains from phylogroup C are genetically closer
to human intestinal-pathogenic strains, while others, like O1/O18/O45-ST95 from B2
phylogroup, represent potential zoonotic ExPEC. These findings again stress the diverse
character of APEC and the importance of ColV plasmids; strains of a quite dissimilar
phylogenetic origin have adapted to cause clinically the same disease in poultry (Dziva
et al. 2013; Lemaître et al. 2013).
It is of a great public concern that many of these sequence types are overlapping between
poultry and human-associated ExPEC (Maluta et al. 2014). Poultry has been suggested
as a potential reservoir or even direct source of virulent human ExPEC (Mora et al. 2009;
Mora et al. 2013; Cunha et al. 2017). Liu et al. (2018) described a presumably poultryadapted ST131-H22 sublineage, asymptomatically colonizing the guts of healthy broilers
and carrying the ColV-type plasmid. As an asymptomatic intestinal colonization of a varying
length precedes the development of an extraintestinal infection, it is challenging to prove
the link between the outbreak strain and its original source. However, the frequent isolation
of potentially zoonotic and/or multidrug-resistant strains from poultry and poultry products
implies their epidemiologic importance (Manges 2016; Pietsch et al. 2018). Poultry
products as a source of ESBL/AmpC-producing E. coli, which may also carry features
typical of APEC, are being intensively studied; animals colonized with undesirable strains
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are considered their main reservoir and faecal bacteria are known to readily contaminate
the carcasses at slaughterhouses (Drugdova and Kmeť 2013), however, secondary crosscontamination can also easily occur during the processing and manipulation with products
(Bardoň et al. 2018).
Avian-pathogenic E. coli and human ExPEC may overlap, but they are not the same;
it seems that we are dealing with two distinct, though related issues: ExPEC strains
asymptomatically colonizing poultry, which may serve as a reservoir and source of human
infection through contaminated poultry products; and clonal lineages of APEC that spread
and cause outbreaks in poultry flocks of distinct regions, possibly worldwide. O25b:H4B2-ST131-H22 could represent the first group, whereas ST95 is a typical sequence type
implicated both in avian and human disease (mostly bacteraemia and neonatal meningitis).
Indeed, there is a subset of APEC within B2 phylogroup that are genetically indistinguishable
from human ExPEC and are virulent both in avian and mammalian infection models
(Moulin-Schouler et al. 2007; Tivendale et al. 2010; Zhu Ge et al. 2014). Cunha
et al. (2017) reported a multidrug resistant high-risk O6-B2-ST73 clone causing outbreaks
of colibacillosis in Brazil. ST73 had not been implicated in avian disease before. Another
potentially zoonotic lineage, O78:H4-F-ST117, spreading between flocks in several Nordic
countries, has been reported by Ronco et al. (2017). On the other hand, O2:H1-B2-ST429
and O78:H9-C-ST23 may represent specific poultry-adapted clonal lineages (Ewers et al.
2009; Sola-Ginés et al. 2015; Pietsch et al. 2018; Cummins et al. 2019).
Are APEC vertically transmitted through the production pyramid?
The chicken gut is the main reservoir of “potential APECˮ (Ewers et al. 2009). Colonized
chicken are the source of environmental contamination and horizontal transmission of
pathogenic strains. Inhalation of contaminated dust is probably the most important route
of infection, though contamination of an unhealed navel, skin scratches and ascendant
infection of the oviduct are implicated mainly in localized forms of colibacillosis. Insufficient
sanitation may permit persistence of certain strains in the environment of poultry houses
and subsequent infection of flocks (Daehre et al. 2017). However, regarding the spread
of widely distributed clonal lineages, possibility of their vertical transmission through the
production chain must be considered.
Vertical transmissions of virulent APEC strains from parent flocks to broilers have
been reported by Giovanardi et al. (2005). Moreover, Petersen et al. (2006) tracked
a septicaemia-associated outbreak clone to the parent flock via the hatchery. The same
pulsotypes were found in a parent flock, newly hatched chicks and in the subsequent broiler
flock in association with first-week mortality by Poulsen et al. (2017). Breeders may be
the source of bacterial strains for their progeny, either by a true vertical transmission from
an infected ovary/oviduct, or by a “pseudoverticalˮ spread, according to Projahn et al.
(2017) referring to faecal contamination of eggs with occasional penetration of bacteria
through the shell. Bacterial contamination is efficiently reduced by disinfection, but some
bacteria may survive, possibly hidden in egg-shell pores, as suggested by Mezhoud
et al. (2016), contaminating the environment of the hatchery and colonizing the gut of
newly-hatched chicks. Additionally, E. coli infecting embrya in ovo may cause only
negligible embryonic mortality; these chicks may hatch and serve as a source of E. coli
strains for chicks from the same hatcher (Montgomery et al. 1999). Besides the oral
route, inhalation of contaminated fluff is considered an effective means of transmission
(Zhao et al. 2019).
Most studies investigating vertical transmission of E. coli and the role of hatcheries focus
on ESBL/AmpC producing Enterobacteriaceae, as reviewed by Dame-Korevaar (2019).
There is actually no compelling evidence that a true vertical transfer of these bacteria
would play a significant role, although we may ask whether this also applies to APEC and
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whether salpingitis-associated strains indeed do not infect embrya, leading to increased
first-week mortality. Instead, an occasional “pseudoverticalˮ transfer is suggested as a
main route of contamination of newly-hatched chicks, with hatcheries potentially serving
as a bottleneck, allowing only transmission of the most efficiently colonizing and persistent
strains (Projahn et al. 2018). Commercially hatched chicks deprived of a natural source
of healthy microbiota are readily colonized with undesirable enterobacteria from the
environment (Kubasova et al. 2019). If an important pathogenic lineage occurs among
the bacteria surviving disinfection, it may multiply to considerable levels, irrespective of
its source. One-day-old chicks are already colonized by ESBL/AmpC producing organisms
and potential APEC and contaminate the environment of poultry-houses and vice-versa
(Laube et al. 2013; Kemmett et al. 2014; Huibers et al. 2016). Longitudinal studies
showed a decreasing diversity of colonizing strains during the fattening period and a shift
in predominant STs (sequence types) (Kemmett et al. 2013; Van Hoek et al. 2018); the
fattening or rearing period therefore may serve as another “bottleneckˮ, selecting only the
most successful colonizers. It is possible that from the original heterogenous population
colonizing one-day-old chicks and associated with early mortalities (corresponding to the
mostly opportunistic character of these infections as reported by da Silveira et al. [2002])
only certain clonal lineages are selected. The gut of young chicks provides a favourable
environment for the horizontal transfer of resistance and/or virulence-associated plasmids
and there may even exist a link between these two features, as stressed by Skyberg
et al. (2006) and Johnson et al. (2010). However, more longitudinal studies monitoring
the occurrence and transmission of APEC at each stationary step of the broiler production
chain (sampling parent flocks, hatcheries and during the fattening/rearing period), as shown
in Fig. 1, are needed to confirm these concepts.

Fig. 1. Schematic view of the broiler production pyramid and sampling levels for APEC and/or ESBL/pAmpCEscherichia coli assessment
APEC – avian-pathogenic Escherichia coli; ESBL – extended-spectrum beta-lactamases; pAmpC – plasmidencoded AmpC beta-lactamases
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The use of WGS in monitoring APEC occurrence
The diagnosis of avian colibacillosis is traditionally based on the isolation of the
bacterium from the affected extraintestinal tissues; bone marrow swabs are appropriate
in cases of septicaemia. Care must be taken to avoid contamination by faecal microbiota.
Serotyping has been ordinarily used for a basic characterization, although it is far from
satisfactory; besides common APEC serogroups O1, O2 and O78, many APEC belong
to “atypicalˮ serogroups (e.g. O111) or are untypeable (Zanella et al. 2000; Zhao et al.
2005). Given the acknowledged link between the APEC status and presence of certain
virulence-associated genes (many of them carried on plasmids), PCR genotyping proved
far more informative and several already mentioned protocols have been proposed for a
rapid prediction of the virulence potential of the isolates under study (Ewers et al. 2005;
Johnson et al. 2008; Schouler et al. 2012). An experimental infection nevertheless
remains the only definitive method of confirming their true virulence (Antão et al. 2008;
Guabiraba and Schouler 2015).
For a further characterization, other methods like multilocus sequence typing (MLST)
and pulse-field gel electrophoresis (PFGE) have been employed to study clonality and
phylogenetic relationships between isolates from colibacillosis outbreaks, and to monitor
the long-term prevalence of certain strains on the given territory (Ewers et al. 2009;
Sola-Ginés et al. 2015). The PCR-based Clermont scheme (Clermont et al. 2013)
of classification of isolates into 7 phylogenetic groups (A, B1, B2, C, D, E, F) is also
widely used to provide information of their phylogenetic background. Furthermore, the
antimicrobial susceptibility testing makes a standard component of a bacteriological
examination and is extremely important given the increasing resistance to important
antimicrobials in poultry-derived E. coli strains (Ibrahim et al. 2019).
However, all these methods have considerable limitations when it comes to the extreme
diversity of the APEC population, related to the intrinsic plasticity of the E. coli genome.
More advanced approaches are required if we are to understand the APEC virulence,
transmission and population dynamics in their complexity and consequently, to devise
efficient intervention strategies. It is actually this diversity that impedes the development
of a widely applicable vaccine, although several APEC-associated surface proteins have
been proposed as vaccine targets and Poulvac E. coli (Filho et al. 2013) is commonly
used to protect layer flocks especially from the O78 serogroup (Sadeyen et al. 2015;
Van Goor et al. 2017). In any case, the possibility to monitor the occurrence of virulent
APEC/ExPEC strains and their transmission throughout the whole production chain
is essential in order to detect the critical points of intervention to prevent outbreaks in
production flocks and to prevent the contamination of poultry products, which seem to
represent a potential source of infection for humans.
The next-generation sequencing is becoming more and more accessible for diagnostic
laboratories (Lynch et al. 2016). It can be used for the whole-genome sequencing of new
wild-type strains and their comparison to reference strains. The decreasing costs of and
advances in computational technologies processing the enormous amount of generated data
allow us to sequence great numbers of isolates and to compare them. The high-throughput
sequencing facilitates the detection of resistance and virulence genes by searching the
databases, as well as assigning the isolates to serotypes, sequence types, and phylogenetic
groups. The core genome single-nucleotide polymorphisms analysis allows the construction
of phylogenetic trees and assessment of the phylogenetic distance between isolates.
Obviously, there are multiple impediments which may render data interpretation tricky. For
example, using platforms generating short reads (like Illumina) makes it only possible to
identify replicons, but not to analyse plasmids and other mobile elements in detail. Long-read
sequencing platforms (e.g. Nanopore sequencing) is needed to assemble a complete plasmid
sequence. However, these challenges will undoubtedly be overcome over time.
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The data produced by WGS can be employed in metagenomic studies monitoring
antibiotic resistance in clinical and environmental samples, comparative pathogenomic
studies describing new virulence traits and their function, virulence markers fit for use
in diagnostic procedures and also potential vaccine targets. Moreover, as shown in Fig. 2
(Plate VIII), WGS is applicable in epidemiologic studies tracing outbreak-associated
high-risk sequence types to reveal their transmission routes. Several studies have chosen
this complex approach to assess the diversity of APEC isolates (Cordoni et al. 2016;
Ronco et al. 2017; Cummins et al. 2019; Rafique et al. 2020; Poulsen et al. 2020;
Papouskova et al. 2020). Others have focused on ESBL/AmpC producing E. coli and
their spread through the production chain (Daehre et al. 2017; Projahn et al. 2018;
Oikarainen et al. 2019) and their presence in poultry products (Pietsch et al. 2018).
These studies have not revealed any distinct syndrome-associated subpathotypes, but have
confirmed the prevalence of certain STs in poultry, namely ST23 (phylogroup C), ST95,
ST354, ST429 (phylogroup B2) and ST117 (phylogroup F), and supported the assumption
of possible vertical transmission through production pyramid to distant flocks, with
hatcheries potentially representing a critical point where first cross-contamination occurs.
Conclusion
Up to now, research has revealed that APEC are not a single entity; the pathotype
comprises strains with a varying degree of adaptation to different host and tissues. While
some ST95 lineages of B2 phylogroup may form a mixed ExPEC pathotype, in which APEC
and human ExPEC are indistinguishable, others may be more poultry-specific. Irrespective
of their phylogeny, virulence-associated regions of ColV plasmids are widespread among
APEC strains and seem to be of a vital importance for APEC virulence.
Several studies have suggested that specific clones can spread through the production
chain from parent flocks to their progeny and consequently to poultry products, with
hatcheries constituting an important intersection. This is of an extreme importance to
both farmers and public, as poultry is considered a reservoir of resistant E. coli strains,
and, at the same time, it may be a source of potentially zoonotic pathogens. A detailed,
long-term regional monitoring of poultry farms, hatcheries and poultry products should
be employed. However, the vague and inconsistent definition of APEC has so far impeded
the interpretation of diverse and often contradictory data produced by different methods of
study. The whole-genome sequencing is the most suitable approach and its application in
extensive numbers of isolates have already provided interesting results, promising to shed
a little more light on the issue of APEC pathogenicity and transmission.
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Fig. 2. Schematic workflow of WGS application in APEC and/or ESBL/pAmpC-Escherichia coli assessment
APEC – avian-pathogenic Escherichia coli; CARD – comprehensive antibiotic resistance database;
ESBL – extended-spectrum beta-lactamases; pAmpC – plasmid-encoded AmpC beta-lactamases; WGS – wholegenome sequencing

