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Abstract

Background Colibacillosis is an important epidemiological and economic issue in poultry farming and breeding.

A common problem with avian pathogenic Escherichia coli strains (APEC) that cause this disease is a lack of an uni-
form identification system, resulting from a variety of serotypes, phylogenetic groups, sequence types and combina-
tions of virulence factors. There are no clearly defined features that can be associated with pathogenicity. Therefore,
without precise identification of pathogenic strains and differentiation from commensal strains, there is no possibility
of appropriate selection of targeted therapy.

The widespread use of whole genome sequencing (WGS) in recent years creates new possibilities in diagnostics.
Therefore, the purpose of this study was to select features defining the APEC pathotype, based on next generation
sequencing (NGS), and design a diagnostic test based on selected factors.

Results A PCR diagnostic test is proposed. Three predictors of virulence were chosen according to in silico analy-
sis: two virulence genes: iroC and hlyf, as well as one molecular marker of 078 serotype (wzx—O-antigen flippase
of the 078 serotype). A choice of markers was supported by a chicken embryo model.

Conclusions Whole genome sequencing of E. coli genomes allowed for the development of a rapid diagnostic
method identifying pathogenic strains for poultry: APEC. The developed test can support field observations con-
nected with the strain isolation source and clinical symptoms of the disease.
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Background
Colibacillosis, A common bacterial disease causing high
mortality, is a significant problem in poultry farming,
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Newcastle disease, infectious anemia of chickens), dam-
age to the respiratory system, stress, poor environmen-
tal conditions (in particular: poor ventilation of rooms,
presence of dust and ammonia), herd density and defi-
ciency of certain nutrients. However, it is now believed
that APEC strains are very well prepared to function as
pathogens, which may indicate that these infections do
not always have to be opportunistic [1, 3].

APECs are classified as extra-intestinal pathogenic
E. coli (ExPEC), which carry important virulence fac-
tors for pathogenesis, such as: adhesins, invasins, tox-
ins, protectins or factors responsible for iron acquisition
mechanisms. APECs are extremely diverse and can be
characterized by the presence of different virulence fac-
tors. This is due to the fact that in its genome E. coli has a
large mobile gene pool acquired as a result of HGT (hori-
zontal gene transfer) localized on plasmids, chromo-
somal islands and prophages. It is estimated that around
40% of protein-coding genes are encoded on mobile ele-
ments [4].

Therefore, the strains adapt to a changing environment,
and show increased virulence through new combinations
of virulence genes. Moreover, it is hypothesized that the
presence of certain pathogenic factors varies with the
age of birds and it is difficult to identify genes that are
responsible for virulence, regardless of a developmental
stage. Virulence factors are most often recognized on
pathogenicity islands and transposons, which may be
encoded on the bacterial chromosome or plasmids. Con-
served Virulence Plasmid (CVP) regions are common
and encode groups of genes responsible for virulence.
Table S1 in Additional file 1 summarizes the most com-
mon and characteristic virulence genes of APEC strains
and potential virulence factors, along with a description
of their functions and division into the groups described
above [1, 5-8].

Despite the increasing number of studies on molecular
determinants of virulence in APEC strains, an important
element of diagnosis is also serotyping. Serotype infor-
mation is important because the bird’s immune response
is directed against the O antigens of the bacteria. In addi-
tion, the serotypes of E. coli strains vary greatly, depend-
ing on a pathogenicity of the strain and a geographic
region, from which they originate [1, 3, 9]. So far, it has
been established that among E. coli serotypes associ-
ated with colibacillosis in Europe, serotypes O1, O2, O5,
08, 018 and 078 are most frequently identified, which
correspond to more than 50% of poultry infections.
Data from eastern China point to strains with serotypes
01, 02, 018 and O78 as the cause of more than 85% of
infections, and in Jordan, serotypes O78, O1 and O2 are
identified for more than half of the strains causing coli-
bacillosis. However, many strains cannot be typed by
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traditional serological methods, and there are also rare
serotypes (e.g. 06, 024) that cannot be directly linked
with the pathogenicity of the strains [1, 3, 10, 11].

Apart from serotype information, antibiotic resistance
seems to be important in the context of strains identifi-
cation. Acquisition and dissemination of resistance genes
occur in the HGT process. Interestingly, antibiotic resist-
ance is higher among pathogenic strains than commensal
ones, therefore it is assumed that there is a correlation
between the bacteria having virulence factors and the
antibiotic resistance they acquire. These interactions are
not fully explained, they probably depend on the phylo-
genetic structure of the strain, as well as the geographi-
cal region in which the strain occurs. It is possible that
in the environment, under the influence of an antibiotic,
plasmids that encode virulence and antibiotic resistance
genes, undergo the same selection, thereby allowing the
maintenance of pathogenicity factors.

The identification of strains responsible for the infec-
tion is very difficult due to the fact that APEC strains
constitute a heterogeneous group with a multifactorial
mechanism of pathogenesis [12]. In addition, a preva-
lence of commensal E. coli in the environment causes
problems when isolating strains and assessing their path-
ogenic potential, as these strains can also cause infection
under certain conditions. There is no uniform diagnostic
scheme; various techniques are used to assess the patho-
genicity of strains, including: serotyping, phylogenetic
analysis, or assessment of the occurrence of virulence
genes [9].

According to the hypotheses of many research groups,
under appropriate conditions, APEC strains may cause
infections typical of extraintestinal pathogenic E. coli
strains for humans (e.g. UPEC) [13, 14]. Research carried
out by Mitchell et al. and Hussain et al. show that poul-
try meat may be a source of ExPEC strains, potentially
pathogenic to humans [15, 16]. The research of Jakobsen
et al. showed that E. coli strains originating from meat
were virulent in the UTI model in mice, and their pres-
ence was found in urine and bladder and kidneys [17].
Therefore, it is extremely important to develop a diag-
nostic tool that will quickly and unambiguously identify
pathogenic strains that cause infection in the herd. Tra-
ditional methods may be supported by in silico analyses
performed on genome sequences obtained as a result of
next generation sequencing (NGS). With access to infor-
mation about genome sequences, it is possible to per-
form serotyping, phylogenetic analyses, MLST, antibiotic
resistance and the specific virulence associated genes
(VAGs) occurrence.

The popularization of NGS in recent years creates
new possibilities in diagnostics. Comparative analyses
of genomes and factors responsible for virulence can be
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performed on an unprecedented scale. There are already
reports on the use of WGS to analyse genetic diver-
sity among APEC strains and the selection of virulence
determinants in ExPEC strains [18-21]. This gives hope
for a clear selection of features defining the APEC patho-
type and a design of a diagnostic test based on selected
factors.

Methods

Bacterial strains

E. coli strains from Proteon Pharmaceuticals bacterial
collection used in the studies came from poultry (chicken
broilers, laying hens, turkeys, geese), both from animals
with colibacillosis (#=101) and from healthy individuals
(n=32) (original classification presented in Table S2 in
Additional file 2).

DNA extraction

Genomic DNA from bacteria was isolated using a com-
mercial kit (Wizard SV Genomic DNA Purification Sys-
tem; Promega) following a protocol modified by Proteon
Pharmaceuticals. Briefly, bacteria plated on a solid LB
medium were taken from the plate (one eye 10 pl loop)
and suspended in PBS buffer until a uniform suspension
was obtained. 200 pl Nuclei Lysis Solution, 50 pl 0.5 M
EDTA pH 8.0, 2 pl Proteinase K (>10 mg/ml) and 5 pl
Rnase A (4 mg/ml) were added to the tube, and gently
mixed by inversion. Then, a 15-min incubation at 55 °C
was performed and manufacturer’s instructions were
followed. DNA concentrations were measured using a
BioSpectrometer® (Eppendorf, Hamburg, Germany) and
DNA was stored at -20 °C.

Phylogenetic analysis

Phylogenetic analysis was performed according to modi-
fied method by Clermont et. al., i.e. PCR typing, which
assigned the strains to groups A, B1, B2, D, C, E, F and
clade I according to the scheme [22].

NGS sequencing

The genomes of the strains classified as distinct by the
MP PCR method, according to Krawczyk et al. (Melt-
ing Profile PCR; data not shown) [23], were subjected
to whole genome sequencing (WGS). For this purpose,
genomic libraries were prepared for each strain DNA
sample using the Nextera XT DNA Library Preparation
Kit (Illumina, USA). The correctness of library prepara-
tion was assessed based on the results of capillary elec-
trophoresis. In order to properly normalize libraries and
ensure the correct number of reads during sequencing
for each library, the molarity of the libraries was assessed
using the qPCR method. Libraries were sequenced using
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NGS technology on the Illumina NextSeq 500 platform
in paired 2% 150 bp reads.

Bioinfomatics analysis

De novo assembly of E. coli genomes was performed
using the SPAdes 3.7.1. and 3.8.0 [24] with necessary
manual editing. The quality of the assembly was veri-
fied each time in the QUAST program [25] taking into
account, among others genome length, number of con-
tigs, N50. Genomes were annotated in RAST [26].
SerotypeFinder 2.0 was used for in silico serotyping of
E. coli strains [27]. The following settings were used: E.
coli organism, sequence identity threshold: 85%, mini-
mum gene sequence coverage: 60%. The presence of the
194 amino acid sequences of selected virulence factors
(Table S1, Additional file 1) was assessed in the annotated
sequences of the E. coli strains. The blastp algorithm was
used with the following parameters: sequence coverage:
70%, sequence identity threshold: 70%. Then, using an
original script, a presence of virulence factors was visual-
ized on a heat map. In strain clustering, the farthest point
algorithm was used. Independent strain clusters similar
to each other were marked with different colors.

Primers’ design and PCR

Primers for the PCR-based diagnostic method were
designed using the Primer-BLAST, selecting the size
parameters of the amplicons and melting points to per-
form a multiplex reaction (Table 1) [28]. Multiplex PCR
reaction was performed according to the following
parameters: initial denaturation in 95°C for 5 min and
then 30 cycles of denaturation in 95°C for 60 s, annealing
in 57°C for 60 s, elongation in 72°C for 120 s.

In ovo tests

The experimental design during in ovo tests was based
on the work of Polakowska et al., where chicken embryos
were infected with S. aureus strains and their mortality
was assessed over time [29].

Table 1 Primers used in the study

Primer name Sequence 5'—>3’ Tm[°C] Expected
product size
(bp)

iroC-F ACTATGTGCGCCGTGGTTAT 513 732

iroC-R GTGAACGGGTGTCGATCAGT 53.8

hlyF-F GAGCACCTACTCCACAAGCG 559 458

hlyF-A-R TCGGGCAACCAACAAAGGTA 51.8

O78-A-F CACAACTCTCGGCAATATATC 570 994

ATCA
078-A-R TATGGGTTTGGTGGTACGTAGT ~ 57.0
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Experiments were carried out on hatching chicken
eggs, which were incubated in commercial incubators
(PreformPoldrob) for 8 days preceding the experiments.
Then, only eggs with properly developing embryos were
selected for testing. On the 9™ day of incubation, a chal-
lenge with E. coli strains was performed by inoculation
of bacterial strains intraallantoically in a single infect-
ing dose of 5x 10* CFU/embryo (the first study involved
optimizing the infecting dose). The hatched eggs were
divided into groups of 30 eggs. Each time, several groups
were infected with the tested strains and additional 2
groups were used as controls: a negative zero group
(not treated with anything) and a negative control group
(treated with a sterile solution of 0.85% NaCl, in which
the strains for infection were suspended). Before injec-
tion, egg shells were disinfected with a 70% ethyl alco-
hol solution and a hole was made with a 1.2 mm needle.
Suspensions were injected with a 0.5 mm needle and
1 ml insulin syringes. Thereafter, the hole in each egg
was aseptically sealed with hot wax and incubation was
continued in Mesalles 65 DIGIT laboratory incubators
at 37.8 °C and 50% relative humidity. The mortality of
embryos was assessed daily on the basis of candling with
an ovoscope. Experiments were terminated before hatch-
ing began and all live embryos were euthanized. A devel-
opmental phase of the embryo at the time of death was
assessed on the basis of embryopathological analysis.

Fisher’s exact test

The Fisher’s exact test was used to verify the null hypoth-
esis of the same frequency of occurrence of a given gene
in the studied populations (pathogenic and non-patho-
genic strains). For this purpose, the RStudio (v 1.1.456, v
3.5.1), the stats package, version 3.6.2 was used. In addi-
tion, an analysis of the frequency of particular serotypes
in E. coli strains was assessed. Then, in order to verify
the accuracy of individual classifiers (predictions), the
original algorithm was used, thanks to which the ROC
(Receiver Operating Characteristic) curves were plotted.
For each combination of genes, the AUC (Area Under
Curve) was calculated, taking values from the range [0,1].

Results

Characteristics of E.coli strains

Bacterial strains from both healthy and sick birds, defined
as E. coli, were differentiated in order to select unique
strains (data not shown). The genomes of these strains
were sequenced, and 109 unique strains were identified
(sequences deposited in the NCBI database, BioProjects
PRJNA1126135 and PRJNA319144; additional supple-
mentary data with basic sequence metrics are provided
in Table S3, Additional file 3). They were subjected to fur-
ther in silico and in ovo analysis.
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It was shown by in silico analysis that the most common
among tested strains were the following serotypes: O78
(n=21), O50 (n=8) and O88 (n=6). For 12 genomes,
information on the O serotype could not be obtained. For
the 97 identified strains, the above-mentioned serotypes
accounted for 36.1% of all cases, confirming the impor-
tance of their occurrence in Europe. For the remaining
63.9% of strains, the identified serotypes are not charac-
teristic and it would be difficult to classify them as patho-
genic or non-pathogenic on this basis.

In order to examine the presence of selected viru-
lence factors (Table S1, Additional file 1), an analysis
of the presence of amino acid sequences in the anno-
tated sequences of tested E. coli strains was carried out
(described in Methods section). Results were recorded in
a binary manner, where 0 meant the absence of a given
factor, and 1 the presence of a given factor in the strain.
Then, the binary table for all strains was visualized as a
heat map (Figure S1 in Additional file 8 — Analysis of the
presence of selected virulence factors in E. coli strains
(heat map)). Only virulence factors for which selected
sequences’ coverage and similarity were greater than or
equal to 70% were colored on the heat map. The intensity
of the blue color corresponds to the percent sequences’
similarity and is according to the scale shown on the right
side of the heat map.

In ovo results

Taking into account the lethality of chicken embryos
depending on the strain used, it was observed that not
in every case the biological data are consistent with the
original classification of the pathogenicity of the strains
or the results of these experiments are not reproduc-
ible. Therefore, the original classification of the strains
into pathogenic and non-pathogenic was verified, based
on the health status of the birds from which the strains
were isolated (birds with or without infection). The
results obtained in the lethality test were treated as supe-
rior while results obtained from the phylogenetic analy-
sis and the presence of characteristic APEC serotypes
were treated as supplementary information. Based on the
results of the in ovo test, the strain collection was reclas-
sified according to the following assumptions:

o for strains for which CV (coefficient of varia-
tion) <30%, only mortality and average death days
were taken into account [30],

» non-pathogenic strains were those with observed
mortality rates below 75% on day 19th (at the end
of the experiment) and reproducible results (i.e.
at least two repetitions were required to classify a
given strain as non-pathogenic); an additional deci-
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sion criterion in cases where when the mortality rate
was<75%, 85% >the average death day was > 12th,

+ strains with mortality rates exceeding 85% on day
19th (at the end of the experiment) and reproducible
results, were considered pathogenic (i.e. at least two
repetitions were required to classify a given strain
as pathogenic); an additional decision criterion in
cases where the mortality rate was within the <75%,
85% >range was the average death day <12,

« for strains for which a consistent classification was
obtained for two out of three replicates, a third
experiment was not performed,

« for strains for which no consistent classification was
obtained from two replicates, further experiments
were performed and inconsistent replicates were dis-
carded,

« for strains for which no consistent classifications
were obtained from individual replicates or for which
replicates were rejected due to CV>30%, the strain
was considered unreliably classified and removed
from the pool of reclassified strains.

The final group after reclassification, for which analyzes
were carried out, consisted of 100 strains (83 pathogenic
"P" strains and 17 non-pathogenic "NP" strains). This col-
lection was used to develop a diagnostic method allowing
for the identification of APEC. 25 strains classified in the
final collection had their original classification changed.
For 9 strains it was not possible to determine the group
(P/NP). Results summarizing re-classification of all
strains in the study with information about their origin
(bird with or without infection), phylogenetic analysis,
serotypes (characteristic/non-characteristic) and in ovo
results with final classification are presented in Table S4
(Additional file 4).

Fisher’s exact test

To verify the assumption that it is possible to select a
few genes that will allow to determine the pathogenic-
ity of E. coli strains, the Fisher’s exact test was used to
verify the null hypothesis of the same frequency of a
given gene in both populations. Statistically significant
differences (p<0.05) were observed in the frequency of
51 genes (including 27 at p<0.001) in pathogenic and
non-pathogenic strains. In addition, an analysis of the
presence of certain serotypes was performed. Among
the analyzed populations, 40 different serotypes were
observed, with a clear predominance of the O78 serotype
(n=21); followed by O50 (n=8), 088 (n=6), 0161, 02,
and O8 (n=5), and O117 (n=4). For the most common
serotypes, the relationship between their occurrence and
the pathogenicity of the strains was tested (Fisher’s exact
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test). This analysis showed statistically significant differ-
ences only in the serotype O78 (p =0.020).

In addition, this serotype was strongly correlated
with pathogenicity (21/21), and in 14%

of cases, it was independent of the presence of viru-
lence genes. Therefore it was included in the analysis
and considered as one of the determinant factors.

Results of the frequency of occurrence of the ana-
lyzed factors in all strains together with the p-value
(p-value) are presented in Table S5, Additional file 5
(genes from Table S1 in Additional file 1, which were
not present in any of the strains, are not included).
Based on the analysis of the results, it can be concluded
that the best discriminants in the predictive model of
pathogenicity of E. coli strains are genes related to iron
metabolism and genes encoding toxins. To avoid the
situation where in the prediction model we are deal-
ing with genes of one operon, the following genes were
selected for the final prediction model: iroC, hiyE etsA,
iucB, ompT, iutA, fyuA, ybtE, irpl and the gene encod-
ing flippase of O-antigen in serotype O78 (wzx).

Since the number of pathogenic strains and com-
mensals was not comparable in the defined collection,
to check whether the discrepancy in the number of
tested groups was important for the results obtained
in the Fisher test, an experiment with equal numbers
of sets was performed, sampling 17 out of 83 patho-
genic strains ten times and using all 17 non-pathogenic
strains for analysis (data not shown). It was concluded
that the results obtained in the first Fisher’s test car-
ried out on non-equal sets are reliable and can be used
to develop predictive models of the pathogenicity of E.
coli strains.

Then, various combinations of selected 11 virulence
factors were tested. The effectiveness of predicting the
pathogenicity of E. coli strains with selected genes was
evaluated. All analyzed combinations and the described
test evaluation parameters are presented in Table S6,
while the ROC curves and areas under the AUC graph
are presented in Figure S2 in Additional File 6.

Based on the abovementioned results, the analy-
sis of the presence of the following genes: iroC, hlyF
and wzx—O-antigen flippase of the O78 serotype was
selected, where the presence of any of them indicates
that the strain is classified as pathogenic. The diag-
nostic test composed of these three genes, would
facilitate analysis and reduce costs. Table S7 in Addi-
tional file 7 shows the analysis of genes presence and
the classification of each strain compared to the in ovo
test. The selected model is characterized by high sen-
sitivity (98.80%), positive and negative predictive value
(93.18% and 91.67%) and accuracy (93.00%). The only
test parameter with lower values is specificity (64.71%,
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Receiver operating characteristic curve
Model 9.0 AUC = 0.818
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Fig. 1 ROC of a chosen model with 98.80% sensitivity and 64.71% specificity

6 false positives). AUC equals to 0.818 in this case (plot
presented in Fig. 1).

Verification of PCR diagnostic method
For verification of in silico observation for chosen genes
(iroC, hlyF and wzx), the PCR analysis was performed.
To this end PCR primers were designed (Table 1) and the
amplification of selected virulence genes was carried out
as described in Methods Sect. 100% accordance with the
in silico results was obtained, including 93 correct results
and 7 incorrect results (6 false positives and 1 false nega-
tive) relating to classification based on the in ovo model.
An example of a PCR electropherogram for selected
strains is presented in Fig. 2. According to the pre-
sented results, E. coli strains: 002PP2015, 009PP2015
and 126PP2016 are treated as pathogenic while the strain
082PP2016 is classified as non-pathogenic.

Discussion

In the presented work, whole genome sequencing (WGS)
of E. coli strains was used to conduct a bioinformatics
analysis to identify selected virulence factors, design a
PCR-based diagnostic method and evaluate its effec-
tiveness. Additionally, the assignment of strains to the
appropriate pathogenicity groups was verified based on
embryo lethal tests in the in ovo model. The method used
in this work is an innovative approach to assess the path-
ogenicity of strains and select appropriate VAGs.

Despite its increasing popularity, WGS is not the first
choice method for analyzing the virulence of APEC
strains, mainly due to costs but also due to the complex-
ity of the pathogenicity mechanism of APEC strains and
the lack of direct in silico algorithms allowing the clas-
sification of E. coli as APEC. There are many diagnostic
approaches in the literature based on the PCR method,
which usually focus on the analysis of only a few patho-
genicity genes [7, 31-34].
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Fig. 2 An example of PCR electropherogram. Description of the lanes: 1: GeneRuler 100 bp DNA Ladder (Thermo Scientific™) (with
the following distribution — 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1200, 1500, 2000, 3000 bp); 2-5: PCR products for E.coli strains:

002PP2015,009PP2015, 082PP2016 and 126PP2016

A similar approach to the problem used in the pre-
sented work is described in the publication by Ronco
et al. [19]. The authors of this work sequenced the
genomes of 114 E. coli isolates, focusing mainly on the
analysis of one serotype O78:H4, sequence type ST117
and several virulence genes. The group of Cordoni
et al. also sequenced the genomes of 95 APEC strains
originating from Europe and designed PCR tests defin-
ing these strains based on in silico analyses [18]. Azam
et al. studied 75 sequences of E.coli strains coming from
dead broilers in Pakistan [21] while Chen et al. analyzed
125 sequences of APEC isolates form birds with coliba-
cillosis symptoms [35]. In our study, an extensive bio-
informatics analysis of E. coli genomes was performed.
It is worth noting that when assessing the presence of
pathogenicity determinants in the strains, amino acid
sequences were analyzed to assess significant changes
that may affect protein function, rather than synony-
mous changes, which was an innovative approach.

According to the results, the most differentiating
factors indicating pathogenicity were genes encoding
mechanisms of iron acquisition: siderophores iro, iuc,
fyuA, ybt, transporters ets, hemolysin hlyF and outer
membrane protein ompT. Many reported PCR tests for
determining the pathogenicity of APEC strains focus on
the amplification of some of the aforementioned genes.
Among studies, such an approach can be found, among
others: in Subedi et al., who examined the presence of
11 virulence genes, including iucD, ompT and hlyF [36].

The work of De Carli et al. focused on the analysis of 10
genes, including: iroN, fyuA, ompT and hilyF [34]. How-
ever, no studies have been found in the available litera-
ture in which several hundred virulence factors were
analyzed simultaneously, examining their impact on
the pathogenicity of the strain. In the work presented
here, an in silico analysis was performed based on NGS
sequencing of the genomes of all strains.

In our study we proved that the presence of serotype
078 was the additional pathogenicity factor. It was found
that, among many others, only this serotype is present
in APEC strains with a statistically higher frequency and
that it can itself be a determinant of pathogenicity—in
14% of cases it occurred independently of other virulence
factors. This observation is consistent with literature data
on the presence of serotype O78 in APEC strains. In the
work of Ronco et al,, similarly to the results presented in
this study, the predominance of the O78 serotype com-
pared to other serotypes defined for APEC strains was
noted (presence in 43% of the isolates tested in Ronco
et al. and in 20% of the isolates in this work) [19]. Chen
et al. notified the predominance of O78 serogroup as well
(35.46%) [35]. In the study by Huja et al,, it was noted that
among the E. coli serotypes most frequently causing coli-
bacillosis (01, O2 and O78), the strains defined as O78
differ from the two other groups. They do not have genes
encoding the polysaccharide capsular antigen K1; their
envelope is structured similarly to the somatic O antigen,
which seems to be important for pathogenesis [37]. The
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analysis of the genomes of E. coli strains of serotype O78
allowed us to conclude that they are more closely related
to enterotoxigenic intestinal strains than to extraintes-
tinal pathogens of serotype O1. A recent work of Biran
et al. showed that Escherichia coli of O78 group are sep-
ticemic by producing O-antigen capsule (group 4 cap-
sule) which is an essential virulence factor for the spread
of bacteria in the blood [38]. However, in the works pub-
lished so far, there is no information about combining the
analysis of virulence genes and the occurrence of appro-
priate serotypes in one PCR test. Only in the research
published by Dissanayake et al., PCR-based detection of
the presence of 13 virulence genes and, in parallel, the
078 serotype in pathogenic strains was used to analyze
the population of APEC strains from the territory of Sri
Lanka [33].

The literature reports numerous attempts to develop
a diagnostic test for detecting APEC strains, however, in
the vast majority of cases, there is no verification of the
pathogenicity of the strains analyzed in experiments. The
pathogenicity of a strain is most often assessed based
on its source and clinical symptoms (healthy/sick bird)
[7, 32, 34, 35, 39]. Some researchers attempted to eval-
uate the virulence of E. coli strains in in vitro or in vivo
models, such as Stromberg et al., who infected 5-week-
old chickens with selected strains through air sacs and
assessed their impact on the development of the birds’
internal organs [40].

In the presented work, a preliminary classification of
bacterial strains was also made based on the source of
the isolates—from birds with colibacillosis or healthy
ones. However, in the next an experimental assessment
of the pathogenicity of all strains was carried out. It was
decided to adapt the method described in the publica-
tion by Polakowska et al. [29]. On the basis of the results
obtained from experiments on infection of embryos
with E. coli strains, the final decision was made regard-
ing the classification of strains into pathogenic and
non-pathogenic, and the development of a diagnostic
method began. It was noticed that some strains changed
their assignment, which is consistent with publications
indicating the pathogenic potential among commensal
strains, as well as the possibility of isolating commensal
strains from the organs of birds affected by colibacillosis
[1, 40]. However, although the in ovo embryonic lethal-
ity test was accepted as conclusive, this model had some
limitations. Chicken embryos were very sensitive to any
manipulation, even in saline controls, so a relatively high
cut-off threshold was used to determine that the strain
was pathogenic (mortality>85%). However, even with
this value selected, it was not possible to obtain a larger
number of non-pathogenic strains in the final classifica-
tion. Therefore, it is possible that the developed method
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indicates the pathogenic potential of APEC strains, and
some of the strains classified as pathogens may cause dis-
ease only under favorable conditions (e.g. in weakened
individuals).

As part of the research, apart from assessing the pres-
ence of selected virulence factors in the strains, a phy-
logenetic analysis according to Clermont et al. was
performed to verify the possibility of classifying strains
into pathogenic and non-pathogenic with this method
[22]. After comparing the obtained results with the in
ovo analysis, it was found that some of the strains ulti-
mately classified as pathogenic actually belonged to
"pathogenic” phylogenetic groups, i.e. B2 and F. However,
some of the samples assigned to commensal groups Bl
and C, were in fact pathogens. This applies in particular
to strains of the O78 serotype, which is confirmed by lit-
erature to have a higher similarity to intestinal pathogens
than extraintestinal ones [37]. Additionally, research
conducted by Rodriguez-Siek et al. revealed that most of
the 524 APEC isolates tested were assigned to phyloge-
netic groups typically represented by commensal strains
[31]. Moreover, it is believed that due to the occurrence
of hybrid groups, up to 80—-85% of E. coli strains may
be incorrectly assigned to phylogenetic groups [8, 41].
Therefore, phylogenetic analysis should only be treated
as a complement to the characterization of E. coli. Clas-
sifying a strain as APEC based solely on such an analysis
may lead to many false-negative results.

Serotyping using the classical or in silico method is
also a method supporting the diagnosis of APEC strains.
It may be particularly helpful in the case of characteris-
tic serotypes, such as O1, 02, O8, or O78. However, as
research has shown, many E. coli strains pathogenic to
poultry have uncharacteristic or unknown serotypes.
Therefore, basing diagnosis only on serotyping does not
provide reliable results. Additionally, understanding the
antibiotic resistance profile of strains is a valuable cogni-
tive element in the characterization of APEC, but in the
era of increasing multidrug resistance of bacteria, it is not
possible to conclude on the pathogenicity of a strain on
this basis.

Fisher’s exact test was then used to assess the selection
of appropriate virulence factors for the diagnostic test. In
this way, genes were selected for which statistically signif-
icant differences were found in the pathogenic and non-
pathogenic groups. Among them, several sets of genes
were selected that could constitute discriminants in the
PCR test. Each gene set was assessed in silico by calculat-
ing the test sensitivity, specificity, accuracy, and positive
and negative predictive values, as well as by analyzing the
area under the plot (AUC) for the ROC curve. Ultimately,
the version with the smallest number of analyzed genes
was selected—including 2 virulence genes (iroC and hlyF)
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and the gene encoding the O antigen flippase of sero-
type O78 (wzx). This was due to the practical advantage
of this gene combination over others due to the number
of genes analyzed, while maintaining acceptable method
parameters. A small number of genes analyzed is ben-
eficial from the point of view of speed of diagnosis and
reducing its costs.

The developed diagnostic test has high accuracy
(93.00%) and sensitivity (98.80%) parameters in parallel
with lower specificity (64.71%). It was decided to leave
the method in its current form and shift the cut-off point
towards sensitivity, because colibacillosis is a serious dis-
ease of poultry, causing huge losses and the high sensi-
tivity of the method increases the chance of detecting
the infection very early, which is important for effective
therapy. It should be added that the division of groups
into pathogenic and non-pathogenic indicates the poten-
tial of the analyzed E. coli strain to cause disease, and
not the disease itself. Moreover, the research included
the already mentioned much larger number of virulent
strains than commensal ones (83 to 17), and in order
to make a proper comparison, their number should be
similar. It is possible that the false-positive rate would be
lower with more non-pathogenic strains.

In the original classification, there were more commen-
sal strains and therefore the number of strains in the P
and NP groups was more balanced. After reclassifying the
strains, it was not possible to obtain a larger number of
non-pathogenic representatives. The approach used in the
described work is not unique. The problem of unbalanced
sets can also be found in the literature data. Silveira et al,,
comparing APEC and AFEC strains from different regions
of Brazil, had 91 pathogenic and 29 non-pathogenic strains
[42]. The predominance of virulent strains over commen-
sal ones may be explained by the fact that even isolates
obtained from the intestinal flora of healthy birds may
carry important virulence factors, as demonstrated in the
study of Stromberg et al. [40]. In this work, an intestinal E.
coli isolate MM218 from a healthy chicken caused bactere-
mia and meningitis in a mouse model, and another isolate
MM29 caused sepsis in chickens in less than 20 h. Due to
the difficulty of finding standard non-virulent strains, the
presented work allowed for the possibility of imbalance
between pathogenic and non-pathogenic sets. Additionally,
it proves the importance of the research conducted in the
context of food safety and its impact on human health.

Conclusions

The results obtained from the conducted research
allowed for the development of a quick and inexpensive
diagnostic method based on multiplex PCR, which effec-
tively allows the detection of Avian pathogenic Escheri-
chia coli (APEC). However, before introducing the test
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into practice, it is necessary to conduct additional valida-
tion on an independent dataset using experimental and
clinical data extended to models other than the chicken
embryo viability test (e.g. infecting birds into air sacs),
because it has its limitations described above.
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