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Abstract

Salmonellosis is one of the most important bacterial diseases in pigeons. This study
aimed to estimate the prevalence of Salmonella spp. in domestic pigeons (Columba
livia f. domestica) in Poland, its antimicrobial susceptibility (both phenotypic and gen-
otypic), and its capability for biofilm formation. The presence of selected virulence
genes, nucleotide homology of selected genes, and susceptibility to bacteriophages
were investigated as well. From the 585 pigeons tested, 5.47% turned out positive.
All isolated strains were recognized as Salmonella enterica ser. Typhimurium. The
asymptomatic pigeons were carriers of 37.5% of the isolates. The dominant variants
were as follows: 1,4,[5],12,:i:1,2 (53.13%) and 1,4,[5],12,:-:- (31.25%). Most of the
strains analysed showed the ability to produce biofilm after 24 and 48 hr of incuba-
tion (59.38% and 53.13%, respectively). Over 90% of the strains were confirmed for
IpfA, agafA, invA, sivH, and avrA virulence genes. Also, of the thirteen antimicrobial
susceptibility genes, the following were confirmed: sull, tet(A), bla,,,_,, floR, strA, and
strB. The most common were the strB (18%) and tet(A) (12%) genes that are respon-
sible for coding resistance to aminoglycosides and tetracyclines, respectively. Most
of the strains were phenotypically resistant to oxytetracycline (46.88%), neomycin
(53.13%) and tylosin (100%). The susceptibility of the investigated Salmonella strains
to the bacteriophages was between 33% and 100%. MLST, PCR MP and ERIC PCR
analyses indicated a very high genetic similarity of the investigated strains (over
99%). Results of our study indicate that Salmonella enterica ser. Typhimurium is still an
important agent in domestic pigeons and that its antimicrobial resistance increases.
Alarming is also the confirmation of a single-phase variant 1,4,[5],12:i,-, which could
have increased virulence and multi-drug resistance encoded on the plasmid. Most im-
portantly, however, such strains have been isolated from humans with clinical symp-

toms of Salmonella infection.
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1 | INTRODUCTION
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Salmonella is one of the members of the Enterobacteriaceae family
and is an aetiologic agent of food-borne poisoning—salmonellosis
(Jahantigh & Nili, 2010). According to the World Health Organization
(2017), salmonellosis is the prevailing zoonosis in Europe right after
campylobacteriosis. In 2018, 91,857 cases of salmonellosis were de-
tected in the European population, whereas in the United States,
Salmonella spp. causes about 1.2 million infections every year (EFSA
& ECDC, 2018, CDC).

In Poland, this bacterium still ranks first, and the number of
cases of infections increases every year (Polanski et al., 2019).
Interestingly, domestic and urban pigeons are considered as one
of the reservoirs of zoonotic agents, because of close contact with
humans, domestic pigeons through the food chain or handling,
whereas urban ones by contact with avian faeces (de Oliveira
et al., 2018; Lawson et., 2014).

Infections of pigeons (Columba livia) with Salmonella enter-
ica are usually caused by pigeon-adapted strains of serovar
Typhimurium which poses no serious health hazard to humans
(Pasmans et al., 2004). However, a recent study conducted by
Haesendonck et al. (2016) confirmed the presence of Salmonella
Enteritidis phage type 4 (PT4), which is an important human patho-
gen, in a feral population of domestic pigeons in Brussels. The
prevalence of Salmonella Enteritidis in the examined pigeon popu-
lation was high (33%), which suggests that feral pigeons may pose
a potential hazard to human health. Infections of pigeons caused
by Salmonella spp. can lead to severe diseases in this bird species
and are mainly induced by belonging to the serogroup B strains
of Salmonella Typhimurium var. Copenhagen of the following
phage types: DT2, PT4, PT46 and PT99 (Kriz et al., 2011; Pasmans
et al., 2008; Teske et al., 2013). The clinical signs of pigeon salmo-
nellosis may vary depending on the age, general condition, and
immune status of individual birds. The greenish diarrhoea, loss of
appetite, and ultimately death, affecting birds of a wide range of
ages, are the most typical signs of this disease. Individual birds in
the infected flocks can also show the following clinical symptoms:
weight loss, arthritis, panophthalmitis, torticollis and other neu-
rological signs. Embryo deaths and a high death rate of nestlings
in the first 7 days of life can also be observed. The most common
postmortem lesions are as follows: hepatomegalia, splenomega-
lia, haemorrhages in the liver, enteritis, and also abscesses that
could be present in almost all internal organs. The capability of
Salmonella for long-term survival in the host macrophages causes
the risk of chronical carriage. The subclinically infected pigeons
become carriers of these bacteria and can shed it occasionally
with faeces, which is the main route of infection in pigeon flocks
(Pasmans et al., 2008).

Most of the epidemiological data concerninginfections of pigeons
with Salmonella spp. are based on investigations of feral pigeons
(Dovc et al., 2004; Gargiulo et al., 2014; Haesebrouck et al., 2016; de
Oliveira et al., 2018; de Sousa et al., 2010; Torres-Mejia et al., 2018)

and only a few derive from studies conducted with ornamental and

racing pigeons (Stenzel et al., 2014; Teske et al., 2013). Pigeon breed-
ing is still a popular and time-consuming hobby (which leads to the
long exposure of humans to pigeon pathogens), and given that these
birds could be carriers of Salmonella, the human health hazard is real
(Israili & Igbal, 2017).

In the light of the above, this study aimed to estimate the prev-
alence of Salmonella spp. in domestic pigeons and to evaluate its
antimicrobial susceptibility and virulence features (carriage of vir-
ulence genes and biofilm formation capacity), which could imply a
worse outcome in the event of infection. Also, the study of nucleo-
tide homology on selected genes and phage-susceptibility testing
were performed to analyse the genetic variability of the strains
isolated.

2 | MATERIALS AND METHODS
2.1 | Ethical statement

The authors confirm that the ethical policies of the journal, as noted
on the journal's author guidelines page, have been adhered to. No
ethical approval was required as this study was carried out on swab
samples collected from birds which were patients of the Department
of Poultry Diseases, Faculty of Veterinary Medicine, University of
Warmia and Mazury in Olsztyn (Poland) during standard diagnostic
procedures and no other manipulations of live animals were done.
Tissue samples were collected from naturally dead pigeons delivered

for necropsy.

2.2 | Samples

The field Salmonella strains used as an experimental material were
collected in 2015 - 2017 (full years) and in the first two months
of 2018 from domesticated pigeons (both carrier and ornamental
birds) originating from different regions of Poland (Figure 1). The
585 pigeons used in this study were patients of the Department
of Poultry Diseases, Faculty of Veterinary Medicine, University
of Warmia and Mazury in Olsztyn, Poland. They were divided
into 2 groups based on their health condition during veterinary
examination. Pigeons not exhibiting clinical symptoms (415 birds)
at the time of examination were marked with letter H (Healthy),
whereas birds displaying one or more of the following symptoms:
diarrhoea, arthritis, panophthalmitis, weight loss, torticollis, sud-
den death, and poor breeding results (embryo deaths, decreased
fertility and laying), were marked with letter S (Sick, 170 birds).
The sample material consisted of sterile swabs (Deltalab, Spain)
collected from cloaca, crop and faeces of birds from group H and
live birds from group S. Moreover, when deaths were recorded,
samples of liver, kidneys, joints, ovary (when possible) and intes-
tines were collected during the postmortem examination of dead
pigeons. Information about the samples positive for Salmonella

spp. is presented in Table S1.
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2015

The average prevalence:
S: 4/48 (8.33%
H: 2/80 (2.5%)

Total: 6/128 (4.68%)

2017

The average prevalence:
S:5/54 (9.25%
H: 5/132 (3.78%)

Total: 10/186 (5.37%)

)
(o

L)

FIGURE 1 Prevalence of Salmonella enterica ser. Typhimurium isolated from pigeons with various health status in Poland. The samples
were collected in the whole 2015-2017 years and in the first two months of the year 2018 from pigeons originating from various regions of
Poland. Abbreviations: S—sick pigeons, H—pigeons with no clinical symptoms [Colour figure can be viewed at wileyonlinelibrary.com]

2.3 | Microbiological screening for Salmonella

For pre-incubation, the swabs were placed into non-selective buff-
ered peptone water (Merck) at 41.5°C for 24 hr. Afterwards, the sam-
ples were transferred into the Brilliance Salmonella medium (Oxoid).

2016

The average &revalence:
S:9/58 (15.51%)
H: 4/154 (2.59%)

Vols

2018

The average ‘Erevalence:
S:2/10 (20.00%)
H: 1/49 (2.04%)

Total: 3/59 (5.08%)

S:
H:

Plates were incubated at 41.5°C for 48h + 2 hr under aerobic condi-
tions. Afterwards, only purple colonies were considered for further
examination. The final identification was performed using commer-
cial latex agglutination tests: Salmonella test Kit (Oxoid) and APl 20E
(bioMérieux).
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2.4 | Serotyping Salmonella strains

The differentiation into serovars was performed with the
plate agglutination method using an SSI® Salmonella ‘Big Five’
Serotyping Kit (bioMérieux). All analyses were performed ac-
cording to the manufacturer's protocols. Additionally, to confirm
Salmonella enterica ser. Typhimurium and Copenhagen variants,
presence or absence of STM4495 and oafA genes were tested
by PCR according to the method described by He et al. (2016)
(primer sequences, product size, and annealing temperatures

are summarized in Table S2).

2.5 | Biofilm assay

The experiment was performed using polystyrene microtitre
plates with flat bottoms based on the techniques described by
Ebrahimi et al. (2013) with slight modification. All strains were
incubated in TSB with the addition of 1% glucose. Results were
read after 24 and 48 hr. Biofilm production was interpreted ac-
cording to the criteria described by Stepanovic¢ et al. (2007). The
mean optical density (OD) of the negative control + 3 stand-
ard deviations of negative control was considered the cut-off
(ODc = 0.15), and biofilm producers were therefore categorized

as follows:

e not a biofilm producer: OD < ODc (all strains which OD values
were below 0.15),

e weak biofilm producer ODc: < OD < 2 x ODc (all strains which
OD values were above 0.15 and below 0.3),

e moderate biofilm producer: 2 x ODc < OD < 4 x ODc (all strains
which OD values were above 0.3 and below 0.6),

e strong biofilm producer: OD > 4 x ODc (all strains which OD val-

ues were above 0.6).

2.6 | Antimicrobial susceptibility

The sensitivity of the isolated strains to antibiotics, that is, to 13
antimicrobials commonly used in pigeon treatment: amoxicillin
10 pg (AML), amoxicillin with clavulanic acid 30 ug (AMC), dox-
ycycline 30 pg (DO), enrofloxacin 5 pg (ENR), florfenicol 30 pg
(FFC), flumequine 30 pg (UB), lincomycin/spectinomycin 109ug
(LS), marbofloxacin 5 ug (MAR), neomycin 30pg (N), norfloxacin
10pg (NOR), oxytetracycline 30 pg (OT), sulphamethoxazole/tri-
metoprim 19:1 (SXT), and tylosin 30ug (TY), was evaluated with
the disc diffusion method using Oxoid discs (UK). The resistance
to antibiotics was assessed according to the CLSI (Clinical and
Laboratory Standards Institute, USA, 2013) guidelines using the
quality control strain Escherichia coli ATCC 25,922. All strains
were categorized as sensitive (S), intermediate (l) or resistant (R)

to antimicrobials.

2.7 | Bacterial DNA extraction for gene analysis

Bacterial DNA was extracted using an ExtractMe DNA bacte-
rial kit (Blirt, Poland) according to the manufacturer's proto-
cols. Eluted DNA concentrations and quality were measured
using a BioSpectrometer® (Eppendorf). Afterwards, eluted DNA
was stored at —20°C for further analyses.

2.8 | Amplification of genes related to antimicrobial
resistance and virulence factors

All PCR reactions were carried out with a HotStarTaq Plus Master Mix
Kit (Qiagen) according to the manufacturer's protocols in a nexus gradi-
ent thermocycler (Eppendorf). The following genes were selected for
the antimicrobial resistance tests: sull, sul2, sul3, tet(A), tet(B), tet(G),
blag,,.,, floR, catl, cat2, aacé, strA, and strB. In case of virulence, the
investigated genes were: Ipf, sivH, invA, agaF, and avaR. The list of in-
vestigated genes, primer sequences, product size, and annealing tem-
perature are summarized in Table S2. All primers were synthesized by
Genomed S.A. (Poland). Ten microlitres of PCR products were electro-
phoresed on a 2% agarose gel in the presence of Midori Green Advance
(Nippon Genetics, Germany), at 120 V for 60 min. The results were read
using the Quantum ST5 Gel Documentation System (Vilber). To con-
firm the specificity of the amplicons obtained, some PCR products of
interest were randomly selected and purified using a CleanUp kit (A&A

Biotechnology) for sequencing (Genomed).

2.9 | Gene homology of selected isolates

One isolate representative for each serotype and feature: ability for
biofilm formation, was selected for the amplification of seven genes
used for the multilocus sequence typing (MLST) according to the
Achtman scheme (Achtman et al., 2012). The analysis included seven
housekeeping genes (Table S3).

PCR was performed with a HotStarTaq Plus Master Mix Kit
(Qiagen) and the composition of the reaction mixture was as follows:
10 pl of HotStarTaq Plus Master Mix, 0.1 ul of each of the primers
(concentration 100 pM), 2 ul of Coralload 10x loading dye, and 2 pl
of eluted DNA. The reaction volume was made up to 20 pl with ribo-
nuclease-free water. The primer sequences were described by Kidgell
et al. (2002) and annealing temperature for amplification of internal
fragment of analysed genes and for sequencing were 55°C and 50°C
respectively.

Next, the PCR products were purified from the reaction mix-
ture residues with the use of a Clean-Up Concentrator kit (A&A
Biotechnology) and sent for Sanger sequencing to Genomed
(Poland). The resulting sequences were assembled in the SeqMan
Pro application (DNASTAR) and checked manually for sequencing
errors using the same software. The obtained sequences of all genes
were aligned using the MUSCLE (Edgar, 2004) method and MegAlign
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Pro software (DNASTAR). All aligned sequences were trimmed
at the same 5' and 3' ends and used for further analyses. The se-
quences of each gene amplified for selected isolates were concat-
enated into one sequence with the use of Megalign Pro Software
(DNASTAR). The sequences prepared in this way were analysed for
sequence type (ST) with a Salmonella typing tool available on the
PubMLST website (https://pubmist.org/bigsdb?db=pubmlst_salmo
nella_seqdef&page=batchSequenceQuery).

2.10 | Accession numbers

Sequences of concatenated Salmonella enterica ser. Typhimurium
genes obtained in this study were submitted to the GenBank data-
base to generate accession numbers (MT856703-MT856744).

2.11 | PCRMP

The PCR MP (PCR melting profile) procedure was conducted accord-
ing to a modified protocol by Zaczek et al. (2015). In this method, re-
striction enzymes are used for genomic DNA digestion, and the DNA
restriction fragments obtained are ligated with an oligonucleotide
adaptor followed by PCR amplification with a reduction of tempera-
ture during denaturation stage in each cycle.

In this study, genomic DNA (about 1 ug) was digested during
incubation of the mixture with a Fast Digest BamHI enzyme
(1.0 pl) (Thermo Fisher Scientific) and 2.5 ul of a reaction buffer
in a total volume of 25 pl, at 37°C for 45 min. Inactivation of the
enzyme was performed at 80°C for 15 min. Next, the restriction
fragments of genomic DNA (25 ul) were ligated to the adaptor
using 5U/uL of T4 ligase (ThermoFisher Scientific) and 2.8 ul of 10
x T4 DNA ligase buffer (ThermoFisher Scientific) in a total volume
of 32.2 ul with incubation at 16°C for 60 min. The purification
of product ligation was performed at 65°C for 10 min. The adap-
tor was prepared by mixing equimolar amounts of two oligonu-
cleotides: pcr/mp-oligo-lig and oli-pom-BamHI. Oligonucleotides
were used in a final concentration of 10 uM and incubated at 60°C
for 2 min. A volume of 4 pl of ligation product was amplified by
PCR (Mastercycler nexus gradient, Eppendorf) in a reaction mix-
ture with 0.25 ul of primer MP BamHI, 2.5 ul of PCR reaction buf-
fer Shark 10x (DNA Gdansk), 17.75 ul of water, 1 pl of 2.5 mM
dNTPs (nzytech, Portugal), 1 ul of MgCl, (DNA Gdansk), and 0.5
ul of Hypernova polymerase (Blirt, Poland) in a total volume of 25
ul. The PCR was performed as follows: 7 min at 72°C; an initial
denaturation step for 90 s; 24 cycles of denaturation for 1 min
followed by annealing at 72°C for 2 min and elongation at 72°C
for 2 min 15s, and a final elongation step at 72°C for 5 min. The
denaturation temperature was determined during the optimiza-
tion experiments for five randomly chosen strains using a range
of temperatures (83.5°C, 84.4°C, 85.7°C, 86.9°C, 88°C, 89°C).

Primer sequences are summarized in Table S4.

Jransboundary and Emetgi
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PCR MP products (10 pl) were run on a 2% agarose (EURX,
Poland) gel at 30V for 2.5 hr, and the amplification patterns were
determined by examination on Simply Safe (EURx, Poland) - stained
gels illuminated by UV light (Proxima AQ-4.2 2,650, Isogen Life
Science, The Netherlands). Amplicon sizes were determined by com-
paring the bands with a Gene Ruler 100-bp Plus DNA mass ladder
(ThermoFisher Scientific).

212 | ERICPCR

ERIC PCR (Enterobacterial Repetitive Intergenic Consensus PCR)
was conducted according to the protocol published by Anjay
et al. (2015). The method uses long primers that are complemen-
tary to the conservative fragments of the bacterial genome which
are differently distributed depending on the strain. The PCR re-
action was standardized with 2.5 ul of 10x Shark buffer (DNA
Gdansk), 2.5 ul of MgCl, (25mM) (DNA Gdansk), 3 ul of dNTP
(2 mM) (nzytech, Portugal), 30 pmol of each primer ERICIR and
ERIC2, 1U of Hypernova DNA polymerase (Blirt), 3 ul of template
DNA, and nuclease-free water up to a final volume of 25 pl. The
amplification cycles included initial denaturation at 95°C for 5 min,
followed by 40 cycles of denaturation at 95°C for 60 s, annealing
at 40°C for 90 s and extension at 72°C for 60 s with a single cycle
for final extension at 72°C for 7 min. Primer sequences are sum-
marized in Table S4.

Ten microlitres of PCR products were electrophoresed on a
1.5% agarose gel in the presence of Midori Green Advance (Nippon
Genetics), at 120 V for 120 min. The results were read using the
Quantum ST5 Gel Documentation System (Vilber).

2.13 | Phage sensitivity test

The phage sensitivity test was conducted according to a modi-
fied protocol of the spot test. A series of 6 consequent tenfold
dilutions of BAFASAL® (Proteon Pharmaceuticals) preparation
(an equivalent mixture of four bacteriophages against Salmonella
spp.: 3Sent1, 8Sent65, 85ent1748, and 5Sentl) was prepared.
Bacterial lawns of each strain were made using the double agar
overlay method, on which 20 pL droplets of the tested dilutions
of the phage (1072-107%) were applied. The degree of lysis of the
lawns was determined for each tested dilution after overnight
incubation. The following spot evaluation system was used: ‘cl’
when droplets showed complete lysis, ‘+' when uncomplete lysis
or separate plagues were present, and -~* when no plaques were
observed. Strains susceptibility was calculated based on the com-
parison of absolute values of decimal logarithm of the highest dilu-
tion of BAFASAL® where plaques/lysis were present on plates of
the tested strains and BAFASAL® host strain (Salmonella enterica
ser. Gallinarum). The calculated values were shown as a percent-

age of susceptibility.
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TABLE 1 Characterization of Salmonella enterica ser

Phage susceptibility

BAFASAL®
Biofilm BAFASAL® dilutions efficiency

Sample ID 24 hr 48 hr Serotype 1072 107 10 107 1076

PL_245 + ++ 4,[5],12:i:1,2 cl cl + + + 100%
PL_323 aF Sl 4,[5],12:i:1,2 cl cl cl aF = 83%
PL_332 - - 4,[5],12:i:1,2 cl + + - - 67%
PL_387 aF = 4,[5],12: —:— cl cl I aF = 83%
PL_427 - - 4,[5],12:i:1,2 cl + + - - 67%
PL_445 aF =F 4,[5],12: —:— cl cl I+ aF = 83%
PL_480 - - 4,[5],12: —:- cl cl cl + - 83%
PL_481* it el 4,(5],12: —:- cl cl + = 83%
PL_490 - - 4,[5],12:i:1,2 cl cl + - - 67%
PL_491* aF aF 4,[5],1 cl cl I = = 67%
PL_511 + + 4,[5],12:i:1,2 cl cl cl + - 83%
PL_519 aF aF 4,[5],1 cl cl I = = 67%
PL_547 - + 4,[5],12:i:1,2 cl cl cl + - 83%
PL_548 aF = 4,[5],12: —:— cl cl I = = 67%
PL_549 ++ + 4,[5],12:i:1,2 cl cl + - - 67%
PL_550 aF 4,[5],12:i:1,2 cl cl = = = 50%
PL_559 ++ ++ 4,[5]1,12: -~ cl cl cl - - 67%
PL_575 = = 4,[5],12:i:1,2 cl cl cl cl aF 100%
PL_576* - - 4,[5],12:i:1,2 cl cl cl - - 67%
PL_577 = aF 4,[5],12:i: - cl I = = = 50%
PL_580* + - 1,4,[5],12:i:1,2 + - - - - 33%
PL_587 ++ TFE 1,4,[5],12: -:1,2 cl cl 3k = = 67%
PL_605 + ++ 1,4,[5],12: —:- cl + - - - 50%
PL_613 aF = 1,4,[5],12: - cl I = = = 50%
PL_614* - - 1,4,[5],12: - cl + - - - 50%
PL_616* F aF 1,4,[5],12:: - cl 3 = = = 50%
PL_619 - - 1,4,[5],12: - cl cl + - - 67%
PL_620 = = 1,4,[5],12:i:1,2 cl cl aF = = 67%
PL_621 - - 1,4,[5],12:i:1,2 cl + + - - 67%
PL_626 = = 1,4,[5],12:i:1,2 cl cl aF = = 67%
PL_628 ++ +++ 1,4,[5],12:i:1,2 cl cl cl - - 67%
PL_629 + + var. Copenhagen cl + - - - 50%

Note: Typhimurium isolates investigated in the study. Symbols: biofilm: +++ strong, ++ medium, + weak, - none; phage susceptibility: cl complete
lysis, + uncomplete lysis or separate plaques were present, — lack of plaques. The isolates used for molecular analyses (sequencing) are marked with
asterisk.

3 | RESULTS detected strains belonged to the serovar Typhimurium. The aver-

age prevalence of this bacterium in pigeons varied from 4.68%
3.1 | Prevalence of Salmonella spp. in domestic to 6.13% depending on the year. However, it was higher in group
pigeons S birds (8.33 to 20% depending on the year) than in the pigeons

classified into group H (2.04 to 3.78% depending on the year)
The total number of pigeons positive for Salmonella spp. was (Figure 1). From all the positive samples, 12 (37.50%) originated
32, which accounted for 5.47% of the 585 birds examined. All from pigeons with no clinical symptoms (Table S1).
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3.2 | Serotyping

All analysed strains were confirmed to be Salmonella enterica ser.
Typhimurium. The dominant variants among the analysed strains
were as follows: 1,4,[5],12,:i:1,2 (16 strains - 50%) and 1,4,[5],12,:-
:- (10 strains - 31.25%). The other three variants (1,4,[5]1,12,:-:1,2;
1,4,[5],12,:i:- and Copenhagen) appeared sporadically in 3 isolates
- 9.38%, 2 isolates - 6.25% and one isolate - 3.12% (Table 1).

3.3 | Biofilm production
The biofilm capacity test was performed in two time periods. In both

cases (24 and 48 hr), most of the strains analysed showed the ability
to produce biofilm, that is 59.38% and 53.13%, respectively (Table 1).

3.4 | Antimicrobial susceptibility—
phenotypic analysis

The greatest percentage of the isolates was susceptible to amoxicil-
lin with clavulanic acid (71.88%), florfenicol (68.75%) and quinolones

WILEY--2Z

(enrofloxacin 71.88%, marbofloxacin 75.00%, norfloxacin 71.85%).
Among all analysed strains, the highest resistance was noted for
neomycin (53.13%), oxytetracycline (46.88%) and tylosin (100.00%)
(Figure 2).

r}-b )
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3.5 | PCR detection of antimicrobial resistance
genes and virulence genes

In the performed experiment, we analysed the presence of genes
associated with antibiotic resistance to sulfonamides, tetracyclines,
B-lactams, florfenicol, chloramphenicol, and aminoglycosides. Of the
thirteen genes tested, six were confirmed. The most common were
the strB and tet(A) genes responsible for coding resistance to amino-
glycosides and tetracyclines, respectively. The floR gene was found in
one strain only (Figure 2).

In most of the strains, we did not confirm any of the analysed
antibiotic resistance genes (78.13%). In the other strains, the number
of confirmed genes ranged from 1 to 5 (Figure 2).

All five analysed virulence genes were confirmed in over 90%

strains of Salmonella enterica ser. Typhimurium (Figure 2).

resistance genes virulence genes
; o ~ o =
O

PL_245

PL_323 | HEEEE HER

PL_332 | HEEE HER

PL_387 HEEE HEE

e e I A o

PL_445

oo A O

PL_481
FIGURE 2 Antimicrobial susceptibility, PL_490 [ BHEER HER
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3.6 | Nucleotide identity of selected isolates

The seven-locus genotyping revealed that all examined isolates were
characterized by high gene homology in the analysed genes—among
3,336 nt of concatenated sequences only 1 nucleotide substitution
was detected The non-synonymous substitution of G with C was
observed in all strains except PL_580 in 478 position of the ana-
lysed sucA gene fragment and contributed to a change in the amino
acid sequence (substitution of valine with leucine in position 160 of
the amino acid alignment). It allowed dividing our strains into two
STs: 128 (strains no PL_481, PL_491, PL_576, PL_614, PL_616) and
19 (strain PL_580). The alleles detected for sucA gene were 55 (all
strains except PL_580) and 9. The blast analysis of this gene revealed
100% homology of 128 STs with Salmonella enterica ser. Typhimurium
strain DT2 (Acc. No. HG326213). The details of MLST for all inves-
tigated strains are presented in Table 2. The blasted sequences of
all strains revealed that they were 99.8%-100% homologous with
the Salmonella enterica ser. Typhimurium sequences available in the
GenBank.

3.7 | PCRMP and ERIC PCR

At 88°C used as a denaturation temperature, the band profiles were
obtained for each of the analysed strains. However, they were the
same for all tested bacteria (Supplementary Figure 1). The described
collection could not be differentiated also in the case of ERIC PCR

profiles (Figure S2).

3.8 | Phage susceptibility test

The performed test showed that all strains were susceptible to
BAFASAL®. Considering the BAFASAL®'s host strain (Salmonella
enterica ser. Gallinarum) susceptibility to the preparation as a ref-
erence, the susceptibility of S. Typhimurium strains was between
33% and 100%. The highest (100%) efficacy of BAFASAL® was
observed against two strains numbered: 245 and 575, while the

lowest one (33%) against one strain marked: PL_580. The other
bacterial strains showed susceptibility over or equal to 50%
(Table 1).

4 | DISCUSSION

Although known for years, Salmonella is still an important animal
and human health issue across the world. Every year, it causes enor-
mous economic losses in both food and veterinary industry. While
prevention programmes have been introduced for poultry that have
successfully reduced the number of salmonellosis cases on farms,
there are no adequate procedures for other birds, which can also
be a reservoir of Salmonella for humans (Haesendonck et al., 2016).
Noteworthy is also that both small rodents and wildlife birds can
spread this pathogen into poultry farms, especially when none bios-
ecurity procedures are strictly followed (Zebrowska et al., 2017). In
many countries, domestic pigeons are kept for pigeon sport (carrier/
racing pigeons) or as ornamental pet birds, but they are also delicacy
in the Asian and European cuisine. Although, only a few cases of this
bacterium transmission from pigeon to human are known, this route
of infection should not be ignored (Osman et al., 2014).

The prevalence of Salmonella enterica ser. Typhimurium in the
examined pigeons was low (~ 5.5%), which is consistent with pre-
vious findings by Teske et al. (2013) and Stenzel et al. (2013) who
revealed 0.9-3.7 and 7% prevalence of Salmonella spp. in domes-
tic pigeons, respectively. The comparison of our results with those
available in literature shows that the prevalence of this bacterium
in the populations of feral/urban pigeons is similar to those ob-
served in domesticated pigeons and oscillates around 0.9%-6.34%
(Gargiulo et al., 2014; de Oliviera et al., 2018; de Sousa et al., 2010).
Noteworthy is that ca. 40% of Salmonella enterica ser. Typhimurium
strains obtained in this study were isolated from clinically healthy
pigeons, which corresponds with results of the investigation con-
ducted in Germany (Teske et al., 2013). The subclinical infections
with Salmonella in domestic pigeons could result from improperly
performed treatment, which was observed in the case of florfenicol
(Pasmans et al., 2008). Subclinically infected pigeons are carriers of

TABLE 2 Allelic profiles and MLST sequence types (STs) of selected Salmonella enterica ser. Typhimurium isolated in this study. The allele
and ST numbers were assigned with the Salmonella typing tool available on the website: https://pubmist.org/bigsdb?db=pubmlst_salmo

nella_seqdef&page=batchSequenceQuery

MLST allelic profile

Sample ID aroC dnaN hemD hisD purE
PL_481 10 7 12 9 5
PL_491 10 7 12 9 5
PL_576 10 7 12 9 5
PL_580 10 7 12 9 5
PL_614 10 7 12 9 5
PL_616 10 7 12 9 5

“The nucleotide position in the analysed gene fragment.

SNP
SucA thrA ST Gene mutation position?
55 2 128 sucA G>C 478
55 2 128 SucA G>C 478
55 2 128 sucA G>C 478
9 2 19 none none none
55 2 128 sucA G>C 478
55 2 128 sucA G>C 478


https://pubmlst.org/bigsdb?db=pubmlst_salmonella_seqdef&page=batchSequenceQuery
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this bacterium and they could shed it with the faeces periodically;
this in turn could promote infection spreading in the flock and in-
crease the hazard posed to human health.

One of the key tools in Salmonella determination is the serotyp-
ing, which is used to check which serotypes dominate across the
analysed area and whether there are new variants of a given strain
(Bugarel et al., 2012; Madajczak & Szych, 2010). In our research,
the dominant variants were 1,4,[5],12,:i:1,2 (50%) and 1,4,[5],12,:-
- (~31%). The other three variants occurred sporadically (below
10%). It is difficult to refer to these results, because there are no
data on the prevalence of different variants of Salmonella in pigeons.
However, we are concerned about two facts. The first is that the
presence of all four variants was confirmed in the analysed area. This
phenomenon seems alarming and may pose a challenge in the devel-
opment/selection of targeted prevention programmes. The second
fact is the confirmation of a single-phase variant 1,4,[5],12:i,-. This
variant has been raising concerns and interest around the world for
many years, because of its increased virulence. Most reports indicate
its multi-drug resistance encoded on the plasmid (including active
substances used to treat pigeons such as tetracyclines and sulfon-
amides). In addition, it was isolated from individuals with a much se-
vere course of the disease (Bugarel et al., 2012; Echeita et al., 2001;
Hoszowski & Wasyl, 2011). In our study, one of the strains qualified
for this variant also showed high phenotypic resistance (resistant to
almost all active substances—except florfenicol and amoxicillin with
clavulanic acid) and confirmed one gene associated with antibiotic
resistance strB (data not shown). Nevertheless, in our study, we per-
formed the determination only by serotyping and according to Zajac
et al. (2015). This method is not perfect and has some limitations.
To definitely check whether a given strain is monophasic, it is rec-
ommended to use PCR for fljB, fliC, insertion element 1S200 genes
and the gene responsible for the expression of antigens of the H:E
complex (e, n, x; e, n, z15; e, h) (Bugarel et al., 2012; Hoszowski &
Wasyl, 2011). Therefore, more detailed research is needed in this
respect in the analysed area.

The antibiotic therapy is one of the most popular ways to treat
sick pigeons. However, sometimes it fails to bring satisfactory ef-
fects, mainly due to: improperly selected active substance, too short
period of antibiotic administration or incorrect dose of the drug,
ignorance of breeders, and also Salmonella ability for intracellular
presence and high resistance to environmental factors. It should also
be remembered that after the treatment a part of individuals can
become carriers and sowers of bacteria, thus posing an epidemio-
logical threat to other birds in the flock (Majer-Dziedzic et al., 2014).
Our results on the analysis of Salmonella enterica ser. Typhimurium
antimicrobial susceptibility correspond only partially with results ob-
tained by Yousef and Mamdouh (2016). Our results differ from those
obtained in Egypt, where pigeon Salmonella strains were susceptible
to norfloxacin and mainly resistant to lincomycin and trimethoprim/
sulfamethoxozole (Osman et al., 2014). They differ also from those
described earlier in Poland by Stenzel et al. (2014), who showed
that 100% of the isolates were susceptible to amoxicillin, amoxicil-

lin with clavulanic acid, enrofloxacin, flumequine, florfenicol, and
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trimethoprim/sulfamethoxazole. In our current study, higher antimi-
crobial resistance was noted, especially in the case of amoxicillin. A
similar trend was also noted by Ledwon et al., who detected increas-
ing resistance to amoxicillin, amoxicillin with clavulanic acid, genta-
micin, tetracycline, and neomycin in field Salmonella strains isolated
in 2007-2012 compared to those isolated between the years 2013
to 2017 (Ledwon et al., 2019).

Noteworthy is also that pigeon Salmonella strains isolated at the
beginning of the XXI century were usually susceptible to all anti-
microbials tested (Kimpe et al., 2002). The comparative analysis of
results obtained in this study and previous findings points to the
increasing antimicrobial resistance in the field pigeon Salmonella
strains, which could be due to the overuse of antibiotics by pigeon
breeders. The above is related to the fact that in Poland, likewise in
most of the European countries, domestic pigeons are used as racing
birds (carrier pigeons) or as ornamental birds (fancy pigeons), and not
for meat production, hence their treatment is not subject to strict
veterinary inspection control.

In addition to the phenotypic method, genotypic determina-
tions were performed for the antibiotic resistance mechanisms
for various active substances. Only six of the thirteen selected
genes were confirmed in the analysed Salmonella enterica ser.
Typhimurium strains (sull, tet(A), bla;,,.;. floR and strB). On the
one hand, the minimal presence of genes associated with antibi-
otic resistance is not a surprise to us. As reported by Samah and
Shalaby (2013), the phenomenon of multi-drug resistance among
Salmonella strains is rather sporadic and these strains show high
sensitivity to the majority of active substances tested. However,
the relatively high resistance of these strains in vitro to the tested
antibiotics suggests that there may be other genes associated
with this phenomenon in the area we analysed. Tet(A) and strB
were the most common genes and these results are consistent
with those obtained by other research groups (Adesiji et al., 2014;
Frech et al., 2003; Samah & Shalaby, 2013). The presence of these
genes may be due to the abuse of both tetracyclines and amino-
glycosides both in non-targeted therapies and in the agricultural
industry in Europe (Pezzella et al., 2004). Interestingly, results of
phenotypic and genotypic studies of antibiotic resistance were
not always consistent considering the analysed strains, likely
due to the occurrence of ‘silent genes’ (Enne et al., 2006; Kime
et al., 2019). In other words, these genes may have no proper
connection to the promoter, which results in the lack of their ex-
pression. The second reason may be that there are no point muta-
tions necessary to activate them. Nevertheless, their appearance
among the analysed strains is disturbing (possibility of horizontal
and vertical gene transfer), thus further research is needed in this
respect (Gao et al., 2012; Palmer et al., 2018).

Due to the antibiotic resistance phenomenon, the world is look-
ing for alternative therapies. One of them are bacteriophages. The
use of host-specific phages is increasingly often considered in con-
trolling zoonotic pathogens (Atterburry et al., 2020). In the case of
S. Typhimurium, there are already some reports on the effectiveness

of bacteriophages in eradicating this microorganism. However, these
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studies concern pigs or poultry (Abhisingha et al., 2020; Atterburry
et al., 2020; Hooton et al., 2011). Our in vitro preliminary research
shows that the bacteriophages used proved to be highly effective
(average more than 60%) against strains of Salmonella enterica ser.
Typhimurium obtained from pigeons. However, these studies re-
quire an in vivo experiment to confirm BAFASAL® efficacy.

Biofilm formation is one of the important virulence factors. On
the one hand, it helps the bacteria survive in unfavourable condi-
tions, while on the other hand, it facilitates colonization of a host
organism (Merino et al., 2019). This structure is particularly im-
portant to the veterinary and human medicine because bacteria
able to form biofilms are far more resistant to antibiotics (Kaczorek
et al., 2017). Olson et al. (2002) showed that Salmonella strains ca-
pable of producing a ‘biological membrane’ were significantly less
sensitive to the selected active substances compared to the bacteria
growing in the planktonic form. Interestingly, the researchers used
in their study, among others, such active substances as amoxicillin,
oxytetracycline, and enrofloxacin, which are used in Poland for pi-
geon treatment. In our experiment, over 50% of the analysed strains
showed the ability to form biofilm. Similar results have been noted
among Salmonella strains isolated from poultry farms in Spain (Marin
et al.,, 2009). The fact that numerous analysed serotypes produce
biofilm may indicate a difficult course of veterinary treatment in the
future. Therefore, research aimed to monitor the biofilm and prevent
its production in the pigeon industry should be conducted.

Additionally, we analysed Salmonella enterica ser. Typhimurium
strains in search for the presence of the selected virulence genes.
All of the analysed genes were confirmed in our Salmonella strains.
These results were unsurprising; the high incidence rate of virulence
genes was previously observed in Salmonella strains isolated from an-
imals, humans, and in the food industry (Hertwig et al., 2019). The
presence of the invA gene in all strains we analysed is consistent with
the results reported by other authors, which confirms that this is a
conserved gene in the whole Salmonella genus (Dashan et al., 2010;
Oliviera et al., 2003; Salehi et al., 2005). For this reason, this gene is
already used as a tool for the development of rapid diagnostic meth-
ods, and it could be used as a targeted prevention programme for this
bacterium in the future (Chiu & Ou, 1996). The IpfA and agafA genes
are associated with cell adhesion and thus encode the ability to pro-
duce biofilm (Campos-Galvao et al., 2016). Their presence in all of the
analysed Salmonella strains may suggest that this virulence factor may
be crucial in the pathogenesis of the disease in pigeons in the future.

Various molecular methods targeting different genes have been
used to replace the conventional serotyping method for Salmonella
enterica serovars. MLST is one of the suitable methods for typ-
ing Salmonella serovars because of its high discriminative ability
(Achtman et al., 2012; Sukhnanand et al., 2005). Its disadvantage,
however, is its high costs due to the necessity of performing mul-
tiple PCR assays. In the present study, we amplified 7 housekeep-
ing genes of selected Salmonella enterica ser. Typhimurium isolates,
used in MLST, to investigate the nucleotide homology. The nucle-
otide sequences of six of the analysed genes were identical in all

investigated isolates. Our analysis confirms a low degree of genetic

diversity between the analysed Salmonella enterica ser. Typhimurium
isolates (>99.8%), thus indicating limited usefulness of MLST gene
analysis in the context of nucleotide identity investigation in differ-
ent isolates belonging to the same serotype. According to Achtman
MLST scheme, the majority of S. Typhimurium isolates are sequence
type 19 which is an and ancestral genotype (Achtman et al., 2012).
Numerous single- or double-locus MLST variants radiate from
the ST19 central hub. One of them is single-locus variant ST128,
which is a host restricted to Columba livia, but closely related to S.
Typhimurium isolates that circulates in livestock and can cause zoo-
notic infections in humans. For this reason, the fact that most of the
strains examined in MLST belonged to this ST was not surprising.
However, one of the isolates (PL_580) belonged to typical ST19.

Two additional molecular approaches: ERIC-PCR and PCR-MP,
were used to evaluate the genetic diversity of the isolated strains.
These two independent analytical methods were chosen on the basis
of their discriminatory power described previously for Salmonella
bacteria (Anjay et al., 2015; Zaczek et al., 2015). However, our results
were surprising. Even though the strains were isolated from different
regions, at different seasons and different years, all analysed strains
obtained the same genetic profiles. These results suggest that there is
an endemic clone in Poland (Hellmuth et al., 2017). Further monitoring
studies should be undertaken in this, especially for the areas of Poland
which were not included in our research. It might appear that only the
sequencing of the whole genomic DNA will allow for precise descrip-
tion of bacterial strains investigated in this study.

5 | CONCLUSIONS

Even though the prevalence of Salmonella among domestic pigeons in
Poland is relatively low, it should not be ignored. These birds are con-
sidered a potential reservoir of Salmonella enterica ser. Typhimurium.
The increasing resistance to antibiotics and the occurrence of strains
capable of producing biofilm and carrying the virulence gene are dis-
turbing phenomena. Therefore, research should be continued to both

develop and monitor respective prevention programmes.
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