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Abstract

Aims: This study investigated the possible role of Fayoumi chickens and

pigeons in the transmission of multidrug resistant (MDR) Salmonella with

zoonotic potential.

Methods and Results: Morbid Fayoumi chickens (70) and pigeons (30) were

examined to detect the prevalence and antibiotic resistance of Salmonella and

to detect and sequence sodC-1 gene as a zoonotic and phylogenetic marker.

Salmonella isolates were detected in 14�3 and 20% of the examined Fayoumi

chickens and pigeons, respectively. Salomonella subspecies salamae (43�8%) and

S. subspecies enterica serovar Bukuru (31�3%) were the most prevalent isolates.

All tested Salmonella isolates were MDR to at least five classes of antibiotics. S.

salamae and S. Bukuru isolates that carried blaTEM, qnrS, aadA2 and floR genes

expressed phenotypic resistance to cefotaxime, ciprofloxacin, streptomycin and

chloramphenicol, respectively. The aacC gene was detected in one of each S.

salamae and S. Bukuru isolate, although only the S. Bukuru isolate showed

phenotypic resistance to gentamicin. The sequence analysis of the sodC-1 gene

from Salmonella isolates showed clear inter- and intra-subspecies phylogenetic

segregation.

Conclusions: Fayoumi chickens and pigeons could act as reservoirs of MDR

Salmonella.

Significance and Impact of the Study: This study highlights the possible

emergence of Salmonella subspecies salamae with zoonotic potential.

Introduction

Salmonella is a significant zoonotic pathogen and one of

the most common causes of bacterial foodborne diseases

worldwide (Coburn et al. 2007). Salmonella infection in

humans is frequently associated with the consumption of

poultry byproducts (Foley et al. 2011).

Pigeons and Fayoumi chickens are a popular food in

Egypt, and they represent a major component of the cui-

sine served by oriental restaurants in Egypt as well as in

other Arabian and Asian countries. Fayoumi chickens

and pigeons are common household-reared poultry

species in Egypt, and they can be found in thousands of

buildings in a majority of villages and in the preurban

dwellings of cities (FAO 2006). Fayoumi chickens are

usually reared in backyards or building roof nests. Mixed

rearing with other poultry (e.g. ducks or geese) or ani-

mal species is common. In certain cases, owners may

allow their chickens to wander during the daytime in

nearby streets with free access to other poultry, animals

and water sources. However, these birds are kept in nests

at night. Pigeons are usually reared in pigeon lofts,

which are towering structures made of wood or clay.

Pigeons are usually released early in the morning to fly
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across a village or a city, and they return to the loft by

nightfall, often accompanied by other pigeons. Fayoumi

chickens and pigeons are reared for household consump-

tion or commercial trading. Pigeons are also reared as

pets; certain breeds can cost thousands of pounds per

bird.

Pigeons harbour 60 different human pathogens and

have been responsible for 176 confirmed illnesses in

humans (Haag-Wackernage and Moch 2004). Despite

previous reports of Salmonella and other enteropatho-

genic bacteria isolation from pigeons (Jeffrey et al. 2001;

Haag-Wackernage and Moch 2004; Osman et al. 2014),

the role of this species as a reservoir for Salmonella is

underestimated because of the lack of adequate and

detailed investigations (Osman et al. 2014). The impact

of Fayoumi chickens on human disease is also believed to

be underestimated because of the limited number of Sal-

monella investigations on this species worldwide. In fact,

no records of Salmonella isolated from Fayoumi chickens

in Egypt have been reported.

Antibiotics have been misused in developing countries

(Reardon 2014), and the lack of a suitable and accurate

method for administering antibiotics for therapy or pro-

phylaxis in animals raised for consumption has resulted

in the emergence of multidrug resistant (MDR) bacteria,

including Salmonella (Angulo et al. 2004).

Resistance mechanisms are genetically encoded by

mutations in endogenous genes or by foreign resistance

genes acquired from other bacteria through horizontal

transfer on mobile elements, such as plasmids, phage,

integrons and/or transposons (Frye and Jackson 2013).

The latter mechanism is more serious because it is usually

associated with the rapid emergence of resistance, such as

in case of the recently reported emergence of plasmid-

mediated ciprofloxacin resistance in foodborne Sal-

monella (Lin et al. 2015).

Virulence in Salmonella is also genetically based.

Among virulence markers, the sodC-1gene produces

periplasmic copper and zinc superoxide dismutase.

Superoxide dismutase protects bacteria from oxidative

burst by host phagocytes, thus contributing to the sur-

vival and virulence of Salmonella pathogens in susceptible

hosts (Sly et al. 2002). The presence of the sodC-1 gene is

a marker of zoonotic Salmonella serotypes. The sodC-1

gene has been identified in isolates of animal origin asso-

ciated with invasive nontyphoidal Salmonella bacteraemia

in humans worldwide (Sly et al. 2002; Huehn et al. 2010;

Sanjay et al. 2010).

Because of the major role played by Salmonella in

poultry, the aim of the current study is to determine the

antibiogram, zoonotic potential and phylogenetic charac-

teristics of salmonellae isolated from morbid Fayoumi

chickens and pigeons in Egypt.

Materials and methods

Sampling

Morbid birds suffering from weight loss, lethargy and whitish

diarrhoea were sampled from private veterinary clinics across

the El-Menofia Governorate. A total of 100 cloacal swabs

were collected from the selected morbid birds (70 Fayoumi

chickens and 30 pigeons). The swabs were kept separate in

sterile tubes containing 10 ml of buffered peptone water

(Oxoid, Hampshire, UK), and they were transported to the

laboratory in an ice box for same-day examination.

Isolation and identification of Salmonella

The isolation and identification of Salmonella were con-

ducted according to International Organization for Stan-

dardization (ISO) 6579 (2002). For pre-enrichment,

swabs in buffered peptone water (1 : 10 dilution) were

incubated at 37 � 1°C for 16–20 h. For selective enrich-

ment, 100 ll samples from the pre-enrichment tubes

were inoculated in Rappaport-Vassiliadis soy broth

(Oxoid), and the broth tubes were incubated at

41�5 � 1°C for 18 h. Salmonella-Shigella agar (S-S)

(Oxoid) and xylose lysine deoxycholate (Oxoid) selective

media were inoculated by a loop from the incubated

enrichment broth tubes, and the plates were incubated at

37 � 1°C for 24–26 h. Biochemical confirmation of the

Salmonella pathogens was conducted using the API 20E

kit (BioM�erieux, Marcy-l’Etoile, France). Serotyping of

Salmonella species was performed by completing the plate

agglutination test according to the Kauffmann–White

scheme using Mast Assure Salmonella antisera according to

the manufacturer’s instructions (Mast Group, Bootle, UK).

Antimicrobial susceptibility testing

Salmonella isolates were examined in vitro for their sus-

ceptibility to 17 antimicrobial discs (Oxoid): amoxicillin,

ampicillin, amoxicillin/clavulanic acid, cefotaxime, ery-

thromycin, sulphamethoxazole/trimethoprim, nalidixic

acid, ciprofloxacin, enrofloxacin, norfloxacin, ofloxacin,

chloramphenicol, nitrofurantoin, doxycycline hydrochlo-

ride, streptomycin, neomycin and gentamicin. Antimicro-

bial susceptibility was examined using the disk diffusion

method according to the guidelines of the Clinical and

Laboratory Standards Institute (CLSI 2014).

Molecular detection of antibiotic resistance and

virulence genes in Salmonella

DNA was extracted from overnight nutrient broth cul-

tures of Salmonella isolates using the QIAamp DNA Mini
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kit (Qiagen, Hilden, Germany) according to the manufac-

turer’s recommendations. PCR amplification was con-

ducted using a 25 ll reaction mixture containing 12�5 ll
of EmeraldAmp Max PCR Master Mix (Takara, Kusatsu,

Japan), 1 ll of each primer (20 pmol), 4�5 ll of water

and 6 ll of DNA template. The primers (Metabion,

Steinkirchen, Germany) used for detecting the floR (Dou-

blet et al. 2003), blaTEM (Colom et al. 2003), qnrS

(Robicsek et al. 2006), aacC (Lynne et al. 2008) and

aadA2 (Walker et al. 2001) antibiotic resistance genes

and the sodC-1 (Huehn et al. 2010) virulence gene are

listed in Table 1. The reactions were performed in an

Applied Biosystems 2720 thermal cycler (Applied Biosys-

tems, Foster, CA). The PCR products were separated by

electrophoresis on a 1�5% agarose gel (Applichem, Darm-

stadt, Germany). The gel was photographed using a gel

documentation system (Biometra, G€ottingen, Germany).

Sequencing and sequence analysis of the sodC-1 gene in

Salmonella isolates

The amplified sodC-1 gene was sequenced in both direc-

tions, and the consensus sequence was used for a nucleo-

tide analysis. Partial DNA sequences were submitted to

the GenBank database under the accession numbers

KY315944 and KY315943 for the S. enterica subspecies

salamae (Em.1-EGY015) and the S. enterica subspecies

enterica serovar Bukuru (Em.2-EGY015), respectively. The

sodC-1 nucleotide and amino acid sequence homologies

with other salmonellae published in GenBank were

identified using the BLAST 2.2 program (National Center

for Biotechnology Information (NCBI)). Salmonellae used

for the sodC-1 gene sequence comparisons included S.

Typhimurium-SARA13 (CP017728.1), S. Typhimurium-

NC983 (CP015157.1), S. Heidelberg-SH12-003 (CP016507.1),

S. Java-NCTC5706 (LT571437.1), S. Typhimurium-CDC_

H2662 (CP014979.1), S. Typhimurium-CDC_2009K-1640

(CP014975.1) and S. Enteritidis-EC20110222 (CP007323.2).

The amino acid sequence alignment of the sodC-1 gene

of the tested salmonellae was conducted using the BioEdit

sequence alignment editor (Hall 1999). Sequence diver-

gence percentages between the sodC-1 gene of the tested

salmonellae and the phylogenetic tree constructed by the

neighbour-joining method based on CLUSTALW (Thompson

et al. 1994) were conducted using the MegAlign software

ver. 7.1.0 (DNASTAR, Madison, WI).

Results

The results in Table 2 show that Salmonella was isolated

from clinically ill (suffering weight loss, lethargy and

whitish diarrhoea) Fayoumi chickens and pigeons in

14�3% (10/70) and 20% (6/30) of the cases, respectively.

Salmonella salamae was the most prevalent isolate

(43�8%) and the most common isolate from pigeons

(13�3%). Salmonella Bukuru was the second most preva-

lent Salmonella isolate (31�3%) and the predominant iso-

late from Fayoumi chicken (7�1%).

A total of 12 Salmonella isolates were tested for

antibiotic resistance, including six isolates from pigeons

(four S. salamae, one S. Newlands and one S. Wey-

bridge) and six isolates from Fayoumi chicken (five S.

Bukuru and one S. Ferruch). All tested Salmonella iso-

lates showed multidrug resistance to at least seven

antibiotics: ampicillin, amoxicillin, amoxicillin/clavulanic

acid, cefotaxime, erythromycin, sulphamethoxazole/

trimethoprim and nalidixic acid (Table 3). Moreover, a

majority of the isolates showed high resistance rates

(83�3–91�7%) to fluoroquinolones and chloramphenicol.

The lowest resistance rates were for neomycin (41�7%)

Table 1 Primers of target genes in this study

Target

gene Primers sequences (50–30)
Amplicon

size (bp)

Annealing

temp. (°C)

sodC-1 CGGGCAGTGTTGACAAATAAAG 424 58

TGTTGGAATTGTGGAGTC

floR TTTGGWCCGCTMTCRGAC 494 50

SGAGAARAAGACGAAGAAG

blaTEM ATCAGCAATAAACCAGC 516 54

CCCCGAAGAACGTTTTC

qnrS ACGACATTCGTCAACTGCAA 417 53

TAAATTGGCACCCTGTAGGC

aacC GGCGCGATCAACGAATTTATCCGA 448 60

CCATTCGATGCCGAAGGAAACGAT

aadA2 TGTTGGTTACTGTGGCCGTA 622 50

GATCTCGCCTTTCACAAAGC

Table 2 Salmonellae isolated from chickens and pigeons

Salmonella isolates

Chicken

(N* = 70)

Pigeon

(N* = 30)

Total/iso-

lates

(N† = 16)

I. % I. % I. %

S. subspecies salamae 3 4�3 4 13�3 7 43�8
S. subspecies enterica

serovar Bukuru

5 7�1 0 0 5 31�3

S. subspecies enterica

serovar Ferruch

2 2�9 0 0 2 12�5

S. subspecies enterica

serovar Newlands

0 0 1 3�3 1 6�3

S. subspecies enterica

serovar Weybridge

0 0 1 3�3 1 6�3

Total 10 14�3 6 20 16 100

I., isolates.

*N, no. of samples.

†N, no. of isolates.
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and gentamicin (25%). The S. salamae isolates were

resistant to all tested antibiotics except for gentamicin.

All S. Bukuru isolates were sensitive to nitrofurantoin,

doxycycline and neomycin. The S. Weybridge isolate was

sensitive to all tested quinolones and fluoroquinolones,

whereas S. Newlands was sensitive to all tested amino-

glycosides. Only three isolates were resistant to gentam-

icin (one S. Bukuru, one S. Ferruch and one S.

Weybridge).

The S. salamae (from pigeons) and S. Bukuru (from

Fayoumi chicken) isolates were further analysed for the

presence of antibiotic resistance genes (Table 4). All the

tested isolates harboured the blaTEM gene and expressed

phenotypic resistance to the penicillins and cefotaxime.

All the tested isolates showed phenotypic resistance to

quinolones and fluoroquinolones. However, three of the

S. Bukuru isolates lacked the qnrS gene. The aadA2 and

floR genes were detected in all isolates except for one S.

Bukuru, which showed sensitivity to both streptomycin

and chloramphenicol. The aacC gene was detected in one

of each of the S. salamae and S. Bukuru isolates, although

only the S. Bukuru isolate showed phenotypic resistance

to gentamicin.

The sodC-1 gene, which is a virulence marker of zoo-

notic nontyphoidal invasive salmonellae, was detected in

all tested isolates of S. salamae and S. Bukuru.

The BLAST sequence analysis for thesodC-1 gene of S.

salamae (Em.1.EGY015) showed a distinct divergence

(98–99�5% and 96–97�2% identity for nucleotide and

amino acid sequences, respectively) when compared with

other salmonellae from the subspecies enterica included

in the analysis (S. Bukuru (Em.2.EGY015), S. Typhimur-

ium-SARA13, S. Typhimurium-NC983, S. Heidelberg

SH12-003,S. Java-NCTC5706, S. Enteriditis-EC20110222,

S. Typhimurium-CDC_H2662, and S. Typhimurium-

CDC_2009K). A clear segregation between Salmonella

subspecies was also evidenced by the alignment of amino

acid sequences, which showed at least six amino acid sub-

stitution differences between the two subspecies (Fig. 1)

as follows: leucine(L)/valine(V) replacement at position 2,

isoleucine(I)/histidine(H) replacement at position 3, thre-

onine(T)/lysine(K) replacement at position 117, aspartate

(D)/asparagine(N) replacement at position 147, proline

(P)/arginine(R) replacement at position 149 and alanine

(A)/serine(S) replacement at position 150. In addition,

the intra-subspecies segregation was confirmed using the

Table 3 Antibiotic resistance phenotypes of the Salmonellae isolated from chickens and pigeons in this study

Antibiotics

S. salamae

N = 4 (%)

S. Bukuru

N = 5 (%)

S. Ferruch

N = 1 (%)

S. Newlands

N = 1 (%)

S. Weybridge

N = 1 (%)

Total

N = 12 (%)

Penicillins

Ampicillin 4/4 (100) 5/5 (100) 1/1 (100) 1/1 (100) 1/1 (100) 12/12 (100)

Amoxicillin 4/4 (100) 5/5 (100) 1/1 (100) 1/1 (100) 1/1 (100) 12/12 (100)

Amoxicillin/Clavulanic acid 4/4 (100) 5/5 (100) 1/1 (100) 1/1 (100) 1/1 (100) 12/12 (100)

Cephems

Cefotaxime 4/4 (100) 5/5 (100) 1/1 (100) 1/1 (100) 1/1 (100) 12/12 (100)

Macrolides

Erythromycin 4/4 (100) 5/5 (100) 1/1 (100) 1/1 (100) 1/1 (100) 12/12 (100)

Sulphonamides

Sulphamethoxazole/Trimethoprim 4/4 (100) 5/5 (100) 1/1 (100) 1/1 (100) 1/1 (100) 12/12 (100)

Quinolones

Nalidixic acid 4/4 (100) 5/5 (100) 1/1 (100) 1/1 (100) 1/1 (100) 12/12 (100)

Fluoroquinolones

Ciprofloxacin 4/4 (100) 5/5 (100) 1/1 (100) 1/1 (100) 0/1 (0) 11/12 (91�7)
Enrofloxacin 4/4 (100) 5/5 (100) 1/1 (100) 1/1 (100) 0/1 (0) 11/12 (91�7)
Norfloxacin 4/4 (100) 5/5 (100) 1/1 (100) 1/1 (100) 0/1 (0) 11/12 (91�7)
Ofloxacin 4/4 (100) 5/5 (100) 0/1 (0) 1/1 (100) 0/1 (0) 10/12 (83�3)

Phenicols

Chloramphenicol 4/4 (100) 4/5 (80) 1/1 (100) 1/1 (100) 0/1 (0) 10/12 (83�3)
Nitrofurans

Nitrofurantoin 4/4 (100) 0/5 (0) 1/1 (100) 1/1 (100) 1/1 (100) 7/12 (58�3)
Tetracyclines

Doxycycline 4/4 (100) 0/5 (0) 0/1 (0) 1/1 (100) 1/1 (100) 6/12 (50)

Aminoglycosides

Streptomycin 4/4 (100) 4/5 (80) 0/1 (0) 0/1 (0) 0/1 (0) 8/12 (66�7)
Neomycin 4/4 (100) 0/5 (0) 0/1 (0) 0/1 (0) 1/1 (100) 5/12 (41�7)
Gentamicin 0/4 (0) 1/5 (20) 1/1 (100) 0/1 (0) 1/1 (100) 3/12 (25)
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phylogenetic neighbour-joining tree method, which

showed that there are two main clusters separating the S.

salamae isolates (Em.1.EGY015) from S. enterica isolates

(Fig. 2). S. Bukuru (Em.2.EGY015) was unique from the

rest of the tested S. enterica isolates by two amino acid

substitutions, specifically K/D and N/D replacements at

positions 16 and 18, respectively. Hence, S. Bukuru

formed a separate clone in the S. enterica cluster (Fig. 2).

Discussion

Salmonella was detected in 20% of the examined morbid

pigeons. This finding was higher than that of previous

reports from Egypt (13�3%) by Osman et al. (2013),

Chile (4%) by Gonz�alez-Acu~na et al. (2007) and Italy

(0�9%) by Antonio et al. (2014). The relatively high per-

centage of pigeon salmonellosis in this study may be

attributed to the fact that all samples were from morbid

birds, which was not the case in previous studies. In

Egypt, pigeons are raised in dovecotes with free access to

the environment, which includes other birds, animals and

humans that may be located at remote distance from

their nests. Therefore, harbouring Salmonella pathogens

in theses reservoirs may constitute a considerable hazard

to human and animal health.

Salmonella was detected in 14�3% of morbid Fayoumi

chickens in this study, which was consistent with a report

(12�7%) on Salmonella in free-range chickens in China

(Zhao et al. 2016). Higher (50%) and lower (5�6%)

prevalence has been reported in free-range-reared chick-

ens in the United States by Melendez et al. (2010) and

Alali et al. (2010), respectively. Majority of Fayoumi

chickens in Egypt are reared in backyards (Food and

Agriculture Organization (FAO) 2006). The recent emer-

gence of live poultry associated Salmonella (LPAS) out-

breaks in humans has drawn attention to the public

health risk of rearing chickens in backyards because they

may harbour Salmonella pathogens. In the United States,

a study reported substantial increases in LPAS and docu-

mented 53 LPAS outbreaks over the period 1990–2014,
with 2630 illnesses, 387 hospitalizations, and five mortali-

ties (Basler et al. 2016). Backyard Fayoumi chickens with

Salmonella may pose an immense risk to households and

can also act as environmental sources of Salmonella infec-

tion for nearby birds and animals.

Salmonella salamae was the most prevalent isolate

(43�8%) and the most common isolate from pigeons.

This paper may represent the first report of S. salamae in

poultry in Egypt. Salmonella salamae was also reported in

wild birds in Poland (Krawiec et al. 2015). In humans, S.

salamae has been associated with cases of gastroenteritis

and occasionally extra-intestinal diseases. However, the

disease is usually more serious for elderly, young or

immunocompetent patients (Nair et al. 2014). In England

and Wales, S. salamae has been responsible for over 200

cases of human illness, including three bacteraemia cases

between 2004 and 2010 (Nair et al. 2014). Another study

in the United States reported an increase in extra-intest-

inal infections caused by S. salamae for the period 1985–
2009 and found that most cases were associated with uri-

nary tract infections (Abbott et al. 2012). In addition, S.

Bukuru and S. Ferruch caused human enteric diseases in

USA (CDC 2013), and S. Newlands associated with acute

gastroenteritis in a patient from Turkey (Baykal et al.

1976). These studies highlight the public health risk of

pigeons and Fayoumi chickens as reservoirs of zoonotic

S. enterica pathogens, which were detected in this study.

All tested Salmonella isolates (100%) were MDR to five

classes of antibiotics (penicillins, cephems, macrolides,

sulphonamides and quinolones) and showed high resis-

tance to fluoroquinolones and chloramphenicol. These

findings were higher than those reported in the Sal-

monella isolates from chickens in the United States

(39�8%) by Bai et al. (2015) and in China (26�3%) by

Table 4 Genetic vs phenotypic antibiotics resistance of the Salmonellae isolated from chickens and pigeons in this study

Isolates Penicillins/Cephems

Quinolones/Fluoro-

quinolones Aminoglycosides Phenicols

Pathogen ID Gene Phenotype Gene Phenotype Gene Phenotype Gene Phenotype

S. salamae 1 blaTEM AM, CTX qnrS NA, CIP aadA2 S floR C

2 blaTEM AM, CTX qnrS NA, CIP aadA2 S floR C

3 blaTEM AM, CTX qnrS NA, CIP aacC, aadA2 S floR C

4 blaTEM AM, CTX qnrS NA, CIP aadA2 S floR C

S. Bukuru 5 blaTEM AM, CTX – NA, CIP aadA2 S floR C

6 blaTEM AM, CTX – NA, CIP aacC CN – –

7 blaTEM AM, CTX qnrS NA, CIP aadA2 S floR C

8 blaTEM AM, CTX – NA, CIP aadA2 S floR C

9 blaTEM AM, CTX qnrS NA, CIP aadA2 S floR C

AM, ampicillin; CTX, cefotaxime; NA, nalidixic acid; CIP, ciprofloxacin; S, streptomycin; CN, gentamicin; C, chloramphenicol.
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Zhao et al. (2016). High resistance of chicken Salmonella

isolates to sulphonamides, quinolones and chlorampheni-

col in China (Lin et al. 2015) and penicillins and

cephems in the United States (Alali et al. 2010) has been

reported, which is consistent with our findings. The low-

est rates of resistance were to gentamicin (25%), which is

Figure 1 Amino acid sequence alignment of sodC-1 gene of Salmonella isolates in this study and other Salmonellae from GenBank. Em.1-

EGY015: Salmonella subspecies salamae detected and sequenced in this study; Em.2-EGY015: Salmonella subspecies enterica serovar Bukuru

detected and sequenced in this study; Dots: similar sequence.

1.7

0

S.Typhimurium-CDC_2009K-1640
S.Enteritidis-EC20110222
S.Typhimurium-CDC_H2662

S.Typhimurium-NC983
S.Typhimurium-SARA13
Em.2-EGY015 (S. Bukuru)

Em.1-EGY015 (S. salamae)

S.Java-NCTC5706
S.Heidelberg-SH12-003

Amino acid substitutions (×100)

Figure 2 Phylogenetic tree of Salmonella isolates using sodC-1 gene amino acid sequence. Em.1-EGY015: Salmonella subspecies salamae

detected and sequenced in this study; Em.2-EGY015: Salmonella subspecies enterica serovar Bukuru detected and sequenced in this study.
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consistent with the results of Lin et al. (2015) in China

(19%) and Bai et al. (2015) in the United States (23�5%).

All tested S. salamae isolates were sensitive only to gen-

tamicin. Despite the limited number of publications

describing the drug resistance profile of S. salamae, this

emerging multidrug resistance is unprecedented. A previ-

ous report showed that 90% of S. salamae isolates derived

from human cases were sensitive to a majority of antimi-

crobials and the predominant resistance was to a single

drug (Nair et al. 2014). These authors added that only 2

of 223 isolates showed multidrug resistance (Nair et al.

2014). The high rates of multidrug resistance of S. sala-

mae isolates reported in this study are alarming because

if these bacteria infect a human, limited treatment

options are available.

All tested S. salamae and S. Bukuru isolates harboured

the blaTEM gene and expressed phenotypic resistance to

penicillins and cefotaxime. The blaTEM gene encodes

resistance to ampicillin (Frye and Jackson 2013). How-

ever, Ragupathi et al. (2016) reported that over-expres-

sion of the blaTEM gene confers resistance to

cephalosporins as well. This was consistent with our find-

ings.

All tested isolates harbouring the qnrS gene showed

phenotypic resistance to quinolones and fluoro-

quinolones. Consistent with our results, the qnrS gene

was associated with co-resistance to nalidixic acid and

ciprofloxacin in chicken Salmonella isolates from Korea

(Kim et al. 2013) and China (Lin et al. 2015).The qnrS

gene is one of the plasmid-mediated quinolone resistance

(PMQR) genes. The recent increase in the acquisition of

PMQR by Salmonella rather than the slow process of

aggregating gyrA gene mutations has enhanced the emer-

gence of ciprofloxacin resistance in human-animal Sal-

monella worldwide (Lin et al. 2015). Three of the S.

Bukuru isolates lacked the qnrS gene yet showed co-resis-

tance to nalidixic acid and ciprofloxacin, which could be

attributed to the presence of other PMQR genes or even

gyrA gene mutations. Several genes are involved in

aminoglycosides resistance. Among those, aacC encodes

resistance to gentamicin, and aadA encodes resistance to

streptomycin and gentamicin (Frye and Jackson 2013).

All the tested Salmonella isolates harbouring the aadA2

gene showed phenotypic resistance to streptomycin but

not gentamicin, which is consistent with a previous

report in chicken Salmonella isolates in Egypt (El-Shar-

kawy et al. 2017). However, an association between the

aadA gene and gentamicin resistance in chicken Sal-

monella was reported in Brazil (Biffi et al. 2014). The

aacC gene was detected in two isolates, although only

one of them showed resistance to gentamicin. Silent

antimicrobial resistance genes were previously reported in

Salmonella isolated from chicken in other studies (Biffi

et al. 2014; El-Sharkawy et al. 2017); however, these genes

may activate in vivo or spread to other bacteria, thereby

posing the same risk as active genes (El-Sharkawy et al.

2017). Both the aacC and aadA resistance genes were pre-

viously detected in S. Kentucky isolated from an outbreak

in Slovenia caused by travel to Egypt (Majt�an et al.

2006). The floR gene was detected in all isolates except

for one S. Bukuru, which showed sensitivity to chloram-

phenicol. The floR gene was associated with chloram-

phenicol resistance in Salmonella isolates from Egypt (El-

Sharkawy et al. 2017) and the United States (Frye and

Jackson 2013).

The sodC-1 gene was detected in all the tested S. sala-

mae and S. Bukuru isolates in this study. Huehn et al.

(2010) detected the sodC-1 gene in all S. Typhimurium

and S. Enteritidis isolates but not in the Salmonella sero-

vars isolated from human and animal cases in Europe

between 1995 and 2006. This gene was also detected in

35% of the typhoidal Salmonella pathogens isolated from

human cases of enteric fever in India (Sanjay et al. 2010).

The sodC-1 gene contributes to the pathogenesis of sys-

temic salmonellosis by protecting the pathogens against

the superoxide radicals mediated by host defense mecha-

nisms during infection (Farrant et al. 1997). Hence, the

sodC-1 gene was associated with strains causing nonty-

phoidal Salmonella bacteraemia (Fang et al. 1999; Sanjay

et al. 2010). Interestingly, S. salamae was responsible for

cases of invasive salmonellosis in England, Wales and the

United States (Abbott et al. 2012; Nair et al. 2014). The

acquisition of the sodC-1 gene by this pathogen may have

contributed to the pathogenicity of these extra-intestinal

cases, which highlights the zoonotic potential of Sal-

monella strains that harbour this gene.

Previous studies suggested the possibility of choosing

the sodC-1 gene as a phylogenetic marker for gram-nega-

tive pathogens. A sequence analysis of the sodC-1 gene

distinguished Salmonella pathogens from other patho-

gens, such as Escherichia coli and Mycobacterium tubercu-

losis (Farrant et al. 1997; Sanjay et al. 2010).

Furthermore, a phylogenetic analysis using the sodC-1

gene segregated typhoidal Salmonella (S. Typhi and S.

Paratyphi) from nontyphoidal Salmonella (S. Typhimur-

ium) by three amino acid differences (Sanjay et al. 2010).

These findings were consistent with our results because

the sodC-1 gene sequence alignment and the phylogenetic

neighbour-joining tree segregated S. salamae from S.

enterica by six amino acid substitution differences. The

sodC-1 gene of S. Bukuru was different from the tested S.

Typhimurium, S. Heidelberg, S. Java and S. Enteritidis

isolates by two amino acid substitutions at positions 16

and 18. This finding differs from the results of Sanjay

et al. (2010), who reported a complete homology of the

amino acid sequences of sodC-1 genes between S. Typhi
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and S. Paratyphi despite a single nucleotide difference

between the two serovars. However, these nucleotide or

amino acids differences could be used as genetic finger-

prints that would allow for the epidemiological tracing of

Salmonella isolates from clinical cases.

In conclusion, this study demonstrates that Salmonella

serovars isolated from native Fayoumi chickens and

pigeons exhibit resistance to multiple classes of antibi-

otics. A majority of these drug resistances could be attrib-

uted to the harbouring of multiple resistance genes.

Salmonella salamae showed unprecedented multidrug

resistance. The emergence of such pathogens may pose a

health hazard when transmitted to humans, birds or

other animals. Educational campaigns, enhanced biosecu-

rity measures and the continuous monitoring of these

backyard-reared poultry species should be mandatory

preventive measures.
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