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Background: Proteus mirabilis has been identified as an important zoonotic pathogen,
causing several illnesses such as diarrhoea, keratitis and urinary tract infections.
Objective: This study assessed the prevalence of P. mirabilis in broiler chickens, its
antibiotic resistance (AR) patterns, ESBL-producing P. mirabilis and the presence of
virulence genes.

Methods: A total of 26 isolates were confirmed as P. mirabilis from 480 pooled broiler
chicken faecal samples by polymerase chain reaction (PCR). The disk diffusion method
was used to evaluate the antibacterial susceptibility test, while nine virulence genes
and 26 AR genes were also screened by PCR.

Results: All 26 P. mirabilis isolates harboured the ireA (siderophore receptors), ptA, and
zapA (proteases), ucaA, pmfA, atfA, and mrpA (fimbriae), hlyA and hpmA (haemolysins)
virulence genes. The P. mirabilis isolates were resistant to ciprofloxacin (62%) and lev-
ofloxacin (54%), while 8 (30.7%) of the isolates were classified as multidrug resistant
(MDR). PCR analysis identified the blacry.y gene (62%), blagy (58%) and blacrym.o
(38%). Further screening for AMR genes identified mcr-1, catl, cat2, gnrA, qnrD
and mecA, 12%, 19%, 12%, 54%, 27% and 8%, respectively for P. mirabilis isolates.
The prevalence of the integron integrase intll and intl2 genes was 43% and 4%,
respectively.

Conclusions: The rise of ciprofloxacin and levofloxacin resistance, as well as MDR
strains, is a public health threat that points to a challenge in the treatment of infections
caused by these zoonotic bacteria. Furthermore, because ESBL-producing P. mirabilis
has the potential to spread to humans, the presence of blacry.-producing P. mirabilis
in broilers should be kept under control. This is the first study undertaken to isolate P.
mirabilis from chicken faecal samples and investigate its antibiotic resistance status as

well as virulence profiles in South Africa.
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1 | INTRODUCTION

The genus Proteus consists of Gram-negative, facultatively anaerobic,
heterotrophic and proteolytic bacteria that cause opportunistic human
infections (Drzewiecka, 2016; Hamilton et al., 2018). Proteus mirabilis
and P. vulgaris are the two main species of this genus, which were char-
acterised by Hauser in the 19th century (Drzewiecka, 2016; Manos
& Belas, 2006). Most Proteus spp. infections are caused by P. mirabilis,
including catheter-associated urinary tract infections (CAUTIs) (Wasfi
et al., 2020), wound and respiratory infections (Mobley & Belas, 1995;
Tsai et al., 2014; Warren et al., 1982). The P. mirabilis is a significant
zoonotic conditional pathogen that frequently infects both humans and
animals (Li et al., 2022).

The pathogenicity of P. mirabilis is associated with the ability to man-
ifest virulence factors, such as the siderophore receptor ireA gene,
haemolysing coding genes hpmA and hlyA, fimbriae coding genes atfA,
pmfA, mrpA, ucdA, as well as the protease coding genes zapA and ptA
(Li et al., 2016; Sanches et al., 2020). Previous studies reported 76%
(38/50) of multidrug-resistant (MDR) Proteus species isolated from
broilers in China (Li et al., 2022), while in Egypt a total of 22.8% (8/35)
MDR Proteus species isolated from healthy and diseased ducks (Algam-
mal et al., 2021). Polymerase chain reaction (PCR) method provides a
quick, accurate, and reliable epidemiological screening tool for viru-
lence and antibiotic resistance genes in bacterial pathogens (Algammal
etal,2021).

Beta-lactam antibiotics are a class of broad-spectrum antibiotics
consisting of all antibiotic agents that contain a beta-lactam ring
in their molecular structures and are frequently prescribed antimi-
crobial agents all over the world in the treatment of infections
caused by Gram-positive and Gram-negative bacteria (Bradford, 2001;
Yarima et al., 2020). Pathogenic Gram-negative bacteria frequently
produce Extended-Spectrum Beta-Lactamases (ESBLs), a genetic enzy-
matic component that contributes to their resistance to beta-lactam
antimicrobial medicines (Pitout et al., 2005; Rao et al., 2014). ESBLs
are plasmid-encoded enzymes that cause resistance to extended-
spectrum cephalosporins, monobactams and aztreonams (CDC, 2019).
Recently, an increase in ESBL-producing Enterobacteriaceae has been
observed globally (Ushie et al., 2020).

Proteus mirabilis lacks any chromosomally encoded beta-lactamase,
resulting in complete resistance to all lactams for the wild-type pheno-
type (Girlich et al., 2020). The P. mirabilis isolates have been described
with multiple acquired resistance genes encoding narrow-spectrum
beta-lactamases blargy, blasyy, blacags, blajrr (De Champs et al., 2000;
Girlich et al., 2020; Naas et al., 2003). The two most dominant genes
are blargp and blacrx.m (Paterson, 2006; Rajivgandhi et al., 2018). The
prevalence of ESBLs of the blacry. type among Proteus spp. is turn-
ing into a significant threat to world health (Karapavlidou et al., 2005;

Rajivgandhi et al., 2018). It has exhibited strong hydrolysis activity
against cefotaxime (Auer et al., 2010).

Several blagys carbapenemases originating from Acinetobacter spp.
are now emerging from P. mirabilis isolates, including blapya-»3 and
blaoya-sg (Girlich et al., 2020).

The ampC beta-lactamases have been found on the chromosomes of
some Enterobacteriaceae (Bush et al., 1995). These cephalosporinases
induce resistance to penicillins, cephalosporins, cefazolins, cefoxitins,
combination B-lactamases and beta-lactamases (Jacoby, 2009).

The P. mirabilis isolates have been described as having multiple
acquired resistance genes encoding narrow-spectrum beta-lactamases
and quinolones (Naas et al., 2003; De Champs et al., 2000; Girlich
etal.,, 2020; Sanches et al., 2020). Hence, various genes encoding antibi-
otic resistance, including beta-lactamases and quinolones, should be
screened, particularly for underreported bacteria such as P. mirabilis.
This study investigated the occurrence of P. mirabilis from faecal
samples of broiler chickens collected in Mafikeng City, North-West
Province, South Africa. Furthermore, this study documented the preva-
lence of P. mirabilis virulence genes as well as its phenotypic and

genotypic antibiotic resistance patterns.

2 | MATERIALS AND METHODS

2.1 | Sample collection

Following evisceration, 2400 chicken faeces samples were randomly
collected from the caeca from 2016 to 2018 in four different abat-
toirs around Mafikeng City in the Ngaka Modiri Molema district of
North-West Province, which is located between 25° and 28° south of
the equator and 22° to 28° longitude east of the Greenwich Merid-
ian (Ramatla et al., 2022). The faecal samples were pooled into a total
of 480 samples, representing five separate broiler farms (Mileng et al.,
2021).

2.2 | Bacterial isolation and identification

For culture isolation of Proteus mirabilis from faeces 5 g of faecal
sample was mixed with 10 mL of buffered peptone water (BPW
Oxoid, Biolab, South Africa), homogenised for 2 min by vortexing
and incubated for 18 to 24 h at 37°C. Loopful of liquid culture
broth was streaked on Xylose lysine deoxycholate agar (XLD), incu-
bated for 18 to 24 h at 37°C. Three to four Salmonella-like colonies
(red with or without black centre) suspected colonies were further
streaked and purified on nutrient agar (NA). Pure colonies were then

tested for their specific biochemical characteristics, and putative P.
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mirabilis isolates were selected and confirmed by 16S rRNA gene
PCR.

2.3 | DNA extraction, PCR and sequencing

The bacterial genomic DNA was extracted using the Zymo Fun-
gal/Bacterial DNA kit following the manufacturer’s instructions (Zymo
Research Corp., CA, USA). A NanoDrop spectrophotometer was used
to measure the DNA concentration. The bacterial universal primers
(27F: AGAGTTTGATCMTGGCTCAG and 1492R: GGTTACCTTGTTAC-
GACTT) targeting the 16S rRNA gene segment were used for molecular
identification of the bacteria using conventional PCR. This included a
total reaction volume of 25 uL, of which 12.5 uL was a 2X DreamTaq
Green Master Mix (Thermo Fisher Scientific, South Africa), including
0.4 mM of each deoxynucleotide triphosphates (dATP, dCTP, dGTP
and dTTP), 4 mM MgCl,, 2.0 uL of the template DNA, 10 uM of each
oligonucleotide primer, 8.5 uL of nuclease-free water. The ProFlex
PCR System was used to carry out the PCR reactions (Applied Biosys-
tems, USA). Amplified PCR products were electrophoresed on a 1.5%
(w/v) agarose gel stained with ethidium bromide and visualised under
ultraviolet (UV) light.

The 16S rRNA PCR products were sequenced at Ingaba Biotech-
nical Industries (Pty) Ltd., Pretoria, South Africa. FintchTV (Harb
et al., 2019) was used to edit the base calls of the sequence chro-
matograms. Sequence identity was evaluated using the nucleotide
Basic Local Alignment Search Tool (BLASTn) on the NCBI website
(https://blast.ncbi.nlm.nih.gov/Blast.cg). Generated sequences were
submitted to the GenBank database and were assigned accession
numbers.

2.4 | Antimicrobial susceptibility test

The phenotypic antibiotic resistance test was performed using the
Kirby-Bauer (Disc diffusion) method to assess the antimicrobial sus-
ceptibility of P. mirabilis isolates. Antibiotic discs cefazolin (CZ) 30
ug, amikacin (AN) 30 ug, amoxicillin-clavulanic acid (AMC) 20/10 ug,
ciprofloxacin (CIP) 5 ug, gentamicin (GM) 10 ug, norfloxacin (NOR) 10
ug, meropenem (MEM) 10 ug, nalidixic acid (NA) 30 ug, aztreonam
(ATM) 30 ug, ertapenem (ETP) 10 ug, cefepime (FEP) 30 ug, imipenem
(IPM) 10 ug, colistin sulphate (CS) 10 ug and levofloxacin (LVX) 5 ug
(Thermofischer, South Africa) were used in this study. Isolates that dis-
play resistance to three or more antimicrobial classes were deemed as
multidrug resistant as described by Ramatla et al. (2019).

Aliquots of 100 L of bacterial suspensions were spread-plated on
Mueller-Hinton agar, and antibiotic discs were aseptically placed on
the plates using sterile forceps. Plates were incubated for 24 h at
37°C. Thereafter, the diameters of the zones of inhibition were mea-
sured in millimetres (mm). The P. mirabilis isolates were categorised
as resistant, intermediate and susceptible based on zone of inhibition

in accordance with Clinical and Laboratory Standards Institute stan-
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dards (CLSI,2018). The E. coli ATCC 25922 was used as a quality control
strain.

2.5 | Phenotypic detection of ESBL-producing
Proteus mirabilis

Confirmed P. mirabilis isolates were screened for phenotypic ESBL
production by disc diffusion tests using cefotaxime (CTX: 30 ug), aztre-
onam (ATM: 30 ug), ceftazidime (CAZ: 30 ug) and ceftriaxone (CRO: 30
ug) according to CLSI guidelines (CLSI, 2018, 2020; Fayez et al., 2023).
Isolates that showed resistance to one or more of these antibiotics

were confirmed as ESBL production.

2.6 | Detection of antibiotic resistance genes and
B-lactamase-encoding genes

To investigate the antibiotic resistance genes, PCR amplification was
performed on all P. mirabilis isolates. The genes encoding for quinolone
(gnrS, gnrA and gnrD), vancomycin (vanA), macrolide (erythromycin)
(ermB), chloramphenicol (catl and catll), penicillin-binding protein 2a or
PBP2a (mecA) and colistin (mcr-1 and mcr-2) and the genes encoding for
B-lactams (ampC, blaCTX-M-8, blaCTX-M-9, blaCTX-M-25, blaCTX-
M, blaCTX-M-1, blaCTX-M-2, blaCTX-M-9, blaCTX-M-15, blaTEM,
blaSHV, blaCARB and blaOXA) were investigated. The genes encod-
ing for B-lactams (ampC, blacrxm-s, blacrx-m-9, blacx-m-25. blacTx-m,
blactx-m-1, blacrx-m-2, blactx-m-9, blacrx-m-15, blarem, blasyy, blacarg and
blapxa). Total reaction volume was 25 ul, of which 12.5 ulL was a 2X
DreamTaq Green Master Mix (Thermo Fisher Scientific, South Africa)
including 0.4 mM of each deoxynucleotide triphosphate (dATP, dCTP,
dGTP and dTTP), 4 mM MgCl,, 2.0 uL of the template DNA, 10 uM of
each oligonucleotide primer, 8.5 uL of nuclease-free water. PCR ampli-
fication conditions (Supplementary Table S1) were initial denaturation
for 5 min at 94°C, 35 cycles of denaturation at 94°C for 45 s, anneal-
ing temperatures are shown in Supplementary Table S2, and extension
at 72°C for 60 s. The final extension was carried out at 72°C for 10
min. Amplicons were electrophoresed as described above. To allow
standardisation, 1 Kb and 100 bp DNA Ladders (Sigma, D7058) were
utilised as molecular markers.

2.7 | Screening integron integrase genes by
multiplex PCR assay

The presence of Int (intl1 and intl2) gene-encoding class 1 and 2
integrons was tested in all P. mirabilis isolates. The PCR reaction
included a total reaction of 25 ulL containing 12.5 uL of a 2X DreamTaq
Green Master Mix (0.4 mM dATP, 0.4 mM dCTP, 0.4 mM dGTP, 0.4 mM
dTTP, 4 mM MgCl, and loading buffer) (ThermoFisher Scientific, South
Africa), 8.5 uL of nuclease-free water, 2.0 uL of the template DNA and

1.0 uL of each oligonucleotide primer. PCR primers and conditions for
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antibiotic resistance genes and class 1 and 2 integrons are shown
in Supplementary Table S1. PCR reactions were performed using the
ProFlex PCR System (Applied Biosystems, USA).

2.8 | Detection of virulence genes

The virulence gene profiles of P. mirabilis isolates were determined
using conventional PCR. The nine virulence genes screened included
ireA (siderophore receptors), ptA, and zapA, (proteases), ucaA, pmfA,
atfA, and mrpA (fimbriae), and hlyA and hpmA (haemolysins) using pub-
lished PCR primers (Supplementary Table S2). To set up PCR assays for
virulent genes, a total of 25 uL reaction mixture consisted of 12.5 uL of
the PCR Master Mix (AmpliTag Gold® DNA Polymerase, 0.05 units/L,
Gold buffer, 930 mM Tris/HCI pH 8.05, 100 mM KCl, 0.4 mM of each
dNTP, and 5 mM MgCl,), 10 uM of each primer, 2 uL of template
DNA and 8.5 uL nuclease-free water. As a negative control, test DNA
was substituted with 2 uL of nuclease-free water. Amplicons were

electrophoresed as described above.

2.9 | Data analysis

Data analysis was carried out using Microsoft Excel 2016 (Microsoft
Corporation, Redmond, DC, USA). The sequenced 165 rRNA gene of the
26 isolates was aligned to nucleotide sequences available in GenBank
and identified by comparing them with those available in the National
Centre for Biotechnology Information database (NCBI) using BLASTn
(http://www.ncbi.nlm.nih.gov/BLAST/). The heatmap plots of the viru-
lence and antibiotic resistance profile were generated using ChipPlot
(https://www.chiplot.online/#).

2.10 | Data availability

The sequenced 16S rRNA gene of the 26 P. mirabilis iso-
lates were deposited in GenBank under accession numbers
ONB832665-0ON832690.

3 | RESULTS

3.1 | Identification of P. mirabilis

The P. mirabilis strains were isolated using classical microbiologi-
cal tests on XLD media, which resulted in 46 suspected P. mirabilis
colonies. A total of 26 isolates were positive on urease media with
the production of pinkish-red colouration of the medium and P.
mirabilis was indole-negative. The isolates were further confirmed as
P. mirabilis by 16S rRNA gene sequencing. The query sequence of the P.
mirabilis isolates sequenced shared high (98% to 99%) similarity with
P. mirabilis strains IARS-5 (JQ863236.1), swupm3 (CP071780.1), M8
16S (0OL629236.1) and DS18333-2 (OM882457.1) available in Gen-

Bank. All gene sequences generated in this study were deposited into
the GenBank with accession numbers.
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Antimicrobial susceptibility phenotypic

A total of 26 P. mirabilis isolates were further subjected to an antimicro-
bial susceptibility test to evaluate their resistance patterns (Table 1).
P. mirabilis was found to have the highest antibiotic resistance rate
against ciprofloxacin 61.5% (16/26), followed by levofloxacin 53.8%
(14/26), amoxicillin-clavulanic acid 46.2% (12/26), gentamicin 38.5%
(10/26), norfloxacin 34.6% (9/26), nalidixic acid 30.8% (8/26), amikacin
30.8% (8/26), cefazolin 23.1% (6/26), colistin sulphate 19.2% (5/26),
cefepime 15.4% (4/26), meropenem 11.5% (3/26), aztreonam 11.5%
(3/26), ertapenem 7.7% (2/26) and imipenem 7.7% (2/26). Two P.
mirabilis isolates (ON832672 and ON832681) were susceptible to
all 14 antibiotics tested in this study. The distribution of antibi-
otic resistance on each P. mirabilis isolate is shown on the heatmap
(Figure 1).

3.3 | Multidrug-resistant P. mirabilis

A total of 8 (30.7%) P. mirabilis isolates were resistant to three or more
antibiotic classes, which is an indication of a multidrug resistance pat-
tern (Lv et al., 2022). Four (ABT 1, ABT 6, ABT 18 and ABT 26) isolates
were resistant to four classes of antibiotics, followed by four (ABT 3,
ABT 15, ABT 20, and ABT 21) isolates displaying resistance to three
classes of antibiotics.

3.4 | Antibiotic resistance genes detected in P.
mirabilis isolates

Six out of 11 antimicrobial resistance genes were detected in the 26 P.
mirabilis isolates. It was found that 3 (12%) out of 26 P. mirabilis isolates
were positive for colistin resistance gene mcr-1. The prevalence of cat1,
catll, gnrA, gnrD and mecA P. mirabilis was 5 (19%), 7 (27%), 13 (50%), 7
(27%) and 2 (8%), respectively (Table 2). The presence of the quinolone
resistance genes gnrA and gnrD was detected in four P. mirabilisisolates.
Furthermore, the chloramphenicol resistance catl and catll genes were
detected in one isolate (ABT 6). Resistance genes encoding for van-
comycin (vanA), erythromycin resistance methylase (ermB), quinolone
(gnrS) and colistin (mcr-2) were not detected in all 26 P. mirabilis

isolates.
3.5 | Prevalence of ESBL genes among
ESBL-producing P. mirabilis isolates

Out of 26 P. mirabilis isolates, 8 (30.8%) were phenotypically classi-
fied as ESBL-producing, while 22 (84%) were classified genotypically
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TABLE 1
Group of antibiotics Antibiotics (ug)
Cephalosporins Cefazolin (30 ug)
Aminoglycosides Amikacin (30 ug)
Amoxicillin-clavulanic acid (20/10 ug)
Gentamicin (10 ug)
Fluoroquinolones Levofloxacin (5 ug)
Nalidixic acid (30 ug)
Ciprofloxacin (5 ug)

Norfloxacin (10 ug)

Carbapenem Meropenem (10 ug)
Imipenem (10 ug)

Monobactams Aztreonam (30 ug)
Ertapenem (10 ug)

4th-generation cephalosporin Cefepime (30 ug)

Polymyxin Colistin sulphate (10 ug)

as ESBL positive. The ESBL-producing P. mirabilis isolates had the high-
est ESBL genes encoding for blacty.m.g 6 (23.1%), blactx.m 5 (19.2%),
blacty.m-2 4 (15.4%), blarey 4 (15.4%), blactx.m-9 3 (11.5%) and blaoya
2 (7.7%). A total of 4 (15.4%) ESBL-producing P. mirabilis isolates

harboured the ampC gene.

3.6 | Distribution of ESBL genotypes

The ESBL genotype distribution is presented in Table 2 for isolates
producing ESBL. A total of 4 isolates (15.38%) harboured genotypic
resistance pattern combinations of blacrx.v, blacrx-m-2, blargy and
blasyy,. The co-existence of blacty.m types was observed in 12 (46.15%)
of the isolates.

3.7 | Detection of integron integrase genes
Twenty-six P. mirabilis strains were examined for the presence of two
types of integrase genes. We observed the presence of the inte-
grase gene (intl1) in 11 (42%) isolates, while 1 (C1HU 5) (4%) isolate
harboured both intl1 and intl2 genes.

3.8 | Detection of virulence genes

Seven out of nine virulence genes (ptA, zapA, ucaA, pmfA, atfA, mrpA,
and hlyA) were detected in P. mirabilis isolates (n = 26) (Table 2). Major-
ity of these isolates harboured virulence genes; ptA 26 (100%), atfA 26
(100%), and mrpA 26 (100%) (Figure 2), and virulence genes were just
randomly spread to all abattoirs. Other genes detected included zapA,
ucaA, pmfA, and hlyA, with prevalence of 10 (39%), 12 (46%), 4 (15%)

WILEY 1222

Phenotypic antimicrobial susceptibility profile of P. mirabilis isolated from broiler chickens.

Susceptible Intermediate Resistant
Abbreviation (%) (%) (%)
cz 11(42.3) 9(34.6) 6(23.1)
AN 14 (53.8) 4(15.4) 8(30.8)
AMZ 11(42.3) 1(3.8) 12 (46.2)
GM 16 (61.5) 0(0) 10(34.6)
LvX 12 (46.2) 0(0) 14(53.8)
NA 17 (65.4) 1(3.8) 8(30.8)
CIP 8(30.8) 2(7.7) 16 (61.5)
NOR 11(42.3) 6(23.1) 9 (34.6)
ME 23(88.5) 0(0) 3(11.5)
IPM 21(80.8) 3(11.5) 2(7.7)
ATM 19(73.1) 4(15.4) 3(11.5)
ETP 24(92.3) 0(0) 2(7.7)
FEP 19(73.1) 3(11.5) 4(15.4)
CS 17 (65.4) 4(15.4) 5(19.2)

and 5 (19%), respectively. Virulence genes such as ireA and hpmA were

not detected in the P. mirabilis isolates.

4 | DISCUSSION
There are several published studies reporting P. mirabilis infections
from human samples in South Africa as well as its antibiotic resistance
patterns (Fourie et al., 2021; Irusen et al., 2021; Nana et al., 2021;
Pitout et al., 1998). However, there is a scarcity of studies reporting the
prevalence of P. mirabilis in animals. Hence, the current study sought
to fill in such an information gap by investigating the occurrence of
P. mirabilis in broiler chicken samples. South Africa. The microbiologi-
cal culture-based approach and 16S rRNA gene sequencing were used
to successfully identify 26 (5.4%) of the P. mirabilis strains out of 480
pooled faecal samples in this study. Pitout et al. (1998) identified P.
mirabilis as the cause of human patient wounds from hospitals in Cape
Town, Durban, Soweto and Pretoria, while Botes (1964) identified
these bacteria as the causative agent of an outbreak in calves. However,
a number of investigations have been carried out in various nations to
ascertain the incidence and presence of P. mirabilis in chicken samples.
An overall isolation rate of 7.07% for P. mirabilis was recorded in Shan-
dong Province, China (Li et al., 2022). While P. mirabilis was isolated
from chicken droppings in commercial poultry farms in Bangladesh
with a prevalence of 39% (Nahar et al., 2014), while 46% of chicken car-
casses were confirmed to have P. mirabilis infection in Pakistan (Ishaq
et al., 2022). Based on empirical evidence, Proteus species are linked to
human diseases, animal infections and the bacterial contamination of
chicken products (Nahar et al., 2014).

Animal-derived P. mirabilis is a significant zoonotic pathogen that
carries numerous virulence genes (Armbruster et al., 2019; Li et al.,

2022). In the current study, P. mirabilis isolates contained the ptA, zapA,
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FIGURE 1
absence and presence of antibiotic resistance respectively.

ucaA, pmfA, atfA, mrpA and hlyA genes. The ptA, atfA and mrpA genes
were the predominant virulence genes detected in this study, with
the highest detection rate of 100%. The findings of this study also
demonstrated that the ireA, hlyA and hpmA genes were present in all
P. mirabilis isolates, which is similar to the study conducted by Sanches
et al. (2019), whereby all samples harboured the ireA and hpmA genes.
However, our results are in contrast with observations from previ-
ous studies, where very few isolates of P. mirabilis harboured these
genes (Cestari et al.,, 2013; Lazm et al., 2018; Li et al., 2022; Uphoff &
Welch, 1990). Variations may result from a difference in study time,
geographic properties, sample types, sample sizes or identification
methods.

Previously curable bacterial infections are now frequently untreat-
able or necessitate the use of antibiotics as a last resort (Sherchan
et al., 2015; Wu et al,, 2021). The P. mirabilis drug resistance has
become increasingly serious in recent years (Li et al., 2022). This study
revealed a higher antibiotic resistance rate against ciprofloxacin (62%)
and the lowest rates of 8% for each of ertapenem and imipenem
in the P. mirabilis isolates. The P. mirabilis was 39% resistant to gen-
tamicin and 31% to amikacin from the perspective of aminoglycoside
resistance. Ciprofloxacin (62%) was the antibiotic in this study with
the highest level of fluoroquinolone resistance. This AR prevalence
against ciprofloxacin is higher when compared to the findings of other
studies, whereby Kwiecinska-Pirdg et al. (2013) reported only 40%
AR in Poland. Hernandez et al. (2000) indicated that 16.2% of iso-

Heatmap showing the clustering of the antibiotic resistance profiles in the P. mirabilis isolates. Light blue and dark blue indicate

lates were resistant to ciprofloxacin, while Ko et al. (2008) recorded
13.6% of P. mirabilis AR isolates in South Korea. The availability and
accessibility of antimicrobial drugs such as streptomycin, ciprofloxacin,
erythromycin, tetracycline and gentamicin in open markets to treat
chickens (layer/broiler) represents a barrier to lowering antimicrobial
resistance in poultry farms (Hasan et al., 2011; Nahar et al., 2014) and
thus poses a public health concern.

The P. mirabilis isolates from broiler chickens are of public health
concern since infections with these bacteria can result in failure to
respond to the commonly used fluoroquinolone (ciprofloxacin), which
increases mortality and delays treatment outcomes (Jamil et al., 2017).
Quinolone resistanceis a current global issue in both human and veteri-
nary medicine (Seo & Lee, 2019). Quinolone resistance genes mediated
by the plasmids promote the spread of the multidrug resistance phe-
notype (Racewicz et al., 2022). The results obtained from this study
revealed that one isolate was phenotypically and genotypically resis-
tant to quinolones. The presence of the quinolone gnrA gene remains
extremely rare in P. mirabilis (Girlich et al., 2020). However, in this
study, quinolone-resistant genes, gnrA (54%) and gnrD (27%), were
detected in P. mirabilis isolates. These results are very similar to those of
Mokracka et al. (2012) where they reported 27% of isolates consisting
of gnrD in Europe. Chloramphenicol resistance genes [chlorampheni-
col acetyltransferase (cat1 19% and catll 12%)] were also detected
in this study. Similar findings were reported by Santos et al. (2014),

where they detected the catl gene in 14.3% of P. mirabilis isolates in
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TABLE 2 Virulence genes, antibiotic resistance phenotypes, antibiotic resistance genes and integrons of P. mirabilis.

Isolate Resistance Detection  Detection
code Phenotype of resistance genes ESBL genes of intl1 of intl2 Virulence genes
ABT1 CZ,AK,AMC,CIP,GM,NOR,  gnrA, gnrD, blacry.m, blactxm.o, blagem, blaoga, — + — mrpA, ucaA, atfA, ptA, zapA
MEM, NA, ATM, ETP, FEP, mcr-1, catl blacrx-m-s, ampC.
IPM, CS, LVX
ABT2 CZ, AMC, CIP, IPM, NOR catll blacrx-m-2, blatem, blacrxm-s, + - mrpA, pmfA, atfA, ptA
blacrxm-9
ABT3 CIP,GM, MEM, ATM, LVX mecA, qnrA, blacrx-m, blactx.m, blactx-m-2, + - mrpA, ucaA, atfA, ptA
catl blaren, blactym.os
ABT4 AK, AMC, ETP, FEP catll blactypm-2, blasyy, blacxam-g - — mrpA, atfA, ptA, zapA
ABT5 CIP,GM, NA, LVX qnrA, anrD blacrx-m-2, blasyy, blacrx.m.g ampC + + mrpA, ucaA, atfA, ptA
ABT6 CZ,AK, CIP,CS qnrA, catl, blacrx.m, blacrxm.o, blaey, blagyy, — — — mrpA, pmfA, atfA, ptA
catll blacrypm-o
ABT7 AMC, CIP,NA, FEP, LVX qnrA blacrx-m, blacrxm.2, blarem, blasyy, — + - mrpA, ucaA, atfA, ptA, zapA
blacrx.m-s
ABT8 CZ, AMC, CIP, LVX,NOR - blacty.nm, blacryxm.o, blagem, blaSHY,  — — mrpA, ucaA, atfA, ptA, zapA
ampC.
ABT9 CZ,AMC, CIP,LVX,NOR qnrD blacry.am, blacrxm.o, blagen, blasyy, — — — mrpA, ucaA, atfA, ptA
blacrxm-o
ABT10  AK,NOR - blacrx-m, blasyy, blacrx.m-g, ampC - — mrpA, atfA, ptA
ABT11 CZ,AMC, CIP, ATM, LVX qnrA, mcr-1 blacry.m + — mrpA, ucaA, atfA, ptA, zapA
ABT12 AK, GM, MEM, ETP qnrA, gnrD, — — mrpA, atfA, ptA
mcr-1
ABT13  CIP,GM, LVX - blacry.m, blacrx-m-2, blarem + — mrpA, atfA, ptA
ABT14 AMC, NA mecA blargy, blasyy, — - mrpA, ucaA, atfA, ptA
ABT15 AK, CIP, GM, MEM, IPM qnrA, gnrD, blargn, blagxa, blacrx-v.s, ampC + - mrpA, atfA, ptA
catll
ABT16  CIP,LVX,NOR catll blacty.pm, blatem, blacrxm.o — — mrpA, atfA, ptA
ABT17 - catll blacty.pm, blaTem - — mrpA, atfA, ptA
ABT18 AMC, GM, NOR, CS, LVX qnrA blacry.m, blacrxm-9, blactxm.2s - - mrpA, ucaA, atfA, ptA, zapA
ABT19  AMC,NA - blacrx-m - - mrpA, atfA, ptA
ABT20 CIP,GM, NOR, ATM, LVX catl blacry.m — - mrpA, atfA, ptA, zapA
ABT21 CIP,GM,NA, CS qnrD, catl blarep + — mrpA, pmfA, atfA, ptA, zapA
ABT22 AMC, LVX, NOR qnrA blacry.y, blatem, blacrxm.g, - — mrpA, ucaA, atfA, ptA
blacrxm-9
ABT23 AK, AMC, GM, NA qnrA, gnrD blacry.m, - - mrpA, ucaA, atfA, ptA
ABT24  CIP, LVX Catll blacrx-m-9 + = mrpA, atfA, ptA
ABT25  AMC, CIP,FEP,NOR qnrA blacry.m, - — mrpA, ucaA, pmfA, atfA,
ptA, zapA
ABT26 AK, AMC, CIP,NA, CS, LVX qnrA blacry.m-g — — mrpA, atfA, ptA, zapA

CZ = cefazolin, AK = amikacin, AMC = amoxicillin-clavulanic acid, CIP = ciprofloxacin, GM = gentamicin, NOR = norfloxacin, ME = meropenem, NA = nalidixic
acid, ATM = aztreonam, ETP = ertapenem, FEP = cefepime, IPM = imipenem, CS = colistin sulphate, levofloxacin LVX.

Brazil. One P. mirabilis ABT 12 strain harboured three (CIP,NA and LVX)
antibiotic resistance and quinolone resistance genes (qnrA and gnrD).
The B-lactamase identified in Enterobacteriaceae has also been
described in Proteus spp. (Girlich et al., 2020). The blacrx-m-1, blactx-m-2,
blacrx-m-g, blactx-m-9 and blacrx-m-25 enzymes are classified into five
major phylogenetic groups (Girlich et al., 2020). We report the first
detection of ESBL-P. mirabilis in broiler chickens in South Africa, char-

acterised by both phenotypic and genotypic resistance. This study
revealed that, of the 26 isolates of P. mirabilis tested using genotyp-
ing, 22 (84%) were identified as ESBL positive, while 8 (30.8%) were
classified phenotypically as ESBL-producing. The genotypic method
employing specific PCR amplification of resistance genes appears to be
100% sensitive and specific. There is a significant difference between
phenotypic and genotypic methods, which emphasises the importance
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FIGURE 2 Heatmap map showing clustering of virulence genes detected in 26 P. mirabilis isolates. Orange and green indicates the presence

and absence of virulence genes, respectively.

of molecular methods in interpreting antimicrobial resistance profiles.
Detection of resistance differs by phenotypic method due to its lower
sensitivity and environmental factors on resistance incidence (Somily
etal, 2015; Tewarietal,, 2019).

The blactx gene was the highest detected gene (62% of ESBL-
producing P. mirabilis isolates), followed by the blargy gene (58%) and
the blacryx.m.2 gene (38%). This is lower than the results reported in
other countries, where 52% (147/282) and 12.86 % (75/583) ESBL
genes were detected in P. mirabilis from chicken, pork and beef in Italy
(Pagani et al., 2002) and in chicken, pork, beef and UTI-CA in Brazil,
respectively (Sanches et al., 2023). Among our isolates, blacrx.m, blatem
and blacrypm-o were the most commonly detected ESBL genotypes.
This agrees with other studies conducted in Korea, Italy and Brazil
that reported the presence of genes from P. mirabilis (Ahn et al., 2017;
Luzzaro et al., 2001; Sanches et al., 2023) but differs with the study
conducted in Egypt (Shaaban et al., 2022), where the blagy, blagmpc
and blay.q were the most detected genes. Multiple ESBL resistance
genes may impart resistance to f-lactamases regardless of reduced
expression of one or more of those genes (Gundran et al., 2019).

Most of the poultry isolates have more than one blacry.v group.

Since blacrx.m has many homologous regions, this co-existence may

result in the emergence of recombinant enzymes (Gundran et al.,
2019). In total, five P. mirabilis (19.2%) have three types of blacry.m-
The blactx.m-9 gene was detected in three isolates in this study. Ani-
mals have been linked to blactym-9-like enzymes either directly or
indirectly in a number of countries, including Brazil (Sanches et al.,
2023) and Korea (Song et al., 2011). The use of antimicrobials on farms
is the major cause of the appearance of ESBL (CDC, 2019; Monyama
et al,, 2023; Wang et al., 2023). Our findings highlight a higher pro-
portion of blacrx.m-positive P. mirabilis isolates, further illuminating the
propagation of this resistance gene among environmental P. mirabilis
isolates.

It has been discovered that P. mirabilis is prone to spreading plasmid-
mediated ESBLs, including blargpm-type derivatives that are active
against expanded-spectrum cephalosporins (Biendo et al., 2005; Bon-
net et al., 1999). In the present study, 58% blargy-positive P. mirabilis
were detected by PCR. Proteus mirabilis has been described as harbour-
ing a large number of blargy variants, including blargy.1 and blargp.o
penicillinases (Pagani et al., 2003).

The ESBLs and ampC beta-lactamases are produced by members
of the Enterobacteriaceae in food-producing animals (von Tippelskirch

etal.,, 2018). Inthis study, four isolates harboured the ampC gene. These
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results are different from the study conducted by Lin et al. (2019) in
Northern Taiwan, whereby all isolates tested negative for the ampC
gene. In the study conducted in Egypt, the prevalence of the ampC gene
in P. mirabilis strains was 28.3% from the samples obtained from the
hospital (Fam et al., 2013). In another study conducted in Egypt, one P.
mirabilis isolate harboured the ampA gene (Helmy & Wasfi, 2014). Pro-
teus mirabilis lacks a chromosomal blagm,c gene (Helmy & Wasfi, 2014;
Jacoby, 2009). Though, it has been found that P. mirabilis contains car-
bapenemases (Ohno et al., 2017). In this study, carbapenemase genes
were detected in two (7.6%) P. mirabilis isolates. Since direct trans-
mission of extended-spectrum cephalosporin-resistant isolates from
animals to humans has been documented, this is a serious concern for
veterinary medicine as well as human medicine (Marshall & Levy, 2011;
Ramatlaet al., 2024).

Since MDR bacterial infections are associated with high death rates,
emerging antibiotic resistance is currently recognised as one of the
most critical public health issues. The P. mirabilis isolates harboured a
high number of antibiotic-resistant strains in our study, with the high-
est proportion of drug resistance to 4 out of 4 classes of antibiotics.
A total of 8 (30.7%) isolates were resistant to >3 antibiotic classes,
and four isolates were resistant to 4 classes of antibiotics. The MDR
prevalence detected in the current study is lower compared to previ-
ously reported prevalence of 46% and 78.13% for P. mirabilis isolates
in China (Li et al., 2022) and Brazil (Sanches et al., 2019), respectively.
However, the results in this study were higher than the reported preva-
lence of 28.7% antibiotic-resistant isolates in Northeast China (Sun
et al,, 2020). The MDR-associated intl1 gene was found in 35% of the
isolates in the current study. One P. mirabilis isolate harboured the
intl2 gene with four (CIP, GM, NA and LVX) antibiotic-resistant and
quinolone-resistant genes (gnrA and gnrD). The prevalence of the inte-
gron integrase intl1 and intl2 genes was 42% and 4%, respectively. A
study conducted by Mirzaei et al. (2021) showed a high prevalence of
60% for intl1 and 25% for intl2 genes compared to the results obtained
in the current study. The high prevalence of MDR P. mirabilis isolates
detected in this study raises real concern about substantial health risks
since these strains may have a chance of contaminating food products
and then spreading to humans. Future studies should seek to inves-
tigate the relationship between P. mirabilis isolates from animals and
humans in order to understand the origin of antibiotic resistance devel-
opment, as most antibiotics are used to treat infections in humans,

while in animals such as chickens, they are used as growth promoters.

5 | CONCLUSION

Human infections of P. mirabilis have already been reported by sev-
eral studies in South Africa, demonstrating its public health and ‘One
Health’ importance due to the development of antibiotic resistance
(Fourie et al., 2021; Irusen et al., 2021; Nana et al., 2021; Pitout et al.,
1998). In this study, P. mirabilis was isolated from broiler chicken faecal
samples. We further confirmed that these P. mirabilis isolates pos-
sess virulence genes suggestive of a potential threat to food safety

in chicken products. The findings of this study also paint a clear pic-

ture of widespread antibiotic resistance to ciprofloxacin, amoxicillin-
clavulanic acid and gentamicin, which potentially poses a serious threat
to public health. This study also detected three ESBL genes, blactxm-g,
blacrx-m, blactx-m-2, blatem, blagxa 2 and blacry-m-9, in P. mirabilis iso-
lates. This is the first study to detect P. mirabilis in chicken faeces in
South Africa. Data generated in this study fills in the information gap
about the zoonotic and ‘One Health’ significance of this bacterium in
South Africa. This highlights the importance of formulation of a consol-
idated ‘One Health’ strategy to manage P. mirabilis infections by both
the human and animal health sectors.
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