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Abstract
Background: Proteus mirabilis is an opportunistic pathogen, causing a variety of community-acquired and nosoco‑
mial illnesses. It poses a potential threat to patients via the production of β-lactamases, which decrease the efficacy of
antimicrobial treatment and impair the management of its pathogenicity. Hence, this study was established to deter‑
mine the prevalence of extended-spectrum β-lactamases (ESBLs), AmpC, and carbapenemases of P. mirabilis isolated
from various clinical specimens.
Results: Proteus mirabilis was identified in 20.7% (58/280) of specimens. ESBL producers were present at a rate of
51.7% (30/58). All AmpC-positive isolates (n = 20) produced ESBLs as well, so 66.7% of ESBL-producing isolates copro‑
duced AmpC enzymes. The modified Hodge test confirmed carbapenemase production in six out of seven imipenem
nonsusceptible isolates. Of these, only two (5.7%) isolates were also ESBL-and AmpC-positive. Antibiotic resistance
reached the highest level for cotrimoxazole (62.1%, n = 36/58 isolates) and the lowest for imipenem (12.1%, n = 7/58
isolates). The levels of multidrug-resistant (MDR) was 41.4% among the tested isolates. The blaSHV (83.3%), blaAmpC
(80%), and blaVIM-1 (50%) were the most detected genes in phenotypically confirmed ESBL-, AmpC-, and carbapen‑
emase-producing isolates, respectively. Besides, more than a half of the tested P. mirabilis strains (53%) coproduced
ESBLs and AmpC. Moreover, two isolates coproduced ESBLs and AmpC together with carbapenemases. Furthermore,
dendrogram analysis showed great genetic divergence based on the 21 different enterobacterial repetitive intergenic
consensus (ERIC) patterns (P1–P21) through the 34 β-lactamase producers. ERIC analysis distinguished clonal simi‑
larities between isolates 21 and 22 in P2 and 9 and 10 in P4, which were isolated from the same clinical source and
possessed similar patterns of β-lactamase-encoding genes.
Conclusion: Hence, there is an urgent need to monitor hospitalized patients and improve healthcare in order to
reduce the incidence of infection and outbreaks of infection with antibiotic-resistant Proteus.
Keywords: Proteus mirabilis, Extended-spectrum β-lactamase, AmpC β-lactamase, Carbapenemase, ERIC-PCR

†

Mona Shaaban and Soha Lotfy Elshaer contributed equally to this work.

*Correspondence: Mona_ibrahem@mans.edu.eg; dr_
sohalotfyeldamarawy@mans.edu.eg
1
Department of Microbiology and Immunology, Faculty of Pharmacy,
Mansoura University, Mansoura 35516, Egypt
Full list of author information is available at the end of the article

Background
Proteus mirabilis is an enterobacterial species that naturally colonizes the gastrointestinal lumen and is present
in many environmental features, such as water, soil, and
feces-contaminated material [1, 2]. It is an opportunistic
pathogen responsible for serious infections of the human
urinary tract, respiratory tract, wounds, otitis media, and
blood. Flagella mediate its swarming mobility on the surface of solid media, so it can easily reach the kidney and
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invade the urinary tract. Hence, P. mirabilis is one of the
most common causative agents of urinary tract infections
(UTIs), particularly in catheterized patients [3]. Biofilm
structures of P. mirabilis play a critical role in protecting
it against antibiotics as well as host defense mechanisms
and cause challenges in treatment as a result of conferring a multidrug-resistant (MDR) or extensively drugresistant (XDR) status [4].
β-lactam resistance, mediated by the synthesis of
β-lactamases, is being more and more frequently
reported among P. mirabilis. Extended-spectrum
β-lactamases (ESBLs), AmpC, and carbapenemases are
the most common β-lactamase enzymes [5]. Infections
caused by ESBL-producing isolates are a serious international problem, causing significant increases in morbidity
and mortality among hospitalized patients. In addition,
ESBL producers exhibit coresistance with other different
antibiotic classes such as quinolones, aminoglycosides,
and sulfa drugs [6]. Formerly, blaSHV and blaTEM were
the predominant ESBL genotypes found in Enterobacteriaceae isolates, but recently blaCTX-M (especially blaCTXM-15) has become the most common genotype [7].
AmpC, another variant of β-lactamases, is unlike
ESBLs not affected by either cephamycins or β-lactamase
inhibitors [8]. The AmpC enzyme may mask the effect of
ESBLs and their recognition, so it is very complicated to
treat their coexistence in the same isolate. Thus, AmpCproducing isolates act as a silent reservoir for ESBLs
[9]. Carbapenems are the remaining treatment option
against serious ESBL- and AmpC-related infections [10].
Unfortunately, treatment failure is observed due to the
rapid propagation of carbapenem-resistant isolates [11].
Changes in the porin channel in addition to coexpression of AmpC, ESBL, or carbapenemase enzymes are
the most common mechanisms of carbapenem resistance in Enterobacteriaceae [12–14]. The extensive resistance of Gram-negative bacteria is associated with the
transfer of resistance genes via transferable genetic elements such as plasmids, which can readily pass through
mutant clones and spread rapidly between countries.
Most of this spread is therefore undetected as the normal human flora acquires those resistance genes and
becomes a silent source of endogenous infections [15].
In view of the increasing prevalence of Proteus resistance
to various antimicrobials, especially β-lactam antibiotics, the objective of this study is to detect mechanisms
of resistance to β-lactams (i.e., ESBLs, AmpC, and carbapenemases) among P. mirabilis isolates collected from
healthcare facilities using phenotypic and molecular
testing, to support the potential therapeutic options for
treating these complicated clinical infections. Then, we
determined the genetic diversity of different β-lactamaseproducing P. mirabilis isolates using enterobacterial
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repetitive intergenic consensus-polymerase chain reaction (ERIC-PCR).

Methods
Bacterial isolates and growth media

A total of 280 nonduplicate Gram-negative isolates were
purified from different clinical samples such as urine,
wounds, blood, sputum, and cerebrospinal fluid (CSF)
from Aug to Dec 2021. The samples were collected from
patients ≥ 18 years. The clinical specimens were collected
from Al-Qasr Al-Aini University Hospitals with approval
from the ethics committee of the Faculty of Pharmacy,
Al-Azhar University (Protocol code 306 at 23/8/2021).
Proteus mirabilis was provisionally identified based on
characteristic growth on blood agar, non-lactose-fermenting colonies on MacConkey’s agar media (Oxoid,
UK), and various biochemical reactions [16–18], and
were confirmed using the automated Vitek 2 system (bioMérieux, Inc., Hazelwood, MO, USA). The purified isolates were preserved at − 80 °C in glycerol (25% v/v).
Antimicrobial susceptibility test

A routine antimicrobial susceptibility test was performed
by the Kirby–Bauer disk diffusion method against all P.
mirabilis isolates on Mueller Hinton agar (MHA; Oxoid,
UK) and the results were interpreted in accordance with
the Clinical and Laboratory Standards Institute [19] criteria. The antibiotics (Oxoid, UK) used were piperacillin (PRL, 100 μg), amoxicillin/clavulanic acid (AMC,
20/10 μg), aztreonam (ATM, 30 μg), imipenem (IPM,
10 μg), cefoxitin (FOX, 30 μg), ceftazidime (CAZ, 30 μg),
cefotaxime (CTX, 30 μg), ciprofloxacin (CIP, 5 μg), cotrimoxazole (TS, 25 μg), gentamicin (GM, 10 μg), and amikacin (AK, 30 μg). Resistance to three or more classes of
antimicrobial agents was defined as MDR [20].
The multiple antibiotic resistance index (MARI) was calculated by dividing the sum of antibiotics against which
the bacterial species displayed resistance by the total number of antibiotics to which the isolates were subjected [21].
Phenotypic detection of β‑lactamases
Detection of extended‑spectrum β‑lactamases (ESBLs)

A double-disk synergy test (DDST) was performed to
examine the release of ESBL enzymes. The surface of
MHA plates was dried and streaked with overnight cultures of the tested isolates diluted to 0.5 MacFarland.
Ceftazidime (30 μg) and cefotaxime (30 μg) disks were
applied on the agar surface 15 mm away from the centered amoxicillin–clavulanic acid (20/10 μg) disk and the
plates were incubated at 37 °C for 24 h. Positive production of ESBL enzymes was detected by clear enhancement
in the inhibitory zones around any of the expanded-spectrum cephalosporin disks toward amoxicillin–clavulanic
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acid, and denoted as “champagne-cork” or “keyhole”
[22]. In a DDST with AmpC-positive isolates, cloxacillin (200 µg/ml) was added to the sterilized melted agar
medium, at 45 °C, to act as an AmpC-type β-lactamase
inhibitor [23].
Screening for AmpC β‑lactamase‑producing isolates
by inhibitor‑based test

Cefoxitin-cloxacillin DDST (CC-DDS) was conducted
based on the inhibitory effect of cloxacillin on AmpC
enzyme production. A disk of cefoxitin (30 μg) only and
another supplemented with 20 mg of cloxacillin were
placed on MHA plate inoculated with a bacterial suspension of 0.5 McFarland standards and incubated overnight
at 37 °C. Any increase in the size of the inhibitory zone
by ≥ 4 mm for cefoxitin/cloxacillin compared with that
for the unsupplemented cefoxitin disk was considered to
indicate AmpC production [24].
Detection of carbapenemase enzyme

A modified Hodge test (MHT) was performed to confirm
the release of carbapenemases from P. mirabilis isolates
in accordance with CLSI guidelines [25]. Escherichia coli
ATCC 25922 was cultured overnight in peptone water
to 0.5 McFarland opacity standards and swabbed onto
MHA plate. A meropenem disk (10 µg) was placed at the
center of the plate and the test isolates were streaked as
a thin straight line from the edge of the disk to the plate
edge. The plates were incubated in an inverted position
at 37 °C overnight. The presence of a distorted inhibitory
zone (clover-leaf shape) of E. coli ATCC 25922 growth
toward the meropenem disk was considered to indicate a
positive test result [26].
Genetic detection of β‑lactamases

Phenotypically confirmed ESBL-, AmpC, and carbapenemase-positive Proteus isolates were subjected to PCR using
specific primers for ESBL genes (blaTEM,blaSHV, blaCTX-2,
blaCTX-M), AmpC-encoding genes (blaAmpC,blaACT, blaACC,
blaFOX), and carbapenemase genes (blaKPC, blaIMP, blaNDM,
blaVIM-1, blaVIM-2, and blaOXA) (Supplementary Table 1).
The amplification cycles included initial denaturation
at 94 °C for 3 min, followed by 35 cycles of denaturation
at 94 °C for 30 s, annealing according to the temperature
specified in Supplementary Table 1 for 30 s, and extension at 72 °C for 60 s; the reaction was then ended by a
final extension step at 72 °C for 10 min. A negative control (molecular grade RNase free water) was included in all
PCR assays.
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Molecular typing of P. mirabilis isolates by enterobacterial
repetitive intergenic consensus‑PCR (ERIC‑PCR)

P. mirabilis isolates harboring one or more β-lactamaseencoding genes as determined by PCR were fingerprinted by ERIC-PCR using the following primer pair:
ERIC 1 (5′-ATGTAAG CTCCTG GGGATTCAC-3′) and
ERIC 2 (5′-AAGTAAGTGACTG GGGTGAGCG-3′).
The DNA amplification process was performed in a volume of 50 μL, including 2 U Go Taq DNA polymerase
(Fermatas), 2.5 mM M
 gCl2 (Invitrogen), 0.25 mM each
deoxynucleotide triphosphate, 100 ng of DNA template,
and 0.5 μM primers, while the remaining volume was
filled up with PCR-grade water. The PCR program used
was as follows: denaturation at 95 °C for 5 min, followed
by 35 cycles of denaturation at 94 °C for 30 s, annealing
at 42 °C for 40 s, and extension at 72 °C for 5 min, and
then a single final stage at 72 °C for 10 min [27].
Dendrogram and phylogenetic relationships

The banding pattern of PCR product was analyzed on a
1.5% agarose gel along with a negative control (without
DNA template). The dendrogram was created by the
unweighted pair group method with arithmetic mean
(UPGMA) using the DendroUPGMA server (http://
genomes.urv.cat/UPGMA) [28]. It was constructed
using the Dice coefficient with a 1% tolerance limit and
1% optimization. Cluster relatedness of collected isolates
with ≥ 70% similarity was considered to indicate an identical pattern type [29].
Statistical analysis

Comparison of proportions and graphic were performed
with GraphPad Prism software (version 5.01) and Microsoft Excel (Microsoft Cooperation, 2010). Fisher’s exact
and chi-square tests were used to determine the difference in resistance between β-lactamase positive and
β-lactamase negative isolates. Moreover, the correlation
between β-lactamase encoding genes was carried out
using R statistical platform (https:// www.r- project. org)
in R-studio version 1.4.1106, using the Spearman’s rank
correlation and strength of the association was expressed
as Spearman’s correlation coefficient (rs) between − 1
and + 1. For all statistical analyses, P values < 0.05 were
considered to indicate a statistically significant difference.

Results
Identification of clinical isolates

Out of 280 clinical Gram-negative isolates processed, 58
P. mirabilis isolates were identified. The majority of the
isolates were obtained from urine (69%, 40/58) followed
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by wounds (13.8%, 8/58), blood (6.9%, 4/58), sputum
(6.9%, 4/58), and CSF (3.4%, 2/58).
Antimicrobial resistance pattern

The resistance pattern of the tested 4 antimicrobial categories including 11 antimicrobial agents against all P.
mirabilis was clarified in Table 1. The resistance to cotrimoxazole, gentamicin, cefoxitin and ceftazidime was
highly prevalent (60.3%, 37.9%, 36.2% and 32.8%, respectively). Whereas the resistance rate to piperacillin, amoxicillin-clavulanic acid, cefotaxime, ciprofloxacin and
amikacin were lower than 30%. The highest sensitivity
was observed for imipenem and aztreonam as 87.9% and
84.5%, respectively.
A total of 17 isolates were considered as MDR, from
which 4 (23.5%) and 13 (76.5%) isolates belonged to

4 and 3 classes of antibiotics, respectively (Table 2).
Among MDR isolates, 52.9% were isolated from urinary
tract, 23.5% were from blood and 11.8% were from each
wound and sputum. The MDR isolates showed 12 antibiotic resistance patterns to 3–9 antibiotics and including 8 unique patterns. The MARI ranged from 0.27 to
0.82 amongst all MDR Proteus isolates that are presented in Table 2.
Phenotypic detection of ESBLs, AmpC,
and carbapenemases

Among the 58 isolates included in this study, 34 (58.6%)
were β-lactamase producers. Twenty isolates (34.5%)
were ESBL producers, as determined by DDST test
(Fig. 1a, and Supplementary Figure S1). Twenty isolates
(34.5%) were positive for AmpC β-lactamase, showing

Table 1 Antibiogram results of all Proteus mirabilis isolates
Antibiotics

Total (n = 58 isolates)
(R) No

(R) %

(I) No

Piperacillin

13

22.4

5

Amoxicillin/clavulanic acid

13

22.4

13

Aztreonam

8

13.8

1

Imipenam

1

1.7

Cefoxitin

21

Cefotaxime

(I) %

(S) No

(S) %

8.6

40

69.0

22.4

32

55.2

1.7

49

84.5

6

10.3

51

87.9

36.2

7

12.1

30

51.7

17

29.3

7

12.1

34

58.6

Ceftazidime

19

32.8

5

8.6

34

58.6

Ciprofloxacin

15

25.9

6

10.3

37

63.8

Cotrimoxazole

35

60.3

1

1.7

22

37.9

Gentamicin

22

37.9

1

1.7

35

60.3

Amikacin

12

20.7

10

17.2

36

62.1

R Resistant, I Intermediate, S Sensitive, N Number of isolates

Table 2 Different antibiotic resistance phenotypes and indices in 17 MDR P. mirabilis isolates
Antibiotic profile

No. of AB groups

No of phenotypes (%)

No. of AB showing
resistance

MARI

PRL/AMC/ATM/FOX/CTX/CAZ/CIP/TS/AK

4

1 (5.9%)

9

0.82

PRL/AMC/ATM/CTX/CAZ/CIP/TS/GM/AK

4

2 (11.8%)

9

0.82

PRL/AMC/FOX/CTX/CAZ/CIP/TS/GM/AK

4

1 (5.9%)

9

0.82

PRL/AMC/FOX/CIP/TS/GM

4

1 (5.9%)

6

0.55

PRL/FOX/CTX/CAZ/CIP/TS/GM/AK

4

1 (5.9%)

8

0.73

PRL/CTX/CAZ/CIP/TS/GM/AK

4

2 (11.8%)

7

0.64

PRL/CTX/CAZ/CIP/GM/AK

4

1 (5.9%)

6

0.55

AMC/FOX/TS/AK

4

1 (5.9%)

4

0.36

ATM/FOX/CTX/CAZ/CIP/TS/GM/AK

4

3 (17.6%)

8

0.73

AMC/FOX/CTX/TS/GM

3

1 (5.9%)

5

0.45

AMC/TS/GM

3

2 (11.8%)

3

0.27

PRL/ TS/GM

3

1 (5.9%)

3

0.27

PRL Piperacillin (100 μg), AMC Amoxicillin/clavulanic acid (30 μg), ATM Aztreonam (30 μg), IPM Imipenam (10 μg), FOX Cefoxitin (30 μg), CTX Cefotaxime, CAZ
Ceftazidime (30 μg), CIP Ciprofloxacin (5 μg), TS Cotrimoxazole (25 μg), GM Gentamicin (10 μg) and AK Amikacin (30 μg), AB Antibiotic, MARI Multiple antibiotic
resistance index
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Fig. 1 The percent of P. mirabilis isolates producing β-lactamase enzymes (a): phenotypic detection of β-lactamases enzymes among isolates
from different clinical sources (b): the prevalence rate of various β-lactamases enzymes among β-lactamases producing isolates. DDST: double disc
synergism test, CC-DDS: cefoxitin-cloxacillin double disk synergy test and MHT: Modified Hodge Test

an increase in the inhibitory zone on the cefoxitin/cloxacillin disk by ≥ 4 mm relative to the inhibitory zone on
the disk with cefoxitin alone (Fig. 1a, and Supplementary
Figure S2).
Among AmpC producing isolates, ten isolates (17.2%)
((urine (n = 7, 1.1%), wound (n = 1, 1.7%) and sputum
(n = 2, 3.4%)), showed positivity for ESBLs. Hence, the
total number of ESBL producers was 30 isolates (51.7%)
(Fig. 1b, and Supplementary Figure S3).
Seven isolates (4, 5, 8, 15, 16, 18, and 49) were not
susceptible to imipenem, so were considered as putative carbapenemase producers and thus were subjected
to confirmatory MHT. MHT showed that 10.3% (6/ 58
isolates) revealed clover leaf-like growth around the
meropenem disk and were assigned as positive carbapenemase-producing isolates (Fig. 1a, Supplementary Figure
S4). The majority of β-lactamase producers were isolated
from urine (23/34 isolates, 67.6%), while P. mirabilis isolated from CSF was negative for all detected β-lactamase
enzymes.
Among 34 β-lactamase producers, 14 isolates produced
only single type of β-lactamases; among those 10 isolates
(29.4%) were pure ESBL producers and the remaining
11.8% of isolates were pure carbapenemase producers.
On the other hand, 20 isolates produced more than one
type of β-lactamases as most of them (18 isolates, 52.9%)
coproduced ESBLs and AmpC, whereas only two isolates
(5.9%) coproduced ESBLs and AmpC together with carbapenemases (Fig. 1b).

Antimicrobial susceptibility profile and β‑lactamases
production

The relation of antibiotic resistance pattern between
β-lactamase-producing positive and negative P. mirabilis isolates was clarified in Fig. 2. All ESBL producing
isolates had high rates of resistance toward cotrimoxazole, while being susceptible to imipenem. Significantly,
the rates of resistance to piperacillin (33.3% vs. 10.7%),
cefotaxime (36.7% vs. 21.4%) and ciprofloxacin (33.3% vs.
17.9%) were higher in ESBL + isolates than in ESBL- isolates (Fig. 2a).
Regarding AmpC production (Fig. 2b), the resistance
rate in AmpC + was the highest toward cefoxitin and
was the lowest toward imipenem than AmpC – isolates.
With the exception of piperacillin, aztronam, imipenem,
ciprofloxacin and cotrimoxazole, AmpC production had
a significant effect on P. mirabilis resistance to other antibiotics tested.
Concerning carbapenemases, resistance to cotrimoxazole (83.3%) gentamicin (66.7%) and imipenem (16.7%)
was significantly higher in carbapenemase-positive isolates than carbapenemase-negative ones (Fig. 2c).
Molecular detection of β‑lactamases

Thirty isolates positive for ESBLs as determined using the
DDST method, with or without cloxacillin, were assessed
for genes encoding ESBLs (blaTEM, blaSHV, blaCTX-2,
blaCTX-M) by PCR. All of those isolates, except isolate

Shaaban et al. BMC Microbiology

(2022) 22:247

Page 6 of 13

Fig. 2 Resistance percentages among β-lacatmase negative (solid columns) and β-lacatmase positive (dashed columns) of P. mirabilis to 11
antibiotics for (a): ESBL, (b): AmpC and (c): carbapenemase enzymes. (* significant: p < 0.05, ** significant: p < 0.01 and ** *significant: p < 0.001).
Statistical analysis was performed by Fisher Exact method

(No. 41), contained at least one of these ESBL encoding
gene. Among ESBL-encoding genes, the blaSHV gene was
the most common (n = 25, 83.3%), followed by blaCTXM (n = 24, 80%) and blaTEM (n = 22, 73.3%), whereas
blaCTX-2 was the least common (n = 4, 13.3%) (Supplementary Table 2).
The majority of ESBL-producing isolates (n = 26/30,
86.7%) co-harbored more than one ESBL-encoding
gene versus only 10% of isolates expressed only a single gene. The highest co-existence patterns were
blaTEM + blaSHV + blaCTX-M-15 and blaSHV + blaCTX-M-15,
represented by 14 and 5 isolates out of 30 ESBL producers, respectively (Fig. 3a).
A correlation matrix between the tested ESBL
genes indicated a significant and strongest correlation
between blaSHV and blaCTX-M-15 (rs = 0.45) (Supplementary Figure S5a).
Among the 20 isolates phenotypically identified as
AmpC producers, 19 (95%) were identified as carrying
at least one of the detected AmpC genes, in the following order of prevalence: blaAmpC (n = 16, 80%), blaACT
(n = 11, 55%), blaACC (n = 5, 25%), and blaFOX (n = 5,

25%). Only one isolate (No. 57) was negative for all tested
AmpC genes (Supplementary Table 2).
Molecular evaluation of AmpC-producing isolates
indicated that 60% of isolates co-harbored at least two
AmpC-encoding genes, showing 4, 3 and 2 gene patterns
(5%, 20% and 35%, respectively) (Fig. 3b). A correlation
matrix between the AmpC-tested genes don not show
any statistically significant correlations between each
gene pair (Supplementary Figure S5b).
MHT-positive P. mirabilis isolates (n = 6) were tested
for carbapenemase-encoding genes (blaOXA, blaKPC,
blaNDM, blaVIM-1, and blaVIM-2). The resistance gene
determinants clarified that; 2, 2 and 1 isolates harbored
either blaOXA or blaVIM-1 or blaVIM-2, respectively. While
only one isolate (No. 49) co-harbored blaVIM-1 and
blaVIM-2. On the other hand, blaKPC and blaNDM were
not detected in any of the tested isolates (Supplementary
Table 2, Fig. 3c).
DNA fingerprinting analysis by ERIC‑PCR

Thirty-four (58.6%) Proteus isolates were positive for at
least one of the tested β-lactamase-encoding genes. The
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Fig. 3 A bar graph illustrating the number of isolates-producing (a): ESBL, harboring ESBL-encoding genes, (b): AmpC, harboring AmpC-encoding
genes and (c): carbapenemase, harboring carbapenemase-encoding genes either in combination (dashed bars) or as single genes (black bars)

fingerprints obtained from a PCR assay with ERIC primers of these isolates showed a DNA banding profile consisting of amplified bands from 100 to 3000 bp in size
(Fig. 4). Based on the binary data of these isolates, a dendrogram (Fig. 4) was constructed. Twenty-one different
patterns (P1–P21) were identified among the tested isolates. Isolates were considered to have the same pattern
upon a similarity level of ≥ 70%.
All patterns were associated with a low number of isolates, varying from 1 to 4. The predominant pattern was

P2 (4 isolates), followed by P1, P4, P9 (3 isolates each),
and P7, P8, P10, P11 (2 isolates each). All patterns of isolates were from the same source, with the exceptions of
P2 and P9, which were from different sources. Isolates
in P1 and P11 were pure carbapenemase and ESBL producers, respectively. Meanwhile, other repetitive patterns (P2, P4, P7, P8, P9, and P10) contained ESBL- and
AmpC-producing isolates. Finally, 100% ERIC typing
similarities were found between isolates 21 and 22 (in
P2), and 9 and 10 (in P4).
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Fig. 4 DNA fingerprinting by ERIC-PCR. a) Dendrogram analysis of 34 P. mirabilis isolates at ≥ 70% similarity using UPGMA based on Dice
coefficients method derived from analysis of the ERIC-PCR profiles. Each isolate clinical source and β-lactamase encoding genes pattern are
also shown. b) Agarose gel electrophoresis of ERIC-PCR for P. mirabilis isolates which exhibited Extended Spectrum β-lactamases, AmpC and
Carbapenemases using primers ERIC 1 and ERIC 2
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Discussion
The genus Proteus is one of the resident microbiota in
the human gastrointestinal tract. It is an inherent cause
of community-acquired infections and ranks third as a
cause of hospital-associated cases [30, 31]. Proteus mirabilis is one of the species most commonly isolated from
the urine since it is a common causative agent of catheter-associated UTIs [3, 32].
In the present study, 58 P. mirabilis isolates were isolated from various clinical samples: urine, wound, blood,
sputum, and CSF. The highest percentage of isolates was
from urine (69%), followed by wound specimens (13.8%).
The ability of P. mirabilis to produce urease and accumulate ammonia leads to the creation of an environment where it can survive, colonize the urinary tract, and
increase the risk of pyelonephritis and upper UTIs [33].
In the past, the majority of P. mirabilis isolates were
susceptible to common classes of antibiotics, but recently
the emergence of antibiotic resistance has been increasingly reported [34]. In this study, the highest rate of
resistance was to cotrimoxazole (60.3%), which is similar to the rate in a study conducted in Iran [34, 35] and
China [36]. On the other hand, imipenem showed the
lowest rate of resistance (1.7%) among the tested antibiotics, as also previously detected in India [37]. Moreover,
slightly low resistance was detected against aztreonam
(13.8%) compared with the level previously detected in
Egypt [2], suggesting that these antibiotics can be used in
the treatment of P. mirabilis infections (Table 1).
The coexistence of resistance to different antibiotics indicates a simultaneous and continuous transfer of
resistance traits among bacterial pathogens and highlights the propensity for MDR to emerge in P. mirabilis [4]. This study showed a lower MDR level (29.3%)
than in studies performed in Gondar (87.4%) [38] and
Bahir Dar (93.1%) [39] in Ethiopia. However, the magnitude of MDR found here was both very close to Pandey
and coauthors [40] and higher than results reported by
others [34].
Most of MDR isolates were from urine source (52.9%),
indicating that P. mirabilis has a higher propensity for
colonizing the urinary tract and expressing resistance
to different antibiotic classes, especially cephalosporins, fluoroquinolones, and aminoglycosides [41]. The
emergence of MDR is a cause of concern that requires
the establishment of strong infection control strategies
to reduce this burden [42]. The MARI value obtained
ranged from 0.27 to 0.82 (Table 2), which significantly
exceeds the maximum MARI value calculated at 0.2 [43].
This high MARI values suggest that the tested antibiotics
are being used intensively in the area of sample collection
and implies an environment with a high risk of antimicrobial resistance proliferation [44].
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AmpC β-lactamase-producing isolates are the major
cause of nosocomial outbreaks and treatment failure [45].
In this study, 28 isolates were not susceptible to cefoxitin;
however, confirmation by a cloxacillin inhibitor-based
test showed that 20 (34.5%) isolates were positive for
AmpC production (Fig. 1a, Supplementary Figure S2). A
study performed in India (37%) [46] showed equivalent
levels; however, studies performed in Iran (1.5%) [47]
and Spain (14.2%) [48] showed a low incidence of AmpC
production. Eight P. mirabilis isolates were not susceptible to cefoxitin and did not produce AmpC. This may
be attributable to other resistance mechanisms, such as
porin channel mutation [49]. On the other hand, some of
the AmpC-producing isolates (7 isolates) showed in vitro
sensitivity to amoxicillin/clavulanic acid, but the therapeutic use of this antibiotic is doubtful due to AmpC not
being inhibited by β-lactamase inhibitors [50].
The current study also demonstrated the coexistence
of AmpC with ESBL enzymes since all of the 20 AmpCproducing isolates were also ESBL-positive (Fig. 1b), as
reported at low levels in India and Ghana [37, 51, 52].
The effect of ESBLs can be blocked by the overproduction of plasmid-mediated AmpC β-lactamase enzymes
[53]. Therefore, simultaneous detection of ESBLs, in the
presence of AmpC inhibitor, is important to prevent the
possibility of false-negative results.
The overall rate of ESBL-producing P. mirabilis in the
present study was 51.7% (30 isolates) (Fig. 1a, Supplementary Figure S3), which is in line with other studies
[39, 54–56]. In contrast, our prevalence rate was higher
than that reported in earlier Egyptian studies, namely,
17% by [57] and 38.8% by [58]. Therefore, an increase in
the ESBL production rate has emerged over time in Egypt
due to the uncontrolled use of antimicrobials, mostly
third-generation cephalosporins, as routine therapy
against UTIs [59, 60].
Concerning the relation between in vitro antimicrobial
resistance profiles and β-lactamase production (Fig. 2),
this study showed that β-lactamase-producing isolates
had significantly higher resistance to most of antibiotics
tested compared to non-β-lactamase producers. Furthermore, the rate of MDR in β-lactamase producers (88.2%)
was significantly higher than that in non-β-lactamase
producers (11.8%, p < 0.0001). These results are quite concerning that implies the undermining of existing antibiotics’ efficacy and could also hinder the development of
new ones [44].
At the genotypic level, out of 30 ESBL-producing
isolates, 29 (96.7%) isolates were positive for ESBL
genes, with blaSHV type being the most predominant
(Supplementary Table 1). BlaSHV- and blaTEM-positive strains are usually reported as hospital-related
pathogens [61]; both genes were abundant among our
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isolates (n = 25, 83.3%; and n = 22, 73.3%, respectively).
In addition, higher frequencies of both genes in our
work and in a recent report from our area may indicate
that blaSHV and blaTEM are endemic in our locality [62].
Co-carriage of multiple ESBL genes was detected in
86.7% of our isolates (Fig. 3a). Similar prevalence rates
have also been reported in E. coli, K. pneumonia, and
Enterobacteriaceae [62–65].
The molecular detection of bla genes conferring resistance to AmpC β-lactamase revealed that blaAmpC was the
most amplified gene (80%), however, blaACC and blaFOX
were the least observed genes among our isolates (each 25%)
(Supplementary Table 2). Meanwhile, CIT [66] and DHA
[67] and FOX genes [68, 69] were commonly detected in
previous studies. Seven isolates had only one type of AmpC
β-lactamase and there were 12 isolates with the co-occurrence of more than one AmpC gene, whereas the majority
of the shared genotypes occurred uniquely (Fig. 3b).
Seven P. mirabilis isolates were not susceptible to imipenem (Table 1). MHT was performed on these isolates
to clarify their mechanism of resistance, showing that
85.7% (6/7 isolates) were able to produce carbapenemases. PCR analysis showed that blaOXA,blaVIM-1, and
blaVIM-2 were the only positive genes (Supplementary
Table 2, Fig. 3c). Co-harboring of carbapenemase genes
was seen in only one isolate (No. 49), which is also an isolate coproducing ESBLs and AmpC. Generally, KPC and
VIM-1 are the most common carbapenemase-encoding genes in P. mirabilis isolates [70]. Few studies have
revealed the presence of OXA-23 [71] and NDM [72, 73]
in P. mirabilis isolates. However, the study by Bontron
and colleagues revealed that blaVIM-1 mediated elevated
resistance to carbapenems in P. mirabilis [74].
Analysis of the genetic diversity of 34 non-repeated
positive β-lactamase-producing Proteus isolates was carried out by the ERIC-PCR fingerprint method, although
wide ranges of other molecular typing techniques are
currently available. ERIC-PCR is a recommended technique because it is fast, cheap, easy to use, and provides
acceptable data, but it has low reproducibility [75, 76].
Based on ERIC-PCR typing, a dendrogram was created,
showing genotypic heterogeneity among the 34 P. mirabilis isolates. Twenty-one patterns were detected, including eight patterns repeated among analogous isolates at a
rate of ≥ 70%. On the other hand, isolates number 21 and
22 from P2 and isolates number 9 and 10 from P4 had
the same gel banding patterns, giving 100% homogeneity
(Fig. 4). Regarding the ERIC profile, this indicated clonal
similarities among these isolates. Clonally similar isolates
were in a relationship with the pattern of β-lactamaseencoding genes that they exhibited. Accordingly, outbreaks of antibiotic resistance may be due to the spread
of different β-lactamase genes [77].

Page 10 of 13

Conclusion
The data obtained in this study revealed a high prevalence of ESBL and AmpC production among P. mirabilis
clinical isolates, especially urinary isolates, with the cooccurrence of their respective genes in the same isolates.
β-lactamase production is an important cause of multiple
and extensive drug resistance. Although, most of isolates
were resistance to the tested antimicrobials, imipenem
and aztreonam are considered the remaining options for
controlling and managing Proteus pathogenicity. ERICPCR-based genotyping indicated that some isolates
had a 100% identical banding profile, which proved the
rapid dissemination of β-lactamase-encoding genes. The
occurrence of multiple β-lactamases in bacterial isolates
reinforces the importance of an antimicrobial resistance
surveillance system and an effective antibiotic policy. In
addition, the need for sanitary procedures is crucial to
prevent the increased rate of antibiotic resistance among
the isolates in the future.
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correlations are crossed out and only statistically significant ones (p-value
≤ 0.05) were considered.
Acknowledgements
Not applicable.
Authors’ contributions
All authors contributed to the design of the work, analysis, interpretation of
data, drafting the work, agreement on the work and resolved final approval of
the version to be published. First, Mona Shaaban, and last authors, Ola A Abd
El-Rahman, contributed equally to the research.
Funding
Open access funding provided by The Science, Technology & Innovation
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank
(EKB). This research did not receive any specific grant from funding agencies in
the public, commercial, or not-for-profit sectors. Copyediting service funding
was provided by The Egyptian Knowledge Bank (EKB).
Availability of data and materials
Datasets generated and analyzed during this study are included in this pub‑
lished article and its supplementary information files. Also, the datasets used
and/or analyzed during the current study are available from the correspond‑
ing author on reasonable request.

Page 11 of 13

5.
6.
7.
8.
9.
10.

11.

12.
13.
14.

Declarations

15.

Ethical approval and consent to participate
a) All experimental protocols were approved by ethics committee, Faculty
of Pharmacy, Al-Azhar University, Egypt (proposal serial approval 306).
b) Informed consent was obtained from all subjects and/or their legal
guardian(s). All procedures performed in the study involving human par‑
ticipants were in accordance with the 1964 Helsinki declaration and its later
amendments.

16.

Consent for publication
Not applicable.

17.
18.
19.
20.

Competing interests
The authors declare that they have no competing interests.
Author details
1
Department of Microbiology and Immunology, Faculty of Pharmacy,
Mansoura University, Mansoura 35516, Egypt. 2 Department of Microbiology
and Immunology, Faculty of Pharmacy (Girls), Al-Azhar University, Cairo 11651,
Egypt.
Received: 24 June 2022 Accepted: 29 September 2022

References
1. Kishore J. Isolation, identification & characterization of Proteus penneri–a
missed rare pathogen. Indian J Med Res. 2012;135:341–5.
2. Serry F, Gomaa S, Abbas H. Antimicrobial resistance of clinical Pro‑
teus mirabilis isolated from different sources. Zagazig J Pharm Sci.
2018;27(1):57–63.
3. Schaffer JN, Pearson MM. Proteus mirabilis and Urinary Tract Infections.
Microbiology spectrum. 2015;3(5):383-433.
4. Al-Shamarti M, Alhassani A, Al-Luhaiby A. The Relationship Between the
Type of Infection and Antibiotic Resistance. J Pure Appl Microbiology.
2018;12:845–54.

21.
22.
23.

24.
25.

26.

Doddaiah V, Anjaneya D. Prevalence of ESBL, AmpC and Carbapenemase
among Gram Negative Bacilli Isolated from Clinical Specimens. Am J Life
Sci. 2014;2:76–81.
Pitout JD, Nordmann P, Laupland KB, Poirel L. Emergence of Enterobac‑
teriaceae producing extended-spectrum beta-lactamases (ESBLs) in the
community. J Antimicrob Chemother. 2005;56(1):52–9.
Sengodan T, Kannaiyan DM, Sureshkumar B, Mickymaray S. Antibiotic
Resistance Mechanism of ESBL Producing Enterobacteriaceae in Clinical
Field: A Review. 2018.
Bush K, Jacoby GA. Updated functional classification of beta-lactamases.
Antimicrob Agents Chemother. 2010;54(3):969–76.
Rao M, Harle S. M P: prevalence of extended spectrum beta-lactamases
and amp-c beta-lactamases in clinical isolates of gram-negative bacilli at
a tertiary care hospital. J Evol Med Dent Sci. 2018;7:4272–6.
Carvalhaes CG, Picão RC, Nicoletti AG, Xavier DE, Gales AC. Cloverleaf
test (modified Hodge test) for detecting carbapenemase production in
Klebsiella pneumoniae: be aware of false positive results. J Antimicrob
Chemother. 2010;65(2):249–51.
Horner CS, Abberley N, Denton M, Wilcox MH. Surveillance of antibiotic
susceptibility of Enterobacteriaceae isolated from urine samples col‑
lected from community patients in a large metropolitan area, 2010–2012.
Epidemiol Infect. 2014;142(2):399–403.
Hung KH, Yan JJ, Lu JJ, Chen HM, Wu JJ. Characterization of the modified
Hodge test-positive isolates of Enterobacteriaceae in Taiwan. J Microbiol
Immunol Infect. 2013;46(1):35–40.
Barwa R, Shaaban M. Molecular Characterization of Klebsiella pneumo‑
niae Clinical Isolates with Elevated Resistance to Carbapenems. Open
Microbiol J. 2017;11:152–9.
Mona S, Ahmed A-Q, Mohammed A-A, Rasha B. Molecular characteriza‑
tion of resistance mechanisms in Pseudomonas aeruginosa isolates
resistant to carbapenems. J Infect Dev Ctries. 2018;11(12):935-43.
Hawkey PM, Jones AM. The changing epidemiology of resistance. J
Antimicrob Chemother. 2009;64(Suppl 1):i3-10.
Holt JG, Krieg NR, Sneath PHA, Stanley JTa, William ST: Bergeys manual of
determinative bacteriology. 9th ed., Baltimore; Wiliams and Wilkins, USA.
QMJ VOL.9 No.16 158 Dec 1994.
Collee JG, Mackie TJ, McCartney JE. Mackie & McCartney practical medical
microbiology. New York: Churchill Livingstone; 1996.
MacFaddin JF. Biochemical Tests for Identification of Medical Bacteria. 3rd
ed. Philadelphia: Lippincott Williams & Wilkins; 2000.
CLSI: Clinical and Laboratory Standards Institute, Performance standards
for antimicrobial susceptibility testing. CLSI Document M100. Wayne:
Clinical and Laboratory Standards Institute; 2017.
Magiorakos AP, Srinivasan A, Carey RB, Carmeli Y, Falagas ME, Giske CG,
Harbarth S, Hindler JF, Kahlmeter G, Olsson-Liljequist B, et al. Multidrugresistant, extensively drug-resistant and pandrug-resistant bacteria: an
international expert proposal for interim standard definitions for acquired
resistance. Clin Microbiol Infect. 2012;18(3):268–81.
Krumperman PH. Multiple antibiotic resistance indexing of Escherichia
coli to identify high-risk sources of fecal contamination of foods. Appl
Environ Microbiol. 1983;46(1):165-70.
Maravić A, Skočibušić M, Svjetlana C, Fredotović Ž, Puizina J. Prevalence
and diversity of extended-spectrum-β-lactamase-producing Enterobac‑
teriaceae from marine beach waters. Mar Pollut Bull. 2014;90:60-7.
Aubert D, Girlich D, Naas T, Nagarajan S, Nordmann P. Functional
and structural characterization of the genetic environment of an
extended-spectrum beta-lactamase blaVEB gene from a Pseudomonas
aeruginosa isolate obtained in India. Antimicrob Agents Chemother.
2004;48(9):3284–90.
Polsfuss S, Bloemberg GV, Giger J, Meyer V, Bottger EC, Hombach M. Prac‑
tical approach for reliable detection of AmpC beta-lactamase-producing
Enterobacteriaceae. J Clin Microbiol. 2011;49(8):2798–803.
CLSI: Clinical and Laboratory Standards Institute. Methods for dilution
of antimicrobial susceptibility tests for bacteria that grow aerobically.
Approved Standard—10th Edition. CLSI Document M07-A10. Wayne:
Clinical and Laboratory Standards Institute; 2015.
Bakour S, Olaitan AO, Ammari H, Touati A, Saoudi S, Saoudi K, Rolain
JM. Emergence of Colistin- and Carbapenem-Resistant Acinetobacter
baumannii ST2 Clinical Isolate in Algeria: First Case Report. Microb Drug
Resist. 2015;21(3):279–85.

Shaaban et al. BMC Microbiology

(2022) 22:247

27. Ramazanzadeh R, Zamani S, Zamani S. Genetic diversity in clinical
isolates of Escherichia coli by enterobacterial repetitive intergenic
consensus (ERIC)-PCR technique in Sanandaj hospitals. Iran J Microbiol.
2013;5(2):126–31.
28. Garcia-Vallve S, Palau J, Romeu A. Horizontal gene transfer in glycosyl
hydrolases inferred from codon usage in Escherichia coli and Bacillus
subtilis. Mol Biol Evol. 1999;16(9):1125–34.
29. Khakabimamaghani S, Najafi A, Ranjbar R, Raam M. GelClust: a software
tool for gel electrophoresis images analysis and dendrogram generation.
Comput Methods Programs Biomed. 2013;111(2):512–8.
30. Pal N, Hooja S, Sharma R, Maheshwari RK. Phenotypic Detection and
Antibiogram of beta-lactamase-producing Proteus Species in a Tertiary
Care Hospital, India. Ann Med Health Sci Res. 2016;6(5):267–73.
31. Zafar U, Taj MK, Nawaz I, Zafar A, Taj I. Characterization of Proteus mirabilis
Isolated from Patient Wounds at Bolan Medical Complex Hospital, Quetta.
Jundishapur J Microbiol. 2019;12(7): e87963.
32. Fallah F, Parhiz S, Azimi L. Rashidan M Distribution and Antibiotic Resist‑
ance Pattern of Bacteria Isolated from Patients with Community-acquired
Urinary Tract Infections in Iran A Cross-sectional Study. 2019.
33. Jamil R, Foris A, Snowden J. Proteus mirabilis infections. In StatPearls.
Treasure Island: StatPearls Publishing; 2021.
34. Mirzaei A, Habibi M, Bouzari S, Asadi Karam MR. Characterization of
Antibiotic-Susceptibility Patterns, Virulence Factor Profiles and Clonal
Relatedness in Proteus mirabilis Isolates from Patients with Urinary Tract
Infection in Iran. Infect Drug Resist. 2019;12:3967–79.
35. Jafari E, Mostaan S, Bouzari S. Characterization of antimicrobial suscepti‑
bility, extended-spectrum β-lactamase genes and phylogenetic groups
of enteropathogenic Escherichia coli isolated from patients with diarrhea.
Osong Public Health and Research Perspectives. 2020;11(5):327.
36. Li Z, Peng C, Zhang G, Shen Y, Zhang Y, Liu C, Liu M, Wang FJPS. Preva‑
lence and characteristics of multidrug-resistant Proteus mirabilis from
broiler farms in Shandong Province. China. 2022;101(4): 101710.
37. Datta P, Gupta V, Arora S, Garg S, Chander J. Epidemiology of extendedspectrum beta-lactamase, AmpC, and carbapenemase production in
Proteus mirabilis. Jpn J Infect Dis. 2014;67(1):44–6.
38. Eshetie S, Unakal C, Gelaw A, Ayelign B, Endris M, Moges F. Multidrug
resistant and carbapenemase producing Enterobacteriaceae among
patients with urinary tract infection at referral Hospital, Northwest Ethio‑
pia. Antimicrob Resist Infect Control. 2015;4:12.
39. Abera B, Kibret M, Mulu W. Extended-Spectrum beta (beta)-Lactamases
and Antibiogram in Enterobacteriaceae from Clinical and Drinking Water
Sources from Bahir Dar City, Ethiopia. PLoS One. 2016;11(11): e0166519.
40. Pandey JK, Tyagi AK. Prevalence of Proteus species in clinical samples,
antibiotic sensitivity pattern and ESBL production. Int J Curr Microbiol
Appl Sci. 2013;2:253–61.
41. Khan AU. Musharraf A Plasmid-mediated multiple antibiotic resistance in
Proteus mirabilis isolated from patients with urinary tract infection. Med
Sci Monit. 2004;10(11):CR598-602.
42. Tekele SG, Teklu DS, Tullu KD, Birru SK, Legese MH. Extended-spectrum
Beta-lactamase and AmpC beta-lactamases producing gram negative
bacilli isolated from clinical specimens at International Clinical Laborato‑
ries, Addis Ababa, Ethiopia. PLoS One. 2020;15(11): e0241984.
43 Osundiya O, Oladele R. Oduyebo OJAJoC, Microbiology E: Multiple anti‑
biotic resistance (MAR) indices of Pseudomonas and Klebsiella species
isolates in Lagos University Teaching. Hospital. 2013;14(3):164–8.
44. Fadare FT. Okoh AIJPo: Distribution and molecular characterization of
ESBL, pAmpC β-lactamases, and non-β-lactam encoding genes in Entero‑
bacteriaceae isolated from hospital wastewater in Eastern Cape Province.
S Afr. 2021;16(7):e0254753.
45. Ogefere HO, Osikobia JG, Omoregie R. Prevalence of AmpC beta-lacta‑
mase among gram negative bacteria recovered from clinical specimens
in Benin City, Nigeria. Trop J Pharm Res. 2016;15(9):1947.
46. Shivanna V, Rao A. Detection of co-existence of β-lactamases in Gram
negative bacteria using disc potentiation tests. Indian J Microbiol Res.
2017;4:64-7.
47. Farrokhnazar E, Bidhendi SM, Karimi S. Prevalence of AmpC type
Extended spectrum beta-lactamases genes in clinical Samples of
E. coli isolated from Poultry and Humans. Int J Med Res Health Sci.
2016;5(7):83–93.
48. Gomara M, Lopez-Calleja AI, Iglesia B, Ceron IF, Lopez AR, Pinilla MJR.
Detection of carbapenemases and other mechanisms of enzymatic

Page 12 of 13

49.

50
51.
52.

53.

54.
55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

resistance to beta-lactams in Enterobacteriaceae with diminished
susceptibility to carbapenems in a tertiary care hospital. Enferm Infecc
Microbiol Clin. 2018;36(5):296–301.
Peter-Getzlaff S, Polsfuss S, Poledica M, Hombach M, Giger J, Bottger
EC, Zbinden R, Bloemberg GV. Detection of AmpC beta-lactamase in
Escherichia coli: comparison of three phenotypic confirmation assays and
genetic analysis. J Clin Microbiol. 2011;49(8):2924–32.
Jacoby GA. AmpC beta-lactamases. Clin Microbiol Rev. 2009;22(1):161–82
Table of Contents.
Shenoy SM, Sinha R. Antibiotic Sensitivity pattern of clinical isolates of
Proteus species with special reference to ESBL and Amp C production.
IJAR. 2013;3(3):293–4.
Feglo P, Opoku S. AmpC beta-lactamase production among Pseudomonas aeruginosa and Proteus mirabilis isolates at the Komfo Anokye
Teaching Hospital, Kumasi, Ghana. Journal of Microbiology and Antimi‑
crobials. 2014;6(1):13-20.
Shahandeh Z, Sadighian F, Rekabpou K. Phenotypic study of Extendedspectrum beta-lactamase, AmpC and Carbapenemase among <i>E.
coli</i> clinical isolates in affiliated hospitals of Babol University of Medi‑
cal Sciences. Int J Health Syst Disaster Manag. 2015;3(2):74–8.
Mansouri S, Abbasi S: Prevalence of Multiple Drug Resistant Clinical
Isolates of Extended-Spectrum Beta-Lactamase Producing Enterobacte‑
riaceae in Southeast Iran. Iran J Med Sci 2010, 35.
Ibrahim Y, Sani Y, Saleh Q, Saleh A, Hakeem G. Phenotypic Detection of
Extended Spectrum Beta lactamase and Carbapenemase Co-producing
Clinical Isolates from Two Tertiary Hospitals in Kano, North West Nigeria.
Ethiop J Health Sci. 2017;27(1):3–10.
Teklu DS, Negeri AA, Legese MH, Bedada TL, Woldemariam HK, Tullu
KD. Extended-spectrum beta-lactamase production and multi-drug
resistance among Enterobacteriaceae isolated in Addis Ababa, Ethiopia.
Antimicrob Resist Infect Control. 2019;8(1):39.
Fam N, Leflon-Guibout V, Fouad S, Aboul-Fadl L, Marcon E, Desouky D,
El-Defrawy I, Abou-Aitta A, Klena J, Nicolas-Chanoine MH. CTX-M-15-pro‑
ducing Escherichia coli clinical isolates in Cairo (Egypt), including isolates
of clonal complex ST10 and clones ST131, ST73, and ST405 in both com‑
munity and hospital settings. Microb Drug Resist. 2011;17(1):67–73.
Shash RY, Elshimy AA, Soliman MY, Mosharafa AA. Molecular Characteriza‑
tion of Extended-Spectrum β-Lactamase Enterobacteriaceae Isolated
from Egyptian Patients with Community- and Hospital-Acquired Urinary
Tract Infection. Am J Trop Med Hyg. 2019;100(3):522–8.
Canton R, Novais A, Valverde A, Machado E, Peixe L, Baquero F, Coque TM.
Prevalence and spread of extended-spectrum beta-lactamase-producing
Enterobacteriaceae in Europe. Clin Microbiol Infect. 2008;14(Suppl
1):144–53.
Pandit R, Awal B, Shrestha SS, Joshi G, Rijal BP, Parajuli NP. ExtendedSpectrum beta-Lactamase (ESBL) Genotypes among Multidrug-Resistant
Uropathogenic Escherichia coli Clinical Isolates from a Teaching Hospital
of Nepal. Interdiscip Perspect Infect Dis. 2020;2020:6525826.
Chong Y, Ito Y, Kamimura T. Genetic evolution and clinical impact in
extended-spectrum beta-lactamase-producing Escherichia coli and
Klebsiella pneumoniae. Infect Genet Evol. 2011;11(7):1499–504.
Hassuna NA, Khairalla AS, Farahat EM, Hammad AM, Abdel-Fattah M.
Molecular characterization of Extended-spectrum β lactamase- produc‑
ing E. coli recovered from community-acquired urinary tract infections in
Upper Egypt. Sci Rep. 2020;10(1):2772.
Abdel-Moaty MM, Mohamed WS, Abdel-All SM, El-Hendawy HH. Preva‑
lence and molecular epidemiology of extended spectrum Î2-lactamase
producing Escherichia coli from hospital and community settings in
Egypt. J App Pharm Sci. 2016;6(1):042–7.
Eltai NO, Al Thani AA, Al-Ansari K, Deshmukh AS, Wehedy E, Al-Hadidi SH,
Yassine HM. Molecular characterization of extended spectrum beta -lac‑
tamases enterobacteriaceae causing lower urinary tract infection among
pediatric population. Antimicrob Resist Infect Control. 2018;7:90.
Maleki N, Tahanasab Z, Mobasherizadeh S, Rezaei A, Faghri J. Prevalence
of CTX-M and TEM beta-lactamases in Klebsiella pneumoniae Isolates
from Patients with Urinary Tract Infection, Al-Zahra Hospital, Isfahan. Iran
Advanced biomedical research. 2018;7:10.
Rensing KL, Abdallah HM, Koek A, Elmowalid GA, Vandenbroucke-Grauls
CMJE, Al Naiemi N, van Dijk K. Prevalence of plasmid-mediated AmpC
in Enterobacteriaceae isolated from humans and from retail meat in
Zagazig Egypt. Antimicrob Resis Infect Control. 2019;8:45.

Shaaban et al. BMC Microbiology

(2022) 22:247

Page 13 of 13

67. Mohamed ES, Khairy RMM, Abdelrahim SS. Prevalence and molecular
characteristics of ESBL and AmpC beta -lactamase producing Entero‑
bacteriaceae strains isolated from UTIs in Egypt. Antimicrob Resist Infect
Control. 2020;9(1):198.
68 Helmy MM, Wasfi R. Phenotypic and Molecular Characterization of
Plasmid Mediated AmpC <i>β</i>-Lactamases among <i> Escherichia
coli </i>, <i>Klebsiella </i> spp., and <i> Proteus mirabilis </i> Isolated
from Urinary Tract Infections in Egyptian Hospitals. BioMed Res Int.
2014;2014:171548.
69. Wassef M, Behiry I, Younan M, El Guindy N, Mostafa S, Abada E. Genotypic
Identification of AmpC beta-Lactamases Production in Gram-Negative
Bacilli Isolates. Jundishapur J Microbiol. 2014;7(1): e8556.
70. Hu L, Lv H, Wang S. Emergence of Proteus mirabilis Isolates Possessing
the KPC-2 Carbapenem-Hydrolyzing β-lactamase in China. J Al- tern
Complement Integr Med. 2017;3:028.
71. Bonnet R, Marchandin H, Chanal C, Sirot D, Labia R, De Champs C, JumasBilak E, Sirot J. Chromosome-encoded class D beta-lactamase OXA-23 in
Proteus mirabilis. Antimicrob Agents Chemother. 2002;46(6):2004–6.
72. Kanzari L, Ferjani S, Saidani M, Hamzaoui Z, Jendoubi A, Harbaoui S,
Ferjani A, Rehaiem A. Boutiba Ben Boubaker I, Slim A: First report of exten‑
sively-drug-resistant Proteus mirabilis isolate carrying plasmid-mediated
bla(NDM-1) in a Tunisian intensive care unit. Int J Antimicrob Agents.
2018;52(6):906–9.
73. Bitar I, Mattioni Marchetti V, Mercato A, Nucleo E, Anesi A, Bracco S,
Rognoni V, Hrabak J, Migliavacca R. Complete Genome and Plasmids
Sequences of a Clinical Proteus mirabilis Isolate Producing Plasmid Medi‑
ated NDM-1 from Italy. Microorganisms. 2020;8(3):339.
74. Bontron S, Poirel L, Kieffer N, Savov E, Trifonova A, Todorova I, Kueffer G,
Nordmann P. Increased Resistance to Carbapenems in Proteus mirabilis
Mediated by Amplification of the blaVIM-1-Carrying and IS26-Associated
Class 1 Integron. Microb Drug Resist. 2019;25(5):663–7.
75. Adzitey F, Huda N, Ali GR. Molecular techniques for detecting and typing
of bacteria, advantages and application to foodborne pathogens isolated
from ducks. 3Biotech. 2013;3(2):97–107.
76. Behzadi P, Behzadi E, Ranjbar R. Basic Modern Molecular Biology. 1st ed.
Tehran: Persian Science & Research Publisher; 2014.
77. Loncaric I, Stalder GL, Mehinagic K, Rosengarten R, Hoelzl F, Knauer F,
Walzer C. Comparison of ESBL – And AmpC Producing Enterobacte‑
riaceae and Methicillin-Resistant Staphylococcus aureus (MRSA) Isolated
from Migratory and Resident Population of Rooks (Corvus frugilegus) in
Austria. PLoS One. 2014;8(12):e84048.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

