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Background. Te emergence of antimicrobial resistance (AMR) and multidrug resistance (MDR) among Escherichia coli and
Klebsiella pneumoniae, especially through the production of extended spectrum β-lactamases (ESBLs), limits therapeutic options
and poses a signifcant public health threat.Objective. Te aim of this study was to assess the phenotypic and genetic determinants
of antimicrobial resistance of ESBL-producing Escherichia coli and Klebsiella pneumoniae isolates from patient samples in two
Kenyan Hospitals. Methods. We collected 138 E. coli and 127 K. pneumoniae isolates from various clinical specimens at the two
health facilities from January 2020 to February 2021. Te isolates’ ESBL production and antibiotic susceptibility were pheno-
typically confrmed using a standard procedure. Molecular analysis was done through conventional polymerase chain reaction
(PCR) with appropriate primers for gadA, rpoB, blaTEM, blaSHV, blaOXA, blaCTX-M-group-1, blaCTX-M-group-2, blaCTX-M-group-9, and
blaCTX-M-group-8/25 genes, sequencing and BLASTn analysis. Results. Most E. coli (82.6%) and K. pneumoniae (92.9%) isolates were
ESBL producers, with the highest resistance was against ceftriaxone (69.6% among E. coli and 91.3% among K. pneumoniae) and
amoxicillin/clavulanic acid (70.9% among K. pneumoniae). Te frequency of MDR was 39.9% among E. coli and 13.4% among
K. pneumoniae isolates. Te commonest MDR phenotypes among the E. coli isolates were CRO-FEP-AZM-LVX and CRO-AZM-
LVX, while the FOX-CRO-AMC-MI-TGC-FM, FOX-CRO-FEP-AMC-TZP-AZM-LVX-MI and CRO-AMC-TZP-AZM-MI were
the most frequent among K. pneumoniae isolates. Notably, the FOX-CRO-FEP-AMC-TZP-AZM-LVX-MI phenotype was
observed in ESBL-positive and ESBL-negative K. pneumoniae isolates. Te most frequent ESBL genes were blaTEM (42%), blaSHV
(40.6%), and blaOXA (36.2%) among E. coli, and blaTEM (89%), blaSHV (82.7%), blaOXA (76.4%), and blaCTX-M-group-1 (72.5%) were
most frequent ESBL genes among K. pneumoniae isolates. Te blaSHV and blaOXA and blaTEM genotypes were predominantly
associated with FOX-CRO-FEP-MEM and CRO-FEP multidrug resistance (MDR) and CRO antimicrobial resistance (AMR)
phenotypes, among E. coli isolates from Embu Level V (16.7%) and Kenyatta National Hospital (7.0%), respectively. Conclusions.
Te high proportion of ESBL-producing E. coli and K. pneumoniae isolates increases the utilization of last-resort antibiotics,
jeopardizing antimicrobial chemotherapy. Furthermore, the antimicrobial resistance patterns exhibited towards extended-
spectrum cephalosporins, beta-lactam/beta-lactamase inhibitor combinations, fuoroquinolones, and macrolides show the
risk of co-resistance associated with ESBL-producing isolates responsible for MDR. Hence, there is a need for regular surveillance
and implementation of infection prevention and control strategies and antimicrobial stewardship programs.
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1. Background

Microbial infections are the leading cause of high morbidity
and mortality worldwide, with a disproportionately high
burden in sub-Saharan African Countries [1]. Despite the
marked progress in antimicrobial chemotherapy, the rapid
emergence of antimicrobial resistance (AMR) threatens the
efective prevention and treatment of infectious diseases,
posing severe public health challenges [2]. Recently,
Algammal et al. [3] demonstrated that persistence, re-
sistance, and tolerance of bacterial strains are the major
factors associated with AMR. Moreover, signifcantly in-
creased minimum inhibitory concentrations of major an-
tibiotics are observed in resistant bacterial pathogens, while
prolonged minimummicrobiocidal duration has been noted
in most tolerant and persistent bacterial colonies [3].

Escherichia coli and Klebsiella pneumoniae are pre-
dominant Gram-negative bacteria among the top three
priority antibiotic-resistant bacterial strains listed by the
World Health Organisation (WHO) [4]. E. coli has been
identifed as the commonest cause of urinary tract and intra-
abdominal infections and the second leading cause of
bloodstream infections in humans. K. pneumoniae is the
second commonest cause of community-acquired urinary
tract infections, and the hypervirulent subtype causes severe
liver abscesses in healthy and immunocompromised sub-
jects, which may result in deleterious sequelae [5]. Research
has shown that these bacteria possess chromosomally
encoded resistance genes against various antibiotics, in-
cluding aminoglycosides, β lactams, and quinolones [6, 7].
Tis resistance is mediated by the production of antibiotic-
degrading enzymes, especially the β-lactamases, which
hydrolyse β-lactam antibiotics [8]. As a result, the extended-
spectrum β-lactamase (ESBL)-producing E. coli and
K. pneumoniae strains are considered signifcant causes of
nosocomial and community-acquired infections, which
render the available therapeutic options clinically useless [9].

Te multidrug resistance (MDR) of ESBL-producing
E. coli and K. pneumoniae has considerably increased the
global burden of infections, especially at the community
level, characterised by therapeutic failure, increased
healthcare costs due to prolonged hospitalisation, high
morbidity, and mortality [10, 11]. Globally, the risk factors
associated with ESBL production include antimicrobial
misuse or overuse, prolonged hospitalisation, paramedical
use of herbs, inadequate laboratory capacity for routine
surveillance, and international travel to ESBL endemic re-
gions [12]. Consequently, antimicrobial therapeutic de-
cisions should be governed by clinical guidelines derived
from local data [13], considering the regional diferences in
the distribution and proportions of ESBL-producing
Enterobacteriaceae strains, especially E. coli and
K. pneumoniae, the most frequent causes of nosocomial and
community-acquired illnesses with demonstrable resistance
to common categories of antibiotics [14].

To address the escalating global threat of antibiotic re-
sistance, surveillance, and determination of antimicrobial

resistance patterns in ESBL-producing E. coli and
K. pneumoniae, the main causes of nosocomial and
community-acquired infections are imperative [15]. Tese
data help to actively monitor the prevalence and distribution
of ESBL-producing strains, by enabling early detection of
emerging resistance trends, and foster the implementation of
targeted interventions and optimization of antibiotic use to
minimize the spread of resistant strains within healthcare
settings and communities [12]. In these endeavours, the
determination of phenotypic and genotypic determinants of
ESBL-associated resistance in E. coli and K. pneumoniae,
among other clinically important, provides invaluable in-
formation that can help healthcare practitioners to formu-
late efective strategies for antimicrobial chemotherapy
[16, 17]. Additionally, identifying the specifc genes re-
sponsible for resistance empowers clinicians to prescribe
targeted, personalized antibiotic treatments, thereby im-
proving patient outcomes and reduces further risk of re-
sistance development [18, 19]. Furthermore, understanding
genetic diversity within these determinants of resistance
fosters development of new antibiotics and alternative
therapeutic approaches to combat global challenges asso-
ciated with antimicrobial resistance and ensuring continued
antimicrobial chemotherapeutic efcacy [16, 20–23].

Terefore, considering the complexity and high vari-
ability of ESBL-associated drug resistance, and a dearth of
empirical information about the ESBL-associated resistance
in E. coli and K. pneumoniae, our study aimed at phenotypic
and genotypic characterisation of the ESBL-producing
clinical isolates of E. coli and K. pneumoniae in Embu
Level Five Hospital and Kenyatta National Hospital, Kenya.

2. Methods

2.1. Study Settings. Te samples used in our study were
obtained from Embu Level V Hospital (ELVH) and Kenyatta
National Hospital (KNH) in Kenya. ELVH is themain public
referral hospital in Embu County, located 130 kilometres
North-East of Nairobi along the Nairobi-Meru highway. It
has a 580-bed capacity comprising specialised departments
(paediatric, surgical, internal medicine, psychiatry, mater-
nity, renal, obstetrics/gynaecology, and intensive care units).
KNH is a Level VI National Referral Hospital located in
Nairobi City County, with an 1800-bed capacity. Te KNH
boasts of highly specialised clinical departments which
regularly carry out medical research and specialist training
and contribute to the national treatment guidelines.

2.2. Study Design and Clinical Isolates. A case-control study
design was adopted whereby the ESBL-producing bacterial
isolates were the cases while non-ESBL producers were the
control group. We collected the clinical isolates of E. coli and
K. pneumoniae from various biological samples collected
from patients at the Embu Level Five Hospital (ELVH)
laboratory from January to December 2020 and the Kenyatta
National Hospital (KNH) microbiology laboratory from
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January to February 2021. Te isolates obtained from ELVH
were positively identifed and confrmed using conventional
biochemical techniques, indole, methyl red, Voges- Pros-
kauer and Citrate (IMVIC), and transported in screw-
capped sterile containers containing nutrient agar slants.
Te bacterial isolates from KNH were positively analysed
using VITEK®2 compact and MALDITOF MS and trans-
ported in a 20% glycerol-brain heart infusion (BHI) broth.
Te study was performed at the Department of Public
Health, Pharmacology, and Toxicology, University of Nai-
robi, where the isolates were stored in cryovials containing
skimmed milk at − 20°C. Te antibiotic profles were in-
vestigated according to the Clinical and Laboratory Stan-
dards Institute (CLSI) guidelines [24]. Resistant strains of
both pathogens were characterised phenotypically and ge-
notypically using polymerase chain reaction (PCR) and
sequencing techniques. Ethical approval for the study was
granted by the Kenyatta National Hospital University of
Nairobi Ethics and Research Committee (KNH-UoN ERC)
(P866/10/2019) and the National Commission for Science

Technology and Innovation (NACOSTI) (NACOSTI/P/20/
4019).

2.3. Sample Size and Sampling. Te formula described by
Dohoo et al. [25] presented in equation (1) was used to
determine the ideal sample size for this study.

n �
(Zα

�����

(2pq)



− Zβ
�����������
p1q1 + p2q2


)
2

(p1 − p2)
2 , (1)

where n� sample size; Zα� the statistic confdence level
(1.96); Zβ� type 2 error at 20% (− 0.84); p � 0.47, which was
the estimated pooled proportion of ESBL producing
Enterobacteriaceae established in East African hospitals [16];
p1� proportion at risk in the case group which was assumed
to be 60% (0.6) for this study; p2� proportion at risk in the
control group which was assumed to be 40% (0.4); and p1-
p2� efect size which was assumed to be 20% (0.2).

Terefore,

n �
[1.96

��������������
(2 × 0.47 × 0.53)


− − 0.84

�������������������
(0.6 × 0.4) +(0.4 × 0.6)


]
2

(0.6 − 0.4)
2 � 96.5 ≈ 100 samples of bacterial isolates. (2)

Tus, we sampled and characterised 138 E. coli and
127 K. pneumoniae clinical isolates derived from patients in
the ELVH and KNH.

2.4. Molecular Identifcation of the Clinical Isolates

2.4.1. DNA Extraction. Te bacterial isolates were revived
on trypticase soy agar at 37°C for 16–18 hours. As previously
described, the boiling method was applied for DNA ex-
traction [26]. A loopful of a single bacterial colony was
boiled after suspension in 100 µl of distilled water in sterile
Eppendorf tubes at 100°C for 30minutes. Centrifugation of
the mixture was done at 15,000 rpm for 5minutes, and the
DNA extracted from the supernatant portion was trans-
ferred to fresh sterile Eppendorf tubes.

2.4.2. Polymerase Chain Reaction (PCR). Briefy, we isolated
and analysed the DNA of the bacterial isolates through PCR
using a set of primers for the gadA gene in E. coli (Forward:
5′-GATGAAATGGCGTTGGCGCAAG-3′; Reverse: 5′-
GGCGGAAGTCCCAGACGATATCC-3′) and rpoB gene in
K. pneumoniae (Forward: 5′-GTCGTCACGGTAACAAGG
GT-3′; Reverse: 5′-GACCACCGAACTGTGCCTTA-3′)
using a 96 well T100™ thermal cycler (Bio-Rad Laboratories,
CA, USA).Te PCR assays for E. coliwere performed in 40 µl
reaction mixtures comprising 20 µl of 1X OneTaq® Master
Mix (New England BioLabs, Ipswich, MA, USA), 10 µM
concentration of each primer, 5 µl of the DNA template, and
9.88 µl of nuclease-free water at conditions of initial 94°C for
4minutes (initial denaturation), 30 cycles of the 30 s at 94°C
(denaturation), 30 s at 65°C (annealing), and 30 s at 72°C

(initial elongation), and fnal elongation at 72°C for
5minutes [27]. Besides, the PCR reaction mixture (32 µl) for
K. pneumoniae samples comprised 16 µl of 1X OneTaq®Master Mix (New England BioLabs, Ipswich, MA, USA)
10 µM concentration of each primer, 5 µl of the DNA
template, and 7.8 µl of nuclease-free water, and amplifcation
was performed at 95°C for 7min (initial denaturation); then,
35 cycles of the 40 s at 94°C (denaturation), 40 s at 57°C
(annealing), and 90 s at 72°C (initial elongation), and fnal
elongation step at 72°C for 7min. Tis PCR protocol is
summarised in Supplementary Table 1 (ST-1).

2.4.3. Agarose Gel Electrophoresis. Te gel was prepared by
dissolving 1.5 g of agarose powder in 100ml of 1X Tris-
acetate EDTA (TAE) bufer solution. Te mixture was
boiled, cooled to about 55°C, 0.5 µg/ml of ethidium bromide
added, poured onto clean gel trays ftted with combs, and
solidifed at room temperature in a laminar fow hood. After
that, the combs were carefully removed, and 12 µl of the PCR
products and 2 µl of the GeneRuler™ 100 bp DNA ladder
(TermoScientifc, Waltham, Massachusetts, USA) were
loaded onto the respective wells. Te DNA extracted from
K. pneumoniae (ATCC® 700603) and E. coli (ATCC® 25922)was used as positive controls, while nuclease-free water was
used as the negative control. Ten, the grooves were flled
with the TAE bufer solution, and the tanks were carefully
covered and connected to a power source set at 100V and
run for 45minutes. Te electrophoretic bands were captured
using a UVP GelMax® 125 imager (Upland, CA, USA).
Moreover, we randomly selected 21 E. coli and
21 K. pneumoniae positively identifed isolates from each
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hospital (ELVH and KNH) for sequencing and BLAST
analysis. Te sequences were deposited in the GenBank
database (https://ncbi.nlm.nih.gov/genbank/), and their
Accession Numbers are summarised in Supplementary
Tables ST2 and ST3, respectively.

2.5. Phenotypic Characterisation of ESBLs. Tis study
adopted the standard disk difusion technique described by
the Clinical Laboratory Standards Institute (CLSI) [28].
Briefy, standard ceftazidime (30 µg), cefotaxime (30 µg),
ceftazidime/clavulanic acid (30 µg/10 µg), and cefotaxime-
clavulanic inoculated with 0.5 McFarland standard sus-
pension of the bacterial isolates then incubated at 37°C for
18 hours in an incubator. Also, standard antibiotic discs
were placed on MHA plates streaked with the standard
E. coli (ATCC® 25922) and K. pneumoniae (ATCC®700603), served as positive controls for quality control, and
incubated at 37°C for 18 hours. Afterward, microbial growth
inhibition zone diameters were measured using a vernier
calliper, whereby diameters measuring ≥5mm for any
antimicrobial-clavulanic acid combination compared with
those of individual antimicrobials (without clavulanic acid)
on the isolates depicted ESBL production [28]. Te quality
control (QC) inhibition zone diameters for the standard
E. coli (ATCC® 25922) andK. pneumoniae (ATCC® 700603)for the selected antibiotics were deduced as per the standard
guidelines [28] and are summarised in Supplementary
Table ST-4.

2.6. Antimicrobial Susceptibility Testing. We adopted the
Kirby–Bauer disk difusion technique described by the CLSI
[28]. Briefy, a single colony of each clinical isolate was
suspended in hyposaline (0.85%) and diluted accordingly to
obtain inoculums with opacity equivalent (OE) of 0.5
McFarland. Te suspensions were used to inoculate the
MHA plates (Oxoid Ltd) using sterile swabs to ensure
confuent growth. Similarly, the standard E. coli (ATCC
25922) and K. pneumoniae (ATCC® 700603) suspensions
were inoculated on MHA plates as positive controls and for
quality control. After that, standard antibiotic discs (cef-
triaxone (CRO) (30 µg), piperacillin/tazobactam (TZP) (100/
10 µg), cefoxitin (FOX) (30 µg), cefepime (FEP) (30 µg),
amoxicillin/clavulanic acid (AMC) (20/10 µg), meropenem
(MEM) (10 µg), tigecycline (TGC) (15 µg), levofoxacin
(LVX) (5 µg), amikacin (AN) (30 µg), nitrofurantoin (FM)
(300 µg), azithromycin (AZM) (15 µg), and minocycline
(MI) (30 µg)) were radially placed on the inoculated plates
and incubated at 37°C for 18 hours in an incubator. After-
wards, the antimicrobial susceptibility of the clinical isolates
was categorised as resistant, intermediate, or susceptible
based on the measured inhibition zone diameters according
to the CLSI guidelines [28]. Te susceptibility of the clinical
isolates of E. coli and K. pneumoniae to TGC was categorised
based on the measured growth inhibition zones according to
previously described criteria [29], as summarised in Sup-
plementary Table ST-5. We then phenotypically classifed
bacterial isolates showing resistance to three or more an-
timicrobial classes as multidrug-resistant isolates (strains).

2.7. Genotypic Characterisation of ESBL. Te phenotypically
confrmed ESBL-producing antimicrobial-resistant isolates
of E. coli and K. pneumoniae were further analysed using
multiplex PCR to determine the ESBL-associated resistance
genes (blaCTX-M, blaTEM, blaSHV, and blaOXA) using a pre-
viously described procedure [30]. In brief, using a standard
procedure, the DNA of the ESBL-producing isolates was
extracted using the boiling method [26]. Ten, a master mix
and primers for the ESBL-associated target genes (Table 1)
were added, and the mixture was amplifed using a multiplex
PCR at conditions of 94°C (initial denaturation) for
10minutes; 30 cycles of 40 seconds at 94°C (denaturation),
40 seconds at 60°C (primer annealing), and 1minute at 72°C
(initial elongation); and the fnal elongation for 7minutes at
72°C [30]. Te amplicons were further separated using
agarose electrophoresis with a 100-base pair GeneRuler™
DNA ladder (TermoScientifc, Waltham, Massachusetts,
USA) as a molecular marker according to the procedure
described in Section 2.4.3 and then visualised using Ultra-
violet (UV). Te resultant electrophoretic bands were
photographed using a UVP GelMax® 125 imager (Upland,
CA, USA).

Furthermore, 100 isolates were randomly sampled,
purifed, and sequenced using Sanger dideoxy sequencing
method at Macrogen Europe. After that, we analysed the
sequences through a basic sequence alignment technique
using the BLASTn tool provided by the National Centre
Biotechnology Information (NCBI) to determine the pres-
ence of ESBL-associated resistance genes, the blaTEM, blaSHV,
blaOXA, blaCTXMgp1, blaCTXMgp2, and blaCTXMgp9.

3. Results

3.1. Characterisation of Patients and Clinical Isolates. We
collected 138 clinical isolates of E. coli and 127 clinical
isolates of K. pneumoniae from the two hospitals and
characterised them based on the patient’s gender, the ad-
mission type, and the biological specimen from which they
were isolated, as shown in Table 2. Notably, most E. coli
(76.5%) and K. pneumoniae (41.6%) isolates were obtained
from female patients in ELVH, while most E. coli (49.0%)
and K. pneumoniae (50.4%) were obtained from male and
female patients, respectively, in the KNH (Table 2). Besides,
most E. coli isolates (70.6%) from the ELVH were obtained
from the outpatient unit, while in KNH, most E. coli (77.9%)
and K. pneumoniae (96.5%) isolated were obtained from the
inpatient unit (Table 2).

Besides, most E. coli isolates (76.5%), and K. pneumoniae
(75.0%) from the ELVH were obtained from urine samples
(Table 3). In the KNH, most E. coli isolates were obtained
from pus swabs (49.0%) and urine (32.7%), while most
K. pneumoniae isolates were derived from blood cultures
(58.3%) (Table 3).

3.2.ProportionofESBLs. Te results showed that most E. coli
isolates collected from the ELVH (91.2%) and KNH (79.8%),
and all K. pneumoniae isolates from the ELVH (100%), and
most from KNH (92.2%) were ESBL producers (ESBL
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positive) (Table 4). Overall, 114 (82.6%) E. coli and 118
(92.9%) K. pneumoniae isolates from the two hospitals were
ESBL producers (Table 4). Moreover, no signifcant re-
lationships/associations were observed between the ESBL
traits of the E. coli (P � 0.1919) and K. pneumoniae
(P � 0.5995) isolates obtained from ELVH and KNH were
observed in this study (Table 4).

3.3. ESBL-Associated Antimicrobial Resistance. Our results
showed the overall resistance pattern of the E. coli samples
towards conventional antibiotics was as follows: cef-
triaxone (69.6%) > levofoxacin (50.7%) > azithromycin
(44.2%) > cefepime (34.1%) > amoxicillin/clavulanic acid
(26.1%)>piperacillin/tazobactam (17.4%)> cefoxitin (15.9%)>
minocycline (14.5%)>nitrofurantoin (10.3%)>meropenem
(8.7%)> amikacin (2.9%)> tigecycline (0.72%) (Table 5). Te
overall multidrug resistance of the clinical isolates from the two
hospitals was 39.9% (Table 5).

Besides, we characterised the relationship between the
ESBL-associated antimicrobial resistance of the studied
K. pneumoniae isolates.Te results showed that all the ESBL-
producing K. pneumoniae isolates from the ELVH were
resistant to all the test antibiotics (Table 6). Likewise, all
ESBL-producing K. pneumoniae isolates derived from the
KNH were resistant to all the tested antibiotics in this study;
however, between one and three non-ESBL-producing
K. pneumoniae isolates exhibited resistance to all antibi-
otics except amikacin, meropenem, tigecycline, and nitro-
furantoin (Table 6).

Generally, the ESBL-associated resistance of
K. pneumoniae to the tested antibiotics demonstrated
a characteristic pattern as follows: ceftriaxone (91.3%)
> amoxicillin/clavulanic acid (70.9%) > cefepime (60.6%)
> nitrofurantoin (45.5%) > azithromycin (22%) > levo-
foxacin (12.6%) � piperacillin/tazobactam (12.6%) >
minocycline (11.8%) > cefoxitin (9.4%) > tigecycline
(6.2%) >meropenem (2.4%) > amikacin (0.8%) (Table 5).
Additionally, the overall multidrug resistance of the
K. pneumoniae samples at the two facilities was 13.4%
(Table 6).

Furthermore, the results revealed no signifcant re-
lationships between the ESBL-associated antimicrobial re-
sistance of the K. pneumoniae isolates obtained from the
ELVH, and KNH to all the tested antibiotics (P> 0.9999;
Table 6).

3.4. Multidrug Resistance (MDR) Phenotypes. Te most fre-
quent MDR phenotype in E. coli isolates at the ELVH (11.8%)
was CRO-FEP-AZM-LVX and CRO-AZM-LVX at the KNH
(7.7%) (Table 7). Te FOX-CRO-AMC-MI-TGC-FM MDR
phenotype was the most common in K. pneumoniae isolates
obtained from the ELVH, while FOX-CRO-FEP-AMC-TZP-
AZM-LVX-MI and CRO-AMC-TZP-AZM-MI were the most
frequent at the KNH (Table 7). Notably, the FOX-CRO-FEP-
AMC-TZP-AZM-LVX-MI MDR phenotype was observed in
the ESBL-positive and the ESBL-negative isolates, whereas all
the other phenotypes were present in ESBL-positive
K. pneumoniae isolates only (Table 7).

Table 2: Classifcation of patients from whom the clinical isolates were obtained.

Cadre Sub-cadre
ELVH KNH

E. coli n� 34 (%) K. pneumoniae n� 12 (%) E. coli n� 104 (%) K. pneumoniae n� 115 (%)

Gender
Male 6 (17.6) 2 (16.7) 51 (49) 55 (47.8)
Female 26 (76.5) 5 (41.6) 45 (43.3) 58 (50.4)
∗Unknown 2 (5.9) 5 (41.6) 8 (7.7) 2 (1.8)

Admission type
Outpatient 24 (70.6) 6 (50) 10 (9.6) 4 (3.5)
Inpatient 10 (29.4) 6 (50) 81 (77.9) 111 (96.5)
∗Unknown 0 (0) 0 (0) 13 (12.5) 0 (0)

KNH: Kenyatta national hospital; ELVH: Embu level V hospital; n: sample size. Values in parenthesis represent percentage proportions. ∗Unknown: gender
or type of admission not indicated in the departmental records.

Table 3: Classifcation clinical specimens from which the E. coli and K. pneumoniae isolates were obtained.

Specimen type Total (n)
ELVH KNH

Total (n)
E. coli n (%) K. pneumoniae n (%) E. coli n (%) K. pneumoniae n (%)

Urine 82 26 (76.5) 9 (75) 34 (32.7) 13 (11.3) 82
Blood cultures 77 0 (0) 0 (0) 10 (9.6) 67 (58.3) 77
Pus swabs 65 1 (2.9) 0 (0) 51 (49) 13 (11.3) 65
Tracheal aspirates 17 0 (0) 0 (0) 1 (1) 16 (13.9) 17
Cerebral Spinal Fluid 11 0 (0) 0 (0) 6 (5.8) 5 (4.3) 11
Stool 9 7 (20.6) 2 (16.7) 0 (0) 0 (0) 9
High vaginal swab 3 0 (0) 0 (0) 2 (1.9) 1 (0.9) 3
Pleural fuid 1 0 (0) 1 (8.3) 0 (0) 0 (0) 1
Total (N) 265 34 12 104 115 265
KNH: Kenyatta national hospital; ELVH: Embu level V hospital; n: sample size.Te values in parenthesis are percentage proportions of isolates in each clinical
specimen.
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Table 5: Proportion of clinical isolates of E. coli with ESBL-associated antimicrobial resistance.

Antimicrobial agent ESBL status ELVH n� 34
(%)

KNH n� 104
(%) P value Total n� 138

(%)

Ceftriaxone Positive 16 (47.1) 80 (76.9) 0.3488 96 (69.6)Negative 0 (0.0) 0 (0.0)

Levofoxacin Positive 13 (38.2) 54 (51.9) >0.9999 70 (50.7)Negative 0 (0.0) 3 (2.9)

Azithromycin Positive 12 (35.3) 49 (47.1) >0.9999 61 (44.2)Negative 0 (0.0) 0 (0.0)

Cefepime Positive 14 (41.2) 33 (31.7) >0.9999 47 (34.1)Negative 0 (0.0) 0 (0.0)

Amoxicillin/clavulanic acid Positive 3 (8.8) 30 (28.8) >0.9999 36 (26.1)Negative 0 (0.0) 3 (2.9)

Piperacillin/Tazobactam Positive 4 (11.8) 20 (19.2) >0.9999 24 (17.4)Negative 0 (0.0) 0 (0.0)

Cefoxitin Positive 5 (14.7) 17 (16.3) >0.9999 22 (15.9)Negative 0 (0.0) 0 (0.0)

Minocycline Positive 2 (5.9) 15 (14.4) >0.9999 20 (14.5)Negative 0 (0.0) 3 (2.9)

Meropenem Positive 4 (11.8) 8 (7.7) >0.9999 12 (8.7)Negative 0 (0.0) 0 (0.0)

Amikacin Positive 4 (11.8) 0 (0) >0.9999 4 (2.9)Negative 0 (0.0) 0 (0.0)

Tigecycline Positive 1 (2.9) 0 (0) >0.9999 1 (0.72)Negative 0 (0.0) 0 (0.0)

∗Nitrofurantoin Positive 1 (3.8)a 5 (15.6)b >0.9999 6 (10.3)cNegative 0 (0.0) 0 (0.0)

MDR Positive 12 (35.3) 43 (41.3) >0.9999 55 (39.9)Negative 0 (0.0) 0 (0.0)
Fisher’s exact test at α0.05; ESBL: Extended-spectrum β-Lactamase; +ve: positive; − ve: negative; n: sample size; KNH: Kenyatta national hospital; ELVH:
Embu level V hospital; ∗: Only urine isolates were tested against Nitrofurantoin according to the CLSI 2020 guidelines [28]; a: the total urine isolates from
Embu Level V Hospital; b: Total number urine isolates from KNH; c: the overall number of urine isolates; MDR: Multi-drug Resistance. Te values in
parenthesis are percentage proportions of E. coli isolates producing or not producing ESBLs.

Table 4: Proportion of ESBL-producing clinical isolates.

Isolate ESBL trait ELVH n (%) KNH n (%) P value Total (%)

E. coli ESBL +ve 31 (91.2) 83 (79.8) 0.1919 114 (82.6)
ESBL − ve 3 (8.8) 21 (20.2) 24 (17.4)

K. pneumoniae ESBL +ve 12 (100) 106 (92.2) 0.5995 118 (92.9)
ESBL − ve 0 (0) 9 (7.8) 9 (7.1)

ESBL: Extended-spectrum β-Lactamase; +ve: positive; − ve: negative; n: sample size; KNH: Kenyatta national hospital; ELVH: Embu level V hospital. Te
values in parenthesis are percentage proportions of E. coli and K. pneumoniae isolates producing or not producing ESBLs.

Table 6: Proportion of clinical isolates of K. pneumoniae with ESBL-associated antimicrobial resistance.

Antimicrobial agent ESBL status ELVH n� 12
(%)

KNH n� 115
(%) P value Total n� 127

(%)

Ceftriaxone Positive 12 (100) 103 (89.5) >0.9999 116 (91.3)Negative 0 (0.0) 1 (0.9)

Amoxicillin/clavulanic acid Positive 7 (58.3) 80 (69.6) >0.9999 90 (70.9)Negative 0 (0.0) 3 (2.6)

Cefepime Positive 2 (16.7) 73 (63.5) >0.9999 77 (60.6)Negative 0 (0.0) 2 (1.7)

Azithromycin Positive 5 (41.7) 22 (19.1) >0.9999 28 (22)Negative 0 (0.0) 1 (0.9)
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Table 6: Continued.

Antimicrobial agent ESBL status ELVH n� 12
(%)

KNH n� 115
(%) P value Total n� 127

(%)

Levofoxacin Positive 2 (16.7) 11 (9.6) >0.9999 16 (12.6)Negative 0 (0.0) 3 (2.6)

Piperacillin/tazobactam Positive 1 (8.3) 13 (11.3) >0.9999 16 (12.6)Negative 0 (0.0) 2 (1.7)

Minocycline Positive 3 (25.0) 10 (8.7) >0.9999 15 (11.8)Negative 0 (0.0) 2 (1.7)

Cefoxitin Positive 4 (33.3) 7 (6.1) >0.9999 12 (9.4)Negative 0 (0.0) 1 (0.9)

Tigecycline Positive 4 (33.3) 4 (3.48) >0.9999 8 (6.2)Negative 0 (0.0) 0 (0.0)

Meropenem Positive 1 (8.3) 2 (1.7) >0.9999 3 (2.4)Negative 0 (0.0) 0 (0.0)

Amikacin Positive 0 (0.0) 1(0.79) >0.9999 1 (0.8)Negative 0 (0.0) 0 (0.0)

∗Nitrofurantoin Positive 7 (77.8)a 3 (23.1)b >0.9999 10 (45.5)cNegative 0 (0.0) 0 (0.0)

MDR isolates Positive 6 (50.0) 10 (8.7) >0.9999 17 (13.4)Negative 0 (0.0) 1 (0.9)
Fisher’s exact test at α0.05; ESBL: Extended-spectrum β-Lactamase; n: sample size; KNH: Kenyatta national hospital; ELVH: Embu level V hospital; ∗: Only
urine isolates were tested against Nitrofurantoin according to the CLSI 2020 guidelines [28]; a: the total urine isolates from Embu level V hospital; b: the total
urine isolates from Kenyatta national hospital; c: total number of urine isolates; MDR; multi-drug resistance. Te values in parenthesis are percentage
proportions of K. pneumoniae isolates producing or not producing ESBLs.

Table 7: Frequency of the E. coli and K. pneumoniae isolates exhibiting the ESBL-associated MDR phenotypes.

Multi-drug
resistance phenotypes

E. coli K. pneumoniae
Total N (%)

ELVH n (%) KNH n (%) ELVH n (%) KNH n (%)
AN-CRO-FEP-AMC-TZP-MEM-AZM-LVX-TGC 0 (0.0) 0 (0.0) 0 (0.0) 1 (0.9) 1 (1.4)
FOX-CRO-FEP-MEM-AZM-LVX-MI-TGC-AN 1 (2.9) 0 (0.0) 0 (0.0) 0 (0.0) 1 (1.4)
FOX-CRO-FEP-AMC-TZP-AZM-LVX-MI-FM 0 (0.0) 1 (1) 0 (0.0) 0 (0.0) 1 (1.4)
FOX-CRO-FEP-AMC-TZP-AZM-LVX-FM 1 (2.9) 1 (1) 0 (0.0) 0 (0.0) 2 (2.8)
FOX-CRO-FEP-AMC-TZP-MEM-AZM-LVX 0 (0.0) 6 (5.8) 0 (0.0) 1 (0.9) 7 (9.7)
∗FOX-CRO-FEP-AMC-TZP-AZM-LVX-MI 0 (0.0) 4 (3.8) 0 (0.0) 2 (1.7) 6 (8.3)
FOX-CRO-FEP-AMC-TZP-LVX-MI 0 (0.0) 2 (1.9) 0 (0.0) 0 (0.0) 2 (2.8)
FOX-CRO-FEP-MEM-AZM-TGC-AN 1 (2.9) 0 (0.0) 0 (0.0) 0 (0.0) 1 (1.4)
FOX-CRO-FEP-AMC-TZP-MEM-LVX 0 (0.0) 1 (1) 0 (0.0) 0 (0.0) 1 (1.4)
FOX-CRO-AMC-AZM-MI-TGC-FM 0 (0.0) 0 (0.0) 1 (8.3) 0 (0.0) 1 (1.4)
FOX-AMC-TZP-AZM-LVX-FM 0 (0.0) 0 (0.0) 0 (0.0) 1 (0.9) 1 (1.4)
FOX-CRO-AMC-MEM-TGC-FM 0 (0.0) 0 (0.0) 1 (8.3) 0 (0.0) 1 (1.4)
FOX-CRO-AMC-MI-TGC-FM 0 (0.0) 0 (0.0) 2 (16.7) 0 (0.0) 2 (2.8)
CRO-FEP-AMC-TZP-AZM-LVX-FM 0 (0.0) 1 (1) 0 (0.0) 0 (0.0) 1 (1.4)
CRO-FEP-AMC-TZP-MEM-AZM-LVX 0 (0.0) 1 (1) 0 (0.0) 0 (0.0) 1 (1.4)
FOX-CRO-FEP-MEM-AZM-AN 1 (2.9) 0 (0.0) 0 (0.0) 0 (0.0) 1 (1.4)
FOX-FEP-AMC-AZM-LVX-MI 0 (0.0) 1 (1) 0 (0.0) 0 (0.0) 1 (1.4)
FOX-CRO-FEP-AMC-LVX-MI 0 (0.0) 1 (1) 0 (0.0) 0 (0.0) 1 (1.4)
FOX-CRO-FEP-MI-TGC 0 (0.0) 0 (0.0) 0 (0.0) 1 (0.9) 1 (1.4)
CRO-FEP-AMC-TZP-AZM-LVX 1 (2.9) 0 (0.0) 0 (0.0) 0 (0.0) 1 (1.4)
CRO-FEP-AZM-LVX-TGC-FM 0 (0.0) 0 (0.0) 0 (0.0) 1 (0.9) 1 (1.4)
CRO-AMC-TZP-AZM-MI 0 (0.0) 0 (0.0) 0 (0.0) 2 (1.7) 2 (2.8)
CRO-FEP-TZP-MEM-AN 1 (2.9) 0 (0.0) 0 (0.0) 0 (0.0) 1 (1.4)
CRO-FEP-AMC-AZM-LVX 0 (0.0) 3 (2.9) 1 (8.3) 0 (0.0) 4 (5.6)
CRO-FEP-AZM-LVX-MI 1 (2.9) 1 (1) 0 (0.0) 0 (0.0) 2 (2.8)
CRO-FEP-AMC-AZM-MI 0 (0.0) 0 (0.0) 0 (0.0) 1 (0.9) 1 (1.4)
CRO-FEP-AZM-LVX 4 (11.8) 1 (1) 0 (0.0) 0 (0.0) 5 (6.9)
CRO-FEP-LVX-FM 0 (0.0) 1 (1) 0 (0.0) 0 (0.0) 1 (1.4)
CRO-FEP-LVX-MI 0 (0.0) 1 (1) 0 (0.0) 0 (0.0) 1 (1.4)
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3.5. Genotypic Characterisation. Te ESBL-resistance genes
in the E. coli and K. pneumoniae isolates targeted in this
study were analysed by PCR and gel electrophoresis (rep-
resentative electropherograms are shown in Supplementary
Figures 1A–F), sequenced, and the data were deposited in
the GenBank database (https://ncbi.nlm.nih.gov/genbank/),
vide Accession Numbers summarised in Supplementary
Tables ST-6 and ST-7, respectively.

Te overall expression pattern of ESBL-associated resistance
genes in E. coli isolates in this study was blaTEM> blaSHV>
blaOXA> blaCTX-M-group-1> blaCTX-M-group-9> blaCTX-M-group-2>
blaCTX-M-group-8/25 (Table 8). We observed that most ESBL-
positive E. coli isolates obtained from the ELVH (82.4%)
expressed the blaSHV gene, while those obtained from the KNH
(44.2%) expressed the blaTEM gene (Table 8).

Generally, the expression frequency pattern of the ESBL-
associated antimicrobial resistance genes in the studied
K. pneumoniae isolates was as follows; blaTEM> blaSHV>
blaOXA> blaCTX-M-group-1> blaCTX-M-group-9> blaCTX-M-group-2>
blaCTX-M-group-8/25 (Table 8). We also observed that all (12;
100%) K. pneumoniae isolates derived from the ELVH, and
most of those obtained from the KNH (94; 81.7%) expressed
the blaTEM gene (Table 8). Notably, the expression of ESBL
genes was higher in ESBL-positive isolates than in ESBL-
negative isolates (Table 8).

Te results further revealed no signifcant relationship
between the expression frequencies of the blaTEM (P � 0.5376),
blaSHV (P � 0.2721), blaOXA (P � 0.3192), and blaCTX-M-group-1
(P> 0.9999) genes in E. coli (Table 8). Likewise, the expression
frequencies of the blaTEM, blaSHV, blaOXA, blaCTX-M-group-1,
blaCTX-M-group-9, and blaCTX-M-group-2 genes in K. pneumoniae
isolates were not signifcant (P> 0.9999; Table 8). Notably, the
blaCTX-M-group-8/25 gene was not expressed in any of the E. coli
and K. pneumoniae isolates from both hospitals (Table 8).

3.6. Characterisation of the ESBL Genotypes with MDR
Phenotypes. We characterised the ESBL genotypes associ-
ated with the MDR phenotypes observed in the studied
isolates. Te results showed that the blaSHV and blaOXA
genotypes in E. coli isolates (16.7%) obtained from the ELVH
were predominantly associated with FOX-CRO-FEP-MEM
and CRO-FEP resistance, respectively (Table 9). Among the
E. coli isolates obtained from the KNH, the blaTEM genotype

was the most frequently (7.0%) observed and was associated
with CRO resistance (Table 9).

Te K. pneumoniae isolates showed a general trend that
combined two or more ESBL genes associated with the MDR
phenotypes at both facilities (Table 9). Te FOX-CRO-AMC
phenotype had three isolates (50%) with the
blaTEM+ blaSHV + blaCTX-M-gp-1 OR+ blaCTX-M-gp-2 geno-
types from the ELVH (Table 9). At the KNH, two isolates
(18.2%) expressed the CRO-AMC-TZP phenotype and the
blaTEM+ blaSHV + blaCTX-M-gp-1 genotypes (Table 9).

4. Discussion

Te occurrence and transmission of antimicrobial-resistant
strains of commensal and pathogenic bacteria have signif-
icantly hampered global eforts to mitigate infectious dis-
eases [31, 32]. Te World Health Organisation (WHO)
report shows there are insufcient data to guide policy
formulation and recommendations on antimicrobial re-
sistance (AMR), especially in Africa [33]. Moreover, AMR
rates are increasing in Kenya and across East Africa, partly
due to the lack of sufcient antimicrobial stewardship
programs in hospitals, inadequate laboratory infrastructure,
poor pharmacovigilance systems, and lack of updated
treatment guidelines based on local antimicrobial suscep-
tibility patterns at the national and community facility levels
[31, 34, 35].

Kenya enrolled in the Global Antimicrobial Resistance
and Use Surveillance System (GLASS) by the end of 2021 but
has yet to report on AMR or antimicrobial consumption
data, unlike neighbouring countries Uganda, Tanzania, and
Ethiopia [33, 36]. Each of the 47 counties in Kenya is
mandated to carry out antimicrobial stewardship programs
as set out in the country’s National Action Plan [37].
Consequently, there is need for routine antimicrobial sur-
veillance through diagnostic stewardship and reporting
systems to curb the transmission of AMR within and outside
the country. Terefore, we performed a phenotypic and
genotypic characterization of the ESBL-associated AMR and
MDR of E. coli and K. pneumoniae clinical isolates obtained
from two Kenyan hospitals (Embu Level Five Hospital and
Kenyatta National Hospital) due to a paucity of current data
on AMR patterns, and its signifcance in guiding therapeutic
interventions fostering antimicrobial stewardship programs.

Table 7: Continued.

Multi-drug
resistance phenotypes

E. coli K. pneumoniae
Total N (%)

ELVH n (%) KNH n (%) ELVH n (%) KNH n (%)
CRO-TZP-AZM-LVX 0 (0.0) 1 (1) 0 (0.0) 0 (0.0) 1 (1.4)
CRO-TZP-AZM-TGC 1 (2.9) 0 (0.0) 0 (0.0) 0 (0.0) 1 (1.4)
CRO-AMC-AZM-LVX 0 (0.0) 3 (2.9) 0 (0.0) 0 (0.0) 3 (4.2)
CRO-FEP-AZM-LVX 0 (0.0) 0 (0.0) 0 (0.0) 1 (0.9) 1 (1.4)
CRO-AZM-LVX-MI 0 (0.0) 5 (4.8) 0 (0.0) 0 (0.0) 5 (6.9)
CRO-AZM-LVX 0 (0.0) 8 (7.7) 1 (8.3) 0 (0.0) 9 (12.5)
Total number of the MDR phenotypes 12 (35.3) 43 (41.3) 6 (50) 11 (9.6) 72 (100)
All the isolates were ESBL-positive. FOX: Cefoxitin; CRO: Ceftriaxone; FEP: Cefepime; AMC: Amoxicillin/Clavulanic acid; TZP: Piperacillin/Tazobactam;
MEM: Meropenem; AN: Amikacin; AZM: Azithromycin; LVX: Levofoxacin; MI: Minocycline; TGC: Tigecycline (TGC); FM: Nitrofurantoin; ELVH: Embu
Level V Hospital; KNH; Kenyatta National Hospital; n: Sample size; N: Total number of isolates; ∗: Observed in both the ESBL-positive and ESBL-negative
isolates. Te values in parenthesis indicate the percentage proportion of clinical isolates exhibiting ESBL-associated MDR phenotypes.
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Te fndings showed that the frequency of ESBL pro-
duction among the E. coli isolates was elevated in both
facilities, corroborating a previous report where over 50% of
the E. coli clinical isolates were ESBL producers [38]. Ad-
ditionally, surveys conducted in other countries, including
Rwanda [39], Tanzania [4], Ethiopia [40], Uganda [41, 42],
Nigeria [43], Burkina Faso [44], Chad [45], and Nepal
[46, 47] revealed a similar pattern of ESBL production in
E. coli isolates. However, the proportion of ESBL-producing
E. coli isolates in this study was lower than that reported in
Kenya [48, 49], Uganda [50, 51], Tanzania [5], Canada [52],
Tailand [53], Brazil [18], Iran [14], Nepal [54], the USA,
Europe, Asia-Pacifc, and Latin America [55]. Besides, our
fndings indicated a high proportion of K. pneumoniae
isolates were ESBL producers, which corroborates earlier
reports from Kenya [56, 57], Uganda [41, 42, 58], Tanzania
[4], Ethiopia [40], and Nepal [46, 47]. Notably, previous
reports from Kenya [38, 59], Tanzania [5], Uganda [51],
Ethiopia [60], Nigeria [43], Burkina Faso [44], Chad [45],
Iran [14], Nepal [54],Tailand [53], Brazil [18], and the USA
[61] showed that the proportion of ESBL-producing
K. pneumoniae isolates was lower than that which we re-
port herein. Tese diferences may be due to disparities in
infection prevention control protocols, local antimicrobial
treatment guidelines, abuse of broad-spectrum antibiotics
and third generation cephalosporins, geographical dynam-
ics, hospitalisation, and the presence and efectiveness of
antimicrobial stewardship committees at various health
facilities in various territories [62].

Over 50% of the studied ESBL-producing E. coli isolates
demonstrated high resistance to ceftriaxone, levofoxacin,
azithromycin, and susceptibility to meropenem, amikacin,
and tigecycline, with the urine-derived isolates being sen-
sitive to nitrofurantoin. Tese fndings corroborate previous
reports from Kenya [38, 56, 63, 64], Rwanda [39], Chad [45],
Nepal [46, 54], Brazil [18], and Canada [52]. Moreover, some
studies showed high resistance of E. coli samples to

carbapenems in Nigeria [43] and Nepal [47] which can be
associated with the production of carbapenemases. Con-
versely, our fndings difer from those reported in Uganda
[50], which showed low resistance of E. coli isolates derived
from outpatients to Ceftriaxone and levofoxacin. Besides,
the results demonstrated high resistance of K. pneumoniae
isolates to Ceftriaxone, amoxicillin/clavulanic acid, and
cefepime, with most isolates being sensitive to amikacin,
tigecycline, meropenem, and urine-derived isolates exhib-
iting some resistance to nitrofurantoin. Tese results are
consistent with those reported at a tertiary hospital in
Eldoret [65], a private hospital in Nairobi [63], Kilif County
Hospital [57] and KNH [64] in Kenya, and from Tailand
[53], Ethiopia [40], Nepal [54], and Iran [66]. However,
some reports from Nigeria [43] and Nepal [47] showed that
K. pneumoniae isolates were resistant to carbapenems.Tese
diferences may be attributed to patient factors, specifc
antimicrobial therapy regimens in various hospitals, the
environment, and specifc selective pressures, which afect
the microbial characteristics associated with diverse re-
sistance patterns [48, 49]. Moreover, the high resistance
frequencies of the studied isolates depict the severity of the
AMR burden, which limits treatment options leading to life-
threatening sequelae [67, 68].

Research shows that MDR E. coli and K. pneumoniae
signifcantly complicate antimicrobial chemotherapy by
reducing treatment options [11]. In this study, E. coli and
K. pneumoniae isolates demonstrated <50% MDR to the
tested antibiotics, corroborating earlier studies [59, 69].
However, varied MDR rates among E. coli and
K. pneumoniae in hospital settings have been reported
globally, where >50% MDR against a considerable range of
antibiotics has been observed in Kenya [57, 65], Portugal
[70], Canada [71], and Nepal [47]. Despite their collection
from similar setups, the varied resistance patterns exhibited
by the studied isolates can be attributed to the frequency of
specifc antibiotic administration, among other factors such

Table 8: Frequency of the E. coli and K. pneumoniae isolates expressing the ESBL genotypes.

ESBL gene ESBL status
E. coli K. pneumoniae

N (%)
ELVH n (%) KNH n (%) P value n (%) ELVH n (%) KNH n (%) P value n (%)

blaTEM
Positive 4 (11.8) 46 (44.2) 0.5376 58 (42.0) 12 (100.0) 94 (81.7) >0.9999 113 (89.0) 171 (64.5)Negative 1 (2.9) 7 (6.8) 0 (0.0) 7 (6.1)

blaSHV
Positive 28 (82.4) 19 (18.3) 0.2721 56 (40.6) 6 (50.0) 91 (79.1) >0.9999 105 (82.7) 161 (60.8)Negative 3 (8.8) 6 (5.7) 0 (0.0) 8 (7.0)

blaOXA
Positive 13 (17.6) 31 (29.8) 0.3192 50 (36.2) 2 (16.7) 88 (76.5) >0.9999 97 (76.4) 144 (54.3)Negative 0 (0.0) 6 (5.8) 0 (0.0) 7 (6.1)

blaCTX-M-gp-1
Positive 5 (14.7) 23 (22.1) >0.9999 28 (20.3) 4 (33.3) 86 (74.8) >0.9999 92 (72.5) 117 (44.2)Negative 0 (0.0) 0 (0.0) 0 (0.0) 2 (1.7)

blaCTX-M-gp-9
Positive 3 (8.8) 21 (20.2) >0.9999 24 (17.4) 1 (8.3) 0 (0.0) >0.9999 1 (0.8) 25 (9.4)Negative 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

blaCTX-M-gp-2
Positive 7 (20.6) 9 (8.7) 0.2632 19 (13.8) 1 (8.3) 1 (0.85) >0.9999 3 (2.4) 22 (8.3)Negative 0 (0.0) 3 (2.8) 0 (0.0) 1 (0.85)

blaCTX-M-gp-8/

25

Positive 0 (0.0) 0 (0.0) NC 0 (0.0) 0 (0.0) 0 (0.0) NC 0 (0.0) 0 (0.0)Negative 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Fisher’s exact test at α0.05; ESBL: Extended-spectrum β-Lactamase; n: sample size; N: total number of KNH: Kenyatta national hospital; ELVH: Embu level V
hospital; n: sample size; N: total number of isolates. Te values in parenthesis indicate the percentage proportion of clinical isolates expressing the
ESBL-associated genotypes.
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as those reported previously [72, 73]. Te lack of proper
antimicrobial resistance surveillance and stewardship,
compounded by inadequate testing and documentation
capacity, may be responsible for the high resistance rates
[10, 74]. Tus, identifying multidrug-resistance (MDR)
patterns exhibited by pathogenic bacterial strains can help
guide the course of therapy [75, 76].

We further investigated the phenotypic MDR patterns
exhibited by the clinical isolates, where the CRO-FEP-
AZM-LVX and CRO-AZM-LVX were the most prevalent
among E. coli isolates in ELVH andKNH, respectively.Tese
fndings difer from studies conducted in Portugal [70] and
Canada [77] which reported the AMC-CTX-CAZ-TE-TOB-
CIP-CN and CRO-CIP-SXT MDR phenotypes, respectively
as the most prevalent among ESBL-producing E. coli. Be-
sides, the CRO-AMC-TZP-AZM-MIN was the most fre-
quent MDR phenotype among K. pneumoniae isolates
obtained from the ELVH, and the FOX-CRO-FEP-AMC-
TZP-AZM-LVX-MI and CRO-AMC-TZP-AZM-MI phe-
notypes were the most frequent among K. pneumoniae
isolates obtained from KNH, contrary to reports from
Portugal [70] where the carbapenems (imipenem, mer-
openem, and ertapenem) formed part of the MDR pheno-
types. Te variations in MDR phenotypes and resistance
patterns are attributable to specifc gene mutations and
resistance gene combinations [21, 78]. AMR, including
MDR, exhibited by E. coli and K. pneumoniae, is primarily
driven by a plasmid-mediated β-lactamase, which hydro-
lyses and inactivates β-lactam antibiotics, including mon-
obactams and cephalosporins, among a wide array of other
antibiotics, rendering them inefective [79–81].

Molecular studies have revealed various ESBL variants in
E. coli and K. pneumoniae based on the gene or gene
combinations they express [18, 82, 83]. Upon genotypic
characterisation, the blaTEM gene was the most profoundly
expressed in E. coli and K. pneumoniae isolates, followed by
blaSHV, blaOXA, and blaCTX-M-group-1 depicting a similar
pattern as that reported in Uganda [51], Iran [14], Kenya
[49, 57], and Tanzania [16]. However, our results difer from
those reported in Burkina Faso [44], Chad [45], Brazil [18],
and Canada [52] where blaCTX-M was the most frequent
ESBL gene associated with resistance phenotypes. Moreover,
recent data indicate that the blaCTX-M is the widespread
ESBL gene variant, and in some regions, it transcends the
blaTEM and blaSHV ESBLs [81, 84]. Tese diferences are
partly attributable to geographic and environmental dif-
ferences and specifc gene factors, such as inherent muta-
tions [85]. Besides, previous research indicates that single or
multiple ESBL genes may drive MDR phenotypes [4, 86].
Accordingly, we explored the relationship between ESBL
genotypes and MDR phenotypes in E. coli and
K. pneumoniae isolates from ELVH and KNH. We observed
diverse ESBL gene combinations in various MDR pheno-
types, which were like those reported in Kenya [49], Tan-
zania [4], and Rwanda [39]. Tese fndings demonstrate the
diverse and intricate mechanisms these microbes employ to
evade antibacterial action, including the acquisition of re-
sistance genes from other bacterial strains and the expres-
sion of these genes in various combinations induced by

antimicrobial stress [10, 16]. Similar resistance patterns and
genetic traits in isolates collected from the KNH and ELVH
denote an active distribution of resistant pathogens, and the
proximity of the two hospitals may have facilitated the
transfer of resistant strains.

Various ESBL-associated genes may have other func-
tional roles besides the plasmid-mediated β-lactamase hy-
drolysis of antibiotics [84]. For instance, the blaCTX-M gene
reduces the sensitivity of E. coli and K. pneumoniae strains to
various antibiotics like carbapenems and cephalosporins
[87]. Besides, plasmids carrying the blaOXA gene harbour
other non-ESBL genes like the blaCYM, blaNDM, and blaVIM,
which confer enhanced Metallo-β-lactamase activity,
alteration of porin synthesis, and the acquisition of other
drug-degrading enzymes [88]. Notably, ESBL-associated
genes are diverse and present varied characteristics
[89, 90]. Te various genetic combinations in E. coli and
K. pneumoniae observed in the present study probably
contributed to high resistance rates toward single antibiotics
and modifed the activity of multiple antibiotics leading to
MDR.Te resistance detected in some non-ESBL-producing
clinical isolates of E. coli and K. pneumoniae may be due to
porin loss and the acquisition of other resistance mecha-
nisms [81]. However, further molecular characterisation to
discern specifc genetic interactions among and between
E. coli and K. pneumoniae strains and mutations in
resistance-associated genes, especially in the synthesis and
action of ESBLs, may help us understand their dynamic
functioning and develop more efcacious therapies.

Proper surveillance mechanisms are imperative con-
sidering the intricate nature of antimicrobial resistance,
especially in E. coli and K. pneumoniae, which are notorious
sources of nosocomial infections [72, 76, 91–93]. Appro-
priate characterisation of resistance patterns and genetic
traits in these enterobacteria may help redefne treatment
regimens and avert further exacerbation and distribution of
resistant strains [94]. Tus, considering the dynamic nature
of AMR and the high burden of MDR in sub-Saharan Af-
rican Countries, especially Kenya, close stewardship and
regular surveillance programs in health facilities are nec-
essary [75]. Tis may include policy formulation and
implementation, development of testing, documentation,
reporting infrastructure, and adequate staf training, among
others [10, 35].

5. Limitations

Te smaller sample size, especially that of K. pneumoniae
isolates obtained from the ELVH, may limit the generaliz-
ability of the reported results. Besides, incomplete patient
data in laboratory registers hindered the investigation of the
association between patient characteristics and the AMR and
MDR resistance traits of the studied microbes.

6. Conclusions and Recommendations

In this study, many E. coli and K. pneumoniae isolates
obtained from the two hospitals were ESBL producers. Te
ESBL-producing E. coli isolates exhibited a higher

International Journal of Microbiology 13



prevalence of resistance to ceftriaxone and levofoxacin with
notable sensitivity to meropenem, amikacin, and tigecycline.
Similarly, the K. pneumoniae isolates showed high resistance
frequency to ceftriaxone, amoxicillin/clavulanic acid, and
cefepime with susceptibility to cefoxitin, tigecycline, ami-
kacin and meropenem noted. Notably, the E. coli isolates
exhibited more MDR phenotypes than K. pneumoniae
isolates, where the CRO-FEP-AZM-LVX and CRO-
AZM-LVX were the most prevalent MDR phenotypes
among E. coli isolates obtained from the ELVH and KNH,
respectively. Te CRO-AMC-TZP-AZM-MI was the most
frequent MDR phenotype among K. pneumoniae isolates
obtained from the ELVH, while the FOX-CRO-FEP-AMC-
TZP-AZM-LVX-MI and CRO-AMC-TZP-AZM-MI MDR
phenotypes were the most frequent among K. pneumoniae
isolates obtained from KNH. Moreover, the blaTEM gene
was the most frequently expressed in E. coli and
K. pneumoniae isolates, followed by blaSHV, blaOXA, and
blaCTX-M-group-1, and were deemed responsible for the
observed AMR and MDR phenotypes. Terefore, based on
this study’s fndings, routine phenotypic and genotypic
characterization of pathogenic bacterial isolates should be
embraced to discern the AMR and MDR patterns, to inform
treatment regimens and improve therapeutic outcomes.
Further extensive large-scale characterisation of AMR and
MDR traits of E. coli, K. pneumoniae, and other notorious
pathogenic microbes should be performed at local, national,
and regional levels to establish their patterns. Te gathered
information would be instrumental in guiding the formu-
lation and implementation of antimicrobial stewardship and
infection control protocols to curb antimicrobial resistance
locally and internationally. Additionally, empirical in-
vestigations on gene-encoded virulence factors, aiding
bioflm formation and associated pathogenicity of the
studied bacterial strains, are encouraged to establish their
role in AMR and MDR and help design and tailor thera-
peutic interventions.
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“Treatment processes for microbial resistance mitigation: the
technological contribution to tackle the problem of antibiotic
resistance,” International Journal of Environmental Research
and Public Health, vol. 17, no. 23, pp. 1–20, 2020.

[10] L. Elton, M. J. Tomason, J. Tembo et al., “Antimicrobial
resistance preparedness in sub-Saharan African countries,”
Antimicrobial Resistance and Infection Control, vol. 9, no. 1,
2020.

[11] Who, “Global Antimicrobial Resistance and Use Surveillance
System,” GLASS Report, Who, Geneva, Switzerland, 2021.

[12] O. G. Onduru, R. S. Mkakosya, S. Aboud, and S. F. Rumisha,
“Genetic determinants of resistance among ESBL-producing
enterobacteriaceae in community and hospital settings in
East, central, and southern Africa: a systematic review and
meta-analysis of prevalence,” Te Canadian Journal of In-
fectious Diseases & Medical Microbiology, vol. 2021, Article ID
5153237, 9 pages, 2021.

[13] T. Sonda, H. Kumburu, M. Van Zwetselaar et al., “Meta-
analysis of proportion estimates of extended-spectrum-beta-
lactamase-producing enterobacteriaceae in East Africa hos-
pitals,” Antimicrobial Resistance and Infection Control, vol. 5,
no. 1, 2016.

[14] J. Y. Sharahi, A. Hashemi, A. Ardebili, and S. Davoudabadi,
“Molecular characteristics of antibiotic-resistant Escherichia
coli and Klebsiella pneumoniae strains isolated from hospi-
talized patients in Tehran, Iran,” Annals of Clinical Micro-
biology and Antimicrobials, vol. 20, no. 1, 2021.

[15] D. L. Paterson and R. A. Bonomo, “Extended-spectrum
β-lactamases: a clinical update,” Clinical Microbiology Re-
views, vol. 18, no. 4, pp. 657–686, 2005.

[16] T. Sonda, H. Kumburu, M. Van Zwetselaar et al., “Molecular
epidemiology of virulence and antimicrobial resistance de-
terminants in Klebsiella pneumoniae from hospitalised pa-
tients in Kilimanjaro, Tanzania,” European Journal of Clinical
Microbiology & Infectious Diseases, vol. 37, no. 10, pp. 1901–
1914, 2018.
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