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Abstract

Background The potential of Klebsiella pneumoniae (K. pneumoniae) to acquire and spread carbapenem-resistant
genes is the most concerning characteristic of the bacteria. In hospitals and other healthcare settings, multidrug-
resistant K. pneumoniae can be prevalent and cause severe infections, posing significant challenges to patient man-
agement. Studying genetic variants and drug-resistant mutations in pathogenic bacteria of public health importance
is essential. Therefore, this study aimed to assess the overall prevalence of carbapenemase-encoding genes in K.
pneumoniae across Africa.

Methods All studies published between January 2010, and December 2023, were retrieved from the electronic
databases PubMed, Science Direct, and Scopus, as well as through the Google Scholar search engine. This system-
atic review and meta-analysis adhered strictly to the PRISMA guidelines. Data analysis was performed using STATA
version 17.The quality of the included studies was critically evaluated using the “Joanna Briggs Institute” criteria. To
evaluate heterogeneity among the studies, inverse variance (12) tests were utilized. Subgroup analysis was conducted
when heterogeneity exists among studies. To assess publication bias, we used a funnel plot and Egger’s regression
test. A random effects model was used to calculate the weighted pooled prevalence of genetic variants associated
with carbapenem resistance in K. pneumoniae.

Results A total of 49 potential studies were included in this systematic review and meta-analysis, encompassing
8,021 K. pneumoniae isolates. Among these isolates, 2,254 (28.1%) carbapenems-resistance-conferring genes were
identified. The overall pooled prevalence of carbapenemase-encoding genes in K. pneumoniae isolated from clini-

cal specimens across Africa was found to be 34.0% (95% Cl: 26.01-41.98%). Furthermore, the pooled prevalence

of the carbapenemase genes blanya.ag and blaypy. was 16.96% (95% Cl: 12.17-21.76%) and 15.08% (95% Cl: 9.79-
20.37%), respectively. The pooled prevalence of carbapenemase genes in K. pneumoniae isolates from clinical samples
across Africa increased over time, reported as 20.4%(-0.7-41.4%) for 2010-2015, 34.5% (20.2-48.8%) for 2016-2020,
and 35.2% (24.8-45.5%) for 2021-2023, with heterogeneity (12) values of 36.5%, 96.7%, and 99.3%, respectively.
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Conclusions The emergence and spread of carbapenemase-encoding genes in K. pneumoniae pose a major threat
to public health. Knowledge on the genetic mechanisms of carbapenem resistance is crucial for developing effective
strategies to combat these multidrug-resistant infections and reduce their impact on healthcare systems. The carbap-
enemase genes bldgya.g and blaypy., were the most prevalent and showed an increasing trend over time.

Keywords Carbapenemase-encoding genes, Bldgyp s Blayp.1, K- pneumoniae, Clinical samples, Meta-analysis

Introduction

Klebsiella pneumoniae (K. pneumoniae) is an opportun-
istic pathogen that causes range of infections, including
pneumonia, bloodstream infections, and urinary tract
infections, which can be acquired in both healthcare set-
tings and the community [1]. Carbapenem-resistant K.
pneumoniae is included in the World Health Organiza-
tion’s (WHO’s) 2024 list of priority bacterial pathogens,
underscoring its status as a significant public health con-
cern [1, 2]. Strains of K. pneumoniae capable of causing
severe and invasive infections have emerged, fueled by
their ability to adapt through gene transfer, pathogenic-
ity, and the convergence of resistance mechanisms [3].
For infections caused by K. pneumoniae-producing
extended-spectrum [-lactamases (ESBL), carbapenems
are the recommended drug of choice [4]. Carbapenems,
as last-resort antibiotics for treating multidrug-resistant
(MDR) Gram-negative bacteria (GNB), have a unique
structure that provides broad-spectrum antibacterial
activity [5].

However, nearly three decades after their introduc-
tion for treating antibiotics-resistant GNB, carbapenems
resistance still poses an increasing public health threat,
with carbapenemase-encoding genes now widespread in
many regions globally [6]. Carbapenem resistance mainly
arises from the overproduction of f-lactamases with low
affinity for carbapenems, increased expression of car-
bapenemase genes, modifications in penicillin-binding
proteins, decreased drug permeability, or the presence
of efflux pumps that lower drug susceptibility [7]. Genes
encoding carbapenemases produce enzymes that can
hydrolyze the B-lactam ring of carbapenem antibiotics
[7, 8]. Notable examples include K. pneumoniae carbap-
enemase (blaypc), oxacillinase (blayy,), Verona integron-
encoded metallo-B-lactamase (blayy,), imipenemase
(blapp), and New Delhi metallo-p-lactamase (blaypy)
[8]. The increase in carbapenemase production has pri-
marily been associated with the extensive use of carbap-
enems to treat severe infections caused by organisms that
produce ESBLs [9].

Carbapenem resistance is a significant public health
concern, as carbapenems are often the last-line drug of
choice for the treatment of MDR bacteria that are resist-
ant to most other antibiotics [10]. Bacteria that produce
carbapenemases are particularly challenging to treat, as

they can degrade all B-lactam antibiotics, including car-
bapenems, rendering them ineffective [11]. The increas-
ing prevalence of carbapenem-resistant K. pneumoniae
is particularly concerning, as it jeopardizes the effec-
tiveness of carbapenems, which are often relied upon
as"last-resort"antibiotics in hospitals and long-term care
facilities [12]. Moreover, there has been a steady increase
in carbapenem-resistant Enterobacteriaceae (CRE),
though this issue has not been thoroughly documented
[13]. CRE, including K. pneumoniae, has been identified
by the WHO and the Centers for Disease Control (CDC)
as a significant group of pathogens responsible for infec-
tions resistant to multiple antibiotics. They emphasized
that some of the most critical resistance challenges glob-
ally are attributed to CRE, including species such as K.
pneumoniae [14, 15].

Because they have limited treatment options and are
associated with higher rates of morbidity, mortality, and
healthcare costs, strains of carbapenem-resistant bacteria
are often referred to as"superbugs"or"nightmare bacteria”
[16, 17]. The high frequency of K. pneumoniae that pro-
duces carbapenemase leads to increased hospital stays,
death, and healthcare service usage [18]. If antibiotic
resistance continues on its current trajectory, it is pro-
jected that by 2030, 24 million people will be pushed into
extreme poverty, and by 2050, it could lead to as many as
10 million deaths each year [19]. Carbapenem-resistant
K. pneumoniae (CRKP) has emerged as a global crisis,
posing a significant and challenging threat with increased
mortality risk for hospitalized patients compared to those
infected with drug-susceptible strains [20, 21]. Certain
antimicrobials are reserved for treating life-threatening
or difficult-to-treat infections to stay ahead of microbial
resistance. Nevertheless, many GNBs, including K. pneu-
moniae, have developed resistance to these prescribed
medications, such as carbapenems and polymyxins [22].
However, Africa faces a range of socioeconomic, infra-
structural, health, sanitation, and well-furnished labora-
tory, and labor-related challenges that complicate efforts
to combat antimicrobial resistance [23]. There is limited
data on the pooled prevalence of carbapenem-resistance
conferring gene mutations in clinical isolates of K. pneu-
moniae across Africa, hindering a better understanding
of this issue. Therefore, the main aim of this comprehen-
sive systematic review and meta-analysis was to evaluate
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the pooled prevalence of carbapenemase-encoding gene
variants in K. pneumoniae isolates from clinical samples
in Africa.

Methods

Protocol and registration

This systematic review and meta-analysis adhered to the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines [24]. The study pro-
tocol was developed and submitted to the International
Prospective Register of Systematic Reviews (PROSPERO)
(CRD42024585390).

Data source and search strategy

Electronic databases and search engines were employed
to retrieve potential papers reporting on genes encoding
carbapenemase in K. pneumoniae. A systematic search
was performed using PubMed/Medline, Scopus, and
Science Direct. Additional articles were retrieved from
the Google Scholar search engine and online reposi-
tories or registers from various institutions. The find-
ings of this study were reported in strict adherence to
the PRISMA flow diagram [24]. Relevant articles pub-
lished in English from January 2010 to December 2023
were retrieved from databases and search engines using
appropriate MeSH (Medical Subject Headings) terms
and key search words. The search string was developed
using the following search keywords: “prevalence’, “epi-
demiology’, “carbapenemases’, “carbapenemase gene’,
“bDlacgxy “blayppys “blayy,, “blagpcs “blayy, “Kleb-
siella Pneumoniae’, “Enterobacteriaceae’; and “Africa”
These search words/phrases were further paired with
each other or combined using “AND” and “OR” Boolean
operators. To access and retrieve relevant papers, we
performed searches for each African country using the
connectors’”AND"and"OR"along with the aforemen-
tioned search keywords. The complete search strategy
and searching strings for the PubMed/MEDLINE data-
base are depicted in the supplementary file (S1 Table in
S1 File).

Eligibility criteria

After retrieving potential papers from the databases,
all articles were screened for eligibility. Papers were
included if they met the following criteria: (a) studies
that reported K. pneumoniae isolates tested for carbap-
enemase gene production, (b) utilized appropriate tech-
niques for carbapenemase gene detection, (c) involved
K. pneumoniae isolates from clinical samples, (d) were
published in English, (e) were published between January
2010, and December 2023 (f) were conducted in Africa,
and (g) were retrospective or prospective in design. How-
ever, we excluded articles that were review papers, letters,
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case reports, case—control studies, or conference papers.
Additionally, studies with methodological issues such as
unclear measurements, incomplete diagnostic criteria,
selection bias, or poorly defined study populations and
specimens were also excluded.

Study selection and quality assessment

The EndNote reference management software (Thomson
Reuters, London) was used to export all retrieved studies,
and duplicates were subsequently removed. The titles and
abstracts of the papers were independently assessed by
the reviewers (AS, GK, MN, and MAR) to determine the
eligibility of each study. In cases of disagreement between
the reviewers'evaluation reports, a third reviewer (MAR)
is consulted to resolve the differences through discus-
sion and mutual agreement, ensuring consensus. The
full texts of the articles were independently reviewed by
the reviewers (AS, MAR, GK, and MN). Disagreements
were resolved through discussion to reach a consensus
on which articles to include in the final analysis. Follow-
ing the evaluation of articles based on the inclusion and
exclusion criteria, all selected articles underwent qual-
ity assessment using the critical appraisal checklist rec-
ommended by the Joanna Briggs Institute (JBI) [25]. The
quality assessment criteria for the domain paper were
clearly outlined using checklists specifically designed for
prevalence studies. The appraisal tool consists of nine
questions, each answered as Yes (Y), No (N), or Not
Identified (NI). Studies were included in the systematic
review and meta-analysis if they obtained a final quality
score of 50% or higher (S2 Table in S1 file).

Data extraction from included studies

All articles included in the final analysis were indepen-
dently reviewed by two reviewers (AS and MAR), and
relevant data were recorded using a standardized data
extraction sheet prepared in Microsoft Excel. The follow-
ing relevant information was extracted from each origi-
nal article: author’s name, year of publication, country of
study, study design, sample size, type of clinical sample/s,
number of bacterial isolates tested for gene production,
methods used for carbapenemase detection, type of car-
bapenemase-encoding gene in K. pneumoniae, number
of carbapenemase-encoding genes in K. pneumoniae,
and the K. pneumoniae genotype (Sequence Type (ST))
(Table 1).

Study outcome/s

The outcome of this systematic review and meta-analysis
was the pooled prevalence of carbapenemase-encoding
genes in K. pneumoniae recovered from various clinical
specimens. Only molecularly confirmed K. pneumoniae
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isolates that produce
considered.

carbapenemase genes were

Data processing and analysis

The relevant extracted data were imported into STATA
17 for final statistical analysis. The overall pooled preva-
lence of carbapenemase-producing genes in K. pneu-
moniae obtained from various clinical samples in Africa
was calculated using a random-effects model, which
accounted for heterogeneity across studies. Hetero-
geneity across studies was evaluated using the inverse
variance (I2) statistic. In this meta-analysis, an 12 value
of zero indicates no heterogeneity, while values of 25%,
50%, and 75% indicate low, moderate, and high levels of
heterogeneity, respectively [75]. A p-value of less than
0.05 was considered indicative of the presence of het-
erogeneity. Subgroup analyses were conducted based on
the study country, year of publication, and sample size
to assess differences in the pooled estimates. Publica-
tion bias was evaluated using a funnel plot and further
assessed objectively through Egger’s regression test [76].
Sensitivity analysis was performed to evaluate the impact
of each study on the overall estimation of the pooled
prevalence. A random-effects model for meta-analysis
was also employed to estimate the pooled prevalence of
genes coding for carbapenemase production. Continuity
correction was applied to studies reporting zero percent
values for genes coding for carbapenemase production in
K. pneumoniae, as this led to a zero standard error [77].

Results

Searching results

This systematic review and meta-analysis identified a
total of 11,376 potentially relevant studies from searched
electronic databases, search engines, and institutional
repositories or registries, with 2,033 articles excluded due
to duplication. After reviewing the titles and abstracts,
8,580 articles were excluded for not meeting the objec-
tives and inclusion criteria of the review. Accordingly,
763 full-text articles were reviewed in depth according to
the preset inclusion criteria, of which 714 were excluded
due to full-text inaccessibility, lack of gene identification,
studies conducted outside Africa, and failure to include
the age of the study subjects of interest. Finally, 49 poten-
tial studies were included in the final quantitative analysis
(meta-analysis) (Fig. 1).

Characteristics of included studies

The final quantitative analysis (meta-analysis) was con-
ducted for all included studies (z= 49). The included
studies were conducted across fifteen African countries:
Angola [n= 1] [26], Algeria [n= 2] [27, 28], Ethiopia [n=
4] [29-32], Egypt [n= 13] [31-45], Ghana [n= 2] [46, 47],
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Kenya [n= 2] [48, 49], Mali [n= 1] [50], Malawi [n= 1]
[51], Nigeria [n= 4], [52-55], Morocco [n= 4], [56-59],
South Africa [n= 3] [60-62], Sudan [n= 4] [63-66], Tan-
zania [n= 1] [67], Tunisia [n= 4] [68-71], and Uganda
[n= 3] [72-74]. From these, forty-four studies were
prospective [26-34, 36—69, 73, 74], and the remaining
were retrospectively studied [35, 70—72]. This systematic
review and meta-analysis reported various genotypes
(sequence types, ST) of K. pneumoniae isolates. A total
of 2,237 carbapenemase-producing genes were identi-
fied, representing 27.89% of the 8,021 isolates. Among
these, blagy, 4g was the most frequently detected gene,
accounting for 1,223 cases (54.7%) of all identified
genes followed by NDM- 1, VIM, and KPC genes which
account for 627 (28.0%), 184 (8.2%), 114, (5.1%) respec-
tively (Table 1).

Meta-analysis

The pooled prevalence of carbapenemase genes in K.
pneumoniae

In this meta-analysis, the overall pooled prevalence of
carbapenemase-encoding genes in K. pneumoniae was
estimated at 34.0% (95% CI: 26.01-41.98%). The het-
erogeneity among the included studies was thoroughly
assessed (I2 =99.3%), revealing significant variation in
the investigations for each gene (Fig. 2). Due to these sub-
stantial differences, a subgroup analysis was conducted,
categorizing the studies by publication year, country of
research, and sample size. The pooled prevalence of the
carbapenemase gene was analyzed across two time peri-
ods: 2010-2016, and 2017-2023, with prevalence rates
of 22.73% (95% CI: 9.52-35.94%), and 35.52% (95% CL
26.66—44.37%) respectively (Table 2). The correspond-
ing I values, which indicate the degree of heterogeneity,
were 97.12%, and 99.36%, reflecting high level of variabil-
ity (Table 2). Furthermore, the pooled prevalence of car-
bapenemase genes displayed significant variation across
different countries. In Kenya, which recorded the lowest
prevalence at 2.9% (95%CI: — 0.1 — 5.9%), Egypt showed
a prevalence of 50.2% (95%CIL: 36.4—63.9%), while Sudan
had the highest prevalence at 65.0% (95%CI: 38.0-92.0%)
(Table 2). To evaluate the prevalence of publication bias
in the included studies, various methods were employed.
The funnel plot revealed an uneven distribution for all
genes in the included studies (Fig. 3) and Egger’s regres-
sion test for publication bias revealed marginally insig-
nificant for all genes with a p-value of 0.57 (S1 figure in
S1 File). Sensitivity analysis was conducted to identify
potential sources of heterogeneity in the pooled preva-
lence of genes produced by K. pneumoniae isolates from
clinical samples in Africa. The analysis indicated that the
impact of individual studies on the pooled estimate was
insignificant, suggesting the robustness of the aggregated
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Fig. 1 PRISMA flow diagram showed the results of the search and reasons for exclusion of studies [24]

estimate. Thus, the pooled prevalence of genes isolated
from K. pneumoniae remained stable when each study
was excluded one at a time (S3 Table in S1 File).

The pooled prevalence of blagy,_,ggenes

The overall estimated prevalence of the blany, 45 gene
was 16.96% (95% CI: 12.17-21.76%). The level of hetero-
geneity among the included studies was assessed, reveal-
ing an I value of 98.1% for the blagy, 45 gene (Fig. 4).
Given the significant heterogeneity among the included
studies, a subgroup analysis was conducted based on
publication year, study country, and sample size. The
pooled prevalence of blany, 43 genes was reported as
7.8% (95% CI: 4.6-11.1%) for the years 2010-2016, and
18.5% (95% CI: 13.1-23.9%) for the year 2017-2023,

based on the year of publication (Table 2). Our meta-
analysis revealed variation in the pooled prevalence
of blanxa ag genes encoding carbapenemase enzymes
among K. pneumoniae isolates from clinical samples in
Africa, ranging from 1.5% (95%CI: — 0.7 — 3.6%) in Kenya
to 50.3% (95%Cl: 24.3-76.2%) in South Africa (Table 2).
The presence of publication bias in the included stud-
ies was assessed, with the funnel plot showing an une-
ven distribution for blagy, 45 genes across the included
studies (S2 figure in S1 File). Moreover, Egger’s regres-
sion test for publication bias showed marginal signifi-
cance for blagy, 45 With a p-value of <0.001(S3 figure in
S1 file). To account for publication bias, a trim-and-fill
analysis was performed, and after incorporating seven
additional studies, the prevalence of the blagy, 4 gene
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Effect size Weight

Study with 95% CI (%)
Daniel (2017) - 526[ -1.84, 12.36] 2.08
Abdelaziz (2022) il ©6.05[ 91.67, 100.43] 2.10
Abdeta et al(2021) [ ] 3.67 [ 0.14, 7.20] 2.1
Aboulela et al (2023) —— 28.40 [ 18.58, 38.21] 2.05
Adam (2018) —i— 36.00 [ 22.70, 49.30] 2.00
Afolayan et al (2021) E 3 8.21[ 3.56, 12.86] 2.10
Albasha et al (2020) il 96.67 [ 92.12, 101.21] 2.10
Arhoune et al (2021) [ ] 10.97 [ 7.54, 14.40] 2.11
Awoke T et al (2022) - 20.45[ 13.57, 27.34] 2.08
Barguigua et al (2015) [} 6.63[ 2.84, 10.41] 2.10
ben tanfous etal (2016) [ ] 6.03 [ 3.40, 8.66] 2.11
Bourafa et al (2018) —— 20.00[ 2.47, 37.53] 1.92
Dwomoh et al 2022 —— 15.91 [ 5.10, 26.72] 2.04
Elbadawi et al (2021) 76.83 [ 67.70, 85.96] 2.06
El-Badawy (2020) —— 27.08 [ 18.19, 35.97] 2.06
El-Domany et al. (2021) L 3 26.52 [ 20.82, 32.23] 2.09
Gandor et al (2022) —l- 46.11 [ 38.83, 53.39] 2.08
Ghaith et al (2019) 67.14 [ 56.14, 78.15] 2.03
Hamed et al(2022) —— 41.94 [ 24.56, 59.31] 1.92
Kalambry et al (2023) — 15.38 [ -4.23, 35.00] 1.88
Khaldi et al (2022) — ., 2222 [ -4.94, 49.38] 1.70
KHALIFA et al (2017) —l— 22.47 [ 13.80, 31.14] 2.06
Kieffer et al et al (2016) —— 36.23 [ 24.89, 47.57] 2.03
Kopotsa (2020) —l- 92.86[ 86.11, 99.60] 2.08
Ktari (2011) - 13.73[ 8.27, 19.18] 2.09
Kumwenda et al (2019) - 10.14 [ 3.02, 17.27] 2.08
legese et al (2022) —- 20.39[ 12.61, 28.17] 2.07
Lowe et al 2019 [ | 46.03 [ 43.26, 48.80] 2.11
Mansour et al (2017) 3 13.18 [ 8.71, 17.65] 2.10
Martha et al (2014) — 42.65[ 30.89, 54.40] 2.02
Messaoudi et al(2019) [ | 10.19[ 8.91, 11.46] 2.11
Mohamed (2023) - 55.26 [ 48.19, 62.33] 2.08
Muraya et al (2022) [ | 2.41 [ -0.89, 5711 2.1
Odewale et al, 2023 - 89.06[83.66, 94.47] 2.09
Ojo AE et al (2021) - 6.90[ 0.38, 13.42] 2.09
Okoche D etal (2016) —— 35.90 [ 25.25, 46.54] 2.04
Osama et al (2021) 66.18 [ 54.93, 77.42] 2.03
Osman et al (2023) —— 48.33 [ 35.69, 60.98] 2.01
Owusu et al (2023) —— 10.00 [ -0.74, 20.74] 2.04
Perez-Palacios et al (2023) 70.00 [ 55.80, 84.20] 1.98
Sherif et al (2021) — 30.77 [ 16.28, 45.25] 1.98
Ssekatawa et al (2021) -l 33.04 [ 26.92, 39.16] 2.09
Suwaiba (2020) - 6.52[ -0.61, 13.66] 2.08
Taha et al(2023) —- 46.25[ 38.52, 53.98] 2.07
tawfik et al(2020) il 94.94 [ 90.10, 99.77] 2.10
Tekele et al(2021) —— 9.30[ 0.62, 17.98] 2.06
Turugurwa et al(2019) —— 27.27 [ 8.66, 45.88] 1.90
Vasaikar et al (2017) [ | 0.59 [ -0.56, 1.75]1 2.11
Zalegh et al (2023) — ., 50.00 [ 21.71, 78.29] 1.67
Overall <P 34.00 [ 26.01, 41.98]
Heterogeneity: 1° = 785.15, I° = 99.31%, H® = 145.63
Test of 8, = 8;: Q(48) = 6936.92, p = 0.00
Test of 8 = 0: z = 8.34, p = 0.00

0 50 100
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Fig. 2 Forest plot showing the pooled prevalence of carbapenemase gene variants in K. pneumoniae from a clinical sample in Africa
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Fig. 3 Funnel plot showing publication biases of all carbapenemase gene variants in K. pneumoniae from clinical sample in Africa

was adjusted to 20.4% (95%CI: 15.7-25.1%) (S4 figure in
S1 file). A sensitivity analysis was conducted to identify
potential sources of heterogeneity for the blagy, 45 gene.
The analysis revealed that the impact of individual stud-
ies on the pooled estimate was insignificant, indicating
the robustness of the overall estimate. Thus, the pooled
prevalence of carbapenem-resistant genes isolated from
K. pneumoniae remained consistent when each study was
excluded one at a time, both for all genes and specifically
for blagy .45 (S4 Table in S1 file).

The pooled prevalence of blaypy,_,genes

The pooled prevalence estimate for the blaypy., gene
was 15.08% (95% CI: 9.79-20.37%), with an I value
of 99.5%, indicating a high level of heterogeneity for
this gene (Fig. 5). Thus, a subgroup analysis was per-
formed, revealing the following pooled prevalence rates
for blaypy.., carbapenemase-encoding genes among K.
pneumoniae isolates from clinical samples in Africa: for
the years 2010-2016, the prevalence was 1.7% (95% CI:
0.4-3.0%), and for the years 2017-2023, it increased to
15.1% (95% CI: 9.8-20.3%) (Table 2). Country-wise vari-
ations were also noted, with Kenya reporting the lowest
pooled prevalence at 1.5% (95% CI: — 0.7 — 3.6%), while
Sudan showed the highest prevalence at 30.7% (95% CI:
2.9-58.6%). In terms of sample size, the pooled preva-
lence of blaypy,.; genes was 18.7% (95% CI: 10.6—-26.6%)
for studies with a sample size of less than 100, while it
was 8.6% (95% CI: 4.4-12.9%) for studies with a sample
size greater than 100 (Table 2).

Additionally, the funnel plot displayed an uneven dis-
tribution of studies (S5 Figure in S1 file), and Egger’s
regression test for publication bias indicated marginal
significance, with a p-value of <0.001 (S6 figure in S1
file). After conducting the trim-and-fill analysis, the
prevalence of the blayp,,.; gene was found to be 19.3%

(95% CI: 14.3-24.2%) (S7 figure in S1 file). A sensitivity
analysis was conducted to identify potential sources of
heterogeneity. The results indicated that the impact of
individual studies on the pooled estimate was insignifi-
cant, suggesting the robustness of the aggregated esti-
mate (S5 Table in S1 file).

The pooled prevalence of blay,y, bla,y,and blayp genes

In this meta-analysis, we have also conducted a weighted
pooled prevalence estimate for the less frequently
occurred/recorded carbapenem-resistant genes in clini-
cal isolates of K. pneumoniae. Thus, the pooled preva-
lence estimates for the blayy, blayy, and blayp genes
were 10.64% (95%Cl: 6.02-15.25%), 6.59% (95%CI: 4.40—
8.78%), and 4.87% (95%ClL: 3.01-6.73%), respectively.
Additionally, significant variability was observed among
the studies for these genes, with P values of 56.1% for
blayp, 95.0% for blay,, and 90.5% for blayp- (Fig. 6).
Furthermore, the funnel plot indicated an uneven dis-
tribution of studies for the specific genes blayyp, blagpc,
and blayy,; (S8, 9 & 10 Figure in S1 file). However, Egger’s
regression test for publication bias indicated marginal
significance for blay, blaypc, and blayy,, with p-val-
ues of 0.003, <0.001, and 0.013, respectively (S11, 12 &
13 Figure in S1 file). Due to the presence of publication
bias, a trim-and-fill analysis was conducted for the blayp
gene, which showed a prevalence of 2.4% (95%CI: 0.2—
4.5%) after the imputed study (S14 figure in S1 file).

The pooled prevalence for co-existed genes

Carbapenem-resistant isolates co-producing multiple
carbapenemase genes tend to be highly resistant and
their incidence is high. We have also estimated the
weighted pooled prevalence of co-existing carbapenem-
resistant genes in clinical isolates of K. pneumoniae.
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es Weight
Study with 95% CI (%)
Ktari (2011) E = 13.73[ 8.27, 19.18] 2.70
Martha et al (2014) —— 3.57 [ -6.15, 13.29] 2.51
Barguigua et al (2015) [ ] 542 1.98, 8.87] 2.76
Okoche D etal (2016) —- 8.97 [ 2.63, 15.32] 2.67
ben tanfous etal (2016) [ | 6.03[ 3.40, 8.66] 2.78
Daniel (2017) - 2.63[ -2.46, 7.72] 2.71
Mansour et al (2017) 3 10.00 [ 6.04, 13.96] 2.75
KHALIFA et al (2017) —— 22.47 [ 13.80, 31.14] 2.57
Bourafa et al (2018) —— 20.00 [ 2.47, 37.53] 2.04
Turugurwa et al(2019) —— 13.64 [ -0.70, 27.98] 2.24
Ghaith et al (2019) —— 27.14 [ 16.73, 37.56] 2.47
Lowe et al (2019) [ | 37.77 [ 35.08, 40.46] 2.78
Messaoudi et al(2019) [ | 9.40[ 8.17, 10.63] 2.79
tawfik et al(2020) —— 30.38 [ 20.24, 40.52] 2.49
El-Badawy (2020) —— 14.58 [ 7.52, 21.64] 2.64
Kopotsa (2020) —l— 64.29[51.74, 76.84] 2.35
Albasha et al (2020) —Jll— 68.33 [ 56.56, 80.10] 2.40
Tekele et al(2021) —- 465[ -1.64, 10.95] 2.67
El-Domany et al. (2021) E 11.30[ 7.21, 15.40] 2.74
Ssekatawa et al (2021) 3 11.01 [ 6.94, 15.09] 2.74
Osama et al (2021) —— 44.12 [ 32.32, 55.92] 2.39
Afolayan et al (2021) [ | 0.75[ -0.71, 2.20] 2.79
Arhoune et al (2021) ] 10.97 [ 7.54, 14.40] 2.76
Elbadawi et al (2021) [ | 1.22[ -1.16, 3.60] 2.78
Abdeta et al(2021) ] 3.67[ 0.14, 7.20] 2.76
Sherif et al (2021) —— 30.77 [ 16.28, 45.25] 2.23
Gandor et al (2022) - 13.89[ 8.84, 18.94] 2.72
Dwomoh et al 2022 —— 6.82[ -0.63, 14.27] 2.62
Muraya et al (2022) [ | 1.20[ -1.14, 3.55] 2.78
Hamed et al(2022) —— 19.35[ 5.45, 33.26] 2.27
Abdelaziz (2022) —— 17.11 [ 8.64, 25.57] 2.58
Mohamed (2023) E = 18.42 [ 12.91, 23.93] 2.70
Odewale et al (2023) —— 21.09[ 14.03, 28.16] 2.64
Taha et al(2023) E = 15.63 [ 10.00, 21.25] 2.70
Perez-Palacios et al (2023) —l— 27.50 [ 13.66, 41.34] 2.27
Owusu et al (2023) —— 6.67 [ -2.26, 15.59] 2.55
Aboulela et al (2023) —i— 18.52 [ 10.06, 26.98] 2.58
Osman et al (2023) —- 6.67 [ 0.35, 12.98] 2.67
Zalegh et al (2023) ] 50.00 [ 21.71, 78.29] 1.42
Overall <o 16.96 [ 12.17, 21.76]
Heterogeneity: 7° = 213.77, I’ = 98.06%, H” = 51.55
Test of 6, = 6;: Q(38) = 994.83, p = 0.00
Testof © = 0: z=6.93, p = 0.00
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Fig. 4 Forest plot showing the pooled prevalence of blagy, .5 genes in K. pneumoniae isolates from clinical samples in Africa

This systematic review and meta-analysis also revealed
the co-existence of carbapenem-resistance-conferring
gene mutations within a single K. pneumoniae isolate.
Therefore, the pooled prevalence estimates for the
blayiyyoxa-as blanpyoxa-as and blaypyoxaas genes
were 2.5% (95% CI: 1.1-3.9%), 1.5% (95% CI: 0.4—2.6%),
and 4.5% (95% CI: 2.4-6.7%), respectively (Fig. 7).

Country wise distribution of genes encoding carbapenem
resistance

The country-wise distribution of genes encoding carbap-
enem resistance in K. pneumoniae isolates shows marked
regional variation. Egypt and South Africa report notably
higher prevalence rates, accounting for 31.9% and 26.4%,
respectively, highlighting significant regional hotspots for
resistance (S15 figure in S1 File).
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ES Weight

Study with 95% CI (%)
Khaldi et al (2022) L 22.22 [ -4.94, 49.38] 1.56
Zalegh et al (2023) —— 8.33[ -7.30, 23.97] 2.16
Kalambry et al (2023) —i— 7.69[ -6.79, 22.18] 2.22
Owusu et al (2023) - 3.33[ -3.09, 9.76] 2.56
Daniel (2017) E = 2.63[ -2.46, 7.72] 2.60
Sherif et al (2021) —— 33.33[ 18.54, 48.13] 2.20
Perez-Palacios et al (2023) —— 32.50[ 17.99, 47.01] 2.22
Tekele et al(2021) il 2.33[ -2.18, 6.83] 2.61
Dwomoh et al 2022 E 3 2.27[ -2.13, 6.68] 2.61
Adam (2018) —-- 6.00 [ -0.58, 12.58] 2.56
Kopotsa (2020) —i— 28.57 [ 16.74, 40.40] 2.35
Albasha et al (2020) —— 13.33[ 4.73, 21.93] 2.49
Osman et al (2023) —— 30.00 [ 18.40, 41.60] 2.36
Martha et al (2014) E 3 2.94[ -1.07, 6.96] 2.62
Osama et al (2021) —— 17.65[ 8.59, 26.71] 2.47
Kieffer et al et al (2016) 1.45[ -1.37, 4.27] 2.64
Ghaith et al (2019) —— 28.57 [ 17.99, 39.15] 2.40
Abdelaziz (2022) —Jll— 71.05[ 60.86, 81.25] 2.42
Okoche D etal (2016) E 5.13[ 0.23, 10.02] 2.60
tawfik et al(2020) —l— 48.10 [ 37.08, 59.12] 2.39
Aboulela et al (2023) —- 9.88[ 3.38, 16.37] 2.56
Elbadawi et al (2021) —Jll— 70.73 [ 60.88, 80.58] 2.44
Muraya et al (2022) [ | 1.20[ -1.14, 3.55] 2.65
KHALIFA et al (2017) —l— 21.35[ 12.84, 29.86] 2.49
El-Badawy (2020) | ] 3.13[ -0.36, 6.61] 2.63
legese et al (2022) - 12.62[ 6.21, 19.03] 2.56
Odewale et al, 2023 E = 9.38[ 4.33, 14.42] 2.60
Awoke T et al (2022) —— 18.94 [ 12.26, 25.62] 2.55
Afolayan et al (2021) E 3 597[ 1.96, 9.98] 262
Taha et al(2023) [ ] 3.75[ 0.81, 6.69] 2.64
Barguigua et al (2015) [ | 1.20[ -0.45, 2.86] 2.65
Vasaikar et al (2017) [ ] 0.30[ -0.52, 1.11] 2.66
Gandor et al (2022) —- 22.22[16.15, 28.30] 2.57
Mohamed (2023) —- 25.26 [ 19.08, 31.44] 2.57
Mohamed, 2023 - 25.26 [ 19.08, 31.44] 2.57
Mansour et al (2017) [ | 3.18[ 0.86, 5.50] 2.65
Ssekatawa et al (2021) [ ] 3.52[ 1.13, 5.92] 2.65
El-Domany et al. (2021) - 15.22 [ 10.58, 19.86] 2.61
Lowe et al 2019 [ | 4.65[ 3.48, 5.82] 2.66
Messaoudi et al(2019) [ | 0.79[ 0.41, 1.16] 2.66
Overall ‘ 15.08 [ 9.79, 20.37]
Heterogeneity: 1° = 273.90, I = 99.43%, H® = 176.75
Test of 6, = B;: Q(39) = 893.02, p = 0.00
Testof 8 = 0: z=5.59, p = 0.00
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Fig.5 Forest plot showing the pooled prevalence of blaypy,.; genes in K. pneumoniae isolates from clinical samples in Africa

Discussion

K. pneumoniae is one of the top priority pathogens glob-
ally [2], responsible for 54.9% of deaths along with five
major pathogenic bacteria worldwide [78]. Since the first
report of carbapenem-resistant K. pneumoniae (CRKP)
in 1996, the incidence of this multidrug-resistant patho-
gen has risen significantly [79]. Resistance primarily

arises from the production of acquired carbapenemases,

including blaypc, blagys, blaypyy blapge and blayy,, as
well as the combinatorial mechanisms involving ESBL
activity [79]. Multidrug-resistant K. pneumoniae iso-
lates have developed resistance to various antibiotics,
including third-generation cephalosporins, aminogly-
cosides, fluoroquinolones, and carbapenems [80]. This
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Effect size Weight
Study with 95% CI (%)
MpP
Martha et al (2014) —-— 13.24 [ 5.18, 21.29] 1.86
Okoche D etal (2016) —- 3.85[ -0.42, 8.11] 2.53
Adam (2018) —-— 16.00[ 5.84, 26.16] 1.53
Albasha et al (2020) —.— 3.33[ -1.21, 7.88] 2.a8
Ssekatawa et al (2021) -l 793 [ 4.41, 11.44] 2. 64
Osama et al (2021) —.- 294 [ -1.07, 6.96] 2.57
Elbadawi et al (2021) —- 3.66 [ -0.40, 7.72] 2.56
Abdeta et al(2021) —. 4.59[ O.66, 8.51] 2.58
Abdelaziz (2022) —— 6.58[ 1.01, 12.15] 2.30
Odewale et al ( 2023) —— 14.84 [ 8.68, 21.00] 2.20
Taha et al(2023) —- 7.50 [ 3.42, 11.58] 2.56
Heterogeneity: T° = 7.26, I° = 56.13%, H” = 2.28 ‘ 6.59 [ 4.40, 8.78]
Test of ©, = 6;: Q(10) = 22.75, p = 0.01
Test of © = O: z = 5.90, p = 0.00
KPC
Martha et al (2014) —— 4.41 [ -0.47, 9.29] 2.4a2
Okoche D etal (2016) —— 6.41 [ 0.97, 11.85] 2.33
Vasaikar et al (2017) [ | 0.30 [ -0.52 1.11] 2.91
Kumwenda et al (2019) —— 10.14 [ 3.02, 17.27] 2.03
Turugurwa et al(2019) —_— - 9.09 [ -2.92, 21.10] 1.29
Lowe et al 2019 [ | o.80[ 0.31 1.30] 2.92
tawfik et al(2020) - 1.27 [ -1.20, 3.73] 2.78
Albasha et al (2020) —— 8.33[ 1.34, 15.33] 2.05
Tekele et al(2021) —-— 2.33[ -2.18, 6.83] 2.4a9
Ojo AE et al (2021) —— 6.90 [ 0.38, 13.42] 2.13
Ssekatawa et al (2021) 3 5.29[ 2.38, 8.20] 2.73
Gandor et al (2022) —_— 10.00 [ 5.62, 14.38] 2.51
Awoke T et al (2022) [ | 0.76 [ -0.72, =2.24] 2.88
Hamed et al(2022) —_— - 22.58 [ 7.86, 37.30] 1.01
Abdelaziz (2022) —a— 13.16 [ 5.56, 20.76] 1.94
Mohamed (2023) L 3 3.68[ 1.01, 6.36] 2.76
Odewale et al, 2023 —-— 8.59[ 3.74, 13.45] 2.43
Taha et al(2023) - a4a38[ 1.21, 7.54] 2.69
Heterogeneity: 7° = 10.39, I” = 90.52%, H” = 10.55 ’ a87[ 3.01, 6.73]
Test of ©, = 6;: Q(17) = 84.33, p = 0.00
Test of © = 0: z = 5.14, p = 0.00
vim
Martha et al (2014) —.— 16.18 [ 7.42, 24.93] 1.75
Okoche D etal (2016) —-. 20.51 [ 11.55, 29.47] 1.72
KHALIFA et al (2017) - 3.37 [ -0.38, 7.12] 2.61
Adam (2018) —-. 14.00[ 4.38, 23.62] 1.61
Turugurwa et al(2019) —-.— 4.55[ -4.16, 13.25] 1.76
Ghaith et al (2019) —— 11.43 [ 3.98, 18.88] 1.97
Lowe et al 2019 || 281 [ 1.89, 3.72] 2.91
Suwaiba (2020) —— 6.52 [ -0.61, 13.686] 2.02
Ssekatawa et al (2021) E 529 2.38 8.20] 2.73
Osama et al (2021) E 3 1.47 [ -1.39, 4.33] 2.73
Elbadawi et al (2021) ] 1.22[ -1.16, 3.60] 2.79
Abdelaziz (2022) —- 18.42 [ 9.71, 27.14] 1.76
Khaldi et al (2022) 22.22 [ -4.94, 49.38] 0.39
Odewale et al, 2023 —.— 35.16 [ 26.88, 43.43] 1.83
Taha et al(2023) —_— 15.00[ 9.47, 20.53] 2.31
Kalambry et al (2023) 7.69 [ -6.79, 22.18] 1.03
Heterogeneity: 7° = 71.87, I° = 94.95%, H° = 19.81 10.64 [ 6.02, 15.25]
Test of ©, = ©;: Q(15) = 126.42, p = 0.00
Testof © = O: z = 4.52, p = 0.00
Overall ’ 7.35[ 5.53, 9.17]
Heterogeneity: 7° = 29.53, I° = 94.73%, H®> = 18.96
Test of ©, = 6;: Q(44) = 305.82, p = 0.00
Test of © = O: z = 7.90, p = 0.00
Test of group differences: Qu(2) = 5.59, p = 0.06
o 20 a0 60
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Fig. 6 Forest plot showing pooled prevalence of blayp, blay,,, and blayec genes in K. pneumoniae isolates from clinical samples in Africa

has become worrisome, particularly at a time when no
new promising antimicrobial agents are on the horizon.
Therefore, it is essential to understand their emergence
and distribution across various geographical regions [81].
Moreover, understanding their prevalence is essential to
curb the spread of carbapenemases and determine the
most effective containment and prevention strategies.
Given the issues with improper antibiotic usage across

Africa, this study aimed to conduct a systematic review
and meta-analysis to consolidate the diverse data from
the continent.

In this systematic review and meta-analysis, the over-
all pooled prevalence of carbapenemase-encoding genes
in K. pneumoniae isolates in Africa was 34.0%. The result
was inline systematic review conducted from Asian
countries 32.5% [82]. However the result was lower
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es Weight
Study with 95% CI (%)
IMP + OXA-48
Taha et al(2023) -l 1.25[-0.47, 2.97] 5.08
Okoche D etal (2016) —— 1.28 [ -1.21, 3.78] a4.27
Ssekatawa et al (2021) -l 1.76 [ 0.05, 3.47] 5.09
Heterogeneity: T° = 0.00, 1 = 0.00%, H® = 1.00 ‘ 1.46 [ 0.37, 2.56]
Test of 8, = ©;: Q(2) = 0.20, p = 0.91
Testof ® = 0: z = 2.63, p = 0.01
KPC + OXA-48 + IMP
Tekele et al(2021) . 2.33[-2.18, 6.83] 2.54
Turugurwa et al(2019) 4.55[-4.16, 13.25] 0.98
Gandor et al (2022) —- 1.67 [ -0.20, 3.54] 4.93
Mohamed, 2023 -, 6.84 [ 3.25, 10.43] 3.23
Taha et al(2023) ] 0.63[-0.60, 1.85] 5.55
Ssekatawa et al (2021) ] 0.88[-0.33, 2.10] 5.56
Albasha et al (2020) —— 1.67[-1.57, 4.911 3.54
Heterogeneity: 7° = 1.64, I° = 58.20%, H® = 2.39 0 1.85[ 0.46 3.23]
Test of 6, = 6;: Q(6) = 11.70, p = 0.07
Testof © = 0: z = 2.62, p = 0.01
NDM-1 + OXA-48
El-Domany et al. (2021) —- 10.43 [ 6.48, 14.39] 2.94
Gandor et al (2022) —— 3.33[ 0.71, 5.96] 4.14a
Mohamed (2023) —-— 6.84 [ 3.25, 10.43] 3.23
Taha et al(2023) [ ] 0.63 [ -0.60, 1.85] 5.55
Ghaith et al (2019) —-— 5.71[ 0.28, 11.15] 2.00
Ssekatawa et al (2021) [ ] 0.88 [ -0.33, 2.10] 5.56
Kopotsa (2020) _—- 8.93 [ 1.46, 16.40] 1.25
Mansour et al (2017) [ ] 0.91 [ -0.35, 2.16] 5.52
Perez-Palacios et al (2023) —_— . 500([-1.75, 11.75] 1.47
Aboulela et al (2023) e 17.28 [ 9.05, 25.52] 1.07
legese et al (2022) —- 3.88[ 0.15, 7.61] 3.11
Albasha et al (2020) —-— 5.00 [ -0.51, 10.51] 1.96
KHALIFA et al (2017) —-— 2.25[-0.83, 5.33] 3.69
Heterogeneity: 7° = 10.95, I = 87.72%, H> = 8.14 <o a4.52[ 2.39, 6.65]
Test of ©, = 6;: Q(12) = 57.44, p = 0.00
Testof ® = 0: z=4.16, p = 0.00
VIM +OXA-48
Taha et al(2023) E 3 1.25[-0.47, 2.97] 5.08
Okoche D etal (2016) —- 2.56 [ -0.94, 6.07] 3.30
Ghaith et al (2019) 714 1.11, 13.18] 1.73
Ssekatawa et al (2021) —_— 3.08[ 0.83, 5.33] 4.53
KHALIFA et al (2017) - 3.37[-0.38, 7.12] 3.10
Heterogeneity: 7° = 0.44, I = 16.84%, H® = 1.20 2.50[ 1.12, 3.88]

Test of 6 = 6;: Q(4) = 4.70, p = 0.32
Testof ® = 0: z = 3.55, p = 0.00

Overall

Heterogeneity: 7° = 3.74, I = 74.60%, H® = 3.94
Test of ©, = 6;: Q(27) = 76.84, p = 0.00
Testof ® = 0: z = 5.98, p = 0.00

Test of group differences: Q.(3) = 6.69, p = 0.08
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Fig. 7 Forest plot showing the pooled prevalence of co-existence of genes (blayp.1+oxass O1akecoxass aNd bldlype.oxass) geNes in K. pneumoniae

isolates from clinical samples in Africa

as compared to multicentric retrospective study from
India which was 55.4% [83] and Iran 42.1%, [84] and
higher than study from Iran which was 23.0% [85]. Pos-
sible contributing factors include the length of hospital
stays, prior antibiotic exposure, the invasive spread of
carbapenem-resistant strains from high-resistance areas,
repeated misuse of antibiotics, and insufficient infection
control measures [86].

Currently, blagys 4g like producing K. pneumoniae
clones is a cause of nosocomial infections [87]. The
prevalence of blagy, 4¢-like genes has significantly

increased, partly due to challenges in laboratory detec-
tion and subsequent delays in implementing infec-
tion control measures [88]. In this systematic review
and meta-analysis, the overall pooled prevalence of
blagyxa.4g genes in K. pneumoniae clinical isolates from
Africa was found to be 16.96%. This was consistent with
a study from China which was 14.98% [89] and reports
from a systematic review conducted in low-and mid-
dle-income countries [90]. This result was lower than
studies from Iran which was 44.3% [91] and 38.01%%
[84]. Furthermore, this study was higher as compared
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to studies from, and studies from Iran which acounts
5.96% [92] and 1.1% [85].

blaypy-producing CRKP is known to be associated
with high morbidity and mortality worldwide and it has
been rising in China [93], and India [3]. Currently, K.
pneumoniae is developing multi-resistance determining
genes like blayp), and becoming a worldwide threat [94].
In this study, the overall pooled prevalence of blayp
genes from K. pneumoniae isolates in Africa was found to
be 15.08%. This was lower than the study from the mul-
ticentric study from India which was 24.4% [83], a study
from Arabian Gulf countries which was 26.9% [95], sys-
tematic review conducted from Asian countries 32.5%
[82] and study from Iran 29.8% [84]. However, this was
higher than the study from, China 6.6% [93], Turkey 1.3%
[96]. This highlights the importance of surveillance for
these genes in hospital settings to ensure effective infec-
tion prevention and control.

In this study, the pooled prevalence of co-existed genes
was highest for blagy 4+ blaypy., with a prevalence of
4.52%. To address this global health threat, it is essential
to implement continuous infection prevention meas-
ures, antimicrobial stewardship, and strict surveillance
of infections. This is particularly crucial as carbapenems
are increasingly losing their effectiveness [97]. Our find-
ings highlight a persistently high pooled prevalence of
CRKP isolates with a pooled prevalence of 26.2%. This
was in line with research conducted in Nigeria which was
26.3% [98], studies conducted from a network of long-
term acute care hospitals in the United States 24.6% [99],
and global studies conducted on of hospital-acquired
carbapenem-resistant K. pneumoniae 28.69% [100]. This
was lower than the two studies from Iran 42.1% [84] and
45.8% [91], and China 41.25% [101], However this result
was higher as compared to a systematic review and meta-
analysis from low and middle-income countries which
was 0.3% [90], systematic review and meta-analysis con-
ducted on K. pneumoniae colonization 5.43% [102], and
systematic review conducted in East Africa 15.0% [103].
The variation may also result from differences in the
implementation of policies aimed at controlling drug-
resistant bacteria, which, in turn, influence the preva-
lence of resistant strains observed across various regions.

A subgroup analysis was conducted based on the
year of publication, study country, and sample size.
The pooled prevalence of genes encoding carbapenem
resistance increased from 22.7% for the year category of
2010-2016 to 35.5% for the year category of 2017-2023.
This might be due to improved detection techniques,
Increased Usage of Carbapenems, increased reporting of
data, increased global travel and trade have facilitated the
dissemination of resistant bacterial strains across coun-
tries. Additionally, factors such as differences in methods
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of detection and detection capacities, the hygienic con-
ditions in delivery areas may all contribute to explaining
these differences [104].

Limitations of the study

The analysis in this study was limited to papers written
in the English language. The examined studies displayed
significant heterogeneity regarding study country. There
may also be variances in interpretations and conclusions
due to changes in antimicrobial susceptibility standards
and interpretive criteria over time, and the pooled esti-
mates of carbapenem resistance might be based on stud-
ies with few isolates and highly fluctuating carbapenem
resistance rates.

Conclusions

Overall, this meta-analysis showed a broad range of
genes encoding carbapenemase of K. pneumoniae with
a high pooled prevalence. Furthermore, there was a sig-
nificant difference across different African countries.
Genes (blagya.4g and blayp,,) were the most prevalent
genes responsible for carbapenemase production in K.
pneumoniae.

Recommendation

In African countries, surveillance is often inconsistent
because of insufficient integration and non-represent-
ativeness of local data, inconsistent laboratory quality,
and scarce microbiological diagnostic facilities. Platforms
that provide data in a timely and useful manner should be
created since the types of infections and the correspond-
ing carbapenem resistances are altered over time. The
observed increase in genes encoding carbapenemase in
K. pneumoniae indicates that there should be an urgent
need for enhanced infection control measures, care-
ful antimicrobial stewardship practices, and strength-
ened surveillance systems to curb the spread of resistant
strains.

Implication of the study

CRKP is a severe threat to this vulnerable popula-
tion worldwide, in particular to those in LMICs. Wor-
ryingly, we show here that K. pneumoniae isolated in
Africa are endowed with rich in carbapenemase genes
that make them almost pan-drug resistant. Individual-
ized approaches that are informed by local data may be
needed for designing countermeasures. The dominance
of carbapenemase genes imposes challenges to the effec-
tive treatment of neonatal infection. Our findings support
the need for ongoing research into effective therapeutics.
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