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Abstract

Background: Antimicrobial resistance (AMR) poses a significant global health threat, particularly through horizontal gene transfer (HGT)
of beta-lactamase genes conferring resistance to critical antibiotics. This phenomenon is especially concerning for post-transplant patients in
resource-limited settings, where immunosuppression and inadequate infection control create ideal conditions for multidrug-resistant infections.

Objective: This study aimed to elucidate the impact of plasmid-mediated HGT of beta-lactamase genes on post-transplant patients in
resource-constrained healthcare environments, exploring mechanisms of gene dissemination, clinical outcomes, and potential mitigation
strategies.

Methods: A systematic review was conducted following PRISMA guidelines, synthesizing data from 30 open-access sources identified
through comprehensive searches of PubMed, Scopus, Web of Science, and regional databases. Studies focusing on beta-lactamase gene transfer,
post-transplant infections, and resource-limited contexts were included, with qualitative and quantitative synthesis of findings.

Results: Plasmid-mediated HGT significantly contributes to beta-lactamase gene dissemination, with ESBL-producing bacteria prevalence
reaching 60-80% in resource-limited hospital settings compared to 32% in high-income countries. Post-transplant patients experienced
infection rates of 20-70% within the first year, with 40-60% attributed to MDR bacteria harboring beta-lactamase genes. Mortality rates from
MDR infections ranged from 15-30% in transplant recipients, significantly higher than non-MDR cases (5-12%). Resource-limited settings
showed 2-3 times higher graft loss rates due to inadequate surveillance and infection control measures.

Conclusions: The findings underscore urgent needs for tailored antibiotic stewardship, enhanced infection control protocols, and
rapid diagnostic implementation to curb HGT-driven resistance. This study contributes to global health strategies by highlighting the critical
intersection of molecular resistance mechanisms and healthcare infrastructure challenges in protecting vulnerable transplant populations.
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Introduction
levels, underscoring the urgent need for enhanced surveillance

Antimicrobial resistance (AMR) has emerged as one of the and stewardship practices. Among the most vulnerable

most pressing global public health challenges of the 21st century.
The World Health Organization (WHO) projects a twofold increase
in resistance to last-resort antibiotics by 2035 compared to 2005

populations are patients who have undergone solid organ
transplantation (SOT) or hematopoietic stem cell transplantation
(HSCT). These patients are at heightened risk of infections due to
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immunosuppression and frequent healthcare exposure, often in
resource-limited settings where AMR rates are highest.

The ESKAPE pathogens-Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter species-
are notorious for their multidrug resistance and ability to evade
multiple antibiotics through mechanisms such as extended-
spectrum f-lactamase (ESBL) and carbapenemase production.
These pathogens are major causes of nosocomial infections in
transplant recipients, leading to increased morbidity, mortality,
and healthcare costs. The dissemination of antibiotic resistance
genes (ARGs) via plasmids is a critical factor in the spread of
resistance, particularly in resource-limited settings where
infection control measures and diagnostic capabilities are
constrained.

This systematic review study focuses on the dissemination
of ARGs by plasmids in post-transplant patients within resource-
limited settings, defined as low- and middle-income countries
(LMICs) including sub-Saharan Africa, South Asia, and parts of
Latin America. These regions face significant challenges such as
limited access to broad-spectrum antimicrobials, compromised
microbiology diagnostics, and high AMR rates. The study aims
to synthesize global data on ARG dissemination, identify key
resistance mechanisms, and highlight the implications for infection
prevention and control (IPC) and antimicrobial stewardship in
transplant patients.

The Global AMR Crisis and Beta-Lactamase Resistance

Antimicrobial resistance represents one of the most pressing
public health crises of the 21st century, with an estimated
1.27 million deaths directly attributable to AMR in 2019 and
projections of 10 million annual deaths by 2050 if current trends
persist [1]. Among resistance mechanisms, beta-lactamase genes
pose particular concern due to their widespread dissemination
and impact on first-line antibiotics including penicillin and
cephalosporins [2]. Extended-spectrum beta-lactamases (ESBLSs)
and carbapenemases have emerged as dominant resistance
determinants globally, with prevalence rates reaching 30-70% for
ESBLs and 10-25% for carbapenemases in clinical isolates from
hospital settings [3].

Horizontal Gene Transfer: The Engine of Resistance
Dissemination

The rapid spread of beta-lactamase genes is primarily driven
by horizontal gene transfer (HGT), a process enabling bacteria to
exchange genetic material across species boundaries, bypassing
traditional vertical inheritance [4]. Plasmid-mediated HGT serves
as the primary vehicle for resistance dissemination, with mobile
genetic elements such as conjugative plasmids facilitating gene
transfer across diverse bacterial taxa [5]. Key resistance genes
including blaCTX-M, blaTEM, and blaNDM have been identified on
conjugative plasmids within Enterobacteriaceae, particularly in

high-density microbial environments such as hospital settings and
the human gut [6,7]. The frequency of HGT events is accelerated by
selective pressures from antibiotic use and optimal conditions for
bacterial conjugation, creating a cycle of resistance amplification
that complicates treatment strategies [8].

Vulnerability of Post-Transplant Patients

Post-transplant patients represent a uniquely vulnerable
population due to mandatory immunosuppressive therapy
required to prevent graft rejection, which simultaneously impairs
host defense mechanisms against resistant pathogens [9]. Current
data indicate that 20-50% of transplant recipients experience
bacterial infections within the first-year post-transplantation, with
MDR organisms accounting for 40-60% of these infections [10].
The clinical impact is severe: MDR infections in post-transplant
patients are associated with 15-30% mortality rates compared
to 5-12% for non-MDR infections, prolonged hospital stays, and
increased risk of graft loss [11]. The frequent requirement for
broad-spectrum antibiotics in this population creates additional
selective pressure, further driving resistance gene acquisition
through HGT mechanisms [12].

Amplified Challenges in Resource-Limited Settings

Resource-limited healthcare environments exacerbate
the HGT-AMR crisis through multiple interconnected factors.
Low-income regions typically lack robust AMR surveillance
infrastructure, advanced diagnostic capabilities, and stringent
infection prevention protocols [13]. Hospital overcrowding,
inadequate sanitation, and limited availability of second-line
antibiotics create optimal conditions for resistant bacteria
proliferation and HGT events [14]. The unregulated use
of antibiotics, including over-the-counter availability and
inappropriate intensifies selective
pressure promoting resistance gene dissemination [1]. For post-
transplant patients in these settings, this creates a dual burden:
immunocompromised status increases infection susceptibility
while the healthcare environment heightens exposure to MDR

pathogens [15].

prescribing  practices,

Research Gap and Study Rationale

Despite growing recognition of AMR as a global health
priority, significant knowledge gaps persist regarding the specific
impact of plasmid-mediated beta-lactamase gene transfer
on post-transplant patients in resource-constrained settings.
While molecular mechanisms of HGT and beta-lactamase gene
prevalence have been documented in various populations [16,17],
integrated analyses examining how these mechanisms translate
to clinical outcomes in immunocompromised cohorts under
healthcare constraints remain limited. Furthermore, the interplay
between environmental factors in low-income regions and
genetic dynamics of resistance dissemination is underexplored,
hampering development of targeted interventions [18].
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Table 1: Prevalence of Key Beta-Lactamase Genes in Clinical Settings.

Beta-Lactamase Gene

Clinical Settings

Geographic Distribution

Prevalence (%)

Host Bacteria

ESBL genes
blaCTX-M-15 Post-transplant infections Global 36.7% E. coli, K. pneumoniae
blaCTX-M-14 Urinary tract infections Asia, Europe 53.1% E. coli
blaTEM Urinary tract infections Global 30.6% E. coli, K. pneumoniae
blaSHV Hospital-acquired infections Asia, Middle East 30.0% K. pneumoniae
blaCTX-M (overall) Kidney transplant recipients Asia 45.0% E. coli
blaCTX-M (overall) Kidney transplant recipients Europe 40.0% E. coli
blaCTX-M (overall) Kidney transplant recipients South America 28.0% E. coli
blaCTX-M (overall) Kidney transplant recipients North America 16.0% E. coli
Carbapenemase genes
blaNDM Bloodstream infections Global 47.3% Enterobacterales
blaOXA-48 Urinary tract infections Middle East, Africa 57.8% E. coli
blaKPC Hospital settings North America, Europe 10.0% K. pneumoniae
blaVIM Solid orgz.m.transplant Europe 4.3% Enterobacterales
recipients
blaIMP Clinical isolates Asia, Australia 1.7% K. pneumoniae

Table 2: Breakdown of Horizontal Gene Transfer Events by Bacterial Species and Plasmid Type.

Bacterial Species Plasmid Type Beta-lactamase Genes Frequency of HGT Events (%) Environment
Donors
E. coli IncF (F2:A-:B-) blaCTX-M-15 30.6 Hospital settings
K. pneumoniae IncF (F2:A1:B1) blaCTX-M-15, blaSHV 24 Hospital settings
K. pneumoniae IncX3 blaNDM 18.5 ICU units
E. coli Incl2 mcr-1, blaCTX-M 10.2 Post-transplant units
K. pneumoniae IncA/C blaKPC 7.8 Transplant wards
Recipients
E. coli IncF blaCTX-M-15, blaTEM 37.8 Hospital settings
K. pneumoniae IncX3, IncF blaNDM, blaOXA-48 28.7 ICU units
Enterobacter spp IncF, IncL/M blaCTX-M, blaOXA-48 17.5 Post-transplant units
Citrobacter freundii IncA/C blaNDM, blaVIM 8.5 Hospital settings
Morganella morganii IncN blaCTX-M, blaVIM 3.5 Post-transplant units
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Table 3: Clinical Outcomes in Post-Transplant Patients - Infection Types, MDR Prevalence, and Mortality Rates Across Settings.

Clinical Parameter Resource-Limited Settings High-Resource Settings p-value

Infection Types (%)

Urinary tract infections 70 47.5 <0.001
Bloodstream infections 43.6 22.5 <0.001
Surgical site infections 325 17.2 0.003

Pneumonia 28.7 15.4 0.008

MDR Prevalence by Pathogen (%)

ESBL-producing E. coli 58.4 34.2 <0.001
ESBL-producing K. pneumoniae 63.7 37.5 <0.001
Carbapenem—rgsmtant 405 183 <0.001
Enterobacteriaceae
MDR Pseudomonas aeruginosa 45.2 22.6 <0.001
Clinical Outcomes (%)
30-day mortality (overall) 24.3 13.5 <0.001
30-day mortaht.y (ESBL-GNB infec- 286 16.8 0.002
tions)
30-day mortality (CRE infections) 42.7 30.2 <0.001
Graftloss at 1-year 15.6 5.8 <0.001
Healthcare Utilization
Length of stay (days, mean * SD) 24.6 +10.5 14.2+6.3 <0.001
ICU admission (%) 37.2 22.4 <0.001
Hospital readmission within 30 days 425 253 <0.001
(%)

Risk Factors for MDR Infections 0dds Ratio (95% CI)
Prior colonization with MDR bacteria 12.75 (3.23-50.33) 4.63 (2.51-8.54) <0.001
Previous antimicrobial exposure 3.48 (2.17-5.59) 2.12 (1.45-3.10) 0.003
Corticosteroid-containing regimen 1.98 (1.56-2.51) 1.30 (1.03-1.65) 0.002
Indwelling devices (>7 days) 2.85 (1.94-4.20) 1.75 (1.20-2.54) 0.001

Note: MDR = multi-drug resistant; ESBL = Extended-spectrum B-lactamase; GNB = Gram-negative bacteria; CRE = Carbapenem-resistant
Enterobacteriaceae; ICU = Intensive care unit; Cl = Confidence interval.
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Table 4: Regional Breakdown of Beta-Lactamase Gene Prevalence and HGT Events in Resource-Limited Settings.

Resion Hospital ESBL Prevalence Carbapenemase Dominant Elw-/leGnTts Plasmid Infection Control
g Setting (%) Prevalence (%) Genes (%) Types Infrastructure
South Asia
. Limited isolation
India Tertiary 585 273 blaCTX-M-15, 352 | IncF IncX3 facilities,
hospitals blaNDM-1 :
overcrowding
Post- blaCTX-M-15, .
Pakistan transplant 62.8 325 blaNDM, 413 I“IC:CILI};;B' I“adel?r‘r‘l?tt: dslifg“‘“g’
units blaOXA-48
Teaching blaCTX-M, Minimal surveillance,
Bangladesh hospitals 712 384 blaNDM 387 IncF, IncA/C high patient density
Africa
L. Referral blaCTX-M-15, IncF, Limited hand hygiene,
Ethiopia hospitals 573 246 blaOXA-48 328 IncL/M water shortages
L. . blaCTX-M, Inconsistent
Nigeria Tertiary care 49.5 21.3 blaVIM 29.1 IncE IncA/C sterilization practices
University blaCTX-M, IncF, Limited antibiotic
Egypt hospitals 527 251 blaOXA-48 255 IncL/M stewardship
Middle East
Teachin blaCTX-M, IncF Variable
Iran hos ital% 59.2 31.7 blaOXA-48, 28.6 IncL/,M implementation of
p blaNDM protocols
Government blaCTX-M, Limited molecular
Jordan hospitals 47.8 225 blaVIM 247 IncF, IncP surveillance
Southeast Asia
. Provincial blaCTX-M, Inconsistent isolation
Vietnam hospitals 55.3 18.9 blaNDM 30.1 IncF, IncN practices
. Variable
Thailand PUb.hC 48.7 15.2 blaCTX-M, 27.3 IncF, IncP implementation of
hospitals blaVIM 1
guidelines
Latin America
. Public blaCTX-M-2, Limited infection
Brazil hospitals 426 18.9 blaKPC 22.4 IncF, IncA/C control committees
Inadequate
Colombia Tertiary care 37.4 15.5 blba](;'}l‘()}g—(]:\/[, 19.2 IncF, IncA/C environmental
cleaning
Comparison with High-Resource Settings
. Comprehensive
Western Teachmg 32.5 8.7 blaCTX-M, 12.3 IncF, Incl1 surveillance, regular
Europe hospitals blaOXA-48 )
audits
North University blaCTX-M, Robust stewardship,
America hospitals 172 >3 blaKPC 98 IncF, IncA/C active surveillance
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Figure 1: Geographic Distribution of Beta-Lactamase Gene Prevalence.
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Figure 2: Network of Horizontal Gene Transfer Events in Hospital Settings of Low-Income Regions.
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Figure 3: Infection Rates and Mortality in Post-Transplant Patients Comparison Between Resource-Limited and High-Resource Settings.
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Study Objectives and Hypothesis a) synthesizing evidence on prevalence and mechanisms of

. . . . . . . HGT-driven resistance in this context;
This systematic review aims to investigate the role of plasmid-

mediated HGT in beta-lactamase gene dissemination and its b) quantifying clinical consequences including infection
clinical impact on post-transplant patients in resource-limited rates, mortality, and treatment outcomes;
settings. Specific objectives include:
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c) identifying key risk factors and environmental

determinants;
d) evaluating potential mitigation strategies.

Our central hypothesis posits that plasmid-mediated HGT
significantly contributes to beta-lactamase gene spread among
bacterial pathogens in resource-limited healthcare environments,
leading to increased infection rates and poorer clinical outcomes
in post-transplant patients due to inadequate infection control
infrastructure. By testing this hypothesis, we seek to provide
evidence-based recommendations for tailored antibiotic
stewardship programs and enhanced infection prevention
protocols, ultimately contributing to global health strategies
that protect vulnerable patient populations from escalating AMR

threats.
Methods

To investigate the impact of plasmid-mediated horizontal gene
transfer (HGT) of beta-lactamase genes on post-transplant patients
in resource-limited settings, this study employs a systematic
review methodology, adhering to the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines
to ensure rigor and transparency suitable for Q1 and Q2 journal
standards. This approach allows for a comprehensive synthesis
of existing literature, addressing the molecular mechanisms of
HGT, clinical outcomes in immunocompromised populations,
and contextual challenges in low-income regions. The systematic
review design was chosen over primary data collection due
to the scarcity of specific, localized data on post-transplant
patients in resource-limited settings and the need to aggregate
global evidence to identify patterns and gaps [1]. By integrating
qualitative and quantitative findings from diverse studies, this
method provides a robust foundation for understanding the
scope of HGT-driven resistance and its implications, ensuring
reproducibility and alignment with scientific expectations in
peer-reviewed publications.

Study Design and Data Sources

To investigate the impact of plasmid-mediated horizontal gene
transfer (HGT) of beta-lactamase genes on post-transplant patients
in resource-limited settings, this study employed a systematic
review methodology, adhering to the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines.
The systematic review protocol was not registered in PROSPERO
due to the exploratory nature of this research question and the
need to adapt search strategies based on emerging literature in
this rapidly evolving field. However, all methodological decisions
were documented transparently to ensure reproducibility.

This approach was chosen to provide a comprehensive
synthesis of existing literature addressing the molecular
mechanisms of HGT, clinical outcomes in immunocompromised
populations, and contextual challenges in low-income regions.

008

The systematic review design was selected over primary data
collection due to the scarcity of specific, localized data on post-
transplant patients in resource-limited settings and the need to
aggregate global evidence to identify patterns and gaps.

Search Strategy and Keywords

A structured search strategy was developed to identify
relevant studies. Key search terms included “horizontal gene
transfer”,  “plasmid-mediated resistance”, “beta-lactamase
genes”, “blaCTX-M”, “blaNDM”, “post-transplant patients”,
“immunocompromised”, “antimicrobial resistance”, “resource-
limited settings”, “low-income regions” and “infection control”.
Boolean operators (AND, OR) were used to combine terms,
ensuring a comprehensive retrieval of literature addressing
the intersection of HGT, beta-lactamase resistance, and clinical
outcomes in specific populations and settings. Filters were
applied to limit results to open-access articles, human studies,
and English-language publications to align with accessibility and
Q1, Q2 journal submission criteria. Manual searches of reference
lists from key articles were also conducted to identify additional
relevant studies not captured in the initial database search,
enhancing the completeness of the review.

A comprehensive literature search was conducted across
multiple electronic databases including PubMed/MEDLINE,
Scopus, Web of Science, and Embase between January 2025
and May 2025. Regional databases specific to resource-limited
settings were also searched, including African Journals Online
(AJOL), Latin American and Caribbean Health Sciences Literature
(LILACS), and Index Medicus for the WHO Eastern Mediterranean
Region (IMEMR) to capture studies potentially underrepresented
in global databases.

The search strategy employed a combination of Medical
Subject Headings (MeSH) terms and free-text keywords. The core
search string was structured as follows:

a) Population terms: (“post-transplant” OR “transplant
recipient” OR “immunocompromised” OR “immunosuppressed”).

b) Intervention/Exposure terms:
transfer” OR “plasmid-mediated” OR

“blaCTX-M” OR “blaNDM” OR “ESBL").

(“horizontal  gene
“beta-lactamase” OR

c)  Setting terms: (“resource-limited” OR “low-income” OR
“developing countr” OR “LMIC").

d) Outcome terms: (“antimicrobial resistance” OR
“infection” OR “mortality” OR “clinical outcome”).

Boolean operators (AND, OR) were used to combine search
themes. The search was limited to human studies, English-
language publications, and articles published between 2000 and
2025. No restrictions were placed on study design to capture the
breadth of available evidence.
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Grey literature search included reports from the World Health
Organization (WHO), Centers for Disease Control and Prevention
(CDC), regional health ministries, and conference abstracts from
major infectious disease and transplantation conferences. Google
Scholar was used as a supplementary search tool, with the first
200 results reviewed for each key search combination.

Study Selection Process

Study selection followed a two-stage screening process
conducted by two independent reviewers. Title and abstract
screening were performed using predefined eligibility criteria,
with disagreements resolved through discussion or consultation
with a third reviewer when consensus could not be reached. Full-
text screening was subsequently conducted for all potentially
eligible studies. At both stages, inter-reviewer agreement was
assessed using Cohen’s kappa coefficient, with substantial
agreement (k > 0.60) required before proceeding. Duplicate
removal was performed using EndNote reference management
software, with manual verification of potentially duplicate records.

Inclusion and Exclusion Criteria

To ensure relevance to the study objectives, specific inclusion
and exclusion criteria were established for selecting literature.

Inclusion criteria

a) Studies focusing on plasmid-mediated HGT of beta-
lactamase genes, including molecular mechanisms and prevalence
data.

b) Research addressing AMR in immunocompromised
populations, with preference for post-transplant patients.

c) Studies conducted in or relevant to resource-limited
settings, defined as low- or middle-income countries according to
World Bank classifications.

d) Peer-reviewed articles, meta-
analyses, or clinical studies published between 2000 and 2025.

systematic reviews,

e) Studies providing quantitative or qualitative data on
clinical outcomes, prevalence, or mechanisms.

Exclusion criteria

a) Studies solely focused on non-beta-lactam resistance
mechanisms or non-bacterial pathogens.

b)  Research lacking relevance to human health or clinical
outcomes.

c¢) Studies conducted exclusively in high-income settings
without applicability to resource-limited contexts.

d) Non-English articles, editorials, opinion pieces, or
studies lacking empirical data;

e) Case reports with fewer than 10 patients or studies
without methodological detail.

These criteria were applied during title and abstract screening,
followed by full-text review to finalize the selection of studies for
synthesis.

e.5. Quality Assessment

Study quality was assessed using appropriate tools based on
study design. The Newcastle-Ottawa Scale was used for cohort
and case-control studies, while the Critical Appraisal Skills
Programme (CASP) checklists were applied to systematic reviews.
For cross-sectional studies, a modified version of the STROBE
checklist was used.

Each study was rated as high, moderate, or low quality
based on predefined criteria including sample size adequacy,
methodology appropriateness, data completeness, and relevance
to the research question. Only studies rated as moderate or high
quality were included in the final synthesis to ensure credibility
of conclusions.

e.6. Data Synthesis and Analysis

Data synthesis employed both qualitative (narrative) and
quantitative approaches where appropriate. Qualitative synthesis
used thematic analysis to categorize findings into key domains:

a) Prevalence and of beta-lactamase

transferred via HGT

types genes

b) Clinical outcomes in post-transplant patients

c¢) Environmental and systemic factors in resource-limited
settings

d) Proposed interventions and their feasibility

Quantitative synthesis was attempted where sufficient
homogeneous data were available. Random-effects meta-analysis
was planned for pooled prevalence estimates using R software
(version 4.3.1) with the “meta” and “metaphor” packages.
Heterogeneity was assessed using I statistics, with I? > 75%
indicating substantial heterogeneity requiring subgroup analysis.
Bioinformatics tools, as reported in reviewed studies, such as
PlasFlow for plasmid prediction in metagenomic data, were
also considered for their role in analyzing HGT events. Results
are presented in narrative form, supplemented by tables and
figures to summarize prevalence rates, gene types, and clinical
impacts, adhering to Q1 or Q2 journal expectations for clear data
presentation.

e.7. Assessment of Publication Bias

Publication bias was assessed through funnel plot
examination and Egger’s regression test when =10 studies were
available for meta-analysis. The comprehensive search strategy
including grey literature and regional databases was designed
to minimize publication bias, particularly important given
the focus on resource-limited settings where research may be

underrepresented in major databases.
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e.8. Molecular Techniques for Detecting Plasmids and
Beta-Lactamase Genes

Although this study is a systematic review and does not
involve primary data collection, it synthesizes findings from
studies employing molecular techniques to detect plasmids and
beta-lactamase genes, which are critical to understanding HGT
mechanisms. Commonly reported methods in the reviewed
literature include polymerase chain reaction (PCR) for identifying
specific beta-lactamase genes (e.g, blaCTX-M, blaTEM) and
plasmid sequencing to characterize MGEs involved in HGT
[8]. Whole-genome sequencing (WGS) and next-generation
sequencing (NGS) are frequently used to map plasmid structures
and confirm gene transfer events across bacterial taxa, providing
high-resolution data on resistance determinants [6]. Additionally,
techniques like bacterial Hi-C, which links AR genes to their
bacterial hosts, are highlighted for their ability to track HGT in
complex microbiomes, such as those in hospital settings [7]. These
molecular approaches, as documented in the reviewed studies,
are essential for identifying the genetic basis of resistance in post-
transplant infections and are evaluated for their applicability
in resource-limited settings where diagnostic capacity may be
constrained.

e.9. Ethical Considerations and Reproducibility

Ethical considerations are paramount in systematic reviews,
even without primary data collection, to ensure the integrity of
the research process. This study adheres to ethical guidelines
by using only publicly available, open-access data, avoiding any
breach of patient confidentiality or data privacy. The selection of
studies was conducted transparently, with inclusion/exclusion
criteria and search strategies fully documented to prevent bias
and allow for independent verification. Quality assessment scores
for each included study are reported to justify their inclusion,
ensuring transparency in methodological rigor. Additionally, any
potential conflicts of interest or funding sources influencing the
review are disclosed. This commitment to reproducibility and
ethical practice strengthens the credibility of the findings on HGT
in post-transplant patients within resource-limited settings.

e.10. Limitations and Mitigation Strategies
Several limitations were acknowledged and addressed:

a) Study heterogeneity was managed through subgroup
analysis by region, setting, and patient population.

b) Data scarcity from resource-limited settings was
addressed by including grey literature and regional databases.

c) Language bias was minimized by searching regional
databases and including studies with English abstracts.

d)  Quality variation was addressed through formal quality
assessment and sensitivity analysis excluding low-quality studies.

e.11. Results

This section presents the findings from the systematic review
on the prevalence of plasmid-mediated beta-lactamase genes,
the occurrence of horizontal gene transfer (HGT) events, and
their impact on immunocompromised patients, specifically post-
transplant patients, in resource-limited settings. The results are
derived from the synthesis of 30 open-access studies identified
through the methodology outlined previously, focusing on
objective data presentation without interpretation. Data are
summarized using narrative descriptions, supplemented by tables
and figures to provide a clear overview of key trends and patterns
relevant to the study objectives.

e.12. Prevalence of Plasmid-Mediated Beta-Lactamase
Genes

The reviewed studies consistently report a high prevalence
of plasmid-mediated beta-lactamase genes among bacterial
pathogens, particularly within the Enterobacteriaceae family,
which includes species like Escherichia coli and Klebsiella
pneumoniae. Genes such as blaCTX-M, blaTEM, and blaNDM were
frequently identified across diverse geographic regions, with
blaCTX-M variants being the most commonly reported extended-
spectrum beta-lactamase (ESBL) genes in hospital settings
[2,3]. In studies focusing on clinical isolates, the prevalence of
blaCTX-M ranged from 30% to 70% in samples collected from
hospitalized patients, with higher rates observed in regions with
heavy antibiotic use [16]. blaNDM, associated with carbapenem
resistance, was documented in 10-25% of isolates from tertiary
care centers, often co-occurring with other resistance genes on
the same plasmid [17]. Table 1 summarizes the prevalence data
for key beta-lactamase genes across studies, showing a median
prevalence of 45% for ESBL genes and 18% for carbapenemase
genes in clinical settings globally (Table 1).

In resource-limited settings, the prevalence of these genes was
notably elevated in hospital environments, with studies from
low-income regions reporting rates of ESBL-producing bacteria
as high as 60-80% in inpatient wards [13,15]. Data from specific
countries, such as those in sub-Saharan Africa and South Asia,
indicated that E. coli and K. pneumoniae isolates frequently
harbored multiple beta-lactamase genes on conjugative plasmids,
suggesting a widespread distribution facilitated by local
conditions [14]. Figure 1 illustrates the geographic distribution
of reported beta-lactamase gene prevalence, highlighting higher
concentrations in regions with limited diagnostic and infection
control infrastructure [1], (Figure 1).

e.13. Frequency and Mechanisms of HGT Events

HGT events, primarily mediated by plasmids, were documented
as a major driver of beta-lactamase gene dissemination across
bacterial taxa in the reviewed literature. Studies utilizing
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molecular techniques like whole-genome sequencing (WGS)
and bacterial Hi-C identified frequent plasmid transfer events in
hospital-associated microbiomes, with transfer rates estimated
at 10-20% higher in dense microbial communities such as those
found in intensive care units (ICUs) [6,7]. Plasmids of the IncF and
IncN incompatibility groups were commonly associated with the
carriage of blaCTX-M and blaNDM genes, demonstrating broad
host range capabilities that enable cross-species transfer [8].
Data from metagenomic analyses showed that HGT events were
not limited to pathogenic species but also involved commensal
bacteria in the gut, acting as reservoirs for resistance genes [19].

In resource-limited settings, the frequency of HGT events
was reported to be exacerbated by environmental factors such
as overcrowding and poor sanitation, which facilitate bacterial
conjugation. Studies noted that up to 30% of resistant isolates in
low-income hospital settings exhibited evidence of recent plasmid
acquisition, based on sequence similarity and mobile genetic
element (MGE) profiling [20,17].

Table 2 provides a breakdown of HGT events by bacterial
species and plasmid type, showing that E. coli and K. pneumoniae
were the most common recipients and donors of beta-lactamase-
carrying plasmids in these environments (Table 2).

(Figure 2) depicts the network of HGT events identified in
selected studies, illustrating the interconnectedness of bacterial
taxa in hospital settings of low-income regions [18].

e.14. Impact on Immunocompromised Post-Trans

The clinical impact of plasmid-mediated beta-lactamase
genes on immunocompromised patients, particularly post-
transplant cohorts, was a focal point in several reviewed studies.
Data indicated that post-transplant patients
infection rates ranging from 20% to 50% within the first-year

experienced

post-transplantation, with a significant proportion (40-60%)
attributed to MDR bacteria harboring beta-lactamase genes [9,10].
Bloodstream infections (BSIs), urinary tract infections (UTIs), and
surgical site infections (SSIs) were the most commonly reported
infection types, with E. coli and K. pneumoniae as predominant
pathogens. Studies reported mortality rates associated with MDR
infections in post-transplant patients ranging from 15% to 30%,
significantly higher than in non-MDR cases.

Inresource-limited settings, the impact was more pronounced,
with infection rates in post-transplant patients reaching up to
70% in some hospital cohorts due to inadequate infection control
measures. Data from studies in low-income regions showed
that the lack of routine screening for MDR colonization upon
admission resulted in higher nosocomial transmission rates, with
25-40% of post-transplant infections linked to hospital-acquired
resistant strains [13,21]. Table 3 summarizes clinical outcomes in
post-transplant patients, detailing infection types, prevalence of

How to cite this article:

MDR pathogens, and associated mortality rates across different
settings (Table 3), (Figure 3).

e.15. Prevalence and Impact in Resource-Limited Settings

Studies focusing on resource-limited settings consistently
reported higher prevalence of plasmid-mediated beta-lactamase
genes and associated HGT events compared to high-income
regions. In sub-Saharan Africa and parts of South Asia, hospital
surveys found that 50-80% of Gram-negative isolates from clinical
samples carried ESBL genes, with plasmid-mediated transfer
confirmed in 30-50% of cases through molecular sequencing
[1,3]. The impact on post-transplant patients in these settings
included prolonged hospital stays, averaging 10-20 additional
days per infection episode, and increased healthcare costs, often
unaffordable in low-income contexts [21]. Data also showed
that the absence of effective antibiotic stewardship programs
contributed to a 20-30% higher rate of inappropriate antibiotic
use, further driving HGT events.

(Table 4) provides a regional breakdown of beta-lactamase
gene prevalence and HGT events in resource-limited settings,
showing higher rates in hospital environments with limited
infection control infrastructure [14].

(Figure 4) illustrates the correlation between infection
control capacity (measured by availability of isolation wards and
surveillance systems) and MDR infection rates in post-transplant
patients across selected low-income regions, based on data
extracted from reviewed studies.

Additionally, studies reported that post-transplant patients in
these settings faced a 2-3 times higher risk of graftloss due to MDR
infections compared to those in better-resourced environments

[9].
Discussion

The findings from this systematic review underscore the
critical role of plasmid-mediated horizontal gene transfer (HGT)
in the dissemination of beta-lactamase genes and its profound
impact on post-transplant patients, particularly in resource-
limited settings. By synthesizing data from 30 open-access
studies, this study reveals a high prevalence of beta-lactamase
genes such as blaCTX-M and blaNDM among Enterobacteriaceae,
frequent HGT events in hospital environments, and severe clinical
consequences for immunocompromised individuals. These
results align with the global concern over AMR as a public health
crisis and highlight the urgent need for targeted interventions in
vulnerable populations and under-resourced healthcare systems
[1]. This discussion interprets these findings in the context
of existing literature, explores their implications for clinical
practice and public health, addresses limitations of the study, and
proposes directions for future research, maintaining a focus on the
intersection of molecular mechanisms and systemic challenges.
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Interpretation of Findings in the Context of Existing
Literature

The high prevalence of plasmid-mediated beta-lactamase
genes, particularly blaCTX-M and blaNDM, among clinical isolates
of Escherichia coli and Klebsiella pneumoniae corroborates
prior research on the global spread of extended-spectrum beta-
lactamases (ESBLs) and carbapenemases. Studieshave consistently
identified these genes as dominant resistance determinants in
hospital settings, with prevalence rates ranging from 30% to 70%
for ESBLs and 10% to 25% for carbapenemases, mirroring the
median rates of 45% and 18% reported in our synthesis [2,3].
The frequent occurrence of these genes on conjugative plasmids,
such as those of the IncF and IncN groups, supports the notion
that HGT is a primary driver of resistance dissemination, enabling
rapid transfer across bacterial taxa [8]. This aligns with molecular
studies demonstrating that plasmids facilitate cross-species gene
exchange, particularly in dense microbial communities like those
in hospital wards and the human gut [6,7].

Our finding that HGT events are more frequent in resource-
limited settings, with up to 30% of resistant isolates showing
evidence of recent plasmid acquisition, extends the understanding
of environmental factors influencing resistance spread. Previous
research has highlighted how overcrowding, poor sanitation,
and inadequate infection control in low-income regions create
ideal conditions for bacterial conjugation, a trend evident in the
elevated ESBL prevalence rates of 60-80% reported in our review
[13,15]. This is consistent with studies noting that selective
pressures from unregulated antibiotic use further amplify HGT,
perpetuating a cycle of resistance in under-resourced hospitals
[1]. The geographic disparity in beta-lactamase gene prevalence,
with higher concentrations in sub-Saharan Africa and South
Asia, reflects systemic healthcare challenges documented in the
literature, such as limited access to diagnostics and second-line
treatments [14].

The clinical impact on post-transplant patients, with infection
rates of 20-50% and mortality rates of 15-30% due to MDR
infections, reinforces the vulnerability of immunocompromised
populations to HGT-driven resistance. This finding is in line
with prior studies reporting that post-transplant patients face
heightened risks due to immunosuppressive therapies, which
impair host defenses against resistant pathogens [9,10]. The
predominance of bloodstream infections (BSIs), urinary tract
infections (UTIs), and surgical site infections (SSIs) caused by E.
coli and K. pneumoniae in this cohort matches patterns observed
in clinical reports, emphasizing the role of hospital-acquired
infections in post-transplant morbidity [11]. In resource-limited
settings, the exacerbated impact -with infection rates up to 70%
and a 2-3 times higher risk of graft loss -parallels literature on the
compounded burden of inadequate infection control and resource

scarcity [21].
Implications for Clinical Practice and Public Health

The results of this review have significant implications for
clinical practice, particularly in the management of post-transplant
patients in resource-limited settings. The high prevalence of
plasmid-mediated beta-lactamase genes necessitates routine
screening for MDR colonization upon hospital admission; a
practice often absents in low-income regions due to resource
constraints [13]. Implementing affordable, rapid diagnostic tools
to detect ESBL and carbapenemase genes could guide targeted
antibiotic therapy, reducing the risk of inappropriate treatment
that fuels HGT [16]. For post-transplant patients, where MDR
infections contribute to mortality rates of 15-30%, the use of
last-resort antibiotics like carbapenems must be balanced with
stewardship to prevent further resistance development, a strategy
supported by existing guidelines [9].

From a public health perspective, the frequent HGT
events in hospital settings underscore the urgent need for
enhanced infection control measures, even in resource-limited
environments. Basic interventions such as hand hygiene,
patient isolation, and sterilization of medical equipment, though
challenging to implement in overcrowded facilities, could
significantly reduce nosocomial transmission of resistant strains
[15]. National and regional policies should prioritize antibiotic
stewardship programs (ASPs) to curb inappropriate antibiotic
use, a key driver of HGT, as evidenced by the 20-30% higher rate
of misuse in low-income settings reported in our findings [1].
The disparity in infection rates and outcomes between resource-
limited and high-resource settings suggests that global health
initiatives must focus on capacity building, providing funding and
training for surveillance systems to track beta-lactamase gene
spread [14].

Moreover, the role of commensal bacteria as reservoirs for
resistance genes via HGT, as seen in gut microbiomes, implies that
public health strategies should extend beyond clinical pathogens
to address microbial ecology [7]. Interventions like probiotics or
microbiome modulation could be explored to restore microbial
balance in post-transplant patients, potentially reducing the risk
of resistance gene acquisition, though feasibility in low-income
settings remains a concern [6]. International collaboration, as
advocated in One Health frameworks, is essential to address the
environmental and systemic factors driving HGT in resource-
limited regions, ensuring that solutions are context-specific and
sustainable [14].

Limitations of the Study

Despite the comprehensive nature of this systematic review,
several limitations must be acknowledged. First, the heterogeneity
in study designs, populations, and settings across the reviewed
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literature poses challenges to generalizability. Studies varied in
their focus on specific beta-lactamase genes, types of transplants,
and definitions of resource-limited settings, which may affect
the consistency of prevalence and impact estimates. This
was mitigated by subgroup analyses where possible, but the
variability underscores the need for standardized reporting in
future research.

Second, data scarcity in low-income regions is a significant
limitation. Many studies from resource-limited settings were
single-center or lacked detailed molecular data on HGT events,
reflecting the underrepresentation of these areas in global AMR
research due to limited research infrastructure and publication
bias. The inclusion of grey literature and regional reports partially
addressed this gap, but the lack of comprehensive, longitudinal
data on post-transplant patients in these settings restricts the
depth of our conclusions.

Third, the reliance on secondary data means that findings
are contingent on the quality and methodologies of the original
studies. While we prioritized moderate-to-high quality studies
using CASP checklists, variations in molecular techniques (e.g.,
PCR vs. WGS) and clinical outcome reporting (e.g., infection
definitions) introduce potential inconsistencies. Direct validation
of HGT events or clinical impacts was not possible within the scope
of a systematic review, highlighting a constraint in confirming
causality or mechanisms.

Finally, the focus on open-access studies, while ensuring
accessibility, may have excluded relevant paywalled research,
potentially limiting the breadth of evidence. However, this was
a deliberate choice to align with journal accessibility standards
and to prioritize resources available to researchers in resource-
limited settings.

Future Research Directions

The findings and limitations of this review suggest several
directions for future research to advance understanding of HGT
of beta-lactamase genes in post-transplant patients within
resource-limited settings. First, longitudinal studies are needed to
track HGT events over time in hospital microbiomes, particularly
in low-income regions, using advanced molecular tools like
WGS and bacterial Hi-C to map plasmid transfer networks with
high precision [6,7]. Such studies could elucidate the temporal
dynamics of resistance spread and identify critical intervention
points [21-37].

Second, research should focus on generating primary data
specific to post-transplant cohorts in resource-limited settings,
addressing the current data scarcity. Multicenter studies across
diverse low-income regions could provide representative
prevalence rates and clinical outcomes, overcoming the limitations
of single-center reports. should prioritize
standardized definitions for infections and resistance to enhance

These studies

comparability [37-56].

Third, investigating the feasibility of low-cost interventions,
such as rapid diagnostic kits for beta-lactamase genes and basic
infection control measures, could inform practical solutions
for resource-limited hospitals. Pilot studies testing the impact
of affordable ASPs on HGT rates and post-transplant outcomes
would be valuable, building on existing evidence of stewardship
efficacy [57-73].

Finally, exploring the role of the gut microbiome as a reservoir
for HGT in post-transplant patients offers a novel research avenue.
Studies on microbiome modulation or probiotics to reduce
resistance gene carriage could provide alternative strategies,
particularly in settings where antibiotic options are limited.
International funding and collaboration will be crucial to support
these research efforts in low-income regions, aligning with One
Health approaches to tackle AMR holistically.

Conclusion

his systematic review provides compelling evidence that
plasmid-mediated horizontal gene transfer represents a critical
mechanism driving antimicrobial resistance in post-transplant
patients within resource-limited settings. Our synthesis of 30
studies reveals a multifaceted crisis where molecular resistance
mechanisms intersect with systemic healthcare challenges,
creating disproportionate risks for the world’s most vulnerable
patient populations.

Key Findings and Their Implications

The alarmingly high prevalence of beta-lactamase genes
(60-80% ESBL-producing bacteria in resource-limited hospitals
32%
inadequate infection control infrastructure amplifies resistance

versus in high-income settings) demonstrates how
dissemination. Post-transplant patients bear the greatest burden,
experiencing 2-3 times higher infection rates and mortality
compared to well-resourced environments. This disparity
underscores not merely a clinical challenge, but a profound global

health equity issue.

Strategic Recommendations: A Tiered Implementation
Framework

Immediate Priorities (0-2 years):

a) Implement point-of-care ESBL detection

affordable rapid diagnostic tests in transplant centers

using

b)  Establish basic infection control protocols focusing on
hand hygiene, patient cohering, and contact precautions

c) Develop regional AMR surveillance networks linking
transplant centers across low-income regions

d) Create emergency antibiotic stewardship guidelines
tailored to resource constraints
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Medium-term Goals (2-5 years)

a) Deploy low-cost molecular diagnostics for plasmid
typing and HGT detection

b) Train specialized AMR teams including infection

preventionists, clinical microbiologists, and pharmacists

c) Establish regional reference laboratories for

carbapenemase detection and susceptibility testing

d) Pilot microbiome restoration interventions in post-
transplant patients

Long-term Vision (5-10 years):

a) Integrate AMR prevention into transplant care pathways
from organ procurement to long-term follow-up

b) Develop next-generation therapeutics
plasmid-mediated resistance mechanisms

targeting

c) Establish global transplant AMR registry linking clinical
outcomes with molecular epidemiology data

Policy and Global Health Integration

Addressing HGT-driven resistance requires coordinated
action across multiple sectors. We recommend:

a) WHO-led initiative to include AMR stewardship in
transplantation guidelines for low-income countries

b)  Global Fund integration incorporating AMR control into
existing health system strengthening programs

c)  One Health implementation linking human transplant
AMR surveillance with veterinary and environmental monitoring

d)  Capacity building partnerships between high-income
transplant centers and resource-limited institutions

Research Priorities for Maximum Impact
Future investigations should focus on actionable questions:

a) Prospective multicenter cohort studies tracking HGT
events in real-time across diverse transplant populations

b) Implementation science research evaluating low-cost
diagnostic and stewardship interventions

c) Health economics quantifying  cost-

effectiveness of AMR control measures in transplant settings

analyses

d) Microbiome intervention trials testing feasibility of
resistance gene reduction strategies

A Call for Urgent Action

The intersection of HGT-mediated resistance with post-
transplant care in resource-limited settings represents a
preventable crisis. Our findings demonstrate that molecular-level

resistance mechanisms can be effectively countered through
targeted, context-appropriate However, the
window for action is rapidly closing as resistance continues to
disseminate unchecked.

interventions.

Success requires recognizing that preventing post-transplant
mortality from MDR infections in low-income settings demands
immediate global in diagnostics, surveillance,
and stewardship - before antimicrobial resistance renders
transplantation itself a prohibitively high-risk intervention.
The global health community must act decisively to ensure that
advances in transplantation medicine are not undermined by the

investment

silent pandemic of antimicrobial resistance.

The evidence is clear: we possess the knowledge and tools to
protect these vulnerable patients. What remains is the collective
will to implement solutions that bridge the gap between molecular
science and global health equity.
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