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Abstract: Background: The emergency of carbapenem-resistant Enterobacterales is prevalent and poses
a significant threat to health systems worldwide. This study aimed to conduct a molecular analysis
of tigecycline resistance in 100 CRE in hospital isolates from Mthatha and surrounding hospitals.
Methods: A retrospective study among patients who attended Nelson Mandela Academic Hospital
(NMAH) and Mthatha Regional Hospital (MRH), Eastern Cape, South Africa. Enterobacterales isolates
were identified using the Vitek2® system (bioMérieux), E-test was performed in 100 CRE hospital
isolates according to manufacturer’s instructions, A multiplex SYBR green-based PCR assay for rapid
detection of fet(X) and its variants, including tet(X1), tet(X2), and high-level tigecycline resistance
genes ftet(X3), tet(X4), and tet(X5) were developed. Results: The results show a notable high
prevalence of CRE infections in neonatal, male surgical, and maternal and pediatric wards,
predominantly driven by Klebsiella spp. (53.4%), followed by Enterobacter spp. (20.5 %), then
Escherichia coli (6.7%), 7.2% of CRE were resistant to Tigecycline (E-TEST), Tet(X) genes were Not
responsible for tigecycline resistance in this setting. The risk factors associated with tigecycline
resistance in CRE include age, pre-exposure to antibiotics, prolonged hospitalization, and
undergoing invasive procedures indicated by strong 12 =0.9501. Conclusion: CRE gradually evolves,
posing a significant threat to patients of all ages; early detection of carbapenemase production in
clinical infections, carriage states, or both is essential to prevent hospital-based outbreaks.

Keywords: Tigecycline resistance; E-test; CRE infections; PCR; Tigecycline resistance risk factors;
Tet(X) genes and Carbapenamase genes

1. Introduction

The emergency of carbapenem-resistant Enterobacterales is prevalent and poses a significant
threat to health systems worldwide [52]. There is an increment of about 50-60% of mortality rate in
patients with CRE bloodstream infections reported by European Centers for Diseases Control and
Prevention [100]. The most common CRE that are responsible for a wide range of infections (Urinary
tract, Pneumonia, soft tissue bloodstream infection, wound infection, meningitis, septicaemia,
endocarditis, severe intra-abdominal infections, and lower respiratory tract infection in clinical
settings are Escherichia coli, Klebsiella pneumoniae, Salmonella spp., Serratia marcescens, Enterobacter spp.,
and other gram-negative bacteria [39]. The first CRE case was reported in 2011 in Gauteng province with
Klebsiella pneumoniae carbapenem (KPC) and New Delhi metallolactamase-p-1 (NDM-1) as carbapenem
resistant genes, followed by many others in 2012 [13]. A study conducted by Thamma et al. (2017)
reported a mortality of about 32% in patients with CRE bloodstream infections within 14 days, even
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higher in critically ill patients, cancer, and immuno-compromised patients [30]. Prolonged
unnecessary stays at hospitals, higher mortality rates, and higher morbidity rates have increased
worldwide and are caused by nosocomial carbapenem-resistant Enterobacterales (CRE) outbreaks
[100]. Carbapenems were a last resort to treat CRE infections but due to misuse, overuse and other
resistance mechanisms acquired by CRE, drug of choice had to be changed. There are two ways in
which CRE acquire resistant mechanism (intrinsic and acquired), both play a significant role in drastic
rise on CRE resistance. On intrinsic mechanism there is a development of carbapenemases from class
A serine carbapenemases while in acquired mechanism the main the development of efflux pumps
mostly reported on Enterobacter cloacae, Serratia marcescens, and Klebsiella spp., [58]. Most of the
acquired mechanism are mediated by plasmid and associated with horizontal gene transfer.
Common carbapenemases are linked to acquired mechanisms with New Delhi metallo-lactamase
(NDM) reported as the most dominating now in clinical isolates [24]. KPC is one of the most common
genes in clinical isolates and has caused multiple nosocomial outbreaks worldwide [67]. CRE have
developed resistant strains to almost all classes of antibiotics available which makes it difficult for
clinicians to select an appropriate and effective drug to treat and reduce infections and outbreaks
caused by CRE [49]. Fosfomycin, clindamycin and cotrimoxazole were successfully used to treat CRE
infections, after some time limitation such as nephrotoxicity to patients with renal complications were
reported and new, effective/ appropriate drug options to treat CRE infections had to be revised [57].In
2010, Colistin and Tigecycline became the last resort treatment option for CRE and made available in
clinical practice depending on the country and its antibiotic guidelines for instance in South Africa
both antibiotics are reserved for specific clinical cases [14]. Tigecycline is one of the antibiotics
developed to treat MDR infections including infections caused by CRE, it belongs to tetracycline class
[78,96]. Tetracycline class has significant properties that allow them to effectively treat CRE infections
and it has perfect anti-bacterial activities. Over a decade tetracycline has been used to successfully
treat infections on both animal and humans. However, only 25% of tetracycline is absorbable after
intake and 75% is excreted as metabolite according to [50]. Due to these limitations the contact time
between pathogen and drug was limited resulting in tetracycline class being not completely effective.
Scientists structurally modified tetracycline and produced tigecycline, a drug with perfect anti-
bacterial properties that enables it to treat MDR infection successfully. The first member of the
glycylcycline class of antibiotics to display vital properties in vitro activity against MDR including
CRE is tigecycline, some of these properties are its ability to overcome typical resistance mechanism
that confers bacteria resistance to tetracycline class, it has different binding orientation which allows
it to bind high affinity to bacterial ribosomes, it prevents protein synthesis of bacteria by interfering
with aminoacyl-tRNA that usually binds with ribosomes allowing the bacteria to multiple.
Eventually, bacterial growth is inhibited by binding to the bacterial 30S ribosome [32,51,91]. Another
name for tigecycline is GAR-936 (third generation of tetracycline class of antibiotics because it was
derived from the addition of 9-tert-butyl-glycylamido to minocycline. Tigecycline overcomes
standard resistant mechanisms of CRE such as efflux pumps, ribosomal protection mechanism [94].
FAD- approved tigecycline for treating patients with complicated skin and skin structure infections
(cSSTI), complicated intra-abdominal infections (cIAI), and community-acquired bacterial
pneumonia, but recommended it not to be used in patients with a diabetic foot infection in 2005 [91].
All infections caused by Clostridium difficile are successfully treated using tigecycline. Due to its broad
spectrum of most pathogens that are resistant to first-line antibiotics, clinicians now use it off-label to
treat ventilator-associated pneumonia (VAP), hospital-acquired pneumonia (HAP), and bloodstream
infections (BSI) caused by pathogens, particularly carbapenem-resistant (CR) bacteria [51]. Pathogens
have developed resistance mechanisms against tigecycline, even though it is a last resort for treating
infections caused by MRD or XDR and tigecycline resistance has been reported globally (Yaghoubi
et al., 2022). Tigecycline resistance in CRE is associated with increased mortality and morbidity [105].
Antimicrobial sales are predicted to increase by 11.5% from 2017 to 104,079 tons globally in 2030 [84].
Tigecycline resistance is not only a health care system burden but also an economic burden that needs
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the world’s immediate intervention [24,49]. This study aimed to conduct a molecular analysis of
tigecycline resistance in 100 CRE in hospital isolates from Mthatha and surrounding hospitals

2. Materials and Methods

2.1. Study Area

Nelson Mandela Academic Hospital is a large Provincial government-funded hospital in central
Mthatha in South Africa in the Eastern Cape. It is a tertiary teaching hospital and part of the Mthatha
Hospital Complex. The study was conducted in this hospital and surrounding hospitals such as
NMAH Mthatha Regional Hospital and surrounding hospitals (Zithulele Hospital, St. Elizabeth
Hospital, Malizo Phehle Hospital, Madzikane Hospital, etc.).

2.2. Study Design

The present study was a retrospective study focusing on CRE bacterial isolates. The aim was to
conduct a molecular analysis of tigecycline resistance in CRE in hospital isolates from Mthatha and
surrounding hospitals. This is a sub-study of the study; “Genes responsible for Carbapenem-
Resistant. Enterobacterales (CRE) in Mthatha and correlating predisposing factors.” which was
conducted by Vasaikar, et al. (2019). No direct intervention or interaction with any participant
occurred as previously non-identified records of CRE data were used. From the previous main study,
written informed consent was obtained from all adult cases and controls and while parental consent
was obtained for child cases and controls. Participants were interviewed by a medical practitioner
and research assistant. A clinical research form (CRF) questionnaire was completed upon obtaining
a patient’s consent. Factors associated with a clinical sample positive for CRE and CSE in participants
who received medical care in NMAH and MRH were studied using a case-control study. Participants
prospectively identified by National Health Laboratory Service (NHLS) microbiological laboratory
(Mthatha branch) of each participating hospital with a clinical sample yielding CRE or CSE were
eligible for the study and were selected from the laboratory register of the same hospital.

2.3. Study Setting

The main study was carried out from April 2019 to December 2024 in South Africa in the Eastern
Cape province, Mthatha region on bacterial isolates of participants who received medical care at
NMAH and MRH during the study period. The data used was retrospective and was sought from
NHLS in Mthatha.

2.4. Study Population and Sampling Method

The population criteria for the study were all hospitalized or clinically based patients who
attended Nelson Mandela Academic Hospital (NMAH) and Mthatha Regional Hospital (MRH)
during the period April 2019 to October 2024.The study population for this study male and female
patients who had routine laboratory microbiological investigations for bacterial infections (culture
and sensitivity) during the study period. Exclusion criteria: Missing critical data and isolates with
mixed colonies suggestive of sample contamination. All the CRE isolates were without tigecycline
phenotypic resistance, and non-CRE isolates were like Acinetobacter baumannii. Inclusion criteria: All
CRE isolates with tigecycline phenotypic resistance. A case of CRE was defined as a clinical culture
with organisms of the Enterobacterales family exhibiting phenotypic resistance (determined using
Pure Mercy VITEK-tool (Automated) for the performance of the Antibiotic Sensitivity Test) to
carbapenems (imipenem, meropenem or ertapenem). An initial literature review identified members
of the Enterobacteriaceae family to be included in the study: Klebsiella pneumoniae, Klebsiella oxytoca,
Escherichia coli, Proteus mirabilis, Enterobacter spp., Morganella morganii, and Providencia spp. (Alon et
al., 2021). All CRE isolates were taken from NHLS, where all the isolates from different hospitals were
referred to for microbiology testing by the original study principal investigator. Sample size: The
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study is a retrospective study of genes responsible for Carbapenem-Resistant Enterobacterales (CRE)
in Mthatha and correlating predisposing factors conducted by Prof Vasaikar.

2.5. Data Treatment and Analysis

All variables from the questionnaires and laboratory investigation were captured and coded in
Microsoft Excel and exported to SPSS version 20 for analysis. The validity and reliability of the
questionnaire data were determined using SPSS version 20. Numerical variables were explored using
the Shapiro-Wilk test, histogram, and box-and-whisker plot. The median and interquartile range
(IQR) were used to summarise data that was not normally distributed. The chi-squared test and
Fisher’s exact test were used to compare the association of two categorical variables depending on
the value of expected frequencies, where if 20% or more of the cells have expected frequencies of <5
or any cell has expected frequencies of “0” the Fisher’s exact test was used. Descriptive statistics and
logistical regressions were used to estimate the crude ratios with a 95% confidence interval (CI) for
the variables. The significance level was 5%; a p-value of less or equal to 0.05 was considered
significant.

2.6. Ethical Considerations

An ethical clearance certificate was obtained from the Faculty of Medicine & Health Science
Ethics Committee with ethical number 026/2024. Hospital approval was obtained through the
Department of Health. No consent was required from participants as this was a retrospective study.
Ethical consideration followed the non-identification principle. Identifiers’ names and surnames
(Personal information including the patient’s identity number) were removed, and files were created
so that any researcher could access them without violating confidentiality. Study IDs were made and
used instead. Collected data was stored in a Microsoft Office spreadsheet, which was stored in a
password-protected folder on a password-protected laptop. The only individuals with access to this
were the researcher and research supervisor. This research is aligned with research objective number
3 of a study conducted by Prof. Vasaikar, who was the principal investigator of the research. Ethics
certificate 080/2017 and the letter extension were issued on 21 July 2023. Prof. Vasaikar obtained and
provided the gatekeeper with a permission letter.

2.7. Methodological Design
2.7.1. Antibiotic Susceptibility Testing (E-Test)

Phenotypic resistance of tigecycline in 100 CRE isolates was detected using the semi-automated
microbial identification and drug susceptibility method, Vitek2 COMPACT (bioMérieux, France),
using the AST-GN16 card, confirmation of tigecycline resistance was performed using Epsilometer
(E-test) (bioMérieux, France), The strains were grown in 0.5 McF bacterial suspension using normal
saline. The bacterial suspension was applied to the Mueller-Hinton agar surface with a sterile cotton
swab, and the E-test strip of 0.016 to 256 mg/1 gradient (was placed onto the agar surface. E. coli ATCC
25922 was used for Quality control. The culture plates and agar plates were incubated at 35°C + 2°C
for 16-20 hours. An elliptical zone of inhibition was produced surrounding the strip, and the MIC
was determined. All tests were performed according to CLSI 2020 recommendations. Antimicrobial
susceptibility results were interpreted according to the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) recommendations (2023).

2.7.2. DNA Extraction

About three to four colonies of broth were grown overnight, and suspended in small, capped
vials. The 10 mls of ZYMO Quick-DNA™ Bacterial Miniprep Kit bacteria lysis butter were added to
the vails, then vortexed briefly for 10 seconds to mix thoroughly. They were heated at 95 degrees for
10 minutes in a heat block to burst open and lyse the cells and centrifuged for about 10 minutes at
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13000g so as the pellet. The supernatant was pipetted into sample tubes and loaded into the ZYMO
Quick-DNA™ nucleic acid isolation kit following the manufacturer’s instructions.

2.7.3. Tet x gene detection using PCR

A multiplex SYBR green-based PCR assay was developed for rapid, sensitive, and specific
detection of five tet(X) variant genes from different samples, including tet(X1) GenBank accession no.
AJ311171), tet(X2) (GenBank accession no. AJ311171), tet(X3) (GenBank accession no. MK134375),
tet(X4) (GenBank accession no. MK134376) and tet(X5) (GenBank accession no. CP040912.1) which
were also used as positive controls for each gene . Primer Premier 5.0 (PRIMIER Biosoft International,
Palo Alto, CA, USA) was used to design specific primers for tet(X1), tet(X2), tet(X3), and tet(X4), as
well as a universal tet(X5) primer set (Table 1.).

To guarantee the specificity, the designed primers were checked using Primer-BLAST
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Preliminary specificity verification of the
designed primers was conducted by conventional simplex PCR analysis and agarose gel
electrophoresis. Further specificity verification was then performed using the QuantStudio 5 Flex
real-time PCR, Applied Biosystems, Foster City, CA, USA) with the following conditions: 50°C for 2
min, 95°C for 3 min, and 40 cycles, with one cycle consisting of 95°C for 30 s, 60°C for 30 s, and 72°C
for 30 s, following by a melt curve stage. PCR assays were conducted in 20-1 reaction volumes
containing 101 of 2 PowerUp SYBR green master mix (Thermo Fisher Scientific, Waltham, MA, USA),
0.81of each primer (10 mol/liter), 6.4 1 of nuclease-free water, and 2 1 of DNA template. Three technical
replicates were conducted for each sample. Five Escherichia coli DH5 strains containing the tet(X1),
tet(X2), tet(X3), tet(X4), or tet(X5) gene were used as positive controls, while E. coli DH5 was used as
the negative control to confirm the assay’s specificity.

3. Results

3.1. Carbapenem Resistant Enterobacterales Species

The first objective was to determine carbapenem-resistant Enterobacterales’ prevalence in
Mthatha and surrounding hospitals. The CRE prevalence graph charts were obtained using SPSS
version 2.0 Figure 1. It was produced from descriptive analysis (frequency) because a categorical
variable (Organism) against frequency was investigated, from SPSS, a chart builder, Figure 2. It was
created. A boxplot chart was made because a relationship between two categorical variables (Sex and
CRE organism) and one continuous variable (age) was explored. The bar chart represents the
distribution of CRE (Carbapenem-Resistant Enterobacterales) infections in different wards of Mthatha
Hospital, with various organisms identified using different colors. The pathogens identified include
Klebsiella pneumoniae, Escherichia coli, Enterobacter spp., Citrobacter spp.
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Distribution of CRE in Mthatha wards

15 Organism
MciTFr
MENTAE
- EENTCL
2 g MENTCX
@ MEscco
= WKLEPD
o [CIKLEPP
T8
3
= O O OT@ f Z 2 Z= O o O T
5820 20535553828 %8%8 0
Oc w3 2 ® 33 £ IS =y 0o di
c5 &8 ° widizovesIg A
Mo £ w Tz o g dg = -
5 = = o8 2 5 < L m
m & T £ 8 3z ©  Z
=z M v o3 = e
m =
A=
@ A
m O
=
0
-
Ward

Figure 1. A clustered bar graph representing CRE distribution in Mthatha and surrounding wards.

There is a notable high prevalence of CRE infections in Neonatal wards, Male Surgical Ward,
Maternity and Pediatric Wards, predominantly driven by Klebsiella spp. (53.4%), followed by
Enterobacter spp. (20.5 %), then Escherichia coli (6.7%). Klebsiella spp. (light purple) is the most common
organism across multiple wards, indicating its dominance in causing infections. Enterobacter spp. and
Escherichia coli were present in several wards but at significantly lower frequencies. Accident
Emergency, Adult Care Ward, and Outpatient departments exhibit relatively low occurrences of CRE
infections.

The boxplot chart shows age distribution by gender, categorized by different CRE organisms in
a clustered format.

Clustered Boxplot of Age by Gender by Organism
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Figure 2. A boxplot showing CRE distribution by gender.

No gender and age difference in CRE distribution was observed for females; most organisms
have a relatively compact age distribution, except for a few outliers. KLEPP (purple) was reported
more on the comprehensive age range for both genders, with a few exceptions in younger
individuals. CITFR (light blue) is present primarily in older age groups, particularly for females;
ENTCX (teal) has a relatively younger distribution for males and females, with a narrow range. There
were exceptional cases observed in both genders, indicating that some patients fall outside the usual
age ranges affected by specific pathogens.

A RESIST-4 OKNV test was used to detect the positive carbapenemase gene found on Mthatha
CRE. The table below demonstrates the summary of prevalent carbapenemase genes accordingly.
There were no KPC and VIM genes detected (0%) on our CRE; the most prevalent carbapenemase
was NDM (54.2%), most detected on Klebsiella spp. and E. coli, followed by OXA-48 (30.6 %) mostly
detected E. coli and Klebsiella spp. Also, about 15.2% of CRE were negative (no gene detected).

Table 3. Distribution of positive carbapenemase gene loci according to bacterial species.

Species VIM KPC NDM OXA-48 Not detected
Citrobacter spp. 0 0 50% 25% 25%
Entercbacter 0 0 45.6% 27.8% 27.%
spp.
Escherichia coli 0 0 60% 40% 0
Klebsi
lebsiella 0 0 60.2% 29.1% 11.3%
pneumoniae

Table 4. Showing Species of carbapenem-resistant Enterobacterales according to the specimen type.

Specimen  Type

Pus Other
Species Abscess Blood culture Sputum  Urine  Tissue
swab
) 0
Citrobacter spp. 0 0 8.3% 14.3% 5.9% 0
Enterobacter spp. 0 13% 33.3% 33.3% 41.2% 0 80%
Escherichia coli 0 4.35% 50% 14.3% 5.9% 0 0
Klebsi
febsiella 100% 86.9% 417  714%  412%  100% 20%
pneumoniae

3.2. Tigecycline Susceptibility Using E-Test

Tigecycline susceptibility was determined using an E-test (Etest, bioMérieux, France), Bar graph
chart was produced from SPSS. Version 20. to represent the results obtained. Since a relationship
between one dependent categorical variable (Tigecycline susceptibility) and one continuous
independent variable (age) was explored, a descriptive analysis (frequency) was an appropriate tool
to use. The chart shows tigecycline susceptibility in different age groups, categorized into three
susceptibility levels: S (susceptible), R (resistant), and I (intermediate). The data is represented as
bars, with error bars indicating each measurement’s 95% confidence interval.
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Figure 3. Showing tigecycline susceptibility in different age groups of Mthatha and surrounding hospitals.

From the graph, tigecycline resistance increases with age, except in a few cases with no
resistance. The E-test showed a tigecycline susceptibility of 92.8 %, a resistance of 5.8 %, and 1.5%
intermediate resistance. Age group 0-1 shows a high level of tigecycline susceptibility (5) compared
to other age groups; there is relatively low tigecycline resistance (R) and Intermediate resistance (I).
Age Groups 2-15, 16-29, 30-43, and onwards: In these groups, susceptibility frequency decreases
notably compared to the 0-1 age group.

The frequency of resistance (R) and intermediate (I) levels become more noticeable, although
still lower than tigecycline susceptibility. In Older Age Groups (44-56 and beyond): There is a trend
of lower tigecycline susceptibility rates with some variability across different age groups. Resistance
(R) and intermediate (I) levels appear relatively consistent but remain lower than in susceptible cases
of tigecycline.

SPSS version 20. was deployed to explore the association between tigecycline resistance
(categorial variable) and age (categorical variable, age was grouped) to evaluate the statistical
significance. Tigecycline resistance is present in children (neonates) and adult patients, with slightly
more in adults than children. The difference in tigecycline resistance between age groups is
statistically insignificant, as indicated by a p-value of 0.944. Based on this sample, there is no evidence
that tigecycline resistance is associated with age, even though it is mostly seen in adult patients.

Table 1. A chi-square table showing tigecycline resistance by age group of Mthatha and surrounding hospitals.

Chi-Square Tests

Asyrmptotic
Significance
Walue df (2-sided)
Pearson Chi-Square 47.085° 64 B44
Likelihood Ratio 34.431 64 893
M of Walid Cases 70

a. 898 cells (99.0%) have expected count less than 5.
The minimum expected count is .01,
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3.3. Detection of tet(X) Genes Using PCR

A multiplex SYBR green-based PCR assay was developed for the specific detection of five tet(X)
genes from other samples, including tet(X) (GenBank accession no. GU014535.1), tet(X1) GenBank
accession no. AJ311171), tet(X2) (GenBank accession no. AJ311171), tet(X3) (GenBank accession no.
MK134375), tet(X4) (GenBank accession no. MK134376), and tet(X5) (GenBank accession no.
CP040912.1) . The Light cycler device and the intercalating fluorescent dye SYBR Green (I) could
monitor the accumulation of amplicons in reaction over time. SYBR Green (I) eliminates the
requirement for analyzing PCR results on time-consuming agarose gels. After PCR amplification, the
Light Cycler monitors the fluorescence decrease caused by SYBR Green (I) release during DNA
melting point analysis by gradually increasing the temperature. Target genes were identified based
on certain amplicons’ melting peak form and Tm. Of the 100 CRE clinical isolates studied there was
no tet (X) gene detected that was responsible for tigecycline resistance. This was expected since both
phenotypic methods used showed lower tigecycline resistance < 15%. The DNA extracts were
NANODROPPED determined the concentration of each extract, and isolates with <1.81 concentration
were qualified until the required DNA concentration were met. Following is the Agarose Gel result
viewed from UV light machine.

Figure 4. Agarose gel electrophoresis picture of Tigecycline Tet(X) genes, DNA ladder on lane 1, with positive
control of each gene, tet (X1) with 141 base pairs (lane 2), with tet (X2) with 227 base pairs (lane 3), tet (X3) with
125 base pairs (lane 4), tet (X4) with 93 base (lane 5) pairs and tet (X5) with 161 base pairs (lane 6).
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3.4. Risk Factors Associated with Tigecycline Resistance

To determine the risk factors associated with tigecycline resistance in CRE of Mthatha and
surrounding hospitals, GraphPad Prism 8.0.1 (Multiple linear regression) was used to determine p-
values and R-values, as shown in Table 2 below. The R-value could not be determined for other risk
factors, such as Pre-exposure to antibiotics, invasive procedures, and hospitalization duration. The
correlation between tigecycline resistance and wards was weak, indicated by r=0.4182, and the p-
value of 0.1631 suggested that the association was not statistically significant; in Age, a statistically
significant p-value of 0.001 suggests a strong relationship between tigecycline resistance and age
groups. The r= value of 0.9501 indicates a very strong correlation. There was a positive correlation
between tigecycline resistance and pre-exposure to antibiotics, as indicated by a statistically
significant p-value of 0.0478. Undergoing specific invasive procedures might contribute to tigecycline
resistance, as indicated by a statistically significant p-value of 0.0478. A non-significant p-value of
0.3679 was found between the length of hospitalization and tigecycline resistance.

Table 2. Showing the association between Tigecycline resistance and risk factors by P-values and R-values.

Tigecycline susceptibility

Tigecycline Resistance Risk factorNo. of CRE (%) S R I  P-value r
Wards 0.1631 0.4182
Accident Emergency 1.43 100 0 0
Adult care 1.43 100 0 0
Casualty 2.86 100 0 0
Female Surgical 4.29 100 0 0
Gyno 1.43 100 0 0
ICU 5.71 75 25 0
Male Surgical 14.29 100 0 0
Maternity 8.57 100 0 0
Neonatal 24.29 94.11 0 5.88
Trauma 2.86 100 0 0
Not stated (unknown) 1.43 100 0 0
orbD 11.43 100 0 0
Pediatrics 20 100 0 0
Age 0.0011  0.9501
0-1 42.86 98.57 0 1.43
2_15 2.8 100 0 0
16-29 11.42 100 0 0
30-43 8.57 98.57 1.43 0
44-56 8.57 100 0 0
57-70 11.42 100 0 0
71-83 7.14 100 0 0
84-96 5.71 100 0 0
97-109 0 0 0 0
Gender 0.001  0.991
Males 47.88 97.05 2.94 100
Females 50.7 100 100 2.94
Not Started 1.43 100 100 100

Prio-exposure

e 0.0478  0.967
to antibiotics
antibiotics intake 75.71 98.11 1.88 0
No-antibiotics taken 24.29 94.41 0 5.88
Invasive Procedure
underwent procedure 5.63 75 25 0 <0.0001

No procedure done 94.37 98.51 1.49 0
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Hospitalization duration 0.3679
Prolong 10 98.69 1.41 0
standardized 90 98.68 0 1.41

4. Discussion
4.1. To Determine the CRE Species

Carbapenem-resistant Enterobacterales (CRE) is a global public health concern affecting
community and healthcare facilities. The worldwide increase in CRE infections is alarming, given its
association with high mortality and mortality rates and its substantial economic burden on clinical
settings (Park et al., 2020). The acquisition of CRE infections is linked to prolonged ICU stays, the use
of medical devices such as mechanical ventilation and catheters, and the performance of invasive
surgical procedures (Varma et al.,, 2018). Carbapenem resistance among Entferobacterales in South
Africa has historically been relatively low and stable. However, the recent emergence of the CRE
resistance mechanism, which includes overexpression of efflux pumps, development of tet(X) genes,
and overuse and misuse of carbapenems, has raised concerns. The overuse and misuse of these
antibiotics can lead to resistance, making infections more challenging to treat and posing a significant
threat to public health (Korczak et al., 2024). This study explored the Prevalence of CRE infections in
Mthatha and surrounding hospitals. The study involved a comprehensive review of patient records
and laboratory data to identify cases of CRE infection. The prevalence was then represented in a
graph chart using SPSS. The results show a notable high prevalence of CRE infections in neonatal,
male surgical, and maternal and pediatric wards, predominantly driven by Klebsiella spp. (53.4%),
followed by Enterobacter spp. (20.5 %), then Escherichia coli (6.7%).These findings are in agreement with
findings obtained in previous studies conducted in community hospitals in Bahrain (87%), Taiwan,
and Nigeria (91%) (Korczak et al., 2024; Saeed et al., 2019; Alraddadi et al., 2022). This is because K.
pneumoniae has been reported worldwide as a dominant species; hence, a carbapenem-resistant K.
pneumoniae (CRKP) gene is reported. The dominance of Klebsiella spp. in causing infections is
significant as it indicates the need for targeted interventions to control the spread of CRE. This shows
that neonatal wards are significantly affected by CRE infections because neonates have weak immune
systems to fight off CRE infections. Male surgical and maternity wards have a broad diversity of CRE
infections; hence, multiple organisms were detected. This might be because of the high number of
immunocompromised patients in these wards. Usually, these wards have a population pre-exposed
to tetracycline antibiotics and undergone different surgeries, which are risk factors for acquiring CRE
infection (Jiang et al.,, 2022). Klebsiella spp. is the most common organism across multiple wards,
indicating its dominance in causing infections — Enterobacter spp. Escherichia coli is present in several
wards but at significantly lower frequencies. Accident Emergency, Adult Care Ward, and Outpatient
departments exhibit relatively low occurrences of CRE infections. These findings are significant in
South Africa’s healthcare system as they highlight the urgent need for targeted interventions and
increased surveillance to control the spread of CRE infections. In this study, the age distribution was
skewed toward old patients when CRE infections were analyzed —Klebsiella spp. was prevalent in a
comprehensive age range for both genders, with some exceptional cases in younger individuals;
Citrobacter spp. is primarily present in older age groups, particularly for females; Enterobacter spp. has
a relatively younger age distribution for both males and females, with a narrow range. As age
increases, the variety of CRE organisms also increases; this might be because older patients are
affected by more than one CRE acquisition risk factor, leading to the high prevalence of CRE in wards
occupied by older people (Zhang et al., 2022). The outcome of this study shows that the prevalence
of this CRE infection in Mthatha Hospital and surrounding hospitals is 30%. This estimate is lower
than the estimates reported in the literature of other countries, such as the United States (32%) and
India (28%) (Paveenkittiporn et al., 2021). Still, higher estimates were reported in Tunisia (15.8%), and
other countries such as China and Nigeria reported varying numbers of CRE infection prevalence
(Adesanya et al., 2020). This could be because the population size of the study was different, and
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study sites are in other regions of the world with different economic statuses and clinical settings.
Three central resistant genes of carbapenems have been reported in clinical isolates worldwide,
namely KPC, NDM, and OXA-48, with KPC being the most prevalent (Rizzo et al., 2019). This study’s
most identified class A genes are NDM (56.9%) and OXA-48 (31.9%); 11.1% were negative. These
findings are consistent with the outcome reported by Park et al. (2020), where the prevalence of CRE
was investigated in clinical isolates, and NDM (5.1%) was reported, followed by Oxa-48 (26.8%). The
outcomes of this study differ from those of Lee et al. (2021), where CRE prevalent genes were
evaluated in clinical isolates, and VIM (80%) was the most prevalent gene. This may be due to the
different years of reporting; sometimes, specific genes are prevalent in that particular year because
of the reported outbreaks. CRE gradually evolves, posing a significant threat to patients of all ages;
early detection of carbapenemase production in clinical infections, carriage states, or both is essential
to prevent hospital-based outbreaks (Aslam et al., 2020). This shows the need for further research to
understand and combat the rise of CRE infections in South Africa. More research is needed to explore
the specific factors contributing to the increase of CRE infections, the effectiveness of current control
measures, and the development of new strategies to prevent and manage these infections. This
suggests that further research is crucial to inform evidence-based interventions and policies to control
the spread of CRE in South Africa.

4.2. Tigecycline Susceptibility Using E-Test

The emergency of multi-drug-resistant bacteria in hospitals significantly limits the therapeutic
options to treat life-threatening infections and forces clinicians to use the last resort antibiotics,
including tigecycline (Babaei et al., 2021). Since CRE infections are prevalent and are associated with
increased mortality and morbidity worldwide, WHO, FDA, and EUCAST recommend clinicians to
use colistin and tigecycline to treat these infections (Chen et al., 2021). This study focuses more on
tigecycline and its effectiveness in CRE. Tigecycline is the first member of the glycylcycline class of
antibiotics that has displayed important properties in vitro activity against CRE and is a last resort of
treatment options for CRE; hence it is crucial to study its antibiotic susceptibility (Jenner et al., 2013,
Wang et al, 2020, Li et al., 2020). Several methods are used to perform tigecycline antibiotic
susceptibility tests (AST), but the most reliable and accurate ones include disk diffusion and E-test
(Wilson et al., 2023). Though many factors affect TGC susceptibility, such as unavailability of
predictive breakpoints to interpret results for some pathogens on CLSI, US FDA was used as an
alternative. The present study performed tigecycline AST using an E-test on 100 CRE hospital isolates
in South Africa, Mthatha, and surrounding hospitals. 92.8% CRE was susceptible to tigecycline, 1.5%
intermediate resistant to tigecycline, and 5.8 % resistant to tigecycline. Tigecycline resistance is
present in children (neonates) and adult patients, with slightly more in adults than children. The
difference in tigecycline resistance between age groups is statistically insignificant, as indicated by a
p-value of 0.944. Based on this sample, there is no evidence that tigecycline resistance is associated
with age, even though it is mainly seen in adult patients. Age group 0-1 shows a high level of
tigecycline susceptibility (S) compared to other age groups; there is relatively low tigecycline
resistance (R) and Intermediate resistance (I). Age Groups 2-15, 16-29, 30-43, and onwards: In these
groups, susceptibility frequency decreases notably compared to the 0-1 age group. As age increases,
tigecycline resistance also increases; this is justified by the fact that as people use health facilities, use
antibiotics (especially tetracyclines), undergo surgeries, others who are admitted to ICU, have
underlying health conditions that are prime risk factors for tigecycline resistance (Korczak et al., 2024,
Sun et al., 2023, Heidary et al., 2024, Su et al., 2024). These outcomes were consistent with outcomes
reported by Wilson et al. (2023), where 75.3% tigecycline susceptibility was obtained on CRE hospital
isolates using the E-test method; the study was conducted in India. Li et al. (2021) conducted a similar
study in China, where tigecycline AST was performed on CRE, and 82% tigecycline susceptibility
was reported using KB diffusion. Yu et al. (2020) conducted an AST on CRE and reported 80-90%
tigecycline sensitivity in critically ill patients. Lower tigecycline resistance in other countries may be
because tigecycline is a reserved drug; WHO recommends the use of this drug on certain
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specifications and prevents the overuse and misuse of this tigecycline that could lead to increased
resistance. The outcomes of this study are not aligned with the study conducted by Sah et al. (2022),
where Tigecycline AST was performed using the disc diffusion method on 51 CRE hospital isolates,
and 30 (58%) were resistant to tigecycline. This significant difference might be because of the
difference in sample size and different screening methods employed to perform AST. The suggested
dose of TG for patients is 100 mg on the first day, followed by 50 mg every 12 hours on subsequent
days. The systemic clearance of TG is 0.2 to 0.3 L/h/Kg, with a half-life of 37 to 67 hours. This
antibiotic’s most common side effects include nausea and vomiting (Heidary et al., 2023).TG is used
to treat surgical wound infections caused by MRSA, Enterobacterales, Streptococci, and anaerobic
bacteria. Additionally, it is being tested for treating skin infections caused by MRSA and Gram-
negative bacteria. According to Viechtbauer et al. (2010), TG is equivalent to imipenem in abdominal
and intra-abdominal infections and to a combination of aztreonam and vancomycin in skin and skin
structures. Reasons for substituting TG with equivalent drugs include: 1) TG possesses an extensive
range of action against bacteria, including oxygen-requiring and oxygen-averse types and Gram-
negative and Gram-positive varieties. 2) It is potent against severe infections like those resistant to
vancomycin among Enterococcus species (VRE), Methicillin-resistant Staphylococcus aureus
(MRSA), antibiotic-resistant Streptococcus pneumoniae, and Gram-negative respiratory pathogens.
3) It is effective in treating a variety of diseases caused by pathogens. 4) TG shows efficacy against
less common bacterial infections, such as those caused by Mycoplasma pneumonia. 5) It is safe for
use in patients with renal and hepatic insufficiency and the elderly without the need to adjust the
dose (Bajaj et al., 2020). Other studies reported ribosome protection, drug-degrading enzymes, cell
membrane pore channel protein modification, and efflux pump mechanisms as the primary
mechanisms of bacterial resistance to tigecycline (Zhang et al., 2022). Tigecycline is derived from
minocycline by adding a 9-tert-butyl-glycylamido side chain to the D ring at the ninth position. This
side chain aids in overcoming the ribosomal protection proteins and efflux pumps, which confer
resistance to other tetracyclines. Tigecycline remains a promising treatment option for CRE. Still,
clinicians are urged not to use it as a monotherapy because of its bacteriostatic activity and low
steady-state concentration, especially when treating severe multidrug-resistant Gram-negative
infections. For neonates, the recommended combination therapy is tigecycline and amikacin.

4.3. PCR for Tet (X) Genes

Tigecycline resistance has been detected in hospital isolates worldwide, including South Africa,
Eastern Cape Mthatha, and surrounding hospitals (5.8 %). There is an urgent need to develop an
effective, fast, yet specific method to detect tigecycline-resistant genes; real time PCR technology has
allowed the development of a quick and reliable alternative to traditional hybridization for the
detection of tetracycline-resistant determinants. PCR-based techniques are commonly used in the
diagnostic laboratory (Heidary et al.,, 2023). This fluorescence-based real-time assay can identify
target genes independently and allows for multiple PCR reactions in one tube by employing the
unique melting curve analysis following DNA amplification. According to recent research, real-time
PCR can detect and quantify tet genes. The real-time PCR assay is commonly used in molecular
diagnosis to detect environmental diseases and pathogens. It is most advanced compared to
previously used approaches regarding sensitivity, reliability, precision, and time efficiency (Zou et
al., 2024). Yu et al. (2023) developed a multiplex test for three groups of tet genes using universal
primers. The majority of the tet genes studied encoded ribosome protection proteins. Due to their
high sequence divergence, the researchers targeted three classes of efflux tet genes with only two
pairs of primers. In this study, tet(X) genes and their variants in different types of samples, a multiplex
SYBR green-based real-time PCR assay was developed for specific detection of five tet(X) genes from
other samples, including tet(X) (GenBank accession no. GU014535.1), tet(X1) GenBank accession no.
AJ311171), tet(X2) (GenBank accession no. AJ311171), tet(X3) (GenBank accession no. MK134375),
tet(X4) (GenBank accession no. MK134376), and tet(X5) (GenBank accession no. CP040912.1) (Fu et
al., 2020). With the Lightcycler device and the intercalating fluorescent dye SYBR Green, I can monitor
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the accumulation of amplicons in reaction over time. SYBR Green (I) eliminates the requirement for
analyzing PCR results on time-consuming agarose gels. After PCR amplification, the LightCycler
monitors the fluorescence decrease caused by SYBR Green I release during DNA melting point
analysis by gradually increasing the temperature. Target genes can be identified based on certain
amplicons’” melting peak form and Tm. Except for tet(X1) (65.2%), all other tet(X) (tet(X1), tet(X2),
tet(X3), tet(X4)) gene composition is like tet(X) about 85.1% to 99.8%. Though each gene has its pair
of primers, the high level of similarity on the tef(X) variant does give a challenge to design specific
primers, especially tet(X2) and tet(X), since they are the same except for two nucleotides (Ji et al.,
2020). Of the 100 CRE clinical isolates studied 0 (%) yielded 0 (tet(X1)), tet(X2), tet(X3), tet(X4) and
tet(X5) using PCR. There were no tet(X) genes responsible for tigecycline resistance in CRE detected
from this sample, even though tigecycline resistance is notable high from the sample of this study, it
is still lower than 15%, this means that there is other resistance mechanism that confers tigecycline
resistance such as efflux pumps and Mutations in genes like ramR, acrR, adeS, rrf, and rpoB. These
findings align with a study conducted by Li et al. (2020), where real-time PCR was performed to
detect tet(X) genes in hospital isolates. The justification for similar results might be that other
countries reserve tigecycline drugs, and it is used in exceptional cases, as is South Africa and China.
The results of this study are contrary to the study obtained by et al., 2023, where tet(X) genes were
detected in hospital isolates. The difference is about %; this could be the difference in CLSI guidelines
on tigecycline. In conclusion, we developed a multiplex SYBR green-based real-time PCR assay for
the rapid screening and quantification of various tet(X) variants, including tet(X), tet(X1), tet(X2),
tet(X3), tet(X4), and tet(X5). It is susceptible and specific for detecting tet(X) and its variants from
hospital samples. The prevalence of tet(X) in hospital isolates in South Africa has been increasing
since 2020; more methods to detect tet(X) are recommended.

4.4. Risk Factors Associated with Tigecycline

Few studies have assessed the risk factors associated with tigecycline resistance in CRE among
hospital isolates. According to the Literature available, tigecycline resistance may be conferred by
many factors, including prior exposure to antibiotics, the use of different drugs (particularly
tetracycline) can confer tigecycline resistance in patients, and being in ICU where you might be
exposed to a variety of resistant organisms (Jiang et al., 2022).Multivariable analysis indicated that
nasal catheter and exposure to antibiotics such as penicillin and fluoroquinolones were independent
predictors for acquiring TCREC (Yuansu et al., 2022).This study aimed to determine the risk factors
associated with tigecycline resistance in CRE using patient history and demographic characteristics.
The correlation between tigecycline resistance and wards was weak, indicated by r=0.4182, and the
p-value of 0.1631 indicated that the association was not statistically significant. This suggests that
being admitted to clinical wards does not necessarily mean that patients would be resistant to
tigecycline, even though patients admitted to ICU (25.1%) showed an increased resistance than those
admitted to other wards. Most patients admitted to the ICU are more vulnerable to MDR pathogens,
which confer resistance to tigecycline. Another study reported that patients with urinary
catheterization admitted to the Intensive care unit (ICU) had increased tigecycline-resistant infections
(Heidary et al., 2024; Jiang et al., 2019). In Age, a statistically significant p-value of 0.001 suggests a
strong relationship between tigecycline resistance and age groups. The r= value of 0.9501 indicates a
strong correlation. There was a notable tigecycline resistance in older patients than neonates; as
people grow, they tend to use different antibiotics; most older patients are immunocompromised and
are vulnerable to many pathogens with resistant strains. This suggests that age is a critical factor in
tigecycline resistance. One of the most prevalent tigecycline risk factors is the demographic age of the
patient; elderly patients are at a higher risk of acquiring tigecycline resistance due to their weakened
immune systems and higher likelihood of various comorbidities (Saraci et al., 2023; Curcio et al.,
2007).There was a positive correlation between tigecycline resistance and pre-exposure to antibiotics,
as indicated by a statistically significant p-value of 0.0478. Undergoing specific invasive procedures
might contribute to tigecycline resistance, as indicated by a statistically significant p-value of 0.0478.
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Invasive medical procedures also significantly increase the risk of tigecycline resistance. Patients
having central venous catheterization, mechanical ventilation, or urine catheterization are more
vulnerable. These procedures may bring pathogens into sterile conditions, facilitating the acquisition
of MDR organisms (Heidary et al., 2024). A non-significant p-value of 0.3679 was found between the
length of hospitalization and tigecycline resistance. This suggests that hospitalization duration might
not be a direct risk factor for tigecycline resistance, even though patients with prolonged, unnecessary
stays might acquire tigecycline resistance more than patients with standardized hospitalization
(Zhou et al., 2023). Jiang et al. (2019) discovered that using nasal catheters and exposure to
medications such as penicillin and fluoroquinolones were independent predictors of tigecycline
resistance. The prevalence of tigecycline resistance in this study was 97.1%, higher than that of Jiang
in China, where He evaluated tigecycline resistance in CRE. It is recommended that tigecycline
resistance be reduced by practicing reasonable antibiotic use and minimizing invasive procedures.
Underlying health conditions such as HIV, cancer, etc., might be a risk factor for tigecycline because
the use of immunosuppressive drugs increases vulnerability to resistant organisms (Zhou et al,,
2023). Social-economic factors also play a crucial role in infection rates and resistance; poor living
conditions are associated with high tigecycline resistance in CRE isolates. This is likely due to age-
related changes in pharmacokinetics and pharmacodynamics and the higher prevalence of
underlying conditions in the elderly population. Healthcare professionals should exercise vigilance
when prescribing tigecycline to older patients and closely monitor adverse events like
thrombocytopenia, particularly those with three or more risk factors.

5. Conclusions

CRE gradually evolves, posing a significant threat to patients of all ages; early detection of
carbapenemase production in clinical infections, carriage states, or both is essential to prevent
hospital-based outbreaks. More research is needed to explore the specific factors contributing to the
rise of CRE infections, the effectiveness of current control measures, and the development of new
strategies to prevent and manage these infections. As using Tigecycline is the last line of treatment of
the CRE infection, the high rate of tigecycline resistance in this study is alarming for the healthcare
system in South Africa, Eastern Cape Mthatha and surrounding hospitals, tigecycline combination
therapy is recommended when treating critically ill patients and also it should be better that clinicians
do not use broad-spectrum antibiotics easily, especially in experimental treatment to minimize
tigecycline resistance in CRE. Tet (X) genes are not responsible for tigecycline resistance in sample of
this study. The risk factors associated with tigecycline resistance in CRE include age, pre-exposure to
antibiotics, pro-longed hospitalization and undergoing invasive procedures.
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