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Drug resistant Klebsiella pneumoniae =
from patients and hospital effluent:
a correlation?

Naledi S. Masalane', Linda A. Bester?, Arshad Ismail®, Sabiha Y. Essack'*" and Joshua Mbanga'**

Abstract

Background The application of wastewater-based epidemiology has gained traction as a cost effective tool in
antimicrobial resistance (AMR) surveillance with studies showing a correlation between the presence of resistant
bacteria from hospital sewage and patients. This study compared Klebsiella pneumoniae from patients and hospital
effluent in terms of antibiotic resistance patterns, antibiotic resistance genes (ARGs), mobile genetic elements (MGEs)
and phylogenomic relationships.

Results Pooled effluent samples were collected from the final effluent point of a regional hospital and K. pneumoniae
isolates were identified on selective media. Clinical isolates were also collected from the same hospital. Antimicrobial
susceptibility testing (AST) was performed using the VITEK® 2 system. DNA was extracted prior to whole genome
sequencing (WGS). The resistome, mobilome, and phylogenetic lineages of sequenced isolates were assessed using
bioinformatics analysis. A total of 10 randomly selected presumptive and 10 clinical K. pneumoniae constituted the
sample and were subjected to AST. Total resistance was observed in the clinical samples to cefuroxime, cefotaxime,
piperacillin/tazobactam, gentamicin, tobramycin and trimethoprim/sulfamethoxazole. The effluent isolates exhibited
total susceptibility to most antibiotics but showed resistance to amoxicillin/clavulanic acid and piperacillin/
tazobactam (100%), and tigecycline (10%). The effluent isolates did not exhibit a diverse resistome, while the clinical
isolates harboured genes conferring resistance to aminoglycoside (aph(6)-Id, aph(3”)-1b, aac(6’)-1b-cr, aadA16), (3-lactam
(blas,y group, blasy, group, blarg, group), and fluoroquinolone (ogxA, ogxB) antibiotics. Only class 1 integrons were
identified. Phylogenetic analysis revealed that effluent isolates from this study were not closely related to the clinical
isolates.

Conclusion This study showed no correlation between the resistance profiles of the clinical and effluent isolates. The
relationship between AMR in hospital effluent and clinical resistance may depend on the antimicrobial agents and
bacterial species studied.
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Background

Klebsiella pneumoniae is a Gram-negative opportu-
nistic bacterium that forms part of the normal flora of
the skin, mouth and gut. K. pneumoniae belongs to the
order Enterobacterales, and is a major cause of hospital-
acquired infections. It is mainly responsible for urinary,
respiratory and bloodstream infections [1, 2]. It is part
of the Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseu-
domonas aeruginosa, Enterobacter spp, and Escherichia
coli (ESKAPEE) group of pathogens that are increasingly
associated with several multi-drug resistant nosocomial
infections [3]. They carry antibiotic resistance genes
(ARGS) on mobile genetic elements (MGEs) that encode
resistance to the most commonly-used classes of antibi-
otics [4, 5]. These ARGs and MGEs are present in various
environments, and can spread among different species
of microorganisms, humans, animals, soil, and water [6].
Carbapenem-resistant and 3rd -generation cephalospo-
rin-resistant Enterobacterales are on the World Health
Organization’s (WHO) bacterial priority pathogens list
for research and development of new antibiotics [7].

The development and rapid spread of antibiotic resis-
tance (AR) increases the risk of common infections
becoming impossible to treat [8]. AR, primarily caused by
use, misuse or overuse of antimicrobial agents, is a seri-
ous global health concern claiming above 700 000 lives
each year [9]. AMR is an increasing threat to healthcare
systems resulting in the reduced ability of antimicrobial
therapies to effectively combat infections and leading to
increased morbidity and mortality rates [10]. Drug-resis-
tant bacteria are usually spread by direct contact of the
infected patient with staff, other patients, and visitors.
Clinical surfaces and hospital effluent are potential reser-
voirs of multi-drug-resistant (MDR) bacteria [11].

Hospital effluent serves as a channel for the disposal
of waste materials, including, faecal matter, clinical and
biological waste, and used clinical supplies that could
potentially be contaminated with pathogenic bacteria
[11, 12]. Such effluent contains large quantities of diverse
ARGs and their associated MGEs [4]. This makes them
reservoirs and hotspots for the prevalence and dissemi-
nation of drug-resistant strains via effluent [12, 13]. Hos-
pital effluents are an ideal environment for the exchange
of resistance genes between clinical and environmental
pathogens, given the mixed population of various bac-
teria, antimicrobial agents, and nutrients in the sewage
environment [14, 15].

This study delineates the prevalence and antibiotic
resistance profiles of Klebsiella pneumoniae from hospi-
tal effluent in comparison with clinical isolates by whole
genome sequencing and bioinformatics to delineate their
resistomes, mobilomes, and phylogeny in a regional hos-
pital, KwaZulu-Natal.
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Methods

Sample collection

Hospital waste water (HWW) samples were collected
from the final effluent discharge point that receives efflu-
ent from all the hospital wards and buildings at a regional
hospital which has a bed capacity of 897 beds. A compos-
ite sampling method was used, where water samples were
manually grabbed over a period of 3 h (30 s intervals);
and pooled to create one sample. Clinical isolates on agar
plates were received weekly for the duration of the study
from the National Health Laboratory Services (NHLS).
Sampling was conducted during November 2023.

Bacterial isolation and identification

The membrane filtration technique was used to pro-
cess the effluent samples where water samples were
passed through a porous membrane (0.45 pm) (ISOLAB
Laborgerate GmbH, Eschau, Germany) using a filter fun-
nel and vacuum system (ISOLAB Laborgerate GmbH,
Eschau, Germany). The membrane filter was applied onto
agar plates containing selective media for K. pneumoniae
identification, Simmons Citrate Agar (Merck, Darmstadt,
Germany) supplemented with Myo-Inositol (SCAI) and
adjusted to a pH of 7.2 was used. After 24 h at 37 °C, yel-
low, moist colonies were produced.

Antimicrobial susceptibility testing

Antibiotic susceptibility testing was performed using
the VITEK® 2 System AST (bioMérieux, North Carolina,
USA) card N-256 for Gram-Negative for the following
panel of antibiotics: cefuroxime, ceftazidime, cefotaxime,
cefepime, amoxicillin/clavulanic acid, piperacillin/tazo-
bactam, imipenem, doripenem, meropenem, ertapenem,
gentamicin, tobramycin, amikacin, ciprofloxacin, trim-
ethoprim/sulfamethoxazole and tigecycline.

Whole genome sequencing and bioinformatics

Genomic deoxyribonucleic Acid (DNA) was extracted
from selected isolates exhibiting phenotypic resistance
to at least one antibiotic. DNA was extracted using the
GenElute bacterial genomic DNA kit (Sigma Aldrich, St.
Loius, MO, USA). The quality of the DNA was assessed
using NanoDrop Lite Plus (Thermo Fisher Scientific,
Wilmington, Delaware, USA) at 260/280 nm wavelength.
WGS using the Illumina Miseq machine (Illumina, San
Diego, California, USA) was performed at the National
Institute for Communicable Diseases (NICD) Sequenc-
ing Core Facility. Raw reads were trimmed using Sickle
(https://github.com/najoshi/sickle) for quality trimming
and assembled using the SPAdes assembler. Resistance
genes were identified using ResFinder (http://genepi.foo
d.dtu.dk/resfinder) [16, 17] at a threshold ID of 90% and
minimum length of 60%. PlasmidFinder 2.1 (https://cge
food.dtu.dk/services/PlasmidFinder/) was used to ide
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ntify the plasmid replicons. The INTEGRALL database
was used to identify and classify integrons and gene cas-
settes. NCBI's PGAP and ISFinder (https://isfinder.bioto
ul.fr/) were used to annotate transposons and insertion
sequences. The Comprehensive Antimicrobial Resistance
Database (CARD) was used to identify the efflux pump
proteins (https://card. mcmaster.ca/) [18]. MLST 2.0 (http
s://cge.food.dtu.dk/services/MLST/) was used to identify
the sequence types of the isolates. The sequences were
submitted to GenBank and assigned accession numbers
under BioProject PRJNA1143548 (Supplementary Table
S1).

Phylogenomic analysis

Whole genome sequences of K. pneumoniae isolates
from this study were compared to clinical and environ-
mental isolates from South Africa and other African
countries curated at the BV-BRC (https://www.bv-brc.or
g/) website. The downloaded sequences for each organ-
ism were used alongside the sequences from this study
to construct a phylogenetic tree on BV-BRC. The con-
structed phylogenetic tree was annotated, viewed and
edited using iTOL version 7 (https://itol.embl.de/).

Results

Prevalence of Klebsiella pneumoniae in clinical samples and
hospital effluent

A total of 20 Klebsiella pneumoniae isolates from clini-
cal (10) and hospital effluent (10) were subjected to anti-
microbial susceptibility testing and WGS. Sixteen of the
isolates were positively identified as K. pneumoniae by
WGS. These consisted of 10 effluent and six clinical iso-
lates. The non - K. pneumoniae isolates identified after
WGS included Klebsiella quasi-pneumoniae, Klebsiella
variicola and Klebsiella aerogenes (2). The results pre-
sented relate only to the positively identified K. pneu-
moniae isolates.

Antibiotic susceptibility profiles
The clinical K. pneumoniae isolates showed overall high
resistance rates compared to the effluent isolates, which
can be explained by use of these antibiotics in the clinical
setting. All the clinical isolates were resistant to at least
seven or more antibiotics belonging to three or more
classes, while the effluent isolates were resistant to at
least two antibiotics. High (100%) resistance rates were
observed in the clinical K. pneumoniae against cefurox-
ime, cefotaxime, piperacillin/tazobactam, gentamicin,
tobramycin and trimethoprim/sulfamethoxazole (Fig. 1).
The effluent isolates exhibited total susceptibility
against all tested antibiotics except amoxicillin/clavu-
lanic acid and piperacillin/tazobactam to which they
were 100% resistant and tigecycline (10%). Only 33.33%
of the clinical isolates were resistant to the carbapenem
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antibiotics and the same isolates showed resistance to
amikacin (Fig. 1).

Genomic characteristics

The genomic features of the Klebsiella pneumoniae are
presented in terms of genome size, GC content, sequence
length, L50 and N50 values in the supplementary mate-
rial (Table S1).

Antibiotic resistance genes

The clinical K. pneumoniae isolates harboured more
resistance genes compared to the effluent isolates. All
the clinical isolates carried several f3-lactam resistance
genes, with the most common genes being blacrx_p_;s
and bla g,z found in all six isolates. In the effluent iso-
lates, only 50% harboured the 3-lactam resistance gene
blagyy,_;, which is responsible for intrinsic resistance
to ampicillin in K. pneumoniae, whereas in the clini-
cal isolates, five different blag,, genes were identified
(blagyy s; blagyy op blagyy oo blagyy 110 blagyy ;7).
Blag,y,._,5, was found only in one effluent isolate. The
blaypy_; gene was only present in the two (33.33%) clini-
cal isolates. The extended-spectrum p-lactamase (ESBL)
blagyy (blagyy 175 blagyy_ge blagyy o blagyy ;59 and
blagyy_g;), blacry y_1s and blagpy, (blagpy s bla-
TEM-141 Plapp_ 15 and blargy,_5;4) genes were co-carried
in the clinical isolates (Table 1).

Aminoglycoside resistance genes (aph(6)-Id, aph(3”)-
1b, aac(6’)-Ib-cr and aadAl6) were the most common
among the clinical isolates. The effluent isolates did not
harbour any aminoglycoside resistance genes, which was
in line with their phenotypic resistance patterns (Table 1).

The clinical isolates also harboured the fluoroqui-
nolone resistance genes gnrBl1(n=1), qnrB6(n=2) and
gnrS1(n=2). OgxA and oqxB that encode the multidrug
efflux pump ogxAB was found in five (83.33%) of the six
clinical isolates. The effluent isolates, although not phe-
notypically resistant to a number of the tested antibiotics,
also harboured the genes encoding the multidrug efflux
pump ogxAB. Trimethoprim-sulfamethoxazole resis-
tance genes sull, sul2, and dfrA27 were carried by five of
the clinical isolates, while the other one harboured sul2
with dfrA14.

No tetracycline resistance genes were carried by the
clinical isolates that showed resistance to tigecycline,
while the effluent K. pneumoniae showed the tetracycline
resistance gene tetD, although only one showed pheno-
typic resistance to tigecycline. Five of the clinical isolates
carried the gacE gene that encodes resistance to quater-
nary ammonium compounds.

Mobile genetic elements and their association with ARGs
The effluent K. pneumoniae isolates had only one plas-
mid replicon type present (IncFIB(K)), which was also
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Fig. 1 Antibiotic resistance rates of the K. pneumoniae from human and hospital effluent
KEY: CXM = cefuroxime, CAZ = ceftazidime, CXT = cefotaxime, FEP = cefepime, AMC = amoxicillin/clavulanic acid, TZP = piperacillin/tazobactam, IPM = imipenem,
DOR = doripenem, MEM = meropenem, ERT =ertapenem, GEN =gentamicin, TOB =tobramycin, AMK =amikacin, CIP = ciprofloxacin, SXT = trimethoprim/sulfa-

methoxazole, TIG =tigecycline

common in the clinical isolates (Table 2). Other plas-
mid replicon types in the clinical isolates included
IncFIA(HI1),  IncFII(K),  IncHI1B(pNDM-MAR),
repB(R1701), colKP3, IncR, and IncFIB(pKPHS1). Resis-
tance genes were carried on insertion sequences and/or
transposable elements, and just a few carried on intl1
integron. Most ARGs on the effluent K. pneumoniae iso-
lates were not associated with mobile genetic elements.
Resistance gene blaCTX-M-15 was carried on the trans-
poson Tn3 on all the clinical isolates that harboured the
gene and associated with other resistance genes (aac(3)-
IIa and blaTEM-1B) and insertion sequences (ISEcpl,
ISKpnil, ISKpnli2, 1S3) on three of the isolates (CKP2,
CKP5 and CKP8). This combination of ARGs was also
bracketed by insertion sequences ISI, ISKpn26 on CKP
and CKP8 and associated with ISNCY and ISIx2 on
CKP8 (Table 2).

In all the effluent isolates, the catAl gene was carried
on TnAs3, and associated with insertion sequence ISIB
in one isolate; while only one of the clinical isolates har-
boured the gene and insertion sequence ISI. Only one
clinical isolate harboured blay,_,; that was carried

on Tn3 transposon and associated with the IS300 and
ISKpnl19 insertion sequences. All the effluent isolates
did not have the class 1 integron, while 4 out of 6 clini-
cal isolates had the class 1 integrase gene intl/I (Table 3).
In1021, which contained the gene cassette aacA4cr-
arr3-dfrA27-aadA16 was common in 3 of the clinical K.
pneumoniae, the other isolate harboured the dfrA14 gene
cassette.

MLST and phylogeny

MLST showed that all the effluent K. pneumoniae iso-
lates had a common sequence type ST29. Four of the
clinical isolates had a common sequence type ST17 while
two had unique sequence types ST348 and ST152. Phy-
logenetic analysis revealed that clinical and effluent iso-
lates from this study were not closely related and did not
cluster together (Fig. 2). In contrast, the effluent isolates
clustered together according to their sequence type and
formed a clade with South African environmental iso-
lates. CKP2, CKP5, CKP8 and CKP10 (ST17) all clus-
tered together with South African isolates from human
and environmental settings according to sequence types.
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Table 1 (continued)

Efflux mechanism of resistance

Plasmid replicons

Resistance genes

Resistance pattern

Source of
isolation

Iso-
late
ID

MdtQ, ogxA, tet(D), H-NS, adeF, emrR,

gacG, KpnEF, LptD, marA

IncFIB(K)

0OgxB, OgxA, tet(D)

AMC-TZP

Effluent

SEB7

MdtQ, ogxA, tet(D), H-NS, adeF, emrR,

gacG, KpnEF, LptD, marA

IncFIB(K)

OqgxB, OgxA, tet(D)

AMC-TZP

Effluent

SEB8

(2025) 25:284

MdtQ, ogxA, tet(D), H-NS, adeF, emrR,

gacG, KpnEF, LptD, marA

IncFIB(K)

OgxB, OgxA, tet(D)

AMC-TZP

Effluent

SEB9

MdtQ, ogxA, tet(D), H-NS, adeF, emrR,

gacG, KpnEF, LptD

IncFIB(K)

blag,_;, OgxB, OgxA, tet(D)

AMC-TZP

SEB10  Effluent
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Clinical CKP1 formed a separate clade with 2 clinical
isolates and an environmental isolate from South Africa.
Clinical isolate CKP4 was also closely related and clus-
tered with South African clinical and environmental
isolates according to sequence type and formed a sepa-
rate clade with an isolate from a water source in Tunisia
(Fig. 2).

Discussion

This point-prevalence study investigated the phenotypic
and genomic antibiotic resistance profiles of Klebsiella
pneumoniae isolates from patients and hospital effluent.
The frequency and characteristics of antibiotic resistant
bacteria in hospital effluent is a simple technique to mon-
itor the spread of resistance from the clinical setting into
the environment [19] and there are a number of studies
that report that hospital sewage is increasingly associated
with multidrug resistant bacteria [20-22]. While no such
similarities were observed in our study, we report on the
complexity and diversity of resistance observed in clini-
cal isolates compared with isolates from hospital efflu-
ent that did not harbour major antibiotic resistance, nor
resistance genes.

This study did not reveal any relationship in the resis-
tance of K. pneumoniae from the hospital sewage and
clinical samples (Fig. 1). Higher resistances across all
tested antibiotics were observed in the clinical isolates
from patients at the hospital. The low levels of pheno-
typic antibiotic resistance in the K. pneumoniae recov-
ered from hospital effluent in this study contradicts some
studies that discovered above 40% resistance rates against
the tested antibiotics on K. pneumoniae from hospital
effluent [23, 24].

The antibiogram of the clinical isolates showed mul-
tidrug resistance to commonly used antibiotics, with
higher resistance rates to cefuroxime, cefotaxime, piper-
acillin/tazobactam, gentamicin and trimethoprim/sul-
famethoxazole (100%) compared with others (Fig. 1).
Resistance rates above 70% were observed against
ceftazidime, cefepime, amoxicillin/clavulanic acid
and ciprofloxacin. Similar resistance rates have been
described in other studies. A study by [25] reporting on
virulent and multidrug-resistant K. pneumoniae from
clinical samples in Pakistan showed similar high resis-
tance rates in cefotaxime and amoxicillin/clavulanic acid
(100%), and gentamicin (76.3%); while [26], investigating
multidrug-resistant K. pneumoniae in patients admit-
ted in Brazilian hospitals also reported higher resistance
rates of 85.7% and 90.4% against trimethoprim/sulfa-
methoxazole and cefuroxime, respectively. However [25],
also reported lower resistance against piperacillin/tazo-
bactam and [27] evaluating antibiotic sensitivity patterns
of K. pneumoniae and K. oxytoca from clinical samples
reported lower resistance against ciprofloxacin (37.5%)
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Table 3 Class 1 integrons and gene cassettes found in the
clinical K. pneumoniae isolates
ISOLATE ID (MLST) INTEGRON Cassette arrays

GC1 CG2 GC3 GC4
CKP1 (ST348) None dfrA14 - - -
CKP5 (ST17) In1021 aacAdcr arr-3  dffA27  aadAl6
CKP8 (ST17) IN1021 aacAdcr arr-3  dffA27  aadAl6
CKP10 (ST17) In1021 aacAdcr arr-3  dfrfA27  aadAl6

and gentamicin (31%) compared with our study. Another
study [28], who investigated antibiotic resistance patterns
in MDR E.coli and K. pneumoniae from patients in Iran

1S19L0%%

nog|uewnL0f

573.76856/ST17C KP8jHuman|South Africa
| Africa
<y T17|CKP2IHUmA South
e Africa
yuth /
\)\W‘\\ll\\\.m‘\\ it
esTT T i AR
573.7685 g
AexpsiY -
2eg5oiST -
o i’
L AA0AT st

Page 9 of 14

also reported lower resistance rates against ciprofloxacin
(23.3%) and gentamicin (35.3%) compared with our study.
Another study analysing the genotypic and phenotypic
antibiotic resistance patterns of K. pneumoniae from
clinical samples in Iran [29], reported similar resistance
rates against trimethoprim/sulfamethoxazole (36.7%)
and gentamicin (26.7%) as observed by [27]. These results
were even lower than observed in this study. Only 33.3%
of the clinical isolates were resistant to amikacin, simi-
larly reported by [29] at 32.3% and [28] at 31%. Resistance
to the carbapenem antibiotics, imipenem, ertapenem,
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Fig.2 Phylogenomic tree showing the relationship between clinical and effluent K. pneumoniae from this study (blue) with African isolates from human

(red) and environmental (green) isolates
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doripenem and meropenem was found to be 33.3%
among the clinical isolates.

A total of 90% of the effluent isolates were susceptible
to almost all tested antibiotics, and resistant against one
class of antibiotics, the 3-lactams. High resistance rates
were only observed against amoxicillin/clavulanic acid
and piperacillin/tazobactam in all the effluent isolates.
This is indicative of inhibitor resistance phenotype,
which is characterized by resistance to {3-lactam-f3-
lactamase inhibitor combinations and susceptibility to
cephalosporins [30, 31]. Contrary to the high resistance
against piperacillin/tazobactam in this study [23],, char-
acterizing antibiotic resistance determinants in K. pneu-
moniae recovered from hospital effluent in the Eastern
Cape province of South Africa; and [32], investigating
antibiotic resistant Klebsiella species from the hospital,
hospital effluent and effluent treatment plants in Kwa-
zulu-Natal found high susceptibility in the effluent iso-
lates against piperacillin/tazobactam. No resistance to the
carbapenem antibiotics imipenem, meropenem, ertape-
nem and doripenem was observed in the effluent isolates
in this study (Fig. 1). This is similar to what [32] reported
in their study with 100% susceptibility against imipe-
nem, ertapenem, meropenem, and less than 10% resis-
tance to doripenem. Another study [23], also reported
high susceptibility to imipenem (95%), ertapenem (88%)
and meropenem (77%), while [33], who determined the
occurrence of carbapenem-producing Klebsiella species
in environmental niches in South Africa found similar
lower resistance against meropenem (34%), ertapenem
(35%), doripenem (35%) and imipenem (51%) in K. pneu-
moniae from hospital effluent. Another study by [34] who
investigated AMR and detection of carbapenemases in K.
pneumoniae isolates from raw hospital sewage reported
that 79.2% of the isolates in their study showed resistance
to carbapenems. Only one (10%) of the effluent isolates
showed resistance to tigecycline. Low resistance in tige-
cycline (5.3%) was also reported by [34]. While the efflu-
ent isolates in this study were susceptible to a number of
antibiotics, including the last resort antibiotics, the car-
bapenems, the clinical isolates showed extensive resis-
tance to the commonly used antibiotics. This shows the
limited efficacy of such antibiotics to effectively treat
patients infected with K. pneumoniae [29].

Hospital effluent has been suggested as a hotspot for
the prevalence and dissemination of resistance through
horizontal gene transfer [13], and an important source
of antibiotic resistant bacteria (ARB) and ARGs [35]. A
systematic review by [19] reviewed studies that com-
pared effluent surveillance of AMR and ARGs in paral-
lel to clinical evidence; [36] assessed hospital effluent to
determine if the resistome of the effluent differed from
the general population, and [35] evaluated the diversity
of AMR profiles in untreated hospital effluent to identify
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potential risks of dissemination of clinical resistant bac-
teria. These studies noted that the investigation of AMR
in untreated hospital effluent is a helpful and effective
tool that aides hospital-based infection control and our
understanding of how clinical antibiotic resistance affects
environmental ARB.

While effluent analysis can be a useful tool to provide
data on AMR at a population level [37], it may not be a
source of direct correlation and an ideal indicator of clin-
ical AMR at the individual level [38]. Despite these limi-
tations, researchers still argue that WBE can be a useful
technique to provide broad understanding into clinical
AMR trends [19, 37, 39, 40].

The phenotypic resistance characteristics correlated
with known ARGs which were located on mobile genetic
elements. Genes encoding multidrug efflux pumps were
identified in most isolates (Table 1). Multidrug efflux
pumps play an important role in mediating bacterial
resistance to multiple antibiotic classes and heavy met-
als due to their ability to remove diverse molecules from
inside the cell [41, 42]. There is increasing evidence that
over-expression of multidrug efflux pumps is significantly
associated with bacterial resistance to clinically relevant
antibiotics [41, 43, 44].

Common efflux pumps found in both the clinical and
effluent isolates included KpnEF and OqxA, while tet(D)
was common among the effluent isolates, and AcrAB-
TolC was identified in only two of the clinical isolates
(CKP2 and CKP4) (Table 1). AcrAB-TolC, a common
efflux pump reported in other studies, is a resistance-
nodulation-division (RND) efflux pump found in Gram-
negative bacteria that contributes to resistance to
tetracyclines, fluoroquinolones, f3-lactams, macrolides
and chloramphenicol [45-47]. OqxAB is also a member
of the RND efflux pump family that has been shown to
confer resistance to quinolones, nitrofurantoin, tigecy-
cline, and chloramphenicol, detergents, and disinfectants
[47-49]. Resistance to both tigecycline and quinolones
was observed in three clinical (CKP1, CKP4, and CKP10)
and one effluent isolate, (SEB3), the latter showing phe-
notypic resistance to tigecycline. A study in China
reported on the AcrAB-TolC and OgxAB over-expres-
sion of efflux pumps that were associated with tigecycline
resistance in Klebsiella pneumoniae [50]. However, the
presence of fetD in all but one effluent isolate (SEB3) and
the presence of ogxA and ogxB in all the effluent isolates
did not show the commensurate phenotypic resistance
and it was postulated that these isolates harboured these
ARGs as silent or minimally expressed genes [51]. K.
prneumoniae is known to harbour silent genes [52].

Several different f3-lactam resistance genes delineated
in the clinical isolates correlated with the resistance
observed, especially against cephalosporin antibiotics.
For example, resistance to cefuroxime, cefotaxime and
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ceftazidime was evident in isolates CKP2, CKP4, CKP5,
CKP8 and CKP10 while CKP1 showed resistance against
cefuroxime and cefotaxime only, with the ESBL ARGs,
blargy, blacryy_» and blagy,, group (Table 1). Carbape-
nem resistance could be attributed to the blay,,_; and
blaox,_;s; ARGs in the two clinical isolates, CKP2 and
CKP8. Characterizing carbapenemases, ESBLs plasmid
mediated quinolone resistance (PMQR) in carbape-
nem resistant K. pneumoniae [53], reported the rate of
blayp,_; to be 33.3% among the K. pneumoniae from
patients. Other studies reported on low percentage
of K. pneumoniae in hospital effluent harbouring car-
bapenem genes [23, 33]. The clinical isolates carried the
blasg, group (CKP1, CKP2, CKP4, CKP5, CKP8 and
CKP10), blacyyy.; (CKP1, CKP2, CKP4, CKP5, CKP8
and CKP10), and blagy, group (CKP1l, CKP2, CKP5,
CKP8 and CKP10) ESBL genes (Table 1). A study by [54]
investigated antibiotic resistance profiles, pathogenicity
and clonal relationships of K. pneumoniae isolated from
patients and ICU settings reported on the abundance of
the K. pneumoniae carrying ESBL encoding genes.

The prevalence of the aminoglycoside resistance genes
was high in isolates CKP2, CKP4, CKP5, CKP8 and
CKP10, that were resistant to at least two of the tested
aminoglycoside antibiotics. These genes included the
common ones observed among these isolates, aph(6)-Id,
aph(3”)-1b, aac(6’)-1b-cr, aadAl16, and aac(3)-lia. ARGs
aadAl and armA were only observed in the isolates that
were resistant to amikacin (CKP2 and CKP8). Among
the aminoglycoside resistant K. pneumoniae isolates
from patients, aadA16 was associated with gentamicin
resistance in five (83.3%) of the isolates. The aac(6’)-1b-
cr gene, which confers resistance to aminoglycosides
and fluoroquinolones was present in all the clinical iso-
lates. Fluoroquinolone resistance genes gnrS (2/6), gnrB
(3/6), 0ogxA (6/6) and ogxB (5/6) were present among the
clinical isolates. Isolates SEB1-SEB10 did not show phe-
notypic resistance to both aminoglycoside and fluoroqui-
nolone antibiotics although they harboured the ogxA and
oqxB genes.

The sulphonamide and trimethoprim resistance
genes sull (5/6, 83.3%) in CKP2, CKP4, CKP5, CKP8
and CKP10; sul2 (6/6, 100%) in CKP1, CKP2, CKP4,
CKP5, CKP8 and CKP10; dfrA14 (1/6, 16.7%) in CKP1;
and dfrA27 (5/6, 83.3%) in CKP2, CKP4, CKP5, CKP8
and CKP10 were detected among the clinical isolates
(Table 1). The susceptibility of the effluent isolates to
trimethoprim-sulfamethoxazole is supported by the
absence of these ARGs. Studies show the presence of
genes encoding trimethoprim-sulfamethoxazole resis-
tance in clinical and in effluent isolates [23, 55, 56].
Investigating the pathogenomics and evolutionary epide-
miology of MDR clinical K. pneumoniae in South Africa
[55], identified sull (78%), sul2 (86%), and drfA27 in 19%
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of the isolates. Investigating antibiotic resistance determi-
nants and plasmids in MDR K. pneumoniae from patients
at a Malaysian medical centre [56], detected sull (53.8%)
as the most common gene encoding trimethoprim-sulfa-
methoxazole resistance, while [23] reported on the pres-
ence of the sulphonamide genes in effluent isolates to be
high with the most common being sulI (68.4%).

Antibiotic resistance genes are carried on mobile
genetic elements such as plasmids, integrons transpo-
sons, and can be transferred from organism to organ-
ism or between different species through conjugation,
transformation and transduction [57]. ARGs were asso-
ciated with a repertoire of MGEs in the clinical isolates
but not in the effluent isolates (Table 2). The blayy,_g;
gene was carried on plasmid replicon ColKp3 on isolates
CKP2 and CKP8. This finding was supported by another
study [58], analysing antibiotic resistance and MGEs
in XDR K. pneumoniae from patients, reporting simi-
lar results. The most common plasmid type, IncFIB(K),
was present in all the clinical and effluent isolates in this
study. IncFII(K) plasmid types are associated with dis-
semination of ESBL and carbapenemases in Klebsiella
pneumoniae clinical isolates [59, 60, 60]. reported on the
molecular features of ESBL-producing K. pneumoniae
from hospital and community acquired infections and
found that the bla ry_;;_;s gene was mostly carried on
plasmid IncFII(K). We did not observe this in our study.

Only the class 1 integron integrase gene was harboured
in 66% of the clinical isolates (Table 3). The Intll was
flanked by the insertion sequence ISI in two isolates
(CKP1 and CKP5) (Table 2). Class 1 integrons are often
associated with sull and gacEAI genes [61], which was
observed in isolate CKP5 that carried the sull:gacEA1
gene cassette, on the same contig as Int/I; while the other
isolates (CKP1, CKP8 and CKP10) carried this gene cas-
sette on different contigs surrounding the IntI1. Trans-
posable element Tn3 was the most common among the
clinical isolates and was associated with bla-ry_a_;s in
CKP1, CKP2, CKP4 and CKP5 (Table 2). A study by [62],
delineated molecular epidemiology of carbapenem resis-
tant Enterobacterales (CRE) reported on Tn3 transposon
commonly carrying the blacry_y_;5 or blacry_ps and
blarg,p Our findings were similar where blacry_p_;s
was mostly carried on Tn3 and flanked by ISEc9.

MLST revealed no common sequence types among
the clinical and the effluent isolates. Moreover, the efflu-
ent isolates all clustered together and were related to
other isolates from South Africa. Sequence type ST17
was more common among the clinical isolates (CKP2,
CKP5, CKP8 and CKP10) while CKP4 (ST152) and CKP1
(ST348) were unique (Fig. 2). ST152 and ST17 have been
reported in other South African studies [55, 62, 63]. Fou-
nou et al. (2019) characterised ESBL-producing K. pneu-
moniae from two hospitals and found ST152 in carriage



Masalane et al. BMC Microbiology (2025) 25:284

and clinical isolates while ST17 was only observed in car-
riage isolates. ST152 blayy,,_; was an outbreak-related
clone that has been reported by [64] who conducted an
outbreak investigation of CRKP from bloodstream infec-
tions in a neonatal unit. This strain accounted for more
than 60% of deaths. In this study, the NDM-1 and OXA-
181 producing isolates, CKP2 and CKP8, were of the
sequence type ST17.

Using WGS to reveal epidemiological relationships
between clinical and environmental K. pneumoniae [65],
reported that phylogeny analysis revealed some clini-
cal and hospital sewage isolates in their study resided in
the same clade, suggesting that they rise from a common
ancestor. Another study by [66] investigating the trans-
mission of MDR K. pneumoniae from the hospital to hos-
pital effluent and its existence after chlorine treatment,
showed 11 K. pneumoniae strains isolated from hospital
effluent and the clinical sector were clonally related [67].
investigated the prevalence and phylogenetic relation-
ships of MDR K. pneumoniae from patients, hospital
effluent and surface waters. The phylogenetic analysis
revealed a low similarity among the isolates in their study,
even with those of the same sequence type [68]. investi-
gated the prevalence of antibiotic-resistant bacteria in
hospital effluent and receiving waters as a reflection of
antibiotic prescription and infection cases. They gener-
ally highlighted a correlation between hospital infection
cases and MDR in effluent. The genomic characteristics,
supported by evolutionary representation of the isolates
suggest that the clinical and the effluent isolates in this
study were not closely related.

The main limitations of this study were the short study
period, and the small sample size. The isolates from
this study were from one region of the province, hence
the results cannot be generalised to all South African
hospitals.

Conclusion

K. pneumoniae clinical isolates showed higher rates of
antibiotic resistance, including to the last resort antibi-
otics, compared with isolates from the hospital effluent.
There was no evidence to show that the effluent reflects
the clinical setting in the case of K. pneumoniae as there
was no correlation between the resistome, mobilome and
phylogenies of the clinical and effluent isolates. Results
from this study suggest that the relationship between
AMR in hospital effluent and clinical resistance may
depend on the antimicrobial agent and bacterial spe-
cies studied. While the effluent did not mirror AMR in
the clinical setting, presence of ARB in the effluent can-
not be overlooked. There is a need for continuous moni-
toring of the effluent to track the development of AMR
and spread of resistant bacteria from the hospital to the
environment.
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