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Abstract

Gram-negative ESKAPE (Enterococcus spp., Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter spp) pathogens are a
major healthcare concern globally due to their increasing multidrug resistance and ability to
cause debilitating infections. Phenotypic and genotypic characteristics of multidrug resistant
Gram-negative ESKAPE pathogens from Komfo Anokye Teaching Hospital in Ghana were
investigated. Two hundred (200) clinical, non-duplicate Gram-negative bacterial pathogens
were randomly selected from various human specimens routinely processed by the diagnostic
microbiological laboratory in the hospital. Multidrug resistant (isolates resistant to at least
one agent in three or more antibiotic class) isolates selected from each group of Gram-
negative ESKAPE pathogens constituted the final sample. Identification and antibiotic
susceptibility profiles were carried out using Vitek-2. Identity of isolates for whole genome
sequencing was further confirmed by MALDI-TOF MS. Four P. aeruginosa and 10 K.
pneumoniae were subjected to whole genome sequencing based on their extensively drug
resistant profiles and resistance to third-generation cephalosporins respectively using Illumina
MiSeq, after genomic DNA extraction using the NucliSens easyMAG®. Antibiotic resistance
genes and plasmids were identified by mapping the sequence data to an online database using
ResFinder and plasmidFinder respectively. MLST was also determined from the WGS data.
The raw read sequences and assembled whole genome contigs have been deposited in
GenBank under project number PRINA411997. An average multidrug resistance of 89.5%
was observed, ranging from 53.8% in Enterobacter spp to 100.0% in Acinetobacter spp and
P. aeruginosa. Gram-negative ESKAPE bacteria constituted 48.5% (97) of the 200 isolates. P.
aeruginosa (n=4) belonging to ST234 harboured blapm-1, blamvp-3s, blaoxa-10, blaoxa-129,
blaoxa-so, blarao aadAl, aac4 aph(3’)-1Ib, fosA, sull, dfrB5, catB7, arr-2 conferring

resistance to [-lactams, aminoglycosides, fosfomycin, sulphonamides, trimethoprim
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phenicols and rifampin respectively. gnrVC was detected in two of the four isolates. Both
blapim-1 and blavp-34-like positive contigs showed identical DNA sequences and were linked
to type 1 integron structures. Blapm-1 was 100% identical to the blapmm-1 prototype gene,
while blammp-3aiike had two base pair (bp) differences T190C and C314G respectively
compared to blammp-34, leading to one amino acid substitution in IMP-34-like indicating that,
the gene may have independently evolved, perhaps due to selection pressure. Blast analysis
did not reveal identical genetic structures deposited in NCBI, neither among the nucleotide
collection, completed genomes nor among the completed plasmids. $-lactamases (blactx-m-1s,
blasuv-11, blatem-1B) and resistance genes for aminoglycosides (aac(3)-Ila-like,aph(3')-1a)
quinolones/fluoroquinolones (ogxA-like,0qxB-like,qnrB10-like,gqnrB2) and others including
fosfomycin (fosA), trimethoprim (dfrA14), and sulphonamide (su/2) were found in the K.
pneumoniae (n=10). Multiple and diverse mutations of the quinolone resistance-determining
regions gyrd, gyrB and parC genes were detected in the K. pneumoniae (n=4), which were
clonally distinct. The diversity of resistance genes expressed by Gram-negative ESKAPE
pathogens conferring resistance to multiple antibiotics is problematic in a resource-
constrained country like Ghana, necessitating urgent antibiotic stewardship and infection

prevention and control interventions.
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CHAPTER ONE

INTRODUCTION

The escalating rate of bacterial strains acquiring resistance to many clinically relevant antibiotics
is currently a major global health concern. Antibiotic resistance has an impact on morbidity and
mortality that is increasingly attributable to infections caused by multi-drug resistant bacteria
worldwide (Bassetti & Righi, 2015; Brown & Wright, 2016). The mortalities associated with
drug resistant infections are estimated to increase from the current 700 000 to about 10 million
annually, and projected to cost the global economy as much as one hundred trillion US dollars by
the next two decades, if effective measures are not put in place to combat resistance (O’Neill,
2014). The emergence and spread of antibiotic resistance is both a community and healthcare-
associated burden, in the developed and developing world, with serious consequences for
infection prevention and treatment (Carlet & Pittet, 2013; Spellberg & Gilbert, 2014; Ventola,
2015). Developing countries are considered as key role players, with the burden escalating
particularly in sub-Saharan African countries such as Ghana, due to sub-optimal enforcement of
antibiotic control policies and limited logistics for infection surveillance (Holloway ef al., 2011;

Reader, 2015).

Bacterial pathogens of particular concern and associated with outbreaks of multi-drug resistance
include the ‘ESKAPE’ pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp), an
acronym designated by the Infectious Diseases Society of America. ESKAPE pathogens are the
leading cause of hospital-acquired infections globally (Navidinia, 2016;Pendleton, Gorman, &
Gilmore, 2013; Rice, 2010; Santajit & Indrawattana, 2016). Infections caused by multi-drug

resistant Gram-negative bacteria including those belonging to the ESKAPE group, are of



particular significance in both community and hospital settings worldwide, as they are extremely
challenging to treat, leaving physicians with limited therapeutic options (Cerceo et al., 2016;
Laxminarayan et al., 2013; Rice, 2010). In Africa, several studies have indicated high antibiotic
resistance among bacteria including Gram-negative ESKAPE pathogens to mainstay antibiotics
(Dada-Adegbola & Muili, 2010; Hackman, 2015; Sonda et al., 2016) and resistance is rapidly
spreading, particularly in sub-Saharan regions where resources are limited for surveillance and
newly effective antibiotics tend to be unavailable or unaffordable (Baiden et al., 2010;

Holloway, Mathai, & Gray, 2011; Jasovsky et al., 2016; Laxminarayan et al., 2016).

Clinical Gram-negative ‘ESKAPE’ (K. pneumoniae, A. baumannii, P. aeruginosa and
Enterobacter spp) bacteria are associated with high morbidity and mortality and are particularly
implicated in nosocomial infections (Flynn et al., 2015;Paramythiotou & Routsi, 2016;
Pendleton et al., 2013). These pathogens are reported to be increasingly resistant to all clinically
available antibiotic classes including B-lactams (particularly carbapenems and the third- and
fourth-generation cephalosporins), fluoroquinolones, aminoglycosides and to some extent
polymixin B (colistin), often used as a last resort antibiotic (Navidinia, 2016; Lim et al., 2011).
These bacteria thus feature as critical or high priority pathogens in the World Health
Organization’s “Global Priority List of Antibiotic-Resistant Bacteria to Guide Research,

Discovery and Development of New Antibiotics” (WHO, 2017).

The therapeutic options for infections caused by the multi-drug resistant pathogens are very
limited. Colistin, an old drug with significant toxic side effects and for which there is lack of
robust data to guide dosage regimens and duration of therapy, is the last resort antibiotic for

treatment of infections caused by these resistant organisms (Gallardo-Godoy et al., 2016;



Ozsurekei et al., 2016). In addition, some multidrug-resistant Gram-negative isolates including
P. aeruginosa, A. baumanii, K. pneumoniae and Enterobacter spp have developed resistance to
colistin (Kaye et al., 2016). A study by Falagas and colleagues evaluating the effectiveness of
antibiotic treatment commonly administered to patients with infections due to carbapenem-
resistant Enterobacteriaceae reported increasing spread of resistance with mortality rates ranging
from 26% to 46% (Falagas et al., 2013). A review by Martirosov and Lodise (2016) on emerging
trends in epidemiology and management of infections due to Enterobacteriaceae highlighted
increasing resistance among Gram-negative bacteria. They indicated about 64% and 67% deaths
in patients with extensively drug-resistant Klebsiella spp. and Acinetobacter spp. infections
despite combination treatment with tigecycline-colistin and carbapenem-colistin respectively
(Martirosov & Lodise, 2016). Extensively drug-resistant (XDR) strains of Acinetobacter spp.
and P. aeruginosa have also been implicated in resistance to colistin (Lim et al., 2011;Bae et al.,

2016; Tseng et al., 2016).

A number of studies in Ghana on antibiotic resistance among Gram-negative bacteria including
some ESKAPE pathogens have been undertaken in hospitals, but many of the studies were
centred at Korle-Bu Teaching Hospital in the Greater Accra region of the country (Hackman et
al., 2014; Obeng-Nkrumah et al., 2013). Apart from the research being in the form of point
prevalence studies, it has also focused mainly on P. aeruginosa and K. pneumoniae describing
resistance phenotypes in the main. Two such examples are the ‘phenotypic determination and
antimicrobial resistance profile of extended spectrum B-lactamases (ESBLs) in E. coli and K.
pneumoniae’ and ‘antimicrobial sensitivity pattern of urine isolates from large Ghanaian hospital
by Hackman et al. (2013) and Odonkor et al. (2011) respectively. Literature on the prevalence

and underlying molecular epidemiology of antibiotic resistance is sparse. To date, there are no



published studies on the resistance genotypes of ESKAPE pathogens from Komfo Anokye
Teaching Hospital, the only referral and tertiary care hospital in the Ashanti region of Ghana.
This study is thus necessary to expound the underlying molecular mechanisms of resistance of
Gram-negative ESKAPE pathogens in this setting in order to inform strategies for their
containment. The results of this study in Ghana are expected to provide information to guide
policy makers on rational antibiotic use, infection prevention and control measures to combat
antibiotic resistance in the country and the sub region. They are additionally expected to yield

evidence to inform treatment guidelines and associated essential medicines lists.



1.2 LITERATURE REVIEW

1.2.1 Advent of Antibiotics and Resistance

The introduction of antibiotics modernized the treatment of bacterial infections. The penicillins
and sulphonamides were the early antimicrobial drugs to be discovered and developed between
1920s and 1930s (Aminov, 2017; Marinho et al., 2016). Decades of intense antibiotic drug
research and technological advances led to the discovery of many new antibiotic classes and
derivatives of antibiotics among which were the aminoglycosides, tetracyclines, cephalosporins,
macrolides, glycopeptides, quinolones and carbapenems. These antibiotics became a “wonder
weapon” for the prevention and treatment of bacterial infections which reduced mortality with a
marked shift in patient care (Marinho et al., 2016; Wright, 2014). Among the molecules that
were successful against a wide-range of bacterial pathogens were the B-lactams, aminoglycosides
and fluoroquinolones. The emergence and spread of resistance to antibiotics due to abuse or
misuse has led to a loss in clinical efficacy (Qin, Panunzio, & Biondi, 2014). The high cost of
discovering novel compounds or chemicals with bacterial selectivity, the increased regulatory
requirements for safety and efficacy with low tax incentives for pharmaceutical companies and
the fact that similar investments made in the development of non-anti-infective drugs could yield
higher financial returns are major setbacks to the development of new antibiotics (Boucher et al.,
2013; Fernandes, 2015). Thus, evolution of resistance and the waning interest in the development
of new efficacious antibiotics have resulted in bacterial resistance becoming a global public

health concern.

1.2.2 Mechanisms of Action of antibiotics

The mode of action of antibiotics involves four major mechanisms including interference of

bacterial cell wall biosynthesis, inhibition of protein synthesis, inhibition of nucleic acid



metabolism and repair, and, disruption of membrane structure or permeability of the bacteria
(Zhou et al., 2015). The enzymes mainly targeted for inhibition in the bacterial cell include
transpeptidases, transglycosylases, topoisomerases, ribonucleic acid (RNA) polymerase and
peptidyl transferases. A major component of bacteria cell wall is peptidoglycan layer which
provides integrity to the cell structure. f-lactam antibiotics such as penicillins, cephalosporins,
carbapenems, and monobactams interfere with the cell wall biosynthesis by inhibiting the
penicillin-binding proteins or transpeptidase enzymes involved in assembly and cross-wall
linking of the peptidoglycan (Giedraitiené et al., 2011; Sauvage & Terrak, 2016). These agents
bind to the acyl-D-alanyl-D-alanine amino acid thereby inhibiting the addition of new units to
the peptidoglycan, thus triggering murein hydrolases or transpeptidases to lyse the cell (Lupoli et
al., 2011; Miinch et al., 2015). The glycopeptides vancomycin and teicoplanin are related to the
B-lactams that interfere at different stages in cell wall synthesis. These antibiotics bind to
peptidoglycan units and interfere with the transglycosylase and transpeptidase activity in the

growing bacteria cell leading to cell inhibition or death (Kahne et al., 2005).

Protein synthesis is a vital metabolic process necessary for the replication and survival of all
bacterial cells. Aminoglycosides, tetracyclines, macrolides and chloramphenicol are examples of
antibiotic classes that inhibit protein synthesis by binding to either 30S or 50S units of the
intracellular ribosome. Tetracycline and aminocyclitol (aminoglycosides and spectinomycin)
classes of antibiotics are 30S ribosome inhibitors that prevent the entry of aminoacyl tRNA to
the ribosome or bind to 16S rRNA component of the 30S ribosome units in protein synthesis
(Chellat, Raguz, & Riedl, 2016). Other classes including lincosamides, streptogramins,
amphenicol and oxazolidinones also inhibit the 50S ribosome. These antibiotics inhibit either

initiation of protein translations or translocation of peptidyl-tRNAs thus preventing the



elongation reaction of the peptide chain by peptidyl-transferase. By mechanisms of action, these
interfere with the normal cellular metabolism of the bacteria, leading to the inhibition of growth

or death of the organism (Giedraitien¢ et al., 2011; Huang, Zhu, & Melangon, 2015).

Deoxyribonucleic acid (DNA) replication and repair are crucial to any cell survival including
bacteria. Antibiotics such as the quinolones, fluoroquinolones and sulphonamides inhibit
enzymes involved in the DNA or RNA synthesis. For instance DNA gyrase (DNA type II
topoisomerase) and RNA polymerase are inhibited by quinolones and rifampicin respectively, by
preventing the supercoiling of DNA which interferes with the cellular processes of DNA
synthesis, thereby compromising bacterial cell replication and survival (Giedraitiené et al., 2011;
Zhou et al., 2015). Polymixin B or colistin, a cyclic peptide antibiotic disrupts the bacterial cell
membrane by interacting with phospholipids thereby increasing the permeability of the
membrane causing the cell to uptake excess water to induce bacteria death (Velkov, Roberts,

Nation, Thompson, & Li, 2013).

1.2.3 Causes of bacterial resistance to antibiotics

Antibiotics have been effective in curing bacterial infections over decades since their
introduction. However, misuse for both medical and non-medical purposes, such as failure to
complete drug courses or overuse by infected individuals as well as the extensive usage in
animals for therapeutic purposes and as growth promoters, have led to resistance in many clinical
bacteria strains by selection pressure (Cabello et al., 2013; Caruso, 2016; Kiguba, Karamagi, &
Bird, 2016). Consequently, common antibiotics that were previously used to treat infections are
no longer efficacious. The resistance to currently available antibiotics has led to poor treatment
outcomes of bacterial infections especially those caused by the Gram-negative bacterial
pathogens, in many parts of the world particularly the developing countries including Ghana

7



(Hackman, Brown, & Twum-Danso, 2014; Kiguba et al., 2016; Opintan et al., 2015). A review
of the clinical relevance of ESKAPE pathogens by Pendleton and co-workers (2013) indicated
that resistant Gram-negative ESKAPE bacteria account for about 15.5% of all bacterial
infections in Africa compared to 5.0% and 7.1% in America and Europe respectively (Pendleton
et al., 2013). The high prevalence of antibiotic resistance in Africa, is largely due to
indiscriminate and inappropriate use of antibiotics in healthcare settings and communities

(Donkor et al., 2012; Kiguba et al., 2016).

The indiscriminate use of antibiotics to treat any infection, whether severe or minor, and for
symptoms in many cases that may not be caused by bacteria have contributed immensely to the
emergence of resistance (Read & Woods, 2014). In healthcare settings, clinicians are often faced
with a challenge to address an immediate need of patients, especially in critical conditions for
treatment, over the consideration of concepts of antibiotic resistance. Particularly, in the out-
patient setting, patients’ expectations for antibiotics has been reported as a major driving factor
for over-prescription by clinicians (Huttner et al., 2013). Commentary from the 2013 world
healthcare-associated infections forum and a non-systematic review on antibiotics stewardship in
the intensive care unit have indicated that, about 30% to 50% of antibiotics prescribed by
clinicians are inappropriate and 30% to 60% are unnecessarily prescribed in the ICU (Huttner et

al.,2013; Luyt et al., 2014; Ventola, 2015).

In many parts of the world, self-medication with antibiotics typically occurs outside the health
care system with over 50% purchased and used over-the-counter (Ocan et al., 2015). This is
particularly serious in the developing countries, including sub-Saharan Africa, where
inadequacies in healthcare systems such as poor enforcement of legislation policy on antibiotics

restrictions, have resulted in easy availability of antibiotics without prescriptions (Esimone,



Nworu, & Udeogaranya, 2007; Michael, Dominey-Howes, & Labbate, 2014; Ocan et al., 2015).
This has resulted in many cases in the abuse of antibiotics such as incomplete treatment course
and inadequate dosing (Ocan et al., 2015), which are major driving factors for evolution of

resistance.

The frequency of abuse and inappropriate use of antibacterial agents was reported by Vialle-
Valentin et al. (2012) in their study on predictors of antibiotic use in African communities,
evidence from medicines household survey in five countries including Gambia, Nigeria, Ghana,
Kenya and Uganda. The study revealed that of the 95% of individuals with acute illness who
took medicines, 90% sought healthcare outside homes, with 36% prescribed antibiotics. Of the
36% antibiotic prescriptions, 31.7% were either given antibiotics based on prescriber’s
experience or discretion guided by clinical presentation or from untrained personnel (Vialle,
Valentin, Lecates, Zhang, Desta, & Ross, Degnan, 2012). Many healthcare facilities in sub
Saharan region, have antibiotic regimen of first-line drugs, mostly limited to ampicillin,
chloramphenicol, erythromycin, gentamicin, penicillin, tetracycline and trimethoprim-
sulfamethoxazole with second-line antibiotics usually consisting of amikacin, amoxicillin-
clavulanic acid, cefuroxime, ciprofloxacin and nalidixic acid in accordance with their clinical
guidelines (Howard et al., 2015; Mathur, 2016). These treatment protocols are often used
without adequate microbiological investigations to guide the treatment of infections, usually
resulting in inappropriate antibiotic choice (Ab-Rahman, Teng, & Sivasampu, 2016; Ocan et al.,

2015) and consequently leading to high selection pressure favouring antibiotic resistance.

Antibiotics are also widely used in livestock to treat or prevent infections as well as in animal
feed stock as growth supplements in both developed and developing countries (Gross, 2013;

Spellberg & Gilbert, 2014; Ventola, 2015). It is estimated that 25-50% of all antibiotics used in



the US are for non-curative purposes such as metaphylaxis, prophylaxis and growth promotion in
livestock (Fair & Tor, 2014). The unrestrained use has exacerbated the spread of resistance as it
creates a reservoir of bacteria that become resistant, and can be transmitted to humans through
the food chain (Ventola, 2015). For example, Gram-negative ESKAPE bacterium such as A.
baumanni has been implicated in the dissemination of clinically important resistance
determinants in poultry (Wilharm et al., 2017). Also a study on antibiotic resistance and
phylogenetic characterisation of A. baumannii  isolates from commercial raw meat in
Switzerland reported contamination with A. baumannii in 48% of poultry meat and 25% of raw
retailed meat overall , thus serving as a reservoir of resistance (Lupo et al., 2014). In China, F.
coli clones, harbouring a plasmid mediated mcr-1 colistin resistance gene, were isolated from
both animals (swine) and humans (Liu ef al., 2016). Further, it has also been reported that, about
90% of antibiotics used in livestock are excreted in urine and faeces, and widely spread into the
environment through surface runoff and water bodies (Bartlett, Gilbert, & Spellberg, 2013). This
affects the environmental microbiome (Bartlett et al., 2013) where bacteria are exposed to sub
inhibitory or sub lethal doses of antibiotics, the susceptible strains are killed, leaving the resistant
ones to thrive by natural selection (Chee-Sanford et al., 2009). A study in the UK indicated
substantial levels of resistance genes to clinically relevant antibiotics including tetracyclines,
sulfonamides and trimethoprim isolated from water bodies that are fed with runoff effluents from
livestock farms where antibiotics were used (Rowe et al., 2016). The resistance gene (s) is/are
passed on to the daughter cells by vertical gene transfer or disseminated among different bacteria
species on mobile genetic elements such as plasmids, transposons or integrons, by horizontal
gene transfer (Read & Woods, 2014), and ultimately multiply to form a population that becomes

completely resistant to the agent.
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Bacterial resistance to multiple antibiotic classes is currently a common phenomenon in sub-
Saharan region including Ghana, in both community and hospital settings mainly due to
inappropriate use of antibiotics and increasing spread due to lack of strict infection prevention
and control and hygiene and sanitation measures (Obeng-Nkrumah et al., 2013; Oduro-Mensah
et al., 2016). Although the growing public health crisis of antibiotic resistance seems
overwhelming, it is an issue that has long been anticipated and many key elements for its
effective management have already been identified. However development of a holistic
approach, by incorporating especially intense research into the underlying molecular

mechanisms or factors involved in the resistance is crucial.

1.2.4 Resistance Mechanisms of Gram-negative ESKAPE pathogens

The Gram-negative bacteria of the ‘ESKAPE’ group have particularly emerged as multidrug-resistant and
implicated commonly in hospital-associated infections globally (Navidinia, 2016; Santajit &
Indrawattana, 2016). Similar to other bacteria, these Gram-negative pathogens have evolved with several
mechanisms of resistance to overcome the effects of antibiotics in their surrounding environment. These
include the production of hydrolytic enzymes such as ESBLs and carbapenemases to modify the chemical
composition of the antibiotics (B-lactams), rendering the agents ineffective (Wilson, 2014). B-lactamases
capable of hydrolysing the penicillins as well as the first-, second- and third generation cephalosporins
and aztreonam are the extended spectrum [-lactamases (ESBLs) (Maina, Revathi, & Whitelaw, 2017;
Sutton, 2014). The production of ESBLs and carbapenemase hydrolytic enzymes among the Gram-
negative bacteria has especially become a public health threat, as few antibiotics are effective against
them. Other mechanisms involve the overexpression of efflux proteins pumps that extrude or regulate the
concentration of antibiotics such as fluoroquinolones, macrolide-lincosamide-streptogramin (MLS),
aminoglycosides and tetracyclines from or within the cell and alterations in outer membrane proteins

(porins) to decreased uptake or cell wall permeability to antibiotics. In multi-drug resistant bacteria,
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antibiotic resistance genes may be mobilized on plasmids, transposons or integrons. Antibiotic resistance
gene(s) may be transferred by conjugation, transformation or transduction to another bacterial species
(Jansen, Barbosa, & Schulenburg, 2013; Karisetty et al., 2013; Seitz & Blokesch, 2013). During
conjugation, plasmids carrying resistance are transferred to other bacteria by cell-to-cell transfer
using pili (Ali, 2018; Davies & Davies, 2010). Bacteria also acquire resistance by transduction
via mediation of bacteriophages or transformation in which naked DNA is acquired from the
environment. The acquisition of resistance via conjugation, transformation and transduction
together accounts for more mechanisms of resistance than mutations or natural selection (Chee-
Sanford et al., 2009; Davies & Davies, 2010). Bacteria express different mechanisms of
resistance to antibiotics, however, in Gram-negative bacteria including members of ESKAPE
pathogens, production of B-lactamases that are hydrolytic enzymes are most widely described

(Bush, 2013; Soto, 2013; Navidinia, 2016; Santajit & Indrawattana, 2016).

1.2.4.1 p-Lactamases

B-lactamases are enzymes produced by bacteria that mediate resistance to P-lactam antibiotics
such as penicillins, cephalosporins and carbapenems which are among the safest and commonly
prescribed antibiotics worldwide (Sekyere, Govinden, & Essack, 2016). The production of -
lactamases i1s the most common and important mechanism of resistance in Gram-negative
bacteria. The B-lactamase genes may be encoded chromosomally or by a diversity of mobile
genetic elements (plasmid-mediated) such as integrons and transposons (Bush, 2010; Poirel,
Naas, & Nordmann, 2010). The enzymes catalyse the inactivation of the antibiotics by splitting
the amide bond of the B-lactam’s ring (acetylation reaction) rendering it ineffective in the

bacteria cell (King, Sobhanifar, & Strynadka, 2017; Thenmozhi et al., 2014)..
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> Classification

The B-lactamases are commonly classified by molecular structure (Ambler classification) or
functional properties (Bush-Jacoby-Medeiros classification) based on the hydrolysis and
inhibition characteristics of the enzyme (Bush & Jacoby, 2010). Though, the functional
classification helps to relate the diverse enzymes to their clinical role, it can be more subjective
compared to the structural classification which is easier and less complicated. Notwithstanding,
the molecular or: Ambler classification is widely used currently due to an increasing molecular
analysis of enzymes (Bush & Jacoby, 2010). The Ambler or structural classification based on
amino acid sequence and hydrolytic activity is further grouped into four molecular classes A, C
and D, which are serine -lactamases and utilise serine for B-lactam hydrolysis whereas class B
are metallo-B-lactamases which require divalent zinc ions for hydrolytic activity (Jeon et al.,

2015).

e C(lass A

Group A consists of penicillinases, cephalosporinases, extended-spectrum p-lactamases (ESBLs)
and carbapenemases including Klebsiella pneumoniae carbapenemase (KPC) which hydrolyses
penicillins, cephalosporins as well as carbapenems (Jasper ef al., 2015; Jeon et al., 2015; Miller
& Humphries, 2016; Partridge, 2015). Carbapenemases comprise chromosomal (IMI-1, NmcA,
SFC-1, SME-1) and plasmid encoded (KPC-2, GES, IMI-2, derivatives) carbapenemase genes
and are able to hydrolyse all B-lactams including monobactams (aztreonam) but are inhibited or
partially inhibited by B-lactamase inhibitors such as sulbactam, tazobactam, or clavulanic acid
but not ethylene diamine tetra acetic acid [EDTA] (Giedraitiené et al., 2011; Rice, 2010).
ESBLs have emerged as a significant cause of antibiotic resistance in Gram-negative bacteria.

Apart from resistance to penicillins, cephalosporins and aztreonam, ESBL-producing bacteria are
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also associated with resistance to other classes of non-B-lactams including aminoglycosides,
trimethoprim sulfamethoxazole, fluoroquinolones as well as [-lactams/lactamase-inhibitor
combinations (Thenmozhi et al., 2014). ESBLs consist of three major classes including
Temoneira (TEM), sulthydryl variable (SHV) and Cefotaximase-Miinchen (CTX-M) types.
Widely disseminated among Enterobacteriaceae including K. pneumoniae, Enterobacter spp and
in non-fermenting bacteria such as P. aeruginosa are TEM-1, TEM-2 and SHV-1 type
derivatives, which confer resistance to penicillins but not broad-spectrum cephalosporins, and
are composed of single or multiple code gene mutations (Thenmozhi et al., 2014). The high
mutation dynamism of TEM and SHV encoded genes have resulted in high level of diversity in
enzyme types thus increasing spread of antibiotic resistance (Dzidi¢, Suskovi¢, & Kos, 2008).
Among the Gram-negative ESKAPE pathogens, CTX-Ms have been commonly reported (Zhao

& Hu, 2013).

A non-systematic review by Storberg (2014) on ESBL-producing Enterobacteriaceae in Africa,
reported 10% to 40% and 10% to 96% ESBL-producing isolates sampled from hospital and
community settings respectively. The study further indicated CTX-M-15, TEM-1 and SHV-1
type derivatives commonly among Gram-negative bacteria including K. pneumoniae,
Enterobacter spp. and P. aeruginosa of ESKAPE pathogens. Several studies have also been
conducted in sub Saharan African countries, including the prevalence and multi-drug resistance
from community-acquired infections in Nigeria (Adenipekun et al., 2016) and extended-
spectrum P-lactamase producing Enterobacteriaceae among clinical isolates in Burkina Faso
(Ouedraogo et al., 2016). Reports on resistance patterns of ESBL-producing Klebsiella and E.
coli isolates in tertiary hospitals in Ghana (Feglo & Adu-Sarkodie, 2016; Hackman et al., 2013),

have all indicated high prevalence of ESBLs, posing challenges to antibiotic therapy.
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e C(lass B

Group B or metallo-B-lactamases (MBLs) exhibit broad spectrum hydrolytic activity with ability
to virtually hydrolyse all classes of [-lactam antibiotics including expanded-spectrum
cephalosporins and carbapenems but not aztreonam. The enzymes are however inhibited by
dipicolinic acid and EDTA but not B-lactamase inhibitors (Mohamed & Al-Ahmady, 2015). The
MBLs commonly consist of imipenemase metallo-f-lactamases (IMP), German imipenemase
(GIM), Seoul imipenemase (SIM), Verona integron encoded metallo-p-lactamases (VIM), and
the New Delhi metallo-B-lactamase-1 (NDM-1) enzymes with encoding genes located on the
plasmid or transposons and therefore easily disseminated among the bacteria (Dahiya et al.,
2015; Rice, 2010). The IMP-type MBLs have widely been described in Gram-negative ESKAPE
pathogens, whiles VIM-type enzymes have been commonly detected in P. aeruginosa and A.
baumannii. The NDM-1-type enzymes have been widely isolated from K. pneumoniae and

Enterobacter spp. (Kim et al., 2016; Yong et al., 2009).

A number of studies conducted in Africa have reported on IMP-, VIM-, and NDM-type as
common metallo-B-lactamases among Enterobacteriaceae including some Gram-negative

ESKAPE bacteria mainly K. pneumoniae, P. aeruginosa and 4, baumanii as shown in Table 1.
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Table 1 showing studies reporting on metallo-f-lactamases among Gram-negative
ESKAPE bacteria in Africa

Country of isolation

Organism(s)

MBL-type(s)

Reference

Algeria

Ethiopia
Nigeria
Tanzania

Morocco

South Africa

Kenya
Tunisia
Sierra Leone

Egypt

P. aeruginosa
A. baumannii
K. pneumoniae

A. baumannii
K. pneumoniae
A. baumannii
P. aeruginosa
K. pneumoniae
K. pneumoniae
K. pneumoniae
E. cloacae

E. cloacae
K.pneumoniae

K.pneumoniae

K. pneumoniae
P. aeruginosa
E. cloacae

K. pneumoniae
A. baumanni
P. aeruginosa

VIM-4
NDM-1
VIM-19

NDM-1
NDM-1

IMP, VIM

NDM-1, VIM-1
IMP-1
IMP-1

NDM-1
IMP, VIM

VIM-1

NDM-1
VIM-2

VIM, DIM-1
VIM

VIM

VIM-2, NDM,
IMP

Mellouk et al., 2017

Rodriguez-Martinez et al.,
2010

Pritsch et al., 2017
Ogbolu & Webber, 2014

Mushi et al., 2014

Barguigua et al., 2013
Barguigua et al., 2012

Govind et al., 2013

Sekyere, Govinden, & Essack,
2016

Peirano et al., 2012

Poirel et al., 2011
Mansour et al., 2009
Leski et al., 2013

Fouad et al., 2013
Zafer at al., 2014

In Ghana, there is no published study on MBL production among Gram-negative ESKAPE

pathogen, however the first MBL (VIM-2) with TniC-transposons in P. aeruginosa identified in

Norway, was isolated from a transferred patient after protracted hospitalization in Ghana

(Samuelsen et al., 2009). The strain is likely to have imported from Ghana, suggesting MBL

production among some Gram-negative ESKAPE pathogens in the country.
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o C(Class C

Group C comprises of penicillinases and cephalosporinases such as AmpC B-lactamase which
exhibit higher hydrolytic activity against early cephalosporins than benzylpenicillin (Jeon et al.,
2015). These enzymes are chromosomally encoded and commonly consist of ACT-1, FOX-1,
CMY-2, CMY-10, CMY-19, CMY-37, MIR-1, GCland DHA that are predominantly expressed
by P. aeruginosa and Enterobacteriaceae, particularly in Enterobacter spp (Peymani et al.,
2016). The AmpC B-lactamases are distinct from ESBLs, hydrolyse aztreonam, all penicillins
and most cephalosporins (cephamycins and oxyimino-B-lactams). The enzymes are commonly
resistant to inhibition by EDTA and most B-lactamases inhibitors except avibactam, a current
non-f-lactam B-lactamase inhibitor (Bush & Jacoby, 2010). The AmpC expression in many
Gram-negative bacteria including Enterobacter spp. and P. aeruginosa is low, but inducible
when exposed to certain B-lactams such as ampicillin, amoxicillin, imipenem and clavulanate
inhibitors (Jacoby, 2009). Carbapenems are mainly stable to AmpC B-lactamases (Thenmozhi et
al., 2014), however in some bacteria including 4. baumanii, one or more components of the
induction system are lost, and hyper-production of the enzymes with reduced p-lactam
accumulation, inactivate carbapenems, particularly ertapenem (Bush & Jacoby, 2010). In P.
aeruginosa hyper-expression of the intrinsically occurring AmpC confers resistance to extended-
spectrum cephalosporins such as ceftazidime (Rodriguez-Martinez, Poirel, & Nordmann, 2009).
In Ghana, reports on AmpC B-lactamases among Gram-negative ESKAPE bacteria are sparse,
however high prevalence of AmpC production in P. aeruginosa has been detected in a teaching
hospital resulting in high resistance to commonly used B-lactam antibiotics (Feglo & Opoku,

2014).
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o C(lass D

The group D or oxacillinases (OXA-48) type carbapenemases have a higher hydrolysis affinity
for cloxacillin or oxacillin than other penicillins (Sekyere, Govinden, & Essack, 2016). The
enzymes are plasmid encoded consisting of OXA-11 and OXA-15 as significant members, and
exhibit ESBL activities which are commonly detected in P. aeruginosa (Bakthavatchalam,
Anandan, & Veeraraghavan, 2016). The enzymes are variably affected by B-lactamase inhibitors,
but not inhibited by EDTA (Bush & Jacoby, 2010). The Bush-Jacoby scheme classified the OXA
enzymes as group 2d, which are all resistant to B-lactamase inhibitors except OXA-18
(Bakthavatchalam, Anandan, & Veeraraghavan, 2016; Dzidi¢ et al., 2008; Sgrignani, Grazioso,
& De Amici, 2016), while OXA-17 confers high resistance to cefotaxime and cefepime
(Thenmozhi et al., 2014). OXA carbapenemases tend to have low catalytic activity towards
penicillins and cephalosporins, but together with porin mutation and other resistance mechanisms
in A. baumanii can provide resistance to almost all antibiotics including carbapenems
(Thenmozhi et al., 2014). In Africa, production of oxacillinases (OXA-23) have been commonly
identified in A. baumanii in studies from Senegal, Libya, South Africa, Tunisia and Nigeria
(Mathlouthi et al., 2017; Mugnier, Poirel, Naas & Nordmann, 2010; Olaitan et al., 2013). In
Nigeria, detection of OXA-10 conferring resistance to carbapenems and most broad--spectrum [3-
lactam antibiotics in clinical isolates of P. aeruginosa from various clinical specimens has been

reported (Odumosu, Adeniyi, & Chandra, 2016).

1.2.4.2 Efflux pumps

The efflux pumps are transport proteins that control the concentration of antibiotics within the
bacteria or export the drug molecules from within the cells into the external environment. In

antibiotic-resistant Gram-negative bacteria, the membrane proteins function as exporters or
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efflux pumps that expel a broad array of antibiotics from the cell, thus contributing to multiple
drug resistance. The efflux pumps are a key mechanism employed by Gram-negative bacteria
against fluoroquinolones, macrolide-lincosamide-streptogramin (MLS), aminoglycosides and
tetracyclines conferring multiple resistance to various antibiotics across the bacterial species
(Lau, Hughes, & Poole, 2014; Nikaido & Pagés, 2012). The efflux pump enzymes may be
chromosomal or plasmid encoded and generally grouped into two classes, the Adenosine
Triphosphate (ATP) binding cassette (ABC) and secondary multidrug transporters based on the
source of energy required for the transport. While the ABC-type utilize energy resulting from
ATP hydrolysis, secondary transporters require membrane energy in the form of the proton

motive force (Fernandez & Hancock, 2012).

Secondary multidrug transporters are widely described, and subdivided into four super groups,
including the small multi-drug resistance, the major facilitator, the resistance nodulation-division
(RND) and multi-drug and toxic compound extrusion family based on primary homology and
secondary structures (Sun, Deng, & Yan, 2014). The poly-selective efflux pump, belonging to
the RND super family is mainly responsible for multidrug resistance in Gram-negative bacteria.
This pump exports wide range of antibiotics and other chemicals commonly used in the practice
of medicine (Nikaido & Pages, 2012). The expression of chromosomal encoded AcrAB-TolC
and MexAB-OprM efflux pumps of RND super family in especially Enterobacter, P. aeruginosa
and K. pneumoniae confers resistance to fluoroquinolones and also enhances bacterial survival
against other toxic compounds (Kocsis & Szabd, 2013). mexAB-oprM and mexCD-oprJ encoded
efflux pumps are widely characterized and mainly associated with resistance to carbapenems,
fluoroquinolones and aminoglycosides, commonly identified in P. aeruginosa (Vaez et al.,

2014). The expression of efflux pump ogxAB encoded by the ogx4 and ogxB genes is commonly
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identified in ESBL-producing K. pneumoniae as both chromosomal and plasmid borne contribute
to reduce activity of quinolones and fluoroquinolones (Rodriguez-Martinez et al., 2012). The
expression of RND-type efflux pumps AdeABC, AdeDE, AdeFGH, and AdelJK among Gram-
negative members of ESKAPE, like in other Gram-negative bacteria confers resistance to
tetracyclines, fluoroquinolones, aminoglycosides, erythromycin and chloramphenicol (Nikaido &

Pagés, 2012).

1.2.4.3 Porin Alteration or Reduced Permeability

The outer membrane of Gram-negative bacteria is an important barrier, protecting the cell
against damage by toxic compounds. It contains several specific B-barrel protein channels called
‘porins’ that are regulated to confer resistance to toxic compounds including antibiotics,
especially the B-lactams. The porins are classified into several groups including, the general
porins, which are responsible for determining the permeability barrier, the specific porins
involved in an uptake of specific compounds and the iron-regulated porins for engagement of
cytoplasmic membrane energization system for the uptake of special iron complexes with
bacterial siderophores (Ferndndez & Hancock, 2012). In Gram-negative bacteria, multi-
component pumps combined with a periplasmic membrane fusion (synthesis) protein (MFP) and
outer membrane protein (OMP) components transfer substrates across the cell envelope.
Hydrophobic antibiotics including chloramphenicol and aminoglycosides diffuse into the cell
through the lipid components of the outer membrane while hydrophilic antibiotics such as -
lactams pass through water-filled channel (selective porins) in the outer membrane proteins. The
resistance to antibiotics is acquired through the alteration of the barrier by changing the
hydrophobic properties of the membrane by either reduced permeability or loss of porins (Miller,

2016). The reduction of OMP channels or loss of porins is as a result of mutations due to the
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expression of oprD, carO and ompF in P. aeruginosa, Acinetobacter and Enterobacter spp
respectively conferring resistance to B-lactams such as imipenem and meropenem (Sun et al.,
2014). In K. pneumoniae loss or reduced expression of the major porins, ompK35 and ompK36
together with other B-lactamases has been reported to confer resistance to fluoroquinolones,
chloramphenicol and B-lactams including cephalosporins and carbapenems (Doumith et al.,

2009; Sun et al., 2014).

1.2.5 Clinical importance of Gram-negative ESKAPE pathogens

1.2.5.1 Klebsiella pneumoniae

K. pneumoniae is a Gram-negative, non-motile, oxidase negative and encapsulated bacterium
belonging to the family Enterobacteriaceae. The polysaccharide capsule is important for
pathogenicity and virulence determination that protects the bacterium from phagocytosis as well
as the host’s antibodies. The bacterium is a nosocomial pathogen that causes various forms of
infections such as pneumonia, blood stream infection or sepsis, urinary tract infections (UTIs),
wound infections and gastro-intestinal infections in humans, with increasing display of antibiotic
resistance which usually result in prolonged hospitalization and high mortality (Shon, Bajwa, &
Russo, 2013; Viale et al., 2013). The pathogen is a major cause of community-acquired
infections such as pneumonia and meningitis in infants, elderly and immuno-compromised
patients resulting in high mortality (Giovane & Brooks, 2015; Nordmann & Poirel, 2014; Russo
et al., 2011). It is among the Gram-negative bacteria that are commonly involved in central line-
associated bloodstream infections, catheter-associated urinary tract infections, ventilator-
associated pneumonia and surgical site infections commonly reported in many hospitals in
developing countries such as India (Mathur et al., 2016) and Egypt (See et al., 2013). The

therapeutic choice for treatment of their infections include cephalosporins, amino and carboxy-
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penicillins as well as monobactams or combination therapy with B-lactamases inhibitors such as
clavulanate or tazobactam depending on the bacterial susceptibility and patient risk profile

(Breurec et al., 2013; Vaara, 2010).

The mechanism of resistance employed by K. pneumoniae, like other bacteria mainly include
antibiotic target modification, reduced cell permeability, increased efflux activity and enzymatic
deactivation (Kumar et al., 2011). However enzymatic deactivation mediated by B-lactamases is
widely reported. Most significant enzymes include ESBLs and carbapenemases hydrolysing
penicillins, cephalosporins and carbapenems (King et al., 2017; Thenmozhi et al., 2014). The
ESBLs are commonly identified as transmissible B-lactamases in the pathogen and inhibited by
clavulanic acid, tazobactam or sulbactam (Shaikh et al., 2015; Swain & Padhy, 2016). The
emergence of the New Delhi metallo-f-lactamase-1 'super-enzyme' in K. pneumoniae confers
resistance to carbapenems and other broad spectrum B-lactam antibiotics, posing a challenge to
B-lactam chemotherapy (Baraniak et al., 2016). The enzymatic inactivation of DNA gyrase or
topoisomerase (IV) encoded by gyrd and parC genes in the bacterium combined with the
expression of efflux pumps confer resistance to fluoroquinolones and quinolones (Guillard et al.,

2015).

In sub-Saharan regions including Ghana, several studies have indicated high resistance in K.
pneumoniae to commonly used antibiotics in health care practice. These include inter alia
Hackman and co-workers in their studies on phenotypic determination and antibiotic resistance
profile of extended spectrum B-lactamases among some bacterial pathogens, which recorded high
resistance in K. pneumoniae to most commonly used antibiotics including penicillins,

cephalosporins and some non-f-lactam antibiotics in Ghana (Hackman, Brown, & Twum-Danso,
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2014). The high prevalence of antibiotic resistance was reiterated by other studies including
Opintan et al. (2015), Feglo and Adu-Sarkodie (2016), indicating widespread antibiotic

resistance in the bacterium which has consequently become a serious public health concern.

1.2.5.2 Acinetobacter baumannii

A. baumanii is non-fermentative Gram-negative coccobacillus that is strictly aerobic, catalase-
positive and oxidase-negative. It is a short rod non-motile opportunistic pathogen, mostly
isolated from intensive care units and surgical wards in hospitals, where widespread use of
antibiotics has enabled selection for resistance (Behnia et al., 2014; Higgins et al., 2013) They
are ubiquitous microbes and grow across a range of temperatures, pH and nutrient levels, making
them highly adaptable for survival in both human and environmental vectors (Al Atrouni et al.,

2016; Vila, Marti, & Sanchez-Céspedes, 2007).

The bacterium is commonly implicated in various forms of severe hospital-acquired infections
including bacteraemia, UTIs, post-neurosurgical meningitis, wounds and burn infections and
most importantly ventilator-associated pneumonia, particularly in immune compromised patients
in ICUs (Abdallah et al., 2015; Al Mobarak et al., 2014; Chiang et al., 2015). In the last decade
A. baumanii, combined with P. aeruginosa and K. pneumoniae, have emerged as the most
significant Gram-negative nosocomial pathogens, with A. baumanii mostly implicated in
infections and hospital outbreaks (Abdallah et al., 2015; Sengstock et al., 2010). Crude mortality
rate of 53% associated with ICU infections have been reported from a teaching hospital in
Turkey in a study to investigate risk factors associated with mortality of MDR A. baumannii
infections among hospitalized patients (Gulen et al., 2015). Major surgery, trauma, burns,
premature birth, prolonged hospitalization in hospital ICUs, mechanical ventilation, indwelling
foreign devices and previous antimicrobial therapy have all been identified as the predisposing
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risk factors for the 4. baumanii infections (Visca, Seifert, & Towner, 2011). The pathogen’s
renowned environmental persistence, broad spectrum of antibiotic resistance and ability to
withstand dry conditions by widening of the periplasmic space and thickening the cell wall,
provides it with survival advantages over the other Gram-negatives (Otter, Yezli, & French,

2014; Trivedi et al., 2015; Visca et al., 2011).

The resistance of 4. baumanii to a broad array of antibiotic classes is a challenge to antibiotic
therapy in clinical practice. The production of P-lactamases (carbapenemases and ESBLs)
confers resistance to penicillins, cephalosporins and carbapenems. Imipenem metallo-p3-
lactamases and oxacillin (OXA) serine B-lactamases were the first to be isolated from A.
baumannii resistant to carbapenems (Bush et al., 2013; El Salabi, Walsh, & Chouchani, 2013).
The swift acquisition of resistance genes to different and multiple classes of antibiotics, such as
the B-lactams, aminoglycosides, quinolones and tetracyclines has led to the exclusion of these
antibiotics as treatment options for A. baumannii infections (Sharaf & Gerges, 2016). B-
lactam/lactamases inhibitors combination such as ampicillin-sulbactam possess relatively high
bactericidal action against A. baumanii isolates, and thus 9 out of 10 (90%) patients with severe
infections is reported to be effectively treated with the combination therapy in certain clinical
settings (Fishbain & Peleg, 2010; Peleg, Seifert, & Paterson, 2008). Although with significant
side effects, colistin, may be used as viable option due to its high activity against 4. baumanii,

(Mardani, 2011).

Other mechanisms such as up-regulation of existing genes of antibiotic-hydrolytic enzymes,
expression of efflux pumps and reduced outer membrane permeability contribute to multi-drug
resistance (Mardani, 2011; Miller, 2016). Multi-resistant 4. baumannii strains possess a

resistance island with genes encoding efflux pumps and conferring resistance to ammonium-
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based disinfectants (Miller et al., 2016). In addition to the resistance island, epidemic strains
have been shown to possess open reading frames for all known efflux pump families and super
families acquired from other species (Pendleton et al., 2013). Clinicians and healthcare providers
are currently faced with a challenge to manage infections caused by multidrug resistant
Acinetobacter spp in many hospitals worldwide especially the developing countries such as
Ghana. In a study conducted by Acquah and co-workers on the susceptibility of bacterial
etiological agents to commonly used antimicrobial agents in children with sepsis from a teaching
hospital in Ghana, 100% A. baumannii were resistant to ampicillin, tetracycline and
cotrimoxazole. Multidrug resistant 4. baumannii is a public healthcare threat requiring urgent

interventions for containment of resistance (Acquah et al., 2013).

1.2.5.3 Pseudomonas aeruginosa

P. aeruginosa is a Gram-negative, rod-shaped bacterium, classified as a facultative anaerobe that
grows on a wide range of substrates and can quickly respond to environmental alterations. It is a
common opportunistic nosocomial pathogen responsible for various infections, exhibits high
antimicrobial resistance and is isolated mostly from patients hospitalised longer than one week,
with UTIs, wound infections, severe burns and from immuno-compromised patients (De Angelis
et al., 2014; Nanvazadeh et al., 2013; Tumbarello ef al., 2013). Apart from the hospital acquired
infections it can also cause other infections including respiratory tract infection, bacteraemia,
endocarditis, meningitis, osteomyelitis, enterocolitis, diarrhoea and ecthyma with about 50% of
the infections particularly associated with pneumonia being fatal (Hirsch & Tam, 2010; Micek et
al., 2015). Aminoglycoside combination with antipseudomonal -lactams such as penicillins and

cephalosporins are often preferred treatment for P. aeruginosa infections (Kaye & Pogue, 2015).
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P. aeruginosa is one of the candidates of ESKAPE pathogens that exhibits high resistance to
multiple antibiotic classes including fluoroquinolones, carbapenems, aminoglycosides and
polymyxins with more than 10% of extended drug resistance isolates resistant to carbapenems in
many European countries under the European Antimicrobial Resistance Surveillance Network
(Magiorakos et al., 2012). The most common factor involved in the resistance is MexAB-OprM,
component of efflux overexpression (Labarca et al., 2016; Morales et al., 2012; Vaez et al.,
2014). The lipopolysaccharide which is the major component of the outer membrane of P.
aeruginosa serves as a barrier that prevents the passage of large hydrophilic molecules. The
passage of aminoglycosides and colistin is through interaction with the lipopolysaccharide to
change the permeability of the membrane while B-lactams and quinolones need to diffuse
through porin channels (Tomas et al., 2010). The reduction in permeability through the loss of
outer membrane porins (OprD) is associated with resistance to imipenem and reduced
susceptibility to meropenem (Fowler & Hanson, 2014; Li et al., 2012; Sun et al., 2016). The
OprD is also co-regulated with an efflux pump system, MexEF-OprN, which results in highly
impermeable mutants with up-regulated efflux (Poole, 2011). The occurrence of double
mutations is less frequent but results in significantly higher rates of antibiotic resistance. The
hyper mutant strains of P. aeruginosa are often implicated in chronic infections as reported in the
study on in-vivo evolution of resistance of P. aeruginosa strains isolated from patients admitted

to an intensive care in Barcelona, Spain hospital (Sol¢ et al., 2015).

The acquisition of resistance to multiple antibiotic classes, especially aminoglycosides and
fluoroquinolones is mediated by transferable aminoglycoside modifying enzymes, rRNA
methylases and expression of endogenous efflux systems. The genes encoding aminoglycosides

modifying enzymes (AMEs) are located on integrons with other genes that are responsible for
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conferring resistance to other classes of antibiotics, a major cause of the dissemination of
resistance genes within and between bacterial species (Bush et al., 2013; Garneau-Tsodikova &
Labby, 2016; Ramirez, Nikolaidis, & Tolmasky, 2013). Studies on laboratory-based nationwide
surveillance of antimicrobial resistance conducted in Ghana, indicated P. aeruginosa as the
second most prevalent pathogen implicated in various forms of infections, resulting in the use of
broad array of antibiotics for treatment (Opintan et al., 2015) resulting in high emergence of

multidrug resistance by selection pressure.

1.2.5.4 Enterobacter spp.

Enterobacter spp. are motile aerobic Gram-negative, facultative anaerobic, non-spore forming
bacilli that form part of normal intestinal flora belonging to the family Enterobacteriaceae
(Davin-Regli, 2015). It is an opportunistic and ubiquitous bacterium in the environment and can
survive on skin and dry surfaces as well as replicate in contaminated fluids, and therefore has a
high propensity to cause nosocomial infections. The high pathogenicity of the bacteria is mainly
due to the formation of biofilm and secretion of various forms of cytotoxins such as hemolysins,
pore-forming toxins and enterotoxins. The relevant species include E. cloacae, E. aerogenes, and
E. agglomerans most commonly isolated from human clinical specimens (Davin-Regli, 2015;
Mezzatesta, Gona, & Stefani, 2012). Sydnor and Pearl (2011) in their review on hospital
epidemiology and infection control in acute care settings reported high incidence of Enterobacter
spp implicated in hospital-acquired infections in hospitals, particularly in ICUs with the risk of
spread among patients due to inadequate adherence to infection control measures in some health
care centres. The bacteria is a common cause of MDR infections in hospitalised patients,
including cerebral abscess, pneumonia, meningitis, septicaecmia, and wound, UTIs, particularly

catheter-related UTIs and abdominal cavity or intestinal infections with high morbidity and
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mortality. Enterobacter spp has also been implicated in various community infections and

display high resistance to broad spectrum of antibiotics (Davin-Regli & Pages, 2015).

The species has intrinsic resistance to amoxicillin, ampicillin, first-generation cephalosporins,
and cefoxitin due to low level production of chromosomal AmpC B-lactamases and resistance to
third generation cephalosporins mostly caused by overexpression. The species displays high
resistance to broad spectrum-B-lactam antibiotics such as carbapenems through plasmid-encoded
ESBLs and carbapenemases, including KPC, VIM, MBLS and OXA-types (Castanheira et al.,
2011; Deshpande et al., 2014). Enterobacter spp have EefABC and AcrAB-TolC efflux genes
that export antibiotics from the cytosol or periplasmic region into extracellular environment,
which contribute to the resistance against fluoroquinolones and aminoglycosides (Martins ef al.,
2010). Besides colistin and tigecycline, only few antibiotics are effective against these resistant
strains due to the multi-drug resistant characteristics and hence there are little or no drugs in the
'pipeline' that are known to be capable of effectively addressing its mounting health crisis
(Bergen et al., 2015; Yarlagadda et al., 2015). In Ghana, information on Enterobacter spp
resistance is sparse, however few studies on antibiotic resistance prevalence including that by
Obeng-Nkrumah et al. (2013) which sought to investigate the monitoring and evaluation of
antibiotic resistance in a major teaching hospital, and Newman et al. (2011) in their research on
antimicrobial resistance drugs in Ghana, have indicated high resistance among the species to

most first line antibiotics used in the country which gives cause for concern.

1.2.6 Challenges to resistance control strategies

The development of novel antibiotics over the past decade has slowed down, failing to keep pace

with the increasing pandemic of multidrug resistant bacteria, thus putting life at risk in treatment
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of bacterial infections worldwide (Harbarth et al., 2015). The rapid loss of antibiotic efficacy
together with increasing multiple drug resistant bacterial infections is worrisome, and demands
urgent global concerted effort to contain the crisis (Cole, 2014). The situation is particularly
threatening in the developing countries including Ghana, where resource constraints impede
surveillance that can yield reliable data for interventions to combat resistance (Baker, 2015).
Thus, strengthening the research base and making funding available for antibiotic resistance
studies should be a priority for the problem of resistance to be effectively tackled in the sub

Saharan African countries.

Another problem challenging the control of bacterial resistance may be weak health care systems
and challenges such as inadequate funds, limited infrastructure and logistics, limited diagnostic
capabilities, lack of qualified medical and laboratory personnel, poor implementation of infection
control policies and especially lack of surveillance records for continuous update of prevalence
in many parts of the world (Perez & Villegas, 2015). Although antibiotic resistance is a current
global public health concern, there is marginal awareness of the magnitude of the problem,
particularly in middle and low-income countries due to lack of surveillance systems to inform
strategies and interventions that can detect prevalence, emerging resistance and inform treatment
guidelines (Perez & Villegas, 2015). These are major setbacks for effective management and
control of antibiotic resistance particularly in sub Saharan African countries including Ghana
(Gandra, Merchant, & Laxminarayan, 2016; Ndihokubwayo et al, 2010; WHO, 2014).
Strengthening surveillance through implementation of infection control and antibiotic
stewardship programs as well as improvement of laboratory capacity as recommended by the

World Health Assembly, 2014 resolution 67.25 on Global Action Plan to tackle antibiotic

29



resistance, is crucial to mitigate the alarming rate of bacteria resistance (Shallcross & Davies,

2014).

The continuous irrational use of antibiotics is one of the major causes of antibiotic resistance,
which has been a common practice in Ghana. Studies conducted by Donkor and co-workers on
self-medication practices with antibiotics among tertiary level students in Accra, 2012, reported
70% (population size of 600) prevalence of self-medication among tertiary students in Accra, the
capital of Ghana and projected higher percentages across the country especially in the rural
communities where illiteracy may be comparatively high (Donkor et al., 2012). Selection
pressure from antibiotic abuse contributes significantly to the emergence of bacterial resistance
(Michael et al., 2014). To combat the spread of antibiotic resistance, public education on rational
use of antibiotics and monitoring through the establishment of national surveillance system for
tracking drug resistance is necessary. Consequently, intensifying research on antibiotic resistance
in Ghana and the Sub-Saharan regions is paramount if the current burden of resistance among
bacterial pathogens including the Gram-negative ESKAPE bacteria presently identified as
problematic resistance pathogens is to be adequately tackled. Therefore a study to determine the
resistance factors or molecular profile among the clinical isolates in a teaching hospital in Ghana
is critical to aid in health care policies, antibiotic protocols and prescription regulations. This will
also provide quality or improve data on the nature and prevalence of the various resistance genes
or mechanisms involved in antibiotics resistance in Ghana. Such data can become a baseline for

further research and comparative studies.
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1.3 AIM OF STUDY

The aim of this study is to ascertain the phenotypic and genotypic characteristics of multi-drug
resistant Gram-negative ESKAPE pathogens from Komfo Anokye Teaching Hospital in Kumasi

in the Ashanti region of Ghana.

1.3.1 SPECIFIC OBJECTIVES

» To verify the identity and delineate the antibiotic susceptibility profiles of the Gram-
negative ESKAPE pathogens from the bacteriology laboratory at KATH in Ghana over a
6-month period by using the Vitek-2 automated system.

» To phenotypically determine the expression of ESBLs, AmpC, inducible AmpC and
metallo-B-lactamases by the double disc synergy test for ESBLs, the cefoxitin disc
sensitivity test for AmpC beta-lactamases, the disk antagonism test for inducible AmpC
B-lactamase production and the imipenem-EDTA combined disk test respectively.

» To undertake whole genome sequencing of selected isolates with a view to delineating:
antibiotic resistance genes and their associated mobile genetic elements as well as their

multi-locus sequence typing (MLST) profiles

1.4 STUDY DESIGN AND METHODOLOGY

1.4.1 Study design

This was an observational, descriptive study where the phenotypic and genotypic characteristics
of antibiotic resistance was delineated in Gram-negative ESKAPE pathogens collected over a 6-

month period in the Komfo Anokye Teaching Hospital in Ghana.
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1.4.2 Ethical Considerations

Ethical clearance was obtained from the Joint Committee of Human Research Publications and
Ethics, School of Medical Sciences, Kwame Nkrumah University of Technology, Research and
Development Unit of the Hospital Administration (ref: CHRPE/AP/015/15) and the Biomedical
Research Ethics Committee of University of Kwa-Zulu Natal (ref: BE 494/14). Voluntary,
informed consent was obtained from all participants in writing or in the form of a thumb print.
The document was also read, interpreted and further explained in their local dialect to the
illiterate participants. Parents or guardians for minors provided consent after explanation of the

procedure and the purpose of the study.

1.4.3 Methodology

> Study setting
The study was conducted between February and August 2015, in Komfo Anokye Teaching

Hospital (KATH) in Kumasi, in the Ashanti region of Ghana. The region covers a total land area
of 24,389 square kilometres representing 10.2% of the total land area of Ghana. The population
of the region is concentrated in a few districts, with the Kumasi metropolis accounting for nearly
one-third of the region’s population of 4,780,380 (Owusu et al., 2015). The facility is a 1000-bed
tertiary care government hospital. The average daily primary care and specialist outpatient
attendance was 169 and 954 patients respectively, during the period of study. KATH is the only
regional and referral hospital that takes care of about 80% of both emergencies and regular
medical cases in the region and also serves as referral hospital for part of Brong Ahafo, Western,

Eastern and the Northern regions of Ghana.
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> Sampling

Two hundred (200) clinical, non-duplicate Gram-negative bacterial pathogens were randomly
selected from various human specimens routinely processed by the diagnostic microbiological
laboratory in the hospital from both in-patients and out-patients. Multidrug resistant (isolates
resistant to at least one agent in three or more antibiotic class) isolates selected from each group
of Gram-negative ESKAPE pathogens constituted the final sample. The specimens were from
urine (94), wound swabs (45), sputum (24), blood (11), ear swabs (6), pus (5) gastric lavage (4),
tracheal aspirate (4) urethral swabs (2), pleural fluid (2), ascetic fluid (1), nasal swab (1) and
bronchial lavage (1). Information on diagnosis, sex, age and ward type was obtained from
patients’ records. The isolates were maintained on nutrient agar slants and subsequently
transported by Dalsey Hillblom Lynn (DHL) Express Logistic Company ensuring adequate
health and safety precautions to South Africa for further investigations as described in the

objectives.

» Sample Analysis

Bacterial identification and antibiotic susceptibilities were determined by the Vitek-2
(Biomerieux, France) automated system. Identity of isolates selected for whole genome
sequencing was further confirmed by MALDI-TOF MS. The genomic DNA extraction and
libraries were generated using the NucliSens easyMAG® (BioMérieux) and Nextera® kit
(Illumina) respectively, followed by whole genome sequencing on an Illumina MiSeq platform
for selected P. aeruginosa and K. pneumoniae isolates based on their extensively drug resistant
profiles and resistance to second- and third-generation cephalosporins respectively. Antibiotic

resistance genes and plasmids were identified by mapping the sequence data to an online
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database using ResFinder and plasmidFinder respectively. MLST was also determined from the
WGS data. The raw read sequences and assembled whole genome contigs have been deposited in

GenBank under project number PRINA411997
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Background: Multidneg-resistant Gram-negatve bactenla have emenged a5 major dinical and thempeautic diemma

To descrbe the pevalence and profile of infections attributable to mautdreg-resstant Gram-negative hacena
amang patents at the Komfo Anckye Teaching Hospital in the Ashant! region of Ghana

Methods: Bacierial culiures wes randomiy selected from the microbioigy laboratory fiom Februany © August, 3015,
Bacterial dentification and minimum irh b bary concentrations wee conduced using standand microbiokogical
techimigues and the Vitsk-2 automaed system. Patient information was retrieved fom the haspital data
[Results: OF the 200 Bolates, conssting of K preumaonkse, A baumannd] P geasghoss, Enferobncta sop., E coll Yersinky
op, Paofass mirabills, Arstawveky sgp., Chomobarfadum wiokoceum, Salmomells enderkas, Who spp., Ctrobeacier kosar]
Fanioed sop, Saratia spp, Providencha rartgerl Burkhaldena capacka, Aeramanas spp., Cadecaa kapagel and Sphingomanas
paucimobdls, 101 (505%) and 99 @955 recoverad fiom male and female patients respactively The langest prportion
of patients wene from age-group 260 years (24.5%) followed by < 10 years [24006) and least 10-19 years ($5%) with a
mean patient age of 359 + 2711 02-91) years The decreasing arder of specimen sounce was wrire 97 (48.5%),
weownd swalbs 47 (23.5%), sputum 22 (11.08) bronchial lavage, nasal and pleural swabs 1 0508). Udnary Tact infection
wias degnosed in 34.5% of patents, sepss in 14.9%, wound nfections Bungical and chmnic weounds) in 110%, pumaonary
tubeauloss in 9 and appendicits, hactersmia and cystits in 0508 The olaies showed high eastance I ampicillin
{%4.9%), trimethoprimy'sulfamethorarol e (84.5%), cefurosime (M90%) and cefotadme (71.3%) but low msistance

1o etapenem (1.5%), menopenem (3] and amikacin (11%). The average mult-dreg resstance was 895%, and
ranged from 53.8% in Enfesmbacter spp. to 100008 in Aclnefobacter spp_and P cenuglnosa

Conduslon Bacenal infectiors caused by mult-dneg resstant (Bolates resistant 1o at least one agent in three or
muire antibiotic classes) Gram-negative pathogens amaong patents at komfio Anckye Teaching Hospital in Kumasi,
(Ghana are rfe and interventions are necessany for their containment.

Keywaords: Antibiotc resistance, Infections, Multidug esistance, Pathogens

Background

The emergence of multidreg-ressgant Gram-negative
bacteria & 3 major concem in hoapital settings in many
parts of the workl Inkctions cawsed by these pathogens
have become significantly challenging over the past two
decasdes, particubidy in the developing countries, and
are amociated with high morbidity and mortality rates a
well 2 protrscted hospital stay [1]. Enterdbaclenacea e
inchuding Klebsidla prewmoniae, Ewherichia b as wel
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have been identified as major cauwse of multi-dneg ess-
ant bacterial infections [2-4].
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st reported infectons attributable 1o these
pathogens in many hopitals [8]

Although, the impact of antibiotic rsistance caused by
rriltidreg ressant Gran-negtive becteria has been recog-
niged in hospitals in Ghana, messuns such as survei lance
studies that provide relisble data to mitigate the problem
are nol in place. Themfore dudies to edablish the preva-
lemce and extent of resistance are necessary to bridge the
indromation gap and provide the basis to guide empinc
therapy. This study aimed to asmes ol tidoeg-resstance
among Gram-negative bacieda in Komin Anokye Teaching
Haoxpital in Ghana to guide treatment protocols. The data
Turther provides a baseline for fiture comparative studies.

Materials

Setting of sudy

The study wat conducted between February and August
2015, in Komfo Anokve Teaching Hospital (KEATH) in
Fumasi, in the Ashanti egon of Ghana The Gality isa
Lis-bed tertiary care government hospital The avemage
daily primary care and specialist outpatient attendance
wak 16% and 954 patients respectively, during the period
of stisdy. The population of the region is concentrated in
a few districts, with the Kumasi metropolis socounting
for nearly one-third of the regons population of
4TR0380 [9]. KATH i the only regioml and meferral
hoapital that takes care of about 80% of both emergen-
cies and megular medical cases in the region and serves
as referral hospital for part of Brong Abafo, Western,
Eastern and the Norhern regons of Gharna.

Bacterial collection and identification

T hundred (2000 dinical, non-deplicate Gram-negative
bacteria were randomly selected from urine, pus, wound
swab, deurl fuid endoteacheal tubes, gastric bvage and
blood specimens processed by the dagnostic micnbio-
logical bboramnry in the hospital fom both in-patients and
out-patients. [nformation on disgnosis, sex, age and ward
type were obiined Fom patients reconds The isolates wens
maintzined on nutdent agar shnts, frocen in |yophiizing
medium 2t - T and sulsmequently tramsported to
Matonal Health Labomtory Services in South Affca to
confirm identificaion and ascertain antbiotic swsoeplibility
profiles weng Vitek-2 (Biomerieus, France) Automated
Systerns  with P aergginoss ATOCITRS3 and  Erali
ATCO3S218 a8 control straing. Mulidreg-reistance in this
stisdy was defined as isolyies that were resisant to at least
one agent in three or more antbiotic dases

Results

OF the X0 resistant Gram-negative bacteral isolates ob-
tained, E. colf was most frequent pathogen 49 (24.5%),
followed by P. aeruginosa 39 (195%), K prenmonide 38
(1905, Enterabacter spp. 12 (60%) Sernmilia spp. 8
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(), Sphinginondas spp. 10 (5.0%) and Acmetobacter
spp. B (40%) The mmaining 36 (18%) (Table 1) con-
sated of Yersimia spp. (5) Profews mirabilis (1), Sabwo-
nella enterica (1), Vilria spp. (5), Citrobacter kagerd (3),
Pantoea spp. (3), Providencia retigeri (4, Pasteurslia
spp. (1) Chrompbacteriom violacewm (1), Burkkolderia
cepacia (2), Asromorias spp. (5 Cadecea lapagei (1L
The distribution of the specimen types showed highest
proportion of islates, were frm whdne specimens 94
(470%), followed by wound swabs 45 (225%) and spu-
e 24 (12068 ) with just 1 (0.5%) from each of bronchial
bvage, nasal and pleuml swabs espectively. A higher
proportion of isolles were recovered from in-patients
161 (80.5%) compared to the oui-patients 39 (195%).
The numbser of Eolates from the medical intensive care
wnit (ICU) 78 (390%) was highest, followed by Child
Health 3% (1%5%) and the Obstetdcs and Gmecology
wanks 17 (B.9%) with the smalled mumber of 10 (5.0%)
solited in the Accident and Emergency Unit E coli 49
(245%), P. aeruginos 39 (195%) and K. preusoniae 38
(14r) (Table 1) were the most predominant pathogens
implicated in 63.0% of all infections. The digribution of
bacterdal pathogens among dinical diagnoss showed
urimary tract infection (UTL) 6% (34.5%) as the most
prevalent, followed by sepsis 2% (14.5%), tuberculosis 18
() and wound infections 12 (6.0%) with the least
prevalence in appendicitis, bacteremia, cystitis and pros-
titis 1 (0.5%) (Table 1) E. cali 24 (34.8) was identified a
maed common case of UTL followed by K prewroniae
17 (246%) and I geruginoss 9 (13.04%) implicated in
T2A% of all UTI pathogens.

D sgra phi e characteristics of patients with bacterial
infection

The patients’ ages ranged between 2 months to 90 yeas
and mean age was 35.95 £ 2711 years with the gender dis-
tribution of 100 (50.5%) males and 99 (49.5%) females
Lamples from oulpatients (OFD) made up 1958 of the
total smmples All the other sumples (B0U55%) Fom Accdent
and Emergency, Child Health, Medical ICU, Surgery and
Obstetrics and Gymaecology departments were inpatient
sarmples (Table 1) The prevalence of infections were high-
edt amdong the patients of age-group =60 years 9 (24.5%)
ollowed by <10 yeas 48 (240%) 20-29 yeas 26 (130),
30-39 years and least in 50-5% yeas 17 (8.5%) (Table 2)
UTI was highest among the age-group <10 years 23
(33%) followed by 30-3% years 12 (17.4%) and least 50—
59 years 4 (5.8%). Septic inkction was highest in patients
within the age-group <10 vears B (9000), fdlowed by
=) years 5 (25.0%) least in 10-19 years 3 (15.06) (Table ).
Among the diferent types of wound inkctons, diabetic
oot ulcer showed high proportion within age-groups 50—
50 and 260 vears of patients
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fuge (ears)
Mumber of Canes ()
10 0= Jronor ) A1 4045 D=2 fau] Totl %)
Gender
Eenae n -] 0 S 1 ik 93 (495)
Aale ) 1 2] -] -] iz non {Ean
Infections
e 2 1 2 1 1 T (1)
Appendicds 1 10y
B 1 10y
Brondhids 1 1 2o
Crdlulzs 1 10y
Ui 1 1 nom
Cystilix 1 10
Diabetic foot uoer 1 1 1 r 10 &0
Gaimeniedds 4 3 T35
Mo 1 1 1 1 1 2] 1125
Onits 1 1 2o
Pericandi®s ] 1 EX{ES]
Pesttonies z 2o
Prisumoniae 1 k] 420
Prostits 1 1o
AT 1 1 1 L5
Semas 3 1 1 2 9 0{ag
Surghcal wond Infiection 1 1 rd i rd 1ogED
Tuberulogs 1 2] E ] 4 12 @00
um ] 4 i} 12 4 -] =Y e P L]
UWcer 1 1 oy
Wound Infiection 1 4 r 1 4 r 10 &0
Frequency (56 &8 (24.0) 19 {9.5) 26 (13.0) 21 {10.5) 20 {1000 17 {as) &9 (244 200 {100)

Advlirery it ILTT 1 iy B X e, VTV okl by 1 Y Il iy, — oot i
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Suscep tibility profile

Thee antibiotic swsce piibility prodle showed that the isoates
were o resdant o ampicillin (904%), trimethoprim
sulfamethoosrole (8445%) celaromime’Aoxetil (B0, celfiar-
oocimee ([TOU0RE), celdtaxime (71.3%), cefmoitin (57.5%) and
woene leasl retistant b ertapenem (1.5%) [Table 3.

Bunlri-drueg P i Emee

Multidrisg resistance was observed in 89.5% of the bacter-
ial molates, ranging Fom 53.8% in Ertembacter spp. to
100N in Acimefobader spp. and P aengrinoss (Table 8.

Driscussion
Epidemiclogical surveillance of bacterial infection and
resigtance o antibiotics are essential for awareness
e Lo, irnplenme mtation of contnl mestures and effect-
ive management of infections. This is important in
developing countries particulady in sub-Sabaran Africa
where studies have indicated that many hospitals have
redimentary and poor enforcement of infection oontml
measures and marginal avareness on the extent of infec-
tions caused by multi-drog resstant bacteria which have
resulted in increased morbid ity and moctality [10, 11].
Cher shiedy observed higher prevalence of indections
amdong in-patients (B0.9%) compared to the ost-patients
(19.5%) with HCU acoounted foxr highest incidence. The fre-
guency of becteral woksted from male (S05%)
and female [495%) patients, showed no  appreciable

Table 3 AntibeoEe sscepEballly profle of molaes

PageSof®

difference. The high infkctions of in-patients is consistent
with the Bnding from soticewide ssrveillinee on anti-
i crobial resistant pathogens from patients” Bood cultures,
which reconded prevalence of =70% of bacterial infections
amdrg in-patients in Ghanaian bospials [12]. Several pre-
disposing factoms are asociaied with the higher infecton
rates among hospitalized patients swech as the use of ima-
shve proceduns like catheterd zation, central lines amnd mech-
arical ventilation [13]. A member of dak Betnrs aocount or
the high [CU infections including non-compliance of care
prodessionals (physicians and numes) to hand-hygiene prac-
tices which has been identifed in a stsdy conducied in a
mepratal [CL) in a Ghansian tertary care hospital a5 a
major factor contributing to healtheare infections in B
[14]. The MOU humeses critically il potients and are often
exposed to extensve we of antibiotics cauting selection
pressure for the emergence of resistance. These facbors
coupled  with  interventional  instrumentations asch as
mechanical ventilation and invasve procedures, comomonly
wsed in ML [15], exposes the patients to high risk of infec-
i KATH is the only tertiary and refemal Sscility receiy-
ing patients into the O from many healtheare facilities
within the mgion and other parts of the country, often
resulting in congestion or overcrowding, thus incressing
chaances of trandm tting infections amdong pabients.

This stwedy indicated high infections among advancing
and infamt age-groups with UTI and sepsis reconded 2
meet frequent. The geratric and pediatric patients are

Arphioscs Total murminer o F lsoletes (W) Cumoermible M (56) [ S T ST T ] Besiatar M 56)
Arnpicillin =3 T3y by fca ] 153 iy
Aumnoo i frn ] £1 L) 47 FaLy 102 E15)
Piperadlin-zoobacam ] 103 (545 [ el Frinasy
oo rme e AL (TE) T 3L 152 {rao
Cofotan e T4 3o 11 (55) 1% ETL)
1 i T L) 44 [FF1) 12 ) n43 {rna)
Cefradirme a0 0 52 £ (FE) 21 0%y
Cefenime rinn) 19 Eag [0l 1T =)
Ertaperam ik~ 130 (=5 1 0sE) 1 s
Imipememn = 191 Ly [ ] uTu)] j-J 2N ]
IWieno Demen e 192 T 1 0E) L]
Armikaan = 1reEadg 14 {Fo) TR
[y = Ta ) Taly] = 105 (20 £ {2E) = )
Ciprofioomdn rinn) 1E EEg F{0) frd =00 ]
Temagrdine 199 134 (B2 R 14 {Fo) &l (307
BT ofiradnin rine) B4 o) 17 =) o3 L)
Collsin ik - el SR Z{0) g 4[]
Trtrmy s Fameshoa e e 20 {155 () ialsi] 189 =45)

Bt allln b aribastie s Bestod B alll 200 Bl e ment ol N vl achdacd o B 200

P ik P —— [ —_—— P

i s s p
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Talsle 4 MDA among Bolaes

Bacterinl molates P miber of o e () MDE M )
A et ohacier 0 ) 2 (0o

E col 49 44 (E95)
Ervterobacter 5pp i T

i e iz a4 )
P, oeruqinosa ag a5 o0
Seratia sop 2 T Ers)
Sphingomonas paeaimodiie i[=] o9 0o
Ciher Gram negative ay I E0)
Frequency 200 173 (595

wsually more disposed to infctions duee to their immune
status The advancing age ame commonly associated with
risk factors inchsding reduced immunity, co-morbid dis-
eases such as digbetes melling chronic heart diseases,
neurogenic bladder [13, 18] whild in inbnis, ek of
fully developed immunity, malnutrition 2 well 2 inad-
egquate hygiene [17] put them at grester risk of infec-
tions. Urinary tract infection (34.5%) was most prevalent
within the pedod of our study, and & compamble o
31.5% mpored from a Sudy on prvalence and anti-
biotic susceptibility pattern of vropathogens oondected
in secondary hospital in Ghana [18]. Ouwr study Bond, E.
coli and K. preqroniae as most predominant pathogens
implicated in UTL Several studies comndected in the
region and other parts of the country have repocted LTI
as moat commen infections frequently caused by Ecoli
and K pregriosiae with high resistnce o brosd spectrum
antibiotics, thal remains a major clindcal pooblem in healt
care system in Ghana [19 2] Among the solates, £ coli,
K pregmoniae Profews ndrabilis, P asuginosea, Enterobas-
ter, Adretobader and Sernatia spp. in the present shedy
have been reported 2 indcally important wrine pathogens
[18 21], associated with abouwt 9% of both commaunity and
hospital scquired UTls [22 23] Udnary trsct infection
prevalence was high amoeng infants and the middle aged
wiith nﬂemh#&:nfﬂtﬂh iuEe) than the mmales
(e6%) in the middle age group. In infnts predsposing
factors sech as lack of pesanal hygiene, incomplete empty-
ing of the bladder with residial wrine and severs acute
malmutrition have been reported [24], whilst the middle
aged, in particular females, high party coupled with
increased Fequency of seasal activities have been identified,
contributing to the high incdence [25] The prevalence of
sepas among infants, G005 (Talle 2], was higher companed
o the 25.9% previousy repodted in the country [26]. The
higher prevalence is attributed to higher patients” intake in
the stedy site and also situated in most populoes region,
thus receiving higher numbers of patients (infamts) with
complications compared o other regions of Ghana This
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shedy i however limited in i3 representativenes of the
entire hoapital becasse we did not sstematically collect
data on how muech of each specimen type was sent to the
b and which types of isolates were obtvined from each
spaci men type.

Amaong the isolates, E. coli, P asmginosa and K prew-
moaige were most prevalent pathogens implicated in
ed % (Table 1) of the infections with high resistance to
antilviotics wied in Ghara The finding that £
all, P aorugine and K preinionis wene most prevalent
Gram-negative pathogens is consistent with previous stud-
s conducted in Ashanti region of Ghana [20] and other
parts of the country [26, I7]. A natiorwide surveillance on
antimicrobial | resistant shisdy, conducted by
Opintan e al also indicated Eolf and P aenyginesa, En-
terobader, Cirobacter spp. amnd K pregmoniae 2 most
ComEmOGn gram-negative bactedal pathogens in Ghana [28].
The current  prioriticed ligs of bacterial e
Wodd Health Organation (WHO), categormed £ coli P
asuginosd, K. prewmonice, Adretobader, Erterobader,
Serratis, Protens and Provddencis spp. identified in owr
shisdy, an critical or most like-theea tening  Gram-negative
pathogens under surveillince dise to their high antibiotic
rezivtmnce especially to carbepenems and thind generation
cephalosporing, asecated with attributable mortality [29].
In particular, K. prepvronias P aemiginosa, Acinefobacter
and Enterobacter spp have further been described by the
Indections Disesses Society of Amerca as Gam-negative
ESKAPE (Emfermamaae  [faacinm, Stapldococcis  amrens,
Elebsidla prepmoniae, Acinetobacter bawmanni, Paedo-
movngs aarnginos and Erferobacter spp) pathogens, fre-
quently atssciated with multidreg resgance [30, 31]. These
ESEAPE Gram-negative pathogens were implicaked in
48 5% (Table 1) of the infections which is higher than 35.6%
previously reported [Z7]. The woere abio impli-
cabed in S0% (Tale 1) of the HOLUF infections, and therelbre
posing a major threat to pulblic healthcare in Ghana

The susceptibility profle of the isolates displayved high
level multidreg resstance of 80.5% with high resstance to
amypicilin (945 ), trmethoprim sl Gome thaocaeole (B4.5%),
celurpoinmee (79005 cefplxme (71.3%), celbxitin [57.5%)
armd amvoos cill in-clayvulanate (51.5%) observed, was condist-
ent with other studies conducted in Ghana [27, 32]. The
degres of resistance among the isolstes to ampicilling tri-
e thoprim arl Bmethoxarole and amossc lin-clavulanate
showed in the study, alko agmeed with other stsdies
comnducted in the sub-Sahara Afican countries such as
Tanzania [7]. Migera [33], Ethiopia [3], Zimbalwe [35]
and Rwanda [6]. The high resisance trend in the sub
region i indicative of high antibiotic selection presssre
bigely due to relatively cheap and easy availability of
these agents, mostly wsed a2 fimt line or common
choice of treatment in many healthcare settings in the
sub region [36—38].
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The decreased ssceptibility of isolates to the beta-
lactam beta-lactamates  inhibiter coombdnation  antilxotic
therapy and Muorsguinolenes o profloscing s comparable
o other studies in Ghana [20, T7]), which potes a chall enge
to trestment of common inlections as these agemts are
readily avallable therapeutic opticns 9], The high resist-
ance bo second and thisd-generation {oefisr-
oocimee [TO0E], celbmitin  [57.5%] and celtaxime [71.3%]),
may sugged high expression o ol exten ded
spectrum beta- bctamases Gram T e 1
as previoudy reporied in Ghana [4]. The carbapenems
(imipenem, efapenem and mempenem), amilacn and
coliEin were senmitive, a8 these antibiotics are wsed a3 last
resort in trestment of sedous infections. [n addition the
cathapenems have been introdeced into Ghansian market
for relatively short span of time and is comparatively mone
expensive than the mainstay antibiotics and therefore, not

e

This has posibly led to relstively low materal selection
and hence low development of antibiotic resisance
among the solates.

Condusion
The study demonsteated high multidreg resistant Gram-
negative bacteria implicated in the infections, with LTI

as most frequently diagnosed among patients. Infections
wene common among the ddedy and infants, and pre-

dominantly cassed by E. cali, K. preuwionige and P.
aeriginoia during the pericd of our study. These
results should inform the empirical treastment of infec-
ticns in Komfo Anckye Teaching Hospital of Ghana as
appropriate.

i rereva itk aen o e

W vecauld ke oo chank e Koo Anecieye Taac Hing Hiospiml swaff, espacially
e mechrical Taff in e Moobiohogy labomt ony for T sunpo durineg
saarmple colacricn and peclienirery derdficrion, aiex Fivysic s ared Muresing
st in various vandks for Twin asisance: We also thanik e Taff of Badoral
Haalth Labomanony Sarvines (SHILS), Ao Lushauli Hospia i Sowes Africa for
s bacnr i idendfication and S andhiodos 2oopahilny proflc tesding.

[Farrclineg

This sauchy vwea s auppecmend by e Magional Resoanch Foumdadon Inoermive
Fundineg for Baned Bascandtee s Gant Mo: 25595 awanded o Profiesson 5%
Emack and a Pl 5w dip aveanded oo M Sgyepong by e Colisge of
Hoakh Sdanoes, Unkosny of Kwalul-Maral

Awalabilly of data ased sratarialic

Cara and mamer als Foes Boan proviced in ©w main mancesoipe Whane
menessary addtioral inte radon of T Sudy can be made avalable fom
e oo asroreding Ao on MU

LED L L R B

Tz sacechy veses co-oorcepaunlizad ard joindy chesigread Eee B, A0 ared E BUA
codlamed the cdata and wndemock Rbomamory analysis with S Feip from UG Ra
aralyEdand Irmemenad the data with asdsmanos from A0 5 5E. M the auaes
comibaned in proparadon ard subemisson of rRnusipe A auoes o d and
anprcrend e firal merasTioe

42

Page Tof B

Eihics agperwal and cordan Lo panbpate

Extical doara o o v appncred by the joirt Commimae o Hisman Bessandh
Funicadors and Edhics, Schonl o eacical S cemoes, Earms: M b Unive sty
o Tachmodoagy, Fioson: i ard Daovaopmmant Link of the Hosniml & derimisradion
e COHRFEM R 90 S and e Binemedoal Fossanch BEies Cormimimoe: of
Lriarsiny of KTl Bamil frof BE 49407 ) Irfoamad coreans v obmined
oo il o diclpares; ard faoen panerts oF groediare B enireoes i wrimon foen
aities dgread oF By a thasmin peine afor aplmiton of e procaduns ard the
e off the sy

ooyl thoer o ISl e
Bt anndcaide

(Conrrge ey Ervlar e

Frofiosmon Exack isa mamier of the Giobal Bespiamey Infiecdion Fammar ship
grorensiad] By an unnesTic e ackecatioerall gEenT froin Ruackie e ooz,
LI The offea? TR0 QWS Fad COMMERE NG Immonese oo dadane.

Publisher's Note
Speliregar Marur o Famaine mowral with ragard oo jurisdicdoral daiee in
pbiised rraps and irsdburioral A ladors

Bt ens SRLERD

it || Fesoanc i Unis, Diac ipdinee: of PRrarmaccodoal Sdoncos,
Urisardny o Maa-Tul Nam ), Dutan, Soush Afica. "Seiood of kackeal
Scharenes, Kvwarmes Miourmah Uniersty of Scieros and Tedhnology, Eumad,
Erara.

Racsieed: 16 fu ONT A 10 Febhaaany J00E
Published anline: 19 March 20HE

Rl derenls

L Singh M, Manchanda W Conorod of milmtnsg-resEse g menagat v
o [ koav-amt i ool v POn Tl e T imm oo
il thazuat e by resciances. Clim Microdbecd Infoce. 20732168,

1 DeAngds G Dneas T, Fod B, Spani T, Sganga 5 Burdon of amibicdc
e ans grarm neagad ve baceral inflocd ons: evidonos and e | Mad
Miorobeol Diagn. 20631 12-8

31 FRosmdind GM, Manoonodi E, Ooooudar 1, Musreanno RS, (o G
E fcharmindoagy of | nicionss causoc byl drod sane grarmsmogad vos: ESBLs
MH=, arains Mow Mirobesd. XT3

4  Odurodfdarea O, ObengeMiurab N, Bomray BY, Oouroddana E, Twasrs
Do K, Ol W, Sackoy 5T, Gonodc charamor radon of TEW-oyae EBL:
s anoc] s bne novis | resd Sanace i Enaonobaemon aoon @ i 3 tord any Rocpil
I Gharm . & Oin MocHol Andmiocs. X0 5152533

5 Lo Doare K Biefick L Heath FT, Shadand M. Sysemacic revaw o andbode
s S A0S ST graETene Qe batera im chil direm with sopek im
resceance- i d cossnries. | Fedamdc infas D6 Soc. 200540 1-20

B (Carmod| M, Rangeia tagan &, Misabaow 3 E, Snaogor O, Ogbasgs O F ks yoar
andmioobal ascepibliny trondcs among baceral solanes frorm a cordany
Pz v Faci iy T Kigal, Fowanac. &am | Trop Mo Hyg. 200595 127783

T KumbaruHH, Sonca T, Mirbaga BT, Alfrangis M, Lund O HEK G, Sarcsmsp
FM. Famoms: of inboions aodoogical agents amd andimi crobial red sanoe
an & mordany cane: bl in Rorhem Tanmina, Tropesl Med ine Hoalh,
IMTIIA5 -4

& Mogarsd B Moad 5B Combaoune i, Garea s W, A H, Donabdaom L,
Pimet O Bundan of eracimic haal th canc-asscd anad] infoct ion im devel oing
OO Sy R mac neviow amd me E-analyss. Lanoor. X0 113 7 T840

& Oeazas G Onong-Abakds M. rnaly conae ki g oawandl
siraai ra He wrbam Gl opemeand (m G m by 2080 & Bekay 50, ANESE
N7

I Humrer & Harm S, Corder || Coogrove 5§, Goosone H, Holmes & Jarior ',
Woex B, Pimor O A macrobial resksnece: 3 gobal viow froms tha 3003 Wrks
H iz v - vt Indfondd o Foduem: & el onods Resisr |infaor Connod.
M3

Tl Samud 5 Hayods O, Muss O Mvdgwae G, Abodonn &, Sakami T, Taiwe 5
M oscoorrdal infiecions and the challonges of conarod in developing
cosrrrics. A | CimExpMicobicl 20001 E1E-%

12 Oopingan 18, Mowrman M. Froval onos of andmic robial nodsans pathoage ng
from Hood osnsnes: resales froma bl ra v die sura amoe
im Gharm . Andmicroh Feds infare Cornd. A7 G547



Agrepong o al. Aatimibobial Besdohnoe and nfechion Sontral [2015) 737

2o

2L

22

23

24

a5

I8

T

-

i

o

ER

3z

3a

a4

Chamg ¥l ol ML, L ¥ Has O Lim 00 Has M5, Chiu WY Prod odmg
ezl -mordned] [infecions by sooring aysnom wit b simpds: pararmo nors.
FLof Orex W BE<I-TIL

Bsara B, Emwaronu-Lanyga 00, Mowrman ML Hand hygions pracd oo im a
il imaonalve coF e L e i Ghana | infarr Oov Ories 20063352 -5
L Flic &, Ahimed 5, Mp E, Dodanay M (hallenge o imendvwe cane umit
acpuinad infiecmons and Acinenobnc ey bousmannd it doweioping counmie s
O Cane: 204312 -7

S AF, Mames O, Gaciaiicl O, Carasld | Managamans of
wmmm;hﬂmmTMMMEﬂa
A IS

Hill F; Farshuss: 5, Dy F, Hurkoy M8, Camor B. b uncio musrion: progracedc of
infacs o compd catlons T childnem undcb ngaing) SungenyT A gEnomad o
e | Hosp Infore. J00E8:12-21.

Gyansarlumoncads M, Afiyic O Aere 15, Arponsah 5, & bedane H, Dok O
Endmicrobial use and Lere by pamam of LnoEarhogans: asockaned
with Lrinary e infocmions an the Ghana Follce Hospim L Glob | Fhasrmaccd.
AN 30E- 15

Chsiribocaraang © Cuanee L, Bo F, Srmicha M, Schasrmpaorg) |, S K AayrmEnoimacc
o Lrs SITonG) P OnaT WA amerd ng aronanal cinic an iha Lindvors oy
Hoepital, P, Crama. | Mocl Biosmod] 50 AN a8

Gyeesh Sarpanag CF, Manamah B, ¥ond BMT-8, Apgiah A8, Blaah K, Arcdiace
R, Kolobang A5, Al | Reskoaros pat nam of unopathagend c bacorda in male s
wilt b | ooy Lrimary Tl T chsanuacion in Klemedd, Ghana, & | Moobid Ries
A ETAMN-T

Wircho 5, Bbabakoel B, Opckos B im vitro s cides of andmdsncbial sgones
RN LA [0S A Broney Ahafo e gioma | hospdsil, GRana, Ine
J O Microdicd Bop 5o, AT ITEIE3-200.

Lirharnes |, R T, Roadiiguas: &, &lmoida & F raguency and and micnobal
nesEmnee oo of Eacmod 3 frepllcancd in comimuniny L inany s
Infamions: a tan-yar survall s ey (CO00- M09 BRC Infocs Ois 2043;
13:1-23.

Farajria 5, Sk MY, Ghocrd cas R, Madhi i B Makhdoard & Cocmd v
agones a3 micnobial asrepabddics of uirmry T irfecdons i the
maythwas of mm Ine ] Iniboe Ol 2003130404

Liva cmucka SM. The prevalance of ulnary s Tndecdon im ol dirar swith
SOINE A0S Malri i ior @ naerad v neviow. Fedlam c Hea kb Mad Ther.
AT -

Foamakn M, Kuear K5 Lrinary macs inford one Casos, ampnciTs, ciagrodd s
S 'S Iraisi | R P e Bloaochmesd. 20631 X33
Bocpaain SE, Oy L, Sagos Kﬂnh&mﬁﬁwm
Surepdblity of bameral aidodcal agpnse
:uﬂncu::gnmhmummm:mﬁmnmmq
Hospimil, BC Infors D 2003 13 114

P varmar Ml Frimpsomg E, Dondor B5, O rman 1B, Bsarmoabed da B Fesks mog
o A ookl dinags I G Infacs Onag Rk 2001 4215 -20

Opimcn 18, Mowemam B, Srhim FE, Oondar B5, Gyare-Lusmor ot M, Ml
Pappecs W. La mamkcrssdca sria noe of & rd e onobial
nesEmance in Ghana. Infacs Dnsg Resks 2005837535,

WHOL Eobal pricrity B2 of andbiodcresEsns baco a oo gul e ressarnch;
dEcowary, amd daveioprmert of mow 3 baodcs. Gonover Wiorkd Hoale b
g i Tamkony, 2007

Mavicinia M. The difical impomance of emenging B8 FE pathagans i
e al |rfecdons | Farmmed 50 AW ET43-57.
mnﬁm% SraaTrar BN, Samir AN Pl ohuegenos I QT
Fagiad v bcacmo il RS i e hacepiad S Pl Cvac AT, I cad ons
for dirical pracios, s ormanging moarrans opdors Mondh Dnug Rasis
A g4 12-30.

Obergiinurat N, Twurr-Danas K, Fogie K8, Nowman ML High: leval s of
e Bl s < im 3 o noa chimg) hospdl T Ghanae
thaz o B regular monioring amd ova uadon of ardbeote redsance. AT
1 Trop Mad Hsg. 2003809504,

Coghamds O, O 00, Chgrumieciurs &, S5 8, Wiobier M. High lovels of

e cinueg reskmmee Tmdlinis al isstanes of grarmenoganv e pathogens from
Migara ifo | Andmaroh Sgones. A0 EAPEIE.

Muluye Oy Wordirenzh ¥ Fanads G, Maga T, Adara K, Bladgo B Teda H,
Pelcages: F. Baacmor bl Eclancs o thaoir o bicake assnopabd iy oo nomes: & oy
[ s i o s ey waciam dlschangee @ Gy arsd oy e al
B Fos Monss. N0 4761534

43

Fage2of 8

Mbnnga |, Dubss 5, H. Frovalaroe sl dinug) reesd ssameos im
bameria of dha urinary e irfadions [mBuawenys prodnce, Arbabese
Eaxx &t | Fublic Hoalh, 200057322533

Mamana 5E, Manoa M, Fwosormarm M. Sndmerodd | reckmemcd im o
e ardmal puthosgans: in Tarhia, Domooraic Ropublic of Comgs,
Mcﬂ'rﬂ:.ﬂ:\dh\ni:mugﬂtnﬂdnfaﬂ.ﬂ'wnmlm
sy B Clim Morobecd Andmioncd 2304 313223338

O M, Bwanga F, Bbsa (35, Bagenda Oy, Wasko F Ogwal -Chang 1, Obua
. Famoms and prodinoes of sol frmed cad o [ noseham Ugamca, FLOE Cne:
0430330

Droror B5, Tmhq.ﬂmnFE\thqP.wnEffrHﬂm
P oo vl b e bioaes ey lovee sosdrsin&oom, Ghanea a
roassad onal Sudy i | Er Fas Fublc Hoa it 201293 51923
Hadara mHE, Dbl 5 Armaoko E, Furomodsio F, Gondon & Lanssa E,
Caowae 5, Briaoe L, Broswn C8, TeasmDonas K oo cone imrdnamon
] andimd orcbdal red samce profile of eaonded oo bl acarmae s
i Eschearichia oodi s Mobrdal i piredusmeorda 2 im Saoora, Ghana, | Mag 5ol
IME3TS-3

Fighs F, Scls-Sarbodie ¥ A marchial neskmnoe pamems of oo nckad
ST Bl o Hobedalbe s E. ool B anes froma
merdary heagml in Ghana Bor 50 L XN 12174375

Suberst your next manuscrpt to Bohed Cerrral
and we will hadp you at eveny stepx

= W@ aooept pre-sUemisshon nguires

= (D sedacior ool Feed i o oo find chee mos T melavant ol

= W e pnosdiche oo Shee CliosCi OIS DRSS [0t

& I Orpasie Nt Oinlines: SUeTlEshom

= Tl g [eaat nevlaw

* Jimec iesloen in Pubibied andall majesr mdexing sandocs

= Riaodrrasn s Dby foer youer mescamch

SLIIT 0L N ANLRC DT 3t

AR STk et raLooem SutE e C} Frim W Oararal




CHAPTER THREE

SCIENTIFIC MANUSCRIPT TWO: Genotypic characterization of multidrug resistant

ESBL-producing Klebsiella pneumoniae isolated from a Ghanaian teaching hospital

Author’s contributions

» N Agyepong, as the principal investigator, co-conceptualized the study, undertook the
preliminary laboratory work, analyzed the whole genome sequencing results and drafted
the manuscript

» A. Owusu-Ofori as co-supervisor, co-conceptualized the study, supervised the sampling
and preliminary laboratory work and undertook critical revision of the manuscript

» U. Govinden, as co-supervisor, co-conceptualized the study facilitated analysis of the
whole genome sequencing results and undertook critical revision of the manuscript

» A.G. Daniel, contributed to data analyses and undertook the critical revision of the
manuscript

» A. Mushal, contributed to data analyses and undertook critical revision of the manuscript

» T. Pedersen, contributed to data analyses and writing process, focusing on the results and
discussion

» A. Sundsfjord, contributed to data analyses and writing process, assuring the quality of
the final manuscript

» S. Y. Essack, as principal supervisor, co-conceptualized the study and undertook critical

revision of the manuscript

44



Genotypic characterization of multidrug resistant ESBL-producing Klebsiella pneumoniae

isolated from a Ghanaian teaching hospital

Nicholas Agyepong', Usha Govinden'!, Alex Owusu-Ofori?, Daniel Amoako Gyamfi', Mushal

Allam?, Torunn Pedersen, Arnfinn Sundsfjord*, Sabiha Essack!”

Antimicrobial Research Unit, College of Health Sciences, University of KwaZulu-Natal, Durban,
South Africal

School of Medical Sciences, Kwame Nkrumah University of Science and Technology, Kumasi,
Ghana?

Sequencing Core Facility, National Institute for Communicable Disease, National Health
Laboratory Service, South Africa®

Norwegian National Advisory Unit on Detection of Antimicrobial Resistance, Department of

Microbiology and Infection Control, University Hospital of North Norway, Tromso, Norway*

Corresponding author:
*Sabiha Essack
Antimicrobial Research Unit
College of Health Sciences
University of Kwa-Zulu Natal

Durban, South Africa

Email: essacks@ukzn.ac.za

This manuscript will be submitted to the Journal of Clinical Microbiology

45


mailto:essacks@ukzn.ac.za

Abstract

The resistance of bacteria to multiple classes of antibiotics is a major global health concern.
Extended spectrum-B-lactamase-producing Enterobacterales including Klebsiella pneumoniae
are among the multidrug-resistant Gram-negative bacteria classified as critical on the World
Health Organization’s list of priority pathogens for the research and development of new
antibiotics. ESBL encoding plasmids are commonly associated with genes mediating resistance
to other antibiotic classes including fluoroquinolones and aminoglycosides, facilitating the
dissemination of multidrug-resistant bacteria in hospital settings. This study delineated the multi-
locus sequence types, antibiotic resistance genes and associated mobile genetic elements in
multidrug-resistant K. pneumoniae from a teaching hospital in Ghana. Identification and MIC-
determinations were done using the Vitek-2 automated system and confirmed by MALDI-TOF
MS. DNA extraction was carried out using the NucliSens easyMAG® (BioM¢érieux) kits and the
DNA was subjected to Illumina WGS. The isolates were characterised by the presence of diverse
sequence types (STs) include (ST2171, ST1887, ST2816, ST17, ST152, ST397, ST1788, ST798
and ST101) and multiple genes encoding resistance to B-lactams (blactx-m-15, blasuv-11, blatem-1s,
blaoxa-1), aminoglycosides (aac(3)-Ila, strB, Strd, aadAl6), fluoroquinolones/quinolones
(gnrB49, qnrB10, ogxA, ogxB) and other antibiotic classes. Resistance genes were associated
with plasmids, predominantly IncFIB(K) and ColRNAI. We found multiple and diverse
mutations in quinolone resistance-determining regions of gyrd, gyrB and parC in isolates
resistant to ciprofloxacin, but no mutation was detected in gyrB among isolates with a
ciprofloxacin (MIC >4mg/mL). None of the isolates susceptible to ciprofloxacin presented
mutations. The diverse resistance genes identified in multidrug-resistant K. pneumoniae is a
major threat to the management of infections in Ghana. The molecular characterization of
antibiotic resistance is thus imperative to inform strategies for containment.
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Introduction

Increasing resistance to multiple antibiotic classes among Gram-negative bacteria is a major
challenge to physicians and health-care providers in the treatment of infections. Gram-negative
bacteria are commonly associated with hospital-acquired infections such as ventilator associated
pneumoniae, bloodstream infections, surgical site infections and urinary tract infections (UTI)
particularly among immune-compromised patients in intensive care units (ICU) (1).
Enterobacteriaceae including Klebsiella pneumoniae are prominent hospital-acquired pathogens
and are listed among the six multidrug-resistant ESKAPE (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa and Enterobacter spp.) bacteria described by Infectious Disease Society of America
(2). Third-generation cephalosporin and carbapenem-resistant Enterobacteriaceae have also been
ranked as critical priority pathogens for the research, discovery and development of new

antibiotics by the World Health Organization (3, 4).

The mechanisms of f-lactam antibiotic resistance employed by Gram-negative bacteria including
K. pneumoniae involve the expression of [-lactamases with/without other non-enzymatic
resistance mechanisms such as efflux and/or, outer protein membrane or porin reduction
rendering the agents ineffective (5-7). The resistance may be intrinsically expressed or acquired.
Ruppé and colleagues (2015) reported high rates of resistance to P-lactam antibiotics,
particularly second and third generation cephalosporins among Enterobacteriaceae, ranging from
10% to 70% in a systematic review on mechanism of antibiotic resistance in Gram-negative
bacilli in the last decade. The swift acquisition of plasmid-borne extended-spectrum B-lactamases
(ESBLs), especially those belonging to the TEM, SHV and CTX-M B-lactamase families

produced by Enterobacteriaceae including K. pneumoniae with high preference for oxyimino-
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cephalosporin hydrolysis is increasing globally (8-11). Plasmids of the IncF group represent one
of the most common plasmid types contributing to the spread of antibiotic resistance genes in
Enterobacteriaceae with CTX-M-15-positive IncFIIK plasmids commonly characterized in K.
pneumoniae (12, 13). The spread of these resistant bacteria has compromised the use of f-
lactams, considered as the safest and most easily available antibiotics for treatment of infections

in many parts of the world, including Ghana.

Studies conducted in Ghana have reported K. pneumoniae as a major pathogen responsible for
UTI (14). A laboratory-based nationwide surveillance of antimicrobial resistance in Ghana by
Opintan and co-workers reported that K. pneumoniae represented 1.06% of all bacterial
infections and 1.4% of Gram-negative bacilli (15). Agyepong et al (2018) indicated an increased
K. pneumoniae resistance of 19% (38/200) of Gram-negative bacteria in their study on multidrug
bacterial infections in a teaching hospital in Ghana. In spite of the threat posed by multidrug
resistant Gram-negative bacteria in health care settings in Ghana, there is paucity of molecular
epidemiology studies. This study, which forms part of a broader study on the molecular profile
of Gram-negative ESKAPE pathogens in a Ghanaian teaching hospital, delineates the resistance

genotypes of a sub-set of K. pneumoniae with resistance to the third-generation cephalosporins.
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Materials and Methods

Ethical Approval and Voluntary Informed Consent

Ethical clearance was granted by the Joint Committee of Human Research Publications and
Ethics, School of Medical Sciences, Kwame Nkrumah University of Technology, Research and
Development Unit of the Hospital Administration (ref: CHRPE/AP/015/15) and the Biomedical
Research Ethics Committee of University of Kwa-Zulu Natal (ref: BE 494/14). Voluntary,
informed consent was obtained from all participants and from parents or guardians for minors in
written form either signed or by a thumb print after explaining the procedure and purpose of the
study, using an interpreter as appropriate

Study Setting
The study was conducted between February and August 2015 in Komfo Anokye Teaching

Hospital (KATH) in Kumasi, in the Ashanti region of Ghana. The facility is a 1000-bed tertiary
care government hospital. The average daily primary care and specialist outpatient attendance
was 169 and 954 patients respectively during the period of study. The population of the region is
concentrated in a few districts, with the Kumasi metropolis accounting for nearly one-third of the
region’s population of 4,780,380 (16). KATH is the only regional and referral hospital that takes
care of about 80% of both emergencies and regular medical cases in the region and serves as
referral hospital for parts of Brong Ahafo, Western, Eastern and the Northern regions of Ghana.
Bacterial Selection and Identification

The K. pneumoniae sample used in this study was a subset of isolates from a larger study of 200
clinical, non-duplicate Gram-negative bacterial samples (17). Of the 200 isolates, 38 were K.
pneumoniae and of these, 10 multi drug resistant isolates resistant to all second- and third-
generation cephalosporins mainly used as last resort antibiotic in Ghana, were selected for

genotypic characterization by whole genome sequencing. Bacterial identification and antibiotic

49



susceptibilities were determined by the Vitek-2 (Biomerieux, France) automated system. Identity
and MICs were further confirmed by using MALDI-TOF MS (Bruker Daltonic Gmbh, Bremen,
Germany) broth micro-dilution in accordance with European Committee on Antimicrobial
Susceptibility Testing (EUCAST) guidelines respectively (18). K. pneumoniae ATCC700603

was used as the control strain.

DNA Extraction and Genome Sequencing

DNA extraction was carried out using the NucliSens easyMAG® (BioMérieux) kits according to
the manufacturers’ instructions. The genomic DNA libraries were generated using the Nextera®
kit (Illumina) followed by sequencing on an Illumina MiSeq platform at the Genomics Resource
Center at the University of Tromso, the Arctic University of Norway. Raw sequence reads were
adaptor and quality-trimmed using Trimmomatic (19). After assembly by using SPAdes 3.11.10
(20) assembly quality was assessed by QUAST 4.6.0 (21). The assembled reads were annotated
using the Bacterial Analysis Pipeline of software revision 4.2 and National Center for
Biotechnology Information (NCBI) Basic Local Alignment Search Tool (BLAST) searches

(https://www.ncbi.nlm.nih.gov/genome/annotation_prok/). The antibiotic resistance genes and

plasmids were identified by mapping the sequence data to an online database using ResFinder
(22) and plasmidFinder (23) respectively. Multi-locus Sequence Typing (MLST) was also

determined from the assembled genomes (https://github.com/tseemann/mlst). Comparative

genomic analysis was further performed using K. pneumoniae ATCC 13883 (PRINA244567) as
reference strain to elucidate the chromosomal mutation resulting in quinolone resistance.

Phylogenetic Analyses

To investigate the global phylogeny of the K. pneumoniae isolates, genome assembly datasets

including metadata were downloaded from the Pathosystems Resource Integration Center
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(PATRIC) database (https://www.patricbrc.org/). Genomes with less than 400 contigs and with

MLST and isolation country available were selected and run through parsnp (software designed
for intraspecific or core genome alignment for high quality assemblies) v.1.2 (24) with “— -
flags enabled to include all the selected genomes in the phylogenetic tree, and random reference

selection among the included samples. FigTree (http://tree.bio.ed.ac.uk/software/figtree/) and R-

ape package (v5.1) were used to visualize and edit the phylogenetic trees.

Accession numbers: The raw read sequences and the assembled whole genome contigs have

been deposited in GenBank. The data is available under project number PRINA411997.

Results

The clinical data indicated that K. pneumoniae was frequently implicated in UTI. Antibiotic
susceptibility profiles showed that all the isolates were resistant to cefuroxime, cefotaxime and
ceftazidime (second- and third-generation cephalosporin) but sensitive to imipenem, ertapenem,
meropenem, amikacin and colistin. Eight of the ten isolates were additionally resistant to
gentamicin, nitrofurantoin and sulfamethoxazole-trimethoprim and six were sensitive to
ciprofloxacin (Table 1). WGS analysis revealed that all the isolates were predominantly
characterized by the presence of multiple resistance genes encoding for resistance within and
between antibiotic classes. The isolates carried 3-5 P-lactamase genes, 3-6 aminoglycoside
resistance genes, 2-5 fluoroquinolone resistance genes in different permutations and
combinations (Table 2). blacrx-m-1s, blasnv-11, and blatem-s), (aac(3)-1la-like, aph(3')-la and
aac(6')Ib-cr) and (ogxA-like, ogxB-like, gnrB10-like and gnrB2) were the most common p-lactam
aminoglycoside and fluoroquinolone resistance genes observed respectively. The isolates were
also characterised with resistance genes for other antibiotic classes including sul2, fosA, dfrA14 and
catB7-like encoding resistance for sulphonamide, fosfomycin trimethoprim and phenicol
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respectively with one of the isolates harbouring the mph(4) resistance gene conferring to
macrolides. MLST analysis identified ST2171, ST1887, ST2816, ST17, ST152, ST397, ST1788,
ST798 and ST101 K. pneumoniae strains indicating the circulation of multiple K. pneumoniae
sequence type in a single hospital. IncFIB(K) and ColRNAI were the most prevalent plasmid
replicon types among K. pneumoniae isolates (Table 2).

Phylogenetic analyses including the isolate genomes from this study (n=10) and from a global
strain collection (n=1158, including 20 South African isolates) show that the isolates from our
study are widely distributed in the global tree (Figure 1). As visualized, the two ST101-isolates
from Ghana (P26-75 and P26-81) are closely related to each other and belong to the same
distinct phylogenetic cluster as the South African lineage of ST101. Moreover, isolates P26-71
(ST397) and P26-66 (ST152) are closely related to the South African ST14 and South African
ST323 isolates, respectively. As shown, most branches constitute isolates from diverse
geographic origin. In A, isolate P27-02 clusters with isolates from China, Thailand, Malaysia,
UK and USA (diverse STs). The branch B isolates, P27-01 and P26-63 are closely related to
each other and to ST17-isolates from the USA. In branch C, P26-71 clusters with isolates
(mainly ST14) from eight countries, including South Africa. In branch D, P26-79 relates to
isolates from UK and Norway (diverse STs), and in branch E, P26-78 is most closely related to
isolates of ST493 from the Netherlands and the USA. In branch F, P26-66 is located together
with isolates of diverse origin and STs, while isolates from four countries (diverse STs) collocate
with P26-62 in branch G. The ST101-cluster situates on branch H, which in addition to the

Ghanaian and South African isolates includes isolates from UK and Pakistan.
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Table 1. Antibiotic susceptibility profiles of the collected multidrug resistant K. pneumoniae (n=10)

Isolate Susceptibility profile - MICs (mg/L)

code Date SPM Diagn WT AMC TZP CXM FOX CTX CAZ CFP ETP IMP MEM AMK GEN CIP TET NIT COL SXT
0sis

P27-01 06/06/2015 Urine UTI 0&G =32 >64 >64 4 >64 16 8 <0.5 <0.25 <0.25 <2 >16 <025 1 64 <0.5 >320

[20]

P27-02  22/07/2015 Urine UTI Med  >32 16 >64 <4 >64 4 2 - <025 <025 <2 >16 2 1 64 <0.5 =320

[46]

P26-62 13/06/2015 Urine UTI Surg  >32 16 >64 16 >64 16 16 <0.5 <0.25 <0.25 <2 >16 <025 2 64 <0.5 >320

[70]

P26-63  02/06/2015 Urine UTI CH >32 32 >64 <4 32 16 2 <0.5 <025 <025 <2 >16 <025 1 128 <0.5 =320

[76]

P26-66 11/03/2015  Urine UTI 0&G 16 32 >64 <4 >64 16 2 <0.5 <025 <025 <2 >16 >4 4 >128 <05 =320

[117]

P26-71 14/09/2015  Gastric  Gastrit CH 16 >64 >64 >64 16 16 2 <0.5 <025 <025 <2 >16 <0.25 1 <16 <0.5 =320

[155] lavage is

P26-75 01/07/2015 Urine UTI CH 16 >64 >64 16 >64 16 2 <0.5 <0.25 <0.25 <2 >16 >4 4 >256  <0.5 >320

[183]

P26-78 19/03/2015 Aspirat  Sinusc ICU 232 32 264 <4 264 16 2 <.5 <.25 <.25 <2 216 <0.25 <1 <16 <0.5 2320

[201] e itis

P26-79 11/03/2015 Urine UTI OPD 232 128 264 <4 264 16 2 <0.5 <0.25 <0.25 <2 216 <0.25 <0.5 32 <0.5 2320

[202]

P26-81 14/03/2015 Urine UTI Med 16 32 264 16 26 16 2 <0.5 <0.25 <0.2 <2 216 24 <0.5 2512 <0.5 2320

[206]

Resistant MICs breakpoint (EUCAST, 2017) >8 >16 >8 NA >2 >4 >4 >1 >8 >8 >16 >4 >0.5 >2 >64 >2 >4

AMC- Amoxicillin-Clavulanate, TZP- Piperacillin Tazobactam, CXM-Cefuroxime, FOX-Cefoxitin CTX- Cefotaxime , CAZ- Ceftazidime, CFP- Cefepime,
ETP- Ertapenem, IMP- Imipenem, MRP-Meropenem, AMK- Amikacin, GEN-Gentamicin, CIP-Ciprofloxacin, TET- Tetracycline, NIT- Nitrofurantoin, COL-
Colistin, SXT- Trimethoprim-sulfamethoxazole, CH- Child Health, O&G-Obstetrics and Gynaecology, Med-Medicine, Surg- Surgery, WT-Ward type, SPM-
Specimen
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Table. 2 Genotypic characterizations of multidrug-resistant K. pneumoniae isolates from WGS Analysis

Isolate ~ MLST Plasmid replicons Genotypic Resistance Mechanisms Chromosomal mutation
code B-lactamases Aminoglycosides Fluoroquinolones/  Other
Quinolones resistance grd  gyrB parC
P27-01 ST2171  IncFIA(HI1),IncFIB(K), blaTEM-1B, aac(3)-1la, strB, 0gxA, ogxB fosA, sul2,
[20] IncFII(K),IncR blaCTX-M-15, Strd, , tet(D), dfrA14
blaSHV-11
P27-02 ST1887  IncHI1B,IncFIB(K),IncFII(K), blaTEM-1B, aac(6')Ib-cr, qnrB49, qnrB10, fosA, mph(A), T408A  S558A S440N,
[46] IncFIB(Mar),ColRNAI blaCTX-M-15, aac(3)-Ila, aph(3')-  ogxA, ogxB, catB4, sull, D445E  A692T S673N
blaOXA-1, la dfrd14, dfrAl5
blaOKP-B-8
P26-62 ST2816 IncFIA(HI1),IncFIB(K), blaTEM-1B, strd, aac(3)-1la, 0gxA, ogxB fosA, catA2,
[70] IncFII(K),IncR,ColRNAI blaCTX-M-15, strB, , sul2, tet(D),
blaSHV-11 dfr414
P26-63 ST17 IncFIA(HI1),IncFIB(K),IncFII(K), blaCTX-M-15, strd, aac(3)-1la, 0gxA, ogxB, fosA, catA2,
[76] Col(MGD2),IncR,ColRNAI blaSHV-11, strB, sul2, tet(D),
blaTEM-1B dfrA14,
P26-66 ST152 IncFIB(K),IncFII(K),ColRNAI blaCTX-M-135, aac(6')Ib-cr, 0gxB, ogxA, fosA, catB4, S83F NM S801
[117] blaOXA-1, aac(3)-1la, qnrB66 sul2, tet(A), DS7A
blaSHV-1 aac(6')Ib-cr, , dfrA14 D87G
P26-71 ST397 IncFIB(pKPHS1),IncFIB(K), blaTEM-1B, aac(6')Ib-cr, 0gxB, ogxA fosA, catB4,
[155] IncFII(K),ColRNAI blaSHV-1, aac(3)-1la, strB, sul2, dfrA14
blaCTX-M-15 strd,
P26-75 ST101 IncFIA(HI), blaCTX-M-15, aac(6')Ib-cr, qnrB66, ogxA, fosA, catB4, S83Y NM S80I,
[183] IncFILIncFIB(K),ColRNAI blaSHV-1, aac(3)-1la, strd, 0gxB, sull, sul2, D87A N304S
blaOXA-1 strB dfrA14, dfrA5
P26-78 ST-1788 IncFIB(pKPHS1),IncFIB(K), blaCTX-M- aac(3)-1la,strd,strB oqxA,0qxB FosA sul2
[201 IncFII(K),ColRNAI 15,blaSHV-11- dfrd14
like,blaTEM-1B
P26-79  ST789 IncFIA(HI1),IncFIB(K),IncFII(K), blaCTX-M- aac(3)-1la,aadA16-  oqxA,oqxB fosA sull,sul2
[202] Col(MGD2),IncR,ColRNAI 15,blaSHV- strd,strB tet(D) dfrA14
25,blaTEM-1B catd?2
P26-81 ST-101 IncFIA(HI1),IncFILIncFIB(K), blaCTX-M- aac(3)-lla- 0gxA-like,oqxB- fosA sull,sul2  S83Y NM S80I,
[206] ColRNAI 15,blaOXA- strA,strB like,qnrB66 dfrA14 dfrA5 D87A N304S
1,blaSHV- aac(6')Ib-cr
1,blaTEM-1B

Unless otherwise stated in the footnote, K. pneumoniae ATCC 13883 (PRINA244567) was used as reference strain in the comparative genomic
analysis. MLST-mullti locus sequence typing, NM-No mutation.
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P26-66
ST323:00131684

P26-71 = ' P27-02
ST14:00131686 '

P27 - 01
P26-63

Figure 1a Klebsiella pneumoniae global phylogeny as revealed by rapid core genome multi-
alignment (https://github.com/marbl/parsnp). Assembly dataset from this study was analyzed
together with datasets from the PATRIC database (n=1158) and from South Africa (ref. 35). The
circular tree was mid-rooted and depicted using Figtree
(http://tree.bio.ed.ac.uk/software/figtree/). Assembly ID for the downloaded samples and isolate
ID for the samples from Ghana (n=10; orange) and South Africa (n=20; blue) are given and
position of the ST101-cluster indicated.
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Figure 1b. Phylogenetic tree of K. pneumoniae strains from Ghana, South Africa and a global
strain collection drawn from the PATRIC database. Subtrees showing the distribution of the
Ghanaian isolates in eight in distinct phylogenetic branches (A-H) as indicated by the color codes in the
global tree. The subtrees rooted (includes branch lengths) and scale of 0.005 (for all the trees) using
(https://cran.r-project.org/web/packages/ape/ape.pdf). For the isolates included in each of these branches,
assembly ID, isolation country and MLST are shown.

Discussion

We report on the complexity of multidrug resistance in ESBL-producing K. pneumoniae isolates
from a referral hospital in Ghana. The isolates were phylogenetically diverse and clustered with
geographically distant isolates. They were characterised with diverse and multiple permutations
and combinations of antibiotic resistance genes. A high prevalence of CTX-M-15 B-lactamases
was observed, which mediated high-level phenotypic resistance to the second- and third-
generation cephalosporins as indicated in the MICs profile (Table 1 and 2). The resistance genes
were mainly associated with IncFIB(K) plasmids, with CoIRNAI also being common among the

1solates.

The isolates were resistant to cefuroxime, cefotaxime ceftazidime, amoxicillin-clavulanate,
piperacillin-tazobactam, gentamicin, nitrofurantoin and trimethoprim-sulfamethoxazole. This
poses a serious challenge to antibiotic therapy as these agents are commonly used as empirical
treatment in Ghana (25). The phenotypic profile was corroborated by the whole genome
sequencing results as evident from Tables 1 and 2. This is comparable to studies from many parts
of the world, which reported CTX-M class of B-lactamases as a major resistance mechanism
among Gram-negative bacteria to oxyimino-cephalosporins, particularly cefotaxime (9, 26), with
CTX-M-15 being the most common allele in Enterobacteriaceae in Africa (27, 28), including

Gram-negative ESKAPE bacteria and (28-30), particularly in K. pneumoniae (31).
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Multiple K. pneumoniae STs were identified in lineage with other isolates from a global strain
collection, albeit different geographical sources and exchange suggest high genetic diversity and
clonal expansion of this species, as reported in other studies (28, 32). The CTX-M-15-producing K.
pneumoniae ST type 101 was first reported in Greece in an ICU infections outbreak caused by
ertapenem-resistant K. pneumoniae (33) and then in other countries including Spain, Italy,
France and Tunisia in hospital outbreaks associated with carbapenem resistance (34). In contrast,
our isolates were sensitive to carbapenems as these agents have been introduced into the
Ghanaian clinical practice in recent times, are comparatively more expensive than the mainstay
antibiotics and used as last-resort agents in treating serious infections. Thus, there is relatively
low selection pressure for the development of carbapenem resistance. Global phylogeny
investigation indicated that two of the isolates (P26-75 and P26-81) were of the same sequence
type (ST101) as the main cluster of carbapenemase-producing K. pneumoniae found in Durban,
South Africa. Although, this lineage of ST101 isolates have been evolved in different local
environment and resistance pattern including carbapenem resistance differed in that of our
isolates. Also the P26-66 and P26-71 isolates were phylogenetically related to the South African
ST323 isolate and ST14 isolate respectively (35). This could indicate regional transmission
perhaps due to international travel between the two countries facilitating the dissemination of

specific K. pneumoniae STs.

The predominance of CTX-M-15 and different TEM-types found in this study is associated with
multidrug-resistance in Enterobacteriaceae. The CTX-M-15 and TEM-, SHV- and OXA-types of
B-lactamases are plasmid encoded with the tendency to disseminate among various species to confer
resistance to B-lactams and other non-B-lactam antibiotics including quinolones, chloramphenicol,

tetracyclines and aminoglycosides (29, 36, 37) as reflected in this study.
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The IncFIB(K) and ColRNAI plasmids was found in all the isolates being associated with CTX-M-
15 and other resistance genes. This finding is consistent with studies that reported the dissemination
of CTX-M-15 as mainly harboured on IncFII(K) plasmids in ESBL-producing K. pneumoniae
isolates (38, 39). Reports from others studies have described IncFIB(K) plasmids as dynamic in
nature, with the capacity for rapid multi-replicon as well as dissemination of antibiotic resistance

genes among Enterobacteriaceae (40, 41).

Our study found gnrB10-like, gnrB49 and gnrB66 variants of the gnrB gene in the isolates (P27-
02, P26-66, P26-75 and P26-81) which mediated quinolone resistance, consistent with a study that
reported this gene as predominantly encoding for fluoroquinolone/quinolone resistance among K.
pneumoniae in Africa (27). ogxA and ogxB genes were found together in all the isolates,
suggesting that, the ogx4 and ogxB genes cannot be a major mechanism, particularly as they
were detected in isolates of both susceptible and much higher MICs or perhaps ogx4B in synergy
with other mechanism increased fluoroquinolone resistance in the isolates (35). However, studies
conducted in Africa have reported ogx4 and ogxB genes encoding ogxAB protein to mediate
high fluoroquinolones resistance commonly in K. prneumoniae (35, 42). We also identified
multiple aminoglycoside (aac(6')Ib-cr, StrA, StrB) and quinolone (gnrB, gnrB66) resistance
genes which have been reported in other studies to mediate resistance to gentamicin and

ciprofloxacin (42, 43).

Analysis of quinolone resistance-determining regions of gyrA, gyrB and parC genes revealed the
presence of multiple and diverse mutations in gyr4 (S83Y, S83F, D87A, T408A, and D445E),
gvrB (S558A, A692T) and parC (S440N, S673N, S80I, and N304S) in isolates that were clonally
distinct. Mutations in gyr4, gyrB and parC genes have been reported as a major mechanism of

fluoroquinolone/quinolone resistance associated with DNA gyrase and topoisomerase IV
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alterations in Enterobacteriaceae (44, 45), as the plasmid-mediated resistance genes commonly
mediate low-level fluoroquinolone/quinolone resistance (46, 35). However, mutations in both
gyrd and parC are often common and associated with high-level quinolone resistance in
Enterobacteriaceae than alterations in gyrB (44) as evident in this study. ST101 (P26-75, P26-81)
and ST152 (P26-66) isolates had the same mutation codons 83 and 87 of the gyr4 and at 80 in parC
genes with no mutation in gyrB gene among isolates with a ciprofloxacin MIC of >4mg/L.
Mutations at 83 and 87 in gyr4 and 80 in parC genes are most common mutation points which
display major alterations among clinical isolates, associated with fluoroquinolone resistance (44, 47,
48), with codon 83 commonly reported in fluoroquinolone resistant K. pneumoniae (45, 49). The
combined effect of S83Y/F, D87A and S80I detected in gyr4 and parC genes in the isolates,
P26-66, P26-75 and P26-81 (MIC >4mg/L) in our study could be associated with increased-level
of ciprofloxacin resistance as previously reported (44, 48). The complexity and diversity of
resistance gene combinations detected among K. pneumoniae strains in this study and their potential

for dissemination poses a serious threat to the management of infections by this species in Ghana.

Conclusion

This study identified genes encoding resistance for [-lactams, fluoroquinolones,
aminoglycosides and other antibiotics in diverse permutations and combinations among
multidrug-resistant K. pneumoniae bacteria in Komfo Anokye Teaching Hospital. There is thus
an urgent need for epidemiological and molecular studies to understand the dynamics of

antibiotic resistance transmission to inform strategies for containment.
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Supplementary Material: MICs

Isolate Susceptibility profile - MICs (mg/L)

code SPM Diagno AMC TZP CXM FOX CTX CAZ CFP ETP IMP MEM AMK GEN CIp TET NIT COL SXT
sis

P27-01 | urine UTI >32 >64 >64 4 >64 16 8 <0.5 <0.25 <0.25 | 2 >16 <0.2 1 64 <0.5 >320

[20]

P27-02 urine UTI >32 16 >64 <4 >64 4 2 - <0.25 <025 | 22 >16 2 1 64 <0.5 >320

[46]

P26-62 urine UTI >32 16 >64 16 >64 16 16 <0.5 <0.25 <025 | 2 >16 <025 |2 64 <0.5 >320

[70]

P26-63 | urine UTI >32 32 >64 <4 32 16 2 <0.5 <0.25 <0.25 |2 >16 <025 |1 128 <0.5 >320

[76]

P26-66 urine UTI 16 32 >64 <4 >64 16 2 <0.5 <0.25 <025 | 2 >16 >4 4 >128 <0.5 >320

[117]

P26-71 gastric gastritis | 16 >64 >64 >64 16 16 2 <0.5 <0.25 <025 | <2 >16 <025 |1 <16 <0.5 >320

[155] lavage

P26-75 urine UTI 16 >64 >64 16 >64 16 2 <0.5 <0.25 <025 | 2 >16 >4 4 >256 <0.5 >320

[183]

P26-78 aspirate | sinuscit | >32 32 >64 <4 >64 16 2 <5 <25 <25 <2 >16 <25 <l <16 <0.5 >320

[201] is

P26-79 | urine UTI >32 128 >64 <4 >64 16 2 <0.5 <0.25 <0.25 | 22 >16 <0.25 | <0.5 32 <0.5 >320

[202]

P26-81 urine UTI 16 32 >64 16 >64 16 2 <0.5 <0.25 <0.2 <2 >16 >4 <0.5 >512 <0.5 >320

[206]

13 urine UTI <2 8 >64 <4 <l <1 2 <l <0.25 <0.25 | <2 >16 >4 <0.5 <16 <0.5 >320

16 blood sepsis <2 8 >64 <4 <4 4 2 <0.5 <0.25 <0.25 | <2 >16 >4 <0.5 <16 <0.5 >320

27 urine UTI >32 8 >64 >64 <4 4 2 <0.5 2 <05 <2 <1 <0.25 |1 >512 _ 80

39 urine UTI <2 <4 <1 <4 <l <1 <1 <0.5 <0.2 <0.25 | <2 <1 <0.25 | <0.5 32 <0.5 <20

40 urine sepsis >32 >64 >64 <4 8 16 8 <0.5 <0.25 <0.25 | <2 >16 <025 |1 64 <05 >320

53 blood enteriti | 16 64 >64 16 <4 4 2 <0.5 <0.25 <025 | <2 >16 >4 4 256 <0.5 >320
s
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56 w/swab | W/L 16 8 >64 <4 16 2 2 <0.5 <0.25 <025 | =<2 >16 >4 <0.5 <16 <0.5 >320
urine nephriti | 16 8 >64 <4 8 8 2 <0.5 <0.25 <025 | <2 >16 1 1 <16 <0.5 >320
61 S
64 urine UTI 16 8 >64 <4 32 4 2 <0.5 <0.25 <0.25 | <2 >16 1 1 <16 <0.5 >320
75 urine UTI 8 <4 >64 16 8 8 8 <0.5 <0.25 <025 | =<2 >16 >4 <0.5 <16 <0.5 >320
83 Pleural | tubercu | 16 64 >64 16 8 2 2 <0.5 <0.25 <0.25 | =2 >16 >4 >4 256 <0.5 >320
swab losis
84 w/swab | W/I 16 8 >64 <4 32 8 2 <0.5 <0.25 <0.25 | <2 >16 >4 <0.5 64 <0.5 >320
99 urine UTI <2 16 >64 16 <4 16 2 <0.5 <0.25 <0.25 | <2 >16 >4 >4 >128 <0.5 >320
104 urine UTI >32 64 >64 <4 32 8 2 <1 <0.25 <0.25 | =2 >16 >4 <0.5 <16 <0.5 >320
105 w/swab | W/I 16 8 >64 <4 32 8 2 <0.5 <0.25 <0.25 | =2 >16 >4 <0.5 64 <0.5 >320
106 urine UTI 16 >64 >64 32 16 8 4 <0.5 <0.25 <025 |4 >16 >16 <0.5 <16 <0.5 >320
116 urine uroseps >32 8 >64 32 4 8 <1 <1 <025 | <2 <1 >8 >4 >512 <0.5 >320
is
120 urine UTI 8 <4 >64 16 16 4 8 <0.5 <0.25 <0.25 | <2 >16 <2 >4 <16 <0.5 >320
122 urine nephriti | 16 16 >64 <4 >64 4 2 <0.5 <0.25 <0.25 | =2 >16 2 4 64 <0.5 >320
s
126 urine UTI 8 <4 2 16 <4 <1 <1 <0.5 <0.25 <0.25 | 2 <1 <2 <0.5 <16 <0.5 >320
127 blood sepsis 4 16 >64 <4 16 16 2 <0.5 <0.25 <1 <2 >16 <0.25 1 64 <0.5 >320
132 w/swab | W/I >32 >64 >64 8 >64 16 2 <0.5 <0.25 <0.25 | <2 >16 >4 4 >128 <0.5 >320
135 sputum | tubercu | 16 8 >64 <4 32 8 2 <0.5 <0.25 <0.25 | <2 >16 1 <0.5 <16 <0.5 >320
losis
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143 urine UTI 16 <4 16 2 16 <1 <1 <0.5 <0.25 <025 | =<2 <1 <025 |1 32 <0.5 >320
165 B/L bronch | <2 8 >64 <4 32 8 2 <1 <0.25 <025 | <2 >16 >4 <0.5 <16 <0.5 >320
172 w/swab | WI >32 32 >64 <4 >64 4 2 <0.5 <0.25 <025 | <2 >16 <025 | <1 <16 <0.5 >320
193 sputum | pneum | 16 8 >64 <4 32 4 2 <0.5 <0.25 <0.25 | <2 >16 >4 <0.5 64 <0.5 >320
208 w/swab | WI 16 <4 64 <4 32 8 2 <0.5 <0.25 <025 | =<2 <1 2 1 128 <0.5 >320

AMC- Amoxicillin-Clavulanate, TZP- Piperacillin Tazobactam, CXM-Cefuroxime, FOX-Cefoxitin CTX- Cefotaxime , CAZ- Ceftazidime, CFP- Cefepime,

ETP- Ertapenem, IMP- Imipenem, MRP-Meropenem, AMK- Amikacin, GEN-Gentamicin, CIP-Ciprofloxacin, TET- Tetracycline, NIT- Nitrofurantoin, COL-

Colistin, SXT- Trimethoprim-sulfamethoxazole, W/swab-wound swab, W/I-wound infection, pneum-pneumoniae. B/L-bronchial lavage, bronch-bronchitis, UTI-

urinary tract infection.
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Abstract

Metallo-B-lactamases (MBLs) are significant resistance factors in Gram-negative bacterial
pathogens, which confer resistance to broad-spectrum B-lactams including carbapenems. A
number of such enzymes have been described over the past decade. This study characterized
isolates from a single, clinically significant MBL-producing P. aeruginosa clone from a tertiary
hospital in Ghana whose MBL genes were identified in a class 1 integron. Isolates were
identified by the Vitek-2 (Biomerieux, France) automated systems and confirmed by MALDI-
TOF MS (Bruker Daltonic. Genomic DNA extraction was carried out using the NucliSens
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easyMAG® (BioM¢érieux) kits. Extracted DNA was subjected to whole genome sequencing on
the Illumina MiSeq platform and analysed using CLC Genomics Workbench version 10. The
blapim-1 was 100% identical to the blapiv-1 prototype gene, whereas blamvp-34-iike had two base
pair changes in thymine (T) to cytosine (C) and guanine (G) to adenine (A) at 190 bp and 314 bp
respectively compared to blamp-3a suggesting evolution of the gene perhaps through selection
pressure. Both blapiv-1 and blamve-34-ike genes were linked to the type 1 integron structure. The
four isolates belonged to the sequence type ST234. All the isolates carried other resistance genes
most commonly aph(3')-1Ib-like, gnrVC, fosA-like, sull, dfrB5, catB7-like and arr-2 that
mediated resistance to aminoglycoside, fluoroquinolone, fosfomycin, sulphonamide
trimethoprim, phenicol and rifampin respectively. Detection of acquired MBL in clinical P.
aeruginosa isolates is a clear cause for concern in Ghana as they eliminate the last resort
carbapenems as therapeutic options for the management of multi-resistant Gam-negative
pathogens.

Keywords: Pseudomonas aeruginosa, IMP, DIM, carbapenemase, Ghana.

Introduction

Pseudomonas aeruginosa is a significant cause of nosocomial infections particularly in patients
with compromised immunity. It is widespread in nature and readily acquires resistance to
multiple classes of antibiotics. The emergence of multi-drug resistant (MDR) P. aeruginosa in
hospitals and communities has led to a loss in the efficacy of most currently available
antibiotics used for infection management (1). The mortality associated with MDR P. aeruginosa
remains high. Its resistance to B-lactam antibiotics may be attributed to one or a combination of

three mechanisms, i.e., porin alteration or loss, efflux and the expression of B-lactamases from all
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four Ambler classes (2). The B-lactamase genes may be encoded chromosomally or borne by a

diversity of mobile genetic elements (3, 4).

The class A ESBLs including Temoneira (TEM-24), sulthydryl variable (SHV-12),
Cefotaximase-Miinchen (CTX-M-1, CTX-M-2, CTX-M-3), Vietnam extended-spectrum [-
lactamase (VEB) as well as Klebsiella pneumoniae carbapenemases (KPC-2) have all been
isolated from P. aeruginosa (5, 6). The metallo-f-lactamases, comprising of Verona integron-
encoded metallo-B-lactamases (VIM), impenemases (IMP), New Delhi metallo-B-lactamases
(NDM) and Dutch impenemases (DIM) have also been isolated from P. aeruginosa in many
parts of the world, as have been the cephamycinase (CMY), an AmpC-B-lactamase, and the
oxicillinases (OXA) of the class D B-lactamases (7, 8). Various mobile genetic element (MGEs)
that carry MBL genes have been identified, but the majority of them are found in the form of
gene cassettes (blave-like, blaviv-like, blapiv-1, and blaciv-1) embedded into class 1 integron
structures (9). Delineation of the clones and MGEs encoding the resistance genes in this
pathogen is critical to contain their proliferation. We report on the complexity and diversity of
MBL-mediated resistance from four isolates of P. aeruginosa from a teaching hospital in Ghana.
Materials and Methods

Ethical approval: Approval for this study was given by the Joint Committee on Human
Research, Publications and Ethics, School of Medical Sciences, Kwame Nkrumah University of
Technology, the Ethics Committee of Komfo Anokye Teaching Hospital (ref:
CHRPE/AP/015/15), in Kumasi Ghana and the Biomedical Research Ethics Committee of the

University of KwaZulu-Natal, South Africa with reference number BE 494/14.
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Bacteria isolates: Multi-drug resistant P. aeruginosa were isolated from in-patients at Komfo
Anokye Teaching Hospital in Ghana. The clinical isolates were identified by the Vitek-2
(Biomerieux, France) automated system and confirmed by MALDI-TOF MS (Bruker Daltonic
Gmbh, Bremen, Germany). Four (4) out of thirty nine (39) isolates were selected for whole-
genome sequencing analysis based on their extensively drug-resistant (XDR) (isolate resistant to
at least one agent in all but two or fewer antibiotic class) profiles (supplementary material
MICs). Of the four samples from the in-patients, two were obtained from wound swabs in the
surgical ward and one each from urine and pleural fluid in the Obstetrics and Gynaecology and
Child Health Departments of the hospital respectively. Demographic characteristics and clinical

diagnosis of each patient included in the study were obtained from the clinical records.

Antimicrobial susceptibility testing: MICs of ampicillin, amoxicillin/clavulanate,
piperacillin/tazobactam, cefuroxime cefotaxime, ceftazidime cefepime, gentamicin, amikacin,
imipenem meropenem, ertapenem, and sulfamethoxazole/trimethoprim were ascertained by the
Vitek-2 (Biomerieux, France) automated system and confirmed by broth microdilution in
accordance with European Committee on Antimicrobial Susceptibility Testing (EUCAST)

guidelines (10)

Whole Genome Sequencing: Genomic DNA extraction was carried out using the NucliSens
easyMAG® (BioM¢érieux) kits according to the manufacturers’ instructions. The genomic DNA
libraries were generated using the Nextera® kit (Illumina) followed by sequencing on an
[llumina MiSeq platform at the Genomics Resource Center at UiT — The Arctic University of

Norway.

Bioinformatics analyses: Raw sequence reads were adaptor- and quality-trimmed using

Trimmomatic (11) and subsequently assembled with Spades v.3.6.1 (12) using the careful flag.
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For in-house analysis purposes, assemblies were annotated using prokka v.1.11(13) with further
NCBI BLAST searches and manual annotation of mobile genetic elements and regions
containing resistance genes as identified by ResFinder searches. Assemblies deposited in
GenBank  were annotated using the PGAP pipeline provided by NCBI

(http://www.ncbi.nlm.nih.gov/genome/annotation prok/), with additional manual curation of

resistance gene and mobile genetic element annotations. Identification of resistance genes,
particularly B-lactamases, was done with RAST 2.0 (14, 15). To identify the presence of plasmid
DNA in isolates, raw reads were mapped to plasmid reference using bowtie2 v.2.2.6 (16) with
“dovetail-no-unal”-flags enabled, and resulting bam files were passed through the BRIG
coverage graph plugin to be used as input to BRIG (17) together with reference plasmids.
Phylogenetic analyses were conducted by binning isolate assemblies by species and running
them through parsnp v.1.2 (18) with “—c —x”-flags enabled. Phylogenetic trees were later edited
with FigTree (http:/tree.bio.ed.ac.uk/software/figtree/). Multi-locus sequence typing was done
by feeding assemblies into the CGE MLST-server (v.1.8) (18). To gain further insight into the
genetic structures one of the isolates, P26-65, was subjected to long read sequencing by Oxford
Nanopore.

The raw read sequences and the assembled whole genome contigs have been deposited at the
sequence read archive (SRA) and GenBank of NCBI, respectively, under bio-project number
PRINA411997.

RESULTS

Demographics, sample sources, wards, species and clones

The four extensively drug resistant (XDR) P. aeruginosa had similar resistance profiles (Table 1)

were selected for genetic analyses by whole genome sequencing (WGS). The isolates originated
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from different patients and sources, and were collected at different time points and wards at the
Komfo Anokye Teaching Hospital in Ghana (Table 1). Bioinformatics analyses (Table 2, Table

S2) show all four isolates had the same sequence type of ST234.

Genetic analyses of the blapiv-1 and blaywp-34-like containing regions

The strain (P26-65) chromosome was circularized (Figure 3) and no plasmids were present. The
resistance-encoding genes are marked in the figure together with the detected integron structures,
i.e., integron 1 containing blapv-1 and integron 2 containing blammp-34-like gene. Further insights
into the blapv-1- and blamvr-3s-like-encoding regions of the P26-85 chromosome were obtained
by alignment with the corresponding regions of P. aeruginosa strain (SMC4389) of ST654
isolated in India by the use of Artemis Comparison Tool (ACT) (19). In Figure 4a (blapiv-1) and
Figure 4b (blammp-3s-like) the putative integron structures (white arrows) are indicated.
Moreover, the alignments revealed the presence of two genomic islands (green arrows)
containing each of the integron structures. Both islands represent insertion of a DNA segment

into the chromosome.

The detected resistance encoding genes were identical in the four ST234 isolates, with the
exception of gnrVC, which was additionally detected in P26-65 and P26-68; all four isolates
were resistant to ciprofloxacin. Of specific interest are the blapmv-1 and blamvre-34-like genes
detected in these four isolates. Alignment of the hlapmv-1-positive contigs from each of the four
samples showed that they had identical DNA sequences and sequence sizes (3093 bp); indicating
that both resistance genes are flanked by repetitive elements that impairs the DNA assembly at
this site. The same was shown for the blamvp-34-iike positive contigs (2656 bp). Comparisons of the
detected blapmm-1 was 100% identical to the blapmm-1 prototype gene, whereas the blammp-3s-like
had two nucleotide changes in T190C and C314G respectively compared to blamvr-34, leading to
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one amino acid substitution in IMP-34-like B-lactamase. The base substitutions G:C— A:T
transitions or transversions are the most common spontaneous mutation type among bacteria
(20-22). Also the variation or mismatch in GC-content is highly influenced by natural selection
or biased gene conversion (23), thus, suggesting, the blamvr-34 gene may have evolved through
selection pressure. BLAST analyses of the blapiv-1-positive contig as well as the blammp-3a-
positive contig did not reveal identical genetic structures deposited in NCBI, neither among the
nucleotide collection, completed genomes nor among the completed plasmids. Moreover both
blapmm-1 and blamvr34 genes were not found to be widespread among bacterial sequences,
deposited in NCBI (assessed November 2017). A linkage of both the blapm-1 and blammp-3a-like
genes to typel integron structures, including the int/] integrase encoding gene, was found by

BLAST analyses of the assembled contigs.

Phylogenetic analyses

To investigate the global phylogeny and likely origins of these isolates, we added P. aeruginosa
genome assembly datasets (n=417) downloaded from the PATRIC database

(https://www.patricbrc.org/) as shown in Figure 1a. For each isolate included in the tree, country

of origin, isolation source and MLST are given. The tree was coupled with the metadata using
Phandango with the input files included (Figure S1 and Table S1). Arrows indicate the P.
aeruginosa isolates from this study. In Figure 1b, the phylogenetic branch containing the blapiv-
1 positive isolates were magnified. None of the closest neighbors encodes blapiv-1 gene. They
include isolates of ST111, ST381, ST252, ST654, and ST392 from different isolation sources
and countries. Among the included genomes, one was positive for blapim-1 (GCA_001548335;

blue) and four for blamrss (GCA _00291745; GCA 001547955, GCA _002201405;
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GCA _02201455; red). These were closely related to the isolates from this study (indicated in

orange) as evident in phylogenetic tree shown in Figure 2.
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Table 1. Relevant patient data, source of specimens and antibiotic susceptibility of P. aeruginosa isolates (n=4) from teaching hospital

in Ghana
Extensively Drug resistant (XDR) isolates
Isolate Patient Antibiotic Susceptibility profile - MICs (mg/L)
Code Collection WT Sex Age Source  Diagnosis | AMP AMC TZP CXM FOX CTX CAZ CFP IMP MEM AMK GEN CIP TET NIT COL  SXT
Date Yrs
P26-65 25/08/2015 oG F 18 Urine UTI >32 >32  >128 >64 >64 >64 >64 >64 =16 >16 >64 >16 >4 >8 >512 <0.5 =320
[97]
P26-67 06/08/2015 | Surg F 24 w/ SSI >32 >32 128 >64 >64 >64 =64 264 >16 4 >32 >16 >4 >8 >512 <0.5 2320
[130] swab
P26-68 06/09/2015 Surg M 8 w/ >32 >32 128 >64 >64 >64 >64 >64 >16 4 >32 >16 >4 >8 >512 <0.5 =320
[140] swab SSI
P26-69  31/07/2015 | CH F 0.5 P/ Peritonitis | >32  >32 128  >64 >64 =64 >64 >64 >16 >16 >64 =16 >4 >8 >512 <05  >320
[142] Fluid
EUCAST clinical breakpoints
>16 NA >8 >8 >8 >8 >16 >4 >0.5 >2 >2

Resistant MICs breakpoint

AMC- Amoxicillin-clavulanate, TZP- Piperacillin-Tazobactam, CXM-Cefuroxime, FOX-Cefoxitin CTX-
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Cefotaxime , CAZ- Ceftazidime, CFP- Cefepime, ETP- Ertapenem,
IMP- Imipenem, MEM-Meropenem, AMK- Amikacin, GEN-Gentamicin, CIP-Ciprofloxacin, TET- Tetracycline, NIT- Nitrofurantoin, COL-Colistin, SXT- trimethoprim-
sulfamethoxazole, CH- Child Health, O&G-Obstetrics and Gynecology, Med-Medicine, Surg- Surgery, WT-Ward type, SPM-Specimen, SSI-Surgical site infection, P/fluid-pleural
fluid, w/swab-wound swab.



Table 2. Genotypic characteristics of P. aeruginosa isolates subjected to whole genome sequencing

Isolate  Genome Coverage No.of MLST Data Resistance Genes
P-No. Size (x) contig Files
[code] s p-lactams Aminoglycoside Quinolones  Fosfomycin Sulphonamide Trimethoprim Phenicols Rifampin
s

P26-65 6914056 134 196 234 SAMNO76  blapm-1, blamp-  aadAl-like, qnrVC fosA-like sull dfrB5 catB7-like  arr-2
[97] 92776 3¢-like, blaoxa-10-  aph(3')-1Ib-like,

like, blaoxs-129, aacA4

blaoxa-so-like,

blapao-like
P26-67 6897550 98 304 234 SAMNO76  blapms-1, blamp- aadA I-like, fosA-like sull dfrB5 catB7-like  arr-2
[130] 92777 3¢-like, blaoxa-10-  aph(3')-1Ib-like,

like blaoxu-129, aacA4

blaoxa-so-like,

blapio-like
P26-68 6849434 111 332 234 SAMNO76  blapim-1, blamp- aadAl- qnrVC fosA-like sull dfrB5 catB7-like  arr-2
[140] 92778 3¢-like, blaoxa-10-  like,aph(3')-1Ib-

like blaoxu-129, like, aacA4

blaoxa-so-like,

blapao-like
P26-69 6944596 54 660 234 SAMNO76  blapm1, blamp- aadA l-like, fosA-like sull dfrB5 catB7-like  arr-2
[142] 92779 3¢-like, blaoxa-10-  aph(3')-1Ib-like,

like, blaoxa-129,
blaoxa-so-like,
blapso-like

aacA4
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Isolation Source
Isolation Country

MLST

Figure 1a. Phylogenetic tree of P. aeruginosa genome assembly datasets (n=417) downloaded
from the PATRIC database (https://www.patricbrc.org/). Clustering of the strains into clades was
mainly by country of origin, isolation source and MLST. Arrows indicate the P. aeruginosa isolates
from Ghana. MLST: multi-locus sequence typing.
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Figure 1b. Phylogenomic tree containing encompassing blapiv-i and blapivi positive P.
aeruginosa isolates. Clustering of the strains into clades were isolates of ST111, ST381, ST252,
ST654, and ST392 from different isolation sources (clinical and environment) and countries
(Belgium, Turkey, France, Colombia, Greece, India, Ghana and USA). The genomic phylogeny
shows that, none of the closest neighbors encoded blapm.1 gene. MLST: multi-locus sequence typing.
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Figure 2. Evolutionary relatedness of P. aeruginosa strains from Ghana. Phylogenomic tree from
metadata drawn by the use of Phandango. Among the genomes included, one was positive for blapmm-i
(GCA_001548335)[blue] and four for blanress (GCA_00291745; GCA_001547955;
GCA_002201405; GCA_02201455) [red], which indicates that, they were closely related to the
isolates from this study (orange).
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Figure 3. Representation of chromosome structure of P. aeruginosa strain (P26-65) by oxford
Nanopore sequence. The resistance encoding genes are marked together with the detected integron
structures, Integron 1 and Integron 2 containing blapm.i and blampss-like respectively. A third
putative class 1 integron structure was detected as indicated in the figure.
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Figure 4a. Alignment of the blapiv.1 encoding regions of P. aeruginosa (P26-85) chromosome
with the corresponding regions of SMC4389 (GCA_001482875) of ST654 isolate using
Artemis Comparison Tool to graphically show the relationship between the two integron
structures. The alignment revealed the presence of two genomic islands containing each of the
integron structures represented in green arrows with the putative integron structures indicated in
the white arrows. Both islands are representation of insertion of the DNA segment into the
chromosome.

83



lssor600  |ssesso0  |sBoooo  |sBos200 5900400 5902600 |soodsoo  |s907000  |s909200  |s911400 5913600 |se1ssoo  [so1s000  [5920200  [5922400  |5924600  |5926800 5920000 5931200  [5933400 st

ﬂ
Genomic

5 s A D D —%EAE.W@ m D T ] B
blaIMP-34

VA A P AN A VPR M rsvs A

I dmsrl | e | ACnn fidsesal| 1 W0 w1 TEEIE T T e i Kamorhens=1 L Wi (C e LT IR [kgzsse=2 WO C T e reee weener LAY 1A

Figure 4b. Alignment of blaivp-34-like encoding regions of P. aeruginosa (P26-85) chromosome
with the corresponding regions of SMC4389 (GCA_001482875) of ST654 using Artemis
Comparison Tool to graphically show the relationship between the two integron structures. The
putative integron structures (white arrows) with the two genomic islands containing each of the
integron structures (green arrows) on top of the figure. Both islands represent insertion of the DNA
segment into the chromosome.
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Discussion

Metallo-B-lactamase (MBL)-producing P. aeruginosa is among the ESKAPE Gram-negative
pathogens that have evolved to exhibit high levels of extensive drug resistance including
carbapenem resistance. MBL production is a major mechanism by which P. aeruginosa
acquires resistance to carbapenems. Despite the emergence of MBL-producing P.
aeruginosa, no surveillance data and genomic characterization have so far been reported from
Ghana. This study represents the first detailed report on molecular characterization of MBL-
producing P. aeruginosa using whole genome sequencing. We identified four P. aeruginosa
isolates resistant to all antibiotics tested except colistin. The four isolates harboured blapim-1
and blavr-34-like gene and have the same sequence type (ST234). Both blapiv-1 and blamvp-34-
like positive contigs showed that the four isolates have identical DNA sequences representing
one clone. Analyses of the blapiv-1 and blammp-34 positive contigs indicated a linkage of both
the blapiv-1 and blamve-34-like to type 1 integron structure with the int/l integrase encoding

gene.

The four XDR P. aeruginosa isolates were resistant to all tested B-lactams including
carbapenems and the combination of B-lactam/lactamase inhibitors such as amoxicillin-
clavulanate and piperacillin-tazobactam were also not active against the isolates. The
resistance to carbapenems is particularly challenging to clinical practice posing a serious
threat to antibiotic therapy as these agents are regarded as most effective B-lactam antibiotics
against MDR Gram-negative bacteria including P. aeruginosa in Ghana (24). Thus, stringent
antibiotic stewardship programmes should be enforced to combat the spread of MBL-

producing P. aeruginosa in order to preserve the efficacy of carbapenems in Ghana.
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The blapim-1 and blavr-34-like genes were identified in the XDR isolates belonging to ST234.
Reports from several hospitals in Moscow have indicated the prevalence of MBL-producing
P. aeruginosa ST234, but these were associated with VIM-2 producers (25). Genomic data
analysis found one closely related isolate from India, i.e., P. aeruginosa strain SMC4389
(GCA _001482875) belonging to ST654. However, this isolate did not contain the blapim-i
and blavp34-like genetic structure. This finding intimates that the genetic elements
containing these resistance genes had been acquired, but from an unknown source,
confirming reports from studies that, many African countries do not undertake
epidemiological surveillance of carbapenems resistance and carbapenemase genes (26, 27).
Further phylogenic investigation on our isolates from 417genome assembly datasets from
different isolation sources, countries and MLST showed that none of the closest neighbors
encodes blapm-1 genes. This suggests that these carbapenem-resistant P. aeruginosa isolates
emerged independently, possibly through selection pressure, and are disseminating locally
through clonal expansion, probably due to poor adherence to infection control protocols. Our
study indicated that there were no plasmids present in the circularized chromosome, implying
that the IMP and DIM carbapenemases were chromosomal and corroborated the clonal
dissemination of the P. aeruginosa strains isolated from different patients, sources and wards

in the hospital.

We found a linkage of blapmv-1 and blammp-3a-like genes to typel integron structures and int/]
integrase encoding gene by BLAST analysis. The blapm-1 in the form of gene cassette
inserted at int/l is similar to other acquired MBLs in Gram-negative bacteria commonly
located in class 1 integrons (28, 29). Studies have reported blamvre-types as one of the most
common families of acquired MBLs in Enterobacteriaceae including P. aeruginosa (29, 30).

A number of MBL types in carbapenem-resistant P. aeruginosa, including IMP-like and
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DIM-like types, have been reported from many parts of the world (8, 31). Class 1 integrons,
which carry MBL genes and genes encoding resistance determinants of other antibiotics such as
aminoglycosides and trimethoprim, mobilise and transfer extensive drug resistance within and
between species (32, 33). Reports from other studies have indicated that class 1 integrons are often
chromosomally located and associated with genomic islands of pathogenic bacteria such as P.
aeruginosa evident in this study (34, 35). This presents a major challenge to both clinical
treatment and infection control management given the limited healthcare logistics in Ghana.
Therefore, studies on dissemination of MBLs among other Gram-negative isolates,
particularly the Enterobacteriaceae is crucial for the development of strategies to contain the
spread of these resistance genes. This study should be extended to hospitals in the other

regions of Ghana.

Conclusion

We report herein the first carbapenem-resistant and carbapenemase producing P. aeruginosa
clonal outbreak in a tertiary hospital in Ghana. Chromosomally mediated b/apv-1 and blamve-
34-like carbapenemases are circulating in P. aeruginosa ST234 clones in Komfo Teaching
Hospital, Ghana. Stricter infection control, contact precautions, antibiotic stewardship and
surveillance are necessary to identify and contain the spread of this XDR pathogen.
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Supplementary Material: MICs

Isolate specimen Susceptibility profile - MICs (mg/L)
e AMP | AMC | TZP CXM FO | CTX | CAZ | CFP ETP IMP MEM AMK | GEN CIP TET NIT COL SXT
P26-65 | urine >32 >32 | 2128 | >64 ;(64 >64 >64 >64 - >16 >1 >64 >16 >4 >8 >512 <0.5 >320
97
I£26}67 W/swab | 232 >32 128 | >64 >64 | 264 >64 >64 - >16 4 >32 >16 >4 >8 >512 <0.5 >320
130
L26-]68 W/swab | =32 >32 128 | >64 >64 | >64 >64 >64 - >16 4 >32 >16 >4 >8 >512 <0.5 >320
[140]
P26-69 | P/fluid >32 >32 128 | >64 >64 | >64 >64 >64 - >16 >16 >64 >16 >4 >8 >512 <0.5 >320
%’12462-]64 W/swab >32 >32 32 >64 >64 | 8 <1 8 - <1 <0.25 <2 4 >4 >8 >512 <0.5 160
85
g : W/swab | >32 >32 8 >64 >64 | 8 <1 <1 - 2 1 <2 <1 <0.25 8 >512 <0.5 80
14 sputum >32 >32 8 >64 >64 | 32 2 2 2 <0.25 <2 <1 <0.25 8 >512 <0.5 80
22 urine >32 >32 64 >64 >64 | >64 4 2 - 1 1 <2 >16 >4 >8 >512 <0.5 >320
25 W/swab >32 >32 8 >64 >64 | 32 4 <1 - 2 <0.25 <2 <1 <0.25 8 >512 <0.5 160
28 E/swab >32 >32 8 >64 >64 | 32 4 2 - 2 <0.5 <2 <1 <0.25 >8 >512 - 80
32 urine >32 >32 8 >64 >64 | 8 <1 <1 - 2 1 <2 <1 <0.25 >8 >512 <0.5 80
43 W/swab >32 >32 8 >64 >64 | 16 <1 <1 - 2 0.5 <2 <1 <0.25 >8 >512 <0.5 40
44 W/swab | =32 >32 8 >64 >64 | 8 <1 <1 - 1 <0.5 <2 <2 <0.25 >8 >512 <0.5 80
49 W/swab | =32 >32 8 >64 >64 | 16 2 <1 - 2 <0.25 <2 <1 <0.25 >8 >512 <0.5 160
51 W/swab | >32 16 32 >64 >64 | >64 4 4 - 0.5 1 <2 >16 >4 >8 >512 <0.5 >320
54 sputum >32 >32 8 >64 >64 | >64 4 2 - 2 <0.25 4 <1 <0.25 >8 256 <0.5 80
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58 sputum | >32 | >32 | 8 >64 | >64 |32 |2 4 ; 1 <025 |4 4 <0.5 >8 >51 <05 | =320
59 urine >32 | =32 | <4 | =64 | >64 | 8 <1 | <l - 2 0.5 <2 <1 <025 | =8 >512 <05 | >320
62 Niswab | >32 | =32 | 8 | >64 |>64 |8 <1 | <l - 2 <025 | <2 <1 <025 | =8 >512 <05 | 80
65 Gllavage | >32 | >32 | 8 | =64 | >64 |8 <1 | <l - 1 <025 | <2 <1 <25 >3 >512 <05 | 80
67 urine >32 |32 |8 >64 | >64 | 32 |4 2 } 1 <025 | <2 <1 <025 |8 >512 <05 | >320
85 Wiswab | =32 | =32 | 32 | >64 | >64 |8 <1 |8 - <1 <025 | <2 4 >4 >8 >512 <05 | 160
86 blood 16 |4 <4 |16 >32 |8 4 2 - <0.25 <025 | <2 <1 <025 | <05 | 128 <05 | <20
87 Wiswab | >32 | >32 | 8 >64 | 264 |32 | <4 | <2 - <1 <025 | <2 <1 <025 |8 >512 <05 | 160
88 Wiswab | =32 | >32 | 8 >64 | =64 | 216 | <I |2 } 2 <025 | <2 <1 <025 |8 >512 <05 | 80
91 urine >32 | >32 |8 >64 | >64 | 32 |4 2 2 <025 | <2 <1 <025 |8 >512 <05 | 80
119 urine >32 [>32 |8 >64 | =64 | 16 |2 <1 2 <025 | <2 <1 <025 |8 >512 <05 | 80
121 Wiswab | =32 | >32 | 8 >64 | >64 |32 | 4 2 } 2 <025 | <2 2 <025 |8 >512 <05 | 160
123 Wiswab | 37 | >32 |8 >6 >6 |32 |4 2 2 <025 | =< <1 <0.5 >8 >512 <05 | 160
124 sputum | >35 | >32 |8 >64 | >64 |32 |4 2 1 <0.5 ) 2 0.5 >8 >512 <05 | >320
134 urine >32 =32 |8 >64 | >64 |32 | 4 2 } 2 <0.5 <2 <1 <025 |8 >512 <05 | 80
145 urine >3 [=32 |8 >64 | >64 | 16 | 4 2 ; 2 <025 | <2 <1 <025 |8 >512 <05 | >320
146 urine >3 [>32 |8 >64 | >64 | 16 | 4 2 } 1 <025 | <2 <1 <025 |8 >512 <05 | 160
150 urine >32 | >32 |8 >64 | >64 |32 | 4 2 } 2 <025 | <2 <1 0.5 >3 >512 <05 | 160
157 Wiswab | >35> | >32 | <4 | >64 8 |<1 <1 |« 1 <025 | < <1 <025 |2 64 <05 | =320
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161 W/swab >32 >32 8 >64 >64 |1 4 <1 - <0.25 <2 <1 <0.25 >8 >512 <0.5 80
176 sputum >32 >32 <4 >64 >64 | 8 <1 <1 <0.25 <2 <1 <0.25 >8 >512 <0.5 >320
210 sputum >32 >32 8 >64 >64 | 32 4 2 <0.25 <2 <2 <0.25 8 >512 <0.5 >320

AMP-Ampicillin, AMC- Amoxicillin-clavulanate, TZP- Piperacillin-Tazobactam, CXM-Cefuroxime, FOX-Cefoxitin CTX- Cefotaxime , CAZ- Ceftazidime, CFP- Cefepime, ETP- Ertapenem,

IMP- Imipenem, MEM-Meropenem, AMK- Amikacin, GEN-Gentamicin, CIP-Ciprofloxacin, TET- Tetracycline, NIT- Nitrofurantoin, COL-Colistin, SXT- trimethoprim-sulfamethoxazole

P/fluid-pleural fluid, w/swab-wound swab, P/swab-pleural swab, G/lavage-gastric lavage, N/swab-nasal swab.
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CHAPTER FIVE

Conclusions, Recommendation and Significance

6.1 Conclusion

Antibiotic resistance among Gram-negative ESKAPE pathogens poses a major challenge in
Komfo Anokye Teaching Hospital and associated with adverse outcomes in treatment of

infections in Ghana.

Key findings were as follows:

e The most predominant bacteria were P. aeruginosa and K. pneumoniae accounting for
40.2% and 39.2% respectively, followed by E. cloacae, 12.4% and A. baumanii, 8.2%
as the least of the Gram-negative ESKAPE pathogens.

e The bacteria were multidrug and extensively-drug resistant, however meropenem was
noted as the most effective B-lactam antibiotic in Ghana.

e The presence of B-lactamase genes in diverse combination with non-B-lactamase
resistance genes was found among the pathogens.

e The ten MDR K. pneumoniae isolates evidenced multiple resistance genes conferring
resistance to multiple antibiotic classes with B-lactams (blactx-m-15, blasnv-11, blatem-
1B), aminoglycosides (aac(3)-Ila-like, aph(3')-la, aac(6')Ib-cr) and fluoroquinolones
(0ogxA-like, ogxB-like, qnrB10-like, gnrB2) being the most common. Other resistance
genes such as sul2, fosA and dfrA14 encoding resistance for sulphonamide, fosfomycin
and trimethoprim respectively were also identified.

e IncFIB(K) and ColRNAI were the most prevalent plasmid replicon type among K.

pneumoniae isolates.
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e Multiple and diverse mutations were detected in quinolone resistance-determining
regions of gyr4, gyrB and parC genes among K. pneumoniae with S83F/Y and D87A
of gyr4 and S80I in parC as most common mutations observed among the
fluoroquinolone-resistant isolates.

o No mutation was detected in gyrB among fluoroquinolone-resistant isolates
with a ciprofloxacin MIC >4mg/L.

e The four XDR P. aeruginosa isolates belonged to same sequence type ST234 had:

o The identical resistance gene profile consisting of B-lactamases (blapmv-i
blamp3s-like,  blaoxa-10-like,  blaoxa-129,  blaoxa-so-like,  blapao-like),
aminoglycosides (aadAl-like, aph(3')-1Ib-like, aacA4), fosfomycins (fosA-
like), sulphonamides (su/l), trimethoprim (dfrBY5), phenicols (catB7-like) and
rafampins (arr-2)

o The blapiv-1 and blawvr-34-like were linked to type 1 integron structures

e Although not reported in the manuscripts, we also undertook WGS of two each of E.
cloacae and A. baumanii (Supplementary data).

o WAGS revealed B-lactamases (carbapenemases) encoding genes blaspc-25 and
blaoxs-91 and aminoglycosides resistance gene (aadB) co-expressed with the
tetracycline resistance gene fetB was found in A. baumannii.

o PB-lactamases (blarem-18, blasuv-11, blaoxa-1 and blacrx-um-1s), resistance genes to
aminoglycosides (aac(6’)Ib-cr, aac(3)-1la, strB and strA) were expressed in E.
cloacae with quinolones/fluoroquinolones efflux pumps (ogx4, ogxB and

gnrB) most predominant E. cloacae (n=1) isolate.

6.2 Limitations

e The use of Illumina sequencing precluded the definitive association of antibiotic
resistance genes with plasmids and detailed plasmid analysis.
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¢ Financial constraints precluded the WGS of all isolates

e Isolates for whole genome sequencing were not randomly selected, presenting a
potential bias. Notwithstanding, random sampling may have precluded stratified
sampling precision and equal representation of isolates collected from each group of

Gram-negative ESKAPE pathogens.

6.3 Recommendations

e High prevalence of multidrug resistance was observed among Gram-negative
ESKAPE pathogens in KATH. Studies should be extended to other health care
settings over a longer period of time with larger sample size for representivity.

e Antibiotic stewardship programs should be strictly enforced to maintain the efficacy
of the carbapenems (meropenem).

e Regular education on antibiotic resistance awareness, contact precaution and infection
control measures among health care professionals should be encouraged to combat the
spread of resistant bacteria.

e Comprehensive molecular characterization to delineate antibiotic resistance

mechanisms is necessary to inform effective control measures and containment.
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Participant Information Leaflet and Consent Form

This leaflet mmst be =iven to all prospective parfiopants to enable them lmow
emonzh abount the research before decdime to or not to participate

Title of Research: Mblecular profile of ESEAPE (Enterococnus  fhecium,
Staphylococaus murne, Klebsiella praumoniae, Acinetobacter baumanmil, Prewdomonas
aeruzinosg and Exverobacter spp) pathogens in Ghana

Name(:) and affiliation{s) of researcher(s): This smdy i beinz conducted by Nicholas
Azvepong of the Deparment of Pharmaceutical Soiences, University of Ewa-Zula Matal
(UEZN), Dr. Alex Owusn-Ofon of Department of Climical Microbiology, ENUST, Prof
Escacks Sabiha and D Usha Govinden both of Department of Pharmaceutical Sciences,
UEZM, South Affica.

Backzround (Please explain simply and briefty what the study is about): There is
owrrent increasing frequency of infections caused by resistant bactena and the decline m
research and development of new anmbiodics which is now threatening o take us back to
the pre-antbiotic era Curtsiling the spread of resistant bacieria has met with limded
success in the Sub-Sahsran Africs especially Ghans This has conseguenthy reslted in
bacterial imfections being the major csuwse of morbidity snd mortality due fo the
emerpence of anfinicobizl resistance by climical Gram npepative ESEAPE isolates,
which mdemmines the effective control of infections diseases (Newman et al., 2011)
Hence the smdy is critical to aid m health care policies, andbiofic protocols and
prescripion regalations n Ghana, The research can become a baseline for further
research and comparative sadies in Ghena as the Sub regons.

Purpose(s) of research: The pumpose of this study is to sscemain the prevalence and
describe the phenotypic and penotypic characteristics of resistance of climical Gram

pegative ESEAPE pathopens from Komfo Anokye Teaching Hospital (EATH) m
Fommasi in the Achant region of Ghana to beta-lactam antibiotics.
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Procedure of the research, what shall be required of each partidpamt amd
approximate total nomber of participants that would be involved in the research:
Isolatzs will be idendfied from samples sent to the microbiology lab. Persons who have
their samples sent to the lab will be contacted by the principal irvestigator (FI). The
patent parficipation in the stady will then be explicitly explained to him/her befors they
volunsarily sigm the consent form Cme indred and ffty samples in all will be collected
for the smdy.

Biskis):

Thers is risk assedated with sommatization and panic if patients 2ot to know some
organisms have been isolated from them However calming snd assuring them of privacy
and confidensgality will be pararmonnt in the shady

Benefit(s):
Thers would be no divect benefit to the participants; hoewever the aim of this sady is fo

find sobation fo overwhelming incresse in bacterial resistance fo commomly used
ansibiotics (P-lactams) in Ghana will help to sude in the fiimre infecions Tesiment.

Confidentiality:

Patents will be sssigped spedfic smdy mumbers affer mifially wsing the name and
personal information to trace the sample o the patent, which will be used during the
stdy and for anatysis. Therefore dats collacted cannot be linked to any patient in snyway,
whether in publications or repans.

Volontarimess:

Patients’ participation in the ressarch will be solely volontary. Parficipant’s mformestion
leaflet will be given If they are literate they can read or vou may make Tanslated
versions available for them. Spending tme to explain the sady to them, will also allow
them o ask questons and when they are sagsfied and you are sure they have wmdersiood
the smdy, they can sizn the informed consent. All comsents by illiterate subjects will alsoe
be sizmed by an independant wimess.
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Alternatives to participation:
Patient’s surefy of fair treatment will be paramount whether ha/she chooses to pamcipate

of deqdes otheranse.
Withdrawal from the research:

The mformed consent form i not legal binding document and that parficipant may
choose to withdraw or not 1o answer any question be finds wmcomfortsble or private.

Consequence of Withdrawal: (For example: There will be no comsequence, loss of
benefit or care to you if you choose to withdraw from the sady. Plesse note however,
that some of the mformaton that may have been obtaned from you without identifiers
(name etc), before you chose o withdraw, may have been modified or used in analysis
reports and publications. These cannot be removed amymore. We do promise to make
good faith effort to conply with your wishes as nmich a5 practicable )

Costs/Compensation: (For example: For your time/inconvenience Tansport to the
hospital, we will compensate you with Ghel 00 to show owr appreciation for your

parmoipadon).

Contacts:
For any question conceming this stady, please do not hesifate to contact Micholas
Azvepong (0261305798 or Dr. Alex Owsu-Ofort (0209149370)

Further, if you have any concern about the conduct of this study, vour welfare or
vour rights as a rezearch participant, vou may contact:

The Chaorman

Committes on Human Fesearch and Poblication Ethics
B 3

Tel: 0322063 2480105453 785
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CONSENT FOEM

Statement of person obtaining informed comsent:

I have fully explained this research to and
have given sufficient information about the smdy, inchyding that on procedurss. faks amd
benefits, to ensble the prospective participant make an informed decision to or not to

DATE: NAME:

Statement of person siving consent:
I have read the mformaton on this smdyresesrch or have had it tramslated mio a
lansuage [ undersiand. I have also talked it over with the inferviewsr to ooy safisfacion.

I umderstand that my partcipation is vohmiary (nof compulsory).

I know encugh about the purpose, methods, rsks and bensfits of the research stady fo
decide that I want to take part in it.

I mderstand that T may freely stop being part of this smdy at any tme withowt having fo

I hemve received a copy of this informaton leafled sand consent fomn to keep for nrysalf.

NAME:

DATE: SIGNATURE THUMB PEINT:

Statement of person witnessing consent (Process for Non-Literate Participamis):
I (Mame of Wimess) cerify that information given
fo

(tame of Pardcipant), in the local lansnsgs. is 2

mue reflection of what | have read fom the smdy Partcipant Informestion Leaflet
amached

WITHNESS'  SIGNATURE  (maintin i  partcipens s noo-literats):

MOTHER'S SIGNATURE (maintsin  if participant is  under 18 yeams):

MOTHER'S NAME:
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FATHER'S SIGNATURE (maintsin i paricipsmt is wmder 18 years):

FATHER'S NAME:
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Supplementary Data

Table 1: Phenotypic Profile of WGS A. baumanii and E. cloacae Isolates

Code Susceptibility profile - MICs (ug/mL)
Species AMC | TZP | CXM | FOX | CTX | CAZ | CFP | ETP |IMP | MEM | AMK | GEN CcIp TET | NIT CO | SXT
L
151 A. baumannii >32 >128 | >64 >64 >64 >64 >64 | - 0.5 1 <2 >16 >4 4 >512 | 0.5 | =320
198 A baumannii 8 16 >64 >64 32 16 8 - <0.25 | <0.25 <2 <1 <0.25 | <5 >512 | <0.5 | <20
>32 64 >64 >64 >64 >64 <1 <0.5 <0.25 | <£0.25 <2 <1 <0.25 128 <0.5 | 220
170 E. cloacae
>32 >128 | >64 >64 >64 >64 >64 | <1 <0.25 | <0.25 <2 >16 >4 2 256 <0.5 | =320
194 E. cloacae

Abbreviations: AMC- Amoxicillin-clavulanate, TZP- Piperacillin Tazobactam, CXM-Cefuroxime, FOX-Cefoxitin CTX- Cefotaxime ,

Table 2: Patient Demographic and Clinical Records

CAZ- Ceftazidime, CFP- Cefepime,
ETP- Ertapenem, IMP- Imipenem, MRP-Meropenem, AMK- Amikacin, GEN-Gentamicin, CIP-Ciprofloxacin, TET- Tetracycline, NIT- Nitrofurantoin, COL-Colistin, SXT-
Trimethoprim-sulfamethoxazole, Obs& Gyn. -Obstetrics and Gynaecology,

Isolate Code Species Collection date Patient

P-number Specimen Age (yr) | sex | diagnosis ward type
P26-70 151 A. baumannii 09/09/2015 Urine 5 F UTI ICU
P26-77 198 A. baumannii 09/03/2015 Urethral swab 30 F UTI ICU
P26-73 170 E. cloacae 11/06/2015 Aspirate 3 M Scalp abscess | OPD
P26-76 194 E. cloacae 18/03/2015 Sputum 45 M Tuberculosis | Medicine
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Table 3: WGS and Bioinformatics Analyses with Resistance Genes

Isolate Assembly Resfinder
P-number | Genome # Aminoglyc | Quinolone/flu | Fosfomyc Macroli | Sulpho | Tetra Rifampicin
Size Coverage | Contigs | oside oroquinolone | in B-lactam de namide | cycline
blaADC-25-
like,blaCARB-8-
P26-70 4049510 172x 230 aadB-like like,blaOXA4-91 sul2 tet(39)
blaADC-25-
like,blaCARB-8-
P26-77 4024532 213x 86 aadB-like like,blaOXA-91 sul2 tet(39)
P26-73 5096234 175x 64 fosA-like
blaCMY-
aac(3)-1la- 4,blaCTX-M-15,
like,strA,str | aac(6')Ib-cr blaOXA-1-
P26-76 5460117 153x 204 B gqnrBl-like fosA-like | like,blaTEM-1B sul2
Table 4. WGS and Bioinformatics Analyses with Plasmid/Replicon Types
Isolate Species/ Sequence PlasmidFinder
P-number | MLST Type Plasmids IncHI1 | IncF pMLST summary
Scheme
P26-70 A. baumannii | ST-1418
P26-77 A. baumannii | ST-1418
Unknown
P26-73 E. cloacae ST NA
P26-76 E. cloacae ST-456 IncQ1,ColRNAI
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