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Hospitals are hubs for transmission of different pathogens. In Ghana, little is known about the 

diversity and antimicrobial resistance (AMR) profiles of bacterial pathogens from hospital 

environments. Essential is also the rising challenges of antimicrobial heteroresistance, which has 

contributed to the increase in bacterial AMR.  In this study, bacterial strains were isolated from air 

and fomites of the Intensive Care Unit (ICU) and characterized with phenotypic and molecular 

techniques. Bacterial AMR profiles to conventional and last resort antibiotics were determined with 

agar disc diffusion and micro-broth dilution assays. Antimicrobial heteroresistance to polymyxins 

was determined using E-test and population analysis profiling assays. Galleria mellonella infection 

(GMI) model was employed to evaluate the virulence and pathogenicity of the identified bacterial 

strains. Lipopolysaccharides (LPS) was analyzed and profiled using Sodium Dodecyl Sulfate (SDS-

PAGE) and matrix assisted laser desorption ionization-time of flight (MALDI-TOF) Mass 

Spectrometry analysis. AMR markers and LPS-modifying genes were characterized using specific 

primers targeted Polymerase Chain Reaction (PCR) and sequencing. Our findings confirmed that 

there is diversity of Gram-Positive and Gram-negative bacteria with high (> 80%) level of resistance 

to conventional and last resort antibiotics in sampled Ghanaian hospital environments. Majority of 

these strains are hereroresistant phenotypes and are highly virulent and pathogenic in GMI. The 

mechanisms of AMR to conventional antibiotics were associated with the presence of resistance 

markers (such as β-lactamases, quinolone resistant, gyrase, KPC carbapenemase, methicillin, 

aminoglycosides and macrolide efflux genes). The resistance of the strains to polymyxins (B and E) 

are on account of LPS modifications, especially with the identifications of the LPS modifying 

markers, PhoP, PhoQ, PmrA and PrmB. The structural differences in the lipid A moieties reported 

in this study are possible pointers to mechanisms of resistance exhibited by these strains. Overall, 

this study provides evidence on the potential high risk associated with bacteria in Ghanaian hospital 

environments. 
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1.0 Introduction 

Bacteria are essential components of all ecosystems. They inhabit soil, water, air and even travel 

in space (Afshinnekoo et al., 2015; Osman et al., 2008). Bacteria also survive on inanimate objects 

such as fomites either transiently or for long periods (Boone and Gerba, 2007; Miller and Diep, 

2008). Some bacteria that live in contact with or infect animals,  have been implicated in zoonotic 

infections, which can be a health risk for humans (Cantas and Suer, 2014) and  can modulate 

diverse activities in relation to human health (Allegranzi et al., 2011). Acting as symbiotic agents, 

bacteria undertake various metabolic and immune-boosting activities that promote human health 

(Huttunen and Aittoniemi, 2011), and as pathogens, they can cause mild to severe disease in 

humans (Ashgar and El-said, 2012). Over the years, various forms of bacterial life have evolved 

harrowing human healthy living (Brown et al., 2014). Thus bacteria are ubiquitous indoor, in 

working environments and outdoors and are mostly classified as opportunists (Price et al., 2017).  

The hospital environment harbors potential pathogens posing serious health risks (Scheckler et al., 

2014). Evidence on the public health-risks of bacteria residing in hospital environments are 

becoming increasingly important (Poza et al., 2012). Studies have indicated that the hospital 

environments, especially indoors of Intensive Care Units (ICU) and Neonatal Intensive Care Units 

(NICU) harbor pathogenic bacteria (Lee et al., 2009; Patel et al., 2015). Factors facilitating their 

occurrence are diverse and have been established (Bereket et al., 2012; Yallew et al., 2017). Major 

among others involve interactions of different hospital users with facilities in hospital environment 

(McOrist et al., 2002; Peters et al., 2012; Gupte et al., 2015). This has contributed to the prevalence 

of bacteria in healthcare settings, ultimately encouraging the emergence of new bacteria with 

health threatening potential. 
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 In developing countries, where healthcare delivery systems are poor and where there is improper 

monitoring of the hospital environment, the prevalence of pathogenic bacteria is higher (European 

Commission, 2008; Liu et al., 2011; Maina et al., 2012; Hibberd et al., 2016). These pathogens 

can become opportunistic agents (Price et al., 2017), and they are responsible for deadly 

opportunistic infections in hospitalized patients (Brown et al., 2014). Globally, opportunistic 

infections represent a challenge as they are difficult to treat, since the opportunistic bacteria are 

generally highly antibiotic resistant. 

The World Health Organization has listed a series of opportunistic bacteria as Global Priority 

Pathogens (WHO, 2004; Breu et al., 2013). These bacteria are designated the ESKAPE group, 

which include Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp., and all of them are 

linked with most of the known Hospital Acquired Infections (HAIs)  (Pendleton et al., 2013; Khan 

et al., 2017). HAIs is a global health crisis with an average of 1 in 10 cases of people on hospital 

admission, and they are linked with significant mortality rate (Frca and Frca, 2005). The 

prevalence is higher in the ICU and the risk increases especially with immunocompromised 

patients (Frca and Frca, 2005). The risk of contracting HAIs in the NICU is between 6-30% and 

unclean environments increases the risk by  10% in Sub-Saharan Africa (Sydnor and Perl, 2011). 

An average of 10% of all hospitalized patients in North America and Europe has been reported to 

develop HAIs (Mehta et al., 2014; Sydnor and Perl, 2011), while the risk of HAIs is more than 

40% in Asia and Sub-Saharan Africa (Mehta et al., 2014; Wondimagegn, 2012). In Ghana, the 

burden of HAIs is still not well defined as with other West African countries, the prevalence of 

HAIs is under-reported (Reed and Kemmerly, 2009). However, nationwide laboratory-based 

surveillance of AMR in clinical samples from Ghana indicated the presence of resistant bacteria 
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including Salmonella spp., S. aureus, Streptococcus spp., Pseudomonas spp. and E. coli (Opintan 

et al., 2015).   

High risk of infections have been associated with indoor bacteria, and hospitals are such a unique 

environment that have been reported as drivers of emergence of new bacteria (Adams et al., 2015). 

The probability of contracting infectious agents is higher in hospitals (Smith et al., 2013; Lax et 

al., 2017). Not only admitted infected patients, but also non-infected patients with restricted 

mobility become vulnerable to infectious agents, particularly as a result of proximity to each other 

(Beggs, 2003; Gizaw et al., 2016). Therefore, the microbiome of ICU is largely influenced by the 

presence of infected patients and this significantly determines the diversity of bacteria that are 

prevalent and transmitted in comparison to other environments (Smith et al., 2013; Adams et al., 

2013).  

The influences of outdoor diverse bacteria on indoor bacteria distribution, more specifically in 

hospitals with open ward systems have been shown (Adams et al., 2013, 2015; Leung & Lee, 

2016). Information on the diversity of bacteria from Ghanaian hospital environments is limited. 

However, the worldwide emergence of bacteria responsible for uncontrollable infections has been 

associated with hospital environments (David and Gill, 2008; Vouga and Greub, 2016; Almagor 

et al., 2018). Different transmission routes in hospital indoors, such as air and fomites may play a 

role in the spread of majority of these infectious agents (Tagoe et al., 2011; Suleyman et al., 2018). 

Transmission of infectious diseases is either direct or indirect (Eames et al., 2009). By direct, there 

is a contact with infectious agents, majority of communicable HAIs engages this route (Vanhems 

et al., 2013). Most of the reported infections in the hospital environments are via indirect means, 

such as vector-borne, airborne and vehicle-borne (Kleef et al., 2013; Graber, 2017; Kov, 2017; 
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Jiang et al., 2018). Airborne and fomite-mediated transmission of infections has contributed to 

causing most of the known HAIs (Qudiesat et al., 2009; Kanamori et al., 2017). While there is a 

need for contact with fomites directly with hands or other means, airborne-fomites interplay has 

been reported (Miller and Diep, 2008; Li et al., 2016). Pathogens utilize more than one route of 

infection transmission to the susceptible hosts. Different bacterial infectious agents can utilize 

different or same infectious routes to cause the same disease (Vanhems et al., 2013). Contacts with 

fomites and airborne pathogens (bio-aerosol) are unarguably two most potent means of contracting 

infections in the hospital environments (King et al., 2013; Tagoe et al., 2011; Fletcher et al., 2002). 

Aerosolized pathogens can move over a long distance from an infected person to the susceptible 

host to cause infection (Labler and Trentz, 2007; Eames et al., 2009).  It becomes worse due to 

formation of bacterial droplet nuclei, which can remain suspended for long periods in the air and 

can easily access this host via the nose (Lowen et al., 2007; Bertolini et al., 2012; Li et al., 2016). 

This is a challenge in the ICU, which are sometimes overpopulated with patients in close 

proximity. Also airborne transmission facilitates fomite contamination, as aerosolized bacteria are 

deposited on various surfaces (Barker and Jones, 2005; Nicas and Sun, 2006). The first step 

towards fomite-mediated transmission is contamination. There is a follow-up requirement of 

survival of the infectious agents on the fomite for sufficient time to establish contact with 

susceptible individual (Kramer and Assadian, 2006). Further, the persisting agents on fomites must 

be transferrable to a point of entrance on a susceptible host to cause infection (Toussaint and 

Merlin, 2002; Tagoe et al., 2011; Kleef et al., 2013; Almagor et al., 2018). Bacteria can survive 

on fomites for a longer period forming biofilm in some cases (Vickery et al., 2012; Pirrone et al., 

2016). Biofilm forming bacteria can better resist chemicals, especially disinfectants (Vickery et 

al., 2012) and antibiotics (Hu et al., 2015; Vickery et al., 2012). 
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In addition to biofilms, other factors including misuse, abuse and overuse of antibiotics are 

associated to bacterial resistance in hospital environments (Levy and Marshall, 2004; Ventola, 

2015). Most ICU worldwide use lots of antibiotics, and also contributes to selection of resistant 

bacteria, which in turn leads to therapeutic failure (Prashanth and Badrinath, 2006; Lee et al., 2009; 

WHO, 2012). Luyt et al. (2014) indicated that 30-60% of antibiotics prescribed in the ICU are 

inappropriate or unnecessary and this is regarded as a key factor for the emergence of resistant 

pathogens. Also, hospital environments played an important role in the dissemination of resistance 

(Wright, 2010; Ashbolt et al., 2013; Martínez, 2008). Acquisition of resistant genes by 

mobilization or through transfer is a potent factor for spread of resistance in hospital environments 

(Finley et al., 2013; Pruden, 2014). This is common with opportunistic pathogens, as they take 

advantage of hospital environmental facilities to develop resistance.  

Antimicrobial resistance is a global health crisis (WHO, 2012; Report, 2014), as superbugs with 

the potential to resist virtually all available antibiotics are increasingly emerging (Contie et al., 

2014; Naylor et al., 2018). Several studies illustrate the burden of AMR as a threat to public health, 

especially in complex environments like the hospital (Michael et al., 2014; Mehrad et al., 2015). 

High mortality rates of patients with AMR pathogens is common (Sengupta et al., 2013; Vadivoo 

and Usha, 2018). In developing countries, particularly in Sub-Saharan Africa, this scenario is 

aggravated as the use of antibiotics is non-regulated and pathogens display high level of resistance 

to multiple antibiotics (Ventola, 2015; Yevutsey et al., 2017). Bacteria usually respond to 

antibiotics by expressing either inherent or acquired resistant genes (Levy & Marshall, 2004; 

Bengtsson-palme et al., 2018). The ability of bacteria to develop genetic mutations has also been 

linked with resistance especially with resistant gene sorting and possible gene rearrangements 

(Stokes & Gillings, 2011; Bengtsson-palme et al., 2018).   
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1.1 Rationale  

In Ghana, data on the diversity of bacteria in relation to hospital air and fomites are limited. While 

air and fomites are globally recognized as potential factors for bacteria distribution and 

transmission of infection, the spectrum of bacterial species engaging this medium in Ghanaian 

hospitals is not well defined. Also, the pathogenicity and virulence profiles will determine the 

potential health risks posed by these strains to all hospital users. As different bacteria are evolving 

and other new strains emerging, the risk associated with AMR in Ghanaian hospitals demand 

attention. The lack of the knowledge of how resistance to antibiotics are mediated and developed 

makes mitigation of spread and resistance a challenge. Overcoming the challenge of antibiotic 

resistance in the hospital appeals to a deeper understanding of the current reservoirs of resistance 

and the principle guiding the resistance. Exposure to antibiotics may favor selection of resistant 

bacteria. Besides, opportunistic pathogens resident in the environment already harbor resistant 

genes, or acquire resistant genes from related bacteria resident in human body, which facilitates 

resistant infections (Figure 1.1). Resistant genes are sometimes acquired from the environmental 

resistome (this comprises of all antibiotic resistant genes in the genome of both pathogenic and 

non-pathogenic bacteria). However, infections that might be very difficult to treat might results 

from such acquisitions, as new genes are now present in their reservoir of resistance. 
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Figure 1.1: Antibiotic resistance development and spread in the environment (Bengtsson-

palme et al., 2018) 

The rationale of this study is embodied under 5 main concepts (Figure 1.2): 

1.) Ghana is a population of > 28 million people with over 300 hospitals (WHO, 2012; Impacts, 

2012). Salient factors unique to this region are exposure of the population to parasitic diseases 

(notably malaria) and high prevalence of systemic infections, sepsis and others, these conditions 

influence the immune system. 

2.) This observation leads to increase in hospitalization of patients with overpopulation especially 

within the ICU (> 80% patients on admission), a situation leading to overuse of antimicrobial 

agents. 

3.) This possibly facilitates the emergence of ESKAPE pathogens, with air-fomites routes of 

transmission to initiate opportunistic infections that might be difficult to treat. 
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 4.) These strains have potentials to resist all available antibiotics (conventional and last resort) 

resulting in the emergence of superbugs with no option for treatments (mortality rate: 1 million, 

2017; 10 million, 2050; (WHO, 2012; Essack et al., 2016; Prestinaci et al., 2016). 

5.) Essential to managing AMR (and heteroresistance) infections is a detailed understanding of 

their mechanisms, especially of the frequency and type of AMR bacteria in hospital. 

 

Figure 1.2: Summary of Study Rationale (Abiola Isawumi and Lydia Mosi, 2019) 

1.2 Hypotheses and aims 

Overall, the rate of hospital-based infection with antibiotic-resistant bacteria is on the rise. 

Investigating the antibiotic resistance patterns and determining resistance markers encoding 

virulence will inform on choices of antibiotics and serve as pointer for possible therapeutic 

interventions. Therefore, the study explored if 1.) Ghanaian hospitals are dominated by ‘diverse 

pathogenic and virulent bacterial strains’ 2.) These bacterial strains are ‘extensively resistant’ 
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to common and last resort antibiotics; and 3.) Unique ‘resistant signatures’ are drivers of their 

resistance mechanisms. 

Specific objectives are to: 

1. Phenotypically identified and molecularly characterized isolated bacteria from some Ghanaian 

hospital environments, 

2. Determine the antimicrobial resistance profiles of the identified bacteria, 

3. Determine the level of virulence and pathogenicity of the multiple antibiotic resistant bacteria 

in Galleria mellonella infection model, 

4. Investigate the mechanisms of virulence and antimicrobial resistance of the highly resistant 

bacteria. 

 

1.3 Organization of thesis 

This thesis consists of six chapters. Chapter 1 is the introductory section, and it provides a general 

overview and background to the study. The original research is presented in the four middle 

chapters (Chapters 2-5) with each chapter prepared as stand-alone manuscript. Chapter 2 is 

devoted to isolation, identification and characterization of hospital air and fomite-borne bacterial 

strains. Chapter 3 was designed to establish the antimicrobial profiles of the identified strains. 

Chapter 4 describes the virulence and pathogenicity of these strains. Chapter 5 investigated 

resistance mechanisms of the multidrug-resistant strains identified in this study.  Each chapter has 

its own abstract, specific aims, introduction, methods, results and discussion. Chapter 6 provides 

overall conclusions, future directions, and public health engagements suggestions. The last section 

is the General Appendix and Information; it contains relevant information and other materials 

for the study.  
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CHAPTER 2 
Phenotypic Identification and Molecular Characterization of 

Isolated Bacteria  
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2.0 Abstract 

A collection of bacterial strains obtained from some hospital environments in Ghana were 

phenotypically and molecularly characterized. The findings showed that hospital environments, 

especially the ICU and NICU are dominated by diverse bacteria with 80% Gram-negative resident 

on fomites and 53% Gram-positive circulating in the air. The study demonstrates that 

contamination rates of the sampled sites are above the recommended threshold (30-300 CFU/ml) 

for bacterial loads in hospital environments. Indoor air bacterial loads ranged from 1.80x103 to 

4.2x103 CFU/ml, while those resident on fomites ranged from 0.7x103 to 5.8x103 (CFU/ml). 

Therefore, fomites and air are sources of diverse bacteria of pathogenic potential. Bacterial strains 

that are not commonly reported in association with hospital air and fomites were also discovered; 

an indication of a possible emergence of new bacteria in Ghanaian hospitals.  

 

2.1 Specific Aims: 

1. Isolation of bacterial strains from fomites and air samples; 

2. Identification and speciation of the isolated strains using phenotypic and molecular 

techniques; 

3. Determination of key pathogenic properties; and 

4. Building a library of specific identified strains for future reference. 
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2.2 Introduction 

Bacterial infections are a leading cause of death, especially in the hospital environment. The 

mortality associated with severe bacterial infections is increasing at an alarming rate in developing 

countries (Hibberd et al., 2016). Recently, the World Health Organization and Centre for Disease 

Control released a list of different Gram-positive and Gram-negative bacteria with dangerous 

potential to cause infections because of their inherent pathogenic traits (WHO, 2017; Tacconelli, 

2017). This, coupled with other forms of healthcare related problems caused by bacteria has 

underlined the importance of identifying and characterizing possible agents of disease transmission 

in both the community and other defined environments such as the hospital (Tagoe et al., 2011; 

Fang et al., 2014; Yadav et al., 2015).  

Hospitals are hubs for different pathogens (Ekrami et al., 2011) and play special roles in 

dissemination of bacteria across distinct areas, thereby leading to progressive contamination that 

endangers the lives of both the in-patients and other hospital users (Bakkali et al., 2015; Da 

Fonseca et al., 2016; Khan et al., 2017). In Ghana, as in other developing countries, little is known 

about the diversity and prevalence of these pathogens. Data on the identity of bacteria in sensitive 

hospital environments such as ICU, NICU, Maternity Unit (MU) and Surgical Wards (SGW) are 

limited and Hospital Acquired bacterial infection are often under-reported. However,   Potential 

pathogenic bacteria are emerging, which demands proper identification and characterization 

(Armelagos et al., 1991; Vouga & Greub, 2016).   

Environmental bacteria, especially those thriving in clinical settings have the potential to survive 

harsh conditions (Best et al., 2018). Research to understand the ubiquity of these bacteria in 

Ghanaian hospitals is increasing, but the clinical effects are still not well defined. Understanding 

the roles of different infectious disease transmission agents, such as hands, surfaces, droplets, 
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aerosols, water, invasive devices and fomites, would help in possible bacterial infection preventive 

measures (Kanamori et al., 2017). Studies have established that most of the Hospital Acquired 

bacterial infections arise from aerosols (air) and spread by fomites (Figure 2.1) (Fletcher et al., 

2002; Zemouri et al., 2017). Also, most of the blood-related infections such as bacteremia and 

sepsis, and other immune-deficient associated bacterial infections are as a result of direct or 

indirect contacts with aerosol-droplets and fomites (Fletcher et al., 2002; Zemouri et al., 2017). 

Prolonged hospital stays as a result of HAIs, especially in the ICU/NICU, increases contact with 

fomites. Further, human-to-human transmission via infected patients occurs (Fernstrom and 

Goldblatt, 2013; Karo et al., 2017).  

Figure 2.1: Hypothetical representation of bacterial airborne-fomites transmission in 

hospital environment (Abiola Isawumi and Lydia Mosi, 2019) 

Environmental surfaces in the hospitals are potential reservoirs for propagation of bacteria 

(Fernstrom & Goldblatt, 2013; Karo et al., 2017). Tables, chairs, desk surfaces, hospital door and 

toilet handles, taps, toilet sinks and water tub, toilet seats, flat-stairs, vents, trash-cans, waste bins, 

used tissue-rolls/papers and left-over food are possible potential bacterial reservoirs (Fernstrom & 

Goldblatt, 2013; Karo et al., 2017). The contribution of fomites to the spread of infection in 
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Ghanaian hospitals is not well described, although some evidences indicate that hand touched 

fomites mediate the transmission of infections (Eze, 2012; Odigie et al., 2017). The situation is 

worse with children; frequently touched fomites by children contribute to the increased mortality 

associated with diarrheal, common cold, skin rash, hand-foot-and-mouth diseases (Boone and 

Gerba, 2007; Miller and Diep, 2008).  

Human hands harbor lots of bacteria (Zapka et al., 2011), ranging from the normal residential hand 

microflora to transient-bacteria picked from fomites (Edmonds-wilson et al., 2015). Some of these 

pathogens include species Salmonella and Shigella, Clostridium, Escherichia coli, and a few 

viruses, especially Hepatitis A virus (Boone and Gerba, 2007). Through hand contact these 

bacteria can be transferred from one patient to another (Kramer et al., 2006; Olise et al., 2018). 

Staphylococcus aureus can thrive successfully on patients’ gowns and dry indoor exposed surfaces 

for up to six months (Neely and Maley, 2000). Pseudomonas aeruginosa, E. coli and some 

carbapenem-resistant Enterobacteriaceae (CRE) can survive longer on indoor wet and dry surfaces 

for a longer period (1-2 years) (Neely and Maley, 2000). Further, these bacteria can survive in the 

presence of some disinfectants (Nuñez and Moretton, 2007; Bridier et al., 2011). 

Areas within the hospital described as ‘frequently touched surfaces’, both in indoor and outdoor 

environments have been linked with the deposition of different pathogens (King et al., 2013). Air 

plays special roles in transfer of pathogens from one unit of the hospital to the other. Given the 

potential risks of hospital contaminated air, the WHO has suggested a consistent monitoring of air 

quality of hospital environments (Yassin and Almouqatea, 2010). Besides, the contamination of 

fomites by aerosolized bacteria, fungi and viruses has been reported (Rusin et al., 2002; Xiao et 

al., 2017). Studies have reported bacterial growth on surgical table tops, bed linens and gowns of 

both patients and health workers (Miller and Diep, 2008; Xiao et al., 2017). 
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Airborne bacteria can cohabit with skin microflora as a result of deposition by aerosols (Ii and 

Marr, 2015). Though, the skin serves as the major component of first line of natural defenses        

(Abdallah et al., 2017); however, the interactions of airborne bacteria with bacteria resident on the 

skin may contribute to an increase in the bacterial opportunistic infections (Price et al., 2017). 

Species of Staphylococcus and Streptococcus, which are normal skin flora are also the common 

bacteria causing skin infections (Sergent et al., 2012). Mycobacteria, especially the resistant 

Mycobacterium tuberculosis has also been associated with HAI-respiratory infections 

(Arjomandzadegan et al., 2016). Recently, airborne Gram-negative bacteria (members of 

Enterobacteriaceae family) have been reported to be associated with ‘colonized skin and wound’ 

infections (Sergent et al., 2012).        

In Ghana, bacterial infections, especially of those associated with hospital environment, play 

significant role in disease burden. Gram-negative enteric bacterial species of Klebsiella, 

Enterobacter, Proteus, Serratia, and Citrobacter arise from hospital environments in Ghana, 

posing a risk. With this view, this study was designed to phenotypically and molecularly identify 

and characterize bacterial isolates from air and fomites in selected hospitals of Ghana.   
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2.3 Method 

2.3.1 Study design and Sample Collection 

Ethical clearance was obtained from the Ghana Health Service and Hospital managements (GHS-

ERC01/02/17) to carry out a bacteriological survey of three different selected hospital 

environments from Greater Accra, Eastern and Central Regions of Ghana. For ethical reasons and 

sensitivity of this study, the identity of the selected hospitals is described as anonymous. The 

hospitals were randomly selected based on the severity of health cases handled by each of the 

hospitals. Fomites and air samples were collected in duplicate from ICU, NICU and other locations 

within these selected hospitals. Over two hundred fomites (156 samples) and air (71 samples) were 

obtained from the selected hospitals. Fomites were obtained with sterile swabbing of different 

surfaces before and after cleaning with disinfectants. They include tables, chairs, desk surfaces, 

hospital door and toilet handles, faucets, toilet sinks and seats, flat-surfaces, waste-bins, bed-lines, 

used tissue-rolls/papers. Air samples were collected using passive open plate techniques as 

described previously (Abiola et al., 2018). Briefly, plates were exposed for 60 minutes during daily 

active hospital working hours at different sites and temperature of the collection sites were 

determined.  

2.3.2 Bacterial growth and culture conditions 

The fomites swabbed samples were first enriched in LB broth before they were cultured on 

selective, differential and general-purpose agar media. Nutrient agar (Oxoid, England, CM0003), 

MacConkey agar (Oxoid, England, CM0007B), Blood agar (Oxoid, England, CM0055), Chocolate 

agar, Eiosin Methylene Blue (EMB) agar, Sorbitol agar and Mannitol salt agar (Oxoid, England, 

CM0085) plates were used to process the samples under aerobic conditions for 24–48 hours at 

37oC. The air samples collected using passive open plate agar (same media as for fomites) were 
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also processed using standard microbiological methods as described earlier (Abiola et al., 2018; 

Napoli et al., 2012). Non-sampled closed plates were included as controls. The plates and non-

sampled plates controls were incubated at 37oC under aerobic conditions for 24–48 hours. 

Anaerobic bacteria were isolated in a closed bacteriological Jar in the absence of oxygen 

(Stieglmeier et al., 2009). 

2.3.3 Isolation and Identification of bacterial strains 

2.3.3.1 Phenotypic microbiological Identifications 

Isolates were identified using phenotypic microbiological methods as described by Alonso et al. 

(2015). Microscopy (Gram’s staining) and biochemical reactions were performed (Napoli et al., 

2012). Standard plate count was performed to determine the bacterial loads of fomites and air 

across the sampled sites (Napoli et al., 2012). Quantitation in colony forming unit per ml (CFU/ml) 

was determined using an equation adapted from Samuel (2015). The sampling and overall 

experimental approach are described in Figure 2.2.   

2.3.3.2 Mass Spectrometry Analysis (MALDI-TOF) 

To further Identify and characterize the isolated bacterial strains, matrix assisted laser desorption 

ionization-time of flight mass spectrometry (MALDI-TOF MS) was carried out as described (Ge 

et al., 2017). Briefly, pure colonies of the strains were harvested in 20 µl of sterile deionized water. 

One microliter of the mixture was smeared on a target plate (Bruker Daltonics, Bremen, Germany) 

in replicates (to avoid or minimize random effects) and allowed to dry at room temperature.  After 

which 1 µl of absolute ethanol was added to each well and the mixture was allowed to dry. Then, 

1 µl of matrix solution (2, 5-dihydroxybenzoic acid, 50 mg/ml; 30% acetonitrile and 0.1% 
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trifluoroacetic acid) was added and allowed to stand for some time for co-crystallization with the 

sample. 

 

Figure 2.2: Summary of experimental approach 

Next, the samples were processed with the MALDI-TOF spectrometer (MALDI-Biotyper) and the 

spectra data was analyzed using a flex analysis software v3.0. The peaks were compared with 

referenced bacterial strains in the database. Probable species identification was ranked using log-

score value reflecting the peak matching the standard. Scores between 0 and 3 indicating 0 to 100% 
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peak-matches were used for identification. Correct and secure species identification was ranked as 

≥2.0 whiles values less than 2 and ≥1.7 for genus identification (Ge et al., 2017). 

2.3.3.3 Polymyxin Biofilm and Motility Assays 

Biofilm assay was performed using crystal violet dye as previously described (Toole, 2011). 

Briefly, bacterial cultures were prepared in 96-well microtiter plates containing minimal media 

supplemented with glucose. The plates were incubated for 48-72 hours at 37oC; the planktonic 

cells (non-adherent cells) were removed with 0.9% normal saline (2-3 times) and washed gently 

with sterile ultrapure water. Two hundred µl of 0.1% crystal violet was added to each well and 

incubated at room temperature for 30 minutes. The crystal violet (solubilized with 96% ethanol or 

glacial acetic acid) was transferred into another fresh microtiter plate and the Optical Density (OD) 

was measured at wavelength of 590 nm and the experiment was done in triplicate. Motility 

swarming agar assay was prepared using 0.3% Eiken minimal media supplemented with 0.8% 

glucose in nutrient broth (Morales-soto et al., 2015). Two to five microliters of bacterial cultures 

were spotted on the agar and incubated at 37oC for 24 hours and the diameters of the swarm were 

measured.  

2.3.3.4 Preparation of Genomic DNA  

Two methods were used for DNA extraction. First was based on guanidine hydrochloride (GHCl), 

where a single pure colony was homogenized with 450 µl of the lysis buffer in 2 ml 

microcentrifuge tube. The contents were beads-beaten for 15 minutes (DNA disruptor) incubated 

for 20 minutes in water bath at 65oC and centrifuged at 5600 g for 2 min. Potassium acetate was 

added to 400 µl of the supernatant and 600 µl of GHCl was pipetted into fresh tubes. Seven hundred 

microliter of the mixture was transferred to the spin filter and centrifuged for 2 min at 5600 g. Five 

hundred microliters of wash solution was added, centrifuged for 2 min at 5600 g. Five hundred 
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microliters of absolute ethanol was added, spun and flow through discarded. Finally, elution buffer 

was added, incubated for 10 min and spun at the same speed and time to elute the DNA. The 

second method was based on QIAGEN DNA extraction (column-based technique) kit (QIAGEN, 

Hilden, Germany) as an alternative DNA extraction method. Single pure colony of the bacterial 

strain was suspended in 150-180 µl of ATL (tissue lysis buffer) and 20 µl of proteinase K. 

Manufacturer’s instructions were followed for the continuation and completion of DNA extraction. 

2.3.3.5 Amplification of 16S rRNA gene of bacterial strains and sequencing 

Primer sequences for the amplification of 16S rRNA genes were obtained from GenBank and 

designed with Primer3 design program (http://bioinfo.ut.ee/primer3-0.4.0/). Four sets of primers 

were used, they include; 5’-AGGAGGTAGATCCAACCGCA and 5-

AACTGGAGGAAGGTGGGAT-3’ as forward and reverse primers respectively. Also 5′-

AGAGTTTGATCCTGGCTCAG-3′ and 5′-GGTTACCTTGTTACGACTT-3′ were used as 

complementary primer sequences for the 16S rRNA genes. The Basic Local Alignment Software 

Tool (BLAST) was used to determine the primer specificity of binding to the DNA of interest 

(http://bioinfo.ut.ee/primer3-0.4.0/). The Polymerase Chain Reactions (PCR) conditions were as 

described by the manufacturer.  In general, the PCR reactions contained 10 X PCR buffer without 

MgCl2, 1.5 mM of MgCl2, 10 mM dNTPs, 10 µM of forward primer and reversed primers, 0.13 

µl of Taq polymerase. Each reaction contains 2.5 µl template DNA, and was made up to a final 

volume of 25 µl with sterile PCR water. The amplification was carried out using a thermocycler 

(Biometra-T professional TRIO Thermocycler, Sheffield, UK). PCR products (5-10 µl with 0.5X 

DNA SYBR® dye) were resolved with 1-2% Midouri Green and Gel Red stained agarose gel (100 

V, 100 mA for two hours; Consort Ev243, Antwerp, Belgium) and were viewed on Ultra Violet 

(UV) transilluminator and Gel Doc™ imager (AmershanTM Imager 600, Tokyo, Japan). The size 
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and size of amplicons were determined using Gene Ruler and DNA Molecular Weight Marker 

(100bp, 1Kbp, Roche).  

The PCR amplicons were taken through purification process using QIAGEN PCR purification kit 

following the manufacturer’s instructions. The PCR sample was mixed with 5-volumes of the PB 

buffer, applied to spin column (QIAGEN QUICK) and centrifuged to facilitate the binding of the 

sample to the column. The column was washed with PE Buffer; the amplicon was eluted with BE 

Buffer and quantified using the Nanodrop (Thermo Scientific, Washington, USA) before Standard-

Seq. (Macrogen Inc., Netherlands). BLAST algorithm and SNAPGENE software (version 4.1.7) 

was used to determine the identity of the strains. Strain identifications were determined based on 

percentage similarity of bacteria in NCBI database. Percentage similarity above 95% was 

considered the real identity of the bacterial strain (Schlaberg et al., 2012).  Descriptive statistics 

were used in this study (with SPSS 16.0 and GraphPad 6.0) and the data presented in tables and 

graphs.   

2.4 Results 

2.4.1 Identification of isolated bacteria 

2.4.1.1 General characteristics of isolated bacteria 

Gram-positive and negative bacteria were isolated and identified from fomites and air samples 

collected from the three hospital environments sampled using both biochemical and molecular 

techniques. More than 400 bacterial strains were recovered and identified from over 200 samples 

collected aseptically. An average of two strains was isolated from each sample. The higher 

percentage of bacteria identified was Gram-negative and originated from fomites, especially from 

door handles of rooms and toilets, sink handles, flat surfaces (tablets), faucet, toilet sinks/seats and 

beddings. Both indoor and outdoor air samples cultured bacteria, also with higher prevalence of 
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Gram-negative isolates. There was similarity (>95%) observed among the isolated strains from 

fomites and air. Overall, fomites and air are possible sources of pathogens in the hospital 

environments. 

2.4.1.2 Morphological and Gram’s staining profiles of isolated bacterial strains 

Morphological characteristics of the strains were analyzed using different agar media as earlier 

mentioned. Colony size, colour, margin, opacity, elevation; cell shape, sporulation and lactose-

metabolic activities were used for strain identification. Strains positive with specific 

morphological traits were hypothetically assigned to different genera and probable species (Table 

1: Appendix IA). Crystal violet retaining nature was used to identify the strains as Gram positive 

or negative bacteria. Purple or violet coloration under oil immersion light microscope indicated 

the Gram-positive and red or pink as negative. These strains were subjected to different 

biochemical tests for further confirmation. Strains were grouped as Gram-positive strains include 

Staphylococcus, Streptococcus, Enterococcus, Bacillus and Clostridium. The negative strains were 

grouped as Acinetobacter, Acetobacter, Campylobacter, Citrobacter, Enterobacter, Klebsiella, 

Proteus, Salmonella and Serratia. 

2.4.1.3 Biochemical identification and carbohydrate fermentation of the isolated strains 

Biochemical profiles of the strains were established using different tests including catalase, urease, 

coagulase, motility, oxidase, citrate utilization, starch hydrolysis, nitrate reduction, Indole and 

many others. Various reactions resulting from these tests were indicated as either positive or 

negative. These responsive data were further used to determine the possible genera and 

presumptive species of the isolated strains (Table 2: Appendix IB). Also, nine different sugars 

were used for the evaluation of the ability of the strains to metabolize various carbohydrates. 

Strains were identified on the basis of acid production through color change from pink (orange) to 
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yellow which indicated positive carbohydrate fermentation (Table 3:  Appendix IC). In general, 

Staphylococcus, Streptococcus, Enterococcus, Bacillus and Clostridium were identified as 

common Gram-positive strains, while Acinetobacter, Acetobacter, Campylobacter, Citrobacter, 

Enterobacter, Klebsiella, Proteus, Salmonella, Serratia and Escherichia coli as the Gram negative.  

2.4.1.4 Molecular identification of strains by Amplification of 16s rRNA genes and MALDI-TOF 

scoring 

Genomic DNA extracted from the isolated strains was amplified using 16S rRNA sets of primers 

as earlier stated. The bacterial specific primers yielded amplification products ranging from 350-

600 base pairs. The amplicons were sequenced using standard sequencing method at Macrogen 

(Netherland). The sequences were cleaned and followed by BLAST analysis. BLAST analysis 

revealed different species with 95% minimum similar identity to the reference strains in the 

databases (Table 2.1). There was significant correlation between the query length (QL) and the 

percentage query cover (QC) with minimum of 86%. This indicated that the percentage of the 

bacterial sequenced data successfully aligned with the sequences of the standard. Strains were 

scored using a very robust and diverse bacterial library MALDI Biotyper (version). Strains with 

scores ≥ 1.7 but with Score < 2 were accurately assigned to specific genus, while scores ≥ 2.0 

qualifies strains as specific species.  
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Table 2.1: MALDI-TOF and 16S rRNA Identification of Isolated Strains 

16S rRNA nucleotides BLAST 

MALDI-TOF Biotyper 

Query Length  

(nucleotides) 

Query 

Cover (%) 

% Similarity  

 

Assigned Genus  

(≥ 1.7 Score < 2) 

Species Identity (Score ≥ 2.0) 

400 95 99 Staphylococcus Staphylococcus aureus 

400-600 86 95 Streptococcus 
Streptococcus pneumoniae, S. pyogenes, S. durans, 

S. entericus 

350-650 90 99 Bacillus 
Bacillus cereus, B. subtilis, B. atrophaeus, B. 

manliponensis B. thuringiensis, B. abyssalis 

400 92 96 Enterococcus Enterococcus faecalis, E. faecium 

450 99 95 Clostridium Clostridium perferingens 

500 95 90 Acinetobacter Acinetobacter baumannii 

460 90 94 Acetobacter Acetobacter aceti 

520 93 90 Campylobacter Campylobacter enteritis 

500 99 99 Citrobacter Citrobacter freundii  

450-500 100 99 Enterobacter Enterobacter cloacae, Enterobacter cloacae complex 

400 100 100 Escherichia coli Escherichia coli 

500-600 100 100 Klebsiella Klebsiella pneumoniae, K. oxytoca 

500 99 97 Proteus Proteus mirabili, P. vulgariss 

500 95 98 Pseudomonas Pseudomonas aeruginosa 

450 99 95 Salmonella Salmonella enterica 

500 99 90 Serratia Serratia marcescens 
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2.4.1.5 Prevalence of bacteria in hospital air 

Air samples from three different hospitals in Ghana (Locations: A, B and C) were collected using 

passive open plate techniques at temperature ranges of 25-410C (ICU/NICU), 18-200C (Surgical 

ward), 25-270C (Waiting Room) and 25-280C (Maternity Department). One hundred and forty-

four bacterial strains were recovered and identified from air samples. Out of the 53 indoor air 

samples collected, eighty-five 85 bacterial strains were identified, 32 from NICU, 53 from ICU, 9 

from surgical ward, 10 from Waiting room and 11 from Maternity unit respectively (Table 4: 

Appendix ID). Twenty-nine bacterial strains from 18 outdoor samples obtained were identified 

with 13 from NICU and 16 from ICU.  

Diverse bacterial strains were identified (using phenotypic and molecular methods as previously 

described) from both indoor and outdoor air samples of which 53% were Gram-positive and 47% 

were Gram-negative (Figure 2.3a).  

 

Figure 2.3a: Prevalence of bacteria from hospital air 
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This Gram-positive species included Bacillus cereus, B. subtilis, B. thuringiensis, B. atrophaeus, 

B. manliponensis, B. abyssalis, Streptococcus pneumoniae, S. durans S. pyogenes, S. entericus, 

Enterococcus faecalis, Staphylococcus aureus and Clostridium perfringens. The Gram-negative 

bacteria included Enterobacter aerogenes, E. cloacea complex, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, Pseudomonas spp., Citrobacter freundii, Serratia marcescens, 

Escherichia coli and Proteus mirabilis (Table 5: Appendix IE). Pseudomonas aeruginosa, 

Bacillus cereus and subtilis, E. feacalis, S. aureus and E. coli were also isolated from surgical 

room, waiting room and maternity room respectively. Overall, there is similarity in the diverse 

species of bacteria distributed across the indoor and outdoor hospital air with a few that are 

commonly reported, and some others that are less common, especially the Gram negative C. 

freundii, Serratia marcescens, E. cloacae complex, as well as C. perferingens and other species of 

Bacillus aside B. cereus and B. subtilis.      

2.4.1.6 Rate of air contamination in sampled hospital environments  

Bacterial load in the samples was also determined as colony forming units per cubic meter 

(CFU/ml) (Figure 2.3b). The concentration of bacteria in indoor air ranged from 1.80x103 to 

4.2x103 CFU/ml, with the ICU sites having the highest contamination rate and the surgical rooms 

the lowest. The highest rate of contamination of outdoor air was observed in the ICU with 2.90x103 

CFU/ml as compared to the NICU. The waiting room and maternity rooms showed high rate of 

contamination with 2.80x103
 and 2.50x103 CFU/ml respectively. Therefore, the air of the sampled 

hospital environments is significantly contaminated and also dominated by diverse bacteria with 

pathogenic potential.  
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Figure 2.3b: Rate of contamination of hospital air 
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Figure 2.4: Diversity of bacteria in hospital fomites 
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2.4.1.8 Fomites contamination load in sampled hospital environments  

The bacterial loads in the sampled fomites across the three hospitals were determined in colony 

forming unit (CFU/ml). The concentration of bacteria ranged from 0.7x103 to 5.8x103 (CFU/ml) 

(Figure 2.5). Room handles, faucets, toilets (sinks, handles, seats) and beddings of the ICU and 

NICU had the highest rate of contamination, followed by room handles and faucets of maternity 

and waiting rooms. Generally, table tops, waste-bin has the lowest rate of contaminations across 

the sampled sites. Room handles, faucets, toilet (sinks, handles, seats) and beddings of the ICU 

and NICU harbored most of the rare Gram-negative bacteria. Most of the Gram-positive strains 

are resident on table tops, waste-bins and chairs. An alarming rate of contamination was observed 

in waiting room of one of the hospitals sampled, as CFU of 2.7x103 was recorded with Citrobacter 

freundii, P. aeruginosa, E. faecalis and S. pneumoniae among other isolated potential pathogens.  

 
Figure 2.5: Rate of fomites contamination in sampled hospital environments 
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Table 2.2.  As with the air sampling, contaminated fomites in hospital environments are also 

dominated by diverse bacteria with a potential for pathogenicity.  

Table 2.2: Summary of the Isolated and Identified Strains from Air and Fomites 

Isolated Strains 

Gram 

Positive 

Fomites Air 

Bacillus cereus, B. subtilis; Streptococcus 

pyogenes, S. entericus; Staphylococcus aureus; 

Enterococcus faecalis  

Bacillus cereus, B. subtilis, B. thuringiensis, B. 

atrophaeus, B. manliponensis, B. abyssalis; 

Streptococcus pneumoniae, S. durans, S. pyogenes, S. 

entericus; Enterococcus faecalis, E. durans, E. avium; 

Staphylococcus aureus, Clostridium perferingens 

 

Gram 

Negative 

Enterobacter cloacae, E. aerogenes, E. cowanii, 

E. cloacae complex; Klebsiella pneumoniae, K. 

oxytoca, Escherichia coli; Pseudomonas 

aeruginosa, P. alcaligens; Citrobacter freundii, 

Citrobacter spp.; Serratia marcescens, S. 

marcescens subsp., Proteus mirabilis, P. 

vulgaris, Proteus spp.; Acinetobacter baumanni, 

Acinetobacter spp.; Campylobacter enteritis; 

Salmonella enterica; Acetobacter aceti 

Enterobacter aerogenes, E. cloacae complex, Klebsiella 

pneumoniae; Pseudomonas aeruginosa, Pseudomonas 

spp.; Citrobacter freundii; Serratia marcescens; 

Escherichia coli; Proteus mirabilis 

 

2.4.2 Characterization of representative strains  

Selection of specific strains for further characterization was based on the Global Priority Pathogen 

list developed by World Health Organization in 2016/2017 (Tacconelli et al., 2017). In general, 

they include the potential of the pathogens to cause outbreaks or infections that might be difficult 

to treat, such as ESKAPE bacteria (Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aerugionosa and Enterobacter spp.). Some 
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of the strains that are less commonly reported from air and fomites samples in hospital 

environments as indicated in Table 2.3 are also included.  

Table 2.3: Selected strains from fomites and air samples for characterization 

Test Strains Code 

Enterobacter cloacea complex ENAB1, ENAB2 

Pseudomonas aeruginosa PGAB1, PGAB2 

Citrobacter freundii CTAB1, CTAB2 

Klebsiella pneumoniae KBAB1 

Klebsiella oxytoca KBAB2 

Serratia marcescens SRAB1, SRAB2 

Acinetobcter baumanii  ACNAB1, ACNAB2 

Escherichia coli ECAB01, ECAB02 

Proteus mirabilis PRMAB1, PRMAB2 

Enterococcus faecalis ETAB1, ETAB2 

Staphylococcus aureus STAB1, STAB2 

 

2.4.2.1 Bacteria survival at different temperatures  

Growth of the selected bacterial strains was determined at different temperatures, 20oC, 25oC, 30oC 

and 37oC, consistent with the temperature variations at the different environments from where they 

were sampled. Most of the selected strains (Table 2.4) grew very well at 25, 30 and 37oC, and also 

some including Proteus mirabilis, Acinetobacter baumanii and Klebsiella oxytoca survived at 

20oC. Staphylococcus aureus and Enterococcus faecalis did not survive well at temperature lower 

than 25oC.  
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Table 2.4: Bacteria growth at different temperatures 

 

Strains 
Growth at different temperatures (

oC) 

20 25 30 37 

ENAB1  +a +++d +++ +++ 

ENAB2 + +++ +++ +++ 

PGAB1  -c +++ +++ +++ 

PGAB2 + +++ +++ +++ 

CTAB1  ++c +++ +++ +++ 

CTAB2 - +++ +++ +++ 

KBAB1 + +++ +++ +++ 

KBAB2 +++ +++ +++ +++ 

SRAB1  - ++ +++ +++ 

SRAB2 + +++ +++ +++ 

ACNAB1  ++ +++ +++ +++ 

ACNAB2, PRMAB1 +++ +++ +++ +++ 

ECAB01, PRMAB2 + +++ +++ +++ 

ECAB02 - +++ +++ +++ 

ENTAB1  - + +++ +++ 

ENTAB2, STAB2 - - +++ +++ 

STAB1  - + +++ +++ 

     

a- = no growth, b+ = slight growth, c++ = appreciable growth, d+++ = strains grew well 

 

2.4.2.2 Standard growth curve of strains at optimum temperature  

Standard growth curve of the strains was determined at optimum growth temperature of 37oC for 

24 hours using Bioscreen C analyzer incubator. It was observed that the strains grew very well 

relative to the control E. coli ATCC 3047 over the time course with minimum optical density at 

(600 nm) of 0.2 at 5 hours to a maximum of 1.4 in less than 24 hours (Figure 2.6a & b).  
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Figure 2.6:  Standard Growth Curve of strains at 37oC for 24 hours 
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spreading at a minimum of 1 mm in ≤ 24 hours to 6.5 mm in 96 hours (Figure 2.7 and Figure 1: 

Appendix IG).  

2.4.2.5 Biofilm profiles of strains 

The ability of the selected strains to form biofilms was tested using the crystal violet (CV) assay 

with and without Polymyxin B (8-32 µg/ml). As observed, 95% of the tested strains are strong 

biofilm producers with and without antibiotic relative to the ATCC 3047 control used. ATCC 3047 

is a known biofilm producer but very sensitive to Polymyxin B. The control strain had > 1 CV 

absorbance (590 nm) in the presence of the antibiotic, as compared to the tested strains with 

minimum of 3 nm with/without antibiotic and maximum of 6.5 nm (Figure 2.8). This suggested 

that the strains were able to resist PmB. Species of Enterobacter (ENAB1/2), Klebsiella 

(KBAB1/2), Acinetobacter (ACNAB1/2), Serratia (SRAB1/2), Proteus (PRMAB1/2), 

Citrobacter (CTAB2), and Pseudomonas (PGAB2) are strong biofilm producers (> 3.5 strong ≥ 

4), while CTAB1 and PGAB1 were classified as moderate biofilm producers (>1 moderate ≤ 3) 

(Figure 2: Appendix IIH).
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Figure 2.7: Advanced swarm motility Relative to ATCC Controls: Very Motile Strains 
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Figure 2.8: Relative biofilm quantification of strains with (Polymyxin B: 32 µg/ml) and without antibiotic;  

Higher absorbance indicated more biofilm production
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2.5 Discussion 

Hospitals accommodate patients at various stages of disease, healthcare workers, care-givers and 

family visitors on daily basis. Therefore, the hospital environments may also be a source for 

contracting infections. In Ghana as in other Sub-Sahara African developing countries, infection 

control measures and consistent surveillance practices to uncover possible pathogenic bacteria that 

are diversely distributed across most hospitals are poor (Opintan et al., 2015; Newman, 2017; 

Agyepong et al., 2018; Labi et al., 2019). The present study was conducted to consider the extent 

of bacterial contamination in air and fomites in three selected hospital environments in Ghana to 

provide data on the hygienic state of our hospitals and also uncover the bacterial strains that can 

be implicated in HAIs. This is important since most of the HAIs are directly linked to airborne 

fomite resident bacteria (Nunes et al., 2005; Eze, 2012; Russotto et al., 2015; Odigie et al., 2017; 

Ngonda, 2017). 

In this study, it was observed that the air and fomites across the hospitals sampled are contaminated 

with diverse strains, most of which were not previously reported in Ghana. Some of the identified 

strains were similar to those reported in studies conducted elsewhere in Africa, Europe and parts 

of Asia as established nosocomial pathogens (Duncan et al., 2009; Gibbons et al., 2011; Jung et 

al., 2011; Celandroni et al., 2016; Bazinet, 2017).  However, the prevalence of airborne bacterial 

strains in the ICU and NICU of the Ghanaian hospitals was alarming and considered unsafe for 

patients, especially for those who are immunosuppressed as well as children.  

This study revealed that more than 50% of the Gram-positive bacteria isolated are not commonly 

reported from hospital indoor and outdoor environmental air. Species of Bacillus atrophaeus, B. 

manliponensis, and B. abyssalis have not been reported from hospital environments in Ghana 
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before. They are opportunistic pathogens that could cause mild to severe respiratory infections 

(Duncan et al., 2009; Jung et al., 2011). Even some of them are known as surrogates Bacillus 

anthracis strains that have been linked with severe global health cases. Others like Streptococcus 

durans and Streptococcus entericus, also isolated across the sampled sites are linked with zoonotic 

infections (Warwick and Corning, 2013; Lawson et al., 2018) and their involvement in nosocomial 

zoonoses is becoming increasingly important (Morse, 2001; Weber and Rutala, 2001). Members 

of the genus Enterococcus and Clostridium, especially E. feacalis and C. perferinges are notorious 

pathogens associated with diverse infections from hospital environments (Yang et al., 2013; 

Lawson et al., 2018). Most of these strains are global human pathogens that cause a wide variety 

of acute infections including pharyngitis, sore throat, common cold, skin infections, septicemia 

and sepsis (Prieto et al., 2016; Yang et al., 2013). Studies have reported the presence of species of 

Staphylococcus aureus, Streptococcus, Enterococcus, Clostridium and Staphylococcus in the 

environmental air of a comprehensive general hospital in Asia with prevalence rate similar to this 

present study (Ekrami et al., 2011). Although the majority of these strains are from the air in NICU 

and ICU, a significant few was also reported from surgical rooms, waiting rooms and maternity 

departments. This is a more worrying incidence since sensitive health cases are handled in these 

parts of the hospital environments. Besides, more sensitive methods and robust study approach 

used in this study may have account for detection of these bacterial strains.  

Nearly half of the strains isolated from the outdoor and indoor hospital air are Gram-negative 

bacteria. This suggests that the air can be a source for Gram-negative bacteria contrary to what has 

been reported (Park et al., 2013; Getachew et al., 2018; Saadoun et al., 2018). Factors such as 

over-population of the ICU and prolonged hospital stay could provide thriving conditions for the 

dispersion of diverse Gram-negative pathogens (Schwab et al., 2014; Saadoun et al., 2018). 
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Acinetobacter baumannii, Pseudomonas aeruginosa Enterobacter aerogenes, E. cloacae complex, 

Klebsiella pneumoniae, Citrobacter freundii, Serratia marcescens, Escherichia coli and Proteus 

mirabilis were identified from the hospital environments sampled.  

Most of the Gram-negative bacteria are globally prevalent in hospital and community 

environments, and there is likelihood for hospital-community transmission and vice-versa (Park et 

al., 2013; Saadoun et al., 2018). Acinetobacter baumannii, P. aeruginosa, K. pneumoniae, 

Enterobacter spp., Escherichia coli (Pendleton et al., 2013) are opportunistic pathogens that are 

most often encountered in the ICU and surgical rooms (Khan et al., 2017; Price et al., 2017). They 

have been associated with bloodstream and invasive HAIs, respiratory and cystic fibrosis, 

especially in children, adults and immunecompromised (Pendleton et al., 2013). Citrobacter 

freundii, Serratia marcescens, and Proteus mirabilis were also isolated from surgical rooms, 

waiting rooms and maternity department. Collectively, these strains are responsible for causing 

severe infections beyond their natural habitat. This observation was similar to a study conducted 

in Nigeria, when some of the Gram-negative bacteria were reported to be associated with HAIs in 

the maternity (Nwankwo, 2012). The presence of some of these bacteria in indoor hospital 

environments poses a serious concern (Getachew et al., 2018; Suleyman et al., 2018). Also, in 

Northwest Ethiopia, a study conducted highlighted the serious contamination of indoor air of 

hospital wards (Gizaw et al., 2016). This study suggested that unhygienic attached toilets, poor 

waste management and health delivery system are possible factors responsible for the high 

prevalence of these bacteria in those indoor environments (Wojgani et al., 2012; Umar et al., 2015; 

Odigie et al., 2017; Bhatta et al., 2018).  

Data from this study indicated that fomites from Ghanaian hospital environments are dominated 

with diverse bacteria that could be potentially associated with HAIs. This study demonstrated that 
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the bacterial load from frequently touched fomites such as the faucets and door handles is much 

higher than that of surfaces such as chairs and table tops. This is in line with studies conducted on 

characterization of bacterial strains from hospital fomites in other parts of Africa by Bakkali et al. 

(2015) Morocco, Ngonda (2017) Malawi, Baker et al. (2018) Kenya, Odigie et al. (2017) and Olise 

et al. (2018) Nigeria and Sserwadda et al. (2018) in Uganda. These studies also revealed that 

frequent movements of visitors, patients and health care-givers in-and-out of different sections of 

the hospital environments are contributing factors (Yagoub et al., 2010; Ekrami et al., 2011; Umar 

et al., 2015). The door handles are engaged with no proper hand hygiene thus spread their flora to 

the door handles (Odigie et al., 2017). As observed, this is not too different from experiences in 

the three hospitals sampled in this study. Also, in an attempt for health-workers to carry out their 

daily routines at different departments of the hospital, there was probability for cross-

contamination especially when appropriate disinfection practices are compromised (Bakkali et al., 

2015; Odigie et al., 2017; Anderson & Elmi, 2017; Yallew et al., 2017).  

Generally, fomites samples from NICU and ICU especially from the door handles, faucets and 

toilets have the largest percentage of both Gram-negative and Gram-positive bacteria. About 78% 

of the Gram-negative bacteria identified with fewer Gram-positive bacteria (20%) are similar to 

the strains recovered from the indoor air as earlier stated. They include species of Enterobacter, 

Klebsiella, Pseudomonas, Cirtobacter, Acinetobacter, Salmonella, E. coli, Campylobacter, 

Proteus, Serratia, Bacillus, Enterococcus, Staphylococcus and Streptococcus. Since most of these 

strains were isolated from ward/toilet door handles and the toilets (sinks and seats), it was observed 

that door locations played significant role in the distribution and transmission of pathogens. This 

is also supported by previous studies that reported a higher prevalence of bacterial strains in toilets 

as compared to other indoor environments ((Eze, 2012; Abiola et al., 2018).  
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The lowest number of bacterial strains was recovered from the waiting room. They include 

Citrobacter freundii, E. coli, S. aureus, P. aeruginosa, B. subtilis, E. faecalis, S. aureus, and S. 

pneumonia. Common fomites such as the waste-bins and beddings were also found to harbor some 

known nosocomial pathogens, although at a very minimal proportion. It was observed that 

Acinetobacter baumanni, Enterobacter cloacae, B. subtilis, E. faecalis, S. aureus, S. pneumoniae, 

Citrobacter freundii, E. coli, S. aureus, P. aeruginosa are also resident on these fomites. 

Contamination of beddings with some of these strains might be as a result of possible secretions 

from patients (Olise et al., 2018). This is somehow worrisome since it suggest horizontal 

dissemination of these strains to visitors, patients and healthcare workers as they come in contact 

with them, thereby increasing the chances of possible transmission of HAIs (Wojgani et al., 2012; 

Bhatta et al., 2018). 

Overall, the rates of contaminations recorded in this study are above those reported in previous 

studies conducted in hospital environments elsewhere in Africa (Gizaw et al., 2016; Sserwadda et 

al., 2018). Reasons for this are not too clear, but geographical locations, infection control practices 

and ethics of health conducts are likely factors. The international standard of contamination 

available as provided by WHO on acceptable bacterial loads was recommended not to exceeds 

1000 CFU/ml (Gizaw et al., 2016). Also, Nunes et al. (2005) and Cappitelli et al. (2009) in their 

studies considered 750 CFU/ml as the limit for bacterial loads. Our studies recorded higher CFU 

counts than the recommended, an indication of extreme contaminations of the air and fomites from 

sampled hospitals. Sinks and waste-bins from maternity, ICU and NICU showed contaminations 

rate of 0.7x103 to 1.4x103 CFU/ml, but this is still not safe for the users. 

Growth of bacteria at different temperatures has been directly linked to their ability to cause 

infection (Rampelotto, 2010; Schwab et al., 2014; Russotto et al., 2015). Our data show that 
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bacteria from hospital environments can survive at different temperatures, thereby suggesting that 

they can be transmitted and cause infections without limitation of typical ambient temperatures. 

This study also demonstrated that the strains are tolerant to salt, an indication of unusual response 

to stress. It was suspected that these strains might also survive different conditional stresses 

including disinfectants and antibiotics. This is also compounded by an observation that these 

strains are highly motile and can form biofilm. In this work, it was shown that hospital 

environments, especially the ICU and NICU are dominated with diverse bacteria, most of which 

have been implicated as global nosocomial pathogens. Also, our data demonstrate that the rates of 

contaminations are much higher than what is recommended for bacterial loads in hospital 

environments. Potentially pathogenic bacteria in hospital environments facilitate the transmission 

of bacteria that can cause HAIs. Majority of the identified bacteria, especially A. baumanni, K. 

pneumoniae, P. aeruginosa, S. pneumoniae, S. aureus, E. faecalis have serious clinical 

implications for example in blood stream infections (septicemia), pneumonia, wound/surgical 

infections and sepsis (Newman et al., 2011; Pendleton et al., 2013; Khan et al., 2017).   Further, 

some bacterial strains that have not been reported in previous studies were isolated, indicating the 

probable emergence of new bacteria in Ghanaian hospitals. This study suggest that strong 

decontamination and health education measures should be in place to curtail the magnitude of the 

bacterial contamination of hospital environments, which in turn may contribute to the incidence of 

HAIs and the spread of potentially dangerous bacteria to the community.   
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CHAPTER 3 

Antimicrobial Resistance Profiles of the Identified Strains 
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3.0 Abstract 

Antimicrobial resistance profiles of the strains isolated from fomites and air from hospital 

environments, particularly the ICU and NICU were determined and established. All the tested 

strains displayed >80% level of resistance to conventional and last resort antibiotics. The strains 

displayed multiple antibiotic resistant (with 10 diverse resistance patterns) and majority are 

heteroresistant phenotypes with difference between highest inhibitory and highest non-inhibitory 

concentrations ≥8-fold. They are therefore considered potential high-risk pathogens with ≥0.2 

MAR Indices standard cut-off. bb 

 

3.1 Specific Aims: 

1. Determine antibiotic susceptibility level and patterns of resistance, 

2. Multiple antibiotic resistant phenotypic determination, 

3. Determination of antibiotic heteroresistant phenotypes, 

4. Determination of Multiple antibiotic resistance indices, 

5. Selection of resistant variants and to ascertain the levels of resistance, 

6. Development of micro broth dilution assays for population analysis profiling (PAP) of 

strains. 
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3.2 Introduction 

Bacteria can readily adapt to changing environments as exemplified by switching from planktonic 

to biofilm lifestyle, changes in gene expression, and horizontal transfer of antimicrobial resistance 

genes and virulence factors (Ventola, 2015). Antimicrobial resistance in particular, has become a 

major threat to mankind due to multiple factors including excessive use of antibiotics in 

agriculture, breakdown in health surveillance, overuse of antibiotics in the clinic, and lack of new 

antibiotics in commercial pipelines (Rossolini et al., 2014; Spellberg and Gilbert, 2014; Mehrad 

et al., 2015).  

Antimicrobial resistance to nearly all clinically available antibiotics reduces treatment options and 

can resist multiple classes of antibiotics (MDR), especially for highly resistant bacteria that thrive 

in the hospital environment. Gram negative bacteria are major causes of infections acquired from 

the hospitals, particularly in the ICU and NICU where overuse of antibiotics is a major challenge 

(Levy and Marshall, 2004; Mehrad et al., 2015). The prevalence rates of these MDR are higher at 

these two locations in developing countries (Patel et al., 2015; Tran et al., 2017). In Ghana, the 

ICU is most times overpopulated and there is progressive prolonged stays of patients. Since most 

of these patients are immunocompromised, they become highly susceptible to bacteria that can 

cause HAIs. Resistant rates of bacteria to antibiotics are highest in the ICU and also associated to 

improper patient isolation practices, use of invasive/indwelling devices that supports biofilms 

growth, comorbidities and cross-spread of resistant bacteria (Agyepong et al., 2018). This is 

compounded by the lack of new antibiotics for the pharmaceutical industry (Pendleton et al., 

2013).   

MDR bacteria are a significant health challenge in the hospital setting (Solomon et al., 2017). The 

ability of bacteria to display MDR phenotypes was first detected in lactose fermenting enteric 
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bacteria, such as E. coli, Shigella sonei and Salmonella typhi (Bhatta et al., 2018; Eze, 2012). Most 

of these bacteria were implicated in untreatable nosocomial infections causing deaths in 

hospitalized patients, particularly in developing countries (Gaynes and Edwards, 2005). Other 

Enterobacteriaceae such as Enterobacter cloacae and Klebsiella pneumoniae are known pathogens 

with inherent antimicrobial resistance against cephalosporins and penicillins classes of antibiotics 

(Pendleton et al., 2013). Further, Species of Acinetobacter baumannii, Pseudomonas aeruginosa, 

Citrobacter freundii and other less commonly reported Gram-negative bacteria, (e.g., Serratia and 

Campylobacter) are becoming increasingly resistant to multiple antibiotics (Champs et al., 2000; 

Tumbarello et al., 2012; Moradigaravand et al., 2016; Narvaez-bravo et al., 2017) (Figure 3.1: 

AMR threat assessment by CDC).  

 
Figure 3.1: Assessment of AMR threats by CDC and WHO (CDC, 2013; WHO, 2017); 

http://www.cdc.gov/drugresistance/threat-report-2013 
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Bacteria have various ways to avoid antibiotics (Rossolini et al., 2014). They can inactivate or 

modify antibiotics using specific enzymes such as carbapenemases that degrade β-lactam 

antibiotics such as penicillin and its derivatives (Levy and Marshall, 2004). Globally, carbapenem-

resistant bacterial infections are difficult to treat, as the β-lactamase they produce has a broad 

spectrum of activity against available β-lactam antibiotics (Fair and Tor, 2014; Olaitan et al., 

2015). Bacteria can also alter the antimicrobial target; this prevents antibiotic action as it cannot 

interact with the bacterial target. This mechanism is common in quinolone resistant bacteria, as 

they alter the binding site for DNA gyrase A and B (Kavanagh et al., 2017; Sit et al., 2017). 

Another mechanism involves changes in metabolic pathways such with sulfonamides (Cattoir, 

2016). Further, bacteria can reduce drug accumulation as a means to resistance. This is achieved 

by a decrease in permeability of their membrane to antibiotics or by the use of multidrug efflux 

genes such as mefA and AcrAB (Blanco et al., 2016).  

An additional problem that increases antibiotic resistance, but has not been well characterized, is 

the emergence of heteroresistant bacteria. “Heteroresistance” describes a phenomenon where 

subpopulations of seemingly isogenic bacteria exhibit a range of susceptibilities to a particular 

antibiotic (El-Halfawy and Valvano, 2015). Heteroresistance is potentially important in 

opportunistic Gram-negative and positive bacteria, which display high level, intrinsic resistance to 

different classes of antibiotics. These bacteria are prevalent in hospital acquired infections (El-

Halfawy and Valvano, 2015), and resistance has been reported for majority of the antimicrobial 

classes which inclue aminoglycosides, glycopeptides, β-lactam, fluoroquinolone, and 

antimicrobial peptides (Rinder, 2001; Hermes et al., 2013). The clinical relevance of 

heteroresistance is unclear, but the probability that it contributes to antimicrobial resistance is 

higher as selected resistant subpopulation may dominate the overall bacterial population to result 
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in extreme resistance to antibiotics (El-Halfawy and Valvano, 2015). Heteroresistant population 

contains subpopulations of bacteria with varying resistance levels to antibiotic, which makes it 

different from homogenous antibiotic resistance (El-Halfawy and Valvano, 2015). While 

information on the standard quantitative determination of heteroresistance phenomenon is limited, 

bacterial colonies within the zone of inhibition with E-testing or disc-diffusion are indicative of 

probable heteroresistant bacterial phenotype (Levin and Rozen, 2006). The gold standard method 

for determining heteroresitance is the population analysis profiling (PAP). This involves 

quantifying bacterial growth at different antibiotic concentrations to determine the difference 

between highest non-inhibitory and highest inhibitory concentrations (El-Halfawy and Valvano, 

2013).  

The MDR challenges has resulted in cases where only few antibiotics remain available, which are 

called last-resort antibiotics (Bartlett et al., 2013). Unfortunately, resistance to these antibiotics is 

also appearing in different parts of the world (Arredondo-garcía et al., 2007; Koch et al., 2015). 

For example, carbapenem-resistant Enterobactericeae (CRE) have been isolated from many 

hospital environments around the world (Chopra et al., 2012; Lodise et al., 2017). There are 

indications for possible higher prevalence of these strains in developing countries (Agyepong et 

al., 2018). Polymyxin B and Colistin E are very toxic antimicrobial agents that kill bacteria strains 

in the first 5-10 seconds of their contact (Gupta et al., 2009; Cai et al., 2015). Resistance to these 

antibiotics has also been reported especially in species of Pseudomonas, Proteus, Serratia, 

Klebsiella and Enterobacter which are mostly isolated from hospital environments in Asia, UK, 

US and a part of Europe (Levy and Marshall, 2004; Pendleton et al., 2013).  

At present, resistance to last-resort antibiotics is still not common in Africa. Studies have proposed 

the possible emergence of  resistant bacteria to last-resort antibiotics from hospital environments 
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in Sub-Saharan Africa (Rossolini et al., 2014; Agyepong et al., 2018). Hospital acquired Infections 

caused by antimicrobial resistant bacteria are becoming increasingly important in Africa, also in 

Ghana with increasing health risks. This study sought to establish antimicrobial resistance profiles 

of bacteria isolated from hospital environments in Ghana and also explore these bacteria for 

antimicrobial heteroresistance.  
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3.3 Methods 

3.3.1 Study design and strain collection 

Strains used in this study were collected from AbiMosi Bacterial Culture (ABC©) Library, 

Microbiology and Molecular Biology Lab, Department of Biochemistry, Cell and Molecular 

Biology, University of Ghana. These strains were isolated from fomites and air from selected 

hospitals in Ghana. Majority of the strains selected were suspected ESKAPE and a few reported 

by CDC as strains of Global priority indicated in Figure 3.1 above. Strains selected for AMR 

profiles are listed in Table 3.1. 

Table 3.1: Selected strains from fomites and air samples for AMR profiles 

Test Strains Code 

Enterobacter cloacae complex ENAB1 and ENAB2 

Pseudomonas aeruginosa PGAB1 and PGAB2 

Citrobacter freundii CTAB1 and CTAB2 

Klebsiella pneumoniae KBAB1 

Klebsiella oxytoca KBAB2 

Serratia marcescens SRAB1 and SRAB2 

Acinetobacter baumannii  ACNAB1 and ACNAB2 

Escherichia coli ECAB01 and ECAB02 

Proteus mirabilis PRMAB1 and PRMAB2 

Enterococcus faecalis ETAB1 and ETAB2 

Staphylococcus aureus STAB1 and STAB2 
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3.3.2 Strains and Reagents 

Bacteria were grown in Luria-Bertani Broth at 37ºC for 24 h. Antibiotics powder used (Sigma, St 

Louis, MO, USA) were diluted in milli-Q water except for polymyxin, which was diluted in 0.2% 

bovine serum albumin/0.01% glacial acetic acid buffer. For strain recovery growth analyses, 

overnight cultures were diluted to an optical density of 0.005-0.05 (OD600) (unless otherwise 

stated, and more specifically because the strains are fast grower) and incubated at 37ºC with 

medium continuous shaking in a Bioscreen C automated growth curve analyzer (MTX Lab 

Systems, Vienna, VA, USA).  

3.3.3 Disc diffusion assay to determine the antibiotic susceptibility of the strains 

Disc diffusion assay was employed to determine the antimicrobial susceptibility of the bacterial 

strains to different antibiotics following the guidelines of Clinical Laboratory Standards Institute 

(CLSI 12th Edition). Briefly, strains were streaked on LB-Agar (Oxoid, Hampshire, England) and 

incubated at 37oC overnight to obtain pure colonies. Pure colonies were suspended in Mueller-

Hinton Broth (MHB) (Oxoid, Hampshire, England) and grow until logarithmic-phase. The 

logarithmic-phase cells were spread on Mueller-Hinton Agar under aseptic conditions. Thereafter, 

antibiotic discs were applied on the plates. Antibiotics selected were those commonly prescribed 

by clinicians based on their general known effectiveness against bacterial infections in Ghana.  

The discs used for screening Gram-positive and Gram-negative bacteria contained the following 

antibiotics with the respective concentrations: ampicillin (10μg), cefotaxime (30μg), 

chloramphenicol (30μg), ciprofloxacin (5μg), gentamicin (10μg), nalidixic acid (30μg), 

nitrofurantoin (200μg), methicillin (30μg), tetracycline (30μg), penicillin (15μg), flucloxacillin 

(5μg), cloxacillin (10μg), vancomycin (30μg), erythromycin (5μg), ceftriaxone (30μg), methicillin 

(250μg), ceftazidime (30μg) and cotrimoxazole (25μg) (Mast Diagnostics, Mast Group Ltd., 
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Merseyside, U.K.). The reference strains of E. coli ATCC 3047 and S. aureus 25923 were used as 

controls.  

3.3.4 E-Test antibiotic susceptibility testing assay 

Polymyxin B and Colistin E (0.064-1024 μg/ml) E-test strips (AB bioMérieux, Solna, Sweden), 

were applied to agar plates inoculated with test bacteria by spreading overnight culture suspension 

in 0.85-0.9% saline diluted to OD600 of 0.001; plates were then incubated at 37oC for 24 hours. 

The minimum inhibitory concentrations (MIC, μg/ml) of the strains were established at the 

meeting point of the bacterial halo and the test strip (Kulengowski et al., 2018). Secondary or 

unclear halo or colonies (squatter colonies) within halo or zone of inhibition, an indication of 

heteroresistance were also examined as described by El-halfawy and Valvano, 2015. 

3.3.5 Polymyxin µ dilution antibiotic bioassay 

Micro-broth dilution antibiotic bioassay was developed to determine the MIC of bacterial strains 

to Polymyxin B (PmB) (Figure 3.2). The experimental PmB assay was made by dissolving 12,000 

μg/ml Polymyxin B sulfate salt (Sigma) in a 10 ml buffer solution (0.2% bovine serum 

albumin/0.01% glacial acetic acid) and was filter sterilized. Overnight test bacterial culture was 

diluted into fresh media and grown to logarithmic-phase in double strength MHB (OD600 nm, 0.2 

to 0.4). In a Bioscreen special well plates, 100 ul of the culture was challenged with 100 ul of 

double concentrations of PmB (8.0-2048 μg/ml) and incubated at 37oC with maximum shaking 

continuously for 24 hours in a Bioscreen C automated growth curve analyzer (MTX Lab Systems, 

Vienna, VA, USA). Minimum inhibitory concentration was determined using the percentage of 

the OD of the test strain to the OD of ATCC3047 control. The percentage OD < 10 was the 

assigned MIC of the strains at the specific concentration (Loutet et al., 2011; El-Halfawy and 

Valvano, 2013).    
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Figure 3.2: Summary of experimental approach 

3.3.6 Population Analysis Profiling for Heteroresistance determination 

Bacterial cultures were treated with doubling increments of antibiotic concentrations. Growth at 

each concentration was determined by turbidimetry in MHB (PAP by broth dilution) in Bioscreen 

C automated gradient incubator (MTX Lab Systems, Vienna, VA, USA), at 37oC for 24 hours. 

Also, PAP was also determined by agar dilution with CFU count on MH/LB agar plates (PAP by 

agar dilution). Heteroresistance was considered when the difference between antibiotic 

concentrations exhibiting the highest inhibitory effects was 8-fold or higher than the highest non-

inhibitory concentration (Figure 3.3a).  

3.3.7 Polymyxin B sensitivity assay 

Polymyxin B sensitive challenge assay was developed to determine the stability of the 

heteroresistant phenotypes and recover the PmB resistant variants (Figure 3.3b). Bacterial cells at 

the logarithmic-phase were diluted to a concentration of 2 x 105 CFU/ml (Loutet et al., 2006; 

Loutet and Valvano, 2011). Hundred microliters of each of the bacterial culture was challenged 
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with 100 μg/ml of PmB in 0.2% BSA and 0.01% acetic acid buffer, with buffer, and buffer + strain 

as controls. Flash incubation of the cultures at 37oC for 2-3 hours in a rotary incubator. Viable 

cells were enumerated by CFU count on LB agar with 10µl at each time course (Loutet et al., 

2011; Loutet and Valvano, 2011). Data on the resistance profiles were summarized using 

descriptive statistics and resistance levels were presented as percentage errors. 

 

 

 

 

 

 

 

Figure 3.3: Experimental flowchart; a) PAP to determine heteroresistant phenotypes b.) 

Flash challenge assay to enumerate viable cells 

 

 

 

 

 

a. b. 
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3.4 Results 

3.4.1 High level of resistance to conventional antibiotics 

Eighteen antibiotics belonging to nine different classes were selected and tested to determine the 

antimicrobial susceptibility and resistance profiles of bacterial strains isolated. Sixteen of the 

antibiotics belonging to nine classes were used to challenge the Gram-positive bacteria, while all 

the other antibiotics without vancomycin and methicillin were tested on Gram-negative bacteria. 

Extreme resistance to all these antibiotics was observed relative to the controls E. coli ATCC 3047 

and S. aureus ATCC25923 with established antimicrobial profiles. The AMR profiles showed that 

more than 90% of the Gram-positive bacteria (STAB1/2 and ETAB1/2) were 100% resistant to all 

the classes of antibiotics tested (Table 3.2). It was also noticed that the resistance rate to 

vancomycin and methicillin by Gram-positive bacteria was extremely high (> 97%). For the Gram-

negative bacteria, more than 80% resistance rate was displayed to all the classes of antibiotic tested 

(Figure 3.4). A few secondary or unclear zone of inhibitions were observed in species of 

Enterobacter (ENAB2) to ampicillin; Pseudomonas (PGAB2) to chloramphenicol and 

gentamicin; Citrobacter (CTAB1) to flucloxacillin and gentamicin; Serratia (SRAB1) to 

cefuroxime; Proteus (PRMAB1) to nitrofurantoin; Acinetobacter (ACNAB1/2) to ceftazidime and 

flucloxacillin (Table 1, Appendix IIA). The E. coli strains showed 100% resistance to all the 

fifteen antibiotics tested. Overall, 100% and 97.75% resistance rates were observed in Gram-

positive and negative-bacteria tested respectively, 1.25% rate of susceptibility of KAB1 

(ampicillin), KBAB2 (gentamicin) and SRAB2 (ampicillin).  
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Table 3.2: Antimicrobial profiles of GPB strains indicating the zone of inhibitions 
 

aHR – unclear zone of inhibition, + = Resistance (zone of inhibition ≤5 mm), c- = Susceptible (zone of 

inhibition 10-25 mm, S. aureus 25923 (control) 

 

Figure 3.4: Antimicrobial Resistance Profiles of the selected Gram-negative bacteria to 

conventional antibiotics (CLSI and EUCAST standards); The dotted line indicates the 

susceptibility of the ATCC3047 control relative to the tested bacteria resistance level. The 

error bars indicate percentage resistance of the bacteria (x-axis) to the selected antibiotics 
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SNo 

Antibiotics (ug) 
Resistance Profiles (Zone of inhibition, mm)  

S. aureus  

ATCC 25923 

STAB1 STAB2 ETAB1 ETAB2 

1 Methicillin (10) aHR b+ + + + 

2 Flucloxacillin (5) + + + + + 

3 Vancomycin (30)   +   +   +   +   + 

4 Erythromycin (5)  +  +  +  +  + 

5 Cloxacillin (5)  +  +  +  +  + 

6 Cotrimoxazole (25)   +   +   +   +   + 

7 Nitrofurantoin (200)  +  +  +  +  + 

8 Chloramphenicol (30)   +   +   +   +   + 

9 Tetracycline (10)   +   +   +   +   + 

10 Cefotaxime (10)   +   +   +   +   + 

11 Cefuroxime (30)   +   +   +   +   + 

12 Penicillin (15)    +    +    +    +    + 

13 Ampicillin (10)    +    +     -    +     - 

14 Nalidixic Acid (30) +  +  +  +  + 

15 Gentamicin (10)  + + + c- + 

16 Ceftazidime (30)   + + + + + 
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3.4.2 Multiple Antibiotic Resistance (MAR) Index  

Multiple Antibiotic Resistance (MAR) Index of the tested strains was determined. The MAR Index 

was determined as the ratio of antibiotic tested to antibiotic resisted by the strains (Mandal et al., 

2018; Davis and Brown, 2019). The MAR Index was determined with respect to eighteen different 

antibiotics tested. For the sixteen antibiotics tested for Gram-positive bacteria, resistance was 

observed to all, indicating that the MAR Index is 1.0. Gram-negative bacteria also displayed 

resistance to all the fifteen antibiotics tested with MAR Index of 1.0 (Table 3.3).  Bacterial strain 

is considered a high-risk pathogen when the MAR Index cut-off is ≥ 0.2 (. MAR Index of 1.0 as 

observed in the tested strains indicated that they are high risk pathogens. 

Table 3.3: Multiple Antibiotic Resistance Index  

Strains Antibiotic Tested (a) Antibiotics Resisted (b) aMAR Index: a/b 

ENAB1/2 15 15 1.0 

KAAB1/2 15 15 1.0 

SRAB1/2 15 15 1.0 

CTAB1/2 15 15 1.0 

ACNAB1/2 15 15 1.0 

PRMAB1/2 15 15 1.0 

PGAB1/2 15 15 1.0 

ECAB01/02 15 15 1.0 

STAB1/2 16 16 1.0 

ETAB1/2 16 16 1.0 

aMAR index ≥ 0.2: High risk Pathogen 

University of Ghana http://ugspace.ug.edu.gh



59 
 

3.4.3 Strains resisted more than two classes of antibiotics (MAR) 

Multiple antibiotic resistance (MAR) was defined in this study as the resistance of the strains to at 

least two classes of the antibiotics tested ( Magiorakos et al., 2011; Abiola et al., 2018). All the 

strains showed resistance to at least 2-classes of the nine different classes of antibiotics tested. 

Twenty different anti-biotypes (multiple antibiotic resistance patterns) were observed across the 

nine different classes of antibiotics tested for the strains. Gram-negative from Figure 3.3 and 

positive bacteria on Table 3.2 showed sixteen and four different MAR patterns respectively. Also, 

the nine different classes have unique patterns across strains of the same species and those 

belonging to the same genus (Figure 3.5). 

 

 

 

 

 

 

 

 

Figure 3.5: Multiple Antimicrobial Resistance (Resistance to at least 2-classes of Antibiotics) 

and Patterns of AMR with each color code representing a unique resistance pattern. Overall, 

there are 10 different antibiotic resistance patterns observed in this study indicating that the 

bacterial strains diverse resistance mechanisms to the selected classes of antibiotics   
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3.4.4 Extreme resistance to last resort antibiotics 

Carbapenems, colistin E and polymyxin B, are last resort antibiotics with established effectiveness 

against different MAR pathogens, especially bugs that have defiled the treatment option of 

conventional antibiotics ( CLSI, 2009; Koch et al., 2015). Selected strains were challenged with 

the three antibiotics since they have displayed high level of resistance to other common antibiotics. 

All the strains tested showed extreme resistance to the last resort antibiotics. More than 80% 

resistance rates were observed in all the tested strains to carbapenem, polymyxin B and colistin E 

relative to the ATCC 3047 control which was very sensitive to the antibiotics (Figure 3.6). This 

high level of resistance observed further confirms that they are high risk potential pathogens and 

are superbugs that might cause serious infections in the hospital environments.  

 

Figure 3.6: Resistance to last resort antibiotics relative to susceptible ATCC3047 control. 

The error bars showed the percentage resistance of the bacteria (indicated on x-axis) with 

more than 80% resistance level to the selected antibiotics 
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To further confirm how resistant these bacterial strains are, PmB micro-broth dilution sensitive 

assay was engaged to determine their MICs. The MIC ranges from 512 to ≥ 1024 µg/ml (Table 

3.4), which is far above the cut-off point for PmB and colistin resistance (Susceptible ≤ 2 µg/ml, 

Resistance ≥ 4 µg/ml) (Falagas and Kasiakou, 2005; Zavascki et al., 2007; Srinivas and Rivard, 

2017).  

Table 3.4: Minimum inhibitory concentrations of strains (Micro-broth dilution) 

SNo Strains aMIC of Polymyxin B (µg/ml) 

1 ENAB1  1024 

2 ENAB2 >1024 

3 PGAB1  512 

4 PGAB2 >1024 

5 CTAB1  1024 

6 CTAB2 1024 

7 KBAB1 1024 

8 KBAB2 1024 

9 SRAB1  1024 

10 SRAB2 >1024 

11 ACNAB1  512 

12 ACNAB2 1024 

13 ECAB01  >1024 

14 ECAB02 >1024 

15 PRMAB1  1024 

16 PRMAB2 1024 

aCLSI standard: Susceptible ≤ 2 µg/ml, Resistance ≥ 4 µg/ml 
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3.4.5 Strains with heteroresistant phenotypes 

Unclear or distinct colonies within the zone of inhibition indicated heterogenous response to 

polymyxin B and colistin E (Figure 3.7).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Distinct colonies within inhibition zone an indication of heterogenous 

response to Polymyxin B (E-Test Assay: 0.064-1024 µg/mL); The pictures are not 

drawn to any standard scale; they are snippets from the representative E-Test plates  

Since this was revealed by E-test assay, it was further confirmed with population analysis profiling. 

The strains were treated with double increments of PmB concentration in a micro-broth dilution 

assay. The difference between the highest minimum inhibitory and non-inhibitory concentrations 

as 8-fold and greater was determined. It was observed that majority of the tested strains were 

heteroresistant positive by PAP (Figure 1, Appendix IIB). For instance, the highest non-inhibitory 

concentrations range was 512-1024 µg/ml, while the highest inhibitory concentration was 8192 

Inconclusive: Heterogeneity 
< 2ugmL

-1
 

SRAB1                      KBAB1                 PRMAB1                   PGAB1               ENAB1 
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µg/ml. This indicated a >8-fold difference to indicate that the strains are heteroresistant (Table 

3.5). The stability of the heteroresistant variants was ascertained using a PmB challenge test. A 

frequency of 10-40% recovery rates indicated the stability of these resistant variants (Figure 3.8).          

Table 3.5: PAP profiles of the strains 

SNo Strains Highest non-inhibitory 

conc. (µg/ml) 

Highest non-inhibitory 

conc. (µg/ml) 

aPAP ≥ 8 

1 ENAB1  1024 8192 + 

2 ENAB2 1024 8192 + 

3 PGAB1  512 8192 + 

4 PGAB2 1024 8192 + 

5 CTAB1  1024 8192 + 

6 CTAB2 1024 8192 + 

7 KBAB1 1024 8192 + 

8 KBAB2 1024 8192 + 

9 SRAB1  1024 8192 + 

10 SRAB2 1024 8192 + 

11 ACNAB1  512 8192 + 

12 ACNAB2 1024 8192 + 

13 ECAB01  1024 8192 + 

14 ECAB02 1024 8192 + 

15 PRMAB1  1024 8192 + 

16 PRMAB2 1024 8192 + 

aStrains positive for PAP: difference between highest inhibitory and non-inhibitory concentrations ≥ 8 
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Bacterial Strains 

 

Figure 3.8: The suspected heteroresistant bacterial strains (from Table 3.5) on x-axis were 

challenged with 2-fold of PmB MIC in a Flash-challenge test; this was to establish that 

heteroresistance was not a random occurrence. The least resistant non-heteroresistant 

population could not survive in the PmB challenge test, allowing the heteroresistantly stable 

strains to survive the 2-fold MIC. Error bars indicate percentage survival and stability of 

the heteroresistant strains.    
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3.5 Discussion 

Bacteria continuously evolve different mechanisms to display resistance to antibiotics globally 

(Eggleston et al., 2010). Most of the HAIs caused by resistant bacteria lead to prolonged duration 

of ailments and have limited therapeutic treatment options (Levy and Marshall, 2004). While 

surveillance efforts by the developed countries have uncovered some global resistant pathogens, 

the challenges keep increasing in Africa where the tracking of these pathogens are not clearly 

defined and do not have a broad coverage (Bloom et al., 2017). In Ghana, resistance of bacteria to 

various antibiotics in the hospital setting is now a great threat to all hospital users (Agyepong et 

al., 2018). Previous studies demonstrated high prevalence of bacterial resistance to conventional 

antibiotics in the in-patients of ICU (Yevutsey et al., 2017; Agyepong et al., 2018). Information 

on the resistance profiles of bacteria in hospital environments in Ghana is limited; therefore, this 

study which was to establish the antimicrobial resistance profiles of bacteria from hospital 

environments is of highest priority.  

The present study demonstrated high prevalence of resistant pathogens from air and fomites from 

three different hospitals in Ghana. Of the eighteen commonly used antibiotics tested, species of 

Gram-positive and Gram-negative bacteria showed between 80-100% levels of resistance. 

Staphylococcus aureus showed close to 100% resistance to methicillin and vancomycin. 

Methicillin/Vancomycin-Resistant S. aureus (MRSA/VRSA) is a global nosocomial pathogen in 

the ICUs (Miller and Diep, 2008). Studies have linked MRSA to severe infections in hospital 

environments (French et al., 2004; Kurashige et al., 2016; Dickmann, 2017). MRSA are linked 

with outbreaks in UK (Coll et al., 2018; Ma & Bchir, 2004; S. Report, 2004), Asia 

(Apisarnthanarak et al., 2017; Sit et al., 2017), USA (Kavanagh et al., 2017) and some parts of 

Europe (Dulon et al., 2011; Johnson, 2011). Its clinical impacts in Sub-Saharan Africa have also 
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been reported (Falagas et al., 2013; Shittu et al., 2018). Studies conducted in Kenya and South 

Africa reported MRSA from in-patients suffering from bloodstream infections (BSI) (Aiken et al., 

2014; Shittu et al., 2018). MRSA can survive for a longer period on frequently touched fomites 

(Neely and  Maley, 2000; Plipat et al., 2013). Fomites from ICU and NICU of Ghanaian hospitals 

sampled harbors MRSA.  

Enterococcus faecalis was first reported in the US (Sievert et al., 2013). These bacteria cause life-

threatening infections in hospitalized individuals with general contact with medical equipment and 

invasive devices (Crank, 2015). E. faecalis showed almost 100% level of resistance to methicillin 

and vancomycin in this study. Vancomycin-Resistant E. faecalis (VRE) are dangerous as they 

cause infections more challenging to treat (Prieto et al., 2016). VRE spreads faster in hospitals 

where more antibiotics are being used, hence the ICU (Mcdermott et al., 2017). As at the time of 

this study, there is insufficient data on prevalence on VRE in Ghana in relation to hospital fomites 

or air. Most especially, VRE, as opportunistic pathogens, also survive on door handles, faucet and 

toilet sinks (Crank, 2015; Duckro et al., 2015; Karki, 2015). Studies also indicated that E. faecalis 

showed resistance to other antibiotic aside vancomycin and methicillin, this is similar to our 

observation (Pendleton et al., 2013; Martín et al., 2013). 

Resistant Enterobacteriaceae that are well established global threats showed similar level of 

resistance in this study. E. coli, Salmonella, Klebsiella and Enterobacter showed more than 80% 

resistance to conventional antibiotics. Studies have also reported strains with similar high level of 

resistance as nosocomial agents (Eze, 2012; Bhatta et al., 2018). Prevalence of bacteria with 

extreme resistance to antibiotics are less common in the air and on fomites, but regardless of 

sources they posed similar health risks (Ventola, 2015;  Karo et al., 2017). Pseudomonas, 

Citrobacter, Serratia, Proteus and Acinetobacter showed extreme resistance to more than 90% of 
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all the antibiotics tested. These bacteria are opportunistic resistant pathogens, most often 

encountered in ICU and surgical wards (Pendleton et al., 2013). These strains are linked with 

infections that might be difficult to control (Kramer et al., 2006).  

Multiple antibiotic resistance indices indicated that majority of these resistant bacteria are potential 

high-risk pathogens. Besides, they are not only extensively resistant, but are also multiple 

antibiotic resistant pathogens. By this, even combination therapeutic approaches may not be 

effective to control them. Therefore, we may be left with no options for treatment and it calls for 

quick interventions to reduce their hospital-community transmission are critical. MIC and 

antimicrobial resistance profiles of the strains to Carbapenem, polymyxin B and colistin E were 

also established. The findings revealed that the Gram-negative bacteria were extensively resistant 

to these antibiotics. More than 80% levels of resistance were observed across the strains, thereby 

qualifying most of the strains as ESKAPE and Global Priority pathogens (Pendleton et al., 2013; 

Singh, 2018). This prioritized pathogens identified in our study have also been categorized by 

CDC ARLN Surveillance as the possible life-threatening Gram-negative pathogens as they are 

highly resistant to conventional and last resort antibiotics (Davies and Davies, 2010; G. Report, 

2014). Carbapenem-resistant Enterobacteriaceae (CRE) are described as threats to hospital patients 

with consequent high rates of mortality (Lerner et al., 2013). Previous clinical study conducted on 

the prevalence of CRE in some Ghanaian hospitals indicated that nonfermenters such as P. 

aeruginosa and A. baumanni were highly resistant to carbapenems (Codjoe et al., 2019). Similar 

study on the emergence of CRE among the clinical isolates of ESBL producers in Ghana indicates 

E. coli and K. pneumoniae as the dominant bacterial strains (Hackman et al., 2017). The present 

study further confirms and complements previous studies conducted on CRE with focus on 

hospital environments.   
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Majority of the Gram-negative bacteria tested with polymyxin and colistin exhibited the 

phenomenon of heteroresistance. This suggested that there is more resistant subpopulation within 

the largest population of resistant strains. Antibiotic selection of this extremely resistant 

subpopulation may possibly account for the overall level of resistance observed in this study. 

Heteroresistance phenomenon leads to therapeutic failures (Falagas et al., 2007;  El-Halfawy and 

Valvano, 2015). While the clinical relevance of heteroresistance is still been understudied, its 

contribution to recurrent and chronic infections have been highlighted (Morand and Mu, 2007; 

Deresinski, 2009; Orton, 2011; Sola et al., 2011; Campanile et al., 2012). Though the prevalence 

of these heteroresistant phenotypic strains may not be high in Ghanaian hospital environments, 

however the current study indicates their occurrence. The findings, however, provide new 

information on the antimicrobial resistance profiles of bacterial strains in Ghanaian hospitals. This 

study has shown that resistant pathogens are prevalent in hospital environments, unfortunately in 

the air and fomites of the ICU and other sensitive sites within the Ghanaian hospitals.   
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CHAPTER 4 
Virulence and pathogenicity of multiple antibiotic resistant 

bacterial strains in Galleria mellonella infection model 
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4.0 Abstract 

The multiple antibiotic resistance levels of the selected set of strains indicate they are potential 

high-risk pathogens. Galleria mellonella infection model was engaged, as a surrogate virulence 

model to evaluate the ability of these strains to overcome mechanisms of innate immune defenses. 

G. mellonella provides an innate immune model that resembles that of mammalian hosts including 

human. Therefore, this study provides additional evidence on the potential high risk associated 

with infection by these bacteria in the hospital environment. Our results show that these strains 

can overcome the innate immune defenses of G. mellonella.  

 

4.1 Specific Aims: 

1. Determine antibiotic virulence and pathogenicity of strains in vivo (Galleria mellonella 

Infection model, GMI), 

2. Cationic Antimicrobial peptide (AMP) resistance in vivo (Purified LPS in GMI) 

3. Resistance markers encoding virulence, 
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4.2 Introduction 

Many bacteria have the ability to overcome host defenses and breach through the skin and mucosal 

surfaces (Beceiro et al., 2013). Although not all bacterial breaches are successful, once inside the 

host  can overcome innate immune defenses and multiply (Beceiro et al., 2013; Olaitan et al., 

2014; Fisher et al., 2017). These processes are facilitated in the case of immunocompromised 

patients such as those in the Intensive Care Units (Fenton et al., 2006; Nseir et al., 2007). 

Multiple Antibiotic Resistance (MAR) Indices, which is the ratio of tested antibiotics to those 

resisted, have been largely used to determine the pathogenic potentials and the consequent virulent 

traits of pathogens (Osundiya et al., 2013; Mandal et al., 2018; Davis and Brown, 2019). This 

compares the ratio at which resistance is exhibited to the number of antibiotics tested, and assigns 

the possible risks that a particular pathogen bears (Mandal et al., 2018; Davis and Brown, 2019). 

However, antibiotic resistance alone cannot explain the virulent nature of a pathogen, and its 

ability to initiate infections or cause diseases (Beceiro et al., 2013; Vadivoo and Usha, 2018). 

Resistant pathogen marked for virulence must possess traits that allow infection through invasion 

of the host tissue and translocation through the epithelial cells and also evasion of the responses 

mounted by the host (Balzan et al., 2007; Pier, 2007). Besides, host-pathogen- interactions require 

a balance of the interplay of resistance and virulence (Dijkshoorn et al., 2007; Lye et al., 2011; 

Geisinger and Isberg, 2017).  

Resistant bacteria are also associated with opportunistic infections, such as those acquired in the 

hospitals (Brown et al., 2014; Price et al., 2017). In addition, diverse interactions promoting 

pathogen survival in critical hospital locations like the ICU are linked directly with virulence 

(Miller and Diep, 2008; Schwab et al., 2014). For example, direct and indirect contacts by sick 

people with air-contaminated and fomites-resident endotoxins elicit pathological responses 
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(Beceiro et al., 2013; Pendleton et al., 2013).The presence and distribution of these potentially 

virulent agents on fomites and in air can increase the prevalence of these strains in hospital 

environments and can pose serious dangers to all the hospital users (Miller and Diep, 2008). In 

Ghana, the ecology of pathogenic bacteria and virulence genes in the hospital environments is still 

not well understood. However, the prevalence of clinically relevant Gram-negative bacteria, their 

frequent multiple antibiotic resistance challenge, and their apparently limitless capacity for gene 

transfer as mediated by mobile genetic elements, makes virulence determination in hospital 

environment a necessity (Bereket et al., 2012; Park et al., 2013; Agyepong et al., 2018).  

Bacterial strains from hospital environments exhibiting strong biofilm producing phenotypes have 

been essential to antimicrobial resistance (Patel, 2005; Phillips and Schultz, 2012; Zheng et al., 

2017). Other studies have also reported that swarm motility enhances the pathogenic strains to 

bypass the immune systems (Kearns, 2011). While the interplay of these relevant phenotypic 

characteristics (biofilm, motility and cytotoxicity) increase virulence, also other properties 

involving cell wall alterations (Gooderham et al., 2008; Juan et al., 2008) and modifications of the 

LPS structure are important in the adaptation of bacteria in the host (Olaitan et al., 2014; 

Maldonado et al., 2016). 

LPS is a major virulent factor of the Gram-negative bacteria (Pendleton et al., 2013). While it 

maintains the integrity of the membrane (Olaitan et al., 2014), LPS accounts for the induction of 

septic shock (Wilson et al., 2002). The lipid A component of the LPS has been established as a 

toxic molecule that is recognized by the innate immune system, especially by surface receptors on 

the epithelial and phagocytic cells. This encounter generates different pathological responses 

including cytokines release and profuse inflammation (Futoma-kołoch, 2016; Rosadini and Kagan, 

2017). The host produces antimicrobial peptides that bind the LPS. Pathogens from the ESKAPE 
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group, such as Acinetobacter, Klebsiella, Pseudomonas, and members of the carbapenem-resistant 

Enterobacteriaceae for example Salmonella and Proteus, displayed high level of resistance to 

antimicrobial peptides, thus cause a lot of damage to the host tissues (Ganz, 2003; Pasupuleti et 

al., 2012; Bahar and Ren, 2013; Tsai et al., 2016; Rudkin et al., 2017). This has been attributed to 

the presence of LPS molecules with modification in their structure, as they enhance pathogenicity 

and virulence of the Gram-negative pathogens (Futoma-kołoch, 2016; Maldonado et al., 2016; 

Price et al., 2017; Rosadini and Kagan, 2017). In addition, other emerging virulent factors like the 

KPC associated with carbapenemase resistant Klebsiella species are raising global alarms (Leung 

et al., 2017). Klebsiella carbapenemase producing bacteria have been reported to potentially 

initiate the LPS modification using the KPC as the virulent factor (Chopra et al., 2012; Leung et 

al., 2017).  

The wax moth, Galleria mellonella, has been used for host-pathogen interactions of bacteria such 

as Pseudomonas aeruginosa, Burkholderia cepacia, Proteus mirabilis, Bacillus cereus, 

Francisella tularensis, and some pathogenic fungi (Jander and Rahme, 2000; Junqueira, 2012; 

Nale et al., 2016). The utility of non-mammalian model system such as the Galleria has also been 

demonstrated for reliable and accurate studying of pathogenesis of bacterial infection (Peleg et al., 

2009). GMI model has been recommended to be effective in  facilitating in vivo study of virulence 

in bacteria, and more specifically as they produce similar Antimicrobial Peptides (AMPs) and has 

a complex innate immune systems as found in humans or other experimental mammalian models 

(Jander and Rahme, 2000; Ramarao et al., 2012). Furthermore, the Galleria usage is cheap and no 

ethical approvals are required, reducing the use of mammalian model such as rat and mice (Wodja, 

2016). Galleria mellonella infection model is well suited for the study of human pathogens, as it 

can be maintained at temperatures of 370C (Beceiro et al., 2013). 
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To ascertain that bacterial strains isolated from fomites and air from Ghanaian hospitals is 

pathogenic and virulent, GMI model system was utilized in this study (Figure 1a: Appendix 

IIIA). This helps in answering interesting questions as to the prevalence of these pathogens in 

healthcare settings in Ghana. Data on bacterial virulent clinical impacts will go a long way in 

providing necessary information on the overall public health of the hospital users, and 

consequently the general community; since there is always hospital-community interactions and 

vice versa. 
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4.3 Methods 

4.3.1 Study design and strain collection 

Strains used in this study were collected from AbiMosi Bacterial Culture (ABC©) Library, 

Microbiology and Molecular Biology Lab, Department of Biochemistry, Cell and Molecular 

Biology, University of Ghana. These strains were isolated from fomites and air from selected 

hospitals in Ghana. The majority of strains selected is very motile, strong biofilm producers, 

extensively resistant to polymyxin B and are multiple antibiotic resistant phenotypes (Table 4.1). 

4.3.2 Bacterial culture and growth conditions 

Bacterial strains were maintained at -80ºC as 50% (v/v) glycerol stocks. Unless otherwise 

indicated, all the strains were cultured at 37oC in Luria-Bertani broth (LB; 15 g/L yeast extract, 

7.5 g/L NaCl, 10 g/L tryptone) with vigorous shaking at 150-180 rpm (version of shaker). For 

strain recovery growth on media, LB agar or Nutrient agar prepared according to manufacturer’s 

instructions was used; strains were streak-cultured and incubated at 37oC (Figure 1b: Appendix 

IIIB). Pure colonies were picked and used for all the experiments.  

4.3.4 Galleria mellonella larva in vivo virulence assay 

Larval infection assays were performed as previously described (Ramarao et al., 2012) with some 

modifications. Galleria mellonella larvae were acquired from UK Waxworms Ltd., stored in wood 

shavings in the dark at 16oC prior to infection, and used within 2 weeks of receipt. Larvae of 

approximate weights of 250 to 350 mg were used. Bacteria were grown in 5 ml LB until mid-

exponential growth phase. The bacterial cells were harvested at 8000 rpm for 4-5 minutes and re-

suspended in sterile Phosphate Buffered Saline (10 mM PBS, pH 7.5). The cultures were adjusted 

to 0.5 (OD600), re-suspended in sterile PBS, and serially diluted. For each bacterial strain, ten 

randomly chosen, healthy Galleria mellonella larvae were injected with 10μl of the 103 
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CFU/larvae (10 cell/larvae) into the haemocoel of the rear left proleg with a 100μl Hamilton 

syringe and a 20-G needle. The larvae were kept in a petri dish at 37oC in the dark alongside a 

group of 10 controls larvae, injected with 10μl of PBS. The viability and mortality were monitored 

over a period of 72 hours using lack of movement upon stimuli, loss of legs and visual color 

change. Three independent experiments were performed on different days. Colony forming units 

were enumerated by plating appropriate 10-fold dilution on LB agar plates. 

4.3.5 Lipopolysaccharide preparation and extraction 

LPS was extracted as previously described with some modifications (Marolda et al., 1990; Loutet 

et al., 2006; Rezania et al., 2011; Naguib, 2018).  Bacterial strains were grown overnight on LB 

agar plates at 37oC and the colonies were harvested from the plate and suspended in sterile 3 ml 

of PBS solution. The culture was adjusted to optical density 3.0 (OD600) and 1.5 ml of the bacterial 

suspension was transferred to a micro-centrifuge Epperndorf tube and centrifuged at 10, 000 g for 

1 min to pellet the cells. The pellet was re-suspended in 150μl of lysis buffer (0.5 M Tris HCl, pH 

6.8), 2% sodium dodecyl sulfate (SDS) and 4% β-mercaptoethanol). The mixture was boiled for 

10 min and cooled on ice for another 10 min. Ten microliters of 20 mg/ml solution of proteinase 

K dissolved in 10 mM Tris-HCl buffer (pH 8.0), then, 1 mM CaCl2 and 30% glycerol was added, 

vortexed and incubated overnight at 600C in thermo-heat block. After the overnight incubation, 

150μl of 90% phenol solution (90% phenol, 0.1 % β-mercaptoethanol and 0.2% 8-

hydroxyquinloline) and incubated at 70oC for 15 minutes, with intermittent vortexing every 5 

minutes. The separation of the aqueous and phenolic phases was done by ice-cooling for 10 

minutes, and then the top aqueous phase was transferred into a new tube. Five hundred microliters 

(500μl) of ethyl ether saturated with 10 mM Tris-HCl (pH 8.0) and 1 mM EDTA was added and 

vortexed at 14, 000 rpm for 1 min. The top ether phase was then aspirated and further purified for 
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the GMI experiment. Kaplan Meier plots were generated with Graphad 6.0 and Mantel cox log-

rank tests were used to determine the bacterial virulence level of the bacterial strains in GMI.  

Table 4.1: Phenotypic characteristics of strains selected for GMI experiment 

Strains MIC of 
aPmB 

(ug/ml) 

Motility Biofilms Multiple 

Antibiotic 

Resistant 

MAR 

Index 

Class of Antibiotics 

resistance to 

ENAB1  E. cloacae 

complex 

1024 b+++ Strong c
+ 1.0 dB-Lac, eMac, fSun, gCH, 

hTE, iAmin, jNitro, kQui 

ENAB2 E. cloacae >1024 +++ Strong + 1.0 B-Lac, Mac, Sun, CH, TE, 

Amin, Nitro, Qui 

PGAB1  P. aeruginosa 512 +++ Strong + 1.0 B-Lac, Mac, Sun, CH, TE, 

Amin, Nitro, Qui 

PGAB2 Pseudomonas 

spp. 

>1024 +++ Strong + 1.0 B-Lac, Mac, Sun, CH, TE, 

Amin, Nitro, Qui 

CTAB1  C. freundii 1024 +++ Strong + 1.0 B-Lac, Mac, Sun, CH, TE, 

Amin, Nitro, Qui 

CTAB2 C. freundii 1024 +++ Strong + 1.0 B-Lac, Mac, Sun, CH, TE, 

Amin, Nitro, Qui 

KBAB1 K. pneumoniae  1024 +++ Strong + 1.0 B-Lac, Mac, Sun, CH, TE, 

Amin, Nitro, Qui 

KBAB2 K.  oxytoca 1024 +++ Strong + 1.0 B-Lac, Mac, Sun, CH, TE, 

Amin, Nitro, Qui 

SRAB1  S. marcescens 1024 +++ Strong + 1.0 B-Lac, Mac, Sun, CH, TE, 

Amin, Nitro, Qui 

SRAB2 S.  marcescens >1024 +++ Strong + 1.0 B-Lac, Mac, Sun, CH, TE, 

Amin, Nitro, Qui 

ACNAB

1  

A.  baumannii 512 +++ Strong + 1.0 B-Lac, Mac, Sun, CH, TE, 

Amin, Nitro, Qui 

ACNAB

2 

A. baumannii 1024 +++ Strong + 1.0 B-Lac, Mac, Sun, CH, TE, 

Amin, Nitro, Qui 

ECAB01  E.  coli >1024 +++ Strong + 1.0 B-Lac, Mac, Sun, CH, TE, 

Amin, Nitro, Qui 

ECAB02 E.  coli >1024 +++ Strong + 1.0 B-Lac, Mac, Sun, CH, TE, 

Amin, Nitro, Qui 

PRMAB

1  

P.  mirabilis 1024 +++ Strong + 1.0 B-Lac, Mac, Sun, CH, TE, 

Amin, Nitro, Qui 

PRMAB

2 

P.  mirabilis 1024 +++ Strong + 1.0 B-Lac, Mac, Sun, CH, TE, 

Amin, Nitro, Qui 
aPmB – Polymyxin B; b+++ = very motile; c+ = Positive for Multiple antibiotic resistance (at least to 2 classes of 

antibiotics); d β-Lac – β-Lactam, eMac – Macrolides, fSun – Sulfonamides, gCH – Chloramphenicol, hAmin – 

Aminoglycosides, iNitro – Nitrofurantoin, jQui – Quinolones; Multiple Antibiotic Resistant (MAR) Index – Ratio of 

antibiotic resisted to antibiotic tested 
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4.4 Results    

4.4.1 Extremely virulent strains in GMI model 

The data presented here showed the representation of three different independent experiments done 

in replicates. All the selected strains were MAR resistant phenotypes, biofilm-producers and very 

motile as described by their characterization profiles (ABC©) (Table 4.1). All these strains were 

used to challenge Galleria at a minimal concentration of 10 cells per larvae. The majority of the 

strains showed virulence in GMI model with 100% killing in less than 24 hours and at most 24 

hours (Table 4.2 and, Figure 2: Appendix IIIC). This is relative to the negative (PBS) and 

positive (ATCC3047 E. coli and ATCC29527 E. cloacae) controls that were able to survive for 

the period of the experiments (24-72 hours). This indicated that the strains tested are highly virulent 

and can pose serious health challenges in the hospital environments.  

4.4.2 Different degrees of virulence with LPS in GMI model 

Lipolysaccharide (LPS), especially the lipid A component is considered the major virulent factor 

of all the strains tested in this study. To confirm further if it is only the LPS that is actually 

responsible for the level of virulence observed; the strains were challenged with serially diluted 

LPS, at a concentration of 0.001/Larvae as previously described, killing between 24-72 hours at 

different level and degree was observed. One hundred percent killing was observed in species of 

Enterobacter and Klebsiella in < 24 hours (Figure 4.1), which might indicate that LPS is the key 

virulent factor. Species of Pseudomonas showed different degree of virulence 100% in PGAB1 at 

24 hours, while PGAB2 80% killing in 24-48 hours and complete killing in hours 72 hours. 
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Table 4.2: Percentage survival of Galleria mellonella Larvae 
 

0 = 100% killing of Galleria, 10 = one out of ten tested Galleria survived, 20 =   two out of the ten tested Galleria 

survived, 100 = No killing 

 

Acinetobacter species (ACNAB1) with 100% killing at 24 hours, ACNAB2 with 60% in 24-48 hours 

and complete killing at 72 hours (Figure 4.2). In species of Citrobacter, Serratia, Proteus and E. 

coli, different levels of virulence were observed ranging from 24-72 hours with killings at different 

percentages. This indicated that although, LPS might be the virulent factors, however there are 

other factors in association with or complementary to LPS that might be responsible for the level 

of virulence observed.  

 

Strains 

Percentage Survival (%) in hours 

Strains PBS control 

24 48 72 24 48 72 

ENAB1  Enterobacter cloacae 

complex 
0 0 0 100 100 100 

ENAB2 Enterobacter cloacae 0 0 0 100 100 100 

PGAB1  Pseudomonas aeruginosa 20 0 0 100 100 100 

PGAB2 Pseudomonas spp. 0 0 0 100 100 100 

CTAB1  Citrobacter freundii 0 0 0 100 100 100 

CTAB2 Citrobacter freundii 20 10 0 100 100 100 

KBAB1 Klebsiella pneumoniae  0 0 0 100 100 100 

KBAB2 Klebsiella oxytoca 0 0 0 100 100 100 

SRAB1  Serratia marscenses 0 0 0 100 100 100 

SRAB2 Serratia marscenses 0 0 0 100 100 100 

ACNAB1  Acinetobacter baumannii 0 0 0 100 100 100 

ACNAB2 Acinetobacter baumannii 20 0 0 100 100 100 

ECAB01  Escherichia coli 0 0 0 100 100 100 

ECAB02 Escherichia coli 0 0 0 100 100 100 

PRMAB1  Proteus mirabilis 0 0 0 100 100 100 

PRMAB2 Proteus mirabilis 0 0 0 100 100 100 

ATCC3047 Escherichia coli 100 100 80 100 100 100 

ATCC29527 Enterobacter cloacae 100 100 70 100 100 100 
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Figure 4.1: Extreme virulence (103 cells/larvae) of strains in GMI model system relative to 

PBS and ATCC positive controls 
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Figure 4.2: Extreme virulence (1:1000 dilutions) of LPS in selected strains in GMI model system relative to PBS and ATCC 

positive controls (Mantel cox log-rank tests: p < 0.0001), ATCC3047 positive/PBS negative controls 
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4.5 Discussion 

In this study, non-mammalian Galleria mellonella infection model system was utilized to 

investigate the virulence profiles of selected Gram-negative bacteria isolated from hospital air and 

fomites from ICU, surgical wards and NICU. Determining the virulent nature of these strains is 

important to understand the role and explore the mechanism by these pathogens to cause HAIs. 

All the tested strains in this study are highly virulent in Galleria mellonella infection, as just 10 

bacterial cells per larvae were sufficient to kill the host in less than 24 hours post-infection. Also, 

survival of these strains in GMI at 37ºC to an extent of causing death implies their tendency to 

survive in human macrophages or human cells. Studies have indicated extreme level of resistance 

and virulence in Pseudomonas aeruginosa, Burlkholderia cepacia and Achromobacter xyloxidans 

in Galleria mellonella infection, although from cystic fibrosis and bloodstream infections patients 

(Leitão et al., 2010; Bradbury et al., 2019; Pereira and Leão, 2019).         

Bacterial strains from the ESKAPE pathogens group (Klebsiella, Acinetobacter, Pseudomonas and 

Entreobacter) tested in this study were extremely virulent. By speculation, the level of virulence 

observed reflects the increased resistance of these strains to antimicrobial peptides. Antimicrobial 

peptides is one of the main key components of the immune-systems in Galleria and also in other 

hosts including human (Pasupuleti et al., 2012; Bahar and Ren, 2013). This agrees with the high 

level of resistance of these isolates against the polymyxin, as previously identified in Chapter 4. 

Other studies have established that resistance to antimicrobial peptides is a component of bacterial 

virulence (Groisman et al., 1992; Taylor and Ramachandran, 2014; Louhi et al., 2015; Wang et 

al., 2015; Joo et al., 2016), pathogens benefit from their inherent/natural resistance to peptide 

antibiotics like polymyxin and colistin (Bahar and Ren, 2013; Olaitan et al., 2014).  
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LPS is a key virulent factor of the Gram-negative bacteria (Cross, 2008; Taylor and 

Ramachandran, 2014) and has been associated with different cases of infections caused by 

pathogenic strains (Cross, 2008).The levels of virulence observed when Galleria was challenged 

with purified LPS was similar to some strains, while slightly different from others relative to when 

the whole organism was used. This indicated that other factors in association with LPS are 

responsible for the level of virulence displayed by the pathogens tested in this study. Other factors 

that might be responsible for this would be possible modifications in the LPS, as this has been 

associated with the ability of a strain to exhibit virulence (Matsuura, 2013; Maldonado et al., 

2016). LPS modifications are specific, and this specificity determines the level of virulence 

(Matsuura, 2013; Maldonado et al., 2016). In conclusion, virulent-like factors, which also have 

compensatory effects as resistance mediators are possible contributors to virulence.     
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CHAPTER 5 
Investigating the mechanisms of virulence and antimicrobial 

resistance of highly resistant bacterial strains from hospital 

environments 
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5.0 Abstract 

Resistance mechanisms of multidrug selected bacterial strains were determined. Common resistant 

markers associated with bacterial resistance to conventional antibiotics were detected and their 

relevant proposed roles in resistance discussed. Polymyxin sensitive assay provided a backdrop on 

which resistance mechanisms can be based. Detection and profiling of LPS components (lipid A 

and O-antigen) in the selected bacteria further confirms their possible roles in resistance. 

Identification of LPS-modifying genes in the selected strains highlights their possible roles in 

Ghanaian resistant Gram-negative bacteria. 

 

5.1 Specific Aims: 

1. Developing sensitive assays to understand resistance mechanisms, 

2. Identification of resistance markers encoding resistance, 

3. Profiling the Lipopolysaccharides (LPS), 

4. Characterization of SNPs and determination of TCS roles in resistance mechanism, 

5. Investigate and establish AMR mechanisms of bacteria from some Ghanaian hospitals. 
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5.2 Introduction 

Emerging pathogenic bacteria account for major causes of death in the developing world, due to 

the increase in the incidence of antimicrobial resistance (Kapoor et al., 2017). Prolonged 

admissions of patients demands lengthy therapy with antibiotics, leading to plausible antimicrobial 

resistance (Ruppé et al., 2015). Resistant bacteria are responsible for 45-70% of HAI-pneumonia 

cases, 20-30% bloodstream and catheter infections (Dalhoff and Ewig, 2013). They are also 

common cause of surgical site and urinary tract infections (Khan et al., 2017). Studies have also 

reported a rise of antimicrobial resistance in the NICU (Patel et al., 2015), and established almost 

exclusively this with Gram-negative bacteria. For example, Pseudomonas aeruginosa, 

Acinetobacter baumannii, carbapenem-resistant Enterobacteriaceae are responsible for the major 

parts of the resistance problem (Pendleton et al., 2013).   

Gram-negative bacteria have various mechanism (Figure 5.1) to circumvent antimicrobial agents 

(Blair et al., 2014). They can express enzymes that can inactivate antimicrobial molecules through 

chemical modification or hydrolysis (Blair et al., 2014). In other instances, they engaged other 

non-enzymatic mechanisms such as target site mutations or antibiotic efflux pumps (Joo et al., 

2016). Also, they exhibit circumstantial resistance (Admassie, 2018), a situation that makes them 

more dangerous as they take advantage of compromised situations in the host, especially in a case 

where the immune system is compromised. Furthermore, bacteria build-up a biofilm capsular 

matrix as a mechanism to resist antimicrobial agents (Patel, 2005). Antibiotic selection pressure is 

also complementary, as more resistant bacteria population are selected as drivers to determine the 

overall resistance of the bacteria (Jayol et al., 2015). All these forms of resistance mechanisms 

have been associated with opportunistic bacteria from the hospital (Price et al., 2017). 
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Figure 5.1: General targets of common antibiotics (Left side with blue labels) and 

resistance mechanisms (Right side with red labels); (Abiola Isawumi and Lydia Mosi, 2019) 

There are also growing evidences that bacteria are capable of surviving diverse exposure to 

antibiotics by releasing molecules into the extracellular milieu (Sabnis et al., 2018). This enables 

them to sequester or capture antibiotics before they can reach the bacterial cells (Sabnis et al., 

2018). Antibiotic interception is another strategy employed by bacteria to resist antibiotics 

(Benoun et al., 2016). Here, the interceptor acts as a decoy that mimics the antibiotic target 

molecules (Sabnis et al., 2018), this therefore leads to therapeutic failure. Many of these 

interceptors also help the bacteria to persist in the presence of antibiotic or function as the structural 

components enabling them to tolerate antibiotics (Patel, 2005). Bacterial persistence, presents the 

bacteria with the opportunity to survive lethal antibiotic doses (Maclean et al., 2004).  

Phenotypically, bacterial persistence involves a switch from normal/sensitive to a more antibiotic 

tolerant state. This is a simple bacterial resistance strategy, surprisingly this mechanism also makes 
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the antibiotic irrelevant (Fisher et al., 2017). Bacteria that survive harsh environmental conditions 

as those residents on fomites, exhibit this strategy (Cc & Ia, 2018; Miller and Diep, 2008). Bacteria 

exhibiting this resistance mechanisms survive and actively grow in the presence of antibiotics 

(Ruppé et al., 2015; Harms et al., 2016;). Most Gram-negative pathogens are favored by this 

mechanism (Admassie, 2018).  

Efflux pumps contribute to the  intrinsic resistance against multiple antibiotic classes  (Amaral et 

al., 2014 Admassie, 2018). Members of the ESKAPE group have the ability to resist antibiotics 

effective against Gram-positive bacteria using the efflux-pumps (Blair et al., 2014; (Sun et al., 

2014; Blanco et al., 2016). Another clinical challenge is the overexpression of efflux-pumps, as it 

confers resistance to previously relevant antibiotics (Blair et al., 2014). Pseudomonas aeruginosa, 

Salmonella enterica, and E. coli harbor efflux genes. Gram-positive bacteria exports tetracycline 

as they express single polypeptide Tet-pump localized in the cytoplasmic membrane (Admassie, 

2018). Efflux systems confer cross-resistance to other multiple antibiotics and disinfectants. For 

example, macrolide efflux genes (mefA and mefE), multidrug efflux transporter (mexB), and inner-

membrane antibiotic associated efflux gene(AcrB),  for macrolide, quinolone, sulfonamides and 

some β-lactams (Blanco et al., 2016). Mutations in MDR efflux pumps have been described to 

facilitate resistance to last resort antibiotics (Piddock, 2006; Fernando and Kumar, 2013; Vaez et 

al., 2019).  
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Figure 5.2: Mechanisms of action of polymyxin against the bacterial cell membrane (Deris 

et al., 2014; Yu et al., 2015) 

Polymyxin and colistin, are peptide antibiotics with similar functional activities as cationic 

antimicrobial peptides (CAMPs) resident in the host (Joo et al., 2016).  CAMPs interact with LPS 

on the surface of the Gram-negative pathogens by outcompeting divalent metal cation and binding 

to LPS negative charges (Figure 5.2) (Blair et al., 2014; Koch et al., 2015).  This allows the entry 

of the CAMPs across the outer membrane, the peptides and finally insert in the inner membrane 

causing damage to bacterial cell (Srinivas and Rivard, 2017). Polymyxin binds selectively to LPS, 

particularly the lipid A phosphate groups (Yu et al., 2015). Resistance to these antibiotics is very 

rare, but can occur through modification in the lipid A that reduce CAMPs binding (Maldonado et 

al., 2016; Srinivas and Rivard, 2017). Such alterations have been reported for Pseudomonas, 

Klebsiella, Salmonella and newly emerging complex of Enterobacter cloacae from hospitals 

(Pendleton et al., 2013). Alterations in the LPS results from covalent modifications of the lipid A 

moiety with addition of phosphoethanolamine (PEtN) and 4-amino-4-deoxy-L-arabinose sugar (L-

Ara4N) to lipid A phosphates (Figure 5.3)  (Olaitan et al., 2014).  
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Figure 5.3: General targets of last-resort antibiotics and resistance mechanisms (Olaitan et 

al., 2014) 

Lipid A modifications are regulated in most Gram-negative pathogens via sensory genes (Joo et 

al., 2016). For example, PhoP/PhoQ and PrmA/PrmB result in LPS modifications as these proteins 

regulate expression of lipid A modification enzymes (Olaitan et al., 2014). Bacteria use 

PhoP/PhoQ as histidine kinase sensor and DNA-binding response regulator (Joo et al., 2016). 

PrmA/PrmB together work to regulate the role of lipid A modifications in antimicrobial resistance 

(Gunn, 2001; Moual and Gruenheid, 2012). Polymyxin resistance is further compounded by the 

emergence of plasmid-mediated mcr-1 gene, which has spread from China to other parts of the 

world including Africa (Joo et al., 2016; Liu et al., 2016). This gene encodes a novel 

phosphoethanolamine transferase (Liu et al., 2016), and studies have indicated rapid dissemination 

of mcr-1 between carbapenemase-producing Enterobacteriaceae (e.g., E. coli and Klebsiella 

pneumoniae) in hospitals (Olaitan et al., 2014; Liu et al., 2016). The acquisition of mcr-1 may 

contribute to AMR and high-risk of untreatable infections caused by mcr-1-produer bacterial 

populations thriving in hospital environments.  
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5.3 Methods 

5.3.1 Study design and strain collection 

Strains used in this study were collected from AbiMosi Bacterial Culture (ABC©) Library, 

Microbiology and Molecular Biology Lab, Department of Biochemistry, Cell and Molecular 

Biology, University of Ghana. These strains were isolated from fomites and air from selected 

hospitals in Ghana. Majority of the strains selected were very motile, strong biofilm producers, 

extensively resistant to polymyxin B and are multiple antibiotic resistant phenotypes (Table 5.1). 

The experimental approach is described in Figure 5.4. 

Table 5.1: Antimicrobial resistance profiles of selected strains 

Strains MIC of aPmB 

(ug/ml) 

Multiple Antibiotic 

Resistant 

Class of conventional antibiotics 

ENAB1  E.  cloacae complex 1024 b
+ 

cB-Lac, dMac, eSun, fCH, gTE, hAmin, iNitro, 

jQui 

ENAB2 E.  cloacae >1024 + B-Lac, Mac, Sun, CH, TE, Amin, Nitro, Qui 

PGAB1  P. aeruginosa 512 + B-Lac, Mac, Sun, CH, TE, Amin, Nitro, Qui 

PGAB2 Pseudomonas spp. >1024 + B-Lac, Mac, Sun, CH, TE, Amin, Nitro, Qui 

CTAB1  C.  freundii 1024 + B-Lac, Mac, Sun, CH, TE, Amin, Nitro, Qui 

CTAB2 C.  freundii 1024 + B-Lac, Mac, Sun, CH, TE, Amin, Nitro, Qui 

KBAB1 K. pneumoniae  1024 + B-Lac, Mac, Sun, CH, TE, Amin, Nitro, Qui 

KBAB2 K.  oxytoca 1024 + B-Lac, Mac, Sun, CH, TE, Amin, Nitro, Qui 

SRAB1  S.  marscenses 1024 + B-Lac, Mac, Sun, CH, TE, Amin, Nitro, Qui 

SRAB2 S.  marscenses >1024 + B-Lac, Mac, Sun, CH, TE, Amin, Nitro, Qui 

ACNAB1  A.  baumannii 512 + B-Lac, Mac, Sun, CH, TE, Amin, Nitro, Qui 

ACNAB2 A. baumannii 1024 + B-Lac, Mac, Sun, CH, TE, Amin, Nitro, Qui 

ECAB01  E.  coli >1024 + B-Lac, Mac, Sun, CH, TE, Amin, Nitro, Qui 

ECAB02 E.  coli >1024 + B-Lac, Mac, Sun, CH, TE, Amin, Nitro, Qui 

PRMAB1  P.  mirabilis 1024 + B-Lac, Mac, Sun, CH, TE, Amin, Nitro, Qui 

PRMAB2 P.  mirabilis 1024 + B-Lac, Mac, Sun, CH, TE, Amin, Nitro, Qui 

aPmB – Polymyxin B; b+ = Positive for Multiple antibiotic resistance (at least to 2 classes of antibiotics); d β-Lac – β-

Lactam, eMac – Macrolides, fSun – Sulfonamides, gCH – Chloramphenicol, hAmin – Aminoglycosides, iNitro – 

Nitrofurantoin, jQui – Quinolones;  
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Figure 5.4: Flowchart for polymyxin resistance mechanisms; LPS-Lipopolysaccharides, 

SNPs- Single Nucleotides Polymorphism, PmB -Polymyxin B, SDS-PAGE – Sodium Dodecyl 

Sulfate – Pulse Field Acrylamide Gel Electrophoresis, MS – Mass Spectrometry 

 

5.3.2 Bacterial culture and growth conditions 

Bacterial strains used in this study were maintained at -80oC as 50% (v/v) glycerol stocks. Unless 

otherwise indicated, all the strains were cultured at 37oC in LB broth with vigorous shaking at 180 

rpm. For strain recovery growth on media, LB agar was prepared according to the manufacturer’s 

instructions; strains were streak-cultured and incubated at 37ºC. Pure colonies were picked and 

used for all the experiments.  

5.3.3 Calcium adjusted polymyxin B sensitive bioassay 

Calcium adjusted broth dilution polymyxin assay was used to study the response of the selected 

strains at different concentrations of polymyxin. The assay was developed based on the concept 
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that the binding of polymyxin to lipid A displace divalent ions (Ca2+ and Mg2+) responsible for 

stabilizing of the bacteria outer membrane (Falagas and Kasiakou, 2005; Fernández et al., 2013). 

The Mueller-Hinton broth (Oxoid, England) was prepared from the powder and supplemented with 

Ca2+ (20-25 mg/L) according to CLSI guidelines (Koeth et al., 2000; Girardello et al., 2012). The 

experimental PmB assay was made by dissolving Polymyxin B sulfate salt (12,000 μg/ml; Sigma 

Aldrich) in buffer solution (0.2% bovine serum albumin, BSA and 0.01% acetic acids) and was 

filter sterilized. Overnight test bacterial culture was diluted into fresh media and grown to 

logarithmic-phase in double strength MHB (OD600 nm, 0.2 to 0.4). In a Bioscreen special well 

plates, 100 µl of the culture, 100 µl double concentrations of polymyxin (8.0-2048 μg/ml) in the 

presence of 100 µl of calcium ion solution and incubated at 370C with maximum shaking 

continuously for 24 hours in a Bioscreen C automated growth curve analyzer (MTX Lab Systems, 

Vienna, VA, USA). Minimum inhibitory concentration of ≤ 2 μg/ml was determined (S) and ≥ 4 

μg/ml as resistant (R) (CLSI 12th edition).  

5.3.4 Lipopolysaccharide preparation and extraction 

LPS was extracted as previously described with some modifications (Marolda et al., 1990; Su and 

Ding, 2015). Bacterial strains were grown overnight on LB agar plates at 37oC and the colonies 

were harvested from the plate and suspended in sterile 3 ml of Phosphate Buffered Saline (PBS) 

solution. The culture was adjusted to optical density 3.0 (OD600) and 1.5 ml of the bacterial 

suspension was transferred to a micro-centrifuge Epperndorf tube and centrifuged (10, 000 g, 1 

min) to pellet the cells. The pellet was re-suspended in 150μl of lysis buffer (0.5 M Tris HCl, pH 

6.8), 2% sodium dodecyl sulfate (SDS) and 4% β-mercaptoethanol). The mixture was boiled for 

10 min and cooled on ice for 10 min. Ten microlitres of 20 mg/ml solution of proteinase K 

dissolved in 10 mM Tris-HCl buffer (pH 8.0), then, 1 mM CaCl2 and 30% glycerol was added, 
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vortexed and incubated overnight at 600C on a thermo-heat block. After the overnight incubation, 

150μl of 90% phenol solution (90% phenol, 0.1 % β-mercaptoethanol and 0.2% 8-

hydroxyquinloline) was added and incubated at 70oC for 15 min, with intermittent vortexing every 

5 min. The separation of the aqueous and phenolic phases was done by ice-cooling for 10 min, and 

then the top aqueous phase was transferred into a new tube. Five hundred microlitres of ethyl ether 

saturated with 10 mM Tris-HCl (pH 8.0) and 1 mM EDTA was added and vortexed at 14, 000 rpm 

for 1 min. The top ether phase was aspirated, mixed with loading buffer and stored at -20oC.  

5.3.5 SDS-Polyacrylamide Gel Electrophoresis Analysis of LPS  

Tris-Glycine-SDS-PAGE gel was casted at acrylamide concentration of 12.5% for resolving gel 

(5.68 ml of ABA 44:80, 0.35 ml of 10% SDS, 4.73 ml of 1.5 M Tris-HCl pH 8.0 ), 4.2 g of urea, 

4.2 ml of deionized water, 0.035 ml of 10% APS, and 0.025 ml of TEMED, 4.4% for the stacking 

gel (acrylamide: bis-acrylamide ratio 20:1; 0.5 ml ABA 44:0.8, 0.05 ml of 10% SDS, 2.5 ml of 

0.25 M Tris-HCl pH 6.8) 1.83 ml deionized water, 0.05 ml of 10% APS and 0.02 ml of TEMED. 

LPS samples already mixed with protein loading buffer were loaded 1 µl per SDS-PAGE gel well. 

Conditions for gel running were set at 70 V for 30 min and then changed to 150 V for an 

approximate of 2 hours with additional 10 min to allow the 3X loading dye (0.187 M of Tris-HCl 

pH 6.8, 6% SDS, 30% glycerol, 0.03% bromophenol blue and 15% 2-ME) to run-out of the gel.  

5.3.6 Detection of LPS by Silver Staining 

Lipopolysaccharide was detected using a fixing solution (60% methanol and 10% ethanoic acid) 

at 4oC overnight. After overnight fixing, the gels were washed in 200 ml of 7.5% ethanoic acid 

solution for 30 min at room temperature and were rewashed again in 200 ml freshly prepared 0.2% 

(w/v) periodic acid solution for another 30 min. The gels were then washed in Milli-Q water for 

another 1 hour with the water being changed every 15 min, 500 ml at a time. Freshly prepared 
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Silver nitrate solution (0.5 g of Sliver nitrate dissolved in 10 ml of Milli-Q water) was added in 

drops to 190 ml solution of 1.4% sodium hydroxide and 0.7% ammonia, swirling the solution after 

each drop.  Then, the gels were soaked in the prepared Silver staining solution and strictly left for 

15 min and further washed for 1 hour with 500 ml Milli-Q water, replacing it every 15 min. Then 

the gels were further developed in 200 ml of 1.25% sodium carbonate solution with 36 µl of 36% 

formaldehyde. Gels were photographed after they fully developed and stored in 300-500 ml of 

Milli-Q water or 50 mM EDTA to prevent overdeveloping.   

5.3.7 LPS Hydrolyses and Mass Spectrometry (MS) Analysis of Lipid A 

Lipid A component of the LPS was further confirmed using MS analysis as previously described 

(Hamidi et al., 2005). Isobutyric acid and ammonium hydroxide extraction method was used 

(Hamidi et al., 2005). Briefly, overnight bacterial culture was normalized to desired optical density 

(1.0-1.2 OD600). The bacteria cells (pellets at 4000 rpm, 20 min) was washed (2-3 times) with equal 

volume of PB (1.15 g/L di-sodium hydrogen and 0.2 g/L potassium di-hydrogen orthophosphate 

VWR™) and centrifuged (4000 rpm, 20 min). The bacterial cells were then washed twice with 

400 µl fresh, single-phase chloroform-methanol (1:2 v/v) and with 400 µl of chloroform: methanol: 

water mixture (3:2:0.25, v/v); centrifugation was used to recover the pellets (2000xg, 15 min). The 

recovered freshly washed cells were treated with 400 µl of isobutyric acid: 1 M ammonium 

hydroxide (5:3, v/v), thoroughly vortex and place on thermo-heat block in a screw-cap tube 

(1000C, 2 hours). Intermittently, the sample was vortex every 15 min to cleave the KDO 

(Ketodeoxyoctonate) to release lipid A. Then, the samples were cooled on ice (15 min); 400 µl of 

the recovered supernatant by centrifugation (2000xg, 15 min) was diluted with 400 µl (1:1) 

deionized water and lyophilized overnight. The lyophilized powder was washed twice with 400 µl 

(100% methanol) and centrifuged (2000xg, 15 min). About 100 µl mixture of chloroform: 
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methanol: water (3:1.5:0.25, v/v) was used to solubilized the insoluble lipid A for 4 hours at room 

temperature. Twenty microliters of the lipid A suspension were desalted with a few grains of 

Dowex® and the mixture centrifuged (13000, rpm, 1 min). Matrix dyes (2, 5-Dihydroxybenzoic 

acid in 100 mM citric and acetonitrile: 0.1% trifluoroacetic acids), vortex vigorously and matrices 

centrifuged (13000, rpm, 5 min). One microliter of the lipid A was spotted on the polished sheet 

target plate, allowed to dry, and then an equal volume of matrix was added and air-dried (15-20 

min). Mass Spectrometry analysis was performed with negative ion matrix-assisted laser 

desorption ionization time of flight (MALDI-TOF) (Autoflex Speed, Bruker). Autoflex speed 

analyzer was used for spectra generation and FlexAnalysis (version 3.0), Graphad 6.0, was used 

to process the spectra and mass spectroscopy was used to analyze the lipid A structures. The 

negative spectra were scanned between 1200 to 2400 m/z ratio.             

5.3.8 Preparation of Genomic DNA and PCR Amplification of resistant markers 

Genomic chromosomal DNA of the selected strains was recovered using a commercially available 

column-based kit (QIAGEN, Hilden, Germany) according to manufacturer’s instructions. The 

sensory and two-component regulatory system genes, phoQ, phoP, prmA and prmB were amplified 

with specific oligonucleotide primers (Figure 1: Appendix IVA). Primers were also designed for 

detection of other resistant markers which include quinolone, macrolide, carbapenems, β-lactams, 

methicillin aminoglycosides, fluoroquinolones, penicillins, chloramphenicol, sulfonamides and 

cephalosporins,  (mefA, qnrA, mefE, blaCTX, blaKPC, ermB, gyrA, gyrB, TetA, mecA, ampC, and 

qnrB) implicated in resistance (Figure 5.5).  
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Figure 5.5: Flowchart for detection of resistance markers 

 

 

 

 

 

 

 

University of Ghana http://ugspace.ug.edu.gh



98 
 

5.4 Results 

5.4.1 Calcium-adjusted assay in resistance mechanism 

The effects of calcium on the polymyxin-resistant bacterial strains ability to show sensitivity or 

maintained resistance to polymyxin B using the CLSI guidelines was tested (Koeth et al., 2000; 

Girardello et al., 2012; Sahalan et al., 2013). Responses of the strains in the presence of calcium 

varies, as some showed some levels of sensitivity at the initial incubation time, but later expressed 

some significant level of resistance. For the first 4 hours of incubation, species of Enterobacter in 

the presence of calcium was sensitive, but started building resistance at 5th hour and maintained it 

increasingly for 24 hours. This trend was also observed in species of Klebsiella KBAB1, 

Acinetobacter ACNAB2, Serratia SRAB1, Citrobacter CTAB1 and Pseudomonas PGAB2 (Figure 

5.6). There is possibility that the polymyxin-resistant abilities of the strains were compromised 

within the first few hours of contact with the supplemented calcium, but later expressed some 

resistance mechanisms. Species of Proteus, Pseudomonas (PGAB1), Citrobacter (CTAB2), 

Acinetobacter (ACNAB1) and Klebsiella (KBAB2) maintained resistance irrespective of calcium. 

Contrary to what has been described in previous modeled studies, it was observed that extreme 

resistance to polymyxin after few hours of sensitivity might signify strains displaying some 

mechanisms of resistance.  

5.4.2 Detection of resistance markers as basis for resistance mechanisms 

Mechanisms of bacterial resistance to conventional antibiotics have been based on resistant genes 

they harbored. In this study, different resistant markers in the selected strains tested were detected. 
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Figure: 5.6: Polymyxin B AMR mechanisms profile of strains with Calcium adjusted sensitive assay 
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With regards to the selected antibiotics, the following resistant markers in the strains: β-lactamase 

(blaCTX), macrolide efflux (mefA and mef E), methicillin (mecA), erythromycin (ermB) quinolone 

(qnrA and qnrB), tetracycline (tetA), aminoglycoside, DNA gyrase (gyrA and gyrB) and 

carbapenamase (KPC) were detected (Table 5.2 and Appendix IVA). This study shows that the 

mechanisms of resistance exhibited by the selected strains are diverse and the detected resistant 

markers are key players in their extensive antibiotic resistance as observed in this study. 

Table 5.2: Detection of resistant markers in selected strains 

S No Code  Strains Resistant Markers 

1 ENAB1  E. cloacae complex qnrA gyrA blaCTX, mefE, 

2 ENAB2 E.  cloacae mefA, qnrA, blaCTX, 

3 PGAB1  P.  aeruginosa qnrA, tetA, qnrB 

4 PGAB2 Pseudomonas spp qnrA, ermB, qnrB 

5 CTAB1  C.  freundii blaCTX, ampC, mefE 

6 CTAB2 C.  freundii gyrA, blaCTX 

7 KBAB1 K.  pneumoniae  mefA, blaKPC, blaCTX, 

8 KBAB2 K.  oxytoca ermB, blaCTX 

9 SRAB1  S.  marscenses ampC, gyrA, mefE 

10 SRAB2 S.  marscenses qnrA, ermB, mefE 

11 ACNAB1  A.  baumannii gyrB, blaCTX 

12 ACNAB2 A. baumannii blaCTX, mefA 

13 ECAB01  E. coli gyrB, gyrA, blaCTX 

14 ECAB02 E. coli tetA, blaCTX 

15 PRMAB1  P. mirabilis gyrB, gyrA, blaCTX 

16 PRMAB2 P. mirabilis ermB, blaCTX 

17 STAB1 S.  aureus mecA, ermB 
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5.4.3 LPS profiling and LPS-modifying genes 

The surface membrane localized LPS in most Gram-negative bacteria is the key virulent factor 

and it easily interacts with polymyxin (cationic AMP). Modification in LPS is the main factor 

responsible for resistance. LPS of the selected polymyxin resistant bacterial strains were profiled. 

Lipid A and O-antigen, the main components of LPS were detected in more than 95% percent of 

the strains by SDS-PAGE (Figure 5.7).  

 

 

Figure 5.7: Glycine SDS-PAGE (12.5%) LPS profile of strains showing O-Antigen and LPS 

core a) ENAB1, PGAB1, CTAB1, KBAB1, SRAB1, ACNAB1, PRMAB1; b) CTAB2, PGAB2, 

SRAB2, ACNAB2, KBAB2, PRMAB2, ENAB2  

a. 

b. 
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The Lipid A component was further ascertained using the MS analysis. The generated mass spectra 

corresponding to the respective lipid A of the tested strains was detected. Spectra with peaks and 

intensity compatible with Enterobacter, Klebsiella, Citrobacter, E coli were identified. While 

majority of the spectra correlates with spectra of some already profiled Gram-negative bacterial 

strains, others were different (Table 5.3). This indicated a possible follow-up on the uniqueness 

of these strains, especially as environmental bacteria. As observed in this study, the strains have 

different structural analogues. Based on their dominant ion peaks, Serratia marscenses has two 

unique lipid A structures at m/z 1825 and m/z 1850, two structures at m/z 1824 and m/z 1850 for 

Proteus mirabilis, m/z 1797 peaks for Klebsiella oxytoca lipid A structure, E. coli at m/z 1388 

lipid A structure, m/z 1850 and m/z 1824 lipid A structures for Enterobacter cloacae and m/z 1797 

lipid A structure for Citrobacter freundii. Some strains of Serratia marscenses, Proteus mirabilis 

and Enterobacter cloacae are hexa-acylated, bis-phosphorylated lipid A structures containing four 

C14:0 3-OH and two C14:0. The peaks characterizing diphosphryl lipid A structures of some other 

strains of Serratia, Enterobacter, Citrobacter, Proteus and Klebsiella oxytoca contains four C14 

3-OH, one C14:0 and one C16:0, a deviation from the conventional lipid A. Uniquely different, 

the peak characterizing E. coli corresponds to tetra-acyl diphosphoryl lipid A structure containing 

three C14:0 3-OH and one C14:0 (Figure 5.8 a-f). The lipid A structures appears unmodified, 

variation in the number of carbons as displayed by the strains play some roles in the resistance 

observed in this study. This defines strain unique Lipid A identity and we are reporting them in 

association with bacteria from Ghanaian hospital for the first time.  
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Table 5.3: Ion peaks observed from MALDI-TOF MS analysis of lipid A of the selected 

polymyxin resistant strains and proposed structure (fatty acid and phosphate) 

 

Peaks (m/z) Proposed Structure Bacterial Strain 

1824 Hexa-acyl (4x C14:0(3-OH), 2x C14:0), 2P S.  marscenses (SRAB2) 

1850 
Hexa-acyl (4x C14:0(3-OH), 1x C14:0, 1x 

C16:0), 2P 
S.  marscenses (SRAB2) 

1824 Hexa-acyl (4x C14:0(3-OH), 2x C14:0), 2P P.  mirabilis (PRMAB1) 

1850 
Hexa-acyl (4x C14:0(3-OH), 1x C14:0, 1x 

C16:0), 2P 
P.  mirabilis (PRMAB1) 

1797 
Hexa-acyl (4x C14:0(3-OH), 1x C14:0, 1x 

C12:0), 2P 
K.  oxytoca (KBAB2) 

1388 Tetra-acyl (3x C14:0(3-OH), 1x C14:0), 2P E. coli (ECAB1) 

1825 Hexa-acyl (4x C14:0(3-OH), 2x C14:0), 2P E.  cloacae (ENAB1/2) 

1797 
Hexa-acyl (4x C14:0(3-OH), 1x C14:0, 1x 

C12:0), 2P 
C.  freundii (CTAB2) 

1850 
Hexa-acyl (4x C14:0(3-OH), 1x C14:0, 1x 

C16:0), 2P 
E.  cloacae (ENAB1) 

Peaks (m/z) = mass to charge ratio determining the ions peak and possible structure of the LPS of the identified 

strains 
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Figure 5.8a: MALDI-TOF MS analysis of lipid A of Serratia marscenses SRAB2 (ion peaks, 1824, 1850) and proposed 

structures  
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Figure 5.8b: MALDI-TOF MS analysis of lipid A of Proteus mirabilis PRMAB2 (ion peaks, 1824, 1850) and proposed 

structures  
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Figure 5.8c: MALDI-TOF MS analysis of lipid A of Proteus mirabilis ENAB1/2 (ion peak, 1825) and proposed structure  
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Figure 5.8d: MALDI-TOF MS analysis of lipid A of Klebsiella oxytoca KBAB2 (ion peak, 1797) and proposed structure  
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Figure 5.8e: MALDI-TOF MS analysis of lipid A of Citrobacter freundii CTAB2 (ion peak, 1797) and proposed structure  
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Figure 5.8f: MALDI-TOF MS analysis of lipid A of E. coli ECAB1 (ion peak, 1388) and proposed structure
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LPS-modifying genes that have been implicated in resistance to polymyxin using specific primers 

listed on Table 1 in Appendix IVB were further screened. The detected LPS-modifying genes are 

listed on Table 5.4. Out of the sixteen selected, prmA was detected in fifteen and eleven of the 

strains harbored prmB, phoP and phoQ respectively (Figure 5.9). Detection of the most important 

part of LPS (lipid A) and the LPS-modifying genes are the possible drivers of extreme resistance 

to polymyxin as observed in this study.    

 

 

 

 

 

 

 

 

Figure 5.9: PCR detection of LPS-Modifying gene in selected strains (1-15), M (100 bp 

molecular marker, P/N (Positive/Negative controls); (a.) prmA 500 bp, (b.) prmB 400 bp, (c.) 

phoP 500 bp, (d.) phoQ 450 bp (1 – ENAB1, 2 – ENAB2, 3 – KBAB1, 4 – KBAB2, 5 – PGAB1, 6 - PGAB2, 

7 – CTAB1, 8 – CTAB2, 9 – SRAB1, 10 – SRAB2, 11 – PRMAB1, 12 – PRMAB2, 13 – ACNAB1, 14 – ACNAB2, 

15 ECCO1) 

 

 

a. 

 

b. 

 

c. 

 

d. 
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Table 5.4: Summary of LPS profiling and Detection of LPS-modifying Genes 

 

 

Strains 

LPS LPS-Modifying Genes 

O-Antigen LPS 

Core 

phoP phoQ prmA prmB 

E. cloacae complex a+ + + + + + 

E. cloacae  + + + + + + 

K. pneumoniae + + + + + + 

K. oxytoca + + + + + + 

Acinetobacter spp. (ACNAB1/2) + + ND ND + ND 

C. freundii (CTAB2) + + + + + + 

P. mirabilis (PRMAB1/2) + + + + + + 

P. aeruginosa + + + + + + 

Pseudomonas spp. + + + + + + 

S.  marscenses (SRAB1/2) + + + + + + 

E. coli (EC01) ND ND ND ND + ND 

ND – Not detected; a+ = Positive for the specific marker 
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5.5 Discussion 

As pathogenic bacteria are emerging from hospital environment with extreme levels of resistance 

to antibiotics, focusing on Ghana, this present study investigated the possible mechanisms of 

antimicrobial resistance. These strains possibly engaged persistence as approach of resistance 

mechanisms to polymyxin based on their sensitive response to the antibiotic in the first few hours 

of challenge, before they built resistance at an extreme rate. Studies conducted on establishing 

bacterial resistance mechanisms associated with HAIs have indicated antibiotic interception and 

selection of more resistant subpopulation through differential gene expression and epigenetic 

modifications as possible mechanisms of resistance (Depardieu et al., 2007; Adam et al., 200 8; 

Wecke and Mascher, 2011; Motta et al., 2015). In line with this, we posit that these strains adapt 

to polymyxin exposure in the presence of calcium ion and build resistance through tolerance 

thereafter. Other studies have also reported changes in response to polymyxin when assayed with 

calcium supplements (Falagas and Kasiakou, 2005; Conly and Johnston, 2006; Zavascki et al., 

2007; Yu et al., 2015). While this is an indulgent escape of bacteria from cationic antibiotics, it 

might also indicate that displacement of divalent ions as a result of LPS interaction with cationic 

polymyxin may be complementary or not to the resistance of bacteria.   

Species of Klebsiella, Enterobacter, Citrobacter, Acinetobacter, Proteus and Escherichia coli in 

this present study harbors blaCTX and have been associated with resistance to β-lactams, and most 

especially carbapenemes, penicillin and cephalosporin. Studies conducted on clinical bacterial 

isolates have reported that blaCTX enhance antimicrobial resistance (Literacka et al., 2009; 

Moghaddam et al., 2014; Chen et al., 2012). This marker encodes an Extended Spectrum β-

lacatamse (ESBL) gene and it is most times responsible for therapeutic failure (Moghaddam et al., 
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2014; Zhao et al., 2010; Chen et al., 2012). Majority of these strains are ESBL-producers, hence 

the observed resistance in this study.  

Also, strains of Klebsiella pneumonia, Enterobacter cloacae complex, Citrobacter freundii, 

Serratia marscenses and Acinetobacter baumannii can extrude antibiotics from their cells using 

multidrug efflux pumps (mefA and mefE), and more specifically macrolide and quinolones class 

of antibiotics. This mechanism of resistance has been reported in clinical bacterial strains 

accompanied with serious health issues in the ICU (Masi et al., 2005; Pagès et al., 2011). Also, 

efflux genes such as mefA and mefE enable bacteria to survive higher concentrations of antibiotics, 

thus lowering the intracellular concentration of such antibiotics (Blair et al., 2014).     

The mechanisms of resistance exhibited as investigated in this study also include those to 

quinolone with the detection of qnrA and qnrB markers in species of Pseudomonas, Enterobacter 

and Serratia. These genes have been reported in association with resistance in clinically isolated 

S. marscenses (Yang et al., 2014)  and as a causative agent of recurrent infections in implantable 

cardioverter defibrillator (Hawkey and Choy, 2015). Studies reported quinolone-resistant genes as 

factors for extensive hospital-wide spread of multidrug-resistant E. cloacae and P. aeruginosa 

(Hall et al., 2006; Cabot et al., 2012). Although most of these resistant markers facilitating 

resistance have been detected in isolates from patients, the mechanisms of resistance are not 

different from that of multidrug resistant strains resident on fomites and in the air. This study 

presents that resistance mechanisms exhibited is directly linked with resistant markers resident in 

strains, though some of this may be intrinsic as in S. marscenses (Olaitan et al., 2014) and others 

horizontally transferred as in E. coli (Messerer and Fischer, 2017). In this study, DNA-gyrase 

(gyrA and gyrB), ampC and ermB resistant markers as mediators of resistance to ampicillin, 

University of Ghana http://ugspace.ug.edu.gh



114 
 

erythromycin, amoxicillin, ciprofloxacin, ofloxacillin, norfloxacin and gentamicin were detected. 

It is interesting to state that this is similar to what have been previously described and reported, 

particularly in association with HAIs in other parts of Africa, and the world (Okamoto et al., 2002; 

García-fernández et al., 2015; Arjomandzadegan et al., 2016; Ingle et al., 2017; Tadesse et al., 

2018). 

Klebsiella pneumoniae carbapenemase (KPC) detected in this study is a key player in resistance 

of K. pneumoniae and other bacteria like E. coli to β-lactamases. KPC producing bacteria are now 

emerging from hospital environment as highly drug-resistant Gram-negative bacteria causing 

severe hospital infections (Arnold et al., 2012). KPC have been associated with outbreak in the 

northeastern US and since, it has spread to other parts of the world as a key pathogen set for global 

nosocomial dominance (Pitout and Nordmann, 2015). KPC represents an enzyme that possesses 

exceptional antimicrobial resistance mechanisms especially to carbapenem, cephalosporins and 

penicillins (Paterson and Bonomo, 2005; Pitout and Nordmann, 2015). KPC is major drivers of 

resistance in hospital associated bacterial strains as observed in this study. The detection of tetA 

gene in E. coli in this study indicated a known antimicrobial resistance mechanism to broad-

spectrum tetracycline. Studies in other parts of Africa have associated this resistant marker with 

multidrug-resistant E. coli mostly in clinical samples as compared to fomites and air in this study 

(Zhang et al., 2010; Olowe et al., 2013). We also report the occurrence of methicillin resistance 

gene (mecA) in S. aureus, as this indicated a mechanism of resistance that has been globally 

reported (Wielders et al., 2002;  Zhang et al., 2010). 

Profiling of LPS, lipid A and O-antigen of the selected strains play significant role during infection 

in resistance to host antimicrobial peptides and some other immune factors (Gunn, 2001; 

Rosenfeld and Shai, 2006). In particular, lipid A profiling showed different unique signatures and 
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peaks. This is a possible pointer to novel signature that can possibly provide information on the 

extreme resistance of the strains to polymyxin as reported in this study. The structural differences 

in the lipid A moieties reported in this study are possible pointers to mechanisms of resistance 

exhibited by these strains. For the first time from Ghanaian hospital environmental strains, 

differences in structural analogue of lipid A were reported. It is interesting to also mention that 

unique structural differences were detected in lipid A of not commonly reported strains in 

association with fomites and air from the hospital. Citrobacter, Serratia, E. coli, Proteus, 

Klebsiella and the newly emerging Enterobacter strains have unique lipid A structures. Structural 

differences in the same species of Enterobacter strains with respect to the number of attached 

carbon and peak of ionization was observed, though the lipid A may be functionally different but 

they both play some special roles in AMR mechanisms. Some of the strains share similar structural 

differences; indicating that the resistance mechanisms are unique to each strain. Most of the lipid 

A structures analyzed in this study are different from the conventional lipid due to minor deviation 

with respect to the number of hydroxyl and carbon. It is also good to note that the structural 

differences do not correspond to the already established extra lipid modifications, for instance the 

addition of L-arabinose and ethnolamine to the left/right acyl chains of lipid A. Detection of these 

peaks could potentially be used to define the resistance mechanisms presented by the polymyxin 

resistant bacterial strains.      

Also, the random detection of previously described and reported LPS-associated modifying genes, 

prmA, prmB, phoP and phoQ in the extensively resistant polymyxin strains in this study indicated 

other potential resistance mechanisms. The roles of these genes in resistance have been described 

(Hoare, 2011; Yu et al., 2015; Maldonado et al., 2016) and more specifically as they influence 

modifications in LPS (Schnaitman and Klenat, 1993; Zavascki et al., 2007; Deris et al., 2014). In 
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this study, specific possible modifications caused by these LPS modifying genes were not 

identified, but our findings was based on other studies that have reported their association with 

bacteria isolated from hospital in-patients especially in Pseudomonas aeruginosa, Burkholderia 

cepacia and Klebsiella pneumoniae (Olaitan et al., 2014; Khodai-kalaki et al., 2015; Maldonado 

et al., 2016; Liu et al., 2017). Studies have also reported possible modifications in LPS with 

characterization of polymyxin genome and resistome of Pseudomonas aeruginosa and 

Burkholderia cepacia (Fernández et al., 2013; Zhang et al., 2000; Bengoechea et al., 2019).  

The data generated in this study serves as pointers and relevant background to the likely resistance 

mechanisms that is obtainable in Gram-negative bacteria from Ghanaian hospitals, as the presence 

of the resistant genes agree with already characterized resistance mechanism.  Future studies and 

further characterizations of the detected LPS-modifying genes would provide other specific 

information on the mechanisms of resistance expressed. 

 

 

 

 

 

 

 

University of Ghana http://ugspace.ug.edu.gh



117 
 

 

 

 

 

 

 

 

 

CHAPTER 6  
General Conclusions and Future Directions  
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6.0 General conclusions 

The overall focus of this doctoral research was to characterize bacterial strains isolated from 

fomites and air in selected Ghanaian hospitals and more specifically, to identify these bacteria and 

establish their antimicrobial and pathogenic profiles. This is very important since there is little 

information in Ghana about the state of bacterial contamination in the hospital environment and 

its relevance for HAIs.  

Three hypotheses were addressed 1.) Ghanaian hospitals are dominated by ‘diverse pathogenic 

and virulent bacterial strains’ 2.) These bacterial strains are ‘extensively resistant’ to common 

and last resort antibiotics 3.) Unique ‘resistant signatures’ are drivers of their resistance 

mechanisms.  

In Chapter 2, the study demonstrated that Hospital environments in Ghana are dominated 

with diverse bacteria 

The data shows that hospital environments in Ghana serve as a hub for Gram-negative and Gram-

positive bacteria of pathogenic relevance. These bacteria are resident on fomites and are also 

dispersed in the air, mostly in the ICU, NICU, surgical ward, waiting rooms, maternity departments 

and other sensitive locations within the hospital. This is somehow worrying as fomites like 

door/toilet handles, waste-bins, faucets, sinks, table/chairs and beddings are daily and consistently 

engaged and play special roles in infection transmission. This comes with serious concerns 

especially in the ICU and NICU as most of the in-patients are immunosuppressed and are 

vulnerable to infections. Isolation and identification of especially Gram-negative bacteria, most of 

which are opportunistic pathogens poses a potential risk to immunocompromised patients in the 

hospitals. This is accompanied by the isolation of similar bacteria in the air environment. On the 
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basis of our findings, Ghanaian hospital houses a mixture of common and also other bacteria that 

are not commonly reported. It was also observed that strains recovered from fomites and air in 

Ghanaian hospitals is motile and produces biofilms. These are two specific phenotypic properties 

of potential pathogens especially biofilm-producing bacteria have been associated with increased 

resistance to antibiotics and thereby cause infections that are difficult to treat.     

Chapter 3 shows that bacterial strains from Ghanaian hospitals are extensively multidrug 

resistant 

Multidrug resistance was noticed in the ESKAPE pathogen and also other not commonly reported 

strains in hospital environments.  Remarkably, these strains were highly resistant to the last-option 

of antibiotic treatments, carbapenems and polymyxin. This means that hospital users in Ghana 

might be exposed to a growing burden of untreatable infections if appropriate interventions to cut 

transmission are not implemented. 

The clinical relevance of heteroresistance is still been understudied, but there are indications that 

they contribute largely to therapeutic failures. Besides, they can respond differently to the same 

antibiotic under the same conditions. They have also been qualified as more resistant 

subpopulation of bacteria that results from antibiotic selection pressure, thus leading to overall 

resistant state of the general population of bacteria. While it is known that they slow infection 

healing process in the ICU, they can also differentially express different phenotypic traits to 

frustrate antibiotic effectiveness. The bacterial strains in this study were identified as 

heteroresistant phenotypes, this may account for the extreme level of resistance observed.  
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Chapter 4 reveals that the strains are highly virulent and display resistance to antimicrobial 

peptides in vivo 

The Galleria mellonella Infection (GMI) model was employed to establish the virulent nature of 

the modeled bacteria strains in this study. These strains showed unusual level of virulence at lower 

concentration (MOI = 10 cells/larvae) in Galleria. Majority of the strains showed 100% mortality 

rate in Galleria in less than 24 hours. By implication, it means that the strains are extensively 

resistant to antimicrobial peptides, which is a major component of the innate immune system as 

expressed by Galleria. This indicated that, the tendency is higher that these bacteria might show 

almost the same level of virulence in human, as the immune system in Galleria is similar to that 

of human and at the same time, they produce almost equal amount of antimicrobial peptides.  

In Chapter 5, the data shows that the model bacteria express diverse resistance mechanisms 

It was confirmed that bacteria harbor different resistant markers to facilitate their resistance to 

antibiotics. From efflux pumps to extrude antibiotics from their cells, to production of β-lactamases 

and DNA-gyrases to inactivate the activities of antibiotics as enzymes, to fluoroquinolone, 

macrolide, tetracycline and methicillin resistant genes, to genes inhibiting the activities of the 

antibiotics from damaging their cell walls and protein synthesis, to sensory genes that can capture 

or intercept antibiotic activities, to LPS-modifying genes as basis of bacterial resistance to 

polymyxin and colistin. For the first time, different lipid A structural modifications from bacteria 

associated with hospital fomites and air in Ghana were reported. These modifications are potential 

resistant mechanisms that the bacteria employed in crippling antibiotic effectiveness. These 

bacterial strains, if by any means implicated in any infection associated with hospitals in Ghana, 

they are capable of expressing multidrug resistance to mechanisms. By implication, it means they 
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will engage diverse strategies to display resistance to any form of antibiotics, even when two or 

more than one classes of antibiotics are combined for treatment purpose.       

6.1 Future directions 

6.1.1 Whole Genome Sequencing to uncover other resistance mechanisms 

The data generated in this study has provided relevant information on the likely resistance 

mechanisms that is obtainable in bacteria from Ghanaian hospitals. However, further studies, and 

more specifically, the characterization of the detected resistant markers and LPS-modifying genes 

would help identify possible mutations in the genome of these bacteria that might explain more 

the mechanisms of resistance. Further characterization of the lipid A with NMR will further 

provide insights into the roles they play in bacterial resistance to Polymyxin B. Whole genomic 

information would confirm other possible bacterial approaches to resistance.  

6.1.2 RNA Sequencing to uncover mechanisms of heteroresistance 

Analysis of the bacterial RNA through sequencing would be a good follow-up on the acquired 

genome information. This will not only uncover regulatory markers mediating resistance, but also 

genetic expressions of these markers in association with resistance and heteroresistance.  

6.1.3 Identification of other virulent markers 

In this study, it was observed and established that other virulent factors are in association with LPS 

as possible key players in GMI model in vivo virulence studies. This can be further understood 

using human macrophages or animal model.  

6.1.4 Comparing environmental with clinical bacterial strains 

Though, the focus of this present study was to characterize bacterial strains in hospital 

environments, a follow-up project on analyzing clinical (blood, urine, sputum and nasal) samples 
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from in-patients in the selected hospital environments is ongoing. This will help us to further 

establish the environment-human transmission interplay (and vice versa) of infectious bacterial 

strains.  

6.1.5 Phage-therapeutic approach  

It would also be interesting to devise means on how to handle bacterial resistance within 

environments, and also control their spread to the community. In an attempt to achieve this, phage-

therapeutic approach to killing these bugs have been initiated. Further, collaborations on how to 

develop other antibiotic sensitive assays is ongoing; of such is to engage pentamidine to first 

sensitize these strains before antibiotic challenge. 

6.1.6 Public health measures and finding a lasting solution to AMR in Ghanaian hospital 

This study was approved by Ghana Health Service (GHS) (GHS-ERC01/02/17); there would be a 

need to team-up with this agency on how the practicality of our findings can be incorporated into 

public health orientations program. A different approach to the use of hospital, and its facilities 

would go a long way in subverting infections. Proper disinfection practice especially of medical 

handy tools and equipment should be made a priority. Bacteria resistant gloves, if possible, will 

minimize the spread of infectious agents. Basic hygiene, particularly hand hygiene through 

consistent washing should be intensified, encouraged and recommended to all hospital users. 

Inappropriate prescription of antibiotics should be discouraged; prevention over treatment should 

be a priority (Figure 6.1a). In Ghana, the use of antibiotics is still not properly regulated and they 

are available over the counter without a prescription. Indoor air quality monitoring is a necessity 

in most of our hospitals, as this will provides information on infectious agents, endotoxins and 

pollutants in circulation. Periodic surveillance (Figure 6.1b) of diverse bacteria and consistent 
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determination of their antimicrobial profiles is encouraged, as this will uncover emerging bacteria 

and their response to new and old antibiotics.  

 

6.2 Study Limitations 

This study has presented a concise account of the presence of multiple-antibiotic resistant and 

potential high-risk pathogens in some Ghanaian hospital environments. However, these findings 

demonstrate a need for further studies as indicated in section 6 to understand the full scope of this 

problem in Ghana. As noted, data from three hospitals representing three regions of Ghana is 

presented in this study, there is a need to sample more hospital across Ghana to further confirm 

the prevalence of these potential bacterial pathogens. While this study confirms that there might 

be more bacterial strains than what has been reported from some Ghanaian hospitals; however, 

there is a need for more sensitive bacterial resistance surveillance and profiling, which would be 

complementary to the robust methods used in the present study. There is limited local data from 

Ghana on bacteria circulating in Ghanaian hospital air and those resident on fomites; availability 

of this data would have made the study rationale stronger. One limitation that could facilitate 

further study is the predicted structures of endotoxin represent one of numerous polymyxin B 

resistance possibilities, unfortunately, the proposed structures could not be further confirmed in 

this study.  

  

 

 

University of Ghana http://ugspace.ug.edu.gh



124 
 

           

 

             

 

 

 

 

 

 

 

 

 

 

Figure 6.1: 

Possible recommendations for antibiotic stewardship and strategies to prevent healthcare associated infections 

https://infectionsinsurgery.org/core-elements-of-antibiotic-stewardship/; https://infectionsinsurgery.org/7-strategies-to-prevent-

healthcare-associated-infections/ 

b. 
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GENERAL APPENDIX 

Appendix I 

A. Table 1: Specific Cultural and Morphological Characteristics of Identified Strains 

Category 

Cultural and Morphological Characteristics 

Probable Genus Gram 

Reaction 

Cell 

Shape 

Size Sporulation Opacity Elevation Surface Edge Lactose 

Group A Positive Cocci Large/large 

colony 

Non-spore 

former 

Opaque Convex Smooth Rounded Positive Staphylococcus 

Group B Positive Cocci Small/large 

colony 

Non-spore 

former 

Opaque/ 

Translucent 

Convex Flat/Smooth Rounded/ 

Pointed 

Negative Streptococcus 

Group C Positive Rod Large colony Spore former Translucent Slightly 

convex 

Rough/dry Irregular Negative Bacillus 

Group D Positive Cocci Small/large 

colony 

Non-spore 

former 

Opaque/ 

Translucent 

Slightly 

convex 

Smooth Rounded Positive Enterococcus 

Group E Positive  Large colony Spore former Translucent No elevation 

(flat colonies) 

Flat/Filamentous Rounded Positive Clostridium 

Group F Negative Rod Large Non-spore 

former 
Opaque 

Slightly 

convex 

Flat/mucoid Entire Negative Acinteobacter 

Group G Negative Rod Large Non-spore 

former 

Opaque Convex Curve/filamentous Rounded/ 

Pointed 

Negative Acetobacter 

Group H Negative Rod Large Non-spore 

former 

Opaque Varies Curved undefined Negative Campylobacter 

Group I Negative Rod Large Non-spore 

former 

Opaque Convex Smooth/shiny Rounded/ 

Entire 

Positive Citrobacter 

Group J Negative Rod Large Non-spore 

former 

Opaque Convex Smooth/shiny Rounded/ 

Entire 

Positive Enterobacter 

Group K Negative Rod Small Non-spore 

former 

Translucent Raised Mucoid/smooth Entire Positive Escherichia coli 

Group L Negative Rod Large Non-spore 

former 

Opaque Rounded 

convex 

Shiny/mucoid Undulate Positive Klebsiella 

Group M Negative Rod Small Non-spore 

former 

Transparent Convex Flat/filamentous Irregular Positive Proteus 

Group N Negative Rod Large Non-spore 

former 

Transparent Umbonate Shiny/mucoid Wavy Negative Pseudomonas 

Group X Negative Rod Small Non-spore 

former 

Translucent Convex Smooth Rounded/ 

Entire 

Negative Salmonella 

Group Y Negative Rod Small Non-spore 

former 

Opaque Convex Umbonate Entire Positive Serratia 
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B. Table 2: Biochemical Profiles of Isolated and Identified Strains 

Gram 

Positive 

Urease/

Catalase 

NO3 

Red. 
Citrate Motility Coagulase 

Starch 

hydrolysis 
Methyl Red 

Voges-

Proskeur 
Oxidase Test 

Probable genus 

Group A -/+ + + - + + + + - Staphylococcus 

Group B +/- + V - V + v - v Streptococcus 

Group C -/+ + + + V + + + v Bacillus 

Group D -/- + + - - + + + - Enterococcus 

Group E v/- + V - - + - - - Clostridium 

Gram 

Negative 

Urease/ 

Catalase 

NO3 

Red. 

Citrate Motility Indole H2S 
Methyl Red 

Voges-

Proskeur 

Oxidase Test Probable genus 

Group F v/+ - + v - - - - v Acinetobacter 

Group G +/+ + - v - - + - - Acetobacter 

Group H +/+ + - + + - + - + Campylobacter 

Group I -/+ + + + + + + - - Citrobacter 

Group J +/+ + + + + - - + - Enterobacter 

Group K -/+ + - + V - + - - Escherichia coli 

Group L +/+ + + v - - v - - Klebsiella 

Group M +/+ + V + - + - - - Proteus 

Group N -/+ - + + V V - - + Pseudomonas 

Group X -/+ + + + - + - - - Salmonella 

Group Y -/+ V + + V - v + v Serratia 
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C. Table 3: Carbohydrate Fermentation Profiles of Isolated and Identified Strains 

Category Glucose Mannose Fructose Maltose Galactose Arabinose Xylose Sucrose Sorbitol Probable genus 

C G C G C G C G C G C G C G C G C G 

Group A + A + A + A + A +/- A + A + A + A V A Staphylococcus 

Group B + A + A + - - - - - + A + - + A + + Streptococcus 

Group C + A + A + A + A V v + A - A + A + A Bacillus 

Group D + A - - + + + + - - - - - - + V + A Enterococcus 

Group E + A - - + + + + - - - - - - v V - - Clostridium 

Group F + A + A - - v V + A V V + A - - + v Acinetobacter 

Group G + A - - + A + A V v - - + A + A - - Acetobacter 

Group H + A - - + + + + + A - - - - + A - - Campylobacter 

Group I + A + V + A + A - - + A - - + A- V v Citrobacter 

Group J + A + A + A + A + v + A + A + A - - Enterobacter 

Group K + A + A + A + A + A + A + A + A - - Escherichia coli 

Group L + A V V + A v A + A V A + A v A V v Klebsiella 

Group M - - V V + A + A - - + A + A + A + v Proteus 

Group N + A + A - - + A + A   + A - - + A Pseudomonas 

Group X + A + A + A + A + A + A - - - - V v Salmonella 

Group Y + A + A + A + A + A + A + A + A + A Serratia 
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D. Table 4: Diversity of bacterial strains from Indoor and Outdoor air of hospital environment 

 

 

Sample 

location 

Indoor Air Outdoor Air 

 

Temp 0C 

(Indoor/Outdoor) 

No/samples 

collected 

No/strains 

identified CR(CFUm-3) Strains identified 

No/samples 

collected 

No/strains 

identified CR(CFUm-3) Strains identified 

NICU 15 32 7 13 

Location A 

Location B 

Location C 

7 

5 

3 

12 

11 

9 

3.9x102 

2.1x102 

1.8x102 

σBacillus spp., Streptococcus 

pneumoniae, Enterococcus 

faceium, Staphylococcus aureus, 

Pseudomonas aeruginosa, 

Citrobacter freundii, Klebsiella 

pneumoniae, E. coli 

4 

3 

- 

8 

5 

- 

2.6x102 

2.1x102 

- 

σBacillus spp., 

Escherichia coli 

Streptococcus 

pneumoniae 

Enterococcus faecium 

Staphylococcus aureus, 

Pseudomonas. 

aeruginosa, Acetobacter 

aceti 

25Indoor/37outdoor 

27 Indoor/32outdoor 

25-32Indoor 

   
       

ICU 22 53 

 

4.3x102 

2.2x102 

3.0x102 

 

 
σBacillus spp., Streptococcus 

pneumoniae, S. durans, 

Enterococcus faecium, 

Staphylococcus aureus, 

Pseudomonas aeruginosa, 

Citrobacter freundii, Enterobacter 

aerogenes, Klebsiella pneumoniae, 

Proteus mirabilis, Escherichia coli, 

Clostridium perferinges 

11 16 

 

1.3x102 

2.7x102 

2.9x102 

 

 
σBacillus spp., 

Escherichia coli 

Streptococcus 

pneumoniae 

Enterococcus faecium, 

Staphylococcus aureus, 

Pseudomonas 

aeruginosa, 

 

25 outdoor/41outdoor 

27 Indoor/35outdoor 

28Indoor/30outdoor 

Location A 

Location B 

Location C 

11 

5 

6 

24 

16 

13 

2 

3 

6 

4 

6 

6 

          

Surgical 

Room 

4 9 1.8x102 B. cereus, B. subtilis, E. faecalis, E. 

coli, S. aureus, P. aeruginosa 

- - -  18-20Indoor 

Waiting 

Room 

7 10 2.8x102 B. subtilis, E. coli, S. aureus, P. 

aeruginosa, 

- - -  25-27Indoor 

Maternity 

Department 
5 11 2.5x102 

B. subtilis, E. faecalis, E. coli, S. 

aureus, P. aeruginosa S. 

pneumoniae 

- - - 
 25-28Indoor 

σBacillus spp: cereus, subtilis, thuringiensis, atrophaeus, manliponensis, abyssalis; p < 0.05 (Samples relative to the strains identified)   
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E. Table 5: Diversity of bacterial strains from hospital fomites 

Location Fomites No/samples 

collected 

No/strains 

identified 
CR(CFUm-3) Strains Identified 

NICU 
 

 

 

Faucet 

47* 93 

 

Location A 
24* 52 

2 

 

9 

 

3.2x102 

 

Bacillus cereus, Streptococcus pneumoniae, Staphylococcus aureus, Pseudomonas aeruginosa, 

Citrobacter freundii, Enterobacter cloacae, Klebsiella oxytoca, E. coli 

Tablets 1 4 1.8x102 B. subtilis, B. cereus, E. coli, S. aureus, P. aeruginosa 

Room Handles 2 11 3.9x102  

Bacillus cereus, Streptococcus pyogenes, S. entericus, Enterococcus faecalis, Staphylococcus 

aureus, Pseudomonas aeruginosa, Citrobacter freundii, Enterobacter cowanii, E. cloacae, E. 

taylore, Klebsiella oxytoca, Proteus mirabilis, E. coli, Salmonella enterica 
Toilets 

i.) Seats 

ii.) Sinks 

iii.) Handles 

9 

 

12 

 

4.1x102 

 

 

Sinks 2 4 2.1x102 B. cereus, B. subtilis, E. faecalis, E. coli, S. aureus, P. aeruginosa, Citrobacter freundii, 

Beddings 2 7 1.3x102 B. subtilis, E. faecalis, E. coli, S. aureus, P. aeruginosa, Citrobacter freundii 

Waste-Bin 2 5 1.1x102 B. cereus, E. coli, S. aureus, P. aeruginosa, Acinetobacter baumanni 

Location B 

 

 

Faucet 

23* 44   

 

2 

 

10 
3.2x102 

 

Staphylococcus aureus, Pseudomonas aeruginosa, Citrobacter freundii, Enterobacter cloacae, 

Klebsiella pneumoniae, E. coli 

Tablets 1 4 1.3x102 B. cereus, E. coli, S. aureus, P. aeruginosa 

Room Handles 2 12 4.7x102  

Bacillus cereus, B. subtilis, Streptococcus entericus, Enterococcus faecalis., Staphylococcus 

aureus, Pseudomonas aeruginosa, Citrobacter freundii, Enterobacter spp., Klebsiella pneumoniae, 

K. oxytoca, Proteus mirabilis, E. coli 
Toilets 

i.) Seats 

ii.) Sinks 

iii.) Handles 

8 

 

7 

3.1x102 

 

 

Sinks 2 3 1.0x102 Enterococcus faecium, E. coli, S. aureus, P. aeruginosa, Klebsiella pneumoniae, Citrobacter 

freundii, Salmonella spp. 
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 Beddings 2 5 1.7x102  

B. subtilis, E. faecalis, S. aureus, S. pneumoniae, Citrobacter freundii, E. coli, P. aeruginosa, 

Acinetobacter baumanni Waste-Bin 2 3 1.0x102 

     
 

ICU 
 

72* 137 
 

 

Location A 25* 48 

Faucet 3 

 

9 3.0x102 

 

E. coli, Staphylococcus aureus, Pseudomonas aeruginosa, Citrobacter freundii, Enterobacter 

cloacae, Klebsiella pneumoniae 

Tablets 2 5 1.1x102 Escherichia coli, Bacillus cereus, Staphylococcus aureus, Pseudomonas aeruginosa, 

Room Handles 3 11 4.5x102  

Enterobacter cloacae, E. aerogenes, E. cowanii, E. cloacae complex, Klebsiella pneumoniae, K. 

oxytoca K. variicola, E. coli, Pseudomonas aeruginosa, P. alcaligen, Citrobacter freundii, Serratia 

marcescens, S. marcescens subsp., Proteus mirabilis, P. vulgaris, Acinetobacter baumanni, 

Campylobacter entiritis, Salmonella enterica, Acetobacter aceti, #Bacillus spp., E. faecalis, S. 

aureus 

Toilets 

i.) Seats 

ii.) Sinks 

iii.) Handles 

10 

 

9 

 

3.6x102 

 

 

Sinks 2 6 1.4x102 P. aeruginosa, Enterobacter cloacae, Klebsiella oxytoca, Citrobacter freundii, Enterococcus 

faecium, E. coli, S. aureus, Salmonella enterica 

Beddings 3 5 1.7x102  

Acinetobacter baumanni, Enterobacter cloacae B. subtilis, E. faecalis, S. aureus, S. pneumoniae, 

Citrobacter freundii, E. coli, P. aeruginosa, Waste-Bin 2 3 1.3x102 

Location B 

 

 

 

Faucet 

22* 36   

2 

 

6 2.4x102 

 

Citrobacter freundii, Enterobacter cloacae, Klebsiella pneumoniae, E. coli 

Tablets 2 4 1.0x102 Staphylococcus aureus, Bacillus subtilis, Escherichia coli 

Room Handles 3 9 4.0x102 Enterobacter cloacae, E. aerogenes, E. cloacae complex, Klebsiella pneumoniae, K. oxytoca E. 

coli, Pseudomonas aeruginosa, P. alcaligens, Citrobacter freundii, Serratia marcescens, S. 

marcescens subsp., Proteus mirabilis, Acinetobacter baumanni, Campylobacter enteritis, 

Salmonella enterica, Bacillus cereus, E. faecalis, S. aureus 
Toilets 

i.) Seats 

ii.) Sinks 

iii.) Handles 

9 

 

7 

 

3.8x102 
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Sinks 2 3 1.1x102 Salmonella enterica, P. aeruginosa, Enterobacter cloacae, Citrobacter freundii, Enterococcus 

faecium, E. coli, S. aureus, 

Beddings 2 3 1.1x102 Acinetobacter baumanni, Enterobacter cloacae, B. subtilis, E. faecalis, 

Waste-Bin 2 4 0.9x102 Staphylococcus aureus, S. pneumoniae, Citrobacter freundii, E. coli, S. aureus, P. aeruginosa 

Location C  

Faucet 

27* 53   

3 

 

10 3.4x102 

 

Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, Citrobacter freundii, 

Enterobacter cloacae Klebsiella pneumoniae 

Tablets 2 5 1.0x102 Escherichia coli, Bacillus cereus, Staphylococcus aureus, Pseudomonas aeruginosa, 

Room Handles 3 12 4.2x102  

Enterobacter cloacae, E. aerogenes, E. cowanii, E. cloacae complex, Klebsiella pneumoniae, K. 

oxytoca, K. variicola, E. coli, Pseudomonas aeruginosa, P. alcaligens, Citrobacter freundii, 

Serratia marcescens, S. marscenses subsp., Proteus mirabilis, P. vulgaris, Acinetobacter 

baumanni, Campylobacter enteritis, Salmonella enterica, Acetobacter aceti, Bacillus cereus, B. 

subtilis, E. faecalis, S. aureus 

Toilets 

i.) Seats 

ii.) Sinks 

iii.) Handles 

12 

 

13 

 

4.8x102 

 

 

Sinks 3 6 1.0x102 P. aeruginosa, Enterobacter cloacae, Klebsiella oxytoca, Citrobacter freundii Enterococcus 

faecium, E. coli, S. aureus, Salmonella enterica 

Beddings 2 4 1.3x102  

Citrobacter freundii, E. coli, S. aureus, P. aeruginosa, Acinetobacter baumanni, Enterobacter 

cloacae B. subtilis, E. faecalis, S. pneumoniae, Bacillus cereus Waste-Bin 2 3 1.0x102 

Maternity 

Department 

 

Faucet 

9* 14   

2 4 1.7x102 

 

Escherichia coli, Bacillus cereus, Staphylococcus aureus, Pseudomonas aeruginosa 

Tablets 1 2 1.0x102 Bacillus cereus, Staphylococcus aureus, Escherichia coli, 

 Room Handles 2 5 2.1x102 Acinetobacter baumanni, Enterobacter cloacae B. subtilis, E. faecalis, S. aureus, S. pneumoniae, 

Bacillus cereus, Citrobacter freundii, E. coli, P. aeruginosa, 

Sinks 2 2 0.7x102 Staphylococcus aureus, P. aeruginosa, Klebsiella pneumoniae, Citrobacter freundii, 

 Waste-Bin 2 1 0.9x102 Streptococcus pneumoniae, Bacillus cereus, Staphylococcus aureus, E. coli 

Waiting Room Tablets/chairs 5* 8 2.7x102 Citrobacter freundii, E. coli, S. aureus, P. aeruginosa, B. subtilis, E. faecalis, S. aureus, S. 

pneumoniae 

* - Total samples from the same location pooled together; p < 0.05 (Samples relative to the strains identified)  
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F. Table 6: Bacteria Growth at Different Salinity 

 

Strains 

Growth at different salt concentrations (%) 

25 30 35 40 

ENAB1  1.152 0.960 0.990 1.050 

ENAB2 0.780 0.479 0.516 0.530 

PGAB1  0.853 0.661 0.729 0.712 

PGAB2 0.943 0.645 0.716 0.683 

CTAB1  0.296 0.445 0.315 0.229 

CTAB2 0.836 0.584 0.670 0.565 

KBAB1 0.939 0.583 0.670 0.573 

KBAB2 0.963 0.500 0.219 0.547 

SRAB1  0.739 0.673 0.450 0.333 

SRAB2 0.679 0.713 0.598 0.463 

ACNAB1  1.048 0.797 0.474 0.798 

ACNAB2 0.633 0.523 0.470 0.5227 

ECAB01  0.836 0.584 0.670 0.565 

ECAB02 0.956 0.684 0.670 0.505 

PRMAB1  0.268 0.492 0.651 0.368 

PRMAB2 0.441 0.397 0.234 0.212 

ENTAB1  1.036 0.684 0.470 0.365 

ENTAB2 0.753 0.583 0.882 0.578 

STAB1  0.895 0.524 0.486 0.580 

STAB2 0.268 0.438 0.651 0.213 
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G. SWARM MOTILITY 

 

Figure 1: Advanced swarm motility bacterial phenotypes after 96 hours at 370C 
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H. QUALITATIVE BIOFILM 

 

 

 

 

 

 

 

 

 

Figure 2: Crystal violet biofilm forming assay A – weak biofilm producer strains, B – 

moderate producer, C – strong producer 

B 

C 

A - weak 
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Appendix II 

A. Table 1: Antimicrobial profiles of Gram-negative bacterial strains indicating the zone of inhibitions 

R – Resistance = +, growth (≤5 mm), S – Susceptible = -, growth inhibition (10-25 mm), HR – unclear zone of inhibition, E. coli 

ATCC 3047 (was inhibited by 90% of all the antibiotics) 

 

 

Figure 1: Population Analysis Profiling of Heteroresistance positive strains indicating the difference between highest inhibitory 

concentrations and highest non-inhibitory concentrations as 8-fold or greater 

Antibiotics (ug)  Resistance Profiles (Zone of inhibition, mm) 

ENAB1 ENAB2 KBAB1 KBAB2 PGAB2 PGAB2 CTAB1 CTAB2 SRAB1 SRAB2 PRMAB1 PRMAB2 ACNAB1 ACNAB2 ECAB01 ECAB02 

Flucloxacillin (5) + + + + + + HR
 + + + + + + HR + + 

Erythromycin (5)   +   +   +   +   +   +   +   +   +   +   +   +   +   +   +   + 

Cloxacillin (5)  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 

Ceftriaxone (30)  +  +  +  +  +  +  +  + + + + + + +  +  + 

Cotrimoxazole (25)   +   +   +   +   +   +   +   +   +   +   +   +   +   +   +   + 

Nitrofurantoin (200)  +  +  +  +  +  +  +  +  +  +  HR  +  +  +  +  + 

Chloramphenl (30)   +   +   +   +   HR
   +    +   +  +  +  +  +  +  +   +   + 

Tetracycline (10)   +   +   +   +   +   +   +   +   +   +   +   +   +   +   +   + 

Cefotaxime (10)   +   +   +   +   +   +   +   +  +  +  +  +  +  +   +   + 

Cefuroxime (30)   +   +   +   +   +   +   +   +   HR   +   +   +   +   +   +   + 

Penicillin (15)    +    +    +    +    +    +    +    +   +   +   +   +   +   +    +    + 

Ampicillin (10)    +     HR
     -    +    +     HR

    +    +   +   -   +  HR   +   +    +    + 

Nalidixic Acid (30) +  +  +  +  +  +  + +   +   +   +   +   +   + + + 

Gentamicin (10)  + + + -    HR
 +    HR

  +    +    +    +    +    +    +  +  + 

Ceftazidime (30)   + + + +    + +    +  +    +    +    +    +    HR    HR   +   + 
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Figure 1: Population Analysis Profiling of Heteroresistance positive strains indicating the difference between highest 

inhibitory concentrations and highest non-inhibitory concentrations as 8-fold or greater 

B. POPULATION ANALYSIS PROFILING OF HETERORESISTANCE POSITIVE STRAINS 
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Figure 1: Population Analysis Profiling of Heteroresistance positive strains indicating the difference between highest 

inhibitory concentrations and highest non-inhibitory concentrations as 8-fold or greater 
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Figure 1: Population Analysis Profiling of Heteroresistance positive strains indicating the difference between highest 

inhibitory concentrations and highest non-inhibitory concentrations as 8-fold or greater 
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Figure 1: Population Analysis Profiling of Heteroresistance positive ECAB01/02 strains 

indicating the difference between highest inhibitory concentrations and highest non-

inhibitory concentrations as 8-fold or greater 
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Appendix III 

A. Galleria Mellonella research relevance 

 

Figure 1a: Non-mammalian Galleria mellonella as good alternatives to animal models 
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B. GALLERIA MELLONELLA EXPERIMENTAL SET UP 

 

 

 

Figure 1b: Galleria mellonella experimental set up 
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C. EXTREME VIRULENCE OF STRAINS IN GALLERIA MELLONELLA  

 

Figure 2: Extreme virulence (10 cells/larvae) of selected strains in GMI model system 

relative to PBS and ATCC positive controls 
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APPENDIX IV 

A. REPRESENTATIVE GELS SHOWING SOME OF THE DETECTED RESISTANT MARKERS 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Figure 1: PCR detection of resistance markers, M (Molecular marker), P/N (Positive/Negative controls); (a.) blactx-M (400bp); 

(b) gyrA (400bp, ENAB1 and ENAB2, (500, PGAB1 and PGAB2); (c.) Klebsiella pneumoniae Carbapenemase (blaKPC) (500bp); (d.) 

tetA (350bp)   
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B. Table 1: LIST OF PRIMERS USED IN THIS STUDY 

 

Target genes 

Primer sequences (5’-3’)  

References Forward Reverse 

GyrA AAATCTGCCCGTGTCGTTGGT GCCATACCTACGGCGATACC Kim et al., 2009 

GyrB GAAATGACC CGCCGTAAA ACGACCGATACCACAGCC Kim et al., 2009 

MefA GGGAGATGAAAAGAAGGAGT TAAAATGGCACCGAAAG Daly et al., 2004 

MefE GCTAGTGGATCGTCATGATAGG TTCCCGAAACGGCTAAACTGGT Daly et al., 2004 

ermB GAAAAGGTACTCAACCAAATA ATGAACGGTACTTAAATTGTTTAC Okamoto et al., 2002 

mecA GTGAAGATATACCAAGTGATT ATGCGCTATAGATTGAAAGGAT Ebadi and Ashrafi, 2018 

qnrA TCAGCAAGAGGATTTCTCA GGCAGCACTATTACTCCCA Wang et al., 2003 

qnrB CCTGAGCGGCACTGAATTTAT GTTTGCTGCTCGCCAGTCGA Wang et al., 2012 

ampC AACACACTGATTGCGTCTGAC CTGGGCCTCATCGTCAGTTA Moghaddam et al., 2014 

blaKPC TGTTGCTGAAGGAGTTGGGC ACGACGGCATAGTCATTTGC Mlynarcik et al., 2016 

blaCTX GCTGTTGTTAGGAAGTGTGC CCATTGCCCGAGGTGAAG Shibata et al., 2006 

tetA GGCCTCAATTTCCTGACG AAGCAGGATGTAGCCTGTGC Guillaume et al., 2000 

prmA CATTTCCGCGCACTGTCTGC CAGGTTTCAGTTGCAAACAG Jayol et al., 2015 

prmB ACCTACGCGAAAAGATTGC GATGAGGATAGCGCCCATGC Jayol et al., 2015 

phoP GAGCTTCAGACTACTATCGA GGGAAGATATGCCCAACAG Jayol et al., 2015 

phoQ ATACCCACAGGAGGTCATCA CAGGTGTCTGACAGGGATTA Jayol et al., 2015 
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GENERAL INFORMATION ON THE STUDY 

Galleria mellonella husbandry 

Galleria mellonella is a wax moth of the family Pyralidae and it is found throughout the world. G. 

mellonella laid eggs in the spring with four life stages. Males generate ultrasonic sound pulses, 

alongside pheromones in mating. The larvae of G. mellonella are also often used as a model 

organism in research. 

The stages of Galleria mellonella development takes 6-7 weeks and starts from eggs to caterpillar, 

three larvae stages, pupa and finally adult. 2nd instar larvae is preferred model for research purpose 

as the immune system is better developed here and produce antimicrobial peptides similar to 

human innate immune system. The larvae are also well-suited models for studying the innate 

immune system.  
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Process for Galleria mellonella rearing 

Collect the eggs twice 

a week on a filter 

paper 

Place the eggs in a 

new container with 

food and wax. Cover 

with towel paper and 

the cover 

When the caterpillars 

are in a size that can be 

handled, clean the 

caterpillars to remove 

the webs and cocoons, 

then separate them 

according to size 

Transfer the caterpillars into 

another container with holes in 

the cover and food. Use different 

container for small, medium and 

large caterpillars 

Caterpillars in the last 

larval stage in petri dish 

for the microbiological 

experiment 

Select caterpillars in the 

last larval stage and/or 

pupae and put in clean 

sterile containers 

Cover the top of the 

container with a layer 

of filter paper, cloth 

type voile and the cover 

with holes 

The pupae will 

transforms into moths 

and put eggs in the filter 

paper 
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Clinical Laboratory Standard Institute and EUCAST Guidelines for resistance 

Antimicrobial 

Agent (ug) 

CLSI breakpoint 

µg/mL 

EUCAST breakpoint 

µg/mL 

 

 

Strains  

Susceptible 

≥ (mm) 

 

Resistance 

≤ (mm)  

 

Susceptible 

 

Resistance 
Conventional 

Flucloxacillin (5) 20 5 20 5 Enterobacteriaceae 

Erythromycin (5) 20 5 20 5 

Cloxacillin (5) 20 5 20 5 

Ceftriaxone (30) 20 5 20 5 

Cotrimoxazole (25) 20 5 20 5 

Nitrofuratoin (200) 20 5 20 5 

Chloramphenl (30) 20 5 20 5 

Tetracycline (10) 20 5 20 5 

Cefotaxime (10) 20 5 20 5 

Cefuroxime (30) 20 5 20 5 

Penicillin (15) 20 5 20 5 

Ampicillin (10) 20 5 20 5 

Nalidixic Acid (30) 20 5 20 5 

Gentamicin (10) 20 5 20 5 

Ceftazidime (30) 20 5 20 5 

Imipenem (10) 24 <21 24 <21 

Meropenem (10) 21 <15 21 <15 

 

 

Breakpoint 

Polymyxin B and Colistin E Imipenem Meropenem 

Susceptible 
(μg/ml) 

Resistance 
(μg/ml) 

Susceptible 
(ug/ml) 

Resistance 
(ug/ml) 

Susceptible 
(ug/ml) 

Resistance 
(ug/ml) 

≤ 2  ≥ 4  ≤ 2 ≥ 4 ≤ 2 ≥ 8 

 

CLSI standard guidelines (12th edition) 
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Different bacterial colonies from the exposed plates (370C, 24-48 hours) 

 

Random agar plates showing bacterial colonies (370C, 18-24 hours) 

University of Ghana http://ugspace.ug.edu.gh



194 
 

Gram’s Reaction of Positive and Negative Bacterial strains 
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*One Sample t-test 

Samples Collected  Strains Identified 

Theoretical mean  0.000 0.000 

Actual mean   17.71 36.00 

Number of values  7 7 

One sample t test   

 t, df t=3.266, df=6  t=5.937, df=6 

 P value (two tailed)  0.0171 0.0010 

 P value summary  * ** 

 Significant (alpha=0.05)? Yes Yes 

   

How big is the discrepancy?   

Discrepancy   17.71 36.00 

SD of discrepancy  14.35 16.04 

SEM of discrepancy  5.424 6.063 

95% confidence interval 4.443 to 30.99 21.16 to 50.84 

R squared   0.6400 0.8546 

 

 

 

*Wilcoxon Signed Rank Test 

Samples Collected  Strains Identified 

Theoretical median  0.000 0.000 

Actual median   13.00 32.00 

Number of values  7 7 

Wilcoxon Signed Rank Test   

 Sum of signed ranks (W) 28.00 28.00 

 Sum of positive ranks28.00 28.00 

 Sum of negative ranks 0.000 0.000 

 P value (two tailed)  0.0156 0.0156 

 Exact or estimate?  Exact Exact 

 P value summary  * * 

 Significant (alpha=0.05)? Yes Yes          

   

*One-sample t-test followed by Wilcoxon Signed Rank test was performed using GraphPad Prism 

version 6.0.0 for Windows, GraphPad Software, San Diego, California USA, www.graphpad.com 
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