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ABSTRACT

Antibiotic resistance is one of the biggest threats to global health, due to the excessive use
of antibiotics, among other factors. Aquatic environments are considered hotspots for
antibiotic-resistant bacteria and genes due to pollution caused by various anthropogenic
activities. In this study, four emerging opportunistic pathogens viz., Acinetobacter spp.,
Pseudomonas spp., Aeromonas spp., and Stenotrophomonas maltophilia were investigated
to understand their distribution, source, and resistance patterns in wastewater and surface
water. Among these, Acinetobacter baumannii and Pseudomonas aeruginosa have been
listed by the World Health Organization (WHO) in 2017 as priority bacteria for further
research and development. This study focused on the Umhlangane River, located in the north
of Durban, in KwaZulu Natal, South Africa. The possible effect of anthropogenic activities
such as discharges from wastewater treatment plants (WWTPs), hospitals, informal
settlements, and veterinary clinics on the occurrence of antibiotic-resistance, and virulence
signatures of the targeted organisms, was investigated. Sixty samples (12 wastewater, 48
surface water) were collected monthly (November 2016 to April 2017). This included
influent and effluent of a wastewater treatment plant (WWTP) and four additional sampling
sites (upstream and downstream of the WWTP, a hospital, an informal settlement, and a
veterinary clinic). In addition, to the sixty samples, further samplings of aquatic plants
(n=16) and sediments (n=16) were done in October 2017, specifically for the isolation of
Stenotrophomonas maltophilia. The isolation and enumeration were carried out on selective
media for each bacterium. The PCR positive isolates were identified using Matrix-Assisted
Laser Desorption lonization -Time of Flight Mass Spectrometry (MALDI-TOF MS) and 16S
rRNA sequencing. In addition, advanced methods such as Flow Cytometry (FCM) and
Droplet Digital PCR (ddPCR) were used to detect and quantify the bacteria, in comparison
to conventional methods. The multiple antibiotic resistance (MAR) index was calculated to
ascertain the contribution of these pollution sources to the proliferation of antibiotic-resistant
bacteria in surface water. Varying counts (logio CFU/mL) of Aeromonas spp. (2.5+0.8 to
3.3+£0.4), Pseudomonas spp. (0.6+1.0 to 1.8+1.0) and Acinetobacter spp. (2.0£1.5 to
2.6x1.2) were obtained. S. maltophilia was found in the water column only at two sites and
ranged from 2.7+£0.3 to 4.1+1.0 logio CFU/mL. However, it was found abundantly in the
plant rhizosphere (3.6+0.1 to 4.2+0.6 logi0 CFU/mL) and sediment (3.8+0.1 to 5.0+0.1 log1o
CFU/mL) samples. The major Aeromonas species identified by MALDI-TOF MS was A.
hydrophila / caviae (58%) whilst P. putida (51%) was common amongst the Pseudomonas

XVi



isolates. The Acinetobacter genus was dominated by the Acinetobacter baumannii complex
(26%), in contrast, all Stenotrophomonas maltophilia identities were confirmed via
Polymerase Chain Reaction (PCR) and MALDI-TOF MS. Aeromonas (71%) and
Pseudomonas (94%) isolates displayed resistance to three or more antibiotics. Aeromonas
isolates displayed high resistance against ampicillin and had higher MAR indices,
downstream of the hospital. The virulence gene, aer in Aeromonas was positively associated
with the antibiotic resistance gene blaoxa (y?=6.657, p<0.05) and the antibiotic ceftazidime
(x*=7.537, p<0.05). Pseudomonas exhibited high resistance against third-generation
cephalosporins in comparison to carbapenems. Some Pseudomonas and Aeromonas isolates
were extended-spectrum pg-lactamase producing bacteria as the blatem gene was detected in
Aeromonas spp. (33%) and Pseudomonas spp. (22%). All S. maltophilia isolates were
resistant to the antibiotic’s trimethoprim-sulphamethoxazole, meropenem, imipenem,
ampicillin, and cefixime. Acinetobacter isolates were resistant to trimethoprim-
sulphamethoxazole (96%) and polymyxin (86%). The genes coding for resistance against
these antibiotics were detected in both S. maltophilia and Acinetobacter. Efflux pump genes
were detected in all isolates of S. maltophilia. High MAR indices were observed in isolates
of Pseudomonas, S. maltophilia, and Acinetobacter at the hospital site. However, Aeromonas
spp. had the highest MAR in isolates from the WWTP effluents. A comparative analysis of
three different methods was performed to understand their applicability and accuracy in
detecting these pathogens from wastewater samples. The total viable count using the
LIVE/DEAD Baclight bacterial viability kit measured an average count (logio bacteria per
mL) of 7.8+0.03 (influent) and 6.7+0.07 (effluent) using the Flow Cytometer. The total
viable count using the BacLight kit was higher than the total plate count, which was
6.46+0.02 and 4.63+0.07 logi0 CFU/mL for influent and effluent, respectively. Similarly, the
concentration for each of the target bacteria determined using Flow Cytometry combined
with Fluorescent-In situ hybridization (Flow-FISH) method ranged from 5.41+0.07 to
5.92+0.02 (influent) and 3.43+0.2 to 4.31+0.15 (effluent) logio bacteria per mL which was
higher than the selective plate counts (3.81+0.35t0 4.17+0.1 and 3.16+0.17 to 3.7+0.20 log1o
CFU/mL, for influent and effluent respectively). The ddPCR results obtained showed the
highest concentration of bacteria from both influent and effluent samples in comparison to
the Flow-FISH and the plate count methods, indicating the sensitivity of this method in
detecting both live and dead cells. Pseudomonas was observed to be dominant and was
found in the concentration of 7.19+0.24 copies per mL (influent) and 6.48+0.20 copies per

mL (effluent) while S. maltophilia (influent: 5.4 = 0.90 copies per mL effluent: 4.53+0.57
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copies per mL) was detected in the lowest concentration. A similar trend was observed in
comparison to the data from the plate counts, albeit at lower concentrations. This study,
therefore, makes significant contributions in several areas; firstly, it shows the abundance of
opportunistic, antibiotic-resistant, and virulent bacteria in wastewater and surface water
within Durban. It further demonstrates that these bacteria are mainly from anthropogenic
sources such as hospitals and WWTPs. Additionally, the findings indicate the potential for
community-acquired infections with these bacteria, necessitating the need for risk reduction

interventions aimed at reducing environmental pollution and exposure.
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Chapter 1: Introduction

Water is essential for life and is considered a fundamental human right. With the growing demand
and the depleting supplies, water is seasonally becoming a scarce natural resource locally and
globally (Crookes, Hedden, and Donnenfeld 2018). The major factors contributing to the
increasing water crisis in South Africa include insufficient maintenance of water infrastructure,
frequent droughts as a result of climate change, unequal access to water and sanitation, the
degeneration of water quality, and the shortage of experienced water engineers (Department of
Water and Sanitation 2018). These different factors impact the economy of the country and more
importantly, it affects the wellbeing of every individual in South Africa. Several rural communities
and informal settlements in South Africa still do not have proper access to water services. These
communities rely on natural water sources such as rivers, streams, and dams for daily activities;
thus, they are at a higher risk, by using unprotected water sources (Tissington et al. 2008). This is
further highlighted by the general household survey conducted by Statistics South Africa (2017),
which stated that 88.6% of South African households had access to piped water. Though access
to water is progressing, 3.7% of households still rely on water from rivers, dams, streams, wells,
and stagnant water pools for their daily needs (Statistics South Africa 2017). As a result, many
people are at risk of contracting various waterborne diseases such as diarrhoea, which is a major
concern since these diseases are responsible for a large percentage of morbidity and mortality
globally, especially in children under five [World Health Organisation (WHQ) and United Nations
Children's Fund (UNICEF) 2013].

Surface water contamination arises from various anthropogenic activities such as discharge of
treated and untreated sewage from malfunctioning treatment plants, runoff from urban,
commercial, and agricultural land. Discharge of stormwater runoff via stormwater drains that run
into surface water is also responsible for pathogen contamination (Pandey et al. 2014). In addition
to the pathogens that are excreted by humans and animals, some may occur as natural commensals
in the environment. There are various opportunistic pathogens that one can come into contact with
while using contaminated water. Some of those are the focus of this study which includes
Aeromonas spp., Pseudomonas spp., Acinetobacter spp., and Stenotrophomonas maltophilia.



The emerging pathogens which are widely occurring in aquatic environments are mainly
responsible for causing nosocomial infections, which are healthcare setting-associated infections
(Looney, Narita and Mihlemann 2009; Howard et al. 2012; Khan, Ahmad and Mehboob 2015;
Batra, Mathur and Misra 2016). The emergence of opportunistic and nosocomial bacterial
infections due to multiple-drug resistant (MDR) non-fermentative Gram-negative strains, has
become an important impediment in recent years (Agarwal et al. 2017). These infections extend

hospital stays, increase the cost of treatment, and may even lead to mortality (Ginawi et al. 2014).

A common manifestation of an Aeromonas infection is diarrheal disease (Cortés-Sanchez et al.
2019). Aeromonads are well known as enteric pathogens as they have been associated with many
food and waterborne outbreaks. They have been isolated from people with traveller’s diarrhoea
and have been associated with diseases such as gastroenteritis, septicaemia, skin diseases, soft
tissue, and muscle infections (Igbinosa et al. 2012a). Acinetobacter is associated with infections
related to wounds, the gastrointestinal and respiratory tracts. It is found inhabiting oral biofilms
and if aspirated into the lower respiratory tract there is a likelihood of developing pneumonia
(Kanafani and Kanj 2013). Pseudomonas has been reported to be responsible for bacteraemia,
ventilator-associated pneumonia, urinary tract infections, skin and soft-tissue infections (Bassetti
et al. 2018), while S. maltophilia has been responsible for severe nosocomial bloodstream
infections and pneumonia (Gozel, Celik and Elaldi 2015).

Acinetobacter and Pseudomonas are part of the highest category of a WHO published list of
priority pathogens. This list comprises of 12 families of antibiotic-resistant bacteria that are
classified as a concern and a threat to human health (World Health Organisation 2017). The three
categories viz., critical, high, and medium, are based on the urgency of the need for the
development of novel antibiotics. These listed bacteria are resistant to many antibiotics including
carbapenems and third-generation cephalosporins, which are supposedly the most effective
antibiotics available. Some of the selected pathogens in this study are categorized as ESKAPE
(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter,
Pseudomonas aeruginosa, Enterobacter) pathogens, as they can avoid the action of antibiotics and
display new paradigms in the transmission, pathogenesis, and resistance of infectious disease.

Therefore, they are a concern for water treatment facilities.



Even though the transmission of pathogens has been slowed down and their clinical manifestations
counteracted by the widespread use of antimicrobial agents, there has still been an increase in
antimicrobial resistance due to the selective pressure brought about due to the use of antibiotics
(Beceiro, Tomas and Bou 2013). Antimicrobial resistance and virulence are impacted by each
other therefore an understanding of their impact and how their regulation affects each other will
enhance the specificity of the treatment (Schroeder, Brooks and Brooks 2017). However,
information gaps about governance and surveillance platforms of antimicrobial resistance exist,
especially in low to middle-income countries including South Africa (Wernli et al. 2017), which
limits the attempts to control antimicrobial resistance. In South Africa, four serious outbreaks of
antimicrobial resistance were reported at the national level. As a result, the National Department
of Health published the South African Antimicrobial Resistance Strategy framework 2018-2024
(National Department of Health, 2015) to concentrate on antimicrobial resistance in the
healthcare/clinical settings. However, there is an evident lack in the policy, concerning the
containment and tracking of environmental isolates to prevent them from reaching healthcare
settings, although the environmental isolates are considered as one of the main contributors to
antimicrobial resistance (Ekwanzala et al. 2018). There are antibiotic awareness campaigns that
are supported by The South African Antibiotic Stewardship Programme (SAASP) and the
Federation of Infectious Diseases Societies of Southern Africa (FIDSSA) in association with the
Department of Health, Forestry and Fisheries, and other professional organizations. These
campaigns help prevent the misuse and abuse of antibiotics and improve the knowledge about

antibiotic resistance.

As pointed out by Tissington et al. (2008) several rural communities in South Africa still do not
have access to clean water and thus would often resort to using unprotected water sources for their
daily needs. According to a survey conducted by Statistics South Africa, only 44.4% population
had access to clean water inside their dwelling, while 30 percent of households had taps within
their stand and the remaining made use of communal taps and natural water sources such as rivers
and dams (Statistics South Africa, 2017). The water problems impact negatively on the health of
local communities, resulting in exposed communities experiencing disease outbreaks from

consuming untreated or contaminated water. The water crisis is already having a significant impact



on economic growth and the well-being of everyone in South Africa (Schreiner, Mungatana, and
Baleta 2018). This has been further highlighted with the current Corona Virus Disease of 2019

(COVID-19) pandemic where the supply of water to rural areas is non-existent.

The Umhlangane River, selected for this study, is situated in Durban, KwaZulu-Natal, South
Africa, and is used by the local communities for recreation, irrigation, and domestic purposes
because of the unavailability of piped water. There is not much data published with reference to
the selected pathogens that are part of this study. This study will provide information that can
create public awareness about the current state of the water environment in relation to emerging
opportunistic pathogens (that are on the WHO priority list), rapid and accurate detection methods,
and hopefully encourage the implementation and action policies of antibiotic-resistant bacteria in
the environment. This will be achieved by evaluating the presence and concentration of selected
emerging pathogens in aquatic environments using conventional, molecular, and integrative
approaches as well as to determine the role of WWTPs in the occurrence and spread of selected
antibiotic-resistant bacteria to surface water.

1.1 Research Objectives

To achieve the aim of this study, it was divided into the following objectives:

1. To solate, quantify, characterise and identify emerging pathogens belonging to Acinetobacter,
Pseudomonas, and Aeromonas spp. and Stenotrophomonas maltophilia from surface
water/wastewater.

2. To determine the antibiotic resistance/virulence gene profiles of the isolates through
phenotypic and genotypic methods.

3. To quantify target organisms (Acinetobacter spp., Aeromonas spp., Pseudomonas spp. and
Stenotrophomonas maltophilia) in wastewater (influent and effluent) using droplet digital
polymerase chain reaction (ddPCR) and to determine the viability and total count of the target
bacteria in the samples using Flow Cytometry (FCM) combined with Fluorescent in situ
Hybridisation (FISH).



1.2 Thesis Structure

This thesis is divided into seven chapters. The introduction briefly describes the background of the
study, highlighting the aims and objectives. Chapter two is a critical review of the literature, while
chapter three describes some of the general methodologies. Chapter four covers the identification,
total concentration, AR, and virulence gene profiling in Aeromonas and Pseudomonas species
from wastewater and the surface water recipient. In chapter five, the presence of antibiotic-resistant
S. maltophilia and Acinetobacter in the water matrices were discussed with reference to the
possible threat of community-acquired infections from resistant isolates. Advanced detection
methods are important to be able to prevent a public health problem in the event of an outbreak
and in chapter six, the relatively new and advanced methods of flow cytometric analysis of viability
and the combination of FCM with FISH for the detection/quantification of the target bacteria was
investigated. ddPCR is another advanced method that was used for the quantification and detection
of target bacteria in wastewater. Chapter seven is the general summary and conclusion of the

research carried out.



Chapter 2: Literature Review

2.1 Waterborne emerging pathogens

2.1.1 Aeromonas spp.

Aeromonads are Gram-negative, oxidase, catalase-positive rod-shaped, facultative anaerobic, non-
spore forming bacteria that are widely distributed in the aquatic environment. This genus is
comprised of two groups: the psychrophiles and the mesophiles. The mesophiles may be
pathogenic to humans and consist of Aeromonas hydrophila, Aeromonas caviae, Aeromonas
veronii subsp. sobria, Aeromonas jandaei, Aeromonas veronii subsp. veronii and Aeromonas
schubertii (Obi et al. 2007). Aeromonads have been isolated from diverse aquatic sources such as
surface water (Abulhamd 2010), bottled water, chlorinated (Latif-Eugenin et al. 2017), and
unchlorinated water (Chauret et al. 2001; El-Taweel and Shaban 2001; Villari et al. 2003;
Odeyemi and Ahmad 2017). Aeromonas can grow in biofilms in water distribution networks, and
they have been found to develop resistance against chlorination (Ighinosa et al. 2012a). They have
been found in the intestinal tract of humans and animals, raw sewage, treated effluents, surface
water contaminated with sewage, and activated sludge (Gofii-Urriza et al. 2000a; Khajanchi et al.
2010). Aeromonas is becoming well known as enteric pathogens as they have been associated
with different illnesses such as gastroenteritis (Janda and Abbott 2010) where they cause severe
diarrheal disease in children, the elderly or immunocompromised (Igbinosa et al. 2012a), soft
tissue, and wound infections (Rutteman et al. 2017) and more serious conditions such as
septicaemia (Morinaga et al. 2011) and necrotizing fasciitis (Ren et al. 2017). The pathogenicity
of Aeromonas depends on several factors and it is associated with the expression of genes that
encode toxins (exoA, Alt, Act etc.), structural components (flaA, maf-5, flp), secretion systems, and
proteins that are associated with metals (Tomas 2012; Fernandez-Bravo and Figueras, 2020).
These virulence factors are discussed further in Chapter 2: Section 2.4. In South Africa, Aeromonas
has been found in surface waters (Igbinosa et al. 2017), treated wastewater, and receiving surface
water (Olaniran, Nzimande, and Mkize 2015). In the Limpopo Province in South Africa,
Aeromonas was isolated from 13.3% of chronic diarrhoea HIV (Human Immunodeficiency Virus)
patients (Obi and Bessong 2002).



Due to the ubiquitous nature of the genus Aeromonas, humans can easily encounter contaminated
reservoirs of this bacteria, such as aquatic environments and become infected with pathogenic
species of this bacteria. This is of concern for a country like South Africa with a high prevalence
of HIV patients.

2.1.2 Pseudomonas spp.

Pseudomonas species are part of the category of emerging waterborne pathogens (Sharma,
Sachdeva, and Virdi 2003). These ubiquitous Gram-negative, oxidase-positive, motile bacteria
inhabit diverse environments such as soil, plants, sediments, and surface water (Noura et al. 2009).
Their ability to proliferate and survive in poor physical and chemical conditions is due to their
nutritional requirements being very meagre (Igbinosa, Igbhinosa, and Okoh 2015). Pseudomonas
species are non-spore-forming organisms that can produce pigments such as pyocyanine (green-
blue) and pyorubin (yellow-green) (Murray et al. 1995). Among the different species of
Pseudomonas, Pseudomonas aeruginosa is most commonly considered pathogenic; however,
other important species of concern include Pseudomonas fluorescens, Pseudomonas putida,
Pseudomonas stutzeri, Pseudomonas mendocina, Pseudomonas alcaligenes, Pseudomonas
pseudoalcaligenes and the Pseudomonas species CDC group (Igbinosa, Igbinosa and Okoh 2015).
Pseudomonas aeruginosa is widely involved in nosocomial diseases (Pachori, Gothalwal and
Gandhi 2019), and is difficult to treat when strains are MDR, which has been reported for more
than 10% of P. aeruginosa strains isolated from patients in Europe (Azam and Khan 2019).
Pseudomonas spp. have developed different resistance strategies: some mechanisms are intrinsic
and based on efflux pumps, low permeability of the outer membrane, or antibiotic-inactivating
enzymes encoded by chromosomal genes, allowing resistance against many antibiotic classes such
as f-lactams, aminoglycosides, phenicol’s, cyclins, macrolides, or quinolones (Li, Plésiat and
Nikaido 2015; Azam and Khan 2019). This opportunistic pathogen causes diseases mainly in the
immunocompromised group (Gellatly and Hancock 2013). They are responsible for skin
infections, wound infections, chest infections, urinary tract infections, and bloodstream infections
(Bassetti et al. 2018). Infections can result in fatalities such as septicaemia and pneumonia
(Gauglitz, Shahrokhi, and Williams 2017). Various potential virulence factors allow for the

colonization and infection of individuals. This includes bacterial cell surface virulence factors
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(lipopolysaccharides, pili or fimbriae, flagella, alginate) and secreted virulence factors (protease
enzymes, Exotoxin A, Phospholipase C, Pigments, Rhamnolipid, Lipase, Histamine, Exoenzyme
S, Leukocidin). A common feature of Pseudomonas is the type Il secretion systems that can inject
toxins (ExoY, ExoS, ExoT, and ExoU) into the host cells (Igbinosa, Igbinosa, and Okoh 2015).
Recent studies have shown that the prevalence of multiple antibiotic-resistant Pseudomonas strains
IS increasing, and few antibacterial agents are being developed that are effective against resistant
Pseudomonas (Mhondoro et al. 2019). Currently, carbapenem-resistant P. aeruginosa is on the
priority 1: critical category of the list of bacteria that need antibiotics to be developed to prevent
death from infections that it is responsible for (WHO, 2017).

2.1.3 Acinetobacter spp.

Acinetobacter species are Gram-negative, oxidase-negative, non-motile Coccobacilli (Bergogne-
Berezin and Towner 1996) which were present in wetlands, ponds, fish farms, and WWTPs (Al
Atrouni et al. 2016). They have been isolated from healthcare facilities (Dijkshoorn, Nemec, and
Seifert 2007) where they are thought to be responsible for nosocomial infections. The
Acinetobacter genera are quite diverse, many of them are non-pathogenic organisms that are found
in the environment (Wong et al. 2017). However, there are medically relevant infection-causing
species such as A. baumannii, A. calcoaceticus, A. pitti, and A. nosocomialis. Together they are
known as the Acinetobacter calcoaceticus-Acinetobacter baumannii (Acb) complex (Nemec et al.
2015; Cosgaya et al. 2016). This complex has been isolated from human tissues and healthcare
facilities. Individuals with compromised immune systems and those with underlying conditions
such as obstructive lung disease or diabetes mellitus are at risk for contracting infections (Chen et
al. 2001). Acinetobacter spp. is responsible for urinary tract infections (Falagas et al. 2015),
bacteraemia (Garnacho-Montero et al. 2015), and meningitis (Basri et al. 2015) as well as wound
infections (Falagas et al. 2015). The most likely sources of transmission of these organisms in
hospitals are via catheters (Rebic et al. 2018), water baths, and humidifiers (Wong et al. 2017) as
well as from person to person (Joly-Guillou 2005). Other species that have been occasionally
reported to cause mainly catheter related bloodstream infections include Acinetobacter
haemolyticus, Acinetobacter johnsonii, Acinetobacter junii, Acinetobacter nosocomialis,

Acinetobacter pittii, Acinetobacter schindleri, and Acinetobacter ursingii (Wisplinghoff et al.
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2004; Higgins et al. 2010). Virulence factors that have been identified in Acinetobacter spp.,
includes the outer membrane porins, phospholipases, proteases, lipopolysaccharides (LPS),
capsular polysaccharides, protein secretion systems, and iron-chelating systems (McConnell, Actis
and Pachon 2013; Antunes, Visca and Towner, 2014; Lin and Lan 2014). Carbapenems
(imipenem, meropenem, and doripenem) have generally been considered the antibiotics of choice
to treat A. baumannii infections, due to their effective activity and their favourable safety (Doi,
Murray and Peleg 2015). However, the increased resistance of A. baumannii to carbapenems has
brought about the need to survey alternative therapeutic options (Doi, Murray, and Peleg 2015).
Carbapenem-resistant A. baumannii strains are often resistant to other commonly used antibiotics.
These strains remain susceptible to only a limited number of antibiotics, such as
minocycline/tigecycline and polymyxins (colistin and polymyxin B) (Lin and Lan 2014; Doi,
Murray and Peleg 2015). Therefore, the World Health Organization has listed carbapenem-
resistant A. baumannii in the critical priority list of pathogens (WHO, 2017), thus highlighting
them as an increasingly growing public health problem globally.

2.1.4 Stenotrophomonas maltophilia

S. maltophilia is an intrinsically MDR nosocomial pathogen and it is widely distributed in the
environment (Gulcan, Kuzucu, and Durmaz 2004). It is a Gram-negative, non-fermentative,
aerobic, motile organism that has emerged globally as an important opportunistic human pathogen
(Brooke 2012; Wang, Wang, and Yang 2018). S. maltophilia is considered as the third most
frequent nosocomial pathogen among non-fermentative bacteria, after P.
aeruginosa and Acinetobacter spp. (Wang, Wang, and Yang 2018). S. maltophilia has been
isolated from both clinical settings such as hospitals (Cervia, Ortolano and Canonica 2008) and
from environmental sources such as wastewater (Garcia-Ledn et al. 2014), surface water sediments
(Dungan, Yates and Frankenberger 2003), and plant roots (Garcia-Ledén et al. 2014). S.
maltophilia is responsible for hospital and community-acquired infections in, incapacitated or
immunocompromised patients through direct contact, ingestion, aspiration, aerosolization of
potable water or the hands of healthcare workers (Guyot, Turton and Garner 2013) and was
reported to have a mortality rate of 37.5% (Falagas et al. 2009). This bacterium is increasingly

responsible for clinical illnesses such as pneumonia, sepsis, bacteraemia, septic arthritis,
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meningitis, respiratory tract, and urinary tract infections (Looney, Narita and Miihlemann 2009;
Sumida et al. 2015; Hu et al. 2016).

S. maltophilia has been identified as one of the leading MDR organisms in hospital settings
(Bostanghadiri et al. 2019). This is due to their high levels of intrinsic and acquired resistance
against a range of antibiotics which include fluoroquinolones and aminoglycosides (Alonso and
Martinez 1997; Zhang, Li and Poole 2000) p-lactams, macrolides, fluoroquinolones,
aminoglycosides,  chloramphenicol, tetracyclines, polymyxins, and trimethoprim-
sulfamethoxazole (Wu et al. 2006; Chang et al. 2007). Antimicrobial resistance mechanisms
identified in S. maltophilia include the expression of antibiotic hydrolyzing/modifying enzymes,
membrane permeability altering (Hu et al. 2008), and multidrug efflux systems (Huang, Somers,
and Wong 2006). The intrinsic resistance of S. maltophilia is linked with low membrane
permeability, efflux pumps, and the intrinsic beta-lactamases L1 and L2 (Sanchez, Alonso and
Martinez 2002; Crossman et al. 2008; Mojica et al. 2019). S. maltophilia can acquire the
following genes, dihydropteroate synthase (sull and sul2), and dihydrofolate reductase (drfA) by
horizontal gene transfer (Sanchez 2015) which are the key mechanisms of sulphamethoxazole

resistance (Toleman et al. 2007).
S. maltophilia is known to exhibit its pathogenicity through:

(1) pili/flagella/fimbrial/adhesins; these contribute to adherence, auto-aggregation, and

colonization of biotic and abiotic surfaces.

(2) outer membrane LPS is instrumental in biofilm formation and resistance against antibiotics as

well as complement-mediated cell killing.

(3) diffusible signal factor (DSF) which is involved in quorum sensing (QS), which in turn
facilitates motility, extracellular enzymes production, LPS synthesis, microcolony formation, and

antibiotic and heavy metal ion tolerance; and

(4) extracellular enzyme production (proteases, lipases, esterase, DNase, RNase, and fibrinolysin)
(Looney 2005; Abbott et al. 2011; Brooke 2012).
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2.2 Potential sources of emerging bacterial pathogens in surface water

The aquatic environment is an important source and route for the dissemination of antibiotic-
resistant bacteria (Martinez 2008; Bengtsson-Palme et al. 2014). This is mainly due to the misuse
and abuse of human and veterinary antibiotics and their uncontrolled discharge to the aquatic
environment. However, our knowledge surrounding the contribution of the discharge of these
antibiotics to the environment is still lacking and are the most important gaps to fill so that
strategies can be developed to prevent the further spread of these pathogens. Environments that
facilitate the spread of resistant bacteria are capable of spreading bacteria that are human
opportunistic pathogens (Bengtsson-Palme, Kristiansson and Larsson 2018). Effluent from
WWTPs has been found to contain resistance genes that contaminate surface water (Bengtsson-
Palme et al. 2016), which sometimes are used for small-scale agriculture, recreation, or domestic
use and thus facilitate transmission from the environment to humans. For indigenous
environmental bacterial strains, antibiotic exposure may contribute to the selection of resistance
factors for environmental dissemination (Bengtsson-Palme, Kristiansson, and Larsson 2018).
These environmental bacteria include opportunistic emerging pathogens such as Pseudomonas
spp. (Kittinger et al. 2016), S. maltophilia (Brooke et al. 2017), Aeromonas spp. (Batra, Mathur
and Misra 2016) and Acinetobacter spp. (Berg, Eberl and Hartmann 2005) which are investigated
in this study. The potential points of pollution along the Umhlangane River (selected for this study)
are illustrated in Figure 3.2 (Chapter 3) and these included a hospital, a wastewater treatment plant
(WWTP), an informal housing settlement, and a veterinary clinic. The reason behind studying
these tentative pollution sources was to determine if the activities along the river impact the state
of the river, as the different sites (hospital, veterinary clinic) have stormwater drainage that leads
directly into the river. In addition, there is the possibility of surface runoff and untreated sewage

flowing into the river when the treatment plant is not functioning.
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Table 2.1 Different sources of emerging pathogens investigated in this study

Bacteria Environmental sources References

Aeromonas Aquatic environments (surface (Janda and Abbott 2010)
water, seawater, irrigation water), _ _
raw sewage, sewage effluents, (Olaniran, Nzimande and
sludge, sediments. Mkize 2015)

Pseudomonas Soil, water, oil-contaminated (Noura et al. 2009)

environments, hospital
environments, and sinks and drains.

(Kittinger et al. 2016)
(Ebadi et al. 2017)
(Buhl et al. 2019)

(Lalancette et al. 2017)

Acinetobacter

Soil, water, sewage, humans, foods
and animals, freshwater ecosystems;
raw sewage and WWTPs, and
activated sludge.

(Visca, Seifert and Towner
2011)

(Doughari et al. 2012)

Stenotrophomonas
maltophilia

Wastewater, water column,
sediments; hospitals; plant
rhizospheres

Sanchez, Alonso and
Martinez 2002

Adjidé et al. 2010
Guerci et al. 2019

Alavi et al. 2014

2.2.1 Untreated sewage/wastewater effluent discharge

WWTPs are reservoirs of antibiotic resistance as it is an ideal environment for antibiotic-resistant
bacteria and antibiotic-resistant genes (ARG) to persist. Although the treatment process reduces
the load of resistant bacteria, it has a limited impact on ARG as they are less degradable. ARG can
spread between different microbial communities in the environment through horizontal gene
transfer (Fouz et al. 2020). Selective pressure processes promote the emergence and dissemination

of novel antimicrobial resistance mechanisms and new variants of antibiotic-resistant bacteria and
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ARG (Zhang et al. 2015a). Therefore, the prevalence and survival of pathogens after treatment
processes is a threat to both the receiving water bodies and ecosystems, most importantly to the
receiving communities that are primarily dependent on these water sources (Luger and Brown
2010). Several environmental bacteria such as Acinetobacter spp., Aeromonas spp.,
and Pseudomonas spp. are part of microbial communities in WWTPs and are inclined to develop
drug resistance (Bonomo and Szabo 2006; Zhang et al. 2009; Kaskhedikar and Chhabra 2010).
The presence of antibiotic-resistant Acinetobacter species is on the increase in wastewater (Zhang
et al. 2009). Numberger et al. (2019) demonstrated that the genera Acinetobacter, Aeromonas,
and Pseudomonas were present in all wastewater samples. S. maltophilia can originate from
activated sludge and sewage effluent (Adamek et al. 2011) and was reported to be present in
municipal wastewater (Chang et al. 2005; Adjidé et al. 2010). However, in this study, most of the

S. maltophilia isolates were found in the sediments and roots of aquatic plants (See Table 5.2.).
2.2.2 Informal housing settlements

Urban poverty, rapid urbanization, crowded urban settlements, and the inability of the state or the
market to provide affordable housing for the urban poor, result in people residing in informal
settlements across South Africa (Williams et al. 2018). These settlements have unique challenges
because of dense human populations, poor housing infrastructure, and poor hygiene. Communities
that live in these settlements lack basic waste disposal services, water, and sanitation, which leads
to environmental degradation. Many settlements are situated close to rivers as this may be the only
available water source (Durand 2012). Pit latrines are used as toilets and sometimes rubbish is
thrown into the river (Vollmer and Grét-Regamey 2013). This results in contamination of the
environment around the settlement, and this runs off into the river. This was demonstrated in a
previous study in the Western Cape, South Africa, whereby the opportunistic pathogens
Pseudomonas (Berg River) and Aeromonas, Acinetobacter, and Stenotrophomonas (Plankenburg
River) were found in areas densely populated by informal dwellers (Paulse et al. 2012). Studies
investigating the pollutants in surface water around informal settlements have found various
bacterial pollutants that raise health concerns for the communities around them. These include E.
coli, Klebsiella species and Enterobacter cloacae (Leuta, Odendaal and Paulse 2020).

Acinetobacter, Aeromonas, Pseudomonas, and S. maltophilia are all part of the phyla
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Proteobacteria which makes up the largest percentage present in the metagenomic study by Abia
et al. (2018), where the highest bacterial abundance and diversity was found in informal settlement
samples in comparison to rural and urban settlements samples of water. This demonstrated that the
microbial quality of water is adversely affected by the activities in the informal settlements. The
presence of informal housing impacts the physical environment and environmental health of the
communities in contact with the water source and those that may be in contact with the water

further downstream.
2.2.3 Veterinary clinics

The veterinary clinic part of this study, which is along the river investigated, is responsible for
treating sick/injured animals and rescuing domestic and farm animals, which are kept on the clinic
premises. Therefore, this facility can be a source of veterinary antibiotics being released into the
environment via the stormwater outlet that flows into the river or from surface runoff. Veterinary
antibiotics are an integral part of animal husbandry mainly to promote the growth of livestock and
for feed utilization (Teillant, Brower, and Laxminarayan 2015). The intensive use of these
antibiotics has resulted in the contamination of various environmental matrices such as soil, water,
and sediments (Botelho, Monteiro, and Tornisielo 2015). Once an animal is treated with
antibiotics, some of the antibiotics are metabolized while unmetabolized antibiotics will be
released into the environment via faeces and urine (Kumar et al. 2019). Another major issue is the
development of antibiotic resistance in environmental bacterial strains due to the overuse of
veterinary antibiotics (Kraemer, Ramachandran, and Perron 2019). All the bacterial species under
investigation have been known to infect animals with various forms of disease (Table 2.2). Animal
isolates generally show high genetic diversity and are in general distinct in their sequence types
and resistance patterns compared to those found in humans. However, it cannot be excluded, that
animals may occasionally play a role as a reservoir of the emerging pathogens under investigation
(van der Kolk et al. 2019). Veterinary clinics need to implement infection control measures to
prevent the release of these potential pathogens into the environment, some of which are MDR.
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Table 2.2 Animals as a source of emerging pathogens

Bacteria

Infections/Diseases in animals

Reference

S. maltophilia

Respiratory tract infection (horses)
UTI dogs
Mastitis

(Winther et al. 2010)

(Kralova-Kovarikova et
al. 2012)

(Ohnishi et al. 2012)

Acinetobacter

Dogs (UTI, Throat, Skin Eczema,
Abscesses)

Cats (Wound, urine, throat, liver)
Horses (nostril swabs, faeces)
Cows (Faecal specimens, nose swabs)

(Endimiani et al. 2011,
Al Bayssari et al. 2015;
Ewers et al. 2017; Lupo

et al. 2017; Walther et al.

2018; van der Kolk et al.
2019)

Aeromonas Faeces of Sheep, cattle, horses (Ceylan, Berktas and
Malek 2017)
Pseudomonas Otitis (Dogs) (Haenni et al. 2017)

Pulmonary infections (dogs, cats, bovine)
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2.3 Multiple drug resistance

The emerging threat of MDR is a public health problem that prolongs treatment, inflicts
disabilities, and increases mortality (Khan et al. 2020). MDR infections often have poor clinical
outcomes and a high treatment cost (Thaden et al. 2017). This brings about the concern that the
emergence of pathogens resistant to all available antibiotics, will render some infections
untreatable (Lehtinen et al. 2019). There is an increase in the global spread of MDR Gram-negative
bacteria (including all the pathogens considered in this study) that is occurring at an alarming rate
(Exner et al. 2017). These Gram-negative bacteria enter aquatic environments from hospital
wastewater that is poorly treated (Picdo et al. 2013; Blaak et al. 2015) and may include
Acinetobacter, Pseudomonas, Aeromonas, and Stenotrophomonas maltophilia. As these
organisms are exposed to antibiotics in the water matrices, their resistance against antibiotics
increases (Adegoke, Stenstrom, and Okoh 2017). Water environments are effective for the transfer
of genes and for genetic recombination to occur. This results in the dissemination of new strains
that can infect people through contact with the environment. The Centers for Disease Control and
Prevention (CDC) reported on various Gram-negative MDR organisms. Of importance to this
study, the CDC’s findings show that of the 12 000 Acinetobacter infections recorded, 7 000
infections were reported to be caused by MDR strains, and this resulted in 500 deaths a year, while,
of 51 000 Pseudomonas aeruginosa infections, 6 700 were caused by MDR strains and resulted in
440 deaths. Both fall under the category of being a serious threat (Exner et al. 2017). MDR
infections from Pseudomonas are normally treated with carbapenems, generally considered the
last line of treatment for Gram-negative bacterial infections. However, Pseudomonas is now
becoming resistant to this class of antibiotics (Ng and Gin 2019). MDR Acinetobacter baumannii
was detected in 53.1% of aquatic isolates and this shows the widespread contamination of natural
environments (Anane et al. 2019). Isolates that would have been emanating from intensive care
units were detected in surface water (Ng and Gin 2019). MDR Aeromonas was found in higher
concentrations in hospital wastewater than communal wastewater (Verburg et al. 2019) and were

resistant to eight antibiotics.
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Similarly, MDR has been documented in S. maltophilia (Adegoke, Stenstréom and Okoh 2017; Li
et al. 2019) and this has resulted in an increased mortality rate especially in individuals that are

severely debilitated or immunosuppressed.
2.4 Virulence

Virulence is the measure of the pathogenicity of an organism (Peterson 1996), and it is directly
associated with the ability to infect and cause disease (Sharma et al. 2017). The expression of
virulence of a pathogen is affected by variables such as the number of infecting bacteria, the
exposure routes into the body, host defence mechanisms, and the virulence factors of the bacteria
(Peterson 1996). Opportunistic pathogens are organisms that become pathogenic after a host
becomes immunocompromised (e.g., disease, wound infection, immunodeficiency, and aging)
(Brown, Cornforth, and Mideo 2012). These opportunistic pathogens may emerge from
environmentally indigenous organisms such as Pseudomonas aeruginosa (Brown, Cornforth and
Mideo 2012), Aeromonas (Didugu et al. 2015), S. maltophilia (Denet et al. 2018), and
Acinetobacter (Wong et al. 2017). Virulence genes (VG) /factors make these bacteria, which are

ubiquitous to the natural environment, a potential health threat to humans.

To disseminate virulence, Aeromonas has four types of secretion systems, responsible for releasing
these cell products into the extracellular environment or even directly into the host cell (Pessoa et
al. 2019). Haemolysins, cytotoxins, enterotoxins, proteases (serine protease (AspA), elastase
(AhpB)], lipases (Pla and Plc, Sat), DNAses and adhesins [type IV pili, polar flagella (FlaA and
FlaB)] (Agarwal, Kapoor and Kumar 1998; Cascon et al. 2000; Rabaan et al. 2001) have been
identified as putative virulence factors in Aeromonas (Sen and Rodgers 2004). Variations of
virulent gene occurrence exist in Aeromonas isolates between and within the genus, species, and
geographical location (Ghenghesh et al. 2014). Several virulence factors have been identified in
strains isolated from water matrices (Janda and Abbott 1998; Kingombe et al. 1999; Schubert
2000; Sechi et al. 2002).

Pathogenesis of P. aeruginosa is multifactorial. Virulence factors produced include secreted

factors such as alkaline protease, elastase, exotoxin A, pyoverdine, pyocyanin, rhamnolipid
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structural component lipopolysaccharide, pili, flagella, and biofilm formation (Murray, Rosenthal
and Pfaller 2020). Production of various virulence factors is regulated by two quorum-sensing
systems las and rhl (EI-Mahdy and El-Kannishy 2019). An important determinant of virulence is
the type 111 secretion system (TTSS), present in several Gram-negative bacilli. P. aeruginosa can
produce and secrete virulence factors directly into the cytoplasm of host cells by the cell contact-
mediated TTSS. The secretion of type 111 toxins is associated with the worst clinical outcomes in
patients with ventilator-associated pneumonia and the presence of ExoS, ExoT, or ExoU secretion

correlates with a greater risk of mortality (Ajayi et al. 2003).

Diseases caused by A. baumannii are due to the presence of latent VG (Darvishi 2016). Significant
VG of the A. baumannii strains of clinical infections are colicin V production (cvaC), curli fibers
(csg), siderophores like aerobactin (iutA), and cytotoxic necrotizing factor (cnf). Biofilm formation
has an important role in virulence. Biofilm is a complex mixture of bacteria that is often enclosed
within a thick polysaccharide layer and there are several virulence determinants associated with
biofilm formation (Jahangiri et al. 2019). An important step in infection is the adhesion of bacterial

cells to host tissues.

S. maltophilia exhibits its pathogenicity through various ways, which include pili/flagella/ fimbria
/adhesins which contribute to adherence and colonization of biotic and abiotic surfaces. Outer
membrane lipopolysaccharide plays a role in biofilm formation and resistance against antibiotics
as well as complement-mediated cell killing. In addition, diffusible signal factor plays a role in
QS, which in turn mediate motility, extracellular enzyme production, LPS synthesis, microcolony
formation, and tolerance toward antibiotics and heavy metal ions. Finally, extracellular enzyme
production such as proteases, lipases, esterase, DNase, RNase, and fibrinolysin aid pathogenicity
(Looney 2005; Abbott et al. 2011; Brooke 2012). Although S. maltophilia is regarded as a low-
grade pathogen it has been associated with outbreaks within hospital environments (intensive care

units, respiratory units, oncology units, and surgery wards) (Brooke 2012).
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2.5 Viability of bacteria

Bacteria are known to exist in a viable but not culturable (VBNC) state and this impairs their
detection by conventional plate count methods (Li et al. 2014) and as a result, it can lead to the
underestimation of the total viable cells in the environment (Kumar and Ghosh 2019). Pathogenic
bacteria that can enter a VBNC state have a broad phylogenetic distribution, which suggests that
the VBNC state may be a strategy adopted by bacteria to survive unfavourable conditions (Li et
al. 2014). Human pathogens that exist in a VBNC state are found in water matrices, including
seawater (Maalej, Denis and Dukan 2004; Dhiaf, Bakhrouf and Witzel 2008), estuarine water
(Oliver 1995), stream water (Lemke and Leff 2006), lake water (Signoretto et al. 2004),
groundwater (Cook and Bolster 2007), tap water (Pawlowski et al. 2011) and drinking water (Byrd,
Xu and Colwell 1991).

There are various methods to determine the viability of microbial communities, but much
validation is required when these methods are employed. Detection methods need to be efficient,
cost-effective, practical and be able to test samples from different matrices (Kumar and Ghosh
2019). An alternate method to traditional culture-based detection is FCM combined with the
staining with fluorescent dyes. This has been suggested to be a rapid method for the quantification
of viable and total bacteria in water samples (Park et al. 2018). The
LIVE/DEAD® BacLight™ Bacterial Viability Kit (BacLight kit), differentiates between live and
dead cells, using membrane integrity as an indicator for cell viability (Berney et al. 2007; Stiefel
et al. 2015). The BacLight kit has been well studied with researchers assessing the applicability of
the kit to different bacterial strains, optimization of dye concentrations, excitation, and emission
wavelengths and has shown diverse results in terms of its efficiency (Berney et al. 2007; Kort et
al. 2010; Thomas et al. 2011; Freire et al. 2015; Stiefel et al. 2015; Park et al. 2018).

Many studies focus on validating pure cultures of bacteria with FCM, but limited studies are
applying the technique to environmental samples such as wastewater or surface water. All bacteria
under investigation in this study have been reported to exist in the VBNC state (Table 2.3) and
therefore advanced methods of detection will ensure the safety of those in contact with

environments in which they are present.
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Table 2.3 Species of microorganisms to enter the VBNC state

Species Inducing Resuscitation  Pathotype/source Reference
conditions conditions
Aeromonas Starvation, low  Temperature Human (Maalej, Denis
hydrophila temperature shift gastroenteritis and Dukan
septicaemia 2004)
Pseudomonas UV TiO2 stream water (Combarros,
aeruginosa disinfection, nanoparticles Opportunistic Collado and
low Temperature pathogen Diaz 2016);
temperature, upshift. (Lemke and
low redox Leff 2006),
potential, and ~ Temperature (Peneau,
oxygen upshifts, rich Chassaing and
limitation medium with Carpentier
copper chelator 2007); (Zhang
Starvation, low et al. 2015b)
temperature,
chemicals
(copper)
Pseudomonas NR NR Stream water (Lemke and
putida Stream Leff 2006)
environment
Acinetobacter  NR NR Stream water (Lemke and
calcoaceticus Stream Leff 2006)
environment
S. maltophilia  NR NR Drinking water (Hoefel et al.
2005)

NR - Not Researched
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2.6 Methods of detection of emerging pathogens

There is no unified method to collect and analyse water for the various pathogenic organisms
(Ramirez-Castillo et al. 2015). Some of the challenges faced with the current methods include
physical differences between the pathogen groups, low pathogen concentration which requires
additional enrichment and concentration steps, the presence of inhibitors in the sample, established
general protocols for sample collection, and culture-independent detection methods (Ramirez-
Castillo et al. 2015; Deshmukh et al. 2016). The identification and enumeration of bacteria from
water samples are based on methods that are very labour intensive, time-consuming, and result in
both false positive and false negative results (sometimes VBNC microorganisms cannot be
recovered) (Zhao et al. 2017; Franco-Duarte et al. 2019). Alternative molecular-based methods
are currently employed to identify emerging pathogens from different environmental matrices.
This includes methods such as Polymerase Chain Reaction (PCR), ddPCR, real-time PCR, DNA
microarray, next-generation sequencing (pyrosequencing and genomics), fluorescence in situ
hybridization, and FCM. However, all these methods have their challenges when applied to

environmental samples.
2.6.1 Traditional plate count on selective media

The main aim of microbiological analysis is usually to detect and enumerate a single species or a
group of microorganisms in a measured sample on specific media either selective or differential.
The effectiveness of this technique is limited by the cultivability of the samples and the selectivity
of the medium (Amann, Ludwig, and Schleifer 1995). As found within this study, the selective
media is not as discriminatory as we would expect them to be. This was validated by a comparison
of the identification of isolates from traditional plate counts with PCR. Another point of
consideration is VBNC bacteria, as all the organisms (Acinetobacter, Aeromonas, Pseudomonas,
S. maltophilia) under investigation were reported to exist in this state (see Section 2.5). Culture-
based methods have reached their limits in growing specific bacteria; however, they are still used

in practice.
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2.6.2 Matrix-Assisted Laser Desorption lonisation -Time of Flight Mass Spectrometry

MALDI-TOF MS in combination with a reliable database is a potent method for the identification
of microorganisms based on the protein fingerprints of whole cells (Benagli et al. 2012). MALDI-
TOF MS identification of microorganisms is dependent on the detection of mass signals from
biomarkers that are specific at the genus, species, or subgroup level (Benagli et al. 2012). There
are two commercial systems (Bruker and VITEK MS) that are used for the identification of
organisms (Lindgren et al. 2018). The VITEK MS Plus consists of two databases; the closed In
Vitro Diagnosis (IVD) database, mainly used for routine identification, and the Research Use Only
/ Spectral Archiving and Microbial Identification System (SARAMIS) databases. A limitation of
MALDI-TOF MS resides in the need for pure cultures of isolates that need to be identified (Rahi,
Prakash, and Shouche 2016). Different studies in literature have reported that the identification of
various bacteria is based on the available databases and their inadequacies (Espinal et al. 2012;
Kishii et al. 2014; Li, Tang and Lu 2018).

Acinetobacter species have been identified by MALDI-TOF MS profiling however the main
concern was the identification of the Acb complex (Alvarez-Buylla, Culebras, and Picazo 2012;
Kishii et al. 2014; Wu et al. 2017). There have been concerns expressed regarding difficulties
identifying other Acinetobacter species due to their close taxonomic relationship, which is
highlighted in those belonging to the haemolytic clade (Nemec et al. 2017). These strains have
identical or similar proteins which result in multiple identical mass spectrometry peaks making it
difficult to discriminate. A solution to this comprises of extending databases that are available
(Pailhoriés et al. 2015), using additional strains or type strains (Sedo et al. 2018) as well as the use
of an alternative MALDI-TOF MS matrix or chemometric tools (Sousa et al. 2014). Benagli et al.
(2012) demonstrated that MALDI-TOF MS is a useful tool for the speciation of Aeromonads, but
a later study (Véavrova et al. 2015) found that the method is not a reliable technique for
environmental isolates of Aeromonas. In a study, by Abdulwahab et al. (2015), the MALDI-TOF
results were consistent with conventional phenotypic identification of isolates of Pseudomonas

aeruginosa and Stenotrophomonas maltophilia.
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One of the main limitations in MALDI-TOF is incomplete reference databases which result in
misidentifications (Li, Tang and Lu 2018). However, it must be noted that there is evidence that
demonstrates the reliability of MALDI-TOF MS in comparison to traditional methods such as 16S
rRNA sequencing. The method is now finding its way into environmental monitoring as a rapid
tool for the detection of bacteria for monitoring and research and for identification of bacterial
contaminants that impact aquatic matrices (Popovi¢ et al. 2017). MALDI-TOF MS is being applied
more often in microbiological applications and it is beginning to replace conventional methods in
laboratories (Santos et al. 2013).

2.6.3 Flow cytometry- Fluorescent in situ Hybridization

FCM is a single-cell analysis tool that can be used for monitoring microorganisms, and it is now a
method of choice for bacterial research. It has been used in clinical (Cointe et al. 2017;
Cunningham et al. 2019), and environmental studies (Nescerecka, Hammes and Juhna 2016;
Tkacz, Hortala and Poole 2018). It has been reported to be a reliable technique for pathogen
detection (Kennedy and Wilkinson 2017). The use of FCM combined with fluorochromes provides
rapid, easy, and accurate detection and quantification of bacteria from aquatic environments,
provided that there is a fluorescent probe capable of detecting specific bacteria from samples
(Kennedy and Wilkinson 2017). When FCM and FISH are combined, the samples are normally
fixed and labelled fluorescently before being analysed with a flow cytometer (Nettmann et al.
2013). FCM can be used to perform viability studies and enumerate microorganisms in
environmental samples. The BacLight Kit is used to enumerate bacteria (total count) and separate
them into live and dead populations, (Robertson et al. 2019). FCM is a method of choice for
bacterial research due to its advantages. The target bacteria, in this research, have been studied
using FCM for various investigations, however, there are not many studies investigating the

bacteria of interest in wastewater (Table 2.4).

FCM is an analytical technique and is only as good as the sample preparation and staining
procedures. However, its capability to analyse many individual cells in seconds, the cell sorting
function, multi-colour fluorescence detection, and sophistication of data analysis make it a tool

that can improve our understanding of microbial communities in different environments.
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Table 2.4 Flow cytometric studies with target bacteria

Target bacteria Studies undertaken Reference

Aeromonas spp. Viability studies in wastewater (Pianetti et al. 2008; Manti
treatment et al. 2008)

Pseudomonas spp. Species-specific viability in P. (Ruger, Ackermann and

aeruginosa, relevant to infections  Reichl 2014)

of the lung of CF patients.

Antimicrobial activity of

engineered nanoparticle )
combinations (NPCs) (Bankier et al. 2018)

Acinetobacter spp. Flow cytometric techniques to (Mdller et al. 2000)
characterise physiological states
of Acinetobacter calcoaceticus.

S. maltophilia The authors reported that FISH in ~ (Mukherjee and Roy 2016)
combination with FCM is a
preferable method for detection of
the bacteria however no work has
been done further.

2.6.4 Droplet Digital PCR

ddPCR was used in this study as an advanced method of detection for the target pathogens in
wastewater samples. This is a relatively new technology similar to Quantitative PCR (gPCR), it
uses Taqg polymerase in a PCR reaction to amplify a target DNA fragment using a primer or
primer/probe assay (Hindson et al. 2011). This technology partitions the sample into hundreds of
millions of water-in-oil droplets before thermal cycling (McDermott et al. 2013). These droplets
are monitored for positive amplification after endpoint PCR, using fluorescent target-specific

hydrolysis probes (Floren et al. 2015).

An advantage of ddPCR over gPCR is that it is not as sensitive to PCR inhibitors and therefore is

reproducible and consistent when estimating the target DNA. Standard curves are not needed in
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ddPCR (Sanders et al. 2011; Scollo et al. 2016). ddPCR can be used to detect extremely low targets
from samples. This method has been used for the analysis of genetically modified organisms in
animal feed and food (Morisset et al. 2013; Gerdes et al. 2016); detection and quantification of
pathogens in environmental wastewater (Rothrock et al. 2013) and monitoring the microbial
populations in soils (Kim, Jeong and Cho 2014). On surveying literature, it was noted that there
are gaps in studies related to the application of this method to detect emerging waterborne
pathogens such as those in this study (Acinetobacter, Aeromonas, Pseudomonas, and S.
maltophilia). There are reports of applying ddPCR in environmental studies that include water.
Some of these studies investigated the detection of indicator organisms such as E. coli (Shiga
toxin-producing) in river water (Jikumaru et al. 2020), total coliform quantification in water
environments (Ma et al. 2020), human faecal contamination in water quality studies (Cao, Raith
and Griffith 2015) and comparative studies between ddPCR and gPCR for the detection of
Salmonella in river sediments (Singh et al. 2017). Therefore, ddPCR was applied to determine the
absolute quantification of the target bacteria in wastewater influent and effluent as there are no
studies relating to the target bacteria and this technique. ddPCR was reported to offer an accurate
and more sensitive quantification of pathogens than gPCR in environmental samples (Singh et al.
2017).
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Chapter 3: Methodology

3.1 Overview of methodology

In this chapter, an overview is given of the different methodologies used in this research. Some
methodologies are common through the thesis and are described fully here, however, methods that

are specific to a chapter are discussed separately in Chapter 4; Chapter 5, and Chapter 6.
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Overview of Methodology
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Figure 3.1 Overview of methodologies used in the study
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3.2 Study area

The Umhlangane River is situated to the north of Durban, South Africa. This river flows through
industrial and residential areas, and it receives effluent from a WWTP. This river flows past
informal housing settlements where the water is used for daily activities, which include domestic
use (washing, cooking), recreation (swimming, fishing), and small-scale agricultural activities. A

hospital and veterinary clinic, which were sampling points, are located along the river (Figure 3.2).

For this study, surface water samples were collected approximately 500 m upstream and
downstream from the respective four main sites (Figure 3.2; Table 3.1.) along the Umhlangane
River. In addition, wastewater samples (influent and effluent) were collected from the Northern
Wastewater Treatment Plant (NWWTP). The effluent from this plant is directly discharged into
the Umhlangane river. The disinfection process is performed by chlorination. The treatment plant
has the capacity to deal with a sewage inflow of 45 000 m® and is one of the five largest WWTPs
in the city of Durban. Most of the wastewater processed is domestic (92%) while the remaining
8% 1is industrial wastewater (petrochemical, construction-related, cosmetic, pharmaceutical,
detergent, and textile industries). The plant is currently operated using the activated sludge process

configuration mode.
3.3 Sample collection

3.3.1 Surface water/wastewater sampling

Samples (1 litre) were collected from the sites listed in Figure 3.2 and Table 3.1. The WWTP —
samples were collected from the influent and final effluent. Surface water samples (1 litre) were
collected 500 m upstream and downstream from the following sites, Hospital (Site 1), WWTP
(Site 2), Informal settlement (Site 3), and Veterinary clinic (Site 4). Grab samples of surface water
(n=48) and wastewater (n=12) were taken at each sampling site, once a month, for six months from
November 2016 to April 2017. Samples were collected in 1 litre sterile plastic bottles and were
stored at 4°C.
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3.3.2 Sediment and plant collection

Sediments were collected twice in October 2017 from all four surface water collection sites (Figure
3.2.; Table 3.1) following the method described by Singh et al. (2010). Samples were a composite

of 5 sub-samples of 500 g each and were collected in sterile bags.

Plants (n=16) were collected at the same sampling points as the sediments. Plants were uprooted
and placed in sterile plastic bags. All samples were transported on ice to the laboratory and

analysed within 24 hours (h) of sampling.
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Figure 3.2 Graphical representation of sampling sites in the study area of the Umhlangane River, Durban, South Africa
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Table 3.1 Description of sampling sites

Site No Site Site description
Site 1 Hospital upstream This sampling point is located upstream of a hospital
and surrounded by a heavily industrialised area.
Hospital downstream  Approximately, 500 meters downstream of the hospital
stormwater discharge point and is surrounded by a
high industry presence.
Site 2 Wastewater treatment  Further downstream of the hospital and industrial area
plant upstream is the wastewater upstream sampling point. This point
is 800 meters upstream of the wastewater effluent
discharge point. The surrounding area is
predominantly covered by residential buildings.
Wastewater treatment  This sampling point is located 500 meters downstream
plant downstream of the wastewater treatment effluent discharge point.
Site 3 Informal housing The informal settlements are located approximately
settlement upstream 400 meters downstream of this sampling point.
Informal housing This sampling point is located 500 meters downstream
settlement of the informal settlements.
downstream
Site 4 Veterinary clinic Approximately, 600 meters downstream of the

upstream

informal settlements and 500 meters upstream of the
stormwater discharge point of the veterinary clinic.

Veterinary clinic
downstream

This sampling point is located approximately, 400
meters downstream of the veterinary clinic stormwater
discharge point.
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3.4 Isolation of opportunistic pathogens from different environmental samples
3.4.1 Wastewater and surface water samples

The spread plate method was used to isolate the target bacteria and to determine the total plate
count from the water samples. This was based on a modified procedure (Mulamattathil et al. 2014).
Serial dilutions ranging from 107 to 10 were prepared using sterile phosphate-buffered saline
(PBS) (Sigma Aldrich, South Africa) to enable the quantification of isolates in colony-forming
units (CFU) per millilitre (CFU/mL). Aliquots of 100 pL of each dilution were used to inoculate
the selective medium (Table 3.3) by the spread plate method in triplicate for the isolation of
Aeromonas spp., Pseudomonas spp., Acinetobacter spp., and S. maltophilia. Plate count
enumeration was performed by spreading 100 pL of water sample onto Nutrient agar plates. After
the incubation period (Table 3.3), presumptive counts were recorded, and the CFU/mL was
determined using the following equation (APHA 2005):

CFU/mL = (number of colonies x dilution factor)/(sample volume)

3.4.2 Sediment samples

Sediments were processed using the serial dilution method. One gram of each sediment sample
was added to 9 mL sterile PBS (Sigma Aldrich, South Africa) to get a 1:10 (w/v) dilution. The
samples were vortexed to homogenize and bring bacteria into suspension from the sediment. This
homogenized mixture was then further diluted to obtain 10-fold dilutions up to 10 (Singh et al.
2010). Aliquots (100 pL) of the dilution were plated on Stenotrophomonas isolation agar
(Himedia, India) to isolate Stenotrophomonas maltophilia.

3.4.3 Plant rhizosphere samples

The plants that were collected were identified (Table 3.2.) by a botanist, Prof. H Baijnath (School
of Life Sciences, University of Kwa-Zulu Natal) as follows: Alternanthera sessilis (L.) R.Br. ex
DC, Leersia hexandra Sw. and Ranunculus multifidus Forssk. One gram of plant rhizosphere (cut
into small pieces) was suspended in 9 mL of sterile PBS (Sigma Aldrich, South Africa) to obtain
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a 1:10 dilution. This was vortexed to obtain a homogenous mixture and was further diluted. From

the diluted samples, 100 pL of samples were withdrawn and then spread onto Stenotrophomonas

selective agar to obtain isolates of Stenotrophomonas maltophilia.

Table 3.2 Plants collected for the isolation of Stenotrophomonas maltophilia

Plant

Ecology

Uses

Reference

Alternanthera sessilis
(L) R.Br.ex DC

Aquatic environments

Asian cuisine,
poultry feed, herbal
medicine

Grard et al. 2006

Leersia hexandra Sw.

Shallow freshwater
(marshes, swamps)

Pasture grass - cattle
feed, able to
accumulate heavy
metals

Akobundu and
Agyakwa, 1987

Ranunculus
multifidus Forssk.

Freshwater
environments, flood
plains, coastal belts

Traditional
medicines, food

Figueiredo and
Smith, 2008

33



Table 3.3 Selective media and incubation conditions used for the detection and
enumeration of emerging pathogens

Organism Media Incut_)gtlon Presu_mptlve
condition colonies
Aeromonas Aeromonas Isolation 24 h at 37°C dark green, opague
Agar with dark centres
Pseudomonas Cetrimide Agar 24 h at 35-37°C. Blue green/ non
pigmented
Acinetobacter CHROMagar 18-24 h at 35-37°C. Red

Acinetobacter

S. maltophilia

Stenotrophomonas
Selective Agar

24-48 h at 35-37°C

Cream to white
colonies

Total plate count
(Heterotrophic
bacteria)

Nutrient Agar

24 hat37°C

Colour varies

3.5 Enumeration of target bacteria using the spread plate method

The spread plate method was used to isolate the selected bacteria from the samples collected based

on the modified procedure described in Section 3.4.

3.6 Purification of isolates

For each of the target species (Acinetobacter, Aeromonas, Pseudomonas, and S. maltophilia)
representative colonies were picked from the selected culture plates based on the colonial
morphology and size. The selected colonies were thereafter reinoculated onto their respective
selective medium (Table 3.3.). The pure colonies were then streaked onto fresh Nutrient Agar

(Oxoid, England) medium. Thereafter, single colonies were selected, inoculated into Nutrient
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Broth (Oxoid, England), and were incubated for 24 h at 37°C. The purified cultures were then used
to prepare a 50% glycerol stock which was stored at -80°C for further investigations.

3.7 Confirmation of presumptive isolates

3.7.1 Biochemical tests

Isolates were subjected to further preliminary identification tests which included Gram staining,

the oxidase, and the catalase test.
3.7.1.1 Gram staining

A Gram staining kit (77730, Sigma — Aldrich, South Africa) was used to stain the isolates. A drop
of water was added to a slide and a colony was aseptically transferred to the slide. The culture was
spread with an inoculation loop to form a thin layer on the slide. Forceps were used to hold the
slide and allow it to air dry. The culture was then fixed over a Bunsen flame. The slide was then
flooded with Gram's crystal violet solution for 60 seconds (s). The crystal violet solution was
washed off the slide with tap water. The slide was then flooded with Gram's iodine solution, this
was washed off with tap water after 60s. The next step was to decolorize the fixed culture with
Gram's decolourizer solution for approximately 3s. Gram's safranin solution was used as a
counterstain. After 60s, the safranin was washed off the slide and the slide was blotted with a paper
towel. The slide was examined with an oil immersion objective under a microscope. All bacteria

that were Gram-negative were further analysed to determine their oxidase and catalase reaction.
3.7.1.2 Oxidase test

A Bactident oxidase test strip (Merck, Germany) was used for the oxidase test. The strip was
allowed to make contact with the colony and a colour change to purple was indicative of a positive

result.

35



3.7.1.3 Catalase test

A pure colony of culture was transferred to a slide and a drop of 3% Hydrogen Peroxide (H20>)
was added to the fresh colony (24 h). A positive result was indicated by the production of gaseous
bubbles.

3.8 Molecular confirmation of target bacteria

PCR was used to amplify and detect the presence of specific gene sequences in each of the

presumptive target species (Acinetobacter, Pseudomonas, Aeromonas, and S. maltophilia).
3.8.1 DNA extraction

DNA extraction was carried out using the boiling method as described by Jyoti et al. (2011). The
isolates which were stored as glycerol stocks were streaked onto Nutrient Agar. After 24 h, single
colonies of the culture were transferred into a 2 mL microcentrifuge tube with 500 uL of sterile
distilled water. This was boiled in a heating block at 95°C for 15 minutes (min) and then
centrifuged at 14,000 rpm for 5 min at 4°C. The upper layer of supernatant from the tube was
removed and to this, 25 pL of 0.3M sodium acetate (pH = 5.2) and ice-cold ethanol was added to
allow for the precipitation of DNA. The precipitated DNA was pelleted by centrifugation at 14 000
rpm for 15 min. The DNA pellet was washed twice with 70% ethanol and resuspended in 250 pL
of TE buffer. The template DNA was stored at -20°C and used for all PCR reactions.

3.8.2 PCR identification of target organisms

Genus-specific PCR was performed to confirm the identification of presumptive isolates. Primers
specific for each of the target genus (Acinetobacter, Pseudomonas, Aeromonas) and S. maltophilia
were selected (Table 4.1. and Table 5.1.). The PCR reactions were performed using a Biorad T100
thermocycler (Biorad, USA). The PCR mixture was of a total volume of 25 L. This comprised of
12.5 pL. DreamTaq Hotstart master mix (Thermofisher, South Africa), 1 pL forward primer, 1 pL.
reverse primer, 5.5 pL nuclease-free water, and 5 plL template DNA at a concentration of 5

nanograms (ng).
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3.8.3 Electrophoresis of PCR products

The amplified PCR products were visualised with agarose gel (2%) electrophoresis which was
stained with GelRed® (Biotium, USA). A 100-base pair (bp) / 50 bp DNA Ladder (Fermentas,
USA) was used to measure the size of the amplicons. Electrophoresis was conducted for 90 min
at 65V (Power Pac Basic, Bio-Rad) using 1x TAE (Tris Acetate Ethylene diamine tetra-acetic
acid) buffer (40mM Tris, ImM EDTA, and 20mM glacial acetic acid, pH 8.0). The gel image was
viewed using the GelDoc Imaging System (BioRad, South Africa).

3.9 Identification of isolates using MALDI-TOF MS.

This is described in detail in Chapter 4: Section 4.2.5. The workflow for the identification of
bacteria using the MALDI-TOF MS is shown in Appendix B.

3.10 Antibiotic resistance profiling

The methodology is detailed in Chapter 4: Section 4.2.6 (Antibiotic resistance profiling);
Chapter 4: Section 4.2.7 Multiple antibiotic resistance (MAR) index and Chapter 4: Section
4.2.3. (Virulence and antibiotic-resistant marker). A detailed workflow for the antibiotic
resistance profiling is provided in Appendix C.
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3.11 Flow cytometry methodology

The FCM methodology is described in detail in Chapter 6: Section 6.2.5. The figure below diagrammatically represents the process

followed for the analysis of wastewater using Flow Cytometry combined with Fluorescent-In situ hybridization (Flow-FISH) Flow-

FISH.

Application of Flow cytometry for microbial water quality assessment
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Figure 3.3 Workflow of BacLight bacterial viability and counting assay and the Flow-FISH assay
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3.12 Analysis of wastewater samples using droplet digital PCR

This method is described completely in Chapter 6: Section 6.2.4. Each step of the assay is

represented in Figure 3.4.

| Application of Droplet Digital PCR for microbial water quality assessment
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Figure 3.4 The schematic on the workflow for the analysis of wastewater analysis using

ddPCR
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CHAPTER 4: Molecular and MALDI-TOF MS identification,
Antibiotic Resistance and Virulence Gene Profiling in Aeromonas and

Pseudomonas Species

Govender, R., Amoah, I. D., Adegoke, A. A., Singh, G., Kumari, S., Swalaha, F. M., Bux, F.
and Stenstrom, T. A. 2021. Identification, antibiotic resistance, and virulence profiling of
Aeromonas and Pseudomonas species from wastewater and surface water. Environmental
Monitoring and Assessment, 193 (5): 1-16.

4.1 Introduction

Waterborne bacterial pathogens are a major public health concern worldwide, not only due to the
morbidity and mortality they cause but also due to the high cost of treatment and prevention
(Ramirez-Castillo et al. 2015). In developing countries, poverty-stricken communities and
residents rely on rivers, streams, and ponds for their daily water needs (Mackintosh and Colvin
2003; Braune and Xu 2008; Nkuna, Mamakoa and Mothetha 2014). These natural sources of water
are often contaminated by waterborne opportunistic pathogenic microorganisms (Mema 2010),
including species of Pseudomonas (Igbinosa et al. 2012a; Mulamattathil et al. 2014) and
Aeromonas (Olaniran, Nzimande and Mkize 2015). These bacteria may have profound health
implications for immunocompromised individuals and are, therefore, a serious challenge in a
country like South Africa with over 12% of the population in this category (Statistics South Africa,
2017).

Aeromonas spp. has been reported as waterborne opportunistic pathogens which are widely
distributed in soil, food, and aquatic environments (Janda and Abbott 2010). Aeromonas spp. have
been isolated from wastewater (Martone-Rocha et al. 2010), rivers, aquaculture environments
(Evangelista-Barreto et al. 2010), and potable water systems (Figueira et al. 2011). This species
is mainly associated with gastrointestinal diseases affecting the elderly, children, and
immunocompromised people (Daskalov, 2006). Common Aeromonas spp. infections are wound

infections, meningitis, septicaemia, pneumonia, and endocarditis (Bhatia et al. 2017). Aeromonas
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spp. associated with human pathogenicity are A. hydrophila, A. caviae, and A. veronii biovar
sobria (Janda and Abbott 2010). Other species such as A. jandei, A. schubertii and A. veronii
biovar veronii are sometimes responsible for culture-based confirmed infections of sepsis (Janda
and Abbott 1998). Aeromonas spp. display absolute resistance against ampicillin and oxacillin,
which illustrate the intrinsic resistance of Aeromonas to S-lactam antibiotics related to s-lactamase
genes (Ighinosa and Okoh 2013). Some isolates of Aeromonas spp. display resistance against the
antibiotic tetracycline (Igbinosa et al. 2012a). Virulence in Aeromonas species is multifactorial,
several putative VG has been identified in this bacterium encoding for haemolysins (hyl),
enterotoxins (ast, act), proteases (AspA), lipases (lip), and aerolysins (aer) (Sen and Rodgers,
2004; Olaniran, Nzimande and Mkize 2015).

Along with Aeromonas spp., pathogenic Pseudomonas spp., which are found naturally in soil,
aquatic environments, and various other natural habitats, are a serious health risk to exposed
individuals (Ruiz et al. 2004). Pseudomonas spp. can survive in low and high nutrient
environments (Mena and Gerba 2009) and has been reported to harbour multiple resistance genes
(Juan and Oliver 2010; Pfeifer, Cullik and Witter 2010; Farifias and Martinez-Martinez 2013). The
most common species of the genus Pseudomonas is P. aeruginosa which is known to cause various
diseases such as pneumonia (Garau and Gomez 2003), urinary tract infections (Bitsori et al. 2012),
bacteraemia (Tam et al. 2010), and chronic lung infections in patients with cystic fibrosis
(Bjarnsholt et al. 2009; Mena and Gerba 2009). P. fluorescens has been found in many clinical
samples linked to infections in the bloodstream (Scales et al. 2014). P. putida has emerged as a
multi-drug and carbapenem-resistant strain (Kim et al. 2012), causing bacteraemia in soft tissue
injuries (Yoshino et al. 2011; Thomas et al. 2013). As a pathogen, Pseudomonas spp. are difficult
to eliminate from the environment due to their resistance against various antibiotic classes

including aminoglycosides, fluoroquinolones, and j-lactams (Livermore 2002).

Many reports describe the characterisation of virulence and antibiotic resistance in Pseudomonas
spp. and most focus only on P. aeruginosa (Bradbury et al. 2010; Fazeli and Momtaz, 2014; Faraji
et al. 2016). Other studies have shown the presence of VG such as toxA (Michalska and Wolf,
2015), exoS (Yousefi-Avarvand et al. 2015), ecfX (Lavenir et al. 2007), and lasl (Bratu, Gupta and

Quale 2006) in Pseudomonas spp. which are a concern for public health. It is highly unlikely to
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solve the problems associated with antibiotic resistance in pathogens or infection control
depending only on the studies conducted in clinical settings; hence the interlinkage to the

environment must be considered, especially in water matrices (Adegoke et al. 2016).

Anthropogenic activities are known sources of surface water pollution resulting in the decrease of
water quality (Adeosun, Adams and Amrevuawho 2016). Given the growing interest in
understanding the possible role played by several factors such as human activities, industrial
discharges, hospital effluents, and WWTPs. in the emergence of antibiotic-resistant bacteria, this
study focused on the isolation, quantification, antibiotic resistance, and virulence profiling of
Aeromonas spp. and Pseudomonas spp. from wastewater and surface water in Durban, South
Africa.

4.2 Methodology

4.2.1 Study area and sampling points

The study area included NWWTP (global positioning system coordinates: -29.7955417,
30.9978762) and the Umhlangane river located in Durban, South Africa. This has been described
in Chapter 3: Section 3.2. of this thesis. One-litre water samples (influent and effluent) were
collected from influent and effluent points of NWWTP. Surface water samples were collected
approximately 500 m upstream and downstream from the eight sampling points (Figure 3.2, Table

3.1.). A full description of the sample collection is listed in Chapter 3: Section 3.3.1.
4.2.2 Isolation and characterisation of the bacterial isolates

Samples were analysed using the spread plate technique as described in Chapter 3: Section 3.4.1.
The selective medium with incubation conditions and the selection of presumptive colonies are
listed in Table 3.3. The colonies were enumerated as described in Chapter 3: Section 3.4.1. and
recorded as CFU/mL of sample. The presumptive isolates with a typical appearance on the
respective medium (dark green for Aeromonas and cream-colored colonies for Pseudomonas) were
further streaked onto fresh selective media as described in Chapter 3: Section 3.6. The isolates

were then characterised by Gram staining (Chapter 3: Section 3.7.1.1.). Gram-negative cultures
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were further analysed for oxidase and catalase production (Chapter 3: Section 3.7.1.2. and 3.7.1.3

respectively).

4.2 .3 ldentification of the isolates and detection of antibiotic-resistant and virulence

markers using PCR

After initial screening and characterisation, the isolates were identified to genus level using 16S
rRNA identification facilitated by PCR amplification (Chapter 3: Section 3.8.2). Genomic DNA
(gDNA) was extracted from individual isolates (Chapter 3: Section 3.8.1) and was used as a
template and 16S rRNA genus-specific primers were used to amplify the gyrase B gene (gyrB) for
Aeromonas (Kpfer et al. 2006) and the PSE gene for Pseudomonas (Robertson et al. 2014). The
PCR cycling conditions used were 10 min at 95°C, 20 s at 95°C, 30 s at 56°C, and 30 s at 72°C
(45 cycles) and a final extension of 10 min at 72°C for Aeromonas and 10 min at 95°C followed
by 40 cycles of 95°C for 30 s and 1 min at 60°C for Pseudomonas. A 25 pL PCR reaction mixture
contained 50 ng template DNA, 0.4 uM of each primer set, 1x Maxima Hotstart PCR master mix
(Thermo Fisher Scientific, Walthan, MA, USA), and nuclease-free water. Aeromonas hydrophila,
American Type Culture Collection (ATCC) 7966, and Pseudomonas aeruginosa ATCC 27853
strains were used as positive controls. The electrophoresis of amplified products is described in
Chapter 3: Section 3.8.3. To detect the ARG and VG in individual isolates, gDNA was extracted
and PCR was performed using the conditions described above. The PCR conditions used were
identical for all the genes except for the annealing temperatures. The gene names, primer

sequences, and annealing temperature used are shown in Table 4.1.
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Table 4.1 Primers used in the study, gene amplicon size and annealing temperature for

PCR
Gene Sequence (5°-3”) Amplicon Annealing Reference
size Temp (°C)

PSE F-ACTTTAAGTTGGGAGGAAGGG 251 60°C (Bergmark et
R-5ACACAGGAAATTCCACCACCC al. 2012)

Gyrb F-GAAGGCCAAGTCGGCCGCCAG 198 56°C (Robertson et
R-ATCTTGGCATCGCCCGGGTTTTC al. 2014)

blatem F-AGGAAGAGTATGATTCAACA 535 55°C (Wang et al.
R-CTCGTCGTTTGGTATGGC 2006)

blaoxa F-TGAGCACCATAAGGCAACCA 311 53°C (Kuo et al.
R-TTGGGCTAAATGGAAGCGTTT 2010)

blaampc F-GGTATGGCTGTGGGTGTTA 882 53°C (Yang et al.
R-TCCGAAACGGTTAGTTGAG 2008)

tetc F-GGTTGAAGGCTCTCAAGGGC 505 65°C (Agersg and
R-GGTTGAAGGCTCTCAAGGGC Sandvang

2005)

mcr-1 F-GGGCCTGCGTATTTTAAGCG 183 55°C (Hembach et
R-CATAGGCATTGCTGTGCGTC al. 2017)

Sull F-CGGCGTGGGCTACCTGAACG 433 60°C (Kerrn et al.
R-GCCGATCGCGTGAAGTTCCG 2002)

Sul2 F-GCGCTCAAGGCAGATGGCATT 293 60°C Kerrn et al.
R-GCGTTTGATACCGGCACCCGT 2002)

Sul3 F-TCAAAGCAAAATGATATGAGC 787 55°C (Heuer and
R-TTTCAAGGCATCTGATAAAGAC Smalla 2007)

16S-27F F-AGAGTTTGATCMTGGCTCAG 1300 55°C (Marchesi et

16S-1492R R-CGGTTACCTTGTTACGACTT al. 1998)
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ToxA F-GACAACGCCCTCAGCATCACCAGC 367 66°C (Mulamattathil
R-CGCTGGCCCATTCGCTCCAGCGCT et al. 2014)

ExoS F-GCGAGGTCAGCAGAGTATCG 118 58°C (Ajayi et al.
R-TTCGGCGTCACTGTGGATGC 2003)

EcfX F-ATGGATGAGCGCTTCCGTG 528 58°C (Lavenir et al.
R-TCATCCTTCGCCTCCCTG 2007)

Lasl F-ATGATCGTACAAATTGGTCGGC 605 56°C Bratu, Gupta
R-GTCATGAAACCGCCAGTCG and Quale

2006)

Aer F-CCTATGGCCTGAGCGAGAAG 431 64°C (Igbinosa et
R-CCAGTTCCAGTCCCACCACT al. 2013)

Alt F-CCATCCCCAGCCTTTACGCCAT 338 63°C (Martinez et
R-TTTCACCGAGGTGACGCCGT al. 2009)

Ast F-ATGCACGCACGTACCGCCAT 260 55°C (Martinez et
R-ATCCGGTCGTCGCTCTTGGT al. 2009)

Fla F-TCCAACCGTYTGACCTC 608 55°C (Sen and
R-GMYTGGTTGCGRATGGT Rodgers 2004)

4.2.4 Sequencing and analysis

The PCR products were excised from the agarose gel and purified using the Zymoclean Gel DNA

Recovery Kit (#D4001, Zymo Research, South Africa) and this was sent for sequencing to Ingaba

Biotech, Pretoria, South Africa. The sequences obtained were then searched for homology at

National Centre for Biotechnology Information nucleotide Basic Local Alignment Search Tool
(Altschul et al. 1990).

4.2.5 Identification of isolates using MALDI-TOF MS

For the identification of the isolates using MALDI-TOF MS, the samples were shipped on ice to

the Centre for Antibiotic Resistance Research (CARe) at the University of Gothenburg, Sweden.
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The PCR positive isolates were cultured overnight on Blood agar. These were transferred onto a
VITEK MS-DS slide (BioMérieux, France) using a 1 pL loop. Immediately after spotting, 1 uL of
matrix a-cyano-4-hydroxycinnamic acid matrix solution (BioMérieux, France) was added. The
slides were dried at room temperature and loaded into a VITEK mass spectrometry system
(BioMérieux, France). The mass spectra were analysed using the VITEK MS databases IVD v.3.0
and SARAMIS v.4.15.

4.2.6 Antibiotic resistance profiling of Aeromonas spp. and Pseudomonas spp. isolates

Antibiotic susceptibility testing was performed using the standard Kirby-Bauer disk diffusion
method (Tao et al. 2010). Positively identified isolates (Aeromonas spp. and Pseudomonas spp.)
were cultured, standardized to a 0.5 McFarland standard, and swabbed on Mueller Hinton agar
plates. A panel of 12 antibiotics of clinical relevance was tested against isolates by applying
antibiotic discs (Mast Diagnostics, United Kingdom) to the surface of Mueller Hinton agar plates
according to the manufacturer's instructions. Seven classes of antibiotics were analysed, these were
p-lactams (ampicillin 20 ug, ceftazidime 30 ug, and cefixime 5 pg), polymyxins (polymyxin B
300 units and colistin 25 ug), (fluor) quinolones (ciprofloxacin 5 ug, levofloxacin 5 ug and
ofloxacin 5 ug), tetracyclines (minocycline 30 ug), carbapenems (meropenem 5 ug and imipenem
10 ug) and sulphonamides (trimethoprim-sulphamethoxazole 25 ug). The diameter of the zone of
inhibition was measured to the nearest millimetre and this was used to determine the level of
susceptibility or resistance. The results were interpreted according to the standards of the Clinical
Laboratory and Standards Institute (CLSI) (CLSI, 2016; CLSI, 2017).

4.2.7 Multiple antibiotic resistance index

The isolates showing resistance against three or more antibiotics were classified as MDR and the
Multi Antibiotic Resistance (MAR) index was calculated, according to the equation below (Blasco,
Esteve and Alcaide 2008).

MAR = a/b,
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Where ‘a’ is the number of antibiotics to which the isolate was resistant, and ‘b’ is the total number
of antibiotics against which individual isolate was tested. The MAR index is a widely used tool to
evaluate antibiotic resistance and its associated health risks (Riaz, Faisal and Hasnain 2011). An
isolate with a MAR index greater than 0.2 is considered to be from a high-risk area, with possible
exposure to high doses of antibiotics over a period (Paul et al. 1997; Odjadjare et al. 2012). While
a MAR index less than or equal to 0.2, is considered as an intrinsic strain resistance against the

antibiotic without previous exposure to such antibiotics (Saka, Adeyemo and Odeseye 2017).
4.2.8 Statistical analysis

Data analysis for plate counts was performed using GraphPad Prism v.5.0. The two-tailed test and
two-way ANOVA were used to determine the difference in means between antibiotic-resistant
strains to antibiotics as well as differences between the genera for individual antibiotics at a 95%
confidence interval. Differences in frequencies of resistance phenotype (RP), VG, and ARG
among groups were evaluated using chi-square tests (y?) on contingency tables with a significance
level of p = 0.05. Analyses were performed in IBM SPSS Statistics v.25.
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4.3 Results and discussion

4.3.1. Isolation and enumeration of Aeromonas spp. and Pseudomonas spp. from

wastewater and surface water samples

Aeromonas spp. and Pseudomonas spp. were present in all samples analysed in this study with
varying concentrations. The average counts (logio CFU/mL) for presumptive Aeromonas spp. (6.2
+0.25 logio CFU/mL) and Pseudomonas spp. (3.19+1.46 logio CFU/mL) in the influent
wastewater, samples were higher than the effluent samples (Aeromonas spp.: 2.91+1.12 logio
CFU/mL; Pseudomonas spp.: 1.72+1.40 logio CFU/mL), which demonstrated greater than 94%
removal efficiency (Table 4.2.). This difference in concentration of both Pseudomonas spp. and
Aeromonas spp. in influent and effluent samples were statistically significant. This shows that the
treatment process contributed significantly to the reduction in the concentration of both Aeromonas
spp. and Pseudomonas spp.

Different removal efficiencies for wastewater treatment ranging from 95% to 98% for faecal
indicator organisms have been reported previously (Barrios-Hernandez et al. 2020). Specifically,
Numberger et al. (2019) reported prevalence of Pseudomonas spp. and Aeromonas spp. of 5.8%
and 1.1%, respectively in untreated wastewater. After mechanical treatment, followed by a
biological phosphate elimination process, there was a reduction in the prevalence of Pseudomonas
spp. and Aeromonas spp. in the effluent (1.1% and 0.02% respectively). The removal efficiency in
this study therefore can be compared to their findings as in both studies the overall abundance was

greatly reduced but not completely removed.

There was no statistical difference in both Pseudomonas spp. and Aeromonas spp. concentrations
upstream and downstream of the wastewater effluent discharge point (Table 4.2.). However, the
contribution of other sites, such as the hospital (site 1) and the veterinary clinic (site 4) was found
to impact the concentration of these bacteria in the surface water (river samples). For instance, the
impact of the veterinary clinic’s (site 4) contribution to the increased loads in surface water was
evident due to an increase of 0.6 logio CFU/mL observed in downstream samples (Aeromonas

spp.: 3.1+0.3 logio CFU/mL, Pseudomonas spp.: 1.7+1.4 logio CFU/mL) than the upstream

48



samples (Aeromonas: 2.5£0.8, Pseudomonas: 1.1+1.3). This could be due to a storm-water outlet
that leads to the river just before the downstream sampling point. Similarly, at the hospital
sampling point (site 1), higher concentrations of Aeromonas spp. (3.1£0.7 logio CFU/mL) and
Pseudomonas spp. (1.2+1.4 logio CFU/mL) were found in the downstream samples (Table 4.3.).
The hospital storm-water drainage empties into the river approximately 50 meters upstream from
the hospital downstream sampling point, which could have contributed to this notable increase in
bacterial concentrations. The impact of hospital wastewater or stormwater on surface water
contamination with these bacteria (Aeromonas spp. and Pseudomonas spp.) has been reported
previously (Mena and Gerba 2009; Fisher et al. 2015, Batrich et al. 2019). For instance, Mena and
Gerba, 2009 reported that urban runoff was thought to be a source of Pseudomonas spp., while it
was reported by Warburton, Bowen, and Konkle (1994) to be an indicator of surface run-off
contamination. Olds et al. (2018) has reported that stormwater systems are sometimes
contaminated by sewage due to leaking sewage infrastructure infiltrating the stormwater or illicit
connections leading to the discharge of untreated sewage into the surface water. It was further
noted that the informal settlement (Figure 3.2. — Site 3) did not show any adverse impact on the
concentration of these bacteria in the receiving river. Concentrations of the bacteria upstream of
the informal settlement were higher (Pseudomonas spp.: 1.1+1.7 logio CFU/mL; Aeromonas spp.:
3.3+0.4 logio CFU/mL) than downstream (Table 4.3.).

Table 4.2 Mean Log reduction/removal efficiency of the treatment plant (NWWTP) over a
six-month sampling period (Nov 2016 — April 2017)

Bacteria Logio (CFU/mL) Reduction p values

efficiency (%0)

Influent Effluent
Aeromonas spp. 6.27+0.25 2.91+1.12 99.8 <0.05
Pseudomonas spp. 3.19+1.46 1.72+1.40 94.7 >0.05

49



Table 4.3 Logio CFU/mL of Aeromonas spp. and Pseudomonas spp. in surface water
sampling sites (average over six months)

Sampling Site Logio CFU/mL
Aeromonas spp.* Pseudomonas spp.*
Upstream Downstream  Upstream Downstream
Hospital (Site 1) 3.0+£0.9 3.1+0.7 0.6+7.7 1.2+1.4
WWTP (U/S & DIS of site 2) 3.3£1.0 2.7£1.0 1.7£1.9 1.8£1.0
Informal Housing (Site 3) 3.3x0.4 2.8+1.4 1.1+1.7 0.6+1.1
Veterinary clinic (Site 4) 2.5+0.8 3.1+0.3 1.1+1.3 1.7£1.4

U/S — Upstream; D/S — Downstream; *p-value > 0.05
4.3.2 Confirmation of Aeromonas spp. and Pseudomonas spp. isolates

The isolates were further confirmed by PCR and by using MALDI-TOF MS. Approximately, 81%
of the presumptive Pseudomonas isolates (n=55) confirmed by PCR were further identified by
MALDI-TOF MS to the species level (Table 4.4.). These comprised of P. putida (51%), P.
aeruginosa (26%), P. mendocina (16%), P. alcaligenes (5%) and P. oleovorans (2%). A total of
12% of the isolates were identified as belonging to other genera (Providencia, Ochrobactrum,

Enterobacter, Streptococcus).

In this study, the identification of the target bacteria by MALDI-TOF MS was comparable to 16S
rRNA sequencing. However, there were discrepancies in identification in comparison to the above-
mentioned methods to PCR. In certain instances, PCR identifications of bacterial isolates have
been reported to be false positive. This could be attributed to the sensitivity or specificity of the

primer and sometimes could be because of contamination (Ruiz-Villalba et al. 2017).

The MALDI-TOF MS analysis of the PCR positive Aeromonas spp. (n=95) showed that only 65%
of isolates belonged to the genus, Aeromonas (Table 4.4.). The remaining 24% belonged to other

genera (Pseudomonas, Enterobacter, Citrobacter, and Acinetobacter) and 11% were found non-
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viable on receipt for analysis and could not be analysed by MALDI-TOF MS. Previously,
misidentification of isolates through MALDI-TOF MS was reported due to analysis of nonaxenic
cultures (Anderson et al. 2012) and technical errors during sample preparation (Cherkaoui et al.
2011). The speciation of the isolates belonging to the Aeromonas genus (n=62) was found to be A.
hydrophila/caviae (58%), A. caviae (13%), A. hydrophila/caviae/sobria (11%), Aeromonas spp.
(8%) and A. veronii/sobria (10%). A reference strain A. hydrophila, ATCC 7966 was analysed and
identified by MALDI-TOF MS as A. hydrophila/caviae. This shows that MALDI-TOF MS could
not differentiate between these two species. This inconclusive identification was common in other
isolates, such as A. hydrophila/caviae/sobria and A. veronii/sobria. Deng et al. (2014) reported
that there was unclear species identification within the Aeromonas genus using MALDI-TOF MS
and suggested that updating the existing databases may assist in better discrimination between the
species. Timperio et al. (2017) further concluded that MALDI-TOF MS can be chosen for
identification owing to its easy and rapid sample preparation for accurate identification up to
species level, however, the database needs to be updated with a larger number of environmental
strains. Therefore, a concise database is required for the accurate identification of closely related
organisms that have similar spectrums when using the MALDI-TOF MS platform for bacterial
identification (Croxatto, Prodhom and Greub 2012).
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Table 4.4 Identification of the isolates from the study

Method Aeromonas spp. Pseudomonas spp.
PCR n=95 n=68
Identified other than genus (%) 24 12
MALDI-TOF MS n=62 % n=55 %
A. hydrophila / caviae 58 P. putida 51
A. caviae 13 P.aeruginosa 26

A. hydrophila / caviae / sobria 11 P.mendocina 16

A. veronii/sobria 10 P. alcaligenes 5

Aeromonas spp. 8 P.oleovorans 2

4.3.3 Antimicrobial resistance profile of Aeromonas spp. and Pseudomonas spp. isolates

The antimicrobial resistance analysis (Table 4.5.) shows that the Aeromonas isolates were resistant
to trimethoprim-sulphamethoxazole (100%), ampicillin (76%), polymyxin B (56%), and colistin
(42%). Lower levels of resistance (8%) were displayed to levofloxacin, meropenem and imipenem;
5% to third-generation cephalosporin’s cefixime and ceftazidime; 3% to minocycline and 2% to
ciprofloxacin, while none of the isolates was resistant to ofloxacin. Similar resistant profiles have
been reported in previous studies for Aeromonas spp. (Gofii-Urriza et al. 2000b; Pérez-Valdespino,
Fernandez-Rendon and Curiel-Quesada 2009, Odeyemi and Ahmad, 2017). Absolute resistance of
Aeromonas spp. to ampicillin and oxacillin was reported in a previous study in Durban, South
Africa (Olaniran, Nzimande and Mkize 2015), and the resistance was attributed to lactamase

activity in resistant isolates (Igbinosa et al. 2012a). The resistance of the Aeromonas isolates

52



observed in this study could be attributed to the intrinsic resistance of these isolates due to -
lactamase production (Figueira et al. 2011). Aeromonas isolates from this study displayed
resistance against polymyxin B, as well as resistance against some quinolones (levofloxacin, and
ciprofloxacin), third-generation cephalosporins (ceftazidime, cefixime), and meropenem. The
results from this study are in contrast to a study conducted in the United States where Aeromonas
spp. showed susceptibility to third-generation cephalosporins (>90%) and almost all isolates were
susceptible to quinolones (Zhiyong, Xiaojou and Yanyu 2002).

Pseudomonas spp. isolates from this study displayed resistance (21% and 7%) to the carbapenems
(meropenem and imipenem). Carbapenem-resistant P. aeruginosa isolates have been included in
a list of antibiotic-resistant priority pathogens that pose a threat to human health (WHO, 2017).
This implies that there is an urgent need for new antibiotics for these organisms. These bacteria
have in-built mechanisms that find ways to resist treatment and transfer genetic materials to other
bacteria (WHO, 2017). Although the percentage resistance exhibited by the isolates was low
compared to other antibiotics screened, the results from this study indicate that carbapenem-
resistant Pseudomonas spp. is present in the study area. Carbapenem-resistant Pseudomonas spp.
has been reported from clinical settings in South Africa (Prinsloo, van Straten and Weldhagen
2008; Mudau et al. 2013; Mendelson and Matsoso 2015), however, this has not been reported from
environmental samples. The surveillance of carbapenem resistance globally has limitations in
terms of the lack of reliable data from regions such as Sub-Saharan Africa (Codjoe and Donkor
2018). In South Africa, there is more focus on clinical isolates as compared to environmental
isolates, which is a global trend with regards to antibiotic resistance investigations (Ekwanzala et
al. 2018).

A high number of Pseudomonas isolates displayed resistance against ampicillin (93%), cefixime
(95%), polymyxin B (36%), and minocycline (14%). Cefixime is a third-generation cephalosporin
(Garbis et al. 2007), whose resistance increases because of extended-spectrum pg-lactamases
(ESBL’s) and carbapenemase activity (Livermore and Woodford 2006). Genes on large plasmids
code ESBL’s and these plasmids convey genes that bring about resistance against other antibiotics
(Thenmozhi et al. 2014). As a result, broad antibiotic resistance extending over various classes of

antibiotics is now a common attribute of ESBL producing organisms (Rawat and Nair 2010).
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ESBL’s limit the efficacy of S-lactams including extended-spectrum cephalosporins and thus it is
associated with high morbidity and mortality. Susceptibility patterns of Pseudomonas isolates
obtained in this study are similar to other studies which reported increased resistance against
ampicillin (Odjadjare et al. 2012) and cotrimoxazole/trimethoprim-sulphamethoxazole (Allydice-
Francis and Brown 2012). The tested isolates were susceptible to traditional antibiotics such as
fluoroquinolones (ofloxacin, levofloxacin, and ciprofloxacin) and the polypeptide (colistin).
Fluoroquinolones are widely prescribed as antimicrobial agents because of their spectrum of
activity. Even though ciprofloxacin is an older, narrow-spectrum antibiotic, it is effective against

Gram-negative bacteria such as Pseudomonas spp. (El Solh and Alhajhusain 2009).
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Table 4.5 Antibiotic susceptibility profile of Aeromonas spp and Pseudomonas spp
% Resistance

Antibiotic Aeromonas spp. (n=59) Pseudomonas spp. (n =53)
Polymyxin B 56 36
Ampicillin 76 93
Cefixime 5 95
Ofloxacin 0 2
Levofloxacin 8 4
Ceftazidime 5 4
Ciprofloxacin 2 5
Colistin 42 7
Minocycline 3 14
Meropenem 8 21
Imipenem 8 7
Trimethoprim- 100 100

sulphamethoxazole




4.3.4 Detection of antibiotic resistance genes in confirmed Aeromonas spp. and
Pseudomonas spp. isolates

Resistance against g-lactams is primarily initiated by p-lactamases, which are responsible for
hydrolysing the g-lactam ring and as a result inactivating the antibiotic (Delmani et al. 2017). The
presence of the blatem genes in water environments could result in the distribution of the g-
lactamase gene into the environment and increase the risk of the environment becoming a reservoir
for ARG (Piotrowska, Kowalska and Popowska 2019). The blaTtem genes were detected in 33% of
Aeromonas spp. and 22% of Pseudomonas spp. Similar results were reported in Pseudomonas spp.
from the effluent of a penicillin production plant and in the surface water downstream (Li et al.
2009; Igbinosa et al. 2012b). Aeromonas spp. have been reported to harbour the blatem gene, but
they are not normally the most common host of this gene (Narciso-da-Rocha et al. 2014).
Although 77% of Pseudomonas and 74% of Aeromonas isolates were resistant to ampicillin, the
blaAmpC gene was only detected in 3% and 8% of isolates of Pseudomonas and Aeromonas
isolates, respectively. Additionally, the AmpC/blaOXA gene was found in only 4% of Aeromonas
isolates. Aeromonas spp. is known to carry the blaOXA gene and are found mainly in isolates from
aquatic environments (Narciso-da-Rocha et al. 2014). Although, phenotypically, resistance was
high, the low prevalence of the genes coding for resistance in the isolates could be an indication
that the resistance to antibiotics is a function of more than one gene or factor (Evangelista-Barreto
et al. 2010; Piotrowska and Popowska 2015). It was previously reported that though the
development of antibiotic resistance is normally associated with genetic changes by acquiring
resistance genes or mutations, in some instances, the resistance can be achieved phenotypically
(Li, Plésiat and Nikaido 2015). Therefore, resistance against these antibiotics might have
originated from other molecular mechanisms of resistance against antibiotics, such as the
multidrug efflux pumps (Abebe, Tegegne and Tibebu 2016). This could be interlinked with
mechanisms such as membrane permeability barrier, enzymatic inactivation, or antibiotic target
changes (Peterson and Kaur 2018). In this study, both Pseudomonas and Aeromonas showed
resistance against colistin and Pseudomonas to polymyxin B as well. However, the corresponding

mcr-1 gene was not detected in any of the isolates using PCR. Polymyxins (colistin and polymyxin
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B) are used as the last line of defence against Gram-negative bacterial infections (Paterson and
Harris 2016).

Figure 4.1 Multi drug resistant profile of Pseudomonas spp. (n=53) (a) and Aeromonas spp.
(n=59) (b) isolates at the different sampling points

*Key: 1= Hospital upstream; 2= Hospital downstream; 3= Veterinary clinic upstream; 4= Veterinary clinic
downstream; 5= Informal settlement upstream; 6= Informal settlement downstream; 7= WWTP influent; 8=
WWTP effluent; 9= WWTP upstream; 10= WWTP downstream.

4.3.5 Multiple antibiotic resistance indices of isolates from different sampling points

The MAR index for Aeromonas isolates ranged between 0.2 and 0.5 (Figure 4.1) showing that a
large percentage of the isolates are in the high-risk category. Other studies showed MAR index
values of Aeromonas spp. ranging from 0.4 to 0.8 (Paul et al. 2015). All isolates of Aeromonas
and Pseudomonas had MAR indices above 0.2, which indicates that these bacteria were isolated

from environments with high antibiotic selective pressure (Osundiya, Oladele and Oduyebo 2013).
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There was no statistical difference in the MAR indices between the two organisms, which may be
attributed to similar selective pressures for these bacteria. However, the MAR indices of isolates
from the different sampling points showed a difference in the selective pressure. The highest index
for Pseudomonas spp. was observed in isolates from both the upstream (0.5) and downstream (0.4)
of the hospital. In respect of Pseudomonas spp., there was no difference between the indices in
isolates from the other sampling points. This may be attributed to the intrinsic resistance in these
bacteria. It has been reported that Pseudomonas spp. has the intrinsic ability to produce lactamases,
the presence of the gene coding for this enzyme has been shown to result in resistance against
several other antibiotics (Pang et al. 2019). So, the resistance at the sampling points may not
necessarily be attributed to increased selective pressure from exposure to antibiotics but the natural

ability of the bacterium.

The highest MAR index for Aeromonas spp. was observed in isolates from the WWTP effluents
(0.4). WWTPs have been reported to be hotspots for antibiotic resistance due to the presence of a
high concentration of antibiotics (Guo et al. 2017), microbial pathogens and ARG, which creates
selective pressure for antibiotic resistance development. Therefore, it is likely that the MAR index
for the isolates may be due to selective pressure within the WWTPs. However, it is worth noting
that despite the high index in the effluent it had no direct influence on the antibiotic resistance
profile of the isolates downstream of the WWTP. This could be attributed to the natural die-off of
the bacteria when released into the surface water (WHO, 2016) or attachment to particulate matter
in the river and therefore it is less frequently encountered in the water column (Oliver et al. 2007,
Hassard et al. 2016).

4.3.6 Virulence gene detection in Aeromonas spp. and Pseudomonas spp. isolates

The pathogenicity of Aeromonas spp. is complex and involves various factors which act together
or independently of each other at different stages of infection (Tomas 2012). The aerolysin gene
(aer), which has haemolytic, cytotoxic and enterotoxin activity when expressed, was found in 31%
of isolates. Aerolysin is a toxin that has pore-forming abilities (Cirauqui et al. 2017) and this was
first detected in A. hydrophila (Podobnik, Kisovec and Anderluh 2017). Aerolysin plays an

essential role in infections that are caused by Aeromonas spp. (Kingombe et al. 1999). The gene
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for flagellin (fla) was detected in 25% of the isolates. The presence of flagella has been established
as a virulence factor, polar flagella allow for swimming and lateral flagella enables swarming
motility and both are linked with adsorption into the host’s cell (Sen and Rodgers, 2004). Lateral
flagella are known to help in adhesion to the epithelial cells of the human intestinal cells and are
associated with dysenteric infections (Gavin et al. 2002). Flagella can be an important virulent
factor since both types of flagella support biofilm formation and may contribute to repeated
infections (Kirov, Castrisios and Shaw 2004). The two cytotonic enterotoxins (ast and alt) were

not detected in the isolates, which was in accordance with a previous report by Nawaz et al. (2010).

The most prevalent putative gene detected from Pseudomonas spp. was exoS (26%), which is
responsible for cytotoxin production. The detection of this gene corroborated with earlier reports,
especially in P. aeruginosa isolates from wastewater (Igbinosa, Ighinosa and Okoh 2014).
Exotoxin A (ToxA) is an important virulence factor of clinical infections. It is cytotoxic, similar to
the diphtheria toxin, and prevents protein biosynthesis, which leads to tissue and organ damage
(Jenkins et al. 2004). The toxA gene was detected in 4% of the isolates. The ecfX gene encodes
for extracytoplasmic function which is restricted to P. aeruginosa and is said to play a role in
virulence and haem uptake (Lavenir et al. 2007). This gene was present in 18% of the isolates
tested. The presence of lasl was detected in 4% of isolates, lasl is essential for transcription of
genes for elastase (lasB), lasA protease, and alkaline protease, the three proteases that are
associated with virulence (Aybey and Demirkan 2016). The probable presence of Aeromonas spp.
and Pseudomonas spp. with multiple virulence factors may be unfavourable to the health of

individuals that are exposed to the rivers as these organisms are potentially pathogenic.

4.3.7 Relationship between antibiotic resistance genes, resistance phenotype, and virulence

genes in the Aeromonas spp. and Pseudomonas spp. isolates

For the convenience of further analysis of the positive or negative association of the isolates with
RP, presence of ARG and VG, the identified strains of both bacteria were divided into five groups:
P. putida (PG1), P. aeruginosa (PG2), P. mendocina (PG3), P. alcaligenes (PG4), P. oleovorans
(PG5) for Pseudomonas spp. and Aeromonas hydrophila/caviae (AG1), Aeromonas caviae (AG2),
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Aeromonas hydrophila/caviae/sobria (AG3), Aeromonas spp. (AG4), Aeromonas veronii/sobria
(AG5) for Aeromonas spp.

The cross-tabulation data for the association groups, ARG, RP, and VG in Pseudomonas spp.
(Table 4.6.) showed that the virulence gene exo32 was significantly associated with antibiotic
resistant gene blarem (y? =12.689, p<0.05, OR=13.333). Four Pseudomonas spp. groups were
found to be significantly associated with one or more RPs but none with any ARG. VG las32 was
significantly associated with RP minocycline (Chi-squared valued (y?) =20.755, p<0.05, Odds
Ratio (OR)=1.666). PG1 showed significant association with RP ceftazidime (y* =5.984, p<0.05,
OR=0.130) and imipenem (y?>=4.362, p<0.05, OR=7.5). PG2 was significantly associated with RP
colistin (% =6.935, p<0.05, OR=15.333) and imipenem (> =4.362, p<0.05, OR=7.5). PG3 and
PG4 were found to be significantly associated with RP ceftazidime (y? =5.984, p<0.05, OR=0.130)
and ampicillin (> =21.000, p<0.05, OR=not calculated), respectively. The ARG AmpC and
blaOXA were found to be significantly associated with RP meropenem and ampicillin (?=4.074,
P<0.05, OR=1.1). Studies have reported that the virulence and fitness of Pseudomonas spp. are
altered during antibiotic resistance mutations especially in the case of multidrug efflux pump
production and mutations (Geisinger and Isberg 2017; Li, Plésiat and Nikaido 2015). For instance,
experimental data support the theory that hyperproduction of the resistance-nodulation-division
class of pumps leads to a reduction in the fitness of the organism in the absence of antibiotic
pressure (Sanchez, Alonso and Martinez 2002; Abdelraouf et al. 2011). The cross-tabulation
results for antibiotic resistance and virulence from this study show that the development of
resistance did not affect the virulence, as shown by the significant association observed. This is
corroborated by data obtained with studies with E. coli, where Zhang et al. (2015b) showed that

resistance was higher for pathogenic strains.

Cross-tabulation data for the association of groups, ARG, RP, and VG with each other shows that
some Aeromonas spp. may arise as potential pathogens (Table 4.7.). The cross-tabulation data
shows that VG aer was significantly associated with ARG blaoxa (y* =6.657, P<0.05, OR=53.0)
and RP ceftazimide (y? =7.537, p<0.05, OR=0.259). VG fla was found to be significantly
associated with ARG blaamp (v>=6.397, p<0.05, OR=10.6), sull (2 =10.319, p<0.05, OR=17.571)
and sul2 (* =17.838, p<0.05, OR=25.0) as well as RP polymyxin B (y* =4.969, p<0.05,
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OR=0.164). The VG alt showed significant association with RP levofloxacin (y?=4.902, p<0.05,
OR=14.0) and minocycline (y*> =14.484, p<0.05, OR=59.0). Only one group, AG4 was found
significantly associated with RP meropenem (y* =3.993, p<0.05, OR=12.333). The ARG showed
a significant association with RP imipenem (y? =4.253, p<0.05, OR=6.5), which is expected as
ARG blaoxa is responsible for the resistance against RP imipenem in microorganisms. The results
of the cross-tabulation show that there is a high probability that both the Aeromonas spp. and
Pseudomonas spp. isolates are both pathogenic and resistant to these different classes of
antibiotics. This could be attributed to the environment within which they were isolated, which

could have created selective pressure.
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Table 4.6 Significant (x? P < 0.05) positive and negative associations between virulence gene, groups, antibiotic genes, and
antibiotics in Aeromonas spp.

Virulence Antibiotic gene! Antibiotics!
?Xgiiltl)%rt?:pl blaOXA  blaAMPC  Sull Sul 2 PolymyxinB  Levofloxacin Imipenem Ceftazimide Minocycline Meropenem
gene!
Aer 27?6.657; ns ns ns ns ns ns 2% 7.537; ns ns
OR 53(5- OR
58) 0.259(0.167
-0.400
Fla ns 226.397;  4210.319; ¥*4.969;OR ns ns ns ns ns
OR OR 17.838; 0.164(0.029-
10.6(1.218 17.571(1.9 OR 0.935
-92.268)  43- 25(3.815
158.935) -163.86
Alt ns ns ns ns ns 724.902; OR ns ns 12 14.484; ns
14(0.732- OR
267.909 59(1.961-
1775.559
AG4 ns ns ns ns ns ns ns ns ns 2723.993; OR
12.333(0.60
7-250.508
blaOXA ns ns ns ns ns ns 224.253; ns ns ns
OR
6.5(0.89
9-47.018

% represents the Chi-square value, OR is odds ratio using a 95% confidence interval while ns is not significant. *Virulence gene,
phylogenetic groups, antibiotic genes, and antibiotics showing no significant associations with each other are not shown in the table.
AG4 represents Aeromonas spp.
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Table 4.7 Significant (y? P < 0.05) positive and negative associations between virulence gene, groups, antibiotic genes, and

antibiotics in Pseudomonas spp.

Virulence gene'/  Antibiotic gene! Antibiotics*
;rnoelipllAnt'b'Ot'C blaTEM Ceftazidime  Colistin Imipenem  Ampicillin  Minocycline ~ Meropenem
exoSs 27212.689; OR ns ns ns ns ns ns
13.333(2.612-
68.054)
lasl ns ns ns ns ns %220.755; OR ns
1.666(0.815-
3.409
PG1 ns ¥*5.984;0R v ¥+ 4.362; ns ns ns
0.130(0.065- OR
0.259) 7.5(0.885-
63.550)
PG2 ns ns ¥26.935;0R  4?4.362; ns ns ns
15.333(1.201- OR
195.739) 7.5(0.885-
63.550)
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Virulence gene'/
Group!/Antibiotic

Antibiotic gene?

Antibiotics!

gene! blaTEM Ceftazidime Colistin  Imipenem Ampicillin Minocycline Meropenem
PG3 ns 27°5.984;0R  ns ns ns ns ns
0.130(0.065-
0.259)
PG4 ns ns ns ns 2221.000; OR ns ns
(Not
Calculated)
AmpC ns ns ns ns ns ns 224.074; OR
1.1(0.913-
1.326)
blaOXA ns ns ns ns ns ns 224.074; OR
1.1(0.913-
1.326)

%% represents the Chi-square value, OR is odds ratio using a 95% confidence interval while ns is not significant. *Virulence gene,
phylogenetic groups, antibiotic genes, and antibiotics showing no significant associations with each other are not shown. PG1 represents
P. putida, PG2 — P. aeruginosa, PG3- P. mendocina, PG4 - P. alcaligenes.
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4.4 Conclusions

The results of this study confirm the presence and persistence of potential opportunistic pathogens
belonging to Pseudomonas spp. and Aeromonas spp. in wastewater and surface water
environments. Despite the removal of these potential pathogens during wastewater treatment, it
was observed that the final effluents still contain high concentrations of these bacteria. However,
this did not have a significant impact on the concentrations downstream of the treatment plant.
Samples from downstream of a hospital and veterinary clinic showed that these sites might
significantly impact concentrations of bacteria in surface water. Aeromonas isolates recovered
from both wastewater and surface water displayed high resistance against ampicillin and had
higher MAR indices especially close to the hospital. Pseudomonas isolates on the other hand
exhibited low resistance against carbapenems but very high resistance against the third-generation
cephalosporins, cefixime. Antibiotic resistance genes, sull/2, blarem, and blaampc Were prevalent
in both Aeromonas spp. and Pseudomonas spp. whilst blaampc and blaoxa were detected only in
Aeromonas. The VG aer and fla were detected in Aeromonas spp. while exoS, toxA, ecfX, and lasl
were detected in Pseudomonas spp. The positive and significant association between the groups
(ARG, RP, and VG) indicates that the bacterial isolates can be resistant to antibiotics and can also
be pathogenic. This is of concern as surface water samples were collected from areas, which were
constantly accessed by animal and human populations dwelling in nearby informal settlements.
This is a major risk in a province known for a high population of immunocompromised individuals

due to the high rate of tuberculosis and HIV infections.
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CHAPTER 5: Detection of Multi-Drug Resistant Environmental
Isolates of Acinetobacter and Stenotrophomonas maltophilia: A

Possible Threat for Community Acquired Infections?

Govender, R., Amoah, I. D., Kumari, S., Bux, F. and Stenstrom, T. A. 2020. Detection of
multidrug-resistant environmental isolates of Acinetobacter and Stenotrophomonas
maltophilia: a possible threat for community-acquired infections? Journal of Environmental
Science and Health, Part A: 1-13.

5.1 Introduction

The emergence and spread of antibiotic-resistant bacteria and genes in the aquatic environment
are one of the key public health concerns globally (Kraemer, Ramachandran, and Perron 2019).
In developing countries, such as South Africa where waterborne outbreaks occur frequently,
there is the need for enhanced measures to reduce the associated risks of these outbreaks. Some
of these measures could be improved monitoring of the occurrence and concentration of
contaminants in water. Infection with waterborne diseases is mainly due to either direct,
accidental or intentional exposure, where lack of potable water or use of contaminated water is
a major route of transmission (Genthe et al. 2013). Indirect exposure could be through the
consumption of food prepared with contaminated water. Direct exposure is however central for
the organisms that are part of this study: Acinetobacter spp. (Rebic et al. 2018) and
Stenotrophomonas maltophilia (Adegoke, Stenstrom and Okoh 2017), which can be life-
threatening especially among immunocompromised individuals and other vulnerable groups.
Due to the health challenges associated with antibiotic-resistant bacterial infections, the South
African Antimicrobial Resistance Strategy framework (Departments of Health and Agriculture,
Forestry and Fisheries, 2019) was developed to combat the spread of antibiotic resistance. The
current study focuses on two of the most important bacteria associated with nosocomial

infections; Acinetobacter spp. and S. maltophilia.

S. maltophilia is an emerging pathogen that is commonly found in hospital environments
(Brooke 2012; Zhao et al. 2015; Singhal, Kaur and Gautam 2017), with clinical cases linked
to hospital equipment and medical solutions (Dancer 2014). This organism has biofilm-forming

capabilities in the hospital environment as well as in river water, wastewater treatment works,
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and plant rhizospheres (Singhal, Kaur and Gautam 2017). S. maltophilia is an opportunistic
pathogen responsible for life-threatening infections in both immunocompromised as well as
immunocompetent individuals. It has been linked to and caused infections of the respiratory
tract (Chawla, Vishwanath and Gupta 2014), bloodstream (Garazi et al. 2012), bone and joint
infections (Al-Anazi and Al-Jasser 2014), urinary tract (Kumar et al. 2015), and meningitis
(Falagas et al. 2009; Looney, Narita and Mihlemann 2009). This pathogen has been implicated
in bacteraemia responsible for death in non-burned and burned patients; with a mortality rate
of 10-69% and 30.7% respectively (Tsai et al. 2006). The incidence of S. maltophilia in
hospital-acquired infections in South Africa has been reported in a few studies, these include
cystic fibrosis infected patients (Mhlongo, Essack and Govinden 2015), intra-abdominal
infections (Brink et al. 2012), bloodstream infections (Bisiwe et al. 2015; McKay and Bamford
2015) and ventriculostomy infections (Motloba and Nggandu 2015). In a recent study by
Muchesa et al. (2017), S. maltophilia was found to be co-existing with free-living amoeba in
South African hospital water distribution systems, and this further highlights the risk to

immune-compromised patients.

Only a few studies have reported S. maltophilia in environmental samples, such as wastewater,
surface water (Adjidé et al. 2010), and plant rhizospheres (Berg, Eberl and Hartmann, 2005).
MDR strains are increasingly being reported, resulting in enhanced mortality and morbidity
rates (Jeon et al. 2016). Although the drug trimethoprim-sulfamethoxazole remains the
dominant treatment of choice, there is an increased emergence of resistance against this drug
(Li and Li, 2017).

Of the more than 30 species of the genus Acinetobacter, A. baumannii is considered to be most
clinically significant, due to its ability to cause serious MDR infections in humans (Dijkshoorn
and van der Toorn, 1992). Infections caused by Acinetobacter species include bacteraemia
(Fishbain and Peleg, 2010), pneumonia (Yang et al. 2013), meningitis (Kim et al. 2009),
catheter-related bloodstream infections (Wisplinghoff et al. 2012), intra-abdominal infections
(Sartelli, 2010), urinary tract infections (Sartelli, 2010), and skin and soft tissue infections
(Vata et al. 2012). The bacteria commonly infect critically ill, immunosuppressed patients and
has been associated with a mortality of between 8% and 40% (Fournier, Richet and Weinstein,
2006; Eliopoulos, Maragakis and Perl, 2008; Peleg, Seifert and Paterson 2008). Acinetobacter

poses an increasing health problem resulting in infections with limited to no antibiotic
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therapeutic options available. WHO has published a list of antibiotic-resistant priority
pathogens that pose a major threat to humans. This list is divided into categories that are
determined by the urgency of the need for new antibiotics. Acinetobacter baumannii is a
priority 1 organism and is included in the most critical group (WHO, 2017). Additionally, this
pathogen is part of the ESKAPE list of pathogens (Algahtani, 2017). The ESKAPE list consists
of six nosocomial pathogens with growing multidrug resistance and virulence: Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter spp. (Mulani et al. 2019). These pathogens have
been reported to be responsible for most nosocomial infections due to their ability to ‘escape’

the effect of antimicrobial agents (Mulani et al. 2019; Navidinia, 2016).

For both, Acinetobacter, and S. maltophilia (Hotta et al. 2014; Algahtani, 2017), most reported
infections occur among hospitalized patients, but patients in the community settings may
likewise be vulnerable. Although, Acinetobacter and S. maltophilia species have been isolated
from various environmental sources it is unclear whether these are ‘true environmental” isolates
or are a result of contamination from other sources, such as clinical settings (Eveillard et al.
2013; Antunes Visca and Towner 2014). Community-acquired infection is often common
among immunocompromised individuals, whilst having an underlying medical condition. With
an HIV prevalence of 20% as of 2018, South Africa has a high proportion of
immunocompromised individuals, therefore the risks of community-acquired infections with
these pathogens are high (UNAIDS, 2019). The key focus areas of this chapter was to
determine the prevalence of Acinetobacter spp. and S. maltophilia in water matrices and to

determine the community risks associated with their presence.
5.2 Methodology

5.2.1 Description of the study area

For this study, surface water samples were collected approximately 500 m upstream and
downstream from the respective four main sites along the Umhlangane River, thus summing
up to eight sampling points (Chapter 3: Figure 3.2., Table 3.1.). Plants and sediments were
also collected for isolating S. maltophilia due to the reported high concentration of this

pathogen within these environmental niches (Bendadeche, Hamad and Ayad 2019; An and
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Berg, 2018). The study area has been described in detail in Chapter 3: Section 3.2. of this

thesis.
5.2.2 Sample collection

Surface water (n=48)/ wastewater (n=12) samples, sediment (n=16), and plant samples (n=16)

were collected and stored as described in Chapter 3: Section 3.3.1 and 3.3.2, respectively.
5.2.3 Identification of the bacterial isolates
5.2.3.1 Quantification and isolation of presumptive S. maltophilia and Acinetobacter isolates

The isolation of target bacteria from water, sediment, and plant samples was described in
Chapter 3: Section 3.4.1., 3.4.2. and 3.4.3. respectively. The selective media used were
Stenotrophomonas selective agar base (Himedia, India) with Vancomycin Imipenem
Amphotericin B supplement (Himedia, India) and CHROMagar Acinetobacter (CHROMagar,
France) with a multiple drug-resistant supplement (CR 102) (Chapter 3: Table 3.3). Both
media were prepared according to the manufacturer’s instructions. After incubation, as per
Chapter 3: Table 3.3., the presumptive colonies were enumerated, characterised, and

recorded. The results were expressed as CFU/mL of water and CFU/g for plant and sediments.

Presumptive isolates with a typical appearance on their respective medium (red for
Acinetobacter, cream colonies for S. maltophilia) were purified as described in Chapter 3:
Section 3.6. The presumptive isolates were Gram-stained as described in Chapter 3: Section
3.7.1.1 and the Gram-negative isolates were checked for their oxidase reaction as described in
Chapter 3: Section 3.7.1.2. In addition to the above, a catalase test was performed on the
isolates as described in Chapter 3: Section 3.7.1.3. The identity of the presumptive isolates
was confirmed by PCR and was further validated by MALDI-TOF MS (Chapter 4: Section
4.2.5).

5.2.3.2 Molecular confirmation of S. maltophilia and Acinetobacter isolates

PCR was used to amplify and detect the presence of specific conserved sequences in
presumptive S. maltophilia and Acinetobacter isolates using genus-specific primers (Ingaba
Biotech, SA) as listed in Table 5.1. DNA was extracted using the boiling method (Jyoti et al.
2011) as described in Chapter 3: Section 3.8.1. Extracted DNA was amplified in a Bio-Rad,
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T100 thermal cycler (Bio-Rad, USA) as described in Chapter 3: Section 3.8.2. The translation
elongation factor P gene (efp) was targeted for the genus-specific identification of
Acinetobacter. The thermal cycling conditions included an initial denaturation for 4 min at
94°C, and 35 cycles of denaturation at 95°C for 45 s, annealing at 52°C for 45 s, and extension
at 72°C for 90 s and a final extension at 72°C for 10 min. Acinetobacter baumannii, ATCC
19606 was used as a positive control for the PCR assay. The identification of S. maltophilia
was based on a 278 bp fragment of the 23S rRNA gene. The 23S rRNA gene was selected
because there is higher variability in this region among species of the Stenotrophomonas genus
in comparison with the 16S rRNA gene (Gallo et al. 2013). The amplifications were performed
with an initial denaturation step at 94°C for 4 min, followed by 30 cycles of denaturation at
94°C for 45 s, annealing at 68°C for 45s and extension at 72°C for 45s, with a final extension
at 72°C for 10 min. Stenotrophomonas maltophilia (ATCC 13637) was used as a positive
control in the assay. PCR reactions were performed in 25 pyL volumes that constituted 50 ng/uL
of the template DNA, 0.4 uM of each primer set, 1x Maxima Hotstart PCR master mix (Thermo

Scientific, USA), and nuclease-free water (Thermo Scientific, USA).
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Table 5.1 Primers used in this study

Target/ Primer name Sequence (5'-3") Amplicon size (bp) Reference
AGCCAGGCCTTAAGGTCATG

efp (Acinetobacter spp.) 422 (Anbazhagan et al. 2011)
GCCAGAAGTATCACCACGTA
GCTGGATTGGTTCTAGGAAAACGC

23sRNA (S. maltophilia) 278 (Gallo et al. 2013)
ACGCAGTCACTCCTTGCG
GATCGGATTGGAGAACCAGA (Bagheri Josheghani et al.

blaoxazs 501 2015
ATTTCTGACCGCATTTCCAT )
TAATGCTTTGATCGGCCTTG (Bagheri Josheghani et al.

bla 353 2015)

OXASL TGGATTGCACTTCATCTTGG

ACCGCCCAGCTTTCATACA

Smeasc GACATGGCCTACCAGGAACA 60 (Herrera-Heredia et al. 2017)
TCGTCCAGGCTGACATTCA

SMEDEF AACGCGGATCGTGATATC 62 (Herrera-Heredia et al. 2017)
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5.2.3.3. Electrophoresis of PCR products

The amplified PCR products were visualized with agarose gel electrophoresis for the specific
product as described in detail in Chapter 3: Section 3.8.3.

5.2.4 MALDI-TOF MS identification

The PCR-identified isolates were further confirmed with MALDI-TOF MS. This was described
in detail in Chapter 4: Section 4.2.5.

5.2.5 Antibiotic resistance profiling

Antibiotic resistance testing was performed as per the method described in Chapter 4: Section
4.2.6.

5.2.6 Multiple antibiotic resistance index

The MAR index was determined for all organisms that displayed multiple drug resistance.

MAR index calculations were further described in Chapter 4: Section 4.2.7.

5.2.7 PCR detection of antibiotic resistance and efflux genes in S. maltophilia and

Acinetobacter and virulence genes in Acinetobacter species

The DNA extracts of S. maltophilia and Acinetobacter that were extracted previously as
described in Chapter 3: Section 3.8.1., were used for the screening of isolates for antibiotic
resistance genes, VG, and efflux genes (S. maltophilia). The primers used for the detection of
antibiotic-resistant and efflux genes were listed in Chapter 4: Table 4.1. (blatem, blaampc, mcr-
1, sull, sul2, sul3) and Table 5.1. S. maltophilia was screened for efflux genes (smeasc;
smeper) following the method used by Herrera-Heredia et al. (2017). The PCR reaction was
carried out as described in Chapter 3: Section 3.8.2. PCR was initiated by an initial
denaturation at 94°C for 5 min, followed by 30 cycles of denaturation at 94°C for 1 min,
annealing at 50°C for 60 s, extension at 68°C for 60 s and final extension at 72°C for 5 min
(Herrera-Heredia et al. 2017). Gel electrophoresis was carried out as described in Chapter 3:
Section 3.8.3. Acinetobacter spp. was screened for VG (ompA, epsA, cnfl, csgA, cvc, and iutA)
(Tayabali et al. 2012; Al-Kadmy et al. 2018). All PCR reactions were done in a volume of 25
ML using the conditions described previously (Chapter 3: Section 3.8.2.).
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5.2.8 Statistical analysis

GraphPad Prism 5.0 was used for data analysis. The two-tailed t-test and two-way ANOVA
were used to determine the p-values, where the predictive values were calculated at a 95%

confidence level.

5.3 Results and discussion

5.3.1 Detection and quantification of presumptive Acinetobacter and S. maltophilia

isolates

Acinetobacter and S. maltophilia were found in the water samples from across the different
sampling points, at varying prevalence and concentrations. The concentration of Acinetobacter
varied from 2.0 — 2.6 logio CFU/mL (Table 5.2.), with the highest concentration (2,6+1,2 log1o
CFU/mL) reported upstream of the WWTP effluent discharge point. The difference in
Acinetobacter concentrations in the water samples from the various sampling points was not
statistically significant (p > 0.05). The occurrence of Acinetobacter spp. in non-clinical
settings, such as surface water, has been reported in South Africa (Stenstrom, Okoh and
Adegoke, 2016), and other countries (Silva et al. 2016; Higgins et al. 2018; Proia et al. 2018;
Wang, Wang and Yang 2018, Gao et al. 2020). Despite reports of Acinetobacter spp. in
municipal wastewater and hospital wastewater (Silva et al. 2016; Proia et al. 2018; Gao et al.
2020) and the general reports of contamination of surface water from these sources, (Emmanuel
et al. 2002; Al-Gheethi et al. 2018) the findings in this study did not show impact from any of
these sources. No significant difference (p > 0.05) was observed in the concentration of
Acinetobacter which ranged from 2.0£1.5 to 2.6+1.2 (logio CFU/mL), at the upstream and

downstream sampling points.

S. maltophilia was detected less frequently in the water column samples, with only three
sampling sites showing the presence of this pathogen. These sites were upstream of the hospital
(Site 1) and upstream and downstream of the WWTP (Site 2) (Table 3.1). Despite the low
prevalence of S. maltophilia in the water samples, the highest concentration was recorded for
this pathogen at the sampling point upstream of the wastewater discharge point. A statistically
significant difference was observed when comparing the concentration at the wastewater

discharge point to the downstream sampling point. S. maltophilia has been reported in
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wastewater (Chang et al.2005; Adjidé et al. 2010), river water samples (Nakatsu et al. 1995),
lake (Rivas et al. 2009), and drinking water (Silbag 2009; Simdes et al. 2007). Therefore, the
findings in this study are corroborated by other reports. However, despite the reports on the
occurrence of this potential pathogen in wastewater, findings in this study show that the
wastewater effluent discharge is not the major contributory factor to the bacterial
contamination in the river. This could be from surface runoff (Sasakova et al. 2018). It is
hypothesised that the higher concentration of S. maltophilia in comparison to Acinetobacter, at
site 1 and site 2 (Table 3.1.), in the water column (Table 3.1.), could be due to the presence of
a higher concentration of S. maltophilia in the rhizosphere of the grasses that grow along the
banks of the river. This could result in the dissemination of the bacteria into the water column
when disturbed. A previous study by Adegoke and Okoh (2015) reported that 96% of S.
maltophilia isolates were isolated from the grass-root rhizosphere. However, this hypothesis

warrants further investigation.

Comparatively, high concentrations of S. maltophilia were found in the sediments (3.8 — 5.0
logio CFU/Q) and plant roots (3.6 — 4.4 logio CFU/g). With the occurrence of the pathogen in
plant rhizosphere and river sediment samples from all the sites studied. The findings in this
study have been corroborated by other findings in the literature, where S. maltophilia was
found to be associated with roots of different plants (Pereira et al. 2011; Zhu et al. 2012;
Dawwam et al. 2013; Adegoke and Okoh 2015; Majeed et al. 2015). Plant roots are known to
be microbial ‘hot spots’ where bacteria flourish (Berg, Roskot and Smalla 1999; Dungan, Yates
and Frankenberger, 2003); Berg, Eberl and Hartmann, 2005; An and Berg, 2018 Bendadeche,
Hamed and Ayad 2019). It has been reported that S. maltophilia promotes plant growth and it
has antagonistic activity against plant pathogens (fungal and bacterial infections) due to
chitinolytic activities (Zhang and Yuen 2000) and the production of phytohormones (Peralta et
al. 2012).
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Table 5.2 Log CFU/mL of Acinetobacter and S. maltophilia in the water, sediments and plant rhizosphere samples

Target organism

Acinetobacter

log values £ SD

S. maltophilia

Sample Point Water Water Sediments Plant rhizosphere
Hospital Upstream 2.2+14 3.2+0.1 3.8+0.1 4.0+0.8

Hospital Downstream 2.2+1.3 0 5.0£0.1 3.6£0.1

WWTP Upstream 2.6x1.2 4.1+1.0 4.3+0.8 4.2+0.6

WWTP Downstream 24+1.1 2.7+0.3 4.0+0.1 3.9+0.9

Informal Settlement Upstream  2.2+0.9 0 4.2+0 4.4+0.8

Informal Settlement 2.5%1.5 0 4.2+0 4.4+0.8
Downstream

Veterinary clinic Upstream 2.0£1.5 0 4.0+0.2 4.1+0.8
Veterinary clinic Downstream 21+1.1 0 4.5+0.4 4.4+1.0
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5.3.2 ldentification of the isolates

The MALDI-TOF MS analysis (Table 5.3) showed that out of the 38 Acinetobacter isolates
positively verified by PCR, 61% of the isolates were unknown Acinetobacter spp., 3% were
Acinetobacter haemolyticus, 26% belonged to the Acb complex and 5% each were
Acinetobacter johnsonii and Acinetobacter Iwoffi. The Acb complex is made up of four
Acinetobacter species which are A. calcoaceticus (previously known as Acinetobacter
genospecies, A. baumannii (previously known as genospecies, Acinetobacter pittii (formerly
known as genomic species, and Acinetobacter nosocomialis (known as genomic species 13TU)
which are closely related and therefore difficult to distinguish them phenotypically (Nemec et
al. 2015). The Acb complex is of high priority as a hospital-acquired pathogen and is often
MDR (Fitzpatrick et al. 2015) which poses a challenge to infection management practices in
the hospital environment (Chen et al. 2018). All species that are part of this complex have been
previously associated with human infections apart from A. calcoaceticus which is considered
to be an environmental isolate (Peleg, Seifert and Paterson 2008; Fitzpatrick et al. 2015). The
remaining isolates in addition to this complex were identified by MALDI-TOF MS;
(Acinetobacter haemolyticus, Acinetobacter johnsonii, and Acinetobacter lwoffi) have been
reported to be pathogens and have been responsible for causing various infections (Wong et al.
2017). For instance, Acinetobacter lwoffi which made up 5% of the Acinetobacter isolated has
been reported to be a potential opportunistic pathogen in the immunocompromised and is
responsible for infections such as septicaemia, acute gastritis, pneumonia, meningitis, urinary
tract infections, and skin and wound infections (Regalado, Martin and Antony
2009). Acinetobacter johnsonii, which was 5% of the total isolates has been implicated in
catheter-related bloodstream infections (Seifert et al. 1993). A. haemolyticus constituted 3%
of the isolates and has previously been reported to be present in abscesses, wound infections
and has resulted in septicaemia in the clinical setting (Tripathi, Gajbhiye and Agarwal 2014).
A similar study in the Eastern Cape province of South Africa reported the presence of only A.
haemolyticus and A. calcoaceticus in surface water (Stenstrom, Okoh and Adegoke, 2016). The
findings in the current study, therefore shows that there are more species of this genus occurring
in the environment. All S. maltophilia isolates positively identified by PCR were also validated
by MALDI-TOF MS and represented the successful isolation of 25 isolates of S. maltophilia

from environmental samples.
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Table 5.3 Confirmation of Acinetobacter and S. maltophilia isolates using PCR and
MALDI-TOF MS

Method Acinetobacter spp. S. maltophilia
PCR n=38 n=25
MALDI- n=38 % n=25 %
TOF MS
Acinetobacter sp. 61 S. maltophilia 100
Acinetobacter haemolyticus 3
Acinetobacter baumannii 26
complex
Acinetobacter johnsonii 5
Acinetobacter lwoffi 5

5.3.3 Antimicrobial resistance profiling

All isolates were tested for antibiotic susceptibility against 12 antibiotics (Table 5.4). Out of
the 25 S. maltophilia isolates 100% showed resistance towards the sulphonamides
(trimethoprim-sulphamethoxazole) which is the class of antibiotics of choice for treating S.
maltophilia infections (Wang et al. 2014) (Table 5.4). Increasing resistance against
trimethoprim-sulphamethoxazole has been reported in clinical isolates of S. maltophilia (Wang
et al. 2016). Resistance against trimethoprim-sulfamethoxazole (26.1%) was also reported in
isolates from plant rhizospheres (Adegoke and Okoh 2015). This suggests that in the instance
of an outbreak of S. maltophilia infection, the recommended drug for treatment, trimethoprim-
sulphamethoxazole, may not be effective. Alternatively, based on this study, antibiotics such
as ofloxacin, minocycline, and levofloxacin could be effective against S. maltophilia since

isolates showed susceptibility to these antibiotics. Previous studies showed the effectiveness
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of the fluoroguinolones (which includes ofloxacin and minocycline), levofloxacin, and

ciprofloxacin against clinical isolates of S. maltophilia (Wu et al. 2013; Ko et al. 2019).

In addition, S. maltophilia isolates showed resistance against the carbapenems (imipenem
[100%] and meropenem [100%]) and third-generation cephalosporin’s (cefixime [100%] and
ceftazidime [80%]). Resistance against carbapenems has been reported to be intrinsic in S.
maltophilia and thus carbapenems are not considered suitable for treating infections caused by
S. maltophilia (Chang et al. 2015; Meletis, 2016). Due to the increased resistance of S.
maltophilia against available antibiotics (trimethoprim-sulphamethoxazole), Chang et al.
(2015) and Cho et al. (2015) suggested a combination of antibiotics to increase treatment

efficiency.

Among Acinetobacter species, A. baumannii is the most important member associated with
hospital-acquired infections worldwide (Lin and Lan, 2015). Many reports have shown that A.
baumannii rapidly develops resistance against antimicrobials, and multidrug-resistant strains
have been isolated from clinical samples (McConnell, Actis and Pachon 2013). In this study,
Acinetobacter isolates were found to be resistant to trimethoprim-sulphamethoxazole (96%),
polymyxins (i.e., polymyxin B [86%], and colistin [42%]). Polymyxins are prescribed as last-
line therapeutic agents for A. baumannii (Cheah et al. 2016). Carbapenems are the first choice
of treatment for Acinetobacter infections; in this study, 4% of isolates were resistant to
imipenem and 19% to meropenem. Polymyxins are prescribed as last-line therapeutic agents
for A. baumannii isolates which are resistant to commonly used antibiotics such as
carbapenems. (Cheah et al. 2016). Clinical studies in other regions have shown that A.
baumannii was sensitive to polymyxins (100% of isolates in Algeria, 70.9% in Saudi Arabia,
92.5% in Kuwait, and 95% in Egypt (Al-Agamy et al. 2014). Colistin resistance in A.
baumannii has been reported as uncommon, however, there have been cases of outbreaks in
Italy, Korea, and Spain (Agodi et al. 2014; Lee et al. 2014; Pournaras et al. 2014). Therefore,
the 42% resistance against colistin in Acinetobacter isolates from the water column in this study
could be a major concern and can pose serious health risks for populations that rely on this

river.
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Table 5.4 Antimicrobial susceptibility testing

Antibiotic % Resistance
Acinetobacter S. maltophilia
Trimethoprim- 96 100

sulphamethoxazole

Polymyxin b 86 36
Ofloxacin 4 0
Levofloxacin 0 4
Ceftazidime 8 80
Ciprofloxacin 4 8
Colistin 42 12
Minocycline 2 0
Meropenem 19 100
Imipenem 4 100
Ampicillin 35 100

Cefixime 54 100




5.3.4 Multiple antibiotic resistance index of the isolates

Both, S. maltophilia and Acinetobacter isolates displayed MDR (Figure 5.1.) where 100% of
S. maltophilia isolates (irrespective of the sample matrix) and 78.9% of Acinetobacter isolates
had MAR indices which were greater than 0.2. The MAR indices recorded in this study,
therefore shows that these isolates were from areas with high levels of antibiotic contamination
(Osundiya, Oladele and Oduyebo 2013). Comparatively, the MAR indices for the S.
maltophilia isolates showed that the selection pressure for the antibiotics part of this study was
higher than that for Acinetobacter. This is based not only on the percentage of these isolates
with MAR above 0.2 but due to S. maltophilia isolates from the water samples having a MAR
index from 0.6 to 0.8 (Figure 5.1; Chart A). The MAR indices for the Acinetobacter spp.
isolated in this study are similar to the study by Stenstrém, Okoh and Adegoke, 2016, where
MAR indices between 0.22 - 0.67 were reported in isolates from surface water in the Eastern

Cape province of South Africa.

The results from this study show that S. maltophilia isolates downstream of the hospital and
upstream of the WWTP had higher MAR indices of 0.8 and 0.7, respectively.

Similarly, some of the highest MAR indices for the Acinetobacter isolates were recorded in
isolates from the hospital downstream samples (0.4) and upstream of the WWTP (0.5). The
sampling point upstream of the WWTP is located downstream of the hospital sampling point
(Table 3.1.). Therefore, it is likely that the heavy antibiotic use in the hospital to treat infections
may have contributed to the MAR indices recorded at these two sampling points. The
occurrence and persistence of antibiotic resistance within the hospital setting have been
reported previously (Wang et al. 2018; Proia et al. 2018), thus the findings in this study is
supported.

S. maltophilia isolates from the river sediment and plant rhizosphere samples had lower MAR
indices than the water isolates, although MDR was less frequent in the water isolates (Figure
5.1., Chart B). Antibiotics have been reported to accumulate in sediments
(Hu and Zhou 2012; Ye et al. 2007), therefore the selection pressure for the S. maltophilia
isolates taken from the river sediments was expected to have higher MAR indices. However,
the results of this study suggest that the antibiotic resistance may have developed outside this

environment, or that the concentration of the antibiotics commonly used for the treatment of S.
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maltophilia was not high in the sediments in this study area to result in antibiotic resistance

development.
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Figure 5.1 MAR indices of Acinetobacter and S. maltophilia isolates; Chart A represents indices for Acinetobacter and S. maltophilia
isolates in the water samples and Chart B represents indices for S. maltophilia isolates from plant rhizosphere and river sediments
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5.3.5 Detection of antibiotic resistance genes/ efflux pump genes

Sull and sul2 antibiotic resistance genes were found in 24% and 29% of Acinetobacter isolates
respectively. Sul3 genes were not detected in any of the isolates from this study. The presence
of sull and sul2 is associated with resistance against trimethoprim-sulphamethoxazole
(Sanchez, 2015). In a previous study by Taitt et al (2014), 45% and 43% of Acinetobacter
baumannii isolates were positive for the presence of sulland sul2 genes. Similar to our
findings, no sul3 genes were detected in any of the isolates from that study. Trimethoprim-
sulphamethoxazole is not commonly administered for A. baumannii infections but it is
imperative that knowledge of their presence is monitored as there is a high potential for the
transmission of these resistant genes to other bacteria. This will result in the dissemination of

sulphonamide-resistant bacteria in the environment (Manchanda, Sanchaita and Singh 2010).

Beta-Lactamases are enzymes that hydrolyze g-lactam antibiotics, and they are the greatest
threat to the use of these antibiotics (Bonomo 2017). The blaoxa 23/51 was found in 21% of
Acinetobacter isolates and 29% of the isolates contained the blatem gene. The resistance of
isolates towards the beta-lactam antibiotics observed in this study (carbapenems — imipenem,
meropenem; ampicillin, ceftazidime, and cefixime) could therefore be due to the presence of

the blatewm, blaoxa 23/51 as previously reported (Han et al. 2017).

S. maltophilia isolates were resistant to trimethoprim-sulphamethoxazole but sull genes were
present in only 8% of the isolates. Additionally, the blatem gene was present in 20% of the S.
maltophilia isolates. Therefore, other mechanisms could have contributed to the antimicrobial
resistance of the remaining isolates, such as multidrug efflux pumps (Sanchez and Martinez,
2018). In this study, the multidrug efflux pumps (smeasc, Smeper) were expressed in all the
isolates. It has been reported that overexpression of the smeasc pump is associated with
resistance against aminoglycosides and fluoroquinolones (Herrera-Heredia et al. 2017).
Overexpression of the smeper pumps is associated with resistance against quinolones,
tetracyclines, macrolides, chloramphenicol, and trimethoprim-sulphamethoxazole (Chang et
al. 2015). Since smeper can extrude a variety of antibiotics, selection with such antimicrobials,
including quinolones, might select for S. maltophilia trimethoprim-sulphamethoxazole

resistance (Sanchez 2015).
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5.3.6 Virulence gene detection in Acinetobacter

Significant VG of the A. baumannii strains of human clinical infections are colicin V
production (cvaC), curli fibers (csg), siderophores like aerobactin (iutA), cytotoxic necrotizing
factor (cnf), overt toxins espA (K1 capsular polysaccharide), ompA (outer membrane protein
A] (Tayabali 2012; Darvishi 2016). In this study, no VG was found in Acinetobacter isolates.
Virulence of environmental isolates of Acinetobacter spp. has been reported based on the
assessment of verotoxin and haemolysin production, bacterial serum resistance assay,
hydrophobicity, and gelatinase tests (Bagheri Josheghani et al. 2015). So far, the presence of
VG has not been reported in environmental isolates, however, they have been found in clinical
isolates of Acinetobacter spp. (Daryanavard and Safaei, 2015; Momtaz, Seifati and Tavakol,
2015; Mohajeri et al. 2016).

5.3.7 Risks for community-acquired infections

S. maltophilia and Acinetobacter spp. (especially A. baumannii) are well known as nosocomial
pathogens (Lowman et al. 2008; Bergogne-Bérézin, and Towner, 1996). However, the
occurrence of S. maltophilia and Acinetobacter in environmental samples, such as water, river
sediments, and plant rhizospheres as reported in this study, raises questions on their potential
in causing community-acquired infections (Cilloniz, Dominedo and Torres 2019; Ferrer et al.
2018; Eveillard et al. 2013). There is an increasing amount of evidence showing that S.
maltophilia and Acinetobacter can no longer be considered exclusively in nosocomial
infections, due to the possibility of causing profound clinical diseases in the absence of risk
factors associated with nosocomial infections (Lowman et al. 2008). In South Africa,
information on community-acquired infections with these two bacteria is scarce. However, a
study by McKay and Bamford (2015) reported 39.2% and 54.3% prevalence of community-
acquired infections with Enterobacteriaceae and Gram-positive organisms, respectively. This
follows the first report of community-acquired infection with A. baumannii in South Africa
(Lowman et al. 2008). This indicates that potentially community-acquired infections may be
predominant in South Africa however the lack of information could be due to the lack of studies
conducted in this area.

It was observed in this study that people within the informal settlements close to the river use

the water for several activities. This creates an avenue for exposure to these bacteria and the
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possibility of infections thereof. Therefore, the risks associated with community-acquired
infections within this scenario need to be addressed. The risk assessment was done qualitatively

considering two steps: exposure route and likelihood of infection after exposure.
5.3.7.1 Exposure routes

Exposure to pathogens in water could either be direct or indirect, however in this study we will

focus on the direct exposure due to the mode of transmission of the organisms.

A. Direct exposure: Events such as swimming/bathing in the river or fishing could
result in direct exposure to the pathogens. Within the home, direct exposure could
be from the use of the river water for different domestic or personal purposes that
could lead to direct skin contact or inhalation of aerosols or droplets generated
during these activities. It was observed during the study that bathing/swimming in
the river and fishing are activities mainly done by young male adults and therefore
this part of the population may be at the greatest risks. Use of the water for laundry,
cleaning, and other domestic purposes within the home puts women and children at

the greatest risks since most of these activities are performed by them.

B. Indirect exposure: Indirect exposure may occur when infected individuals sneeze
or cough, this will generate aerosols. Healthy individuals are therefore at risk of
infection when they inhale these droplets, or through direct deposition of droplets
from the aerosols in their eyes, nose, or mouth. Generated droplets could travel a
distance and land on surfaces or objects and lead to exposure of healthy individuals
when they touch these contaminated surfaces with their hands. Every individual
within the home setting is at risk of indirect exposure to these pathogens if any
member of the household is infected. Therefore, unlike the direct exposure routes,
this may be a major route of infection provided there is an infected individual within
the household.
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5.3.7.2 Likelihood of infection

Exposure to the pathogens in the water, either directly or indirectly will not always lead to an
infection. The likelihood of infection is dependent on several factors. These include, but are

not limited to:

A. Presence at the portal of entry: Community-acquired infections with these
pathogens are dependent on burns or wounds where affected skin areas serve as
portals of entry for the pathogen leading to infections. The main risk factors for
community-acquired infections with these pathogens are a history of trauma, which
may provide the portal of entry and infection. For instance, a study in Singapore
established that A. baumannii colonized burns within 2 days (Eveillard et al. 2013).
The first case of community-acquired A. baumannii infection in South Africa was
reported in a patient with a history of trauma from accidents with wounds (Lowman
et al. 2008). Therefore, the likelihood of infections depends largely on the wounds
or burns. The informal settlement is occupied predominantly by unemployed
people, who rely on menial labour-intensive jobs to survive. These kinds of jobs
make them prone to injuries which may create portals of entry for the pathogens.
Secondly, the most exposed part of the population is young male adults who are the
most prone to these injuries due to their engagement in physically intensive

activities.

B. Immune status of exposed populations: Like in every infection, the likelihood is
dependent largely on the host responses to the pathogen. Community-acquired
infection with these pathogens has been implicated in patients with compromised
immune systems. South Africa has over 20% of the adult population living with
HIV (UNAIDS, 2019) therefore the possibility of immunocompromised individuals
being exposed to these pathogens is high. However, the challenge associated with
immunocompromised individuals and infections is not peculiar to only infections

with S. maltophilia and Acinetobacter.
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5.4 Conclusion

This study has shown a high prevalence of Acinetobacter sp. and S. maltophilia in the
environment. Assessment of water from the different sampling points did not show a difference
in the impact of the hospital, WWTP, informal settlement and veterinary clinic on
concentrations of bacteria. However, analysis of the MAR index from isolates taken from the
different points shows a higher selective pressure for antibiotic resistance from the hospital

compared to the rest of the sampling points.

The isolates of Acinetobacter spp. and S. maltophilia displayed MDR against antibiotics
commonly used for their treatment. These isolates were more susceptible to fluorogquinolones,
levofloxacin and ofloxacin, which may be efficient treatment options in the event of cases or
an outbreak. The resistance could have been due to the presence of antibiotic resistance genes
in the isolates, as we found, the efflux pumps which have been reported to confer resistance
against the antibiotics. The findings in this study are significant due to the potential of ARG
harboured by Acinetobacter and S. maltophilia to be transferred to other bacteria via horizontal
gene transfer. Additionally, the bacteria with ARG can flourish and be widely distributed in
the environment, thus posing a risk to human health. Despite the detection of Acinetobacter

with antibiotic-resistant properties, no VG was detected.

Additional findings made in this study show that river water quality monitoring should include
analysis of the river sediments and plant rhizosphere. We found that S. maltophilia was more

prevalent in these matrices than in the water samples.

The risk of infections with these MDR Acinetobacter and S. maltophilia outside the hospital
setting is high. Conditions within the study area are prime for these community-acquired
infections. Therefore, suggest public awareness is recommended as a major tool to limit
exposure to the river. For instance, the public could be warned to reduce swimming, fishing
and other activities in sections of the river with high contamination, such as downstream of the

hospital.
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Chapter 6: Application of Flow Cytometry and droplet digital PCR as
Rapid Methods for Wastewater Analysis

6.1 Introduction

Conventional methods used for the assessment of microbial water quality are mainly based on
selective culture media and standard biochemical-based methods (Farhat et al. 2020).
Although culture-based methods are simple and low cost, they have low sensitivity and are
laborious and time-consuming (Ramirez-Castillo et al. 2015; Porcellato, Narvhus and Skeie,
2016). In addition, certain bacteria, although viable, may exist as VBNC, leading to false
negatives. These may tentatively still occur in infective quantities in the environment
(Cenciarini-Borde, Courtois and La Scola, 2009).

The challenges experienced with conventional culture-based methods call for timely and
advanced molecular-based methods such as FISH, PCR, and FCM, for the detection and
quantification of potential pathogens. The FISH technique is built on cell-based quantification
of microorganisms at different taxonomic levels, depending on the degree of conservation of
the target sequence probe (Amann, Ludwig and Schleifer 1995). On the other hand, FCM
allows for a high throughput quantification and the phenotypic separation of cell populations
based on differences in the surface characteristics of single cells (Mdller and Nebe-von-Caron,
2010). This technique has been in use for over two decades and has been proven efficient in
water quality monitoring (Safford and Bischel 2019). Similarly, staining with DNA
intercalating fluorochromes such as propidium iodide (PI) and SYTO 9, which are part of the
BacLight kit can distinguish between live and dead cells using membrane integrity as an
indication of cell viability (Berney et al. 2007; Stiefel et al. 2015). The BacL.ight kit uses a dual
staining technique whereby both live and dead cells are permeable to SYTO 9 and green
fluorescence is emitted. PI, on the other hand, permeates damaged or dead cells, and red
fluorescence is emitted (Berney et al. 2007; Freire et al. 2015). The BacLight kit is also able
to determine the concentration of live and dead bacterial cells in a sample. However, these dyes
cannot taxonomically identify bacterial cells in a mixed sample as they are not specific (Amann
et al. 1990). To overcome these limitations, researchers have also tried alternate methods such
as Flow-FISH which is a combination of the specific binding technique of FISH and the high
throughput quantification approach of FCM which allows the identification and quantification
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of specific bacteria. Flow-FISH has been used successfully for the analysis of microbial
community structures in environmental samples (Rufer et al. 1998; Friedrich and Lenke 2006;
Nettmann et al. 2013).

ddPCR is an advanced PCR-based method that has recently been gaining attention as it can
provide accurate quantification without the need for a standard curve (Hindson et al. 2011;
Porcellato, Narvhus and Skeie 2016). The technique is based on microfluidics technology that
allows for the generation of multiple reaction partitions that occur as individual reactions. It
follows the Poisson distribution through which it is possible to determine the concentration of
selected target bacteria as the number of copies per microliter in the reaction (Huggett et al.
2013; Morisset et al. 2013). Currently, this technique has been applied for the detection and
quantification of pathogens from different matrices such as food (Bian et al. 2015), soil (Dong
et al. 2014), bovine faeces (Verhaegen et al. 2016), and water (Cao, Raith and Griffith 2015;
Te, Chen and Gin 2015). The most recent application of ddPCR was to detect SARS-CoV-2 in
clinical (Dong et al. 2020; Suo et al. 2020) and environmental samples such as wastewater
(Pillay et al. 2021).

This chapter, therefore, focuses on the use and comparison of advanced techniques such as
FCM for Flow-FISH, bacterial viability studies, ddPCR, and total counts, for the detection and

quantification of the selected bacterial pathogens from wastewater influent and effluent.
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6.2 Methodology

6.2.1 Sample collection

Composite samples of influent (untreated) (n=3) and the final effluent (treated) (n=3) were
collected from the NWWTP which treats domestic, industrial, and hospital effluents in the city
of Durban. For the composite sample of 3 litres, 750 mL aliquots of wastewater influent and
effluent were collected every 15 min over sixty min. Composite samples were taken to ensure
that the wastewater sample was representative and integrated. The samples were decanted into
5 L bottles, separately, for both influent and effluent and transported to the laboratory on ice.
The samples were mixed well and divided into three separate one-litre sterile bottles and stored

at 4°C for further analysis.
6.2.2 Plate count enumeration

The total plate counts were performed using Nutrient agar, and for each of the target bacteria,

selective media was used, and this is described in detail in Chapter 3: Section 3.4.1.
6.2.3 Control cultures for Flow-FISH and ddPCR

Pure cultures of Acinetobacter baumannii (ATCC 19606), Pseudomonas aeruginosa (ATCC
27853), Aeromonas hydrophila (ATCC 7966), and Stenotrophomonas maltophilia (13637)
were cultured under defined cultivation conditions as control samples. These cultures were then
grown in Nutrient Broth (Oxoid, England) at 37°C for 24 h to approximately 10° cells per mL
and used for FCM viability studies, Flow-FISH and ddPCR method development.

6.2.4 Quantification and detection of selected target bacteria using droplet digital PCR
6.2.4.1 DNA extraction of pure cultures of selected target bacteria

DNA extraction methods have been described previously in Chapter 3: Section 3.8.1.
6.2.4.2 DNA extraction from wastewater influent and effluent samples

The wastewater influent (500 mL) and effluent (1000 mL) samples were centrifuged (3000 rpm
for 3 min) at 25°C and the pellet was used for the extraction of DNA. Briefly, the pellet was

placed in a PowerBead tube (provided in the kit), and bead-beating was performed at medium
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speed for 3 min (Omni Bead Beater, USA). The samples were then centrifuged at 10,000 x g
for 30s, and the supernatant was transferred to a clean 2 mL collection tube. Thereafter, the
DNA was extracted following the DNeasy PowerSoil kit (Qiagen, Germany) manufacturer’s
instructions. The final elution of DNA was done using Tris-EDTA buffer. The DNA
concentration and purity were measured with a nanophotometer (Implen, Germany). The DNA
extractions were done in triplicate. Each tube with purified DNA was sealed with Parafilm
(Bemis Company, USA) and stored at -20°C for further use.

6.2.4.3 Limit of detection for droplet digital PCR assay

Serial dilutions of the extracted DNA of each pure culture (Acinetobacter spp., Aeromonas
spp., Pseudomonas spp., and S. maltophilia) were made using nuclease-free water. The
dilutions ranged from 2.5 ng/pL to 1.25 fg/uL. The dilutions of DNA were used as the template
for ddPCR reactions and were performed as explained in Section 6.2.5.4. The measured copies

were generated using QuantaSoft™ (Bio-Rad) software.
6.2.4.4 Droplet digital PCR analysis of wastewater samples

The ddPCR analysis was performed in triplicate using the QX200 ddPCR system (Bio-Rad,
USA). The reaction mixture was prepared in a final volume of 20 pL, which consisted of 10
uL of QX200™ EvaGreen Supermix [no deoxyuridine triphosphate (dUTP)] (Biorad, USA), 2
UM of each primer, 6 puL nuclease-free water (Thermofisher, USA), and 2 pL template DNA
(5 ng). Droplets were generated using an automated droplet generator [QX200™ AutoDG
ddPCR system (Bio-Rad, USA)]. The plate containing the droplets (40 pL) was carefully
removed from the automated droplet generator. The plate was then heat-sealed and loaded into
a C100 Touch™ Thermal Cycler (Bio-Rad, USA) for amplification. The thermal cycling
conditions for the selected target bacteria (Acinetobacter spp., Pseudomonas spp., Aeromonas
spp., and S. maltophilia) with the addition of a ramp rate of 2°C/s at every step are presented
in Table 4.1. and 5.1. After thermal cycling, the plates were loaded into a QX200™ Droplet
Reader (Bio-Rad, USA). The ddPCR analysis included positive template controls (PTCs) and
negative template controls (NTCs) in triplicate. NTCs used in the reaction mixes were
nuclease-free water. PTCs included gDNA extracted from reference strains listed in Section
6.2.3. The QuantaSoft™ Analysis Pro software (version 1.0.596) (Bio-Rad, USA) was used
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for the analysis of the data. Thresholds were set manually for each sample using criteria defined

for each assay.
6.2.5 Application of Flow Cytometry for wastewater analysis
6.2.5.1 Viability assay of reference control cultures using the Baclight kit

Viability was determined by the analysis of membrane integrity using the BacLight kit
(Invitrogen, 2004) in combination with FCM. The single colour controls (live cells and ethanol-
treated dead cells) that were prepared from pure cultures were used for setting and adjusting
the flow cytometer.

Pure cultures of Pseudomonas aeruginosa were used to optimize the flow cytometer for the
live/dead analysis as this species showed a good correlation between the BacLight kit
(Invitrogen, Molecular Probes, USA) and plate counts (Invitrogen, 2004). Bacterial
suspensions were prepared as follows: pure cultures of Pseudomonas aeruginosa were grown
overnight at 37°C in Nutrient Broth (Oxoid, England). The culture was concentrated by
centrifugation at 10 000 x g for 10 min. The supernatant was removed, and the pellet was
resuspended in 2 mL of 0.85% NaCl. The suspension (1 mL) was then added to a tube
containing 1 mL of 0.85% NaCl, which served as the control for live bacteria. The control for
dead bacteria contained 1 mL of bacterial suspension and 1 mL of 70% ethanol. Both
suspensions (live /dead) were incubated at room temperature (25°C) for 60 min and were
vortexed every 15 min. Both the live and dead suspensions were then centrifuged and washed
in 0.85% NaCl. Each pellet (live and dead) was then resuspended in 1 mL of 0.85% NaCl. The
live and dead controls were used for setting the gates for the flow cytometric viability analysis

using the BacL.ight kit (Invitrogen, Molecular Probes, USA).
6.2.5.2 Wastewater sample preparation and staining protocol using the BacLight kit

Five hundred millilitres of the influent and effluent wastewater samples were mixed thoroughly
and filtered through 100 um and 20 pm sterile test sieves (Retsch, Germany) to remove debris.
Aliquots (990 pL) of samples were used for the determination of bacterial viability using the
BacLight kit (Invitrogen, Molecular Probes, USA). The kit consists of a microsphere
suspension and two fluorescent dyes, SYTO 9 and PI that label live and dead bacteria,
respectively. The dyes (SYTO 9 and PI) are stored in Dimethyl sulfoxide at a concentration of
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3.34 mmolL and 20 mmolL, respectively. The microspheres are suspended in deionised water
containing sodium azide, at a concentration of 1 x10® beads per mL. The microsphere
suspension was homogenised by gentle vortexing before use.

The staining procedure was as follows; 1 pL of SYTO 9 and 1 pL of Pl was added into a
microcentrifuge tube. Thereafter 10 uL of the microsphere suspension and 988 pL of the
wastewater samples were added into the above mixture. The tubes were thereafter incubated in
the dark for 15 min at 25°C to allow for the binding of the dye to the bacteria in the sample.

The samples were gently mixed after incubation.
6.2.5.3 Flow cytometric analysis

The flow cytometric analysis was performed on the FACS ARIA 111 (BD Biosciences, USA).
The fluorescence of the probes was excited at a wavelength of 488 nm. The SYTO 9
fluorescence was measured using a 505 nm long-pass filter and a bandpass filter with
transmission at 530/30 nm. The PI fluorescence was measured using a 685 nm long-pass filter
and bandpass filter with 695/40 nm transmission. The threshold was set to side scatter (SSC)
at 200 to minimise the effect of noise. The photomultiplier (PMT) tube voltage was adjusted
to ensure that both the bacterial populations and beads were on scale in an SSC vs forward
scatter (FSC) plot. A histogram was incorporated in the analysis to observe the bead count
consistency. The instrument was calibrated, before use with BD FACSDIVA™ Cytometer
Setup and Tracking Research Beads (BD, USA), according to the manufacturer’s instructions.
The laser output, voltage, and gains of the detectors were adjusted to gate the bacterial
populations of interest, with maximum separation from sample debris. The live and dead
bacteria were analysed by gating the populations in the red fluorescence (dead) versus green
fluorescence (live) in the plots. For the pure culture, the bacterial concentration was kept to a
maximum of 10® bacteria mL. To maintain a constant setting for all measurements while
reducing the occurrence of coincident detection of bacteria in the high concentration samples,
the flow rate was kept constant, and each measurement was 10 000 events. The addition of
microsphere beads was used for the calculation of the absolute concentration of the bacteria
measured with FCM.

The following formula describes the calculation for the concentration of live bacteria
(Invitrogen, 2004).
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concentration of live bacteria

no.of events in live region

= - — x conc.of beads X dilution factor
no. of events in bead region f f

Where “no. of events in the live region” represents the cells stained by SYTO 9 (which excludes
dead cells). In the equation above, “conc. of beads” refers to the bead concentration measured
in the entire sample volume, “no. of events in bead region” refers to the number of microsphere
events which is used to measure the volume of sample analysed and the “dilution factor” refers

to the diluted bacterial sample. Each sample was measured in triplicate.

6.2.5.4 Flow-FISH: Preparation and fixation protocol of reference control cultures and

wastewater samples

Control cultures were prepared as described in Section 6.2.3. The influent (500 mL) and
effluent (1000 mL) samples were filtered as described above in 6.2.4.2. The control cultures
(5 mL) and the filtered wastewater samples were pelleted at 3000 rpm for 10 min in a
centrifuge. Fixation was carried out on 5 mL of the pellet (control cultures and wastewater
sample), according to a protocol reported by (Amann, Ludwig and Schleifer 1995). Samples
were fixed in 4% formaldehyde solution (diluted in 1x PBS pH 7.4) for 3 h at 4°C. After
fixation, the samples were centrifuged at 8,000 x g for 20 min at 25°C. The supernatant was
discarded, and the pellet was washed twice in 1x PBS using the centrifugation conditions as
before. After washing, the pellet was resuspended in 5 mL 1x PBS, mixed with 5 mL of 96%

ethanol and stored at —20°C until further use.
6.2.5.4.1 Flow-FISH: FCM analysis

FISH was carried out using 16S rRNA targeted probes (See Table 6.1) that are specific for the
different groups of bacteria targeted in this study (S. maltophilia, Acinetobacter spp.,
Pseudomonas spp., and Aeromonas spp.). All FISH probes were labelled fluorescently with 6-
FAM (Fluorescein) and were synthesized by Integrated DNA Technologies (Cape Town, South
Africa). The positive controls were fixed reference cultures described in Section 6.2.3.
Negative controls (without the addition of probes) were used to determine the effect of
autofluorescence. The modified protocol by Nettmann et al. (2013), was used for the

preparation of both wastewater samples and control cultures as follows: 250 uL of the fixed
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sample was centrifuged at 8,000 x g for 20 min at 25°C and the supernatant was discarded. The
pellet was re-suspended in preheated (46°C) hybridization buffer [0.9 M NaCl, 20 mM
Tris/HCI (pH 7.2), 0.1% SDS, 35% formamide]. An aliquot of 21 uL of the FISH probe
(50 ng/uL) was added to the pelleted sample and was incubated at 46°C for 2 h. During
incubation, the samples were repeatedly inverted in a hybridisation oven to ensure the even
distribution of probes. After incubation, the samples were centrifuged at 8,000 x g for 20 min
to pellet the cells. The pellet was washed twice with 500 uL. 1x PBS (Oxoid, England).
Thereafter the pellet was resuspended in 500 uL of hybridisation buffer and incubated for 20
min in the dark. This was followed by centrifugation for pellet formation. The pellet was
resuspended in 500 pL of wash buffer and incubated at 25°C for 20 min. The purpose of this
step was to remove the hybridisation buffer and non-bound probes from the samples. The
samples were then centrifuged, and 1 mL of cold PBS was added to each pellet. This was
vortexed for 30 s to homogenise the pellet. The pelleted samples were further diluted in 1x

PBS for subsequent flow cytometric analysis.
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Table 6.1 Probes used in this study

Target Probe Sequence (5°-3°) Target site Reference

Bacteria

Pseudomonas GATCCGGACTACGATCGGTTT 16S rRNA (Gunasekera et al. 2003)
Aeromonas ACCTGGGCATATCCAATC 16S rRNA (Kémpfer et al. 1996)

Acinetobacter GCGCC ACTAA AGCCT CAAAG GCC  16SrRNA

(Kenzaka et al. 1998)

S. maltophilia GTCGTCCAGTATCCACTGC 16S rRNA

(Hogardt et al. 2000)
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6.2.6 Statistical analysis

All data are expressed as mean + standard deviation (SD) from the triplicate analysis of plate
counts, FCM counts, and ddPCR analysis. Statistical analyses of data were performed using

the Student's paired t-test. A significant difference is defined as p value<0.05.
6.3 Results and discussion

This part of the study explored the applicability of FCM (viability/total counts, Flow-FISH)
and ddPCR in relation to the plate count method for the detection and quantification of selected
bacteria from wastewater samples. Although these are established methods, there are limited
studies that have used FCM and ddPCR to detect and quantify the selected target bacteria under

investigation from wastewater.

6.3.1 Enumeration of selected target bacteria from wastewater influent and effluent

using the conventional plate count method

Results obtained for the total plate count for wastewater samples analysed are depicted in Table
6.2 and Figure 6.1. The total plate counts for the wastewater influent and effluent samples
averaged at 6.46+0.02 and 4.6+0.7 (logio CFU/mL); p<0.05, respectively. Among the four
targeted bacteria, Aeromonas (influent: 5.31+0.17, effluent: 3.7£0.2; logio CFU/mL,; p<0.05)
was found in the highest concentration whilst S. maltophilia was found in the lowest
concentration (influent: 3.82+0.3; effluent: 3.16+0.2 (logio CFU/mL); p<0.05). A significant
difference (p<0.05) in the bacterial count was observed between the influent and effluent

samples for all targeted bacteria except for Acinetobacter.

Traditional enumeration methods, such as the plate count method, have been reported as an
acceptable method to measure water quality (Allen, Edberg and Reasoner 2004, Cheswick et
al. 2019). The method has also been approved by regulatory bodies (ISO, 2006); however, it
has many drawbacks. Species or strains with similar colony morphology are not easily
distinguished from each other (Herbel et al. 2013). In addition, the method is quite laborious
and time-consuming (Deshmukh, 2016). It was also reported that the bacteria that can enter the

VBNC state under environmental stress, such as during chlorination, will go undetected using
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the plate count method (Chen ef a/. 2018). This may result in an underestimation of the bacterial

count, which can increase the risk of waterborne illness.

Selective and Total Plate counts of wastewater samples
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Acinetobacter Aeromonas Pseudomonas Stenotrophomonas  Total plate count
maltophilia

CFU/mL(Log,,)

M influent M effluent

Figure 6. 1 The enumeration of selected target bacteria and the total bacteria from
wastewater influent and effluent using the plate count method (#=3)
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6.3.2 Droplet Digital PCR

6.3.2.1 Application of droplet digital PCR to detect Acinetobacter spp., Aeromonas spp.,

Pseudomonas spp., and S. maltophilia from influent and effluent samples

The ddPCR method was used for the absolute quantification of the selected target bacteria in the
wastewater samples using species-specific primer sets (Table 4.1; Table 5.1.). The limit of
detection (LOD) was performed for each of the target bacteria (Acinetobacter, Aeromonas,
Pseudomonas, and S. maltophilia) using gDNA from pure cultures to evaluate the sensitivity of
the assay. The LOD was determined from the lowest concentration amplified from the triplicate
analysis of serial dilutions of the gDNA from the pure cultures. The LOD (GC/uL) determined
for each of the different bacterial targets were as follows [S. maltophilia (0.15), Acinetobacter
(0.6), Aeromonas (1.4) and Pseudomonas (0.65)]. Negative controls were analysed for each of

the LOD assays in ddPCR, and this was used to manually set a threshold.

Using ddPCR analysis (Table 6.2. and Figure 6.2.), it was found that the bacteria in the highest
concentration (logio GC/mL) was Pseudomonas (influent:7.19+0.24 GC/mL; effluent: 6.48+0.2
GC/mL). S. maltophilia was found in the lowest concentration in both influent (5.40£0.90 logio
GC/mL) and effluent (4.53+0.57 logio GC/mL). This trend was similar to the plate count method
where S. maltophilia was found in the lowest concentration from both influent and effluent
samples. The ddPCR results showed that S. maltophilia and Acinetobacter were detected in a
lower concentration in influent samples in comparison with FCM. This was not expected and
could be because of sample processing biases (filtering, concentration, DNA extraction) whereby
the final yield and quality of DNA were impacted and led to inaccuracies (Martinez-Hernandes
et al. 2019). In comparison to the selective plate counts for each targeted bacterium, the ddPCR
results indicated higher concentrations of all these bacteria both in the influent and effluent
samples as expected. This was demonstrated in studies by Ahn et al. 2014 where Burkholderia
cepacia was detected in lower concentrations in nuclease-free water using the plate count method

in comparison to ddPCR.

Both these methods work on different principles, whereby plate counts measure the viable
bacteria, whereas the ddPCR can detect both live and dead bacterial cells as this method relies
mainly on amplifying the DNA in the samples. The DNA-based ddPCR technique cannot
differentiate between live and dead cells, which is regarded as one of the limitations of this
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technique when applying it to environmental samples (Gobert ef al. 2018; Santander, Meredith
and Acdimovié, 2019). The use of propidium monoazide pre-treatment to prevent the
amplification of DNA associated with dead cells has been proposed as an alternative technique
to improve the accuracy of ddPCR in detecting DNA from viable cells (Kiefer, 2020). To the
best of our knowledge so far, there are no studies that used ddPCR to detect and quantify the
selected target bacteria in wastewater samples. Most of the available data is from clinical samples

(Morella ef al. 2018; Ziegler et al. 2019; Wouters ef al. 2020).

ddPCR analysis of wastewater samples

Acinetobacter Aeromonas Pseudomonas Stenotrophomonas
maltophilia

Genomic copies/ mL(log,,)
O = N W & 0 OO N

Target bacteria

M influent M effluent

Figure 6.2 Genomic copies of selected target bacteria in wastewater influent and effluent
samples (n=3)

6.3.4 Flow Cytometry

FCM with the use of the BacLight kit was used to determine the total (viable/ non-viable) count
of wastewater influent and effluent. Each of the selected target bacteria present in the wastewater
was enumerated using the Flow-FISH technique. FCM uses laser technology and the principle
of fluorescence to identify, quantify and isolate cells from a heterogenous mixture such as
wastewater. For the Flow-FISH assay, existing FISH methodology and probes specific for the

selected target bacteria were used (Table 6.1.) for detection and quantification.
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6.3.4.1 Enumeration of total and viable bacteria in samples using the BacLight kit
6.3.4.1.1 Optimization of the viability analysis using pure cultures

Pure cultures of the selected target bacteria were used for adjusting the flow cytometer to ensure
the PMT voltages were set. The viable bacterial cells demonstrated strong green fluorescence
(SYTO 9) and no red fluorescence (PI), while a completely permeabilized population (heat-
treated) showed a weak green fluorescence and a strong red fluorescence signal (Figure 6.3). The
Pl and SYTO 9 dye used in this study provided good resolution between the live and dead cells.
These cell populations were defined by the drawing of rectilinear regions around the live and
dead cells. This gated region was used as a template for the viability analysis and total counts of
the wastewater samples that followed. Previous studies have demonstrated that Pl and SYTO 9
staining allowed the differentiation of live and dead cells (Stiefel et al. 2015; Ou et al. 2017).

6.3.4.1.2 The application of the BacLight kit to enumerate wastewater samples

The Baclight kit demonstrated that the wastewater samples had an average total bacterial count
(live/dead) (logio bacteria/mL) that ranged from 8.49+0.03 - 7.98+0.04 (influent) and 7.38+0.02
- 7.13x0.02 (effluent). Of this total count of bacteria, the viable population range (logio
bacteria/mL) was 8.00+0.02 - 7.72+0.05 (influent) and 6.84+0.11 - 6.60£0.04 (effluent). A
statistically significant difference (p<0.05) was observed between the total count and viable
count of the wastewater samples (Table 6.2.). In this investigation, it was made clear that there
was a statistically significant difference between the total viable count using FCM and the
BacLight kit in comparison to the culture-based total plate count (logio CFU/mL). This is
expected, as the plate count only detects a fraction of the viable and culturable bacteria, whilst
with the BacLight kit and FCM, the VBNC bacteria will also be detected. These results suggest
that flow cytometric total counts can be used as a culture-independent strategy for monitoring
bacterial concentration and viability. It also allows for the quantitative viability analysis of
bacteria that are unculturable or bacteria that have entered a VBNC state. In a similar study on
wastewater influent and effluent, Manti et al. (2008) reported that total count data obtained by
FCM was significantly higher than those measured with traditional plate counts. Another study
by Ou et al. (2017) showed that FCM measured 0.273 logio bacteria/mL more bacteria than plate

counts. Similar trends were also reported in other studies (Bensch et al. 2014; Buzatu et al. 2014).
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In a study by Li et al. (2007) where hospital wastewater was investigated, it was found that
counts using FCM were up to 67 times higher than the culture-based methods. This demonstrated
that the culture-based method commonly used for water quality monitoring underestimates the
actual counts and is therefore inadequate. FCM has mainly focused on activated sludge samples
in monitoring WWTPs activated sludge (Foladori, Tamburini and Bruni, 2010; Abzazou et al.
2015). Similarly, Collado et al. (2017) used FCM to investigate the viable portion of activated
sludge and found that viable cells were 47% of the total population of cells. When monitoring
bacterial concentrations, it is important to determine the viability of the bacteria and their
abundance as both are critical in assessing water quality (Pianetti et al. 2005). The BacLight kit
is a rapid method since we were able to get results for both the viable and total counts in a single
step. It can detect the VBNC bacteria that adds to the reliability of the assay (Boulos et al. 1999).
However, there are limitations to the use of the BacLight kit, one of which is the ability to
differentiate between viable and dead cells, as the assay is based entirely on membrane integrity
(Fleischmann et al. 2021).
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Figure 6.3A - Dot plot of gating viable cells which are in the gate labelled live cells (PI
negative). The cells adjacent to these gated are non-viable and are purple. B — Dot plot of
gating microsphere beads that are used to determine the sample concentration.

6.3.4.1.3. Detection and quantification of selected target bacteria using Flow-FISH

Flow-FISH has not been used earlier to detect and quantify selected target bacteria that are part
of this study to the best of our knowledge. Previously designed FISH probes, for 16S rRNA-
targeted detection of Acinetobacter spp., Pseudomonas spp., Aeromonas spp., and S. maltophilia
(Table 6.1.), were evaluated for applicability of use by performing in situ hybridization
experiments with pure cultures of Acinetobacter baumannii, Aeromonas hydrophila,
Pseudomonas aeruginosa, and Stenotrophomonas maltophilia. Examination of the fluorescently
stained cultures using fluorescent microscopy showed successful hybridization of the probes to
the selected target bacteria confirming probe specificity.

All the target organisms were detected in the influent and effluent samples, with the average
concentrations being higher in the influent (Table 6.2 and Figure 6.4). S. maltophilia was
detected in the highest concentration, in both influent and effluent (logio bacteria /mL) of 5.92+
0.02 and 4.31+0.15; (p<0.05), respectively in comparison to plate counts and ddPCR. A previous
report by Hoefel et al. (2005), demonstrated that S. maltophilia can maintain membrane integrity,
but it develops recalcitrance to plate cultures, and this bacterium is known to enter a VBNC state.
Similarly, Flow-FISH detected Pseudomonas species in lower concentrations in both influent
and effluent wastewater (logio bacteria /mL) [influent (5.41+0.07), effluent (3.43+0.02) p< 0.05]
as opposed to the ddPCR results, which displayed Pseudomonas as the dominant bacteria in
these samples. A similar trend was also seen for Aeromonas spp. but there was no significant

difference observed between the influent and effluent concentrations (Table 6.2.). In general, the
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results for Flow-FISH were found to be higher in concentration (between 0.2-2.1 log) for each
of the selected target bacteria than the plate counts (Table 6.2.), but lower than the concentration
obtained using ddPCR, in most cases. These results are in accordance with other studies where
traditional plate counts produced a lower count than FCM (Mezzanotte ef al. 2004; Manti ef al.
2008). Flow-FISH can detect bacteria that are in the VBNC state while traditional plate counts
may not be able to detect bacteria in this state, which poses a risk as the bacteria are capable of

retaining virulent properties (Baffone et a/. 2003; Fakruddin ef a/. 2013).

A combination of FCM and phylogenetic probes have been successfully applied to describe
bacterial communities in environmental, clinical, and artificial samples, such as human faeces
(Rugottier-Gois ef al. 2003), ballast water (Joachimsthal ef a/. 2004, Khandeparker ef al. 2018),
and activated sludge (Brown et a/. 2019). In all studies above, Flow-FISH was found to be a
reliable method that gave consistent and complementary results compared to other established

methods.

Despite limitations of the use of FCM which is discussed later in this chapter, combining the
rapidity and multi-parametric accuracy of FCM and the phylogenetic specificity of
oligonucleotide probes using the FISH technique has become an essential tool in monitoring

aquatic matrices when targeting specific bacteria (Manti ef al. 2011).

Flow-FISH of wastewater

Acinetobacter Aeromonas Pseudomonas Stenotrophomonas
maltophilia
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Figure 6.4 Flow-FISH quantification of selected target bacteria in wastewater (7=3)
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Table 6.2 Average count of selected target bacteria in wastewater influent and effluent using different enumeration techniques (n=3)

Method of analysis

Plate count Flow-FISH ddPCR

Target bacteria Average Count(logzo)
p value Bacteria/mL p value GC/mL p value

Influent Effluent Influent Effluent Influent Effluent
Acinetobacter spp. 4.17+04 3.39+0.01 p>0.05 5.47+0.03  3.60 £0.6 p<0.05  5.47+0.5 4.81+0.37 p>0.05
Aeromonas spp. 5.31+0.17 3.70+0.20 p=<0.05 5.47+0.36 4.16%0.1 p>0.05 6.00+0.27 5.11+0.63 p>0.05
Pseudomonas spp. 4.16+0.18 3.24+0.02 p<0.05 5.41+0.07 3.43%0.2 p<0.05 7.19+0.24 6.48+0.20 p>0.05
Stenotrophomonas 3.81+0.35 3.16+0.17 p<0.05 5.92+0.02 4.31+0.15 p<0.05 5.4+0.90 453+0.57 p>0.05
maltophilia
Total plate count 6.46x 0.02 4.63 £0.7 p<0.05 Not applicable Not applicable
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Overall, the different techniques used in this study have both advantages and disadvantages. One
of the major advantages of traditional heterotrophic plate counts is that a positive result is an
indicator of the viability of the bacteria that form colonies (van Nevel et al. 2017). This is a
simple and low-cost method and does not require expensive equipment or skills to perform the
analysis (Douterelo et al. 2014). Although plating or culture-based methods are referred to as
the gold standard, they are laborious and time-consuming, and VBNCs are not recovered using
this method (Deshmukh, 2016), which can lead to underestimating the actual pathogen

concentration in water quality monitoring programs.

FCM, on the other hand, is capable of detecting VBNC bacteria. FCM allows the analysis of
thousands of bacterial events in a few seconds, while traditional methods may take a few days.
This method is rapid, there is the ease of sample preparation, and it has a high counting efficiency
(Brown et al. 2015). FCM, in combination with fluorescence-based approaches such as FISH,

allows for the differentiation of specific bacteria in a sample (Nettman et al. 2013).

The main limitations of FCM are the need for well-trained operators, the high cost of equipment
and consumables (fluorochromes, control organisms) to run assays (Zhang and Liang 2014;
Betters et al. 2015). Optimal sample preparation is essential and dependent on the type of sample,
the target organisms, and the instrument (Safford and Bischel, 2019). Fluorochrome selection is
another limitation as various factors such as binding specificity/ efficiency, excitation/ emission
spectra, and the overlapping of spectra influence the staining protocol need to be considered
(Shapiro et al. 2003). The interpretation of viability data is also limiting as there is no universally
accepted method for assessing viability. Viability analysis using FCM is normally assessed with
the combination of a cell-permeable nucleic acid stain (SYTO/SYBR stains) and a cell
impermeable stain (PI), in certain instances, the above-mentioned stains are not able to
distinguish between populations that have intact or compromised membranes and sometimes
intermediate states are detected (Berney et al. 2007; Kaur et al. 2013). Although these limitations
are present, FCM analysis can be strengthened when coupled with other methods such as
traditional heterotrophic plate count (Ou et al. 2017), epifluorescence microscopy (Brown et al.
2019), molecular techniques such as ddPCR (Hansen et al. 2020), ATP determination (Vignola

et al. 2018), and assimilable organic carbon measurement (Tang et al. 2018).
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While ddPCR has emerged as a reliable tool for detecting pathogens from samples with a
complex mix of inhibitors and low concentrations of target DNA such as wastewater (Singh et
al. 2017). However, there are still limitations that prevent the universal use of this method. These
include sample processing which could impact the yield of DNA and lead to incorrect
quantification of target organisms. The specificity of the primer or probe used is also important

to ensure we have specific data to detect the target organism (Martinez-Hernandez et al. 2019).

The detection of genetic material (DNA) associated with the presence of pathogens using ddPCR
is another limitation whereby direct inferences cannot be made to link the presence of the
pathogen with its viability status. Despite the limitations, this method is sensitive, specific, and
rapid and hence makes it an important tool in the detection of waterborne opportunistic

pathogens.
6.4 Conclusion

Rapid, advanced methods for detecting potential waterborne opportunistic pathogens to
eliminate the risk posed by them in water matrices are in need. Most studies use conventional
methods such as the traditional plate count, mainly due to its economic feasibility and ease of
use. This study focused on the applicability of three established methods that is total plate counts,
FCM, and ddPCR for the detection and quantification of the targeted bacteria that are part of this
study. Among the methods used, it was found that the plate count method measured the lowest
bacterial counts while ddPCR measured the highest concentration of bacteria. ddPCR has
additional benefits to plate counts in that it has high precision, is rapid, and is strain-specific. In

this study, ddPCR measured both live and dead bacteria to give an absolute count.

However, it has also been demonstrated in this study that FCM will be of more benefit in water
analysis as it can be used to measure bacterial concentration and when combined with FISH, it
can distinguish between different types of bacteria in samples. FCM total counts are more
suitable for process monitoring in comparison to culture-based methods which are sporadic.
These different methods used in tandem in the water industry will provide diverse information

which together will give a complete overview of the composition of samples.
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CHAPTER 7: Summary and conclusions

7.1 Summary

The rapid emergence and widespread incidence of MDR in bacteria is a global occurrence, and
this has resulted in compromising the efficacy of antibiotics. This has led to antibiotic resistance

becoming a public health concern.

The focus of this study was on antibiotic resistance in Aeromonas spp., Stenotrophomonas
maltophilia, and two of the genera which have species deemed to be priority 1: critical pathogens
(Pseudomonas spp. and Acinetobacter spp.) by the World Health Organization in 2017. The
monitoring of the different anthropogenic activities (hospital, informal settlements, veterinary
clinic) and the operational efficiency of the WWTP along the Umhlangane river, were essential
to determine the possibility of the dissemination of antibiotic-resistant bacteria and the genes
associated with resistance and virulence into the environment. The different activities (hospital,
veterinary hospital, informal settlement, and WWTP) that occur along the river made it a suitable
study site. The aim of this study was, therefore, to isolate and characterise the selected bacteria
from wastewater and surface water samples and to determine their antibiogram, ARG, and VG
profiles as well as to develop rapid advanced methods for detection of the selected target bacteria
from the environmental samples. This was achieved through three comprehensive objectives and

the summary of the findings follow below:
7.1.1 Objective 1

The purpose of this objective was to isolate the bacteria of interest from the various sampling
sites and to also determine the concentration of these bacteria. Wastewater and surface water
samples from the different sites were analysed for Acinetobacter spp., Aeromonas spp.,
Pseudomonas spp., and Stenotrophomonas maltophilia. The average plate counts (logio
CFU/mL) in the influent and effluent of the selected bacterial species were as follows:
Aeromonas spp. (6.27£0.25 and 2.91+1.46, respectively); Pseudomonas spp. (3.19+1.46 and
1.72+£1.40, respectively); Acinetobacter spp. (5.30£0.9 and 3.30+0.71, respectively) and
Stenotrophomonas maltophilia (4.7£0.9 and 3.4+0.71 respectively). Among the surface water
samples analysed, the veterinary site had the highest impact on the concentration of bacteria in
the river as there was an increase in the bacterial concentration of 0.6 logio CFU/mL compared
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to upstream samples. Similarly, at the hospital site, higher concentrations of Aeromonas spp.
(3.1+0.7 logio CFU/mL) and Pseudomonas spp. (1.2+1.4 logio CFU/mL) were found in
downstream samples. This could be due to stormwater drainage points from the hospital and
veterinary clinic, which was located close to the downstream sampling points. In surface water
samples Acinetobacter spp. had the highest concentration (2.6+1.2 logio CFU/mL) reported
upstream of the WWTP effluent discharge point. S. maltophilia was detected less frequently in
the water samples and the highest concentration was recorded for this potential pathogen at the
sampling point upstream of the wastewater discharge point. On investigation of the roots of
plants that grow along the river and river sediments, higher concentrations of S. maltophilia were
found. The characterisation of the isolates was performed using PCR and MALDI-TOF MS. The
results indicated that Pseudomonas isolates comprised of the following species P. putida (51%),
P. aeruginosa (26%), P. mendocina (16%), P. alcaligenes (5%), and P. oleovorans (2%). The
isolates belonging to the genus Aeromonas were speciated and comprised of A.
hydrophila/caviae (58%), A. caviae (13%), A. hydrophila/caviae/sobria (11%), Aeromonas spp.
(8 %) and A. veronii/sobria (10%). The MALDI-TOF MS identification showed that out of the
38 PCR positive Acinetobacter isolates, 61% of the isolates were unknown Acinetobacter spp.
and the others were, Acinetobacter haemolyticus (3%), Acinetobacter baumannii complex (26%)
and 5% each were Acinetobacter johnsonii and Acinetobacter Iwoffi. All 25 S. maltophilia
isolates were confirmed by PCR and MALDI-TOF MS. From this investigation, it can be noted
that a concise MALDI-TOF MS library database is imperative for the accurate identification of

bacteria.
7.1.2 Objective 2

The focus of this objective was to determine the antibiotic resistance and virulence gene profiles
of the isolated target bacteria using both phenotypic and genotypic methods. Antibiotic

susceptibility testing was performed on all four selected target bacteria against 12 antibiotics.

The antibiogram of Aeromonas (n=59) showed that the isolates were resistant against
trimethoprim-sulphamethoxazole (100% of isolates), ampicillin (76%), polymyxin B (56%), and
colistin (42%). Lower levels of resistance were displayed towards the fluoroquinolones,
carbapenems, and third-generation cephalosporins. Although 74% of Aeromonas isolates were

resistant to ampicillin, the blaampc genes were detected in only 8% of the isolates. Aeromonas

109



isolates had higher MAR indices at the hospital site. The pathogenicity of Aeromonas spp. is
multifaceted and involves various factors which act together or independently of each other at
different stages of infection. The aerolysin gene (aer) which has haemolytic, cytotoxic, and
enterotoxin activity when expressed, was found in 31% of Aeromonas isolates. The flagellin
gene responsible for flagella production was found in 25% of isolates. There was a positive and
significant association of ARG, RP, and VG and this indicates that the isolates can be both

pathogenic and resistant to antibiotics.

Pseudomonas isolates exhibited resistance against the carbapenems; meropenem (21% of
isolates) and imipenem (7%), this is a concern as the WHO has listed Pseudomonas aeruginosa
as a priority bacterium with the need for new antibiotics. Pseudomonas also displayed increased
resistance againstwards ampicillin (93%) and cefixime (95%). Pseudomonas isolates were
highly sensitive to traditional antibiotics such as fluoroquinolones and polypeptide (colistin).
The most prevalent putative gene detected from Pseudomonas spp. was exoS (26%), which is

responsible for cytotoxin production, and this contributes significantly to pathogenesis.

Stenotrophomonas maltophilia has emerged as an important opportunistic pathogen, which
causes infections that are often difficult to manage. Alarmingly, S. maltophilia (n=25) isolates
showed absolute resistance against the sulphonamide (trimethoprim-sulphamethoxazole), the
carbapenems (imipenem and meropenem), and third-generation cephalosporin’s (cefixime). S.
maltophilia (100%) isolates (irrespective of the sample matrix) had MAR indices greater than
0.2. S. maltophilia isolates downstream of the hospital and upstream of the WWTP had MAR
indices of 0.8 and 0.7 respectively. S. maltophilia isolates from the sediment and plant
rhizosphere had lower MAR indices than the isolates from water, although MDR was less
frequent in the isolates from water. Although all S. maltophilia isolates were resistant against
trimethoprim-sulphamethoxazole, sull genes were present in only 8% of the isolates. All S.
maltophilia isolates overexpressed the multidrug efflux pumps (smeasc, smeper) which are

known to contribute to intrinsic MDR.

Acinetobacter (n=38) isolates were resistant to trimethoprim-sulphamethoxazole (96%),
polymynxins (i.e., polymyxin B [86%] and colistin [42%]). Isolates in this study were of concern
as they were found to be resistant to the carbapenems; imipenem (4%) and meropenem (19%)

and carbapenem-resistant Acinetobacter baumannii have been listed by the WHO as a priority
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bacterium that urgently requires new antibiotics. Of the Acinetobacter isolates, 78.9% had MAR
indices that were greater than 0.2. The highest MAR indices for the Acinetobacter isolates were
recorded in isolates from the hospital downstream (0.4) and upstream of the WWTP (0.5). The
ARG, sull, and sul2 were found in 24% and 29% of Acinetobacter isolates respectively. blaOXA
23/51 was found in 21% of Acinetobacter isolates and 29% of the isolates contained the blatem

gene.
7.1.3 Objective 3

This objective evaluated the application of two rapid and advanced methods (FCM and ddPCR)
for the detection and quantification of the selected target bacteria from wastewater influent and
effluent in comparison to conventional plate count methods that are predominantly used. The
total plate counts for the wastewater influent and effluent samples averaged at 6.46+0.02 and
4.63+0.7 (logio CFU/mL), respectively. The detection of each of the target bacteria using
selective plate counts was lower in concentration than FCM and ddPCR. Overall, the highest
concentration of selected target bacteria was detected with ddPCR analysis. Although the ddPCR
method did not allow the differentiation of DNA between live vs. dead bacteria in this instance,
the method has the potential to replace the traditional plate count method. The BacLight kit was
used with FCM to determine the viable counts of the wastewater samples and the total viable
count (logio bacteria/mL) ranged between 8.00+0.02 - 7.72+0.05 (influent) and 6.84+0.11 -
6.60+0.04 (effluent) which was higher than the counts measured with the conventional plate
count method. The Flow-FISH approach was used to determine the concentration of each of the
selected target bacteria using FCM, due to its ability to account for both viable and VBNC
bacteria. With Flow-FISH analysis selected target bacterial counts were detected in the higher
concentration than plate counts (Table 6.2.) and this proves that culture methods can be limited
as cells can develop a VBNC state whereby they are in an active form but are unable to grow on
culture media. The investigations into the use of the different culture-dependent and independent
methods show that the methods are complementary and can be used together to gain an
understanding of bacterial communities in biological samples such as wastewater. However, for
routine investigative use, the culture-independent methods may be more feasible due to the
ability to produce results more timeously. Due to the lack of success with some culture methods
to account for VBNC and as ddPCR analysis in this instance detected non-viable DNA as well,

FCM techniques such as viability studies and the combination of techniques such a Flow-FISH
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seems to be an efficient strategy for the detection and the quantification of viable cells, including
those in a VBNC state.

7.2 Major Conclusion

Untreated wastewater and surface water contain a high concentration of Aeromonas,
Pseudomonas, and Acinetobacter, however S. maltophilia was not easily detected from water
samples using conventional methods. S. maltophilia was however detected in plant rhizospheres
and sediments. The treatment process was efficient in decreasing the concentrations of selected
target bacteria. A trend that was noticed, was the impact of the anthropogenic activities along
the river, especially at the hospital and veterinary site, where MAR indices were increased. Many
of the target bacteria were MDR and contained ARG and VVG. This is of concern as these genes
could be transferred to the natural microorganisms found in the surface water body. Although
conventional plate count methods have been used in the first two objectives, the application of
rapid methods such as ddPCR and FCM may be more feasible for more frequent use, and for an
efficient outcome, Flow-FISH would be practical.

7.3 Recommendations

e There is a need for the monitoring of additional WWTPs and receiving water for the
selected target bacteria that is part of this study from other locations in South Africa to

understand their prevalence in the country.

e Itis recommended that rapid and advanced methods such as Flow -FISH, and ddPCR be
used in parallel with traditional culturing methods. These methods are specific and FCM
can detect VBNC bacteria to ensure correct enumeration and ddPCR can detect bacteria

present in low concentrations.

e It would be recommended to perform a complete metagenomic study of this area to

understand the complete profile of emerging pathogens.

112



References

Abbott, 1. J., Slavin, M. A., Turnidge, J. D., Thursky, K. A. and Worth, L. J. 2011.
Stenotrophomonas maltophilia: emerging disease patterns and challenges for treatment. Expert
Review of Anti-Infective Therapy, 9 (4): 471-488.

Abd-El-Malek, A. M. 2017. Incidence and virulence characteristics of Aeromonas spp. in fish.
Veterinary World, 10 (1): 34-37.

Abdelraouf, K., Kabbara, S., Ledesma, K. R., Poole, K. and Tam, V. H. 2011. Effect of multidrug
resistance-conferring mutations on the fitness and virulence of Pseudomonas aeruginosa.
Journal of Antimicrobial Chemotherapy, 66 (6): 1311-1317.

AbdulWahab, A., Taj-Aldeen, S. J., lIbrahim, E. B., Talaqg, E., Abu-Madi, M. and Fotedar, R.
2015. Discrepancy in MALDI-TOF MS identification of uncommon Gram-negative bacteria
from lower respiratory secretions in patients with cystic fibrosis. Infection and Drug Resistance,
8: 83-88.

Abebe, E., Tegegne, B. and Tibebu, S. J. E. 2016. A review on molecular mechanisms of

bacterial resistance to antibiotics. European Journal of Applied Sciences. 8 (5): 301-310.

Abia, A. L. K., Alisoltani, A., Keshri, J. and Ubomba-Jaswa, E. 2018. Metagenomic analysis of
the bacterial communities and their functional profiles in water and sediments of the Apies River,
South Africa, as a function of land use. Science of the Total Environment, 616: 326-334.

Abulhamd, A. 2010. Genetic diversity and antimicrobial susceptibility of motile aquatic

Aeromonads. International Journal of Chemical Engineering and Applications, 1 (1): 90-95.

Abzazou, T., Salvado, H., Bruguera-Casamada, C., Simon, P., Lardin, C. and Araujo, R. M.
2015. Assessment of total bacterial cells in extended aeration activated sludge plants using flow
cytometry as a microbial monitoring tool. Environmental Science and Pollution Research, 22
(15): 11446-11455.

113



Adamek, M., Overhage, J., Bathe, S., Winter, J., Fischer, R. and Schwartz, T. 2011. Genotyping
of environmental and clinical Stenotrophomonas maltophilia isolates and their pathogenic
potential. PLoS One [Online]. Available: https:// doi.org/10.1371 /journal.pone. 0027615
[Accessed 1-06-2021].

Adegoke, A. A., Faleye, A. C., Singh, G. and Stenstrom, T. A. 2016. Antibiotic resistant
superbugs: Assessment of the interrelationship of occurrence in clinical settings and
environmental niches. Molecules [Online]. Available:
https://doi.org/10.3390/molecules22010029 [Accessed 24 — 04 — 2019].

Adegoke, A. A. and Okoh, A. I. 2015. Antibiogram of Stenotrophomonas maltophilia isolated
from Nkonkobe Municipality, Eastern Cape Province, South Africa. Jundishapur Journal of
Microbiology [Online]. Available: https://doi: 10.5812/jjm.13975 [Accessed 24 — 04 — 2019].

Adegoke, A. A., Stenstrom, T. A. and Okoh, A. I. 2017. Stenotrophomonas maltophilia as an
emerging ubiquitous pathogen: looking beyond contemporary antibiotic therapy. Frontiers in
Microbiology [Online]. Available: https://doi: 10.3389/fmicbh.2017.02276 [Accessed 24 — 04 —
2020].

Adeosun, F., Adams, T. and Amrevuawho, M. 2016. Effect of anthropogenic activities on the
water quality parameters of Federal University of Agriculture Abeokuta reservoir. International
Journal of Fisheries and Aquatic Sciences, 4 (3): 104 — 108.

Adjidé, C., De Meyer, A., Weyer, M., Obin, O., Lamory, F., Lesueur, C., Trouillet, L., Biendo,
M., Ganry, O. and Eb, F. 2010. A sensitive, specific and predictive isolation medium developed
for Stenotrophomonas maltophilia study in healthcare settings. Pathologie-Biologie, 58 (1): 11-
17.

Agarwal, R. K., Kapoor, K. N. and Kumar, A. 1998. Virulence factors of Aeromonads - an

emerging food borne pathogen problem. Journal of Communicable Diseases, 30 (2): 71-78.

Agarwal, S., Kakati, B., Khanduri, S. and Gupta, S. 2017. Emergence of carbapenem resistant
non-fermenting gram-negative bacilli isolated in an ICU of a tertiary care hospital. Journal of
Clinical and Diagnostic Research, 11 (1): DC04-DCO07.

114



Agersg, Y and Sandvang, D. 2005. Class 1 integrons and tetracycline resistance genes in
Alcaligenes, Arthrobacter, and Pseudomonas spp. isolated from pigsties and manured soil.
Applied and Environmental Microbiology, 71 (12): 7941-7947.

Agodi, A., Voulgari, E., Barchitta, M., Quattrocchi, A., Bellocchi, P., Poulou, A., Santangelo,
C., Castiglione, G., Giaquinta, L. and Romeo, M. 2014. Spread of a carbapenem-and colistin-
resistant Acinetobacter baumannii ST2 clonal strain causing outbreaks in two Sicilian hospitals.
Journal of Hospital Infection, 86 (4): 260-266.

Ahn, Y., Kim, J. M., Ahn, H., Lee, Y.J., Lipuma, J. J., Hussong, D. And Cerniglia, C. E. 2014.
Evaluation Of liquid and solid culture media for the recovery and enrichment Of Burkholderia
Cenocepacia From distilled water. Journal of Industrial Microbiology and Biotechnology, 41
(7): 1109-1118.

Ajayi, T., Allmond, L. R., Sawa, T. and Wiener-Kronish, J. P. 2003. Single-nucleotide-
polymorphism mapping of the Pseudomonas aeruginosa type Il secretion toxins for
development of a diagnostic multiplex PCR system. Journal of Clinical Microbiology, 41 (8):
3526-3531.

Akobundu, 1.0. and Agyakwa C.W. 1987. A handbook of West African weeds. International
Institute of Tropical Agriculture (1ITA), Ibadan, Nigeria. 521 pp.

Al-Agamy, M. H., Khalaf, N. G., Tawfick, M. M., Shibl, A. M. and EI Kholy, A. 2014. Molecular
characterization of carbapenem-insensitive Acinetobacter baumannii in Egypt. International

Journal of Infectious Diseases, 22: 49-54.

Al-Anazi, K.A. and Al-Jasser, A.M. 2014. Infections caused by Stenotrophomonas maltophilia
in recipients of hematopoietic stem cell transplantation. Frontiers in Oncology [Online].
Available: https:// doi: 10.3389/fonc.2014.00232 [Accessed 2 — 04 — 2019].

Al Bayssari, C., Dabboussi, F., Hamze, M. and Rolain, J.M. 2015. Emergence of carbapenemase-
producing Pseudomonas aeruginosa and Acinetobacter baumannii in livestock animals in
Lebanon. Journal of Antimicrobial Chemotherapy, 70 (3): 950-951.

Al-Gheethi, A. A., Efag, A. N., Bala, J. D., Norli, I., Abdel-Monem, M. O. and Ab. Kadir, M.

O. 2018. Removal of pathogenic bacteria from sewage-treated effluent and biosolids for

115



agricultural purposes. Applied Water Science, 8 (2): 74 [Online]. Available:
https://doi.org/10.1007/s13201-018-0698-6 [Accessed 12-5-2021]

Al-Kadmy, I., Ali, A., Salman, I. and Khazaal, S. 2018. Molecular characterization of
Acinetobacter baumannii isolated from Iraqgi hospital environment. New Microbes and New
Infections, 21: 51-57.

Al Atrouni, A., Joly-Guillou, M. L., Hamze, M. and Kempf, M. 2016. Reservoirs of non-
baumannii Acinetobacter species. Frontiers in Microbiology [Online]. Available: doi: https://
10.3389/fmicbh.2016.00049 [Accessed 2-5-2019]

Alavi, P., Starcher, M. R., Thallinger, G. G., Zachow, C., Muller, H. and Berg, G. 2014.
Stenotrophomonas comparative genomics reveals genes and functions that differentiate

beneficial and pathogenic bacteria. BMC Genomics, 15 (1): 1-15.

Allen, M. J., Edberg, S. C. and Reasoner, D. J. 2004. Heterotrophic plate count bacteria—what
is their significance in drinking water? International Journal of Food Microbiology, 92 (3): 265-
274.

Allydice-Francis, K. and Brown, P. D. 2012. Diversity of antimicrobial resistance and virulence
determinants in Pseudomonas aeruginosa associated with fresh vegetables. International
Journal of Microbiology [Online]. Available: http://doi:10.1155/2012/426241 [Accessed 25-2-
2019].

Alonso, A. and Martinez, J. L. 1997. Multiple antibiotic resistance in Stenotrophomonas
maltophilia. Antimicrobial Agents and Chemotherapy, 41 (5): 1140-1142.

Algahtani, J. M. 2017. Emergence of Stenotrophomonas maltophilia nosocomial isolates in a
Saudi children’s hospital: risk factors and clinical characteristics. Saudi Medical Journal, 38 (5):
521-527

Altschul, S. F., Gish, W., Miller, W., Myers, E. W. and Lipman, D. J. 1990. Basic local alignment
search tool. Journal of Molecular Biology, 215 (3): 403-410.

116



Alvarez-Buylla, A., Culebras, E. and Picazo, J. J. 2012. Identification of Acinetobacter species:
is Bruker biotyper MALDI-TOF mass spectrometry a good alternative to molecular techniques?
Infection, Genetics and Evolution, 12 (2): 345-349.

Amann, R. |., Binder, B. J., Olson, R. J., Chisholm, S. W., Devereux, R. and Stahl, D. A. 1990.
Combination of 16S rRNA-targeted oligonucleotide probes with flow cytometry for analyzing

mixed microbial populations. Applied and Environmental Microbiology, 56 (6): 1919-1925.

Amann, R. I., Ludwig, W., and Schleifer, K.H. 1995. Phylogenetic identification and in situ
detection of individual microbial cells without cultivation. Microbiological Reviews, 59 (1): 143-
169.

American Public Health Association. 2005. Standard methods for the examination of water and
wastewater, Washington, DC, USA, American Public Health Association (APHA).

An, S.Q. and Berg, G. 2018. Stenotrophomonas maltophilia. Trends in microbiology, 26 (7):
637-638.

Anane, A.Y, Apalata, T., Vasaikar, S., Okuthe, G. E. and Songca, S. 2019. Prevalence and
molecular analysis of multidrug-resistant Acinetobacter baumannii in the extra-hospital
environment in Mthatha, South Africa. The Brazilian Journal of Infectious Diseases, 23 (6): 371-
380.

Anbazhagan, D., Mui, W. S., Mansor, M., Yan, G. O., Yusof, M. Y. and Sekaran, S. D. 2011.
Development of conventional and real-time multiplex PCR assays for the detection of
nosocomial pathogens. Brazilian Journal of Microbiology, 42 (2): 448-458.

Anderson, N. W., Buchan, B. W., Riebe, K. M., Parsons, L. N., Gnacinski, S.and Ledeboer, N.
A. 2012. Effects of solid-medium type on routine identification of bacterial isolates by use of
matrix-assisted laser desorption ionization time of flight mass spectrometry. Journal of Clinical
Microbiology, 50 (3): 1008-1013.

Antunes, L.C.S., Visca, P. and Towner, K.J. 2014. Acinetobacter baumannii: evolution of a
global pathogen. Pathogens and Disease. 71 (3): 292-301.

117



Aybey, A. and Demirkan, E. 2016. Inhibition of quorum sensing-controlled virulence factors in
Pseudomonas aeruginosa by human serum paraoxonase. Journal of Medical Microbiology, 65
(2): 105-113.

Azam, M. W. and Khan, A. U. 2019. Updates on the pathogenicity status of Pseudomonas
aeruginosa. Drug Discovery Today, 24 (1): 350-359.

Baffone, W., Citterio, B., Vittoria, E., Casaroli, A., Campana, R., Falzano, L. and Donelli, G.
2003. Retention of virulence in viable but non-culturable halophilic Vibrio spp. International
Journal of Food Microbiology, 89 (1): 31-39.

Bagheri Josheghani, S., Moniri, R., Firoozeh, F., Sehat, M. and Dasteh Goli, Y. 2015.
Susceptibility pattern and distribution of oxacillinases and bla per-1 genes among multidrug
resistant Acinetobacter baumannii in a teaching hospital in Iran. Journal of Pathogens [Online].
Available: https://doi: 10.1155/2015/957259 [Accessed 25-2-2018].

Bankier, C., Cheong, Y., Mahalingam, S., Edirisinghe, M., Ren, G., Cloutman-Green, E. and
Ciric, L. 2018. A comparison of methods to assess the antimicrobial activity of nanoparticle
combinations on  bacterial cells. PLoS One [Online]. Available: http://
https://doi.org/10.1371/journal.pone.0192093 [Accessed 2-2-2018].

Barrios-Hernandez, M. L., Pronk, M., Garcia, H., Boersma, A., Brdjanovic, D., van Loosdrecht,
M. C. and Hooijmans, C. M. 2020. Removal of bacterial and viral indicator organisms in full-
scale aerobic granular sludge and conventional activated sludge systems. Water Research X
[Online]. Available: https://doi.org/10.1016/j.wroa.2019.100040 [Accessed 11-5-2020].

Basri, R., Zueter, A. R., Mohamed, Z., Alam, M. K., NORSA’ADAH, B., Hasan, S. A., Hasan,
H. and Ahmad, F. 2015. Burden of bacterial meningitis: a retrospective review on laboratory
parameters and factors associated with death in meningitis, Kelantan Malaysia. Nagoya Journal
of Medical Science, 77 (1-2): 59-68.

Bassetti, M., Vena, A., Croxatto, A., Righi, E. and Guery, B. 2018. How to manage
Pseudomonas  aeruginosa infections. Drugs  Context [Online].  Available:
https://doi:10.7573/dic.212527. [Accessed 21-08-2020].

118



Batra, P., Mathur, P. and Misra, M. C. 2016. Aeromonas spp.: an emerging nosocomial pathogen.

Journal of Laboratory Physicians, 8 (1): 1-4.

Batrich, M., Maskeri, L., Schubert, R., Ho, B., Kohout, M., Abdeljaber, M., Abuhasna, A.,
Kholoki, M., Psihogios, P. and Razzaq, T. 2019. Pseudomonas diversity within urban
freshwaters. Frontiers in Microbiology [Online]. Available:
https://doi.org/10.3389/fmich.2019.00195 [Accessed 21-08-2020].

Beceiro, A., Tomés, M. and Bou, G. 2013. Antimicrobial resistance and virulence: a successful
or deleterious association in the bacterial world? Clinical Microbiology Reviews, 26 (2): 185-
230.

Benagli, C., Demarta, A., Caminada, A., Ziegler, D., Petrini, O. and Tonolla, M. 2012. A rapid
MALDI-TOF MS identification database at genospecies level for clinical and environmental
Aeromonas strains. PLoS One [Online]. Available:
https://doi.org/10.1371/journal.pone.0048441 [Accessed 11 - 5 -2020].

Bendadeche, F., Hamed, M. B. B. and Ayad, S. 2019. Crude oil degradation potential of
indigenous hydrocarbonoclastic bacterial strain Acinetobacter johnsonii firstly isolated from
marine sediments of Oran Port, Algeria. Journal of Environmental Science and Engineering, 8:
131-140.

Bengtsson-Palme, J., Boulund, F., Fick, J., Kristiansson, E. and Larsson, D. 2014. Shotgun
metagenomics reveals a wide array of antibiotic resistance genes and mobile elements in a
polluted lake in India. Frontiers in Microbiology, 5: 648 [Online]. Auvailable:
https://doi:10.3389/fmich.2014.00648 [Accessed 22-8-2020].

Bengtsson-Palme, J., Hammarén, R., Pal, C., Ostman, M., Bjorlenius, B., Flach, C.F., Fick, J.,
Kristiansson, E., Tysklind, M. and Larsson, D. J. 2016. Elucidating selection processes for
antibiotic resistance in sewage treatment plants using metagenomics. Science of the Total
Environment, 572: 697-712.

Bengtsson-Palme, J., Kristiansson, E. and Larsson, D. J. 2018. Environmental factors
influencing the development and spread of antibiotic resistance. FEMS Microbiology Reviews,
42 (1): fux053[Online]. Available: https://doi: 10.1093/femsre/fux053[Accessed 22-8-2020].

119



Bensch, G., Riuger, M., Wassermann, M., Weinholz, S., Reichl, U. and Cordes, C. 2014. Flow
cytometric viability assessment of lactic acid bacteria starter cultures produced by fluidized bed
drying. Applied Microbiology and Biotechnology, 98 (11): 4897-4909.

Berg, G., Eberl, L. and Hartmann, A. 2005. The rhizosphere as a reservoir for opportunistic
human pathogenic bacteria. Environmental Microbiology, 7 (11): 1673-1685.

Berg, G., Roskot, N. and Smalla, K. 1999. Genotypic and phenotypic relationships between
clinical and environmental isolates of Stenotrophomonas maltophilia. Journal of Clinical
Microbiology, 37 (11): 3594-3600.

Bergmark, L., Poulsen, P. H. B., Al-Soud, W. A., Norman, A., Hansen, L. H. and Sgrensen, S.
J. 2012. Assessment of the specificity of Burkholderia and Pseudomonas qPCR assays for
detection of these genera in soil using 454 pyrosequencing. FEMS Microbiology Letters, 333
(1): 77-84.

Bergogne-Berezin, E. and Towner, K. 1996. Acinetobacter spp. as nosocomial pathogens:
microbiological, clinical, and epidemiological features. Clinical Microbiology Reviews, 9 (2):
148-165.

Berney, M., Hammes, F., Bosshard, F., Weilenmann, H. U. and Egli, T. 2007. Assessment and
interpretation of bacterial viability by using the LIVE/DEAD BacLight Kit in combination with
flow cytometry. Applied and Environmental Microbiology, 73 (10): 3283-3290.

Betters, D. M. 2015. Use of flow cytometry in clinical practice. Journal of the Advanced
Practitioner in Oncology, 6 (5): 435-440.

Bhatia, N., Castro-Borobio, M., Greene, J. N. and Nanjappa, S. 2017. Necrotizing fasciitis
secondary to Aeromonas infection presenting with septic shock. Case Reports in Medicine
[Online]. Available: https://doi.org/10.1155/2017/4607582 [Accessed 25 — 03 — 2019].

Bian, X., Jing, F., Li, G., Fan, X., Jia, C. and Zhou, H. 2015. A microfluidic droplet digital PCR
for simultaneous detection of pathogenic Escherichia coli O157 and Listeria monocytogenes.

Biosensors and Bioelectronics, 74: 770-777.

120



Bisiwe, F., Van Rensburg, B., Barrett, C., Van Rooyen, C. and Van Vuuren, C. 2015.
Haemodialysis catheter-related bloodstream infections at Universitas Academic Hospital,
Bloemfontein: should we change our empiric antibiotics? Southern African Journal of Infectious
Diseases, 30 (1): 29-33.

Bitsori, M., Maraki, S., Koukouraki, S. and Galanakis, E. 2012. Pseudomonas aeruginosa
urinary tract infection in children: risk factors and outcomes. The Journal of Urology, 187 (1):
260-264.

Bjarnsholt, T., Jensen, P. @., Fiandaca, M. J., Pedersen, J., Hansen, C. R., Andersen, C. B.,
Pressler, T., Givskov, M. and Hgiby, N. 2009. Pseudomonas aeruginosa biofilms in the

respiratory tract of cystic fibrosis patients. Pediatric Pulmonology, 44 (6): 547-558.

Blaak, H., Lynch, G., Italiaander, R., Hamidjaja, R. A., Schets, F. M. and de Roda Husman, A.
M. 2015. Multidrug-resistant and extended spectrum beta-lactamase-producing Escherichia coli
in Dutch surface water and wastewater. PLoS One [Online]. Available:
https://doi.org/10.1371/journal.pone.0127752 [Accessed 3- 3- 2020].

Blasco, M., Esteve, C. and Alcaide, E. 2008. Multiresistant waterborne pathogens isolated from
water reservoirs and cooling systems. Journal of Applied Microbiology, 105 (2): 469-475.

Bonomo, R. A. and Szabo, D. 2006. Mechanisms of multidrug resistance in Acinetobacter
species and Pseudomonas aeruginosa. Clinical Infectious Diseases, 43 (Supplement_2): S49-
S56.

Bostanghadiri, N., Ghalavand, Z., Fallah, F., Yadegar, A., Ardebili, A., Tarashi, S., Pournajaf,
A., Mardaneh, J., Shams, S. and Hashemi, A. 2019. Characterization of phenotypic and
genotypic diversity of Stenotrophomonas maltophilia strains isolated from selected hospitals in
Iran. Frontiers in Microbiology, 10 [Online]. Available:
https://doi.org/10.3389/fmich.2019.01191[Accessed 22-8-2020)].

Botelho, R. G., Monteiro, S. H. and Tornisielo, V.L. 2015. Veterinary antibiotics in the
environment. Emerging Pollutants in the Environment: Current and Further Implications
[Online] Available: https:// doi: 10.5772/60847 [Accessed 23-8-2020].

121



Boulos, L., Prevost, M., Barbeau, B., Coallier, J. and Desjardins, R. 1999. LIVE/DEAD®
BacLight™: application of a new rapid staining method for direct enumeration of viable and

total bacteria in drinking water. Journal of Microbiological Methods, 37 (1): 77-86.

Bradbury, R. S., Roddam, L., Merritt, A., Reid, D. W. and Champion, A. C. 2010. Virulence
gene distribution in clinical, nosocomial and environmental isolates of Pseudomonas

aeruginosa. Journal of Medical Microbiology, 59 (8): 881-890.

Bratu, S., Gupta, J. and Quale, J. 2006. Expression of the las and rhl quorum-sensing systems in
clinical isolates of Pseudomonas aeruginosa does not correlate with efflux pump expression or

antimicrobial resistance. Journal of Antimicrobial Chemotherapy, 58 (6): 1250-1253.

Braune, E. and Xu, Y. 2008. Groundwater management issues in Southern Africa; An IWRM
perspective. Water SA, 34 (6): 699-706.

Brink, A. J., Botha, R. F., Poswa, X., Senekal, M., Badal, R. E., Grolman, D. C., Richards, G.
A., Feldman, C., Boffard, K. D. and Veller, M. 2012. Antimicrobial susceptibility of gram-
negative pathogens isolated from patients with complicated intra-abdominal infections in South
African hospitals (SMART Study 2004-2009): Impact of the new carbapenem breakpoints.
Surgical Infections, 13 (1): 43-49.

Brooke, J. S. 2012. Stenotrophomonas maltophilia: an emerging global opportunistic pathogen.
Clinical Microbiology Reviews, 25 (1): 2-41.

Brooke, J. S., Di Bonaventura, G., Berg, G., and Martinez, J.L. 2017. A multidisciplinary look
at Stenotrophomonas maltophilia: An emerging multi-drug-resistant global opportunistic
pathogen. Frontiers in Microbiology, 8: 1511[Online]. Available:
https://doi: 10.3389/fmich.2017.01511[Accessed 22-8-2020].

Brown, M., Camézuli, S., Davenport, R. J., Petelenz-Kurdziel, E., @vreas, L. and Curtis, T. 2015.
Flow cytometric quantification of viruses in activated sludge. Water Research, 68: 414-422.

Brown, M. R., Hands, C. L., Coello-Garcia, T., Sani, B. S., Ott, A. I. G., Smith, S. J. and
Davenport, R. J. 2019. A flow cytometry method for bacterial quantification and biomass

estimates in activated sludge. Journal of Microbiological Methods, 160: 73-83.

122



Brown, S. P., Cornforth, D. M. and Mideo, N. 2012. Evolution of virulence in opportunistic

pathogens: generalism, plasticity, and control. Trends in Microbiology, 20 (7): 336-342.

Buhl, M., Kastle, C., Geyer, A., Autenrieth, I. B., Peter, S. and Willmann, M. 2019. Molecular
evolution of extensively drug-resistant (XDR) Pseudomonas aeruginosa strains from patients
and hospital environment in a prolonged outbreak. Frontiers in Microbiology [Online].
Available: https//doi: 10.3389/fmicbh.2019.01742.

Buzatu, D. A., Moskal, T. J., Williams, A. J., Cooper, W. M., Mattes, W. B. and Wilkes, J. G.
2014. An integrated Flow Cytometry-based system for real-time, high sensitivity bacterial
detection and identification. PLos One [Online]. Available:
https://doi.org/10.1371/journal.pone.0094254 [Accessed 26-07-2021]

Byrd, J. J., Xu, H. S. and Colwell, R. R. 1991. Viable but nonculturable bacteria in drinking
water. Applied and Environmental Microbiology, 57 (3): 875-878.

Cao, Y., Raith M. R and Griffith, J. F. 2015. Droplet digital PCR for simultaneous quantification
of general and human-associated fecal indicators for water quality assessment. Water Research,
70: 337-349.

Cascoén, A., Yugueros, J., Temprano, A., Sanchez, M., Hernanz, C., Luengo, J. M. and Naharro,
G. 2000. A major secreted elastase is essential for pathogenicity of Aeromonas hydrophila.
Infection and Immunity, 68 (6): 3233-3241.

Cenciarini-Borde, C., Courtois, S. and La Scola, B. 2009. Nucleic acids as viability markers for

bacteria detection using molecular tools. Future Microbiology, 4 (1): 45-64.

Cervia, J. S., Ortolano, G. A. and Canonica, F. P. 2008. Hospital tap water as a source of

Stenotrophomonas maltophilia infection. Clinical Infectious Diseases, 46 (9): 1485-1487.

Ceylan, E., Berktas, M. and Agaoglu, Z. 2009. The occurrence and antibiotic resistance of motile
Aeromonas in livestock. Tropical Animal Health and Production, 41 (2): 199-204.

Chang, H.C., Chen, C.R., Lin, JW., Shen, G.H., Chang, K.M., Tseng, Y.H. and Weng, S.F.
2005. Isolation and characterization of novel giant Stenotrophomonas maltophilia phage
pSMAS5. Applied and Environmental Microbiology, 71 (3): 1387-1393.

123



Chang, L.L., Lin, H.H., Chang, C.Y. and Lu, P.L. 2007. Increased incidence of class 1 integrons
in trimethoprim/sulfamethoxazole-resistant clinical isolates of Stenotrophomonas maltophilia.
Journal of Antimicrobial Chemotherapy, 59 (5): 1038-1039.

Chang, Y. T., Lin, C. Y., Chen, Y. H. and Hsueh, P.R. 2015. Update on infections caused by
Stenotrophomonas maltophilia with particular attention to resistance mechanisms and
therapeutic options. Frontiers in  Microbiology [Online]. Available: https//doi:
10.3389/fmich.2015.00893 [Accessed 11-5-2021].

Chauret, C., Volk, C., Creason, R., Jarosh, J., Robinson, J. and Warnes, C. 2001. Detection of
Aeromonas hydrophila in a drinking-water distribution system: a field and pilot study. Canadian
Journal of Microbiology, 47 (8): 782-786.

Chawla, K., Vishwanath, S. and Gupta, A. 2014. Stenotrophomonas maltophilia in lower
respiratory tract infections. Journal of Clinical and Diagnostic Research, 8 (12): DC20-22.

Cheah, S.E., Johnson, M. D., Zhu, Y., Tsuji, B. T., Forrest, A., Bulitta, J. B., Boyce, J. D., Nation,
R. L. and Li, J. 2016. Polymyxin resistance in Acinetobacter baumannii: genetic mutations and
transcriptomic changes in response to clinically relevant dosage regimens. Scientific Reports, 6
(1): 1-11.

Chen, L., Yuan, J., Xu, Y., Zhang, F. and Chen, Z. 2018. Comparison of clinical manifestations
and antibiotic resistances among three genospecies of the Acinetobacter calcoaceticus-
Acinetobacter baumannii complex. PLoS One, 13 (2): e0191748-e0191748.

Chen, M.Z., Hsueh, P.R., Lee, L.N., Yu, CJ., Yang, P.C. and Luh, K.T. 2001. Severe

community-acquired pneumonia due to Acinetobacter baumannii. Chest, 120 (4): 1072-1077.

Chen, S., Li, X.,Wang, Y., Zeng, J., Ye, C., Li, X., Guo, L., Zhang, S. and Yu, X. 2018. Induction
of Escherichia coli into a VBNC state through chlorination/chloramination and differences in
characteristics of the bacterium between states. Water Research, 142: 279-288.

Cherkaoui, A., Emonet, S., Fernandez, J., Schorderet, D. and Schrenzel, J. 2011. Evaluation of
matrix-assisted laser desorption ionization-time of flight mass spectrometry for rapid
identification of beta-hemolytic Streptococci. Journal of Clinical Microbiology, 49 (8): 3004-
3005.

124



Cheswick, R., Cartmell, E., Lee, S., Upton, A., Weir, P., Moore, G., Nocker, A., Jefferson, B.
and Jarvis, P. 2019. Comparing flow cytometry with culture-based methods for microbial
monitoring and as a diagnostic tool for assessing drinking water treatment processes.
Environment International [Online]. Available: https://doi.org/10.1016/j.envint.2019.06.003
[Accessed: 23-4-2021].

Cho, S.Y., Lee, D.G,, Choi, S.M., Park, C., Chun, H.S., Park, Y.J., Choi, J.K., Lee, H.J., Park,
S. H. and Choi, J.H. 2015. Stenotrophomonas maltophilia bloodstream infection in patients with
hematologic malignancies: a retrospective study and in vitro activities of antimicrobial

combinations. BMC Infectious Diseases, 15 (1): 1-8.

Cilloniz, C., Dominedo, C. and Torres, A. 2019. Multidrug resistant Gram-negative bacteria in

community-acquired pneumonia. Critical Care, 23 (1): 1-9.

Cirauqui, N., Abriata, L. A., Van der Goot, F. G. and Dal Peraro, M. 2017. Structural,
physicochemical and dynamic features conserved within the aerolysin pore-forming toxin
family. Scientific Reports [Online]Available: https://doi.org/10.1038/s41598-017-13714-4
[Accessed 12-5-2021].

Clinical and Laboratory Standards Institute (2016). Methods for antimicrobial dilutions and disk
susceptibility testing; 3rd information supplement M45. Wayne, Pa: Clinical and Laboratory
Standards Institute; 2016.

Clinical and Laboratory Standards Institute (2017). Performance standards for antimicrobial
susceptibility testing; 27th information supplement M100 - S27. Wayne, Pa: Clinical and
Laboratory Standards Institute; 2017.

Codjoe, F. and Donkor, E. S. 2018. Carbapenem resistance: a review. Journal of Medical
Sciences, [Online]. Available: https://doi.org/10.3390/medsci6010001 [Accessed 7 -09-2019].

Cointe, S., Judicone, C., Robert, S., Mooberry, M., Poncelet, P., Wauben, M., Nieuwland, R.,
Key, N., Dignat-George, F. and Lacroix, R. 2017. Standardization of microparticle enumeration
across different flow cytometry platforms: results of a multicenter collaborative workshop.
Journal of Thrombosis and Haemostasis, 15 (1): 187-193.

125



Collado, S., Oulego, P., Alonso, S. and Diaz, M. 2017. Flow cytometric characterization of
bacterial abundance and physiological status in a nitrifying-denitrifying activated sludge system

treating landfill leachate. Environmental Science and Pollution Research, 24 (26): 21262-21271.

Combarros, R., Collado, S. and Diaz, M. 2016. Toxicity of titanium dioxide nanoparticles on
Pseudomonas putida. Water Research, 90: 378-386.

Cook, K. L. and Bolster, C. H. 2007. Survival of Campylobacter jejuni and Escherichia coli in
groundwater during prolonged starvation at low temperatures. Journal of Applied Microbiology,
103 (3): 573-583.

Cortés-Sanchez, A. D. J., Espinosa-Chaurand, L. D., Garza-Torres, R., Diaz-Ramirez, M.,
Salgado-Cruz, M. D. L. P., anchez-Minutii, L., Garc and ia-Barrientos, R. 2019. Foodborne
diseases, fish and the case of Aeromonas spp. African Journal of Agricultural Research, 14 (11):
617-628.

Cosgaya, C., Mari Almirall, M., Van Assche, A., Fernandez-Orth, D., Mosqueda, N., Telli, M.,
Huys, G., Higgins, P. G., Seifert, H. and Lievens, B. 2016. Acinetobacter dijkshoorniae sp. nov.,
a new member of the Acinetobacter calcoaceticus-Acinetobacter baumannii complex mainly
recovered from clinical samples in different countries. International Journal of Systematic and
Evolutionary Microbiology, 66(10): 4105-4111

Crookes, C., Hedden, S. and Donnenfeld, Z. 2018. A delicate balance: Water scarcity in South
Africa. ISS Southern Africa Report, 2018 (13): 1-24.

Crossman, L.C., Gould, V.C., Dow, J.M., Vernikos, G.S., Okazaki, A., Sebaihia, M., Saunders,
D., Arrowsmith, C., Carver, T. and Peters, N. 2008. The complete genome, comparative and
functional analysis of Stenotrophomonas maltophilia reveals an organism heavily shielded by
drug resistance determinants. Genome Biology, 9 (4): R74[Online]. Available: http://doi:
10.1186/gb-2008-9-4-r74 [Accessed 22-8-2020].

Croxatto, A., Prod'hom, G. and Greub, G. 2012. Applications of MALDI-TOF mass
spectrometry in clinical diagnostic microbiology. FEMS Microbiology Reviews, 36 (2): 380-407.

Cunningham, R. A., Holland, M., McWilliams, E., Hodi, F. S. and Severgnini, M. 20109.
Detection of clinically relevant immune checkpoint markers by multicolor flow cytometry.

126



Journal of Biological Methods [Online]. Available: http://doi: 10.14440/jbm.2019.283
[Accessed 11-5-2021].

Dancer, S. J. 2014. Controlling hospital-acquired infection: focus on the role of the environment

and new technologies for decontamination. Clinical Microbiology Reviews, 27 (4): 665-690.

Darvishi, M. 2016. Virulence factors profile and antimicrobial resistance of Acinetobacter
baumannii strains isolated from various infections recovered from immunosuppressive patients.
Biomedical and Pharmacology Journal, 9 (3): 1057-1062.

Daryanavard, R. and Safaei, H.R. 2015. Virulence genes and antimicrobial resistance properties
of Acinetobacter baumannii isolated from pediatrics suffered from UTIs. International Journal
of Advanced Research in Biological Sciences. 2(11): 272-279.

Daskalov, H. 2006. The importance of Aeromonas hydrophila in food safety. Food Control, 17
(6): 474-483.

Dawwam, G., Elbeltagy, A., Emara, H., Abbas, I. and Hassan, M. 2013. Beneficial effect of plant
growth promoting bacteria isolated from the roots of potato plant. Annals of Agricultural
Sciences, 58 (2): 195-201.

Delmani, F.A., Jaran, A. S., Al Tarazi, Y., Masaadeh, H. and Zaki, O. 2017. Characterization of
ampicillin resistant gene (blaTEM-1) Isolated from E. coli in Northern Jordan. Asian Journal

Biomedical Pharmaceutical Science, 7 (61): 11.

Denet, E., Vasselon, V., Burdin, B., Nazaret, S. and Favre-Bonté, S. 2018. Survival and growth
of Stenotrophomonas maltophilia in free-living amoebae (FLA) and bacterial virulence
properties. PLoS One [Online]. Available: https://doi.org/10.1371/journal.pone.0192308c
[Accessed: 11-5-2021].

Deng, J.,, Fu, L., Wang, R., Yu, N., Ding, X., Jiang, L., Fang, Y., Jiang, C., Lin, L. and Wang,
Y. J. 2014. Comparison of MALDI-TOF MS, gene sequencing and the Vitek 2 for identification
of seventy-three clinical isolates of enteropathogens. Journal of Thoracic Disease [Online].
Available: https://doi: 10.3978/j.issn.2072-1439.2014.02.20 [Accessed 11-5-2021].

127



Department of Water and Sanitation. 2018. National Water and Sanitation Master Plan.
Pretoria: Department of Water and Sanitation [Online]. Available: http://www.dwa.gov.za/

NationalWaterandSanitationMasterPlan/ DocumentsReports.aspx (Accessed 1 February 2019).

Deshmukh, R. A., Joshi, K., Bhand, S. and Roy, U. 2016. Recent developments in detection and
enumeration of waterborne bacteria: a retrospective minireview. Microbiology Open, 5 (6): 901-
922.

Dhiaf, A., Bakhrouf, A. and Witzel, K.P. 2008. Resuscitation of eleven-year VBNC Citrobacter.
Journal of Water and Health, 6 (4): 565-568.

Didugu, H., Thirtham, M., Nelapati, K., Reddy, K. K., Kumbhar, B. S., Poluru, A. and
Pothanaboyina, G. 2015. A study on the prevalence of Aeromonas spp. and its enterotoxin genes

in samples of well water, tap water, and bottled water. Veterinary World, 8 (10): 1237-1242.

Dijkshoorn, L., Nemec, A. and Seifert, H. 2007. An increasing threat in hospitals: multidrug-

resistant Acinetobacter baumannii. Nature Reviews Microbiology, 5 (12): 939-951.

Dijkshoorn, L. and van der Toorn, J. 1992. Acinetobacter species: which do we mean? Clinical
Infectious Disease, 15 (4): 748-749.

Doi, Y., Murray, G. L. and Peleg, A. Y. 2015. Acinetobacter baumannii: evolution of
antimicrobial resistance treatment options. In: Proceedings of Seminars in Respiratory and
Critical Care Medicine [Online]. Available: http://doi: 10.1055/s-0034-1398388 [Accessed 22-
8-2020].

Dong, L., Meng, Y., Wang, J. and Liu, Y. 2014. Evaluation of droplet digital PCR for
characterizing plasmid reference material used for quantifying ammonia oxidizers and
denitrifiers. Analytical and Bioanalytical Chemistry, 406 (6), 1701-1712.

Dong, L., Zhou, J., Niu, C., Wang, Q., Pan, Y. and Sheng, S. 2020. Highly accurate and sensitive
diagnostic detection of SARS-CoV-2 by digital PCR. Talanta [Online]. Available:
https://doi.org/10.1101/2020.03.14.20036129 [Accessed 11-5-2021].

128



Doughari, H. J., Ndakidemi, P. A., Human, I. S. and Benade, S. 2012. Virulence, resistance
genes, and transformation amongst environmental isolates of Escherichia coli and Acinetobacter

spp. Journal of Microbiology and Biotechnology, 22 (1): 25-33.

Douterelo, 1., Boxall, J. B., Deines, P., Sekar, R., Fish, K. E. and Biggs, C. A. 2014.
Methodological approaches for studying the microbial ecology of drinking water distribution
systems. Water Research, 65: 134-156.

Dungan, R. S., Yates, S. R. and Frankenberger, W.T. 2003. Transformations of selenate and
selenite by Stenotrophomonas maltophilia isolated from a seleniferous agricultural drainage
pond sediment. Environmental Microbiology, 5 (4): 287-295.

Durand, J. 2012. The impact of gold mining on the Witwatersrand on the rivers and karst system
of Gauteng and North West Province, South Africa. Journal of African Earth Sciences, 68: 24-
43.

Ebadi, A., Sima, N. A. K., Olamaee, M., Hashemi, M. and Nasrabadi, R. G. 2017. Effective
bioremediation of a petroleum-polluted saline soil by a surfactant-producing Pseudomonas

aeruginosa consortium. Journal of Advanced Research, 8 (6): 627-633.

Ekwanzala, M. D., Dewar, J. B., Kamika, I. and Momba, M. N. B. 2018. Systematic review in
South Africa reveals antibiotic resistance genes shared between clinical and environmental

settings. Infection and Drug Resistance, 11: 1907-1920.

El Solh, A. A. and Alhajhusain, A. 2009. Update on the treatment of Pseudomonas aeruginosa
pneumonia. Journal of Antimicrobial Chemotherapy, 64 (2): 229-238.

El-Mahdy, R. and El-Kannishy, G. 2019. Virulence factors of carbapenem-resistant
Pseudomonas aeruginosa in hospital-acquired infections in Mansoura, Egypt. Infection and
Drug Resistance, 12: 3455-3461.

El-Taweel, G. E. and Shaban, A. M. 2001. Microbiological quality of drinking water at eight
water treatment plants. International Journal of Environmental Health Research, 11 (4): 285-
290.

129



Eliopoulos, G. M., Maragakis, L. L. and Perl, T. M. 2008. Acinetobacter baumannii:
epidemiology, antimicrobial resistance, and treatment options. Clinical Infectious Diseases, 46
(8): 1254-1263.

Emmanuel, E., Perrodin, Y., Keck, G., Blanchard, J.M. and Vermande, P. 2002. Effects of
hospital wastewater on aquatic ecosystem. In:  Proceedings of the XXVIII Congreso

Interamericano de Ingenieria Sanitaria y Ambiental. Cancun, México. 27-31.

Endimiani, A., Hujer, K. M., Hujer, A. M., Bertschy, I., Rossano, A., Koch, C., Gerber, V.,
Francey, T., Bonomo, R. A. and Perreten, V. 2011. Acinetobacter baumannii isolates from pets
and horses in Switzerland: molecular characterization and clinical data. Journal of Antimicrobial
Chemotherapy, 66 (10): 2248-2254.

Espinal, P., Seifert, H., Dijkshoorn, L., Vila, J. and Roca, |. 2012. Rapid and accurate
identification of genomic species from the Acinetobacter baumannii (Ab) group by MALDI-
TOF MS. Clinical Microbiological Infections, 18 (11): 1097-1103.

Evangelista-Barreto, N. S., Carvalho, F. C. T. D., Vieira, R. H. S., Dos Reis, C. M. F., Macrae,
A. and Rodrigues, D. D. P. 2010. Characterization of Aeromonas species isolated from an
estuarine environment. Brazilian Journal of Microbiology, 41 (2): 452-460.

Eveillard, M., Kempf, M., Belmonte, O., Pailhoriés, H. and Joly-Guillou, M. L. 2013. Reservoirs
of Acinetobacter baumannii outside the hospital and potential involvement in emerging human

community-acquired infections. International Journal of Infectious Disease, 17 (10): 802-805.

Ewers, C., Klotz, P., Leidner, U., Stamm, I., Prenger-Berninghoff, E., Gottig, S., Semmler, T.
and Scheufen, S. 2017. OXA-23 and ISAbal-OXA-66 class D p-lactamases in Acinetobacter
baumannii isolates from companion animals. International Journal of Antimicrobial Agents, 49
(1): 37-44.

Exner, M., Bhattacharya, S., Christiansen, B., Gebel, J., Goroncy-Bermes, P., Hartemann, P.,
Heeg, P., llschner, C., Kramer, A. and Larson, E. 2017. Antibiotic resistance: What is so special
about multidrug-resistant Gram-negative bacteria? GMS Hygiene and Infection Control
[Online]. Available: https://doi: 10.3205/dgkh000290 [Accessed 11-5-2021].

130



Fakruddin, M., Mannan, K. S., Chowdhury, A., Mazumdar, R. M., Hossain, M. N., Islam, S. and
Chowdhury, M. A. 2013. Nucleic acid amplification: Alternative methods of polymerase chain

reaction. Journal of Pharmacy and Bioallied Sciences, 5 (4): 245-252.

Falagas, M., Kastoris, A., Vouloumanou, E. and Dimopoulos, G. 2009. Community-acquired
Stenotrophomonas maltophilia infections: a systematic review. European Journal of Clinical
Microbiology and Infectious Diseases, 28 (7): 719-730.

Falagas, M. E., Vardakas, K. Z., Kapaskelis, A., Triarides, N. A. and Roussos, N. S. 2015.
Tetracyclines for multidrug-resistant Acinetobacter baumannii infections. International Journal
of Antimicrobial Agents, 45 (5): 455-460.

Faraji, F., Mahzounieh, M., Ebrahimi, A., Fallah, F., Teymournejad, O. and Lajevardi, B. 2016.
Molecular detection of virulence genes in Pseudomonas aeruginosa isolated from children with
cystic fibrosis and burn wounds in Iran. Microbial Pathogenesis, 99: 1-4.

Farhat, N., Kim, L. H., and Vrouwenvelder, J. S. 2020. Online characterization of bacterial

processes in drinking water systems. NPJ Clean Water, 3(1), 1-7.

Farifias, M.C. and Martinez-Martinez, L. 2013. Multiresistant Gram negative bacterial
infections: Enterobacteria, Pseudomonas aeruginosa, Acinetobacter baumannii and other non-
fermenting Gram-negative bacilli. Enfermedades Infecciosas y Microbiologia Clinica, 31 (6):
402-4009.

Fazeli, N. and Momtaz, H. 2014. Virulence gene profiles of multidrug-resistant Pseudomonas
aeruginosa isolated from Iranian hospital infections. Iranian Red Crescent Medical Journal
[Online]. Available: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4329751/ [Accessed 11 —
08 —2018].

Fernandez-Bravo, A. and Figueras, M. J. 2020. An Update on the Genus Aeromonas: Taxonomy,
epidemiology, and pathogenicity. Microorganisms [Online]. Available: https://doi:
10.3390/microorganisms8010129 [Accessed 14 -06- 2021].

Ferrer, M., Travierso, C., Cilloniz, C., Gabarrus, A., Ranzani, O. T., Polverino, E., Liapikou, A.,

Blasi, F. and Torres, A. 2018. Severe community-acquired pneumonia: Characteristics and

131



prognostic factors in ventilated and non-ventilated patients. PLoS One [Online]. Available:
https://doi.org/10.1371/journal.pone.0191721 [Accessed 11-5-2021].

Figueira, V., Vaz-Moreira, I., Silva, M. and Manaia, C. M. 2011. Diversity and antibiotic
resistance of Aeromonas spp. in drinking and wastewater treatment plants. Water Research, 45
(17): 5599-5611.

Figueiredo, E and Smith, G.F. 2008. Plants of Angola/Plantas de Angola. South African National

Biodiversity Institute Pretoria South Africa

Fishbain, J. and Peleg, A. Y. 2010. Treatment of Acinetobacter infections. Clinical Infectious
Diseases, 51 (1): 79-84.

Fisher, J. C., Newton, R. J., Dila, D. K. and McLellan, S. L. 2015. Urban microbial ecology of a
freshwater estuary of Lake Michigan. Elementa: Science of the Anthropocene [Online].
Available: https://DOI: 10.12952/journal.elementa.000064 [Accessed 11-5-2021].

Fitzpatrick, M. A., Ozer, E., Bolon, M. K. and Hauser, A. R. 2015. Influence of ACB complex
genospecies on clinical outcomes in a U.S. hospital with high rates of multidrug resistance.
Journal of Infection, 70 (2): 144-152.

Fleischmann, S., Robben, C., Alter, T., Rossmanith, P. and Mester, P. 2021. How to evaluate
non-growing cells-current strategies for determining antimicrobial resistance of VBNC bacteria.
Antibiotics (Basel) [Online]. Available: https:// doi: 10.3390/antibiotics10020115.

Floren, C., Wiedemann, I., Brenig, B., Schiitz, E. and Beck, J. 2015. Species identification and
quantification in meat and meat products using droplet digital PCR (ddPCR). Food Chemistry,
173: 1054-1058.

Foladori, P., Tamburini, S. and Bruni, L. 2010. Bacteria permeabilisation and disruption caused
by sludge reduction technologies evaluated by flow cytometry. Water Research, 44 (17): 4888-
4899.

Fournier, P. E., Richet, H. and Weinstein, R. A. 2006. The epidemiology and control of

Acinetobacter baumannii in health care facilities. Clinical Infectious Diseases, 42 (5): 692-699.

132



Fouz, N., Pangesti, K. N., Yasir, M., Al-Malki, A. L., Azhar, E. I., Hill-Cawthorne, G. A. and
Ghany, M. A. E. 2020. The contribution of wastewater to the transmission of antimicrobial
resistance in the environment: Implications of mass gathering settings. Tropical Medicine and
Infectious Disease, 5 (1): 33 [Online]. Available: http:// doi: 10.3390/tropicalmed5010033
(Accessed 22-8-2020)

Franco-Duarte, R., Cernakova, L., Kadam, S., Kaushik, K. S., Salehi, B., Bevilacqua, A., Corbo,
M. R., Antolak, H., Dybka-Stepien, K., Leszczewicz, M., Relison Tintino, S., Alexandrino de
Souza, V. C., Sharifi-Rad, J., Coutinho, H. D. M., Martins, N. and Rodrigues, C. F. 2019.
Advances in chemical and biological methods to identify microorganisms-from past to present.
Microorganisms [Online]. Available:https:// 10.3390/microorganisms7050130 [Accessed 11-5-
2021].

Freire, J. M., Gaspar, D., de la Torre, B. G., Veiga, A. S., Andreu, D. and Castanho, M. A. 2015.
Monitoring antibacterial permeabilization in real time using time-resolved flow cytometry.
Biochimica et Biophysica Acta (BBA)-Biomembranes, 1848 (2): 554-560.

Friedrich, U. and Lenke, J. 2006. Improved enumeration of lactic acid bacteria in mesophilic
dairy starter cultures by using multiplex quantitative real-time PCR and flow cytometry-
fluorescence in situ hybridization. Applied and Environmental Microbiology, 72(6), 4163-4171.

Gallo, S. W., Ramos, P. L., Ferreira, C. A. S. and Oliveira, S. D. 2013. A specific polymerase
chain reaction method to identify Stenotrophomonas maltophilia. Memdrias do Instituto
Oswaldo Cruz, 108 (3): 390-391.

Gao, F.Z., Zou, H.Y., Wu, D.L., Chen, S., He, L.Y., Zhang, M., Bai, H. and Ying, G.G. 2020.
Swine farming elevated the proliferation of Acinetobacter with the prevalence of antibiotic
resistance genes in the groundwater. Environment International, 136: 105484 [Online].
Available: https://doi.org/10.1016/j.envint.2020.105484 [Accessed 12-5-2021].

Garau, J. and Gomez, L. 2003. Pseudomonas aeruginosa pneumonia. Current Opinion in
Infectious Diseases, 16 (2): 135-143.

133



Garazi, M., Singer, C., Tai, J. and Ginocchio, C. 2012. Bloodstream infections caused by
Stenotrophomonas maltophilia: a seven-year review. Journal of Hospital Infection, 81 (2): 114-
118.

Garbis, H., Van Tonningen, M. R. and Reuvers, M. 2007. Anti-infective agents. Drugs During
Pregnancy and Lactation (Second Edition). Elsevier, 123-177.

Garcia-Leon, G., Hernandez, A., Hernando-Amado, S., Alavi, P., Berg, G. and Martinez, J. L.
2014. A function of smeDEF, the major quinolone resistance determinant of Stenotrophomonas
maltophilia, is the colonization of plant roots. Applied Environmental Microbiology, 80 (15):
4559-4565.

Garnacho-Montero, J., Amaya-Villar, R., Ferrandiz-Millon, C., Diaz-Martin, A., Ldpez-
Sanchez, J. M. and Gutiérrez-Pizarraya, A. 2015. Optimum treatment strategies for carbapenem-
resistant Acinetobacter baumannii bacteremia. Expert Review of Anti-Infective Therapy, 13 (6):
769-777.

Gauglitz, G. G., Shahrokhi, S. and Williams, F. 2017. Burn wound infection and sepsis.
UpToDate [Online]. Available: https://www.uptodate.com/contents/burn-wound-infection-and-
sepsis (Accessed 25-5-2021).

Gavin, R., Rabaan, A. A., Merino, S., Tomas, J. M., Gryllos, I. and Shaw, J. G. 2002. Lateral
flagella of Aeromonas species are essential for epithelial cell adherence and biofilm formation.
Molecular Microbiology, 43 (2): 383-397.

Geisinger, E. and Isberg, R. R. 2017. Interplay between antibiotic resistance and virulence during
disease promoted by multidrug-resistant bacteria. The Journal of Infectious Diseases, 215
(suppl_1): S9-S17.

Gellatly, S. L. and Hancock, R. 2013. Pseudomonas aeruginosa: new insights into pathogenesis
and host defenses. Pathogens and Disease. 67 (3): 159-173.

Genthe, B., Le Roux, W. J., Schachtschneider, K., Oberholster, P. J., Aneck-Hahn, N. H. and
Chamier, J. 2013. Health risk implications from simultaneous exposure to multiple

environmental contaminants. Ecotoxicology and Environmental Safety, 93: 171-179.

134



Gerdes, L., Iwobi, A., Busch, U. and Pecoraro, S. 2016. Optimization of digital droplet
polymerase chain reaction for quantification of genetically modified organisms. Biomolecular

Detection and Quantification, 7: 9-20.

Ghenghesh, K. S., Ahmed, S. F., Cappuccinelli, P. and Klena, J. D. 2014. Genospecies and
virulence factors of Aeromonas species in different sources in a North African country. Libyan
Journal of Medicine [Online]. Available: https://doi.org/10.3402/Ijm.v9.25497 [Accessed 11-5-
2021].

Ginawi, 1., Saleem, M., Sigh, M., Vaish, A., Ahmad, I., Srivastava, V. and Abdullah, A. F. M.
2014. Hospital acquired infections among patients admitted in the medical and surgical wards of
a non-teaching secondary care hospital in northern India. Journal of Clinical and Diagnostic
Research, 8 (2): 81-83.

Gobert, G., Cotillard, A., Fourmestraux, C., Pruvost, L., Miguet, J. and Boyer, M. 2018. Droplet
digital PCR improves absolute quantification of viable lactic acid bacteria in faecal samples.
Journal of Microbiological Methods, 148: 64-73.

Gofi-Urriza, M., Capdepuy, M., Arpin, C., Raymond, N., Caumette, P. and Quentin, C. 2000a.
Impact of an urban effluent on antibiotic resistance of riverine Enterobacteriaceae and

Aeromonas spp. Applied and Environmental Microbiology, 66 (1): 125-132.

Gofi-Urriza, M., Pineau, L., Capdepuy, M., Roques, C., Caumette, P. and Quentin, C. 2000b.
Antimicrobial resistance of mesophilic Aeromonas spp. isolated from two European rivers.
Journal of Antimicrobial Chemotherapy, 46 (2), 297-301.

Gozel, M. G,, Celik, C. and Elaldi, N. 2015. Stenotrophomonas maltophilia infections in adults:
Primary bacteremia and pneumonia. Jundishapur Journal of Microbiology, 8 (8): 23569
[Online]. Available: http://doi: 10.5812/jjm.23569. (Accessed 1 February 2019).

Grard, P., Homsombath, K., Kessler, P., Khuon, E., Le Bourgeois, T., Prosperi, M.J. and
Ridsdale, C. 2006. OSWALD v. 1.0. A multimedia identification system of the major weeds of
rice paddy fields of Cambodia and Lao PDR. Available:
https://publications.cirad.fr/auteur.php?mat=932 [Accessed 12-5-2021.

135



Guerci, P., Bellut, H., Mokhtari, M., Gaudefroy, J., Mongardon, N., Charpentier, C., Louis, G.,
Tashk, P., Dubost, C., Ledochowski, S., Kimmoun, A., Godet, T., Pottecher, J., Lalot, J. M.,
Novy, E., Hajage, D. and Bouglé, A. 2019. Outcomes of Stenotrophomonas maltophilia hospital-
acquired pneumonia in intensive care unit: a nationwide retrospective study. Critical Care
[Online]. Available: https://doi.org/10.1186/s13054-019-2649-5 [Accessed 11-5-2021].

Gulcan, H., Kuzucu, C. and Durmaz, R. 2004. Nosocomial Stenotrophomonas maltophilia cross-

infection: three cases in newborns. American Journal of Infection Control, 32 (6): 365-368.

Gunasekera, T. S., Dorsch, M., Slade, M., and Veal, D. 2003. Specific detection of Pseudomonas
spp. in milk by fluorescence in situ hybridization using ribosomal RNA directed probes. Journal
of Applied Microbiology, 94 (5), 936-945.

Guo, J., Li, J.,, Chen, H., Bond, P. L. and Yuan, Z. 2017. Metagenomic analysis reveals
wastewater treatment plants as hotspots of antibiotic resistance genes and mobile genetic
elements. Water Research, 123: 468-478.

Guyot, A., Turton, J. and Garner, D. 2013. Outbreak of Stenotrophomonas maltophilia on an

intensive care unit. Journal of Hospital Infection, 85 (4): 303-307.

Haenni, M., Bour, M., Chétre, P., Madec, J.Y., Plésiat, P. and Jeannot, K. 2017. Resistance of
animal strains of Pseudomonas aeruginosa to carbapenems. Frontiers in Microbiology [Online].
Available: https://doi.org/10.3389/fmich.2017.01847 [Accessed 11-5-2021].

Han, L., Lei, J., Xu, J. and Han, S. 2017. blaOXA-23-like and blaTEM rather than blaOXA-51-
like contributed to a high level of carbapenem resistance in Acinetobacter baumannii strain from
a teaching hospital in Xi'an, China. Medicine (Baltimore) [Online]. Available:
DOI: 10.1097/MD.0000000000008965 [Accessed 11-5-2021].

Hansen, S. J. Z., Tang, P., Kiefer, A., Galles, K., Wong, C. and Morovic, W. 2020. Droplet
Digital PCR is an improved alternative method for high-quality enumeration of viable probiotic
strains. Frontiers in Microbiology [Online]. Available: https://doi: 10.3389/fmicbh.2019.03025
[Accessed 26-07-2021].

Hassard, F., Gwyther, C. L., Farkas, K., Andrews, A., Jones, V., Cox, B., Brett, H., Jones, D. L.,
McDonald, J. E. and Malham, S. K. 2016. Abundance and distribution of enteric bacteria and

136



viruses in coastal and estuarine sediments—a review. Frontiers in Microbiology [Online].
Available: https://doi:10.3389/fmich.2016.01692 [Accessed 11-5-2021].

Hembach, N., Schmid, F., Alexander, J., Hiller, C., Rogall, E. T. and Schwartz, T. 2017.
Occurrence of the mcr-1 colistin resistance gene and other clinically relevant antibiotic resistance
genes in microbial populations at different municipal wastewater treatment plants in Germany.
Frontiers in Microbiology [Online]. Available: https://doi.org/10.3389/fmicb.2017.01282
[Accessed 05 — 05 — 2019].

Herbel, S. R., Lauzat, B., von Nickisch-Rosenegk, M., Kuhn, M., Murugaiyan, J., Wieler, L. H.
and Guenther, S. 2013. Species-specific quantification of probiotic lactobacilli in yoghurt by
quantitative real-time PCR. Journal of Applied Microbiology, 115 (6): 1402-1410.

Herrera Heredia, S. A., Pezina Cantd, C., Garza Gonzalez, E., Bocanegra Ibarias, P., Mendoza
Olazarén, S. S., Morfin Otero, R., Camacho Ortiz, A., Villarreal Trevifio, L., Rodriguez Noriega,
E. and Palau Davila, L. 2017. Risk factors and molecular mechanisms associated with
trimethoprim-sulfamethoxazole resistance in Stenotrophomonas maltophilia in Mexico. Journal
of Medical Microbiology, 66 (8): 1102-1109.

Heuer, H. and Smalla, K. 2007. Manure and sulfadiazine synergistically increased bacterial
antibiotic resistance in soil over at least two months. Environmental Microbiology, 9 (3): 657-
666.

Higgins, P. G., Hrenovic, J., Seifert, H. and Dekic, S. J. 2018. Characterization of Acinetobacter
baumannii from water and sludge line of secondary wastewater treatment plant. Water Research,
140: 261-267.

Higgins, P. G., Lehmann, M., Wisplinghoff, H. and Seifert, H. 2010. gyrB multiplex PCR to
differentiate between Acinetobacter calcoaceticus and Acinetobacter genomic species 3. Journal
of Clinical Microbiology, 48 (12): 4592-4594.

Hindson, B. J., Ness, K. D., Masquelier, D. A., Belgrader, P., Heredia, N. J., Makarewicz, A. J.,
Bright, I. J., Lucero, M. Y., Hiddessen, A. L. and Legler, T. C. 2011. High-throughput droplet
digital PCR system for absolute quantitation of DNA copy number. Analytical Chemistry, 83
(22): 8604-8610.

137



Hoefel, D., Monis, P., Grooby, W., Andrews, S. and Saint, C. 2005. Profiling bacterial survival
through a water treatment process and subsequent distribution system. Journal of Applied
Microbiology, 99 (1): 175-186.

Hogardt, M., Trebesius, K., Geiger, A. M., Hornef, M., Rosenecker, J. and Heesemann, J. 2000.
Specific and rapid detection by fluorescent in situ hybridization of bacteria in clinical samples

obtained from cystic fibrosis patients. Journal of Clinical Microbiology, 38 (2), 818-825.

Hotta, G., Matsumura, Y., Kato, K., Nakano, S., Yunoki, T., Yamamoto, M., Nagao, M., Ito, Y.,
Takakura, S. and Ichiyama, S. 2014. Risk factors and outcomes of Stenotrophomonas
maltophilia bacteraemia: a comparison with bacteraemia caused by Pseudomonas aeruginosa
and  Acinetobacter  species. PLoS One  [Online].  Available:  https://doi:
10.1371/journal.pone.0112208. eCollection 2014 [Accessed -5-2021].

Howard, A., O’Donoghue, M., Feeney, A. and Sleator, R. D. 2012. Acinetobacter baumannii:
an emerging opportunistic pathogen. Virulence, 3 (3): 243-250.

Hu, L.F., Chen, G.S., Kong, Q.X., Gao, L.P., Chen, X., Ye, Y. and Li, J.B. 2016. Increase in the
prevalence of resistance determinants to trimethoprim/sulfamethoxazole in clinical
Stenotrophomonas maltophilia isolates in China. PL0oS One [Online]. Available:
http://doi:10.1371/journal. pone.0157693 [Accessed 22-8-2020].

Hu, R.M., Huang, K.J., Wu, L.T., Hsiao, Y.J. and Yang, T.C. 2008. Induction of L1 and L2 f-
lactamases of Stenotrophomonas maltophilia. Antimicrobial Agents and Chemotherapy, 52 (3):
1198-1200.

Hu, X., He, K. and Zhou, Q. 2012. Occurrence, accumulation, attenuation and priority of typical
antibiotics in sediments based on long-term field and modelling studies. Journal of Hazardous
Materials, 225-226: 91-98.

Huang, T.P., Somers, E. B. and Wong, A. C. L. 2006. Differential biofilm formation and motility
associated with lipopolysaccharide/exopolysaccharide-coupled biosynthetic genes in

Stenotrophomonas maltophilia. Journal of Bacteriology, 188 (8): 3116-3120.

Huggett, J. F., Foy, C. A., Benes, V., Emslie, K., Garson, J. A., Haynes, R., Hellemans, J.,
Kubista, M., Mueller, R. D. and Nolan, T. 2013. The Digital MIQE Guidelines: Minimum

138



Information for Publication of Quantitative Digital PCR Experiments. Clinical Chemistry, 59
(6): 892-902.

ISO. 2006. 1ISO 20128:2006. Available at: http: //www.iso.org/ cms/render/ live/en/sites/isoorg/
contents/data/standard/03/ 52/35292.html (Accessed June 3, 2020).

Igbinosa, I. H., Beshiru, A., Odjadjare, E. E., Ateba, C. N. and Igbinosa, E. O. 2017. Pathogenic
potentials of Aeromonas species isolated from aquaculture and abattoir environments. Microbial
Pathogenesis, 107: 185-192

Igbinosa, I. H., Igbinosa, E. O. and Okoh, A. I. 2014. Molecular detection of metallo-j-lactamase
and putative virulence genes in environmental isolates of Pseudomonas species. Polish Journal
of Environmental Studies, 23 (6): 2327-2331.

Igbinosa, I. H., Igbinosa, E. O. and Okoh, A. I. 2015. Detection of antibiotic resistance, virulence
gene determinants and biofilm formation in Aeromonas species isolated from cattle.
Environmental Science and Pollution Research, 22 (22): 17596-17605.

Igbinosa, I. H., Igumbor, E. U., Aghdasi, F., Tom, M. and Okoh, A. I. 2012a. Emerging
Aeromonas species infections and their significance in public health. The Scientific World
Journal [Online]. Available: https:// doi: 10.1100/2012/625023 [Accessed 11-5-2021].

Igbinosa, 1. H., Nwodo, U. U., Sosa, A., Tom, M. and Okoh, A. I. 2012b. Commensal
Pseudomonas species isolated from wastewater and freshwater milieus in the Eastern Cape
Province, South Africa, as reservoir of antibiotic resistant determinants. International Journal of
Environmental Research and Public Health, 9 (7): 2537-2549.

Igbinosa, I. H. and Okoh, A. I. 2013. Detection and distribution of putative virulence associated
genes in Aeromonas species from freshwater and wastewater treatment plant. Journal of Basic
Microbiology, 53 (11): 895-901.

Invitrogen (2004). LIVE / DEAD®BacLight Bacterial Viability Kit [Online]. Available at:
https://assets.thermofisher.com/TFS-Assets/LSG/manuals/mp07007.pdf [Accessed July 15,
2014].

139



Jackson, S. A., Schoeni, J. L., Vegge, C., Pane, M., Stahl, B., Bradley, M., Goldman, V. S.,
Burguieére, P., Atwater, J. B. and Sanders, M. E. 2019. Improving end-user trust in the quality of
commercial probiotic products. Frontiers in Microbiology [Online]. Available: https://
https://doi.org/10.3389/fmich.2019.00739 [Accessed 11-5-2021].

Jahangiri, S., Malekzadegan, Y., Motamedifar, M. and Hadi, N. 2019. Virulence genes profile
and biofilm formation ability of Acinetobacter baumannii strains isolated from inpatients of a
tertiary care hospital in southwest of Iran. Gene Reports [Online] Available:
https://doi.org/10.1016/j.genrep.2019.100481 [Accessed 11-5-2021].

Janda, J. M. and Abbott, S. L. 1998. Evolving concepts regarding the genus Aeromonas: an
expanding panorama of species, disease presentations, and unanswered questions. Clinical
Infectious Diseases, 27 (2): 332-344.

Janda, J. M. and Abbott, S. L. 2010. The genus Aeromonas: taxonomy, pathogenicity, and
infection. Clinical Microbiology Reviews, 23 (1): 35-73.

Jenkins, C. E., Swiatoniowski, A., Issekutz, A. C. and Lin, T.J. 2004. Pseudomonas aeruginosa
exotoxin A induces human mast cell apoptosis by a caspase 8 and 3 dependent mechanism.
Journal of Biological Chemistry, 279 (35): 37201-37207.

Jeon, Y. D., Jeong, W. Y., Kim, M. H., Jung, I. Y., Ahn, M. Y., Ann, H. W., Ahn, J. Y., Han, S.
H., Choi, J. Y., Song, Y. G., Kim, J. M. and Ku, N. S. 2016. Risk factors for mortality in patients
with Stenotrophomonas maltophilia bacteremia. Medicine (Baltimore) [Online]. Available:
https:// doi: 10.1097/MD.0000000000004375 [Accessed 11-5-2021].

Jikumaru, A., Ishii, S., Fukudome, T., Kawahara, Y., Iguchi, A., Masago, Y., Nukazawa, K.
and Suzuki, Y. 2020. Fast, sensitive, and reliable detection of waterborne pathogens by digital
PCR after coagulation and foam concentration. Journal of Bioscience and Bioengineering, 130
(1): 76-81.

Joachimsthal, E., Ivanov, V., Tay, S.L. and Tay, J.H. 2004. Bacteriological examination of
ballast water in Singapore Harbour by flow cytometry with FISH. Marine Pollution Bulletin, 49
(4): 334-343.

140



Joly-Guillou, M.L. 2005. Clinical impact and pathogenicity of Acinetobacter. Clinical
Microbiology and Infection, 11 (11): 868-873.

Juan, N. C. and Oliver, A. 2010. Carbapenemases in Pseudomonas spp. Enfermedades
Infecciosas y Microbiologia Clinica, 28: 19-28.

Jyoti, A., Vajpayee, P., Singh, G., Patel, C. B., Gupta, K. C. and Shanker, R. 2011. Identification
of environmental reservoirs of nontyphoidal salmonellosis: aptamer-assisted bioconcentration
and subsequent detection of Salmonella typhimurium by quantitative polymerase chain reaction.
Environmental Science & Technology, 45 (20): 8996-9002.

Kémpfer, P., Erhart, R., Beimfohr, C., Béhringer, J., Wagner, M., and Amann, R. 1996.
Characterization of bacterial communities from activated sludge: culture-dependent numerical
identification versus in situ identification using group-and genus-specific rRNA-targeted
oligonucleotide probes. Microbial Ecology, 32(2): 101-121.

Kanafani, Z. and Kanj, S. 2013. Acinetobacter infection: Epidemiology, microbiology,

pathogenesis, clinical features, and diagnosis. UpToDate, 2: 21-33.

Kaskhedikar, M. and Chhabra, D. 2010. Multiple drug resistance in Aeromonas hydrophila
isolates of fish. Food Microbiology, 28: 157-168.

Kaur, J., Karthikeyan, R. and Smith, R. 2013. Assessment of Escherichia coli reactivation after
photocatalytic water disinfection using flow cytometry: comparison with a culture-based
method. Water Science and Technology: Water Supply, 13 (3): 816-825.

Kennedy, D. and Wilkinson, M. G. 2017. Application of Flow cytometry to the detection of

pathogenic bacteria. Current Issues in Molecular Biology, 23: 21-38.

Kenzaka, T., Yamaguchi, N., Tani, K., and Nasu, M. 1998. rRNA-targeted fluorescent in situ
hybridization analysis of bacterial community structure in river water. Microbiology, 144(8):
2085-2093.

Kerrn, M., Klemmensen, T., Frimodt-Mgller, N. and Espersen, F. 2002. Susceptibility of Danish

Escherichia coli strains isolated from urinary tract infections and bacteraemia, and distribution

141



of sul genes conferring sulphonamide resistance. Journal of Antimicrobial Chemotherapy, 50
(4): 513-516.

Khajanchi, B. K., Fadl, A. A., Borchardt, M. A., Berg, R. L., Horneman, A. J., Stemper, M. E.,
Joseph, S. W., Moyer, N. P., Sha, J. and Chopra, A. K. 2010. Distribution of virulence factors
and molecular fingerprinting of Aeromonas species isolates from water and clinical samples:
suggestive evidence of water-to-human transmission. Applied and Environmental Microbiology,
76 (7): 2313-2325.

Khan, H. A., Ahmad, A. and Mehboob, R. 2015. Nosocomial infections and their control

strategies. Asian Pacific Journal of Tropical Biomedicine, 5 (7): 509-514.

Khan, M. I., Xu, S., Ali, M. M., Ali, R., Kazmi, A., Akhtar, N., Bilal, M., Hu, Y. and Li, F. 2020.
Assessment of multidrug resistance in bacterial isolates from urinary tract-infected patients.
Journal of Radiation Research and Applied Sciences, 13 (1): 267-275.

Kiefer, A., Tang, P., Arndt, S., Fallico, V. and Wong, C. 2020. Optimization of viability
treatment essential for accurate droplet digital PCR enumeration of probiotics. Frontiers In
Microbiology [Online]. Available: https://doi: 10.1097/MD.0000000000004375 [Accessed 11-
5-2021].

Kim, B. N., Peleg, A. Y., Lodise, T. P., Lipman, J., Li, J., Nation, R. and Paterson, D. L. 20009.
Management of meningitis due to antibiotic-resistant Acinetobacter species. Lancet Infectious
Disease, 9 (4): 245-255

Kim, S. E., Park, S.H., Park, H.B., Park, K.H., Kim, S.H., Jung, S.1., Shin, J.H., Jang, H.C. and
Kang, S. J. 2012. Nosocomial Pseudomonas putida bacteremia: high rates of carbapenem

resistance and mortality. Chonnam Medical Journal, 48 (2): 91-95.

Kim, T. G., Jeong, S.Y. and Cho, K.S. 2014. Comparison of droplet digital PCR and
quantitative real-time PCR for examining population dynamics of bacteria in soil. Applied
Microbiology and Biotechnology, 98 (13): 6105-6113.

Kingombe, C. I. B., Huys, G., Tonolla, M., Albert, M. J., Swings, J., Peduzzi, R. and Jemmi, T.
J. 1999. PCR detection, characterization, and distribution of virulence genes in Aeromonas spp.
Applied Environmental Microbiology, 65 (12): 5293-5302.

142



Kirov, S. M., Castrisios, M. and Shaw, J. G. 2004. Aeromonas flagella (polar and lateral) are
enterocyte adhesins that contribute to biofilm formation on surfaces. Infection and Immunity, 72
(4): 1939-1945.

Kishii, K., Kikuchi, K., Matsuda, N., Yoshida, A., Okuzumi, K., Uetera, Y., Yasuhara, H. and
Moriya, K. 2014. Evaluation of matrix-assisted laser desorption ionization-time of flight mass
spectrometry for species identification of Acinetobacter strains isolated from blood cultures.
Clinical Microbiology and Infections, 20 (5): 424-430.

Kittinger, C., Lipp, M., Baumert, R., Folli, B., Koraimann, G., Toplitsch, D., Liebmann, A.,
Grisold, A. J., Farnleitner, A. H. and Kirschner, A. 2016. Antibiotic resistance patterns of
Pseudomonas spp. Isolated from the River Danube. Frontiers in Microbiology, 7 :586[Online].
http://doi: 10.3389/fmicb.2016.00586[ Accessed 22-8-2020].

Ko, J. H., Kang, C. I, Cornejo-Juérez, P., Yeh, K. M., Wang, C. H., Cho, S. Y., Gozel, M. G,
Kim, S. H., Hsueh, P. R., Sekiya, N., Matsumura, Y., Lee, D. G., Cho, S. Y., Shiratori, S., Kim,
Y. J, Chung, D. R. and Peck, K. R. 2019. Fluoroquinolones versus trimethoprim-
sulfamethoxazole for the treatment of Stenotrophomonas maltophilia infections: a systematic
review and meta-analysis. Clinical Microbiology and Infection, 25 (5): 546-554.

Kort, R., Nocker, A., de Kat Angelino-Bart, A., van Veen, S., Verheij, H., Schuren, F. and
Montijn, R. 2010. Real-time detection of viable microorganisms by intracellular
phototautomerism. BMC Biotechnology, 10 (1): 1-11.

Kraemer, S. A., Ramachandran, A. and Perron, G. G. 2019. Antibiotic pollution in the
environment: from microbial ecology to public policy. Microorganisms [Online]. Available:
doi: 10.3390/microorganisms7060180[Accessed 11-5-2021].

Kralova-Kovarikova, S., Husnik, R., Honzak, D., Kohout, P. and Fictum, P. 2012.
Stenotrophomonas maltophilia urinary tract infections in three dogs: a case report. Veterinarni
Medicina, 57 (7): 380-383.

Kumar, M., Jaiswal, S., Sodhi, K. K., Shree, P., Singh, D. K., Agrawal, P. K. and Shukla, P.
2019. Antibiotics bioremediation: Perspectives on its ecotoxicity and resistance. Environment
International, 124: 448-461.

143



Kumar, S., Bandyopadhyay, M., Chatterjee, M., Banerjee, P., Poddar, S. and Banerjee, D. 2015.
Stenotrophomonas maltophilia: complicating treatment of ESBL UTI. Advanced Biomedical
Research [Online]. Available: https:// d0i:10.4103/2277-9175.151241 [Accessed 11-02-2021].

Kumar, S. S. and Ghosh, A. R. 2019. Assessment of bacterial viability: a comprehensive review

on recent advances and challenges. Microbiology, 165 (6): 593-610.

Kuo, H.Y., Yang, C.M., Lin, M.F., Cheng, W.L., Tien, N. and Liou, M.L. 2010. Distribution of
blaOXA carrying imipenem-resistant Acinetobacter spp. in 3 hospitals in Taiwan. Diagnostic
Microbiology and Infectious Disease, 66 (2): 195-199.

Kipfer, M., Kuhnert, P., Korczak, B. M., Peduzzi, R. and Demarta, A. 2006. Genetic
relationships of Aeromonas strains inferred from 16S rRNA, gyrB and rpoB gene sequences.

International Journal of Systematic and Evolutionary Microbiology, 56 (12): 2743-2751.

Lalancette, C., Charron, D., Laferriére, C., Dolce, P., Déziel, E., Prévost, M. and Bédard, E.
2017. Hospital drains as reservoirs of Pseudomonas aeruginosa: multiple-locus variable-number
of tandem repeats analysis genotypes recovered from faucets, sink surfaces and patients.
Pathogens, 6 (3): 36 [Online]. Available: https://doi:10.3390/pathogens6030036 [Accessed 23-
8-2020].

Latif-Eugenin, F., Beaz-Hidalgo, R., Silvera-Simon, C., Fernandez-Cassi, X. and Figueras, M.
J. 2017. Chlorinated and ultraviolet radiation-treated reclaimed irrigation water is the source of
Aeromonas found in vegetables used for human consumption. Environmental Research, 154:
190-195.

Lavenir, R., Jocktane, D., Laurent, F., Nazaret, S. and Cournoyer, B. 2007. Improved reliability
of Pseudomonas aeruginosa PCR detection by the use of the species-specific ecfX gene target.
Journal of Microbiological Methods, 70 (1): 20-29.

Lee, S. Y., Shin, J. H., Park, K. H., Kim, J. H., Shin, M. G., Suh, S. P., Ryang, D. W. and Kim,
S. H. 2014. ldentification, genotypic relation, and clinical features of colistin-resistant isolates
of Acinetobacter genomic species 13BJ/14TU from bloodstreams of patients in a university
hospital. Journal of Clinical Microbiology, 52 (3): 931-939.

144



Lehtinen, S., Blanquart, F., Lipsitch, M. and Fraser, C. 2019. On the evolutionary ecology of
multidrug  resistance  in  bacteria. PLoS  Pathogens  [Online].  Available:
https://doi.org/10.1371/journal.ppat.1007763 [Accessed 11-05-2021].

Lemke, M. J. and Leff, L. G. 2006. Culturability of stream bacteria assessed at the assemblage
and population levels. Microbial Ecology, 51 (3): 365-374.

Leuta, Q. A., Odendaal, J. P. and Paulse, A. N. 2020. Identification and enumeration of microbial
organisms in grey water in the Khayelitsha informal settlement, Western Cape, South Africa.
Water Supply, 20 (3): 1114-1126.

Li, C. S., Chia, W. C. and Chen, P. S. 2007. Fluorochrome and flow cytometry to monitor
microorganisms in treated hospital wastewater. Journal of Environmental Science and Health
Part A, 42 (2): 195-203.

Li, D., Yang, M., Hu, J., Zhang, J., Liu, R., Gu, X., Zhang, Y. and Wang, Z. 2009. Antibiotic
resistance profile in environmental bacteria isolated from penicillin production wastewater

treatment plant and the receiving river. Environmental Microbiology, 11 (6): 1506-1517.

Li, L., Mendis, N., Trigui, H., Oliver, J. D. and Faucher, S. P. 2014. The importance of the viable
but non-culturable state in human bacterial pathogens. Frontiers in Microbiology [Online].
Available: https://doi:10.3389/fmich.2014.00258 [Accessed 11-5-2021].

Li, L. H., Zhang, M. S., Wu, C. J., Lin, Y. T. and Yang, T. C. 2019. Overexpression of SmeGH
contributes to the acquired MDR of Stenotrophomonas maltophilia. The Journal of
Antimicrobial Chemotherapy, 74 (8): 2225-2229.

Li, X, Tang, Y. and Lu, X. 2018. Insight into identification of Acinetobacter species by matrix-
assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS) in the
clinical laboratory. Journal of The American Society for Mass Spectrometry, 29 (7): 1546-1553.

Li, X.Z.and Li, J. 2017. Antimicrobial resistance in Stenotrophomonas maltophilia: mechanisms
and clinical implications. Antimicrobial Drug Resistance [Online]. Available:
https://doi.org/10.1007/978-3-319-47266-9 11 [Accessed 11-5-2021].

145



Li, X.Z., Plésiat, P. and Nikaido, H. 2015. The challenge of efflux-mediated antibiotic resistance
in Gram-negative bacteria. Clinical Microbiology Reviews, 28 (2): 337-418.

Lin, M.F. and Lan, C.Y. W. 2014. Antimicrobial resistance in Acinetobacter baumannii: From
bench to bedside. World Journal of Clinical Cases, 2 (12): 787-814.

Lindgren, A., Karami, N., Karlsson, R., Ahrén, C., Welker, M., Moore, E. R. B. and Stadler, L.
S. 2018. Development of a rapid MALDI-TOF MS based epidemiological screening method
using MRSA as a model organism. Eur J Clinical Microbiology and Infectious Diseases, 37 (1):
57-68.

Livermore, D. M. 2002. Multiple mechanisms of antimicrobial resistance in Pseudomonas

aeruginosa: our worst nightmare? Clinical infectious diseases, 34 (5): 634-640.

Livermore, D. M. and Woodford, N. 2006. The p-lactamase threat in Enterobacteriaceae,

Pseudomonas and Acinetobacter. Trends in Microbiology, 14 (9): 413-420.

Looney, W. 2005. Role of Stenotrophomonas maltophilia in hospital-acquired infection. British
Journal of Biomedical Science, 62 (3): 145-154.

Looney, W. J., Narita, M. and Mihlemann, K. 2009. Stenotrophomonas maltophilia: an

emerging opportunist human pathogen. The Lancet: Infectious Diseases, 9 (5): 312-323.

Lowman, W., Kalk, T., Menezes, C. N., John, M. A. and Grobusch, M. P. 2008. A case of
community-acquired Acinetobacter baumannii meningitis - has the threat moved beyond the
hospital? Journal of Medical Microbiology, 57 (Pt 5): 676-678.

Luger, M. and Brown, C. 2010. The impact of treated sewage effluent on urban rivers — an
ecological, social and economic perspective. Southern Waters [Online]. Available:
https://southernwaters.co.za/publication/item/5-books-book-chapters-and-journals.html.
[Accessed 11-5-2021].

Lupo, A., Chatre, P., Ponsin, C., Saras, E., Boulouis, H.J., Keck, N., Haenni, M. and Madec, J.Y.
2016. Clonal spread of Acinetobacter baumannii sequence type 25 carrying blaOXA-23 in
companion animals in France. Antimicrobial Agents and Chemotherapy, 61 (1) [Online].
Available: http://doi: 10.1128/AAC.01881-16[Accessed 22-8-2020].

146



Ma, W., Kong, Y. J., Ho, W. U., Lam, S. I, Liu, G. H. and Chio, S. N. 2020. The development
and application of DDPCR technology on quantification of total coliforms in water. American

Journal of Environmental Protection, 9 (2): 27-35.

Maalej, S., Denis, M. and Dukan, S. 2004. Temperature and growth-phase effects on Aeromonas
hydrophila survival in natural seawater microcosms: role of protein synthesis and nucleic acid

content on viable but temporarily nonculturable response. Microbiology, 150 (1): 181-187.

Mackintosh, G. and Colvin, C. 2003. Failure of rural schemes in South Africa to provide potable
water. Environmental Geology, 44 (1): 101-105.

Maheshwari, Y., Selvaraj, V., Hajeri, S. and Yokomi, R. 2017. Application of droplet digital
PCR for gquantitative detection of Spiroplasma citri in comparison with real time PCR. PL0oS
One [Online]. Available: https://doi.org/10.1371/journal.pone.0184751 [Accessed: 23-4-2021].

Majeed, A., Abbasi, M. K., Hameed, S., Imran, A. and Rahim, N. J. 2015. Isolation and
characterization of plant growth-promoting rhizobacteria from wheat rhizosphere and their effect
on plant growth promotion. Frontiers in Microbiology [Online]. Available:
https://doi.org/10.3389/fmich.2015.00198 [Accessed 10-5-2021].

Manchanda, V., Sanchaita, S. and Singh, N. 2010. Multidrug resistant Acinetobacter. Journal of
Global Infectious Diseases, 2 (3): 291-304.

Manti, A., Boi, P., Amalfitano, S., Puddu, A. and Papa, S. 2011. Experimental improvements in
combining CARD-FISH and flow cytometry for bacterial cell quantification. Journal of
Microbiological Methods, 87: 309-315.

Manti, A., Boi, P., Falcioni, T., Canonico, B., Ventura, A., Sisti, D., Pianetti, A., Balsamo, M.
and Papa, S. 2008. Bacterial cell monitoring in wastewater treatment plants by flow cytometry.
Water Environment Research, 80 (4): 346-354.

Marchesi, J. R., Sato, T., Weightman, A. J., Martin, T. A, Fry, J. C., Hiom, S. J. and Wade, W.
G. 1998. Design and evaluation of useful bacterium-specific PCR primers that amplify genes
coding for bacterial 16S rRNA. Applied Environmental Microbiology, 64 (2): 795-799.

147



Martinez, J. L. 2008. Antibiotics and antibiotic resistance genes in natural environments.
Science, 321 (5887): 365-367.

Martinez, O., Rodriguez-Calleja, J. M., Santos, J. A., Otero, A. and Garcia-L6pez, M.L. 20009.
Foodborne and indicator bacteria in farmed molluscan shellfish before and after depuration.
Journal of Food Protection, 72(7): 1443-1449.

Martinez-Hernandez, F., Garcia-Heredia, 1., Lluesma Gomez, M., Maestre-Carballa, L.,
Martinez Martinez, J. and Martinez-Garcia, M. 2019. Droplet Digital PCR for Estimating
Absolute Abundances of Widespread Pelagibacter Viruses. Frontiers in Microbiology, 10: 1226-
1226.

Martone-Rocha, S., Piveli, R., Matté, G., Ddria, M., Dropa, M., Morita, M., Peternella, F., Matté,
M. 2010. Dynamics of Aeromonas species isolated from wastewater treatment system. Journal
of Water and Health, 8 (4): 703-711.

McConnell, M. J., Actis, L. and Pachon, J. 2013. Acinetobacter baumannii: human infections,
factors contributing to pathogenesis and animal models. FEMS Microbiology Reviews, 37 (2):
130-155.

McDermott, G. P., Do, D., Litterst, C. M., Maar, D., Hindson, C. M., Steenblock, E. R., Legler,
T. C., Jouvenot, Y., Marrs, S. H. and Bemis, A. 2013. Multiplexed target detection using DNA-
binding dye chemistry in droplet digital PCR. Analytical Chemistry, 85 (23): 11619-11627.

McKay, R. and Bamford, C. 2015. Community-versus healthcare-acquired bloodstream
infections at Groote Schuur Hospital, Cape Town, South Africa. South African Medical Journal,
105 (5): 363-369.

Meletis, G. 2016. Carbapenem resistance: overview of the problem and future perspectives.

Therapeutic Advances in Infectious Disease, 3 (1): 15-21.

Mema, V. 2010. Impact of poorly maintained wastewater and sewage treatment plants: Lessons
from South Africa. ReSource, 12: 60-65.

Mena, K. D. and Gerba, C. P. 2009. Risk assessment of Pseudomonas aeruginosa in water.

Reviews of Environmental Contamination and Toxicology, 201: 71-115.

148



Mendelson, M. and Matsoso, M. 2015. The South African antimicrobial resistance strategy
framework. South African Medical Journal [Online]. Available:
https://dx.doi.org/10.7196/SAMJ.9644 [Accessed 8 — 09 — 2019].

Mezzanotte, V., Prato, N., Sgorbati, S. and Citterio, S. 2004. Analysis of microbiological
characteristics of wastewater along the polishing sequence of a treatment plant. Water
environment research: A Research Publication of the Water Environment Federation, 76: 463-
467.

Mhlongo, N., Govinden, U. and Essack, S. 2015. NDM-1, novel TEM-205, novel TEM-213 and
other extended-spectrum f-lactamases co-expressed in isolates from cystic fibrosis patients from
South Africa. Southern African Journal of Infectious Diseases, 30 (3): 102-106.

Mhondoro, M., Ndlovu, N., Bangure, D., Juru, T., Gombe, N. T., Shambira, G., Nsubuga, P. and
Tshimanga, M. 2019. Trends in antimicrobial resistance of bacterial pathogens in Harare,
Zimbabwe, 2012-2017: A secondary dataset analysis. BMC Infectious Diseases [Online].
Available: https://doi.org/10.1186/s12879-019-4295-6 [Accessed 14-06-2021].

Michalska, M. and Wolf, P. 2015. Pseudomonas Exotoxin A: optimized by evolution for
effective killing. Frontiers in Microbiology [Online]. Available:
https://doi.org/10.3389/fmich.2015.00963 [Accessed 11-5-2021].

Mohajeri, P., Sharbati, S., Farahani, A. and Rezaei, Z. 2016. Evaluate the frequency distribution
of nonadhesive virulence factors in carbapenemase-producing Acinetobacter baumannii isolated
from clinical samples in Kermanshah. Journal of Natural Science Biology and Medicine, 7 (1):
58-61.

Mojica, M. F., Rutter, J. D., Taracila, M., Abriata, L. A., Fouts, D. E., Papp-Wallace, K. M.,
Walsh, T. J., LiPuma, J. J., Vila, A. J. and Bonomo, R. A. 2019. Population structure, molecular
epidemiology, and B-lactamase diversity among Stenotrophomonas maltophilia isolates in the
United States. MBio, 10 (4): e00405-00419.

Momtaz, H., Seifati, S. M. and Tavakol, M. 2015. Determining the prevalence and detection of
the most prevalent virulence genes in Acinetobacter Baumannii isolated from hospital infections.

International Journal of Medical Laboratory, 2 (2): 87-97.

149



Morella, N. M., Yang, S. C., Hernandez, C. A. and Koskella, B. 2018. Rapid quantification of
bacteriophages and their bacterial hosts in vitro and in vivo using droplet digital PCR. Journal
of Virological Methods, 259: 18-24.

Morinaga, Y., Yanagihara, K., Araki, N., Harada, Y., Yamada, K., Akamatsu, N., Matsuda, J.,
Nishino, T., Hasegawa, H. and lzumikawa, K. 2011. Clinical characteristics of seven patients
with Aeromonas septicemia in a Japanese hospital. The Tohoku Journal of Experimental
Medicine, 225 (2): 81-84.

Morisset, D., Stebih, D., Milavec, M., Gruden, K. and Zel, J. 2013. Quantitative analysis of food
and feed samples with droplet digital PCR. PL0oS One [Online]. Auvailable:
https://doi.org/10.1371/journal.pone.0062583 [Accessed 10-5-2021].

Motloba, D. and Nggandu, M. D. 2015. Ventriculostomy infections at the paediatric
neurosurgical unit at Dr George Mukhari Academic Hospital. South African Journal of Child
Health, 9 (1): 6-8.

Muchesa, P., Leifels, M., Jurzik, L., Hoorzook, K. B., Barnard, T. G. and Bartie, C. 2017.
Coexistence of free-living amoebae and bacteria in selected South African hospital water
distribution systems. Parasitology Research, 116 (1): 155-165.

Mudau, M., Jacobson, R., Minenza, N., Kuonza, L., Morris, V., Engelbrecht, H., Nicol, M.P.
and Bamford, C.J. 2013. Outbreak of multi-drug resistant Pseudomonas aeruginosa bloodstream
infection in the haematology unit of a South African Academic Hospital. PLoS One [Online].
Available: https://doi: 10.1371/journal.pone.0055985 [Accessed 9 -09-2019]

Mukherjee, P. and Roy, P. 2016. Genomic potential of Stenotrophomonas maltophilia in
bioremediation with an assessment of its multifaceted role in our environment. Frontiers in
Microbiology, 7: 967-967.

Mulamattathil, S.G., Bezuidenhout, C., Mbewe, M. and Ateba, C.N. 2014. Isolation of
environmental bacteria from surface and drinking water in Mafikeng, South Africa, and
characterization using their antibiotic resistance profiles. Journal of Pathogens [Online].
Auvailable: http://dx.doi.org/10.1155/2014/371208 [Accessed 23 — 05 — 2019].

150



Mulani, M. S., Kamble, E. E., Kumkar, S. N., Tawre, M. S. and Pardesi, K. R. 2019. Emerging
strategies to combat ESKAPE pathogens in the era of antimicrobial resistance: a review.
Frontiers in Microbiology [Online]. Available: https://doi:10.3389/fmich.2019.00539 [Accessed
11-5-2021].

Miiller, S. and Nebe-von-Caron, G. 2010. Functional single-cell analyses: flow cytometry and
cell sorting of microbial populations and communities. FEMS Microbiology Reviews, 34 (4):
554-587.

Mdller, S., Ullrich, S., Losche, A., Loffhagen, N. and Babel, W. 2000. Flow cytometric
techniques to characterise physiological states of Acinetobacter calcoaceticus. Journal of
Microbiological Methods, 40 (1): 67-77.

Murray, P. R., Baron, E. J., Pfaller, M. A., Tenover, F. C., Yolken, R. H. and Morgan, D. R.
1995. Manual of Clinical Microbiology (6th edn). 3 (11): 449-449.

Murray, P. R., Rosenthal, K. S. and Pfaller, M. A. 2020. Medical Microbiology E-Book. Elsevier

Health Sciences.

Nakatsu, C., Fulthorpe, R., Holland, B., Peel, M. and Wyndham, R. J. 1995. The phylogenetic
distribution of a transposable dioxygenase from the Niagara River watershed. Molecular
Ecology, 4 (5): 593-604.

Narciso Da Rocha, C., Varela, A. R., Schwartz, T., Nunes, O. C. and Manaia, C. M. 2014.
blaTEM and vanA as indicator genes of antibiotic resistance contamination in a hospital-urban
wastewater treatment plant system. Journal of Global Antimicrobial Resistance, 2 (4): 309-315.

National Department of Health. 2015. Antimicrobial resistance. National Strategy
Framework.2014-2024.South Africa [Online]. Available: https://health-e.org.za/wp-content/
uploads/2015/09/Antimicrobial-Resistance-National-Strategy-Framework-2014-2024.pdf
[Accessed 15-01-2020].

Navidinia, M. 2016. The clinical importance of emerging ESKAPE pathogens in nosocomial

infections. Archives of Advances in Biosciences, 7 (3): 43-57.

151



Nawaz, M., Khan, S. A., Khan, A. A., Sung, K., Tran, Q., Kerdahi, K. and Steele, R.J. 2010.
Detection and characterization of virulence genes and integrons in Aeromonas veronii isolated
from catfish. Food Microbiology [Online]. Available: https:// doi:10.1016/j.fm.2009.11.00
[Accessed 9-09-2019].

Nemec, A., Krizova, L., Maixnerova, M., Sedo, O., Brisse, S. and Higgins, P.G. 2015.
Acinetobacter seifertii sp. nov., a member of the Acinetobacter calcoaceticus—Acinetobacter
baumannii complex isolated from human clinical specimens. International Journal of Systematic
and Evolutionary Microbiology, 65 (3): 934-942.

Nemec, A., Radolfova-Krizova, L., Maixnerova, M. and Sedo, O. 2017. Acinetobacter
colistiniresistens sp. nov. (formerly genomic species 13 sensu Bouvet and Jeanjean and genomic
species 14 sensu Tjernberg and Ursing), isolated from human infections and characterized by
intrinsic resistance to polymyxins. International Journal of Systematic and Evolutionary
Microbiology, 67 (7): 2134-2141.

Nescerecka, A., Hammes, F. and Juhna, T. 2016. A pipeline for developing and testing staining
protocols for flow cytometry, demonstrated with SYBR Green | and propidium iodide viability
staining. Journal of Microbiological Methods, 131: 172-180.

Nettmann, E., Frohling, A., Heeg, K., Klocke, M., Schliter, O. and Mumme, J. 2013.
Development of a flow-fluorescence in situ hybridization protocol for the analysis of microbial
communities in anaerobic fermentation liquor. BMC Microbiology, 13 (1), 278 [Online].
Available: https://doi: 10.1186/1471-2180-13-278 [Accessed 11-5-2021].

Ng, C. and Gin, K. Y.H. 2019. Monitoring antimicrobial resistance dissemination in aquatic
systems. Water, [Online]. Available: https://doi.org/10.3390/w11010071 [Accessed 11-5-2021].

Nkuna, Z., Mamakoa, E. and Mothetha, M. 2014. The important role of springs in South Africa’s
rural water supply: the case study of two rural communities in South Africa. OIDA International

Journal of Sustainable Development, 7 (12): 11-20.

Noura, K., Jusuf, N., Hamid, A. A. and Yusoff, W. 2009. High prevalence of Pseudomonas
species in soil samples from Ternate Island-Indonesia. Pakistan Journal of Biological Sciences,
12 (14): 1036-1040.

152



Numberger, D., Ganzert, L., Zoccarato, L., Mihldorfer, K., Sauer, S., Grossart, H.P. and
Greenwood, A. D. 2019. Characterization of bacterial communities in wastewater with enhanced
taxonomic resolution by full-length 16S rRNA sequencing. Scientific Reports [Online].
Available: https://doi.org/10.1038/s41598-019-46015-z [Accessed 11 5 2021].

Obi, C. L. and Bessong, P. O. 2002. Diarrhoeagenic bacterial pathogens in HIV-positive patients
with diarrhoea in rural communities of Limpopo province, South Africa. Journal of Health,
Population and Nutrition, 20 (3): 230-234.

Obi, C., Ramalivhana, J., Samie, A. and Igumbor, E. 2007. Prevalence, pathogenesis, antibiotic
susceptibility profiles, and in-vitro activity of selected medicinal plants against Aeromonas
isolates from stool samples of patients in the Venda region of South Africa. Journal of Health,
Population, and Nutrition, 25 (4): 428-435.

Odeyemi, O. A. and Ahmad, A. J. 2017. Antibiotic resistance profiling and phenotyping of
Aeromonas species isolated from aquatic sources. Saudi Journal of Biological Sciences [Onlinge].
Available: https:// doi:10.1016/j.fm.2009.11.00 [Accessed 9 -09-2019].

Odjadjare, E. E., Igbinosa, E. O., Mordi, R., Igere, B., Igeleke, C. L. and Okoh, A. I. 2012.
Prevalence of multiple antibiotics resistant (MAR) Pseudomonas species in the final effluents of
three municipal wastewater treatment facilities in South Africa. International Journal of
Environmental Research and Public Health, 9 (6): 2092-2107.

Ohnishi, M., Sawada, T., Marumo, K., Harada, K., Hirose, K., Shimizu, A., Hayashimoto, M.,
Sato, R., Uchida, N. and Kato, H. 2012. Antimicrobial susceptibility and genetic relatedness of
bovine Stenotrophomonas maltophilia isolates from a mastitis outbreak. Letters in Applied
Microbiology, 54 (6): 572-576.

Olaniran, A. O., Nzimande, S. B. and Mkize, N. G. 2015. Antimicrobial resistance and virulence
signatures of Listeria and Aeromonas species recovered from treated wastewater effluent and
receiving surface water in Durban, South Africa. BMC Microbiology [Online]. Available:
https://doi=10.1.1.607.67/ [Accessed 10 — 05 — 2019].

Olds, H. T., Corsi, S. R., Dila, D. K., Halmo, K. M., Bootsma, M. J. and McLellan, S. L. 2018.

High levels of sewage contamination released from urban areas after storm events: A quantitative

153



survey with sewage specific bacterial indicators. PLoS Medicine [Online]. Available:
https://doi.org/10.1371/journal.pmed.1002614 [Accessed 10-5-2021].

Oliver, D. M., Clegg, C. D., Heathwaite, A. L. and Haygarth, P. M. 2007. Preferential attachment
of Escherichia coli to different particle size fractions of an agricultural grassland soil. Water,
Air, and Soil Pollution, 185 (1): 369-375.

Oliver, J. D. 1995. The viable but non-culturable state in the human pathogen Vibrio vulnificus.
FEMS Microbiology Letters, 133 (3): 203-208.

Osundiya, O., Oladele, R. and Oduyebo, O. 2013. Multiple antibiotic resistance (MAR) indices
of Pseudomonas and Klebsiella species isolates in Lagos University Teaching Hospital. African

Journal of Clinical and Experimental Microbiology, 14 (3): 164-168.

Ou, F., McGoverin, C., Swift, S. and VVanholsbheeck, F. 2017. Absolute bacterial cell enumeration
using flow cytometry. Journal of Applied Microbiology, 123 (2): 464-477.

Pachori, P., Gothalwal, R. and Gandhi, P. 2019. Emergence of antibiotic resistance
Pseudomonas aeruginosa in intensive care unit; a critical review. Genes & Diseases, 6 (2): 109-
119.

Pailhories, H., Daure, S., Eveillard, M., Joly-Guillou, M.L. and Kempf, M. 2015. Using Vitek
MALDI-TOF mass spectrometry to identify species belonging to the Acinetobacter
calcoaceticus—Acinetobacter baumannii complex: a relevant alternative to molecular biology?

Diagnostic Microbiology and Infectious Disease, 83 (2): 99-104.

Pandey, P. K., Kass, P. H., Soupir, M. L., Biswas, S. and Singh, V. P. 2014. Contamination of
water resources by pathogenic bacteria. AMB Express, 4 (1): 51[Online]. Available:
https://doi.org/10.1186/s13568-014-0051-x. [Accessed 01-08-2020].

Pang, Z., Raudonis, R., Glick, B. R., Lin, T. J. and Cheng, Z. 2019. Antibiotic resistance in
Pseudomonas aeruginosa: mechanisms and alternative therapeutic strategies. Biotechnology
Advances, 37 (1): 177-192.

154



Park, S. Y., Kim, C. G., Park, S. Y. and Kim, C. G. 2018. A comparative study of three different
viability tests for chemically or thermally inactivated Escherichia coli. Environmental
Engineering Research, 23 (3): 282-287.

Paterson, D. L. and Harris, P. N. 2016. Colistin resistance: A major breach in our last line of
defence. Lancet Infectious Diseases. 16 (2): 132-133.

Paul, P., Adikesavalu, H., Banerjee, S. and Abraham, T. J. 2015. Antibiotic resistant motile
Aeromonads induced septicemia in Philippine catfish Clarias batrachus (Linnaeus, 1758)
fingerlings. Croatian Journal of Fisheries, 73 (4): 170-175.

Paul, S., Bezbaruah, R., Roy, M. and Ghosh, A. 1997. Multiple antibiotic resistance (MAR)
index and its reversion in Pseudomonas aeruginosa. Letters in Applied Microbiology, 24 (3):
169-171.

Paulse, A., Jackson, V. A., Khan, S. and Khan, W. 2012. Isolation and identification of bacterial
pollutants from the Berg and Plankenburg Rivers in the Western Cape, South Africa. Water SA,
38 (5): 819-824.

Pawlowski, D. R., Metzger, D. J., Raslawsky, A., Howlett, A., Siebert, G., Karalus, R. J., Garrett,
S. and Whitehouse, C. A. 2011. Entry of Yersinia pestis into the viable but nonculturable State
in a low-temperature tap water microcosm. PLoS One, 6 (3): €17585 [Online]. Available:
https://DOI: 10.1371/journal.pone.0017585 [Accessed 11-5-2021].

Peleg, A. Y., Seifert, H. and Paterson, D. L. 2008. Acinetobacter baumannii: emergence of a
successful pathogen. Clinical Microbiology Reviews, 21 (3): 538-582.

Peneau, S., Chassaing, D. and Carpentier, B. 2007. First evidence of division and accumulation
of viable but nonculturable Pseudomonas fluorescens cells on surfaces subjected to conditions
encountered at meat processing premises. Applied and Environmental Microbiology, 73 (9):
2839-2846.

Peralta, K. D., Araya, T., Valenzuela, S., Sossa, K., Martinez, M., Pefia-Cortés, H. and
Sanfuentes, E. 2012. Production of phytohormones, siderophores and population fluctuation of
two root-promoting rhizobacteria in Eucalyptus globulus cuttings. World Journal of
Microbiology and Biotechnology, 28 (5): 2003-2014.

155



Pereira, P., Ibafiez, F., Rosenblueth, M., Etcheverry, M. and Martinez-Romero, E. 2011. Analysis
of the bacterial diversity associated with the roots of maize (Zea mays L.) through culture-
dependent and culture-independent methods. International Scholarly Research Notices [Online].
Available: https://doi.org/10.5402/2011/938546 [Accessed 12-5-2021].

Pérez-Valdespino, A., Fernandez-Rendon, E. and Curiel-Quesada, E. 2009. Detection and
characterization of class 1 integrons in Aeromonas spp. isolated from human diarrheic stool in
Mexico. Journal of Basic Microbiology, 49 (6): 572-578.

Pessoa, R. B. G., de Oliveira, W. F., Marques, D. S. C., dos Santos Correia, M. T., de Carvalho,
E. V. M. M. and Coelho, L. C. B. B. 2019. The genus Aeromonas: a general approach. Microbial
Pathogenesis, 130: 81-94.

Peterson, E. and Kaur, P. 2018. Antibiotic resistance mechanisms in bacteria: Relationships
between resistance determinants of antibiotic producers, environmental bacteria, and clinical
pathogens. Frontiers in Microbiology [Online]. Available:
https://doi.org/10.3389/fmich.2018.02928 [Accessed 12-5-2021].

Peterson, J. W. 1996. Bacterial Pathogenesis. In: Baron, S. Medical Microbiology. 4" ed.
Galveston (TX): University of Texas Medical Branch at Galveston [Online]. Available:
https://pubmed.ncbi.nlm.nih.gov/21413346/ (Accessed 25 -5-2021).

Pfeifer, Y., Cullik, A. and Witte, W. 2010. Resistance to cephalosporins and carbapenems in
Gram-negative bacterial pathogens. International Journal of Medical Microbiology, 300 (6):
371-379.

Pianetti, A., Falcioni, T., Bruscolini, F., Sabatini, L., Sisti, E. and Papa, S. 2005. Determination
of the viability of Aeromonas hydrophila in different types of water by flow cytometry, and

comparison with classical methods. Applied Environmental Microbiology, 71 (12): 7948-7954.

Pianetti, A., Manti, A., Boi, P., Citterio, B., Sabatini, L., Papa, S., Rocchi, M. B. L. and
Bruscolini, F. 2008. Determination of viability of Aeromonas hydrophila in increasing
concentrations of sodium chloride at different temperatures by flow cytometry and plate count

technique. International Journal of Food Microbiology, 127 (3): 252-260.

156



Picdo, R. C., Cardoso, J. P., Campana, E. H., Nicoletti, A. G., Petrolini, F. V. B., Assis, D. M.,
Juliano, L. and Gales, A. C. 2013. The route of antimicrobial resistance from the hospital effluent
to the environment: focus on the occurrence of KPC-producing Aeromonas spp. and
Enterobacteriaceae in sewage. Diagnostic Microbiology and Infectious Disease, 76 (1): 80-85.

Pillay, L., Amoah, I. D., Deepnarain, N., Pillay, K., Awolusi, O. O., Kumari, S. and Bux, F.
2021. Monitoring changes in COVID-19 infection using wastewater-based epidemiology: A
South African perspective. Science of The Total Environment [Online]. Available: https://doi:
10.1016/j.scitotenv.2021.147273[Accessed: 22-06-2021].

Piotrowska, M., Kowalska, S. and Popowska, M. 2019. Diversity of B-lactam resistance genes
in gram-negative rods isolated from a municipal wastewater treatment plant. Annals of
Microbiology, 69 (6): 591-601.

Piotrowska, M. and Popowska, M. 2015. Insight into the mobilome of Aeromonas strains.
Frontiers in Microbiology [Online]. Available: https://doi:10.3389/fmicb.2015.00494
[Accessed 31 — 08 — 2019].

Podobnik, M., Kisovec, M. and Anderluh, G. 2017. Molecular mechanism of pore formation by
aerolysin-like proteins. Philosophical Transactions Royal Society [Online]. Available:
https://doi.org/10.1098/rsth.2016.0209 [Accessed 1 — 09 — 2019].

Popovié, N. T., Kazazié, S. P., Strunjak-Perovié, I. and Coz-Rakovac, R. 2017. Differentiation
of environmental aquatic bacterial isolates by MALDI-TOF MS. Environmental Research, 152:
7-16.

Porcellato, D., Narvhus, J. and Skeie, S.B. 2016. Detection and quantification of Bacillus cereus

group in milk by droplet digital PCR. Journal of Microbiological Methods, 127, 1-6.

Pournaras, S., Poulou, A., Dafopoulou, K., Chabane, Y. N., Kristo, 1., Makris, D., Hardouin, J.,
Cosette, P., Tsakris, A. and Dé, E. 2014. Growth retardation, reduced invasiveness, and impaired
colistin-mediated cell death associated with colistin resistance development in Acinetobacter
baumannii. Antimicrobial Agents of Chemotherapy, 58 (2): 828-832.

157



Prinsloo, A., van Straten, A.M.S. and Weldhagen, G.F. 2008. Antibiotic synergy profiles of
multidrug-resistant Pseudomonas aeruginosa in a nosocomial environment. South African

Journal of Epidemiology and Infection. 23 (3): 7-9.

Proia, L., Anzil, A., Borrego, C., Farre, M., Llorca, M., Sanchis, J., Bogaerts, P., Balcazar, J. L.
and Servais, P. 2018. Occurrence and persistence of carbapenemases genes in hospital and
wastewater treatment plants and propagation in the receiving river. Journal of Hazardous
Materials, 358: 33-43.

Rabaan, A. A., Gryllos, I., Tomés, J. M. and Shaw, J. G. 2001. Motility and the polar flagellum
are required for Aeromonas caviae adherence to HEp-2 cells. Infectious Immunology, 69 (7):
4257-4267.

Rahi, P., Prakash, O. and Shouche, Y. S. 2016. Matrix-assisted laser desorption/ionization time-
of-flight mass-spectrometry (MALDI-TOF MS) based microbial identifications: challenges and
scopes for microbial ecologists. Frontiers in Microbiology 7: 1359 [Online].
Available: https://doi.org/10.3389/fmich.2016.01359 [Accessed 12-5-2021].

Ramirez-Castillo, F.Y., Loera-Muro, A., Jacques, M., Garneau, P., Avelar-Gonzélez, F.J., Harel,
J. and Guerrero-Barrera, A.L. 2015. Waterborne pathogens: Detection methods and challenges.
Pathogens, 4 (2): 307-334.

Rawat, D. and Nair, D. 2010. Extended-spectrum p-lactamases in Gram-negative bacteria.
Journal of Global Infectious Diseases, 2 (3): 263-274.

Rebic, V., Masic, N., Teskeredzic, S., Aljicevic, M., Abduzaimovic, A. and Rebic, D. 2018. The
importance of Acinetobacter species in the hospital environment. Medical Archives, 72 (5): 325-
329.

Regalado, N. G., Martin, G. and Antony, S. J. 2009. Acinetobacter Iwoffii: bacteremia associated
with acute gastroenteritis. Travel Medicine and Infectious Disease, 7 (5): 316-317.

Ren, R., Ruan, Z., Du, J. and Mao, Y. 2017. Case report rapid progression of severe skin and
soft tissue infection with Aeromonas. International Journal Clinical and Experimental
Medicine, 10 (10): 14821-14826.

158



Riaz, S., Faisal, M. and Hasnain, S. J. 2011. Antibiotic susceptibility pattern and multiple
antibiotic resistances (MAR) calculation of extended spectrum pS-lactamase (ESBL) producing
Escherichia coli and Klebsiella species in Pakistan. African Journal of Biotechnology, 10 (33):
6325-6331.

Rigottier-Gois, L., Le Bourhis, A.G., Genevieve, G., Rochet, V. and Doré, J. 2003. Fluorescent
hybridisation combined with flow cytometry and hybridisation of total RNA to analyse the
composition of microbial communities in human faeces using 16S rRNA probes. FEMS
Microbiology Ecology, 43 (2): 237-245.

Rivas, R., Garcia-Fraile, P., Mateos, P. F., Martinez-Molina, E. and Veldzquez, E. 2009.
Phylogenetic diversity of fast-growing bacteria isolated from superficial water of Lake Martel,
a saline subterranean lake in Mallorca Island (Spain) formed by filtration from the Mediterranean
Sea through underground rocks. Advanced Studies in Biology, 1: 333-344.

Robertson, B. K., Harden, C., Selvaraju, S. B., Pradhan, S. and Yadav, J. S. 2014. Molecular
detection, quantification, and toxigenicity profiling of Aeromonas spp. in source and drinking

water. The Open Microbiology Journal, 8: 32-39.

Robertson, J., McGoverin, C., Vanholsbeeck, F. and Swift, S. 2019. Optimisation of the protocol
for the LIVE/DEAD® BacLight™ bacterial viability kit for rapid determination of bacterial
load. Frontiers in Microbiology [Online]. Available: https://doi.org/10.3389/fmicb.2019.00801
[Accessed 11-5-2021], 10: 801.

Rothrock, M. J., Hiett, K. L., Kiepper, B. H., Ingram, K. and Hinton, A. 2013. Quantification of
zoonotic bacterial pathogens within commercial poultry processing water samples using droplet
digital PCR. Advances in Microbiology, 3 (05): 403-411.

Rufer, N., Dragowska, W., Thornbury, G., Roosnek, E. and Lansdorp, P. M. 1998. Telomere
length dynamics in human lymphocyte subpopulations measured by flow cytometry. Nature
Biotechnology, 16(8), 743-747.

Riger, M., Ackermann, M. and Reichl, U. 2014. Species-specific viability analysis of
Pseudomonas aeruginosa, Burkholderia cepacia and Staphylococcus aureus in mixed culture by
flow cytometry. BMC Microbiology, 14 (1): 1-15

159



Ruiz, L. D., Dominguez, M. A., Ruiz, N. and Vifias, M. 2004. Relationship between clinical and
environmental isolates of Pseudomonas aeruginosa in a hospital setting. Archives of Medical
Research, 35 (3): 251-257.

Ruiz-Villalba, A., van Pelt-Verkuil, E., Gunst, Q. D., Ruijter, J. M. and van den Hoff, M. J.2017.
Amplification of nonspecific products in quantitative polymerase chain reactions (qPCR).

Biomolecular Detection and Quantification, 14, 7-18.

Rutteman, B., Borremans, K., Beckers, J., Devleeschouwer, E., Lampmann, S., Corthouts, I. and
Verlinde, P. 2017. Aeromonas wound infection in a healthy boy, and wound healing with
polarized light. 4 (10): e005118[Online]. Available: http: // doi:10.1099/ jmmcr.0.005118
(Accessed 22-8-2020).

Safford, H. R. and Bischel, H. N. 2019. Flow cytometry applications in water treatment,
distribution, and reuse: A review. Water Research, 151, 110-133.

Saka, B., Adeyemo, O. and Odeseye, A. 2017. Multiple antibiotic resistance indices of
Aeromonas hydrophila isolates of muscle of catfish (Clarias gariepinus, Burchell 1822) from
selected markets in Ibadan, Nigeria. African Journal of Clinical and Experimental Microbiology,
18 (2): 73-78.

Sanchez, M. B. 2015. Antibiotic resistance in the opportunistic pathogen Stenotrophomonas
maltophilia. Frontiers in Microbiology, 6: 658 [Online]. Available:
https://doi.org/10.3389/fmich.2015.00658 [Accessed:22-8-2020].

Sanchez, M. B. and Martinez, J. L. 2018. Overexpression of the efflux pumps SmeVWX and
SmeDEF is a major cause of resistance to co-trimoxazole in Stenotrophomonas maltophilia.
Antimicrobial Agents and Chemotherapy, 62 (6): e00301-18 [Online]. Available: https://doi:
10.1128/AAC.00301-18 [Accessed 12-5-2021].

Sénchez, P., Alonso, A. and Martinez, J. L. 2002. Cloning and characterization of SmeT, a
repressor of the Stenotrophomonas maltophilia multidrug efflux pump SmeDEF. Antimicrobial
Agents and Chemotherapy, 46 (11): 3386-3393.

160



Sanders, R., Huggett, J. F., Bushell, C. A., Cowen, S., Scott, D. J. and Foy, C. A. 2011.
Evaluation of digital PCR for absolute DNA quantification. Analytical Chemistry, 83 (17): 6474-
6484.

Santander, R. D., Meredith, C. L. and A¢imovi¢, S. G. 2019. Development of a viability digital
PCR protocol for the selective detection and quantification of live Erwinia amylovora cells in
cankers. Scientific Reports, 9 (1): 11530.

Santos, A. F., Cay0, R., Schandert, L. and Gales, A. C. 2013. Evaluation of MALDI-TOF MS in
the microbiology laboratory. Jornal Brasileiro de Patologia e Medicina Laboratorial, 49 (3):
191-197.

Sartelli, M. 2010. A focus on intra-abdominal infections. World Journal of Emergency Surgery,
5 (1): 1-20.

Sasakova, N., Gregova, G., Takacova, D., Mojzisova, J., Papajova, I., Venglovsky, J., Szaboova,
T. and Kovacova, S. 2018. Pollution of surface and ground water by sources related to
agricultural activities. Frontiers in Sustainable Food Systems [Online]. Available:
https://doi.org/10.3389/fsufs.2018.00042 [Accessed 12-5-2021].

Scales, B. S., Dickson, R. P., Lipuma, J. J. and Huffnagle, G. B. 2014. Microbiology, genomics,
and clinical significance of the Pseudomonas fluorescens species complex, an unappreciated

colonizer of humans. Clinical Microbiology Reviews, 27 (4): 927-948.

Schreiner, B. G., Mungatana, E. D. and Baleta, H. 2018. Impacts of Drought Induced Water
Shortages in South Africa: Sector Policy Briefs [Online]. Available: http://www.wrc.org.za/wp
content/uploads/ mdocs/ 260420Vol 2 02.pdf. (Accessed 01-08-2020).

Schroeder, M., Brooks, B. and Brooks, A. 2017. The complex relationship between virulence
and antibiotic resistance. Genes, 8 (1): 39 [Online]. Available:
https://doi: 10.3390/genes8010039. [ Accessed 12-5-2021].

Schubert, R. H. 2000. Intestinal cell adhesion and maximum growth temperature of
psychrotrophic Aeromonads from surface water. International Journal of Hygiene and
Environmental Health, 203 (1): 83-85.

161



Scollo, F., Egea, L. A., Gentile, A., La Malfa, S., Dorado, G. and Hernandez, P. 2016. Absolute
quantification of olive oil DNA by droplet digital-PCR (ddPCR): Comparison of isolation and
amplification methodologies. Food Chemistry, 213: 388-394.

Sechi, L. A., Deriu, A., Falchi, M.P., Fadda, G. and Zanetti, S. 2002. Distribution of virulence
genes in Aeromonas spp. isolated from Sardinian waters and from patients with diarrhoea.
Journal of Applied Microbiology, 92 (2): 221-227.

Sedo, O., Radolfova-K¥izova, L., Nemec, A. and Zdrahal, Z. 2018. Limitations of routine
MALDI-TOF mass spectrometric identification of Acinetobacter species and remedial actions.
Journal of Microbiological Methods, 154: 79-85.

Seifert, H., Strate, A., Schulze, A. and Pulverer, G. 1993. Vascular Catheter—Related
Bloodstream Infection Due to Acinetobacter johnsonii (Formerly Acinetobacter calcoaceticus
var. lwoffii): Report of 13 Cases. Clinical Infectious Diseases, 17 (4): 632-636.

Sen, K. and Rodgers, M. 2004. Distribution of six virulence factors in Aeromonas species
isolated from US drinking water utilities: a PCR identification. Journal of Applied Microbiology,
97 (5): 1077-10886.

Shapiro, H. M. 2005. Practical flow cytometry. John Wiley & Sons. Hoboken, New Jersey.

Sharma, A. K., Dhasmana, N., Dubey, N., Kumar, N., Gangwal, A., Gupta, M. and Singh, Y.
2017. Bacterial virulence factors: secreted for survival. Indian Journal of Microbiology, 57 (1):
1-10.

Sharma, S., Sachdeva, P. and Virdi, J. 2003. Emerging water-borne pathogens. Applied
Microbial Biotechnology, 61: 424-428.

Signoretto, C., Burlacchini, G., LIeo, M. d. M., Pruzzo, C., Zampini, M., Pane, L., Franzini, G.
and Canepari, P. 2004. Adhesion of Enterococcus faecalis in the nonculturable state to plankton
is the main mechanism responsible for persistence of this bacterium in both lake and seawater.
Applied and Environmental Microbiology, 70 (11): 6892-6896.

Silbag, F. 2009. Viable ultramicrocells in drinking water. Journal of Applied Microbiology, 106
(1): 106-117.

162



Silva, L., Grosso, F., Branquinho, R., Ribeiro, T. G., Sousa, C. and Peixe, L. 2016. Exploring
non-hospital-related settings in Angola reveals new Acinetobacter reservoirs for blaOXA-23 and
blaOXA-58. International Journal of Antimicrobial Agents, 48 (2): 228-230.

Simoes, L. C., Sim@es, M., Oliveira, R. and Vieira, M. J. 2007. Potential of the adhesion of
bacteria isolated from drinking water to materials. Journal of Basic Microbiology, 47 (2): 174-
183.

Singh, G., Sithebe, A., Enitan, A. M., Kumari, S., Bux, F. and Stenstrom, T. A. 2017.
Comparison of droplet digital PCR and quantitative PCR for the detection of Salmonella and its

application for river sediments. Journal of Water and Health, 15 (4): 505-508.

Singh, G., Vajpayee, P., Ram, S. and Shanker, R. 2010. Environmental reservoirs for
enterotoxigenic Escherichia coli in south Asian Gangetic riverine system. Environmental
Science & Technology, 44 (16): 6475-6480.

Singhal, L., Kaur, P. and Gautam, V. 2017. Stenotrophomonas maltophilia: From trivial to

grievous. Indian Journal of Medical Microbiology, 35 (4): 469-479.

Sousa, C., Botelho, J., Silva, L., Grosso, F., Nemec, A., Lopes, J. and Peixe, L. 2014. MALDI-
TOF MS and chemometric based identification of the Acinetobacter calcoaceticus-
Acinetobacter baumannii complex species. International Journal of Medical Microbiology, 304
(5-6): 669-677.

Statistics South Africa. 2017. Mid-year population estimates (Statistical release P0302),
Statistics South Africa, Pretoria, South Africa.

Stenstrom, T.A., Okoh, A. I. and Adegoke, A. A. 2016. Antibiogram of environmental isolates
of Acinetobacter calcoaceticus from Nkonkobe Municipality, South Africa. Fresenius
Environmental Bulletin, 25(8): 3059-3065.

Stiefel, P., Schmidt-Emrich, S., Maniura-Weber, K. and Ren, Q. 2015. Critical aspects of using
bacterial cell viability assays with the fluorophores SYTO 9 and propidium iodide. BMC
Microbiology, 15 (1): 36 [Online]. Available: https://doi.org/10.1186/s12866-015-0376-X
[Accessed 12-5-2021].

163



Sumida, K., Chong, Y., Miyake, N., Akahoshi, T., Yasuda, M., Shimono, N., Shimoda, S.,
Maehara, Y. and Akashi, K. 2015. Risk factors associated with Stenotrophomonas maltophilia
bacteremia: a matched case-control study. PLoS One, 10 (7): e0133731[Online]. Available:
http:// doi: 10.1371/ journal. pone.0133731[Accessed 11-03-2020].

Suo, T, Liu, X., Feng, J., Guo, M., Hu, W. and Guo, D. 2020. ddPCR: A more accurate tool for
SARS-CoV-2 detection in low viral load specimens. Emerging Microbes & Infections,
9(1):1259-1268.

Taitt, C. R., Leski, T. A., Stockelman, M. G., Craft, D. W., Zurawski, D. V., Kirkup, B. C. and
Vora, G. J. 2014. Antimicrobial resistance determinants in Acinetobacter baumannii isolates

taken from military treatment facilities. Antimicrobial Agents Chemotherapy, 58 (2): 767-781.

Tam, V. H., Rogers, C. A., Chang, K.T., Weston, J. S., Caeiro, J.P. and Garey, K. W. 2010.
Impact of multidrug-resistant Pseudomonas aeruginosa bacteremia on patient outcomes.
Antimicrobial Agents and Chemotherapy, 54 (9): 3717-3722.

Tang, P., Wu, J., Liu, H., Liu, Y. and Zhou, X. 2018. Assimilable organic carbon (AOC)
determination using GFP-tagged Pseudomonas fluorescens P-17 in water by flow cytometry.
PLos One [Online]. Available: https://doi.org/10.1371/journal.pone.0199193 [Accessed 26 -07-
2021]

Tao, R., Ying, G.G., Su, H.C., Zhou, H.W. and Sidhu, J. P. 2010. Detection of antibiotic
resistance and tetracycline resistance genes in Enterobacteriaceae isolated from the Pearl rivers
in South China. Environmental Pollution, 158 (6): 2101-2109.

Tayabali, A. F., Nguyen, K. C., Shwed, P. S., Crosthwait, J., Coleman, G. and Seligy, V. L. 2012.
Comparison of the virulence potential of Acinetobacter strains from clinical and environmental
sources. PLoS One, 7 (5): e37024[Online]. Available:
https://doi.org/10.1371/journal.pone.0037024.

Te, S.H., Chen, E.Y. and Gin, K.Y.H. 2015. Multiplex assay for two bloom-forming
cyanobacteria, Cylindrospermopsis and Microcystis—A comparison between qPCR and ddPCR.
Applied and Environmental Microbiology [Online]. Available: https://d0i:10.1128/AEM.00931-
15 [Accessed 12-5-2021].

164



Teillant, A., Brower, C. H. and Laxminarayan, R. 2015. Economics of antibiotic growth

promoters in livestock. The Annual Review of Resource Economics., 7 (1): 349-374.

Thaden, J. T., Li, Y., Ruffin, F., Maskarinec, S. A., Hill-Rorie, J. M., Wanda, L. C., Reed, S. D.
and Fowler, V. G. 2017. Increased costs associated with bloodstream infections caused by
multidrug-resistant Gram-negative bacteria are due primarily to patients with hospital-acquired
infections. Antimicrobial Agents and Chemotherapy, 61 (3): e01709-16.

Thenmozhi, S., Moorthy, K., Sureshkumar, B. and Suresh, M. 2014. Antibiotic resistance
mechanism of ESBL producing Enterobacteriaceae in clinical field: a review. International
Journal of Pure and Applied Bioscience, 2 (3): 207-226.

Thomas, B. S., Okamoto, K., Bankowski, M. J. and Seto, T. B. 2013. A lethal case of
Pseudomonas putida bacteremia due to soft tissue infection. Infectious Diseases in Clinical
Practice, 21 (3): 147-213.

Thomas, R. J., Webber, D., Hopkins, R., Frost, A., Laws, T., Jayasekera, P. N. and Atkins, T.
2011. The cell membrane as a major site of damage during aerosolization of Escherichia coli.
Applied and Environmental Microbiology, 77 (3): 920-925.

Timperio, A. M., Gorrasi, S., Zolla, L. and Fenice, M. 2017. Evaluation of MALDI-TOF mass
spectrometry and MALDI BioTyper in comparison to 16S rDNA sequencing for the
identification of bacteria isolated from Arctic Sea water. PLos One [Online]. Available:
https://doi.org/10.1371/journal. pone.0181860 [Accessed 3-09-2019].

Tissington, K., Dettmann, M., Langford, M., Dugard, J. and Conteh, S. 2008. Water services
fault lines: An assessment of South Africa’s water and sanitation provision across 15
municipalities [Online]. Available: http://www.wits.ac.za/files/ resfd5179ffe9b24ec fad110
elee24cbb20.pdf. [Accessed 22 - 08 -2020].

Tkacz, A., Hortala, M. and Poole, P. S. 2018. Absolute quantitation of microbiota abundance in

environmental samples. Microbiome, 6 (1): 1-13.

Toleman, M. A., Bennett, P. M., Bennett, D. M., Jones, R. N. and Walsh, T. R. 2007. Global
emergence of trimethoprim/sulfamethoxazole resistance in Stenotrophomonas maltophilia

mediated by acquisition of sul genes. Emerging Infectious Diseases, 13 (4): 559-565.

165



Tomas, J. 2012. The main Aeromonas pathogenic factors. International Scholarly Research
Network Microbiology [Online]. Available: http:// doi:10.5402/2012/256261/ [Accessed 10 — 05
—2019].

Tripathi, P. C., Gajbhiye, S. R. and Agrawal, G. N. 2014. Clinical and antimicrobial profile of
Acinetobacter spp.: An emerging nosocomial superbug. Advanced Biomedical Research
[Online]. Available: http:// doi: 10.4103/2277-9175.124642[ Accessed 12 5 2021].

Tsai, W.P., Chen, C.L., Ko, W.C. and Pan, S.C. 2006. Stenotrophomonas maltophilia bacteremia
in burn patients. Burns, 32 (2): 155-158.

UNAIDS. 2019. Global HIV & AIDS statistics — 2019 fact sheet [Online].
Available: https://www.unaids.org/en/resources/fact-sheet [Accessed on 12-12-2019].

van der Kolk, J. H., Endimiani, A., Graubner, C., Gerber, V. and Perreten, V. 2019.
Acinetobacter in veterinary medicine, with an emphasis on Acinetobacter baumannii. Journal of
Global Antimicrobial Resistance, 16: 59-71.

Van Nevel, S., Koetzsch, S., Proctor, C. R., Besmer, M. D., Prest, E. I., Vrouwenvelder, J. S.,
Knezev, A., Boon, N. and Hammes, F. 2017. Flow cytometric bacterial cell counts challenge
conventional heterotrophic plate counts for routine microbiological drinking water monitoring.
Water Research, 113: 191-206.

Vata, D., Olga, F., Olivia, D., Catdlina, L., Carmen, M., Carmen, D., Laura, S. and Vata, A.
2012. Acinetobacter spp. skin and soft tissue infections in the clinical infectious diseases hospital
of Tasi City, between 2006 and 2010. Therapeutics, Pharmacology & Clinical Toxicology, 16
(2): 95-100.

Vavrova, A., Balazova, T., Sedlacek, 1., Tvrzova, L. and Sedo, O. 2015. Evaluation of the
MALDI-TOF MS profiling for identification of newly described Aeromonas spp. Folia
Microbiologica, 60 (5): 375-383.

Verburg, 1., Garcia-Cobos, S., Hernandez Leal, L., Waar, K., Friedrich, A. W. and Schmitt, H.

2019. Abundance and antimicrobial resistance of three bacterial species along a complete

166



wastewater pathway. Microorganisms, 7 (9): 312 [Online]. Available: https://doi:
10.3390/microorganisms7090312 [Accessed 12-5-2021].

Verhaegen, B., De Reu, K., De Zutter, L., Verstraete, K., Heyndrickx, M., and Van Coillie, E.
2016. Comparison of droplet digital PCR and gqPCR for the quantification of shiga toxin-
producing Escherichia coli in bovine feces. Toxins, 8(5), 157 [Online]. Available: https://doi:
10.3390/toxins8050157 [Accessed 12-5-2021].

Vignola, M., Werner, D., Hammes, F., King, L. C. and Davenport, R. J. 2018. Flow-cytometric
quantification of microbial cells on sand from water biofilters. Water Research, 143: 66-76.

Villari, P., Crispino, M., Montuori, P. and Boccia, S. 2003. Molecular typing of Aeromonas

isolates in natural mineral waters. Applied and Environmental Microbiology, 69 (1): 697-701.

Visca, P., Seifert, H. and Towner, K. J. 2011. Acinetobacter infection—an emerging threat to
human health. IUBMB Life, 63 (12): 1048-1054.

Vollmer, D. and Grét-Regamey, A. 2013. Rivers as municipal infrastructure: Demand for
environmental services in informal settlements along an Indonesian river. Global Environmental
Change, 23 (6): 1542-1555.

Walther, B., Klein, K.S., Barton, A.K., Semmler, T., Huber, C., Wolf, S. A., Tedin, K., Merle,
R., Mitrach, F. and Guenther, S. 2018. Extended-spectrum beta-lactamase (ESBL)-producing
Escherichia coli and Acinetobacter baumannii among horses entering a veterinary teaching
hospital: The contemporary"” Trojan Horse". PLoS One, 13 (1) [Online]. Available: http://doi:
10.1371/journal.pone.0191873[Accessed 22-8-2020].

Wang, C., Cai, P., Chang, D. and Mi, Z. 2006. A Pseudomonas aeruginosa isolate producing the
GES-5 extended-spectrum g-lactamase. Journal of Antimicrobial Chemotherapy, 57 (6): 1261-
1262.

Wang, C.H., Lin, J.C., Lin, H.A,, Chang, F.Y., Wang, N.C., Chiu, S.K., Lin, T.Y., Yang, Y.S.,
Kan, L.P.,, and Yang, C.H. 2016. Comparisons between patients with trimethoprim-
sulfamethoxazole-susceptible and trimethoprim-sulfamethoxazole-resistant Stenotrophomonas
maltophilia monomicrobial bacteremia: A 10-year retrospective study. Journal of Microbiology,
Immunology and Infection, 49 (3): 378-386.

167



Wang, Q., Wang, P. and Yang, Q. 2018. Occurrence and diversity of antibiotic resistance in

untreated hospital wastewater. Science of the Total Environment, 621: 990-999.

Wang, Y., He, T., Shen, Z. and Wu, C. 2018. Antimicrobial Resistance in Stenotrophomonas
spp. Antimicrobial Resistance in Bacteria from Livestock and Companion Animals: 409-423
[Online]. Available: http://doi:10.1128/9781555819804.ch19 [Accessed 22-8-2020].

Wang, Y. L., Scipione, M. R., Dubrovskaya, Y. and Papadopoulos, J. 2014. Monotherapy with
fluoroquinolone or trimethoprim-sulfamethoxazole for treatment of Stenotrophomonas

maltophilia infections. Antimicrobial Agents Chemotherapy, 58 (1): 176-182.

Warburton, D. W., Bowen, B. and Konkle, A. 1994. The survival and recovery of Pseudomonas
aeruginosa and its effect upon salmonellae in water: methodology to test bottled water in
Canada. Canadian Journal of Microbiology, 40 (12): 987-992.

Wernli, D., Jorgensen, P. S., Harbarth, S., Carroll, S. P., Laxminarayan, R., Levrat, N.,
Rattingen, J.A. and Pittet, D. 2017. Antimicrobial resistance: the complex challenge of
measurement to inform policy and the public. PLOS Medicine, 14 (8) [Online]. Available:
https://doi.org/10.1371/journal.pmed.1002378 [Accessed 25-02-2020].

Williams, D. S., Méfiez Costa, M., Celliers, L. and Sutherland, C. 2018. Informal settlements
and flooding: identifying strengths and weaknesses in local governance for water management.
Water, 10 (7): 871 [Online]. Available: https://doi.org/10.3390/w10070871 [Accessed 22-8-
2020].

Winther, L., Andersen, R. M., Baptiste, K. E., Aalbak, B. and Guardabassi, L. 2010. Association
of Stenotrophomonas maltophilia infection with lower airway disease in the horse: A

retrospective case series. The Veterinary Journal, 186 (3): 358-363.

Wisplinghoff, H., Bischoff, T., Tallent, S. M., Seifert, H., Wenzel, R. P. and Edmond, M. B.
2004. Nosocomial bloodstream infections in US hospitals: analysis of 24,179 cases from a

prospective nationwide surveillance study. Clinical Infectious Diseases, 39 (3): 309-317.

Wisplinghoff, H., Paulus, T., Lugenheim, M., Stefanik, D., Higgins, P. G., Edmond, M. B.,
Wenzel, R. P. and Seifert, H. 2012. Nosocomial bloodstream infections due to Acinetobacter

168



baumannii, Acinetobacter pittii and Acinetobacter nosocomialis in the United States. Journal of
Infection, 64 (3): 282-290.

Wong, D., Nielsen, T. B., Bonomo, R. A., Pantapalangkoor, P., Luna, B. and Spellberg, B. 2017.
Clinical and pathophysiological overview of Acinetobacter infections: a century of challenges.
Clinical Microbiology Reviews, 30 (1): 409-447

World Health Organisation. 2016. Protecting surface water for health identifying, assessing and
managing drinking-water quality risks in surface-water catchments. Geneva: World Health
Organization [Online]. Available: https://apps.who.int/iris/handle/10665/246196 [Accessed 12-
5-2021].

World Health Organisation. 2017. Global priority list of antibiotic-resistant bacteria to guide
research, discovery, and development of new antibiotics [Online]. Available:
https://www.who.int/medicines/publications/WHO-PPL-Short_Summary_25Feb-
ET_NM_WHO [Accessed 24-05-2019].

WHO and UNICEF. 2013. Ending preventable child deaths from pneumonia and Diarrhoea by
2025: the integrated global action plan for pneumonia and Diarrhoea (GAPPD) [Online].
Available:https://www.unicef.org/media/files/Final_GAPPD_main_Report- EN-

8 April_2013.pdf. [Accessed 22-08-2020].

Wouters, Y., Dalloyaux, D., Christenhusz, A., Roelofs, H. M., Wertheim, H. F., Bleeker-Rovers,
C. P., Te Morsche, R. H. and Wanten, G. J. 2020. Droplet digital polymerase chain reaction for
rapid broad-spectrum detection of bloodstream infections. Microbial Biotechnology, 13 (3): 657-
668.

Wu, K., Yau, Y. C. W., Matukas, L. and Waters, V. 2013. Biofilm compared to conventional
antimicrobial susceptibility of Stenotrophomonas maltophilia isolates from cystic fibrosis
patients. Antimicrobial Agents and Chemotherapy, 57 (3): 1546-1548.

Wu, M.S., Collier, S, Liu, P.Y., Lee, Y.T., Kuo, S.C., Yang, Y.S., Chen, T.L., Shi, Z.Y. and
Lin, C.F. 2017. Sensitivity and specificity of Matrix-Associated Laser Desorption/lonization—
Time of Flight Mass Spectrometry (MALDI-TOF MS) in discrimination at species level for
Acinetobacter bacteremia. Journal of Microbiological Methods, 140: 58-60.

169



Wu, P.S., Lu, C.Y., Chang, L.Y., Hsueh, P.R., Lee, P.l., Chen, J.M., Lee, C.Y., Chan, P.C.,
Chang, P.Y. and Yang, T.T. 2006. Stenotrophomonas maltophilia bacteremia in pediatric
patients-a 10-year analysis. Journal of Microbiology, Immunology, and Infection. 39 (2): 144-
149.

Yang, C.H., Lee, S., Su, P.W., Yang, C.S. and Chuang, L.Y. 2008. Genotype and antibiotic
susceptibility patterns of drug-resistant Pseudomonas aeruginosa and Acinetobacter baumannii

isolates in Taiwan. Microbial Drug Resistance, 14 (4): 281-288.

Yang, Y.S., Lee, Y.T., Huang, T.W., Sun, J.R., Kuo, S.C., Yang, C.H., Chen, T.L., Lin, J.C,,
Fung, C.P. and Chang, F.Y. 2013. Acinetobacter baumannii nosocomial pneumonia: is the
outcome more favorable in non-ventilated than ventilated patients? BMC Infectious Diseases, 13
(1): 1-8.

Ye, Z., Weinberg, H. S. and Meyer, M. T. 2007. Trace analysis of trimethoprim and sulfonamide,
macrolide, quinolone, and tetracycline antibiotics in chlorinated drinking water using liquid
chromatography electrospray tandem mass spectrometry. Analytical Chemistry, 79 (3): 1135-
1144,

Yoshino, Y., Kitazawa, T., Kamimura, M., Tatsuno, K., Ota, Y. and Yotsuyanagi, H. 2011.
Pseudomonas putida bacteremia in adult patients: five case reports and a review of the literature.
Journal of Infection and Chemotherapy, 17 (2): 278-282.

Yousefi-Avarvand, A., Khashei, R., Ebrahim-Saraie, H. S., Emami, A., Zomorodian, K. and
Motamedifar, M. 2015. The frequency of exotoxin A and exoenzymes S and U genes among
clinical isolates of Pseudomonas aeruginosa in Shiraz, Iran. International Journal of Molecular
and Cellular Medicine, 4 (3): 167-173.

Zhang, L., Levy, K., Trueba, G., Cevallos, W., Trostle, J., Foxman, B., Marrs, C. F. and
Eisenberg, J. N. 2015a. Effects of selection pressure and genetic association on the relationship
between antibiotic resistance and virulence in Escherichia coli. Antimicrobial Agents and
Chemotherapy, 59 (11): 6733-6740.

170



Zhang, L., Li, X.Z. and Poole, K. 2000. Multiple antibiotic resistance in Stenotrophomonas
maltophilia: involvement of a multidrug efflux system. Antimicrobial Agents and
Chemotherapy, 44 (2): 287-293.

Zhang, S., Ye, C., Lin, H., Lu, L. and Yu, X. 2015b. UV disinfection induces a VBNC state in
Escherichia coli and Pseudomonas aeruginosa. Environmental Science & Technology, 49 (3):
1721-1728.

Zhang, W. and Liang, Z. 2014. Comparison between annexin V-FITC/PI and Hoechst33342/PI
double staining’s in the detection of apoptosis by flow cytometry. Chinese Journal of Cellular
and Molecular Immunology, 30 (11): 1209-1212.

Zhang, Y., Marrs, C. F., Simon, C. and Xi, C. 2009. Wastewater treatment contributes to
selective increase of antibiotic resistance among Acinetobacter spp. Science of the Total
Environment, 407 (12): 3702-3706.

Zhang, Z. and Yuen, G. Y. 2000. The role of chitinase production by Stenotrophomonas
maltophilia strain C3 in biological control of Bipolaris sorokiniana. Phytopathology, 90 (4):
384-389.

Zhao, X., Zhong, J., Wei, C., Lin, C.W. and Ding, T. 2017. Current perspectives on viable but
non-culturable state in foodborne pathogens. Frontiers in Microbiology, 8 (580) [Online].
Available: https://doi: 10.3389/fmich.2017.00580 [Accessed 12-2-2021].

Zhao, Y., Niu, W., Sun, Y., Hao, H., Yu, D., Xu, G., Shang, X., Tang, X., Lu, S. and Yue, J.
2015. Identification and characterization of a serious multidrug resistant Stenotrophomonas
maltophilia strain in China. BioMed Research International [Online]. Available:
https://doi.org/10.1155/2015/580240 [Accessed 12-2-2020].

Zhiyong, Z., Xiaoju, L. and Yanyu, G. 2002. Aeromonas hydrophila infection: clinical aspects
and therapeutic options. Reviews in Medical Microbiology, 13 (4): 151-162.

Zhu, B., Liu, H., Tian, W.X,, Fan, X.Y., Li, B., Zhou, X.P., Jin, G.L. and Xie, G.L. 2012.
Genome sequence of Stenotrophomonas maltophilia RR-10, isolated as an endophyte from rice
root. Journal of Bacteriology [Online]. Awvailable: HTTPS://doi: 10.1128/JB.06702-
11[Accessed 12-5-2021].

171



Ziegler, 1., Lindstrom, S., Kallgren, M., Stralin, K. and Molling, P. 2019. 16S rDNA droplet
digital PCR for monitoring bacterial DNAemia in bloodstream infections. PLoS One, 14 (11):
e0224656[Online]. Available: https://doi.org/10.1371/journal.pone.0224656 [Accessed 12-2-
2021].

172



Appendices

Appendix A

Publications
Environ Monit Assess (2021) 193: 294 . ")
hitps:/doi.ore/10.1007/510661-021-09046-6 e

Identification, antibiotic resistance, and virulence profiling
of Aeromonas and Pseudomonas species from wastewater
and surface water

Reshme Govender - Isaac Dennis Amoah - Anthony Ayodeji Adegoke - Gulshan Singh - Sheena Kumari -
Feroz Mahomed Swalaha - Faizal Bux - Thor Axel Stenstrém

- @ Taylor & Francis
T°"siu“fh*w"?’“’esd°“s Journal of Environmental Science and Health, Part A
ng'gineen;n?l Toxic/Hazardous Substances and Environmental Engineering

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/lesa20

Detection of multidrug resistant environmental
isolates of acinetobacter and Stenotrophomonas
maltophilia: a possible threat for community
acquired infections?

Reshme Govender, Isaac D Amoah, Sheena Kumari, Faizal Bux & Thor A
Stenstrom

173



Appendix B

Schematic illustration of the MALDI-TOF MS workflow

Workflow for microbial identification using MALDI-TOF MS
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Appendix C

Schematic illustration of the antibiotic resistance profiling workflow

Antibioticresistance profiling and virulene/resistance
marker detection
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