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Abstract 

Antibiotic resistance has been described as an ‘apocalyptic’ threat to human health. 

As resistance to antibiotics is common soon after they are introduced to clinical use, 

there is little investment in their development, thus prompting interest in complex 

natural products as antimicrobials. Honey has been used as a topical wound 

treatment throughout history, predominantly due to its antimicrobial activity. 

Manuka honey (from Leptospermum scoparium trees) has broad-spectrum 

antimicrobial activity effective against antibiotic resistant pathogens, such as 

ciprofloxacin-resistant Pseudomonas aeruginosa, and is currently approved as a 

wound treatment. Unlike traditional antibiotics, bacterial resistance to honey has 

not been reported, however honey remains underutilised in the clinic partly due to 

a lack of understanding of its mechanism of action. 

 
 

Through passaging experiments, it was found that honey resistance cannot be 

induced under conditions that rapidly induced resistance to antibiotics. This is due 

to the complex composition of honey, which is likely to have multiple modes of 

action, unlike traditional single target antibiotics. The mechanism of action of 

honey and its key components, methylglyoxal and sugar, was investigated using a 

transcriptomic approach in a model organism, P. aeruginosa. Results indicate that 

no single component of honey accounts for its total antimicrobial action and that 

honey causes DNA and oxidative damage, and affects pathways involved in cell 

motility, central carbon metabolism, and quorum sensing – explained only partially 

by its key components. 
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Manuka honey uniquely upregulates genes involved in the explosive cell lysis 

process, an autolysis mechanism in P. aeruginosa. Honey also downregulates the 

expression of genes involved in maintaining the electron transport chain and causes 

protons to leak across biological membranes, ultimately collapsing the proton 

motive force. Flow cytometry data showed that treatment with manuka honey 

induces membrane depolarisation and permeabilisation in P. aeruginosa cells. This 

was confirmed by modelling membrane potential in liposomes and studying 

permeabilisation using electrical impedance spectroscopy of tethered lipid bilayer 

membranes. To investigate whether the membrane damaging action of honey could 

enhance the action of certain antibiotics, chequerboard assays were used to show 

that manuka honey acted synergistically with tetracyclines. Taken together, these 

data argue that manuka honey has multiple mechanisms of action, including the 

newly described membrane depolarising and permeabilising activity. This thesis 

contributes to the existing literature demonstrating the potent and unique 

antimicrobial activity of manuka honey which does not engender bacterial 

resistance, and supports its inclusion as part of the current array of wound 

treatments. 
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Chapter 1 Introduction 
 

1.1 Re-emergence of Medicinal Honey 
 

1.1.1 History of the use of honey as a medicinal treatment 
 

Honey has been used for millennia (Figure 1.1) as a medicine, and for many cultures 

it also carries a spiritual significance (Zumla & Lulat 1989). The most effective 

medicinal use of honey has been as a topical wound treatment (Bondurand & Bosch 

2012; Cooper & Molan 1999; Dunford et al. 2000; Grothier & Pardoe 2013; Hon 

2005; Lipsky & Hoey 2009; McLoone, Warnock & Fyfe 2016; Molan 1999; 2001a; 

2001b; 2006; Molan & Betts 2004), which dates back to the Ancient Egyptians, 

particularly for wounds associated with surgical incisions (Bondurand & Bosch 

2012; Forrest 1982b; Zumla & Lulat 1989). 

 

Figure 1.1. Above: A fresh sample of honey still in the comb. Below: A sample of honey 
dated at approximately 2500 years old, recovered from underground ruins in Paestum 
(Majno 1975). 
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The Smith papyrus, an Ancient Egyptian medical text, is regarded as the first 

recorded surgical manuscript (ca. 1650 BC), which includes recommendations for 

wounds (Forrest 1982b; NLM 2010). Honey was considered the most popular and 

efficacious drug with some 500 references to honey in 900 treatments throughout 

this manuscript (Figure 1.2) (Majno 1975; Zumla & Lulat 1989). Later records 

indicate that the Greeks and Romans both used honey in their bandages to treat 

wounds (Majno 1975; Zumla & Lulat 1989). Wound treatments remained largely 

unchanged between the fifth and fifteenth centuries, with records indicating that 

honey was still in use throughout the Middle Ages (Dunford et al. 2000; Forrest 

1982a). The use of honey as an antibacterial treatment continued for many centuries 

in Africa, Asia, the Middle East and certain parts of Europe (Crane 1980), but 

eventually declined in the 1940s with the development and mainstream use of 

modern antibiotics (Bondurand & Bosch 2012) after which it was dismissed as a 

‘worthless but harmless substance’ (Bondurand & Bosch 2012). 

 
 

Figure 1.2. An interpretation of the standard wound salve from the Smith papyrus (Majno 
1975). 
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In spite of millennia of use of honey as an antimicrobial treatment, there have been 

no reports of bacteria that are resistant or have evolved resistance to its 

antimicrobial activity (Blair et al. 2009; Cooper et al. 2010). It is this unique feature 

of medicinal honey that makes it an attractive topical antimicrobial and worthy of 

further investigation. 

 
1.1.2 Antibacterial components of honey 

 
Honey is usually produced from the nectar of flowering plants by honey bees (Apis 

mellifera) who regurgitate the nectar into honeycomb cells, then fan their wings to 

evaporate water in the nectar and concentrate it to honey (Bondurand & Bosch 

2012; Crane 1999). The composition of nectar from each plant is unique and this 

gives rise to honeys with highly variable composition dependent on floral source as 

well as seasonal, environmental, processing and storage conditions (Bondurand & 

Bosch 2012; Chen et al. 2012; Molan 1985). Honey is classified as either 

monofloral (from a single or dominant floral source), or polyfloral (multiple floral 

sources) (Allen, Molan & Reid 1991b; Bondurand & Bosch 2012; Kwakman et al. 

2008; Molan 1992b). The floral source of a honey influences its colour and aroma, 

as well as its chemical and physical properties (Bondurand & Bosch 2012). It 

should be noted that honey is distinct to honeydew, the latter derived from the 

secretion of plants or the excretion of plant-sucking insects (Pita-Calvo & Vázquez 

2018). 

1.1.2.1 Common antibacterial components of honey 
 

Honey is a mixture of sugars and numerous other compounds such as proteins, 

phenols and bee-derived enzymes (Bondurand & Bosch 2012). Honey consists of 

approximately 18% water and 80% sugar, mainly glucose and fructose with a 
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smaller proportion of sucrose and sometimes maltose (Kwakman & Zaat 2012; 

Molan 1992a). The monosaccharides glucose and fructose have a strong interaction 

with water molecules in the honey which results in a low water activity (aW) of 

approximately 0.6 (Molan 1992a). The growth of many microorganisms is inhibited 

when aW is < 0.94(Molan 1992a). The high sugar concentration and low moisture 

content of honey prevents spoilage by microorganisms through an osmotic stress 

effect and this same mechanism contributes to its antibacterial activity (Kwakman 

& Zaat 2012; Molan 2001a). 

 
 

Honey is an acidic solution with a pH in the range of 3.2 and 4.5 (Molan 1992a). 

This is due to the presence of gluconolactone and gluconic acid production as the 

honey ripens (Molan 1992a; White, Riethof & Kushnir 1961). However, it is 

unclear how much this actually contributes to the antibacterial activity of the honey 

in vivo as bodily fluids in a wound would have the capacity to buffer higher 

dilutions of honey (Molan 1992a; 2001c; 2001a; White 1975). Upon dilution, as 

would occur by exudate in a wound or in in vitro assays, the pH of honey increases 

as does aW and these factors may no longer contribute to its antibacterial activity in 

this situation (Molan 2006; Molan & Betts 2004). 

1.1.2.2 Peroxide activity of honey 
 

The presence of hydrogen peroxide (H2O2) in honey has widely been considered 

the primary source of its antibacterial action (Brudzynski, Abubaker & Wang 2012; 

Kwakman & Zaat 2012; Molan 2001c; Mundo, Padilla-Zakour & Worobo 2004; 

White, Subers & Schepartz 1963). Significant levels of H2O2 production occurs in 

many honeys, as a by-product of the bee-derived enzyme glucose oxidase when the 

honey is diluted (Kwakman & Zaat 2012; Molan 2001a; White, Subers & Schepartz 
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1963). H2O2 is a known antiseptic and is commonly used around the world to 

sterilise wounds (Ferguson 1993; Murphy & Friedman 2019). Stability of peroxide 

production in honey varies greatly depending on processing and storage conditions 

(Weston, Brocklebank & Lu 2000; White et al. 1962). Peroxide activity may be 

reduced with exposure to UV light and heat (Bang, Buntting & Molan 2003; Chen 

et al. 2012; Schepartz & Subers 1964). However, some honey maintains full 

antibacterial activity after treatment with peroxide neutralising catalase (Allen, 

Molan & Reid 1991a; Molan & Russell 1988). 

1.1.2.3 Non-peroxide antibacterial activity 
 

Antibacterial activity of honeys following the neutralisation of H2O2 by catalase is 

referred to as non-peroxide activity (NPA) (Allen, Molan & Reid 1991a). NPA was 

first observed in honeys from New Zealand manuka bushes known as 

Leptospermum scoparium (Figure 1.3) (Allen, Molan & Reid 1991a; Molan & 

Russell 1988). This NPA was subsequently identified in honeys from other floral 

sources (Henriques, Burton & Cooper 2005; Irish, Blair & Carter 2011; Truchado, 

López-Gálvez, et al. 2009), including other Leptospermum species (Cokcetin et al. 

2016). Manuka honey is an effective antibacterial agent and exhibits broad- 

spectrum antibacterial activity (Blair et al. 2009; Carter et al. 2016; Lu et al. 2014; 

Maddocks & Jenkins 2013). It is particularly potent as it retains antibacterial 

activity even after neutralisation of H2O2 and when the pH and aW are raised by 

dilution (Kwakman & Zaat 2012; Kwakman, de Boer, et al. 2011; Lu et al. 2014; 

2013; Molan & Russell 1988). Although the NPA of manuka honeys has been 

recognised for some time, its link to the presence and level of methylglyoxal 

(MGO) was a more recent finding (Adams et al. 2008; Mavric et al. 2008). Other 

phenolic compounds (Molan 1992a; Russell et al. 1990) and an antimicrobial 
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peptide (Kwakman & Zaat 2012) have also been linked to NPA, albeit to a lesser 

degree. 

 
 

Figure 1.3. Bees foraging on Leptospermum scoparium flowers. Image provided courtesy 
of Comvita. 

 
 

Although the phenolic compounds identified in honey have the potential to exhibit 

antibacterial activity, they appear to be present in concentrations too low to be 

acting independently (Molan 1992a; Russell et al. 1990). It has been suggested that 

degradation of bacterial DNA by H2O2 is facilitated by the presence of plant 

phenolics found in honey (Brudzynski et al. 2011). Recent work has shown that 

manuka honey contains a novel glycoside of methyl syringate known as leptosperin 

(Kato et al. 2012). Concentrations of leptosperin correlate positively with NPA of 

honeys derived from Leptospermum floral sources, suggesting that it may play a 

role in the antimicrobial activity of honey (Kato et al. 2012). However, the 
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antimicrobial activity of leptosperin on its own has yet to be demonstrated, and the 

correlation with NPA may simply reflect an increased concentration of leptosperin 

due to a higher proportion of Leptospermum nectar in the honey. 

 
 

The presence of the cationic antimicrobial peptide bee defensin-1, which originates 

from the hypopharyngeal gland and the haemolymph of the bee, has also been 

reported for some honeys (Kwakman & Zaat 2012). Although bee defensin-1 has 

been shown to exhibit antimicrobial activity against Gram-positive bacteria, it is 

still unclear if it is active against Gram-negative species (Sojka et al. 2016). 

Moreover, it appears that bee defensin-1 is either structurally modified or inactive 

in Leptospermum spp. honey due to interactions with MGO (Majtan et al. 2012) 

and the same has been suggested for glucose oxidase, responsible for the generation 

of H2O2 in the honey milieu (Majtan, Bohova, Prochazka, et al. 2014). For these 

reasons the contribution of bee defensin-1 to the antimicrobial activity observed in 

manuka honey remains controversial. 

 
 

MGO occurs in honey as a result of the spontaneous dehydration of its precursor 

dihydroxyacetone (DHA), in an irreversible non-enzymatic reaction (Adams, 

Manley-Harris & Molan 2009; Atrott, Haberlau & Henle 2012). DHA is a naturally 

occurring phytochemical found in the nectar of L. scoparium (and several other 

Leptospermum sp.) flowers (Adams, Manley-Harris & Molan 2009; Norton et al. 

2015; Williams et al. 2018). The mechanism underpinning the antibacterial activity 

of MGO in honey has not yet been elucidated. However, numerous studies have 

shown that MGO as a compound on its own effectively inhibits the growth of a 

range of bacteria including P. aeruginosa, methicillin-resistant Staphylococcus 
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aureus (MRSA) and Escherichia coli (Kilty et al. 2011; Molan 2008). MGO may 

cause cell death in bacteria by disrupting protein synthesis and initiation of DNA 

replication as well as damaging macromolecule products by covalent modification 

(Együd & Szent-Györgyi 1966; Ferguson et al. 1998; Inoue & Kimura 1995). 

 
 

Although very high concentrations of MGO (> 1000 mg/kg) can be found in honey, 

it alone does not account for the total antibacterial activity observed in manuka 

honey (Lu et al. 2013; 2014; Molan 2008). Studies have shown that manuka honey 

still inhibits bacterial growth at diluted concentrations well below the minimum 

inhibitory concentration (MIC) of MGO alone (Hayashi et al. 2014; Lu et al. 2013; 

2014; Molan 2008). This is likely a result of the fact that MGO occurs in bacteria 

endogenously as a by-product of the glycolysis pathway in cellular metabolism and 

bacteria produce glyoxalase enzymes in order to detoxify this compound (Booth et 

al. 2003; Ferguson 1999; Honek 2015; Kalapos 1999; MacLean et al. 1998). An 

example of this is P. aeruginosa, which possesses three chromosomal genes 

encoding distinct glyoxalase enzymes (Subedi et al. 2011; Sukdeo & Honek 2007; 

Suttisansanee & Honek 2011). 

 
 

Due to its complex composition, it is plausible that the antibacterial activity of 

manuka honey comes from a complex interaction of its various constituents and 

that its mechanism of action cannot be elucidated based exclusively on that of its 

individual components. Moreover, MGO diluted in water is unlikely to behave in 

the same manner as MGO in a honey milieu. Despite the growing body of evidence 

suggesting that the antimicrobial activity of manuka honey is not due to any one 

single component, the concentration of MGO in these honeys is used as a metric of 
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its antimicrobial activity on the packaging of commercially available honeys. This 

is based on data which has shown a strong correlation between the concentration of 

MGO in manuka honey and its ability to inhibit the growth of reference strains of 

Staphylococcus aureus (Adams et al. 2008; Cokcetin et al. 2016). While this 

relationship is true for the activity of manuka honey against S. aureus, whether it is 

the same for other microorganisms is unknown, so a simple measure of MGO may 

not be truly representative of the antibacterial capacity of honey. 

 
1.1.3 Why is honey underutilised in the clinic? 

 
Despite approval of honey-based wound gels and dressings by the US Food and 

Drug Administration (FDA) (U S Food and Drug Administration 2008), 

Therapeutic Goods Administration (TGA) and EU member states (Molan & Betts 

2004; Simon et al. 2009), medical honey remains underutilised in the clinic. This is 

largely due to a lack of strong randomised clinical trial data and evidence supporting 

its efficacy (Biglari et al. 2013; Cooper et al. 2001; Jull et al. 2015; Robson, Dodd 

& Thomas 2009). Clinical evidence for the use of honey is limited to case reports 

involving individuals or small groups, as well as some randomised, controlled trials 

(Table 1.1). One major difficulty encountered in the design of randomised 

controlled trials (RCT) for honey is the fact that it is almost impossible to correctly 

blind both patients and healthcare workers as honey has a very distinct odour and 

consistency (Cooper 2014). Moreover, clinical evaluation of wound healing and 

infection can be difficult owing to the fact that there are a wide range of systems 

for reporting of treatment outcomes and a lack of consensus on what is considered 

a ‘healed wound’ (Brölmann et al. 2013). Design of clinical trials for wound 

interventions are further complicated by the heterogeneity of wounds, even 
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amongst those of the same wound type e.g. diabetic foot ulcer (Cutting & White 

2019; Eskes et al. 2012). 

 
 

A Cochrane review of medical honey for wound treatment was neither in favour 

nor against its use as a therapeutic (Jull et al. 2015). The Cochrane review and others 

conclude that trials that have been conducted to date are not sufficiently robust for 

clinicians to justify the use of honey as many have been conducted with small 

cohorts (Cooper 2014), poorly characterised honeys, a lack of well-defined end 

points (Kwakman et al. 2008) and varying wound types (Jull et al. 2015; Robson, 

Dodd & Thomas 2009). In one case, this has led to the retraction of one of the larger 

multicentre randomised controlled trials (Table 1.1). Furthermore, the 

heterogeneous nature of honey may be another factor deterring its use in the clinic 

(Irish, Blair & Carter 2011), as clinicians may perceive their antibacterial activity 

to be non-uniform (Kwakman et al. 2008). More recent clinical trials have 

recognised the diverse antibacterial activity across commercially available honeys 

and have begun to use Medihoney™ products which meet the standards for 

therapeutic regulatory bodies and are well-characterised, with known floral and 

geographic origins and minimum defined MGO concentration and antibacterial 

activity level (Biglari et al. 2013; Robson, Dodd & Thomas 2009). Hence well- 

characterised and regularly analysed honey samples are to be used in all 

experiments for this project. A more recent Cochrane meta-analysis of various 

treatments for burn wounds concluded that medicinal honey does in fact have 

advantages over conventional non-antimicrobial wound interventions (Norman et 

al. 2017). On average, burn wounds treated with honey also have a reduced time to 

healing and increased likelihood of healing when compared with antibacterial and 
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non-antibacterial wound treatments, such as silver-based dressings (Norman et al. 

2017). However, the conclusions of this meta-analysis suggest that it remains 

unclear whether the use of honey reduces the incidence of infection in burn wounds, 

largely because of a lack of high-quality data (Norman et al. 2017). Based on this, 

the review did not recommend any type of antimicrobial wound dressing for 

reducing the incidence of infection in burn wounds and a similar conclusion was 

drawn in a review of evidence for treatment of diabetic foot ulcers (Dumville et al. 

2017). This highlights the need for more stringent and well-designed clinical trials 

for honey-based wound treatments for specific wound aetiologies; but also for other 

wound treatments. 

 
 

Lastly, the mechanism of action behind manuka honey remains largely undefined. 

Only recently have the major components contributing to its antibacterial activity 

been identified (Adams et al. 2008; Kwakman & Zaat 2012; Mavric et al. 2008), 

however, little is known about specific bacterial intracellular targets of manuka 

honey. The data from studies investigating the mechanism of action of manuka 

honey against bacteria are disjointed; studies tend to focus only on select genes in 

one cellular pathway in spite of reporting many manuka-induced changes. This is a 

major factor hindering its widespread use in the clinic and is discussed in more 

detail in section 1.4.3 of this chapter. 
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Table 1.1 Summary of clinical trials and case studies conducted to evaluate the clinical efficacy of various honeys on wounds. Adapted from (Molan 
2006; Wounds UK 2013). 

 
Study 
reference 

Therapy Design Selection criteria Clinical outcomes 

Subrahmany 
am et al, 
1991 

Raw honey with 
sterile gauze 
dressing vs. silver 
sulfadiazine 
(control) 

Open label 
randomised 
controlled trial 
(RCT) 
104 patients 

Superficial burns < 40% total 
body surface area. 

91% of honey wounds became sterile within 7 days vs. 7% for control (P < 
0.001). 
Mean healing time for honey was 9.0 days compared to 24.6 days for control (P 
< 0.001). 
Honey gave better pain relief, less exudation, lower incidence of hypertrophic 
scar, acceleration of epithelialisation, debridement and deodorisation. 

Subrahmany 
am et al, 
1993 

Raw honey 
impregnated sterile 
gauze vs. OpSite® 

Open label RCT 
92 patients 

Fresh partial thickness burns 
covering < 40% total body 
surface area. 

Mean healing time for honey was 10.8 days compared to 24.6 days for control (P 
< 0.001). 
Honey debrided, deodorised and soothed pain. 

Subrahmany 
am et al, 
2001 

Raw honey with 
sterile gauze vs 
silver sulfadiazine 
(control) 

Open label RCT 
100 patients 

Moderate burns of 10-40% total 
body surface area. 

Mean healing time for honey was 15.4 days compared to 17.2 days for silver 
sulfadiazine (P < 0.001). 
Positive swab cultures after 1 week: 4 for honey (from 44 at start) vs. 42 for 
control (42 from start) (P < 0.001). 
Mean length of hospital stay: 22.0 days for honey vs 32.3 days for control (P < 
0.005). 

Misirlioglu 
et al, 2003 

Honey-impregnated 
gauze vs. saline 
soaked gauze, 
paraffin gauze and 
hydrocolloid 
dressings. 

Open label non- 
randomised, 
side-by-side 
comparison trial 
87 patients (174 
treated sites) 

Split-thickness skin graft donor 
sites. 

Mean healing time for honey was 9.1 days compared to 13.2 days for saline gauze 
(P < 0.05). 
Mean healing time for honey was 9.4 days compared to 12.4 days for paraffin 
gauze (P < 0.001). 
Leakage during 22 dressing changes with hydrocolloid, no fluid accumulation 
below honey dressing. Superior healing with honey. 

Johnson et 
al, 2005 

Medihoney™ vs 
mupirocin 

Open label RCT 
101 patients 

Catheter exit sites (haemodialysis 
patients) 

No significant difference in incidence of bacteraemias. 

Regulski M, 
2008 

Medihoney™ 
calcium alginate 

Case series 
8 patients 

Non-healing venous leg ulcers Five healed within 6 weeks. 
Three patients had 75% wound closure at 12 weeks. 

Gethin and 
Cowman, 
2009* 

Medihoney™ vs 
hydrogen 

Prospective 
open label, 
multicentre 
RCT 
108 patients 

Patients with venous leg ulcers at 
least 6 months in duration not 
progressing under standard 
compression therapy, with >50% 
slough not taking antibiotics 

At week 4, the Medihoney™ arm had a 67% mean reduction of slough vs. a 53% 
mean reduction with the hydrogen group (P = 0.053). 
At week 12, 44% of wounds healing in the Medihoney™ arm vs. 33% in the 
hydrogel arm (P = 0.037). 
*Retracted due to data analysis error affecting the findings of the study (Gethin 
& Cowman 2014) 

Robson et al, 
2009 

Medihoney™ vs 
standard therapy 

Open label RCT 
105 patients 

Wound healing by secondary 
intention 

Median healing time for Medihoney™ group was 100 days vs. 140 days for the 
control. 
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    At 12 weeks healing rate was 46.2% in the Medihoney™ group compared to 34% 
for standard therapy (no statistical difference). 

Smith et al, 
2009 

Medihoney™ 
calcium alginate 

Case series 
11 patients 

Non-healing venous leg ulcers 
failing 4-layer compression, 
topical silver, non-adherent 
dressings, and antibiotic therapy. 

Complete wound closure within 3 to 4 weeks for all patients. 
Authors concluded honey dressing increased healing speed when used with 
multilayer compression bandages. 

Johnson and 
Sinner, 
poster 
presentation, 
2013 

Medihoney™ HCS 
dressing 

Case series 
3 patients 

Full-thickness bilateral arm 
wounds (> 80% slough tissue) 
Necrotic areas and 17 wounds on 
anterior bony prominences. 
Debris, eschar, malodour and pain 
on touch 
Non-healing scalp area post- 
cancer treatment and shingles. 
Pain, even with gentle touch 

1. Healing achieved at 2 weeks. 
2. Immediate comfort and odour reduction. Reduced wound size, malodour 

eliminated and pain free by 2 weeks. 
3. Immediate relief (cooling sensation) and healing achieved by week 3. 

 
Dressing facilitated pain- and odour-free dressing changes. 

Dillow P, 
poster 
presentation, 
2013 

Medihoney™ HCS 
(n=4) and 
Medihoney™ gel 
(n=2) 

Case series 
6 patients 

Non-healing surgical sites 
Radiation dermatitis Tumour 

All wounds showed signs of decreased inflammatory response and increase in 
healthy tissue or healing. 
All patients reported a decrease in pain. 

Amaya R, 
poster 
presentation, 
2013 

Medihoney™ HCS Case series 
3 patients 

Neonatal and paediatric wounds All wounds underwent autolytic debridement and then went on to heal 
uneventfully. 

Biglari et al, 
2013 

Medihoney™ 
‘antimicrobial 
honey’ 
Medihoney™ 
wound gel 

Multicentre 
prospective 
observational 

Various aetiologies (total 121 
wounds) over a two year period. 
32% were oncology patients. 

Overall wound size decreased significantly as did pain level. 
Levels of slough and necrosis decreased. 

Duncan et al, 
2016 

Medihoney™ 
‘antimicrobial 
honey’ 
Medihoney™ 
wound gel 

Case series 
7 patients 

Partial-thickness facial burns Healing time ranged from 3-14 days (mean of 8.1 days) and was similar or faster 
than what is expected of a typical partial-thickness facial burn treatment. 
Patients responded to honey treatment favourably. 
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1.2 Wound infections: A Sticky Situation 
 

1.2.1 What makes a wound ‘chronic’ and what impact do they have? 
 

Wounds are considered to be chronic if they exhibit a persistent state of 

inflammation and do not return to normal anatomical and functional status within 

two to three months (Bjarnsholt et al. 2008; Järbrink et al. 2016; Sen 2019). The 

definition of normal anatomical and functional status can be vague and unclear but 

is generally understood to be a complete re-epithelialisation of the wound 

(Brölmann et al. 2013). This can lead to different definitions of a ‘healed’ wound 

in clinical trials, hence conclusions drawn about the efficacy of an intervention 

tested in a trial can be highly variable. 

 
 

Approximately 8.2 million people in the United States (US) suffer from chronic 

wounds with costs of US$28.1 billion annually (Sen 2019). The incidence of 

chronic wounds is increasing rapidly in developed countries as we experience a 

general shift to an aging population as well as increases in the incidence of diabetes 

and lower extremity arterial disease (Carter 2014; McCosker et al. 2019; Phillips et 

al. 2015). In Australia it is estimated that some 400,000 people are suffering from 

either a chronic wound or ulcer at an estimated cost of $3.5 billion per year and 

approximately AU$10,000 per patient each year (Graves & Zheng 2014; McCosker 

et al. 2019). 

 
 

It is difficult to encapsulate the total impact that chronic wounds have on society 

and on patients directly. The impact on the patient is both physical and 

psychological and can often extend to family and carers (Miller & Kapp 2015; 
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Upton, Upton & Alexander 2015). A chronic wound may take years to heal if 

appropriate treatment is not applied, persons suffering from a chronic wound may 

experience debilitating pain and immobility (Grothier & Pardoe 2013). In cases 

where the chronic wound is severely infected, the tissue can become necrotic and 

gangrenous, warranting surgical intervention or amputation (Buch, Chai & Goluch 

2019). Caring for a chronic wound is burdensome and requires frequent monitoring 

and maintenance thus necessitating a drastic behavioural change in daily routine 

and a significant impact on an individual’s quality of life (Bjarnsholt et al. 2008; 

Sen et al. 2009). In some cases the wound becomes malodourous and dressings 

become saturated with exudate (Grothier & Pardoe 2013; Hon 2005), recent 

evidence suggests that these features of chronic wounds are associated with lower 

life satisfaction, negative perception of body image, altered social life and 

ultimately depression and anxiety (Fino et al. 2019; Ousey & Roberts 2016). The 

psychological stress is negatively correlated with wound healing, further 

prolonging time to healing (Gouin & Kiecolt-Glaser 2011; House 2015). 

 
1.2.2 Wound Infection and Biofilms 

 
Clinical reporting of infections in chronic wounds is inconsistent owing to the 

nature of their diagnosis. Chronic wounds are often asymptomatically colonised 

with bacteria and it is up to the clinical judgement of the treating physician or 

surgeon, rather than microbiological-based assessment, to decide whether the 

wound is infected (Williamson, Carter & Howden 2017). Rates of infection of 

chronic wounds are highly variable and influenced by many factors including the 

type of wound (i.e. pressure ulcer, diabetic ulcer etc) and patient comorbidities, 

such as obesity or compromised immunity (Sen 2019). A meta-analysis of 90 

studies reporting primary clinical data from healthcare facilities around Australia 
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noted that infection rates can reach as high as 58.1% in venous leg ulcers and 49.7% 

of diabetic foot ulcers (McCosker et al. 2019). 

 
 

The healing of a wound is further delayed if it becomes infected by bacterial 

pathogens, notably S. aureus, S. pyogenes, Enterobacteriaceae and P. aeruginosa 

(Kirketerp-Møller et al. 2008; Williamson, Carter & Howden 2017). For this 

reason, many recalcitrant wounds are associated with a high bacterial burden, which 

often progresses to form biofilms. A biofilm is a community of bacteria embedded 

in a polysaccharide matrix secreted by the bacteria (Bjarnsholt et al. 2008; Church 

et al. 2006; Leaper, Assadian & Edmiston 2015). The National Institute of Health 

have acknowledged that over 80% of persistent wound infections involve biofilms 

(Rhoads, Wolcott & Percival 2008) and microscopy studies also support this 

(Kirketerp-Møller et al. 2008). A more recent meta-analysis of in vivo human 

chronic wound studies identified biofilm prevalence rates of 78% across all types 

of chronic wounds (Malone et al. 2017). Treatment of these wounds becomes 

increasingly difficult as biofilms provide increased stability from shear forces and 

protection from antibiotics as well as the host immune system (Bjarnsholt et al. 

2008). Burn wounds are particularly susceptible to infection owing to the severe 

disruption of the skin epidermal barrier, the large proportion of necrotising tissue 

and systemic immunosuppression (Williamson, Carter & Howden 2017). 

Approximately three-quarters of mortality associated with burn wounds is a result 

of sepsis (Church et al. 2006). 

 
1.2.3 Wound microbiome 

 
Culture and molecular diagnostic techniques have identified high bacterial 

biodiversity in chronic wound infections, and recent advances in molecular 
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sequencing technologies have revealed that the diversity of microbial species in 

chronic wounds is much greater than previously thought (Dowd et al. 2008; Grice 

2015; Kalan et al. 2016; Kalan & Brennan 2019; Kalan et al. 2019; Kirketerp- 

Møller et al. 2008; Lipsky & Hoey 2009; Misic, Gardner & Grice 2014; Price et al. 

2009; Rhoads et al. 2012; Sprockett, Ammons & Tuttle 2015; Wolcott et al. 2016). 

Some common Gram-positive microorganisms isolated from burn wounds include 

S. aureus, methicillin-resistant S. aureus (MRSA), coagulase-negative 

staphylococci, Enterococcus spp. and vancomycin-resistant enterococci (VRE) 

(Bertesteanu et al. 2014; Church et al. 2006; Dowd et al. 2008). P. aeruginosa, E. 

coli, Klebsiella pneumoniae, Serratia marcescens, Acinetobacter spp., 

Enterobacter spp., Proteus spp. and Bacteroides spp. are among the commonly 

isolated Gram-negative organisms (Bertesteanu et al. 2014; Church et al. 2006; 

Dowd et al. 2008; Lipsky & Hoey 2009). 

 
 

Microbial diversity in biofilms found in chronic wounds may be advantageous for 

bacteria in the wound as it can allow for metabolic interactions, promote transfer of 

virulence traits and allow for coordinated behaviour (Boles, Thoendel & Singh 

2004; Dowd et al. 2008). The advantages conferred by the mixed species biofilms 

of S. aureus and P. aeruginosa have been well characterised, for example increased 

attachment of P. aeruginosa to human keratinocytes due to the protein A (SpA) 

secreted by S. aureus (Hotterbeekx et al. 2017; Ruffin & Brochiero 2019) and 

promotion towards an invasive phenotype in S. aureus (Alves et al. 2018), altered 

susceptibility to antibiotics through secretion of antibiotic modifying enzymes 

(Beaudoin et al. 2017; DeLeon et al. 2014; Orazi, Ruoff & O'Toole 2019; Radlinski 

et al. 2017; Wolcott et al. 2016) and selection for S. aureus small colony variants 
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(SCV) due to exposure to 4-Hydroxy-2-Heptylquinoline N-Oxide secreted by P. 

aeruginosa (Hoffman et al. 2006). 

 
 

A large study of the chronic wound microbiota using 16s rDNA pyrosequencing in 

2,963 patients suffering from either diabetic foot ulcers, venous leg ulcers, pressure 

ulcers or non-healing surgical wounds revealed an overwhelming presence of both 

Staphylococcus and Pseudomonas genera (Wolcott et al. 2016). The prevalence of 

both Staphylococcus and Pseudomonas as the dominant species in chronic wounds 

has been well reported (Edwards & Harding 2004; Kirketerp-Møller et al. 2008; 

Misic, Gardner & Grice 2014; Price et al. 2009; Rhoads et al. 2012). Wolcott et al. 

(2016) also suggested that neither patient demographics nor wound type influenced 

the frequency with which certain species were identified in these wounds, but the 

relative abundance of specific species across wound type did vary. A more recent 

study employing short-read shotgun metagenomics has identified S. aureus 

followed by P. aeruginosa as the most abundant bacterial species associated with 

diabetic foot ulcers, accounting for a total of 21% of the mean abundance of 

detected species in the 100 enrolled subjects (Kalan et al. 2019). The contribution 

of fungi to delayed chronic wound healing time and patient outcomes are often 

overlooked. It is believed that there is highly complex interplay between fungi and 

bacteria in mixed biofilms and this can often result in unique biofilm architectures 

that are correlated with delayed wound healing time (Bertesteanu et al. 2014; Kalan 

et al. 2016). 

 
 

Advances in sequencing technologies have begun to reveal the true complexity of 

the wound microbiota. We now understand that certain wound types are often 
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associated with a particular combination or signature of microbes but that there is 

significant genetic diversity within these signatures. Different strains of a given 

species may harbour more or fewer antibiotic resistance genes or virulence factors 

and this can be difficult to identify using traditional culture and genotyping based 

diagnostic techniques. This diversity has significant implications for the treatment 

strategies used for these wounds, for example debridement over antimicrobial 

therapy or a first generation rather than a third generation β-lactam antibiotic. Given 

the broad-spectrum activity and the apparent absence of resistance towards it, 

medicinal manuka honey may be a viable option to circumvent some of these issues. 

 
1.2.4 The need for new treatments 

 
The use of topical antibiotics is only recommended in a small number of 

indications, yet they are amongst the most commonly prescribed of all 

antimicrobials, representing 33.1% of all antimicrobial prescriptions in Australia in 

2017 compared to 64.5% for oral prescriptions (Australian Commission on Safety 

and Quality in Health Care 2019). A total of 4.7 million primary care prescriptions 

for topical antimicrobials were made during 2015 in the UK alone (Williamson, 

Carter & Howden 2017). Commonly used topical antimicrobials include mupirocin, 

fusidic acid, neomycin, bacitracin, polymyxin B and retapamulin; resistance in 

wound pathogens has been reported for all of these antibiotics (Williamson, Carter 

& Howden 2017). 

 
 

However, as the rate of bacterial resistance to antibiotics is increasing, infection 

takes longer to clear and wounds may not heal so readily (Bjarnsholt et al. 2008). 

Honey, which has been used as a wound dressing for centuries (Forrest 1982a; 

1982b; Majno 1975), has a broad-spectrum antibacterial activity (Carter et al. 2016) 
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to which there is no reported bacterial resistance to date (Blair et al. 2009; Cooper 

et al. 2010). Therefore, the use of honey in wound treatments can offer a safe and 

affordable alternative to antibiotics. 

 
 

1.3 Antibiotic Resistance 
 

1.3.1 What is it and why is it a problem? 
 

The phenomenon of antibiotic resistance has been described as an ‘apocalyptic’ 

threat to human health owing to the alarming increase of antibiotic-resistant 

pathogens (Shaban et al. 2013; World Health Organisation 2014). A recent survey 

of antimicrobial resistance in Australia has shown that it is increasing for some 

organisms including E. coli and S. aureus (Australian Commission on Safety and 

Quality in Health Care 2019). Development of new antibiotics has been greatly 

reduced with only a handful of large pharmaceutical companies with active 

antibiotic R&D development programmes (Jackson, Czaplewski & Piddock 2018). 

Resistance to newly introduced antibiotics is reported soon after they receive 

regulatory approval and are implemented in the clinic (Figure 1.4). 
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Figure 1.4. Time lag between the introduction of an antibiotic to the clinic and the first 
reported incidence of resistance. Reproduced from Shaban et al. 2013 (Shaban et al. 2013). 

 
 

Since 2014, a total of 17 antibiotic candidates representing a novel class have made 

it to the approval pipeline but nearly half have been stalled or discontinued (Lepore 

et al. 2019). Figure 1.5 shows the discovery of novel classes of antibiotics on a 

timeline since antibiotic therapy was first introduced. We have now passed the 

golden age of antibiotic discovery and have entered a ‘discovery void’ and 

discovery of novel antimicrobials is more challenging than ever (World Health 

Organisation 2014), however a number of promising candidates have emerged but 

are yet to enter clinical trials (Hover et al. 2018; Imai et al. 2019; Luther et al. 2019; 

Smith et al. 2018). 

 
 

 
Figure 1.5. Antibiotic drug discovery timeline reproduced from World Health Organisation 
(World Health Organisation 2014). 
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The lack of novel antibiotics is due in part to the rigorous regulation processes that 

each new antibiotic must undergo (Projan 2003), as the development of a new 

antibiotic drug may take from five to ten years (Rex 2004) and cost up to 

approximately AU$ 1.1 billion (Projan 2003; Vicente et al. 2006). These 

considerations amount to a negative return on investment for pharmaceutical 

companies developing novel antibiotics and has prompted the majority of them to 

abandon their antibiotic drug discovery programmes (Vicente et al. 2006). This has 

compounded poor sales of newly approved antimicrobials since they are reimbursed 

at the same rate as existing and cheaper generic treatments, leading to a 

unfavourable market dynamics which stifle private investment into antimicrobial 

research and development (World Health Organization 2019). 

 
 

It was anticipated that genomic-based drug discovery and high-throughput 

screening would provide information on potential new targets for antibiotics 

however, this was not realised (Brown & Wright 2016; Lewis 2013). It has been 

suggested that research must take the same approach as that of the ‘golden age’ of 

antibiotic discovery, looking towards naturally occurring antibacterial compounds 

(Brown & Wright 2016; Lewis 2013). 

 
 

One major issue with the recent efforts to develop novel antimicrobials is their 

target selection. Typically, the criteria for selecting a target for the design of a novel 

antimicrobial is that it is essential, conserved across a wide range of bacteria, and 

that there are no homologs in humans (Silver 2007). By following these criteria, 

many of the antimicrobials that are being developed are single compounds with 
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specificity to single essential targets (Silver 2007). This is also true for 

antimicrobials currently used in the clinic, and it has been hypothesised that the 

drugs that are most susceptible to high-endogenous resistance usually target a single 

gene product (Oldfield & Feng 2014; Silver 2007). These factors have led to a shift 

towards combination therapy, multi-target inhibitors as well as anti-virulence drugs 

(Heras, Scanlon & Martin 2015; Theuretzbacher & Piddock 2019; Tyers & Wright 

2019; Wright 2016). 

 
1.3.2 Honey: a sweet solution to the antibiotic resistance problem 

 
Synthesising compounds against targets identified through genetic sequencing may 

represent a short-term solution, but understanding how a natural product such as 

honey has been able to maintain its antibiotic activity since pre-history may provide 

some answers to the antibiotic resistance problem. This is supported by laboratory 

studies indicating that resistance to the antibacterial effects of honey in S. aureus, 

S. epidermidis, E. coli and P. aeruginosa cannot be induced (Blair et al. 2009; 

Cooper et al. 2010). 

 
 

Honey is a highly complex combination of compounds of varying antimicrobial 

activity. It is likely that its complexity means that honey acts on multiple targets in 

bacterial cells, accounting for its potent antimicrobial and bactericidal activity. A 

recent study shows that S. aureus exposed to sub-inhibitory concentrations of MGO 

becomes 4-fold more tolerant within 20 days (Bui et al. 2015), which is widely 

regarded as the primary contributor to the antimicrobial activity of manuka honey 

(Jervis-Bardy et al. 2011; Kwakman & Zaat 2012; Kwakman et al. 2010), indicating 

that the inability of bacteria to become resistant to honey is unlikely to be due to a 

single component. Evidence to date indicates that manuka honey affects a wide 
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range of cellular functions, supporting the hypothesis that it is in fact inhibiting 

multiple targets (Carter et al. 2016). It is probable that the ability of honey to kill 

bacteria without generating resistance is a result of this ability to act on multiple 

sites and pathways in the cell. Identification of these potential targets could inform 

rational antibiotic design or lead to novel antibiotic strategies, which are needed 

now more than ever with the alarming decrease in effective treatments for bacterial 

infection. 

 
 

1.4 Mechanism of Action Studies for Antibacterial Agents 
 

1.4.1 Overview of methods for mechanism of action studies 
 

Determining the mechanism of action of a novel antimicrobial is challenging, 

particularly for compounds without a hypothesised target. A wide range of 

techniques and methods are commonly used, including: proteomics, metabolomics, 

microscopy, functional genomics, various macromolecular assays and 

transcriptomics (Bandow et al. 2003; Cushnie, O’Driscoll & Lamb 2016; 

Dougherty & Pucci 2012; Freiberg & Brotz-Oesterhelt 2005; Freiberg, Fischer & 

Brunner 2005; Hoerr et al. 2016; Vincent et al. 2016). Sections 1.4.1.1 and 1.4.2 of 

this review will focus on the use of transcriptomics and functional genomics to 

elucidate antimicrobial mechanism of action, as they are the primary techniques 

used in this research project. 

1.4.1.1 Transcriptomics to study gene expression in response to 

antimicrobial treatment 

Transcriptomic approaches such as RNA-Seq provide a global view of the gene 

expression profile, including potentially all coding and non-coding RNA species, 
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in an organism subjected to a specific condition relative to an untreated control. 

Transcriptomic studies investigating the expression profiles of organisms treated 

with antimicrobials affecting a diverse range of cellular functions have 

demonstrated that there are not only compound-specific expression profiles, but 

also mechanism-specific profiles (Hutter et al. 2004; Nanduri et al. 2009). These 

profiles are often referred to as ‘expression signatures’ and can be used to predict 

the mechanism of action of a novel antimicrobial (Brazas & Hancock 2005). 

However, expression profiles induced by antimicrobials are highly complex, 

involving a broad range of non-antimicrobial specific responses (Brazas & Hancock 

2005; Shaw & Morrow 2003; Shaw et al. 2003). In addition to the unique 

expression signatures or ‘direct effects’ elicited by antimicrobials are also a wide 

range of ‘indirect effects’ such as the compensatory general stress response that is 

induced by various antibiotic classes, as well as ‘secondary effects’ or responses 

downstream of the target (Brazas & Hancock 2005). For example, an antimicrobial 

may induce differential expression of its primary target (direct effect, e.g. target 

DNA replication machinery), which can lead to secondary effects (e.g. elicit SOS 

DNA-repair), and finally indirect effects triggered when the primary target is 

affected (e.g. general stress responses) (Brazas & Hancock 2005). Thus, rigorous 

experimental design, followed by analysis and interpretation of transcriptomic data 

is imperative in the elucidation of antibiotic mechanism of action and will 

inevitably require significant deconvolution. 

 
 

Expression signatures for well characterised antimicrobials have been an invaluable 

tool for understanding the mechanism of action of single compound antimicrobials 

designed for a particular target and therefore with a hypothesised mechanism of 
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action, or those which are completely unknown. In these studies, comparative 

analysis is conducted between the expression signature of an organism treated with 

a novel antimicrobial compound to that of the same organism treated with 

established antimicrobials that may be structurally similar to the novel compound, 

or even a range of antibiotics from different classes. A similar expression signature 

for two antimicrobials used to treat an organism following the same experimental 

protocol would suggest a similar mechanism of action. For example, Gmuender et 

al. were able to demonstrate that although both novobiocin and ciprofloxacin act 

by inhibiting DNA gyrase, they do so by two distinct mechanisms, targeting 

different sites of the enzyme (Gmuender et al. 2001). Ciprofloxacin induced the 

expression of genes involved in the SOS response that are induced when DNA is 

damaged, whereas novobiocin treatment resulted in a distinct gene expression 

pattern which suggested that RNA transcription itself was affected (Gmuender et 

al. 2001). Many expression profiles that have already been established for various 

antimicrobial treatments can be accessed through online databases such as the Gene 

Expression Omnibus. These databases are extremely useful for the investigation of 

novel antimicrobials with an unknown mechanism of action, as a large-scale 

comparative analysis with these established expression profiles could indicate the 

particular cellular pathway or functions that are being affected by the novel 

antimicrobial. 

 
 

Another key advantage of a transcriptomic approach to study mechanism of action 

is the potential to yield new drug targets for antimicrobial drug discovery since it 

can detect novel transcripts and RNA species not previously identified. A gene of 

unknown function being differentially expressed following antimicrobial treatment 
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could be a potential new target. It has already been demonstrated that treatment 

with manuka honey has an impact on various genes of unknown function via 

macroarray and microarray experiments (Blair et al. 2009; Jenkins, Burton & 

Cooper 2014). Further investigation by a whole transcriptome RNA-Seq approach 

could prove very insightful. Taking this approach with manuka honey, a similar 

expression profile to an existing antibiotic would provide evidence for a potential 

mechanism of action which could be confirmed using more specific and targeted 

assays for that particular pathway. An expression profile that is not similar to any 

existing antimicrobial would suggest a unique mechanism of action for manuka 

honey. Moreover, the expression signatures of the control treatments could be 

compared to one another to establish the contribution of each component to the 

overall mechanism of the honey as a whole. 

 
 

Because honey is likely to act by a multi-modal action, a transcriptomics approach 

is ideal to understand how it is acting to kill bacteria. Previous studies employing 

proteomic techniques have not yielded the dataset required to investigate the detail 

in which manuka honey may be affecting particular pathways or cellular functions 

(Jenkins, Burton & Cooper 2014; Packer et al. 2012). This is because the techniques 

used have narrow dynamic range and sensitivity, relying on staining of proteins in 

gels where highly abundant proteins can mask proteins of lower abundance 

(Magdeldin et al. 2014). The higher sensitivity and wider dynamic range of RNA- 

Seq will generate a comprehensive dataset, giving a complete picture of all the 

bacterial responses to honey treatment that can be refined by follow up with more 

specific and targeted assays. It must be acknowledged that transcriptional profiling 

does not provide functional evidence for antimicrobial mechanism of action, and 
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must be complemented with further experimental work and traditional mechanism 

of action studies such as mutant knockout screening, membrane integrity, inhibition 

of respiration and inhibition of macromolecule synthesis. 

 
1.4.2 Functional genomics & mutant screening 

 
Functional genomic studies have been extensively employed to validate targets and 

mechanism of action for many antimicrobial compounds (Dougherty & Pucci 

2012). This approach often involves mutating (or deleting) individual genes and 

observing which of these mutant strains display increased or decreased resistance 

to the antimicrobial used. From this, it is possible to infer that the given 

antimicrobial has some interaction with the mutated gene (Freiberg & Brotz- 

Oesterhelt 2005). 

 
 

Care must be taken when inferring the mechanism(s) of action from these kinds of 

studies as reduced susceptibility to an antimicrobial may not directly correlate with 

its target. Increased resistance can be observed following mutation of drug 

transporter, bypass or regulator genes (Freiberg & Brotz-Oesterhelt 2005). 

Moreover, it is important to note that some functional genomic techniques such as 

knockout library screening cannot provide information on mechanism of action if 

the antimicrobial is targeting an essential gene. By definition, the correct 

functioning of these essential genes are required for the growth and survival of the 

organism investigated, hence mutating these genes would result in cell death. This 

has been overcome by using overexpression libraries, where an antimicrobial 

targeting an essential gene has reduced activity when that target is overexpressed 

(Pathania et al. 2009). 
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Gene knockout screening is often employed when the chemical structure of an 

antimicrobial compound is known, or an antimicrobial is designed for a particular 

target, as the process can be directed towards mutant strains relevant to that target. 

Using this approach for elucidating the mechanism of action for manuka honey is 

particularly challenging in comparison to conventional antibiotic mechanism of 

action studies due to its chemical complexity. For antimicrobials with multiple 

targets, it may not be possible to determine a specific target based on target-related 

resistance mutations (Freiberg & Brotz-Oesterhelt 2005), as is likely the case with 

manuka honey. However, a functional genomic approach will provide invaluable 

information as to potential targets of the manuka honey, and when combined with 

other methodologies such as RNA-Seq, should give a comprehensive understanding 

of its mechanism of action. 

 
1.4.3 The mechanism of action of honey 

 
The antimicrobial mechanism of action of honey is yet to be unravelled. At present, 

a limited number of studies have been conducted to determine how honey works to 

inhibit growth. These studies have used microscopy (Cooper, Jenkins & Hooper 

2014; Henriques et al. 2010; 2011; Jenkins, Burton & Cooper 2011b; Lu et al. 2013; 

2014; Wasfi, Elkhatib & Khairalla 2016), gene expression analysis (Blair et al. 

2009; Jenkins, Burton & Cooper 2011a; 2014; Maddocks et al. 2012; Roberts, 

Maddocks & Cooper 2012; 2015; Wasfi, Elkhatib & Khairalla 2016) and 

proteomics (Jenkins, Burton & Cooper 2011a; 2014; Packer et al. 2012). 

 
 

To date, there have been very few studies investigating how bacteria respond to 

manuka honey treatment at a molecular level. Genes and proteins shown to be 

differentially expressed following treatment with manuka honey, along with the 
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techniques used, have been summarised in Table 2 below. Table 2 highlights the 

fragmentary nature of honey mechanism of action research to date (a total of 10 

publications from four research groups), as well as how its interpretation has been 

limited by inconsistencies in experimental conditions, honey samples and the use 

of techniques resulting in both limited and narrow data sets. 
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Table 1.2. Summary of the proposed targets of manuka honey in bacteria. 
 

Gene/Protein Methods Treatment and 
Concentration Organism Protein and Function Response Comments Reference 

Protein Synthesis 

tuf/EF-Tu LC-MS & 2-DGE 4% manuka honeya S. aureus RN4220 EF-Tu (elongation factor Tu)  Sub-inhibitory concentration (Packer et al., 2012) 

tsf/EF-Ts LC-MS & 2-DGE 4% manuka honeya S. aureus RN4220 EF-Ts (elongation factor Ts)  Sub-inhibitory concentration (Packer et al., 2012) 

tyrS/TyrRS LC-MS & 2-DGE 4% manuka honeya S. aureus RN4220 Tyroyl-tRNA synthetase 
(tRNA aminoacylation)  Sub-inhibitory concentration (Packer et al., 2012) 

gatB/ 
(Asn/Gln) LC-MS & 2-DGE 4% manuka honeya S. aureus RN4220 Aspartyl/glutamyl-tRNA 

amidotransferase subunitB  Sub-inhibitory concentration (Packer et al., 2012) 

guaB/IMPDH LC-MS & 2-DGE 4% manuka honeya S. aureus RN4220 Purine ribonucleotide 
biosynthesis  Sub-inhibitory concentration (Packer et al., 2012) 

ilvE/BCAT LC-MS & 2-DGE 4% manuka honeya S. aureus RN4220 Amino acid biosynthesis, 
pyruvate family  Sub-inhibitory concentration (Packer et al., 2012) 

fusA/EF-G LC-MS & Spectral 
Counting 4% manuka honeya S. aureus RN4220 EF-G (elongation factor G)  Sub-inhibitory concentration (Packer et al., 2012) 

rpsA/RpsA LC-MS & Spectral 
Counting 4% manuka honeya S. aureus RN4220 30S ribosomal subunit protein 

S1  Sub-inhibitory concentration (Packer et al., 2012) 

rpsB/RpsB LC-MS & Spectral 
Counting 4% manuka honeya S. aureus RN4220 30S ribosomal subunit protein 

S2  Sub-inhibitory concentration (Packer et al., 2012) 

rplO/RplO LC-MS & Spectral 
Counting 4% manuka honeya S. aureus RN4220 50S ribosomal protein L15  Sub-inhibitory concentration (Packer et al., 2012) 

rpmD/RpmD LC-MS & Spectral 
Counting 4% manuka honeya S. aureus RN4220 50S ribosomal protein L30  Sub-inhibitory concentration (Packer et al., 2012) 

groEL/GroEL LC-MS & Spectral 
Counting 4% manuka honeya S. aureus RN4220 Protein fate (protein folding 

and stabilisation)  Sub-inhibitory concentration (Packer et al., 2012) 

tig/TF LC-MS & Spectral 
Counting 4% manuka honeya S. aureus RN4220 Protein fate (protein and 

peptide secretion/trafficking)  Sub-inhibitory concentration (Packer et al., 2012) 

purC/PurC MALDI-TOF MS & 
RT-qPCR 10% manuka honeyb S. aureus NCTC 

13142 Purine biosynthesis  Supra-inhibitory concentration, 5 hour 
treatment (Jenkins et al., 2014) 

Motility 
 

fliA 
 

RT-qPCR 
 

12% manuka honeyc P. aeruginosa 
ATCC 9027 

Flagellum regulation (sigma 
factor and antiactivator of 
sigma factor FlgM) 

 
 

 
MIC and 2× MIC concentrations 

 
(Roberts et al., 2015) 
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fliC MALDI-TOF MS & 
RT-qPCR 

12% & 24% manuka 
honeyc 

P. aeruginosa 
ATCC 9027 

Flagellum filament structural 
protein  MIC and 2× MIC concentrations (Roberts et al., 2015) 

flhF RT-qPCR 24% manuka honeyc P. aeruginosa 
ATCC 9027 Flagellum structure/regulator  MIC and 2× MIC concentrations (Roberts et al., 2015) 

fleN RT-qPCR 12% manuka honeyc P. aeruginosa 
ATCC 9027 Flagellar synthesis regulator  MIC and 2× MIC concentrations (Roberts et al., 2015) 

fleQ RT-qPCR 24% manuka honeyc P. aeruginosa 
ATCC 9027 

Flagellum regulation (master 
regulator)  MIC and 2× MIC concentrations (Roberts et al., 2015) 

fleR RT-qPCR 12% manuka honeyc P. aeruginosa 
ATCC 9027 Flagellum regulation  MIC and 2× MIC concentrations (Roberts et al., 2015) 

Quorum Sensing 

mvfR GFP fusion assay 2%, 4% and 6% 
manuka honeyd P. aeruginosa PA14 Transcriptional regulator of 

QS-regulated virulence factors  Sub-inhibitory concentrations, time 
course experiements (Wang et al., 2012) 

pqsA GFP fusion assay 2%, 4% and 6% 
manuka honeyd P. aeruginosa PA14 Regulates production of 

Pseudomonas quinolone signal  
Sub-inhibitory concentrations, time 
course experiements (Wang et al., 2012) 

lasI β-galactosidase 
reporter assay 

2%, 4% and 6% 
manuka honeyd P. aeruginosa PA14 Homoserine lactone network  Sub-inhibitory concentrations, time 

course experiements (Wang et al., 2012) 

 
lasR 

β-galactosidase 
reporter assay 

2%, 4% and 6% 
manuka honeyd P. aeruginosa PA14 Transcriptional activator of 

QS and biofilm virulence 
genes 

 
Sub-inhibitory concentrations, time 
course experiements (Wang et al., 2012) 

RT-qPCR 12% manuka honeyc P. aeruginosa 
ATCC 9027  Inhibitory concentration, 3 hour 

treatment (Roberts et al., 2012) 

rhlI β-galactosidase 
reporter assay 

2%, 4% and 6% 
manuka honeyd P. aeruginosa PA14 Homoserine lactone network  Sub-inhibitory concentrations, time 

course experiements (Wang et al., 2012) 

Cell Division 

atl  
RT-qPCR 10% manuka honeyc S. aureus NCTC 

13142 
 

Autolysin, murine hydrolase  Supra-inhibitory concentration, 4 hour 
treatment 

 
(Jenkins et al., 2012) 

fstL  
Microarray 10% manuka honeyb S. aureus NCTC 

13142 
 

Cell division protein  
Supra-inhibitory concentration, 5 hour 
treatment (Jenkins et al., 2014) 

 
lrgB 

 
 

Microarray 

 
10% manuka honeyb S. aureus NCTC 

13142 

Antiholin, reduces 
extracellular murein hydrolase 
activity 

 
 

Supra-inhibitory concentration, 5 hour 
treatment 

 
(Jenkins et al., 2014) 

 
cidB 

 
 

Microarray 

 
10% manuka honeyb 

 
S. aureus NCTC 
13142 

Holin, increases the activity of 
extracellular murein 
hydrolases. Inhibited by 
LrgAB 

 
 

 
Supra-inhibitory concentration, 5 hour 
treatment 

 
(Jenkins et al., 2014) 
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Stress Responses 

 
cspC/CspC 

 
LC-MS & 2-DGE 

 
4% manuka honeya 

 
S. aureus RN4220 

Cold-shock protein regulating 
transcription in response to 
stresses including antibiotic 
and osmotic stress. 

 
 

 
Supra-inhibitory concentration, 5 hour 
treatment 

 
(Packer et al., 2012) 

rpoS/RpoS  
Microarray 6% Medihoney™ e E. coli K-12 

(MG1655) 
RNA polymerase sigma factor 
RpoS  Sub-inhibitory concentration  

(Blair et al., 2009) 
 

clpC/ClpC 
MALDI-TOF MS & 
RT-qPCR 10% manuka honeyb S. aureus NCTC 

13142 Clp protease  
Supra-inhibitory concentration, 5 hour 
treatment (Jenkins et al., 2014) 

 
sod 

 
Microarray 10% manuka honeyb S. aureus NCTC 

13142 Superoxide dismutase  Supra-inhibitory concentration, 5 hour 
treatment (Jenkins et al., 2014) 

 
 

evgA 

 
 

Microarray 

 
6% Medihoney™ e E. coli K-12 

(MG1655) 

Response regulator for acidic, 
osmotic and drug stress 
responses 

 
 

 
Sub-inhibitory concentration 

 
 

(Blair et al., 2009) 
 

acpD 
 

Microarray 10% manuka honeyb S. aureus NCTC 
13142 

FMN-dependent NADH 
azoreductase  

Supra-inhibitory concentration, 5 hour 
treatment (Jenkins et al., 2014) 

 
uspA/UspA 

MALDI-TOF MS, 2- 
DGE & RT-qPCR 10% manuka honeyg S. aureus NCTC 

13142 Universal stress protein A  
Supra-inhibitory concentration, 4 hour 
treatment (Jenkins et al., 2011) 

Virulence 
 

sec3 
 

Microarray 10% manuka honeyb S. aureus NCTC 
13142 Enterotoxin type C3  Supra-inhibitory concentration, 5 hour 

treatment (Jenkins et al., 2014) 

 
fnb 

 
Microarray 10% manuka honeyb S. aureus NCTC 

13142 Fibronectin binding protein  
Supra-inhibitory concentration, 5 hour 
treatment (Jenkins et al., 2014) 

 
hlgA 

 
Microarray 10% manuka honeyb S. aureus NCTC 

13142 
Gamma haemolysin 
component A  Supra-inhibitory concentration, 5 hour 

treatment (Jenkins et al., 2014) 

 
lip 

 
Microarray 10% manuka honeyb S. aureus NCTC 

13142 Lipase enzyme  
Supra-inhibitory concentration, 5 hour 
treatment (Jenkins et al., 2014) 

 
hla 

 
Microarray 10% manuka honeyb S. aureus NCTC 

13142 Alpha-haemolysin  
Supra-inhibitory concentration, 5 hour 
treatment (Jenkins et al., 2014) 

 
oprF 

 
RT-qPCR 12% manuka honeyc P. aeruginosa 

ATCC 9027 Outer membrane porin  
Inhibitory concentration, 3 hour 
treatment (Roberts et al., 2012) 

 
algD 

 
RT-qPCR 12% manuka honeyc P. aeruginosa 

ATCC 9027 
GDP-mannose dehydrogenase 
for alginate production  Inhibitory concentration, 3 hour 

treatment (Roberts et al., 2012) 

 
sof 

 
End Point RT-PCR 20% Medihoney™ f S. pyogenese 

MGAS6180 Fibronectin binding protein  
Static biofilm cells treated with at 
inhibitory concentration for 24 hours. 

(Maddocks et al., 
2012) 

 
sfbl 

 
End Point RT-PCR 20% Medihoney™ f S. pyogenese 

MGAS6180 Fibronectin binding protein  Static biofilm cells treated with at 
inhibitory concentration for 24 hours. 

(Maddocks et al., 
2012) 
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Metabolism 
 

pykA/PykA 
MALDI-TOF MS & 
RT-RT-qPCR 10% manuka honeyb S. aureus NCTC 

13142 Pyruvate kinase (glycolysis)  Supra-inhibitory concentration, 5 hour 
treatment (Jenkins et al., 2014) 

 
fbaA/fbaA 

MALDI-TOF MS & 
RT-qPCR 10% manuka honeyb S. aureus NCTC 

13142 
Fructose-bisphosphate 
aldolase (glycolysis)  Supra-inhibitory concentration, 5 hour 

treatment (Jenkins et al., 2014) 

 
gapA/GapA 

 
Microarray 10% manuka honeyb S. aureus NCTC 

13142 
Glyceraldehyde-3-phosphate 
dehydrogenase  

Supra-inhibitory concentration, 5 hour 
treatment (Jenkins et al., 2014) 

 
pgk/pgK 

 
Microarray 10% manuka honeyb S. aureus NCTC 

13142 Phosphoglycerate kinase  
Supra-inhibitory concentration, 5 hour 
treatment (Jenkins et al., 2014) 

 
 

pgm/pgm 

 
 

Microarray 

 
10% manuka honeyb 

 
S. aureus NCTC 
13142 

2,3-bisphosphoglycerate- 
independent phosphoglycerate 
mutase 

 
 

Supra-inhibitory concentration, 5 hour 
treatment 

 
(Jenkins et al., 2014) 

 
pfkA 

 
Microarray 10% manuka honeyb S. aureus NCTC 

13142 
ATP-dependent 6- 
phosphofructokinase  

Supra-inhibitory concentration, 5 hour 
treatment (Jenkins et al., 2014) 

 
gapR/GapR 

 
Microarray 10% manuka honeyb S. aureus NCTC 

13142 Glycolytic operon regulator  Supra-inhibitory concentration, 5 hour 
treatment (Jenkins et al., 2014) 

Transcription 

rpoA/RpoA LC-MS & Spectral 
Counting 4% manuka honeya  

S. aureus RN4220 
DNA-dependent RNA 
polymerase  Supra-inhibitory concentration, 5 hour 

treatment (Packer et al., 2012) 

rpoS/RpoS Microarray 6% Medihoney™ e E. coli K-12 
(MG1655) 

RNA polymerase sigma factor 
RpoS  Sub-inhibitory concentration (Blair et al., 2009) 

 

a WoundCare 18+ (Comvita, UK, batch number 1489733) 
b Manukacare 18+ (Comvita, UK) 
c Activon sterile manuka honey (Advancis Medical, UK) 
d MGO™ 550+ Manuka Honey (Manuka Health, NZ, batch number 030308) 
e Medihoney™ (Medihoney Pty Ltd., Australia) 
f Medihoney™ (Comvita, UK) 
g Supplier not specified 

 
 indicates no change in expression LC-MS – liquid chromatography-mass spectrometry 
 indicates down-regulation 2-DGE – Two-dimensional gel electrophoresis 
 indicates up-regulation MALDI-TOF MS – Matrix-assisted laser desorption/ionisation time of flight mass spectrometry 
 indicates inconclusive response due to conflicting data RT-qPCR – Reverse transcription quantitative polymerase chain reaction 

 GFP fusion assay – Green fluorescent protein fusion assay 
 End Point RT-PCR – End point reverse transcription polymerase chain reaction 
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1.4.3.1 Cell division 
 

Inhibition of cell division has been identified as a possible mechanism by which 

manuka honey kills microorganisms (Henriques et al. 2010; Jenkins, Burton & 

Cooper 2014). It has been proposed by Henriques et al. (2010) that manuka honey 

may be acting on bacterial cells by inhibiting division, investigated through 

transmission electron micrograph (TEM) experiments. Relative to the non-treated 

control, there was a 9% increase in the number of S. aureus cells that failed to 

separate, despite fully completed septa formation, after treatment with manuka 

honey. There was no significant difference in the sugar-only (artificial honey) 

treated controls (Henriques et al. 2010). Moreover, there was no discernible 

difference in morphology of the septa between manuka, sugar-only and non-treated 

cells. Furthermore, scanning electron microscopy (SEM) did not demonstrate any 

distinguishable difference between manuka, sugar-only and non-treated cells. It 

should be noted that S. aureus cells were treated with 10% w/v manuka honey, ~3.5 

times higher than the reported MIC of 2.9% w/v, for 4 hours. From this data the 

authors concluded that cell division is a target of manuka honey, because the cells 

were able to complete septa formation normally but were less able to separate. 

However, cell separation relies on cell wall hydrolysis, which constitutes a small 

part of the cell division process. Perhaps this data more accurately supports the 

hypothesis that manuka honey is targeting cell wall hydrolysis machinery. 

 
 

Consistent with this, studies conducted by Jenkins et al. (2011) suggest that manuka 

honey prevents S. aureus cell division by inhibition of the autolysin gene atl 

through a murine hydrolase assay (Jenkins, Burton & Cooper 2011b). However, the 

authors noted that this is in contrast to the increased expression of atl after Manuka 
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honey treatment, as observed through RT-qPCR. A more recent investigation by 

the same group looked at the expression profile of S. aureus following manuka 

honey treatment through microarray, but failed to identify differential expression 

of the atl gene despite the increased expression of its positive transcriptional 

regulator sarV (Jenkins, Burton & Cooper 2014). Consequently, it is difficult to 

conclude how manuka honey may be affecting cell division by S. aureus and a much 

more comprehensive approach identifying changes in expression of all genes 

involved in the cell division process, such as RNA-Seq, along with independent 

supporting experiments is recommended. 

 
 

Further ultrastructural studies were conducted by the same research group, looking 

at P. aeruginosa after treatment with 20% w/v manuka honey (> 2× MIC ) and 

artificial honey for 8 hours (Henriques et al. 2011). Electron microscopy revealed 

that P. aeruginosa cells were shortened and complete cell lysis occurred in some 

cases, a phenotype that is not consistent with inhibition of cell division, nor is it 

consistent with previous research from the same group using S. aureus. This 

suggests that manuka honey does not act by inhibiting cell division in P. 

aeruginosa. It should be noted that cell lysis under these conditions is not surprising 

as the cells are treated at a concentration of honey much higher than the MIC, and 

for an extended period of time. Additionally, this was further confirmed by confocal 

and atomic force microscopy which did not reveal a phenotype consistent with 

inhibited cell division in P. aeruginosa treated with manuka honey (Roberts, 

Maddocks & Cooper 2012). It is difficult to compare these two studies due to the 

very different cell envelope structures between S. aureus and P. aeruginosa (Gram- 

positive and -negative respectively), treatment times and treatment concentrations 
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as the morphology and ultrastructure of bacterial cells treated with antimicrobial 

agents is highly dependent on the concentration of antimicrobial applied (Cushnie, 

O’Driscoll & Lamb 2016). Excessively high concentrations should be avoided in 

ultrastructural studies aiming to determine mechanism of action, as this does not 

allow for primary and secondary effects of an antimicrobial to be discerned from 

each other (Cushnie, O’Driscoll & Lamb 2016); and changes in phenotype alone 

may not be completely informative for mechanistic studies. 

 
 

Phase-contrast and fluorescence microscopy studies have demonstrated that at sub- 

inhibitory concentrations manuka honey results in changes to bacterial cell size in 

a range of organisms (Lu et al. 2013). Atypical cell size suggests that growth rate 

and the frequency of cell division are no longer coordinated; therefore division 

occurs at various different cell lengths (Chien, Hill & Levin 2012; Lu et al. 2013). 

It is difficult to conclude from these studies what aspect of the cell cycle is affected 

by manuka honey leading to the phenotypes observed (Henriques et al. 2010; 2011; 

Lu et al. 2013; Roberts, Maddocks & Cooper 2012) as several cellular pathways 

feed into the regulation of cell division in bacteria (Chien, Hill & Levin 2012). 

1.4.3.2 Cell motility 
 

Recently, it has been proposed that manuka honey treatment affects bacterial 

motility (Roberts, Maddocks & Cooper 2015). It should be noted that flagella are 

important determinants of virulence in burn wounds, and not always in other types 

of chronic wounds, however the production of type IV pili appear to be necessary 

for infection in both acute and chronic wounds (Arora et al. 2005; Turner et al. 

2014). Swimming, swarming and motility assays as well as TEM have shown that 

manuka honey reduced motility and the number of flagellated P. aeruginosa cells 
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(Roberts, Maddocks & Cooper 2015). This was confirmed using two-dimensional 

electrophoresis and MALDI-TOF MS where expression of a key flagellum protein 

FliC was reduced (Roberts, Maddocks & Cooper 2015). RT-qPCR experiments also 

supported this, revealing reduced expression of fliC and other regulatory genes 

involved in flagellation (Roberts, Maddocks & Cooper 2015). No differential 

expression of these regulatory proteins was detected in either two-dimensional 

electrophoresis or MALDI-TOF MS despite the RT-qPCR data presented. This is 

not unexpected as the abundance of regulatory gene transcripts encoding their 

corresponding proteins does not always correlate with protein abundance (Hudson, 

Dalrymple & Reverter 2012). Moreover, the RT-qPCR analysis was conducted on 

P. aeruginosa samples treated with manuka honey at concentrations of 12% w/v 

(MIC) and 24% w/v and there is ambiguity as to whether the treatment time was 3 

or 24 hours (Roberts, Maddocks & Cooper 2015). These treatment conditions are 

quite extreme for conducting transcriptomic analysis and are likely to result in 

confounding data due to non-specific effects caused by a severely reduced growth 

rate (Freiberg, Brötz-Oesterhelt & Labischinski 2004). 

1.4.3.3 Biofilms and quorum sensing 
 

Manuka honey is able to prevent the formation of biofilms in a broad range of 

clinically relevant pathogenic organisms including Streptococcus and 

Staphylococcus species, P. aeruginosa, E. coli, Proteus mirabilis, Enterobacter 

cloacae, Acinetobacter baumannii and K. pneumoniae (Carter et al. 2016). Various 

studies have demonstrated that not only does honey prevent biofilm formation, but 

it also eliminates established biofilms when applied at higher concentrations 

(Cooper, Jenkins & Hooper 2014; Lu et al. 2014; Maddocks et al. 2012; 2013; 

Majtan, Bohova, Horniackova, et al. 2014; Okhiria et al. 2009; Sindi et al. 2019). 
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Moreover, a recent study has demonstrated that manuka honey is able to 

significantly reduce the viability of a range of bacteria in a multispecies biofilm 

(Sojka et al. 2016). The efficacy of honey against multispecies biofilms and its 

ability to eradicate established biofilms are highly desirable characteristics in terms 

of clinical application and offer an important advantage over antibiotics. 

 
 

Previous studies have suggested that biofilm elimination by honey was largely due 

to its sugar content (Chirife et al. 1983; Chirife, Scarmato & Herszage 1982), yet 

manuka honey is able to eradicate biofilms at concentrations significantly lower 

than its equivalent sugar solution (Lu et al. 2014). More recent studies have 

suggested that MGO is the primary contributing component to the anti-biofilm 

activity of manuka honey (Jervis-Bardy et al. 2011; Kilty et al. 2011), however 

others have shown that neither MGO alone nor sugar and honey doped with MGO 

were as effective at inhibiting and eliminating biofilms (Lu et al. 2014; 2019). 

Although these studies provide insight as to which components of manuka honey 

contribute to its anti-biofilm activity against a range of single-species biofilms, the 

mechanism behind this still remains unclear. Evidence to date suggests that biofilm 

elimination and inhibition may be due to physical blocking of cell binding 

structures by sugars in the honey, by modulation of genes regulating cell 

aggregation, or both (Fidaleo, Lavecchia & Zuorro 2015; Lee et al. 2011; Lerrer et 

al. 2007; Lu et al. 2019; Roberts, Maddocks & Cooper 2012; Wang et al. 2012). 

Decreased biofilm formation has also been observed in S. aureus treated with 

manuka (Lu et al. 2014), and microarray assay results implicated a number of down- 

regulated genes as being responsible for this, in particular the alpha-haemolysin hla 

and global virulence regulators saeS and saeR, which have been shown to be 
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important in S. aureus biofilm formation (Caiazza & O'Toole 2003; Harraghy et al. 

2005; Jenkins, Burton & Cooper 2014). 

 
 

Quorum sensing (QS) has been implicated as a significant factor contributing to the 

regulation of various virulence factors, including the formation of biofilms in a 

number of bacterial species (de Kievit 2009; Kirisits & Parsek 2006; Percival, 

McCarty & Lipsky 2015; Rutherford & Bassler 2012; Sakuragi & Kolter 2007; 

Solano, Echeverz & Lasa 2014; Waters & Bassler 2005). Sub-inhibitory levels of 

honey have also been shown to disrupt QS in P. aeruginosa, resulting in decreased 

expression of certain QS regulating genes without affecting cell density (Wang et 

al. 2012). It was reported that the downregulation of the QS gene pqsA occurred 

following treatment with manuka and non-manuka type honey as well as sugar 

solutions of sucrose, fructose and glucose. Other important QS regulons, las and 

rhl, and their corresponding signalling molecules were also downregulated after 

sub-inhibitory treatment with manuka honey. Virulence factors under the control of 

these QS networks, such as the production of the toxin pyocyanin, were also 

reduced when P. aeruginosa was cultured in media containing sub-inhibitory 

concentrations of manuka honey (Wang et al. 2012). However, the authors 

acknowledged that it was difficult to determine whether this was by direct action of 

the honey itself or due to upstream changes in metabolic pathways influencing QS 

expression (Wang et al. 2012). 

 
 

Inhibition of QS in various microorganisms such as E. coli and P. aeruginosa, has 

been reported for a wide range of honeys and honeydews from a variety of floral 

sources (Fidaleo, Lavecchia & Zuorro 2015; Lee et al. 2011; Roberts, Maddocks & 
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Cooper 2012; Sindi et al. 2019; Truchado, Gil-Izquierdo, et al. 2009; Truchado, 

López-Gálvez, et al. 2009; Wang et al. 2012). In fact, it has been demonstrated that 

specific sugars found in honey are also able to inhibit QS at similar levels to manuka 

honey (Wang et al. 2012), suggesting that this anti-QS activity may be unrelated to 

specific floral factors. Of these studies, very few provide mechanistic insights as to 

how honey may inhibit QS. However, the anti-QS activity of sugars alone cannot 

account for the ability of honey to inhibit biofilm formation, and eliminate 

established biofilms as demonstrated through the failure of sugar-only treatments 

to exhibit anti-biofilm properties similar to whole honey (Lu et al. 2014; Sojka et 

al. 2016). 

 
 

Inhibition of non-essential virulence factors such as QS are attractive targets for 

antimicrobial therapy as they can inhibit bacterial growth whilst minimising the 

selection pressure leading to antimicrobial resistance (Cegelski et al. 2008; Heras, 

Scanlon & Martin 2015; Rasko & Sperandio 2010). The evidence proposing that 

manuka honey is able to inhibit several virulence factors, whilst also targeting 

certain essential functions, may explain why bacteria are unable to become resistant 

to manuka honey. 

1.4.3.4 Stress responses 
 

Treatment with Medihoney™ (a sterile medical-grade Leptospermum sp. honey 

approved by the TGA) has been shown to affect a number of bacterial stress 

responses as well as protein and amino acid synthesis in E. coli through microarray 

experiments and in S. aureus using proteomics (Blair et al. 2009; Packer et al. 

2012). Another two studies also identified that manuka honey induces stress 

responses in MRSA (Jenkins, Burton & Cooper 2011b; 2014). Systems-level 
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experiments suggest that the induction of stress responses by antibiotics leads to a 

cascade of events downstream of the direct target including physiological changes 

such as altered metabolism, respiration and iron homeostasis (Dwyer et al. 2014). 

This results in a shift towards an intracellular redox state which is conducive to the 

generation of toxic reactive species and is common to bactericidal antibiotics, 

irrespective of their target (Dwyer et al. 2014). RNA-Seq should determine whether 

this is the case for manuka honey and its constituents, or whether they act by a 

unique and novel mechanism. 

1.4.3.5 Protein biosynthesis 
 

Proteomic and transcriptomic data from several different laboratory groups and 

studies suggest that protein synthesis in both Gram-positive and Gram-negative 

organisms is affected by manuka honey (Blair et al. 2009; Jenkins, Burton & 

Cooper 2014; Packer et al. 2012). Numerous protein elongation factors such as EF- 

Ts, EF-Tu and EF-G as well as RpsA, RpsB, RpmD and RplO, which encode for 

various ribosomal proteins in S. aureus, were shown to be significantly down- 

regulated through proteomic approaches after manuka honey treatment (Packer et 

al. 2012). This expression profile was also observed in microarray analysis of E. 

coli treated with Medihoney™ (Blair et al. 2009). Both elongation factors and 

ribosomal proteins are critical for the translation of mRNA into proteins, suggesting 

that manuka honey inhibits protein synthesis. This is supported by previous studies 

reporting differential expression of these particular proteins as a response to 

treatment with established antibiotics that specifically target translation elongation 

(Bandow et al. 2003; Davies, Spiegelman & Yim 2006; Evers et al. 2001; 

VanBogelen & Neidhardt 1990; Wenzel & Bandow 2011). Despite sharing a 

similar proteomic profile to these antibiotics, manuka honey seems to be acting 
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uniquely, resulting in the downregulation of these particular proteins rather than up- 

regulation as is usually observed with antibiotics (Bandow et al. 2003; Wenzel & 

Bandow 2011). Furthermore, manuka treatment also resulted in up-regulation of 

the heat shock protein, GroEL (Packer et al. 2012), which is typical of antibiotics 

interfering with translation accuracy (Bandow et al. 2003). Interestingly, a more 

recent proteomic study of S. aureus treated with manuka honey by Jenkins et al. 

(2014) did not show any of the changes observed in protein biosynthesis seen by 

Packer et al. (2012). It should be noted that these two proteomic studies were 

conducted under very different experimental conditions. Packer et al. (2012) used 

a 25-minute shock treatment of manuka honey at a sub-inhibitory concentration in 

comparison to Jenkins et al. (2014) who treated cells for 4 hours at a concentration 

1.7-fold higher than the MIC. This difference will undoubtedly result in different 

proteomic profiles (Davies, Spiegelman & Yim 2006) and the two-dimensional 

electrophoresis techniques used in these studies may not have captured all of the 

changes occurring (Magdeldin et al. 2014). However, neither of these studies have 

investigated the response of these organisms to MGO alone, or MGO in an artificial 

honey milieu, despite reports that MGO disrupts protein synthesis in bacteria 

(Együd & Szent-Györgyi 1966; Ferguson et al. 1998; Fraval & McBrien 1980; 

Inoue & Kimura 1995). Because of this, these studies cannot provide any insight 

on the contribution of MGO to the apparent effects of manuka honey on protein 

biosynthesis at a molecular level, which would provide vital clues towards the 

overall mechanism of action of honey. 

 
 

SEM images of P. aeruginosa cells treated with 20% w/v manuka honey (> 2× 

MIC) revealed a 78% increase in the number of cells with blebs (protrusions of 
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cellular plasma membranes) and furrows on the cell surface for cultures treated 

during the exponential phase (Henriques et al. 2011). These phenotypes are 

consistent with those induced by antibiotics inhibiting protein synthesis (Cushnie, 

O’Driscoll & Lamb 2016). The images presented in this study show cells mostly in 

a transverse section rather than longitudinal section, making interpretation of 

morphological changes quite difficult. SEM images are presented at a 

magnification too low to clearly observe evidence of blebbing and furrowing, which 

are more often demonstrated through TEM (Cushnie, O’Driscoll & Lamb 2016). 

Moreover, clear evidence of blebbing is not observable in the TEM images of P. 

aeruginosa cells treated with manuka honey from the same study, largely owing to 

a lack of detail in the images due to the low magnification and orientation of cells. 

As such, the evidence presented by Henriques and colleagues is insufficient to 

conclude inhibition of protein synthesis is involved in the mechanism of action for 

manuka honey. 

1.4.3.6 Challenges for mechanism of action studies with manuka 

honey 

To date, our knowledge of the mechanism of action of manuka honey is quite 

fragmented, and no one study has presented a ‘complete picture’ of the molecular 

changes occurring post-honey treatment. Much of the evidence from the 

mechanism of action studies to date are isolated findings; they identify individual 

changes in gene or protein expression. However, without an understanding of what 

is occurring upstream of these changes, we cannot confirm exactly how manuka 

honey may be regulating cellular functions such as protein synthesis and QS. 

Interpreting the mechanism of action of manuka honey based on a handful of 

pathways may not be truly representative of what else is occurring in the complex 



45  

relationship of metabolic pathways that exist in bacteria. Researchers have 

attempted to overcome this using microarray analysis to achieve a more 

comprehensive understanding of how manuka honey acts on bacterial cells whilst 

attempting to clarify the discrepancies between proteomics and RT-qPCR 

experiments (Jenkins, Burton & Cooper 2014). However this approach is limited, 

as microarray relies on hybridisation of a cDNA template to a probe, and thus will 

not yield data on the expression of novel genetic elements and species which have 

not been annotated (Croucher & Thomson 2010). Microarray analysis may have 

been the cost-effective approach for these researchers, and acknowledged by 

Jenkins and colleagues who used a microarray chip which is not specific for the S. 

aureus strain being used (Jenkins, Burton & Cooper 2014). A whole transcriptome 

approach, such as RNA-Seq, is the state-of-the-art method for providing 

comprehensive transcript information and acts as the first step towards a systems 

biology approach to deciphering the mechanism of action of manuka honey. 

 
 

Another unique challenge to researchers attempting to elucidate the mechanism of 

action of honey is its complex composition, containing over 200 substances with 

many yet to be identified (da Silva et al. 2016). Previous mechanism of action 

studies have not been so rigorous in the chemical characterisation of the honeys 

used in their experiments and in some cases do not report where they were sourced 

(Henriques et al. 2011; Jenkins, Burton & Cooper 2011a; Roberts, Maddocks & 

Cooper 2012). This is of paramount importance as honey samples are inherently 

diverse (Allen, Molan & Reid 1991a; Irish, Blair & Carter 2011) and the MGO 

content of manuka honey can change over time depending on age and storage 

conditions (Brudzynski & Kim 2011; Cokcetin et al. 2016; Irish, Blair & Carter 
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2011). The contribution of MGO to the cellular responses identified by proteomics 

and microarray is not known. This is because the experimental designs to date have 

not included MGO-only trials (Blair et al. 2009; Henriques et al. 2010; 2011; 

Jenkins, Burton & Cooper 2011a; 2014; Kronda, Cooper & Maddocks 2013; 

Maddocks et al. 2012; Roberts, Maddocks & Cooper 2015). Moreover, MGO-only 

trials are not representative of the antimicrobial effects of MGO in the context of 

the honey milieu (Lu et al. 2014) and no previous studies have attempted to 

investigate this, hence the inclusion of an artificial honey + MGO treatment in this 

project. Another shortcoming of the existing studies is the inconsistency of honey 

concentrations used across these experiments, where some approaches use 

concentrations well above MIC (Henriques et al. 2010; Roberts, Maddocks & 

Cooper 2015), some at MIC (Roberts, Maddocks & Cooper 2012) and others below 

MIC (Blair et al. 2009; Packer et al. 2012). For example, in the proteomic analysis 

of MRSA, there is no justification for the concentration of honey used (Jenkins, 

Burton & Cooper 2014). The importance of selecting the correct conditions, 

specifically concentration and exposure time of a particular treatment, cannot be 

underestimated in attempts to decipher antimicrobial mechanism of action (Brazas 

& Hancock 2005; Davies, Spiegelman & Yim 2006; Hutter et al. 2004; Shaw & 

Morrow 2003; Wecke & Mascher 2011). A review of transcriptomic studies 

investigating antimicrobial mechanism of actions suggests that treatment with sub- 

inhibitory concentrations and short exposure times induce more specific responses, 

reducing secondary and indirect effects elicited by higher concentration treatments 

(Wecke & Mascher 2011), and that is what has been applied for this project. 
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This project will use the next-generation sequencing technology, RNA-Seq, and a 

chemically well-defined manuka honey of known antibacterial activity and 

geographic and floral origin. Unlike microarray analysis, RNA-Seq does not require 

species or transcript-specific probes and can quantify all mRNA species (coding 

and non-coding messenger RNA). Consequently, RNA-Seq is able to identify novel 

transcripts and even single nucleotide variants in a bacterial transcriptome whereas 

microarray analysis is limited to the genomic sequence data currently available. 

RNA-Seq detects a much greater dynamic range of gene expression with increased 

sensitivity and also reduces background noise in microarray analysis, which relies 

on detection of fluorescence or radioactivity that can easily become saturated 

(Croucher & Thomson 2010). This added sensitivity and dynamic range of RNA- 

Seq gives extra confidence to results after statistical analysis, particularly for 

detection of low and high expression levels (Wang, Gerstein & Snyder 2009). These 

factors make RNA-Seq suitable for this project where we are looking to elucidate 

the mechanism by which manuka honey is able to kill microorganisms without 

inducing resistance. It provides a cohesive image of how the circuitry of the 

bacterial cell changes upon addition of honey and will be employed in this project 

using a common wound pathogen P. aeruginosa as a model organism. 

 
 

1.5 Research Questions and Hypothesis 
 

The overall objective of this research project is to initiate the determination of the 

mechanism of action of manuka honey on the pathogen Pseudomonas aeruginosa 

PA14. This project also aims to establish the contribution of two key components 

of manuka, sugar and methylglyoxal (MGO) individually as well as in combination, 
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to its mechanism of action and the inability of bacteria to become resistant to its 

killing effects. 

 
 

It is hypothesised that the mechanism of action of manuka honey will be multi- 

modal, targeting multiple cellular pathways. Furthermore, it is hypothesised that no 

single component of manuka honey will be as effective as the whole honey at killing 

bacteria without generating resistance. These hypotheses will be tested in this 

project using a holistic methodology, employing transcriptomics and functional 

genetics in order to elucidate a potential honey mechanism of action. 

The aims of this research project are to: 
 

1. Investigate the ability of P. aeruginosa PA14 to establish resistance to 

manuka honey and its key components. 

2. Identify the global gene expression profile and potential pathways affected 

by manuka honey and its key components in P. aeruginosa using the 

transcriptomic profiling technology, RNA-Seq. 

3. Identify genes essential to the survival of P. aeruginosa treated with sub- 

inhibitory concentrations of manuka honey and its key components through 

targeted bacterial knockout library screens. 

4. Validate transcriptomic changes observed in P. aeruginosa after treatment 

with manuka honey and its key components with independent functional 

assays. 
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Chapter 2 The susceptibility of P. aeruginosa and S. aureus, 

and potential for resistance, to manuka honey and its key 

components 

2.1 Introduction 
 

Although the unusual non-peroxide antimicrobial activity of manuka honey has 

been studied since the 1980s, the factor responsible for this activity remained 

elusive for many years, more recently being attributed to MGO (Adams et al. 2008; 

Mavric et al. 2008). The assessment of honey non-peroxide activity is based on a 

well diffusion assay, where the degree of inhibition of a reference S. aureus strain 

(usually ATCC 25923) by honey in the presence of catalase is compared to a phenol 

standard (Allen, Molan & Reid 1991a). The MGO content of manuka honey 

correlates strongly with its non-peroxide activity (NPA); so much so that MGO 

concentration is now being used to predict the antimicrobial activity of honey 

(Cokcetin et al. 2016). 

 
 

MGO is widely regarded as one of the key components of manuka honey driving 

its antimicrobial activity (Cokcetin et al. 2016; Girma, Seo & She 2019). Although 

it is a major contributing factor, MGO alone does not account for the total 

antimicrobial activity of manuka honey since the minimum inhibitory concentration 

(MIC) of honey can be as much as 10-fold lower than that of MGO alone for many 

bacteria, including E. coli, P. aeruginosa and Salmonella enterica (Hayashi et al. 

2014; Lu et al. 2013; 2014; Molan 2008). Moreover, many bacteria are innately 

equipped with the tools required for MGO detoxification (Chandrangsu et al. 2014; 

Lee & Park 2017; Ozyamak et al. 2013). The ability to detoxify MGO varies greatly 

among bacteria. For example, P. aeruginosa has a third glyoxalase enzyme which 
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is not observed in other bacteria (Sukdeo & Honek 2007). For this reason, the 

correlation between MGO concentration and antimicrobial activity of manuka 

honey may not hold true for its inhibitory effect against all microorganisms. 

Understanding the contribution of MGO to the antimicrobial activity of manuka 

honey against microorganisms other than S. aureus, particularly those like P. 

aeruginosa that are better equipped to deal with MGO, can provide further insight 

as to whether MGO concentration is an appropriate measure of the level and 

spectrum of antimicrobial activity of manuka honey. 

 
 

One of the most attractive features of manuka honey as a topical antimicrobial is 

the apparent lack of, or slow, development of resistance by microorganisms to its 

killing effects. Despite its use as a medicine, including as an antimicrobial to treat 

wounds and skin infections, there have been no reports of bacterial resistance to 

manuka and other honeys, nor can resistance be generated in the laboratory under 

conditions that quickly induce resistance to antibiotics (Blair et al. 2009; Cooper et 

al. 2010). Previous studies have shown that various microorganisms, including P. 

aeruginosa and S. aureus, are unable to develop resistance to manuka honey in the 

laboratory after continuous exposure and passaging in sub-inhibitory 

concentrations of manuka honey. This was first shown by Blair et al 2009, who did 

not observe any resistance to manuka honey in reference strains of either S. aureus 

ATCC 9144 or P. aeruginosa ATCC 27853 after 30 days, and later confirmed by 

Cooper et al 2010 in S. aureus NCTC 10017 and P. aeruginosa ATCC 27853 (Blair 

et al. 2009; Cooper et al. 2010). There has been only one report of bacteria, a P. 

aeruginosa PAO1 mutant with a defective katA gene, with slightly increased 

sensitivity to manuka (inhibited at 10% and 15% for ΔkatA and wild-type PAO1, 
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respectively) and peroxide activity-based honeys (Bolognese et al. 2016). Another 

study reported the isolation of a small colony variant (SCV) from a biofilm with 

reduced susceptibility to honey (MIC increase of 5% compared to progenitor strain) 

and is the only record of a microorganism with reduced susceptibility to honey 

(Camplin & Maddocks 2014). 

 
 

It has not yet been demonstrated whether the lack of resistance to honey is due to 

its multicomponent chemistry. It is likely that honey has multiple mechanisms of 

action, due to its compositional complexity, making it difficult for bacteria to the 

make multiple adaptations or mutations required to develop resistance. And while 

MGO alone has potent antimicrobial activity, it is not yet known whether MGO at 

the concentrations found in manuka honey, or the combination of sugar and MGO 

together, accounts for the inability of microbes to resist this effect. 

 
 

Previous reports describing the absence of resistance development to honey pre- 

dated the discovery of MGO, a unique component of manuka honey and a 

significant contributor to its antimicrobial action (Adams et al. 2008; Blair et al. 

2009; Mavric et al. 2008). Intrinsic mechanisms for protection against MGO have 

been reported in both Gram-negative and -positive organisms at concentrations 

associated with its endogenous formation as a by-product of glycolysis (Lee & Park 

2017). Protection from MGO mediated killing is afforded by mechanisms 

(described below) that are relevant to endogenous formation of MGO at 

concentrations ranging from 0.7 to 3 mM. However, it is not uncommon for 

manuka-type honeys to have concentrations of MGO exceeding 11 mM (800 ppm) 

(Cokcetin et al. 2016) raising the possibility that the concentration of MGO in 
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honey is too high for bacteria to detoxify, making them unable to become resistant 

to honey. In E. coli, mechanisms to protect against MGO include the expression of 

glyoxalase enzymes, overexpression of aldehyde reductases and modulation of 

internal pH (Ferguson, McLaggan & Booth 1995; Freedberg, Kistler & Lin 1971; 

Healy et al. 2014; Kwon et al. 2012; Murata et al. 1980; Ozyamak et al. 2013; 2010). 

Similar mechanisms have been described in Gram-positive organisms, particularly 

in the model organism B. subtilis (Chandrangsu et al. 2014). Unlike many 

antibiotics, outer-membrane efflux pumps of Gram-negative organisms such as P. 

aeruginosa do not appear to be involved in protection from MGO even though their 

expression may be affected (Hayashi et al. 2014; Juarez et al. 2017). 

 
 

Although neither P. aeruginosa or S. aureus have been shown to develop resistance 

to manuka honey in the laboratory, it is not known whether the MGO component, 

either alone or in the presence of sugar (AHMGO) contributes to this lack of 

resistance. Since MGO is a small single molecule, it is not unreasonable to expect 

that bacteria, particularly those which are better equipped with dealing with MGO, 

could develop resistance to its inhibitory effects. However, the effect of MGO may 

be different in the presence of sugar, more closely resembling the honey milieu, 

which may better explain why resistance to honey is not observed. Tolerance to the 

osmotic stress induced by sugar has been long studied, with evidence for this 

involving both a genetic and physiological basis (Csonka 1989). Many bacteria 

isolated from environments with high concentrations of both salt and sugar, notably 

the commensal skin organism S. epidermidis and opportunistic pathogen S. aureus, 

have been studied extensively for their ability to resist osmotic stress. Modulating 

K+ concentration is the primary bacterial response and a key mechanism for 
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tolerating increased osmotic pressure in both Gram-negative and -positive 

organisms (Csonka 1989; Gründling 2013). Curiously, many microorganisms 

protect themselves from the toxic effects of electrophilic species like MGO by 

decreasing cytoplasmic pH by K+ efflux (Ferguson, McLaggan & Booth 1995; Lee 

& Park 2017). To-that-end, during manuka honey exposure, bacteria may not be 

able to simultaneously maintain high concentrations of K+ to tolerate high osmotic 

pressure and a low cytoplasmic pH to cope with MGO stress. The combination of 

MGO and sugar is representative of a combination therapy, which is known to be 

less prone to the development of resistance in vitro (Tyers & Wright 2019). It is 

quite possible that a lack of resistance by bacteria to manuka honey is due not just 

to MGO but to the combination of MGO and a high concentration of sugar. 

2.2 Chapter aims 
 

The antimicrobial activity of manuka honey has been widely attributed to its high 

concentrations of MGO. The concentration of MGO present in manuka-type honeys 

correlates strongly with its antimicrobial activity against S. aureus (Cokcetin et al. 

2016) but this may not be the case for other microorganisms such as P. aeruginosa. 

Previous studies have identified that bacteria are unable to develop resistance to 

manuka honey, or that it may be slow to occur (Blair et al. 2009; Cooper et al. 

2010). However, these studies have not addressed whether this is attributed to its 

key components, that is, whether the same is true for MGO alone or in combination 

with the sugars found in honey. 

 
 
 
 
 

The aims of the work presented in this chapter were to: 
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1. Assess the susceptibility of P. aeruginosa and S. aureus to manuka honey 

and its key components (MGO, AH and AHMGO) via broth microdilution 

assays, to determine whether MGO alone, or in combination with sugars, 

accounts for the antimicrobial activity of whole honey against P. 

aeruginosa. 

2. Determine whether MGO resistance can be induced under laboratory 

conditions, either as a sole agent or in combination with sugar (as AHMGO) 

and how this compares to whole manuka honey. This was assessed by 

sequential passaging in stepwise increasing concentrations of manuka 

honey and its key components. 
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2.3 Methods 
 

2.3.1 Honey samples and other treatments tested 
 

The manuka honey used in this thesis is the same unprocessed manuka honey 

(MGO: 958 mg/kg; H2O2: 0.34 µmol/h) supplied by Comvita Ltd, New Zealand as 

previously described (Lu et al. 2014). H2O2 concentration of this honey was not re- 

assessed prior to commencing these studies. MGO concentrations were determined 

to be consistent with the previously described value prior to and throughout the 

study as determined by Dr Peter Brooks using an established HPLC method 

(Pappalardo, Pappalardo & Brooks 2016). Artificial honey (AH) was made as a 

saturated sugar solution containing fructose (41.4%), glucose (37.3%), and sucrose 

(2.9%) dissolved in water (18.4%) (w/v) (Grainger et al. 2016) and served as a 

means to measure the effects of the sugar component of honey. Methylglyoxal only 

treatment (MGO) was prepared as an aqueous solution of methylglyoxal at a final 

concentration equivalent to the manuka honey sample (958 mg/kg). Methylglyoxal 

was supplied as a 40% solution in water (Sigma-Aldrich Co.) This served as a 

measure of the contribution of MGO relative to the manuka honey. An artificial 

honey doped with methylglyoxal (AHMGO) was prepared as per the AH recipe 

above, with the modification of adding MGO, at a concentration equivalent to the 

manuka honey sample (958 mg/kg), to the water component prior to solubilising 

the sugars. AH, AHMGO and MGO samples were adjusted to pH 4.6 using sodium 

citrate to match the manuka honey sample (Grainger et al. 2016). Manuka honey, 

AH, AHMGO and MGO samples were stored in the dark at 4°C, freshly diluted 

when required for each assay and concentrations are reported as % weight per 

volume (w/v) in this thesis. 
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2.3.2 Determination of Minimal Inhibitory Concentration (MIC) and 

Minimum Bactericidal Concentration (MBC) of antimicrobial 

agents 

Minimum inhibitory concentrations (MICs) of all treatments were determined using 

the broth microdilution method described by the Clinical and Laboratory Standards 

Institute (CLSI) (CLSI 2015) with some modifications. Treatment solutions were 

diluted to a concentration of 50% w/v. All treatment solutions were then further 

diluted in cation-adjusted Mueller Hinton broth (CAMHB) (BD Bacto) to the 

required concentrations for antimicrobial susceptibility testing. Overnight cultures 

of P. aeruginosa PA14 and S. aureus ATCC 25923 were prepared by inoculating 2 

mL of CAMH broth in 14 mL round-bottom vent stopper tubes (Greiner Bio-One) 

with a single colony of either P. aeruginosa PA14 or S. aureus ATCC 25923 using 

a sterile wooden stick. Aliquots of the P. aeruginosa PA14 overnight culture were 

diluted 1:1000 in fresh CAMHB, then 15 µL was added to wells of a sterile 96-well 

microtitre plate containing the various treatment solutions. Honey concentrations 

tested were between 4% w/v and 22% w/v and in 1% increments. A positive growth 

control (P. aeruginosa PA14 in medium only) was also included.  The final 

concentration of inoculum in each well was 5×105 CFU/mL in a total volume of 

150 μL. Appropriate blanks for the various treatments and controls were also 

incorporated in each plate. The microtitre plates were then sealed with AeraSeal™ 

(Excel Scientific) and incubated in a 37°C humidified incubator for 24 hours. 

Following incubation, plates were read on a 96-well microtitre plate 

spectrophotometer at OD600. MIC was determined to be the concentration of 

treatment required to inhibit bacterial growth by 95% compared to the positive 

growth control. In order to determine the minimum bactericidal concentration 
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(MBC), CAMH agar plates were inoculated with 10 µL aliquots from wells of the 

MIC assays where there was no visible turbidity. These were incubated at 37°C for 

24 hours. The MBC was determined as the lowest concentration of honey (or other 

treatment) that inhibited visible growth of P. aeruginosa. A one-way ANOVA with 

the Tukey post hoc test (statistical significance set at P <0.05) was conducted in 

GraphPad Prism (version 8.1) to determine significant differences in MIC and MBC 

values between the treatments tested. Three biological replicates were conducted 

for MIC and MBC assays for each treatment condition. 

 
2.3.3 Stepwise sequential passaging assay 

 
A stepwise increasing sequential passaging assay was performed to assess whether 

continuous exposure to increasing concentrations of manuka honey and its key 

components would lead to the generation of resistance. This method was adapted 

from (Ling et al. 2015) and a schematic of the procedure is depicted below (Figure 

2.1). Overnight cultures of both P. aeruginosa PA14 and S. aureus ATCC 25923 

were diluted to an OD600 of 1.0 into wells of a 24 well plate with 1 mL of CAMHB 

containing MH, AHMGO, MGO and ciprofloxacin (antibiotic control) at 

concentrations of 0.25 ×, 0.5 ×, 1 ×, and 2 × MIC, and CAMHB only no-treatment 

control. Each organism was prepared in a separate 24-well plate. Cultures were 

incubated at 37°C and 150 rpm for 24 hours (INFORS-HT Multitron Pro), after 

which the optical density (600 nm) was measured using a microtitre plate reader 

(Tecan SPARK). Cultures from the highest treatment concentration where growth 

was ≥ 75% OD600 relative to the untreated control were diluted 1:100 into a new 

plate containing the same concentrations of treatments. When cultures grew at ≥ 

75% of the untreated control in the highest concentration of treatment on the plate 

for two consecutive days, they were diluted 1:100 into a new plate with a 2-fold 
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increase in treatment concentration. Serial passaging was repeated daily for 30 

days. Glycerol stocks were prepared of any cultures that grew at concentrations 

above the original MIC. Glycerol stocks of cultures isolated from the end of the 

passaging period were passaged two more times on antimicrobial-free LB agar 

plates and susceptibility of these isolates were re-assessed by broth microdilution 

assay as previously described in section 2.3.2. This was extended to assess cross- 

resistance of S. aureus isolates exposed to AHMGO and ciprofloxacin to the other 

treatment conditions. 

 
 

Since the MIC of AH against P. aeruginosa is 25%, treatment with 4× MIC would 

not be possible and thus this condition was not included in passaging assays. 

Similarly, AHMGO and MGO treatments applied at 4× MIC would be an 86% and 

220% solution, respectively and these are not reasonable concentrations for testing. 

To overcome this, AHMGO and MGO only solutions were doped with higher 

concentrations of MGO (2250 ppm) than that which is present in the manuka honey 

sample, so that upon dilution the final concentration of MGO was equivalent to that 

required. All experiments were conducted in biological triplicate. 
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Figure 2.1. Schematic depicting sequential passaging assay for the assessment of resistance 
development to manuka honey in P. aeruginosa PA14 and S. aureus ATCC 25923. 

 
 

2.4 Results 
 

2.4.1 Establishing the antimicrobial activity of manuka honey and its 

major components against P. aeruginosa PA14 and S. aureus 

ATCC 25923 

To address objective one of this chapter, minimum inhibitory concentration (MIC) 

and minimum bactericidal concentration (MBC) assays were performed to 

determine the antimicrobial activity of manuka honey and compare it to its key 

components. This was also compared with MIC and MBC values against S. aureus, 

for which MGO concentration correlates strongly with the antimicrobial activity of 

manuka honey (Cokcetin et al. 2016). 
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To determine and compare the MIC and MBC of manuka honey with MGO alone 

between these two organisms, broth microdilution assays were performed. An 

artificial honey (AH) and artificial honey + MGO (AHMGO) treatment were also 

included to assess the antimicrobial activity of the sugar component of manuka 

honey in the presence and absence of MGO (Table 2.1). 

 
Table 2.1. MICs and MBCs of manuka honey and honey analogues against P. aeruginosa 
PA14 and S. aureus ATCC 25923 

 

P. aeruginosa PA14 S. aureus ATCC 25923 

 MIC95 

% (w/v) 

MBC 

% (w/v) 

MIC95 

% (w/v) 

MBC 

% (w/v) 

Manuka honey 

(MH) 
10.0 ± 0.25 12.0 ± 0.25 4.0± 0.25 6.0 ± 0.00 

Artificial honey 

(AH) 

 
25.0 ± 0.5 

 
> 30.0 ± 0.00 

 
40.0 ± 0.00 

 
> 40.0 ± 0.00 

MGO solution 55.0 ± 0.00 > 55.0 ± 0.00 12.3 ± 0.58 > 12.0 ± 0.00 

Artificial honey + 

MGO (AHMGO) 

 
21.5 ± 0.5 

 
> 30.0 ± 0.00 

 
5.3 ± 0.58 

 
Not Tested 

a
MICs and MBCs expressed as the arithmetic mean percentage (w/v) ± SD from three separate trials, all 

performed in triplicate. MIC95 is the minimum inhibitory concentration required to inhibit 95% growth relative 
to the maximum growth of the untreated control. 

 
 
 

Planktonic growth of P. aeruginosa PA14 was inhibited at 10% manuka honey, 

which was drastically lower than the MICs for MGO, artificial honey (AH) and 

artificial honey + MGO (AHMGO) in this organism (55%, 25% and 21.5%, 

respectively) (Table 2.1). The MBC of manuka honey against P. aeruginosa PA14 

was 12%, killing this organism at concentrations of this honey very close to the 

MIC value. However, interestingly, the AH, AHMGO and MGO solutions alone 

were not bactericidal at concentrations tested (Table 2.1). MIC and MBC values for 

manuka honey are in agreement with previous reports that have been summarised 
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by Carter and colleagues (Carter et al. 2016). This result demonstrates that manuka 

honey is more effective (at least 2-fold for AHMGO and 5.5-fold for MGO only) 

at inhibiting growth of P. aeruginosa PA14 than its key components; sugar (in the 

form of AH), MGO and a combination of sugar and MGO (AHMGO). 

Interestingly, and a novel finding, manuka honey was the only treatment to show 

bactericidal activity. Thus AH, MGO alone or AHMGO cannot be solely 

responsible for the antimicrobial activity of manuka honey against P. aeruginosa. 

This is in contrast to what has been demonstrated for S. aureus, where there is a 

strong correlation between MGO concentration and antimicrobial activity of 

Leptospermum sp. honeys (Adams et al. 2008; Cokcetin et al. 2016). 

 
 

The MIC data indicates that S. aureus is more susceptible to MGO than P. 

aeruginosa, as the MIC is 12.3% versus 55%, respectively; a difference of almost 

4.5-fold (Table 2.1). Similarly, S. aureus is more susceptible to AHMGO than P. 

aeruginosa and the MIC for AHMGO against S. aureus is much closer to that of 

manuka honey (5.3% vs 4%, respectively). However, S. aureus is able to survive 

much higher concentrations of AH compared to P. aeruginosa (40% and 25%, 

respectively). 

 
2.4.2 Continuous exposure to manuka honey did not induce resistant 

phenotypes in P. aeruginosa 

Serial passaging experiments were conducted to determine whether resistance 

could be induced to manuka honey whilst also establishing whether MGO 

resistance can be induced under these conditions, either as a sole agent or in 

combination with sugar (AHMGO). Cultures of P. aeruginosa were continuously 

exposed to manuka honey, MGO, AHMGO or ciprofloxacin (antibiotic control) at 



63  

concentration intervals of 0.5×, 1×, 2× and 4× MIC, and then increased sequentially 

when cultures could grow in the highest concentration of antimicrobial. 

 
 

After 28 days of continuous exposure, P. aeruginosa cultures were highly resistant 

to ciprofloxacin, exceeding 75% growth compared to the untreated control at 512× 

MIC (Figure 2.2), similar to previous reports (Ahmed et al. 2018; Jørgensen et al. 

2013). Continuous exposure to manuka honey did not result in decreased 

susceptibility to manuka honey treatment after 30 days of sequential passaging for 

P. aeruginosa cells (Figure 2.2). Nor was there any decreased susceptibility to 

AHMGO. MGO exposure alone did result in a small, 2× MIC, change by the 

conclusion of the experiment (Figure 2.2). It should be noted that pellicle formation 

occurred at the air-liquid interface in all wells despite continuous shaking and 

mechanical disruption by pipetting. Wells were homogenised prior to subculturing 

to ensure a bias towards pellicles or planktonic cells was not introduced. 

 

 
Figure 2.2. Sensitivity of P. aeruginosa PA14 during continuous exposure to 
concentrations of manuka honey (blue circles), AHMGO (red squares), MGO (green 
triangles) or ciprofloxacin (purple triangles) for 30 days. P. aeruginosa cells were grown 
at 37°C and 150 rpm in CAMHB an exposed to various antimicrobials at a range of 
concentrations. Each data point represents the concentration of antimicrobial (as × MIC) 
from which the culture was passaged on that day. 
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P. aeruginosa PA14 isolates from each of the exposure conditions were sub- 

cultured twice on antimicrobial-free CAMH agar and once more in antimicrobial 

free CAMH broth. Recovered colonies were smaller than wild-type, suggestive of 

a putative small colony variant (SCV). The MIC of the antimicrobial from which 

each isolate was passaged was then reassessed, for example the MIC of manuka 

honey was assessed for the manuka passaged isolate. Isolates passaged in MGO 

were resistant to 2-fold higher concentrations of MGO than wild-type cells, and 

ciprofloxacin passaged isolates were resistant to concentrations at least as high as 

128-fold higher than wild-type cells, indicating stable resistance (Table 2.2). No 

resistance to either MH or AHMGO was identified (Table 2.2). 

 
2.4.3 Continuous exposure to manuka honey did not induce resistant 

phenotypes in S. aureus 

The different susceptibilities of S. aureus and P. aeruginosa to the components of 

manuka honey could indicate that different organisms exhibit resistance to manuka 

honey by different mechanisms or develop resistance more readily to one particular 

component of honey than another. Since S. aureus and P. aeruginosa showed 

different susceptibility profiles to manuka honey and its major components 

(especially MGO) relative to one another, the ability of S. aureus to develop 

resistance to MGO alone and in combination with sugar (AHMGO) was also 

investigated and compared to P. aeruginosa. 

 
 

As with P. aeruginosa PA14, S. aureus ATCC 25923 cultures were less susceptible 

to ciprofloxacin after 30 days of continuous exposure, tolerating up to 1024× MIC 

of the antibiotic by the conclusion of the experiment (Figure 2.2). On the final day 
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of 30 days of continuous exposure to manuka honey, S. aureus ATCC 25923 did 

grow in 2× MIC of manuka honey, suggesting it may have decreased susceptibility 

compared to pre-exposure (Figure 2.3). S. aureus ATCC 25923 was unable to grow 

at concentrations higher than 2× MIC of MGO and 4× MIC for AHMGO by the 

conclusion of the experiment (Figure 2.3). 

 
 
 

 

Figure 2.3. Sensitivity of S. aureus ATCC 25923 during continuous exposure to 
concentrations of manuka honey (blue circles), AHMGO (red squares), MGO (green 
triangles) or ciprofloxacin (purple triangles) for 30 days. S. aureus cells were grown at 
37°C and 150 rpm in CAMHB an exposed to various antimicrobials at a range of 
concentrations. Each data point represents the concentration of antimicrobial (as × MIC) 
from which the culture was passaged on that day. 

 
 

S. aureus isolates exposed to the various antimicrobials were sub-cultured on 

antibiotic free agar as described in section 2.4.2. S. aureus isolates passaged in 

ciprofloxacin were over 1024-fold more resistant to ciprofloxacin than wild-type 

(Table 2.2) with MIC values far exceeding clinically relevant concentrations 

(Heldman et al. 1996). Isolates continuously exposed to AHMGO were 3.9-fold 

more resistant to AHMGO than the wild-type (Table 2.2). S. aureus isolates 

continuously exposed to manuka honey had the same susceptibility to manuka 



66  

honey as the wild-type strain (Table 2.2). Cross-resistance to manuka honey was 

not observed in S. aureus isolates resistant to AHMGO and ciprofloxacin 

(Supplementary Information 1). 

 
Table 2.2. Minimum inhibitory concentrations of S. aureus ATCC 25923 and P. 
aeruginosa PA14 isolates from continuous exposure experiments. 

 

Mean MIC95 ± SD 

 Treatment Initial After passaging 
 Manuka 4.00 %± 0.00 5.00%± 1.00 
 AHMGO 5.30 %± 0.58 20.60 % ± 1.15 

S. aureus ATCC 25923 MGO 12.30 %± 0.58 40.00%± 0.00 
 Ciprofloxacin 0.25 µg/mL ± 0.00 341.00 µg/mL ± 

147.80 
 Manuka 10.00 % ± 0.25 9.30 % ± 1.20 

P. aeruginosa PA14 AHMGO 21.50 % ± 0.50 24.60 % ± 1.20 
MGO 55.00 % ± 0.00 > 100.00% 

 Ciprofloxacin 0.125 µg/mL ± 0.00 > 16.00 µg/mL 
aMIC95 is the minimum inhibitory concentration required to inhibit 95% growth relative to the maximum 
growth of the untreated control. 

 
 

2.5 Discussion 
 

MGO is often described as the main contributor to the antimicrobial activity of 

manuka honey, as the concentration of MGO in Leptospermum sp. honey correlates 

strongly with the unique non-peroxide activity in manuka honey, determined 

against S. aureus. A major aim of this chapter was to determine whether MGO 

alone, or in combination with sugars, accounts for the antimicrobial activity of 

whole honey against P. aeruginosa. Previous research has shown that both P. 

aeruginosa and S. aureus are unable to develop resistance to manuka honey in 

stepwise laboratory-based assays (Blair et al. 2009; Cooper et al. 2010). 

Additionally, there are no reports of resistance to manuka honey or honey-based 

antimicrobials in the clinic (Carter et al. 2016). To better understand this apparent 

lack of resistance, the ability of P. aeruginosa and S. aureus to develop resistance 

to manuka honey and/or any of its key components was investigated using serial 



67  

passaging evolution assays. Although it has been demonstrated that neither P. 

aeruginosa or S. aureus are able to develop resistance to manuka honey under 

laboratory conditions, it is unknown as to whether the same is true for MGO alone 

or in combination with sugar. Moreover, it is not known whether either organism 

has a higher propensity for the development of resistance to one particular 

component of manuka honey. 

 
2.5.1 Contribution of the key components of manuka honey to its total 

antimicrobial activity 

Assessment of the antimicrobial activity of manuka honey and its key components 

revealed that manuka honey as a whole was by far the most potent at inhibiting and 

killing P. aeruginosa PA14 with an MIC of 10%, and the only treatment to show 

bactericidal activity at the concentrations tested (Table 2.1). The osmotic effects of 

honey were mimicked using an artificial honey and although this treatment 

effectively inhibited bacteria, the concentration required was over double (MIC = 

25%) that of whole honey. P. aeruginosa has a complex osmoregulatory system 

that can accommodate for sudden and extreme changes in osmotic pressure 

allowing it to survive in osmotically stressful infection sites (Aspedon, Palmer & 

Whiteley 2006; Çetiner et al. 2017). Different bacteria have drastically different 

tolerances to osmotic shock, largely corresponding to their preferred environmental 

niches. For example, skin colonising bacteria like S. aureus and S. epidermidis have 

a relatively high tolerance to osmotic stress in comparison to P. aeruginosa. This 

was evident in MIC assays that show that growth of P. aeruginosa is inhibited by 

much lower concentrations of artificial honey than S. aureus (Table 2.1). This has 

also been demonstrated in other research conducted in the Harry laboratory, which 

identified that P. aeruginosa is less tolerant of a sugar solution than S. aureus (Lu 
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et al. 2013) and more recently that the antibiofilm activity of honey against P. 

aeruginosa is largely driven by its sugar content alone (Lu et al. 2019). 

 
 

Based exclusively on assays using S. aureus, MGO is widely considered to be the 

main antimicrobial factor in manuka honey (Adams et al. 2008; Atrott, Haberlau & 

Henle 2012; Cokcetin et al. 2016; Mavric et al. 2008). However, the data here 

suggests that it alone is less effective than the effects of AH, at least for P. 

aeruginosa. For P. aeruginosa PA14, MGO alone was the least effective of all the 

treatments tested; being 5-fold less effective at inhibiting P. aeruginosa growth 

compared to manuka honey (55% vs 10%, respectively). This suggests that whilst 

MGO is inhibitory to P. aeruginosa, it is unlikely to be solely responsible for the 

antimicrobial activity of whole manuka honey. MGO in combination with AH is 

more inhibitory than either MGO or sugar in isolation, suggesting that MGO does 

contribute some antimicrobial activity in the context of the sugar milieu of AH, but 

it is likely that the osmotic pressure of AHMGO has the largest contribution towards 

its antimicrobial activity because AHMGO and AH (MIC = 21.5 and 25 %, 

respectively) had lower MICs than MGO alone (MIC = 55%). AHMGO remains 

markedly less inhibitory than manuka honey indicating that these two components 

are insufficient to account for the total activity of whole manuka honey against P. 

aeruginosa. 

 
 

Having determined that AH is more inhibitory than MGO against P. aeruginosa is 

a significant finding as recent reports suggest that the level of antimicrobial activity 

of manuka honey can be extrapolated from its MGO content alone based on the 

strong correlation between MGO levels in Leptospermum sp. honeys and their non- 
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peroxide activity (Adams et al. 2008; Cokcetin et al. 2016). This has resulted in a 

recent shift in the honey industry where many manuka honey producers and 

distributors are marketing the antimicrobial activity of their honeys based on 

quantifying (using analytical chemistry) MGO levels in honey rather than 

biological antimicrobial testing (Australian Manuka Honey Association 2019). This 

is also due to changes to food labelling laws in Australia and New Zealand which 

prohibit the inclusion of antimicrobial activity on packaging labels (New Zealand 

Government Ministry for Primary Industries 2019). Whilst the correlation of MGO 

concentration and antimicrobial activity may hold true for the inhibition of S. 

aureus, there are yet to be any large-scale surveys to assess whether this is the case 

for other microorganisms, particularly problematic Gram-negative pathogens such 

as P. aeruginosa. Recently published work suggests that an industry standard 

Unique Manuka Factor (UMF) rating system, based on the concentration of MGO 

in a honey, does not appear to be a reliable indicator of the antimicrobial activity of 

manuka honey against either Staphylococcus spp. (methicillin-sensitive and - 

resistant isolates), P. aeruginosa (multi-drug and non-multi-drug resistant isolates) 

as well as various Enterobacteriaceae (Girma, Seo & She 2019). This further 

questions whether using MGO concentration as a sole indicator or standard measure 

of the antimicrobial activity of manuka honeys should be reconsidered. Correlating 

the MGO content of manuka honeys with their MIC against P. aeruginosa, would 

be the next step to establishing whether MGO concentration in manuka honey is an 

appropriate measure of antimicrobial activity in both Gram-negative and -positive 

organisms. 
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The diminished antimicrobial activity of MGO alone against P. aeruginosa may be 

explained by unique methylglyoxal detoxification systems that this microorganism 

possesses (Sukdeo & Honek 2007). A previous study assessed the susceptibility of 

53 clinical isolates of P. aeruginosa to MGO and found that the MIC for most of 

these was 512 ppm, and this was the same for the laboratory strain PAO1 (Hayashi 

et al. 2014). These MIC values for MGO agree with the MIC of 495 ppm identified 

for PA14 in this chapter. Hayashi and colleagues also identified that deletion of the 

resistance/nodulation/division (RND) -type multidrug efflux pumps MexAB- 

OprM, MexCD-oprJ, MexEF-OprN, MexXY and MexHI-OpmD did not affect P. 

aeruginosa susceptibility to MGO. Similarly, E. coli MG1655 with deletions to all 

five RND-type efflux systems and the TolC outer membrane channel required for 

their function, did not affect susceptibility to MGO; all strains including the wild- 

type had an MIC of 256 ppm MGO. This data suggests that the innate resistance of 

Gram-negative microorganisms to MGO is not attributed exclusively to its ability 

to efflux it from the cell. 

 
 

Both E. coli and P. aeruginosa possess an elaborate system for the degradation and 

detoxification of MGO via a series of metabolic reactions facilitated by glyoxalase 

enzymes, making them 4× and 8× less sensitive than S. aureus, respectively 

(Hayashi et al. 2014; Hayes et al. 2018). In P. aeruginosa these enzymes are gloA1, 

gloA2, gloA3 (classified as glyoxalase I-type) and PA14_41080 (classified as 

glyoxalase II-type, sometimes referred to as gloB). This makes P. aeruginosa 

unique because it possesses three distinct glyoxalase I-type enzymes, and to date is 

the only identified organism possessing three (Kaur et al. 2017). Other microbes 

like E. coli, S. aureus, Acinetobacter baumannii, B. subtilis, Streptomyces 
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coelicolor and Leishamania major only have one glyoxalase I-type enzyme 

(Chakraborty, Karmakar & Chakravortty 2014; Kaur et al. 2017; Sukdeo & Honek 

2007; Sukdeo et al. 2004; Suttisansanee & Honek 2019). Gram-negative bacteria 

also have the ability to synthesise a low molecular weight thiol, glutathione, which 

is required for the detoxification of MGO via the glyoxalase pathways where 

glutathione reacts with MGO to form hemithiolacetyl and is subsequently converted 

to D-lactate (Rabie et al. 2016). Gram-positive bacteria (specifically S. aureus and 

B. subtilis) are able to neutralise MGO via a different low molecular weight thiol, 

bacillithiol (BSH), thought to act in a similar way to glutathione, which is absent in 

these organisms (Chandrangsu et al. 2018). The diversity in which microbes 

detoxify MGO suggests that they also have different capacities to tolerate it; further 

reason to reconsider MGO concentration as a proxy to measure the antimicrobial 

activity of honeys. 

 
 

Our data suggest that despite the strong correlation of MGO concentration and 

unique antimicrobial activity of manuka honey against S. aureus, MGO is not the 

primary factor in the antimicrobial activity against P. aeruginosa. MGO is still 

likely to contribute to the activity of whole manuka honey against P. aeruginosa, 

but this organism is equipped with mechanisms allowing it to tolerate MGO at 

relatively high concentrations. This has led to the conclusion that the concentration 

of MGO alone may not be an accurate indicator of the broad-spectrum antimicrobial 

activity of manuka honey. Instead, assessment of the antimicrobial activity of 

manuka honey should consider biological assays (such as the NPA or MIC assay) 

and it is recommended that these are extended to include microorganisms 

representative of both Gram-negative and -positive classifications such as P. 
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aeruginosa, A. baumannii, Klebsiella pneumoniae and Vancomycin-resistant 

Enterococcus deemed urgent threats by the CDC and WHO. This is particularly 

important for manuka honey used in clinical applications as it is the primary honey 

used in approved honey wound dressings or topical gels and ointments, and these 

wounds are often readily colonised or infected with mixed (Gram-negative and – 

positive) organisms (Byrd, Belkaid & Segre 2018). 

 
2.5.2 Resistance to manuka honey cannot be induced, and is not 

related to a particular major component in honey 

Serial passaging experiments confirmed that P. aeruginosa was unable to develop 

resistance to manuka honey after 30 days of continuous passage in sub-inhibitory 

and inhibitory honey concentrations. This data validates the findings previously 

published (Blair et al. 2009; Cooper et al. 2010) and further extends these findings 

to demonstrate that this lack of resistance is also observable for the sample of 

manuka honey used throughout this research project, and therefore not a batch- 

specific effect. Fluctuations in the concentration of manuka honey required to 

inhibit the growth of P. aeruginosa compared to the untreated control were 

observed but the susceptibility of isolates continuously exposed to manuka honey 

were no different to the susceptibility of the wild-type strain prior to continuous 

exposure. 

 
 

P. aeruginosa was surviving higher concentrations of MGO (up to 2× MIC) by the 

conclusion of the 30 days of continuous exposure. After passaging on 

antimicrobial-free media, P. aeruginosa susceptibility was redetermined and was 

similar to what was observed by the end of the passaging assay (MIC to MGO 

>100%) (Table 2.2). Continuous exposure of P. aeruginosa to the combination of 
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MGO with sugar (AHMGO), did not result in resistance after 30 days, where the 

cells were not able to grow in concentrations > 1× MIC (Table 2.2). Subsequent 

MIC testing showed that P. aeruginosa susceptibility to AHMGO does not exceed 

the MIC for AH alone in wild-type PA14 cells (Table 2.2). This suggests that it is 

the sugars which account for a lack of P. aeruginosa resistance to AHMGO, and 

that a combination of components, not MGO alone, which likely explains the lack 

of resistance to whole manuka honey. 

 
 

Since MGO is a single compound and bacteria have mechanisms to detoxify its 

endogenous formation, it was expected that resistance to it would reach higher 

levels by the conclusion of the 30 days passaging. The lack of high-level resistance 

may be explained by limitations of the experimental design. The increase from 2× 

MIC to 4× MIC to MGO would equate to an increase from 990 ppm to 1980 ppm, 

and this increase may be too large for passaged cells to survive. Previous studies 

have shown that MGO at a concentration of 1000 ppm reduced the viability of E. 

coli ATCC 8739 cultures from 5×105 – 1×106 CFU/mL to 0 CFU/mL within 120 

minutes of exposure (Juliano & Magrini 2019). A time-kill assay of P. aeruginosa 

with various concentrations of MGO would determine if the increases in 

concentration increments used in passaging were applying too great a selective 

pressure to lead to resistance. The same could be applied for S. aureus. A short kill- 

time at higher concentrations (e.g. 2× MIC or 990 ppm MGO) would indicate that 

the stepwise increase in concentration and selective pressure could be too great and 

thus killing the organism rapidly; that is, before it has the opportunity to develop 

resistance. Tight control of selective pressure by a continuous culture device, such 
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as a morbidostat, may solve this issue and is discussed later in this section of the 

thesis. 

 
 

Throughout the duration of the passaging assay, pellicle formation at the air-liquid 

interface was observed in P. aeruginosa cells exposed to sub-inhibitory 

concentrations of all treatments. This did not occur for S. aureus, nor was the 

presence of any other biofilm, such as the solid-liquid type, observed. nor was the 

presence of any other biofilm, such as solid. Biofilm formation induced by 

subinhibitory concentrations is well reported in P. aeruginosa for numerous 

antimicrobials (Fux et al. 2005; Hoffman et al. 2005; Ranieri, Whitchurch & 

Burrows 2018). This biofilm formation is a survival mechanism against both 

manuka honey and antibiotics, offering protection for P. aeruginosa. However 

pellicle-type biofilms also occur during repeated culture or standing cultures, 

through the overexpression of the gene pel (Madsen et al. 2015). During continuous 

passaging, mechanical force by pipetting was used to disrupt pellicles and 

homogenise the culture. Ultimately this disturbed the protection offered by this 

biofilm lifestyle and ensured that bacteria were in a planktonic state at the point of 

exposure to treatment at each passage. Moreover, since manuka honey can eradicate 

biofilms and antibiotics do not, this protection will not necessarily afford resistance, 

particularly as honey is not applied at subinhibitory concentrations in the clinic (Lu 

et al. 2014; 2019; Sindi et al. 2019). In future experiments, a continuous culture 

device or larger volumes vessels with higher shaking speed should be used to reduce 

any potential formation of biofilms. 
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P. aeruginosa isolated directly from sequential passaging in manuka honey had a 

unique colony morphology. These isolates were notably smaller than wild-type P. 

aeruginosa colonies and may be what are known as small colony variants (SCV) 

and are commonly isolated from biofilms (such as that which had formed during 

the course of sequential passaging). SCV have been previously isolated from P. 

aeruginosa biofilms exposed to high concentrations of manuka honey (45 – 50%) 

and were reported more tolerant to manuka treatment with a small MIC increase 

from 25.6% to 30.6% for P. aeruginosa ATCC 9027 and 15.3% to 22.6% for P. 

aeruginosa 867 (Camplin & Maddocks 2014). These small changes are not 

representative of the use of medicinal honey in the clinic where it is applied at much 

higher concentrations (Lu et al. 2019). Previous research in the Harry laboratory 

suggests that this is not the case for S. aureus as no increase in tolerance to manuka 

honey was detected in planktonic cells isolated from manuka treated biofilms (Lu 

et al. 2014). The putative SCVs isolated from this sequential passaging assay 

reverted to a normal morphology indistinguishable from wild-type P. aeruginosa 

PA14 and did not exhibit increased tolerance to manuka honey, further supporting 

the previous findings in the Harry laboratory. 

 
 

Under the conditions tested, it was possible to develop resistance to ciprofloxacin 

in S. aureus ATCC 25923 as demonstrated by the increase in survival at 

concentrations as high as 256 µg/mL, far exceeding doses administered in the clinic 

(Heldman et al. 1996). Previous studies have demonstrated that S. aureus resistance 

to ciprofloxacin can occur via de novo mutations in the gyrA occurring at a 

frequency of approximately 10 –9 (Campion, McNamara & Evans 2004). No change 

in S. aureus susceptibility to manuka honey was detected after 30 days of 



76  

continuous exposure but a decrease in susceptibility to AHMGO and MGO was 

observed and further confirmed after passaging in antimicrobial free media. This 

demonstrates that it is possible for S. aureus to acquire low levels of resistance or 

tolerance to MGO alone and AHMGO, but not whole manuka honey. 

 
 

The strong correlation between the MGO concentration of manuka honey and its 

antimicrobial activity against S. aureus suggests that the combination of sugar and 

MGO are the primary contributors to the antimicrobial activity of whole manuka 

honey against this organism. This notion is supported by the antimicrobial 

susceptibility testing results presented in this chapter where the MIC values for 

manuka honey (4%) and AHMGO (5.3%) against S. aureus ATCC 25923 are very 

similar, but MGO is notably higher (12.3%) (Table 2.2). If this were the case it 

would be expected that AHMGO resistance would also confer some degree of 

protection against manuka honey, however AHMGO resistant isolates were equally 

as susceptible to manuka honey as wild-type cells (Supplementary Information 1). 

From these data it can be concluded that the combination of sugar and MGO is 

effective against S. aureus but is unlikely to be the sole driving factors behind the 

anti-staphylococcal activity of manuka honeys. 

 
 

S. aureus isolates with decreased susceptibility to MGO and AHMGO did not 

display a difference in susceptibility to manuka honey when compared to the wild- 

type control (Supplementary Information 1). This may mean that manuka honey is 

not affecting S. aureus by the same means as MGO and AHMGO, as the fitness 

advantage acquired by these passaged isolates does not alter fitness of these cells 

when exposed to manuka honey. It has been suggested that an unknown 
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component(s) of manuka honey may be potentiating the antimicrobial effects of 

MGO in situ, which could account for the difference in antimicrobial activity of 

whole manuka honey in comparison to honeys and sugar solutions doped with 

MGO (Roberts, Brown & Jenkins 2015). The assessment of cross-resistance should 

be extended to P. aeruginosa isolates in future experiments. 

 
2.5.3 Reduced susceptibility to MGO and AHMGO may be due to 

increased activity of existing protection mechanisms 

Resistance to MGO alone was observed in both P. aeruginosa and S. aureus. This 

may be due the increased activity of innate mechanisms for resistance to MGO. 

These mechanisms are responsible for detoxifying endogenous MGO occurring as 

a result of glycolysis but do afford protection from exogenous MGO such as that 

found in manuka honey. The mechanisms in Gram-negative bacteria include: the 

overexpression of various enzymes including the aldo-keto reductases (AKR) 

YghZ and YqhE and aldehyde reductases such as YqhD and YafB (Lee & Park 

2017); the upregulation of the glyoxalase system (Freedberg, Kistler & Lin 1971); 

acidification of the cytoplasm by the Kef bacterial potassium efflux system (Healy 

et al. 2014); and excess production of glutathione (Murata et al. 1980). A recent 

genetic screen of E. coli K-12 revealed mutations in a large number and range of 

genes confers substantial resistance to both MGO and glyoxal (Lee et al. 2016). 

Mutations in processes such as tRNA modification, DNA repair, toxin-antitoxin 

systems, redox metabolism and transcriptional regulation all conferred resistance 

to MGO. Similar mechanisms of MGO resistance have been described in Gram- 

positive organisms, specifically B. subtilis which can grow in otherwise inhibitory 

concentrations of MGO when the glyoxalase genes glxA and glxB are 

overexpressed (formerly ywbC and yurT respectively) and cytoplasm pH is reduced 
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by upregulation of the KhtSTU potassium efflux system (Chandrangsu et al. 2014). 

Any one of these described mechanisms may account for the reduced susceptibility 

of P. aeruginosa and S. aureus to MGO alone. Given that microorganisms have 

developed such a diverse range of mechanisms to detoxify MGO produced as a by- 

product of glycolysis, it seems unlikely that MGO alone is responsible for the lack 

of antimicrobial resistance to manuka honey. 

 
 

Continuous exposure to AHMGO led to reduced susceptibility only in S. aureus 

and not P. aeruginosa (Table 2.2). This discrepancy between S. aureus and P. 

aeruginosa is likely to be a result of their different susceptibilities to MGO and AH 

individually. Wild-type S. aureus is more susceptible to MGO than AH, and P. 

aeruginosa is more susceptible to AH than MGO (Table 2.1). Through constant 

exposure to AHMGO, S. aureus becomes more adept at detoxifying MGO present 

in AHMGO, allowing it to survive in concentrations above the initial MIC for 

AHMGO. For P. aeruginosa this does not occur, as it is already adept at detoxifying 

MGO above what is present in 1× AHMGO. In both cases the high sugar 

concentration appears to be critical in preventing high-level resistance. These two 

factors of AH and MGO in combination as AHMGO, are unlikely to be solely 

responsible for the absence of resistance to manuka honey. This has already been 

exemplified in the yeast, Saccharomyces cerevisiae, where MGO toxicity is 

common during industrial biotechnology processes where yeast cells are required 

to metabolise large amounts of glucose. This microorganism has been engineered 

to tolerate both high MGO and high sugar concentration (Aguilera & Prieto 2004; 

Aguilera, Rodriguez-Vargas & Prieto 2005). This suggests that a combination of 

multiple antimicrobial components is important for prevent resistance and is likely 
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what is occurring in manuka honey, especially since manuka honey is much more 

complex than the AHMGO used in this assay. 

 
 

Understanding antimicrobial resistance mechanisms using in vitro techniques is 

complex. Bacteria can accumulate a range of mutations which confer antibiotic 

resistance (to varying degrees) and it is unclear whether these mechanisms of 

resistance are representative of what might occur in a clinical setting. Applying 

varying degrees of selection pressure, either above or below MIC, can select for 

different genetic mutations which confer resistance by different mechanisms 

(Wistrand-Yuen et al. 2018). Moreover, these approaches may not represent the 

true potential for the generation of resistance in a bacterial population as stepwise 

increases in drug concentration select for single mutants which dominate the 

population once the concentration applied is no longer inhibitory to that mutant 

(Toprak et al. 2013). The use of a continuous culture device may overcome the 

limitations of the serial passaging assay reported in this chapter. Modified 

chemostats and morbidostats have been implemented in a number of continuous 

culturing experiments for laboratory evolution of antimicrobial resistance (Toprak 

et al. 2011) and successfully applied to P. aeruginosa (Dößelmann et al. 2017). 

These devices allow for the constant flow of new media and maintain cultures in 

the logarithmic phase of growth. Initially antimicrobials are added at the minimal 

inhibitory concentration and the response of the culture is monitored by optical 

density. As survival of the exposed culture increases (measured as reduced flux in 

optical density after exposure to antimicrobial), the concentration of inhibitor is 

increased in small increments not necessitating large stepwise increases. 
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This study was limited to two organisms, a single strain for each species tested. It 

must be acknowledged that different strains of the same species of bacteria have 

varying capacity to develop resistance, and this is often the case for clinical isolates. 

In order to draw broad conclusions as to the susceptibility of both S. aureus and P. 

aeruginosa to manuka honey and its key components, future studies should apply 

the experimental approaches used in this chapter to a larger number of strains, 

including clinical isolates. 

2.6 Conclusions 
 

The work in this chapter has shown: 1) manuka honey is more effective than either 

of its key components (AH, AHMGO or MGO) at inhibiting the growth of P. 

aeruginosa; 2) P. aeruginosa and S. aureus are not equally affected by the key 

components of manuka honey; 3) manuka honey has a bactericidal effect on P. 

aeruginosa and S. aureus whereas its key components do not; 4) true resistance to 

manuka honey in P. aeruginosa and S. aureus cannot be induced under laboratory 

conditions unlike antibiotics; 5) lack of resistance to manuka honey is not driven 

solely by a particular key component or combination of key components of honey. 

 
 

Although the lack of resistance to manuka honey cannot be attributed to its key 

components, the question still remains, how do they contribute to the antimicrobial 

mechanism of action of manuka honey? Do AH, MGO and the combination of 

AHMGO have different effects on bacteria compared to whole honey? 
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Chapter 3 Transcriptomic response of P. aeruginosa to manuka 

honey and its major components 

3.1 Introduction 
 

Manuka honey is bactericidal and resistance to its killing effects have not been 

reported. This was confirmed for both P. aeruginosa and S. aureus in the previous 

chapter. This unique feature is highly desirable as antimicrobial resistance is rising. 

So how is it that manuka honey kills bacteria without generating resistance? What 

is the mechanism of action of this potent antimicrobial? Do the key components of 

honey explain this mechanism of action; and is MGO the critical antimicrobial 

component of manuka honey given that it is now adopted extensively by industry 

as measure of the antimicrobial activity of these honeys? These are all important 

and outstanding questions, and better understanding of how honey works to kill 

bacterial cells without inducing resistance can be insightful for seeking new and 

effective antibacterials. 

 
3.1.1 The complex nature of antimicrobial mechanisms of action 

 
Determining the mechanism of action of a novel antimicrobial can pose a great 

challenge to antimicrobial researchers. Although single compound antimicrobials 

were traditionally thought to target a single process in the bacterial cell, more recent 

research has shown that single compounds can have many other effects on the cell 

that contribute to its overall antimicrobial efficacy (Jensen, Zhu & van Opijnen 

2017). Some examples include the generation of intracellular radical species, 

switching to a cell-wall-deficient lifestyle and even the induction of autolysis 

mechanisms (Kohanski et al. 2007; Mickiewicz et al. 2019; Silver 2007; Turnbull 

et al. 2016). The challenge becomes even greater when looking at combination 
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therapies of two or more compounds with a known mechanism of action, as a 

synergistic interaction can change the way in which a cell responds to handle the 

stress (Bollenbach 2015). The rise of antibiotic resistance, and failed attempts at 

generating synthetic antibiotics that inhibit single essential targets, has sparked a 

re-evaluation of how we approach antimicrobial therapy. Combination therapy has 

been long used in HIV and cancer treatments as the likelihood of mutations or 

acquisition of resistance to multiple drugs is far lower than for a mono-therapeutic 

approach (Bock & Lengauer 2012). Combination therapy is now gaining major 

traction as a potential solution to the antimicrobial resistance crisis and in 2019 

alone three novel antimicrobial combination therapies, Pretomanid (bedaquiline 

and linezolid) (Wang et al. 2019), Recarbrio (imipenem, cilastatin and relebactam) 

(Karlowsky et al. 2019) and Talicia (amoxicillin, rifabutin and omeprazole), have 

been approved by the FDA (Tyers & Wright 2019). 

 
 

Honey is a complex natural antimicrobial containing over 200 substances with 

many yet to be identified (da Silva et al. 2016). Many of these components have 

been shown to exhibit antimicrobial activity on their own. For example, 

methylglyoxal, hydrogen peroxide and the antimicrobial peptide bee-defensin 

(Adams et al. 2008; Kwakman et al. 2010; Sojka et al. 2016). However, these 

factors are variable between honey types and one single component does not always 

account for the total antimicrobial activity. This is the case for some manuka 

honeys, where it has been shown that they retain bactericidal activity after 

neutralisation of a major antimicrobial component, MGO (Kwakman, Velde, et al. 

2011). Considering the complexity of honey, it is not unreasonable to consider it as 

a naturally occurring antibiotic combination, possibly explaining its broad- 
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spectrum antibacterial activity and the lack of bacterial resistance to its killing effect 

for hundreds of thousands of years (Carter et al. 2016). Despite great efforts to 

elucidate the antibacterial mechanism of action of manuka honey, how it works to 

inhibit and kill bacteria at the molecular level is still unclear. Elucidating the mode 

of action of combination therapies has been achieved by comparing transcriptome 

profiles of microbes after treatment with the total and individual components of the 

combination (Meylan et al. 2017; Mishra et al. 2017). Although microarray-based 

transcriptome profiling has been applied to manuka honey treated E. coli and S. 

aureus, understanding the contribution of its key components has not been done 

and may aid in elucidating its mode of action. 

 
3.1.2 Applying modern transcriptomic techniques to understand how 

antimicrobials work 

For many complex natural antimicrobials, understanding their mechanism of action 

is essential for their development towards a clinical application and is often the 

most challenging step. For natural antimicrobials there is limited or no precedent 

for a potential mechanism as they are not derived from existing compounds with a 

known target or designed specifically for a target. 

 
 

Transcriptomic techniques such as RNA-Seq provide information on how a cell 

responds to a condition or stress being applied. When RNA-Seq is applied to 

bacteria following treatment with antimicrobials, the changes in gene expression 

after exposure can be used to identify potential targets and therefore mechanisms 

by which that antimicrobial works (Jensen, Zhu & van Opijnen 2017; Pulido et al. 

2016). This has been successfully applied to a number of naturally derived 
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antimicrobials, like tea polyphenols which were found to act by impairing the 

biosynthesis of membrane components (Chernov et al. 2019; Santos et al. 2016). 

 
 

As previously stated in section 1.4.1.1, at present only two studies describing the 

bacterial transcriptomic changes induced by manuka honey have been published 

(Blair et al. 2009; Jenkins, Burton & Cooper 2014). Both of these studies utilised 

the now dated microarray technology which is limited by the hybridisation-based 

approach, affected by biases and restricted to a pre-defined set of gene probes. This 

is unlike RNA-Seq data, which is more sensitive to gene expression changes, has a 

wider dynamic range and can be mapped to the most up-to-date genomic data sets 

(Croucher & Thomson 2010; Wang et al. 2014). Despite the prominent role of 

MGO in the antimicrobial activity of manuka honey, its individual contribution to 

these responses has not been thoroughly investigated as many previous studies have 

not included any MGO-only controls. Determining the contribution of MGO to the 

overall effect of honey is relevant not only scientifically, but also from an industry 

standpoint. Because MGO and the related non-peroxide activity is a unique feature 

of manuka honey, the beekeeping industry now extensively uses the level of MGO 

in a manuka honey sample to infer its level of antimicrobial activity. This in turn 

dictates its market value, where a higher MGO honey fetches a more premium price 

point, for example the wholesale price of table honey is $4 – 6/kg, whereas an 

‘active’ manuka honey can fetch upwards of $250/kg. 

 
 

Scientifically, the inability of bacteria to become resistant to manuka honey is 

unlikely to be due to the presence or level of MGO in the honey, because they are 

also unable to develop resistance to non-manuka honeys that do not contain MGO 
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(Blair et al. 2009); and because bacterial resistance to this compound itself has been 

reported (Chandrangsu et al. 2014; Grant et al. 2003). Moreover, recent evidence 

suggests that MGO alone is not wholly representative of the antimicrobial activity 

of MGO in the honey milieu (Lu et al. 2014), yet no work to date has yet 

investigated whether the transcriptomic response of bacteria to manuka honey can 

be explained by a combination of MGO with sugars (as AHMGO used in this 

project). Here we have investigated the effect of MGO alone, and in combination 

with artificial honey (a sugar solution with sugar composition and pH matched to 

that of manuka honey) to better understand its contribution to the overall effect of 

honey on P. aeruginosa cell physiology. 

 
 

In this chapter, the next-generation sequencing technology, RNA-Seq, is used to 

quantify all mRNA species (coding and non-coding messenger RNA), regardless 

of the abundance of the protein product and where it may be transported in the cell 

(secreted or membrane-bound). This is the first study to apply next generation 

sequencing techniques to investigate the effect of honey on bacteria. It will provide 

a comprehensive image of how the expression of genes in the common wound 

pathogen P. aeruginosa PA14 changes following treatment with manuka honey and 

its key components. Whether the observed transcriptomic changes relate to the 

antimicrobial mechanism of manuka honey was further assessed by screening 

specific mutant strains of P. aeruginosa PA14 from a non-redundant transposon 

insertion library. 
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3.2 Chapter aims 
 

The specific aims of the work presented in this chapter were to: 
 

1. Characterise the transcriptomic changes in P. aeruginosa following manuka 

honey treatment using RNA-Seq. 

2. Identify the transcriptomic response of P. aeruginosa following treatment 

with the major antibacterial components of honey: AH, MGO and AHMGO 

to understand their contribution to the overall effect of honey on bacteria 

3. Screen a transposon insertion mutant knock-out library to identify whether 

certain highly differentially expressed genes, when deleted, affect P. 

aeruginosa susceptibility to manuka honey. 

3.3 Methods 
 

3.3.1 Total RNA isolation and sequencing 
 

P. aeruginosa PA14 cultures were prepared in CAMH broth to an initial OD600 of 

0.05 and then incubated at 37°C with shaking at 200 rpm until reaching mid-

exponential phase (OD600 0.4) (Supplementary Information 3). Cultures were then 

split into four flasks containing 2 mL of each treatment at a final concentration of 

0.5× MIC; MH (5% w/v), AH (12.5% w/v), AHMGO (10.75% w/v) and MGO 

solution (27.5% w/v). All treatments were solubilised in equal volumes of CAMHB 

prior to addition to the treatment flasks. A fifth flask containing 2 mL of fresh 

CAMHB remained untreated. Cultures were grown for an additional 30 minutes 

before RNA extraction was carried out as previously described (Liu et al. 2018). 

Experiments were conducted in triplicate and samples sent to Macrogen (Seoul, 

South Korea) for Ribosomal RNA reduction using the Ribo-Zero™ rRNA Removal 

kit (Illumina), library preparation using the TruSeqⓇ stranded mRNA kit (Illumina) 
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and subsequent 100 bp paired-end RNA sequencing on a HiSeq4000 sequencer 

(Illumina). 

 
3.3.2 Bioinformatic analysis 

 
RNA-Seq read quality was assessed using FASTQC and trimmed using 

Trimmomatic (version 0.36) using the default parameters and trimmed of adaptor 

sequences (TruSeq3 paired-ended). Reads were aligned to the P. aeruginosa 

UCBPP-PA14 genome 

(http://bacteria.ensembl.org/Pseudomonas_aeruginosa_ucbpp_pa14/Info/Index/) 

and then counted using the RSubread aligner (version 1.30.7) with the default 

parameters (Liao, Smyth & Shi 2019). Prior to quantification of gene expression 

from transcriptomic data, rigorous quality control was applied to short-read 

sequence data (Supplementary Information 7, Supplementary Information 8). 

 
 

After mapping, differential expression analysis was carried out using strand- 

specific gene-wise quantification using the DESeq2 package and the Benjamini- 

Hochberg adjustment method (Love, Huber & Anders 2014). Further normalisation 

using the RUV correction method with 1 unwanted factor (k = 1) used to correct 

for batch effects, using replicate samples to estimate the factors of unwanted 

variation (Risso et al. 2014). Absolute counts were transformed into standard z- 

scores for each gene over all treatments – that is absolute read for a gene minus 

mean read count for that gene over all samples and then divided by the standard 

deviation of all counts over all samples. Genes with an adjusted P value (p.adj) ≤ 

0.05 were considered differentially expressed. 

http://bacteria.ensembl.org/Pseudomonas_aeruginosa_ucbpp_pa14/Info/Index/
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Pathway analysis was conducted using the clusterProfiler package (Yu et al. 2012) 

with q-value thresholds set to 0.1 and matching back to the KEGG database entry 

for P. aeruginosa UCBPP-PA14. For pathway perturbation analysis, significantly 

differentially expressed genes with log2 fold change ≥ 2, without multiple 

comparisons correction, were mapped to the BioCyc database entry for P. 

aeruginosa UCBPP-PA14 

(https://biocyc.org/organism-summary?object=PAER208963). 
 

PseudoCAP analysis was conducted by calculating the percentage of genes in each 

classification that are differentially expressed (log2 FC ≥±2 and p.adj ≤ 0.05). 

Classifications were downloaded from the Pseudomonas Community Annotation 

Project (http://www.pseudomonas.com). 

 

3.3.3 Validation of RNA-Seq results 
 

3.3.3.1 RT-qPCR reaction set up 
 

RT-qPCR reactions were set up for the three experimental samples and three no- 

treatment control samples. A master mix solution of GoTaq® qPCR Master Mix 

(Promega) nuclease-free water (Promega) was prepared and split into two 1.5 mL 

microcentrifuge tubes. An EpMotion 5070 automated liquid handler (Eppendorf) 

was used to dispense 4.7 µL of master mix solution to each well of a 384 well PCR 

plate (Roche Applied Science). A 384 well plate was set up with wells of 40 µL of 

0.4 µM forward and reverse oligonucleotide primer mix for each primer pair, 40 

µL of each cDNA sample, 40 µL of each no reverse-transcriptase control and 40 

µL of nuclease-free water. An Echo® 550 liquid handler (Labcyte) was used to 

transfer 100 nL of each oligonucleotide mix, 200 nL of cDNA template and 200 nL 

of no-reverse transcriptase sample into corresponding wells of the 384 well PCR 

plate containing the qPCR master mix. This technique was also used to transfer 

https://biocyc.org/organism-summary?object=PAER208963
http://www.pseudomonas.com/
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nuclease-free water and oligonucleotide mix to the 384 well PCR plate as a ‘no-

template’ control reaction. The plate was then loaded into a real-time thermal cycler 

(LightCycler® 480 Instrument II, Roche Applied Science) with a hot start cycle at 

95°C for 2 minutes followed by 40 cycles of 10 seconds denaturation at 95°C, 15 

seconds annealing at 55°C and lastly 30 seconds extension at 72°C. 

3.3.3.2 RT-qPCR efficiency evaluation 

PCR efficiency for each primer pair was determined using the protocol described 

by Brzoska and Hassan (Brzoska & Hassan 2014). Briefly, qPCR reactions were 

set up as described in section 3.3.3.1 however cDNA samples were replaced with 

10-fold serial dilutions of gDNA isolated from an overnight culture of P.

aeruginosa PA14 using a DNeasy® Mini Kit (Qiagen) as per the manufacturer’s 

instructions. An XY scatter plot was created for each oligonucleotide primer mix 

with CT values versus log of the gDNA dilution. Linear analysis was conducted for 

each graph and the gradient for each line was used to calculate efficiency using the 

formula: 

𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  10(−1/𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) − 1 × 100 

3.3.3.3 Quantification of mRNA expression using the Comparative CT 

method 

The comparative CT (∆∆CT) method was used to quantify the abundance of an 

mRNA in a test samples relative to the abundance of the same mRNA in untreated 

control samples. CT values obtained for target cDNA as well as the endogenous 

reference cDNA from qPCR reactions set up for test sample as well as the control 

sample were used to calculate ∆CT by employing the formulae: 

ΔCT(test sample) = ΔCT(target cDNA) – CT(endogenous reference cDNA) 
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ΔCT(baseline sample) = ΔCT(target cDNA) – CT(endogenous reference cDNA) 

 
ΔΔCT = ΔCT(test sample) – ΔCT(baseline sample) 

 
Relative abundance = 2–ΔΔCT 

 
The log2 of the relative abundance value was calculated to determine the log2 fold 

change of target mRNA expression in the test sample as compared to the control 

sample. 

 
3.3.4 Susceptibility testing of mutant strains and under anaerobic 

conditions 

All mutant susceptibility testing was performed as described in section 2.3.2. A 

total of 22 transposon insertion mutant knock-out strains were tested for their 

susceptibility to manuka honey. These strains were supplied by Prof Ian Paulsen 

and are a part of the PA14 transposon insertion mutant library acquired from the 

laboratory of Prof Frederick Ausubel (Liberati et al. 2006). 

 
 

In order to explore whether oxidative stress responses were due to the generation 

of reactive oxygen species (ROS), thought to be a common killing factor of many 

antimicrobials, we performed MIC assays under anaerobic conditions where ROS 

formation is impeded. For MIC assays conducted in anaerobic conditions, CAMHB 

was supplemented with 1% KNO3 (Sigma Aldrich) and anaerobic conditions were 

achieved using an Anoxomat II system (Mart Microbiology BV) where microtitre 

plates were placed in an anaerobic jar containing a palladium-coated aluminium 

pellet catalyst and flushed with a gas mixture (80% N2, 10% CO2, 10% H2) before 

incubating at 37°C for 24 hours. 
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3.4 Results 
 

Understanding the transcriptional changes induced by manuka honey and its key 

components may give some insight into its mechanism of action. However, a 

rigorous transcriptomics approach to address this question has not yet been used 

with honey. An RNA-Seq approach was used to elucidate the gene expression 

changes in the model organism, P. aeruginosa, following treatment with manuka 

honey, as well as the key antibacterial components in this honey – MGO and sugar, 

in the form of: MGO only, artificial honey (AH), and artificial honey + MGO 

(AHMGO). This chapter will first focus on the transcriptomic changes in P. 

aeruginosa induced by manuka honey, and subsequently on the response elicited 

by its key components and how these compare or contribute to gene expression 

profile induced by honey. 

 
3.4.1  What is the effect of manuka honey on the expression of genes, 

biological processes and pathways in P. aeruginosa? 

Manuka honey treatment at sub-inhibitory concentrations and short exposure times 

(0.5× MIC for 30 minutes) induced widespread differential gene expression in P. 

aeruginosa PA14. Manuka honey markedly affects the transcriptomic profile of P. 

aeruginosa cells compared to the untreated control cells (Figure 3.1A), with 

changes to the expression of 3177 of the 5892 coding sequences of this organism 

(54 %; false discovery rate threshold = 0.05). 
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A B 

Figure 3.1. Transcriptional response of P. aeruginosa PA14 treated at mid-exponential phase with manuka honey and honey analogues for 30 minutes at 0.5× 
MIC. (A) Clustered heatmap of relative expression of 5892 coding genes in P. aeruginosa across all treatments and a no-treatment control (NT). Treatments 
include whole manuka honey and its constituents: artificial honey (AH), artificial honey doped with methylglyoxal (AHMGO), and methylglyoxal (MGO) alone. 
RNA-Seq was performed using three biological replicates for each treatment, and five for the no-treatment control. The clustered heatmap shows the Row Z- 
score (amount by which counts for a gene deviates in a specific sample from that gene’s average across all samples) and is clustered based on Euclidean measure 
and complete agglomeration (B) Bi-plot of the principal component analysis of normalised read counts for all treatments (manuka honey: green; MGO: blue; 
artificial honey: red; artificial honey + MGO: khaki) and the untreated control (purple), split into biological replicates. 
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A similar number of genes were upregulated (n = 1646, representing 28 % of all coding 

genes) versus downregulated (n = 1531, or 26 %). Analysis of only the genes with a 

log2 fold change (log2 FC) of ≥ ± 2 showed that a total of 235 were differentially 

expressed, equivalent to 4 % of all coding sequences (Table 3.1). When this threshold 

was applied, more genes were upregulated than downregulated, as is visualised in the 

overall heatmap (Figure 3.1A). Principle component analysis (PCA) confirmed that the 

effect of manuka honey on P. aeruginosa differed markedly relative to the untreated 

control (Figure 3.1B). 

 
 

Table 3.1. Total number of differentially expressed genes, number of upregulated and number of 
downregulated genes in each condition with a log2 fold change ≥ 2 and p.adj ≤ 0.05 

 

Treatment Total Upregulated Downregulated 

Manuka 235 138 97 

AHMGO 570 375 195 

MGO 551 366 185 

AH 119 103 16 

 
 

Genome-wide expression changes were visualised as volcano plots (Figure 3.2) to 

identify specific genes with a large fold-change and high statistical significance. Genes 

that were significantly differentially expressed (p.adj < 0.05) and above the arbitrary fold- 

change threshold (log2 FC > 2) are presented in red and the five most up- and 

downregulated genes are labelled in each plot. A comprehensive list of the 20 most up- 

and downregulated genes after treatment with manuka honey can be found in the 

appendix (Supplementary Information 10, Supplementary Information 11), along with 

data from RT-qPCR experiments conducted for validation of RNA-Seq results 

(Supplementary Information 4). Manuka honey treatment caused significant upregulation 

of 138 genes and downregulation of 97 genes (Figure 3.2A). In the manuka treated 
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sample, the two genes in the PA14_56360-56370 operon were amongst the top five most 

upregulated genes (log2 FC = 5.87 and 5.85 respectively). These genes encode 

hypothetical proteins that share homology with proteases from the DJ-1/PfpI family in P. 

aeruginosa PAO1, namely the oxidative stress response gene ahpF (log2 FC = 5.46), the 

glyoxalase enzyme gloA3 (log2 FC = 5.19) and the aldo-keto reductase gsp69 (log2 FC = 

5.16) (Figure 3.2A). The genes that had the largest downregulation following manuka 

honey treatment were the scoAB operon encoding CoA transferase subunits A and B (log2 

FC = − 4.94 and − 4.15 respectively), hmgA (log2 FC = − 3.97) encoding a homogentisate 

1-2-dioxygenase and a pair of genes in the PA14_58410-58490 operon encoding the outer 

membrane porin opdP (PA14_58410) (log2 FC = − 3.79) and periplasmic ABC 

transporter dppA4 (PA14_58420) (log2 FC = − 3.62) (Figure 3.2A). 
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Figure 3.2. Summary of genome-wide expression changes in P. aeruginosa PA14 after treatment 
with A) manuka honey; B) MGO; C) AHMGO; and D) AH. The top 10 most differentially 
expressed genes are labelled in each plot. Grey dots indicate genes with no significant difference 
compared to the untreated control (p.adj > 0.05), blue dots indicate genes with a significant 
difference compared to untreated control (p.adj < 0.05) and red dots indicate genes with both a 
significant difference (p.adj <0.05) and log2 FC > 2 compared to untreated control with numerical 
annotations to indicate the number of differentially expressed genes. 

 
 

3.4.1.1 Which functionally related groups of genes are most affected by 

manuka honey treatment? 

It has been shown that gene expression changes across the P. aeruginosa genome do not 

necessarily correlate with mutant fitness for a wide-range of antimicrobials and that 

enrichment of functionally related groups of genes can be more predictive of fitness 
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(Murray et al. 2015; Turner et al. 2014). For this reason, differential expression of genes 

related to certain biological functions defined by the Pseudomonas Community 

Annotation Project (PseudoCAP) (Winsor et al. 2016) were also analysed (Figure 3.3). 

PseudoCAP categories group genes based on experimental evidence of their involvement 

in a particular cellular function or their assignment to KEGG pathways participating in 

that cellular function. The percentage of genes in each PseudoCAP classification that are 

differentially expressed (log2 FC ≥±2 and p.adj ≤ 0.05) were used as an indication of the 

extent to which manuka honey affected particular biological functions in P. aeruginosa. 

 
 

Overall, manuka honey had a major affect (upregulation) on the following categories: 

related to phage, transposon or plasmid; antibiotic resistance and susceptibility; and 

adaption and protection (Figure 3.3). Manuka honey treatment had a much stronger effect 

on the number of genes upregulated in the ‘related to phage, transposon or plasmid’ 

category than any of the other treatments. Other categories upregulated by manuka honey 

in a sizeable but smaller manner were those relating to: transport of small molecules; 

transcription, RNA processing and degradation; secreted factors; putative enzymes; 

nucleotide biosynthesis metabolism; membrane proteins; energy metabolism; DNA 

replication, recombination, modification and repair; central intermediary metabolism; 

cell wall and biosynthesis of cofactors. In comparison, only a few processes were 

downregulated by manuka honey and these were: protein secretion; fatty acid and 

phospholipid metabolism, and amino acid biosynthesis and metabolism (Figure 3.3). 
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Figure 3.3. Percentage of genes of each PseudoCAP category which were differentially expressed 
(log2 FC ≥±2 and p.adj ≤ 0.05) after treatment with manuka honey (dark-red), MGO (light-blue), 
AHMGO (dark-blue) and AH (light-red). 

Functional groups corresponding to biological processes were manually curated and 

visualised as heatmaps (Figure 3.4). Functional groups were selected where several genes 

involved in a particular pathway or process were affected, and where at least two of those 

genes were amongst the 25 most differentially up- or downregulated genes. From the 
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heatmap analyses, we determined that manuka honey treatment also induced the 

differential expression of genes involved in (but not limited to) quorum sensing (Figure 

3.4A), the oxidative stress response (Figure 3.4B), the SOS response (Figure 3.4C) and 

the tailocin genes (Figure 3.4D; this is discussed later). 
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Figure 3.4. Heatmaps show log2 FC data for P. aeruginosa PA14 treated at mid-exponential phase 
with manuka honey and honey analogues for 30 minutes at 0.5 × MIC. A) quorum sensing genes 
B) oxidative stress response genes C) SOS response genes, D) tailocin genes, E) respiration genes 
for each treatment. 
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Manuka honey induced strong downregulation of genes involved in the Pseudomonas 

quinolone signal (PQS) system in P. aeruginosa, namely pqsA, pqsB, pqsC and pqsD 

(Figure 3.4A). A number of genes involved in the oxidative stress response were induced 

following treatment with manuka honey, namely ahpF, katB, trxB2, katA and sodM 

(Figure 3.4B). The strong upregulation of genes involved in the oxidative stress response 

generally suggests that reactive oxygen species (ROS) are contributing to the 

antimicrobial activity of manuka honey. In order to explore whether oxidative stress 

responses were due to the generation of ROS, MIC assays were incubated in anaerobic 

conditions where ROS formation is impeded (Hassett & Imlay 2007; Keren et al. 2013; 

Liu & Imlay 2013). There was no difference in the MIC of manuka honey under aerobic 

versus anaerobic conditions, MIC 10 % versus 11 % respectively, suggesting that ROS is 

not the only contributor to the antimicrobial mechanism of action of manuka honey. 

 
3.4.2 How does AH, MGO and AHMGO affect the transcriptome of P. 

aeruginosa compared to manuka honey? 

The transcriptomic effects of manuka honey on P. aeruginosa cannot be wholly 

accounted for by its key components on their own, although there were many similar 

changes observed across treatments. Treatment with manuka honey induced 

transcriptional changes resulting in a unique gene expression profile compared to its 

major components – MGO and sugar (AH), both alone and in combination (Figure 3.1). 

Hierarchical clustering analysis of RNA-Seq data revealed that the manuka honey (MH) 

gene expression profile was most similar to AH and most different to MGO alone. The 

combination of AHMGO was more similar to MH than MGO alone (Figure 3.1A) and 

this is supported by principal component analysis (Figure 3.1B). 
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Analysis of individual gene changes showed that while many genes are significantly 

differentially expressed (log2 FC > 2; p.adj < 0.05) across all treatments, MGO treatment 

resulted in the highest number of differentially expressed genes overall (Figure 3.2). This 

could be, in part, due to the higher concentration of MGO; because using 0.5× MIC across 

all treatments meant that the inhibitory effect on cells was the same but the final MGO 

concentration was different under each treatment condition. This was taken into 

consideration while interpreting the data. 

 
 

There are several genes amongst the five most up- or downregulated ones common across 

multiple treatments (MH, MGO, AHMGO) such as ahpF, previously identified, and is 

known to play an important role in the response to oxidative species (Figure 3.2). The 

genes scoA and gsp69 were in the ten most significantly differentially expressed genes 

across multiple treatments (scoA in MH, AHMGO and AH, gsp69 in MH and AHMGO). 

The gene gsp69 encodes a probable oxidoreductase with homology to aldo-keto 

reductases (AKRs) in E. coli (T. Kim et al. 2017). AKRs are capable of detoxifying MGO 

by reducing methylglyoxal to hydroxyacetone using NADPH as a co-factor (Chakraborty, 

Karmakar & Chakravortty 2014; T. Kim et al. 2017; Ko et al. 2005; Lee et al. 2010). 

 
 

Only six genes in total were differentially expressed across all treatments (Figure 3.5). 

These included the PQS quorum sensing genes pqsA, pqsC, pqsD, pqsE and the gene 

immediately downstream from this operon, phnA. Differential expression data for genes 

involved in quorum sensing are presented as a heatmap showing that all treatments affect 

the PQS quorum sensing system (Figure 3.4A) and while this is consistent with previous 

reports (Lee et al. 2011; Wang et al. 2012) it has not been reported for treatment with 



103 

MGO alone. Of all the treatments, AHMGO had the strongest effect on the expression of 

genes in this pathway (Figure 3.4A). 

 

Figure 3.5. Venn diagram of differentially expressed genes (log2 FC ≥ 2, p.adj ≤ 0.05) in P. 
aeruginosa PA14 after treatment with (yellow) manuka honey (yellow), AHMGO (blue), MGO 
(pink) and AH (green) at 0.5× MIC. 

In general, manuka honey affected the same processes as AHMGO and MGO, however 

not always to the same extent, nor in the same direction (Figure 3.3). This was a surprising 

finding given the apparent differences in the overall transcriptomic profiles and 

antimicrobial activity of each of the treatments. Many of the PseudoCAP categories 

shown as being affected by honey, including secreted factors, protein secretion, energy 

metabolism, and DNA replication and adaption, were similarly affected by MGO and 

AHMGO treatment, but not AH (Figure 3.3). This suggests that MGO contributed, at 

least in part, to these gene expression changes. The data also indicate that AH actually 

has little contribution to the action of manuka honey in terms of the gene expression 
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changes in the biological processes and pathways of P. aeruginosa (Figure 3.3 and Figure 

3.4). 

 
 

There were certain categories that were differently affected by manuka honey relative to 

its major components, like the category ‘related to phage, transposon or plasmid’, where 

a higher percentage of genes were upregulated by manuka than any of the other 

treatments. Genes in the ‘transport of small molecules’ category were mainly 

downregulated by manuka honey treatment whereas AHMGO and MGO seemed to 

induce both up- and downregulation of genes. The significantly higher number of 

differentially expressed genes in AHMGO and MGO treatment may be a downstream 

effect of the higher degree of differential expression of genes in the ‘transcriptional 

regulators’ category (Figure 3.3), which includes transcriptional regulators such as lasR, 

rhlR, algQ, and mvfR (also known as pqsR). All of these genes are global regulators 

controlling transcription of large sets of genes across the P. aeruginosa genome in 

response to different stimuli (Lee & Zhang 2015). Other categories had a large percentage 

of genes affected by treatments other than manuka honey, for example, MGO treatment 

induced dramatic downregulation of genes in the ‘cell division’ and ‘cell 

wall/LPS/capsule’ categories (Figure 3.3). 

 
 

The expression of genes in the oxidative stress response were affected by both AHMGO 

and MGO. AH treatment significantly affected the expression of one single gene – katE, 

which is related to the oxidative stress response (Figure 3.4C). The MGO-only treatment 

induced particularly strong upregulation of the organic hydroperoxide resistance gene ohr 

which encodes a cys-based thiol peroxidase (Alegria et al. 2017). This data is congruent 

with the expression of genes involved in the SOS response, only AHMGO and MGO and 
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not AH induced strong upregulation in a wide range of genes involved in SOS, notably 

recA and lexA (Figure 3.4C). Curiously, our data shows that manuka honey induces 

comparable expression of SOS response genes to MGO and AHMGO treated cells, 

despite containing a much lower concentration of MGO. 

 
3.4.3 What does manuka honey do to gene expression in P. aeruginosa 

that cannot be explained by its key components? 

 
Each of the treatments induced differential expression of a unique set of genes (threshold 

log2 FC ≥2, p.adj ≤ 0.05), and 76 genes were identified as being differentially expressed 

when treated with manuka honey but not any of the other conditions (Figure 3.5, Table 

3.2). In comparison, AHMGO and MGO-only treatment showed a higher number of 

uniquely differentially expressed genes (n = 227 and n = 317, respectively) (Figure 3.5). 

This data suggests that the overall effect manuka honey has on P. aeruginosa cannot be 

completely explained by its key components. Further analysis of the importance of 

individual gene expression changes was undertaken to better understand the unique 

aspects of the action of manuka honey on P. aeruginosa cells. The genes specifically 

upregulated by manuka corresponded to a number of phage-related genes, as well as haem 

oxygenase nemO, oxidative stress response genes sodM, ankB and katA and metabolic 

genes fumC1 and glpD2. Uniquely downregulated genes include those encoding ABC 

transporters, ybeJ, gltJK and dppD, metabolic genes atoB, braE, maiA, fahA and gnyB 

and the cytoplasmic potassium transporter K+ binding and translocating subunit kdpA. 
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Table 3.2. Genes in P. aeruginosa PA14 which are differentially expressed (log2FC ≥ 2, p.adj ≤ 
0.05) only after treatment with manuka honey and not with treatment of its key components. 

 

Locus Tag Log2 FC Gene Description 
PA14_59220 4.36  pyocin S5 
PA14_07990 4.03 hol putative holin 
PA14_08000 3.41  conserved hypothetical protein 
PA14_55580 3.32 nemO heme oxygenase 
PA14_60630 3.30  putative stomatin/prohibitin 
PA14_58030 3.25 fumC1 fumarate hydratase 
PA14_08180 3.25  hypothetical protein 
PA14_49520 3.07 pyoS3A pyocin killing protein 
PA14_08200 2.97  hypothetical protein 
PA14_09150 2.92 katA catalase 
PA14_40350 2.90  putative DNA helicase 
PA14_08010 2.87 gpV putative baseplate assembly protein V 
PA14_08210 2.85  putative major tail protein V 
PA14_08030 2.80  putative phage baseplate assembly protein 
PA14_08190 2.79  hypothetical protein 
PA14_08220 2.75  hypothetical protein 
PA14_10840 2.74  putative dehydrogenase 
PA14_08160 2.72 lys putative lytic enzyme 
PA14_08230 2.71  hypothetical protein 
PA14_14540 2.71  hypothetical protein 
PA14_08260 2.70  putative minor tail protein L 
PA14_08020 2.67 gpW putative baseplate assembly protein W 
PA14_08040 2.67 gpI putative phage tail protein 
PA14_60670 2.67 rtcA RNA 3'-terminal phosphate cyclase 
PA14_38220 2.63  putative siderophore-interacting protein 
PA14_08270 2.61  conserved hypothetical protein 
PA14_60650 2.60  conserved hypothetical protein 
PA14_40370 2.57  conserved hypothetical protein 
PA14_58000 2.56 sodM superoxide dismutase 
PA14_08250 2.54  putative phage minor tail protein 

 
PA14_08300 

 
2.54 

 
JF1 

putative phage-related protein, tail 
component 

PA14_24940 2.52  putative oxidase 
PA14_08280 2.51  putative phage tail assembly protein 

 
PA14_24950 

 
2.48 

 
glpD2 

putative glycerol-3-phosphate 
dehydrogenase 

PA14_01020 2.47  conserved hypothetical protein 
PA14_01010 2.43  conserved hypothetical protein 
PA14_00925 2.43  hypothetical protein 
PA14_14550 2.41  hypothetical protein 
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PA14_08130 2.36 gpU putative tail formation protein 
PA14_08110 2.32  hypothetical protein 
PA14_01030 2.32  conserved hypothetical protein 
PA14_40660 2.30  conserved hypothetical protein 
PA14_08100 2.29  conserved hypothetical protein 
PA14_49510 2.21 pyoS3I immunity protein S3I structureal gene 
PA14_61020 2.20 ankB ankyrin-like protein 
PA14_08070 2.19 gpFI putative phage tail sheath protein 
PA14_08050 2.18  putative tail fiber protein 
PA14_08140 2.17 XR2 putative phage protein X 
PA14_10850 2.16  putative dehydrogenase 
PA14_00910 2.14  conserved hypothetical protein 
PA14_19320 2.12  conserved hypothetical protein 
PA14_24960 2.11  putative glycerol kinase 
PA14_53770 2.10  hypothetical protein 

 
PA14_00890 

 
2.07 

 putative serine/threonine phosphoprotein 
phosphatase 

PA14_28580 2.06  conserved hypothetical protein 
PA14_52465 2.06  hypothetical protein 
PA14_00990 2.04  conserved hypothetical protein 
PA14_08090 2.02 gpFII putative phage tail tube protein 
PA14_52480 2.02  hypothetical protein 
PA14_53820 2.02  hypothetical protein 
PA14_33520 2.00  putative thioesterase 
PA14_51610 -2.01  hypothetical protein 
PA14_38630 -2.01 atoB acetyl-CoA acetyltransferase 
PA14_58740 -2.01  hypothetical protein 
PA14_46970 -2.03 ansB glutaminase-asparaginase 

 
PA14_46910 

 
-2.10 

 
ybeJ 

putative binding protein component of 
ABC transporter 

 
PA14_50540 

 
-2.11 

 
braE 

branched-chain amino acid transport 
protein BraE 

PA14_54550 -2.12  conserved hypothetical protein 
PA14_46930 -2.22 gltK putative permease of ABC transporter 
PA14_46920 -2.33 gltJ putative permease of ABC transporter 
PA14_38550 -2.34 maiA maleylacetoacetate isomerase 
PA14_38530 -2.36 fahA fumarylacetoacetase 
PA14_58470 -2.37 dppD putative dipeptide ABC transporter 
PA14_43400 -2.38 kdpA potassium-transporting ATPase, A chain 
PA14_38460 -2.39 gnyB acyl-CoA carboxyltransferase beta chain 
PA14_09480 -2.43 phzA1 probable phenazine biosynthesis protein 
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From the set of genes that are uniquely differentially expressed following treatment with 

manuka honey, many were associated as being ‘related to phage, transposon or plasmid’ 

as determined by PseudoCAP analyses (Figure 3.3). These genes including hol and lys 

belong to a tailocin-encoding lysis cassette on the chromosome. All genes in this cassette 

had significantly increased expression (log2 FC > 2, p.adj ≤ 0.05) following manuka 

honey treatment (Figure 3.4D). AHMGO treatment also induced increased expression in 

a number of these genes but to a much lesser degree (Figure 3.4D). In contrast, MGO 

alone significantly downregulated expression of all genes within this cassette, and AH 

did not induce any significant differential expression of these genes (Figure 3.4D). 

Manuka honey induced strong expression of the hol gene, which is known to be required 

for the permeabilisation of the inner membrane (Turnbull et al. 2016). Other genes related 

to this system are also uniquely differentially expressed in manuka honey-treated 

samples, including PA14_59220 encoding pyocin S5, pyoS3A and pyoS3I, which both 

encode units of pyocin S3 complex (Table 3.2). This suggests the intriguing idea that 

manuka honey may be inducing cell lysis via the expression of this tailocin cassette. This 

hypothesis is explored in the following chapter. 

 
3.4.4 Does any single gene influence the susceptibility of P. aeruginosa to 

manuka honey? 

Transcriptomic data above shows what genes are up- and downregulated when exposed 

to honey and its key components. In order to test the importance of these genes for P. 

aeruginosa survival in honey, a single gene knock-out library was used to screen whether 

the absence of these genes conferred a change to susceptibility to manuka honey. 

Assessment of susceptibility of tailocin mutants is described in depth later in this thesis 

(section 4.4.2.2). Increased susceptibility to manuka honey in the absence of a specific 
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gene would infer that gene plays an important role in tolerating the antimicrobial action 

of the honey. 

 
 

A total of 23 single-gene transposon-insertion mutants were screened, 10 of which were 

only differentially expressed after treatment with manuka honey and no other treatment 

condition; the other strains were selected as they were highly differentially expressed 

across multiple treatments (Table 3.3). 
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Table 3.3. Susceptibility to manuka honey treatment for transposon insertion mutant strains of P. 
aeruginosa PA14 

 
Strain Gene MIC ± SD (% 

(w/v)) 

Wild-type PA14  10.0 ± 0.0 

ΔPA14_03930 * ΔspuE 9.0 ± 0.0 

ΔPA14_06510 * ΔbioF 9.0 ± 0.0 

ΔPA14_18750 ΔgloA1 9.0 ± 0.0 

ΔPA14_18760 ΔmexE 8.0 ± 0.0 

ΔPA14_18780 ΔmexF 8.0 ± 0.0 

ΔPA14_24940 *  9.0 ± 0.0 

ΔPA14_32380 ΔoprN 8.0 ± 0.0 

ΔPA14_33520 *  8.0 ± 0.0 

ΔPA14_33970 *  9.0 ± 0.0 

ΔPA14_38040 ΔcmrA 10.0 ± 0.0 

ΔPA14_38640 ΔscoB 8.0 ± 0.0 

ΔPA14_38660 ΔscoA 9.0 ± 0.0 

ΔPA14_51830 ΔpsqE 8.0 ± 0.0 

ΔPA14_51430 ΔpqsA 8.0 ± 0.0 

ΔPA14_51600 *  9.0 ± 0.0 

ΔPA14_53290 ΔtrxB2 8.0 ± 0.0 

ΔPA14_58000 * ΔsodM 9.0 ± 0.0 

ΔPA14_58030 * ΔfumC 8.0 ± 0.0 

ΔPA14_58450 ΔdppC 9.0 ± 0.0 

ΔPA14_61020 *  8.0 ± 0.0 

ΔPA14_62400 *  9.0 ± 0.0 

ΔPA14_67500 ΔgloA3 5.0 ± 0.0 
* indicates genes which were only differentially expressed (log2FC ≥ ±2, padj ≤ 0.05) in cells treated with 
manuka honey 
a MICs expressed as the arithmetic mean percentage (w/v) ± SD from three separate replicates performed  
in triplicate. MIC changes of ≥ 0.5-fold were considered meaningful. 

 
 
 

Of the strains screened (n= 23), only one mutant, ΔgloA3 (encoding a glyoxalase enzyme 

for MGO detoxification), showed increased susceptibility (MIC = 5%) relative to the 
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parental wild-type strain (MIC = 10%) (Table 3.3), suggesting that this gene is important 

for the survival of P. aeruginosa in the presence of honey. 

 

3.5 Discussion 
 

This is the first report of widespread and significant differential gene expression induced 

by manuka honey against P. aeruginosa, and the first study to use RNA-Seq to explore 

the transcriptomic response of bacteria to honey. This is also the first study to identify 

which transcriptomic changes induced by manuka honey also occur when bacteria are 

treated with its key components, AH, MGO and AHMGO. The high-sensitivity and 

broader dynamic range of RNA-Seq has revealed a much larger set of differential gene 

expression data, and a more thorough understanding of how manuka honey affects 

bacteria compared to previous studies which have used microarray technologies (Blair et 

al. 2009; Jenkins, Burton & Cooper 2014). 

 
 

The results presented in this chapter have characterised the transcriptomic changes in P. 

aeruginosa following manuka honey treatment. The contribution of the key components 

of manuka honey to the observed changes induced by whole manuka honey were also 

identified. Finally, the effect of a number of highly differentially expressed genes on the 

susceptibility of P. aeruginosa to manuka honey was investigated through a screen of 

transposon insertion mutant knockouts. 

 
3.5.1 Major transcriptomic changes caused by manuka honey 

 
Transcriptomic analysis demonstrated that manuka honey causes differential gene 

expression in a wide range of biological processes and pathways. The major effects on 

expression of genes with manuka honey treatment were in the oxidative stress responses, 

MGO detoxification, transport and metabolism of carbon sources, quorum sensing, and 
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in the tailocin gene cluster. The tailocin gene cluster findings are discussed briefly in this 

chapter and will be explored in depth in the next chapter. The discussion below focuses 

on changes to genes involved in the oxidative stress/SOS response, MGO detoxification 

as well as carbon source transport and metabolism. 

 
 

Oxidative stress response 
Manuka honey treatment induced a major change in the expression of oxidative stress 

response genes. This was much more pronounced with manuka honey compared to all 

other treatments (Figure 3.4B), and some genes involved in the oxidative stress response, 

such as sodM, were uniquely expressed with manuka honey treatment (Figure 3.4B). So, 

some of the observed oxidative stress related gene changes can be explained by the 

components of honey, but not all. Moreover, pathway analysis of manuka treated cells 

identified reactive oxygen species (ROS), and specific superoxide degradation pathways 

amongst the most highly perturbed, suggesting that ROS is an important killing feature 

of manuka honey (Supplementary Information 13). This is interesting in that manuka 

honey is classified as a honey exhibiting ‘non-peroxide activity’ as it retains its 

antimicrobial activity in the presence of catalase – an enzyme that catalyses the 

decomposition of hydrogen peroxide. Despite this, the manuka honey used in this this 

study does exhibit some low-level H2O2 production (0.34 µmol/h) which may be 

sufficient to elicit the observed oxidative stress responses. Nonetheless, evidence 

suggests that many manuka honeys do not accumulate H2O2 at all or at levels far lower 

than other types of honey (Kwakman & Zaat 2012; White 2018), but this does not include 

other ROS species such as superoxides or hydroxyl radicals. 

 
 

Manuka honey uniquely induced a strong upregulation of sodM, a superoxide dismutase 

which acts specifically on superoxides (O2−) (Figure 3.4B). This suggests that oxidative 



113  

stress induced exclusively by O2−, which cannot be quenched by bovine catalase, could 

be driving some of the antimicrobial activity of manuka honey. However, ΔsodM mutants 

did not appear to be any more or less susceptible to manuka honey treatment when 

compared with the wild-type (Table 3.3). Since ROS such as O2− cannot be generated 

under anaerobic conditions, the capacity for P. aeruginosa to grow anaerobically was 

exploited in order to gain further understanding as to the contribution of endogenous ROS 

formation to the antimicrobial activity of manuka honey. The MIC of manuka honey 

against P. aeruginosa was no different under either anaerobic or aerobic conditions, 

indicating that endogenous ROS formation does not contribute to the antimicrobial 

activity of manuka honey (section 3.4.1.1). This suggests that the upregulation of 

oxidative stress response genes is not a result of intracellular ROS formation but possibly 

other components in manuka honey. Because manuka honey solutions were not prepared 

under anaerobic conditions, it is not possible to exclude the glucose oxidase mediated 

formation of H2O2 during honey preparation as a contributing factor in its antimicrobial 

activity. This is despite reports that glucose oxidase activity is inhibited by MGO (Majtan, 

Bohova, Prochazka, et al. 2014). This may be overcome by preparation of honey solutions 

in an anaerobic chamber. 

 
 

There are several genes amongst the five most up- or downregulated ones common across 

multiple treatments (MH, MGO, AHMGO) such as ahpF (Figure 3.2, Supplementary 

Information 10), which are known to play an important role in the response to oxidative 

species as previously identified (Figure 3.4B). The unique upregulation of sodM in 

manuka treated cells but not under other conditions may be explained by the difference 

in MGO concentration across the samples, or by one or more of the many other 

components in manuka honey but not the artificial honey or MGO alone. It is possible 
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that the induction of other oxidative stress response genes is a result of the reaction of 

MGO and amino acids, which has been shown to induce the formation of ROS (Kang 

2003; Shumaev et al. 2009; Yim et al. 1995). This has been recently demonstrated in the 

context of the honey milieu where free amino acids are present (Henatsch et al. 2018) 

suggesting that formation of ROS in manuka honey can occur independently of glucose 

oxidase. The MGO only treatment induced particularly strong upregulation of the organic 

hydroperoxide resistance gene ohr which encodes a cys-based thiol peroxidase (Alegria 

et al. 2017). Cystine-thiolates are readily modified by reactive electron species such as 

MGO (Antelmann & Helmann 2011), the higher concentration of MGO may explain why 

ohr is so strongly upregulated in MGO treated cells only. A similar mechanism may also 

explain the upregulation of an oxidative stress response gene trxB2, a thioredoxin 

reductase (Supplementary Information 10) in manuka honey treated cells and treatments 

containing MGO (AHMGO and MGO) but not AH. Thioredoxins can return oxidised 

cystine residues in proteins to their thiol state by reducing them (Ezraty et al. 2017). The 

expression of trxB2 can occur after exposure to a range of oxidative stress inducing 

treatments such as H2O2, superoxides (O2−) or hydroxide radicals (•OH) (Antelmann & 

Helmann 2011). 

 
 

Induction of the SOS response often occurs as a result of damage to DNA in conditions 

of elevated oxidative stress (Goerlich, Quillardet & Hofnung 1989; Palma et al. 2004). 

This is congruent with expression data of AHMGO and MGO treated cells, where both 

the SOS and oxidative stress response is upregulated (Figure 3.4C). AH did not affect the 

expression of SOS response genes and only significantly affected the expression of one 

single oxidative stress response gene, katE, which has been shown to play a role in 

protection from osmotic stress in E. coli (Gunasekera, Csonka & Paliy 2008). Only 
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treatments containing MGO (i.e. manuka honey, AHMGO and MGO) resulted in the 

upregulation of SOS response genes. MGO is also known to cause damage to DNA by 

modification of guanine bases (Adams et al. 2008; Molan 1999; 2008), and has been 

reported to inhibit the initiation of DNA replication, causing double stranded breaks in 

DNA that induces DNA repair (Ozyamak et al. 2013). MGO treatment has been shown 

to induce the SOS response in B. subtilis (Nguyen et al. 2009), therefore the strong 

upregulation of genes in the SOS response by both MGO and AHMGO is not surprising. 

However, manuka honey induces comparable expression of SOS response genes to MGO 

and AHMGO treated cells despite containing a much lower concentration of MGO. This 

may be a result of residual glucose oxidase activity in manuka honey or the activity of 

other components absent from AHMGO such amino acids interacting with MGO in 

whole honey and/or florally derived phenolic compounds (Harvey, Edrada-Ebel & Quinn 

2015; Henatsch et al. 2018; Shalaby & Horwitz 2015). Another possibility is that the 

highly reactive DHA present in the manuka honey is glycating proteins by the Millard 

reaction and generating free radical species. It has been demonstrated that DHA treatment 

results in increased ROS in the protozoan organism Tryponosoma brucei (Uzcátegui et 

al. 2007). This could be further investigated by either generating MGO in situ from DHA 

to make a more accurate AHMGO, as well as spiking with phenolic extracts isolated from 

manuka honey and amino acids like lysine and proline commonly found in honey 

(Grainger et al. 2016; Henatsch et al. 2018). Nonetheless, the results from this chapter 

indicate that the high-level of SOS response induction by manuka honey is likely due to 

more than just the concentration of MGO present and also involves phenolic compounds 

only present in whole manuka honey. It has been suggested that MGO in the honey milieu 

is more stable than in water or broth due to the presence of antioxidant phenolic 

compounds (Molan 2015). Another appropriate control for transcriptome experiments 
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could be to remove the MGO from whole honey. This would give further insight into its 

contribution to the effects of whole manuka honey. 

 
 

MGO detoxification 
Transcriptome profiling of P. aeruginosa treated with manuka honey revealed that one 

of the most dramatic transcriptional changes is the increased expression of genes involved 

in the detoxification of MGO. This is the first evidence for differential expression of the 

MGO detoxifying glyoxalase system in any microorganism after treatment with manuka 

honey, despite the fact that MGO is a defining characteristic of Leptospermum-type 

honeys. There are three well-characterised glyoxalase enzymes in P. aeruginosa, GloA1, 

GloA2 and GloA3. Manuka honey induced strong upregulation of both, gloA3 and gloA2 

(Figure 3.2A, Supplementary Information 10), two enzymes of the glutathione-dependent 

glyoxalase system, the primary MGO detoxification mechanism in P. aeruginosa (Lee & 

Park 2017). Curiously, the two most highly expressed genes after manuka honey 

treatment were PA14_56360 and PA14_56370 (Figure 3.2) which share homology with 

the P. aerginosa PAO1 and E. coli MG1655 deglycase PfpI, from the PfpI/Hsp31/DJ-1 

family of proteins (Abdallah et al. 2016; Hinz et al. 2011). These genes have not been 

well characterised in P. aeruginosa PA14 but have been extensively studied in other 

organisms and shown to exhibit glutathione-independent methylglyoxalase activity in B. 

subtilis (Nguyen et al. 2009), E. coli (Abdallah et al. 2016; Subedi et al. 2011), S. aureus 

(H. J. Kim et al. 2017) and Saccharomyces cerevisiae (Bankapalli et al. 2015). 

PfpI/Hsp31/DJ-1 enzymes in prokaryotes can detoxify MGO in a one-step reaction 

(Abdallah et al. 2016; Richarme et al. 2015) rather than two as is required when 

detoxification occurs via GloA2 or GloA3 enzymes. 
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The higher expression levels of PA14_56360 and PA14_56370 than gloA123 in manuka 

honey treated cells was surprising, as the GloA123 system is considered the primary 

MGO detoxification mechanism in prokaryotes (Chakraborty, Karmakar & Chakravortty 

2014; Lee & Park 2017). On the other hand, gloA123 expression was higher than 

PA14_56360 and PA14_56370 after AHMGO and MGO treatment (Supplementary 

Information 9). The glutathione-independent nature of PA14_56360 and PA14_56370 

may explain their higher expression levels than gloA123 after manuka honey treatment, 

and lower expression than gloA123 in AHMGO and MGO treatment. Glutathione is 

essential for maintaining redox status and tolerating oxidative stress in Gram-negative 

bacteria (Zhao & Drlica 2014). Since manuka honey induces a strong oxidative stress in 

P. aeruginosa (Figure 3.4B), detoxification by glutathione-independent mechanisms may 

conserve the glutathione pool for oxidative stress protection. Oxidative stress genes were 

also upregulated after AHMGO and MGO treatment, but to a lesser extent than manuka 

honey (Figure 3.4B), thus the canonical gloA123 MGO detoxification pathway is more 

strongly upregulated than PA14_56360 and PA14_56370. Recent evidence 

demonstrating hypersensitivity to MGO in P. aeruginosa PAO1 ΔgshA, ΔgshB and 

ΔgshAB strains defective in glutathione biosynthesis may support this hypothesis 

warranting further investigation. Moreover, PfpI/Hsp31/DJ-1 family of proteins also 

repair damaged proteins resulting from methylglyoxal mediated glycation (Abdallah et 

al. 2016). Therefore, their strong upregulation may be a result of their function to not only 

eliminate MGO in manuka honey but also mitigate its deleterious effects. This novel 

finding may aid in unravelling how bacteria respond to MGO in the context of manuka 

honey compared to MGO alone and explain the uniqueness of whole manuka honey. 
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Carbon source metabolism and transport genes 
The effect of manuka honey on the expression of metabolite and nutrient transporters has 

not been previously investigated or reported despite the high concentrations of sugars and 

carbon sources which are present in honey. Many of the most downregulated genes after 

treatment with manuka honey are involved in either the metabolism or acquisition of 

amino acids, some of which occur next to one another on the genome or within an operon. 

This may suggest that these changes are real and the process they are involved in could 

be important for fitness after exposure to manuka honey. 

 
 

Notably, four genes opdP, dppA4, dppC and dppB are all amongst the most significantly 

downregulated genes and together these form part of the DppBCDF ABC-type peptide 

transport system, which is one of many substrate specific channels known as ‘Outer 

membrane carboxylate channels’ (Occ) occurring on the outer membrane of P. 

aeruginosa (Lee et al. 2018). The products of these genes form parts of the OccD3 

channel which primarily functions to transport dipeptides and the amino acid arginine, 

although it is known to also facilitate transport of other compounds such as carbapenem 

antibiotics (Soundararajan, Bhamidimarri & Winterhalter 2017). Other downregulated 

genes involved in amino acid metabolism include hmgA which encodes a homogentisate 

1,2-dioxygenase that participates in the catabolism of the aromatic amino acids, 

phenylalanine and tyrosine and aroP2, the latter being an aromatic amino acid transporter 

(Harmer et al. 2015; Palmer et al. 2010; Sonnleitner et al. 2012). It is unlikely that this 

downregulation is a mechanism to reduce unnecessary energy expenditure on the 

acquisition and metabolism of other carbon sources in response to high concentrations of 

other carbon sources in honey such as glucose, sucrose and fructose. This is because the 

same trend is observed in not only in AH and AHMGO treated cells, but also after MGO 

treatment which is devoid of sugars. It is more likely that differential expression of these 
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amino acid transporter genes is in response to both sugars and MGO. This may be in order 

to reduce import of excess carbon sources like amino acids, as well as reducing the 

deleterious effects such as ROS formation resulting from MGO interacting with amino 

acids (Lee & Park 2017; Yim et al. 1995). 

 
 

Manuka honey treatment also affected the expression of a number of genes involved in 

the metabolism of carnitine. Carnitine is a versatile compound which can be utilised by 

P. aeruginosa as a primary carbon source or degraded to serve as an osmoprotectant 

(Kleber 1997; Meadows & Wargo 2015). Two of the most downregulated genes after 

exposure to manuka honey were scoA and scoB (also referred to as dhcA and dhcB 

respectively) which encode for the DhcAB enzyme, a CoA transferase (Figure 3.2) 

(Wargo & Hogan 2009). DhcAB facilitates the final step in the L-carnitine catabolism 

pathway which generates osmoprotective glycine betaine (Meadows & Wargo 2015). The 

genes scoA and scoB are downregulated (log2 FC > 2 and p.adj < 0.05) in manuka, 

AHMGO and AH treatments, but not MGO only. This is confounding given 

downregulation of scoA and scoB occurred only in treatments of high osmotic pressure 

by sugars, but since carnitine is a major carbon source for Pseudomonas spp., 

downregulation of genes in this pathway may also be a response to high concentrations 

of excess carbon source of sugars. Metabolomic profiling of bacteria treated with manuka 

honey and its key components would aid in deciphering whether the drastic 

downregulation of scoA and scoB is in response to increased excess sugars and/or is 

affecting the accumulation of osmoprotective glycine betaine. This could contribute to 

our understanding of whether the high sugar concentration of manuka honey has 

damaging effects on P. aeruginosa other than increased osmotic pressure. 
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Quorum sensing genes 
Only six genes in total were differentially expressed across all treatments (Figure 3.5). 

These included the PQS quorum sensing genes pqsA, pqsC, pqsD, pqsE and the gene 

immediately downstream from this operon, phnA. Differential expression data for genes 

involved in quorum sensing are presented as a heatmap showing that all treatments affect 

the PQS quorum sensing system (Figure 3.4A) and while this is consistent with previous 

reports (Lee et al. 2011; Wang et al. 2012) it has not been reported for treatment with 

MGO alone. Of all the treatments, AHMGO had the strongest effect on the expression of 

genes in this pathway (Figure 3.4A). It has been widely reported that honey, both H2O2 

generating honeys and honeys containing MGO, reduce the expression of quorum sensing 

genes in P. aeruginosa (Roberts, Maddocks & Cooper 2012); (Wang et al. 2012). Sugar 

has also been shown to contribute to anti-quorum sensing activity independent of the 

other constituents of the honey milieu (Wang et al. 2012). MGO has not been implicated 

in this activity previously, but the data presented in this chapter suggests that it may 

indeed have some contribution. P. aeruginosa is armed with an array of quorum sensing 

systems based on distinct signalling molecules which include the acylhomoserine 

lactones (AHLs) and 4-hydroxy-2-alkylquinolines (HAQs) (Lee & Zhang 2015). RNA- 

Seq data shows that MGO affects the expression of genes in both the AHL and HAQ 

mediated quorum sensing systems by downregulation of the LasR/RhlR and MvfR 

(PqsR) regulators respectively. Strong downregulation of pqsA occurs in all treatments, 

and this likely results in the subsequent downregulation of the HAQ system, as PqsA is 

required for the synthesis of HAQs and activation of the MvfR regulon. However, we 

cannot determine whether this downregulation of MvfR is by direct action of these 

treatments or via the LasR system. Despite this, our data suggests that the anti-quorum 

sensing activity of manuka honey is not exclusively due to its sugar content and that MGO 

may be also contributing. 
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3.5.2 The key components of manuka honey, alone or in combination, only 

partially account for its transcriptomic effect on P. aeruginosa 

Treatment of P. aeruginosa with AH, MGO and AHMGO induced differential gene 

expression in many of the same biological processes as whole manuka honey. This 

suggests that some but not all of the effects of manuka honey on P. aeruginosa could be 

attributed to its key components, however much higher concentrations of these 

components were required to elicit similar changes in gene expression. Despite similar 

effects to gene expression in major biological processes across all treatments, manuka 

honey induced unique changes in genes relating to haem homeostasis and the synthesis 

of phage-tail like particles known as tailocins. 

 
 

Among the 76 genes uniquely affected by manuka honey are nemO, phuT and phuS 

(Figure 3.5, Table 3.2), required for haem homoestasis and electron transport chain 

function (Arai et al. 2014; Choby & Skaar 2016). The gene nemO encodes a haem 

oxygenase and was significantly upregulated 3.32 log2 FC, and phuT and phuS, also 

significantly upregulated by ~1.3 log2 FC, encoding a cytoplasmic membrane bound 

haem transporter protein and a haem degrading factor, respectively. PhuS can maintain 

iron homeostasis by binding haem and either storing it or transferring it to NemO which 

is then able to liberate iron (Choby & Skaar 2016). Haem is a cofactor of cytochromes 

and acts as the electron shuttle for many enzymes in the electron transport chain and thus 

plays a critical role in cellular respiration (Arai et al. 2014). 

 
 

A large portion of the differentially expressed genes unique to manuka honey treatment 

belong to the PseudoCAP category ‘related to phage, transposon or plasmid’ (Figure 3.3) 

which includes the chromosomally encoded tailocin lysis cassette genes hol and lys. 
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Expression of the tailocin cassette is known to induce autolysis via the cytoplasmic 

membrane depolarising action of hol and cell wall hydrolysis by lys (Young 2014). The 

unique expression of tailocin and haem homeostasis genes along with those involved in 

electron transport chain and central carbon metabolism (Figure 3.4E), suggests manuka 

honey may be affecting the proton motive force of P. aeruginosa. This hypothesis is 

explored in more detail in the subsequent chapter. 

 
3.5.3 The multicomponent nature of honey means that it is likely to have 

multiple gene targets 

The complex, multicomponent nature of honey is likely to explain its potent killing action 

on bacteria and the inability of bacteria to develop resistance to it. Its multicomponent 

nature likely means that honey affects multiple targets in bacteria, and these components 

could be working in isolation or sequentially, in synergy with one another, or mediating 

the effects of one another. To investigate whether certain genes could affect the 

susceptibility of P. aeruginosa to honey, a single gene knockout library screen was 

performed with genes of interest – including those that were uniquely affected by manuka 

honey, as well as other highly differentially expressed ones across all treatments (Table 

3.3). 

 
 

Of the mutants screened (n= 23), one mutant, ΔgloA3 (encoding a glyoxalase enzyme for 

MGO detoxification), showed 2-fold increased susceptibility (MIC = 5%) relative to the 

parental wild-type strain (MIC = 10%) (Table 3.3), suggesting that this gene could be 

important for the survival of P. aeruginosa in the presence of honey. However, it should 

be noted that a 2-fold difference in MIC is generally considered a relatively small change. 

The ΔgloA3 strain is deficient in lactoylglutathione lyase, one of the three redundant 

enzymes required for the conversion of methylglyoxal and glutathione to 
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lactoylglutatione indicating that lactoylglutathione lyase plays an important role in the 

antimicrobial mechanism of action of manuka honey. Overall fitness of the ΔgloA3 strain 

and the wild-type strain did not appear to differ. Both strains had comparable colony 

appearance as well as number of viable bacteria in overnight cultures, however growth 

rates of these strains were not compared. None of the other screened mutants showed 

differences in their susceptibility to manuka honey when compared to the wild-type 

(Table 3.3) which was not completely unexpected, and it seems unlikely that even 

screening the entire knockout library would identify a single gene of importance for 

susceptibility/resistance to manuka honey. The chemical complexity of honey would 

suggest that it targets multiple pathways or proteins therefore we would not expect a 

single mutation to lead to a meaningful MIC change. This is consistent with the inability 

of bacteria, including P. aeruginosa, to develop resistance to honey as demonstrated in 

chapter 2 and previous studies (Blair et al. 2009). Rather than targeting single genes for 

a screen, knockout screening should be extended to global regulatory genes such as 

extracytoplasmic function sigma factors SigX (regulator of phenazine clusters and 

cytochrome-c oxidase subunits), AlgU (oxidative stress responses) or RpoS (catalase 

genes). This would indicate whether disruption of multiple genes confers altered 

susceptibility to manuka honey in P. aeruginosa and help define its mechanism of action. 

Moreover, minor shifts in susceptibility may not be detected by the MIC method and 

these minor shifts could be investigated using the minimum duration for killing assay 

instead (Balaban et al. 2019). 

 

3.6 Conclusions 

This is the first study to use an RNA-Seq transcriptomic approach to investigate the 

effects and antibacterial mechanism of action of manuka honey and its key components 

against P. aeruginosa. The data presented in this chapter demonstrate that: (1) manuka 
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honey induces significant, widespread transcriptional changes and affects many 

biological processes; (2) the transcriptomic response of P. aeruginosa to honey is 

different to that of MGO, sugar, or this combination; (3) MGO, widely accepted as the 

single most important antibacterial component of manuka honey, does not account for the 

total transcriptomic effect of P. aeruginosa to manuka honey, adding further support to 

the findings of Chapter 2; and (4) multiple gene knockouts are likely to be necessary to 

change the susceptibility of P. aeruginosa to manuka honey. The subsequent chapter 

focuses on the unique effect of manuka honey on P. aeruginosa, namely the expression 

of tailocin genes and their effect on membrane potential. 
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Chapter 4 Exploring the cell biology of transcriptomic changes 

unique to manuka honey exposure 

4.1 Introduction 
 

This chapter presents the research exploring two leads from RNA-Seq data, which may 

explain the unique antimicrobial activity of manuka honey. Substantially different MICs 

and MBCs between manuka honey and its key components suggest that there are 

fundamentally different ways in which these treatments work to inhibit bacteria. The 

number of differentially expressed genes across all treatments resulted in markedly 

different overall expression profiles. Despite this difference, many of the same pathways 

or processes were affected across treatments; they differed mainly at the individual gene 

level. However, expression of genes relating to two biological processes; the tailocin gene 

cluster and proton motive force (PMF), were differentially expressed only by manuka 

honey treatment. 

 
4.1.1 Manuka honey uniquely causes increased expression of genes in a 

P. aeruginosa autolysis pathway 

 
RNA-Seq revealed that manuka honey treatment induced the upregulation of a number 

of operons which form the tailocin gene cluster. This gene cluster is known as the R- and 

F-pyocin or tailocin gene cluster as it is responsible for the production of a bacteriocin, 

resembling a headless phage, often referred to as a ‘tailocin’ (Ghequire & De Mot 2014; 

Nakayama et al. 2000). Tailocins perforate the cell envelope leading to a dissipation in 

PMF and increased permeability (Ghequire & De Mot 2015; Kageyama & Egami 1962; 

Michel-Briand & Baysse 2002; Takeya et al. 1967) and expression of these genes is 

typically considered to be a defence mechanism in intra-species competition (Michel- 

Briand & Baysse 2002; Williams et al. 2008). Recently, the tailocin gene cluster has been 



127  

implicated in a process called ‘explosive cell lysis’ where expression of two genes within 

the tailocin cluster, hol and lys, leads to a rapid shift towards a round cell shape and 

subsequent explosive lysis (Turnbull et al. 2016). Explosive cell lysis is important in the 

early stages of P. aeruginosa biofilm development as it leads to the release of DNA and 

formation of membrane vesicles derived from cellular-membrane debris (Turnbull et al. 

2016). It has now been well documented that genotoxic stress inducing the expression of 

defective prophage genes in both Gram-positive and Gram-negative bacteria can result in 

cell lysis (Penterman, Singh & Walker 2014; Ranieri, Whitchurch & Burrows 2018; 

Schwechheimer & Kuehn 2015; Toyofuku et al. 2017; Turnbull et al. 2016). 

 
 

Expression of the tailocin cluster occurs as a response to DNA damage and the subsequent 

induction of the SOS response (Brazas & Hancock 2005; Chang et al. 2005; Michel- 

Briand & Baysse 2002; Penterman, Singh & Walker 2014). Activation of the SOS 

response leads to RecA-mediated cleavage of PrtR, a repressor of prtN. Once PrtR is 

cleaved, PrtN can be synthesised which then activates the tailocin gene cluster, including 

hol and lys (Figure 4.1) (Matsui et al. 1993; Turnbull et al. 2016). 
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Figure 4.1. Regulation of the tailocin gene cluster. I) In the absence of DNA damage, RecA 
mediated cleavage of PrtR does not occur. PrtR inhibits prtN and tailocin genes are not expressed. 
II) In the presence of DNA-damaging agents, recA is expressed, leading to RecA mediated 
cleavage of PrtR. PrtR no longer represses prtN, PrtN can be synthesised and activates tailocin 
gene cluster expression. Reproduced from (Michel-Briand & Baysse 2002). 

 
 

Release of tailocins from the cell is facilitated by the two genes, hol and lys, which encode 

a holin-like protein and an endolysin, respectively. Overexpression of the holin-like 

protein leads to the formation of an oligomer complex which localises at the cytoplasmic 

membrane, forms a pore and causes membrane depolarisation (Fernandez et al. 2017; 

Ghequire & De Mot 2015; McFarland et al. 2015; Nakayama et al. 2000; Park et al. 2007; 

Young 1992; 2013). Formation of the pore exposes the cell wall to the endolysin that 

hydrolyses the peptidoglycan, ultimately resulting in cell lysis (Pang et al. 2013; Young 

1992; 2013; 2014). 

 
 

Since the SOS response is required for the activation of the tailocin gene cluster, previous 

research has assessed whether the expression of tailocin genes are involved in the 
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antimicrobial activity of DNA damaging antibiotics, such as ciprofloxacin. It has been 

demonstrated that P. aeruginosa mutants defective in the components of the tailocin gene 

cluster, are less susceptible to ciprofloxacin (Brazas & Hancock 2005). This suggests that 

in the absence of tailocin-mediated lysis ciprofloxacin is less effective. Moreover, the 

single transposon insertion mutation of prtN, or a double mutation of prtN and prtR, as 

well as overexpression of prtR, reduces the susceptibility of P. aeruginosa biofilms to 

ciprofloxacin (Sun et al. 2014). This evidence strongly implicates involvement of the 

tailocin gene cluster in the mechanism of action of certain antibiotics. 

 
 

Manuka honey, but not its key components, induced strong upregulation of P. aeruginosa 

genes in the tailocin cluster. This may explain why the antimicrobial activity of manuka 

honey against P. aeruginosa is more potent compared to its key components in terms of 

both growth inhibition and bactericidal activity, and contributes to the overall mechanism 

of action of this honey. 

 
4.1.2 Manuka honey perturbs pathways involved in maintaining the proton 

motive force 

The PMF generated across the membrane is comprised of two components, the 

transmembrane proton gradient (ΔpH) and electrical potential (Δψ). A fully functioning 

PMF relies on a polarised membrane where one side is negatively charged and the other 

is positively charged. The electron transport chain facilitates the exclusion of protons 

from the cytoplasm and maintains them in the periplasmic space, thus generating an 

electrochemical gradient of protons also known as the PMF (Farha et al. 2013). Collapse 

of the PMF can occur by selectively disrupting either ΔpH or Δψ, as occurs with the 

antimicrobials nigericin and valinomycin respectively. Permeabilisation of the membrane 
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also depolarises it, as ions can then passively diffuse across the membrane and a gradient 

cannot be maintained, thus the PMF is collapsed. 

 
 

The deleterious effects of holin proteins on the integrity and polarity of the cytoplasmic 

membrane has been well documented (Pang et al. 2013; Ryan & Rutenberg 2007; White 

et al. 2011). Holins act on the cytoplasmic membrane by forming pores, eventually 

leading to depolarisation. Manuka honey treatment induced the expression of hol which 

was one of the most highly upregulated genes, as well as a number of genes encoding 

other holin-like proteins, alpB and cidAB (Ma et al. 2009; McFarland et al. 2015). 

Manuka-specific differential expression of genes encoding cytoplasmic membrane- 

bound proteins, involved in maintenance of aerobic respiration by the electron transport 

chain, also indicated that PMF was affected. 

 
 

For these reasons, investigation was directed towards whether manuka honey treatment 

resulted in membrane depolarisation in P. aeruginosa, and whether this was a result of 

permeabilisation. Induction of membrane depolarisation and PMF collapse of P. 

aeruginosa with honey treatment has not been previously described and may explain its 

unique, potent antimicrobial activity that does not lead to resistance. Assessment of 

manuka induced membrane depolarisation and permeabilisation was investigated using a 

number of techniques. First, membrane depolarisation and permeabilisation in live P. 

aeruginosa cells was evaluated using flow cytometry with the membrane potential 

sensitive dye DiBAC4(3) and membrane-impermeant dye TO-PRO®-3. Second, the PMF 

collapsing effects of manuka honey were further studied using an artificial system where 

an electrochemical proton gradient was established in unilamellar liposomes. Third, to 

understand whether manuka honey is specifically affecting one component of the PMF, 
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the synergistic interactions with antibiotics that rely on specific aspects of the PMF (ΔpH 

for tetracyclines and Δψ for aminoglycosides (Farha et al. 2018) for transport across the 

cytoplasmic membrane was tested. Fourth, the membrane permeabilisation properties of 

manuka honey were further characterised through the use of tethered bilayer lipid 

membranes (tBLMs) paired with electrical impedance spectroscopy (EIS). This is an 

effective tool for the study of membrane active antimicrobials (Alghalayini et al. 2019). 

This technique allows measurement of conductance across the membrane where changes 

in structure of the lipid bilayer result in an altered flow of ions across the membrane and 

thus a change in conductance (indicating membrane ‘damage’) relative to baseline levels. 
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4.2 Chapter Aims 
 

The overall objective of the research described in this chapter is to investigate whether 

manuka-specific induced changes in expression of tailocin related genes, result in cellular 

changes uniquely occurring as a result of manuka honey exposure; namely explosive cell 

lysis as well as depolarisation and permeabilisation of the cytoplasmic membrane. 

 
 

The first aim was to investigate whether the tailocin gene cluster is involved in the 

antimicrobial activity of manuka honey by: 

• Measuring the expression of the tailocin gene hol after treatment with manuka 

honey using a GFP transcriptional fusion to the hol promotor. 

• Using fluorescence microscopy to assess lysis events after treatment with manuka 

honey and ciprofloxacin, a known inducer of explosive lysis. 

• Obtaining microscopy data to identify whether manuka honey induces changes in 

cell morphology consistent with that of cells undergoing explosive lysis. 

 
The second aim of this chapter was to confirm whether changes to the PMF, indicated by 

RNA-Seq data, are actually occurring in cells treated with manuka honey and characterise 

how this occurs using four different approaches as described below. 

• Firstly, through flow cytometry, coupled with a voltage-sensitive lipophilic 

fluorescent dye DiBAC4(3) and membrane impermeable nucleic acid stain TO- 

PRO®-3. 

• Secondly, to determine whether membrane depolarisation is driven by non- 

cellular mechanisms, liposomes were formed from polar lipid extract of E. coli 

cells and used in an acellular system to monitor the movement of protons across 

a lipid-bilayer. 
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• Thirdly, characterisation of whether manuka honey treatment affected a specific 

component of the PMF was conducted by assessment of synergistic and 

antagonistic interactions with antimicrobials with PMF-dependent activity. 

• Finally, tBLM-EIS was used to characterise the effects of manuka honey and its 

key components on membrane permeability. 
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4.3 Methods 
 

4.3.1 Bacterial strains 
 

P. aeruginosa strains used in experiments described in this chapter are listed in Table 4.1. 
 
 

Table 4.1. Strains used in this experimental chapter 
 

Strain Relevant characteristics Source or reference 
P. aeruginosa   
PAO1 Wildtype (Jacobs et al. 2003) 
PA14 Wildtype (Rahme et al. 1995) 
PAO1ΔrecA recA deletion mutant of PAO1 (Turnbull et al. 2016) 
PAO1Δlys lys deletion mutant of PAO1 (Turnbull et al. 2016) 
PAO1ΔprtN prtN deletion mutant of PAO1 (Turnbull et al. 2016) 
PAO1-LAC-EcPore ‘hyperporinated’ PAO1, a 

chromosomally encoded modified 
E. coli FhuA siderophore uptake 
channel (EcPore) with an IPTG 
inducible promoter. 

(Krishnamoorthy et al. 
2017) 

PAO1-LAC Empty expression cassette (Krishnamoorthy et al. 
2017) 

PAO1 pM0614-G hol promoter fused to eGFP in the 
pMEXGFP plasmid 

(Turnbull et al. 2016) 

PAO1 pMLAC-G lac promoter fused to eGFP in the 
  pMEXGFP plasmid  

(Turnbull et al. 2016) 

 
 

4.3.2 GFP reporter assay using hol transcriptional promoter fusion 
 

Overnight cultures of PAO1 pM0614-G and PAO1 pMLAC-G were prepared by 

inoculating a single colony into 2 mL of LB broth (10 g/L NaCl (Amresco), 5 g/L yeast 

extract (BD Bacto), 10 g/L tryptone (BD Bacto)) with 100 µg/mL gentamicin (Sigma) to 

select for cells maintaining plasmids and then incubated at 37°C for 18 – 24 hours. 

Cultures were diluted 1:100 in 50 mL conical tubes (Greiner Bio-One) containing 10 mL 

of LB broth and incubated for 2 hours at 37°C and 200 rpm. Cultures were then 

transferred to a black 96-well clear bottom plate (Nunc) for treatment with either 5% or 

10% w/v manuka honey, 0.01 or 0.1 µg/mL ciprofloxacin and a no treatment control. The 

plate (with the lid on) was then incubated at 37°C for 360 min with medium shaking for 
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2 minutes every 10 minutes in a fluorescent microtitre plate reader (Tecan Infinite M1000 

Pro). Readings were taken every 10 minutes for optical density (600 nm) and fluorescence 

(488/9 nm excitation and 520/20 nm emission). Fluorescence and optical density 

measurements for each time point were normalised to media-only controls to account for 

autofluorescence and were averaged across technical replicates. Relative fluorescence 

values were calculated by dividing normalised fluorescence values by normalised optical 

density values at each timepoint. A Student’s t-test (two tailed, unequal variance) was 

used to for analysis of relative fluorescence values (R, version 3.6.1). 

 
4.3.3 Explosive cell lysis microscopy 

 
4.3.3.1 Preparation of twitching motility gellan gum media-coated glass 

slides 

Explosive cell lysis assays were conducted on gellan gum-solidified nutrient media 

(TMGG) mounted on glass slides. TMGG was prepared as described in (Turnbull & 

Whitchurch 2014), by dissolving 4 g/L of tryptone (Oxoid), 2 g/L yeast extract (Oxoid), 

2 g/L NaCl and 1 g/L MgSO4•7H2O (Sigma-Aldrich) in MilliQ H2O after which it was 

heated to 65°C with a magnetic stirring bar and 8 g/L of gellan gum (MP Biomedicals) 

was added gradually. The solution was then covered with aluminium foil and left at 65°C 

for 5 minutes with constant stirring to ensure no clumps remained. The solution was then 

heated to 90°C and left with constant stirring for a further 15 minutes to ensure 

polymerisation of the gellan gum. The solution was then aliquoted and autoclaved for 

complete sterilisation. If not used immediately, TMGG was stored at room temperature 

and melted in a microwave when used next. Microscope slides (Livingstone) were 

sterilised by dipping in 95% ethanol and passing through a flame. A sterile rectangular 

plastic frame was fixed to the slide using silicone rubber (Barnes) applied with a sterile 

syringe (BD) and left to cure for 1 hour. Slides were then placed in a sterile petri dish 
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(Sarstedt) and pre-heated to 65°C on a level heating platform. Prior to mounting TMGG 

onto glass slides, melted TMGG was added to 5 mL tubes (Sarstedt) containing either 

manuka honey or ciprofloxacin which were pre-heated to 65°C. The final concentration 

of manuka honey was 10% w/v and of ciprofloxacin was 0.125 µg/mL. A TMGG only 

tube was included as a no treatment control. Ethidium homodimer-2 (Biotium Inc.) was 

added to all tubes with TMGG at a final concentration of 2 µM. 1 mL of each of TMGG 

was then added to separate sterile microscopy slides at the centre of the frame. A #1, 22 

x 50 mm sterile glass coverslip (Menzel Glaser) was placed on top of the frame to spread 

the TMGG into an even and level layer. Slides were then moved to a 37°C level heating 

platform to set for 15 minutes after which the coverslip was removed with sterile forceps 

and a sterile scalpel was used to cut the silicone rubber and separate the plastic frame 

from the glass slide. Once the frame was removed from the glass slide, TMGG-coated 

slides were stored in a sterile slide tray wrapped in aluminium foil. 

4.3.3.2 Microscopic analysis of explosive cell lysis in P. aeruginosa 

Overnight cultures of P. aeruginosa PA14 were prepared as described in section (2.3.2) 

then diluted 1:100 in 50 mL conical tubes (Greiner Bio-One) containing 10 mL of LB 

broth and incubated for 2 hour at 37°C and 200 rpm. Two 1 µL aliquots of culture were 

used to inoculate each TMGG slab at different locations and a sterile #1.5, 22 x 22 mm 

glass coverslip (Menzel Glaser) was placed on top of the TMGG slab (Figure 4.2). 

 
 

Figure 4.2. Schematic representation of an inoculated TMGG-slab used to assess explosive cell 
lysis in P. aeruginosa PA14 
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All microscopy, including phase contrast and wide-field fluorescence, was conducted on 

a DeltaVision Elite inverted research microscope with a × 60 0.7 numerical aperture 

LCPlanFL objective, InsightSSI illumination, SoftWorX acquisition software, fitted with 

a WeatherStation environmental chamber (Applied Precision, GE Healthcare) and a 

scientific CMOS 15-bit camera (pco.edge, PCO AG). Approximate quantification of this 

data was conducted by manually counting cells and lysis events only in the images 

presented in this chapter. The number of lysis events was quantified and is expressed 

relative to the number of cells in each image as ‘lysis events per cell’ for each condition. 

This was calculated by dividing the number of lysis events by the total number of cells 

scored. 

 
4.3.4 Liposome membrane potential assay 

 
A liposome membrane potential assay was designed based on a similar assay measuring 

proton transport in parallel with substrate transport across a proteoliposome (Hassan et 

al. 2019). Liposomes were formed using E. coli polar lipid extract (Avanti Polar Lipids). 

Lipids were dried under argon (or nitrogen) from a chloroform suspension to form a lipid 

film in a glass tube. The lipids were suspended in liposome buffer (25 mM HEPES-NaOH 

(pH 7.0), 200 mM NaCl, 1 mM dithiothreitol) and subjected to 11 passages of extrusion 

each through 0.4 µm then 0.2 µm polycarbonate. Five hundred microliter samples were 

prepared in the same buffer including 5 mg of preformed liposomes, 1 mM pyranine (8- 

hydroxypyrene-1,3,6-trisulfonic acid trisodium salt) and 1.1 % n-octylglucoside. The 

samples were incubated at room temperature for 15 minutes, then diluted 1:60 with cold 

liposome buffer to dilute the n-octylglucoside to a concentration below its critical micelle 

concentration. The diluted samples were ultracentrifuged (185,000 × G) for 2 hours to 

collect the liposomes that were resuspended in 100 µL of liposome buffer. For each 

experiment, liposomes were diluted 1:100 into assay buffer (25 mM HEPES-KOH (pH 
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7.0), 200 mM KCl), and pyranine fluorescence was continuously monitored to detect pH 

changes in the lumen of the liposomes [F509 (ex 450 nm)/ F509 (ex 400 nm)]. A low 

concentration (5 nM) of the potassium ionophore valinomycin was added to facilitate the 

formation of an electrical gradient across the membrane, followed by whole manuka 

honey, or honey components. A second manuka honey sample “Manuka_2” was included 

in this assay, it is unprocessed manuka honey (MGO: 813 mg/kg) from Waikato, New 

Zealand and supplied by Comvita Ltd, New Zealand. 

 
4.3.5 Tethered lipid bilayer electrical impedance spectroscopy 

 
In order to form tBLMs, a 3 mM solution of 1-palmitoyl-2-oleoyl-sn-glycero-3- 

phosphoethanolamine (POPE) lipid in ethanol (Avanti Polar Lipids) was added to 

commercially available tethered benzyl-disulfide-bis-tetraethylene-glycol-mono- 

phytanyl coated gold slides (SDx Tethered Membranes). Following incubation (2 

minutes) at room temperature, membranes were repeatedly washed with Tris-NaCl (10 

mM Tris, 100mM NaCl at pH 7) solution. tBLM conductance was measured by ac 

impedance spectroscopy, and the formation of a lipid bilayer was confirmed by a stable 

membrane conductance of 0.3 – 0.7 µS. tBLMs were then treated with a 5% w/v solution 

of either MH, AH or AHMGO for 1 minute at a time. All wash steps were conducted with 

Tris-NaCl solution. Membrane conductance was measured using a TethaPod (SDx 

Tethered Membranes) and all conductance values were normalised to their baseline 

values by dividing by the mean of the baseline conductance. Baseline conductance was 

calculated as the average conductance of 10 data points prior to treatment with honey or 

its key components. 
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4.3.6 Membrane potential cytofluorimetry 
 

The voltage-sensitive fluorophore Bis-(1,3-Dibutylbarbituric Acid) Trimethine Oxonol 

(DiBAC4(3)) was used in conjunction with flow cytometry to assess changes to 

membrane potential after treatment with manuka honey and its key components. 

DiBAC4(3) cannot pass through polarised cytoplasmic membranes of a living bacterium 

due to its anionic charge. When membrane potential is depleted, DiBAC4(3) can passively 

diffuse through the cytoplasmic membrane of a structurally intact bacterium due to its 

hydrophobic structure. Upon entry to the cytoplasm, it can bind charged proteins at their 

hydrophobic regions and exhibit enhanced fluorescence with a red spectral shift. 

DiBAC4(3) flow cytometry was combined with TO-PRO®-3, a membrane-impermeable 

fluorophore that stains nucleic acid. A combination of these two probes was used to aid 

in determining whether any observed membrane depolarisation is specific or due to 

compromised membrane integrity. 

 
 

Cytofluorometric analysis of membrane potential was performed as previously described 

(Shapiro & Nebe-von-Caron 2004) with modifications. Cultures were prepared as 

described in section 3.3.1, after which 2 mL of culture was then transferred to 14 mL 

round-bottom vent stopper tubes (Greiner Bio-One) for treatment. Briefly, cells were 

cultured to exponential phase (OD600 0.4 – 0.5) and treated for 30, 60 and 120 minutes 

with either manuka honey, MGO, AHMGO and AH for a final concentration of 10% w/v 

and incubated for 120 minutes at 37°C with shaking at 200 rpm. An additional sample 

was treated with 100 µM of the ΔpH-specific inhibitor of PMF, carbonyl cyanide m- 

chlorophenyl hydrazone (CCCP) as a positive control. After treatment, 10µL of each 

sample was added to 490 µL of PBS containing 0.1 nM TO-PRO®-3 (Life Technologies) 

and 0.5 µM DiBAC4(3) (Sigma-Aldrich) (final DMSO concentration did not exceed 1% 
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v/v) and left to incubate at room temperature in the dark for 15 minutes and were analysed 

on a BD LSRII flow cytometer for forward scatter (FSC), side scatter (SSC), fluorescein 

isothiocyanate (FITC)-A and allophycocyanin (APC) fluorescence. A total of 30,000 

events were recorded for each sample and gated based FSC and SSC. Subsequent analysis 

of flow cytometry data was conducted using FlowJo software (version 10.5.0). A total of 

five biological replicates were performed for each condition. 

 
4.3.7 Chequerboard microdilution assays to assess manuka honey- 

antibiotic interactions against P. aeruginosa 

Each pair of antimicrobial agents, antibiotic and manuka honey, were added across the x 

and y dimensions respectively, of a 96-well plate in two-fold serial dilutions with CAMH 

broth medium to a final volume of 135 µL. Concentrations tested ranged from 0.25 – 6× 

MIC for each antibiotic and from 0.0625 – 2× MIC for manuka honey. A duplicate 

dilution series was set up on the same plate to serve as a blank and sterility control for 

each drug and concentration combination. Overnight cultures of P. aeruginosa PA14 

were diluted to 1 – 5 ×106 CFU/mL in CAMH broth, of which 15 µL was added to one 

set of drug and dilution combinations for a final inoculum concentration of 1–5 ×105 

CFU/mL. 15 µL of CAMH broth was added to the blank and sterility control wells in 

place of the bacterial inoculum. Experimental controls included either antibiotic or 

manuka honey treatment alone, a positive growth control of P. aeruginosa PA14 in media 

only, and a negative control (media only). Plates were then sealed with AeraSeal™ (Excel 

Scientific, USA) and incubated in a 37°C humidified incubator for 18 hours. Following 

incubation, plates were read on a 96-well microtitre plate spectrophotometer at OD600 in 

order to determine MICs as described in section 2.3.2. Each antimicrobial combination 

was performed on 4 different days to provide experimental replicates. Synergistic, 
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antagonistic and no interactions were determined using the Fractional Inhibitory 

Concentration Index (FICI) method and calculated using the following equation: 

ΣFIC = FICA + FICB = (CA/MICA) + (CB/MICB) 
 

Where MICA and MICB are the MICs of drugs A and B alone, respectively, and CA and 

CB are the concentrations of the drugs in combination, respectively, in all of the wells 

corresponding to an MIC. 

 

4.4 Results 
 

P. aeruginosa treated with manuka honey resulted in the differential expression of genes 

in the tailocin cluster as well as the cytoplasmic membrane-bound proteins involved in 

maintenance of the PMF. A range of techniques were applied to assess whether these 

changes resulted in explosive cell lysis as well as membrane depolarisation; and whether 

this was by membrane permeabilisation. 

 
4.4.1 Manuka honey does not induce the expression of hol in a GFP 

reporter assay 

In order to obtain independent evidence that manuka honey induced (or increased) 

expression of the hol gene, P. aeruginosa containing a hol promoter transcriptional fusion 

to GFP was treated with manuka honey and fluorescence was monitored in a microtitre 

plate reader. The hol gene encodes a small membrane protein, Hol, which aggregates at 

the cytoplasmic membrane, permeabilising it and causing a loss of polarisation (Turnbull 

et al. 2016; Young 2014). P. aeruginosa PAO1 containing the pM0614-G plasmid 

construct (eGFP fusion to the hol promoter region in pMEXGFP) was provided by the 

Whitchurch laboratory. This plasmid construct has been previously described (Toyofuku 

et al. 2014; Turnbull et al. 2016). Relative fluorescence was calculated by normalising 

mean fluorescence to bacterial growth (measured as OD600) and mean values at each 
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timepoint were compared to the untreated control by a Student’s t-test (two tailed, unequal 

variance). 

 
 

Fluorescence from the expression of this hol-gfp fusion in manuka honey-treated cells at 

either 0.5× or 1× MIC did not exceed that of the untreated control at any time point 

(Figure 4.3). On the other hand, fluorescence in cells treated with ciprofloxacin was 

significantly higher; at 0.01 µg/mL (0.1× MIC) ciprofloxacin it was 1.4 fold (P < 0.05) 

and at 0.1 µg/mL (1× MIC) it was 1.2 fold (P < 0.05) higher compared to untreated cells 

after 90 minutes (Figure 4.3). Relative fluorescence at the conclusion of the experiment 

was 1.6-fold higher (P < 0.05) in cells treated with 0.01 µg/mL than 0.1 µg/mL. These 

results suggest that manuka honey does not induce the expression of the hol gene in P. 

aeruginosa PAO1 under the conditions examined. 
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Figure 4.3. Relative fluorescence intensity of P. aeruginosa PAO1 pM0614-G reporter strain and 
the vector control pMLAC-G treated with manuka honey (5% w/v and 10% w/v), untreated 
control and ciprofloxacin treated positive controls (0.1 µg/mL and 0.01 µg/mL). Overnight 
cultures were diluted 1:100 and grown at 37°C and 200 rpm for 2 hours then transferred to a black 
96-well clear bottom plate for treatment and incubated at 37°C for 360 min with medium shaking 
for 2 minutes every 10 minutes. Fluorescence (488/9 nm excitation and 520/20 nm emission) was 
monitored over time and normalised for growth (OD600). 

 
 

P. aeruginosa Δhol strains treated with ciprofloxacin have been shown to undergo 

explosive lysis and exhibit the accompanying distinctive circular morphology prior to 

lysing (Turnbull et al. 2016). Although hol is part of the tailocin gene cluster, other P. 

aeruginosa holin-like proteins, AlpB and CidAB, are also capable of facilitating the 

transport of the lys endolysin across the cytoplasmic membrane that is required for 

explosive cell lysis (Ma et al. 2009; McFarland et al. 2015; Turnbull et al. 2016). 

Although manuka honey did not induce the expression of hol in the GFP-reporter assay, 
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it is still possible that manuka honey treatment causes explosive lysis via expression of 

the tailocin gene cluster. Other holin homologs were found to be upregulated through 

RNA-seq experiments described in the previous chapter. These genes are yet to be 

annotated in P. aeruginosa PA14 but are well characterised in PAO1. The alpB ortholog 

PA14_52510 (98.40% sequence identity, E-Val 0), cidA ortholog PA14_19680 (99.74% 

sequence identity, E-Val 0) and cidB is PA14_19690 (99.27% sequence identity, E-Val 

0), are all significantly upregulated after manuka honey treatment. Since explosive lysis 

can occur in P. aeruginosa independently of hol, via alternative holin proteins, 

microscopy was conducted to visualise whether manuka honey induces morphology 

consistent with that of cells undergoing explosive lysis. 

 
4.4.2 Visualising lysis events through live-cell fluorescence microscopy 

 
Direct image capture of explosive lysis events is difficult as this phenomenon typically 

occurs in short intense bursts with a duration of seconds. Explosive lysis is an altruistic 

mechanism for the release of cellular contents including DNA which is required for the 

formation of interstitial biofilms (Turnbull et al. 2016). This release of DNA has been 

exploited as a proxy to measure evidence of explosive lysis by visualisation of the release 

of extracellular DNA (eDNA) through fluorescent microscopy techniques using the cell- 

impermeable fluorescent dye ethidium homodimer-II (Raymond et al. 2018; Turnbull et 

al. 2016). The method for this is described in section 4.3.3.2. Briefly, mid-exponential 

phase planktonic cells are inoculated on a LB-gellan gum substrate containing the 

treatment and ethidium homodimer-II dye. 

 
 

It is not possible to conclude that cells are undergoing explosive lysis based exclusively 

on visualisation of eDNA release of treated cells as alternate pathways can lead to lysis. 
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However, an accompanying shift to a round cell shape is strong evidence for tailocin 

mediated explosive cell lysis. 

4.4.2.1 Treatment with manuka honey does not appear to induce explosive 

cell lysis 

Untreated cells were imaged alongside manuka- and ciprofloxacin-treated cells in order 

to establish a baseline for the assessment of eDNA release under the experimental 

conditions utilised. The number of cells in a field of view was counted along with the 

number of lysis events appearing as fluorescent spots for each treatment condition tested. 

This may not represent the exact rate and frequency of explosive cell lysis events for a 

given condition but allows for a comparison between the conditions tested. 

 
 

Untreated P. aeruginosa PA14 wells were used as a negative control for explosive cell 

lysis. Fluorescent events were not detected until 90 minutes after incubation for untreated 

cells, there was approximately 0.001 lysis events per cell (Figure 4.4). These fluorescent 

spots are newly released eDNA surrounding cells, it is not uncommon in untreated cells 

and is a process essential for initial biofilm formation (Turnbull et al. 2016). Growth of 

the untreated cells did not appear to be inhibited as the number of cells can be seen to 

increase over the 90 minutes of imaging. 
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Figure 4.4. Representative phase contrast, fluorescent and overlay images of untreated P. 
aeruginosa PA14 cells imaged every 30 minutes over 90 minutes. TMGG slabs were incubated 
at 37°C in the dark for the duration of the experiment and imaged at 37°C. Extracellular DNA 
stained with ethidium homodimer-II. Arrows indicate lysis events. 

 
 

After treatment with the positive control 1× MIC ciprofloxacin (0.125 µg/mL) for 90 

minutes, there were approximately 0.021 lysis events per cell. Examples of explosive 

lysis events are seen in representative fields of view shown in Figure 4.5, and most 



147  

obvious at 90 minutes. After 90 min of treatment with 1xMIC ciprofloxacin, there are 

approximately 4.3-fold fewer compared to the untreated control, indicating that growth 

is inhibited (Figure 4.5). 

 

Figure 4.5. Representative phase contrast, fluorescent and overlay images of ciprofloxacin 
(1xMIC) treated P. aeruginosa PA14 cells imaged every 30 minutes over 90 minutes. TMGG 
slabs were incubated at 37°C in the dark for the duration of the experiment and imaged at 37°C. 
Extracellular DNA stained with ethidium homodimer-II. Arrows indicate lysis events. 
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Treatment with 1× MIC (10% w/v) manuka honey did not appear to affect the release of 

eDNA (Figure 4.6). Only one new fluorescent foci was observed after 90-min incubation 

and the number of lysis events per cell was 0.003, lower than what was seen for 

ciprofloxacin. Treatment with 1× MIC manuka honey inhibited growth of P. aeruginosa 

cells relative to the untreated control, with 4.0-fold fewer cells compared at 90 minutes. 

This was similar to what was observed for ciprofloxacin. 
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Figure 4.6. Representative phase contrast, fluorescent and overlay images of manuka honey 
(1×MIC) treated P. aeruginosa PA14 cells imaged every 30 minutes over 90 minutes. TMGG 
slabs were incubated at 37°C in the dark for the duration of the experiment and imaged at 37°C. 
Extracellular DNA stained with ethidium homodimer-II. Arrows indicate lysis events. 

 
 

Changes in cell morphology were observed only in ciprofloxacin treated samples. Cells 

appeared to change from the typical rod shape to a circular shape. This change in 

morphology is consistent with P. aeruginosa cells undergoing explosive lysis. A small 
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number of explosive events were captured in cells treated with 0.5× (Figure 4.7A) and 1× 

(Figure 4.7B) ciprofloxacin, validating previous reports (Turnbull et al. 2016). This 

confirms that under these experimental conditions explosive lysis can be readily captured 

and the lack of this morphological change in manuka honey treated cells indicates 

explosive lysis does not occur – at least through this experimental set up. A number of 

other experimental conditions were tested, including treating in broth culture followed by 

immediate imaging, as well as a treatment-soaked disk-diffusion method on agarose pads, 

however explosive cell lysis induced by manuka honey could not be visualised. 

A 

 
 
 
 
 
 

B 

Figure 4.7. Ciprofloxacin induces explosive lysis in P. aeruginosa PA14. Treatment with A) 0.5× 
MIC and B) 1× MIC ciprofloxacin results in a change from rod shaped cells to round cells and 
ultimately lysis. Time is indicated in seconds below each image. 
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4.4.2.2 The tailocin gene cluster is not required for the antimicrobial 

activity of manuka honey against P. aeruginosa 

No explosive cell lysis was observed with honey-treated P. aeruginosa PA14 cells 

relative to untreated cells in live-cell cells on solid media containing ethidium-homodimer 

II. This is somewhat surprising since RNA-Seq experiments showed there was significant 

induction of the entire tailocin gene cassette. This does raise the possibility that the 

experimental set up for visualisation of explosive cell lysis is not optimal for manuka 

honey since it is a complex mixture of components that may diffuse at different rates in 

the solid mounting media. This may result in inconsistent or incomplete exposure of 

bacteria to all the components of manuka honey, resulting in no significant cell lysis 

events. In the liquid medium however, as was used for RNA-Seq, all components of 

honey are uniformly in contact with the cells. So, in order to assess whether explosive 

cell lysis is required for the full antimicrobial activity of manuka honey, the susceptibility 

of a number of mutant strains to this honey were assessed by broth microdilution (Table 

4.2). Explosive lysis via the tailocin gene cluster is not solely dependent on the expression 

of hol, however mutants with a defective lys gene cannot undergo lysis via this pathway 

(Turnbull et al. 2016). Both recA and prtN are required for the expression of genes in the 

tailocin gene cluster and mutations in these genes prevent bacteria from undergoing 

explosive lysis (Turnbull et al. 2016). P. aeruginosa PAO1 deletion mutants of lys, prtN 

and recA were no more or less susceptible to manuka honey when compared to the 

wild- type (Table 4.2), indicating that the tailocin gene cluster is not required for the full 

antimicrobial activity of manuka honey. 
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Table 4.2. Susceptibility to manuka honey treatment for markerless in frame deletion strains of 
P. aeruginosa PAO1 

 
Strain Gene Name MIC ± SD (% (w/v)) 

Wild-type PAO1  8.5 ± 0.5 

ΔPA0629* Δlys 8.5 ± 0.5 

ΔPA3617 ΔrecA 7.0 ± 0.0 

ΔPA0610* ΔprtN 8.5 ± 0.5 
a 
MICs expressed as the mean percentage ± standard deviation (w/v) from two separate replicates performed 
in triplicate. 

 
 
 

The combined data presented in section 4.4.2 indicate that explosive cell lysis, resulting 

from the expression of tailocin genes, is not required for the full antimicrobial activity of 

manuka honey against P. aeruginosa. 

 
4.4.3 Manuka honey, and not its key components, affects the PMF of P. 

aeruginosa 

Differential expression of holin-like genes alpB and cidAB, cytochromes and their haem 

cofactor genes in P. aeruginosa PA14, indicated that manuka honey may be affecting the 

membrane potential of P. aeruginosa cells. Membrane depolarisation can occur as a result 

of perturbations to the ΔpH or Δψ of the PMF or by membrane permeabilisation such as 

that induced by holins. Flow cytometry was used to determine whether manuka honey 

induces membrane depolarisation and/or permeabilisation in live P. aeruginosa cells. 

Following from this, an artificial membrane potential was established in a liposome 

system to determine whether this effect occurs in an acellular manner. 

4.4.3.1 Manuka honey depolarizes cytoplasmic membranes in P. 

aeruginosa 

Flow cytometry coupled with the voltage-sensitive fluorophore DiBAC4(3) was used to 

determine whether manuka honey had an effect on cytoplasmic membrane polarity of P. 
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aeruginosa cells. Co-staining with the membrane-impermeable dye TO-PRO®-3 was also 

performed to assess membrane permeabilisation since permeabilisation of the 

cytoplasmic membrane also results in its depolarisation. Assessment of whether a change 

in membrane polarity and permeability occurred after treatment with the key components 

of manuka honey was also conducted. Initially concentrations of 5% w/v manuka honey 

and its key components were applied in order to mimic RNA-Seq conditions but had no 

effect on the number of depolarised or permeabilised cells (data not shown). Therefore, a 

higher treatment concentration of 10% w/v was applied. Treatment with the key 

components of honey was also applied at a concentration of 10% w/v to determine 

whether these components at the equivalent concentration in honey could account for any 

observed changes. 

 
 

Measurement of membrane potential in P. aeruginosa is complicated by the outer 

membrane exclusion of fluorophores such as DiBAC4(3) (Shapiro 2008). Although 

EDTA treatment prior to staining is often used to increase dye uptake in Gram-negatives 

(Shapiro 2008; Sträuber & Müller 2010), this method induced wide-spread membrane 

depolarisation making negative and positive controls indistinguishable from one another 

(data not shown). To overcome outer membrane exclusion of DiBAC4(3), a well 

characterised ‘hyperporinated’ P. aeruginosa PAO1 strain expressing chromosomally 

encoded gene for a modified E. coli siderophore uptake channel (Krishnamoorthy et al. 

2017) was used in this assay. 

 
 

When the cytoplasmic membrane becomes depolarised, DiBAC4(3) fluorescence 

measured in the FITC-A (green) channel is increased. Similarly, if the cytoplasmic 

membrane becomes permeabilised, TO-PRO®-3 can reach the cytoplasm where it 
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exhibits increased fluorescence intensity in the APC (far-red) channel. Detected events 

were gated based on untreated and unstained controls to target cells with uniform forward 

and side scatter and therefore limit the collection of dead or aggregated cells (Figure 

4.8A). Membrane depolarisation and permeabilisation was determined by 

cytofluorometric analysis whereby increased fluorescence at 516 nm indicates the 

membrane polarity-dependent re-distribution of DiBAC4(3) into the cytoplasm. Increased 

fluorescence at 660 nm indicates the membrane impermeable dye TO-PRO®-3 has 

crossed the compromised cytoplasmic membrane and intercalated with DNA. Cells with 

depolarised membranes were defined by gating based on DiBAC4(3) fluorescence of the 

CCCP positive control (Figure 4.8B; blue) where events in the DiBAC4(3) positive gate 

were considered as depolarised. Cells with permeabilised membranes were defined by 

gating based on TO-PRO®-3 fluorescence of cells treated with 5mM EDTA for 2 minutes 

and then washed in PBS prior to staining (Figure 4.8C; blue) where events in the TO- 

PRO®-3 positive gate were considered to have permeabilised cytoplasmic membranes. 
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A  

 
 
 
 
 
 
 

B 

 
 
 
 
 
 
 

C 
 

 

Figure 4.8. Representative flow data shown. Mid-exponential P. aeruginosa PAO1-LAC-EcPore 
cells were either untreated or treated with CCCP (100 µM) for 2 hours. Cells were stained with 
DiBAC4(3) to determine the number of cells with depolarised membranes. A) Scatter plot of side 
scatter area (SSC-A) versus forward scatter area (FSC-A), singlets gate excludes debris. B) 
Scatter plot of FSC-A versus DiBAC4(3) fluorescence measured in the FITC-A channel. The 
lower left quadrant represents cells negative for DiBAC4(3) fluorescence and the lower right 
quadrant represents cells positive for DiBAC4(3) fluorescence. C) Scatter plot of FSC-A versus 
TO-PRO®-3 fluorescence measured in the APC-A channel. The lower left quadrant represents 
cells negative for TO-PRO®-3 fluorescence and the lower right quadrant represents cells positive 
for TO-PRO®-3 fluorescence. 
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Treatment with 100 µM CCCP induced depolarisation in 76% of the population and was 

significantly higher (P < 0.05) than the untreated population, as expected. Interestingly, 

significantly more (P < 0.05) depolarisation was observed in the 10% w/v manuka honey 

(37% of cells) and AHMGO (14% of cells) treatment compared to the untreated control 

(1.2% of cells) (Figure 4.9A). The number of cells with depolarised membranes was 

significantly higher in populations treated with manuka honey than AHMGO (P < 0.05) 

(Figure 4.9A). There was no increase in membrane depolarisation relative to the untreated 

control for cells treated with either AH or MGO only (Figure 4.9A). 

A B 

Figure 4.9. The effect of manuka honey on membrane potential measured as A) flow cytometry 
quantification of the percentage of DiBAC4(3) positive exponential phase P. aeruginosa PAO1- 
EcPore cells treated for 2 hours with 100 µM CCCP, 10% w/v manuka honey, 10% AH, 10% w/v 
AHMGO, 10% MGO and no treatment control. The effect of manuka honey on membrane 
permeability measured as B) flow cytometry quantification of the percentage of TO-PRO®-3 
positive exponential phase P. aeruginosa PAO1-EcPore cells treated for 2 hours with 100 µM 
CCCP, 10% w/v manuka honey, 10% AH, 10% w/v AHMGO, 10% MGO and no treatment 
control. A one-way ANOVA followed by Dunnett’s multiple comparison post hoc test was used 
to determine statistically significant differences between each treatment and the no treatment 
control (* = P < 0.05), a one-way ANOVA followed by Bonferroni’s multiple comparison post 
hoc test was used to determine statistically significant differences between manuka and AHMGO 
treated cells (* = P < 0.05). 
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Membrane permeability measured by TO-PRO®-3 fluorescent cells (Figure 4.9B) was 

significantly increased in CCCP and manuka honey treated samples relative to the 

untreated control (P < 0.05). Increased membrane permeabilisation was not observed for 

other treatments except AHMGO but this was not significantly higher than the untreated 

control (P > 0.05) (Figure 4.9B). There was no difference in permeabilisation between 

CCCP and manuka honey treatments (P > 0.05). After treatment with the ΔpH-specific 

inhibitor CCCP, the number of depolarised cells (77%) is higher than permeabilised cells 

(25%), whereas with manuka honey, the number of depolarised cells (37%) and 

permeabilised cells (27%) is more similar. This suggests that manuka honey-induced 

depolarisation is likely to result from cytoplasmic membrane permeabilisation, and this 

should be confirmed by performing additional experiments testing multiple treatment 

concentrations and times. 

4.4.3.2 Membrane potential effects induced by manuka honey are not 

dependent on biological processes 

In order to assess whether manuka honey affects membrane polarisation in the absence 

of underlying cellular factors such as holins, liposomes with an electrical potential (Δψ) 

were used as a non-cellular model system. In this system pH is monitored by the 

fluorophore pyranine and is used as a proxy for the measurement of proton movement 

across the membrane. Proton movement without disruption of the membrane indicates a 

ΔpH-specific effect similar to that of a protonophore such as CCCP. Protonophores 

specifically translocate protons across the cytoplasmic membrane leading to a collapse of 

the PMF proton gradient. 
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In this experiment, liposomes in a sodium-containing buffer at pH 7.0, are loaded with a 

potassium-containing buffer at pH 7.0. The transmembrane electrical potential (Δψ) is 

established by the addition of the potassium-selective ionophore valinomycin, allowing 

K+ to move down its concentration gradient and out of the liposome to generate an 

electrical potential (Δψ). Movement of protons across the membrane due to general 

membrane damage would not allow for a measurable pH change inside the liposome, thus 

any observed changes are independent of membrane-damaging effects. Thus, this assay 

measures changes in membrane polarity in the absence of membrane permeabilisation. 

Liposomes were also loaded with pyranine which has a peak excitation wavelength of 

450 nm at neutral pH shifting to 400 nm as pH drops due to protons moving into the 

liposome. In untreated liposomes, internal pH remains neutral and fluorescence emitted 

remains unchanged. When treatment induces the movement of protons from outside to 

inside the liposomes, internal pH of the liposome drops which results in weaker emitted 

fluorescence when excited at 450 nm. 

 
 

The addition of 1% w/v manuka honey to liposomes caused fluorescence to drop rapidly 

as protons move into the liposomes without exchange for another ion (Figure 4.10). This 

in vitro effect is unique to manuka honey and does not occur upon the addition of 1% w/v 

solutions of AH, MGO or AHMGO (Figure 4.10). An additional manuka honey 

(Manuka_2) sample was also tested, supporting that this observation is not exclusive to 

any one particular manuka honey sample (Figure 4.10). In the context of a bacterial cell, 

this observed phenomenon after treatment with manuka honey would lead to the collapse 

of ΔpH therefore depolarising the membrane. This result also indicates that the membrane 

depolarising activity of manuka honey may occur by specific collapse of the ΔpH 
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component of the PMF and can occur independently of cell-dependent processes such as 

cytoplasmic membrane permeabilisation by holins. 

          

          

          

          

          

          

          

          

Figure 4.10. The effect of manuka honey on membrane potential measured as approximate 
internal pH of liposomes loaded with pH sensitive pyranine dye after treatment with 1% w/v 
artificial honey (blue), 1% w/v MGO (teal), 1% w/v AHMGO (purple), 1% manuka honey 
(orange), 1% manuka honey (tan). Fluorescence intensity of pyranine at λex 450 decreases with 
decreasing pH. A decrease in proportional fluorescence is indicative of a decrease in internal pH. 
‘V’ indicates addition of valinomycin to establish electrical gradient and ‘T’ indicates time at 
which treatment was applied. 

4.4.3.3 Manuka honey exhibits a synergistic interaction with tetracycline- 

class antibiotics in P. aeruginosa 

As mentioned above, the PMF that exists across bacterial membranes is dictated by two 

gradients, the proton gradient (ΔpH) and electrical potential (Δψ). Data generated in 

liposome assays suggests that manuka honey is affecting the movement of protons across 
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the membrane thus collapsing the ΔpH (Figure 4.10). Flow cytometry indicates that 

manuka honey, but not its key components, induces both depolarisation and 

permeabilisation of cytoplasmic membranes in live P. aeruginosa cells (Figure 4.9). 

Disturbances to one component of the PMF are compensated by an inverse shift in the 

other component to maintain the PMF, i.e. a reduction in ΔpH leads to a compensatory 

increase in Δψ (Bakker & Mangerich 1981). The activity of certain antibiotics is 

dependent on the status of the PMF for effective uptake into the cytoplasm. For example, 

entry of tetracycline into the cytoplasm is dependent on the ΔpH component of the PMF 

whereas gentamicin is dependent on Δψ (Farha et al. 2018; Taber et al. 1987; Yamaguchi 

et al. 1991). Therefore, it was hypothesised that, the activity of tetracyclines against P. 

aeruginosa would decrease in manuka treated cells due to the collapse of ΔpH, and 

activity of aminoglycosides would increase because of the compensation by Δψ. 

 
 

In order to test this hypothesis, chequerboard synergy assays were conducted to assess 

whether the manuka honey interacted synergistically with various tetracycline and 

aminoglycoside class antibiotics. Chequerboard assays allow for the calculation of the 

Fractional Inhibitory Concentration Index (FICI). This method assesses the contribution 

of individual antimicrobials to the total antimicrobial activity of an antimicrobial 

combination. Antimicrobial interactions are considered ‘synergistic’ when FICI is ≤ 0.5, 

‘antagonistic’ when FICI is > 4.0 and ‘no interaction’ when FICI is 0.5 – 4.0 (Odds 2003). 

 
 

Synergy was identified between manuka honey in combination with any one of the 

following; tetracycline, doxycycline and minocycline (Table 4.3). No interaction was 

observed between manuka honey and any one of the following; tigecycline, gentamicin 

and tobramycin. Synergy between manuka honey and antibiotics was restricted to those 
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in the tetracycline class. Contrary to the hypothesis, the antimicrobial activity of 

tetracyclines increased in the presence of honey acting synergistically. The activity of 

aminoglycosides was largely unaffected in the presence of manuka honey with no 

interaction between the two antimicrobials. 

 
 

Table 4.3. Summary of results from chequerboard analysis of the individual and combined effects 
of honey and either tetracyclines or aminoglycosides on P. aeruginosa PA14 growth. 

 
 

Antibacterial 
Agent 

Antibiotic MIC 
  (µg/mL)  Honey MIC (% w/v)   

Synergy 
(≤ 0.5) 

  FICI  

With 
honey* 

 

With 
antibiotic* Alone Alone  

Tetracycline 32.0 ± 0.0 4.0 ± 0.0 10.0 ± 0.0 2.5 ± 0.0 0.37 ± 0.0 ✓ 
Doxycycline 64.0 ± 0.0 8.0 ± 0.0 10.0 ± 0.0 1.2 ± 0.0 0.25 ± 0.0 ✓ 
Minocycline 8.0 ± 0.0 2.0 ± 0.0 10.0 ± 0.0 2.5 ± 0.0 0.50 ± 0.0 ✓ 

Tigecycline 4.0 ± 0.0 1.0 ± 0.0 10.0 ± 0.0 5.0 ± 0.0 0.75 ± 0.0  

Gentamicin 3.0 ± 1.1 2.0 ± 0.0 10.0 ± 0.0 1.6 ± 1.0 0.91 ± 0.1  

Tobramycin 10.6 ± 4.6 2.8 ± 4.4 10.0 ± 0.0 8.3 ± 2.8 1.02 ± 0.0  
a MICs expressed as the mean from three separate replicates ± standard deviation. 
* Indicates column with corresponding combination treatment concentration. 

 
 
 

The results of chequerboard assays between manuka honey and either tetracyclines or 

aminoglycosides indicates that manuka honey is unlikely to be specifically affecting 

either the ΔpH or Δψ component of the PMF. However, manuka-induced membrane 

permeabilisation as indicated by flow cytometry (Figure 4.9) would result in non-specific 

disruption of the PMF and affect the translocation of tetracyclines and aminoglycosides 

across the cytoplasmic membrane. The synergy observed with tetracyclines, but no 

interaction with aminoglycosides, is therefore unlikely to be due to increased diffusion to 

the cytoplasm facilitated by manuka-induced permeabilisation. Rather the synergy may 

be the result of the different mechanisms conferring resistance to these two classes of 

antimicrobials. P. aeruginosa has a range of both acquired and innate mechanisms of 
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resistance to aminoglycosides, primarily due to enzymatic mediated drug modification by 

aminoglycoside-modifying enzymes, whereas tetracycline resistance is driven by PMF- 

driven multidrug resistant efflux pumps (Krause et al. 2016; Morita, Tomida & 

Kawamura 2014; Paulsen, Brown & Skurray 1996). It is unknown whether components 

of manuka honey interact directly with P. aeruginosa efflux pumps, and gene expression 

data presented in chapter 3 did not provide any evidence to support this. However, if 

manuka honey is affecting cytoplasmic membrane integrity and collapsing PMF, this 

would render efflux pumps ineffective and explain the observed synergy with 

tetracycline. However, aminoglycoside-modifying enzymes could still act on 

aminoglycosides and their antimicrobial activity would be unaffected. 

 
4.4.4 Manuka honey, but not its key components, can damage lipid bilayer 

membranes 

Flow cytometry data in this chapter support the idea that manuka honey induces 

membrane depolarisation in P. aeruginosa and also induces cytoplasmic membrane 

permeabilisation (Figure 4.9). Liposome assays demonstrated that this depolarising 

activity can occur independently of cellular processes (Figure 4.10). Chequerboard assays 

also suggest that manuka honey is not specifically affecting either the proton gradient 

(ΔpH) and electrical potential (Δψ) (Table 4.3). Taken together these results indicate that 

the membrane depolarisation activity of manuka honey may be a result of physical 

membrane damage which would lead to a collapse of the PMF. 

 
 

To investigate this further, tethered lipid bilayer membranes and electrical impedance 

spectroscopy (tBLM-EIS) was used to corroborate and characterise the effect that manuka 

honey has an effect on the permeability of membranes. This method monitors time- 

dependent conductance of ions across membranes as a measure of membrane integrity 
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where increased conductance indicates membrane permeabilisation. Tethered lipid 

bilayer membranes were comprised of phosphatidylethanolamine (POPE) phospholipids, 

a major constituent of P. aeruginosa outer and cytoplasmic membranes (Sohlenkamp & 

Geiger 2016). A 5% w/v concentration of manuka honey was used in this experiment in 

order to mimic the concentration applied in RNA-Seq experiments. Treatment with the 

key components of honey, AH and AHMGO, were also applied at 5% w/v in order to 

directly compare their membrane permeabilising activity to whole honey. To identify any 

surfactant-like effects on the membrane bilayer a wash with Tris-NaCl buffer (pH 7) was 

conducted after each treatment. MGO only treatment was not conducted but will be 

included in future experiments. 

 
 

Untreated membranes had a maximum conductance of 1.87 µS and a minimum of 0.77 

µS during the experiment (Figure 4.11). Initial treatment with 5% w/v manuka honey 

increased conductance across the membrane from 1.01 to 3.06 µS whereas equivalent 

concentrations of its key components, AH and AHMGO, did not (Figure 4.11). In fact, 

AH and AHMGO treatment resulted in a slight reduction in membrane conductance, from 

1.03 to 0.45 µS for AH and 1.07 to 0.21 µS for AHMGO. In the case of AH and AHMGO, 

washing  increased conductance to levels closer  to that  prior  to treatment,  0.74 µS and 

0.67 µS respectively. This trend was observed again after two more treatments and wash 

cycles. For manuka honey, washing after treatment resulted in a rapid increase in 

conductance to 8.77 µS and an additional wash further increased conductance to 13.5 µS 

(Figure 4.11). Treating again with manuka honey resulted in a rapid spike in conductance 

gradually continuing over time to a final conductance of 54.61 µS. This was not observed 

for the key components of honey suggesting that they alone are not responsible for the 
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membrane permeabilisation of P. aeruginosa cells observed with whole honey (Figure 

4.9B). 

Figure 4.11. Conductance of tethered lipid bilayer membranes comprised of POPE, treated with 
5% w/v (top-left) AH, (top-right) AHMGO, (bottom-right) MH and (bottom-left) no treatment 
control. Treatment is indicated by an asterisk (*) and wash with Tris-NaCl buffer is indicated by 
a hash (#). 

The pattern of increased conductance following wash steps is similar to the action of 

surfactant-like molecules which interact with the outer leaflet of the lipid bilayer. 

Subsequent washing removes it and the phospholipids it is interacting with through 

micellization (Alghalayini et al. 2019). Taken together, the data in this chapter supports
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the hypothesis that manuka honey, but not its key components, permeabilises membranes 

in bacteria resulting in membrane depolarisation (Figure 4.9) and that synergy with 

tetracyclines is likely to be the result of cytoplasmic membrane damage (Table 4.3). 

4.5 Discussion 
 

The aim of this chapter was to identify whether RNA-Seq changes uniquely induced by 

whole manuka honey lead to observable physiological changes consistent with gene 

expression data, and characterise how they may occur. RNA-Seq results identified the 

upregulation of the tailocin gene cluster, responsible for the explosive cell lysis 

behaviour, following treatment with manuka honey only and not its key components. It 

also identified that manuka honey treatment resulted in differential expression of genes 

involved in the maintenance of a PMF and therefore a polarised membrane. 

 
 

Induction of the tailocin system by manuka honey was investigated through a GFP-hol 

reporter assay and fluorescence microscopy observation of explosive lysis events. The 

necessity of the tailocin system for the total antimicrobial activity of manuka honey was 

assessed by susceptibility testing of knockout strains of lys, recA and prtN, which are 

required for explosive cell lysis. Manuka honey-induced membrane depolarisation was 

confirmed through fluorescence flow cytometry and liposome assays. Chequerboard 

assays with manuka honey and antibiotics requiring a PMF for translocation to the cytosol 

were consistent with other data that manuka honey is not affecting a specific component 

of the PMF, Δψ or ΔpH. Tethered bilayer lipid membranes (tBLM) and electrical 

impedance spectroscopy (EIS) confirmed manuka honey is capable of inducing 

membrane damage independently of cellular processes. 
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The results presented in this chapter indicate that the tailocin gene cassette is not required 

for the total antimicrobial activity of manuka honey against P. aeruginosa and that 

membrane depolarisation does occur with manuka honey treatment, and is likely due to 

permeabilisation of the cytoplasmic membrane. 

 
4.5.1 Experimental evidence does not support RNA-Seq data that suggest 

honey induces explosive cell lysis via induction of the tailocin gene 

cluster 

An absence of detectable fluorescence from manuka treated P. aeruginosa PAO1 cells 

containing a GFP-hol reporter indicates that expression of hol does not occur after 

treatment with manuka honey. This result was unexpected not only given that hol was 

amongst the most highly upregulated genes in manuka treated cells, but also that the 

expression of all other genes in the tailocin gene cluster were upregulated, including the 

transcriptional regulators prtN and prtR. Increased fluorescence relative to the untreated 

control was detected for the positive control, ciprofloxacin treatment, indicating that this 

experimental set up was working correctly. It is possible that manuka induced expression 

of hol in PA14 is different to PAO1 and this should be tested by transformation of 

pM0614-G into a PA14 background. 

 
 

A number of other holin-like proteins are encoded in the PA14 genome, notably AlpB 

and CidAB, all of which are capable of facilitating explosive cell lysis in the absence of 

Hol (Turnbull et al. 2016). For this reason, microscopy was conducted to determine 

whether there was any evidence of explosive lysis in manuka treated cells in spite of the 

lack of GFP-hol expression. Although RNA-Seq data, notably the induction of oxidative 

stress response genes, SOS response genes and tailocin genes, strongly indicated that an 

explosive cell lysis phenotype would occur, it was not observed. In samples treated with 
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the positive control, ciprofloxacin, the number of fluorescent foci indicative of a lysis 

event was increased relative to the untreated control, but this was not observed with 

manuka honey treatment. Even more convincing is the lack of a rapid transition to round 

morphology prior to subsequent lysis in manuka treated cells. This morphology is a 

hallmark of explosive lysis and was readily observed in the ciprofloxacin treated cultures 

(Figure 4.7). 

 
 

Explosive cell lysis events occur within seconds so bacteria must be exposed to treatments 

in situ. For this reason, manuka honey was added directly to TMGG media and 

subsequently pipetted onto a glass slide where it would solidify to form a mounting 

medium for bacterial cells. In this situation, exposure of P. aeruginosa cells to all 

components of whole manuka honey may not occur as the various components of manuka 

honey may diffuse through the gellan gum substrate at different rates. Larger molecular 

weight components of honey, like proteins, do not diffuse through agar-like substrate as 

readily as in aqueous solution (Kwakman & Zaat 2012). A number of adjustments to the 

protocol were made including pre-treatment of P. aeruginosa with honey in broth cultures 

prior to mounting on TMGG media as well as honey saturated disk-diffusion on TMGG 

media slabs. Nevertheless, these adjustments did not allow for the observation of 

explosive cell lysis by manuka honey. It is likely that the experimental conditions used 

for this assay were not conducive to the identification of explosive lysis events 

specifically by manuka honey. Further experimentation is required in order to 

conclusively determine whether P. aeruginosa undergoes explosive cell lysis when 

exposed to manuka honey. Advances in microfluidics technology have allowed for the 

visualisation of the effects of antibiotic solutions on bacteria in situ by live cell time-lapse 

microscopy (Trojanowski et al. 2019) and may be the ideal method to observe manuka-
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induced explosive cell lysis in P. aeruginosa. This approach would negate the effects of 

differential diffusion of the antimicrobial components of honey. 

 
4.5.2 Single deletions of tailocin genes do not alter susceptibility to 

manuka honey in P. aeruginosa PAO1 

Since explosive cell lysis after treatment with manuka honey could not be visualised, 

likely due to limitations of the experimental set up, MIC assays of P. aeruginosa single 

gene deletion strains of tailocin genes was conducted. This was done in order to more 

simply test whether manuka honey relies on increased tailocin cluster gene expression for 

all or part of its killing activity; it would not generate evidence as to whether explosive 

cell lysis is induced by manuka honey. An explosive cell phenotype cannot be induced in 

the absence of lys and transcription of the tailocin gene cluster cannot occur in the absence 

of recA or prtN. No change in susceptibility was detected in P. aeruginosa PAO1 with 

deletions of these three genes (Table 4.2). These data indicate that explosive lysis, or any 

other gene in the tailocin gene cluster, does not affect susceptibility to manuka honey or 

at least is not the predominant mechanism accounting for the killing effects of honey. 

Other antimicrobial effects of manuka honey are likely to be sufficient to kill P. 

aeruginosa in the absence of explosive cell lysis genes as was observed for other 

transposon-insertion mutants screened in section 3.4.4. This is in contrast to other single- 

compound antimicrobials like ciprofloxacin, where deletion of several components of the 

tailocin gene cluster resulted in an almost 10-fold decrease in susceptibility (Brazas & 

Hancock 2005). 

 
 

It must be noted that the PAO1 background strain used to assess the impact of tailocin 

gene deletions on susceptibility to manuka honey, was different to the PA14 background 

in which RNA-Seq revealed significant upregulation of the tailocin gene cluster. 
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However, the antimicrobial activity of manuka honey against these two wild-type strains 

is similar (10% w/v for PA14, 8.5% w/v for PAO1) and the mechanism by which P. 

aeruginosa undergoes explosive cell lysis is the same between these strains (Turnbull et 

al. 2016). 

 
4.5.3 Manuka honey interferes with maintenance of membrane potential 

through membrane permeabilisation 

Transcriptome data prompted the investigation of manuka honey-induced membrane 

depolarisation in P. aeruginosa PA14. Although the expression of hol was not detected 

through GFP-reporter assays, RNA-Seq data indicated that other holin homologs such as 

alpB and cidAB (Ma et al. 2009) were upregulated in P. aeruginosa treated with manuka 

honey. This is consistent with previously published reports of differential expression of 

another holin-like protein, cidA, in S. aureus (Jenkins, Burton & Cooper 2014). These 

holin proteins induce depolarisation of the cytoplasmic membrane by permeabilisation. 

Manuka honey also downregulated the expression of a number of genes involved in the 

uptake and homeostasis of haem (see section 3.5.2), a critical cofactor for cytochromes 

in the electron transport chain (Choby & Skaar 2016). Cytochrome genes were 

downregulated after manuka honey treatment but also AHMGO and MGO only 

treatments, and this may be the result of a depolarisation of the cytoplasmic membrane 

and thus a collapse of the membrane potential. Flow cytometry analysis using the 

membrane potential-sensitive dye DiBAC4(3) and cell permeability dye TO-PRO®-3 was 

used to assess whether manuka honey or its key components can induce membrane 

depolarisation in P. aeruginosa. Liposomes with an electrochemical gradient were used 

to confirm that membrane depolarisation was specific to manuka honey, and not its key 

components whilst also determining if this occurs independently of cellular processes 

such as holin permeabilisation. 
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The results from membrane depolarisation flow cytometry and liposome assays 

confirmed that manuka honey induces membrane depolarisation, and suggest that MGO, 

sugars and the combination of the two are not responsible for this. Given the highly 

electrophilic nature of MGO and the effect it has on the expression of P. aeruginosa 

cytochrome encoding genes, it was surprising that it alone had no effect on membrane 

polarisation. In fact, MGO at ≥ 500 µM (much higher than what is found in manuka 

honey) has been shown to inhibit mitochondrial respiration and membrane potential in a 

number of human cell types (Biswas et al. 1997; de Arriba et al. 2007; Speer et al. 2003). 

Only one study has investigated the effect of MGO on bacterial membrane potential, 

reporting that glucose-starved Prevotella ruminicola cultures treated with high 

concentrations (4 mM) of MGO had a sharp drop in membrane potential (Russell 1993). 

Nonetheless, MGO alone had no effect on the membrane potential in either live P. 

aeruginosa or in the liposome assay. This is likely because MGO concentrations in 

manuka honey do not exceed 1200 ppm or approximately 16 µM (Cokcetin et al. 2016) 

and the concentration of MGO present in the manuka honey used for experiments in this 

thesis did not exceed 1000 ppm or approximately 14 µM. This supports the notion that 

MGO alone does not account for membrane depolarising effects of whole honey. 

 
 

At the time that experiments in this thesis were performed, the membrane depolarising 

effects of manuka honey had not been described in the literature. A recent paper 

demonstrated that manuka honey does indeed induce membrane depolarisation and 

permeabilisation in both E. coli and S. aureus although at twice the concentration (20% 

w/v) required to depolarise and triple the concentration (30% w/v) required to 

permeabilise P. aeruginosa cells (Combarros-Fuertes et al. 2019). Results from this thesis 
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chapter provide further evidence that manuka honey depolarises membranes in bacterial 

cells, including P. aeruginosa, which has not been reported previously. Moreover, 

manuka-induced membrane depolarisation does not appear to occur through its key 

components of either AH, AHMGO or MGO, and does not depend on cellular processes. 

 
 

The membrane depolarising effect of manuka honey on P. aeruginosa is likely to be a 

result of cytoplasmic membrane permeabilisation. This is supported by data from flow 

cytometry which shows that CCCP (specific inhibitor of ΔpH) results in a higher ratio of 

depolarised to permeabilised cells (77%:25 %) whereas manuka honey treatment result 

in similar ratio of depolarised to permeabilised cells (37%:27%). Chequerboard assays 

between manuka honey and the antibiotics, aminoglycosides and tetracyclines, also 

indirectly suggest membrane depolarisation by honey is not due to specific effects on 

either component of the PMF. Translocation across the cytoplasmic membrane for 

aminoglycosides is Δψ dependent and ΔpH dependent for tetracyclines (Farha et al. 

2018). When one component of the PMF (Δψ or ΔpH) is specifically affected, the other 

component compensates to maintain the PMF (Bakker & Mangerich 1981). Therefore, if 

honey were specifically affecting one component of the PMF, the observed synergistic 

interaction with tetracyclines should be accompanied by an antagonistic interaction with 

aminoglycosides. This assay provides further evidence that manuka honey is not affecting 

one specific component of the PMF but is more likely to be due to permeabilisation of 

the cytoplasmic membrane. 

 
 

To provide independent evidence that manuka honey treatment increases membrane 

permeability, tBLM-EIS experiments were conducted. This assay demonstrated that 

manuka honey, and not its key components, increases permeability in a membrane model 
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system and this is not dependent on biological processes of P. aeruginosa. As an initial 

assessment of the membrane permeabilising activity of honey and its key components, 

tethered bilayer membranes in this assay were comprised of phosphatidylethanolamines 

(POPE) phospholipids, a major constituent of P. aeruginosa membranes (Sohlenkamp & 

Geiger 2016). Future experiments should use a mixture of phospholipids more closely 

representing the membranes of Gram-negative bacteria such as the commercially 

available E. coli phospholipid extracts used for the formation of liposomes. Although 

phosphatidylcholine (POPC) is the most abundant phospholipid in most mammalian cells 

types, POPE is also common (Vance & Tasseva 2013), therefore testing should be 

extended to membranes resembling those in mammalian cells, as well as a toxicity screen 

such as the haemolysis assay, to identify any potentially cytotoxic effects. Future 

liposome experiments may be conducted at higher concentration such as 5% w/v, the 

concentration in which increased membrane permeability was detected in tBLMs and 

would provide additional evidence that whole manuka honey is damaging membranes. 

 
 

These data raise an important question: if manuka honey can permeabilise cytoplasmic 

membranes, does it do the same to the outer membrane? Existing reports suggests that 

this is the case (Henriques et al. 2011; Roberts, Maddocks & Cooper 2012), but further 

experimental evidence should be directed towards understanding the mechanism and 

component(s) responsible for the permeabilising effects of manuka honey. The data in 

this chapter suggests that the key components of honey; AH, MGO or AHMGO, do not 

induce membrane permeabilisation. From this it can be concluded that the membrane 

permeabilising activity of honey at the tested concentrations is not due exclusively to 

osmotic pressure and that some other component of the honey is responsible. Previous 

data report that the outer membrane permeabilisation of P. aeruginosa by manuka honey 
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is mediated through the downregulation of oprF, a gene encoding an outer membrane 

protein (Roberts, Maddocks & Cooper 2012). However, data from tBLM-EIS suggests 

that the permeabilisation induced by manuka honey is independent of cellular processes. 

It is likely that the downregulation of oprF is a downstream effect of the manuka-induced 

permeabilisation, seeing as differential expression of the oprF gene was observed after 

3-hour treatment with a 12% w/v manuka honey. Nonetheless, the data in this chapter 

support the notion that membrane disruption is involved in the antimicrobial activity of 

manuka honey against P. aeruginosa and that this is as a result of a direct effect of honey 

on phospholipid membranes. Future efforts should be directed towards understanding the 

way in which manuka honey is permeabilising membranes, and what compound(s) in 

manuka honey drives this action. This testing should also be extended to Australian 

Leptosperumum honeys in order to determine whether they have the same effects on the 

permeability and polarity of bacterial membranes. Fractionation of manuka honey to 

isolate phenolic compounds has been conducted in collaboration with Dr Peter Brooks of 

the University of the Sunshine Coast and further investigation as to whether these 

components induce the same depolarising and permeabilising effects is worthwhile and 

ongoing. 

 
 

Chequerboard assays conducted to discern the effects of honey on either ΔpH or Δψ 

indicate neither of these components of the PMF were specifically affected. However, 

manuka honey did exhibit strong synergy with tetracycline class antibiotics against P. 

aeruginosa. Although this observation does not directly indicate the mechanism of action 

of manuka honey, it may be useful in directing future investigations. Antimicrobials with 

synergistic interactions are enriched in drugs targeting the same processes (Brochado et 

al. 2018), therefore elucidating whether manuka honey is also interacting with the same 
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target as tetracycline could indicate a mechanism of action. For the same reason, it is 

worthwhile to extend synergy studies to other antimicrobials known to induce both 

permeabilisation and depolarisation of membranes, such as the polymyxin class of 

antibiotics. 

 
 

This is the first report of a synergistic activity between honey and an antimicrobial against 

P. aeruginosa. Previous reports have shown that honey is synergistic with rifampicin, 

mupirocin and tetracycline against S. aureus (Jenkins & Cooper 2012; Müller et al. 2013). 

Antimicrobial additivity has been previously reported for the manuka honey and 

tetracycline against P. aeruginosa (Jenkins & Cooper 2012) however the results in this 

chapter have demonstrated that this interaction is strongly synergistic and reproducible 

with a number of tetracycline-class antibiotics. Tetracyclines are frequently prescribed 

for treatment of severe acne vulgaris caused by Cutibacterium acnes (formerly 

Propionibacterium acnes) (Walsh, Efthimiou & Dréno 2016). Antimicrobial synergy 

assays with manuka honey and tetracyclines could be extended to C. acnes, a potentially 

new therapeutic option for treatment of acne. 
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4.6 Conclusions 
 

Although RNA-Seq data indicated that manuka honey induces expression of the tailocin 

gene cluster, the associated explosive cell phenotype could not be observed in the 

experimental assay used. Deletion of various tailocin genes required for explosive lysis 

did not result in altered susceptibility to manuka honey, suggesting explosive cell lysis is 

not necessary for the full antimicrobial activity. Manuka honey exhibits strong effects on 

bacterial membranes, resulting in depolarisation of the cytoplasmic membrane in P. 

aeruginosa. This is likely a result of direct membrane damage by a surfactant-like 

mechanism and not a result of underlying cell physiology such as the expression of holin 

genes. In this study the observed effects on membrane potential and permeability are 

specific to whole manuka honey and not its key components. Manuka honey acts 

synergistically with antimicrobials of the tetracycline class, overcoming intrinsic 

resistance mechanisms in P. aeruginosa PA14. 
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Chapter 5 
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Chapter 5 General Discussion 
 

5.1 Why should we care about the antimicrobial activity of manuka 

honey? 

Infectious diseases have challenged humanity for all of history. Only within the last 

century have we come to deeply understand the underlying physiology of bacterial 

infections, and more recently, developed antibiotics to manage these infections. 

Antimicrobial therapy has become routine in the lives of people around the world and is 

integral to the success of many modern medical practices such as organ transplantation, 

orthopaedic surgeries and cancer chemotherapy (Anderson et al. 2014). The use of 

antibiotics has become so common that often humans are exposed to antibiotics even 

before birth, as they are regularly administered to pregnant women prophylactically prior 

to caesarean section birthing and to reduce the incidence of early-onset group B 

streptococcal disease (Dominguez-Bello et al. 2019). Antibiotics have become one of the 

most commonly prescribed medicines in the last 80 years since their discovery; in 2016 

a total of approximately 270.2 million outpatient prescriptions were made in the US alone 

(King et al. 2019). Antimicrobial therapy has undoubtedly changed the course of human 

health for the better, but only now are we understanding the complications associated 

with their over usage, as antimicrobial resistance has emerged as a major threat to 

humanity. Now many of the antiseptics and antibiotics that are considered ‘essential 

medicines’ by the WHO are no longer effective (Australian Commission on Safety and 

Quality in Health Care 2019). 

 
 

Despite significant efforts to overcome antimicrobial resistance, including development 

of novel antibiotics, combination therapies and alternative therapies like the use of 

bacteriophages, resistance continues to develop soon after their introduction to the clinic. 
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Recent statistics from the CDC suggest that 2.8 million antibiotic-resistant infections 

occur in the US per year (Centers for Disease Control and Prevention 2019). Topical 

bacterial infections are amongst the most common infectious diseases worldwide and 

resistance to both antibiotics and antiseptics make these infections particularly difficult 

to treat. Some bacteria such as A. baumannii, are innately resistant to many topical 

antiseptics including chlorhexidine, a hospital mainstay biocide used in body washes, 

wound dressings, catheters and mouth washes (Hassan et al. 2019; Williamson, Carter & 

Howden 2017). 

 
 

Honey has been used for millennia as a medicine by many cultures, and its most effective 

medicinal use has been as a topical antibacterial wound treatment. With the development 

and mainstream use of antibiotics in the 1940s, the medicinal use of honey drastically 

declined, and it was dismissed in modern medicine as a ‘worthless but harmless 

substance’ (Soffer 1976). As antibiotics were used more frequently and indiscriminately, 

bacteria rapidly developed resistance to them, rendering many of them ineffective. 

Although honey has co-existed with bacteria for millions of years, there have been no 

reported cases of resistance to its killing effects and it remains an effective antimicrobial 

to this day. The global health crisis of antimicrobial resistance and the urgent need for 

alternative infection control measures have prompted renewed scientific interest in 

complex, natural products with potent antimicrobial activity, like manuka honey. Now 

more than ever researchers are wondering how can honey kill bacteria without resulting 

in resistance. To date, there is no clear explanation of why this is. This thesis investigates 

the antimicrobial mechanism of action of manuka honey against the common wound 

pathogen P. aeruginosa. 
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The aims of this thesis were to: 
 

1. Investigate the ability of P. aeruginosa PA14 to establish resistance to manuka 

honey and its key components. 

2. Identify the global gene expression profile and potential pathways affected by 

manuka honey and its key components in P. aeruginosa using the transcriptomic 

profiling technology, RNA-Seq. 

3. Identify genes essential to the survival of P. aeruginosa treated with sub- 

inhibitory concentrations of manuka honey and its key components through 

targeted bacterial knockout library screens. 

4. Validate transcriptomic changes observed in P. aeruginosa after treatment with 

manuka honey and its key components. 

 
 

This was addressed by assessing which of the known antimicrobial components of 

manuka honey account for its lack of resistance (chapter 2), the effect whole honey has 

on P. aeruginosa and what its key components contribute to this effect (chapter 3), and 

whether the unique effects of whole honey account for its potent antimicrobial activity 

(chapter 4). 

5.2 What has this research contributed to our understanding of the 

antimicrobial activity of manuka honey? 

The individual components of honey do not explain why bacteria cannot 
become resistant to whole honey 

 

This project employed sequential passaging assays to assess whether the lack of resistance 

in S. aureus and P. aeruginosa to manuka honey could be attributed to any of its key 

antibacterial components i.e. MGO, sugar (AH), or the combination of these as AHMGO 
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(chapter 2). It was found that the lack of resistance to manuka in P. aeruginosa may be 

accounted for by the combination of MGO and a high concentration of sugar, but this was 

not the case for S. aureus. MIC data from this chapter also suggests that different genera 

of bacteria differ in their sensitivity to the components of manuka honey; sugar (AH), 

MGO and the combination of MGO and sugar (AHMGO). 

 
 

Manuka honey is known to affect multiple bacterial processes (Carter et al. 2016). The 

findings from passaging assays, RNA-Seq as well as membrane depolarisation and 

permeabilisation assays, indicate that the ability of manuka honey to kill bacteria without 

generating resistance is like to be a result of a multi-modal mechanism of action. This is 

likely due to its compositional complexity. In order for bacteria to become resistant to an 

antimicrobial, it generally requires cellular changes or mutations that either prevent it 

from accessing its target, modify or protect the target, or render the antimicrobial inactive 

(Blair et al. 2015). Bacteria become highly resistant to antibiotics that have a single target 

and this often occurs by a single-step mutation (Silver 2007). It is much less likely that 

multiple modifications occur, such as are required for resistance to multi-modal 

antimicrobials, than a single-step mutation (Oldfield & Feng 2014). This was evident in 

sequential passaging assays where high-level resistance occurred rapidly to the single- 

target antibiotic ciprofloxacin, yet no resistance to manuka honey was observed by the 

end of the assay. MGO, which is widely considered to be the major antimicrobial factor 

in manuka honey, is a single compound. However, MGO is a highly reactive compound, 

known to kill bacteria by affecting a variety of different cellular processes, not just one, 

therefore resistance to MGO be slower to occur (Rabie et al. 2016). Nonetheless, bacteria 

have evolved many mechanisms to detoxify MGO as it is a by-product of glycolysis (Lee 

& Park 2017) and have also developed resistance to higher concentrations of MGO 
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(Chakraborty, Karmakar & Chakravortty 2014; Chandrangsu et al. 2014; Grant et al. 

2003). By the conclusion of the serial passaging assay, bacteria developed resistance to 

levels of MGO far exceeding what is typically found in manuka honeys with high MGO 

concentrations (900 ppm) (Cokcetin et al. 2016). 

 
 

Although MGO alone does not solely account for the lack of resistance to manuka honey, 

P. aeruginosa did not develop resistance to the combination of AHMGO. These findings 

support the hypothesis that the lack of resistance to manuka honey is likely due its 

complex composition and multiple modes of action. Whether the resistance acquired to 

MGO for P. aeruginosa and both MGO and AHMGO for S. aureus, confers cross- 

resistance to manuka honey remains unknown. Future experiments should identify 

whether or not this is the case although this seems unlikely given non-MGO containing 

honey also kills bacteria without generating resistance (Blair et al. 2009). 

 
 

The mechanism of action of manuka honey is only partly accounted for by 
its key components 

 

For the first time, transcriptome profiling by RNA-Seq was applied to bacteria treated 

with honey and its key components (chapter 3). RNA-Seq revealed that manuka honey 

affects a wide range of biological processes in P. aeruginosa, some of which cannot be 

solely attributed to its key components. Expression of genes in processes such as 

oxidative stress responses, detoxification of MGO, quorum sensing, metabolism and 

transport of carbon sources, as well as the SOS response, were affected by manuka honey 

and its key components. This suggests that the mode of action of whole manuka honey is 

multifaceted and that AH and MGO, particularly when in combination, contribute to it. 

However, some effects of honey such as the expression of tailocin-associated genes and 

others involved in maintenance of the PMF, cannot be explained by its key components. 
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Subsequent experiments confirmed that some of the gene expression changes observed 

after treatment with manuka honey result in functional changes, namely depolarisation 

and permeabilisation of membranes. It was shown that manuka honey has a protonophore 

like effect on unilamellar liposomes, and further experimentation revealed that membrane 

depolarisation is likely a result of membrane disruption by a surfactant-like action. 

Surfactants are amphiphilic (possessing both hydrophobic and lipophilic properties) and 

facilitate the solubilisation of lipid membranes in aqueous solutions (Henriksen et al. 

2010). Surfactants like triterpenoid glycosides, sometimes referred to as saponins, are 

antimicrobial and commonly isolated from plants (Khakimov et al. 2016; Kuzina et al. 

2009; Sarikahya & Kirmizigül 2010). It is possible that the surfactant-like properties of 

honey are a result of its floral origin and could be attributed to one of the many phenolic 

compounds found in manuka honey, but this has not yet been investigated. This finding 

is exciting as it assigns a novel antimicrobial mechanism to manuka honey that has not 

been reported before, substantiating the hypothesis that manuka acts by multiple 

mechanisms. 

 
 

Whilst characterising the effect of manuka honey on P. aeruginosa PMF, it was identified 

that manuka honey acts synergistically with tetracycline-class antibiotics. Synergy 

between manuka honey and tetracycline has been reported for S. aureus (Jenkins & 

Cooper 2012), and results from this thesis demonstrate that this synergy occurs in P. 

aeruginosa and for multiple tetracycline-class antibiotics. Although not directly shedding 

light on the mechanism of action of manuka honey, this is an exciting discovery as this 

synergistic combination may prove to be a novel therapeutic option for topical infections, 

such as acne vulgaris caused by C. acnes, where tetracyclines are frequently prescribed. 
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Moreover, manuka honey may aid in overcoming tetracycline resistance, as it has been 

demonstrated to do for rifampicin-resistant S. aureus (Liu et al. 2015; Müller et al. 2013). 

The discovery of this synergistic interaction between tetracyclines and manuka honey 

may ultimately prove useful in understanding the mechanism of action of manuka honey. 

Exploiting antibiotic interactions has emerged as a new way of identifying the function 

of uncharacterised antimicrobials (Brochado et al. 2018; Brown & Wright 2016; Yeh, 

Tschumi & Kishony 2006). The synergistic interaction between these two antimicrobials 

may be further investigated by determining whether manuka honey is facilitating 

increased uptake of tetracycline into the cytoplasm. Intracellular concentrations of 

tetracycline could be quantified by exploiting its innate fluorescent properties in 

combination with flow cytometry. Increased tetracycline uptake could be a result of the 

collapse of PMF which is required to drive efflux mechanisms that exclude tetracycline 

from entering the cell. This could be determined by transporter assays evaluating the 

activity of efflux pumps when bacteria are exposed to manuka honey. Alternatively, 

manuka honey and tetracycline may be affecting a target in the same pathway, inhibition 

of protein synthesis, which would potentiate the activity of both antimicrobials. This 

would provide insights into the mechanism of action of manuka honey. 

 
 

Future research efforts to elucidate the mechanism of action of manuka honey may 

include novel microscopy techniques such as bacterial cytological profiling (Nonejuie et 

al. 2013) and bacterial phenotypic fingerprinting (Zoffmann et al. 2019) which have been 

used to determine the mechanism of action of crude natural antimicrobial products 

(Nonejuie et al. 2016). These techniques work by identifying antimicrobial-induced 

morphological changes and classifying them based on their similarity with compounds 

that have a known mechanism of action. Should this approach reveal that manuka honey-
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induced changes are unlike any antimicrobial with a known mechanism of action, it would 

be useful nonetheless. Taken together with the RNA-Seq data generated in this research 

project, bacterial cytological profiling would provide a comprehensive understanding of 

the cellular and molecular targets of manuka honey that result in killing without 

resistance. 

 
 

The complex composition of manuka honey is still not fully understood. Much of the 

research into manuka honey has focused on MGO yet it is unclear how pure MGO in 

solution, or in combination with sugar, differs from when MGO is in honey. A key 

experiment to be conducted would be to remove MGO from whole manuka honey. 

Manuka honey with MGO removed could be used in further RNA-Seq and resistance 

passaging assays in order to better understand what role MGO plays in the antimicrobial 

action of manuka honey that does not result in resistance. It is likely that other compounds 

in manuka honey, not investigated in this thesis, contribute to its mechanisms of action 

including its membrane depolarising and permeabilising effects that are not explained by 

MGO alone or in combination with sugar. Whole manuka honey should be fractionated 

to isolate its phenolics compounds, since phenolics have been demonstrated to 

permeabilise membranes (Araya-Cloutier et al. 2018; Heipieper, Keweloh & Rehm 

1991). Determining whether the phenolic fraction of manuka honey accounts for its 

effects on membranes would help guide isolation of novel antimicrobial compounds in 

whole manuka honey which could be explored as therapeutics in their own right. 

5.3 What are the implications of this research? 
 

The major aim of this project was to elucidate the antimicrobial mechanism of action of 

manuka honey. The intention of understanding the mechanism of manuka honey was that 

it would lead to 1) the identification of novel targets for antimicrobial therapy with a low 
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propensity for the development of resistance, 2) development of novel antimicrobials 

which act in a similar way to manuka honey and 3) increased acceptance in the clinic. 

This research project has laid the foundation for further investigation into the mechanisms 

by which manuka honey kills bacteria without generating resistance. It has also generated 

the first comprehensive transcriptomic profile of bacteria treated with manuka honey and 

its key components and identified a novel mechanism by which honey works to kill 

bacteria. 

 
 

How much does the concentration of MGO in honey really matter? 
 

The Unique Manuka Factor or UMF is a manuka honey rating system originally 

developed as a way to express the measure of the non-peroxide antimicrobial activity 

(NPA) of manuka honey, equivalent to percentage of phenol inhibition of S. aureus 

(Allen, Molan & Reid 1991a; Irish, Blair & Carter 2011). Recently the manuka honey 

industry has made a significant shift in the grading of manuka honey where now the 

UMF grading of a honey is based on the concentration of MGO present (Unique Mānuka 

Factor Honey Association 2019). This new system is based on the principal that the anti- 

staphylococcal activity of a honey correlates strongly with MGO present (Cokcetin et al. 

2016; Unique Mānuka Factor Honey Association 2019). 

 
 

This grading system was already problematic as it could lead to the misconception that 

the UMF grade of a honey corresponded to its broad-spectrum antimicrobial activity 

and not specifically against S. aureus. Now that the UMF grading system is determined 

based on MGO concentration, it is even more flawed as this is no longer a direct measure 

of antimicrobial activity for all microbes, including those problematic in wound 

infections and in slowing healing. This thesis has demonstrated that the antimicrobial 
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activity of manuka honey against P. aeruginosa is not primarily driven by the 

concentration MGO alone and is supported by recent evidence demonstrating that higher 

UMF graded honeys do not necessarily have higher antimicrobial activity (Girma, Seo 

& She 2019). Moreover, many of the antimicrobial mechanisms of whole manuka honey 

are not explained by MGO only or in combination with sugars, supporting the notion that 

the unique antimicrobial activity of manuka honey is likely due to its complexity. 

 
 

This has significant implications for the manuka honey industry as UMF ratings dictate 

the wholesale and market prices of manuka honey. The value of manuka honey has been 

increasing in recent years. It is projected that the international manuka honey trade will 

be worth AU$ 1.2 billion by 2028 in table honey alone and could be valued even higher 

if trade of honey for medical and cosmetic applications is included (Alexander 2019). 

Higher UMF honeys are desired for medical and cosmetic applications as it is perceived 

that the MGO concentration dictates their antimicrobial efficacy (Juliano & Magrini 

2019). However, this may mean many honeys with lower concentrations of MGO, but 

potent antimicrobial activity to other microorganisms such as P. aeruginosa, may be 

overlooked. Future research should look to determine whether manuka honeys with low 

concentrations of MGO have similar antipseudomonal activity compared to high MGO 

manuka honeys. This author is hopeful that research publications and public 

communications from this thesis will inspire the manuka honey industry to look beyond 

MGO as the defining antimicrobial component of manuka honey and boost the value of 

low MGO concentration manuka honeys. 
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Is a detailed understanding of the mechanism of honey really necessary 
to promote its use in the clinic? 

 

The lack of a clear understanding of the mechanism of action of manuka honey has been 

described as a major reason preventing its use as a mainstream medicine (Carter et al. 

2016). However, we still do not have a clear understanding of the mechanism of many 

medicines routinely used today. General anaesthetics, lithium compound antidepressants 

and even many combination antimicrobial therapies, are all regularly prescribed even 

when there is still no clear consensus of how they work (Alda 2015; Kelz & Mashour 

2019; Wright 2016). By this logic, there is no reason why the lack of a clear and defined 

mechanism of action would limit its use in the clinic and efforts should be directed to 

generate high-quality evidence proving its efficacy and safety as a therapeutic. 

 
 

Despite a number of clinical trials suggesting honey is an effective treatment for infected 

wounds, medicinal honey remains underutilised (Table 1.1). Systematic reviews such as 

Cochrane Reviews deem the evidence for the use of honey in the treatment of wounds to 

be low to moderate quality (Jull et al. 2015). Much of the clinical evidence for commonly 

used antimicrobial wound therapies is also deemed to be of low to moderate quality 

evidence and yet other they are often preferentially recommended (Leaper, Assadian & 

Edmiston 2015; Lipsky & Hoey 2009; Simões et al. 2018). This highlights the difficult 

nature of conducting quality randomised clinical trials for wound therapies, as wounds 

are typically highly heterogenous with different colonising organisms, sizes, states of 

inflammation and causes (e.g. surgery, diabetic leg ulcer, accidental laceration) (Cutting 

& White 2019). The quality of evidence for the use of medicinal honey in specific wound 

types such as burn wounds, is much higher than when assessing a variety of wound types 

e.g. acute (burns and lacerations) and chronic (venous leg ulcers) wounds (Jull et al. 2015; 

Norman et al. 2017). If this is the case, then maybe it is more beneficial to understand 



188  

which types of wounds manuka honey is most likely to give a better clinical outcome than 

to elucidate its mechanism of action. 

 
 

Despite the evidence suggesting that topical antimicrobials do not affect the healing 

outcomes of chronic wounds, they continue to be routinely prescribed, resulting in 

increased rates of infection with antimicrobial resistant bacteria (Williamson, Carter & 

Howden 2017). Some of our most important antimicrobial agents, such as antiseptics, are 

becoming less and less effective. Without these, aseptic surgical techniques may become 

more difficult to perform. This begs the question, if practitioners wish to use topical 

antimicrobials for wounds despite evidence that they are ineffective and increase the risks 

of antimicrobial resistance, why not use honey instead? The results from chapter 2 

confirm that repeated exposure to manuka honey does not lead to resistance in either P. 

aeruginosa or S. aureus. Considering that manuka honey is deemed to be no less effective 

than currently prescribed antimicrobials, yet does not result in resistance, it may be an 

ideal solution for various aspects of the antimicrobial resistance crisis. If honey is used 

preferentially over other antimicrobials prone to resistance, the efficacy of many of these 

valuable medicines could be retained and might help in reducing rates of resistance. 

 
 

So, if manuka honey is shown to be no less effective than existing antiseptics, does not 

lead to resistance and other medications without a defined mechanism of action are 

regularly prescribed, what is holding back its use in the clinic? 

 
 

Social attitudes to manuka honey and its use as a medicine have not been investigated. 

Throughout this research project, this author has met and spoken to many people who 

were unaware of the availability of sterile, health authority-approved medical-grade 
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antimicrobial honey. Moreover, these people had overwhelmingly positive attitudes 

towards the use of medical-grade honey to treat infections. Future investigation may be 

directed towards understanding the perception of honey as a medicine in order to 

understand whether there are specific factors limiting its use, and ways this could be 

overcome. High quality clinical trial data is required to form a strong evidence base 

advocating for the use of medical-grade honey and promoting its use in the clinic. 

However, acquiring this data is extremely costly with a minimal return on investment 

compared to other pharmaceuticals which are protected by patents (Taylor 2015). This 

may change in the future as the number of antibiotic resistant infections increase and 

treatment options decrease. 

 
 

In some circumstances, access to antiseptics and antimicrobials for treating wounds is 

limited. For example, many rural and remote parts of Australia where indigenous 

communities have disproportionately high levels of acute and chronic wounds (Carapetis 

& Currie 1996; Riley & Rouse 1995; Valery, P. C. et al. 2008; Vlack et al. 2006). 

Medicinal-honey may be an ideal solution for this unique problem owing to its stable 

antimicrobial activity and shelf-life, broad-spectrum activity and affordability. 

5.4 Concluding remarks 
 

This thesis has demonstrated that P. aeruginosa and S. aureus do not develop resistance 

to the killing effects of manuka honey. MGO alone does not account for this and it is 

likely to be a result of the multiple mechanisms of action and complex composition of 

whole manuka honey. The transcriptomic response induced by manuka honey was very 

different to that of its key components, however, they do share some similarities. Manuka 

honey and its key components affect the expression of genes involved in the oxidative 

stress response, SOS response and quorum sensing. Manuka honey uniquely effects the 
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expression of tailocin genes involved in explosive cell lysis, as well as genes required for 

the maintenance of the proton motive force. MGO does play a role in the antimicrobial 

activity of manuka honey, as disrupting MGO detoxification functions in P. aeruginosa 

increases susceptibility to manuka honey (only by 2-fold). Part of the manuka honey 

mechanism of action is the depolarisation of the cytoplasmic membrane as a result of its 

permeabilisation. This is unique to whole manuka honey and does not occur through the 

action of its key components. Manuka honey also synergises with tetracycline class 

antibiotics against P. aeruginosa, and the mechanism by which this occurs is not yet 

known. Overall the work presented in this thesis adds to the understanding of the complex 

way in which manuka honey works to kill bacteria. It also gives important insights into 

how the key components of honey contribute to the antimicrobial activity and the action 

of whole manuka honey, and that this is not the same for all bacteria. This thesis provides 

strong evidence that honey works to kill bacteria by a multi-modal manner and has 

generated the foundation for further investigation of the various mechanisms that 

contribute to how honey works to kill bacteria. 
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Appendix 
 

Supplementary Information 1. Minimum inhibitory concentrations of S. aureus ATCC 25923 
isolates from continuous exposure experiments. 

 
   MIC  

S. aureus 

ATCC 

25923 

 Initial Final AHMGO 
 

'resistant' 

Final Ciprofloxacin 
 
'resistant' 

Manuka 4.0% ± 0.0 5.3% ± 1.15 5.3% ± 1.15 

 AHMGO 5.3% ± 0.58 20.6% ± 1.15 8.6% ± 1.15 

 MGO 12.3% ± 0.58 23.0% ± 1.41 17.3% ± 1.15 

 Ciprofloxacin 0.25 µg/mL ± 0.0 0.25 µg/mL ± 0.0 341 µg/mL ± 147.80 
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Supplementary Information 2. High-throughput growth curves of P. aeruginosa PA14 treated at 
mid exponential phase (2.5 hours) with A) MH honey, B) MGO, C) AHMGO, D) AH. Data are 
expressed as the mean absorbance (OD600) ± SD from three separate experiments performed in 
triplicate. 
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Supplementary Information 3. Left: P. aeruginosa cells in media only (red) and treated at mid- 
exponential phase with 0.5× MIC (5% w/v honey) (blue), left line indicates treatment time-point 
and right line indicates harvest time-point. Right: Linear regression lines of P. aeruginosa growth 
curves, showing growth 30 minutes after treatment. Data are expressed as the mean absorbance 
(OD600) ± SD from three separate experiments performed in triplicate. 

Supplementary Information 4. Changes in gene expression following treatment with 5% (0.5× 
MIC) manuka honey. Data are expressed as mean values ± SD from three biological replicates. 
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Supplementary Information 5. Primers used for RT-qPCR reactions 
 

Primer Description Sequence (5’ to 3’) 

PA14_00710_F osmC GGCTTCAATACCCGCTTC 

PA14_00710_R osmC GGCAGTGATGGCGAAAC 

PA14_01710_F ahpC GGCAAGTTCATCGAGGTG 

PA14_01710_R ahpC GTTTCGTGCCAGACCTTG 

PA14_17060_F rpsB GACCTGGAAACCCAGTCC 

PA14_17060_R rpsB CCCAGCTTGTTGGCTTC 

PA14_17530_F recA CAGATCGAACGCCAATTC 

PA14_17530_R recA ATCACCGAGAGGGTCAGG 

PA14_25160_F lexA GCCGAACAGAACATCGAG 

PA14_25160_R lexA TTTCACCGTGACCTCCTC 

PA14_27220_F ohr TACTCGGCCTGCTTCATC 

PA14_27220_R ohr TAGGGGCAGACCTGGTG 

PA14_32390_F mexF AACCAGGGCTACGAGGAG 

PA14_32390_R mexF TAGACCTGCAGGGTGTCG 

PA14_37710_F fusA2 CACCGCTATCGCTTCAAC 

PA14_37710_R fusA2 CGGTCCATCTTGTTCACG 

PA14_48700_F kefB TGACTGTGCTGCTGATCG 

PA14_48700_R kefB GGTGATGGAAAGCACCAG 

PA14_49710_F yedU ACGAGATCTGCGTGTTCC 

PA14_49710_R yedU TTGCCAAGGTTGTTGGAG 

PA14_51430_F pqsA GCGGTTCTGGTTCCTACC 

PA14_51430_R pqsA AACTTGCCGTTGTCGTTG 

PA14_53290_F trxB2 CCAGTTGACCACCACCAC 
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PA14_53290_QR trxB2 AGTGCGTCGCAGGTGTAG 

PA14_55130_QF gloA2 TGGAGTTGACCCACAACTG 

PA14_55130_QR gloA2 TCTGGATCAGTTCCACCTTG 

PA14_55610_QF dnaE2 TGAGCGATTACGCTCTCC 

PA14_55610_QR dnaE2 TCCAGGGTGATGAAGGTG 

PA14_56780_QF sodB GGGTACCGAGTTCGAAGG 

PA14_56780_QR sodB TGTCGAAGGAGCCGAAG 

PA14_60830_QF mexD CATCGGCTACGAGTGGAC 

PA14_60830_QR mexD ATACCCGCGACCATTACC 

PA14_61040_QF katB CAACCTCGACGACGACTC 

PA14_61040_QR katB CTGCAGGCTCTTCCAGTG 

 
 

Supplementary Information 6. Concentrations of treatments, all 0.5× MIC, applied to P. 
aeruginosa PA14 cells prior to RNA harvest and their respective MGO content at each 
concentration. 

 
Treatment Concentration (% w/v) MGO content (ppm) 
Artificial Honey 12.5 0 
Artificial Honey + MGO 10.7 96.7 
MGO 27.5 247.5 
Manuka Honey 5 45 
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A B 

Supplementary Information 7. Principal component analysis of transcriptome data A) before 
removal of unwanted variance and B) after removal of unwanted variance using RUVs correction 
method with k = 1 

A B 

Supplementary Information 8. Relative log expression plot of log2 normalised count data A) prior 
to removal of unwanted variance B) after removal of unwanted variance using RUVs correction 
method with k = 1 
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All differential gene expression data from RNA-Seq experiments can be downloaded in .xlsx 

format from the following link: https://cloudstor.aarnet.edu.au/plus/s/N7LFbVosznSn9vT 

The password for download is “Manuka_honey123” (without quotation marks) 

Supplementary Information 9. Complete differential gene expression data of P. aeruginosa PA14 
treated with 0.5× MIC of manuka honey, MGO, AHMGO and AH for 30 minutes. 

 

 
 

Supplementary Information 10. 20 most upregulated P. aeruginosa PA14 genes following 
treatment with 0.5× MIC manuka honey for 30 minutes. Log2 fold changes in expression are 
calculated relative to the untreated control. 

 
Locus Tag Name Log2 FC P.adj Description 

PA14_56360  5.87313345 0 conserved hypothetical protein 

PA14_56370  5.8584106 0 putative amidase/protease 

PA14_01720 ahpF 5.46242531 3.36E-191 alkyl hydroperoxide reductase subunit F 

PA14_67500 gloA3 5.19788056 0 lactoylglutathione lyase 

PA14_49800 gsp69 5.16649651 0 probable oxidoreductase 

PA14_61040 katB 4.92859667 5.97E-109 catalase 

PA14_56340 mntH1 4.55953038 0 NRAMP protein MntH1 

PA14_53290 trxB2 4.4862361 7.26E-172 thioredoxin reductase 2 

PA14_11660 aqpZ 4.40768231 5.28E-94 aquaporin Z 

PA14_59220  4.36136605 1.60E-81 pyocin S5 

 
 

PA14_32380 

 
 

oprN 

 
 

4.35422172 

 
 

5.48E-125 

multidrug efflux outer membrane protein 
 

OprN precursor 

PA14_35000  4.18146303 1.32E-238 conserved hypothetical protein 

PA14_35010  4.12947325 3.92E-287 hypothetical protein 

PA14_07990 hol 4.03051027 1.36E-79 putative holin 

PA14_35020  3.96747573 6.25E-178 hypothetical protein 

PA14_36850  3.9190761 2.38E-37 hypothetical protein 

PA14_64530  3.84452593 5.63E-39 hypothetical protein 

PA14_16630  3.79033634 1.14E-43 putative outer membrane protein, OmpA 

PA14_55140  3.78702141 7.84E-32 hypothetical protein 

PA14_36650  3.68689325 1.14E-43 conserved hypothetical protein 

https://cloudstor.aarnet.edu.au/plus/s/N7LFbVosznSn9vT
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Supplementary Information 11. 20 most downregulated P. aeruginosa PA14 genes following 
treatment with 0.5 𝗑𝗑𝗑𝗑 MIC manuka honey for 30 minutes. Log2 fold changes in expression are 
calculated relative to the untreated control. 

 

Locus Tag Name Log2 FC P.adj Description 

PA14_38660 scoA -4.9495047 3.00E-240 putative CoA transferase, subunit A 

PA14_38640 scoB -4.1506558 7.54E-81 putative CoA transferase, subunit B 

PA14_58410  -3.971752 3.72E-103 putative outer membrane porin 

PA14_38510 hmgA -3.7926186 7.78E-55 homogentisate 1,2-dioxygenase 
 
 

PA14_58420 

  
 

-3.6274761 

 
 

3.64E-60 

putative binding protein component of ABC 

dipeptide 

PA14_38560 pcaK -3.4448758 3.47E-65 putative MFS transporter 

PA14_58450 dppC -3.1684549 3.99E-23 dipeptide ABC transporter, permease protein 
 

PA14_58440 

 

dppB 

 

-3.0971255 

 

7.62E-36 

putative dipeptide ABC transport system 

permease 
 
 

PA14_35530 

 
 

bkdA1 

 
 

-2.8968585 

 
 

4.22E-41 

2-oxoisovalerate dehydrogenase (alpha 

subunit) 
 

PA14_23010 

 

gltK 

 

-2.8857318 

 

5.39E-19 

putative ATP-binding component of ABC 

transporter 

PA14_35520 bkdA2 -2.8548685 9.18E-61 2-oxoisovalerate dehydrogenase, beta subunit 

PA14_22990 gltF -2.8148644 9.96E-17 putative permease of ABC sugar transporter 

PA14_23000 gltG -2.764204 5.49E-20 putative permease of ABC sugar transporter 

PA14_38610  -2.6029935 3.13E-54 putative short-chain fatty acid transporter 
 

PA14_38430 

 

gnyR 

 

-2.5341477 

 

1.89E-54 

Regulatory gene of gnyRDBHAL cluster, 

GnyR 

PA14_38440 gnyD -2.5291686 3.28E-44 Citronelloyl-CoA dehydrogenase, GnyD 

PA14_51420 pqsB -2.4805189 1.11E-14 PqsB 

PA14_53050 aroP2 -2.451926 8.57E-24 aromatic amino acid transport protein AroP2 

PA14_51410 pqsC -2.4370621 6.96E-15 PqsC 

PA14_51380 pqsE -2.4272601 2.72E-18 Quinolone signal response protein 
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Supplementary Information 12. Summary of KEGG pathway analysis of genes up-and 
downregulated following treatment with manuka honey. 

 
KEGG 
ID 

Description Gene 
Ratio 
a 

Back- 
ground 
Ratio b 

p.adjusted 
value 

Gene identifiers 

Enriched pathways for downregulated genes 

pau0202 

0 

Two- 

component 

system 

96/53 

2 

206/184 

6 

3.34E-07 
dctA 
PA14_0222 
0 
cheY 
PA14_0227 
0 
PA14_0358 
0 
PA14_0386 
0 
spuB 
pilG 
pilH 
pilI 
pilJ 
pilK 
chpA 
PA14_0540 
0 
chpC 
nirM 
vfr 
ccoN 
rcsB 
PA14_1278 
0 
narG 
narH 
narI 
PA14_1635 
0 
algD 
rhlI 
PA14_2067 
0 
flgM 
PA14_2075 
0 
cheR 
PA14_2077 
0 
PA14_2078 
0 

PA14_2980 
0 
gacA 
PA14_3082 
0 
PA14_3153 
0 
PA14_3814 
0 
PA14_3861 
0 
atoB 
PA14_3956 
0 
PA14_4126 
0 
PA14_4209 
0 
kdpE 
kdpD 
kdpC 
kdpB 
kdpA 
kdpF 
aer 
ccoN 
ccoN 
ccoO 
ccoP 
cheW 
PA14_4551 
0 
motC 
cheB 
cheY 
fliA 
PA14_4588 
0 
ybeJ 
gltJ 
gltK 
gltL 

ansB 
PA14_4698 
0 
PA14_4699 
0 
oprD 
PA14_5454 
0 
PA14_5455 
0 
PA14_5457 
0 
PA14_5575 
0 
pctC 
pctA 
pctB 
PA14_5754 
0 
PA14_5756 
0 
PA14_5757 
0 
PA14_5830 
0 
PA14_5832 
0 
PA14_5865 
0 
pilA 
PA14_6130 
0 
irlR 
PA14_6492 
0 
motA 
ompH 
ybeJ 
glnA 
PA14_6823 
0 
PA14_6826 
0 
PA14_6828 
0 
PA14_6829 
0 
ompR 
phoB 
phoR 

pau0203 

0 

Bacterial 

chemotaxis 

32/53 

2 

46/1846 3.34E-07 
PA14_0222 
0 
cheY 
PA14_0227 
0 
PA14_2075 
0 
cheR 
PA14_2980 
0 
PA14_3082 
0 
rbsB 
PA14_3956 
0 
aer 
cheW 

PA14_4551 
0 
motD 
motC 
cheB 
cheZ 
cheY 
fliN 
fliM 
fliG 
PA14_5575 
0 
pctC 

pctA 
pctB 
PA14_5835 
0 
PA14_5839 
0 
PA14_5842 
0 
PA14_5865 
0 
PA14_6130 
0 
PA14_6492 
0 
motB 
motA 
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pau0204 

0 

Flagellar 

assembly 

23/53 

2 

37/1846 0.0005827 
flgN 
flgM 
flgA 
motD 
motC 
fliA 
flhB 
fliR 

fliQ 
fliP 
fliN 
fliM 
fliG 
fliS 
fliD 
flgL 

flgK 
flgH 
flgE 
flgD 
flgC 
motB 
motA 

pau0019 

0 

Oxidative 

phosphorylatio 

n 

30/53 

2 

55/1846 0.00086351 
coxA 
coIII 
ctaB 
ccoN 
nuoN 
nuoM 
nuoL 
nuoK 
nuoJ 
nuoI 

nuoH 
nuoG 
nuoE 
nuoD 
nuoB 
sdhB 
sdhD 
ccoN 
ccoN 
ccoO 

ccoP 
PA14_5754 
0 
PA14_5756 
0 
PA14_5757 
0 
ppk 
atpD 
atpG 
atpH 
atpF 
atpE 

pau0064 

0 

Propanoate 

metabolism 

27/53 

2 

48/1846 0.00086351 
accA 
mmsA 
accD 
PA14_3150 
0 
PA14_3153 
0 
lpdV 
bkdB 
bkdA2 
bkdA1 

atoB 
PA14_4098 
0 
PA14_4209 
0 
sucD 
sucC 
lcaD 
acsA 
ackA 
pta 

prpB 
prpC 
PA14_5397 
0 
PA14_5398 
0 
prpD 
PA14_5462 
0 
acsB 
accB 
accC 

pau0006 

1 

Fatty acid 

biosynthesis 

14/53 

2 

26/1846 0.0851372 
fabZ 
accA 
fadD2 
fadD1 
accD 

fabD 
fabG 
PA14_2590 
0 
fabA 
fabB 

accB 
accC 
PA14_6836 
0 
fabG 

pau0007 

2 

Synthesis and 

degradation of 

ketone bodies 

7/532 10/1846 0.09806774 
 

PA14_3153 
0 
gnyL 
bdhA 

 
 

atoB 
scoB 

 
scoA 
PA14_4209 
0 

Enriched pathways for upregulated genes 

pau0092 

0 

Sulfur 

metabolism 

26/40 

2 

49/1846 0.0000925 
atsC 
atsB 
atsR 
atsK 
cysA 
PA14_1292 
0 
PA14_1294 
0 
PA14_1296 
0 
tauD 

cysE 
ssuA 
ssuC 
ssuE 
ssuA 
ssuD 
ssuC 
ssuB 
metZ 

PA14_3049 
0 
PA14_3052 
0 
ssuA 
msuD 
tauD 
cysM 
cysN 
cysQ 

pau0050 

0 

Starch and 

sucrose 

metabolism 

10/40 

2 

16/1846 0.01986473 

5 

glk 
treA 
glgA 
glgB 

malQ 
PA14_3660 
5 
glgX 

glgB 
PA14_3673 
0 
PA14_3674 
0 

pau0040 

0 

Phosphonate 

and 

phosphinate 

metabolism 

7/402 10/1846 0.03923855 

3 

phnG 
phnH 
phnI 

phnJ 
phnP 

phnX 
phnW 
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pau0111 

0 

Biosynthesis of 

secondary 

metabolites 

92/40 

2 

334/184 

6 

0.07136789 

5 

PA14_0273 
0 
aroE 
proC 
metK 
tktA 
pgk 
trpE 
trpG 
trpD 
trpC 
argC 
katA 
pchA 
acoC 
dxs 
PA14_1186 
0 
proA 
PA14_1309 
0 
cysE 
guaB 
purL 
ispF 
paaJ 
glpD 
algA 
PA14_1883 
0 
asnB 
pdhB 
PA14_1992 
0 
plcN 
gapA 

glk 
zwf 
pgl 
hisC2 
leuD 
trpF 
glpD2 
foaA 
foaB 
aroF 
PA14_2599 
0 
PA14_2941 
0 
cysG 
hisC 
gntK 
gcd 
glgA 
glgB 
PA14_3660 
5 
glgX 
glgB 
katE 
ilvG 
metE 
panE 
panB 
lpdG 
sucB 
acnA 
pykF 
ilvG 

ilvA2 
cyoE 
PA14_4844 
0 
pcpS 
purM 
cysM 
fumC2 
plcH 
putA 
fumC1 
katB 
hemH 
hemA 
ipk 
yfcY 
purD 
miaA 
PA14_6604 
0 
hemE 
gltD 
gltB 
fbp 
pgm 
PA14_6839 
0 
gcvP1 
PA14_6895 
5 
hemX 
hemD 
hemC 
argB 

a Number of genes involved in the pathway from the list of genes provided for analysis. 

b Number of genes involved in that pathway from all of the genes in the KEGG database. 
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Supplementary Information 13. 25 most perturbed pathways in P. aeruginosa PA14 after treatment with manuka honey as per BioCyc Pathway Tools analysis. 
Pathway Perturbation Scores (PPS) to measure the extent to which a pathway is up- or downregulated by calculating the average of the deviation from zero over 
all the reactions in that pathway, higher PPS scores indicate high higher degree of perturbation to that pathway. 

 
Pathway Pathway Diagram PPS Enzymes, Genes, and Enzyme Cellular Locations 

methylglyoxal 
degradation I 

 

 

5.2 lactoylglutathione 
lyase 

gloA cytosol 

lactoylglutathione 
lyase 

gloA cytosol 

lactoylglutathione 
lyase 

gloA cytosol 

lactoylglutathione 
lyase 

PA14_RS1 
2950 

hydroxyacylglutathi 
one hydrolase 

gloB cytosol 

thioredoxin pathway 
 

 

4.49 thioredoxin-disulfide reductase trxB 
thioredoxin-disulfide reductase trxB 

superoxide radicals 
degradation 

 

3.93 superoxide PA14_RS23655 periplasm 
dismutase 
[Mn] 

  superoxide PA14_RS23140 periplasm 
dismutase 
[Fe] 

  catalase PA14_RS03715 
  catalase PA14_RS24930 periplasm 
  catalase PA14_RS16000 membrane 

https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-5386&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-5386&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1545-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1545-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1545
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5693-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5693-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5693
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4645-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4645-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4645
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2662-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2662-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2662
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2662
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3440-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3440-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3440
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=THIOREDOX-PWY&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4484-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4484
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2535-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2535
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=DETOX1-PWY&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=DETOX1-PWY&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4886-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4886
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4886-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4886-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4781-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4781
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4781-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4781-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-763-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-763
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5159-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5159
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3309-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3309
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reactive oxygen 
species degradation 

 

3.93 superoxide 
dismutase 
[Mn] 

PA14_RS23655 periplasm 

superoxide 
dismutase 
[Fe] 

PA14_RS23140 periplasm 

catalase PA14_RS03715   
catalase PA14_RS24930 periplasm 
catalase PA14_RS16000 membrane 

glycerol and 
glycerophosphodieste 
r degradation 

 

3.4 glycerol kinase glpK   

glycerol kinase glpK  cytosol 
glycerol kinase PA14_RS1837 

0 
cytosol 

glycerophosphodie 
ster 
phosphodiesterase 

PA14_RS1029 
0 

cytosol 

glycerophosphoryl 
diester 
phosphodiesterase 

PA14_RS0184 
5 

 

glycerophosphodie 
ster 
phosphodiesterase 

PA14_RS1396 
0 

 

glycerol-3- 
phosphate 
dehydrogenase 

PA14_RS0720 
5 

 

https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=DETOX1-PWY-1&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=DETOX1-PWY-1&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4886-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4886-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4886-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4886
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4781-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4781-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4781-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4781
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-763-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-763
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5159-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5159
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3309-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3309
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY0-381&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY0-381&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY0-381&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1485-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1485
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1482-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1482
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3796-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3796
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3796
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2117-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2117-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2117-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2117
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2117
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-379-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-379-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-379-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-379
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-379
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2879-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2879-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2879-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2879
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2879
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1479-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1479-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1479-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1479
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1479
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glycerophosphodieste 
r degradation 

 

 

3.4 glycerophosphodie 
ster 
phosphodiesterase 

PA14_RS1029 
0 

cytosol 

glycerophosphoryl 
diester 
phosphodiesterase 

PA14_RS0184 
5 

 

glycerophosphodie 
ster 
phosphodiesterase 

PA14_RS1396 
0 

 

glycerol-3- 
phosphate 
dehydrogenase 

 PA14_RS0720 
5 

 

glycerol degradation 
I 

 

3.4 glycerol kinase glpK     

glycerol kinase glpK  cytosol 
glycerol kinase PA14_RS18370 cytosol 
glycerol-3- 
phosphate 
dehydrogenase 

PA14_RS07205  

N- 
acetylglutaminylgluta 
mine amide 
biosynthesis 

 

 

3.22 N- 
acetylglutaminylgluta 
mine synthetase 

PA14_RS0774 
5 

cytos 
ol 

N- 
acetylglutaminylgluta 
mine 
amidotransferase 

asnB   cytos 
ol 

https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-6952&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-6952&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2117-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2117-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2117-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2117
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2117
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-379-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-379-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-379-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-379
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-379
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2879-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2879-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2879-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2879
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2879
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1479-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1479-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1479-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1479
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1479
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-4261&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-4261&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1485-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1485
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1482-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1482
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3796-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3796
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1479-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1479-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1479-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1479
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-7054&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-7054&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-7054&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-7054&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1593-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1593-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1593-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1593
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1593
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1594-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1594-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1594-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1594-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1594
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two-component 
alkanesulfonate 
monooxygenase 

 

2.92 FMN reductase msuE  

flavin reductase PA14_RS1757 
0 

NAD(P)H- 
dependent FMN 
reductase 

PA14_RS0781 
5 

FMN reductase PA14_RS0913 
0 

alkanesulfonate 
monooxygenase 

ssuD cytosol 

alkanesulfonate 
monooxygenase 

PA14_RS1243 
5 

alkanesulfonate 
monooxygenase 

PA14_RS1242 
5 

dimethyl sulfide 
degradation II 
(oxidation) 

 

2.92 anthranilate 
dioxygenase 
reductase 

antC cytosol 

dimethyl sulfone 
monooxygenase 
SfnG 

sfnG  

alkanesulfonate 
monooxygenase 

PA14_RS1242 
5 

alkanesulfonate 
monooxygenase 

PA14_RS1243 
5 

alkanesulfonate 
monooxygenase 

ssuD cytosol 

https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=ALKANEMONOX-PWY&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=ALKANEMONOX-PWY&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=ALKANEMONOX-PWY&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2874-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2874
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3629-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3629
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3629
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1608-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1608-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1608-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1608
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1608
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1877-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1877
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1877
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1610-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1610-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1610
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2554-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2554-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2554
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2554
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2552-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2552-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2552
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2552
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-6059&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-6059&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-6059&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2697-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2697-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2697-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2697
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1051-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1051-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1051-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1051
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2552-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2552-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2552
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2552
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2554-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2554-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2554
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2554
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1610-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1610-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1610
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L-tyrosine 
degradation I 

 

2.91 aromatic amino 
acid 
aminotransferase 

PA14_RS21585 

4- 
hydroxyphenylpyru 
vate dioxygenase 

PA14_RS01195 

4- 
hydroxyphenylpyru 
vate dioxygenase 

hppD  

homogentisate 1,2- 
dioxygenase 

PA14_RS15655 

maleylacetoacetate 
isomerase 

maiA cytos 
ol 

fumarylacetoacetas 
e 

fahA cytos 
ol 

https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=TYRFUMCAT-PWY&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=TYRFUMCAT-PWY&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4462-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4462-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4462-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4462
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-245-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-245-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-245-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-245
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4467-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4467-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4467-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4467
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3239-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3239-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3239
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3241-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3241-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3241
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3240-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3240-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3240
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2-oxoisovalerate 
decarboxylation to 
isobutanoyl-CoA 

 
 

 

2.87 3-methyl-2- 
oxobutanoate 
dehydrogenase 
(2- 
methylpropanoyl 
-transferring) 
subunit alpha 

PA14_RS1445 
0 

cytosol 

branched-chain 
alpha-keto acid 
dehydrogenase 
subunit E2 

PA14_RS0797 
0 

cytosol 

branched-chain 
alpha-keto acid 
dehydrogenase 
subunit E2 

PA14_RS2040 
0 

 

branched-chain 
alpha-keto acid 
dehydrogenase 
subunit E2 

PA14_RS1444 
0 

 

dihydrolipoyl 
dehydrogenase 

lpdA cytosol 

dihydrolipoyl 
dehydrogenase 

lpdA cytosol 

dihydrolipoyl 
dehydrogenase 

lpdA  

2-oxoisovalerate 
dehydrogenase 
subunit beta 

PA14_RS1444 
5 

cytosol 

https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-5046&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-5046&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-5046&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-5046&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-5046&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2981-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2981-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2981-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2981-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2981-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2981-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2981-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2981-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2981-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2981-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2981
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2981
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1639-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1639-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1639-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1639-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1639
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1639
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4219-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4219-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4219-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4219-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4219
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4219
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2979-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2979-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2979-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2979-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2979
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2979
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2978-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2978-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2978
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3687-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3687-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3687
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5399-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5399-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5399
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2980-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2980-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2980-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2980-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2980-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2980
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2980
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L-valine degradation 
I 

 

 

2.85 branched chain 
amino acid 

PA14_RS27050 cytosol 

  aminotransferase   
  2-oxoisovalerate PA14_RS14445 cytosol 
  dehydrogenase   

  subunit beta   
  isovaleryl-CoA PA14_RS07160  
  dehydrogenase  
  enoyl-CoA PA14_RS07170  
  hydratase  
  enoyl-CoA PA14_RS22245  
  hydratase  
  3- PA14_RS08525 cytosol 
  hydroxyisobutyra   

  te dehydrogenase   
  3- mmsB  
  hydroxyisobutyra  
  te dehydrogenase  
  3- mmsB  
  hydroxyisobutyra  
  te dehydrogenase  
  methylmalonate- mmsA cytosol 
  semialdehyde   
  dehydrogenase   

  (CoA acylating)   
  methylmalonate- mmsA cytosol 
  semialdehyde   

  dehydrogenase   

  (CoA acylating)   
  methylmalonate- mmsA cytosol 
  semialdehyde   

https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=VALDEG-PWY&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=VALDEG-PWY&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5590-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5590-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5590
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5590-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2980-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2980
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2980-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2980-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1470-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1470
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1470-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1472-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1472
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1472-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4601-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4601
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4601-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1751-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1751
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1751-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1751-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1498-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1498
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1498-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1498-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4602-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4602
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4602-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4602-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4598-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4598
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4598-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4598-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4598-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-135-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-135
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-135-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-135-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-135-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1497-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1497
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1497-MONOMER
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   dehydrogenase 
(CoA acylating) 

   

5-aminovalerate 
aminotransferase 
DavT 

PA14_RS01430 cytosol 

L-leucine degradation 
I 

 

2.6 branched chain 
amino acid 
aminotransferase 

 PA14_RS27050 cytosol 

2-oxoisovalerate 
dehydrogenase 
subunit beta 

 PA14_RS14445 cytosol 

isovaleryl-CoA 
dehydrogenase 

 PA14_RS07160  

isovaleryl-CoA 
dehydrogenase 

 PA14_RS15625 cytosol 

3-methylcrotonyl- 
CoA carboxylase 
subunit alpha 

 PA14_RS10805  

3-methylcrotonyl- 
CoA carboxylase 
subunit alpha 

 PA14_RS15640  

methylcrotonyl- 
CoA carboxylase 
subunit beta 

 PA14_RS15630 cytosol 

gamma- 
carboxygeranoyl- 
CoA hydratase 

 PA14_RS15635 cytosol 

hydroxymethylgluta 
ryl-CoA lyase 

PA14_RS15645 cytosol 

https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1497-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1497-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-292-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-292-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-292-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-292-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-292-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-292
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=LEU-DEG2-PWY&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=LEU-DEG2-PWY&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5590-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5590-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5590-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5590
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2980-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2980-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2980-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2980-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2980-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2980
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1470-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1470-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1470
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3233-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3233-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3233
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2221-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2221-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2221-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2221-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2221-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2221
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3236-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3236-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3236-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3236-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3236-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3236
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3234-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3234-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3234-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3234
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3235-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3235-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3235-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3235
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3237-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3237-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3237
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fatty acid β-oxidation 
I 

 

2.59 long-chain-acyl- 
CoA synthetase 

PA14_RS10795 cytosol 

  long-chain fatty PA14_RS08600  
  acid--CoA ligase  
  long-chain-fatty- PA14_RS08595 cytosol 
  acid--CoA ligase   
  acyl-CoA PA14_RS05625  
  synthetase  
  long-chain-fatty- PA14_RS05275  
  acid--CoA ligase  
  acyl-CoA PA14_RS03905 cytosol 
  synthetase   
  acyl-CoA PA14_RS26870  
  synthetase  
  acyl-CoA PA14_RS20795  
  synthetase  
  enoyl-CoA PA14_RS20770 cytosol 
  hydratase/isomer   
  ase family   

  protein   
  enoyl-CoA PA14_RS11500 cytosol 
  hydratase/isomer   
  ase family   

  protein   
  acyl-CoA PA14_RS05030  
  dehydrogenase  
  acyl-CoA PA14_RS03900 cytosol 
  dehydrogenase   
  acyl-CoA PA14_RS02655 cytosol 
  dehydrogenase   

https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=FAO-PWY&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=FAO-PWY&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2219-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2219-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2219
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1767-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1767
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1767-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1766-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1766
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1766-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1156-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1156
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1156-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1082-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1082
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1082-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-803-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-803
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-803-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5554-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5554
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5554-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4301-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4301
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4301-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4296-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4296
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4296-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4296-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4296-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2362-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2362
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2362-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2362-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2362-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1032-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1032
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1032-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-802-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-802
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-802-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-547-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-547
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-547-MONOMER
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   acyl-CoA 
dehydrogenase 

PA14_RS02650  

acyl-CoA 
dehydrogenase 

PA14_RS02645 cytosol 

acyl-CoA 
dehydrogenase 

PA14_RS27940  

acyl-CoA 
dehydrogenase 

PA14_RS27085 cytosol 

acyl-CoA 
dehydrogenase 

PA14_RS26955 cytosol 

acyl-CoA 
dehydrogenase 

PA14_RS26875 cytosol 

acyl-CoA 
dehydrogenase 

PA14_RS22235  

acyl-CoA 
dehydrogenase 

PA14_RS21540 cytosol 

acyl-CoA 
dehydrogenase 

PA14_RS20775  

acyl-CoA 
dehydrogenase 

PA14_RS20765  

acyl-CoA 
dehydrogenase 

PA14_RS19935 cytosol 

acyl-CoA 
dehydrogenase 

PA14_RS19355 cytosol 

acyl-CoA 
dehydrogenase 

PA14_RS18130 cytosol 

acyl-CoA 
dehydrogenase 

PA14_RS17640 cytosol 

acyl-CoA 
dehydrogenase 

PA14_RS14625  

https://biocyc.org/gene?orgid=PAER208963&id=G1G74-545-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-545-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-545
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-544-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-544-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-544
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5775-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5775-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5775
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5599-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5599-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5599
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5571-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5571-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5571
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5555-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5555-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5555
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4599-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4599-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4599
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4451-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4451-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4451
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4297-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4297-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4297
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4295-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4295-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4295
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4121-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4121-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4121
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4000-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4000-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4000
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3744-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3744-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3744
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3643-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3643-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3643
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3020-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3020-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3020


213  

 
 
 

   acyl-CoA PA14_RS14050  
dehydrogenase  
acyl-CoA PA14_RS12925  
dehydrogenase  
acyl-CoA PA14_RS12915  
dehydrogenase  
acyl-CoA PA14_RS12440  
dehydrogenase  
acyl-CoA fadE inner 
dehydrogenase  membran 

  e 
enoyl-CoA PA14_RS07170  
hydratase  
fatty acid PA14_RS10170 cytosol 
oxidation   

complex subunit   

alpha FadB   
acetyl-CoA C- fadA  
acyltransferase  

FadA  

https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2898-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2898
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2898-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2657-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2657
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2657-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2655-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2655
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2655-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2555-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2555
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2555-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2309-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2309
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2309-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1472-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1472
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1472-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2093-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2093
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2093-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2093-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2093-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2094-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2094
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2094-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2094-MONOMER
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TCA cycle I 
(prokaryotic) 

 

 

2.49 class II fumarate 
hydratase 

aspA cytosol 

fumarase PA14_RS22970 cytosol 
class II fumarate 
hydratase 

PA14_RS21670 cytosol 

malate:quinone 
oxidoreductase 

PA14_RS07785 cytosol 

malate:quinone 
oxidoreductase 

mqo cytosol 

citrate 
synthase/methylci 
trate synthase 

PA14_RS21975 cytosol 

type II citrate 
synthase 

gltA cytosol 

aconitate 
hydratase 

acnA cytosol 

aconitate 
hydratase B 

acnB cytosol 

isocitrate 
dehydrogenase, 
NADP-dependent 

PA14_RS12300  

isocitrate 
dehydrogenase 
(NADP(+)) 

PA14_RS12305 cytosol 

2-oxoglutarate 
dehydrogenase 
subunit E1 

PA14_RS17870 cytosol 

succinyl-CoA 
ligase subunit 
beta 

PA14_RS17855  

https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=TCA&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=TCA&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4888-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4888-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4888
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4747-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4747
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4479-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4479-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4479
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1602-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1602-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1602
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5191-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5191-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5191
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4547-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4547-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4547-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4547
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3694-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3694-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3694
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3715-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3715-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3715
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3474-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3474-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3474
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2527-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2527-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2527-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2527
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2528-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2528-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2528-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2528
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3689-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3689-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3689-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3689-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3689-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3689
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3686-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3686-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3686-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3686
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   succinyl-CoA 
ligase subunit 
alpha 

PA14_RS17850 cytosol 

succinate 
dehydrogenase, 
cytochrome b556 
subunit 

sdhC inner 
membran 
e 

succinate 
dehydrogenase 
subunit D 

sdhD inner 
membran 
e 

succinate 
dehydrogenase 
flavoprotein 
subunit 

PA14_RS17880 inner 
membran 
e 

succinate 
dehydrogenase 
iron-sulfur 
subunit 

sdhB inner 
membran 
e 

fumarate 
reductase/succinat 
e dehydrogenase 
flavoprotein 
subunit 

PA14_RS14205  

https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3685-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3685-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3685-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3685
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3693-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3693-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3693-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3693-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3693
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3692-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3692-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3692-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3692
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3691-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3691-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3691-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3691-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3691
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3690-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3690-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3690-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3690-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3690
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2930-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2930-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2930-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2930-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2930-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2930
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superpathway of 
glyoxylate bypass 
and TCA 

 
 

 

2.49 malate synthase G PA14_RS02535 cytosol 
citrate 
synthase/methylcitr 
ate synthase 

PA14_RS21975 cytosol 

type II citrate 
synthase 

gltA cytosol 

aconitate hydratase acnA cytosol 
aconitate hydratase 
B 

acnB cytosol 

isocitrate 
dehydrogenase, 
NADP-dependent 

PA14_RS12300  

isocitrate 
dehydrogenase 
(NADP(+)) 

PA14_RS12305 cytosol 

2-oxoglutarate 
dehydrogenase 
subunit E1 

PA14_RS17870 cytosol 

succinyl-CoA ligase 
subunit beta 

PA14_RS17855  

succinyl-CoA ligase 
subunit alpha 

PA14_RS17850 cytosol 

succinate 
dehydrogenase, 
cytochrome b556 
subunit 

sdhC inner 
membrane 

succinate 
dehydrogenase 
subunit D 

sdhD inner 
membrane 

https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=TCA-GLYOX-BYPASS&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=TCA-GLYOX-BYPASS&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=TCA-GLYOX-BYPASS&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-522-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-522
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4547-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4547-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4547-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4547
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3694-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3694-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3694
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3715-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3715
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3474-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3474-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3474
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2527-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2527-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2527-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2527
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2528-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2528-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2528-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2528
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3689-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3689-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3689-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3689-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3689-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3689
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3686-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3686-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3686
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3685-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3685-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3685
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3693-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3693-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3693-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3693-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3693
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3692-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3692-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3692-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3692
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   succinate 
dehydrogenase 
flavoprotein subunit 

PA14_RS17880 inner 
membrane 

succinate 
dehydrogenase 
iron-sulfur subunit 

sdhB inner 
membrane 

fumarate 
reductase/succinate 
dehydrogenase 
flavoprotein subunit 

PA14_RS14205  

class II fumarate 
hydratase 

aspA cytosol 

fumarase PA14_RS22970 cytosol 
class II fumarate 
hydratase 

PA14_RS21670 cytosol 

malate:quinone 
oxidoreductase 

PA14_RS07785 cytosol 

malate:quinone 
oxidoreductase 

mqo cytosol 

isocitrate 
lyase/phosphoenolp 
yruvate mutase 
family protein 

PA14_RS06715  

isocitrate lyase PA14_RS12250 cytosol 

https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3691-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3691-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3691-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3691
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3690-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3690-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3690-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3690
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2930-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2930-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2930-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2930-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2930
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4888-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4888-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4888
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4747-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4747
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4479-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4479-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4479
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1602-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1602-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1602
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5191-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5191-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5191
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1379-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1379-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1379-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1379-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1379
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2516-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2516
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2-heptyl-3-hydroxy- 
4(1H)-quinolone 
biosynthesis 

 

 

2.42 anthranilate 
synthase component 
I 

PA14_RS03175 cytosol 

glutamine 
amidotransferase 

PA14_RS03350 cytosol 

CoA ligase PA14_RS20910  
ketoacyl-ACP 
synthase III 

PA14_RS20895 cytosol 

quinolone signal 
response protein 

PA14_RS20890 cytosol 

hypothetical protein PA14_RS20905  
2-heptyl-3-hydroxy- 
4(1H)-quinolone 
synthase 

PA14_RS12490  

trehalose biosynthesis 
V 

 

 

2.38 glycogen glgX cytosol 
debranching 
enzyme 
malto- PA14_RS14900 
oligosyltrehalose 
synthase 
malto- treZ cytosol 
oligosyltrehalose 
trehalohydrolase 

https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-6660&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-6660&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-6660&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-6660&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-6660&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-654-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-654-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-654-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-654
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-690-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-690-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-690
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4324-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4324
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4321-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4321-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4321
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4320-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4320-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4320
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4323-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4323
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2565-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2565-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2565-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2565-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2565-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2565
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-2661&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-2661&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3080-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3080
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3080-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3080-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3078-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3078
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3078-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3078-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3076-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3076
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3076-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3076-MONOMER
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L-isoleucine 
degradation I 

 

2.36 branched chain 
amino acid 
aminotransferase 

PA14_RS27050 cytosol 

2-oxoisovalerate 
dehydrogenase 
subunit beta 

PA14_RS14445 cytosol 

acyl-CoA 
dehydrogenase 

PA14_RS12915  

enoyl-CoA 
hydratase 

PA14_RS07170  

3-hydroxyacyl- 
CoA 
dehydrogenase 

PA14_RS12905 cytosol 

acetyl-CoA 
acetyltransferase 

PA14_RS10550 cytosol 

acetyl-CoA 
acetyltransferase 

PA14_RS07775 cytosol 

acetyl-CoA 
acetyltransferase 

PA14_RS07180 cytosol 

acetyl-CoA 
acetyltransferase 

PA14_RS05270  

acetyl-CoA 
acetyltransferase 

pcaF cytosol 

acetyl-CoA 
acetyltransferase 

PA14_RS25870  

acetyl-CoA 
acetyltransferase 

PA14_RS17080 cytosol 

acetyl-CoA 
acetyltransferase 

PA14_RS15695  

https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=ILEUDEG-PWY&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=ILEUDEG-PWY&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5590-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5590-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5590-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5590
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2980-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2980-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2980-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2980-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2980-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2980
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2655-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2655-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2655
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1472-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1472-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1472
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2653-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2653-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2653-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2653-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2653-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2653
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2170-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2170-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2170
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1600-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1600-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1600
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1474-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1474-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1474
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1081-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1081-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1081
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-231-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-231-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-231
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5352-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5352-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5352
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3528-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3528-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3528
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3247-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3247-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3247
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   acetyl-CoA 
acetyltransferase 

PA14_RS12910  

superpathway of 
glycolysis and the 
Entner-Doudoroff 
pathway 

 

2.3 glucose-6-phosphate 
isomerase 

PA14_RS25590 cytosol 

6- 
phosphogluconolact 

pgl  

  onase  
  fructose 1,6-  PA14_RS27530 cytosol 
  bisphosphatase   
  fructose-  PA14_RS02895 cytosol 
  bisphosphate   

  aldolase   
  triose-phosphate  PA14_RS25680 cytosol 
  isomerase   
  phosphogluconate  edd cytosol 
  dehydratase   
  2-dehydro-3-deoxy- PA14_RS09575 cytosol 
  phosphogluconate   

  aldolase   
  2-dehydro-3-deoxy- PA14_RS09350 cytosol 
  phosphogluconate   

  aldolase   
  D-erythrose 4-  epd cytosol 
  phosphate   

  dehydrogenase   
  phosphoglycerate  pgk cytosol 
  kinase   
  alpha-ribazole-5'-  PA14_RS19375  
  phosphate  

  phosphatase  

https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2654-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2654-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2654
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=GLYCOLYSIS-E-D&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=GLYCOLYSIS-E-D&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=GLYCOLYSIS-E-D&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=GLYCOLYSIS-E-D&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5294-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5294-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5294
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1922-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1922-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1922
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1922-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5692-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5692
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5692-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-596-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-596
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-596-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-596-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5313-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5313
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5313-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1908-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1908
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1908-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1971-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1971
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1971-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1971-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1923-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1923
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1923-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1923-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-592-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-592
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-592-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-592-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-593-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-593
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-593-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4004-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4004
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4004-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4004-MONOMER
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   2,3- 
bisphosphoglycerate 
-independent 
phosphoglycerate 
mutase 

PA14_RS27635  

enolase  PA14_RS06950 cytosol 
pyruvate kinase  pyk  cytosol 
pyruvate kinase  pyk  cytosol 
phosphoenolpyruvat 
e synthase 

PA14_RS16900 cytosol 

Entner-Doudoroff 
pathway I 

 

2.22 phosphogluconat 
e dehydratase 

edd cytosol 

2-dehydro-3- 
deoxy- 
phosphogluconat 
e aldolase 

PA14_RS0957 
5 

cytosol 

2-dehydro-3- 
deoxy- 
phosphogluconat 
e aldolase 

PA14_RS0935 
0 

cytosol 

https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5714-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5714-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5714-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5714-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5714-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5714
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1426-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1426
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4743-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4743
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3785-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3785
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3491-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3491-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3491
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=ENTNER-DOUDOROFF-PWY&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=ENTNER-DOUDOROFF-PWY&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1908-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1908-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1908
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1971-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1971-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1971-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1971-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1971-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1971-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1971-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1971
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1971
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1923-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1923-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1923-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1923-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1923-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1923-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1923-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1923
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1923
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octane oxidation 

 

2.16 rubredoxin-- 
NAD(+) 
reductase 

PA14_RS28755 cytosol 

alkane 1- 
monooxygenas 
e 

PA14_RS18180 inner 
membrane 

alkane 1- 
monooxygenas 
e 

PA14_RS12570 inner 
membrane 

alcohol 
dehydrogenase 

PA14_RS04375  

aldehyde 
dehydrogenase 
family protein 

PA14_RS20740  

acyl-CoA 
synthetase 

PA14_RS20795  

acyl-CoA 
synthetase 

PA14_RS26870  

acyl-CoA 
synthetase 

PA14_RS03905 cytosol 

long-chain- 
fatty-acid-- 
CoA ligase 

PA14_RS05275  

acyl-CoA 
synthetase 

PA14_RS05625  

long-chain- 
fatty-acid-- 
CoA ligase 

PA14_RS08595 cytosol 

long-chain 
fatty acid-- 
CoA ligase 

PA14_RS08600  

https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=P221-PWY&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5943-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5943-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5943-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5943
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3757-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3757-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3757-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3757
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2582-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2582-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2582-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2582
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-900-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-900-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-900
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4289-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4289-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4289-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4289
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4301-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4301-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4301
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5554-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5554-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5554
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-803-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-803-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-803
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1082-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1082-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1082-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1082
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1156-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1156-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1156
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1766-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1766-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1766-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1766
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1767-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1767-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1767-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1767


223  

 
 
 

   long-chain- 
acyl-CoA 
synthetase 

PA14_RS10795 cytosol 

glutaryl-CoA 
degradation 

 

 

2.07 glutaryl-CoA 
dehydrogenase 

PA14_RS02355 cytosol 

  enoyl-CoA  PA14_RS07170  
  hydratase  
  fatty acid PA14_RS10170 cytosol 
  oxidation complex   

  subunit alpha   

  FadB   
  3-hydroxyacyl- PA14_RS07175  
  CoA  

  dehydrogenase  
  acetyl-CoA PA14_RS10550 cytosol 
  acetyltransferase   
  acetyl-CoA PA14_RS07775 cytosol 
  acetyltransferase   
  acetyl-CoA PA14_RS07180 cytosol 
  acetyltransferase   
  acetyl-CoA PA14_RS05270  
  acetyltransferase  
  acetyl-CoA pcaF cytosol 
  acetyltransferase   
  acetyl-CoA PA14_RS25870  
  acetyltransferase  
  acetyl-CoA PA14_RS17080 cytosol 
  acetyltransferase   
  acetyl-CoA PA14_RS15695  
  acetyltransferase  

https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2219-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2219-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2219-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2219
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-5177&prevOmics=Y&detail-level=2
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=PWY-5177&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-484-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-484-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-484
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1472-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1472
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1472-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2093-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2093
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2093-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2093-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2093-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1473-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1473
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1473-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1473-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2170-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2170
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2170-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1600-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1600
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1600-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1474-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1474
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1474-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1081-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1081
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1081-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-231-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-231
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-231-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5352-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5352
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-5352-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3528-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3528
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3528-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3247-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3247
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3247-MONOMER
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   acetyl-CoA 
acetyltransferase 

PA14_RS12910  

glyoxylate cycle 

 

2.01 malate synthase G PA14_RS02535 cytosol 
citrate 
synthase/methylcit 
rate synthase 

PA14_RS21975 cytosol 

type II citrate 
synthase 

gltA cytosol 

aconitate 
hydratase 

acnA cytosol 

aconitate 
hydratase B 

acnB cytosol 

isocitrate 
lyase/phosphoenol 
pyruvate mutase 
family protein 

PA14_RS06715  

isocitrate lyase PA14_RS12250 cytosol 

https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2654-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2654-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2654
https://biocyc.org/PAER208963/NEW-IMAGE?type=PATHWAY-W-OMICS&object=GLYOXYLATE-BYPASS&prevOmics=Y&detail-level=2
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-522-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-522
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4547-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4547-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4547-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-4547
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3694-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3694-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3694
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3715-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3715-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3715
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3474-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3474-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-3474
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1379-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1379-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1379-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1379-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-1379
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2516-MONOMER
https://biocyc.org/gene?orgid=PAER208963&id=G1G74-2516
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