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ABSTRACT 

Staphylococcus aureus is an important gram-positive bacteria that is commonly found in 

association with a number of animal hosts, but usually attracts our attention due to it being found 

in the mucosal cavities of humans(Gajdacs, 2019). Although it often acts as commensal flora, it 

can become pathogenic(Gajdacs, 2019). This abundance in the environment, as well as the 

potential to cause serious health complications, makes this bacterium an important pathogen for 

humans. The acquisition of genes that confer methicillin resistance makes this pathogen 

(methicillin-resistant S. aureus, or MRSA)  even more dangerous(Gajdacs, 2019). Due to the 

misuse of antibiotics over the decades, these antibiotic-resistant strains are becoming more 

common(Uzair et al., 2017). In general, one way to counteract this emergence of antibiotic-

resistant S. aureus strains is to utilize other antimicrobial compounds, either in conjunction with 

existing antibiotics or as treatment options by themselves. By pairing antimicrobial compounds, 

there is the potential for an additive or a synergistic effect against a target pathogen (Ciandrini et 

al., 2019). This increased effect is more likely if the antimicrobial compounds work on different 

parts of the cell or interfere with different cellular processes. It also makes it possible for lower 

quantities of each agent to yield effective antimicrobial action. This is especially important for 

those cases when there are undesirable side-effects or some degree of toxicity when treating at 

higher levels. By using both checkerboard and time kill assays, it is possible to explore the nature 

and magnitude of the inhibitory effect that occurs by treating MRSA with pairs of antimicrobial 

compounds(Belley et al., 2008; Bonapace, Bosso, Friedrich, & White, 2002). For this project, the 

compounds that were tested are RE cranberry extract, methylglyoxal, and oregano oil. It is the 

intent of this project to determine whether pairs of these compounds have a greater inhibitory effect 

against MRSA when paired than their inhibitory effect against MRSA individually.  
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CHAPTER 1 

INTRODUCTION 

 

 

S. aureus has no doubt been a significant human commensal and occasional pathogen for 

many centuries. However, it was not identified as an organism until 1882 by the Scottish surgeon 

Sir Alexander Ogston(Zouhir, Jridi, Nefzi, Ben Hamida, & Sebei, 2016). The genus name 

Staphylococcus comes from the Greek words staphylos (grape) and kokkos (seed)(Zouhir et al., 

2016). This is due to the characteristic morphology of Staphylococcus species as having cocci 

arranged in grape-like clusters. S. aureus is a gram positive, catalase positive bacteria that is non-

spore forming(Gajdacs, 2019). Although it does not form spores, it is resistant to inactivation by 

desiccation and is tolerant of relatively high salt conditions. Thus it has the ability to colonize 

proliferate on the outer surfaces of the human body(Gajdacs, 2019).  

S. aureus is capable of acquiring and deploying a large number of important virulence 

factors, a much larger number than is seen in most other human pathogens(Algammal et al., 2020; 

Machado et al., 2020). These can include surface proteins including Protein A, elastin-binding 

protein, collagen-binding protein, and fibronectin-binding protein, and clumping factor, as well as 

secreted proteins, including enterotoxin B, toxic shock syndrome toxin-1, and α-toxin(Gajdacs, 

2019). These virulence factors play an important role in the bacterium’s potential to cause disease. 

Although diseases caused by S. aureus are most often skin and soft tissue infections, S. aureus is 

also capable of causing higher morbidity infections, including pyomyositis, necrotizing fasciitis, 

and necrotizing pneumonia(Balasubramanian, Harper, Shopsin, & Torres, 2017). S. aureus is a 

dangerous pathogen for patients who have just undergone surgery, especially those surgical 

procedures involving implanted medical devices (Balasubramanian et al., 2017). With its 
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widespread presence and its potential for causing a wide range of diseases, S. aureus is a serious 

pathogen that must be consistently screened for and somehow controlled in a clinical 

environment(Di Ruscio et al., 2019). Otherwise, compromised human hosts will be placed at 

considerable risk.  

Methicillin resistant S. aureus (MRSA) was first identified in 1961 in England and since 

then has quickly become one of the most important nosocomially acquired infections(Ma et al., 

2002). The prevalence of MRSA has consistently increased in the United States, with the 

proportion of MRSA strains approaching 60% (Lin et al., 2017). In a national survey conducted 

from 2001-2004, it was demonstrated that about one third of tested subjects were positive for S. 

aureus colonization, with up to 3% positive for MRSA, depending on the demographic (figure 

1.1). 
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Figure 1.1 Prevalence of nasal colonization with S. aureus and methicillin-resistant S. 
aureus (MRSA), by demographic and clinical characteristics (Gorwitz et al., 2008) 

 

Due to the prevalence of MRSA in the general public, it has become increasingly important 

to explore alternative ways of MRSA treatment and inhibition. Given the global distribution of 

this bacterium, seeking out alternative ways that have added benefit of being accessible to 

developing nations is also an attractive prospect. One of these alternative ways involves using 
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naturally-occurring antimicrobial compounds, either in pairs, or with an existing antibiotic 

(Hayashi, Fukushima, Hayashi-Nishino, & Nishino, 2014; R. E. Jenkins & Cooper, 2012; Uzair et 

al., 2017).  

An antimicrobial compound that alone is able to inhibit MRSA growth is a good first step. 

However, it has been shown that pairing of antimicrobial compounds can occasionally produce an 

even more robust antimicrobial response than either of the antimicrobial compounds individually 

(R. E. Jenkins & Cooper, 2012; Uzair et al., 2017; Wang, Kong, Liu, & Ma, 2018). Two 

antimicrobial compounds that are working together to inhibit bacteria can be either additive or 

synergistic. Both of these responses can be beneficial as they require a lower concentration of 

antimicrobial compounds for their effective use(Belley et al., 2008). The biggest difference 

between the two is the degree in which the pair are able to work together against bacteria. Synergy 

refers to a multiplicative effect of two antimicrobial compounds against a bacterium, but there are 

other effects that pairs of antimicrobial compounds may produce. An additive response is similar 

to a synergistic response, in the sense that there is an increased effect, with the difference being 

the degree of effect (additive vs. greater than additive). Antimicrobial compounds can also have 

an antagonistic interaction with each other, with one compound hindering the effects of the other 

compound(Bonapace et al., 2002). Although synergy is the most useful outcome, additive 

interaction can also be beneficial. By pairing compounds together, it decreases the likelihood of 

development of resistance in the bacteria being treated(Belley et al., 2008). Importantly, it can also 

allow for the lowering of the concentration of both compounds needed to produce an effective 

result. This can be especially useful when one of the compounds being used is more caustic or 

toxic than the other compound. 
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 It has also been shown that a number of antimicrobial compounds exhibit synergy with 

antibiotics against microbes that are resistant to antibiotic treatment (Dhara & Tripathi, 2020; 

Gomes, Rodrigues, Martins, Ferreira, & Henriques, 2019; Mohammadi-Berenjestanaki, Khori, 

Shirzad-Aski, & Ghaemi, 2019). For these reasons, it is important to explore the antimicrobial 

activity of compounds both individually, and pairwise, for their ability to lower the minimum 

inhibitory concentration (MIC) of methicillin against MRSA. The MIC of a bacterium is the 

smallest amount of compound that is needed to inhibit the growth of that bacterium. When two 

compounds act synergistically, it means that the MIC of each compound is less than when the 

compound is acting by itself(Bonapace et al., 2002).  
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CHAPTER 2  

LITERATURE REVIEW  

A number of antimicrobials have been shown to exhibit antimicrobial activity against S. 

aureus in vitro(Kilty, Duval, Chan, Ferris, & Slinger, 2011; Lian, Maseko, Rhee, & Ng, 2012; Lu, 

Dai, Murray, & Wu, 2018; Mahizan et al., 2019; Yam, Hamilton-Miller, & Shah, 1998; Zouhir et 

al., 2016). The antimicrobial compound that are of interest in this project are, Cranberry extract, 

Methylgyloxal (MGO), and Oregano oil.  

Cranberries are a fruit that are particularly high in polyphenols and proanthocyanidins 

(PACs) (Fig 2.1), which have been shown to have some antimicrobial activity in vitro (Blumberg 

et al., 2013). American cranberries have a complex and rich phytochemical composition, 

particularly flavan-3-ols, A-type procyanidins (PACs), anthocyanins, benzoic acid, and ursolic 

acid (Blumberg et al., 2013). Cranberry flavan-3-ols are present as monomers, oligomers, and 

polymers (Blumberg et al., 2013). In a study showing the ability of cranberry extract to eradicate 

S. aureus biofilm, it was demonstrated that the extracts exhibiting higher concentrations of these 

antimicrobial compounds had more of an inhibitory effect (LaPlante, Sarkisian, Woodmansee, 

Rowley, & Seeram, 2012). Not only has cranberry extract been shown to have an inhibitory effect 

on S. aureus biofilm, but the extract has also been shown to have an inhibitory effect on the growth 

of S. aureus. In another study, cranberry juice was shown to exhibit between 11 and 15 percent 

inhibition of S. aureus growth (Lian et al., 2012).  
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Figure 2.1 Chemical structures of proanthocyanidines isolated from cranberry (Koo et al., 
2010) 

 

 

Manuka honey is a honey that is that is produced from the Manuka tree, which is native to 

both Australia and New Zealand (Hayes et al., 2018). It has also been shown in time-kill inhibition 

studies that Manuka honey had much more inhibition than artificial honey at a similar 

concentrations (R. Jenkins, Burton, & Cooper, 2011). One of the reasons for this phenomenon is 

that Manuka honey has higher concentrations of MGO (Figure 2.1). MGO is formed by the 

dehydration of dihydroxyacetone, which is found in high concentrations in the nectar of the 

manuka flower (Hayes et al., 2018). It has been shown to be the main antimicrobial component of 

Manuka honey and has inhibitory action not only against S. aureus, but other multi-drug resistant 

bacteria such as Pseudomonas aeruginosa (Hayashi et al., 2014). MGO has been shown to be able 

to increase the sensitivity of MRSA to Linezolid (an oxazolidinone antibiotic used in the treatment 

of infections caused by a range of Gram-positive pathogens) (Hayes et al., 2018). MGO was able 
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to increase the zone of inhibition created by linezolid when compared to simple unpasteurized 

honey, and it was shown that this interaction was synergistic in nature (Hayes et al., 2018). 

 

Figure 2.2 Chemical structure of MGO 

 

A number of essential oils have been shown to exhibit some inhibitory effects against 

S.aureus (Zouhir et al., 2016). One of these essential oils that have been observed is Oregano oil. 

Oregano oil has been shown in literature to inhibit the growth of a number of drug resistant 

bacteria, as well as anti-biofilm activity(Lu et al., 2018). Not only that, but in that same study, 

there was no observed development of resistance of the bacteria against oregano oil (Lu et al., 

2018). Such inhibitory activity and lack of resistance buildup make oregano oil a good candidate 

for antimicrobial pairing. Carvacrol is the active aromatic compound that is present in oregano oil 

(Table 2.1). It is a monoterpenoid phenol that is known for its aromatic nature and use in the 

culinary field (Ben Arfa, Combes, Preziosi-Belloy, Gontard, & Chalier, 2006; Selvaraj et al., 

2020). It has been shown in studies to exhibit antimicrobial activity against a number of different 

pathogens (Ben Arfa et al., 2006; Selvaraj et al., 2020). Some of the expected modes of action 
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including disruption of the membrane potential of bacteria and, with S. aureus specifically, it has 

been shown to reduce the expression of the genes SarA and CrtM and to mitigate biofilm formation 

and Staphyloxanthin synthesis (Selvaraj et al., 2020; Ultee, Kets, & Smid, 1999). Because 

carvacrol is a lipophilic compound, it partitions itself within the membrane of the cell (Ultee et al., 

1999). This can disrupt important cellular functions that utilize the membrane, including both ATP 

synthesis and potassium efflux pumps (Ultee et al., 1999). In addition to this membrane disruption, 

inhibition of biofilm and staphyloxanthin by carvacrol enhanced the susceptibility of MRSA to 

oxidants and healthy human blood (Selvaraj et al., 2020). 
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Table 2.1 Structure of Carvacrol and related compounds (Valvani et al. 1980). 

Aroma 
compounds 

Molecular 
structure 

Molecular 
weight (g 
mol−1) 

Vapour 
pressure 
25°C (Pa) 

LogP* Maximum 
solubility in 
water (g l−1)† 
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CHAPTER 3 

MATERIALS AND METHODS 

 

 

3.1 Materials  
 
3.1.1 Cranberry extract 

The cranberry extract that was used in all experiments as designated RE and acquired from 

Ocean Spray Cranberries, Inc. It was stored at 0°C and then thawed and placed in both 1500ul 

Eppendorf tubes and plastic test tubes for the checkerboard and time kill assay respectively.  

3.1.2 MGO  

MGO (Lot #BCBW8221) was ordered from Sigma –Aldrich. Its concentration was 1.17 

g/mL and it was stored between 2-8 °C.  A solution containing 550ppm was prepared for the 

checkerboard assay by adding 20uL of MGO to 1440ul of H2O.  

3.1.3 Oregano oil  

Oregano oil (Lot# 14196LHV) was ordered from Sigma-Aldrich and stored between 2-

8°C.  

3.1.6 Media  

The media that was used for both the time kill assay and the checkerboard assay was Brain 

Heart infusion obtained through Fisher Scientific.  

3.1.7 Bacteria culture  

 The bacteria strain that was used for these experiments was MRSA strain ATCC BAA-

1680.  
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3.2 Method  

3.2.1 Preparing compounds  

The first step in the process was to determine the MIC of each extract, alone and in 

combination with other extracts, on MRSA growth. The MIC is the lowest concentration of an 

antimicrobial compound that inhibits growth. 

The first pair of antimicrobial compounds tested were RE cranberry extract and MGO. In 

order to determine the MIC of the two compounds, a twofold dilution series was run on the 

columns and rows for each respective compound. For the first antimicrobial, the top of column 

was the highest concentration while the lowest spot on the column was the lowest concentration, 

representing the dilution series in the vertical direction. The second antimicrobial represents the 

dilution series in the horizontal direction with the leftmost well on the rows being the highest 

concentration and the rightmost wells being the lowest concentration (Fig 3.1). The lowest 

concentration of each compound that inhibited the growth was the MIC. The starting concentration 

for the RE cranberry extract was the stock solution that was provided by Ocean SprayTM , while 

the starting concentration of MGO was 550 ppm. This concentration of MGO was achieved by 

adding 20uL of 40% (w/v) MGO to 1440uL of deionized water. The concentration of MGO was 

decided based upon the fact that it is the active antimicrobial compound in Manuka honey (15) 

and previous studies have shown that the MIC of MGO against MRSA is around 62.5ppm (14). 

By making the starting concentration 550 ppm, the MIC occurs around the middle of the column’s 

dilution series, which is ideal for the detection of the growth-no growth interface in a checkerboard 

assay. The next step was to determine if there is the nature of the interaction between these two 

compounds as revealed by the pattern of inhibition of MRSA growth. Both of these steps will be 
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done using a FALCONTM REF 35117 U-bottom, polystyrene, non-pyrogenic, sterile, 96 well 

micro titer plate. 

 

Figure 3.1 Checkerboard assay example (Alisha Prince, 2019)  

3.2.2 Setting up Checkerboard assay plates with using Cranberry extract and MGO 

The method of using the 96 well plate is that the first 8 by 8 wells will contain, 100 ul of 

Brain Heart infusion (BHI) broth and 20 uL of 0.5 McFarland standard concentration of MRSA. 

A 0.5 McFarland standard refers to the turbidity of solution containing approximately 1.5X108 

colony forming units (CFU)(Donay, Fernandes, Lagrange, & Herrmann, 2007). Then, both the 

cranberry extract and the MGO were diluted through 7 2-fold dilutions. These serial dilutions were 

added to the first 8x8 wells of the plate with the cranberry extract becoming more diluted down 

each row and the MGO becoming more diluted down each column. The last two columns were 
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used as positive and negative controls, respectively. The positive control contains only the 100uL 

of BHI broth and the 20uL of 0.5 McFarland standard concentration of MRSA (so growth is 

expected in all wells). The negative control contains only the BHI broth (no growth expected is in 

any wells). Two columns used on the 96 well plate only contain 100uL broth, 20uL of 0.5 

McFarland standard MRSA, and a 2-fold dilution series of either cranberry extract or MGO. These 

last two columns were used as an internal confirmation of the MIC of both the cranberry extract 

and the MGO, individually. The 96 well assay was prepared and assembled while working in a 

clean hood and then incubated for 24 hours at 37 degrees Celsius. 

3.2.3 Setting up Checkerboard assay plates using MGO and Oregano oil  

 The Checkerboard assay using MGO and oregano oil was prepared using the same 

methods as previously described (3.2.3). A 40mg/mL of stock solution of oregano oil was first 

prepared. The beginning concentration of oregano oil  was 1.28 mg/mL prepared by mixing 

256uL of the stock solution of 40mg/ml oregano oil and DMSO with 1000uL of Water. The 

starting concentration of MGO was 550 ppm.  

3.2.4 Setting up checkerboard assay plate using cranberry extract and oregano oil 

 The Checkerboard assay using cranberry extract and oregano oil was prepared as 

previously stated (3.2.3). The starting concentration of cranberry extract was the stock 

concentration while the starting concentration of the oregano oil was 1.28mg/mL.  

3.2.5 Reading and interpreting a Checkerboard assay 

Knowing the MIC of both compounds tested allows for the determination of the fractional 

inhibitory concentration (FIC). The FIC of the compounds can be defined as the average of the 

MIC/Growth no growth interface for both compounds. The FIC has long been used as a metric to 

determine the nature of the interactive effect (additive, synergistic, or antagonistic) when a given 
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pair of antimicrobial compounds are used  (Bonapace et al., 2002). It is important to note that a 

number of different methods described in literature are utilized(Bonapace et al., 2002). Subjecting 

the results to these different methods allows other researchers to compare their results to the results 

of these experiments. Further, the more methods that give evidence of a given type of effect, the 

more confidence there can be that this effect is a reproducible and abiding result of the interactive 

effect of antimicrobial exposure.  

The first method of determining the interactive effect will calculate the FIC using the 

concentration in the first non-turbid (no growth) well in each row and column (Fig 2). These 

numbers will then be averaged and if this average is less than or equal to 1.0, then it can reasonably 

be said that synergy has occurred. If the average is between 1.0 and 4, then the combination can 

be reasonably assumed to be additive, and if the average is greater than 4, the combination can 

reasonably be assumed to be antagonistic (Bonapace et al., 2002).  

The second method of determining synergy is to average of FIC using the column and row 

with the lowest concentration that had no turbidity (no growth). This method used the same FIC 

values for determining the interactive e effect as method 1 (Bonapace et al., 2002).  

The final method of determining the interactive effect will be based on the growth in wells 

containing 0.25xMIC and 2xMIC for both compounds. If there is no turbidity (no growth) in either 

well, then it is reasonable to assume synergy was observed, if there was turbidity observed in both 

wells, then it is be reasonable to assume that antagonism was observed. If turbidity is observed in 

only one of the wells, then it is reasonable to assume that the compounds were additive (Bonapace 

et al., 2002). These results will be compiled in an Excel spreadsheet (Fig 3.2). In this excel sheet, 

the growth-no growth interface is defined as the last non-turbid well (no growth) in both the rows 

and the columns. 
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Figure 3.2 Schematic of checkerboard methods of interpretation. Wells utilized in each 
method of interpretation are signified by method number within each. White wells are non-turbid 

while grey wells are turbid with method number within each. 

 

3.2.6 Setting up Time kill assay  

 Time kill assays were set up according the methods laid out in Clinical Microbiology 

Procedures Handbook, 3rd  edition(Garcia & Isenberg, 2010). The purpose of the time kill assay is 

to determine the mechanism and the kinetics of the inhibitory compounds being used against the 

bacteria as well as interactive effects that may exist between compounds. This is an important 

determination as the checkerboard assay only shows growth vs. no-growth and not whether an 

inhibitory compound is bactericidal or bacteriostatic. There are two main drawbacks to using the 

time kill assay. One is that the amount of time needed in order to prepare, run, and read the results 

of the assay is significantly greater than the checkerboard assay. The other drawback is the time 

kill assay consumes a very large amount of media so any test runs the risk of wasting expensive 

resources should there be contamination. For this reason, the time kill assay was performed on the 
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pair of compounds that should the highest likelihood of an interactive effect from the checkerboard 

assay. 

 The bacteria culture was prepared for the Time kill assay by inoculating a test tube 

containing 5mL BHI broth with 4-5 isolated colonies and allowed to grow until the solution 

reached approximately 1.0 McFarland standard turbidity. The solution was than diluted by adding 

1mL of the 1.0 McFarland standard solution to 4mL of BHI broth to achieve a colony density of 

6.0X107 CFU/mL.  

 Ten test tubes where prepared. The first two test tubes were a negative and positive control 

containing 5mL of BHI broth and 5mL of BHI broth inoculated with 0.1mL respectively. Three 

tubes where prepared with 4.9mL of BHI, 01mL of the inoculum and 0.1mL of 100 fold 

concentration of 1xMIC, 1/2xMIC, and 1/4xMIC for each inhibitory compound being tested. One 

test tube was prepared with 4.8mL of BHI broth 0.1mL of inoculum, 0.1mL of 100 fold 

concentration of 1/4xMIC of compound A, and 0.1mL of 100 fold concentration of 1/4xMIC of 

compound B. The final tube was prepared with 4.8mL of BHI broth, 0.1mL of inoculum, 0.1mL 

of 100 fold concentration of 1/8xMIC of compound A, and 0.1mL of 100 fold concentration of 

1/8xMIC of compound B(Fig 3.3).  
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 At time zero, 1, 2, 3, and 4 hours, samples where diluted to 10-2 concentration and then 

plated. The plates were allowed to incubate for 24 hours and colony counts of each plate were 

completed     

 

Figure 3.3 Inoculating test tubes (dilution series starting with 1.0 McFarland standard in order to 
achieve the same starting concentration of bacteria for each test tube) (Garcia & Isenberg, 2010) 
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CHAPTER 4  

RESULTS 

 

 

4.1 Checkerboard assay results  
 

Checkerboard assays allow for the determination of synergy, based upon the FIC of certain 

wells in the assay. The three most common methods of determining synergy using FIC is the Mean 

FIC method, the Lowest FIC method, and the Two well method (Bonapace et al., 2002). In order 

to determine synergy, Fraction Inhibitory Concentration (FIC) of each well on the growth/no 

growth interface must first be determined. The growth/no growth interface refers to the last well 

in each column or row of the checkerboard assay that does not exhibit turbidity (no growth). The 

FIC is determined the equation (Concentration RE/MIC RE) + (Concentration MGO/MIC MGO). 

In this context, the FIC is basically a measurement of the contribution of each compound to 

inhibition of MRSA in that particular well. 

 The first method involves finding the FIC of each well in the growth/no growth interface. 

The equation for FIC is applied to each well of the growth/no growth interface and the average 

FIC of these wells are calculated. If this average is less than or equal to 1, than the compounds are 

reasonably expected to be synergistic (Bonapace et al., 2002).  

The second method used for determining synergy is looking at the well in the growth/no 

growth interface that exhibited the lowest FIC number. If this number has a value of less than or 

equal to 0.5, than the compounds can be expected to be synergistic (Bonapace et al., 2002).  

The last method that was used to determine synergy in checkerboard assays was the two-

well method. In this method, the wells containing 0.25X concentration of the MIC of each 

compound and 2X concentration of each compound. If both of these well show not turbidity (no 
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growth) than it can be expected that the two compounds being tested are synergistic (Bonapace et 

al., 2002).  

It is important that more than one method for measuring synergy is used for interpreting 

checkerboard assays. One reason for this is the fact that by using three standard methods, it is more 

likely that result showing synergy can be verified by other labs who only may be using one of the 

methods of verifying synergy. Another reason why it is important to use multiple methods is that 

it allows more confidence in the expectation of synergy if two or all three methods show that 

synergy is present.  

4.1.1 MGO and Cranberry extract  

Table 4.1 Checkerboard assay results for MGO and Cranberry Extract 

 

The checkerboard assay using MGO and cranberry extracts suggests that they have a high 

additive to low synergistic effect on the inhibition of MRSA (Table 4.1).The lowest FIC and Two-

RE↓ 8/19/2019
MGO→ 1 0.5 0.25 0.125 0.0625 0.03125 0.015625 0.007813

1 0 0 0 0 0 0 0 0
0.5 0 0 0 0 0 0 0 0

0.25 0 0 0 0 0 1 1 1
0.125 0 0 0 0 1 1 1 1

0.0625 0 0 0 0 1 1 1 1
0.03125 0 0 0 0 1 1 1 1

0.015625 0 0 0 0 1 1 1 1
0.007813 0 0 0 1 1 1 1 1

Blue Growth-No Growth Interface
Orange Turbid wells
Green MIC

RE↓
MGO→ 1 0.5 0.25 0.125 0.0625 0.03125 0.015625 0.007813

1
0.5 1.125 1.0625 1.03125

0.25 1.25
0.125 0.75

0.0625 0.75
0.03125 0.5625

0.015625 0.53125
0.007813 1.015625

Method #1Mean FIC index 0.8975694 Mean FIC along the Growth-No Growth interface (Synergy >= 1.0)
Method #2Lowest FIC on interfa 0.53125 Lowest FIC on the Growth-No growth interface (Synergy between 0.25 and 0.5)
Method #3Two Well No Synergy absence of turbidity in the two wells containing 0.25 MIC of both drugs and 2 MIC of both drugs
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Well method ways of determining synergy fell below the threshold for synergy. The mean FIC did 

fall within the synergy category. However, FIC did fall within the range of additive effects. 

4.1.2 Checkerboard Assay Utilizing MGO and Oregano Oil  

Table 4.2 Checkerboard assay results for MGO and Oregano Oil 

  

The checkerboard assay using MGO and Oregano oil suggest that these two compounds 

have an additive effect inhibitory effect against MRSA. They did not show synergy in any of the 

three methods (Table 4.2) but did fall with the range of additive effects.  

 

 

Oregano Oil↓
MGO-> 1 0.5 0.25 0.125 0.0625 0.03125 0.015625 0.007813

1 0 0 0 0 0 0 0 0
0.5 0 0 0 0 0 0 0 0

0.25 0 0 0 0 0 0 0 0
0.125 0 0 0 0 0 0 0 0

0.0625 0 0 0 1 1 1 1 1
0.03125 0 0 0 1 1 1 1 1

0.015625 0 0 0 1 1 1 1 1
0.007813 0 0 0 1 1 1 1 1

Blue Growth-No Growth Interface
Orange Turbid wells
Green MIC

Organo Oil↓
MGO-> 1 0.5 0.25 0.125 0.0625 0.03125 0.015625 0.007813

1
0.5

0.25 2-well
0.125 1.5 1.25 1.125 1.0625 1.03125

0.0625 1.5
0.03125 1.25 2-well

0.015625 1.125
0.007813 1.0625

Method #1Mean FIC index 1.211806 Mean FIC along the Growth-No Growth interface (Synergy >= 1.0)
Method #2Lowest FIC on interfa 1.03125 Lowest FIC on the Growth-No growth interface (Synergy between 0.25 and 0.5)
Method #3Two Well No Synergy absence of turbidity in the two wells containing 0.25 MIC of both drugs and 2 MIC of both drugs
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4.1.3 Checkerboard assay utilizing Oregano oil and Cranberry extract  

Table 4.3 Checkerboard assay results for Oregano oil and Cranberry extract 

 

 The checkerboard assay using cranberry extract and oregano oil suggests that the two 

compounds exhibit a synergistic inhibitory effect against MRSA (Table 4.3). All three of the 

methods used for determining synergy had the FIC fall within the synergistic threshold.  

 

 

 

 

 

Oregano Oil↓
Cranberry -> 1 0.5 0.25 0.125 0.0625 0.03125 0.015625 0.007813

1 0 0 0 0 0 0 0 0
0.5 0 0 0 0 0 0 0 0

0.25 0 0 0 0 0 0 0 0
0.125 0 0 0 0 0 0 1 1

0.0625 0 0 0 0 0 1 1 1
0.03125 0 0 0 0 1 1 1 1

0.015625 0 0 0 0 1 1 1 1
0.007813 0 0 0 0 1 1 1 1

Blue Growth-No Growth Interface
Orange Turbid wells
Green MIC

Organo Oil↓
Cranberry -> 1 0.5 0.25 0.125 0.0625 0.03125 0.015625 0.007813

1
0.5 2-Well

0.25 1.0625 1.03125
0.125 0.625

0.0625 0.5
0.03125 0.625

0.015625 0.5625
0.007813 0.53125

Method #1Mean FIC index 0.705357 Mean FIC along the Growth-No Growth interface (Synergy <= 1.0)
Method #2Lowest FIC on interfa 0.5 Lowest FIC on the Growth-No growth interface (Synergy between 0.25 and 0.5)
Method #3Two Well Synergy absence of turbidity in the two wells containing 0.25 MIC of both drugs and 2 MIC of both drugs
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4.2 Time Kill assays  

4.2.1 Time Kill assay using Oregano oil and Cranberry extract  

 

Figure 4.4 Time kill data on oregano oil and cranberry extract (MIC refers to Minimum 

Inhibitory Concentration. Each line within the figure refers to the tube containing that 

concentration of compound) 

 According Figure 4.4, a few observations become apparent. It can be seen that the 

concentrations of oregano oil containing 1X MIC, 1/2X MIC, and 1/4X MIC of oregano oil and 

the 1X MIC concentration were able to bring the colony count of bacteria to zero or near zero  

within the first hour. The tube containing the combination of 1/4X MIC was also shown the 
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decrease the bacterial count to zero. All other concentrations of compounds, as well as the 1/8X 

MIC combination of oregano oil and cranberry did not significantly reduce the colony count.  

Based upon the results of the Time Kill assay, both compounds seem to behave in a 

bactericidal fashion. However, given the observed variability, it is difficult to draw a clear 

conclusion about the interactive effects of oregano oil and cranberry extract. Synergy in a time 

kill assay is usually defined as a greater that > 2-log10 decrease in CFU(Belley et al., 2008). 
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CHAPTER 5  

DISCUSSION  

 

 

When exposing a microbe to two antimicrobial substances, a number of outcomes are 

possible in terms of the effect on the proliferation of the microbe. Their effect may be additive (the 

overall effect is the sum of the individual effects), it may be synergistic (the overall effect is greater 

than the sum of the individual effects), or it may be antagonistic (the overall effect is less than the 

individual effects)(Balouiri, 2016; Bonapace et al., 2002). In order to achieve the maximal 

antimicrobial effect with the minimum of exposure to the antimicrobial substances, synergism is 

the ideal outcome, followed by an additive effect. An additive interaction, though less intense that 

synergy, can still offer a number of significant benefits in a clinical setting. This is especially true 

if one or both of the compounds are significantly toxic or caustic. As an example, both additive 

and synergistic effects make it possible to use lower concentrations of the compounds than would 

be required if treating with a single compound alone. 

 It is important to understand the strengths and the limitations of both the checkerboard and 

the time-kill assays. Both assays are typically able to detect interactive effects of paired 

antimicrobial compounds (additive, synergistic, or antagonistic). However, checkerboard assays 

are somewhat more qualitative in nature, because they only look at whether or not there is growth 

present in a given well on the multi-well plate. Time kill assays are more quantitative in nature as 

they rely on colony counts to determine the interactive effect of the paired compounds. Because 

the checkerboard assay relies on the “growth-no growth” interface, it is not able to provide 

information on whether or not a pair of compounds are able to either inhibit (bacteriostasis) or kill 

bacteria (bactericide) and to only able to give information about the type of antimicrobial 
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interaction (additive, synergistic, or antagonistic). Time kill assays, by contrast, are able to often 

determine the nature of the interactive effect as well as give important information on the kinetics 

of  the antimicrobial effect (rapid vs. slower effect)(Balouiri, 2016; Belley et al., 2008). 

Although they can provide more information, Time kill assays have a significant limitation 

in the much greater time and resources that are required to complete them. To run a time kill assay 

with multiple reps can easily require over 100 plates for a single pair of antimicrobial compounds 

and the time required to set up, run, and evaluate a time kill assay is also greatly increased 

compared to the checkerboard assay. For this reason, checkerboard assay is a useful tool for 

determining initial possible synergistic reactions. By performing a checkerboard assay first, it is 

possible to isolate pairs with the highest likelihood of being synergistic and then run a time-kill 

assay on the best candidates. This is a good way to save both time and resources by making sure 

time kill assays are used with antimicrobial compounds pairs that are most likely to be synergistic 

instead of all pairs of compounds. 

There are a number of reasons that MGO, oregano oil, and cranberry extract were chosen 

to be the antimicrobial pairs tested for this study. One important factor used for choosing potential 

compounds for pairing is for them to have different mechanisms of action. It is often the case that 

antimicrobial pairs with synergistic effects have different mechanisms of action that complement 

each other in a way that will yield a much greater effect when a microbe is exposed to both 

simultaneously(Alalaiwe et al., 2018). An example would be one member of a pair that has the 

capacity to interfere with some internal process in the microbe and another that damages the cell 

wall in such a way that facilitate the entry of the first member of the pair. In effect, these two 

compounds are acting together in an efficient way in order to inhibit or destroy the bacterial cell. 
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Cranberry extract has been shown in previous studies to inhibit cell growth by preventing 

bacterial cells from adhering to cell walls  of the host(Lian et al., 2012). Oregano oil mainly 

disrupts membrane potential, and thus interferes with any cellular action that utilizes the membrane 

such as ATP synthesis or efflux pumps(Lu et al., 2018). MGO has been shown to inhibit DNA and 

RNA synthesis by potentially acting with guanine residues (Krymkiewicz, Dieguez, Rekarte, & 

Zwaig, 1971). Furthermore, previous work by Dr. Alisha Prince has shown that both RE cranberry 

extract and MGO had a synergistic antimicrobial effect against Streptococcus mutans. Both S. 

mutans and MRSA are gram-positive cocci, so this suggests that they will likely have a useful 

level of inhibitory activity against MRSA as well. 

The checkerboard assay data indicates that the combination of cranberry extract and 

oregano oil, cranberry extract and MGO, and oregano oil and MGO are in the additive to 

synergistic range. The most likely candidate for synergy based upon the checkerboard assay was 

the combination of oregano oil and cranberry extract. The variation of the results from our time 

kill assay makes it difficult to distinguish synergy from additivity when using cranberry extract 

and oregano oil. However, the results clearly indicate that both oregano oil and cranberry extract 

are bactericidal in their action and very rapid in exercising their antimicrobial effect. 
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CHAPTER 6 

FUTURE DIRECTIONS 

 

 

Knowing the effects and kinetics of pairs of compounds against bacteria allows for 

important and informed next steps to be taken. One of these steps involves the testing of pairs or 

individual antimicrobial compounds with existing antibiotics that are no longer deemed useful or 

effective against MRSA. By pairing these compounds with antibiotics, it has occasionally been 

shown that one can rescue the antimicrobial activity of that antibiotic(R. E. Jenkins & Cooper, 

2012; Uzair et al., 2017). This is an especially important line of inquiry, because in situations 

where there is not much monetary incentive to develop new antibiotics, and also given how quickly 

a microbe may acquire resistances to these antibiotics when antibiotics are used alone, the ability 

to rescue activity of existing antibiotics is an important tool. Further, pairing an antibiotic with 

other antimicrobials even before antibiotic resistance emerges, may one day offer a better option 

for avoiding the loss of a helpful antibiotic (i.e., avoiding antibiotic resistance through better 

antibiotic stewardship). It has long been known that by using two compounds instead of just one, 

there is an exponentially lower likelihood that a bacterium will acquire resistance over the course 

of treatment. Further, pairing antimicrobial compound with antibiotics allows one use antibiotics 

at a lower level, a useful feature for those antibiotic with undesirable side effects. (Lu et al., 2018). 

Establishing the kill kinetics of antimicrobial compounds is a useful start. These findings 

can directly inform treatment parameters like the length of treatment needed and the likelihood of 

attaining a useful therapeutic effect. MRSA most commonly manifests itself as some type of  skin 

infection (Hu et al., 2015). For this type of infection, a topical treatment would often be the most 

appropriate. In this case, any of the compounds used to fight the infection must not be toxic or 
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caustic to the treated tissue. The advantage of utilizing an additive or synergistic interaction is that 

it is possible to reduce the concentration of a compound that is more toxic than another. This could 

also prove valuable with intravenous treatment should the infection disseminate to the blood. 

However, much more work would need to be done to understand how these compounds effect 

human tissues in an in vivo line of experimentation. 

If, in the future, these results are applied to the problem of antibiotic rescue, then this opens 

up a number of useful areas of future inquiry. Among these areas is to open up an examination of 

the molecular mechanism by which the rescue works. Some researchers have already been 

successful at establishing what genes other antimicrobial compounds act on to accomplish 

antibiotic rescue(Selvaraj et al., 2020). For example, the gene mec A codes for proteins that allows 

MRSA to produce a specific penicillin-binding protein (PBP) called PBP 2’ (or PBP 2a) that 

possesses reduced affinities for binding to ␤-lactam antibiotics(Ma et al., 2002). Additionally, 

instead of exploring the effect of treatment on one gene, one could explore more systemic changes 

in gene expression with tools like microarray technology. 

Another very important future step would be determining if antimicrobial compounds can 

be used to inhibit MRSA growth in an in vivo setting. There have been data in both mouse skin 

and mouse burn wounds but it is an area the needs to be further explored(Lu et al., 2018). Countries 

with fewer economic resources and less access to antibiotics could greatly benefit from cheaper 

antimicrobial compounds as potential substitutes or as a way to minimize the amount of antibiotics 

that that have to purchase. 

With the constant evolution of technology and the continued use of antibiotic husbandry, 

it may be possible to slow the emergence of new antibiotic resistant pathogenic strains. Utilizing 

existing compounds has the potential to significantly benefit this cause. By using all tools at our 
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disposal, the mortality associated with many of these antibiotic resistant compounds will hopefully 

decrease in the years to come.  
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APPENDIX A 

CHECKERBOARD ASSAYS 

 
Figure A.1 Checkerboard assay: Cranberry and MGO 

 
Figure A.2 Checkerboard assay: Cranberry  and MGO 
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APPENDIX A (continued) 

 
Figure A.3 Checkerboard assay: Cranberry and MGO 

  
Figure A.4 Checkerboard assay: Cranberry and Oregano oil 
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APPENDIX A (continued) 

 
Figure A.5 Checkerboard assay: Cranberry and Oregano oil 

 
Figure A.6 Checkerboard assay: Cranberry and Oregano oil 
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APPENDIX A (continued)  

 

 

 
Figure A. 7 Checkerboard assay: Oregano oil and MGO 

 
Figure A. 8 Checkerboard assay: Oregano oil and MGO  
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APPENDIX A (continued) 

 

 

 
Figure A. 9 Checkerboard assay: Oregano oil and MGO  
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APPENDIX B  

TIME KILL ASSAY  

 

 

 
Figure B. 1 Time kill assay: Negative control at all time points  

 
Figure B. 2 Time kill assay: Positive control at all time points 
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 APPENDIX B (continued) 

 
Figure B. 3 Time Kill assay: 1X Oregano oil at all time points  

 
Figure B. 4 Time Kill assay: 1/2X Oregano oil at all time points  
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APPENDIX B (continued) 

 

 

 
Figure B. 5 Time Kill assay: 1/4X Oregano oil at all time points  

 
Figure B. 6 Time Kill assay: 1X Cranberry at all time points 
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APPENDIX B (continued) 

 

 

 
Figure B. 7 Time Kill assay: 1/2 X Cranberry at all time points 

 
Figure B. 8 Time Kill assay: 1/4X Cranberry at all time points 
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APPENDIX B (continued)  

 

 

 
Figure B. 9 Time Kill assay: 1/4X Cranberry + 1/4X Oregano oil at all time points  

 
Figure B. 10 Time Kill assay: 1/8X Cranberry + 1/8X Oregano oil at all time points 


