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Chapter 1 Introduction 

1.1 Development of antibiotic resistance crisis 

1.1.1 Overview of antibiotics 

Antibiotics are medicines that are able to kill or inhibit the growth of bacteria and are 

relatively harmless for the hosts (WHO, 2003). They can be natural products, semi-

synthetic derivatives, and synthetic chemicals (Wright, 2010; Walsh, 2003). The first 

antibiotic penicillin was discovered by Alexander Fleming in 1928 and commercially 

introduced to treat bacterial infections in humans and animals in the 1940s (Aminov, 

2010). Then, antibiotic discovery entered the so-called “golden era” between the 1940s 

and the 1970s, as nearly all classes of antibiotics we use today were discovered in this 

period (Aminov, 2010; Powers, 2004). 

 

Antibiotics were seen as ‘wonder drugs’ in the 20th century. They can be used for many 

purposes. They can not only be used for therapeutic or prophylactic purposes in human 

and veterinary medicine, but also as growth promotion agents in animal husbandry and 

aquaculture (Davies & Davies, 2010). Since their introduction, infectious diseases have 

significantly reduced, numerous lives have been saved, and human life expectancy has 

been prolonged. Furthermore, since the onset of antibiotics, modern medical procedures 

such as organ transplantation, immunosuppressing cancer chemotherapy, complex 

surgery and treatment of auto-immune disease have become available. 

 

Therefore, antibiotics had profound effects on human society (McCarthy, 2015). 
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However, antibiotics are losing their efficacy due to the emergence and prevalence of 

drug resistance among bacteria (Rossolini et al., 2014).  

 

1.1.2 Overview of antibiotic resistance (ABR) 

Antibacterial resistance (ABR) also called antibiotic resistance, is the ability of bacteria 

to resist the effect of antibacterial drugs which are used to treat them and normally 

would kill them or inhibit their growth (CDC, 2013). Nowadays, ABR is recognized by 

the World Health Organization (WHO) as one of the biggest threats to global health, 

food security, and development (WHO, 2018).  

 

ABR can be found in bacteria including pathogens in people, animals, food, and the 

environment (in water, soil, and air), affecting human and animal health as well as the 

production of agriculture industries worldwide (WHO, 2018). The emergence of ABR 

is not new, but the magnitude of its development is unprecedented and has increasingly 

reached a dangerously high level (Levy & Marshall, 2004). According to the CDC 

(2013), in America alone, more than two million people get infected by antibiotic 

resistant bacteria and 23 thousand deaths are attributable to resistant infection each year. 

In addition, surveillance data from different countries and regions indicate that ABR, 

including multidrug resistance, is increasing among many common bacteria responsible 

for healthcare-associated and hospital-acquired infections all over the world (Neidell et 

al., 2012; ECDC, 2010). Now, the resistant proportion of some life-threatening 

pathogens is very high. For example, according to a WHO report (2014), in many 
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regions, over 50% of Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), and 

Klebsiella pneumoniae (K. pneumoniae) isolated from hospital and community settings 

are resistant to specified antibiotics commonly used for their treatment.  

 

1.1.3 The burden of antibiotic resistance  

The rapid development of ABR has resulted in reduced efficiency or even inactivation 

of all current classes of antibiotic, creating a colossal clinical and financial burden for 

individuals and society (WHO, 2004). 

 

The clinical burden caused by the ABR crisis is huge (WHO, 2004). First of all, 

antibiotic resistant bacteria are difficult to treat, forcing healthcare systems to use higher 

doses or alternative drugs, which increases toxicity for patients (Clarke, 2006). 

Secondly, patients with antibiotic-resistant infections have been found to have longer 

hospital stays and higher mortality than those with antibiotic-susceptible infections, 

which is doubtless an enormous burden for patients and the healthcare system (ECDC, 

2015; Maki, Safdar, & Ebert, 2007). According to the research reports, the average 

length of hospital stay was extended by 6.4-12.7 days and mortality was fivefold higher 

for patients infected by antibiotic-resistant pathogens (Chandy et al., 2014; Golkar, 

Bagasra, & Pace, 2014). Thirdly, long illness among antibiotic-resistant patients 

increases the risk of the spread of resistant bacteria to others, causing an even greater 

burden for healthcare systems (Friedman, Temkin, & Carmeli, 2016). Finally, the 

inefficiency of antibiotics resulting from ABR leads to a greater risk of complications 
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after advanced medical procedures, threating the achievement of modern medical 

advances (O’Neill, 2016; Wright, 2015).  

 

The economic impacts caused by ABR are striking. Firstly, ABR increases healthcare 

costs due to the specific treatment required (consultation, screening, new generation 

antibiotics) as well as the longer length of hospital stay (healthcare resources 

consumption) (Golkar et al., 2014; WHO, 2012). According to the report of O’Neill 

(2016), antibiotic-resistant infections annually cause 20 billion USD extra cost in total 

in America. Secondly, productivity losses resulting from resistant infections of workers 

pose a huge burden for both family and society. Thirdly, international travel and food 

trade are limited by concerns of cross-border contamination of antibiotic-resistant 

pathogens through travel or trade of animals and food (WHO, 2012). There are still 

many additional burdens including, but not limited to, patient pain, consequent 

disability, and psychosocial costs.  

 

1.1.4 Causes of the rapid development of antibiotic resistance  

While the current rapid development of ABR worldwide is driven by many factors, the 

use of antibiotics is the single most important factor (CDC 2013). In fact, the emergence 

of ABR is a natural phenomenon. Resistance was observed before the human 

applications of the antibiotic. For example, penicillinase, an enzyme able to degrade 

penicillin of bacteria, was identified before the introduction of penicillin as a 

therapeutic (Abraham & Chain, 1940). Indeed, it has been demonstrated that some 
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resistance genes (r genes) encoding ABR are ancient and originate from environmental 

microorganisms (D'Costa et al., 2011; Allen et al., 2009). These pre-existing r genes 

can be transferred to entire microbial communities including bacterial pathogens 

through different mechanisms of horizontal gene transfer (HGT) (Boto, 2010). Thus, 

HGT plays a critical role in the wide dissemination of ABR. In addition, r genes can 

also be generated spontaneously through mutation (Munita & Arias, 2016). Although 

mutation is a random and low probability event (in vitro rates of 1×10-5-1×10-8), when 

huge bacterial populations and short generation times are considered, the emergence of 

r genes becomes inevitable (Sykes, 2010; Catry et al., 2003). Therefore, the occurrence 

of ABR is a natural process throughout eons of bacterial evolution which is difficult to 

control.  

 

However, widespread anthropogenic applications of antibiotics have accelerated this 

natural process, leading to the current rapid development of ABR. It has been observed 

that antibiotic use has a significant link with the rapid emergence and wide 

dissemination of resistant bacteria (Davies & Davies, 2010). Both lethal dose (> = 

minimum inhibitory concentration [MIC]) and sub-lethal dose (< MIC) usage of 

antibiotics can provoke the development of ABR. Furthermore, research indicates that 

sub-lethal dose exposure is more problematic (Sandegren, 2014; Rodríguez-Rojas et al., 

2013).    
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On the one hand, both lethal dose and sub-lethal dose usage of antibiotics can promote 

the development of ABR by providing a selective advantage for pre-existing resistant 

bacteria (Drlica, 2003). When bacteria are exposed to antibiotics, Darwinian natural 

selection takes over; susceptible bacteria are killed or their growth is inhibited, but the 

rare pre-existing resistant mutants are able to survive and reproduce. As a consequence, 

the surviving resistant bacteria will gradually predominate in the bacterial community, 

resulting in a significant enrichment of resistant bacteria.  

 

On the other hand, sub-therapeutic dose usage of antibiotics can accelerate the 

development of ABR by supporting more genetic alteration (Blázquez et al., 2012). 

Firstly, sub-lethal dose antibiotics can confer a selective advantage on mutators 

(bacteria have increased mutation rates), helping in the stepwise selection of r genes 

(Andersson & Hughes, 2012; Mao et al., 1997). Secondly, sub-lethal dose antibiotics 

can increase mutagenesis by providing SOS responses, translational misreading and the 

generation of mutagenic oxygen radicals (Baharoglu & Mazel, 2014; Kohanski, 

DePristo, & Collins, 2010; Balashov & Humayun, 2002). Thirdly, sub-lethal dose 

antibiotics are capable of increasing HGT in bacteria (Hughes & Andersson, 2012). 

These changes caused by the use of sub-lethal dose antibiotics can increase the 

emergence and dissemination of resistant bacteria, speeding up the development of 

ABR. In addition, sub-lethal dose antibiotics may interfere with the physiological 

processes of bacteria, increasing the virulence of resistant bacteria (Rodríguez-Rojas et 

al., 2013; Blázquez et al., 2012). This adds another dimension problem to the 
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development of ABR. 

 

In conclusion, resistance to antibiotics is an inevitable process of bacterial evolution, 

but the overuse and misuse of antibiotics promote the development of this process, 

leading to the rapid enrichment and wide dissemination of the antibiotic resistant 

bacteria. Although it is widely understood that any use of antibiotics can favor the 

development of ABR, antibiotics are still overprescribed worldwide. It is estimated that 

the total amount of annual consumption of antibiotics in the world is 100,000 to 200, 

000 tonnes (M. Wang & Tang, 2010). Actually, in many countries, a large proportion of 

the total production of antibiotics is used in the food-producing animals. Taking the 

USA for example, about 80% of the total antibiotics is sold for livestock animals (Hollis 

& Ahmed, 2013). Therefore, the issue of the antibiotics used in livestock animals 

should be seriously considered. 

 

1.2  Livestock use of antibiotics as a major driver of ABR 

1.2.1 Application of antibiotics in livestock animals 

Currently, antibacterial agents are essential to modern livestock production systems. 

They are generally used for four purposes, including disease treatment, prevention and 

control as well as growth promotion. The introduction of antibacterial agents into food 

animals goes back over 60 years. During the latter stage of World War II, antibiotic 

penicillin was first introduced to treat bovine mastitis by veterinarians, resulting in a 

significant advance of this disease treatment in dairy animals (Gustafson & Bowen, 
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1997). Soon after this successful introduction, antibiotics began to be widely utilized 

for the treatment of various infectious diseases in food animals, such as pneumonia in 

calves and swine dysentery (Scheidy, 1951). Following the war, studies increasingly 

observed that low-dose antibiotics were able to enhance the growth rates and feed 

efficiency of livestock animals such as poultry, swine, and cattle, when integrated into 

the feed (Wahlstrom, Terrill, & Johnson, 1950; Stokstad & Jukes, 1949; Moore & 

Evenson, 1946). The commercial implications of this sub-therapeutic application of 

antibiotic for food animals were immediately appreciated. In 1951, the Food and Drug 

Administration (FDA) in United States approved the use of antibiotics as a growth 

promoter in animal production without veterinary prescription (Jones & Ricke, 2003).  

 

The current consumption scale of antibacterial agents in livestock production is huge. 

According to the WHO (2012), the current antibiotic consumption by food animals 

accounts for over 50 percent of the total global antibiotics usage. In America, 

antimicrobial consumption by animals is approximately four times greater than that 

used by humans (Maron, Smith, & Nachman, 2013). In the EU, current antibiotic 

consumption levels by animals and humans amount to 8927 tonnes and 3821 tonnes, 

respectively (European Medicines Agency [EMA], 2017). Due to the increasing global 

animal food demand, the total antibiotic consumption in food animals is predicted to 

increase by 67%, from 63,151 tons in 2010 to 105,596 tons in 2030 (Van Boeckel et al., 

2015).  
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Among the total use of antibiotics in animal husbandry, most of them are employed at 

sub-therapeutic doses, in which antibiotics are used for disease prevention and growth 

promotion. In the U.S., it is estimated that approximately 80% of the total antibacterial 

agents used in food animals is primarily administered for non-therapeutic purposes. In 

fact, the usage of antibiotics for disease prevention and as a growth promotor are 

inevitable. On the one hand, demand for food animal products has increased 

dramatically in step with the rapid growth of the global population. The use of antibiotic 

at sub-therapeutic dose in livestock animals feed can effectively relieve these food 

demand pressures, because this antibiotic usage has been demonstrated to promote the 

growth rate of the animals and also to enhance feed efficiency and improve meat quality 

(Chattopadhyay, 2014; Miles et al., 2006; Van Lunen, 2003; Cromwell, 2002). On the 

other hand, in modern industry farming, livestock animals are usually reared indoor - 

in large scale, which compromises the health of the animals and encourages the spread 

of the infectious diseases (Humphrey, 2006). To prevent infectious diseases and to 

maintain the health and productivity of animals in intensive conditions, it is useful for 

livestock producers to treat entire groups of animals with a moderate dose of antibiotics 

before the occurrence of disease symptoms in animals.  

 

1.2.2 Adverse effects caused by the use of antibiotics in livestock animals 

It is undeniable that the use of antibiotics in food animals provides a lot of benefits for 

modern farming, while these usages may cause some adverse effects such as antibiotic 

resistance and antibiotic residues, which may pose risks for human health. 
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Antibiotic resistance associated with antibiotic use in livestock animals and its 

impact on human health 

As mention previously, any concentrated use of antibiotics, in particular sub-therapeutic 

usage, can speed up the evolution and spread of the ABR. Since a large part (50%-80%) 

of the total antibiotic use is employed in livestock animals and most of them are utilized 

at a sub-lethal dose, antibiotic use in livestock animals is considered to be a major 

contributor to the current ABR crisis.  

 

In fact, at the very beginning of the use of antibiotics in food animals, resistant bacteria 

were detected in food animals. For example, in 1951, streptomycin-resistant coliform 

bacteria were isolated from turkeys fed with streptomycin (Starr & Reynolds, 1951). 

Over the 60-year application of antibiotics in livestock animals, cases of resistance to 

single or multiple antibiotics in livestock have been continually reported (Price et al., 

2012; Elliott & Barnes, 1959). Many studies have demonstrated the relationship 

between the use of antibiotics in livestock animals and the increasing prevalence of 

resistant bacteria in these animals. For example, Alexander et al. (2010) demonstrated 

that the amount of ampicillin- and tetracycline-resistant E. coli isolated from cattle fed 

with chlortetracycline and sulfamethazine was three to four times higher than that from 

antibiotic-free cattle. Antibiotic resistance in food-producing animal pathogens may 

lead to treatment failure and directly compromise the health and welfare for the animals, 

which may bring on economic losses in farming industries (Bengtsson & Greko, 2014). 

However, antibiotic resistance in animal bacteria could also pose threat to human health, 
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because the r genes and pathogens in animals may be transferred to humans and lead to 

therapy failure of infectious diseases in human medicine. Resistant bacteria from 

livestock animals can transmit to humans through different pathways, such as direct 

contact with infected animals (farm workers and slaughterers are at a higher risk), the 

food chain (consumption of contaminated food) and environmental routes (water, soil, 

air) (Silbergeld, Graham, & Price, 2008). In addition, resistant bacteria in farm animals 

can horizontally share their r genes to human pathogens through their mobile genetic 

elements, such as plasmids and transposons (Marshall & Levy, 2011). There are 

numerous examples for animals-to-human spread of resistant bacteria and genes 

(Anderson & Sobsey, 2006; Burgos, Ellington, & Varela, 2005; Sørensen et al., 2001; 

Tacket et al., 1985; Levy, Fitzgerald, & Macone, 1976). 

 

Since most of the antibiotic agents used in livestock animals have a structural 

relationship with those used by humans, the use of antibiotics in food animals could 

produce cross-resistance to that used by humans (Whitman, Coleman, & Wiebe, 1998). 

To preserve antibiotic efficacy for both human and veterinary medicine, there is a need 

for some measures to decline the use of antibiotics in livestock animals. 

 

Human health impacts of antibiotic residues in animal foodstuff 

The use of antibiotics in livestock animals may also lead to antibiotic residues in food 

of animal origin, such as eggs, milk and meat (Darwish et al., 2013). These residues 

may cause diverse side-effects in humans, including immunopathological effects, 
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autoimmunity, carcinogenicity, mutagenicity, nephropathy, hepatotoxicity, 

reproductive disorders, bone marrow toxicity, allergy reaction, and so on (Nisha, 2008). 

Cases have been reported of antibiotics such as penicillin and streptomycin in meat 

causing allergic reactions in humans (Raison-Peyron et al., 2001; Tinkelman & Bock, 

1984). In addition, when antibiotic residues enter the human body, they will also 

provide selective pressure to the intestinal microbial community, leading to antibiotic 

resistance (Corpet, 1987). Due to the adverse effects of antibiotics, customers are 

increasingly concerned about safety of the food from animals with the use of synthetic 

antibiotics. As a result, the demand for natural antibacterial alternatives is increasing. 

 

1.2.3 Global restriction of antibiotics used in agriculture animals  

Due to the increasing concerns regarding antibiotic resistance and antibiotic residues, 

many countries have restricted or banned the use of antibiotics in food animals. In fact, 

Denmark passed regulations to ban the prophylactic use of antibiotics in livestock as 

long ago as 1996. In 2006, an EU-wide ban was issued on the use of antibiotics as 

growth promoters in animal feed (European Commission, 2005). In 2017, antibiotics 

were banned for growth promoting purposes in the USA (Salim et al., 2018). The WHO 

also published a guideline on medically important antimicrobials used in livestock, 

aimed at reducing their usage in food animals to preserve the effectiveness of those 

antibiotics (WHO, 2017). 
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According to the surveillance data, the restrictions on the use of antimicrobials in farm 

animals can effectively decrease the incidence of antibiotic resistance. An early study 

showed the clinical reports of antibiotic-resistance in Sweden did decline after 2 years 

as a consequence of the ban on antimicrobial growth promotor (Wierup, 2001). Other 

countries such as Denmark, Germany and the Netherland also reported a significant 

decline in the emergence of antibiotic resistant enterococci in the feces of animals after 

restriction (DANMAP, 2003; DANMAP, 2002;  van den Bogaard, Bruinsma, & 

Stobberingh, 2000; Klare et al., 1999).    

 

However, it may be very difficult for other countries to ban the use of antibiotics in 

food animals duplicating Denmark. The inadvisable restriction of antimicrobials may 

indirectly increase the demand for therapeutic antibiotic treatment of food animals 

(Aarestrup et al., 2010). In addition, with regards to economic profit, there are still 

many countries without formal restrictions on the use of antibiotics in food animals, 

such as Canada, China (excluding Hong Kong), Australia, Brazil and the Ukraine 

(Maron et al., 2013). The ban on antimicrobial growth promotor may also result in 

higher costs for customers and producers, particularly in poorer countries, where the 

impact to the economy may be even higher (Laxminarayan, Van Boeckel, & Teillant, 

2015; Hayes & Jensen, 2003). 
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1.2.4 Call for antibiotic alternatives 

Due to the rapid development and wide spread of ABR, all the first-line and the last-

resort antibiotics are losing their efficiency (Chaudhary, 2016). Reducing usage of 

antibiotics and inhibiting the dissemination of antibiotic resistance is currently of 

international importance. In addition, development of novel antimicrobials should be 

enhanced worldwide. As a result of technical difficulties and the high cost of discovery 

of the novel synthesis antibiotics, it isn’t a feasible way to cope with the crisis of 

antibiotic resistance by discovering new synthesis drugs. 

 

Studies of alternatives to antibacterial agents have come to the forefront in recent years 

(McKenna, 2003). The current research into antibiotic alternatives has mostly focused 

on bacteriophages, vaccines, plant-based natural products (medicinal plants and some 

by-products) and antimicrobial peptides (bacteriocin) among others.  

 

Bacteriocin is a kind of ribosomal synthesized peptide produced by bacteria, which 

presents antimicrobial activity against other bacteria that do not have the same specific 

immunity proteins. Bacteriocin is sensitive to proteases and so is generally harmless to 

humans (Bowdish, Davidson, & Hancock, 2005). However, the current use of 

bacteriocin is mostly in food and animals and there is still little knowledge of its 

application in human medicine. Furthermore, acquisition of resistance to bacteriocin 

has been detected on some species of microorganism (Mazzotta, Crandall, & Montville, 

1997; Ming & Daeschel, 1993).  
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The bacteriophage was discovered by Frederick Twort and Felix d’Herelle 

independently in 1915 and 1917 (Herelle, 1917; Twort, 1915) and bacteriophage 

therapy has been practiced for almost a century. Due to increasing concerns over 

antibiotic resistance, interest in this therapy has been generally renewed. Although 

research indicates that bacteriophage can effectively infect and lyse specific pathogens, 

the current application of bacteriophages is still limited and most countries including 

the EU do not approve bacteriophage products for human use (Nannapaneni & Soni, 

2015; Goodridge & Abedon, 2003) (For a good review, see "Phage therapy in the food 

industry" of Endersen et al. (2014) ). There is also the risk of resistance during 

bacteriophage therapy (Barrangou et al., 2007; Labrie, Samson, & Moineau, 2010). 

Nevertheless, a recent study reported bacteriophages inhibited the multiple drug 

resistant bacteria and successfully treated a patient in actual practice (Schooley et al., 

2017). 

 

Vaccines are a promising alternative to antibiotics which have generally been 

overlooked in public debate. A recent study showed that rational use of vaccines on 

food animals can reduce the consumption of antibiotics (Murphy et al., 2017; Adam, 

2009). However, vaccines also have their limitations as replacements for antibiotics. 

Current vaccines are unable to effectively prevent and inhibit some specific but 

important food animal diseases independently and need to be used in association with 

antibiotic (Adam, 2009). The innovation of novel vaccines is often accompanied by 

high costs and a long-term laborious administration protocols. Efficacy, safety and 
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user-friendliness are the main reasons that current vaccines have not replaced antibiotic 

use in livestock animals. 

 

Although researchers have found many potential alternatives to antibiotics, they are 

still in the development stage and do not perform well in combat with antibiotic 

resistance. 

 

1.3 Plant-based natural products as a source of antimicrobial agents 

1.3.1 Overview of plant-based natural products  

A natural product is a kind of chemical compound or substance produced by a 

microorganism, an animal or a plant and usually has pharmacological or biological 

functionalities. Natural products have been the most successful source of potential new 

drugs in the past few decades (Cragg & Newman, 2005; Butler, 2004; Haefner, 2003). 

Furthermore, in-depth studies have been carried out over the past several decades to 

exploit natural products, particularly plant-based natural products, as alternatives to 

synthetic antibiotics.  

 

In fact, the use of plants as medicine has been described throughout human history. 

Those plants have lived over millions of years and survived under the multiple threats 

posed by bacteria, fungi and insects by producing unique, structurally diverse 

secondary metabolites. Among the most famous and well-known plant-based natural 

products to date are Paclitaxel, Artemisinin and Morphine (Konstat-Korzenny et al., 
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2018; DerMarderosian, Beutler, & John, 2005; Cragg, 1998). Modern research has 

found that herbal plants are rich in bioactive compounds which possess a wide range of 

antibacterial activity against both Gram-positive and Gram-negative bacteria (Pisoschi 

et al., 2018). Those antibacterial compounds can be classified into several major 

categories as follows: phenolics and polyphenols (including simple phenols, phenolic 

acids, quinones, flavonoids, flavones, flavonils, tannins and coumarins), terpenoids, 

essential oils (EOs), alkaloids, lectins and polypeptides, and polyacetylenes (Cowan, 

1999). Most of these phytochemicals are secondary metabolites, which usually act as 

plant defense mechanisms, providing plants with odors, pigment and flavor to prevent 

predation and infection by insects, microorganisms, and herbivores (Cowan, 1999).  

 

The pure compounds isolated from plants exhibit strong antibacterial activity. For 

example, Orhan et al. (2010) showed that flavonoids isolated from medicinal plants 

were active against P. aeruginosa, A. baumanni and S. aureus in 32 -128 µg/ml. In 

addition, alkaloids derived from lupine and capsaicin showed high activity against B. 

subtilis with MIC values of .062 (Erdemoglu, Ozkan, & Tosun, 2007) and .002-0.62 

(Özçelik, Kartal, & Orhan, 2011), respectively, which are close to those of standard 

antibiotics.  
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1.3.2 The current study of plant-based natural products on antibacterial 

activity 

The current researches of antimicrobial plant-based natural products mostly focus on 

spices and herbs since they have been found to contain many bioactive compounds and 

substances, increasingly becoming one of the most important sources of investigating 

natural alternative of antibiotic.  

 

Spices and herbs have been used as far back as 2000 years ago, not only as flavoring 

and tasting agents but also as folk medicine and food preservatives (Shan et al., 2007). 

Research has shown that they contain a wide variety of bioactive compounds such as 

phenols, alcohols, aldehydes, ketones, ethers and hydrocarbons that have several 

functionalities including antibacterial activity (Tajkarimi, Ibrahim, & Cliver, 2010). 

The EOs derived from herbs and spices are principally responsible for antimicrobial 

activities and these EOs are natural mixtures of more than 70 different compounds, 

which are mostly hydrocarbons, oxygen-containing (such as alcohols, aldehydes, 

ketones, carboxylic acids, esters, lactones) and sulphur-containing compounds, and 

some of them constitute up to 85% of the total oil content (Pisoschi et al., 2018; 

Martínez-Graciá et al., 2015). It has been demonstrated that EOs derived from herbs 

and spices can act against a variety of Gram-positive and Gram-negative bacteria such 

as L. monocytogenes, Salmonella Typhimurium, Escherichia coli O157:H7, Shigella 

dysenteriae, Bacillus cereus and Staphylococcus aureus at the concentrations between 

0.2 and 10 µl/ml (Tajkarimi et al., 2010).  
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Furthermore, studies show that some common herbs and spices, such as oregano, 

cinnamon, rosemary, thyme, basil, ginger, garlic and clove, have significant 

bacteriostatic properties and have been successfully applied alone or combined with 

other preservation methods to enhance storage stability (Gutierrez, Barry-Ryan, & 

Bourke, 2008; Burt, 2004). However, most of the significant antimicrobial activities 

require a high concentration of these plant extracts, leading to negative organoleptic 

effects which limit the application of these herbs and spices (Martínez-Graciá et al., 

2015).  

 

1.3.3 Plant food by-products as antibacterial  

According to data from the European Parliament in 2012, 88 million tons food waste 

are produced in Europe every year, equivalent to 173 kilos per person and 72% of which 

were from food processing and households (European Parliament, 2017). This waste 

annually causes financial loss of at least 143 Euros per person (European Commission, 

2016). Although fruit and vegetables have large edible portions, the amounts of  by-

products such as peel, seed and pomace in households and the food industry produced 

are still tremendous (Tiwari, Brunton, & Brennan, 2013). These plant-food by-products 

are usually prone to microbial spoilage, which might affect the environment and human 

health (Rawat, 2015). 

 

However, these plant-food by-products have the potential to be converted into value-

added products since they contain various valuable substances that have several health 
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functions including antibacterial activity in a wide range of bacteria including Gram-

positive and Gram-negative bacteria. The antibacterial compounds usually found in 

plant-food by-products include phenolic constituents, carotenoids, EOs, organic acid, 

active peptides, saponins, and sterols (Guil-Guerrero et al., 2016; Gyawali & Ibrahim, 

2014). Moreover, research indicates that some by-products possess a higher percentage 

of bioactive compounds than the edible parts or contain unique antibacterial compounds 

that are not found in the edible parts (Ayala-Zavala et al., 2011; Rupasinghe et al., 2008). 

Some plant -food by-products exhibit strong antibacterial activity against a wide range 

of bacteria. I will briefly describe the antimicrobial activity of some plant-food by-

products as follows: 

 

1) Grape pomace 

Grape is one of the largest fruit crops around the world, with the production of over 60 

million tons every year. Most grapes are used in wine production and grape pomace 

generated during grape processing account for almost 20% of the raw material (Tiwari 

et al., 2013). Diverse bioactive compounds such as catechins, epicatechin, flavonol 

glycosides, stilbenes and so on have been found in the grape by-product (Schieber, 

Stintzing, & Carle, 2001; Souquet et al., 1996). According to Sagdic et al. (2011), grape 

pomace extracts were shown to effectively inhibit the growth of Enterobacteriaceae, S. 

aureus, Salmonella, Enterococci, and Coliform bacteria in patties at concentrations of 

1% to 10% during storage at 4 ℃. 
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2) Pomegranate peels 

Pomegranate (Punica granatum L.) is an important edible fruit, consumed worldwide. 

Pomegranate peel is the major by-product of pomegranate processing, consisting of 

approximately 26-30% of total fruit weight (Ismail, Sestili, & Akhtar, 2012). 

Pomegranate peel has been used for centuries in traditional medicine for the prevention 

and treatment of several diseases (Al-Zoreky, 2009). They are rich in phenolic 

compounds such as hydrolysable tannins and flavonoids, which have remarkable 

antimicrobial activity (Matthäus & Özcan, 2016; Voravuthikunchai et al., 2004). It was 

reported that pomegranate peel extracts showed good antimicrobial activity against 

Gram-positive bacteria such as Staphylococcus aureus and Bacillus cereus at the MIC 

of 0.01%, and Pseudomonas (Gram-negative) at a concentration of 0.1% (Kanatt, 

Chander, & Sharma, 2010).  

 

3）Cassava 

Some reports have shown that cassava (Manihot utilissima) has antimicrobial 

properties. It is a staple food in Asia and Latin America (Joseph, Yeoh, & Loh, 2001). 

Studies show that the root and leave of cassava contain a large amount of carbohydrates, 

proteins and other substances such as vitamins, minerals, dietary fibers and cyanogenic 

glucosides (Enidiok, Attah, & Otuechere, 2008; Castellanos, Altamirano, & Moretti, 

1994; Bradbury & Holloway, 1988). Research also shows that the phenolic compounds 

(mainly Rutin) extracted from cassava display antimicrobial activity on S. aureus and 

B. cereus (Salawu et al., 2011). 
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1.3.4 The antimicrobial potential of apple and potato peel  

Apples and potatoes are the commonly eaten fruit and vegetables, which are part of the 

daily diet for millions of people worldwide. A survey from Oreopoulou and Tzia (2007) 

places the annual worldwide consumption of apples and potatoes at 12 and 300 million 

Mt, respectively. Pomace and peel are the main by-products of apple. Every year, 

approximately 4 million Mt of apple by-product are produced. Potato waste is mostly 

made up of by-products such as peel. 44 to 134 million Mt of potato by-product are 

produced as a result of industrial food-processing every year, and the amount of potato 

waste produced by households might be even greater. Research has found that apples 

and potatoes contain a great source of high-value bioactive compounds which have 

potential antioxidant and antimicrobial properties. Since these plentiful by-products are 

inexpensive, safe and environmentally friendly, they are the ideal candidates as 

alternatives to conventional antibiotics. However, up until now, investigation into the 

antibacterial properties of plant-food by-products has been limited. Therefore, further 

investigation into the antibacterial activity of plant-food by-products and their 

application in humans and animals should be encouraged. 

 

The antimicrobial potential of apple peel  

Apples play an important role in the human diet. Every year, a large portion of apples 

are further processed into juice, sauce, pies, and canned slices globally and millions of 

tons of consequent by-products are created in these productions (Rupasinghe et al., 

2008; Oreopoulou & Tzia, 2007). Apple peel is one of the main by-products and a good 
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source of phenol compounds with antioxidant and antimicrobial activity, including 

catechins, hydroxycinnamates, phloretin glycosides, quercetin glycosides, and 

procyanidins (Schieber, 2001). Moreover, apple peel has a higher concentration of the 

total phenolic compounds than the flesh and some flavonoids such as quercetin 

glycoside and cyanidin glycosides are exclusively found in the peel (Rupasinghe, 

Kathirvel, & Huber, 2011; Wolfe & Liu, 2003). Studies also illustrate that the apple 

peel extracts significantly inhibit Bacillus cereus, Escherichia coli serotype O157:H7, 

Staphylococcus aureus and Pseudomonas fluorescens (Agourram et al., 2013; Fratianni, 

Coppola, & Nazzaro, 2011). Other references of antimicrobial compounds in apple 

were showed in table 1. Therefore, apple peel is a good source of natural antimicrobials 

and could be used as an alternative to conventional antibiotics. 

 

The antimicrobial potential of potato peel 

Potato (Solanum tuberosum L.) is one of the most important and largest agriculture 

crops for human consumption in the world, following wheat, rice and maize, with an 

estimated 368 million tons production in 2013 (Akyol et al., 2016). A very large portion 

of the fresh potatoes are peeled and processed into mash, fries, chips and ready meals, 

which creates huge quantities of potato peel accounting for 15% to 40% of the total 

potato mass (Sepelev & Galoburda, 2015). These potato peels are generally discarded 

as zero value waste, but actually they contain various valuable phenolic compounds, 

including chlorogenic, caffeic, gallic, and protocatechuic acids, which are known to 

have several functionalities including antioxidant and antibacterial activity (Rodriguez 
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De Sotillo, Hadley, & Wolf-Hall, 1998). Some studies demonstrated that the potato 

peel extracts displayed antimicrobial activity against both Gram-positive (Salmonella 

Typhimurium and Pseudomonas aeruginosa) and Gram-negative bacteria (Bacillus 

cereu) (Juneja et al., 2018; Rodriguez De Sotillo et al., 1998). Other references of 

antimicrobial compounds in potato were showed as in table 1. Therefore, potato peel 

has potential to be a natural antibacterial. 

 

Table 1 The antimicrobial compounds of apple and potato in existing researches 

Compounds References 

Apple 

Catechin, Chlorogenic 

acid and Phlorizin 
Muthuswamy and Rupasinghe, 2007 

Tannins Yanagida et al., 2000 

Phenolic compounds Tian et al., 2010 

Potato 

Phenolic acid Singhai et al, 2011 

Flavonoids Rauha et al., 2000 

 

1.3.5 The application of plant food natural product in livestock 

Since 2006, the EU has banned the use of antibiotics as growth promotors in food 

animals to reduce the risk of contamination in food as well as human antibiotic 

resistance. In addition, the emergency of resistance led to a realization that traditional 
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chemical synthesis antibiotic couldn’t satisfy the requirement of long-term prevention 

against parasites and bacteria. As a result of this, the potential for the application of 

natural products in food animals, particularly plant based natural products, has begun 

to be assessed. 

 

Researchers have found that although the traditionally edible part of some fruits and 

vegetables don’t show any potential for application in livestock, the parts which have 

been traditionally discarded, such as leaves, roots, peel or seeds, do have a positive 

effect on food animals as feed or additives. Researchers in Myanmar, found through 

experiments that the leaves of pineapple (Ananas comosus) and bitter gourd 

(Momordica charantia) presented anthelmintic efficacy when added into multi-nutrient 

blocks for calves (Daing & Win, 2006). Similar results in relation to pineapple leaves 

were evidenced in Bangladesh by another team (Akbar, Ahmed, & Mondal, 2006). In 

2006, reseach by Ngamsaeng and Wanapat’s team suggested that feeding the peel of 

the mangosteen to cattle could improve rumen fermentation and potential productivity 

(Ngamsaeng, Wanapat, & Khampa, 2006). Furthermore, other natural produces 

extracted from plants, such as Saponins (Gee et al., 1989), Tannins (Waghorn et al., 

1987), have been shown to exhibit positive effects on livestock’s growth. 

 

In fact, the use of plant-based natural products in livestock remains under-researched 

compared with research into their application in healthcare, food preservatives and 

renewable energy. There are still so many problems to resolve before producing a 
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natural product as feed or additive used in animals, such as toxicity tests, cost, stability 

and so on. However, governments and different organizations worldwide are investing 

more and more resources in this area, which will accelerate the development of an 

environmentally-friendly industry and reduce drug resistance. 

 

1.3.6 Experimental design 

Although apple and potato peels are rich in bioactive compounds that may have 

antimicrobial activity, the investigation of possible antibacterial activity of apple and 

potato peel is very limited in the literature, particularly related to variety. Therefore, 

this study will select peel from 2 apple varieties and 5 potato varieties (each variety was 

from two cultivation models, organic and non-organic farming, except the purple potato) 

as material to study the antibacterial activity of apple peel and potato peel.  

 

There are papers that indicate that fruit or vegetable from organic farming may contain 

more bioactive compounds, such as phenolic compounds than the one from 

conventional farming (Caris-Veyrat et al., 2004; Mitchell et al., 2007), which may be 

explained by the defense mechanisms in plants (Carbone et al., 2011; i Warzyw, 2010). 

In organic farming, synthetic chemicals (fertilizers, pesticides) that are employed in 

conventional farming are not allowed, which means that the organic plants have to 

exposure to more stresses in the environment. Plants are able to create a natural barrier 

against the attack of pathogens by increased synthesis of secondary metabolites (Bryant, 

Chapin III, & Klein, 1983). Therefore, we make a hypothesis that the antibacterial 
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activity of organic apple peel and potato peel may be better than the one of non-organic 

apple peel and potato peel. To confirm this hypothesis, this study will show the 

comparison of the antimicrobial effect of apple and potato from two different 

cultivation types. 

 

In each case, the peel will be ground by a ball mill into a powder, then tested with 

Escherichia coli and Staphylococcus aureus to assess antimicrobial activity. The 

material is peel powder rather than extract because it is easy to prepare in small farms 

or industries and relatively safe to use in food animals. In addition, it also suggests that 

the synergy of compounds in peel powder may reduce the risk of antimicrobial 

resistance rather than using a high concentration of the pure compound (Martinez, 

2008). 

 

1.4  Aim and objectives 

The aim of this project is to evaluate the antibacterial efficacy of plant-based natural 

products on pathogenic microorganisms involved in animal health and food safety and 

their potential application in livestock animal feed as alternatives to standard antibiotics 

so as to improve animal health and promote the growth of them.   

 

Objectives: 

(a): To screen and evaluate the antibacterial activity of different types of apple peel and 

potato peel against Escherichia coli. 



28 

(b): To screen and evaluate the antibacterial activity of different types of apple peel and 

potato peel against Staphylococcus aureus. 

(c): To evaluate the antimicrobial effect of peel powder against that of peel extracts. 
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Chapter 2 Antibacterial Activity of Apple and Potato Peel against 

Escherichia coli 

2.1 Introduction 

Escherichia coli (E. coli) is Gram-negative, rod-shaped, facultative anaerobe bacterium 

with optimum growing temperatures occurring at 37°C (Tenaillon et al., 2010). Most 

of E. coli are harmless and even beneficial in gastrointestinal tracts of most warm-

blooded animals, including humans (De Sousa, 2006). Since E. coli bacteria are always 

present in the feces, they are chosen as an indicator of fecal contamination for food and 

water. However, E. coli are a diverse set of organisms, some of which are virulent 

pathogens. Pathogenic E. coli can be divided into two groups: intestinal pathogens and 

extra-intestinal pathogens (Bélanger et al., 2011). Among the intestinal pathogens, 

there are 6 well-known categories: enteropathogenic E. coli (EPEC), 

enterohaemorrhagic E. coli (EHEC), enterotoxigenic E. coli (ETEC), enteroaggregative 

E. coli (EAEC), enteroinvasive E. coli (EIEC) and diffusely adherent E. coli (DAEC) 

(Kaper, Nataro, & Mobley, 2004). 

 

For humans, the intestinal pathogenic E. coli are able to cause a wide spectrum of 

diseases. Shiga toxin-producing E. coli (STEC), also referred to as EHEC, is one of the 

common causative agents of foodborne disease worldwide. According to the CDC 

(2014), STEC causes proximately 265,000 infections annually in America. The clinical 

syndromes of STEC foodborne illness can range from mild watery diarrhea to severe 

life-threatening complications, such as hemorrhagic colitis and hemolytic uremic 
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syndrome (HUS) that can ultimately lead to kidney failure (Yang et al., 2017). E. coli 

O157:H7 is the most important serotype of STEC because it is more likely to produce 

severe diseases for human. Besides, extra-intestinal pathogenic E. coli such as 

uropathogenic E. coli and meningitis-associated E. coli can cause several severely 

invasive infections in humans, such as urinary tract infections, pneumonia, septicemia 

and meningitis (Croxen et al., 2013). It was reported that E. coli is responsible for over 

80% of all urinary tract infections (UTI) in humans (Willner et al., 2014). 

 

Pathogenic E. coli are also associated with a wide variety of diseases of animals and 

may lead to tremendous economic losses for the livestock industry. The intestinal 

pathogenic E. coli can cause varying degrees of diarrheal disease in food-producing 

animals (poultry, cattle, pigs). Diarrhea is one of the major diseases for livestock 

animals since it can diffuse among the herd/flock and lead to some disastrous 

consequences for the livestock industry (Poirel et al., 2018). Moreover, extra-intestinal 

pathogens, such as avian pathogenic E. coli, can cause airsacculitis in poultry and 

potentially evolve into septicemia (Antão et al., 2008). Outbreaks of this strain may 

cause dramatic losses for the farmer, due to the subsequently high mortality rate and 

decreased growth rate in flocks (Dho-Moulin, 1999). In cattle, extra-intestinal 

pathogens can cause UTI and mastitis, leading to a reduction of milk production and 

even death in cows (Bélanger et al., 2011).  
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Livestock animals are important reservoirs of pathogenic E. coli that can cause diseases 

in humans. For example, numerous studies have established that ruminant animals, 

cattle in particular, are the major source of the notorious EHEC O157: H7 (Kieckens et 

al., 2018; Segura et al., 2018; Ferens & Hovde, 2011). Pathogenic E. coli with/without 

resistance from animals can be transmitted to humans and cause illness through various 

pathways, such as through the food chain or via animal-to-human direct contact. 

Therefore, the hazards of the pathogenic E. coli originating in animals and spreading to 

humans should be seriously considered. 

 

Due to the overuse and improper use of antibiotics, especially in food animals for 

growth promotion and disease prevention, and the extraordinary capacity of E. coli to 

accumulate resistant genes, mostly through HGT, resistance in both virulent and 

commensal E. coli has been increasingly observed in both humans and animals 

worldwide, which poses a severe threat to health of humans and animals. On the one 

hand, E. coli have been found to resist most of the major antibacterial agents, even 

including the last generation drugs, such as third and fourth generation cephalosporins 

and fluoroquinolones, threatening the therapeutic treatment of E. coli infection in 

human and veterinary medicine (Poirel et al., 2018). On the other hand, in the 

gastrointestinal tract, commensal E. coli constitute a reservoir of resistant genes and 

these resistant genes can be passed to other bacteria through HGT, promoting the 

development of antibacterial resistance. In order to slow the development of ABR, 

antibiotics are limited and even banned in agriculture by some nations. 
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Overall, E. coli are one of the most important health-threatening organisms for humans 

and animals, thus, there is a need for an effective measure to limit the prevalence of 

pathogenic E. coli, in particular in livestock animals, while reducing the use of 

traditional antibiotics as much as possible. As described in chapter 1, apple peel and 

potato peel are both rich in bioactive compounds, hence, they have the potential to be 

natural antibacterial used in livestock animals to limit the prevalence of E. coli. 

However, the investigation of possible antibacterial activity of apple and potato peel is 

still very limited in the literature, particularly related to variety and cultivation model. 

Therefore, this chapter evaluated the antibacterial activity of peel from 2 apple varieties 

and 5 potato varieties (each variety was from two cultivation models, organic and non-

organic farming, except the purple potato) against Escherichia coli, to confirm the 

hypothesis that apple peel and potato peel powders have antibacterial activity against 

E. coli and antibacterial activity of apple peel and potato peel may have difference 

depending on their varieties and cultivation models (organic one may have higher 

antibacterial activity).  

 

2.2 Materials and methods 

2.2.1 Materials 

The testing peel materials in this study were 4 types of apple peel (AP) and 7 types of 

potato peel (PP), which are listed in Table 2.1. These peel materials were obtained from 

a research team of Mendel Friedman (Western Regional Research Center, Agricultural 
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Research Service-USDA, Produce Safety and Microbiology Research Unit, Albany, 

CA, 94710 U.S.A.) in the USA. According to their introduction, the peel powders were 

prepared as follows: the whole apples and potatoes were purchased from local stores 

(Albany, California, USA) and then were individually washed with water, dried with 

absorbent paper tissue, peeled using a potato peeler, freeze-dried, and finally ground to 

powder using an electric coffee grinder (Kreps, Millville, NJ, USA). Each peel material 

was further ground into a fine size (< 10 mm) with a Planetary Ball Mill (Model, PM100, 

Retsch, Germany) in our lab. The peel materials were stored at 4 ℃ until use. 

 

The Bacterial strain used in this study was Escherichia coli (ATCC 25922) obtained 

from the National Collection of Type Cultures (Public Health England, Salisbury, UK). 

 

Other reagents and equipment employed in the experiment and relevant information 

are listed in Table 2.2. 

 

Table 2.1 Peel materials used in the study 

Serial No. Name of the peel materials 

 Apple peel (AP) 

AP 1 Non-organic red delicious apple peel 

AP 2 Organic red delicious apple peel 

AP 3 Non-organic golden delicious apple peel 

AP 4 Organic golden delicious apple peel 
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 Potato peel (PP) 

PP 1 Non-organic red potato peel 

PP 2 Organic red potato peel 

PP 3 Non-organic fingerling potato peel 

PP 4 Organic fingerling potato peel 

PP 5 Non-organic russet potato peel  

PP 6 Organic russet potato peel 

PP 7 Non-organic purple potato peel 

 

Table 2.2 Materials and equipment employed in the experiment 

Name Information 

Mueller-Hinton agar  Oxoid Ltd., Basingstoke, UK 

Muller-Hinton broth  Oxoid Ltd., Basingstoke, UK 

Phosphate buffered saline (PBS,  

0.01M, PH 7.4) 

Sigma, St Louis, MO, USA 

Colorimeter WPA, colourwave CO7500, Biochrom 

Ltd, Cambridge, UK 

Square petri dish Greiner Bio-One, Mosonmagyaróvár, 

Hungary 

Ultrasonic bath Fisherbrand FB11201, Fisher Scientific, 

Loughborough, UK 

Hotplate stirrer Stuart Scientific, Stone, UK 
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2.2.2 Method 

In order to evaluate the antibacterial activity of the peel materials against E. coli, the 

microdilution bactericidal assay developed by Friedman et al (2002) was adopted with 

slight modifications in this study. 

 

Preparation of peel suspensions for the bactericidal assay 

The range of working concentrations for the peel materials was 0.05 mg/mL to 10 

mg/mL. The initial peel suspensions of 10 mg/mL were prepared by suspending 10 mg 

of peel powders to 1 mL of sterile PBS in 2-mL sterile microfuge tubes. The 

suspensions were vortexed vigorously for 30 s and placed at room temperature for 5 

min. Subsequently, the suspensions were vortexed vigorously again for 10 s and then 

sonicated (37 kHz for 15 min at room temperature) in an ultrasonic bath. After 

sonication, the suspensions in the tubes were boiled in water for 15 min with a hotplate 

stirrer. The thermal treatment can kill the bacteria remaining in the samples, and may 

increase the extract rate of antimicrobial compound (Wang, He, & Chen, 2014; 

Morales-de La Peña et al., 2011). Finally, the boiled suspensions were vortexed 

vigorously for 10 s and placed at room temperature for 1 h, in preparation for the next 

dilutions. 

 

One hour later, the initial peel suspensions were serially diluted to 0.05, 0.5, 1 and 5 

mg/mL with sterile PBS according to the scheme illustrated in Table 2.3. Preparations 
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of the dilutions were performed in 1.5-mL sterile microfuge tubes. Each peel sample 

was vortexed vigorously for 5 s prior to its addition to the next tube. 

 

Table 2.3 Scheme of preparation of peel dilutions 

Concentration of 

additional peel 

sample (mg/mL) 

Volume of 

additional peel 

sample (µL) 

Volume of 

PBS (µL) 

Concentration of 

obtained peel 

dilution (mg/mL) 

10 500 500 5 

5 200 800 1 

1 500 500 0.5 

0.5 100 900 0.05 

 

Preparation of bacterial inoculum for the bactericidal assay 

E. coli stored at -80 ℃ was streaked on a Mueller-Hinton agar plate after thawing. Then, 

the plate was incubated at 37 ℃ overnight. After incubation, three to five isolated 

colonies were lightly touched with a sterile loop and inoculated into a tube containing 

5 mL of pre-warmed (37 ℃) Mueller-Hinton broth. Next, the capped tube was 

incubated at 37 ℃ for 18 h. 

 

1 mL of the broth culture after 18-h incubation was added to a 1.5-mL microfuge tube 

and sedimented by centrifugation (12,000 rpm for 30 s at room temperature). Then, the 

supernatant was removed and the pellet was resuspended in sterile pre-warmed (37 ℃) 



37 

PBS by gentle vortex. The optical density (OD) of the resuspended pellet was 

determined using a colorimeter set at 550 nm. The OD550nm of the bacterial sample was 

adjusted to approximately 0.15 (ca. 7.5×107 CFU/mL) with sterile PBS. 10 µL of 

resultant bacterial suspension was added to 990 µL of PBS for a 1:100 dilution, and 

then the 1:100 dilution was further diluted with sterile PBS to a final dilution of 1: 2,500. 

 

Bactericidal assay 

Two hundred microliters of the five dilutions (0.05, 0.5, 1, 5 and 10 mg/mL) of each 

peel material were added to sterile 0.5-mL centrifuge tubes. Three tubes containing 200 

µL of sterile PBS (0 mg/mL of peel material) served as a control to obtain an average 

control value. Then, an aliquot (100 µL) of the diluted bacterial suspension was 

immediately inoculated in each tube; thus, the initial additions of the peel dilutions were 

diluted by one-third. The final concentrations of peel materials in each tube were 0.03, 

0.33, 0.67, 3.33 and 6.67 mg/ml, respectively. After inoculation of the bacterial 

suspension, 10 µL of the sample from each control tube was withdrawn immediately 

and plated on the Mueller-Hinton agar plate and enumerated after incubation overnight 

at 37 ℃. This gave the initial number of the starting inoculum of E. coli for each tube 

at the initial time point (0 min). 

 

All the tubes were capped and then incubated at 37 ℃. At 30, 60, 120, and 180 min, 

respectively, a 10-µL aliquot was withdrawn immediately from each tube after shaking 

and spotted at the top of a square Petri plate containing MH agar for colony counting. 
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Six 10-µl drops could be evenly spaced across the top of one plate and would not mix. 

Generally, three peel materials were studied in one experiment. Thus, one plate could 

accommodate five dilutions of peel substances and one control. The plates were tilted 

and tapped gently to facilitate the movement of the drops to the bottom of the plate. 

The plates were placed on the bench for about 30 min until the sample liquid dried, 

after which the plates were incubated overnight at 37 ℃. 

 

After overnight incubation, the colony forming unit (CFU) of E. coli on the plates were 

visible and enumerated with a colony counter. Usually, 80 to 140 CFU were present in 

negative control. 

 

Conventional antibiotic, amoxicillin, was designed as a positive control in the 

bactericidal assay. To decide amoxicillin concentrations used in the bactericidal assay, 

MIC of amoxicillin against E. coli (ATCC 25922) was determined according to the 

guideline of European Committee on antimicrobial susceptibility testing (EUCAST) 

(2003) with broth microdilution method before the bactericidal assay. After obtaining 

MIC value, a series of dilutions (including the MIC value) of amoxicillin were used as 

positive control and alongside with the peel samples in each bactericidal assay.  
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Antibacterial activity 

The percentages of E. coli killed after different time intervals of incubation were 

calculated using the following equation: 

 

%	𝐾𝑖𝑙𝑙 = (	
𝑁𝑜. 𝑜𝑓	𝐶𝐹𝑈	𝑖𝑛	𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑁𝑜. 𝑜𝑓	𝐶𝐹𝑈	𝑖𝑛	𝑝𝑒𝑒𝑙	𝑠𝑎𝑚𝑝𝑙𝑒	

𝑁𝑜. 𝑜𝑓	𝐶𝐹𝑈	𝑖𝑛	𝑐𝑜𝑛𝑡𝑟𝑜𝑙
	) ∗ 100 

 

where the incubation time point for control corresponds with that for the sample. In this 

study, the kill percentage value is used to assess the extent of antibacterial activity of 

the testing sample against the E. coli. The relationship between the kill percentage value 

and the extent of antibacterial activity of the samples against E. coli is described in 

Table 2.4. 

 

Table 2.4 The relationship between the kill percentage value and the extent of the 

antibacterial activity of the samples. 

Kill percentage Extent of antibacterial activity 

value<=0% Inactivity 

0<value<50% Slight antibacterial activity 

50%<=value<90% Moderate antibacterial activity 

90%<=value Strong antibacterial activity 
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Statistical analysis 

The experiment was repeated three times for each peel material. GraphPad Prism 

version 6.00 (GraphPad Software, San Diego California, USA) was used for statistical 

analysis. Statistical significance of the differences between variables were tested using 

one-way ANOVA with Tukey's test. Differences were considered to be significant if p 

< 0.05. 

 

2.3 Results 

2.3.1 Antibacterial activities of 4 types of apple peel against E. coli. 

The effect of various concentrations of AP1 Non-organic red delicious apple peel 

against E. coli within 3 hours is displayed in Figure 2.1. The five concentrations of AP1 

Non-organic red delicious apple peel tested against E. coli showed weak or no activity 

within the time span of the experiment. In the first 120 min, the highest concentration 

(6.67 mg/mL) exhibited an increasing antibacterial activity against E. coli and resulted 

in a highest kill percentage of 16.5% at 120 min. The other concentrations (0.03, 0.33 

and 3.33 mg/mL) also exhibited some killing effects on the E. coli at 30 min or 60 min, 

but the effects were very weak (the resulting % kill was less than 10%). From 120 min 

to 180 min, the % kill for all the concentrations showed a decline. 
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Figure 2.1 Time-response plot of time (min) versus kill percentage for different 

concentrations of AP1 Non-organic red delicious apple peel against Escherichia coli. 

Vertical bars indicate standard deviations from the mean. 

 

Figure 2.2 displayed the inhibitory effect of different concentrations of AP2 Organic 

red delicious apple peel against E. coli within 3 hours. The highest concentration (6.67 

mg/ml) of AP2 Organic red delicious apple peel showed stronger antibacterial activity 

against E. coli than the other concentrations of the apple peel at each time point. The 

killing percentage value for the concentration of 6.67 mg/mL at 30, 60, 120 and 180 

min was 20.3%, 19.2%, 19.0%, 10.0%, respectively. The concentration of 3.33 mg/mL 

showed little bactericidal effect at 60 min with a 5.3% kill rate. The 3 smallest 

concentrations 0.03, 0.33 and 0.67 mg/mL did not show any activity against E. coli at 

any studied time points.  
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Figure 2.2 Time-response plot of time (min) versus kill percentage for different 

concentrations of AP2 Organic red delicious apple peel against Escherichia coli. 

Vertical bars indicate standard deviations from the mean. 

 

The effect of five concentrations of AP3 Non-organic golden delicious apple peel on 

the growth of Escherichia coli was investigated (Figure 2.3). Within 3 hours of 

incubation, the % kill for the concentration of 3.33 mg/mL and 6.67 mg/mL grew as 

time proceeded and reached a maximum of 15.8% and 32.6%, respectively. In addition, 

the killing percentage value for 6.67 mg/mL was higher than that for 3.33 mg/mL at 

each time point. 0.67 mg/mL also presented a bactericidal effect at 30 and 60 min with 

a low percent killing of 3.0% and 7.0%, respectively. The two lowest concentrations 

(0.03 and 0.33 mg/mL) did not show any activity against E. coli within 180 min. The 
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population of E. coli treated with Non-organic golden apple peel at 0.03, 0.33 and 0.67 

mg/mL saw a distinct growth at 180 min. 

 

 

Figure 2.3 Time-response plot of time (min) versus kill percentage for different 

concentrations of AP3 Non-organic golden delicious apple peel against Escherichia 

coli. Vertical bars indicate standard deviations from the mean. 

 

The finding of antibacterial activity of varying concentrations of AP4 Organic golden 

delicious apple peel against Escherichia coli at four incubation time points is shown in 

Figure 2.4. At 30 min, all the concentrations studied exhibited a very low-level 

antibacterial activity against E. coli with % kill ranging from 1.7% to 9.2%. At 60 min, 

only the highest concentration continued to exhibit activity against the bacteria (with a 

kill percentage of 12.2%). From 120 min to 180 min, the kill rate for all the 
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concentrations decreased dramatically to a negative value. In other words, the 

population of the bacteria at all concentrations witnessed an obvious growth towards 

the end of the experiment. 

 

 

Figure 2.4 Time-response plot of time (min) versus kill percentage for different 

concentrations of AP4 Organic golden apple peel against Escherichia coli. Vertical bars 

indicate standard deviations from the mean.  

 

2.3.2 Antibacterial activity of 7 types of potato peel against E. coli. 

Figure 2.5 shows the % kill caused by five concentrations of the PP1 Non-organic red 

potato peel against E. coli at different exposure time points. At 30 min, four relatively 

high concentrations (0.33 mg/mL, 0.67 mg/mL, 3.33 mg/mL and 6.67 mg/mL) of the 

peel suspensions inhibited 8.1%, 7.8%, 10.1% and 21.5% of E. coli, respectively. The 
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antibacterial activity for 3.33 mg/mL and 6.67 mg/mL remained fairly unchanged from 

30 to 60 min, while from 60 to 180 min, the % kill for all the concentrations declined 

dramatically.  

 

 

Figure 2.5 Time-response plot of time (min) versus kill percentage for different 

concentrations of PP1 Non-organic red potato peel against Escherichia coli. Vertical 

bars indicate standard deviations from the mean. 

 

Figure 2.6 shows that PP2 Organic red potato peel did not exhibit antibacterial activity 

at any concentrations used within 3 hours. At 180 min, E. coli exposure to all 

concentrations of potato peel displayed differing degrees of growth. 
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Figure 2.6 Time-response plot of time (min) versus kill percentage for different 

concentrations of PP2 Organic red potato peel against Escherichia coli. Vertical bars 

indicate standard deviations from the mean. 

 

The results for percent kill of PP3 Non-organic fingerling potato peel are displayed in 

Figure 2.7. Within 3 hours, this potato peel sample did not exhibit any inhibitory effect 

on E. coli even at its highest concentration (6.67 mg/mL). In addition, tested bacteria 

had an obvious growth at 180 min. 
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Figure 2.7 Time-response plot of time (min) versus kill percentage for different 

concentrations of PP3 Non-organic fingerling potato peel against Escherichia coli. 

Vertical bars indicate standard deviations from the mean. 

 

The evaluated PP4 Organic fingerling potato peel did not show any antibacterial 

activity against E. coli under the test conditions (Figure 2.8). What’s more, after 180 

min incubation, E. coli at all concentration tubes showed a significant growth. 
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Figure 2.8 Time-response plot of time (min) versus kill percentage for different 

concentrations of PP4 Organic fingerling potato peel against Escherichia coli. Vertical 

bars indicate standard deviations from the mean. 

 

Figure 2.9 presents the percentage of kill caused by various concentrations of PP5 Non-

organic russet potato peel against E. coli at different incubation time points. At 30 min, 

all the concentrations exhibited activity against E. coli. The concentration of 0.03 

mg/mL, 0.33 mg/mL, 0.67 mg/mL, 3.33 mg/mL and 6.67 mg/mL inhibited 7.2%, 6.3%, 

4.1%, 4.6% and 7.1% of the E. coli, respectively at 30 min. Except for the lowest 

concentration of 0.03 mg/mL, all the other concentrations continued to exhibit 

antibacterial activity against E. coli at 60 min. The results show that 7.2%, 6.3%, 4.1%, 

4.6% and 7.1% of the E. coli was inhibited at the concentration of 0.33 mg/mL, 0.67 

mg/mL, 3.33 mg/mL and 6.67 mg/mL respectively. At 120 min, only the highest 
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concentration (6.67 mg/mL) still showed activity against E. coli but with the kill 

percentage dropping to 12.9%. At 180 min, no concentrations exhibited antibacterial 

activity against E. coli. 

 

 

Figure 2.9 Time-response plot of time (min) versus kill percentage for different 

concentrations of PP5 Non-organic russet potato peel against Escherichia coli. Vertical 

bars indicate standard deviations from the mean. 

 

The antibacterial activities of different concentrations of PP6 Organic russet potato peel 

against Escherichia coli after various interval of exposure were investigated (Figure 

2.10). Within the time span of the experiment, antibacterial activity was not observed 

at any concentration used. Increase of the population of E. coli was observed for all the 

examined concentration of potato peel. 
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Figure 2.10 Time-response plot of time (min) versus kill percentage for different 

concentrations of PP6 Organic russet potato peel against Escherichia coli. Vertical bars 

indicate standard deviations from the mean. 

 

The antibacterial activities of various concentrations of PP7 Non-organic purple potato 

peel against E. coli at different incubation time points are presented in Figure 2.11. At 

30 min, all the concentrations exhibited a small activity against the E. coli. 9.2%, 4.2%, 

7.5%, 1.7% and 11.7% of E. coli were killed at the concentration of 0.03 mg/mL, 0.33 

mg/mL, 0.67 mg/mL, 3.33 mg/mL and 6.67 mg/mL, respectively. Only the 6.67 mg/mL 

continued to exhibit antibacterial activity at 60 min but with the percentage killed 

dropping to 8.3%. At 120 min and 180 min, none of the concentrations presented any 

activity against the bacteria. At 180 min, E. coli was found to grow at all concentrations 

of potato peel. 
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Figure 2.11 Time-response plot of time (min) versus kill percentage for different 

concentrations of PP7 Non-organic purple potato peel against Escherichia coli. Vertical 

bars indicate standard deviations from the mean. 

 

2.3.3 Antibacterial activity of amoxicillin 

The MIC test results show that the MIC of amoxicillin against E. coli is 8 µg/ml. 

However, within the 3-hour bactericidal assay, amoxicillin only exhibited activity 

against E. coli at very high concentrations (over 20 times MIC). The results of different 

concentrations of amoxicillin against E. coli are displayed in the appendix. 
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2.4 Discussion 

2.4.1 Antibacterial activities of apple peel against E. coli. 

In the present study, four evaluated apple peel (AP1 Non-organic red delicious apple 

peel, AP2 Organic red delicious apple peel, AP3 Non-organic golden delicious apple 

peel and AP4 Organic golden delicious apple peel) at concentrations ranging from 0.03 

to 6.67 mg/mL showed some antibacterial activity against Escherichia coli (ATCC 

25922) within three hours. However, the exhibited antibacterial activities of these four 

types of apple peel were all at a low level since their resulting highest kill percentages 

to the test microorganism were all less than 50%. The resulting highest kill percentages 

for AP1 Non-organic red delicious apple peel, AP2 Organic red delicious apple peel, 

AP3 Non-organic golden delicious apple peel and AP4 Organic golden delicious apple 

peel were 16.5%, 20.3%, 32.6% and 12.2 %, respectively. Furthermore, these highest 

kill percentages were all caused by the highest concentration (6.67 mg/mL) of each 

apple peel. Thus, we suggest that the antibacterial activity of these 4 types of apple peel 

against E. coli is concentration-dependent. 

 

Antibacterial activity on E. coli of peel has variations in the different varieties of apples. 

Figure 2.12 shows that the % kill of AP2 Organic red delicious apple peel at a 

concentration of 6.67 mg/mL was significantly higher than that of AP4 Organic golden 

delicious apple peel at a concentration of 6.67 mg/mL at 120 min and 180 min (P < 

0.05). Variety may do influence the antibacterial activity of the apple peel since there 

are papers that indicate that the composition of peel varies significantly depending on 
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apple variety. For example, a study by Lata et al. (2009) shows that between the 19 

studied apple varieties, the peel of ‘Red Rome’, ‘Idared’, ‘Fiesta’, ‘Fuji’, ‘Gloster’, 

‘McIntosh’ and ‘Pilot’ contains higher amount of chlorogenic acid compared with other 

varieties. The peel of ‘Red Rome’, ‘Prima’, ‘Pilot’ and ‘Elstar’ possess high amount of 

catechin and epicatechin. The peel of ‘Starking Delicious’, ‘Gloster’, ‘Golden 

Delicious’, ‘Granny Smith’, ‘Idared’ and ‘Monroe’ possess high content of phloridzin. 

The difference in the content of individual phenolic compounds in the apples of 

different varieties can be explained by biosynthesis pathway of phenolic compounds 

(Wang et al., 2013; Treutter, 2001). The key enzyme in the flavonoids biosynthesis in 

apples is dihydroflavonol reductase (DFR). DFR catalyzes reduction of 

dihydroflavonols to leucoanthocyanidins which then are converted to anthocyanidins 

and anthocyanin. Anthocyanin are responsible for the red skin coloration of apple, 

therefore the red apple varieties synthetize flavan-3,4-diols and cyaniding glycosides 

in higher amount compared to yellow and green varieties (Wang et al., 2013). As a 

result of low activity of DRF dihydroflavonols are converted to quercetin glycosides 

which are accumulated in higher amount in red apples. Moreover, red apple varieties 

possess ability to increased synthesis of monomeric and oligomeric flavanols from 

leucoanthocyanidins in the presence of leucoanthocyanidin reductase (LAR) compared 

to yellow and green varieties (Wang et al., 2013; Treutter, 2001). Therefore, it might 

be expected that “Red delicious” apple variety can exhibit a better anti-E. coli activity 

than “Golden delicious” apple variety. However, in our study, peel of the ‘Red delicious’ 

variety does not always show better activity against E. coli than peel of the ‘Golden 
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delicious’ variety. For example, from 120 min to 180 min, the % kill of AP1 Non-

organic red delicious apple peel at concentration of 6.67 mg/mL showed a decline, 

whereas the % kill of AP3 Non-organic golden delicious apple peel at concentration of 

6.67 mg/mL showed an increase and was significantly higher than that of AP1 at 180 

min (P < 0.05) (Figure 2.12). Therefore, variety may be not the only one factor 

influencing the antibacterial activity of peel samples.  

 

Cultivation method (non-organic vs. organic) of apple may be also a factor affecting 

antibacterial activity of apple peel on E. coli. As described in Chapter 1, since synthetic 

chemicals (fertilizers, pesticides) are not allowed to use in organic farming, plants from 

organic farming have to exposure to more stresses in the environment, and to protect 

themselves from the attack of the pathogens they may generate more secondary 

metabolites than the plants from conventional farming. Therefore, it might be expected 

that organic apple peel can show more anti-E. coli activity than non-organic apple peel. 

However, our data on the comparison of antibacterial activity between organic and non-

organic apple peel does not show that organic apple peel has advantages over the non-

organic apple peel in E. coli inhibition. Taking the ‘Golden delicious’ apple for example, 

AP3 Non-organic golden delicious apple peel at 6.67 mg/mL exhibited significantly 

higher antibacterial activity than AP4 Organic golden delicious apple peel at 120 min 

and 180 min. However, there was no significant difference in antibacterial effect 

between AP1 Non-organic red delicious apple peel and AP2 Organic red delicious 

apple peel at any time point at a concentration of 6.67 mg/mL (P <0.05) (Figure 2.12). 
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These observations reveal that many other variables may play a part in governing the 

composition of apple peel. 

 

The other factor that influences the concentration of particular bioactive compounds in 

apple peel might be fruit maturation (Treutter, 2001). For example, the amount of 

dihydrochalcones in very young apple fruits is very high. After the 14 weeks, the level 

of dihydrochalcones, flavonols and chlorogenic acid decrease. The quantity of 

flavanols remains almost constant during this period time. The activity of particular 

enzymes also changes during fruit maturation. Other factors such as harvest, storage 

and sunlight have been demonstrated to influence the concentration of particular 

bioactive compounds in apple peel (Belviso et al., 2013; Warzyw, 2010).  
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Figure 2.12 Comparison of % Kill to E. coli of four types of apple peel at different 

time points when at the highest concentration, 6.67 mg/mL. Vertical bars indicate 

standard deviations from the mean. 

 

Fattouch et al. (2008) also studied the antimicrobial properties of the peel of the two 

apple cultivars ‘Red Delicious’ and ‘Golden Delicious’ that we studied. Their study 

revealed that the aqueous acetone extracts from peel of both ‘Red Delicious’ and 

‘Golden Delicious’ apples were capable of inhibiting the E. coli (ATCC 8739 and 

ATCC 35218) with MICs ranging from 103 to 104 µg of phenolic compounds/mL 

(approximately 900 to 2919 mg of fresh weight of peel/mL). The result of the Fattouch 

et al. (2008) study led us to hypothesize that the reason that ‘Red Delicious’ and 
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‘Golden Delicious’ apple peel did not effectively inhibit the E. coli in the present study 

is that the concentrations used in this study were not high enough. The difference of the 

results between our study and the Fattouch et al. (2008) study might also be caused by 

the diverse extraction methods used. According to a study by Alberto et al. (2006), 

extraction with the use of different solvents is able to affect the amount of phenolic 

compound extracted from apple peels and therefore influence the biological activity of 

peel extracts. In their study, acetone: water: acetic acid apple peel extracts had higher 

amounts of phenolic compounds and exhibited better antibacterial activity than ethyl 

acetate: methanol: water or ethanol: water extracts. In addition, the difference of the 

results between our study and the Fattouch et al.’s (2008) study is probably due to the 

different geographical regions of the apple varieties studied (two apple cultivars in the 

Fattouch et al.’s study were produced in Tunisia and those in our study were produced 

in the USA). A study by McGhie and his colleagues (2005) indicates that apple cultivars 

from three regions with different growing conditions have variation in phenolic 

concentrations, but the level of difference is cultivar-dependent.  

 

There are also other studies investigating the antibacterial properties of apple peel 

against E. coli. For example, Alberto et al. (2006) studied the antibacterial activity of 

mixed solvents extracts from peel of two varieties ‘Royal Gala’ and ‘Granny Smith’ 

apples. The report revealed that apple peel extracts from both varieties showed some 

activity against E. coli (ATCC 25922) with the inhibition zone ranging from 2 to 7 mm.  

In addition, extracts from ‘Granny Smith’ apple peel exhibited a better antimicrobial 
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activity than the extracts from ‘Royal Gala’ apple peel. Fratianni et al. (2007) studied 

antimicrobial properties of ‘Annurca’ apples and found that mixed solvent extracts 

from peel of organically grown apples displayed a good activity against the foodborne 

pathogenic E. coli O157:H7. In Vodnar et al.’s (2017) study, mixed solvents extracts 

from thermally processed (10 min at 80 ℃) peel sample of ‘Ionatan of Voinesti’ apple 

variety had inhibitory activity against the E. coli (ATCC 25922) with a MIC of 7.81 

mg/mL.  

 

The studies above attributed the antimicrobial activity of the apple peel to their phenolic 

composition (e.g. catechin, epicatechin, chlorogenic acid, phloridzin, procyanidines) 

because there was a direct relationship between the total phenolic content and 

antimicrobial activity (the apple peel sample which had higher phenolic content also 

exhibited stronger antibacterial activity). Thus, the little antibacterial activity exhibited 

by the four types of apple peel against E. coli (ATCC 25922) in the present study may 

be correlated to the phenolic component in the apple peel. However, it is still unknown 

if the activity was caused by an individual phenolic compound or was the result of 

synergism of diverse phenolic compounds, and this needs a further study. 

 

Bioactive compounds found in apple peel have many other health functions, for 

example, according to research by Van’s team (2001), bioactive compounds extracted 

from apple have strong antioxidant effects. In addition, researchers have also found that 

apple peel extract has antihypertensive properties. The flavonoid in apple peel can 
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inhibit angiotensin converting enzymes, thus reducing the incidence of hypertension 

(Balasuriya & Rupasinghe, 2012). In recent years, apple peel extract has also been 

reported to display anti-cancer properties (Balasuriya & Rupasinghe, 2012; Ding et al., 

2004). Studies indicate that the phenolic compounds extracted from apple waste can 

beneficially modulate colorectal cancer in vitro and do not show any cytotoxic effects 

(McCann et al., 2007).  

 

2.4.2 Antibacterial activities of potato peel against E. coli. 

In the case of seven types of potato peel, four types of potato peel (PP2 Organic red 

potato peel, PP3 Non-organic fingerling potato peel, PP4 Organic fingerling potato peel 

and PP6 Organic russet potato peel) did not show any activity against E. coli (ATCC 

25922) even at the highest concentration (6.67 mg/mL) within 3 hours.  A low level of 

antibacterial activity against E. coli (ATCC 25922) was detected for three potato peels 

(PP1 Non-organic red potato peel, PP5 Non-organic russet potato peel and PP7 Non-

organic purple potato peel) at concentrations ranging from 0.03 to 6.67 mg/mL within 

three-hour interactions; the resulting highest kill percentages for these 3 types of potato 

peel were 21.8%, 15.6% and 11.7%, respectively. These highest kill percentages were 

all caused by the highest concentration (6.67 mg/mL) of each potato peel. Thus, we 

suggest that the antibacterial activity of these 3 types of potato peel against E. coli is 

concentration-dependent.  
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Antibacterial activity of potato peel on E. coli seems to have variations in the different 

varieties of potatoes. Between the four potato varieties studied, only the peel of the 

‘Fingerling’ potato variety, both organic and non-organic, did not exhibit antibacterial 

activity on E. coli (Figures 2.7-2.8). Thus, ‘Fingerling’ potato peel seems to be the least 

active against E. coli among the four potato varieties studied. For the ‘Red’ and ‘Russet’ 

potato varieties, only peel of non-organic producing potatoes showed activity against 

E. coli and organic potato peel did not exhibited any activity against E. coli within 3-

hour exposure at any concentrations used (Figures 2.5-2.6 and Figures 2.9-2.10). These 

results indicated that cultivation method (non-organic vs. organic) of potato may be a 

factor affecting antibacterial activity of potato peel on E. coli. Therefore, when selecting 

potato peel as an antibacterial agent, there is a need to consider variety and method of 

growth of potato. 

 

Rodriguez De Sotillo et al. (1998) evaluated the antimicrobial activity of ‘Russet’ 

potato peel against E. coli using the agar dilution method. The results indicated that 

aqueous extract of freeze-dried potato peel effectively prevented the growth of E. coli 

[WP2(uvrA)] at a high concentration of 100 mg/mL. The effective concentration of 

water extracts of potato peel in the Rodriguez De Sotillo et al. study is much higher 

than the highest concentration (6.67 mg/mL) used in present study, which may explain 

why the ‘Russet’ potato peel in the present study only exhibited a low-level 

antibacterial activity against E. coli.  
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Potato peel have been identified to be rich in phenolic compounds such as caffeic acid, 

chlorogenic acid, and chlorogenic acid isomer and Vanillic acid (Kim et al., 2019; 

Friedman et al., 2017; Mattila & Hellström, 2007). The exhibited antimicrobial activity 

of the three potato peels in the present study may be associated with these secondary 

metabolites, because these natural pure compounds have been found to possess 

antimicrobial effects against E. coli (Merkl et al., 2010; Lo & Chung, 1999; Aziz et al., 

1998). But the other four types of potato peel did not show activity against E. coli, this 

may be due to their lower bioactive compounds. According to Friedman et al. (2006), 

the amount of the bioactive substances in a potato may be affected by many factors, 

including different varieties, cultivation model, environment and climate, storage 

condition and so on. In the Beltrán et al.’s (2015) study, the aqueous extract of ‘Fianna’ 

potato peel did not exhibit activity against E. coli, even at the concentration of 200 

mg/mL. 

 

Actually, bioactive compounds found in the potato peel extract have many other health 

functions. For example, potato peel extract is rich in phenolic content (70.82 mg of 

catechin equivalent/100 g) and chlorogenic acid (27.56 mg/100 g of sample), both of 

which have excellent antioxidant properties (Kanatt et al., 2005). According to a study 

by Singh and Rajini (2004), potato peel extract exhibits strong inhibitory activity 

toward the lipid peroxidation of rat liver homogenate. In addition, extracts from potato 

peel have also been reported to have wound healing (Hermes et al., 2013), antidiabetic 

(Arun et al., 2015), anti-inflammatory properties (Kenny et al., 2013) as well as 
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antiviral (Silva-Beltrán et al., 2017) and antitrichomonad properties (Friedman et al., 

2018). Furthermore, researchers have found that potato peel has antimicrobial 

properties but does not lead to mutagenic behavior and is therefore safe to use 

(Amanpour, Abbasi-Maleki, Neyriz-Naghadehi, & Asadi-Samani, 2015; Rodriguez De 

Sotillo et al., 1998). 

 

In our experiment, in the control tubes (without peel sample), a small portion of the 

initial E. coli population died naturally after a 3-hour incubation (data not shown). 

Theoretically, if the peel samples do not have antibacterial activity on E. coli, the 

population of E. coli in the tubes with peel samples will have a similar decrease to the 

control tubes after 3 hours. However, the tested E. coli at the tubes containing either 

apple peel or potato peel had a significant increase after 3-hour incubation. A possible 

explanation for this observation is that apple and potato peels included the nutrient 

content that the E. coli need for growth. 

 

2.5 Conclusion  

In summary, using the Friedman et al (2002) bactericidal assay to evaluate the 

antibacterial activity of apple peel and potato peel, within three hours, four evaluated 

apple peels (AP1 Non-organic red delicious apple peel, AP2 Organic red delicious 

apple peel, AP3 Non-organic golden delicious apple peel and AP4 Organic golden 

delicious apple peel) and 3 types of potato peel (PP1 Non-organic red potato peel, PP5 

Non-organic russet potato peel and PP7 Non-organic purple potato peel) showed some 
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antibacterial activity against Escherichia coli (ATCC 25922). But the exhibited 

antibacterial activities of these peel samples were all at a low level with their resulting 

highest kill percentages to the test microorganism all less than 50%. However, it cannot 

be concluded that apple peel and potato peel have no potential in becoming an 

alternative antibacterial agent as other studies have proven that a higher concentration 

of apple peel and potato peel extracts show strong antibacterial activity against E. coli 

(Fattouch et al., 2008; Sotillo et al., 1998).  

 

In the present study, there are some limitations. Firstly, the chosen of peel powder 

concentration didn’t extend to a wider range. In this research, the concentration of apple 

and potato peel was limited in the range from 0.03 mg/ml to 0.67 mg/ml and didn’t 

show a significant antimicrobial effect on Escherichia coli (ATCC 25922). However, 

the study by Rodriguez De Sotillo et al. (1998) has indicated that freeze-dried water 

extract of potato peel, at high concentration, shows long-term antimicrobial activity 

against E. coli. Thus, we do not know if these peel samples would show strong activity 

against E. coli at higher concentrations. 

 

In addition, this study only focuses on antimicrobial effect affected by concentration, 

variety and planted model. Other factors such as the compositions, toxicity and 

procedure, do not be involved and discussed in this study. Thus, we don’t know if those 

factors contribute to the antimicrobial effect since there is not adequate evidence in 

prior studies to confirm our hypothesis. 
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Chapter 3 Antibacterial Activity of Apple and Potato Peel against 

Staphylococcus aureus 

3.1 Introduction 

Staphylococcus aureus (S. aureus) is a Gram-positive, non-spore-forming, sphere-

shaped and facultative anaerobic bacterium. S. aureus can be found on the skin and 

mucous membranes (in particular the nose and throat) of warm-blooded animals 

including humans and does not usually cause illness in healthy individuals. According 

to the CDC (2018), approximately 25% of the human and animal population is 

colonized with S. aureus. However, S. aureus is not only a commensal bacterium but 

also an opportunistic pathogen responsible for wide spectrum of diseases of humans 

and livestock animals. 

 

S. aureus is a major human pathogen. It can cause a wide variety of infections, from 

mild skin and soft tissue infections, such as carbuncles, impetigo bullosa or scalded 

skin syndrome, to life-threatening illnesses such as pneumonia, osteomyelitis, 

bacteremia, sepsis, endocarditis and toxic shock syndrome (Archer, 1998; Lowy, 1998). 

Infants, the elderly or immune-compromised people are more likely to develop severe 

symptoms. S. aureus is a principle cause of bacteremia. According to van Hal et al. 

(2012), the annual incidence of S. aureus bacteremia worldwide ranges from 20 ~ 

50/100,000 population and approximately 10 % to 30 % of the patients with this 
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infection will die. In addition, foodborne poisoning caused by S. aureus is one of the 

most common foodborne diseases worldwide and causes approximately 241,000 illness 

annually in the United States (Hennekinne, De Buyser, & Dragacci, 2012; Scallan et 

al., 2011). In America alone, S. aureus causes 50,000 deaths annually (Schlecht et al., 

2015). 

 

S. aureus is also associated with a wide spectrum of diseases in livestock animals 

including cows, goats, rabbits and poultry (Fluit, 2012). It can not only infect the skin 

but also other sites, such as bones, joints, tendon sheaths, sternal bursa, the navel, and 

the yolk sac, of animals, which may lead to illnesses including pneumonia, 

osteomyelitis, septicaemia, mastitis, pododermatitis or cellulitis in animals (Alfonso & 

Barnes, 2006; Hermans, Devriese, & Haesebrouck, 2003; McNamee & Smyth, 2000; 

Devriese, 1990 ). These diseases not only compromise the health and welfare of animals 

but also lead to great economic losses for the livestock industry. For example, bovine 

mastitis caused by S. aureus can cause economic losses of up to 300 euros/cow per year 

(Fluit, 2012). 

 

The presence of S. aureus, in particular the antibiotic resistant S. aureus, in food animals 

is perceived as a potential threat to human health, since the S. aureus in livestock can 

transmit to humans through diverse routes and cause illnesses for humans. The 

transmission routes include direct contact with animals, indirect environmental 
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transmission (via vehicles such as air, water and soil) and consumption of contaminated 

animal food products (Graham et al., 2019). Evidence supporting the transmission of S. 

aureus between animals and humans is increasing. For example, recent evidence shows 

that the carriage rates of methicillin-resistant S. aureus (MRSA) of farm workers and 

their families are 38% and 16%, respectively, which is much higher than the Dutch 

population in general (Graveland et al., 2011). 

 

Considering the huge losses to economy and high risk to human and animal health, S. 

aureus is one of the most threatening pathogens, which should be reduced in food 

animals. Antibiotic applications are options to control S. aureus, but it is well known 

that various uses of antibiotics in animal husbandry have promoted the emergence and 

spread of antibiotic resistant bacteria, which has led to the current global health crisis. 

Indeed, the reports on livestock-associated MRSA in livestock are increasing (Catry et 

al., 2010). To slow the pace of antibiotic resistance and preserve the efficacy of 

antibiotics for both human and veterinary medicine, many countries have restricted the 

use of antibiotics in food animals (Maron et al., 2013). Therefore, there is a need for 

alternatives to antibiotics to control the pathogenic S. aureus in the food animals.  

 

As described in chapter 1, apple peel and potato peel are both rich in bioactive 

compounds, hence they have the potential to be natural antibacterial used in livestock 

animals to limit the prevalence of S. aureus. However, the investigation of possible 
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antibacterial activity of apple and potato peel is still very limited in the literature, 

particularly related to variety and cultivation model. Therefore, this chapter evaluated 

the antibacterial activity of peel from 2 apple varieties and 5 potato varieties (each 

variety from two cultivation models, organic and non-organic farming, except the 

purple potato) against Staphylococcus aureus, in order to confirm the hypothesis that 

apple peel and potato peel powders have antibacterial activity against S. aureus and 

antibacterial activity of apple peel and potato peel may have difference depending on 

their varieties and cultivation model (organic one may have higher antibacterial 

activity). 

 

3.2  Materials and methods 

3.2.1 Materials 

The peel materials, reagents and equipment used in this study have been described in 

chapter 2. The bacterial stain used in this study was Staphylococcus aureus (S. aureus) 

ATCC 29213, obtained from the National Collection of Type Cultures (Public Health 

England, Salisbury, UK). 

 

3.2.2 Method 

The microdilution bactericidal assay developed by Friedman et al (2002) was 

conducted to evaluate the antibacterial activity of 11 peel materials against S. aureus. 
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The method of the bactericidal assay has been described in detail in chapter 2, and 

therefore it is only briefly described in this chapter.  

 

 

Preparation of peel suspensions 

The working concentrations of peel samples ranged from 1 mg/mL to 40 mg/mL. The 

initial peel suspensions of 40 mg/mL were prepared by adding 40 mg of peel powders 

to 1 mL of sterile PBS. After a series of preparatory procedures as described previously, 

the initial suspensions were serially diluted to 1, 5, 10 and 20 mg/mL with sterile PBS 

which follows the scheme illustrated in Table 3.1. 

 

Table 3.1 Scheme of preparation of peel dilutions 

Concentration of 

additional peel 

sample (mg/mL) 

Volume of 

additional 

peel sample 

(µL) 

Volume of 

PBS (µL) 

Concentration of 

obtained peel 

dilution (mg/mL) 

40 500 500 20 

20 500 500 10 

10 500 500 5 

5 200 900 1 
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Preparation of bacterial inoculum for the bactericidal assay 

S. aureus stored at -80 ℃ was streaked on a Mueller-Hinton agar plate after thawing 

and incubated at 37 ℃ overnight. After incubation, five isolated colonies were 

harvested and suspended in 5 mL of MH broth at 37 ℃ for 18 h. 

 

After incubation, 1-mL broth culture was centrifuged and the pellet was resuspended in 

sterile PBS. The bacterial sample’s optical density at 550nm (OD550nm) was adjusted to 

approximately 0.15 (ca. 1×108 CFU/mL) with sterile PBS. 10 µL of resultant bacterial 

suspension was added to 990 µL of PBS for a 1:100 dilution, and then 100 µL of the 

1:100 dilution was further diluted in 5-mL PBS to a final dilution of 1: 5,000. 

 

Bactericidal assay  

The bactericidal assay was performed in sterile 0.5-mL centrifuge tubes. 200 µL of the 

five concentrations (1, 5, 10, 20 and 40 mg/mL) of each peel material were added to 

the tubes followed by the addition of 100 µL of S. aureus suspension, and thus, the 

initial additions of the peel dilutions were diluted by 1/3. The final concentrations of 

peel materials in each tube were 0.67, 3.33, 6.67, 13.33 and 26.67 mg/ml, respectively. 

Three tubes containing 200 µL of sterile PBS and 100 µL of bacterial suspension served 

as a control to obtain an average control value. After inoculation, a 20-µL aliquot from 
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each control tube was removed immediately and plated on a Mueller-Hinton agar plate 

and counted after incubation for 24 hours at 37 ℃. This gave the initial number of the 

starting inoculum of S. aureus for each tube at the initial time point (0 min). 

 

All the tubes were capped and incubated at 37 ℃. At 30, 60, 120, and 180 min, 

respectively, a 20-µL aliquot was taken from each tube and spotted at the top of a square 

Petri plate containing Mueller-Hinton agar. Subsequently, plates were incubated at 

37 ℃for 24 hours. After incubation, the colony forming unit (CFU) of S. aureus on 

plate were visible and were enumerated. Usually, 80 to 180 CFU were present in 

negative control. 

 

Conventional antibiotic, amoxicillin, was designed as a positive control in the 

bactericidal assay. To decide amoxicillin concentrations used in the bactericidal assay, 

MIC of amoxicillin against S. aureus (ATCC 29213) was determined according to the 

guideline of European Committee on antimicrobial susceptibility testing (EUCAST) 

(2003) with broth microdilution method before the bactericidal assay. After obtaining 

MIC value, a series of dilutions (including the MIC value) of amoxicillin were used as 

positive control and alongside with the peel samples in each bactericidal assay. 

 

The percentages of S. aureus killed after different time intervals of incubation were 

calculated using the following equation: 
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%	𝐾𝑖𝑙𝑙 = (	
𝑁𝑜. 𝑜𝑓	𝐶𝐹𝑈	𝑖𝑛	𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑁𝑜. 𝑜𝑓	𝐶𝐹𝑈	𝑖𝑛	𝑝𝑒𝑒𝑙	𝑠𝑎𝑚𝑝𝑙𝑒	

𝑁𝑜. 𝑜𝑓	𝐶𝐹𝑈	𝑖𝑛	𝑐𝑜𝑛𝑡𝑟𝑜𝑙
	) ∗ 100 

where the incubation time point for control correspond with that for the peel sample. In 

this study, the kill percentage value is used to assess the extent of antibacterial activity 

of the testing sample against the S. aureus. The relationship between the kill percentage 

value and the extent of antibacterial activity of the samples against S. aureus is defined 

in Table 3.2. 

Table 3.2 The relationship between the kill percentage value and the extent 

of antibacterial activity of the samples. 

Kill percentage Extent of antibacterial activity 

value<=0% Inactivity 

0<value<50% Slight antibacterial activity 

50%<=value<90% Moderate antibacterial activity 

90%<=value Strong antibacterial activity 

 

Time-kill test 

Based on the results of the bactericidal assay, seven types of potato peel that showed 

prominent antibacterial activity were selected to study the antibiotic activity at a 

nutrition condition (Mueller-Hinton broth) within a time span of 24 hours. The time-

kill test using CLSI guidelines (1999) was adopted for this further study.  
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Briefly, S. aureus was cultured on Mueller-Hinton agar at 37 ℃ for 18 h. After 

incubation, the colonics on the plate were sampled and suspended in 5 ml of Mueller-

Hinton broth. The density of the S. aureus was adjusted with Mueller-Hinton broth to 

ca. 106 CFU/mL. 200 µL of the five concentrations (1, 5, 10, 20 and 40 mg/mL) of each 

peel material prepared (as described previously) were added to 0.5 mL sterile tubes, 

after which, an aliquot (200 µL) of the broth bacterial suspension was immediately 

inoculated in each tube; thus, the initial additions of the peel dilutions were diluted two-

fold. The final concentrations of peel materials in each tube were 0.5, 2.5, 5, 10 and 20 

mg/ml, respectively. Three tubes containing 200 µL of sterile PBS and 200 µL of broth 

bacterial suspension served as control. After inoculation, a 10-µL aliquot from each 

control tube was removed immediately and serially diluted with sterile PBS. After this, 

a 20-µL diluted sample was plated on the Mueller-Hinton agar plate and enumerated 

after overnight incubation at 37℃. This gave the initial number of the starting inoculum 

of S. aureus for each tube at the initial time point (0 min). All the tubes were capped 

and incubated at 37 ℃ for 0.5, 1, 2, 3, 4 and 24 hours. At the end of each interval, a 10-

µL aliquot was taken from each tube and serially diluted with sterile PBS, after which, 

a 20-µL diluted sample was spotted at the top of a square Petri plate containing Mueller-

Hinton agar. Subsequently, plates were titled and tapped to facilitate the drops moving 

to the bottom of the plate. The plates were incubated at 37 ℃ overnight. The CFU of S. 

aureus were enumerated after incubation.  
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The percentage reduction from the initial S. aureus population for each time point was 

calculated using the following equation: 

%	𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
𝐴 − 𝐵 ∗ 100

𝐴
 

Where: A is the number of viable S. aureus before treatment (0 min), B is the number 

of viable S. aureus after different intervals of exposure. The concentration where 99.9% 

or more of the initial inoculum is killed after 24-hour incubation is defined as the 

minimum bactericidal concentration (MBC). 

Statistical analysis 

Both the bactericidal assay and time-kill test were repeated three times for each peel 

material. GraphPad Prism version 6.00 (GraphPad Software, San Diego California, 

USA) was used for statistical analysis. Statistical significance of the differences 

between variables was tested using one-way ANOVA. A p value of < 0.05 was 

considered statistically significant. 

 

3.3  Results 

3.3.1 Antibacterial activities of 4 types apple peel against S. aureus. 

The effects of AP1 Non-organic red delicious apple peel against S. aureus are presented 

in Figure 3.1. No pronounced antibacterial activity against S. aureus was observed at 

any concentration of the Non-organic red delicious apple peel. Nevertheless, at 30 min, 

apart from the concentration of 13.33 mg/mL, the other four concentrations (0.67, 3.33, 

6.67 and 26.67 mg/mL) showed weak antibacterial activity (with kill percentages of < 
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10%) against the S. aureus. At 60 min, only the concentration of 6.67 and 26.67 mg/mL 

still exhibited activity against the bacteria. From 60 min to 180 min, the resulting kill 

percentage for the highest concentration (26.67 mg/mL) remained fairly static at 

approximately 10%, but the kill percentage for other four concentrations showed a 

slight decrease. 

 

 

Figure 3.1 Time-response plot of time (min) versus kill percentage for different 

concentrations of AP1 Non-organic red delicious apple peel against Staphylococcus 

aureus. Vertical bars indicate standard deviations from the mean. 

 

Figures 3.2 to 3.3 show the effects of various concentrations of AP2 Organic red 

delicious and AP3 Non-organic golden delicious apple peel against S. aureus within the 
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time span of 3 hours. The results illustrate that these two types of apple peel did not 

show any activity against S. aureus at any concentration used within the 3-hour 

incubation period. In addition, the population of S. aureus at different concentrations of 

these three types of apple peel showed a slight increase within 3 hours. 

 

 

Figure 3.2 Time-response plot of time (min) versus kill percentage for different 

concentrations of AP2 Organic red delicious apple peel against Staphylococcus aureus. 

Vertical bars indicate standard deviations from the mean. 

 



76 

 

Figure 3.3 Time-response plot of time (min) versus kill percentage for different 

concentrations of AP3 Non-organic golden delicious apple peel against Staphylococcus 

aureus. Vertical bars indicate standard deviations from the mean. 

 

Figure 3.4 shows the antibacterial activity of five concentrations of AP4 Organic golden 

apple peel against S. aureus within 3 hours. No pronounced antibacterial activity 

against S. aureus was observed at any concentration of the Organic golden apple peel. 

In addition, after 3-hour exposure, S. aureus at all concentrations had slight growth. 

Nevertheless, at 30 min, the highest concentration, 26.67 mg/mL, showed weak 

antibacterial activity (with kill percentages of < 10%) against the S. aureus.  
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Figure 3.4 Time-response plot of time (min) versus kill percentage for different 

concentrations of AP4 Organic golden apple peel against Staphylococcus aureus. 

Vertical bars indicate standard deviations from the mean.  

 

3.3.2 Antibacterial activities of 7 types of potato peel against S. aureus within a 

period of 3 hours. 

The effects of various concentrations of PP1 Non-organic red potato peel against S. 

aureus within 180 min is presented in Figure 3.5. The results show a concentration-

dependent bactericidal effect of Non-organic red potato peel against S. aureus. Only at 

and above the concentration of 13.33 mg/mL did Non-organic red potato peel show 

antibacterial activity against S. aureus. The antibacterial activity of the two highest 

concentrations 13.33 and 26.67 mg/mL against S. aureus increased rapidly over the first 

120 min, followed by a slight increase in activity during the next 120 to 180 min. The 
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bactericidal activity of these two concentrations had already reached a considerable 

level at 120 min (with a kill percentage of 81.1% and 92.5%, respectively). At 180 min, 

the kill percentage for 13.33 mg/mL and 26.67 mg/mL against S. aureus was even up 

to 92.7% and 97.3%, respectively. However, the relative three relatively low 

concentrations (0.67, 3.33 and 6.67 mg/mL) did not show any activity against S. aureus 

within 3 hours. In fact, at these concentrations, there was an increase in the S. aureus 

population. 

 

 

Figure 3.5 Time-response plot of time (min) versus kill percentage for different 

concentrations of PP1 Non-organic red potato peel against Staphylococcus aureus. 

Vertical bars indicate standard deviations from the mean. 
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Figure 3.6 shows the antibacterial activity of different concentrations of PP2 Organic 

red potato peel against S. aureus within the time span of 3 hours. Similarly, the Organic 

red potato peel also displayed a concentration-dependent bactericidal effect against S. 

aureus; it exhibited antibacterial activities against S. aureus when at or above the 

concentrations of 13.33 mg/mL. The highest concentration, 26.67 mg/mL, experienced 

increasing antibacterial activity against S. aureus within 180 min. At 30 min, it had 

exhibited moderate antibacterial activity against S. aureus (with a kill percentage of 

65.4%). At 120 min, its antibacterial effect had already reached a strong level (with a 

kill percentage of 94.4%) and reached a peak at 180 min (with a kill percentage of 

96.7%). The concentration of 13.33 mg/mL also displayed an increasing antibacterial 

activity against the S. aureus within 180 min and induced a relatively high percentage 

kill in S. aureus (89.3%) at the end. In contrast, the three relatively low concentrations 

(0.67, 3.33 and 6.67 mg/mL) did not present any activity against S. aureus under 

experimental conditions. In addition, the population of the tested microorganism treated 

with these three concentrations of potato peel was noted to increase with the increase 

of the incubation time. 
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Figure 3.6 Time-response plot of time (min) versus kill percentage for different 

concentrations of PP2 Organic red potato peel against Staphylococcus aureus. Vertical 

bars indicate standard deviations from the mean. 

 

Figure 3.7 illustrates the antibacterial activity of various concentrations of PP3 Non-

organic fingerling potato peel against S. aureus within 3 hours. From the graph, it is 

clear that Non-organic fingerling potato peel only exhibited activity against S. aureus 

at the highest concentration (26.67 mg/mL) in the experiment. The bactericidal effect 

of 26.67 mg/mL against S. aureus increased gradually within the 3-hour incubation 

period and reached a moderate level at the end (with a kill percentage of 68.9% at 180 

min). The other four concentrations examined (0.67, 3.33, 6.67 and 13.33 mg/mL) did 

not indicate any killing effect on the S. aureus.  
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Figure 3.7 Time-response plot of time (min) versus kill percentage for different 

concentrations of PP3 Non-organic fingerling potato peel against Staphylococcus 

aureus. Vertical bars indicate standard deviations from the mean. 

 

The results for five concentrations of PP4 Organic fingerling potato peel acting against 

S. aureus during the incubation period of 180 min are presented in Figure 3.8. 

Antibacterial activity was only observed at the two highest concentrations (13.33 and 

26.67 mg/mL). And the concentration of 26.67 mg/mL exhibited better antibacterial 

activity against the S. aureus than the concentration of 13.33 mg/mL within three hours 

(final kill percentages for 26.67 mg/mL and 13.33 mg/mL were 98.0% and 59.1%, 

respectively). The other three concentrations (0.67, 3.33 and 6.67 mg/mL) did not show 

any activity against the S. aureus but actually allowed the bacteria continue to grow 

within 3 hours. 
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Figure 3.8 Time-response plot of time (min) versus kill percentage for different 

concentrations of PP4 Organic fingerling potato peel against Staphylococcus aureus. 

Vertical bars indicate standard deviations from the mean. 

 

The effect of various concentrations of PP5 Non-organic russet potato peel against S. 

aureus within 180 min is presented in Figure 3.9. Non-organic russet potato peel 

exhibited antibacterial activity at and above the concentration of 6.67 mg/mL. The 

antibacterial activities of concentrations of 13.33 mg/mL and 26.67 mg/mL against S. 

aureus were very similar within 180 min. For the first 60 min, the resulting kill 

percentage for 13.33 and 26.67 mg/mL increased rapidly to 80.7% and 89.7%, 

respectively. At 120 min, both these two concentrations had shown a more than 90% 

inhibition rate against the examined microorganism. At 180 min, up to 96.5% and 99% 

of S. aureus were killed at concentrations of 13.33 and 26.67 mg/mL, respectively. The 
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antibacterial activity at a concentration of 6.67 mg/mL against S. aureus gradually 

increase within 3-hour incubation, finally reaching a moderate level (with a kill 

percentage of 54.2% at 180 min). The two lowest concentrations (0.67 and 3.33 mg/mL) 

did not show any activity against S. aureus during the 3-hour interaction. 

 

 

Figure 2.9 Time-response plot of time (min) versus kill percentage for different 

concentrations of PP5 Non-organic russet potato peel against Staphylococcus aureus. 

Vertical bars indicate standard deviations from the mean. 

 

The results for PP6 Organic russet potato peel against S. aureus are shown in Figure 

3.10. The highest concentration (26.67mg/mL) showed the greatest antibacterial 

activity against S. aureus among the five studied concentrations within the 3-hour 
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incubation period. The antibacterial activity increased with the increase of the 

incubation time and peaked at 180 min (with a kill percentage of 91.8%). The 

concentration of 13.33 mg/mL also exhibited some activity against the test organism 

within 3 hours with a highest kill percentage of 15.1%. The other three concentrations 

(0.67, 3.33 and 6.67 mg/mL) did not show any antibacterial activity against S. aureus 

in the experiment. In addition, the S. aureus at these three concentrations underwent 

obvious growth as the incubation time increased. 

 

 

Figure 3.10 Time-response plot of time (min) versus kill percentage for different 

concentrations of PP6 Organic russet potato peel against Staphylococcus aureus. 

Vertical bars indicate standard deviations from the mean. 
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The antibacterial effect of PP7 Non-organic purple potato peel against S. aureus was 

investigated and the results are shown in figure 3.11. It is clear that the effect of two 

highest concentrations (13.33 and 26.67 mg/mL) against the S. aureus were 

significantly different to that of the other three concentrations (0.67, 3.33 and 6.67 

mg/mL) within 3-hour incubation period. The kill percentage of both 13.33 mg/mL and 

26.67 mg/mL against S. aureus was observed to increase with the increase in reaction 

time, but the one for the other three concentrations fell from the beginning and 

continued to decrease with the incubation time increasing. Non-organic purple potato 

peel at concentration of 13.33 mg/mL exhibited moderate antibacterial activity against 

S. aureus within the time span of the experiment, inducing 87.9% of killing to S. aureus 

at the end. It had a better antimicrobial effect at the concentration of 26.67 mg/mL. At 

60 min, 26.67 mg/mL had shown more than 50% kill rate against the S. aureus. At 120 

min, the kill rate rose to a high point of 98.2%. At 180 min, S. aureus was almost 

completely eliminated (99.3%). However, the kill percentage for the concentration of 

0.67, 3.33 and 6.67 mg/mL decreased as the time increased. 
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Figure 3.11 Time-response plot of time (min) versus kill percentage for different 

concentrations of PP7 Non-organic purple potato peel against Staphylococcus aureus. 

Vertical bars indicate standard deviations from the mean. 

 

3.3.3 Antibacterial activity of amoxicillin 

The MIC test results show that the MIC of amoxicillin against S. aureus is 0.5 µg/ml. 

However, within the 3-hour bactericidal assay, amoxicillin only exhibited activity 

against S. aureus at very high concentrations (over 20 times MIC). The results of 

different concentrations of amoxicillin against S. aureus are displayed in the appendix. 
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3.3.4 Antibacterial activities of 7 types of potato peel against S. aureus at a 

period of 24 hours with nutrition (Mueller-Hinton broth). 

The time-kill curves of S. aureus in Mueller-Hinton broth with the addition of PP1 Non-

organic red potato peel at different concentrations are shown in Figure 3.12. The figure 

shows a concentration-dependent antibacterial effect of PP1 on the growth of S. aureus. 

The antibacterial activities of the two highest concentrations 10 mg/mL and 20 mg/mL 

increased over time and reached a strong level at 180 min. The density of S. aureus at 

these two concentrations decreased from 5.8 log CFU/mL at 0 min to 3.7 log CFU/mL 

(99.2% reduction) and 3.5 log CFU/mL (99.4% reduction) at 3 hours, respectively. 

However, after 3 hours, the S. aureus in 10 mg/mL regrew over time and reached a 

density similar to the control group at 24 hours. But the S. aureus in 20 mg/mL showed 

a continuing decrease after 3 hours and were completely eliminated at 24 hours.  
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Figure 3.12 Time-kill curves for Staphylococcus aureus treated with various 

concentrations of PP1 Non-organic red potato peel within 24 hours. Vertical bars 

indicate standard deviations from the mean. 

 

Figure 3.13 shows the antibacterial effect of various concentrations of PP2 Organic red 

potato peel against S. aureus within a 24-hour incubation period under conditions of 

nutrition. After 3-h interaction, only the two highest concentrations 10 mg/mL and 20 

mg/mL exhibited strong antibacterial activity against S. aureus with reduction of S. 

aureus at 92.4% and 99.5%, respectively. From 3 hours to 4 hours, the population of 

the S. aureus in 10 mg/mL continued to decrease; but after 4 hours, the strain displayed 

a regrowth. By contrast, S. aureus in 20 mg/mL continued to decrease and were totally 

eliminated at 24 hours.  
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Figure 3.13 Time-kill curves for Staphylococcus aureus treated with various 

concentrations of PP2 Organic red potato peel within 24 hours. Vertical bars indicate 

standard deviations from the mean. 

 

Figure 3.15 shows the time-kill curves of S. aureus in Mueller-Hinton broth with 

additions of different concentrations of PP3 Non-organic fingerling potato peel within 

a time span of 24 hours. For the first 3 hours, only the highest concentration, 20 mg/mL, 

exhibited prominent antibacterial activity against S. aureus; the density of S. aureus 

decreased from the initial 5.7 log CFU/mL to 4.9 log CFU/mL (85.5% reduction). 

However, after 3 hours, the S. aureus exhibited a regrowth and reached to a density 

similar to the control group at 24 hours. 

 



90 

 

Figure 3.14 Time-kill curves for Staphylococcus aureus treated with various 

concentrations of PP3 Non-organic fingerling potato peel within 24 hours. Vertical bars 

indicate standard deviations from the mean. 

 

Figure 3.15 shows the time-kill curve of S. aureus treated with different concentrations 

of PP4 Organic fingerling potato peel within 24 hours under conditions of nutrition. 

After 3 hours of interaction, the initial population of the S. aureus treated with 10 

mg/mL and 20 mg/mL of potato peel showed a decrease, with 16.8% and 94.2% 

reduction, respectively. However, after 3 hours, the S. aureus treated with 10 mg/mL of 

potato peel regrew and reached a density similar to the control group at 24 hours. 

Although the S. aureus treated with 20 mg/mL of potato peel continued to decrease 

from 3 hours to 4 hours, there was regrowth after 4 hours. 
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Figure 3.15 Time-kill curves for Staphylococcus aureus treated with various 

concentrations of PP4 Organic fingerling potato peel within 24 hours. Vertical bars 

indicate standard deviations from the mean. 

 

The effect of various concentration of PP5 Non-organic russet potato peel against S. 

aureus within 24-hour incubation under conditions of nutrition is presented in Figure 

3.16. Similar with the results of previous bactericidal assay, after three hours of 

interaction, the two highest concentrations, 10 mg/mL and 20 mg/mL, exhibited a high 

level of antibacterial activity against S. aureus with S. aureus reducing from 5.8 log 

CFU/mL to 4.47 log CFU/mL (93.8% reduction) and 3.55 log CFU/mL (99.4%), 

respectively. From 3 hours to 4 hours, the S. aureus in 10 mg/mL continued to decrease, 

but from 4 hours to 24 hours, there was regrowth of S. aureus. Unlike when it was 
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treated with 10 mg/mL, the S. aureus treated with 20 mg/mL potato peel continued to 

decrease after 3 hours and were completely eliminated at 24 hours.  

 

 

Figure 3.16 Time-kill curves for Staphylococcus aureus treated with various 

concentrations of PP5 Non-organic russet potato peel within 24 hour. Vertical bars 

indicate standard deviations from the mean. 

 

The antibacterial activity of various concentration of PP6 Organic russet potato peel 

against S. aureus within a 24-hour incubation period under conditions of nutrition is 

presented in Figure 3.17. The results indicated increases in antibacterial activity for the 

relative highest concentrations 10 mg/mL and 20 mg/mL against S. aureus in the first 

3 hours. The population density of S. aureus in these two concentrations of potato peel 

reduced from 5.8 log CFU/mL at 0 min to 5.3 log CFU/mL (62.3% reduction) and 3.8 
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log CFU/mL (99% reduction) at 3 hours, respectively. However, after 3 hours, the S. 

aureus in these two concentrations of potato peel showed regrowth and reached a 

density similar to the control group at 24 hours. 

 

 

Figure 3.17 Time-kill curves for Staphylococcus aureus treated with various 

concentrations of PP6 Organic russet potato peel within 24 hour. Vertical bars indicate 

standard deviations from the mean. 

 

The time-kill curves of S. aureus treated with different concentrations of PP7 Non-

organic purple potato peel within a time span of 24 hours are presented in Figure 3.18. 

The results indicated an increase in antibacterial activity of the two highest 

concentrations 10 mg/mL and 20 mg/mL against S. aureus for the first 3 hours. The 

density of S. aureus in these two concentrations decreased from the initial 5.8 log 
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CFU/mL to 4.9 log CFU/mL (84.0% reduction) and 3.7 log CFU/mL (99.2% reduction) 

at 3 hours, respectively. Even so, there was regrowth for the S. aureus treated with 10 

mg/mL after 3 hours and the density of the S. aureus reached a similar level with the 

control at 24 hours. By contrast, after 24 hours, 5.8 log CFU/mL of S. aureus in 20 

mg/mL potato peel was completely eliminated.  

 

 

Figure 3.18 Time-kill curves for Staphylococcus aureus treated with various 

concentrations of PP7 Non-organic purple potato peel within 24 hours. Vertical bars 

indicate standard deviations from the mean. 

 

Table 3.3 shows the MBC (mg/mL) for 7 potato peels against the S. aureus (ATCC 

29213). 20 mg/mL was the MBC of PP1, PP2, PP5 and PP7, while the MBC for PP3, 

PP4 and PP6 was over 20 mg/mL. 
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Table 3.3 MBC (mg/mL) of 7 potato peels on S. aureus (ATCC 29213) 

Potato peels MBC (mg/mL) 

PP1 Non-organic red potato peel 20 

PP2 Organic red potato peel 20 

PP3 Non-organic fingerling potato peel >20 

PP4 Organic fingerling potato peel >20 

PP5 Non-organic russet potato peel 20 

PP6 Organic russet potato peel >20 

PP7 Non-organic purple potato peel 20 

 

3.4  Discussion 

3.4.1 Antibacterial activities of apple peel against S. aureus. 

The effect of different concentrations (from 0.67 to 26.67 mg/mL) of four types of apple 

peel on S. aureus (ATCC 29213) over 3 hours was evaluated in the present study (Figure 

3.1 to Figure 3.4). Over 3 hours, two types of apple peel (AP2 Organic red delicious 

apple peel and AP3 Non-organic golden delicious apple peel) did not show any 

antibacterial effect against S. aureus even at the highest concentration used in our 

experiments (26.67 mg/mL), while AP1 Non-organic red delicious apple peel and AP4 

Organic golden delicious apple peel only exhibited very weak antibacterial activity 

(resulting highest percentage kill was less than 10%).  
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Figure 3.19 presents the antibacterial activity of 4 types of apple peel at 30 min. The 

AP1 Non-organic red delicious apple peel showed stronger antimicrobial activity than 

the AP2 organic peel (P = 0.0053), but there was no significant difference in 

antibacterial effect between the AP3 non-organic and AP4 organic golden delicious 

apple peel (P = 0.3847). Thus, cultivation method (non-organic vs. organic) of apple 

may be a factor affecting their antibacterial activity on S. aureus but its level of 

influence is cultivar-dependent. On the other hand, since only AP1 Non-organic red 

delicious apple peel showed significantly stronger antibacterial activity than AP3 Non-

organic golden delicious apple peel (P = 0.0031) while there was no significant 

difference in antibacterial activity between the two types of organic apple peel (P = 

0.7550), it is unwise to conclude that the peel from red delicious apple variety will 

certainly perform better than the peel from golden delicious apple as an antimicrobial.  
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Figure 3.19 Comparison of the % Kill at 30 min of 4 types of apple peel at different 

concentrations. Vertical bars indicate standard deviations from the mean. 

 

In a previous paper by Fattouch et al. (2008), the antibacterial activity of the peel of 

two apple species ‘Red Delicious’ and ‘Golden Delicious’ that we studied was assessed, 

and the aqueous acetone extracts from the peel of these two species were shown to be 

active against S. aureus (ATCC 6538 and ATCC 25923). Moreover, ‘Red Delicious’ 

apple peel extracts exhibited a better antibacterial activity than ‘Golden Delicious’ 

apple peel extracts against S. aureus. The MICs and MBCs ranged from 102 to 104 mg 

of phenolic compounds/mL (about 90 to 2919 mg of fresh weight of peel/mL) which 

were higher than the highest concentration (26.67 mg/mL of potato peel) used in the 
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present study. The result of the Fattouch et al. (2008) study leads us to hypothesize that 

the activity of apple peel could be concentration-dependent; in other words, the apple 

peel may only exhibit inhibitory activity against S. aureus at high concentrations. The 

difference of the results between our study and the Fattouch et al. study might also be 

caused by the diverse extraction methods used or the different geographical regions of 

the apple varieties studied, which have been discussed in Chapter 2. Actually, the 

phenolic compounds of ‘Red Delicious’ and ‘Golden Delicious’ apple peel have been 

well documented and they mainly include (+)-catechin, phloridzin and rutin as well as 

hyperin, procyanidin B2, chlorogenic acid and isoquercitrin (Carbone et al., 2011; 

Fattouch et al., 2008; Escarpa & González, 1998). These compounds may be 

responsible for the antibacterial activity of the apple peel, and this needs further studies. 

 

Based on our results and combined with the results of Fattouch et al. (2008), we suggest 

that ‘Red delicious’ and ‘Golden Delicious’ apple peel may still be promising 

antimicrobial agents, but they may require further extraction or purification prior to 

their use. 

 

The antibacterial properties of peel of other apple varieties against S. aureus were 

studied by other researchers. In most cases, the extracts of apple peel displayed activity 

against S. aureus. For example, in the study of Alberto et al. (2006), S. aureus (ATCC 

25923 and ATCC 29213) was susceptible to the apple peel extracts of the ‘Granny 
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Smith’ and ‘Royal Gala’ varieties; additionally, at an identical concentration (7 mg 

GAE/mL) of the apple skin extracts, the ‘Granny Smith’ extracts were more effective 

than those from ‘Royal Gala’.  In the study of Vodnar et al. (2017), the extracts from 

peel of ‘Ionatan of Voinesti’ apple with or without thermal treatment (10 min at 80 ℃) 

exhibited antibacterial activity against S. aureus (ATCC 49444) and higher 

antibacterial activity was registered for the extracts from thermally processed sample 

(with a MIC and MBC of 1.95 mg/mL and 3.9 mg/mL, respectively). In addition, in a 

study by Friedman et al. (2013), the high in bioactive compounds apple peel extract 

powder exhibited strong antibacterial activity against S. aureus (1200) with BA50 (kills 

50% of the initial amount of bacteria ) value of 0.002%. The results of these studies 

indicate that the apple peel is still a promising antimicrobial alternative. However, a 

study from Fratianni et al. (2011) found that the extracts from the ‘Annurca’ apple peel 

were not active against S. aureus (DSM 2592) even at the highest concentration (50 

µg/disk), which is consistent with the results of our study. The discrepancy of results 

among diverse studies might be due to different apple cultivars, extraction 

methodologies as well as specific strains and the diverse assay methodologies applied.  

 

3.4.2 Antibacterial activities of potato peel against S. aureus. 

In the study of antibacterial property of potato peel powders against S. aureus (ATCC 

29213) with the Friedman et al. (2002) bactericidal assay, all the seven potato peel 

samples (PP1 Non-organic red potato peel, PP2 Organic red potato peel, PP3 Non-

organic fingerling potato peel, PP4 Organic fingerling potato peel, PP5 Non-organic 
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russet potato peel, PP6 Organic russet potato peel and PP7 Non-organic purple potato 

peel) showed notable antibacterial activity (the resulting highest % Kill to S. aureus 

ranged from 68.9% to 99.3%) within three hours (Figure 3.5 to Figure 3.11).  

 

It has been well documented that potato peel is rich in bioactive compounds that have 

antioxidant properties (Silva-Beltrán et al., 2017; Chaves Morillo et al., 2016; 

Visvanathan et al., 2016; Singh et al., 2011; Mäder, 2009; Mendel Friedman & Levin, 

2009). These bioactive compounds may be associated with the antibacterial activity of 

the potato peel, since some of these compounds have been demonstrated to have 

antibacterial effect on S. aureus. For example, the quercetin in potato peel has been 

shown to exert antibacterial effect against some foodborne pathogenic bacteria 

including S. aureus, E. coli, Salmonella enterica, Pseudomonas fluorescens, Bacillus 

stearothermophilus, and Vibrio cholera (Taleb-Contini et al., 2003). Anthocyanins in 

potato peel have also been demonstrated to have a strong inhibitory effect on S. aureus 

(Bontempo et al., 2013). In addition, the phenolic compounds and steroidal alkaloids 

found in potato peel have also been demonstrated to have anti-S. aureus properties 

(Kumar, Sharma, & Bakshi, 2009; Cushnie & Lamb, 2005). However, it is still 

unknown if the antibacterial activities found in the present study are caused by an 

individual compound or are the results of synergism/antagonism of diverse compounds, 

and this needs a further study. 
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During the 3-hour interaction, these 7 potato peel samples exhibited some common 

characteristics. For example, the antibacterial activities of these 7 potato peel samples 

were all concentration-dependent, which is to say inhibitory effects were only observed 

at relatively high concentrations. In addition, the antibacterial level of these relatively 

high concentrations increased over time: from 0 min to 120 min, the antibacterial 

activity underwent a rapid increase and already reached a relatively high level at 120 

min; from 120 min to 180 min, the antibacterial activity experienced a gentle rise and 

ultimately reached its highest level at 180 min.  

 

Although all the potato peels exhibited prominent antibacterial activity against S. 

aureus at 180 min, there were still variations in antibacterial efficiency for each potato 

peel (Figure 3.19). When at the concentration of 6.67 mg/mL, only PP5 Non-organic 

russet displayed a positive % Kill (54.2%) to S. aureus; thus, PP5 is seen to be the most 

active against S. aureus among the 7 potato peels. When at the concentration of 13.33 

mg/mL, only the PP3 Non-organic fingerling potato peel showed a negative % Kill to 

S. aureus; additionally, the % Kill of PP3 at concentration of 26.67 mg/mL was 

significantly (P < 0.05) lower than other 6 samples. Therefore, PP3 has been shown to 

have the lowest activity against S. aureus of the potato peels evaluated in this study.  

 

Despite being of the same variety, the inhibitory activity of potato peel from different 

cultivation model (non-organic vs. organic farming) varied widely. For example, the 
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peel of organically grown russet potato (PP5) had the highest activity against the S. 

aureus of all the peels, but the peel of organically produced russet potato (PP6) was less 

active against S. aureus than the other 4 potato peel samples (PP1, PP2, PP4 and PP7), 

since at the concentration of 13.33 mg/mL, the resulting % Kill at 180 min of PP6 was 

significantly lower (P < 0.05) than that of these other 4 potato peels (Figure 3.20). In 

addition, in relative to the fingerling potato samples, the peel of the conventionally 

produced potato (PP3) did not show activity against S. aureus at 13.33 mg/mL, but the 

peel of the organically grown potato (PP4) exhibited good activity. However, 

differences in cultivation model has no effect in relation to the red potato samples, since 

there was no significant difference (P <0.05) between the antibacterial activity of the 

non-organic (PP1) and organic (PP2) potato peel. These findings highlight the 

importance of evaluating the antibacterial activity of peels from diverse varieties and 

different cultivation methods (conventional and organic) from the same variety. 

Friedman et al. (2017) have demonstrated that the content of phytochemical compounds 

is different in potato peels from diverse varieties and diverse growing methods for the 

same variety. 
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Figure 3.20 Comparison of the % Kill at 180 min of 7 types of potato peel at three 

relative concentrations. Vertical bars indicate standard deviations from the mean. 

 

To study the antibacterial property of 7 potato peels against S. aureus under conditions 

including nutrition within a time span of 24 hours, the time-kill test was carried out 

(Figure 3.12 to Figure 3.18). The results from time-kill test were similar to the results 

from bactericidal assay after a 3-hour interaction, with all the 7 potato peels at relative 

high concentrations exhibiting a pronounced inhibitory effect on S. aureus. From 3 

hours to 4 hours, even though some potato peels exhibited increasing antibacterial 

activity, none of them could totally eliminate the bacteria in the tubes at 4 hours. But 

after a 24-hour interaction, the S. aureus treated with 20 mg/mL of PP1, PP2, PP5 and 

PP7 were completely eliminated, while the S. aureus exposed to other concentrates of 

PP1 N
on-o

rg
an

ic 
re

d 

PP2 O
rg

an
ic 

red

PP3 N
on-o

rg
an

ic 
fin

ger
lin

g

PP4 O
rg

an
ic 

fin
ger

lin
g

PP5 N
on-o

rg
an

ic 
ru

ss
et

PP6 O
rg

an
ic 

ru
ss

et 

PP7 P
urp

le

-200%

-100%

0%

100%

-250%

50%

90%
%

 K
ill

6.67 mg/mL 13.33 mg/mL 26.67 mg/mL



104 

these four potato peels or the other three potato peels (PP3, PP4 and PP6) experienced 

regrowth. Therefore, this suggested that PP1, PP2, PP5 and PP7 are more effective than 

the other three potato peels, PP3, PP4 and PP6. The regrowth of the strains may be due 

to the inactivation of the potato peels at a time point between 3 hours to 24 hours.  

 

Antibacterial property of potato peel was also studied by Amanpour et al. (2015). Their 

study demonstrated that ethanol extracts of potato peel (variety not known) were 

effective against S. aureus (PTCC 1113) with MBC of 1.25 ± 0.00 mg/mL, which is 

lower than ours (20 mg/mL for PP1, PP2, PP5 and PP7). This difference is probably 

due to the different varieties of the potato used since studies have demonstrated that the 

amounts of bioactive compounds in potato varies significantly among different varieties 

(Albishi et al., 2013; Brandl & Herrmann, 1984). The difference might also be caused 

by the diverse extraction methods used, as demonstrated by Beltrán et al. (2015). Those 

researchers found different antibacterial properties between aqueous extracts and 

ethanol-acid extracts of ‘Fianna’ potato peel against S. aureus (ATCC 65384). The 

ethanol-acid extracts were effective against S. aureus (ATCC 65384) (with MIC of 12.5 

mg/mL and MBC of > 50 mg/mL), while aqueous extracts did not show activity against 

the strain.  
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3.5  Conclusion 

In summary, using the Friedman et al (2002) bactericidal assay to evaluate the 

antibacterial activity of the apple peel, within three hours, AP1 Non-organic red 

delicious apple peel and AP4 Organic golden delicious apple peel exhibited a weak 

antibacterial activity against S. aureus (ATCC 29213) (resulting highest percentage kill 

was less than 10%). Therefore, ‘Red delicious’ and ‘Golden Delicious’ apple peel may 

still be promising antimicrobial agents, but it may need a further extraction or 

purification prior their use. 

 

By contrast, all the seven evaluated potato peels (PP1 Non-organic red potato peel, PP2 

Organic red potato peel, PP3 Non-organic fingerling potato peel, PP4 Organic 

fingerling potato peel, PP5 Non-organic russet potato peel, PP6 Organic russet potato 

peel and PP7 Non-organic purple potato peel) at relatively high concentrations (at or 

above the concentration of 13.33 mg/mL) displayed prominent activity against S. 

aureus (ATCC 29213) (with the resulting highest % Kill to S. aureus ranging from 68.9% 

to 99.3%) at 3 hours. Under conditions of nutrition, studied with time-kill test, these 7 

potato peels also showed pronounced antibacterial activity against the S. aureus (ATCC 

29213) at 3 hours. In fact, after 24 hours, 20 mg/mL of PP1, PP2, PP5 and PP7 

completed eliminated approximately 5.7 to 5.8 log CFU/mL S. aureus. Therefore, 

potato peels, in particular PP1, PP2, PP5 and PP7, might successfully be developed as 

natural antimicrobials to replace conventional antibiotics in combating S. aureus. 
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In the present study, there are still some limitations. Similarly, we don’t know if other 

factors such as compositions, procedure affecting the antimicrobial effect of peels 

against S. aureus, even though peel samples do show a virtual high antimicrobial 

activity on S. aureus with increasing the concentration to an appropriate value (herein 

is higher than 13.33 mg/mL for potato peel). In addition, the antibacterial activity of the 

peel samples in this study was only evaluated in vitro, and so whether the effects will 

be duplicated in vivo after consumption by animals and humans is not known. 

Therefore, the bioavailability, metabolism, and safety of peel materials in animals and 

humans needs to be investigated further. 
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Chapter 4 General discussion 

During the processing of fruits and vegetables into canneries, puree, juices, pickles and 

packing food in food industry, large quantities of by-products such as peels, pomaces, 

pulps, and seeds are generated. In most cases, these by-products are discarded as waste, 

which will not only cause economic losses for food industries but also pose severe 

pollution problem for the environment. However, these plant-food by-products have 

potential to be converted into value-added products since they are rich in valuable 

substances such as proteins, dietary fibers and micronutrients with antioxidant activities, 

such as carotenoids and phenolic compounds (Oreopoulou & Tzia, 2007). Since these 

by-products are economical and renewable, as well as environmentally friendly and 

relatively safe, investigation of these food by-products has increased over the past two 

decades. There is an increasing body of literature covering the potential benefits of 

these plant-based by-products. But it should be noted that the investigation of potential 

antibacterial activity of plant food by-products is still limited in the literature, especially 

for apple peel and potato peel. Compared with apple peel, there has been much less 

research into potato peel. Most potato peel is still casually discarded as waste and the 

governments or companies have to consume lots of resources to deal with those waste 

products. The exploration of those food by-products may improve this situation and 

help governments and companies save the cost and turn it to extra profit. In 2012, a 

study showed that the US government invested at least 198 billion dollars to deal with 

the greenhouse gas produced by food waste (Venkat, 2011). This money may be 
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significantly cut if the novel application of food by-products could be found, which will 

be a great benefit to the economy of any country. 

 

Food animals are a considerable reservoir of zoonotic bacteria which can cause illnesses 

for both animals and humans. Currently, diseases caused by bacteria in animal 

agriculture are controlled by using antibiotics. However, due to the risks of antibiotic 

resistance and food safety concerns, the uses of antibiotics in food animals have been 

restricted by some nations. In order to reduce both susceptible and resistant pathogens 

in food animals, protecting the health of both animals and humans, there is a need to 

develop alternatives to antibiotics in animal agriculture.  

 

In this study, as our hypothesis, apple peels and potato peels have antibacterial activity 

against E. coli and S. aureus. In the experience against E. coli (ATCC 25922), four 

apple peels showed some antibacterial activity against Escherichia coli within three 

hours. However, the exhibited antibacterial activities of these four types of apple peel 

were all at a low level since their resulting highest kill percentages to the test 

microorganism were all less than 50%. Furthermore, these highest kill percentages were 

all caused by the highest concentration (6.67 mg/mL) of each apple peel. Four types of 

potato peel (PP2 Organic red potato peel, PP3 Non-organic fingerling potato peel, PP4 

Organic fingerling potato peel and PP6 Organic russet potato peel) did not show any 

activity against E. coli even at the highest concentration (6.67 mg/mL) within 3 hours. 

A low level of antibacterial activity against E. coli was detected for three potato peels 
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(PP1 Non-organic red potato peel, PP5 Non-organic russet potato peel and PP7 Non-

organic purple potato peel) at concentrations ranging from 0.03 to 6.67 mg/mL within 

three-hour interactions. These highest kill percentages were all caused by the highest 

concentration (6.67 mg/mL) of each potato peel.  

 

In the experience against S. aureus (ATCC 29213), two types of apple peel (AP2 

Organic red delicious apple peel and AP3 Non-organic golden delicious apple peel) did 

not show any antibacterial effect against S. aureus even at the highest concentration 

used in our experiments (26.67 mg/mL), while AP1 Non-organic red delicious apple 

peel and AP4 Organic golden delicious apple peel only exhibited very weak 

antibacterial activity (resulting highest percentage kill was less than 10%). However, 

all the seven potato peel samples (PP1 Non-organic red potato peel, PP2 Organic red 

potato peel, PP3 Non-organic fingerling potato peel, PP4 Organic fingerling potato peel, 

PP5 Non-organic russet potato peel, PP6 Organic russet potato peel and PP7 Non-

organic purple potato peel) showed notable antibacterial activity (the resulting highest % 

Kill to S. aureus ranged from 68.9% to 99.3%) within three hours.  

 

In addition, as our hypothesis, variety does influence the antibacterial activity of the 

peel samples. For example, in the experiment against S. aureus, between the 7 studied 

potato peel samples, fingerling potato variety showed the lowest antibacterial activity 

against S. aureus compared with other varieties. However, unlike our hypothesis, 

organic sample does not always have greater antibacterial activity than its non-organic 
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counter. Therefore, generalizations cannot be drawn and many other variables may play 

a part in influencing the antibacterial activity of the peel materials. These observations 

suggest that when investigating the antibacterial activity of peel from fruits or 

vegetables, a range of influence factors not only the variety and cultivation model 

should be taken into account. 

 

In fact, the development and utilization of apple and potato peel has been ongoing for 

several years, confirming that extracts from both these natural products have the 

potential to inhibit E. coli and S. aureus (Fratianni et al, 2011; Alberto et al, 2006). 

However, complicated and time-consuming operations (professional extract machines, 

organic solvent extracts, and special variety requirements) plus high costs are the main 

reasons given for the limited application of these natural products in agriculture, 

especially as antimicrobial agents in animal feed (Fattouch et al, 2008; Tosi et al, 2007; 

Alberto et al, 2006; Friedman et al, 2004). In my study, the whole potato peel powder 

just through simple treatment exhibited extraordinary antibacterial activity against S. 

aureus which shows that potato peel powder has potential to be develop as 

antimicrobial agent in the future.  

 

Food waste substances, potato peels, are economical, renewable and relatively safe. 

Also, they are excellent sources of nutrients (Ncobela et al., 2017) and have many 

pharmaceutical properties as mention in the previous chapter. We suggest that potato 

peel powder may be applied as feed ingredients for livestock animals, which may not 
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only reduce feed costs and improve the health of the animals but also decrease the 

environmental pollution impact of the food waste. Safety tests, such as toxicologic 

studies, involving these by-products in vivo prior to their application as animal feed are 

important, because these by-products may contain toxic components during a specific 

period, which may harm the health of the animals. For example, potato peel is high in 

glycolkaloids which are toxic to humans, with a safety level set at about 1−2 mg/kg of 

body weight (Elkahoui et al., 2018). In addition, potato peel powder may also be applied 

as human dietary supplements, surface bactericidal products as well as preservatives in 

food products (the antioxidant activity of potato can effectively reduce the oxidation of 

food products, thus keeping the food fresh at least in the short term). 

 

This study adds information regarding the antibacterial properties of peel from two 

varieties of apple (“Red Delicious” and “Golden Delicious”) as well as four varieties 

of potato (“Red”, “Fingerling”, “Russet” and “Purple”), both non-organic and organic 

(‘Purple’ potato, which was solely non-organic), on E. coli and S. aureus. This might 

help in selecting promising antimicrobial agents from apple and potato peels, thus 

converting these plant-food waste materials into value-added products. 

 

However, in the present study, there are still some limitations which need to be looked 

at and improved in future studies:  

 

a) In the evaluation of the antibacterial activity of apple peel and potato peel against E. 
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coli, the evaluated samples only exhibited a low level of activity against the bacteria at 

the concentrations used (0.03~6.67 mg/mL). However, the study by Rodriguez De 

Sotillo et al. (1998) has indicated that freeze-dried water extract of potato peel, at high 

concentration, shows long-term antimicrobial activity against E. coli. Thus, we do not 

know if these peel samples would show strong activity against E. coli at higher 

concentrations as happened with the potato peel samples against S. aureus in the present 

study. In addition, due to the different concentration ranges used in the evaluation of 

antibacterial activities of apple peel and potato peel against E. coli and S. aureus, it is 

difficult to compare the susceptibility of these two bacteria to the peel materials. 

Therefore, to fully understand the antibacterial activity of apple peel and potato peel 

samples on E. coli, higher concentrations should be included in future studies. 

 

b) In this study, the antibacterial activities of apple peel and potato peel materials were 

only examined on antibiotic susceptible E. coli and S. aureus; therefore, the 

susceptibility of antibiotic resistant E. coli and S. aureus to the apple peel and potato 

peel materials is not known; also, there has been limited research related this aspect. In 

future studies, apple and potato peel could be tested against antibiotic resistant E. coli 

and S. aureus, and if successful might help in combating antibiotic resistant bacteria. 

 

c) In this study, the antibacterial activity of the peel samples was only evaluated in vitro, 

and so whether the effects will be duplicated in vivo after consumption by animals and 

humans is not known. Therefore, the bioavailability, metabolism, and safety of peel 
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materials in animals and humans needs to be investigated further. 
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Appendix 

 

Figure 5.1 Time-response plot of time (min) versus kill percentage for different 

concentrations (µg/ml) of amoxicillin against Escherichia coli. Vertical bars indicate 

standard deviations from the mean. 
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Figure 5.2 Time-response plot of time (min) versus kill percentage for different 

concentrations of amoxicillin against Staphylococcus aureus. Vertical bars indicate 

standard deviations from the mean. 

 

 


