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Effect of Cinnamomum zeylanicum and Origanum onites on the 

growth and biofilm forming ability of ESBL and non-ESBL 

producing Klebsiella pneumoniae 

 

Sara Elias Mitri 

 

ABSTRACT 

 

Klebsiella pneumoniae is a leading cause of a wide range of community and 

hospital-acquired infections. Most K. pneumoniae strains have acquired plasmids 

containing varying set of antimicrobial resistance genes, conferring resistance to nearly 

all available classes of antibacterials and placing this species among the most defiant 

pathogens to treat. An important virulence factor of K. pneumoniae is its ability to form 

biofilms, which are communities of microbes attached to an abiotic or biotic surface, 

including native tissues, medical implants and catheters. In fact, bacterial cells in biofilm 

are found to be up to 1000-fold more resistant to antibacterials as compared to planktonic 

cells. Hence the need for discovering alternative treatments. Using medicinal plants and/or 

their essential oil constituents, in order to prevent and inhibit biofilm formation, was 

suggested. In this study, Cinnamomum zeylanicum and Origanum onites methanolic 

extracts and their major essential oils, cinnamaldehyde, eugenol, thymol and carvacrol, 

were tested for their ability to inhibit the K. pneumoniae biofilm formation. Twenty-six 

biofilm forming clinical isolates of K. pneumoniae were included in this study. Of these 

isolates, 13 were chosen to produce extended-spectrum β-lactamases (ESBLs), while the 

remaining 13 were chosen to be non-ESBLs producing. These K. pneumoniae isolates 

were genetically characterized by pulsed-field gel electrophoresis. The antibacterial 

effects of different concentrations of cinnamon (0.2, 0.15, 0.05 g/ml) and oregano (0.2, 

0.15, 0.1, 0.05 and 0.02 g/ml) methanolic extracts were then detected using the standard 

well diffusion assay. Sublethal concentrations of 0.02 g/ml of Cinnamomum zeylanicum 
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and Origanum onites methanolic extracts were later used to test for their ability to inhibit 

the biofilms formed by the test isolates. Both extracts displayed successful inhibition of 

K. pneumoniae biofilm formation. Gas chromatography-mass spectrometry was then 

employed to quantify the exact concentrations of the main essential oil constituents of the 

C. zeylanicum (cinnamaldehyde and eugenol) and O. onites (thymol and carvacrol) 

methanolic extracts. The anti-biofilm effect of these essential oils was later tested, in order 

to check if any of them might have been the chemical responsible for the anti-biofilm 

effect of the plants’ extracts. Moreover, the possibility of demonstrating a synergistic anti-

biofilm effect of a combination of cinnamaldehyde and eugenol and another of thymol and 

carvacrol was tested. The results showed a biofilm inhibitory effect in 46.15% to 62% of 

the K. pneumoniae isolates, upon exposure to the different essential oil solutions, with no 

synergism noted upon their combination. These natural plant-derived compounds can 

potentially be used in coating indwelling medical devices to prevent bacterial biofilm 

formation. Consequently, using them not only will prevent infections, but will also help 

in minimizing the emergence of antibiotic resistance among pathogens and thus aid in 

solving one of the most challenging health problems. 

 

Keywords: Biofilm, Carvacrol, Cinnamaldehyde, Cinnamomum zeylanicum, ESBLs, 

Essential oils, Eugenol, Klebsiella pneumoniae, Origanum onites, Thymol.       
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Chapter One 

Introduction 

 

1.1. Klebsiella pneumoniae 

1.1.1. History  

In 1882, Friedländer, a German pathologist and microbiologist, isolated an 

encapsulated bacillus from the lungs of a patient who passed away from pneumonia. 

Hence, that pathogen was initially designated as Friedlander's bacillus (Russo & Marr, 

2019). Freidländer’s pneumonia is a community-acquired pneumonia affecting mainly 

immunocompromised individuals (Murphy & Clegg, 2012). Later in 1886, and in honor 

of the German bacteriologist Edwin Kleb, who was well-known for his important 

discoveries in medicine and extensive studies on infectious diseases, this bacterium was 

given the generic name of Klebsiella (Ali & Al-kakei, 2019).      

At present, the number of validly published species of Klebsiella is fifteen 

including Klebsiella granulomatis, K. michiganensis, K. mobilis, K. pneumoniae sp. 

pneumoniae, K. pneumoniae ssp. ozaenae, K. pneumoniae sp. rhinoscleromatis, K. 

quasipneumoniae ssp. quasipneumoniae, K. quasipneumoniae ssp. similipneumoniae, K. 

ornithinolytica, K. oxytoca, K. planticola, K. singaporensis, K. terrigena, K. trevisanii, K. 

variicola, K. michiganensis and K. quasipneumoniae. K. rhinoscleromatis and K. ozaenae 

species were later reclassified as subspecies of K. pneumoniae. Recently, K. 

ornithinolytica, K. planticola, K. terrigena were moved to the genus Raoultella (Ali & Al-

kakei, 2019). 

Klebsiella pneumoniae and K. oxytoca are the clinically most important species of 

the genus (Podschun, Pietsch, Höller, & Ullmann, 2001; Rodrigues et al., 2019). 
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1.1.2. Bacterial characteristics  

K. pneumoniae is a Gram-negative bacterium that belongs to the phylum 

Proteobacteria, class Gammaproteobacteria and to the family Enterobacteriaceae. This 

bacterium is related to other genera such as Escherichia, Salmonella, Shigella, and 

Yersinia (Wu, K. et al., 2009). It is important to note that K. pneumoniae is one of the most 

commonly encountered Gram-negative bacteria (Wasfi, Elkhatib, & Ashour, 2016).  

It is a rod-shaped, encapsulated, non-motile, lactose-fermenting, non-spore 

forming and facultative anaerobic bacillus (Bachman et al., 2011). Because of the 

prominent polysaccharide capsule that is attached to the bacterial outer membrane, K. 

pneumoniae has a mucoid and a glistening phenotype on agar plates (Ali & Al-kakei, 

2019). 

 

1.1.3. Colonization and transmission   

K. pneumoniae is ubiquitous in nature. It mainly inhabits the environment, 

specifically soil, sewage, surface waters and medical devices. It can also exist in a variety 

of plant species, insects and birds. The environment can thus act as a reservoir for human 

acquisition of this bacterium (Struve & Krogfelt, 2004; Wyres, Lam, & Holt, 2020).  

Many studies demonstrated a similarity between K. pneumoniae strains that are 

present in the environment and the ones present in the hospital. In fact, they share similar 

biochemical patterns, and virulence and pathogenicity techniques (Struve & Krogfelt, 

2004). 

There are many possible methods of transmission of K. pneumoniae in the hospital 

environment. For instance, it can be transmitted through person-to-person contact among 

patients and healthcare workers (i.e., doctors and nurses), but can also be acquired from 

contaminated instruments and surfaces (Martin et al., 2016).  

It is important to note that the carrier rate of K. pneumoniae is much higher among 

hospitalized patients as compared to that of the general community. According to Ashurst 

and Dawson (2019), 77% of hospitalized patients were found to have K. pneumoniae in 
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their stool, whereas only 5% to 38% of people in the community were found to have it 

(Ashurst & Dawson, 2019).   

 As such, water, food and person-to-person transmission are all vehicles for the 

acquisition and consequent colonization of K. pneumoniae to humans. Once acquired, this 

bacterium colonizes the mucosal surfaces in humans, where it can act either as a 

commensal organism or as a potential pathogen (Wyres et al., 2020). Accordingly, this 

bacterium can be carried asymptomatically on the skin and in the nose, oropharynx and 

gastrointestinal tract of healthy individuals (Holt et al., 2015).  

The gastrointestinal colonization is the most frequent reservoir among these body 

sites. Subsequently, in healthy individuals, the detection rate of K. pneumoniae in stool 

samples is higher than its rate in the oropharynx. As a matter of fact, the rate of carriage 

of K. pneumoniae is 5 to 38% in stool samples as compared to 1 to 6% only in the 

nasopharynx. This is probably due to the non-optimal growth conditions of Klebsiella spp. 

on the human skin. In the hospital settings, these carrier rates increase significantly in 

direct proportion to the length of stay of the patient (Podschun & Ullmann, 1998). 

Many factors can affect the K. pneumoniae colonization rate, including whether 

the patient is infected by a hospital-acquired or community acquired K. pneumoniae strain, 

and whether the patient has undergone a long-term antibiotic treatment. Besides, 

colonization can only be detected by culture when the density of the microbe surpasses a 

certain threshold; hence, the bacterial density of a colonizing strain has an important role 

in the progression to disease (Martin & Bachman, 2018). 

 

1.1.4. From colonization to infection 

 Many studies have been done to discover whether the infections are caused by K. 

pneumoniae strains carried in the normal flora of the patients. These studies showed 

around 80% concordance between the colonizing K. pneumoniae strains and the infecting 

strain within infected patients, particularly for urinary tract infections (UTIs) and 

pneumonia (Martin et al., 2016). However, once the bacterium enters the body, it can 

display high degrees of virulence and antibiotic resistance (Wyres et al., 2020).  
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1.1.5. Types of infections 

K. pneumoniae used to infect mainly immunocompromised individuals, but 

recently, and with the emergence of hypervirulent strains, even healthy and 

immunosufficient individuals have become susceptible to infection by this bacterium 

(Paczosa & Mecsas, 2016). It is noteworthy that the elderly, neonates, 

immunocompromised individuals and those with inserted medical devices still have a 

higher risk of acquiring a K. pneumoniae infection. This is mainly caused by the 

overgrowth and lack of immunological control of commensal K. pneumoniae strains 

(Wyres et al., 2020). 

K. pneumoniae is the second most common Gram-negative pathogen, after 

Escherichia coli (E. coli). It is associated with diverse serious infections including 

pneumonia, UTIs, bloodstream infections (BSIs) and surgical wounds infections (Martin 

et al., 2016; Vading, Nauclér, Kalin, & Giske, 2018). 

 K. pneumoniae is one of only few Gram-negative rods that can cause primary 

pneumonia (Choby, Howard‐Anderson, & Weiss, 2020). Species of this pathogen can also 

cause ventilator-associated pneumonia (VAP) in patients in intensive care units (ICUs). It 

was reported that 7 to 12 % of nosocomial pneumonia cases in ICUs in the United States 

are caused by K. pneumoniae (Guo et al., 2016). On the other hand, the most frequently 

infected site is the urinary tract, and UTIs caused by this pathogen were especially 

prevalent among diabetic patients (Martin & Bachman, 2018). Additionally, K. 

pneumoniae can cause catheter-associated UTIs (CAUTIs). This is mainly facilitated by 

the ability of this bacterium to adhere to the urinary catheters and form biofilm (Schroll, 

Barken, Krogfelt, & Struve, 2010). Furthermore, it is the second most common cause of 

Gram-negative bacteremia, after E. coli, especially in immunocompromised patients 

(Zheng et al., 2018). It is worthwhile noting, however, that 13% of all infections caused 

by K. pneumoniae are related to wound or surgical site infections (Martin & Bachman, 

2018). 

Even with ideal therapy, infection of the lungs by K. pneumoniae is found to carry 

a mortality rate of 30% to 50%, with a worse prognosis in the vulnerable patients’ groups 

(Ashurst & Dawson, 2019). 
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1.1.6. Classical versus hypervirulent K. pneumoniae strains 

Classical K. pneumoniae (cKp) and hypervirulent K. pneumoniae (hvKp) are 

mainly the two pathotypes that are posing a threat to people’s health (Liu & Guo, 2019). 

Most cKp infections occur in hospitals’ environments and long-term care facilities 

(Pomakova et al., 2012). CKp is an opportunistic bacterium that causes infections in 

immunocompromised patients (Lee et al., 2017). In contrast, hvKp is more virulent and 

causes highly invasive community-acquired infections (CAI), also termed hypervirulent 

K. pneumoniae infections (Feldman et al., 2019). Unlike cKp, hvKp usually causes 

infections in young healthy and immunocompetent individuals (Choby et al., 2020). HvKp 

infections can also occur in diabetic patients and among individuals of Asian descent 

(Pomakova et al., 2012). 

Historically, K. pneumoniae has been traditionally considered an opportunistic 

pathogen that causes nosocomial infections (Struve et al., 2015). However, in the mid-

1980s and 1990s, a distinctive clinical syndrome of community acquired K. pneumoniae 

infection was reported from Taiwan (Marr & Russo, 2019). Healthy patients were 

diagnosed with community-acquired pyogenic liver abscesses (CA-PLA) and a tendency 

for metastatic spread for distant sites (Feldman et al., 2019). Eventually, hvKp has become 

the predominant cause of liver abscesses (Yeh et al., 2007). In fact, CA-PLA account for 

80% of all cases of pyogenic liver abscesses that are occurring in Taiwan and Korea 

(Krapp, Morris, Ozer, & Hauser, 2017). Even though the initial reports of hvKp are from 

the Asian Pacific Rim, recently this pathogen has emerged worldwide and an increasing 

number of cases are being reported from the United States, Europe, the Middle East, 

Africa, Australia, etc… (Shon, Bajwa, & Russo, 2013). 

K. pneumoniae species have been identified as the third leading cause of 

healthcare-associated infections in the United States, after Clostridium difficile and 

Staphylococcus aureus (Magill et al., 2014). Additionally, K. pneumoniae was considered 

to be among the eight major infectious bacteria in hospitals, since it was found to be 

responsible for causing 3 to 7% of all nosocomial bacterial infections in the US (Horan et 

al., 1988; Podschun & Ullmann, 1998). The most common HAIs, caused by cKp, are 

pneumonia, urinary tract infections and wound infections that can headway to bacteremia 
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and endocarditis (Pomakova et al., 2012). Intensive care and oncology patients had a 

fourfold increased risk of infection (Podschun & Ullmann, 1998). One of the critical 

features that allowed cKp to be a highly effective healthcare-associated pathogen is its 

acquisition of antimicrobial resistant determinants, including extended-spectrum β-

lactamases (EBSLs) and carbapenemases, making it resistant to many common classes of 

antibiotics (Khaertynov et al., 2018; Liu & Guo, 2019). 

Many bacterial and clinical features defined hvKp and distinguished it from cKp 

and its traditional infections. First, the unusual sites of infections that were observed such 

as, pyogenic liver abscess, endophthalmitis, meningitis, bloodstream infections and 

necrotizing fasciitis (Marr & Russo, 2019). Second, the tendency to metastasize to distant 

sites including lungs, kidneys, spleen, soft-tissue, skin, eyes,  pleura, prostate, bone, joints, 

muscle/fascia and central nervous system (CNS). Metastasis occurred in around 11 to 80% 

of the cases (Pomakova et al., 2012). It should be noted that metastatic spread of infection 

to distant sites was considered a rare characteristic for enteric Gram-negative bacilli. 

Third, the ability of hvKp to cause serious infections in healthy hosts (Shon et al., 2013). 

Diabetes and alcoholism, were found to be two risk factors that increased the chance of 

developing a CAI by hvKp (Piperaki, Syrogiannopoulos, Tzouvelekis, & Daikos, 2017). 

Fourth, hvKp is characterized by the overproduction of the capsular polysaccharide (CPS), 

resulting in hypermucoviscous strains (Palacios et al., 2018). Interestingly, hvKp strains 

used to be more susceptible to antibiotics as compared to cKp (Shon et al., 2013), this shift 

was probably due to the selective pressure existing in the hospital environment (Martin & 

Bachman, 2018). A study, done in China in 2016, revealed that only 12.6% of the hvKp 

strains, that caused many invasive infections, produced ESBLs (Khaertynov et al., 2018). 

However, with the recent worldwide propagation of mobile genetic elements (MGEs) 

conferring antibiotic resistance, hvKp are also becoming antibiotic resistant (Lee et al., 

2017). Despite the fact that hvKp infections occur in younger individuals, hvKp infections 

are associated with a high mortality rate, ranging from 3 to 42% (Shon et al., 2013). 
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1.1.7. K. pneumoniae and host defenses 

In order for K. pneumoniae to establish an infection, it has to first surpass the 

mechanical and chemical barriers, and escape host humoral and cellular innate immune 

defenses. Pathogens are usually faced by many mechanical and chemical defenses, such 

as, mucociliary clearance in the respiratory tract, the flow of urine along with its low pH 

in the genitourinary tract, peristalsis and the mucus lining of the gastrointestinal tract. In 

addition, the digestive enzymes, acidic pH and bile also contribute to prevent the 

attachment and colonization of bacteria in the gastrointestinal tract (Bengoechea & Sa 

Pessoa, 2019).  The pathogen is then subjected to other chemical defenses, mainly the 

numerous soluble extracellular antimicrobial factors present in the host’s serum or within 

tissues, such as, the complement system, collectins and antimicrobial peptides 

(Bengoechea & Sa Pessoa, 2019).  

Once the bacterium crosses the initial barriers, it has to surmount numerous 

humoral and cellular innate defenses. To launch these responses, the immune cells, 

through the germline-encoded pattern recognition receptors (PRRs) of the host, recognize 

conserved molecules uniquely expressed by the pathogens, referred to as pathogen 

associated molecular patterns (PAMPs). Among the many distinct classes of PRRs present 

in mammals, the best-characterized ones belong to the Toll-like receptors (TLRs) and 

nucleotide binding and oligomerization domain-like receptors (NLRs) families (Regueiro 

et al., 2011). 

Among TLRs, TLR4 are involved in the detection of lipopolysaccharides (LPS) of 

the pathogens. Among NLRs, NOD1 recognizes a peptidoglycan motif, referred to as g-

D-glutamyl-mesodiaminopimelic acid from Gram-negative bacteria (Regueiro et al., 

2011). These TLRs are expressed in innate immune cells such as macrophages and 

dendritic cells (DCs). In addition, some non-immune cells express these receptors such as 

epithelial cells and fibroblasts (Kawasaki & Kawai, 2014). Upon PAMPs recognition, 

TLRs initiate signal transduction pathways that lead to the activation of NF-kB, interferon 

regulatory factors (IRFs) or MAP kinases to regulate the expression of chemokines, 

cytokines and type I interferon that defend the host from microbial infection (Kawasaki & 

Kawai, 2014).  
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Among the first effector cells recruited to the infection site are the 

polymorphonuclear leukocytes (PMNs), also known as neutrophils, which migrate rapidly 

to the site of inflammation in order to protect the host and control the acute infection (Lin 

et al., 2004). Different mediators are engaged in this process, one of which is interleukin 

(IL)-17. Interleukin-17 is an important cytokine that helps in mediating an effective 

immune response, mainly through granulopoiesis and neutrophil recruitment. First, IL-8 

and IL-23 induce the production of IL-17. Second IL-12, through the production of 

interferon gamma, also amplifies the expression of IL-17 (Happel et al., 2005).  

The host uses many different pathways and mediators in order to control bacterial 

infections. However, successful pathogens have evolved many different anti-immune 

strategies to overcome both innate and acquired immunity. Pathogens, including K. 

pneumoniae, work on subverting the fast-acting inflammatory response in order to survive 

during the early stages of the infection.  Hence, they will be able to avoid instant removal 

by the host defense and increase the chances of forming a critical population size. This is 

accomplished by modifying PAMPS, the bacterial cell surface molecules’, such as 

peptidoglycan, lipid A of LPS, or flagella, that are usually detected by PRRs in order to 

become less recognized by the immune surveillance systems, and hence altering the host 

immune defenses (Finlay & McFadden, 2006; Regueiro et al., 2011). 

 

1.1.8. Virulence of K. pneumoniae 

Like any other bacterium, K. pneumoniae uses many strategies to grow and guard 

itself from the host immune response. The modus operandi of K. pneumoniae seems to be 

defensive instead of offensive in protecting itself against the host immune response. For 

instance, Yersinia spp. use type III secretion systems to inject toxins to inactivate the 

phagocytic capability of attacking immune cell. On the other hand, K. pneumoniae evades 

phagocytosis by using its virulence factors, such as the capsule, to make it more difficult  

for the phagocytes to bind and engulf it instead of actively suppressing the host humoral 

and cellular immune defenses (Paczosa & Mecsas, 2016).  
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Apparently, many factors are responsible for the virulence of this bacterium. Some 

of which include the polysaccharide capsule, lipopolysaccharides, fimbriae (sometimes 

referred to as pili) and siderophores (Candan & Aksöz, 2015). In addition, outer membrane 

porins (OMPs), efflux pumps, the enzyme urease and genes related to allantoin 

metabolism have been recently identified to be involved in the virulence of K. 

pneumoniae. Yet, more work needs to be done to fully comprehend the mechanisms of 

action and clinical significance of these latter virulence factors.  

It is noteworthy, however, that there is a significant amount of heterogeneity in K. 

pneumoniae strains. Different strains express different virulence factors, which can play 

numerous roles in the pathogenesis of the different K. pneumoniae strains (Paczosa & 

Mecsas, 2016). 

 

1.1.8.1. Polysaccharide capsule (CPS) 

 Host immune defenses usually perceive bacterial surfaces as complex structures 

that present many diverse antigenic targets. Bacterial pathogens work on hiding this 

complicated structure of proteins and carbohydrates from the immune system and PRRs 

recognition yet exposing adhesins and invasin molecules (Finlay & McFadden, 2006). 

One mechanism of masking the K. pneumoniae surface is to express a carbohydrate 

capsule. This capsule is an extracellular polysaccharide matrix that encloses Klebsiella 

spp. and is considered to be the most important virulence factor expressed by this 

bacterium. The composition of this capsule plays a significant role in protecting this 

bacterium against the host immune defenses and in enhancing its survival within the host 

(Piperaki et al., 2017; Struve et al., 2015).  

The presence of this thick capsule protects K. pneumoniae from opsonization, 

phagocytosis, binding and internalization by macrophages, neutrophils, DCs and epithelial 

cells (Chung, 2016). This avoidance of bacterial binding and internalization by the 

immune cells limits early inflammatory signals, resulting in a less firm launching of the 

immune response. In fact, data shows that K. pneumoniae infections do not lead to an early 

production of cytokines (Regueiro et al., 2011). The capsule can also protect the bacterium 
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from the bactericidal effect of the host’s serum (Chung, 2016; Piperaki et al., 2017). 

Moreover, this CPS acts as a protective shield against the access of host derived 

antimicrobial peptides. Free CPS released from K. pneumoniae trap these polypeptides 

aiming to decrease the number of antimicrobial peptides touching the bacterial cell surface 

(Li, B., Zhao, Liu, Chen, & Zhou, 2014). Also, another study proved that wild-type K. 

pneumoniae does not activate an immune response in airway epithelial cells (Regueiro et 

al., 2011). Mechanistically, the anti-inflammatory effect of this capsule is characterized 

by the inhibition of PRRs, mainly TLR2 and TLR4 signaling and NOD1-dependent 

pathways, thus obstructing IL-8 expression, which plays a role in the granulopoietic 

response (Li, B. et al., 2014). In addition, this capsule has the ability to impair DC 

maturation, hence lessen the DC-mediated production of pro-Th1 cytokines like Tumor 

Necrosis Factor alpha (TNF-α) and IL-12, which will lead to destructive function of 

immature DCs, thus impairing T-cell activation and weakening the cellular immune 

response. CPS will work on inhibiting all these immune defenses allowing K. pneumoniae 

to multiply in vivo more easily (Evrard et al., 2010). 

For nearly a century, Klebsiella spp. have been grouped into different capsular (K) 

types that differ significantly in pathogenicity and epidemiological relevance. Since 1926, 

when K typing was initiated, 78 distinct capsular serotypes have been recognized based 

on the composition and molecular variability of their capsular polysaccharides (Brisse et 

al., 2013). Biochemical analyses of these capsules show that they are acidic 

polysaccharides normally formed of repeated subunits of three to six sugars. For instance, 

K21a, K36 and K50 serotypes contain di-mannose/rhamnose residues, in opposite to K2, 

K8 and K55 serotypes that do not contain these polysaccharides (Sahly, Keisari, & Ofek, 

2009).  

While classical K. pneumoniae strains produce a capsule that can be any of the 78 

serotypes (K1 to K78), the vast majority of hypervirulent K. pneumoniae strains belong to 

serotypes K1 and K2. A study aiming to characterize hvKp strains isolated from four 

different continents revealed that 93% were K1 strains and the rest were K2 strains (Jun, 

2018). Hypervirulent strains particularly of capsular serotypes K1 and K2 have a unique 

hypermucoviscous phenotype due to excess production of capsular material, forming a 

relatively large capsule (Piperaki et al., 2017). There are two genes responsible of 



11 
 

enhancing the capsule production of hvKp. The first one is the regulator of mucoid 

phenotype A (rmpA) gene and its isoform rmpA2, which are two plasmid-borne 

transcriptional regulators (Yu et al., 2007). The second is the mucoviscosity-associated 

gene A (magA), which is labeled as the capsule polymerase and is specific for K1 strains 

(Hunt, Wang, & Callegan, 2011). As compared to classical strains, bacteria with the 

hypercapsule phenotype, displayed lower levels of interaction with macrophages along 

with increased resistance to the different humoral defenses, such as complement killing. 

In addition, these strains were able to steadily escape from neutrophil-mediated 

intracellular killing then move to distant sites, like the liver, and cause abscess formation. 

Therefore, the degree of mucoidy appears to be directly correlated to the successful 

establishment of invasive infections (Jun, 2018; Li, B. et al., 2014). 

Because of the technical complexity of the serological method of capsular typing, 

the difficulty in the production of the necessary reagents and other practical limitations, 

molecular methods have been developed in order to deduce the K type of the pathogen 

from genomic sequences. Polymerase chain reaction (PCR) restriction fragment length 

polymorphisms (PCR-RFLP) or allele-specific PCR amplification are easy to perform. 

However, these PCRs were essentially developed for serotypes that are frequent in 

community acquired liver abscess and bacteremia isolates such as K1, K2, K5, K20, K54, 

and K57 (Brisse et al., 2013). 

The cps Operon contains all the genes needed for the production of the K. 

pneumoniae capsule. The cps gene clusters consist of genes for sugar nucleotide synthesis, 

capsule repeat-unit synthesis and capsular repeat-unit assembly and export which are 

involved in the production of the capsule (Shu et al., 2009). K. pneumoniae cps gene 

cluster harbors between 16 to 25 genes expanded on 21 to 30 kilobases (kb). The 5’ end 

of all known K. pneumoniae gene clusters consist of six conserved genes (galF, orf2, wzi, 

wza, wzb, and wzc). K-antigen typing is usually done by sequencing the wzi locus. The 

wzi gene encodes for the outer membrane protein Wzi, which is engaged in the attachment 

of the CPS to the outer membrane of the bacterium. Additionally, this capsule is 

synthesized by the Wzy-dependent polymerization pathway. wzi and wzy genes exist in all 

the different capsular types of this pathogen, however, different genes sequences are 

associated with different K antigen types (Brisse et al., 2013; Jun, 2018). 
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1.1.8.2. Lipopolysaccharides (LPS) 

        The second virulence factor present in K. pneumoniae is lipopolysaccharide, also 

known as endotoxin. It is a major component of the outer surface of the Gram-negative 

cell membrane. Although the LPS structure differs widely between different pathogens, it 

is usually composed of a highly hydrophobic and conserved lipid A, a core polysaccharide, 

and the highly variable O-antigen, which is the outermost component (Hsieh et al., 2012). 

LPS is both an advantage and an obstruction for K. pneumoniae in the course of an 

infection. It helps in the adhesion on the bacterium to mucous layers (Huynh, Kim, & Kim, 

2017) and it protects it against the host humoral defenses. On the other hand, LPS can be 

a robust immune activator. Usually, whenever the host organism senses the presence of 

lipopolysaccharides, an inflammatory cascade is released. In fact, LPS is recognized as 

the strongest mediator of septic shock (Ashurst & Dawson, 2019).  

Yet, K. pneumoniae established different techniques in order to evade the host’s 

immune defenses. For example, some strains may use their capsule to mask their LPS 

from detection by the immune system and mainly TLR. Studies show that K1, K10 and 

K16 are some of the serotypes that can mask their LPS, in contrast to the K2 strains that 

cannot (Merino, Camprubi, Alberti, Benedi, & Tomas, 1992). On the other hand, K. 

pneumoniae, like many other pathogens, tries to modify its LPS to a form that is no longer 

recognizable by certain immune receptors in order to escape its clearance by the immune 

system (Opoku-Temeng, Kobayashi, & DeLeo, 2019). 

The outermost part of the LPS structure is the O-antigen, which is a polymer of 

repeating oligosaccharide units. The wb gene cluster, previously known as rfb, encodes 

the O-antigen biosynthesis enzymes. The variation in composition and sequence of the 

sugar monomers has led to the identification of nine K. pneumoniae O-antigen clusters, 

associated to serotypes O1, O2, O2ac, O3, O4, O5, O7, O8 and O12 (Follador et al., 2016; 

Opoku-Temeng et al., 2019). The seroepidemiology of this bacterium showed that the 

most prevalent O serotypes for human-host associated isolates are O1, O2 and O3, with 

O1 being the dominant serogroup in human infections (Follador et al., 2016). Additionally, 

the length of O antigens affects bacterial survival. Strains expressing full-length O 

antigens or “smooth LPS” are resistant to complement mediated killing, whereas the ones 
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that lack or express truncated O chains or “rough LPS” are susceptible to complement-

mediated killing. O antigens have the ability to bind and sequester components of the 

complement system or else prevent their binding to the bacterial surface thus making the 

microbe resistant to complement-mediated killing (Opoku-Temeng et al., 2019). The O 

antigen protects against the binding of C1q to the cell surface and hence inhibiting the 

activation of the classical pathway and the formation of the membrane attack complex 

(MAC, C5b-C9). Therefore, K. pneumoniae with smooth LPS phenotypes obstruct the 

formation of the MAC on the surface of the bacteria, because the O-antigen bind C3b far 

away from the bacterial membrane and revoking pore formation (Merino et al., 1992; 

Opoku-Temeng et al., 2019). Finally, the lack of O antigen could make this bacterium 

sensitive to complement-mediated killing in the bloodstream hence making the K. 

pneumoniae strain less virulent (Evrard et al., 2010).        

 The lipid A portion of bacterial LPS is encoded by the lps gene cluster. Usually, 

the lipid A of Gram-negative bacteria is a potent ligand for TLR4. However, certain strains 

of K. pneumoniae demonstrated noticeable plasticity in their lipid A structure. They 

modified their structure to a degree that is not recognized by the host cells. Modified lipid 

A does not activate host innate defenses, including resistance to antimicrobial peptides, 

hence rendering these Klebsiella strains more virulent (Finlay & McFadden, 2006; Llobet 

et al., 2015).  

Finally, it is worth noting that the capsule and the lipopolysaccharides of K. 

pneumoniae are not produced independently of each other. The formation of one of these 

two structure can affect the presence and amount of the other (Clegg & Murphy, 2016).  

 

1.1.8.3. Fimbriae         

Frequently pathogens presenting surface capsules, such as K. pneumoniae, have 

filamentous adhesins like fimbriae. These fimbriae can project through the capsule and 

attach to the host receptors while keeping the bacterial surface hidden (Finlay & 

McFadden, 2006). Since these fimbriae are stretchable and flexible, Klebsiella spp. are 

capable of reducing the impact of the aqueous and gaseous flushes in the urethra and 
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respiratory tract respectively, and hence remain attached to host cells. Additionally, due 

to these fimbriae, some K. pneumoniae strains are very sticky and can attach to medical 

devices (Chen, F. et al., 2011). Type 1 and 3 fimbriae are the most important adhesive 

structures that have been described as pathogenicity factors in K. pneumoniae. These 

fimbriae facilitate the adherence to epithelial and immune cells as well as to abiotic 

surfaces. Furthermore, KPF-28 adhesin and Kpc fimbriae are other adhesive structures 

that were also reported to be present in K. pneumoniae, they assist in the adhesion of the 

bacterium to host cells and colonization of tissues (Wu, C., Huang, Fung, & Peng, 2010). 

Type 1 fimbriae are thin, rigid, thread-like protrusions located on bacterial cell 

surfaces. They are found on most of the members of the Enterobacteriaceae family and 

are expressed in around 90% of K. pneumoniae isolates (Murphy, Mortensen, Krogfelt, & 

Clegg, 2013). Type 1 fimbriae are encoded on fim gene cluster, which contain all the genes 

required for the structure and assembly of these fimbriae. This fimbrial appendage is made 

up mainly of repeating FimA subunits, which constitute the majority of the structure 

(Murphy et al., 2013). In addition to this, an adhesin molecule FimH is located at the tip 

of the fimbriae and is responsible for the adhesive properties of type 1 fimbriae. Hence, 

through FimH, type 1 fimbriae lengthen beyond the capsule and mediate K. pneumoniae 

adhesion to mannose-containing glycoproteins that are located on many mammalian host 

tissues, in particular the surfaces of the urinary tract (Schembri, Blom, Krogfelt, & 

Klemm, 2005). Therefore, the expression of type 1 fimbriae enables Klebsiella spp. to 

attach and colonize the epithelial cells of the urogenital tract leading to the initial 

establishment of a urinary tract infection (UTI) and to the formation of biofilm in the 

bladder. Since type 1 fimbriae are not expressed neither in the lungs nor in the 

gastrointestinal (GI) tract, thus these fimbriae have no effect on the ability of K. 

pneumoniae to infect the lungs or colonize the intestines (Schembri et al., 2005; Schroll 

et al., 2010). 

The second type of fimbriae present in K. pneumoniae is type 3 fimbriae. These 

helix-like filaments are characterized as 2-4 nm wide and 0.5-2 μm long appendages 

(Schembri et al., 2005). These fimbriae are encoded by the mrkABCD gene cluster, which 

may be chromosome or plasmid borne. The helical fimbrial shaft is encoded by mrkA. 

Besides, the adhesive subunit is located at the tip of the fimbriae and is encoded by mrkD 
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(Murphy & Clegg, 2012). This adhesive subunit facilitates the binding of the bacteria to 

extracellular proteins such as collagen molecules. Furthermore, they mediate bacterial 

attachment to many types of cells including the renal tubular cells, the basolateral surfaces 

of tracheal epithelial cells, components of basement membranes of lung tissues. In contrast 

to type 1 fimbriae, type 3 fimbriae are “mannose-resistant” and hence they do not bind 

mannose molecules. Accordingly, type 3 fimbriae assist K. pneumoniae in causing 

respiratory tract infection and have an accessory role in urinary tract infections (Chen, F. 

et al., 2011). It should be noted, however, that type 3 fimbriae play an important role in K. 

pneumoniae biofilm formation on abiotic surfaces, in addition to surfaces covered with 

host-derived extracellular matrix proteins (Murphy et al., 2013).  

 

1.1.8.4. Siderophores 

 Since iron is an essential nutrient for a vast majority of pathogens, these 

organisms employ a strategy to acquire iron from the host organism, so that they can 

survive and spread during mammalian infections. The predominant technique used by 

many bacteria of the Enterobacteriaceae family is through the secretion of siderophores. 

Siderophores are small iron-chelating molecules that display a higher affinity for iron than 

host transport proteins do (Gomes et al., 2018). After being secreted by the bacteria, 

siderophores bind ferric iron (Fe3+) with an affinity ten times higher than that of the host’s 

iron acquisition proteins, transferrin or lactoferrin. Siderophores can also scavenge the 

iron from the environment. Afterwards, the iron-bound siderophores are imported to the 

bacterium through the outer membrane receptors, and iron is released by different 

mechanisms (Lawlor, O'Connor, & Miller, 2007). Iron chelation by siderophores could 

have major effects on host cells, since iron has important roles in different cellular 

processes, including oxygen metabolism, deoxyribonucleotide (DNA) replication and 

many cellular reactions (Holden, Breen, Houle, Dozois, & Bachman, 2016). 

Four different iron-chelating molecules have been identified in K. pneumoniae: 

enterobactin, yersiniabactin, salmochelin and aerobactin. Every strain can encode several 

siderophores. Each siderophore contributes to the pathogen virulence in a different way.  
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Enterobactin is a catecholate siderophore that has the highest affinity for iron (Lam 

et al., 2018). It is expressed in both classical and hypervirulent K. pneumoniae strains. 

Hence, it is considered the primary siderophore-mediated iron uptake system in K. 

pneumoniae. Eventually, enterobactin has a higher affinity for Fe3+ compared to 

transferrin and lactoferrin, so it can easily scavenge iron from the host. Once formed, the 

enterobactin-Fe3+ complex is imported into the bacterium (Gomes et al., 2018). 

Enterobactin helps Klebsiella spp. in colonization of and dissemination from the lungs. 

One way of defense used by the host against K. pneumoniae infections is the secretion of 

lipocalin-2 (Lcn2) in order to counter the effect of enterobactin. The innate immune 

protein lipocalin-2 is also known as neutrophil gelatinase-associated lipocalin (NGAL). 

Lcn2 has many antibacterial abilities and it is secreted by different cell types such as 

neutrophils and epithelial cells (Holden et al., 2016). In response to K. pneumoniae 

infection, the host increases the transcription of Lcn2 in the respiratory tract. Lcn2 inhibits 

the growth of this pathogen by binding and deactivating some of the secreted siderophores, 

hence preventing bacteria from scavenging the host’s iron and finally inhibiting the growth 

of K. pneumoniae. Moreover, increase in the production of lcn2 in the host, leads to an 

increase in neutrophil recruitment to the site of infection, through the secretion of the 

chemokine IL-8. Subsequently, in the presence of lnc2, K. pneumoniae strains that 

produce enterobactin solely are cleared (Bachman et al., 2011).         

 Accordingly, successful pathogens do not depend only on enterobactin for iron 

acquisition. For instance K. pneumoniae usually produce other siderophores such as 

yersiniabactin, salmochelin and aerobactin that are not subject to lipocalin-2 binding 

(Bachman, Miller, & Weiser, 2009). Unlike enterobactin, yersiniabactin, salmochelin and 

aerobactin are much more expressed in hypervirulent K. pneumoniae strains. Besides, 

hypervirulent strains have the ability to produce more siderophores compared to non-

virulent strains, which may increase their virulence and pathogenesis (Piperaki et al., 

2017). 

 The second type of siderophore is the phenolate siderophore yersiniabactin. 

Eighteen percent of the classical K. pneumoniae strains and 90% of the hypervirulent K. 

pneumoniae strains express yersiniabactin. It has been reported that this siderophore type 

is over expressed during lung infections and they help K. pneumoniae in maintaining 
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respiratory infections and causing pneumonia (Bachman et al., 2011). Nevertheless, 

yersiniabactin is unable to promote growth of K. pneumoniae in the presence of serum 

transferrin. Therefore, Klebsiella strains that produce only this siderophore are not able to 

disseminate from the lungs into the blood, mainly because transferrin is present in plasma 

(Bachman, Lenio, Schmidt, Oyler, & Weiser, 2012). 

 The third siderophore type present in K. pneumoniae is a glycosylated derivative 

of enterobactin, known as salmochelin. Plasmid-borne genes encode salmochelin. This 

large plasmid is not present in most of the classic K. pneumoniae strains, a reason why 

salmochelin is present in only about 2 to 4% of cKp strains. In contrast, salmochelin is 

much more prevalent in hypervirulent K. pneumoniae strains (Jun, 2018; Russo et al., 

2014). Due to steric hindrance, salmochelin is not neutralized by lipocalin-2, hence it can 

enhance K. pneumoniae colonization of the nasopharynx (Lam et al., 2018). 

 The fourth siderophore produced by Klebsiella strains is a hydroxamate 

siderophore called aerobactin. Compared to the other three siderophore types, aerobactin 

has the lowest affinity for free Fe3+ (Lawlor et al., 2007). Like salmochelin, the gene 

encoding this siderophore is located, in some strains, on a large 200 to 220 kb virulence 

plasmid that does not exist in most cKp strains. This is why, aerobactin is found in only 

about 7 to 18% of cKp isolates, but it is present in 93 to 100% of the hvKp strains (Russo 

et al., 2014). Even though this siderophore is not present in all hypercapsulated strains, the 

presence of this siderophore is often accompanied with a hypercapsule. Therefore, the 

presence of aerobactin seems to be a defining trait for hvKp (Li, G., Sun, Zhao, & Sun, 

2019). 
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1.2. K. pneumoniae and antimicrobial agents 

1.2.1. History of the development of antimicrobial agents and emergence of 

resistant bacteria 

 The clinical introduction of antimicrobial agents for the treatment of human 

infections greatly influenced life on earth. It all started in 1910; when Paul Ehrlich 

synthesized the first antimicrobial agent in the world to treat syphilis. Later in 1935, 

Gerhard Domagk and a group of researchers developed a sulfonamide called Prontosil 

(Saga & Yamaguchi, 2009). Due to the extensive use of Prontosil, the only available and 

effective antibiotic in the market then, sulfa drug resistance developed (Aminov, 2010). 

Later, Alexander Fleming discovered penicillin in 1928, but in the 1940s and shortly after 

the antibiotic came into clinical use, resistance to penicillin started appearing (Saga & 

Yamaguchi, 2009). During the subsequent two decades, researchers developed a number 

of new antibiotics, leading to a golden age of antimicrobial chemotherapy between 1950s 

and 1970s (Aminov, 2010). The overuse, the underuse, and the misuse of antibacterial 

agents lead to the development of antibiotic resistance in bacteria (Kim, Jo, Chukeatirote, 

& Ahn, 2016). This increasing clinical incidence of antibiotic resistance is now recognized 

as a worldwide crisis (Kumar, V. et al., 2011) and the treatment of infections is now 

considered a major problem (Türkel, Yıldırım, Yazgan, Bilgin, & Başbulut, 2018). 

 Many factors contributed in the spread of antibiotic resistance, such as, the 

inappropriate use of antibiotics in the hospitals, the lack of new antimicrobial agents, and 

finally the transfer of resistance from the now spread resistant microorganisms (Pendleton, 

Gorman, & Gilmore, 2013). The antimicrobial resistance (AMR) crisis in the hospital 

setting is driven by the ESKAPE pathogens, which are Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 

aeruginosa and Enterobacter spp. (Bialek-Davenet et al., 2014). These ESKAPE 

organisms are environmental and commensal bacteria that lead to opportunistic infections 

in immunocompromised or hospitalized individuals. Due to their AMR, they have the 

ability to escape the biocidal actions of antibiotics and to develop resistance to multiple 

antibiotics (Founou, Founou, & Essack, 2018). Currently around 70% of the pathogens 

that are responsible for nosocomial infections are resistant to at least one of the most 



19 
 

commonly used drugs for treatment, and some organisms are even resistant to all available 

antibiotics (Türkel et al., 2018). 

 Under this antibiotic selective pressure, bacteria are accumulating antibiotic 

resistance genes (ARGs) by forming new mutations and acquiring successful 

multiresistant plasmids and transferable genetic elements, leading to the formation of 

multidrug-resistant (MDR) and extremely drug resistant (XDR) strains with a “super 

resistome” (Navon-Venezia, Kondratyeva, & Carattoli, 2017). Successful bacterial strains 

work on effectively disseminating their antibiotic resistance traits. This spread can occur 

either vertically to their daughter cells, or horizontally, by donating their mobile genetic 

elements (MGEs), like plasmids and transposons, to other strains, species or genera 

(Ferreira et al., 2019). The accumulation of many resistance determinants in one bacterial 

strain can lead to the appearance of pan resistant strains that are untreatable with almost 

all available antibiotic agents (Wyres & Holt, 2018). In addition, clinical wastes establish 

the ideal pool for the exchange of resistance genes between hospital and community 

bacteria, because colonized and infected patients can spread the antibiotic-resistant 

bacteria they are carrying, along with the active antimicrobial compounds, through their 

excreta (Sakkas, Bozidis, Ilia, Mpekoulis, & Papadopoulou, 2019).  

 

1.2.2. Emergence of antibiotic resistance in K. pneumoniae 

1.2.2.1. Introduction 

 Studies suggest that K. pneumoniae has a more diverse DNA composition, greater 

AMR gene diversity, more plasmid carriage and a wider ecological dispersal than other 

Gram-negative opportunistic pathogens. The presence of K. pneumoniae in different 

organisms’ microbiomes, including humans, increased its exposure to antibiotics and its 

contact with other nosocomial pathogens, thus enhancing the amplification and spreading 

of acquired AMR genes (Wyres & Holt, 2018). Most K. pneumoniae strains have acquired 

additional genetic traits and have evolved toward increased levels of antibiotic resistance, 

rendering this species among the most challenging pathogens to treat (Sakkas et al., 2019). 

Eventually, many K. pneumoniae strains ended up carrying multiple plasmids that contain 

different sets of AMR genes, resulting in resistance to almost all available classes of 
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antibiotics (Wyres & Holt, 2016).  This resulted in K. pneumoniae being responsible for 

numerous outbreaks in health care settings, leading to high morbidity and mortality rates 

(Brisse et al., 2013). 

 

1.2.2.2. K. pneumoniae genome in progression to disease 

 K. pneumoniae genomes are usually highly diverse and differ between strains. The 

core genome, which is shared between almost more than 95% of the isolates, consist of 

around 2000 genes. However, the accessory genome that differs between the isolates 

consists of approximately 3500 genes, chosen from a large pool of more than 30,000 gene 

(Wyres & Holt, 2016). The accessory genome includes chromosomally encoded and 

plasmid-encoded genes, which code for various ARGs and mechanisms, reducing the 

susceptibility of this pathogen to many antibiotics. These accessory genes can be obtained 

through horizontal gene transfer (HGT) between different bacterial species. This diversity 

between K. pneumoniae strains resulted in variable metabolic capacity between the strains, 

which potentially supplemented them with an additional ecological range thus providing 

more opportunities for genetic exchange (Martin & Bachman, 2018). Soil was an ideal 

setting for AMR genes exchange from the environmental or zoonotic pathogens to human 

bacteria (Pendleton et al., 2013).  

 Moreover, the mean GC content of K. pneumoniae core genes is 58%, while the 

GC content of the accessory genes is between 20% to 70%. This could indicate that they 

originated from a taxonomically varied group of donors, hence suggesting that this 

bacterium received DNA from a broad range of HGT partners (Wyres & Holt, 2018). In 

fact, analysis of the lowest common ancestor of K. pneumoniae has showed more than 20 

distinct genera as DNA donors, including other Enterobacteriaceae members in addition 

to other groups such as Acinetobacter, Streptomyces, Vibrio, Burkholderia, etc… (Kumar, 

V. et al., 2011). Additionally, the elevated plasmid load of K. pneumoniae with many 

replicon types is another evidence that this pathogen captured plasmid-borne material 

from diverse donors present in different niches and can transmit these distinct plasmids to 

other recipients in human and animal-associated niches (Wyres & Holt, 2018). A more 

direct evidence for this inter-species HGT in K. pneumoniae was presented by comparing 
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carbapenem-resistant Enterobacteriaceae in the healthcare environment. Eventually, the 

same ward or patient showed identical or highly similar carbapenemase encoding plasmids 

and transposons, from K. pneumoniae, E. coli. Citrobacter freundii and other species 

(Wyres & Holt, 2016). This interspecies and intraspecies transmission of, plasmids and 

insertion elements, is facilitated by the close genetic association of members of the family 

Enterobacteriaceae (Kumar, V. et al., 2011). 

 It is noteworthy that several new mobile AMR genes, such as carbapenem-

resistance genes (KPC), OXA-48 and NDM-1, were first discovered in K. pneumoniae 

before their spreading to other clinically relevant Gram-negative bacteria. Combining all 

of these factors together shows that this pathogen is a key amplifier and spreader of many 

important AMR genes (Wyres & Holt, 2016). 

 K. pneumoniae harbors many resistance mechanisms against the different classes 

of antibiotics. First, the release of antibiotic inactivating enzymes such as the extended-

spectrum β-lactamases, oxacillinases and metallo-β-lactamases that can degrade β-lactam 

antibiotics. Particularly, several enzymes target and cleave the chemical bonds, such as 

amides and esters, that are present in antibiotics. Second, mutations of antibiotic target 

sites. Third, modification in membrane proteins and membrane permeability. Fourth, 

activation of efflux pump systems, which belong to the resistance-nodulation-division 

(RND) family, and can actively force out charged and amphiphilic antibiotics including 

such as fluoroquinolones, aminoglycosides and β-lactams . Fifth, alteration of metabolic 

pathways (Kim et al., 2016).     

 

1.2.3. β-lactam antibiotics and emergence of ESBLs in K. pneumoniae 

1.2.3.1. β-lactams 

 β-lactam antibiotics are the dominant class of antibiotics used for the treatment of 

bacterial infections (Ierardi et al., 2017). There are hundred different β-lactams. These 

antibiotics are classified into different groups based on their structure. Penicillins, 

cephalosporins, carbapenems and monobactams are the most clinically important β-

lactams (Palzkill, 2013). The β-lactams class of antibiotics is mainly characterized by 
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possessing a four-membered β-lactam ring, in the common structure, that acts as a 

substrate for the transpeptidase target enzymes. β-lactams inhibit a set of transpeptidase 

enzymes, also known as penicillin binding proteins (PBPs), that play a major role in the 

synthesis of the peptidoglycan layer of the bacterial cell wall (Gharrah, Mostafa El-

Mahdy, & Barwa, 2017; Palzkill, 2013). Since the peptidoglycan layer is the outermost 

components of the bacterial cell wall, hence it is essential for the integrity of the cell wall 

structure. Interfering with the peptidoglycan synthesis will lead to osmotic instability or 

autolysis, causing modification in the surface morphology and structure of the bacteria, 

finally leading to the death of the bacteria. This describes the mechanism behind the 

antimicrobial effect of β-lactam antibiotics (Ierardi et al., 2017). 

 Unfortunately, these β-lactams can be deactivated. There are several mechanisms 

used by K. pneumoniae to acquire resistance to these antibiotics. First, the production of 

β-lactamases, followed by reducing permeability and then expulsion by efflux pumps 

(Türkel et al., 2018) The principal mechanism of resistance to oxyimino-cephalosporins 

in ESKAPE pathogens, is the production of extended-spectrum β-lactamases (ESBLs) 

enzymes (Founou et al., 2018). 

 

1.2.3.2. Genetic basic of resistance 

 ESBLs production is one of the most predominant antibiotic resistance 

mechanisms in Gram-negative bacilli (Ojdana et al., 2014). This resistance usually 

depends on the expression of β-lactamase (bla) genes, which may be located on 

transferable elements including plasmids and transposons (Cantón, González-Alba, & 

Galán, 2012). 

Historically, in 1960s the first two mobile β-lactamase resistant genes, blaSHV-1 and 

blaTEM-1, were identified in Gram-negative bacteria causing penicillin resistance. K. 

pneumoniae usually have Sulfhydryl variable (SHV)-1 as part of their core genome hence 

they are intrinsically resistant to ampicillin. In fact, ampicillin resistance is a hallmark of 

K. pneumoniae species. Other β-lactamases, including Temoniera (TEM)-1 are part of 

their accessory genome (Gharrah et al., 2017; Martin & Bachman, 2018). TEMs and SHVs 
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plasmids were found to be active against penicillins and narrow spectrum cephalosporins, 

like cefazolin or cephalothin, but did not hydrolyze higher generation cephalosporines 

with oxyimino side chains, particularly ceftazidime, ceftriaxone, cefotaxime or cefepime 

(Padmini, Ajilda, Sivakumar, & Selvakumar, 2017).  

Due to the increasing prevalence of ampicillin-hydrolyzing β-lactamases in Gram-

negative pathogens, mainly in Enterobacteriaceae, third generation cephalosporins gained 

extensive clinical use in the early 1980s (D’Andrea, Arena, Pallecchi, & Rossolini, 2013). 

After launching these third generation cephalosporins for clinical use, ESBLs genes 

encoding resistance to these antibiotics began to appear. In 1985, the first extended-

spectrum β-lactamase (ESBL) gene blaSHV-2 was identified in K. pneumoniae. Also, 

blaTEM-3 (1984) and blaCMY-1 (1989), other plasmid-mediated ESBL variants, were also 

reported for this pathogen before their spreading into other Gram-negative pathogens 

(Wyres & Holt, 2018). 

Later, the plasmid encoding the CTX-M ESBL genes, blaCTX-M, became the most 

prevalent in environmental bacterial isolates (Chong, Shimoda, & Shimono, 2018). CTX-

M are much more active against cefotaxime and ceftriaxone than ceftazidime (Zeynudin 

et al., 2018). CTX-M ESBLs were first detected in late 1989 in E.coli, in a newborn ear 

exudate, and then in early 1990s in K. pneumoniae (Mazzariol, Bazaj, & Cornaglia, 2017). 

Since CTX-M enzymes have disseminated rapidly, they are now among the most prevalent 

ESBLs worldwide (D’Andrea et al., 2013). A study proved that around 100, 96, and 84% 

of ESBL producing K. pneumoniae isolates harbored CTX-M-15, SHV, and TEM genes 

respectively (Gharrah et al., 2017). 

In the 1990s newer groups of antimicrobials known as the carbapenems and 

fluoroquinolones were introduced. It was noted then that these carbapenems were resistant 

to CTX-M enzymes (D’Andrea et al., 2013). However soon after they were found, 

resistance genes called carbapenamases started to appear in different organisms, with K. 

pneumoniae playing a major role. Eventually, qnrA and qnrB, the two mobile quinolone 

resistance genes, were first recognized in 1998 in a K. pneumoniae isolate (Tamang et al., 

2008).  
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Eventually, many K. pneumoniae strains expressed ESBLs and carbapenemases 

simultaneously. These strains are considered, by the World Health Organization (WHO), 

as a critical public health threat (Bialek-Davenet et al., 2014). 

 

1.3. K. pneumoniae biofilm formation 

1.3.1. Introduction 

K. pneumoniae is well known for its ability to form a biofilm as one of its important 

virulence factors, allowing it to attach to biotic and abiotic surfaces (Nirwati et al., 2019). 

A biofilm is a structured community of microbial cells that are embedded in a self-

produced extracellular matrix and attached to a surface and to each other (Thieme et al., 

2019).  

In most biofilms, bacterial cells make up around 10% of the total biofilm mass, 

while the matrix account for the rest 90% (Flemming & Wingender, 2010). The matrix is 

the extracellular material and it is mainly produced by the microorganisms themselves. It 

consists of a combination of different types of biopolymers, including polysaccharides, 

proteins and extracellular DNA (eDNA) and it known as extracellular polymeric substance 

(EPS) (Desai, Sanghrajka, & Gajjar, 2019). Hence, the EPS surround the cells in a biofilm 

and constitute their immediate environment. This matrix forms the scaffold for the three 

dimensional architecture of biofilm and is responsible for the cohesion in the biofilm and 

its adhesion to surfaces (Flemming & Wingender, 2010). 

 

1.3.2. EPS composition and function 

 The major portion of the EPS are the exopolysaccharides. They are 

heteropolysaccharides consisting of a combination of charged and neutral sugar residues 

and are secreted by the microorganism to the surrounding environment. 

Exopolysaccharides also contain inorganic and organic substituents that affect their 

biological and physical properties. Exopolysaccharides are responsible of the mechanical 

stability of the biofilm. It is noteworthy that these polysaccharides can differ between 
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strains of the same species. Alginate is one of the most studied polysaccharides and are 

involved in biofilm formation. A study showed that bacterial mutants that cannot 

synthesize exopolysaccharides are severely compromised or incapable of forming 

biofilms, hence their importance in biofilm formation (Bellich et al., 2018). 

 The matrix also contain significant amounts of proteins. Numerous extracellular 

enzymes were detected in biofilms. Some of them are involved in the degradation of 

biopolymers within a biofilm. The enzymes’ substrates include water-soluble polymers 

such as polysaccharide, proteins and nucleic acids, plus water-insoluble polymers such as 

cellulose and lipids, in addition to other organic particles that are trapped in the EPS 

matrix. Hence, these enzymes make the matrix an external digestive system that can break 

down biopolymers and provide carbon and energy sources to the biofilm cells. The 

detachment and dispersal of sessile, or adherent, bacteria from biofilms also requires 

enzymes (Rabin et al., 2015). The matrix also contains structural or non-enzymatic 

proteins such as lectins, also known as the cell surface-associated and extracellular 

carbohydrate-binding proteins, that participate in the development and stabilization of the 

polysaccharide matrix network and set up a link between the bacterial cell surface and 

extracellular EPS. Additionally, other cell surface proteins, including pili and fimbriae, 

participate in the initial attachment to surfaces and in interacting with other components 

of the biofilm matrix (Fong & Yildiz, 2015). 

 Mattick et al. (2002) proved that the extracellular DNAs (eDNAs) are actively 

secreted and are not only leftovers from lysed cells. DNase I could prevent K. pneumoniae 

biofilm formation. Therefore, eDNAs have an important role in biofilm formation and 

particularly biofilm attachment. In the initial attachment, the negative charge of eDNAs 

works as repulse force. However, when the distance between the bacterial cells and the 

surface increases, to few nanometers, eDNAs interact with receptors on the surface to 

facilitate adhesion. Hence, they could function as an intercellular connector. In addition, 

and also due to their negative charge, eDNAs chelate metal cations and some positively 

charged antibiotics (Okshevsky, Regina, & Meyer, 2014; Whitchurch, Tolker-Nielsen, 

Ragas, & Mattick, 2002). 
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 Lipids and surfactants are the hydrophobic molecules existing in the biofilm 

matrix. These hydrophobic properties of the EPS were attributed to substituents such as 

polysaccharide-linked methyl and acetyl groups, which helps in the adhesion of 

microorganisms to hydrophobic surfaces. Biosurfactants, promote the initial formation of 

microcolonies on a surface. Finally, water is by far the largest component of the matrix. 

The EPS matrix present a highly hydrated environment that dries slower that its 

environment, thus protecting the biofilm cells against variations in water potential and 

desiccation (Flemming & Wingender, 2010). 

 The extracellular polymeric substance also encloses and immobilizes microbial 

aggregates. These biopolymers are the reason behind the macroscopic appearance of a 

biofilm, they are also referred to as slime. EPS keeps biofilm cells in close proximity hence 

allowing interactions and cell to cell communication and then formation of a synergistic 

microbial consortium. The matrix keeps all the components of lysed cells including DNA, 

which may be an important reservoir of genes, leading to horizontal gene transfer between 

bacterial isolates. Due to competition in the confined space of the EPS matrix, there is a 

constant adaptation of population fitness, favoring polymer producers at the expense of 

non-producers. It is interesting to note that this EPS matrix varies greatly between different 

biofilms, depending on the bacteria present, the shear forces experienced, the availability 

of nutrients and the temperature (Flemming & Wingender, 2010; Ramos-Vivas et al., 

2019).   

 

1.3.3. Advantages of biofilm formation 

 Many bacteria can switch between the planktonic form, which is the free-living 

bacteria, and the sessile form, which is the attached form (Surgers, Boyd, Girard, Arlet, & 

Decré, 2019). The planktonic bacteria usually have high cell growth and reproduction 

rates. However, the biofilm state seems to be the natural predominant state of bacteria. 

There are several benefits for bacteria within biofilms when compared to planktonic 

bacteria. Eventually, biofilm formation has been an important stage in the pathogenesis of 

many bacterial infections (Singla, Harjai, & Chhibber, 2013). First, biofilms protect 

enclosed bacterial cells against the host immune system along with adequate antibiotic 
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therapy, leading to treatment failure, recurring infection and increased mortality and 

morbidity (Thieme et al., 2019). In addition, biofilms reduce the bacterial growth rate, 

lead to the development of persister cells and increase the probability of genetic exchange 

(Surgers et al., 2019). Sessile bacteria can tolerate many environmental challenges such 

as UV exposure, acid exposure, dehydration and salinity and metal toxicity (Hall-

Stoodley, Costerton, & Stoodley, 2004). 

 

1.3.4. Biofilm infections and medical biomaterials 

 Growing in biofilm enhances the survival of microorganisms in the healthcare 

settings and inside patients, augmenting the probability of causing nosocomial infections 

(Ramos-Vivas et al., 2019). In fact, biofilms play a role in up to 60% to 80% of chronic 

human infections (Abdi-Ali, Mohammadi-Mehr, & Agha Alaei, 2006). The high capacity 

of K. pneumoniae to form a biofilm and hence to colonize tissues and biomaterials is a 

main factor contributing to the development of hospital-acquired infection (Guilhen et al., 

2019). 

 The medical devices’ surfaces serve as a substrate for biofilm formation. This was 

noted first in the early 1980s, when electron microscopy showed bacteria deposited on the 

surface of indwelling medical devices, including cardiac catheters and intravenous 

pacemakers (Hall-Stoodley et al., 2004). Implant-associated biofilms cause infection and 

disturb the normal functioning of the device on which they form (Nandakumar, 

Chittaranjan, Kurian, & Doble, 2013). The extent of biofilm formation and the severity of 

the infection vary depending on the location of the biomaterial, the physio-chemical 

properties of the medical device surface and the duration of the implant. At some point 

during their hospitalization, up to 50% of the patients will be catheterized. This will 

severely increase the patients’ possibility of colonization by bacteria, which occurs in 5–

10% of the patients at each day of catheterization (Stahlhut, Struve, Krogfelt, & Reisner, 

2012).    

K. pneumoniae are able to form biofilms on implant devices, including catheters 

and endotracheal tubing and then colonizing human tissues. According to Alcántar-Curiel 
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et al. (2013), 80% of the K. pneumoniae were able to form biofilms on glass or plastic 

surfaces (Alcántar-Curiel et al., 2013). At first K. pneumoniae forms biofilms of single or 

multiple species, but with the increase of implant duration they certainly develop into a 

multispecies biofilms (Nandakumar et al., 2013). 

Indwelling urinary catheters are still commonly used in daily hospital urological 

practices. The presence of an indwelling urinary catheter provides an inert surface for 

bacterial attachment and hence enhancing microbial colonization and biofilm 

development (Djeribi, Bouchloukh, Jouenne, & Menaa, 2012). Nosocomial catheter-

associated urinary tract infections (CAUTIs) are the most recurrent complication 

associated with these devices. K. pneumoniae is one of the frequent microorganisms that 

cause CAUTIs (Stahlhut et al., 2012). In chronic conditions, such as urolithiasis, biofilms 

play a major role in the persistence and recurrence of an infection (Ramos-Vivas et al., 

2019). 

 

1.3.5. Process of biofilm formation    

Biofilm formation proceeds as a regulated developmental sequence composed of 

five stages (Hall-Stoodley et al., 2004), as illustrated in figure 1.  

Bacteria approaching a biotic or an abiotic surface is a prerequisite for biofilm 

formation. As the bacterium comes nearer to the surface, several attractive and repulsive 

forces, come into play. At 10 to 20 nm from the surface, the bacterial surface negative 

charges are repelled by the negative charges of most environmental surfaces. However, 

attractive van der Waals forces can overcome this repulsion between the bacteria and the 

surface. Additionally, fimbriae and flagella help in the mechanical attachment of the 

bacteria to the surface (Rabin et al., 2015). 

   Stages one and two of the process are identified by a loose association of the free 

floating microorganisms with the surface followed by a robust adhesion (Wang, Wilksch, 

Strugnell, & Gee, 2015).  The initial reversible attachment depends on electrostatic, van 

der Waals and other nonbonded forces of attraction between the bacteria and the surface. 

Whereas in the irreversible attachment cell surface hydrophobicity and surface 



29 
 

projections, such as fimbriae and pili, play an important role. Afterwards, the bacteria start 

forming a monolayer and start secreting the extracellular matrix, which will aggregate in 

the slime layer, leading to an irreversible attachment and formation of a base film 

(Nandakumar et al., 2013).   

Stages three and four include the aggregation of the bacterial cells into 

microcolonies and subsequent growth and maturation. Once the first layer of the biofilm 

is established, bacteria of the same or different species are recruited to the biofilm from 

the bulk fluid. The biofilm develops from a thin flat layer into a mushroom-shaped or 

tower-shaped structure (Hall-Stoodley et al., 2004). In a thick biofilm, containing more 

than 100 layers, bacteria are organized depending on their metabolism and aero tolerance; 

hence, anaerobic bacteria will be located in deeper layers avoiding O2. During biofilm 

maturation, the trapped bacteria secrete more proteins, polysaccharide, DNA, and other 

biofilm scaffolds into the biofilm. The presence of fluid filled channels in the mature 

biofilm guarantees the transport of nutrients to all the bacterial cells inside the film, 

especially the ones located at the bottom (Rabin et al., 2015). 

Stage five is the last stage of biofilm formation. It is characterized by the 

detachment and dispersal of bacterial cells as planktonic cells, which will potentially 

initiate a new cycle of biofilm formation at new niches, leading to systemic infection 

(Rabin et al., 2015). Many factors contribute to induce the dispersion of bacterial cells, 

such as, increased fluid shear, nutrient starvation, intense competition or outgrown 

populations. Dispersal could occur in the whole biofilm or just part of it. There are three 

different biofilm dispersal strategies. First, swarming dispersal in which individual 

bacterial cells are released from a microcolony into the bulk fluid or the surrounding 

surfaces. Second, clumping dispersal, in which whole aggregates, containing biofilm cells 

surrounded by EPS, are shed from biofilm as clumps or emboli. Third, surface dispersal 

in which whole biofilms move across surfaces (Hall-Stoodley et al., 2004). These biofilm-

dispersed cells have unique properties, that differ from planktonic and sessile bacteria. 

These cells are metabolically active and have enhanced colonization abilities. In addition, 

these cells have the capacity to rapidly form large microcolonies and to escape the immune 

system. Particularly, K. pneumoniae dispersed cells could impair phagosome maturation 

(Guilhen et al., 2019). 
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 It is noteworthy that K. pneumoniae biofilms have demonstrated a heterogeneous 

nature, with the bacteria present on the peripheral areas of a biofilm, showing a higher 

activity as compared to the ones situated in the middle of the consortium (Ribeiro, 

Cardoso, Cândido, & Franco, 2016). 

 

Figure 1: Steps of biofilm formation. 

 

1.3.6. Factors influencing biofilm formation        

 Three important factors could affect biofilm formation: the nature of the bacterium, 

the host and the surface properties of the material on which the biofilm will form. 

 First, in the adhesion stage, the type of the adhesins secreted by the colonizing 

organisms and that are involved in the biofilm formation could affect the adhesion process 

and hence could lead to the restriction of the whole process (Desai et al., 2019). In 

addition, cell-to-cell communication inside the biofilm can affect the maturation stage of 

the biofilm. Cell-to-cell communication between bacterial cells is usually regulated by 

quorum sensing (QS). QS appears to be mediated by small chemical signaling molecules 

named pheromones or autoinducers (AIs). When the bacterial cell density increases and 

becomes above a threshold concentration, bacteria secrete these AIs. When produced, 

these pheromones are capable of performing a cell density-dependent regulation of 

bacterial gene expression, hence influencing bacterial adhesion and motility, transport, 

stress response and EPS synthesis, which are all intrinsically engaged in biofilm 
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formation. The intracellular release of AI-2 regulatory molecules, in K. pneumoniae, 

contributes to biofilm formation (Balestrino, Haagensen, Rich, & Forestier, 2005; Ribeiro 

et al., 2016). 

 Second, the host state generally can contribute to the biofilm formation and 

infection, especially in immunocompromised patients. Also, predisposing factors such as 

the existence of indwelling medical devices or the presence of other systemic diseases 

including diabetes mellitus, chronic renal failure, etc… will most definitely increase the 

odds of acquiring a biofilm-associated infection. On the other hand, after adhering to a 

surface, bacterial cells gain access to the host binding molecules, such as the components 

of blood plasma, fibrinogen, fibronectin and host extracellular matrix. Eventually, host 

factors can act as mediators in the adhesion of the bacterium, by providing specific and 

non-specific sites for bacterial adhesins’ binding. This will increase the density of bacteria 

tremendously within 24 hours (de Avila, de Molon, Vergani, de Assis Mollo, Jr, Francisco, 

& Salih, 2014; Nandakumar et al., 2013). 

 Third, the surface characteristics of the implant, including its hydrophobicity and 

roughness, in addition to its chemical composition and design also greatly affect the 

attachment of bacteria and hence biofilm formation and the thickness of the biofilm (de 

Avila et al., 2014). 

 

1.3.7. K. pneumoniae virulence factors function in biofilm formation    

    As it was already mentioned, adhesins located on the bacterial surface play an 

important role in the attachment of the bacteria to biotic and abiotic surfaces. Particularly, 

fimbriae type 1 and type 3 are present on K. pneumoniae surface. In addition to their role 

in surface attachment and biofilm formation, they also play a role in inter-bacterial 

aggregation. Both types of fimbria-encoding operons, are found in and expressed by nearly 

all K. pneumoniae strains in biofilm state (Desai et al., 2019). These fimbriae are not only 

important in the initial step of biofilm formation, but they also play a role during biofilm 

maturation (Ribeiro et al., 2016). In K. pneumoniae type 3 fimbriae play a role in 

maintaining the fluidity of the CPs. This is done by decreasing hydrogen-bonding 



32 
 

interconnection between the CPs molecules. This fluidity is important for good cell 

adhesion to surfaces and well-organized biofilm formation in these Klebsiella spp. (Wang 

et al., 2015). The absence of type 1 and type 3 fimbriae attenuates the ability of K. 

pneumoniae to form biofilm (Stahlhut et al., 2012). 

 Polysaccharide capsules also play a significant role in biofilm formation 

(Balestrino, Ghigo, Charbonnel, Haagensen, & Forestier, 2008). They protect K. 

pneumoniae from stressful environmental conditions including detergents, dryness and 

attacking the host immune system. Additionally, they can affect the architecture of K. 

pneumoniae biofilms (Ribeiro et al., 2016). 

 Interestingly, K. pneumoniae biofilm dispersed cells and sessile cells down-

regulate the expression of all siderophores encoding genes. Suggesting that these cells 

down regulate yersiniabactin, enterobactin, salmochelin and aerobactin expression in 

order to hide from the host immune system and escape any strong proinflammatory 

response (Guilhen et al., 2019). 

 

1.3.8. Biofilm antibiotic resistance  

 One of the resistance mechanisms used by bacteria, including K. pneumoniae, to 

endure the presence of antimicrobial agents, is the formation of biofilms embedded in an 

EPS matrix (Surgers et al., 2019). In fact, biofilm cells are up to 1000-fold more resistant 

to antibiotics than planktonic cells (Cepas et al., 2019). Therefore, the presence of biofilms 

drive the failure of antimicrobial treatments (Fu et al., 2018)  The bactericidal dose of the 

different antibiotics specified by the Clinical and Laboratory Standards Institute (CLSI) 

method for free-floating bacteria is ineffective on bacteria present in biofilms (Singla et 

al., 2013). Eventually, if we compare the doses needed to eradicate sessile bacteria as 

compared to planktonic ones, in the same environment, much higher concentrations of 

antibiotics are needed to kill sessile bacteria (Thieme et al., 2019). K. pneumoniae biofilms 

comprising antibiotic resistant strains are much more tolerant to biocidal agents as 

compared to antibiotic susceptible isolates (Ribeiro et al., 2016). Resistance usually varies 
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between one specie and another and even between different strains of the same species. 

Many mechanisms explain this variation. 

 The first reason behind antibiotic resistance of a biofilm is the permeability barrier 

created by the EPS matrix. The matrix composition will lead to limited penetration of 

some antimicrobial agents, and dilution to sublethal doses of others, such as bleach, 

superoxides, metals and immunoglobulins, before reaching all of the single bacterial cells 

inside the biofilm (Singla et al., 2013). Alginate, an important polysaccharide present in 

the EPS, also plays an important role in rendering antibiotics ineffective against bacteria 

(Abdi-Ali et al., 2006). 

 Second, the limited nutrient supply to the cells that are embedded deep within the 

biofilms, lead to a decrease in the metabolic activity of these bacterial cells. The presence 

of bacterial cells in this stationary phase dormancy and their slow growth leads to 

resistance to many classes of antibiotics (Abdi-Ali et al., 2006). Since antibiotics work by 

disrupting different microbial mechanisms, hence they need some degree of cellular 

activity to become effective. For instance, β-lactams usually kill cells by interrupting the 

synthesis of their cell wall. During dormancy, β-lactam antibiotics will not be able to 

inhibit bacterial cells within the biofilm, this process is known as phenotypic tolerance. In 

addition, penicillin-binding proteins are rarely expressed in dormant microorganisms. 

Therefore, piperacillin, for example, will be unable to inhibit biofilm cells (Singla et al., 

2013). 

 One percent of the bacterial cell population in any biofilm is composed of persister 

cells. Persisters downregulate the biosynthetic genes and their growth rate is almost zero. 

They slowly absorb any compound and hence can tolerate the toxic effects of antibiotics. 

Once the antibiotic stress is removed, persister cells will reactivate into infectious particles 

leading to recurrence of the infection (Rabin et al., 2015). 

 The direct proximity between bacterial cells inside a biofilm, increases the chances 

of horizontal gene transfer between the isolates. Eventually, the high cell density biofilms 

have a high concentration of DNA, which paves the way for transformation to other 

susceptible strains thus leading to increased antibiotic resistance inside the biofilm 

(Nandakumar et al., 2013). 
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 It was reported that older biofilms have the ability to resist higher antimicrobial 

agent concentrations. This is due to the higher amount of EPS present in older biofilms. 

Thus, the age of the biofilm also influences the success or the failure of a therapeutic 

regimen. Therefore, early initiation of the antibiotic treatment of biofilm forming bacteria 

is essential (Singla et al., 2013).        

        Finally, it should be noted that acquiring antimicrobial resistance in many 

Gram-negative bacterial species can enhance biofilm formation. However, if we compare 

MDR strains to non multidrug resistant strains we can notice that MDRs do not have 

higher biofilm production ability (Cepas et al., 2019). 

 

1.4. Medicinal plants 

1.4.1. Introduction 

Ethnobotany and medicinal plants are a main source of new medications and may 

prove valuable as alternatives to usual drugs (Al-Mariri & Safi, 2014). Currently, more 

than 80% of the world’s population use traditional plant-based medications to treat 

different health problems and diseases. The WHO reported that the majority of the global 

population rely on plant-based herbal medications for treating different illnesses 

(Prabuseenivasan, Jayakumar, & Ignacimuthu, 2006). In fact, more than 9000 native 

plants have been identified for their curative medicinal properties (Swamy, Akhtar, & 

Sinniah, 2016). 

Medicinal and aromatic plants (MAPs) synthesize a huge collection of secondary 

metabolites called phytochemicals. These phytochemicals are not necessary for the plant’s 

physiological functions, but they are used to protect them from microbial pathogens. Many 

of these bioactive compounds have confirmed their prospects as antimicrobials, including 

essential oils (EO) (Borges, Abreu, Malheiro, Saavedra, & Simõe, 2013). 

Essential oils are multifarious mixtures of volatile compounds that are obtained 

from plant materials including flowers, buds, leaves, bark, etc… They are aromatic in 

nature. Their special odor and bioactive characteristics depend on their chemical 

constituents that belong to many chemical families such as aldehydes, phenols, ketones, 
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alcohols, terpenes and esters. It is noteworthy, that the chemical analysis of EOs of specific 

plants, shows that they contain mainly 2 to 3 major, highly concentrated, constituents 

accounting for 20 to 70% while the other constituents exist in trace amounts (Swamy et 

al., 2016).  

For a long time, these aromatic oils have been used in food preservation, 

pharmaceuticals and medicine (Al-Mariri & Safi, 2014). EOs are deemed as potential 

therapeutic agents for a variety of diseases including cardiovascular diseases, cancer, 

diabetes, Alzheimer’s and inflammatory diseases (Swamy et al., 2016). Additionally, 

these volatile oils appear to have antibacterial, antioxidant, insecticidal, antifungal and 

antiviral properties (Prabuseenivasan et al., 2006).  

Each bioactive compound displays a different mechanism of antimicrobial action 

towards bacteria. These complex processes are mediated by a sequence of biomedical 

reactions in the microbial cell. The complexity of these antimicrobial mechanisms 

rendered the emergence of bacterial resistance more difficult. Generally, EOs increase 

bacterial cell membrane permeability, resulting in proton gradient depletion and hence 

disturbance of adenosine triphosphate (ATP) synthesis (Zodrow, Schiffman, & Elimelech, 

2012). Also, since EOs are lipophilic they can cross the plasma membrane and interact 

with intra-organelle sites or intracellular proteins (Özkan & Erdoğan, 2011).             

 

1.4.2. Cinnamon (Cinnamomum zeylanicum) 

 Cinnamon is one of the ancient spices (Chen, P., Sun, & Ford, 2014). Around 250 

different cinnamon species have been identified, with trees being dispersed in Asia, 

Australia and Pacific Islands (Mallavarapu & Rao, 2007). The bark of the different 

cinnamon species was popular in traditional and modern medicines. In addition, it was 

used as a flavoring agent in food, beverages and chewing gums (Rao & Gan, 2014).   

 Cinnamomum zeylanicum belongs to the genus Cinnamomum of the plant family 

Lauracaeae. It grows wide in India, Sri Lanka, Madagascar and Indochina (Unlu, Ergene, 

Unlu, Zeytinoglu, & Vural, 2010). The aromatic essential oils are the source of the flavor 

and aroma of cinnamon. The higher their EO’s content, the stronger the flavor. 
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Traditionally, cinnamon and the different cinnamon extracts, independently of the species, 

were used for the treatment of many health conditions (Chen, P. et al., 2014). For example, 

they were reported to help in the treatment of diabetes, headaches, digestive disorders, 

common cold and respiratory tract infections. They also, were found to reduce the risk of 

colon cancer, prevent bleeding, increase tissue regeneration and raise the uterus blood 

circulation (Chen, P. et al., 2014; Prabuseenivasan et al., 2006; Rao & Gan, 2014). 

 Numerous therapeutic actions were also attributed to the cinnamon essential oils 

including antibacterial, antifungal, antidiabetic, anticancer, and antioxidant activities 

(Unlu et al., 2010). A study done to test the activity of 21 essential oils, including 

cinnamon oil, clove oil, lemon oil, rosemary oil, etc… against K. pneumoniae, E. coli, 

Proteus vulgaris, Pseudomonas aeruginosa, Bacillus subtilis and S. aureus, showed that 

among all the analyzed oils, cinnamon essential oils had the most potential antibacterial 

properties (Prabuseenivasan et al., 2006). Another studies showed that C. zeylanicum 

inhibited effectively many microorganisms, including Gram-positive bacteria, Gram-

negative bacteria and even yeasts, as it was able to inhibit S. aureus, Streptococcus spp., 

Enterococcus spp., K. pneumoniae, E. coli, Yersinia enterocolitica, Proteus spp., Listeria 

spp. and Candida spp (Al-Mariri & Safi, 2014; Unlu et al., 2010). 

 

1.4.3. Oregano (Origanum onites) 

 Origanum onites belongs to the genus Origanum of the plant family Lamiaceae 

(Ozkan, Baydar, & Erbas, 2010). The different species of oregano are commonly found in 

the Mediterranean countries. So the O. onites distribution area is limited to a small region 

of the Mediterranean island Sicily, in the southern part of Greece, and most importantly 

in Turkey (Spyridopoulou et al., 2019). In fact, Turkey is a very important gene center for 

the family Lamiaceae and O. onites is dominant in the northwest of Turkey (Coskun et 

al., 2008). O. onites is considered on the top of the list of commercial Origanum spp. of 

Turkey, sold under the commercial name of “Turkish oregano” (Kaskatepe et al., 2017). 

Oregano has been used in the production of spices, herbal teas, beverages and folk drugs 

in Turkey (Ozkan et al., 2010). Oregano’s spice properties are known to be due to its 

volatile and aromatic compounds; its essential oils (Milovanović et al., 2009). 
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 Oregano is well known to have many medicinal properties. It was reported to 

reduce blood cholesterol and glucose levels and to help in resolving gastrointestinal 

problems. In addition, many oregano extracts proved to have an antiproliferative activity 

against cancer cells, mainly colon cancer cells, in vitro. They were also used as menstrual 

regulators, cough suppressants and diuretics (Kaskatepe et al., 2017; Spyridopoulou et al., 

2019). Furthermore, oregano was reported to have antibacterial, antiparasitic, antifungal 

and antioxidant activities, these activities were attributed to the major essential oils 

constituents of the plant (Coskun et al., 2008; Özkan & Erdoğan, 2011). These essential 

oils were also used topically to reduce limb pain in rheumatism (Kaskatepe et al., 2017).  

In fact, oregano’s essential oils were found to possess strong bactericidal activity against 

many pathogens, including K. pneumoniae, S. aureus, P. aeruginosa, Y. enterocolitica, 

Shigella sonnei, Salmonella Typhi and others (Swamy et al., 2016). 

 

1.5. Aim of the study 

Currently, the increased prevalence of antimicrobial resistance and the scarcity of 

effective treatments are the most important public health threats. The huge increase of 

multi-drug resistant bacterial infections and their high mortality rate, indicate that the 

golden era of antibiotics can be followed by the era of no antibiotic (Sakkas et al., 2019). 

Hence, the high demand for finding antimicrobial compounds that will not lead to the 

spread on ARGs (Zodrow et al., 2012).    

Since it is accepted that the best strategy for the eradication of bacterial biofilms 

is by the prevention of their development (Borges et al., 2013), this study was devised to 

find natural compounds that are capable of preventing the biofilm formation by K. 

pneumoniae. 

The main focus of this study was directed towards testing the ability of the major 

essential oils constituents of the two plants: Cinnamon (Cinnamomum zeylanicum) and 

oregano (Origanum onites), to inhibit the biofilm forming ability of K. pneumoniae. 

Subsequently, the essential oils with the highest anti-biofilm effect were tested for any 

synergistic effect to prevent the K. pneumoniae biofilm formation. 
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Chapter Two 

Materials and Methods 

 

2.1. Source of bacterial isolates 

In this study, 26 Klebsiella pneumoniae bacterial isolates were used. These clinical 

strains were provided by the Clinical Microbiology Laboratory of the Lebanese American 

University Medical Center – Rizk Hospital (LAUMC-RH). 

 

Table 1: Klebsiella pneumoniae clinical isolates used in this study. 

Strain’s name Accession number Strain’s name Accession number 

KP1 427 KP14 74 

KP2 1097 KP15 111 

KP3 1333 KP16 2265 

KP4 4429 KP17 4314 

KP5 4590 KP18 4396 

KP6 4677 KP19 7958 

KP7 4769 KP20 7995 

KP8 4982 KP21 9153 

KP9 5188 KP22 9182 

KP10 8118 KP23 11010 

KP11 9368 KP24 11091 

KP12 9468 KP25 11418 

KP13 91190 KP26 12385 
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2.2. Processing of bacterial isolates 

All the bacterial isolates were identified using standard microbiological procedures 

(Mohammed, Seid, Gebrecherkos, Tiruneh, & Moges, 2017). The identity of the isolates 

was reconfirmed using the Api20E test kits according to the manufacturer’s instructions 

(Biomerieux, Marcy-L’Étoile, France).  

 

2.3. Detection of extended-spectrum β-lactamases (ESBLS) 

2.3.1. Antimicrobial susceptibility testing 

Antimicrobial susceptibility testing, to detect ESBLs, was done by the standard Kirby-

Bauer disk diffusion method as recommended by the Clinical Laboratory Standards 

Institute (CLSI) guidelines (CLSI, 2013). The following antibiotic discs were used, 

azteronam (30 μg), ceftriaxone (30 μg), cefpodoxine (10 μg), cefotaxime (30 μg), 

ceftazidime (30 μg). 

The inoculum was prepared by mixing fresh colonies grown on a Trypticase soy agar 

(TSA) agar plates to a 0.9% saline solution (Sodium Chloride solution) and adjusting it to 

0.5 McFarland standard turbidity. Within 15 minutes, a sterile cotton swab was dipped 

into the bacterial suspension, was rotated many times and pressed promptly against the 

inside wall of the tube, above the fluid level and used in seeding the dried surface of a 25 

mm Mueller-Hinton agar (MHA) plate. For even distribution, the swab was rubbed gently 

over the whole surface two more times at an angle of  60°C. After 3 to 5 minutes, antibiotic 

discs were applied and pressed gently over the surface, using forceps, to ensure complete 

contact with the MHA surface. The discs were distributed evenly. At the center of the plate 

cefpodoxime (CPD-10) was placed, 15 mm out from the edge of CPD-10 to the left 

ceftazidime (CAZ-30) was placed, 15 mm to the right side ceftriaxone (CTR-30) was put, 

15 mm downwards azteronam (AZT-30) was located and 15 mm to the left, of AZT-30, 

cefotaxime (CTX-30) was positioned. The plates were then inverted and incubated at 35°C 

for 18 to 24 hours. After incubation, the diameters of the zones of inhibition around each 

antibiotic disc, whenever present, were measured from three different directions and then 

averaged. The zone diameters were then compared to the CLSI guidelines tables, 
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interpreting if the bacterial strains were susceptible (S), intermediate (I), or resistant (R) 

to the used antibiotics (CLSI, 2013; Cockerill et al., 2013; Kumar, D., Singh, Ali, & 

Chander, 2014). 

 

2.4. Pulsed field gel electrophoresis for DNA fingerprinting 

The genetic relatedness of the 26 Klebsiella isolates, was analyzed via PFGE 

fingerprinting using XbaI restriction enzyme (Thermo Fisher Scientific, MA, USA), 1% 

SeaKem Gold (SKG) agarose gel and lambda ladder 170-3635 (Bio-Rad Laboratories, 

Inc, CA, USA) according to a modified CDC protocol (Centers for Disease Control and 

Prevention, 2013). Electrophoresis was performed on Bio-Rad Laboratories CHEF DR-

III system (Bio-Rad Laboratories, Inc, CA, USA) under the conditions set for Klebsiella 

pneumoniae strains (Centers for Disease Control and Prevention, 2013). Gels were stained 

with ethidium bromide (EtBr), and imaged on Chemidoc XRS (Bio-Rad Laboratories, Inc, 

CA, USA), the gel were then analyzed. 

 

2.4.1. Preparation of agarose plugs 

At first, TE Buffer was prepared by adding 2 ml of 0.5 M EDTA (pH 8) and 10 ml of 

1 M Tris (pH 8). The solution was then diluted, with sterilized water, to 1000 mL. Then, 

the 1% SeaKem Gold agarose plugs were prepared by mixing 0.50 g of SeaKem Gold 

agarose and 50 ml TE Buffer. Using a microwave, the solution was heated, in 30 seconds 

intervals, until it becomes completely clear.  

Next, the Cell Suspension Buffer was prepared by mixing 200 ml of 0.5 M EDTA (pH 

8) and 100 ml of 1 M Tris (pH 8). The solution was then diluted, with sterile water, to 

1000 ml. 2 ml of Cell Suspension Buffer were transferred to small tubes, labeled for each 

sample number.  Using a sterile swab, add sufficient bacterial colonies to the Suspension 

Buffer to give an absorbance reading of 0.8 to 1.0 in the Spectrophotometer at 610 

nanometers (nm). 
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2.4.2. Casting plugs 

For each strain, 400 μl adjusted cell suspension and 20 μl of Proteinase K (20 mg/ml 

stock) were added to a labeled 1.5 ml microcentrifuge tube and mixed gently with a pipette 

tip. 400 μl melted 1% SeaKem Gold agarose was then added to each tube. The solution 

was again pipetted up and down gently. 200 μl of the solution was immediately dispensed 

in disposable sterile plug molds. 

 

2.4.3. Lysis of cells in agarose plugs 

The Cell Lysis Buffer was prepared by adding 100 ml of 10 % Sarcosyl (N-

Lauroylsarcosine, Sodium salt), 100 ml of 0.5 M EDTA (pH 8) and 50 ml of 1 M Tris (pH 

8). 5 ml of the Lysis Buffer were then transferred to different conical tubes onto which 25 

μl Proteinase K stock solutions (20 mg/ml) were added. Using a spatula, the plugs were 

removed carefully from the plug mold and were placed into their properly labeled conical 

tubes. The plugs were incubated overnight, for about 16 h, in a 42°C shaker incubator with 

constant and vigorous agitation at 140 rpm. 

 

2.4.4. Washing of agarose plugs after cell lysis 

The conical tubes were removed from the shaking incubator. The lysis buffer was 

carefully poured out of the conical tubes. 10 to 15 ml preheated sterile water (42°C) were 

then added to each tube. Next, the conical tubes were shaken at 140 rpm in a 42°C 

incubator for 10 to 15 minutes. This step was repeated twice. Water from the plugs was 

poured off and the plugs were next washed with 10 to 15 ml of preheated (42°C) TE buffer 

and were left to shake in the incubator at 140 rpm for 10 to 15 minutes. This step was 

repeated three times. 
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2.4.5.  Restriction digestion of DNA in agarose plugs 

The restriction enzyme master mix for the 15 plugs was then prepared by adding 2595 

μl sterile water, 300 μl 10X Restriction Buffer (Tango Buffer), 30 μl BSA (10mg/ml) and 

75 μl XbaI (10U/ μl). 2 to 2.5 mm wide plug slice from each sample were cut and 

transferred to 1.5ml microcentrifuge tubes containing 200 μl of the master mix. The 

microcentrifuge tubes were incubated in a water bath at 40°C for 4 hours. 

 

2.4.6. Casting an agarose gel 

From a 10X TBE buffer stock, 2.2 L of 0.5X Tris-Borate EDTA Buffer (TBE), needed 

for the gel and the electrophoresis running buffer, were prepared. Next, 1% SKG agarose 

was prepared by mixing 1.5 g agarose with 150 ml 0.5X TBE. The solution was heated 

and mixed gently until the agarose was completely dissolved. The 13 restricted plug slices 

were removed from the water bath. The plugs and the lambda ladders were then placed 

evenly at the ends of the 15 comb wells. The 150 ml agarose was poured into the gel form 

and bubbles were removed. 

 

2.4.7.  Electrophoresis conditions for K. pneumoniae 

The electrophoresis conditions used consisted of an initial switch time of 5 s and a final 

switch time of 40 s. A gradient of 6 V/cm was used. The gels were electrophoresed for 22 

hours. 

 

2.4.8. Staining the gel 

The EtBr solution was prepared by diluting 40 μl of ethidium bromide stock solution 

(10 mg/ml) with 400 ml sterile water.  

After the electrophoresis run was over, the gel was stained in the EtBr solution for 30 

to 40 min in a covered container while rotating gently on a rocker. Then, the gel was 

destained in 500 ml sterile water for 20 min. 
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2.4.9. Gel imaging and analysis of patterns 

The gel image was then captured with UV light on Chemidoc XRS (Bio-Rad 

Laboratories, Inc, CA, USA). 

 

2.5. Detection of biofilm formation 

The ability of the study isolates to form biofilms, was done using a modified procedure 

of the tissue culture plate method (TCP) introduced by Hassan et al. (2011). Each 

Klebsiella isolate was collected from fresh brain heart infusion (BHI) plates and inoculated 

in 20 ml of trypticase soy broth (TSB) with 1% glucose, to match the turbidity of a 0.5 

McFarland standard. The TSB broths were incubated at 35oC for 24 h. Then after 

incubation, 200 μl of each TSB inoculum were pipetted in 96 well flat-bottomed tissue 

culture plates (Corning, NY, USA). For every Klebsiella isolate, a column of empty wells 

served as a negative control. The 96 well plates were incubated at 35oC for 24 h. After 

incubation, the contents of all the wells were removed by gentle tapping. The wells were 

then washed with 200 μl 1X phosphate buffer saline (PBS) to remove the free floating 

bacteria. Staining of the bacterial biofilms adherent to the wells was done by 0.1% crystal 

violet for about 15 min. A final wash with 200 μl PBS was done to remove the excess 

stain. The plates were then kept aside for drying. The optical densities (ODs) of the stained 

adherent biofilms were then measured using Varioskan Flash microplate ELISA plate 

reader (Thermo Fisher Scientific, Waltham, MA, USA) at 570 nm (Hassan et al., 2011). 

 

2.6. Natural extracts 

2.6.1. Source of the natural products used in the study 

Cinnamon powder (Cinnamomum zeylanicum) and oregano (Origanum onites) were 

bought from, a well-known herb store in Hamra Street - Beirut. Both plants were imported 

from Turkey. Cinnamon was harvested in December, whereas oregano was harvested in 

March. 
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2.6.2. Preparation of the plants’ methanolic extract solutions 

200 g of cinnamon (C) and 200 g of oregano (O) were weighed and then grinded. Each 

of the plants’ powders were mixed with a 1000 ml solution of 80% methanol (80 methanol: 

20 distilled water) in two Erlenmeyer flasks. Both extracts had a concentration of 0.2 g/ml. 

The solutions were placed in the orbital shaker for 1 week at 42oC and 80 rpm. C and O 

methanolic extracts were then filtered in Corning disposable plastic vacuum filters, with 

0.22 µm pore size (Corning, NY, USA). Both extracts were stored in a dark container and 

placed in the refrigerator for further testing (Afroz et al., 2020; Keyrouz, Abou Raji El 

Feghali, Jaafar & Nawas, 2017). 

 

2.6.3. Well diffusion assay to check the antimicrobial effect of the methanolic 

extracts 

From freshly streaked TSA plates, inoculums in 0.9% saline, were prepared to a 

turbidity equivalent to a 0.5 McFarland standard, for the 26 Klebsiella isolates. Using a 

cork borer, a 10.5 mm well was pierced in the middle of the, 25 mm thick, MHA plates 

and filled with 200 µl of the different extract concentrations. The MHA plates were then 

incubated, bottom side up, for 24 h at 35oC. The next day, the zones of inhibition around 

the wells, if present, were measured in three different angles and the readings averaged 

(Keyrouz, Abou Raji El Feghali, P, Jaafar, & Nawas, 2017). 

For the cinnamon methanolic extract, 3 different concentrations were tested: 0.2 g/ml, 

0.15 g/ml and 0.05 g/ml. Whereas for the oregano methanolic extract, 5 different 

concentrations were tested: 0.2 g/ml, 0.15 g/ml, 0.1 g/ml, 0.05 g/ml and 0.02 g/ml.  

 

2.6.4. Effect of the two natural extracts on biofilm formation 

Cinnamon and oregano methanolic extracts were prepared each with a concentration 

of 0.02 g/ml. 

To test the effect of C and O extracts on biofilm formation, the tissue culture plate 

method was also used. 200 µl, of the 0.02 g/ml C solution and 0.02 g/ml O solution, were 
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pipetted to the different 96 well flat-bottomed tissue culture plates and left to dry in the 

incubator at 35oC for 3 days, under aseptic conditions. After drying, 200 µl of the TSB 

inoculums of the 26 Klebsiella isolates were added to the 96 well-plates. For every isolate, 

the inoculum was added in a set of empty wells and in another set of wells containing 

dried sample extract. The following steps were described previously in section 2.5 

(Detection of biofilm formation): Incubation for 24 h, emptying the plates, washing with 

PBS, staining with crystal violet, washing with PBS and finally drying the plates and 

reading the ODs at 570 nm (Ismail, Hneini, & Nawas, 2019). 

Every isolate was placed in four columns of the 96 well plate. The first column 

was considered a negative control and was left empty, the second was filled with the 

methanolic extract alone, the third contained the extract and the bacteria together, while 

the fourth contained only the bacterial isolate as a positive control. 

This experiment was repeated three times for every extract and the mean ± SD was 

reported for each.        

 

2.6.5. Sources of the major essential oils of the tested plants 

The major essential oil constituents of cinnamon and oregano, as reported in the 

literature, were purchased. Cinnamaldehyde (CA) and eugenol (EG) were the two major 

essential oil constituents of the C. zeylanicum methanolic extract. Thymol (TH) and 

carvacrol (CR) were the two major essential oils constituents of the O. onites methanolic 

extract. These four chemicals were purchased from Sigma-Aldrich (Sigma-Aldrich, Inc) 

in liquid or solid state and were stored in a dark place in the refrigerator. 

 

2.6.6. GC-MS of the C. zeylanicum and O. onites methanolic extracts 

The major essential oil constituents of cinnamon and oregano were obtained from 

the literature. Then, Gas Chromatography-Mass Spectrometry (GC-MS) was done to 

identify the presence of these essential oils (EO) in the 0.02 g/ml prepared methanolic 

extracts and specify their concentrations. 
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2.6.6.1. Instrument and method set up 

All measurements were carried out using the Shimadzu GC Thermo Scientific™ 

TSQ 9000™ triple quadrupole GC-MS/MS system equipped with the Thermo Scientific™ 

TRACE™ 1310 GC with SSL Instant Connect™ SSL module and Thermo Scientific™ 

TriPlus™ RSH autosampler (Thermo Fisher Scientific, MA, USA). 

1 μl of each sample solution was injected in a splitless mode. The carrier gas Helium 

was used in the constant flow mode at 6 ml/min. The chromatographic oven temperature 

was programmed as follows: 50 °C maintained for 5 min then raised to 250 °C (15 

°C/min) and held for 5 min at 250 °C. The transfer line temperature was maintained at 

250 °C. Total analysis of the sample took 28 min. Moreover, the mass spectrometer 

operated in the EI mode at 70 eV. The MS ion source temperature was kept at 220 °C. 

The SRM scan mode was used with a transition setup automatically build-up by the 

AutoSRM software. 

Diluted solutions of the four essential oils, cinnamaldehyde, eugenol, thymol and 

carvacrol were prepared. Each compound was dissolved in pure methanol (concentration 

=1000 ppm) and diluted before analysis. 1 µL of each EO were analyzed in the GC-MS 

and the retention time (RT) for each compound was reported (Chen, A. & Huebschmann, 

2008). 

The GC is composed of a column preserved inside an oven. In the heated injection 

port, the mixture is flash vaporized. The different components of the sample pass through 

the column by the carrier gas, helium, which is considered the mobile phase. It carries the 

sample through the stationary phase, which is coated onto the capillary column’s inner 

wall. Depending on the vapor pressures of the analytes, such as the EOs and the methanolic 

extracts, they are vaporized and pushed through the stationary phase. These analytes 

interact differently with the stationary phase because of their different chemical and 

physical properties and hence they elute from the column at different RTs. All the 

constituents are then introduced into the MS. In this phase, the components are ionized 

and fragmented by the Electron impact (EI) method. In EI, sample molecules are 

bombarded by an energetic beam of electrons. These electrons hit a molecule and knock 

an electron out of it, making the molecule positively charged. This ionizing collision 
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passes some energy to the molecule, which could be enough to cause the fragmentation of 

the ion. The large quantity of ion fragments with different masses characterize the intact 

molecule. The mass spectrum will contain the resulting plots of relative intensity versus 

mass-to-charge ratio. Different libraries are present to help in the analysis of EI mass 

spectra and identify these unknown compounds (Emwas, Al-Talla, Yang, & Kharbatia, 

2015; Kristo, 2012). 

 

2.6.6.2. Quantification of the analytes 

Calibration curves were used to quantify the actual content of CA, EG, TH and CR 

in the extracts. Using the same GC-MS conditions, five different concentrations of each 

compound were prepared (0.125 ppm, 0.25 ppm, 0.5 ppm, 0.75 pm and 1 ppm). For each 

concentration, CA was mixed with EG and TH with CR and the mixtures were run for 

analysis. A linear graph was drawn for every mixture of essential oils representing peak 

area values versus the concentration of the EO. Later, the cinnamon methanolic extract 

was diluted and analyzed in the GC-MS. The peaks that appeared at the retention times 

specific for cinnamaldehyde and eugenol were detected and quantified. The areas of these 

peaks were measured and hence the concentrations of these compounds in the extract were 

deduced. The same was done for the oregano methanolic extract and its essential oil 

constituents thymol and carvacrol (Craig, Fields, & Simpson, 2014).  

 

2.6.7. Preparation of the six different essential oil solutions and testing for an anti-

biofilm effect 

2.6.7.1. Preparation of the four essential oils’ solutions 

The CA methanolic solution was prepared by adding 12.271 µl of the original stock 

solution to 99.987 ml of methanol. The EG methanolic solution was prepared by adding 

0.34 µl of the original stock solution to 99.99 ml of methanol. The TH methanolic solution 

was prepared by mixing 36.25 mg of the original stock powder and 100 ml of methanol. 

While the CR methanolic solution was prepared by adding 25.26 µl of the original stock 

solution to 99.975 ml of methanol.    
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2.6.7.2. Preparation of the two essential oils mixtures for testing for any synergistic effect. 

Two different solutions were prepared for testing for any synergistic effect, the first 

containing CA and EG and the second containing TH and CR.  

Before preparing the two mixtures, four new stock solutions, with a concentration of 

0.02 g/ml each, were prepared for all the EOs including CA, EG, TH and CR. These 

0.02g/ml solution were then used for the preparation of the mixtures. 

To prepare the CA+EG mixture, 643 µl of CA stock solution and 18.125 µl of EG 

stock solution were added to 99.338 ml methanol solution. In addition, to prepare the 

TH+CR mixture, 1.8125 ml of TH stock solution and 1.2325 ml of CR were mixed with 

96.95 ml of methanol.   

 

2.6.7.3. Testing the ability of the four essential oils to inhibit the K. pneumoniae biofilm 

formation and checking the possibility of a synergistic effect of the two essential 

oils mixtures 

The same procedure described in section 2.6.4. (Effect of the natural extracts on 

biofilm formation) was used here. However, there was a difference in the contents of the 

wells. The first column of the 96 tissue culture plates, was considered a negative control 

and was left empty, the second was filled with the EOs solutions (CA, EG, TH or CR) or 

the two mixtures (CA+EG or TH+CR), the third contained the EOs solutions and the 

bacteria together, while the fourth contained only the bacterial isolate and served as a the 

positive control. 

These experiments were also repeated three times for every EO solution and the 

mean ± SD was reported for each. 
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2.7. Statistical analysis  

The statistical analysis of the data was performed using GraphPad Prism Prism 8 (San 

Diego, CA, USA). The p-values were calculated using t-tests. A p-value less than 0.05 

was considered significant. Significant differences were reported, with * indicating a p-

value: 0.01 < p < 0.05, ** indicating a p-value: 0.001 < p < 0.01, *** indicating a p-value: 

0.0001 < p < 0.001, and **** indicating a p-value: p < 0.0001. 
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Chapter Three 

Results 

 

3.1. Detection of extended-spectrum β-lactamases 

The 26 clinical isolates were tested for their expression of β-lactamases as per the 

CLSI standard procedure (CLSI, 2013). As shown in Table 2 and figure 2 (KP2), 13 of 

the isolates were susceptible to at least four out of the five β-lactam antibiotics used and 

are called the non-ESBL isolates, while the other 13 isolates, the results of which appear 

in Table 3 and figure 2 (KP24), were resistant to almost all of the β-lactam antibiotics and 

are called the ESBL isolates. 

 

Table 2: Antimicrobial susceptibility testing for the K. pneumoniae isolates (Non-

ESBLs). For each antibiotic disc, the diameter of the zone of inhibition was measured. 

The diameters were then compared to the CLSI guidelines. S: indicating that the isolate 

was susceptible to this antibiotic, I: intermediate and R: resistant. 
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Table 3: Antimicrobial susceptibility testing for the K. pneumoniae isolates (ESBLs). 

For each antibiotic disc, the diameter of the zone of inhibition was measured. The 

diameters were then compared to the CLSI guidelines. S: indicating that the isolate was 

susceptible to this antibiotic, I: intermediate and R: resistant. 

 

 

 

 Figure 2: Antibiograms of KP2 and KP24 isolates. KP2 is a non-ESBL isolate and 

KP24 is an ESBL isolate. 

 



52 
 

3.2. Pulse-field gel electrophoresis runs of non-ESBLs and ESBLs K. 

pneumoniae isolates 

To determine the degree of relatedness among the different strains of K. 

pneumoniae PFGE was done according to the CDC protocol (Centers for Disease Control 

and Prevention, 2013). The PFGE gel patterns are presented in figure 3 for the non-ESBL 

isolates and in figure 4 for the ESBLs. 

  

 

Figure 3: PFGE pattern of XbaI-cleaved genomic DNAs of non-ESBL K. pneumoniae 

clinical isolates. Lanes 1 and 15 represent the lambda ladder. Lane 2 till lane 14 represent 

KP1 to KP13 isolates respectively. 
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Figure 4: PFGE pattern of XbaI-cleaved genomic DNAs of ESBL K. pneumoniae 

clinical isolates. Lanes 1 and 15 represent the lambda ladder. Lane 2 till lane 14 represent 

KP14 to KP26 isolates respectively. 

 

Figure 3 shows that isolates KP1 and KP3; KP5 and KP7; K10, K11, K12 and KP13 have 

similar and close genetic patterns, revealing identical profiles. Hence, the similar isolates 

could be part of an outbreak, originating for the same environment. Whereas ESBL 

isolates, in figure 4, show different separation profiles and thus they are considered 

genetically unrelated bacterial strains.  

 

3.3. Detection of biofilm formation among K. pneumoniae isolates 

The 26 bacterial isolates were chosen to be biofilm formers. The tissue culture 

plate method (described in section 2.5) was used to confirm that the chosen isolates were 
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biofilm producing K. pneumoniae strains. The ability of the chosen non-ESBL and ESBL 

isolates to form biofilm are shown respectively in figures 5 and 6. 

 

Figure 5: Biofilm formation by non-ESBL K. pneumoniae isolates. The values of OD570 

are represented as means ± standard deviations (SDs) of 3 independent trials (n=3). The P 

values were obtained by one-tailed paired t test with p value ≤ 0.05 considered statistically 

significant. 

 

 

Figure 6: Biofilm formation by ESBL K. pneumoniae isolates. The values of OD570 are 

represented as means ± SDs of 3 independent trials (n=3). The P values were obtained by 

one-tailed paired t test with p value ≤ 0.05 considered statistically significant. 
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3.4. Antimicrobial effect C. zeylanicum and O. onites methanolic 

extracts 

The standard well diffusion assay (Keyrouz et al., 2017) was used to determine the 

minimum inhibitory concentration (MIC) of the cinnamon and oregano methanolic 

extracts. As shown in Table 4 and figure 7, a concentration of 0.05 g/ml C. zeylanicum 

extract was able to inhibit the growth of non-ESBL and ESBL Klebsiella isolates. 

Whereas, as shown in Table 5 and figure 8, a concentration of 0.02 g/ml O. onites extract 

was able to inhibit the growth of non-ESBL and ESBL Klebsiella isolates. 

 

Table 4: Inhibition zone diameters of 10 K. pneumoniae isolates at different 

concentrations of C. zeylanicum methanolic extract. For each concentration (0.2 g/ml, 

0.15 g/ml and 0.05 g/ml), the diameter of the zone of inhibition was measured. The well 

diameter was 10.5 mm. Absolute methanol was used as a control. C: Cinnamon methanolic 

extract. 
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Figure 7: Antimicrobial activity of C. zeylanicum methanolic extract. Three different 

concentrations of the extract were used: 0.2 g/ml, 0.15 g/ml and 0.05 g/ml. Absolute 

methanol was used as a control. 

 

Table 5: Inhibition zone diameters of 10 K. pneumoniae isolates at different 

concentrations of O. onites methanolic extract. For each concentration (0.2 g/ml, 0.15 

g/ml, 0.1 g.ml, 0.05 g/ml and 0.02 g/ml), the diameter of the zone of inhibition was 

measured. The well diameter was 10.5 mm. Absolute methanol was used as a control. O: 

Oregano methanolic extract. 
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Figure 8: Antimicrobial activity of O. onites methanolic extract. Five different 

concentrations of the extract were used: 0.2 g/ml, 0.15 g/ml, 0.1 g/ml, 0.05 g/ml and 0.02 

g/ml. Absolute methanol was used as a control. 

 

3.5. Effect of the two natural extracts on biofilm formation 

The anti-biofilm effect of cinnamon and oregano extracts, using a sub-inhibitory 

concentration of 0.02 g/ml for both solutions, was tested (procedure described in section 

2.6.4). Comparing the OD values of the cinnamon extract (2nd bar, figure 9 and 10) and 

the OD values of Klebsiella isolates’ biofilm alone with the OD values of the biofilm 

produced by the isolates in the presence of cinnamon revealed that cinnamon was able to 

minimize the biofilm formed by the 26 K. pneumoniae isolates. 
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Figure 9: The effect of C. zeylanicum methanolic extract on the biofilm formation of 

non-ESBL K. pneumoniae isolates. The values of OD570 are represented as means ± SDs 

of 3 independent trials (n=3). The P values were obtained by one-tailed paired t test with 

p value ≤ 0.05 considered statistically significant. C: Cinnamon methanolic extract. 

 

 

Figure 10: The effect of C. zeylanicum methanolic extract on the biofilm formation 

of ESBL K. pneumoniae isolates. The values of OD570 are represented as means ± SDs 

of 3 independent trials (n=3). The P values were obtained by one-tailed paired t test with 

p value ≤ 0.05 considered statistically significant. C: Cinnamon methanolic extract. 
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On the other hand, Comparing the OD values of the oregano extract (2nd bar, figures 11 

and 12) and the OD values of Klebsiella isolates’ biofilm alone with the OD values of the 

biofilm produced by the isolates in the presence of oregano, revealed that oregano was 

able to minimize the biofilm formed by the 26 K. pneumoniae isolates. 

 

 

Figure 11: The effect of O. onites methanolic extract on the biofilm formation of non-

ESBL K. pneumoniae isolates. The values of OD570 are represented as means ± SDs of 3 

independent trials (n=3). The P values were obtained by one-tailed paired t test with p 

value ≤ 0.05 considered statistically significant. O: Oregano methanolic extract. 
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Figure 12: The effect of O. onites methanolic extract on the biofilm formation of 

ESBL K. pneumoniae isolates. The values of OD570 are represented as means ± SDs of 3 

independent trials (n=3). The P values were obtained by one-tailed paired t test with p 

value ≤ 0.05 considered statistically significant. O: Oregano methanolic extract. 

 

3.6. Gas chromatography-mass spectrometry of C. zeylanicum and O. 

onites methanolic extracts 

GC-MS was done to quantify the exact concentrations of the main essential oil 

constituents, of cinnamon and oregano, in the prepared methanolic extracts. The essential 

oils were run in the GC-MS and their retention times were determined (Table 6). Five 

dilutions (0.125 ppm, 0.25 ppm, 0.5 ppm, 0.75 ppm and 1ppm) of CA and EG mixture 

and TH and CR mixture were run in the GC-MS in order to draw the calibration curves, 

represented in figure 13 and figure 14, and quantify the exact concentration of these 

essential oils in the methanolic extracts (Table 7). Diluted samples of cinnamon and 

oregano methanolic extracts (25 times and 50 times dilutions respectively) were analyzed 

in the GC-MS, and their chromatograms are shown in figure 15 and figure 16. 

 

Table 6: Retention time of the essential oil constituents of C. zeylanicum and O. onites. 
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Figure 13: Standard curve for CA and EG chemicals, by GC-MS. It represents the plot 

area of the peaks versus the concentration of the two EOs in ppm. 

 

  

Figure 14: Standard curve for TH and CR chemicals, by GC-MS. It represents the plot 

area of the peaks versus the concentration of the two EOs in ppm.  
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Figure 15: GC-MS chromatogram of methanolic extract of Cinnamomum 

zeylanicum. Peak 1 at 9.455 min assures the presence of CA. Peak 2 at 10.245 min confirm 

the presence of EG. 

 

 

Figure 16: GC-MS chromatogram of methanolic extract of Origanum onites. Peak 1 

at 9.56 min assures the presence of TH. Peak 2 at 9.66 min confirm the presence of CR. 

 

Table 7 shows that the C. zeylanicum methanolic extract contained 0.643% 

cinnamaldehyde and 0.018125% eugenol. Whereas, the O. onites methanolic extract 

contained 1.8125% thymol and 1.2315% carvacrol. 
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Table 7: Concentrations and percentages of the essential oil constituents in C. 

zeylanicum and O. onites methanolic extracts, as elucidated by GC-MS. 

 

 

3.7. Anti-biofilm effect of the major essential oil constituents of C. 

zeylanicum and O. onites methanolic extracts 

The four main essential oils were then tested to check if any of them had an anti-

biofilm effect on the K. pneumoniae isolates and may have been responsible for the anti-

biofilm effect of the plants’ extracts. Figure 17 shows that the biofilms formed by 9 out of 

the 13 K. pneumoniae non-ESBL isolates were reduced after the addition of 

cinnamaldehyde (KP2, KP3, KP5, KP6, KP7, KP9, KP10, KP11 and KP12). While, as is 

clear from figure 18, the biofilms formed by 6 out of the 13 K. pneumoniae ESBL isolates 

were also reduced after the addition of cinnamaldehyde (KP14, KP15, KP16, KP17, KP18 

and KP20). 
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Figure 17: The effect of cinnamaldehyde (CA) on the biofilm formation of non-ESBL 

K. pneumoniae isolates. The values of OD570 are represented as means ± SDs of 3 

independent trials (n=3). The P values were obtained by one-tailed paired t test with p 

value ≤ 0.05 considered statistically significant. 

 

 

Figure 18: The effect of cinnamaldehyde (CA) on the biofilm formation of ESBL K. 

pneumoniae isolates. The values of OD570 are represented as means ± SDs of 3 

independent trials (n=3). The P values were obtained by one-tailed paired t test with p 

value ≤ 0.05 considered statistically significant. 
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After testing the effect of eugenol, it is evident from figure 19 that the biofilms formed by 

6 out of the 13 K. pneumoniae non-ESBL isolates were reduced after the addition of 

eugenol (KP2, KP5, KP6, KP9, KP10 and KP11). Figure 20 shows that the biofilms 

formed by 7 out of the 13 K. pneumoniae ESBL isolates were also reduced after the 

addition of eugenol (KP14, KP15, KP17, KP20, KP21, KP23 and KP26). 

 

Figure 19: The effect of eugenol (EG) on the biofilm formation of non-ESBL K. 

pneumoniae isolates. The values of OD570 are represented as means ± SDs of 3 

independent trials (n=3). The P values were obtained by one-tailed paired t test with p 

value ≤ 0.05 considered statistically significant. 
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Figure 20: The effect of eugenol (EG) on the biofilm formation of ESBL K. 

pneumoniae isolates. The values of OD570 are represented as means ± SDs of 3 

independent trials (n=3). The P values were obtained by one-tailed paired t test with p 

value ≤ 0.05 considered statistically significant. 

 

Figure 21 shows that the biofilms formed by 7 out of the 13 K. pneumoniae non-ESBL 

isolates were reduced after the addition of thymol (KP3, KP5, KP6, KP8, KP9, KP11 and 

KP12), whereas figure 22 shows that the biofilms formed by 5 out of the 13 K. pneumoniae 

ESBL isolates were reduced after the addition of thymol (KP17, KP18, KP19, KP20 and 

KP21). 

  

 

Figure 21: The effect of thymol (TH) on the biofilm formation of non-ESBL K. 

pneumoniae isolates. The values of OD570 are represented as means ± SDs of 3 

independent trials (n=3). The P values were obtained by one-tailed paired t test with p 

value ≤ 0.05 considered statistically significant. 
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Figure 22: The effect of thymol (TH) on the biofilm formation of ESBL K. 

pneumoniae isolates. The values of OD570 are represented as means ± SDs of 3 

independent trials (n=3). The P values were obtained by one-tailed paired t test with p 

value ≤ 0.05 considered statistically significant. 

 

When the fourth essential oil, carvacrol, was tested, and as figure 23 shows, the biofilms 

formed by 5 out of the 13 K. pneumoniae non-ESBL isolates were reduced (KP2, KP3, 

KP5, KP8 and KP11). Figure 24 shows that the biofilms formed by 7 out of the 13 K. 

pneumoniae ESBL isolates were also reduced after the addition of carvacrol (KP14, KP15, 

KP19, KP20, KP23, KP24 and KP26).  
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Figure 23: The effect of carvacrol (CR) on the biofilm formation of non-ESBL K. 

pneumoniae isolates. The values of OD570 are represented as means ± SDs of 3 

independent trials (n=3). The P values were obtained by one-tailed paired t test with p 

value ≤ 0.05 considered statistically significant. 

 

Figure 24: The effect of carvacrol (CR) on the biofilm formation of ESBL K. 

pneumoniae isolates. The values of OD570 are represented as means ± SDs of 3 

independent trials (n=3). The P values were obtained by one-tailed paired t test with p 

value ≤ 0.05 considered statistically significant. 
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3.8. Synergistic effect of the effective essential oils 

The possibility of a synergistic anti-biofilm effect of cinnamaldehyde and eugenol 

mixture and thymol and carvacrol mixture was determined by the TCP method. Figure 25 

shows that the biofilms formed by 9 out of the 13 K. pneumoniae non-ESBL isolates were 

reduced after the addition of the cinnamaldehyde and eugenol mixture (KP1, KP3, KP5, 

KP6, KP8, KP9, KP10, KP12 and KP13), while figure 26 shows that the biofilms formed 

by 7 out of the 13 K. pneumoniae ESBL isolates were also reduced after the addition of 

the cinnamaldehyde and eugenol mixture (KP16, KP17, KP18, KP21, KP23, KP24 and 

KP26). 

 

 

Figure 25: The effect of cinnamaldehyde and eugenol (CA&EG) mixture on the 

biofilm formation of non-ESBL K. pneumoniae isolates. The values of OD570 are 

represented as means ± SDs of 3 independent trials (n=3). The P values were obtained by 

one-tailed paired t test with p value ≤ 0.05 considered statistically significant. 
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Figure 26: The effect of cinnamaldehyde and eugenol (CA&EG) mixture on the 

biofilm formation of ESBL K. pneumoniae isolates. The values of OD570 are represented 

as means ± SDs of 3 independent trials (n=3). The P values were obtained by one-tailed 

paired t test with p value ≤ 0.05 considered statistically significant. 

 

On the other hand, figure 27 shows that the biofilms formed by 10 out of the 13 K. 

pneumoniae non-ESBL isolates was reduced after the addition of the thymol and carvacrol 

mixture (KP2, KP3, KP4, KP5, KP6, KP7, KP9, KP10, KP11 and KP12), whereas, figure 

28 shows that the biofilms formed by 5 out of the 13 K. pneumoniae ESBL isolates were 

also reduced after the addition of the thymol and carvacrol mixture (KP17, KP19, KP21, 

KP23 and KP26). 
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Figure 27: The effect of thymol and carvacrol (TH&CR) mixture on the biofilm 

formation of non-ESBL K. pneumoniae isolates. The values of OD570 are represented as 

means ± SDs of 3 independent trials (n=3). The P values were obtained by one-tailed 

paired t test with p value ≤ 0.05 considered statistically significant. 

 

 

Figure 28: The effect of thymol and carvacrol (TH&CR) mixture on the biofilm 

formation of ESBL K. pneumoniae isolates. The values of OD570 are represented as 

means ± SDs of 3 independent trials (n=3). The P values were obtained by one-tailed 

paired t test with p value ≤ 0.05 considered statistically significant. 
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Finally, all the Klebsiella isolates that showed a reduced ability to form biofilms, due to 

the effect of each of the six essential oils solutions, were grouped together to check for the 

overall positive effect on biofilm inhibition. Figure 29 shows that the inhibition of 

Klebsiella biofilm formation by all the essential oils was statistically significant. 

 

 

Figure 29: Overall biofilm inhibition of K. pneumoniae isolates by the different 

essential oil solutions. This graph include all the isolates that showed reduced biofilm 

formation upon addition of the essential oil solutions. The values of OD570 are represented 

as means ± SDs. The P values were obtained by one-tailed paired t test with p value ≤ 0.05 

considered statistically significant. EOs: Essential oils, KP: K. pneumoniae isolates, 

KP+EOs: Klebsiella isolates and the essential oils. 
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Chapter Four 

Discussion 

 

Infectious diseases are a primary cause of death in the United States and 

worldwide. In the US, nosocomial infections alone cause around 60,000 to 90,000 deaths 

per year. In fact, about 80% of these hospital-acquired infections are caused by bacteria 

emerging from biofilms (Zodrow et al., 2012). A significant proportion of these 

nosocomial infections is caused by the Gram-negative rod: Klebsiella pneumoniae. One 

major virulence factor of K. pneumoniae is its ability to form a thick biofilm, enabling this 

pathogen to attach to biotic and abiotic surfaces, including native tissues, catheters and 

medical implants (Seifi et al., 2016). The overuse and abuse of antimicrobial agents, used 

for the treatment of infections, led to the emergence of antibiotic resistance, rendering 

many classes of antibiotics ineffective. Biofilm-embedded bacterial cells are, known to 

be, highly resistant to antibiotics, hence causing infections that are hard to eradicate 

(Zodrow et al., 2012). Due to this increasing emergence of antibiotic resistance, there is a 

high demand for antimicrobial agents that will not cause the spread of resistance genes 

(Kaskatepe et al., 2017). Plants and herbal products have always been of interest to 

researchers in medicine and the drug industry. Up till date, it is estimated that 80% of 

people worldwide use traditional medicines to treat their ailments. Many species of the 

plant kingdom are known to contain a diversity of phytochemicals that have medicinal 

values including antimicrobial properties (Mallhi et al., 2014). Since preventing the 

formation of biofilms is the best strategy for preventing infections caused by serious 

bacterial pathogens (Borges et al., 2013), this study aimed to find natural products and 

phytochemicals that can play a role in the control of the biofilm formation of K. 

pneumoniae. 

 The methanolic extract of C. zeylanicum is known to have strong antibacterial and 

antifungal properties (Hameed, Altameme, & Mohammed, 2016). Studies showed that the 

cinnamon essential oils had a strong inhibitory effect on different E. coli strains, with a 
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power surpassing that of the antibiotic streptomycin (Jamila et al., 2018). In this study, the 

C. zeylanicum methanolic extract presented an antimicrobial effect against K. pneumoniae 

isolates at concentrations of 0.2 g/ml and 0.15 g/ml (Table 4 and Figure 7). However, at 

a concentration of cinnamon of 0.05 g/ml, the growth of K. pneumoniae was not affected 

and did not show an inhibition zone around the well (Table 4 and Figure 7). Hence, any 

concentration of the cinnamon extract of 0.05 g/ml or below was considered as sub-

inhibitory to the growth of the organism. On the other hand, the O. onites methanolic 

extract inhibited K. pneumoniae growth at 0.2 g/ml, 0.15 g/ml, 0.1 g/ml and 0.05 g/ml, but 

not at 0.02 g/ml (Table 5 and Figure 8). A previous study done by Askun et al. (2009) 

had shown that the MIC of O. onites methanolic extract on K. pneumoniae was 10240 

μg/mL (Askun, Tumen, Satil, & Ates, 2009), which was higher than the MIC of the extract 

used in this study. The biological activities and antimicrobial properties of these two plants 

were mainly due to their essential oils (Borges et al., 2013), hence these EOs are 

considered to be potential new antibacterial agents (Prabuseenivasan et al., 2006). 

 The sub-inhibitory concentrations of 0.02 g/ml, of both the cinnamon and oregano 

methanolic extracts, proved to have an anti-biofilm effect against the K. pneumoniae 

isolates of this study. Figures 9, 10, 11 and 12 show that after coating the 96 well plates 

with cinnamon or oregano, the Klebsiella isolates formed reduced size biofilms. The 

biofilm formation ability by both the non-ESBL (figure 9 and 11) and the ESBL (figure 

10 and 12) isolates was inhibited. Different studies demonstrated that the antimicrobial 

properties of phytochemicals can affect not only planktonic bacteria but also bacterial 

biofilm formation and maturation. For instance, Cinnamon cassia EOs were able to affect 

the adhesion, biofilm formation, swimming motility and quorum sensing of E. coli 

(Borges et al., 2013). Another study also demonstrated the ability of cinnamon EOs to 

totally inhibit the biofilm formation of Acinetobacter strains at a sublethal dose 

(Szczepanski & Lipski, 2014). Additionally, oregano EOs were able to inhibit biofilm 

formation of S. aureus and S. epidermidis isolates, but at higher concentrations than the 

ones needed to inhibit planktonic bacteria (Kerekes et al., 2015). 

 The chemical composition and functional groups of essential oils are known to 

affect their biological activities and their power is related to their main constituents 

(Borges et al., 2013). Different species of plants have varying chemical constituents of 
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essential oils (Swamy et al., 2016). Different publications reported varying percentages of 

the chemical constituents of the cinnamon and oregano essential oils. The EOs of C. 

zeylanicum were reported to contain between 75 and 90% cinnamaldehyde, about 3 to 8% 

eugenol and 3 to 8% cinnamyl acetate (Jamila et al., 2018; Unlu et al., 2010). Whereas the 

O. onites EOs were reported to contain mainly between 36 to 84% carvacrol, 15 to 52% 

linalool and around 11.6% thymol (Kaskatepe et al., 2017). Many factors can affect the 

amounts of these constituents including the harvest period, the geographical location of 

the plant, its stage of maturity, the climate and the soil condition (Faleiro, 2011; Ozkan et 

al., 2010). This is why GC-MS was done to identify the specific concentration of the major 

essential oils in the C. zeylanicum and O. onites methanolic extracts used in this study. 

The GC-MS technique has a broad field of applications, most importantly 

combining the characteristics of GC and MS in order to mainly separate and analyze 

multicomponent samples including essential oils, solvents and hydrocarbons (Hadi & 

Hameed, 2017). The GC-MS, for instance, was able to facilitate the detection and 

quantification of hundreds of metabolites present in one plant extract (Kopka, Fernie, 

Schauer, Willmitzer, & Lisec, 2006). Identifying the major active compounds of plants 

helps in understanding their therapeutic potential (Iordache, Culea, Gherman, & Cozar, 

2009). In addition, such information helps in discovering the real significance of the folk 

remedies and in revealing new sources of economic phytochemicals for synthesizing 

different chemical substances (Hadi & Hameed, 2017). The development of GC-MS 

rendered the identification of the minor constituents of essential oils possible 

(Mallavarapu & Rao, 2007). 

GC-MS works on introducing the essential oils, then separating and detecting 

them. The time from the injection of the EOs or extracts to their elution from the GC 

column into the detector is referred to as the retention time (RT). Table 6 shows that CA 

is the first chemical to elute from the column after 9.455 minutes of the injection, followed 

by TH at 9.56 min, CR at 9.66 min and finally EG at 10.245 min. 

After analyzing five different concentrations of every chemical tested, at the same 

GC-MS conditions, standard curves for CA and EG (Figure 13) and for TH and CR 

(Figure 14) were drawn. The standard curves of the four essential oils illustrated in figure 
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13 and figure 14 show the peaks’ areas corresponding to the different concentrations. The 

area of the peak is proportional to the concentration of the essential oils. 

When the GC-MS of the cinnamon and oregano methanolic extracts were run, 

chromatograms were generated. These are graphs created by the computer to represent all 

the signals generated by the elution of the analytes. The X-axis presented the RT while the 

Y-axis assessed the intensity of the signal to quantify the constituents of the sample 

injected (Hameed et al., 2016). The analysis of figures 15 and 16 revealed the presence of 

CA and EG in the cinnamon extract and the presence of TH and CR in the oregano extract, 

in varying amounts. This was noted by the presence of several peaks in each 

chromatogram at different times and with different areas under the peaks.  

Moreover, the more the concentration of the essential oils in the extract, the bigger 

was the signal obtained (Hameed et al., 2016). This was presented in figure 15, showing 

that the CA peak is much higher than EG peak which was compatible with their 

concentrations in the sample. Eventually, it was found that the concentration of CA in the 

cinnamon methanolic extract was 0.1286 g/ml as compared to the concentration of EG 

which was 0.003265 g/ml (Table 7). This was compatible with a study done by Hameed 

et al. in 2016, which showed that cinnamaldehyde is the most prevalent essential oil in the 

bark of C. zeylanicum (Hameed et al., 2016). The same was denoted in the chromatogram 

of oregano methanolic extract showing that TH was present in the sample more than CR, 

with 0.3625 g/ml and 0.2465 g/ml concentrations respectively (Table 7). A study done by 

Milovanović et al. (2009), showed that even with using low concentration of the oregano 

essential oils, the abundant compounds, including thymol and carvacrol, showed the 

largest areas compared to the other compounds’ peaks. The investigators also reported that 

the peaks of the two isomeric compounds, TH and CR, were satisfactorily separated and 

showed a difference between their RTs (Milovanović et al., 2009), which is compatible 

with the results obtained in this study as is clear in figure 16. 

Eugenol, carvacrol, and thymol are phenolic compounds, whereas cinnamaldehyde 

is an aliphatic aldehyde (Di Pasqua et al., 2007). The concentrations of the essential oils 

presented in table 7 were used to test for their anti-biofilm effect against K. pneumoniae 

isolates of this study. As presented in figure 17 and 18, CA was able to reduce the biofilm 
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formation of 69.23% of the non-ESBL Klebsiella isolates and 46.15% of the ESBLs 

isolates. Hence, cinnamaldehyde was able to inhibit the biofilm formation of 57.69% of 

all the K. pneumoniae isolates used in this study. According to the results reported by 

Zodrow et al. (2012), CA also inhibited the S. aureus biofilm formation successfully 

(Zodrow et al., 2012). Cinnamaldehyde is reported to act by altering the lipid profile and 

structure of the bacterial cell membrane, increasing its surface area and penetrating to the 

periplasm to deeper parts of the bacterium (Di Pasqua et al., 2007). 

Eugenol was previously reported to inhibit or reduce the formation of the biofilms 

of S. aureus and E.coli on stainless steel surfaces (Millezi et al., 2019). In this study, 

eugenol reduced the biofilm formation of 46.15% of the non-ESBL K. pneumoniae 

isolates (Figure 19) and 53.85% of the ESBL isolates (Figure 20). In total, eugenol was 

able to inhibit the biofilm formation of 50% of the tested K. pneumoniae isolates. 

On the other hand, thymol was able to reduce the biofilm formation of 53.85% of 

the non-ESBL K. pneumoniae isolates (Figure 21) and 38.46% of the ESBL isolates 

(Figure 22). Thus, a total of 46.15% of the biofilms formed by the Klebsiella strains in 

this study were inhibited by thymol.  Moreover, carvacrol was able to inhibit the biofilm 

formation of 38.46% of the non-ESBL isolates (Figure 23) and 53.85% of the ESBL 

isolates (Figure 24); hence inhibiting the biofilm formation of 46.15% of all the K. 

pneumoniae isolates. Since thymol, carvacrol, and eugenol are hydrophobic molecules, 

they can interfere with the phospholipid bilayer membrane of bacteria, increasing the cell 

membrane permeability and disrupting its integrity, hence, leading to a leakage of ATP, 

nucleic acids and ions (Faleiro, 2011). Carvacrol and thymol were also reported to control 

the growth of dual-species biofilm of S. aureus and Salmonella enterica serovar 

Typhimurium in the initial growth phase (Borges et al., 2013; Szczepanski & Lipski, 

2014). They also were able to reduce the biofilm formation of many S. aureus, S. 

epidermidis, S. enterica strains at sub-inhibitory concentrations (Kerekes et al., 2015). 

Carvacrol was also reported to inhibit the early phases of biofilm formation preventing the 

establishment of mature biofilms. It was also noted to interfere with the development of 

the biofilm made by P. aeruginosa (Sharifi-Rad et al., 2018). 
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Testing for a synergistic anti-biofilm effect between the two major essential oils 

of each extract was then attempted. A solution containing both CA and EG, at 

concentrations equal to those in the cinnamon plant extract, was prepared. The same was 

done for TH and CR. The results showed that the biofilm formation of 69.23% of the non-

ESBL isolates was inhibited by CA and EG together (Figure 25) and that of 53.85% of 

the ESBL isolates was inhibited by the mixed solution of CA and EG (Figure 26). 

Whereas, the biofilm formation of 76.92% of the non-ESBL K. pneumoniae isolates was 

inhibited by TH and CR mixture (Figure 27) as compared to 38.46% of the ESBL isolates 

(Figure 28). In summary, the biofilm formation of 62% of all the K. pneumoniae isolates 

was inhibited by the CA and EG mixture and 57.69% by the TH and CR mixture. Since 

synergism is reported when the effect of the combined chemicals is found to be higher 

than the sum of their distinct effects (Faleiro, 2011), then it would not be possible to report 

that neither CA and EG mixed solution nor that of TH and CR demonstrated any 

synergistic effect. However, it is clear that the overall anti-biofilm effect of the essential 

oils whenever they were combined together, was higher than their individual effects. 

Figure 29 demonstrates the overall biofilm inhibition of the K. pneumoniae 

isolates, that was affected by any of the six different essential oil solutions; All the reported 

inhibition results were statistically significant. It was noted that, in this study, however, 

that there was no substantial difference between the effects of the chosen EOs on the non-

ESBL Klebsiella isolates as compared to the ESBL isolates (figure 30).  

Under the effect of the tested EOs, both the non-ESBLs and ESBLs isolates 

showed a reduced ability to form biofilms. Moreover, it is worth noting that the biofilm 

formation ability of the four Klebsiella isolates, KP1, KP8, KP13 and KP24, which was 

not affected by the CA or EG alone, was inhibited when the two EOs were mixed together, 

suggesting that whenever these EOs are present simultaneously they affect multiple 

regulatory pathways related to biofilm formation, or together are capable of  exhibiting a 

stronger effect. The same was manifested for the isolates KP4, KP7 and KP10 whose 

biofilm formation ability was not affected by neither TH nor CR, but was inhibited by 

their mixture.     
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It was also noted that the biofilm formation ability of some isolates (KP1, KP13 

and KP16), was affected by the cinnamon EOs but not by the oregano EOs, while others 

(KP4 and KP19), showed a biofilm inhibition when treated with the oregano EOs and not 

with cinnamon EOs. This suggests that these two extracts and their EOs inhibit K. 

pneumoniae biofilms by targeting different regulatory pathways controlling biofilm 

formation. 

 

Figure 30: Summary representation of the anti-biofilm effect of EOs against all K. 

pneumoniae isolates. Colored boxes represent the inhibition of biofilm formation of K. 

pneumoniae isolates by the tested essential oils. EOs: Essential oils, CA: Cinnamaldehyde, 

EG: Eugenol, CA&EG: Cinnamaldehyde and eugenol mixture, TH: Thymol, CR: 

Carvacrol, TH&CR: Thymol and carvacrol mixture. 

 

 It is believed that many possible factors led to the variation between the percentage 

effects of the essential oils on the K. pneumoniae isolates and thus to the statistical 

significance of the biofilm formation inhibition. Variations between the OD570 values of 

the triplicate assays appeared in some of the Klebsiella isolates (Table A1 to Table A18). 

First, an increased incubation period for any inoculated 96 well-plate, could have led to a 

diminished supply of fresh nutrients to the bacteria, which may have  stimulated bacterial 

detachment from the surface and hence less crystal violet staining (Merritt, Kadouri, & 

O'Toole, 2011). Second, in addition to the incubation time, inocula preparation according 

to the 0.5 McFarland turbidity standard, could vary between the replicates, hence, slightly 

affecting the biofilm formed by the isolate being tested (Kwasny & Opperman, 2010). 

Third, the repeated washings of the plates may have caused disruption of the biofilms 

(Roy, Tiwari, Donelli, & Tiwari, 2018). Fourth, in the TCP method, no growth of the 

bacterial isolate could be easily mistaken for an inability of attachment and biofilm 
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formation (Merritt et al., 2011). Fifth, a high number of sub-culturing of the K. 

pneumoniae isolates all through the study may have been accompanied by some mutations 

that could have affected the degree of biofilm formation. 

 The tested essential oils of this study led to the reduction of biofilm formation in a 

number of Klebsiella isolates, indicating that other chemical components of cinnamon and 

oregano could be playing a role in the total inhibition of K. pneumoniae biofilm formation. 

In fact, trace constituents, of the extracts and their essential oils, could have had a 

significant effect. The interaction between all the secondary constituents could lead to a 

total inhibition of the biofilm production (Jamila et al., 2018). Therefore, other essential 

oil constituents of the C. zeylanicum and O. onites should be quantified and tested for a 

probable anti-biofilm effect on different K. pneumoniae strains. 

 This study showed that natural plant-derived chemical compounds, such as 

cinnamaldehyde, eugenol, thymol and carvacrol, are promising alternatives for synthetic 

molecules in the inhibition of biofilm formation. Around 46.15% to 62% of the K. 

pneumoniae isolates, used in this study, manifested a reduction in their biofilm formation 

after exposure to these essential oils. Hence, coating biomaterials with these essential oils 

could help in the prevention of early stages of biofilm formation on catheters and other 

indwelling prosthetic devices, thus decreasing the risk of biofilm-associated infections in 

patients with indwelling devices. These natural products are inexpensive, more specific 

and most importantly nontoxic and exhibit less evolutionary pressure on microorganisms 

(Afroz et al., 2020). Therefore, using these natural products for prevention of infections 

will help in reducing the emergence of antibiotic resistance among pathogens and thus aid 

in solving one of the most challenging health problems.                  
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Appendix 

 

Appendix Tables 

Table A1. Biofilm forming capacity of non-ESBL K. pneumoniae isolates used in this 

study.  

Table A2. Biofilm forming capacity of ESBL K. pneumoniae isolates used in this study. 

Table A3. OD570 values of the biofilm formed by non-ESBL K. pneumoniae isolates with 

and without cinnamon methanolic extract.  

Table A4. OD570 values of the biofilm formed by ESBL K. pneumoniae isolates with and 

without cinnamon methanolic extract. 

Table A5. OD570 values of the biofilm formed by non-ESBL K. pneumoniae isolates with 

and without oregano methanolic extract.  

Table A6. OD570 values of the biofilm formed by ESBL K. pneumoniae isolates with and 

without oregano methanolic extract.  

Table A7. OD570 values of the biofilm formed by non-ESBL K. pneumoniae isolates with 

and without cinnamaldehyde (CA).  

Table A8. OD570 values of the biofilm formed by ESBL K. pneumoniae isolates with and 

without cinnamaldehyde (CA).  

Table A9. OD570 values of the biofilm formed by non-ESBL K. pneumoniae isolates with 

and without eugenol (EG).  

Table A10. OD570 values of the biofilm formed by ESBL K. pneumoniae isolates with and 

without eugenol (EG).  

Table A11. OD570 values of the biofilm formed by non-ESBL K. pneumoniae isolates 

with and without thymol (TH).  
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Table A12. OD570 values of the biofilm formed by ESBL K. pneumoniae isolates with and 

without thymol (TH).  

Table A13. OD570 values of the biofilm formed by non-ESBL K. pneumoniae isolates 

with and without carvacrol (CR).  

Table A14. OD570 values of the biofilm formed by ESBL K. pneumoniae isolates with and 

without carvacrol (CR).  

Table A15. OD570 values of the biofilm formed by non-ESBL K. pneumoniae isolates 

with and without cinnamaldehyde and eugenol mixture (CA&EG).  

Table A16. OD570 values of the biofilm formed by ESBL K. pneumoniae isolates with and 

without cinnamaldehyde and eugenol mixture (CA&EG).  

Table A17. OD570 values of the biofilm formed by non-ESBL K. pneumoniae isolates 

with and without thymol and carvacrol mixture (TH&CR).  

Table A18. OD570 values of the biofilm formed by ESBL K. pneumoniae isolates with and 

without thymol and carvacrol mixture (TH&CR).  
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Table A1: Biofilm forming capacity of non-ESBL K. pneumoniae isolates used in this 

study. The OD570 value are represented as means of the triplicate assays (n=3). (-) the 

negative control. AVG: Average. 

 

 

Table A2: Biofilm forming capacity of ESBL K. pneumoniae isolates used in this 

study. The OD570 value are represented as means of the triplicate assays (n=3). (-) the 

negative control. AVG: Average. 
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Table A3: OD570 values of the biofilm formed by non-ESBL K. pneumoniae isolates 

with and without cinnamon methanolic extract (C). The OD570 values are represented 

as means of triplicate assays (n=3). -: Negative control, B: Bacteria, B+C: Bacteria and 

cinnamon extract, AVG: Average.  
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Table A4: OD570 values of the biofilm formed by ESBL K. pneumoniae isolates with 

and without cinnamon methanolic extract (C). The OD570 values are represented as 

means of triplicate assays (n=3). -: Negative control, B: Bacteria, B+C: Bacteria and 

cinnamon extract, AVG: Average. 
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Table A5: OD570 values of the biofilm formed by non-ESBL K. pneumoniae isolates 

with and without oregano methanolic extract (O). The OD570 values are represented as 

means of triplicate assays (n=3). -: Negative control, B: Bacteria, B+O: Bacteria and 

oregano extract, AVG: Average. 
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Table A6: OD570 values of the biofilm formed by ESBL K. pneumoniae isolates with 

and without oregano methanolic extract (O). The OD570 values are represented as 

means of triplicate assays (n=3). -: Negative control, B: Bacteria, B+O: Bacteria and 

oregano extract, AVG: Average. 
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Table A7: OD570 values of the biofilm formed by non-ESBL K. pneumoniae isolates 

with and without cinnamaldehyde (CA). The OD570 values are represented as means of 

triplicate assays (n=3). -: Negative control, B: Bacteria, B+CA: Bacteria and 

cinnamaldehyde, AVG: Average. 
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Table A8: OD570 values of the biofilm formed by ESBL K. pneumoniae isolates with 

and without cinnamaldehyde (CA). The OD570 values are represented as means of 

triplicate assays (n=3). -: Negative control, B: Bacteria, B+CA: Bacteria and 

cinnamaldehyde, AVG: Average. 
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Table A9: OD570 values of the biofilm formed by non-ESBL K. pneumoniae isolates 

with and without eugenol (EG). The OD570 values are represented as means of triplicate 

assays (n=3). -: Negative control, B: Bacteria, B+EG: Bacteria and eugenol, AVG: 

Average. 
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Table A10: OD570 values of the biofilm formed by ESBL K. pneumoniae isolates with 

and without eugenol (EG). The OD570 values are represented as means of triplicate assays 

(n=3). -: Negative control, B: Bacteria, B+EG: Bacteria and eugenol, AVG: Average. 
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Table A11: OD570 values of the biofilm formed by non-ESBL K. pneumoniae isolates 

with and without thymol (TH). The OD570 values are represented as means of triplicate 

assays (n=3). -: Negative control, B: Bacteria, B+TH: Bacteria and thymol, AVG: 

Average. 
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Table A12: OD570 values of the biofilm formed by ESBL K. pneumoniae isolates with 

and without thymol (TH). The OD570 values are represented as means of triplicate assays 

(n=3). -: Negative control, B: Bacteria, B+TH: Bacteria and thymol, AVG: Average. 
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Table A13: OD570 values of the biofilm formed by non-ESBL K. pneumoniae isolates 

with and without carvacrol (CR). The OD570 values are represented as means of 

triplicate assays (n=3). -: Negative control, B: Bacteria, B+CR: Bacteria and carvacrol, 

AVG: Average. 
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Table A14: OD570 values of the biofilm formed by ESBL K. pneumoniae isolates with 

and without carvacrol (CR). The OD570 values are represented as means of triplicate 

assays (n=3). -: Negative control, B: Bacteria, B+CR: Bacteria and carvacrol, AVG: 

Average. 
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Table A15: OD570 values of the biofilm formed by non-ESBL K. pneumoniae isolates 

with and without cinnamaldehyde and eugenol mixture (CA&EG). The OD570 values 

are represented as means of triplicate assays (n=3). -: Negative control, B: Bacteria, B + 

CA&EG: Bacteria and cinnamaldehyde + eugenol mixture, AVG: Average. 
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Table A16: OD570 values of the biofilm formed by ESBL K. pneumoniae isolates with 

and without cinnamaldehyde and eugenol mixture (CA&EG). The OD570 values are 

represented as means of triplicate assays (n=3). -: Negative control, B: Bacteria, B + 

CA&EG: Bacteria and cinnamaldehyde + eugenol mixture, AVG: Average. 
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Table A17: OD570 values of the biofilm formed by non-ESBL K. pneumoniae isolates 

with and without thymol and carvacrol mixture (TH&CR). The OD570 values are 

represented as means of triplicate assays (n=3). -: Negative control, B: Bacteria, B + 

TH&CR: Bacteria and thymol + carvacrol mixture, AVG: Average. 
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Table A18: OD570 values of the biofilm formed by ESBL K. pneumoniae isolates with 

and without thymol and carvacrol mixture (TH&CR). The OD570 values are 

represented as means of triplicate assays (n=3). -: Negative control, B: Bacteria, B + 

TH&CR: Bacteria and thymol + carvacrol mixture, AVG: Average. 

 

 

 

 

 

 

  

 

 




