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PREFACE 

Prior to this investigation, a foreknowledge of the subject was acquired through a 

critical review of literature. Thereafter, a good quality research was undertaken to 

bridge the research gap and augment the knowledge base in this area of research. 

This study has been meticulously compiled into thesis chapters, which not only 

elucidate the existing knowledge from literature, but also organize the interesting 

findings from this research into experimental chapters. 

In chapter one, a concise summary is provided based on an extensive literature 

search about the exciting bacterial social media network (quorum sensing) and the 

systems used for the bacterial cell-to-cell communication. The review further 

discusses virulence in K. pneumoniae, inhibition of quorum sensing and associated 

virulence factors in K. pneumoniae, the potentials of medicinal plants as a source of 

drugs and quorum sensing inhibitors (QSIs), South African medicinal plants as 

treatment options for K. pneumoniae infections, and in-silico techniques for screening 

and identifying QSIs in medicinal plants. 

Chapter two presents an experimental chapter which involves exploring three 

selected South African medicinal plants (Lippia javanica, Helichrysum populifolium 

and Carpobrotus dimidiatus), for their antivirulence activities against two 

hypervirulent K. pneumoniae strains (Carbapenem resistant (CBR) and extended 

spectrum beta-lactamase (ESBL) producing strains). These plants have received 

relatively little attention and it is unclear if they contain phytochemicals that could be 

effective in mitigating virulence factors in hypervirulent K. pneumoniae. Thus, they 

were examined for their inhibitory activities against K. pneumoniae’s virulence 

factors. A better understanding of the chemical profiling of the plants was acquired to 

identify potential bioactive compounds in the plants. 

Chapter three explores the structure-activity relationship between the phytochemical 

compounds profiled from the studied medicinal plants and the transcriptional 

regulator protein (SdiA) in K. pneumoniae, thereby providing answers to the research 

question of which phytochemical compounds can modulate the virulence-associated 

protein. This involved the use of computer-based techniques for the virtual screening 

of the different classes of compounds which employed molecular modelling approach 

as well as pharmacokinetics study for the assessment of their drug-likeness 

properties.  
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Chapter four validates the in-silico findings through assessment of the in-vitro effect 

of the phytochemical compounds in inhibiting biofilms and associated virulence 

factors in CBR and ESBL producing K. pneumoniae strains. To further substantiate 

the findings from traditional techniques, this chapter describes the quantification of 

virulence genes expression in the studied K. pneumoniae strains following treatment 

with the prospective antivirulence/antipathogenic compounds using molecular 

techniques. The biosafety of the promising compounds against K. pneumoniae 

strains was also assessed to determine whether the compounds will have any toxic 

effect on non-malignant mammalian cells.  

Chapter five summarizes the findings from the study, achievements of objectives, 

general conclusions, contribution of the study, the study limitations as well as 

recommendations. Overall, this study made a valuable contribution to finding 

solutions to the challenges posed by highly virulent and drug-resistant K. pneumoniae 

strains by exploring plant extracts utilized in traditional medicine and their 

phytochemical compounds. 
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ABSTRACT 

The emergence of multidrug resistant (MDR) Klebsiella pneumoniae has become a 

growing public health concern across the globe, due to its significant role as a 

causative agent of severe nosocomial and community acquired infections.  

Carbapenem-resistant (CBR) and extended spectrum beta lactamase (ESBL) 

producing K. pneumoniae strains, classified as MDR have been identified as the major 

causes of severe infections in humans. These strains often exhibit hypervirulent 

characteristics and pose a threat to treatment options due to their resistance to almost 

all classes of antibiotics, including the last line resorts. The identification of plant-based 

treatment options to target virulence factors of this pathogen is therefore a priority. 

Hence, this research was undertaken to explore the antibacterial and antivirulence 

properties, molecular modelling, virulence gene expression and safety use of bioactive 

South African medicinal plants and their metabolites against CBR and ESBL 

producing K. pneumoniae strains.  

Three South African medicinal plants namely Carpobrotus dimidiatus, Helichrysum 

populifolium and Lippia javanica were selected based on their therapeutic use for 

various K. pneumoniae associated infections. The plant extracts (ethyl acetate, 

dichloromethane, methanol, and water) were validated for their inhibitory activities 

against bacterial growth and virulence factors such as biofilm formation, 

exopolysaccharide (EPS) production, curli expression and hypermucoviscosity. The 

potent extract on K. pneumoniae biofilm was observed with a scanning electron 

microscope (SEM) while exopolysaccharide topography and surface parameters were 

observed using atomic force microscopy (AFM). Chemical profiling of the potent 

extract in-vitro was analysed using liquid chromatography-mass spectrometry (LC-

MS).  

Virtual screening of selected compounds from the medicinal plants was carried out to 

interrupt the QS-associated SdiA transcriptional regulator protein in K. pneumoniae 

and attenuate its virulence. The crystal structure of SdiA, previously reported in E. 

coli as PDB ID: 4LFU was used as a template to model the structure of SdiA, serving 

as a prototype to search for compounds that could inhibit intercommunication and 

associated virulence activities. ProCheck, Verify3D, Ramachandran plot scores, and 

ProSA-Web all attested to the model’s good quality. Since SdiA protein in K. 

pneumoniae leads to the expression of virulence, 31 selected prospective bioactive 

compounds were docked against the SdiA modelled protein for antagonistic potential. 
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The stability of the protein-ligand complex, atomic motions and inter-atomic 

interactions were further investigated through molecular dynamics simulations (MDS) 

at 100 ns production runs. The binding free energy was estimated using the molecular 

mechanics/poisson-boltzmann surface area (MM/PB-SA). The drug-likeness 

properties of the studied compounds were also validated.  

The promising phytochemical compounds (alpha-terpinene, camphene, fisetin, 

glycitein and phytol) were further evaluated in-vitro for their antibacterial and anti-

biofilm associated virulence factors. Furthermore, the expression level of K. 

pneumoniae virulence genes after subjection to treatment with phytochemical 

compounds was determined using the Quantitative Real-Time PCR (qPCR). Cell 

viability and cytotoxicity activity of the studied compounds were assessed using 

African monkey kidney Vero cells.  

The antibacterial activity results revealed a noteworthy minimum inhibitory 

concentration (MIC) value for the C. dimidiatus dichloromethane extract at 0.78 mg/mL 

on CBR-K. pneumoniae. With regards to the virulence factors, L. javanica (ethyl 

acetate) showed the highest inhibition (67.25%) of the first biofilm stage-initial cell 

attachment for CBR-K. pneumoniae. Observations from the scanning electron 

microscope used for the in-situ visualization of the biofilms correlated the in-vitro 

findings, evidenced by a significant alteration of the biofilm architecture. Results of the 

EPS reduction assay, another virulence factor targeted in K. pneumoniae revealed the 

highest reduction of 34.18% for L. javanica (ethyl acetate), which was correlated by 

noticeable changes in the EPS surface topology as observed using atomic force 

microscope. Hypermucoviscosity, a phenotype which often characterizes 

hypervirulent K. pneumoniae was also reduced by L. javanica (ethyl acetate) to the 

least length mucoid string (1mm - 2mm) at 1mg/mL on both strains. Furthermore, curli 

expression often implicated with cell aggregation was inhibited by C. dimidiatus 

(aqueous) at 0.5 mg/mL in both K. pneumoniae strains. Chemical profiling of L. 

javanica (ethyl acetate), C. dimidiatus (aqueous) and H. populifolium (aqueous) 

identified diterpene (10.29%), hydroxy-dimethoxyflavone (10.24%) and 4,5-

Dicaffeoylquinic acid (13.41%) respectively as dominant compounds.  

Molecular docking studies showed that phytol and glycitein possess the highest 

binding affinity of -9.205 kcal/mol and -9.752 kcal/mol for terpenes and flavonoids, 

respectively. The MDS of the protein in complex with the best-docked compounds 

revealed phytol with the highest binding energy of -44.2625 kcal/mol, a low root-mean-

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



xi  

square deviation (RMSD) value of 1.54 Å and a root-mean-square fluctuation (RMSF) 

score of 1.78 Å. Analysis of the drug-likeness properties prediction and bioavailability 

of these compounds revealed their conformed activity to Lipinski’s rules with 

bioavailability scores of 0.55 F.  

In-vitro assessment of the compounds revealed fisetin as the best anti-CBR-K. 

pneumoniae, demonstrating MIC value of 0.0625 mg/mL. Phytol, glycitein and α-

terpinene showed MIC values of 0.125 mg/mL for both strains. The assessment of the 

compounds for anti-virulence activity (exopolysaccharide reduction) revealed up to 

65.91% reduction in phytol and camphene while phytol also showed the highest 

antiadhesion activity against CBR and ESBL- K. pneumoniae (54.71% and 50.05%), 

respectively. The expression levels of mrkA, rcsA and luxS  genes in treated K. 

pneumoniae strains revealed fold expression ratio ranging between 0.607 (60.7%) 

and 1.00 (100%).  MrkA gene targeted with phytol and rcsA gene targeted with 

camphene in CBR-K. pneumoniae strain revealed reduced fold expression values of 

0.662 (66.2%) and 0.722 (72.2%), respectively compared to the untreated strain (16S 

rRNA as control) which revealed the value of 1.00 (100%). Phytol was shown to have 

no cytotoxic effect on the Vero cells whilst maintaining approximately 100% (p < 0.05) 

of the cell’s viability even at the highest tested concentration (0.25 mg/mL). The 

measured lactate dehydrogenase (LDH) activity showed that most of the tested 

compounds did not cause cell death in a dose-dependent manner.  

Overall, findings from this study revealed that the studied medicinal plants are not only 

rich sources of bioactive compounds but also possess antibacterial and antivirulence 

activities, with L. javanica (ethyl acetate) displaying the most remarkable activity. 

Secondary metabolites of the studied plants belonging to the terpene and flavonoids 

classes were also shown to reveal good binding affinities and high binding energies 

when bound to the transcriptional SdiA receptor which modulates biofilm formation 

and other virulence factors in K. pneumoniae. In-vitro antivirulence activities of the 

compounds revealed phytol to be the most potent antivirulence antibiofilm agent and 

was observed alongside camphene to downregulate the expression of mrkA and rcsA 

genes respectively. Phytol further revealed no cytotoxic effect on Vero cells while 

camphene revealed significant cell viability. The entire findings from this study 

presents the potent medicinal plants and compounds as promising leads for the 

development of novel drugs in the management of hypervirulent K. pneumoniae 

infections. 
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1 GENERAL INTRODUCTION AND LITERATURE REVIEW 
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1.1 Introduction 

Klebsiella pneumoniae, a Gram-negative bacteria belonging to the 

Enterobacteriaceae family has emerged as one of the most antibiotic-resistant 

pathogens responsible for outbreaks in both community and clinical settings (Santajit 

& Indrawattana, 2016). According to the classification of pathogens by the World 

Health Organization (WHO) on February 27, 2017, K. pneumoniae was categorized 

under the critical priority list for the research and development of new antibiotics 

(Talebi et al., 2019). This is because it has been identified as a healthcare and 

community burden, with a high prevalence of resistance and a leading cause of death 

(Ventola, 2015). K. pneumoniae is usually known for its opportunistic nature and ability 

to frequently cause nosocomial infections. According to Navon-Venezia et al. (2017), 

it is implicated in one-third of all Gram-negative infections, which includes urinary tract 

infections (UTIs), cystitis, pneumonia, surgical site infections, endocarditis, 

bacteraemia, septicaemia, necrotizing pneumonia, pyogenic liver abscesses, 

endogenous endophthalmitis, among others (Balestrino et al., 2005). High mortality 

rates, extended hospitalization, and high costs are often associated with infections 

caused by this organism (Tumbarello et al., 2006). These infections are attributed to 

the highly virulent nature of K. pneumoniae, enhanced by its quorum sensing ability.  

Quorum sensing (QS) is a bacterial cell-to-cell communication which uses signalling 

molecules in a high bacterial cell population density (Eberl & Riedel, 2011). It 

modulates several virulence factors in K. pneumoniae such as biofilm formation, 

production of lipopolysaccharides, exopolysaccharides, siderophores and capsule 

formation (De Araujo et al., 2010). The afore mentioned virulence factors often 

enhance the degree of pathogenicity in K. pneumoniae, thereby posing greater threat 

to human health. This threat can be attributed to the emergence of MDR strains of K. 

pneumoniae which diminish the effectiveness of antibiotics and exhibit continuous 

selective pressure due to the continuous exposure to multiple antibiotics (Ashayeri-

Panah et al., 2014; Patro & Rathinavelan, 2019). Because of the above-mentioned 

reasons and other, QS enhances bacterial resistance, thereby enabling a formation of 

stable communities of microorganisms (Odularu et al., 2022). QS activities of K. 

pneumoniae often modulate its ability to escape the action of almost all available 

antibiotics, hence, it has been documented as one of the worrying and ESKAPE 

pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 
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Acinetobacter baumanni, Pseudomonas aeruginosa and Enterobacter species) 

(Boucher et al., 2009). The alarming rate of antibiotic resistance in K. pneumoniae 

remains a global health threat.  

According to WHO in Shaik et al. (2014), medicinal plants and their secondary 

metabolites can be the best source to obtain a variety of drugs. Natural treatment 

option such as the use of medicinal plants needs to be evaluated and implemented 

through clinical and biological trials. Since medicinal plants contain diverse 

phytochemical compounds belonging to different classes such as flavonoids, 

terpenoids, tannins, phenolics, alkaloids and saponin glycosides, it has become 

important to explore their quorum-sensing inhibitory (QSI) potentials. These 

compounds are abundant in plants, and they have shown antibacterial activities in-

vitro, hence, suggesting their potentials to thwart virulent factors of K. pneumoniae.  

 

1.2 Literature review 

Prior to the execution of this research, an in-depth search of related literature was 

conducted to provide a succinct overview of the bacterial social media network 

(quorum sensing), particularly in K. pneumoniae, the impact of the pathogens’ 

associated virulence factors, and QSI as a plausible strategy to mitigate virulence in 

K. pneumoniae. Moreover, since the South African medicinal plants are implicated and 

documented in literature as treatment options for K. pneumoniae infections, a few of 

these medicinal plants are reviewed as prospective source of antivirulence drug 

candidates and QSIs. Furthermore, the in-silico techniques for screening and 

identifying QSIs in medicinal plants were studied.  

 

1.2.1 The bacterial social media network known as quorum sensing  

Quorum sensing (QS) can be attributed to bacterial social media networks where 

signal molecules called autoinducers (AIs) accumulate in the environment based on 

population density (Quecan et al., 2019). QS is accepted as bacterial social media 

network due to the coordinated behaviours conducted amongst the bacteria in inter- 

and or intra- communication. QS not only improves bacterial pathogenicity, but it also 

improves their ability to infect and harm their host, hence QS disruption has been 

suggested as a new anti-infective strategy (Defoirdt et al., 2010). Previous authors 

have reported that QS modulates the expression of virulence factors and the 
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production of extracellular enzymes in many bacteria (Quecan et al., 2019; Skandamis 

& Nychas, 2012). QS also controls bioluminescence, plasmid transfer as well as 

secondary metabolite production in bacteria by regulating gene expression (Aliyu et 

al., 2016).  

QS is frequently connected to antibiotic resistance, biofilm formation, persistent 

immune system defense, changes in motility as well as production of hydrolytic 

enzymes, toxins, and polysaccharides (Cadavid et al., 2018). The QS pathways have 

been classified based on the chemical nature of the signal molecules that operate the 

system. They include LuxI-LuxR system/autoinducer-1, LuxS/autoinducer 2 system, 

LuxI-LuxR system/autoinducer-1 and autoinducer 3 system (Al-khayyat, 2018). There 

are two primary classes of autoinducers, which are described by two systems, Type I 

QS and Type II QS (Chen et al., 2020; Pereira et al., 2013).  

The two primary signaling molecules in the QS system includes the autoinducer-1 N-

acyl homoserine lactone (AHL) (Type I QS), commonly utilized by most Gram-negative 

bacteria (GNB) and the autoinducer-2 (Type II QS), an oligopeptide-based system 

usually employed by most Gram-positive bacteria (Yunos et al., 2014). The former has 

been extensively researched, involving LuxR as a transcriptional activator protein that 

binds to specific AHL molecules produced by LuxI, the autoinducer synthase (Coquant 

et al., 2020) (Figure 1.1). In this system, AHL molecules exhibit variations in the length 

of the N-acyl chain (ranging from 4 to 18 carbons), the degree of saturation, and the 

number of oxygen substitutions. However, all AHLs share a common L-isomeric form 

of the homoserine lactone ring. The luxI gene, or its similar counterparts, contains the 

genetic sequences responsible for the synthesis of AHL signaling molecules (Yunos 

et al., 2014). AHLs are capable of freely traversing cell membranes. When bacterial 

population densities are low, only small amounts of AHL are present and get diluted 

away, causing the genes regulated by QS to remain inactive (Asad & Opal, 2008). 

However, once a critical threshold of population density concentration is reached, an 

adequate concentration of AHL builds up and the signal transduction cascade is 

triggered, enabling the modulation of target genes and facilitating collective behavioral 

adaptation (Yunos et al., 2014; Coquant et al., 2020) (Figure 1.1).   
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Figure 1.1: LuxR-LuxI/Type I quorum sensing system. Acyl-homomserine lactones (AHLs) are auto-

inducers used by Gram-negative bacteria to communicate. The enzyme LuxI synthesizes the AHL, and 

the latter can diffuse freely through the membrane. Upon reaching a threshold concentration, AHL can 

bind to its receptor LuxR. The dimerization of the receptor allows it to act as a transcription factor on 

the Lux box. This triggers not only the expression of target genes involved in the virulence of the bacteria 

but also the expression of AHL system LuxI/LuxR (Coquant et al., 2020). 

 

On the other hand, the QS Type II functions for interspecies communication, allowing 

bacteria to respond not only to their AI-2 but also to the AI-2 produced by other 

species, unlike QS Type I, which is a highly specific system used for intraspecies 

communication (Chen et al., 2020). The enzyme LuxS produces AI-2, which 

transforms S-ribosylhomocysteine (SRH) to 4,5-dihydroxy-2,3-pentanedione (DPD). 

The DPD form is unstable and spontaneously cyclizes to generate the AI-2 molecule 

(furanosyl borate diester) (Balestrino et al., 2005) which are extracellular signalling 

molecules that often regulate the quorum sensing system (QSS) (Chen et al., 2020). 

Because K. pneumoniae is a Gram-negative bacterial pathogen, this review will thus 

focus on the QS in Gram-negative bacteria and further narrow it to discuss the QSS 

in Klebsiella pneumoniae and the associated virulence factors. 
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In GNB, the transcriptional regulator belonging to the LuxR protein detects the 

presence of AI known as N-acylhomoserine lactones (AHLs). The AHL molecules are 

made up of a fatty acid chain connected to a lactone ring by an amide bond. The size 

and makeup of the fatty acids, which range from 4 to 18 carbons and include various 

replacements in the chain, are usually the variations that exist between AHL molecules 

(Quecan et al., 2019; LaSarre & Federle, 2013). QS has been well elucidated in two 

species of bioluminescent marine bacteria: Allivibrio fischeri and Vibrio harveyi as well 

as other model bacteria which include Chromobacterium violaceum, Pseudomonas 

aeruginosa, Agrobacterium tumefaciens, Erwinia carotovora, and Serratia liquefaciens 

(Waters & Bassler, 2005). Some bacteria do not develop AI, yet they can recognize 

AHLs produced by other bacteria by encoding a LuxR homologue. For example, SdiA 

(suppressor of cell division inhibition) recognizes AHLs generated by other bacteria. 

SdiA is a potential therapeutic target because it binds to AHL and causes the 

transcription of several virulence genes (Pradeep et al., 2018). Because the LuxI 

homolog is not present in Klebsiella pneumoniae, the organism is unable to generate 

its  particular signals and cannot detect signals from other species; but by expressing 

a LuxR homolog (SdiA), it can detect signal molecules produced by mixed community 

genera (Tavío et al., 2010). Cell division and the production of virulence factors such 

as antibiotic resistance, motility, and biofilm formation have been linked to SdiA, a 

transcriptional regulator in K. pneumoniae (Pacheco et al., 2021). There is great 

interest in studying the QSS of this organism since many of its virulence factors are 

specifically regulated by QS. Interrupting the QS system in K. pneumoniae will render 

it less or non-virulent and present a novel treatment for various bacterial infections 

(Cosa et al., 2019).  

 

1.2.2 Signalling communication system in Klebsiella pneumoniae 

In recent times, the QSS has unravelled the mechanisms of communication between 

different bacteria, a mechanism by which these bacteria modulate their activities in 

their social settings (Cosa et al., 2020; Scoffone et al., 2019). As evidenced by the 

literature above, the  signalling molecules are involved in the regulation of inter and 

intra-communications between the bacterial cells during the aggregation and 

formation of biofilm (Pacheco et al., 2021). More so, apart from modulating bacterial 

behaviours, QS-associated autoinducers may also play a crucial role in the 
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interactions that exist between the pathogenic microorganisms and their host 

(Grandclément et al., 2015). Among several pathogenic bacteria, the QSS of 

Klebsiella pneumoniae has received wide attention. 

The AI-2 QS system is employed by K. pneumoniae (Al-khayyat, 2018), where the 

communication system responds to cell density via luxS activity to create AI-2. The AI-

2 regulates gene expression and other virulence activities such as biofilm development 

(Chen et al., 2020). K. pneumoniae often generates N-octanoylhomoserine lactone 

(C8-HSL) and N-3-dodecanoyl-L-homoserine lactone (C12-HSL) AHL molecules (Yin 

et al., 2012). However, K. pneumoniae has AI-1-Type QS quenching enzymes and 

AHL lactonases. The AHL lactonases in prokaryotes are divided into two clusters 

namely AiiA and AttA. Lactonases from other species share only 30% homology with 

the K. pneumoniae AttA lactonase cluster (Sun et al., 2016). Due to the presence of 

AHL lactonase in the submerged fermentation of K. pneumoniae, AHLs cannot reach 

the threshold concentration in the culture medium and cannot diffuse back into the 

cell, hence, cannot be identified by the receptor protein. Therefore, the AHL-receptor 

protein complex cannot form, and the AHL-mediated QS mechanism in K. pneumoniae 

does not function (Tavío et al., 2010).  

However, MetK (which catalyzes the formation of S-adenosylmethionine (AdoMet) 

from methionine and ATP), pfs (which is involved in methylation processes, polyamine 

synthesis, vitamin synthesis, and QS pathways), and luxS genes are all found in K. 

pneumoniae (which plays a role in its early stages of biofilm formation) (Al-khayyat, 

2018). LuxS is involved in the production of autoinducer 2 (AI-2), a signal molecule 

secreted by bacterial and used to communicate both cell density and metabolic 

potential of the environment.  

LuxS often catalyzes the conversion of S-ribosylhomocysteine (RHC) to homocysteine 

(HC) and 4,5-dihydroxy-2,3-pentadione (DPD), all of which encode key enzymes in 

the synthesis of the signalling molecule AI-2, implying that K. pneumoniae uses AI-2 

as the signalling molecule in a QS system to regulate group behaviours (Sun et al., 

2016). AI-2 is produced from S-adenosylmethionine (SAM) in three stages. In the first 

stage, SAM acts as a methyl donor for the hazardous intermediate S-

adenosylhomocysteine (SAH), which is then hydrolyzed into S-ribosylhomocysteine 

(SRH) and adenine by the nucleosidase enzyme pfs. LuxS catalyzes the cleavage of 

SRH to 4,5-dihydroxy 2,3-pentanedione (DPD) and homocysteine in the third step. 
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DPD is an unstable chemical that recycles, resulting in the formation of the "furanosyl 

borate diester," which is a group of AI-2 signalling molecules (Al-khayyat, 2018). AI-2 

signalling molecules can exist in two isomeric forms of tetrahydroxytetrahydrofuran 

(THMF) which are R-THMF and S-THMF (Figure 1.2). AI-2 receptor (LuxP) binds to 

S-THMF-borate, while LsrB (which encodes for autoinducer 2-binding protein) binds to 

R-THMF, which lacks borate (Torcato et al., 2019). 

According to Xavier & Bassler (2003), LuxS is also an essential enzyme involved in 

the bacterial activated methyl cycle. In this cycle, after methyl transfer from S-

adenosylmethionine (SAM) to its substrates, S-adenosylhomocysteine (SAH) is 

produced, which is toxic to the cell thereby, eliminated by Pfs nucleotidase (Figure 

1.2). Thereafter, LuxS produces adenine, homocysteine and 4,5-dihydroxy 2,3-

pentanedione (DPD), which helps in the formation of the AI-2 signalling molecules 

(Xue et al., 2016). Thus, the LuxS/AI2 QSS can be said to perform three different 

functions which include the interspecies cross-talk, modulation of virulence as well as 

active involvement in metabolic functions (Al-khayyat, 2018). 

 

 

 

Figure 1.2: Steps involved in AI-2 production. AI-2 signalling molecules can exist in two isomeric forms 

of tetrahydroxytetrahydrofuran (THMF) which are R-THMF and S-THMF. AI-2 receptor (LuxP) binds to 

S-THMF-borate, while LsrB (which encodes for autoinducer 2-binding protein) binds to R-THMF, which 

lacks borate. LuxS is also essential in the bacterial activated methyl cycle. In this cycle, after methyl 

transfer from S-adenosylmethionine (SAM) to its substrates, S-adenosylhomocysteine (SAH) is 
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produced, which is toxic to the cell thereby, eliminated by Pfs nucleotidase. Thereafter, LuxS produces 

adenine, homocysteine, and 4,5-dihydroxy 2,3-pentanedione (DPD), which helps in the formation of the 

AI-2 signalling molecules (Redanz et al., 2012).  

 

In the LuxS/AI-2 QSS, AI-2 enters the cell via an adenosine triphosphate-binding-

cassette transporter known as the Lsr transporter. The lsr operon encodes four 

proteins namely LsrA, LsrB, LsrC, and LsrD, which make up the Lsr transporter (Al-

khayyat, 2018). Upon entrance of AI-2 into the bacterial cells, they are phosphorylated 

by LsrK and modified by LsrF and LsrG. As shown in Figure 1.3, phosphorylated AI-2 

binds to the repressor protein LsrR and promotes the transcription of the lsr operon 

(Al-khayyat, 2018). 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Key:       Autoinducer signal molecule AI-2  Phosphorylated AI-2 
 
               Modified phosphorylated AI-2 

 

Figure 1.3: Autoinducer-2 System (Modified from Al-khayyat, 2018). Lux S produces autoinducer signal 

molecule AI-2. When AI-2 reaches a critical extracellular concentration/threshold, it traverses into the 

cell using the Lsr transporter (constituted by LsrA LsrB, LsrC, and LsrD), where it undergoes 

phosphorylation by Lsrk. Phosphorylated AI-2 undergoes modification processing by LsrF and LsrG to 

give a modified phosphorylated AI-2 molecule that binds to the repressor protein LsrR to regulate 

the Lsr operon, which leads to the expression of virulence genes. 
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The downstream genes of the Lsr operon (LsrABCD) shown in Figure 1.3 above 

encodes the Lsr transport apparatus located in the cell membrane, thereby 

contributing to the overall process of quorum sensing, facilitating intercellular 

communication and coordination of bacterial behaviours based on cell density (Zuo et 

al., 2019). While the LsrA helps in coordinating the response of bacterial cells to 

quorum sensing signals, LsrB is responsible for the uptake and processing of 

autoinducer molecules from the environment (i.e., the internalization of extracellular 

AI-2), enabling bacterial cells to sense the presence of other cells and respond 

accordingly (Taga et al., 2001).  Furthermore, LsrC is an autoinducer kinase enzyme 

which phosphorylates autoinducer molecules, modifying them and preparing them for 

further processing (Zuo et al., 2019). Moreover, LsrD is involved in the degradation of 

autoinducer molecules, which helps regulate the quorum sensing response and 

maintain appropriate autoinducer concentrations in the bacterial environment (Zuo et 

al., 2019). In addition, during the modification processing (the final step in the 

processing of the quorum sensing signal AI-2), LsrF gene encodes a coenzyme A-

dependent thiolase that catalyzes this step (Taga et al., 2001).  

Recent data have confirmed the involvement of the AI-2 QS system in enhancing 

pathogenicity in K. pneumoniae through biofilm formation and other virulence factors 

(Chen et al., 2020). 

 

1.2.3 Virulence in Klebsiella pneumoniae  

Several virulence factors (Figure 1.4) are reported to mediate K. pneumoniae 

infectivity. K. pneumoniae also uses these virulence traits to protect itself from the host 

immune response (Patro & Rathinavelan, 2019). These virulence factors include but 

are not limited to biofilm formation, adhesins such as pili and fimbriae, antiphagocytic 

capsule (CPS) production, lipopolysaccharide (LPS), and membrane transporters 

(Parrott et al., 2021; Clegg & Murphy, 2016), which allows the survival of K. 

pneumoniae and its immune evasion during infection (Vuotto et al., 2017). In addition, 

hypervirulent strains of K. pneumoniae can enhance inherent virulence characteristics 

by releasing the siderophore enterochelin and aerobactin to fully exploit iron deposits 

in the surrounding environment (Tay & Yew, 2013). A schematic representation of 

some virulence factors in K. pneumoniae is shown in Figure 1.4. The virulence factors 

are further discussed below:  
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Figure 1.4: Schematic representation of Klebsiella pneumoniae’s virulence factors. Adapted from 

Podschun & Ullmann (1998) with slight modification (inclusion of biofilms). 

 

1.2.3.1 The city of microbes: Biofilms 

Bacteria do not exist as isolated cells in their natural environment, rather, they develop 

and survive in structured communities known as biofilms, adhering to solid surfaces 

and frequently enclosed in an exopolysaccharide matrix (Muhammad et al., 2020; 

Balestrino et al., 2005). Biofilms are microbial communities made up of one or more 

bacterial species that have been considered the predominant natural life for most 

bacteria (Toole et al., 2000). Biofilm-forming bacteria have been reported to often 

develop antibiotic and host defense resistance (Al-khayyat, 2018) (Götz, 2002), 

thereby showing higher levels of antibiotic resistance than planktonic cells (Mah & 

O’Toole, 2001). Biofilm formation is an important resistance mechanism not only 

because it makes bacterial colonies resistant to antibiotics but also enhances the 

transmission of resistance genes, boosts the expression of efflux pumps, increases 

antibiotic metabolism, and favours persistent cells (Vuotto et al., 2017; Soto, 2014).   

K. pneumoniae biofilm formation is aided by some of its virulence-related genes. For 

example, the cps  (capsule) gene cluster (Balestrino et al., 2005), mrkA (type 3 

fimbriae) genes, (Foroohimanjili et al., 2020), wbbM and wzm (belonging to the six-

Biofilms 
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gene cluster containing enzymes for the manufacture of O-antigen, which forms part 

of the LPS) are examples of biofilm-associated virulence genes (Vuotto et al., 2017). 

According to Cadavid et al. (2018), biofilm formation is modulated by LuxS/AI 2 QSS, 

therefore, QS offers a better understanding of the factors that induce biofilm formation. 

The luxS (AI 2 QSS) and pgaABCD operons (synthesis and translocation of poly-b1,6-

N-acetyl-D-glucosamine (PGA) adhesin) affect biofilm development by promoting the 

cell-to-cell communication process as well as abiotic surface binding and intercellular 

adhesion, respectively (Balestrino et al., 2005),  (Hardie & Heurlier, 2008).  

Mutations in LuxS, implicated in the AI 2 QSS cause an increase in the expression of 

wbbM and wzm (two LPS-synthesis-related genes), which influence K. pneumoniae 

biofilm formation. As a result, the LuxS-dependent signal is critical in the early stages 

of K. pneumoniae biofilm development (De Araujo et al., 2010). Biofilm formation has 

been reported to occur in different stages. 

 

1.2.3.1.1 Stages of biofilm formation 

Biofilm formation occurs in a series of phases. With each phase, the biofilm grows 

more firmly attached and the microorganisms within it become better protected (Hayet 

et al., 2021). According to Rabin et al. (2015), biofilm formation can be described in 

three (3) stages (attachment, maturation, and dispersion) however, microcolonies are 

formed before the maturation stage. A prerequisite to biofilm formation is that bacteria 

get close to a surface and attach.  The bacteria and the surfaces may be attracted by 

the van der Waals force. This could also possibly be due to the utilization of fimbriae, 

and flagella as mechanical attachment mechanisms to surfaces (Palmer et al., 2007). 

The attachment step could be further categorized into two processes: initial reversible 

attachment and irreversible attachment (Rabin et al., 2015). Flagella and Type IV pili-

mediated motilities are critical during the early stages of attachment; however, the cells 

bind themselves more securely during the irreversible attachment phase by producing 

exopolymeric material, a stronger adhesive compound. Exopolysaccharide synthesis 

is required to keep the biofilm's pillars stable (Watnick & Kolter, 2000). The formation 

of an exopolysaccharide (EPS) matrix marks the start of the irreversible phase of 

bacterial attachment to a surface, after which microcolonies form and the biofilm 

matures (Rabin et al., 2015). 
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During the maturation stage, bacteria within biofilm communities ‘talk’ to each other 

and perform specialized functions. Biofilm cells in their mature stage primarily 

consume energy to generate exopolysaccharides, which the cells use as nutrition 

(Watnick & Kolter, 2000). As the biofilm matures, more biofilm scaffolds, such as 

proteins, DNA, polysaccharides, etc. are secreted into biofilms by entrapped bacteria 

(Rabin et al., 2015). 

The dispersal stage, which is equally important for the biofilm life cycle, comes after 

the biofilm maturation stage. It is the ultimate step in biofilm formation which involves 

a mature biofilm transitioning to a planktonic state. Dispersal can occur throughout the 

biofilm, although it is usually limited to a few regions of the biofilm and is a continual 

process. This stage permits the biofilm to spread to a new surface and colonize it 

(Rabin et al., 2015). According to Hall-Stoodley & Stoodley (2005), three different 

dispersal strategies can be observed for biofilm bacteria which are swarming 

dispersal, clumping dispersal, and surface dispersal. All these dynamic detachment 

events have the potential to disperse biofilm bacteria to new surfaces or a vulnerable 

host (Hall-Stoodley & Stoodley, 2005). Factors such as lack of nutrients, intense 

competition, and outgrown population are reasons for biofilm dispersal. The release 

of planktonic bacteria (mature bacteria that float or swim as single cells) promotes the 

initiation of new biofilms at other sites which ultimately enhances bacterial virulence 

(Rabin et al., 2015). 

 

1.2.3.2 Lipopolysaccharide production  

All GNB, including the classical K. pneumoniae (cKP) and hypervirulent K. 

pneumoniae (hvKP), produce lipopolysaccharide, which is made up of lipid A, 

oligosaccharide core, and O antigen (Zhu et al., 2021). Capsular polysaccharide 

(CPS) and the O-antigen portion of lipopolysaccharide (LPS) are the first bacteria-

derived molecules recognized by the host's innate immune system, and they shield 

the pathogen from complement-mediated death (Hsieh et al., 2012). In K. 

pneumoniae-associated pneumonia and bacteraemia, both CPS and LPS 

components play a role in pathogenicity (Lugo et al., 2007). 

The O antigen binds to a complement component C3b involved in pore development 

in the outermost subunit of LPS, preventing drilling of the bacterial membrane 

(Shankar-Sinha et al., 2004). There are eight O serotypes, with the O1 antigen being 
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the most frequent among clinical K. pneumoniae strains (Zhu et al., 2021; Follador et 

al., 2016). Previous research has suggested that the O-antigen in O1:K2 cKP may 

play a role in bacterial virulence and fatality by reducing macrophage activation and 

boosting bacteraemia (Lugo et al., 2007). 

 

1.2.3.3 Siderophore production  

Siderophores are ferric ion-specific chelators with a low molecular weight of less than 

10 KDa that are secreted by microorganisms when they are iron deficient (Devireddy 

et al., 2010). They are small iron-binding molecules produced within bacteria and 

secreted outside the cells, where they attach to ambient iron and bring it back to the 

cells (Zhu et al., 2021). Following that, outer membrane receptors recognize iron 

siderophore complexes and transport the corresponding material to the periplasm, 

where siderophores mix with periplasm proteins to transport them to the inner 

membrane. Finally, iron goes through an ABC-transporter-mediated route into the 

bacterial cytoplasm, where ferric iron is converted to ferrous iron that bacteria can use 

(Brown & Holden, 2002; Khan et al., 2018). 

With an increase in iron concentration in the environment, siderophore production 

diminishes. Enterobactin, yersiniabactin, salmochelin, and aerobactin are four 

siderophores expressed in hypervirulent K. pneumoniae strains that contribute to 

enhancing the growth and efficiency of K. pneumoniae (Zhu et al., 2021). Siderophore 

is involved in iron acquisition from ferric citrate, ferric phosphate, ferric transferrin, iron 

attached to plant flavone pigment, sugars, and glycosides, in addition to insoluble 

hydroxide forms (Khan et al., 2018). Bacteria use a variety of ways to acquire iron from 

their surroundings, including siderophore-mediated iron uptake. Bacteria solubilize 

ferric oxides by lowering external pH or converting ferric iron to the more soluble 

ferrous form to meet iron requirements (Köster, 2001). Iron chelators, such as 

siderophores, are another option. Specific outer membrane (OM) receptors such 

FepA, FecA, and FhuA, which bind to their cognate ferrisiderophore complex, are 

required for siderophore-mediated iron uptake (Köster, 2001). The metal iron 

siderophore is a crucial element necessary for essential metabolic functions, and the 

limited availability of iron within extracellular fluid makes bacterial iron acquisition 

difficult, making it a form of nonspecific immunological response (Zhu et al., 2021). 
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To survive and thrive, K. pneumoniae and other bacteria employ strategies to 

overcome the difficulty of obtaining iron. As a result, they have a system that has a 

stronger affinity for iron than the host, which acts as a primary strategy for obtaining 

iron to compete with hosts (Miethke & Marahiel, 2007;  Cassat & Skaar, 2013). 

 

1.2.3.4 Capsule formation / hypermucoviscosity  

The virulence factor related to K. pneumoniae's viscous phenotype is the capsule that 

surrounds the bacteria's surface (Zhu et al., 2021). K. pneumoniae uses capsules to 

evade phagocytosis, complement, antimicrobial peptides, and antibodies (Llobet et 

al., 2011; Paczosa & Mecsas, 2016). Hypervirulent K. pneumoniae have thick, 

hypermucoviscous coats that may help them survive. K. pneumoniae can be classified 

into at least 79 serotypes based on the diversity of the capsule's polysaccharide 

components as well as the distinct structures and antigens (Pan et al., 2015). Eight 

types, K1, K2, K5, K16, K20, K54, K57, and KN1 have been described in hvKP with 

K1 and K2 as the most common (Lee et al., 2016). Several virulence genes, in addition 

to those found in the cps cluster, have been linked to high capsule productivity, 

including the regulation of the capsule synthesis B genes (rcsB), a regulator of mucoid 

phenotype A and A2 (rmpA and rmpA2), and K. pneumoniae virulence regulators (kvrA 

and kvrB) (Palacios et al., 2018; Su et al., 2018).  

 

1.2.3.5 Exopolysaccharide production 

The extracellular matrix, a component of K. pneumoniae biofilms is made up of 

proteinaceous adhesins, nucleic acids, and exopolysaccharides (EPS) (Patro & 

Rathinavelan, 2019). Exopolysaccharides (EPSs) are one of the most common 

extracellular polymeric substances produced by microorganisms (Zhao et al., 2019), 

including K. pneumoniae. K. pneumoniae generates a thick, mucoid polysaccharide 

capsule and a variety of adhesion factors, which helps it survive in a variety of 

conditions, particularly by allowing them to stick to surfaces within biofilm communities 

(Chen et al., 2020; Paczosa & Mecsas, 2016).  

During the biofilm formation phases, irreversible adherence is facilitated by the 

production of EPS, which is regulated by the QS of the bacterial cell (Muhammad et 

al., 2020). Through hydrophobic contacts and ion-bridging interactions, EPS can 

mediate both bacterial cohesion and biofilm attachment to surfaces (Fahs et al., 2014).  
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Overall, EPS is important for adhesion to surfaces, cell-cell recognition, biofilm 

development, biofilm structure, water retention, signalling, cell protection, plant 

symbiosis, nutrient trapping, and genetic exchange (Costa et al., 2018). The primary 

components of EPS include polysaccharides, proteins, DNAs, lipids, and other 

polymeric substances (Bacosa et al., 2018; Costa et al., 2018). Polysaccharides, a 

major component of the EPS matrix are required for biofilm creation and proliferation 

(Muhammad et al., 2020). 

 

1.2.3.6 Fimbriae, non-fimbrial protein and outer membrane proteins  

Fimbriae, which are filamentous organelles found on the surface of GNB, are 

frequently used to mediate adherence (Struve et al., 2008). The two fimbrial adhesins, 

type 1 fimbria and type 3 fimbria, are produced by the majority of clinical K. 

pneumoniae isolates. Type 3 fimbriae are well-known bacterial virulence factors that 

drive improved biofilm formation on abiotic surfaces and mediate adherence to various 

cell types in vitro (Schroll et al., 2010). Type 1 fimbriae are found in many 

Enterobacteriaceae species, and they mediate attachment to mannose-containing 

sites on host cells and the extracellular matrix (Struve et al., 2008). Despite having the 

mrkD and fimH genes, which encode type 3 and type 1 fimbriae, hypermucoviscous 

K. pneumoniae with serotype K1 has minimal initial adhesion because hypercapsule 

might mask these fimbriae (Cubero et al., 2019). Another adhesive structure found in 

hypervirulent K. pneumoniae strains is CF29K, a non-fimbrial protein often involved in 

pathogenicity (Brisse et al., 2009). OmpA, peptidoglycan-associated lipoprotein (Pal), 

and murein lipoprotein (LppA) are among the outer membrane proteins (OMPs) that 

contribute to K. pneumoniae's pathogenicity (Zhu et al., 2021).  

The above-discussed virulence factors pose a great threat to human health especially 

as the emergence of multidrug resistant strains of K. pneumoniae has been reported. 

Hence, the exploration of alternative treatment options from natural sources, 

particularly, medicinal plants to possibly inhibit K. pneumoniae QS and its virulence.  

 

1.2.4 Inhibition of QS and associated virulence factors in K. pneumoniae 

The continuous emergence of MDR in K. pneumoniae has led to the search for new 

plant-derived antimicrobial substances. Some compounds from plant sources contain 

anti-pathogenic agents (also known as quorum sensing inhibitors) (Pradeep et al., 
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2018). This is because traditional medicine is still recognized as the preferred primary 

health care system in many communities, with over 60% of the world’s population and 

about 80% in developing countries depending directly on medicinal plants for their 

medical purposes (Shrestha & Dhillion, 2003). About 80% of these active ingredients 

indicate a positive correlation between their modern therapeutic use and traditional 

uses (Sarkar et al., 2015; Ekor, 2014).  

Several metabolites are present in medicinal plants which include alkaloids, 

flavonoids, saponin glycosides, anthraquinones, and sesquiterpenoids to mention a 

few. Due to the prevalence of abundant bacterial populations in the environments 

where plants typically grow, plants have developed defense mechanisms against 

phytopathogens. Consequently, certain plants are believed to produce secondary 

metabolites that act as inhibitors of quorum sensing (QSIs) or agents with antimicrobial 

properties against bacterial pathogens.These secondary metabolites mimic bacterial 

quorum sensing (QS) signal molecules when bound to the regulator protein, 

competing for the protein active sites in bacteria and lowering bacterial pathogenicity 

(Koh et al., 2013). The potential of medicinal plants and their phytochemical 

compounds to inhibit quorum sensing and virulence is intriguing, hence, this study 

reviewed selected South African medicinal plants that have traditional use/indication 

for K. pneumoniae infections. 

 

1.2.5 South African medicinal plants as treatment options for K. pneumoniae 

infections 

South Africa, a country with a long history of traditional healing, is home to almost 

30,000 flowering plant species which accounts for nearly 10% of all higher plant 

species on the planet (Street & Prinsloo, 2013). Southern Africa has one of the world's 

highest species diversity indexes, which translates to a large number of medicinal 

plants, with almost 3000 species used to cure a wide range of diseases (Khumalo et 

al., 2019). In traditional markets across South Africa, a huge number of medicinal 

plants are commonly offered as unprocessed pharmaceuticals (Van Wyk, 2011). 

South Africa's indigenous, traditional plant medicine is being used by an estimated 

three million people for basic health care (Louw et al., 2002). This diversity and the 

long-term relationships that South Africans have with their natural environment mean 

that they use some of this richness as medicine (Cosa et al., 2020).   
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Of the many South African medicinal plants shown to have ethnobotanical uses, Lippia 

javanica, Helichrysum populifolium and Carpobrotus dimidiatus (Figure 1.5) have 

been reported to possess high therapeutic potential against MDR bacteria and might 

also play a role in the control of K. pneumoniae related infections (Chagonda & 

Chalchat, 2015; Akinyede et al., 2020). Hence, these plants were selected for this 

study.  

 

 

 

 

 

Figure 1.5: South African medicinal plants of interest. A: Lippia javanica1, B: Helichrysum populifolium2, 

C: Carpobrotus dimidiatus3. 

 

1.2.6 Overview of the medicinal plants of interest 

1.2.6.1 Lippia javanica  

Lippia javanica (Burm.f.) Spreng, a Verbenaceae commonly known as fever tea 

(Figure 1.5A) is an aromatic, woody shrub with hairy thinly veined leaves which grows 

up to 2 meters in height (Olivier et al., 2010). It is a multipurpose medicinal plant used 

since the mid-1990s against numerous ailments such as bronchitis, colds, coughs and 

fever (Van Wyk, 2011). It’s leaves, flowers, and twigs are rich in essential nutrients as 

well as carbohydrates, proteins, fats, and vitamins (Mahlangeni et al., 2018). Some of 

these mineral elements are necessary for repairing worn-out tissues, building strong 

bones and teeth, and producing red blood cells and other related tissues (Maroyi, 

2017). 

Additionally, Pascual et al. (2001) reported that L. javanica contains different classes 

of phytochemicals, including volatile and non-volatile secondary metabolites, such as 

alkaloids, amino acids, flavonoids, iridoids, and triterpenes. It’s essential oils are highly 

 
1 https://southafrica.co.za/lippia-javanica.html [Accessed on 21st July 2022] 
2 https://www.theplantlibrary.co.za/plants/Helichrysum-populifolium [Accessed on 21st July 2022] 
3 https://pza.sanbi.org/carpobrotus-dimidiatus [Accessed on 21st July 2022] 
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variable, having five distinct chemotypes, each with its main compound (myrcenone, 

carvone, piperitenone, ipsenone or linalool), as described by Viljoen et al. (2005). 

Previous studies by Maroyi (2017), Viljoen et al. (2005), Philemon et al. (2016) and 

Chagonda & Chalchat (2015) have confirmed the traditional use and pharmacological 

(antioxidant, antimalarial, and antibacterial) activities of L. javanica and its essential 

oils. 

 

1.2.6.2 Helichrysum populifolium 

Helichrysum populifolium (DC.), commonly known as poplar helichrysum (Figure 1.5B) 

belongs to the family Asteraceae, one of the largest families of flowering plants  

(Maroyi, 2019). It is a soft, woody shrub that reaches a height and width of 

approximately two metres. The leaves are large, velvety to the touch, with a round to 

heart-shape. The leaves upper surface might be virtually dark green, yet it always 

appears to be covered in grey cobwebs (Maroyi, 2019). It is an aromatic plant widely 

distributed throughout Southern Africa and is often used in traditional medicine to treat 

respiratory ailments and wound infections (Malolo et al., 2015). It has also been 

reported alongside Helichrysum petiolare, another specie of Helichrysum, to have 

traditional uses and ethnomedicinal applications in the management of cough, cold, 

back pain, diabetes, asthma, digestive problems, menstrual pain, chest 

pain, among others (Lourens et al., 2011; Akinyede et al., 2021; Scott et al., 2004). It 

has been further characterized by several biological activities, such as antimicrobial, 

anti-inflammatory, antioxidant, cholagogue, choleretic, hepatoprotective, detoxifying, 

protease-inhibiting, and antiallergic properties (Malolo et al., 2015). Some of the main 

active compounds reported to be present among the Helichrysum genus include α-

pinene, 1, 8-cineole, p-cymene, β-caryophyllene, longipinane, trans-Geranylgeraniol, 

phytol, geranyllinalool and α-Eicosane (Akinyede et al., 2021). 

 

1.2.6.3 Carpobrotus dimidiatus  

Carpobrotus dimidiatus (Haw.) L. Bolus (Figure 1.5C) is an edible, succulent, 

medicinal plant belonging to the Aizoaceae family, which is considered to be South 

Africa’s most diverse and abundant plant family that has been the least studied for 

medicinal properties (Akinyede et al., 2020). It is commonly called Natal sour fig in 

English, Natalse suurvy/strandvy in Afrikaans and Ikhambi lamabulawo in Zulu. This 
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plant mostly grows on dunes along the coast from the Eastern Cape to Mozambique, 

passing via KwaZulu-Natal (Broomhead et al., 2020).  

C. dimidiatus is a strong, trailing plant with threesided leaves that are meaty and green. 

It has the potential to spread across enormous areas, forming a robust ground cover 

that is resistant to drought and salt spray  (Broomhead et al., 2020). The mauve vygie 

flowers are huge, glossy, and borne singly on more or less tall blooming branches 

(Broomhead et al., 2020). It is an economically important Southern African medicinal 

plant reported to contain active compounds such as isoterpinolene, naphthalene, 1,2-

dihydro-2,5,8-tri, N-octanol, nonylaldehyde, 1-octadecene, 2- pentadecanone, phytol, 

and trisiloxane,1,1,1,5,5,5-hexamethyl-3-[(trimethylsilyl)oxy] (Akinyede et al., 2020). 

Furthermore, it has been used in traditional medicine for the management of diabetes, 

wounds, high blood pressure, sore throat, diarrhea, digestive problems, and 

toothaches (Mulaudzi et al., 2019). 

The antibacterial activity of the three studied plants (L. javanica, H. populifolium and 

C. dimidiatus) against Klebsiella pneumoniae have not been previously reported. 

However, the cut-off points for the classification of antibacterial agents from natural 

sources (plant crude extracts) have been established and previously reported. 

According to Mamabolo et al., (2018), minimum inhibitory concentration (MIC) values 

< 0.1mg/mL indicates significant activity, while values between 0.1 and 0.625mg/mL 

depicts moderate activity. Values > 0.625mg/mL, however, indicates low activity. 

 

1.2.7  Medicinal plants as a source of drugs and quorum sensing inhibitors  

According to the WHO in Shaik et al. (2014) and Douhari et al. (2009), medicinal plants 

would be the best source to obtain a variety of drugs. Novel antimicrobials are still 

being sought for treating many K. pneumoniae infections, either by developing and 

synthesizing new agents or by re-searching the repertoire of natural resources for 

antimicrobials that are yet to be discovered or characterized (Cock & Van Vuuren, 

2014). The challenges of drug-resistant microorganisms, side effects of modern drugs 

and emerging diseases have stimulated renewed interest in medicinal plants as a 

potential source of new therapies.  
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In this view, several QSI compounds or enzymes have been discovered in a variety of 

natural sources, including medicinal plants, common spices, edible fruits, and marine 

resources (Santhakumari & Ravi, 2019). In recent years, medicinal plant research has 

gotten a lot of attention around the world. A substantial body of evidence has 

developed to show the promising potential of medicinal plants employed in many 

traditional, complementary, and alternative methods of disease treatment (Shaik et al., 

2014). Many societies have long recognized medicinal herbs' therapeutic properties 

and have renewed interest in herbal medications due to their natural endobiotic 

phytochemicals which are thought to have a lower rate of adverse effects than 

synthetic xenobiotic drugs, which has sparked recently (Cock & Van Vuuren, 2014). 

Natural products are thought to be potential sources of phytochemicals or 

pharmaceuticals for the development of new lead molecules to treat QS-mediated 

bacterial pathogenicity (Santhakumari & Ravi, 2019). Secondary metabolites such as 

tannins, terpenoids, alkaloids, and flavonoids are abundant in plants which have been 

shown to possess antibacterial activities in vitro thereby suggesting their therapeutic 

properties (Othman et al., 2019). The use of plants or their secondary metabolites 

could lead to the development of novel anti-QS agents (Asfour, 2018). Some studies 

have reported the anti-QS activity of organic extracts of medicinal plants (Cosa et al., 

2020; Baloyi et al., 2021; Oliveira et al., 2016; Al-Haidari et al., 2016; Vasavi et al., 

2016; Thakur et al., 2016). The chemical structure of QS signals can be imitated by 

phytochemical compounds found in plants extracts, which allows them to function as 

QS inhibitors (Nazzaro et al., 2013).  

Alternatively, these compounds can break down signal receptors (LuxR/LasR) to 

inhibit QS (Vattem et al., 2007). Bouyahya et al. (2017) reported some phytochemical 

compounds such as vanillin in Vanilla planifolia, naringenin in Citrus sinensis, taxifolin 

in Cedrus deodara, eriodictyol in Eriodictyon californicum, methyl eugenol in Cuminum 

cyminum to inhibit QS signalling pathways. Figure 1.6 shows examples and structures 

of some bioactive compounds/secondary metabolites present in plants belonging to 

the flavonoids, terpenoids, alkaloids, phenolics, tannins and saponin glycosides class 

of compounds. 
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Figure 1.6: Selected bioactive compounds present in the studied medicinal plants. 
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Figure 1.6 (Cont'd): Selected bioactive compounds present in the studied medicinal plants.
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1.2.8 Anti-quorum sensing strategies of plant compounds 

Phytochemical compounds typically hinder QS systems through various methods such 

as inhibiting the synthesis of signalling molecules by the LuxI synthase, suppressing 

the activity of enzymes that produces AHLs, secreting signal-degrading enzymes, 

and/or targeting the LuxR signal receptor using signal mimics or signal blockers 

(Bodede et al., 2018). Interference in signal communication can arise from either 

competitive binding where structures similar to AHLs bind to AHL binding sites, or non-

competitive binding, where the binding takes place in a site other than the AHL binding 

site on the receptor, disrupting the binding of AHLs to their corresponding LuxR 

receptor (Koh et al., 2013). Quorum quenching (QQ) is now known to play a role in the 

competitive inhibition and degradation of signalling molecules through inhibition of 

signalling molecule generation, competitive inhibition and degradation signal 

molecule. 

 

1.2.8.1 Inhibition of signalling molecule generation 

The formation of signal molecules can be stopped, and QS suppressed by blocking 

relevant enzymes in the signalling molecule manufacturing pathway. Triclosan, for 

example, can inhibit the enzyme enoyl-ACP reductase (an important protein in the 

AHL generation process) (Fischer et al., 2015). 

 

1.2.8.2 Competitive inhibition  

Structural analogues of signalling molecules can competitively bind with 

corresponding receptor proteins, and block the binding of signal molecules to 

receptors, thereby affecting the transmission of signal molecules. For example, 

halogenated furanone (AHL structural analogues) shown in Figure 1.7 can inhibit  QS 

(Paluch et al., 2020). Acyl homoserine lactones (AHLs) are the most common signal 

molecules in GNB which are often synthesized by the LuxI homolog proteins. AHL 

analogs may act as competitive inhibitors, therefore, various QSIs were designed 

based on this. In different species, the AHLs structures vary, but they have the main 

features of a lactonized homoserine ring and a hydrocarbon through amide bond (Das 

& Bengal, 2019). 
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Figure 1.7: (A) Structure of 4-Bromo-3-butyl-5-(dibromomethylene)-2(5H)-furanone (B) Structure of 4-

Bromo-5(bromomethylene)-3-butyl-2(5H)-furanone (C) Basic Structure of the AHL Signal molecule 

(where R1 = H, OH, or O and R2 =   C1–C18). Adapted from  Das & Bengal, (2019) with a slight 

modification of AHL signal molecule inclusion. 

 

1.2.8.3 Degradation of signal molecules 

The concentration of signal molecules is lower than the threshold when degradation 

enzymes are used to break down signal molecules thereby destroying the QS system. 

MacQ, for instance, is an AHL acylase, an enzyme that can mediate QQ  (Yang et al., 

2020).The anti-quorum sensing (AQS) potential of medicinal plants and phytochemical 

compounds could be the future generation's miracle bullet (Koh et al., 2013). 

 

1.2.9 Screening and identification tools for QSIs in medicinal plants 

1.2.9.1 In vitro approach 

One possible approach to screening local medicinal plants in search of suitable 

antipathogenic substances and/or QSIs is through in-vitro screening (Ram et al., 

2004). This approach focuses on pre-clinical studies to understand the basics while 

ensuring the reliability and reproducibility of results, thereby providing a benchmark 

for further studies (Sisay et al., 2019). The successful discovery of treatment often 

uses reliable, predictive in-vitro assays and high-throughput screening (Palano et al., 

A B C 

Halogenated furanones AHL signal molecule 
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2021). As such, several medicinal plants and their secondary metabolites have been 

widely investigated for biological activities using this approach (Lu et al., 2019).  

Chromatography analyses such as liquid chromatography-mass spectrometry or high-

performance liquid chromatography (HPLC) fractionation have been employed for the 

extraction or purification of anti-QS compounds for QSI screening (Lu et al., 2022).  

Furthermore, previous studies by Gemiarto et al. (2015), Zhu & Sun (2008) and Kong 

et al. (2017) have used two QS reporter strains namely Chromobacterium violaceum 

(producing violacein pigment) and Vibrio harveyi (producing bioluminescence) to 

estimate the anti-QS activity of candidates. However, quantitative analyses of 

bioluminescence and violacein interference do not seem to adequately demonstrate 

that these inhibitors specifically disrupt QS signalling pathways (Lu et al., 2022). 

Hence, due to insufficient conditions, the analysis of QS-controlled phenotypes, such 

as the virulence factor assays significantly decreases the potential candidates. For 

example, research conducted by Jordan et al. (2022), Cosa et al. (2020) and Baloyi et 

al. (2021) have elucidated the discovery of QSIs based on biofilm formation. In such 

cases, congo red agar, microtiter plate assay, or crystal violet assays were frequently 

employed as qualitative methods to assess the characteristics of the biofilm (Lu et al., 

2022). Aside from biofilm formation, most of the other virulence factors are also 

regulated by QS systems and may depict QS-controlled phenotypes (Wang et al., 

2021), thus, in-vitro anti-virulence assessment of potential candidates is essential.  

 

1.2.9.2 Computational techniques 

Only limited QSIs have been found using conventional techniques (Lu et al., 2022). 

Therefore, computational techniques especially structure-based virtual screening 

have been developed to serve as an effective paradigm for lead discovery that 

complements existing traditional approaches and facilitates large-scale screenings (Lu 

et al., 2022; Naqvi et al., 2019).  Examples of these computational techniques are 

molecular docking and molecular dynamics simulations which are discussed below: 
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1.2.9.2.1 Use of molecular docking to identify QSIs 

Molecular docking is a computer-based technique that is commonly utilized to 

determine the most optimal positioning of one molecule in relation to another molecule, 

to establish a stable complex with the lowest overall energy after an interaction occurs 

(Naqvi et al., 2019). This method examines the ligand’s conformations within the 

binding pocket(s) of the macromolecular target and evaluates the ligand-receptor’s 

binding free energy by analysing critical factors involved in the intermolecular 

recognition process (Therrien et al., 2014). Figure 1.8 shows the molecular docking 

approach to find protein-ligand interactions. 

 

Figure 1.8: Molecular docking approach to find protein-ligand interactions (Naqvi et al., 2019). 

 

Molecular docking is among one of the most popular and successful structure-based 

in silico methods, which helps to predict the interactions occurring between molecules 

and biological targets (Sliwoski et al., 2014). This process is generally accomplished 
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by first predicting the molecular orientation of a ligand within a receptor and then 

estimating its complementarity using a scoring function (Pinzi & Rastelli, 2019). 

The use of in silico methods allows for the screening of a large number of compounds 

virtually in a cost-effective manner, thereby minimizing the initial expenses associated 

with hit identification and enhancing the likelihood of discovering potential drug 

candidates (Parenti & Rastelli, 2012).  

 

1.2.9.2.2 Molecular dynamics simulations 

Structure-based methods, including molecular dynamics simulations (MDS) and 

binding free energy estimations, have frequently been used in conjunction with 

molecular docking to enhance virtual screening outcomes (Pinzi & Rastelli, 2019). In 

particular, MDS provides the ability to assess the flexibility of residues in the target 

binding site and explore significant conformational changes that a protein may 

undergo (Salmaso & Moro, 2018). Thus, it is a valuable tool for identifying receptor 

conformations for docking and evaluating the stability of predicted complexes (De Vivo 

et al., 2016).  

MDS are also employed in search for the most favourable orientation of a ligand 

compared to a protein target and to calculate the free binding energy (Shukla et al., 

2018). This approach has been highly robust in the discovery and development of 

modern drugs, especially when in association with experimental support (Naqvi et al., 

2019). 

Virtual screenings speed up and reduce the cost of conventional drug development 

processes by enabling quick and economical selection of target ligands from 

enormous libraries of compounds (Mellini et al., 2019). Thus, this study utilized the 

advantage of virtual screening in evaluating the anti-quorum sensing or antivirulence 

potential of selected South African medicinal plants and their phytochemical 

compounds on biofilm-forming K. pneumoniae. 

 

1.2.10 Summary 

The in-depth literature search was conducted in the quest to review prospective novel 

therapeutics and promising alternatives in the place of conventional antibiotics, to 

combat the silent pandemic posed by multidrug resistant and hypervirulent K. 
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pneumoniae strains. According to the literature, C. dimidiatus, H. populifolium and L. 

javanica have been used traditionally for ethnomedicinal purposes. The 

pharmacological actions of these plants can be attributed to their vital chemical 

compounds, essential oils and other secondary metabolites. QS, which often 

modulates increased pathogenicity in K. pneumoniae can be inhibited by 

phytochemical compounds through several strategies which makes these plants and 

their compounds of special interest. There is a dire need for more research on South 

African medicinal plants for the treatment of K. pneumoniae infections, as they appear 

to be prospective sources of beneficial bioactive medicinal compounds that may be 

utilised in drug development, hence, this study. In addition, a gap in knowledge in the 

combination use of in vitro, computational screening and in situ search of antivirulence 

drug candidates are lagging. Hence, this study took opportunity to employ these tools 

to screen and validate the selected phytochemicals as prospective antivirulence 

candidates.  

 

1.3 Research gap and rationale 

Conventional antibiotics either kill bacterial cells or prevent bacterial growth by 

targeting essential biochemical processes, including cell wall, protein and nucleic acid 

biosynthesis, which ultimately exerts enormous selective pressures leading to the 

evolution of antibiotic resistance (Fair and Tor, 2014). The alarming rate of antibiotic 

resistance in K. pneumoniae necessitates the need for alternative strategies or target 

sites, to manage this pathogen. A renewed search for potent plant-based compounds 

has become more appealing. Since QS system in K. pneumoniae controls its 

associated virulence factors, thereby resulting in its higher degree of pathogenicity; its 

inhibition (QSI) through medicinal plants and phytochemical compounds should pose 

a novel intervention strategy to attenuate pathogenicity in K. pneumoniae. These 

phytochemical compounds, however, are enormous, thus involves time consuming 

and expensive processes for the identification of hit compounds. Virtual screening of 

individual phytochemical compounds using molecular modelling approach should be 

useful in identifying specific compounds that may be useful in drug discovery 

processes. 
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1.4 Hypotheses 

Antivirulence properties in plant extracts and phytochemical compounds of selected 

South African medicinal plants mitigate QS-controlled virulence factors in MDR 

Klebsiella pneumoniae. Furthermore, virtual screening aids in the quick identification 

of potential compounds as drug candidates.  

 

1.5 Aim 

The aim of this study was to determine the antivirulence (also referred to as anti-

quorum sensing) abilities of selected South African medicinal plants used in managing 

infections caused by Klebsiella pneumoniae as well as their phytochemical 

compounds by employing in-vitro, in-silico, in-situ and molecular approaches. 

 

1.6 Research questions 

This study sought to answer the following research questions: 

❖ Which South African medicinal plants have potential use for the management 

of K. pneumoniae, through modulating the bacterial virulence factors?  

❖ Using molecular modelling approach, which phytochemical compounds can 

modulate the SdiA protein in K. pneumoniae to attenuate its virulence? 

❖ Following an in-vitro approach and in-situ visualization techniques, which 

phytochemical compounds potentially reduce biofilm formation and associated 

virulence factors in K. pneumoniae?  

❖ What impact do the active compounds have on the expression and regulation 

of virulence genes in K pneumoniae? 

❖ Which of the phytochemicals are potentially safe for use, when evaluated for 

cytotoxic effect on normal epithelial with no malignant cells? 
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1.7 Objectives 

To achieve the aim and answer the research questions raised above, the following 

specific objectives were met:  

❖ Identification of selected South African medicinal plants and chemical profiling 

of selected plant extracts, preliminary screening of respective plant extracts for 

antibacterial, anti-virulence and anti-biofilms activities against K. pneumoniae 

employing in-vitro approach and in-situ visualization using scanning electron 

microscopy and atomic force microscopy. 

❖ Molecular modelling of SdiA protein by selected phytochemical compounds to 

attenuate virulence in K. pneumoniae: Sequence retrieval, template 

identification and homology modelling, molecular docking of phytochemical 

compounds against SdiA receptor protein of K. pneumoniae, confirmation of 

the stability of the protein-ligand complex, examination of the atomic motions 

and interactions in the protein-ligand system and estimation of binding 

interactions of the compounds to the SdiA enzyme using molecular dynamics 

simulations and validation of drug-likeness properties of the phytochemical 

compounds. 

❖ In-vitro and in-situ assessment of phytochemical compounds for antibiofilm and 

associated antivirulence activities against K. pneumoniae. 

❖ Quantification of virulence gene expression in biofilm‐forming K. pneumoniae 

strains after treatment with a sub‐MIC concentration of phytochemical 

compounds using quantitative real‐time polymerase chain reaction (qPCR).  

❖ Safety assessment of selected bioactive compounds against K. pneumoniae 

through in-vitro proof-of-concept cytotoxicity evaluation on normal epithelial 

cells. 

 

1.8 Concluding remarks  

The subsequent chapters will reveal the findings of the antibacterial and antivirulence 

activities of the selected South African medicinal plants on hypervirulent K. 

pneumoniae strains, profiling of the phytochemical compounds in the bioactive 

extracts, molecular modelling of SdiA protein (the QS LuxS homologue transcriptional 

regulator) by selected phytochemical compounds to attenuate virulence in K. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



32 
 

pneumoniae, in-vitro anti-virulence activities and safety assessment of the 

compounds, as well as findings of transcriptome measurements to confirm the impact 

of the compounds on gene expression. The ultimate essence is to investigate safe, 

potential drug candidates from selected South African medicinal plants as alternative 

treatment options for K. pneumoniae infections. 
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2 IN-VITRO SCREENING OF SELECTED SOUTH AFRICAN MEDICINAL 

PLANTS FOR ANTIPATHOGENIC ACTIVITIES AGAINST K. PNEUMONIAE 
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2.1 INTRODUCTION 

Plants have long been used as medicines to treat a variety of ailments, and 

approximately 100,000 plant species have been investigated for their medicinal 

purposes (Uc-Cachón et al., 2021; Górniak et al., 2019). This is based on medicinal 

plants possessing a diverse range of secondary metabolites such as tannins, 

terpenoids, alkaloids, and flavonoids, displaying antibacterial activities thereby 

suggesting their therapeutic properties (Atanasov et al., 2021). As per record, 80% of 

the emerging world’s population relies on traditional medicine for therapy, while the 

World Health Organization (WHO) documents that ~ 25% of all modern medicines 

were obtained from medicinal plants (Chintamunnee & Mahomoodally, 2012). This 

further substantiates medicinal plants as a vital source of both modern and traditional 

medicine.  

South Africans utilize traditional medicine for the management of their physical, 

psychological and primary healthcare needs (Agbor & Naidoo, 2016). Scott et al. 

(2004) validate this by documenting that about 70% of South Africans use traditional 

medicines derived from plant species indigenous to the region. In addition, South 

Africa has ~30,000 different plant species (~10% of the world’s higher plant species) 

(Cosa et al., 2020). These medicinal plants are, however, rarely explored as 

prospective drug candidates for the management of MDR pathogens. The pathogenic 

Klebsiella pneumoniae is listed among the most critical priority pathogens by the WHO 

due to its resistance against almost all available conventional antibiotics (Boucher et 

al., 2009).  

K. pneumoniae, a Gram-negative, non-motile, usually capsulated, facultatively 

anaerobic bacteria belonging to the family Enterobacteriaceae (Kendaganna et al., 

2021) is known for its pathogenicity towards humans causing digestive, urinary, and 

respiratory tract infections (Brisse et al., 2009). It has also been reported to be 

implicated with septicaemia, soft tissue infections, intra-abdominal infections, wound 

and blood infections (Adeosun et al., 2022). K. pneumoniae possesses virulence 

factors such as capsular antigens, adherence factors for biofilm formation, O-

lipopolysaccharide, exopolysaccharides, and siderophores linked to its infectivity and 

virulence (Adeosun et al., 2022; Wareth & Neubauer, 2021). Combating its virulence 

has been challenging due to antibiotic resistance, a phenomenon which has increased 

dramatically over the last few decades (Adeosun et al., 2019), with resistance to β -
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lactams having the greatest impact on treatment efficacy (Martin & Bachman, 2018). 

Thus, new or alternative therapeutic options other than conventional antibiotics need 

to be studied to identify unorthodox methods to control antibiotic-resistant bacteria 

(Bouyahya et al., 2017). As a prospective solution to this global health threat, the WHO 

recommends the exploration of medicinal plants for their antipathogenic or 

antivirulence potential as this might be the source of new drugs (Doughari et al., 2009).  

Lippia javanica, Helichrysum populifolium and Carpobrotus dimidiatus, the three South 

African medicinal plants reported to have ethnomedicinal use against MDR bacteria 

might also play a role in the control of K. pneumoniae related infections (Chagonda & 

Chalchat, 2015; Akinyede et al., 2020).  

Lippia javanica, (Burm.f.) Spreng commonly known as the fever tea belongs to the 

family Verbenaceae and has a long history of traditional uses in tropical Africa 

(Chagonda & Chalchat, 2015). Based on its perceived medicinal characteristics, it is 

frequently used as an indigenous herbal tea, refreshing beverage, or as culinary 

addition (Chagonda & Chalchat, 2015). L. javanica contains a significant amount of 

volatile oil, including compounds such as caryophyllene, carvone, ipsenone, 

ipsdienone, limonene, linalool, myrcene, myrcenone, ocimenone, p-cymene, 

piperitenone, sabinene, tagetenone, and several others (Lukwa et al., 2009), which 

are contributing factors to its medicinal properties.  

Helichrysum populifolium (DC), a member of the Asteraceae family, is commonly 

referred to as poplar helichrysum (Lourens et al., 2008). Generally, plants belonging 

to the Helichrysum genus have long been used in traditional medicine to treat 

numerous ailments, including liver disorders, gall bladder complications, cystitis, 

jaundice, stomach pain, allergies, infections, colds, cough, skin infections, 

inflammation, asthma, arthritis, insomnia, and for wound healing (Akinyede et al., 

2021). The health properties of this plant can be attributed to its bioactive compounds 

which include essential oils such as terpenoids (Mari et al., 2014), as well as 

flavonoids, phenolic acids, pyrone, benzofurans, and phloroglucinols  (Akaberi et al., 

2019).  

Carpobrotus dimidiatus (Haw.) L. Bolus commonly known as natal sour fig is an 

indigenous South African species from the Aizoaceae family which grows abundantly 

in the east of the coastal regions in South Africa (Broomhead et al., 2020). It is among 

the commercially important South African medicinal plants used in traditional medicine 
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to treat diabetes, wounds, tuberculosis, high blood pressure, sore throat, skin 

infections, dysentery, digestive ailments and toothaches (Mulaudzi et al., 2019). 

Bioactive compounds such as flavonoids, tannins, alkaloids, phytosterols, and 

aromatic acids are found in abundance in the Carpobrotus species (Springfield et al., 

2003).  

Of the three studied plants, only Lippia javanica have been previously tested for its 

anibacterial activity against different pathogens where its essential oil revealed a 

moderate inhibitory activity on Klebsiella pneumoniae and Streptococcus pneumoniae 

(MIC: 0.76 mg/mL), on Escherichia coli, Staphylococcus aureus, and Pseudomonas 

aeruginosa (1.50 mg/mL) (Mbayo et al., 2021). However, different Carpobrotus 

species (C. edulis and C. mellei) have been previously reported to show antibacterial 

activity against Staphylococcus aureus, Enterococcus faecalis and Pseudomonas 

aeruginosa (Springfield and Weitz 2006; Martins et al., 2011) while Helichrysum 

species have been reported for antiviral activities (Emamzadeh et al., 2022). 

Even though the medicinal properties and the traditional uses of the studied plants 

have been documented, their antivirulence activities against hypervirulent K. 

pneumoniae have been less explored with no scientific data available and it is not 

known if they contain anti-infectious phytochemicals for the management of K. 

pneumoniae infections. This study therefore aimed at studying the effect of Lippia 

javanica, Helichrysum populifolium and Carpobrotus dimidiatus extracts on K. 

pneumoniae virulence.  

 

2.2 MATERIALS AND METHODS 

2.2.1 Collection and extraction of plant materials 

Leaves of three plant species (L. javanica, H. populifolium and C. dimidiatus) were 

harvested in June 2021 from the Manie van der Schijff Botanical Garden, University 

of Pretoria. The identity of the plants was confirmed at the Department of Plant and 

Soil Sciences, University of Pretoria. Voucher specimen numbers were assigned as 

PRU 128530 for Lippia javanica, PRU 128531 for Helichrysum populifolium and PRU 

128529 for Carpobrotus dimidiatus upon submission at the University of Pretoria 

H.G.W.J. Schweickerdt Herbarium.  
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Plant preparation and extractions were carried out according to the method used by 

Mashamba et al. (2022). The leaves were allowed to dry at room temperature (25 °C), 

blended and weighed using a weighing balance (Kern 770, Microsep, Johannesburg, 

South Africa). Extraction was carried out using solvents of varying polarities which 

include dichloromethane, ethyl acetate, methanol and water. Approximately 30.0 g of 

each powdered plant material was extracted with 300 mL solvents of methanol and 

ethyl acetate, while for dichloromethane, 35.0 g of plant powder was used. The 

mixtures were shaken (Labcon, South Africa) at 140 rpm for 48 hrs. Afterwards, a 

Whatman no. 1 filter paper (11 µm) was used to filter the extracts. The extracts were 

concentrated by evaporating the filtrates using a rotatory evaporator (Labotec Buchi 

Heidolph, Germany) at 45°C under reduced pressure, then dried in a fume hood for 4-

5 days until completely dry.  

For aqueous extraction, 300 mL of deionized water was added to 30g of the blended 

plant material and allowed to boil (100°C) for 45 minutes on a hotplate (Labotec, South 

Africa). After cooling, the mixture was filtered using Whatman no. 1 filter paper (11 

µm), transferred to glass jars with screwcaps, frozen at -80 ºC for 3-6 hrs, and 

subjected to lyophilization using an SP Scientific freeze dryer (Scientific US, USA). 

Masses of the twelve dried plant extracts (L. javanica (aqueous), L. javanica (ethyl 

acetate), L. javanica (methanol), L. javanica (dichloromethane), C. dimidiatus 

(aqueous), C. dimidiatus (ethyl acetate), C. dimidiatus (methanol), C. dimidiatus 

(dichloromethane), H. populifolium (aqueous), H. populifolium (ethyl acetate), H. 

populifolium (methanol) and H. populifolium (dichloromethane) were determined, and 

the extracts were stored at 4°C prior use for biological assays. Subsequently, yield of 

the extracts were calculated and presented in percentages following equation (1): 

 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑦𝑖𝑒𝑙𝑑 (%) =  
𝑑𝑟𝑦 𝑐𝑟𝑢𝑑𝑒 𝑒𝑥𝑡𝑟𝑎𝑐𝑡

𝑑𝑟𝑦 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑏𝑒𝑓𝑜𝑟𝑒 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛
 × 100                    (1) 

   

2.2.2 Bacterial strains and growth conditions  

Two American Type Culture Collection strains of K. pneumoniae (ATCC BAA-1705) - 

CBR and (ATCC 700603) - ESBL producing, were used in this study. Prior to usage, 

the bacterial strains were stored as glycerol stocks at -80° C. The strains were 

prepared in Mueller Hinton (MH) medium and incubated at 37°C to obtain active 
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bacterial cultures. To obtain an absorbance (OD600nm) of 0.1, a few colonies were 

dissolved in PB solution and resuspended. The bacterial cell suspension was adjusted 

to obtain an equivalent of 0.5 McFarland standard. Ethics approval (reference number: 

NAS157/2021) for the use of the K. pneumoniae strains was granted by the University 

of Pretoria, Faculty of Natural and Agricultural Sciences Ethics Committee (Appendix 

2.1).  

 

2.2.3 Antibacterial activity of plant extracts against K. pneumoniae strains  

The plant extracts were evaluated for their minimum inhibitory concentration (MIC) 

using the broth microdilution method as described by Alves et al. (2013). A stock 

concentration of the plant extracts was prepared at approximately 25mg/mL in 1% 

DMSO and 100 µL of MH broth was added into each well of a 96-well microtiter plate. 

Then, a 100 µL aliquot of each plant extract was added to the first row of the microtiter 

plates in triplicates. 

Following a series of dilutions in the A to H direction, decreasing values between 6.25–

0.048mg/mL were obtained. Approximately, 100 µL of standardized bacterial strains 

(OD 600 nm = 0.08 – 0.1) were then added to each well. Quercetin (1mg/mL) and 

ciprofloxacin (0.01mg/mL) were used as the positive controls, while 100 µL of 1% 

DMSO served as the negative control. Samples were incubated at 37°C for 24 hours. 

Following incubation, 40 µL of a 0.20 mg/mL solution of p-iodonitrotetrazolium violet 

(INT) was added to each well and further incubated at 37°C for 30 minutes. Clear wells 

with no colour change suggested inhibition of bacterial growth. Visual evaluation and 

recording of the MIC value for each plant extract were done. The MIC was defined as 

the lowest concentration of plant extracts at which the test strain showed no visible 

growth. Interpretation of results was done according to the criterion stated by 

Mamabolo et al. (2018): MIC values < 0.1mg/mL indicates significant activity, while 

values between 0.1 and 0.625mg/mL depicts moderate activity. Values > 0.625mg/mL, 

however, indicates low activity. 

 

2.2.4 Effect of plant extracts on biofilm formation stages  

The studied plant extracts were assessed for their ability to inhibit three different 

stages of biofilms namely anti-adhesion (initial cell attachment), preformed biofilm 
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(biomass measurement) and mature biofilms according to the method described by 

Baloyi et al. (2021) and Blando et al. (2019). The twelve plant extracts were tested 

against CBR and ESBL producing K. pneumoniae strains for the three biofilm stages. 

Approximately, 100 µL of standardized bacterial suspension (OD600nm = 0.1), 100 µL 

of MH broth, and 100 µL of the plant extracts were loaded into the wells for the initial 

cell attachment inhibition assay and were incubated at 37°C for 24 hours. Quercetin 

and ciprofloxacin were used as positive controls. 

For the preformed and mature biofilm experiments, 100 µL of standardized bacterial 

suspension and 100 µL of MH broth were loaded into the wells. The samples were 

incubated at 37°C for 8 hours for preformed biofilm and 24 hours for mature biofilm 

under static condition and dynamic condition at 180 rpm in a shaker incubator. After 

incubation, 100 µL of the plant extracts were introduced into each well and further 

incubated for 24 hours. The modified crystal violet (CV) assay was used to examine 

initial cell attachment, biofilm biomass, and mature biofilms. The 96-well plates 

containing formed biofilms were rinsed with sterile distilled water to remove any 

planktonic cells and media. The plates were dried in an oven at 60°C for 45 minutes. 

Afterwards, 1% CV solution was applied to the wells and incubated in the dark for 15 

minutes. The wells were cleaned with sterile distilled water to remove any remaining 

stain. Semi-quantitative analysis of biofilm formation was made possible by destaining 

the wells using 125 µL of 95% ethanol. A fresh plate was coated with approximately 

100 µL of the destaining solution, and a multi-mode microplate reader (SpectraMax® 

paradigm) was used to measure the absorbance (OD 585 nm). The percentage inhibition 

was calculated using equation (2) below: 

𝐵𝑖𝑜𝑓𝑖𝑙𝑚 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%) =  
(𝐶𝑜𝑛𝑡𝑟𝑜𝑙585 𝑛𝑚 −𝑇𝑒𝑠𝑡585 𝑛𝑚)

(𝐶𝑜𝑛𝑡𝑟𝑜𝑙585 𝑛𝑚)
 × 100                                           (2) 

Interpretation of results was done according to the criterion stated by Famuyide et al. 

(2019). Inhibitory activity was defined by values between 0 and 100%, however, it was 

further divided into three categories: ≥ 50% (good activity), 0 to 49% (weak activity), 

and negative values, which showed a rise in biofilm formation rather than its inhibition. 
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2.2.5 In situ visualization of biofilms using scanning electron microscopy  

In order to investigate the morphology and density of K.pneumoniae biofilms, sub-

inhibitory biofilm inhibitory concentration of the most active plant extract was fixed and 

visualized using a scanning electron microscope following the protocol outlined by 

Wijesundara and Rupasinghe (2019). After prompt rinsing in phosphate-buffered 

saline (PBS), the biofilms were fixed in a microtiter plate with 0.1 M sodium cacodylate 

buffer (pH 7.2) containing 2% glutaraldehyde for 2 hours. The biofilms were then 

washed with phosphate washing buffer three more times for 15 minutes each. 

Afterwards, they were subjected to a series of ethanol gradients at concentrations of 

35%, 50%, 75%, 90%, and 100%, which resulted in the dehydration of the samples. 

All the gradient phases required 15-minute exposure intervals, and the ultimate 100% 

ethanol treatment was performed three times. An equal volume of 

hexamethyldisilazane (HMDS) and 100% ethanol was added, and the samples were 

covered and left to stand for 1 hour. The HMDS-ethanol mixture was withdrawn and 

fresh HMDS was immediately introduced. Plates were allowed to dry under the fume 

hood for 2 h. Thereafter, the fixed biofilms were installed on aluminium stubs, coated 

with gold-palladium (15 nm) and viewed using a Zeiss crossbeam 540 scanning 

electron microscope. 

2.2.6 Inhibition of exopolysaccharide production 

The exopolysaccharide reduction assay was done according to the method described 

by Gopu and Shetty (2016). Approximately, 100 µL of the standardized K. pneumoniae 

strains (OD600 nm = 0.1) was inoculated in sterile LB broth with plant extracts at their 

respective MIC values with concentrations ranging from 0.78 - 6.25mg/mL and without 

plant extracts (as control), thereafter, incubated at 37°C for 24 hours. Biofilms that 

stuck to the test tube walls were collected to obtain crude exopolysaccharides (EPS). 

Centrifugation was done briefly at 5000 g for 30 min at 2°C to remove late log phase 

cells. To precipitate the dislodged EPS, the supernatant was filtered, added to three 

volumes of chilled ethanol and allowed to incubate overnight at 2 °C. The precipitated 

EPS was centrifuged at 8000 g for 30 min, dissolved in 1 mL deionized water and kept 

at -40°C until needed.  

EPS quantity was determined by combining 1 mL of EPS solution with an equivalent 

volume of 5% phenol and 5 mL of concentrated sulfuric acid to produce a red colour. 
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At concentrations ranging from 0.25 to 1 mg/mL, glucose was utilized as a standard 

for the determination of the R2 value used to quantify the crude EPS. The intensity of 

the colour developed was measured at 490 nm using a Biotek microplate reader. 

 

2.2.7 Atomic force microscopy assessment of exopolysaccharide inhibition 

Atomic force microscopy was employed to examine the impact of the best plant extract 

(L. javanica-ethyl acetate) in revealing notable inhibition of exopolysaccharide in K. 

pneumoniae strains following the method described by Santana et al. (2012). The 

studied K. pneumoniae strains were cultured in LB media overnight, centrifuged at 

room temperature (2,000 x g, 15 min), washed thrice in phosphate buffer (5 mM, pH 

6.5), and approximately 108 CFU/mL were resuspended into tubes containing the 

same buffer. Approximately 100 µL of the plant extracts (1mg/mL) were added to 3 

mL of the cell suspensions and incubated at 37°C for 4 h. Cell suspensions with no 

plant extract were used as controls.  

Following incubation, 1 mL samples from each treatment were collected, and 

centrifuged at room temperature for 15 min (6,000 x g,) and a smear of cells was 

prepared on a glass plate. The slides were allowed to air-dry and viewed using the 

Veeco Atomic Force Microscope (Dimension icon with Scan Asyst) at a scan 

frequency of about 300 kHz, a nominal constant of 32 Nm-1, a scan speed of 0.100 

Hz, and a scan size of 5.00 µm. Nanoscope Analysis Scan Asyst software (v 8.15) 

was used for the imaging analysis. 

 

2.2.8 Inhibition of curli expression  

Twelve plant extracts were investigated for their effects on curli expression in K. 

pneumoniae strains following the method described by Hammar et al. (1995). For the 

preparation of the bacterial suspension, 100 µL of K. pneumoniae strains (adjusted to 

optical density 0.1) and plant extracts at their respective MIC values with 

concentrations ranging from 0.78 - 6.25mg/mL were inoculated in 3 mL of LB broth 

and were incubated at 37°C for 24 hours.  

Following incubation, 3 µL of each bacterial suspension was inoculated onto brain 

heart infusion (BHI) agar plates supplemented with sucrose and congo red (CRI) dye. 
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Curli-negative bacteria produced white colonies, which suggested a loss of curli 

fimbriae, whereas curli-producing K. pneumoniae adhered to the congo red dye, 

thereby appearing as red colonies. The control cultures were not treated with plant 

extracts. 

 

2.2.9 Hypermucoviscosity reduction assay  

To ascertain the impact of the investigated plant extracts on the hypermucoviscous 

phenotype of K. pneumoniae strains, the methodology described by Wiskur et al. 

(2008) was employed. The pathogen was inoculated on BHI plates with the twelve 

plant extracts at different concentrations which ranged between 0.125 mg/mL to 1.0 

mg/mL, thereafter, incubated at 37°C for 24 h. A mucoviscous string was stretched 

from a single colony using a conventional bacteriological loop. Each K. pneumoniae 

strain was classified as mucoid or considered to have a hypermucoviscous phenotype 

if string-like growth or a mucoid string longer than 5 mm was seen, respectively 

(Wiskur et al., 2008). The control cultures contained no plant extracts. 

 

2.2.10 Liquid chromatography-mass spectrometry analysis of active plant 

extracts  

Chemical constituents of the most active extract from each of the studied plants were 

determined using liquid chromatography-mass spectrometry (LC-MS). Compound 

separation was performed using a Waters Acquity Ultra Performance Liquid 

Chromatography (UPLC®) system with ultra-pure LC-grade water and acetonitrile 

(Romil-UpS™, Microsep, South Africa) acidified with 0.1% formic acid (99+% 

purity) (Thermo Scientific, South Africa). Compounds were eluted from a Luna® 

Omega 1.6 µm C18 100 Å (2.1 mm ID x 100 mm length) column using a 17 min 

gradient from 97% H2O to 100% acetonitrile with an isocratic wash step with 100% 

acetonitrile for 1 min and a column reconditioning step with 97% water for 2 min.  

Volumes of 7.5 µL were injected into the column which was heated to 40 ºC and the 

flow rate was set at 0.4 mL/min. The UPLC was coupled to a Waters® Synapt G2 high-

definition quadrupole-time-of-flight (QTOF) mass spectrometer (Waters Inc., Milford, 

Massachusetts, USA) operated in negative ionization mode. The electrospray 

ionization (ESI) capillary voltage was 2.6 kV. The source temperature was set at 120 
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ºC, the sampling cone voltage at 25 V, the extraction cone voltage at 4.0 V and the 

cone nitrogen flow at 20 L/h. The desolvation temperature was set at 350 ºC with a 

nitrogen flow of 600 L/h. Collision-induced fragmentation was performed at 4 V for the 

trap collision energy and the transfer collision energy was ramped from 20 to 40 V. 

The instrument’s mass axis was continually corrected by infusing 2 ng/μL aqueous 

leucine enkephalin (m/z 555.2693). Mass spectral scans were collected 

every 0.3 seconds from 50 to 1 200 Da. MassLynx™ (version 4.1) software (Waters) 

was used for data acquisition and analysis. 

 

2.2.11 Statistical analysis 

Mean standard deviations were computed using the Microsoft Excel Office (2016 

version) for all data obtained from the independent experimental repeats in triplicates. 

Statistical differences were assessed with one-way analysis of variance (ANOVA) for 

the comparison of the mean differences in the inhibitory activities of extracts and 

controls using the Statistical Analysis System (SAS) program (v. 9.4). Statistically 

significant difference was recorded for 𝜌 values < 0.05.  

 

2.3 RESULTS 

2.3.1 Plants extracts yield 

Leaves of C. dimidiatus, H. populifolium and L. javanica extracted using four solvents 

of varying polarities (methanol, dichloromethane, ethyl acetate and water) revealed 

different percentage yield as shown in Table 2.1. Methanol extracts of C. dimidiatus 

showed the highest yield (36.71%), followed by L. javanica (methanol) with a 19.88% 

yield. The lowest yield was obtained from the dichloromethane extract of C. dimidiatus 

(1.92%). 
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Table 2.1: Crude extract yield (%) of studied medicinal plants after extraction with solvents of 

varying polarities 

Plant species Family name Common name Voucher 

specimen 

number 

Extract yield (%) 

AQ ME DCM EA 

Lippia 

javanica 

Verbenaceae Fever Tea, Fever 

Tree, Lemon Bush, 

Wild Sage, Wild 

Tea (E), 

Beukesbos, 

Beukesbossie (A). 

128530 15.94 19.88 7.36 4.66 

Carpobrotus 

dimidiatus 

Aizoaceae Natal sour fig (E), 

Natalse 

suurvy/strandvy 

(A), Ikhambi 

lamabulawo (Z) 

128529 9.07 36.71 1.92 1.99 

Helichrysum 

populifolium 

Asteraceae Poplar helichrysum 

(E), Strooiblom (A) 

128531 10.61 10.91 3.18 6.23 

Key: E= English, A= Afrikaans, Z= Zulu, AQ= Aqueous, ME= Methanol, DCM= Dichloromethane, EA= 
Ethyl acetate. 

 

2.3.2 Minimum inhibitory concentration determination of plant extracts on CBR 

and ESBL producing K. pneumoniae strains 

Antibacterial activities of twelve crude extracts against K. pneumoniae strains revealed 

MIC values ranging from 0.78 mg/mL to 6.25 mg/mL (Table 2.2). C. dimidiatus 

(dichloromethane) showed the best MIC value of 0.78 mg/mL on CBR-K. pneumoniae 

exhibiting inhibitory activity on bacterial growth. Other crude extracts tested showed 

varying MIC values for both strains (Table 2.2). C. dimidiatus (methanol) and 

dichloromethane extracts of H. populifolium and L. javanica showed higher MIC values 

of 6.25 mg/mL for CBR and ESBL producing K. pneumoniae strains. The positive 

controls (quercetin and ciprofloxacin) showed significant MIC values of 0.0625 mg/mL 

and 0.0025 mg/mL, respectively against both strains of K. pneumoniae. 
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Table 2.2: Minimum inhibitory concentration values (mg/mL) of plant extracts tested against 

K. pneumoniae strains 

Plant extracts K. pneumoniae strains and MIC (mg/mL) values 

CBR-K. pneumoniae ESBL-K. pneumoniae  

Aqueous extracts   

L. javanica  1.56 1.56 

C. dimidiatus  6.25 3.12 

H. populifolium  1.56 3.12 

Dichloromethane extracts   

L. javanica  6.25 6.25 

C. dimidiatus  0.78 3.12 

H. populifolium  6.25 6.25 

Ethyl acetate extracts   

L. javanica  3.12 1.56 

C. dimidiatus  3.12 3.12 

H. populifolium  3.12 6.25 

Methanol extracts   

L. javanica  6.25 1.56 

C. dimidiatus  6.25 6.25 

H. populifolium  3.12 1.56 

              Controls 

Quercetin 0.0625 0.0625 

Ciprofloxacin 0.0025 0.0025 

1% DMSO 6.25 6.25 

The MIC values are presented as the mean values of triplicates.  

 

2.3.3 Inhibition of biofilm formation 

2.3.3.1 Effect of plant extracts on initial cell attachment  

Anti-adhesion (initial attachment) activity of plant extracts against CBR and ESBL 

producing K. pneumoniae strains are shown in Table 2.3. Results of the initial cell 

attachment inhibition revealed that L. javanica (ethyl acetate) and H. populifolium 

(aqueous) had the highest inhibition of cell attachment at 67.25%. Both showed good 

(above 50% inhibition) anti-adhesion activity for CBR-K. pneumoniae similar to the 

results obtained for ciprofloxacin, while C. dimidiatus (aqueous) revealed an inhibitory 

activity of 45.91%, although the extract was the most prominent for ESBL-K. 

pneumoniae in comparison to the other extracts (Table 2.3).  

The least anti-adhesion activity was shown by C. dimidiatus (ethyl acetate) (0.07%) 

and H. populifolium (dichloromethane) (0.61%) for CBR-K. pneumoniae and ESBL-K. 
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pneumoniae, respectively. No inhibition of initial cell attachment was observed for H. 

populifolium (methanol) and H. populifolium (ethyl acetate) for both strains of K. 

pneumoniae tested. Similarly, L. javanica (methanol) showed no cell attachment 

inhibition for CBR-K. pneumoniae. Ciprofloxacin exhibited potent inhibitory activity of 

69.25% and 62.45% on the initial cell attachment of both strains tested (Table 2.3). 

 

2.3.3.2 Inhibition of preformed biofilms by plant extracts  

Inhibition of preformed biofilm in the test strains upon the addition of the studied plant 

extracts were examined and results are shown in Table 2.3. The inhibition of 

preformed biofilm by most of the plant extracts were observed to be less potent, with 

no more than 45% biofilm reduction as compared to the initial attachment that had as 

high as 67%. The highest percentage inhibition of preformed biofilm by the plant 

extracts was shown by L. javanica (ethyl acetate) for both strains with 45.05% and 

20.21% for CBR-K. pneumoniae and ESBL-K. pneumoniae, respectively (Table 2.3). 

This was relative to quercetin, which showed inhibitory activity of 35.15% while 

ciprofloxacin was significantly higher, showing 71.42% inhibition for CBR-K. 

pneumoniae. For ESBL-K. pneumoniae, inhibition was recorded at 31.81% and 

68.51% for quercetin and ciprofloxacin, respectively. 
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Table 2.3: Effect of plant extracts on initial cell attachment and biofilm development of K. pneumoniae strains 

Plant extracts and control Percentage (%) inhibition of initial cell attachment Percentage (%) inhibition of biofilm 
development 

CBR-K. pneumoniae  ESBL- K. pneumoniae  CBR-K. pneumoniae  ESBL-K. pneumoniae  

Aqueous extracts     
L. javanica  49.40±0.04 c, d 15.17±0.05 a, b, c, d 42.37±0.07 c 13.87±0.01 d, e 

C. dimidiatus  48.11±0.05 c, d 45.91±0.02 d 11.31±0.03 b, c -45.47±0.01 a, b, c 
H. populifolium  67.25±0.06 d 14.04±0.05 a, b, c, d 12.80±0.02 b, c 8.25±0.04 c, d, e 

Dichloromethane extracts     
L. javanica  34.13±0.02 b, c, d 28.52±0.04 b, c, d -7.11±0.08 a, b, c 8.31±0.02 c, d, e 

C. dimidiatus  22.81±0.09 b, c, d 23.80±0.03 b, c, d 11.16±0.07 a, b 12.75±0.11 b, c, d 
H. populifolium  3.33±0.04 a, b, c 0.61±0.04 a, b, c -60.29±0.03 a -26.85±0.06 a, b, c, d 

Ethyl acetate extracts     
L. javanica  67.25±0.01 d 28.77±0.10 b, c, d 45.05±0.08 b, c 20.21±0.01 d, e 

C. dimidiatus  0.07±0.01 a, b, c 20.21±0.06 b, c, d 9.72±0.05 b, c -59.11±0.14 a, b 
H. populifolium  -20.58±0.07 a, b -7.93±0.09 a, b -4.02±0.04 a, b, c 1.56±0.14 c, d, e 

Methanol extracts     
L. javanica  -50.31±0.11 a 12.57±0.02 b, c, d -27.80±0.02 a, b 4.64±0.03 c, d, e 

C. dimidiatus  40.45±0.07 c, d 37.41±0.02 c, d -17.98±0.17 a, b, c -39.89±0.05 a, b, c, d 
H. populifolium  -19.62±0.05 a, b -35.26±0.05 a 35.15±0.03 b, c 19.83±0.04 a 

Controls     

Quercetin 42.57±0.03 c, d 40.66±0.01 b, c 35.15±0.01 c, d 31.81±0.02 a, b 
Ciprofloxacin 69.25±0.03 d 62.45±0.04 e 71.42±0.03 b, c 68.51±0.02 e 
1% DMSO -3.72±0.04 a -9.76±0.01 a -5.06±0.03 a -8.24±0.02 a 

Mean values are of triplicate independent experiments ± SD. Comparison of percentage inhibition at MIC value per K. pneumoniae strain across each treatment. 

Different letters (a–e) indicate significant differences at p < 0.05 between the different treatments (per column) at the same MIC value. Reference control for 

percentage measurement: ≥ 50% (good activity), 0 to 49% (weak activity), negative values (rise in biofilm formation) (Famuyide et al., 2019).
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2.3.3.3 Disruption of K. pneumoniae mature biofilm under dynamic and static 

conditions 

Under static and dynamic conditions, the impact of crude plant extracts on mature 

biofilms produced by K. pneumoniae strains was assessed, as shown in Table 2.4. L. 

javanica (aqueous) and L. javanica (ethyl acetate) demonstrated the inhibition of the 

mature biofilms of both strains under dynamic conditions, each at 20.79% for CBR-K. 

pneumoniae and 21.36% for ESBL-K. pneumoniae respectively. However, under the 

same conditions, L. javanica (methanol), C. dimidiatus (ethyl acetate), C. dimidiatus 

(methanol), H. populifolium (aqueous), and H. populifolium (dichloromethane) did not 

show inhibition but rather enhanced the growth of mature biofilms. Ciprofloxacin 

inhibited the mature biofilm formed by CBR-K. pneumoniae at 42.16%. The mature 

biofilm inhibitory activity of ciprofloxacin was at 37.72% against ESBL-K. pneumoniae 

with differences found between the plant extracts and positive control (Table 2.4). 

Statistically significant difference (p < 0.05) was observed between the positive control 

of ciprofloxacin and the treatments. 

Similarly, for mature biofilms grown under static conditions, L. javanica (aqueous) also 

revealed the highest inhibitory activity on CBR-K. pneumoniae and ESBL-K. 

pneumoniae, at 16.45% and 11.73% respectively (Table 2.4). The extracts showed 

weak, or no inhibition of mature biofilms formed by both strains tested under static 

conditions. Only ciprofloxacin showed moderate inhibitory activity at 51.66% and 

53.19% for CBR-K. pneumoniae and ESBL-K. pneumoniae, respectively. Statistical 

differences were observed for the mature biofilm inhibitory activity of ciprofloxacin 

when compared with the extracts. Overall, lower inhibition was revealed by the 

extracts on matured biofilms formed under static conditions than the biofilms formed 

under dynamic conditions (Table 2.4).
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Table 2.4: Effect of plant extracts on disruption of mature biofilms formed by K. pneumoniae under dynamic and static conditions 

Plant extracts and control Percentage (%) inhibition of mature biofilm 
formed under dynamic condition  

Percentage (%) inhibition of mature biofilm formed 
under static condition  

CBR-K. pneumoniae  ESBL-K. pneumoniae  CBR-K. pneumoniae  ESBL-K. pneumoniae  

Aqueous extracts     
L. javanica  20.79±0.01 a, b 15.90±0.01 a, b 16.45±0.01 b 11.73±0.02 a 

C. dimidiatus  13.01±0.01 a, b -55.83±0.01 a, b -25.77±0.03 a, b -37.11±0.04 a 
H. populifolium  -1.48±0.04 a, b 6.51±0.02 a, b -19.89±0.02 a, b 7.52±0.01 a 

Dichloromethane extracts     
L. javanica  17.35±0.03 a, b 1.12±0.01 a, b -14.13±0.03 a, b 3.63±0.01 a 

C. dimidiatus  7.57±0.01 a, b -2.37±0.01 a, b 11.54±0.02 a, b 9.63±0.01 a 
H. populifolium  -10.19±0.02 a, b -37.67±0.01 a, b -37.45±0.04 a, b -32.79±0.01 a 

Ethyl acetate extracts     
L. javanica  8.69±0.02 a, b 21.36±0.02 a, b 6.88±0.07 a, b 7.28±0.02 a 

C. dimidiatus  -20.20±0.12 a -89.23±0.20 a -61.64±0.15 a, b -73.14±0.21 a 
H. populifolium  9.39±0.04 a, b 11.18±0.03 a, b -61.34±0.06 a, b -91.55±0.24 a 

Methanol extracts     
L. javanica  -7.41±0.01 a, b -26.83±0.01 a, b -46.40±0.05 a, b -18.52±0.02 a 

C. dimidiatus  -21.99±0.02 a -66.48±0.03 a, b -86.72±0.04 a -67.79±0.05 a 
H. populifolium  17.17±0.01 a, b -15.73±0.02 a, b 11.81±0.02 a, b -84.85±0.26 a 

Controls     

Quercetin -27.08±0.01 a -44.55±0.01 a -35.46±0.02 a -52.25±0.02 a 
Ciprofloxacin 42.16±0.01 b 37.72±0.02 b 51.66±0.01 c 53.19±0.01 b 
1% DMSO -39.01±0.01 a -58.35±0.01 a -45.67±0.02 a -68.25±0.02 a 

Mean values are of triplicate independent experiments ± SD. Comparison of percentage inhibition at MIC value per K. pneumoniae strain across each treatment. 

Different letters (a–c) indicate significant differences at p < 0.05 between the different treatments (per column) at the same MIC value. Reference control for 

percentage measurement: ≥ 50% (good activity), 0 to 49% (weak activity), negative values (rise in biofilm formation) (Famuyide et al., 2019). 
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2.3.4 Scanning electron microscopy (SEM) analysis of biofilms  

To gain a detailed view of K. pneumoniae biofilms formed after treatment with the most 

efficient plant extract (L. javanica-ethyl acetate), a scanning electron microscopy 

(SEM) study was carried out. Figure 2.1 displays the SEM micrographs of the 

untreated biofilms (Figures 2.1A and 2.1E), biofilms developed by the two K. 

pneumoniae strains after exposure to L. javanica ethyl acetate extract (Figures 2.1B 

and 2.1F) and the positive controls: quercetin, 0.1 mg/mL (Figures 2.1C and 2.1G) 

and ciprofloxacin, 0.001 mg/mL (Figures 2.1D and 2.1H). 

L. javanica (ethyl acetate) showed the best antibiofilm activity of all the studied plant 

extracts for CBR and ESBL-K. pneumoniae, as seen in Figures 2.1B and 2.1F 

respectively. The SEM micrographs revealed fewer clusters of connected 

microcolonies, indicating a considerable decrease in the number of biofilms. With very 

few clumps of dispersed cells, ciprofloxacin was found to have a more potent activity 

(Figures 2.1D and 2.1H). 

Comparatively, the untreated biofilms formed by the two strains of K. pneumoniae 

revealed a dense cluster of interconnected K. pneumoniae cells that exhibited 

continuous clumping and substantial aggregates of cells (Figures 2.1A and 2.1E). In 

comparison to L. javanica (ethyl acetate), quercetin was found to be less effective at 

disrupting the formed biofilms (Figures 2.1C and 2.1G), however, it displayed fewer 

cell clumps than the untreated biofilms. 
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Figure 2.1: SEM micrographs showing biofilm inhibitory activity of L. javanica (ethyl acetate extract) against CBR and ESBL producing K. pneumoniae at 20 

KX magnification. (A) CBR-K. pneumoniae (without treatment) (B) CBR-K. pneumoniae (treated with L. javanica -ethyl acetate extract) (C) CBR-K. pneumoniae 

(treated with quercetin), (D) CBR-K. pneumoniae (treated with ciprofloxacin), (E) ESBL-K. pneumoniae (without treatment), (F) ESBL-K. pneumoniae (treated 

with L. javanica -ethyl acetate extract), (G) ESBL-K. pneumoniae (treated with quercetin-positive control), (H) ESBL-K. pneumoniae (treated with ciprofloxacin 

-positive control). 
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2.3.5 Inhibition of K. pneumoniae exopolysaccharides (EPS) by plant extracts  

The phenol-sulfuric acid technique was used to determine the quantity of EPS at the 

corresponding MIC values of test extracts in both pathogen strains. Results revealed 

that there was good linearity, as evidenced by the correlation coefficient of 

determination (R2), with a value of 0.9705, showing how well the data fit the regression 

model. Following the regression equation derived from the standard curve (Y = 0.348X 

- 0.074), where Y stands for the absorbance derived from the unknown samples 

(Figure 2.2), the measurement of EPS was established.  

 

 

Figure 2.2: Standard curve showing the regression equation for EPS quantification. 

 

EPS percentage inhibition by the plant extracts is shown in Figure 2.3. For ESBL-K. 

pneumoniae, the highest EPS inhibition (%) was observed from L. javanica (ethyl 

acetate) (34.18%) having the least EPS yield while the least EPS inhibition was 

observed for L. javanica (aqueous) at 4.62%. However, L. javanica (methanol), L. 

javanica (dichloromethane), C. dimidiatus (ethyl acetate), C. dimidiatus (methanol), C. 

dimidiatus (dichloromethane), H. populifolium (ethyl acetate) and H. populifolium 

(dichloromethane) revealed no inhibition of EPS, rather showing enhanced EPS 

production. Ciprofloxacin and quercetin revealed EPS inhibition of 38.11% and 

24.94%, respectively (Figure 2.3A). 
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  (A) 

Figure 2.3A: Exopolysaccharide percentage inhibition in ESBL producing K. pneumoniae by all plant 

extracts at respective MIC values. Statistical significance of the test plant extracts and controls are 

indicated with different letters (a–e) with p-value < 0.05 between all the treatments. 

 

Furthermore, L. javanica (ethyl acetate) also revealed a percentage of EPS inhibition 

(36.95%) for CBR-K. pneumoniae, followed by H. populifolium (aqueous) (27.85%). 

No EPS inhibitory activity was recorded for L. javanica (aqueous), L. javanica 

(methanol), L. javanica (dichloromethane), C. dimidiatus (ethyl acetate), C. dimidiatus 

(dichloromethane) and H. populifolium (methanol). Ciprofloxacin and quercetin 

revealed EPS inhibition at 51.56% and 34.55% respectively for the two K. pneumoniae 

strains (Figure 2.3B). 
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(B) 

Figure 2.3B: Exopolysaccharide percentage inhibition in CBR- K. pneumoniae by all plant extracts at 

respective MIC values. Statistical significance of the test plant extracts and controls are indicated with 

different letters (a–d) with p-value < 0.05 between all the treatments.  

 

2.3.6 Microscopic surface topography characterization of K. pneumoniae 

exopolysaccharides (EPS) using atomic force microscopy (AFM)  

Planar (2D) and cubic (3D) views of the surface topography of the examined 

exopolysaccharides (EPS) of K. pneumoniae were captured using AFM. L. javanica 

(ethyl acetate) was selected for AFM due to the above-shown inhibition of EPS as 

compared to the other plant extracts examined. The AFM results revealed distinct 

variations between the topographies of EPS that had been treated and the untreated 

control.  Untreated CBR and ESBL producing K. pneumoniae produced EPS with 

irregular shapes and rough surfaces that were primarily made up of unevenly 

distributed lumps and were easily seen as foggy patches around the cells (Figure 2.4: 

A1 and E1). The EPS produced by both strains appeared tubular and compact when 

viewed with the microscope. Furthermore, topological analysis of the EPS indicated a 

consistent polymer with irregular lumps at a maximum height (h) of 1.4 µm and 1.1 µm 

for untreated CBR and ESBL producing K. pneumoniae, respectively (Figure 2.4: A1 
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and E1). However, their average roughness (Ra) was measured at 183 nm and 141 

nm, respectively. The surface roughness is displayed in the 3D images (Figure 2.4: 

A2 and E2). The treated EPS at MIC value showed the maximum lump heights of 

206.5 nm and 409.8 nm for CBR and ESBL producing K. pneumoniae, respectively 

(Figure 2.4: B1 and F1). The 3D scans revealed a marked decrease in surface 

roughness (Figure 2.4: B2 and F2). The Ra for CBR and ESBL producing K. 

pneumoniae were 36.9 nm and 123 nm, respectively. 

The EPS subjected to treatment with positive controls (Figure 2.4: H1 and H2) also 

showed reduced surface roughness and height, where ciprofloxacin revealed a better 

result with a maximum lump height of 104.7 nm and Ra of 8.80 nm for CBR-K. 

pneumoniae (Figure 2.4: D1 and D2). Moreover, for ESBL-K. pneumoniae, the height 

of 156.8 nm and Ra of 27.6 nm were observed for ciprofloxacin (Figure 2.4: H1 and 

H2). 
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Figure 2.4: AFM micrographs showing two-dimensional (2D) and three-dimensional (3D) surface topography of EPS produced by untreated and Lippia javanica 

(ethyl acetate extract) treated CBR and ESBL producing K. pneumoniae strains at a scan size of 5.00µm (5,000nm).
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2.3.7 Curli reduction activity in K. pneumoniae strains  

The effects of plant extracts on the presence of curli fibres in both strains of K. 

pneumoniae are shown in Table 2.5. According to the findings, curli inhibition was 

observed in a concentration dependent manner where none of the plant extracts 

tested at lower concentrations of 0.125 mg/mL and 0.25 mg/mL inhibited the 

production of curli in the K. pneumoniae strains. However, curli expression was 

reduced by L. javanica (ethyl acetate), L. javanica (dichloromethane), C. dimidiatus 

(aqueous), and H. populifolium (aqueous) extracts at 0.5 mg/mL in both strains. At the 

same concentration, L. javanica (aqueous) and H. populifolium (methanol) also 

inhibited the expression of curli in ESBL-K. pneumoniae. Furthermore, at 1.0 mg/mL, 

50% of the plant extracts such as L. javanica (aqueous), L. javanica (ethyl acetate), L. 

javanica (dichloromethane), C. dimidiatus (aqueous), H. populifolium (aqueous) and 

H. populifolium (methanol) inhibited curli formation in both K. pneumoniae strains. 

Ciprofloxacin revealed a reduction of curli expression in both strains at varying 

concentrations (0.125 to 1.0 mg/mL) while quercetin only showed curli reduction at 0.5 

and 1.0 mg/mL for both strains. No inhibitory activity was observed for the untreated 

control tested against both strains (Table 2.5). 
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Table 2.5: Effect of plant extracts on curli fibre synthesis in Klebsiella pneumoniae strains 

Plant extracts  

Concentration (mg/mL)  
(A) 

Concentration (mg/mL)  
(B) 

Control 0.125 0.25 0.5 1.0 Control 0.125 0.25 0.5 1.0 

Aqueous extracts           

L. javanica  + + + + - + + + - - 

C. dimidiatus  + + + - - + + + - - 

H. populifolium  + + + - - + + + - - 

Dichloromethane extracts           

L. javanica  + + + - - + + + - - 

C. dimidiatus  + + + + + + + + + + 

H. populifolium  + + + + + + + + + + 

Ethyl acetate extracts           

L. javanica  + + + - - + + + - - 

C. dimidiatus  + + + + + + + + + - 

H. populifolium  + + + + + + + + + + 

Methanol extracts           

L. javanica  + + + + + + + + + + 

C. dimidiatus  + + + + + + + + + + 

H. populifolium  + + + + - + + + - - 

Controls           

Quercetin  + + + - - + + + - - 

Ciprofloxacin + - - - - + - - - - 

Untreated + + + + + + + + + + 

Key: A= CBR-K. pneumoniae, B= ESBL-K. pneumoniae, +: Positive, -: Negative, Control: Untreated K. pneumoniae strains.  
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2.3.8 Reduction in hypermucoviscosity phenotype  

The impact of the studied plant extracts on K. pneumoniae’s hypermucoviscosity was 

assessed through the use of a string test where the viscosity of the strains gradually 

decreased as the concentration of most of the studied plant extracts increased. For 

CBR-K. pneumoniae (Figure 2.5A), L. javanica (ethyl acetate) showed potent 

hypermucoviscosity reduction, observed by the least length of mucoid string (1 mm) 

at 1.0 mg/mL, followed by L. javanica (methanol), H. populifolium (aqueous), and H. 

populifolium (dichloromethane) (2 mm at 1.0 mg/mL). However, no inhibition was 

observed for C. dimidiatus (dichloromethane) and H. populifolium (ethyl acetate) at all 

the concentrations as observed with the negative control (Figure 2.5A).  

Similarly, for ESBL-K. pneumoniae (Figure 2.5B), L. javanica (ethyl acetate), C. 

dimidiatus (aqueous), H. populifolium (aqueous) and H. populifolium 

(dichloromethane) revealed good hypermucoviscosity inhibition, showing the least 

length of mucoid string (2 mm) at 1.0 mg/mL and 3 mm at 0.5 mg/mL while other plant 

extracts revealed higher lengths of mucoid strings at those concentrations (Figure 

2.5B). 
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Figure 2.5A: Effect of plant extracts in reducing CBR-K. pneumoniae hypermucoviscosity. Means are values of triplicate independent experiments ± SD. AQ: 

aqueous, EA: ethyl acetate, ME: methanol and DCM: dichloromethane.
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Figure 2.5B: Effect of plant extracts in inhibition of ESBL-K. pneumoniae hypermucoviscosity. Means are values of triplicate independent experiments ± SD. 

AQ: aqueous, EA: ethyl acetate, ME: methanol and DCM: dichloromethane.

0

1

2

3

4

5

6
M

u
c
o
id

 s
tr

in
g
 (

m
m

)

Plant extracts and controls (mg/mL)

0.125 0.25 0.5 1

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



74 
 

2.3.9 Liquid chromatography-mass spectrometry analysis of selected plant 

extracts 

LC-MS chemical profiling was carried out on the most active extract from each of the 

studied plants, namely L. javanica (ethyl acetate), C. dimidiatus (aqueous) and H. 

populifolium (aqueous). Identities of the compounds in the three plants of interest are 

shown in Tables 2.6 - 2.8. Twenty-eight (28) compounds were identified from L. 

javanica (ethyl acetate) at different retention times, the mass-to-charge ratio (m/z) and 

peak intensities (Table 2.6). For C. dimidiatus (aqueous), 30 compounds were distinct, 

however, the identities of 28 were known while two 2 were unknown (Table 2.7). 

Furthermore, sixteen (16) compounds were identified from H. populifolium (aqueous), 

however, two (2) were unknown (Table 2.8).  

 

Table 2.6: LC-MS spectral analysis of Lippia javanica (ethyl acetate extract) 

Peak #  Retention 
time (min) 

m/z Peak 
intensity  

(%) 

Identities 

1  
145.22 461.17 1.56 

Caffeoyl-rhamnosyl-
glucoside 

2  
158.02 359.10 1.20 

Hydroxy-
dimethoxybenzoyl 

hexopyranose 
3  

198.20 387.17 2.29 
Hydroxy-jasmonic acid-

glucoside 
4  206.47 419.12 4.29 Afzelechin-rhamnoside 
5  221.04 389.11 2.02 Theveside 
6  244.06 623.20 3.88 Verbascoside Isomer 1 
7  252.31 623.20 6.23 Verbascoside Isomer 2 
8  259.92 623.20 8.93 Verbascoside Isomer 3 
9  267.71 623.20 7.55 Verbascoside Isomer 4 
10  278.40 607.20 2.31 Luteolin-xylosyl-glucoside 
11  

289.26 637.21 3.00 
Quercetin-rutinoside 

isomer 1 
12  

297.04 637.21 1.70 
Quercetin-rutinoside 

isomer 2 
13  

310.33 665.21 1.37 
Tetramethyl-quercetin-

rutinoside 
14  

321.18 651.23 3.05 
Matairresinol 4'[apiosyl-

glucoside] 
15  358.13 285.04 1.46 Luteolin 
16  393.96 327.22 1.03 Possibly a diterpene 
17  400.92 269.05 3.40 Apigenin 
18  408.54 299.06 6.67 Diosmethin 
19  416.80 329.07 2.94 Tricin 
20  

421.34 359.08 3.18 
Trimethoxyflavone Isomer 

1 
21  

441.76 359.08 0.69 
Trimethoxyflavone Isomer 

2 
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Table 2.6 (Cont’d): LC-MS spectral analysis of Lippia javanica (ethyl acetate extract) 

Peak #  Retention 
time (min) 

m/z Peak 
intensity  

(%) 

Identities 

22  458.94 299.06 2.31 Chrysoeriol 
23  470.45 313.07 8.24 Cirsimaritin 
24  483.25 343.08 6.14 Eupatorin 
25  

499.78 373.09 0.85 
Quercetagetin 3,5,6,3'-

tetramethyl ether 
26  

511.94 283.06 1.80 
Dihydroxy-methoxy-

phenylcoumarin 
27  522.80 313.07 1.60 Kaempferol-dimethylether 
28  539.64 501.32 10.29 Unknown diterpene 

 

 

Table 2.7: LC-MS spectral analysis of Carpobrotus dimidiatus (aqueous extract) 

Peak 
# 

Retention 
time (min) 

m/z Peak 
intensity  

(%) 

Identities 

1 144.58 153.02 1.89 Dihydroxybenzoic acid 
2 151.54 203.08 3.50 Unknown 
3 175.85 337.09 6.39 Coumaroyl quinic acid Isomer 1 
4 192.38 367.10 1.57 Feruloyl quinic acid 
5 202.60 337.09 7.92 Coumaroyl quinic acid Isomer 2 
6 209.56 337.09 6.81 Coumaroyl quinic acid Isomer 3 
7 222.37 297.06 10.24 Hydroxy-dimethoxyflavone 
8 233.87 813.17 2.41 Luteolin triglucoside 
9 

239.54 683.14 
1.72 

Trihydroxy-trimethoxy flavone-
diglucoside 

10 250.40 797.18 2.08 Apigenin-feruloyl-diglucoside 
11 259.31 799.23 4.13 Similar to Tricin rutinoside-glucoside 
12 

262.24 785.21 
1.49 

Similar to Isorhamnetin rutinoside-
glucoside 

13 267.75 653.17 2.96 Similar to Syringentin-3-rutinoside 
14 279.08 653.17 4.45 Syringentin-rutinoside-like 
15 

297.08 797.21 
3.85 

Similar to kaempferol-diglucoside-
acetorhamnosyl 

16 
302.11 651.15 

4.17 
Similar to kaempferol-acetylglucosyl-

glucoside 
17 

316.85 765.19 
3.68 

Could be an acetylated pinosylvin-
diglucoside 

18 
323.18 795.20 

5.67 
Could be catechin-gallate-glucoside-

glucuronide 
19 

330.14 765.19 
0.62 

Could be another isomer acetylated 
pinosylvin-diglucoside 

20 
339.05 619.13 

2.34 
Similar to Apigenin acetylcoumaroyl 

glucoside 
21 

346.84 649.14 
4.72 

Similar to Pelargonidin-xylosyl-malonyl-
glucoside 

22 
359.47 331.04 

0.84 
Similar to quercetaggetin-3'-methyl-

ether 
23 

368.39 256.10 
0.66 

Unknown nitrogen-containing 
compound 
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Table 2.7 (Cont’d): LC-MS spectral analysis of Carpobrotus dimidiatus (aqueous extract) 

Peak 
# 

Retention 
time (min) 

m/z Peak 
intensity  

(%) 

Identities 

24 
373.57 649.14 

0.70 
Similar to Pelargonidin-xylosyl-malonyl-

glucoside 
25 393.34 327.22 6.74 Could be an oxygenated diterpene 
26 421.38 329.23 3.35 Could be an oxygenated diterpene 
27 470.48 313.07 0.92 Similar to kaempferol-dimethyl-ether 
28 483.28 343.08 0.88 Dihydroxy-3-methoxyflavonone 
29 513.27 293.18 2.28 Unknown 
30 

524.78 237.11 
1.00 

Methoxychalcone or cinnamyl-
benzoate 

 

 

Table 2.8: LC-MS spectral analysis of Helichrysum populifolium (aqueous extract) 

Peak 
# 

Retention 
time (min) 

m/z Peak 
intensity  

(%) 

Identities 

1 146.58 353.09 2.90 Chlorogenic acid isomer 1 
2 166.35 293.12 5.40 Ethyl 3-hydroxybuterate glucoside 
3 181.58 353.09 10.80 Chlorogenic acid isomer 2 
4 200.70 353.09 5.66 Chlorogenic acid isomer 3 
5 218.04 515.12 5.71 4,5-Dicaffeoylquinic acid isomer 1 
6 231.98 367.10 2.01 Feruloylquinic acid 
7 235.87 463.09 3.73 Hydroxykaempferol glucoside isomer 1 
8 243.49 213.12 4.68 Unknown 
9 253.69 567.21 2.23 Similar to Citrusin B 
10 257.59 463.09 5.78 Hydroxykaempferol glucoside isomer 2 
11 268.93 515.12 6.03 4,5-Dicaffeoylquinic acid isomer 2 
12 276.07 415.20 2.80 Unknown 
13 280.44 515.12 13.41 4,5-Dicaffeoylquinic acid isomer 3 
14 287.57 515.12 8.29 4,5-Dicaffeoylquinic acid isomer 4 
15 332.79 491.12 2.73 Similar to Lagotiside 
16 349.96 677.15 3.67 Pelargonidin di-acetylglucoside 
17 393.40 327.22 7.50 Possibly a diterpene 
18 422.74 329.23 6.68 Tricin 

 

Based on the mass spectrometry data analysis, different classes of phytochemical 

compounds were represented which included glucosides, terpenes, flavonoids, quinic 

acids and derivatives. Among them, 10.29% unknown diterpene, 10.24% hydroxy-

dimethoxyflavone (flavonoid) and 13.41% 4,5-dicaffeoylquinic acid isomer (quinic 

acids and derivatives) were observed as the major constituents, showing the highest 

peak intensities in L. javanica (ethyl acetate), C. dimidiatus (aqueous) and H. 

populifolium (aqueous), respectively. The data presented in Tables 2.6 – 2.8 

corresponds with the peaks shown in the representative mass spectrometry 

chromatograms of the analysed extracts as illustrated in Figure 2.6.  
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Figure 2.6: LC-MS chromatograms of L. javanica (ethyl acetate), C. dimidiatus (aqueous) and H. 

populifolium (aqueous) extracts. All peaks correspond to the data presented in Tables 2.6- 2.8.  
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2.4 DISCUSSION  

Over the years, the use of plants in traditional medicine has piqued the attention of 

several researchers to discover effective plant extracts that can be used in the 

management of microbial infectious diseases (Baloyi et al., 2021). South African 

medicinal plants are of great interest because, despite the botanical and cultural 

diversity of South Africa, only a few plant species have hitherto become fully 

commercialised as medicinal products (Van Wyk, 2011). Therefore, three medicinal 

plants (C. dimidiatus, H. populifolium and L. javanica) indigenous to South Africa, 

reported to have ethnomedicinal uses against K. pneumoniae infections were 

examined in this study to validate some of their antipathogenic/antivirulence activities. 

Since bioactive phytochemicals are vital and responsible for various activities, the 

extraction process is also crucial (Baloyi et al., 2022). For this reason, varying 

extractants of different polarities were pivotal to deducing the most potent bioactive 

components from the plants. Results showed that the methanol extract had the highest 

yield followed by the aqueous extracts with up to 36.71% for C. dimidiatus. Congruent 

with the findings in this study, Truong et al. (2019), Baloyi et al. (2022),  Adam et al. 

(2019) and Eloff et al. (2018) also reported a higher percentage yield from methanol 

extracts, followed by aqueous extracts. Highly polar solvents such as methanol and 

water thus favour extraction efficiency and yield compared to solvents with lesser 

polarity for plant species containing high levels of phenolic compounds. 

The extracts (aqueous, ethyl acetate, methanol and dichloromethane) from the three 

plant species at varying concentrations were assessed for their MIC activities against 

K. pneumoniae. The MIC determination is considered the gold standard which reveals 

the lowest concentration of the treatment that inhibits the visible growth of the 

pathogen (Londonkar et al., 2013). Findings from this study showed the MIC results 

that ranged from 0.78 mg/mL to 6.25 mg/mL. Van Vuuren and Muhlarhi (2017) defined 

MIC activities of plant extracts with noteworthy activities as values of 1 mg /mL or 

lower. Thus, C. dimidiatus (dichloromethane) was regarded as the most potent due to 

its MIC value of 0.78 mg/mL on CBR- K. pneumoniae, which was significantly lower 

than any of the other tested plant extracts. Several literature reports have been 

documented on the antibacterial properties of various plants against different 

pathogens such as in Mashamba et al. (2022). However, limited information exists on 
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the antibacterial activity of C. dimidiatus. Variations observed in MIC values of the 

plant extracts may arise due to the difference in their chemical constituents (Mostafa 

et al., 2018). The low activity of most of the tested plant extracts can be explained by 

the fact that K. pneumoniae, a GNB has a murein cell wall and an outer membrane, 

which is a complex barrier system against the permeation of polar plant extracts. 

Similar results have also been reported by Cosa et al. (2020), Perera et al. (2022) and 

Mogana et al. (2020). Furthermore, GNB often reduce their outer membrane 

permeability by reducing the number of porins and inducing drug efflux pumps which 

transport drug molecules outwardly, making the bacterial cells resistant to treatments 

(Shriram et al., 2018). For these reasons, further studies using the plant extracts were 

focused on extracellular bacterial virulence factors of K. pneumoniae, including biofilm 

formation, exopolysaccharide and curli production as well as hypermucoviscosity. 

K. pneumoniae is known for its strong propensity to form biofilms which appear as a 

mucoid, cohesive slime layer, and is considered a major factor in its resistance against 

antimicrobials and contributes to pathogenicity (Oleksy-Wawrzyniak et al., 2022). 

Biofilms are extracellular network-like aggregates of bacterial cells adhering to tissues, 

organs, and medical devices. They are composed of polysaccharides, extracellular 

DNA and proteins (Huang et al., 2022). The development of K. pneumoniae biofilm is 

initiated by the adhesion of cells, followed by the formation of microcolonies, 

maturation, and propagation of free-living cells (Wang et al., 2020). The biofilm 

biomass screening in this study employed the crystal violet staining technique which 

has been reported by Ramos-Vivas et al. (2019) to be widely accepted and used by 

many researchers due to the simplicity of its implementation for sessile biofilm 

detection. 

The results of this study showed that L. javanica (ethyl acetate) inhibited K. 

pneumoniae biofilm cell attachment, thereby reducing the pathogen’s ability to attach 

and live in a protective scaffold. The ability of L. javanica extracts to reduce cell 

attachment is supported by the findings reported by Shirinda et al. (2019) suggesting 

that the organic extract of L. javanica twigs inhibited the initial cell attachment of biofilm 

in Clostridium perfringens. Furthermore, L. javanica (ethyl acetate) also revealed the 

highest percentage inhibition on preformed and mature biofilm of K. pneumoniae 

strains. Based on documented literature, this could be due to the activity of 
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verbascoside, a prominent bioactive constituent identified in L. javanica as shown in 

Table 2.6. Shi et al. (2022) have reported that verbascoside is implicated in the 

eradication of biofilms formed by GNB such as Pseudomonas aeruginosa. Congruent 

to this, findings from Jang et al. (2008) also revealed over 60% inhibition of E. coli 

biofilms by phenylethanoid glycoside (verbascoside). Apigenin, also present in L. 

javanica could be implicated in the antibiofilm activity observed. This can be supported 

by the findings of  Liu et al. (2020), where apigenin was shown to reduce the initial 

adherence and biofilms formed by Streptococcus mutans. 

The weak inhibitory activities observed at this stage for the other studied plant extracts 

could be based on these extracts possessing phytochemicals serving as additional 

nutrients to promote bacterial growth (Baloyi et al., 2021). Most of the plant extracts 

studied were observed to be less potent on the mature biofilms with not more than 

21.36% biofilm reduction. Previous authors such as Bi et al. (2021) and Mashamba et 

al. (2022) also reported that eliminating pre-existing biofilms by plant extracts poses a 

great challenge as several biofilm-forming bacteria have shown resistance. Once 

mature biofilms are formed, it is more difficult to treat and remove them (Koo & 

Yamada, 2016). This could be due to the complexity of the physical structure of mature 

biofilms which makes them difficult to eradicate. Other possible reasons for this can 

include the presence of persister cells, high volumes of exopolysaccharides as well as 

phytochemical removal from the matrix by efflux pumps leading to a reduction in the 

bactericidal efficiency of administered treatments (Koo & Yamada, 2016). 

Overall, the antibiofilm experiments revealed that L. javanica (ethyl acetate) has the 

potential to disrupt K. pneumoniae cell aggregates before the biofilm fully forms. Based 

on the efficacy of this extract observed against K. pneumoniae biofilms,  in situ 

visualization using the scanning electron microscope (SEM) was employed for the 

qualitative observation of biofilm disruption, as SEM provides an excellent resolution, 

magnification and actual sample structure preservation (Relucenti et al., 2021; Vyas 

et al., 2016). SEM analysis confirmed the antibiofilm activity of L. javanica (ethyl 

acetate) against the studied K. pneumoniae strains and revealed fewer clumps of 

attached microcolonies, with a significant reduction in the number of biofilms 

compared to the untreated cells. 
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A key component of the biofilm extracellular matrix often produced by a wide range of 

microorganisms is exopolysaccharide (EPS) (Yamanaka et al., 2011). EPS plays a 

major role in holding the bacterial community together, attaching the cells to solid 

surfaces, and ensuring optimum hydration and availability of nutrients (Karygianni et 

al., 2020). Since EPS aids K. pneumoniae immune invasion and increases 

pathogenicity in biofilm-forming organisms generally, it was assessed as a contributing 

factor to the pathogenicity of biofilm-forming K. pneumoniae. Out of all plant extracts 

tested for EPS inhibition, L. javanica (ethyl acetate) revealed the highest percentage 

of EPS inhibition. This study marks the first evaluation of the studied plants for EPS 

reduction. However, extracts of Mangifera indica have been reported by Husain et al. 

(2017) to decrease the production of EPS in a treated culture of Pseudomonas 

aeruginosa where the extract exhibited 50.2% and 58.3% reduction at 400 µg/mL and 

800 µg/mL, respectively, which is a significantly higher activity than what we observed 

for L. javanica extracts.  

To validate the inhibitory effect of L. javanica (ethyl acetate) on EPS production, in situ 

visualization of the EPS was done using the AFM. The AFM allows for the 

quantification of EPS amount based on height and roughness analyses at the 

nanometre scale (Relucenti et al., 2021; Ansari et al., 2013). In this study, AFM 

micrographs of EPS treated with L. javanica (ethyl acetate) at MIC value did show 

distinguishable changes in height and surface roughness when compared to the 

untreated EPS. This could be due to the presence of camphene, a bioactive 

constituent in L. javanica previously reported by Adeosun et al. (2022) (as part of this 

research, chapter 4) to show exopolysaccharide inhibitory activity against K. 

pneumoniae. The AFM-based methodology employed in this study was useful to 

provide surface information regarding the effect of plant extract on K. pneumoniae 

EPS, a major component that makes up its biofilm matrixosome.  

Another factor that increases pathogenicity in K. pneumoniae is its propensity to 

generate curli, known as thin aggregative fimbriae (Pacheco et al., 2021). Curli are 

known for forming interbacterial bundles and interacting directly with the substratum, 

allowing for a cohesive and stable association of cell aggregates (Besharova et al., 

2016). Hence, curli expression in bacteria is linked to biofilm formation, contributing to 

virulence (Anes et al., 2017). A reduction in curli expression was observed for L. 
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javanica (ethyl acetate), L. javanica (dichloromethane) as well as the aqueous extracts 

of C. dimidiatus and H. populifolium at 0.5 mg/mL for both K. pneumoniae strains. This 

infers that the plant extracts can efficiently inhibit the formation of curli hence, inhibiting 

their ability to adhere to host tissue and inhibit biofilm formation.  Bioactive compounds 

such as luteolin, tricin, and quercetin-rutinoside isomer 1 and 2 observed from the 

chemical profiling of L. javanica could have aided the curli reduction since Pruteanu et 

al. (2020) have reported that the above-mentioned compounds can inhibit the 

assembly of amyloid curli fibres and interfere with bacterial biofilm formation.  

In addition to the aforementioned virulence factors, K. pneumoniae's 

hypermucoviscous nature contributes to its pathogenicity (Yao et al., 2015). This factor 

is significant since it renders the hypervirulent K. pneumoniae strains resistant to 

macrophage phagocytosis and neutrophil-mediated death, allowing them to spread 

more efficiently throughout the body of the host (Xu et al., 2021). A hypervirulent K. 

pneumoniae is frequently associated with a hypermucoviscous phenotype, a capsule-

associated mucopolysaccharide web  (Lin et al., 2011). The results obtained showed 

a gradual decrease in the viscosity of K. pneumoniae strains where L. javanica (ethyl 

acetate) was noted for a strong anti-hypermucoviscosity activity, with the least mucoid 

string length of less than 2 mm at 1.0 mg/mL concentration for both strains of K. 

pneumoniae. This is significantly lower than the 5 mm standard length defined by a 

positive string test (Shon et al., 2013). L. javanica (ethyl acetate) extracts thus 

revealed high potential in regulating the hypermucoviscosity phenotype.  

For the development, modernisation, and quality control of various formulations from 

medicinal plants, chemical analysis of plant extracts is crucial (Nile & Park, 2015). Due 

to high sensitivity and accurate mass spectral detection, coupled with high-resolution 

chromatographic separation in LC-MS, analysis using this instrument has become 

more common in medicinal plants research   (Parasuraman et al., 2014). For this 

reason, it was employed in this study for the chemical profiling of the most active 

extracts (L. javanica (ethyl acetate), C. dimidiatus (aqueous) and H. populifolium 

(aqueous)). The LC-MS analysis of the selected extracts revealed phytochemical 

compounds belonging to different classes such as the flavonoids, terpenes, 

verbascosides, phenolic acids, glycosides, quinic acids and a derivative class of 

compounds which could contribute to their bioactivities mentioned above. These 
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classes of compounds are particularly interesting due to their previously reported 

pharmacological properties. For example, Maroyi (2017) documented apigenin 

(flavonoid) identified in L. javanica (Table 2.6), to possess antibacterial and 

hepatoprotective properties. Luteolin, another flavonoid shown in the spectra have 

been reported by Kumar & Pandey (2013) to possess anti-inflammatory and analgesic 

effects.  

Terpenes, also observed as part of the plant’s compounds have been recognized as 

natural antimicrobial compounds (Burt, 2004). Antimicrobial activities of terpenes 

against Escherichia coli O157 : H7, Salmonella typhimurium, Clostridium perfringens, 

Campylobacter jejuni and Helicobacter pylori have been reported by Mahizan et al. 

(2019) and Thapa et al. (2015). Furthermore, Shi et al. (2022) have reported the 

antibacterial activity of verbascosides against MDR P. aeruginosa. This could be due 

to the presence of the unique multi-hydroxyl group in their chemical structures which 

could perturb the lipid/water interface. Other possible mechanisms of inhibition by 

phytochemical compounds include competing and interfering with the activity of the 

signal molecules, due to their structural similarity or degradation of the signalling 

molecules (Cosa et al., 2019). In-silico and in-vitro approaches can be employed to 

further explore the ability of the profiled compounds to interrupt K. pneumoniae’s 

signalling mechanism which will result in attenuating its virulence thereby providing 

lead compounds for new drug discoveries. 

 

2.5 CONCLUSION 

Findings from this study revealed the three selected South African medicinal plants 

(C. dimidiatus, H. populifolium and L.  javanica) as prospective antibacterial and anti-

virulent agents against carbapenem-resistant and extended-spectrum beta-lactamase 

positive K. pneumoniae strains. A notable antibacterial activity was observed for C. 

dimidiatus (dichloromethane). The plant of L. javanica (ethyl acetate extract) 

decreased virulence factors of K. pneumoniae strains, indicating its potential to be 

used in the development of antipathogenic drugs. The highly complex profile of 

chemical compounds from C. dimidiatus, H. populifolium and L.  javanica can be 

further explored for their antivirulence properties against K. pneumoniae strains. This 
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study contributes to the search for solutions to the threats posed by antibiotic 

resistance through the exploration of plant extracts used in traditional medicine.  

To further unravel the next magic bullet from the phytochemical compounds present 

in the studied plants, the next chapter employed computer-based techniques for the 

virtual screening of the different classes of compounds. This will aid in assessing their 

potential to attenuate virulence in K. pneumoniae via molecular modelling of K. 

pneumoniae’s virulence modulator, the transcriptional regulator SdiA protein.  
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3 MOLECULAR MODELLING OF SDIA PROTEIN BY SELECTED 
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3.1 INTRODUCTION 

Multidrug-resistant (MDR) K. pneumoniae remains one of the leading causes of death 

which continually imposes a healthcare and community burden globally (Ventola, 

2015). Recalcitrance to several classes of antibiotics, biofilm-forming ability, persistent 

immune system defense and chronic infections are often linked to its QS regulatory 

system (Cadavid et al., 2018). This mechanism not only enhances bacterial 

pathogenesis but also improves their ability to severely infect and damage their host 

(Cosa et al., 2019). In GNB, the transcriptional regulators belonging to the LuxR 

protein plays a pivotal role by detecting the presence of autoinducers (AIs) known as 

N-acyl-homoserine lactones (AHLs) (Pradeep et al., 2018). Some Enterobacteriaceae 

pathogens such as Salmonella, Escherichia, including Klebsiella do not possess the 

AHLs-producing enzyme known as LuxI synthase. However, they recognize AHLs 

produced by other bacteria due to the presence of the SdiA protein which encodes an 

orphan LuxR homologue (Pacheco et al., 2021). Likewise, in K. pneumoniae the LuxI 

homolog is not found, thus the organism neither generates AHLs signal molecules of 

their own, however since this pathogen possesses  SdiA, rather also senses the AI-2 

molecules produced by the mixed community genera (Tavío et al., 2010). A SdiA 

transcriptional regulator in K. pneumoniae has been linked to cell division and the 

expression of virulence factors such as antibiotic resistance and biofilm formation. In 

addition, fimbriae and curli have been shown to play a pivotal role in K. pneumoniae 

biofilm development (Pacheco et al., 2021). This consequently marks the SdiA as a 

potential therapeutic target due to its ability to bind AHL and AI-2 signalling molecules 

from other pathogens, allowing for the transcription of several virulence genes 

(Pradeep et al., 2018; Pacheco et al., 2021). 

Studies such as Pacheco et al. (2021) and Ahmed et al. (2020) have validated the role 

of SdiA in the production of QS autoinducers in K. pneumoniae and other 

Enterobacteriaceae, as noticed in enterohemorrhagic Escherichia coli (EHEC), 

Salmonella enteritica (Cheng et al., 2022). The crystal structure of SdiA has been 

reported in E. coli as PDB ID: 4LFU, 4LGW, 2AVX (Almeida et al., 2016). Since some 

Enterobacteriaceae (except for Pantoea and Erwinia) encodes the same SdiA protein 

and are implicated in QS signalling molecule production and modulation of virulence 

factors, 4LFU was used as a template to model the structure of K. pneumoniae SdiA, 
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thereby serving as a prototype in search for antivirulence or antagonistic compounds 

to impede the intercommunication and associated virulence activities. 

Due to the above-mentioned pathogens’ ability to regulate the respective virulence 

using the signalling mechanism (Gopu & Shetty, 2016), impeding this system 

hypothetically renders the disease-causing pathogen(s) less or non-virulent, 

presenting novel management of various bacterial infections (Cadavid et al., 2018). 

The secondary metabolites from medicinal plants may be the next-generation magic 

bullet in efficiently modulating QS-associated SdiA protein and the respective 

virulence factors (Koh et al., 2013). The phenomenon of most plants growing in 

settings with high bacterial populations fosters them to devise protective mechanisms 

against phytopathogens. Plants conquer by generating secondary metabolites that 

mimic microbial signal molecules, to compete for the protein active sites, subsequently 

impasse the expression of virulence factors and or reduce pathogenicity (Koh et al., 

2013). The antivirulence mechanism, therefore, suppresses the expression of key 

genes vital for infections, rather than exerting bactericidal effect and selective pressure 

(Cosa et al., 2020). Terpenes, flavonoids, alkaloids, saponins, glycosides, 

anthraquinones and sesquiterpenoids among others, are all secondary metabolites 

capable of thwarting signalling mechanisms, hindering the expression of virulence 

factors (Akinyede et al., 2020; Baloyi et al., 2019; Maroyi, 2017).  

In the previous chapter, the chemical profiling analysis of the South African medicinal 

plants of interest (L. javanica, H. populifoilum and C. dimidiatus) revealed that they 

contain different classes of compounds such as the flavonoids, terpenes, 

verbascosides, phenolic acids, glycosides, quinic acids and a derivative class of 

compounds which could contribute to their bioactivities. Of these classes of 

compounds, terpenes and flavonoids possess intriguing characteristics, making them 

of significant interest. Therefore, they were further investigated in this chapter for their 

structure-activity relationship to reveal the relationship between their chemical 

structures and biological activity with K. pneumoniae’s transcriptional regulator protein 

(SdiA).  

Terpenes, commonly known as terpenoids, are abundant and diversified natural 

phytochemicals present in several medicinal plants and are vital component of 

essential oils. Terpenes of natural products provide medical benefits  (Cox-Georgian 
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et al., 2019) and have proven to be a rich source of medical breakthroughs (Bergman 

et al., 2019). Flavonoids, on the other hand, are a class of naturally occurring plant 

compounds from various parts of plants associated with a broad spectrum of health-

promoting effects with a wide range of pharmacological effects, including antimicrobial, 

anti-inflammatory, anti-mutagenic and anti-carcinogenic properties coupled with their 

capacity to modulate key cellular enzyme functions (Paczkowski et al., 2017; Panche 

et al., 2016). 

The exploration of these bioactive phytochemicals as QS and virulence inhibitors 

through virtual screenings allows for a rapid and economical selection of prospective 

target ligands from large libraries of molecules (Huggins et al., 2011). This further 

accelerates the time and reduces the cost of traditional drug development processes 

(Naqvi et al., 2019), as well as narrowing the number of potential ligands to be tested 

in vitro for drug screening and drug ability. This study took advantage of computational 

research tools to evaluate the antivirulence potential of existing plant secondary 

metabolites known for their medicinal activities against the SdiA transcriptional 

regulator in K. pneumoniae. 

 

3.2 MATERIALS AND METHODS 

3.2.1 Sequence retrieval, template identification and homology modelling 

A sequence of the SdiA gene was retrieved from the Kyoto Encyclopedia of Genes 

and Genomes database and searched against Protein Data Bank (PDB) proteins 

using NCBI-BlastP, following the method described by Ahmed et al. (2020).  The SdiA 

from Escherichia coli (A-chain) (PDB ID: 4LFU) was used as a template structure for 

the generation of the 3D model of Klebsiella pneumoniae SdiA by using the Swiss 

model web server  (Arnold et al., 2006). 

 

3.2.2 Validation of the generated model 

Protein structure validation suite (PSVS) ver. 1.5 (available at http://psvs-1_5-

dev.nesg.org/) was used to determine the quality of the generated model, which 

revealed important validation parameters such as PROCHECK, VERIFY3D and 

Ramachandran plot. Furthermore, ProSA-Web was used to validate the protein 
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structure of the modelled SdiA, thereby providing information on the general quality of 

the input model structure. The secondary structure of the modelled SdiA protein was 

determined using PDBsum as described by Laskowski et al. (2018).  

 

3.2.3 Prediction of the conserved residues and domains 

Following the method described by Ahmed et al. (2020), the conserved residues of 

SdiA of K. pneumoniae was predicted by aligning its sequence with the sequences of 

the LuxR family proteins. These proteins include the LasR from Pseudomonas 

aeruginosa, CviR from Chromobacterium violaceum and SdiA from Escherichia coli.  

The conserved domains of SdiA of K. pneumoniae were predicted using the conserved 

domain and protein classification tool available at the NCBI server 

(https://www.ncbi.nlm.nih.gov/cdd/). 

 

3.2.4  Prediction of the binding site 

The CASTp 3.0 server was used for predicting the binding pocket of the modelled SdiA 

as described by Tian et al. (2018). The pocket with the highest area and largest volume 

was considered the most probable binding pocket of SdiA. 

 

3.2.5 Molecular docking 

Site-specific molecular docking (MD) was carried out following the method previously 

described by Baloyi et al. (2021) with slight modifications. The two-dimensional 

structures of the terpenes and flavonoids investigated were retrieved from the 

PubChem chemical database and sketched using Canvas 3.5 before being exported 

to Maestro 11.5. Chemically correct models of the ligands and the modelled SdiA 

receptor structure were built using Schrodinger's ligprep and a protein preparation 

wizard prior to the docking studies. The glides were then docked using the glide ligand 

docking module and the glide receptor. For the prepared protein created using the 

protein grid generation module, all docking calculations were performed using 

AutoDock 4.0 and Grids (Schrodinger, LLC, New York, NY, USA). Water and metals 

were removed before optimizing the hydrogen bonds, necessitating minimization and 

resulting in scores that mimicked the potential energy change when the protein and 
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the compound became bonded based on hydrogen bonds. MD was carried out on 31 

compounds from natural sources which included the terpenes, flavonoids and other 

classes of compounds against the modelled SdiA protein. 

 

3.2.6 Molecular dynamics simulations 

3.2.6.1 System preparation and molecular dynamics simulation 

The three-dimensional structures of best-docked terpenes and flavonoids were 

obtained in SDF format from PubChem, and the structures were optimized using 

Avogadro software. The modelled SdiA structure was prepared for molecular 

dynamics simulation (MDS)  using the UCSF Chimera software package (Pettersen et 

al., 2004). MarvinSketch and Molegro Molecular Viewer (MMV) were used for the 

preparation of the ligand and to ensure that the ligand's proper angles and 

hybridization state were displayed (Kusumaningrum et al., 2014; Thomsen & 

Christensen, 2006). AutoDock tools GUI was used to describe the grid box at the 

catalytic site of the protein (Allouche, 2012). The Lamarckian Genetic algorithm was 

used to perform docking calculations (Oleg & Arthur, 2010). The prepared systems' 

protonation states were optimized using Maestro Schrödinger (Madhavi et al., 2013), 

necessary hydrogen atoms were corrected, and capping neutral residues to ensure 

protein stability during the simulation. Cumulatively, nine terpenes and eight flavonoids 

systems of each protein comprising the enzyme were subjected to MDS using the 

Graphic Process Unit version of the AMBER18 software package (Lee et al., 2018).  

The protein was parametized by the FF14SB (Maier et al., 2015) force field integrated 

into the AMBER18 suit (Wang et al., 2004). The Link Edit and Parm (LEAP) module 

(Nikitin, 2014) of AMBER18 was then used to add hydrogens that are missing from 

the systems during preparation. Also, this module neutralizes the system by the 

addition of counter ions such as Na+ and Cl- after which the systems were solvated 

by suspending them in Transferable Intermolecular Potential with 3 Point (TIP3P) 

water box of size 8Å. Complexed coordinates and topology files of the receptor-ligand 

binding are generated for subsequent processing. The systems were minimized for 

2000 energy steps. Initial minimization of 1000 steps with steep descent were 

performed for all the systems with a restrain potential and then followed by another 

1000 steps minimization by conjugate gradient algorithm without restrain. The systems 
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were then gradually heated from 0K to 300K with a 5kcal/mol A harmonic restraint 

potential in NTP ensemble using Langevin thermostat of collision frequency of 1/ps. 

All the systems were then equilibrated at 300K for 500ps without restraint with a 

constant pressure at 1 bar using Berendsen barostat. SHAKE algorithm was used to 

restrain all hydrogen bonds (Gonnet, 2007).  

MDS production of 100ns was then performed without restrain on the systems with 

target coupling of 2 ps and constant pressure at 1 bar. Analysis of the trajectories and 

coordinates generated from the MDS run was carried out through the CPPTRAJ and 

PTRAJ modules (Roe & Cheatham, 2013) incorporated in AMBER18. The RMSD and 

RMSF were calculated for all the systems. Discovery studio version v19.10.18289 

(Sundaresan & Tharini, 2018) and UCSF chimera were used to visualize the 

trajectories while the Origin data version 6.0 tool (Seifert, 2014) was used to plot all 

graphs. 

 

3.2.6.2 Binding free energy calculations 

To estimate the binding interactions of the compounds with the modelled SdiA 

enzyme, binding free energy calculations were carried out using the Molecular 

Mechanics/Poisson-Boltzmann Surface Area (MM/PB-SA) method (Homeyer & 

Gohlke, 2012; Hou et al., 2011).  

This approach has been widely employed and proven to be reliable in measuring 

binding free energies involved in protein-ligand complex formation. Moreover, 

MM/PBSA is mathematically represented as follows: 

ΔGbind = Gcomplex – Greceptor – Gligand   (1) 

Egas = Eint + Evdw +Eele     (2) 

Gsol = GGB/PB + GSA      (3) 

GSA = γSASA      (4) 

Where van der Waals and electrostatic interactions are represented as Evdw and Eele 

while Egas denotes gas-phase energy and Eint as internal energy. The solvation free 

energy denoted by Gsol represents the solvation free energy and can be decomposed 

into polar and nonpolar contribution states. The polar solvation contribution, GGB/PB, is 

determined by solving the GB/PB equation, whereas, GSA, the nonpolar solvation 
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contribution is estimated from the solvent-accessible surface area determined using a 

water probe radius of 1.4 Å. 

 

3.2.7  Drug likeness properties of studied terpenes and flavonoids 

The physicochemical and pharmacokinetic properties of the hit compounds were 

analysed using the SwissADME web server (http://www.swissadme.ch/index.php) 

(Daina et al., 2017). The compound’s smileys were retrieved from the PubChem 

database, inserted in the webserver to run and generate the predicted parameters. 

Lipophilicity, water solubility and medicinal chemistry of the hit compounds were 

determined. The drug-likeness properties of the compounds (Lipinski's, Ghose’s, 

Veber’s, Egan’s and Muegge’s rules) and the bioavailability scores of the compounds 

were computed. 

 

3.3 RESULTS 

3.3.1 Template identification and homology modelling  

BLAST results showed 99.58% sequence similarity between the SdiA protein in 

Klebsiella pneumoniae and the SdiA of the LuxR family transcriptional regulator 

(Accession number: KMI27310.1). The template 4LFU.1. A showed a low E-value (1e-

158) and a sequence identity of 64.58%, hence, it was selected as the template for 

modelling the SdiA structure. The sequence alignment of the SdiA target protein with 

the 4LFU template protein and the ribbon structure of the modelled SdiA protein are 

shown in Figures 3.1A and 3.1B respectively.  
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Figure 3.1A: Alignment of template (4LFU) and model sequences. 

 

Figure 3.1B: 3D structure of the SdiA model. 

3.3.2  Validation of the generated model 

The quality of the model was evaluated using PSVS which comprises assessment 

tools such as Ramachandran score, Verify3D, ProsaWeb and Molprobity Clash score. 

The raw scores and Z-scores obtained for each parameter are shown in Table 3.1. 

 

Table 3.1: Assessment of the SdiA model structure using protein structure validation  

suite (PSVS) 

Parameter Raw score Z-score 

Verify 3D 0.22 -3.85 

ProsaII (–ve) 0.92 1.12 

Procheck (/ – w) 0.25 1.30 

Procheck (all) 0.08 0.47 

RMSD_bond length (Å) 0.015 - 

RMSD_bond angle (°) 1.9 - 

Molprobity Clash score 2.21 1.15 
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Furthermore, Ramachandran plot scores from Procheck and Richardson’s lab showed 

that the selected model had 95.4% and 98.3% residues respectively in the favourable 

and allowed regions and no residue in the outlier region (Table 3.2).  

 

Table 3.2: Assessment of model quality by Ramachandran plot scores 

Ramachandran plot 
scores 

Most favoured 
regions (%) 

Generously and 
additionally allowed 

regions (%) 

Disallowed 
regions (%) 

Ramachandran plot 
scores (Procheck) 

95.4 4.6 0.0 

Ramachandran plot 
scores (Richardson’s lab) 

98.3 1.7 0.0 

 

The ProsaWeb also revealed that the SdiA model protein had a Z-score of –7.66, thus 

confirming the good quality of the model (Figure 3.2). 

 

Figure 3.2: Validation of SdiA using ProSA web (Z-score = -7.66). 

In addition, validation of the model was performed based on the secondary structure 

using PDBsum. The result revealed that the SdiA model had 13 a-helices which 

corresponds with the X-ray crystal structure also having 13 a-helices (Figure 3.3).  
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Figure 3.3: Secondary structure prediction of the SdiA model using PDBsum. 

 

3.3.3  Analysis of conserved residues and domains of SdiA 

Multiple sequence alignment of SdiA (Klebsiella pneumoniae) with the conserved 

LuxR family proteins (CviR: Chromobacterium violaceum, LasR: Pseudomonas 

aeruginosa and SdiA: Escherichia coli) revealed that a good number of the amino acid 

residues in SdiA of K. pneumoniae were conserved (conserved areas indicated with 

asterisk*) (Appendix 3.1). Furthermore, analysis of the conserved domains of SdiA 

showed that it contains an autoinducer binding domain (24–156), a helix-turn-helix Lux 

regulon (180–234), C-terminal DNA-binding domain of LuxR-like proteins (180–235), 

DNA binding transcriptional regulator (180-240), DNA binding response regulator 

(175-240) and other domain hits (Appendix 3.2). 

 

3.3.4  Analysis of the binding pocket of SdiA 

CASTp 3.0 predicted a binding pocket of SdiA with an area of 555.759 Å2 and a volume 

of 365.829 Å3. The amino acid residues lining the binding pocket were Ser43, Cys45, 

Arg54, Pro55, Lys56, Val57, Phe59, Thr61, Tyr63, Trp67, Val68, Tyr70, Tyr71, Gln72, 

Asn75, Phe76, Leu77, Asp80, Val82, Leu83, Met94, Trp95, Asn96, Asp97, Phe100, 

Leu106, Trp107, Ala109, Ala110, Arg111, His113, Leu115, Arg116, Arg117, Gly118, 

Phe132, Ser134 (Table 3.3). 
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Table 3.3:  Active site prediction of modelled SdiA protein through CASTp 

(A) 

Name of the protein Surface area (Å2) Volume (Å3) 

Regulatory protein SdiA 555.759 365.829 

(B) 

 

(C) Amino acids located at the active site: 
Ser43, Cys45, Arg54, Pro55, Lys56, Val57, 
Phe59, Thr61, Tyr63, Trp67, Val68, Tyr70, 

Tyr71, Gln72, Asn75, Phe76, Leu77, Asp80, 
Val82, Leu83, Met94, Trp95, Asn96, Asp97, 
Phe100, Leu106, Trp107, Ala109, Ala110, 
Arg111, His113, Leu115, Arg116, Arg117, 

Gly118, Phe132, Ser134 

Key: (A) Area and volume of the active site; (B) 3D structure of the active site; (C) Amino acids located 

at the active site. 

 

3.3.5 Molecular docking of selected terpenes and flavonoids against SdiA 

protein  

In silico, MD was carried out on 31 compounds from natural sources which included 

the terpenes, flavonoids and other classes of compounds against the modelled SdiA 

protein. The binding affinities of all 31 compounds are presented in Table 3.4, 

alongside their chemical structures, class of compounds, molecular formula, 

molecular weight and hydrophobic interactions.
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Table 3.4: Docking results of 31 selected compounds against the SdiA receptor protein of K. pneumoniae 

Compound name Chemical structure Class Molecular 

formula 
Molecular 

weight (g/mol) 
Docking score 

(Kcal/mol) 
Hydrophobic interactions 

Glycitein 

 

Flavonoids C16H12O5 

 
284.26 -9.752 Ala110, Trp95, Leu115, 

Tyr63, Cys45, Tyr71, Leu83, 

Val82, Pro81, Leu106, 

Trp107, Phe100 
Phloretin 

 

Flavonoids C15H14O5 274.27 -9.722 Leu115, Leu106, Ala109, 

Ala110. Tyr63, Phe76, Leu77, 

Phe59, Val57, Leu83, Cys45, 

Tyr71, Tyr70, Val68, Trp67 

Quercetin 

 

Flavonoids C15H10O7 302,236 -9.290 Ala109, Ala110, Leu106, 

Phe76, Trp67, Val68, Tyr70, 

Tyr71, Phe59, Tyr63, Cys45 

3,7,11,15-

Tetramethyl-2-

hexadecen-1-OL 

(phytol) 

 

 

Terpenes C10H16 296.5 -9.205 Leu115, Ala110, Ala109, 

Leu106, Tyr63, Phe59, Ala58, 

Val57, Cys45, Leu77, Leu83, 

Phe76, Tyr71, Tyr70, Val68, 

Trp67 
6,10,14-

Trimethylpentadecan-

2-one 

 

 

Sesquiterpenoids C18H36O 268.5 -8.977 

 
Trp67, Val68, Tyr70, Tyr71, 

Tyr63, Phe59, Val57, Cys45, 

Leu106, Ala109, Leu83, 

Leu77, Ala110, Phe76, 

Leu115 
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Table 3.4 (Cont’d): Docking results of 31 selected compounds against the SdiA receptor protein of K. pneumoniae 

Compound name Chemical structure Class Molecular 

formula 
Molecular 

weight (g/mol) 
Docking score 

(Kcal/mol) 
Hydrophobic interactions 

Fisetin 

 

Flavonoids C15H10O6 286.24 -8.364 Ala110, Trp107, Leu106, 

Phe100, Leu115, Trp95, 

Tyr63, Tyr71, Leu83, Val82, 

Pro81, Phe100, Leu106, 

Trp107 

Genistin 

 

Flavonoids C21H20O10 432.4 -8.337 Phe100, Trp95, Met94, 

Ala100, Val82, Trp107, 

Leu106, Tyr63, Tyr71, 

Leu115 

Apigenin  

 

Flavonoids C15H10O5 270,0528 -8.222 Ala110, Ala109, Leu106, 

Phe76, Tyr63, Phe59, Cys45, 

Tyr71, Tyr70, Val68, Trp67 

Beta-pinene 

 
 

Terpenes C10H16 136,23 -7.473 Leu115, Ala110. Ala109, 

Leu106, Phe76, Tyr63, Tyr71, 

Tyr70, Val68, Trp67 

Alpha-pinene 

 

Terpenes C10H16 136,23 -7.343 Ala109, Ala110, Leu106, 

Phe76, Tyr63, Tyr71, Tyr70, 

Val68, Trp67, Leu115 
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Table 3.4 (Cont’d): Docking results of 31 selected compounds against the SdiA receptor protein of K. pneumoniae 

Compound name Chemical structure Class Molecular 

formula 
Molecular 

weight (g/mol) 
Docking score 

(Kcal/mol) 
Hydrophobic interactions 

P-cymene 

 

Terpenes C10H14 134,22 -7.277 Ala110, Ala109, Leu106, 

Tyr71, Tyr70, Val68, Trp67, 

Tyr63, Phe76, Trp95, Leu115 

Alpha-terpinene 

 

Terpenes C10H16 136.23 -7.245 Leu115, Ala110, Ala109, 

Leu106, Tyr71, Tyr70, Phe76, 

Val68, Trp67, Tyr63, Trp95 

Isoterpinolene 

 

Terpenes C10H16 136.23 -7.235 Tyr71, Tyr70, Val68, Trp67, 

Ala110, Ala109, Phe76, 

Leu106, Leu115, Tyr63 

3-Carene 

 

Terpenes C10H16 136.23 -7.226 Ala110, Ala109, Leu106, 

Phe76, Tyr71, Tyr70, Val68, 

Trp67, Tyr63, Leu115 

Sabinene 

 

 

 

 

 
 

Terpenes C10H16 136.23 -7.209 Leu115, Ala110, Ala109, 

Trp67, Val68, Leu106, Tyr70, 

Tyr71, Phe76, Tyr63 
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Table 3.4 (Cont’d): Docking results of 31 selected compounds against the SdiA receptor protein of K. pneumoniae 

Compound name Chemical structure Class Molecular 

formula 
Molecular 

weight (g/mol) 
Docking score 

(Kcal/mol) 
Hydrophobic interactions 

Octadecane  

 

Alkanes C18H38 254.494 -7.179 Leu77, Phe76, Leu106, 

Ala109, Ala110, Leu115, 

Leu77, Phe76, Trp67, Val68, 

Tyr70, Tyr71, Tyr63, Phe59, 

Val57, Cys45, Leu83 
Camphene 

 

Terpenes C10H16 136.24 -7.039 Ala110, Ala109, Leu106, 

Tyr71, Tyr70, Val68, Trp67, 

Phe76, Leu115, Tyr63 

Baicalein 

 

Flavonoids C15H10O5 270.24 -6.996 Ala110, Phe100, Trp107, 

Leu106, Val82, Trp95, Tyr63, 

Leu115 

Daidzein 

 

Flavonoids C15H10O4 254.24 -6.969 Leu115, Ala110, Trp95, 

Trp107, Leu106, Phe100, 

Val82, Leu83, Cys45, Tyr71, 

Tyr63 

Acetic acid, 

[(trimethylsilyl)thio]-, 

trimethylsilyl ester 

 

Carboxylic acid C8H20O2S

Si2 
132.233 -6.896 

 

Ala110, Ala109, Leu106, 

Phe76, Leu77, Leu83, Phe59, 

Tyr63, Tyr71, Cys45, Tyr70, 

Val68, Trp67, Leu115 

Terpinolene 

 

Terpenes C10H16 136,23 -6.812 Ala110, Ala109, Leu106, 

Phe76, Leu115, Trp67, 

Val68, Tyr70, Tyr71, Tyr63 
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Table 3.4 (Cont’d): Docking results of 31 selected compounds against the SdiA receptor protein of K. pneumoniae 

Compound name Chemical structure Class Molecular 

formula 
Molecular 

weight (g/mol) 
Docking score 

(Kcal/mol) 
Hydrophobic interaction 

Carvacrol 

 

Terpenes C10H14O 150.22 -6.633 Phe76, Ala110, Ala109, 

Leu106, Trp67, Val68, Tyr70, 

Tyr71, Tyr63, Leu115 

Limonene 

 

Terpenes C10H16 136.23 -6.633 Tyr63, Ala110, Ala109, 

Leu106, Phe76, Tyr71, Tyr70, 

Val68, Trp67 

Longifone 

 

Terpenes C10H17ClO

2 
204.69 -6.301 Phe76, Ala110, Ala109, 

Leu106, Trp67, Val68, Tyr70, 

Tyr71, Trp95, Tyr63, Leu115 

Ipsdienone 

 

Terpenes C10H14O 150.22 -6.237 Leu106, Ala109, Ala110, 

Phe76, Leu115, Tyr71, Tyr70, 

Val68, Trp67, Pro64, Tyr63 
Myrcene 

 

Terpenes C10H16 136,23 -5.768 Leu115, Tyr63, Pro64, Trp67, 

Val68, Tyr70, Tyr71, Phe76, 

Leu106, Ala110, Ala109 
Ascaridole 

 

Terpenes C10H16O2 168.23 -5.385 Trp95, Trp67, Val68, Tyr70, 

Tyr71, Leu115, Ala110, 

Ala109, Leu106, Tyr63 
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Table 3.4 (Cont’d): Docking results of 31 selected compounds against the SdiA receptor protein of K. pneumoniae 

Compound name Chemical structure Class Molecular 

formula 
Molecular 

weight 

(g/mol) 

Docking score 

(Kcal/mol) 
Hydrophobic interactions 

5-Hydroxylysine 

 

L-alpha amino 

acid 
C6H14N2O3 162,187 -5.098 Leu115, Ala110, Tyr63, 

Phe59, Leu83, Cys45, Tyr71, 

Val68, Trp67, Phe76, Leu106 

Nonanal 

 

Aldehydes C9H18O 142,2386 -4.879 

 

Leu106, Ala109, Ala110, 

Leu115, Trp67, Val68, 

Phe76, Tyr70, Tyr71, Phe59, 

Tyr63 
1-Octanol 

 
Fatty alcohols C8H18O or 

CH3(CH2)6

CH2OH 

130,23 -4.676 Tyr71, Tyr70, Trp67, Trp95, 

Tyr63, Trp67, Leu115, 

Ala110, Ala109, Leu106, 

Phe76 

Reference compound 
Furanosylborate 

diester (AI-2 

molecule) 

 

Borates C5H10BO7 192.940 -6.081 Leu115, Ala110, Trp107, 

Leu106, Phe100, Trp95 
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However, Table 3.5 focused on the MD results of the modelled SdiA protein against 

selected terpenes and flavonoids alongside their root mean square deviation and 

fluctuations, binding free energies and conformation to Lipinski’s rules for drug-

likeness. The results of the docking analysis allowed for the determination of the best 

binding modes. In particular, terpenes showed good potential as bioactive antagonists 

or as quorum sensing inhibitors (QSIs) in K. pneumoniae SdiA (4LFU) protein.  

Based on the findings, terpenes possess high docking scores (Table 3.5) with a 

maximum score of -9.205kcal/mol achieved by 3,7,11,15-tetramethyl-2-hexadecen-1-

ol (phytol) comparable to the scores obtained for SdiA native ligand (AI-2 furanosyl 

borate diester) with a docking score of -6.081kcal/mol. In addition to 3,7,11,15-

tetramethyl-2-hexadecen-1-ol (phytol), eight (8) other terpenes: beta-pinene, alpha-

pinene, 3-carene, sabinene, camphene, alpha-terpinene, p-cymene and 

isoterpinolene showed good docking scores between -7.473 kcal/mol and -7.039 

kcal/mol (Table 3.5). These values (> -7 kcal/mol) were comparable to the obtained 

score of the AI-2 furanosyl borate diester (-6.081kcal/mol), hence, they are regarded 

as terpenes showing good docking scores.  

Flavonoids such as glycitein, phloretin, fisetin, genistin, apigenin, baicalein, daidzein 

and quercetin against the active site of SdiA protein in K. pneumoniae demonstrated 

improved binding affinities and possessed high docking scores (Table 3.5). The 

maximum score of -9.752 kcal/mol was achieved by glycitein, which was slightly 

higher than quercetin (-9.290kcal/mol), a known QSI reference compound (Table 3.5).  
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Table 3.5: Molecular docking scores, root mean square deviation and fluctuations, binding free energy and drug-likeness prediction of best-

docked terpenes and flavonoids 

Compound name Chemical structure Molecular 
weight 

Docking score 
(kcal/mol) 

RMSD 
score (Å) 

RMSF score 
(Å) 

Binding energy 
(kcal/mol) 

Drug likeness 
(Lipinski rule) 

Glycitein (F) 

 

284.26 -9.752 2.23 2.85 - 30.3714 Yes; 0 violation 

Phloretin (F) 

 

274.27 -9.722 1.96 1.59 -28.8415 Yes; 0 violation 

Quercetin (F) 

 

302,236 -9.290 1.57 1.08 -37.1247 Yes; 0 violation 

3,7,11,15-
Tetramethyl-2-
hexadecen-1-ol 

(phytol) (T) 

 

 

296.5 -9.205 1.54 1.78 -44.2625 Yes; 1 violation: 
MLOGP>4.15 

Fisetin (F) 

 

286.24 -8.364 1.71 2.09 -33.4770 Yes; 0 violation 

Genistin (F) 

 

432.4 -8.337 1.44 1.35 -68.1393 Yes; 1 violation: 
NH or OH>5 
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Table 3.5 (Cont’d): Molecular docking scores, root mean square deviation and fluctuations, binding free energy and drug-likeness prediction of 

best-docked terpenes and flavonoids 

Compound name Chemical structure Molecular 
weight 

Docking score 
(kcal/mol) 

RMSD 
score (Å) 

RMSF score 
(Å) 

Binding energy 
(kcal/mol) 

Drug likeness 
(Lipinski rule) 

Apigenin (F) 

 

270,0528 -8.222 2.14 1.83 -40.9094 Yes; 0 violation 

Beta-pinene (T) 

 

136,23 -7.473 2.58 3.23 -21.4366 Yes; 1 violation: 
MLOGP>4.15 

Alpha-pinene (T) 

  

136,23 -7.343 2.14 1.40 -19.1913 Yes; 1 violation: 
MLOGP>4.15 

P-cymene (T) 

 

134,22 -7.277 2.21 1.92 -16.6186 Yes; 1 violation: 
MLOGP>4.15 

Alpha-terpinene (T) 

 

136.23 -7.245 1.73 1.39 -19.2618 Yes; 0 violation 

Isoterpinolene (T) 

  

136.23 -7.235 1.61 2.10 -18.8961 Yes; 0 violation 

3-Carene (T) 

 

136.23 -7.226 2.09 1.53 -19.2745 Yes; 1 violation: 
MLOGP>4.15 
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Table 3.5 (Cont’d): Molecular docking scores, root mean square deviation and fluctuations, binding free energy and drug-likeness prediction of 

best-docked terpenes and flavonoids 

Compound name Chemical structure Molecular 
weight 

Docking score 
(kcal/mol) 

RMSD 
score (Å) 

RMSF score 
(Å) 

Binding energy 
(kcal/mol) 

Drug likeness 
(Lipinski rule) 

Sabinene (T) 

 

136.23 -7.209 1.48 1.17 -19.3283 Yes; 1 violation: 
MLOGP>4.15 

Camphene (T) 

 

136.24 -7.039 1.86 3.74 -19.8651 Yes; 1 violation: 
MLOGP>4.15 

Biacalein (F) 

 

270.24 -6.996 1.54 1.56 -39.1342 Yes; 0 violation 

Daidzein (F) 

 

254.24 -6.969 1.69 2.05 -32.7409 Yes; 0 violation 

Key: T= Terpene; F= Flavonoid 
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The interaction networks between the SdiA protein and the terpenes (Figure 3.4) 

revealed that phytol (3,7,11,15-tetramethyl-2-hexadecen-1-ol) had sixteen hydrophobic 

interactions and formed hydrogen bonds with Val57 (Figure 3.4A). Whereas beta-pinene 

formed a polar interaction with HIS 113 and ten hydrophobic interactions (Figure 3.4B). 

Alpha pinene compound formed a polar interaction with HIS 113 and ten hydrophobic 

interactions (Figure 4C) while 3-Carene formed ten hydrophobic interactions (Figure 

4D). Sabinene also formed polar interaction with HIS 113 (Figure 3.4E). Hydrophobic 

interactions were also observed in camphene, alpha-terpinene, p-cymene and 

isoterpinolene as shown in Figure 3.4. The native ligand, AI 2 furanosyl borate diester 

bound to the active site with hydrogen bonding to amino acids Arg111, Leu115, Arg116 

and polar interaction with Asn96, Ser136 (Figure 3.4J). 

Docked flavonoid compounds against SdiA protein with respective interactions were as 

detailed in Figure 3.5. Glycitein had twelve hydrophobic interactions, hydrogen-bonded 

with Ser43 and a pi-pi stacking with Trp95 (Figure 3.5A) whereas phloretin formed 

hydrogen bonds with PG4 302 and H2O, a pi-pi stacking with Tyr71 and Phe59 and 

fifteen hydrophobic interactions (Figure 3.5B). Fisetin compound was also shown to form 

hydrogen bonds with Asp80 and Ser13 as well as fourteen hydrophobic interactions 

(Figure 3.5C) while genistin also formed hydrogen bonds with Asp97 and Trp 95 with 

ten hydrophobic interactions (Figure 3.5D). Apigenin had eleven hydrophobic 

interactions (Fig 3.2E) while baicalein had eight hydrophobic interactions, a pi-pi 

stacking with Trp95, a hydrogen bond with Asp97 and a salt bridge with Arg111 (Figure 

3.5F). Daidzein formed a hydrogen bond with Ser43, pi-pi stacking with Trp95 and 

eleven hydrophobic interactions (Figure 3.5G). Quercetin was shown to actively bind to 

the protein, forming hydrogen bonds with Trp57, and polar interactions with Gln72, Thr61 

and Ser43 (Figure 3.5H). 
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Figure 3.4: Interaction network between SdiA protein and terpenes showing good docking scores. The 

protein residues with a negative charge are shown in red, positive charge in velvet, polar in cyan, and 

hydrophobic in parrot green. The H-bond interactions are shown as a purple arrow, and pi-pi stacking 

as a green line. (A) 3,7,11,15-tetramethyl-2-hexadecen-1-ol (phytol) (B) beta-pinene (C) alpha-pinene 

(D) 3-carene (E) sabinene (F) camphene. 
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Figure 3.4 (Cont’d): Interaction network between SdiA protein and terpenes showing good docking 

scores. The protein residues with a negative charge are shown in red, positive charge in velvet, polar 

in cyan, and hydrophobic in parrot green. The H-bond interactions are shown as a purple arrow, and 

pi-pi stacking as a green line. (G) alpha-terpinene (H) p-cymene (I) isoterpinolene (J) furanosylborate 

diester (AI-2 molecule).
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Figure 3.5: Interaction network between SdiA protein and flavonoids showing good docking scores. 

The protein residues with a negative charge are shown in red, positive charge in velvet, polar in cyan, 

and hydrophobic in parrot green. The H-bond interactions are shown as a purple arrow, and pi-pi 

stacking as a green line. (A) Glycitein (B) Phloretin (C) Fisetin (D) Genistin (E) Apigenin (F) Baicalein. 
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Figure 3.5 (Cont’d): Interaction network between SdiA protein and flavonoids showing good docking 

scores. The protein residues with a negative charge are shown in red, positive charge in velvet, polar 

in cyan, and hydrophobic in parrot green. The H-bond interactions are shown as a purple arrow, and 

pi-pi stacking as a green line. (G) Daidzein (H) Quercetin. 

G H 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



119 
 

3.3.6 Dynamic conformational stability and fluctuations of the studied terpenes 

and flavonoid compounds  

Further analysis of interactions of terpenes and flavonoids and MDSs were conducted 

to investigate their respective inhibitory performance on SdiA. Through validation of 

the system's stability, disrupted motions were deduced and artifacts that may arise 

during the simulation were avoided. In this study, root-mean-square deviation (RMSD) 

calculated to measure the systems’ stability during the 100ns simulations (Figure 3.6) 

were recorded as average RMSD values (Table 3.5).  

For all frames of SdiA bonded terpene compounds systems, alpha-pinene, alpha-

terpinene, beta-pinene, camphene, 3-carene, isoterpinolene, p-cymene, 3,7,11,15-

tetramethyl-2-hexadecen-1-ol (phytol), sabinene and the unbound SdiA (Apo) 

revealed RMSD values of 2.14 Å, 1.73 Å, 2.58 Å, 1.86 Å, 2.09 Å, 1.61 Å, 2.21 Å, 1.54 

Å, 1.48 Å, and 2.50 Å, respectively. The comparative C-α RMSD plots showing the 

degree of stability and convergence of the studied systems over the 100ns MDS time 

are shown in Figure 3.6A.  

On the other hand, the recorded average RMSD values for all frames of SdiA bonded 

flavonoids which include apigenin, biacalein, diadzein, fisetin, genistin, glycitein, 

phloretin, quercetin and unbound SdiA (Apo) were 2.14 Å, 1.54 Å, 1.69 Å, 1.71 Å, 1.44 

Å, 2.23 Å, 1.96 Å, 1.57 Å, and 2.50 Å respectively (Table 3.5). The comparative C-α 

RMSD plots showing the degree of stability and convergence of the studied systems 

over the 100ns MDS time are shown in Figure 3.6B. 
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Figure 3.6: Comparative C-α RMSD plots showing the degree of stability and convergence of the studied terpene compounds (A) and flavonoids (B) over the 

100ns molecular dynamics simulation time. 
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The time evolution root-mean-square fluctuation (RMSF) of each residue, indicative of 

the differences in fluctuations of conformational changes of the protein Cα atom over 

100ns for the studied systems (selected terpenes and flavonoids) were superposed on 

the crystal structures of the studied systems (Figure 3.7).  

The evolution of protein structure flexibility upon ligand binding often probes residue 

performance and their association with the ligand during MDS. The complexes’ (SdiA 

bonded terpenes and flavonoids) residual fluctuations were evaluated using the RMSF 

algorithm to assess the effect of inhibitor binding towards the respective targets over 

100ns simulations. The computed average atomic fluctuation of the terpenes which 

include alpha-pinene, alpha-terpinene, beta-pinene, camphene, 3-carene, 

isoterpinolene, p-cymene, 3,7,11,15-tetramethyl-2-hexadecen-1-ol (phytol), sabinene 

and the unbound SdiA (Apo) were 1.40 Å, 1.39 Å, 3.23 Å, 3.74 Å, 1.53 Å, 2.10 Å, 1.92 

Å, 1.78 Å, 1.17 Å and 1.87 Å respectively (Table 3.5, Figure 3.7A). However, the average 

atomic fluctuations of the flavonoids were also computed which revealed RMSF values 

for apigenin, biacalein, diadzein, fisetin, genistin, glycitein, phloretin, quercetin and 

unbound SdiA (Apo) as 1.83 Å, 1.56 Å, 2.05 Å, 2.09 Å, 1.35 Å, 2.85 Å, 1.59 Å, 1.08 Å, 

and 1.87 respectively (Table 3.5, Figure 3.7B).
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Figure 3.7: The time evolution RMSF of each residue of the protein Cα atom over 100ns for the studied flavonoids (A) and terpenes (B) superposed on the 

crystal structures of the studied systems to show differences in fluctuations and conformational changes. Comparative Cα RMSF plot showing the degree of 

major flexibility of certain loops and helixes at the highest fluctuation during the simulation.
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3.3.7 Binding free energy landscape of SdiA bonded terpene and flavonoid 

compounds  

The binding free energy of the studied SdiA bonded terpenes ranged from -

16.6186kcal/mol to as high as -44.2625kcal/mol (Table 3.5). Results revealed that 

3,7,11,15-tetramethyl-2-hexadecen-1-ol (phytol) had the highest binding energy of -

44.2625kcal/mol while the least binding energy was observed in p-cymene (-

16.6186kcal/mol) (Table 3.5). For the SdiA-bound flavonoids, their binding free energy 

ranged from -28.8415kcal/mol to -68.1393kcal/mol. Genistin showed the highest 

binding energy of -68.1393kcal/mol while the least binding energy was observed in 

phloretin (-28.8415kcal/mol) (Table 3.5).  

Results of MM/GBSA-based binding free energy profile of SdiA bonded terpenes and 

flavonoids revealing other energy components (electrostatic energy, van der Waals 

energy, solvation free energy and gas-phase free energy) are shown in Table 3.6. 
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Table 3.6: MM/GBSA-based binding free energy profile of SdiA bonded terpenes and flavonoids 

S/N Terpenes Energy components (kcal/mol) Flavonoids Energy components (kcal/mol) 

𝚫𝐄𝐯𝐝𝐰 𝚫𝐄𝐞𝐥𝐞 𝚫𝐆𝐠𝐚𝐬 𝚫𝐆𝐬𝐨𝐥 𝚫𝐆𝐛𝐢𝐧𝐝 𝚫𝐄𝐯𝐝𝐰 𝚫𝐄𝐞𝐥𝐞 𝚫𝐆𝐠𝐚𝐬 𝚫𝐆𝐬𝐨𝐥 𝚫𝐆𝐛𝐢𝐧𝐝 

1 P-cymene -24.7764 0.6310 -24.1454 5.7552 -18.3902 Fisetin -23.8535 

 

-22.5346 

 

-46.3881 

 

24.1463 

 

-22.2418 

 

2 3,7,11,15-
Tetramethyl-2-
hexadecen-1-

OL (phytol) 

-48.8645 

 

-4.6792 

 

-53.5437 

 

10.2756 

 

-43.2680 

 

Genistin -24.8153 

 

-34.2254 

 

-59.0407 

 

36.5112 

 

-22.5295 

 

3 Alpha-pinene -24.8209 0.0145 -24.8064 4.4408 -20.3656 Diadzein -28.5005 -14.3454 -42.8459 18.0030 -24.8429 

4 Alpha-terpinene -25.1307 0.5571 -24.5736 4.5242 -20.0495 Quercetin -42.3552 -12.2763 -54.6315 22.4873 -32.1442 

5 3 - Carene -23.7216 -1.0117 -24.7333 4.8996 -19.8336 Glycitein -31.2432 -19.8918 -51.1351 24.2802 -26.8549 

6 Camphene -22.5031 -22.5031 -22.9386 4.7237 -18.2148 Phloretin -37.0394 -21.3957 -58.4350 26.5341 -31.9010 

7 Sabinene -6.6711 -0.0279 -6.6990 1.8893 -4.8097 Apigenin -22.7803 -11.3078 -34.0881 15.0348 -19.0533 

8 Beta-pinene -13.1169 -0.3701 -13.4871 3.1648 -10.3223 Biacalein -30.0588 -33.4847 -63.5436 29.2440 -34.2996 

9 Isoterpinolene -24.5669 -0.2579 -24.8248 5.1453 -19.6795       

All energies are in kcal/mol. 
ΔEele = electrostatic energy; ΔEvdW = van der Waals energy; ΔGbind = total binding free energy; ΔGsol = solvation free energy ΔG = gas phase free energy
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3.3.8 Validation of drug-likeness properties of the studied terpenes and 

flavonoids 

The drug-likeness properties of the studied compounds revealed information on their 

physicochemical properties, lipophilicity, water solubility, pharmacokinetics and 

medicinal chemistry. All the studied terpenes were shown to have 10 heavy atoms 

(except phytol which had 21), 0 aromatic heavy atoms (except p-cymene which had 

6) and Csp3 fractions of 0.80 (Table 3.7). The compounds, except for phytol (with 

higher values) had 0 number of H-bond acceptors and donors with molar refractivity ≥ 

45.22 and TPSA of 0 Å2. On the other hand, flavonoids had heavy atoms and heavy 

aromatic atoms > 10 with a higher number of hydrogen-bond acceptors and donors, 

Molar refractivity and TPSA≥ 4, 73 and 70Å2 respectively. Additionally, the terpenes 

had low gastrointestinal (GI) absorption and can permeate the blood-brain barrier 

(BBB), except phytol with Log KP≥ 4.0 cm/s although phytol and α-pinene had values 

of -2.29 cm/s and -3.95 cm/s respectively (Table 3.7). Also, the terpenes had zero alert 

PAINS with zero or one alert brenk and synthetic availabilities of ≥ 1.00. In the case of 

flavonoids, the compounds fisetin, baicalein and quercetin had 1 alert PAINS and 

brenk with catechol A. Other compounds showed zero alert PAINS and zero alert 

brenk respectively (Table 3.7). In addition, the consensus Log Po/w of the terpenes 

was predicted to be ≥ 3.0 with phytol having 6.21 while the flavonoids had a value 

ranging from 0.42- 2.3 (Table 3.7).  

Furthermore, Table 3.8 revealed the different solubility classes of the tested 

compounds where the compounds were classified as either insoluble, poorly soluble, 

moderately soluble, soluble, very soluble or highly soluble. For Log S (Esol and 

SILICOS-IT), all the terpenes appeared to be soluble in water except phytol which 

showed moderate solubility. In the case of Log S (Ali), α-pinene and 3-carene revealed 

moderate solubility while poor solubility was predicted for phytol. For the flavonoids, 

all the compounds were soluble (except baicalein) by the Log S (Esol) parameter while 

baicalein, apigenin, genistin, glycitein and daidzein compounds showed moderate 

solubility for Log S (Ali and SILICOS-IT) (Table 3.8). 
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Table 3.7: Drug likeness properties of studied terpenes and flavonoids 
 
Compounds Physico-chemical properties Lipophili

city 
Water Solubility Pharmacokinetics Medicinal Chemistry 

No. 
heavy 
atoms 

No. 
rotatable 

bonds 

No. H-
bond 

acceptor
s 

No. H-
bond 

donors 

Molar 
Refra
ctivity 

TPSA 
(Å2) 

Consensu
s Log 
Po/w 

Log S 
(ESOL) 

Class GI 
absorp

tion 

BBB 
permeation 

Log Kp 
(Skin 

permeation) 
(cm/s) 

PAINS Brenk 

 Phytol 21 13 1 1 98.94 20.23 6.21 -5.98 Moderat
ely 

soluble 

Low No -2.29 0 alert 1 alert: 
isolated_alkene 

Beta-pinene 10 0 0 0 45.22 0.00 3.44 -3.31 Soluble Low Yes -4.18 0 alert 1 alert: 
isolated_alkene 

Alpha-pinene 10 0 0 0 45.22 0.00 3.42 -3.51 Soluble Low Yes -3.95 0 alert 1 alert: 
isolated_alkene 

P-cymene 10 1 0 0 45.99 0.00 3.50 -3.63 Soluble Low Yes -4.21 0 alert 0 alert 

Alpha-
terpinene 

10 1 0 0 47.12 0.00 3.30- -3.30 Soluble Low Yes -4.11 0 alert 0 alert 

Isoterpinolene 10 0 0 0 47.12 0.00 3.09 -2.90 Soluble Low Yes -4.64 0 alert 0 alert 

3-Carene 10 0 0 0 45.22 0.00 3.42 -3.44 Soluble Low Yes -4.02 0 alert 1 alert: 
isolated_alkene 

Sabinene 10 1 0 0 45.22 0.00 3.25 -2.57 Soluble Low Yes -4.94 0 alert 1 alert: 
isolated_alkene 

Camphene 10 0 0 0 45.22 0.00 3.43 -3.34 Soluble Low Yes -4.13 0 alert 1 alert: 
isolated_alkene 

Glycitein 21 2 4 2 78.46 79.90 2.30 -3.57 Soluble High No -6.30 0 alert 0 alert 

Phloretin 20 4 5 4 74.02 97.99 1.93 -3.38 Soluble High No -6.11 0 alert 0 alert 

Fisetin 21 1 6 4 76.01 111.1
3 

1.55 -3.35 Soluble High No -6,65 1 alert: 
catecho

l_A 

1 alert: 
catechol_A 

Genistin 31 4 10 6 106.1
1 

170.0
5 

0.42 -3.18 Soluble Low No -8.33 0 alert 0 alert 

Apigenin 20 1 5 3 73.99 90.90 2.11 -3.94 Soluble High No -5.80 0 alert 0 alert 
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Table 3.7 (Cont’d): Drug likeness properties of studied terpenes and flavonoids 
 
Compounds Physico-chemical properties Lipophili

city 
Water Solubility Pharmacokinetics Medicinal Chemistry 

No. 
heavy 
atoms 

No. 
rotatable 

bonds 

No. H-
bond 

acceptor
s 

No. H-
bond 

donors 

Molar 
Refra
ctivity 

TPSA 
(Å2) 

Consensu
s Log 
Po/w 

Log S 
(ESOL) 

Class GI 
absorp

tion 

BBB 
permeation 

Log Kp 
(Skin 

permeation) 
(cm/s) 

PAINS Brenk 

Baicalein 20 1 5 3 73.99 90.90 2.24 -4.03 Moderat
ely 

soluble 

High No -5.70 1 alert: 
catecho

l_A 

1 alert: 
catechol_A 

Daidzein 19 1 4 2 71.97 70.67 2.24 -3.53 Soluble High Yes -6.10 0 alert 0 alert 

Quercetin 22 1 7 5 78.03 131.3
6 

1.23 -3.16 Soluble High No -7.05 1 alert: 
catecho

l_A 

1 alert: 
catechol_A 

Furanosylborat
ediester 

13 0 7 4 37.77 108.6
1 

-2-32 0.48 Highly 
soluble 

Low No -9.18 0 alert 1 alert: 
heavy_metal 
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Table 3.8: Water Solubility 

Compounds Log S 
(ESOL) 

Solubility 

(mg/mL) 

Class Log S 
(Ali) 

Solubility 

(mg/mL) 

Class Log S 
(SILICOS-

IT) 

Solubility 

(mg/mL) 

Class 

3,7,11,15-Tetramethyl-
2-hexadecen-1-

OL(Phytol) 

-5.98 3.10e-04 Moderately 
soluble 

-8.47 9.94e-07 Poorly soluble -5.51 9.06e-04 Moderately 
soluble 

Beta-pinene -3.31 6.74e-02 soluble -3.87 1.85e-02 Soluble - 2.48 4.55e-01 soluble 

Alpha-pinene -3.51 4.24e-02 soluble -4.20 8.59e-03 Moderately 
soluble 

-2.23 8.06e-01 soluble 

P-cymene -3.63 3.12e-02 soluble -3.81 2.10e-02 Soluble -3.57 3.58e-02 soluble 

Alpha-terpinene -3.30 6.89e-02 soluble -3.96 1.49e-02 Soluble -2.23 8.06e-01 soluble 

Isoterpinolene -2.90 1.73e-01 soluble -3.19 8.72e-02 Soluble -2.01 1.33e+00 soluble 

3-Carene -3.44 4.90e-02 soluble -4.10 1.09e-02 Moderately 
soluble 

-2.33 8.06e-01 soluble 

Sabinene -2.57 3.71e-01 soluble -2.76 2.38e-01 Soluble -2.48 2.38e-01 soluble 

Camphene -3.34 6.18e-02 soluble -3.93 1.60e-02 Soluble -2.48 4.55e-01 soluble 

Glycitein -3.57 7.63e-02 Soluble -3.76 4.93e-02 Soluble -5.10 2.25e-03 Moderately 
soluble 

Phloretin -3.38 1.15e-01 soluble -4.34 1.26e-02 Moderately 
soluble 

-3.37 1.16e-01 soluble 

Fisetin -3.35 1.27e-01 soluble -3.93 3.37e-02 Soluble -3.82 4.29e-02 soluble 

Genistin -3.18 2.85e-01 soluble -4.01 4.18e-02 Moderately 
soluble 

-2.69 8.77e-01 soluble 

Apigenin -3.94 3.07e-02 soluble -4.59 6.88e-03 Moderately 
soluble 

-4.40 1.07e-02 Moderately 
soluble 

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



129 
 

Table 3.8 (Cont’d): Water Solubility 

Compounds Log S 
(ESOL) 

Solubility 

(mg/mL) 

Class Log S 
(Ali) 

Solubility 

(mg/mL) 

Class Log S 
(SILICOS-

IT) 

Solubility 

(mg/mL) 

Class 

Baicalein -4.03 2.51e-02 Moderately 
soluble 

-4.74 4.93e-03 Moderately 
soluble 

-4.40 1.07e-02 Moderately 
soluble 

Daidzein -3.53 7.51e-02 Soluble -3.60 6.41e-02 Soluble -4.98 2.64e-03 Moderately 
soluble 

Quercetin -3.16 2.11e-01 Soluble -3.91 3.74e-02 Soluble -3.24 1.73e-01 Soluble 

Furanosylboratediester 0.48 5.77e+0
2 

Highly soluble 0.66 8.79e+02 Highly soluble 1.91 1.58e+04 Soluble 

Solubility class (Log S scale): Insoluble <-10 < Poorly <-6 < Moderately <-4 < Soluble < -2 Very < Highly. 
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Results of the conformation of the studied terpenes and flavonoids to other 

pharmacokinetic principles such as ghose filter, veber filter, egan filter and muegge filter 

are shown in Table 3.9. Besides phytol that disobeyed the Veber and Egan rule, all the 

terpenes obeyed the rules in addition to Lipinski's although they disobeyed the Ghose 

and Muegge rules. The flavonoids, on the other hand, obeyed all the rules except for 

genistin which violated the Veber, Egan and Muegge rules respectively. Overall, the 

bioavailability scores of both terpenes and flavonoids were found to be 0.55 F (Table 

3.9). 

 

Table 3.9: Conformation of studied terpenes and flavonoids to other pharmacokinetic rules 

Compounds Lipinski Ghose Veber Egan Muegge Bioavailab
ility score 

3,7,11,15-
Tetramethyl-
2-hexadecen-
1-OL(Phytol) 

Yes; 1 
violation: 

MLOGP>4.15 

No; 1 
violation: 

WLOGP>5.6 

No; 1 
violation: 

Rotors>10 

No; 1 
violation: 

WLOGP>5.88 

No; 2 
violations: 

XLOGP3>5, 
Heteroatoms<2 

0.55 

Beta-pinene Yes; 1 
violation: 

MLOGP>4.15 

No; 1 
violation: 
MW<160 

Yes Yes No; 2 
violations: 
MW<200, 

Heteroatoms<2 

0.55 

Alpha-pinene Yes; 1 
violation: 

MLOGP>4.15 

No; 1 
violation: 
MW<160 

Yes Yes No; 2 
violations: 
MW<200, 

Heteroatoms<2 

0.55 

P-cymene Yes; 1 
violation: 

MLOGP>4.15 

No; 1 
violation: 
MW<160 

Yes Yes No; 2 
violations: 
MW<200, 

Heteroatoms<2 

0.55 

Alpha-
terpinene 

Yes; 0 
violation 

No; 1 
violation: 
MW<160 

Yes Yes No; 2 
violations: 
MW<200, 

Heteroatoms<2 

0.55 

Isoterpinolene Yes; 0 
violation 

No; 1 
violation: 
MW<160 

Yes Yes No; 2 
violations: 
MW<200, 

Heteroatoms<2 

0.55 

3-Carene Yes; 1 
violation: 

MLOGP>4.15 

No; 1 
violation: 
MW<160 

Yes Yes No; 2 
violations: 
MW<200, 

Heteroatoms<2 

0.55 
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Table 3.9 (Cont’d): Conformation of studied terpenes and flavonoids to other 

pharmacokinetic rules 

Compounds Lipinski Ghose Veber Egan Muegge Bioavailabil
ity score 

Sabinene Yes; 1 
violation: 

MLOGP>4.
15 

No; 1 
violation

: 
MW<16

0 

Yes Yes No; 2 
violations: 
MW<200, 

Heteroatoms
<2 

0.55 

Camphene Yes; 1 
violation: 

MLOGP>4.
15 

No; 1 
violation

: 
MW<16

0 

Yes Yes No; 2 
violations: 
MW<200, 

Heteroatoms
<2 

0.55 

Glycitein Yes; 0 
violation 

Yes Yes Yes Yes 0.55 

Phloretin Yes; 0 
violation 

Yes Yes Yes Yes 0.55 

Fisetin 

 

Yes; 0 
violation 

Yes Yes Yes Yes 0.55 

Genistin Yes; 1 
violation: 

NHorOH>5 

Yes No; 1 
violation: 
TPSA>1

40 

No; 1 
violation: 
TPSA>13

1.6 

No; 2 
violations: 

TPSA>150, 
H-don>5 

0.55 

Apigenin Yes; 0 
violation 

Yes Yes Yes Yes 0.55 

Baicalein Yes; 0 
violation 

Yes Yes Yes Yes 0.55 

Daidzein Yes; 0 
violation 

Yes Yes Yes Yes 0.55 

Quercetin Yes; 0 
violation 

Yes Yes Yes Yes 0.55 

Furanosylboratedie
ster 

Yes; 0 
violation 

No; 2 
violation

s: 
WLOGP

<-0.4, 
MR<40 

Yes Yes No; 2 
violations: 
MW<200, 

XLOGP3<-2 

0.56 

Lipinski: Hydrogen bond donors ≤ 5, hydrogen bond acceptors ≤ 10, molecular weight ≤ 500, Log P 
(CLog P) ≤ 5, No of rotatable bonds ≤ 10. Ghose filter: 160 ≤ MW ≤ 480; -0.4 ≤WLOGP≤ 5.6, 40 ≤ MR 
≤ 130; 20 ≤ atoms ≤ 70. Veber: Rotatable bonds ≤ 10; TPSA: ≤ 140. Egan: WLOGP ≤ 5.88. TPSA: ≤ 
131.6. Muegge: 200 ≤ MW ≤ 600; -2 ≤ XLOGP ≤ 5; TPSA: ≤ 150, Num. rings ≤ 7; Num. carbon > 4; Num. 
heteroatoms > 1; Num. rotatable bonds ≤ 15; H-bond acc. ≤ 10; H-bond don. ≤ 5. 
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3.4 DISCUSSION 

K. pneumoniae was studied due to its ability to become progressively resistant to almost 

all classes of conventional antibiotics (Adeosun et al., 2022). For example, in a study 

conducted by Nirwati et al., (2019), K. pneumoniae clinical isolates revealed resistance 

to various antibiotics including ampicillin (97.90%), cefazolin (65.2%), ceftriaxone 

(56.64%), cefepime (56.34%), trimethoprim-sulfamethoxazole (53.13%), tobramycin 

(46.15%) among others, showing a 54.49% overall proportion of multidrug-resistant K. 

pneumoniae isolates. In another study by Ballen et al., (2021), 40.16% of K. 

pneumoniae isolated from clinical sources were identified as multi-drug resistant. As 

such, the highly resistant and virulent nature of this pathogen poses threat to global 

health, hence, the need to explore the potentials of bioactive compounds as alternative 

treatment remedies. This study explored new targets within the bacterial cell that could 

be modulated by bioactive compounds as potential therapeutic targets and inhibitors to 

attenuate mild to severe infections (Gorlenko et al., 2020). Since terpenes, commonly 

found in essential oils and flavonoids possess antimicrobial actions of bacteriostatic and 

bactericidal effects (Mahizan et al., 2019), they were explored to inhibit virulence factors 

in K. pneumoniae, which is often modulated by SdiA protein. Due to the unavailability 

of the crystal structure of the SdiA protein from K. pneumoniae in the structural 

databases, its 3D model was built using the Swiss model workspace and the quality of 

the built model was validated. Currently, in silico pharmacology paradigm is being 

explored as a result of its wide range of prospects which speeds up the identification of 

new targets and eventually result in the development of drugs with anticipated biological 

activity for these novel targets (Ekins et al., 2007). 

Virtual screening strategies such as MD and MDS are often employed for the prediction 

of the preferred binding orientation of ligands into receptors (Ramírez & Caballero, 

2018). These approaches provide quick insights into the specific targets and 

compounds that are likely to move from the laboratory to the clinic and eventually to the 

market as rapidly as possible given the amount of information that needs to be 

processed for drug discovery (Swaan & Ekins, 2005). 

MD is a technique in drug discovery which is useful in estimating the binding and fitting 

of two molecular structures. In addition, it reveals the molecular recognition pattern 

between the protein and ligands (Naqvi et al., 2019), hence, it was employed in this 
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study. Findings from this docking studies presented insightful interactions between the 

test phytocompounds and the SdiA receptor protein, implicated in the expression of 

virulence in K. pneumoniae. Ligand interactions were shown in Figures 3.4 and 3.5. 

Docking results confirmed nine (9) terpenes and eight (8) flavonoids as competitive 

inhibitors of virulence, vital in the development of therapeutic agents for the 

management of K. pneumoniae infections. Of the studied chemical groups, phytol (-

9.205 kcal/mol) and glycitein (-9.752 kcal/mol) had the best docking scores, displaying 

the highest binding affinity.  

The improved binding affinities can be attributed to the test compounds’ ability to fit well 

in the receptor’s pocket (Baloyi et al., 2021). Good docking scores observed for these 

compounds suggest that they are better QSIs which can be characterized by the 

presence of functional groups. The presence of methoxy and hydroxyl functional groups 

in the glycitein structure could have contributed to its good binding property, thereby 

making it a better QSI as per the criteria stated by Qin et al. (2020). The hydroxyl group 

is also found in phytol which consists of an oxygen atom covalently linked to a hydrogen 

atom. The link between oxygen and hydrogen is extremely polar due to the strong 

electronegativity of the oxygen atom (Swaan & Ekins, 2005). Resulting from this, water 

molecules are drawn to the hydroxyl group, generating hydrogen bonds which in turn 

improves the binding affinity (Chen et al., 2016). Oyewole et al. (2020) documented that 

“the higher the binding affinity as observed for phytol and genistin in this study, the more 

improved the inhibitory effect of the compound”. This presents them as the most potent 

of all the terpene and flavonoid compounds considered in this study.  

Good docking scores were also reported for apigenin (-8.222kcal/mol), quercetin (-

9.290 kcal/mol) and phloretin (-9.722kcal/mol) in this study. Congruent to the findings 

of this study, Vikram et al. (2010) have previously reported apigenin and quercetin as 

effective antagonists of QS, inhibiting virulence in other GNB such as Vibrio harveyi and 

Escherichia coli 0157:H7. The good docking scores observed for the tested terpenes 

and flavonoids imply that they have inhibitory actions that are linked to SdiA binding 

mechanisms. This also suggests that they may be physiologically active as well as 

highly efficient molecules, as they provide energy to promote the protein-ligand binding 

interaction (Gupta & Bajaj, 2018). The direct binding of virulence-associated proteins as 

observed in this study can be added as a potent therapeutic target of flavonoids, in 
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addition to the antibacterial mechanism of action, as also noted by  Donadio et al. 

(2021). 

Furthermore, the hydrogen bond interactions observed in some compounds like phytol 

against the SdiA protein were comparable to furanosyl borate diester (A1-2 molecule) 

which formed hydrogen bonds with Val57, Arg111, Leu115, and Arg116. Glycitein 

formed hydrogen bonds with Ser43, phloretin with PG4 302 and H2O, fisetin with Asp80 

and Ser13, genistin with Asp97 and Trp 95, baicalein with Asp97, daidzein with Ser43 

and quercetin with Trp57. According to Ahmed et al. (2020), the hydrogen bond 

between a protein and a ligand plays a significant role in their recognition and is often 

useful in investigating the stability, directionality, and specificity of polar interactions.  

Another vital virtual screening tool employed in this study is MDS. MDS helps to study 

the atomic movements of biological systems and to understand molecular interaction 

mechanisms (Naqvi et al., 2019). The RMSD and RMSF are the two most widely used 

metrics of structural fluctuations in MDS which provides insight into inter-atomic motions 

and stability of the protein-ligand complex (Kuzmanic & Zagrovic, 2010). 

RMSD is important for analysing time-dependent structural motions as well as 

determining the structure’s inability to drift away from the initial coordinates over time in 

simulations (Martínez, 2015). This study ascertained the overall conformational stability 

of SdiA protein upon binding to the test compounds by monitoring the RMSD, where the 

RMSD of the bound systems were measured relative to the unbound SdiA structure. 

Results revealed varying stability of the compounds with RMSD scores ranging between 

1.48 Å to 2.58 Å for terpenes and 1.44 Å to 2.50 Å for flavonoids (Table 3.5). Overall, 

all the bound compounds (terpenes and flavonoids) stabilized the SdiA conformation as 

evidenced by the estimated RMSD averages in the range of 1.44 Å to 2.58 Å for all 

bound systems in contrast to the unbound SdiA system after the 100ns simulation. 

Notably, sabinene and genistin had the lowest RMSD averages of 1.48Å and 1.44Å 

respectively for the terpenes and flavonoids, correlating to the compounds that enacted 

the most structural stability. In most structural studies, higher average RMSD correlates 

to a less stable structural conformation and vice versa as employed in various studies 

(Salifu et al., 2019;  Abdullahi et al., 2018). According to Ramírez & Caballero (2018), 

RMSD < 2.0 Å corresponds to good docking solutions. Moreover, RMSD scores 

between 2.0 and 3.0 Å may have deviated from the position of the reference, but they 
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keep the desired orientation. Corroborative to the set rules by Qin et al. (2020), none of 

the studied terpenes and flavonoids had RMSD score >3.0 Å. 

Furthermore, the displacement of a single atom, or a group of atoms, relative to the 

reference structure is measured by RMSF, which is averaged across the number of 

atoms (Farmer et al., 2017). RMSF was calculated in this study to elucidate the flexibility 

and motion of individual residues in the protein.  

The average deviation of the systems was monitored by the RMSF 

from a reference point over 100 ns. Findings revealed RMSF scores ranging from 1.08 

Å to 3.74 Å for the studied terpenes and flavonoids (Table 3.5). Overall, quercetin 

revealed the least RMSF score (1.08 Å), which corresponds with the RMSD to depict 

high stability. The good RMSF score observed may imply that the catalytic machinery 

in the SdiA active site was not altered by its binding (Martínez, 2015). 

The assessment of the flexibility of the studied compounds indicates a diverse activity 

associated with the binding of each compound. This is in reference to some of the 

compounds (alpha-pinene, alpha-terpinene, 3-carene, phytol, sabinene, apigenin, 

biacelein, genistin, phloretin and quercetin) exhibiting less flexibility on the SdiA 

structure while other compounds such as beta-pinene, camphene, isoterpinene, p-

cymene, diadzein, fisetin and glycitein proved to be highly flexible relative to the 

unbound SdiA state. The substantial difference in structural flexibility of the bound 

terpenes and flavonoids in contrast to the unbound SdiA could play a crucial role in the 

biological activity of the protein (Salifu et al., 2019), as the binding of the compounds 

may result in a more flexible or more rigid SdiA structure which directly impacts the 

native state of the protein. 

The molecular mechanics/poisson boltzmann surface area (MM/PBSA) and the 

molecular mechanics/generalized-born surface area (MM/GBSA)  combine molecular 

mechanics computations with continuum solvation models to derive binding free 

energies for macromolecules (Hou et al., 2011). They serve as powerful tools in drug 

design where a correct ranking of inhibitors is often emphasized (Hou et al., 2011). 

Hence, this approach, which represents a higher-level scoring theory than docking was 

used to estimate the aggregate binding free energy of the compound complexes as 

presented in Table 3.6. Genistin revealed the highest binding free energy score of -

68.1393 kcal/mol for flavonoids while phytol revealed -44.2625 kcal/mol as the highest 
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for terpenes. These calculated energies provide comprehensive molecular-level 

evidence that could be useful to design a drug by creating better ligand binding. 

In addition, certain parameters of the selected terpenes and flavonoids were predicted 

for their physicochemical properties, lipophilicity, water-solubility, pharmacokinetics, 

drug-likeness and medicinal chemistry. In this study, the drug-likeness properties were 

characterized to determine the pharmacokinetics of the test compounds, by testing for 

favorable ADME (absorption, distribution, metabolism, and excretion) properties. A 

major criterion employed for the characterization was hinged on the Lipinski rule of five. 

This rule predicts the poor absorption or permeation of a drug when there are more than 

5 hydrogen bond donors, 10 hydrogen bond acceptors, molecular weight larger than 

500, and an estimated Log P (CLog P) value greater than 5 (Benet et al., 2016). The 

results of this assessment revealed that the test compounds obeyed the rules, with 

glycitein, phloretin, quercetin, fisetin, apigenin, alpha-terpinene, isoterpinolene, 

biacalein and diadzein having no violation. However, phytol, genistin, beta-pinene, 

alpha-pinene, p-cymene, 3-carene, sabinene and camphene only showed one violation 

each, which is considered acceptable since the violation does not exceed one, a 

submission opined by Pathania & Singh (2021). This result suggests the potential drug-

likeness features of the compounds. Drug likeness can often be used as a proxy for oral 

bioavailability especially because bioavailability is amongst the most prominent criteria 

of a drug (Bickerton et al., 2012). Heavy atoms were also observed in the test 

compounds. The presence of heavy atoms in compounds is an important chemical 

structure-related character linked to their physiochemical properties and drug-likeness 

properties (Mao et al., 2016). Other pharmacokinetic principles such as ghose filter, 

veber filter, egan filter and muegge filter also supported the drug-likeness 

characteristics of the test compounds as shown in Table 3.9. These principles are 

accepted by researchers as one of the key evaluation parameters for the drug-likeness 

of any virtually screened molecule (Pathania & Singh, 2021). 

Another interesting finding from this study is that all the terpenes studied but phytol can 

permeate the blood-brain barrier (BBB) (Table 3.7), suggesting their potential to 

permeate the central nervous system (CNS) which is indicative of therapeutic ability. 

This corroborates the submission of Agatonovic-Kustrin et al. (2019) who opined that 

many terpenes could cross the BBB. From the flavonoids tested, daidzein revealed the 

ability to permeate the BBB, possibly due to its broad therapeutic activities which 
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include cardioprotective, anticancer, anti-allergic, antidiabetic, anti-inflammatory and 

anti-oxidative properties as reported by Kwiecień et al. (2020). Stout et al. (2013) 

corroborate that daidzein can cross the BBB in mice, and improve cognition, reduce 

anxiety, and aggression, and increase locomotory movement. 

In medicinal chemistry, the Brenk and pan assay interference compounds (PAINS) 

structural alerts predict unstable, reactive, toxic fragments present in the structure 

(Sultan et al., 2020). All active compounds, except fisetin, baicalein and quercetin had 

zero alerts in PAINS descriptors (Table 3.7), providing added promising indicators as 

drug candidates. Physicochemical characteristics are critical in the efficiency, care, and 

absorption of compounds (Meanwell, 2011). 

Thus far, the in-silico results demonstrate phytol, genistin and glycitein as the best 

compounds bound to the modelled SdiA receptor protein, revealed high binding 

energies, demonstrated stability and less fluctuation in the atomic and inter-atomic 

interactions in the protein-ligand system, showed drug-like properties as well as 

moderate solubility in water. The ability of the studied compounds to inhibit virulence 

activities in K. pneumoniae has been elucidated in vitro. Results of the in vitro studies 

in the next chapter validated the in-silico findings, proving the compounds to be 

promising in the development of drugs against K. pneumoniae infections. 

 

3.5 CONCLUSION 

The continuous emergence of MDR K. pneumoniae necessitates the search to explore 

natural products of plant origin as pivotal in the management of its infections. This study 

validated p-cymene, alpha-pinene, isoterpinolene, alpha-terpinene, phytol, 3-carene, 

beta-pinene, sabinene, camphene, fisetin, genistin, diadzein, quercetin, glycitein, 

phloretin, apigenin and biacalein (terpenes and flavonoids) bound SdiA's autoinducer 

binding site forming critical interactions with the binding site's key residues. The MDS 

established the inhibitory performance and interactions revealing high free binding 

energies for genistin (flavonoid) and phytol (terpene). The drug-likeness prediction of 

the selected compounds validated their drug potential conferring them as promising 

QSI drugs for K. pneumoniae. Therefore, the study further suggests the exploration of 

terpenes and flavonoids as alternative QSIs, other than the known antibacterial target 

sites. 
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Having established that some of the tested terpenes and flavonoids revealed good 

binding affinities and high binding energies when bound to the transcriptional SdiA 

receptor which modulates biofilm formation and other virulence factors in K. 

pneumoniae, the next chapter focused on the in-vitro evaluation of the inhibitory 

potential of selected promising phytochemical compounds on biofilm-associated 

virulence factors in K. pneumoniae, as well as authenticating their antibiofilm activity.  
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CHAPTER FOUR 

 

4 ANTIBIOFILM AND ASSOCIATED ANTIVIRULENCE ACTIVITIES OF 

SELECTED PHYTOCHEMICAL COMPOUNDS AGAINST K. PNEUMONIAE 

STRAINS 
 

 

Parts of this chapter have been published in Plants Journal: Adeosun, I.J., Baloyi, I.T and Cosa, S. 

(2022). Anti-biofilm and associated anti-virulence activities of selected phytochemical compounds against 

Klebsiella pneumoniae. Plants. 11, 1-20, 1429. https://doi.org/10.3390/plants11111429 
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4.1    INTRODUCTION 

Biofilms are typical forms of bacterial communities that grow on living and non-living 

solid surfaces, which are often immersed in a self-producing matrix (Camele et al., 2019; 

Sánchez et al., 2016). Biofilm-associated cells can attach irreversibly to several 

surfaces and have become a critical worldwide health concern because of their ability 

to withstand antibiotics, human defense mechanisms, and other external stimuli, 

contributing to persistent chronic infections (De la Fuente-Núñez et al., 2013). The 

growth pattern of biofilm-forming bacteria allows for a noticeable decrease in their 

vulnerability to antimicrobial agents (Khan et al., 2021). For instance, in a study 

documented by Donlan (2021), biofilm-forming Escherichia coli necessitated more than 

500 times the MIC of ampicillin to achieve a 3-log reduction. Staphylococcus aureus 

biofilms also required over 10 times the minimum bactericidal concentration (MBC) of 

vancomycin to provide a 3-log reduction. These further highlights biofilm formation as a 

survival strategy for most bacteria (Vestby et al., 2020).The adsorption of molecules to 

surfaces, bacterial adherence to the surface, the release of extracellular polymeric 

substances (EPS), microcolony formation, and biofilm maturation are all stages involved 

in biofilm formation (Divakar et al., 2019) which have been reported in several bacteria 

communities. 

Klebsiella pneumoniae, a Gram-negative bacterium belonging to the family 

Enterobacteriaceae, has been reported to form biofilms that often adhere to surfaces 

such as lungs, livers, and central venous catheters which are implicated in prominent 

nosocomial and community-acquired infections (Mombeshora et al., 2021). The interest 

in studying CBR-K. pneumoniae (ATCC BAA-1705) was contingent on its ability to 

produce carbapenemases (KPC), which is a prevalent mechanism of resistance 

generated by Klebsiella pneumoniae, resulting in increased therapeutic dilemma and a 

global health threat linked to high rates of mortality (Yao et al., 2015). Carbapenem-

resistant (CBR) K. pneumoniae is often characterized by its capacity to spread rapidly, 

having extensive antibiotic resistance phenotypes, yet only a few treatment options exist 

(Yao et al., 2015). Furthermore, ESBL-K. pneumoniae (ATCC 700603) was also studied 

because it produces extended-spectrum beta-lactamases (ESBL). According to Fils et 

al. (2021), the global spread of K. pneumoniae-producing extended-spectrum 

lactamase (ESBL-Kp) is a serious issue; hence, the World Health Organization (WHO) 
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categorized it alongside other ESBL-producing Enterobacteriaceae as a priority 

pathogen listed for the research and development of new antibiotics. Several 

antimicrobial treatments are critical in lowering the global burden imposed by this 

pathogen, but the evolution of antibiotic-resistant K. pneumoniae strains has become a 

serious public health concern (Adeosun et al., 2019). K. pneumoniae can elude the 

effects of antimicrobial treatment due to the acquisition of resistance genes and the 

production of biofilms facilitated by EPS, making them exceedingly difficult to manage 

or control (De Paula Ramos et al., 2016). 

Antibiotic-resistant K. pneumoniae, which often forms biofilms, is associated with high 

virulence due to the nature of biofilm populations (Divakar et al., 2019). Biofilm-associated 

virulence factors such as exopolysaccharide production, hypermucoviscosity, and the 

formation of curli and fimbriae also enhance the pathogenicity of this organism (Chung, 

2016). Bacteria protected by biofilm exopolysaccharides are up to 1000 times more 

resistant to antibiotics than planktonic cells (Sánchez et al., 2016), posing substantial 

therapeutic challenges and complicating treatment options.  

Hypervirulent strains of K. pneumoniae, especially hypermucoviscous strains, also have 

capsule polysaccharides (CPS) for survival and immune evasion during infection, which 

allows them to consistently escape neutrophil-mediated intracellular killing and form 

abscesses at various sites, including the liver (Li et al., 2014). Fimbriae, another major 

virulence component that contributes to biofilm development in K. pneumoniae, consists 

of MrkA (capable of initiating biofilm formation) and MrkD subunits which control the 

binding capability and confer adhesive properties (Chung, 2016). Furthermore, curli 

known as thin aggregative fimbriae connect directly to the substratum, which produces 

interbacterial bundles, allowing a cohesive and stable attachment of cells in biofilm, 

thereby playing an important role in biofilm development (Kikuchi et al., 2005). 

Since biofilm formation has been reported to increase virulence in K. pneumoniae, 

posing a remarkable therapeutic challenge and having developed resistance to almost 

all classes of conventional antibiotics (Boucher et al., 2009), the development of 

alternative treatment options which target biofilms and related virulence factors in this 

pathogen is paramount. This, therefore, necessitates the exploration of promising 

alternatives, which includes the search for naturally occurring compounds of plant origin 

capable of disrupting biofilms and their associated virulence activities. Historically, 
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biologically active phytochemical compounds have been a valuable source of natural 

products, which are prominent in the prevention and treatment of diseases, helping to 

maintain human health (Karuppiah & Mustaffa, 2013).  

In the previous chapter, selected phytochemical compounds belonging to the terpene 

and flavonoid classes were shown to bind to the transcriptional SdiA receptor protein 

which modulates biofilm formation and associated virulence factors in K. pneumoniae. 

Furtherance to these findings, this chapter sought to validate the in-silico findings by 

assessing the in-vitro effect of the phytochemical compounds in inhibiting biofilms and 

associated virulence factors in CBR and ESBL producing K. pneumoniae strains. The 

expression level of virulence genes in the studied K. pneumoniae strains following 

treatment with the prospective antivirulence/antipathogenic compounds was also 

quantified using molecular diagnostic techniques. This is crucial to further substantiate 

the findings from traditional techniques. Hence, quantitative real-time PCR (qPCR) was 

employed to study this phenomenon at transcript level gene expression. Thereafter, the 

biosafety of the promising compounds against K. pneumoniae was assessed through 

in-vitro proof-of-concept cytotoxicity evaluation on non-malignant epithelial cells. 

The phytochemical compounds considered in this chapter were selected based on good 

docking scores and improved binding energy when bound to the SdiA protein in K. 

pneumoniae, as well as their drug-likeness properties which were obtained in the previous 

chapter. The research of phytochemicals for antibacterial action, particularly against 

multidrug-resistant GNB, has received a lot of attention in the last ten years, especially 

as these organisms are posing a global health challenge as well as significant economic 

concerns due to the rising healthcare costs (Barbieri et al., 2017).  

This chapter, therefore, assessed the antibacterial activity and the effect of phytochemical 

compounds (alpha-terpinene, camphene, fisetin, glycitein and phytol) in disrupting 

biofilm at different stages, as well as biofilm-related virulence factors for the development 

of new therapeutic strategies in place of the existing conventional antibiotics.  
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4.2     MATERIALS AND METHODS 

4.2.1 Chemicals, media and compounds used in assays  

Chemicals used in the study, including dimethyl sulfoxide (DMSO), iodonitrotetrazolium 

(INT), hexamethyldisilazane (HMDS), congo red and crystal violet were purchased from 

Sigma-Aldrich (Johannesburg, South Africa). Luria Bertani (LB) agar, Luria Bertani (LB) 

broth, Brain-Heart Infusion (BHI agar), Blood agar (BA) and Muller-Hinton (MH) broth 

were purchased from Lasec (Johannesburg, South Africa). Compounds and positive 

controls used in the study, including phytol (lot no: 0001452396), glycitein (lot no: 

MFCD00016679), camphene (lot no: MKCL4074), fisetin (lot no: 82542), alpha-

terpinene (lot no: BCCD2529), quercetin (lot no: LRAB7760) and ciprofloxacin (lot no: 

098M4006V), were purchased from Sigma-Aldrich (Johannesburg, South Africa). The 

compounds were dissolved in 1% DMSO and a 1mg/mL stock concentration of each 

compound was prepared for further assays. 

 

4.2.2 Bacterial strains and growth conditions  

American Type Culture Collection (ATCC) strains of CBR K. pneumoniae (ATCC BAA-

1705) and ESBL K. pneumoniae (ATCC 700603) were obtained from the NextGen 

Health Unit at the Council for Scientific and Industrial Research (CSIR), South Africa. 

The bacterial strains were kept as glycerol stocks at −80°C until required for use. The 

two strains of K. pneumoniae used in this study were prepared in Mueller-Hinton (MH) 

medium during a minimum inhibitory concentration (MIC) assay and incubated at 37°C 

to obtain active bacterial cultures. One or two colonies were often transferred to sterile 

PB solution to obtain an absorbance (OD600 nm) of 0.1. The cell suspension was adjusted 

to achieve a 0.5 McFarland standard equivalent. 

Ethics approval for the use of the K. pneumoniae strains was sought and obtained from 

the University of Pretoria, Faculty of Natural and Agricultural Sciences Ethics 

Committee (reference number: NAS157/2021) (Appendix 2.1).  
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4.2.3 Antibacterial activity of phytochemical compounds against K. 

pneumoniae strains 

The MIC of the phytochemical compounds dissolved in 1% DMSO was determined 

following the broth dilution method as described by Alves et al. (2013), with slight 

modifications. Stock concentrations (1 mg/mL) of alpha-terpinene, camphene, fisetin, 

glycitein and phytol compounds were prepared and 100 µL of MH broth was transferred 

into each well of a 96-well microtiter plate. A 100 µL aliquot of each phytochemical 

compound (in triplicate) was transferred into the first row of microtiter plates. Serial 

dilutions were performed in the direction from A to H, resulting in decreasing 

concentrations over the range of 0.25 – 0.0019 mg/mL. Subsequently, 100 µL of the 

standardized bacterial strains (OD 600 nm = 0.08 – 0.1) was transferred into each well. 

Each plate was prepared with a set of positive and negative controls. Quercetin and 

ciprofloxacin were used as the positive controls at a concentration of 1 mg/mL and 0.01 

mg/mL, respectively, while 100 µL of 1% DMSO was used as the negative control. 

Following incubation at 37°C for 24 h, 40 µL of a 0.20 mg/mL solution of p- 

iodonitrotetrazolium violet (INT) was added to each well and incubated at 37°C for 30 

min. The MIC value for each phytochemical compound was visually assessed and 

recorded. The MIC was recorded as the minimum concentration of the compounds at 

which there was no visible growth of the test strain. The antibacterial assay was carried 

out in triplicate. 

 

4.2.4 Inhibition of biofilm-associated virulence factor – Exopolysaccharide 

(EPS)  

Reduction in EPS was carried out according to the method described by Gopu and 

Shetty (2016). A sterile LB broth with and without alpha-terpinene, camphene, fisetin, 

glycitein and phytol compounds was inoculated with 100 µL of the standardized K. 

pneumoniae strains (OD 600 nm = 0.1) and incubated at 37 °C. Biofilms that adhered to 

the walls of the test tubes were harvested to obtain crude EPS. Briefly, late log phase 

cells were removed by centrifugation at 5000×g for 30 min at 2 °C. The filtered 

supernatant was added to three volumes of chilled ethanol and incubated overnight at 

2°C to precipitate the dislodged EPS. Precipitated EPS was collected by centrifugation 

at 8000×g for 30 min then dissolved in 1 mL of deionized water and stored at −40°C 
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until further use. EPS was quantified by mixing 1 mL of EPS solution with an equal 

volume of 5% phenol and 5 mL of concentrated sulfuric acid to develop a red colour. 

Glucose with a concentration range between 0.25 and 1 mg/mL was used as a standard 

to determine the R2 value in the calibration and for the quantification of crude EPS. The 

intensity of the colour developed was measured using a microplate reader (Biotek, 

United States of America) at 490 nm. 

 

4.2.5 Assessment of EPS inhibition using atomic force microscopy (AFM) 

The effect of the best two compounds (phytol and camphene) shown to reveal noteworthy 

exopolysaccharide inhibition in K. pneumoniae strains were monitored using AFM 

following the method described by Santana et al. (2012). The CBR and ESBL producing 

K. pneumoniae strains were grown overnight in LB media, centrifuged (2000× g, room 

temperature, 15 min), washed three times in phosphate buffer (5 mM, pH 6.5), and 

approximately 108 CFU/mL were resuspended into tubes containing the same buffer. The 

phytochemical compounds were diluted to 1mg/mL and 100 µL of compounds were 

added to 3 mL of the cell suspensions. The samples were incubated for 4 h at 37 °C. Cell 

suspensions without the addition of the compounds were used as controls.  

After incubation, samples of 1 mL were collected from each treatment, centrifuged 

(6000×g, at room temperature for 15 min) and a smear of cells was prepared in a glass 

slide (191cm). The slides were air-dried and viewed using the AFM at the Microscopy 

Unit, University of Pretoria, South Africa.  

Samples were observed in a contact imaging mode using a Veeco atomic force 

microscope (Dimension icon with Scan Asyst) and silicon tip on nitride lever (cantilever 

0.55–0.75 µm). A nominal constant of 32 Nm-1 and resonance frequency of ≈ 300 kHz 

were used with a scan rate of 0.100 Hz and scan size of 5.00 µm. Imaging analysis was 

performed using the Nanoscope analysis Scan Asyst software (Nanoscope version 

8.15). 

 

4.2.6 Inhibition of curli expression 

The effect of the five test compounds (alpha-terpinene, camphene, fisetin, glycitein and 

phytol) and controls (quercetin and ciprofloxacin) on curli expression was assessed 

according to the method described by Jabuk (2016) with slight modifications. The 
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bacterial suspension was prepared by inoculating 100 µL of standardized K. 

pneumoniae strains and 100 µL of the compounds in 3 mL of LB broth. The suspension 

was incubated at 37°C for 24 h. After incubation, 3 µL of the bacterial suspension was 

inoculated onto plates containing BHI agar supplemented with congo red dye and 

sucrose. Curli-producing K. pneumoniae bound to congo red dye and formed red 

colonies, whereas curli-negative bacteria formed white colonies, which indicated a loss 

of curli fimbriae. Control cultures contained no compounds. 

 

4.2.7 Reduction in hypermucoviscosity using the string test 

A variation of the string test was used to determine the effect of the studied compounds 

on the hypermucoviscosity (HMV) phenotype of CBR and ESBL K. pneumoniae strains 

according to the method described by Wiskur et al. (2008) and Jabuk (2016). K. 

pneumoniae strains were inoculated on BHI agar plates containing the five 

phytochemical compounds with varying concentrations (0.125-1.0 mg/mL) and 

incubated overnight at 37 °C. A standard bacteriological loop was used to vertically 

stretch a mucoviscous string from a single colony. Each strain was defined as mucoid 

or regarded as a hypermucoviscous (HMV+) when string-like growth or a mucoid string 

of >5 mm was observed, respectively. The control culture contained no compounds. 

 

4.2.8 Effect of phytochemical compounds on biofilm formation 

Anti-adhesion (initial cell attachment), preformed biofilm (biomass measurement) and 

mature biofilms were assessed for inhibition by the phytochemical compounds, 

following the method described by Baloyi et al. (2021) and Blando et al. (2019), with 

slight modifications.  

Five phytochemical compounds (alpha-terpinene, camphene, fisetin, glycitein and 

phytol) were tested against CBR and ESBL K. pneumoniae strains for initial cell 

attachment, preformed and mature biofilm inhibition. For the initial cell attachment 

inhibition assay, 100 µL of standardized bacterial suspension (OD600 nm = 0.1), 100 µL 

of MH broth and 100 µL of the compound were added to the wells. The positive controls 

(quercetin 0.1 mg/mL and ciprofloxacin, 0.001 mg/mL) and negative control (1% DMSO) 

were also added into the wells, which were then incubated at 37°C for 24 h. 
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For preformed and mature biofilm assays, 100 µL of standardized bacterial suspension 

and 100 µL of MH broth were added to the wells and incubated at 37°C for 8 h for 

preformed biofilm, while for mature biofilm, wells were incubated at 37°C with and 

without shaking for 24 h. Following incubation, 100 µL of the compounds was 

transferred to individual wells and incubated for another 24 h. The modified crystal violet 

(CV) assay was used to analyze initial cell attachment, biofilm biomass, and mature 

biofilms. To eliminate planktonic cells and medium, the 96-well plates containing 

developed biofilm were rinsed with sterile distilled water. Afterwards, the plates were 

dried in the oven for 45 min at 60 °C. After drying, the remaining biofilm was stained for 

15 min in the dark with a 1% CV solution (Sigma-Aldrich, Johannesburg, South Africa). 

To eliminate any unabsorbed stain, the wells were washed with sterile distilled water. 

Destaining the wells with 125 µL of 95% ethanol allowed for the semiquantitative 

measurement of biofilm formation. Approximately 100 µL of the destaining solution was 

transferred to a new plate and the absorbance (OD 585 nm) was read using a multi-mode 

microplate reader (SpectraMax® paradigm). The percentage (%) inhibition of test 

compounds was calculated from the untreated broth culture. The formula below was 

used in calculating the percentage of inhibition where the control is the untreated biofilm: 

Biofilm reduction (%)  =  (Control585nm  − Test585nm)/(Control585nm)  × 100 

 

Results were interpreted following the criterion described by Famuyide et al. (2019). 

Values between 0 and 100% were interpreted as inhibitory activity; however, it was 

further broken down as follows: ≥ 50% was interpreted as good activity, and values 

between 0 and 49% were interpreted as weak activity, while negative values indicated 

a growth increase rather than the inhibition of biofilm. 

 

4.2.9 In situ visualization of biofilms using scanning electron microscopy 

(SEM)  

Sub-inhibitory biofilm inhibitory concentrations of the two most active compounds 

(phytol and glycitein) were fixed and visualized in a field emission gun SEM to observe 

the cell density and morphology of biofilms following the method described by 

Wijesundara & Rupasinghe (2018) with slight modifications. Biofilms were fixed (while 

still in a microtiter plate) over a minimum of 2 h in 0.1 M sodium cacodylate buffer (pH 
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7.2) containing 2% glutaraldehyde immediately after being rinsed in PBS. The biofilms 

were further rinsed three times with phosphate washing buffer 3 times for 15 minutes 

each. Then, the samples were dehydrated through an ethanol gradient series (35%, 

50%, 75%, 90% and 100%).  

All the steps in the gradient involved 15 min exposure times, with the final 100% ethanol 

treatment being repeated three times. Drying of samples was achieved through an 

ethanol gradient series (25:75, 50:50, 75:25 and 100:0) for 15 min at each 

concentration. The 100:0 dilution step was repeated three times. A 50:50 mixture of 

hexamethyldisilazane (HMDS) and 100% ethanol was added and allowed to stay for 1 

h with the samples covered. The HMDS-ethanol mixture was removed and fresh HMDS 

was added. Plates were air-dried under the fume hood for 2 h. Finally, fixed biofilms 

were mounted on aluminum stubs. Then, sputters were coated with gold-palladium (15 

nm) and visualized using a Zeiss crossbeam 540 SEM with operational conditions of an 

acceleration voltage of 10 kV, emission current of 14–16 μA, the working distance of 

10–12 mm and analysis lens mode. 

4.2.10    DNA extraction 

Deoxyribonucleic acid (DNA) was extracted from the CBR and ESBL producing K. 

pneumoniae strains following the manufacturer’s instruction in the GeneJET genomic 

DNA purification kit (Thermofisher scientific). This procedure involved steps such as cell 

harvesting, addition of digestion solution, proteinase K solution, lysis solution, wash 

buffer and elution buffer with intermittent centrifugation steps as specified in the 

GeneJET kit. Afterwards, the purified DNA was stored immediately at -20°C for further 

use.  

4.2.11   Primer design 

The primer sequences used for amplification of the virulence genes (Table 4.1) were 

generated using Primer3 plus bioinformatics online tool 

(https://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). The product sizes 

(Table 4.1) were also determined using the PCR test bioinformatics tool 

(https://www.bioinformatics.org/sms2/pcr_products.html). Primer efficiencies were 

determined by performing a temperature gradient reaction from 45°C to 50°C. The 

optimal annealing temperature for each gene is shown in Table 4.1.  
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Table 4.1: Sequences of oligonucleotide primers used for PCR and qPCR 

Gene function/ 
description 

GenBank 
ancession 
number of 
templates 

Gene Nucleotide sequence 
of primers [5I -3I] 

Size of 
amplicon/
product 

size 

Annealing 
temperature 

(°C) 

Fimbrial protein 
for biofilm 
formation 

KPHS_4347
0 

mrkA-F 
 

ACGTCTCTAACTGCC
AGGC 

115bp 
 

48 

mrkA-R TAGCCCTGTTGTTTG
CTGGT 

S- 
Ribosylhomocyst

einase protein 
coding gene 

KPHS_4093
0 

luxS-F GGCGTGGAAATTATC
GACAT 

180bp 47 

luxS-R GTAGGTCCCGCACTG
GTAGA 

Positive regulator 
of ctr capsule/ 
extracellular 

polysaccharide 
biosynthesis 

KPHS_3442
0 

rcsA-F ACGGGATATCTGACC
AGTCG 

180bp 49 

rcsA-R CGGGTTTTGCGTAAT
GATCT 

16S rRNA-
processing 

protein 

KPHS_4046
0 

16S 
rRNA-F 

CCACCACAATCAGGA
CATCA 

 

161bp 49 

16S 
rRNA-R 

TAACTACCTGGCAGC
CCATC 

 

4.2.12    PCR detection of virulence genes in K. pneumoniae strains 

Polymerase chain reaction (PCR) was used to detect mrkA, luxS, and rcsA virulence K. 

pneumoniae strains following the method described by Foroohimanjili et al. (2020) with 

slight modification. The presence of the 16srRNA housekeeping gene was also 

confirmed. Prior to conducting the PCR assay, the concentration of the extracted DNA 

was determined using a NanoDrop spectrophotometer (ThermoScientific). For the 

amplification of the selected virulence genes, a PCR reaction was carried out in a final 

volume of 25 μL, which comprised of 1 μL of extracted DNA (with concentrations ranging 

between 25-30 ng/μL) as the template, 0.5 μL of forward primer, 0.5 μL of reverse primer 

(10 pmol), 12.5 μL of Master Mix (CinnaGen, Iran), and 10.5 μL of double‐distilled water. 

PCR was performed using a Bio-Rad T100 thermal cycler, following the 

ThermoScientific recommended thermal cycling conditions (Table 4.2). 
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Table 4.2:  PCR thermal cycling conditions  

Steps Temperature (°C) Time Number of cycles 

Initial denaturation 95 1-3 min 1 

Denaturation 95 30 secs 35 

Annealing 46 30 secs 

Extension 72 1 min 

Final extension 72 5-15 min 1 

 

4.2.13    RNA isolation 

For ribonucleic acid (RNA) isolation, the same culture plate model and growth conditions 

employed during the phenotypic assays for antibiofilm activity and exopolysaccharide 

reduction as described above were used. K. pneumoniae strains were treated with the 

phytochemical compounds that revealed the best result for each assay such as phytol 

for biofilm inhibition and camphene for exopolysaccharide reduction before RNA 

extraction. Strains were also treated with ciprofloxacin and quercetin as the positive 

controls while the untreated strains were used as the negative control.  

RNA extraction was carried out following the method described by Patole et al. (2021). 

The treated and untreated cultures were incubated at 37 °C, 220 rpm for 24 hours, after 

which the cells were harvested by centrifugation, resuspended and then diluted with two 

volumes of RNAProtect Bacterial Reagent (QIAGEN) to stabilize the RNA. The cells 

were progressively lysed using lysozyme and proteinase-K. The RNA was extracted 

using the RNeasy Mini Kit (QIAGEN) with on-column DNase-I digestion performed 

using the RNase-free DNAse-I Kit (QIAGEN) and was eluted using nuclease-free water. 

 

4.2.14    RNA quality determination 

RNA quantity and quality (concentration and purity of the total RNA) were 

spectrometrically determined using a NanoDrop 1000TM (Thermo Scientific) following 

the method described by França et al. (2012). Three independent measurements of the 

same sample were performed. The absorbance ratio at 260nm and 280nm were used 

as an indicator of protein contamination while the absorbance ratio at 260nm and 230nm 

were used as an indicator of polysaccharide, phenol, and/or chaotropic salt 

contamination. The integrity of the total RNA was assessed to ensure the absence of 
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contaminating DNA by visualization of the RNA gene banding pattern. Gel 

electrophoresis was carried out at 80 V for 60 minutes using a 1.5% agarose gel. The 

gel was stained with ethidium bromide and visualized using a GelDoc2000 (Bio-Rad, 

Hercules, CA, US).  

 

4.2.15    cDNA synthesis 

Purified RNA was immediately converted to copy DNA (cDNA) to avoid RNA 

degradation following the manufacturer’s instructions in the Super Script (Invitrogen) kit. 

The primers listed in Table 4.1 above were also used for the cDNA synthesis. Similarly 

to the method described by França et al. (2012), the same amount of total RNA (500 

ng/20 mL) was reversely transcribed following the manufacturer’s protocol. 

 

4.2.16    Quantitative real-time PCR 

To determine the kind of gene expression events that are correlated with phenotypic 

differences, the transcript levels of the three selected virulence genes present in the 

studied K. pneumoniae strains were measured using qPCR following the method 

described by Foroohimanjili et al. (2020) with slight modifications.  

qPCR was performed using a SYBR Green‐containing Master Mix (Powerup, applied 

biosystems) to evaluate the expression level of the virulence genes in K. pneumoniae. 

A reaction volume of 20 μL of was set up for each sample, comprising 2 μL of cDNA, 

10 μL of SYBR Green Master Mix, 0.5 μL of 100 μM of each primer, and 7 μL of sterile 

double RNase treated water. The reaction was started with an initial denaturation at 

95°C for 3 min and 35 amplification cycles of 95°C for 30 s, 46°C for 30 s and 72°C for 

2 min. The 16S rRNA gene was used as an internal control. Finally, the relative 

expression of the virulence genes was calculated by the ΔΔCt method. The data were 

analyzed using the 2−ΔΔCt equation where: 

ΔΔCt = (Ct, Target – Ct, 16S rRNA) Time x − (Ct, Target – Ct, 16S rRNA) Time 0.  

Time x is each sample's treatment time and Time 0 represents the untreated control 

sample.  The fold change in the target gene, normalized to the reference gene (16S 

rRNA) and relative to the expression in the untreated sample, were calculated for each 

sample using the 2−ΔΔCt equation. 
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4.2.17    Cell viability and cytotoxicity assays 

Water-soluble tetrazolium salt (WST-8) was used to evaluate the metabolic activity of 

cells as an indicator of cell viability using the cell counting kit-8 (CCK-8; Dojindo 

Molecular 150 Technologies, Italy). The cytotoxicity activity was determined using the 

lactate dehydrogenase enzyme (LDH Assay kit-WST, Dojindo Molecular Technologies, 

Italy). LDH is a firm cytoplasmic enzyme released into the cell culture medium because 

of the loss of membrane integrity (Kamiloglu et al., 2020). 

Bioactive compounds were evaluated for their cytotoxic effects on epithelial African 

green monkey kidney cells (Vero ATCC CCL-81) following the method described by 

Bonvicini et al. (2021) with slight modifications. CCK-8 and LDH release were assessed 

on mammalian cells after 48 h of treatment. An aliquot of 100 μL cell suspension was 

seeded into 96-well microplates at 104 cells/well and incubated in 5% CO2 at 37°C for 

24h. After incubation, the exhausted medium was replaced with the renewal of a 

complete medium supplemented with varying concentrations of compounds (0.25 

mg/mL – 0.0019 mg/mL) and doxorubicin (0.025 – 0.00019 mg/mL), a cytotoxic 

antineoplastic agent used as clinical drug control. All experiments included wells with 

untreated Vero cells (positive control), background medium of the compounds and a 

range of 0.1 – 0.0008% DMSO. These varying concentrations of DMSO relative to the 

redissolved compounds were added to verify that the DMSO does not have any 

influence on the Vero cells. After 48 h incubation, cellular morphology evaluation of the 

micro-wells containing cells with treatment was visualised at a 10X magnification and 

captured using the Hamamatsu corporation image software (Olympus i73 mic). 

Subsequently, 10 μL of lysis buffer was transferred to several wells of Vero cells 

representing the positive control in the LDH and incubated for 10 min at 37°C. All 

supernatants were removed from the 96-well plate and stored for LDH measurements. 

Approximately, 100 μL of fresh medium containing 10 μL of CCK-8 solution were added 

to the cell monolayer and incubated for 2 h. The optical density (OD) values at 450 nm 

were measured after 2 h of incubation and data were expressed as percentage values 

of cell viability relative to the untreated controls using the equation below:  

Cell viability =  OD (450 nm) untreated cells OD (450nm⁄ ) treated cells × 100    

In parallel, the collected cell-free supernatants were assayed for LDH released through 

damaged plasma membranes by adding a volume of the reconstituted working solution. 
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After 30 min of incubation at room temperature in the dark, the stop solution was added, 

and absorbance was measured at 490 nm using a Multiskan Ascent Microplate Reader 

(Thermo Fischer, Italy). Data were expressed as percentage values relative to both the 

100% lysis controls, included in the test, and untreated controls using the equation 

below:  

Cytotoxicity (%) = (A − C) (B − C) × 100                                                                                  ⁄  

Where: A indicates treated cells (test samples), B: high control (lysed Vero cells) and 

C: low control (untreated Vero cells).  

 

4.2.18    Statistical analysis 

All results were presented as mean ± standard deviations for each sample and 

treatment. Data were generated in independent experimental repeats with each sample 

in triplicates. The ANOVA generalized linear model (Proc GLM) was used to analyze 

the means of inhibitory activities of the compounds and controls. All statistical analyses 

were carried out using the Statistical Analysis System (SAS) program version 9.4 from 

Stats Inc., 100 SAS Campus Drive, Cary, NC, USA, with p < 0.05 values considered 

statistically significant. The qPCR data were analyzed using the 2-ΔΔCt method, where 

the data were expressed as the fold change in gene expression normalized to the 

housekeeping gene (16S rRNA). 

 

4.3    RESULTS 

4.3.1 In vitro antibacterial validation of selected compounds 

The antibacterial activities of five phytochemical compounds (alpha-terpinene, 

camphene, fisetin, glycitein and phytol) against K. pneumoniae strains showed MIC 

values ranging from 0.0625 mg/mL to 0.250 mg/mL (Table 4.3). The best MIC value 

was shown by fisetin (0.0625 mg/mL) for CBR-K. pneumoniae. Phytol, glycitein and 

alpha-terpinene showed MIC values of 0.125 mg/mL for both strains; however, 

camphene revealed a higher MIC value of 0.250 mg/mL. The positive controls, quercetin 

and ciprofloxacin, revealed significant MIC values of 0.0625 mg/mL and 0.0025 mg/mL, 

respectively, against both strains of K. pneumoniae (Table 4.3). The negative control 

showed no inhibitory activity against both strains of K. pneumoniae.  
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Table 4.3: MIC values of selected phytochemical compounds on K. pneumoniae strains 

 

 

 

 

 

 

 
 
 
 

The MIC values are presented as the mean values of triplicates.  
 
 

4.3.2 Inhibition of K. pneumoniae EPS 

The quantity of EPS observed following the phenol-sulfuric acid method depicted a 

decrease at respective MIC values in both test pathogens. Good linearity was indicated 

by the correlation coefficient (R2), which yielded a value of 0.9705. The quantification of 

EPS was determined following the regression equation obtained from the standard 

curve Y = 0.348X −0.074, where Y represents the absorbance obtained from the 

unknown samples. Figure 4.1 presents the EPS quantification and percentage inhibition 

of ESBL- K. pneumoniae EPS by the compounds. Out of all the compounds active 

against the EPS production in ESBL- K. pneumoniae, the highest percentage of EPS 

inhibition was shown by phytol and camphene (65.91%) (Figure 4.1). This percentage 

can be compared with the result obtained for the positive control ciprofloxacin (68.45%), 

although quercetin (the QSI control) showed a low percentage reduction of EPS 

(23.21%) (Figure 4.1). Furthermore, of all the active compounds against EPS production 

in CBR-K. pneumoniae, camphene showed the highest percentage inhibition and/or 

anti-slime activity (43.80%) (Figure 4.1), having the lowest EPS yield (OD value = 2.22) 

(Table 4.4), similar to the results observed for ciprofloxacin (EPS inhibition at 46.26%) 

(Figure 4.1). Conversely, the untreated EPS showed enhanced production for both 

strains of K. pneumoniae. 

 

 

 

Compounds 
K. pneumoniae strains and MIC (mg/mL) values 

CBR-K. pneumoniae ESBL-K. pneumoniae 

Alpha-terpinene 0.125 0.125 

Camphene 0.250 0.250 

Fisetin 0.0625 0.125 

Glycitein 0.125 0.125 

Phytol 0.125 0.125 

Controls   

Ciprofloxacin 0.0025 0.0025 

Quercetin 0.0625 0.0625 
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Figure 4.1: Quantification and percentage inhibition of EPS present in ESBL and CBR- K. pneumoniae 

treated with phytochemical compounds at respective MIC values. Statistical significance of the test 

compounds and controls are indicated with different letters (a–e) with p-value < 0.05 between the different 

treatments.  

 

The highest percentage of ESBL- K. pneumoniae EPS inhibition shown by phytol and 

camphene can be correlated with their low EPS yield (OD value = 1.91) observed in 

Table 4.4. The positive control ciprofloxacin revealed a lower EPS yield (OD value of 

1.05), although quercetin (the QSI control) treated EPS showed a higher yield with an 

OD value of 2.68 (Table 4.4). 

 

Table 4.4: Exopolysaccharide reduction in ESBL and CBR-K. pneumoniae by the studied 

phytochemical compounds 

Compounds ESBL-K. pneumoniae  CBR-K. pneumoniae  

EPS quantity 
(OD480nm) 

% of EPS quantity EPS quantity 
(OD480nm) 

% of EPS quantity 

Alpha-terpinene 2.24 64.18 2.63 66.58 
Camphene 1.19 34.09 2.22 56.20 

Fisetin 1.65 47.28 2.83 71.65 
Glycitein 2.69 77.08 2.39 60.51 
Phytol 1.19 34.09 2.41 61.01 

Controls     

Ciprofloxacin 1.05 31.55 2.01 53.74 
Quercetin 2.68 76.79 3.42 86.58 
1% DMSO 4.17 119.48 4.13 104.56 
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4.3.3 Microscopic surface topography characterization of EPS using AFM  

The planar (2D) and cubic (3D) views of the surface topography of studied K. 

pneumoniae EPS are shown in Figure 4.2. AFM detected marked differences between 

the topographies of untreated and treated (camphene and phytol) EPS, selected due to 

the significant reduction in EPS.  

The AFM analysis revealed the irregularity and surface roughness of the EPS produced 

by untreated CBR and ESBL-K. pneumoniae strains, mainly composed of unevenly 

distributed lumps which were visible as cloudy areas around the cells (Figure 4.2A1, 

F1). Microscopically, the exopolysaccharides of both test strains exhibited a compact 

and tubular structure. Topologically, the EPS revealed a consistent polymer with a 

maximum height of the irregular lumps at 1.4 µm and 1.1 µm for untreated CBR and 

ESBL-K. pneumoniae, respectively, as shown in the 2D images (Figure 2A1, F1), while 

the average roughness (Ra) was recorded at 183 nm and 141 nm for CBR and ESBL 

producing K. pneumoniae, respectively. The roughness parameters were obtained 

using the nanoscope analysis (v 8.15) software. The surface roughness is shown in the 

3D images (Figure 4.2A2, F2).  
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Figure 4.2. AFM images showing two-dimensional (2D) and three-dimensional (3D) surface topography of EPS produced by untreated and treated CBR and 
ESBL producing K. pneumoniae strains at a scan size of 5.00µm (5,000nm). 2D images of untreated and treated K. pneumoniae EPS are shown in A1-J1. 
Corresponding 3D images are shown in A2-J2. 
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The EPS treated with camphene and phytol at the MIC value revealed visible 

differences in height and surface roughness in comparison with the untreated EPS. 

The camphene-treated EPS showed maximum lump heights of 135 nm and 10.8 nm 

for CBR and ESBL-K. pneumoniae, respectively (Figure 4.2B1, G1). A significantly 

reduced surface roughness is shown in the 3D images (Figure 4.2B2, G2). The 

average roughness (Ra) was recorded at 15.6 nm for CBR-K. pneumoniae and 1.25 

nm for ESBL-K. pneumoniae. 

On the other hand, EPS treated with phytol had a maximum height of 220.8 nm and 

282.5 nm for CBR and ESBL-K. pneumoniae, respectively (Figure 4.2C1, H1). The 

average roughness (Ra) for phytol-treated EPS was 34.8 nm for CBR-K. pneumoniae 

and 25.0 nm for ESBL-K. pneumoniae. Figure 4.2C2, H2 revealed a reduction in 

surface roughness when compared with the untreated EPS. 

The EPS treated with the positive controls (quercetin and ciprofloxacin) also revealed 

a significant reduction in the surface roughness and height, although ciprofloxacin 

showed improved results with a maximum lump height at 104.7 nm and average 

roughness at 8.80 nm for CBR-K. pneumoniae (Figure 4.2E1, E2). Moreover, 

ciprofloxacin-treated ESBL-K. pneumoniae had a maximum height of 156.8 nm and 

average roughness of 27.6 nm (Figure 4.2J1, J2). 

 

4.3.4 Curli expression reduction by phytochemical compounds 

The impact of alpha-terpinene, camphene, fisetin, glycitein and phytol compounds on 

the occurrence of curli fibers in both strains of K. pneumoniae is shown in Table 4.5. 

The results showed that all compounds tested at 0.125 mg/mL and 0.250 mg/mL did 

not inhibit curli expression in the K. pneumoniae strains. However, phytol, glycitein, 

fisetin and quercetin (positive control) at concentrations of 0.5 and 1.0 mg/mL reduced 

the curli expression of both strains. In addition, ciprofloxacin showed a reduction in 

curli expression for both strains at varying concentrations (0.125 to 1.0 mg/mL) (Table 

4.5).  

On the contrary, no inhibition was shown by camphene and alpha-terpinene at all 

concentrations. No changes were observed in bacterial colonies (which appeared red 

in the presence of these compounds), similar to the negative control.  
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Table 4.5: Effect of compounds on curli fiber synthesis in Klebsiella pneumoniae strains 

Compounds  

Concentration (mg/mL)  
(A) 

Concentration (mg/mL)  
(B) 

Control 0.125 0.250 0.5 1.0 Control 0.125 0.250 0.5 1.0 

Alpha-terpinene  + + + + + + + + + + 

Camphene  + + + + + + + + + + 

Fisetin  + + + - - + + + - - 

Glycitein  + + + - - + + + - - 

Phytol + + + - - + + + - - 

Controls           

Ciprofloxacin + - - - - + - - - - 

Quercetin  + + + - - + + + - - 

Untreated + + + + + + + + + + 

Key: + (Present), - (Absent), A = CBR-K. pneumoniae, B = ESBL-K. pneumoniae 

 

Figure 4.3 shows the representative images where no inhibition of curli expression 

was observed for the negative control (Figure 4.3A) versus the observed inhibition for 

the phytol compound (Figure 4.3B).  

 

Figure 4.3: Representative images of curli expression in K. pneumoniae. (a) Negative control 

(untreated), showing curli-producing K. pneumoniae, which binds congo red dye (b) Inhibition of curli 

expression in K. pneumoniae subjected to phytol, as indicated by the appearance of white colonies on 

the BHI agar plates supplemented with congo red dye. 

 

 

4.3.5 K. pneumoniae hypermucoviscosity reduction using the string test 

The effect of the test compounds on hypermucoviscosity is shown in Figure 4.4. The 

string test showed that an increase in compound concentration led to a gradual 

decrease in the viscosity of the test strains. 

 

(a) 
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(A) 

 

(B) 

Figure 4.4. Effect of compounds on the inhibition of K. pneumoniae hypermucoviscosity (A) For CBR- 
K. pneumoniae (B) For ESBL-K. pneumoniae. 

 

For CBR-K. pneumoniae (Figure 4.4A), glycitein and fisetin revealed the potent 

hypermucoviscosity inhibitory activity, both showing the shortest mucoid string (1 mm) 

at 1.0 mg/mL (represented by the yellow *), followed by phytol (1.5 mm at 1.0 mg/mL), 

while no inhibitory activity was observed for camphene and alpha-terpinene for all the 

concentrations tested, as seen in the negative control. Furthermore, none of the 
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compounds showed a reduction in the hypermucoviscosity phenotype at the lowest 

concentration (0.125 mg/mL) tested. 

Similarly, for ESBL- K. pneumoniae (Figure 4.4B), glycitein, fisetin and phytol revealed 

potent hypermucoviscosity inhibitory activity, showing the shortest mucoid string (1 

mm) at 1.0 mg/mL. However, at 0.5 mg/mL, the prominent viscosity reduction activity 

was shown by glycitein and fisetin, both having a mucoid string length of 2 mm. In 

addition, fisetin showed a potent result at the lowest concentration of 0.25 mg/mL in 

terms of mucoid string length reduction (3 mm), compared to the other compounds.  

For CBR-K. pneumoniae, no reduction in the hypermucoviscosity phenotype was 

shown by all the compounds at the lowest concentration tested (0.125 mg/mL), similar 

to the negative control. In contrast, the positive controls (quercetin and ciprofloxacin) 

revealed a good reduction, with ciprofloxacin showing the highest reduction in the 

mucoid string length at varying concentrations for both strains (Figure 4.4A, B).  

 

4.3.6 Inhibition of biofilm formation 

4.3.6.1 Effect of phytochemical compounds on initial cell attachment 

The results of the anti-adhesion (initial attachment) assay against CBR and ESBL-K. 

pneumoniae treated with test compounds are shown in Table 4.6. The results showed 

that phytol had the highest inhibition of initial cell attachment for both strains tested, 

with 54.71% and 50.05%, respectively, followed by glycitein, which showed inhibition 

at 48.35% and 44.34%, respectively for both strains (Table 4.6).  
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Table 4.6: Effect of phytochemical compounds on initial cell attachment (anti-adhesion) and biofilm development of K. pneumoniae strains 

Compounds 

Percentage (%) inhibition of initial cell  

attachment 

Percentage (%) inhibition of biofilm  

development 

CBR-K. pneumoniae ESBL-K. pneumoniae  CBR-K. pneumoniae ESBL-K. pneumoniae 

Alpha-terpinene  33.71 ± 0.01 a,b 37.05 ± 0.00 a,b 17.23 ± 0.04 b,c 19.04 ± 0.03 a,b 

Camphene  22.27 ± 0.08 a 18.53 ± 0.01 a 14.58 ± 0.04 a 11.08 ± 0.02 a 

Fisetin  39.81 ± 0.01 a,b 32.59 ± 0.04 a 25.79 ± 0.00 a,b 29.93 ± 0.02 a,b 

Glycitein  48.35 ± 0.02 b,c 44.34 ± 0.02 c 39.61 ± 0.01 d 32.77 ± 0.04 b 

Phytol 54.71 ± 0.01 c 50.05 ± 0.00 c 43.81 ± 0.01 e 40.02 ± 0.01 b 

Controls     

Ciprofloxacin 69.25 ± 0.03 d 62.45 ± 0.04 d 56.42 ± 0.03 f 51.77 ± 0.03 c 

Quercetin  42.57 ± 0.03 b,c 40.66 ± 0.01 b,c 35.15 ± 0.01 c,d 31.81 ± 0.02 a,b 

1% DMSO  −3.72 ± 0.04 a −9.76 ± 0.01 a −5.06 ± 0.03 a −8.24 ± 0.02 a 

Mean values of triplicate independent experiments ± SD. Comparison of percentage inhibition at MIC value for each treatment against K. pneumoniae. Different 

letters (a-f) indicate a significant difference at p < 0.05 between the different treatments (per column) at the same MIC value. Reference control for percentage 

measurement: ≥ 50% (good activity), 0 to 49% (weak activity), negative values (rise in biofilm formation) (Famuyide et al., 2019). 
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The least anti-adhesion activity was shown by camphene at 22.27% for CBR-K. 

pneumoniae and 18.53% for ESBL-K. pneumoniae (Table 4.6). Quercetin and 

ciprofloxacin revealed an initial cell attachment inhibition at 42.57% and 69.25% for 

CBR-K. pneumoniae, while for ESBL-K. pneumoniae, 40.66% and 62.45% were 

observed for quercetin and ciprofloxacin, respectively. No inhibition was revealed by 

the negative control (Table 4.6). A statistically significant difference was observed 

between phytol and the other compounds tested (p < 0.05). Phytol showed potent 

activity since it revealed >50% inhibition, while glycitein, camphene, fisetin and alpha-

terpinene showed weak activity, having percentage inhibition values between 0 and 

49% (Table 4.6).  

 

4.3.6.2 Effect of phytochemical compounds on preformed biofilm 

inhibition: biomass measurement 

The inhibition of biofilm microcolonies formed by the test strains upon treatment with 

the phytochemical compounds was assessed, and the results are shown in Table 4.7. 

The percentage inhibition of preformed biofilm by the compounds was observed to be 

slightly less compared with the initial cell attachment, with the highest biofilm reduction 

of 43.81% shown by phytol for CBR-K. pneumoniae. Glycitein also revealed 39.61% 

inhibition for CBR-K. pneumoniae and 32.77% inhibition for ESBL-K. pneumoniae, 

which is slightly higher than the results obtained for quercetin, showing 35.15% and 

31.81% inhibition for CBR-K. pneumoniae and ESBL-K. pneumoniae, respectively. 

However, the highest percentage inhibition was observed for ciprofloxacin at 56.42% 

and 51.77% for CBR and ESBL-K. pneumoniae, respectively (Table 4.7). The negative 

control did not reveal any inhibitory effect on biofilm development, except for a slightly 

enhanced biofilm formation. 

 

4.3.6.3 Disruption of mature biofilm by phytochemical compounds  

Mature biofilms formed by K. pneumoniae strains determined under dynamic and 

static conditions are shown in Table 4.7. The highest disruption of mature biofilms 

under dynamic conditions was shown by phytol at 24.94% and 25.88% for CBR and 

ESBL-K. pneumoniae, respectively. The least inhibition was shown by camphene at 

5.24% for CBR-K. pneumoniae and 2.06% for ESBL-K. pneumoniae (Table 4.7).
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Table 4.7: Disruption of mature K. pneumoniae biofilms formed by various compounds under dynamic and static conditions 

Compounds 

Percentage (%) inhibition of mature biofilm formed 

under dynamic condition  

Percentage (%) inhibition of mature biofilm formed  

under static condition  

CBR-K. pneumoniae ESBL-K. pneumoniae CBR-K. pneumoniae ESBL-K. pneumoniae 

Alpha-terpinene  18.55 ± 0.02 b 17.22 ± 0.13 b 15.18 ± 0.05 b 12.15 ± 0.03 c,d 

Camphene  5.24 ± 0.01 a,b 2.06 ± 0.05 b 4.56 ± 0.01 a,b 4.08 ± 0.05 b, d 

Fisetin  14.83 ± 0.02 a,b 12.33 ± 0.02 b −8.52 ± 0.01 a,b −32.43 ± 0.02 a,b 

Glycitein  8.89 ± 0.01 a,b −5.71 ± 0.01 b 6.89 ± 0.01 a,b −12.53 ± 0.01 b,c 

Phytol 24.94 ± 0.04 b 25.88 ± 0.00 b 20.32 ± 0.02 b 18.07 ± 0.01 d 

Controls     

Ciprofloxacin 44.73 ± 0.04 c 51.88 ± 0.00 c 42.24 ± 0.02 b 39.15 ± 0.01 e 

Quercetin  −27.08 ± 0.01 a −44.55 ± 0.01 a −35.46 ± 0.02 a −52.25 ± 0.02 a 

1% DMSO  −39.01 ± 0.01 a −58.35 ± 0.01 a −45.67 ± 0.02 a −68.25 ± 0.02 a 

Mean values are of triplicate independent experiments ± SD. Comparison of percentage inhibition at MIC value for each treatment against K. pneumoniae. 

Different letters (a-e) indicate a significant difference at p < 0.05 between the different treatments (per column) at the same MIC value. Reference control for 

percentage measurement: ≥ 50% (good activity), 0 to 49% (weak activity), negative values (rise in biofilm formation) (Famuyide et al., 2019). 
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Under static conditions, phytol again revealed higher inhibitory activity (20.32% and 

18.07% for both strains), followed by alpha-terpinene (Table 4.7), with statistical 

differences found between the compounds (p < 0.05). The least inhibitory activity for 

this group was also shown by camphene at 4.56% for CBR-K. pneumoniae and 4.08% 

for ESBL-K. pneumoniae. Moreover, fisetin and quercetin showed no inhibitory activity 

on mature biofilms formed by both strains under static conditions.  

Overall, a notable difference was observed between the two tested conditions with 

less inhibitory activity shown by the compounds on mature biofilms under static 

conditions when compared to the dynamic condition. This was also observed for the 

positive control of ciprofloxacin (Table 4.7).  

 

4.3.7 In situ visualisation of biofilms using SEM  

To further investigate the detailed effects of the K. pneumoniae biofilms formed after 

treatment with the best active or potent compounds (phytol and glycitein) on antibiofilm 

assay results, a SEM analysis was carried out. Figure 4.5 shows the SEM micrographs 

of the biofilms formed by the two K. pneumoniae strains upon exposure to phytol and 

glycitein (0.1 mg/mL), the positive controls (quercetin; 0.1 mg/mL and ciprofloxacin; 

0.001 mg/mL), and the untreated biofilms.
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Figure 4.5: SEM micrographs showing the biofilm inhibitory activity of phytol and glycitein against CBR and ESBL-K. pneumoniae at ×20,000 magnification. 

(A) CBR-K. pneumoniae (without treatment), (B) CBR-K. pneumoniae (treated with phytol), (C) CBR-K. pneumoniae (treated with glycitein), (D) CBR-K. 

pneumoniae (treated with quercetin), (E) CBR-K. pneumoniae (treated with ciprofloxacin), (F) ESBL-K. pneumoniae (without treatment), (G) ESBL-K. 

pneumoniae (treated with phytol), (H) ESBL-K. pneumoniae (treated with glycitein), (I) ESBL-K. pneumoniae (treated with quercetin), (J) ESBL-K. pneumoniae 

(treated with ciprofloxacin). 
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Phytol revealed potent antibiofilm activity for CBR and ESBL-K. pneumoniae, as 

evidenced in Figures 4.5B, G, where fewer clumps of attached microcolonies were 

observed, revealing a notable lessening in the quantity of biofilms with some of the 

cells being distances apart. A similar observation was recorded for ciprofloxacin, 

showing very few clumps of scattered cells (Figures 4.5E, J).  

In comparison, the untreated biofilms formed by the two strains of K. pneumoniae 

revealed a compact arrangement of interconnected K. pneumoniae cells, thereby 

presenting continuous clumps and large aggregates of cells (Figures 4.5A, F). 

However, biofilms treated with glycitein only revealed a slight distance amongst the 

cells of CBR-K. pneumoniae (Figure 4.5C), while the treatment was shown to shrink 

and disrupt cells of ESBL-K. pneumoniae with extruding materials and cell debris 

(Figure 4.5H). Quercetin was less effective compared with phytol and glycitein 

(Figures 4.5D, I); moreover, it showed lesser clumps of cells than the untreated 

biofilms.  

 

4.3.8   PCR detection of virulence genes in K. pneumoniae strains  

Gel electrophoresis of PCR products validated the presence of virulence genes such 

as mrkA, luxS, rcsA and the housekeeping gene (16srRNA) in CBR and ESBL 

producing K. pneumoniae. Sizes of the genes were also indicated as 115 bp for mrkA, 

180 bp for luxS and rcsA and 161 bp for 16srRNA. A representative gel electrophoresis 

image showing the four selected genes is shown in Appendix 4.1. 

 

4.3.9   RNA quality determination 

The integrity of the total RNA isolated from the treated and untreated K. pneumoniae 

strains was assessed by visualization of the 23S/16S banding pattern on a gel and 

shown to be intact (Appendix 4.2). The 260/280nm and 260/230nm absorbance ratios 

of the extracted RNA samples as determined spectrophotometrically ranged between 

1.80nm and 2.50nm.  
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4.3.10     Expression levels of mrkA, rcsA and luxS  genes quantified by qPCR 

4.3.10.1 Fold change of genes due to treatment 

The expressions of mrkA (biofilm‐associated gene), rcsA (exopolysaccharide 

biosynthesis gene) and luxS (AI-2 quorum sensing S-ribosylhomocysteinase protein-

coding gene) in CBR and ESBL-K. pneumoniae strains were compared using the cycle 

threshold (Ct) values.  Differences in Ct values were observed among the genes 

subjected to treatment with selected phytochemicals and controls showing mean Ct 

values ranging from 20.477 to 30.186 for the two K. pneumoniae strains (Table 4.8).  

 

Table 4.8: Ct values obtained for the genes subjected to treatment with selected 

phytochemicals and controls in the K. pneumoniae strains 

Samples Ct values 

CBR-K. pneumoniae ESBL-K. pneumoniae 

Phytol-Mrk A 24.780 26.012 

Camphene-RcsA 27.699 27.658 

Ciprofloxacin-LuxS 25.134 25.782 

Ciprofloxacin-MrkA 24.187 26.323 

Ciprofloxacin-RcsA 27.422 27.435 

Quercetin-LuxS 25.414 25.001 

Quercetin-MrkA 20.477 24.914 

Quercetin-RcsA 26.278 30.186 

 

Results of the comparative relative expression of the genes targeted with different 

treatments on K. pneumoniae strains calculated relative to the untreated K. 

pneumoniae strains are illustrated in Figure 4.6. The results revealed that the mRNA 

levels of mrkA and rcsA genes were significantly downregulated after treatment with 

a subminimum inhibitory concentration of phytol and camphene respectively (Figure 

4.6).  
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Figure 4.6: Fold change in mRNA levels of mrkA, rcsA and luxS target genes in treated K. pneumoniae strains. A: CBR-K. pneumoniae, B: ESBL-K. 

pneumoniae. 

A B 
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4.3.10.2  Fold expression ratio relative to control 

The fold expression ratio relative to control revealed varying values between 0.607 

(60.7%) and 1.00 (100%).  For CBR-K. pneumoniae, mrkA gene targeted with phytol 

revealed a fold expression value of 0.662 (66.2%), compared to the untreated strain 

(16SrRNA as control) which had the value of 1.00 (100%) (Figure 4.7A), indicating the 

antibiofilm activity of phytol at the transcriptional level.  

Phytol showed a better reduction in the expression level of mrkA compared to 

ciprofloxacin and quercetin which revealed fold expression values of 0.776 (77.6%) 

and 0.983 (98.3%) respectively (Figure 4.7A). Furthermore, the rcsA gene targeted 

with camphene showed a reduced fold expression value of 0.722 (72.2%), while 

ciprofloxacin and quercetin had 0.770 (77%) and 0.896 (89.6%) respectively (Figure 

4.7A). LuxS gene targeted with ciprofloxacin and quercetin revealed a slight 

downregulation with fold expression values of 0.929 (92.9%) and 0.913 (91.3%) 

respectively compared to the control (Figure 4.7A).   

Similarly, for ESBL-K. pneumoniae, phytol revealed downregulation of the mrkA gene 

with a fold expression value of 0.607 (60.7%) as compared to quercetin (0.816; 81.6%) 

(Figure 4.7B). RcsA gene targeted with camphene was also shown to be 

downregulated (fold expression value of 0.693; 69.3%), which revealed a slightly 

better result in comparison to ciprofloxacin (0.737; 73.7%). However, quercetin 

revealed a negative fold expression value of -0.771 (-77.1%) (Figure 4.7B). 

Ciprofloxacin and quercetin which targeted the luxS gene showed slight 

downregulation when compared to the control sample with values of 0.826 (82.6%) 

and 0.899 (89.9%) respectively (Figure 4.7B).
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Figure 4.7: Relative gene expression of (A): CBR-K. pneumoniae and (B): ESBL-K. pneumoniae following treatment with a subminimum inhibitory concentration 

of phytochemical compounds and positive controls, represented as fold difference between treated samples targeting mrkA, rcsA and luxS gene. Transcripts 

were normalized to 16S rRNA and results were calculated as fold change relative to gene expression values obtained for untreated ESBL-K. pneumoniae strain. 

Data are mean ± standard deviation of three independent experiments performed with four technical replicates.  
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4.3.11    Cytotoxicity activity of phytochemical compounds 

The cytotoxicity test was carried out on Vero cells as these epithelial non-malignant 

cells are a well-defined experimental setting for cytotoxicity studies. Treatment with 

compounds exhibited a decrease in cell viability in a dose-dependent manner, 

whereby the compounds had a cytostatic effect on the cells at a higher concentration 

as presented in Table 4.9. Experiments included DMSO at different concentrations 

(range 0.1 – 0.008%) and it didn’t interfere with cell metabolism.  The principles of cell 

viability and cytotoxicity assays are based on various cell functions such as enzyme 

activity, cell membrane permeability, cell adherence, ATP production, co-enzyme 

production and nucleotide uptake ability, resulting in either cytotoxic effect 

(destroying/killing of cells) or cytostatic effect (prevention/inhibition of cells).  

Based on the results, phytol exhibited no cytotoxic effect on the Vero cells, 

approximately 100% (p < 0.05) of the cell’s viability was maintained even at the highest 

tested concentration (0.25 mg/mL), as presented in Table 4.9. Camphene showed 

above 60% cell viability at a concentration of 0.25 mg/mL. The positive controls, 

doxorubicin and quercetin reduced cell viability by 43.18% and 10.23%, particularly at 

higher concentrations of 0.25 mg/mL. All compounds maintained the cell’s viability 

above 50% at 0.125 mg/mL as presented in Table 4.9 except for quercetin which 

showed 50% cell viability at a concentration of 0.0312 mg/mL. 

Lactate dehydrogenase (LDH) is a firm cytoplasmic enzyme demonstrated in all types 

of cells and released into the cell culture medium due to the damaged plasma 

membrane. Therefore, the cytotoxicity activity (LDH) of compounds was measured 

and is presented in Table 4.9. The findings indicated that the compounds exerted a 

cytostatic effect on Vero metabolism rather than a cytotoxic effect. Compounds of 

camphene and phytol had no cytotoxic effect in all tested concentrations on 

mammalian cells. Doxorubicin had a cytotoxic effect on Vero cells with maximum LDH 

activity at 33.20% and 22.63% respectively at the highest concentration of 0.25 mg/mL 

(Table 4.9).   

The micrograph images revealing the morphological changes of the Vero cells after 

being treated with compounds are shown in Appendix 4.3. Appendix 4.3B represent 

camphene at 0.062 mg/mL concentration, where it was shown that cells maintained 

their cellular morphology. Whereas doxorubicin showed high cell confluency at 
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concentrations of 0.062 mg/mL and 0.125 mg/mL (Appendix 4.3E). Phytol showed 

higher confluency of cells even at a lower concentration of 0.002 mg/mL as presented 

in Appendix 4.3C. Quercetin maintained the cell’s morphology even at the highest 

concentration as shown in Appendix 4.
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Table 4.9: Percentage (%) cell viability and lactate dehydrogenase (LDH) activity on Vero cells (ATCC CCL81) at different concentrations (mg/mL) 

of the compounds 

Concentrations 
(mg/mL) 

Percentage (%) cell viability relative to the untreated Vero cells 
(ATCC CCL81) at different concentrations (mg/mL) of the 

compounds 

 Lactate dehydrogenase (LDH) activity on Vero cells  
(ATCC CCL81) at different concentrations (mg/mL) of the 

compounds 

Camphene Phytol Quercetin Doxorubicin  Camphene Phytol Quercetin Doxorubicin 

0.002 71.50±1.94 b, c 106.56±8.49 a 82.70±4.07 a 79,04±17,31 a, b  2,52±4,18a 2.08±1.17 c -10,95±1,92 c -4.44±3,24 b 

0.004 68.94±9.56 b 106.27±2.08 a 80.15±21.53 a, b 74,16±24,02 a, b  -2,00±4,53 a -1.43±0.26 b -6,71±3,35 b 1,29±3,44 a 

0.007 68.59±1.61 b 102.58±4.03 a 66.60±12.08 b 71,73±13,59 a, b  -4,16±1,14 b -1.61±0.45 c -8,18±3,19 c 8,90±1,90 a 

0.016 68.37±5.19 b 101.24±7.47 a 63.85±17.10 b 69,90±16,38 b  -5,10±1,37 b -4.85±0.16 c -7,98±3,33 d 9,82±1,77 a 

0.031 68.00±4.66 b 98.61±5.61 a 63.81±1.85 b 69,05±11,69 b  0,00±6,02 a -1.63±0.35 b -11,35±1,47 b 8,73±0,84 a 

0.062 66.89±3.22 b 96.72±10.53 a 49.83±31.57 b 59,72±3,86 b  -0,37±4,40 b -1.69±0.18 c -6,54±1,84 c 16,50±5,43 a 

0.125 66.00±4.35 a, b 92.72±2.16 a 42.11±8.16 b 56,27±8,26 b  -5,49±2,41 b -0.75±0.27 c -3,38±2,59 c 22,53±3,93 a 

0.25 63.43±0.78 a 92.28±5.24 a 10.23±4.93 c 43,18±2,83 b  -4,03±8,95 a -4.13±0.99 b -4,02±2,00 b 33,20±3,39 a 

Means are values of triplicate independent experiments ± SD. Treatments with phytochemical compounds were compared based on concentrations. Means that 

do not share a letter are statistically significant. Comparison for each concentration of the compounds is presented with different letters (a–d) and are significantly 

different (p ≤0.05). 
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4.4    DISCUSSION 

Phytochemicals have vast advantages over synthetic compounds, including green 

status and unique modes of action, which could aid in the fight against antibiotic 

resistance. Hence, they are emphasized as a valuable source of novel bioactive 

compounds that is both sustainable and abundant (Borges et al., 2015). Furthermore, 

they have been identified as a promising source of quorum-sensing inhibitors, 

disrupting bacterial cell-to-cell communication, which enables pathogenicity and for 

bacteria to withstand antimicrobial substances through biofilm formation and other 

virulence factors (Borges et al., 2016). These phytochemicals often have a wide range 

of chemical variety, structural complexity, and biological activity (Borges et al., 2016), 

making them promising tools for the management of illnesses, especially biofilm-

related infections in an era where the supply of effective antibiotics is no longer 

guaranteed (Monte et al., 2014). New sources of antimicrobials and tactics for effective 

biofilm inhibition and/or eradication are unquestionably necessary. Therefore, the 

discovery of phytochemicals targeting distinct stages of biofilm formation, such as 

adhesion, motility and EPS generation, including other biofilm-related virulence 

factors, is imperative (Barbieri et al., 2017). As such, the effects of phytochemical 

compounds at different stages of biofilm formation and associated virulence factors in 

CBR and ESBL-K. pneumoniae were explored in this chapter. 

The five studied compounds (alpha-terpinene, camphene, fisetin, glycitein and phytol) 

were first validated for their antibacterial effect on the growth of CBR and ESBL-K. 

pneumoniae strains. The findings revealed MIC values ranging from 0.0625 to 0.25 

mg/mL (Table 4.3). Of the five compounds, fisetin showed a MIC value of 0.0625 

mg/mL for CBR-K. pneumoniae, as well as quercetin and ciprofloxacin (the positive 

controls), indicative of significant activity. This suggests that fisetin and quercetin are 

potential antibacterial agents against the studied pathogen. Their potent activity can 

be attributed to the mode of action of flavonoids, which includes the interaction of 

phytochemical compounds with bacterial proteins and cell wall structures (Lahiri et al., 

2019). This is congruent with the suggestions of Gibbons (2004) and Mamabolo et al. 

(2018), where the antimicrobial activity of a phytochemical compound or single entity 

compound is defined as significant when the MIC value is ≤ 0.064mg/mL or ≤ 

0.01mg/mL, respectively.  
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Other tested compounds revealed MIC values greater than 0.1 mg/mL; hence, they 

are regarded as compounds with low antibacterial activity. According to Mbaveng et 

al. (2015), the MIC activity of a compound is considered low when it is greater than 

100 µg/mL or 0.1 mg/mL. The low MIC values obtained may be due to the protective 

outer membrane present in K. pneumoniae, being a GNB (Cosa et al., 2020). In 

addition, they can also be attributed to the ability of K. pneumoniae to actively efflux 

the compounds from the cell, forming a capsule that shields the cell from being 

penetrated by the compounds or changing its phytocompound target. The low MIC 

values, however, do not completely rule out the bioactive potentials of these 

compounds as they possess a broad range of biological activities. Cosa et al. (2019) 

and Vasavi et al. (2016) reported that in some cases, compounds of natural origin may 

yield poor MIC values, but they can interfere with the QS signalling mechanism and 

inhibit virulence at sub-MIC concentrations. Hence, the compounds were further 

assessed for their biofilm-associated anti-virulence activities. 

Because biofilms are supported by a matrix of polymeric compounds known as 

extracellular polymeric substances (EPS), often composed of exopolysaccharides that 

are secreted into the environment (Rabin et al., 2015), it was assessed as one of the 

contributing virulence factors. Klebsiella pneumoniae’s exopolysaccharides generally 

contain rare sugars such as L-fucose, L-rhamnose, or uronic acids (Kumar et al., 2007; 

Patro & Rathinavelan, 2019). Based on the findings, the exopolysaccharide reduction 

assay revealed that both phytol and camphene showed the highest percentage 

inhibition of EPS (65.91%) for ESBL-K. pneumoniae, while camphene revealed the 

greatest reduction in exopolysaccharide production (43.80%) in CBR-K. pneumoniae 

(Figure 4.1).  

Similar findings were reported by Srinivasan et al. (2017), where phytol significantly 

inhibited the EPS production in Serratia marcescens to the level of 32% and 39% at 5 

and 10 µg/mL concentrations, respectively, while no significant level of EPS inhibition 

was shown by the control. The bioactive potential of camphene observed in this study 

is congruent with the submission of Hachlafi et al. (2021), where camphene inhibited 

pathogenicity in a wide range of pathogenic bacteria, such as Klebsiella pneumoniae, 

Staphylococcus aureus and Escherichia coli. Based on the findings, the reduction in 

EPS in K. pneumoniae by the active phytochemical compounds suggests their 
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potential to disrupt biofilm-associated virulence factors. This is because EPS 

production is a key factor which forms the framework in microbial biofilms. 

The validation of reduced exopolysaccharides in K. pneumoniae was performed using 

AFM, a powerful technique for imaging the surfaces of microbial cells (Huang et al., 

2015). It has been reported as a vital tool in characterizing the topographic features of 

microbial exopolysaccharides (Zhao et al., 2019). Dufrêne (2014) also confirmed that 

AFM imaging allows the observation of cell wall components directly on live cells, such 

as polysaccharides, peptidoglycan, teichoic acids, among others, and has aided in 

elucidating their roles in cellular processes such as adhesion. When AFM imaging was 

employed in this study to analyse the surface topology of treated and untreated K. 

pneumoniae exopolysaccharides, the untreated strains resulted in the formation of a 

clear detectable EPS network composed of unevenly distributed and compact lumps 

(Figure 4.2A1, F1). The lumps may be formed due to the intra- and intermolecular 

aggregation of polysaccharide macromolecules (Banerjee et al., 2020). This high 

conformational rigidity of EPS might function as a polymeric scaffold used by bacteria 

to build biofilms (Foschiatti et al., 2009). The surface topography of EPS treated with 

phytol and camphene on the other hand revealed scarce EPS polymers which were 

generally thinner and often showed irregular shapes, similar to the positive control 

(ciprofloxacin) (Figure 4.2B1, C1, G1, H1). These compounds showed a significant 

reduction in the height and surface roughness of K. pneumoniae EPS. This validates 

the results obtained from the in-vitro phenol sulfuric acid method of EPS biomass 

measurement. 

Curli, a type of fimbriae composed of proteins called curlins and functional amyloid 

surface fiber, is another prominent virulence factor in K. pneumoniae known to be 

involved in cell attachment to surfaces, as well as cell aggregation, which allows the 

formation of biofilms (Anes et al., 2017). Curli are effective inducers of the host 

inflammatory response and often mediate host cell adhesion and invasion (Chaudhary 

& Payasi, 2012). The results demonstrated that phytochemicals such as phytol, 

glycitein, fisetin and quercetin (0.5 and 1.0 mg/mL) efficiently inhibited the formation 

of curli in the K. pneumoniae strains (Table 4.5). According to a study by Gupta et al. 

(2012), cranberry, which contains diverse bioactive phytochemical compounds, 

inhibited the expression of curli in Escherichia coli and resulted in a loss of epithelial 

cell colonization. This suggests that certain phytochemical compounds can bind to 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



184 
 

curli, and fimbriae as observed in this study, thereby preventing them from attaching 

to the host tissue. According to Kikuchi et al. (2005), studies have shown that curli and 

other cell surface structures play a significant role in the development of biofilm in E. 

coli, an Enterobacteriaceae similar to K. pneumoniae. Understanding and inhibiting 

biofilm-forming structures such as curli are crucial for the development of therapeutics 

that can reduce biofilm formation and host colonization (Barnhart & Chapman, 2010). 

Furthermore, virulence in K. pneumoniae can also be attributed to efficient iron uptake, 

poor sedimentation, and the copious synthesis of a capsule, which confers a 

hypermucoviscous phenotype (Sánchez-López et al., 2019; Mikei et al., 2021). The 

effect of the studied phytochemical compounds on the hypermucoviscosity of K. 

pneumoniae was examined using the string test. The results reveal glycitein and fisetin 

as the compounds showing the best inhibition at 1.0 mg/mL for both strains, alongside 

phytol for ESBL-K. pneumoniae (Figure 4.4). The viscosity-lowering effect of the 

compounds, as seen in this study, is proportional to their concentrations, as none of 

the compounds examined at the lowest concentration (0.125 mg/mL) showed any 

reduction in the hypermucoviscosity phenotype. A similar observation was also 

recorded in the study of Jabuk (2016), where viscosity inhibition was observed in a 

dose-dependent manner. Lin et al. (2013) reported a decrease in K. pneumoniae 

mucoviscosity, and capsular polysaccharide production by Fructus mume in a dose-

dependent manner, thereby reducing the resistance of K. pneumoniae to serum killing. 

K. pneumoniae can produce a thick extracellular matrix that promotes bacterial 

adhesion to living or non-living surfaces, preventing antibiotic penetration and lowering 

the effects of treatments (Nirwati et al., 2019). Again, the host defenses may be 

improved if any stage in the formation of the biofilm’s structure is interrupted, resulting 

in better treatment outcomes. Hence, this study examined the effect of phytochemical 

compounds on initial cell attachment, preformed biofilm, and mature biofilm formation. 

The results of the initial cell attachment inhibition reveal that phytol showed good 

activity on both strains of K. pneumoniae tested following the criteria stated by 

Famuyide et al. (2019), having >50% inhibition (Table 4.6). Reports on the anti-

adhesion activity of the studied compounds on K. pneumoniae are limited; however, 

Ramanathan et al. (2018) reported a good anti-biofilm activity of phytol, showing up to 

60% biofilm inhibition in another notorious biofilm former, Acinetobacter baumannii, at 

concentrations ranging from 5 to 640 µg/mL. Congruent to the findings in this chapter, 
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Srinivasan et al. (2017) also reported a decrease in the level of metabolically active 

cells involved in biofilm formation in phytol treatment compared with their respective 

controls. This corroborates the submission of Ramanathan et al. (2018), that phytol is 

a potential anti-biofilm agent, as it can inhibit or halt the formation of biofilms, making 

them more receptive to treatments. On the other hand, glycitein, camphene, fisetin, 

alpha-terpinene and quercetin showed weak anti-adhesion activity, having percentage 

inhibition values <49%. The weak activity observed might be attributed to the 

interference of the hydrogen bonds, electrostatic forces, and van der Waals forces of 

interaction within the biofilm, which often mediates the initial attachment of the sessile 

group of cells to solid surfaces (Lahiri et al., 2019).  

Furthermore, the results revealed a reduced inhibition of the microcolony formation 

stage by the compounds (Table 4.6). This suggests that biofilms can be better inhibited 

during the initial cell attachment stage than when they begin to develop. A similar trend 

was observed for the inhibition of mature biofilm, where the biofilms had accumulated 

biomass. These findings are in tandem with results obtained in a study carried out by 

Mombeshora et al. (2021), where the compound tested did not have any disruptive 

effect on mature (72 h) biofilms of P. aeruginosa, a Gram-negative bacterium like K. 

pneumoniae. This can also be attributed to the opinion of Kelmanson et al. (2000), 

who noted that more resistance to external agents is often shown once biofilms have 

been fully established; therefore, the disruption of mature biofilms tends to require 

higher doses of disrupting agents than those needed to destroy planktonic cells. 

Additionally, difficulty in the disruption of mature biofilms might result from the slow or 

incomplete penetration of the treatments to the established biofilm population or an 

altered biochemical microenvironment within the biofilm (Lebeaux et al., 2014). Other 

studies by Baloyi et al. (2021) and Sarkar et al. (2014) have also shown that 

eradicating biofilms is challenging, as various biofilm-forming microorganisms have 

demonstrated resilience. 

The effect of the phytochemical compounds on the inhibition of mature K. pneumoniae 

biofilm was assessed under both static and dynamic conditions. The results revealed 

that K. pneumoniae biofilms formed under static (non-shaking) conditions had lower 

inhibition percentages compared with the mature biofilm formed under dynamic 

conditions (Table 4.7). This could be because more mature biofilms were formed 

without shaking compared with the biofilms formed while shaking; hence, the 
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treatment showed higher inhibitory activity on less mature biofilms formed while 

shaking. This result corroborates the findings of Wang et al. (2020), where a decrease 

was observed in the biofilm biomass attached to substratum surfaces under dynamic 

conditions compared with the static condition. The difference in mature biofilms 

generated with and without shaking can be attributed to shear force, which is one of 

the most decisive factors in the formation of biofilms in hydrodynamic conditions 

(Wang et al., 2020). Due to shear forces, bacteria that settled but could not adhere 

securely to the substratum surface might have been resuspended in the bulk liquid, 

resulting in relatively low levels of adherent biomass under dynamic conditions. 

Bacterial adhesion, which contributes to mature biofilm formation, is often inhibited 

when there is an increase in shear stress (Moreira et al., 2013). 

An additional remarkable mechanism in biofilm formation is the distinctive biofilm 

architecture (Ramanathan et al., 2018). SEM micrographs of the structurally complex 

matrix architecture and the bacteria in that matrix were used to visually validate the 

inhibitory effect of phytol and glycitein against biofilms formed by the two K. 

pneumoniae strains. Exceptionally, phytol treatment led to a huge collapse in the 

extracellular matrix architecture of CBR-K. pneumoniae biofilms, resulting in individual 

cells and loose microcolonies adhering to the coverslip (Figure 4.5B). The images 

correlated well with the quantitative results of the crystal violet staining assay, which 

indicated that phytol possessed good antibiofilm activity against K. pneumoniae. 

Furthermore, glycitein influenced the integrity of the ESBL-K. pneumoniae cell wall 

(Figure 4.5F), making the cells incapable of maintaining their typical morphology in the 

presence of the treatment. Damaged cell walls and cellular leakages resulting from 

phytochemical compound treatment can eventually cause the death of microbial cells 

(Wijesinghe et al., 2021). The inhibition of the biofilm-forming ability and associated 

virulence factors in K. pneumoniae by selected phytochemical compounds could be 

an effective approach in controlling pathogenicity in this pathogen, hence, researchers 

are delving more into unravelling this science of survival.  

Studies on the expression profiles of genes involved in biofilm formation (mrkA), 

exopolysaccharide production (rcsA) and quorum sensing (luxS) in K. pneumoniae 

after treatment with phytochemical compounds are however still limited in number. 

Therefore, this study further assessed the inhibitory effect of selected phytochemical 

compounds (phytol and camphene) and controls (quercetin and ciprofloxacin) on K. 
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pneumoniae’s biofilm formation, exopolysaccharide production and AI-2 quorum 

sensing through the expression level of selected virulence genes (rcsA, mrkA and 

luxS) using a molecular approach. A molecular approach such as quantitative PCR 

(qPCR) is a prominent technique to understand fundamental cellular mechanisms and 

identify changes in gene expression levels in response to specific biological stimuli 

such as pharmacological agents (Yilmaz et al., 2012), hence, it was employed in this 

study. 

The expression levels of mrkA, rcsA and luxS genes were quantified by qPCR. The 

fold change of the genes due to treatment by compounds and controls (phytol, 

camphene, quercetin and ciprofloxacin) were observed. Results revealed that the 

mRNA levels of mrkA and rcsA genes were significantly downregulated after treatment 

with a subminimum inhibitory concentration of phytol and camphene, respectively. 

This corroborates the in-vitro findings where phytol and camphene significantly 

inhibited biofilm formation and exopolysaccharide production respectively in ESBL and 

CBR K. pneumoniae strains. The fold expression ratio of the mrkA gene in CBR-K. 

pneumoniae relative to control was 0.662 (66.2%) to the ratio of 1.00 (100%) (Figure 

4.6A), further indicating the antibiofilm activity of phytol at the transcriptional level.  

After noting the downregulatory expression of selected virulence genes in K. 

pneumoniae strains by the studied phytochemical compounds, this study constituted 

an in vitro proof-of-concept on the cytotoxicity activities of the compounds. This is 

imperative because pharmaceutical safety is an essential factor in the development of 

every medicament (Bácskay et al., 2018), and should be evaluated before their impact 

in drug discovery is taken into consideration (Tshikalange & Hussein, 2010). 

The cytotoxic effects of the compounds were investigated to ensure their safety using 

epithelial African green monkey kidney cells (Vero ATCC CCL-81), a cell line routinely 

used for in vitro cytotoxicity assessments. The results showed that phytol exhibited no 

cytotoxic effect on the Vero cells maintaining approximately 100% of the cell’s viability 

at all the concentrations tested (Appendix 4.3). Findings also revealed that the 

phytochemical compounds of camphene, fisetin and alpha-terpenine showed above 

60% cell viability at the concentration of 0.25 mg/mL which indicates that the majority 

of the cells are viable. Furthermore, the compounds had a concentration-dependent 

effect on the viability of cells and revealed a cytostatic effect on the cells at a higher 

concentration. A similar observation was recorded in a study conducted by Borges et 
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al. (2014), where the tested compounds had a concentration-dependent effect on the 

viability of cells. Higher doses of the phytochemical compounds were less toxic to the 

cells, which had a favourable impact on the viability of the cells. This supports the 

compounds' lack of cytotoxic effects and suggests their potential application for 

therapeutic purposes (Borges et al., 2014). The measured LDH activity showed that 

most of the tested compounds did not cause cell death in a dose-dependent manner 

(Table 4.9), hence revealing these compounds as promising leads for the 

development of novel drugs. Future studies can include investigating the activity of the 

compounds on human-associated cell lines and conducting in vivo biological 

assessments to validate their significance in manufacturing new pharmaceuticals 

(Asong et al., 2019). 

 

4.5    CONCLUSION 

In this chapter, a better knowledge of the efficacy of selected phytochemical 

compounds was acquired by investigating their antivirulence and antibiofilm activities 

where phytol proved to be the most potent antivirulence antibiofilm agent, inhibiting 

initial cell attachment as well as exopolysaccharide production, curli expression and 

hypermucoviscosity. AFM proved to be a useful tool for visualizing the effect of 

compounds on EPS production to corroborate the in vitro findings. The expression 

level of selected virulence genes in hypervirulent K. pneumoniae strains following 

treatment with selected phytochemical compounds was quantified using the 

quantitative real-time polymerase chain reaction (qPCR) assay. Findings revealed that 

phytol and camphene downregulated the expression of mrkA and rcsA genes, 

respectively, which are responsible for biofilm formation and exopolysaccharide 

production in K. pneumoniae. Furthermore, when the promising compounds were 

examined for safety through cell viability and cytotoxicity assessment, phytol further 

revealed no cytotoxic effect on the Vero cells while camphene revealed significant cell 

viability.  Consequently, these intriguing compounds can be employed as a model in 

the search for new medications or as an alternative in regulating the pathogenicity of 

K. pneumoniae.  
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5.1 OVERVIEW OF FINDINGS 

The overall purpose of this research was to investigate the effectiveness of specific 

South African medicinal plants, which are traditionally used to treat infections caused 

by K. pneumoniae, in inhibiting its virulence. To assess the antivirulence properties of 

the plants and their phytochemical compounds, various techniques including in-vitro, 

in-silico, in-situ and molecular approaches were employed.  

This study addressed the quest for understanding which South African medicinal 

plants possess the potential to manage K. pneumoniae infections by modulating its 

virulence factors. Additionally, the research aimed at determining how the SdiA 

transcriptional regulator protein, which encodes for QS and virulence in K. 

pneumoniae can be suppressed through phytochemical compounds using a molecular 

modelling approach. Furthermore, an inquiry was raised concerning the 

phytochemical compounds that may have the ability to decrease biofilm formation and 

associated virulence factors in K. pneumoniae. Afterwards, it became imperative to 

assess the impact of the active compounds on the expression and regulation of 

virulence genes in K. pneumoniae, as well as determine which of these 

phytochemicals are safe for use when evaluated for cytotoxic effects on non-malignant 

mammalian cells.  

Findings from this study presented virulence factors’ modulation in biofilm-forming 

Klebsiella pneumoniae via selected South African medicinal plants and phytochemical 

compounds, revealing an alternative strategy for the management of hypervirulent K. 

pneumoniae infections. Achievement of objectives, general conclusions, limitations of 

the study and recommendations are discussed below: 

 

5.2 ACHIEVEMENT OF OBJECTIVES & GENERAL CONCLUSIONS 

In this study, all specified objectives (chapter 1) were achieved, providing succinct 

answers to the research questions posed. Three South African medicinal plants 

namely Carpobrotus dimidiatus, Helichrysum populifolium and Lippia javanica that 

could be promising for the management of hypervirulent K. pneumoniae infections 

were identified and validated for their antibacterial activities. The studied plants 

revealed potentials as antibiofilm and anti-virulent agents against CBR and ESBL 

producing K. pneumoniae strains. C. dimidiatus (dichloromethane) showed notable 
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antibacterial activity revealing an MIC value of 0.78 mgmL, whereas L. javanica (ethyl 

acetate) was active against virulence factors such as biofilm formation and 

exopolysaccharide production at 67.25% and 36.95% respectively. L. javanica (ethyl 

acetate) also significantly reduced curli expression and hypermucoviscosity in the 

studied K. pneumoniae strains, hence, revealing it as a promising medicinal plant that 

can be investigated to develop alternative therapy for managing K. pneumoniae 

associated infections.  

Furthermore, when in-silico techniques were employed in this study to validate the 

binding of some compounds in the studied plants; p-cymene, alpha-pinene, 

isoterpinolene, alpha-terpinene, phytol, 3-carene, beta-pinene, sabinene, camphene, 

fisetin, genistin, diadzein, quercetin, glycitein, phloretin, apigenin and biacalein 

(terpenes and flavonoids) were found to bind or modulate the SdiA's autoinducer 

binding site. The following criterion formed the basis of selecting the compounds as 

potential QS antagonistic compounds (i) structural similarity to the signal molecules; (ii) 

low molecular weight; (iii) hydroxyl group for a side chain compound; (iv) a five-

membered lactone ring with an acyl group as a spacer and hydrophobic tail which 

enables binding to the active site by hydrogen bonding and hydrophobic interactions. 

Molecular dynamics simulations established the stability of the protein-ligand system, 

revealed the atomic and inter-atomic interactions of the protein-ligand complex and 

estimated the binding free energies of the compounds, indicative of drug potency. High 

binding free energies of -34.2996 and -43.2680 were obtained for biacalein (flavonoid) 

and phytol (terpene) respectively. The drug-likeness prediction of the selected 

compounds validated their drug potential conferring them as promising QSI drugs for 

K. pneumoniae.   

In situ, AFM and SEM proved to be useful microscopy techniques for visualizing the 

effect of plant extracts and phytochemical compounds on biofilms and 

exopolysaccharides production, which helped to corroborate the in vitro findings. 

Amongst the phytochemical compounds evaluated in this study, phytol proved to be 

the most potent antivirulence antibiofilm agent, inhibiting initial cell attachment 

(54.71%) as well as exopolysaccharide production (65.91%), curli expression and 

hypermucoviscosity.  

The expression level of selected virulence genes in hypervirulent K. pneumoniae 

strains following treatment with phytochemical compounds were quantified using the 
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quantitative real-time polymerase chain reaction (qPCR) assay. Phytol and camphene 

were shown to downregulate the expression of mrkA and rcsA genes respectively, 

which are responsible for biofilm formation and exopolysaccharide production in K. 

pneumoniae. Phytochemical compounds were also examined for safety through cell 

viability and cytotoxicity assessment where phytol revealed no cytotoxic effect on the 

Vero cells. Thus, these compounds can be suggested as safe, potential drug 

candidates for the development of alternative treatment options for K. pneumoniae 

infections. 

 

5.3 CONTRIBUTION, LIMITATIONS AND RECOMMENDATIONS OF THE STUDY 

5.3.1 Contribution of the study 

This study contributes to scientific knowledge through a few published research 

articles and data has been disseminated through presentations at scientific 

conferences (highlighted in pages v-vi). In addition, the data provided from this 

research adds to the solutions required to lessen the MDR quandary, the lag in number 

of compounds documented as antipathogenic or antivirulence and to the threats posed 

by hypervirulent and multi-drug resistant K. pneumoniae strains through the 

exploration of plant extracts used in traditional medicine as well as their phytochemical 

compounds. 

 

5.3.2 Limitations 

A few limitations of this study are as follows: 

• One of the studied medicinal plants (Helichrysum populifolium) is not available 

all year round. Its limited growth can be due to some significant factors such 

as drought, shade, temperature and nutrient scarcity. Hence, there is a need 

for a proper storage system to always ensure its availability for research. 

• MagA virulence gene was not detected in the studied K. pneumoniae strains 

despite careful optimization of the PCR protocol in the laboratory and 

confirmation of the quality of primers using primer3plus and other primer 

designing software. 

• The insolubility of some phytochemicals in water used for the preparation of 

1% DMSO is a limitation in evaluating their bioactivities and testing for their 
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antivirulence activities. Low water solubility poses significant concerns for poor 

bioavailability, large dosage requirements, and undesirable side effects, which 

hampers the development of phytochemicals in the pharmaceutical sector 

and, in turn, the full utilization of these plant resources. 

• Difficulty in detecting contamination issues when conducting highly sensitive 

PCR and qPCR assays. These contaminations and non-specific amplifications 

could result from the amplification of small quantities of DNA fragments from 

the laboratory environment, a DNA template amplified in a previous 

experiment or from contaminated reaction components. Some of the assays 

were repeated multiple times which resulted in an extended period of 

conducting the experiments as well as purchasing additional kits and primers 

in a bid to avoid contamination risks and misleading results.  

 

5.3.3 Recommendations 

This study should involve but not be restricted to the following: 
 

• Determination of the initial safety of plant extracts and phytochemical 

compounds using different cell lines suitable to be used on human hosts. 

• In-vivo studies to validate the in-vitro and in-silico drug-likeness findings of the 

selected compounds and to evaluate the side effects and safety of the 

compounds. 

• Combining two or more phytochemical compounds to test for synergistic or 

antagonistic effects against the studied K. pneumoniae strains. 

• Further exploration of the few unknown compounds revealed in the LC-MS 

mass spectra of the studied plants to fully unveil their identities and 

characterize them. 

• Studying all the compounds separately with focus on other targets. 
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APPENDICES 

Appendix 2.1: Ethics approval for the use of hypervirulent K. pneumoniae strains from the Faculty of 

Natural and Agricultural Sciences, University of Pretoria 
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Appendix 3.1: Multiple sequence alignment result of SdiA (Klebsiella pneumoniae) with CviR 

(Chromobacterium violaceum), LasR (Pseudomonas aeruginosa) and SdiA (Escherichia coli) 
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Appendix 3.2: Prediction of the conserved domain 
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Appendix 4.1: Gel electrophoresis of PCR products showing the presence of virulence genes in genes 

in K. pneumoniae (1) DNA ladder (2) Negative control (3) MrkA (4) LuxS (5) RcsA and (6) 16srRNA 

 

 

 

 

 

 

 

 

 

 

 

Appendix 4.2: Representative samples of RNA extracted from treated K. pneumoniae strains (1) DNA 

ladder (2) CBR-KP camphene (3) CBR-KP phytol (4) CBR-KP quercetin (5) CBR-KP ciprofloxacin (6) 

ESBL-KP camphene (7) ESBL-KP phytol 
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Appendix 4.3: Micrograph images displaying Vero cells exposed to compounds for 48 h at varying concentrations of 0.25 - 0.002 mg/mL. (A) Untreated Vero 

cells (B) Camphene (C) Phytol (D) Quercetin (E) Doxorubicin 

 

0,016 mg/mL 0,016 mg/mL 0,016 mg/mL 0,007 mg/mL 0,007 mg/mL 0,007 mg/mL 

0,004 mg/mL 0,004 mg/mL 0,004 mg/mL 0,002 mg/mL 0,002 mg/mL 0,002 mg/mL 

0,062 mg/mL 0,062 mg/mL 0,031 mg/mL 0,031 mg/mL 

0,25 mg/mL 0,25 mg/mL 0,125 mg/mL 
0,125 mg/mL 0,25 mg/mL 0,125 mg/mL 

0,062 mg/mL 0,031 mg/mL 

Phytol (B) 

0,25 mg/mL 0,125 mg/mL 

0,062 mg/mL 0,031 mg/mL 

0,016 mg/mL 

0,004 mg/mL 

0,007 mg/mL 

0,002 mg/mL 

Camphene (A) Doxorubicin (D) Quercetin (C) Vero cells (E) 

0,016 mg/mL 0,016 mg/mL 0,016 mg/mL 

0,004 mg/mL 0,004 mg/mL 0,004 mg/mL 

0,062 mg/mL 0,062 mg/mL 

0,25 mg/mL 0,25 mg/mL 0,125 mg/mL 0,125 mg/mL 

0,031 mg/mL 0,031 mg/mL 

0,007 mg/mL 0,007 mg/mL 0,007 mg/mL 

0,002 mg/mL 0,002 mg/mL 0,002 mg/mL 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



205 
 

Appendix 5.1: Proof of manuscript submission to Evidence-Based Complementary and Alternative 

Medicine 
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