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 Thesis Title Pronounced antibacterial effects of rhodomyrtone, a novel 
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ABSTRACT 

The emergence of antibiotic-resistant pathogenic bacteria is a healthcare 

problem worldwide. We evaluated the antimicrobial activity of rhodomyrtone, an 

acylphloroglucinol present in Rhodomyrtus tomentosa leaves, against the human Gram-

positive pathogens, Streptococcus pneumoniae. The compound exhibited pronounced 

anti-pneumococcal activity against a broad collection of clinical isolates. We studied 

the effects at the molecular level by a combination of proteomics and metabolomics. 

The integration of proteomic and metabolomic analyses revealed alterations in enzymes 

and metabolites involved in different metabolic pathways including amino acid 

biosynthesis, nucleic acid biosynthesis, glucid, and lipid metabolism. Notably, the 

levels of two enzymes (glycosyltransferase and UTP-glucose-1-phosphate 

uridylyltransferase) and three metabolites (UDP-glucose, UDP-glucuronic acid and 

UDP-N-acetyl-D-galactosamine) participating in the synthesis of the pneumococcal 

capsule clearly diminished in cells exposed to rhodomyrtone. Rhodomyrtone-treated 

pneumococcal cells significantly possessed less amount of capsule, as measured by a 

colorimetric assay and visualized by electron microscopy. These findings reveal the 

utility of combining proteomic and metabolomic analyses to provide insight into 

phenotypic features of S. pneumoniae treated with this potential novel antibiotic.  

The ability of Rhodomyrtus tomentosa leaf extract and rhodomyrtone to 

prevent biofilm formation and eradicate mature biofilms was assessed. The extract and 

rhodomyrtone at 1/8 × MIC significantly inhibited biofilm formation in all clinical 

isolates (P < 0.05). The viability of 8-day biofilm-grown cells significantly decreased 

following the treatment with the extract and rhodomyrtone at 16 × MIC. 40-90% 

reduction in the bacterial adhesion and invasion to A549 human alveolar epithelial cells 

was observed after challenging with the extract and rhodomyrtone, compared with the 
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control within 60 min. Increase in 90-99% phagocytosis of the bacterial cells by 

RAW264.7 macrophage cell line was detected following the treatment with the extract 

and rhodomyrtone at 1/2 × MIC, compared with the control. The results suggested 

potential medicinal benefits of the extract and rhodomyrtone for the treatment of 

pneumococcal infections. 

  In conclusion, rhodomyrtone is a promising alternative antibacterial 

agent for the treatment of the infections caused by the Gram-positive pathogens 

including S. pneumoniae.  

Key words: Rhodomyrtone, Rhodomyrtus tomentosa, Streptococcus pneumoniae, 

proteomic, metabolomic 
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ช่ือวิทยานิพนธ์ ฤทธ์ิการยบัย ั้งแบคทีเรีย Streptococcus pneumoniae ของโรโดไมรโทน โดยการ 

                           วิเคราะห์ทางโปรติโอมิกส์และเมตาโบโลมิกส์ 

 ผู้เขียน  นายวชัรพงษ ์มิตสุวรรณ 

สาชาวิชา จุลชีววิทยา 

ปีการศึกษา 2561 

บทคัดย่อ 

  อุบติัการณ์เช้ือแบคทีเรียด้ือยาปฏิชีวนะเป็นปัญหาส าคญัทัว่โลก งานวิจยัน้ีศึกษาฤทธ์ิของสาร

โรโดไมรโทนซ่ึงเป็นกลุ่ม acylphloroglucinol แยกจากใบปกระทุในการต้านเช้ือแบคทีเรียก่อโรคกรัมบวก 

Streptococcus pneumoniae สารโรโดไมรโทนมีฤทธ์ิตา้นเช้ือแบคทีเรีย S. pneumoniae ท่ีแยกไดจ้ากผูป่้วย ศึกษา

ฤทธ์ิของโรโดไมรโทนในระดบัโมเลกุลโดยวิธีโปรติโอมิกส์และเมตาโบโลมิกส์ พบว่ามีการเปล่ียนแปลงของ

เอนไซม์และสารเมทาบอไลท์ท่ีเก่ียวข้องกับกระบวนการเมทาบอลิซึมของการสังเคราะห์กรดอะมิโน กรด

นิวคลิอิก คาร์โบไฮเดรต และไขมนั ของเช้ือ S. pneumoniae ในสภาวะท่ีมีสารโรโดไมรโทน เป็นท่ีน่าสังเกตว่า 

ระดบัของเอนไซม์ glycosyltransferase และ UTP-glucose-1-phosphate uridylyltransferase และสารเมทาบอไลท์ 

ประกอบดว้ย UDP-glucose, UDP-glucuronic acid และ UDP-N-acetyl-D-galactosamine ลดลงในสภาวะท่ีมีสาร

โรโดไมรโทน โดยเอนไซม์และสารดงักล่าวเก่ียวขอ้งกบักระบวนการสังเคราะห์แคปซูลของเช้ือ S. pneumoniae 

สารโรโดไมรโทนลดการสังเคราะห์แคปซูลของเช้ือ S. pneumoniae ซ่ึงศึกษาด้วยการวดัปริมาณแคปซูลและ

ภาพถ่ายอิเลก็ตรอนชนิดส่องผา่น  

  สารสกดัใบกระทุท่ีสกดัดว้ยเอาทนอล และสารบริสุทธ์ิโรโดไมรโทนท่ีความเขม้ขน้ 1/18 × 

MIC ยบัย ั้งการสร้างไบโอฟิลม์ของเช้ือ S. pneumoniae ท่ีแยกไดจ้ากผูป่้วย อยา่งมีนยัส าคญั สารสกดัใบกระทุและ

โรโดไมรโทนท่ีความเขม้ขน้ 16 × MIC ฆ่าเช้ือในไบโอฟิลม์ท่ีมีอาย ุ8 วนั อยา่งมีนยัส าคญั สารสกดัใบกระทุและ

โรโดไมรโทนลดการเกาะติดและการบุกรุกของเช้ือ S. pneumoniae ต่อ A549 human alveolar epithelial cells 
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ภายในเวลา 60 นาที เช้ือ S. pneumoniae ท่ีเล้ียงในสภาวะท่ีมีสารสกดัใบกระทุและโรโดไมรโทนถูกจบักินโดย 

RAW264.7 macrophage cell line เพ่ิมขึ้น 90-99% เม่ือเทียบกบัชุดควบคุม จากผลการทดลองท่ีกล่าวมาแสดงให้

เห็นถึงศกัยภาพของสารโรโดไมรโทนในการยบัย ั้งเช้ือ S. pneumoniae 

  โดยสรุป rhodomyrtone เป็นสารตา้นแบคทีเรียทางเลือกท่ีมีแนวโนม้ส าหรับการรักษาโรคติด

เช้ือท่ีเกิดจากเช้ือกรัมบวกท่ีมีสาเหตุจากเช้ือ S. pneumoniae  
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CHAPTER 1 

INTRODUCTION 

1.1 Rationale and Background 

  Streptococcus pneumoniae (pneumococcus) infections are an important 

cause of morbidity and mortality in humans including infants and older adults. Actually, 

it is estimated that around three million children <5 years die every year because of 

pneumococcal disease, mainly in developing countries (Farooqui, Jit et al. 2015). The 

bacterium colonizes in the human upper respiratory tract including nasopharynx. 

Colonization is a prerequisite for subsequent spread, which may result in pneumococcal 

infections including community-acquired pneumonia, otitis media, bronchitis, sinusitis, 

meningitis, and septicemia. The organism is the most common cause of community-

acquired pneumonia leading to morbidity and mortality in infants and older adults (van 

der Poll and Opal 2009). In addition, S. pneumoniae is one of the most important 

pathogens in otitis media. It has been reported that S. pneumoniae serotype 19A ST320 

is the predominant cause of pneumococcal mastoiditis, a suppurative complication of 

acute otitis media (Chi, Chiu et al. 2018). 

  Virulence factors produced by S. pneumoniae play an important role 

against host defense. The initial phase of pathogenesis of the pathogen is associated 

with attachment, colonization, followed by invasion. During nasopharyngeal 

colonization, the organism produces biofilm structures that develops into complex 

structures. The bacterial biofilms are detected on mucosal surfaces during pneumonia 

and middle ear infection (Chao, Marks et al. 2015). Biofilms play an important role in 

the pathogenesis of the infection, and are associated with antibiotic resistance. The 

pathogen produces a protective surface structure known as capsule that is considered as 

the main virulence factor (James, Gupta et al. 2013, Wen, Liu et al. 2016, Wu, Xu et al. 

2016). The capsule contributes in invasive infection, inhibition of phagocytosis, and 

prevention of complement disposition (Hyams, Camberlein et al. 2010). Therefore, 

biofilm formation and capsule polysaccharide in pneumococci are a potent strategy to 

evade host immune system including phagocytosis (Domenech, Ramos-Sevillano et al. 
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2013). Nowadays, treatment of S. pneumoniae infections is becoming difficult due to 

the increase in antibiotic resistance of the organism (Cai, Wang et al. 2018). 

  There is a high demand to find novel antibacterial agents to overcome 

antibiotic resistant pathogens. Medicinal plants have been used to treat the bacterial 

infections due to the activities of their secondary metabolites. Rhodomyrtus tomentosa 

(Aiton) Hassk. is a flowering medicinal plant that belongs to the family Myrtaceae. 

Previous studies of our research group have reported that Rhodomyrtus tomentosa 

ethanol extract possesses strong antibacterial activity against a wide range of Gram-

positive pathogens including Bacillus cereus, Enterococcus faecalis, Listeria 

monocytogenes, Staphylococcus aureus, S. mutans, S. pneumoniae, and S. pyogenes 

(Limsuwan, Trip et al. 2009). Interestingly, rhodomyrtone, an acylphloroglucinol 

derivative isolated from Rhodomyrtus tomentosa leaves, has shown pronounced 

antibacterial activity against important human pathogens including S. pneumoniae 

capsule-producing strain (Limsuwan, Trip et al. 2009). 

  The effects of rhodomyrtone at molecular level have been studied in a 

few Gram-positive species including S. aureus (Sianglum, Srimanote et al. 2011) and 

S. pyogenes (Limsuwan, Hesseling-Meinders et al. 2011). Proteomic analysis has 

revealed that rhodomyrtone affected the expression of several major classes of cellular 

proteins in methicillin-resistant S. aureus (MRSA) (Sianglum, Srimanote et al. 2011). 

In addition, transcriptome analysis has revealed that rhodomyrtone caused a significant 

modulation of gene expression, with induction of 64 genes and repression of 35 genes 

in MRSA (Sianglum, Srimanote et al. 2012). Proteomic analysis of rhodomyrtone-

treated S. pyogenes has shown that the compound affects the expression of streptococcal 

secreted and whole cell proteins (Limsuwan, Hesseling-Meinders et al. 2011). The 

altered proteins were identified as enzymes associated with important pathways of the 

primary metabolism (Limsuwan, Hesseling-Meinders et al. 2011). It has been reported 

that rhodomyrtone caused large membrane invaginations with an increase in fluidity. It 

has been documented that rhodomyrtone transiently binds to phospholipid head groups 

and causes distortion of lipid packing, providing explanations for membrane 

fluidization and induction of membrane curvature as revealed by molecular dynamics 

simulation analysis. It has been reported that both its transient binding mode and its 
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ability to form protein-trapping membrane vesicles are unique, making it an attractive 

new antibiotic candidate with a novel mechanism of action (Saeloh, Tipmanee et al. 

2018). However, deep detail mechanisms of rhodomyrtone on the inhibition of the 

bacterial virulence factors which play important roles in infection are needed to be 

investigated. In addition, pharmacokinetic and pharmacodynamic of rhodomyrtone on 

animal models have not been widely studied. 

  Novel genome analysis approaches including proteome, transcriptome, 

and metabolome analysis have become an effective machinery to investigate mutations 

linked to drug resistance or antibiotic mode of action. Proteome analysis are high 

throughput analytical methods for study of the cellular function (Rogers, et al., 2007). 

Metabolome analysis covers the identification and quantification of all intracellular and 

extracellular metabolites using various analytical approaches. The metabolome 

includes considerably different chemical components including carbohydrates, volatile 

alcohols and ketones, amino and non-amino organic acids, hydrophobic lipids 

(Liebeke, et al., 2012).  

  The aim of this study was to investigate the antibacterial effects of 

rhodomyrtone on S. pneumoniae, and the changes induced at molecular level using 

proteomics and metabolomics. We have studied the response of two reference 

pneumococcal strains including the virulence, encapsulated strain TIGR4 and the non-

encapsulated avirulent strain R6 in the presence of the purified compound, using 

proteomics and metabolomics. The effects of Rhodomyrtus tomentosa leaf extract and 

rhodomyrtone were further determined on S. pneumoniae virulence factors including 

biofilms, capsule formation, and invasiveness which play important roles in infections.  
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1.2 Literature Reviews  

1.2.1 Streptococcus pneumoniae 

  Streptococcus pneumoniae, belonging to family Streptococcaceae, is 

microaerophilic, Gram-positive diplococci. The bacterium appears as lancet-shaped 

when viewed through a microscope. A single cell or chains are also seen in sputum or 

pus. The bacterium is non-endospore-forming and non-motile. S. pneumoniae forms 

tiny round colonies which occurred dome shaped. The pneumococci typically possess 

α-haemolysis with green discoloration of agar around the colonies on blood agar. The 

optimal growth condition is 37 oC with 5-10% CO2. S. pneumoniae produces capsule 

which protects them from phogocytosis by polymorphonuclear leukocytes. The 

polysaccharide capsule is the most important virulence factor of the organism 

(Peppoloni, Ricci et al. 2010).  

  S. pneumoniae asymptomatically colonizes the upper respiratory tract of 

human. Under appropriate conditions, this microorganism may become a leading cause 

of serious diseases including community acquired pneumonia, otitis media, sinusitis, 

meningitis, empyema, septic arthritis, endophthalmitis, and septicemia. The organism 

is the most common cause of community-acquired pneumonia leading to morbidity and 

mortality in infants and older adults (van der Poll and Opal 2009). S. pneumoniae is one 

of important pathogens in otitis media. It has been reported that S. pneumoniae serotype 

19A ST320 is the predominant cause of pneumococcal mastoiditis, a suppurative 

complication of acute otitis media (Chi, Chiu et al. 2018). The large burden of disease, 

causes by the pathogen is compounded by an increased incidence of the pneumococcal 

infections associated with HIV and immunocompromised patients and by increasing 

antibiotic resistance among clinical isolates (Cillóniz, García-Vidal et al. 2018). 

1.2.2 Virulence factors of S. pneumoniae 

 1.2.2.1 Polysaccharide capsule 

  The organism can be characterized into over 90 serotypes according to 

the composition of their polysaccharide capsules (Hathaway, Grandgirard et al. 2016). 

The reaction between the polysaccharide capsule and specific antibody is classified 

serotypes of S. pneumoniae. Pneumococcal capsule synthesis occurs by one of two 
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distinct mechanisms including Wzy dependent and synthase dependent mechanism. 

The mechanisms involve the polymerization of either individual sugars in a processive 

reaction (synthase dependent) or discrete repeat units in a nonprocessive reaction (Wzy 

dependent) (Yother 2011). The enzymes necessary for the polysaccharide synthesis are 

encoded within the polysaccharide-specific loci. The polysaccharide capsule operon 

(Wzy dependent mechanism) is flanked by the genes dexB and aliA. The locus contains 

four conserved sequences including cpsA (wzg), cpsB (wzh), cpsC (wzd), and cpsD 

(wze). This locus is important in the modulation of capsule synthesis in the serotypes, 

except serotypes 3 and 37 (Kurola, Erkkilä et al. 2010). The next gene encodes the 

initiating glycosyltransferase. Diphospho-sugars (NDP-sugars) are common substrate 

of capsule repeating units. The common precursors include UDP-Glc, UDP-GlcNAc 

(peptidoglycan, teichoic acids), UDP-galactose (lipopolysaccharide), and UDP-N-

acetylgalactosamine (teichoic acids) (Yother 2011). Synthase-dependent mechanism is 

simpler than Wzy-dependent mechanism. It usually consists of only one or two sugars. 

The polysaccharide may be linear or branched by the linkage catalyzed by the synthase 

during polymerization of sugars. Synthase-dependent mechanism is important in the 

modulation of capsule synthesis in the serotypes 3 and 37 (Yother 2011). 

  Capsule formation is considered as one among the vital pathogenic 

factor that contributes in invasive infection, inhibition of phagocytosis, and prevention 

of complement disposition (Hyams, Camberlein et al. 2010). Transparent strains are 

more efficient in colonizing the mucosal surface of the nasopharynx. On the other hand, 

the opaque strains are more virulent than the transparent strains in systemic infections 

(Kurola, Erkkilä et al. 2010).  

 1.2.2.2 Pneumococcal biofilm 

  S. pneumoniae is present in the human upper respiratory tract as a 

colonizer. Under appropriate conditions, this microorganism may become a leading 

cause of serious diseases. The initial phase of pathogenesis of the bacteria is associated 

with attachment, colonization, followed by invasion. During nasopharyngeal 

colonization, the bacterium produces biofilm structures that develops into complex 

structures. Biofilms are highly-structured communities of cells that produce an 

extracellular matrix and adhere to surfaces. Pneumococcal biofilms are detected on 
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mucosal surfaces during pneumonia and middle ear infection (Chao, Marks et al. 2015). 

The biofilms play an important role in the pathogenesis of the infection, and are 

associated with antibiotic resistance. Biofilm formation in pneumococci are a potent 

strategy to evade host immune system including phagocytosis (Domenech, Ramos-

Sevillano et al. 2013). Furthermore, treatment of pneumococcal infections is becoming 

difficult due to the increase in antibiotic resistance of the organism. 

  It has been reported that the bacterial biofilm is controlled by quorum 

sensing system (Solano, Echeverz et al. 2014). Quorum sensing is a bacterial cell to cell 

communication that synchronizes bacterial gene expression in response to cell density. 

Quorum sensing regulates bacterial virulence factors including the biofilm by 

production and sensing of pheromone called autoinducer. It has been reported that 

Rgg/ small hydrophobic peptide (SHP) quorum- sensing systems are widespread in 

streptococci including S. pneumoniae (Junges, Salvadori et al. 2017). Small 

hydrophobic peptide acts as an autoinducer via Rgg.  Rgg/small hydrophobic peptide 

complexes activate transcription by binding to the promoter sites resulting in biofilm 

formation.  It has been reported that an expression of both shp and rgg genes increased 

at the stationary growth phase of S. pneumoniae (Junges, Salvadori et al. 2017).  It has 

been reported that arginine deiminase system protects bacterial cells against damaging 

effects of acid environments (Casiano-Colón and Marquis 1988). Carbohydrate 

fermentation by bacteria embedded in the biofilm generates acidic metabolites. 

Arginine deiminase generates L-citrulline and ammonia  from L-arginine. The 

produced ammonia could neutralize acid metabolites in the biofilms. Therefore, 

arginine deiminase activity could be important in protection against the acid in biofilm 

maturation. 

 1.2.2.3 Pneumococcal surface adhesin A (PsaA) 

  Pneumococcal surface adhesin A, a metal-binding lipoprotein, is an 

important virulence factor of the bacterium. The protein is a highly conserved protein 

that occurred in all 90 serotypes of S. pneumoniae (Seo, Seong et al. 2002). The protein 

displays a crucial role in a pneumococcal adherence to respiratory mucosa (Gor, Ding 

et al. 2011) and host epithelial cell (Rajam, Anderton et al. 2008). PsaA mutant of S. 

https://en.wikipedia.org/wiki/Citrulline
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pneumoniae exhibited the reduction of pneumococcal virulence in a mouse model 

(Tseng, McEwan et al. 2002).  

 1.2.2.4 Pneumococcal surface protein A (PspA) 

  Pneumococcal surface protein A (PspA) is one of an important virulence 

factors associated with pneumococcal infections. The surface protein is highly 

immunogenic and common in all serotypes of S. pneumoniae (Mayoral, Della et al. 

2010). PspA displays a specific receptor for human lactoferrin. The protein interferes 

complement activation by blocking recruitment of the alternative pathway (Baril, 

Dietemann et al. 2006). The surface protein is one of effective pneumococcal antigens 

which confer protection in animal models of streptococcal infections (Oliveira, Miyaji 

et al. 2010). The protein was found to be good alternative antigen for the conjugated 

vaccines (Oliveira, Miyaji et al. 2010). PspA mutant of S. pneumoniae showed the 

reduction of pneumococcal infection in a chinchilla Otitis Media model (Schachern, 

Tsuprun et al. 2014).  

 1.2.2.5 Pneumococcal surface protein C (PspC) 

  Pneumococcal surface protein C (PspC), also known as choline-binding 

protein A (CbpA), is an important virulence factor found in all pneumococci. The 

molecular structures of PspA and PspC comprise similar structural domains, consisting 

of a coiled-coil α-helix, followed by a proline-rich region and a choline-binding 

domain. The α-helical parts of PspA and PspC are unlike, the proline-rich region and 

choline-binding domains are indigestible (Brooks-Walter, Briles et al. 1999). PspC is a 

multifunctional virulence factor during S. pneumoniae infection. The protein acts as an 

adhesin protein which bind to a polymeric immunoglobulin receptor including 

secretory Ig A (Zhang, Mostov et al. 2000). Moreover, PspC interferes the complement 

system via its capability to bind a complement regulatory protein factor H and a C3 

component (Quin, Onwubiko et al. 2007). In addition, the protein is a crucial candidate 

for a cost-effective vaccine with broad coverage against S. pneumoniae diseases 

(Moreno, Oliveira et al. 2012). Extinction of the surface protein increased the 

susceptibility to kill by microglia (Peppoloni, Colombari et al. 2006).  
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1.2.2.6 Pneumolysin 

  Pneumolysin is a cytoplasmic toxin which acts as a cholesterol-

dependent cytotoxin by binding to cholesterol of host cell membrane. The toxin is 

produced by all clinical isolates of S. pneumoniae. Pneumolysin is released by autolytic 

cells during stationary phase of the bacterial growth (Martner, Dahlgren et al. 2008). 

The mechanism of action of pneumolysin is thought to follow two stages. Binding of 

the monomeric toxin to the target cell membrane is occurred in the first stage. The next 

stage is lateral movement and oligomerisation of the monomers resulting in a large pore 

formation. The results of the reaction are leakage of intracellular components and influx 

of water into the cell leading to lysis of the cell (Gillespie and Balakrishnan 2000). 

Pneumolysin produced by S. pneumoniae induced DNA damage and cell cycle arrest 

in A549 human alveolar epithelial cells (Rai, He et al. 2016). Pneumococcal 

pneumolysin disrupted autophagosomes leading to escape of S.pneumoniae into cytosol 

(Surve, Bhutda et al. 2018). Pneumococcal infection through pneumolysin release 

induced progression of established lung fibrosis (Knippenberg, Ueberberg et al. 2015). 

In addition, the toxin prevented classical pathway of complement by reducing of C3 

deposition on the bacterial cells (Yuste, Botto et al. 2005).  

 1.2.2.7 Autolysin 

  Autolysin or N-acytyl muramoyl-L-alanine amidase is a major enzyme 

responsible for cellular autolysis during the end of log phase in S. pneumoniae. 

Autolysin (LytA) causes bacterial lysis by cleaving at lactyl-amide bond of 

peptidoglycan. The bond is linked with stem peptides and glycan strands of the 

peptidoglycan. The cleave of the enzyme resulted in hydrolysis of the cell wall  

(Mellroth, Daniels et al. 2012). Expression of autolysin led to release of pneumolysin 

and other bacterial components. The release of these factors directly damages host cells 

and tissues. The enzyme is responsible in autolysis of the cell wall in the response to 

treatment with antimicrobial agents including deoxycholate or β-lactam antibiotics 

(Mellroth, Daniels et al. 2012). LytA mutant of S. pneumoniae showed the defect of 

pneumococcal infection in rat meningitis model (Hirst, Gosai et al. 2008).  
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 1.2.2.8 Streptococcus pneumoniae hyaluronate lyase (SpnHL) 

  S. pneumoniae generates various virulence factors to penetrate the 

physical defenses of the host tissues, including pneumolysin, pneumococcal surface 

protein A, and hyaluronate lyase (SpnHL). The enzyme is presented on the cell surface 

of S. pneumoniae. SpnHL catalyzes the degradation of hyaluronan, chondroitin, and 

chondroitin sulfates which are an important constituent of the extracellular matrix of 

connective tissues (Akhtar and Bhakuni 2003). SpnHL is one of the strategy of the 

pathogen to obtains carbohydrates for growth during airway colonization (Marion, 

Stewart et al. 2012). This enzyme is either cell-associated or released outside of cell. 

SpnHL may be released by the organism to the surrounding host tissues during infection 

to facilitate bacterial invasion (Akhtar and Bhakuni 2004) 

 1.2.2.9 Pneumococcal pili 

  Pili are hair-like appendages found on the surface of many bacteria 

including S. pneumoniae. Initial pneumococcal adhesion and subsequent ability to 

cause invasive disease is enhanced by pili encoded by rlr islet or pilus islet 1 (PI-1) 

(Barocchi, Ries et al. 2006). Pilus-1 expression is preferentially enhanced at the very 

early stages of colonization (Pancotto, De Angelis et al. 2013). The expression 

promotes bacterial penetration through blood-brain barrier in meningitis mouse model 

(Iovino, Hammarlöf et al. 2016). The pili activate host proinflammatory cytokine 

including Tumor necrosis factor, and Interlukin-6 during systemic infection (Barocchi, 

Ries et al. 2006).  

1.2.3 Treatment of S. pneumoniae infection and incident of antibiotic resistant S. 

pneumoniae  

  Pneumococcus is a major cause of several human diseases including 

community-acquired pneumonia, meningitis, septicemia, sinusitis, and otitis media. 

Pneumonia possesses a crucial health risk to various populations including infants, 

older adults, workers in hospital, and immunocompromised patients. Community-

acquired pneumonia caused by the pathogen is a severe cause of morbidity and 

mortality worldwide (Zivich, Grabenstein et al. 2018). Treatment for the pneumococcal 

infection depends on the intensity of the bacterial infection and the general health of 

https://en.wikipedia.org/wiki/Bacterium
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the patient. However, stratagems for treatment, as described in various guidelines, 

remain argumentative and hard to standardize for all individual and geographic 

conditions (Niederman, Mandell et al. 2001, Lee, Oh et al. 2018). One of a crucial 

reason for improvement of the strategy of obvious therapy is related to the variation in 

the susceptibility patterns of the bacteria. Beta-lactam antibiotic is antibacterial drug of 

choice for the treatment of S. pneumoniae infections (van der Poll and Opal 2009). 

However, clinical isolates of antibiotic resistant S. pneumoniae has been reported 

(Korona-Glowniak, Zychowski et al. 2018). The organism resists to beta-lactam 

antibiotics by modification of penicillin-binding proteins.  

  Macrolide antibiotic including azithromycin, clarithromycin, and 

erythromycin are used to treat respiratory infections caused by S. pneumoniae. 

However, macrolide resistant pneumococcal isolates have been reported worldwide 

(Korona-Glowniak, Zychowski et al. 2018). Macrolide resistance in pneumococci is 

primarily due to two mechanisms including target site modification and efflux pump 

expulsion (Taha, Araj et al. 2012). The target site modification is involved by ermB 

gene. The presence of the gene leads to reduction in the binding affinity of the 

antibiotics to the target site. This gene encodes methylase enzyme which relies on 

methylation of specific adenine residues in 23S rRNA (Taha, Araj et al. 2012). In 

addition, the presence of methylase enzyme confers to cross resistance to macrolides, 

sulfamethoxazole-trimethoprim, and tetracycline (Taha, Araj et al. 2012). Macrolide 

efflux pump is encoded by mefA/E genes that confer resistance to several members of 

macrolide (Sato, Tateda et al. 2011). 

  Fluoroquinolones such as ciprofloxacin, trovafloxacin, moxifloxacin are 

used as alternative antibiotics for treatment of lower respiratory tract infections, cause 

by pneumococci (Patel, McGeer et al. 2011). The target site of fluoroquinolones is 

DNA gyrase, which catalyzes DNA supercoiling during DNA replication. 

Fluoroquinolones have potency for the treatment of pneumococcal infection. However, 

fluoroquinolone resistant strains are mediated by target site modifications which 

involve DNA gyres gene mutation (Patel, McGeer et al. 2011). Furthermore, 

fluoroquinolone resistant pneumococci are mediated by efflux pump system which 

reduces antibiotic accumulation in the bacterial cells (Jumbe, Louie et al. 2006). In 
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addition, antimicrobial resistance of S. pneumoniae to other antibiotics is increasing 

worldwide (Table 1) 
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Table 1. Mechanism of antibiotic resistance in S. pneumoniae (Charpentier and 

Tuomanen 2000) 

Antibiotics family Antibiotic agent  Target   Resistant mechanism 

Β-lactams  Penicillin  PBP   altered target 

   Cephalosporin  PBP   altered target 

Fluoroquinolones  Ciprofloxacin DNA gyrase and topoisomerase IV altered target,  

          efflux pump 

   Sparfloxacin DNA gyrase and topoisomerase IV altered target,  

                                              efflux pump 

Macrolides  Erythromycin      23S ribosomal subunit  altered target,  

         efflux pump   

Chloramphenicol  Chloramphenicol      50S ribosomal subunit               enzymatic   

                                                                                                                                  modification 

Tetracyclin  Tetracyclin      30S ribosomal subunit  altered target 

Diaminopyrimidine Trimethoprim  DHFR   altered target 

Sulphonamide  Sulfamethoxazole DHPS   altered target 

PBP, penicillin binding protein; DHFR, dihydrofolate reductase; DHPS, dyhydropteroate reductase. 
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1.2.4 Diagnosis 

  Diagnostic methods for pneumonia cause by S. pneumoniae have not 

changed since Pasteur and Sternberg first isolated S pneumoniae in 1881, and Christian 

Gram used his famous stain to disclose the bacterium in 1886 (van der Poll and Opal 

2009). The diagnosis of the pneumonia is performed by examining the sputum of 

patients. The specimen is smeared and stained by Gram stain method. The pathogen is 

Gram-positive diplococci.  The bacteria are cultured on blood agar plate 37o C in 5% 

CO2 atmosphere. Pneumococci typically possess α-haemolysis with green discoloration 

of agar around the colonies on blood agar. Cultures of the bacteria from the specimens 

including sputum, blood, and other tissue sites should be obtained before obvious 

antibiotic therapy is started (Mandell, Wunderink et al. 2007). Other methods for 

diagnosis of pneumococcal infection are now available and can be quite useful. Urinary 

antigen detection of the polysaccharide from the pneumococcal cell wall by an 

immunochromatography assay is performed. This assay compares favorably with 

culture and Gram stain for detection of invasive pneumococcal disease. The method is 

highly sensitive in severe case of pneumonia and septicemia (Boulware, Daley et al. 

2007). The alternative method for pneumococcal diagnosis is non-culture technique 

based on nucleic acid for S. pneumoniae. The method is rapid and highly specific, with 

pneumococcal-specific DNA sequences as targets for detection process (Abdeldaim, 

Strålin et al. 2008).  

  Pneumococcal capsule staining is demonstrated by suspending the 

bacteria in India ink. In addition, the polysaccharide capsule is typed by the reaction of 

type specific antibody. The assay is called quellung reaction. The word “quellung” is 

German for ‘swelling’. The assay is a biochemical reaction in which type specific 

antibody bind to the pneumococcal polysaccharide capsule. The results of the reaction 

are precipitation of the large, complex molecule formed, the capsule appears to swell, 

because of increased surface tension, and its outlines become clearly demarcated. The 

clearing is best visualized by using a stain to enhance contrast between the clear zone 

of bound antibody and the surrounding material. S. pneumoniae is typically surrounded 

by one of at least 97 known varieties of polysaccharide capsule, a layer containing 

chains of monosaccharide which surrounds the cells (Geno, Gilbert et al. 2015). 

http://en.wikipedia.org/wiki/Biochemical
http://en.wikipedia.org/wiki/Chemical_reaction
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1.2.5 Rhodomyrtus tomentosa (Aiton) Hassk. 

 1.2.5.1 Botanical description 

  Rhodomyrtus tomentosa, a flowering plant belongs to the family 

Myrtaceae, is an evergreen shrub or small tree, up to 4 m tall with dense, short, soft 

hairs on young stems. Rhodomyrtus tomentosa leaves are simple, opposite, entire, oval, 

obtuse to sharp pointed at the tip, 4.5-8 cm × 2.3-5 cm, glossy green above, densely 

grey or rarely yellowish-hairy beneath. Flowers are solitary or in group of two or three, 

2-3 cm diameter, with 5 petals which are purplish-pink (Figure 1). Fruits are edible, 

dark purple, round, three or four-celled with many seed. The common names of the 

plant species are Downy rose myrtle, Downy myrtle, Hill gooseberry, Hill guava, and 

Isenberg bush.  

 1.2.5.2 Habitat description 

  Rhodomyrtus tomentosa is a native to South-East Asia. The plant species 

is occurred in South-East Asia, India, and Southern China. However, the medicinal 

plant has been reported as an invasive species in some areas such as Florida, Hawaii. 

Rhodomyrtus tomentosa tolerates full sun and flooding. In Thailand, Rhodomyrtus 

tomentosa has been found in coastal sandy soils on coasts of the Southern and Eastern 

Thailand.  

 1.2.5.3 Traditional uses 

  Rhodomyrtus tomentosa has significant value in traditional medicine for 

along times. In Malaysia, the fruits of the plant species are used to treat dysentery and 

diarrhea. Furthermore, diarrhea and stomachache are treated by a decoction of its root 

and leaf. The decoction is also used as a prospective medicine after birth. Rhodomyrtus 

tomentosa has been used in Indonesian traditional medicine for treatment of wounds. 

In Vietnam, it has been treated diarrhea and wounds.  

 1.2.5.4 Chemical components 

  Rhodomyrtus tomentosa has been reported to contain various 

phytochemical compositions including triterpenoids (Wai-Haan and Man-Moon 1976), 

tannins (Liu, Hou et al. 1998), phenolic compounds (Lai, Herent et al. 2013), and 
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acylphloroglucinols (Salni, Sargent et al. 2002) (Hiranrat and Mahabusarakam 2008). 

Pure compounds including rhodomentones A and B (Liu, Chen et al. 2016), 

tomentosenol A, 4S-focifolidione, 4R-focifolidione (Liu, Zhang et al. 2016),  

tomentodione E (Liu, Song et al. 2018), rhodomyrtials A and B, tomentodiones A-D 

(Zhang, Chen et al. 2016), members of terpenoids, are isolated from Rhodomyrtus 

tomentosa leaves. Rhodomyrtone, a member of acylphloroglucinols, is originally 

isolated from the leaves of the plant species (Salni, Sargent et al. 2002).  

 1.2.5.6 Antibacterial activity and pharmacological effects 

  Rhodomyrtus tomentosa leaf has been traditionally used to treat many 

infections. An ethanol extract from Rhodomyrtus tomentosa leaf possessed antibacterial 

activity against a numbers of Gram-positive bacteria including Bacillus cereus, 

Enterococcus faecalis, Listeria monocytogenes, Staphylococcus aureus, Streptococcus 

mutans and S. pyogenes (Limsuwan, Trip et al. 2009). Interestingly, the ethanol extract 

of the plant species exhibited pronounced antibacterial activity against S. pneumoniae 

capsule positive strain (Limsuwan, Trip et al. 2009). The extract possessed anti-

staphylococcal activity and anti-biofilm activity against S. aureus and S. epidermidis 

(Saising, Ongsakul et al. 2011). Furthermore, the extract reduced established biofilm in 

both the microorganisms (Saising, Ongsakul et al. 2011). In addition, S. pyogenes 

biofilm was inhibited by the extract via quorum sensing inhibition (Limsuwan and 

Voravuthikunchai 2008). It has been reported that S. aureus treated with the extract 

showed a reduction in their adhesion to human buccal cells (Limsuwan, Homlaead et 

al. 2014) and invasiveness in bovine udder epidermal tissue (Mordmuang, Shankar et 

al. 2015). The extract was significantly effective for the bio-control of L. 

monocytogenes contaminations in cooked chicken meat model (Odedina, Vongkamjan 

et al. 2016).  
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Figure 1. Rhodomyrtus tomentosa (Aiton) Hassk. 
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1.2.6 Rhodomyrtone 

 1.2.6.1 Characteristic 

  Rhodomyrtone, a member of acylphloroglucinols, is originally isolated 

from the leaves of the plant species (Salni, Sargent et al. 2002). Acylphloroglucinols 

are derivatives of benzene-1,3,5-triol (phlor-oglucinol). Rhodomyrtone has been 

reported to be a small molecule. The molecular weight of the pure compound is 442.6 

g/mole (Hiranrat and Mahabusarakam 2008). 

 1.2.6.2 Antibacterial activity and pharmacological effects 

  Rhodomyrtone demonstrated strong antibacterial activity against wide 

range of Gram-positive pathogens including methicillin-resistant S. aureus (Sianglum, 

Srimanote et al. 2011), S. epidermidis (Saising, Ongsakul et al. 2011), B. cereus 

(Voravuthikunchai, Dolah et al. 2010), and S. pneumoniae capsule-producing strains 

(Limsuwan, Trip et al. 2009). Rhodomyrtone inhibited biofilm formation and reduced 

established biofilm in both S. aureus and S. epidermidis (Saising, Ongsakul et al. 2011). 

It has been reported that S. aureus treated with rhodomyrtone showed a reduction in 

their adhesion to human buccal cells (Limsuwan, Homlaead et al. 2014) and 

invasiveness in bovine udder epidermal tissue (Mordmuang, Shankar et al. 2015). In 

psoriasis experiment, rhodomyrtone significantly delayed closure of a wound as 

revealed by scratch assay. In addition, HaCaT keratinocytes treated with rhodomyrtone 

showed chromatin condensation and fragmentation of nuclei. Moreover, the pure 

compound induced apoptosis in the keratinocytes (Chorachoo, Saeloh et al. 2016).  

 1.2.6.3 Antibacterial mode of action 

  Structural modification of rhodomyrtone was monitored to study 

structure-activity relationship of the compound against pathogenic bacteria. It has been 

reported that rhodomyrtone demonstrated higher antibacterial activity against the tested 

bacteria than its analogues. The information revealed that hydroxyl and ketone groups 

of rhodomyrtone were illustrated to be essential for the antibacterial property (Leejae, 

Yingyongnarongkul et al. 2012).  Furthermore, rhodomyrtone was found in the fraction 

of cytoplasm of rhodomyrtone-treated S. aureus (Leejae, Taylor et al. 2013). Thereby, 

https://www.sciencedirect.com/topics/neuroscience/chromatin-condensation
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the major mode of action of the effective compound on the pathogenic bacteria is likely 

to be inside the cell.  

  The effects of rhodomyrtone at molecular level have been studied in a 

few Gram-positive species. Proteomic analysis has revealed that rhodomyrtone affected 

the expression of several major classes of cellular proteins in methicillin-resistant S. 

aureus (MRSA) (Sianglum, Srimanote et al. 2011). In addition, transcriptome analysis 

has revealed that rhodomyrtone caused a significant modulation of gene expression, 

with induction of 64 genes and repression of 35 genes in MRSA (Sianglum, Srimanote 

et al. 2012). Also, proteomic analysis of rhodomyrtone-treated S. pyogenes has shown 

that the compound affects the expression of streptococcal secreted and whole cell 

proteins. Most of the altered proteins were identified as enzymes associated with 

important pathways of the primary metabolism (Limsuwan, Hesseling-Meinders et al. 

2011). It has been reported that rhodomyrtone caused large membrane invaginations 

with an increase in fluidity. It has been documented that rhodomyrtone transiently binds 

to phospholipid head groups and causes distortion of lipid packing, providing 

explanations for membrane fluidization and induction of membrane curvature as 

revealed by molecular dynamics simulation analysis. It has been reported that both its 

transient binding mode and its ability to form protein-trapping membrane vesicles are 

unique, making it an attractive new antibiotic candidate with a novel mechanism of 

action (Saeloh, Tipmanee et al. 2018).  

 

 

Figure 2. Structure of rhodomyrtone (Limsuwan et al. 2009) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Research representation of rhodomyrtone study  

Rhodomyrtone 

Antibacterial activity 

Rhodomyrtone exhibits antibacterial 

activity against Gram-positive 

pathogens including S. aureus, S. 

pyogenes , S. pneumoniae 

(Limsuwan, Trip et al. 2009). 

Pharmacological effects 

-Antibiofilm activity (Saising, 

Ongsakul et al. 2011). 

-Antiquorum sensing activity 

(Limsuwan and Voravuthikunchai 

2008). 

-Anti-adherence activity (Sianglum, 

Srimanote et al. 2011, Mordmuang, 

Shankar et al. 2015). 

- Immunomodulatory effects 

(Srisuwan, Tongtawe et al. 2014), 

(Na-Phatthalung, Teles et al. 2018). 

 

Antibacterial mode of action 

- Structural modification of rhodomyrtone 

(Leejae, Yingyongnarongkul et al. 2012). 

-Proteomic analysis of rhodomyrtone treated 

S. aureus (Sianglum, Srimanote et al. 2011) 

and S. pyogenes (Limsuwan, Hesseling-

Meinders et al. 2011). 

- Transcriptome analysis of rhodomyrtone 

treated S. aureus (Sianglum, Srimanote et al. 

2012). 

-Novel mechanism of action (Saeloh, 

Tipmanee et al. 2018) 

Cytotoxicity 

-Human red blood cells (Leejae, Taylor et 

al. 2013).  

- HaCaT keratinocytes (Chorachoo, Saeloh 

et al. 2016) 

 

Treatment of human diseases 

-Anti-acne (Saising and 

Voravuthikunchai 2012) 

(Chorachoo, Amnuaikit et al. 2013). 

- Psoriasis treatment (Chorachoo, 

Lambert et al. 2018). 

 

 

Gap of knowledge 

1. Deep detail mechanisms of 

rhodomyrtone on bacterial 

virulence factors which play 

important roles in infections. 

2. Pharmacokinetic and 

pharmacodynamic of rhodomyrtone 

on animal models. 
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1.3 Research objectives 

1.3.1 To investigate antibacterial activity of ethanol extract from Rhodomyrtus 

tomentosa leaves, purified rhodomyrtone, and synthetic rhodomyrtone against clinical 

isolates of Streptococcus pneumoniae. 

1.3.2 To determine effects of rhodomyrtone on S. pneumoniae at molecular levels 

using proteomic and metabolomic analysis. 

1.3.3 To investigate the effects of rhodomyrtone on pneumococcal capsule formation. 

1.3.4 To determine the effects of the extract and rhodomyrtone on pneumococcal 

biofilm. 

1.3.5 To monitor the activity of the extract and rhodomyrtone on S. pneumoniae 

adhesion and invasion. 
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Chapter 2 

Research Methodology 

2.1 Antibacterial agents 

 Dried leaves of Rhodomyrtus tomentosa were extracted with 95% 

ethanol. The isolation protocol of rhodomyrtone was performed as described by our 

research group (Limsuwan, Trip et al. 2009). The ethanol extract, purified 

rhodomyrtone, and synthetic rhodomyrtone (Sigma) were dissolved in 100% dimethyl 

sulfoxide (DMSO). 

2.2 Bacterial strains and growth conditions 

  Twenty-three clinical isolates of S. pneumoniae were obtained from 

Hospital Universitario Infantil Virgen del Rocío (HUIVR), Sevilla, Spain. S. 

pneumoniae R6, TIGR4, and Hungary 19A-6 were included as reference strains. The 

isolates were cultured on blood agar plates at 37 °C for 24 h with 5% CO2. The 

organisms were further cultured in Todd-Hewitt broth (THB), and stored in THB 

containing 30% glycerol at -80 °C until use.  

2.3 Cell culture 

  Monocyte derived macrophage cell line RAW 264.7 and 

adenocarcinomic human alveolar epithelial cell line A549 were cultured in Dulbecco's 

Modified Eagle Medium (DMEM) and Roswell Park Memorial Institute 1640 Medium 

(RPMI 1640), respectively. Both the mediums were supplemented with 10% heat-

inactivated bovine serum and antibiotics (penicillin-10 U/ml and streptomycin-10 

µg/ml). The cells were allowed to form confluent monolayer cells with 48 h incubation 

at 37oC in humidified air containing 5% CO2. Trypsinized cells were seeded into 24-

wells to form the monolayer cells (1 × 105cells/well). 

 

 

https://en.wikipedia.org/wiki/Epithelial
https://en.wikipedia.org/wiki/Cell_(biology)
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2.4 Determination of minimal inhibitory concentration (MIC) and minimal 

bactericidal concentration (MBC) 

  The MIC and MBC values of the ethanol extract and the pure 

compounds against the isolates were determined using broth microdilution method 

according to Clinical and Laboratory Standards Institute guidelines (CLSI 2009). The 

bacteria were inoculated in Mueller-Hinton broth (MHB) supplemented with 2.5% 

lysed horse blood, and incubated at 37 ºC for 6-8 h with 5% CO2. One hundred 

microlitre of the bacterial suspension (106 colony forming units/ml, CFU/ml) was added 

in a 96 well microtiter plate, containing 80 µl of the medium and 20 µl of serially diluted 

compound, incubated at 37 ºC for 18 h with 5% CO2. The MIC was expressed as the 

lowest concentration of the extract/compound that inhibits visible growth after 

incubation. The MBC was expressed as the lowest concentration of the 

extract/compound that kills the bacteria.   

2.5 Time-kill study 

  S. pneumoniae 5335-5 was grown in MHB with 2.5% lysed horse blood, 

supplemented with ethanol extract/compound at concentrations of 1/2 , 1 , 2 , and 

4  MIC, and incubated at 37 ºC with 5% CO2. The tested medium containing 1% 

DMSO was included as negative control. Aliquots were removed at different time 

intervals (0, 2, 4, 8, 10, 12, 18, and 24 h) and serially diluted. Viable bacteria were 

calculated by plate counts on blood agar, followed by incubation at 37 ºC for 24 h with 

5% CO2. 

2.6 Preparation of cellular and secreted proteins 

  S. pneumoniae strains R6 and TIGR4 were cultured in 200 ml of THB 

supplemented with 1/2  MIC purified rhodomyrtone or 1% DMSO as control, to an 

OD600 = 0.3. The bacterial cultures were centrifuged at 5,000  g for 10 min to collect 

culture supernatant (secreted fraction) and cell pellets. Supernatants were filtered using 

0.22-µm filters (Millipore), and proteins were precipitated with 10% trichloroacetic 

acid and placed overnight on ice. The precipitated proteins were further centrifuged at 

13,000  g for 30 min. The protein pellets were washed 3 times with ice-cold absolute 

ethanol. The protein samples were dried and dissolved in rehydration buffer (7 M urea, 



23 
 

 

2 M thiourea, 4% CHAPS, 0.5% Triton X-100, 0.005% bromophenol blue, 0.5% Bio-

lyte 3-10 Ampholytes), and kept at -80 ºC until use. To obtain bacterial cellular proteins, 

the cell pellets were washed twice with PBS/30% sucrose. The bacterial cells were 

lysed by adding 100 U mutanolysin, incubated at 37 ºC overnight, and resuspended in 

rehydration buffer. The samples were sonicated (6 cycles of 20-s pulses, 90% 

amplitude), and centrifuged at 5,000  g for 10 min to remove cell debris. Protein-

containing supernatants were concentrated using Amicon 10-kDa Ultra-15 Centrifugal 

Filter Devices (Millipore) according to manufacturer’s instructions, and stored at              

-80 ºC until use. The proteins were cleaned with the 2D- Clean-up kit (GE Healthcare). 

Protein amounts were quantified by the Bradford assay (Bradford 1976). 

2.7 Two-dimensional gel electrophoresis (2DE) 

  One hundred microlitre of protein was subjected to isoelectric focusing 

(IEF) on 11-cm Immobiline DryStrips immobilized pH gradient (IPG) gel strips (4-7 

pH linear gradient (GE Healthcare)). The strips were loaded onto a Bio-Rad Protean 

IEF Cell system, and IEF was performed at 20 ºC using the following conditions: 2 h 

of passive rehydration, 50 V for 10 h followed by a voltage-ramp (250 V for 15 min; 

500 V for 30 min; 2,000 V for 1 h; 6,000 V for 2 h); finally, proteins were focused on 

20,000 Vh. For the second dimension, the strips were previously equilibrated in 3 ml 

equilibration solution (50 mM Tris-HCl pH 8.8; 6 M Urea, 30% glycerol, 2% SDS, 

0.002% bromphenol blue) containing 20 mg dithiothreitol and 25 mg iodoacetamide 

for 15 min at room temperature, respectively. The strips were subsequently placed onto 

a 1 mm thick 12% polyacrylamide CriterionTM precast gel (Bio-Rad), and covered with 

warm molten 0.5% agarose. Gels were run at mA/gel until the tracking dye reached the 

gel bottom. Then, gels were stained with Coomassie brilliant blue G-colloidal solution 

(Sigma-Aldrich) according to manufacturer’s instructions. Gels were scanned with a 

GS-800 densitometer (Bio-Rad). Digitized images were analyzed with PD-Quest v8.1.0 

(Bio Rad). Consistent spots were considered as those whose presence or absence 

remained constant in overall replicas (3 biological replicates). 

 

 



24 
 

 

2.8 Protein identification by MALDI-TOF/TOF MS 

  Protein spots of interest were excised from gels and digested 

automatically employing an Investigator ProPic and ProGest robotic Workstations 

(Genomic Solutions). Briefly, gel pieces were destained by two washes at 37 ºC for 30 

min with 200 mM ammonium bicarbonate in 40% (v/v) ACN. Slices were then washed 

twice, first with 25 mM ammonium bicarbonate for 5 min and later with 25 mM 

ammonium bicarbonate in 50% (v/v) ACN for 15 min, dehydrated with 100% ACN 

and finally dried at room temperature for 10 min. Then, 12.5 ng/µl sequence-grade 

trypsin (Promega) in 25 mM ammonium bicarbonate was added to the gel pieces. 

Afterwards, the digestion proceeded at 37 ºC overnight. Digestion was stopped by 

adding 10 μl of 0.5% trifluoroacetic acid (TFA); peptides were desalted using µC-18 

ZipTip columns (Millipore) and then eluted directly with matrix solution (α-

cyanohydroxycinnamic acid at a concentration of 5 mg/ml in 70% ACN/ 0.1% TFA) 

onto a MALDI plate using the dry droplet method. The mass spectra were acquired in 

a 4800 Proteomics Analyzer MALDI-TOF/TOF Mass Spectrometer (Applied 

Biosystems), in the m/z range from 800 to 4,000, with an accelerating voltage of 20 kV 

in reflectron mode. Spectra were internally calibrated using peptides from trypsin 

autolysis ([M+H+] = 842.509, [M+H+] = 2211.104) with an m/z precision of ± 20 ppm. 

The most abundant peptide ions were subjected to MS/MS analysis. A combined search 

(MS plus MS/MS) was performed against UniProtKB/TrEMBL database using 

MASCOT (Matrix Science Ltd., London) with the following parameters: taxonomy 

restrictions to “Streptococcus pneumoniae”, one missed cleavage, 0.1 Da mass 

tolerance in MS and 0.2 Da for MS/MS data, Cys carbamidomethylation as a fixed 

modification and both Met oxidation and Asn/Gln deamidation as variable 

modifications. Identifications with a Mascot score >70 (P-value < 0.05) were 

considered as significant.  
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2.9 Preparation of metabolite extracts 

  S. pneumoniae strains R6 and TIGR4 were grown in THB with or 

without 1/2  MIC of purified rhodomyrtone, incubated at 37 ºC with 5% CO2 to an 

OD600 = 0.3. The bacterial cells were harvested by centrifugation at 5,000  g for 7 min 

at 4 oC followed by two washes with PBS to eliminate residual broth. Subsequently, the 

pellets were resuspended in PBS/30% sucrose. The bacterial cells were lysed as 

previously described for preparing cellular proteins. Bacterial metabolites were 

extracted by adding ice-cold methanol to give a final concentration of 50%. Metabolite-

containing supernatants were collected and ultracentrifuged at 100,000  g for 1.5 h, 

and stored at -80 ºC until use.  

2.10 Metabolite identification by LC-MS/MS 

  An Agilent 1200 Series LC system coupled to an Agilent 6540 UHD 

Accurate-Mass QTOF hybrid mass spectrometer equipped with dual electrospray (ESI) 

source (Santa Clara, CA, USA) was used. Chromatographic separation was performed 

using a C18 reverse-phase analytical column (50 mm  0.46 mm i.d., 3 µm particle 

size; Teknokroma, Barcelona, Spain), thermostated at 25 °C. The mobile phases were 

5% ACN (phase A) and 95% ACN (phase B) both with 0.1% formic acid as ionization 

agent. The LC pump was programmed with a flow rate of 0.8 ml/min with the following 

elution gradient: 3% phase B was kept as initial mobile phase constant from min 0 to 

1; from 3 to 100% of phase B from min 1 to 13. The injection volume was 3 µl and the 

injector needle was washed for 10 times between injections with 80% methanol. 

Furthermore, the needle seat back was flushed for 10 s at a flow rate of 4 ml/min with 

80% methanol to avoid cross contamination. The parameters of the electrospray 

ionization source, operating in negative and positive ionization mode, were as follows: 

the capillary and fragmentor voltage were set at ±3.5 kV and 175 V, respectively; N2 in 

the nebulizer was flowed at 40 psi; the flow rate and temperature of the N2 as drying 

gas were 8 l/min and 350 °C, respectively. MS and MS/MS data were collected in both 

polarities using the centroid mode at a rate of 2.6 spectra per second in the extended 

dynamic range mode (2GHz). Accurate mass spectra in auto MS/MS mode were 

acquired in MS m/z range 60-1,100 and MS/MS m/z range 60-1,100. The instrument 
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gave typical resolution 15000 FWHM at m/z 118.086255 and 30000 FWHM at m/z 

922.009798. To assure the desired mass accuracy of recorded ions, continuous internal 

calibration was performed during analyses by using the signals at m/z 121.0509 

(protonated purine) and m/z 922.0098 [protonated hexakis (1H,1H,3H-

tetrafluoropropoxy) phosphazine or HP-921] in positive ion mode; while in negative 

ion mode ions with m/z 119.0362 (proton abstracted purine) and m/z 966.0007 (formate 

adduct of HP-921) were used. The auto MS/MS mode was configured with 2 maximum 

precursors per cycle and an exclusion window of 0.25 min after 2 consecutive selections 

of the same precursor. The collision energy selected was 20 V. MassHunter 

Workstation software (vesion 5.00 Qualitative Analysis, Agilent Technologies, Santa 

Clara, CA, USA) was used to process all data obtained by LC-QTOF in auto MS/MS 

mode. The MSMS METLIN Personal Compound and Database Library (PCDL) was 

used to identify compounds using both MS and MS/MS information to assure 

metabolite identification. 

2.11 Quantification of capsule 

  Eight encapsulated S. pneumoniae isolates representing 8 serotypes (3, 

4, 6A, 6B, 14, 18 C, 19 A, and 19 F) were used as representative isolates. The amount 

of capsule was measured using Stains-all assay (Sigma-Aldrich) for detecting acidic 

polysaccharides as described (Hammerschmidt et al. 2005), with slight modifications. 

Briefly, the bacteria were inoculated in THB supplemented with sub-MIC 

rhodomyrtone and 5% fetal bovine serum to OD600 = 0.5. Then, 5 ml of the bacterial 

culture was centrifuged at 5,000 × g for 10 min, washed twice with PBS and 

resuspended in 600 microlitre of normal saline solution (NSS). One hundred microlitre 

of the culture was harvested to make dilutions in NSS for plating out to determine the 

CFU. To quantify acidic polysaccharides, 100 microlitre of the suspension was added 

in a tube containing 20 mg 1-ethyl-2(3-(1-ethylnaphthho-(1,2-d) thiazolin-2- ylidene) 

2 methylpropenyl) naphthho-(1,2-d) thiazolium bromide (Stains-all) and 60 ml glacial 

acetic acid in 100 ml 50% formamide. The amount of capsule was determined by OD640 

measuring. One hundred microlitre NSS with 2 ml Stains-all solution was used as a 

blank. 
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2.12 Transmission electron microscopy  

  Pneumococcal capsule was observed using transmission electron 

microscopy (TEM) as described (Hammerschmidt et al. 2005), but without lysin nor 

acetate in the cacodylate buffer. Briefly, overnight cultures in THB of S. pneumoniae 

TIGR4 were harvested by centrifugation at 5,000 × g for 10 min. The bacterial cells 

were washed twice, resuspended in PBS, and fixed with 2% paraformaldehyde and 

2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7) containing 0.075% ruthenium 

red for 20 min on ice. The samples were washed with cacodylate buffer containing 

0.075% ruthenium red. The samples were fixed again with the fixing solution for 3 h, 

washed with cacodylate buffer containing 0.075% ruthenium red, and then post-fixed 

with 1% osmium tetroxide in cacodylate buffer containing 0.075% ruthenium red for 1 

h at room temperature. After dehydration in an ascendant series of ethanol, the pieces 

were transferred to propylene oxide and sequentially infiltrated in EMbed 812 resin 

(EMS; USA). We used the sequence propylene oxide-resin 2:1, 1:1, and 1:2 throughout 

24 h. Afterwards samples were transferred to pure resin for 24 h. Blocks were formed 

in fresh resin that was allowed to polymerize for 48 h at 65 ºC. After trimming, blocks 

were sectioned in an Ultracut Reicher ultramicrotome to obtain ultrathin (40-60 nm 

width) sections using a diamond knife. The sections were observed and photographed 

in a Jeol Jem 1400 Transmission Electron Microscope at the Servicio Centralizado de 

Apoyo a la Investigacoin (SCAI), University of Cordoba.  

2.13 Phagocytosis of Streptococcus pneumoniae treated with sub-MICs of the 

extract and rhodomyrtone 

  The bacterial cells were cultured in BHI supplemented with the extract 

and/or rhodomyrtone at concentration 1/8, 1/4, and 1/2 × MIC, or 1% DMSO. The 

cultures were incubated at 37 °C for 12-16 h with 5% CO2. The samples were 

centrifuged at 5,000 g for 5 min, and washed twice by PBS. Monocyte derived 

macrophage cells were allowed to form confluent monolayer cells with 48 h incubation 

at 37 °C in humidified air containing 5% CO2. The trypsinized cells were seeded into 

24-wells to form the monolayer cells (1 × 105cells/well). The monolayer cells were 

incubated with the bacterial suspensions at cell density of 1 × 106 CFU/well. The 

bacteria within the macrophages were investigated at different time intervals. The wells 
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were washed by cold PBS to stop phagocytosis activity. The macrophage cells were 

then lysed by vigorous pipetting with 0.025 % triton X-100. The numbers of the 

intracellular pneumococci were serially diluted and counted on blood agar. The plates 

were incubated at 37 oC for 24 h in humidified air containing 5% CO2. 

2.14 Effects of Rhodomyrtus tomentosa ethanol extract and rhodomyrtone on 

Streptococcus pneumoniae biofilm formation 

  Effects of Rhodomyrtus tomentosa ethanol extract and rhodomyrtone on 

S. pneumoniae biofilm formation was assessed by crystal violet assay. Briefly, the 

bacteria were cultured in MHB supplemented with 2.5% lyzed blood and 1% glucose, 

incubated at 37 oC for 24 h in 5% CO2. The overnight culture was diluted to 106 CFU/ml 

and transferred in a 96-well microtitre plate containing 20 ml tested antibacterial agents 

at sub-inhibitory concentrations and 80 µl of the medium. The plates were incubated at 

37 oC for 24 h in 5% CO2. The effects of the extract and rhodomyrtone on the growth 

were measured at OD 600 nm.  The wells were washed twice with PBS, air-dried and 

stained with 200 µl of 0.1% crystal violet solution for 30 min. The wells were washed 

with water and air-dried. The biofilms were dissolved in 200 µl of 100% DMSO. 

Inhibitory activity was investigated by quantifying biofilm formation at optical density 

570 nm. The relative percentage of biofilm formation was defined as: (mean A570 of 

treated well/mean A570 of control well) × 100. 

2.15 Effects of Rhodomyrtus tomentosa ethanol extract and rhodomyrtone on 

Streptococcus pneumoniae established biofilm  

  Two hundred microlitres of the culture (106 CFU/ml) was transferred to 

a 96-well microtitre plate and incubated at 37 oC for 2 days (young established biofilm) 

and 8 days (mature established biofilm). The planktonic cells were removed and 

replaced with fresh medium every 48 h. After incubation, the medium was removed 

and the wells were rinsed twice with PBS. The established biofilms were challenged 

with the agents at concentrations 2-32 × MIC, incubated at 37 oC for 24 h. After 

incubation, the medium was removed and replaced with 200 µl PBS supplemented with 

10 µl 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide, MTT, 5 mg/ml; 

Sigma) and further incubated at 37 oC for 2 h. The insoluble purple formazan was 
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obtained by cleavage of MTT by the dehydrogenase enzyme of living bacterial cells. 

The formazan crystals were dissolved in DMSO and determined by OD 570 

measurement. The relative percentage of viability biofilm was defined as: (mean A570 

of treated well/mean A570 of control well) × 100. 

2.16 Effects of Rhodomyrtus tomentosa extract and rhodomyrtone on 

pneumococcal adhesion and invasion to A549 human lung adenocarcinoma cell 

line 

  The bacterial cells were cultured in BHI medium, incubated at 37 o C for 

8 h with 5% CO2. The cultured bacteria were centrifuged at 5,000 rpm for 5 min, and 

washed twice. The cells were suspended in PBS, and adjusted to OD 600 = 0.5. The 

bacterial suspension (5 × 106 CFU/ml) was incubated with the confluent epithelial cells 

A549 (approximately 1 × 105 cells) and different concentrations of the extract and/or 

rhodomyrtone at 37 °C in the presence of 5% CO2. The epithelial cells were washed 

twice with PBS to remove non-adherent bacteria and lysed with 200 μl of 0.025% triton 

X-100.  The bacterial cells were counted on blood agar plates. To determine the number 

of invasive bacteria, the cells were rinsed several times with phosphate-buffered saline 

(PBS) to remove unbound bacteria. The extracellular bacteria were killed by treatment 

with gentamicin (100 µg/ml). The cells were lysed by addition of 0.025% triton X-100 

and incubation for 5 minutes at room temperature. The intracellular pneumococci were 

counted on blood agar plates. The amount of intracellular surviving bacteria per well 

was determined. 

2.17 Statistical analysis 

      The results are expressed as the mean ± SE. We performed Student’s 

t-tests to determine statistical differences between control and treatment. P-values 

lower than 0.05 were considered significant difference.  
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Chapter 3  

Results 

3.1 In vitro antibacterial activity of Rhodomyrtus tomentosa ethanol extract and 

rhodomyrtone against clinical isolates of S. pneumoniae 

  Antibacterial activity of Rhodomyrtus tomentosa ethanol leaf extract, 

purified rhodomyrtone, and synthetic rhodomyrtone against a collection of 23 pediatric 

S. pneumoniae clinical isolates was investigated by broth microdilution assay according 

to CLSI. As shown in Table 1, minimal inhibitory concentration (MIC) and minimal 

bactericidal concentration (MBC) values of the ethanol extract ranged from 16-512 

µg/ml. Both purified and synthetic rhodomyrtone demonstrated a markedly pronounced 

antibacterial activity with similar MIC and MBC values ranging from 0.125-4 µg/ml. 

The MIC and MBC values of the extract, purified rhodomyrtone, and synthetic 

rhodomyrtone against the reference strains were in the same range as those of the tested 

clinical isolates. The MIC and MBC values of a positive antibiotic drug, erythromycin, 

against the clinical isolates is shown in Table 1.  

 

 

 

 



 
 

 

Table 1. Minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) values of Rhodomyrtus tomentosa ethanol 

extract, purified rhodomyrtone, and synthetic rhodomyrtone against Streptococcus pneumoniae clinical isolates. 

Antibacterial agents  MIC/MBC (µg/ml) 

    S. pneumoniae clinical isolates (n=23) S. pneumoniae ATCC 700673 

Ethanol extract  16-256/16-512     32/128 

Purified rhodomyrtone 0.125-4/0.125-4    0.50/1 

Synthetic rhodomyrtone 0.125-4/0.25-4     1/4 

Erythromycin   0.03-2/0.03-4     0.125/0.25 

3
1
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3.2 Time-kill study 

  To confirm the antimicrobial effectiveness of rhodomyrtone against the 

pneumococcus, we performed time-kill curves of the three testing preparations at 

different MICs, using three pneumococcal strains: the reference strains R6 and TIGR4, 

and the clinical isolate 5335-5, as this presented intermediate MIC/MBC values for 

rhodomyrtone from the whole collection, but one of the highest MIC/MBC values for 

erythromycin, a macrolide antibiotic used for treating pneumococcal infections. As 

shown in Figure 1, 2, and 3, antibacterial activity of the extract and the compounds was 

concentration dependent, resulting in the reduction of colony forming units. The 

viability of S. pneumoniae after exposure to the extract and the pure compounds at 4  

MIC decreased clearly by 99.9% after 18 h for the three tested strains, and even after 

12 h for R6 and TIGR4. Furthermore, addition of the extract and the compounds to the 

culture at 2  MIC resulted in decreased cell growth. The extract and the compounds at 

their MIC values exhibited bacteriostatic effects against S. pneumoniae whereas 1/2  

MIC had slight effects on the viability of the tested pathogen.  
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Figure 1. Time-kill curves of S. pneumoniae TIGR4 (A), R6 (B) and 5335-5 (C) after 

treatment with Rhodomyrtus tomentosa ethanol extract at 4  MIC (●), 2  MIC (▲), 

1  MIC (■), and 1/2  MIC (♦ ). One percent of DMSO (o) was used as control. The 

results are shown as mean ± SD of three independent cultures. 
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Figure 2. Time-kill curves of S. pneumoniae TIGR4 (A), R6 (B) and 5335-5 (C) after 

treatment with purified rhodomyrtone at 4  MIC (●), 2  MIC (▲), 1  MIC (■), and 

1/2  MIC (♦ ). One percent of DMSO (o) was used as control. The results are shown 

as mean ± SD of three independent cultures. 
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Figure 3. Time-kill curves of S. pneumoniae TIGR4 (A), R6 (B) and 5335-5 (C) after 

treatment with synthetic rhodomyrtone at 4  MIC (●), 2  MIC (▲), 1  MIC (■), and 

1/2  MIC (♦ ). One percent of DMSO (o) was used as control. The results are shown 

as mean ± SD of three independent cultures. 
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3.3 Effects of purified rhodomyrtone on the pneumococcal growth 

  In order to investigate the effect of rhodomyrtone at proteomic and 

metabolomic level, the growth of the reference strains TIGR4 and R6 in the presence 

of 1/2  MIC purified rhodomyrtone was determined. As shown in Figure 2, both strains 

slowly grew in the antimicrobial-treated cultures. Lag phase of the treated TIGR4 and 

R6 cells was extended to 8 and 14 h after the bacterial cells started to grow, respectively. 

The treated TIGR4 and R6 cells reached the stationary phase after 12 and 18 h of 

incubation, respectively. We chose the mid-log phase for sampling proteins and 

metabolites, in time points such that for each treated and non-treated culture, the cell 

growth was the same for both. This corresponded to OD600 = 0.3 for TIGR4, and OD600 

= 0.2 for R6. 
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Figure 4. Growth curves of Streptococcus pneumoniae strains TIGR4 (A) and R6 (B). 

The bacteria were treated with 1/2 × MIC rhodomyrtone (▲). One percent DMSO 

was used as negative control (●). 
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3. 4 Effects of purified rhodomyrtone on the pneumococcal proteome 

  The changes in the pneumococcal proteome of the two reference strains 

TIGR4 and R6 after rhodomyrtone exposure in two protein fractions, the total cell 

extract and the secreted proteins were analyzed by 2 DE. The cellular and secreted 

protein patterns of both strains are shown in Figures 5 and 6, respectively. Alteration in 

the abundance of 72 protein spots was observed when S. pneumoniae was exposed to 

1/2  MIC purified rhodomyrtone. Sixteen cellular protein spots were decreased, while 

8 spots were increased in TIGR4 (Figure 5A and 5B). In R6, 20 spots decreased and 7 

increased their abundances after rhodomyrtone exposure (Figure 5C and 5D). In the 

secreted fraction, 5 spots of TIGR4 proteins were reduced after rhodomyrtone 

treatment, while 2 spots increased them (Figure 6A and 6B). In the R6 strain, 7 spots 

increased and other 7 decreased in response to rhodomyrtone (Figure 6C and 6D). The 

selected protein spots were further analyzed by MALDI-TOF/TOF MS. The identified 

proteins for both cellular and secreted fractions are given in Tables 2 and 3, 

respectively. The proteins were identified as enzymes involved in important metabolic 

pathways such as amino acid, carbohydrate, lipid, and nucleic acid metabolism, as well 

as other factors involved in protein synthesis.  

  The combined analysis of both cellular and secreted proteomes revealed 

that proteins related to protein synthesis, as cysteine synthase and ribosomal proteins, 

decreased in response to purified rhodomyrtone treatment, as well as the elongation 

factor Tu, which was strongly reduced. A clear decrease in two out of the three enzymes 

of the arginine deiminase (ADI) pathway, i.e. arginine deiminase and ornithine 

carbamoyltransferase was also found. Furthermore, we observed a down-regulation of 

proteins involved in carbohydrate metabolism. Important enzymes associated with the 

glycolysis pathway including glyceraldehyde-3-phosphate dehydrogenase, fructose-

1,6-diphosphate aldolase, and triosephosphate isomerase were diminished. However, 

an increase in the levels of glucose-6-phosphate isomerase, enolase, phosphoglycerate 

kinase, and 6-phosphofructokinase were observed after rhodomyrtone treatment. There 

was also a decrease in the enzymes L-lactate dehydrogenase and acetate kinase, 

involved in pyruvate metabolism. A decrease in the levels of 3-oxoacyl-(acyl-carrier-

protein) reductase, an enzyme involved in the fatty acid biosynthesis pathway, was also 
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observed in R6 cellular protein fractions, as well as a decrease in the DNA gyrase A 

subunit, a target for quinolone antibiotics (Table 2 and 3).  

  A very interesting finding from the proteomic analysis was the decrease 

in two enzymes taking part in the synthesis of the pneumococcal capsule 

polysaccharide: the UTP-glucose-1-phosphate uridylyltransferase (GalU), which 

diminished in rhodomyrtone-treated TIGR4 cellular protein fractions, and the family-2 

glycosyltransferase encoded in the locus spr0136, which diminished after exposure of 

R6 to the compound. In both cases, the corresponding protein spots were absent in the 

cellular-protein 2-D gels. 

 

 



 
 

 

 

Figure 5. Representative 2-D gels of cellular proteins of S. pneumoniae TIGR4 (A and B) and R6 (C and D) cultured without (A and C) 

and with 1/2  MIC purified rhodomyrtone (B and D). The isolated proteins were separated by isoelectric focusing in the pI range of 4 to 

7 in the first dimension (11 cm). The proteins were further separated by 10% SDS-PAGE in the second dimension. Spot numbers indicate 

spots with altered abundances: those marked in A and C diminished after rhodomyrtone treatment, and those marked in B and D augmented 

after rhodomyrtone exposure.   
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Figure 6. Representative 2-D gels of secreted proteins of S. pneumoniae TIGR4 (A and B) and R6 (C and D) cultured without (A and C) 

and with 1/2  MIC purified rhodomyrtone (B and D). The isolated proteins were separated by isoelectric focusing in the pI range of 4 to 

7 in the first dimension (11 cm). The proteins were further separated by 10% SDS-PAGE in the second dimension. Spot numbers indicate 

spots with altered abundances: those marked in A and C diminished after rhodomyrtone treatment, and those marked in B and D augmented 

after rhodomyrtone exposure.  
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Table 2. Cellular proteins altered after purified rhodomyrtone treatment of Streptococcus pneumoniae  

Spot  Accession numbera Protein annotation   Mascot score Coverage (%) Fold changeb P-valuec 

4C  Q8DMY8  Cysteine synthase   180  21  0.36  0.032 

10C  Q8DN31  Arginine deiminase   316  19  0.41  0.018 

12C, 21C P65608  Ornithine carbamoyltransferase 158  23  0.31  0.021 

4A  Q97NL1  Glyceraldehyde-3-phosphate   308  30  0.29  0.019 

     dehydrogenase, type I 

6A  P66942  Triosephosphate isomerase  104  24  0.33  0.028 

11A, 6C, 11C P0A3M9, P0A3N0 L-lactate dehydrogenase  101  22  0.44  0.045 

14A  P58313  UTP-glucose-1-phosphate  103  31  0.38  0.010  

     uridylyltransferase 

1C  Q8DRG7  Glycosyltransferase, family 2  98  25  0.30  0.013 
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Table 2. Cellular proteins altered after purified rhodomyrtone treatment of Streptococcus pneumoniae (Continued) 

Spot  Accession numbera Protein annotation   Mascot score Coverage (%) Fold changeb P-valuec 

16C  Q8DR15  3-ketoacyl-(acyl-carrier-protein) 95  20  0.37  0.023 

     reductase 

7C  Q8DPM2  DNA gyrase A subunit  96  21  0.40  0.039 

5C  P64031  Elongation factor Tu   517  26  0.29  0.009 

6B  Q97SV1  50S ribosomal protein L5  87  18  1.93  0.034 

3D  Q8DN74  Glucose-6-phosphate isomerase 83  19  2.41  0.022 

7B  P64022  Elongation factor G   348  24  2.75  0.043 

aAccession numbers correspond to UniProt. bThe values represent the intensities ratio between rhodomyrtone treatment and control for each spot.  

Values >1 indicate an increase in protein abundance. Values <1 indicate a decrease in protein abundance. 
cData were analyzed using the Student’s t-test. P-values < 0.05 were considered statistically significant. 
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Table 3. Secreted proteins altered after purified rhodomyrtone treatment of Streptococcus pneumoniae  

Spot  Accession numbera Protein annotation   Mascot score Coverage (%) Fold changeb P-valuec 

3C  P65608  Ornithine carbamoyltransferase 355  25  0.38  0.023 

5C  P63414  Acetate kinase    104  23  0.40  0.033 

6C  Q8CWN6  Glyceraldehyde-3-phosphate  403  32  0.037  0.037  

     dehydrogenase 

2C  P64031  Elongation factor Tu   520  29  0.39  0.029 

7C  P0A4S2  Fructose-1,6-bisphosphate aldolase 139  22  0.48  0.047 

2D  Q8DPS0  Enolase    396  30  2.54  0.018 

5D  Q8DQX8  Phosphoglycerate kinase  848  31  1.97  0.026 

7D  Q8DQ85  6-phosphofructokinase  154  26  2.66  0.017 

4D  Q8CWV4  50S ribosomal protein L5  81  20  1.85  0.040 

3D  Q6VB96  60 kDa chaperonin   230  29  2.11  0.024 

aAccession numbers correspond to UniProt. bThe values represent the intensities ratio between rhodomyrtone treatment and control for each spot.  

Values >1 indicate an increase in protein abundance. Values <1 indicate a decrease in protein abundance. 
cData were analyzed using the Student’s t-test. P-values < 0.05 were considered statistically significant. 
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3.5 Effects of purified rhodomyrtone on the pneumococcal metabolome 

  The changes of the metabolomic profile of both strains of S. pneumoniae 

treated with the compound were monitored using LC-MS/MS analysis. We carried out 

a multivariate statistical analysis with the identified compounds to evaluate whether the 

rhodomyrtone treatment had a significant effect on the metabolite profile. As shown in 

Figure 7, a principal component analysis (PCA) resulted in a clear distinction between 

rhodomyrtone-treated and non-treated metabolite fractions for both R6 and TIGR4 

strains. The first principal component (PC1, X-axis) was able to completely separate 

the two samples, i.e. control and rhodomyrtone-exposed cultures for the two strains, 

grouping the three biological replicates in the same cluster, each analyzed in duplicate. 

Thus, the PC1 was able to explain most of the variance that was found. This indicates 

that the rhodomyrtone treatment lead to a clear alteration of the metabolite profile in 

the two studied pneumococcal strains. 

  Alteration in the metabolite expression is shown in Table 4. Twenty-six 

metabolites were detected to change between both control and treatment groups. 

Eighteen metabolites were found with lower levels after rhodomyrtone treatment, while 

nine metabolites were more abundant after treatment with the compound. The most 

highlighting findings of the metabolomic analysis was the alteration of metabolites 

involved in capsule biosynthesis, in agreement with the results obtained in the 

proteomic analysis. Three compounds clearly decreased their levels after rhodomyrtone 

treatment: two in both strains (uridine 5’-diphosphoglucuronic acid, 1.69-fold and 3.0-

fold in R6 and TIGR4 respectively; UDP-glucose, 1.31-fold and 1.27-fold in R6 and 

TIGR4 respectively), and one in TIGR4 only (UDP-N-acetyl-D-galactosamine, 3.12-

fold decrease). In addition, other metabolites involved in the synthesis of nucleic acids 

and amino acids were also altered, in agreement to the fact that some of the pathways 

were found altered according to the proteomic analysis. Of note, it is worthy to highlight 

the almost 2-fold decrease in the levels of acetyl-CoA, a key intermediate in different 

metabolic pathways playing a central role in the primary metabolism. 
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Figure 7. Principal component analysis of the metabolite profile of Streptococcus 

pneumoniae strains TIGR4 (A) and R6 (B) treated with 1/2 × MIC rhodomyrtone. 

 

 

 

 

 

 

 

 

 

 



 
 

 

Table 4. Metabolites altered after rhodomyrtone treatment of Streptococcus pneumoniae 

Metabolite    Strain  MW   Retention Precursor ion Fold changesa  Related pathway                                                                                                                                                                                                                                                                      

                                                                                  (g/mol)              time (min)            (m/z) 

Metabolites with decreased abundance 

Thymidine monophosphate (dTMP) R6, TIGR4 322.0566 2.7  321.0494 13.49*, 1.71 Nucleic acid   

               biosynthesis 

L-Tryptophan    R6, TIGR4 204.0899 4.8  205.0970 1.34*, 1.70* Amino acid biosynthesis 

Uridine 5'-diphosphoglucuronic acid R6, TIGR4 580.0343 1.1  579.0279 1.69*, 3.00* Capsule synthesis 

N-Acetyl-L-glutamic acid  R6, TIGR4 189.0637 1.8  188.0560 2.11*, 1.09 Urea cycle 

UDP-glucose    R6, TIGR4 566.0550 1.1  565.0473 1.31, 1.27* Capsule synthesis 

Hypoxanthine    R6, TIGR4 136.0385 1.6  137.0456 1.02, 2.21* Nucleic acid   

               biosynthesis 
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Table 4. Metabolites altered after rhodomyrtone treatment of Streptococcus pneumoniae (Continued) 

Metabolite    Strain  MW   Retention Precursor ion Fold changesa  Related pathway                                                                                                                                                                                                                                                                      

                                                                                  (g/mol)              time (min)            (m/z) 

Metabolites with decreased abundance 

Deoxyinosine    R6  252.0859 3.7  251.0771 INF b  Nucleic acid   

               biosynthesis 

Guanosine    R6, TIGR4 283.0917 2.2  284.0994 1.01, INF Nucleic acid   

               biosynthesis 

Inosine     R6  268.0808 3.3  267.0744 1.07  Nucleic acid   

               biosynthesis 

D-(+)-3-Phenyllactic acid  R6, TIGR4 166.0629 6.6  165.0540 INF, INF Antimicrobial compound 

L-Aspartic Acid   TIGR4  133.0375 1.0  132.0297 1.35  Amino acid biosynthesis 
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Table 4. Metabolites altered after rhodomyrtone treatment of Streptococcus pneumoniae (Continued) 

Metabolite    Strain  MW   Retention Precursor ion Fold changesa  Related pathway                                                                                                                                                                                                                                                                      

                                                                                  (g/mol)              time (min)            (m/z) 

Metabolites with decreased abundance 

N-Acetyl-DL-methionine  TIGR4  191.0616 5.1  190.0539 4.77*  Oxidative stress  

               response                                                                                                                                                                                                                                                                      

Acetyl-CoA    TIGR4  809.12577 5.0  403.5561 1.98*  Lipid metabolism,  

               intermediate molecule    

Raffinose    R6  504.169 1.2  503.1623 2.03*             Raffinose/stachyose 

                                                                                                                                                                                    Melibiose transport  

 system 

Deoxy adenosine monophosphate TIGR4  331.0682 1.6  332.0747 1.04  Nucleic acid   

               biosynthesis 
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Table 4. Metabolites altered after rhodomyrtone treatment of Streptococcus pneumoniae (Continued) 

Metabolite    Strain  MW   Retention Precursor ion Fold changesa  Related pathway                                                                                                                                                                                                                                                                      

                                                                                  (g/mol)              time (min)            (m/z) 

Metabolites with decreased abundance 

Palmitic acid    R6, TIGR4 256.2402 0.4  257.2472 1.09, 1.38 Lipid biosynthesis 

UDP-N-acetyl-D-galactosamine TIGR4  607.0816 1.2  606.0742  3.12*  Capsule synthesis 

Pyroglutamic acid   R6  129.0426 1.5  128.0354 3.77*  Amino acid metabolism 

Metabolites with increased abundance 

Guanosine monophosphate  R6, TIGR4 363.058 1.5  362.0516 3.38*, 2.32* Nucleic acid   

               biosynthesis 

L-Tyrosine    R6  181.0739 1.8  180.0666 1.08  Amino acid biosynthesis 
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Table 4. Metabolites altered after rhodomyrtone treatment of Streptococcus pneumoniae (Continued) 

Metabolite    Strain  MW   Retention Precursor ion Fold changesa  Related pathway                                                                                                                                                                                                                                                                      

                                                                                  (g/mol)              time (min)            (m/z) 

Metabolites with increased abundance 

Uridine monophosphate (UMP)  R6, TIGR4 580.0343 1.1 579.0279 4.73*, 1.37* Nucleic acid   

               biosynthesis 

D-Ribulose 5-phosphate   R6  230.0192 0.7 229.0120 1.05  Pentose phosphate  

               pathway 

D-Glucose 6-phosphate   R6, TIGR4 260.0297 0.7 259.0226 1.71, 5.25* Glycolysis 

Cyclic adenosine diphosphate ribose  R6, TIGR4 541.0611 1.4 540.0545 2.85*, 1.04 Calcium signaling 

L-Glutamate     R6, TIGR4 147.0532 0.7 146.0456 1.37, 1.44* Amino acid biosynthesis 
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Table 4. Metabolites altered after rhodomyrtone treatment of Streptococcus pneumoniae (Continued) 

Metabolite    Strain  MW   Retention Precursor ion Fold changesa  Related pathway                                                                                                                                                                                                                                                                      

                                                                                  (g/mol)              time (min)            (m/z) 

Metabolites with decreased abundance 

L-Phenylalanine   R6  165.079  3.5 166.0857 1.69*  Amino acid   

               biosynthesis 

aThe fold change values represent the ratio between control and rhodomyrtone treatment for metabolites with decreased abundance, or the ratio between 

the rhodomyrtone treatment and the control for metabolites with increased abundance. Statistical significance of the analysis under the Student’s t-test 

is indicated as * (p < 0.05). 

bINF means that the metabolite was not detected in the rhodomyrtone-treated samples.  
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3.6 Effect of purified rhodomyrtone on the pneumococcal capsule  

  The results from both proteomic and metabolomic analyses revealed that 

purified rhodomyrtone reduced the levels of biomolecules involved in the biosynthesis 

of the pneumococcal capsule. Hence, we studied the effects of the compound on 

pneumococcal capsule formation. 

  The inhibitory activity of purified rhodomyrtone on pneumococcal 

capsule formation was assessed on 8 clinical isolates of S. pneumoniae representing 8 

serotypes.  The amount of pneumococcal capsular polysaccharide produced by the cells 

treated with sub-MIC rhodomyrtone was quantified by the colorimetric Stains-all assay. 

The compound caused a reduction of capsule production in a concentration-dependent 

manner, resulting in a reduction of capsular polysaccharide contents (Figure 8A). 

However, the tested sub-MICs rhodomyrtone had no inhibitory effects on the growth 

of S. pneumoniae clinical isolates (Figure 8B), thus indicating that the lower amount of 

measured capsule was not due to a lower number of cells grown in the cultures. 

Rhodomyrtone-treated pneumococcal cells significantly possessed less amount of 

capsule, when compared with untreated cells. The reduction in capsular polysaccharide 

contents was greatest when the bacteria were treated with 1/2  MIC rhodomyrtone. At 

this concentration, the percent reduction of capsular polysaccharide formation of S. 

pneumoniae serotypes 3, 4, 6A, 6B, 14, 18C, 19A, and 19F by rhodomyrtone were 75, 

80, 33, 62, 43, 53, 67, and 57%, respectively. The highest reduction was observed in 

serotype 4, with percentages ranging from 29-80%. 

  We also observed changes, at a qualitative level, in the presence, 

morphology and/or thickness of pneumococcal capsule in the reference strain TIGR4 

treated with the compound using transmission electron microscopy (Figure 9). 

Rhodomyrtone-treated TIGR4 cells clearly possessed less amount of capsule, when 

compared with untreated cells (Figures 9C, 9D).  
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Figure 8. Inhibition of pneumococcal capsule by purified rhodomyrtone. Effects of 

purified rhodomyrtone at different concentrations including 1/16  MIC (   ),   1/8  

MIC (    ), 1/4  MIC (   ), and 1/2  MIC (   ) on percentage of pneumococcal capsule 

(A) and growth (B), compared with control (1% DMSO). The relative percentage of 

capsule formation was defined as: (mean A640 of treated cells/mean A640 of control) 

 100. 
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Figure 9. Capsular illustration by transmission electron microscopy of S. pneumoniae 

TIGR4 cells before (A, B) and after exposure to 1/2  MIC purified rhodomyrtone (C, 

D). Arrow shows capsule of the bacteria. 
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3.7 Phagocytosis of S. pneumoniae treated with sub-MICs of the extract and 

rhodomyrtone 

  Expression of two enzymes (glycosyltransferase and galU) and three 

metabolites (UDP-Glc, UDP-Glc-UA and UDP-N-acetyl-D-galactosamine) involved in 

the synthesis of pneumococcal capsule was suppressed upon exposure to 

rhodomyrtone. It was found that rhodomyrtone-treated pneumococcal cells 

significantly possessed less amount of capsule when compared with the untreated cells. 

Capsule polysaccharide of S. pneumoniae plays a role against phagocytosis. Hence, 

inhibition of pneumococcal capsule formation by rhodomyrtone could enhance 

bacterial phagocytosis by macrophages. The present study investigated phagocytosis of 

pneumococci treated with the extract and rhodomyrtone using RAW264.7 macrophage 

cells. Significant increase in phagocytosis of pneumococci was observed when the 

bacteria were treated with sub-MICs of the extract (Figure 10) and rhodomyrtone 

(Figure 11) within 10 minutes (P<0.05). Increase in 90-99% phagocytosis of the 

bacterial cells by the macrophage cells was detected following the treatment with the 

extract and rhodomyrtone at 1/2 × MIC, compared with the control. 

 

 

 

 

 



 
 

 

 

Figure 10. Activity of Rhodomyrtus tomentosa ethanol extract on phagocytosis of S. pneumoniae NPRCoE 16507 (A) and ATCC 49619 

(B). The bacteria were treated with the extract at sub-MICs. The treated cells were further incubated with monocyte-derived macrophage 

RAW264.1 at 37oC under 5% CO2. The viable cells of S. pneumoniae were counted on blood agar plates, and incubated at 37oC under 5% 

CO2. Data are presented as a mean ± SD, (* significant difference; P < 0.05). 
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Figure 11. Activity of rhodomyrtone on phagocytosis of S. pneumoniae NPRCoE 16507 (A) and ATCC 49619 (B). The bacteria were 

treated with rhodomyrtone at sub-MICs. The treated cells were further incubated with monocyte-derived macrophage RAW264.1 at 37oC 

under 5% CO2. The viable cells of S. pneumoniae were counted on blood agar plates, and incubated at 37oC under 5% CO2. Data are 

presented as a mean ± SD, (* significant difference; P < 0.05). 
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3.8 Rhodomyrtus tomentosa leaf ethanol extract and rhodomyrtone inhibit biofilm 

formation in S. pneumoniae  

  The potential of Rhodomyrtus tomentosa extract (Figure 12B) and 

rhodomyrtone (Figure 13D) as inhibitors against S. pneumoniae biofilm formation was 

assessed by crystal violet assay. The extract and rhodomyrtone at 1/8 × MIC 

significantly inhibited pneumococcal biofilm formation in all isolates (P<0.05) without 

growth inhibition. It was observed that growth of the isolates was significantly inhibited 

by the extract at 1/4 and 1/2 × MIC (Figure 12A). This may due to other compounds 

present in the extract (Liu, Tan et al. 2016).  

 

 

 

 

 

 

 

 

 



 
 

 

 

Figure 12. Effects of Rhodomyrtus tomentosa ethanol extract on Streptococcus pneumoniae growth (A) and biofilm formation (B). The 

bacteria were cultured in the tested medium supplemented with Rhodomyrtus tomentosa extract at sub-MICs. 1% DMSO was used as 

negative control. The relative percentage of biofilm formation was defined as: (mean A570 of treated well/mean A570 of control well) × 

100, (* significant difference; P < 0.05). 
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Figure 13. Effects of rhodomyrtone on Streptococcus pneumoniae growth (A) and biofilm formation (B). The bacteria were cultured in 

the tested medium supplemented with rhodomyrtone at sub-MICs. 1% DMSO was used as negative control. The relative percentage of 

biofilm formation was defined as: (mean A570 of treated well/mean A570 of control well) × 100, (* significant difference; P < 0.05). 
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3.9 Killing effects of Rhodomyrtus tomentosa ethanol extract and rhodomyrtone on 

pneumococcal established biofilm 

  Activity of the extract and rhodomyrtone on pneumococcal established 

biofilm was assessed by MTT assay. The viability of young (2-day-old-biofilm) and 

mature (8-day-old-biofilm) biofilm-grown cells significantly decreased following the 

treatment with the extract (Figure 14) and rhodomyrtone (Figure 15) at 16 × MIC. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

Figure 14. Inhibitory activity of Rhodomyrtus tomentosa ethanol extract on established biofilm of Streptococcus pneumoniae. The bacteria 

were cultured in MHB supplemented with 2.5% blood and 1% glucose to produce young (A) and mature (B) biofilms. The biofilms were 

then treated with Rhodomyrtus tomentosa extract at different concentrations. 1% DMSO was used as negative control. The relative 

percentage of biofilm viability was defined as: (mean A570 of treated well/mean A570 of control well) × 100, (* significant difference; P 

< 0.05).  
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Figure 15. Inhibitory activity of rhodomyrtone on established biofilm of Streptococcus pneumoniae. The bacteria were cultured in MHB 

supplemented with 2.5% blood and 1% glucose to produce young (A) and mature (B) biofilms. The biofilms were then treated with 

rhodomyrtone at different concentrations. 1% DMSO was used as negative control. The relative percentage of biofilm viability was defined 

as: (mean A570 of treated well/mean A570 of control well) × 100, (* significant difference; P < 0.05). 
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3.10 Effects of Rhodomyrtus tomentosa extract and rhodomyrtone on 

pneumococcal adhesion and invasion to A549 human lung adenocarcinoma cell 

line 

  In order to apply Rhodomyrtus tomentosa extract and rhodomyrtone for 

the treatment of pneumococcal infections, effects of the extract and rhodomyrtone on 

invasiveness of pneumococci were further determined using A549 adenocarcinomic 

human alveolar basal epithelial cells. The extract and rhodomyrtone significantly 

inhibited pneumococcal adhesion to the epithelial cells (P<0.05) (Figure 16A and 

116B). At 30 min, 90% reduction in pneumococcal adhesion to the epithelial cells was 

detected (Figure 16A), while 40% reduction was observed in rhodomyrtone treated 

cells (Figure 16B). However, a longer time duration (90 min), approximately 70% 

reduction in the bacterial adhesion was detected following rhodomyrtone treatment.

  Significant reduction in invasiveness of pneumococci to lung epithelial 

cells was detected following the treatment with the extract (Figure 17A) and 

rhodomyrtone (Figure 17B) at 1/2-1 × MIC, compared with the control (P<0.05).



 
 

 

Figure 16. Effects of Rhodomyrtus tomentosa ethanol extract (A) and rhodomyrtone (B) on Streptococcus pneumoniae adhesion. The 

bacteria were cultured in the tested medium supplemented with the extract (MIC = 32 µg/ml) and/or rhodomyrtone (MIC = 0.125 µg/ml) 

at sub-MICs. 1% DMSO was used as negative control. The bacteria were incubated with A549 epithelial cells under 5% CO2. Adhesive 

bacteria were counted on blood agar plates, and incubated at 37oC under 5% CO2. Data are presented as a mean ± SD. 
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Figure 17. Effects of Rhodomyrtus tomentosa ethanol extract (A) and rhodomyrtone (B) on Streptococcus pneumoniae invasion. The 

bacteria were cultured in the tested medium supplemented with the ethanol extract (MIC = 32 µg/ml) and/or rhodomyrtone (MIC = 0.125 

µg/ml) at different concentrations. 1% DMSO was used as negative control. The bacteria were incubated with A549 epithelial cells under 

5% CO2. Invasive bacteria were counted on blood agar plates, and incubated at 37oC under 5% CO2. Data are presented as a mean ± SD. 
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Chapter 4 

Discussion 

  Infections caused by S. pneumoniae are an important cause of morbidity 

and mortality in humans including infants and older adults. The bacterium colonizes in 

the human upper respiratory tract including nasopharynx. Colonization is a prerequisite for 

subsequent spread, which may result in the infections. In the last decades, the spread of 

pneumococcal clones of the so-called “pediatric serotypes”, i.e. 6A, 6B, 9V, 14, 15A, 

19A, 19F, and 23F has been reported (Cilloniz, Ardanuy et al. 2016). Actually, it is 

thought that antibiotic resistant selection occurs mainly in pneumococci colonizing 

young children, as they have high carriage rates and exposure to antibiotics, which 

favors the selection of drug resistance (Chao, Marks et al. 2014). However, selective 

pressure by vaccine-induced host immunity may also contribute to the appearance of 

new resistant strains, by increasing the frequency of serotypes with high non-

susceptibility prevalence (Fenoll, Granizo et al. 2015).  

  It has been known for a long time that plants are a source of 

antimicrobial compounds (Mitrofanova, Yanitskaya et al. 2013). In this research, anti-

pneumococcal activity of rhodomyrtone, an acylphloroglucinol compound isolated 

from Rhodomyrtus tomentosa leaves have studied. The results demonstrated that the 

extract and the compounds (both the purified and the synthetic ones) exhibited strong 

antibacterial activity against a collection of clinical isolates representative of the most 

prevalent serotypes. It is noted that the MIC values of rhodomyrtone for the clinical 

isolates was 64 times lower than that of the ethanol extract, which confirms it as an 

effective antimicrobial compound in the ethanol extract of Rhodomyrtus tomentosa 

leaves. Rhodomyrtone possessed pronounced antibacterial activity against the clinical 

isolates, even against those less susceptible to erythromycin, which might indicate 

differences in the mechanisms of action of both substances. Moreover, the ethanol 

extract and rhodomyrtone have a potential as a remarkable antibacterial agent to control 

a broad range of Gram-positive pathogens (Limsuwan, Trip et al. 2009, Saising, 

Ongsakul et al. 2011, Limsuwan, Kayser et al. 2012, Leejae, Taylor et al. 2013). This 

information indicated that rhodomyrtone presented a narrow-spectrum antibacterial 
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property with low levels of MIC and MBC. In addition, previous studies have shown 

that the purified compound did not produce toxic effects on human erythrocytes at a 

concentration of 128 µg/ml (Leejae, Taylor et al. 2013).  

  Rhodomyrtone is originally isolated from Rhodomyrtus tomentosa 

leaves (Salni, Sargent et al. 2002). However, rhodomyrtone is now commercially 

available. Naturally purified rhodomyrtone has been reported to be a small molecule. 

The molecular weight of the purified and synthetic rhodomyrtone is 442.6 g/mole 

(Hiranrat and Mahabusarakam 2008) and 442.54 g/mole (Sigma), respectively. The 

present study revealed that both purified and synthetic rhodomyrtone demonstrated a 

markedly pronounced antibacterial activity against the clinical isolates with similar 

MIC and MBC values. However, the MBC values of purified rhodomyrtone for the 

reference strain was 4 times lower than that of the synthetic compound.  

  The Systems Biology era offers new opportunities to study global 

changes in microbes responding to any stimulus or stress, by means of the overview 

that the integration of different omic platforms provides (Fondi and Lio 2015, Pulido, 

Garcia-Quintanilla et al. 2016), which can be also applied to study the effect of 

antibiotics (Feng, Billal et al. 2011). In the present study, a multi-omics approach was 

applied to investigate the biological changes in S. pneumoniae in the presence of 

rhodomyrtone.   

  metabolite profiles of the two studied pneumococcal reference strains 

exposed to rhodomyrtone. The altered proteins were enzymes involved in important 

metabolic pathways. Proteomic analysis of cellular proteins demonstrated that proteins 

related to protein synthesis including cysteine synthase, ribosomal proteins and 

elongation factor Tu were reduced in response to the compound, as described for the 

effects of rhodomyrtone on methicilin-resistant S. aureus (Sianglum, Srimanote et al. 

2011). Furthermore, the compound also affected the amino acid synthesis. The levels 

of aspartic acid and tryptophan were reduced, while glutamic acid, tyrosine, and 

phenylalanine increased. Very interestingly, two enzymes of the arginine deiminase 

(ADI) pathway, i.e. arginine deiminase and ornithine carbamoyltransferase clearly 

decreased. The ADI pathway provides ATP in streptococcal species (Price, Zeyniyev 

et al. 2012). Recently, Allan et al have demonstrated the decrease in arginine deiminase 
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after nitric oxid treatment in the pneumococcus, an agent that causes dispersal in 

bacterial biofilms (Allan, Morgan et al. 2016). Moreover, deletion of the arcD gene, 

located at the ADI operon, impairs S. pneumoniae D39 capsule (Gupta, Yang et al. 

2013). In addition, enzymes and metabolites involved in carbohydrate metabolism were 

strongly affected. Some enzymes of the glycolysis pathway were altered by 

rhodomyrtone, as also observed in S. pyogenes (Limsuwan, Hesseling-Meinders et al. 

2011). In the pneumococcus, the antimicrobial agent linezolid lead to alterations in 

glycolytic anzymes and lactate dehydrogenase in a similar way to what found in the 

present work (Feng, Billal et al. 2011). However, the Ru (II) complex X-03 caused also 

alterations in two glycolytic enzymes (6-PK and Eno) (Yang, Zhang et al. 2015), but 

just in opposite ways to what we have found in our study, thus suggesting possible 

differences in the mechanisms of action for the two antimicrobials. Two enzymes 

involved in the pyruvate metabolism, L-lactate dehydrogenase and acetate kinase, were 

diminished. It has been reported recently that these two enzymes are altered under 

oxidative stress (Lisher, Tsui et al. 2017), in a condition leading to a decrease in acetyl-

CoA as we have found in this work. Also, there was a reduction of DNA gyrase A 

subunit. This enzyme is the target of quinolone antibiotics (Cilloniz, Ardanuy et al. 

2016). The enzyme 3-oxoacyl-(acyl-carrier-protein) reductase, involved in fatty acid 

biosynthesis, was also reduced, as described for the antimicrobial agent Ru (II) complex 

X-03 (Yang, Zhang et al. 2015). In our view, the integrative proteomic and 

metabolomic analysis provided the key aspect of this research: rhodomyrtome seems to 

affect pneumococcal capsule biosynthesis, as revealed by the observation that levels of 

two enzymes participating in the biosynthetic pathways, i.e. family-2 

glycosyltransferase in R6 and UTP-glucose-1-phosphate uridylyltransferase (GalU) in 

TIGR4, and three metabolites, i.e. UDP-glucose (UDP-Glc), UDP-glucuronic acid 

(UDP-GlcUA) and UDP-N-acetyl-D-galactosamine (UDP-GalpNAc), clearly 

diminished. Glycosyltransferases catalyze the assembly of the repeating units of the 

capsular polysaccharide by transferring of sugar residues from the appropriate sugar 

donor, i.e. a sugar phosphate, to an activated lipid carrier on the cytoplasmic face of the 

cell membrane (Oliver, van der Linden et al. 2013, Shainheit, Valentino et al. 2015). 

R6 is a non-encapsulated type-2 strain derived from the encapsulated, virulent D39 

strain. R6 lacks a 7,504-bp region of the D39 genome coding for 7 out of the 9 genes 
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(SPD_0315 through SPD_0323) in a cluster responsible for the capsule biosynthesis 

(Iannelli, Pearce et al. 1999, Hoskins, Alborn et al. 2001). However, as in other strains, 

R6 possesses other loci in the genome annotated as functions participating in 

exopolysaccharide/capsule synthesis/glycosyltransferase activity which are out of the 

previously cited cluster region: spr0091 and spr0092 code for sugar transferase related 

protein and capsule polysaccharide biosynthesis protein CapD, respectively; spr1654 

and spr1655 code for a capsular polysaccharide biosynthesis protein and a 

glycosyltransferase, respectively; and spr0135 and spr0136 code for an 

exopolysaccharide (EPS) synthesis glycosyltransferase and a glycosyltransferase, 

family 2, respectively. Whether this last gene product could have a role in the synthesis 

of type 2 capsule remains unknown, as R6 lacks the genes for capsule formation and, 

to our knowledge, its function has not been studied so far. 

  GalU catalyzes the formation of UDP-Glc, which is the substrate for the 

synthesis of UDP-GlcUA (Mollerach, Lopez et al. 1998), carried out by the enzyme 

UDP-glucose dehydrogenase (Aanensen, Mavroidi et al. 2007). UDP-GlcUA plays a 

central role in the formation of many microbial capsules, including those of S. 

pyogenes, E.coli K5, and Cryptococcus neoformans, as well as of many S. pneumoniae 

serotypes (Ventura, Cartee et al. 2006). We tested the effect of the compound at sub-

MICs on pneumococcal capsule formation on 8 clinical isolates of S. pneumoniae 

representing 8 serotypes, some of them coinciding with the so-called “pediatric 

isolates”; i.e. we selected representative isolates of the most prevalent isolates in 

pediatric patients. Rhodomyrtone-treated pneumococcal cells significantly possessed 

less amount of capsule, when compared with untreated cells. All the tested isolates were 

affected, including that of serotype 3. This serotype has a mechanism of capsule 

biosynthesis different to that of the other serotypes (Ventura, Cartee et al. 2006). 

However, our data revealed that serotype-3 capsule was reduced in the same extension 

as for the other serotypes. Whether both biosynthesis pathway types are equally affected 

or not was beyond the objective of this work. Very recently, it has been described that 

pneumococcal capsule production by strains harboring capsules with acetylated sugars, 

as for TIGR4, depends on the presence of pyruvate oxidase, and that a type-4 

background mutant lacking this enzyme also had much lower levels of acetyl-CoA, 
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suggesting that capsule reduction/loss arises from dysregulation of this crucial 

metabolite (Echlin, Frank et al. 2016). Pyruvate oxidase converts pyruvate to acetyl-

phosphate, which can be converted to acetate via acetate kinase or to acetyl-CoA via 

phosphate acetyltransferase. Also very recently, it has been reported that a decrease in 

acetate kinase is correlated to lower acetyl-CoA levels (Lisher, Tsui et al. 2017). 

Therefore, our findings of decreased abundances in both acetate kinase and acetyl-CoA 

are in agreement with these recently published results. 

  In addition, other proteins and metabolites may be affected rather than 

those identified in our analysis, but the fact that using 2-D gels of total cell extract may 

have masked minor differences that might be present, but undetectable. A question 

arising from this research is whether the pneumococcal virulence is reduced after 

rhodomyrtone treatment. We could not see differences in the abundances of virulence 

factors such as pneumolysin or neuraminidase, but the use of other more sensitive 

proteomic approaches, rather than 2-D gels, could help to this aim. Further research 

using mutants in different pneumococcal serotypes will be needed further resolve the 

mechanism of action of rhodomyrtone and to study its possible implication in 

pneumococcal colonization/adherence. 

  The results demonstrated that expression of two enzymes 

(glycosyltransferase and galU) and three metabolites (UDP-Glc, UDP-Glc-UA and 

UDP-N-acetyl-D-galactosamine) involved in the synthesis of pneumococcal capsule 

was suppressed upon exposure to rhodomyrtone. It was observed that rhodomyrtone-

treated pneumococcal cells significantly possessed less amount of capsule when 

compared with the untreated cells. Capsule polysaccharide of S. pneumoniae plays a 

role against phagocytosis. It was found that significant increase in phagocytosis of 

pneumococci was observed when the bacteria were treated with sub-MICs of the extract 

and rhodomyrtone, compared with the control. It may suggest that inhibition of 

pneumococcal capsule formation by rhodomyrtone could enhance bacterial 

phagocytosis by the macrophages.  

  The potential of Rhodomyrtus tomentosa extract and rhodomyrtone as 

inhibitors against S. pneumoniae biofilm formation was further investigated. The results 

revealed that the extract and rhodomyrtone significantly inhibited pneumococcal 
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biofilm formation. It was observed that growth of the isolates was significantly 

inhibited by the extract at 1/4 and 1/2 × MIC. This may due to other compounds present 

in the extract (Liu, Tan et al. 2016). Similarly, activity of the extract and rhodomyrtone 

against S. aureus (Saising, Ongsakul et al. 2011) and S. pyogenes (Limsuwan and 

Voravuthikunchai 2008) biofilms has been reported by our research group. The 

mechanisms of plant derived compounds on biofilm inhibition may involve in the 

inhibition of aggregation and buildup of biofilm (Yadav, Park et al. 2013), inhibition 

of bacterial quorum sensing system (Limsuwan and Voravuthikunchai 2008, Reen, 

Gutiérrez-Barranquero et al. 2018) as well as killing due to their excellent antimicrobial 

activity (Kwieciński, Eick et al. 2009). Previous study reported antiquorum sensing 

activity of Rhodomyrtus tomentosa extract on a biomonitor strain, Chromobacterium 

violaceum, resulting in the inhibition of violacein pigment production (Limsuwan and 

Voravuthikunchai 2008). Quorum sensing regulates the biofilm by production and 

sensing of pheromone called autoinducer. It has been reported that Rgg/ small 

hydrophobic peptide (SHP) quorum- sensing systems are widespread in streptococci 

including S. pneumoniae (Junges, Salvadori et al. 2017). It has been reported that an 

expression of both shp and rgg genes increased at the stationary growth phase of S. 

pneumoniae (Junges, Salvadori et al. 2017). The present study observed the biofilm 

inhibition at the stationary growth phase. Moreover, the study on proteomic and 

metabolomic analysis of S. pneumoniae treated with rhodomyrtone revealed that 

rhodomyrtone suppressed proteins involved in biofilms including cysteine synthase. 

The protein was found to be over expressed in S. pneumoniae biofilm (Allan, Skipp et 

al. 2014).  

  The viability of young and mature biofilm-grown cells significantly 

decreased following the treatment with the extract and rhodomyrtone. Arginine 

deiminase system protects bacterial cells against damaging effects of acid environments 

(Casiano-Colón and Marquis 1988). Carbohydrate fermentation by bacteria embedded 

in the biofilm generates acidic metabolites. Arginine deiminase generates L-

citrulline and ammonia  from L-arginine. The produced ammonia could neutralize acid 

metabolites in the biofilms. Therefore, arginine deiminase activity could be important 

in protection against the acid in biofilm maturation. The present study demonstrated 

https://en.wikipedia.org/wiki/Citrulline
https://en.wikipedia.org/wiki/Citrulline
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that rhodomyrtone suppressed arginine deiminase expression as revealed by proteomic 

analysis. In this study, MHB supplemented with 1% glucose was used as tested medium 

to investigate effects of rhodomyrtone on pneumococcal biofilm. Glucose was added 

as substrate for biofilm formation. It has been documented that the medium 

supplemented with 1% glucose showed high biofilm formation, when compared with 

the control (Yadav, Chae et al. 2012). However, it has been reported that arginine 

deiminase expression is subjected to carbon catabolism repression (Dong, Chen et al. 

2004). Supplementation of glucose and L-arginine in the growth medium significantly 

increased the activity of arginine deiminase (Wang and Li 2014).   

  In order to apply Rhodomyrtus tomentosa extract and rhodomyrtone for 

the treatment of pneumococcal infections, effects of the extract and rhodomyrtone on 

invasiveness of pneumococci were further determined using A549 adenocarcinomic 

human alveolar basal epithelial cells. The extract and rhodomyrtone significantly 

inhibited pneumococcal adhesion and invasion to the epithelial cells. Similarly, S. 

aureus treated with the extract and rhodomyrtone showed a reduction in their adhesion 

to human buccal cells (Limsuwan, Homlaead et al. 2014) and invasiveness in bovine 

udder epidermal tissue (Mordmuang, Shankar et al. 2015). This may due to down-

regulation of pneumococcal glyceraldehyde-3-phosphate dehydrogenase (Mitsuwan, 

Olaya-Abril et al. 2017). This protein is an important glycolytic enzyme which involves 

various functions including adhesion and invasion (Barbosa, Báo et al. 2006). It was 

noted that the extract showed better anti-adhesive activity than rhodomyrtone at 30 min. 

Several tannin is presented in Rhodomyrtus tomentosa leaves (Liu, Hou et al. 1998). 

The mode of action of tannin may interfere with microbial adhesins, enzymes, and cell 

envelope transport proteins (Cowan 1999).  

  Pneumococcus is an endemic global pathogen that causes a wide range 

of disease in children and adults. The bacterium is one of the most important pathogens 

in otitis media. It has been reported that S. pneumoniae serotype 19A ST320 is the 

predominant cause of pneumococcal mastoiditis, a suppurative complication of acute 

otitis media (Chi, Chiu et al. 2018). The present study demonstrated that rhodomyrtone 

possessed antibacterial activity against the clinical isolates of pneumococci including 
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the serotype 19A. Moreover, the pure compound at sub-MICs inhibited the capsule 

polysaccharide produced by the isolate.  

  The findings reveal the utility of combining proteomic and metabolomic 

analyses to provide insight into phenotypic features of S. pneumoniae treated with 

rhodomyrtone. The results suggested potential medicinal benefits of the extract and 

rhodomyrtone for inhibiting of the pathogen. This can lead to an alternative antibiotic 

for the treatment of S. pneumoniae infections.  
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Chapter 5 

Conclusion 

  The integration of different omics is a powerful tool to shed light into 

key pathways that can be altered by a given experimental condition. This work provides 

insight into the effect of rhodomyrtone, a non-conventional antimicrobial compound, 

on the pneumococcus at molecular level, by means of integrating proteomics and 

metabolomics. The data indicated, among other alterations, a reduction of enzymes 

(glycosyltransferase and galU) and metabolites (UDP-Glc, UDP-Glc-UA and UDP-N-

acetyl-D-galactosamine) involved in the capsule biosynthesis. These findings indicate 

that rhodomyrtone has a potential as antibacterial therapy and could be used in the 

future if resistance to conventional antibiotics used to treat pneumococcal infections 

emerge significantly. In addition, our study shows the utility of multi-omic approaches 

to describe the molecular effects of drugs on pathogenic bacteria.   

  The present study supports pronounced effects of Rhodomyrtus 

tomentosa extract and rhodomyrtone on the Gram-positive pathogen. Both the extract 

and rhodomyrtone inhibited pneumococcal biofilm formation and eradicated 

established biofilm in S. pneumoniae. The extract and rhodomyrtone significantly 

reduced pneumococcal adhesion and invasion to A549 human lung adenocarcinoma 

cell line. Increase in phagocytosis of the bacterial cells by RAW264.7 macrophage cell 

line was observed following the treatment with the extract and rhodomyrtone, 

compared with the control. The results suggested potential medicinal benefits of the 

extract and rhodomyrtone for the treatment of pneumococcal infections. 

  In conclusion, rhodomyrtone is a promising alternative antibacterial 

agent for the treatment of the infections caused by the Gram-positive pathogens 

including S. pneumoniae. 
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