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Abstract 

This thesis presented a pivotal component of a comprehensive bioactivity screening project 

conducted by our research group, focusing on the improvement and validation of established 

antibacterial techniques. This investigation aimed to enhance various 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyl tetrazolium bromide (MTT)-based bacterial assays, resulting in the attainment of 

several noteworthy accomplishments, which include: (1) the development of an equation that 

establishes a correlation between colony-forming units (CFU) and the quantity of formazan 

converted by bacteria, enabling accurate calculation of viable bacteria number and precise 

measurement of the colorimetric microdilution assay; (2) a modification to the existing bacterial 

MTT assay protocol; (3) an enhanced direct TLC-bioautography protocol tailored for osmotically 

vulnerable bacteria; and (4) a suggested method for determining the minimum effective dose 

(MED) using direct TLC-bioautography. 

The efficacy of these improved protocols was confirmed through the utilization of feijoa 

(Feijoa sellowiana) fruit peel and steam-distilled mānuka (Leptospermum scoparium) leaves and 

branches, which are two locally available waste materials from the Myrtaceae family. The 

antibacterial components, flavone and grandiflorone, were targeted using direct TLC-

bioautography, and subsequently identified using UHPLC-HR-MS in conjunction with Compound 

Discoverer. These compounds were then purified for NMR verification. To assess their 

antibacterial properties, the direct TLC-bioautography-based MED determination method, as 

proposed in this study, was employed, and accompanied by conventional antibacterial assay for 

comparison. The results have shown that the MED of flavone was 4.2-5.2 μg/cm2 against the S. 

aureus and 5.2-6.1 μg/cm2 against the E. coli. Similarly, the MED of grandiflorone was observed 

to be 0.29 - 0.59 μg/cm2 against S. aureus and 2.34 - 4.68 μg/cm2 against E. coli. 

Untreated New Zealand and Chinese mānuka samples were also studied for comparison to 

the steam-distilled samples. A total of 22 compounds were identified through these samples, 

including five β-triketones, thirteen flavonoids, three phloroglucinol derivatives, and one exotic 

plant growth retardant only presented in Chinese mānuka. In addition to three volatile β-triketones, 

there is little difference in the main chemical composition between steam-distilled and untreated 

New Zealand mānuka. However, most of the compounds identified from New Zealand mānuka, 

especially β-triketones, were not present in Chinese mānuka. 

Keywords: MTT assay; Formazan; HPLC; LC-MS; Viable count; Staphylococcus aureus; 

Escherichia coli; TLC-bioautography; Compound Discoverer; NMR; antibacterial activity; Feijoa 

sellowiana; Mānuka; Leptospermum scoparium; Flavone; Grandiflorone.  
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Chapter One 

Introduction, Research framework, Objectives, Thesis structure and 

Total research outcomes 

1.1. Introduction 

This thesis presents a comprehensive optimization of the conventional antibacterial assay. 

The enhanced assay protocols were rigorously validated by using local Myrtaceae plant waste 

materials and played a crucial role in the entirety of my PhD research. The course of my study 

encompassed multiple concurrent projects, with the limitation of time preventing the inclusion of 

many research findings within this thesis. Nevertheless, to enhance readers' comprehension of my 

research, a concise overview of the entire research framework will be provided in section 1.2, 

Research Framework. 

The objective of my entire research was to investigate the presence of bioactive compounds 

in waste materials derived from plants. The primary techniques employed in the whole study 

involved the isolation and identification of phytochemicals and endophytes. The waste materials 

utilized in this investigation were sourced from the by-products generated by various industries in 

New Zealand. To assess the bioactivity of the phytochemicals and endophytes, an initial screening 

was conducted using antibacterial assays. Subsequently, the active compounds or endophytes 

identified in the screening process underwent further evaluation, including testing against 

pathogenic fungi, animal parasites, and crop insect pests. 

Numerous natural compounds exhibit diverse physical properties, rendering many existing 

bioassay methods unsuitable for their evaluation. Notably, conventional antibacterial assays 

encounter difficulties when confronted with natural compounds that possess extreme insolubility 

or intense darkness in color. Consequently, the modification of existing antibacterial assays and 

the discovery of novel methods for assessing antibacterial activity emerged as pivotal components 

of this study. 

This thesis concentrated on the enhancement of the traditional antibacterial assay as well as 

a comprehensive analysis of antibacterial compounds derived from local Myrtaceae plant waste 

materials, such as Feijoa fruit peel and steam-distilled Mānuka leaves and branches. The specifics 
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of the current thesis will be expounded in section 1.4, Thesis Structure. All scientific research 

findings, encompassing but not restricted to this thesis, will be addressed in section 1.5, Total 

Research Outcomes. 

1.2. Research Framework 

As mentioned above, the waste materials used in this study were collected from local 

industries. They can be divided into three categories: nutshells and crop husks (1) including 

hazelnut, pistachio, and quinoa, produced by food processing industries; insecticidal garden 

flowers (2) including several artificially cultivated Delphinium species, produced by Delphinium 

seed industries; native Myrtaceae family plants (3) including Mānuka, Kānuka and Feijoa, 

produced by essential oil or food industries. The fourth category of the samples used were 

endophytic fungi or bacteria (4) isolated from the first three categories. The identification of active 

phytochemicals or metabolites was achieved by means of antibacterial assays, followed by a series 

of additional bioassays. The selection of these additional bioassays was informed by the 

observation of prevailing issues in New Zealand, including crop and livestock diseases caused by 

microorganisms, parasites, or insect pests. 

As depicted in Fig. 1.1, the initial step involves the extraction of endophytes and 

phytochemicals from plant-based by-products. Subsequently, inhibition tests were conducted on 

the metabolites derived from endophytes and plant extracts. The active constituents identified 

through this screening process underwent a bioassay-guided isolation to determine the specific 

active compounds. Detailed descriptions of the isolation and identification of compounds can be 

found in subsequent chapters. 
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Fig. 1.1 The framework of the entire research. 

1.3. Objectives 

The broad objectives of this project were to improve the traditional time-consuming bioassay-

guided isolation procedures and validate the improved protocols through a few actual experimental 

works. The achievement of these objectives will not only accelerate the research progress of 

concurrent projects but also provide valuable references for other researchers in our group. 

The specific objectives of this thesis were: 
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1. Establish a reliable equation for calculating bacterial count based on MTT antibacterial 

assay. 

2. Optimize the existing MTT antibacterial assay procedures to minimize any potential 

interference caused by insoluble matter and the color of the test compound. 

3. Enhance the conventional TLC-bioautography technique to ensure its suitability for 

osmotically vulnerable bacteria, such as Escherichia coli. 

4. Verify the optimized methodologies by employing feijoa fruit peel and steam-distilled 

mānuka leaves and branches as test samples. 

5. Construct an expeditious TLC-based methodology for the precise localization, isolation, 

and characterization of antibacterial compounds derived from selected plant samples. 

6. Conduct a comparative analysis of the antibacterial constituents present in Chinese and 

New Zealand mānuka, encompassing both steam-distilled and untreated samples of the 

latter. 

1.4. Thesis Structure 

Chapter One presents a comprehensive framework that served as the foundation for my 

doctoral research, which involved multiple concurrent research projects. Later chapters of this 

thesis will incorporate the optimization of the bioassay methodologies and an extensive chemical 

analysis of the waste materials from Myrtaceae plants. 

The characteristic components (phloroglucinols, β-triketones and terpenes) in Myrtaceae 

plants have always been a hot research topic. However, the meroterpenoids and other non-terpene-

based hybrids derived from these characteristic components, due to the low content, they have not 

been taken seriously in many studies. Therefore, Chapter Two presents an exhaustive literature 

review of these hybrid compounds, including chemical classification and biological activities. 

In Chapter Three, an enhanced 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium 

Bromide (MTT) assay protocol was explicated to mitigate the previously identified interferences, 

alongside the revelation of a novel limitation discovered in the current study. Additionally, an 

equation was derived to establish a correlation between colony-forming units (CFU) and the 

quantity of formazan converted by the bacteria.  

Experimental results obtained while optimizing the existing MTT bacterial assay revealed 

discrepancies with recent reports. Subsequent comparative verification experiments successfully 

identified errors in these articles. The rectification of these bacterial MTT assay protocols has 

been published as a letter to the editors in a relevant journal and is detailed in Appendix Four. 

Chapter Four provides a comprehensive discussion on the rapid targeting, identification, and 
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purification of antibacterial compounds derived from feijoa fruit peels. Additionally, this chapter 

elucidates the modification of conventional direct thin-layer chromatography (TLC)-

bioautography and introduces a novel direct bioautography-based minimum effective dose (MED) 

determination method. 

Chapter Five provides additional validation for the rapid procedure and innovative MED 

determination method introduced in Chapter Four. Notably, all discernible antibacterial 

compounds were successfully isolated and identified. Moreover, a comprehensive comparative 

analysis was conducted to examine the antibacterial constituents present in steam-distilled and 

untreated New Zealand mānuka, as well as untreated Chinese mānuka. 

Chapter Six summarizes the thesis and points out the highlights, limitations, and future 

research directions. 

1.5. Total Research Outcomes 

In this doctoral research, there were four categories of samples studied and the resulting 

research findings are depicted in Fig. 1.2. In addition to the articles included in this thesis, the 

following research articles or patents are planned to be published in subsequent work: 

⚫ A method for rapid crystallization of beta-sitosterol from nut shells or crop husks. 

⚫ TLC-bioautography guided isolation and identification of antibacterial long-chain fatty 

acids from hazelnut shells. 

⚫ The antifeedant effect of diterpenoid alkaloids isolated from New Zealand commercial 

Delphinium spp. 

⚫ The antibacterial diterpenoid alkaloids from New Zealand Delphinium spp. 

⚫ The potential of using New Zealand native plants as a source of natural dyes for iwi. 

⚫ Using grandiflorone as a potential anthelmintic synergist. 

⚫ The inhibitors for facial eczema pathogens (Pseudopithomyces Chartarum) isolated from 

the bacterial endophytes in New Zealand 

⚫ Using bacterial endophytes from a New Zealand commercial plant for control of sheep 

intestinal nematodes. 

The research findings depicted in Fig 1.2 but not included in the above list of articles are 

ongoing works. 
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Fig. 1.2. Samples studied and results output throughout the study. 
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Chapter Two 

Bioactive hybrid compounds from Myrtaceae: Chemical classification 

and biological activities – literature review 

The objective of this review was to collate the chemical structure of hybrid compounds and 

related bioactivities from Myrtaceae plants, identify gaps in relevant research areas, and serve as 

a guide for future works. 

This chapter has been published in the following peer-reviewed publication: 

Xu, W., & Popovich, D. G. (2023). Bioactive hybrid compounds from Myrtaceae: Chemical 

classification and biological activities. Studies in Natural Products Chemistry, 77, 65-109. 
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Abstract 

The Myrtaceae is a flowering plant family that contains around 140 genera and more than 

5600 species. Some have significant economic and medicinal value. A series of structurally unique 

hybrid compounds were discovered from Myrtaceae which includes mono- and sesquiterpene-

based meroterpenoids and β-triketone-phloroglucinol. Some of these hybrids exhibit significant 

antimicrobial, anticancer, anti-inflammatory, and enzyme-inhibitory activities. These hybrids are 

a special group of phytochemicals that can be considered as a natural “twin drug.” Their 

bioactivities are usually more potent and/or more selective compared to the single moiety, and they 

possess more predictable pharmacokinetic and pharmacodynamic properties compared with the 

combination of two individual moieties. 

This review is a comprehensive research compilation of the naturally occurring hybrid 

compounds from the Myrtaceae family published in the past decade. A comprehensive 

classification of their chemical structures by skeleton type is provided, along with an analysis of 

their antimicrobial, anticancer, anti-inflammatory, and enzyme-inhibitory activities. The structure-

activity relationship is also discussed to provide evidence of the relationship between a certain 

bioactivity and a specific skeleton or substituent group. 

Keywords: Hybrid compound; Mānuka; Meroterpenoid; Myrtaceae; Structure-activity. 
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2.1. Introduction 

The Myrtaceae is a huge family of flowering plants that contains around 140 genera and more 

than 5600 species (Cascaes et al., 2015; Govaerts et al., 2008). Moreover, new species are still 

being discovered (Fernandes et al., 2020; Valdemarin et al., 2020; Tagane et al., 2018; Santos et 

al., 2015). Myrtaceae are all woody plants and have a predominantly southern hemisphere 

distribution, with most genera occurring in Australia and South America. They possess leathery 

evergreen leaves with oil glands and are known for their terpene-rich essential oils (Montalvan et 

al., 2019; Cao et al., 2018b; Senadeera et al., 2018b; Kubitzki and Klaus, 2011). Previous 

phytochemical studies have revealed that these plants produce a series of phloroglucinols, β-

triketones and terpenes not only in their essential oils but also in their plant tissues (Zou et al., 

2006; Reichling et al., 2005; Bloor, 1992; Rotstein et al., 1974). These small molecules are also 

the main active ingredients in Myrtaceae essential oils (Luz et al., 2020; Djebir et al., 2019; Park 

et al., 2017). 

Interestingly, in Myrtaceae, these constituents have also been used as “bricks” for building 

more complex structures, including meroterpenoids and other non-terpene-based hybrids (Shang 

et al., 2019; Senadeera et al., 2018b; Qin et al., 2018; Liu et al., 2017a; Cao et al., 2016; Liu et al., 

2016a; Jeong et al., 2009). These structurally complex phytochemicals have recently received 

increased attention due to their broad range of significant biological activities such as antimicrobial 

(Su et al., 2018; Kaneshima et al., 2017; Shang et al., 2016b; Liu et al., 2016e; Agatonovic-Kustrin, 

2018), cytotoxicity (Qin et al., 2018; Yang et al., 2018; Shang et al., 2016a), anti-inflammatory 

(Zhi et al., 2018; Zhang et al., 2018), antiparasitic (Su et al., 2016; Sidana et al., 2011) and multiple 

enzyme inhibitory activities (Xu et al., 2018; Tang et al., 2017; Khanh et al., 2016; Fu et al., 2010).  

These hybrids are a special group of phytochemicals that can be considered as a natural “twin 

drug”, which is a drug containing two covalently bounded pharmacophoric groups. The twin-drug 

approach is also a strategy for optimizing existing drugs. In this case, most of the hybrids in 

Myrtaceae consist of an association of two different pharmacophores (phloroglucinol, β-triketone 

or terpene). Their bioactivities are usually more potent and/or more selective compared to the 

single moiety. They possess more predictable pharmacokinetic and pharmacodynamic properties 

compared to the combination of two individual moieties (Contreras and Sippl, 2008). 

Terpenoids, also known as isoprenoids or terpenes, are the largest class of plant secondary 

metabolites with a wide variety of skeleton types (Agatonovic-Kustrin, 2018). When hybridized 

with phloroglucinols or/and β-triketones, they produce a whole new class of natural products. In 

recent reports, it is often seen that newly discovered hybrid compounds bear a unique skeleton 

(Qin et al., 2019; Su et al., 2018; Zhang et al., 2016; Liu et al., 2016c; Li et al., 2016). 
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This paper intends to give an overview of the chemical structures of all newly discovered 

myrtaceous hybrid compounds from the past decade (2010-2020) and classifies them based on 

their specific structural characteristics. It also reports their different bioactivities as revealed by 

various biological and pharmacological tests. Some structure-activity relationships and the 

perspective and potential direction for future studies on Myrtaceae species are discussed. 

2.2. Chemical Constituents 

Currently, 194 hybrid compounds have been isolated and identified from Myrtaceae in the 

past decade (2010-2020). These kinds of compounds have been frequently described as 

phloroglucinol or β-triketone derivatives (Jeong et al., 2018; Sun et al., 2015; Har et al., 2012; Zou 

et al., 2006; Ghisalberti, 1996). Their chemical structures are often not the same. Hybrids are bio-

synthesized by two or more different moieties of the following three groups of phytochemicals: 

phloroglucinols, β-triketones and terpenes. This paper classifies the specific structural 

characteristics of these hybrid compounds, mainly meroterpenoids; others are phloroglucinols and 

β-triketones hybrids, and a few special hybrids. The type of structures of reported compounds are 

classified and displayed in Figs. 2.1-2.6; their names, source of plants, parts and references are 

listed in Table 2.1. 

2.2.1. Meroterpenoids: 

Meroterpenoids are a group of hybrid natural compounds that are partially derived from 

terpenoids (Geris and Simpson, 2009). The major characteristic of these unique and complex 

compounds is the fusion of the structurally diverse terpenoid and non-terpenoid moieties (Matsuda 

and Abe, 2014). Meroterpenoids discovered in Myrtaceae are predominantly dimers that contain a 

mono- or sesquiterpenes moiety and a phloroglucinol or β-triketone moiety; less common are 

trimers, which contain a mono- or sesquiterpenes moiety and two non-terpene moieties. Only one 

tetramer has been identified so far and it has been classified in the “other hybrids” section. 

Based on the specific moiety, the myrtaceous meroterpenoids can be further classified into 

five categories as shown in Figs. 2.1-2.6 below: phloroglucinol-monoterpene type meroterpenoids 

(1-21), phloroglucinol-sesquiterpene type meroterpenoids (22-82), β-triketone-monoterpene type 

meroterpenoids (83-119), β-triketone-sesquiterpene type meroterpenoids (120-154) and trimeric 

meroterpenoids (155-171). Mono- or sesquiterpenes are often classified according to their basic 

carbon skeleton types, that is, according to the different arrangement order of isoprene units that 

make them up. Due to the large number of skeleton types, they can sometimes also be roughly 

classified into acyclic and various cyclization types (Chizzola, 2013). The detailed classification 

is discussed in each category below. 
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2.2.1.1. Phloroglucinol-monoterpene type meroterpenoids (PMMs): 

The myrtaceous PMMs contain a phloroglucinol and a monoterpene moiety. Monoterpenes 

are simple in structure and have four skeleton types: acyclic, monocyclic, bicyclic monoterpene 

and iridoid. From the structures (Fig. 2.1), the type of monoterpene moieties includes but are not 

limited to bicyclic monoterpenes, which contain pinane-type (1-4, 19, 20), and thujene-type (9, 10, 

18-21) and monocyclic monoterpenes, which contain p-menthane-type (5-8, 11-17). No acyclic 

monoterpene and iridoid moiety have been observed in myrtaceous PMMs. This suggests a rule 

that myrtaceous phloroglucinol may only hybridize with monocyclic and bicyclic monoterpenes 

in natural conditions. This also indicates that combining phloroglucinol with acyclic monoterpene 

or iridoid may decrease bioactivity or produce toxicity in plants. It is noteworthy that the isopropyl-

cyclopentane ring in compounds 7 and 8 isolated from Callistemon rigidus was derived from a 

rearrangement of a p-menthane-type monoterpene; these meroterpenoids, therefore, feature a 

unique skeleton (Cao et al., 2018a).  

 

Fig. 2.1. Structures of PMMs. 

2.2.1.2. Phloroglucinol-sesquiterpene type meroterpenoids (PSMs): 

Sesquiterpenes include acyclic, lactone and various cyclization types. Unlike monoterpenes, 

the sesquiterpenes consist of three isoprene units, which allow for many unique combinations and 
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a greater potential for stereochemical diversity (Sharma et al., 2013; Buckle, 2015). Because of 

this, the classification based on the number of rings may not be accurate. In this paper, the 

classification of these compounds was carried out according to their basic skeleton type based on 

the arrangement order of isoprene units. 

The types of sesquiterpene moiety in recently identified myrtaceous PSMs mainly contain 

cadinene-type (22, 23, 31, 49-51, 71), cubebene-type (24-26, 42 and 43), aromadendrene-type (27-

29, 32, 33, 37, 39-41, 44, 52, 69, 70, 73, 75 and 79), eudesmane-type (30, 36, 38, 61, 65, 74 and 

80), germacrene-type (34 and 35), bicyclogermacrene-type (46, 57, 58, 62, 66-68, 77, 78 and 82), 

caryolane-type (47 and 76), guaiane-type (53), aristolane-type (54-56, 59, 60, 63 and 64) and 

caryophyllene-type (45, 48, 72 and 81). Their chemical structures are listed in Fig. 2.2. There is 

no acyclic sesquiterpene or sesquiterpene lactone observed amongst the collected structures. The 

authors speculate that Myrtaceae plants have no capacity to produce acyclic sesquiterpene- or 

sesquiterpene lactone-based meroterpenes. In other words, the combination of phloroglucinol with 

common cyclic sesquiterpene is the result of natural selection for the highest bioactivities. 

In the collected structures, some of them bear unusual skeletons. This phenomenon is usually 

due to certain special reactions occurring when two compounds are binding. The sesquiterpene 

moiety in compound 30 features an unusual skeleton; according to its proposed biosynthetic 

pathway, the sesquiterpene portion is formed by a rearrangement of an eudesmane moiety (Qin et 

al., 2018). As for compounds 32 and 33, the first example of this type of meroterpenoid is 

eucalyptone (in Eucalyptus robusta), reported in the study of the same plant material (Osawa et 

al., 1995). However, both studies have no predicted biosynthetic pathways, and the structures of 

the sesquiterpene part in compounds 32 and 33 do not exist in current natural sesquiterpene 

collections. However, the authors think the skeleton of the sesquiterpene part in compounds 32 

and 33 does not conform to the arrangement law of three isoprene units; the current skeleton should 

be formed by the ring-opening reaction on the C-1 position of the oxidized aromadendrene moiety. 
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Fig. 2.2. Structures of PSMs. 

2.2.1.3. β-Triketone-monoterpene type meroterpenoids (TMMs): 

Compared to PMMs, the types of monoterpene moiety in TMMs are more abundant; the 

current collection of structures includes both acyclic types and the various cyclization types. 

According to their basic skeleton types of monoterpene parts, TMMs can be further classified into 

pinane-type (83, 84, 96-98, 104-107, 109-111, 114 and 119), thujene-type (85-90, 92-95, 108, 112 

and 113), p-menthane-type (99-103, 117 and 118) and myrcene-type (91, 115 and 116). Among 

them, the pinane- and thujene-type are bicyclic compounds, the p-menthane-type are monocyclic 

compounds and myrcene-type are acyclic compounds. No iridoid-based meroterpenoid has been 

discovered, which suggests that the iridoid with β-triketone or phloroglucinol may not be able to 

combine/hybridize in a natural way and that acyclic monoterpene could produce activity only when 

it is combined with a β-triketone. The chemical structures of TMMs are displayed in Fig. 2.3. 
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Fig. 2.3. Structures of TMMs. 

2.2.1.4. β-Triketone-sesquiterpene type meroterpenoids (TSMs): 

The majority of sesquiterpene moieties in TSMs are caryophyllene-type (120-125, 131-135, 

140-145, 147, 148 and 152), followed by cadinene-type (126, 127, and 149-151), α-cadinene-type 

(136 and 137), bicyclogermacrene-type (128 and 129), aromadendrene-type (130 and 138), 

humulene-type (139 and 146) and cubebene-type (153 and 154). Their chemical structures are 

displayed in Fig. 2.4. As with PSMs, TSMs also have no acyclic sesquiterpene or sesquiterpene 

lactone type moieties. This result supports the hypothesis in the PSMs section that Myrtaceae 

plants have no corresponding synthase expressions.  
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Fig. 2.4. TMMs. 

2.2.1.5. Trimeric meroterpenoids: 

The structures of all trimers discovered in the past decade have exhibited obvious regularity. 

A β-Triketone and a terpene unit combined on different sides of a phloroglucinol unit suggest a 

regular pattern of biosynthesis, which may help researchers find a key enzyme or synthetic 

condition to develop a new synthesis route. The terpene parts include p-menthane (156-164), 

thujene (165-169) and caryophyllene (170 and 171). 

Compound 155 discovered from Myrtus communis is a special one. It contains a rare terpene-

like group; structurally, it should be classified as a nor-sesquiterpenoid. The identification process 

of another compound in the same article was wrong (Cottiglia et al., 2012), and has been revised 

to compound 125 by another researcher (Liu et al., 2016a). Due to the terpene part in compound 

155 having a structural similarity with its incorrectly identified compound, and then according to 

all the existing trimer structure features, the authors have some doubts about the authenticity of its 
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structure. The chemical structures of trimeric meroterpenoids are displayed in Fig. 2.5. 

Fig. 2.5. Structures of Trimeric meroterpenoids. 

2.2.2. Other hybrid compounds: 

Except for meroterpenoids, the other hybrid compounds are mainly β-triketone-

phloroglucinol hybrids (172-188, 192). Compounds 183-188 are reported as β-triketone-flavanone 

hybrids (Senadeera et al., 2018a). However, the authors hold different views. Flavanone is a type 

of flavonoid; its basic structure is a skeleton of diphenylpropane. It is also defined as a C6-C3-C6 

structure (Geissman, 1963). The flavanone-like moieties in compounds 183-188 do not strictly 

follow the definition of flavonoids, thus, the present paper has classified them into β-triketone-

phloroglucinol hybrids. 

Compound 189 is a rare phloroglucinol dimer comprising of two phloroglucinol molecules 

and featuring a similar skeleton to flavonoids. Some non-terpene based trimeric hybrids have also 

been found. Compounds 190 and 191 contain a D-glucose unit in the middle of β-triketone-

phloroglucinol hybrids; compound 193 has a β-triketone-phloroglucinol-β-triketone 
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centrosymmetric structure probably because the phloroglucinol in the middle is a bilaterally 

symmetric structure. Therefore, two groups of β-triketone-phloroglucinol binding reactions were 

able to take place on both sides at the same time. Only one tetramer, compound 194, has been 

discovered so far. It is a phloroglucinol dimer combined with two caryophyllenes on the same 

phloroglucinol unit that forms an unprecedented skeleton. The chemical structures of the 

abovementioned hybrid compounds are listed in Fig. 2.6. 

 

Fig. 2.6. Structures of other hybrid compounds. 

Table 2.1. The hybrid compounds isolated from Myrtaceae. 

No. Compound name CAS No. Plant Part of plant References 

1 Eucalrobusone Y 2375923-35-4 Eucalyptus robusta Leaf Shang et al. (2019) 

2 Eucalrobusone Z 2375923-36-5 Eucalyptus robusta Leaf Shang et al. (2019) 

3 Operculatol A 2368178-77-0 Syzygium nervosum Leaf Su et al. (2018) 
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4 Operculatol B 2368178-78-1 Syzygium nervosum Leaf Su et al. (2018) 

5 Eucalypglobulusal I 2305951-80-6 Eucalyptus globulus Fruit Qin et al. (2018) 

6 Eucalypglobulusal J 2305951-81-7 Eucalyptus globulus Fruit Qin et al. (2018) 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

Callisretone A 

Callisretone B 

Psiguajadial K 

Guajavadial A 

Callviminol A 

Callviminol B 

Callviminol C 

Callviminol D 

Callviminol E 

Euglobal R1 

Euglobal R2 

Guadial A 

Guadial B 

Guadial C 

Psiguajavadial A 

Eucalrobusone Q 

Eucalrobusone R 

Eucalrobusone S 

Eucalrobusone T 

7R-eucalrobusone T 

Eucalrobusone U 

Eucalrobusone V 

Eucalrobusone W 

Eucalypglobulusal A 

Eucalypglobulusal B 

Eucalypglobulusal C 

Eucalypglobulusal D 

Eucalypglobulusal E 

Eucalypglobulusal F 

Eucalypglobulusal G 

Eucalypglobulusal H 

Eucalyptin B 

Macrocarpal A 

Macrocarpal B 

Macrocarpal C 

Psiguajadial A 

Psiguajadial B 

Psiguajadial C 

Psiguajadial D 

Psiguajadial E 

Psiguajadial F 

2173210-80-3 

2173210-81-4 

1402066-93-6 

2243235-43-8 

2091869-42-8 

2091869-43-9 

2241246-21-7 

2241246-22-8 

2091869-48-4 

1449768-69-7 

1449768-70-0 

1402066-93-6 

1783802-72-1 

1783802-73-2 

2108086-50-4 

2375923-25-2 

2375923-26-3 

2375923-27-4 

2375923-28-5 

2375923-29-6 

2375923-30-9 

2375923-31-0 

2375923-32-1 

2226451-51-8 

2305951-73-7 

2305951-74-8 

2305951-75-9 

2305951-76-0 

2305951-77-1 

2305951-78-2 

2305951-79-3 

2232221-79-1 

132951-90-7 

142698-60-0 

142628-53-3 

N/A# 

N/A 

1254173-25-5 

2233581-31-0 

N/A 

N/A 

Callistemon rigidus 

Callistemon rigidus 

Psidium guajava 

Psidium guajava 

Callistemon viminalis 

Callistemon viminalis 

Callistemon viminalis 

Callistemon viminalis 

Callistemon viminalis 

Eucalyptus robusta 

Eucalyptus robusta 

Psidium guajava 

Psidium guajava 

Psidium guajava 

Psidium guajava 

Eucalyptus robusta 

Eucalyptus robusta 

Eucalyptus robusta 

Eucalyptus robusta 

Eucalyptus robusta 

Eucalyptus robusta 

Eucalyptus robusta 

Eucalyptus robusta 

Eucalyptus globulus 

Eucalyptus globulus 

Eucalyptus globulus 

Eucalyptus globulus 

Eucalyptus globulus 

Eucalyptus globulus 

Eucalyptus globulus 

Eucalyptus globulus 

Eucalyptus globulus 

Eucalyptus globulus 

Eucalyptus globulus 

Eucalyptus globulus 

Psidium guajava 

Psidium guajava 

Psidium guajava 

Psidium guajava 

Psidium guajava 

Psidium guajava 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Fruit 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Fruit 

Fruit 

Fruit 

Fruit 

Fruit 

Fruit 

Fruit 

Fruit 

Fruit 

Fruit 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Cao et al. (2018a) 

Cao et al. (2018a) 

Tang et al. (2017) 

Qin et al. (2016) 

Liu et al. (2016b) 

Liu et al. (2016b) 

Liu et al. (2016b) 

Liu et al. (2016b) 

Liu et al. (2016b) 

Jian et al. (2012) 

Jian et al. (2012) 

Shao et al. (2012) 

Jian et al. (2015) 

Jian et al. (2015) 

Qin et al. (2017b) 

Shang et al. (2019) 

Shang et al. (2019) 

Shang et al. (2019) 

Shang et al. (2019) 

Shang et al. (2019) 

Shang et al. (2019) 

Shang et al. (2019) 

Qin et al. (2018) 

Qin et al. (2018) 

Qin et al. (2018) 

Qin et al. (2018) 

Qin et al. (2018) 

Qin et al. (2018) 

Qin et al. (2018) 

Qin et al. (2018) 

Qin et al. (2018) 

Pham et al. (2018) 

Kato et al. (2018) 

Kato et al. (2018) 

Kato et al. (2018) 

Tang et al. (2017) 

Tang et al. (2017) 

Tang et al. (2017) 

Tang et al. (2017) 

Tang et al. (2017) 

Tang et al. (2017) 
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48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

Psiguajadial G 

Psiguajadial H 

Psiguajadial I 

Psiguajadial J 

Eucalrobusone J 

Eucalrobusone K 

Eucalrobusone L 

Eucalrobusone M 

Eucalrobusone N 

Eucalrobusone O 

Eucalrobusone P 

Eucalrobusone A 

Eucalrobusone B 

Eucalrobusone C 

Eucalrobusone D 

Eucalrobusone E 

Eucalrobusone G 

Eucalrobusone H 

Eucalrobusone I 

Guajavadial B 

Guajavadial C 

Eucalyptin A 

Eucalyptal D 

Eucalyptal E 

Psidial A 

Psidial B 

Psidial C 

Psiguadial A 

Psiguadial B 

Psiguadial C 

Psiguadial D 

Eugenial C 

Eugenial D 

Guapsidial A 

Psiguajavadial B 

Brachyanin A 

Brachyanin B 

Baeckfrutone M 

(±)-Baeckfrutone N 

Baeckfrutone O 

Baeckfrutone P 

Baeckfrutone Q 

Baeckfrutone R 

(±)-Calliviminone C 

959860-49-2 

1529775-04-9 

1529775-02-7 

1529775-06-1 

2247645-56-1 

2247645-57-2 

2247645-58-3 

2247645-59-4 

2247645-60-7 

2247645-61-8 

2247645-62-9 

1982377-55-8 

1982377-56-9 

1982377-57-0 

1982377-57-0 

1982377-59-2 

1973479-55-8 

1973479-56-9 

1973479-57-0 

2243235-45-0 

2243235-47-2 

1399065-21-4 

2349306-54-1 

2349306-56-3 

1207181-35-8 

1207181-36-9 

1207181-37-0 

1254173-25-5 

1254173-26-6 

1402066-94-7 

1402066-95-8 

1809524-15-9 

1809524-16-0 

1783802-71-0 

2108086-51-5 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

1928778-29-3 

Psidium guajava 

Psidium guajava 

Psidium guajava 

Psidium guajava 

Eucalyptus robusta 

Eucalyptus robusta 

Eucalyptus robusta 

Eucalyptus robusta 

Eucalyptus robusta 

Eucalyptus robusta 

Eucalyptus robusta 

Eucalyptus robusta 

Eucalyptus robusta 

Eucalyptus robusta 

Eucalyptus robusta 

Eucalyptus robusta 

Eucalyptus robusta 

Eucalyptus robusta 

Eucalyptus robusta 

Psidium guajava 

Psidium guajava 

Eucalyptus globulus 

Eucalyptus globulus 

Eucalyptus globulus 

Psidium guajava 

Psidium guajava 

Psidium guajava 

Psidium guajava 

Psidium guajava 

Psidium guajava 

Psidium guajava 

Eugenia umbelliflora 

Eugenia umbelliflora 

Psidium guajava 

Psidium guajava 

Leptospermum brachyandrum 

Leptospermum brachyandrum 

Baeckea frutescens 

Baeckea frutescens 

Baeckea frutescens 

Baeckea frutescens 

Baeckea frutescens 

Baeckea frutescens 

Syncarpia glomulifera 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Fruit 

Fruit 

Fruit 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Fruit 

Fruit 

Leaf 

Fruit 

Leaf 

Leaf 

Twig & Leaf 

Twig & Leaf 

Twig & Leaf 

Twig & Leaf 

Twig & Leaf 

Twig & Leaf 

Stem bark 

Tang et al. (2017) 

Tang et al. (2017) 

Tang et al. (2017) 

Tang et al. (2017) 

Shang et al. (2016b) 

Shang et al. (2016b) 

Shang et al. (2016b) 

Shang et al. (2016b) 

Shang et al. (2016b) 

Shang et al. (2016b) 

Shang et al. (2016b) 

Shang et al. (2016a) 

Shang et al. (2016a) 

Shang et al. (2016a) 

Shang et al. (2016a) 

Shang et al. (2016a) 

Shang et al. (2016a) 

Shang et al. (2016a) 

Shang et al. (2016a) 

Qin et al. (2016) 

Qin et al. (2016) 

Yang et al. (2012) 

Wang et al. (2012) 

Wang et al. (2012) 

Fu et al. (2010) 

Fu et al. (2010) 

Fu et al. (2010) 

Shao et al. (2010) 

Shao et al. (2010) 

Shao et al. (2012) 

Shao et al. (2012) 

Faqueti et al. (2015) 

Faqueti et al. (2015) 

Jian et al. (2015) 

Qin et al. (2017b) 

Zou et al. (2018) 

Zou et al. (2018) 

Zhi et al. (2018) 

Zhi et al. (2018) 

Zhi et al. (2018) 

Zhi et al. (2018) 

Zhi et al. (2018) 

Zhi et al. (2018) 

Su et al. (2016) 
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92 

93 

94 

95 

96 

97 

98 

99 

100 

101 

102 

103 

104 

105 

106 

107 

108 

109 

110 

111 

112 

113 

114 

115 

116 

117 

118 

119 

120 

121 

122 

123 

124 

125 

126 

127 

128 

129 

130 

131 

132 

133 

134 

135 

Myrtucommulone L 

Callistiviminene F 

Callistiviminene G 

Callistiviminene H 

(+)-Callistiviminene I 

(−)-Callistiviminene I 

Callistiviminene J 

Callistiviminene K 

Callistiviminene L 

Callistiviminene M 

Callistiviminene N 

Callistiviminene O 

Intermedione A 

Intermedione B 

Intermedione C 

Intermedione D 

Rtomentone E 

Rtomentone F 

Rtomentone G 

Rtomentone H 

(±)-Frutescone N 

Frutescone O 

Frutescone P 

(±)-Frutescone Q 

(±)-Frutescone R 

Callisalignene G 

Callisalignene H 

Callisalignene I 

Baeckfrutone S 

Tomentodione O 

Tomentodione P 

Tomentodione Q 

Tomentodione R 

Myrtucommulone K* 

Callistiviminene A 

Callistiviminene B 

Callistiviminene C 

Callistiviminene D 

Callistiviminene E 

Rhodomyrtusial A 

Rhodomyrtusial B 

Rhodomyrtusial C 

Rhotomentodione A 

Rhotomentodione B 

1357149-74-6 

2059134-87-9 

2059134-88-0 

2059134-89-1 

2059134-90-4 

2059134-97-1 

2059134-91-5 

2059134-92-6 

2059134-93-7 

2059134-94-8 

2059134-95-9 

2059134-96-0 

2279931-41-6 

2279931-42-7 

2279931-43-8 

2279931-44-9 

N/A 

N/A 

2540666-61-1 

2540665-65-2 

2126805-26-1 

2126805-22-7 

2126807-04-1 

2126805-30-7 

2126805-28-3 

N/A 

N/A 

N/A 

N/A 

2241542-73-2 

2241542-74-3 

2241542-75-4 

2241542-76-5 

1357149-73-5 

2059134-82-4 

2059134-83-5 

2059134-84-6 

2059134-85-7 

2059134-86-8 

2376112-07-9 

2376112-08-0 

2376112-09-1 

2241542-75-4 

2376112-10-4 

Myrtus communis 

Callistemon viminalis 

Callistemon viminalis 

Callistemon viminalis 

Callistemon viminalis 

Callistemon viminalis 

Callistemon viminalis 

Callistemon viminalis 

Callistemon viminalis 

Callistemon viminalis 

Callistemon viminalis 

Callistemon viminalis 

Corymbia torelliana 

Corymbia torelliana 

Corymbia torelliana 

Corymbia torelliana 

Rhodomyrtus tomentosa 

Rhodomyrtus tomentosa 

Rhodomyrtus tomentosa 

Rhodomyrtus tomentosa 

Baeckea frutescens 

Baeckea frutescens 

Baeckea frutescens 

Baeckea frutescens 

Baeckea frutescens 

Callistemon salignus 

Callistemon salignus 

Callistemon salignus 

Baeckea frutescens 

Rhodomyrtus tomentosa 

Rhodomyrtus tomentosa 

Rhodomyrtus tomentosa 

Rhodomyrtus tomentosa 

Myrtus communis 

Callistemon viminalis 

Callistemon viminalis 

Callistemon viminalis 

Callistemon viminalis 

Callistemon viminalis 

Rhodomyrtus tomentosa 

Rhodomyrtus tomentosa 

Rhodomyrtus tomentosa 

Rhodomyrtus tomentosa 

Rhodomyrtus tomentosa 

Leaf 

Fruit 

Fruit 

Fruit 

Fruit 

Fruit 

Fruit 

Fruit 

Fruit 

Fruit 

Fruit 

Fruit 

Flower 

Flower 

Flower 

Flower 

Leaf 

Leaf 

Leaf 

Leaf 

Aerial part 

Aerial part 

Aerial part 

Aerial part 

Aerial part 

Twig & Leaf 

Twig & Leaf 

Twig & Leaf 

Twig & Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Fruit 

Fruit 

Fruit 

Fruit 

Fruit 

Leaf & Stem 

Leaf & Stem 

Leaf & Stem 

Leaf & Stem 

Leaf & Stem 

Cottiglia et al. (2012) 

Wu et al. (2016) 

Wu et al. (2016) 

Wu et al. (2016) 

Wu et al. (2016) 

Wu et al. (2016) 

Wu et al. (2016) 

Wu et al. (2016) 

Wu et al. (2016) 

Wu et al. (2016) 

Wu et al. (2016) 

Wu et al. (2016) 

Senadeera et al. (2018a) 

Senadeera et al. (2018a) 

Senadeera et al. (2018a) 

(Senadeera et al., 2018a) 

Deng et al. (2020) 

Deng et al. (2020) 

Deng et al. (2020) 

Deng et al. (2020) 

Hou et al. (2017) 

Hou et al. (2017) 

Hou et al. (2017) 

Hou et al. (2017) 

Hou et al. (2017) 

Qin et al. (2017a) 

Qin et al. (2017a) 

Qin et al. (2017a) 

Zhi et al. (2018) 

Zhang et al. (2018) 

Zhang et al. (2018) 

Zhang et al. (2018) 

Zhang et al. (2018) 

Cottiglia et al. (2012) 

Wu et al. (2016) 

Wu et al. (2016) 

Wu et al. (2016) 

Wu et al. (2016) 

Wu et al. (2016) 

Qin et al. (2019) 

Qin et al. (2019) 

Qin et al. (2019) 

Qin et al. (2019) 

Qin et al. (2019) 



23 
 

136 

137 

138 

139 

140 

141 

142 

143 

144 

145 

146 

147 

148 

149 

150 

151 

152 

153 

154 

155 

156 

157 

158 

159 

160 

161 

162 

163 

164 

165 

166 

167 

168 

169 

170 

171 

172 

173 

174 

175 

176 

177 

178 

179 

Rtomentone A 

Rtomentone B 

Rtomentone C 

Rtomentone D 

Frutescone A 

Frutescone B 

Frutescone C 

Frutescone D 

Frutescone E 

Frutescone F 

(±)-Frutescone G 

Rhodomentone A 

Rhodomentone B 

Frutescone H 

Frutescone I 

Frutescone J 

Frutescone K 

Frutescone L 

Frutescone M 

Myrtucommulone J 

Callistrilone A 

Callistrilone B 

Rhodomyrtial A 

Rhodomyrtial B 

Callistrilone F 

Callistrilone G 

Callistrilone H 

Callistrilone I 

Callistrilone J 

Callistrilone K 

Baefrutone A 

Baefrutone B 

Baefrutone C 

Baefrutone D 

Baefrutone E 

Baefrutone F 

(±)-Tomentodione S 

(±)-Tomentodione T 

(±)-Cleistoperlone A 

(±)-Cleistoperlone B 

Myrciarone A 

Myrciarone B 

(±)-Rhodomyrtosone F 

Callistenone F 

N/A 

N/A 

2540666-60-0 

2540665-09-4 

2089049-28-3 

2089049-29-4 

2089049-30-7 

2089049-31-8 

2089049-32-9 

2089049-33-0 

2089049-34-1 

1982377-64-9 

1982377-66-1 

2126805-16-9 

2126805-15-8 

2126805-17-0 

2126805-18-1 

2126805-19-2 

2126805-20-5 

1357149-72-4 

1844870-81-0 

1844870-83-2 

1983191-56-5 

1983191-57-6 

2244987-87-7 

2244987-88-8 

2244987-89-9 

2244987-90-2 

2244987-91-3 

2241225-39-6 

2291323-62-9 

2291323-63-0 

2291323-64-1 

2291323-65-2 

2291323-66-3 

2291323-67-4 

2241542-77-6 

2241542-78-7 

2368178-80-5 

2368178-82-7 

2253106-93-1 

2253106-94-2 

1928778-28-2 

2131269-55-9 

Rhodomyrtus tomentosa 

Rhodomyrtus tomentosa 

Rhodomyrtus tomentosa 

Rhodomyrtus tomentosa 

Baeckea frutescens 

Baeckea frutescens 

Baeckea frutescens 

Baeckea frutescens 

Baeckea frutescens 

Baeckea frutescens 

Baeckea frutescens 

Rhodomyrtus tomentosa 

Rhodomyrtus tomentosa 

Baeckea frutescens 

Baeckea frutescens 

Baeckea frutescens 

Baeckea frutescens 

Baeckea frutescens 

Baeckea frutescens 

Myrtus communis 

Callistemon rigidus 

Callistemon rigidus 

Rhodomyrtus tomentosa 

Rhodomyrtus tomentosa 

Callistemon rigidus 

Callistemon rigidus 

Callistemon rigidus 

Callistemon rigidus 

Callistemon rigidus 

Callistemon rigidus 

Baeckea frutescens 

Baeckea frutescens 

Baeckea frutescens 

Baeckea frutescens 

Baeckea frutescens 

Baeckea frutescens 

Rhodomyrtus tomentosa 

Rhodomyrtus tomentosa 

Syzygium nervosum 

Syzygium nervosum 

Myrciaria dubia 

Myrciaria dubia 

Syncarpia glomulifera 

Callistemon viminalis 

Leaf 

Leaf 

Leaf 

Leaf 

Aerial part 

Aerial part 

Aerial part 

Aerial part 

Aerial part 

Aerial part 

Aerial part 

Leaf 

Leaf 

Aerial part 

Aerial part 

Aerial part 

Aerial part 

Aerial part 

Aerial part 

Leaf 

Leaf 

Leaf 

Leaf 

Leaf 

Twig & Leaf 

Twig & Leaf 

Twig & Leaf 

Twig & Leaf 

Twig & Leaf 

Twig & Leaf 

Aerial part 

Aerial part 

Aerial part 

Aerial part 

Aerial part 

Aerial part 

Leaf 

Leaf 

Leaf 

Leaf 

Fruit 

Seed 

Stem bark 

Leaf 

Deng et al. (2020) 

Deng et al. (2020) 

Deng et al. (2020) 

Deng et al. (2020) 

Hou et al. (2016) 

Hou et al. (2016) 

Hou et al. (2016) 

Hou et al. (2016) 

Hou et al. (2016) 

Hou et al. (2016) 

Hou et al. (2016) 

Liu et al. (2016c) 

Liu et al. (2016c) 

Hou et al. (2017) 

Hou et al. (2017) 

Hou et al. (2017) 

Hou et al. (2017) 

Hou et al. (2017) 

Hou et al. (2017) 

Cottiglia et al. (2012) 

Cao et al. (2016) 

Cao et al. (2016) 

Zhang et al. (2016) 

Zhang et al. (2016) 

Cao et al. (2018b) 

Cao et al. (2018b) 

Cao et al. (2018b) 

Cao et al. (2018b) 

Cao et al. (2018b) 

Cao et al. (2018b) 

Hou et al. (2018) 

Hou et al. (2018) 

Hou et al. (2018) 

Hou et al. (2018) 

Hou et al. (2018) 

Hou et al. (2018) 

Zhang et al. (2018) 

Zhang et al. (2018) 

Su et al. (2018) 

Su et al. (2018) 

Kaneshima et al. (2017) 

Kaneshima et al. (2017) 

Su et al. (2016) 

Liu et al. (2016d) 
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180 

181 

182 

183 

184 

185 

186 

187 

188 

189 

190 

191 

192 

193 

194 

Callistenone G 

Callistenone H 

Callistenone I 

Torellianone A 

Torellianone B 

Torellianone C 

Torellianone D 

Torellianone E 

Torellianone F 

Loxophlebal A 

Gallomyrtucommulone E 

Gallomyrtucommulone F 

(±)-Myrtuspirone A 

Tomentosone C 

Guajavadimer A 

2131269-56-0 

2097088-91-8 

2131269-58-2 

2583136-09-6 

2583136-10-9 

2583136-11-0 

2583136-12-1 

2583136-13-2 

2583136-14-3 

1309273-23-1 

2070913-10-7 

2068807-13-4 

2342579-14-8 

1801847-62-0 

1844866-90-5 

Callistemon viminalis 

Callistemon viminalis 

Callistemon viminalis 

Corymbia torelliana 

Corymbia torelliana 

Corymbia torelliana 

Corymbia torelliana 

Corymbia torelliana 

Corymbia torelliana 

Eucalyptus loxophleba 

Callistemon citrinus 

Callistemon citrinus 

Myrtus communis 

Rhodomyrtus tomentosa 

Psidium guajava 

Leaf 

Leaf 

Leaf 

Flower 

Flower 

Flower 

Flower 

Flower 

Flower 

Leaf 

Leaf & Stem 

Leaf & Stem 

Leaf 

Leaf 

Leaf 

Liu et al. (2016d) 

Liu et al. (2016d) 

Liu et al. (2016d) 

Senadeera et al. (2018a) 

Senadeera et al. (2018a) 

Senadeera et al. (2018a) 

Senadeera et al. (2018a) 

Senadeera et al. (2018a) 

Senadeera et al. (2018a) 

Sidana et al. (2010) 

Khanh et al. (2016) 

Khanh et al. (2016) 

Cheng et al. (2019) 

Liu et al. (2016e) 

Li et al. (2016) 

* The structure of Myrtucommulone K (125) has been revised in another article (Liu et al., 2016a) 

# N/A: Not Available. 

2.3. Biological Activities 

Myrtaceae family plants are known for their essential oils; the volatile small molecule in the 

oil presents many biological activities. For example, antimicrobial effects against Staphylococcus 

aureus, S. mutans and Candida Albicans (Silva et al., 2019; Dias et al., 2019; Marchese et al., 2017; 

Silva et al., 2013; Low et al., 1974), cytotoxicity on the human colon (HCT-116), gastric (AGP-

01) and lung (Hep-G2) cancer cell lines (Figueiredo et al., 2019; da Silva et al., 2017; Schnitzler 

et al., 2008; Chaieb et al., 2007) and antiprotozoal activity on Schistosoma and leishmania (Dias 

et al., 2013; Rodrigues et al., 2013). They also play an important role in inhibiting inflammatory 

diseases by inhibiting eosinophil, neutrophil and mononuclear cell migration (Siani et al., 2013) 

and inhibiting acetylcholinesterase as competitive inhibitors (Lima et al., 2012; Souza et al., 2010).  

These studies show that these small molecules are promising lead compounds and that hybrid 

compounds or the “twin drugs” bio-synthesized from them have a high chance of performing well 

on the abovementioned pharmacological actions. Twin drugs possess initial pharmacological 

activities and this could be an advantage when the two targeted enzymes or receptors are involved 

in the same disease (Contreras and Sippl, 2008). For example, inflammation is a basic biological 

response related to many diseases such as cancer and bacteria/parasite infection (Wu et al., 2020; 

Candido and Hagemann, 2013; Dalgleish, 2005). The compound, when hybridized by an 

antimicrobial moiety and an anti-inflammatory moiety, could be a potent twin drug for bacteria-

induced inflammation. Various bioactivities of newly discovered myrtaceous hybrid compounds 

are discussed below. 
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2.3.1. Antimicrobial activity 

In Australia and South America, where Myrtaceae are most widely distributed, Myrtaceae 

plant tissues, juices and extracts have a long history of medicinal uses by indigenous people, 

especially for antimicrobial purposes such as wound healing and relieving diarrhea (de Souza et 

al., 2018; Sharifi-Rad et al., 2017; Brooker et al., 1989). Modern studies have also revealed the 

antimicrobial effects of myrtaceous extracts and researchers have isolated compounds such as 

flavonoids, phloroglucinols, terpenes and meroterpenoids (de Veras et al., 2019; Cascaes et al., 

2019; Marchese et al., 2017; Cardoso et al., 2010; Lis-Balchin et al., 2000; Djipa et al., 2000). 

Among those isolated compounds, meroterpenoids are the most interesting due to their skeletal 

diversity. Some newly discovered meroterpenoids have been investigated for their antimicrobial 

activities.  

2.3.1.1. Antibacterial activity 

A total of 12 newly discovered hybrid compounds have been researched for their activities 

against gram-positive and gram-negative bacteria. All studies followed the macrodilution or 

microdilution method. The results are displayed as minimum inhibitory concentration (MIC) 

values. The MIC values are classified as having significant inhibitory potential (less than 5 μg/mL), 

moderate inhibitory potential (5-32 μg/mL), weak inhibitory potential (32-100 μg/mL) and 

inactive (above 100 μg/mL) (Liu et al., 2016d; Cao et al., 2016; Faqueti et al., 2015). The name of 

compounds, bacteria tested, positive control used, MIC and references are described in Table 2.2. 

Table 2.2. Antibacterial activities of hybrid compounds. 

Compounds (No.) Type* Strain Positive control MIC(μg/mL) Reference 

Myrciarone A (176) 

 

 

 

 

 

Myrciarone B (177) 

 

 

 

 

Tomentosone C (193) 

G+ 

G+ 

G+ 

G+ 

G+ 

G+ 

G+ 

G+ 

G+ 

G+ 

G+ 

G+ 

Bacillus subtilis 

Bacillus cereus 

Micrococcus luteus 

Staphylococcus aureus 

Staphylococcus epidermidis 

Streptococcus mutans 

Bacillus subtilis 

Bacillus cereus 

Staphylococcus aureus 

Staphylococcus epidermidis 

Streptococcus mutans 

Staphylococcus aureus 

Kanamycin 

 

 

 

 

 

Kanamycin 

 

 

 

 

Erythromycin 

1.56 

1.56 

1.56 

1.56 

3.13 

3.13 

1.56 

1.56 

1.56 

3.13 

1.56 

3.66 

Kaneshima et al. (2017) 

 

 

 

 

 

Kaneshima et al. (2017) 

 

 

 

 

Liu et al. (2016e) 

Callistenones F (179) 

 

Callistenones G (180) 

 

G+ 

G− 

G+ 

G− 

Staphylococcus aureus 

Escherichia coli 

Staphylococcus aureus 

Escherichia coli 

Vancomycin 

 

Vancomycin 

 

>100 

>100 

>100 

>100 

Liu et al. (2016d) 

 

Liu et al. (2016d) 
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Callistenones H (181) 

 

Callistenones I (182) 

 

Myrtucommulone J (155) 

Callistrilone A (156) 

 

 

 

 

 

 

 

 

Callistrilone B (157) 

 

 

 

 

 

 

 

 

Eugenial C (79) 

 

 

 

Eugenial D (80) 

 

 

G+ 

G− 

G+ 

G− 

G+ 

G+ 

G+ 

G+ 

G+ 

G+ 

G− 

G− 

G− 

G− 

G+ 

G+ 

G+ 

G+ 

G+ 

G− 

G− 

G− 

G− 

G+ 

G+ 

G+ 

G− 

G+ 

G+ 

G+ 

Staphylococcus aureus 

Escherichia coli 

Staphylococcus aureus 

Escherichia coli 

Staphylococcus aureus 

Staphylococcus aureus 

Enterococcus faecalis 

MRSA 

Staphylococcus aureus 1 

Enterococcus faecium 2 

Escherichia coli 

Acinetobacter baumanni 

Klebsiella pneumoniae 

Pseudomonas aeruginosa 

Staphylococcus aureus 

Enterococcus faecalis 

MRSA 

Staphylococcus aureus 1 

Enterococcus faecium 2 

Escherichia coli 

Acinetobacter baumanni 

Klebsiella pneumoniae 

Pseudomonas aeruginosa 

Bacillus subtilis 

Staphylococcus aureus 

MRSAs3 

Escherichia coli 

Bacillus subtilis 

Staphylococcus aureus 

MRSAs3 

Vancomycin 

 

Vancomycin 

 

Chloramphenicol 

Oxacillin 

 

 

 

 

 

 

 

 

Oxacillin 

 

 

 

 

 

 

 

 

Vancomycin 

 

 

 

Vancomycin 

 

 

>100 

>100 

>100 

>100 

0.38 

16 

32 

16 

16 

32 

>128 

>128 

>128 

>128 

>128 

64 

>128 

>128 

>128 

>128 

>128 

>128 

>128 

0.78 

3.12 

0.39-1.56 

>1000 

0.78 

1.56 

0.39-3.12 

Liu et al. (2016d) 

 

Liu et al. (2016d) 

 

Cottiglia et al. (2012) 

Cao et al. (2016) 

 

 

 

 

 

 

 

 

Cao et al. (2016) 

 

 

 

 

 

 

 

 

Faqueti et al. (2015) 

 

 

 

Faqueti et al. (2015) 

 

 

 G− Escherichia coli  >1000  

* Classified by gram staining. 

1. Multiresistant strain Staphylococcus aureus Mu50, MRSA/VISA. 

2. Multiresistant strain Enterococcus faecium ATCC29212 13-01. 

3. A series of methicillin-resistant Staphylococcus aureus. 

 

According to this established profile, the myrtaceous hybrid compounds seem more sensitive 

to gram-positive bacteria; tested compounds showed as inactive to all the abovementioned gram-

negative bacteria. These results are largely consistent with numerous studies of crude extracts from 

Myrtaceae, especially in the inhibition of Staphylococcus species, including drug-resistant strains 

(Batiha et al., 2020; Silva et al., 2019; Famuyide et al., 2019; Dias et al., 2019; Larayetan et al., 

2017; Carneiro et al., 2017; Borges et al., 2014; Alipour et al., 2014; de Paula et al., 2012; Zanetti 

et al., 2010; Alem et al., 2008). This indicates that the myrtaceous hybrid compounds target the 
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cell walls of gram-positive bacteria but have different mechanisms with methicillin and 

vancomycin. They have similar inhibition effects on drug-resistant and non-drug-resistant bacteria. 

This may be due to their teichoic acid inhibition effect, which means the drug resistance of bacteria 

is thereby reduced (Lee et al., 2016). 

Among the tested compounds, 79 and 80 are PSMs, 156 and 157 are trimeric meroterpenoids, 

193 is a special β-triketone-phloroglucinol-β-triketone structure and 179-182, 176 and 177 are β-

triketone-phloroglucinol hybrids. Analysis of their structure-activity relationship found that the 

hydroxyl group on the phloroglucinol moiety at a specific position might be a key factor that affects 

the antibacterial activity. This is the C-6 position in compounds 79 and 80 and the C-8 position in 

others. As the red highlights in Fig. 2.7 show, compounds with significant inhibitory potential must 

possess a hydroxyl group on the C-6 or C-8 position. Moreover, the methoxy group in the same 

position may hugely reduce antibacterial activity, and when combined with a monoterpene, the 

methoxy group converted to the cyclic ether and the antibacterial activity increased to have a 

moderate inhibitory potential. This phenomenon may be due to the disappearance of the methoxy 

group or the compensating action of monoterpenes. 

 

Fig. 2.7. Possible structure-activity of the antibacterial relationship of all tested compounds. 

2.3.1.2. Antifungal activity 

Existing data suggest that fungi may not be susceptible to these hybrid compounds compared 

with bacteria. Many promising antibacterial extracts from Myrtaceae showed merely weak 

inhibitory effects on tested fungi, especially on the commonly used Candida species (Bouzabata 

et al., 2016; Berka-Zougali et al., 2012; Auricchio et al., 2007; Souza et al., 2004; Lis-Balchin et 
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al., 2000).  

Nevertheless, there are some promising compounds. The present paper lists the antifungal 

activities of 17 hybrid compounds against two Candida species. They belong to PMMs (1 and 2) 

and PSMs (22-29 and 52-58). The results of microdilution experiments are shown in Table 2.3. 

Candida glabrata seems more susceptible to these compounds. Among tested compounds, 

Eucalrobusone U (27), Eucalrobusone J (52) and Eucalrobusone O (57) exhibited significant 

antifungal activities; their structures are displayed in Fig. 2.8. 

Table 2.3. Antifungal activities of hybrid compounds. 

Compounds (No.) Candida albicans1 Candida glabrata1 Reference 

Eucalrobusone Y (1) > 50 15.70 ± 3.59  

Eucalrobusone Z (2) > 50 25.15 ± 4.70  

Eucalrobusone Q (22) > 50 > 50  

Eucalrobusone R (23) 39.60 ± 9.35 > 50  

Eucalrobusone S (24) > 50 > 50  

Eucalrobusone T (25) 46.87 ± 8.75 7.40 ± 1.05 Shang et al. (2019) 

7R-eucalrobusone T (26) 35.80 ± 9.10 15.35 ± 2.15  

Eucalrobusone U (27) 30.49 ± 9.96 1.53 ± 0.47  

Eucalrobusone V (28) > 50 > 50  

Eucalrobusone W (29) > 50 > 50  

Fluconazole 2 0.28 ± 0.14 0.27 ± 0.11  

Eucalrobusone J (52) > 50 2.57 ± 0.06  

Eucalrobusone K (53) > 50 > 50  

Eucalrobusone L (54) 49.29 ± 4.78 > 50  

Eucalrobusone M (55) 47.24 ± 5.60 15.40 ± 3.17  

Eucalrobusone N (56) > 50 > 50 Shang et al. (2016b) 

Eucalrobusone O (57) 12.54 ± 2.14 1.95 ± 0.68  

Eucalrobusone P (58) > 50 30.56 ± 3.67  

Fluconazole 2 0.25±0.12   

Amphotericin B 2  0.26±0.07  

1. MIC50 values (μg/mL). MIC50: the minimum concentration of compound at which the growth of the 

microorganism was half inhibited. Data represented as the mean value ± SD. 

2. Positive control. 

A recent study revealed a hybrid compound, Eucarobustol E, exerted a strong inhibitory effect 

against Candida albicans at a concentration of 16 μg/mL; its mechanism is to inhibit the carbon 

flow to ergosterol and eventually led to biofilm inhibition (Liu et al., 2017b). Another structurally 

similar hybrid compound, Macrocarpal C, exhibited strong inhibitory effects against Trichophyton 

rubrum and Paecilomyces variotii at 2.16 μg/mL MIC50 (Lau et al., 2010) and against Candida 

glabrata with MIC50 value of 2.49 μg/mL (Shang et al., 2016b). According to the classification 

method described in the foregoing paragraphs, both compounds are analogues of the above-listed 

compounds in Table 2.3. The chemical structures of Macrocarpal C and Eucarobustol E are 
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displayed in Fig. 2.8. 

Structurally speaking, the phloroglucinol moieties in all tested compounds are identical, 

therefore, their antifungal activities are affected by the structure of terpene moieties, including 

pinane (1 and 2), cadinane (22 and 23), cubebane (24-26), aromadendrane (27-29, 52), guaiane-

type (53), aristolane-type (54-56), and bicyclogermacrene-type (57, 58). According to the data 

displayed in Table 2.3, aromadendrane or bicyclogermacrene might be the key terpene moieties 

for inhibitory activities (red color in Fig. 2.8). In addition, the substituent groups on C-10 in 

aromadendrane and C-5 in bicyclogermacrene also play an important role. As shown in Fig. 2.8, 

all the active aromadendrane based hybrids (27, 52, Eucarobustol E and Macrocarpal C) were 

oxidized at the C-10 site (blue marked) compared to inactive compounds 28 and 29, while the 

active bicyclogermacrene-based hybrid 57 is reduced from compound 58 at the C-5 site (blue 

color), this small difference in structure makes a great difference in its antifungal activity.  

 

Fig. 2.8. Possible structure-activity of the antifungal relationship of aromadendrane- and 

bicyclogermacrene-based hybrids. 

The antifungal potential of some aromadendranes has been studied by Moreira et al. (2003) 

using direct bioautography. Compounds A and B showed antifungal activity against C. 

cladosporioides, the minimum amount required on the TLC plate was at 5 µg; however, 

compounds C and D were inactive even at 100 µg. This result supports the hypothesis that 

aromadendrane might be one of the key terpene moieties for the antifungal activities of these 

hybrid compounds, and that the oxidation of the C-10 site is necessary. However, the oxidation of 

the C-15 site will inactivate the compounds (Fig. 2.9). 
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Fig. 2.9. Effects of oxidation at different sites on the antifungal activity of aromadendranes. 

2.3.2. Cytotoxicity 

Since the discovery of the anticancer potential of myrtaceous essential oils, the 

phytochemicals produced by Myrtaceae have attracted much attention (Joyce et al., 2017; 

Schnitzler et al., 2008; Sailer et al., 1998; Hayes et al., 1997). Structurally complex hybrid 

compounds are a major part of these phytochemicals. Except for those inactive compounds, all 

reported cytotoxic effects of newly discovered hybrid compounds on cancer cells are listed in 

Table 2.4. The 33 compounds listed cover all the types described above. The IC50 values were 

obtained by MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay and 

classified as significant cytotoxicity (less than 5 μM), moderate cytotoxicity (5-40 μM) and weak 

cytotoxicity (above 40 μM) (Pham et al., 2018; Liu et al., 2016a; Liu et al., 2016d). 

Table 2.4. Cytotoxicity of hybrid compounds on cancer cells. 

Compounds (No.) Cancer type Cell line IC50 (μM)1 Reference 

Tomentodione O (121) Cervical cancer HeLa 9.73 ± 0.41 Zhang et al. (2018) 

Tomentodione P (122) Cervical cancer HeLa 9.82 ± 0.15 Zhang et al. (2018) 

Tomentodione Q (123) Cervical cancer HeLa 14.12 ± 0.20 Zhang et al. (2018) 

Tomentodione R (124) Cervical cancer HeLa 11.90 ± 0.25 Zhang et al. (2018) 

(±)-Tomentodione S (172) Cervical cancer HeLa 1.45 ± 0.04 Zhang et al. (2018) 

(±)-Tomentodione T (173) Cervical cancer HeLa 8.43 ± 0.08 Zhang et al. (2018) 

Eucalypglobulusal F (35) Leukemia CCRF-CEM 3.3 ± 0.7 Qin et al. (2018) 

 Colon cancer HCT116 >10  

 Prostate cancer DU145 >10  

 Liver cancer Huh7 >10  

 Lung cancer A549 >10  

Eucalyptin B (38) Lung cancer A549 1.51 ± 0.72 Pham et al. (2018) 

 Breast cancer 4T1 15.20 ± 2.98  

 Skin cancer B16F10 5.23 ± 1.08  

Eucalrobusone C (61) Liver cancer HepG2 7.40 Shang et al. (2016a) 

 Breast cancer MCF7 8.99  

 Osteosarcoma U2OS 8.50  



31 
 

Guajavadial A (21) Leukemia HL60 4.73 Qin et al. (2016) 

 Lung cancer A549 5.62  

 Liver cancer SMMC7721 4.73  

 Breast cancer MCF7 22.28  

 Colon cancer SW480 14.55  

Guajavadial B (67) Leukemia HL60 6.49 Qin et al. (2016) 

 Lung cancer A549 5.78  

 Liver cancer SMMC7721 5.05  

 Breast cancer MCF7 18.02  

 Colon cancer SW480 13.07  

Guajavadial C (68) Leukemia HL60 3.38 Qin et al. (2016) 

 Lung cancer A549 5.66  

 Liver cancer SMMC7721 3.54  

 Breast cancer MCF7 14.54  

 Colon cancer SW480 18.97  

Callistenone I (182) Breast cancer MCF7 40-100 Liu et al. (2016d) 

 Lung cancer NCI-H460 40-100  

 Brain cancer SF268 40-100  

 Liver cancer HepG2 40-100  

Psiguajavadial A (81) Colon cancer HCT116 7.60 ± 1.0 Qin et al. (2017b) 

 Leukemia CCRF-CEM 25.2 ± 4.0  

 Prostate cancer DU145 20.2 ± 4.7  

 Liver cancer Huh7 48.8 ± 5.3  

 Lung cancer A549 2.99 ± 0.1  

Psiguajavadial B (82) Colon cancer HCT116 21.6 ± 2.8 Qin et al. (2017b) 

 Leukemia CCRF-CEM 9.63 ± 3.4  

 Prostate cancer DU145 26.3 ± 4.1  

 Liver cancer Huh7 13.7 ± 1.7  

 Lung cancer A549 0.90 ± 0.8  

Callisalignene G (117) Colon cancer HCT116 8.51 ± 1.8 Qin et al. (2017a) 

 Liver cancer Huh7 44.41 ± 3.2  

 Cervical cancer Hela 36.46 ± 8.4  

 Leukemia CCRF-CEM 4.52 ± 1.3  

 Prostate cancer DU145 39.92 ± 6.8  

 Lung cancer A549 12.85 ± 8.2  

Callisalignene H (118) Colon cancer HCT116 9.12 ± 0.3 Qin et al. (2017a) 

 Liver cancer Huh7 42.11 ± 3.6  

 Cervical cancer Hela 46.99 ± 8.7  

 Leukemia CCRF-CEM 6.20 ± 0.8  

 Prostate cancer DU145 18.44 ± 9.5  

 Lung cancer A549 26.61 ± 6.4  

Callisalignene I (119) Colon cancer HCT116 16.33 ± 3.3 Qin et al. (2017a) 

 Liver cancer Huh7 56.13 ± 7.3  

 Cervical cancer Hela 62.27 ± 5.1  
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 Leukemia CCRF-CEM 30.66 ± 4.6  

 Prostate cancer DU145 36.24 ± 7.0  

 Lung cancer A549 10.03 ± 8.2  

Frutescone A (140) Colon cancer Caco2 8.08 ± 2.79 Hou et al. (2016) 

 Lung cancer A549 20.07 ± 5.77  

 Liver cancer HepG2 > 50  

Frutescone B (141) Colon cancer Caco2 23.25 ± 3.91 Hou et al. (2016) 

 Lung cancer A549 41.33 ± 4.42  

 Liver cancer HepG2 > 50  

Frutescone C (142) Colon cancer Caco2 14.83 ± 5.97 Hou et al. (2016) 

 Lung cancer A549 27.74 ± 4.76  

 Liver cancer HepG2 > 50  

Frutescone D (143) Colon cancer Caco2 10.20 ± 3.44 Hou et al. (2016) 

 Lung cancer A549 26.25 ± 6.10  

 Liver cancer HepG2 > 50  

Frutescone E (144) Colon cancer Caco2 7.96 ± 2.56 Hou et al. (2016) 

 Lung cancer A549 12.14 ± 5.55  

 Liver cancer HepG2 > 50  

Frutescone F (145) Colon cancer Caco2 16.51 ± 2.52 Hou et al. (2016) 

 Lung cancer A549 39.02 ± 6.02  

 Liver cancer HepG2 > 50  

(±)-Frutescone G (146) Colon cancer Caco2 14.31 ± 4.07 Hou et al. (2016) 

 Lung cancer A549 25.71 ± 5.89  

 Liver cancer HepG2 > 50  

Guadial C (20) Liver cancer HepG2/ADM 36.70 ± 2.37 Jian et al. (2015) 

Psiguadial A (75) Liver cancer HepG2 61.07 ± 1.77 nM Shao et al. (2010) 

 Liver cancer HepG2/ADM 17.94 ± 0.21  

Psiguadial B (76) Liver cancer HepG2 61.07 ± 1.77 nM Shao et al. (2010) 

 Liver cancer HepG2/ADM 25.09 ± 0.21  

Psiguadial C (77) Liver cancer HepG2 104.5 ± 13.71 nM Shao et al. (2012) 

 Liver cancer HepG2/ADM 21.06 ± 1.25  

Psiguadial D (78) Liver cancer HepG2 128.3 ± 18.2 nM Shao et al. (2012) 

 Liver cancer HepG2/ADM 23.65 ± 1.71  

Myrtucommulone J (155) Leukemia MT4 2.1 Cottiglia et al. (2012) 

 Liver cancer HepG2 4.0  

 Prostate cancer DU145 3.0  

Eucalyptal D (70) Gastric cancer KE97 5.20 ± 1.16 Wang et al. (2012) 

 Leukemia Jurkat 7.16 ± 2.84  

 Gastric cancer BGC823 6.65 ± 1.36  

 Liver cancer Huh7 11.73 ± 1.81  

Eucalyptal E (71) Gastric cancer KE97 7.22 ± 2.06 Wang et al. (2012) 

 Leukemia Jurkat 10.71 ± 4.21  

 Gastric cancer BGC823 10.16 ± 0.89  

 Liver cancer Huh7 24.57 ± 4.45  
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1. Data represented as the mean value ± SD or effective concentration. 

The highly active compounds (IC50 < 5 μM), except compound 21, belongs to PMMs. 117 

belongs to TMMs. 172 is a β-triketone-phloroglucinol hybrid and 155 is a trimeric meroterpenoid; 

all other compounds are PSMs (35, 38, 68, 75-78, 81 and 82). In addition, the other PSMs in Table 

2.4 are also active (61, 67, 70 and 71 with IC50 5~10 μM). They mainly exhibit toxicity to lung 

cancer, liver cancer and leukemic cells. From the available data, the PSMs are toxic to multiple 

cancer cells and the structures of these classes of compounds are very variable. It is hard to deduce 

further structure-activity relationships. 

2.3.3. Anti-inflammatory activity 

Many species of Myrtaceae are used in folk medicine for the treatment of various 

inflammatory ailments such as rheumatism, snakebites, arthritis, dermitis, influenza and common 

cold (Siebert et al., 2017; Donatini et al., 2013; Paula et al., 2012; Chan and Chen, 2010; Silva et 

al., 2003). Phytochemicals have been shown to play an important role in the anti-inflammatory 

activity of Myrtaceae and they are listed in Table 2.5. Their IC50 values were obtained by the 

Griess assay, which measures the nitric oxide (NO) production of tested cells. 

Table 2.5. Inhibitory effects of hybrid compounds on LPS1-induced NO production. 

Compounds (No.) IC50 (μM)2 Reference 

(+)-Baeckfrutone N (86) 20.86 ± 0.60  

Baeckfrutone S (120) 36.21 ± 1.18 Zhi et al. (2018) 

L-NMMA3 54.07 ± 1.05  

Tomentodione O (121) NE4  

Tomentodione P (122) 26.40 ± 1.15  

Tomentodione Q (123) 20.05 ± 0.99  

Tomentodione R (124) NE Zhang et al. (2018) 

(±)-Tomentodione S (172) NE  

(±)-Tomentodione T (173) 34.37 ± 1.52  

Indometacin3 126.25 ± 1.26  

Baefrutone A (166) 9.15 ± 0.82  

Baefrutone B (167) 17.73 ± 2.54  

Baefrutone C (168) 11.62 ± 2.93  

Baefrutone D (169) 18.04 ± 3.14 Hou et al. (2018) 

Baefrutone E (170) >50  

Baefrutone F (171) >50  

L-NMMA 30.92 ± 4.12  

Frutescone H (149) >50  

Frutescone I (150) 18.75 ± 3.84  

Frutescone J (151) >50  

Frutescone K (152) >50  
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Frutescone L (153) 30.54 ± 2.30  

Frutescone M (154) 15.17 ± 1.45 Hou et al. (2017) 

(±)-Frutescone N (112) 1.80 ± 0.29  

Frutescone O (113) 0.36 ± 0.16  

Frutescone P (114) 3.70 ± 1.25  

(±)-Frutescone Q (115) 2.07 ± 0.84  

(±)-Frutescone R (116) 6.50 ± 0.96  

L-NMMA 30.92 ± 4.12  

Callisretone A (7) 15.3 ± 1.0  

Callisretone B (8) 17.7 ± 1.1 Cao et al. (2018a) 

Indomethacin 21.1 ± 1.4  

1. Lipopolysaccharide. 

2. Data represented as the mean value ± SD or effective concentration. 

3. Positive control. L-NMMA: N-Monomethyl-L-arginine. 

4. NE means no antiinflammatory effect under maximal nontoxic concentration. 

In terms of classification, the active compounds are TMMs (86, 112-116), TSMs (120, 122, 

123, 150, 153 and 154), trimeric meroterpenoids (166-169), followed by two PMMs (7 and 8) and 

compound 173, a β-triketone-phloroglucinol hybrid. Structurally speaking, except for compounds 

7 and 8, all other 16 compounds contain a β-triketone unit, which might be a key factor to their 

anti-inflammatory properties. 

Compound 113 exhibited the most potent anti-inflammatory effects with a 0.36 ± 0.16 μM 

IC50 value. A mechanistic study demonstrated that its anti-inflammatory activity was derived from 

the suppression of the NF-κB p65 nuclear translocation and the decrease of pro-inflammatory 

cytokines TNF-α (Hou et al., 2017).  

2.3.4. Enzyme inhibitory activity 

DNA topoisomerase I (Top1) is an essential human enzyme responsible for DNA replication, 

transcription, and recombination; it is, therefore, a potential target for anticancer drug discovery 

(Lafayette et al., 2013). Eucalypglobulusal A (30, Fig. 2.10), a potential Top1 inhibitor isolated 

recently, has exhibited high Top1 inhibitory effects, and it did not show significant cytotoxicity 

(IC50 > 10 μM). It acts as a Top1 catalytic inhibitor. Eucalypglobulusal A inhibits the cleavage of 

DNA and delays the Top1 poison-caused DNA double-strand damage (Qin et al., 2018). 

Dipeptidyl peptidase 4 (DPP-4) is the enzyme responsible for the degradation of glucagon-

like peptide-1 (GLP-1). The inhibition of DPP-4 allows GLP-1 to restore insulin secretion in type-

2 diabetes mellitus patients. The natural DPP-4 inhibitors are usually small molecules and therefore 

can be developed as oral antidiabetic drugs (Nauck, 2016; Vilsbll et al., 2003). An activity-guided 

fractionation accomplished by Kato et al. (2018) led to the isolation of Macrocarpal C (41, Fig. 
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2.10), a potent DPP-4 inhibitor with 90% inhibition at 50 μM. Its inhibition curve is characterized 

by a dramatic rise within a narrow concentration range; this might result from the self-aggregation 

of the compound. 

Acetylcholinesterase (AChE) acts in the final step of the nervous impulse transmission by 

hydrolyzing the neurotransmitter acetylcholine (ACh). Acetylcholinesterase inhibitor (AChEI) 

inhibits AChE from breaking down ACh, is used for the symptomatic management of 

neurodegenerative disorder-related diseases such as Alzheimer’s (Muhammad et al., 2017; Webster, 

2012). Qin et al. (2019) discovered two meroterpenoids: Rhodomyrtusial A and B (131 and 132, 

Fig. 2.10), featuring a unique skeleton and displaying significant AChE inhibitory activities with 

IC50 values of 8.8 and 6.0 μM, respectively. 

 

Fig. 2.10. Chemical structures of compounds 30, 41, 131 and 132. 

2.4. Conclusion and Future Perspectives 

Myrtaceae is a diverse family; its plants have been used in folk medicine around the world 

for centuries. Of the Myrtaceae species known, only a limited number have been investigated for 

their chemical composition and biological activity. Characterization of their potential medicinal 

usage is needed. Interestingly, most of the pharmacological studies have been carried out using 

crude extracts or essential oils; studies on specific phytochemicals are lacking. 

Interest in myrtaceous hybrid compounds is just in their infancy. In the past decade, a total of 

194 hybrid compounds have been isolated and identified. But nearly all the compounds have been 

isolated from the fruits or leaves of the plant. Further phytochemical studies should focus more on 

other parts of the plant, such as the roots, flowers, or stems. 

Several isolated compounds featuring unique skeletons and significant pharmacological 

effects have been shown to possess great potential as lead compounds for new antimicrobial, 

anticancer, anti-inflammatory and enzyme inhibitory agent discovery. Hopefully, the collection of 

their structures and the discussion of their bioactivities in this paper can provide clues for further 

researchers. 
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Chapter Three 

An improved MTT colorimetric method for rapid viable bacteria 

counting. 

Traditional methods for enumerating live bacteria necessitate considerable repetitive manual 

labor. Consequently, the development of a live bacteria calculation formula tailored to a fixed 

experimental environment represents a significant advancement in reducing manpower and time 

requirements for the whole study.  

This chapter has been published in the following peer-reviewed publication: 

Xu, W., Shi, D., Chen, K., Palmer, J., & Popovich, D. G. (2023). An improved MTT 

colorimetric method for rapid viable bacteria counting. Journal of Microbiological Methods, 214, 

106830. 

  



45 
 

Statement of Contribution 

 

 

  

We, the student and the student’s main supervisor, certify that all co-authors have consented to their 

work being included in the thesis and they have accepted the student’s contribution as indicated below in 

the Statement of Originality.  

Student name:  Wenliang Xu 

Name and title of 

main supervisor: 
Dr. David Popovich 

In which chapter is the 

manuscript/published work?  
Chapter Three 

What percentage of the 

manuscript/published work was 

contributed by the student?  

70% 

Describe the contribution that the student has made to the manuscript/published work:  

Conceptualization; Data curation; Formal analysis; Visualization; Investigation; Methodology; 

Validation; Writing - original draft; Writing - review & editing. 

Please select one of the following three options:  

 The manuscript/published work is published or in press  

Please provide the full reference of the research output:  

Xu, W., Shi, D., Chen, K., Palmer, J., & Popovich, D. G. (2023). An improved MTT colorimetric 

method for rapid viable bacteria counting. Journal of Microbiological Methods, 214, 106830. 

 The manuscript is currently under review for 

publication Please provide the name of the 

journal:  

 It is intended that the manuscript will be published, but it has not yet been submitted to a journal  

Student’s 

signature:  

 Main supervisor’s 

signature:  

 



46 
 

Abstract 

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay has been 

employed in the analysis of bacterial growth. In comparison to experiments conducted on 

mammalian cells, the MTT bacterial assay encounters a greater number of interfering factors and 

obstacles that impact the accuracy of results. In this study, we have elucidated an improved MTT 

assay protocol and put forth an equation that establishes a correlation between colony-forming 

units (CFU) and the amount of formazan converted by the bacteria, drawing upon the fundamental 

principle of the MTT assay. This equation is represented as CFU = 𝑘F. Furthermore, we have 

explicated a methodology to determine the scale factor “k” by employing S. aureus and E. coli as 

illustrative examples. The findings indicate that S. aureus and E. coli reduce MTT by a cyclic 

process, from which the optimal reduction time at room temperature was determined to be 

approximately 30 mins. Furthermore, individual E. coli exhibits an MTT reduction capacity 

approximately four times greater than that of S. aureus. HPLC analysis proves to be the most 

accurate method for mitigating interferences during the dissolution and quantification of formazan. 

Additionally, this study has identified a new constraint related to the narrow linear range (0~125 

μg/mL) of formazan concentration-absorbance and has presented strategies to circumvent this 

limitation.  

Keywords: MTT bacterial assay; Formazan; HPLC; Viable count; Staphylococcus aureus; 

Escherichia coli. 
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3.1. Introduction 

Rapid enzymatic tetrazolium salts reduction has been widely used to assess microbial 

viability and estimate growth. This method offers great advantages over conventional methods 

such as the time-consuming steps of counting colony-forming units (CFU) (Tunney et al., 2004; 

Rahman et al., 2004; Gabrielson et al., 2002; Wang et al., 2010). The 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyl tetrazolium bromide (MTT) is the most used compound (Oh and Hong, 2022; Benov, 

2021; Hut et al., 2021; Houdkova et al., 2017; Hundie et al., 2016; Grela et al., 2015; Wang et al., 

2010; Li and Song, 2007; Foongladda et al., 2002; Bernas and Dobrucki, 2000). The MTT assay 

is based on the enzymatic reduction of water-soluble yellow dye to a water-insoluble purple crystal 

called formazan. The amount of formazan is therefore positively correlated with cell viability 

(Morgan, 1998; Carmichael et al., 1987; Mosmann, 1983). The whole assay can be divided into 

two stages: the reduction of MTT into formazan and the measurement of the amount of formazan. 

Tested bacteria are often many in number and have quite high MTT reduction efficiency and 

suspension characteristics which can block light and reduce the efficiency of spectrometer readings. 

Moreover, each stage in the process has some technical limitations. These limitations include 

uncertain reaction times of MTT, incomplete dissolution of formazan, high turbidity of bacterial 

suspension, and the effect of pH on the conversion of formazan (Grela et al., 2018; Grela et al., 

2015; Wang et al., 2012; Wang et al., 2010). However, several modified protocols are available, 

but they only focus on improving the dissolution of formazan and neglect the other interfering 

factors. Furthermore, there is interference caused by the choice of solubilizer used (Oh and Hong, 

2022; Benov, 2021; Wang et al., 2012; Wang et al., 2010). 

The objective of this study was to enhance the MTT bacterial assay protocol to eliminate 

interference and achieve precise quantification of formazan. Additionally, the study aimed to 

establish a correlation equation between colony-forming units and formazan production for 

selected bacteria, thereby offering an alternative approach to the conventional colony plate 

counting method. Staphylococcus aureus and Escherichia coli, representative species of gram-

positive and gram-negative bacteria, were chosen for the MTT assay and subsequent creation of 

equations.  

3.2. Materials and Methods 

3.2.1. Bacterial strains and growth conditions 

Gram-positive Staphylococcus aureus (ATCC 25923) and Gram-negative Escherichia coli 

(ATCC 25922) strains were used as illustrative examples in this study. The strains used were 

obtained from the Microbiology Department of Massey University, and stored in brain heart 
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infusion (BHI, Difco) agar slants at 4 °C. For each experiment, a single colony of each strain was 

picked and cultured in BHI broth at 37 °C for 24 h. The current experiment refers to this culture 

condition as the standard condition. 

3.2.2. Preparation of MTT and MTT-formazan standard solutions 

A concentration of 5 mg/mL MTT (99% HPLC grade, AK Scientific, USA) was prepared in 

sterile water and stored at 4°C in the dark. MTT-formazan (99% HPLC grade, Sigma-Aldrich, 

USA) with a concentration of 1000 μg/mL was prepared in dimethyl sulfoxide (DMSO, AR grade, 

Merck) and stored at room temperature (22 °C) in the dark. 

3.2.3. MTT reduction time determination and formazan quantification 

The MTT reduction time was determined by a continuous time-yield study. The volume of 1 

mL (V1) of S. aureus and E. coli suspensions were accurately taken and centrifuged (2400*g, 2 

min) to remove the supernatant. Twenty-four samples were prepared for each bacterium and 

divided into 8 groups. Then all samples were resuspended in 1 mL of sterile water or phosphate 

buffered saline PBS (it has been found in multiple replicate experiments that changing PBS to 

sterile water did not affect the bacterial ability to reduce MTT, data not shown), mixed with 100 

μL 0.5% MTT (V: V = 10:1) and stirred. Groups 1-8 were left to stand for 5, 15, 30, 45, 60, 75, 90, 

and 105 minutes, respectively, at room temperature (22 °C). After each MTT reduction time point, 

the samples were centrifuged (11337*g, 2 mins), the supernatant was removed, and 1 mL (V2) of 

isopropanol (AR grade, Merck) was added for S. aureus and 2 mL (V2) of isopropanol for E. coli 

to dissolve the formazan. The volume V2 is variable depending on the type of bacteria tested and 

will be described in detail in 3.3.4. Ultrasonic equipment (Bandelin DT 52) was used to accelerate 

the dissolution.  

The obtained formazan solution was centrifuged (11337*g, 10 mins) and filtered through a 

0.22 μm syringe filter (13 mm diameter, Whatman Uniflo) to remove bacteria and precipitates, and 

then measured by high-performance liquid chromatography (HPLC, Thermofisher Ultimate 3000) 

with a diode array detector (DAD, Dionex Ultimate 3000) at 570 nm under the following 

conditions: Thermofisher Hypersil GOLD C18 Column 100 × 2.1 mm, particle size 1.9 μm and 

column guard Accucore C18 10 × 2.1 mm were used. Running method: Eluent A-MilliQ water, 

eluent B-Acetonitrile; 0-2 min 5% B, 2-3 min 5%-100% B, 3-10 min 100% B, 10-10.5 min 100%-

5% B, 10.5-15 min 5% B. Column oven temperature: 25 °C; inject volume: 10 μL; flow rate: 0.3 

mL/min. Each sample was repeated two-fold, followed by a blank run for washing accumulated 

various inorganic salts off the column. The column was washed using the following running 

method: 0-15 min 5% B. Column oven temperature: 25 °C; flow rate: 0.2 mL/min. 
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3.2.4. MTT colorimetric assay on bacteria 

 Newly cultured S. aureus and E. coli suspensions (BHI broth, 37 °C, 24 h) were serially 

diluted into seven concentration gradients (10%, 25%, 40%, 55%, 70%, 85% and 100% of the 

initial concentration) with BHI broth respectively, and the optical density (OD) at 600 nm (OD600, 

referred to as y1) of each concentration was measured using a microplate reader (96 well plate, 200 

μL /well, Thermofisher Varioskan LUX). For both bacteria, 1 mL (V1) of each concentration 

gradient was accurately taken and an MTT assay with a reduction time determined in 3.2.3 was 

performed. The peak area (x) of formazan was measured by HPLC as described in section 3.2.3. 

The values of y1 and ‘x’ were used to calculate key equation 1 mentioned in 3.3.1. 

3.2.5. Enumeration of viable bacteria 

The dilution plate-counting method was used to obtain the concentration of colony-forming 

units (referred to as y2 CFU/mL) of each gradient. Each bacterial suspension was diluted 106 or 

107 times with sterile water, and 400 μL was put into the plate and mixed well with liquefied BHI 

agar (45°C) and repeated 4 times. All plates were incubated at 37 °C for 24 h–72 h. The values of 

y2 and y1 (measured in 3.2.4) were used to calculate the key equation 2 described in section 3.3.1. 

3.2.6. MTT-formazan peak area-concentration standard curve 

The formazan standard solution with the initial concentration of 1000 μg/mL was serial two-

fold diluted seven times and used to test linear intervals and derive a standard curve using the same 

HPLC conditions mentioned in 3.2.3. Each concentration was repeated 6 times. Key equation 3 

mentioned in 3.3.1 was derived from formazan concentration (y3) and peak areas (x) to calculate 

the amount of formazan produced by bacteria.  

3.2.7. Statistical analysis 

Chameleon 7.2.7 (Thermofisher) was used for HPLC results analysis. Linear equations were 

calculated by GraphPad Prism 9.3.1, and linear regression analysis and linear correlation 

coefficients were calculated. Each data point was averaged from two to six replicates and 

expressed as mean ± standard deviation. 

3.3. Results and Discussion 

3.3.1. Establishment of the equation. 

Based on the principle of the MTT assay, within a certain range of time and number of viable 
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bacteria, the number of bacteria is linearly related to the amount of formazan transformed by them 

(Wang et al., 2010; Oh and Hong, 2022).  

Therefore, we proposed the following equation: 

CFU = 𝑘F 

CFU is the number of colony-forming units, “k” is a constant scale factor, and F is the mass 

of formazan produced by bacteria.  

This study introduced a method to find “k” in this equation so that a relatively accurate 

number of viable bacteria can be quickly calculated by detecting the amount of formazan produced. 

It is known that within a certain range, the concentration of bacteria is linearly related to their 

optical density, and that the concentration of formazan is also linearly related to its absorbance 

(Stevens and Olsen, 1993). Showing the linear relationship between the optical density of bacterial 

suspension and the absorbance of formazan produced by bacteria is the key step to calculating “k”. 

“k” was calculated using three key equations:  

(1) The equation between the OD600 of bacterial suspension (referred to as “y1”) and the peak 

area of the formazan solution (referred to as “x”), is displayed as follows: 

𝑦1 = 𝑎𝑥 (Key Equation 1) 

“a” is the value of the scale factor. 

Tested bacteria were liquid-cultured under a standard condition described in 3.2.1. The OD600 

of bacterial suspension (y1) was measured by a microplate reader. To initiate formazan production, 

1 mL (V1) of the bacterial suspension was utilized in a 30-minute MTT assay. Subsequently, the 

supernatant was replaced with either 1 or 2 mL (V2) of isopropanol, depending on the specific 

type of bacteria used. Isopropanol serves two functions: it inactivates bacteria and dissolves 

formazan. The formazan isopropanol solution was measured by HPLC, and the peak area “x” was 

then calculated. The whole process was conducted on 7 different concentrations of bacterial 

suspension to obtain the value of the scale factor (a).  

(2) The equation between the concentration of bacteria (y2, CFU/mL) and the OD600 of the 

bacterial suspension (y1), is shown below:  

𝑦2 = 𝑏𝑦1 (Key Equation 2) 
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“b” is the value of the scale factor. 

The traditional plate count method was applied for enumerating bacteria. The newly cultured 

bacterial suspension was mixed with different amounts of broth to prepare multiple concentrations.  

Subsequently, immediate plate counts were conducted to determine the bacteria concentration (y2, 

CFU/mL) and the OD600 of the bacterial suspension (y1) under each concentration gradient was 

measured. The linear relationship equation was therefore obtained. 

(3) The equation between the concentration of MTT-formazan standard (y3) and its peak area 

(x): 

𝑦3 = 𝑐𝑥 (Key Equation 3) 

“c” is the value of the scale factor. 

The MTT-formazan standard was accurately prepared at 1000 μg/mL, the peak area was 

measured by HPLC after multiple two-fold dilutions. 

Combine the above equations: 

{

 𝑦1 = 𝑎𝑥 

     𝑦2 = 𝑏𝑦1   

𝑦3 = 𝑐𝑥

→   𝑦2 =
𝑎𝑏

𝑐
𝑦3 

∵ y2 is the bacteria concentration. 

∴ 𝑦2 =
𝐶𝐹𝑈

𝑉1
 , CFU is the number of colony-forming units, and V1 is the volume of bacteria 

suspension used for formazan production. 

∵ y3 is formazan concentration. 

∴ 𝑦3 =
𝐹

𝑉2
 , F is the mass of formazan produced by bacteria, and V2 is the volume of solvent 

used to dissolve formazan. 

∴ 
𝐶𝐹𝑈

𝑉1
=

𝑎𝑏

𝑐
·

𝐹

𝑉2
 

∴ 𝐶𝐹𝑈 =
𝑎𝑏𝑉1

𝑐𝑉2
· 𝐹 

∴𝑘 =
𝑎𝑏𝑉1

𝑐𝑉2
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For a single species, this equation describes the relationship between a certain number of 

CFUs and the mass of formazan produced by them at room temperature for 30 minutes. 

3.3.2. Optimization of the MTT reduction procedure. 

MTT reduction time of 2-4 hours is commonly used in most protocols and is likely selected 

by following the protocols used for mammalian cells (Brambilla et al., 2014; Wu et al., 2010; 

Walencka et al., 2008; Shi et al., 2007; Wang et al., 2007; Li and Song, 2007; Corrado and 

Rodrigues, 2004; Foongladda et al., 2002; Mshana et al., 1998). Continuous MTT assays at 37 °C 

have already been done on several kinds of bacteria, such as Gram-negative bacteria E. coli (Oh 

and Hong, 2022; Wang et al., 2010) and P. mirabilis (Grela et al., 2015), and Gram-positive 

bacteria L. mesenteroides (Oh and Hong, 2022) and S. aureus (Stevens et al., 1991). For all the 

bacteria we tested, MTT quickly reduced in the first 10-20 mins, and then the reduction rate 

decreased rapidly over the next 40-100 mins. This phenomenon may be caused by limited space 

in the bacteria for formazan to accumulate and the high efficiency of bacterial transformation of 

MTT. Cell injury caused by the transportation and accumulation of MTT and formazan crystals 

may also have affected the MTT reducing efficiency (Lü et al., 2012). Unlike mammalian cells, 

bacterial formazan tends to form cell-bound complexes. Some researchers also suggest that 

formazan can form complexes with biofilms, rather than forming needle-like crystals on the 

surface (Wang et al., 2010; Liu et al., 1997). To optimize the MTT reduction time at room 

temperature and to observe the time point of possible cell damage, we performed a continuous 

MTT assay, and took microscopic observations. 

In the current study, to simplify the process and to avoid potential interference caused by 

changing temperature, as well as to slow down the efficiency of bacterial transformation of MTT, 

experiments were performed at room temperature after bacteria were cultured overnight. Bacteria 

have a high conversion efficiency of MTT; we found that at 37 °C, the bacteria produced formazan 

quantities beyond the linear range in a short period of time, thus performing the MTT assay at 

37 °C is likely to lead to inaccurate results. Fig. 3.1 shows the results of this continuous MTT 

assay for 105 mins at room temperature. Compared with the production efficiency of formazan at 

37 °C reported in articles (Oh and Hong, 2022; Grela et al., 2015; Wang et al., 2010), at room 

temperature, the efficiency slowed down and peaked at 30–40 mins, and then showed a significant 

downward trend.  
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Fig. 3.1. Time-course profiles of formazan yield by S. aureus and E. coli. Tested bacteria were 

cultured in fresh BHI broth for 24 hours and their capacity to reduce MTT at 5, 15, 30, 45, 60, 

75, 90, and 105 mins were measured respectively. The formazan produced was dissolved with 

isopropanol and measured by HPLC at 570 nm. 

It is worth noting that in many parallel experiments, we found that both curves formed dips 

at specific reduction time points: 60 min for S. aureus, and 45 min and 75 min for E. coli, 

respectively. We compared the state and behavior of bacteria across time periods by microscopic 

observation and found that during 0-40 minutes, both tested bacteria began to rapidly form 

formazan in the cells and excreted formazan complexes at a specific time so that free formazan 

began to appear in the medium. This phenomenon has also been found in P. mirabilis (Grela et al., 

2015). As shown in Figs. 3.2-1 and 3.2-3, formazan complexes can be observed inside the cell, 

and in Figs. 3.2-2 and 3.2-4, free formazan complexes can be found in the medium. To fully 

dissolve the formazan in the cells, the medium was removed prior to the formazan measurement. 

Thus, formazan excretion is an explanation for the dips formed on the curves since formazan 

excreted via exocytosis was not measured in this experiment. It can also be seen from the curve 

that after the first exocytosis, the bacteria continued to accumulate formazan in the cells, but the 

production efficiency dropped significantly, which we think is affected by the cell damage caused 

by the exocytosis of formazan (Lü et al., 2012). 
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Fig. 3.2. Oil immersion microscope observation of E. coli and S. aureus during the MTT assay. 

In pictures 1 and 3, the presence of formazan is exclusively observed within the bacterial cells. 

The identification of free formazan complexes is denoted by arrows in pictures 2 and 4, 

corresponding to dip 3 and dip 1 in Fig. 3.1, respectively. 

Overall, in continuous MTT assays, the bacteria exhibit recurring patterns of MTT reduction 

and formazan excretion, as evidenced by the current findings indicating a cycle duration of 

approximately one hour, and this cyclic process potentially leads to continuous cellular impairment.  

To ensure a more accurate representation of cell viability, it is recommended to measure the 

amount of formazan prior to the initiation of the first exocytosis phase, before cellular damage 

occurs. Consequently, a reduction time of 30 minutes at room temperature was selected as the 

optimal duration for MTT reduction in S. aureus and E. coli. 

3.3.3. Optimization of the dissolution and quantification procedures of formazan. 

To measure the formazan accurately, adequate dissolution of formazan and suppression of 

interferences is essential. Some protocols advise removing the culture medium prior to adding the 

organic solvent, to ensure full dissolution of the formazan crystals and to avoid errors lead by the 

medium, such as unreduced MTT and chemical components that can disturb the formazan 
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dissolution or the absorbance of formazan (Wang et al., 2010; Shi et al., 2007; Li and Song, 2007; 

Young et al., 2005). Removing the culture medium requires an additional step, and different 

amounts of culture medium residues also cause errors. Other researchers aim to avoid this step by 

using potent solubilizers such as ammonia and NaOH (Oh and Hong, 2022; Benov, 2021; Perri et 

al., 2016; Wang et al., 2012; Niks, 1990). However, we observed the following tetrazolium ring-

opening reaction through color transformation under room and higher temperatures in 30 mins, 

shown in Fig. 3.3. This property of MTT has been suggested for antioxidant ability testing (Liu 

and Nair, 2010). But in cell viability testing, it will give false positive results, leading to a read 

higher than the actual value. 

 

Fig. 3.3. The spontaneous conversion of MTT to formazan in NH3·H2O (1-10 M) and NaOH 

(0.1-1 M) solution. 

It is also worth noting that the commonly used absorption wavelengths of formazan (490–

630 nm) (Deb and Vimala, 2018; Wang et al., 2012; Shi et al., 2007; Wang et al., 2007; Stowe et 

al., 1995; Stevens and Olsen, 1993; Mosmann, 1983; Broughton and Jahans, 1997) overlaps with 

the wavelength range used for most microorganisms (400-770 nm) (Wang et al., 2011), which 

means neither method mentioned above can avoid the error caused by the bacteria itself; a clarified 

solution is difficult to obtain even with potent solubilizers. In addition, some other interferences 

cannot be ignored. Prolonged reduction time possibly causes the conversion of formazan to 

colorless derivatives (Stowe et al., 1995). Using a low pH buffer or acidic organic solvent causes 

absorbance to shift, leading to a lower reading (Wang et al., 2012; Plumb et al., 1989). 

To eliminate all the above interferences, we suggest that the best path is to isolate formazan 

from the cell suspension and measure it individually. Structurally speaking, MTT formazan is a 

non-polar lipophilic compound; it will accumulate inside the cells before being actively 

transported out of the cell by bacteria. In this experiment, we optimized the MTT reduction time 

(30 mins); we then completed the MTT assay (taking advantage of the property that MTT formazan 

is insoluble in water and is deposited inside the cells), separated the bacteria from aqueous solution 

by centrifugation, followed by pure organic solvent immersion and ultrasound-assisted dissolution. 

Next, the formazan was isolated by HPLC to achieve precise quantification. In this step, the 

solution loss during HPLC sample preparation did not affect the results because the concentration 

and injection volume of formazan solution was constant. Besides, during the analysis, a column 
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guard was used to filter possible cell debris, and blank runs were applied after each sample for 

washing accumulated salt and monitoring the column pressure. The present study did not observe 

an obvious pressure increase after hundreds of runs, indicating that the HPLC sample preparation 

steps described in section 3.2.3 were effective to remove debris. For the smooth entry of organic 

solvents into cells and subsequent reversed-phase HPLC analysis, we recommend acetone, 

isopropanol and DMSO, which are less polar (≤ 50% water polarity) and miscible with water. In 

this experiment, the low-cost solvent isopropanol was used. 

3.3.4. Linear equation of bacteria optical density and formazan peak area 

The disadvantage of the microplate reader is that there is no selectivity for the target 

compound. That is, components that interfere with absorption will be read as well. HPLC results 

are shown in Fig. 3.4. Compared with the blank sample (1) and formazan standard (2), the impurity 

detected in the high-yield group (3) caused an error of around 10%, and the impurity detected in 

the low yield group (4) caused an error of over 30%. This result indicates that despite removing 

the bacteria and precipitates during sample preparation, there are still non-negligible impurities 

that can be read.  
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Fig. 3.4. Examples of HPLC measurement of formazan at 570 nm. 1) Pure water (Blank); 2) 

Formazan standard. No significant impurity signal peaks were observed; 3) Formazan produced 

by a high concentration of bacteria. The peak area of formazan accounts for 90% of the total 

peak area; 4) Formazan produced by the low concentration of bacteria. The peak area of 

formazan accounts for 64% of the total peak area. 

Therefore, in this experiment, HPLC was chosen as the best formazan measurement method 

for eliminating errors to the greatest extent. The peak area of formazan can be selectively and 

accurately obtained, demonstrating strong reproducibility in experiments.  

To compare the reducing ability of the two tested bacteria, we first prepared S. aureus and E. 

coli suspensions into seven concentration gradients respectively and measured the OD600 with a 

microplate reader before the MTT assay. Thus, the OD600 of each concentration gradient was S. 

aureus: 0.0795, 0.1448, 0.2212, 0.3089, 0.4612, 0.6387, and 0.7709; E. coli: 0.0813, 0.1465, 

0.2266, 0.3131, 0.5061, 0.6393, and 0.7640. 
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During the assay, we noticed that under culture conditions, the amount of formazan (peak 

area) produced by S. aureus had a good linear relationship with the concentration of the selected 

bacterial suspension, while E. coli lost the linear relationship when the OD600 of the bacterial 

suspension exceeded 0.5 and the measured value was lower than the theoretical value. At first, we 

thought that the increase in bacterial density reduced the overall viability of E. coli. However, 

when we double-diluted the formazan produced by E. coli and measured it again, a good linear 

equation was obtained. This result shows that for E. coli, when the OD600 of the bacterial solution 

is greater than 0.5, the amount of formazan produced at room temperature for 30 mins still can 

exceed the linear range of the formazan absorbance, resulting in a lower reading than the actual 

value. 

In the current protocol, for the S. aureus assay, we replaced the medium with the same volume 

of organic solvent to dissolve the formazan (V2=V1=1 mL) and used twice the volume of organic 

solvent for the E. coli assay (V2=2V1=2 mL) to ensure that subsequent testing results were all 

within the linear interval. The regression curves of bacterial OD600 and formazan peak area are 

shown in Fig. 3.5. 
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Fig. 3.5. The linear relationship between the optical density (OD) of bacterial suspension 

measured by microplate reader at 600 nm and the amount of formazan yield during MTT assay 

measured by HPLC at 570 nm.  

This step measured the scale factor “a” of both selected bacterium in key equation 1: 

𝑦1(OD600) = 𝑎𝑥(Peak area) 

S. aureus: 𝑦1= 0.009840𝑥 (Intercept set to 0, R2 = 0.9962, 1/slope = 101.6, P < 0.0001). 

E. coli: 𝑦1= 0.01071𝑥 (Intercept set to 0, R2
 = 0.9918, 1/slope = 93.33, P < 0.0001). 

Interestingly, we obtained two similar equations after a double dilution of the formazan 

produced by E. coli. This result suggests that at the same volume and OD600, the capacity of E. coli 

to reduce MTT is roughly twice that of S. aureus. 
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3.3.5. Linear equation of bacteria optical density and the number of CFUs 

The pour plate technique was used in this experiment to reduce cell aggregation and cell 

adhesion caused by using the spreader. In our comparative pre-experiments, the higher CFU 

counting results were obtained by the pour plate technique, which agreed with the results in Pyar 

and Peh (2014).  

Like the bacterial suspension preparation process mentioned in section 3.2.4, the OD600 of 

each bacterial suspension was measured using a microplate reader before 10-fold dilution. We 

repeated the whole viable counting experiment three times, and each plate was counted twice after 

24 hours and 72 h, respectively. The linear relationship, with outliers removed, is shown in Fig. 

3.6. 
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Fig. 3.6. The linear relationship between the optical density (OD) of bacterial suspension measured by 

microplate reader at 600 nm and CFU number obtained by the pour plate counting method. 

This step measured the scale factor “b” of both selected bacterium in key equation 2: 

𝑦2(CFU/mL) = 𝑏𝑦1(OD600) 

S. aureus: 𝑦2= 488.3×106𝑦1 (Intercept set to 0, R2 = 0.9961, 1/slope = 0.002048, P < 0.0001). 

E. coli: 𝑦2= 251.3×106𝑦1 (Intercept set to 0, R2
 = 0.9959, 1/slope = 0.003979. P < 0.0001).  

The equations suggest that, under the current culture conditions, at the same volume and 

OD600, the CFUs of S. aureus are roughly twice that of E. coli. In section 3.3.4 we concluded that 

the capacity of E. coli to reduce MTT at the same volume and OD600 was twice that of S. aureus. 

Therefore, under the present culture conditions, individual E. coli demonstrate approximately four 

times greater capacity for MTT reduction compared to S. aureus. 

3.3.6. Linear equation of formazan peak area and formazan concentration 

Formazan has a long history as a dye compound (Aljamali et al., 2019). According to the 
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color wheel, a dye normally absorbs light that is complementary to the reflected light; the deeper 

the color, the stronger the absorption (Parkhurst and Feller, 1982; Kumar et al., 2021). Due to this 

property, the absorbance-concentration linear interval of dyes tends to be much narrower than 

colorless substances since they may have stronger light absorption properties at very low 

concentrations. 

In the linear interval measuring experiment, the real deviation was observed at a formazan 

concentration higher than 125 μg/mL, as shown in Fig. 3.7. This result indicates that the linear 

range of the formazan dye as an indicator is indeed very narrow. It also further supports our 

inference in section 3.3.4 that bacterium could produce formazan beyond the linear range in a short 

period of time. Moreover, the MTT reduction time should be controlled in a short period of time 

or the applicable concentration of MTT should be prepared much lower than that commonly used 

for mammalian cell experiments.  
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Fig. 3.7. Concentration-absorbance relationship curve of formazan standard measured by HPLC 

at 570 nm. The real deviation was observed at concentrations above 125 μg/mL. 

The linear equation within the linear interval of Fig. 3.7 was calculated. This step measured 

the scale factor “c” in key equation 3: 𝑦3(μg/mL) = 𝑐𝑥(Peak area)  

𝑦3= 0.9278𝑥 (Intercept set to 0, R2 = 1.0, 1/slope = 1.078, P < 0.0001). 

3.3.7. Linear equation of the number of CFUs and the mass of formazan produced.  

Back to the proposed equation  𝐶𝐹𝑈 = 𝑘𝐹 =
𝑎𝑏𝑉1

𝑐𝑉2
· 𝐹 

‘CFU’ is the number of colony-forming units, and ‘F’ is the mass of formazan produced by 

bacteria. ‘V1’ is the volume of bacterial suspension to be tested, and ‘V2’ is the volume of organic 

solvent used to dissolve formazan. Both are artificially chosen constants. ‘a’, ‘b’ and ‘c’ are the 
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constants associated with the bacterial culture conditions that have been calculated in the three key 

equations described above. 

Therefore, the CFU number and the amount of formazan relationship equations are: 

S. aureus: 𝐶𝐹𝑈 =
𝑎𝑏𝑉1

𝑐𝑉2
· 𝐹 =

0.00984·488.3×106·1

0.9278·1
· 𝐹 = 5.1788×106 · 𝐹 

E. coli: 𝐶𝐹𝑈 =
𝑎𝑏𝑉1

𝑐𝑉2
· 𝐹 =

0.01071·251.3×106·1

0.9278·2
· 𝐹 = 1.4504×106 · 𝐹 

Using these equations, the number of CFUs in the bacterial suspension (cultured under 

standard conditions) can be calculated directly by measuring the amount of formazan produced at 

room temperature for 30 mins. Moreover, the CFU calculated by these equations can also be used 

as a unit for the overall viability of bacteria, representing the equivalent of bacteria cultured under 

other conditions relative to standard conditions. 

This method also has the potential to improve the current evaluation methods such as 

minimum inhibition concentration (MIC) testing. For the conventional broth dilution method, by 

performing an MTT assay, the inhibition rate at each concentration of tested compound can be 

evaluated by calculating the initial and final CFU number, thereby obtaining the growth inhibition 

curve to evaluate the amount-effect relationship. Furthermore, this method greatly reduces the 

errors caused by colored compounds (colored solution) as well as non-water-soluble compounds 

(turbid liquid).  

3.4. Conclusion 

The present study provided an improved protocol that aims to eliminate interferences in both 

the reduction and measurement stages of the bacterial MTT assay, achieving an accurate 

quantification of formazan. We described a method to establish an equation for a given bacterium 

to calculate its CFUs by measuring the amount of formazan. Providing a possible alternative 

method for microplate counting greatly saves time for subsequent experiments. This equation is 

based on the fundamental principle of the MTT assay. Theoretically, the establishment method of 

the equation is applicable to most microorganisms. In the current study, S. aureus and E. coli were 

used, and the reduction time was determined according to their cycle of production and excretion 

of formazan. It may be necessary to re-determine the reduction time by using the continuous MTT 

assay described in section 3.2.3 when it is applied to other strains.  

Our experiment also identified a new limitation of using the MTT assay on bacteria, which is 

the narrow linear interval of formazan concentration-absorbance and provided the strategies to 

solve it. The experiment was conducted under controlled conditions at room temperature to reduce 
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formazan production. Additionally, the concentration of the resulting formazan solution was 

regulated within the linear range using solvent dilution. The current findings provide evidence that 

S. aureus and E. coli reduce MTT by a cyclic process of formazan accumulation, exocytosis, and 

re-accumulation. The first cycle takes about 40-60 mins and causes cell damage and formazan 

leakage. The optimal reduction time for both bacterial strains tested is 30 mins. The capacity of 

individual E. coli to reduce MTT is roughly four times greater than that of S. aureus. To avoid 

interferences in the dissolution and quantification of formazan, HPLC was employed to separate 

the formazan from the mixture, enabling precise measurement of the peak area. This method is 

different from conventional MTT assay protocols for bacteria and achieved a significant 

improvement. 

In summary, this enhanced MTT bacterial assay serves as a means of data standardization 

through HPLC analysis. The precise quantification of formazan facilitates the accurate 

determination of CFUs, potentially obviating the necessity for protracted and repetitive plate-

counting procedures in extended experiments. Furthermore, the refinement of this methodology 

may yield valuable insights for other assays associated with MTT. 
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Chapter Four 

TLC-bioautography-guided identification and assessment of the 

antibacterial compounds from plant extracts 

This chapter presents a refined approach for bioassay-guided isolation and identification from 

plant extracts and was demonstrated using Feijoa sellowiana fruit peels as an example. Moreover, 

it is noted that the conventional direct TLC-bioautography method is not appropriate for 

osmotically susceptible bacteria, such as Escherichia coli. To address this limitation, a 

straightforward technique is introduced in this research to overcome this challenge, enabling the 

establishment of a universal TLC-based antibacterial assay for both Staphylococcus aureus and 

Escherichia coli. 

This chapter has been published in the following peer-reviewed publication: 

Xu, W., Shi, D., Chen, K., & Popovich, D. G. (2024). TLC-bioautography-guided 

identification and assessment of the antibacterial compounds from Feijoa sellowiana. 

Phytochemical Analysis. 
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Abstract 

A rapid method was developed for the targeted isolation and assessment of antibacterial 

compounds from plant-based materials. The effectiveness of this method was demonstrated using 

Feijoa sellowiana fruit peels as an example. Active compounds were targeted using TLC-

bioautography against S. aureus, and their identification was achieved through HR-ESI-MS and -

MS/MS combined with Compound Discoverer 3.3. Purification was carried out using a customized 

separation method. The main antibacterial compound identified was flavone. A total of 29 mg of 

flavone with a purity of approximately 96% was isolated from 102 g of dried Feijoa sellowiana 

fruit peels. The structure of flavone was confirmed using Nuclear Magnetic Resonance (NMR) 

spectroscopy. Two enhanced antibacterial assays were described, specifically the Minimum 

Effective Dose (MED) determination based on direct Thin Layer Chromatography (TLC)-

bioautography, and the colorimetric broth microdilution assisted by High Performance Liquid 

Chromatography (HPLC). These methods were refined to mitigate the interference arising from 

compounds exhibiting intense coloration in solution or extreme insolubility in the aqueous matrix. 

The results indicate that the MED (on the TLC plate), Minimum Inhibitory Concentration (MIC), 

and Minimum Bactericidal Concentration (MBC) of flavone against S. aureus were found to be 

4.2-5.2 μg/cm2, 225-275 μg/mL, and 550-650 μg/mL, respectively. Similarly, the MED, MIC, and 

MBC against E. coli were determined to be 5.2-6.1 μg/cm2, 325-375 μg/mL, and 375-425 μg/mL, 

respectively. 

Keywords: Feijoa sellowiana; TLC-bioautography; Compound Discoverer; NMR; 

antibacterial activity; colorimetric broth dilution. 
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4.1. Introduction 

Antibiotic resistance is a growing global concern (Westh et al., 2004). The excessive and 

improper utilization of antibiotics has been recognized as the primary factor for the swift 

emergence of antibiotic-resistant bacteria (Blaskovich et al., 2017; Chandra et al., 2017). Although 

the capacity to alter their chemical structure allows for the development of new antibiotics, these 

ostensibly novel antibiotics continue to fall within the chemical classifications identified since the 

1960s. In other words, the genuine novel antibiotics have not been successfully developed in recent 

decades (Lewis, 2013; Prasad et al., 2019). Clinical investigations have revealed that resistance 

developed against one antibiotic often extends to other antibiotics within the same class (Cheesman 

et al., 2017; Chandra et al., 2017). Consequently, our capacity to combat microbial infections has 

remained stagnant for an extended period. 

In order to address the escalating issue of antibiotic resistance, phytochemicals may offer a 

promising avenue for resolution. Over the course of 350 million years, plants and their associated 

microorganisms have undergone co-evolution, resulting in the development of secondary 

metabolites that serve as integral components of plant defense mechanisms against pathogens 

(Magallón and Hilu, 2009; Clarke et al., 2011; Chassagne et al., 2021). Recent statistical analyses 

have unveiled that the estimated count of known plant species stands at approximately 374,000 

(Christenhusz and Byng, 2016), implying that a considerable number of bioactive compounds 

remain undiscovered. 

Conventional bacterial susceptibility tests can be categorized into dilution methods that 

determine Minimum Inhibitory Concentration (MIC) and diffusion methods that generate zone 

diameter as results (Jorgensen and Turnidge, 2015). There exist numerous phytochemicals that 

pose challenges in conducting conventional bacteriostatic activity assays, primarily due to their 

physical characteristics. For instance, terpenes and certain alkaloids exhibit poor water solubility, 

impeding their diffusion and dissolution even with the aid of solubilizers. Additionally, compounds 

like tannins possess intense coloration, which can potentially result in erroneous absorbance 

readings. (Shi et al., 2023). 

Consequently, the objective of this study was to develop an efficient procedure utilizing direct 

TLC-bioautography to facilitate the targeting, identification, and purification of pure antibacterial 

compounds from plant extracts. Moreover, to enhance the precision of assessing the antibacterial 

efficacy of phytochemicals, this investigation delineated a method based on TLC-bioautography 

to determine the Minimum Effective Dose (MED), alongside a colorimetric broth microdilution 

aided by HPLC for evaluating the isolated active compounds. The choice of Feijoa (Feijoa 

sellowiana) fruit peel as the plant material under examination was primarily motivated by the 
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scarcity of research related to the identification and purification of its active constituents. 

4.2. Materials and Methods 

4.2.1. Chemicals and reagents 

Methanol, n-hexane, acetone, absolute ethanol, and ethyl acetate for extraction and non-

instrumental analysis were analytical research grade, acetonitrile, methanol, and formic acid used 

for instrumental analysis were LC-MS-grade (Merck, Germany). Normal phase thin-layer 

chromatography (TLC, silica gel F254, 0.2 mm in thickness, aluminum sheets), silica gel used for 

column chromatography (particle size 40 μm) and aluminum oxide used for column 

chromatography (activated, neutral, particle size 60 μm) were purchased from Sigma-Aldrich, 

USA. The TLC chromogenic reagent used (Vanillin-H2SO4 reagent) was a mixture of two stock 

solutions: solution A contained 2 g of vanillin (99%, Sigma-Aldrich, USA) and 50 mL absolute 

ethanol, solution B contained 10 mL sulfuric acid (98%, Sigma-Aldrich, USA) and 40 mL absolute 

ethanol, stored at room temperature (22 °C) in the dark. 3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide (MTT, 99%, AK Scientific, USA) stock solution, 5 mg/mL, and 

tetracycline, ampicillin (98%, Sigma-Aldrich, USA) stock solution, 0.1 mg/mL, were prepared in 

sterile water and stored at 4 °C in the dark. Chloroform-d (99.9%, Sigma-Aldrich, USA) was used 

for nuclear magnetic resonance (NMR). 

4.2.2. Plant material 

Feijoa fruits were locally collected in Palmerston North, New Zealand (June 2021). The plant 

was identified as Feijoa sellowiana at the School of Natural Science, Massey University. After the 

flesh was removed, the peels were air dried in an oven at 40 °C and ground into a fine powder (60-

80 mesh) by a grinding mill (HC-2000Y, Wuyi Haina Electric Appliance Co., Ltd, China), 102 g 

of total dry matter was obtained. 

4.2.3. Extraction of total phytochemicals 

The powder of feijoa fruit peel (102 g) was extracted by 500 mL of methanol in a Soxhlet 

extractor for 12 hours. The temperature in the thimble during extraction is about 60 °C. Extracts 

obtained were concentrated on a rotary evaporator at 35 °C to yield approximately 10 g of gum-

like crude extracts. 

4.2.4. Bacteria cultivation and MIC test 

Staphylococcus aureus (ATCC 25923) and Escherichia coli (ATCC 25922) strains were used 



71 
 

in this study. The strain was obtained from the Microbiology Department, Massey University, and 

stored in brain heart infusion (BHI, Difco) agar slants at 4 °C. For each experiment, a single colony 

was picked and cultured in BHI broth at 37 °C for 24 h. A bacterial suspension with an optical 

density of 1.2 measured by a spectrophotometer (ThermoFisher GENESYSTM 180) at 600 nm 

was prepared for direct TLC-bioautographic detection. 

The broth microdilution method was employed to assess the MIC of purified compounds. The 

assay was performed on a 96-well plate, bacterial suspensions were 100 times diluted after 

overnight culture, and tested samples were prepared in 950, 850, 750, 650, 550, 450, 350, 250, 

150, and 50 μg/mL, 100 μL of bacterial suspension and 100 μL of sample solution were mixed 

during the test. Tetracycline and ampicillin (100 μg/mL) were used as a positive control, DMSO 

was used as a solubilizer, and the final concentration was controlled to less than 2%. The results 

were read directly by a microplate reader (Thermofisher Varioskan LUX) and again read by HPLC 

after the addition of MTT (30 mins, 22 °C). This improved colorimetric method was detailed in 

our previous research (Xu et al., 2023). 

4.2.5. TLC analysis and direct bioautography 

Feijoa sellowiana fruit peels crude methanol extract was dissolved in methanol at a 

concentration of 1 mg/mL and used for following TLC analysis. A mixture of n-hexane and acetone 

(7:3, v:v) was used as the developing agent. Plates were developed in a rectangular TLC 

developing chamber. The chamber was shaken with the developing agent and sealed with parafilm 

before each experiment. The plates were removed when the solvent front had moved to 90% of the 

total plate length (10 cm) and subsequently allowed to dry. The separated compounds were 

visualized under 254 nm UV light (Dark Box UV lamp, Qiwei ZF-1, China) followed by vanillin-

H2SO4 reagent sprayed and heated for color reaction. 

Direct bioautography was performed by the procedure described in the recent articles (Wang 

et al., 2021; Dewanjee et al., 2015). TLC plates with separated compounds were dried in a fume 

hood overnight, sterilized with UV light for 20 minutes, and immersed for 10 seconds in the 

bacterial suspension. The plates were kept in a glass container and wrapped with aluminum foil. 

For TLC with S. aureus, the wrapped containers were directly incubated at 37 °C for 16 hours. For 

TLC with E. coli, the inner walls of the container were sprayed with a layer of water mist, and 

water-saturated absorbent cotton (10 mL) was placed in the corner of the container before 

wrapping, then incubated at 37 °C for 16 hours in total. For visualization of microbial growth, 

MTT was sprayed onto the plates and re-incubated at 37 °C for 3 hours. Clear white zones against 

a bluish-violet background on the TLC plate indicate the anti-microbial activity of the compounds 

(Choma and Grzelak, 2011; Das et al., 2010; Dewanjee et al., 2015). The white zone is referred to 

as the inhibition zone in this study. 
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The MED of tested chemicals was determined by continuously reducing the amount of sample 

spotted. The minimum dose that maintains a clear inhibition zone on the plate after 16-20 hours 

was defined as the MED. The spotting volume throughout the study was unified to 3 μL to ensure 

the sample area on the TLC plate was consistent, and a pipette was used to complete the spotting. 

The tested sample solutions were first diluted into several concentration gradients (475, 425, 375, 

325, 275, 225, 175, 125, 75, and 25 μg/mL), then cultured and stained following common TLC-

bioautography procedures after spotting. 

4.2.6. Rapid identification of target compounds 

The main compound related to the major inhibition zone was selected as the target compound 

in this study. For rapid identification, the target compound to be tested was located by retention 

factor (Rf) value and the color response of vanillin-H2SO4 staining and was collected by scraping 

the silica gel from the TLC plates directly and flushing with acetone. The crude methanol extracts 

(1 mg/mL) and the collected target compound were analyzed by UHPLC-HR-MS (Thermofisher 

Dionex Ultimate 3000 High-Performance Liquid Chromatography and Q Executive Focus High-

Resolution Mass Spectrometer) and identified through online database matching performed by 

Compound Discoverer 3.3. The separation was performed by a Thermofisher Hypersil GOLD C18 

Column, 100 × 2.1 mm, particle size 1.9 μm. Running method: solvent A water/0.1% formic acid, 

solvent B acetonitrile/0.1% formic acid. 0-3 min 5% B, 3-20 min 5%-60% B, 20-22 min 60%-95% 

B, 22-25 min 95% B, 25-28 min 95%-5% B, 28-30 min 5% B, 0.2 mL/min flow rate. The inject 

volume was set to 5 μL and the column oven was maintained at 25 °C. Mass spectra were acquired 

under an electrospray ionization (ESI) source in both positive and negative ionization modes 

through full MS and data-dependent MS/MS analysis. The optimal MS parameters were set as 

follows: spray voltage, 2.5 kV; capillary temperature, 350 °C; sheath gas, 35 units; auxiliary gas, 

10 units; auxiliary gas heater temperature, 200 °C; sweep gas, 5 units; collision energy, 30 eV. The 

mass range was set from 100 to 800 m/z at a resolution of 70,000. 

4.2.7. Target compounds purification 

Based on the physical properties (molecular weight, polarity, adsorbability, etc.) of the 

identified compound, a targeted gradient elution column chromatography method was designed. 

To fully dissolve the target compounds and minimize impurities, different proportions (10:0, 9:1, 

8:2, 7:3, 6:4, 5:5) of the n-hexane: acetone mixtures were tested to dissolve the crude extract (first 

dissolution). The insoluble residue was then filtered and fully dissolved in a mixture of acetone 

and methanol (second dissolution). To test for the complete dissolution of the target compounds, 

TLC detection was performed on both solutions obtained from the two dissolutions. The present 

study discovered that when the ratio was 7 to 3, the n-hexane: acetone mixture could fully dissolve 

the target compounds in the crude methanol extract. 
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The crude methanol extracts 10 g were suspended in a 200 mL mixture of n-hexane and 

acetone (7:3, v:v) to fully dissolve the target compound and undissolved high polar non-target 

compounds were removed by filtration. The resultant solution was concentrated into 10 ml and 

separated by silica gel column chromatography (n-hexane: acetone, 9.5:0.5 to 8.5:1.5 to 7:3, v:v) 

and the target compound was found in the second fraction by TLC testing. The second fraction 

was further separated by aluminum oxide column chromatography (n-hexane: acetone, 9:1, v:v). 

The purity of the isolated compound was determined by the HPLC area normalization method on 

triplicate experiments, the detection was with a DAD (diode array detector, Dionex, Ultimate 3000) 

at 210 nm and 255 nm respectively, performed in the same column described in section 4.2.6. The 

running method included pure methanol, 15 mins, 5 μL inject volume, 0.2 mL/min flow rate, and 

column oven maintained at 25 °C. 

4.2.8. Nuclear magnetic resonance (NMR)  

The 1H, 13C and Distortionless Enhancement by Polarization Transfer (DEPT 135°) NMR 

(Bruker AV 500 spectrometer) were used to verify the identification results of Compound 

Discoverer as well as for detecting any other non-UV-active organic compounds (impurities) 

derived from the extract. The tested sample was prepared in chloroform-d. The chemical shifts 

were reported in parts per million (ppm) downfield from Tetramethylsilane (TMS). 

4.2.9. Data acquisition and software analysis 

Images of the plates were processed by ImageJ (National Institutes of Health, USA, version 

1.53t). The structure diagram of compounds was edited using ChemBioDraw (CambridgeSoft, 

USA, version 14.0). The mass data acquisition and analysis were performed by Xcalibur 

(Thermofisher, USA, version 4.4). The compound identification was performed by Compound 

Discoverer (Thermofisher, USA, version 3.3). The NMR spectrum was processed by MestReNova 

(Mestrelab Research, Spain, version 6.1.0).  

4.3. Results and Discussion 

4.3.1. Direct TLC-bioautography 

 The first step of the investigation was to develop a method to separate the main compounds 

on normal phase TLC and then measure the bacterial growth inhibitory activity of each separated 

compound. The target compound should exhibit a strong color response, regular shape, and 

obvious inhibition zone on the TLC plate. As shown in Fig. 4.1, four inhibition zones can be 

observed in the four parallel incremental spotting bioautography tests (Fig. 4.1A), the zones of 

inhibition did not show a trend of shrinking until the spotting volume was as low as 2.5 μL, 
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equivalent to 2.5 μg of the crude extract, which indicates the high amount of the active compounds 

in the total extracts. Three of the zones exhibited fuzzy boundaries and irregular shapes. This 

phenomenon indicates that the anti-bacterial ingredient is losing its effect after 24 hours of culture, 

and the surrounding bacteria has begun to grow and cover the original inhibition zone, suggesting 

a poorly sustained bacteriostatic effect of the related compounds. 

 
Fig. 4.1. A) Bioautography assay of 1 mg/mL Feijoa sellowiana fruit peels crude extract under 

incremental spotting method against Staphylococcus aureus at 37 °C, 24 h. B) Vanillin-H2SO4 staining 

result. C) 254 nm UV absorption result. 

In the Vanillin-H2SO4 staining test (Fig. 4.1B), the clear zone corresponded with two major 

color responses, purple and chartreuse. The chartreuse spot assumed a crescent shape underneath 

the purple oval spot, indicating a competitive adsorption effect. Both compounds have strong UV 

absorption (Fig. 4.1C), showing the same results under a 254 nm UV lamp that can be easily traced 

and distinguished. Besides, the chartreuse compound can also be observed underneath the clear 

zones in Fig. 4.1A, therefore, the purple-colored compound with the same shape as the zone of 

inhibition is most likely its active ingredient. Combining the above factors, the compound at 0.40 

Rf value that can be purple-colored by Vanillin-H2SO4 reagent was chosen as the target in this study. 

4.3.2. Structure identification 

After the target was selected, the multiple TLC separations were repeated. The target 

compound was collected from plates and analyzed by UHPLC-HR-MS, and Compound 

Discoverer 3.3 was used for spectra matching to the mzCloud MSn spectral library, ChemSpider 

structure database and Mass List (Piovesana et al., 2020; Figueroa et al., 2021; Oulkar et al., 2022). 

The Fragment Ion Search (FISh) was applied to further identify the fragments under 30 eV 
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collision energy (Wank et al., 2016). The identification results are listed in Fig. 4.2. Other details 

of software settings, the database included in Mass List, and workflows are provided in 

supplementary data (Appendix 2). 

 

Fig. 4.2. The chemical information and identified MS2 fragments of the compound matched with the 

inhibition zone. *RT: retention time; Calc. MW: calculated molecule weight. 

This result largely agreed with a previous activity-guided fractionation study, where flavone 

was identified as the active compound of feijoa fruit that showed high anti-bacterial activity against 

multiple bacterial strains tested (Basile et al., 2010). However, compared to the conventional 

column chromatography fractionation-activity determination cyclic process, the procedures in the 

present study can target and identify the active compound more rapidly so that the purification 

process can be designed according to the physical properties of the target compound, which greatly 

saves time and consumables costs. 

4.3.3. Target compound purification and NMR verification 

According to the identification results, the target compound is flavone or 2-phenylchromen-

4-one, the backbone of all flavonoids (Das, 1994). Compared with most other flavonoids, the 

absence of hydroxyl groups greatly increases its lipid solubility. Therefore, to find a suitable 

elution gradient, we dissolved a small amount of the methanol extract in n-hexane: acetone mixed 

in different proportions as described in section 4.2.7 and the undissolved precipitates were filtered 

and dissolved in an acetone methanol mixture, followed by TLC detection. It was found that the 

flavone in the methanol extract could be completely dissolved when the ratio of n-hexane to 

acetone was 7:3. 

After dissolving the methanol extract using a mixture of n-hexane and acetone (7:3, v:v), we 

performed normal-phase silica gel column chromatography on the dissolved compounds. Then, 

using its lack of phenolic hydroxyl groups and its poor adsorption properties to aluminum oxide, 

the obtained crude flavone was further purified by aluminum oxide column chromatography, and 
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29 mg of pure product was obtained. The final yield of flavone in this study is approximately 2.9 

mg/g (crude extracts, wet weight) and 280 mg/kg (original plant, dry weight). Compared with 

another related study, the yield of flavone was 7.3 mg, approximately 23.6 mg/kg (original plant, 

dry weight) (Aoyama et al., 2018). The purity of flavone in the final product is 96.06%, calculated 

by HPLC using the area normalization method (Fig. 4.3). 

 
Fig. 4.3. HPLC chromatogram of flavone isolated from Feijoa sellowiana fruit peel. Due to partial 

overlap between peaks, this experiment calculated the peak area after segmentation (Light blue line). 

To further validate the accuracy of the software identification results and to eliminate the 

possibility of non-ultraviolet absorbing impurities in the product, a Nuclear Magnetic Resonance 

(NMR) analysis was conducted on the obtained product. The 13C spectrum is shown in Fig. 4.4, 

and the full 1H, 13C and DEPT spectra were given in the supplementary data. Chemical shifts are 

given in δ (ppm), marked on the corresponding positions in the structure. All chemical shifts 

matched previously reported data (Aksnes et al., 1996). No obvious impurity signal can be 

observed in the present spectra, indicating that the target compound has been successfully purified 

from other phytochemicals in the extract and the purity calculated with the HPLC was relatively 

accurate, and the accuracy of the Compound Discoverer identification result was also verified. 
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Fig. 4.4. 13C NMR Spectrum (1D, 125 MHz, CDCl3) of flavone isolated from Feijoa sellowiana fruit 

peel. 

4.3.4. Antibacterial activity assessment 

The antibacterial activity of isolated flavone was assessed by both TLC-bioautography and 

improved colorimetric broth dilution method. As shown in Fig. 4.5, flavone solutions were 

prepared in ten concentrations (475, 425, 375, 325, 275, 225, 175, 125, 75 and 25 μg/mL), and 

each concentration of the solutions was evenly spotted on the TLC plate (spot 1-10). The 

adsorption area of the sample on the TLC plate was fixed at approximately 0.16 cm2 (example 

labelled in Fig. 4.5A) by controlling the spotting volume at a constant 3 μL in one shot. The MED 

of the tested sample was defined as the lowest amount that could maintain a clear inhibition zone 

after the direct bioautography assay described in section 4.2.5. 

The inhibition effect of flavone against S. aureus (Fig. 4.5B) and E. coli (Fig. 4.5C) at 37 °C 

after 16 hours can be directly observed from the plates, namely the spot 5 in Fig 4.5B and spot 4 

in Fig 4.5C. The solution concentrations corresponding to these two spots were 275 μg/mL against 

the S. aureus and 325 μg/mL against the E. coli, respectively. According to the spotted volume and 

adsorption area of the chemicals, the MED of flavone can be calculated, that is 4.2-5.2 μg/cm2 

against the S. aureus and 5.2-6.1 μg/cm2 against the E. coli. 

 

Fig. 4.5. Direct bioautography-based minimum effective dose (MED) determination. Spot 1-10 on 

each plate were serial diluted Flavone samples, constant 3 μL spotting to control an approximately 

0.16 cm2 sample area. The three pictures were: visualized under 254 nm UV light (A), inhibition effect 
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against S. aureus (B) and E. coli (C), 37 °C, 16 h. 

The MIC testing of isolated flavone was initially followed by the conventional micro broth 

dilution method, the results were assessed via the employment of the microplate reader and HPLC. 

Two different types of results were therefore obtained, Fig. 4.6A was the inhibition curve read 

directly by a microplate reader after an overnight incubation, and the curve in Fig. 4.6B was 

obtained by an MTT assay (30 mins, 22 °C) performed immediately after the overnight incubation. 

The viable count was expressed as peak area measured through HPLC. 

Due to the non-water solubility of flavone, even when using a solubilizer, turbidity can still 

be observed at concentrations higher than 175 μg/mL. Therefore, the MIC of flavone was obtained 

through the trend of the inhibition curve, that is 225-275 μg/mL against S. aureus and 325-375 

μg/mL against E. coli (Fig. 4.6A). The function of the additional MTT assay was to eliminate the 

interference caused by sample turbidity. As shown in Fig. 4.6B, the MIC of flavone was further 

confirmed to be 225-275 μg/mL against S. aureus and 325-375 μg/mL against E. coli. Additionally, 

the Minimum Bactericidal Concentration (MBC, peak area close to zero) can also be found to be 

approximately 550-650 μg/mL against S. aureus (estimated by downward trend) and 375-425 

μg/mL against E. coli. 

 
Fig. 4.6. Inhibition curves of flavone against S. aureus and E. coli. Diagram A: using broth 

microdilution method read by microplate reader; Diagram B: using colorimetric broth microdilution 

method read by HPLC (MTT assay, 30 mins, 22 °C). 

The current study did not follow the colorimetric broth microdilution method described in 

other studies, with the outcomes being assessed through visual observation or via the employment 

of a microplate reader (Knezevic et al., 2018; Gattringer et al., 2002). According to the data 

presented in Fig. 4.6B, S. aureus curve, the tested sample demonstrated a strong inhibitory effect 

when compared to concentrations below 225 μg/mL. However, bacterial growth was still 

detectable using the MTT assay, the results were visually read as no inhibitory activity. On the 

other hand, the presence of turbidity caused by the limited water solubility of the flavone resulted 

in inaccurate readings when using a microplate reader. These issues and the HPLC-assist 

colorimetric antibacterial assay were discussed in our previous research (Xu et al., 2023). 
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4.4. Conclusion 

The present study established a procedure to rapidly target, identify and isolate a pure 

bioactive component from the plant extract, and was employed to the waste part of feijoa (Feijoa 

sellowiana) fruit. The major antibacterial compound, flavone, from feijoa fruit peel extracts was 

targeted by direct TLC-bioautography, followed by UHPLC-HR-MS combined with Compound 

Discoverer 3.3 for the identification of the chemical structure, and lastly, a purification process 

was designed specifically for the physical properties of the identified compound. A total of 29 mg 

flavone with purity at around 96% was produced from 102 g of dried peels. The accuracy of the 

software identification and the purity of the isolated flavone was further verified by the NMR.  

The antibacterial activity of flavone was assessed in this study by two improved methods. 

Namely, the TLC-bioautography-based MED determination and HPLC-assist colorimetric broth 

microdilution assay. The results have shown that the MED of flavone was 4.2-5.2 μg/cm2 against 

the S. aureus and 5.2-6.1 μg/cm2 against the E. coli; the MIC of flavone against the S. aureus and 

E. coli was 225-275 μg/mL and 325-375 μg/mL, respectively; the MBC were approximately 550-

650 μg/mL against S. aureus and 375-425 μg/mL against E. coli. 

In conclusion, this study proposed an enhanced bioassay-guided separation technique for the 

isolation of antibacterial compounds from plants, along with two improved methods for assessing 

the antibacterial efficacy of insoluble or colored compounds. 
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Chapter Five 

TLC-bioautography guided isolation and assessment of antibacterial 

compounds from Mānuka (Leptospermum scoparium) leaf and branch 

extracts. 

The advanced methodologies introduced in Chapter 4, along with the novel thin-layer 

chromatography-based antimicrobial detection technique, were further validated in this chapter.  

Mānuka (Leptospermum scoparium) leaves and branches from various sources were studied, 

including an examination of their antibacterial capacity and the variations in antibacterial 

compounds. 

This chapter has been published in the following peer-reviewed publication: 

Xu, W., Shi, D., Chen, K., & Popovich, D. G. (2024). TLC-Bioautography-Guided isolation 

and assessment of antibacterial compounds from Mānuka (Leptospermum scoparium) leaf and 

branch extracts. Molecules, 29(3), 717. 
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Abstract 

A rapid procedure for the targeted isolation of antibacterial compounds from Mānuka 

(Leptospermum scoparium) leaf and branch extracts is described in this paper. Antibacterial 

compounds from three different Mānuka samples collected from New Zealand and China were 

compared. The active compounds were targeted by TLC-bioautography against S. aureus and were 

identified by HR-ESI-MS, and -MS/MS analysis in conjunction with Compound Discoverer 3.3 

(ThermoFisher Scientific). The major antibacterial component, grandiflorone, was identified, 

along with 20 β-triketones, flavonoids, phloroglucinol derivatives. To verify the software 

identification, grandiflorone underwent purification via column chromatography, and its structure 

was elucidated through NMR analysis, ultimately confirming its identity as grandiflorone. This 

study successfully demonstrated that the leaves and branches remaining after Mānuka essential oil 

distillation serve as excellent sources for extracting grandiflorone. Additionally, we proposed an 

improved TLC-bioautography protocol for evaluating the antibacterial efficacy on solid surfaces, 

which is suitable for both S. aureus and E. coli. The minimum effective dose (MED) of 

grandiflorone was observed to be 0.29-0.59 μg/cm2 against S. aureus and 2.34-4.68 μg/cm2 against 

E. coli, respectively. Furthermore, the synthetic plant growth retardant, paclobutrazol, was isolated 

from the samples obtained in China. It is hypothesized that this compound may disrupt the 

synthesis pathway of triketones, consequently diminishing the antibacterial efficacy of Chinese 

Mānuka extract in comparison to that of New Zealand. 

Keywords: Mānuka; Leptospermum scoparium; TLC-bioautography; LC-MS; Compound 

Discoverer; Grandiflorone; NMR; antibacterial activity. 
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5.1. Introduction 

Leptospermum scoparium J.R. et G. Forst, also known as Mānuka, is a member of the family 

Myrtaceae which all species are woody and produce essential oils (Old, 2013). The Mānuka tree 

was originally growing throughout New Zealand (Stephens et al., 2005) and in eastern Australia 

(Thompson, 1989), and was used as herbal medicine by Māori people for hundreds of years (Dip 

and Kinesiology, 2013). This plant is well known as the source of essential oil and the nectar source 

for Mānuka honey. High concentrations of volatile triketones are characteristic compounds and the 

main antibacterial component in its essential oils (Porter and Wilkins, 1999; van Klink et al., 2005). 

The essential oil from the East Cape region of New Zealand’s North Island is the most well-known 

(Perry et al., 1997; Douglas et al., 2004).  

β-triketone, specifically grandiflorone (van Klink et al., 2005) is both antimicrobial and 

herbicidal (Dayan et al., 2007; Dayan et al., 2009). It only occurs in essential oils and is difficult 

to extract by steam distillation due to its low volatility (Porter and Wilkins, 1999; Perry et al., 1997; 

Douglas et al., 2004; Killeen et al., 2016). We speculated that the by-product left over after Mānuka 

essential oil production (steam-distilled Mānuka leaves and branches) could contain bioactive 

molecules, especially grandiflorone. 

Mānuka is also widely cultured in southern and eastern China with a trade name ‘Song 

Hongmei’ or ‘Australian Tea Tree’ (An, 2015) as an ornamental shrub. The objective of this study 

was to rapidly identify and isolate antibacterial components in Mānuka leaves and branches that 

were surplus after essential oil extraction. At the same time, a comparative analysis of the 

antibacterial compounds in steam-distilled, untreated New Zealand Mānuka and untreated Chinese 

Mānuka was conducted. This study also aimed to establish a TLC-bioautography-based method to 

assess the antibacterial ability of tested compounds on the plate surface. 

5.2. Materials and Methods 

5.2.1. Chemicals and reagents 

Methanol, n-hexane, dichloromethane, and acetone for extraction and chromatography were 

analytical research grade; acetonitrile, methanol, and formic acid used for instrumental analysis 

were LC-MS-grade (Merck, Germany). Chloroform-d (99.9%, Sigma-Aldrich, USA) was used for 

nuclear magnetic resonance (NMR). Normal phase thin-layer chromatography (TLC, silica gel 

F254, 0.2 mm in thickness, aluminum sheets), silica gel for column chromatography (40 μm, Sigma-

Aldrich, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT, 99%, AK 

Scientific, USA) stock solution, 5 mg/mL, and tetracycline (98%, Sigma-Aldrich, USA) stock 
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solution, 0.1 mg/mL, were prepared in sterile water and stored at 4 °C in the dark. 

5.2.2. Plant material 

Leptospermum scoparium samples were collected from New Zealand and China. New 

Zealand (NZ) Mānuka was harvested from the East Cape area of New Zealand provided by 

Mānuka Biologicals company, including untreated and steam-distilled samples (Essential oil 

distillation by-products). Chinese (CN) Mānuka was purchased from China Fujian province 

Longyan City and was untreated. The present study focused on the leaves and branches. Mānuka 

samples were air-dried and ground into a fine powder (60-80 mesh) by a grinding mill (HC-2000Y, 

Wuyi Haina Electric Appliance Co., Ltd, China). The dry weight of each sample was 200 g. 

5.2.3. Extraction of phytochemicals 

The powders of three Mānuka samples (untreated NZ Mānuka, steam-distilled NZ Mānuka, 

and untreated CN Mānuka) were extracted by 1000 mL of methanol in a Soxhlet extractor for 12 

h, respectively. The temperature in the thimble during extraction was approximately 60 °C. 

Methanol extracts obtained from each sample were concentrated on a rotary evaporator at 35 °C 

to yield gum-like crude extracts. Then, the crude extracts were suspended in water, and liquid-

liquid extracted by hexane and dichloromethane respectively, to separate compounds based on 

polarity. 

5.2.4. Bacteria cultivation and conventional antibacterial assay 

Gram-positive Staphylococcus aureus (ATCC 25923) and Gram-negative Escherichia coli 

(ATCC 25922) strains were used in this study. The strains were obtained from the Microbiology 

Department, Massey University, and stored in brain heart infusion (BHI, Difco) agar slants at 4 °C. 

For each experiment, a single colony was freshly picked and cultured in BHI broth at 37 °C for 24 

hours. 

The broth microdilution method was employed to assess the minimum inhibition 

concentration (MIC) of purified compounds. The assay was performed on a 96-well plate, bacterial 

suspensions were 100 times diluted after overnight culture, tested samples were 2-fold diluted from 

500 μg/mL, and tetracycline (100 μg/mL) was used as positive control. The lowest concentration 

that remained clear after overnight incubation was determined as the MIC. 

5.2.5. TLC analysis and direct bioautography 

5.2.5.1. TLC analysis 



87 
 

The hexane and dichloromethane extracts were dissolved at a concentration of 1 mg/mL for 

TLC analysis. A mixture of n-hexane and acetone (7:3, v:v) was used as the developing agent. The 

analysis was performed in a rectangular TLC developing chamber. The chamber was shaken with 

the developing agent and sealed with parafilm while developing. The plates were removed when 

the solvent front had moved to 90% of the total plate length (10 cm) and subsequently allowed to 

dry. The results were visualized under 254 nm UV light (Dark Box UV lamp, Qiwei ZF-1, China) 

followed by UV sterilization and bioautography experiments. 

5.2.5.2. Conventional direct TLC bioautography 

Direct bioautography was performed by the procedure described in the published articles 

(Wang et al., 2021; Dewanjee et al., 2015). A bacterial suspension with an optical density of 1.2 

was newly prepared before each test. TLC plates with separated compounds were dried in a fume 

hood overnight, sterilized with UV light for 20 minutes and immersed in the bacterial suspension 

for 10 seconds and stored in a glass container, wrapped with aluminum foil. For TLC with S. aureus, 

the wrapped containers were directly incubated at 37 °C for 16 hours. For TLC with E. coli, the 

inner walls of the container were sprayed with a layer of water mist, and water-saturated absorbent 

cotton (10 mL) was placed in the corner of the container before wrapping, then incubated at 37 °C 

for 16 hours in total. It was discovered that this treatment method can best ensure the effective 

duration of the experiment and the best survival of bacteria. For visualization of microbial growth, 

MTT solution was sprayed onto the plates and re-incubated at 37 °C for 3 h. Clear white zones 

against a bluish-violet background on the TLC plate indicate the anti-microbial activity of the 

compounds (Choma and Grzelak, 2011; Das et al., 2010; Dewanjee et al., 2015), the white zone is 

referred to as the inhibition zone in this study. 

5.2.5.3. Direct bioautography-based minimum effective dose determination. 

This experiment determined the minimum effective dose (MED) of tested chemicals by 

continuously reducing the amount of sample spotted. The minimum dose that maintains a clear 

inhibition zone on the plate after 16-20 hours was defined as the MED. To ensure that the sample 

area on the TLC plate is consistent, the spotting volume throughout the study was unified to 3 μL, 

and a pipette was used to complete the spotting. The tested sample solutions were first diluted into 

several concentration gradients, then cultured and stained as described in the above-mentioned 

procedures after spotting. 

5.2.6. Rapid identification of antibacterial compounds 

The main compound(s) related to an inhibition zone were selected as the target compounds 

in this study. For rapid identification, each target compound to be analyzed was located by retention 
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factor (Rf) value and was collected by scraping the silica gel from other newly developed TLC 

plates without bacteria and flushed with acetone. The hexane and dichloromethane extracts (1 

mg/mL) and each collected target compound were analyzed by UHPLC-HR-MS (Thermofisher 

Dionex Ultimate 3000 High-Performance Liquid Chromatography and Q Executive Focus High-

Resolution Mass Spectrometer) and identified through online database matching performed by 

Compound Discoverer 3.3. The results obtained were further revised with reference to the reported 

chemical composition of Mānuka accomplished by other researchers (Chan et al., 2013; Häberlein 

and Tschiersch, 1998; Mayer, 1990; Häberlein and Tschiersch, 1994). The separation was 

performed using a Thermofisher Hypersil GOLD C18 Column, 100 × 2.1 mm, particle size 1.9 

μm. Solvent A water/0.1% formic acid, solvent B acetonitrile/0.1% formic acid. Running method 

for hexane extracts: 0-4 min 5%-45% B, 4-8 min 45% B, 8-16 min 45%-95% B, 16-25 min 95% 

B, 25-26 min 95%-5% B, 26-30 min 5% B, 0.2 mL/min flow rate. Running method for 

dichloromethane extracts: 0-3 min 5% B, 3-15 min 5%-95% B, 15-18 min 95% B, 18-23 min 95%-

5% B, 0.3 mL/min flow rate. The inject volume was set to 5 μL, column oven was maintained at 

25 °C. Mass spectra were acquired under an electrospray ionization (ESI) source in both positive 

and negative ionization modes through full MS and data-dependent MS/MS analysis. The optimal 

MS parameters were set as follows: spray voltage, 2.5 kV; capillary temperature, 350 °C; sheath 

gas, 35 units; auxiliary gas, 10 units; auxiliary gas heater temperature, 200 °C; sweep gas, 5 units; 

collision energy, 30 eV. The mass range was set from 120 to 1500 m/z at a resolution of 70,000. 

5.2.7. Major active compounds purification 

Normal phase silica gel column chromatography was used to isolate the major active 

compounds related to the maximal inhibition zone. The hexane extracts ~3 g were loaded on a 

manually packed column (4 cm diameter, 50g silica gel), with eluent n-hexane: dichloromethane 

(10:0 to 9.5:0.5 to 8.5:1.5, v:v). Semi-purified compounds were subjected to another column (1 

cm diameter, 10 g silica gel), with eluent n-hexane: dichloromethane (9.5:0.5 to 9.4:0.6 to 9.3:0.7, 

v:v). The purity of the isolated compound was measured by HPLC using the area normalization 

method on triplicate experiments, the detection was with a DAD (diode array detector, Dionex, 

Ultimate 3000) at 220 nm and 254 nm respectively, performed in the same column described in 

section 5.2.6. Running method: linear increases acetonitrile from 45% to 95% in water, 10 mins, 

5 μL inject volume, 0.2 mL/min flow rate at 25 °C. 

5.2.8. Nuclear magnetic resonance (NMR)  

To confirm the structure of key active compounds identified by Compound Discoverer and 

detect non-UV-active organic impurities from the extract, 1H (500 MHz), 13C (125 MHz), and 

DEPT 135° NMR analyses were conducted using a Bruker AV 500 spectrometer. The analyte was 

prepared in chloroform-d. The chemical shifts were reported in parts per million (ppm) downfield 
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from Tetramethylsilane (TMS). 

5.2.9. Data acquisition and software analysis 

Images of TLC plates were processed by ImageJ (National Institutes of Health, USA, version 

1.53t). The chemical structure diagrams were edited using ChemBioDraw (CambridgeSoft, USA, 

version 14.0). The Mass data acquisition and analysis were performed by Xcalibur (Thermofisher, 

USA, version 4.4). The compound identification was performed by Compound Discoverer 

(Thermofisher, USA, version 3.3), through ChemSpider, mzCloud, mzVault and Mass List library 

matching. The NMR spectrum was analyzed by MestReNova (Mestrelab Research, Spain, version 

6.1.0).  

5.3. Results and Discussion 

5.3.1. Analysis of β-triketones 

This experiment simultaneously analyzed and compared the antibacterial compounds in 

hexane extracts of three different Mānuka samples. The hexane extract of untreated CN Mānuka 

(Fig. 5.1-I), untreated NZ Mānuka (Fig. 5.1-II) and steam-distilled NZ Mānuka (Fig. 5.1-III) 

exhibited different antibacterial effects. Under the same concentration (1 mg/mL) and the same 

spotting volume (3 μL), no clear inhibition zone can be observed from the CN untreated Mānuka 

sample. Therefore, we analyzed the corresponding compounds in the inhibition zone displayed by 

two NZ Mānuka samples. The identical TLC separation was repeated five times, and the 

compounds in the center of each inhibitory zone were collected based on the Rf value. Through 

LC-MS and Compound Discoverer analysis, we discovered that there are 4 inhibition zones that 

were formed by a single main compound, the other inhibition zones were caused by complex 

mixtures. The position collected and the structure of major active compounds (1-4) are displayed 

in Fig. 5.1.  

The four major antibacterial compounds are leptospermone (1a) and isoleptospermone (1b), 

a pair of isomers, that were unable to be separated by current TLC and HPLC method; flavesone 

(2), grandiflorone (3) and myrigalone A (4). These compounds belong to β-triketones and are the 

main antibacterial ingredients in Mānuka (van Klink et al., 1999; Killeen et al., 2016). Among 

them, 1a, 1b and 2 are also characteristic components in Mānuka essential oils (Porter and Wilkins, 

1999; van Klink et al., 2005). 
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Fig. 5.1. Bioautography assay of Mānuka hexane extract (1 mg/mL, 3 μL spotting) against S. aureus 

at 37 °C, 16 hours. Sample I: untreated CN Mānuka; Sample II: untreated NZ Mānuka; Sample III: 

steam-distilled NZ Mānuka. Compounds 1-4 are β-triketones detected from the corresponding 

inhibition zones, including: a pair of isomers leptospermone (1a) and isoleptospermone (1b); flavesone 

(2); grandiflorone (3); myrigalone A (4). 

Mass spectrometry analysis of two NZ Mānuka hexane extracts (Fig. 5.2) also revealed that 

the untreated sample contained high concentrations of five β-triketones (Fig. 5.2A), while only (3) 

and (4) could be detected in significant amounts in the steam-distilled sample (Fig. 5.2B). The 

extraction of grandiflorone (3) and myrigalone A (4) through steam distillation is challenging due 

to the presence of benzene-containing substituents in their structure, which elevate their boiling 

point. Consequently, a significant quantity of these compounds persists in the leaves and branches 

after Mānuka essential oil extraction. 

 

Fig. 5.2. Negative mode base peak chromatogram of untreated (A) and steam-distilled (B) NZ 

Mānuka hexane extract. Compound (1): a pair of isomers, leptospermone (a) and isoleptospermone 

(b); Compound 2-4: flavesone (2); grandiflorone (3); myrigalone A (4). 
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Interestingly, in the Rf 0-0.5 area of the TLC plate in Fig. 5.1, steam-distilled Mānuka contains 

significantly more antibacterial compounds than untreated Mānuka. Due to the complex 

components, the present study has not conducted a detailed analysis of its chemical structure 

conversion. However, this result still demonstrated that heating may be an effective way to enhance 

the antibacterial ability of Mānuka products. 

5.3.2. Analysis of flavonoids and phloroglucinol derivatives 

It was noted that when the sample spotting amounts were the same (1 mg/mL, 3 μL spotting), 

the content of antibacterial ingredients in CN Mānuka was almost unobservable, while the 

inhibition zones displayed by the two NZ Mānuka extracts were significantly greater than CN 

sample and showed obvious overlap. In LC-MS analysis, we found that the dichloromethane-

extracted compounds of two Mānuka samples were almost identical. In this section, we selected 

the steam-distilled NZ Mānuka samples (0.5 mg/mL, 3 μL spotting) to compare with CN Mānuka 

samples (1 mg/mL, 3×3 μL spotting). The spotting volume was adjusted to allow all samples to 

present clearer inhibition zones, as shown in Fig. 5.3. Despite this, we still did not isolate more 

active compounds from the hexane extract of NZ Mānuka (Fig. 5.3A-I), and like the previous 

analysis, no clear inhibition zone can be observed from the hexane extract of CN Mānuka (Fig. 

5.3B-I). 

Six antibacterial flavonoids were identified from the dichloromethane extract of NZ Mānuka 

(Fig. 5.3A-II). The antibacterial compounds isolated from the dichloromethane extract of CN 

Mānuka (Fig. 5.3B-II) were largely the same as those in NZ Mānuka and include two additional 

active compounds (7) and (10) that are different from NZ Mānuka. The structures of isolated 

compounds and their positions on TLC are displayed in Fig. 5.3.  
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Fig. 5.3. Bioautography assay of steam-distilled NZ Mānuka (A, 0.5 mg/mL, 3 μL spotting) and 

untreated CN Mānuka (B, 1 mg/mL, 3×3 μL spotting) extract against Staphylococcus aureus at 37 °C, 

24 hours. Sample I: hexane extract; Sample II: untreated NZ Mānuka. Compounds 3-12 are chemicals 

detected from the corresponding inhibition zones including: β-triketones (3) and (4); phloroglucinol 

derivative (7); synthetic plant growth retardant, paclobutrazol (10); flavonoids (5, 6, 8, 9, 11 and 12). 

The LC-MS analysis revealed that the NZ Mānuka (Fig. 5.4A) contains significantly more 

types of flavonoids compared with CN Mānuka (Fig. 5.4B). Compound (7) is a phloroglucinol 

derivative and was only present in CN Mānuka. However, compound (10) was identified as 

paclobutrazol, a synthetic chemical used as a plant growth retardant and fungicide (Tesfahun, 

2018). The CN Mānuka utilized in this study was cultivated as an ornamental plant in China; thus, 

the discovery of paclobutrazol was not unexpected. It is worth noting that this study did not find 

β-triketones, the characteristic components of Mānuka, from CN Mānuka. The flavonoid content 

was also much less than NZ Mānuka. This result is probably caused by the use of paclobutrazol. 

The other flavonoids and phloroglucinol derivatives (13-21) with low content or not collected 

from the inhibition zone are identified and displayed in Fig. 5.5. 

 
Fig. 5.4. Positive mode base peak chromatogram of NZ (A) and CN (B) Mānuka dichloromethane 

extract. Compounds 5-12: chemicals detected from the corresponding inhibition zones shown in Fig. 

5.3. Compounds 13-21: flavonoids and phloroglucinol derivatives identified that have not been 

collected from bioautography assay, structures shown in Fig. 5.5. 
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Fig. 5.5. Chemical structures of low-content or inactive flavonoids (13,14, 16-20) and phloroglucinol 

derivatives (15 and 21) identified from NZ Mānuka dichloromethane extract. 

5.3.3. Major active compound purification and NMR verification 

The bioautography assay (above) and matching of fragmentation patterns have determined 

that grandiflorone (3) was the primary antibacterial compound present in steam-distilled Mānuka. 

Consequently, this section aims to validate the identification results and investigate the potential 

for rapid purification of grandiflorone by employing the most straightforward and expeditious 

method, followed by structural verification using NMR. 

Two steps of normal phase silica gel column chromatography yielded around 30 mg of 

grandiflorone (3) from steam-distilled NZ Mānuka and an NMR analysis was carried on the 

obtained product, the 13C spectrum is shown in Fig. 5.6, and the full 1H, 13C and DEPT spectra are 

given in the supplementary data. Chemical shifts are given in δ (ppm). Compound 3 was confirmed 

to be grandiflorone. All chemical shifts matched previously reported data (van Klink et al., 1999). 

No obvious impurity signal can be observed in both the present spectra and HPLC detection, 

indicating that the target compound has been successfully purified from other phytochemicals. 

The identical purification procedures were applied to untreated Mānuka as well, however, the 

purity of the resulting grandiflorone was significantly lower compared to the utilization of steam-

distilled Mānuka. This outcome suggests that the process of extracting essential oil played a crucial 

role in concentrating the non-volatile β-triketones in plant materials, such as grandiflorone. Steam 

distillation rendered the by-product of Mānuka essential oil extraction a valuable source for 

extracting grandiflorone. 
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Fig. 5.6. 13C NMR Spectrum (1D, 125 MHz, CDCl3) of grandiflorone isolated from steam-distilled 

NZ Mānuka leaves and branches. 

5.3.4. Minimum effective dose of grandiflorone 

Different from conventional MIC testing, the minimum effective dose (MED) was defined in 

this study by the lowest amount of the tested sample to maintain an inhibition zone on the plate 

surface after 16-20 hours. As shown in Fig. 5.7, after eight consecutive twofold diluted of the 

grandiflorone (1 mg/mL), the solution of each concentration was evenly spotted on the TLC plate 

(Fig. 5.7, Sample I). The adsorption area of the sample on the TLC plate is fixed at approximately 

0.16 cm2 (example labelled in Fig. 5.7A) by controlling the spotting volume at a constant 3 μL in 

one shot. This procedure is subsequently followed by the conventional direct bioautography 

method, as detailed in Section 5.2.5. Tetracycline (0.1 mg/mL, Fig. 5.7, Sample II), was used as 

positive control and was subjected to the same treatment as grandiflorone. 

The inhibition effect of grandiflorone against S. aureus (Fig. 5.7A-I) and E. coli (Fig. 5.7B-

I) at 37°C after 16 hours can be directly observed from the plates. The spotted solution 

concentrations corresponding to the last clear inhibition zone are 31.25 μg/mL to the S. aureus and 

250 μg/mL to the E. coli, respectively. According to the spotted volume and adsorption area of the 

chemicals, the MED of grandiflorone can be calculated, as 0.29 - 0.59 μg/cm2 against S. aureus 

and 2.34 - 4.68 μg/cm2 against E. coli. 

As a comparison, the minimum inhibitory concentration (MIC) of isolated grandiflorone was 

measured by conventional micro broth dilution method, the MIC value against S. aureus and E. 

coli was 15.63 - 31.25 μg/mL and 250 - 500 μg/mL, respectively, as expected from previous reports 

(Killeen et al., 2016; van Klink et al., 2005). The results of the two experiments were close, 

grandiflorone showed a potent inhibition effect against S. aureus while requiring about 10 times 

the dose against E. coli. From our existing data, TLC-MED determination requires much less 

sample amount than conventional MIC testing, and the results were clear. The present study 



95 
 

discovered that it is very suitable for non-water-soluble compound testing and solved the 

interference caused by certain compounds having a strong color in liquid which can interfere with 

the absorbance reading. 

The sustained antibacterial effect of grandiflorone was also recorded. Fig. 5.7D and 5.7E 

exhibited the inhibition zones after 40 hours of incubation, even at the highest dose, the effect 

against E. coli was completely disappeared (Fig. 5.7E-I), while the effect against S. aureus just 

started dissipating (Fig. 5.7D-I), until the TLC plate dried out (greater than 48 hours). It can be 

inferred that bacteria will progressively occupy the inhibition zones over a certain period. 

Consequently, in forthcoming research, we intend to investigate the time necessary for the 

inhibition zone to be colonized by bacteria at a specific molar dosage. This parameter will serve 

as an evaluative measure of the compound's susceptibility.  

Like the disk diffusion method, the TLC-MED determination is also an observation of the 

inhibition zone, but we do not think that the diffusion diameter of the zones has a strong correlation 

with the antibacterial ability of the compound tested. Both experiments share a common 

shortcoming: the size of the zones is also affected by the diffusion ability of the sample on the 

attached matrix. As shown in Fig. 5.7B and 5.7C, either against S. aureus or E. coli, there is a 

significant difference in the diameter of the inhibition zone of sample I (grandiflorone) from high 

dose to low dose. However, the difference in the diameter of the inhibition zone presented by 

sample II (tetracycline) within the effective dose range was not obvious. This finding contradicts 

the observations made in previous experiments conducted with the disk diffusion method. In the 

case of conventional water-based semisolid media, the non-polar compound grandiflorone 

exhibited insolubility, impeding its diffusion, whereas tetracycline demonstrated efficient diffusion. 

Conversely, on the TLC plate, the silica gel became saturated with the liquid culture medium, 

facilitating the desorption and diffusion of non-polar compounds. Therefore, the size of the 

inhibition zone was not employed as a parameter to assess antibacterial efficacy in this study. 
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Fig. 5.7. Direct bioautography-based minimum effective dose (MED) determination. Spot 1-8 on 

each plate were twofold diluted samples, constant 3 μL spotting to control an approximately 0.16 cm2 

sample area. Visualized under 254 nm UV light (A), inhibition effect against S. aureus (B, 37 °C, 16 

h; D, 37 °C, 40 h) and E. coli (C, 37 °C, 16 h; E, 37 °C, 40 h). Sample I: grandiflorone, initial 

concentration 1 mg/mL; Sample II: tetracycline, initial concentration 0.1 mg/mL. 

5.4. Conclusion 

The present study rapidly targeted and identified the antibacterial compounds presented in 

untreated, steam-distilled NZ Mānuka and untreated CN Mānuka respectively. A total of 22 

compounds were identified through LC-MS analysis and by matching with Compound Discoverer 

library, included β-triketones (1a, 1b and 2-4), flavonoids (5, 6, 8, 9, 11-14 and 16-20), 

phloroglucinol derivatives (7, 15 and 21), and a synthetical plant growth retardant (10). 

Compounds 1-12 were the major antibacterial compounds isolated through direct TLC-

bioautography-guided separation. Among them, five β-triketones were only detectable in two NZ 

Mānuka samples, compounds (7 and 10) were only present in CN Mānuka and the types of 

flavonoids detected in CN Mānuka were also much less than those in NZ Mānuka. The reason for 

this phenomenon may be that a large amount of growth retardant (10) was applied to CN Mānuka 

which was cultured as ornamental plants. Compounds 13-21 were low-content or inactive 

flavonoids and phloroglucinol derivatives identified through LC-MS analysis directly.  

The comparative TLC and LC-MS analysis between untreated and steam-distilled NZ 

Mānuka revealed that a large amount of grandiflorone (3) and myrigalone A (4) remained in the 

leaves and branches after Mānuka essential oil extraction, due to their low volatility. The column 

chromatography was conducted to purify grandiflorone (3) identified by LC-MS analysis, from 

both untreated and steam-distilled NZ Mānuka. Subsequently, NMR analysis confirmed that 
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compound 3 was indeed grandiflorone. Notably, the results of this purification process 

demonstrated that steam distillation treatment significantly alleviated the challenges associated 

with purifying grandiflorone. Consequently, Mānuka leaves and branches, which are retained after 

essential oil production, emerged as a more favorable source for extracting grandiflorone 

compared to fresh Mānuka. 

An improved TLC-bioautography protocol was described for assessing the antibacterial 

ability of grandiflorone. The minimum effective dose (MED) was observed to be 0.29 - 0.59 

μg/cm2 against S. aureus and 2.34 - 4.68 μg/cm2 against E. coli. The enhanced protocol 

demonstrated suitability for both S. aureus and E. coli. The obtained results were unambiguous 

and intuitive, and remained unaffected by the solubility, diffusion capacity, or color of the test 

compounds, in contrast to the conventional antibacterial assay. 
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Chapter Six 

General conclusion, highlights, limitations, and directions for future 

work. 

6.1. General conclusions 

In this thesis, a comprehensive research compilation of the naturally occurring hybrid 

compounds from the Myrtaceae family was accomplished. It included a detailed classification of 

their chemical structures and an in-depth discussion on their reported bioactivities. The structure-

activity relationship based on existing research was also discussed.  

In the experimental section, the existing bacterial assay methods were optimized in order to 

accurately evaluate compounds isolated from selected samples, with the aim of minimizing any 

potential interference arising from insoluble matter and the color of the test compounds. Firstly, 

an improved MTT assay protocol and an equation that establishes the correlation between colony-

forming units (CFU) and the amount of formazan converted by the bacteria, were elaborated. This 

protocol was developed following an extensive review of numerous published protocols. It 

comprehensively enumerates all currently identified factors that may cause interference and 

provides detailed guidance on how to mitigate them, thereby facilitating the accurate quantification 

of formazan. Taking advantage of HPLC analysis, the precise quantification of formazan facilitates 

the accurate determination of CFUs, potentially obviating the necessity for protracted and 

repetitive plate-counting procedures in extended experiments. Secondly, an improved direct TLC-

bioautography-guided isolation and identification of antibacterial compounds were conducted on 

two selected waste products from Myrtaceae plants, namely feijoa fruit peels and steam-

distilled/untreated mānuka leaves and branches. The antibacterial compounds, flavone, from feijoa 

fruit peel, and a total of 22 compounds from mānuka were identified by UHPLC-HR-MS combined 

with Compound Discoverer 3.3. Namely, this experiment facilitates the separation and activity 

determination of compounds via a straightforward and expeditious TLC method, followed by 

structural identification through mass spectrometry and database comparison. This approach 

significantly reduces the time required compared to traditional methods, and the expanding online 

databases enhance the practicality and reliability of software-based compound identification. The 

flavone in the feijoa sample and grandiflorone, the lead antibacterial compound in the mānuka 

sample, were purified and further verified by NMR. Finally, the innovative TLC-bioautography-

based MED determination was conducted on both isolates. This method offers an innovative 
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alternative to conventional antibacterial assays, specifically tailored for evaluating the antibacterial 

activity of water-insoluble and colored compounds. It addresses the challenge posed by the 

insolubility of numerous natural products, which persists despite the use of substantial quantities 

of solubilizers. Furthermore, this method can be integrated with the aforementioned HPLC 

formazan quantitative technique to facilitate the precise analysis of parameters such as bacterial 

sensitivity and resistance to the compounds under investigation. The results have shown that the 

MED of flavone was 4.2-5.2 μg/cm2 against the S. aureus and 5.2-6.1 μg/cm2 against the E. coli. 

Similarly, the MED of grandiflorone was observed to be 0.29 - 0.59 μg/cm2 against S. aureus and 

2.34 - 4.68 μg/cm2 against E. coli. 

In summary, this study focuses on the advancement of novel experimental methodologies for 

natural product research, as well as the optimization of existing techniques. The strength of the 

work is its significant reduction in the duration of experimental procedures and enhancement of 

data measurement accuracy, thereby offering a valuable reference for subsequent screening of 

antibacterial compounds and the evaluation of their antibacterial activity. 

6.2. Highlights of the study 

➢ Systematically reviewed the chemical classification and biological activities of the hybrid 

compounds from Myrtaceae. (Chapter Two) 

➢ An equation relating colony-forming units to the amount of formazan converted by the bacteria 

was developed. (Chapter Three) 

➢ The best MTT reduction time was found to be 30 mins, longer reduction times will produce 

obvious errors. (Chapter Three) 

➢ HPLC analysis proves to be the best way for formazan quantification. (Chapter Three) 

➢ Formazan concentration and absorbance are linear only up to 125 ug/mL, further dilution may 

be needed before measurement. (Chapter Three) 

➢ The flaws in the recently reported bacterial MTT assay protocol were rectified. (Appendix Four) 

➢ Successfully employed a TLC-based approach combined with software-assisted identification 

to target and identify antibacterial compounds derived from plants. (Chapters Four and Five) 

➢ Flavone was identified as the main antibacterial compound in feijoa fruit peel. (Chapter Four) 

➢ Two 29 mg of flavone was produced per kg (dry weight) through a customized isolation process, 

at ~96% purity. (Chapter Four) 

➢ Rapidly targeted and identified the antibacterial compounds presented in untreated, steam-

distilled NZ Mānuka and untreated CN Mānuka respectively. A total of 22 compounds were 

identified. (Chapter Five) 

➢ Grandiflorone was identified as the primary antibacterial compound present in both steam-

distilled and untreated mānuka samples. (Chapter Five) 
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➢ Discovered that steam distillation treatment significantly alleviated the challenges associated 

with purifying grandiflorone. Make mānuka essential oil production by-products an excellent 

source for extracting grandiflorone. (Chapter Five) 

➢ A novel TLC-based method was introduced to assess the antibacterial efficacy of specific 

chemicals on solid surfaces. (Chapters Four and Five) 

➢ The chemical structure and purity of flavone and grandiflorone were further verified by NMR. 

(Chapters Four and Five) 

6.3. Limitations of the study 

The bioactive compounds in this investigation were specifically targeted and isolated using 

TLC-bioautography. Consequently, the examination of phytochemical constituents was similarly 

constrained by the limitations inherent in common TLC techniques. For instance, plant extract 

compositions are intricate, and TLC methods are only capable of detecting a limited number of 

predominant components with relatively high concentrations. It is noteworthy that none of the 

hybrid compounds discussed in Chapter 2 were detected through TLC-bioautography, primarily 

due to their low content. 

It is widely acknowledged that the biological efficacy of numerous natural products stems 

from the synergistic action of multiple compounds. Regrettably, the methodology employed in this 

study solely permits the identification and isolation of an individual active substance. Moreover, 

as previously mentioned, the initial screening was carried out utilizing antibacterial assays. This 

testing approach is deemed highly convenient and expeditious, enabling the identification of 

numerous active substances within a limited timeframe. Nevertheless, this method's drawback lies 

in its disregard for compounds lacking antibacterial properties yet possessing other biological 

activities. Consequently, the bioassay-guided isolation procedures presented in this study still need 

to be further optimized. 

6.4. Future directions 

Subsequent investigations will be conducted in future studies, building upon the existing 

research findings:  

◆ Introducing more bioassays into TLC-bioautography, such as antioxidant, ovicidal or 

embryocidal activities. 

◆ Employing enhanced separation techniques, such as high-performance TLC and 

preparative HPLC, in conjunction with current bioassays, may facilitate the identification 

of more bioactive compounds.  
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◆ Perform mixed isolates on bioassays or combine active isolates with known bioactive 

substances, to explore potential synergistic effects. 

◆ Reinforce collaborative research efforts with Māori researchers to further unlock the 

potential value of New Zealand endemic plants. 

 



103 
 

Appendix 1 Supplementary data of Chapter Three. 

Appendix 1.1. HPLC raw data for time-course profiles of formazan yield by S. aureus 

and E. coli (Fig. 3.1 in the main text). 

Table 1.1 Peak area used for Fig.1 in the main text (Mean ± standard deviation). 

 

Fig 1.1-1. Original HPLC data for S. aureus (5 mins). 

 

Fig 1.1-2. Original HPLC data for S. aureus (15 mins). 

 

Fig 1.1-3. Original HPLC data for S. aureus (30 mins). 
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Fig 1.1-4. Original HPLC data for S. aureus (45 mins). 

 

Fig 1.1-5. Original HPLC data for S. aureus (60 mins). 

 

Fig 1.1-6. Original HPLC data for S. aureus (75 mins). 

 

Fig 1.1-7. Original HPLC data for S. aureus (90 mins). 
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Fig 1.1-8. Original HPLC data for S. aureus (105 mins). 

 

Fig 1.1-9. Original HPLC data for E. coli (5 mins). 

 

Fig 1.1-10. Original HPLC data for E. coli (15 mins). 

 

Fig 1.1-11. Original HPLC data for E. coli (30 mins). 
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Fig 1.1-12. Original HPLC data for E. coli (45 mins). 

 

Fig 1.1-13. Original HPLC data for E. coli (60 mins). 

 

Fig 1.1-14. Original HPLC data for E. coli (75 mins). 

 

Fig 1.1-15. Original HPLC data for E. coli (90 mins). 
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Fig 1.1-16. Original HPLC data for E. coli (105 mins). 
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Appendix 1.2. HPLC raw data for the regression curve of tested bacterial absorbance 

and formazan yield during MTT assay (Fig. 3.4 in the main text). 

Table 1.2. Peak area used for Fig.4 in the main text (Mean ± standard deviation). 

 

Abs: absorbance read by microplate reader. 

Fig 1.2-1. Original HPLC data for S. aureus (Abs 0.0795). 

 

Fig 1.2-2. Original HPLC data for S. aureus (Abs 0.1448). 

 

Fig 1.2-3. Original HPLC data for S. aureus (Abs 0.2212). 
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Fig 1.2-4. Original HPLC data for S. aureus (Abs 0.3088). 

 

Fig 1.2-5. Original HPLC data for S. aureus (Abs 0.4612). 

 

Fig 1.2-6. Original HPLC data for S. aureus (Abs 0.6387). 

 

Fig 1.2-7. Original HPLC data for S. aureus (Abs 0.7709). 
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Fig 1.2-8. Original HPLC data for E. coli (Abs 0.0813). 

 

Fig 1.2-9. Original HPLC data for E. coli (Abs 0.1465). 

 

Fig 1.2-10. Original HPLC data for E. coli (Abs 0.2266). 

 

Fig 1.2-11. Original HPLC data for E. coli (Abs 0.3131). 
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Fig 1.2-12. Original HPLC data for E. coli (Abs 0.5061). 

 

Fig 1.2-13. Original HPLC data for E. coli (Abs 0.6393). 

 

Fig 1.2-14. Original HPLC data for E. coli (Abs 0.7640). 
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Appendix 1.3. HPLC raw data for Concentration-absorbance relationship curve of 

formazan standard (Fig. 3.6 in the main text). 

Table 1.3. Peak area used for formazan standard curve (Mean ± standard deviation). 

 

Fig 1.3-1. Original HPLC data for formazan standard (7.8125 μg/mL). 
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Fig 1.3-2. Original HPLC data for formazan standard (15.6250 μg/mL). 

 

Fig 1.3-3. Original HPLC data for formazan standard (31.2500 μg/mL). 
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Fig 1.3-4. Original HPLC data for formazan standard (62.5000 μg/mL). 

 

Fig 1.3-5. Original HPLC data for formazan standard (125.0000 μg/mL). 
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Fig 1.3-6. Original HPLC data for formazan standard (250.0000 μg/mL). 
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Fig 1.3-7. Original HPLC data for formazan standard (500.0000 μg/mL). 

 

Fig 1.3-8. Original HPLC data for formazan standard (1000.0000 μg/mL). 
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Appendix 2 Supplementary data of Chapter Four. 

Appendix 2.1. Workflow used in Compound Discoverer 3.3. 

 

Appendix 2.2. Databases included in MassList: 

1. Arita Lab 6549 Flavonoid Structure Database 

2. EFS HRAM Compound Database 

3. Endogenous Metabolites Database 

4. Example Mass List 

5. Extractables and Leachables HRAM Compound Database 

6. Lipid Maps Structure Database 

7. Natural Products Atlas 1 

8. Natural Products Atlas 2 
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Appendix 2.3. HPLC raw data for obtained Flavone purity detection. 

Fig 2.3-1. UV 255nm. 

  

Table 2.3-1. Integration Results. 

No. Retention Time Area Area % Height 

1 1.564 2.273 3.94 25.241 

2 1.698 54.697 96.06 615.076 

Fig 2.3-2. UV 210nm. 

 

Table 2.3-2. Integration Results. 

No. Retention Time Area Area % Height 

1 1.414 1.60 1.77 12.993 

2 1.698 70.795 98.10 720.476 

3 5.531 1.224 0.13 0.950 
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Appendix 2.4. 1H,13C and DEPT NMR spectrum of obtained Flavone. 

Fig 2.4-1.1H NMR original spectrum of flavone (500 MHz, Chloroform-d): 

 

Fig 2.4-2. 1H NMR partial magnified spectrum of flavone (500 MHz, Chloroform-d): 
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Fig 2.4-3. 13C NMR original spectrum of flavone (125 MHz, Chloroform-d): 

 

Fig 2.4-4. 13C NMR partial spectrum of flavone (125 MHz, Chloroform-d): 
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Fig 2.4-5. DEPT NMR original spectrum of flavone (125 MHz, Chloroform-d): 

 

Fig 2.4-6. DEPT NMR partial magnified spectrum of flavone (125 MHz, Chloroform-d): 
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Appendix 3 Supplementary data of Chapter Five. 

Appendix 3.1. Workflow used in Compound Discoverer 3.3. 

 

Appendix 3.2. Databases included in MassList: 

1. Arita Lab 6549 Flavonoid Structure Database 

2. EFS HRAM Compound Database 

3. Endogenous Metabolites Database 

4. Example Mass List 

5. Extractables and Leachables HRAM Compound Database 

6. Lipid Maps Structure Database 

7. Natural Products Atlas 1 

8. Natural Products Atlas 2 
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Appendix 3.3. LC-MS raw data of Mānuka hexane and dichloromethane extracts. 

Fig 3.3-1: LC-MS analysis of Mānuka hexane extracts. (1) NZ untreated; (2) NZ steam-

distilled; (3) CN untreated 

 

Fig 3.3-2: LC-MS analysis of Mānuka dichloromethane extracts. (1) NZ untreated (2) CN 

untreated 
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Appendix 3.4. 1H,13C and DEPT NMR spectrum of obtained Grandiflorone. 

Fig 3.4-1. 1H NMR original spectrum of Grandiflorone (500 MHz, Chloroform-d): 

 

Fig 3.4-2. 1H NMR partial magnified spectrum of Grandiflorone (500 MHz, Chloroform-d): 
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Fig 3.4-3. 13C NMR original spectrum of Grandiflorone (125 MHz, Chloroform-d): 

 

Fig 3.4-4. DEPT 135° NMR original spectrum of Grandiflorone (125 MHz, Chloroform-d): 
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Appendix 4 A correction to the existing bacterial MTT assay 

protocol 

The MTT assay, commonly employed as an indicator of cell viability, is also extensively 

utilized in bacterial studies. However, the inherent characteristics of bacteria, such as rapid 

proliferation, robust metabolic activity, and suspended growth in liquid culture, render the 

conventional MTT methodology, designed for mammalian cells, unsuitable for bacterial 

applications. The recently published experimental protocols have focused on optimizing the 

dissolution and quantification of formazan as key areas for improvement. Experimental results 

obtained while repeating and optimizing the existing MTT bacterial assay revealed discrepancies 

with some recently published protocols. Subsequent comparative verification experiments 

successfully identified errors in these articles. This study aimed to rectify those errors. 

This rectification has been published in the following peer-reviewed publication: 

Xu, W., & Popovich, D. (2023). NaOH as a solubilizer in bacterial MTT assay. LWT, 175, 

114506. 
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Appendix 4.1 Letter to the editor: NaOH as a solubilizer in bacterial MTT 

assay. 

Dear Editor, 

With great interest, we tried to improve our bacterial 3-(4,5)-dimethylthiahiazo(-z-y1)-3,5-

di-phenytetrazoliumromide (MTT) study with the method reported in the article entitled 

“Application of the MTT-based colorimetric method for evaluating bacterial growth using different 

solvent systems” published recently in your journal (Oh and Hong, 2022). This work has important 

implications for advancing the rapid detection of bacterial growth using the MTT assay. 

However, I would like to point out some descriptions and conclusions in the article that were 

difficult to repeat. Hopefully, an adjustment can help other researchers exploring this field. 

Oh and Hong (2022) described the process of the colorimetric assay several times in the text, 

but the concentration of the MTT solution used was different each time. For example: in 2.1. “a 

concentration of 5 mg/mL was prepared in phosphate-buffered saline (PBS; Sigma-Aldrich) and 

stored at 4 ℃ in the dark. A final concentration of 0.5 g/mL of MTT was used in the assay.”, the 

final concentration here should be 0.5 mg/mL, due to the MTT stock solution was 10-fold diluted 

as described. In 2.3. “10 μL of 0.5 mg/mL MTT stock solution was added to each well” and in 

Fig.1. “Mix with MTT stock solution (0.1%)”, while the MTT stock solution used was 5 mg/mL 

as described in 2.1. 

Ignoring these descriptive errors, we reproduced the MTT assay cited in the text without using 

any living cells (Wang et al., 2010; Mosmann, 1983). After adding the solubilizer (NaOH at various 

concentrations) suggested in the article, we found that formazan was still formed in the absence of 

cells. As shown in Fig. 4.1 below. In an aqueous solution, NaOH can convert MTT to formazan in 

a short time (Liu and Nair, 2010; Jambor, 1954) we show this conversion in 15 min and 30 min, 

and the amount of formazan produced increases with the increase in NaOH concentration and 

reaches the peak after 1N. 

This result explains why the measured formazan absorbance is significantly higher than other 

solubilizers when using NaOH and explains why the measured formazan absorbance no longer 

increased after the NaOH concentration exceeds 1N. Besides, the correlation curve between the 

color responses of formazan and bacterial cell numbers displayed in the article showed an obvious 

intercept (the curve does not go through the origin), also caused by the additional formazan 

produced by NaOH. In conclusion, from the present results, NaOH is not a suitable solubilizer in 

the bacterial MTT assay as it causes a higher reading than the actual value. 
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Fig. 4.1. Correlation between the formazan absorbance and NaOH concentration (A) and adding NaOH 

water solution into MTT water solution after 15 mins and 30 mins (B and C). Each vial contains a 5.5 mL 

mixture of MTT stock solution (0.5%) and sterile water (V: V=1:10) with no bacteria. Add 5mL of different 

concentrations of NaOH to each vial and make the final concentrations of NaOH approximately (0.03N-1N). 

Let stand up to 30 mins at room temperature (22 ℃) and measure the absorbance at 15 and 30 min. 
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