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ABSTRACT 

The global epidemic of tuberculosis (TB) persists in large part due to the 

development of resistance against current therapies. One potential source for novel anti-

TB drugs is natural products. Plants and the natural products that they produce have long 

been recognized for their medicinal value and are extensively used as traditional 

medicines, and therefore they represent an important source of anti-mycobacterial natural 

products. The objective of this thesis was to investigate anti-mycobacterial natural 

products from Canadian medicinal plants. 

Four plants that have been used to treat TB, Aralia nudicaulis, Alnus incana, 

Empetrum nigrum and Moneses uniflora, were selected after preliminary anti-

mycobacterial screening of 13 Canadian medicinal plants. A total of 21 natural products 

were isolated through bioassay guided fractionation of the four plants. Aralia nudicaulis 

was selected for the exploration of its endophytic community and the C17 diynes isolated 

from A. nudicaulis were investigated to identify their anti-mycobacterial modes of action. 

 As it has been demonstrated that some endophytes can produce natural products 

originally attributed to their host, we considered it worthwhile investigating whether the 

C17 diynes isolated from A. nudicaulis were biosynthesized from the plant de novo or 

whether they were produced by endophytes. As such, 88 endophytic fungi were isolated 

from rhizomes of A. nudicaulis and were screened for their ability to produce falcarinol 

and panaxydol. Unfortunately, neither of the C17 diynes could be detected in the 

endophytes from our screening   

Microarray analysis was used to determine the transcript responses of 

Mycobacterium smegmatis when treated with the C17 diynes, falcarinol and panaxydol. 
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Principal component analysis suggested a different mode of action of the C17 diynes 

when compared with commonly used anti-mycobacterial drugs. Functional enrichment 

and pathway enrichment analysis revealed that there were gene ontologies and pathways 

preferentially affected by the C17 diynes treatments. The theoretical bioactivities of the 

two C17 diynes were estimated through prediction of activity spectra of substances 

(PASS). Based upon these analyses, it is hypothesized that the C17 diynes inhibit fatty 

acid biosynthesis, specifically phospholipid synthesis, in mycobacteria. 
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1.1 Tuberculosis: current status of the pandemic and therapeutic options 

Tuberculosis (TB) is an infectious disease that typically affects the lungs and is most 

frequently caused by Mycobacterium tuberculosis (Russell, 2007; WHO, 2014; Yancey, 

2008). Approximately one third of the world’s population is infected with TB but are 

asymptomatic (Dutta and Karakousis, 2014; WHO, 2013) making TB a major health 

concern worldwide (Dheda et al., 2014; Lawn and Zumla, 2011; WHO, 2011, 2014; 

Yancey, 2008). 

Infections by M. tuberculosis have two states, latent and active; for the majority of 

immunocompetent people the infection is contained by host defenses, resulting in an 

asymptomatic and non-contagious latent state of TB (Dutta and Karakousis, 2014). 

Although the majority of latent TB patients will not develop active TB immediately, the 

chance of the infection developing into the active state increases with factors such as 

advanced age, poor nutrition, and a weakened immune system (Parrish et al., 1998; 

Yancey, 2008). Once the active state of TB has developed, patients may become 

contagious and require timely treatment (WHO, 2014). The active state of TB is the 

second most common infectious cause of death after the human immunodeficiency virus 

(HIV) (Kim et al., 2012; Lawn and Zumla, 2011; Yancey, 2008).  

Tuberculosis has been pandemic for many centuries (Yancey, 2008). Known as the 

“white plague”, it has contributed to 25% of all human death from the 17th to 19th 

centuries (Bloom and Murray, 1992). Since the discovery of effective anti-TB drugs in 

the mid-20th century, the mortality rate of TB decreased dramatically by 90% (Bloom and 

Murray, 1992). In the late 1980s, public health policy-makers in the western world began 

discussions about eradication of the disease (Phillips, 2013). However, a resurgence of 
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TB was triggered by the HIV epidemic in the 1990s (Phillips, 2013) and due to this 

resurgence, TB was declared a global emergency by the World Health Organization 

(WHO) in 1993 (WHO, 1993).  

With the aim of reducing the global burden of TB, the WHO set timelines to reduce 

the prevalence and number of deaths due to TB by 50% in 2015 and to end the global TB 

epidemic by 2035 (WHO, 2014). Although we are on track to achieve this goal set forth 

(WHO, 2014), three factors must be addressed to end the epidemic by 2035: co-infection 

with HIV, drug resistance, and low patient compliance (Zumla et al., 2014). 

The co-infection of TB with HIV accelerates the progression of both diseases 

(Phillips, 2013). A result of HIV compromised immune systems is a 20 to 30-fold 

increase in the activation rate of latent TB, making TB the leading cause of death in HIV 

patients (Dutta and Karakousis, 2014; Kim et al., 2012; Lawn and Zumla, 2011). 

According to the latest WHO global TB report (WHO, 2014), it is estimated that 9 

million people developed TB and 1.5 million died from the disease in 2013 worldwide, 

with HIV associated TB accounting for 13% of the new TB cases and 24% of TB 

associated deaths (WHO, 2014). Co-infection with HIV is one of the factors impacting 

the lack of control over the spread of TB.  

Another factor accelerating the spread of TB is the development of drug resistant 

forms of TB (WHO, 2014). Two major drug resistant forms of TB are recognized by the 

WHO: multidrug resistant TB (MDR-TB) and extensively drug resistant TB (XDR-TB) 

(Lawn and Zumla, 2011; Zumla et al., 2012). MDR-TB is defined as being resistant to 

two of the four first-line anti-TB drugs, isoniazid (1.1) and rifampin (1.2) (Figure. 1.1), 

while XDR-TB is defined as being resistant to isoniazid and rifampin as well as at least 
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one of the fluoroquinolones (1.6 – 1.9) and one of the three injectable anti-TB drugs, 

capreomycin (1.10), amikacin (1.11) and kanamycin (1.12) (Figure. 1.2) (Migliori et al., 

2007; Shah et al., 2007; Zumla et al., 2012). In 2013, a total of 24% of TB cases were 

estimated to be MDR-TB with 9% of the MDR-TB cases estimated to be XDR-TB 

(WHO, 2014). In comparison, in 2007 only 9% of total TB cases were MDR-TB with 1% 

of these being considered XDR-TB (Lawn and Zumla, 2011). The rapid increase in the 

emergence of drug resistant forms of TB is not only alarming, but also reflects the lack of 

effective treatments and protocols for TB control.  

 

 

 

 

 

 

 

 

 

 

 

 

 



5 

 

 

 

Figure 1.1 Currently used first line anti-TB drugs. 
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Figure 1.2 Currently used second line anti-TB drugs. 
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More recently, extremely drug resistant TB (XXDR-TB) (Migliori et al., 2007) and 

total drug resistant TB (TDR-TB) (Loewenberg, 2012; Udwadia and Vendoti, 2013; 

Udwadia et al., 2012) have been reported in the literature with cases originating in Iran, 

Italy and India. Some TB experts define XXDR-TB as resistance to all first- and second-

line anti-TB drugs (Migliori et al., 2007) and TDR-TB as resistance to all tested anti-TB 

drugs (Loewenberg, 2012; Udwadia and Vendoti, 2013). Although neither XXDR-TB 

nor TDR-TB is recognized by the WHO, the emergence of these extremely resistant 

strains of TB still poses a significant threat to global TB control (Zumla et al., 2012). 

In order to control the TB pandemic, a set of drug regimens has been implemented as 

standard TB treatments (Koul et al., 2011; Lienhardt et al., 2012; Zumla et al., 2012; 

Zumla et al., 2013). For HIV negative patients, a six-month treatment regimen 

comprising the four first-line anti-TB drugs (Figure. 1.1) is used for drug-susceptible TB 

cases (Lienhardt et al., 2012). In the case of MDR-TB and XDR-TB, the second line anti-

TB drugs (Figure. 1.2), which are less effective, more expensive, more toxic and have 

longer treatment durations, must be employed for at least 20 months (Lienhardt et al., 

2012). However, if patients are HIV positive, the treatment becomes even more 

complicated due to the weakened immune systems and incompatibility between anti-TB 

and anti-HIV drugs (Koul et al., 2011).  

The lengthy treatment regimens for TB described above are responsible for 

prolonging the TB pandemic because they result in low patient compliance, which leads 

to disease relapse and the development of drug resistance (Gunther, 2014; Lienhardt et 

al., 2012; Zumla et al., 2014). Therefore, new anti-TB regimens based on currently used 

anti-TB drugs, for example the inclusion of fluoroquinolones into first-line anti-TB drug 
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therapy, are under clinic trials to simplify and shorten the standard TB treatments (Zumla 

et al., 2013; Zumla et al., 2014). 

To improve the treatment of TB, it is not only important to develop new TB 

treatment regimens, but also to discover new anti-TB drugs (Koul et al., 2011; Zumla et 

al., 2014). With respect to the three factors associated with the TB pandemic discussed 

above (co-infection with HIV, drug resistance and low patient compliance), new anti-TB 

drugs are needed with the following characteristics:  minimal drug-drug interactions in 

order to be compatible with antiretroviral drugs; new modes of action (MOAs) to treat 

drug resistant TB; strong bactericidal activity to shorten treatment duration; and 

decreased toxicity and side effects to humans (Koul et al., 2011; Lienhardt et al., 2012).   

As a result of a renewed focus on the discovery and development of anti-TB drugs in 

recent years, delamanid (OPC-67683, 1.20) and bedaquiline (TMC207, 1.21) were 

approved for the treatment of MDR-TB in the last two years after a 40 year discovery 

void (WHO, 2014; Zumla et al., 2014). Furthermore, there are ten anti-TB drug 

candidates in clinical trials, nine compounds in preclinical trials and five new lead-

compounds under development (Figure. 1.3 and Figure. 1.4) (WHO, 2014). However, 

continued research and investment are required for new anti-TB drugs in order to reach 

the WHO goal of ending the global TB epidemic (WHO, 2014). 
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Figure 1.3 Candidates development pipeline for new TB drugs  (taken from Global TB reports 2014).
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Figure 1.4 Selected anti-TB drug candidates either in preclinical or clinical development. 
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1.2 Natural products as a potential source of anti-TB compounds 

There are many potential sources of new anti-TB drugs (Lewis, 2013) but 

historically, the most successful source has been natural products (Liu et al., 2012; Silver, 

2011). Natural products, also known as secondary metabolites, are chemical compounds 

produced by living organisms (Haslam, 1986; Williams et al., 1989). All organisms 

produce primary and secondary metabolites and there is no clear line separating the 

metabolites, making attempts to characterize them problematic (Haslam, 1986). Primary 

metabolites are required to maintain life (Haslam, 1986). The most accepted requirement 

for biomolecules to be considered secondary metabolites is that they are not essential for 

the growth and development of the producing organisms, but are beneficial for the fitness 

of organisms that produce them (Clark, 1996; Dewick, 2009; Stone and Williams, 1992; 

Williams et al., 1989). Additionally, the production of secondary metabolites is 

specialized, meaning that they can only be found in certain species whereas primary 

metabolites are universally found in most species, if not all of them (Haslam, 1986). 

Secondary metabolites have been used as medicinal agents against virtually every human 

disease over a vast period of human history (Dias et al., 2012; Schmidt et al., 2008).  

Even with competition from other methods of drug discovery, such as combinatorial 

chemistry, natural products remain an important source of new candidates for drug 

discovery (Butler, 2004; Butler et al., 2014; Cragg and Newman, 2013; Dias et al., 2012; 

Newman and Cragg, 2007, 2012; Newman et al., 2003; Rishton, 2008). Although major 

pharmaceutical companies significantly reduced their efforts in natural products 

discovery in the 1990s (Butler, 2004; Rishton, 2008), over 50% of drugs approved in the 

period from 1981 to 2010 were still obtained from natural products, their derivatives or 
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contained natural product based pharmacophores (Newman and Cragg, 2012). When 

considering  anti-bacterial drugs, over 65% of newly approved drugs from 1981 to 2010 

were derived from natural products and their derivatives (Newman and Cragg, 2012) 

making them the leading source of anti-bacterial drugs (Newman and Cragg, 2012; 

Silver, 2008, 2011). 

Many of the currently used anti-TB drugs are either natural products or their 

derivatives (Figure 1.1 and 1.2) (Guzman et al., 2012; Lewis, 2013). The two first line 

anti-TB drugs, isoniazid (1.1) and rifampin (1.2) originated from the natural products 

nicotinamide and rifamycin respectively (Liu et al., 2012; Salomon and Schmidt, 2012).  

The second line anti-TB drugs, capreomycin (1.10), amikacin (1.11), kanamycin (1.12), 

as well as streptomycin (1.5) and para-aminosalicylic acid (1.13) are also derived from 

natural products (Comroe, 1978; Lehmann, 1946; Salomon and Schmidt, 2012). 

Although no new classes of natural products or their derivatives have entered anti-TB 

drug clinical development since the success of rifampin in the 1960s (Maggi et al., 1966), 

natural products are still a major source of compounds for anti-TB screening efforts 

(Kaneko et al., 2011; Salomon and Schmidt, 2012). In fact, the TB Alliance, a non-profit 

organization that is dedicated on the development of new TB treatments, has an anti-TB 

drug lead identification program in collaboration with Sanofi S.A., a multinational 

pharmaceutical company, to screen a library of compounds that are derived from natural 

products for anti-TB activity (TB-Alliance, 2014). Aside from the importance of 

screening current libraries of natural products for anti-TB properties, the discovery of 

novel natural products to further expand the arsenal of anti-mycobacterial natural 
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products is also important (Fischbach and Walsh, 2009; Lewis, 2013; Miller and O'Toole, 

2011).   

Multiple reviews have focused on anti-mycobacterial natural products and their 

potential in the anti-TB drug discovery process (Alvin et al., 2014; Cantrell et al., 2001; 

Copp, 2003; Copp and Pearce, 2007; Guzman et al., 2012; Newton et al., 2000; Nguyen 

et al., 2008; Salomon and Schmidt, 2012). Salomon and Schmidt (2012) presented 469 

anti-mycobacterial natural products and their synthetic analogues with in vitro activity 

against M. tuberculosis reported between 2006 and 2009, and several compounds showed 

potent activity with MICs of less than 2 µM, which is comparable with current anti-TB 

drugs (Salomon and Schmidt, 2012). With increased support and effort from academic 

research groups, non-profit organizations and the private sector, the probability of 

discovering promising new anti-TB candidates from natural products will increase. 

One of the most significant challenges to overcome in natural products discovery 

programs is where to focus the initial search efforts (Firn and Jones, 2003; Luo et al., 

2014). Traditionally, natural product discovery follows a strategy where researchers 

begin with collections of biological material or their extracts and end with the isolation 

and identification of natural products further demonstrating bioactivity (Luo et al., 2014). 

Recent advances in genome sequencing and bioinformatics have expanded the horizon of 

genetic and chemical diversity by revealing the gene clusters that are responsible for the 

production of unknown natural products (Gongora-Castillo and Buell, 2013; Li and 

Vederas, 2009; Walsh and Fischbach, 2010). Also, advanced chromatography, nuclear 

magnetic resonance (NMR), and mass spectrometry (MS) techniques increase the ability 

of scientists to detect, isolate, and identify the unknown natural products (Breton and 
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Reynolds, 2013; Bucar et al., 2013; Ibrahim et al., 2012). These advancements have 

inspired a reversal of the traditional discovery strategy, that start from the identification 

of gene clusters responsible for the production of natural products and reach the same 

goal of discovery of novel natural products as traditional approaches (Luo et al., 2014). 

Although many novel compounds, and even new chemical classes, have been 

discovered through the two approaches described above, one other obstacle between the 

novel compounds and potential drug candidates is how to identify the bioactivities of 

these compounds (Salvador-Reyes and Luesch, 2015; Schenone et al., 2013; Ziegler et 

al., 2013). The two most widely used screening methods are target based screening and 

phenotype based screening (Cong et al., 2012). Target based screening methods employ 

purified proteins that are derived with therapeutic relevance in bioassays, usually in a cell 

free environment, to test the modulator activities of tested compounds towards the 

proteins (Ziegler et al., 2013). Once a compound has shown strong binding affinity or 

inhibiting activity to a purified protein, the MOA of the compound is determined (Ziegler 

et al., 2013). However, the activity observed in the target-based screening has to be 

validated in phenotype-based screening in a more “natural” environment, meaning a 

whole cell environment or in vivo animal mode by detecting certain phenotypical changes 

induced by the compound (Schenone et al., 2013). If phenotype-based screenings are 

used as the primary methods for detecting bioactivities of natural products, additional 

biochemical and/or genetic experiments have to be conducted to elucidate the cellular 

targets of the promising lead from the screening (Cong et al., 2012; Ziegler et al., 2013).  
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In the actual practice of natural products discovery, the two discovery approaches 

and the two screening methods are used in various combinations to ensure the isolation of 

novel natural products with promising bioactivities. 

1.3 Thesis objectives 

As discussed above, TB continues to pose a great threat to human health globally and 

natural products are an important source of anti-mycobacterial compounds. With that in 

mind, the general aim of this thesis is to investigate natural products with anti-

mycobacterial activities. There are three objectives of this thesis: 

1. Isolation and identification of anti-mycobacterial natural products from Canadian 

medicinal plants. 

2. Screening endophytes for anti-mycobacterial natural products originated from 

their medicinal plant host. 

3. Probing anti-mycobacterial MOAs of natural products derived from Canadian 

medicinal plants through transcriptomic profiling. 

In the following three chapters, the three objectives are addressed in the form of six 

related but independent research projects, consisting of two published scientific articles 

and four manuscripts prepared for submission for publication. 
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Chapter 2 Anti-mycobacterial natural products from Canadian medicinal plants 
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2.1 Background: ethnopharmacology as a source of references for Canadian 

medicinal plants 

Ethnopharmacology is a multidisciplinary field that includes the study of medicines 

used by the indigenous peoples in collaboration of anthropologists, biologists and 

pharmacologists through observation, description and investigation of indigenous 

peoples’ medicinal practice and records as well as the laboratory-based research of 

corresponding bioactivities (Booker et al., 2012; Brusotti et al., 2014; Cox and Balick, 

1994; Etkin, 1988; Heinrich, 2014). Additionally, Ethnopharmacology is closely 

associated with another term, ethnobotany, which is the study of plants and their 

traditional medicinal uses (Heinrich, 2000). 

Knowing the traditional uses of plants, natural products chemists can prioritize the 

list of plants to be screened in bioassays (Brusotti et al., 2014). Historically, 

ethnopharmacology has been successful in correlating the traditional uses of plants to the 

observed bioactivities of their extracts or compounds isolated from the plants (Fabricant 

and Farnsworth, 2001; Jones et al., 2000; McCutcheon et al., 1992, 1994; McCutcheon et 

al., 1995; McCutcheon et al., 1997) thus providing candidates for drug discovery 

(Fabricant and Farnsworth, 2001; Farnsworth et al., 1985; Heinrich, 2000). In addition,  a 

survey by Farnsworth et al. (1985) showed that 74% of plant derived compounds were 

used as drugs for the same purposes as the plants were used in traditional medicine.  

The First Nations peoples of Canada have used plants in the surrounding 

environment to treat diseases for many centuries (Chandler et al., 1979; Hooper and 

Chandler, 1984). North America has over 32,000 native plant species from which over 

4,000 species were used by indigenous peoples as treatments of various diseases (FNA, 
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1997; Moerman, 1998). Specifically in Canada, there are over 5,000 vascular plant 

species (Kindberg and Macoun, 1883) and many of these have been used as medicines 

(Moerman, 2009). In contrast to the rest of the world, there are only a few screening and 

natural products studies relating plant use and targeted ailment originating from Canadian 

First Nations peoples  (Carpenter et al., 2012; Jones et al., 2000; Jovel et al., 2007; Li et 

al., 2012; Matsuura et al., 1995; McCutcheon et al., 1992, 1994; McCutcheon et al., 

1995; McCutcheon et al., 1997; Ming et al., 2002; O'Neill et al., 2013; Saxena et al., 

1996; Yi et al., 2007) when the key words “First Nations medicine” and “Canadian 

traditional medicine” in combination with “bioactivities” and “natural products” were 

searched in the Web of Science database, while there were over 800 papers searching the 

key words “traditional Chinese medicine” with “natural products” in the same database. 

Therefore, natural products from Canadian medicinal plants remain open for 

investigation.   

Tuberculosis as an ancient human disease has been widespread in America for at 

least thousands of years according to archeological evidence (Bos et al., 2014; Donoghue 

et al., 2004). Therefore, it is not surprising that some plants were used by First Nations 

peoples to treat TB and its associated symptoms. After an extensive literature search on 

the traditional uses of medicinal plants for TB and its associated symptoms by Canadian 

First Nations, thirteen plant species, Acorus calamus, Aralia nudicaulis, Alnus incana, 

Empetrum nigrum, Fragaria virginiana, Heracleum maximum, Hypericum perforatum, 

Juniperus communis, Moneses uniflora, Nuphar lutea, Populus tremuloides, Sarracenia 

purpurea and Symplocarpus foetidus were collected for preliminary screening against M. 
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tuberculosis (H37Ra) at 100 µg/mL (Figure 2.1) and their traditional medicinal uses 

specific to TB related symptoms were summarized (Table 2.1) (Moerman, 2009). 
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Figure 2.1 Percentage inhibitions of 13 medicinal plant crude extracts against  

M. tuberculosis (H37Ra) at 100 µg/mL. Each bar represents the mean inhibition of 

triplicate values and the error bars represent the standard error of the mean (O'Neill et al., 

2014). 
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Table 2.1 Tuberculosis related traditional medicinal uses of 13 plants by Canadian First 

Nations (Moerman, 2009). 

Plant name Traditional uses First Nations Parts of plants used 

A. calamus Cold remedy Algonquin 

Cree 

Iroquois 

Malecite 

Mi`kmaq 

Nanticoke 

Ojibwe 

Rhizomes and roots 

 Cough medicine Algonquin 

Cree 

Malecite 

Mi`kmaq 

Rhizomes and roots 

 Tuberculosis remedy Meskwaki Rhizomes and roots 

 Pulmonary aid Blackfoot  

Cree 

Mi`kmaq 

Rhizomes and roots 

A. nudicaulis Tuberculosis remedy Iroquois Rhizomes and roots 

 Cough remedy Iroquois 

Algonquin 

Kwakiutl  

Mi`kmaq Penobscot 

Rhizomes and roots 

 Cold remedy Iroquois Whole plant 

 Pulmonary aid Cree Whole plant 

A. incana Tuberculosis remedy Blackfoot Bark 

 Pulmonary aid Bella Coola Buds 

E. nigrum Cold remedy Upper Tanana Leaves and stems 

F. virginiana Tuberculosis remedy Not reported Whole plant 

H. maximum Analgesic for lungs Bella Coola Roots 

 Pulmonary aid Bella Coola Roots 

H. perforatum Cough medicine Montagnais Whole plant 

J. communis Cold remedy Algonquin  

Eskimo  

Iroquois 

Okanagan-Colville 

Upper Tanana 

Thompson 

Branches, berries, 

needles 

 Cough medicine Bella Coola Northern 

Carrier Cree  

Eskimo  

Iroquois  

Upper Tanana  

Branches, berries, 

needles 
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Table 2.1 Continued 

Plant name Traditional uses First Nations Parts of plants used 

 

Tuberculosis remedy 

Carrier  Branches,  

Malecite  berries,  

Mi`kmaq  gum,  

Okanagan-Colville 

Upper Tanana 

Thompson 

roots,  

 bark 

 

Pulmonary aid 

Bella Coola  
Branches, berries, 

needles, roots, stems 
Blackfoot  

Cree 

 

Respiratory aid 

Cree  
Branches, berries, 

needles,  

Eskimo  bark 

Kwakiutl  

M. uniflora Cold remedy Eskimo Whole plant 

N. lutea Cold remedy 
Iroquois 

Rhizomes and roots 
Thompson 

 
Tuberculosis remedy 

Bella Coola  
Rhizomes and roots 

Haisla and Hanaksiala 

 
Pulmonary aid 

Iroquois  
Rhizomes and roots 

Gitksan 

 Respiratory aid Kwakiutl Rhizomes and roots 

P. tremuloides Cold remedy 

Iroquois  

Bark Mi`kmaq Penobscot  

Upper Tanana 

 Cough medicine Upper Tanana Bark 

S. purpurea Pulmonary aid Iroquois Whole plant 

 
Tuberculosis remedy 

Mi`kmaq  
Whole plant 

Malecite 

S. foetidus Cold remedy Nanticoke Roots 

 Cough medicine Ojibwe Roots 

  Tuberculosis remedy Iroquois Roots 
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Four plant species, A. nudicaulis, A. incana, E. nigrum and M. uniflora, were 

selected for the isolation and identification of their anti-mycobacterial natural products 

due to their high activities in the preliminary screening (Figure 2.1). The following four 

sections are prepared as four independent manuscripts [A. nudicaulis (section 2.2, 

published), A. incana (section 2.3, published), E. nigrum (section 2.4) and M. uniflora 

(section 2.5)] and the last section (section 2.6) discusses the criteria for selecting a 

species out of the four plants that was used in studies presented in Chapter 3 and 4. 
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2.2 Anti-mycobacterial diynes from Aralia nudicaulis 

2.2.1 Introduction 

Aralia nudicaulis is a rhizomatous perennial that is native to the boreal forest of 

North America (Barrett and Helenurm, 1981). Whilst A. nudicaulis (wild sarsaparilla) has 

many documented medicinal uses by First Nations communities across the whole of 

Canada (MacKinnon, 2009), infusions of A. nudicaulis rhizomes were commonly used by 

Algonquin peoples as cough medicines (Erichsen-Brown, 1989) and by Iroquois peoples 

for the treatment of tuberculosis (Herrick, 1994). The ethnobotanical uses of this plant in 

conjunction with the results of a previous study that indicated that aqueous extracts of A. 

nudicaulis rhizomes exhibited significant anti-mycobacterial activity (Webster et al., 

2010) therefore prompted a detailed investigation of the anti-mycobacterial properties of 

this plant. 

The objective of the current research was to isolate and identify the anti-

mycobacterial constituents through the bioassay guided fractionation of A. nudicaulis 

rhizome extracts. 

2.2.2 Material and methods 

2.2.2.1 General Experimental Procedures 

All solvents for extraction and isolation were purchased from Fisher Scientific 

(Ottawa, ON, Canada).  NMR solvents were purchased from Sigma-Aldrich (Oakville, 

ON, Canada).  NMR spectra were recorded on an Agilent 400-MR DD2 instrument.  

HRMS was recorded on a Thermo LTQ Exactive instrument with ESI source.  Optical 

rotations were determined on a Rudolph autopol III polarimeter equipped with a halogen 
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lamp (589 nm) and a 5 cm sample cell. IR spectra were recorded on a Perkin Elmer 

Spectrum Two FT-IR spectrometer as thin films on a sodium chloride disk. Flash 

chromatography was performed using a Biotage Flash + chromatography system and KP-

Sil 25+S silica cartridges (40-63 µm, 60 Å). Size exclusion chromatography was 

performed with Sephadex LH-20 (25-100 µm). Semi-preparative normal phase HPLC 

was performed on a Waters 510 pump, a Waters R401 refractive index detector and a 

Phenomenex Luna silica column (250 × 10 mm, 10u, 100Å). Semi-preparative reverse 

phase HPLC was performed on a Waters 600 system, a 2487 dual-λ absorbance detector 

and a Phenomenex Luna C-18 column (250 × 10 mm, 10u, 100Å). Anti-mycobacterial 

susceptibility tests were performed using modified Middlebrook 7H9 broth base (BBL™ 

MGIT™, Becton Dickinson, Mississauga, Ontario) in non-tissue culture treated, low-

binding, black 96-well microtitre plates sealed with polyester films (50 μm). Fluorometric 

readings (in relative fluorescence units, RFU) were recorded using a Molecular Devices 

Gemini EM dual-scanning microplate spectrofluorometer with a 530 nm excitation filter 

and a 590 nm emission filter operating in top-scan mode. 

2.2.2.2 Mycobacterial strains and growth conditions 

M. tuberculosis strains H37Ra (ATCC 25177) and H37Rv (ATCC 27294) were 

grown in Mycobacterium growth indicator tubes (MGIT™) containing Middlebrook 7H9 

broth (7 mL), BBL MGIT PANTA™ antibiotic mixture (280 μg) in BBL™ MGIT oleic 

acid-albumin-dextrosecatalase enrichment (800 µL) and Tween 80 (4 µL). Cultures were 

incubated (37 °C; 5% CO2) in a humid environment for one week before being diluted to 

a turbidity equivalent to a McFarland 1.0 standard (107 CFU) using 0.05% Tween 80 in 

7H9 broth. The resulting mycobacterial suspensions (1.5 mL) were cryogenically 
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preserved (−20 °C), and thawed and diluted to a concentration of 2.0 X 106 cells/mL with 

7H9 broth (1:5) immediately prior to use in bioassays.  

2.2.2.3 Microplate resazurin assay (MRA) 

Stock solutions of rifampin (0.25 µg/mL) and test fractions (5 mg/mL) were 

prepared with sterile-filtered DMSO and stored at 4 °C. Antibiotic solutions were used 

within one month of preparation and fraction solutions were used within one week. 

Immediately prior to use, stock solutions (20 µL) were diluted with MGIT growth 

medium (480 µL) and the resulting test solutions (100 µL) transferred to non-peripheral 

wells of a 96-well microtitre plate and inoculated with suspensions of Mycobacterium 

tuberculosis H37Ra (100 µL). To reduce evaporation from the plates, sterile water (200 

µL) was added to perimeter wells. In addition to the rifampin positive controls, a two-

fold dilution of rifampin [0.001, 0.0005 and 0.00025 µg/mL rifampin in 4% DMSO 

MGIT growth medium (100 µL) inoculated with suspensions of Mycobacterium 

tuberculosis (100 µL)], negative controls [4% DMSO in MGIT growth medium (100 µL) 

inoculated with suspensions of Mycobacterium tuberculosis (100 µL)] and blanks [2% 

DMSO in MGIT growth medium (200 µL), and test solutions (100 µL) with MGIT 

growth medium (100 µL)] were included in each plate. All controls except the rifampin 

dilution series and samples were tested in triplicate. Plates were incubated (37°C; 5% 

CO2) for 72 hours in a humid environment before a 1:1 mixture of an aqueous solution of 

resazurin (125 μg/mL) and 10% Tween 80 (50 µL) was added to all wells. Plates were 

then incubated for a further 24 hours, sealed with an adhesive polyester film, and 

mycobacterial growth was assessed fluorometrically at 37 °C. Fluorescence values were 

corrected for any background fluorescence of the media and test fractions by subtracting 
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the fluorescence readings of the appropriate blanks from the mean fluorescence readings 

of the control and test wells. The percentage inhibition of mycobacterial growth was then 

defined as 1 − (test or positive control well fluorescence/mean negative control well 

fluorescence) × 100 (Collins and Franzblau, 1997). 

2.2.2.4 Determination of minimum inhibitory concentrations (MIC) and median 

inhibitory concentrations (IC50) 

MIC and IC50 values were determined against both M. tuberculosis strains H37Ra 

and H37Rv using the MRA as described in section 2.6.3. Stock solutions (0.4, 0.2 or 0.1 

mg/mL) of each compound were prepared in sterile 2% DMSO in 7H9 broth and used 

immediately. Serial dilutions of test compound solutions were performed in the microtitre 

assay plate using 7H9 broth to give a series of 12 concentrations in triplicate.  The MIC 

of a compound was considered to be the lowest concentration at which it inhibited 

mycobacterial growth by more than a mean value of 90% (Collins and Franzblau, 1997), 

and the corresponding IC50 was estimated by fitting a four parameter logistic curve 

(Sebaugh, 2011) to the mycobacterial growth data using Masterplex 2010 Readerfit 

(Hitachi Solutions America, Ltd). Bioactivities were categorized into four levels based on 

the IC50s: potent activities (IC50s < 10 µg/mL), moderate activities (10 µg/mL < IC50s < 

100 µg/mL), weak activities (100 µg/mL < IC50s < 250 µg/mL) and inactive (IC50s > 250 

µg/mL). 

2.2.2.5 Collection of plant material 

Rhizomes of A. nudicaulis (wet weight: 432 g) were collected by hand in May 

2010 from an unmanaged woodlot on the University of New Brunswick campus, Saint 

John, New Brunswick, Canada (45° 18,379 N; 66° 05,598 W) and immediately cleaned 
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and freeze-dried (dry weight: 35.0 g) and the freeze-dried material was stored at -20C. 

Plants were identified by Dr. Stephen Clayden of the New Brunswick Museum and a 

voucher specimen has been deposited in the New Brunswick Museum Herbarium 

(Number: NBM VP-37477).   

2.2.2.6 Extraction and fractionation 

Freeze-dried rhizomes (35.0 g) were exhaustively extracted in MeOH (250 mL) 

for 8 hours using a Soxhlet extractor and the resulting solution concentrated in vacuo to 

give a crude methanolic extract (5.39 g). The fractionation of A. nudicaulis was guided 

by the MRA and visual assessment of inhibitory activity Mycobacterium tuberculosis 

H37Ra.  The crude extract was initially fractionated by a modified Kupchan 

solvent−solvent partition protocol to give five fractions as follows: The organic extract 

(5.39 g) was taken up in 9:1 MeOH/H2O (200 mL) and extracted with hexanes (3 x 100 

mL) before being diluted with H2O (100 mL) and extracted with CH2Cl2 (3 x 100 mL). 

The aqueous fraction was then concentrated, taken up in H2O (200 mL) and extracted 

with EtOAc (3 x 100 mL) and n-BuOH (3 x 100 mL).  The five partition fractions were 

concentrated in vacuo, the hexane (739 mg) and CH2Cl2 (708 mg) fractions were 

combined and subjected to silica gel flash chromatography using a stepwise gradient of 

hexane to EtOAc to afford ten fractions.  Fractions 3 (436 mg) and 4 (249 mg) exhibited 

significant anti-mycobacterial activity and were further purified by normal phase HPLC 

eluted with 19:1 hexanes/EtOAc (fraction 3, 421 mg) and 9:1 hexanes/EtOAc (fraction 4,  

241 mg) to give falcarinol (2.1; 112 mg) and panaxydol (2.2; 108 mg). 

2.2.2.7 Spectroscopic and spectrometric data 
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(3R)-Falcarinol (2.1). Colorless oil; [α]25
D = −54.1 (c 1.85, CHCl3); IR (thin film) 

max 3368, 2926, 2855, 2256, 984, 930 cm−1; 1H NMR (benzene-d6, 300 MHz) δ 5.69 

(1H, ddd, J = 17.0, 10.1, 5.2 Hz, H-2), 5.34 (1H , m, H-10), 5.32 (1H, m, H-9), 5.24 ( 1H, 

dt, J = 17.0, 1.2 Hz, H-1a), 4.88 (1H, dt, J = 10.1, 1.2,Hz H-1b), 4.55 (1H, m, H-3), 2.73 

(2H, m, H2-8), 1.80 (2H, m, H2-11), 1.45 (1H, bs, 3-OH), 1.27 (2H, m, H2-16), 1.21 (2H, 

m, H2-15), 1.18 (6H, m, H2-12, H2-13, H2-14), 0.90 (3H, t, J = 6.9 Hz, H3-17); 13C NMR 

(benzene-d6, 100 MHz) δ 136.9 (d, C-2), 133.0 (d, C-10), 122.6 (d, C-9), 116.1 (t, C-1), 

80.2 (s, C-7), 75.7 (s, C-4), 71.6 (s, C-5), 65.3 (s, C-6), 63.5 (d, C-3), 32.2 (t, C-16), 29.6 

(t, C-12), 29.5 (t, C-13), 29.5 (t, C-14), 27.4 (t, C-11), 23.1 (t, C-16), 17.8 (t, C-8), 14.4 

(q, C-17); ESIMS m/z 243.2 (62), 235.2 (100), 203.2 (91), 181.1 (42), 149.0 (58) 147.1 

(57) 117.1 (44), 105.1 (50); HRESIMS m/z 245.1898 [M+H+] (calculated for C17H25O, 

245.1905). 

(3R, 9R, 10S)-Panaxydol (2.2). Colorless oil; [α]25
D = −176.3 (c 1.56, CHCl3); IR (thin 

film) max 3399, 2929, 2856, 2257, 986, 931 cm−1; 1H NMR (benzene-d6, 300 MHz)  

5.70 (1H, ddd, J = 17.0, 10.2, 5.2 Hz, H-2), 5.26 (1H, ddd, J = 17.0, 1.6, 1.2 Hz,  H-1a), 

4.90 (1H, I = 10.2, 1.6, 1.2 Hz, H-1b), 4.57 (1H, m, H-3), 2.83 (1H, m, H-9), 2.59 (1H, 

m, H-10), 2.30 (1H, ddd, J = 17.7, 5.5, 0.9 Hz, H-8a), 2.00 (1H, ddd, J = 17.7, 7.0, 1.0 

Hz, H-8b), 1.62 (1H, bs, 3-OH), 1.26 (2H, m, H2-16), 1.24 (4H, m, H2-11, H2-12), 1.20 

(2H, m, H2-15), 1.19 (4H, m, H2-13, H2-14), 0.91 (3H, t, J = 6.9 Hz, H3-17); 13C NMR 

(benzene-d6, 100 MHz)  136.8 (d, C-2), 116.2 (t, C-1), 77.3 (s, C-4), 76.3 (s, C-7), 71.1 

(s, C-5), 67.2 (s, C-6), 63.5 (d, C-3), 56.5 (s, C-10), 54.1 (s, C-9), 32.2 (t, C-15), 29.7 (t, 

C-14), 29.6 (t, C-13), 27.8 (t, C-12), 26.9 (t, C-11), 23.1 (t, C-16), 19.6 (t, C-8), 14.4 (q, 

C-17); ESIMS m/z 283.2 [M+Na+] (25), 280.2 (21), 275.2 (100), 243.2 (42), 149.0 (26), 
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145.1 (21), 131.1 (29), 117.1 (28); HRESIMS m/z 283.1665 [M+Na+] (calculated for 

C17H24O2Na, 283.1674). 

2.2.3 Results and discussion 

The genus Aralia (Araliaceae) comprises 68 species found mainly in Asia and 

America (Wen et al., 1998). Previous phytochemical studies of plants from this genus 

have focused on species found in Asia and resulted in the isolation of apoptosis inducing 

proteins (Tomatsu et al., 2003), anti-inflammatory cerebrosides (Kang et al., 1999), 

saponins (Lee et al., 2009) and diterpenes (Cho et al., 2010), anti-asthmatic diterpenes 

(Cho et al., 2010), antitumor triterpenes (Tian et al., 2006), and cytotoxic diterpenes (Seo 

et al., 2007), diynes (Park and Kim, 1995; Seo et al., 2007) and triterpenes (Xiao et al., 

1999). Extracts of Asian species have also shown cytotoxic (Lee et al., 2006) and 

hypoglycemic activity (Bhat et al., 2005). 

 Although A. nudicaulis is abundant in North America (Barrett and Helenurm, 

1981) and it has been used medicinally by at least 20 groups of indigenous peoples for 

various ailments and diseases (Moerman, 1998), relatively few studies have investigated 

the bioactive constituents of this plant.  Hexane extracts of the rhizome and fruit of A. 

nudicaulis from Saskatchewan, Canada have been shown to possess significant 

anticancer activity against human cervix, colon and leukemia cell lines with concomitant 

lower cytotoxicity towards non-cancerous human cell lines (Wang et al., 2006).  An 

aqueous extract of A. nudicaulis rhizomes from New Brunswick, Canada exhibited anti-

mycobacterial activity against Bacillus Calmette–Guérin (Sanofi Pasteur vaccine strain) 

and Mycobacterium tuberculosis H37Rv and modest activity against Mycobacterium 
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avium (Webster et al., 2010).  It was this latter study that prompted our current research 

to isolate and identify the anti-mycobacterial constituents of A. nudicaulis rhizomes.   

Methanolic extracts of dried A. nudicaulis roots were therefore subjected to 

bioassay guided fractionation using the MRA technique to test for anti-mycobacterial 

activity against M. tuberculosis (H37Ra). The fractionation process was facilitated by the 

use of the avirulent H37Ra strain as bioassays could be conducted in a bio-containment 

level 2 setting rather than the level 3 facilities that are required when working with the 

virulent H37Rv strain of M. tuberculosis. Solvent partition, flash chromatography and 

normal phase HPLC led to the isolation of  (3R)-falcarinol [2.1, also named panaxynol 

and  carototoxin (Bohlmann et al., 1966; Takahashi and Yoshikura, 1964); see Figure 

2.2] and (3R, 9R, 10S)-panaxydol [2.2 (Poplawski et al., 1980); see Figure 2.2] as the 

major anti-mycobacterial constituents of the A. nudicaulis rhizome comprising 0.33 and 

0.32 % of the dry weight of the rhizome respectively. The molecular formulae of 2.1 and 

2.2 were determined from the pseudomolecular ions observed from HRESIMS and their 

structures and absolute configurations were confirmed through comparison of the NMR 

data and optical rotations obtained for these compounds with literature values [2.1: 

(Bohlmann et al., 1966; Gafner et al., 1989); 2.2: (Hirakura et al., 1991; Poplawski et al., 

1980)]. The levels of 2.1 and 2.2 observed in A. nudicaulis rhizomes are much higher 

than those found in other common sources of falcarinol and C17 diyne derivatives such as 

red ginseng [falcarinol constitutes approximately 0.07 % of the dry weight (Kitagawa et 

al., 1987)] and carrots [falcarinol amounts of approximately 0.004 % dry weight 

(Christensen and Kreutzmann, 2007)].  
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Figure 2.2 The structures of (3R)-falcarinol (2.1) and (3R, 9R, 10S)-panaxydol (2.2). 
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Both analogues exhibited significant activity against the avirulent M. tuberculosis 

strain (see Table 2.2) with 2.1 being the more active of the two compounds. Falcarinol 

(2.1) exhibited a MIC of 25.6 µM (6.25 µg/mL) and an IC50 of 15.3 µM (3.73 µg/mL) 

and panaxydol (2.2) displayed a MIC of 36.0 µM (9.38 µg/mL) and an IC50 of 23.5 µM 

(6.13 µg/mL). Whilst anti-mycobacterial activity has previously been reported for (3S)-

falcarinol against M. tuberculosis and M. avium (using a disk diffusion assay at 20 

μg/disk) (Kobaisy, Abramowski et al., 1997) and (3R)-falcarinol against M. fortuitum 

(MIC 30.4 μM) and M. aurum (MIC 16.4 μM) (Schinkovitz et al., 2008), this is the first 

report of anti-mycobacterial activity for panaxydol (2.2) and MICs and IC50s have not 

been reported for either analogue against M. tuberculosis. Both C17 diynes were also 

tested against Human embryonic kidney 293 cells for their cytotoxic activities, which are 

comparable with the literature data (Young et al., 2008). 
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Table 2.2 Anti-mycobacterial activities (MICs and IC50s in μg/mL [μM]) of falcarinol 

(2.1) and panaxydol (2.2) against M. tuberculosis (H37Ra). 

Compound 

Mycobacterium tuberculosis  

(H37Ra) 

Human embryonic kidney  

293 cells 

MIC IC50 (±SEM)a IC50 (±SEM)a 

Falcarinol 

(2.1) 

6.25 

[25.6] 

3.73 (±0.08) 

[15.3 (± 0.33)] 

32.3 (± 0.87) 

[132.3 ± 3.56] 

Panaxydol 

(2.2) 

9.38 

[36.0] 

6.13 (±0.13) 

[23.5 (±0.5)] 

23.8 (±0.22) 

[91.5 (± 0.85)] 
a SEM = standard error of the mean (n = 3). 
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The isolation of 2.1 and 2.2 from A. nudicaulis rhizomes is consistent with the 

traditional medicinal use of this plant by Algonquin and Iroquois First Nation 

communities of Eastern Canada as a treatment for tuberculosis. It is interesting to note 

that both of the diynes isolated in this study have been shown to have broad biological 

activities that include significant cytotoxicity (Dembitsky and Levitsky, 2006) and the 

methods that are used to prepare the plant material may be responsible for the avoidance 

of side effects from A. nudicaulis therapy. Extracts of A. nudicaulis are generally 

administered as a tea prepared from dried rhizomes (Moerman, 1998), and this, in 

conjunction with the low solubility of 2.1 and 2.2 in aqueous solution, would limit the 

concentrations of the diynes in the infusions. Indeed, recent reports of the general health 

benefits gained from regular intake of small quantities of falcarinol derivatives 

(Christensen, 2011) may also explain the extensive and diverse use of this plant by many 

other First Nations communities across Canada. 
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2.3 Anti-mycobacterial triterpenes from the Canadian medicinal plant Alnus incana 

2.3.1 Introduction 

Alnus incana (Betulaceae), commonly known as the gray or speckled alder, is 

distributed from coast to coast in North America (Furlow, 1979). Different parts of the 

tree have been used as medicines by various First Nations communities for many 

centuries (Johnsoton, 1987; Moerman, 1998). For example, the Blackfoot First Nations 

(Alberta) would use infusions of alder bark to treat scrofula caused by tuberculosis 

(Moerman, 1998); the Bella Coola First Nations (British Columbia) would make a 

poultice from the buds of Alnus incana to ease lung pains (Moerman, 1998); the Carrier 

peoples (British Columbia) would use a decoction of the bark as an anti-septic (RitchKrc 

et al., 1996); and the Cree (Ontario, Manitoba, Saskatchewan, Alberta and the Northwest 

Territories) would use infusions of the bark to treat diabetes (Leduc et al., 2006). 

Although McCutcheon et al. reported that the closely related species Alnus rubra 

exhibited anti-mycobacterial, anti-viral and anti-fungal activities (McCutcheon et al., 

1994; McCutcheon et al., 1995; McCutcheon et al., 1997), no investigations of the 

bioactivity of A. incana extracts have been reported. Since A. rubra and A. incana are 

congeneric and there is ethnopharmacological evidence that A. incana was used as 

treatment of TB-related symptoms, we reasoned that A. incana may possess anti-

mycobacterial activity. The present study was performed to assess the anti-mycobacterial 

activity of A. incana bark and to identify the active constituents of the extract. 

2.3.2 Materials and methods 

2.3.2.1 General experimental procedures 
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All solvents for extraction and isolation were purchased from Fisher Scientific 

(Ottawa, ON, Canada).  NMR solvents were purchased from Sigma-Aldrich (Oakville, 

ON, Canada).  NMR spectra were recorded on an Agilent 400-MR DD2 NMR 

spectrometer and high-resolution mass spectrometry was performed on a Thermo LTQ 

Exactive instrument using either electrospray ionization (ESI) or atmosphere pressure 

chemical ionization (APCI).  Optical rotations were determined on a Rudolph autopol III 

polarimeter and IR spectra were recorded on a Perkin Elmer Spectrum Two FT-IR 

spectrometer as thin films on sodium chloride disks. Flash chromatography was 

performed using a Biotage Flash+ chromatography system and KP-Sil 25+S silica 

cartridges (40-63 µm, 60 Å). Semi-preparative normal phase HPLC was performed on a 

Waters 510 pump, a Phenomenex Luna silica column (250 × 10 mm, 10u, 100A) and a 

Waters R401 refractive index detector. Anti-mycobacterial susceptibility tests were 

performed using modified Middlebrook 7H9 broth base (BBL™ MGIT™, Becton 

Dickinson, Mississauga, Ontario) in non-tissue culture treated, low-binding, black 96-

well microtitre plates sealed with polyester films (50 μm). Fluorometric readings (in 

relative fluorescence units, RFU) were recorded using a Molecular Devices Gemini EM 

dual-scanning microplate spectrofluorometer with a 530 nm excitation filter and a 590 

nm emission filter operating in top-scan mode. 

2.3.2.2 Biological assays 

Anti-mycobacterial activity against M. tuberculosis strain H37Ra (ATCC 25177) 

and cytotoxicity against human embryonic kidney 293 cells (ATCC CRL-1573) were 

assessed as previously described (Carpenter et al., 2012; O'Neill et al., 2014). 

Bioactivities were categorized into four levels based on the IC50s: potent activities (IC50s 
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< 10 µg/mL), moderate activities (10 µg/mL < IC50s < 100 µg/mL), weak activities (100 

µg/mL < IC50s < 250 µg/mL) and inactive (IC50s > 250 µg/mL). 

2.3.2.3 Collection of plants materials 

Alnus incana branches were collected in July 2014 from Rockwood Park, Saint 

John, New Brunswick, Canada (N 45° 18,379; W 66° 05,598). The branches were 

transported to the laboratory and washed with water to remove debris. The bark of the 

branches was removed by hand, freeze-dried and stored at –20℃. Dr. Steven Clayden 

(New Brunswick Museum) identified the plant material and a voucher specimen was 

deposited in the New Brunswick Museum Herbarium (VP-40098).  

2.3.2.4 Extraction and isolation 

Freeze-dried bark (60 g) was exhaustively extracted with methanol for 8 hours 

using a Soxhlet apparatus.  Removal of the methanol in vacuo gave a crude extract (6.2 g) 

that exhibited significant anti-mycobacterial activity and subsequent fractionation of the 

extract was bioassay guided using M. tuberculosis strain H37Ra (ATCC 25177).  The 

extract (6.1 g) was fractionated using a modified Kupchan solvent-solvent partition 

protocol as previously described (Li et al., 2012) to give five fractions. The hexane (0.77 

g) and CH2Cl2 fractions (0.45 g) exhibited significant bioactivity and were separately 

subjected to silica gel flash chromatography using stepwise gradients of 100% hexane to 

100% EtOAc in 10% increments (200 mL for each elution) to afford ten fractions each.  

Fraction 2 (40 mg) from the hexane partition fraction was subjected to normal phase 

HPLC eluted with 95% hexane and 5% EtOAc to give compound 2.3 (29 mg). Fraction 2 

(40 mg) from the DCM fraction was subjected to normal phase HPLC eluted with 85% 
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hexane and 15% EtOAc to give the compounds 2.4, 2.5 and 2.6 (7, 2 and 5 mg 

respectively).    

2.3.2.5 Spectroscopic and spectrometric data 

Betulin (2.3). White powder; [α]25
D = +12.5 (c 0.26, CHCl3); IR (thin film) max 

3344, 3074, 2940, 2865 cm−1; 1H and 13C NMR data ( Table 2.3) were consistent with 

literature values (Mahato and Kundu, 1994; Tinto et al., 1992); HRESIMS m/z 443.3886 

[M+H+] (calculated for C30H51O2, 443.3889). 

Betulinic acid (2.4). White powder; [α]25
D = +3.35 (c 0.36, CHCl3); IR (thin film) 

max 3468, 3069, 2986, 2942, 1688, 1643cm−1; 1H and 13C NMR data ( Table 2.3) were 

consistent with literature values (Mahato and Kundu, 1994; Peng et al., 1998); HRESIMS 

m/z 455.3534 [M-H+] (calculated for C30H47O3, 455.3525). 

Betulone (2.5). Yellow powder; [α]25
D = +28.8 (c 0.11, CHCl3); IR (thin film) 

max 3443, 3070, 2941, 2868, 1702, 1641 cm−1; 1H and 13C NMR data ( Table 2.3) were 

consistent with literature values (Tinto et al., 1992); HRESIMS m/z 441.3730 [M+H+] 

(calculated for C30H49O2, 441.3733). 

Lupenone (2.6). White powder; [α]25
D = +36.4 (c 1.83, CHCl3); IR (thin film) 

max 3073, 2944, , 1707 cm−1; 1H and 13C NMR data ( Table 2.3) were consistent with 

literature values (Ahn and Oh, 2013); HRESIMS m/z 425.3778 [M+H+] (calculated for 

C30H49O, 425.3783).  
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Table 2.3 1H (400 MHz) and 13C NMR (100 MHz) spectral data of 2.3, 2.4, 2.5 and 2.6. 

Position 2.3a 2.4b 2.5a 2.6a 

δC δH δC δH δC δH δC δH 

1 38.9 0.89 m 38.7 0.99 m 39.8 1.91 m 39.7 1.91 m 

  1.65 m  1.67 m  1.39 m  1.42 m 

2 27.6 1.58 m 28.4 1.85 m 34.1 2.46 m 34.3 2.46 m 

3 79.1 3.19 78.2 3.45 m 218.3 - 218.4 - 

(dd, 11.2, 4.9) 

4 39 - 39.4 - 47.5 - 47.5 - 

5 55.4 0.67 m 56 - 55.1 1.34 m 55.1 1.35 m 

6 18.5 1.52 m 18.9 1.56 m 19.8 1.51 m 19.8 1.57 m 

  1.38 m  1.38 m  1.38 m  1.40 m 

7 34.4 1.40 m 34.9 1.45 m 33.8 1.47 m 33.7 1.47 m 

  1.37 m  1.38 m  1.41 m  1.41 m 

8 41.1 - 41.2 - 41 - 40.9 - 

9 50.6 1.27 m 51 1.38 m 49.9 1.39 m 49.9 1.39 m 

10 37.3 - 37.6 - 37 - 37 - 

11 21 1.41 m 21.3 1.43 m 21.5 1.44 m 21.6 1.46 m 

  1.19 m  1.21 m  1.27 m  1.27 m 

12 25.4 1.63 m 26.2 1.21 m 25.4 1.67 m 25.3 1.47 m 

  1.03 m  1.94 m  1.07 m  1.18 m 

13 37.5 1.64 m 39.6 2.74 m 37.6 1.69 m 38.3 1.70 m 

14 42.9 - 42.9 - 42.9 - 43.1 - 

15 27.2 1.7 m 31.3 1.26 m 26.8 1.74 m 27.6 1.73 m 

  1.04 m  1.88 m  1.09 m  1.07 m 

16 29.3 1.93 m 33 1.55 m 29.3 1.22 m 35.7 1.56 m 

  1.2 m  2.63 m  1.98 m  1.39 m 

17 48 - 56.7 - 47.9 - 43 - 

18 48.9 1.57 m 47.9 1.77 m 48.9 1.61 m 48.4 1.50 m 

19 48 2.38 m 49.9 3.52 m 47.9 2.41 m 48.1 2.39 m 

20 150.6 - 151.4 - 150.6 - 151 - 

21 29.9 1.95 m 30.4 1.53 m 29.9 1.98 m 30 2.09 m 

  1.40 m  2.24 m  1.44 m  1.37 m 

22 34.1 1.86 m 37.7 1.57 m 34.3 1.91 m 40.1 1.43 m 

  1.02 m  2.25 m  1.05 m  1.28 m 

23 28.1 0.96 s 28.8 1.25 s 27.2 1.08 s 26.8 1.07 s 

24 15.5 0.76 s 16.4 1.03 s 21.2 1.04 s 21.2 1.02 s 

25 16.3 0.82 s 16.5 0.85 s 16.1 0.94 s 16.1 0.93 s 

26 16.1 1.02 s 16.5 1.08 s 16 1.07 s 15.9 1.07 s 
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Table 2.3 Continued. 

Position 2.3a 2.4b 2.5a 2.6a 

δC δH δC δH δC δH δC δH 

27 14.9 0.98 s 15 1.09 s 14.9 1.00 s 14.6 0.95 s 

28 60.7 3.80 

(d, 10.8) 

178.9 - 60.7 3.80 

(d, 10.9) 

18.2 0.79 s 

  3.33 

(d, 10.6) 

 -  3.35 

(d, 10.8) 

 - 

29 109.8 4.68 

(d, 2.2) 

110 4.97 s 109.8 4.69 

(d, 2.2) 

109.5 4.69 

(d, 2.3) 

  4.58 m  4.79 s  4.59 m  4.57 m 

30 19.2 1.68 s 19.6 1.81 s 19.2 1.69 s 19.5 1.68 s 
a Spectra recorded in CDCl3. 

b Spectra recorded in pyridine-D5. 
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2.3.3 Results and discussion 

Alnus incana is a member of the genus Alnus MILL that consists of 35 species of 

trees and shrubs distributed across the Northern hemisphere with a few species extending 

into the Andes in the Southern hemisphere (Chen and Li, 2004; Furlow, 1979). There are 

a total of nine Alnus species in North America, two of which are native to New 

Brunswick, Canada: A. incana and A. viridis (Furlow, 1979; Hinds, 2000). The traditional 

therapeutic uses of six of the nine North American Alnus species, A. glutinosa, A. incana, 

A. rhombifolia, A. rubra, A. serrulata and A. viridis, have been documented (Moerman, 

2009), with the bark of three species, A. incana (Blackfoot), A. rhombifolia (Mendocino) 

and A. rubra (Hesquiat, Kwakiutl, Nitinaht and Swinomish), being used as tuberculosis 

remedies (Moerman, 2009). 

Therefore, due to our keen interest in the anti-mycobacterial activity of 

traditionally used medicinal plants from the Canadian Maritime provinces, we 

investigated the anti-mycobacterial activity of the bark of A. incana. Bioassay guided 

fractionation led to the isolation of four lupane triterpenes: betulin [2.6 (Schulze and 

Pieroh, 1922) ], betulinic acid [2.4 (Ruzicka and Isler, 1936)], betulone [2.5 (Hase, 1972; 

Hase et al., 1981)] and lupenone [2.6 (Winterst et al., 1965)] (Figure 2.3). The molecular 

formulae of the triterpenes were determined from the pseudomolecular ions observed in 

HRESIMS (2.3, 2.4, and 2.5) and, when the absence of ionisable functional groups 

precluded analysis by ESIMS (Rhourri-Frih et al., 2009), APCIMS [2.6 (van der Doelen 

et al., 1998)]. The structures of 2.3 – 2.6 were elucidated by NMR analysis and confirmed 

by comparison of their NMR data and specific rotations with literature values [2.3: 
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(Mahato and Kundu, 1994; Tinto et al., 1992), 2.4: (Mahato and Kundu, 1994; Peng et 

al., 1998), 2.5: (Tinto et al., 1992) and 2.6: (Ahn and Oh, 2013)]. 
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Figure 2.3 The structures of betulin (2.3), betulinic acid (2.4), betulone (2.5) and 

lupenone (2.6). 
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Of the four triterpenes, betulin (2.3) demonstrated significant anti-mycobacterial 

activity against M. tuberculosis H37Ra whilst betulinic acid (2.4) and betulone (2.5) 

displayed weak activity and lupenone (2.6) was inactive (Table 2.4). The anti-

mycobacterial activity of 2.3 has been reported previously (Gu et al., 2004; Rugutt and 

Rugutt, 2002; Wächter et al., 1999) but at lower levels than those observed in this study, 

probably due to the susceptibility tests being performed on different mycobacterial strains 

(Collins and Franzblau, 1997).  

The cytotoxicities of the triterpenes were tested against the human embryonic 

kidney cell line HEK 293 (Table 2.4) and were in agreement with literature data (Choi et 

al., 2006; Dzubak et al., 2006; Kuo et al., 1997; Laszczyk, 2009; Mutai et al., 2004; 

Nguyen et al., 2004; Puapairoj et al., 2005; Wada and Tanaka, 2005).  Betulin (2.3) and 

betulinic acid (2.4) were moderately cytotoxic while betulone (2.5) was weakly cytotoxic 

and lupenone (2.6) was inactive. These data indicate that whilst betulin (2.3) exhibits 

modest selectivity as an inhibitor of mycobacterial growth (therapeutic index: 16), 

betulinic acid (2.4) was almost eight-fold more toxic to the human cells than the 

mycobacterial cells.  
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Table 2.4 Biological activities (MICs and IC50s in μg/mL [μM]) of the A. incana natural 

products. 

Compound 

Mycobacterium tuberculosis 

(H37Ra) 

Human embryonic kidney 293 

cells 

 MIC IC50 (±SEM)a IC50 (95% CI) b 

Betulin (2.3) 

 

12.5 

[28] 

2.4 (±0.03) 

[5.4 (±0.07)] 

39c (3 – 48) 

[87 (70 – 108)] 

11c (9 – 13) 

[24 (47 – 28)] 

109c (89 – 134) 

[248 (202 – 305)] 

> 250d 

[> 500] 

Betulinic acid (2.4) > 400 

[> 900] 

84 (± 1.1) 

[183 (± 2.4)] 

Betulone (2.5) 400 

[909] 

57 (± 1.4) 

[129 (± 3.2)] 

Lupenone (2.6) > 400d 

[>900] 

> 100d 

[> 200] 
a SEM = standard error of the mean (n = 3). 
b CI = confidence interval. 
c IC50 obtained from trimmed Spearman-Karber analysis. 
d Compound not sufficiently active to calculate data. 
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In conclusion, the isolation of anti-mycobacterial triterpenes from extracts of the 

bark of A. incana may support the traditional medicinal use of this plant by the First 

Nations peoples of Canada as a treatment of TB-related symptoms. Betulin (2.3) 

demonstrated significant activity in our anti-mycobacterial assays and it is interesting to 

note that birch bark (trees of the genus Betula), which also contains significant quantities 

of 2.3 (Krasutsky, 2006), has numerous documented therapeutic uses in North America 

that include the treatment of pulmonary aliments and TB (Moerman, 1998). The acute 

differences in the anti-mycobacterial activities observed for the four structurally related 

triterpenes presents some preliminary structure-activity data and suggests the 

functionality at carbons 3 and 28 of the lupane skeleton are critical for activity, although 

further SAR studies would be required to confirm these data. 
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2.4 Empetroxepin A and B, anti-mycobacterial dibenz[b,f]oxepins from Empetrum 

nigrum 

2.4.1 Introduction 

Empetrum nigrum L. (Ericaceae), or the black crowberry, is widely distributed in 

high latitudes of the Northern hemisphere (FNA, 1997). The plant is also used 

medicinally by various Canadian First Nations communities as an antidiarrheal drug and 

a cold remedy (Upper Tanana) (Moerman, 2009),  a pediatric aid (Cree) (Moerman, 

2009) and a tuberculosis remedy (Haida Gwaii) (Matsuura et al., 1995). The 

ethnopharmacological significance of E. nigrum has prompted many investigations into 

the isolation and identification of its secondary metabolites (Arriaga-Giner et al., 1993; 

Jarevang et al., 1998; Matsuura et al., 1995; Muravnik and Shavarda, 2012; Ogawa et al., 

2008; Toiron et al., 1995; Wollenweber et al., 1992). Compounds previously isolated 

from E. nigrum include bibenzyls (Arriaga-Giner et al., 1993; Jarevang et al., 1998; 

Muravnik and Shavarda, 2012), chalcones (Muravnik and Shavarda, 2012; Wollenweber 

et al., 1992), dihyrochalcones (Muravnik and Shavarda, 2012; Wollenweber et al., 1992), 

flavonoids (Muravnik and Shavarda, 2012; Ogawa et al., 2008), dihydrophenanthrenes 

(Matsuura et al., 1995; Wollenweber et al., 1992) and triterpenes (Toiron et al., 1995). 

Only the bibenzyls and dihydrophenanthrenes of all previously isolated compounds have 

exhibited anti-microbial activities (Matsuura et al., 1995). However, none of the 

previously isolated compounds have been tested for their anti-mycobacterial activities. 

Empetrum nigrum exhibited promising anti-mycobacterial activity in preliminary 

screenings of First Nations medicinal plants (McCutcheon et al., 1997; O'Neill et al., 
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2014) that prompted us to isolate and identify two new compounds, dibenz[b,f]oxepins 

empetroxepin A (2.7) and B (2.8), along with seven known compounds (2.9 – 2.15).  

2.4.2 Materials and methods 

2.4.2.1 General experimental procedures 

All solvents for extraction and isolation were purchased from Fisher Scientific 

(Ottawa, ON, Canada).  NMR solvents were purchased from Sigma-Aldrich (Oakville, 

ON, Canada).  NMR spectra were recorded on an Agilent 400-MR DD2 instrument.  

HRMS was recorded on a Thermo LTQ Exactive instrument with an ESI source.  Optical 

rotations were determined using a Rudolph autopol III polarimeter equipped with a 

halogen lamp (589 nm) and a 5 cm sample cell. IR spectra were recorded on a Perkin 

Elmer Spectrum Two FT-IR spectrometer as thin films on a sodium chloride disk. Flash 

chromatography was performed using a Biotage Flash + chromatography system and KP-

Sil 25+S silica cartridges (40-63 µm, 60 Å). Size exclusion chromatography was 

performed with Sephadex LH-20 (25-100 µm). Semi-preparative normal phase HPLC 

was performed on a Waters 510 pump, a Waters R401 refractive index detector and a 

Phenomenex Luna silica column (250 × 10 mm, 10u, 100Å). Semi-preparative reversed 

phase HPLC was performed on a Waters 600 system, a 2487 dual-λ absorbance detector 

and a Phenomenex Luna C-18 column (250 × 10 mm, 10u, 100Å). Anti-mycobacterial 

susceptibility tests were performed using modified Middlebrook 7H9 broth base (BBL™ 

MGIT™, Becton Dickinson, Mississauga, Ontario) in non-tissue culture treated, low-

binding, black 96-well microtitre plates sealed with polyester films (50 μm). Fluorometric 

readings (in relative fluorescence units, RFU) were recorded using a Molecular Devices 
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Gemini EM dual-scanning microplate spectrofluorometer with a 530 nm excitation filter 

and a 590 nm emission filter operating in top-scan mode. 

2.4.2.2 Plant material  

The aerial parts of Empetrum nigrum were collected by hand from Saint John, 

New Brunswick, Canada (45°11.932` N, 066°13.803` W) in May 2010. The aerial parts 

were washed with water to remove debris, freeze-dried and stored at –20 °C. Species 

identification was performed by Dr. Stephen Clayden and a voucher specimen was 

deposited in the New Brunswick Museum Herbarium (NBM VP-37479). 

2.4.2.3 Extraction and purification procedures 

The freeze-dried aerial parts of E. nigrum (40 g) were macerated into a powder 

and exhaustively extracted in methanol for 8 hours using a Soxhlet apparatus. A crude 

extract (10.3 g) with significant anti-mycobacterial activity in the initial screening was 

produced after evaporation of the methanol in vacuo and the subsequent fractionation 

process was bioassay guided using the MRA against Mycobacterium tuberculosis H37Ra 

(ATCC 25177). A portion of the crude extract (10.0 g) was fractionated using a modified 

Kupchan solvent-solvent partition to give five fractions (Li et al., 2012). The CH2Cl2 

fraction (2.3 g) was separated by silica gel flash chromatography eluting with 100% 

hexanes to 100% EtOAc in 10 % increments to afford 11 fractions (Fraction A – Fraction 

K). Fraction B (279 mg) was further fractionated by silica gel flash chromatography 

eluting with various ratios of hexanes/EtOAc (100:0, 95:5, 92:8, 90:10, 87:13, 83:17, 

80:20 and 0:100) to afford 11 fractions (Fractions B1-B11). Fraction B7 (24 mg) was 

fractionated using normal phase HPLC (85:15 hexanes/EtOAc) to afford empetroxepin A 

(2.7, 6.2 mg). Fraction B8 (25 mg) was fractionated using normal phase HPLC (90:10 
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hexanes/EtOAc) to afford empetroxepin B (2.8, 1.4 mg). Fraction B9 (26 mg) was 

fractionated using normal phase HPLC (85% hexanes and 15% EtOAc) and cleaned up 

using reversed phase HPLC (85% hexanes and 15% EtOAc) to afford 2`,4`-

dihydroxydihydrochalcone (2.13, 4 mg) and 9,10-dihydro-2,5-dihydroxy-3,4-

dimethoxyphenanthrene (2.11, 3 mg). Fraction B10 (64 mg) was fractionated using normal 

phase HPLC (85% hexanes and 15% EtOAc) and cleaned up using reverse phase HPLC 

(75% MeOH and 25%H2O) to afford 2`,4`-dihydroxychalcone (2.12, 1.5 mg). Fraction C 

(610 mg) was fractionated by silica gel flash chromatography eluting with various ratios 

of hexanes/EtOAc (100:0, 95:5, 92:8, 90:10, 85:15, 82:18, 80:20, 75:25 and 0:100) to 

afford 8 fractions (Fractions C1-C8). Fraction C4 was separated by normal phase HPLC 

(83:17 hexanes/EtOAc) and cleaned up by reserved phase HPLC (94:6 MeOH/water) to 

afford oleanolic acid (2.15, 2.2 mg). Fraction C5 (308 mg) was purified by Sephadex LH-

20 in 50:50 CH2Cl2/MeOH to afford 10 fractions (Fractions C5A-C5J) including batatasin 

V (2.10, 15 mg) and 2`-hydroxy-3-hydroxy-4, 5-dimethoxybibenzyl (2.9, 135 mg). 

Fraction K (64 mg) was purified by normal phase HPLC (85:15 hexanes/EtOAc) and 

cleaned up using reserved phase HPLC (95:5 MeOH/water) to afford erythrodiol (2.14, 

1.5 mg). 

2.4.2.4 Spectroscopic and spectrometric data 

Empetroxepin A (2.7): colourless powder; IR (thin film of CHCl3) νmax 3398, 2936, 2840, 

1590, 1481, 1268, 1206, 1111, 1082 cm-1; ESIHRMS m/z 273.1126 [M + H+] (calculated 

for C16H17O4, 273.1127); 1H and 13C NMR data (Table 2.5).  
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Empetroxepin B (2.8): colourless powder; IR (thin film of CHCl3) νmax 3429, 2933, 2846, 

1598, 1486, 1230, 1201, 1125, 1076 cm-1; ESIHRMS m/z 273.1122 [M + H+] (calculated 

for C16H17O4, 273.1127); 1H and 13C NMR data (Table 2.6). 

Batatasin V (2.9): colourless oil; IR (thin film of CHCl3) νmax 3417, 2937, 1591, 1506, 

1456, 1130 cm-1; ESIHRMS m/z 289.1434 [M + H+] (calculated for C17H21O4, 289.1440); 

1H and 13C NMR data were consistent with literature values (Nesi et al., 2014). 

2`-Hydroxy-3-hydroxy-4, 5-dimethoxybibenzyl (2.10): colourless oil; IR (thin film of 

CHCl3) νmax 3322, 2940, 1593,1509, 1458, 1096 cm-1; ESIHRMS m/z 275.1279 [M + H+] 

(calculated for C16H19O4, 275.1283); 1H and 13C NMR data were consistent with 

literature values (Jarevang et al., 1998). 

9, 10-Dihydro-2,5-dihydroxy-3,4-dimethoxyphenanthrene (2.11): colourless solid; IR 

(thin film of CHCl3) νmax 3250, 2940, 1580, 1458, 1345, 1003 cm-1; ESIHRMS m/z 

273.1121 [M + H+] (calculated for C16H17O4, 273.1127); 1H and 13C NMR data were 

consistent with literature values (Estrada et al., 1999). 

2`, 4`-Dihydroxychalcone (2.12): yellow solid; IR (thin film of CHCl3) νmax 3264, 3028, 

2930, 1752, 1630, 1138 cm-1; ESIHRMS m/z 241.0859 [M + H+] (calculated for 

C15H13O3, 241.0865); 1H and 13C NMR data were consistent with literature values 

(Wollenweber et al., 1992). 

2`, 4`-Dihydroxydihydrochalcone (2.13): white solid; IR (thin film of CHCl3) νmax 2925, 

1739, 1633, 1360, 1228, 1138 cm-1; ESIHRMS m/z 243.1016 [M + H+], (calculated for 

C15H15O3, 243.1021); 1H and 13C NMR data were consistent with literature values 

(Wollenweber et al., 1992). 



53 

 

Erythrodiol (2.14): white solid; [α]25
D -12.5 (c 0.032, CH2Cl2); IR (thin film of CHCl3) 

νmax 3393, 2925, 1641, 1096 cm-1; ESIHRMS m/z 443.3883 [M + H+] (calculated for 

C30H51O2, 443.3889); 13C NMR data was consistent with literature values (Mahato and 

Kundu, 1994). 

Oleanolic acid (2.15): white solid; [α]25
D +37.25 (c 0.16, CH2Cl2); IR (thin film of 

CHCl3) νmax 3406, 2932, 2906, 2869, 1686, 1090 cm-1; ESIHRMS m/z 457.3679 [M + 

H+] (calculated for C30H49O3, 457.3682); 13C NMR data was consistent with literature 

values (Mahato and Kundu, 1994). 

2.4.2.5 Anti-mycobacterial assay and cytotoxicity assay 

The microplate resazurin assay for the determination anti-mycobacterial activity 

against M. tuberculosis was performed according to the procedure as previously 

described (O'Neill et al., 2014). Cytotoxicity assays against human embryonic kidney 293 

cells (ATCC CRL-1573) were performed following the procedure previously described 

(Carpenter et al., 2012). Bioactivities were categorized into four levels based on the 

IC50s: potent activities (IC50s < 10 µg/mL), moderate activities (10 µg/mL < IC50s < 100 

µg/mL), weak activities (100 µg/mL < IC50s < 250 µg/mL) and inactive (IC50s > 250 

µg/mL). 

2.4.3 Results and discussion 

A methanolic extract of the aerial parts of E. nigrum was fractionated using a 

modified Kupchan solvent-solvent partition with hexane, CH2Cl2, EtOAc and butanol.  

The CH2Cl2 fraction was the only fraction active against M. tuberculosis, and was 

therefore subjected to bioassay guided silica gel and Sephadex LH-20 column 
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chromatography as well as high-performance liquid chromatography (HPLC) to afford 

compounds 2.7- 2.15 (Figure 2.4). 
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Figure 2.4 Structures of isolated compounds (2.7 – 2.15) from E. nigrum. 
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Compound 2.7 was isolated as a colourless amorphous solid that gave a 

pseudomolecular M + H+ ion at m/z 273.1126 (calcd for C16H17O4, 273.1121) in the 

positive ion HRESIMS, consistent with a molecular formula of C16H16O4 that implied 

nine degrees of unsaturation of 2.7. The 13C NMR spectrum (Table 2.5) revealed 16 

resonances that could assign 2.7 as a bibenzyl skeleton (Arriaga-Giner et al., 1993; 

Jarevang et al., 1998) [12 aromatic carbons at δ 144.8(C-1), 138.4 (C-2), 145.3 (C-3), 

109.3 (C-4), 130.2 (C-4a), 130.9 (C-6a), 131.2 (C-7), 123.8 (C-8), 127.3( C-9), 121.4(C-

10), 157.0 (C-10a) and 144.5 (C-11a); two benzylic methylenes at δ 30.3(C-5) and 31.6 

(C-6); two methyloxys at δ  62.0 (1-OMe) and 61.5 (2-OMe)]. The 1H NMR spectrum 

and phase sensitive HSQC spectrum provided further evidence that 2.7 has a tricyclic 

bibenzyl skeleton by the presence of five aromatic methines [δ 7.10 (H-7, dd, J = 8.1, 1.8 

Hz), 7.01 (H-8, ddd, J = 8.1, 1.3 Hz), 7.15 (H-9, ddd, J = 8.1, 1.8 Hz), 7.22 (H-10, dd, J = 

8.1, 1.3 Hz) and 6.51 (H-4, s), two benzylic methylenes [δ 3.08 (H-5, m) and 3.08 H-6, 

m)] , two methoxys [δ 4.00 (1-OMe, s) and 3.93 (2-OMe, s)] and one phenol group [5.47, 

(3-OH, bs)]. A carbon skeleton of 2.7 was assembled with the help of the HMBC 

spectrum which revealed correlations from H-4 to C-1, C-2 and C-5; H-5 to C-4, C-4a, C-

6 and C-6a; H-6 to C-4a, C-5, C-6a and C-7; H-7 to C-6, C-9, C-10a; H-10 to C-6a, C-8 

and C-10a; 1-OMe to C-1; 2-OMe to C-2 and COSY data, which revealed a conjugate 

system between H-7, H-8, H-9 and H-10. However, the HMBC spectrum with coupling 

constant optimized at 8 Hz did not show a correlation from 3-OH to any carbon, which 

prompted us to use constant time inverse-detection gradient accordion rescaled HMBC 

(CIGAR-HMBC) to reveal correlations from 3-OH to C-2, C-3 and C-4. The carbon 

skeleton of 2.7 based on HMBC data only fulfilled eight degrees of unsaturation, and 
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therefore, the only possible way to form the third ring was to link the two benzene rings 

though an ether linkage. The 13C NMR shifts of C-10a and C-11a suggested that they 

were oxygenated aromatic carbons, and therefore, an ether linkage could be present 

between C-10a and C-11a. It was supported by the NOE signal between 1-OMe and H-

10. Finally, the NOESY spectrum was able to place C-1, C-2, C-3 and C-4 in the correct 

order by correlations between H-4 and H-5; 3-OH and 2-OMe; H-10 and 1-OMe. On the 

basis of the spectroscopic data, 2.7 was identified as 5, 6-dihydro-1, 2-dimethoxy-3-

hydroxydibenz[b,f]oxepin and is named empetroxepin A. 
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Table 2.5 NMR Spectroscopic Data for 2.7a. 

Position δC, mult δH (mult, J in Hz) HMBC 
CIGAR 

HMBC 
NOE COSY 

1 144.8, s      

2 138.4, s      

3 145.3, s      

4 109.3, d 6.51 (s) 1, 2, 5  5  

4a 130.2, s      

5 30.3, t 3.08 (m)b 4a, 6, 6a 10a, 11a 4 6 

6 31.6, t 3.08 (m)b 4a, 5, 6a 10a, 11a 7 5 

6a 130.9, s      

7 131.2, d 
7.10 (dd, J = 8.1, 

1.8) 
6, 9, 10a 

 
6 8 

8 123.8, d 
7.01 (dt, J = 8.1, 

1.3) 
6a, 10 

  
7, 9 

9 127.3, d 
7.15 (dt, J = 8.1, 

1.8) 
7, 10a 

  
9,  10 

10 121.4, d 
7.22 (dd, J = 8.1, 

1.3) 

8, 6a, 

10a  
1-OMe 9 

10a 157.0, s      

11a 144.5, s      

1-OMe 62.0, q 4.00 (s) 1  10  

2-OMe 61.5, q 3.93 (s) 2  3-OH  

3-OH  5.47 (bs)  2, 3, 4 2-OMe  
a Data for 2.7 was recorded in CDCl3 (400 MHz for 1H, 100 MHz for 13C, δ in ppm).                        
b Interchangeable. 
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Compound 2.8 was isolated as a colourless amorphous solid that gave a 

pseudomolecular M+H+ ion at m/z 273.1122 (calcd for C16H17O4, 273.1121) in the 

positive ion HRESIMS. Therefore, 2.8 was isomeric with 2.7. A close inspection of the 

NMR data of 2.8 revealed similar resonances as 2.7 (Table 2.6), suggesting that 2.8 was 

an analogue of 2.7. The HMBC correlations of 2.8 showed a similar substitution pattern 

as compound 2.7 except that the phenol group and one methoxy group were located at C-

1 and C-3, respectively (Table 2.6). This was supported by the observation of NOE 

correlations between H-4 and 3-OMe; 1-OH and 2-OMe. Based on the evidence, 2.8 was 

identified as 5, 6-dihydro-2, 3-dimethoxy-1-hydroxydibenz[b,f]oxepin and was named 

empetroxepin B.  
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Table 2.6 NMR Spectroscopic Data for 2.8a. 

Position δC, mult δH (mult, J in Hz) HMBC NOE COSY 

1 141.5, s     

2 134.9, s     

3 149.1, s     

4 103.4, d 6.18 (m) 2, 3, 6, 11a 5, 3-OMe 5, 3-OMe 

4a 132.3, s     

5 30.97, t 3.08 (m) 4a, 6a, 11a 4 4, 6 

6 31.03, t 3.14 (m) 6a, 10a 7 5 

6a 126.7, s     

7 130.6, d 7.16 (m) 6, 8, 10a 6 8, 9, 10 

8 127.5, d 7.18 (m) 10a  7, 9, 10 

9 124.5, d 7.06 (m) 10  7, 8, 10 

10 120.9, d 7.19 (m) 10a  7, 8, 9 

10a 157.2, s     

11a 139.0, s     

1-OH  5.89 (bs) 1, 2, 11a 2-OMe  

2-OMe 61.1, q 3.89 (s) 2 1-OH  

3-OMe 56.3, q 3.81 (s) 3 4 4 
a Data for 2.8 was recorded in CDCl3 (400 MHz for 1H, 100 MHz for 13C, δ in ppm). 
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The previously known compounds 2.9 – 2.15 were also isolated from E. nigrum.  

Based on NMR and HRESIMS data, their structures were identified as batatasin V (2.9) 

(Nesi et al., 2014), 2`-hydroxy-3-hydroxy-4, 5-dimethoxybibenzyl (2.10)  (Jarevang et 

al., 1998), 9, 10-dihydro-2,5-dihydroxy-3,4-dimethoxyphenanthrene (2.11) (Estrada et 

al., 1999), 2`, 4`-dihydroxychalcone (2.12) (Wollenweber et al., 1992), 2`, 4`-

dihydroxydihydrochalcone (2.13) (Wollenweber et al., 1992), erythrodiol (2.14) (Mahato 

and Kundu, 1994) and oleanolic acid (2.15) (Mahato and Kundu, 1994). 

Empetroxepin A (2.7) and B (2.8) are new members of a small family of 

dibenz[b,f]oxepins that are rare in nature (Pettit et al., 2005). The majority of them are 

from the genus Bauhinia, including pacharin from B. racemosa (Anjaneyulu et al., 1984), 

the bauhinoxepins from B. saccocalyx (Kittakoop et al., 2004), the bauhiniastatins from 

B. purpurea (Pettit et al., 2005) and the bauhinoxpins from B. purpurea (Boonphong et 

al., 2007). The only case of naturally occurring dibenz[b,f]oxepins from another genus 

are two pacharin derivatives from Cercis chinensis (Mu et al., 2007). All of the 

previously isolated dibenz[b,f]oxepins except bauhinoxepin J have a characteristic 

benzylic methyl group at C-2 position, which is not present in 2.7 and 2.8. Many of the 

dibenz[b,f]oxepin derivatives have displayed anti-cancer, anti-mycobacterial and anti-

malarial activities (Boonphong et al., 2007; Pettit et al., 2005). 

The biosynthesis of oxepins has been proposed through bibenzyl intermediates by 

phenolic oxidative coupling (Apisantiyakom et al., 2004; Boonphong et al., 2007).  

Comparison of the structures of compounds 2.7, 2.8 and 2.10 provided the evidence for 

the possibility that compound 2.10 is the biosynthetic precursor of compounds 2.7 and 

2.8. Also, as shown in Figure 2.5, the phenol protons at C-2` and C-3 of compound 2.10 
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can be removed through one electron oxidation to form the radical (2.10a). The unpaired 

electron from C-3 can be delocalized through resonance forms, in which the free electron 

is dispersed to either the C-6 or C-2 positions, and then the free electron is quenched by 

coupling with the other free electron formed at the phenol oxygen of C-2` to form 

compound 2.7 and 2.8 respectively. Similar to the two oxepins, the biosynthetic pathway 

of compound 2.11 can be rationalized with the same logic (Figure 2.5). Although the 

precursor of compound 2.11 was not isolated in this study, it was isolated from other E. 

nigrum studies (Arriaga-Giner et al., 1993; Muravnik and Shavarda, 2012). Following the 

biosynthetic pathways of compound 2.7, 2.8 and 2.11, one can speculate that there could 

be other novel dibenz[b,f]oxepins produced by E. nigrum. However, it would require 

NMR guided fractionation with much more plant material than what was available in this 

study. 
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Figure 2.5 Proposed biosynthetic pathways of compound 2.7, 2.8 and 2.11. 
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The isolated compounds were tested for their anti-mycobacterial activities and 

cytotoxicities against M. tuberculosis (H37Ra) and a HEK293 cell line respectively 

(Table 2.7). All compounds except 2.10 exhibited anti-mycobacterial activities. 

Compounds 2.7 and 2.8 exhibited moderate anti-mycobacterial activity with IC50s of 27 

and 28 μg/mL respectively, and 2.12 exhibited the highest activity of 5.6 μg/mL (Table 

2.7). The isolated compounds were also tested for their cytotoxic activity against the 

HEK 293 cell line where 2.7 and 2.8 showed cytotoxic IC50s of 39 and 97 μg/mL, 

respectively (Table 2.7). Although 2.7 and 2.8 have similar structures and levels of anti-

mycobacterial activities, the cytotoxicity of 2.7 against HEK 293 cells is more than 2 fold 

higher than 2.8 (Table 2.7). We speculate that the observed differences in the 

cytotoxicities between 2.7 and 2.8 are due to differences in the relative positions of the 

hydroxyl group and the methoxys groups between the two compounds. 

In conclusion, this is the first report on the isolation of dibenz[b,f]oxepins in 

Empetrum species. The isolated bibenzyls 2.10 may be a precursor of the 

dibenz[b,f]oxepins, 2.7 and 2.8. The isolation of anti-mycobacterial compounds from 

extracts of E. nigrum is consistent with the medicinal uses of this plant by the Canadian 

First Nations to treat TB-related symptoms. Interestingly, many of the dibenz[b,f]oxepins 

isolated previously showed significant inhibition against various cancer cell lines 

(Boonphong et al., 2007; Pettit et al., 2005) suggesting that 2.7 and 2.8 should be tested 

for their anti-cancer activities. 
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Table 2.7 Biological activities (MICs and IC50s in μg/mL [μM]) of the isolated 

compounds from E. nigrum. 

Compounds Mycobacterium tuberculosis 

(H37Ra) 

Human embryonic kidney  

293 cells 

MIC IC50 (±SEM)a IC50 (95% CI)b 

2.7 100  

[367] 

27 (± 0.5)  

[99 (± 1.8)] 

38c (33 – 46) 

[143 (121 – 169)] 

2.8 100  

[368] 

28 (± 0.1)  

[103 (± 0.4)] 

97c (86 – 109) 

[354 (314 – 398)] 

2.9 200  

[694] 

55 (± 1.5)  

[191 (± 5.2)] 

29c (26 – 33)  

[101 (89 - 115)] 

2.10 > 400  

[> 1460] 

> 200  

[> 730] 

81c (73 – 88.9)  

[294 (266 – 324)] 

2.11 200  

[735] 

31 (± 0.5)  

[114 (± 1.8)] 

73c (67 – 81) 

[269 (244 – 297)] 

2.12 50  

[208] 

5.6 (± 0.02)  

[23 (± 0.1)] 

22c (18 – 27) 

[92 (75 – 112)]  

2.13 50  

[206] 

8.3 (± 0.3)  

[34 (± 1.2)] 

58c (50 – 67) 

[239 (206 – 276)] 

2.14 > 400  

[> 904] 

67 (± 1.7)  

[151 (± 3.8)] 

> 250d  

[> 565] 

2.15 > 200  

[> 438] 

103 (± 2.4) 

[226 (± 5.3)] 

151c (135 – 169) 

[331 (296 – 371)] 
a SEM = standard error of the mean (n = 3). 
b CI = confidence interval. 
c IC50 obtained from trimmed Spearman-Karber analysis. 
d Compound not sufficiently active to calculate data. 
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2.5 Anti-mycobacterial natural products from Moneses uniflora 

2.5.1 Introduction 

 Moneses uniflora (L.) Gray (Ericaceae), commonly known as the one-flowered 

wintergreen, is native to every continent in the northern hemisphere (Wright and Lusby, 

1999). Many Canadian First Nations communities have used the plant for medicinal 

purposes. Infusions of the dried plants were used to treat paralysis (Montagnais), sore 

throats (Haisla and Hanaksiala) (Arnason et al., 1981; Saxena et al., 1996) and poultices 

of the leaves were used to draw out the pus from boils and abscesses (Cowichan) 

(Moerman, 2009). The crude extract of M. uniflora showed significant activities against 

M. tuberculosis and M. avium in a screening study (McCutcheon et al., 1997). 

Naphthoquinone derivatives have previously been isolated from M. uniflora because of 

their significant anti-fungal activities (Saxena et al., 1996). However, the crude extracts 

as well as the naphthoquinones from M. uniflora did not display any activity against the 

same Mycobacterium spp. in a disk diffusion assay (Saxena et al., 1996),  

In our preliminary screening of 13 traditionally used medicinal plants from 

Canadian First Nations, we found the crude extract of M. uniflora showed significant 

activity against M. tuberculosis (H37Ra) (O'Neill et al., 2014). Additionally, the 

discrepant  results mentioned above also prompted us to carry out a bioassay guided 

fractionation of M. uniflora, which led to the isolation of one new 1,4-naphthoquinone 

derivative, 5, 8-dihydro-3-hydroxychimaphilin (2.16), three known 1,4-naphthoquinone 

derivatives (2.17, 2.18 and 2.19), which 2.18 and 2.19 have previously been isolated from 

M. uniflora (Saxena et al., 1996), and two known coumarins (2.20 and 2.21). 
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2.5.2 Materials and methods 

2.5.2.1 General Experimental Procedures 

All solvents for extraction and isolation were purchased from Fisher Scientific 

(Ottawa, ON, Canada). NMR solvents were purchased from Sigma-Aldrich (Oakville, 

ON, Canada). NMR spectra were recorded on an Agilent 400-MR DD2 instrument. 

HRMS was recorded on a Thermo LTQ Exactive instrument with ESI source. Optical 

rotations were determined using a Rudolph autopol III polarimeter equipped with a 

halogen lamp (589 nm) and a 5 cm sample cell. IR spectra were recorded on a Perkin 

Elmer Spectrum Two FT-IR spectrometer as thin films on a sodium chloride disk. Flash 

chromatography was performed using a Biotage Flash + chromatography system and KP-

Sil 25+S silica cartridges (40-63 µm, 60 Å). Size exclusion chromatography was 

performed with Sephadex LH-20 (25-100 µm). Semi-preparative normal phase HPLC 

was performed on a Waters 510 pump, a Waters R401 refractive index detector and a 

Phenomenex Luna silica column (250 × 10 mm, 10u, 100Å). Anti-mycobacterial 

susceptibility tests were performed using modified Middlebrook 7H9 broth base (BBL™ 

MGIT™, Becton Dickinson, Mississauga, Ontario) in non-tissue culture treated, low-

binding, black 96-well microtitre plates sealed with polyester films (50 μm). Fluorometric 

readings (in relative fluorescence units, RFU) were recorded using a Molecular Devices 

Gemini EM dual-scanning microplate spectrofluorometer with a 530 nm excitation filter 

and a 590 nm emission filter operating in top-scan mode. 

2.5.2.2 Plant Material  

The whole plants of Moneses uniflora were collected by hand from Saint Leonard, 

New Brunswick, Canada (N 45°11.932` W 066°13.803`) in October 2013. The aerial 
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parts were transported to the laboratory, washed with water to remove debris, freeze-

dried and stored at –20 ℃. Dr. Stephen Clayden performed the species identification and 

a voucher specimen was deposited in the New Brunswick Museum Herbarium (NBM 

VP-37097).  

2.5.2.3 Extraction and fractionation 

 The freeze-dried M. uniflora (16 g) was ground to a powder and exhaustively 

extracted in MeOH for 8 hours using a Soxhlet apparatus to obtain a crude extract (5.5 g). 

A modified Kupchan liquid-liquid partition as described previously (Li et al., 2012) was 

used to fractionate a portion of the crude extract (4.4 g) resulting five fractions. The anti-

mycobacterial fractions, hexane, CH2Cl2 and EtOAc, were further fractionated to obtain 

pure compounds. The hexane fraction (511 mg) was subjected to silica flash column 

chromatography eluting from 100% hexanes to 100% EtOAc with 10% increment 

resulting eight fractions (HA- HH). A portion of fraction Hc (46 mg) was subjected to 

normal phase HPLC (9:1 hexane/EtOAc) to obtain 2.18 (23 mg) and 2.19 (6 mg). The 

CH2Cl2 fraction (654 mg) was subjected to Sephadex LH-20 (1:1 CH2Cl2/MeOH) 

resulting ten fractions (DA - DJ). Fraction DG (47 mg) was subjected to normal phase 

HPLC (17:3 hexane/EtOAc) to obtain 2.16 (12 mg). Fraction DH (30 mg) was subjected 

to normal phase HPLC (33: 17 hexane/EtOAc) resulting 2.20 (9 mg) and 2.21 (5 mg). A 

portion of EtOAc fraction (176 mg) was subjected to Sephadex LH-20 (1:1 

CH2Cl2/MeOH) resulting in ten fractions (EA – EJ). Fraction ED (20 mg) was subjected to 

reverse phase HPLC (17:33 MeOH/H2O) to obtain 2.17 (11 mg). 

2.5.2.4 Identification of the absolute stereochemistry of 2.17 
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1, 4-Dihydroxyl chimaphilin glucoside (7 mg) was dissolved in 10 mL of 

anhydrous MeOH. Acetyl chloride (0.2 mL) was slowly added while the reaction mixture 

was stirred at 70 °C with refluxing for two hours. The reaction residue was partitioned 

between water and EtOAc after the mixture was dried in vacuo. The methyl glucoside (4 

mg) was isolated from the aqueous phase. 

 The methyl glucoside (4 mg) resulting from methanolysis of 1, 4-dihydroxyl 

chimaphilin glucoside was added to anhydrous pyridine (9 mL), acetic anhydride (3 mL) 

and DMAP as a catalyst (1 mg). The reaction was stirred overnight at room temperature.  

EtOAc (30 mL) was added to the reaction mixture before washing with 1M HCl (3 × 40 

mL), saturated sodium bicarbonate solution (3 × 40 mL) and distilled H2O (3 × 40 mL). 

The organic phase was concentrated in vacuo and purified with normal phase HPLC (7:3 

hexane/EtOAc) resulting in one fraction containing α-1-methoxy-2,3,4,6-O-acetylglucose 

(4 mg) and a second fraction containing β-1-methoxy-2,3,4,6-O-acetylglucose (1 mg). 

The α and β forms were distinguished based on the coupling constant of the ketal methine 

from the 1H NMR. 

 Commercial D-glucose and L-glucose (20 mg each) were treated in the same way 

to give α-D-1-methoxy-2,3,4,6-O-acetylglucose, β-D-1-methoxy-2,3,4,6-O-

acetylglucose, α-L-1-methoxy-2,3,4,6-O-acetylglucose and β-L-1-methoxy-2,3,4,6-O-

acetylglucose. The specific rotations were compared between the experimental samples 

and the standards to determine the absolute stereochemistry. 

2.5.2.5 Spectroscopic and spectrometric data 
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5, 8-dihydro-3-hydroxychimaphilin (2.16) orange needles; IR (thin film of 

CHCl3) νmax 3392, 2898, 1652, 1383, 1355 cm-1; ESIHRMS m/z 227.0679 [M + Na+], 

(calculated for C12H12O3Na, 227.0684); 1H and 13C NMR data (Table 2.7). 

4-hydroxylchimaphilin-1-β-D-glucopyranoside (2.17) purple amorphous solid; 

[α]25
D= −9.2 (c 0.8, MeOH); IR (thin film of acetone) νmax 3353, 2923, 1660, 1294, 1075 

cm-1; ESIHRMS m/z 373.1258 [M + Na+], (calculated for C10H9O5Na, 373.1263); 1H and 

13C NMR data (Table 2.9). 

Chimaphilin (2.18) yellow needles; IR (thin film of CHCl3) νmax 2956, 2924, 

1667, 1599, 1298 cm-1; ESIHRMS m/z 187.0755 [M + H+], (calculated for C12H12O2, 

187.0759); 1H and 13C NMR data were consistent with literature values (Saxena et al., 

1996). 

3-hydroxyl chimaphilin (2.19) bright yellow needles; IR (thin film of CHCl3) νmax 

3364, 2919, 2850, 1698, 1646 cm-1; ESIHRMS m/z 203.0704 [M + H+], (calculated for 

C12H12O3, 203.0708); 1H and 13C NMR data were consistent with literature values 

(Saxena et al., 1996). 

Umbelliferone (2.20) yellow needles; IR (thin film of CHCl3) νmax 3171, 1687, 

1610, 1131 cm-1; ESIHRMS m/z 163.0390 [M + H+], (calculated for C9H8O3, 163.0395); 

1H and 13C NMR data were consistent with literature values (Żołek et al., 2003) 

Isofraxetin (2.21) white needles; IR (thin film of CHCl3) νmax 3345, 2927, 1692, 

1582, 1121 cm-1; ESIHRMS m/z 209.0445 [M + H+], (calculated for C10H10O5, 

209.0450); 1H and 13C NMR data were consistent with literature values (Artem'eva, 

1973). 

2.5.2.6 Anti-mycobacterial assay and cytotoxicity assay 
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The microplate resazurin assay for the determination anti-mycobacterial activity 

against M. tuberculosis was performed according to the procedure as previously 

described (O'Neill et al., 2014). Cytotoxicity assays against human embryonic kidney 293 

cells (ATCC CRL-1573) were performed following the procedure previously described 

(Carpenter et al., 2012). Bioactivities were categorized into four levels based on the 

IC50s: potent activities (IC50s < 10 µg/mL), moderate activities (10 µg/mL < IC50s < 100 

µg/mL), weak activities (100 µg/mL < IC50s < 250 µg/mL) and inactive (IC50s > 250 

µg/mL). 

2.5.3 Results and discussion 

 A methanolic extract of M. uniflora was subjected to a modified Kupchan 

solvent-solvent partition with hexane, CH2Cl2, EtOAc and butanol. The hexane, CH2Cl2 

and EtOAc fractions were all active against M. tuberculosis (H37Ra). Subsequent 

chromatographic fractionation of the three active fractions was carried out independently 

involving silica gel, Sephadex LH-20 and both normal and reversed phase HPLC to 

afford compounds 2.16 - 2.21 (Figure 2.6). 
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Figure 2.6 Structures of isolated compounds (2.16- 2.21) from M. uniflora. 
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Compound 2.16 was isolated as orange needles that gave a pseudomolecular M + 

Na+ ion at m/z 227.0679, (calcd for C12H12O3Na+, 227.0684) in the positive ion 

HRESIMS, consistent with a molecular formula of C12H12O3 that implied seven degrees 

of unsaturation. The 13C NMR data (Table 2.8) showed 12 resonances that could assign 

2.16 as a naphthoquinone derivative (Lee et al., 2001; Saxena et al., 1996) [two carbonyl 

carbons at δ 187.6 (C-1) and 183.0 (C-4); four olefinic carbons at δ 116.9 (C-2), 150.9 

(C-3), 116.6 (C-6) and 141.9 (C-9); two olefinic methylenes carbons at δ 24.6 (C-5) and 

29.2 (C-8); two olefinic methyl carbons at δ 8.2 (2-Me) and 23.1 (7-Me)]. The 1H NMR 

and phase sensitive HSQC spectra supported the assignment by the presence of one 

olefinic proton [δ 5.48 (H-6, qt, J = 3.1, 1.4 Hz)], one phenol proton [δ 6.91 (3-OH, bs)], 

two olefinic methylenes [δ 3.01 (H-5, m) and 2.99 (H-8, m)] and two methyls [δ 1.77 (7-

Me, s) and 1.94 (2-Me, s)]. The carbon skeleton of 2.16 was determined using the HMBC 

data by correlations from 3-OH to C-2, C-3 and C-4; 2-Me to C-1, C-2 and C-3; H-5 to 

C-6, C-7, C-9 and C-10; H-8 to C-5, C-6, C-7, C-9 and C-10. The position of C-6 was 

confirmed by COSY correlation of H-6 to H-5, 7-Me and H-8. On the basis of the 

spectroscopic data, 2.16 was identified as 5, 8-dihydro-3-hydroxychimaphilin.  
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Table 2.8 NMR spectroscopic data of 2.16a 

Position δC, mult δH (mult, J in Hz) HMBC COSY 

1 187.6, s    

2 116.9, s    

3 150.9, s    

4 183, s    

5 24.6, t 3.01 (m); 3.06 (m) 6, 7, 9, 10 6 

6 116.6, d 5.48 (qt, J = 3.1, 1.4 Hz)   5, 7-Me, 8 

7 130.5, s    

8 29.2, t 2.99 (m); 3.04 (m) 5, 6, 7, 9, 10 6, 7-Me 

9 141.9, s    

10 135.1, s    

2-Me 8.2, q 1.94 (s) 1, 2, 3  

7-Me 23.1, q 1.77 (s) 6, 7, 8 6, 8 

3-OH  6.91 (bs) 2, 3, 4  
a Data for 2.16 was recorded in CDCl3 (400 MHz for 1H, 100 MHz for 13C, δ in ppm).                        
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Compound 2.17 was identified as 4-hydroxylchimaphilin-1-β-D-glucopyranoside 

through analysis of spectroscopic data. After an extensive literature search, the only 

reference to this compound is in a patent (Hwang, 2000) that did not report any 

spectroscopic data for 2.17. Therefore, we herein report structure elucidation of 

compound 2.17. It was obtained as a purple amorphous solid that gave a pseudomolecular 

(M + Na)+ ion at m/z 373.1258, (calcd for C18H22O7Na+, 373.1263) in the positive ion 

HRESIMS, consistent with a molecular formula of C18H22O7 and eight degrees of 

unsaturation. The 13C NMR revealed 18 resonances consisting of ten sp2 carbons [δ 

143.5, (C-1), 129.5 (C-2), 110.7 (C-3), 151.0 (C-4), 123.2 (C-5), 126.9 (C-6), 136.7 (C-

7), 122.4 (C-8), 124.1 (C-9) and 130.5 (C-10)], six oxygenated sp3 carbons [δ 106.4 (C-

1`), 75.9 (C-2`), 78.1 (C-3`), 71.8 (C-4`), 77.8 (C-5`) and 62.9 (C-6`)] and two sp3 

carbons [δ 22.0, (7-Me) and 17.8 (2-Me)] (Table 2.9). The 1H NMR and phase sensitive 

HSQC spectra showed four aromatic methines [δ 8.20 (H-8, s), 7.98 (H-5, d, J= 8.5 Hz), 

7.18 (H-6, dd, J= 8.5, 1.6 Hz), 6.55 (H-3, s)], one ketal methine [δ 4.74 (H-1`, d, J= 

7.8Hz)], four oxygenated methines [δ 3.64 (H-2`, m), 3.45 (H-3`, m), 3.44 (H-4`, m) and 

3.09 (H-5`, ddd, J= 9.3, 5.2, 2.5 Hz)], one oxygenated methylene [δ 3.75 (H-6`a, m) and 

3.65 (H-6`b, m)] and two deshielded methyls [2.48 (7-Me, s) and 2.44 (2-Me, s)], 

suggesting 2.17 is a naphthoquinone glycoside. The COSY and 1H spectra revealed that 

the glycosyl group of 2.17 is a β-glucopyranosyl (Table 2.9). The link between the β-

glucopyranosyl group to the aglycone was revealed though the HMBC data by correlation 

from H-1` to C-1. The aglycone part of 2 was assembled through HMBC correlations 

from H-3 to C-1, 2-Me, C-4 and C-9; H-5 to C-4, C-7 and C-10; H-6 to C-5, 7-Me, C-8 

and C-9; H-8 to C-1, C-6, 7-Me and C-9; 2-Me to C-1, C-2 and C-3; 7-Me to C-6, C-7 
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and C-8. Therefore, compound 2.17 was identified as 4-hydroxylchimaphilin-1-β-D-

glucopyranoside.  

In order to confirm the absolute configuration of 2.17, the β-glucopyranoside 

obtained from the methanolysis of 2.17 was peracetylated with acetic anhydride and 

pyridine. The products were purified through HPLC to afford α-1-methoxy-2,3,4,6-O-

acetylglucose and β-1-methoxy-2,3,4,6-O-acetylglucose. Comparison of the specific 

rotations of the two acetylated glucose with authentic samples made from D-glucose and 

L-glucose confirmed the glucose from 2.17 has the D configuration. 
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Table 2.9 NMR spectroscopic data of 2.17a. 

Position δC, mult δH (mult, J in Hz) HMBC COSY 

1 143.5, s    

2 129.5, s    

3 110.7, d 6.55 (s) 1, 2-Me, 4, 9  

4 151.0, s    

5 123.2, d 7.98 (d, J = 8.5 Hz) 4, 7, 10 6 

6 126,9, d 7.18 (dd, 8.5, 1.6 Hz) 5, 7-Me, 8, 9 5, 7-Me 

7 136.7, s    

8 122.4, d 8.20 (s) 1, 6, 7-Me, 9 7-Me 

9 124.1, s    

10 130.5, s    

1` 106.4 d 4.74 (d, J = 7.8 Hz) 1 2` 

2` 75.9, d 3.64 (m) 1`, 3` 1`, 3` 

3` 78.1, d 3.45 (m) 2`, 4` 2` 

4` 71.8, d 3.44 (m) 3` 5` 

5` 77.8, d 3.09 (ddd, J = 9.3, 5.2, 2.5 Hz)  4`, 6` 

6` 62.9, t 3.65 (m); 3.75 (m)  5` 

2-Me 17.8, q 2.44 (s) 1, 2, 3  

7-Me 22.0, q 2.48 (s) 6, 7, 8 6, 8 
a Data for 2.17 was recorded in MeOD (400 MHz for 1H, 100 MHz for 13C, δ in ppm) 
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Compounds 2.18, 2.19, 2.20 and 2.21 were identified as chimaphilin (Saxena et 

al., 1996), 3-hydroxychimaphilin (Saxena et al., 1996), umbelliferone (Żołek et al., 2003) 

and isofraxetin (Ahluwalia et al., 1978; Artem'eva, 1973) respectively by comparing 

NMR and HRMS data with literature values. 

To our knowledge, none of the isolated compounds have ever been tested against 

M. tuberculosis. Therefore, they were evaluated for their anti-mycobacterial activities 

against M. tuberculosis (H37Ra) (Table 2.10). Compound 2.18 showed potent activity 

against M. tuberculosis (H37Ra) with a MIC of 16.7 µM and an IC50 of 5.4 µM. Other 

isolated compounds showed moderate anti-mycobacterial activities except 2.20, which 

was not active (Table 2.10). Other naphthoquinone derivatives have previously showed 

potent anti-mycobacterial activity, such as 3-methoxy juglone with a MIC of 1 µM 

against M. tuberculosis (H37Rv) (Copp and Pearce, 2007).  

The isolated compounds were also tested for their cytotoxicity against HEK 293 

cell line (Table 2.10). Compound 2.18 showed the most potent cytotoxicity with IC50 of 

30.8 µM. Interestingly, 2.19 was not cytotoxic despite the only structural difference 

between 2.19 and 2.18 is that 2.19 has a hydroxyl group at C-3 position instead of a 

hydrogen. The difference in bioactivities between 2.18 and 2.19 could be because 2.18 

has a free position (C-3) in conjugation to the carbonyls, which can react with 

nucleophiles in proteins and DNA through Michael addition to form adducts at the C-3 

position (Kumagai et al., 2012), where 2.19 can not . In addition, the adducts formed 

between 2.18 and nucleophiles can also undergo autoxidation generating reactive oxygen 

species to damage cells (Klotz et al., 2014).  
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The 1, 4-naphthoquinones are well studied as redox cyclers and alkylating agents 

(Klotz et al., 2014; Tran et al., 2004). Since the production of reactive oxygen species by 

redox cycling and covalent attachment of 1.4-naphthoquinones to proteins or DNA by 

alkylation are universal in all cell types, it was also postulated that redox cycling and 

alkylation are the anti-mycobacterial mechanisms of 1.4-naphthoquinone derivatives 

(Tran et al., 2004). 

In conclusion, the isolation of potent anti-mycobacterial naphthoquinones is 

consistent with the traditional uses of M. uniflora for tuberculosis treatment by First 

Nation peoples. The isolation of new 1, 4-naphthoquinone derivative (2.16) also supports 

the concept of Canadian medicinal plants as a rich source of natural products which 

should continue to be investigated. 

 

 

 

 

 

 

 

 

 

 

 

 



80 

 

Table 2.10 Bioactivities of isolated compounds (MICs and IC50s in μg/mL [μM]) from 

M. uniflora (2.16- 2.21). 

Compounds 

Mycobacterium tuberculosis 

(H37Ra) 

Human embryonic kidney 293 

cells 

MIC IC50 (±SEM)a IC50 (95% CI) b 

2.16 25 5.8 (± 0.2) 65.3 c (58.5 – 73.0) 

[123] [28.4 (± 1.0)] [320 (287 – 358)] 

2.17 100 14.5 (± 0.2) 16.5c (13.8 – 19.6) 

[286] [41.4  (± 0.6)] [47.1 (39.4 – 56.0)] 

2.18 3.1 1.0 (± 0.02) 5.74 c (5.04 – 6.53) 

[16.7] [5.4 (± 0.1)] [30.8 (27.1 – 35.1)] 

2.19 25 9.3 (± 0.2) >250 d 

[124] [46.0 (± 1.0)] [> 1500] 

2.20 >200 d 66.0 (± 0.9) >250 d 

[> 1000] [407 (± 5.6)] [> 1500] 

2.21 50 7.3 (± 0.4) 53.7 c (47.0 – 61.3) 

[240] [35.1 (± 1.9)] [258 (226 – 295)] 
a SEM = standard error of the mean (n = 3). 
b CI = confidence interval. 
c IC50 obtained from trimmed Spearman-Karber analysis.  

d Compound not sufficiently active to calculate data. 
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2.6 Plant selections for the following chapters 

 The findings from this chapter presented new avenues to adjacent research fields, 

such as endophytic fungi from the medicinal plants and MOA studies for the isolated 

natural products. For the following two chapters, one plant species and the anti-

mycobacterial natural products isolated from the plant were chosen to explore the ability 

of endophytic fungi to produce the natural products isolated from their host and the anti-

mycobacterial MOAs of the isolated natural products. Based on the objectives of the 

follow-up chapters, there were three selection criteria for the choice of plants: anti-

mycobacterial activity of the isolated compounds, accessibility of the plant species and 

whether the MOAs of the isolated compounds are known. The selected plant species 

should be relatively easy to find, collect and identify in nature. The natural products 

isolated from the plant species should have high anti-mycobacterial activity and unknown 

anti-mycobacterial MOAs. All four plant species were ranked based on each of the 

selection criteria (Table 2.11). The triterpenes isolated from A. incana ranks the third 

highest anti-mycobacterial activity in the compounds isolated from the four plants and the 

MOA is unknown. The accessibility of A. incana is ranked in the middle because the 

species is difficult to distinguish from an abundant and closely related species (A. viridis). 

The compounds isolated from E. nigrum have the lowest activity despite the fact that 

their MOA is unknown; the accessibility of these plants is ranked as easy. The 

naphthoquinones isolated from M. uniflora have the highest activity. However, their 

MOA is known and the plants are very rare in the region, difficult to collect and identify 

because the size of the plants is small and there are many related species that are similar 

to M. uniflora. The C17 diynes isolated from A. nudicaulis have the second highest anti-
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mycobacterial activity with an unknown MOA. The species is abundant, easily collected 

and identified, and therefore, A. nudicaulis was selected for further studies.  
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Table 2.11 Comparison of the four plant species based on their anti-mycobacterial 

activity, whether MOA of the natural products are known, and the accessibility ranking 

of the plants. 

Plant species Anti-mycobacterial activity a MOA b Accessibility c 

A. nudicaulis MIC = 26 µM Unknown Easy 

A. incana MIC = 28 µM Unknown Medium 

E. nigrum MIC = 208 µM Unknown Easy 

M. uniflora MIC = 17 µM 
Redox cycling, 

Alkylation 
Hard 

a Anti-mycobacterial activity of the most active natural products from corresponding 

plant species measured in minimum inhibitory concentration (MIC).  
b Mode of action 
c Accessibility is measured by the level of difficulty to locate, collect and identify the 

plant species. Easy indicates that plants are abundant, easy to collect and identify; 

medium means that at least one of the three criteria for accessibility is hard to fulfill; hard 

means that all three criteria of accessibility are hard to fulfill. 
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Chapter 3 Screening endophytic fungi isolated from Aralia nudicaulis for falcarinol 

and panaxydol using LC/MS  
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3.1 Background: fungal endophytes as an alternative source for plant derived 

natural products 

Endophytes are bacteria or fungi that inhabit the tissues of plants, either inter- or 

intra-cellular, for either part or all of the fungal life cycle, without causing any 

pathological symptoms to the host plant’s tissues (Strobel and Daisy, 2003; Strobel et al., 

2004; Suryanarayanan et al., 2012; Tan and Zou, 2001; Wilson, 1995). Endophytes have 

been isolated from various organs of different plants in a wide range of ecosystems, and 

at least one endophyte has been found in every plant species examined to date (Aly et al., 

2013; Strobel et al., 2004; Tan and Zou, 2001). Given the apparent asymptomatic nature 

of the endophyte-plant relationship, fungal endophytes are thought to have constant 

metabolic interactions with their hosts to maintain their metabolism; in return, the fitness 

of host plants can be enhanced by compounds, such as natural products, produced by 

endophytes (Aly et al., 2011; Bacon et al., 1977; Gunatilaka, 2006; Kogel et al., 2006). 

The unique relationship between endophyte and plant host is one factor that has led 

scientists to explore natural products from endophytes (Gunatilaka, 2006; Kusari et al., 

2012). Indeed, over the last two decades, fungal endophytes have been considered an 

important yet largely untapped reservoir of natural products and many reviews have 

covered various aspects of the natural products chemistry of fungal endophytes (Abrahao 

et al., 2013; Aly et al., 2010; Aly et al., 2011; Aly et al., 2013; Chandra, 2012; Guo et al., 

2008; Gutierrez et al., 2012; Mousa and Raizada, 2013; Radic and Strukelj, 2012; Schulz 

and Boyle, 2005; Strobel and Daisy, 2003; Strobel et al., 2004; Tan and Zou, 2001; 

Verma et al., 2009; Yu et al., 2010; Zhang et al., 2012b).  
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One of the unique aspects of fungal endophytes is their ability to produce plant 

derived natural products (Aly et al., 2013; Stierle et al., 1993). Although many questions 

relating to how and/or why endophytes produce plant derived natural products remain 

unanswered, a few hypotheses have been proposed in the literature (Aly et al., 2010; 

Kusari and Spiteller, 2012). One hypothesis suggests horizontal gene transfer from plants 

to their endophytes may result in fungi having the ability to produce plant derived natural 

products (Kusari et al., 2008). Another possible explanation is that the co-existence of 

plants and endophytes increase the fitness of both organisms by sharing metabolites and 

biosynthetic pathways to produce natural products that can mitigate biotic and abiotic 

stresses (Aly et al., 2013; Kusari et al., 2008). Current evidence for this revolves around 

similar natural products being produced by both plant host and their endophytes (Kusari 

and Spiteller, 2012).  

The following chapter details the isolation of endophytic fungi from rhizomes of 

Aralia nudicaulis and screening the endophytes for the presence of falcarinol (2.1) and 

panaxydol (2.2) as the major anti-mycobacterial natural products from the rhizomes of A. 

nudicaulis. 

3.2 Introduction 

The production of plant derived natural products, also known as phytochemicals, by 

fungi was detected in the 1930s, when gibberellin was isolated from Fusarium fujikuroi 

(Takahashi et al., 1955). More recently, the discovery that paclitaxel (3.1, Figure 3.1) is 

produced by both the pacific yew (Taxus brevifolia) and an endophytic fungus 

(Taxomyces andreanae) isolated from the bark of the yew, has aroused considerable 

interest in the natural products chemistry of endophytes (Aly et al., 2010; Aly et al., 
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2013; Stierle et al., 1993). Indeed, the phenomenon of fungi producing the same natural 

products as their hosts has now been reported for a number of plant-endophyte 

interactions. For example, podophyllotoxin (3.2, Figure 3.1) from Podophyllum 

hexandrum and P. peltatum has been isolated from the Podophyllum endophytes, 

Trametes hirsute and Phialocephala fortinii (Eyberger et al., 2006; Puri et al., 2006) and 

hypericin (3.3, Figure 3.1) from Hypericum perforatum is also produced by the 

endophyte Thielavia subthermophila (Kusari et al., 2008). It is therefore becoming 

increasingly recognized that endophytes from medicinal plants possess significant 

potential, not only as a source of novel natural products (Kaul et al., 2012; Radic and 

Strukelj, 2012; Strobel et al., 2004) but also as alternate sources of therapeutically 

relevant or economically valuable natural products (Abrahao et al., 2013; Aly et al., 

2013).   
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Figure 3.1 Examples of phytochemicals isolated from endophytes. 
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Falcarinol (2.1) and panaxydol (2.2), the two C17 diynes isolated from A. nudicaulis 

(see Chapter 2), possess various biological properties that could provide significant health 

benefits and facilitate their development and application in nutraceutical products or 

herbal supplements (Christensen, 2011; Li et al., 2012; Young et al., 2008; Young et al., 

2007). Identifying a sustainable source of these compounds that can provide a continuous 

and reliable supply would facilitate their commercial development.  

The objective of this study was to isolate endophytic fungi from the rhizomes of A. 

nudicaulis and evaluate their ability to produce falcarinol (2.1) and panaxydol (2.2). This 

was achieved by using liquid chromatography-mass spectrometry (LC-MS). 

3.3 Materials and Methods  

3.3.1 Plant material 

Rhizomes of A. nudicaulis were collected by hand from an unmanaged woodlot on 

the University of New Brunswick campus, Saint John, New Brunswick, Canada (N 45° 

18, 336' W 066° 05, 422'), in July 2012 (15 samples), October 2012 (30 samples), April 

2013 (30 samples) and August 2013 (30 samples). Individual samples consisted of at 

least 30 cm of rhizome from A. nudicaulis. Immediately following their collection, the 

rhizomes were rinsed with water, blotted dry, and cut into segments of approximately 5 

cm in length.  

3.3.2 Isolation of endophytes 

Individual rhizome segments (5 cm in length) were surface sterilized by immersion 

in 100% EtOH (Fisher Scientific, Ottawa, ON, Canada) supplemented with 0.1% Tween 

80 (Fisher Scientific, Ottawa, ON, Canada), followed by flaming the rhizome surface 

until the alcohol burned off. Surface sterilized segments were rubbed across the surface 
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of 2% malt extract agar (Becton Dickinson, Mississauga, ON, Canada) in ten Petri plates 

to verify the effectiveness of the surface sterilization. The surface sterilized segments 

were then cut transversely into 2 mm thick discs and placed on 2% malt extract agar with 

one of the cut surfaces directly in contact with the growth medium. Groups of five discs 

of sectioned rhizome were incubated on malt extract agar in 9 cm diameter Petri plates. 

Eighty discs were used from the July 2012 collection and three hundred discs were used 

from each of the remaining collections. All of the Petri plates containing rhizome discs 

were sealed with ParafilmTM (Pechiney Plastic Packaging Company, Chicago, IL, USA), 

incubated for two weeks at room temperature under ambient light conditions and 

monitored daily for the presence of fungal hyphae growing from the rhizome discs. The 

isolation frequency of emerging hyphae was determined as the ratio of rhizome discs 

showing fungal growth and the total number of rhizome discs (Petrini et al., 1992). 

Pure fungal cultures were obtained by sub-culturing endophytic fungi as they grew 

out from the cut surfaces of the discs onto fresh 2% malt extract agar plates. All fungal 

isolates were also sub-cultured onto Czapek, potato dextrose and cornmeal agars that are 

made based on supplier’s directions (Becton Dickinson, Mississauga, ON, Canada) to 

induce the production of spores and allow differences between colony morphologies to be 

observed. Fungal isolates from each collection were sorted into groups of homogeneous 

morphotypes in plate culture, and one representative isolate from each group was used for 

DNA identification, fermentation and extraction. 

3.3.3 Identification of endophytic fungi 

Identification of the endophytic fungi was carried out first by examination of colony 

and spore morphology on the different growth media (section 3.3.2). The morphological 
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classifications of endophytes were then confirmed by comparison of the internal 

transcribed spacer (ITS) and 5.8S rRNA DNA regions with corresponding sequences 

from GenBank database (NCBI, US Government) as described by Flewelling et al. 

(2013). DNA sequences were submitted to GenBank under accession numbers 

(KF649244 and KP276506 to KP276575). If sufficient DNA from the ITS region was not 

obtained after three extraction/amplification attempts, identification of the corresponding 

isolates were based upon the morphological observations alone and, when necessary, 

isolates were assigned codes based on their morphology. 

3.3.4 Fermentation and extraction of endophytes 

Each distinct fungal isolate was fermented by transferring a piece of the fungal 

biomass (approximately 5 mm square) cut from a plate culture of the isolate to 2% malt 

extract broth (100 mL) in an Erlenmeyer flask (250 mL). The necks of the flasks were 

covered with aluminum foil and the inoculated broths were incubated for two weeks at 

room temperature under an ambient light condition with shaking (150 rpm).  

Immediately after incubation, fungal hyphae were separated from the spent culture 

broths by vacuum filtration. The fungal hyphae were extracted with MeOH (3 × 50 mL; 

Fisher Scientific, Ottawa, ON, Canada) in the dark overnight at 4 °C. The methanol 

extracts were combined, filtered and concentrated in vacuo to give fungal extracts. The 

spent culture broths were extracted three times with EtOAc (3 × 50 mL; Fisher Scientific, 

Ottawa, ON, Canada) and the combined organic extracts were concentrated in vacuo to 

give media extracts. All extracts were stored at −20 °C until required.    

3.3.5 Liquid chromatography and mass spectrometric analysis of extracts 
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Liquid chromatography was performed using an Agilent 1100 HPLC (Agilent 

Technologies, Mississauga, ON, Canada) consisting of a degasser, a binary pump, a 

column oven and an autosampler. Chromatographic separation was carried out on a 

Kinetex™ C-18 analytical column (50 × 4.6 mm, 2.6u, 100Å, Phenomenex, Torrance, 

CA, USA) with the column maintained at 40 °C. The autosampler temperature was set at 

4 °C. The mobile phase of H2O (solvent A) and MeOH (solvent B) with 10 mM 

ammonium acetate in each solvent was set at a flow rate of 300 µL/mL. The optimum 

separation was obtained using a linear gradient elution of solvent A and B, starting 

isocratic elution at 95% A (0 – 2 min), then 95% to 20% A (2 – 5 min), isocratic elution 

at 20% A (5 – 8 min), then 20% to 5% A (8 – 14 min), isocratic elution at 5% A (14 – 22 

min), and then 5% to 95% A (22 – 22.5 min) followed by isocratic elution at 95% A 

(22.5 – 30 min). A sample volume of 20 µL was injected into the LC-MS/MS system. 

Mass spectrometric detection was performed on an Applied Biosystems MDS Sciex 

(Concord, ON, Canada) API 2000 triple quadrupole mass spectrometer equipped with an 

electrospray ionization (ESI) source in the positive ion mode. The tandem mass 

spectrometer was operated in the multiple reaction monitoring mode (MRM), monitoring 

the transition of the precursor ions m/z 262 and 278 (M + NH4
+) to the product ions m/z 

244 and 260 (M + NH4
+ − H2O) for 2.1 and 2.2, respectively. The mass spectrometric 

conditions were optimized as follows: the ion source temperature at 350 °C; the ionspray 

voltage at 5,000 V; the curtain gas at 20 psig and collision gas at 5 psig; declustering 

potential at 24 V, focusing potential at 211 V and entrance potential at 10 V; the collision 

energy at 7 V for falcarinol and 13 V for panaxydol. Data were acquired and processed 

using Applied Biosystems Analyst version 1.4.2 software.   
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All extracts were dissolved in MeOH at a concentration of 0.5 mg/mL and screened 

for the presence of 2.1 and/or 2.2 using the method described above in triplicate. The 

retention time of MRM peaks in the crude extract screening was compared with the 

retention time of standard samples of 2.1 and 2.2 using the same LC-MS/MS method to 

verify whether peaks observed in the extracts originated from the target compounds. 

3.3.6 Calibration curves of the C17 diynes standards 

Standard samples of 2.1 and 2.2 isolated from Aralia nudicaulis (see Chapter 2) were 

used to create calibration curves using two-fold serial dilutions of the standards in 

MeOH. The LC-MS/MS analyses were performed as described in section 3.3.5 on eight 

concentrations of 2.1 and 2.2 derived from two dilution series (2500 – 313 and 250 – 31.3 

ng/mL) in triplicate. The calibration curves of 2.1 and 2.2 were constructed by plotting 

areas under the MRM curve versus corresponding concentrations.    

3.3.7 Method validation for detection of the C17 diynes in standards and fungal crude 

extracts 

In order to validate the LC-MS/MS method and calculate the percent recovery of 2.1 

and 2.2, 150 µg of 2.1 and 50 µg of 2.2, were added to 100 mL of 2% malt extract broth 

and the broth was subsequently extracted and analysed by LC-ESI-MS/MS as described 

in section 3.3.4 and 3.3.5. The percentage recoveries of the two target compounds were 

calculated based on the ratio of the observed MRM peak area and the theoretical MRM 

peak area expected from the calibration curves obtained for 2.1 and 2.2.   

3.4 Results and discussion 

With the purpose of maximizing the isolation of culturable endophytic fungi from 

rhizomes of A. nudicaulis, 80 rhizome segments were used for the initial collection 
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(summer 2012) and then the number of segments was increased to 300 for each of the 

remaining collections (fall 2012, spring 2013 and summer 2013), resulting in a total of 

980 rhizome segments of A. nudicaulis. This resulted in 88 distinct fungal isolates from 

23% of segments (Table 3.1). When comparing the three seasons (fall 2012, spring 2012 

and summer 2013) with 300 rhizome segments used for endophyte isolation, spring 2013 

showed the highest isolation frequency (30%) and fall 2012 had the highest number of 

distinct fungal isolates (30) (Table 3.1). A comparison of the two summer collections 

(summer 2012 and summer 2013) indicated the summer collection from 2013 provided 

11 more distinct isolates than summer 2012, which we speculate may be due to the larger 

sample size in summer 2013 (80 versus 300; Table 3.1). 
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Table 3.1 Isolation frequencies and distinct number of isolates of endophytic fungi from 

the rhizome segments of A. nudicaulis in four collections (summer 2012, fall 2012, spring 

2013 and summer 2013) from UNB campus, Saint John, NB. 

Collections Total rhizome 

segments 

Segments with 

endophytes growth 

Isolation 

frequency (%) 

Distinct 

fungal taxa 

Summer 2012 80 22 27.5 13 

Fall, 2012 300 61 20.3 30 

Spring, 2013 300 90 30 21 

Summer, 2013 300 56 18.7 24 

Total 980 229 23.3 88 
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PCR-amplified fragments for DNA sequences were obtained fusing primers that 

were specific to the ITS region of the genomic DNA of the fungal endophytes. A total of 

78 fungal isolates belonging to 35 genera and three phyla were successfully sequenced 

and identified (Table 3.2). The majority of the endophytes (57/78) were from the 

Ascomycota; 12 endophytes were from the Basidiomycota and nine endophytes were 

from the Zygomycota. Comparing the identified endophytes between collections, 

Sordariomycetes spp. and Phialocephala spp. were isolated from both summer 

collections (Table 3.2). Phialocephala spp. were isolated from all four collections (Table 

3.2) suggesting the rhizomes of A. nudicaulis are a frequent host for this genus. 

Additionally, 10 fungal isolates were designated identification codes based on the 

morphological characteristics because the extraction/amplification of fungal DNA was 

unsuccessful (Table 3.2). 
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Table 3.2 Identification of endophytic fungi isolated from the rhizomes of A. nudicaulis 

from summer 2012, fall 2012, spring 2013 and summer 2013. 

Collection Isolated endophyte ID Acc. No.* 

Summer 2012 Mycosphaerella sp. HL4-043 KP276512 

 Sordariomycetes sp. A HL4-045 KP276499 

 Acanthophysium lividocaeruleum HL4-047 KP276513 

 Gloeophyllum sepiarium HL4-053 KP276557 

 Sordariomycetes sp. B HL4-057 KP276500 

 Sordariomycetes sp. C HL4-061 KP276501 

 Unidentified leotiomycete A HL4-065 KP276558 

 Unidentified leotiomycete B HL4-077 KP276502 

 Unidentified leotiomycete C HL4-109 KP276503 

 Phialocephala sp. A HL4-111 KP276504 

 Humicolopsis cephalosporioides A HL4-115 KP276505 

 Colourless yeast A HL4-117  

 Humicolopsis cephalosporioides B HL4-121 KP276506 

Fall 2012 Paraphaeosphaeria neglecta HL4-159-01c KP276536 

 Black filamentous HL4-159-01d  

 Unidentified Zygomycete HL4-159-02a KP276507 

 Ilyonectria radicicola HL4-159-03a KP276535 

 Talaromyces columbinus HL4-159-07a KP276546 

 Umbelopsis sp. A HL4-159-09b KP276508 

 Yellow filamentous HL4-159-12b  

 Cryptococcus sp. HL4-159-12c KP276559 

 Gloeophyllum sepiarium HL4-159-15b KP276560 

 Hypocrea pachybasioides HL4-159-15d KP276547 

 Colourless yeast B HL4-159-17b  

 Alternaria alternata HL4-159-18a KP276534 

 Tyromyces chioneus HL4-159-19a KP276548 

 Phialocephala sphaeroides HL4-159-21a KP276514 

 Oidiodendron periconioides HL4-159-23a KP276549 

 Colourless yeast C HL4-159-24b  

 Unidentified basidiomycete HL4-159-27b KP276509 

 Umbelopsis sp.B HL4-159-28a KP276561 

 Saccharicola bicolor HL4-159-29a KP276515 

 Oidiodendron sp. HL4-159-30a KP276550 

 Colourless yeast D HL4-159-31a  

 Aspergillus fumigatus HL4-159-33a KP276562 

 Umbelopsis ramanniana HL4-159-34a KP276551 

 Paraconiothyrium sp. HL4-159-35a KP276552 

 White filamentous A HL4-159-37b  

 Trametes pubescens HL4-159-40a KP276510 

 Penicillium sp. A HL4-159-41b KF649244 
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Table 3.2 Continued. 

Collection Isolated endophyte ID Acc. No. 

 Penicillium daleae HL4-159-42a KP276511 

 Umbelopsis sp.C HL4-159-43a KP276563 

 phialocephala sp.B HL4-159-46b KP276564 

Spring 2013 Unidentified Eurotiomycetes A HL5-171-04a KP276533 

 Umbelopisis isabellina HL5-171-05a KP276516 

 Fusarium acuminatum HL5-171-05b KP276517 

 Umbelopisis ramanniana HL5-171-06b KP276518 

 Phoma bellidis HL5-171-06c KP276519 

 Phialocephala lagerbergii HL5-171-07b KP276520 

 Pestalotiopsis sp.A HL5-171-09a KP276521 

 Paraphaeosphaeria neglecta HL5-171-13a KP276532 

 Cadophora sp. HL5-171-13c KP276522 

 Bjerkandera adusta HL5-171-14b KP276553 

 Myrothecium roridum HL5-171-22c KP276523 

 Saccharicola bicolor HL5-171-29b KP276524 

 Pestalotiopsis sp. B HL5-171-30b KP276525 

 Penicillium sp. B HL5-171-31b KP276526 

 Unidentified ascomycete HL5-171-36a KP276554 

 Rhizoctonia sp. HL5-171-46a KP276527 

 Trametes versicolor HL5-171-52a KP276528 

 Neonectria sp. HL5-171-53a KP276529 

 Ilyonectria radicicola HL5-171-53b KP276555 

 Paraphaeosphaeria neglecta HL5-171-55a KP276531 

 Umbelopsis nana HL5-171-59a KP276530 

Summer 2013 Unidentified eurotiomycetes B HL6-097-01a KP276565 

 Bjerkandera adusta HL6-097-08a KP276542 

 Pestalotiopsis microspora HL6-097-09a KP276541 

 Colourless yeast E HL6-097-14a 

 Mortierella sp. HL6-097-17a KP276543 

 Hypocrea pilulifera HL6-097-17b KP276544 

 Sterile beige HL6-097-17d 

 Phialocephala sphaeroides HL6-097-18b KP276566 

 Sordariomycetes sp. D HL6-097-19a KP276567 

 Sordariomycetes sp. E HL6-097-19d KP276568 

 Colletotrichum sp. HL6-097-27b KP276575 

 Plectosphaerella sp. HL6-097-27c KP276540 

 Phialocephala sp. C HL6-097-28b KP276569 

 White filamentous B HL6-097-28e 
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Table 3.2 Continued. 

Collection Isolated endophyte ID Acc. No. 

 Penicillium thomii HL6-097-37a KP276570 

 Talaromyces striatus HL6-097-40a KP276571 

 Plectosphaerella cucumerina HL6-097-45b KP276556 

 Colpoma sp. HL6-097-45e KP276572 

 Pezicula sp. HL6-097-47b KP276573 

 Mollisia fusca HL6-097-47c KP276574 

 Candida parapsilosis HL6-097-47d KP276545 

 Bjerkandera adusta HL6-097-48a KP276539 

 Penicillium sp. C HL6-097-53a KP276538 

  Annulohypoxylon multiforme HL6-097-58b KP276537 

* Accession numbers in NCBI database. 
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Among the 78 identified fungal isolates, three fungal isolates were identified only to 

the phylum level, ten to the class level, 24 to the genus level, and 41 to the species level 

(Table 3.3). Umbelopsis, Phialocephala and Penicillium were the three most abundant 

genera consisting of seven, six and five isolates from the rhizomes of A. nudicaulis 

(Table 3.3).  

Many of the identified genera have been isolated as endophytes previously with the 

exception of Acanthophysium, Gloeophyllum, Humicolopsis and Tyromyces (Table 3.3) 

(Andrade-Linares and Franken, 2013; Degenkolb et al., 2008; Junker et al., 2012; Puri et 

al., 2006; Qadri et al., 2014; Shiono et al., 2008; Strobel et al., 2013; Strobel et al., 1996; 

Tejesvi et al., 2005; Vralstad et al., 2002; Wijeratne et al., 2013; Wijeratne et al., 2006; 

Yu et al., 2010). Endophytes from the genera Pestalotiopsis and Trametes are especially 

interesting because the endophytic fungi Pestalotiopsis microspore and Trametes hirsute 

have been shown to produce two therapeutically important plant natural products, 

paclitaxel (3.1) and podophyllotoxin (3.2) respectively (Puri et al., 2006; Strobel et al., 

1996). This suggests that the endophytes from these two genera have the potential to 

produce natural products the same as their hosts.  
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Table 3.3 Taxonomic identification level of endophytic fungi isolated from the rhizomes 

of A. nudicaulis. 

Taxonomic level Taxonomic names Number of isolates 

Phylum Ascomycota 1 

 Basidiomycota 1 

 Zygomycota 1 

Class Sordariomycetes 5 

 Leotiomycetes 2 

 Eurotiomycetes 3 

Genus Mycosphaerella 1 

 Phialocephala 6 

 Humicolopsis 2 

 Paraphaeosphaeria 3 

 Ilyonectria 2 

 Talaromyces 2 

 Hypocrea 2 

 Alternaria 1 

 Oidiodendron 2 

 Saccharicola 2 

 Aspergillus  1 

 Paraconiothyrium 1 

 Penicillium 5 

 Fusarium 1 

 Phoma 1 

 Pestalotiopsis 3 

 Cadophora 1 

 Myrothecium 1 

 Neonectria 1 

 Colletotrichum 1 

 Plectosphaerella 2 

 Colpoma 1 

 Pezicula 1 

 Mollisia 1 

 Candida 1 

 Annulohypoxylon 1 

 Acanthophysium 1 

 Gloeophyllum 2 

 Cryptococcus 1 

 Tyromyces 1 

 Trametes 2 

 Bjerkandera 3 
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Table 3.3 Continued 

Taxonomic level Taxonomic names Number of isolates 

 Rhizoctonia 1 

 Umbelopsis 7 

 Mortierella 1 
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This is the first report of fungal endophytes from the rhizomes of A. nudicaulis, and 

provides important information on biodiversity of the fungal endophyte population in the 

underground organ of A. nudicaulis.  Endophytic fungi have been studied from the leaves 

of A. nudicaulis, where five distinct fungal endophytes were isolated from 55 % of leaf 

segments (Ellsworth et al., 2013). Two genera, Penicillium and Pestalotiopsis, were 

isolated from both the leaves (Ellsworth et al., 2013) and rhizomes of A. nudicaulis,  

suggesting that these two genera have relaxed habitat specificity. 

Endophytic fungi have only been studied from two other Aralia spp., A. elata and A. 

continentalis, where 274 distinct isolates consisting of 24 fungal genera were isolated 

from roots of the two species collected in Korea, Asia (Paul et al., 2007). Five fungal 

genera (Alternaria, Aspergillus, Fusarium, Paraconiothyrium and Penicillium), isolated 

from A. elata and A. continentalis, were also isolated  from A. nudicaulis, while the most 

dominant fungal genera, Strumella and Rhizopycnis from A. elata and A. continentalis 

(Paul et al., 2007) were not isolated from A. nudicaulis. This suggested that the 

geographical location of the host plants may play an important role in structuring the 

endophytic communities in each host species.   

When comparing the isolation frequencies of the endophytes in the three studies, the 

highest isolation frequency (90%) was observed from the roots of A. elata and A. 

continentalis (Paul et al., 2007) while the rhizomes of A. nudicaulis had the lowest 

isolation frequency (23%). Since my study used a unique surface sterilization technique, 

a possible explanation for the low isolation frequency is that flaming the tissue surface is 

a relatively harsh sterilization technique compared with standard techniques that involve 

the use of sterilants such as bleach, EtOH and H2O. 
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An LC-ESI-MS/MS method was developed to allow the selective detection of 2.1 

and 2.2 in extracts derived from the Aralia endophytes. The analytes eluted at retention 

times of 15.7 and 12.5 min (Figure 3.2). The limit of detection (3 × signal-to-noise ratio) 

of 2.1 and 2.2 was determined to be 150 and 50 ng/mL respectively. The use of MRM 

mode ensured accuracy and sensitivity of the LC-ESI-MS/MS method for detection of 

target compounds. The accurate detection in MRM mode is accomplished by detection of 

a distinct precursor to the product ion transition that is diagnostic for the presence of the 

target compound (Lehner et al., 2005). The sensitivity of the method is attributed to the 

low background noise created by searching specific pairs of mass to charge ratio (Lehner 

et al., 2005). However, the screening of the crude extracts from endophytes isolated from 

rhizomes of A. nudicaulis did not show any evidence of production of 2.1 and 2.2.
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Figure 3.2 MRM spectra of falcarinol (2.1, top) and panaxydol (2.2, bottom) at 63, 125 and 250 ng/mL. 
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In order to validate the LC-ESI-MS/MS method and also confirm that the absence of 

2.1 and 2.2 in the extracts was not due to the extraction procedure, 100 mL of malt 

extract broth was spiked with the target compounds ( at 10 × limit of detection) and was 

extracted using the same method as the endophytes. LC-ESI-MS/MS analysis of the 

spiked broth extracts indicated that the recovery rate of 2.1 and 2.2 was 92.1% and 71.2% 

respectively by the ratio of experimental peak area and the peak area calculated 

calibration curve (Figure 3.3). The lower recovery rate of 2.2 could be explained by the 

reactive epoxide group of 2.2 causing some degradation of this compound during the 

extraction procedure. With injections of 0.5 mg/mL for each endophyte crude extract, the 

resulting yields of 0.033% and 0.015% for 2.1 and 2.2 respectively from the endophytes 

were detected. 
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Figure 3.3 Standard curves of falcarinol (2.1, top) and panaxydol (2.2, bottom) plotted 

using triplicate values of area under peak with various concentrations. The dots and error 

bars stand for the mean of the triplicate values and standard error of the mean 

respectively. 
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Previous studies have reported that endophytic fungi are a potential alternative 

source of some natural products usually associated with the host plant. However, based 

on the evidence from the current study, there is no conclusion of the true producer of 

falcarinol (2.1) and panaxydol (2.2). Although endophytic fungi isolated from A. 

nudicaulis did not produce 2.1 and 2.2, other endophytic fungi that produce 2.1 and 2.2 

may not be able to grow under standard laboratory growth conditions.  Additionally, 

studies using culture independent DNA sequencing techniques have shown that 

unculturable endophytic fungi are a large proportion of the whole endophytic fungi 

population (Tejesvi et al., 2011) and were not represented in the isolated library of 

endophytes in this study. Laboratory culture conditions for the endophytes can also 

change the production of secondary metabolites of endophytes (Aly et al., 2008). 

Although this study failed to discover endophytes that can produce 2.1 and 2.2, the 

isolated endophytes can still be used for exploring their ability to produce new natural 

products.  
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Chapter 4. Exploring the mode of action of anti-mycobacterial C17 diynes using 

transcriptomic profiling 
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4.1 Background: revealing molecular targets and modes of action of natural 

products 

Natural products have evolved to interact with macromolecules, such as proteins, to 

modulate biological functions (Carlson, 2010; Clardy and Walsh, 2004; Pucheault, 2008). 

Molecular targets or protein targets are usually proteins that natural products specifically 

bind to in order to affect biological functions.  Changes in biological functions caused by 

specific compounds are modes of action (MOAs) of the compound (Crews et al., 2000; 

Lomenick et al., 2011). By understanding the mechanisms by which natural products 

affect biological functions, scientists can not only use natural products with specific 

MOAs as potential drug leads, but also gain insight into the biological pathways affected 

by natural products in order to discover more therapeutic-relevant proteins as potential 

drug targets (Carlson, 2010; Clardy and Walsh, 2004; Pucheault, 2008; Tashiro and 

Imoto, 2012; Ziegler et al., 2013). Therefore, elucidation of molecular targets and MOAs 

of natural products is an important aspect of natural products chemistry (Clardy and 

Walsh, 2004; Tashiro and Imoto, 2012). 

Determination of MOAs in drug discovery is a challenging process that requires a 

combination of expertise and techniques from many different fields (Coxon et al., 2012; 

Parsons et al., 2006; Salvador-Reyes and Luesch, 2015; Schenone et al., 2013). Over the 

last two decades, different approaches and techniques have been developed to elucidate 

MOAs of small molecules (Lachance et al., 2012; Mitchison, 1994; Stockwell, 2000; 

Sundberg, 2000; Wyatt et al., 2011). The three most common approaches currently used 

are direct identification of the protein targets, identification of the genes coding for the 

protein targets and computational analysis of MOAs (Schenone et al., 2013).  
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Direct identification of protein targets usually involves labeling the small molecule 

of interest with a compound that acts like a beacon during the detection of binding 

between the small molecule and its protein targets but does not alter the activity of the 

small molecule; incubation of the labeled small molecule with the organism or the type of 

cells that it works against; and detection of the binding between the small molecule and 

its protein target through the compound that is labeled on the small molecule (Burdine 

and Kodadek, 2004; Wissing et al., 2004). Genetic approaches, also known as indirect 

approaches, have been used to identify genes coding for protein targets (i.e. genetic 

targets), and to generate new hypotheses as to the MOA of a chemical (Schenone et al., 

2013). Common methods used in the genetic approach include induction of gene 

mutation by the molecule of interest through repeated exposure of cells to the molecule of 

interest to identify the genetic target and transcriptomic profiling using DNA 

microarrays, to generate hypotheses related to MOAs of the small molecules (Gao et al., 

2014; Parsons et al., 2006; Schenone et al., 2013; Wilson et al., 1999). Computational 

analysis is performed using bioinformatics or chemoinformatics in silico tools to 

facilitate data analysis through cluster analyses, molecular docking simulation, 

quantitative or qualitative structure-activity relationships analysis and machine learning 

methods (Fliri et al., 2005; Ganter et al., 2005; Lagunin et al., 2014; Schenone et al., 

2013). The three approaches (direct identification of the protein targets, identification of 

the genetic targets and computational analysis of MOAs) are generally used in parallel to 

yield different perspectives to reveal MOAs (Schenone et al., 2013).  
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The following chapter is prepared as a manuscript describing a study of the anti-

mycobacterial MOAs of falcarinol (2.1) and panaxydol (2.2) (Figure 4.1) against 

Mycobacterium smegmatis through gene expression profiling. 

4.2 Introduction 

 Despite significant strides by the World Health Organization, tuberculosis (TB) 

remains a global health emergency with millions of patients succumbing to this disease 

each year (Lienhardt et al., 2012; WHO, 2014; Zumla et al., 2013).  Although more than 

15 anti-TB drug candidates are in the pre-clinical or clinical phases of drug development, 

new drug candidates are continually needed to supplement the drug development pipeline 

(WHO, 2014; Zumla et al., 2014).  Highly bioactive drug candidates can be selected 

through high-throughput screening from compound libraries, but it is difficult to select 

candidates for further pre-clinical trials without probing their MOAs (Chan et al., 2002; 

Cong et al., 2012; Sundberg, 2000; Tashiro and Imoto, 2012; Ziegler et al., 2013). Thus, 

it is important to characterize MOAs of the drug candidates during the selection of 

specific drug candidates as this may lead to new and improved pharmaceuticals (Koul et 

al., 2011; Zumla et al., 2014).  

 Metabolic response to environmental stimuli, such as the introduction of an 

exogenous chemical, can trigger specific gene expression profiles that are necessary for 

an organism’s ability to grow and survive (Boshoff et al., 2004; Debouck and 

Goodfellow, 1999; Ravindranath et al., 2015; Schena et al., 1998).  Measurement of 

transcriptional responses can therefore provide a global view of how an organism 

responds to exogenous chemical stimuli (Brazas and Hancock, 2005; Marton et al., 1998; 
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Sassetti et al., 2001). However, multiple genes are regulated concurrently and many 

changes in gene expression can be indirect or secondary responses to the stimulation 

(Lecca and Priami, 2013; Ravindranath et al., 2015; Zhang et al., 2012a). This gives rise 

to extremely complex transcriptome profiles that can be difficult to interpret (Bai et al., 

2013; Brazas and Hancock, 2005; Ravindranath et al., 2015; Waddell et al., 2004). In 

silico methods, such as bioinformatics and chemoinformatics, can be used in combination 

with gene expression analysis to reduce the dataset into pathways of interest and generate 

hypotheses related to the MOA of a compound (Liu and Xie, 2011; Ravindranath et al., 

2015; Schenone et al., 2013).  

Gene expression analysis has been used successfully to identify the molecular 

targets of pharmaceuticals (Ravindranath et al., 2015; Shaw and Morrow, 2003; Zarate-

Blades et al., 2011).  For example, microarray analysis of M. tuberculosis treated with 

isoniazid (1.1) and rifampin (1.2) (Figure 4.1) not only provided supporting data that was 

in agreement with the known MOAs of these anti-TB drugs, but also improved the 

understanding of indirect and secondary cellular responses of M. tuberculosis under the 

effects of those drugs (Betts et al., 2003; Boshoff et al., 2004; Wilson et al., 1999). 

Microarray data obtained from M. tuberculosis treated with BTZ043 (1.17) (Figure 4.1), 

an anti-TB drug candidate in pre-clinical development, guided the discovery that 1.17 

inhibits a key enzyme in the synthesis of cell wall arabinans (Makarov et al., 2009).  
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Figure 4.1 Structures of chemicals used in this chapter (They have been presented in 

previous chapters and the codes are their original codes).  
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 Studying M. tuberculosis in the laboratory presents unique challenges; therefore, 

the closely related, non-pathogenic mycobacterium M. smegmatis was used as a surrogate 

model (Chaturvedi et al., 2007; Tyagi and Sharma, 2002; Wang et al., 2006; Wang and 

Marcotte, 2008). In addition to being less restrictive, other benefits related to the use of 

M. smegmatis include its rapid growth rate, its ability to produce mycolic acid similar to 

M. tuberculosis, and that its genome has been completely sequenced, facilitating 

transcriptomics analysis (Waagmeester et al., 2005). 

 Falcarinol (2.1) and panaxydol (2.2) were identified as the major anti-

mycobacterial natural products from Aralia nudicaulis from a previous study (see section 

2.2.1) but the anti-mycobacterial MOA of these two compounds is unknown (Li et al., 

2012). The objective of the current study was to determine the transcriptome profile of M. 

smegmatis treated 2.1 and 2.2 in order to better understand the anti-mycobacterial MOA 

of falcarinol and panaxydol and to generate new hypotheses regarding the MOAs of these 

compounds.  

4.3 Materials and methods 

4.3.1 Mycobacterium smegmatis growth condition and treatments 

Mycobacterium smegmatis str. MC2 155 (ATCC 700084) was grown in 

Middlebrook 7H9 (Becton Dickinson, Mississauga, ON, Canada) broth supplemented 

with 10% ADC enrichment (Becton Dickinson, Mississauga, ON, Canada) and 0.2% 

glycerol at 37°C for 72 hours in a humid environment before being diluted to a turbidity 

equivalent to a 1.0 McFarland standard (107 CFU) using the same modified 7H9 broth 

and cryogenically preserved (−80 °C; 1.5 mL aliquots). Cryopreserved M. smegmatis was 
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thawed and diluted with modified Middlebrook 7H9 broth (1:5) resulting in the 

mycobacterial suspension (2 × 106 CFU) used for the bioassays. 

A  M. smegmatis bioassay was modified from a microplate resazurin assay 

(O'Neill et al., 2014) by changing the time to add resazurin and the total incubation time 

from 72 and 96 hours to 24 and 48 hours, respectively. The anti-mycobacterial activities 

of target treatments (2.1 and 2.2) and positive controls [isoniazid (1.1), ethambutol (1.3) 

and kanamycin (1.12)] (Figure 4.1) were tested using the M. smegmatis bioassay and 

their MICs were measured following the microplate resazurin assay previously developed 

in the laboratory (O'Neill et al., 2014). 

To prepare cultures of M. smegmatis for gene expression analysis, cryovials of M. 

smegmatis were diluted the same way as described above and transferred to 96 well 

plates. The plates were first incubated for 48 hours to reach log phase growth and then 

each treatment, including one vehicle control, three positive controls and two target 

compounds, was added to corresponding rows of a 96 well plate except the peripheral 

wells resulting 10 wells per treatment. The vehicle control consisted of modified 7H9 

broth with 2% DMSO, whereas the concentrations of positive controls and target 

compounds were 10 × MIC for each treatment against M. smegmatis. The plates were 

incubated at 37°C for 6 hours in a humid environment. The time point and doses were 

chosen based on previously published studies (Betts et al., 2003; Boshoff et al., 2004; 

Wilson et al., 1999). Following the 6 hours incubation, wells containing the same 

treatment in each plate were pooled into a 1.5 mL centrifuge tube and bacteria were 

harvested by centrifugation. The vehicle control and two positive controls (isoniazid and 

ethambutol) each had six biological replicates; the two target treatments (falcarinol and 
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panaxydol) and one additional positive control (kanamycin) each had seven biological 

replicates. All biological replicates were used for microarray analysis and real-time PCR 

(polymerase chain reaction). 

4.3.2 RNA extraction 

Total RNA was extracted using TRIzol® (Invitrogen, Burlington, ON, Canada) 

and purified using an RNeasy® kit (Qiagen, Toronto, ON, Canada) according to the 

manufacture’s protocol. RNA quantity was measured on a NanoDrop ND 2000 

spectrometer (Thermo Scientific, Wilmington, DE, USA) before and after purification. 

RNA quality was evaluated using an Agilent 2100 Bioanalyzer (Agilent, Mississauga, 

ON, Canada). All samples used in the microarray and real-time PCR experiments had 

RNA integrity numbers (RINs) > 7.5. 

4.3.3 Microarray analysis and bioinformatics 

 Mycobacterium smegmatis 8 × 15K Agilent microarrays (designed by Genotypic 

Technology, Bengaluru, India and manufactured by Agilent, Palo Alto, CA, USA) were 

used to investigate global mRNA profiles of M. smegmatis treated with falcarinol (2.1) 

and panaxydol (2.2). RNA labeling, microarray hybridization, and microarray scanning 

were performed as directed in the Agilent one-colour microarray-based gene expression 

analysis protocol. An Agilent low RNA input quick amplification WT labeling kit 

(Agilent, Mississauga, ON, Canada) was used to produce cDNA and cyanine 3 (Cy3) 

labeled/amplified cRNA from 125 ng/μL total RNA per sample. Each labeled sample 

with a specific activity greater than 6 pmol Cy3/µg was adjusted to a final mass of 600 ng 

of Cy 3 labeled sample for hybridization to the microarrays using an Agilent gene 

expression hybridization kit (Agilent, Mississauga, ON, Canada). After 17 hours of 
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hybridization, microarray slides were washed and covered with ozone barrier slides. 

Microarray slides were scanned using an Agilent DNA Microarray Scanner with 

Surescan high-resolution technology.  Raw expression data along with tif images were 

extracted using Agilent Feature Extraction Software (v10.7.3.1). All microarray data 

reported in this study follow established guidelines (i.e. Minimum Information about a 

Microarray Experiment http://www.ncbi.nlm.nih.gov/geo/info/MIAME) and have been 

deposited in the NCBI Gene Expression Omnibus (GEO) database (GSE64323, 

GPL19567). 

 The raw expression data were normalized using Loess normalization (smoothing 

factor of 0.2). The limit of detection of the microarray analysis was determined to be 3.5 

based on the lower limit of the standard curve for Agilent quality controls and negative 

controls (dark corners) so all intensity values that were lower than 3.5 were assigned a 

value of 3.5. Differentially expressed genes (DEGs) were determined using one-way 

analysis of variance (ANOVA) followed by a post-hoc test using Benjamini and 

Hochberg method with a false discovery rate (FDR) at 0.01. Principal component 

analysis was performed on all transcripts using normalized expression values. Functional 

enrichment of gene ontology (GO terms) was performed using parametric analysis of 

gene set enrichment (PAGE) (Kim and Volsky, 2005) followed by a post-hoc test using 

Benjamini and Hochberg method with FDR set at 0.01. The above data processing and 

bioinformatics analysis were performed in JMP® Genomics (v5.1). 

DEGs (adjusted P-value < 0.01) obtained from ANOVA was uploaded to Biocyc 

online program (http://biocyc.org/) (Caspi et al., 2014), and pathway enrichment analysis 

http://www.ncbi.nlm.nih.gov/geo/info/MIAME
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was performed using Fisher’s extract test with Benjamini-Hochberg method as a post-hoc 

analysis. 

4.3.4 cDNA synthesis, primer design and real-time PCR 

The cDNA used for real-time PCR was generated from 0.5 µg of total RNA using 

an iScript cDNA synthesis kit (BioRad, Mississauga, ON, Canada). Reverse transcriptase 

controls (NRT) (n = 4) were prepared from four different biological samples (1 per NRT) 

by adding RNase-free water to the reaction instead of the enzyme. No template controls 

(NTC) (n = 2) were prepared by adding RNase-free water to the reaction instead of RNA 

samples. A cDNA pool for standard curves and initial primer testing was combined from 

five samples that were chosen from either controls or target treatments. 

 Primers were designed using Primer3 (Rozen and Skaletsky, 2000) with optimal 

annealing temperature from 58 to 61 °C and amplification of sequences from 173 to 365 

base pairs (Table 4.1). The genes selected for real-time PCR analysis were based on the 

magnitude of fold change of the transcripts from the microarray analysis. Real-time PCR 

wasperformed using SsoFast™ EvaGreen® Supermix (BioRad, Mississauga, ON, 

Canada), 100 nM of each primer and 3.33 µL diluted cDNA (1:20 dilution) on a 

CFX96™ Real-Time-PCR Detection System (BioRad, Mississauga, ON, Canada). A 

two-step thermal cycling protocol for the reaction comprised of one activation step (95 

°C, 30 s), followed by 40 cycles of denaturation of cDNA (95 °C, 5 s), and annealing at 

the primer-specific temperature for 5 s. After the 40 cycles, a dissociation curve was 

produced from 65 to 95 °C with 0.5 °C increment for 5 s. A single melt curve for each 

gene indicated that a single product was formed. All amplicons were verified as correct 

target genes by Sanger Sequencing (Genome Québec, Montréal, QB, Canada). All 
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sequencing information aligned with the whole genome of M. smegmatis MC2 155 in 

BLAST search and the nucleotides from all amplicons were aligned with the genes that 

were used to design the primers by a pairwise sequence alignment tool (EMBOSS 

needle). Specificity and efficacy of all primers were accessed by a five-point standard 

curve (1:5 dilutions) of the cDNA pool at the optimized annealing temperature. 

Mean expression levels of MSMEG 3584, MSMEG 5570 and gidB were 

determined to be the most stable combination of control genes to normalize all target 

expression data, with a mean M-value of 0.67 (mean coefficient variance = 0.25) as 

determined by the target stability function in CFX96 software. Normalized gene 

expression values were extracted using a relative ∆∆Cq method in CFX Manager™ 3.0 

software (BioRad, Mississauga, ON, Canada). The genes used to normalize target genes 

did not significantly vary across treatment groups. Normalized expression data were not 

normally distributed and a Kruskal–Wallis non-parametric test was used to determine if 

gene expression levels varied across all treatments followed by Dunn’s method for joint 

ranking as a post-hoc test to determine which treatments were different from each other. 

All statistical analyses were conducted in PRISM 5.0. 

4.3.5 Prediction of biological activities 

 The structures of 2.1 and 2.2 were converted to simplified molecular-input line-

entry system (SMILES) format and uploaded to Prediction of the biological activity 

spectra of organic compounds (PASS) online program (http://www.way2drug.co-

m/PASSOnline) for biological activity prediction (Filimonov et al., 2014). A master list, 

which entails all potential bioactivities of the two target compounds and probabilities of 

http://www.way2drug.co/
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each bioactivity being active or inactive, was generated through the PASS online 

program (Filimonov et al., 2014). 
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Table 4.1 Primers used for real-time PCR with amplicon size and annealing temperature. 

Gene Forward primer (5'-3') Reverse primer (5'-3') 

Product size 

(bp) 

Annealing 

(°C) 

alkB (MEMEG 1839) GCCTACATCCCGTTCCAGT AGCGAGTCCTTCTTGTGTCC 191 58 

ectB (MSMEG 3900) AGGATTTTTCCGTGTTGCTC TTGTTGTGCCCGTAGTTCAG 214 58 

katG (MSMEG 3461) GCCACCCAGGAAGAGACC GCAGGTTGACGAAGAAGTCC 265 58 

mmpl5 (MSMEG 1382) CGAATCTGGCTACCTGTGCT GTGGCGGTCCTCTCTTCTTT 365 58 

MSMEG 3359 CACCGACATACACTGCCAAC GAACCACGCCTTCTCCTG 310 58 

MSMEG 3805 GGGGAGCCATTCTCAACG TGTGTTCCTCGGGCAGTTC 225 59 

pcaC (MSMEG 6370) CGAGACCGAGCAGCGACT CGGGAACGGCATCTTCAC 250 59 

gidB (MSMEG 6940)* ATGCCAGGGTGGTGAGAT CGTGAAACATTCGGCTTCT 270 61 

MSMEG 3496 TATGAGCGTGGTGGTCCTG GCGGTCGTTGTAGTTGGTCT 229 61 

MSMEG 3584* TGTCGGAGTTGTTGATGGTC CTGTCGGTGTTCTCGTTCAG 241 61 

MSMEG 5570* CACCGAGAAAGAACTGAGCA GCAACTATTCCCACACAACCT 173 60 

* Genes used as normalizer genes. 

1
2
2
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4.4 Results and discussion 

In order to explore the transcriptomic profile of M. smegmatis MC2 155 treated 

with falcarinol and panaxydol, MICs of the two target compounds and three positive 

controls, isoniazid, ethambutol and kanamycin, were measured though a modified 

microplate resazurin assay against M. smegmatis MC2 155. The MICs of falcarinol and 

panaxydol were 12.5 and 25 µg/mL respectively against M. smegmatis MC2 155, and 

they were less active compared to their activities against M. tuberculosis H37Ra with 

MICs of 6.25 and 9.38 µg/mL (Li et al., 2012), respectively (Table 4.2). The two positive 

controls, isoniazid and ethambutol, were selected based on their partially or fully known 

MOA against Mycobacterium species. Another reason for selection of isoniazid is that M. 

smegmatis is naturally resistant to isoniazid and the resistant mechanisms have not been 

investigated at the transcriptomic level. The resistance to isoniazid is caused by multiple 

mechanisms, including having different peroxide stress response systems than M. 

tuberculosis (Dhandayuthapani et al., 1996) and a multidrug efflux pump, LfrA (Li et al., 

2004). The third positive control, kanamycin, was selected due to its potent activity 

against M. smegmatis. The MICs of all three drugs against M. smegmatis were similar to 

those previously reported (Teng and Dick, 2003; Wallace et al., 1988). 
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Table 4.2 Anti-mycobacterial activities of falcarinol, panaxydol, isoniazid, ethambutol 

and kanamycin against M. smegmatis MC2 155. 

Compound MIC (µg/mL) 

Falcarinol 12.5 

Panaxydol 25 

Isoniazid 50 

Ethambutol 1.56 

Kanamycin 1.56 
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Although this chapter only presents the relevant processes related to the 

treatments of 2.1 and 2.2 as well as the positive controls, the raw microarray data can be 

downloaded from NCBI GEO database (GSE64323, GPL19567). All data from the 

analyses will be available as supplemental files when the manuscript is published. 

Microarray analysis revealed that a total of 704 and 907 genes, or 10 % and 13 % of the 

total genes in the genome of M. smegmatis, were differentially expressed with the 

treatments of falcarinol and panaxydol respectively when compared with the vehicle 

control after the data were corrected by the Benjamini and Hochberg method with a false 

discovery rate (FDR) at 0.01. Using a fold change threshold of ± 2, there were 585 and 

788 differentially expressed genes (DEGs) for falcarinol and panaxydol treatments that 

were differentially affected when compared to the vehicle control. Within the 585 and 

788 DEGs, 273 and 312 genes were down and up-regulated respectively in falcarinol 

treatment, whereas 396 and 392 genes were down and up regulated respectively in 

panaxydol treatment. When comparing the two treatments, 99% of the total genes were in 

common, suggesting the two target compounds may act via the same MOA against M. 

smegmatis.  

Principle component analysis of all treatments revealed that falcarinol (2.1) and 

panaxydol (2.2) resulted in transcript responses that were more similar to each other than 

the controls. Transcript variability of isoniazid and ethambutol treatments overlapped 

with the vehicle control while kanamycin treatment was the most different at the 

transcript level from all other treatments (Figure 4.2). Examination of the principle 

component analysis confirmed that falcarinol and panaxydol treatments were more 

similar in gene responses, which suggests that they have a different MOA when 
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compared to the three positive controls. Additionally, the relative distance between the 

target compounds (2.1 and 2.2) and the three positive controls in principle component 

analysis provided further evidence that 2.1 and 2.2 have a different MOA; isoniazid and 

ethambutol both affect cell wall synthesis and kanamycin primarily targets protein 

synthesis (Figure 4.2) (Rastogi and David, 1993). 
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Figure 4.2 Principle component analysis of gene expression data. Each point represents 

one microarray conducted with one biological replicate.  
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The principle component analysis provided a global view of the differences in the 

transcriptomic profiles of the treatments; however, it does not indicate what genes or 

processes are underlying the differences. Therefore, functional enrichment analysis was 

carried out to examine what biological functions might be involved in the different 

transcriptomics profiles. Genes were grouped based on their functions by assigning them 

to one or multiple GO terms, which were grouped into three categories (molecular 

function, cellular component and biological processes). In order to identify which cellular 

processes were affected by each treatment, functional enrichment analysis was used to 

assess the significantly different GO terms in each treatment compared with the vehicle 

control. The GO terms that were preferentially affected by falcarinol and panaxydol 

treatments were determined from P-values generated from PAGE analysis following a 

post-hoc analysis with a FDR of 0.01 (Table 4.3). Nine GO terms were significantly 

different in both treatments, and the processes that these represent were related to fatty 

acid biosynthesis, ectoine biosynthesis, and protein metabolism, transport and 

biosynthesis, such as cyclopropane-fatty-acyl-phospholipid synthase activity, protein 

serine/threonine kinase activity, ectoine biosynthetic process, protein transport by the Sec 

complex and intracellular protein transmembrane transport. 
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Table 4.3 Functional enrichment analysis of GO terms regulated by falcarinol and panaxydol with P-values less than 0.01 after post-

hoc analysis. 

Treatment Gene ontology category  GO term Name PAGE Z-Score P-value 

Falcarinol Molecular function go:0008658 Penicillin binding 5.4 3.0E-05 

 Molecular function go:0004674 Protein serine/threonine kinase activity 5.3 3.6E-05 

 Molecular function go:0003735 Structural constituent of ribosome 5.2 3.9E-05 

 Biological process go:0045227 Capsule polysaccharide biosynthetic process 5.0 6.3E-05 

 Biological process go:0009088 Threonine biosynthetic process 4.9 6.9E-05 

 Biological process go:0019491 Ectoine biosynthetic process 4.9 6.9E-05 

 Biological process go:0043952 Protein transport by the Sec complex 4.9 6.9E-05 

 Biological process go:0051188 Cofactor biosynthetic process 4.9 6.9E-05 

 Biological process go:0065002 Intracellular protein transmembrane transport 4.9 6.9E-05 

 Biological process go:0006412 Translation 4.4 5.0E-04 

 Cellular component go:0009360 DNA polymerase III complex 4.3 8.6E-04 

 Cellular component go:0005840 Ribosome 4.1 1.7E-03 

 Molecular function go:0003697 Single-stranded DNA binding 3.9 5.1E-03 

 Molecular function go:0019843 rRNA binding 3.7 9.5E-03 

 Molecular function go:0008825 Cyclopropane-fatty-acyl-phospholipid synthase activity 2.7 9.6E-03 
 

 

 

 

 

 

1
2
9

 



130 

 

 

Table 4.3 continued. 

Treatment Gene ontology category  GO term Name PAGE Z-Score P-value 

Panaxydol Molecular function go:0019843 rRNA binding 5.7 8.1E-06 

 Molecular function go:0003735 Structural constituent of ribosome 5.5 8.3E-06 

 Biological process go:0006412 Translation 4.7 4.6E-04 

 Biological process go:0008610 Lipid biosynthetic process 4.5 9.3E-04 

 Cellular component go:0005840 Ribosome 4.4 1.1E-03 

 Molecular function go:0008825 Cyclopropane-fatty-acyl-phospholipid synthase activity 4.3 1.3E-03 

 Biological process go:0019491 Ectoine biosynthetic process 4.3 1.3E-03 

 Biological process go:0043952 Protein transport by the Sec complex 4.3 1.3E-03 

 Biological process go:0065002 Intracellular protein transmembrane transport 4.3 1.3E-03 

 Molecular function go:0004674 Protein serine/threonine kinase activity 3.8 9.6E-03 

 

 

 

1
3
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To further probe the pathways that were affected by 2.1 and 2.2, a pathway 

enrichment analysis was performed using the Fisher Exact test and a post-hoc Benjamini-

Hochberg method employing the Biocyc online program (http://biocyc.org/). 

Differentially affected pathways for the falcarinol treatment included amino acid 

biosynthesis and fatty acid biosynthesis, such as “methionine biosynthesis” and 

“cyclopropane fatty acids biosynthesis”, whereas fatty acid biosynthesis was most 

prevalent in the panaxydol treatment, such as “pyruvate fermentation to acetate” and 

“unusual fatty acid biosynthesis” (Table 4.4). 

Taken together, the functional enrichment analysis and pathway enrichment 

analysis suggest that genes coding for ectoine biosynthesis and cyclopropane-fatty-acyl-

phospholipid synthesis were differentially expressed by the treatment of 2.1 and 2.2. 

Ectoine and its derivatives are compounds commonly found in bacteria to balance the 

extracellular osmotic pressure, but do not create ionic strength of the cytoplasm (Oren et 

al., 2002; Roessler and Muller, 2001). A previous experiment has demonstrated that 

ectoine production in M. smegmatis increased at high salt concentrations though 

significant up-regulation of the ectoine biosynthetic genes (Ofer et al., 2012). 

Interestingly, all ectoine biosynthetic genes, ectA, ectB and ectC, were down-regulated in 

both falcarinol and panaxydol treatments, suggesting that the treatments with the two C17 

diynes may not induce osmotic stress.  

 



132 

 

Table 4.4 Pathway enrichment analysis for pathways regulated by falcarinol and panaxydol with P-values less than 0.01 after post-hoc 

analysis. Also provided are the significantly different genes related to the pathways. 

Treatment Pathways P-value Genes in Pathway 

Falcarinol Threonine biosynthesis 5.3E-05 MSMEG 6286,  thrC, thrB, MSMEG 4957, asd, 

MSMEG6257 

 Ectoine biosynthesis 6.1E-05 asd, MSMEG 6257, ectC, ectA, ectB 

 Superpathway of methionine biosynthesis (by 

sulfhydrylation) 

4.4E-04 MSMEG 4528, metE, metX, MSMEG 1652, MSMEG 

4657, asd,  

MSMEG 6257, MSMEG 6286 

 Isoleucine biosynthesis I 4.4E-04 ilvA, ilvH, thrC, thrB, MSMEG 4657, asd, MSMEG 

6257, MSMEG 6286 

 Methionine Biosynthesis 2.0E-03 metE, MSMEG 4957, asd, MSMEG 6257, MSMEG 

6286,  

MSMEG 4528, metX, MSMEG 1652 

 Mycolyl-arabinogalactan-peptidoglycan complex 

biosynthesis 

2.1E-03 MSMEG 6386, MSMEG 6399, MSMEG 6382, 

MSMEG 6401,  

glf, MSMEG 4947 

 Homoserine biosynthesis 3.0E-03 MSMEG 4957, asd, MSMEG 6257 

 Superpathway of methionine biosynthesis 

(transsulfuration) 

4.7E-03 metE, MSMEG 4957, asd, MSMEG 6257, MSMEG 

6286 

 Unusual Fatty Acid Biosynthesis 5.5E-03 MSMEG 1350, MSMEG 1351, MSMEG 3538 

 Cyclopropane Fatty Acids Biosynthesis 9.3E-03 MSMEG 1350, MSMEG 1351, MSMEG 3538 
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Table 4.4 continued 

Treatment Pathways P-value Genes in Pathway 

Panaxydol Ectoine biosynthesis 3.8E-03 MSMEG 6257, ectC, ectA, ectB 

 Urea degradation II 3.8E-03 MSMEG 1093, ureC, ureB, ureA 

 Pyruvate fermentation to acetate VII 5.1E-03 pta, ackA, MSMEG 4646 

 Pyruvate fermentation to acetate I 5.1E-03 pta  

 Methionine Biosynthesis 6.3E-03 metE, metN, MSMEG 6257, MSMEG 6286, MSMEG 

4528,  

MSMEG 4527, metXm MSMEG 1652 

 Superpathway of methionine biosynthesis (by 

sulfhydrylation) 

7.7E-03 MSMEG 4528, MSMEG 4527, metE, metX, MSMEG 

1652,  

MSMEG 6257, MSMEG 6286 

 Unusual Fatty Acid Biosynthesis 9.7E-03 MSMEG 1205, MSMEG 1350, MSMEG 1351, 

MSMEG 3538 

 Cyclopropane Fatty Acids Biosynthesis 9.7E-03 MSMEG 1205, MSMEG 1350, MSMEG 1351, 

MSMEG 3538 

 Urate biosynthesis/inosine 5'-phosphate degradation 9.7E-03 MSMEG 1701, MSMEG 4308, guaB, MSMEG 1603 

1
3
3
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Conversely, cyclopropane-fatty-acyl-phospholipid synthesis plays an important 

role in the long term persistence of M. tuberculosis pathogenesis (Glickman et al., 2000). 

Cyclopropane-fatty-acyl-phospholipid synthesis is a part of the mycolic acid synthesis in 

M. tuberculosis to introduce cyclopropane rings to unsaturated mycolic acids (George et 

al., 1995; Yuan and Barry, 1996). Because of the crucial role of cyclopropane-fatty-acyl-

phospholipid synthesis in M. tuberculosis pathogenesis, it was used as a target for 

screening potential anti-TB compounds (Guianvarc'h et al., 2008) as well as a potential 

diagnostic biomarker in screening for TB patients (Ahmed et al., 2012). Since the two 

target compounds are also fatty acid derivatives that share some structural similarities 

with the precursors used in the cyclopropane phospholipid synthesis, we postulate that 

the 2.1 and 2.2 act as competitive inhibitors in order to disrupt mycolic acid metabolism. 

However, additional analysis and experiments are required to further support our 

hypothesis.  

Fatty acid natural products have been demonstrated to be fatty acid synthesis 

inhibitors in Mycobacteria spp. in previous studies. A mixture of two fatty acids isolated 

from a Turkish sponge showed significant activity (IC50 = 0.35 µg/mL) against the 

enzyme Fab I, which is essential for type II fatty acid biosynthesis in M. tuberculosis 

(Tasdemir et al., 2007). An acetylenic thiolactomycin isolated from a soil bacterium, 

Nocardia sp., was found to inhibit the Fab H fatty acid condensing enzymes, mtFab H 

and Kas A, in M. tuberculosis (Senior et al., 2004). These two examples further support 

the potential that the two C17 diynes are fatty acid synthesis inhibitors.  
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To corroborate the results of our microarray analyses and confirm the molecular 

targets of the two C17 diynes in lipid biosynthesis, the Prediction of the biological 

activity spectra of organic compounds (PASS) program was used to predict biological 

activities of 2.1 and 2.2 from their chemical structures. All activities related to lipid 

biosynthesis were extracted from the output of the PASS program and the majority of 

these were related to phospholipid biosynthesis (Table 4.5). The PASS program has been 

used successfully to predict MOAs of anti-mycobacterial natural products from various 

sources (Salomon and Schmidt, 2012). Thus, there was good congruence between the 

prediction software and our transcriptomic data in identifying lipid biosynthesis as the 

likely pathway affected by the target compounds. 
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Table 4.5 Predication of biological activities of falcarinol and panaxydol using PASS 

program.  

Treatment Pa1 Pi2 Biological activity 

Falcarinol 8.2E-01 8.0E-03 Alkyl-acetyl-glycero-phosphatase inhibitor 

 8.0E-01 5.0E-03 Fatty-acyl-CoA synthase inhibitor 

 6.9E-01 1.2E-02 Lipid metabolism regulator 

 6.2E-01 9.0E-03 Phosph-atidyl-glycero-phosphatase inhibitor 

 4.5E-01 4.3E-02 Alkenyl-glycero-phospho-ethanolamine hydrolase 

inhibitor 

 3.6E-01 1.3E-02 Cyclopropane-fatty-acyl-phospholipid synthase 

inhibitor 

Panaxydol 6.7E-01 2.4E-02 Alkyl-acetyl-glycero-phosphatase inhibitor 

 6.7E-01 1.6E-02 Fatty-acyl-CoA synthase inhibitor 

 6.6E-01 1.4E-02 Lipid metabolism regulator 

 3.4E-01 3.6E-02 Phosph-atidyl-glycero-phosphatase inhibitor 

 3.8E-01 6.5E-02 Alkenyl-glycero-phospho-ethanolamine hydrolase 

inhibitor 

 2.7E-01 3.7E-02 Cyclopropane-fatty-acyl-phospholipid synthase 

inhibitor 
1 Probability to be active 
2 Probability to be inactive 
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The positive controls, isoniazid, ethambutol and kanamycin, with partially or fully 

known MOAs, were chosen to compare with the MOA of the C17 diynes. In order to 

further validate the hypothesis of the MOA of 2.1 and 2.2 that was generated from 

microarray data, it is necessary to discuss the transcriptome profiles of the positive 

controls in relation to their partially or fully known MOAs.  

Isoniazid, the most commonly used anti-TB drug since 1952, is a pro-drug that 

requires oxidative activation by the mycobacterial catalase-peroxidase enzyme KatG 

(Suarez et al., 2009). Once activated, isoniazid is thought to inhibit the NADH-dependent 

enoyl acyl carrier protein reductase (InhA) in the repetitive catalytic cycle of the FAS-II 

pathway that elongates mycolic acids (Takayama et al., 1972). However, the precise 

MOA of isoniazid remains to be elucidated (Bernardes-Genisson et al., 2013). From the 

gene set enrichment analysis, several related GO terms, such as catalase activity and 3-

oxoacyl-[acyl-carrier-protein] synthase activity, were significantly different from the 

vehicle control. Previous studies of M. tuberculosis treated with isoniazid showed up-

regulation of the kas operon, which contains five FAS-II components (Betts et al., 2003; 

Slayden and Barry, 2002; Slayden et al., 2000). The kas operon also showed a significant 

difference in M. smegmatis treated with isoniazid in this study (Table 4.6).  Similar to 

isoniazid treated M. tuberculosis, inhA, which codes for the main isoniazid target protein 

in mycobacteria, did not show induction in this microarray analysis and the reason for 

this observation by us and others (Betts et al., 2003) remains unclear. In addition, the 

down-regulation of mycobacteria catalase-peroxidase gene KatG was observed both in 
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real-time PCR and microarray data and this also supported the isoniazid resistant nature 

of M. smegmatis (Figure 4.2). 
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Table 4.6 Response of the kas operon in M. smegmatis to isoniazid treatment compared 

with vehicle control. Fold change was calculated from normalized microarray expression. 

P-value was obtained from the FDR post-hoc test after ANOVA test of normalized 

microarray expression. 

kas operon fabD acpM kasA kasB accD6 

Fold changes 2.6 2.4 2.4 2.3 2.2 

P-values 1.8E-06 3.7E-06 1.8E-06 6.0E-05 7.5E-05 
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Another positive control, ethambutol, disrupts cell wall synthesis of mycobacteria 

by directly inhibiting arabinosyl transferases, the enzyme that metabolizes arabinose into 

anrabinogalactan and lipoarabinomannan, which are the major polysaccharides of the 

mycobacterial cell wall (Belanger et al., 1996). From the pathway enrichment analysis, 

ethambutol treatment differentially affected mycolyl-arabinogalactan-peptidoglycan 

complex biosynthesis, heme biosynthesis, and cell structure biosynthesis. From the gene 

set enrichment analysis, GO terms such as capsule polysaccharide biosynthetic process, 

penicillin binding, protein transport by the Sec complex, intracellular protein 

transmembrane transport and the lipopolysaccharide biosynthetic process were 

significantly different from the vehicle control. A previous proteomic analysis of 

ethambutol treated M. smegmatis also showed induction of transmembrane alanine and 

lysine rich protein in peptidoglycan biosynthesis, penicillin-binding proteins and 

aspartate racemase in the cell wall synthesis pathway, as well as several proteins in the 

heme biosynthesis pathway (Wang and Marcotte, 2008). Thus, microarray data supported 

the known MOA of ethambutol. 

Kanamycin, a second-line anti-TB drug, is an aminoglycoside antibiotic that 

targets the 30S subunit of prokaryotic ribosomes (Disney and Barrett, 2007). The 

transcriptome profile of M. tuberculosis treated with capreomycin, another 

aminoglycoside antibiotic, showed up-regulation of several genes coding 30S or 50S 

ribosomal proteins (Fu and Shinnick, 2007). Interestingly, many of the genes coding for 

30S or 50S ribosomal proteins showed significant down-regulation in this study (Table 

4.7). This observation may be explained by the high dosage of the treatment, which may 
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have led to the complete inhibition of protein translation processes. Additionally, it has 

been shown that cell death caused by the aminoglycosides, such as kanamycin, is 

triggered by mis-translation of the membrane protein, which leads to oxidative stress 

from the formation of hydroxyl radicals (Kohanski et al., 2008). This was supported by 

the gene set enrichment analysis, and GO terms such as protein targeting, regulation of 

cell shape, protein transport by the sec complex, cell wall macromolecule biosynthetic 

processes and intracellular protein transmembrane transport were differentially affected 

by kanamycin treatment. Therefore, there was congruence between the microarray data 

and the MOAs of these well-characterized antibiotics. Thus, we are confident that the 

microarray analyses of 2.1 and 2.2 provides insight into their MOA. 
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Table 4.7 Fold changes of significantly different ribosomal protein genes from M. 

smegmatis treated with kanamycin. Fold change was calculated from normalized 

microarray expression. P-value was obtained from the FDR post-hoc test after ANOVA 

test of normalized microarray expression. 

Gene transcripts Fold change P-value 

rpsC 30S ribosomal protein S3 -3.5 7.2E-07 

rplP 50S ribosomal protein L16 -5.0 1.7E-06 

rplQ 50S ribosomal protein L17 -2.5 3.4E-06 

rpmC 50S ribosomal protein L29 -4.0 2.0E-05 

rplS 50S ribosomal protein L19 1.9 2.2E-05 

rpsS 30S ribosomal protein S19 -2.5 3.1E-05 

rplU 50S ribosomal protein L21 1.9 3.3E-05 

rpmA 50S ribosomal protein L27 1.8 3.6E-04 

rpsQ 30S ribosomal protein S17 -3.5 1.6E-03 
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Microarray data were further verified by real-time PCR. All gene expression data 

in real-time PCR were analyzed using the Kruskal Wallis test with the Dunn method for 

joint ranking. Real-time PCR data for MSMEG 3359, MSMEG 3805 and pcaC showed 

comparable patterns of expression across groups when compared to the microarray data 

(Figure 4.3). Real-time PCR and microarray data showed that pcaC was up-regulated by 

isoniazid treatment (Figure 4.3A) while MSMEG 3359 showed increased expression in 

both falcarinol and panaxydol treatments (Figure 4.3B) and MSMEG 3805 showed the 

highest expression in panaxydol treatment (Figure 4.3C).   

Fold changes of genes based on real-time PCR and microarray data were 

significantly associated in alinear regression model, and therefore, we are more confident 

that the microarray data is valid (Figure 4.4). The amplicons of the genes used in real-

time PCR are provided in Table 4.8. 

In conclusion, this is the first study to use transcriptomic analysis in M. smegmatis 

with treatments of falcarinol and panaxydol to characterize the anti-mycobacterial MOA 

of those C17 diynes. One limitation of this study is that only a single concentration (10 × 

MIC) was used, and lower doses may reveal more subtle changes within the 

transcriptome. Using microarray analysis and the PASS program, we hypothesize that 

both falcarinol and panaxydol inhibit phospholipid synthesis and further studies should 

be directed at supporting or refuting this hypothesized MOA.  To support this hypothesis, 

the enzyme(s) that 2.1 and 2.2 act upon should be isolated and an enzyme inhibition 

assay performed to measure the binding affinity of falcarinol and panaxydol to the 

enzyme.  
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Figure 4.3 Real time PCR comparison to microarray data for (A) pcaC (B) MSMEG 

3359 and (C) MSMEG 3805. The horizontal line in the box plots represents the median of 

the group, the boundaries of the box represent the 10th and 90th percentiles and the 

minimum and maximum data points are represented by the whiskers (Prism v5.0). The 

differences were detected by Kruskal Wallis test with Dunn method for joint ranking. 
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Figure 4.4 Correlation of fold change (log10) between real-time PCR and microarray 

data. The best fit was calculated using linear regression. Each dot represents the 

coordinates of the fold change for qPCR and microarray for the same gene in the same 

treatment. Fold changes are the ratios of normalized expression of treatments and vehicle 

control in qPCR and microarray data. A data point was used for regression only if it 

showed a significant change with real-time PCR, microarray, or both techniques 

(P<0.05).  
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Table 4.8 Sequenced genes and their amplicons in M. smegmatis. The nucleotides from all amplicons were aligned with the genes that 

were used to design the primers by pairwise sequence alignment tool (EMBOSS needle) and all nucleotides have a 95% or greater 

match to the amplification region of the corresponding gene. 

Gene Sequencing 

alkB (MEMEG 1839) cggcggtctgggctggcccgccaagatcggcctggcgctgtcggtcggcgtgctcggcggggtcggcatcaacaccgcccacgaactcggaca

caagaagg 

ectB (MSMEG 3900) gcaccgtcgagtccgaggtccgtagctactgccgcgggtggcccgcggtcatggagaccgcgaaggactcgtgggtgaccgacgtcgacggtc

gccgctacatcgacttcttcgcgggcgccggcgcgctgaactacggg 

katG (MSMEG 3461) cctgggcaagggttcggacctgcccgcggagttcaagctgatcgaccgggcgaacctgctgggcctgtcggctcctgagatgaccacgctcgtcg

gcggtctgcgggtgctcgacgtcaaccacggcggtaccaagcacggcgtgctgaccgacaagccgggcgcgttgaccacggacttctt 

mmpl5 (MSMEG 1382) cctgggcaagggttcggacctgcccgcggagttcaagctgatcgaccgggcgaacctgctgggcctgtcggctcctgagatgaccacgctcgtcg

gcggtctgcgggtgctcgacgtcaaccacggcggtaccaagcacggcgtgctgaccgacaagccgggcgcgttgaccacggacttctt 

MSMEG 3359 cgagggcgattgcttcgtcgcacgcaagcctgaagggcgttcctttctgggtggccagatccggcacgggcgctccgtggaaacacgccaggcg

atgctgaaagcgttgcgggacatgtgggtgcagaccacgggccaatccgaggccgagctcatcgtcggcatatccgaagtggatccccgaatggt

gctagaagcgggattcttcatgccggagccgggccag 

MSMEG 3805 gtcctatgccgccgcgaatccgcggaatgggggttgaccaacggtgttcgcgtggaactcgcgcgccagggcacccacgtcgccgctctggtacc

cgggctgatccgcaccgacacgctgctcgagttcgcccgcggcaacgggatcgaactgcNNgaggaacac 

pcaC (MSMEG 6370) aggcggctctcgcgctcaccgaggcggtgacggagatcaaccgcggcccggtgtctgacgacgtctacgaacgtgcggccgcggtgttcagcga

acgcgaactcagtcagttgatcgcgatgattgtgaccatcaacgcgtggaaccgcatcaacgtcaccgtga 

gidB (MSMEG 6940) gccgtacgNNNNcaNNcacggcggcgggcggNNNaccgggacggaacaagtcgggtcggacggcgcggtcccggggaagaacgg

gcaggagatgagcatgggttcgggtcagaacaaaggacagggcgtggtgcagaagccgaNNgtttcacg 

MSMEG 3496 gacacgcgatggtggtcaccaggatcggcgcaggccaacgcaccacggccgcaccgagtttgcgccacccgcgggNNNgcatcgcacgctt

gggctcgaaggtcttgccgaaccggctcgcgaccgagatgatcgcggcgcccatggtcaacgaggccaggaccacNaNNNNca 

MSMEG 3584 gNNNNNtctcccttgaccgggcggcgaaatccctcatccggcttcccggtgtggccatggtgcagagcatcaccagaccactgggccggcca

ctggagcacgcgaccattccctacctgttcaccatgcagggcagcaccagcggccagcaactgccgttcgaccaacaactgaacgagaacaccg

aca 

MSMEG 5570 ttttcNacNNNNNctcagcatcgcgcaggtgatggtgccgcacatcgccgggcggccggtgacgcgcaaacgctggcccaacggcgtcgc

ggaagaggcgttcttcgagaagcagttggcgt 

1
4
6
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Chapter 5 General conclusions and future directions 
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5.1 Anti-mycobacterial natural products from Canadian medicinal plants 

 Natural products derived from traditional medicinal plants have contributed to a 

large proportion of modern drugs (Fabricant and Farnsworth, 2001). The search for 

bioactive natural products from medicinal plants from Canada has never been as 

comprehensive as from other parts of the world, despite the fact that Canadian First 

Nations have used plants to treat illnesses for thousands of years. In fact, in the last 25 

years, there has been relatively few bioassay screening or natural products studies of the 

medicinal plants used by the First Nations peoples.  

Among the various diseases targeted by First Nations medicine, tuberculosis 

remains a leading infectious disease that claims the lives of millions of people every year.  

Chapter two of this thesis documents the isolation and identification of anti-

mycobacterial natural products from four Canadian medicinal plants, Aralia nudicaulis, 

Alnus incana, Empetrum nigrum and Moneses uniflora. Bioassay guided fractionation 

employing Mycobacterium tuberculosis (H37Ra) resulted in the isolation of a total of 21 

compounds that included three new natural products [Figure 2.4, (2.7, 2.8) and Figure 

2.5, (2.16)]. Two previously known C17 diynes, falcarinol (2.1) and panaxydol (2.2), 

were isolated as the major anti-mycobacterial compounds from the rhizomes of A. 

nudicaulis. Four pentacyclic triterpenes, betulin (2.3), betulinic acid (2.4), betulone (2.5) 

and lupenone (2.6), were isolated from the bark of A. incana. Empetroxepin A (2.7) and 

B (2.8), two new natural products that belong to the rare dibenz[b,f]oxepin class, and 

seven known compounds were isolated from E. nigrum. One new naphthoquinone 

derivative, 5, 8-dihydro-3-hydroxychimaphilin (2.18) along with six known compounds 

were isolated from M. uniflora. The absolute configuration of 4-hydroxylchimaphilin-1-
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β-D-glucopyranoside  (2.19) was determined through hydrolysis, followed by acetylation 

of the glycone and comparison of the optical rotation of the resulting peracetate with 

authentic standards. These findings are not only consistent with the traditional anti-

mycobacterial use of the four medicinal plants, but also expanded the knowledge of 

natural product chemistry of Canadian medicinal plants. Therefore, Canadian medicinal 

plants are a good source of anti-mycobacterial natural products and should continue to be 

investigated. Future research should focus on combining chemical dereplication 

techniques, such as LC-MS and plant metabolomics, with anti-TB bioassay to screen and 

fractionate the medicinal plants. Ultimately, the goal is to isolate novel and potent anti-

TB natural products from Canadian medicinal plants. 

Based on comparisons of the anti-mycobacterial activity, accessibility of the 

plants and whether the mode of action is known between the four plants, A. nudicaulis 

was chosen to be explored for its endophytic fungi and the anti-mycobacterial mode of 

action of the two C17 diynes (2.1 and 2.2). 

5.2 Endophytic fungi from A. nudicaulis: an alternative source for C17 diynes? 

 As it has been demonstrated that some endophytes can produce natural products 

originally attributed to their host (Aly et al., 2013), we considered it worthwhile 

investigating whether the C17 diynes isolated from A. nudicaulis were biosynthesized 

from the plant de novo or whether they were produced by endophytes.  

Chapter three of this thesis describes the isolation of endophytic fungi from the 

rhizomes of A. nudicaulis as well as the LC/MS screening of the crude extracts of those 

endophytes for falcarinol (2.1) and panaxydol (2.2). In order to maximize the fungal 
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diversity obtained, rhizomes of A. nudicaulis collected in three seasons were used for 

isolation and resulted in a total of 88 distinct endophytic fungi. Total DNA of all 

endophytic fungi was isolated and the ITS region was amplified and sequenced using ITS 

1 and 4 primers. The identification of the endophytic fungi was achieved through an 

examination of the morphological characteristics of fungal spores and colonies as well as 

a BLAST search for a comparison of the ITS DNA region. The isolated fungi represented 

a vast biodiversity, of which belong to 35 genera, distributed across three phyla.  

Although there is no sign of the target compounds in the LC/MS screening of the 

endophytes isolated from A. nudicaulis, we still can not conclude which is the true 

producer of 2.1 and 2.2. Future work should focus on incorporation of extracts of A. 

nudicaulis as a part of the growth media for the endophytic fungi to hopefully stimulate 

the production of the target compounds, and searching for the gene clusters responsible 

for the production of 2.1 and 2.2 in the endophytic fungal population of A. nudicaulis. 

The alternative is to grow A. nudicaulis aseptically from plant cell cultures and examine 

whether compounds 2.1 and 2.2 can be produced without endophytes. 

The diversity and number of endophytes isolate supports the idea that Canadian 

medicinal plants are also a source of diverse communities of endophytic fungi, which 

have been proven to be an untapped source of natural products by many previous studies. 

It would be worthwhile to search novel natural products among the isolated endophytes 

by manipulation of the production of secondary metabolites in various nutrient conditions 

by metabolomics.   
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5.3 Anti-mycobacterial modes of action of C17 diynes: a transcriptomic approach 

 One of the key requirements in modern drug discovery is to understand the MOAs 

of drugs (Koul et al., 2011). Although we were not the first researchers to report the anti-

mycobacterial activity of the C17 diynes (2.1 and 2.2), their MOA towards Mycobacteria 

spp. is still unknown. Chapter four investigates the genomic responses of M. smegmatis 

to treatment with the C17 diynes isolated from A. nudicaulis. Microarray analyses 

identified 704 and 907 differentially expressed genes from falcarinol and panaxydol 

treatments, respectively. Principal component analysis suggested that the C17 diynes 

possess a different MOA to the anti-mycobacterial drugs used as positive controls. In 

addition, functional enrichment analysis and pathway enrichment analysis revealed 

statistically significant gene ontology (GO) terms and pathways from falcarinol and 

panaxydol treatments. The potential bioactivities of the two C17 diynes were predicted 

through the use of prediction of activity spectra of substances (PASS). Combining the 

results of all three analyses, we hypothesize that the C17 diynes inhibit fatty acid 

biosynthesis, specifically phospholipid synthesis, in mycobacteria. Additionally, the 

hypothesis was also supported by the congruence between the transcriptomic data of M. 

smegmatis treated by positive controls and the known MOAs of those anti-TB drugs. 

Therefore, known natural products, such as falcarinol and panaxydol, can provide clues 

for TB drug development by uncovering new MOAs. 

Future research should focus on testing the hypothesis that lipid pathways are 

targeted by falcarinol and panaxydol. A radioactive or isotope labelled acetate feeding 

experiment could be used to explore which steps of the phospholipid biosynthetic 

pathway are inhibited by C17 diynes. One could then use photoaffinity labeling and 
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affinity chromatography to isolate the protein targets to which the C17 diynes bind.  

Another approach would be to develop mutant strains of M. smegmatis that are resistant 

to C17 diyne treatment and then use genome sequencing to identify the gene(s) that cause 

resistance, and by extension, identify the protein of interest. 
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