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Abstract 

Prostate cancer (PCa) is the most commonly diagnosed cancer amongst Australian males. The 

significant economic and healthcare burden caused by PCa requires immediate action. 

Although chemotherapies such as docetaxel can be successful as a first line treatment for 

metastatic castration-resistant PCa (mCRPC), chemo-resistance and disease progression can 

develop. Therefore, novel drugs are in need of discovery.  

Endophytic microfungi have potential as new sources of anticancer chemotherapy agents as 

they can be sustainably acquired and are capable of large-scale and low-cost production. Many 

antifungal and antibacterial compounds sourced from endophytes have also been demonstrated 

to cause cytotoxicity in cancer cell lines. These chemotherapy agents act as mitotic inhibitors, 

signal transduction disruptors, and topoisomerase inhibitors. The present study investigates the 

cytotoxic properties that a previously studied endophytic Preussia sp. may possess, given that 

polyketides extracted from this isolate were reported to be antibacterial and antifungal in 

nature. Cytotoxic polyketides from other Preussia spp. have been reported to disrupt the 

cytoskeleton of prostate cancer cell lines and cause apoptosis. Therefore, evidence of 

cytoskeletal disruption and apoptosis were the tested mechanisms of action in this study.  

The antimicrobial activity of the Preussia sp. isolate was initially confirmed by co-culturing 

with pathogenic bacteria and fungi on solid media. The isolate was next grown in a bulk culture, 

and ethyl acetate (EtOAc) extracts were obtained and re-tested against Bacillus cereus and 

Enterococcus faecalis. EtOAc extracts were then separated into fractions via high performance 

liquid chromatography (HPLC). These fractions were tested using an in vitro model of 

castration resistant PCa (CRPC), the PC-3 cell line, at varying concentrations in order to 

investigate any cytotoxic effects. Treated cells were also visualised with fluorescence 

microscopy to investigate changes to cytoskeletal and nuclear structures.  
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The cell counting kit (CCK-8) assay revealed that several fractions had a negative effect on 

cell proliferation and so were potentially cytotoxic at pharmaceutically relevant concentrations. 

Fraction four at 50 µg/mL decreased live cell number by 16% (p=0.0355). Fraction five at 50 

µg/mL and 100 µg/mL reduced live cell number by 25% (p=0.0415) and 28.5% (p=0.0082), 

respectively. Fraction six at 50 µg/mL and 100 µg/mL decreased live cell number by 32.4% 

(p=0.0009) and 87.4% (p<0.0001), respectively. Cytoskeletal and nuclear structure studies 

using microscopy did not reveal any consistent changes amongst the replicate treated cells 

suggesting that the decrease in cell number that was observed may have been caused by non-

apoptotic mechanisms. Therefore, this study provides significant evidence that this endophytic 

isolate may contain important anti-cancer compounds. 
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Chapter 1: Introduction and literature review 

1.1 Introduction 

Prostate cancer (PCa) is the most commonly diagnosed cancer amongst Australian males with 

over 19,000 cases recorded in 2017 (Australian Institute of Health and Welfare 2021). This 

results in approximately 3,000 deaths annually, which is approximately 12% of cancer related 

deaths. There is a significant healthcare burden that results from PCa, costing Australia over 

$349 million in 2008-2009 (Prostate Cancer Foundation of Australia 2021). The type of 

treatment for PCa is usually prescribed based on the age of the patient, the stage and grade of 

the tumour, and the androgen sensitivity of the tumour. Early stage, low grade tumours are 

often monitored rather than actively treated however, later stage, localised tumours are treated 

with radiation or surgical intervention. Late stage metastatic tumours are most commonly 

treated with androgen deprivation therapy (ADT), and chemotherapy if castration resistance 

develops (Wang et al. 2018). Docetaxel is a semi-synthetic analogue of paclitaxel and is the 

primary chemotherapeutic agent used for metastatic (advanced) PCa. Docetaxel elicits its anti-

cancer effect via binding to beta tubulin, stabilising the mitotic spindle during cell division 

(Herbst & Khuri 2003; Weaver 2014). Docetaxel may successfully improve prognosis, but it 

is not always curative and results in many adverse side effects such as alopecia, fatigue, and 

anaemia (Tannock et al. 2004; Sathianathen et al. 2018). In addition, resistance to docetaxel is 

common in patients, so novel approaches for the treatment of advanced PCa are urgently 

required. 

Many existing clinically used medications, including cancer chemotherapy agents like 

docetaxel, originated from natural sources. One of the most successful anti-cancer drugs 

discovered thus far is paclitaxel, brand name Taxol, and is the natural origin of docetaxel. 

Paclitaxel was isolated from the bark of Taxus brevifolia, or the Pacific yew tree (Wani et al. 
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1971), but it was later realised that a micro fungus that resided in the bark of the tree was also 

capable of producing paclitaxel (Stierle et al. 1993). Microfungi, or endophytes, are organisms 

which live intercellularly in many plant tissues, and are producers of many different 

compounds with antibacterial, antifungal, and cytotoxic activity (Aly et al. 2011; Gouda et al. 

2016). Endophytes may address the challenges of the slow growth rate and rarity of the Taxus 

trees responsible for paclitaxel production, as endophytes are easy to grow in culture. 

Therefore, endophytes are a promising source for alternative anti-cancer compounds. In this 

study, a previously isolated Preussia sp. (BSH2.9) endophyte from a local dry rainforest was 

investigated for antimicrobial and cytotoxic activity against human pathogenic bacteria, fungal 

pathogens, and prostate cancer cells. 

 

1.2 The prostate gland  

The prostate is a secondary sex organ of the 

male reproductive system, contributing to 

components of seminal fluid, including 

enzymes, lipids, amines, and metal ions 

(Frick & Aulitzky 1991). It is situated 

inferior to the bladder and surrounds the 

urethra (McNeal 1981) and can be divided 

into peripheral (PZ) and central zones (CZ) (Kumar & Majumder 1995). Additionally, a 

preprostatic sphincter, anterior segment, and transitional zones (TZ) have been identified 

(Figure 1; (McNeal 1969)). The gland consists of a system of branching ducts which are 

composed of a fibromuscular stroma that encases a pseudostratified epithelium. The 

pseudostratified epithelium is comprised of three terminally differentiated cell types; basal, 

Figure 1: Sagittal section of the adult human prostate (McNeal 
1969).  

Posterior 
segment 

Anterior 
segment 
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luminal, and neuroendocrine (Toivanen & Shen 2017). The most common pathologies 

associated with the prostate gland include prostatitis (inflammation), benign prostatic 

hyperplasia (enlarged prostate), and malignant disease (cancer) (Jemaa et al. 2010; Banerjee et 

al. 2016).  Unfortunately, malignancies of the prostate are difficult to detect as approximately 

70% of tumours occur in the PZ and patients are asymptomatic (McNeal et al. 1988; Hoeks et 

al. 2013; Huang et al. 2019).  

 

1.3 Prostate cancer 

1.3.1 The grading method 

The Gleason grading system, developed by D.F. 

Gleason, is a system which categorises PCa tumours 

based on their histological patterns.  The histology of 

the prostate greatly varies across the grades, where a 

grade of 1 indicates a healthy, normally differentiated 

prostate, through to a grade of 5 indicating a poorly 

differentiated, anaplastic prostate as illustrated in 

Figure 3 (Gleason & Mellinger 1974). Furthermore, a 

Gleason score will equal the addition of primary and 

secondary patterns, resulting in a score ranging from 

2-10 (Humphrey 2004; Epstein et al. 2005). However, 

a score of 2 would indicate a normal prostate, so it is unlikely that lower scores would be seen 

in a clinical setting. The grouping process has since progressed to a grade grouping system 

using six groups. Grade Group 1 = Gleason scores ≤ 6, Grade Group 2 = Gleason score 3 + 4 

= 7, Grade Group 3 = Gleason score 4 + 3 = 7, Grade Group 4 = Gleason score 4 + 4 = 8, and 

Figure 2: Drawing of the histological patterns of 
the Gleason grading system (Gleason & Mellinger 
1974). 
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Grade Group 5 = Gleason scores 9 and 10. This updated system has demonstrated improved 

accuracy in predicting tumour progression (Gordetsky & Epstein 2016). The staging process 

for PCa is important as diagnosis and prognosis are a result of the association between the 

given score and the aggressiveness of the tumour (Chen & Zhou 2016). Other mechanisms 

such as the identification of prostate specific antigen (PSA) concentration are also involved in 

the staging process (Partin et al. 1996).  

1.3.2 Prostate cancer tumorigenesis 

The transformation of a benign, normally functioning section of prostate tissue into a 

malignant, metastatic PCa (illustrated in Figure 3) begins with the progression of a normal 

epithelium into a localised prostatic intraepithelial neoplasia (PIN) (Wang et al. 2018). PIN is 

described as a hyperplastic condition of the luminal epithelium with characteristics such as 

basal cell reduction, nuclear atypia, and cytoplasmic hyperchromasia, occurring primarily in 

the PZ of the prostate (Bostwick & Brawer 1987; Shappell et al. 2004). PIN lesions usually 

have a markedly increased expression of proliferation markers, and can be both low- and high-

grade (Shappell et al. 2004). High grade PIN (HGPIN) lesions have been demonstrated to be 

precursors to invasive carcinoma (Bostwick & Qian 2004). Invasive carcinoma in its earlier 

stages often have altered differentiation markers, which have since been demonstrated in PIN 

lesions (Nagle et al. 1991).  

Figure 3: Human prostate cancer progression pathway (Shen & Abate-Shen 2010). 

Following the development of PIN, the lesion then progresses to a latent adenocarcinoma, 

resulting in a complete loss of the basal lamina (Wang et al. 2018). It is suggested that latent 

carcinomas are a result of a neoplastic transformation event of the prostate which does not 
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progress to an invasive carcinoma, thus latent adenocarcinoma develops (Yatani et al. 1989). 

Clinical adenocarcinoma of the prostate develops when developmental signalling pathways for 

prostate tumorigenesis are reactivated (Shen & Abate-Shen 2010), which begins in a locally 

advanced stage. At this stage, prostatectomy is common and radiation such as brachytherapy 

may also be prescribed. In the case of metastatic tumours leading to advanced PCa, treatments 

such as androgen deprivation therapy (ADT) are prescribed, with or without chemotherapy 

such as docetaxel (Wang et al. 2018).  

The lymph nodes neighbouring the prostate are the primary site for metastases of castration 

resistant PCa (CRPC) to develop (Datta et al. 2010). CRPC can also metastasise to the liver, 

lungs, and more commonly, the bones (Wang et al. 2018). Epithelial-mesenchymal transition 

(EMT) is one of the key explanations for the metastasis of cancers (Kalluri & Weinberg 2009), 

including PCa (Yeung & Yang 2017). EMT is the trans-differentiation of the epithelial cells 

into mesenchymal cells which are motile. There is reorganisation of the actin cytoskeleton 

which promotes cell elongation and directional movement (Lamouille et al. 2014). The 

membranous, actin rich projections are responsible for the proteolysis of the extracellular 

matrix, which aids in cell invasion in metastatic disease (Lamouille et al. 2014).  

1.3.3 The role of androgen signalling 

Androgens signal via the androgen receptor (AR) and are critical in normal prostate function 

(Fujita & Nonomura 2019). Genomic modifications including loss of nuclear receptor 

(NCOR1/2) AR corepressor, gain of NCO1/2 AR coactivator and mutations and amplifications 

of the AR occur in the majority of PCa, including metastatic and primary disease, and 

contribute to castration resistant PCa (Hodgson et al. 2005; Taylor et al. 2010). The depletion 

of androgens to below effective concentration is referred to as chemical castration. Castration 

was first reported as an effective method for reducing prostate tumours in the 1940s (Huggins 
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& Hodges 1941). Huggins and Hodges (1941) reported that both surgical castration and 

chemical castration using oestrogen injections significantly reduced the serum concentration 

of a prostatic enzyme called acid phosphatase. Acid phosphatase was reported to be present in 

large concentrations within the healthy prostate gland (Kutscher & Wolbergs 1935). Huggins 

and Hodges (1941) indicated that both surgical castration and oestrogen injections could also 

reduce prostate tumour growth. Since this discovery, ADT has been a main stay in PCa 

treatment. However, prolonged use of ADT can result in tumour progression to CRPC (Feng 

& He 2019). The persistent activation of AR signalling is a result of a lack of the domain 

responsible for ligand (androgen) binding, therefore driving the progression of PCa to CRPC 

(Feng & He 2019; Fujita & Nonomura 2019). It is at this stage, where castration resistance 

develops and chemotherapies such as docetaxel become necessary (Saad & Hotte 2010). 

1.3.4 Current chemotherapy regimens for advanced PCa  

Docetaxel and chemo-resistance 

The treatment regimen prescribed for a specific PCa patient is dependent upon the age, stage 

and grade from diagnosis and is usually a combination of chemotherapy, radiation, ADT, or 

surgical intervention (Wang et al. 2018). The most commonly prescribed form of 

chemotherapy for advanced PCa is docetaxel. Docetaxel is a semi-synthetic taxane diterpene 

alkaloid which has broad cytotoxic properties and is used for a range of progressed cancers, 

such as metastatic castration resistant PCa (mCRPC). One mechanism of docetaxel (Figure 4) 

is inhibition of microtubule disassembly, causing stabilisation of the mitotic spindle which, in 

turn, causes arrest of the cell cycle and thus, apoptosis occurs. Figure 4 also highlights that 

microtubule stabilisation by beta-tubulin binding causes cytotoxicity by many pathways  

(Mikuła-Pietrasik et al. 2019). Docetaxel can also induce apoptosis via caspase-dependent 

apoptosis by decreasing the expression of the key anti-apoptotic protein, B-cell lymphoma 2 
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(Bcl-2). An autophagic pathway via lysosomal membrane permeabilisation can also be 

induced, causing apoptosis (Boya & Kroemer 2008; Mediavilla-Varela et al. 2009).  

It is well established that docetaxel administration is effective in improving prognosis of CRPC 

(Varnai et al. 2019), however, there are adverse side effects. In a phase I trial, 32% of 

participants reported severe neutropenia, 65% reported alopecia, and 53% reported fatigue. 

Additionally, thrombocytopaenia and anaemia were reported (Tannock et al. 2004; 

Sathianathen et al. 2018). Furthermore, CRPC is capable of developing resistance to docetaxel, 

as well as other chemotherapy drugs, and is therefore rarely curative (Jia et al. 2019). An 

example of a resistance mechanism to docetaxel is the overexpression of a transcription 

activator and stress survival autoantigen, lens epithelium-derived growth factor p75 

(LEDGF/p75). The implication of LEDGF/p75 in docetaxel resistance has been supported by 

lysosomal stabilisation resulting from docetaxel exposure. Intriguingly, these protective effects 

Figure 4: Cytotoxicity mechanisms of paclitaxel and docetaxel (Mikula-Pietrasik et al. 2019). 
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were not observed for cells that underwent docetaxel induced mitotic cell death or apoptosis 

caused by tumour necrosis factor related apoptosis inducing ligand (TRAIL) (Mediavilla-

Varela et al. 2009). Another potential mechanism for resistance is androgen receptor activation 

dependent and involves decreased expression of lysine-specific demethylase 5D (KDM5D). 

KDM5D interacts with the AR, so attenuation of KDM5D deregulates androgen signalling in 

androgen-dependent tumours (Komura et al. 2016).  

Second-line chemotherapy 

Cabazitaxel is another taxane-based chemotherapy that is used as a second line treatment when 

docetaxel resistance develops in CRPC. However, cabazitaxel can only be used for a few 

months after docetaxel resistance as resistance to cabazitaxel develops quickly. Prednisone, a 

corticosteroid, has been demonstrated to increase the efficacy of both docetaxel and cabazitaxel 

(de Bono et al. 2010; Teply et al. 2016).  

Estramustine is an oestradiol molecule linked to an alkylating agent (nitrogen mustard) that 

alkylates deoxyribonucleic acid (DNA) causing cell death resulting in tumour shrinkage 

(Benson & Hartley-Asp 1990). Vinblastine is a Vinca alkaloid that can also be used to treat 

CRPC. Vinblastine also binds proteins of the microtubules to inhibit correct formation of the 

mitotic spindle. Studies have demonstrated that the combination of vinblastine with oral 

estramustine may not improve survival but has slowed progression and decreased PSA when 

compared to administration of vinblastine alone (Hudes et al. 1999). However, some clinical 

trials have demonstrated significant deterioration in quality of life and general well-being of 

patients (Albrecht et al. 2004).  

Cisplatin is an alkylating agent which causes overall apoptosis of cancer cells. Cisplatin binds 

the purine bases of the DNA, forming intra- and inter-strand crosslinks. These DNA adducts 

then primarily signal tumour protein p53 upregulated modulator of apoptosis (PUMA) and the 
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Fas/FasL cell surface death receptor apoptosis pathways (Siddik 2003). Cisplatin has also been 

shown to increase cell stiffness, in turn decreasing metastasis and migration potential of the 

tumour (Raudenska et al. 2019). Although therapeutic options such as docetaxel and other 

agents have been demonstrated to be successful in improving PCa prognosis, mCRPC remains 

an incurable disease. Therefore, the discovery of compounds that are more effective and less 

likely to lead to resistance mechanisms is essential (Hwang 2012).  

 

1.4 Endophytes 

Endophytes are a group of microorganisms, particularly fungi and bacteria, which have an 

intercellular, endosymbiotic relationship with plants. They have the ability to colonise many 

areas of the plant including; fruits, buds, leaves, stems, roots, and seeds (Gouda et al. 2016). 

The relationship between endophytes and their host plants can also be further categorised into 

obligate or facultative subtypes (Khare et al. 2018). Facultative endophytes naturally live in 

soils, but will opportunistically colonise plant roots (Hardoim et al. 2015), whereas obligate 

endophytes require a host plant for their entire life cycle (Card et al. 2016). Endophytes are a 

highly understudied group of microorganisms, particularly in the rainforests of Queensland. 

The rich diversity of flora in these regions suggests that many unique and valuable endophyte 

species await discovery.  

Paclitaxel (Taxol)  is an anti-cancer agent that was originally isolated from the bark of Taxus 

brevifolia (Stierle et al. 1993). Paclitaxel is also the natural analogue of the primary 

chemotherapy used for advanced PCa, docetaxel. Due to low yields of paclitaxel from Taxus, 

researchers focussed on identifying other sources in order to satisfy the demand for the drug 

(Senthil Kumuran et al. 2008). As a result, multiple studies identified other paclitaxel-

producing species including an endophyte within Taxus bark called Taxomyces andreanae 
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(Stierle et al. 1993). Further study isolated an additional paclitaxel-producing endophyte, 

Fusarium solani, from Taxus, and confirmed the anti-cancer activity of the extracted paclitaxel 

against A459 lung cancer cells in a dose- and time-dependent manner (Kuriakose et al. 2020). 

Phyllosticta spinarum, an endophyte of Cupressus species, was also shown to produce 

paclitaxel, and anti-cancer activity was confirmed against intestinal, leukaemia, breast, and 

lung cancer cell lines. This latter study identified that the percentage of apoptotic cells were 

highest at paclitaxel concentrations between 0.05 µM and 0.5 µM (Senthil Kumuran et al. 

2008).  

Although there is overwhelming evidence supporting the production of paclitaxel by 

endophytes, there are studies which challenge this idea. One crucial study contradicting the 

proposed production of paclitaxel from endophytes based this on the finding that there were no 

genes present in the tested endophytes that could independently synthesise the compound 

(Heinig et al. 2013). This study used genomic sequencing and phytochemistry techniques on 

two unidentified endophytes and T. andreanae from Taxus, and were not able to identify any 

genes which would be cause for independent biosynthesis of paclitaxel (Heinig et al. 2013).  
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1.4.1 Cytotoxic compounds from endophytes 

Mechanisms of endophyte derived cytotoxic compounds 

Endophytes produce an array of cytotoxic compounds including alkaloids, terpenoids, 

phenols, polyketides, and steroids (see Table 1).  

Table 1: Examples of the different types of cytotoxic compounds from varying chemical classes that endophytes 
have been reported to produce. 

Endophytic 
fungi 

Chemical Chemical 
class 

Cell line Reference 

Fusarium 
oxysporum 

Vincristine Alkaloid Not reported (Zhang et al. 2000) 

Mycelia sterile Vincristine Alkaloid Not reported (Yang et al. 1994) 
Phomopsis cassia 3,12-dihydroxydalene Terpenoid HeLa cervical 

cancer  
(Silva et al. 2006) 

Alternaria sp. Xanalteric acids Phenol Mouse lymphoma 
(L5178Y) 

(Kjer et al. 2009) 

Cephalotheca 
faveolata 

Sclerotiorin Polyketide Colon cancer 
(HCT-116) 

(Giridharan et al. 
2012) 

Phoma sp. 5-hydroxyramulosin Polyketide Murine leukaemia 
(P388) 

(Santiago et al. 
2012) 

Aspergillus flavus Solamargine Steroid Not reported (El‐Hawary et al. 
2016) 

 

Endophyte cytotoxic compounds, particularly alkaloids and polyketides, have been reported to 

operate by a variety of mechanisms. Alkaloids have been reported to exhibit their effects by 

disruption of the cytoskeleton, particularly the arrangement of the mitotic spindle in mitosis. 

Vinca alkaloids, for example target the microtubules of the cell, as do paclitaxel and other 

taxanes, and prevent correct formation of the mitotic spindle by binding of the beta-tubulin 

subunits, causing apoptosis (Himes 1991). However, endophytic polyketides have also been 

reported to inhibit microtubules thereby disrupting normal spindle formation during mitosis, 

and also causing apoptosis by this mechanism (Noumeur et al. 2017).  
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Other alkaloid-based compounds have been reported to interrupt topoisomerases. 

Topoisomerases are responsible for regulating the topology of DNA and inhibition of them 

results in improper DNA replication and double stranded breaks. Etoposide and teniposide  are 

semi-synthetic analogues of podophyllotoxin (Uzma et al. 2018) that are sourced from 

endophytes (Kusari et al. 2009) and are examples of alkaloids that inhibit topoisomerases (Li 

et al. 2006; Montecucco et al. 2015), impacting DNA replication resulting in apoptosis. Some 

polyketides can also inhibit topoisomerases. Anthracyclines, such as doxorubicin, are examples 

of polyketide-based compounds that impact DNA replication by topoisomerase inhibition 

(Zunino & Capranico 1990).  

Another pathway in which some cytotoxic compounds act is via the intrinsic caspase-

dependent apoptosis pathway. The intrinsic pathway involves the inhibition of the anti-

apoptotic proteins belonging to the Bcl-2 family. These proteins preserve the integrity of the 

mitochondrial membrane (Tsujimoto 1998). However, anticancer therapies typically cause pro-

apoptotic members of this family such as Bcl-2-associated X protein (BAX) and Bcl-2 

homologous antagonist killer (BAK) proteins to oligomerize the mitochondrial membrane 

which causes release of cytochrome c, initiating the caspase pathway involving procaspase 9 

and caspase 3 that ultimately result in apoptosis (Tzifi et al. 2012). Both alkaloids and 

polyketides from endophytic fungi have been reported to induce this apoptosis pathway. An 

alkaloid called pyrrocidine A was reported to have resulted in increased expression of BAX, 

procaspase 9, and caspase 3 in neutrophilic promyelocyte (HL60) cells, indicating activation 

of apoptosis via the intrinsic pathway (Uesugi et al. 2016). Secalonic acid (SA) is a polyketide 

and has also been reported to cause apoptosis via the intrinsic pathway. Caspase 3 cleavage 

was increased in HL60 and myelogenous leukaemia (K562) cell lines. Furthermore, significant 

cytotoxicity was observed with IC50 of 0.38 ± 0.04 μM and 0.43 ± 0.02 μM for these respective 

cell lines (Zhang et al. 2009). 
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STAT3 is a signal transducer and transcription factor which is involved in cell proliferation, 

and is tightly regulated in a normal cell (Calò et al. 2003). However, increased activation of 

STAT3 has been correlated to the malignancy of PCa cells, increased Gleason score, and 

progression of the disease (Mora et al. 2002; Horinaga et al. 2005; Tam et al. 2007). 

Galiellalactone is a polyketide isolated from endophytic Galiella rufa which has been 

demonstrated to decrease tumour growth in STAT3 positive prostate carcinoma (DU-145) and 

grade IV prostate adenocarcinoma cell line (PC-3) cells (Don-Doncow et al. 2014) while 

having no affect in cells which were lacking STAT3 expression (Hellsten et al. 2008). 

Therefore, endophyte derived alkaloids and polyketides have varying cytotoxic mechanisms, 

and include signal transduction targets such as STAT3, inhibition of topoisomerases, induction 

of apoptosis via caspase activation, and disruption of mitosis via inhibition of mitotic spindles.  

Endophyte derived compounds causing cytotoxicity in prostate cell lines 

Endophytes may contain useful compounds in addressing the current challenges with PCa 

treatment. Verekar and colleagues (2014) screened a depsipeptide (PM181110) isolated from 

Phomopsis glabrae, an endophyte of Pongamia pinnata (Karum or Poonga-Oil tree) for 

cytotoxicity. The compound was screened against metastatic prostate adenocarcinoma (PC-

3M), DU-145, and androgen sensitive lymph node metastases of prostate cancer (LNCaP) cell 

lines. The compound was effective against all three cell lines with half maximal inhibitory 

concentrations of 0.047, 0.052, and 0.122 µM, respectively (Verekar et al. 2014).  

Tauranin is a compound isolated from Phyllosticta spinarum, an endophyte of Platycladus 

orientalis (Chinese arborvitae). Against the PC-3M cell line, tauranin was cytotoxic and had a 

half maximal inhibitory concentration of 3.5 µM which is comparable, but still less potent than 

that of the positive control, doxorubicin, which had a half maximal inhibitory concentration of 

1.11 µM (Wijeratne et al. 2008). 
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Epipolythiodiketopiperazines (ETPs) are alkaloids present in many fungal endophytes which 

have been demonstrated as potent cytotoxic agents. A study isolated ETPs from Preussia 

typharum and identified that they were potently cytotoxic against PC-3 and DU-145 cell lines 

with a 50% growth inhibition concentration of 15.5 nM and 14.3 nM, respectively. 

Furthermore, the same compound resulted in 50% apoptosis at concentrations of 208.6 nM and 

199.5 nM against the same cell lines, respectively (Du et al. 2014).  

Mechanisms of cytotoxicity in prostate cell lines 

Six polyketides from P. similis called Preussilides A-F demonstrated cytotoxic activity against 

KB3.1 (HeLa) and U2OS (human osteosarcoma) cell lines. However, these compounds lacked 

activity (IC50 >10 μM) against A431 (squamous carcinoma), A549 (human lung carcinoma), 

SKOV-3 (ovarian carcinoma), PC-3 and MCF-7 (breast adenocarcinoma) cell lines. 

Immunofluorescence studies showed changes to the microtubules resulting in multipolar 

spindles, causing unequal nuclear and cell sizes. As a hallmark of apoptosis, caspase activation 

was also stained for, and indicated that cells were not apoptotic via this pathway (Noumeur et 

al. 2017).  

SA derivatives isolated from endophytes have also been reported to have cytotoxic activity. 

Aspergillus aculeatus from Rosa damascena (Damask rose) was shown to contain SA and this 

had potent cytotoxic activity against triple negative breast cancer cells with a half maximal 

inhibitory concentration of 1.66 µM (Farooq et al. 2020). However, this compound was not as 

potent as paclitaxel against these cells which had an inhibitory concentration of 0.140 ± 2.20 

µM. A particularly interesting finding of this study was that the compound may have elicited 

its effect via complete disintegration of spindle microtubules, indicating that the compound 

causes mitotic catastrophe (Farooq et al. 2020). Farooq and colleagues (2020) also tested SA 

for cytotoxicity against PC-3 cells. Although the compound was less effective than against 
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breast cancer cells, apoptosis was still induced at a half maximal inhibitory concentration of 

12.97 ± 0.02 µM (Farooq et al. 2020). 

Betulinic acid (BA) is a terpenoid that has been isolated from ethyl acetate (EtOAc) extracts of 

Phomopsis sp. endophytes (Peyrat et al. 2017). It was reported that BA caused ~50% 

cytotoxicity in LNCaP and DU-145 prostate cell lines when used at a concentration of 20 µM. 

Furthermore, the mechanism of BA to induce apoptosis in these cells lines was by the p53 

PUMA pathway (Shankar et al. 2017). However, other studies have reported different 

mechanisms, such as an increase of reactive oxygen species (ROS) and caspase cleavage for 

the intrinsic apoptosis pathway (Ganguly et al. 2007).  

1.4.2 Associations between antimicrobial and cytotoxic activity in endophytes 

Many studies have reported that crude extracts, fractions, and pure compounds isolated from 

endophytes could be both antimicrobial and cytotoxic towards cancer cell lines (Cui et al. 2011; 

Wang et al. 2011; Santiago et al. 2012; Astuti & Nababan 2014).  

Antimicrobial and cytotoxic effects of endophyte crude extracts 

Crude extracts are a mixture of metabolites that the endophyte produces that can be extracted 

with varying methods. Considering there are many different chemicals within these extracts, it 

is likely that they would all have different activities. A crude extract from an endophyte isolated 

from Piper crocatum (Celebes Pepper), inhibited growth of the bacteria Bacillus subtilus, 

Escherichia coli, and Staphylococcus aureus, while also having a half maximal inhibitory 

concentration of 37.43 µg/mL against T-47D human breast cancer cells (Astuti & Nababan 

2014). This indicates that endophytes may produce a multitude of compounds, potentially with 

both antibacterial and cytotoxic activity. 

A Phoma-like endophyte isolated from Cinnamomum mollissimum is also highly cytotoxic and 

antimicrobial. Of the 88 fractions that were isolated from the EtOAc crude extracts of this 
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endophyte one had antibacterial activity against B. subtilis (96.1% inhibition), antifungal 

activity against A. niger (43.1% inhibition), and was cytotoxic against the P388 murine 

leukaemia cells (88.60% inhibition) (Santiago et al. 2012).  

A crude extract from a strain of Fusarium oxysporum, isolated from Bacopa monnieri (Herb-

of-Grace), was reported to have significant activity against both bacteria and cancer cell lines. 

This crude extract was bactericidal at 10 µg/mL against E. coli and Pseudomonas aeruginosa 

and bacteriostatic against Salmonella typhyimurium and S. aureus at 10 µg/mL. The extracts 

were equally effective as streptomycin (Katoch et al. 2014). Katoch and colleagues (2014) also 

reported that the same extracts from this endophyte exhibited cytotoxic activity against both 

PC-3 and A549 lung adenocarcinoma cell lines with half maximal inhibitory concentrations of 

8 µg/mL and 5 µg/mL, respectively. In comparison, the positive control of paclitaxel had half 

maximal inhibitory concentrations of 53 µg/mL and 56 µg/mL against the same respective cell 

lines. The increase of potency of the endophyte extracts in comparison to the clinical paclitaxel 

positive control is a significant finding as it supports the hypothesis that endophytes may 

produce important chemicals that can be developed into successful anti-cancer drugs (Katoch 

et al. 2014).  

Another finding that supports the sourcing of antimicrobial and cytotoxic compounds from the 

same endophyte species is a study on  an endophyte called HAB10R12, isolated from a 

Malaysian rain forest (Ramasamy et al. 2010). The endophyte had reported antibacterial 

activity, demonstrated by the disc diffusion method. The inhibition zones against S. aureus 

(~28.6% increase), E. coli (~34.6% increase), and B. subtilis (~20.9% increase) were all larger 

than the positive controls of ampicillin and gentamycin at equal doses of 10 µg/mL (Ramasamy 

et al. 2010), indicating significant antibacterial activity. Additionally, Ramasamy and 

colleagues (2010) reported cytotoxic activity against human colorectal cancer (HCT116 cell 

lines) and MCF-7 breast adenocarcinoma cell lines at pharmaceutically relevant (IC50 <30 
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µg/mL) concentrations with a half maximal inhibitory concentration of 0.05 ± 0.01 µg/mL and 

0.04 ± 0.03 µg/mL, respectively.  

Pure endophyte compounds with simultaneous antimicrobial and cytotoxic activity 

An example of an endophyte derived pure compound with antimicrobial and cytotoxic activity 

is Beauvericin. Beauvericin was isolated from an endophytic Fusarium oxysporum, had a half 

maximal inhibitory concentration of 49.5 ± 3.8 µM against PC-3 cells. It was also significantly 

antibacterial against human pathogen methicillin resistant S. aureus (MRSA) and B. subtilis 

which inhabits soil (Wang et al. 2011). Additionally, one purified compound from a Phoma-

like endophyte, called hydroxyramulosin (a polyketide), inhibited Aspergillus niger at a half 

maximal inhibitory concentration of 1.56 µg/mL and was cytotoxic against P388 cells with a 

half maximal inhibitory concentration of 2.10 µg/mL (Santiago et al. 2012). This suggests that 

polyketides isolated from endophytic fungi may exhibit the same effects across both fungal and 

human eukaryotic cells. 

Anthracyclines are endophyte-derived compounds that exhibit both anti-cancer and 

antibacterial activity (Booser & Hortobagyi 1994). Anthracyclines cause supercoiling of the 

chromatin by inhibition of topoisomerases which ultimately causes chromatin aggregation, 

damaging the DNA resulting in apoptosis (Rabbani et al. 1999). Doxorubicin is an example of 

an anthracycline that has been demonstrated to inhibit growth of PCa tumours (Fan et al. 2016). 

However, doxorubicin can cause significant cardiotoxicity and hepatotoxicity (Kalender et al. 

2005; Zhao & Zhang 2017), and is therefore an undesirable treatment option, although reversal 

of hepatotoxicity has been reported via administration of vitamin E and catechin to rat models 

(Kalender et al. 2005).  
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1.5 Knowledge gaps and project objectives 

There is a wealth of endophyte species that are yet to be discovered, and these species are likely 

to contain many compounds that may be suitable for clinical use. Obtaining paclitaxel from its 

natural supply is a challenging practice, thus, it is imperative that alternative sources for anti-

cancer compounds be identified. Additionally, other chemotherapies such as docetaxel have 

challenges with resistance and side effects, so the discovery of both taxane and non-taxane 

compounds is imperative.  

Previously, in the USQ fungal pathology laboratory, a Preussia sp. endophyte (BSH2.9) was 

obtained from local rainforests, and pure compounds from this endophyte were isolated from 

EtOAc extracts. These purified compounds were identified as polyketides and were determined 

to have antibacterial activity against Bacillus cereus, Enterococcus faecalis, and MRSA and 

antifungal activity against a eukaryotic pathogen, Candida albicans (Mapperson et al. 2014). 

Preussia endophytes are being increasingly recognised globally as sources of valuable 

bioactive compounds (Gonzalez-Menedez et al. 2017). Table 2 summarises Preussia species 

that produce a variety of compounds (predominantly alkaloids and polyketides) with cytotoxic 

properties. 

Table 2: Cytotoxic compounds from Preussia species. 

Endophytic 
fungi 

Chemical Cell line Reference 

P. australis Australifungin Not reported (Hensens et al. 1995) 
P. typharum Leptosin A, C 

Preussiadin A, B 
Not reported 

NCI-60 cell line panel 
(Du et al. 2014) 

Preussia sp. Preussiafuran A, B Rat skeletal (L6) (Talontsi et al. 2014) 
P. africana Preussochromone A, 

B, C, D 
Human alveolar 

adenocarcinoma (A549) 
(Zhang et al. 2012) 

Preussia sp. Spiropreussione Human ovarian cancer 
(A2780) 

Human hepatoma (BEL-
7404) 

(Chen et al. 2009) 

Preussia sp. Sporostatin Not reported (Kinoshita et al. 1997) 
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With the knowledge that Preussia spp. contain compounds that are cytotoxic and that 

endophytic polyketides are both antimicrobial and cytotoxic, this study aims to assess the 

BSH2.9 isolate for cancer inhibiting compounds. Given that previous reports by Noumeur et 

al. (2017) demonstrated cytoskeleton disruption by polyketides isolated from a Preussia sp., it 

is speculated that the cytotoxic activity is caused via disruption of microtubules or 

microfilaments.   

 

1.6 Hypothesis 

The hypothesis of this study is that fractionated compounds from the ethyl acetate extracts of 

BSH2.9 will exhibit anti-cancer activities.  

 

1.7 Project aims 

This pilot study aims to; 

1. Confirm the previously reported antimicrobial activity of BSH2.9 via streak plate and 

microdilution assay methodologies 

2. Achieve a cultured bulk growth of BSH2.9 

3. Extract and fractionate compounds from the BSH2.9 bulk growth 

4. Evaluate the inhibitory effects of the fractionated compounds on the PC-3 advanced 

prostate cancer cell line 

5.  Examine the possible mode of action of bioactive compounds via nuclear and 

cytoskeletal structure studies 
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Chapter 2: Materials and methods 

2.1 Initial screening for antimicrobial activity 

2.1.1 Preparation of microorganisms 

All broth and agar recipes used are attached in appendix A. The Preussia sp. isolate, BSH2.9, 

was stored in culture on potato dextrose agar (PDA) plates at 22˚C in the dark. Test bacteria, 

Bacillus cereus (ATCC 14579), and Enterococcus faecalis (ATCC 19433) were cultured on 

sensitest agar (STA) and incubated for 48 hours at 37˚C to confirm previous bioactive 

behaviour of the isolate against these species (Mapperson 2014). Previous anti-Candida 

activity suggested that that effects of the BSH2.9 isolate may inform cytotoxic activity as 

cancer cells and Candida are both eukaryotes. Therefore, an additional unicellular phylloplane 

yeast, Rhodotorula mucilaginosa, was subcultured on STA and stored at 22˚C for 48 hours for 

screening. 

2.1.2 Streak plate method 

Two STA plates were inoculated with 1cm3 portions of the BSH2.9 isolate and incubated at 

22˚C for 48 hours. After 48 hours, a sterile loop was used to streak from the edge of the 

mycelium in an outwards direction with one of the test bacteria or yeast as illustrated in Figure 

5. The loop was sterilised between organisms by submerging the loop into 95% ethanol (EtOH) 

and then heating it with a blue flame. The second and third plates were then inoculated with 

the other test microbes. Plates were then incubated at 37˚C for bacterial microbes and 22˚C for 

the yeast for a further 24-hour period. An inhibition zone between the microbial streaks and 

the mycelia denoted a positive result. 
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2.1.3 Anti-fungal screening 

Previous observations of combined anti-fungal and anticancer activity of endophytic fungal 

extracts suggested that screening of BSH2.9 against other eukaryotes might further inform anti-

cancer activity. Therefore, BSH2.9 was also screened against three mycelial fungal isolates 

from the USQ fungal pathology laboratory. Three BSH2.9 portions of 1cm3 were excised from 

the edges of the culture and transferred to separate STA plates. Cubes (1cm3) of Pyrenophora 

teres, Serendipita vermifera and Fusarium oxysporum were similarly excised from their 

respective active cultures and added to BSH2.9 with a space of 1cm as illustrated in Figure 6. 

Plates were then incubated at 22°C for up to one week. The plates were checked daily for five 

days as test organisms each had different growth rates.  

 

 

 

 

 

Figure 5: Streak plate method for antimicrobial testing. 

Figure 6: Method for antifungal screening of BSH2.9. 
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2.2 Bulk growth of the fungal isolate 

Six portions of the BSH2.9 mycelium of 1cm3 were taken from the edge of the active culture 

and added into six individual McCartney bottles containing 10mL of sterile malt extract broth 

(MEB). These were incubated at 22˚C for seven days. After seven days, six 1 L conical flasks 

containing 500mL of MEB were sterilised. The contents of one McCartney bottle were then 

aseptically transferred into a conical flask. This process was repeated resulting in a total of six 

1 L conical flasks and all flasks were stored statically at 22˚C in the dark. After five days of 

incubation, 500 µL of freshly autoclaved B. cereus (ATCC 14579) and E. faecalis (ATCC 

19433) in a suspension of 0.9% saline was added to each of the conical flasks. After 28 days, 

the temperature was increased to 25˚C for a further three days to stimulate further production 

of metabolites.  

 

2.3 Extraction of fractions 

2.3.1 Extraction 

Upon completion of the growth period, each of the six culture broths were aseptically filtered 

through sterilised cheese cloth to remove mycelia. Flow throughs from the cheese cloth were 

collected into 1 L conical flasks. Mycelia were ground using a sterile pipette tip, and 200 mL 

of EtOAc was poured through the cheese cloth. The flow through was also collected into the 

conical flask. The total flow through was next poured into a 500 mL separator funnel and 

allowed to settle so that the water and EtOAc layers could be separated. EtOAc layers from the 

funnel were collected into 500 mL beakers. The water layers were also collected and combined 

into 1 L Schott bottles. The EtOAc samples were allowed to evaporate in a fume hood. Once 

the majority of EtOAc had evaporated, the remainder of the sample was transferred into pre-
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weighed scintillation vials via a glass pipette. The remaining EtOAc was allowed to evaporate 

from the vials and the samples were freeze dried to result in the final crude extract product. 

2.3.2 Antimicrobial testing of fungal crude extracts 

Fungal crude extracts (FCE) were dissolved in 25% EtOH and sterile H2O to a concentration 

of 1 mg/mL. A microdilution assay (Clinical and Laboratory Standard Institute (CLSI) 2018) 

was used to determine if FCEs were antimicrobial against the same test bacteria from the initial 

trials (Mapperson et al. 2014). B. cereus (ATCC 14579) and E. faecalis (ATCC 19433) were 

cultured onto STA and incubated at 37°C for 48 hours. Test bacteria were suspended in 

Mueller-Hinton broth (MHB) at 0.5 McFarland standard. Rows A-D and columns one to five 

of two curved bottom 96-well microdilution plates were aseptically aliquoted with 50 µL of 

suspended B. cereus. Rows E to H and columns one to five of two curved bottom 96-well 

microdilution plates were aseptically aliquoted with 5 µL of suspended E. faecalis. Dissolved 

crude extract was then aliquoted into columns one and two of rows A to H. Vancomycin at a 

concentration of 10 µg/mL was aliquoted in all wells of column three as a positive control. 50 

µL of sterile H2O was then added into all wells of column four as a negative control. 50 µL of 

the 25% EtOH solvent was added into all wells of column five as a solvent control. Finally, 

100 µL of MHB was added into wells A to H of column six as a contamination control. The 

plates were dark incubated at 37°C for 24 hours. STA plates were then streaked with the 

contents of the test wells using a sterilised inoculation loop to determine bacteriostatic and 

bactericidal activity of the crude extract, which were then incubated at 37°C for 24 hours.  

2.3.3 Fractionation of FCEs 

Remaining FCEs underwent semi-preparative high performance liquid chromatography 

(HPLC) using the Shimadzu Prominence system (C18 150.00mm x 10.00mm silica column, 

Phenomenex). Remaining FCE was dissolved in 100% methanol (MeOH) at a concentration 
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of 10 mg/mL. Six fractions were collected over a 40-minute period with a gradient of 90% H2O 

and 10% MeOH to 10% H2O and 90% MeOH, into separate scintillation vials. Volumes of 500 

µL of the 10 mg/mL solution was injected through the HPLC system until the total 5 mL 

volume had been used. Each fraction from each run was collected into separate vials. The 

fractions from each run were then combined into a round bottom flask for rotary evaporation. 

Six scintillation vials were weighed. MeOH was used to rinse the dried contents in the round 

bottom flask to allow transfer of the fractions into the scintillation vials with a glass pipette. 

This rinsing and transfer process occurred three times per fraction and different fractions were 

collected into separate vials, resulting in a total of six vials. The MeOH contents of each of the 

six scintillation vials were evaporated in a fume hood, freeze dried, and weighed for final mass 

of the fractions. 

 

2.4 Evaluation of the fractions 

2.4.1 Treatment of PC-3 cells with fractions  

Manufacturer information and lot numbers are all attached in appendix C. PC-3 cells (ATCC 

CRL-1435) were grown in culture using Roswell Park Memorial Institute (RPMI) 1640 

medium containing 10% foetal calf serum (FCS) and 1% penicillin/ streptomycin (PS) at 37˚C 

and 5% CO2 in air until 80% confluency was observed in a T175 cell culture flask. Cells were 

then trypsonised and counted using a TC20 Automated Cell Counter (Biorad, CA, USA). A 

count of 1.5 x 104 cells were then added to the wells of a flat-bottomed 96 well microtiter plate 

in 100 µL of media. The plate was then incubated for 24 hours at 37˚C and 5% CO2 in air. A 

preliminary screening tested a concentration of 1 mg/mL of each of the six fractions to indicate 

any potential effect of the fractions on the cells. After 24 hours, conditioned media was replaced 

and BSH2.9 fractions dissolved in dimethyl sulfoxide (DMSO) and fresh media were added to 
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a total volume of 100 µL with a 1 mg/mL concentration in each well. The plate set up was 

repeated following the same methodology for testing at pharmaceutically relevant 

concentrations of 10 µg/mL, 50 µg/mL, and 100 µg/mL. After the addition of each fraction in 

triplicate, the plate was then incubated for a further 72 hours at 37˚C and 5% CO2 in air. 

Negative controls (RPMI media with no fraction or DMSO) were included for comparison to 

a cell number, proliferating at a normal rate. DMSO solutions of comparable concentrations to 

the dissolved fractions were used as vehicle controls. 

2.4.2 Cytotoxicity assay 

A standard curve was produced by adding cell numbers determined using a TC20 Automated 

Cell Counter into wells of a separate microtiter plate. Cells were added at counts of 6.0 x 104, 

3.0 x 104, 2.25 x 104, 1.5 x 104, 7.5 x 103, 4.5 x 103, 3.0 x 103, 1.5 x 103, and 0 cells/ well. A 

commercial cell counting kit 8 (CCK-8; Sigma Aldrich, NSW, Australia) containing the WST-

8 water soluble tetrazolium salt was used to estimate the cell number in each well. A volume 

of 10 µL (10% of the total well volume) of the WST-8 solution was added to all wells of the 

treated cells plate and to the wells of the cells used for the standard curve and both were 

incubated for four hours at 37˚C and 5% CO2 in air. The plates were then read in a Varioskan 

Microplate Reader (Thermo Fisher Scientific Inc., Queensland, Australia) for absorbance at 

450 nm. Cell numbers were calculated using the equation of the line from the standard curve. 

2.4.3 DNA and cytoskeletal imaging 

Cells were prepared for fluorescence microscopy using the Lab-Tek® Chamber Slide™ system 

(#177437; Thermo Fisher Scientific Inc.) by adding 500 µL of cell suspension in media to each 

chamber of the slide with a count of 2.5 x 104 cells per chamber. The slides were incubated for 

72 hours at 37˚C and 5% CO2 in air so sufficient attachment and confluency could be observed. 

After 72 hours, conditioned media was removed to be replaced by selected fractions informed 
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by the preliminary and subsequent CCK-8 assays. The slides were again incubated at 37˚C and 

5% CO2 in air until visible damage to the cells was observed by microscopy (24 hours).  

For live cell staining of the microtubules, a solution of 1 µL of BioTracker 488 green 

microtubule cytoskeleton dye (Sigma/ Merck) and 1 µL of verapamil per 1 mL of RPMI 1640 

media was produced. Conditioned media in the chambers of the slides was removed and 

replaced with 500 µL of the dye/ verapamil/ media mix. The slides were wrapped in aluminium 

foil and incubated at room temperature for 30 minutes. During incubation, a NucBlue™ 

(Thermo Fisher Scientific Inc.) stain solution was produced by adding one drop of the stain per 

millilitre of RPMI 1640 media. After 30 minutes, the media containing the BioTracker dye was 

removed, and replaced with 500 µL of the NucBlue™ stain/ media solution. The slides were 

wrapped in aluminium foil and incubated at room temperature for a further 10 minutes. After 

10 minutes, the nuclear stain solution was removed, the chambers and gasket were lifted from 

the slides, and the slides were mounted with a glycerol and gelatine mix and a coverslip for 

microscopy. Images were then taken with fluorescence microscopy at 400X magnification on 

a Nikon Eclipse E600 fluorescence microscope (Nikon Imaging Company, Tokyo, Japan) and 

the Olympus DP26 microscope camera (Olympus Corporation, Tokyo, Japan) using ultraviolet 

(UV), fluorescein, and rhodamine filters. 

As the live cell stain appeared to induce cell death (apoptosis) in the negative control cells, the 

cells were fixed prior to staining the microfilaments and nucleus. Conditioned media in the 

chambers of the slides was removed and replaced with 500 µL of 4% paraformaldehyde in 

sterile phosphate-buffered saline (PBS). This was left for 30 minutes to fix the cells. 

Paraformaldehyde was then removed, and each chamber was rinsed with PBS three times. Then 

a fresh 500 µL of PBS with a drop of ActinRed reagent (Thermo Fisher Scientific Inc.) was 

added to each chamber. The slides were then wrapped in aluminium foil and left to incubate at 

room temperature for 30 minutes. The PBS and ActinRed was then removed, and chambers 
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rinsed with PBS. A fresh 500 µL of PBS with a drop of NucBlue™ was added to each chamber, 

slides were wrapped in aluminium foil and incubated at room temperature for 10 minutes. A 

gelatine and glycerol mix was heated to approximately 55˚C for mounting coverslips. After 10 

minutes the NucBlue™ stain was removed, and chambers were rinsed with PBS three times. 

The chambers and gasket were detached. A drop of the gelatine and glycerol mix was added to 

each end of the slide and a coverslip was added. Images were then taken with fluorescence 

microscopy under oil immersion at 1000X magnification on a Nikon Eclipse E600 fluorescence 

microscope (Nikon Imaging Company, Tokyo, Japan) and the Olympus DP26 microscope 

camera (Olympus Corporation, Tokyo, Japan) using UV, fluorescein, and rhodamine filters. 

 

2.5 Statistical analyses 

All quantitative data on cell number is presented as the mean ± standard deviation of the mean. 

A one-way ANOVA with Tukey’s post hoc analyses was used to determine statistical 

significance in all instances. All statistical analyses were performed using version 9.2 of 

GraphPad Prism (GraphPad Software Inc, California, USA).  
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Chapter 3: Results 

3.1 Initial screening for antimicrobial activity 

Figure 7A illustrates the streak plate method for antibacterial testing of BSH2.9 against B. 

cereus after 24 hours of incubation. Figure 7B displays a magnified image of the B. cereus 

streak test plate to highlight inhibition zones. Figures 7A and 7B demonstrate that a zone of 

inhibition was present, which was approximately 1mm wide. Figure 7C illustrates the streak 

plate method for antibacterial testing of BSH2.9 against E. faecalis after an incubation period 

of 24 hours. Figure 7D is a magnified image of the E. faecalis streak plate test. Figures 7C and 

7D demonstrate that there was no inhibition zone for this test microbe.  

 

 

 

 

 

 

 

 

 

A B 
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Figure 7: Photographs of BSH2.9 streak plate testing for antimicrobial activity after 24 hours of incubation. A) B. cereus full 
plate image; B) Magnified inhibition zone of B. cereus; C) E. faecalis full plate image; D) Magnified inhibition zone of E. 
faecalis. 
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Figure 8A illustrates the streak plate method for the phylloplane yeast, Rhodotorula 

mucilaginosa, after 24 hours. Figure 8B illustrates a magnified image of Figure 8A and 

indicates there is no inhibition zone present. 

 

 

 

 

 

 

 

Figure 9 displays the results of the anti-fungal screening tests for BSH2.9 against Pyrenophora 

teres (9A), Serendipita vermifera (9B), and Fusarium oxysporum (9C), respectively. No 

inhibition zones were observed for any of the test fungi. 

 

A B C 

Figure 9: Images of antifungal screens on STA plates. A) Screening of Pyrenophora teres; B) Screening of Serendipita 
vermifera; C) Screening of Fusarium oxysporum. BSH2.9 mycelium is on the right-hand side on all plates. 

A B 

Figure 8: Images of STA screen of Rhodotorula mucilaginosa. A) Image of R. mucilaginosa screening; 
B) Magnified image of R. mucilaginosa screening. 
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3.2 Extraction of compounds  

3.2.1 Ethyl acetate extraction 

Figure 10 displays the FCEs obtained from EtOAc 

extraction of the mycelia following bulk growth of 

BSH2.9. The extracts appear a yellow- brown colour 

and have a gum-like texture. It is these FCEs that 

were then processed through semi-preparative 

HPLC. 

3.2.2 Microdilution assay 

Table 3 demonstrates that the crude extract (columns one and two) and vancomycin (column 

three) both prevented bacterial growth in the wells, while the sterile water (column four) and 

the 25% EtOH solvent (column five) had no effect on bacterial growth. Additionally, the lack 

of growth in column six indicates that the MHB was uncontaminated. Results for this assay at 

18, 20, and 48 hours are attached in appendix B. 

Table 3: Microdilution assay for assessment of antibacterial activity of BSH2.9 FCEs after 24 hours 
of incubation. – indicates no growth. + indicates a milky appearance to the well. ++ indicates that a 
button of bacterial growth was observable. 

 

 

24 HOURS Crude extract 
(x2) 

Vancomycin Sterile H2O 25% EtOH 
solvent 

Plain MH 
broth 

Bacillus 
cereus 

 
 

- - ++ + - 
- - ++ + - 
- - ++ + - 
- - ++ + - 

Enterococcus 
faecalis 

- - ++ + - 
- - ++ + - 
- - ++ + - 
- - ++ + - 

Figure 10: Fungal crude extracts (FCEs). 
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Figure 11A and 11B demonstrates that both the crude extract and vancomycin were 

bacteriostatic against B. cereus. The bacterial growth present in Figure 11C and 11D indicates 

that both the crude extract and vancomycin were bacteriostatic against E. faecalis. 

 

 

 

 

 

 

 

 

 

Figure 11: Images of the streaking from crude extract and vancomycin test wells from the microdilution assay after 24 hours 
of incubation. A) The streaking of B cereus tested against crude extracts. B) The streaking of B. cereus treated with 
vancomycin. C) The streaking of E. faecalis treated with crude extracts. D) The streaking of E. faecalis treated with 
vancomycin. 
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3.2.3 Semi-preparative HPLC 

Figure 12 displays the UV chromatogram for HPLC fractionation of BSH2.9 FCEs. Two clear 

peaks with more than 2000 milli-absorbance units (mAU) can be seen at four (fraction one) 

and 23 minutes (fraction three). Two other clear peaks approaching 750 milli-absorbance units 

can be seen at 15 (fraction two) and 36 (fraction six) minutes. Fractions four and five were 

collected between 23.5 and 25, and 25 and 34 minutes respectively. 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 

Semi-preparative HPLC fractions 1-6 

Figure 12: HPLC chromatogram for BSH2.9 crude extract (wavelength = 254nm). 
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3.4 Evaluation of the effects of the fractions on PC-3 cells 

3.4.1 Cell number and viability 

Figure 13 depicts the result of the preliminary screen of fractions obtained from HPLC. PC-3 

cells were treated with fractions at a concentration of 1 mg/mL after 72 hours. The control cell 

number after 72 hours was 41.6 x 103 cells. Treatment of the cells with 1% DMSO in RPMI 

media resulted in a significant decrease of cell number to approximately 21.1 x 103, an 

approximate decrease of 50% (p=0.0130). Fraction one appeared to increase live cell number 

in comparison to the 1% DMSO control by approximately 8.0 x 103 cells (20%), although this 

was not statistically significant. Furthermore, fractions three and five also appeared to decrease 

live cell number by 12 x 103 cells (30% decrease) and 17 x 103 (40% decrease) of live cell 

number, respectively, in comparison to the DMSO control. However, these findings were also 

not statistically significant. Treatment of the cells with fraction two caused a decrease of 

approximately 3.0 x 104 live cells, equating to a 75% decrease (p=0.0044). Fraction six also 

caused a significant decrease (p<0.0001) of live cell number by 38 x 103 cells, which was 

approximately a 92% decrease. Fraction four did not appear to have any effect on live cell 

number in treated cells at this concentration. For all groups, n=3.  
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Figure 13: Cell number of PC-3 cells treated with fractions at 1mg/mL after 72 hours of incubation expressed as cell number 
calculated from the standard curve. Analysis performed was a one-way ANOVA with Tukey’s post hoc analysis. Error bars 
are presented as the means ± standard deviation of the mean. N=3 for all treatment groups. 
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Figure 14 depicts the estimated number of PC-3 cells (determined by standard curve) after 

treatment with fractions one to six at concentrations of 10 µg/mL, 50 µg/mL, and 100 µg/mL. 

DMSO vehicle controls were also used at concentrations of 0.001%, 0.005%, 0.01%, 0.05%, 

0.1%, and 1% in RPMI 1640 media. 

Control cells averaged a live cell number of 42.4 x 103 cells. No DMSO controls resulted in 

significant changes to cell number except for 1% DMSO which resulted in a significant 

decrease (p=0.0130) of live cell number causing approximately 50% cell death as seen in 

Figure 14A. Fractions one (Figure 14B), two (Figure 14C) and three (Figure 14D) did not cause 

any significant changes at any of the pharmaceutically relevant concentrations. Treatment with 

fraction four at 50 µg/mL caused a decrease in cell number of 6.7 x 103 cells, or approximately 

16% (p=0.0355) as seen in Figure 14E. Treatment of PC-3 cells with 50 µg/mL and 100 µg/mL 

of fraction five both also resulted in significant decreases of live cell number after the 72-hour 

incubation period with decreases of 10.4 x 103 cells (~25%; p=0.0415) and 12.1 x 103 cells 

(~28.5%; p=0.0082), respectively, as seen in Figure 14F. Treatment of PC-3 cells with 50 

µg/mL and 100 µg/mL of fraction six both resulted in significant decreases of live cell number 

after the 72-hour incubation period with decreases of 13.7 x 103 cells (~32.4%; p=0.0009) and 

37.1 x 103 cells (~87.4%; p<0.0001), respectively, as seen in Figure 14G. For all groups, n=3. 
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Figure 14: Number of PC-3 cells after treatment with DMSO in RPMI 1640 media vehicle controls and the six fractions at 10 
µg/mL, 50 µg/mL, and 100 µg/mL after 72 hours of incubation. A) Number of PC-3 cells after treatment with DMSO vehicle 
controls. B) Number of PC-3 cells after treatment with fraction one. C) Number of PC-3 cells after treatment with fraction 
two. D) Number of PC-3 cells after treatment with fraction three. E) Number of PC-3 cells after treatment with fraction four. 
F) Number of PC-3 cells after treatment with fraction five. G) Number of PC-3 cells after treatment with fraction six. Analysis 
performed was a one-way ANOVA with Tukey’s post hoc analysis. Error bars are presented as the means ± standard deviation 
of the mean. N=3 for all treatment groups. 
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3.4.2 Microscopy 

Figure 15 depicts the results of live cell staining with BioTracker 488 green microtubule 

cytoskeleton dye and NucBlue™ nuclear stain of untreated cells. Figures 15A, 15B, and 15C 

are images of the results from the staining of nuclear material, the microtubule staining, and 

Brightfield microscopy. All images are a sample of untreated cells. Staining of the cell nuclei 

was successful. However, the live staining of the microtubules of the cell was unsuccessful as 

no microtubules are clearly fluorescing. A small percentage of the control cells were beginning 

to form apoptotic blebs (white arrows). 
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Figure 15: Images of microtubule and nuclear staining of untreated PC-3 cells. A) NucBlue™ staining of PC-3 cells. 
B) BioTracker 488 microtubule dye staining of PC-3 cells. C) Image of the PC-3 cell using Brightfield microscopy. 
Blebbing of cells is highlighted with white arrows. Images were taken on 400X magnification.  
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Figure 16 depicts successful staining of the negative control of PC-3 cells after fixing and 

staining with phalloidin and NucBlue™. Figure 16A illustrates the staining of microfilaments 

of the cells. Figure 16B demonstrates the staining of nuclear material of the cells. Clear 

microfilaments (white arrows) are evident, and the nucleus and nuclear material is not 

fragmenting. Nuclei are also smooth, rounded and consistently sized. 
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Figure 16: Images of microfilament (white arrows) and nuclear staining of the negative control (untreated) PC-3 cells. A) 
Phalloidin red staining of PC-3 cells. B) NucBlue™ staining of PC-3 cells. Images were taken on 1000X magnification. 
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Figure 17 depicts successful staining of the 0.005% DMSO control group of PC-3 cells after 

fixing and staining with phalloidin and NucBlue™. Figure 17A illustrates the staining of 

microfilaments of the cells. Figure 17B demonstrates the staining of nuclear material of the 

cells. Clear microfilaments (white arrows) are evident in some cells. Additionally, nuclear 

hypertrophy (yellow arrows) and prominent nucleoli (white arrows) have been observed. 
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Figure 17: Images of microfilament (white arrows) and nuclear staining of PC-3 cells treated with 0.005% DMSO in RPMI 
media. A) Phalloidin red staining of PC-3 cells. B) NucBlue™ staining of PC-3 cells. Yellow arrows highlight hypertrophic 
nuclei and white arrows highlight prominent nucleoli. Images were taken on 1000X magnification. 
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Figure 18 depicts successful staining of the 0.01% DMSO control group of PC-3 cells after 

fixing and staining with phalloidin and NucBlue™. Figure 18A illustrates the staining of 

microfilaments of the cells. Figure 18B demonstrates the staining of nuclear material of the 

cells. Clear microfilaments (white arrows) are evident in some cells, although rare. 

Additionally, prominent nucleoli have been observed and are highlighted with white arrows. 
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Figure 18: Images of microfilament (white arrows) and nuclear staining of PC-3 cells treated with 0.01% DMSO in RPMI 
media. A) Phalloidin red staining of PC-3 cells. B) NucBlue™ staining of PC-3 cells. White arrows highlight prominent 
nucleoli. Images were taken on 1000X magnification. 
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Figure 19 depicts successful staining of the 0.05% DMSO control group of PC-3 cells after 

fixing and staining with phalloidin and NucBlue™. Figure 19A illustrates the staining of 

microfilaments of the cells. Figure 19B demonstrates the staining of nuclear material of the 

cells. Clear microfilaments (white arrows) are rare but can be observed in cells. Additionally, 

prominent nucleoli have been observed and are highlighted with white arrows. 
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Figure 19: Images of microfilament (white arrows) and nuclear staining of PC-3 cells treated with 0.05% DMSO in RPMI 
media. A) Phalloidin red staining of PC-3 cells. B) NucBlue™ staining of PC-3 cells. White arrows highlight prominent 
nucleoli. Images were taken on 1000X magnification. 
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Figure 20 depicts successful staining of the 0.1% DMSO control group of PC-3 cells after 

fixing and staining with phalloidin and NucBlue™. Figure 20A illustrates the staining of 

microfilaments of the cells. Figure 20B demonstrates the staining of nuclear material of the 

cells. Clear microfilaments (white arrows) are evident in multiple cells. Additionally, 

prominent nucleoli have been observed and are highlighted with white arrows. 
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B 

20µm Figure 20: Images of microfilament (white arrows) and nuclear staining of PC-3 cells treated with 0.1% DMSO in RPMI 
media. A) Phalloidin red staining of PC-3 cells. B) NucBlue™ staining of PC-3 cells. White arrows highlight prominent 
nucleoli. Images were taken on 1000X magnification. 
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Figure 21 depicts successful staining of the PC-3 cells treated with fraction one at a 

concentration of 50 µg/mL with phalloidin and NucBlue™. Figure 21A illustrates the staining 

of microfilaments of the cells. Figure 21B illustrates the staining of nuclear material of the 

cells. Few microfilaments (white arrows) are clear and positive actin staining can be seen. 

While no obvious differences in nucleus size or shape can be observed in comparison to the 

DMSO control, two cells have been captured in different phases of mitosis.  
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Anaphase 

Prophase 

Figure 21: Images of microfilament (white arrows) and nuclear staining of PC-3 cells treated with 50 µg/mL of fraction one. 
A) Phalloidin red staining of PC-3 cells. B) NucBlue™ staining of PC-3 cells. Images were taken on 1000X magnification. 
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Figure 22 depicts successful staining of the PC-3 cells treated with fraction four at a 

concentration of 50 µg/mL with phalloidin and NucBlue™. Figure 22A illustrates the staining 

of microfilaments of the cells. Figure 22B illustrates the staining of nuclear material of the 

cells. Microfilaments have positively stained (white arrows) and can be seen in multiple cells. 

In some cells, nuclear hypertrophy (yellow arrows) can be seen, however, these were also found 

in the DMSO controls.  
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Figure 22: Images of microfilament (white arrows) and nuclear staining of PC-3 cells treated with 50 µg/mL of fraction four. 
A) Phalloidin red staining of PC-3 cells. B) NucBlue™ staining of PC-3 cells. Yellow arrows highlight hypertrophic nuclei 
and white arrows highlight prominent nucleoli. Images were taken on 1000X magnification. 
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Figure 23 depicts successful staining of the PC-3 cells treated with fraction five at a 

concentration of 50 µg/mL with phalloidin and NucBlue™. Figure 23A illustrates the staining 

of microfilaments of the cells. Figure 23B illustrates the staining of nuclear material of the 

cells. There are many clear microfilaments (white arrows). In some cells, nucleoli can be seen 

and are highlighted with white arrows in Figure 23B. Additionally, some nuclear hypertrophy 

has occurred (yellow arrows). However, these changes have also been observed in the DMSO 

controls.  
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Figure 23: Images of microfilament (white arrows) and nuclear staining of PC-3 cells treated with 50 µg/mL of fraction five. 
A) Phalloidin red staining of PC-3 cells. B) NucBlue™ staining of PC-3 cells. White arrows highlight prominent nucleoli 
and yellow arrows highlight hypertrophic nuclei. Images were taken on 1000X magnification. 

B 

Hypertrophy 

20µm 



Chapter 3: Results 

56 
 

Figure 24 depicts successful staining of the PC-3 cells treated with fraction five at a 

concentration of 100 µg/mL with phalloidin and NucBlue™. Figure 24A illustrates the staining 

of microfilaments of the cells. Figure 24B illustrates the staining of nuclear material of the 

cells. Positive staining of microfilaments (white arrows) and hypertrophy of nuclei has 

occurred (yellow arrow). However, nuclear hypertrophy can also be seen in the DMSO 

controls.  
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Figure 24: Images of microfilament (white arrows) and nuclear staining of PC-3 cells treated with 100 µg/mL of fraction five. 
A) Phalloidin red staining of PC-3 cells. B) NucBlue™ staining of PC-3 cells. Yellow arrows highlight hypertrophic nuclei. 
Images were taken on 1000X magnification. 
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Figure 25 depicts successful staining of the PC-3 cells treated with fraction six at a 

concentration of 50 µg/mL with phalloidin and NucBlue™. Figure 25A illustrates the staining 

of microfilaments of the cells. Figure 25B illustrates the staining of nuclear material of the 

cells. Microfilament structures have been stained (white arrows). Prominent nucleoli are 

highlighted with white arrows. The nuclei of the cells are comparable between the DMSO 

controls and this treatment group.  
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Figure 25: Images of microfilament (white arrows) and nuclear staining of PC-3 cells treated with 50 µg/mL of fraction six. 
A) Phalloidin red staining of PC-3 cells. B) NucBlue™ staining of PC-3 cells. White arrows highlight prominent nucleoli. 
Images were taken on 1000X magnification. 
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Figure 26 depicts successful staining of the PC-3 cells treated with fraction six at a 

concentration of 100 µg/mL with phalloidin and NucBlue™. Figure 26A illustrates the staining 

of microfilaments of the cells. Figure 26B illustrates the staining of nuclear material of the 

cells. Microfilaments (white arrows) are clear in most cells. Prominent nucleoli have been 

observed and are highlighted with white arrows. Hypertrophy of nuclei (yellow arrows) has 

also been observed, although inconsistently, and has occurred across both DMSO control and 

treatment groups.  
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Figure 26: Images of microfilament (white arrows) and nuclear staining of PC-3 cells treated with 100 µg/mL of fraction six. 
A) Phalloidin red staining of PC-3 cells. B) NucBlue™ staining of PC-3 cells. White arrows highlight prominent nucleoli and 
yellow arrows highlight hypertrophic nuclei. Images were taken on 1000X magnification. 

B

 

20µm 



Chapter 4: Discussion 

62 
 

Chapter 4: Discussion 

The main finding in this investigation was that fractionated compounds from FCEs of BSH2.9 

exhibited cytotoxic activity against the PC-3 cell line. In the preliminary screen, the most 

significant decreases in cell number were seen when PC-3 cells were treated with 1 mg/mL of 

fractions two and six. Decreases were also observed after treatment with fractions three and 

five, however these were not statistically significant. A significant decrease in cell number as 

a result of treatment with fraction four at 50 µg/mL and fractions five and six at 50 µg/mL and 

100 µg/mL was also observed. These decreases in cell number indicate that the treatment of 

the cells with some of the fractions from BSH2.9 may have resulted in cell death, potentially 

via apoptosis. However, consistent nuclear and cell shrinkage in the treated cells would have 

been observed if apoptosis had occurred (He et al. 2009).  

Antibacterial activity was confirmed for the BSH2.9 isolate by both the streak plate method 

(for B. cereus) and the microdilution assay (B. cereus and E. faecalis). Previous studies with 

the BSH2.9 isolate also indicated antibacterial activity. The use of the streak plate methodology 

resulted in inhibition zones of <5 mm when the isolate was screened against B. cereus and E. 

faecalis (Mapperson 2014). Fractions and pure compounds of this fungus continued to show 

activity against gram positive and negative bacteria (Mapperson 2014). Furthermore, no anti-

fungal activity was observed for any of the tested species in this study. Previous studies showed 

that antifungal activity of this isolate against C. albicans required pure compounds to cause 

inhibition of the species whereas fractions had no activity (Mapperson et al. 2014). The 

antimicrobial activity of endophytes against a variety of nosocomial and human pathogens is 

well described (Boddington 2009; Mapperson et al. 2014; Tayung & Jha 2014; Paudal et al. 

2018).  
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One of the compounds isolated in the previous studies with this isolate was 

bromomethylchlamydosporol (Mapperson 2014), a chlamydosporol derivative. 

Bromomethylchlamydosporol has been previously identified as a compound with activity 

against MRSA (Nenkep et al. 2010). However, Mapperson (2014) did not support this finding. 

Interestingly, other chlamydosporol derivatives have been identified as potential anti-cancer 

agents as they were cytotoxic against colon cancer (HCT-116), gastric cancer (BGC-823), 

nonsmall-cell lung carcinoma (NCI-HI650), liver hepatocellular carcinoma (HepG2), and 

medulloblastoma (Daoy) cell lines (Lai et al. 2020).  Given this compound has been 

demonstrated to exhibit both antimicrobial and anti-cancer activities, it is possible that this 

chemical was one of the compounds contributing to the activity of the fractions isolated from 

BSH2.9 in this study. 

The primary compounds attributed with the antimicrobial activity of BSH2.9 were tentatively 

named Africanerones, a group of novel polyketides. Five were isolated, however only three 

were extracted at masses suitable for testing. The three compounds were active against C. 

albicans while only two of these compounds exhibited activity against MRSA and only for a 

24 hour period as opposed to the 48 hours of antifungal activity that was observed (Mapperson 

2014). Given these compounds were novel, no studies had investigated their cytotoxic 

potential. However, many studies describe other bioactive endophytic polyketides and show 

that these exhibit anti-cancer activity (Nenkep et al. 2010; Santiago et al. 2012; Jahn et al. 2017; 

Noumeur et al. 2017; Tian et al. 2021). Therefore, the activity observed here may be attributed 

to polyketides, however, purification and determination of the active chemical’s identity is 

required to confirm this. This may be achieved by purification of the fractions obtained in this 

study by further use of HPLC, liquid chromatography- mass spectrometry (LC-MS), and 

nuclear magnetic resonance (NMR) to determine chemical identity before additional screening. 
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Alkaloids are another class of compounds isolated from endophytes that have anti-cancer 

activity. Although alkaloids have not been reported from BSH2.9 to date, anti-cancer alkaloids 

have been found in other Preussia sp. Epipolythiodiketopiperazine (ETP) isolated from P. 

typharum was found to be cytotoxic against a wide array of cell lines from the NCI-60 cell line 

panel (Du et al. 2014). Furthermore, some current clinically used chemotherapies are also 

alkaloid compounds, such as docetaxel. Although alkaloids have been extracted in EtOAc 

extracts (Srivastava & Anandrao 2015) other extraction methodologies may need to be 

employed to increase the yield of these in the obtained extracts (Ali et al. 2019). Differing from 

the process employed in this study, culture broths would be soaked in absolute EtOH and be 

concentrated for compounds to be alkalised with ammonium hydroxide (NH4OH). Alkaloids 

would be extracted by rinsing with EtOAc (Ali et al. 2019). The utilisation of an extraction 

process to isolate alkaloids specifically may provide further direction for investigating the anti-

cancer activities exhibited by this isolate.  

Both fractions two and six had significant activity at the 1 mg/mL concentration trialled in the 

preliminary screen, but no activity for fraction two was indicated at the pharmaceutically 

relevant concentrations screened later. It is speculated that this has occurred as a result of the 

combination of unknown chemicals at unknown ratios within the fractions. That is, there may 

have been only one compound, potentially amongst many, that had activity and a sufficient 

amount to elicit the activity was present only at the highest of the tested concentrations. This 

would support that purification should be completed in future investigations to determine 

which compounds may have anti-cancer activity in these fractions. Furthermore, the decrease 

in cell number observed for fractions three and five also warrant further investigation.  

An unexpected result obtained from this study was that the preliminary screening of the 

fractions indicated that fraction one had a protective effect to the cells. In contrast to the other 

fractions, cells treated with fraction one had ~20% more live cells than the 1% DMSO group 
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when compared to the negative control. This finding was not reflected in the subsequent 

screening of this fraction at lower concentrations. Previous accounts of protective effects of 

extracts are rare. However, proliferating cancer cells synthesise lipids de novo to aid in 

membrane growth, which is essential to producing a new cell, when glutamine or glucose are 

provided by the nutrient media (Daniëls et al. 2014). Some studies show that cell lines may use 

other lipids preferentially, such as palmitate (Yao et al. 2016). Given the extracts involved in 

the study are lipids or lipophilic, it is possible that they may have contained lipids such as 

palmitate that the cells may use preferentially and may thereby improve cell growth rather than 

inhibiting it. Boddington (2019) also described a similar result from many of the crude extracts 

obtained from non-endophytic Russulaceae species against colon adenocarcinoma (SW620) 

and human cervical (HeLa) cell lines. In contrast, a decrease of cell viability was observed in 

non-cancerous human embryonic (Hek-293) cells (Boddington 2019).  

The first cytoskeletal staining protocol used for the PC-3 cells did not reveal any intact 

microtubules. The staining probe used was a green dye tagged with taxol to allow the cell to 

uptake the probe into microtubules (Merck 2021). The protocol required the use of verapamil 

to block calcium channels to prevent the efflux of the stain from the cell (Lukinavičius et al. 

2014) and a one-to-one ratio was used. It is speculated that the unsuccessful outcome from this 

protocol may have been caused by an insufficient ratio of verapamil to stain, and that the 

presence of taxol may have resulted in a higher efflux rate. Therefore, an increase in the ratio 

of verapamil to the stain may result in improved future outcomes.  

The staining of the cells after fixing with phalloidin red had a more successful outcome with 

clear microfilaments present. The role of the actin cytoskeleton in EMT suggests that 

compounds that target actin stabilisation may reduce the metastasis and migration potential of 

cancer cells and induce apoptosis (Foerster et al. 2014). However, no changes to the actin 
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cytoskeleton were observed. Therefore, the actin cytoskeleton is unlikely to have had a role in 

the decrease of live cell number. 

Some nuclei appeared hypertrophic in comparison to other cells in the images, however, this 

was not consistently observed within treatment groups. This was also reflected across DMSO 

control groups. Furthermore, hypertrophy and folding of the nuclei as well as prominent 

nucleoli are common features of cancer cells (Zink et al. 2004). Therefore, these structural 

changes are not necessarily indicative of a mechanism of cell death and are expected. Based on 

these results, conclusions cannot be drawn as to which pathway of cell death has been activated, 

if cell death is occurring. Further studies could extend the time frame for the cytoskeletal and 

nuclear studies to allow more changes to cell structure to occur. This would require the use 

fewer cells so that they could be incubated for the full 72-hour period without becoming too 

confluent.  

The decrease in live cell number cannot be attributed to cytotoxicity without the measurement 

of dead cells given that the cytoskeletal and nuclear studies did not indicate any structural 

changes. Therefore, the decrease of live cell number may have been caused by inhibition of 

cell proliferation rather than activation of apoptosis, so changes in gene expression and 

corresponding protein level of proliferation markers could be measured. The Ras–Raf–MEK–

ERK mitogen-activated protein kinase (MAPK) signalling pathway has been shown to be 

involved in cell proliferation (Zhang & Liu 2002) and metastasis of PCa (Pavese et al. 2014). 

Evaluation of the role of the PI3K/AKT/mTOR pathway may also be of value as inhibition of 

this pathway appears to result in increased signalling of the Ras-Raf-MEK-ERK pathway in 

PCa (Butler et al. 2017). Furthermore, this would suggest that the fractions might inhibit a 

proliferation pathway and this may not be represented by live cell number. For example, 

fraction four appeared to have no activity as no change in live cell number was indicated. 

However, this fraction may have inhibited one proliferation pathway, resulting in increased 



Chapter 4: Discussion 

67 
 

activity of another, and so no change of cell number was observed. Therefore, future studies 

could investigate multiple signalling pathways that regulate cell proliferation such as the Ras–

Raf–MEK–ERK MAPK and PI3K/AKT/mTOR pathways. 

Other signalling mechanisms may also be involved in the reduction of live cell number that 

was observed. The bioactive molecules observed here may act by inhibition of signalling 

molecules such as the STAT3 transcription factor. Endophyte derived compounds, including 

polyketides, have been implicated in reducing growth, or reducing cell proliferation, of PC-3 

cells (Don-Doncow et al. 2014), similarly to what may have been observed in this study. 

Therefore, further studies using cell lines with differing expression of STAT3 and purified 

Preussia spp. derived molecules could also be conducted to evaluate the role this signalling 

molecule may have had.  

This study provides impetus for further investigations into the cytotoxic activity of this 

Preussia sp. isolate, and other Preussia spp. endophytes more broadly, as anti-proliferative 

activity from multiple fractions was evident. Preussia spp. appear to be common endophytes 

in Australian plants (Mapperson et al. 2014; Sharma 2021). It is likely that further efforts to 

explore understudied Australian habitats such as tropical and subtropical rainforests may 

isolate additional new Preussia species and provide novel compounds useful to cancer 

treatment.  

This study was limited by the use of only one cell line, and the use of fractions of extracts as 

opposed to purified compounds. The mass of the fractions that was produced limited the 

number of cell lines that could be screened as evaluation of multiple concentrations was more 

important to ensure that activity was identified if present. Increasing the yield of fractions 

would increase the number of cell lines that could be screened and would therefore be a 

recommendation for future studies. That is, a greater volume of BSH2.9 grown would allow 
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other cell lines to be tested. This could be achieved by increasing the number of flasks that 

were supporting fungal growth, and potentially the period of time the growth was allowed to 

occur. Purification processes such as HPLC could then also be employed.  

The evaluation of multiple cancer cell lines in comparison to non-cancerous, normal cell lines 

against pure compounds may also assist in establishing these endophyte derived compounds as 

genuine potential treatment alternatives that, in the long term, could be produced into clinically 

used therapies. This would also require the use of LC-MS and NMR technologies in order to 

characterise the purified compounds that are causing the anti-cancer activity.  

Another key improvement would be to compare the pure compounds to a positive control such 

as docetaxel. Relationships between existing therapies and newer compounds could also be 

investigated as they may have a more significant effect when combined. Similar effects have 

been previously reported in studies evaluating synergistic cytotoxicity of doxorubicin with 

phytochemicals which decreased cell viability of Jerkat T lymphocyte and HL-60 leukaemia 

cell lines in comparison to when used alone (Wende et al. 2021). If further studies using 

multiple cell lines and purified compounds yield positive results, animal models such as 

xenografts in mice may be used to assist in determining how the compounds impact the overall 

growth patterns of a tumour. 
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Chapter 5: Conclusions 

This pilot study revealed that several fractions were active against the PC-3 cell line at 

pharmaceutically relevant concentrations. No mechanism of action was revealed as 

microfilaments remained intact and there was no observable damage to the nuclei. There was 

also no evidence of apoptosis as there was no shrinkage of the nuclei or the cells. The protocol 

used to evaluate cytoskeletal and nuclear changes requires optimisation, and other modes of 

action should be investigated based on these findings. Therefore, this study does provide 

significant evidence that this endophytic isolate may contain important anti-cancer compounds. 

This provides impetus to further evaluate the compounds contained in the EtOAc extracts of 

the BSH2.9 isolate, potentially with purification measures and other mechanistic studies.  
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Appendices 

Appendix A: Media recipes for fungal culture 

DIFCO Potato Dextrose Agar (PDA) 

Dissolve 15.6g of PDA powder into 400mL of dH2O and autoclave at 121°C for 15 minutes. 

Cool agar to 50°C in an incubator shaker. Pour 20 agar plates in the biohazard cabinet once 

cooled. 

Oxoid Sensitest Agar (STA) 

Dissolve 12.8g of STA powder in 400mL of dH2O and autoclave at 121°C for 15 minutes. 

Cool agar to 50°C in an incubator shaker. Pour 20 agar plates in the biohazard cabinet once 

cooled. 

Sigma Aldrich Malt Extract Broth (MEB) 

Dissolve 20g of MEB powder into 1 L of dH2O and autoclave at 121°C for 15 minutes. Store 

broth at room temperature. 

Oxoid Mueller-Hinton Broth (MHB) 

Dissolve 8.4g of MHB powder in 400mL of dH2O and autoclave at 121°C for 15 minutes. 

Store broth at room temperature. 
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Appendix B: Microdilution assay data 

Table 4: Microdilution assay for assessment of antibacterial activity of BSH2.9 FCEs after 18 hours of incubation. 

18 HOURS Crude 
extract 

Crude 
extract 

Vancomycin Sterile H2O 25% EtOH 
solvent 

Plain MH 
broth 

Bacillus 
cereus 

- - - + - - 
- - - + - - 
- - - + - - 
- - - + - - 

Enterococcus 
faecalis 

- - - ++ - - 
- - - ++ - - 
- - - ++ - - 
- - - ++ - - 

 

Table 5: Microdilution assay for assessment of antibacterial activity of BSH2.9 FCEs after 20 hours of incubation. 

20 HOURS Crude 
extract 

Crude 
extract 

Vancomycin Sterile H2O 25% EtOH 
solvent 

Plain MH 
broth 

Bacillus 
cereus 

- - - + + - 
- - - + + - 
- - - + + - 
- - - + + - 

Enterococcus 
faecalis 

- - - ++ + - 
- - - ++ + - 
- - - ++ + - 
- - - ++ + - 

 

Table 6: Microdilution assay for assessment of antibacterial activity of BSH2.9 FCEs after 48 hours of incubation. 

48 HOURS Crude 
extract 

Crude 
extract 

Vancomycin Sterile H2O 25% EtOH 
solvent 

Plain MH 
broth 

Bacillus 
cereus 

- - - ++ ++ - 
- - - ++ ++ - 
- - - ++ ++ - 
- - - ++ ++ - 

Enterococcus 
faecalis 

- - - ++ ++ - 
- - - ++ ++ - 
- - - ++ ++ - 
- - - ++ ++ - 

 

Key 

- No growth observed 
+ Milky appearance in the well indicating microbial growth 
++ Both a visible growth button and milkiness were observed 
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Appendix C: Equipment and reagent details 

PC-3 grade IV prostate adenocarcinoma cell line 

• ATCC CRL-1435 

• Gifted by Dr. Patrick Thomas (Translational Research Institute/ Queensland 

University of Technology) 

RPMI-1640 Culture Medium 

• Manufacturer; Sigma-Aldrich 

• Containing L-glutamine and sodium bicarbonate  

• Lot #RNBK2587 

Cell counting kit 8 

• Manufacturer; Sigma Aldrich 

• Lot # BCCD4662 

Lab-Tek® Chamber Slide™ system 177347 

• Manufacturer; Thermo Fisher Scientific Inc. 

• Lot #1287760 

BioTracker 488 green microtubule cytoskeleton dye  

• Manufacturer; Sigma/ Merck 

• Lot # K1471210 

ActinRed™ 555 ReadyProbes™ reagent 

• Manufacturer; Invitrogen by Thermo Fisher Scientific 

• Lot #2204191 

NucBlue™ Live Cell Stain ReadyProbes™ reagent 

• Manufacturer; Invitrogen by Thermo Fisher Scientific 

• Hoechst33342 special formulation 

• Lot #2214511 
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