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Abstract 

From penicillin to phenylahistin, microbes (fungi and bacteria) have continued to provide 

important pharmaceuticals for humans to fight against bacterial or fungal infections, cancers, 

transplant rejections, parasitic worms and so on. For the last two decades, fungi from marine 

habitats (such as mangroves and sponges) have attracted increasing interest by producing novel 

natural products with various bioactivities. In this dissertation, the study of three marine-derived 

fungi: Fusarium oxysporum, Pestalotiopsis microspora, and Aspergillus sp. led to the isolation of 

three types of secondary metabolites. These included fusaric acid derivatives exhibiting 

phytotoxicity, 14-membered macrolides with cytotoxic activity, and phenolic bisabolanes with 

antibacterial activity, respectively. The absolute configurations of the new compounds were 

confirmed by chiral GC-MS, X-ray crystallographic analysis, Mosher s reaction or ECD 

calculation.  

It has been proven that most fungal gene clusters remain silent during standard laboratory 

cultivation conditions. In order to trigger silent genes in fungi encoding for biosynthesis of new 

compounds, co-cultivation experiments of fungi (P. microspora, or Aspergillus sp.) with bacteria 

(Streptomyces lividans, or Bacillus subtilis) were conducted. 

This dissertation contains the following published or submitted manuscripts: 

New fusaric acid derivatives from the endophytic fungus F. oxysporum and their phytotoxicity to 

barley leaves 

Chemical investigation of the endophytic fungus F. oxysporum isolated from fruits of the 

Mangrove plant Drepanocarpus lunatus afforded eight new fusaric acid derivatives, fusaricates 

1 7, and 10-hydroxy-11-chlorofusaric acid, 8, along with four known compounds. Their 

structures were elucidated by one- and two-dimensional NMR as well as MS data and by 

comparison with the literat 3 5, were 

determined using chiral GC- 1 7, represent the first examples of fusaric acid 

linked to a polyalcohol moiety via an ester bond. All isolated fusaric acid derivatives 1 8 showed 

significant phytotoxicity to leaves of barley. 

Cytotoxic 14-membered macrolides from a mangrove-derived endophytic fungus, P. microspora 

Seven new 14-membered macrolides, pestalotioprolides C (2 4 8), and 
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7-O-methylnigrosporolide (3), together with four known analogues, pestalotioprolide B (1), 

seiricuprolide (9), nigrosporolide (10), and 4,7- dihydroxy-13-tetradeca-2,5,8-trienolide (11), were 

isolated from the mangrove-derived endophytic fungus P. microspora. Their structures were 

elucidated by analysis of NMR and MS data and by comparison with literature data. Single-crystal 

X-ray diffraction analysis was used to confirm the absolute configurations of 1, 2, and 10, while 

 and the TDDFT-ECD approach were applied to determine the absolute 

configurations of 5 and 6. Compounds 3 6 showed significant cytotoxicity against the murine 

lymphoma cell line L5178Y with IC50 values of 0.7, 5.6, 3.4, and 3.9 M, respectively, while 

compound 5 showed potent activity against the human ovarian cancer cell line A2780 with an IC50 

value of 1.2 M. Co-culture of P. microspora with S. lividans caused a roughly 10-fold enhanced 

accumulation of compounds 5 and 6 compared to axenic fungal control. 

Phenolic bisabolanes from the sponge-derived fungus Aspergillus sp. 

Two new phenolic bisabolane sesquiterpenes, asperchondols A (1) and B (2), together with 

seven known analogues (3 9) and four known diphenyl ethers (10 13) were obtained from 

Aspergillus sp., that had been isolated from the marine sponge Chondrilla nucula. Their structures 

were elucidated through NMR and MS analysis, and by comparison with literature data. All 

isolated compounds were evaluated for their antibacterial activity against eight human pathogenic 

bacteria. Co-cultivation experiment of Aspergillus sp. with B. subtilis was also conducted. 

Inducing new secondary metabolites through co-cultivation of the fungus P. microspora with the 

bacterium B. subtilis 

Two new lactones pestalotioprolide J (1) and K (2), together with three known compounds 

(3-5) were isolated from the culture of the mangrove endophytic fungus Pestalotiopsis microspora. 

The co-cultivation of this fungus with Bacillus subtilis afforded two new sesquiterpenes 

pestabacillin A (6), B (7), and eight known compounds (8 15). The structures of the new 

compounds (1, 2, 6, and 7) were determined from one- and two-dimensional NMR and HRESIMS 

spectra. As an unusual sesquiterpene, the structure of 6 was further confirmed by single 

crystal X-ray diffraction. 
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Zusammenfassung 

Als Quelle für Arzneistoffe spielen Mikroorganismen (Pilze und Bakterien) seit Langem eine 

wichtige Rolle in der Therapie von bakteriellen oder pilzlichen Infektionen, Krebs, 

Transplantatabstoßungen und Wurmerkrankungen. In den letzten beiden Jahrzehnten ist das 

Interesse an marinen Pilzen aus z.B. Mangroven oder Schwämmen durch ihre Vielfalt an neuen 

chemischen Verbindungen mit verschiedensten Bioaktivitäten stetig gewachsen. Diese 

Dissertation umfasst Daten zu drei marinen Pilze: Fusarium oxysporum, Pestalotiopsis 

microspora und Aspergillus sp.. Aus den genannten Pilzen konnten insgesamt drei Typen von 

Sekundärmetaboliten isoliert werden: phytotoxische Fusarinsäurederivate, zytotoxische 

14-gliedrige Makrolide und antibakterielle phenolische Bisabolane. Die absoluten 

Konfigurationen der neuen Substanzen wurden mittels chiraler GC-MS, Röntgenkristallographie, 

Mosher Reaktion oder ECD-Berechnungen erhalten. 

Bei der standardisierten Kultivierung von Pilzen im Labor werden die meisten 

Biosynthesegencluster stillgelegt. Um die schlafenden Gene zur Biosynthese neuer Verbindungen 

zu aktivieren, wurde eine Co-Kultivierung zwischen jeweils einem Pilz (P. microspora oder 

Aspergillus sp.) und einem Bakterienstamm (Streptomyces lividans oder Bacillus subtilis) 

durchgeführt. 

Diese Dissertation enthält die folgenden veröffentlichten oder eingereichten Publikationen: 

New fusaric acid derivatives from the endophytic fungus F. oxysporum and their phytotoxicity to 

barley leaves 

Die chemische Aufarbeitung des endophytischen Pilzes F. oxysporum ergab die acht neuen 

Fusarinsäurederivate Fusaricate 1-7) und 10-Hydroxy-11-Chlorfusarinsäure (8), zusammen 

mit vier bekannten Verbindungen. Der Pilz wurde aus den Früchten der Mangrovenpflanze 

Drepanocarpus lunatus isoliert. Die Strukturen der neuen Verbindungen wurden über ein- und 

zweidimensionale NMR-Spektroskopie, MS-Daten, sowie über den Vergleich mit der Literatur 

bestimmt. Die absolute Konfiguration der Fusaricate C-E (3-5) wurde per chiraler GC-MS 

festgestellt. Die Fusaricate A-G (1-7) stellen die ersten Beispiele für eine Esterbindung zwischen 

Fusarinsäure und einem Polyalkoholrest dar. Alle isolierten Fusarinsäurederivate zeigten 

signifikante Phytotoxizität gegen Gerstenblätter. 

Cytotoxic 14-membered macrolides from a mangrove-derived endophytic fungus, P. microspora 
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Aus dem Mangrovenpilz P. microspora konnten sieben neue 14-gliedrige Makrolide, darunter 

die Pestalotioprolide C (2), D-H (4-8) und 7-O-Methylnigrosporolid (3), zusammen mit den vier 

bekannten Derivaten Pestalotioprolide B (1), Seiricuprolid (9), Nigrosporolid (10) und 

4,7-Dihydroxy-13-Tetradeca-2,5,8-Trienolid (11) isoliert werden. Die Strukturen wurden per 

NMR- und MS-Analyse und über den Vergleich mit der Literatur aufgeklärt. Zur Bestimmung der 

absoluten Konfiguration von 1, 2 und 10 diente Röntgenkristallographie, während auf 5 und 6 die 

Mosher-Methode und das TDDFT-ECD-Verfahren angewendet wurden. Die Verbindungen 3-6 

zeigten signifikante Zytotoxizität gegen die murine Lymphom-Zelllinie L5178Y (IC50-Werte: 0.7, 

5.6, 3.4, und 3.9 M). Verbindung 5 wies Aktivität gegen die humane Ovarial-Krebs-Zelllinie 

A2780 (IC50-Wert 1.2 M) auf. Die Co-Kultivierung von P microspora mit S. lividans bewirkte 

eine zehnfach erhöhte Akkumulation von Verbindung 5 und 6 im Vergleich zur axenischen 

Kontrolle des Pilzes. 

Phenolic bisabolanes from the sponge-derived fungus Aspergillus sp. 

Bei der Aufarbeitung von Aspergillus sp. wurden zwei neue phenolische 

Bisabolan-Sesquiterpene, Asperchondol A (1) und B (2), zusammen mit sieben bekannten Analoga 

(3-9) und vier bekannten Diphenylethern (10-13) erhalten. Der Pilz wurde aus dem marinen 

Schwamm Chondrilla nucula isoliert. Die Strukturen wurden per NMR- und MS-Analyse und 

über den Vergleich mit der Literatur aufgeklärt. Alle isolierten Verbindungen wurden hinsichtlich 

ihrer antibakteriellen Eigenschaften gegen acht humanpathogene Bakterien untersucht. Ein 

Co-Kultivierungsexperiment mit B. subtilis wurde ebenfalls durchgeführt. 

Inducing new secondary metabolites through the co-cultivation of the fungus P. microspora with 

the bacterium B. subtilis 

Aus der Kultur des Mangrovenpilzes Pestalotiopsis microspora konnten zwei neue Lactone, 

Pestalotioprolid J (1) und K (2), zusammen mit drei bekannten Verbindungen (3-5) gewonnen 

werden. Die Co-Kultivierung des Pilzes mit Bacillus subtilis ergab die zwei neuen Sesquiterpene 

Pestabacillin A (6) und B (7) und acht bekannte Verbindungen (8 15). Die Strukturen der neuen 

Verbindungen (1, 2, 6 und 7) wurden durch 1D- und 2D-NMR-Spektroskopie und HR-ESI-MS 

bestimmt. Des Weiteren wurde die Struktur des ungewöhnlichen Sesquiterpens 6 per 

Röntgenkristallographie bestätigt. 
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Chapter 1 

General Introduction 

 

 

 

                                       - starting words of Taigong Yinfu Jing, an ancient 

Chinese book around 3000 years ago. 

1.1 Food Fermentation in Ancient Time 

Before Antonie Van Leeuwenhoek discovered microorganisms by microscopes improved by 

himself in 1675 (Payne and van Leeuwenhoek, 1970), people had already mastered the techniques 

of applying microbes to the fermentation of wine, beer, cheese, bread, vinegar, soy sauce, and 

kimchi for a long period. The chemical analyses of ancient organics in pottery jars from Jiahu in 

Henan province of China suggested that the earliest wine fermentation can be traced back 9,000 

years (McGovern et al., 2004). New evidence by Peter Bogucki proved that early farmers in north 

Europe have been making cheese to preserve and get the best use of milk since 7,500 years ago 

(Salque et al., 2013). Vinegar, the daily cooking ingredient fermented by acetic acid bacteria, can 

be dated back to 3,000 BC in Egyptian urns (Solieri and Giudici, 2009). 

1.2 Drugs Discovered from Microbes 

The era of microbial drug discovery started in 1928, when Alexander Fleming noticed that a 

petri dish of Staphylococcus aureus was polluted and killed by a blue-green mold (Fleming, 1929). 

The mold, later identified as Penicillium notatum, was able to produce a diffusible antibacterial 

substance, which Fleming termed penicillin (Tager, 1946). The significance of discovery of 

penicillin was not only rescuing numerous soldiers from fatal bacterial infections in World War II 

(Woodward, 2009), but also inspiring scientists to search for new drugs from the broth of microbes 

(Demain and Sanchez, 2009). Figure 1 shows the representative chemicals of drug classes 

discovered from fungi and bacteria between the year 1896 and the year1997 (Demain and Sanchez, 

2009; Beekman and Barrow, 2014). 
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Figure 1. Time line of the original discovery of pharmaceuticals from fungi and bacteria (modified 

after Beekman and Barrow, 2014). 

The World Health Organization's (WHO) List of Essential Medicines includes the most 

important pharmaceuticals, which are necessary for the basic health system and available for the 

majority of the population on earth (Organization, 2015). On the 19th edition of this list, 108 

anti-infective medicines were selected, and among them, 50 pharmaceutical entities originated or 

were chemically derived from natural products from microbes, plants and sponges. The 

anti-infective medicines were divided into anthelminthics, antibacterial, antifungal, antiviral and 

antiprotozoal medicines. In the category of antibacterial medicines, 31 out of the 47 antibiotics, 

which included penicillins, cephalosporins, aminoglycosides, tetracyclines and macrolides were of 

microbial origin. In the antifungal category, 7 antifungal medicines were listed including 3 

microbial original drugs: amphotericin B, griseofulvin and nystatin. Though only two 

immunosuppressive medicines were chosen for the essential medicines including azathioprine and 

cyclosporine, the latter one was first isolated from the fungus Tolypocladium inflatum in 1969. In 

total, 27 cytotoxic agents were listed for cancer chemotherapy, and 7 of them originated from 

microorganism, such as bleomycin and daunorubicin. 

 

Figure 2. Antibacterial, antifungal and anticancer drugs of microbial origin on the 19th WHO 
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Model List of Essential Medicines in 2015. 

1.2.1 Antibacterial Agents 

colleague Ernst Boris Chain first put penicillin to clinical use in Oxford (Florey, 1946), a short 

distance  in St Mary's Hospital 

pharmaceutics started, and these three scientists shared the Nobel Prize in Physiology or Medicine 

in 1945 (Lindsten and Ringertz, 2001). Today, a number of penicillins with diverse antibacterial 

spectrum can be found on the market, and they all share the chemical core of 6-aminopenicillanic 

acid (6-APA) (Batchelor et al

they can bind and disable penicillin-binding proteins (PBP), which are essential for the formation 

of peptidoglycan cross-links in bacterial cell walls (Park and Stromistger, 1957). As a result, the 

weakened bacterial cell wall can not hold the osmotic pressure of cytoplasm inside and the 

bacteria end up with cytolysis (Hobby et al., 1942). Depending on their antibacterial activity and 

time of development, penicillins are divided into four generations. As a representative of the first 

generation, penicillin G is a naturally occurring penicillin, which can only be given by injection 

due to its low acid tolerability to acidic environment in stomach (McCarthy et al., 1960). In the 

industry, penicillin G, produced by the fermentation of an improved strain P. chrysogenum, is a 

very important raw material for other semi-synthetic penicillins and cephalosporins (Elander, 

2003). Unlike the first generation penicillins, the second generation like cloxacillin, dicloxacillin 

and methicillin can still be active when exposed to some penicillin-resistant bacteria, which can 

produce -lactamase to break the -lactam ring (McDougal and Thornsberry, 1986). The first and 

second generations are applied to Gram-positive bacteria and they possess narrow antibacterial 

spectrum. As a member of the third generation, amoxicillin can be taken orally due to its high oral 

bioavailability and stability to stomach acidity (Welling et al., 1977) and it possesses broad 

antibacterial spectrum (Neu, 1979). The fourth generation of penicillins, like carbenicillin and 

piperacillin, they have extended antibacterial spectra, especially towards Gram-negative bacteria 

(Knudsen et al., 1967; Winston et al., 1980). 

Cephalosporins are another group of -lactam antibiotics, which share the same chemical 

core: 7-aminocephalosporanic acid (7-ACA) (Morin et al., 1962). It was Giuseppe Brotzu, an 

Italian scientist, who first investigated the cephalosporin-producing fungus Cephalosporium 
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acremonium (now known as Acremonium chysogenum) and discovered that the extracts of the 

fungus exhibited activities against Gram-negative bacteria in 1945 (Paracchini, 1992). 

Cephalosporins have the same mode of action as penicillins (Ghuysen et al., 1979). However, 

compared with penicillins, cephalosporins exhibit better antibacterial activity against 

-lactamase-producing bacteria (Sykes and Matthew, 1976). Cephalosporin C was the first natural 

product of this group isolated by Guy Newton and Edward Abraham in 1953 (Newton and 

Abraham, 1954). Although cephalosporin C itself is not used as a drug because of the low activity, 

its mass production can be accomplished from the large-scale fermentation and it is a very 

important raw material for 7-ACA, which is the essential intermediate for other semi-synthetic 

cephalosporins (Elander, 2003).  

 
Figure 3. Representative drugs of different generations of -lactam antibiotics. 

Presently, five generations of cephalosporins are recognized. The first-generation 

cephalosporins such as cefalexin are predominantly active against Gram-positive, but it is not 

effective against infections caused by methicillin-resistant Staphylococcus aureus (MRSA) 

(Enright et al., 2002). Cefuroxime is a second-generation cephalosporin antibiotic, which can be 
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taken through oral administration due to its chemical stability in acidic environment (Glaxo, 2010). 

It has a broader antibacterial spectrum than the first generation, and it can cross the blood-brain 

barrier (Lebel et al., 1989). As one of the third-generation cephalosporins, cefixime has a broad 

antibacterial spectrum, which is often prescribed to cure infections of the ear, the urinary tract and 

upper respiratory tract (Girgis et al., 1993). Cefepime, a fourth generation cephalosporin, 

possesses a well-designed molecular structure and more extensive antibacterial activities than the 

last generation catalogues (Barradell, et al., 1994). As a member of the fifth generation, 

ceftobiprole can kill MRSA due to its high affinity for PBP2a (Syed, 2014). 

Streptomycin was first isolated from Streptomyces griseus by Albert Schatz in1943 (Schatz et 

al., 1944). It was the first chemical of aminoglycoside antibiotics and also the first drug applied to 

cure tuberculosis (Lawn and Zumla, 2011). Streptomycin can be effective on infections caused by 

both Gram-positive and Gram-negative bacteria, and it also possesses inhibitory effects on the 

growth of some plant pathogens in agriculture (Stockwell, 2012). The action mechanism of 

streptomycin, like other aminoglycosides (gentamicin, neomycin), is binding to 30S subunit in 

bacterial ribosomes, as a result to inhibit the protein synthesis (Sharma et al., 2007). Since the 

ribosome structures in humans differ from those of bacteria, streptomycin is safe for the human 

bodies. 

Erythromycin was first isolated from the soil derived bacterium Streptomyces erythreus by 

Guire et al., 1952). Erythromycin belongs to the family of 

macrolide antibiotics, and is used for treatment of a number of bacterial infections caused by 

Haemophilus influenzae, Streptococcus pyogenes, Entamoeba histolytica, Chlamydia trachomatis 

and Corynebacterium diphtheria (Abbott, 2002). It is generally safe for pregnant women and an 

effective alternative for patients who are allergic to penicillin (Oradell, 1994). One of the targets 

of erythromycin is the 50S subunit of bacterial ribosome, which is very important for the protein 

synthesis and replication of bacteria (Champney and Burdine, 1996).  

Rifampicin was first isolated by Piero Sensi and Maria Teresa Timbal in 1959 from 

Amycolatopsis rifamycinica, which was derived from a soil sample collected in a pine forest 

(Sensi et al. 1959). Rifampicin is the first-line drug to cure tuberculosis, usually prescribed 

together with isoniazid, pyrazinamide and ethambutol (Lawn and Zumla, 2011). Rifampicin can 

be also applied to treat MRSA infections when combined with fusidic acid (Aboltins et al., 2007). 
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Because rifampicin only targets the RNA polymerase to inhibit bacterial DNA-dependent RNA 

synthesis, the resistance to rifampicin develops quickly during the treatment (Levin and Hatfull, 

1993). Due to this resistance, rifampicin is always used in combination with other antibiotics. 

Except for its antibacterial activities, rifampicin also possesses antiviral activity against vaccinia 

virus (Charity et al., 2007). 

 

Figure 4. Structures of streptomycin, erythromycin and rifampicin. 

1.2.2 Antifungal Agents 

Compared with other infections, most fungal infections (or mycosis) generally result in no 

fatal illness. However, it is the 4th most common disease in 2010 affecting 984 million people 

(Hay et al., 2014). 

Griseofulvin was first isolated from Penicillium griseofulvum by Harold Raistrick and his 

coworkers in 1939 (Oxford et al., 1939). Later in 1952 and in 1959, the structure and 

stereochemistry of griseofulvin were determined respectively by MacMillan (Grove et al., 1952; 

MacMillan, 1959). Griseofulvin has been approved for the treatment of skin and nail infections 

caused by Trichophyton, Microsporum, or Epidermophyton floccosum since 1959 (Ortho, 2002). 

Griseofulvin acts by binding to tubulin proteins in fungi to inhibit fungal mitosis (Bent and Moore, 

1966). 

Amphotericin B was originally isolated from the soil-derived bacterium Streptomyces 

nodosus in 1955 (Dutcher, 1968). The complexity of its macrocyclic ring delayed the 

determination of its absolute stereochemistry until 1970 by X-ray crystallographic analysis of the 

N-iodoacetyl derivative (Ganis et al., 1971). Amphotericin B binds to ergosterol, which is a 

component of fungal cell membranes, resulting the leakage of monovalent ions (K+, H+, Na+, Cl-) 

and subsequent cell death of fungi (Mesa-Arango et al., 2012). 

Echinocandin B was the first natural original echinocandins isolated from the fungus 

Aspergillus nidulans in 1974 (Nyfeler and Keller-Schierlein, 1974). Echinocandins are antifungal 
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lipopeptides, which are structurally comprised of a cyclic peptide ring and a long fatty acid chain. 

Though echinocandin B was not approved for clinical use because of the high risk of hemolysis 

(Morris and Villmann, 2006), its semi-synthetic derivatives caspofungin, micafungin and 

anidulafungin are used clinically through intravenous injection to cure fungal infections caused by 

Candida spp. (Gordee et al., 1984). Like penicillins acting at the bacterial cell wall, echinocandins 

inhibit 1,3- -glucan synthase, which is an essential enzyme for the synthesis of glucan in the 

fungal cell wall (Morris and Villmann, 2006). 

 

Figure 5. Structures of antifungal drugs from microbial source. 

1.2.3 Anticancer Agent 

In 2012, over 14 million people were diagnosed as cancer worldwide and over 8 million 

deaths (accounting 14.6 % of human deaths) were caused by cancer (Bernard and Christopher, 

2014). For women, the most common cancer types were breast cancer, colorectal cancer (CRC), 

lung carcinoma and cervical cancer, while lung cancer, prostate cancer, colorectal cancer and 

stomach cancer were the most prevalent amongst males (Bernard and Christopher, 2014). 

Actinomycin D is a polypeptide isolated from the soil derived bacterium Streptomyces 

antibioticus in 1940 (Waksman et al., 1940). It is the first microbial metabolite used to treat a 

intravenous administration (Merk, 2005). Actinomycin D inhibits transcription by binding to DNA 

and preventing RNA polymerase to elongate the RNA chain (Sobell, 1985). 

Daunorubicin, combining Italian word Dauni with French word ruby, is an anthracycline 
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isolated from Streptomyces peucetius by two groups in Italy and France independently nearly at 

the same time in 1966 (Weiss, 1992). It has been clinically used to teat acute lymphocytic 

leukemia, acute myeloid leukemia, and chronic myelogenous leukemia (Anon, 2003). 

Daunorubicin also serves as the starting material for other semi-synthetic anthracyclines like 

doxorubicin, epirubicin and idarubicin. The mechanism of action of daunorubicin includes 

interacting with DNA by intercalation and inhibiting topoisomerase II, and result in the blocking 

of DNA transcription and replication (Momparler et al., 1976; Fornari et al., 1994). 

 
Figure 6. Structures of anticancer drugs from microbes. 

Paclitaxel (taxol) was first isolated from the plant Taxus brevifolia as a plant secondary 

metabolite in 1967 (Wall and Wani, 1995), but was also reported as a fungal natural product from 

Taxomyces andreanae in 1993 (Stierle et al., 1993) and Nodulisporium sylviforme in 2004 (Zhao 

et al., 2004). Paclitaxel has been approved for the treatment of ovarian, breast, and lung cancers as 

well as other types of solid tumor cancers (Guchelaar et al., 1994). Paclitaxel production is 

presently conducted by two ways: semi-synthetic method on the precursor extracted from the plant 

Taxus baccata (Patel, 1998), and Taxus cell fermentation with the fungus Penicillium raistrickii 

(Tabata, 2004). Apart from the conventional paclitaxel dosage form, albumin-bound paclitaxel is 

an alternative formation, which is administered by IV infusion (Celgene, 2013). Paclitaxel binds 

the -subunit of tubulin in cancer cells, resulting in tubulin polymerization and no breakdown of 

microtubules during cell division (Kumar, 1981). 
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Phenylahistin (or halimide) was first isolated from a marine fungus Asperigillus ustus in1997 

(Kanoh et al., 1997). Its brilliant cytotoxicity against 38 different carcinoma cell lines motivated 

the synthesis of several phenylahistin analogs and culminated in plinabulin (Yamazaki et al., 

2010), which is now under phase III clinical trial for non-small cell lung cancer. Plinabulin acts as 

a potent microtubule-

endothelial cells resulting in tumor necrosis (Singh et al., 2011). 

1.2.4 Immunosuppressants 

Immunosuppressants or immunosuppressive drugs can inhibit the immune system and they 

are clinically used for organ transplantation and autoimmune diseases like rheumatoid arthritis, 

and multiple sclerosis (Allison, 2000). 

Mycophenolic acid was first discovered as a fungal secondary metabolite from Penicillium sp. 

in 1896, even earlier than the discovery of penicillin (Gosio, 1896). However, until 1940s, 

mycophenolic acid was proved to have multiple activities including antiviral, antifungal, 

anticancer and immunosuppressive activities (Kitchin et al., 1997). In 1995, mycophenolic acid 

was approved by US Food and Drug Administration (FDA) for use in kidney transplantations 

(Food, 2010). Mycophenolic acid can block the activation of T- and B-lymphocytes by inhibiting 

the enzyme IMPDH (Allison and Eugui, 2000). 

Cyclosporin (cyclosporine or cyclosporin A) was first isolated from the soil-derived fungus 

Tolypocladium inflatum in1969 (Svarstad et al., 2000). It is a cyclic nonribosomal peptide of 11 

amino acids, containing a rare D-alanine. The absolute structure of cyclosporine was confirmed by 

X-ray crystallography analysis of its iodinated derivative in 1976 (Petcher et al., 1976). 

Cyclosporin has been used clinically to prevent allograft rejection in kidney, liver, heart or bone 

marrow transplant patients, and also been used for patients with rheumatoid arthritis or psoriasis 

(Canafax, 1983). Cyclosporin binds to cyclophylin, forming a complex. The complex binds and 

blocks the function of the enzyme calcineurin, which is very important for the activation of T- 

cells (Matsuda, 2000).  

Tacrolimus was a 23-membered macrolide originally isolated from a soil bacterium 

Streptomyces tsukubaensis in 1987 (Kino et al., 1987). It has been approved for patients with 

allograft rejection after liver or kidney transplantation (Hooks, 1994). As an ointment, tacrolimus 

is also used in the treatment of atopic dermatitis, which is a type of inflammation of the skin 
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caused by immune system dysfunction (Hanifin et al., 2001). Similar to cyclosporin, tacrolimus 

acts as calcineurin inhibitor by binding to immunophilin FKBP12, lead to the failure of T- cells 

activation (Thomson et al., 1995). 

 
Figure 7. Structures of immunosuppressive agents from microbes. 

Rapamycin (Sirolimus) is another macrolide used as immunosuppressive drug, which was 

first isolated from Streptomyces hygroscopicus in 1972 (Vezina et al., 1975). Rapamycin was 

originally introduced as an antifungal compound, but it was rather approved by FDA for its potent 

immunosuppressive activity in 1999. It has been used for the prevention of rejection in liver, 

kidney, or lung transplant patients (Wyeth, 2010). Like tacrolimus, rapamycin also binds to 

FKBP12, but the complex inhibits the mechanistic target of rapamycin (mTOR), rather than 

calcineurin, to block the activation of T and B cells (Dumont and Su, 1995). In 2015, the FDA 

approved rapamycin for the treatment of lymphangioleiomyomatosis (LAM), a rare, progressive 

lung disease (Pahon, 2015). 

1.2.5 Cholesterol-lowering and Anti-obesity Agents 

Statins are a group of cholesterol-lowering drugs, which competitively inhibit HMG-CoA 

reductase, a starting enzyme of mevalonate pathway (Endo, 1992). Mevastatin was the first 

compound of this group isolated from the fungi Penicillium citrinum (Endo et al., 1976) and 

Penicillium brevicompactum (Brown et al., 1976) in 1976. In 1979, another natural product 
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lovastatin was isolated from the fungus Monascus rubber, and turned out to be a widely prescribed 

drug (Endo, 1979). In 1986, two semi-synthetic statins: simvastatin (Willard and Smith, 1982) and 

pravastatin (Tsujita et al., 1986) with stronger activity were derived from lovastatin and 

mevastatin, respectively. Based on the structure and activity relationship (SAR) of the natural 

statins and semi-synthetic statins, it was found that the chiral lactone-derived moiety was 

necessary for cholesterol-lowering activity, but the bicyclic moiety was not the active center (Endo 

and Hasumi, 1993). This discovery led to the development of synthetic statins such as fluvastatin, 

atorvastatin, and rosuvastatin between the late 1980s and early 1990s. Among them, atorvastatin 

was one of the best-selling drugs in the US from 2007 to 2012 (McGrath et al., 2010). 

 

Figure 8. Structures of cholesterol-lowering and anti-obesity agents derived from microbes. 

Lipstatin is a natural product, which was first isolated from the bacterium Streptomyces 

toxytricini in 1987 (Weibel et al., 1987). It is a potent, irreversible inhibitor of pancreatic lipase, 

which is an enzyme used for breaking down triglycerides in the intestine (Al-Suwailem et al., 

2006). When the lipase activity is blocked, absorbable fatty acids can not be produced from the 

diet. In this way, orlistat, a semi-synthetic derivative from lipstatin, serves as an anti-obesity drug 

(Hauptman et al., 1992). In 2009, the European Medicines Agency (EMA) approved orlistat to be 

sold without a prescription (Glaxo, 2009). 

1.2.6 Antiparasitic Agents 
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Half of the 2015 Nobel Prize in Physiology or Medicine was awarded to Youyou Tu for the 

discovery of artemisinin, and the other half was awarded to William C. Campbell and Satoshi 

 for discovering avermectins (Campbell et al., 2015). Artemisinin (qinghaosu in Chinese) 

was first isolated from the plant Artemisia annua in1972 (Miller and Su, 2011). Artemisinin and 

its semi-synthetic derivatives are the most effective drugs against Plasmodium falciparum malaria 

(White, 1997). Avermectins are a group of 16-membered macrolides, which were first isolated as 

four pairs of homologues compounds from the soil actinomycete Streptomyces avermitilis in 1978 

(Burg et al., 1979). Avermectins and their semi-synthetic analogues ivermectin, selamectin, 

doramectin and abamectin, have been widely used against parasites (nematode and arthropod) in 

humans and animals (Pitterna et al., 2009). Avermectins act at the invertebrate nerve by blocking 

the transmission of electrical activity, resulting in the paralysis of invertebrate neuromuscular 

systems (Cully et al., 1994). 

 
Figure 9. Structures of avermectins from microbes and artemisinin from plants. 

1.2.7 Insecticides and Herbicides 

In addition to their use in medicine, some microbial secondary metabolites have also been 

applied to agriculture. Compared with other insecticides and herbicides, microbial natural 

products are safer and more environmentally friendly, because they are highly targeted and easily 

degraded (Cutler, 1988). 

Spinosyns are compounds containing four-cyclic rings and two deoxysugars, which were first 

discovered from Saccharopolyspora spinosa in1989 (Mertz and Yao, 1990). They possess 

insecticidal activities against plant pests like dipterans and lepidopterans, with no antimicrobial 

activity and low mammalian toxicity (Kirst et al., 2002). Spinosad, which contains 85% spinosyn 

A and 15% spinosyn D has been introduced to the market for pest control in organic crops and 

animal health (Kirst, 2010). By binding to two receptors of neural transmitters, spinosyns act on 
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the nervous system of insects (Salgado, 1998). 

Bialaphos is a natural herbicide, which was discovered from two species of Streptomyces 

bacteria in Germany and Japan independently between the late 1960s and early 1970s (Donn and 

Köcher, 2012). In plants, bialaphos can be transferred to the active molecular glufosinate, which 

decreases the activity of glutamine synthetase, which causes the plant death with metabolic 

disorders (Duke and Dayan, 2011). As bialaphos exhibits no influence on soil microorganisms and 

has only 2-hour half life, it enjoys great interest from environmentalists (Duke and Lydon, 1987). 

 

Figure 10. Structures of insecticides and herbicides from microbes. 

1.3 Natural Product Discovery 

-1970s) to present, the natural product discovery has 

continued to be attractive and active in the scientific world (Kaltz and Baltz, 2016). Scientists in 

natural product chemistry are fascinated by the endless novel chemical structures and diverse 

bioactivities. Scientists in organic chemistry are attracted to develop synthetic routes to achieve 

the same stereo-complexity of secondary metabolites. The microbiologists are pleased to discover 

a productive strain to produce novel bioactive molecules. The organic chemists and 

pharmaceutical companies are attracted to the development of semi-synthetic derivatives (Kaltz 

and Baltz, 2016). Until the year of 2013, 1,453 chemical structures had been approved by the FDA, 

and among them, around 40% are natural products or their inspired derivatives (Kinch et al., 2014). 

With new strategies and technologies, more than 10,000 new natural products per year are 

discovered nowadays, and 25% of them are biologically active (Kinch et al., 2014). From the 

beginning of 1990s to today, sharply increasing new compounds have been published from marine 

fungi, since this source is far underexplored. 

1.3.1 Marine Fungi 

Marine fungi are defined from their ecological habitats, but not their physiological or 
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taxonomical properties (Hyde et al., 1998). From the deep ocean to the surface of seawater, and 

even to the coast line with mangrove swamps, marine fungi can be found nearly everywhere in 

marine habitats, like non-living material (soil, sediments, driftwood, ship bases, artificial 

materials), marine plants (most notably mangrove plants, algae, lichens, sea grasses), marine 

invertebrates (especially sponges, ascidians, holothurians, crustaceans, corals, bivalves) and 

vertebrates (whales, dolphins, seals, fishes) (Rateb and Ebel, 2011; Demain, 2014). Under the 

specific evolutionary stress, diverse fungal communities have been developing in different niches. 

 

Figure 11. New natural products from marine fungi until mid-2010, categorized by habitats of 

fungal strains (modified after Rateb and Ebel, 2011). 

Figure 11 shows an overview of the new compounds isolated from marine-derived fungi from 

different marine habitats until mid-2010 (Rateb and Ebel, 2011). It indicates that most of the 

published new compounds produced by marine fungi were derived from four main original 

habitats, including algae (21%), sponges (19%), mangroves (16%), and sediments (16%). 

Interestingly, except sediments and artificial substrates, the frequent studied original habitats for 

marine fungi like algae, mangroves, sponges and fishes are all living organisms. The possible 

reason is that the symbiotic fungi have been well evolved during the long period of interactions 

with their hosts. 

1.3.1.1 Mangrove Endophytes 

Mangroves are a group of trees that live in coastal lines in tropical or subtropical areas 

(Twilley and Day 2012). In the high-salinity (17.0  36.4%) environment, mangrove plants (also 

called halophytes) have evolved their special organs (like salt-excreting glands on leaves) and 

mechanisms to survive (Walsh, 1974). The long aerial roots have enabled mangroves to absorb 
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oxygen from the air to adapt to low oxygen environments (Tomlinson, 1994). However, the niches 

of mangroves are more complex with various factors, including a wide temperature range (10  

40 °C), over-lighted exposure, limited nutrient, droughts and floods caused by the tides, and plant 

pathogens (Feller et al., 2010). Numerous scientists assumed that the interactions between the 

endophytes and mangroves evolutionally facilitated the ecological success of mangroves (Arnold 

et al., 2003; Reinhold-Hurek and Hurek, 2011; Aly et al., 2011). 

 

Figure 12. Novel structures from mangrove endophytic fungi. 

In recent decades, the mangroves have attracted an increasing number of natural product 

chemists to study the secondary metabolites produced by their endophytes. Inspiringly, many 

interesting compounds with novel structures and diverse activities were discovered. Example like 

talaperoxide B from the mangrove endophyte Talaromyces flavus showed potent cytotoxicity with 

IC50 values ranging from 0.89 to 2.78 g/mL against five different carcinoma cell lines (Li et al., 

2011). Aniduquinolone B, isolated from the mangrove endopyhte Aspergillus nidulans, was toxic 

against brine shrimp larvae with LD50 value of 7.1 M (An et al., 2013). Antiviral compound, 

isopentenylpaxilline, was first isolated from the fungus Eupenicillium shearii (Belofsky et al., 

1995), and rediscovered from Penicillium camemberti, a fungus isolated from the sediment around 

the mangrove roots (Fan et al., 2013). Phomosis-H76 A and C were discovered in the mangrove 

endophytic fungus Phomopsis sp. Interestingly, these two compounds showed absolute totally 

different effects on the growth of subintestinal vessel plexus (Yang et al., 2010). 

1.3.1.2 Sponge-Associated Fungi 
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Sponges are jelly-like multicellular organisms that feed and breathe by constantly pumping 

sea water (Krautter, 1998). Even though there are debates on whether fungi live inside sponges as 

endosymbionts, sponges have been generally accepted to be an important source to provide 

productive fungi, which possess special gene clusters for secondary metabolites with novel 

structures (Proksch et al., 2008). Marilone A and B were discovered through chemical 

investigation on the sponge-associated fungus Stachylidium sp. Marilone A inhibited the growth of 

malaria parasite Plasmodium berghei with an IC50 value of 12.1 M. However, marilone B, 

without a geranyl side chain, showed selective antagonistic activity to serotonin receptor 2B with 

7.7 M Ki value (Almeida et al., 2011). Fumiquinazoline K, a novel alkaloid with an unusual 

cyclopropane ring was produced by Aspergillus sp., which was derived from the sponge Tethya 

aurantium (Zhou et al., 2013). Insuetolide A, a novel antifungal meroterpenoid, was obtained from 

the chemical investigation on Aspergillus insuetus, which was a sponge-associated fungus (Cohen 

et al., 2011). 

 
Figure 13. Novel structures from sponge associated fungi. 

1.3.2 Activation of Silent Gene Clusters for New Fungal Secondary Metabolites 

In the past decade, the whole genome sequence analyses of two Streptomyces reached a 

surprising finding that only a small part of gene clusters in the microbial genome were expressed 

for the biosynthesis of secondary metabolites (Bentley et al., 2002; Ikeda et al., 2003; Challis, 

2014). Fungal genes for secondary metabolites were also discovered as clusters (Smith et al., 

1990). More and more studies of fungal genome sequences revealed that the potential for diverse 

chemical structures in fungi is far underestimated, since most gene clusters keep silent during 

cultivation at standard laboratory conditions (Bergmann et al., 2007; Chiang et al., 2008). 

biosynthetic gene clusters in fungi for new compounds. A number of strategies for triggering silent 
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gene clusters were reported recently (Marmann et al., 2014; Reen et al., 2015; Deepika et al., 

2016). Most of them appeared empirically at chemical level, including OSMAC (one strain many 

compounds), epigenetic modulation, and co-cultivation. 

 

Figure 14. Strategies to activate the silent gene clusters for new secondary metabolites in fungi 

(modified after Deepika et al., 2016). 

OSMAC is an approach that involves the induction of diverse secondary metabolites from 

one fungus by changing cultivation factors, like culture media (pH, carbon source, nitrogen source, 

et al., 2000; Bode et al., 2002; 

Grond et al., 2002). For example, the endolichenic fungus Ulocladium sp. cultured on rice 

medium was reported by Lixin Zhang s group to have produced thirteen phenolic compounds 

(Wang et al

thirteen completely different terpenoids, which can not be detected previously, were isolated by 

the same group (Wang et al., 2013).   

Histone deacetylase (HDAC) is an enzyme that removes the acetyl groups from lysine 

residues on histone, forming a condensed chromatin, which can not be transcribed (Choudhary et 

al., 2009). Hence, adding HDAC inhibitors (suberanilohydroxamic acid (SAHA), suberoyl 
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bis-hydroxamic acid (SBHA)) to the medium is one way to open the chromatin and help the 

expression of silent secondary metabolite genes in fungi. Recent publication reported that 1 mM 

SBHA in liquid medium, successfully induced an entomophatogenic fungus Torrubiella 

luteorostrata to produce three new compounds luteorides A-C (Asai et al., 2011). 

1.3.2.1 Co-Cultivation 

The co-cultivation approach of fungi vs. bacteria is a new method that triggers the expression 

of silent gene clusters, which were only described in of recent publications (Angell et al., 2006; 

Oh et al., 2007; Scherlach et al., 2009). In most natural environments, fungi and bacteria have 

lived together and interacted with each other since nearly the start of their lives. The biofilms on 

the surfaces of submerged objects contain both fungi and bacteria, and the fungi may support the 

growth of bacteria as skeleton (Donlan and Costerton, 2002). With the long evolutionary process, 

fungi and bacteria interact with each other in many different ways: antibiosis (penicillin, surfactin), 

growth promoting signals (auxofuran), altering the physiochemical environment (pH), cellular 

contacts, nutritional competition, and cooperative metabolism (Frey-Klett et al., 2011). Several 

successful experiments of fungal-bacterial co-cultivation conducted in our group have proved that 

it is a very effective way to trigger new secondary metabolites or enhance the production of 

low-amount compounds from fungi. For instance, co-cultivation of endophytic fungus Fusarium 

tricinctum and the bacterium Bacillus subtilis triggered the biosynthesis of three new natural 

products, which were not detected in fungal axenic culture (Ola et al., 2013). When the endophytic 

fungus Aspergillus austroafricanus was cultured with bacteria Streptomyces lividans or Bacillus 

subtilis, the production of four diphenyl ethers increased up to 29-fold (Ebrahim et al., 2016). 

When the soil-dwelling fungus Aspergillus terreus was co-cultured with two Bacillus species, four 

butyrolactones including two new ones were induced (Chen et al., 2015). 

1.4 Aims and significance of the study 

As a promising source of natural products, marine fungi have continued to provide numerous 

compounds with novel structures and interesting activities. This study covers the chemical 

investigation of three marine fungi, including two mangrove endophytes (chapter 2, 3, 5) and one 

sponge associated fungus (chapter 4). The three marine fungi were chosen, based on their 

interesting UV spectra from HPLC-UV analysis or significant activities of the crude extracts 

(cytotoxic or antibacterial) from small scale culture. Three different types of secondary 
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metabolites: fusaric acid derivatives (chapter 2), 14-membered macrolides (chapter 3), and 

phenolic bisabolanes (chapter 4) were purified from the rice culture of these three fungi. Moreover, 

various rations: GC-MS 

(chapter 2), X-ray crystallographic analysis (chapter 3, 5), M  (chapter 3), and ECD 

calculation (chapter 3). 

In order to trigger the silent genes in fungi for biosynthesis of new compounds, 

co-cultivations of the fungus (Pestalotiopsis microspora, or Aspergillus sp.) with the bacterium 

(Streptomyces lividans, or Bacillus subtilis) were conducted. As a result, it was found that the high 

density (0.2 g/flask) of S. lividans can induce the fungus P. microspora to produce new macrolides 

and also increase the accumulation of known compounds, but the low concentration (0.05 g/flask) 

luence compared to axenic culture (chapter 3). The long term 

co-cultivation of P. micropsora with B. subtilis resulted in the production of two new secondary 

metabolites, which were cryptic in axenic controls (chapter 5). 

The isolated products were submitted to various bioassays: phytotoxicity on barley leaves 

(chapter 2), cytotoxicity against mouse or human carcinoma cell lines (chapter 3), or antibacterial 

activities against Mycobacterium tuberculosis and seven other human pathogenic bacteria (chapter 

4). The results of these studies are described in this dissertation. 
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S1-E. Analysis of trifluoroacetyl sample 2 (degraded from compound 3) (uper) and 
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S2. UV spectrum of compound 1. 
 

 
S3. HRESIMS spectrum of compound 1. 
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S4. 1H NMR (600 MHz, CD3OD) spectrum of compound 1. 
 

 
S5. 13C NMR (150 MHz, CD3OD) spectrum of compound 1. 
 



Chapter 2 

 
 

44 

 
 
S6. 1H-1H COSY (600 MHz, CD3OD) spectrum of compound 1. 
 

 
 
S7. HSQC (600 and 150 MHz, CD3OD) spectrum of compound 1. 
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S8. HMBC (600 and 150 MHz, CD3OD) spectrum of compound 1. 
 
 

 
 
S9. UV spectrum of compound 2. 
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S10. HRESIMS spectrum of compound 2. 
 
 

 

 
S11. 1H NMR (600 MHz, CD3OD) spectrum of compound 2. 
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S12. 13C NMR (150 MHz, CD3OD) spectrum of compound 2. 
 

 
 
S13. 1H-1H COSY (600 MHz, CD3OD) spectrum of compound 2. 
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S14. HMBC (600 and 150 MHz, CD3OD) spectrum of compound 2. 
 

 
 
S15. UV spectrum of compound 3. 
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S16. HRESIMS spectrum of compound 3. 
 

 
 
S17. 1H NMR (600 MHz, CD3OD) spectrum of compound 3. 
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S18. 1H-1H COSY (600 MHz, CD3OD) spectrum of compound 3. 
 
 

 
 
S19. HSQC (600 and 150 MHz, CD3OD) spectrum of compound 3. 
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S20. HMBC (600 and 150 MHz, CD3OD) spectrum of compound 3. 
 
 
 
 
 

 
 
S21. UV spectrum of mixture of 4 and 5. 
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S22. HRESIMS spectrum of mixture of 4 and 5. 
 

 
 
 
S23. 1H NMR (600 MHz, CD3OD) spectrum of mixture of 4 and 5. 
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S24. 13C NMR (150 MHz, CD3OD) spectrum of mixture of 4 and 5. 
 
 

 

 
S25. 1H-1H COSY (600 MHz, CD3OD) spectrum of mixture of 4 and 5. 
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S26. HSQC (600 and 150 MHz, CD3OD) spectrum of mixture of 4 and 5. 
 
 

 
 
S27. HMBC (600 and 150 MHz, CD3OD) spectrum of mixture of 4 and 5. 
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S28. UV spectrum of mixture of 6 and 7. 
 

 
 
S29. HRESIMS spectrum of mixture of 6 and 7. 
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S30. 1H NMR (600 MHz, CD3OD) spectrum of mixture of 6 and 7. 
 

 
 
S31. 13C NMR (150 MHz, CD3OD) spectrum of mixture of 6 and 7.. 
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S32. 1H-1H COSY (600 MHz, CD3OD) spectrum of mixture of 6 and 7.  
 

 
 
S33. HSQC (600 and 150 MHz, CD3OD) spectrum of mixture of 6 and 7. 
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S34. HMBC (600 and 150 MHz, CD3OD) spectrum of mixture of 6 and 7. 
 
 

 
 
 
S35. UV spectrum of compound 8. 
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S36. HRESIMS spectrum of compound 8. 
 
 

 
 
S37. 1H NMR (600 MHz, CD3OD) spectrum of compound 8. 
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S38. 1H-1H COSY (600 MHz, CD3OD) spectrum of compound 8. 
 

 
 
S39. HSQC (600 and 150 MHz, CD3OD) spectrum of compound 8. 
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S40. HMBC (600 and 150 MHz, CD3OD) spectrum of compound 8. 
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S41. Phytotoxic bioassay for fusaric acid derivatives (20 L at three locations on 
barley leaf). 
Barley plants (Bonus, Swedish cultivar)2 were inoculated 15 days after planting and scored 48 
hours after inoculation. The test solution (20 L) was placed at three locations on each barley leaf, 
and a pipette tip was used to scratch the surface of the leaf for the standing of the test solutions on 
the leaf. Different concentrations (0.5 mM, 1.0 mM, 2.0 mM, 4.0 mM and 8.0 mM) were prepared 
by dissolving the compounds with distilled water. The negative control leaves were inoculated by 
distilled water (20 L per location) and the positive control leaves were inoculated by fusaric acid 
with different concentrations (20 L per location)3.   
 
 

                     
scratch the surface of the leaf            add the test solution 
 
 

 

Score     0       1      2        3       4       5 
 Visual rating: 0 = no necrosis (negative control); 5 = severe necrosis. 
 
Positive control  

 

       

Score       0          2         2             3           3        4 
Fusaric acid     0       0.5 mM    1.0 mM       2.0 mM     4.0 mM     8.0 mM       
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Compound 1 

  
           0          0.5 mM    1.0 mM     2.0 mM   4.0 mM           8.0 mM 
 
 
Compound 2 

 
0       0.5 mM    1.0 mM         2.0 mM   4.0 mM         8.0 mM 

 
 
Compound 3 

 

0               0.5 mM   1.0 mM     2.0 mM     4.0 mM         8.0 mM          
 
 
Mixture of compounds 4 and 5      

 
0        0.5 mM   1.0 mM        2.0 mM     4.0 mM         8.0 mM 
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Mixture of compounds 6 and 7 

 
0           0.5 mM   1.0 mM        2.0 mM    4.0 mM       8.0 mM 

 
 
 
Compound 8 

 
0             0.5 mM     1.0 mM      2.0 mM   4.0 mM         8.0 mM 
 

References: (1). Stipanovic R. D.; Puckhaber L. S.; Liu J.; Bell A. A. Phytotoxicity of fusaric acid and analogs to 

cotton. Toxicon 2011, 57  

          (2). Gustafsson Å.; Hagberg A.; Lundqvist U. The induction of early mutants in Bonus barley. 

Hereditas 1960, 57, 675 699. 
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S1. UV spectrum of compound 1. 
 

 
S2. HRESIMS spectrum of compound 1. 
 

Peak #6 100% at 17.28 min
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S3. 1H NMR (600 MHz, acetone-d6) spectrum of compound 1. 
 

 
S4. 13C NMR (150 MHz, acetone-d6) spectrum of compound 1. 
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S5. 1H-1H COSY (300 MHz, acetone-d6) spectrum of compound 1. 
 

 
S6. HSQC (600 and 150 MHz, acetone-d6) spectrum of compound 1. 
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S7. HMBC (600 and 150 MHz, acetone-d6) spectrum of compound 1. 
 

 
S8. ROESY (600 MHz, acetone-d6) spectrum of compound 1. 
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S9. UV spectrum of compound 2. 

 
S10. HRESIMS spectrum of compound 2. 
 

Peak #3 100% at 21.36 min
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S11. 1H NMR (600 MHz, CD3OD) spectrum of compound 2. 
 

 
S12. 13C NMR (150 MHz, CD3OD) spectrum of compound 2. 
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S13. 1H-1H COSY (600 MHz, CD3OD) spectrum of compound 2. 
 

 
S14. HSQC (600 and 150 MHz, CD3OD) spectrum of compound 2. 
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S15. HMBC (600 and 150 MHz, CD3OD) spectrum of compound 2. 
 

 

S16. ROESY (600 MHz, CD3OD) spectrum of compound 2. 
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S17. UV spectrum of compound 3. 

S18. HRESIMS spectrum of compound 3. 
 

Peak #11 100% at 23.40 min
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S19. 1H NMR (700 MHz, CD3OD) spectrum of compound 3. 
 

 
S20. 13C NMR (175 MHz, CD3OD) spectrum of compound 3. 
 



Chapter 3 

 89 

 

S21. 1H-1H COSY (700 MHz, CD3OD) spectrum of compound 3. 
 

 
S22. HSQC (700 and 175 MHz, CD3OD) spectrum of compound 3. 
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S23. HMBC (700 and 175 MHz, CD3OD) spectrum of compound 3. 
 

 
S24. ROESY (700 MHz, CD3OD) spectrum of compound 3. 
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S25. UV spectrum of compound 4. 
 
 

 
S26. HRESIMS spectrum of compound 4. 
 
 

Peak #2 100% at 23.37 min
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S27. 1H NMR (600 MHz, CD3OD) spectrum of compound 4. 
 

 

S28. 13C NMR (150 MHz, CD3OD) spectrum of compound 4. 
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S29. 1H-1H COSY (600 MHz, CD3OD) spectrum of compound 4. 
 

 
S30. HSQC (600 and 150 MHz, CD3OD) spectrum of compound 4. 
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S31. HMBC (600 and 150 MHz, CD3OD) spectrum of compound 4. 
 

 

S32. ROESY (600 MHz, CD3OD) spectrum of compound 4. 
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S33. UV spectrum of compound 5. 
 

 
S34. HRESIMS spectrum of compound 5. 
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S35. 1H NMR (600 MHz, CD3OD) spectrum of compound 5. 
 

 
S36. 13C NMR (150 MHz, CD3OD) spectrum of compound 5. 
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S37. 1H-1H COSY (600 MHz, CD3OD) spectrum of compound 5. 
 

 
S38. HSQC (600 and 150 MHz, CD3OD) spectrum of compound 5. 
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S39. HMBC (600 and 150 MHz, CD3OD) spectrum of compound 5. 
 

 
S40. ROESY (600 MHz, CD3OD) spectrum of compound 5. 
 
 
 
 
 
 



Chapter 3 

 99 

 
S41. UV spectrum of compound 6. 

S42. HRESIMS spectrum of compound 6. 
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S43. 1H NMR (600 MHz, CD3OD) spectrum of compound 6. 
 

 
S44. 13C NMR (125 MHz, CD3OD) spectrum of compound 6. 
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S45. 1H-1H COSY (600 MHz, CD3OD) spectrum of compound 6. 
 

 
S46. HSQC (600 and 150 MHz, CD3OD) spectrum of compound 6. 
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S47. HMBC (600 and 150 MHz, CD3OD) spectrum of compound 6. 
 

 
S48. ROESY (600 MHz, CD3OD) spectrum of compound 6. 
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S49. UV spectrum of compound 7. 
 

S50. HRESIMS spectrum of compound 7. 
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S51. 1H NMR (600 MHz, CD3OD) spectrum of compound 7. 
 

 
S52. 13C NMR (125 MHz, DMSO-d6) spectrum of compound 7. 
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S53. 1H-1H COSY (600 MHz, DMSO-d6) spectrum of compound 7. 
 

 
S54. HSQC (600 and 150 MHz, DMSO-d6) spectrum of compound 7. 
 



Chapter 3 

 106 

 
S55. HMBC (600 and 150 MHz, DMSO-d6) spectrum of compound 7. 
 

 
S56. ROESY (600 MHz, DMSO-d6) spectrum of compound 7. 
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S57. UV spectrum of compound 8. 
 

 
S58. HRESIMS spectrum of compound 8. 
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S59. 1H NMR (600 MHz, CD3OD) spectrum of compound 8. 
 

 
S60. 13C NMR (125 MHz, CD3OD) spectrum of compound 8. 
 



Chapter 3 

 109 

 

S61. 1H-1H COSY (600 MHz, CD3OD) spectrum of compound 8. 

 

S62. HSQC (600 and 150 MHz, CD3OD) spectrum of compound 8. 
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S63. HMBC (600 and 150 MHz, CD3OD) spectrum of compound 8. 
 

 
S64. ROESY (600 MHz, CD3OD) spectrum of compound 8. 
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S65. HRESIMS spectrum of compound 5a. 

 
S66. 1H NMR (600 MHz, CD3OD) spectrum of compound 5a. 
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S67. 1H-1H COSY (600 MHz, CD3OD) spectrum of compound 5a. 
 

 
S68. HRESIMS spectrum of compound 5b. 
 



Chapter 3 

 113 

 
S69. 1H NMR (600 MHz, CD3OD) spectrum of compound 5b. 
 

 

S70. 1H-1H COSY (600 MHz, CD3OD) spectrum of compound 5b. 
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S71. Structure and population of the low-energy B97D /TZVP PCM/MeCN conformers (>1%) of 
(4S,9R,13S)-5. 
 
 
 
 

 
S72. Structure and population of the low-energy B3LYP/6-31G(d) conformers (>1%) of 
(4R,9R,13S)-6. 
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Results of X-ray analysis of compound 1 

 

Molecular structure of pestalotioprolide B (1) from single-crystal X-ray diffractometry (70% 

thermal ellipsoids, H atoms of arbitrary radii). Compound 1 crysttallizes with a crystal water 

molecule. The hydrogen bond from the hydroxyl group with O1 to the crystal water molecule is 

depicted as a dashed orange line. 

 

Fractional atomic coordinates and isotropic or equivalent isotropic displacement 

parameters (Å2) for 1 

 x y z Uiso*/Ueq 

O1 0.5785 (4) 0.5551 (3) 0.3997 (3) 0.0225 (5) 

H1 0.708 (6) 0.501 (3) 0.366 (5) 0.034* 

C1 0.9284 (5) 0.6016 (4) 0.8310 (4) 0.0180 (7) 

H1S 1.072 (8) 0.383 (7) 0.317 (7) 0.061 (15)* 

O2 0.2443 (3) 0.9457 (3) 0.3743 (2) 0.0247 (5) 

C2 0.8146 (5) 0.5865 (4) 0.6815 (4) 0.0182 (6) 

H2 0.8169 0.4689 0.6395 0.022* 

H2S 1.003 (9) 0.402 (7) 0.150 (8) 0.070 (15)* 

O3 0.3097 (4) 1.3146 (3) 0.4532 (3) 0.0262 (5) 

H3A 0.400 (5) 1.394 (4) 0.442 (4) 0.039* 

C3 0.7102 (5) 0.7303 (4) 0.6045 (3) 0.0192 (7) 

H3 0.7180 0.8457 0.6466 0.023* 

O4 0.9551 (3) 0.7707 (2) 0.8549 (2) 0.0197 (5) 
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C4 0.5807 (5) 0.7320 (4) 0.4583 (3) 0.0183 (6) 

H4 0.6442 0.8007 0.3666 0.022* 

O5 0.9902 (3) 0.4744 (3) 0.9214 (3) 0.0223 (5) 

C5 0.3457 (5) 0.8251 (4) 0.4989 (4) 0.0202 (6) 

H51 0.2522 0.7451 0.5538 0.024* 

O6 0.9632 (4) 0.4005 (3) 0.2642 (3) 0.0311 (6) 

C6 0.2674 (5) 1.0204 (4) 0.5325 (4) 0.0207 (7) 

H6 0.1288 1.0496 0.6057 0.025* 

C7 0.4096 (5) 1.1567 (4) 0.5420 (4) 0.0197 (7) 

H7 0.5592 1.1061 0.4900 0.024* 

C8 0.4185 (5) 1.2013 (4) 0.7206 (4) 0.0199 (7) 

H8 0.2834 1.2454 0.7826 0.024* 

C9 0.5963 (5) 1.1852 (4) 0.8004 (4) 0.0198 (7) 

H9 0.7329 1.1454 0.7390 0.024* 

C10 0.5972 (5) 1.2255 (4) 0.9810 (4) 0.0214 (7) 

H10A 0.4450 1.2615 1.0297 0.026* 

H10B 0.6680 1.3299 0.9924 0.026* 

C11 0.7157 (5) 1.0633 (4) 1.0784 (4) 0.0231 (7) 

H11A 0.6529 0.9562 1.0584 0.028* 

H11B 0.6880 1.0919 1.1980 0.028* 

C12 0.9636 (5) 1.0119 (4) 1.0349 (4) 0.0198 (6) 

H12A 1.0008 1.0791 0.9341 0.024* 

H12B 1.0376 1.0513 1.1262 0.024* 

C13 1.0492 (5) 0.8104 (4) 1.0058 (4) 0.0206 (7) 

H13 0.9953 0.7401 1.1006 0.025* 

C14 1.2936 (5) 0.7557 (4) 0.9803 (4) 0.0265 (7) 

H14A 1.3357 0.6283 0.9448 0.040* 

H14B 1.3565 0.7699 1.0844 0.040* 

H14C 1.3476 0.8334 0.8952 0.040* 

 
 
 

Atomic displacement parameters (Å2) for 1 



Chapter 3 

 117 

 U11 U22 U33 U12 U13 U23 

O1 0.0247 (12) 0.0212 (11) 0.0216 (11) -0.0035 (8) -0.0041 (9) -0.0045 (8) 

C1 0.0162 (15) 0.0176 (16) 0.0180 (15) -0.0003 (12) 0.0020 (12) -0.0009 (13) 

O2 0.0288 (12) 0.0256 (12) 0.0200 (12) -0.0036 (9) -0.0100 (9) 0.0014 (9) 

C2 0.0186 (15) 0.0160 (15) 0.0202 (15) -0.0035 (12) -0.0028 (11) -0.0015 (12) 

O3 0.0276 (12) 0.0234 (12) 0.0293 (13) -0.0061 (10) -0.0120 (9) 0.0097 (9) 

C3 0.0230 (16) 0.0194 (15) 0.0144 (14) -0.0035 (13) 0.0008 (11) -0.0035 (12) 

O4 0.0260 (12) 0.0163 (11) 0.0179 (11) -0.0053 (8) -0.0063 (8) 0.0001 (8) 

C4 0.0229 (16) 0.0158 (14) 0.0168 (14) -0.0041 (12) -0.0038 (11) -0.0004 (12) 

O5 0.0260 (12) 0.0196 (11) 0.0201 (11) -0.0014 (8) -0.0033 (8) 0.0021 (8) 

C5 0.0218 (15) 0.0234 (16) 0.0165 (15) -0.0059 (12) -0.0039 (11) 0.0006 (12) 

O6 0.0261 (14) 0.0433 (14) 0.0203 (14) 0.0029 (11) -0.0064 (10) -0.0018 (10) 

C6 0.0194 (16) 0.0235 (16) 0.0183 (16) -0.0014 (12) -0.0042 (12) 0.0010 (12) 

C7 0.0180 (15) 0.0174 (15) 0.0223 (17) 0.0015 (12) -0.0069 (12) 0.0043 (11) 

C8 0.0199 (16) 0.0143 (14) 0.0238 (16) -0.0006 (11) 0.0000 (12) 0.0019 (12) 

C9 0.0208 (16) 0.0152 (14) 0.0221 (16) -0.0015 (12) -0.0009 (12) 0.0013 (11) 

C10 0.0222 (16) 0.0192 (15) 0.0218 (17) -0.0017 (13) -0.0017 (12) -0.0020 (12) 

C11 0.0272 (17) 0.0246 (16) 0.0172 (15) -0.0050 (13) -0.0008 (12) 0.0010 (12) 

C12 0.0240 (16) 0.0185 (14) 0.0182 (15) -0.0055 (12) -0.0073 (11) 0.0006 (11) 

C13 0.0273 (17) 0.0215 (16) 0.0144 (15) -0.0066 (13) -0.0068 (12) 0.0012 (12) 

C14 0.0251 (18) 0.0253 (16) 0.0289 (17) -0.0031 (13) -0.0068 (13) 0.0008 (13) 

 

Geometric parameters (Å, º) for 1 

O1 C4 1.423 (3) C6 H6 1.0000 

O1 H1 0.86 (4) C7 C8 1.501 (4) 

C1 O5 1.212 (4) C7 H7 1.0000 

C1 O4 1.335 (3) C8 C9 1.325 (5) 

C1 C2 1.479 (4) C8 H8 0.9500 

O2 C6 1.441 (4) C9 C10 1.502 (4) 

O2 C5 1.444 (4) C9 H9 0.9500 

C2 C3 1.318 (4) C10 C11 1.533 (5) 

C2 H2 0.9500 C10 H10A 0.9900 

O3 C7 1.434 (4) C10 H10B 0.9900 
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O3 H3A 0.90 (4) C11 C12 1.541 (4) 

C3 C4 1.495 (4) C11 H11A 0.9900 

C3 H3 0.9500 C11 H11B 0.9900 

O4 C13 1.467 (3) C12 C13 1.512 (4) 

C4 C5 1.511 (4) C12 H12A 0.9900 

C4 H4 1.0000 C12 H12B 0.9900 

C5 C6 1.469 (4) C13 C14 1.507 (4) 

C5 H51 1.0000 C13 H13 1.0000 

O6 H1S 0.83 (5) C14 H14A 0.9800 

O6 H2S 0.94 (6) C14 H14B 0.9800 

C6 C7 1.503 (4) C14 H14C 0.9800 

    

C4 O1 H1 109.5 C6 C7 H7 110.3 

O5 C1 O4 124.0 (3) C9 C8 C7 126.4 (3) 

O5 C1 C2 123.6 (2) C9 C8 H8 116.8 

O4 C1 C2 112.5 (2) C7 C8 H8 116.8 

C6 O2 C5 61.24 (19) C8 C9 C10 124.6 (3) 

C3 C2 C1 122.4 (2) C8 C9 H9 117.7 

C3 C2 H2 118.8 C10 C9 H9 117.7 

C1 C2 H2 118.8 C9 C10 C11 113.1 (2) 

C7 O3 H3A 109.5 C9 C10 H10A 109.0 

C2 C3 C4 127.2 (2) C11 C10 H10A 109.0 

C2 C3 H3 116.4 C9 C10 H10B 109.0 

C4 C3 H3 116.4 C11 C10 H10B 109.0 

C1 O4 C13 118.8 (2) H10A C10 H10B 107.8 

O1 C4 C3 113.6 (2) C10 C11 C12 114.7 (2) 

O1 C4 C5 106.4 (2) C10 C11 H11A 108.6 

C3 C4 C5 111.2 (2) C12 C11 H11A 108.6 

O1 C4 H4 108.5 C10 C11 H11B 108.6 

C3 C4 H4 108.5 C12 C11 H11B 108.6 

C5 C4 H4 108.5 H11A C11 H11B 107.6 

O2 C5 C6 59.27 (18) C13 C12 C11 113.7 (2) 

O2 C5 C4 116.6 (2) C13 C12 H12A 108.8 
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C6 C5 C4 125.3 (3) C11 C12 H12A 108.8 

O2 C5 H51 114.6 C13 C12 H12B 108.8 

C6 C5 H51 114.6 C11 C12 H12B 108.8 

C4 C5 H51 114.6 H12A C12 H12B 107.7 

H1S O6 H2S 111 (5) O4 C13 C14 109.2 (2) 

O2 C6 C5 59.49 (18) O4 C13 C12 104.8 (2) 

O2 C6 C7 119.5 (2) C14 C13 C12 114.2 (2) 

C5 C6 C7 125.3 (3) O4 C13 H13 109.5 

O2 C6 H6 113.9 C14 C13 H13 109.5 

C5 C6 H6 113.9 C12 C13 H13 109.5 

C7 C6 H6 113.9 C13 C14 H14A 109.5 

O3 C7 C8 110.9 (2) C13 C14 H14B 109.5 

O3 C7 C6 106.4 (2) H14A C14 H14B 109.5 

C8 C7 C6 108.7 (2) C13 C14 H14C 109.5 

O3 C7 H7 110.3 H14A C14 H14C 109.5 

C8 C7 H7 110.3 H14B C14 H14C 109.5 

    

O5 C1 C2 C3 165.7 (3) C4 C5 C6 C7 -4.0 (5) 

O4 C1 C2 C3 -14.2 (4) O2 C6 C7 O3 64.8 (3) 

C1 C2 C3 C4 -176.7 (3) C5 C6 C7 O3 136.5 (3) 

O5 C1 O4 C13 -4.9 (4) O2 C6 C7 C8 -175.8 (2) 

C2 C1 O4 C13 175.0 (2) C5 C6 C7 C8 -104.1 (3) 

C2 C3 C4 O1 -1.0 (4) O3 C7 C8 C9 -119.7 (3) 

C2 C3 C4 C5 119.0 (3) C6 C7 C8 C9 123.7 (3) 

C6 O2 C5 C4 -117.0 (3) C7 C8 C9 C10 -177.8 (3) 

O1 C4 C5 O2 -97.6 (3) C8 C9 C10 C11 123.1 (3) 

C3 C4 C5 O2 138.2 (2) C9 C10 C11 C12 68.1 (3) 

O1 C4 C5 C6 -167.4 (3) C10 C11 C12 C1
3 

-132.4 (3) 

C3 C4 C5 C6 68.5 (4) C1 O4 C13 C14 82.8 (3) 

C5 O2 C6 C7 115.9 (3) C1 O4 C13 C12 -154.4 (2) 

C4 C5 C6 O2 102.5 (3) C11 C12 C13 O4 66.5 (3) 

O2 C5 C6 C7 -106.5 (3) C11 C12 C13 C1 -174.1 (3) 
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4 

 

Hydrogen-bond geometry (Å, º) for 1 

 D H···A D H H···A D···A D H···A 

O1 H1···O6 0.86 1.77 2.617 (3) 170 

O6 H1S···O3i 0.83 (5) 1.92 (5) 2.737 (3) 172 (5) 

O6 H2S···O5ii 0.94 (6) 1.93 (6) 2.822 (3) 159 (5) 

O3 H3A···O1iii 0.90 1.83 2.731 (3) 175 

C8 H8···O5iv 0.95 2.46 3.347 (3) 156 

C10 H10B···O5iii 0.99 2.52 3.403 (4) 149 

Symmetry codes:  (i) x+1, y-1, z;  (ii) x, y, z-1;  (iii) x, y+1, z;  (iv) x-1, y+1, z; 

 

Figures for packing diagram and hydrogen-bonding network in 1: 

 
 
Results of X-ray analysis of compound 2 
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Molecular structure of pestalotioprolide C (2) from single-crystal X-ray 

diffractometry (50% thermal ellipsoids, H atoms of arbitrary radii). 

 

Fractional atomic coordinates and isotropic or equivalent isotropic displacement 

parameters (Å2) for 2 

 x y z Uiso*/Ueq 

O1 0.41196 (13) 0.3777 (10) 0.4915 (7) 0.0301 (12) 

O2 0.41352 (16) 0.7715 (12) 0.6378 (10) 0.0505 (17) 

O3 0.28404 (14) 0.4453 (11) 0.7020 (7) 0.0305 (12) 

H3O 0.259 (2) 0.48 (2) 0.675 (13) 0.046* 

O4 0.27184 (13) 0.2761 (11) 0.0400 (6) 0.0297 (12) 

H4O 0.275 (2) 0.35 (2) -0.081 (13) 0.045* 

C1 0.3970 (2) 0.5736 (14) 0.5904 (11) 0.0323 (17) 

C2 0.3579 (2) 0.5253 (15) 0.6241 (9) 0.0286 (16) 

H2 0.3442 0.6603 0.6831 0.034* 

C3 0.3408 (2) 0.3014 (15) 0.5756 (10) 0.0300 (17) 

H3 0.3554 0.1625 0.5266 0.036* 

C4 0.30074 (19) 0.2479 (15) 0.5909 (10) 0.0307 (16) 

H4 0.2973 0.0668 0.6456 0.037* 

C5 0.28227 (18) 0.2460 (15) 0.4104 (10) 0.0292 (16) 
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H5A 0.2849 0.4273 0.3582 0.035* 

H5B 0.2558 0.2122 0.4270 0.035* 

C6 0.2972 (2) 0.0370 (14) 0.2787 (10) 0.0255 (15) 

H6A 0.3200 -0.0419 0.3265 0.031* 

H6B 0.2791 -0.1101 0.2665 0.031* 

C7 0.30522 (18) 0.1518 (15) 0.0988 (10) 0.0284 (16) 

H7 0.3111 -0.0007 0.0183 0.034* 

C8 0.33654 (19) 0.3526 (15) 0.0923 (11) 0.0308 (16) 

H8A 0.3334 0.4826 0.1893 0.037* 

H8B 0.3348 0.4546 -0.0186 0.037* 

C9 0.37489 (19) 0.2305 (16) 0.1053 (11) 0.0329 (17) 

H9A 0.3772 0.1309 0.2168 0.039* 

H9B 0.3785 0.1011 0.0084 0.039* 

C10 0.4042 (2) 0.4462 (17) 0.0965 (11) 0.0364 (18) 

H10A 0.4000 0.5761 0.1925 0.044* 

H10B 0.4015 0.5449 -0.0152 0.044* 

C11 0.4436 (2) 0.342 (2) 0.1098 (11) 0.041 (2) 

H11A 0.4604 0.4937 0.0845 0.050* 

H11B 0.4473 0.2054 0.0173 0.050* 

C12 0.4549 (2) 0.2176 (18) 0.2857 (11) 0.0389 (19) 

H12A 0.4403 0.0519 0.3033 0.047* 

H12B 0.4809 0.1631 0.2776 0.047* 

C13 0.45040 (19) 0.3943 (16) 0.4477 (11) 0.0349 (19) 

H13 0.4567 0.5845 0.4173 0.042* 

C14 0.4734 (2) 0.3051 (17) 0.6018 (11) 0.0365 (18) 

H14A 0.4677 0.4173 0.7035 0.055* 

H14B 0.4994 0.3237 0.5726 0.055* 

H14C 0.4680 0.1165 0.6289 0.055* 

 
 
 

Atomic displacement parameters (Å2) for 2 

 U11 U22 U33 U12 U13 U23 
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O1 0.038 (3) 0.021 (2) 0.031 (3) -0.001 (2) 0.002 (2) -0.002 (2) 

O2 0.049 (3) 0.024 (3) 0.078 (5) -0.006 (3) 0.011 (3) -0.005 (3) 

O3 0.039 (3) 0.033 (3) 0.019 (3) 0.008 (2) 0.003 (2) 0.001 (2) 

O4 0.036 (2) 0.031 (3) 0.022 (3) 0.006 (2) 0.0006 (19) 0.001 (2) 

C1 0.046 (4) 0.016 (4) 0.035 (4) 0.004 (3) -0.001 (3) 0.002 (3) 

C2 0.051 (4) 0.018 (4) 0.017 (4) 0.011 (3) 0.002 (3) 0.002 (3) 

C3 0.045 (4) 0.023 (4) 0.022 (4) 0.006 (3) 0.003 (3) 0.013 (3) 

C4 0.039 (4) 0.019 (3) 0.035 (4) 0.007 (3) -0.001 (3) 0.002 (3) 

C5 0.034 (3) 0.021 (3) 0.033 (4) 0.002 (3) 0.002 (3) 0.010 (4) 

C6 0.037 (4) 0.016 (3) 0.023 (4) 0.002 (3) -0.004 (3) -0.006 (3) 

C7 0.034 (4) 0.023 (4) 0.028 (4) 0.007 (3) 0.002 (3) -0.011 (3) 

C8 0.038 (4) 0.021 (4) 0.033 (4) 0.002 (3) 0.002 (3) 0.008 (4) 

C9 0.039 (4) 0.027 (4) 0.033 (4) 0.005 (3) 0.004 (3) -0.008 (4) 

C10 0.041 (4) 0.040 (4) 0.028 (4) -0.006 (3) 0.000 (3) 0.004 (4) 

C11 0.043 (4) 0.058 (6) 0.023 (4) -0.003 (4) 0.004 (3) -0.001 (4) 

C12 0.031 (4) 0.040 (5) 0.046 (5) 0.004 (4) 0.003 (3) 0.003 (4) 

C13 0.029 (4) 0.023 (4) 0.053 (5) 0.001 (3) 0.002 (3) 0.001 (4) 

C14 0.040 (4) 0.037 (5) 0.033 (4) -0.002 (3) 0.002 (3) -0.002 (4) 

 

Geometric parameters (Å, º) for 2 

O1 C1 1.349 (10) C7 H7 1.0000 

O1 C13 1.446 (8) C8 C9 1.530 (9) 

O2 C1 1.210 (10) C8 H8A 0.9900 

O3 C4 1.434 (9) C8 H8B 0.9900 

O3 H3O 0.95 (9) C9 C10 1.518 (11) 

O4 C7 1.440 (8) C9 H9A 0.9900 

O4 H4O 0.99 (10) C9 H9B 0.9900 

C1 C2 1.472 (11) C10 C11 1.533 (11) 

C2 C3 1.328 (11) C10 H10A 0.9900 

C2 H2 0.9500 C10 H10B 0.9900 

C3 C4 1.492 (10) C11 C12 1.537 (12) 

C3 H3 0.9500 C11 H11A 0.9900 

C4 C5 1.537 (10) C11 H11B 0.9900 



Chapter 3 

 124 

C4 H4 1.0000 C12 C13 1.527 (12) 

C5 C6 1.546 (10) C12 H12A 0.9900 

C5 H5A 0.9900 C12 H12B 0.9900 

C5 H5B 0.9900 C13 C14 1.514 (11) 

C6 C7 1.517 (11) C13 H13 1.0000 

C6 H6A 0.9900 C14 H14A 0.9800 

C6 H6B 0.9900 C14 H14B 0.9800 

C7 C8 1.519 (10) C14 H14C 0.9800 

    

C1 O1 C13 118.8 (6) C7 C8 H8B 108.5 

C4 O3 H3O 113 (6) C9 C8 H8B 108.5 

C7 O4 H4O 110 (5) H8A C8 H8B 107.5 

O2 C1 O1 123.6 (7) C10 C9 C8 111.4 (7) 

O2 C1 C2 124.4 (7) C10 C9 H9A 109.4 

O1 C1 C2 112.0 (6) C8 C9 H9A 109.4 

C3 C2 C1 122.9 (7) C10 C9 H9B 109.4 

C3 C2 H2 118.5 C8 C9 H9B 109.4 

C1 C2 H2 118.5 H9A C9 H9B 108.0 

C2 C3 C4 126.0 (7) C9 C10 C11 115.0 (7) 

C2 C3 H3 117.0 C9 C10 H10A 108.5 

C4 C3 H3 117.0 C11 C10 H10A 108.5 

O3 C4 C3 110.0 (6) C9 C10 H10B 108.5 

O3 C4 C5 110.5 (5) C11 C10 H10B 108.5 

C3 C4 C5 111.2 (6) H10A C10 H10B 107.5 

O3 C4 H4 108.4 C10 C11 C12 116.4 (6) 

C3 C4 H4 108.4 C10 C11 H11A 108.2 

C5 C4 H4 108.4 C12 C11 H11A 108.2 

C4 C5 C6 115.8 (6) C10 C11 H11B 108.2 

C4 C5 H5A 108.3 C12 C11 H11B 108.2 

C6 C5 H5A 108.3 H11A C11 H11B 107.4 

C4 C5 H5B 108.3 C13 C12 C11 116.8 (7) 

C6 C5 H5B 108.3 C13 C12 H12A 108.1 

H5A C5 H5B 107.4 C11 C12 H12A 108.1 
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C7 C6 C5 114.0 (6) C13 C12 H12B 108.1 

C7 C6 H6A 108.8 C11 C12 H12B 108.1 

C5 C6 H6A 108.8 H12A C12 H12B 107.3 

C7 C6 H6B 108.8 O1 C13 C14 110.0 (6) 

C5 C6 H6B 108.8 O1 C13 C12 105.0 (6) 

H6A C6 H6B 107.7 C14 C13 C12 113.8 (6) 

O4 C7 C6 106.3 (5) O1 C13 H13 109.3 

O4 C7 C8 110.2 (6) C14 C13 H13 109.3 

C6 C7 C8 115.0 (6) C12 C13 H13 109.3 

O4 C7 H7 108.4 C13 C14 H14A 109.5 

C6 C7 H7 108.4 C13 C14 H14B 109.5 

C8 C7 H7 108.4 H14A C14 H14B 109.5 

C7 C8 C9 115.3 (6) C13 C14 H14C 109.5 

C7 C8 H8A 108.5 H14A C14 H14C 109.5 

C9 C8 H8A 108.5 H14B C14 H14C 109.5 

    

C13 O1 C1 O2 3.9 (11) C5 C6 C7 C8 66.8 (8) 

C13 O1 C1 C2 -179.5 (6) O4 C7 C8 C9 -164.8 (6) 

O2 C1 C2 C3 -177.6 (8) C6 C7 C8 C9 75.1 (8) 

O1 C1 C2 C3 5.9 (10) C7 C8 C9 C10 179.7 (7) 

C1 C2 C3 C4 -174.3 (7) C8 C9 C10 C11 179.6 (7) 

C2 C3 C4 O3 -13.3 (10) C9 C10 C11 C12 -66.6 (10) 

C2 C3 C4 C5 109.4 (8) C10 C11 C12 C1
3 

-56.6 (10) 

O3 C4 C5 C6 -178.7 (6) C1 O1 C13 C14 78.4 (8) 

C3 C4 C5 C6 58.8 (8) C1 O1 C13 C12 -158.7 (6) 

C4 C5 C6 C7 -132.0 (6) C11 C12 C13 O1 80.0 (8) 

C5 C6 C7 O4 -55.4 (7) C11 C12 C13 C1
4 

-159.6 (7) 

Hydrogen-bond geometry (Å, º) for 2 

 D H···A D H H···A D···A D H···A 

O3 H3···O4i 0.95 (9) 1.96 (10) 2.760 (7) 140 (8) 

O4 H4···O3ii 0.99 (10) 1.76 (10) 2.754 (7) 175 (9) 
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C14 H14···O2iii 0.98 2.63 3.448 (10) 141 

Symmetry codes:  (i) -x+1/2, -y+1, z+1/2;  (ii) x, y, z-1;  (iii) x, y-1, z. 

 

Figures for packing diagram and hydrogen-bonding network in 2: 

 

 
Results of X-ray analysis of compound 10 
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Molecular structure of nigrosporolide (10) from single-crystal X-ray diffractometry 

(50% thermal ellipsoids, H atoms of arbitrary radii). 

 

The following data is from the Mo-K  data set. 

Fractional atomic coordinates and isotropic or equivalent isotropic displacement 

parameters (Å2) for 10 (Mo-K  data set) 

 x y z Uiso*/Ueq 

O1 0.6715 (5) 0.8228 (2) 0.58066 (4) 0.0679 (7) 

H2 1.064 (9) 0.873 (5) 0.7339 (10) 0.102* 

C1 0.8334 (5) 0.7146 (2) 0.59127 (5) 0.0327 (5) 

O2 1.0135 (3) 0.90000 (16) 0.71121 (3) 0.0230 (3) 

C2 0.9594 (4) 0.7057 (2) 0.62752 (5) 0.0262 (4) 

H2A 1.1256 0.6400 0.6309 0.031* 

O3 0.8506 (3) 0.24890 (17) 0.72354 (3) 0.0211 (3) 

C3 0.8462 (4) 0.7868 (2) 0.65523 (5) 0.0231 (4) 

H3A 0.7118 0.8760 0.6509 0.028* 

C11 0.5045 (4) 0.2839 (3) 0.57786 (5) 0.0291 (4) 

H11A 0.3766 0.3830 0.5830 0.035* 

H11B 0.3887 0.1801 0.5720 0.035* 

C4 0.9218 (4) 0.7434 (2) 0.69313 (5) 0.0188 (4) 

H4A 1.0747 0.6542 0.6933 0.023* 

C5 0.6690 (4) 0.6689 (2) 0.71196 (5) 0.0206 (4) 

H5A 0.5567 0.7508 0.7247 0.025* 
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C10 0.6708 (4) 0.2438 (3) 0.61197 (5) 0.0235 (4) 

H10A 0.8032 0.1469 0.6071 0.028* 

H10B 0.7800 0.3489 0.6189 0.028* 

H3 0.883 (5) 0.141 (3) 0.7160 (6) 0.035* 

O4 0.9118 (3) 0.57165 (17) 0.57269 (3) 0.0264 (3) 

C8 0.5034 (4) 0.2359 (2) 0.67693 (5) 0.0207 (4) 

H8A 0.3619 0.1903 0.6921 0.025* 

C6 0.5863 (4) 0.5033 (2) 0.71281 (5) 0.0198 (4) 

H6A 0.4227 0.4799 0.7263 0.024* 

C9 0.4843 (4) 0.1925 (2) 0.64248 (5) 0.0224 (4) 

H9A 0.3317 0.1190 0.6363 0.027* 

C12 0.6790 (5) 0.3309 (3) 0.54476 (5) 0.0287 (4) 

H12A 0.8545 0.2627 0.5456 0.034* 

H12B 0.5762 0.2934 0.5230 0.034* 

C7  0.7200 (4) 0.3478 (2) 0.69495 (4) 0.0175 (4) 

H7 0.8624 0.3876 0.6771 0.021* 

C14 0.9229 (6) 0.5653 (3) 0.50810 (5) 0.0399 (6) 

H14A 0.8200 0.5308 0.4865 0.060* 

H14B 1.0987 0.5001 0.5092 0.060* 

H14C 0.9618 0.6917 0.5073 0.060* 

C13 0.7507 (5) 0.5239 (3) 0.54099 (5) 0.0269 (4) 

H13A 0.5752 0.5946 0.5404 0.032* 

 
Atomic displacement parameters (Å2) for 10 (Mo-K  data set) 

 U11 U22 U33 U12 U13 U23 

O1 0.135 (2) 0.0358 (9) 0.0327 (9) 0.0399 (12) -0.0350 (11) -0.0127 (7) 

C1 0.0597 (14) 0.0180 (9) 0.0204 (9) 0.0036 (10) -0.0040 (9) -0.0015 (7) 

O2 0.0341 (7) 0.0145 (6) 0.0204 (6) 0.0004 (6) -0.0077 (6) -0.0022 (5) 

C2 0.0373 (10) 0.0197 (9) 0.0215 (9) -0.0009 (8) -0.0026 (8) -0.0015 (7) 

O3 0.0280 (6) 0.0165 (6) 0.0190 (6) 0.0037 (6) -0.0036 (5) -0.0001 (5) 

C3 0.0335 (10) 0.0142 (8) 0.0215 (9) 0.0022 (8) -0.0068 (8) -0.0010 (7) 

C11 0.0351 (10) 0.0297 (10) 0.0225 (10) -0.0021 (9) -0.0073 (8) -0.0006 (8) 

C4 0.0243 (9) 0.0127 (8) 0.0194 (8) 0.0017 (7) -0.0029 (7) -0.0027 (7) 
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C5 0.0215 (8) 0.0210 (9) 0.0194 (8) 0.0064 (7) -0.0001 (7) -0.0022 (7) 

C10 0.0287 (9) 0.0222 (9) 0.0197 (9) 0.0007 (8) -0.0038 (7) -0.0016 (7) 

O4 0.0368 (8) 0.0243 (7) 0.0181 (6) 0.0017 (6) -0.0015 (6) -0.0056 (5) 

C8 0.0185 (8) 0.0199 (9) 0.0236 (9) -0.0014 (7) 0.0008 (7) 0.0030 (7) 

C6 0.0184 (8) 0.0248 (9) 0.0163 (8) 0.0022 (7) 0.0003 (7) 0.0013 (7) 

C9 0.0225 (8) 0.0196 (8) 0.0250 (9) -0.0022 (7) -0.0055 (7) -0.0001 (7) 

C12 0.0447 (12) 0.0259 (9) 0.0157 (8) 0.0018 (9) -0.0066 (8) -0.0040 (7) 

C7 0.0188 (8) 0.0176 (8) 0.0160 (8) 0.0010 (7) 0.0011 (7) 0.0026 (7) 

C14 0.0658 (16) 0.0329 (12) 0.0211 (10) 0.0003 (11) 0.0063 (11) -0.0010 (8) 

C13 0.0418 (11) 0.0244 (9) 0.0146 (8) 0.0051 (9) -0.0034 (8) -0.0032 (7) 

 
Geometric parameters (Å, º) for 10 (Mo-K  data set) 

O1 C1 1.199 (3) C10 C9 1.499 (3) 

C1 O4 1.343 (2) C10 H10A 0.9900 

C1 C2 1.481 (3) C10 H10B 0.9900 

O2 C4 1.437 (2) O4 C13 1.458 (2) 

O2 H2 0.90 (4) C8 C9 1.328 (2) 

C2 C3 1.320 (3) C8 C7 1.503 (2) 

C2 H2A 0.9500 C8 H8A 0.9500 

O3 C7 1.447 (2) C6 C7 1.501 (2) 

O3 H3 0.88 (3) C6 H6A 0.9500 

C3 C4 1.495 (2) C9 H9A 0.9500 

C3 H3A 0.9500 C12 C13 1.514 (3) 

C11 C10 1.532 (2) C12 H12A 0.9900 

C11 C12 1.533 (3) C12 H12B 0.9900 

C11 H11A 0.9900 C7 H7 1.0000 

C11 H11B 0.9900 C14 C13 1.512 (3) 

C4 C5 1.512 (3) C14 H14A 0.9800 

C4 H4A 1.0000 C14 H14B 0.9800 

C5 C6 1.321 (3) C14 H14C 0.9800 

C5 H5A 0.9500 C13 H13A 1.0000 

    

O1 C1 O4 124.56 (19) C9 C8 C7 128.30 (17) 
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O1 C1 C2 126.68 (18) C9 C8 H8A 115.8 

O4 C1 C2 108.54 (17) C7 C8 H8A 115.8 

C4 O2 H2 109 (3) C5 C6 C7 127.69 (17) 

C3 C2 C1 121.50 (19) C5 C6 H6A 116.2 

C3 C2 H2A 119.3 C7 C6 H6A 116.2 

C1 C2 H2A 119.3 C8 C9 C10 128.82 (17) 

C7 O3 H3 109.1 (16) C8 C9 H9A 115.6 

C2 C3 C4 122.35 (17) C10 C9 H9A 115.6 

C2 C3 H3A 118.8 C13 C12 C11 115.13 (16) 

C4 C3 H3A 118.8 C13 C12 H12A 108.5 

C10 C11 C12 115.34 (17) C11 C12 H12A 108.5 

C10 C11 H11A 108.4 C13 C12 H12B 108.5 

C12 C11 H11A 108.4 C11 C12 H12B 108.5 

C10 C11 H11B 108.4 H12A C12 H12B 107.5 

C12 C11 H11B 108.4 O3 C7 C6 105.59 (13) 

H11A C11 H11B 107.5 O3 C7 C8 109.55 (14) 

O2 C4 C3 109.52 (14) C6 C7 C8 110.35 (14) 

O2 C4 C5 109.83 (14) O3 C7 H7 110.4 

C3 C4 C5 109.01 (15) C6 C7 H7 110.4 

O2 C4 H4A 109.5 C8 C7 H7 110.4 

C3 C4 H4A 109.5 C13 C14 H14A 109.5 

C5 C4 H4A 109.5 C13 C14 H14B 109.5 

C6 C5 C4 127.59 (16) H14A C14 H14B 109.5 

C6 C5 H5A 116.2 C13 C14 H14C 109.5 

C4 C5 H5A 116.2 H14A C14 H14C 109.5 

C9 C10 C11 111.64 (16) H14B C14 H14C 109.5 

C9 C10 H10A 109.3 O4 C13 C14 108.30 (18) 

C11 C10 H10A 109.3 O4 C13 C12 106.67 (15) 

C9 C10 H10B 109.3 C14 C13 C12 113.65 (16) 

C11 C10 H10B 109.3 O4 C13 H13A 109.4 

H10A C10 H10B 108.0 C14 C13 H13A 109.4 

C1 O4 C13 118.05 (16) C12 C13 H13A 109.4 
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O1 C1 C2 C3 20.0 (4) C7 C8 C9 C10 -0.5 (3) 

O4 C1 C2 C3 -154.8 (2) C11 C10 C9 C8 -140.2 (2) 

C1 C2 C3 C4 163.55 (18) C10 C11 C12 C13 -87.9 (2) 

C2 C3 C4 O2 124.28 (19) C5 C6 C7 O3 106.6 (2) 

C2 C3 C4 C5 -115.5 (2) C5 C6 C7 C8 -135.07 (19) 

O2 C4 C5 C6 -152.95 (18) C9 C8 C7 O3 -123.2 (2) 

C3 C4 C5 C6 87.0 (2) C9 C8 C7 C6 121.0 (2) 

C12 C11 C10 C9 -177.77 (16) C1 O4 C13 C14 107.8 (2) 

O1 C1 O4 C13 -13.2 (3) C1 O4 C13 C12 -129.56 (19) 

C2 C1 O4 C13 161.68 (17) C11 C12 C13 O4 60.7 (2) 

C4 C5 C6 C7 -0.8 (3) C11 C12 C13 C14 179.95 (19) 

 
Hydrogen-bond geometry (Å, º) for 10 (Mo-K  data set) 

 D H···A D H H···A D···A D H···A 

O2 H2···O3i 0.90 (4) 1.89 (4) 2.7662 (18) 163 (4) 

O3 H3···O2ii 0.88 (3) 1.94 (3) 2.8038 (18) 165 (2) 

Symmetry codes:  (i) -x+2, y+1/2, -z+3/2;  (ii) x, y-1, z.
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Figures for packing diagram and hydrogen-bonding network in 10 (Mo-K  data set): 

 

 
 

The following data is from the Cu-K  data set. 

Fractional atomic coordinates and isotropic or equivalent isotropic displacement 

parameters (Å2) for 10 (Cu-K  data set) 

 x y z Uiso*/Ueq 

O1 0.8250 (8) 0.1768 (3) 0.08055 (7) 0.0818 (13) 

H2 0.422 (12) 0.133 (6) 0.2347 (10) 0.123* 

C1 0.6670 (9) 0.2858 (5) 0.09135 (9) 0.0461 (11) 

C2 0.5427 (8) 0.2944 (4) 0.12770 (10) 0.0373 (10) 
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H2A 0.3777 0.3609 0.1312 0.045* 

O2 0.4873 (5) 0.1002 (2) 0.21127 (5) 0.0373 (7) 

C3 0.6543 (8) 0.2126 (3) 0.15543 (9) 0.0344 (10) 

H3A 0.7874 0.1225 0.1513 0.041* 

O3 0.6487 (4) 0.7511 (3) 0.22359 (5) 0.0342 (7) 

C4 0.5769 (8) 0.2577 (4) 0.19305 (8) 0.0325 (10) 

H4A 0.4238 0.3467 0.1931 0.039* 

O4 0.5899 (4) 0.4283 (3) 0.07265 (5) 0.0377 (7) 

C5 0.8284 (8) 0.3311 (5) 0.21182 (9) 0.0344 (10) 

H5A 0.9396 0.2490 0.2246 0.041* 

C6 0.9133 (7) 0.4976 (4) 0.21264 (7) 0.0312 (9) 

H6A 1.0770 0.5207 0.2261 0.037* 

C7 0.7809 (6) 0.6524 (4) 0.19481 (8) 0.0266 (10) 

H7A 0.6392 0.6127 0.1769 0.032* 

C8 0.9966 (7) 0.7631 (4) 0.17704 (9) 0.0350 (10) 

H8A 1.1384 0.8084 0.1922 0.042* 

C9 1.0142 (8) 0.8061 (4) 0.14257 (9) 0.0352 (9) 

H9A 1.1664 0.8798 0.1365 0.042* 

C10 0.8302 (8) 0.7556 (4) 0.11199 (8) 0.0375 (10) 

H10A 0.6984 0.8526 0.1071 0.045* 

H10B 0.7205 0.6506 0.1188 0.045* 

H3 0.638 (8) 0.868 (4) 0.2149 (8) 0.056* 

C11 0.9957 (8) 0.7155 (4) 0.07792 (7) 0.0414 (9) 

H11A 1.1231 0.6164 0.0830 0.050* 

H11B 1.1114 0.8192 0.0721 0.050* 

C12 0.8196 (8) 0.6687 (4) 0.04470 (8) 0.0417 (10) 

H12A 0.6435 0.7358 0.0458 0.050* 

H12B 0.9209 0.7071 0.0229 0.050* 

C13 0.7514 (8) 0.4759 (4) 0.04097 (7) 0.0399 (10) 

H13A 0.9270 0.4056 0.0403 0.048* 

C14 0.5768 (9) 0.4360 (3) 0.00800 (7) 0.0540 (11) 

H14A 0.6817 0.4668 -0.0137 0.081* 
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H14B 0.4049 0.5049 0.0089 0.081* 

H14C 0.5313 0.3105 0.0075 0.081* 

 

Atomic displacement parameters (Å2) for 10 (Cu-K  data set) 

 U11 U22 U33 U12 U13 U23 

O1 0.153 (3) 0.0486 (16) 0.0438 (19) 0.044 (2) 0.0371 (19) 0.0126 (14) 

C1 0.073 (3) 0.033 (2) 0.032 (3) 0.002 (2) 0.004 (2) 0.000 (2) 

C2 0.051 (2) 0.0312 (19) 0.030 (2) 0.003 (2) 0.007 (2) 0.0012 (18) 

O2 0.0539 (15) 0.0282 (12) 0.0297 (13) -0.0011 (14) 0.0074 (12) 0.0046 (12) 

C3 0.049 (2) 0.0212 (18) 0.033 (2) -0.001 (2) 0.005 (2) 0.0048 (19) 

O3 0.0441 (14) 0.0317 (11) 0.0267 (15) 0.0065 (12) 0.0049 (12) 0.0014 (12) 

C4 0.046 (2) 0.030 (2) 0.022 (2) 0.003 (2) 0.0044 (19) 0.0024 (18) 

O4 0.0468 (16) 0.0371 (15) 0.0292 (14) 0.0012 (13) 0.0007 (13) 0.0095 (12) 

C5 0.037 (2) 0.039 (2) 0.027 (2) 0.006 (2) -0.0027 (17) 0.0080 (18) 

C6 0.029 (2) 0.037 (2) 0.0276 (19) -0.001 (2) -0.0038 (14) -0.002 (2) 

C7 0.026 (2) 0.0313 (18) 0.023 (2) 0.001 (2) -0.0025 (17) 0.0014 (19) 

C8 0.042 (2) 0.034 (2) 0.029 (3) -0.003 (2) 0.0018 (18) -0.0009 (18) 

C9 0.0383 (19) 0.0302 (18) 0.037 (2) -0.005 (2) 0.005 (2) -0.0021 (19) 

C10 0.047 (2) 0.0348 (19) 0.031 (2) 0.001 (2) 0.0056 (18) -0.0025 (18) 

C11 0.052 (2) 0.0413 (19) 0.031 (2) -0.003 (2) 0.004 (2) 0.0007 (18) 

C12 0.059 (2) 0.036 (2) 0.029 (2) 0.002 (2) 0.0078 (18) 0.0040 (18) 

C13 0.058 (2) 0.037 (2) 0.024 (2) 0.006 (2) 0.004 (2) 0.006 (2) 

C14 0.084 (3) 0.046 (2) 0.0317 (19) -0.003 (2) -0.007 (2) 0.0029 (19) 

 
Geometric parameters (Å, º) for 10 (Cu-K  data set) 

O1 C1 1.195 (4) C7 H7A 1.0000 

C1 O4 1.341 (4) C8 C9 1.328 (4) 

C1 C2 1.481 (5) C8 H8A 0.9500 

C2 C3 1.320 (4) C9 C10 1.493 (4) 

C2 H2A 0.9500 C9 H9A 0.9500 

O2 C4 1.443 (3) C10 C11 1.529 (4) 

O2 H2 0.96 (4) C10 H10A 0.9900 

C3 C4 1.490 (4) C10 H10B 0.9900 
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C3 H3A 0.9500 C11 C12 1.541 (4) 

O3 C7 1.455 (3) C11 H11A 0.9900 

O3 H3 0.94 (3) C11 H11B 0.9900 

C4 C5 1.504 (5) C12 C13 1.510 (5) 

C4 H4A 1.0000 C12 H12A 0.9900 

O4 C13 1.459 (3) C12 H12B 0.9900 

C5 C6 1.331 (4) C13 C14 1.518 (4) 

C5 H5A 0.9500 C13 H13A 1.0000 

C6 C7 1.495 (4) C14 H14A 0.9800 

C6 H6A 0.9500 C14 H14B 0.9800 

C7 C8 1.492 (4) C14 H14C 0.9800 

    

O1 C1 O4 124.2 (3) C8 C9 C10 129.6 (4) 

O1 C1 C2 126.6 (3) C8 C9 H9A 115.2 

O4 C1 C2 109.1 (3) C10 C9 H9A 115.2 

C3 C2 C1 122.0 (3) C9 C10 C11 112.1 (3) 

C3 C2 H2A 119.0 C9 C10 H10A 109.2 

C1 C2 H2A 119.0 C11 C10 H10A 109.2 

C4 O2 H2 108 (3) C9 C10 H10B 109.2 

C2 C3 C4 121.7 (3) C11 C10 H10B 109.2 

C2 C3 H3A 119.2 H10A C10 H10B 107.9 

C4 C3 H3A 119.2 C10 C11 C12 115.2 (3) 

C7 O3 H3 104.9 (19) C10 C11 H11A 108.5 

O2 C4 C3 109.0 (2) C12 C11 H11A 108.5 

O2 C4 C5 109.3 (3) C10 C11 H11B 108.5 

C3 C4 C5 108.8 (3) C12 C11 H11B 108.5 

O2 C4 H4A 109.9 H11A C11 H11B 107.5 

C3 C4 H4A 109.9 C13 C12 C11 114.7 (3) 

C5 C4 H4A 109.9 C13 C12 H12A 108.6 

C1 O4 C13 118.3 (3) C11 C12 H12A 108.6 

C6 C5 C4 127.6 (3) C13 C12 H12B 108.6 

C6 C5 H5A 116.2 C11 C12 H12B 108.6 
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C4 C5 H5A 116.2 H12A C12 H12B 107.6 

C5 C6 C7 127.5 (3) O4 C13 C12 106.4 (3) 

C5 C6 H6A 116.2 O4 C13 C14 108.1 (3) 

C7 C6 H6A 116.2 C12 C13 C14 112.9 (3) 

O3 C7 C8 109.8 (2) O4 C13 H13A 109.8 

O3 C7 C6 105.4 (2) C12 C13 H13A 109.8 

C8 C7 C6 110.2 (3) C14 C13 H13A 109.8 

O3 C7 H7A 110.4 C13 C14 H14A 109.5 

C8 C7 H7A 110.4 C13 C14 H14B 109.5 

C6 C7 H7A 110.4 H14A C14 H14B 109.5 

C9 C8 C7 127.8 (4) C13 C14 H14C 109.5 

C9 C8 H8A 116.1 H14A C14 H14C 109.5 

C7 C8 H8A 116.1 H14B C14 H14C 109.5 

    

O1 C1 C2 C3 20.5 (5) C5 C6 C7 C8 -135.4 (4) 

O4 C1 C2 C3 -155.1 (3) O3 C7 C8 C9 -123.0 (3) 

C1 C2 C3 C4 163.6 (3) C6 C7 C8 C9 121.2 (3) 

C2 C3 C4 O2 125.5 (3) C7 C8 C9 C10 -0.9 (5) 

C2 C3 C4 C5 -115.5 (3) C8 C9 C10 C11 -140.0 (3) 

O1 C1 O4 C13 -14.4 (5) C9 C10 C11 C12 -177.9 (3) 

C2 C1 O4 C13 161.3 (3) C10 C11 C12 C13 -88.5 (4) 

O2 C4 C5 C6 -153.6 (3) C1 O4 C13 C12 -130.1 (3) 

C3 C4 C5 C6 87.6 (4) C1 O4 C13 C14 108.4 (3) 

C4 C5 C6 C7 -0.6 (6) C11 C12 C13 O4 61.4 (4) 

C5 C6 C7 O3 106.1 (4) C11 C12 C13 C14 179.7 (3) 

 
Hydrogen-bond geometry (Å, º) for 10 (Cu-K  data set) 

 D H···A D H H···A D···A D H···A 

O2 H2···O3i 0.96 (4) 1.83 (4) 2.762 (3) 164 (5) 

O3 H3···O2ii 0.94 (3) 1.92 (3) 2.805 (3) 156 (3) 

Symmetry codes:  (i) -x+1, y-1/2, -z+1/2;  (ii) x, y+1, z. 
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S1. UV spectrum of compound 1. 
 
 
 
 
 

 
S2. HRESIMS spectrum of compound 1. 
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S3. 1H NMR (500 MHz, CD3OD) spectrum of compound 1. 
 
 

 
S4. COSY (500 MHz, CD3OD) spectrum of compound 1. 
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S5. HSQC (500 and 125 MHz, CD3OD) spectrum of compound 1. 
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S6. HMBC (500 and 125 MHz, CD3OD) spectrum of compound 1. 
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S7. ROESY (500 MHz, CD3OD) spectrum of compound 1. 
 
 
 
 
 

 
S8. UV spectrum of compound 2. 
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S9. HRESIMS spectrum of compound 2. 
 
 

 
S10. 1H NMR (600 MHz, CD3OD) spectrum of compound 2. 
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S11. COSY (600 MHz, CD3OD) spectrum of compound 2. 
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S12. HSQC (600 and 150 MHz, CD3OD) spectrum of compound 2. 
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S13. HMBC (600 and 150 MHz, CD3OD) spectrum of compound 2. 
 
 

 

S14. ROESY (600 MHz, CD3OD) spectrum of compound 2. 
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ABSTRACT: 

Two new lactones pestalotioprolide J (1) and K (2), together with three known 

compounds (3-5) were isolated from the culture of the mangrove endophytic fungus 

Pestalotiopsis microspora. The co-cultivation of this fungus with Bacillus subtilis 

afforded two new sesquiterpenes pestabacillin A (6), B (7), and eight known copounds 

(8-15). All the structures of new compounds (1, 2, 6, and 7) were determined from 

one- and two-dimensional NMR and HRESIMS spectra. As an unusual sesquiterpene, 

the structure of 6 was further confirmed by single crystal X-ray diffraction. 

 

Keywords: Pestalotiopsis microspora, Bacillus subtilis, co-cultivation. 
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Introduction 

Fungi and bacteria co-exist in many environments, such as in the oral cavity, on cheese 

surface, in cyanolichens, on medical devices, on mural paintings as well as in agricultural and 

forest environments.1 The long evolutionary coexistence produced different scenarios of 

fungal-bacterial interactions. For example, Penicillium molds can produce -lactam antibiotics 

(penicillin G) to inhibit the growth of Staphylococcus species,2 while bacteria can produce 

lipopeptides (surfactin) to impair the fungal cell membranes.3 Auxofuran produced by 

Streptomyces sp. can promote the extension of fungal mycelium.4 On cheese surfaces, the lactate 

metabolism and alkaline production of the yeasts can create less acidic environment for the growth 

of some bacteria, which are very important for cheese ripening.5 The fungus Cryptococcus 

neoformans can use the bacterial melanin precursor homogentisic acid to synthesize melanin to 

protect itself from UV and other environmental stress.6 

In previous studies of our group, co-cultivation of fungi with bacteria was shown to induce 

the accumulation of new secondary fungal metabolites.  This paper reports the isolation and 

structure elucidation of metabolites from the mangrove-derived fungus Pestalotiopsis microspora 

in axenic culture and in co-culture with Bacillus subtilis. Two new lactones (1 2) and three known 

compounds (3 5) were isolated from the axenic culture of P. microspora, while two new 

sesquiterpenoids (6-7) and eight known compounds (8-15) were obtained from co-cultures of P. 

microspora and B. subtilis (Figure 1). 
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Figure 1. Structures of isolated compounds. 

Results and Discussion 

Compound 1 was isolated as colorless oil. The molecular formula C10H16O3 was determined 

on the basis of the HR-ESIMS data, indicating three degrees of unsaturation. The 13C NMR 

spectrum (Table 1) displayed ten signals including a carbonyl carbon at C 181.6 (C-1), two 

oxygenated carbons at C 79.5 (C-5) and 81.3 (C-7), three aliphatic methine carbons at C 51.2 

(C-3), 45.1 (C-4) and 36.1 (C-2), one aliphatic methylene carbon at C 47.8 (C-6) and three methyl 

carbons at C 25.6 (C-10), 18.8 (C-8) and 8.3 (C-9). The 1H NMR spectrum of 1 (Table 1) 

exhibited signals of four methine groups at H 4.96 (t, H-7), 2.97 (qd, H-2), 2.61 (ddd, H-3) and 

1.86 (dq, H-4), signals of a methylene at H 2.15 (d, H-6a) and 1.88 (dd, H-6b) as well as three 

methyls at H 1.26 (d, Me-8), 1.25 (s, Me-10) and 1.05 (s, Me-9). These data suggested a bicyclic 

skeleton for 1. The COSY correlations between Me-9/H-4, H-4/H-3, H-3/H-7 and H-7/H-6b along 

with key HMBC correlations from Me-10 to C-4, C-5 and C-6 established a cyclopentane ring 

with a hydroxy group at the C-5 position and two methyl groups at C-4 and C-5 (Figure 2). The 
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presence of an additional five-membered lactone ring was confirmed by the COSY correlations 

between H-3/H-2 and H-2/Me-8 in addition to key HMBC correlations from H-7 and Me-8 to C-1. 

The relative configuration of 1 was determined by ROESY data. The NOE relationships between 

H-7/H-6b, H-7/H-3, H-3/Me-8, H-3/H-4, H-4/Me-10, Me-10/H-6b suggested that these protons 

were -oriented, while the NOE correlation between H-2 and Me-9 indicated their -orientation 

(Figure 2). Thus, the structure of compound 1 was elucidated as shown, for which the name 

pestalotiolactone A is proposed. 

 

Figure 2. COSY, key HMBC and NOE correlations of compound 1. 

 

Figure 3. COSY and key HMBC correlations of compound 2. 
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Table 1. 1H (600 MHz) and 13C (150 MHz) NMR data of 1 and 2. 

position 
1a   2b  

H (J in Hz) C, type  H (J in Hz) C, type 

1  181.6, C   168.0, C 

2 2.97, qd (7.6, 5.1) 36.1, CH   145.4, C 

3 2.61, ddd (8.2, 7.8, 5.1) 51.2, CH  6.72, s 110.1, CH 

4 1.86, dq (8.2, 7.0) 45.1, CH   145.5, C 

5  79.5, C   121.8, C 

6 2.15, d (15.3) 47.8, CH2  3.71, dd (9.6, 6.6) 48.9, CH 

 1.88, dd (15.3, 7.0)     

7 4.96, ddd (7.8, 7.0) 81.3, CH  2.16, dq (9.6, 7.5) 48.0, CH 

8 1.26, d (7.6) 18.8, CH3   79.1, C 

9 1.05, d (7.0) 8.3, CH3  2.09, dd (13.7, 6.6) 50.8, CH2 

    2.03, dd (13.7, 6.6)  

10 1.25, s 25.6, CH3  4.34, q (6.6) 75.2, CH 

11    2.08, s 17.0, CH3 

12    0.89, d ( 7.5) 10.8, CH3 

13    1.30, s 29.6, CH3 

a Recorded in CDCl3. b Recorded in CD3OD. 

Pestalotiolactone B (2) possessed the molecular formula C13H18O5 as determined by the 

HR-ESIMS data, with five degrees of unsaturation. In the 13C NMR spectrum of 2 (Table 1), 

thirteen signals including a carbonyl carbon at C 168.0 (C-1), four olefinic carbons at C 145.5 

(C-4), 145.4 (C-2), 121.8 (C-5) and 110.1 (C-3), two oxygenated aliphatic carbons at C 79.1 (C-8) 

and 75.2 (C-10), two aliphatic methine carbons at C 48.9 (C-6) and 48.0 (C-7), one aliphatic 

methylene carbon at C 50.8 (C-9) and three methyl carbons at C 29.6 (C-13), 17.0 (C-11) and 

10.8 (C-12) were observed. The 1H NMR spectrum of 2 (Table 1) showed one olefinic proton at H 

6.72 (t, H-3), one proton attached to an oxygenated carbon at H 4.34 (q, H-10) and three methyls 

at H 2.08 (s, Me-11), 1.30 (s, Me-13) and 0.89 (d, Me-12). The COSY correlation between H-9a 

( H 2.09, dd)/H-10, H-9b ( H 2.03, dd)/H-10, H-10/H-6 ( H 3.71, dd), H-6/H-7 ( H 2.16, dd) and 

H-7/Me-12, together with the HMBC correlations from Me-13 to C-7, C-8 and C-9 indicated the 
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presence of a cyclopentane ring with a hydroxy group at the C-8 position and two methyl groups 

at the C-7 and C-8 positions in 2 (Figure 3). The partial structure from C-4 to C-6 was deduced by 

the HMBC correlations from Me-11 to C-4, C-5 and C-6 and from H-7 and H-10 to C-5. 

Combined with its molecular formula, the HMBC correlations from H-3 to C-1, C-2 and C-4 

confirmed a lactone substructure from C-1 to C-4 with a hydroxyl group at C-2. The NOE 

correlation between H-3 and Me-11 was in accordance with a Z-configurated C-4/C-5 double bond. 

The NOE correlations between H-10/H-6, H-6/H-7 and H-7/Me-13 indicated that these protons 

were oriented on the same face of the ring. 

In addition to these new natural products, three known compounds including pestalotiollide B 

(3),10 3 ,5 ,9 -trihydoxyergosta-7,22-diene-6-one (4)11 and (E)-ferulic acid (5)12 were also 

isolated from the axenic culture of the endophytic fungus P. microspora. 

When the fungus was co-cultivated with Bacillus subtilis, the resulting HPLC 

chromatographic profiles were remarkably different from those of the axenic fungal culture. Ten 

compounds which were not present in the extract of the axenic fungal culture were isolated, 

including two new sesquiterpenoids pestabacillins A (6) and B (7). 

Compound 6 was isolated as white amorphous powder. Its molecular formula C15H26O3 was 

evident from the HRESIMS data. The 1H NMR spectrum (Table 2) indicated the presence of three 

methyls at H 1.24 (s, Me-14), 0.96 (d, Me-13) and 0.90 (d, Me-15) while the 13C NMR spectrum 

exhibited fifteen signals including a carbonyl at C 180.1 (C-12), an oxygenated quaternary carbon 

at C 76.2 (C-10), five methines, five methylenes and three methyls at C 29.6 (C-13), 17.0 (C-11) 

and 10.8 (C-12). The COSY correlations between Me-15/H-4 ( H 2.07, m), H-4/H2-3, H2-3/H2-2, 

H2-2/H-1 ( H 2.34, q) and H-1/H-5 ( H 2.08, m) as well as the HMBC correlations from Me-15 to 

C-3 ( C 33.7), C-4 ( C 37.0) and C-5 ( C 48.9) revealed the presence of a cyclopentane ring with a 

methyl substituent attached to C-4 in compound 6 (Figure 4). An additional seven-membered ring 

fused at the C-1 and C-5 positions was confirmed by the COSY correlations between 

H-5/H-6/H2-7/H2-8/H2-9 and the HMBC correlation from Me-14 to C-1 ( C 52.7), C-9 ( C 49.0) 

and C-10. Furthermore, the COSY correlations between H-6 ( H 2.16, ddd)/H-11 ( H 2.59, qd) and 

H-11/Me-13 and the HMBC correlations from H-11 and Me-13 to C-12 indicated a 

1-carboxyethyl group to be attached at the C-6 position. Thus, the planar structure of 6 was 

elucidated as shown, bearing a zierane-type sesquiterpene skeleton. In the ROESY spectrum of 6, 
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H-1 showed correlations to H-2a ( H 1.87) and H-9b ( H 1.52), while Me-14 exhibited correlations 

to H-2b ( H 1.79) and H-9a ( H 1.84), suggesting a trans orientation of H-1 and Me-14. Assuming 

H-1 was oriented on the -face of the ring, Me-14 was accordingly -oriented (Figure 4). The 

NOE correlations between Me-14/H-6, Me-14/Me-15, H-6/Me-15 and H-1/H-5 indicated 

-orientation of H-6 and Me-15 while H-4 and H-5 were -oriented. In addition, the configuration 

at C-11 was deduced from the NOE correlations from H-11 to H-6 and Me-15 as well as from 

Me-13 to H-4 and H-5. Furthermore, the relative configuration of 6 was confirmed by X-ray 

diffraction (Figure 5). 

 
Figure 4. COSY, key HMBC and NOE correlations of compound 6. 

 

Figure 5. Molecular structure of 6 from single-crystal X-ray diffractometry. 
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Table 2. 1H (600 MHz) and 13C (150 MHz) NMR data of 6 and 7 in CD3OD. 

position 
6   7  

H (J in Hz) C, type  H (J in Hz) C, type 

1 2.34, q (10.0) 52.7, CH   176.6, C 

2 1.87, m 28.3, CH2  2.28, dd (14.9. 6.7) 42.2, CH2 

 1.79, m   2.14, ddd (14.9. 7.4, 1.7)  

3 1.60, m 33.7, CH2  1.91, m 31.8, CH 

 1.49, m     

4 2.07, m 37.0, CH  1.51, m 37.1, CH2 

    1.32, m  

5 2.08, m 48.9, CH  1.81, m 28.6, CH2 

    1.48, m  

6 2.16, ddd (12.0, 10.0, 2.5) 41.1, CH  1.96, m 52.2, CH 

7 1.56, m 31.5, CH2   169.2, C 

 1.16, m     

8 1.73, m 26.6, CH2  5.81, s 125.0, CH 

 1.39, m     

9 1.84, m 49.0, CH2   201.9, C 

 1.52, m     

10  76.2, C  2.45, d (17.4) 47.9, CH2 

    1.99, d (17.4)  

11 2.59, qd (7.0, 2.5) 43.3, CH   36.9, C 

12  180.1, C  1.08, s 27.2, CH3 

13 0.96, d (7.0) 8.8, CH3  1.02, s 28.8, CH3 

14 1.24, s 23.6, CH3  2.03, s 24.5, CH3 

15 0.90, d (7.0) 14.7, CH3  0.98, d (6.7) 19.7, CH3 

Compound 7 was isolated as a colorless oil. The molecular formula was determined to be 

C15H24O3 based on the HR-ESIMS spectrum. The 1H NMR spectrum of 7 (Table 2) showed an 

olefinic proton at H 5.81 (s, H-8) and four methyl groups at H 2.03 (s, Me-14), 1.08 (s, Me-12), 

1.02 (s, Me-13) and 0.98 (d, Me-15), respectively. The HMBC correlations from Me-12 and 
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Me-13 to C-6 ( C 52.2), C-10 ( C 47.9) and C-11 ( C 36.9), from H-8 and H2-10 ( H 2.45 and 1.99) 

to C-9 ( C 201.9) and from Me-14 to C-6, C-7 ( C 169.2) and C-8 ( C 125.0) established a 

cyclohexenone substructure with one methyl group at C-7 and two methyls at C-11 (Figure 5). In 

addition, a 3-methyl-4-carboxybutyl side chain at the C-6 position was deduced from the COSY 

correlations between H-6/H2-5, H2-5/H2-4, H2-4/H-3, H-3/H2-2 and H-3/Me-15 as well as from the 

HMBC correlations from H2-2 to C-1 ( C 176.6). Thus, the planar structure of 7 was elucidated as 

shown. Due to the conformational flexibility of the side-chain, the relative configuration of the 

two chiral centers at C-3 and C-6 remained unsolved. 

 

Figure 6. COSY and key HMBC correlations of compound 7. 

The additional known compounds were identified as 3-methyl-2 ,3,4 -pentanetriol (8),13 

3-methyl-2 ,3,4 -pentanetriol (9),14 o-succinylbenzoic acid (10),15 anthranilic acid (11),16 

N-acetylanthranilic acid (12),17 N-acetyl-3-hydroxyanthranilic acid (13),18 adenine (14),19 and 

adenosine (15).20 

During the co-cultivation experiment with B. subtilis, the fungus P. microspora survived but 

showed a severe growth retardation compared with the axenic fungal control. It took the fungus 

close to 100 days to cover the surface of the solid rice medium completely, while for the axenic 

fungal control this time was only 28 days, indicating the severe stress for the fungus during the 

co-cultivation experiment. When P. microspora was co-cultured with Streptomyces lividans,21 no 

such retardation of fungal had been observed suggesting that presence of B. subtilis causes a 

serious stress for the fungus when present in the same culture vessel. One reason for this might by 

the production of known fungicidal compounds such as iturins22 by B. subtilis even though no 

attempt was made in this study to detect these metabolites in the culture flasks. 
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Figure 7. HPLC chromatograms of the EtOAc extracts from co-culture experiments detected at 

235 nm: axenic control of P. microspora (pink), axenic control of B. subtilis (brown), co-culture of 

P. microspora with B. subtilis (blue) (* peak disappeared after VLC ). 

The extract resulting from co-cultivation of P. microspora with B. subtilis differed completely 

from that of axenic fungal control, but also from that of axenically grown B. subtilis as shown by 

HPLC analysis (Figure 7). Peak A turned out to be a mixture of the two diastereoisomers 

3-methyl-2 ,3,4 -pentanetriol (8) and 3-methyl-2 ,3,4 -pentanetriol (9) with a ratio of 3:1. Since 

compound 9 was previously reported from the mangrove-derived bacterium Bacillus sp.,14 the 

producer of 8 and 9 in the co-culture experiment conducted in this study is likewise suggested to 

be B. subtilis. o-Succinylbenzoic acid (10), which is a well-known intermediate during the 

biosynthetis of vitamin K2 in several gram positive bacteria including B. subtilis,15 is likewise 

proposed to be produced by B. subtilis. The same is suggested for the anthranilic acid derivatives 

(11-13) since anthranilic acid (11) was repeatedly obtained from co-cultures of different fungi with 

the same bacterial strain B. subtilis as employed in this study.7-8 Adenine (14) and adenosine (15) 

are ubiquituous metabolites, hence no suggestion with regard to the possible producer can be 

made. Compound 6 is a novel zierane-type sesquiterpene derivative, whose analogues are only 

known from plants,23 while compound 7 is a derivative of abscisic acid, which is a plant hormone 

that has also frequently been isolated from endophytic fungi.24 Thus compounds 6 and 7 are 

suggested to be produced by the fungus P. microspora. 

All isolated compounds were tested for their cytotoxicity against the L5178Y mouse 

lymphoma cell line. However, none of them showed activity at a dose of 10 g/mL. 

In summary, compounds 1 and 2 are bicyclic lactones isolated from the EtOAc extract of the 

axenically grown fungus P. microspora and they share the same 1,2-dimethylcyclopentane subunit. 

Since 1 is a monoterpenoid and 2 contained three additional carbons compared to 1, the latter 
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compound is suggested to be formed through condensation of phosphoenolpyruvate (PEP) and a 

monoterpene moiety. Compounds 6 and 7 are sesquiterpenoids that were obtained from the 

co-culture of P. microspora and B. subtilis. Both are suggested to be produced by the fungus as a 

consequence of the presence of the bacterium that caused a severe retardation of the fungal 

growth. 
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Experimental Section 

General Experimental Procedures. The optical rotations were measured on a 

JASCO p-1020 polarimeter. The HRESIMS spectra were recorded on a Bruker 

UHR-QTOF maxis 4G mass spectrometer. A Bruker Avance III 600 spectrometer was 

used to measure 1H, 13C and 2D NMR spectra. The HPLC analysis was conducted on 

the Dionex P580 system, coupled to a photodiode array detector (UVD340s) and an 

Eurospher C18 separation column (125 mm × 4 mm i.d., 5 m). Column 

chromatography was conducted using Sephadex LH-20 or MN silica gel 60M as 

stationary phases. Thin layer chromatography (TLC) was performed on Merck 

pre-coated silica gel 60 F254 plates with detection at 254 and 365 nm. For 

semi-preparative HPLC, a Lachrom-Merck Hitachi system (L7100 pump and L7400 

UV detector) and an Eurospher C18 column (300 mm × 8 mm i.d., 10 m) were used. 

Fungal Material, Identification, Fermentation and Extraction. The 

endophytic fungus was isolated from fresh, healthy fruits of Drepanocarpus lunatus 

(Fabaceae) collected in August 2013 from Douala, Cameroon. It was identified as P. 

microspora (GenBank accession number KU255793) according to DNA amplification 

and sequencing of the fungal ITS region as described before.1 Twenty 1 L Erlenmeyer 

flasks with solid rice medium (100g rice, 3.5g sea salt, and 110 mL demineralized 

water, each) were used for fermentation. They were autoclaved at 121 °C for 20 min 

and cooled to room temperature, followed by inoculation with the fungus. After 

cultivation at 20 °C under static conditions for four weeks, 500 mL ethyl acetate were 

added to each flask to stop the fermentation. The flasks were shaken at 150 rpm for 8 

h on a shaker, and then the ethyl acetate solution was evaporated to dryness, yielding 
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15.4 g EtOAc extract. 

Isolation of Compounds 1-5. The EtOAc extract was first subjected to 

separation on silica gel by vacuum liquid chromatography using solvents (500 mL 

each gradient) in a gradient of increasing polarity (n-

fractions. Fraction 4 (175 mg) was subjected to a Sephadex LH-20 column using 

100% MeOH as mobile phase to remove any pigments. Further purification was 

carried out by semi-preparative HPLC (MeOH in H2O, 0-5 min, 50%; 5-15min, from 

50% to 65%; 16-19 min, 100%) and yielded 1 (5.6 mg) and 5 (1.1 mg). With a similar 

purification processes, fraction 7 (100 mg) yielded 2 (3.0 mg), 3 (2.3 mg) and 4 (2.0 

mg) (HPLC sequence, MeOH in H2O: 0-10 min, from 30% to 35%; 10-25 min, from 

35% to 50%; 26-30 min, 100%). 

Co-cultivation Experiment of P. microspora with B. subtilis. Both 

microorganisms were co-cultured in seven Erlenmeyer flasks (1 L) containing 110 mL 

demineralized water, 3.8 g sea salt and 100 g rice (one flask for P. microspora alone; 

one for B. subtilis alone; five for co-cultures of P. microspora and B. subtilis) which 

had been autoclaved before inoculating the fungus and the bacterium. 

The bacterial strain panel included laboratory strain B. subtilis 168 trpC2. B. 

subtilis was grown in Mueller-Hinton (MH) broth (0.20%, w/v, beef extract; 1.75%, 

w/v, acid digest of casein; 0.15%, w/v, starch). The bacteria were first inoculated to 

the prewarmed MH broth (50 mL in 250 mL flask), and then incubated at 37  for 15 

h, shaking at 200 rpm to mid exponential growth phase. Afterwards the concentration 

of B. subtilis was diluted to OD600 of 0.2, 10 mL of the culture was further added to 
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the rice medium for another 5 days incubation at 37 . After this preincubation, P. 

microspora grown on malt agar was added to the rice medium containing B. subtilis 

under sterile conditions. Next, all flasks were stored at 20 °C under static conditions. 

The axenic fungal control took 28 days to penetrate the rice medium completely, 

while the co-cultivation of the fungus and the bacterium lasted 98 days in total. The 

fermentation was stopped by adding 500 mL of EtOAc to each flask. The extraction 

was completed after shaking the flasks on a laboratory shaker at 150 rpm for 8 h. 

After evaporation, each extract was dissolved in 5 mL of MeOH, then 

solution was injected into an analytical HPLC machine. 

Isolation of Compounds 6-15. Five flasks of co-cultures of P. microspora and B. 

subtilis afforded 3.4 g brown extract. This extract was first subjected to silica gel 

vacuum liquid chromatography using solvents (500 mL each gradient) in a gradient of 

increasing polarity (n-

15:1, 9:1, 7:3, 0:10) to obtain 10 fractions in total. All fractions were analyzed by 

HPLC, and different compounds (Figure 4) were isolated from fractions 5, 6, 8, 10 

and 11. Fraction 5 (169 mg) was subjected to a Sephadex LH-20 column with 100% 

MeOH to remove pigments followed by further purification using semi-preparative 

HPLC (MeOH in H2O, 0-5 min, 45%; 5-15min, from 45% to 72%; 16-19 min, 100%), 

which yielded 6 (2.5 mg). Following the same procedure, fraction 6 (457 mg) gave 7 

(3.0 mg) (HPLC sequence, MeOH in H2O, 0-10 min, from 40% to 50%; 10-25 min, 

from 50% to 70%; 26-30 min, 100%), fraction 8 (572 mg) yielded a mixture of 8 and 

9 (18.0 mg, 3:1) (HPLC sequence, MeOH in H2O, 0-10 min, from 5% to 10%; 10-25 

min, from 10% to 30%; 27-30 min, 100%), fraction 10 (385 mg) yielded 13 (1.0 mg), 
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14 (0.8 mg), 15 (0.9 mg) and the mixture of 11 and 12 (1.4 mg, 1:1) (HPLC sequence, 

MeOH in H2O, 0-10 min, from 5% to 20%; 10-25 min, from 20% to 45%; 27-30 min, 

100%), and fraction 11 (258.9 mg, MeOH 100%) yielded 10 (2.0 mg) (HPLC 

sequence, MeOH in H2O, 0-10 min, from 5% to 10%; 10-25 min, from 10% to 25%; 

27-30 min, 100%). 

Pestalotiolactone A (1): colorless oil; [ ]20
D -36.1 (c 1.4, MeOH); UV (MeOH) 

max (log ) 234 (3.41); 1H and 13C NMR data, see Table 1; HRESIMS m/z 185.1172 

[M + H]+ (calcd for C10H17O3, 185.1172). 

Pestalotiolactone B (2): colorless oil; [ ]20
D -12.9 (c 0.7, MeOH); UV (MeOH) 

max (log ) 304 (4.82); 1H and 13C NMR data, see Table 1; HRESIMS m/z 255.1221 

[M + H]+ (calcd for C13H19O5, 255.1227) 

Pestabacillin A (6): white amorphous powder; [ ]20
D +58.7 (c 0.6, MeOH); UV 

(MeOH) max (log ) 216 (3.42); 1H and 13C NMR data, see Table 2; HRESIMS m/z 

277.1774 [M + Na]+ (calcd for C15H26NaO3, 277.1774). 

Pestabacillin B (7): colorless oil; [ ]20
D -43.7 (c 0.8, MeOH); UV (MeOH) max 

(log ) 242 (3.92); 1H and 13C NMR data, see Table 2; HRESIMS m/z 253.1800 [M + 

H]+ (calcd for C15H25O3, 253.1798). 

X-ray Crystallographic Analysis of 6. Crystallization conditions: X-ray quality 

crystals of 6 were obtained by slow evaporation from a MeOH solution. A suitable 

single crystal was carefully selected under a polarizing microscope. Data collection: 

Bruker Kappa APEX2 CCD diffractometer (with microfocus tube), Mo-K  radiation 

(  = 0.71073 Å), multilayer mirror, - andd -scan; data collection with APEX2, cell 

refinement and data reduction with SAINT,2 experimental absorption correction with 
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SADABS.3 Structure Analysis and Refinement: The structure was solved by direct 

methods using SHELXS-97; refinement was done by full-matrix least squares on F2 

using the SHELXL-97 program suite.4 All non-hydrogen positions were refined with 

anisotropic displacement parameters. Hydrogen atoms were positioned geometrically 

(1.00 Å for tertiary CH, 0.99 Å for CH2 and 0.98 Å for CH3) and refined using riding 

models (AFIX 43, 13, 23 and 133 or 137, respectively), with Uiso(H) = -1.2Ueq(CH, 

CH2) and -1.5Ueq(CH3). The hydrogen atoms on the hydroxyl groups with O1 and O2 

were found and refined with Uiso(H) = 1.5Ueq(O). The data set for this light atom (C, 

H and O only) structure was measured with Mo-K  radiation. Hence only the relative 

and not the absolute configuration could be determined in the absence of anomalous 

dispersion. The determined Flack or absolute structure parameter for the 

non-centrosymmetric space group has no meaning.5 

Crystal data and details on the structure refinement are given in Table S1. 

Graphics were drawn with DIAMOND.6 The structural data has been deposited with 

the Cambridge Crystallographic Data Center (CCDC 1512431). 
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Table S1. Crystal data and structure refinement for 6. 

CCDC number 1512431 
Empirical formula C15H26O3 
M/g mol  254.36 
Crystal size/mm3 0.30 × 0.20 × 0.01 
Temperature/K 173 

 2.8 26.6°  
h; k; l range -7/7 ,17/17, -10,/10 
Crystal system Monoclinic 
Space group P21 
a/Å 6.2908 (7) 
b/Å 14.4437 (19) 
c/Å 8.4505 (11) 

 90 
 111.852 (2) 
 90 

V/Å³ 712.66 (15) 
Z 2 
Dcalc/g cm  1.185 

 0.08 
F(000) 280 
Max./min. transmission 0.746, 0.393 
Reflections collected 3732 
Independent reflect. (Rint) 1926 (0.0671) 
Data/restraints/parameters 1926/1/172 
Max./min. /e Å  0.19 /-0.19 
R1/wR2 b 0.0473/0.0919 
R1/wR2 (all data) b 0.0634/0.0957 
Goodness-of-fit on F2 c 0.926 
Flack parameter d n.a. e 
a Largest difference peak and hole; b R1 o c o|]; wR2 o

2 
Fc

2)2
o
2)2]]1/2; c Goodness-of- w(Fo

2 c
2)2 1/2; d Absolute 

structure parameterError! Bookmark not defined. e n.a. = not applicable; for a light-atom 
structure the Flack parameter from Mo-Ka radiation is meaningless in the absence of 
anomalous dispersion. 
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S1. UV spectrum of compound 1. 
 
 
 
 
 

 
S2. HRESIMS spectrum of compound 1. 

Peak #1 100% at 12.69 min
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No spectra library hits found!
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S3. 1H NMR (600 MHz, CDCl3) spectrum of compound 1. 
 
 

 
S4. 13C NMR (150 MHz, CDCl3) spectrum of compound 1. 
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S5. 1H-1H COSY (600 MHz, CDCl3) spectrum of compound 1. 
 
 

 

S6. HSQC (600 and 150 MHz, CDCl3) spectrum of compound 1. 
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S7. HMBC (600 and 150 MHz, CDCl3) spectrum of compound 1. 
 
 

 

S8. ROESY (600 MHz, CDCl3) spectrum of compound 1. 
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S9. UV spectrum of compound 2. 
 
 
 
 
 
 

 
S10. HRESIMS spectrum of compound 2. 

Peak #1 100% at 16.68 min
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S11. 1H NMR (600 MHz, CD3OD) spectrum of compound 2. 
 
 

 
S12. 13C NMR (150 MHz, CD3OD) spectrum of compound 2. 
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S13. 1H-1H COSY (600 MHz, CD3OD) spectrum of compound 2. 
 
 

 
S14. HSQC (600 and 150 MHz, CD3OD) spectrum of compound 2. 
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S15. HMBC (600 and 150 MHz, CD3OD) spectrum of compound 2. 
 
 

 
S16. ROESY (600 MHz, CD3OD) spectrum of compound 2. 
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S17. UV spectrum of compound 6. 
 
 
 
 

 
S18. HRESIMS spectrum of compound 6. 

Peak #2 100% at 34.37 min
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S19. 1H NMR (600 MHz, CD3OD) spectrum of compound 6. 
 
 
 

 
S20. 13C NMR (150 MHz, CD3OD) spectrum of compound 6. 
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S21. 1H-1H COSY (600 MHz, CD3OD) spectrum of compound 6 
 
 

 
S22. HSQC (600 and 150 MHz, CD3OD) spectrum of compound 6. 



Chapter 5 

 186 

 
S23. HMBC (600 and 150 MHz, CD3OD) spectrum of compound 6. 
 
 

 
S24. ROESY (600 MHz, CD3OD) spectrum of compound 6. 
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S25. UV spectrum of compound 7. 
 
 

 
S26. HRESIMS spectrum of compound 7. 

Peak #3 100% at 33.80 min
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S27. 1H NMR (600 MHz, CD3OD) spectrum of compound 7.  
 
 

 

S28. 1H-1H COSY (600 MHz, CD3OD) spectrum of compound 7. 
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S29. HSQC (600 and 150 MHz, CD3OD) spectrum of compound 7. 
 
 

 
S30. HMBC (600 and 150 MHz, CD3OD) spectrum of compound 7. 
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S31. ROESY (600 MHz, CD3OD) spectrum of compound 7. 

 

S32. Hydrogen-bonding chains in the crystal structure of 6 between alternating OH 

and COOH groups along the a axis. 
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Table S2. Hydrogen-bond geometry (Å, º) for 6. a 

D H···A D H H···A D···A D H···A 

O1 H1···O3i 0.83 (5) 2.12 (5) 2.943 (4) 175 (5) 

O2 H2···O1ii 0.94 (6) 1.73 (6) 2.633 (4) 161 (5) 

a Symmetry codes:  (i) -x+1, y-1/2, -z+1;  (ii) -x, y+1/2, -z+1. 

 

 

S33. Layer arrangement of the molecules in the crystal structure of 6 parallel to the ab 

plane through the H-bonding interactions with only weak van-der-Waals interactions 

along the c axis which explains the formation of very thin plate-like crystals. 
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Chapter 6 

General Discussion 

6.1 Co-Cultivation 

The co-cultivation of two or more microorganisms has been shown to be an effective way to 

enhance the accumulation of known compounds and to induce new secondary metabolites 

(Marmann et al., 2014). Unlike the traditional way of cultivating one single microbial strain on 

nutrient-rich medium, two or more microorganisms compete in a mixed fermentation to struggle 

for limited nutrients and space for living. Co-cultivation of multi-microbes is mimicking the 

natural environment microorganisms live and thrive in. Through diverse and complex 

communications between fungi and bacteria (Frey-Klett et al., 2011), the original silent gene 

clusters for secondary metabolites could be triggered to be expressed and to produce novel 

structures. Hence, the fungal-bacterial co-cultivation has been applied to maximize the potential 

for fungal secondary metabolites. In our co-cultivation work, the mangrove endophyte P. 

microspora and the sponge associated fungus Aspergillus sp. were chosen to compete with either 

of two bacteria, S. lividans or B. subtilis. The co-cultivation of Aspergillus sp. with B.subtilis led 

to increase in the accumulation of two known compounds: 4-methoxycarbonyldiorcinol and 

cordyol C. When co-cultivated together with S. lividans at a starting concentration of 0.2 g per 

flask, the fungus P. microspora could produce larger amounts of known compounds (such as 

pestalotioprolide E), and also to secrete additional macrolides, which could not be detected in 

axenic controls. The long-term co-cultivation of P. microspora with the bacterium B. subtilis 

afforded two new sesquiterpenes: pestabacillin A and pestabacillin B.  

6.1.1 Enhancement of the Accumulation of Natural Products by Co-Cultivation 

B. subtilis is a very common and human-safe Gram-positive bacterium, which can be found 

in different habitats from soil to the human gastrointestinal tract (Pinchuk et al., 2002). As a model 

strain, it has been well studied in numerous scientific areas including cell differentiation, 

chromosome replication, and genetic studies. Its complete genome sequence was also published in 

1997 (Kunst et al., 1997). Meanwhile, B. subtilis is a common genetic engineering strains for 

enzyme production in biotechnology companies (Ye et al., 1999). Furthermore, B. subtilis has 

been found to be an effective inducer in the fungal-bacterial co-cultivation experiments, and has 

successfully triggered new fungal natural products or enhanced the production of bioactive 
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compounds as reported (Ola et al., 2013; Ebrahim et al., 2016). 

0
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Aspergillus sp. + B. subtilis

 

Figure 1. Yields of three compounds per flask of Aspergillus sp. and of its co-cultivation with B. 

subtilis. 

Based on our experience, fungi usually grow more quickly than bacteria on the stationary rice 

medium. Thus, to guarantee a fair start of competition, B. subtilis was first inoculated to the rice 

medium and pre-incubated for seven days before the introduction of the marine fungus Aspergillus 

sp.. During the co-cultivation, we observed that Aspergillus sp. in all flasks of mixed fermentation 

grew more slowly than the axenic fungal control, indicating the interaction between Aspergillus sp. 

and B. subtilis. The comparison of HPLC chromatograms afterwards suggested that the amount of 

main compound diorcinol slightly decreased in co-cultivation, whereas 4-methoxy- 

carbonyldiorcinol and cordyol C increased 3.5 and 5.4 fold, respectively (Figure 1). Since these 

three compounds were previously isolated from the axenic fermentation of Aspergillus sp. and 

repeatedly detected in the HPLC chromatograms of extracts from fungal controls, they are 

undoubtedly fungal natural products. The two enhanced compounds 4-methoxy-carbonyldiorcinol 

and cordyol C in co-cultivation did not show any antimicrobial activities against eight human 

pathogenic bacteria in chapter 3, but 4-methoxy-carbonyldicorcinol was reported for its significant 

inhibitory effect against S. epidermidis with MIC value of 2.71 M (Chen et al., 2013). In the 

co-cultivation, the enhanced fungal secondary metabolites are possibly produced as chemical 

defense, or as precursors of other bioactive compounds, or as signals for defense gene expression. 

Another co-cultivation experiment of P. microspora with different cell densities of S. lividans 

enhanced the production of bioactive secondary metabolites as well (Figure 2). As a filamentous 

bacterium, the concentration of S. lividans could not be determined by the optical density at 600 

nm (OD600), thus a mass-dependent inoculation method was introduced in chapter 3. As shown in 
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figure 2, a general increasing trend of accumulation of pestalotioprolides E and F could be noticed 

along with the increase of bacterial cell density. In particular, when the concentration of S. lividans 

was 0.2 g/flask, co-cultivation led to 9.0 fold increase of the production of pestalotioprolide E 

compared with the axenic fungal control, whereas pestalotioprolide F increased 10.4 fold. Both of 

these two enhanced fungal natural products exhibited cytotoxicities against murine lymphoma cell 

line L5178Y and human ovarian cancer cell line A2780 with IC50 value in the range of 1.2  12 

M. 

0

2

4

6

8

pestalotioprolide
F    

pestalotioprolide
E

nigrosporolide 
+ 

4,7-dihydroxy-
13-tetradeca-

2,5,8-trienolide

m
g 

/ f
la

sk
   

P. microspora

P. microspora + S. lividans (0.05 g/flask)

P. microspora + S. lividans (0.1 g/flask)
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Figure 2. Yields of natural products of P. microspora and of its co-cultivation with S. lividans. 

It s worthwhile to mention that the enhancement by co-cultivation is selective, and not all the 

secondary metabolites will be increased. For example, the production of two diastereoisomers 

nigrosporolide and 4,7-dihydroxy-13-tetradeca-2,5,8-trienolide is relatively stable (shifting in the 

range of 20%) during the co-cultivation of P. microspora with three different concentrations of S. 

lividans, and diorcinol suffers a 23% decrease during the co-cultivation of Aspergillus sp. with B. 

subtilis. 

6.1.2 Inducing New Natural Products Through Co-Cultivation 

Since most gene clusters encoding the biosynthesis of natural products in fungi remain silent 

under standard laboratory conditions, the fungal-bacterial interactions in co-cultivation can trigger 

the cryptic genes to express new compounds. A number of new natural products have been 

reported from the mixed fermentations of fungi and bacteria. The novel alkaloid glionitrin A with 

potent cytotoxic and antibacterial activities was isolated from the co-cultivation of two marine 

microorganisms Aspergillus fumigatus and Sphingomonas sp. (Park et al., 2009). 



Chapter 6 

 195 

  

Figure 3. New induced natural products in HPLC chromatograms of co-cultured P. microspora 

and S. lividans. 

Figure 3 shows the HPLC chromatograms of co-cultures of P. microspora with S. lividans, 

and four new peaks at retention times of around 25 min (retention time) were observed only when 

the bacterium concentration at 0.2 g/flask. These four peaks represent four different macrolides, 

which share the identical UV spectra with pestalotioprolide E. However, their structures could not 

be elucidated in the course of this dissertation due to their low amounts. 

 

Figure 4. Two new sesquiterpenes induced through co-cultivation of P. microspora with B. 

subtilis. 

Compared with Aspergillus sp., the fungus P. microspora is more sensitive to the bacterium B. 

subtilis, and grows extremely slow in the mixed fermentation. One possible reason for that could 

be that B. subtilis can produce a kind of signals or slight-amount of antibiotics specifically 

inhibiting the growth of P. microspora. The long-term co-cultivation of the fungus P. microspora 

with the bacterium B.subtilis successfully triggered the expression of cryptic biosynthetic genes in 

P. microspora, and led to the production of two new sesquiterpenes pestabacillins A and B. Since 

P. micropsora + S. lividans (0.05 g/flask) 

P. micropsora + S. lividans (0.1 g/flask) 

P. micropsora + S. lividans (0.2 g/flask)   

Retention time (min)    
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similar structures have never been reported from B. subtilis, the fungus P. microspora is more 

likely to be the real producer. 

Interestingly, pestabacillin A has a novel structure with an uncommon isopropyl substituent at 

the position C-6. The skeleton of pestabacillin A has been rarely reported under the name of 

zierane type sesquiterpene. Several examples of zierane sesquiterpenes have been isolated from 

two plants Melicope denhamii (Nakashima et al., 2012) and Chandonanthus hirtellus (Komala et 

al., 2010). It has been suggested that zierane sesquiterpenes are derived from the similar skeleton 

of aromadenrane sesquiterpenes (Komala et al., 2010), which can be produced by fungi (Isaka et 

al., 2015). Under the extreme stress from the over-growing B. subtilis, the silent genes for 

aromaderane sesquiterpenes in the fungus P. microspora seemed to have been activated. 

By simulating the natural interactions between fungi and bacteria, the co-cultivation has been 

proven to be a promising method to trigger new natural products, which can not be expressed by 

cryptic gene clusters under standard laboratory conditions. 

6.2 Biosynthesis and SAR of Macrolides 

Macrolides are macrocyclic lactones or lactams. The rings of macrolides most commonly 

consist of 12, 14 or 16 atoms, but sometimes even 26-38 atoms, such as antifungal amphotericins 

(Omura, 2002). It has been proven that biosynthesis of most macrolides is accomplished by type I 

polyketide synthases (PKSs) and that is why macrolides belongs to polyketides (Kao et al., 1995). 

The PKS is composed of different functional proteins organized as modules. The 14-membered 

ring of erythromycin consists of seven propionate units.  

 

Figure 5. Biosynthetic process of the macrolide ring of erythromycin A. 

During each step of chain extension, acyl carrier protein (ACP), acyltransferase (AT) and 

-ketoacyl synthase (KS) take part in the condensation of the poly- -ketoester (Marsden et al., 

1994). Meantime, different modifications (especially reductions) of the enzyme-bound polyketide 

are controlled by enzymes like dehydrase (DH), enoyl reductase (ER) and -ketoacyl reductase 

(KR) (Donadio et al., 1993). Finally, the macrolide ring of erythromycin is released by the PKS 
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after the cyclization catalysed by thioesterase (TE) (Gokhale et al., 1999). 

Figure 6. Proposed biosynthetic pathway of natural macrolides from P. microspora. 

Although all 14-membered macrolides isolated from P. microspora (in chapter 3) are 

composed of entirely acetate units, their biosynthetic pathway should be similar with that of 

erythromycin. Starting with acetate coenzyme A, the polyketide rings of pestalotioprolides extend 

by adding two carbons in each condensation with one malonate unit. With different reduction 

modes, which were likely conducted by different sequence of dehydrations and reductions, three 

different enzyme-bound polyketides are formed (Figure 6). The cyclization of the three 

polyketides leads to nigrosporolide, pestalotioprolide C, pestalotioprolide E or F. The 

O-methylation at C-7 of nigrosporolide is likely accomplished by class I methyltransferase with 

the cosubstrate S-adenosyl methionine (SAM) (Roje, 2006), resulting in 

7-O-methyl-nigrosporolide. The transformation from nigrosporolide to the stereoisomer 

4,7-dihydroxy-13-teradeca-2,5,8-trienolide could be conducted by 2,2-isomerase (Kaulmann and 

Hertweck, 2002) before or after the cyclization step of the macrolide ring. The epoxy groups 

between C-5 and C-6 of seiricuprolide and pestalotioprolide B can be easily formed by the 
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enzyme epoxygenase (Zeldin, 2001), from nigrosporolide and 4,7-dihydroxy-13-teradeca- 

2,5,8-trienolide, respectively. Pestalotioprolide E and F are two diastereoisomers with different 

stereochemistry at C-4. The determination of their absolute configurations by ROESY and ECD 

calculation methods were discussed in chapter 3. As both of pestalotioprolide E and F are detected 

repeatedly from the HPLC chromatograms of different cultivations of the strain, they are natural 

products rather than artificial products. Their 4R or 4S configuration could result from action of an 

isomerase or unselective reduction process. 

It s worthwhile to mention that the macrolides from P. microspora are highly unstable in 

acidic solvents, based on our experience in the purification work. When exposed to acids, the 

compounds may suffer double bond rearrangements to form different low-energetic configurations, 

which were analyzed by HPLC-UV and HPLC-MS chromatograms. Therefore, all purification 

processes have been conducted carefully to avoid acids, high temperature, over exposure to 

oxygen, or strong sunlight with the aim to isolate true natural products. However, during absolute 

configuration determination, both R- and S- Mosher products suffered a double bond 

rearrangement due to the acidic environment when Mosher s reaction was conducted. Both of 

their double bonds at C-2 transferred to C-3, which subsequently formed a more stable 

configuration with a keto group at C-4 after the keto-enol tautomerism. In this case, the absolute 

configuration of the chiral center at C-4 can not be determined by the Mosher s method. This 

unexpected change made the ECD calculations of pestalotioprolide E and F quite important. The 

similar double bond rearrangement also happened during the Mosher reactions on chloriolide (Jiao 

et al., 2006). It seems that the rearrangement products are more stable than the natural products, 

but the mechanism of reaction is still unknown. Interestingly, an enzyme named 2,3-isomerase can 

also finish this doubled bond transfer from C-2 to C-3. This is also helpful to explain the 

biosynthetic pathway of natural products pestalotioprolide D, G, and H. 

All macrolides isolated from P. microspora were evaluated for cytotoxic activities against 

mouse lymphoma cell line L5178Y and human ovarian carcinoma cell line A2780. Compounds 

7-O-mehtyl-nigrosporolide and pestalotioprolides D-F, showed pronounced inhibitory activities to 

both cancer cell lines, while the remaining compounds showed weak activities or no activities 

(chapter 3). Moreover, the IC50 values of a same compound against two cell lines differed 

considerably, maybe because of the different sensitivity to the two cell lines. Generally, mouse 
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lymphoma cell line L5178 is more sensitive than human ovarian cell line A2780. From the 

bioassay result, we can see that the most active macrolide against L5178 cell line is 

7-O-methyl-nigrosporolide with IC50 value of 0.7 M, while the most active macrolide against 

A2780 cell line is pestalotioprolide E with IC50 value of 1.2 M. From nigrosporolide to 

7-O-methyl-nigrosporolide, a simple methylation of the hydroxyl group at C-7 can increase the 

cytotoxic activities against both cell lines, especially against L5178Y cell line. However, the 

double bond transferring from C-2 to C-3 decreases the cytotoxic effects on both L5178Y and 

A2780 cell lines (Figure 8). 

 
Figure 7. Two possible ways of transferring double bond from C-2 to C-3. 

 

Figure 8. Basic structure-activity relationships of some macrolides from P. microspora. 

6.3 Relationship between F. oxysporum and its Host Plant 

F. oxysporum has been described as a plant pathogen in most publications, but in publication 

1, it was introduced as an endophytic fungus. The reason is that this fungus was isolated from the 

healthy fruit of the mangrove plant Drepanocarpus lunatus under a strict isolation method for 

endophytes. As this strain didn t cause any disease symptoms to the host plant, it was described as 

an endophyte rather than a pathogen. Similar examples can be found in publications, such as F. 
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oxysporum to banana (Vu et al., 2006) and F. verticillioides to maize (Bacon and Hinton, 1996).  

Sometimes, there is blurring lines to define a fungus as an endophyte or a pathogen. The 

mutualistic relationship between the endophyte and the host plant depends on a sophisticated 

balance of their defense responses and nutrient demand (Kogel et al., 2006). If the balance is 

destroyed by some factors, the endophyte can change its lifestyle to be a pathogen. For example, 

the endophytic fungus Epichloe festucae can support the host plant Lolium perenne with growth 

improvement and tolerance increase in the balanced status. However, E. festucae switches to be 

strongly pathogenic when mutant happened on NoxA gene, and can cause the host plant to die 

(Tanaka et al., 2006). The same strain F. oxysporum in this study should be pathogenic to barley 

due to the documented the phytotoxicity of its secondary metabolites, but it failed to show any 

pathogenic effects to its host, the mangrove plant Drepanocarpus lunatus. A possible reason could 

be that the mangrove plants are highly evolved to tolerate this endophyte.  

In chapter 2, the strain F. oxysporum showed its genius by producing seven new fusaricates, 

which are ester products of fusaric acid and sugar alcohols, isolated from the small scale 

cultivation with only two flasks. Surprisingly, fusaric acid itself was not isolated from the fractions 

or detected from the crude extract. The different secondary metabolites underline that this strain is 

quite different from other fusaric acid producing fungi. In this strain, one more esterification step 

should be contained in the biosynthetic pathway of fusaric acid derivatives. And this esterification 

could be conducted by a lipase enzyme like Novozyme 435 from Candida antarctica, which can 

catalyze the attachment of alcohols to phenolic acids in vitro (Croitoru et al., 2012). The additional 

side chain of sugar alcohol increases the solubility of fusaric acid derivatives in water, which is 

helpful for the phytotoxin to diffuse in plant tissues. 

Fusaric acid is a famous phytotoxin produced by many fungal pathogens. It can cause the 

plant to necrotize in numerous ways, like inhibition of cellular respiration by blocking oxygen 

uptake in the mitochondria (Marré et al., 1993), chelation with Cu, Fe, Co, and Zn to cause 

mineral deficiency in the plant (Chakrabarti and Ghosal, 1989), and suppression of the defensive 

responses of the plants. Fusaricates show similar phytotoxcity on barley leaves compared to the 

positive control fusaric acid. Based on their chemical and biological similarity, fusaricates should 

act in the same mode of fusaric acid.  

Like other phytotoxins produced by fungi, fusaric acid derivatives can be interpreted as 
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chemical weapons used to acquire more living space for F. oxysporum itself. If this chemical 

defense from F. oxysporum can be avoided, tolerated or overcome by the plant, and can match the 

non-specific resistance responses from the plant, the interactions will reach a balance beneficial 

for both sides. In the balanced status, the fungus acts like a friendly intruder to the host plant by 

promoting plant growth and improving tolerance to environmental stresses (Redecker et al., 2000; 

Redman et al., 2002). If the balance fails to be maintained, the fungus will act like a pathogen to 

cause disease symptoms or the host plant will exclude the fungus. 

6.4 Mechanisms of Drug-resistant Bacteria and the Strategies 

Antibiotics and antibiotic-resistance are two sides of contradiction in nature, just like swords 

and shields in the war field. For several billion years microorganisms have evolved to produce 

antibiotics to inhibit the growth of neighboring microbial strains, with the purpose to protect their 

scarce food, space, or any other resources. Meantime, with high exposure to antibiotics, some 

strains have evolved their own resistance mechanisms in order to survive in the toxic environment. 

In general, both antibiotics and antibiotic-resistance are two parallel steps in evolution, with a 

relationship of reciprocal causation. 

In the past 70 years, diverse antibiotics have been widely introduced in medicine to cure 

bacteria infections, to increase agriculture harvests, or to improve the production life stock. 

Undoubtedly, antibiotics have made great contributions to human society development. The only 

drawback is that the increasingly observed drug-resistant bacteria are emerging under the selective 

pressure of extensive antibiotic use. 

Recently, a group of antibiotic-resistant bacteria named ESKAPE (Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 

aeruginosa and Enterobater spp.) have been highlighted, since they possess multidrug resistance  

mechanisms to escape the treatment by antibiotics (Boucher et al., 2009). All ESKAPE pathogens 

are clinically dangerous, because the current antibiotics on market are ineffective or less effective 

to them. For example, methicillin-resistant S. aureus (MRSA) causes almost 100,000 deaths every 

year in the United States (Balaban, 2005). 

There are three main mechanisms in those antibiotic-resistant bacteria: (1) producing special 

enzymes to inactivate antibiotics by destroy the active center of structure, such as -lactamases; (2) 

pumping out the antibiotics from intracellular fluid of bacteria, like tetracycline efflux pumps; (3) 
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minor modification on the antibiotics  targets, resulting in less affinity of binding without 

influence on cell function, exemplified by PBP 2a protein in MRSA (Worthington and Melander, 

2013). The bacteria can acquire drug-resistance by mutation or by acquiring resistance genes from 

other bacteria (Tenover, 2006). 

With the growing threats of resistant pathogens, new antibiotics with different modes of 

action are required in the market, and the job of searching new antibiotics shall never end since the 

endless evolutionary arms race of antibiotic resistance. Meanwhile, the combination therapy of 

using two or more antibiotics with different mechanisms of action can be applied for the treatment 

of dangerous bacterial infections. For example, four antibiotics (isoniazid + rifampin + ethambutol 

+ pyrazinamide) are combined to treat tuberculosis, which is one of the most difficult bacterial 

infections worldwide caused by Mycobacterium tuberculosis (Organization, 2013). On the other 

hand, it is also necessary to reduce the misuse of antibiotics as much as possible. 

In chapter 4, nine phenolic bisabolanes including two new natural products and four diphenyl 

ethers were isolated from a sponge-derived fungus Aspergillus sp., and all isolated compounds 

were evaluated for antibacterial activities against seven ESKAPE strains and M. tuberculosis. 

Some of the compounds showed significant antibacterial activities against S. aureus ATCC700699, 

E.faecalis ATCC29212, E.faecalis ATCC51299, E.faecium ATCC35667, E. faecium ATCC700221. 

All strains mentioned above are gram-positive strains, which have a permeable cell wall consisting 

of mainly of thick peptidoglycan layers. None of the isolated compounds showed inhibition of the 

Gram-negative strain A. baumannii ATCC 1605, which is resistant to ciprofloxacin, cefepime, 

getamicin and some other antibiotics. The possible reason for this could be that the additional 

outer membrane in Gram-negative bacteria, which is comprised of lipopolysaccharide, which can 

prevent the diffusion of the testing compounds into the cell (Leive, 1974). 

By comparing of the antibacterial results on two strains of S. aureus, it is found that expansol 

D (3), expansol F (4), and diorcinol (10) showed even better activity against the MRSA strain (S. 

aureus ACTT700699) with IC50 value of 25 M, than against the reference strain (S. aureus 

ACTT25923) with IC50 value of 50 M. It suggests that unlike methicillin that binds to 

penicillin-binding proteins, these three compounds may act in a different way by binding different 

targets. Similar results was observed with the vancomycin-resistant strains of E. faecalis 

ACTT51299 and E. faecium ACTT700221, compared with the reference strains E. faecalis 
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ACTT29212 and E. faecium ACTT51299, respectively. It implies that the vancomycin-resistant 

strain E. faecalis ACTT51299 is more sensitive to expansol A (5), expansol D (3) and peniciaculin 

A (7) than the reference strain E. faecalis ACTT29212. Similarly, expansol A (5) and diorcinol (10) 

showed better activity against the vancomycin-resistant strain E. faecium ACTT700221 than 

against E. faecium ACTT51299. 

These analyses can conclude that the search for new antibiotics from natural sources is 

important and also promising to solve the current problems caused by drug-resistant bacteria. 

After a long evolutionary process, countless natural occurring antibiotics have been produced by 

microorganisms, and act with various mechanisms. Only limited antibiotics have been transferred 

to clinical use until now, leaving us with the urgent quest to find new antibiotics to deal with the 

increasing antibiotic-resistant bacteria. 
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