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Abstract

Natural products derived from microorganisms like bacteria and fungi, are structurally diverse 

and represent a rich source for the discovery of new drugs to treat various human diseases, 

including infections and cancer. Many microorganisms derived bioactive compounds have been 

eventually developed into agents for clinical use. During our continuous research on bioactive 

secondary/specialized metabolites from microorganisms, the marine flavobacterium 

Tenacibaculum discolor sv11, the plant endophytic bacterium Pseudomonas brassicacearum

Root401 and the fungus Palmiascoma qujingense ST006189 were investigated for their potential 

to produce specialized metabolites. Obligate marine flavobacteria of the genus Tenacibaculum

play an important role in marine habitats. However, not much is known about natural products 

produced by these bacteria. T. discolor sv11 was chosen based on antimicrobial activity against B. 

subtilis. The P. brassicacearum Root401 genome indicated a high biosynthetic potential to 

produce specialized metabolites, especially for nonribosomal peptides (NRPs). The bacterium can 

cause disease in salt-stressed Arabidopsis thaliana. The extract of P. qujingense ST006189 

contains a variety of chromone derivatives as revealed by LC-MS analysis. In this dissertation the 

focus was on the isolation and identification of bioactive secondary metabolites from the cultures

of T. discolor sv11, P. brassicacearum Root401 and P. qujingense ST006189. Furthermore, the 

antimicrobial activity and virulence in A. thaliana, as well as the biosynthetic routes of these 

metabolites were tested and elucidated in this thesis.

In summary, thirteen new alkaloids were isolated from T. discolor sv11. A novel sub group of 

cyclic lipopeptides was identified from P. brassicacearum Root401. Ten compounds were 

obtained from P. qujingense ST006189. The structures of the pure compounds were 



v

unambiguously elucidated on the basis of one- and two-dimensional NMR spectroscopy and mass 

spectrometry, together with Marfey’s analysis and X-ray crystallography. The pure compounds 

were investigated for their antimicrobial activity against bacteria and fungi. For selected 

compounds, their anthelmintic activity and virulence in plants was investigated. Putative 

biosynthetic gene clusters (BGCs), corresponding to the respective isolated compounds, were 

identified based on the bioinformatics analysis of the whole genome data, and the biosynthetic 

route was investigated using in vivo and in vitro experiments.
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Chapter 1. Introduction 

1.1 Natural products in drug discovery

Natural products represent the most promising resource for the detection of novel bioactive 

chemical scaffolds which are exhibiting structural diversity and multifarious bioactivities (Koehn 

et al., 2005). Such natural products and their structural analogues have historically made a major 

contribution to pharmacotherapy (Atanasov et al., 2021), especially for cancer and infectious 

diseases (Atanasov et al., 2015; Harvey et al., 2015). Of the totally 1881 new approved drugs over 

the four decades from 1981 to 2019, roughly 40 % of them were unaltered natural products (3.8 %), 

semisynthetic natural product derivatives (18.9 %), total synthetic drugs which the pharmacophore

from a natural product (3.2 %), natural product mimic (11 %) and botanical drug (defined mixture, 

0.8 %) (Newman et al., 2020).

Dating from the discovery of penicillin in 1928 by Alexander Fleming (Fleming, 1929), natural 

products have long been considered as the key source of new drugs against infectious diseases, 

especially antibiotics (Hutchings et al., 2019; Miethke et al., 2021; Rossiter et al., 2017). As a most 

successful example of recent years, the natural product antibiotic daptomycin should be named. It 

is a cyclic lipopeptide that belongs to a class of antibiotics produced by Streptomyces roseosporus

(Debono et al., 1988; Eliopoulos et al., 1986), which was introduced onto the market in 2003 and 

now sales more than $1 billion a year (Hutchings et al., 2019). Daptomycin exhibits selectively 

antimicrobial activity against most Gram-positive organisms (Steenbergen et al., 2005). It is also 

active against multiple antibiotic-resistant strains including methicillin-resistant Staphylococcus 

aureus (MRSA), vancomycin-resistant Enterococcus faecium (VREF), and vancomycin-resistant 

Staphylococcus aureus (VRSA) (Jevitt et al., 2003). Another example is Fidaxomicin, which is a
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narrow-spectrum macrocyclic antibiotic isolated from the fermentation broth of 

Dactylosporangium aurantiacum subspecies hamdenensis (Hochlowski et al., 1987). It has been 

approved by the FDA for the treatment of Clostridium difficile infection (CDI) in 2011 (Venugopal 

et al., 2012). This compound showed strong activity against Clostridium difficile with minimum 

inhibitory concentration (MIC) ranging from 0.001 to (Goldstein et al., 2012).

Fidaxomicin works as an inhibitor of the initiation of bacterial RNA synthesis to block the 

initiation only if it binds to its target before the formation of the “open promoter complex,” in 

which the template DNA strands have separated but RNA synthesis has not yet begun

(Artsimovitch et al., 2012).

Homoharringtonine, a plant cephalotaxus alkaloid from Cephalotaxus species, was long time 

investigated by Chinese researchers from the 1970s on as an active anticancer agent in acute 

myeloid leukemia (AML) (Cephalotaxus Research Coordinating Group, 1976; Liu et al., 2009; 

Zhang, 1981), myelodysplastic syndrome (MDS) (Wu et al., 2009), acute promyelocytic leukemia 

(APL) (Ye et al., 1988), polycythemia vera (Lu et al., 1983), and as intrathecal therapy for central 

nervous system (CNS) leukemia (Hou et al., 1981). Over 40 years, a semisynthetic

homoharringtonine compound, omacetaxine mepesuccinate, has been studied and was approved 

in 2012 by the FDA for patients with chronic myeloid leukemia (CML) refractory to treatment or 

intolerant to two or more tyrosine kinase inhibitors (Winer et al., 2018). Plitidepsin is an

unmodified marine natural product, which was approved in Australia for the treatment of multiple 

myeloma (Gomes et al., 2020). It most likely acts by binding to the target eukaryotic Elongation 

Factor 1A2 (eEF1A2) to exert its antitumor activity (Losada et al., 2016). Besides the treatment of 

cancer, homoharringtonine and plitidepsin also showed potent preclinical efficacy against SARS-

CoV-2 (Chen et al., 2021; White et al., 2021). The safety and pharmacokinetic data for them are 
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already available and renders these drugs candidates for repurposing approaches, since this should 

help to expedite the human clinical trials designed to combat active COVID-19 infection.

Additional to those antibacterial and anticancer agents, many other important drugs, such as the

multiple sclerosis agents siponimod (Scott, 2020) and fingolimod (Brinkmann et al., 2010), the 

antidiabetic drugs voglibose (Kawamori et al., 2009) and acarbose (Laube, 2002), as well as the

hypolipidemic agents pravastatin (Jungnickel et al., 1992), lovastatin (Illingworth, 1994) and its 

semisynthetic analog simvastatin (Singh et al., 2017), are natural products per se or are derived 

from natural products.
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The fact that a huge number of natural products or natural product-derived compounds have 

been introduced to the market or are in clinical trials can highlight the existing viability and 

significance of the use of natural products as source of new drug candidates (Veeresham, 2012);

obviously, natural products will always remain the most important source of future drug discovery

(Cragg et al., 2013; Newman, 2019). Meanwhile, with the continuing development of novel 

technologies such as DNA sequencing, genomics/metagenomics, synthetic biology, genome 

editing technologies, computational biology techniques, and artificial intelligence, the discovery 

of new natural products and the development of new drugs are greatly accelerated (Atanasov et al., 

2021; Thomford et al., 2018; Zhang et al., 2017).

1.2 Bacteria and fungi as important source of bioactive compounds

Bacteria and fungi, which account for the second and third most of the biomass next to plants 

on Earth, respectively, have been always considered as a valuable source of bioactive natural 

products (Bar-On et al., 2018; Bills et al., 2016; Sekurova et al., 2019). Microorganisms produced 

around 10% (around 22 000) of bioactivity natural products, of which around 62% (about 17% are 

metabolites of unicellular bacteria and 45% are products of actinomycetes fermentation) were 

produced by bacteria and 38% were produced by fungi (Solecka et al., 2012). These natural 

products play an important role in lead discovery and drug development against human diseases,

such as infections, cancer and immune system-related diseases (Sekurova et al., 2019).

The order of filamentous actinomycetales produces about 10,100 (45%) bioactive microbial 

compounds, thereunder about 75% (7,600) derived from Streptomyces and 25% (2,500) from the 

so called rare actinomycetes (rare actinos), which represents the largest group of bioactive 
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microbial metabolites (Solecka et al., 2012). One of the most famous bioactive metabolites 

obtained from actinomycetales is streptomycin, an aminoglycoside antibiotic, which was first 

discovered by Selman Abraham Waksman and introduced to clinical use for the treatment of 

tuberculosis (Schatz et al., 1944). Together with his co-worker H. Boyd Woodruff, Waksman also 

discovered actinomycin D from a soil Actinomyces, which has been used as an anticancer drug, 

particularly in the treatment of Wilms’ tumor and soft tissue sarcomas in children for more than 

50 years (Waksman et al., 1940; Wang et al., 2017). Bleomycin is an anticancer drug currently 

used in the treatment of head and neck squamous cell carcinoma, Hodgkin and non-Hodgkin 

lymphomas, testicular carcinoma. It is a water soluble glycopeptide produced by Streptomyces 

verticillus, which is always associated with many other drugs in the clinical use (Mir et al., 1996; 

Umezawa et al., 1967). Mitomycin C was isolated from the broth of Streptomyces caespitosus. 

This drug has been approved for treatment of cancers of the bladder, head and neck, lungs, breast, 

cervix, colon and rectum, hepatic cell carcinoma and melanoma in addition to stomach and 

pancreatic (Bradner, 2001). Besides the use in the cancer treatment, mitomycin C was also widely 

used as a chemotherapeutic agent in glaucoma filtration surgery (Wolters et al., 2021).

Tetracyclines are a class of compounds bearing the same octahydrotetracene-2-carboxamide 

skeleton, which are either isolated directly from several species of Streptomyces or produced semi-

synthetically from those natural compounds. As an important class of antibiotics, tetracyclines

were used widely in the prophylaxis and therapy of human and animal infections due to their wide 

range of activity against Gram-positive and Gram-negative bacteria, chlamydiae, mycoplasmas, 

rickettsiae and protozoan parasites. The most recently approved tetracyclines are tigecycline and 

omadacycline, which were approved by the FDA in 2005 and 2018, respectively (Burgos et al., 

2019; Chopra et al., 2001; Pankey, 2005). The anthracyclines are a class of antitumor drugs 
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extracted from Streptomyces with the widest spectrum of activity in human cancers, and only a 

few cancers (e.g., colon cancer) are unresponsive to them. Doxorubicin reigns in this drug class as 

the one having the most proven cancerocidal effect at present (Venkatesh et al., 2019). Rapamycin,

also known as sirolimus, is a macrolide isolated from Streptomyces hygroscopicus and used as

immunosuppressive agent to prevent organ transplant rejection. This drug is also used to treat 

(Wagner et al., 2021) a rare lung disease called lymphangioleiomyomatosis (Landh et al., 2022; 

Mahalati et al., 2001; Vezina et al., 1975). Streptozotocin was discovered from the fermentation 

broth of Streptomyces achromogenes in 1959 and approved by the FDA for the treatment of 

pancreatic neuroendocrine tumors (panNETs) in 1982. 40 years after its approval, this agent 

remains one of the first-line treatment of patients with panNETs (Capdevila et al., 2022). Other 

than the clinical use, streptozotocin also has been used for inducing insulitis and diabetes on 

experimental animals and for modeling Alzheimer's disease through memory loss in mice (Costa 

et al., 2016; Furman, 2015; Rossini et al., 1977).
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Figure 1.2 Chemical structures of selected natural products originated in bacteria.

Except for those important drugs developed from Streptomyces, other bacteria also produce a

lot of bioactive compounds. These natural products or their derivatives have been introducedto the 

market or are in clinical trials, these include, but are by no means limited to, romidepsin, 

salinosporamide A, diazepinomicin, mupirocin, patupilone and its synthetic derivative ixabepilone

and sagopilone. Romidepsin is a histone deacetylase inhibitor isolated from Chromobacterium 

violaceum and used for the treatment of adult patients with cutaneous T-cell lymphoma (CTCL) 
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or peripheral T-cell lymphoma (PTCL) (Shigematsu et al., 1994; Ueda, Manda, et al., 1994; Ueda, 

Nakajima, et al., 1994; Yang, 2011). Salinosporamide A is a potent proteasome inhibitor isolated 

from a marine bacterium Salinispora tropica CNB-392in 2003 (Feling et al., 2003), which entered 

in human clinical trials for the treatment of multiple myeloma and newly diagnosed glioblastoma 

(Badros et al., 2017; Bota et al., 2021; Roth et al., 2021). Diazepinomicin is a dibenzodiazepine 

alkaloid originally isolated from marine Micromonospora strain DPJ12 (Charan et al., 2004). It

was generally safe and well tolerated in a Phase II trial in patients with Glioblastoma Multiforme

(Mason et al., 2010). Mupirocin, a topical antibiotic agent isolated from Pseudomonas fluorescens

and used in the treatment of impetigo caused by Staphylococcus aureus and Streptococcus 

pyogenes and traumatic skin lesions due to secondary skin infections caused by S. aureus and S. 

pyogenes (Lamb, 1991). Patupilone is produced by a myxobacterial Sorangium cellulosum strain 

(Conlin et al., 2007). A Phase III study by Novartis to assess the ability of patupilone to extend the 

survival time and potential beneficial effects in women who have nonresponsive or recurrent 

ovarian, primary fallopian, or primary peritoneal cancer was completed in 2010, while it has not 

yet been approved for clinical use (Colombo et al., 2012). Ixabepilone is a semi-synthetic analog 

of patupilone, which has been approved for use as a monotherapy or in combination with 

capecitabine for the treatment of metastatic or locally advanced breast cancer after failure of an 

anthracycline and a taxane therapy (Ibrahim, 2021). Sagopilone is another synthetic derivative of 

patupilone, which has completed a Phase II study for the treatment of patients with recurrent 

malignant gliomas (Silvani et al., 2009).

Fungal secondary metabolites also have revolutionized medicine, yielding blockbuster drugs 

and drug leads of enormous therapeutic potential. Hence, a series of structural diverse bioactive 

metabolites has played a vital role in the pharmaceutical industry. An example is griseofulvin that 
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is derived from the mold Penicillium griseofulvum and has been in clinical use for treatment of

fungal infections of the skin, hair, and nails. It acts by binding to tubulin, interfering with 

microtubule function, thus inhibiting mitosis (Grove et al., 1952; Gull et al., 1973). Recently, 

griseofulvin has attracted renewed attention due to reports of complementary bioactivity including

antiviral and anticancer effects (Jin et al., 2008; Rebacz et al., 2007). Cyclosporine is a peptide 

composed of 11 amino acids, which was first isolated from the soil fungus Tolypocladium inflatum 

Gams in 1972 (Borel et al., 1995). It is used as an immunosuppressant in organ and tissue 

transplantation surgery, to prevent rejection following bone marrow, kidney, liver and heart

transplantations (Cohen et al., 1984; Tribe, 1998). Fusidic acid was isolated for the first time in 

1962 from the fermentation broth of Fusidium coccineumis (Godtfredsen et al., 1962), it is a

steroid-like antibiotic, which is active against resistant bacterial strains, including penicillin-,

methicillin-, ampicillin- and cloxacillin-resistant Staphylococcus aureus (Bonamonte et al., 2014; 

Long, 2008). In addition, it shows in vitro activity against many Gram-positive bacteria, including 

Nocardia spp., Mycobacteriumn tuberculosis, Neisseria spp. and some anaerobic bacterial 

pathogens (Akinpelu et al., 2020; Black et al., 1971; Canzi et al., 1987; Collignon et al., 1999).

Due to its strong antibiotic activity, fusidic acid was introduced to the market with a variety of 

formulations for oral, intravenous and topical use (Turnidge, 1999). Enfumafungin is a triterpene 

glycoside natural product produced by the fungus Hormonema carpetanum, which was found to 

have potent antifungal activity in vitro (Kuhnert et al., 2018; Peláez et al., 2000; Schwartz et al., 

2000). However, it showed limited stability in vivo. Semi-synthetic modification of enfumafungin 

resulted in improvement of oral bioavailability and PK properties; thereby, leading to the discovery 

of ibrexafungerp, which was approved for medical use in 2021 for the treatment of vulvovaginal 
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candidiasis and considered to be a first-in-class medication (Gamal et al., 2021; Lee, 2021; Phillips 

et al., 2023).

Traditionally, novel compounds produced by bacteria and fungi were discovered via 

conventional bioprospecting based on isolation of potential producers and screening their 

bioactivities, which lead to the rediscovery of known compounds over and over again. However,

there is an increasing demand for new lead structures due to the global antibiotic resistance crisis 

and the side effects of many approved agents. One approach to tackle this challenge is mining the 

potential of uncultured environmental microbes, which were previously unknown or unculturable 

to produce bioactive secondary metabolites (Liu et al., 2022; Sekurova et al., 2019).The discovery 

of teixobactin is a good example in which a novel approach was used to mine the potential of 

previously unculturable bacteria. Teixobactin is a peptide isolated from Eleftheria terrae with

activity against Gram-positive organisms. The producer strain was isolated using a new tool, the 

iChip which allows to place individual bacterial cells from environmental samples into specially 

designed diffusion chambers (Ling et al., 2015). The future for scientists to discovery novel drug 

candidates from unknown or unculturable bacteria and fungi looks bright due to the high genetic 

potential of those bacteria to produce secondary metabolites (Crits-Christoph et al., 2018; Paoli et 

al., 2022; Scherlach et al., 2021; Wiemann et al., 2014).

1.3 Nitrogen-containing heterocycles is a special and important class of

bioactive compounds

Nitrogen-containing heterocycles are a class of structurally diverse small molecules that can be 

commonly encountered in natural products and these natural products and their derivatives are 

often found to show diverse significant biological activities (Ebenezer et al., 2022; Jin, 2016).
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Besides for their structural and biological activities diversity, nitrogen-containing scaffolds also 

showed their amenability to semi-synthesis, total-synthesis and further structural modification 

(Henary et al., 2020). Many of these naturally occurring heterocycles and their derivatives have 

gained special attention with a remarkable history of therapeutic applications. 
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Figure 1.3 Chemical structures of selected nitrogen-containing heterocycles in clinical use.

One of such famous compounds is the well-known compound morphine, which is bearing a 

piperidine ring and was mainly used as analgesic since 1827. It is generally considered to be the 
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first active natural product from plants, which was isolated as pure compound - already in 1804

(Joule, 2016). Another famous plant plant-derived natural product, which has a long history in 

clinical use is quinine, an alkaloid with a quinoline moiety which that remains an important anti-

malarial drug almost 400 years after its effectiveness was first documented (Achan et al., 2011).

Since the isolation of quinine in 1820, a number of other natural and synthetic quinoline-containing 

heterocycles have been developed as anti-malarial drugs, they are e.g. mepacrine, chloroquine,

mefloquine, amodiaquine, piperaquine, pyronaridine and tafenoquine (Tse et al., 2019). The 

-lactam antibiotics, in which -carbon atom relative 

to the carbonyl are preeminent in the treatment of bacterial infection due to their unparalleled 

clinical efficacy and clinical safety. Following the discovery of the penicillin, a serious of -lactam 

antibiotics has been introduced to therapy. They are classified into the following families based on

-lactam pharmacophore unit: penicillins family,

cephalosporins family, monobactams family, carbapenems family and penems family (Lima et al., 

2020). These antibiotic agents have evolved over the last 70 years and remain one of the most 

commonly prescribed drug classes (Turner et al., 2022). It has been calculated that the annual 

expenditure for these antibiotics amounts to approximately $15 billion USD, and it makes up 65% 

of the total antibiotics market (Thakuria et al., 2013).

Purine analogs are an important class of drugs, all of the purine drugs are either approved as 

anticancer or antiretroviral agents (Vitaku et al., 2014). These agents, such as mercaptopurine, 

thioguanine, cladribine, clofarabine, fludarabine and nelarabine, display high efficacy in the 

treatment of hematological malignancies, especially in chronic lymphocytic leukemia (CLL) and 

low-grade non-Hodgkin’s lymphomas (LG-NHL) (Robak et al., 2005). Vidarabine and acyclovir 

are used in the treatment of varicella-zoster virus (VZV) infection (Miwa et al., 2005). Tenofovir 
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disoproxil and tenofovir alafenamide are newer, more tolerable, nucleotide reverse transcriptase 

inhibitors for the treatment of HIV infection and are used in combination with other drugs, such 

as emtricitabine, lamivudine, elvitegravir and cobicistat (Wassner et al., 2020). Sartans are a class 

of Angiotensin II type 1 receptor antagonists (ARBs), which were introduced in the treatment of 

cardiovascular diseases. These agents are used alone or in combination with other classes of 

antihypertensives for the treatment of hypertension and are used in the treatment of diabetic 

nephropathy ion hypertensive patients with type 2 diabetes mellitus, as well as in the treatment of 

congestive heart failure (Muszalska et al., 2014). Losartan is the prototype of this class of drugs, 

which was approved in 1995. Thiazide diuretics are another important class of tolerated efficient 

antihypertensive drugs. These diuretics effectively decrease blood pressure in hypertensive 

patients, and reduce in adults with hypertension the risk of adverse cardiovascular outcomes

(Blowey, 2016). Among them, hydrochlorothiazide is the most common used thiazide diuretic in 

the treatment of primary hypertension. It has been used clinically for more than half a century and 

is relatively very safe (Herman et al., 2021).

The number of nitrogen-containing heterocycles applied in medicine is growing daily and their 

diverse analogs provide a viable and important path for the discovery of drugs with various 

biological applications. Therefore, a large amount of work has been made towards N-heterocyclic 

skeleton medicinal chemistry (Kerru et al., 2020). According to the in-depth analysis of Jon’s 

Group based on the database of all U.S. FDA approved pharmaceuticals, 59% (640) of unique 

small-molecule drugs (1035) contain at least one nitrogen heterocycle (Vitaku et al., 2014).

Research and development of nitrogen-containing heterocycles in medicinal chemistry has become 

and will still be a rapidly developing and increasingly active topic. 
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1.4 Mining the biosynthetic potential as a promising strategy to enlarge the 

repertoire of bioactive compounds

Traditionally, natural products were isolated from microbes and plants mainly by bioactivity-

guided approaches. However, in the last decades it became more challenging to detect novel 

compounds, since re-discovery rates of the known metabolites increased (Katz et al., 2016). The 

search for novel drugs turned to chemical synthesis and modification of known structures. Initially, 

the success rates were high; however, antibiotics represent a special case, since no new compound 

that entered the market was identified by this approach (Geers et al., 2021; Shoichet, 2004). On 

the other hand, many drugs currently in use are losing their efficacy due to resistance development

(Davies et al., 2010). Therefore, there is still an unmet need for novel lead structures. Therefore, 

beside bioactivity-guided approaches, other promising strategies must be employed to enlarge the 

repertoire of bioactive compounds: One is mining the biosynthetic potential of microorganisms.

The progress in sequencing technologies enabled us to get insights into the biosynthetic potential 

of bacteria, fungi and even higher organisms to produce specialized metabolites. It became clear 

that the genetic potential is much larger than what is observed under laboratory conditions

(Scherlach & Hertweck, 2021). Activating the expression of biosynthetic gene clusters (BGCs),

which are silent under standard laboratory growth conditions is important to achieve the full 

potential for the discovery of novel microbial natural products. For this purpose, pleiotropic 

methods have been developed, including variation of growth conditions, engineering the 

transcription and translation machinery, manipulating global regulators and epigenetic 

perturbation, together with different pathway-specific methods such as manipulating pathway-
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specific regulators, reporter-guided mutant selection, refactoring and heterologous expression 

(Rutledge et al., 2015).

Historically, microorganisms from the soil (especially soil-derived actinobacteria, see above)

played an important role in the drug discovery which led the “Golden era of antibiotic discovery”,

while most of these drugs are derived from a few microbial taxa, the biosynthetic potential of the 

vast majority of bacteria in soil has rarely been investigated (Geers et al., 2021). Genome-mining 

based on the construction and screening of complex libraries derived from the soil metagenome 

provides opportunities to fully explore and exploit the enormous genetic and metabolic diversity 

of soil microorganisms (Daniel, 2004). Alexander and his co-workers reconstructed hundreds of 

near-complete genomes from grassland soil metagenomes and identify microorganisms including 

the newly identified members of the Acidobacteria, Verrucomicobia and Gemmatimonadetes, and

the candidate phylum Rokubacteria from previously understudied phyla, large numbers of 

biosynthetic genes were characterized in these newly identified members (Crits-Christoph et al., 

2018). Apart from soil microorganisms, the ocean microorganisms also possess high biosynthetic 

potential. Lucas et al. investigated the diversity and novelty of biosynthetic gene clusters in the 

ocean by integrating around 10,000 microbial genomes from cultivated and single cells with more 

than 25,000 newly reconstructed draft genomes from more than 1,000 seawater samples, Their 

research revealed approximately 40,000 putatively new biosynthetic gene clusters, several of 

which were found in previously unsuspected phylogenetic groups (Paoli et al., 2022).

Advances in genomics and bioinformatics will reinvigorate the natural product research from 

bioactivity-guided strategy to genome-guided strategy. A huge number of novel chemical scaffolds

has been and will be discovered through mining the biosynthetic potential hidden in the silent 

BGCs and both culturable and unculturable microorganisms. There will be a golden age of 
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genomics-driven drug and agrochemical discovery with the ongoing development of innovative 

culturing methods, efficient genome sequencing and editing, and optimized expression systems, 

along with more sensitive chemical analytics.
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Chapter 2. Publication 1 

Discovery and Biosynthesis of Antimicrobial Phenethylamine Alkaloids from the Marine 

Flavobacterium Tenacibaculum discolor sv11

Lei Wang, Virginia Linares-Otoya, Yang Liu,* Ute Mettal, Michael Marner, Lizbeth 

Armas-Mantilla, Sabine Willbold, Tibor Kurtán, Luis Linares-Otoya,* and Till F. 

Schäberle*

J. Nat. Prod.

In this chapter, we investigated T. discolor sv11, a marine flavobacterium isolated from seaweed 

Chandracanthus chamisoii collected from the Huanchaco estuarine region located at Paracas Bay 

in Peru, to produce antimicrobial metabolites. We described the bacterial strain isolation and 

bioactivity-guided compound purification, as well as the structure elucidation and antimicrobial 

activity of isolated compounds. We also investigated the biosynthetic route toward two new 

imidazolium-containing alkaloids named discolins A and B, using in vivo and in vitro experiments.

Furthermore, the proposed biosynthetic pathway of other isolated compounds is discussed.

In summary, 26 strains belonging to four different Tenacibaculum species were isolated from 

the seaweed Chandracanthus chamisoii from the Huanchaco estuarine region and Paracas Bay, 

Peru. Initial screening for antimicrobial activity revealed that the culture of T. discolor sv11 

displayed strong inhibitory activity against Bacillus subtilis JH642. T. discolor sv11 was selected 

for culture optimization and bioactivity-guided isolation that enabled the identification of six new 
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phenethylamine (PEA)-containing alkaloids: discolins A and B, dispyridine, dispyrrolopyridine 

A-B and dispyrrole. Their antimicrobial activity was investigated against bacteria (Bacillus subtilis

DSM10, Mycobacterium smegmatis ATCC607, Listeria monocytogenes DSM20600, 

Staphylococcus aureus ATCC25923, and Escherichia coli ATCC25922 wild type and efflux pump 

strain), against fungi (Candida albicans FH2173 and Aspergillus flavus

ATCC9170), and anthelmintic activity against the model organism Caenorhabditis elegans N2. 

Among them, discolin A and discolin B showed moderate activity against B. subtilis and M. 

smegmatis

dispyrrolopyridine B exhibited strong activity against all tested gram-positive indicator strains (i.e., 

B. subtilis, M. smegmatis, L. monocytogenes and S. aureus) with MIC values ranging from 0.5 

C. albicans and the spore forming mold 

A. flavus

against all tested gram-

dispyrrolopyridine A was also active against E. coli ATCC25922 

type strain was not inhibited at the highest tested concentration. Moreover, dispyrolopyridine A 

was also the only tested metabolite possessing bioactivity against C. elegans N2 with a MIC value 

The in vivo (heterologous expression) and in vitro (enzymatic reactions) experiments indicated 

that PEA was an intermediate building block in the biosynthesis of discolin A and discolin B. It 

comprises an enzymatic decarboxylation of phenylalanine to PEA, catalyzed by the decarboxylase 

DisA, followed by a non-enzymatic condensation to form the central imidazolium ring. This 

spontaneous formation of the imidazolium core was verified by means of a synthetic one pot 

reaction using the respective building blocks.
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Chapter 3. Publication 2

Seven New Alkaloids Isolated from Marine Flavobacterium Tenacibaculum discolor sv11

Lei Wang, Michael Marner, Ute Mettal, Yang Liu,* and Till F. Schäberle*

Mar. Drugs 2022, 20, 620.

As a continuous investigation of Tenacibaculum discolor sv11 for the production of more 

bioactive nitrogen-containing heterocycles, another LC-MS guided isolation project was 

performed. In this chapter, we described the purification, structure elucidation and antimicrobial 

activity of new nitrogen-containing heterocycles. Furthermore, we also described the in vivo and 

in vitro experiments of enzymatic decarboxylation of tryptophan and tyrosine to tryptamine and 

tyramine catalyzed by the decarboxylase DisA.

In summary, six new imidazolium-containing alkaloids (i.e., discolins C–H) and one 

pyridinium-containing alkaloid (i.e., dispyridine A) were isolated from the culture of T. discolor

sv11. All isolated compounds were investigated for their bioactivity against bacteria (B. subtilis

DSM10, M. smegmatis ATCC607, L. monocytogenes DSM20600, S. aureus ATCC25923, and E. 

coli ATCC25922) and fungi (Candida albicans FH2173). Discolin C showed activity against M. 

smegmatis ATCC607 and B. subtilis /mL 

and moderate to weak activity against S. aureus ATCC25923 and L. monocytogenes DSM20600 

with MIC values ranging /mL. Discolin E exhibited activity against four 
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tested Gram-positive /mL and moderate 

activity against C. albicans

The biosynthetic route of the isolated imidazolium-containing alkaloids discolins C–H was 

investigated based on both in vivo and in vitro experiments. The decarboxylase DisA first catalyzes

the decarboxylation of the aromatic-L-amino acids phenylalanine, tryptophan and tyrosine to 

phenethylamine, tryptamine and tyramine, respectively, followed by a nonenzymatic condensation 

to form the central imidazolium ring.
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Physiochemical interaction between osmotic stress and a bacterial exometabolite promotes 

plant disease

Felix Getzke#, Lei Wang#, Nienke Denissen, Fantin Mesny, Hidde Wesseler, Paul Schulze-Lefert, 

Till F. Schäberle*, Stéphane Hacquard*. (#co-first author)

(under review, Nature Communications)

The genome data of the strong competitor within the Arabidopsis thaliana root microbiome, i.e. 

Pseudomonas brassicacearum Root401, was scanned for putative biosynthetic gene clusters

(BGCs). This genomic mining approach revealed a homologue to the syp-syr BGC that is 

responsible for syringopeptin and syringomycin biosynthesis. In combination with a molecular

networking-guided survey this led to the identification of four new cyclic lipopeptides, which we 

named Brassicapeptins A to D from the culture broth of P. brassicacearum Root401. Their

structures were determined using HR-ESI-MS, HR-ESI-MS/MS, 1D and 2D NMR data and 

Marfey’s analysis. Comparison to the previously described syringopeptins, which are also 

produced by Pseudomonas strains, the discovered brassicapeptins revealed notable structural 

differences, including a different fatty acid starter unit and a smaller ring structure that is formed 

intramolecularly between the six C-terminal amino acid residues, thereby suggesting that 

brassicapaptins represent a novel sub-group of cyclic lipopeptides. Brassicapeptin A exhibited 
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strong activity against Listeria monocytogenes DSM20600 with MIC value of 2 and 

moderate activity against Mycobacterium smegmatis ATCC607 with MIC value of 8 .

The work of our collaborators revealed that brassicapeptin A is necessary and sufficient to 

promote disease on plants that are under salt stress. Their data support the hypothesis that 

brassicapeptin A-induced disruption of ion homeostasis at the root interface enhances salt stress 

and promotes bacterial colonization, thereby leading to plant disease.
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Mono- and Dimeric chromone derivatives isolated from fungus Palmiascoma qujingense

ST006189.

Lei Wang, Sergei Ivlev, Yang Liu and Till F. Schäberle

(in preparation)

In this project it was aimed to isolate and identify new chromone derivatives from the culture of 

Palmiascoma qujingense ST006189. Preliminary data suggested the presence of new natural 

products in ths strain. Therefore, an OSMAC approach was used, aiming at enhancing the chemical 

diversity of P. qujingense ST006189. The structures of the isolated secondary metabolites were 

elucidated by 1D, 2D NMR spectroscopy and by HR-ESI-MS, as well as by X-ray crystallographic 

analyses. In summary, HR-ESI-MS-guided isolation yielded four new monomeric chromone 

derivatives and three new dimeric chromone derivatives, together with 3 known compounds.
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Chromone derivatives are a group of oxygen-containing heterocyclic compounds bearing a 

benzo- -pyrone skeleton (Mohsin et al., 2020). Chromone containing natural and synthetic

molecules are well known for their diversity of pharmacological properties, such as anticancer, 

antiviral, antibacterial, antifungal, anti-inflammatory, antiallergenic, antioxidant, antimalarial and 

neuroprotective (Mohsin et al., 2020). These derivatives play an important role in medicinal

chemistry and can be considered a privileged structure for drug discovery due to their synthetic 

accessibility and structural diversity (Reis et al., 2017).

The genus Palmiascoma was first introduced by Liu et al. in 2015 (Liu et al., 2015). A species 

of this genus, i.e. P. qujingense, was reported as a pathogenic fungi, which can cause branch blight 

on Juglans regia (Wang et al., 2022). Up to now, there is no report about natural products produced 

by this genus. In a continuous effort to search for new bioactive molecules, we first studied the 

secondary metabolites from P. qujingense. LC-MS analysis revealed that P. qujingense ST006189 

contains a variety of chromone derivatives. Herein, we present the isolation and structure 

elucidation of chromone derivatives from P. qujingense ST006189.
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Results
Palmiascoma qujingense ST006189 was cultivated at 28 °C and 140 rpm for 26 days. It was

subsequently extracted with EtOAc to yield 29.89 g of crude extract. The crude extract was

subjected to chromatographic purification, using reversed phase flash, followed by 

semipreparative high-performance liquid chromatography (HPLC) to yield four new monomeric 

chromone derivatives (1-4) and three new dimeric chromone derivatives (5-7), together with 3 

known compounds (8-10). 

Compound 1 was obtained as s a white amorphous powder. The HRESIMS spectrum exhibited 

a prominent ion peak at m/z 295.1179 [M+H]+ consistent with the molecular formula C15H18O6,

accounting for 7 degrees of unsaturation. The 13C NMR spectrum of 1 (Table 5A) displayed

signals for one carbonyl carbon at C 202.2, six aromatic carbons at C 160.5, 160.2, 149.65, 108.9, 

108.1 and 107.2 of which two were oxygenated ( C 160.5 and 160.2), four oxygenated carbons at 

C 83.2, 76.6, 71.7 and 70.9, two methylene carbons at C 28.1 and 24.6, and two methyl carbons 

at C 22.0 and 17.0. The 1H NMR spectroscopic data showed the presence of four hydroxy protons 

at H 11.53 (1H, s), 5.73 (1H, s), 4.75 (1H, s) and 4.70 (1H, s), two aromatic protons at H 6.23

(1H, s) and 6.22 (1H, s), two oxymethine protons at H 3.64 (1H, s) and 3.59 (1H, dd), four 

methylene protons at H 2.14 (1H, q), H 1.90 (1H, t), H 1.57 (1H, dd) and H 1.49 (1H, dd), and 

two methyl groups at H 2.22 (3H, s) and 1.26 (3H, s) (Table 5A). In HMBC spectrum, one 

hydroxy proton ( H 11.53) was assigned to be linked to C-1 based on its correlations to C-1 ( C

160.2), C-2 ( C 108.1) and C-9a ( C 107.2) (Figure 5B). One methyl group ( H 2.22) was located 

at C-3 in the aromatic ring due to the HMBC correlations from H-10 to C-3 ( C 149.5), C-2 and 

C-4 (Figure 5B). The above NMR data established a 1,2,3,5-tetrasubstitued benzene moiety (ring 

A). the HMBC correlations from H-2 and H-4 to C-9, and the chemical shift of C-4a at C 160.5

established a -pyrone ring (ring B) in the structure (Figure 5B). The above spectroscopic data 

accounted for six degrees of unsaturation, and the remaining one degree of unsaturation were 

represented by a bicyclic carbon skeleton.  Further COSY correlations between OH-8 ( H 4.70)/H-

8 ( H 3.64), H-8/H-7 ( H 1.90 and 1.57), H-7/H-6 ( H 2.14 and 1.49), H-6/H-5 ( H 3.59), and H-

5/OH-5 ( H 4.75), together with the HMBC correlations from H-11 ( H 1.26) to C-5 ( C 70.9), C-

5a ( C 83.2) and C-8a ( C 76.6), from H-5 to C-11 ( C 17.0), C-6 ( C 24.6), C-7 ( C 28.1) and C-

5a ( C 83.2), from H-8 to C-5a, C-8a and C-6, and from both H-6b ( H 1.49) and H-7b ( H 1.57) to 

C-5 and C-8 ( C 71.7) (Figure 5B), established a 1,2,3,4-tetrasubstitued cyclohexane moiety (ring 
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C) with one methyl substituent at C-5a and three hydroxy groups at C-5, C-8 and C-8a, respectively. 

Rings A and C were further determined to be linked via the ketone C-9 and an ether linkage 

between C-4a and C-5a (ring B), as deduced by HMBC correlations from H-8 to C-9 (Figure 5B).

The relative configuration of 1 was established on the basis of the NOESY spectrum. The NOESY 

correlations between OH-8a ( H 5.73)/H-5, H-11/H-5 and H-11/H-8 suggested that H-5, H-8, H-

11 and OH-8a were on the same face of the ring, while OH-5 and OH-8 were on the opposite side

(Figure 5C). The absolute configuration of 1 was determined as a (5S,5aS,8R,8aS) configuration 

by single-crystal X-ray diffraction analysis (Figure 5D). Thus, the structure of 1 was elucidated, 

representing a new chromone derivative, and named as palmiachromone A.

Table 5A. 1H (700 MHz) and 13C NMR (175 MHz) data of compounds 1 and 2.

Compound 2 was obtained as s a white amorphous powder. The HR-ESI-MS spectrum exhibited 

a prominent peak [M+H]+ at m/z 325.1284 consistent with the molecular formula C16H20O7.

Detailed analysis of the 1D and 2D NMR spectra revealed a same molecular skeleton as compound

1 (Table 5A), except a methoxy group ( C 55.6) instead of methyl group at C-3, and the appearance 

of an additional methyl group ( C 15.1) at C-6 in compound 2. These differences were confirmed 

Position 1 2
C H, multi (J in Hz) C H, multi (J in Hz) 

1 160.2, C 163.5, C
2 108.1, CH 6.23, s 93.8, CH 6.01, d (2.27)
3 149.5, C 167.1, C
4 108.9, CH 6.22, s 94.2, CH 5.94, d (2.76)
4a 160.5, C 160.0, C
5 70.9, CH 3.59, dd (11.7, 3.5) 68.9, CH 4.35, t (4.70)
5a 83.2, C 85.5, C
6 24.6, CH2 2.14, q (12.0);

1.49, dd (12.3, 3.4)
33.2, CH 2.13 a, m

7 28.1, CH2 1.90, t (13.9);
1.57, dd (13.9, 2.2)

32.2, CH2 2.13 a, m
1.55, dd (12.6, 2.1);

8 71.7, CH 3.64, s 67.1, CH 4.27, d (2.1)
8a 76.6, C 74.9, C
9 202.2, C 195.3, C
9a 107.2, C 101.4, C
10 22.0, CH3 2.22, s 55.6, OCH3 3.78, s
11 17.0, CH3 1.26, s 15.5, CH3 1.45, s
12 15.1, CH3 1.13, d (7.4)
13
14
15

1-OH 11.53, s 11.73, s
3-OH
5-OH 4.75, s 4.90, d (4.5)
8-OH 4.70, s 4.84, d (4.7)
8a-OH 5.73, s 5.95, s
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by HMBC correlations from H-10 ( H 3.78) to C-3 ( C 167.1), from H-12 ( H 1.13) to C-5 ( C

68.9), C-6 ( C 33.2) and C-7 ( C 32.2), as well as by COSY correlations between H-12/H-6 ( H

2.13), H-6/H-5 ( H 4.35), and H-6/H-7 ( H 1.55) (Figure 5B). The relative configuration of 2 was 

established on the basis of the NOESY spectrum, the NOESY correlations observed between H-

11 ( H 1.45)/H-12, OH-8a ( H 5.95)/H-11, OH-8a /H-5 and OH-8/H-8 (( H 4.27) suggested that H-

5, H-8, H-11, H-12 and OH-8a were on the same face of the ring, while H-6, OH-5 and OH-8 were 

on the opposite side (Figure 5C), therefore compound 2 was named as palmiachromone B.

OH

O

OH

OH

O
OH

1

1

4 5

89

4a 5a
8a

9a

10
11

OH

O O

OH

OH

O
OH

2
10

11
12

O

O

O

O

OH

4

1

344a5

7
8

8a
9

11

1214
15

O

O O

O

OH

O

O
OH

OH
OH

HO

5

1

3 5

9

4a 5a
8a

9a

11
12

1'

3'

5'

7'
8'

9'

4a'
9a'

10'

11'

O

O

OH

O

O
OH

3

10

11
12

13

15

16
17

O

OH O

O

OH

O

O
O

OH
OH

HO

6

1

3 5

9

4a 5a
8a

9a

1'

3'

7'
8'

9'

4a'
5a'
8a'

9a'

10'

11'

O

O O

O

OH

O

O
O

OH
OH

HO

7

1

3 5

9

4a 5a
8a

9a

1'

3'

7'
8'

9'

4a'
5a'
8a'

9a'

10'

11'

12' 12'

1H-1H COSY HMBC

O

O

OH

O

O

Figure 5B. Key 1H-1H COSY and HMBC correlations of compounds 1–7.

Compound 3 was obtained as a yellow amorphous powder. The molecular formula of 3 was 

determined as C21H24O10 on the basis of HR-ESI-MS data (m/z 437.1444 [M+H]+). The 13C NMR 

spectrum (Table 5B) displayed four carbonyl carbons at C 204.9,186.6, 172.4, and 175.0, six 

aromatic carbons at C 160.8, 158.7, 147.1, 110.4, 106.6 and 105.2, two oxygenated sp3 quaternary 

carbons at C 85.7 and 77.4, one oxymethine at C 68.4, two methoxy carbons at C 55.6 and 51.3, 

and two methyl carbons at C 21.8 and 19.2, as well as two methylene carbons at C 36.4 and 33.2, 

and two methine carbons C 37.7 and 42.9. The 1H NMR spectra (Table 5B) showed signals of 

two aromatic protons at H 6.50 (1H, s) and 6.42 (1H, s), one hydroxy proton at H 6.26 (1H, s),

one oxymethine proton at H 4.40, two methoxy protons at H 3.79 and 3.58, two methyl protons 

at H 2.28 and 1.53, two sets of methylene protons at H 2.77, 2.08, 2.73, 2.57, and two sets of 

methine protons at H 2.91 and 2.62. The above spectroscopic data revealed a similar core structure 
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to compound 1. However, a methoxy group ( H 3.79) instead of a hydroxy group located at C-1

( C 160.8) in compound 3, which was confirmed by HMBC correlations from H-10 ( H 3.79) to 

C-1 ( C 160.8) and C-9a ( H C 106.6) (Figure 5B), and a carbonyl group in compound 3 was 

formed at C-5 instead of a hydroxy group based on the HMBC correlations from both H-12 and 

H-6 to C-5 ( C 204.9) (Figure 5B). The remaining signals were assigned to a 2-monosubstituted 

monomethyl succinate moiety based on HMBC correlations from H-17 ( H 3.58) to C-16 ( C

172.4), from H-14b ( H 2.57) to C-13 ( C 42.9), C-15 ( C 175.0) and C-16, and from H-6a to C-

13, this monomethyl succinate moiety located at C-7 based on the HMBC correlation from H-14b 

( H 2.57) to C-7, as well as COSY correlations between H-7/H-13 (Figure 5B). The relative 

configuration of 3 was established on the basis of 1H/1H coupling constant analysis and NOESY 

spectrum, the observation that H-6b had a 3.6 Hz coupling with H-7 suggested that H-6b and H-7

were on the same side of the ring C, further NOESY correlations observed between H-6a/H-12,

H-8/H-13, H-8/OH-8a, and between OH-8a/H-7 suggested that H-7, H-8, H-13 and OH-8a were 

on the same side of the ring, while H-12 and OH-8 were on the opposite side (Figure 5C). Thus, 

a name as palmiachromone C was given to compound 3.
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Figure 5C. Key 1H-1H NOESY correlations of compounds 1–7.
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Table 5B. 1H (700 MHz) and 13C NMR (175 MHz) data of compounds 3 and 4.

Compound 4 was obtained as s a white amorphous powder. The molecular formula was deduced 

to be C16H18O6 on the basis of HR-ESI-MS (m/z 307.1173 [M+H]+). The 1H NMR spectra (Table 

5B) showed signals of two aromatic protons at H 6.51 (1H, s) and 6.38 (1H, s), one hydroxy proton 

at H 5.72 (1H, s), two oxymethine protons at H 4.70 (1H, t) and 4.42 (1H, s), one methoxy group 

at H 3.79 (3H, s), two methylene groups at H 2.57 (2H, m), H 2.45 (1H, m) and H 2.24 (1H, m), 

and two methyl groups at H 2.27 (3H, s) and 1.20 (3H, s). The 13C NMR, HSQC and DEPT spectra 

(Table 5B) displayed 16 carbon signals including two carbonyl carbons at C 190.3 and 176.9, six 

aromatic carbons at C 159.4, 159.0, 147.7, 110.1, 106.5 and 105.3 with two oxygenated ( C 159.4 

and 159.0), three oxygenated carbons at C 82.9, 82.2 and 71.6, one methoxy carbon at C 55.8, 

two methylene carbons at C 27.9 and 21.4, and two methyl carbons at C 21.7 and 13.5. Comparing

the above NMR data with those of ascherlactone B from from Aschersonia confluens BCC53152 

suggested that compound 4 was also a chromone derivative (Sadorn et al., 2020). The main 

differences between them were the presence of an additional hydroxy group ( H 5.72) at C-3 and 

the absence of a methoxy group at C-10 in compound 4. These differences can be confirmed by 

COSY correlations between OH-3 ( H 5.72)/H-3 ( H 4.42), H-9 ( H 4.70)/H-10 ( H 2.45 and 2.24) 

Position 3 4
C H, multi (J in Hz) C H, multi (J in Hz) 

1 160.8, C
2 105.2, CH 6.50, s 82.9, C
3 147.1, C 71.6, CH 4.42, s
4 110.4, CH 6.42, s 190.3, C
4a 158.7, C 106.5, C
5 204.9, C 159.4, C
5a 85.7, C
6 36.4, CH2 2.77, t (14.0)

2.08, dd (14.2, 3.6)
105.3, CH 6.51, s

7 37.7, CH 2.62, m 147.7, C
8 68.4, CH 4.40, d (1.2) 110.1, CH 6.38, s
8a 77.4, C 159.0, C
9 186.6, C 82.2, CH 4.70, t (7.27)
9a 106.6, C
10 55.6, OCH3 3.79, s 21.4, CH2 2.45, m;

2.24, m
11 21.8, CH3 2.28, s 27.9, CH2 2.57, m
12 19.2, CH3 1.53, s 176.9, C
13 42.9, CH 2.91, m 55.8, OCH3 3.79, s
14 33.2, CH2 2.73, dd (16.7, 3.5)

2.57, dd (16.5, 10.2)
21.7, CH3 2.27, s

15 175.0, C 13.5, CH3 1.20, s
16 172.4, C
17 51.3, OCH3 3.58, s

3-OH 5.72, s
8-OH n.d.
8a-OH 6.26, s
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and H-10/H-11( H 2.57), as well as by HMBC correlations from OH-3 to C-2 ( C 82.9) and C-3

( C 71.6), from H-9 and H-11 to C-10 ( C 21.4), and from H-10 to C-9 ( C 82.2) and C-11 ( C 27.9) 

(Figure 5B). The ROESY correlations between H-15 ( H 1.20)/H-9, OH-3 ( H 5.72)/H-15 and 

between H-3/H-10 ( H 2.45 and 2.24) suggested that H-15, H-9 and OH-3 were on the same side, 

while H-3 was on the opposite side (Figure 5B). Thus, the structure of 4 was elucidated and named 

as palmiachromone D.

1 5

Figure 5D. X-ray structures of compounds 1 and 5.

Compound 5 was obtained as s a colourless crystal, and its molecular formula (C31H30O11) was 

determined by HR-ESI-MS (m/z 579.1860 [M+H]+), requiring 17 degrees of unsaturation. The 1H

NMR and HSQC spectra of 5 exhibited one chelated enol proton at H 13.22 (1H, br s), one 

phenolic proton at 11.22 (1H, s), three hydroxyl protons at 6.31 (1H, s), 5.65 (1H, s) and 5.14 (1H, 

s), four aromatic protons at H 6.50 (1H, s), 6.46 (1H, s), 6.33 (1H, s) and 6.32 (1H, s), one 

oxymethine proton at H 4.64  (1H, t), one methoxy group at H 3.79 (3H, s), three methine protons 

at H 3.65 (1H, d), 2.80 (1H, dd) and 2.77 (1H, d), one methylene group at H 2.48 (1H, dd) and 

2.17 (1H, d), and four methyl groups at H 2.29 (3H, s), 2.26 (3H, s), 1.50 (3H, s) and 1.39 (3H, s)

(Table 5C). The 13C NMR, HSQC and DEPT spectra of 5 displayed 31 signals including four 

aromatic methine carbons at C 110.7, 109.9, 109.3 and 105.3, one oxymethine carbon at C 65.9, 

one methoxy carbon at C 55.8, three methine carbons at C 51.3, 45.5 and 42.3, one methylene 

carbon at C 38.1, four methyl carbons at C 22.0, 21.9, 20.7 and 17.8. The remaining 17 carbons 

were non-protonated, of which were assigned as four carbonyl carbons at C 202.8, 186.5, 186.1 

and 180.1, four oxygenated aromatic carbons at C 160.9, 160.9, 159.1 and 158.8, five sp2 tertiary

carbons at C 149.5, 147.5, 106.3, 104.5 and 104.2, and four oxygenated sp3 quaternary carbons at 
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C 85.0, 84.7, 82.2 and 76.6 (Table 5C). Comparing the above NMR data with those of compounds 

1-4 indicated that compound 5 was also a chromone derivative, of which rings A and B showed 

identical chromone core structure with compound 3, and rings F and G were identical with 

compound 1, except the oxygenated sp3 quaternary carbon at C 76.6 shift to downfield at C 104.2

(Figure 5B). Comparing the NMR data of ring C with 3, the only difference is the methylene 

group at H 2.77 and 2.08 changed to methine group at H 3.65 in compound 5, which is confirmed

by COSY correlations between H-6 ( H 3.65)/H-7 ( H 2.80), H-7/H-8 ( H 4.64), and H-8/OH-8 ( H

5.65), together with HMBC correlations from H-6 to C-5, C-5a, C-7 ( C 45.5) and C-8 ( C 65.9), 

from H-8 to C-5a, C-6 ( C 51.3), C-7 and C-8a. The remaining two COSY correlations between 

H-6’a ( H 2.48)/H-7’ ( H 2.77) and H-7’/H-7, together with HMBC correlations from H-7 to C-5’ 

( C 82.2), C-6’ ( C 38.1) and C-7’ ( C 42.3), from H-6’a to C-7’and C-5’, from H-6’b ( H 2.17) to 

C-6 and C-7, and from OH-5’ ( H 5.14) to C-5’, C-6’ and C-6 recommendeda five membered ring 

D fused with ring C in the structure. The remaining HMBC correlations from H-7’ to C-8’ ( C

180.1) and C-8a’, from H-6’ to C-5a’, C-8’ and C-8a’, from OH-5’ to C-5a’, and from H-11’ to C-

5’ suggested the formation of ring E.

The relative configuration of 5 was determined based on NOESY spectrum. The NOE 

correlations between OH-8a/H-6, OH-8a/H-7, OH-8a/H-8, OH-8/H-7’, OH-8/H-12, OH-5’/H-12

and OH-5’/H-11’ revealed that H-6, H-7, H-8 and OH-8a were on the same side of the ring, while 

OH-8, OH-5’, H-7’, H-12 and H-11’ were on the opposite side (Figure 5C). These NOESY data 

also revealed that there is a cis-ring fusion between rings C and D. Moreover, the absolute 

configuration of compound 5 was determined as 5aR, 6S, 7S, 8S, 8aR, 5’R, 5a’S and 7’R by single-

crystal X-ray diffraction analysis (Figure 5D). Therefore, compound 5 was elucidated as a new 

dimeric chromone derivative, and named as Palmiadimericchromone A.
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Table 5C. 1H (700 MHz) and 13C NMR (175 MHz) data of compounds 5-7.

The molecular formula of compound 6, C31H30O11, which was determined by HR-ESI-MS (m/z

579.1863 [M+H]+), was identical with compound 5. The 1H and 13C NMR data of compound 6

were close similar to those of compound 5 (Table 5C), suggesting a dimeric chromone derivative

skeleton for 6. The main difference of the NMR data between them was that the methoxy group

(OCH3-1, H 3.79) and the aromatic hydroxy group (OH-1’, H 11.22) in 5 was replaced by an 

aromatic hydroxy group (OH-1, H 11.43) and a methoxy group (OCH3-1’, H 3.81) in 6,

respectively. This difference can be confirmed by the HMBC correlations from H-10’ to C-1’ ( C

159.9) and C-9a’ ( C 105.7) (Figure 5B). The NOESY correlations between OH-8/H-7’, OH-

8/OH-5’, OH-8/H-11, OH-5’/H-12’, OH-8a/H-6 and OH-8a/H-8 revealed that H-6, H-7, H-8 and 

Position 5 6 7
C H, multi (J in Hz) C H, multi (J in Hz) C H, multi (J in Hz) 

1 160.9, C 161.6, C 160.8, C
2 105.3, CH 6.50, s 109.3, CH 6.36, s 105.2, CH 6.50, s
3 147.5, C 150.6, C 147.4, C
4 110.7, CH 6.46, s 109.1, CH 6.40, s 110.6, CH 6.45, s
4a 159.1, C 157.7, C 159.1, C
5 202.8, C 201.9, C 202.9, C
5a 85.0, C 85.8, C 84.9, C
6 51.3, CH 3.65, d (9.9) 51.5, CH 3.71, d (10.0) 51.2, CH 3.65, d (10.0)
7 45.5, CH 2.80, dd (9.2, 7.5) 44.6, CH 2.66, dd (9.6, 7.1) 44.7, CH 2.65, dd (9.5, 7.2)
8 65.9, CH 4.64, t (6.6) 65.4, CH 4.70, t (6.8) 66.0, CH 4.63, t (6.2)
8a 76.6, C 76.3, C 76.5, C
9 186.5, C 194.3, C 186.5, C
9a 106.3, C 103.7, C 106.3, C
10 55.8, OCH3 3.79, s 22.0, CH3 2.27, s 55.9, OCH3 3.81, s
11 21.9, CH3 2.29, s 17.9, CH3 1.42, s 21.8, CH3 2.29, s
12 17.8, CH3 1.39, s 17.8, CH3 1.38, s

1-OH 11.43, br s
8-OH 5.65, d (6.5) 6.00, d (6.9) 5.64, d (6.2)
8a-OH 6.31, s 6.70, s 6.29, br s

1’ 160.9, C 159.9, C 159.9, C
2’ 109.9, CH 6.32, s 106.1, CH 6.55, s 106.1, CH 6.54, s
3’ 149.5, C 147.2, C 147.2, C
4’ 109.3, CH 6.33, s 110.8, CH 6.45, s 110.8, CH 6.45, s
4a’ 158.8, C 159.2, C 159.2, C
5’ 82.2, C 82.4, C 82.3, C
5a’ 84.7, C 83.7, C 83.8, C
6’ 38.1, CH2 2.48, dd (12.3, 4.2)

2.17, d (12.3)
37.5, CH2 2.46, dd (12.5, 4.2)

2.18, d (12.3)
37.5, CH2 2.45, dd (12.4, 4.1)

2.16, d (12.4)
7’ 42.3, CH 2.77, d (4.1) 45.2, CH 2.76, d (4.1) 45.3, CH 2.74, d (4.0)
8’ 180.1, C 191.9, C 192.2, C
8a’ 104.2, C 104.2, C 104.2, C
9’ 186.1, C 175.7, C 175.6, C
9a’ 104.5, C 105.7, C 105.8, C
10’ 21.9, CH3 2.26, s 55.9, OCH3 3.81, s 55.7, OCH3 3.79, s
11’ 20.7, CH3 1.50, s 21.9, CH3 2.32, s 21.9, CH3 2.32, s
12’ 19.4, CH3 1.44, s 19.5, CH3 1.44, s

1’-OH 11.22, s
5’-OH 5.14, s 5.19, s 5.07, br s
8’-OH 13.22, br s 15.62 n.d.
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OH-8a were on the same side of the ring, while OH-8, OH-5’, H-7’, H-12 and H-11’ were on the 

opposite side (Figure 5B), suggesting the same or opposite absolute configuration for compound 

6. Thus, compound 6 was elucidated and named as Palmiadimericchromone B.

Compound 7 was obtained as a white amorphous powder. The HR-ESI-MS spectrum (m/z

593.2016 [M+H]+) indicated a 14 Da more compared to compound 5, supporting the molecular 

formula of C32H32O11. The NMR data of 7 revealed a close similarity to those of 5, except for one 

additional methoxy group at H 3.79 (OCH3-1’) linked to C-1’ (Table 5C), which is confirmed by

HMBC correlations from H-10’ to C-1’ ( C 159.9) and C-9a’ ( C 105.8) (Figure 5B). The relative 

configuration of 7 was established on the basis of the NOESYspectrum, the NOESY correlations

between OH-8/H-12, OH-8/OH-5’, OH-8/H-7’, H-7/H-12, H-7’/H-12’, OH-8a/H-8 and H-6/H-8

suggested that H-6, H-8 and OH-8a were on the same side of the ring, while H-7, OH-8, OH-5’, 

H-7’, H-12 and H-11’ were on the opposite side (Figure 5B). Therefore, compound 7 was also 

elucidated as a new dimeric chromone derivative, and named as Palmiadimericchromone C.

The known compounds (8–10) were identified as diversonol (8) (Siddiqui et al., 2011),

blennolides L (9) (Maha et al., 2018) and 14-O-demethylsulochrin (10) (Du et al., 2018) by

comparing their NMR data.

Compounds 1, 2, 4, 5 and 7-10 were tested for their bioactivity against bacteria (Escherichia 

coli ATCC35218, Staphylococcus aureus ATCC25923, Mycobacterium smegmatis ATCC607 and 

Mycobacterium tuberculosis ATCC 9431'') and fungi (Candida albicans FH2173 and Septoria 

tritici MUCL45408). Among them, only compound 5 exhibited moderate activity against S. aureus

ATCC25923, M. smegmatis ATCC607 and M. tuberculosis ATCC 9431'' with minimum 

Experimental section
General Experimental Procedures

The 1D and 2D NMR spectra were recorded in DMSO-d6 using a Bruker Avance Neo 700 MHz 

spectrometer equipped with a 5 mm CryoProbe Prodigy TCI (1H,13C Z-GRD) (Bruker, Ettlingen, 

Germany). The LC-HRMS data for all compounds were recorded on a micrOTOF-QII mass 

spectrometer (Bruker, Billerica, MA, USA) equipped with an ESI-source coupled to an Agilent 

Infinity 1290 UHPLC system using an ACQUITY UPLC BEH C18 Column, 130 Å, 1.7 μm, 2.1 

mm×100 mm (Waters, Eschborn, Germany) with an ACQUITY UPLC BEH C18 VanGuard Pre-
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column, 130 Å, 1.7 μm, 2.1 mm × 5 mm (Waters, Eschborn, Germany). The LC-HR-MS and 

MS/MS data were recorded on a quadrupole time-of-flight spectrometer (LC-QTOF maXis II, 

Bruker Daltonik) equipped with an electrospray ionization source in line with an Agilent 1290 

infinity LC system (Agilent). C18 RP-

ense ions in each full MS spectrum 

were targeted for fragmentation by higher-

N2 at 10–

reconsidered if the intensity of an excluded precursor increased by factor 1.5 or more. Shimadzu 

LC-20A HPLC system (Shimadzu Deutschland GmbH, Duisburg, Germany) was used for HPLC 

analysis. The analytical column (250×4.6 mm) employed was prefilled with EC Nucleodur C18 

(Gravity-SB, 5 m; Macherey-Nagel, Düren, Germany), and the following gradient was used (0.1% 

formic acid in ACN, 0.1% formic acid in H2O): 0 min (10% ACN); 10 min (10% ACN); 40 min 

(100% ACN); 50 min (100% ACN). The Semi-preparative HPLC was performed using Shimadzu 

LC-20A HPLC system (Shimadzu Deutschland GmbH, Duisburg, Germany) or Hewlett-Packard 

Agilent 1100 HPLC System (Agilent Technologies, CA, USA), The semi-preparative column (VP 

250/10 Nucleodur C18 Gravity-SB, 5 m; Macherey-Nagel, Düren, Germany) was used with a 

mixture of CAN (0.1% formic acid) and H2O (0.1% formic acid) as mobile phases. MPLC was 

performed on the Interchim Puriflash 4125 chromatography system (Interchim, Montluçon, 

France).

OSMAC Approach

The medium used for preculture of strain P. qujingense ST006189 was Medium 5189 (20 g malt 

extract, 2 g yeast extract, 10 g glucose, 0.5 g (NH4)2HPO4, 20 g agar, 1 L of distilled water, PH 

6.0). The media used for one strain many compounds (OSMAC) approach were Medium 5189A 

(20 g malt extract, 2 g yeast extract, 10 g glucose, 0.5g (NH4)2HPO4, 1 L of distilled water, PH 

6.0), Medium 5189B (100 g rice in 110 mL Medium 5189A), Medium 5367A (24 g potato dextrose 

broth, 2 g yeast extract, 1 L of distilled water, PH 5.1), Medium 5367B (100 g rice in 110 mL 
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Medium 5367A), Medium 5332A (5 g soluble starch, 5 g corn starch, 10 g glucose, 5 g yeast 

extract, 7.5 g cornsteep liquid, 2 g CaCO3, 1 L of distilled water, PH 6.0) and Medium 5332B (100 

g rice in 110 mL Medium 5332A). The pre-culture was incubated at 28 oC for 7 days, a volume of 

1 m3 of this preculture was used to inoculate in 300 mL flasks that contained 100 mL media for 

OSMAC approach at 28 oC and 140 rpm. An amount of 5 mL of medium was harvested and

-

MS/MS. The results of the OSMAC approach showed that most chromone derivatives was 

observed from the extract of 26 days fermentation in Medium 5367A.

Fermentation, Extraction and Isolation

A total volume of 38 L of fermentation was performed in 220 flasks (300 mL) that contained 100 

mL Medium 5367A and 20 flasks (2 L) that contained 800 mL Medium 5367A and 28 oC and 140 

rpm. The fermentation was harvested after 26 days and extracted with EtOAc with the volume 

ratio of 1:1 three times, thereby generating 29.89 g of crude extract. The EtOAc crude extract was 

fractionated by reversed-phase flash chromatography (Interchim Puriflash 4125 chromatography 

system with a Puriflash C18- column) with an elution gradient starting from 10% 

MeOH/H2O to -10 (Fr. 

-phase flash chromatography (Interchim Puriflash 4125 

chromatography system with a Puriflash C18-HP30 m F0080 flash column) using an elution

gradient from 10%ACN/H2O to 100% ACN over 2 h and yielded 30 subfractions (Frr. (8-10)-1-

30). Subfraction Frr. (8-10)-4 was further purified

to 95% ACN) to yield compound 1 (9.7 mg, tR = 15.5 min). Subfraction 

Frr. (8-10)-5 was purified gradient 

min, 95% ACN) to yield compound 2 (13.5 mg, tR = 18.9 min), compound 3 (2 mg, tR = 21.8 min), 

compound 9 (10.0 mg, tR = 17.2 min) and compound 10 (7.0 mg, tR = 19.8 min). Subfraction Frr. 

(8-10)-7 was purified gradient 

min, 95% ACN) to yield compound 4 (3.5 mg, tR = 44.5 min) and compound 8 (3 mg, tR = 39.1 

min). Fractions 16- -phase flash chromatography
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(Interchim Puriflash 4125 chromatography system with a Puriflash C18-HP30 m F0080 flash 

column) using an elution gradient from 10%ACN/H2O to 100% ACN over 2 h and yielded 20 

subfractions (Frr. (16-19)-1-20). Subfraction Frr. (16-19)-6 was purified by semipreparative HPLC 

increased from 64% to 95% ACN) to yield compound 5 (32.0 mg, tR =

28.6 min), compound 6 (1.5 mg, tR = 26.2 min) and compound 7 (1.1 mg, tR = 21.6 min).

Palmiachromone A (1): white amorphous powder; the 1H NMR (DMSO-d6, 700 MHz) and 13C

NMR (DMSO-d6, 175 MHz) data are given in Table 4A; HR-ESI-MS m/z 295.1176 [M+H]+

(calculated for C15H19O6, 295.1176, Figure S1).

Palmiachromone B (2): white amorphous powder; the 1H NMR (DMSO-d6, 700 MHz) and 13C

NMR (DMSO-d6, 175 MHz) data are given in Table 4A; HR-ESI-MS m/z 325.1284 [M+H]+

(calculated for C16H21O7, 325.1282, Figure S8).

Palmiachromone C (3): yellow amorphous powder; the 1H NMR (DMSO-d6, 700 MHz) and 13C

NMR (DMSO-d6, 175 MHz) data are given in Table 4B; HR-ESI-MS m/z 437.1444 [M+H]+

(calculated for C21H25O10, 437.1442, Figure S16).

Palmiachromone D (4): white amorphous powder; the 1H NMR (DMSO-d6, 700 MHz) and 13C

NMR (DMSO-d6, 175 MHz) data are given in Table 4B; HR-ESI-MS m/z 307.1173 [M+H]+

(calculated for C16H19O6, 307.1176, Figure S24).

Palmiadimericchromone A (5): colourless crystal; the 1H NMR (DMSO-d6, 700 MHz) and 13C

NMR (DMSO-d6, 175 MHz) data are given in Table 4C; HR-ESI-MS m/z 579.1860 [M+H]+

(calculated for C31H31O11, 579.1861, Figure S32).

Palmiadimericchromone B (6): white amorphous powder; the 1H NMR (DMSO-d6, 700 MHz) 

and 13C NMR (DMSO-d6, 175 MHz) data are given in Table 4C; HR-ESI-MS m/z 579.1863 

[M+H]+ (calculated for C31H31O11, 579.1861, Figure S40).

Palmiadimericchromone C (7): white amorphous powder; the 1H NMR (DMSO-d6, 700 MHz) 

and 13C NMR (DMSO-d6, 175 MHz) data are given in Table 4C; HR-ESI-MS m/z 593.2016 

[M+H]+ (calculated for C32H33O11, 593.2017, Figure S48).

X-ray crystallographic analysis

Compound 1: A suitable crystal of C15H18O6 was selected under inert oil and mounted using a 

MiTeGen loop. Intensity data of the crystal were recorded with a STADIVARI diffractometer. The 
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diffractometer was operated with Cu-

with a Dectris PILATUS 300K detector. Evaluation, integration and reduction of the diffraction 

data was carried out using the X-Area software suite. Multi-scan and numerical absorption 

corrections were applied with the LANA and X-RED32 modules of the X-Area software suite. 

The structure was solved using dual-space methods (SHELXT-2018/2) and refined against F2

(SHELXL-2019/1 using ShelXle interface) (Hübschle et al., 2011; Sheldrick, 2015a, 2015b). All 

non-hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen atoms 

were refined using the “riding model” approach with isotropic displacement parameters 1.2 times 

(1.5 times for the methyl groups) of that of the preceding carbon atom. These data can be obtained 

free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/structures.

Compound 5: A suitable crystal of C31H30O11 was selected under inert oil and mounted using a 

MiTeGen loop. Intensity data of the crystal were recorded with a STADIVARI diffractometer. The 

diffractometer was operated with Cu- ) and equipped 

with a Dectris PILATUS 300K detector. Evaluation, integration and reduction of the diffraction 

data was carried out using the X-Area software suite. Multi-scan and numerical absorption 

corrections were applied with the LANA and X-RED32 modules of the X-Area software suite. 

The structure was solved using dual-space methods (SHELXT-2018/2) and refined against F2

(SHELXL-2019/1 using ShelXle interface) (Hübschle et al., 2011; Sheldrick, 2015a, 2015b). All 

non-hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen atoms 

were refined using the “riding model” approach with isotropic displacement parameters 1.2 times 

(1.5 times for the methyl groups) of that of the preceding carbon atom. A few parts of the molecules 

were refined disordered. The residual electron density in the solvent accessible voids could not be 

satisfactorily modelled and was eliminated using the SQUEEZE algorithm in the PLATON 

software (Spek, 2015; Spek, 2019). These data can be obtained free of charge from The Cambridge 

Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.
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Supporting Information of Publication 4

Fig. S1. The HR-ESI-MS of compound 1.

Fig. S2. 1H-NMR (700 MHz, DMSO-d6) spectrum of compound 1.
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Fig. S3. The 13C-NMR (175 MHz, DMSO-d6) spectrum of compound 1.

Fig. S4. The HSQC (700 MHz, DMSO-d6) spectrum of compound 1.
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Fig. S5. The COSY (700 MHz, DMSO-d6) spectrum of compound 1.

Fig. S6. The HMBC (700 MHz, DMSO-d6) spectrum of compound 1.
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Fig. S7. The NOESY (600 MHz, DMSO-d6) spectrum of compound 1.

Fig. S8. The HR-ESI-MS of compound 2.
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Fig. S9. 1H-NMR (700 MHz, DMSO-d6) spectrum of compound 2.

Fig. S10. The 13C-NMR (175 MHz, DMSO-d6) spectrum of compound 2.
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Fig. S11. The DEPT135 (175 MHz, DMSO-d6) spectrum of compound 2.

Fig. S12. The HSQC (700 MHz, DMSO-d6) spectrum of compound 2.
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Fig. S13. The COSY (700 MHz, DMSO-d6) spectrum of compound 2.

Fig. S14. The HMBC (700 MHz, DMSO-d6) spectrum of compound 2.
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Fig. S15. The NOESY (600 MHz, DMSO-d6) spectrum of compound 2.

Fig. S16. The HR-ESI-MS of compound 3.
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Fig. S17. 1H-NMR (700 MHz, DMSO-d6) spectrum of compound 3.

Fig. S18. The 13C-NMR (175 MHz, DMSO-d6) spectrum of compound 3.
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Fig. S19. The DEPT135 (175 MHz, DMSO-d6) spectrum of compound 3.

Fig. S20. The HSQC (700 MHz, DMSO-d6) spectrum of compound 3.
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Fig. S21. The COSY (700 MHz, DMSO-d6) spectrum of compound 3.

Fig. S22. The HMBC (700 MHz, DMSO-d6) spectrum of compound 3.
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Fig. S23. The NOESY (600 MHz, DMSO-d6) spectrum of compound 3.

Fig. S24. The HR-ESI-MS of compound 4.
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Fig. S25. 1H-NMR (700 MHz, DMSO-d6) spectrum of compound 4.

Fig. S26. The 13C-NMR (175 MHz, DMSO-d6) spectrum of compound 4.
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Fig. S27. The DEPT135 (175 MHz, DMSO-d6) spectrum of compound 4.

Fig. S28. The HSQC (700 MHz, DMSO-d6) spectrum of compound 4.
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Fig. S29. The COSY (700 MHz, DMSO-d6) spectrum of compound 4.

Fig. S30. The HMBC (700 MHz, DMSO-d6) spectrum of compound 4.
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Fig. S31. The NOESY (600 MHz, DMSO-d6) spectrum of compound 4.

Fig. S32. The HR-ESI-MS of compound 5.
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Fig. S33. 1H-NMR (700 MHz, DMSO-d6) spectrum of compound 5.

Fig. S34. The 13C-NMR (175 MHz, DMSO-d6) spectrum of compound 5.
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Fig. S35. The DEPT135 (175 MHz, DMSO-d6) spectrum of compound 5.

Fig. S36. The HSQC (700 MHz, DMSO-d6) spectrum of compound 5.
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Fig. S37. The COSY (700 MHz, DMSO-d6) spectrum of compound 5.

Fig. S38. The HMBC (700 MHz, DMSO-d6) spectrum of compound 5.
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Fig. S39. The NOESY (600 MHz, DMSO-d6) spectrum of compound 5.

Fig. S40. The HR-ESI-MS of compound 6.
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Fig. S41. 1H-NMR (700 MHz, DMSO-d6) spectrum of compound 6.

Fig. S42. The 13C-NMR (175 MHz, DMSO-d6) spectrum of compound 6.
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Fig. S43. The DEPT135 (175 MHz, DMSO-d6) spectrum of compound 6.

Fig. S44. The HSQC (700 MHz, DMSO-d6) spectrum of compound 6.
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Fig. S45. The COSY (700 MHz, DMSO-d6) spectrum of compound 6.

Fig. S46. The HMBC (700 MHz, DMSO-d6) spectrum of compound 6.
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Fig. S47. The NOESY (600 MHz, DMSO-d6) spectrum of compound 6.

Fig. S48. The HR-ESI-MS of compound 7.
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Fig. S49. 1H-NMR (700 MHz, DMSO-d6) spectrum of compound 7.

Fig. S50. The 13C-NMR (175 MHz, DMSO-d6) spectrum of compound 7.
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Fig. S51. The DEPT135 (175 MHz, DMSO-d6) spectrum of compound 7.

Fig. S52. The HSQC (700 MHz, DMSO-d6) spectrum of compound 7.
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Fig. S53. The COSY (700 MHz, DMSO-d6) spectrum of compound 7.

Fig. S54. The HMBC (700 MHz, DMSO-d6) spectrum of compound 7.
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Fig. S55. The NOESY (600 MHz, DMSO-d6) spectrum of compound 7.
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Chapter 6. Results and Discussion

The marine flavobacteria revealed a rich biosynthetic potential to produce 
arylamine-containing alkaloids

The genus Tenacibaculum is mainly obtained from marine environments, such as sea water, 

tidal flat, and aquaculture systems, as well as from marine organisms like bryozoan, sea anemone, 

oyster, sponge and green algae. Except for the isolation of several siderophores, research about 

natural products produced by these bacteria is rare. In our ongoing efforts to discover new bioactive 

natural products from bacteria, thirteen novel alkaloids with four different skeletons were isolated 

from the marine flavobacterium T. discolor sv11. The isolated compounds are the imidazolium-

containing alkaloids discolins A–H, the pyrrolopyridine alkaloids dispyrrolopyridine A and B, the 

pyridinium-containing alkaloids dispyridine and dispyridine A and the pyrrolium-containing 

alkaloid dispyrrole (Figure 6A). Our work indicated that the genus Tenacibaculum holds a

tremendous potential to produce diverse nitrogen-containing heterocycles with different skeletons, 

which are mainly obtained through chemical synthesis until now.
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Figure 6A. Compounds isolated from T. discolor sv11.

Imidazolium-containing alkaloids are mainly reported as secondary metabolites of some 

sponges or products of chemical synthesis. Their reported bioactivities are mostly focused on the 

cytotoxic activity. Eight alkaloids with the same imidazole nucleus were obtained from our project, 

of which, the aromatic diamine (i.e. phenethylamine, tryptamine and tyramine) located at position 

1 and 3 of the central imidazolium ring are different with each other, and the length of the carbon 

chains linked to position 2 and 4 are also different. These structural differences result indifferent

bioactivities: discolins A–C and H exhibited stronger inhibitory activity against the tested Gram-

positive bacteria than the discolins D-G. These structural differences and changes in the bioactivity 

give us some insights into the structure-activity relationship of the discolins: the length of the 

carbon chain at position 2 can be altered without affecting the activity, while the substructures at

position 1 and 3 of the central ring instead play an important role concerning antibacterial activity. 

Comparable evidence of some chemical synthesized imidazolium salts indicated that their 
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bioactivity is highly dependent upon the substituents on the nitrogen atoms of the imidazolium 

cation, which is in agreement with our observation.

Despite that an antimicrobial, antifungal, and nematicidal activity could be assigned to aromatic 

diamine-containing alkaloids, their real ecological role in the marine ecosystems is still unknown.

Further studies, for instance, associating the expression of DisA homologues with several 

environmental conditions using transcriptomics or metabolomics, could provide additional

insights about the ecological role of these natural products.

A novel sub group of cyclic lipopeptides was identified from Pseudomonas 
brassicacearum Root401

Pseudomonas brassicacearum Root401 was previously shown to be detrimental in mono-

association experiment with Arabidopsis thaliana in an agar-based gnotobiotic system (Ma et al., 

2021). This strain was also recently shown to produce exometabolites which can inhibit its

bacterial competitors at bay and promote strain colonization success in roots (Getzke et al., 2023).

Getzke’s work indicated that P. brassicacearum Root401 is non-pathogenic on plants grown in 

natural or gnotobiotic peat-based soil systems and that NaCl treatment promotes P.

brassicacearum Root401 disease symptoms in these soil-grown plants, providing evidence for 

environmental conditions that conditionally promote plant disease. Sequencing of the A. thaliana 

root and shoot transcriptomes reveals a root-specific response to combinatorial treatment of P.

brassicacearum Root401 and NaCl that associate with disease emergence. In P. brassicacearum

Root401, we identified a homologous biosynthetic gene cluster (BGC) to the syp-syr BGC that is 

responsible for syringopeptin biosynthesis in P. syringae B728a (Feil et al., 2005). Using targeted 
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mutagenesis, we demonstrate that this locus is sufficient to transition P. brassicacearum Root401

from being beneficial to being detrimental on salt-treated plants. Subsequently, a mass 

spectrometry–guided isolation lead to the discovery of Brassicapeptins A to D, four new cyclic 

lipopeptides from the culture broth of P. brassicacearum Root401. Their structures were 

determined using mass spectrometry including HR-ESI-MS and HR-ESI-MS/MS, 1D and 2D 

NMR data and Marfey’s analysis. The isolated brassicapaptins represent a novel sub group of 

cyclic lipopeptides, with notable structural differences including a different fatty acid starter unit 

and a smaller ring structure that is formed intramolecularly between the six C-terminal amino acid 

residues, comparison to the previously described syringopeptins which are also produced by 

Pseudomonas strains (Grgurina et al., 2005; Grgurina et al., 2002; Isogai et al., 1995) (Figure 6B).
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CH3-(CH2)4-CO-Dhb1-Ala2-Ala3-Leu4-Ala5-Val6-Ile7-Dhb8-Hse9-Val10-Leu11-Dha12-Ala13-Ala14-Ala15-Val16-Thr17-Dhb18-Ala19-Dab20-Ser21-IIe22brassicapeptin A

CH3-(CH2)4-CO-Dhb1-Ala2-Ala3-Leu4-Ala5-Val6-Ile7-Dhb8-Gly9-Val10-Leu11-Dha12-Ala13-Ala14-Ala15-Val16-Thr17-Dhb18-Ala19-Dab20-Ser21-IIe22brassicapeptin B

CH3-(CH2)6-CH(OH)-CH2-CO-Dhb1-Pro2-Val3-Val4-Ala5-Ala6-Val7-Val8-Dhb9-Ala10-Val11-Ala12-Ala13-Dhb14-Thr15-Ser16-Ala17-Dhb18-Ala19-Dab20-Dab21-Tyr22

O CO

O CO

O CO

CH3-(CH2)8-CH(OH)-CH2-CO-Dhb1-Pro2-Val3-Val4-Ala5-Ala6-Val7-Val8-Dhb9-Ala10-Val11-Ala12-Ala13-Dhb14-Thr15-Ser16-Ala17-Dhb18-Ala19-Dab20-Dab21-Tyr22

O CO

SP22B

SP(SC)-1 CH3-(CH2)6-CH(OH)-CH2-CO-Dhb1-Pro2-Val3-Leu4-Ala5-Ala6-Leu7-Val8-Dhp9-Ala10-Val11-Ala12-Ala13-Dhb14-Thr15-Ser16-Ala17-Dhb18-Ala19-Dab20-Dab21-Tyr22

O CO

SP22A

SP(SC)-2 CH3-(CH2)8-CH(OH)-CH2-CO-Dhb1-Pro2-Val3-Leu4-Ala5-Ala6-Leu7-Val8-Dhp9-Ala10-Val11-Ala12-Ala13-Dhb14-Thr15-Ser16-Ala17-Dhb18-Ala19-Dab20-Dab21-Tyr22

O CO

SP22PhvA CH3-(CH2)6-CH(OH)-CH2-CO-Dhb1-Pro2-Val3-Leu4-Ala5-Ala6-Ala7-Val8-Dhb9-Ala10-Val11-Ala12-Ala13-Dhb14-Thr15-Ser16-Ala17-Dhb18-Ala19-Dab20-Dab21-Tyr22

O CO

SP22PhvB CH3-(CH2)8-CH(OH)-CH2-CO-Dhb1-Pro2-Val3-Leu4-Ala5-Ala6-Ala7-Val8-Dhb9-Ala10-Val11-Ala12-Ala13-Dhb14-Thr15-Ser16-Ala17-Dhb18-Ala19-Dab20-Dab21-Tyr22

O CO

SP508A CH3-(CH2)8-CH(OH)-CH2-CO-Dhb1-Pro2-Val3-Leu4-Ala5-Ala6-Leu7-Val8-Ala9-Ala10-Val11-Ala12-Ala13-Dhb14-Thr15-Ser16-Ala17-Dhb18-Ala19-Dab20-Dab21-Tyr22

O CO

SP508B CH3-(CH2)10-CH(OH)-CH2-CO-Dhb1-Pro2-Val3-Leu4-Ala5-Ala6-Leu7-Val8-Ala9-Ala10-Val11-Ala12-Ala13-Dhb14-Thr15-Ser16-Ala17-Dhb18-Ala19-Dab20-Dab21-Tyr22

O CO

CH3-(CH2)4-CO-Dhb1-Ala2-Ala3-Leu4-Ala5-Val6-Ile7-Dhb8-Hse9-Val10-Leu11-Dha12-Ala13-Ala14-Ala15-Val16-Thr17-Dhb18-Gly19-Dab20-Ser21-IIe22brassicapeptin C

O CO

CH3-(CH2)4-CO-Dhb1-Gly2-Ala3-Leu4-Ala5-Val6-Ile7-Dhb8-Hse9-Val10-Leu11-Dha12-Ala13-Ala14-Ala15-Val16-Thr17-Dhb18-Ala19-Dab20-Ser21-IIe22brassicapeptin D

O CO

Figure 6B. Structural comparison between P. brassicacearum Root401 brassicapeptins and

previously identified syringopeptins.
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Chromone derivatives is a widespread characteristic within the fungi 
Palmiascoma qujingense ST006189

The genus Palmiascoma was first introduced by Liu et al. in 2015 (Liu et al., 2015). A species

of this genus, i.e. P. qujingense, was reported as a pathogenic fungi, which can cause branch blight 

on Juglans regia (Wang et al., 2022). Until now, there is no report about natural products produced 

by this genus. In the present work (Chapter 5), we investigated the potential of P. qujingense

ST006189 for the production of structurally diverse chromone derivatives. An OSMAC approach 

revealed that a high yield of chromone derivatives was observed in the extract after 26 days 

fermentation in Medium 5367A. Subsequently, a mass spectrometry–guided isolation resulted in

the discovery of four new monomeric chromone derivatives and three new dimeric chromone 

derivatives, together with 2 known monomeric chromone derivatives and one polyketide 

derivative (Figure 6C).
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Figure 6C. Compounds isolated from P. qujingense ST006189.
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In summary, 23 novel metabolites were obtained using a traditional bioactivity-guided (Chapter 

2) and mass spectrometry-guided strategy (belongs to chemical signature-guided strategy, Chapter 

3 and 5). A novel sub group of cyclic lipopeptides, i.e. brassicapeptins, was discovered, using a 

combination of mass spectrometry-guided strategy and genome-guided strategy from a strain of 

the genus Pseudomonas, which has been well researched (Chapter 4). Undoubtedly, traditional

strategies continued to provide lead compounds for the discovery of novel natural products from 

microorganisms, which have not yet been fully researched. These include for example T. discolor

sv11 (Chapter 2 and 3) and P. qujingense ST006189 (Chapter 2), since not much was known about 

natural products produced by these microorganisms when we start our research. On the other hand, 

the limitations of conventional strategies may be addressed by modern genomics-based discovery 

approaches.
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